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Abstract 

Octocorals are very diverse benthic marine organisms that inhabit virtually every 

marine ecosystem, therefore are widely distributed around the globe. The origin of 

their huge diversity has been questioned for several decades, however very few studies 

have addressed this issue until now. This doctoral thesis explored the systematic 

relationships of octocoral deep-sea fauna distributed in Antarctic and Sub-Antarctic 

regions, and evaluated the role of the Antarctic Circumpolar Current (ACC) as a 

driving force for the diversification of octocoral deep-sea populations. It also assessed 

the evolution of four octocoral traits and the role of these traits on diversification rate 

shift. To answer the previous questions we used different approaches and methods that 

included phylogenetics, molecular dating, character evolution, phylogeography and 

population genetics. Here, we present the first assessment of phylogeographical 

patterns and the role of the ACC in the genetic connectivity for two deep-sea 

octocorals in the Pacific and Southern Ocean: Tokoprymno maia, which is a brooding 

octocoral, and Hemicorallium imperiale, which is a broadcast spawner. We also 

explored the systematic relationships of the deep-sea bamboo corals of the subfamily 

Keratoisidinae, and described two new species Keratoisis magnifica and Keratoisis 

peara. Finally, we inferred the most comprehensive time-calibrated phylogeny of all 

Octocorallia to date. We estimated the time of origin of this group around the Triassic, 

where he first octocorals appear to have been soft-bodied colonies, azooxanthellate, 

deep-water and cold-water organism. The study of marine benthic organisms has 

increased in the last decade, particularly for deep-sea fauna. This thesis has contributed 

greatly in the general knowledge of diversity patterns, temporal diversification 

processes, and population dynamics for Octocorallia. Our contribution has also laid a 

basis for further evolutionary studies on these incredible diverse organisms.  



	  
viii	  

Key Words: Octocorals, Diversification, Phylogeography, Antarctic Circumpolar 

Current-ACC, Deep-sea. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  
ix	  

Introduction 

 

Despite the unquestionable importance of Antarctic Circumpolar Current 

(ACC) to global climate, oceanic productivity and biodiversity, patterns of distribution 

and connectivity among deep-sea populations across the Southern Ocean are very 

poorly known. This vast and remote region of the globe hosts a surprising diversity of 

deep-sea organisms that thrive under extreme environmental conditions. Despite its 

isolation, the deep-sea fauna is rapidly becoming threatened by human activities. Due 

to the depletion of mid-water fisheries around the world, alternative fishing techniques 

such as bottom trawling are being implemented in deeper waters, having a negative 

impact on commercial fish populations and all benthic fauna (Crowder et al., 2008; 

Koslow et al., 2001). In addition, ocean acidification due to climate change is 

endangering all marine organisms in need of calcium carbonate (calcite and aragonite) 

to build their skeletons or shells, jeopardizing deep-sea populations (Guinotte and 

Fabry, 2008). Given this combination of threats, improving our knowledge of 

ecological and evolutionary processes such as demographic and genetic connectivity is 

crucial to ensure effective management and protection of deep-sea fauna.  

The Antarctic continent is surrounded by the Southern Ocean that represents 

8% of the world’s ocean surface area and harbors 5% of the global marine metazoan 

diversity (Linse et al., 2006; Pierrat et al., 2013). The Southern Ocean is bounded to 

the North by the ACC, which is the largest and strongest current in the world (Barker 

et al., 2007; Clarke et al., 2005). This current is locate between 45°S and 55°S, and is 

the only one that circles the entire globe connecting the Pacific, Atlantic and Indian 

Ocean Basins, providing the principal mean for global water exchange (Figure 1). It 

flows eastward at a rate of 137±8×106 m3 s−1 and is constrained by bathymetrical and 
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topographical features (Orsi et al., 1995; Rintoul, 2009). The ACC is characterized by 

profound depths extending from the sea surface to the seabed (2000-4000 m deep), and 

can reach a width of 2000 km (Clarke et al., 2005; Klinck and Nowland Jr., 2001; Orsi 

et al., 1995). Variations in water temperature and salinity have been used to define 

zones and fronts, where water properties change drastically over short distances.  

 

 

 

Figure 1. Map of Antarctica, the sub-Antarctic islands, and the surrounding 

continents of Oceania (New Zealand and Australia), South America, and South Africa. 

The gray band shows the location of the Antarctic Circumpolar Current (Polar Front 

Zone). Modified from (Kim et al., 2009). 

 

 

The onset of the ACC is thought to have occurred around 25 mya (Barker and 

Thomas, 2004; Lawver and Gahagan, 2003). The deep basins surrounding Antarctica 
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plus the particular oceanographic conditions of the ACC created a natural marine 

barrier to the exchange of fauna between Antarctica and the rest of the globe (Barker et 

al., 2007; Griffiths, 2010). Ocean currents could be considered more as soft barriers or 

biogeographical filters rather than strict physical barriers (Boehm et al., 2013), and the 

ACC follow this definition. For some benthic fauna there is evidence of the ACC 

acting as a strong barrier against gene flow (Hunter and Halanych, 2008; Janosik et al., 

2011; Page and Linse, 2002; Thornhill et al., 2008), while for others the ACC is a soft 

permeable barrier that allows for distributions both north and south of the current 

(Clarke et al., 2005). Even though it is not common, patterns of distribution north and 

south the ACC are thought to occur, and have occurred for considerable periods of 

time through the Scotia Arch and through seamounts south of New Zealand (Crame, 

1999; Pierrat et al., 2013). Therefore, it is expected for the ACC to be a key component 

in shaping communities and driving diversification in this part of the globe. 

Octocorals communities are very abundant in Antarctic and Sub-Antarctic 

regions (Lopez-Gonzalez et al., 2002; Starmans et al., 1999), but much less studied 

than echinoderms, mollusks or fish. They inhabit the whole depth range, from shallow 

waters to abyssal plains, most commonly in the continental shelves, slopes, ridges and 

seamounts (Watling et al., 2011). They are very important to the ecosystem structure 

because they provide vital habitats for fish and other marine organisms such as 

sponges, echinoderms and crustacean (Sun et al., 2010). However, their diversity and 

systematic relationships are poorly known. Octocorals are sessile organisms that 

depend strongly on ocean currents for food acquisition, reproduction, and dispersal 

(Wheeler et al., 2007). Hence, the ACC could be the mechanism by which the pattern 

of distribution and richness of Southern Ocean octocorals arise. 
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Using octocoral deep-sea fauna distributed in Antarctic and Sub-Antarctic 

regions we will assess their systematic relationships, and the role of the ACC as a 

driving force for the diversification of deep-sea populations. To answer the previous 

questions this thesis used different approaches and methods that included 

phylogenetics, molecular dating, character evolution, phylogeography and population 

genetics. The document is divided in four chapters as follows: 

Genetic connectivity depends on the dispersal potential of the species, and in 

turn, dispersal may depend on the reproductive strategy. Broadcast spawners go though 

a pelagic larval stage that can span from just a few days to several months (Kahng et 

al., 2011), facilitating possible long-distance dispersal. On the other hand, brooder 

species incubate their larvae that then settle and metamorphose at short distances from 

their parents (Kahng et al., 2011). Given such variation in reproductive strategies and 

larval life span, we expect that with a decreasing length of the pelagic larval phase (for 

brooder species without pelagic larvae), there will be an increase in genetic 

differentiation (Arndt and Smith, 1998; Sherman et al., 2008).  

In Chapter 1 we evaluated the phylogenetic relatedness between Tokoprymno 

maia and Thouarella sp. and the genetic connectivity for these brooding octocoral 

across the ACC. We found that the ACC constitutes a semi-permeable barrier to these 

deep-sea octocorals capable of separating and structuring populations, while allowing 

short periods of gene flow. The fluctuations in latitudinal positioning of the ACC 

during the Miocene likely contributed to the diversification of these octocorals. 

Additionally, we provide evidence that the populations from each of our four sampling 

region could actually constitute different species. This chapter was recently published 

in BMC Evolutionary Biology (Dueñas et al. 2016). 



	  
xiii	  

In Chapter 2 we evaluated the connectivity patterns in the widespread precious 

corals Hemicorallium imperiale across the Pacific Ocean. We explored the genetic 

structure of this broadcast-spawner octocoral across an oceanic scale, while evaluating 

the role of the ACC in its genetic structuring. We found that H. imperiale does not 

conform to a panmictic population scenario, however our results reject the hypothesis 

that the ACC is a barrier against gene flow. The most probable origin for this species is 

the North Pacific with a subsequent colonization of the Southern Hemisphere during 

the Miocene. This study has laid the importance of intrinsic and extrinsic factors in the 

phylogeography and genetic structuring of widespread marine species. 

In Chapter 3 we reconstructed a phylogenetic hypothesis of keratoisidin 

bamboo corals from New Zealand and Antarctic waters, using morphological and 

molecular approaches. Additionally, we describe two large new species belonging to 

the genus Keratoisis. This study was published in Molecular Phylogenetics and 

Evolution (Dueñas et al. 2014), and is the first of a series of papers describing not only 

the keratoisidin fauna but also the mopseinae fauna present in New Zealand and the 

Southern Ocean.   

To understand the distribution and diversification of octocorals in general, it is 

important to explore what are the factors that have played an important role in the 

diversification and evolution of this group. Given that habitat assessed as water 

temperature (cold vs. warm) and depth (shallow vs. deep), axial configuration and 

energy acquisition mode (presence vs. absence of zooxanthellae) are factors that 

determine the development of octocoral communities worldwide, in Chapter 4, we 

tested whether shifts in diversification rates are correlated with these factors. We 

reconstructed the most comprehensive molecular phylogeny for extant Octocorallia so 

far based on 574 mtMutS mitochondrial DNA sequences and dated using multiple 
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fossil calibration points. Systematic relationships between octocoral groups were 

described in detail as well as diversification times. The first octocorals appear to have 

been azooxanthellate, deep and cold-water colonies that moved to warmer waters and 

then experienced multiple independent gains of zooxanthellae. Our results also suggest 

that the ancestral form for octocorals may have been soft-corals, which gradually 

develop higher axial structure complexity. A unique shift on diversification rates was 

identified in one of the ancestral branches leading to Sinularia, the most speciose 

octocoral genus, however no evolutionary association between rates of speciation and 

phenotypic evolution was found for any octocoral traits.  

 This dissertation contributed to comprehend the diversification of highly 

calcified deep-sea octocorals with broader impacts for understanding the 

biogeography and phylogeography of the Southern Ocean and the Antarctica 

Circumpolar Current (ACC). As a consequence numerous new deep-sea octocoral 

species were discovered and described (or are in the process to be described). We 

conclude that the ACC is a soft barrier for deep-sea octocorals that can structure 

populations of a brooding species, while allowing at the same time full connectivity 

between populations of a broadcast spawner species. Lastly, the thesis included the 

more comprehensive octocoral phylogeny, which is the largest time-calibrated effort 

for this group so far, including as major finding the Triassic origin of Octocorallia and 

their deep- and cold-water beginnings.   
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The Antarctic Circumpolar Current as a
diversification trigger for deep-sea
octocorals
Luisa F. Dueñas1,2*, Dianne M. Tracey3, Andrew J. Crawford1,4, Thomas Wilke2, Phil Alderslade5

and Juan A. Sánchez1,2

Abstract

Background: Antarctica is surrounded by the Antarctic Circumpolar Current (ACC), the largest and strongest
current in the world. Despite its potential importance for shaping biogeographical patterns, the distribution and
connectivity of deep-sea populations across the ACC remain poorly understood. In this study we conducted the
first assessment of phylogeographical patterns in deep-sea octocorals in the South Pacific and Southern Ocean,
specifically a group of closely related bottlebrush octocorals (Primnoidae: Tokoprymno and Thourella), as a test case
to study the effect of the ACC on the population structure of brooding species. We assessed the degree to which
the ACC constitutes a barrier to gene flow between northern and southern populations and whether the onset of
diversification of these corals coincides with the origin of the ACC (Oligocene-Miocene boundary).

Results: Based on DNA sequences of two nuclear genes from 80 individuals and a combination of phylogeographic
model-testing approaches we found a phylogenetic break corresponding to the spatial occurrence of the ACC.
We also found significant genetic structure among our four regional populations. However, we uncovered shared
haplotypes among certain population pairs, suggesting long-distance, asymmetrical migration. Our divergence time
analyses indicated that the separation of amphi-ACC populations took place during the Middle Miocene around
12.6 million years ago, i.e., after the formation of the ACC.

Conclusion: We suggest that the ACC constitutes a semi-permeable barrier to these deep-sea octocorals capable
of separating and structuring populations, while allowing short periods of gene flow. The fluctuations in latitudinal
positioning of the ACC during the Miocene likely contributed to the diversification of these octocorals. Additionally,
we provide evidence that the populations from each of our four sampling regions could actually constitute different
species.

Keywords: Antarctic Circumpolar Current, Gene flow, Primnoid octocorals, Southern Ocean, Deep-sea, Statistical
phylogeography

Background
Despite our growing understanding of the role of
Antarctica in driving global climate regimes and regional
patterns of marine diversity, the distribution and connect-
ivity among deep-sea benthic populations across the
Southern Ocean remain poorly known. This vast and

remote region of the globe hosts a surprising diversity of
organisms [1] that thrive under extreme environmental
conditions. While many of the Southern Ocean species
from shallower continental shelves were discovered and
described in the early 20th Century [2], exploration vessels
with state-of-the-art underwater equipment are now sam-
pling deep-sea regions. Molecular methods have also
aided tremendously in the discovery of new species and
the inference of their evolutionary origins and population
genetic structure [3, 4]. Despite this increased exploration,
only an estimated one-quarter of the continental shelf
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fauna has been described [5, 6], and most deep-sea regions
have never been explored. Consequently, more research is
needed on these deep-sea frontiers in order to assess
faunal diversity and endemism, and to understand the
origin, distribution and maintenance of deep-sea popula-
tions in the Southern Ocean.
The Antarctic continent and its attending Southern

Ocean are surrounded by the Antarctic Circumpolar
Current (ACC), the largest and strongest current in the
world [7]. The onset of the ACC is thought to have oc-
curred at the Oligocene-Miocene boundary around 25
million years ago (Ma), when South America separated
from Antarctica creating the Drake Passage [8]. The ACC
is characterized by an extreme transition of temperature
and by profound depths of over 1000 m; in some places
even extending to the seabed at a depth of 4000 m [9].
The particular oceanographic conditions of the ACC likely
promoted the biogeographic isolation of the Southern
Ocean [10] by creating a natural marine barrier to genetic
exchange [7]. Some marine benthic organisms are distrib-
uted across the ACC, however, suggesting some level of
permeability and potential gene flow [11–13]. Therefore,
the ACC could represent a distinctive biogeographical dis-
continuity, where few marine benthic organisms occur
both north and south of this current [14]. Nevertheless, at
present it remains unclear what factors determine whether
the ACC acts as a strong barrier against gene flow for
some organisms and yet remains permeable to others.
Gene flow is governed by the interaction of extrinsic

environmental factors with intrinsic factors determined
by the natural history of each species [15]. In the case
of marine organisms, extrinsic factors such as light,
temperature, pH and of course currents may promote
or impede larval dispersal. Using oceanographic data,
Clarke et al. [14] identified turbulent flow structures,
called eddies, over a wide range of scales in the ACC.
These eddies can have warm-core or cold-core rings,
transporting water and larvae from sub-Antarctic to
Antarctic waters, and vice versa. Anthropogenic mech-
anisms could also carry organisms across the ACC,
e.g., increasingly frequent ship transport that may carry
encrusting organisms on their hulls or free-swimming or-
ganisms in ballast waters [16]. Factors intrinsic to the life
history of marine organisms may also determine levels of
gene flow, especially those traits related to dispersal ability
[10], e.g., brooder versus broadcast spawners. The latter
go through a pelagic larval stage that can span from
a few days to several months [17], facilitating possible
long-distance dispersal. In contrast, brooders incubate
their larvae that then settle and metamorphose at short
distances from their parents [17, 18]. Given such vari-
ation in reproductive strategies and developmental mode
among benthic invertebrates, we expect that with a de-
creasing length of the pelagic larval phase (or for brooder

species without pelagic larvae), there will be an increase
in genetic differentiation [19, 20].
One brooding deep-water taxon occurring across the

ACC (Fig. 1) is the bottlebrush-like octocoral,Tokoprymno
maia Bayer [21] (Octocorallia: Primnoidae). Tokoprymno
maia was originally described from sub-Antarctic waters
(southeastern Pacific Basin, 54°49′S 129°48′W) at a depth
of 549 m [21] but is widely distributed in the southern
Pacific Ocean. Recent deep-sea voyages have also located
this species on seamounts around New Zealand and south
of Tasmania (Australia) at depths of 350 m to 1700 m
(Fig. 2). Preliminary morphological and genetic analyses,
part of which will be shown in this study, indicate that this
primnoid octocoral could comprise a complex of species
that includes nominal T. maia as well as populations
from another taxonomic unit from sub-Antarctica. The
later closely resembles a species of the sister genus Thouar-
ella Gray, 1870 ; namely T. viridis Zapata-Guardiola and
López-González, (2010) (Dueñas et al., unpublished obser-
vations). However, there are a few differences between T.
viridis and our Thouarella-like samples, namely: sculptur-
ing on the surface of the coenenchmal sclerites; the colour
of the colonies; and the distribution, as T. viridis has only
been reported from the sub-Antarctic waters in the South
Atlantic. Nevertheless, despite the morphological differ-
ences between T. maia and the Thouarella-like colonies,
our molecular analyses clearly show that they share haplo-
types. Therefore, we consider them to be closely related to
the T. maia samples used in this study and they will be
treated as part of a complex that will be referred to
in the text as ‘the primnoid bottlebrush octocorals’.
Data presented below support this simplifying hypoth-
esis. A manuscript formally addressing this taxonomic
puzzle will follow.
In this study we use these particular primnoid bottle-

brush corals as a test case to assess the effect of the
world’s largest and strongest ocean current on the popu-
lation structure of brooding amphi-ACC species. Our
specific questions are:

1) Does the ACC constitute a barrier to gene flow
between northern and southern populations? Our
null hypothesis is that the ACC does not currently
act as a barrier, resulting in a panmictic population
with no genetic structure between localities. This
prediction will be tested through phylogeographical
analyses of multiple a priori migration models.

2) If the former hypothesis is rejected, does the origin
of the ACC during the Oligocene-Miocene boundary
coincide with the onset of diversification within the
primnoid bottlebrush corals? Our null hypothesis is
that the ACC constitute an old barrier, in which case
the onset of divergence between populations north
and south of the current should corresponded to the
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approximate date of the onset of the ACC around
25 Ma. This prediction will be tested using a mo-
lecular clock approach.

Assessing the mechanisms underlying the population
genetic structure of deep-sea species could help shed
light on the role of marine barriers as diversification
triggers and how connectivity is maintained in marine
populations, particularly across large biogeographic fea-
tures such as the ACC.

Results
Phylogenetic analyses
DNA samples from 80 specimens were successfully ampli-
fied and sequenced for two rDNA nuclear regions: the
internal transcribed spacer 2 (ITS2) and 28S. The data
matrix had a total of 927 characters from which 497 were
parsimony-informative.

Topologies inferred using Maximum Likelihood (ML)
and Bayesian Inference (BI) were nearly identical, with
some variation in support values. Figure 3 displays the
resulting unrooted and mid-point rooted topologies. The
phylogeny showed a basal split of lineages across the
ACC, corresponding to southern samples (Clade I) and
northern samples (Clades II-IV). We inferred four well-
supported clades, where Clade I contained only samples
from Antarctica (Fig. 3). Clade II contained mainly sam-
ples from New Zealand, plus five from Antarctica and
two from Tasmania. Clade III contained only samples
from Tasmania. Finally, Clade IV was comprised exclu-
sively of samples from the Macquarie Ridge, a long
seamount chain south of New Zealand (Fig. 2).
Both rDNA gene regions showed substantial among-

individual variation when applied to the study of deep-sea
bottlebrush octocorals, but no evidence of intra-individual
variation. 28S showed genetic divergences within clades

Fig. 1 Photographs of the bottlebrush deep-sea octocoral colonies from the South Pacific and Southern Ocean. Each letter represents an example
of the colonies from each population: a- New Zealand, b- Tasmania, c- Macquarie Ridge, d- Antarctica. The bar next to each colony corresponds
to a 1 cm scale
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ranging from 0.03 to 6.79 % (uncorrected p-distances),
and between clades from 3.97 to 18.47 %. ITS2 showed
higher pairwise distances in comparison to 28S, i.e.,
within-clade distances ranging from 0.17 to 3.00 % and
between-clade distances from 4.98 to 33.55 %. Total gen-
etic divergences based on concatenating the two nuclear
loci ranged from 0.1 to 6.1 % within clades and from 1.9
to 19.1 % between clades.

Phylogeographical analyses
Using the Bayes Factor approach we found that the four-
population model had the highest marginal likelihood

(Additional file 1) as estimated by thermodynamic inte-
gration, thus supporting the phylogenetic premise of
separating the Macquarie Ridge population from the New
Zealand population. Therefore, we recognized Tasmania,
Antarctica, New Zealand and the Macquarie Ridge as four
distinct populations for all posterior analyses.
The haplotype relationships show the same clades as

in the inferred phylogenetic tree (Fig. 4). There are four
main clades, where Clade I has four haplotypes all from
Antarctica. Clade II, composed mainly of samples from
New Zealand, has a main dominant haplotype shared
with Antarctica and other closely related haplotypes

Fig. 2 Geographic distribution of samples of bottlebrush deep-sea octocorals from the South Pacific and Southern Ocean. Samples from Tasmania
are shown in red, samples from New Zealand in green, samples from the Macquarie Ridge in orange, and samples from Antarctica in blue. a- ACC front
positions mapped using Sea Surface Height (SSH) overlaying Southern Ocean mean SSH. Fronts showed are sub-Antarctic Front (SAF-N, SAF-M, SAF-S);
Polar Front (PF-N, PF-M, PF-S); -N, northern branch; -M, middle branch; -S, southern branch. Fronts are identified by their SSH signal following the
methods described in Sokolov and Rintoul [108]. Blank spaces indicate bathymetry shallower than 2500 m. b- Zoom on the localities from this study.
In this case bathymetry is shown in grey tones, where darker ones represent shallower waters. The black line surrounding Antarctica shows the position
of the Polar Front
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from Antarctica and Tasmania. Clade III is represented by
one dominant haplotype, composed exclusively by sam-
ples from Tasmania. Finally, Clade IV is represented ex-
clusively by individuals from the Macquarie Ridge where
there are no dominant haplotypes (Fig. 4).
Preliminary population genetic analyses showed that

Hd and θW were higher in Antarctica and the Macquarie

Ridge (Table 1). Nucleotide diversity was highest in
Antarctica, with New Zealand and Tasmania showing
the lowest value of 0.01 (Table 1). The AMOVA that
grouped all localities as one population (i.e., no ACC bar-
rier) showed that the percentage of variation among local-
ities is slightly higher (56.50 %) than within localities, with
significant structure (FST = 0.57, P < 0.001). On the other

Fig. 3 Maximum Likelihood tree based on concatenated ITS2 and 28S gene sequences. The lower left figure shows the un-rooted tree while the
figure on the right shows the mid-point rooted topology for the primnoid bottlebrush octocorals from the South Pacific and Southern Ocean.
Support values are provided if higher than 70 % for ML and 0.9 for BI (actual BI trees are not shown). The colours of the sample names correspond
to the localities: red for Tasmania, green for New Zealand, orange for Macquarie Ridge, and blue for Antarctica
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hand, the AMOVA that assumed that the sub-Antarctic
localities (Tasmania, New Zealand, and Macquarie Ridge)
were one population (i.e., ACC as a barrier) also indicated
a significant population structure (FST = 0.61, P < 0.001)
across the ACC, with substantial variation partitioned
among localities within populations (47.17 %; Table 2).
Pairwise FST analyses showed significant population
structure between all pairs of localities, with the most

marked population structure found between Tasmania
and Macquarie (FST = 0.61, P < 0.001), and the smallest
between Antarctica and Macquarie (FST = 0.31, P < 0.001;
Table 3).
Among eight distinct spatial migration models, two

were highly supported by our log Bayes Factor (LBF) ana-
lyses: asymmetric migration from north to south (Model
IV) and a stepping-stone model (Model VI), (Table 4).
The worst two models both assumed that the ACC was a
barrier (Model VII and Model VIII), i.e., Antarctica was
isolated from the sub-Antarctic populations (Table 4).
MIGRATE-N reports mutation-scaled migration rates

(M=m/μ), where m is immigration rate per generation
and μ the mutation rate. The mutation-scaled migration
rate represents the importance of within-population vari-
ation derived from migration events relative to mutation
[23]. In the absence of reliable estimates of μ for ITS2 and
28S in octocorals, we graphically present estimates of the
relative values of M, where the arrows show the direction
of migration events and the thickness is proportional to

Fig. 4 Median-joining network based on 80 concatenated ITS2 and 28S sequences from the bottlebrush deep-sea octocorals. A coloured circle
represents each unique haplotype and its area is proportional to its relative frequency in the data set. Colours indicate the proportion of individuals
sampled in each region. Small black circles represent intermediate haplotypes, and numbers along branches represent the number of substitutions
among haplotypes. The structure of the clades corresponds to the one in Fig. 2

Table 1 Genetic polymorphisms within populations of the
bottlebrush octocorals from the South Pacific and Southern
Ocean

Population n h Hd π θw

Tasmania 23 6 0.46 0.01 0.03

Macquarie Ridge 11 11 1.00 0.06 0.08

New Zealand 37 14 0.68 0.01 0.02

Antarctica 9 7 0.92 0.13 0.10

The variables in the table represent: number of samples (n), number of
haplotypes (h), haplotype diversity (Hd), nucleotide diversity per site (π),
Watterson’s estimate of the population mutation rate per site (θW)
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the mutation-scaled migration rate (Fig. 5). Unidirec-
tional migration rates were highest from New Zealand
to Tasmania, from New Zealand to Antarctica, and from
Antarctica to Tasmania. The lowest estimates were from
Tasmania to the Macquarie Ridge, and from New Zealand
to the Macquarie Ridge. Estimates and attending confi-
dence intervals around M are given in Additional file 2.

