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THE IMPORTANCE OF FUNCTIONAL GENES

Despite the recent interest elicited by the observed
and well-documented increase in coral disease inci-
dence and prevalence (Weil et al. 2006, Harvell et al.
2007, Haapkylä et al. 2011, Weil et al. 2012), knowl-
edge of many aspects of coral disease etiology is
incomplete, including interactions among the envi-
ronment, causative agents of disease, microbial asso-
ciates, and coral hosts (Work et al. 2008, Aeby et al.
2011). In particular, a close examination of the intri-
cate dynamics of the microbial community associated
with corals would be beneficial to gain an under-

standing of how corals may develop resistance and
resilience to disease and bleaching (Rosenberg et al.
2007, Bourne et al. 2009, Garren & Azam 2012). The
coral holobiont is defined as the coral animal and its
microbial (eukaryotic, bacterial, archaeal, and viral)
associates (Rowan 1998, Rohwer et al. 2002). In re -
cent years, it has become increasingly clear that the
microbial component of the holobiont plays an essen-
tial part in maintaining the health of the coral. The
majority of microbiology-based studies involving
coral diseases have focused on identifying bacterial
communities using the 16S rRNA gene. However,
there was no strong correlation between taxonomic
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diversity and the specific microbial habitat in which
the bacteria were detected, as there was with func-
tional gene diversity (Dinsdale et al. 2008). In most
cases, the taxonomic identification of a microbe does
not elucidate its functional role, giving little indica-
tion as to a microbe’s importance. To complicate mat-
ters further, bacterial species with the same 16S
rRNA gene sequence may play different roles in an
ecosystem (Ainsworth et al. 2010). On the other
hand, bacterial species with different 16S rRNA gene
sequences may be functionally redundant, with more
than one taxonomic group satisfying a single niche
(Allison & Martiny 2008). For these reasons, it is cru-
cial that studies begin to examine the role that
microbes play in coral health and disease, rather than
focus on identification of the microbes present. As an
example, ‘Type A’ Gammaproteobacteria have com-
monly been associated with healthy fragments of the
coral Acropora, and it has been proposed that a dis-
ruption in this population may alter the entire micro-
bial community (Kvennefors et al. 2010, 2012) and
increase the coral’s vulnerability to disease and
bleaching. However, the role of Type A Gammapro-
teobacteria in the coral holobiont has not been estab-
lished. Functional gene analysis is capable of reveal-
ing this role. Microbial associates also play crucial
roles in the biogeochemical cycling of coral nutrients
(Mouchka et al. 2010). Analyzing the changes in
microbial functional genes provides a method for
identifying an imbalance in these cycles. Characteri-
zation of the genes that are abundant within the
microbial community would also be an effective way
to investigate the dynamics and interactions between
the members of the coral holobiont. For example, the
presence of the functional gene coding for ribulose
bisphosphate carboxylase (RuBisCo) would indicate
that autotrophy is associated with that particular
holobiont member (He et al. 2012).

The known microbial functional genes associated
with corals can be considered within 7 functional
groups: nitrogen-, sulfur-, carbon-, antibiotic resist-
ance-, xenobiotic-, virulence-, and oxidative stress-
associated genes. These functional genes have
been targeted in several ways. Some studies pro -
bed micro bial communities for specific genes
(Barneah et al. 2007, Beman et al. 2007, Sussman et
al. 2009, Bourne et al. 2011, 2013, Pollock et al.
2010, Glas et al. 2012, Lema et al. 2012), some ana-
lyzed genomes of entire microbial communities
using next generation sequencing techniques (Weg-
ley et al. 2007, Dins dale et al. 2008, Vega Thurber
et al. 2009, Litt man et al. 2011, Kvennefors et al.
2012), and some used functional gene arrays such

as the GeoChip 3.0 (Kimes et al. 2010). Aside from
the few studies listed here, very little research has
been conducted on functional genes of coral micro-
bial associates. In an effort to facilitate further
research in this field, the present review categori-
cally examines the known functional genes that
have been documented within the coral holobiont,
and how their function may be related to coral dis-
ease and bleaching.

