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a b s t r a c t

Madrepora is one of the most ecologically important genera of reef-building scleractinians in the deep sea,
occurring from tropical to high-latitude regions. Despite this, the taxonomic affinities and relationships
within the genus Madrepora remain unclear. To clarify these issues, we sequenced the mitochondrial
(mt) genome of the most widespread Madrepora species, M. oculata, and compared this with data for
other scleractinians. The architecture of the M. oculata mt genome was very similar to that of other scle-
ractinians, except for a novel gene rearrangement affecting only cox2 and cox3. This pattern of gene orga-
nization was common to four geographically distinct M. oculata individuals as well as the congeneric
species M. minutiseptum, but was not shared by other genera that are closely related on the basis of
cox1 sequence analysis nor other oculinids, suggesting that it might be unique to Madrepora.

� 2012 Elsevier Inc. All rights reserved.

1. Introduction

Almost half of extant scleractinians are azooxanthellate (i.e. live
without dinoflagellate symbionts) and are often referred to as cold-
or deep-water corals because they generally occur in waters
deeper than 50 m (Cairns et al., 1999; Cairns, 2007). Although less
obvious than the shallow water coral reefs of tropical waters, the
deep sea reefs constructed by some azooxanthellate scleractinians
serve as habitat, feeding, recruitment, and nursery grounds for
numerous marine organisms (Roberts et al., 2009) and have
recently attracted the attention of both the scientific community
and the general public, particularly the fishing industry. However,
relatively few deep-water scleractinians – representatives of the
genera Lophelia, Solenosmilia, Goniocorella, Madrepora, Oculina,
and Enallopsammia – are considered to fulfill the ecological and
geological criteria of true reef-building species (Stolarski and
Vertino, 2007; Roberts et al., 2009).

Of the deep-sea reef-builders, Madrepora has a fossil record dat-
ing from the Lower Cretaceous (ca. 70 Mya; Stolarski and Vertino,

2007), and comprises five recent species (Cairns, 2009). M. oculata
is the type species and is probably the most-widespread scleractin-
ian species, being essentially ubiquitous in deep water except in
the polar seas (Cairns and Zibrowius, 1997). M. oculata is highly
polymorphic, six forms being recognized (alpha, beta, gamma,
galapagensis, vitiae, and formosa; Cairns, 1991, 1995; Cairns et al.,
1999) based on variations in color, branching patterns, the texture
of the coenosteum and the size of septa; however, note that these
characters are variable even within sympatric specimens (e.g.,
Galápagos specimens; Cairns, 1991).

Although traditionally classified in the Family Oculinidae
(Cairns et al., 1999; Cairns, 2009), recent molecular phylogenetic
analyses suggest that the family is polyphyletic (representatives
were scattered across four different clades, these most likely repre-
senting four different families; Kitahara et al., 2010), and that the
genus Madrepora should be elevated to a higher taxonomic level
(Le Goff-Vitry et al., 2004; Kitahara et al., 2010). Molecular phylog-
enetics based on partial cox1 data suggests that Madrepora oculata
may be more closely related to Caryophyllia (family Caryophyllii-
dae) and pocilloporids than to other oculinids (Kitahara et al.,
2010; Stolarski et al., 2011).

Comparison of mitochondrial (mt) genomes has contributed to
the clarification of phylogenetic relationships among animals (Boore,
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1999; van Oppen et al., 2002; Chen et al., 2008a,b), gene arrangement
has been generally the most informative mt character (reviewed in
Boore et al., 2005). Several well-established evolutionary lineages
are defined by common organization of mt genes (reviewed in Boore
and Brown, 1998) and unique arrangements distinguish subgroups
within nematodes, mollusks (reviewed in Boore and Brown (1998))
and cnidarians (Hexacorallia; Beagley et al., 1998; Medina et al.,
2006; Brugler and France, 2007). In terms of mt gene order, many
scleractinians conform to a consensus first reported in
Acropora tenuis (van Oppen et al., 2002; see Fig. 2A upper). Within
the Scleractinia, only one example of apparent gene reorganization
is known – the case of Lophelia pertusa (Emblem et al., 2011; see
Fig. 2A lower) – but a number of minor variations have also been

reported, each with important phylogenetic implications. These vari-
ations include the presence of an idiosyncratic atp8 in Seriatopora and
a duplicated trnW in some pocilloporids (Chen et al., 2008b), the
insertion of a distinct group I intron in the cox1 gene of some ‘‘robust’’
corals (Fukami et al., 2007) and the extended 30-end found of the cox1
gene of Euphyllia (Lin et al., 2011).

To clarify the phylogenetic status of Madrepora, the complete
mt genome of M. oculata was sequenced, revealing a novel gene
rearrangement that constitutes only the second known deviation
from the scleractinian consensus. This pattern of mt genome
organization appears to be common across Madrepora, but is
not shared by genera that are closely related on the basis of
cox1 data (i.e. pocilloporids and some caryophyllids) or other

Fig. 1. Madrepora oculata branch fragment and calicular views of the specimen used for determination of the complete sequence of the mitochondrial genome, and the
sampling locations examined in this study. Collection sites are indicated by solid black squares.
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