Divergence time estimation and ancestral character state
reconstruction
The stem age of bottlebrush octocorals was estimated at
13.7 Ma (95 % credible interval [C.I.] of 6.6–20.3 Ma)
and the divergence between Antarctica and the northern
populations (crown age) took place during the Middle
Miocene 12.6 Ma (95 % C.I. 5.6–20.2 Ma; Fig. 6). Popu-
lations in the Macquarie Ridge separated from those in
Tasmania and New Zealand around 5.5 Ma (95 % C.I.
1.6–10.9 Ma), and finally populations from Tasmania
and New Zealand separated from each other around
1.8 Ma (95 % C.I. 0.7–3.9 Ma).
The ancestral area reconstruction was largely unre-

solved. Both the maximum likelihood reconstruction and
the stochastic mapping showed probabilities of roughly
0.25 for each possible state at the ancestral node (Node A;
Additional files 1, 3 and 4). Node B, the common ancestor

of Macquarie Ridge plus New Zealand, showed a similarly
ambiguous pattern under either reconstruction methods.
Finally, for Node C, the common ancestor of Tasmania
plus New Zealand, the highest probability was for a
Tasmanian ancestor (Additional files 3, 4 and 5).

Discussion
This study represents the first attempt to explore the roll
of the ACC as a potential barrier to gene flow in deep-sea
octocorals from the Southern Pacific Ocean and South-
ern Ocean. The phylogenetic analyses strongly suggest a
phylogenetic break between amphi-ACC populations.
Finding two distinct, reciprocally monophyletic clades in
the vicinity of New Zealand was wholly unexpected. The
diversification of the bottlebrush deep-sea octocorals was
estimated at 6.6–20.3 Ma, well after the formation of the
ACC at 25 Ma. Thus, the initial isolation of Antarctic
populations was likely driven by other oceanographic
changes during the Middle Miocene, or else the process
of isolation by the ACC perhaps took some ten million
years. Despite the high genetic structuring among our four
regional populations, we uncovered shared haplotypes
among certain population pairs, suggesting long-distance
migration. Recent migration between populations north
and south of the ACC was also seen, where population
genetics analyses revealed a complex scenario of isolation
with asymmetric gene flow. Consequently, the ACC has
not served as an impermeable gene flow barrier for these
brooder corals.

The ACC as a barrier to gene flow
The phylogenetic analyses revealed deeply structured
geographic clades, combined with some clear cases of
haplotype sharing, particularly between New Zealand
and Tasmania, as well as between New Zealand and Ant-
arctica. These migrant individuals were independently
extracted, PCR amplified and sequenced multiple times
in separate laboratories to rule out contamination as an

Table 2 Analysis of Molecular Variance (AMOVA) implemented in Arlequin 3.5.1.3 [91]

Source of variation d.f. Sum of squares Variance components Percentage of variation FSC FST FCT

Among localities 3 1345.80 24.01 56.50

Within localities 76 1404.52 18.48 43.50

Total 79 2750.31 42.49 0.57***

Among populations 1 366.82 6.31 13.44

Among localities within populations 2 978.97 22.13 47.17

Within localities 76 1404.52 18.48 39.39

Total 79 2750.31 46.92 0.55*** 0.61*** 0.13

Four localities (Tasmania, Macquarie Ridge, New Zealand and Antarctica) of the primnoid bottlebrush octocorals from the South Pacific and Southern Ocean
were assessed. The top section evaluates a grouping in which all collecting localities are part of one unique population (i.e., ACC as no barrier), while the bottom
section evaluates a scenario in which the sub-Antarctic localities are grouped as one population (Tasmania, Macquarie Ridge, and New Zealand) compared to
Antarctica (i.e., ACC as a barrier)
*** indicates P < 0.001

Table 3 FST values for pairwise comparisons among populations
of primnoid bottlebrush deep-sea octocorals

Tasmania Macquarie
Ridge

New
Zealand

Antarctica

Tasmania - - - -

Macquarie Ridge 0.61*** - - -

New Zealand 0.49*** 0.59*** - -

Antarctica 0.36*** 0.31*** 0.35* -

Comparisons based on concatenated ITS2 and 28S gene sequences. Sample
sizes are given in Table 1
*0.01 < P <0.05; ***P < 0.001
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Table 4 MIGRATE-N [23] runs showing the log-probability of the data given the model (marginal likelihood) for the following
migration models: I) full migration between the four localities; II) migration from West to East; III) migration from East to West;
IV) migration from North to South; V) migration from South to North; VI) a stepping-stone model; VII) ACC as a permanent barrier
between north and south populations, with full migration between northern populations; VIII) ACC as a permanent barrier and
stepping-stone between northern populations

Model I Model II Model III

No. Parameters 16 10 10

Specification **************** *000**00***0**** ****0***00**000*

Bezier lmL −5236.6250 −5223.4028 −5221.5584

LBF −20.70 −7.48 −5.63

Choice 6 4 3

Posterior Prob. <0.001 <0.001 <0.01

Model IV Model V Model VI

No. Parameters 10 10 10

Specification *0*0***000*0**** **0*0*0*****000* **00****0**00*0*

Bezier lmL −5216.5184 −5223.9708 −5215.9249

LBF −0.59 −8.05 0.00

Choice 2 5 1

Posterior Prob. 0.36 <0.001 0.64

Model VII Model VIII

No. Parameters 10 8

Specification ***0***0***0000* **00***00**0000*

Bezier lmL −5930.9088 −6300.2584

LBF −714.98 −1084.33

Choice 7 8

Posterior Prob. <0.0001 <0.0001

The first row represents the number of parameters used for a particular model. The second row shows the symbol specification for the migration matrix given to MIGRATE-N,
where and asterisk represents an estimated parameter and a zero a non-estimated parameter. The third row provides the log marginal likelihood for each model obtained
by thermodynamic integration. The forth row reports the log Bayes Factor (LBF). The row ‘Choice’ orders the models based on the LBF, and finally, the sixth row shows the
probability for each model. Populations are labelled as follows: T for Tasmania, MQ for Macquarie Ridge, NZ for New Zealand, and A for Antarctica
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explanation. Thus, our data clearly demonstrate migration
events between these localities, probably more recent than
100 thousand years ago (Ka). Additional analyses using
multilocus coalescent approaches would be useful to infer
the exact age of such recent events, and, although this is
not the scope of this study, we do know that since 30 Ka
the Southern Ocean regime has fluctuated dramatically.
Any of these oceanographic fluctuations may have pro-
moted dispersal by brooding octocorals among our four
populations. Bostock et al. [24] used microfossil assem-
blages to assess the change in oceanographic features and
showed shifts in sea surface temperatures (SST), position
of the major fronts of the ACC (the Sub-Antarctic Front
or SAF, and the Polar Front or PF), velocity of deep (lower
Circumpolar Deep Water) and intermediate (the Antarctic
Intermediate Water or AAIW) water masses, among other
major oceanographic events that occurred since the Last
Glacial Maximum (LGM) up to the establishment of the
current oceanographic regime around 10 Ka. The AAIW
is particularly interesting in the present context, given that
it flows at intermediate depths of approximately 700 to
1300 m [25], in a similar depth range as the collection
sites of the samples analysed here (443–1712 m). Bostock
et al. [24] defined the LGM for the Australian-New
Zealand Southern Ocean region as having occurred from
21 to 18 Ka. During the most recent interglacial and LGM
(30–18 Ka) the trajectory of the ACC (including STF, SAF,
and PF) was located north of the current position [26],
and the strength of the AAIW increased, flowing from
north to south and vice versa [24]. Additionally, the
Campbell Gyre intensified, which allowed a deep mixing
of waters over the Campbell Plateau coupled with strong

flow that reached the Chatham Rise [26, 27]. Both the
Campbell Plateau and Chatham Rise host high abun-
dances of T. maia. Additional evidence based on actual
and LGM species distribution models suggests that the
Tasman and Campbell Plateau, as well as other sub-
Antarctic areas, were suitable as potential refuges during
the LGM for the deep-sea shrimp Nematocarcinus lan-
ceopes, restricting these Antarctic benthic organisms to
higher latitudes [28]. Rapid changes in flow trajectories
and intensities of the currents may have allowed higher
connectivity among populations during the LGM, as
evidenced by the presence of shared haplotypes between
some distant populations.
While recent migration is indicated by shared hap-

lotypes, we found high population divergence between
northern and southern localities, clearly suggesting a
barrier. On the other hand, the two least supported
migration models were the ones that hypothesized an
ACC barrier. Migration analyses would seem to suggest
no barrier, but it is important to see barriers as a con-
tinuum [29]. This continuum is determined by physically
and ecologically mediated disruptions in the range of a
species. Within this continuum, ‘hard’ barriers are single
physical features where dispersal is nil or very infrequent,
and ‘soft’ barriers are general regions that experience
climatic oscillations or exhibit ecological gradients where
dispersal is not uncommon [29]. Soft barriers can also be
seen as ‘filters’ acting only on selected species rather than
impassable absolute barriers [30]. We thus conclude that
the ACC is a ‘soft barrier’ that has suffered oscillations in
position and velocity of some of its associated fronts and
currents throughout its history. The ACC also exhibits
environmental gradients in temperature and salinity in
each front. Therefore, the ACC is capable of separating
and structuring primnoid bottlebrush octocoral popula-
tions, while allowing bursts of limited gene flow.
Antarctica’s closest continental neighbor is South

America, where the Antarctic Peninsula and Patagonia are
separated by the Drake Passage, a channel that spans just
900 km with a depth of 4500 m [31]. This particular point
has received considerable attention in biogeographical
studies because of the short geographic distance between
continental platforms, the common geological origin, and
the presence of shared species (e.g., [1, 12, 32–34]). How-
ever, the ACC clearly acts as a barrier to gene flow for
other species, such as the bottlebrush octocorals studied
here, along with benthic organisms of several phyla, in-
cluding brooding and spawning species, and deep- and
shallow-water species [4, 10–13]. In some cases, samples
from Antarctica and South America are highly diverged
showing reciprocal monophyly, which suggests isolation,
lack of gene flow between northern and southern popula-
tions as well as potentially cryptic speciation [10], as found
here for brooder bottlebrush octocorals.

Fig. 5 Graphical summary of relative unidirectional migration rates
estimated from the best-supported model of population structure.
The arrows show the estimates for the direction of migration between
populations of the primnoid bottlebrush octocorals from the South
Pacific and Southern Ocean, and the thicknesses are proportional to
the mutation-scaled migration rate (M). Populations are labelled as
follows: T for Tasmania, MQ for Macquarie Ridge, NZ for New Zealand,
and A for Antarctica
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Onset of the ACC versus time of diversification of the
primnoid bottlebrush octocorals
The phylogenetic analyses show the population from
Antarctica as the earliest divergent lineage, which is also
the population with the highest genetic diversity. While
source populations are often expected to have higher gen-
etic diversity [35], using comparative methods we could
not find support for any particular population being the
ancestor. The origin of the ACC, dated around 25 Ma [8],
likely did not drive the basal split of T. maia, which took
place at some point during the Miocene (6.6–20.3 Ma),
unless the process was particularly slow. A more likely
driver of diversification in these bottlebrush corals was a
shift in the trajectory of the ACC to north of New Zealand
around the Middle Miocene [36]. This event likely allowed
certain Antarctic organisms to disperse northward via the
Macquarie Ridge, as hypothesized for notothenid fishes
[36]. Taking into account the limited dispersal potential of
brooding octocorals [37], the Macquarie Ridge may have
also been the route connecting southern and northern

populations of primnoid bottlebrush octocorals (Fig. 2b).
During the Early Pliocene the ACC returned to its
original position [36], and even though Antarctica and the
Macquarie Ridge had already split, this new placement of
the ACC between the respective populations could have
helped sustaining the isolation of the northern popula-
tions. This shift southward may have allowed further
diversification of the northern populations under different
oceanographic regimes.
During the Middle Miocene, changes in the trajector-

ies and intensities of oceanic currents were common
and affected worldwide oceanographic patterns [38, 39].
As for the primnoid bottlebrush octocorals, these
changes also had a great effect on the diversification of
other corals and deep-sea dwellers. For example, the
pattern of dispersal for the deep-sea octocoral Paragor-
gia arborea matches the Miocene ocean circulation
model [35]. The deep-sea shrimp of the family Bresilii-
dae inhabit hydrothermal vents and hydrocarbon seeps,
and their probable time of radiation has been placed in

Fig. 6 Timetree obtained using Bayesian MCMC phylogenetic analyses in BEAST 1.8 [82] based on ITS2 gene sequences. Values above branches
are posterior probabilities above 0.8 for the main clades. The blue bars represent the 95 % highest posterior density (HPD) interval for the
divergence time estimates, shown only for clades of interest. The red circle represents the calibrated node. See text for fossil calibration details.
The vertical line represents the onset of the Antarctic Circumpolar Current (ACC), estimated at 25 Ma [8]
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the Miocene around 20 Ma [40]. Moreover, during the
Middle Miocene, between 13 and 16 Ma, there was a
faunal exchange in foraminiferans involving extinction
and speciation events, and changes in species’ distribu-
tional patterns [41]. All these changes during the Middle
Miocene were probably associated with shifts in strength,
chemical and physical properties of water masses, and the
reorganizations of intermediate and deep ocean circula-
tion that occurred as a result of the Antarctic glacial ex-
pansion [41–44]. Therefore it is not surprising that the
diversification of the Southern Ocean and Southern Pacific
primnoid bottlebrush octocorals took place at this time.
Time estimates, as the ones presented here, should be

treated with caution whenever there are few strong cali-
bration points [45]. We consider that using fossils from
taxa that are closely related to Primnoidae would give a
more reliable estimate of divergence time and, although
increasing the number of calibration points would im-
prove the precision of the divergence time estimates [46],
no additional fossils with strong paleontological evidence
were available. Two other studies have tried to estimate
diversification times in primnoid octocorals [47, 48], but
used older fossils that are more distantly related to Prim-
noidae or are unclear in their phylogenetic placement
[49]. Using older fossils such as the ones employed in pre-
vious studies would have clearly pushed back the diversifi-
cation time estimates in bottlebrush octocorals, an
outcome that could also be expected if older fossils are
found for Keratoisidinae or even for Primnoidae. The con-
sequences that new fossils may bring on the diversification
estimates presented here are uncertain, as with any other
study that relies on calibration methods, hence the caution
in using and interpreting the dates. However, we consider
our estimates to be robust given our fossil selection and
the priors used on this fossil (see Methods).

Biodiversity implications
Genetic analyses clearly showed substantial population
structure, often with monophyletic regional assemblages.
These two results may support a case of cryptic speci-
ation, but further taxonomical evaluation is needed. Due
to recent migration events, some clades exhibit sym-
patry, as is the case of New Zealand and the Macquarie
Ridge, where there is no apparent ecological split, at
least in terms of depth. Additional information regarding
the ecological preferences for each population would aid
in further taxonomical classification, however such stud-
ies are methodologically challenging given the depth of
the study sites. Currently, we rely on morphological char-
acters from the whole colony, polyps, and sclerites to
define and distinguish octocoral species [50]. Based on
preliminary gross morphological analyses of the col-
onies, we have found differences in branching pattern
and colour (Fig. 1). However at a microscopic level,

we observe differential texture of the opercular scales,
i.e., the sclerites that cover the tentacles of the polyps
when retracted.
As previously mentioned, amongst the Antarctic popu-

lation there are colonies that have the characters of
Tokoprymno maia and others that resemble Thouarella.
The general colony branching pattern of those resem-
bling Thouarella is like that of Tokoprymno, while the
polyp form and the shape and arrangement of the sclerites
clearly suggest the samples belong to the species Thouar-
ella viridis (apart from the colour of the colony and the
absence of ridges on the coenenchymal sclerites). Thouar-
ella is also a deep-sea brooding primnoid octocoral [37],
which is commonly found in the Southern Ocean at
depths around 400 m [51]. Some species of Thouarella
share with the genus Tokoprymno the bottlebrush colony
shape, polyps arranged singly, and the presence of a keel
on the opercular scales [52]. Until recently, one of the
major characters used to distinguish these two genera was
the inclination or folding of the marginals over the bases
of the operculars [37], but Taylor et al. [51] showed this is
a species-specific character present in Thouarella, and
many species have the marginals standing straight up or
extensively flared, trumpet-like. Another character is
that in Thouarella spp. the polyps are often angled distal
resulting in a shorter adaxial side bearing a smaller num-
ber of sclerites, a character generally not encountered in
Tokoprymno. Further, in Thouarella the polyps commonly
have too small a circumference to accommodate the 8
marginals, resulting in them becoming arranged in two
series of 4. But this is not consistent and some species
have more or less only one ring of marginals, as is gener-
ally the case in Tokoprymno. Additionally, Thouarella is a
polyphyletic group as shown in a recent paper by Taylor
and Rogers [48], where some lineages are more closely
related to Tokoprymno. This recent finding corroborated
the systematic closeness of these two groups and the need
for further taxonomic revision.

Conclusions
This study represents the first assessment of phylogeo-
graphical patterns in deep-sea octocorals in the South
Pacific and Southern Ocean. Our study system revealed
that the ACC may be considered as a soft barrier, where
it is possible to hypothesize recent migration. The ACC
fluctuations in latitudinal positioning during the Miocene
likely contributed to the diversification of these octocorals.
Future analyses should include other types of genetic
markers, such as microsatellites and SNPs, to more finely
estimate gene flow, and evaluate possible admixture. Add-
itional comparative phylogeographical data from different
octocoral species, including both brooders and broadcast
spawners, are needed to further corroborate the status of
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the ACC as a soft or filter barrier for these benthic
deep-sea organisms.

Methods
Sample collection
We obtained dry and 96 % ethanol-preserved coral tissues
from the National Institute of Water and Atmospheric
Research (NIWA) Invertebrate Collection, the Museum of
New Zealand Te Papa Tongarewa in Wellington, New
Zealand, and from the Commonwealth Scientific and
Industrial Research Organization (CSIRO) in Hobart,
Tasmania. The samples were collected in a series of expe-
ditions that date from 1961 to 2010, around New Zealand,
Tasmania and the Ross Sea in Antarctica (Fig. 2 and
Additional file 6). All samples were collected at depths
between 443 and 1712 m through bottom trawling
(benthic sled) and bottom longline. Most samples were
bycatch and only a few came from research cruises that
targeted whole benthic community diversity, thus the
small sample size of octocorals. Additional sequences
used here as outgroups were obtained from GenBank
(Additional file 6), and see below.

DNA extraction, amplification and sequencing
Using dry and ethanol preserved coral tissue, we extracted
genomic DNA following a CTAB protocol [53]. After
several attempts at DNA extraction, including the use of
modified protocols, for some samples it was impossible to
obtain high qualities and quantities of DNA. We success-
fully extracted DNA for 80 samples, which was resus-
pended in tris-ethylenediaminetetraacetic acid (TE) buffer
and diluted to 20 ng/μl for use in PCR. Internal tran-
scribed spacer 2 (ITS2) sequences and partial 28S rDNA
sequences were obtained independently. For ITS2 we
used primers 5.8S-436: 5′-AGCATGTCTGTCTGAGT
GTTGG-3′ and 28S-663: 5′-GGGTAATCTTGCCTG
ATCTGAG-3′ [54], and for partial 28S we used
primers F635sq: 5′-CCGTCTTGAAACACGGACC-3′
and R1411sq: 5′-GTTGTTACACACTCCTTAGCGG-
3′ [55] that amplifies the D region (D2-D18) follow-
ing the Saccharomyces cerevisiae LSU secondary structure
model [56]. PCR profiles and primers are described in
Aguilar and Sánchez [54] and Medina et al. [55], respect-
ively. PCR products were purified using ExoSAP-IT (USB)
and sent to Macrogen (Korea) where the products were
Sanger-sequenced directly in both directions. Additional
file 6 lists all samples, museum voucher numbers and
corresponding GenBank accession numbers.
ITS2 and 28S belong to the nuclear ribosomal DNA

(rDNA) marker family, which commonly consists of
several tandem repeats [57]. These repeats do not
evolve independently and are homogenized through a
phenomenon called concerted evolution [58]. The rate of
concerted evolution apparently varies among lineages of

corals [59], and in some cases is high enough to com-
pletely homogenize the variation of rDNA repeats within
individuals [57]. When rates of concerted evolution are
slow, the number of copies within an individual could be
as high as several hundred or even thousands [57, 60].
Genes belonging to the rDNA family have been widely
used for corals and other marine benthic organisms in
phylogenetic studies [61–64], in hybridization studies [65,
66], species delimitation purposes [61, 67, 68], and in
population genetics studies [35, 69]. In terrestrial organ-
isms, such as plants and insects, rDNA markers have also
been used for population analyses [70, 71]. The use of
rDNA genes in coalescent analyses has been discussed
given the possibility of high copy numbers that would re-
duce the detection of population structure [72]. However,
some organisms exhibit no intra-genomic variation, mak-
ing direct sequencing possible [54, 63, 69, 73]. Assuming
that no observed intra-genomic variation (as evidenced by
direct sequencing) means that complete homogenization
of gene copies has been achieved, coalescent analyses
could be applied (with caution) to rDNA markers. This as-
sumption has been employed several times for other an-
thozoans [63, 68, 73, 74]. In our case, we did not find any
evidence whatsoever of multiple copies of rDNA genes
within individuals of the deep-sea bottlebrush octocorals,
as shown by the ease of direct sequencing and clean se-
quence chromatograms (i.e., no background peaks).