FUNCTIONAL GENE DIVERSITY

Functional gene diversity within the coral micro-
bial community can provide an insight into the
molecular processes available within the holobiont.
This has been demonstrated for the microbial com-
munity associated with the coral Porites astreoides.
The majority of functional genes were heterotrophic
and involved with the uptake of carbon, sulfur, and
nitrogen (Wegley et al. 2007). The high proportion
of microbial heterotrophic and carbon-acquisition
genes implies that the coral microbial community
does not fix a significant amount of carbon, and may
obtain its nutrients through byproducts of the coral
or zooxanthellae. Many of the genes in the P. as tre -
oides microbial community were from all 3 domains
of life (Bacteria, Archaea, Eukarya), evidence that
the biogeochemical cycling of nutrients depends on
the diversity of the entire holobiont. Coral health
may deteriorate if members of the holobiont are no
longer present to perform their biogeochemical
roles, which can be indicated by a shift in functional
genes (Table 1). For instance, 20% of coral-associ-
ated microbial func tional genes are respiration-
related, compared to only 3% of terrestrial microbial
habitats (Dinsdale et al. 2008). The high abundance
of respiration genes, both aerobic and anaerobic,
suggests that diverse respiration pathways are key
processes in the microbial coral holobiont. The
num ber of respiration genes was sig nificantly re -
duced in bleached Acropora mille pora, dropping
from an initial 39 to 23%. Photosynthesis genes
(microbial) also de crea sed from 48 to 30% (Littman
et al. 2011). In contrast, an analysis of microbial
gene expression demonstrated that photosynthesis
genes were significantly upregulated in the micro-
bial mat of an active black band disease (BBD)
infection, when compared to BBD microbial mats
that were suspended in sea water (Frias-Lopez et al.
2004).

Several questions arise from the analysis of overall
functional gene diversity in the coral holobiont.
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When do these shifts in functional genes occur, and
are they a consequence or cause of bleaching and
disease? Can a change in abundance of microbial
photosynthesis- and respiration-related functional
genes predict coral bleaching or BBD? The answers
to these questions have the potential to provide use-
ful information for predicting and monitoring coral
bleaching and disease.

It has been shown that the diversity and relative
proportion of microbial functional genes are specific
to individual environments, with distinct functional
genomes dominant in each microbial habitat, and
that the diversity of functional genes associated with
coral microbial habitats is less than that of lar ger-
scale marine habitats such as the water column of a
marine atoll (Dinsdale et al. 2008). Microbes that
have formed a tight symbiosis with their host often
demonstrate a loss in functional gene diversity, as
the host provides a controlled environment, and an
array of functional genes is no longer necessary for
survival (Ochman & Moran 2001, Rio et al. 2003,
Toh et al. 2006). The reduction in microbial func-
tional diversity associated with coral emphasizes the
strength of the symbiotic relationships that have
developed between the coral animal and its micro-
bial associates. Specifically, functional gene diver-
sity of secondary metabolic and virulence pathways,
cell signaling pathways, and membrane transport
pathways were all reduced (Dinsdale et al. 2008).
Intriguingly, bleached Acropora millepora revealed
an increase in each of these pathways (Littman et al.
2011), and it may be that an increase in the diversity
of these pathways indicates the presence of non-
intrinsic microbes that have not developed an evo-
lutionary relationship with the coral host. Therefore,

it can be hypo thesized that an increase in the listed
pathways indicates a shift in the coral microbial
population toward an unhealthy state.

Certain microbial ribotypes are specific to environ-
mental conditions (Littman et al. 2009), coral species
or genera (Rohwer et al. 2002, Littman et al. 2009),
and microhabitats within the individual coral (Sweet
et al. 2011). Therefore, the diversity and relative pro-
portion of functional genes may also be specific to
these environments. Three microhabitats have been
identified within coral, viz. the surface mucopolysac-
charide layer (SML), the coral tissue, and the coral
skeleton. The possibility that microbial functional
genes may be coral species specific, as well as the
partitioning of certain functional genes within the
various compartments of the coral, is relatively unex-
plored. One study briefly mentioned differences in
the functional gene diversity between the SML and
tissue of coral (Kimes et al. 2010), although the con-
cept of functional gene partitioning was not fully
developed, as it was not the primary focus of the
study. In that study, a significantly higher level of
diversity and abundance of microbial functional
genes was found in the tissue samples of Montas-
traea faveolata compared to the SML samples; the
functional gene diversity associated with the coral
skeleton was not investigated. Possible explanations
for the reduced functional gene diversity in the SML
could be that more symbiotic micro bes were present
in the SML compared to the coral tissues, or perhaps
microbial diversity was restricted in the SML due to
antimicrobial compounds (see ‘Antibiotic resistance-
associated functional genes’ below). Further work
expanding upon the functional gene partitioning will
tease out the answers to these questions, and the

163

Coral condition                   Microbial process associated                                       Change in      Source
                                            with functional genes                                                    diversity

Bleaching                            Photosynthesis, respiration                                           Decrease        Littman et al. (2011)
                                            Metabolic pathways (membrane transport,                Increase
                                            fatty acid, amino acid, sugar alcohol, di-, and 

oligo- saccharide metabolism), virulence 
pathways, oxidative stress, sulfur cycling

Thermal and                      Nitrogen cycling, sulfur cycling, virulence                 Increase          Vega Thurber et al. (2009)
pH stress                           pathways, oxidative stress                                                                  

Yellow band disease          Nitrification, cellulose degradation,                            Increase          Kimes et al. (2010)
                                            carbon fixation, lignin degradation
Black band disease            Amino acid ABC transporters, photosystem I,            Increase          Frias-Lopez et al. (2004)
                                            AraC-type DNA binding domain proteins
                                            Sulfate reduction, sulfur oxidation                               Increase          Barneah et al. (2007),

Bourne et al. (2011, 2013),
Glas et al. (2012)

Table 1. Changes in the diversity of functional genes associated with microbial processes and various coral conditions
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roles that microbes play in the various species and
microhabitats of corals.

The functional genome of the microbial community
is present in viruses, as they often pick up extra DNA
during replication (Dinsdale et al. 2008). In the coral
holobiont, functional genes associated with carbo -
hydrate metabolism and virulence had a higher
 frequency in the viral community compared to the
microbial community, while respiration and photo-
synthesis genes were lower (Dinsdale et al. 2008).
The viral genome can encode essential processes
such as nitrogen fixation and act as storage of func-
tional genes for these essential processes (Dinsdale
et al. 2008, Marhaver et al. 2008). The field of viral
functional genomics in coral research is relatively
untouched and deserves further attention. Questions
such as the viral capacity to store and distribute func-
tional genes among coral populations may be essen-
tial to understanding how the viral community con-
tributes to the health of the holobiont.

The study by Kimes et al. (2010) also compared the
overall functional gene diversity of healthy and
 yellow band disease (YBD)-infected coral. Numerous
genes were common to both healthy and YBD colo -
nies of Montastraea faveolata, with approximately
half of all genes associated with carbon, nitrogen,
and sulfur cycling. Differences between diseased
and healthy individuals included an increase in nitri-
fication and cellulose degradation genes in the dis-
eased corals (Kimes et al. 2010), many originating
from microbes commonly associated with coral dis-
eases such as the family Vibrionaceae and the genus
Aspergillus (Harvell et al. 2007). Healthy corals
tended to have less microbial functional gene diver-
sity than diseased corals, once again suggesting a
tight microbial symbiosis with the healthy coral host
(Kimes et al. 2010). This study provides an example
of how microbial functional gene diversity may serve
as an indicator in the context of monitoring coral
health, with an increase in diversity indicating a
decline in coral health.

Nitrogen-associated functional genes

The presence of nitrogen cycling within the coral
holobiont is highly evident and mentioned in several
microbial functional gene studies. Genes for nitrogen
fixation, archaeal nitrification genes, fungal ammoni-
fication, and fungal ammonia assimilation genes have
all been detected in the coral holobiont (summarized
by Kimes et al. 2010). In a healthy Porites astreoides
holobiont, genes were identified for every process of

the nitrogen cycle, with the exception of denitrifica-
tion (Wegley et al. 2007). The entire nitrogen cycle
was detected in the Montastraea faveolata coral holo-
biont (Kimes et al. 2010). Specific nitro gen-cycling
genes detected include nifH and nifD (nitro  genase
for fixing nitrogen), amo (ammonia mono oxygenase
for nitrification), hao (hydroxyla mine oxio reductase,
which catalyzes the reduction of hydroxylamine to
 nitrite), nar, nir, nor, nos (all reductases for denitri -
fication), ghd (glutamate dehydrogenase for ammo-
nia assimilation), and ure (urease) genes (Fig. 1).
Many of these genes were detected from all 3 do-
mains of life.

The abundance and diversity of nitrogen- associated
genes detected in multiple studies em phasize the
importance of nitrogen biogeochemical cycling in the
coral holobiont. Although no shift in nitrogen metab-
olism genes was detected when Acropora millepora
fragments were bleached (Littman et al. 2011), both a
decrease in pH and a rise in temperature caused an
increase in nitrogen cycling and nitrogen metabolism
genes associated with the Porites compressa holo-
biont (Vega Thurber et al. 2009). Similarly, tissue
samples from YBD-infected and healthy Montastraea
faveolata colonies revealed significant differences in
nitrification genes (Kimes et al. 2010). There is evi-
dence that an addition of nutrients such as ammo-
nium inhibits coral growth (Ferrier-Pagès et al. 2000),
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Fig. 1. Summary of nitrogen-associated functional genes de -
tected in the coral holobiont. Genes are italicized, and bio-
geochemical processes are in bold. This figure represents
known functional genes and is not exhaustive of the nitro-

gen-associated processes present in the coral holobiont
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which may be induced by a disturbance in the bio-
geochemical cycling of the holobiont. In studies such
as this, specific nitrogen-associated functional genes,
including nif, amo, hao, nar, nir, nor, nos, ghd, and
ure, may be useful targets for monitoring the state of
the nitrogen cycle. Additionally, shifts detected in
these nitrogen cycle genes may serve as early warn-
ing signs for coral response to eutrophication and
stressors such as acidification and temperature
increase.