Phylogenetic analyses
Complementary DNA chromatograms were assembled
into consensus sequences using Geneious version R 8.1
(http://www.geneious.com, [75]). ITS2 and 28S DNA
sequences were aligned independently using MUSCLE
[76] and then concatenated for all further analyses, as
these two genes are assumed to be in close physical link-
age. Uncorrected p-distances were calculated in MEGA
v6 [77] for each nuclear locus independently and the
concatenated dataset.
Informative outgroup taxa were unavailable for both

gene regions. GenBank contained data on some Toko-
prymno that had ITS2 sequences but not 28S, and vice
versa. Therefore we inferred an unrooted tree and used
midpoint rooting for clearer interpretation. Topologies
were inferred under the Maximum Likelihood (ML) and
Bayesian Inference (BI) approaches. The optimal model
of nucleotide substitution for the concatenated dataset
was selected using PALM- Phylogenetic reconstruction
by Automatic Likelihood Model selector [78], based on
the Akaike Information Criterion (AIC). ML analyses
were run under the TIMef + Γ model with 1000 boot-
strap replicates in Garli v. 2.0 [79] implemented in the
Cipres Science Gateway [80]. For BI, the evolutionary
model was selected using jModeltest version 2.1.4 [81]
via AIC evaluating only those models implemented in
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BEAST version 1.8.2 [82]. An unpartitioned phylogenetic
analysis was then run under the HKY+ Γ model, consist-
ing of 10 million Markov chain Monte Carlo generations
and a burn-in of 25 %. Convergence and mixing were
assessed using Tracer version 1.6 [83] by examining
log-likelihood values across generations and ensuring
that post-burn-in samples yielded an effective sample
size (ESS) of >200 for all parameters.

Phylogeographical analyses
The concatenated sequences were used for testing pan-
mixia among sampling sites. Accordingly, we applied the
Bayes Factor approach based on a comparison of marginal
likelihood ratios [84], as implemented in MIGRATE-N
version 3.6 [23]. These models were evaluated by taking
into account the results obtained from the phylogenetic
analyses (see previous section), which showed a subdiv-
ision between samples from New Zealand into two dis-
tinct populations: New Zealand and Macquarie Ridge.
The models were run allowing for full migration between
localities and included the following hypotheses: I) all
localities as a panmictic population; II) a three-population
model that included Tasmania, New Zealand (with Mac-
quarie Ridge) and Antarctica; III) a four-population model
that included Tasmania, New Zealand, Macquarie Ridge,
and Antarctica (Additional File 1). MIGRATE-N was run
with four Markov chains with a static heating scheme,
50,000 recorded steps, a burn-in of 5000 across 20 inde-
pendent runs. Population sizes were not constrained, and
we used uniform priors for the population mutation rate
(θ) and the mutation-scaled migration rate (M). Given that
there are no reports for nuclear mutation rates (μ) in octo-
corals, we used the default value. We report the log Bayes
Factor (LBF) approximated by thermodynamic integration
with Bézier approximation as suggested by Beerli and
Palczewski [85]. As seen in the Results, the four-
population model was the best-supported, therefore all
subsequent analyses assumed four populations (i.e.,
Tasmania, New Zealand, Macquarie Ridge, and Antarctica).
To visualize the relationship between the genealogy

of haplotypes and geography, haplotype networks were in-
ferred using the median joining algorithm as implemented
in PopArt [86]. Patterns of genetic variation within each
population were explored using a combination of tools.
DnaSP v5.1 [87] was used to obtain estimates of number
of haplotype (h), haplotype diversity (Hd), nucleotide di-
versity per site (π) [88], and Watterson’s estimator of the
per-site population mutation rate (θW) [89]. Genetic vari-
ation was partitioned into within- and among-population
components using an analysis of molecular variance
(AMOVA; [90]). The AMOVA, implemented in Arlequin
3.5.1.3 [91], evaluated a priori hierarchical groupings: I) all
collecting localities as one population (i.e., no ACC bar-
rier), and II) sub-Antarctic localities as one population

compared to Antarctica (i.e., ACC as a barrier). Pairwise
FST values [92] were calculated using DnaSP v. 5.1 to test
the null hypothesis of panmixia between pairs of popula-
tions [93] with 10,000 permutations and a significance
level of 0.05.
To evaluate possible asymmetries in migration rates

between population pairs, we compared eight different
migration models that enforce particular patterns of
spatial population genetic structure for Tasmania, New
Zealand, Macquarie Ridge, and Antarctica: I) full migra-
tion model between the four localities; II) migration
from West to East; III) migration from East to West; IV)
migration from North to South; V) migration from
South to North; VI) a stepping-stone model; VII) ACC
as a complete barrier between northern and southern
populations, but allowing full migration among northern
populations; VIII) ACC as a barrier and stepping-stone
between northern populations (Table 4). The models
were run in MIGRATE-N using a Bayes Factor approach
through a thermodynamic integration with the same
parameters as above.

Estimating divergence times
To test whether the divergence time of southern and
northern ACC populations predated the onset of the
ACC, we estimated divergence times in BEAST version
1.8.2 [82]. There are no known fossils for Tokoprymno
or Thouarella. Given that Isididae has been shown to be
the sister clade to Primnoidae [94], for calibration pur-
poses, we used as outgroup species (Additional file 6)
seven bamboo corals from the Subfamily Keratoisidinae
(Lepidisis solitaria [GenBank:FJ790910], Acanella sp.
[GenBank:FJ790922], Keratoisis hikurangiensis [Gen-
Bank:FJ790941], Keratoisis projecta [GenBank:FJ790942],
Acanella weberi [GenBank:FJ790943], Isidella tentaculum
[GenBank:FJ790945], Keratoisis magnifica [GenBank:
KT260062]), and an additional primnoid, Calyptrophora
japonica [GenBank: EF090735]. As a temporal calibration
constraint, we employed the oldest known fossil for the
Keratoisidinae clade, i.e., Keratoisis sp. from the Otaian-
Miocene, dated between 21.7 and 19.0 Ma (= Keratoisis
tangentis Grant 1976 in [95]). The minimum age of this
fossil was treated as a minimum constraint on the age of
the stem group node using a log-normal distributed prior
[96]. The lognormal distribution has been considered the
most appropriate for summarizing paleontological infor-
mation [97]. This statistical distribution (as well as the
exponential distribution) assigns a non-zero probability to
node ages approaching infinity [98]. The lognormal thus
accommodates much older ages albeit with diminishing
prior probabilities [99, 100]. Following Ho and Phillips
[97], we selected the value of the standard deviation so
that 95 % of the probability density lies between the
minimum constraint and the oldest date of the geological
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range where the fossil was found (21.7 Ma). This same
method has been used in the diversification estimates of
other deep-sea octocoral groups such as Coralliidae [101]
and Callogorgia [47].
To estimate the divergence times we used only the

ITS2 region, which had available outgroup sequences.
Bayesian MCMC analyses assumed a Birth-Death speci-
ation tree prior. Having previously rejected a strict clock
model (results not shown), divergence times were esti-
mated using a relaxed molecular clock with log-normal
uncorrelated rates. The analysis was run under a HKY+ Γ
model twice to avoid searching only on local optima [102]
and utilized 107 generations and default heating values on
three Metropolis-coupled chains. Trees and parameters
were sampled every 1000 generations and the first 25 % of
the samples were discarded as burn-in. To check for
adequate convergence and confirm a satisfactory effective
sample size (ESS > 200), Tracer v. 1.8., LogCombiner v.
1.8, and TreeAnnotator v. 1.8 were used to combine and
summarize trees files, obtain a maximum clade credibility
consensus tree, and calculate 95 % credibility intervals
[82]. Finally we ran the analysis on an empty dataset,
sampling from the prior distribution to evaluate the
influence of the priors on the posterior distribution
estimates [103, 104].

Ancestral character state reconstruction
To establish the geographic origin of this group, we recon-
structed the ancestral locality taking each of the four
populations (see above) as a discrete character state. The
analysis used the ITS2 topology obtained from the diver-
gence estimation (see Estimating divergence times). How-
ever, for the ease of interpretation, we removed the
outgroup clade using the drop.tip function from the pack-
age ‘ape’ for R [105]. The analysis was based on the max-
imum likelihood ancestral state reconstruction method
and the stochastic character mapping using the packages
‘phytools’ [106] and ‘geiger’ [107] in R. For this purpose
we employed a symmetric rate model, an empirical Q
matrix, and 1000 simulations.

Availability of supporting data
Sample information as museum codes and locations are
provided as supporting information in the Additional file 6.
DNA sequences for both gene regions can be found in
GenBank and also listed in Additional file 6. 28S [GenBank:
KT259907 - KT259986]; ITS2 [GenBank: KT259987 -
KT260067].

Additional files

Additional file 1: MIGRATE-N runs showing the log-probability of
the data given the model (marginal likelihood). The runs evaluated
the following migration models: I) all localities form a single panmictic

population; II) three-population model; III) four-population model. The
first row represents the number of parameters used for a particular
model. The second row shows the symbol specification for the migration
matrix given to MIGRATE-N, where and asterisk represents an estimated
parameter and a zero a non-estimated parameter. The third row provides
the log marginal likelihood for each model obtained by thermodynamic
integration. The forth row reports the log Bayes Factor (LBF). The row
‘Choice’ orders the models based on the LBF, and finally, the sixth row
shows the probability for each model. Populations are labelled as follows:
T for Tasmania, MQ for Macquarie Ridge, NZ for New Zealand, and A for
Antarctica. (DOCX 126 kb)

Additional file 2: MIGRATE-N output for the full model of migration
between populations of the bottlebrush deep-sea octocorals. This
analysis was based on 80 samples and the two nuclear genes ITS2 and
28S for samples from the South Pacific and Southern Ocean. Values
reported correspond to median values for the population mutation rate
(θ) above the diagonal, with the mutation-scaled immigration rate (M) for
each direction of migration below the diagonal with source populations
as rows and receiving population as columns. Values in parenthesis show
the 2.5–97.5 % credible interval for each reported value of θ and M.
(DOCX 63 kb)

Additional file 3: Ancestral character state reconstruction for the
locality of the bottlebrush octocorals through a maximum
likelihood approach. This analysis was run under a symmetric rate
model using the packages ‘phytools’ [107] and ‘geiger’ [108] in R. Pie
diagrams at nodes represent probabilities for each state, and the colours
correspond to the localities: red for Tasmania, green for New Zealand,
orange for Macquarie Ridge, and blue for Antarctica. Notice that for
nodes A, B, and C the ancestral locality reconstruction is unresolved.
(DOCX 153 kb)

Additional file 4: Ancestral character state reconstruction for the
locality of the bottlebrush octocorals through a stochastic mapping
approach. This analysis was run under a symmetric rate model, an
empirical Q matrix, and 1000 simulations using the packages ‘phytools’
[107] and ‘geiger’ [108] in R. The figure shows an example of nine
reconstructions from a simulation of 1000 trees, where is evident the lack
of resolution on the ancestral locality for node A, B, and C. The colours
correspond to the localities: red for Tasmania, green for New Zealand,
orange for Macquarie Ridge, and blue for Antarctica. (DOCX 319 kb)

Additional file 5: Posterior probabilities of each state at three
nodes, for the ancestral character state reconstruction. Localities
were reconstructed through an stochastic mapping approach. Node
numbering corresponds to the same as Additional files 3 and 4.
(DOCX 40 kb)

Additional file 6: Samples used in this study. Information includes
the museum code, collection locality, and GenBank accession numbers
for the two nuclear gene regions. Sequences that were not obtained in
this study are indicated by and asterisk (*). (DOCX 118 kb)
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Abstract 16 

 Understanding the contribution of soft barriers to diversification in the marine realm 17 

is of paramount importance to comprehend biogeographical patterns particularly for 18 

widespread species. The precious deep-sea coral Hemicorallium imperiale is known for its 19 

broad distribution across the Pacific and Southern Oceans. Its wide distribution makes this 20 

species a perfect model to assess phylogeographic structure across two hemispheres, 21 

including the potential impact of the Antarctic Circumpolar Current (ACC) on genetic 22 

variation. Using phylogeographic and population genetic approaches, we measured genetic 23 

variation within and between three regions, North Pacific (NP), South Pacific (SP) and 24 

Southern Ocean (SO) based on three mitochondrial genes. H. imperiale shows extensive 25 
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haplotype sharing between NP and SP, and between SP and SO, but no shared haplotypes 26 

between the distal populations, NP and SO. Thus, we found no evidence that the ACC acts 27 

in any way as a barrier against gene flow in this species. Ancestral state reconstruction 28 

analysis suggests that this species originated in the North Pacific with a subsequent 29 

colonization of the Southern Hemisphere during the Miocene. Populations of 30 

Hemicorallium faced a reduction in their size at the Pliocene-Pleistocene boundary, 31 

potentially due to a combination of climate change and catastrophic events, however these 32 

were capable of recovering fully. A combination of life history traits and historical changes 33 

in marine currents has allowed H. imperiale to widely colonize different oceanic basins and 34 

maintain genetic connectivity across strong oceanographic features such as the ACC.   35 

 36 

Keywords: Antarctic Circumpolar Current, Deep-sea, Hemicorallium imperiale, 37 

Hemicorallium laauense, Pacific Ocean, Phylogeography, Southern Ocean.  38 

 39 

Introduction 40 

 Geographic hypotheses of diversification traditionally posit that physical 41 

barriers divided larger ancestral populations, eventually leading to the formation of two 42 

daughter species via a process called vicariant speciation (Coyne and Orr, 2004). 43 

Phylogeographic data often reveal that potential barriers, whether terrestrial or marine, may 44 

be permeable to occasional gene flow between populations (Lessios et al., 1998; Plouviez 45 

et al., 2010; Pyron and Burbrink, 2010). Permeable barriers are often referred to as ‘filter’ 46 

barriers, and these may cause ‘soft’ rather than ‘hard’ vicariance (Boehm et al., 2013). In 47 

the marine realm, potential ‘hard’ barriers to gene flow are less obvious, leading to 48 
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speculation that soft barriers may play a more prominent role in diversification (Lessios 49 

and Robertson, 2006). Compared to terrestrial habitats, studies of speciation mechanisms 50 

in the open ocean are still very much incomplete (Bowen et al., 2013; Palumbi, 1992). 51 

Thus, the understanding of the contribution of soft barriers to diversification in the marine 52 

realm is of paramount importance to our understanding of biogeographical patterns, 53 

particularly for benthic taxa. 54 

 Connectivity between populations of benthic marine invertebrates is achieved 55 

mainly by larval dispersal, which in turn is dependent on oceanic currents (Paris and 56 

Cowen, 2004). Therefore, one assumes that connectivity between two populations will 57 

depend not only on the geographic distance separating populations, but also on duration of 58 

larval development and on the speed and direction of the currents that carry these larvae 59 

(Cowen et al., 2000). With a better understanding of larval biology and fine-scale oceanic 60 

currents, we could explain widespread distributional patterns of species within oceans and 61 

across ocean basins. However, information on larval duration for most marine 62 

invertebrates is scarce (Gutiérrez-Rodríguez and Lasker, 2005), and even though our 63 

knowledge of oceanic currents is increasing we are a long way from understanding the 64 

natural stochasticity in world-wide oceanic regimes.  Thus, our best information on 65 

patterns of genetic connectivity in widespread species comes from indirect measures of 66 

gametic and larval dispersal through phylogeographic studies based on samples of adult 67 

populations (Palumbi, 2003).   68 

 Oceanic currents are one example of potential soft barriers in the marine realm 69 

that may genetically isolate widely separated conspecific populations (Cowman and 70 

Bellwood, 2013). The largest, strongest, and fastest current in the world is the Antarctic 71 
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Circumpolar Current (ACC) (Barker et al., 2007; Clarke et al., 2005; Griffiths, 2010). The 72 

ACC partially isolates Antarctica and the Southern Ocean from the rest of the globe 73 

(Clarke et al., 2005). Shared fauna between Antarctic and sub-Antarctic regions suggests 74 

that the ACC is permeable to larval dispersal (Bargelloni et al., 2000; Dueñas et al., 2016; 75 

Janosik et al., 2011; Rodrıguez et al., 2007), yet genetic evidence also shows that the ACC 76 

acts as a barrier to gene flow in some species (Hunter and Halanych, 2008; Janosik et al., 77 

2011; Page and Linse, 2002). Indeed, the very definition of soft barrier implies that 78 

dispersal, rather than vicariance, can play an important role in creating biogeographic 79 

patterns (Lessios and Robertson, 2006). However, the extent to which these permeable 80 

marine barriers play a role in the diversification of different marine taxa is still not 81 

completely understood.  82 

   Several deep-sea benthic species have broad geographic distributions 83 

(reviewed in McClain and Mincks 2010). Examples of widely distributed deep-sea corals 84 

and octocorals include Lophelia pertusa, Madrepora oculata (Roberts et al., 2009), 85 

Chrysogorgiidae (Thoma et al., 2009), and Paragorgia arborea (Herrera et al., 2012). The 86 

distribution patterns of these species could reflect long-distance dispersal events or even 87 

ancient connections between ocean basins (Thoma et al., 2009). While population genetic 88 

studies of deep-sea marine invertebrates are still few in number, earlier studies show that 89 

soft barriers between suitable habitats can limit population connectivity (Hunter and 90 

Halanych, 2008; Sánchez and Rowden, 2006; Thornhill et al., 2008; Wilson et al., 2007; 91 

Wilson et al., 2009). 92 

 Precious deep-sea corals of the genus Hemicorallium are known for their broad 93 

distributions. Here we consider Hemicorallium lauuense Bayer 1956 as a junior synonym 94 
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of H. imperiale Bayer 1955 (Ardila et al., 2012; see Methods). Hemicorallium imperiale is 95 

distributed throughout the Pacific and Southern Oceans between depths of 300 and 1500 m. 96 

This species is a broadcast spawners (Waller and Baco, 2007), a reproductive mode 97 

associated with potential long-distance dispersal. Populations of H. laauense from the 98 

Hawaiian seamount region are primarily self-recruiting with occasional long-distance 99 

dispersal events that maintain genetic connectivity between distant populations (Baco and 100 

Shank, 2005), but the complete distribution of the species has not yet been evaluated. In 101 

this paper we wanted to assess the population genetic structure of Hemicorallium imperiale 102 

(including populations previously assigned to H. laauense) across an oceanic scale, 103 

covering most of its geographical range, including an evaluation of the role of the ACC in 104 

the genetic structuring within this deep-sea octocoral.  105 

 106 

Methods 107 

Study organism and data collection 108 

 Hemicorallium imperiale and H. laauense have long been considered separate 109 

species. Both are found throughout the Pacific and Southern Oceans inhabiting similar 110 

depth ranges. Recent studies show that are indistinguishable by molecular methods using 111 

either mitochondrial or nuclear gene regions (Ardila et al., 2012). Additionally, the 112 

morphological characters used for their taxonomic identification are a continuum between 113 

species, making delimitation extremely difficult (Ardila et al., 2012). Here we refer to both 114 

species under the name Hemicorallium imperiale.  115 

 Coral tissues were obtained from dry and 96% ethanol-preserved samples, from 116 

the National Institute of Water and Atmospheric Research (NIWA) Invertebrate Collection 117 
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in Wellington, New Zealand, from the Commonwealth Scientific and Industrial Research 118 

Organization (CSIRO) in Hobart, Tasmania, from the Smithsonian National Museum of 119 

Natural History (NMNH) in Washington, D.C. (USA), and from Hawai'i Pacific University 120 

in Honolulu, Hawai'i (USA). We obtained 71 samples represented by three mitochondrial 121 

genes; 19 samples from the North Pacific, 29 from the South Pacific, and 23 from the 122 

Southern Ocean (Figure 1). From a total of 222 sequences used in this study (including 123 

outgroups; see below), 94 were downloaded from NCBI (Table 1).  124 

 125 

Molecular methods 126 

 Genomic DNA extraction was performed through three different methods: 1) an 127 

automated DNA isolation system (AutoGenprep 965, AutoGen Inc.) using the protocol 128 

with phenol/chloroform phases and precipitation with ethanol according to modifications 129 

made by Herrera et al. (2010); 2) DNeasy® Tissue Kit (QIAGEN Inc., Valencia, CA, 130 

USA) using 4-5 polyps per extraction; 3) CTAB protocol (Coffroth et al., 1992). We 131 

amplified three mitochondrial genes, 16S rRNA, 16S rRNA-ND2 (referred as ND2 132 

through the manuscript) and mtMutS, using primers designed by France et al. (1996), 133 

McFadden et al. (2006), and Herrera et al. (2010), respectively. The amplified products 134 

were purified using the Exonuclease-I/Shrimp Alkaline Phosphatase (ExoSAP-ITTM, USB 135 

Corp.) method, and Sanger-sequenced in both directions.  136 

 Complementary chromatograms were assembled and edited using GeneiousR v.8.1 137 

(Kearse et al., 2012). Nucleotide sequences were aligned for each gene independently 138 

(16S, ND2 and mtMutS) using MUSCLE (Edgar, 2004), and then concatenated for all 139 

further analyses, given that the mitochondrial genome is assumed to be non-recombining 140 
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(Herrera et al., 2012). The complete alignment included a total length of 1830 characters 141 

and 74 sequences, 71 from H. imperiale and three were outgroups from the genus 142 

Corallium (C. elatius, C. secundum, C. kishinouyei). Unique mitochondrial haplotypes 143 

were identified using DnaSP v5.1 (Librado and Rozas, 2009), taking into consideration 144 

alignment gaps as an informative state (Giribet and Wheeler, 1999). 145 

 146 

Phylogenetic analyses and demographic history 147 

 We selected the best-fit nucleotide substitution model for subsequent maximum 148 

likelihood (ML) and Bayesian Inference (BI) phylogenetic analyses with PartitionFinder 149 

v1.1.1 (Lanfear et al., 2012) specifying a prior block delimiting the three mitochondrial 150 

gene regions, a greedy search and unlinked branch lengths. Based on the Bayesian 151 

information criterion (BIC), the best-fit partitioning scheme for ML selected a unique set 152 

that included all mitochondrial regions under a common GTR+Γ model. Best partitioning 153 

scheme for BI included two subsets, the first was mtMutS under a TrN+Γ model, and the 154 

second was a combination of 16S and ND2 under a single GTR+I+Γ model. This 155 

partitioning scheme was recommended by all three information criteria (AIC, AICc and 156 

BIC). ML phylogenetic inference was conducted with RAxML v8 (Stamatakis, 2014) with 157 

1000 bootstrap replicates, and using the partition scheme selected by PartitionFinder. 158 

 The genealogy and times of divergence of ancestral haplotypes were estimated 159 

simultaneously using Bayesian Markov chain Monte Carlo (MCMC) and the Metropolis-160 

Hasting sampling algorithm implemented in BEAST v1.8 (Drummond et al., 2012), under 161 

a lognormal uncorrelated relaxed clock model, and using the corresponding partitions and 162 

nucleotide substitution models obtained through PartitionFinder (as above). The tree prior 163 
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was set to a birth-death speciation model. As in Ardila et al. (2012), as a temporal 164 

calibration constraint we used two fossils (Hemicorallium and Coralliidae) treating the 165 

minimum age of each fossil as a minimum constraint on the age of the stem group node, 166 

and using their same prior settings. Parameters and trees were estimated from two 167 

independent runs using four Markov chains (MCMC) of 50 million generations and default 168 

heating values, sampled every 5000 generations and burn-in of 10%. Tracer v1.8, 169 

LogCombiner v1.8, and TreeAnnotator v1.8 were used to check for adequate convergence 170 

and confirm a satisfactory effective sample size (ESS > 200), and to combine and 171 

summarize trees files from the two independent runs (Drummond et al., 2012). We also 172 

used the above software to obtain a maximum clade credibility consensus tree, and 173 

calculate 95% credibility intervals. The analysis was also run on an empty dataset, 174 

sampling from the prior distribution to evaluate the influence of the priors on the posterior 175 

distribution estimates (Thorne and Kishino, 2002; Wood et al., 2013).   176 

 We also estimated the genealogy and times of divergence of individual samples to 177 

explore the demographic history of the precious corals. In this case, we followed the 178 

procedure as above including similar priors, partitions and MCMC parameters, however 179 

setting the tree prior to a linear Coalescent Bayesian Skyline model. The demographic 180 

history of the group was assessed through the construction of a Bayesian Skyline Plot in 181 

Tracer v1.8, which allows estimating changes in population sizes through time while 182 

taking into account the phylogenetic and coalescent uncertainty (Ho and Shapiro, 2011).  183 

 As a mean to visually explore geographic patterns of each tip on the previous 184 

phylogeny and to test for geographical associations we used GenGIS v2.4.1 (Parks et al., 185 

2013). Through GenGIS it is possible to test how well the topology represents the 186 
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geographic locations (geophylogeny) (Parks and Beiko, 2009). For this purpose we 187 

performed a Linear Axis Analysis to select the orientation that represented the smallest 188 

number of crossings between topology and geography, and implemented a Montecarlo 189 