Nitrogen fixation may be a key process in the coral
holobiont, as reefs are often oligotrophic and nitro-
gen is a limiting nutrient (Suzuki & Casareto 2011).
Diazotrophs (free-living, nitrogen-fixing prokary-
otes) such as cyanobacteria may play an essential
role in the holobiont by providing this limiting nutri-
ent to the coral host (Lesser et al. 2004, 2007b). Other
potentially important nitrogen fixers occur in the
Alpha- and Gammaproteobacteria groups, as well as
Spirochaetes, Firmicutes, and Archaea (Kimes et al.
2010, Kvennefors et al. 2012). One gene commonly
used to identify the presence of diazotrophs is nifH,
which encodes the dinitrogenase iron protein
(Shashar et al. 1994, Lema et al. 2012). Inside the
coral skeleton, several bacterial isolates were discov-
ered containing the nifH gene, indicating the possi-
bility of nitrogen fixation specifically within the cal-
careous skeleton (Shashar et al. 1994). Another study
investigated nifH diversity of 3 different Great Bar-
rier Reef coral species (Lema et al. 2012). Diversity
was relatively low compared to the water column; a
total of 1344 nifH sequences yielded only 26 distinct
operational protein units (OPUs). A greater diversity
of nifH genes was found in coral tissue samples com-
pared to SML samples, again reflecting the limited
functional gene diversity within the SML. Interest-
ingly, 71% of Alphaproteobacteria OPUs were re -
lated to Rhizobiales, which are diazotrophs associ-
ated with the root nodules of legume plants (Lema et
al. 2012). One of the nifH genes was also associated
with a known methanotroph. As with overall func-
tional gene diversity, the presence and frequencies of
the nifH OPUs were specific to species of coral (Lema
et al. 2012). While the relative abundance of genes
must be examined with caution, as one organism
may contain multiple copies of a gene, it appears that
individual microbes and their functional nifH genes
associate closely with specific coral species. Analysis
of the nifH gene has provided useful insight into the
function of diazotrophs in the coral holobiont. Spe -
cifically, this approach revealed that the coral-
 associated nifH gene is primarily of Alphaproteobac-
teria origin, is partitioned in the coral skeleton and/or

tissue, is distinct from that found in the water column,
and appears to be specific to individual species of
coral, suggesting that it is an essential component to
the health of the holobiont.

Ammonia oxidation, or the conversion of ammonia
to nitrite and nitrate, is the rate-limiting step in nitri-
fication. The genes typically associated with ammo-
nia oxidation are amoB, amoC, and amoA which
code for ammonia monooxygenase, and the hao gene
which codes for hydroxylamine oxidoreductase. In a
survey of 9 different coral species in 4 different
 locations, amo genes associated with corals did not
overlap with amo genes from the water column, indi-
cating that those nitrifying bacteria were coral spe-
cific (Beman et al. 2007). The amo genes did not
appear to be specific to individual coral species,
although a higher diversity in archaeal amo genes
was found in Diploria strigosa than in Porites spp.
(Beman et al. 2007). When the presence of these
genes was studied in healthy and YBD-infected
Montastraea faveolata, amoB and amoC were found
only in the diseased individuals, while amoA and hao
were found in both (Kimes et al. 2010). The higher
diversity of amo genes in diseased individuals may
indicate that ammonia waste production is higher in
infected corals than healthy corals. The presence of
amo genes in both healthy and diseased corals also
suggests that microbes capable of ammonia oxida-
tion may be essential to the health of coral to detoxify
the ammonia.