Permultation test (1000 iterations) to determine if the fit between geographical locations 190 

and tree topology was significantly greater than expected by chance (Parks and Beiko, 191 

2009). Additionally, to establish the geographic origin of the haplotypes of H. imperiale, 192 

we assumed the locality of each population as discrete character with three states: NP, SP, 193 

and SO. We reconstructed the ancestral locality using the topology obtained from the 194 

divergence estimation. For the ease of interpretation, we removed the outgroup clade using 195 

the drop.tip function from the package 'ape' in R (Paradis et al., 2004). We also removed 196 

the haplotypes that were shared between populations (Hapl_12 and Hapl_34). The analysis 197 

was based on the maximum likelihood ancestral state reconstruction method and the 198 

stochastic character mapping using the packages 'phytools' (Revell, 2012) and 'geiger' 199 

(Harmon et al., 2008) in R. For this purpose we employed a symmetric rate model, an 200 

empirical Q matrix, and 1000 simulations. 201 

 202 

Genetic variation  203 

 All samples were assigned to three regional populations: North Pacific (NP), South 204 

Pacific (SP) and Southern Ocean (SO). Were inferred a haplotype network using the 205 

median joining algorithm to visualize the relationship between the genealogy of haplotypes 206 

and geography. This haplotype network was constructed in PopArt (Leigh and Bryant, 207 

2015). Genetic variation within and among populations of H. imperiale was assessed by 208 

estimating haplotype diversity (Hd), nucleotide diversity per site (π) (Nei and Li, 1979), the 209 



 

45 

number of segregating sites (S), and Watterson’s estimator of the per-site population 210 

mutation rate (θW) (Watterson, 1975). For this purpose we employed two of the most 211 

widely used population genetic software: DnaSP v5.1 (Librado and Rozas, 2009) and 212 

Arlequin 3.5.1.3 (Excoffier and Lischer, 2010). We also used DnaSP to calculate Tajima’s 213 

D statistic (Tajima, 1989) and Ramos-Onsins & Rozas’ statistic (R2) in order to test for 214 

recent demographic changes in each population and all populations combined. Significance 215 

values were obtained through coalescence simulations, conditional on S, and 5000 216 

permutations. This was done to test for significant departures from the expected value 217 

under the standard neutral model, DT= 0 and R2=0 (Wall and Hudson, 2001) we used 218 

DnaSP v5.1 (Librado and Rozas, 2009).  219 

 To assess the role the ACC in the genetic structuring of populations of H. imperiale, 220 

genetic variation was partitioned into within- and among-population components using an 221 

analysis of molecular variance (AMOVA; Excoffier et al. 1992). The AMOVA, 222 

implemented in Arlequin 3.5.1.3 (Excoffier and Lischer, 2010), evaluated a priori 223 

hierarchical groupings: I) all collecting localities as one population (i.e., no ACC barrier), 224 

and II) sub-Antarctic localities (NP and SP) as one population compared to the SO (i.e., 225 

ACC as a barrier). Pairwise FST values (Lynch and Crease, 1990) were calculated using 226 

Arlequin 3.5.1.3 (Excoffier and Lischer, 2010) to test the null hypothesis of panmixia 227 

between pairs of populations (Raymond and Rousset, 1995) with 10,000 permutations and 228 

a significance level of 0.05. 229 

 We also assessed if the samples followed a model of isolation by distance, checking 230 

if the differentiation between samples indeed increased with increasing geographical 231 

distance. For this purpose we calculated a distance matrix between samples using the 232 
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Geographic Distance Matrix Generator (Ersts, 2015). To generate the genetic distance 233 

matrix we used the R package seqinr (Charif and Lobry, 2007) through the dist.alignment 234 

function, employing the identity and gap=1 options. We estimated the relationship 235 

between geographic and genetic distances with a multiple matrix regression with 236 

randomization (MMRR) analysis (Wang and Bradburd, 2014), which uses randomized 237 

permutations to account for the potential non-independence among samples and tests the 238 

significance of a regression. The MMRR method was performed using the R function from 239 

Ian Wang (Wang and Bradburd, 2014) with 10,000 permutations. 240 

 241 

Results 242 

 A total of 71 Hemicorallium imperiale samples were successfully amplified and 243 

sequenced for 16S and ND2 mtDNA, while for mtMutS 69 samples were amplified and 244 

sequenced. The complete concatenated alignment had a total of 1830 bp, of which 1386 245 

were invariable sites (pairwise identity of 97.3%). From the 71 samples, DnaSP identified 246 

42 haplotypes, of which 34 were unique, six shared between samples from the same locality, 247 

and two (Hap_12 and Hap_34) were shared between different localities (SP-SO and NP-SP, 248 

respectively). No shared haplotype were found between NP and SO. 249 

 250 

Phylogeographic analyses and demographic history 251 

 Phylogenetic reconstructions based on ML and BI showed similar patters (Figure 2), 252 

in which four main clades were recovered. Clade I is represented exclusively by haplotypes 253 

from NP, and Clade II holds haplotypes from NP and SP including Hap_12 shared between 254 
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these same localities. Contrastingly, Clade III and IV are characterized by haplotypes from 255 

SP and SO, and Hap_34 (shared between SP and SO) is found to belong to clade III.   256 

 Diversification estimates for haplotypes show a first split of clade I in the NP from 257 

the rest of the clades around 17.20 Ma (95% C.I. 15.92-24.19 Ma) (Supplementary Figure 258 

1). The split between clade IV and II-III occurred around 11.67 Ma (95% C.I. 4.99-17.84 259 

Ma), and finally clade II and III separated from each other at ~ 5.70 Ma (95% C.I. 2.31-260 

10.90 Ma). The Bayesian skyline plot that took into account all samples showed some 261 

relevant features that include a relatively flat and constant ancient demography followed by 262 

a strong population reduction around ~4 Ma, and a population recovery since ~1 Ma to 263 

recent times (Figure 3).  264 

 The geophylogeny showed a slight correspondence between tips of the phylogeny 265 

and the geographical location from which each sample comes from (Figure 4), however we 266 

found no strong association with geography (MC permutation test, P > 0.1). Through the 267 

linear axis analysis we found that the smallest number of crossings was 421. Crossings 268 

were common between NP and SP, and SP and SO, but no crossings between NP and SO 269 

were detected. 270 

 Both the maximum likelihood reconstruction and the stochastic mapping 271 

indicated with a slight difference that the lineage of H. imperiale may have originated in 272 

the NP (probability of 0.4 and 0.39 respectively, see Figure 5), moving towards the SP 273 

around 11.67 Ma (95% C.I. 4.99-17.84 Ma) and colonizing the SO around 4.38 Ma (95% 274 

C.I. 1.06-9.59 Ma). 275 

 276 
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Genetic variation 277 

 The haplotype network inferred through PopArt identified 26 haplotypes, compared 278 

to 43 from DnaSP. The difference relied on the use of gaps as a fifth state as is 279 

implemented in DnaSP, but cannot be applied in PopArt (Leigh and Bryant, 2015). 280 

Regardless of the difference in haplotype number, a clear and consistent pattern emerged in 281 

comparison to the phylogenetic reconstructions (Figure 6). NP haplotypes were separated 282 

from SO forming two groups, one to the left (NP) and one to the right (SO), and SP 283 

haplotypes were present in both groups. There were shared haplotypes between NP and SP 284 

and between SP and SO, however no shared haplotypes were found for NP and SO.  285 

 Population genetic analyses showed that haplotype diversity (Hd) and population 286 

mutation rate (θW) were higher in NP (0.988±0.021 and 0.026±0.009, respectively) 287 

followed by SP and then by SO (Table 2 and Figure 1). Nucleotide diversity (π) was also 288 

higher for NP (0.021±0.007), but in this case was followed by SO. DT was variable across 289 

populations, with negative values for NP and positive for SP and SO, however values were 290 

non significant. R2 showed positive but non-significant values for the three populations. 291 

 The AMOVA analysis evaluated two different models: I) a scenario in which all 292 

collecting localities are part of one unique population (i.e., ACC as no barrier), and II) a 293 

scenario in which the sub-Antarctic localities are grouped as one population (NP and SP) 294 

compared to the SO (i.e., ACC as a barrier). For both scenarios the percentage of variation 295 

within localities/populations (NP, SP, and SO) was high, with highly significant population 296 

structure (Table 3). Additionally, for the second model there was also significant population 297 

structure within the sub-Antarctic populations (NP and SP), but no differentiation among 298 

groups (sub-Antarctic populations vs. SO). Pairwise FST values show high population 299 
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structure between NP and SO, and lower but significant population structure between NP 300 

and SP, however there is no genetic differentiation between SP and SO (Table 4). 301 

 Finally, we did not find evidence for an isolation by distance model within the 302 

samples. There was no significant statistical association between geographic and genetic 303 

distances (r2 = 0.044, P > 0.10). 304 

 305 

Discussion 306 

 Phylogeographic data can make unique contributions to understanding population 307 

connectivity and historical demography for marine organisms of extremely difficult 308 

collection such as deep-sea corals. Populations of Hemicorallium imperiale showed shared 309 

haplotypes between NP and SP, and SP and SO, but no shared haplotype were found 310 

between NP and SO. This same pattern was seen in the phylogenetic reconstruction, the 311 

haplotype network and the geophylogeny. Genetic diversity was higher in the North Pacific. 312 

Pairwise FST values show significant population structure between NP and the southern 313 

hemisphere localities, but there was no differentiation between SP and SO. The AMOVA 314 

also showed no differentiation between sub-Antarctic populations (NP and SP) compared to 315 

SO, suggesting that the ACC is no barrier for gene flow. We present a phylogeographic 316 

hypothesis in which H. imperiale originates in the North Pacific, followed by colonization 317 

of the Southern Hemisphere. 318 

 319 

Genetic variation across the Pacific Ocean and the Antarctic Circumpolar Current 320 
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 Occasional long-distance dispersal events have already been documented for H. 321 

imperiale at a local scale between Hawaiian seamounts (Baco and Shank, 2005). At a 322 

regional scale, including the Pacific and Southern Oceans, we show even larger long-323 

distance dispersal events that cover thousands of kilometers and were completely unknown 324 

for this species. Dispersal events for benthic organisms occur during the larval stages 325 

(Paris and Cowen, 2004), achieved by a combination of active larval motility (dispersal in 326 

a meter scale) and mainly a passive transport by ocean currents (dispersal in a kilometer 327 

scale). The distance in which the larva travels also depends on its duration on the water 328 

column (Guizien et al., 2012), but unfortunately there is no information on Hemicorallium 329 

larval biology. A recent study in Corallium rubrum, another precious coral from the sister 330 

genus, found that it has high dispersal potential in open waters, with a brooding period of 331 

just a couple of days and a pelagic larvae duration of 16 to 42 days in the plankton 332 

(Martínez-Quintana et al., 2015). There is a positive relationship between pelagic larval 333 

duration and distance of dispersal (Shanks et al., 2003), therefore depending on the 334 

velocity of the currents Corallium larvae may travel up to hundreds of kilometers. 335 

Although it is difficult to infer larval duration for H. imperiale, based on our results we 336 

also expect occasional long-distance dispersal for this spawner octocoral. 337 

 The distance between the North Pacific population and the South Pacific 338 

population is around 5000 km, and between the South Pacific and the Southern Ocean is 339 

around 2000 km. Though we expect occasional long-distance dispersal for H. imperiale 340 

larvae in a scale of hundreds of kilometers, it is still not possible to connect any two 341 

populations in a unique dispersal event. This could be a reason that explains the population 342 

structuring found between NP and SP, however we cannot rule out the possible existence 343 
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of intermediate populations at lower latitudes. On the other hand, we found no population 344 

structure between the SP and SO. As stated above, distance between these two populations 345 

is smaller, however still in the order of thousands of kilometers. The probable mean by 346 

which these two populations may have been connected is a combination of the southward 347 

deep-water current flow (discussed below) and the McQuarie Ridge. The McQuarie Ridge 348 

is a complex of seamounts that extend south from New Zealand reaching the Ross Sea in 349 

Antarctica, and has been thought as a mechanism by which fish (Cheng et al., 2003) and 350 

other octocorals (Dueñas et al., 2016) have colonized sites across the ACC. Taking into 351 

account the lack of population differentiation between SP and SO we could conclude that 352 

the ACC is not a barrier between H. imperiale populations, and that connectivity may be 353 

achieved by a combination of intrinsic factors such as larval biology, and extrinsic factors 354 

such as currents and seamounts.  355 

 356 

Phylogeographic and demographic hypothesis 357 

 Our results suggest that H. imperiale probably originated in the NP and started 358 

colonizing the SP during the Miocene at 11.67 Ma (95% C.I. 4.99-17.84 Ma), then moving 359 

even south to the SP around 4.38 Ma (95% C.I. 1.06-9.59 Ma. The same pattern, and 360 

approximate time of colonization, from the Northern Hemisphere to the Southern 361 

Hemisphere has been reported for the widespread bubblegum coral, Paragorgia arborea, 362 

dated at 8.1 Ma (Herrera et al., 2012). Other non-coral species that have had Miocene 363 

divergences between the North Pacific and South Pacific populations are the spiny dogfish 364 

Squalus acanthias (Veríssimo et al., 2010) and the bryozoan Membranipora membranacea 365 

(Schwaninger, 2008). Miocene ocean circulation models can explain the distribution 366 



 

52 

patterns of both H. imperiale and P. arborea. During the mid- to late Miocene (~5–15 Ma) 367 

there was a dominant southward horizontal flow that carried deep waters from the North 368 

Pacific to the South Pacific (Butzin et al., 2011).  This current was strong at the eastern 369 

side of the New Zealand landmass and greatly reduced on the western side when flowing 370 

between the Australia and New Zealand landmasses. The flow reached the ACC just south 371 

off New Zealand and turned east. Most of the water mass continued east towards the Drake 372 

Passage, however the model predicts some flow that could cross the ACC reaching the 373 

Ross Sea (Butzin et al., 2011).  374 

 Changes in the thermohaline circulation during the late Pliocene and early 375 

Pleistocene may have had an important role in the demographic history of H. imperiale. 376 

The thermohalyne circulation is responsible for global heat transport and CO2 exchange 377 

between the deep ocean and the atmosphere (Andersson et al., 2002). In the early and mid-378 

Pliocene global climatic conditions were relatively warm but rapidly deteriorated and 379 

cooled by the late Pliocene, a condition that extended into the early Pleistocene (Hodell et 380 

al., 1985). At this time, there was an increased seasonal persistence of Antarctic sea ice 381 

that intensified the stratification of ocean waters (McKay et al., 2012). Sea ice cover 382 

reduced deep-water ventilation and prevented gas exchanges with the atmosphere, 383 

therefore accumulation of metabolic CO2 and low oxygen concentrations were common in 384 

the deep oceans (Venz and Hodell, 2002). This event has been related to foraminiferan 385 

mass extinctions during the late Pliocene, where there was a global loss of 20% of bathyal 386 

and upper abyssal species diversity (Kawagata et al., 2006), and could have been also the 387 

cause for the reduction of H. imperiale population size. On the contrary, the late 388 

Pleistocene (~1.2 Ma) was characterized by an increase in the variability of deep-water 389 
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Pacific inflow that included well-ventilated waters (Hall et al., 2001; Venz and Hodell, 390 

2002). Conditions of reduced CO2 and an increase in flow that could renew food resources 391 

for benthic organisms may have helped populations of H. imperiale recuperate.  392 

 Recent evidence has suggested that the rapid environmental shift and climate 393 

cooling at the end of the Pliocene may have accelerated as the result of the Eltanin asteroid 394 

collision (Goff et al., 2012). The Eltanin is the only known deep-water asteroid impact. It 395 

struck the Southern Ocean at the Bellinghausen Sea around 2.51 ± 0.07 Ma (Kyte et al., 396 

1981) and created mega-tsunamis that reached Antarctica and South America (Weiss et al., 397 

2015) crossing all the way to New Zealand and Australia, even reaching as far as Japan 398 

(Goff et al., 2012). Although the impact did not create a crater because of the depth of the 399 

sea-bed at this site (5 km deep), it flung sediment material over 80,000 km2 causing 400 

destruction to deep-sea communities at an ocean basin scale (Barnes and Conlan, 2007). 401 

The collision would have vaporized hundreds of cubic kilometers of oceanic water that 402 

went directly to the atmosphere and may have had the potential to affect insolation and 403 

deplete the ozone layer for years, thus accelerating global climatic cooling (Gersonde et al., 404 

1997). Southern Ocean and South Pacific Hemicorallium population most certainly 405 

suffered the consequences of such a violent impact. A combination of the Eltanin asteroid 406 

impact plus rapid global cooling, and its influence on thermohaline circulation, may have 407 

led to a dramatically population reduction during the Pliocene-Pleistocene boundary. 408 

Population recovery followed a couple of million years later when conditions were once 409 

again optimal for the development of coral deep-sea communities.  410 

 411 

Conclusions 412 
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 The precious coral Hemicorallium imperiale has a wide distribution throughout the 413 

Pacific and Southern Oceans, however does not conform to a panmictic population scenario. 414 

Although we have seen shared haplotypes between NP and SP, and SP and SO, genetic 415 

structuring separates populations from the NP, while the SP and SO appear to be connected. 416 

Our results clearly reject the hypothesis that the ACC is a barrier against gene flow between 417 

populations north and south of the current, however the mechanisms by which these two 418 

populations have maintained a connection still needs further assessment. Our 419 

phylogeographic hypothesis suggests a North Pacific origin for H. imperiale followed by 420 

Miocene colonization of the Southern Hemisphere facilitated by the strong southerly ocean 421 

current present at the time. Populations of Hemicorallium faced a profound reduction in 422 

their size by the late Pliocene and early Pleistocene probably due because of a combination 423 

of climate change and catastrophic events, yet these were capable of recovering fully. A 424 

combination of life history traits and historical changes in marine currents has allowed H. 425 

imperiale to widely colonize different oceanic basins and maintain genetic connectivity 426 

across strong oceanographic features such as the ACC.   427 
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Figure Legends 675 

 676 

Figure 1. Geographic distribution of samples and mitochondrial haplotypes in 677 

Hemicorallium imperiale. Dots represent individual samples, color-coded for each genetic 678 

population: red for North Pacific, green for South Pacific and blue for Southern Ocean. Pie 679 

charts show the frequency of haplotypes in the three populations, where each haplotype is 680 

indicated by a different color. The number of samples (n), number of haplotypes (h), 681 

haplotype diversity (Hd), and nucleotide diversity per site (π) are indicated for each 682 

population. The black lines show the trajectory of two fronts of the Antarctic Circumpolar 683 

Current, the Subantarctic Front (SAF), and the Polar Front (PF). 684 

 685 

Figure 2. Maximum likelihood phylogeny (left) and Bayesian timetree (right) topologies 686 

reconstructed from haplotypes of Hemicorallium imperiale sampled across the Pacific 687 

Ocean. Sample names are colored corresponding to the geographic location of each 688 

haplotype: red for North Pacific (NP), green for South Pacific (SP), and blue for the 689 

Southern Ocean (SO). Black sample names are shared haplotypes between SP-NP and 690 

between SP-SO. Stars above branches denote bootstrap values >90% for ML, and posterior 691 

support >0.9 for BI.    692 

 693 

Figure 3. Diversification times and demographic history of Hemicorallium imperiale from 694 

the Pacific Ocean. Tips for the dated phylogeny are colored corresponding to the 695 

geographic location of each sample: red for North Pacific (NP), green for South Pacific 696 

(SP), and blue for the Southern Ocean (SO). On the bottom, a Bayesian skyline plot 697 
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represents the demographic history of Hemicorallium, where the 95% credibility intervals 698 

are shown in blue. Gray shaded areas show periods of population size reduction and 699 

increase.   700 

 701 

Figure 4. Geographical association for the phylogeny of Hemicorallium imperiale and the 702 

sampled localities, showing the orientation of the tree that fits the smallest number of 703 

crossings. Samples from the North Pacific are shown in red, South Pacific in green and 704 

Southern Ocean in blue. No association with geography was found (MC permutation test, 705 

P > 0.1). Generated using GenGIS v2.4.1 (Parks et al., 2013). 706 

Figure 5. Ancestral character state reconstruction of haplotypes for the locality of the 707 

precious octocorals H. imperiale through maximum likelihood (left) and stochastic 708 

mapping (right). Pie diagrams at nodes represent probabilities for each state, and the colors 709 

correspond to the localities: red for NP, green for SP, and blue for SO.  710 

Figure 6. Median-joining network based on 71 mtDNA sequences from H. imperiale from 711 

the Pacific Ocean. A colored circle represents each unique haplotype and its area is 712 

proportional to its relative frequency in the data set. Colors indicate the proportion of 713 

individuals sampled in each region. Small black circles represent intermediate haplotypes, 714 

and lines along branches represent the number of substitutions among haplotypes.  715 

  716 
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Table 1. Samples from Hemicorallium imperiale used in this study including their museum 717 
code, collection locality, and GenBank accession numbers for the three mitochondrial gene 718 
regions. Sequences that were obtained in this study are indicated by and x. 719 

  
GenBank Acc. No. 

 Code Locality 16S ND2 mtMutS 
NIWA15662 South Pacific JX647918 JX648042 x 
NIWA28233 South Pacific JX647919 JX648043 x 
NIWA28239 South Pacific x x 

 NIWA28241 South Pacific JX647920 JX648044 x 
NIWA32829 South Pacific JX647861 JX647986 x 
NIWA38481 Southern Ocean JX647862 JX647987 x 
NIWA40554 South Pacific JX647921 JX648045 x 
NIWA40626 South Pacific JX647922 JX648046 x 
NIWA41825 South Pacific JX647863 JX647988 x 
NIWA41830 Southern Ocean JX647864 JX647989 x 
NIWA41840 South Pacific JX647923 JX648047 x 
NIWA53673 South Pacific x x x 
NIWA54159 South Pacific JX647865 JX647990 x 
NIWA64402 South Pacific JX647866 JX647991 x 
NIWA64642 South Pacific JX647867 JX647992 x 
NIWA64647 South Pacific JX647868 JX647993 x 
NIWA67957 Southern Ocean x x x 
NIWA67958 Southern Ocean JX647869 JX647994 x 
NIWA67959 Southern Ocean JX647924 JX648048 x 
NIWA67960 Southern Ocean JX647925 JX648049 x 
NIWA67961 Southern Ocean JX647870 JX647995 x 
NIWA67962 Southern Ocean JX647926 JX648050 x 
NIWA67964 Southern Ocean JX647927 JX648051 x 
NIWA67967 Southern Ocean JX647871 JX647996 x 
NIWA67978 Southern Ocean JX647872 JX647997 x 
NIWA67979 Southern Ocean JX647873 JX647998 x 
NIWA67980 Southern Ocean x x x 
NIWA67981 Southern Ocean JX647874 JX647999 x 
NIWA67982 Southern Ocean JX647928 JX648052 x 
NIWA67983 Southern Ocean JX647929 JX648053 x 
NIWA67984 Southern Ocean JX647875 JX648000 x 
NIWA67986 Southern Ocean x x x 
NIWA67987 Southern Ocean x x x 
NIWA67988 Southern Ocean JX647876 JX648001 x 
NIWA67989 Southern Ocean JX647877 JX648002 x 
NIWA67990 Southern Ocean x x x 
NIWA67991 Southern Ocean JX647930 JX648054 x 
NIWA72858 South Pacific x x x 
NIWA72918 South Pacific x x x 
NIWA72931 South Pacific x x x 
NIWA81495 South Pacific x x x 
NIWA83325 South Pacific x x x 
NIWA83361 South Pacific x x x 
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NIWA86286 South Pacific x x x 
NIWA86558 South Pacific x x x 
NIWA90192 South Pacific x x x 
TMH K3751 South Pacific JX647913 JX648037 x 
TMH K3754 South Pacific JX647914 JX648038 x 
TMH K3755 South Pacific JX647915 JX648039 x 
TMH K3757 South Pacific JX647916 JX648040 x 
TMH K3759 South Pacific x x 

 TMH K3829 South Pacific JX647917 JX648041 x 
1101 North Pacific x x x 
1104 North Pacific x x x 
1110 North Pacific x x x 
1116 North Pacific x x x 
1117 North Pacific x x x 
1118 North Pacific x x x 
1119 North Pacific x x x 
1120 North Pacific x x x 
1121 North Pacific x x x 
1124 North Pacific x x x 

USNM98771 North Pacific JX647878 JX648003 x 
USNM98772 North Pacific JX647879 JX648004 x 
USNM98775 North Pacific JX647880 JX648005 x 
USNM98779 North Pacific JX647881 JX648006 x 
USNM98813 North Pacific JX647882 JX648007 x 

USNM1013351 North Pacific JX647883 JX648008 x 
USNM1071156 North Pacific JX647931 JX648055 x 
USNM1071432 North Pacific JX647884 JX648009 x 
USNM1082660 North Pacific JX647900 JX648025 x 

Outgroups 
    ASIZ80217 Corallium eliatus JX647855 JX647980 x 

USNM1072441 Corallium kishinouyei JX647906 JX648031 x 
USNM1010758 Corallium secundum JX647953 JX648076 x 

  720 

  721 
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Table 2. Genetic polymorphisms within Hemicorallium imperiale populations. The 722 
variables in the table represent: number of samples (n), number of haplotypes (h), 723 
haplotype diversity (Hd), nucleotide diversity per site (π), number of segregating sites (S), 724 
Watterson’s estimate of the population mutation rate per site (θW), Tajima’s D (DT), and 725 
Ramos-Onsins & Rozas’ (R2) test statistics. Significant values (P < 0.05) are indicated by 726 
an asterisk (*). 727 
 728 

Population n h Hd π S θw DT R2 

North Pacific 19 17 
0.988 

±0.021 
0.021 

±0.007 159 
0.026 

±0.009 -0.7310 0.0907 

South Pacific 29 18 
0.938 

±0.029 
0.010 

±0.002 41 
0.010 

±0.003 0.0992 0.1138 

Southern Ocean 23 9 
0.684 

±0.106 
0.013 

±0.002 57 
0.009 

±0.003 1.7297 0.1229 

 729 

  730 
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Table 3. Analysis of Molecular Variance (AMOVA) implemented in Arlequin 3.5.1.3 731 
(Excoffier and Lischer, 2010), for three localities (North Pacific, South Pacific, Southern 732 
Ocean) of Hemicorallium imperiale. The top section evaluated a grouping in which all 733 
collecting localities are part of one unique population (i.e., ACC as no barrier), while the 734 
bottom section evaluated a scenario in which the sub-Antarctic localities are grouped as 735 
one population (North Pacific and South Pacific) compared to the Southern Ocean (i.e., 736 
ACC as a barrier). * 0.01 < P <0.05; **0.001<P<0.01*** P < 0.001. Significance based on 737 
1000 permutations. 738 
 739 

Source of 
variation d.f. Sum of 

squares 
Variance 

components 
Percentage 
of variation FSC FST FCT 

Among 
localities 2 122.351 1.985*** 11.75 

   

Within localities 68 1013.775 14.909 88.25    

Total 70 1136.127 16.893   0.118***  

Among groups 1 56.575 -0.346 -2.06 

   Among 
populations 
within groups 

1 65.776 2.216 13.21 

  

 

Within 
populations 68 1013.775 14.908 88.86 

   Total 70 1136.127 16.778   0.129** 0.111*** -0.02 

 740 

  741 
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Table 4. FST values for pairwise comparisons among populations of Hemicorallium 742 
imperiale from the North Pacific, South Pacific and Southern Ocean. Sample sizes are 743 
given in Table 1. * 0.01 < P <0.05; *** P < 0.001. Significance based on 5000 744 
permutations. 745 
 746 
  North Pacific South Pacific Southern Ocean 

North Pacific - - - 

South Pacific 0.1228** - - 

Southern Ocean 0.2034*** 0.0078 - 

  747 
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a b s t r a c t

Bamboo corals belong to a species rich and abundant group of octocorals that occur throughout the
world’s oceans, primarily in the deep-sea. Their study through morphological, ecological and evolution-
ary approaches has been problematic because of the extreme environments many of them inhabit and
therefore the difficulty of obtaining good quality samples. However, new undescribed species have been
commonly collected as part of invertebrate by-catch studies from commercial fisheries. In this study we
describe two new species of deep-sea bamboo corals from New Zealand waters, including the Ross Sea
(Antarctica) using morphological and molecular approaches. For the morphological description we used
macro-structural characters such as branching pattern, color and polyp arrangement, along with axis
architecture and sclerite shape and arrangement. The new species fit in the subfamily Keratoisidinae
and the genus Keratoisis. Keratoisis magnifica n.sp. is characterized by having big, highly armed conical
polyps and K. peara n.sp. has long, smooth internodes with an unusual nacreous lustre. Additionally,
we amplified three mitochondrial genes (16S, igr4 and mtMutS), and obtained optimal topologies through
maximum likelihood and Bayesian approaches. The resulting molecular phylogenies corroborated the
status of the new taxa and elucidated their relationships to closely related species. Additionally, we show
further genetic evidence that branching pattern, as previously thought, could be an unreliable character
not only for Lepidisis/Keratoisis, but also for other genera within the Keratoisidinae.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Bamboo corals from the subfamily Keratoisidinae (Family Isidi-
dae) are long-lived gorgonians widely distributed in deep-water
ecosystems around the world, particularly in continental shelves
and slopes, ridges, canyons and seamounts (Mills and Mullineaux,
2005; Watling et al., 2011). They are very abundant from 200 m to
1500 m of depth (Etnoyer et al., 2006), however, some species can
live even deeper, as is the case with Keratoisis profunda Bayer,
1956, which holds the deepest record at 4200 m (Bayer, 1956).
Members of the Keratoisidinae are among the largest deep-water
octocorals and their study has grown in the past few years because
of the products and applications that can be obtained from them.
For example, the axial skeleton of these organisms not only allows
for the coral’s age to be estimated and proxies made for past

climate events (Andrews et al., 2009; Sánchez et al., 2004; Thresher
et al., 2009; Tracey et al., 2007), but also is being used for bone im-
plants in orthopedic surgery (Ehrlich et al., 2006), even jewelry
(Etnoyer, 2008). Unfortunately, like many deep-sea benthic
inhabitants, bamboo corals and other octocorals are currently
highly threatened by fisheries activities, especially bottom trawl-
ing, from which it has been recorded that octocorals represent a
24.7% of all bycatch, from a study done in the Chatham Rise, east
of New Zealand (Probert et al., 1997). Consequently, conservation
strategies are urgently needed, and knowledge of the diversity of
the benthic fauna is crucial for those policies to be efficiently
implemented.

Deep-sea bamboo octocorals are conspicuously characterized
by white calcareous internodes that alternate with dark proteina-
ceous nodes (Grant, 1976), a skeletal arrangement that can be seen
through the translucent tissue of some species. Some bamboo cor-
als reach no more than 6 cm tall while others can grow up to 3 m
(Alderslade, 1998; Watling et al., 2011). Even larger colonies are
suspected to exist judging by the size of unidentified stumps

http://dx.doi.org/10.1016/j.ympev.2014.01.031
1055-7903/� 2014 Elsevier Inc. All rights reserved.
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(Supplementary File 1). They have a wide arrangement of growth
forms that span from a simple whip-like form to complex arbores-
cent structures (Allard et al., 2005). These growth forms contribute
to the three-dimensional complexity of the deep-sea benthos, pro-
viding habitat for fish and invertebrates as described by Etnoyer
(2008) for Isidella tentaculum Etnoyer, 2008. They also provide food
for organisms in a direct way, as seen for the corallivorous sea stars
of the subfamily Hippasterinae eating polyps from octocorals of the
genus Keratoisis Wright, 1869 and Lepidisis Verrill, 1883 (see Mah
et al., 2010), or in an indirect way, by acting as a detritus sink
therefore improving food availability for benthic feeders in the
substrate as observed around Isidella elongata Esper, 1788 colonies
(see Cartes et al., 2013).

The subfamily Keratoisidinae currently comprises seven genera,
Keratoisis Wright, 1869, Isidella Wright, 1869, Acanella Gray, 1870,
Lepidisis Verrill, 1883, Orstomisis Bayer, 1990 and the recently de-
scribed Eknomisis Watling and France, 2011, and Jasonisis Alderslade
and McFadden, 2012. It is evident that keratoisidins, as well as
other isidid subfamilies like Mopseinae, belong to a very diverse
group of octocorals, but they are still poorly understood. Their
study through taxonomy, ecology and evolutionary approaches
has been a difficult task because of the extreme environments
many of them inhabit and the difficulty of obtaining good quality
samples. However, new undescribed species have been commonly
collected as part of invertebrate by-catch studies from commercial
fisheries (as in this study) or as part of submersible expeditions
(Etnoyer, 2008; Watling and France, 2011). Extensive octocoral col-
lections have been made during the past three decades around
New Zealand and the Ross Sea (Antarctica), and provide one of
the most comprehensive sampling of deep-sea bamboo corals in
the southern hemisphere. Given the great morphological lability
exhibited by bamboo corals’ diagnostic characters (Dueñas and
Sánchez, 2009), molecular phylogenetics should guide the system-
atic account in this group. This is the first of a series of papers
describing not only the keratoisidin fauna but also the mopsein
fauna present in the Southern Ocean. In this study, we reconstruct
a molecular phylogenetic hypothesis of keratoisidin bamboo corals
from New Zealand and Antarctica waters and describe two large
new species belonging to the genus Keratoisis.

2. Materials and methods

2.1. Sample collection

Frozen (�20 �C), dry, and 96% ethanol preserved coral tissues
were available from the National Institute of Water and Atmo-
spheric Research Ltd. (NIWA) Invertebrate Collection at Welling-
ton, New Zealand, and from the National Museum of Natural
History (USNM), Smithsonian Institution. Samples from NIWA
were obtained through the New Zealand Government Observers
Program that is active throughout New Zealand’s deep-sea regions
including the Ross Sea (Antarctica). Additionally, an Isidella elong-
ata sample from the Mediterranean Sea was obtained by an ROV
onboard E/V Nautilus (2011), and one sample came from Isla Diego
Ramirez (provided by the Huinay Scientific Field Station) in Chile.

All samples from the USNM were previously identified, as well as
some samples from NIWA. The rest of the specimens’ identification,
at least to the genus level, was done following the systematic ac-
count described in detail in Section 3. Few specimens were identified
to species level, but most of them were grouped into morphotypes.

2.2. DNA extraction, amplification and sequencing

DNA was extracted from both dry samples and 96% ethanol
preserved tissue following a CTAB protocol (Coffroth et al., 1992).

Extracted DNA was suspended in TE buffer (30 mL), and then di-
luted (40 ng lL�1) for PCR use. Three mitochondrial regions were
targeted: the large sub-unit rRNA (16S), mutS homologue (mtMutS),
and the Inter Genic Region 4 (igr4) located between the cyto-
chrome b (cob) and NADH dehydrogenase subunit 6 (nad6) genes.
To amplify the 16S the primer pair Octo1-L-UA (50-AGA CCC TAT
CGA GCT TTA CTG G-30; forward primer) and Octo2-H-UA (50-
CGA TAA GAA CTC TCC GAC ATT A-30; reverse primer) was used
(France et al., 1996). These primers amplify a region of approxi-
mately 300 base pairs (bp). The PCR profile was: 0.5 units of Taq
polymerase (Go Taq Pomega); 3.0 mM MgCl2; 10 lM primer (for-
ward and reverse); 10 mM dNTPs; and 2 lL of DNA. The PCR con-
ditions were: 2 min at 94 �C; 35 cycles of 1 min at 94 �C, 1 min at
55 �C, and 1:30 min at 72 �C; and a final extension for 5 min at
72 �C. To amplify the mtMutS region we used the primers Co3-
Bam5657f (50-GCTGCTAGTTGGTATTGGCAT-30; forward primer)
and MUT3458r (50-TSGAG CAAAAGCCACTCC-30; reverse primer),
and for the igr4 we used the primers CytbBam1279f (50-AGGAGC-
CAATCCAGTAGAGGAACC-30; forward primer) and Nd6Bam1648r
(50-TAYAGGTAAGAAATGCGAGTGATC-30; reverse primer) (van der
Ham et al., 2009). Both mtMutS and igr4 primers amplify a region
of approximately 800 bp, and used the same PCR profile and condi-
tions. The PCR profile was: 0.5 units of Taq polymerase (Go Taq Po-
mega); 3.0 mM MgCl2; 10 lM primer (forward and reverse);
10 mM dNTPs; and 1.5 lL of DNA, and the PCR conditions were:
one cycle of 2 min at 94 �C, 1 min at 50 �C, and 2 min at 72 �C; 35
cycles of 1 min at 94 �C, 1 min at 56.5 �C, and 1:30 min at 72 �C;
and a final extension for 5 min at 72 �C.

PCR product purification was done using Exosap kit (Fermentas)
and cycle sequencing reactions were performed using BigDye TM
Terminator v3.1 (Applied Biosystems Inc.), following the manufac-
turer’s protocols. Pre-sequencing purification was done through
gel filtration with Sephadex G-50 (Sigma–Aldrich) and sequencing
was done in a capillary electrophoresis automated sequencer (ABI
310, Applied Biosystems Inc.). Consensus sequences (sequencing
from both directions) were obtained automatically by assembling
the two complementary DNA chromatograms using Geneious soft-
ware (Biomatters).

2.3. Phylogenetic analyses

Molecular analyses were performed on 125 samples, and 7 gen-
era (Acanella, Isidella, Orstomisis, Keratoisis, Lepidisis, Eknomisis, and
Jasonisis) belonging to the subfamily Keratoisidinae and 4 samples
from the subfamily Mopseinae as an outgroup. Complete informa-
tion of samples, sequences and Genbank accession numbers can be
found in Table 1.

Each mitochondrial region (16S, igr4, and mtMutS) was aligned
individually using Muscle (Edgar, 2004), and analyzed indepen-
dently to explore the evolutionary relationships through Maxi-
mum Likelihood (ML) and Bayesian Inference (BI). For ML,
nucleotide substitution models were obtained using JModelTest
(Guindon and Gascuel, 2003; Posada, 2008). 16S maximum likeli-
hood (ML) trees were obtained using Garli (Zwickl, 2006) employ-
ing a HKY model of substitution with 250 bootstrap replicates. igr4
and mtMutS ML topologies were obtained employing RAxML
(Stamatakis, 2006; Stamatakis et al., 2008) in the Cipres Science
Gateway (Miller et al., 2010) using GTR + G for both igr4 and
mtMutS, and the ‘‘Let RAxML halt bootstrapping automatically’’
option. Additionally, given that igr4 and mtMutS share the same
nucleotide substitution models (GTR + G), a mixed ML topology
was obtained concatenating both individual alignments and
employing RAxML (Stamatakis, 2006; Stamatakis et al., 2008) in
the Cipres Science Gateway (Miller et al., 2010), again with the
‘‘Let RAxML halt bootstrapping automatically’’ option.
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Table 1
Information of the specimens and sequences used in this study. Acronyms as follows: National Museum of Natural History of the Smithsonian Institution, USA (USNM); The
National Institute of Water and Atmospheric Research, New Zealand (NIWA). Tasmanian Museum and Art Gallery specimen store (TMAG). Sequences generated by other authors
are marked with §, the rest were obtained in this study. Specimens that belong to the new species (Keratoisis magnifica and K. peara) are indicated with an asterisk (*).

Taxa Collection Number GenBank Accession Numbers

16S IGR4 mtMutS

Subfamily Keratoisidinae
Keratoisis glaesa NIWA209-H123 KC106432 KC106533 KC660848
Keratoisis tangentis NIWA211-H122 KC106431 KC106532 N/A
Lepidisis solitaria NIWA234-H127 KC106434 KC106536 KC660851
Keratoisis hikurangiensis NIWA1759-H124 FJ790903 KC106534 KC660849
Keratoisis zelandica NIWA1766-H126 KC106433 N/A N/A
Keratoisis projecta NIWA1814-H125 FJ790904 KC106535 KC660850
Keratoisis magnifica n.sp.⁄ NIWA11304 KC106435 KC106537 KC660852
Lepidisis solitaria NIWA14350 FJ790887 KC106538 KC660853
Lepidisis solitaria NIWA14351 KC106436 KC106539 KC660854
Keratoisis sp. 12 NIWA14357 FJ790888 KC106540 KC660855
Keratoisis sp. 14 NIWA14359 FJ790889 KC106541 KC660856
Isidella sp. 4 NIWA14373 FJ790890 KC106542 KC660857
Keratoisis magnifica n.sp.⁄ NIWA14375 FJ790891 KC106543 KC660858
Keratoisis sp. 1 NIWA14385 KC106437 KC106544 KC660859
Keratoisis sp. 20 NIWA14386 KC106438 N/A KC660860
Keratoisis sp. 20 NIWA15526 KC106439 KC106545 KC660861
Acanella sp. 3 NIWA15645 KC106441 KC106547 KC660863
Keratoisis sp. 8 NIWA15647 FJ790892 KC106548 KC660864
Keratoisis sp. 21 NIWA15649 FJ790893 KC106549 N/A
Keratoisis sp. 9 NIWA16393 KC106442 KC106550 KC660865
Keratoisis sp. 21 NIWA16395 KC106443 KC106551 N/A
Acanella sp. 4 NIWA16402 KC106444 KC106552 KC660866
Keratoisis sp. 21 NIWA16811 KC106445 KC106553 N/A
Keratoisis sp. 22 NIWA25357 KC106446 KC106554 N/A
Keratoisis sp. 17 NIWA26580 FJ790894 KC106555 KC660867
Keratoisis sp. 19 NIWA26586 FJ790895 KC106556 KC660868
Keratoisis sp. 21 NIWA26587 KC106447 KC106557 N/A
Keratoisis sp. 20 NIWA26588 KC106448 KC106558 N/A
Acanella sp. 4 NIWA26589 KC106449 KC106559 N/A
Keratoisis sp. 1 NIWA26590 KC106450 KC106560 N/A
Keratoisis sp. 19 NIWA26591 FJ790896 KC106561 KC660869
Keratoisis sp. 12 NIWA26593 FJ790897 KC106562 KC660870
Keratoisis magnifica n.sp.⁄ NIWA26594 KC106451 KC106563 KC660871
Keratoisis sp. 13 NIWA26596 FJ790898 KC106564 KC660872
Keratoisis sp. 11 NIWA26597 FJ790899 KC106565 KC660873
Keratoisis sp. 9 NIWA26599 KC106452 KC106566 KC660874
Keratoisidinae sp. 2 NIWA26600 FJ790900 KC106567 KC660875
Keratoisis sp. 14 NIWA26602 FJ790901 KC106568 KC660876
Keratoisis zelandica NIWA26608 KC106453 KC106569 KC660877
Keratoisis flexibilis NIWA28048 FJ790902 KC106570 KC660878
Keratoisis hikurangiensis NIWA28253 KC106454 KC106571 N/A
Keratoisis peara⁄ NIWA28277 KC106455 KC106572 KC660879
Keratoisis wrighti NIWA28280 KC106456 KC106573 KC660880
Keratoisis sp. 17 NIWA28324 KC106457 KC106574 KC660881
Keratoisis sp. 9 NIWA28373 KC106459 KC106576 KC660883
Isidella sp. 1 NIWA39162 KC106460 KC106577 KC660884
Isidella sp. 2 NIWA41058 N/A KC106578 KC660885
Keratoisis magnifica n.sp.⁄ NIWA41727 KC106462 KC106580 KC660887
Keratoisis magnifica n.sp.⁄ NIWA41729 KC106463 KC106581 KC660888
Keratoisis sp. 23 NIWA41838 KC106464 N/A N/A
Keratoisis magnifica n.sp.⁄ NIWA41846 KC106465 KC106582 KC660889
Acanella sp. 4 NIWA41848 KC106466 KC106583 KC660890
Acanella sp. 2 NIWA53057 KC106467 KC106584 KC660891
Keratoisis magnifica n.sp.⁄ NIWA61962 KC106468 KC106585 KC660892
Acanella sp. 5 NIWA61967 KC106469 KC106586 KC660893
Keratoisis sp. 15 NIWA64396 KC106470 KC106587 KC660894
Keratoisis sp. 15 NIWA64403 KC106471 KC106588 KC660895
Keratoisis sp. 18 NIWA64409 KC106472 KC106589 KC660896
Isidella sp. 3 NIWA64445 KC106473 KC106590 KC660897
Isidella sp. 3 NIWA64475 KC106474 N/A KC660898
Keratoisis sp. 6 NIWA64811 KC106475 KC106591 KC660899
Keratoisis magnifica n.sp.⁄ NIWA65796 KC106477 KC106593 KC660901
Acanella sp. 4 NIWA65797 KC106478 KC106594 KC660902
Keratoisis sp. 5 NIWA66100 KC106479 KC106595 KC660903
Acanella sp. 4 NIWA66102 KC106480 KC106596 KC660904
Acanella sp. 1 NIWA66103 KC106481 KC106597 KC660905
Keratoisis sp. 5 NIWA66105 KC106482 KC106598 KC660906
Keratoisis magnifica n.sp.⁄ NIWA66106 KC106483 KC106599 KC660907
Keratoisis magnifica n.sp.⁄ NIWA66107 KC106484 KC106600 KC660908
Orstomisis crosnieri NIWA66196 KC106485 KC106601 KC660909

(continued on next page)
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For Bayesian Inference, individual nucleotide substitution mod-
els were obtained using MrModeltest2.3 (Nylander, 2004). Inde-
pendent topologies for each mitochondrial gene were obtained
using BEAST (Drummond and Rambaut, 2007) in the Cipres Science
Gateway (Miller et al., 2010), through two runs of 1 � 107 Monte
Carlo Markov Chain (MCMC) generations (x4 chains), with a sam-
pling frequency of 100, a burn-in of 1000, and a particular nucleo-
tide substitution model (16S = HKY + G + I, igr4 = GTR + G,
mtMutS = GTR + G + I). Results were analyzed in the program Tracer
1.4.1 (Rambaut and Drummond, 2007) to check for convergence of

the MCMC chains, and the trees were summarized into maximum
clade credibility trees using TreeAnnotator (Drummond and
Rambaut, 2007). Combined analyses were made for igr4 and mtMutS
regions to compare topologies and branch supports with the same
concatenated genes in ML analysis. Three independent runs were
made, and the parameters of nucleotide frequencies, substitution
rates, gamma shape, and invariant-sites proportion were unlinked
across partitions. The combined analysis was done with 1� 107

Monte Carlo Markov Chain (MCMC) generations (x4 chains), with a
sampling frequency of 1000 generations, a burn-in of 1000,

Table 1 (continued)

Taxa Collection Number GenBank Accession Numbers

16S IGR4 mtMutS

Keratoisis sp. 16 NIWA66201 KC106486 KC106602 KC660910
Keratoisis sp. 7 NIWA66202 KC106487 KC106603 KC660911
Keratoisis magnifica n.sp.⁄ NIWA66206 KC106488 KC106604 KC660912
Keratoisis sp. 14 NIWA66208 KC106489 KC106605 KC660913
Keratoisis sp. 7 NIWA66209 KC106490 KC106606 KC660914
Isidella sp. 1 NIWA66211 KC106491 KC106607 KC660915
Keratoisis sp. 2 NIWA66212 KC106492 KC106608 KC660916
Acanella sp. 4 NIWA66214 KC106493 KC106609 KC660917
Acanella sp. 4 NIWA66222 KC106494 KC106610 KC660918
Acanella sp. 4 NIWA66223 KC106495 KC106611 KC660919
Acanella sp. 4 NIWA66224 KC106496 KC106612 KC660920
Keratoisis sp. 14 NIWA66225 KC106497 KC106613 KC660921
Keratoisis sp. 14 NIWA66226 KC106498 KC106614 KC660922
Keratoisis sp. 14 NIWA66227 KC106499 N/A N/A
Keratoisis sp. 14 NIWA66229 KC106500 KC106615 N/A
Keratoisis sp. 7 NIWA66230 KC106501 KC106616 KC660923
Keratoisis sp. 7 NIWA66232 KC106502 KC106617 KC660924
Keratoisis sp. 7 NIWA66234 KC106503 KC106618 KC660925
Keratoisis sp. 10 NIWA66235 KC106504 KC106619 KC660926
Keratoisis magnifica n.sp.⁄ NIWA66236 KC106505 KC106620 KC660927
Keratoisis magnifica n.sp.⁄ NIWA66237 KC106506 KC106621 KC660928
Keratoisis magnifica n.sp.⁄ NIWA66240 KC106507 KC106622 KC660929
Keratoisis sp. 18 NIWA66242 KC106508 KC106623 KC660930
Keratoisis sp. 4 NIWA66250 KC106509 KC106624 KC660931
Keratoisis sp. 3 NIWA68234 KC106510 KC106625 KC660932
Keratoisis sp. 24 NIWA68238 KC106511 N/A N/A
Isidella sp. 1 NIWA68240 KC106512 KC106626 KC660933
Keratoisis sp. 14 NIWA68243 KC106513 KC106627 KC660934
Isidella sp. 1 NIWA68249 KC106514 KC106628 KC660935
Keratoisidinae sp. 1 ISIDIDAE2 KC106515 N/A N/A
Keratoisidinae sp. 3 ISIDIDAE3 KC106516 KC106629 KC660936
Isidella elongata NA015-040 KC106517 KC106630 KC660937
Isidella elongata NA015-052 N/A KC106631 N/A
Acanella arbuscula USNM 18730 KC106518 N/A N/A
Keratoisis profunda USNM 30076 KC106519 N/A N/A
Acanella normani USNM 43134 KC106520 N/A N/A
Acanella sibogae USNM 49969 KC106521 N/A N/A
Acanella sp. USNM 55910 KC106522 N/A N/A
Lepidisis olapa USNM 56717 KC106523 KC106632 N/A
Acanella dispar USNM 56816 KC106524 N/A N/A
Keratoisis flexibilis USNM 57386 KC106525 N/A N/A
Lepidisis longiflora USNM 57410 KC106526 N/A N/A
Keratoisis ornata USNM 57413 KC106527 N/A N/A
Keratoisis ornata USNM 57414 KC106528 N/A N/A
Lepidisis evelynae USNM 73571 KC106529 N/A N/A
Lepidisis longiflora USNM 76983 KC106530 N/A N/A
Lepidisis nuda USNM 1006528 KC106531 N/A N/A
Acanella weberi USNM 1072291 FJ790905 N/A KC660938
Isidella tentaculum USNM 1076658 FJ790906 KC106633 KC660939
Isidella tentaculum USNM 1082175 FJ790907 KC106634 KC660940
Eknomisis dalioi N/A FJ375740§ EF060047§

Orstomisis crosnieri N/A FJ375745§ EU293797§

Isidella sp. USNM94449 N/A N/A EF060021§

Isidella sp. N/A N/A EF060022§

Jasonisis thresheri TMAG K3879 N/A N/A JN620806§

Subfamily Mopseinae
Chathamisis sp. NIWA15630 KC106440 KC106546 KC660862
Notisis sp. NIWA28364 KC106458 KC106575 KC660882
Chathamisis bayeri NIWA41543 KC106461 KC106579 KC660886
Echinisis spicata NIWA65216 KC106476 KC106592 KC660900
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following same substitution models obtained for each mitochon-
drial region. As for the independent analyses, results were ana-
lyzed in Tracer 1.4.1 (Rambaut and Drummond, 2007), and the
trees were summarized into a maximum clade credibility tree
using TreeAnnotator (Drummond and Rambaut, 2007).