Sulfur-associated functional genes

The sulfur biogeochemical cycle has been linked to
an important and global polymicrobial coral disease,
BBD, which involves sulfur-oxidizing and sulfate-
reducing bacteria (Richardson 2004). The dsr gene
indicates the presence of sulfate-reducing bacteria,
and has been the target of several BBD studies
(Barneah et al. 2007, Bourne et al. 2011, Glas et al.
2012). The dsr genes detected in the BBD microbial
mat primarily belong to the genus Desulfovibrio
(Barneah et al. 2007, Bourne et al. 2011) and were
documented to increase in abundance during the
development of BBD infection (Glas et al. 2012). The
continued presence and increase of the dsr gene in
BBD infections indicate that sulfate reduction may be
a key process in the disease etiology. The occurrence
of sulfur oxidation has also been confirmed in BBD by
detection of the soxB gene (Bourne et al. 2013). The
majority of sulfur-oxidizing bacteria identified via the
soxB gene were of Rhodobacteraceae origin, with

165



Dis Aquat Org 107: 161–171, 2013

low abundance and diversity. Combined, these stud-
ies confirm that sulfur oxidation and reduction are
components crucial to BBD etiology, and require fur-
ther investigation if their roles in the disease process
are to be understood.

Barneah et al. (2007) did not detect the dsr gene in
healthy portions of BBD-infected individual corals
using quantitative PCR. However, Kimes et al. (2010)
provided evidence that the sulfur cycle is active in
the healthy coral holobiont. Using the GeoChip 3.0,
over 500 discrete sequences corresponding to the dsr
gene were detected in both healthy and YBD-
infected Montastraea faveolata (Kimes et al. 2010),
indicating abundant sulfur respiration within the
holobiont. Because the dsr gene was abundant in
both healthy and diseased individuals, it can be con-
cluded that sulfite respiration is not linked to YBD
pathogenesis. On the other hand, when Porites com-
pressa fragments were pH stressed, the abundance
of sulfur metabolism genes increased (Vega Thurber
et al. 2009). This result also occurred when Acropora
millepora experienced a bleaching event (Littman et
al. 2011). It is interesting to note that sulfur meta -
bolisms did not increase during infection of coral by
YBD, which lyses coral tissue at relatively low rates
compared to other diseases (Santavy et al. 1999),
whereas the relative abundance of sulfur metabo-
lisms increased in response to pH stress and bleach-
ing, both of which are not known to degrade tissue.
However, in order to understand why sulfur metabo-
lism functional genes increase in developments such
as bleaching, stress, and presumably BBD, but not
YBD, their role must first be understood in the
healthy holobiont.

In healthy Porites astreoides, genes for assimilating
the organic sulfur compound glutathione were 3
times more abundant than genes present for assimi-
lating inorganic sulfur. This suggests a glutathione
source in the holobiont, possibly from the host coral,
that the microbes are able to utilize (Wegley et al.
2007). There is also evidence of dimethylsulfoniopro-
pionate (DMSP) degradation to dimethyl sulfide
(DMS) and acrylic acid within the coral holobiont
(Raina et al. 2009). The genes dddD, dddR, and dddL
are all associated with this degradation process, and
were detec ted in bacteria from healthy coral, includ-
ing Arhodomonas, Pseudomonas, and Roseobacter.
The response of these genes has yet to be studied
under stressed conditions. For example, does the pro-
portion of organic to inorganic sulfur assimilation
genes change during the process of bleaching or dis-
ease? How are DMSP degradation genes affected? A
disruption in sulfur biogeochemical cycling has been

linked to several human diseases such as inflamma-
tory bowel disease and other intestinal diseases (Car-
bonero et al. 2012), yet BBD is currently the only
coral disease to which the biogeochemical sulfur
cycle has been linked. Analysis of sulfur cycle genes
associated with coral diseases can help to bridge this
gap in knowledge.

Carbon-associated functional genes

A metagenomic study of Porites astreoides found
many bacterial genes for the uptake and processing
of sugars and proteins, while genes for transport of
amino acids and fatty acids were absent (Wegley et
al. 2007). The genes present in this case reflect the
composition of coral mucus, which is generally sug-
ars and proteins, with few amino acids and fatty acids
(Bythell & Wild 2011). This correlation strengthens
the concept that the functional genes present in a
system can indicate available substrates and active
microbial processes within that system. The direct
correlation between coral mucus composition and
genes which uptake the components of coral mucus
is disrupted when the coral bleaches. Bacterial genes
involving fatty acid and amino acid metabolisms, as
well as sugar alcohol, di-, and oligosaccharide meta -
bolisms all increased in bleached Acropora millepora
holobiont (Littman et al. 2011). The upregulation of
these carbon metabolism genes indicates that alter-
native carbon sources may be available in bleached
corals compared to healthy corals.