2.4. Species descriptions

Microscopic features were assessed using both light micro-
scopes and scanning electron microscopes (SEM). Sample prepara-
tion for stereomicroscope and light microscope was done following
Alderslade (1998). Extended focus (z-stack) images of polyps and
tentacles were obtained using the Leica Application Suite multi-
focus software package (LAS version 3.6.0) and the image sets were
processed using CombineZP (Alan Hadley). Sclerite preparation for
SEM was done by digesting a small piece of tissue in sodium hypo-
chlorite to remove all the organic material, washing the sclerites in
distilled water and 70% ethanol, air-drying and then mounting
them on SEM stubs. SEM images were obtained at Gracefield,
Industrial Research Ltd. (Wellington, New Zealand) in a Cambridge
Instruments-Leo 440 microscope, at the Smithsonian National Mu-
seum of Natural History (Washington, DC) in an Amray 1810 LaB6
microscope, and at the Universidad de los Andes in a (Bogotá,
Colombia) in an JEOL JSM 6490-LV microscope. Fig. 1 shows the
distribution of the samples used to describe two new species.

3. Results

3.1. Phylogenetic analyses

3.1.1. Large sub-unit rRNA 16S
The 16S sequences had variable lengths ranging from 275 to

317 bp, and the data set had a total of 325 characters from which
73 were parsimony-informative. Both topologies obtained with
ML and BI showed very low phylogenetic resolution (data not
shown). Within the subfamily Keratoisidinae, only 9 nodes had
support values greater than 0.7 (BI), six of which had bootstrap val-
ues >70% (ML). Monophyly for the subfamily Keratoisidinae was
obtained only through BI.

Given the low phylogenetic information for the 16S mitochon-
drial region, we decided to exclude this gene in further concate-
nated analyses. If included, it would have created artifacts such
as deflated support values.

3.1.2. igr4
This region had the most variable lengths ranging from 226 to

880 bp, and the data set had a total of 1137 characters from which
990 were parsimony-informative. For this intergenic region, mono-
phyly of the Keratoisidinae was obtained with ML and BI, but none
of the genera within the subfamily were monophyletic (Supple-
mentary File 2). Well-supported clades were obtained for three
species, Lepidisis solitaria Grant, 1976 (ML and BI), Isidella tentacu-
lum (ML and BI) and one of the new species described here Keratoi-
sis magnifica n.sp. (BI). Keratoisis peara n.sp. did not have high
branch support showing close membership with any other taxa
(<70% and 0.7), though it clearly belongs to the same large clade
as Keratoisis magnifica n.sp.

3.1.3. mtMutS
The mtMutS sequences had a length range from 775 to 954 bp,

and the data set had a total of 1292 characters from which 893
were parsimony-informative. This mitochondrial region shows
monophyly of the Keratoisidinae subfamily using both ML and BI,
but again none of the genera within the subfamily were monophy-
letic (Supplementary File 3). Well-supported clades were obtained
for two species, Lepidisis solitaria (ML and BI) and Orstomisis crosni-
eri Bayer, 1990 (ML and BI). In this case, although all specimens
identified as Keratoisis magnifica n.sp. stick together, the clade
has a low support value (posterior probability of 0.45). These spec-
imens are the sister group to a well-supported clade of Keratoisis
sp. 15, which together with the K. magnifica n.sp. clade made a
monophyletic group. Additionally, the relationship of Keratoisis
peara n.sp. to other keratoisidins is well supported, in this case
as a sister group of a mixed Keratoisis-Lepidisis clade.

3.1.4. igr4 and mtMutS concatenated analysis
As with the individual gene topologies, the concatenated

analysis showed monophyly for the Keratoisidinae subfamily,

Fig. 1. Map of New Zealand showing the distribution of the specimens of Keratoisis magnifica (white triangles) and Keratoisis peara (black triangle).
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and polyphyly for any of the genera within the subfamily (Fig. 2).
Monophyletic species in the mixed analysis are Lepidisis solitaria
(ML and BI), Orstomisis crosnieri (ML and BI), and Keratoisis magni-
fica n.sp. (ML and BI). Additionally, the position of K. peara n.sp. is
uncertain, because although it belongs to the same large clade as K.
magnifica n.sp., branch supports that show its phylogenetic rela-
tionships with other taxa are low (<70% and 0.7).

3.2. Systematics

Family ISIDIDAE Lamouroux, 1812
Diagnostic characters Octocorals with an axial skeleton com-

posed of gorgonin nodes and longer calcite internodes, neither of
which contain sclerites. The colonies attach to the substratum by
a holdfast on hard bottoms, or a root-like structure in soft bottoms
(Bayer, 1956).

Subfamily Keratoisidinae Gray, 1870
Diagnostic characters Isididae in which colonies are unbranched

or branched in a dichotomous, trichotomous, pseudodichotomous
or lyrate manner, and are planar or bushy. Branching occurs from
the nodes or the internodes and the latter may be solid throughout
a colony or hollow in the younger parts. The tubular internodal
cavity may be continuous or partitioned to varying degrees and
may contain a gelatinous material. Polyps are non-retractile and
protected by sclerites in the form of needles, spindles, rods or
scales that are arranged longitudinally or obliquely. Smaller scle-
rites of a similar form may occur in the coenenchyme. Pharyngeal
sclerites, if present, include tuberculate or spiny rodlets, and dou-
ble stars. Colonies may be covered in a fleshy tegument that can
contain nematocysts (Alderslade and McFadden, 2012).

Genus Isidella Wright, 1869
Diagnostic characters Candelabrum-like colonies that branch

from the nodes. Branching can be dichotomous or trichotomous,
more or less in one plane. The internodes near the distal tip are
hollow and long (3.5–8 cm). The colonies have prominent polyps
armed with rods and needles that may or may not project between
the bases of the tentacles. The pharyngeal walls have small flat
rodlets.

Genus Acanella Gray, 1870
Diagnostic characters Bush-like colonies with verticillate

branches that arise from the nodes. The internodes are solid and
short (up to 2 cm). The colony size and shape depends on the sub-
strate they are anchored to: bushy colonies of moderate size (not
exceeding 20 cm) for soft bottoms; and larger (up to 1 m) and com-
pressed for hard bottoms. The polyps are cylindrical and armed
with needles and/or rods covering the polyp wall in a longitudinal
or oblique arrangement. The pharyngeal walls have small thorny
stars or short rodlets.

Genus Orstomisis Bayer, 1990
Diagnostic characters Compressed and flabellate colonies that

branch dichotomously from the nodes. Branching occurs mainly
in one plane. The internodes are solid and short (up to 1 cm), and
frequently curved. The polyps are cylindrical and prominent, cov-
ered by a thick tegument within which the tentacles can retract
completely. The polyp wall is covered by rods that do not project
beyond the base of the tentacles. The pharyngeal walls have small
and sparsely tuberculate rodlets.

Genus Jasonisis Alderslade and McFadden, 2012
Diagnostic characters Colonies that branch pseudo-dichoto-

mously from the nodes. Branches are short and branching occurs
in one plane. The internodes are slightly sinuous and irregular with

multiple low ridges. They are hollow in the upper parts of the col-
ony and filled with gelatinous material. A thick tegument covers
the whole colony, where the nematocysts are embedded. The pol-
yps are tall and narrow, distributed irregularly around the
branches. The tentacles can retract completely below the thick teg-
ument. Sclerites are mostly colorless, scale-like structures, ar-
ranged longitudinally in the polyp wall. They are elongate to oval
with rounded ends and lobed margins, and their surface can be
smooth or mounded. The pharyngeal walls have irregularly shaped
rodlets.

Genus Eknomisis Watling and France, 2011
Diagnostic characters Bushy colonies that branch from the inter-

nodes. The polyps are conical or volcano-like, where the base of the
polyp is wider than the top. The tentacles are completely retracted
inside the mouth. The sclerites are all rods or needles arranged
diagonally at the base of the polyp’s body, and longitudinally to-
wards the apex.

Genus Lepidisis Verrill, 1883
Diagnostic characters Keratoisidinae that are unbranched or that

branch from the internodes. The polyps and coenenchyme have an
external layer of small and oblong scale-like sclerites.

This genus has been subjected to a great amount of discussion
regarding its true diagnostic characters. And a revised definition
for the genus is currently being worked on (Watling L., personal
communication). However, for the exercise of this study we used
the above definition following the original descriptions by Verrill
(1883), Grant (1976) as well as Verrill’s unpublished illustrations
of material collected during the Blake expeditions (Bayer and
Cairns, 2004). A more thorough discussion of the characters that
define Lepidisis as a genus can be found in Alderslade and
McFadden (2012).

Genus Keratoisis Wright, 1869
Diagnostic characters Keratoisidinae that are unbranched or that

branch from the internodes. The internodes are white, and can be
smooth to regularly grooved externally, and hollow or solid in the
older parts of the colony. The polyp head, at least, generally has
eight longitudinal rows of spindles or needles that usually project
beyond the tentacles (Bayer, 1956; Bayer and Stefani, 1987) and
commonly follow the alignment of the mesenteries. Smaller scle-
rites, non-aligned, can be arranged longitudinally or obliquely both
on the head and polyp body. Sclerites can be present or absent in
the colonial coenenchyme.

Keratoisis magnifica n.sp
Material examined. Holotype NIWA11304, station Z9589, 50.1�S,
166.0�E, off Auckland Islands, depth 980 m, collected 5 December
1998 (col. unknown).

Paratypes NIWA41839, station TRIP2571/159, 50.3�S, 163.5�E,
depth 1043 m, collected 19 March 2008 (col. unknown);
NIWA61962, station TRIP3077/43, 50.0�S, 166.0�E, depth 850 m,
collected 27 February 2010 (col. unknown); NIWA66240, station
TRIP2832/169, 49.6�S, 177.6�E, depth 874 m, collected 24 May
2009 (col. unknown); NIWA41846, station TRIP2571/5, 49.98�S,
163.80�E, Macquarie Ridge, depth 949 m, collected 21 February
2008 (col. unknown).

Other material NIWA209-H123, Keratoisis glaesa Grant, 1976,
station C632, 39.2�S, 172.0�E, Taranaki Basin, depth 406 m, col-
lected 27 May 1961 (col. unknown); NIWA211-H122, Keratoisis
tangentis Grant, 1976, station C632, 39.2�S, 172.0�E, Taranaki Basin,
depth 406 m, collected 27 May 1961 (col. unknown); NIWA234-
H127, Lepidisis solitaria, station E856, 32.2�S, 168.3�E, Norfolk
Ridge, depth 1169 m, collected 18 Mach 1968 (col. unknown);
NIWA1759-H124, Keratoisis hikurangiensis Grant, 1976, station
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Fig. 2. Bayesian topology obtained from a concatenated analysis between mtDNA igr4 and mtMutS. Labels indicate collection number or GenBank accession number, and
specimen ID (see Table 1). Figures above branches are bootstrap (triangle) or posterior probability (circle) values. Hollow figures indicate values over 70% or 0.7, and full
figures indicate values over 90% or 0.9. Specimens belonging to new species (Keratoisis magnifica or Keratoisis peara) are in bold and denoted with an asterisk.
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E707, 40.2�S, 177.3�E, East Coast Slope, depth 951 m, collected 21
March 1967 (col. unknown); NIWA1766-H126, Keratoisis zelandica
Grant, 1976, station E800, 45.3�S, 166.7�E, off Fiorland, depth
700 m, collected 20 October 1967 (col. unknown); NIWA1814-
H125, Keratoisis projecta Grant, 1976, station F913, 34.7�S,
174.5�E, Northland Slope, depth 743 m, collected 11 October
1968 (col. unknown).

Diagnostic characters. As for the genus plus short, side branches
that are distinctly curved and arranged alternately, and conical to
cylindrical polyps densely arranged on the branches.

Description of the holotype. Colony form: The colony is large,
robust, and profusely branched with an estimated original
length in the vicinity of 1 m (the colony is now fragmented). It
appears to have no holdfast, but there is a large calcified basal
structure from which three robust stems emerge (Fig. 3A). The
main branches are generally straight and give rise to character-
istically curved side branches arranged in an alternate manner
(Fig. 3B–D). The terminal twigs are around 1 cm thick, but the
polyps represent most of this width. The polyps are conical to
cylindrical, arranged densely on the side branches (Fig. 3C) and
sparsely towards the main stems.

Coenenchymal surface covering: Most of the coenenchyme and
polyps have a loose outer covering that looks like a thin and friable
whitish meshwork, which is easily removed. The origin of this
material is unknown and could be an artifact of the fixation pro-
cess. Beneath this there is an extremely tough transparent layer,
possibly made of a chitinous material.

Color: The polyps were pink to orange in the frozen material,
and turned beige when preserved in ethanol. The coenenchyme
that covers the axis is light beige and in some places slightly trans-
lucent (frozen material). When preserved in ethanol, the tissue sur-
rounding the axis shifts to a darker shade and the whole colony,
including the polyps, acquires the same beige tone.

Axis form: The internodes and nodes are longitudinally grooved,
but these grooves are deeper in the internodes and superficial in
the nodes. The nodes on the side branches are slightly narrower
than the internodes (7.47 ± 1.98 mm vs. 7.56 ± 2.21 mm), and have
an irregular outline. The internodes of the side branches are short,
16 ± 4 mm in length, and about 4 times the length of the nodes
(4 ± 1 mm).

Axis branching: Branching occurs at the internodes and is closely
followed by a node on the side branch (Fig. 3D), which is character-
istically curved. This curvature is a result of both internodal curv-
ing and a slight change of direction of each internode after the
corresponding node.

Axis color: As in almost all keratoisidins, this species has white
internodes and brown nodes. The nodes of side branches show
some translucency when looking back lit.

Polyps: These are densely and irregularly distributed all over the
branches, causing a clavate tip to the terminal branches. The pol-
yps are cylindrical (same width at the base and at the oral end)
to conical or ‘‘volcano-shaped’’ (thicker at the base and narrower
at the oral end), and up to 4 mm tall (Fig. 4).

Polyp sclerites: The largest sclerites are needles, up to 0.2 mm
long and 0.01 mm wide, which are arranged longitudinally from
the polyp base to the oral region (Figs. 4C–D and 5A). Most of
the sclerites are more or less grouped and follow the mesenterial
insertions. On the polyp base, there are also a few arranged diago-
nally which may extend onto the coenenchyme. Most polyp scle-
rites are slightly curved. The ends are blunt to acute and are
sculptured with numerous longitudinally arranged ridges/grooves
(Fig. 5A). The remainder of the sclerite surface may be smooth or
possess longitudinal ridges/grooves.

The tentacle rachis contains rods that are arranged longitudi-
nally being larger at the base of the tentacle and decreasing in size
distally. The same sclerite arrangement is repeated in the pinnules
(Fig. 4B). The rods of the tentacle rachis have blunt to acute ends,
and the tips are wider and more ornamented than the center of
the sclerite (Fig. 5B). Finally, the pharynx holds small rodlets orna-
mented with thorns (Fig. 5C).

Coenenchymal sclerites: Absent.

Remarks. There are two main characteristics that differentiate K.
magnifica n. sp. from previously described species of Keratoisis.
First, the profusely branched appearance of the colony. This due
to the numerous short, markedly curved side branches, which give
the colony a distinct form that is unique within the genus. Second,
the robustness of the polyps and their dense arrangement. To-
gether with the thick, tough, chitinous layer covering the coenenc-
hyme, this gives the species a distinctive, and previously unknown
appearance, which contrasts with the usually less densely arranged
and smaller polyps found in most Keratoisis spp. However, it is
important to mention that a minority of the examined specimens,
probably a different morphotype, exhibited less polyps and thinner
coenenchyme.

The conical polyp shape has been recently described as a main
diagnostic feature for the new genus Eknomisis, accompanied by
sclerites arranged diagonally near the base and longitudinal to-
wards the apex, and tentacles fully retracted (Watling and France,
2011). Keratoisis magnifica n. sp. shares these same features with
some variation, however, we decided to keep this species as part
of Keratoisis rather than including it in the genus Eknomisis for four
reasons: (1) Although for K. magnifica n. sp. most polyps are

Fig. 3. Keratoisis magnifica n. sp. holotype NIWA11304: (A) colony’s base (scale
1 cm); (B and C) general colony morphology (scale 1 cm); (D) skeletal structure
showing the characteristic curved branches (scale 1 cm).
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Fig. 4. Keratoisis magnifica n. sp. paratype NIWA41846: (A) twig fragment showing polyp arrangement (scale 1 mm); (B) polyp tentacles showing longitudinal sclerite
arrangement (scale 0.5 mm); (C and D) close-ups of polyps from frame A, showing body sclerite arrangement. All light microscope images.

Fig. 5. SEM images of sclerites from Keratoisis magnifica n. sp. holotype NIWA11304: (A) sclerites (needles) from the polyp body (scale 500 lm); (B) sclerites (rods) from the
tentacles (scale 200 lm); (C) sclerites (thorned rodlets) from the pharynx (scale 100 lm); (D and E) details of the sclerite surface (scale 10 lm).
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conical, it is possible to find a continuum of polyp shapes (from
cylindrical to conical) within the same twig, some of those polyps
resembling the typical cylindrical shape of the genus Keratoisis (we
note that non-conical shaped polyps are also illustrated for Ekmon-
isis in the original description); (2) In K. magnifica n. sp. all sclerites
on the upper part of the polyp are arranged longitudinally towards
the apex, as generally found in other Keratoisis species, with just a
few sclerites at the base having a diagonal position – this is just a
small variation from the typical Keratoisis sclerite organization, not
enough to consider K. magnifica n. sp. as belonging to a different
genus; (3) The tentacles in K. magnifica n. sp. are completely re-
tracted, but searching throughout the whole colony it is possible
to find a number of polyps in which the tentacles remain extended
- retraction or extension of the tentacles should not be considered
a taxonomic character in octocorals, given that most all octocoral
species are capable of retracting the tentacles for protection or if
feeding on particulate matter, and additionally, the disposition of
the tentacles depend on whether the polyps were relaxed or
stressed when preserved, and what type of solution was used for
the preservation of the specimen; and (4) There is no strong molec-
ular evidence to suggest that K. magnifica belongs to a different
genus than Keratoisis, including Eknomisis.

Watling and France (2011) stated that there are many species
within Keratoisis with a whole range of variation in different struc-
tures, and it is probable that we are dealing with more than one
genus. Given that branching pattern has been proven to be a labile
and an unreliable taxonomical character (Dueñas and Sánchez,
2009; France, 2007), it is necessary to look for determining charac-
ters in the morphology of the polyps and sclerites, and the arrange-
ment of the sclerites within the polyps and tentacles (Watling and
France, 2011). But the variation of polyp shape and sclerite
arrangement shows a definite continuum. Both prior to and during
the course of this study, we have examined large numbers of rele-
vant specimens and have found the variation in polyp shape and
sclerite arrangement to be extreme within just a single colony. It
is very common to find polyps along a single branch displaying
such variation in sclerite number and arrangement that they might
be thought, if treated in isolation, to represent several different
species. For example, polyps with virtually no sclerites have been
observed next to those with large numbers of sclerites; sclerites ar-
ranged obliquely and curving around the body next to those where
the arrangement is mostly longitudinal; and sclerites arranged en
chevron on one side of the polyp and longitudinal on the other.
One character common to many specimens of tentatively different
species, especially those with large sclerites in the coenenchyme, is
the occurrence of transverse to oblique sclerites on the lateral sides
of the polyp base. Consequently we believe that, at present, using
sclerite arrangement as a major character with which to differen-
tiate genera within this group is not practical. Unfortunately, the
situation for sclerite morphology is similar, with no distinctive
differences.

Etymology. The species name magnifica is Latin for magnificent,
making reference to the large size and beauty of the colony.

Keratoisis peara sp. nov.
Material examined. Holotype: NIWA28277, station SO135/36,
30,3�S, 179,5�E, Kermadec Ridge, depth 2275 m, collected 24 Sep-
tember 1998 (col. unknown).

Other material: NIWA209-H123, Keratoisis glaesa, station C632,
39.2�S, 172.0�E, Taranaki Basin, depth 406 m, collected 27 May
1961 (col. unknown); NIWA211-H122, Keratoisis tangentis, station
C632, 39.2�S, 172.0�E, Taranaki Basin, depth 406 m, collected 27
May 1961 (col. unknown); NIWA234-H127, Lepidisis solitaria, sta-
tion E856, 32.2�S, 168.3�E, Norfolk Ridge, depth 1169 m, collected

18 Mach 1968 (col. unknown); NIWA1759-H124, Keratoisis
hikurangiensis, station E707, 40.2�S, 177.3�E, East Coast Slope,
depth 951 m, collected 21 March 1967 (col. unknown);
NIWA1766-H126, Keratoisis zelandica, station E800, 45.3�S,
166.7�E, off Fiorland, depth 700 m, collected 20 October 1967
(col. unknown); NIWA1814-H125, Keratoisis projecta, station
F913, 34.7�S, 174.5�E, Northland Slope, depth 743 m, collected 11
October 1968 (col. unknown).