A shift in carbon metabolism genes was also evi-
dent in YBD. While many bacterial and archaeal
metabolisms such as the Calvin Cycle, reductive
acetyl-CoA pathway, reverse Krebs cycle, and me -
tha notrophy were present in both YBD and healthy
tissue samples of Montastraea faveolata, significant
changes were detected in the genes associated with
carbon fixation, cellulose degradation, and lignin
degradation (Kimes et al. 2010). The increase of these
metabolic functional genes may be attributed to
opportunistic microbes taking advantage of nutrients
released by the lysing of the coral tissue. Intriguingly,
it was shown that an increase of cellulose degrada-
tion genes in diseased samples was due to Vibrio vul-
nificus, a known marine pathogen (Strom & Paran-
jpye 2000). This implies that V. vulnificus may target
the symbiotic zooxanthellae associated with corals
since it can be assumed that they are the source of
cellulose. Further investigation will reveal whether
V. vulnificus is indeed the causative agent of YBD or
is a secondary pathogen, and whether cellulose
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degradation genes are key virulence factors for this
pathogen.

Antibiotic-resistance-associated functional genes

Antibiotics are found naturally in many environ-
ments, including the SML of coral. In the coral holo-
biont, 25 to 75% of bacteria display antimicrobial
activity (Ritchie 2006, Shnit-Orland & Kushmaro
2009), and it has been proposed that this activity may
inhibit the growth of potentially pathogenic bacteria
in order to protect the coral animal (Rosenberg et al.
2007). This microbial protection mechanism is known
as the coral probiotic hypothesis (Reshef et al. 2006).
The resulting competition between beneficial and
harmful microbes within the coral holobiont has been
viewed as an arms race of antimicrobial compound
production versus expression of resistance mecha-
nisms (Kvennefors et al. 2012). Bacteria resistant to
multiple antibiotics have already been detected in
the marine environment, particularly in sediments
(Mudryk 2005, Vignaroli et al. 2012). Many marine
fish farms are heavily dosed with antibiotics, facilitat-
ing the selection for antibiotic-resistant marine
microbes (Nogales et al. 2011). The immediate con-
cern here may not be apparent since coral are not
typically treated by antibiotics. However, antibiotic-
resistance genes can be transferred through horizon-
tal gene transfer, potentially affecting the antimicro-
bial arms race of the coral holobiont. It has also been
found that metal resistance is commonly associated
with, and may increase, antibiotic resistance (Baker-
Austin et al. 2006). This is troublesome, as an in -
crease in anthropogenic metals in the marine envi-
ronment may further facilitate antibiotic-resistant
microbes. The acquisition of antibiotic-resistance
genes by a potential coral pathogen may give it a sig-
nificant advantage to resist antimicrobial compounds
produced by beneficial microbial associates of the
coral holobiont (Nogales et al. 2011). Antibiotic and
toxic compound-resistance genes have already been
identified in the Porites astreoides holobiont (Wegley
et al. 2007), although they do not necessarily belong
to a pathogen. The known coral pathogen Vibrio
coral liilyticus already demonstrates resistance to
antimicrobial activity (Kimes et al. 2012, Kvennefors
et al. 2012). Despite the distinct possibility of poten-
tial coral pathogens becoming antibiotic resistant,
the acquisition and distribution of antibiotic- resistance
genes within the coral holobiont is largely unknown.
With the continuing selection for antibiotic resistance
in marine microbes, in-depth analysis will be required

in order to determine the level of threat to the health
of the coral holobiont.

Xenobiotic-associated functional genes

The effects of xenobiotics on the coral animal have
been studied in detail, revealing specific genes that
respond to heavy metal stress (Morgan et al. 2005),
oil dispersants, vinblastine (Venn et al. 2009), pesti-
cides, and antifouling paints (Downs et al. 2012).
However, very little is known regarding the influ-
ence of xenobiotics on the microbial component of
the coral holobiont. The deficiency of knowledge in
this area is in part due to the lack of study, and in part
to the vast range of xenobiotics that may be associ-
ated with marine environments. Only 1 coral study
has analyzed the microbial functional genes associ-
ated with xenobiotics, comparing YBD tissues to
healthy tissues of Montastraea faveolata (Kimes et al.
2010). A total of 2100 xenobiotic degradation genes
were identified, with significant differences between
heal thy and diseased individuals in genes associated
with copper resistance/reduction, benzene by-product
degradation, benzene, toluene, ethylbenzene, and
xy lene degradation, nitroaromatics de gra dation, and
pesticide/fungicide/herbicide de gradation. The under -
lying reason for shifts in xeno biotic-degradation genes
and how they are associated with the disease is not
clearly understood. Metal homeostasis and resistance
genes, including iron-, arsenic-, tellurium-, mercury-
, and copper-associated genes, were detected in both
healthy and diseased corals (Kimes et al. 2010). The
presence of these genes in healthy and diseased indi-
viduals implies that microbial xenobiotic mainte-
nance and degradation may be an essential compo-
nent to the health of the coral holobiont as a whole.
As mentioned previously, Reshef et al. (2006) intro-
duced the coral probiotic hypothesis, outlining a sce-
nario in which the coral animal is dependent upon its
rapidly evolving microbial associates to develop
defense mechanisms against pathogens. By the same
logic, coral may also be dependent upon microbial
associates to evolve xenobiotic degradation and main-
tenance mechanisms, such as those listed above. In a
future ocean that may be heavily dosed with xenobi-
otics, this is an important issue that deserves consid-
eration. The role of microbial xenobiotic degradation
and maintenance in the coral holobiont is a distinct
gap in our understanding of corals and should be the
subject of further investigation in order to under-
stand how the coral holobiont as a whole may develop
resistance against these compounds.
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Virulence-associated functional genes