Diagnostic characters. As for the genus plus long internodes with a
remarkable nacreous lustre. Polyps are arranged in two rows, and
located towards one side of the branches. The long needle-like
sclerites on the polyp body extend beyond the polyp head.

Description of the holotype-. Colony form: The specimen consists of
only a single unbranched fragment of the parent colony, about
20 cm long, so the colonial growth form is unknown (Fig. 6A).

Coenenchymal surface covering: The coenenchyme and polyp
bodies are covered in a thin transparent layer, presumably chitin-
ous. It is probably a combination of this layer and the dense, tough
coenenchyme that makes the whole covering of the axis thick and
fleshy.

Color: Both the coenenchyme and polyps of the ethanol pre-
served specimen have an overall pale beige color. The tentacles ap-
pear to have a brownish color, but this is because they are dirty and
covered in sediment. Live colony color is unknown.

Axis form: The internodes are long, up to 53 mm, with an extre-
mely smooth surface. The nodes are slightly thicker than the inter-
nodes. The boundary between node and internode is regular,
forming a straight line (Fig. 6B). It is important to note that, be-
cause we only have a fraction of the colony, these observations
come from just two complete internodes and two complete nodes.

Axis branching: Unknown.

Fig. 6. Keratoisis peara n. sp. holotype NIWA28277: (A) remaining colony fragment;
(B) detail of the axis luster.
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Axis color: The internodes have a remarkable white nacreous
luster, and the nodes are light brown. It is also possible to see a
golden band at the node-internode interface (Fig. 6B).

Polyps: The colony has large cylindrical polyps (from 6 to 9 mm
in length) arranged in two, nearly alternating, rows only along one
side of the branch (Fig. 6A).

Polyp sclerites: The polyps have eight longitudinal needles, up to
0.3 mm long, arranged mesenterially on the upper half of the polyp
that project beyond the polyps head (Fig. 7A). Theses sclerites have
either blunt or acute tips with longitudinally arranged ridges/
grooves (Fig. 8A), The remainder of the sclerite surface is less orna-
mented than the tips (Fig. 8A). It is rare to see polyps with more
than eight needles, but when this happens, the extra sclerites pairs
with one of the main needles without altering the mesenterial
arrangement. The polyp wall also has some small spindles, needles
and rods randomly distributed (Fig. 8A).

The tentacle rachis contains rods that are arranged longitudi-
nally, being larger at the base of the tentacle and decreasing dis-
tally. The same sclerite arrangement is repeated in the pinnules
(Figs. 7B–C and 8B).

Coenenchymal sclerites: Absent.

Remarks. An isidid axis with a nacreous luster cannot pass unseen
by a taxonomist. It is a trait never mentioned before in the litera-
ture of the family. In addition, the unusual polyp distribution to-
wards one side of the branch provides a distinct feature with
which to differentiate this taxon from any of the other known spe-
cies in the genus.

The phylogenetic inference positions this new species as a sister
taxa to different morphs of Keratoisis (Keratoisis sp. 3–10 and

12–15), Keratoisis magnifica n. sp., Eknomisis dalioi Watling and
France, 2011, and Lepidisis solitaria. From these, long cylindrical
polyps with eight projecting needles as in K. peara n. sp. can be
found only in Keratoisis sp. 14. However, Keratoisis sp. 14 has very
heavily armed polyps, with more than eight needles, where each
intratentacular group holds at least three needles, only one pro-
jecting out from the tip of the polyp. Adding to the previous differ-
ence between the two species, the polyps of Keratoisis sp. 14 are
densely arranged around the whole twig, and the axis is not pearly.
The comparison of the two species (K. peara n. sp. and Keratoisis sp.
14), the closest ones regarding phylogenetic positioning and polyp
morphology, show additional evidence for the uniqueness of K.
peara n. sp.

Etymology. The species name comes from peara that means pearl
or pearly in Maori language, making reference to the nacreous lus-
ter of the axis.

4. Discussion

The Keratoisidinae is a very diverse group that by 2011 included
57 species (Watling et al., 2011). Currently, with the inclusion of
Eknomisis dalioi, Jasonisis thresheri, and the two new species de-
scribed in this study, the Keratoisidinae subfamily holds 61 spe-
cies. Despite this diversity, our knowledge on this group of
organisms is still very precarious given that most of the deep-sea
environments and habitats are still poorly sampled. Given the
great extension of the deep-sea habitats, it is expected that new
species will be described with increasing sampling effort. This
has been shown by Koslow et al. (2001) for octocorals on the

Fig. 7. Keratoisis peara n. sp. holotype NIWA28277: (A) polyp showing body sclerite arrangement (scale 1 mm); (B and C) lateral aspects of a polyp tentacle showing
longitudinal sclerite arrangement (scale 0.5 mm). All light microscope images.
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seamounts south of Tasmania that were studied with dredge and
camera to assess the impact of trawling for orange roughy. They
discuss that 12–28% of the 33 octocoral species found though out
the study are likely to be new to science (Koslow et al., 2001).
The discovery and further description of new taxa requires phylo-
genetically informative genes and robust morphological characters
as complementary evidence for the descriptions and species
delimitations.

Our phylogenetic analyses of a suite of large Keratoisidinae
bamboo corals from the Southern ocean supported the proposal
of two new species of which K. magnifica n. sp. is commonly found
in deep-sea waters around New Zealand. This species has been al-
ready studied in detail for skeletal morphogenesis (Noé and Dullo,
2006) and ageing (Keratoisis sp.: Tracey et al., 2007), supporting the
importance for describing formally this abundant and large deep-
sea coral. Despite the fact that most octocorals, including bamboo
corals, have a paucity of mitochondrial DNA variation, sequences
from igr4 and mtMutS rendered enough phylogenetic signal for a
better understanding of this clade. However, very low phylogenetic
resolution was obtained with 16S mtDNA. Although this gene had
been proven to have Indels of considerable variation and phyloge-
netic information when studying the subclass Octocorallia, low
intraspecific sequence variation has been found in the Isididae
Family (France et al., 1996). According to France et al. (1996), this
mitochondrial region is useful for identifying species and discern-
ing higher taxonomic relationships, but the intraspecific variation
is too low for population analyses. Due to this claim, and because
our study did not include an intraspecific analysis, we expected
to find sufficient phylogenetic information when using 16S mtDNA.
Moreover, Sánchez et al. (2003) suggests that for helix G13, present
in the secondary structure of 16S, some species share both homol-
ogous insertions and/or deletions suggesting that this region may
have good phylogenetic information. Even though we did find this
variable region within the 16S alignment, it is very small (38 bp),
and an independent phylogenetic analysis for this small region
only supports 2 clades (support values >0.8 for BI). Using a larger
sample size than France et al. (1996), and obtaining specimens

from different genera and different localities, mainly around New
Zealand but also including the North Pacific, Chile, the Atlantic
and the Mediterranean, we expected to see larger variable regions
within the 16S alignment that showed genetic and geographic var-
iation, but we did not. Higher variation would have aided in the
reconstruction of the phylogenetic relationships within Keratoisid-
inae, but given almost no variation was seen, we decided to ex-
clude the 16S gene from any phylogenetic analyses.

We obtained high support for the monophyly of Keratoisidinae
that splits the subfamilies Keratoisidinae and Mopseinae. However,
there was little support for the genera within the Keratoisidinae
subfamily when employing individual igr4 and mtMutS genes, or
with the concatenated igr4-mtMutS matrix. No monophyletic rela-
tionships were obtained for Acanella, Isidella, Keratoisis, and Lepid-
isis. Nevertheless, we obtained monophyly for species such as
Lepidisis solitaria, Orstomisis crosnieri and Keratoisis magnifica n.sp.

The general absence of monophyletic relationships can be ex-
plained through three approaches. First, the genes employed in this
study may only be good for deep phylogenetic resolution. So it is
expected that molecular data do not support morphological groups
(Baco and Cairns, 2012). Although this study focuses on mitochon-
drial genes, additional nuclear genes such as Internal Transcribed
Spacer 2 (ITS2) have been tested for bamboo corals (Dueñas and
Sánchez, 2009), but ITS2 is a multi-copy gene where more than
ten different accessions can be found for a single specimen. Mul-
ti-copy genes are an issue for phylogenetic studies since there is
a high risk of comparing paralogue genes instead of orthologous
gene copies (Holterman, 2008). However, multi-copy genes are
ideal to answer questions regarding processes of reticulate evolu-
tion (Fehrer et al., 2009), even in bamboo corals (Dueñas and Sán-
chez in prep.), but should be treated with caution for systematic
questions given that they can obscure phylogenetic relationships;
therefore single copy genes are preferred for this purpose.

Second, a rapid radiation in Keratoisidinae corals could explain
the low resolution. In this case, different clades can split so rapidly
that the radiation could be considered simultaneous or polyphy-
letic (Poe and Chubb, 2004). Therefore, the low resolution could

Fig. 8. SEM images of sclerites from Keratoisis peara n. sp. holotype NIWA28277: (A) sclerites (needles) from the polyp body (scale 1 mm); (B) sclerites (rods) from the
tentacles (scale 200 lm); (C and D) details of the sclerite surface (scale 10 lm and 100 lm).
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be attributed to the short time the clade has had to accumulate
phylogenetically informative substitutions, and to incomplete line-
age sorting (Glor, 2010). However, we cannot discard other scenar-
ios for a poor resolution outcome that can be associated with
potential phylogenetic-method artifacts. Examples of such scenar-
ios are insufficient data (low character number), inappropriate tax-
onomic sampling, homoplasy, and long-branch attraction (Glor,
2010; Poe and Chubb, 2004; Rokas and Carroll, 2006). For both of
these problems there are particular tests that can be applied in or-
der to see if a polyphyletic outcome is the result of methodological
artifacts (soft polytomy), or is truly a non-dichotomous speciation
event (hard polytomy)(Poe and Chubb, 2004). Further analyses,
such as soft/hard polytomy approaches could be applied to our
dataset in order to do a thorough exploration on the origin of the
poorly resolved phylogenetic trees, but for now we decided to ex-
clude this analyses given that they would change the scope of the
study.

Third, poorly resolved clades can be explained as a result of
morphological issues within the subfamily Keratoisidinae. These
issues are a direct consequence of the low reliability of some of
the taxonomic characters that are used for identification. For
example, branching is one of the main characters that has been
widely used to distinguish species belonging to Keratoisidinae,
but has been proven to be labile and unreliable for Keratosis and
Lepidisis (Dueñas and Sánchez, 2009; France, 2007). Additionally,
given the lack of monophyly for the genera Acanella and Isidella ob-
tained in the present study, branching pattern is also questioned
for these two genera, although additional evidence is needed. Gi-
ven that some species of bamboo corals have been described using
only a fragment of a colony, because that is all there was (e.g.,
Bayer, 1990; Grant, 1976; and this study), taxonomic characters
that focus on polyp and sclerite morphology are greatly needed.
With consistent taxonomic characters it will be easier to identify
complete colonies or colony fragments, and even low quality mate-
rial that is sitting on shelves in different collections around the
word.

Mixing morphology and molecular systematics, can give in-
sights into the legitimacy of newly described species. This is how
we obtained strong evidence that supports the nomination of Ker-
atoisis magnifica as a new species. Even though K. peara n. sp. is
represented by only a fragment, its morphological characters are
conspicuous enough to describe it as a new species. K. peara n.sp.
is placed as a sister species to other Keratoisis species, but none
of them show any of its distinct morphological characters. The
branch lengths and phylogenetic placement give strong evident
to suggest that K. peara n.sp. is a different entity. We strongly agree
different disciplines (e.g., morphology, molecular systematics,
ecology, reproduction, when possible) should be used for taxonom-
ical studies (Schlick-Steiner et al., 2010), because they blend to cre-
ate a more complete and comprehensive approach towards the
understanding of species diversity and distribution.
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Abstract 16 

Uneven distribution of species diversity across the tree of life requires a better 17 

understanding of the underlying causes of variation in diversification rates. Two 18 

hypotheses to explain acceleration in diversification rates are the evolutionary acquisition 19 

of key phenotypic innovations and the transition to novel environments, either of which 20 

could increase speciation relative to extinction rates. Marine corals are an ancient and 21 

diverse group whose species vary widely in morphology, habitat, and mode of energy 22 

acquisition. Here we test whether shifts in diversification rates are correlated with 23 

evolutionary transitions in water temperature (cold vs. warm) and depth (shallow vs. 24 
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deep), in axial configuration, or in their energy acquisition mode (presence vs. absence of 25 

zooxanthellae), all of which are important factors in the development of octocoral 26 

communities worldwide. We reconstructed the most comprehensive molecular phylogeny 27 

for extant Octocorallia to date based on 574 mtMutS mitochondrial DNA sequences and 28 

inferred a timetree using eight fossil calibration points. The time-calibrated phylogeny of 29 

Octocorallia suggested two major lineages of octocorals that date back to the Triassic or 30 

possibly the Carboniferous period. The ancestral octocorals appear to have been 31 

azooxanthellate, deep and cold-water colonies that moved to warmer waters and then 32 

experienced multiple independent gains of zooxanthellae. Our results also suggest that the 33 

primitive form for octocorals may have been soft-corals, which gradually evolved higher 34 

axial structure complexity. A unique shift in diversification rates was identified in the 35 

ancestral branch leading to Sinularia, the most specious octocoral genus, yet no octocoral 36 

trait showed a statistically significant association with rates of diversification. Our 37 

findings give us new insights on the macro-evolutionary history of Octocorallia, however 38 

clearly brings out new issues that will only be resolved with additional analyses, and the 39 

inclusion of more DNA markers and a wider octocoral fossil record. 40 

 41 

Key Words: Diversification rates; Symbidinium; Octocorallia; axis; trait-dependent 42 

diversification; mtMutS; dated phylogeny; soft corals. 43 

 44 

Introduction 45 

Evolutionary studies across the tree of life have shown that species diversity is not 46 

evenly distributed, and thus requires a better understanding of the underlying causes of 47 
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variation in diversification rates. Diversification rates are defined as the difference 48 

between speciation and extinction rates (Moore and Donoghue, 2007; Rabosky and 49 

McCune, 2009), which are known to vary over time and among lineages (Hey, 1992).  If 50 

diversification rates did not change, then older lineages would be more speciose, since 51 

they have had more time for diversity to accumulate (Escudero and Hipp, 2013), yet this 52 

is clearly not the case, demonstrating that clade age and clade richness are to some extent 53 

decoupled (Rabosky et al., 2012). Potential factors responsible for changes in 54 

diversification rate can be categorized into intrinsic factors, such as the physiological, 55 

morphological or behavioral traits, and extrinsic factors, such as environmental changes 56 

(Moore and Donoghue, 2007; Rabosky and McCune, 2009).The latter would include 57 

colonization of a new geographic area resulting with new ecological opportunities that 58 

may promote an increase in diversification (Moore and Donoghue, 2007). 59 

Key innovations are evolutionary novelties that allow the exploitation of new 60 

resources or habitats, triggering an adaptive radiation (Heard and Hauser, 1995). These 61 

novelties can lead to the evolutionary success of a clade, and result in differences in 62 

speciation and extinction rates among clades (Heard and Hauser, 1995; Hunter, 1998). 63 

Key innovations are detected by correlation methods (Rabosky and Huang, 2015; Ree, 64 

2005), where it is possible to estimate character-dependent speciation and extinction rates 65 

from incompletely sampled molecular phylogenies (FitzJohn et al., 2009; Rabosky, 66 

2014). 67 

Molecular dating uses the fossil record, geological events, or indirect estimates of 68 

rates to infer absolute times over which lineages diverge. The fossil record has been by 69 

far the preferred option when calibrating a phylogeny and estimating diversification rates 70 
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because it gives more reliable estimates to molecular-estimated rates and ages (Magallón, 71 

2004). The fossil record of some groups is poorly known making it difficult to estimate 72 

divergence times. For octocorals, few groups hold a wide fossil record, most of them 73 

have very poor records, and for some there are no known fossils. Poor geological records 74 

occur because octocorals are mainly composed of soft tissues that do not preserve well, 75 

and the structures that do preserve (stem axis, sclerites) are often overlooked (Bayer, 76 

1956; Giammona and Stanton-Jr., 1980). This has allowed dated phylogenies to be 77 

estimated only for particular groups of octocorals (Ardila et al., 2012; Dueñas et al., 78 

2016; Herrera et al., 2012; Quattrini et al., 2013; Taylor and Rogers, 2015).  79 

Many shallow-water octocorals have a symbiotic association with zooxanthellae 80 

microalgae (Symbiodinium, Dinophyta), allowing them to have different mechanisms of 81 

energy acquisition, which may in turn permit the colonization of different types of marine 82 

habitats (Fabricius and Alderslade, 2001). The mechanism of energy acquisition for an 83 

octocoral with no zooxanthellae (azooxanthellate) involves passive suspension feeding, 84 

while for a zooxanthellate octocoral energy needs are met by the algal symbiont, with 85 

additional nutrients obtained through food intake (Fabricius and Alderslade, 2001; 86 

Fabricius and De'Ath, 2008; Van Oppen et al., 2005). Symbiosis has been considered as a 87 

mean by which evolutionary novelty appears through the association of two genomes that 88 

lead to an adaptive advantage, exploitation of novel habitats, and subsequent taxonomic 89 

radiation (Margulis and Fester, 1991), as there is movement to new adaptive zones 90 

(Norris, 1996). Symbiosis in octocorals could be thought of as a key innovation that led 91 

to differential diversification rates in clades with zooxanthellate versus azooxanthellate 92 

octocorals.   93 
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Octocorals are widely distributed, occurring in habitats that vary markedly in 94 

seawater temperatures. Water temperature has been correlated with metabolic rates in 95 

octocorals (Miller, 1995). And metabolic rates have been associated with changes in 96 

diversification rates in primates (Martin and Palumbi, 1993; Rutschmann, 2006). 97 

Metabolic rate in octocorals is measured as growth through calcium carbonate deposition 98 

and oxygen consumption, which has been associated with water temperature, with 99 

colonies showing slower metabolic rates under cold-water conditions (Miller, 1995; 100 

Previati et al., 2010; Rodolfo-Metalpa et al., 2008). Habitat can also be related to water 101 

depth, where it is common to find octocoral communities in both shallow- and deep-102 

waters ranging from the intertidal zone (e.g., Cryptophyton jedsmithi) down to 5850 m of 103 

depth for Convexella krampi which holds the record for the deepest octocoral (Cairns and 104 

Bayer, 2009). The evolutionary transitions between habitats from cold-water to warm-105 

water, and from deep- to shallow-water could have played a role in the distribution of 106 

diversification rates in the octocoral tree of life.  107 

Establishment in selected microhabitats may be accompanied by particular 108 

morphological changes that could therefore drive changes in diversification rates. Within 109 

reefs, microhabitat differences are associated with local conditions such as water flow, 110 

light, rugosity, slope, and type of substrate, among others (Bayer, 1961). Competition 111 

among benthic organisms is related to a number of growth strategies with great adaptive 112 

value (Jackson, 1977). In order to exploit different resources and avoid competition at 113 

substrate level, some octocorals have developed an axial (skeletal) configuration to 114 

minimize the area of attachment while allowing them to reach higher in the water column 115 

from a couple of centimeters up to >10 m (Cadena and Sánchez, 2010; Sánchez, 2005). 116 
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The basic skeletal arrangement shared among all octocorals includes the presence of 117 

scattered sclerites, which are calcium carbonate spicules embedded within the 118 

coenenchymal tissue (Chang et al., 2007; Muzik and Wainwright, 1977). Some octocorals 119 

only have this basic skeletal arrangement and differ in the amount of coenenchymal tissue 120 

connecting the polyps (e.g., Alcyonium, Carijoa), while for others there is a conspicuous 121 

axial skeleton that provides support allowing the octocorals to grow vertically. This axial 122 

skeleton can be made from additional fused sclerites (e.g., Paragorgia, Melithaea), a 123 

horny proteinaceous material called gorgonin (e.g., Gorgonia, Plexaura), or a hard 124 

material composed of calcite or aragonite (e.g., Keratoisis, Heliopora) (Bayer, 1961). The 125 

evolution of a differential axial configuration in octocorals may have promoted distinct 126 

ways of exploiting resources and therefore shape the diversification history of these 127 

organisms.  128 

Given that habitat, axial configuration and energy acquisition mode are factors 129 

that determine the development of octocoral communities worldwide, we wanted to test 130 

whether shifts in diversification rates are correlated with these three factors. If they have 131 

influenced the evolutionary history in octocorals, significant correlations between shifts 132 

in diversification rates and octocoral character states are expected. To answer these 133 

questions, first we needed to infer the phylogenetic relationships among families and 134 

genera of octocorals and estimate divergence times. For this reason, we also constructed 135 

the first comprehensive molecular phylogeny for extant Octocorallia based on 136 

mitochondrial DNA sequences to be dated using fossil calibrations. 137 

 138 

 139 
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Methods 140 

Sample selection  141 

Octocorals are a diverse group that includes more than 3000 species and 375 142 

genera divided among 52 families. To obtain the most complete taxonomical coverage 143 

possible for octocorals, we selected molecular markers that encompassed the taxonomical 144 

coverage we aimed for. Unfortunately, for octocorals, the identification and development 145 

of octocoral-wide reliable DNA markers has been a very slow process. The most widely 146 

used marker for the study of generic- and family-level relationships in octocorals is the 147 

mitochondrial gene region, mtMutS, a homolog of mutS that is present in octocorals and 148 

absent in any other metazoan (Bilewitch and Degnan, 2011; Culligan et al., 2000; 149 

McFadden et al., 2006b). We obtained 573 published sequences of mtMutS from all 150 

species that were available in GenBank (Coordinators et al., 2014). Sequences were 151 

downloaded in April 2014 with an addition of an unpublished sequence from Pacifigorgia 152 

irene (Ramirez et al. in prep; Supplementary Table 1). Current taxonomical assignments 153 

were checked through the World Register of Marine Species-WoRMS (Boxshall et al., 154 

2016). 155 

 156 

Molecular phylogenetic inference 157 

We used 574 mtMutS sequences to infer the phylogenetic relationships within 158 

Octocorallia. We used the amino acid sequences to create an alignment using MUSCLE 159 

(Edgar, 2004), under the default parameters as implemented in Geneious v8.0.2 (Kearse et 160 

al., 2012). We used maximum likelihood (ML) to infer an optimal tree, with potential 161 

models of amino acid substitution evaluated by the corrected Akaike information criterion 162 
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(AICc) and the Bayesian information criterion (BIC) as implemented in TOPALI v2.5 163 

(Milne et al., 2009). Both criteria supported the JTT+I+G model. A ML tree was inferred 164 

using RAxML (Stamatakis et al., 2008), with  the "Let RAxML halt bootstrapping 165 

automatically" option enforced. Analyses were run on the CIPRES Science Gateway 166 

(Miller et al., 2010). The resulting ML tree was used to inform the placement of fossil 167 

calibration points. 168 

 Given that octocorals are the only metazoans that possess the mtMutS gene 169 

(Bilewitch and Degnan, 2011; Culligan et al., 2000), the Octocorallia tree could not be 170 

rooted based on outgroup comparison. Previous studies have tried to use the yeast MutS 171 

gene as an outgroup, but amino acid sequences alignment is uncertain (McFadden et al., 172 

2006b). McFadden et al. (2006) rooted their octocoral phylogeny assuming that the 173 

octocoral genera Erythropodium and Briareum are sister to the rest of Octocorrallia, based 174 

on previous phylogenetic analyses using other markers, although their rooted tree was 175 

similar to that obtained from simple mid-point rooting. Therefore, our trees are also mid-176 

point rooted. Phylogenetic relationships were also assessed through a Bayesian inference 177 

(BI) approach (see Timetree estimation, below), and support values are shown for both 178 

approaches. 179 

 180 

Timetree estimation  181 

The model of amino acid substitution for Bayesian inference (BI) also assumed the  182 

JTT+I+G model (see above).  A Bayesian MCMC joint estimation of gene tree and 183 

divergence times was estimated from the mtMutS alignment using BEAST v1.8 184 

(Drummond et al., 2012). We assumed a Birth-Death speciation tree prior, and divergence 185 
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times were estimated using a relaxed molecular clock with log-normal uncorrelated rates. 186 