Iraola et al. (2012, p. 1) defined virulence as ‘the
relative capacity of a microbe to cause damage in a
host.’ Accordingly, any functional gene that assists a
potential pathogen in this capacity is considered a
virulence gene. Microbial virulence genes have been
detected in both healthy and stressed coral holo-
bionts. Many virulence genes were present within
the healthy Porites astreoides holobiont (Wegley et
al. 2007), suggesting that microbes with pathogenic
capacities may reside in a healthy holobiont, waiting
for the opportunity to proliferate. An increase in
microbial virulence genes for adhesion, resistance to
antibiotics and toxins, and pathogenicity islands was
observed in thermally and pH-stressed P. compressa
(Vega Thurber et al. 2009), and an increase in viru-
lence genes, specifically proteolysis, was revealed in
bleached Acropora millepora (Littman et al. 2011).
Although these studies do not give the specific genes
associated with virulence, it is clear that an increase
in virulence genes is indicative of a stressed holo-
biont, and may represent an increase in potential
pathogens (primary or secondary). Further in-depth
analysis of these virulence genes may prove benefi-
cial in identifying potential pathogens.

One study was successful in modeling and predict-
ing the pathogenicity of fully sequenced human-
associated bacteria based on key virulence genes
(Iraola et al. 2012). Using a set of 120 genes as a
proxy for microbial pathogenicity, the authors were
able to accurately distinguish known pathogens from
bacteria that were not pathogenic. Using this study
as an example, ascertaining key virulence genes in
the coral microbial metagenome may assist in identi-
fying the causative agent(s) of coral diseases.

To date, several virulence genes have been identi-
fied in coral pathogens belonging to the genus Vibrio
(Table 2). Toxin P is a proline-rich peptide encoded
by a vgr-like gene that has been identified in V. shiloi
(Banin et al. 2001) and V. coralliilyticus (de O Santos
et al. 2011). A gene coding for a zinc metalloprotease,
vcpA, has also been identified in V. coralliilyticus

(Sussman et al. 2008, 2009, Pollock et al. 2010). Upon
sequencing the entire genome of V. coralliilyticus, a
suite of virulence genes was uncovered (de O Santos
et al. 2011, Kimes et al. 2012). Using this genetic
information, de O Santos et al. (2011) were able to
directly study the effects of the vcpA gene on the vir-
ulence capacity of V. coralliilyticus. ΔvcpA mutants
still demonstrated a high virulence capability by
com pensating with increased hemolytic activity,
identifying another crucial virulence factor in the
coral pathogen. Kimes et al. (2012) identified 136 key
virulence genes in V. coralliilyticus, including those
associated with motility, host degradation, quorum
sensing, antimicrobial resistance, secretion, and
transcriptional regulation. These studies demon-
strate the potential power of using functional genes
to identify and assess molecular targets, which can
then be a focus of future studies in the ongoing effort
to mitigate coral diseases.

Oxidative stress-associated functional genes

Very few studies have concentrated on coral-
 associated bacterial oxidative stress, instead focusing
on the coral and zooxanthellae members of the holo-
biont (DeSalvo et al. 2008, Császár et al. 2009, Vool-
stra et al. 2009). Several studies have demonstrated
that bacterial associates of corals experience oxi -
dative stress, as do their eukaryotic cohorts. In the
healthy Porites astreoides holobiont, microbial oxida-
tive-stress genes and DNA repair genes were pres-
ent (Wegley et al. 2007). When bleached, an increase
in each of these genes was detected in the coral
Acropora millepora (Littman et al. 2009). When
P. compressa coral fragments were stressed with
excess nutrients, microbial genes for catalase, perox-
idase, and superoxide dismutase all increased (Vega
Thur ber et al. 2009). It is evident through these stud-
ies that stressors such as excess nutrients and bleach-
ing induce the upregulation of microbial oxidative
stress genes. However, it is unclear whether the
increase in these genes is beneficial to the holobiont.

168

Virulence gene Pathogen                    Function                                                                 Source

vcpA (zinc- V. coralliilyticus         Causes zooxanthellae photoinhibition and        Sussman et al. (2008, 2009), 
metalloprotease)                                    causes coral tissue lesions                                Pollock et al. (2010), 

de O Santos et al. (2011)
vgr-like (Toxin P) V. shiloi                      Proline-rich peptide, inhibits photosynthesis     Banin et al. (2001)

V. coralliilyticus         of zooxanthellae                                                de O Santos et al. (2011)

Table 2. Specific virulence genes directly associated with known Vibrio pathogens of corals
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For in stance, superoxide dismutase is considered an
im portant virulence factor in the coral pathogen Vib-
rio shiloi (Rosenberg & Falkovitz 2004). The detected
increase in microbial oxidative-stress functional
genes may be attributed to the invasion of non-
 intrinsic microbes such as V. shiloi, or to the benefi-
cial microbes striving to protect the holobiont. Identi-
fication of the specific source of oxidative stress
functional genes from coral-associated microbes may
be important in understanding whether upregulation
of these genes is serving to protect the coral holo-
biont from reactive oxygen species, or rather indica-
ting increased presence of a virulence factor by a
potential pathogen.

MOLECULAR TECHNIQUES AND CAVEATS

Although many genes have been associated with
the coral holobiont, this does not mean they are all
actively transcribed and translated. The presence of
a gene simply represents the potential to carry out
the function associated with the gene. Once potential
coral-associated microbial genes are identified, they
must be further investigated. This is proving to be
challenging. Analysis of the transcriptome of pro ka -
ryote communities can be difficult because prokary-
otic mRNA does not contain a poly-A tail for primers
to bind to, as eukaryotes do. To circumvent this prob-
lem, 1 study used RNA arbitrarily primed PCR (RAP-
PCR) to determine the differential gene expression
between the microbial mat of an active BBD infection
and a BBD mat suspended in sea water (Frias-Lopez
et al. 2004). Several gene transcripts were upregulated
in the active BBD infection, including photosystem I,
ABC transporters of amino acids, and AraC-type
DNA-binding domain proteins. RAP-PCR is advanta-
geous because it allows the identification of genes
that change transcription levels in prokaryotes. How-
ever, the method relies upon random pri mers and
may miss transcripts that do not bind the random
primers. Another study looked beyond the genome
using nuclear magnetic resonance to analyze the
proteome of the coral pathogen Vibrio coralliilyticus.
Significant changes were detected in meta bolites
such as betaine, glutamine, and succinate when V.
coralliilyticus was subject to increased temperature
(Boroujerdi et al. 2009). Although the technique was
not particularly sensitive and showed high variability
between replicates, studying the proteome reflected
which genes were actively being transcribed and
translated. A more sensitive, albeit more expensive,
method for analyzing the proteome is the use of liq-

uid chromatography and tandem mass spectropho-
tometry in conjunction with genome sequencing.
Kimes et al. (2012) used this method to positively
identify 126 key virulence genes that are upregu-
lated in V. coralliilyticus cultured at warmer temper-
atures. As these studies demonstrate, understanding
the vast complexity of coral health and disease will
take a combination of emerging ‘-omic’ techniques.
When genomics, transcriptomics, and pro teomics are
combined, they provide powerful analysis tools that
uncover the mechanisms and drivers of disease, and
guide the search for coral disease resolutions.

CONCLUSIONS

Just as the presence of a microbe in diseased indi-
viduals does not prove that the microbe is the cause
of disease (Lesser et al. 2007a, Pollock et al. 2011), it
should not be assumed that the presence or activity
of a functional gene is associated with the etiology of
a disease. In each of the cases discussed above, it is
not yet known whether the changes in microbial
functional genes were tied to disease etiology, either
in association with primary or secondary pathogens,
or whether the observed shifts were an indirect con-
sequence of the disease. However, it is clear that
microbial functional genes are a dynamic component
of the coral holobiont and that there are differences
in gene expression between healthy, diseased, and
physiologically stressed corals. Based on these pio-
neering studies, it is apparent that analysis of micro-
bial functional genes has the potential to indicate
coral stress, provide an early warning sign of disease
and bleaching, identify disease mechanisms, and
ascertain microbial associates essential to the health
of the coral. Identifying the roles of microbial func-
tional genes in the coral holobiont is a crucial step to
understanding coral health and disease, and it is a
step we have just begun to take.
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