For temporal calibration of divergence times, we employed seven fossils from extant 187 

octocoral genera (Table 1), where each fossil used corresponded to the oldest known fossil 188 

for that genus (Hayward, 1977; Kocurko, 1993; Kuzmicheva, 1980; Kuzmicheva, 1987; 189 

Schlagintweit and Gawlick, 2009; Umbgrove, 1945; Vertino et al., 2010). The minimum 190 

estimated age of each fossil was treated as the minimum possible stem age of that genus. 191 

A log-normal distribution was set as a prior for each fossil calibration as suggested by Ho 192 

(2007), with a 95% confidence interval covering each constraint (Table 1).  193 

The analyses were run four times to avoid searching only on local optima 194 

(McGuire et al., 2014). Each run consisted of 500 million generations, four chains and 195 

default heating values. Trees and parameter values were sampled every 5000 generations 196 

and the first 10% of the samples were discarded as burn-in. Tracer v1.8 (Drummond et al., 197 

2012) was used to check the output for adequate convergence and mixing of all 198 

parameters, and to confirm an adequate effective sample size (ESS > 200). Tree files from 199 

the different runs were combined using LogCombiner v1.8 (Drummond et al., 2012), then 200 

summarized in TreeAnnotator v1.8 (Drummond et al., 2012) to obtain a maximum clade 201 

credibility consensus tree, and calculate the 95% posterior credibility intervals for 202 

divergence times and other parameters.  203 

We also ran the analysis on an empty dataset sampling from the prior distributions, 204 

to evaluate the influence of the priors on the posterior distribution estimates (Thorne and 205 

Kishino, 2002; Wood et al., 2013).  206 

 207 

Trait evolution 208 
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 We evaluated the evolution of four traits, which are energy acquisition mode, 209 

habitat as water depth and water temperature, and axial configuration, that are important 210 

for the development of octocoral communities worldwide. To gather information on 211 

habitat, axis configuration, and energy acquisition mode for every species we used 212 

databases and online resources where we obtained the information directly or where we 213 

found reports in the original publications that were later consulted (e.g., (Boxshall et al., 214 

2016; EOL, 2014; Messing et al., 2014; OBIS, 2014). We also used books (e.g., (Bayer, 215 

1955; Bayer, 1961; Fabricius and Alderslade, 2001), papers (e.g., (Breedy et al., 2012; 216 

McFadden et al., 2006a; Quattrini et al., 2014; Reich and Kutscher, 2011; Sánchez and 217 

Wirshing, 2005; Van Oppen et al., 2005; Wirshing et al., 2005), personal communications 218 

(Andrea Gori, Andrea Quattrini), and our experience working with different octocoral 219 

groups. Even though water temperature and water depth are continuous traits, we had to 220 

categorize them (cold - warm and shallow - deep, respectively), as it was impossible to 221 

find quantitative information for most species. Even for those species that did have 222 

quantitative trait data, often ranges were reporting, such that a point value would not 223 

describe the actual habitat preference of the species. Therefore, habitat as water 224 

temperature was divided into cold-water octocorals, inhabiting water temperatures ≤ 17ºC, 225 

and warm-water octocorals inhabiting temperatures > 17ºC. Depth of habitat was 226 

categorized as 'deep' for octocorals that live in the aphotic zone (> 200m), and 'shallow' for 227 

octocorals that inhabit the photic zone (≤ 200m). Eleven octocoral species were identified 228 

as inhabiting both cold and warm waters, and 14 were common to both shallow and deep 229 

habitats. We used those ambiguities as a third character state for each trait, therefore for 230 

temperature we evaluated warm, cold and warm/cold, and for depth we evaluated shallow, 231 
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deep and shallow/deep.  232 

 Axial configuration of octocorals was defined by five categories based on the 233 

distribution of sclerites within the colony and the composition of an axis, if present. Most 234 

of these categories actually correspond to the taxonomical classification of subordinal 235 

groups, however there are a few exceptions. Octocorals that only have a layer of scattered 236 

sclerites and whose polyps are connected by lateral or basal stolons are categorized as 237 

'stolonifera' (subordinal group Stolonifera). The category 'soft-fleshy' is also comprised 238 

only of scattered sclerites in more than one layer, with polyps connected by thick 239 

coenenchymal tissue and a lack of a central axis (subordinal group Alcyoniina, and the 240 

pennatulacean Renilla). Octocorals that have a central axis made from fused sclerites are 241 

categorized as 'spicular' (subordinal group Scleraxonia). Axial configuration of horny 242 

gorgonin skeleton was named 'proteinaceous' (suborder Holaxonia), while a highly 243 

calcified configuration of calcite or aragonite was categorized as 'hard' (suborder 244 

Calcaxonia, order Pennatulacea, order Helioporacea, and the stoloniferan genus Tubipora).  245 

 To reconstruct the evolutionary history of energy acquisition mode (zooxanthellate 246 

vs. azooxanthellate octocorals), habitat as water-temperature (cold vs. warm water) and 247 

depth (shallow vs. deep), and axial configuration (soft-fleshy, spicular, proteinaceous, 248 

hard, and stolonifera) we mapped each trait onto the dated phylogeny, and reconstructed 249 

the ancestral character states in R (R Core Team, 2014). We used the fitDiscrete function 250 

from 'geiger' (Harmon et al., 2008) to select the best likelihood model of trait evolution for 251 

each of our discrete characters. Using the recommended model for each trait (ARD was 252 

selected as the best model for all traits), we applied a Bayesian stochastic character 253 

mapping method that allows changes along the branches, not just at the nodes, and takes 254 
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into account the uncertainty in the history of the trait. For this purpose we used the 255 

function make.simmap in 'phytools' (Revell, 2012) in R (R Core Team, 2014), employing 256 

an empirical Q matrix, and 1000 simulations for each trait. 257 

 258 

Estimating trait-dependent diversification  259 

The method for testing hypotheses of trait-dependent diversification, called 260 

STRAPP (“STructured RAte Permutations on Phylogenies”; Rabosky and Huang (2015)), 261 

involves three steps: 1) estimating diversification rates across the phylogenetic tree, 2) 262 

calculating an empirical test statistic between character states and diversification rates, and 263 

3- comparing the observed test statistic to a null distribution that is obtained via 264 

permutations of the distribution of the evolutionary rates across the phylogeny. Following 265 

STRAPP we estimated diversification rates for the octocoral tree and assessed the 266 

relationship between rate variation and each trait.  267 

The evolution of diversification rates was modeled using the dated phylogeny of 268 

octocorals and a Bayesian analysis of macroevolutionary mixtures (BAMMs). BAMM can 269 

identify different evolutionary regimes, thus detecting and quantifying heterogeneity in 270 

evolutionary rates across a phylogeny (Rabosky, 2014). BAMM uses a reversible jump 271 

Markov chain Monte Carlo method, and estimates marginal distributions of speciation and 272 

extinction rates for each branch on the tree (Rabosky, 2014). To account for incomplete 273 

taxon sampling, we assumed the total number of octocoral species to be 3500 (World 274 

Register of Marine Species-WoRMS; Boxshall et al. (2016)), applied the global sampling 275 

probability method (useGlobalSamplingProbability = 1), and estimated the global 276 

sampling fraction as 0.16 (574 sampled species / 3500). Species richness is uneven among 277 
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genera, family, suborder or order of octocorals and most of these taxonomical categories 278 

do not represent monophyletic groups. Therefore, we could not account for non-random 279 

taxon sampling given that we cannot assign a clade-specific value, thus assuming 280 

monophyly, for any taxonomic group within octocorals. To define the priors on rate 281 

parameters we used the setBAMMpriors from the BAMMtools package (Rabosky et al., 282 

2014) in R (R Core Team, 2014), and conducted a run with 5 x 109 generations of 283 

rjMCMC sampling, discarding the first 10% of samples as burn-in. The effectiveSize 284 

function from the CODA package (Plummer et al., 2006) was used to check the output for 285 

adequate convergence and mixing quality of all parameters, and to confirm an adequate 286 

effective sample size (ESS > 200). 287 

To estimate possible statistical association between the rate of speciation and 288 

character state changes, we used the speciation rates obtained from the BAMM analysis 289 

and information from each trait. For this purpose we used the traitDependentBAMM 290 

function from the BAMMtools package (Rabosky, 2014; Rabosky et al., 2014; Rabosky et 291 

al., 2013) in R. This function permutes the speciation rates among the tips while 292 

maintaining the covariance in evolutionary rate regimes among species (Rabosky and 293 

Huang, 2015). The analysis was done with 10,000 permutations. We used the non-294 

parametric Mann-Whitney U test to assess whether there is a significant difference in 295 

speciation rates between the states for energy acquisition mode. To assess significance for 296 

water temperature, water depth, and axial configuration we also performed 10,000 297 

permutations, but used the Kruskal-Wallis statistic. 298 

 299 

Results 300 
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Phylogenetic relationships and divergence times 301 

 ML and BI phylogenetic reconstructions clearly recovered two major clades 302 

(Figure 1), although only ML bootstrapping assigned moderate support for this split (78%, 303 

versus posterior probability of 0.62 under BI). Octocorals are currently divided into three 304 

orders, which are Alcyonacea, Pennatulacea and Helioporacea. The order Alcyonacea, 305 

comprising 95% of all species sampled in this study, is clearly distributed among both 306 

clades. The first clade contains only Alcyonacea, most of them from the Alcyoniina and 307 

the Holaxonia suborders, while the second clade contains a mix all three octocoral orders 308 

(Alcyonacea, Pennatulacea, and Helioporacea). Helioporacea is recovered as closely 309 

related to the Alcyonacean suborder Calcaxonia, and its crown is dated at 34.44 Ma (95% 310 

C.I. 33.9–39.44 Ma). The order Pennatulacea was recovered as a monophyletic group, 311 

however it contains the family Ellisellidae that belongs to a different group (order 312 

Alcyonacea, suborder Calcaxonia). Pennatulacea is much older than Helioporacea with an 313 

origin during the Early Cretaceous (122.14 Ma; 95% C.I. 86.54–164.93 Ma). The second 314 

clade also contains all highly calcified octocorals from the suborder Calcaxonia, some soft 315 

corals (subordinal group Alcyoniina), almost half of the branched skeleton-less octocorals 316 

(subordinal group Scleraxonia), plus a few stoloniferans (subordinal group Stolonifera). 317 

Based on our phylogenetic results, we will be calling these two clades Clade I including 318 

the gorgonian corals from subordinal groups Holaxonia and Alcyoniina, and Clade II, 319 

which includes orders Helioporacea and Pennatulacea, and suborder Calcaxonia (order 320 

Alcyonacea).  The BI reconstruction shows the base of each mayor clade (Clade I and II) 321 

flanked by two remarkable stoloniferous octocorals (Supplementary Figure 1). One is the 322 

sclerite-less Cornularia pabloi and the other is a clade including Clavularia and the 323 
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pinnule-less Knopia octocontacanalis. However, for the ML reconstruction this pattern is 324 

not seen. A common pattern seen for both reconstructions is the absence of well-supported 325 

deep nodes (<0.8 and <70%), particularly evident for the ML reconstruction (Figure 2 and 326 

3). 327 

 Clade I (Figures 1 and 2) showed a pattern of polyphyly for soft corals (suborder 328 

Alcyoniina) and gorgonian corals (suborder Holaxonia) given the low support for the deep 329 

nodes. One of the oldest lineages (subclade I) contains many stoloniferous octocorals 330 

(182.83 Ma; 95% C.I. 148.5–234.04). In subclade I the highly calcified organ pipe coral 331 

(Tubipora) and the soft coral Cladiella pair with a clade of other stoloniferous octocorals 332 

(e.g., Cervera, Inconstantia), soft corals (e.g., Chironephthya) and the atypical 333 

scleraxonian Melithaea. Subclade II holds most species from the subordinal group 334 

Alcyonina and all of Holaxonia, the latter also non-monophyletic. The families 335 

Gorgoniidae and Plexauridae are non-monophyletic, some of them (the Plexauridae 336 

subfamily Stenogorgiinae) grouping together with low support, whereas the rest of 337 

Plexauridae (subfamily Plexaurinae) is nested together with the soft corals Nephtheidae 338 

and a clade containing miscellaneous stoloniferous corals (e.g., Carijoa) and scleraxonians 339 

(e.g., Anthothela). Within Alcyoniidae, the most speciose octocoral family, the genera 340 

Sinularia, Sarcophyton and Lobophytum formed a well-supported clade, whereas some 341 

older lineages of the family were recovered as paraphyletic grades of Alcyonacea (e.g., 342 

Alcyonium, Nidalia and Gersemia), as well as some scleraxonians (e.g., Anthothela 343 

grandiflora). The most unexpected grouping was found in subclade III, which contained 344 

species from diverse taxonomic groups including octocorals such as Taiaroa tauhou (a 345 

solitary octocoral), Keroeididae, a number of scleraxonians (Subergorgiidae) and 346 
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holaxonians (Gorgoniidae and Plexauridae). These species were recovered with very low 347 

support values. 348 

 From the suborder Alcyoniina (Clade I), only two of the six families were 349 

recovered as monophyletic. The mono-generic family Aquaumbridae was represented by 350 

four samples in our phylogeny, which formed a well-supported clade (0.98 and 99%) with 351 

a crown age of 11.89 Ma (95% C.I. 0.51–28.68 Ma). The family Xeniidae contains 17 352 

genera, of which nine were represented in this study. Twenty-three of 24 species of 353 

xeniids formed a clade with moderate to high support values (0.98 and 70%) and a crown 354 

age of 56.86 Ma (95% C.I. 26.93-99 Ma) and moderate to high support values. For the 355 

nominal suborder Scleraxonia, only Melithaeidae was recovered as a monophyletic family, 356 

though only one of two genera in this family, Melithaea was represented in our data set. 357 

The 13 species in this genus formed a clade with very high statistical support (0.95 and 358 

100%) and an estimated crown age of 72.34 Ma (95% C.I. 62.08–90.75 Ma). 359 

 Clade II (Figures 1 and 3) harbored lineages from the suborders Alcyoniina, 360 

Scleraxonia, Calcaxonia, and the former orders Heliporacea and Pennatulacea. Some 361 

lineages within Clade II show the transition from soft corals (suborder Alcyoniina) to 362 

highly calcified corals (suborder Calcaxonia). This is the case of a soft coral lineage in 363 

which the species are characterized by the presence of radiate-derived sclerites, including 364 

the fleshy soft corals Anthomastus, Heteropolypus, and Paraminabea. This clade is older 365 

(82.83 Ma; C.I. 95% 30–127.19 Ma) than branching scleraxonians such as Paragorgia 366 

(bubble-gum corals) (42.04 Ma; 95% C.I. 18–73.71 Ma) that comprise the sister group of 367 

the highly calcified Corallium/Hemicorallium (precious red corals) (85.13 Ma; 95% C.I. 368 

84.33–87.9 Ma). The other two scleraxonian families, Briareidae (Briareum) and 369 
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Spongiodermidae (Diodogorgia, Homophyton, and Titanideum), formed sister groups with 370 

a common ancestor dated at 58.55 Ma (95% C.I. 22.63–109.25 Ma).  371 

 The suborder Calcaxonia is the most diverse within Clade II with an inferred 372 

crown age of 119.9 Ma (95% C.I. 76.91–172.02 Ma). Few Calcaxonian species are absent 373 

from this clade, which are the family Ellisellidae (nested within the Pennatulacea), 374 

Chelidonisis aurantiaca (family Isididae) that is placed at the base of the Calcaxonian 375 

clade with very low support, and Isis hippuris (family Isididae) that was grouped within 376 

Clade I. The current Calcaxonian classification embraces six families, five of which are 377 

present in this octocoral phylogeny (Ellisellidae, Ifalukellidae, Chrysogorgiidae, Isididae 378 

and Primnoidae), with only Chrysogorgiidae being paraphyletic. Ellisellidae has a crown 379 

age dated around 66.96 Ma (95% C.I. 66.07–70.08 Ma). Ifalukellidae, is represented only 380 

by two species (Ifalukella yanii and Plumigorgia sp.) placed within the Calcaxonian clade 381 

and closely related to shallow-water representatives of the Chrysogorgiidae family, with a 382 

crown age of 3.6 Ma (95% C.I. 0.06–12.37 Ma). Primnoidae was recovered within the 383 

Calcaxonian lineage with a crown age of 75.05 Ma (95% C.I. 38.74–115.61 Ma). Finally, 384 

Isididae, also within Calcaxonia, was recovered as sister to Primnoidae and is the oldest 385 

family dated around 96.36 Ma (95% C.I. 57.6–141.01).  386 

 387 

Octocoral trait evolution 388 

 We analyzed the evolutionary history of four discrete octocoral traits within 389 

Octocorallia: energy acquisition mode (zooxanthellate vs. azooxanthellate octocorals), 390 

water temperature (cold-water vs. warm-water octocorals), water depth (shallow-water vs. 391 

deep-water octocorals), and axial configuration. As with any time-calibrated phylogeny, 392 
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estimates on diversification times should be taken with caution. Among the 574 octocorals 393 

represented in our phylogenetic reconstruction, the largest proportion corresponded to 394 

azooxanthellate species compared to zooxanthellate species (344 vs. 230, respectively). 395 

Both modes were distributed throughout the phylogeny, however zooxanthellate 396 

octocorals were concentrated in one large clade and also a small clade both belonging to 397 

the Family Alcyoniidae. Deep nodes were identified as azooxanthellate (Figure 4A). We 398 

found an average of 28 changes between states, of which 24 were a gain of zooxanthellae 399 

(from azooxanthellate to zooxanthellate) and 4 represent a loss of zooxanthellae (from 400 

zooxanthellate to azooxanthellate) (Figure 4B). The time of appearance of the first node 401 

with more than 0.7 probability of being zooxanthellate dates from 115.51 Ma (95% C.I. 402 

192.41–66.69 Ma).  403 

 We assessed habitat use based on two traits, water temperature and water depth. 404 

Regarding water temperature, there were 319 warm-water species, 244 cold-water species, 405 

and 11 that are found in both habitats warm/cold. Though the stochasting mapping we 406 

found deep nodes as cold-water octocorals with multiple incursions into warm waters 407 

(Figure 5A). The first appearance of a shift from cold to warm waters with more than 0.7 408 

probability is dated at 147.36 Ma (95% C.I. 201.33-90.19 Ma). We found an average of 409 

116 changes between states, of which 37 were movements from cold to warm waters 410 

(Figure 5B). 411 

 For water depth, the dataset included 367 shallow species, 193 deep species and 14 412 

species that are found in both habitats shallow/deep (Figure 6A). The deepest node was 413 

reconstructed with high uncertainty, being deep or shallow/deep. However there is a 414 

slightly higher probability for deep than for shallow/deep (0.51 vs. 0.49, respectively). The 415 
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stochastic mapping analysis showed an average of 116 changes between states, with 416 

higher number of changes from deep habitats to shallow habitats (49 shifts), and between 417 

deep and shallow/deep with very similar values in both directions (26 and 28 changes) 418 

(Figure 6B). The time of appearance of a node with >70% probability of a shift to shallow 419 

waters is dated at 170.64 Ma (95% C.I. 125.45-221.16 Ma).  420 

 Axial configuration was evaluated through five character states. Most octocorals 421 

were categorized as 'soft-fleshy' (245 species), followed by 'hard' (129 species), and 422 

'proteinaceous' (119 species). We defined 58 species as 'spicular', and 23 as 'stolonifera'. 423 

All character states were distributed in both major clades (Clade I and Clade II), however 424 

their relative frequencies differed considerably. Octocoral species identified as 'soft-425 

fleshy', 'proteinaceous' and 'stolonifera' were more frequent within Clade I, 'hard' 426 

octocorals more abundant in Clade II, and 'spicular' evenly distributed among both clades. 427 

The ancestral character state reconstructions analysis showed the deepest node as 'soft-428 

fleshy' octocorals, with higher probability (0.41) compared to the other states (Figure 7A). 429 

Nevertheless, there is an evident differential character evolution pattern for each of the 430 

two major clades. Clade I displayed highest probabilities of 'soft-fleshy' octocorals at the 431 

deeper nodes evolving gradually to more complex axial configurations. On the contrary, 432 

Clade II shows a early shift from 'soft-fleshy' to 'spicular' and 'hard' axial configurations. 433 

We found an average of 275 changes between states, the highest being shifts from 'soft-434 

fleshy' to 'stolonifera', and from 'spicular' to 'hard' (Figure 7B). The first appearance 435 

(>70% probability) of a 'hard' axial configuration took place around 166.21 Ma (95% C.I. 436 

91.97-215.33 Ma), for a 'proteinaceous' configuration around 136.6 Ma (95% C.I. 96.81-437 

185.32 Ma), for a 'spicular' configuration around 121.95 Ma (95% C.I. 86.41-171.1 Ma), 438 
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and for 'stolonifera' around 62.31 Ma (95% C.I. 24.10-108.91 Ma), making it the youngest 439 

axial configuration.  440 

 441 

Trait-dependent diversification  442 

 The BAMM analysis identified five models for diversification rate shifts for the 443 

whole octocoral tree. The sampled models included 0 - 4 rate shifts along the phylogeny, 444 

however a one-rate shift model was selected with the highest posterior probability (0.59). 445 

The Bayes Factor analysis also showed slightly higher support for a model with a single 446 

diversification shift, relative to the null model (BF1= 3.79) (Figure 8a and Supplementary 447 

Table 2). The unique shift in diversification rates was identified in one of the ancestral 448 

branches leading to a group which we refer to here as the 'Sinularia clade', that contains 449 

the octocoral Dampia pocilloporaeformis and 79 of the 83 species of Sinularia (leaving 450 

out S. loyai, S. vrijmoethi, S. flaccida, and S. grandilobata; Figure 8b-d). This shift 451 

corresponded to acceleration in the diversification rates for the 'Sinularia clade' in 452 

comparison to the rest of the octocoral phylogeny, with a mean speciation rate of 0.562 453 

(0.05 and 0.95 quantiles of 0.422 and 0.754, respectively), versus that of the remainder of 454 

the octocoral phylogeny (0.431, 0.05 and 0.95 quantiles of 0.386 and 0.491, respectively), 455 

and the rate for the background lineages (0.424, 0.05 and 0.95 quantiles of 0.380 and 456 

0.492, respectively), which is calculated based on the complete phylogeny excluding the 457 

'Sinularia clade'. 458 

 The macroevolutionary rate dynamic is not homogeneous among octocorals 459 

(Figure 9). As expected from the previous results, the 'Sinularia clade' (Figure 9, group C) 460 

is strongly decoupled from the rest of the octocoral regime (Figure 9, group A), showing 461 
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probabilities of a shared macroevolutionary rate of < 0.5. However, there are two other 462 

small groups that show heterogeneity in the general macroevolutionary rate dynamics. 463 

Group D (Figure 9, group D) comprised a small clade, which holds the remaining four 464 

Sinularia species that, as stated above, are not part of the 'Sinularia clade'. The 'Sinularia 465 

clade' (group C) and group D have a probability of a shared macroevolutionary regime 466 

close to 0.5, and group D compared to the rest of the groups has a probability of  > 0.7. 467 

Finally, group B holds species from the genera Lobophytum and Sarcophyton, which 468 

belong to the same family as Sinularia (Family Alcyoniidae). There is a higher probability 469 

that group B shares a common macroevolutionary regime with A and D, than with the 470 

'Sinularia clade' (group C).  471 

 Speciation rates through time have been relatively stable through the evolution of 472 

extant octocorals in general (Figure 10). However, for the 'Sinularia clade' there was a 473 

notable increase in speciation rates for the last 50 my. Additionally, analyzing all 474 

octocorals excluding the 'Sinularia clade', a very slight trend of speciation rate slowdown 475 

was obtained. Therefore, despite the apparent stability of extant octocoral speciation rates, 476 

the overall trend is towards a decrease of rates through time, with the exception of the 477 

'Sinularia clade'. 478 

 We estimated the evolutionary association between the rate of speciation and 479 

phenotypic evolution for four octocoral traits, which were energy acquisition mode, 480 

habitat as water temperature and depth, and axial configuration (Figure 11). For energy 481 

acquisition mode, the tip median speciation rate for zooxanthellate species was higher than 482 

the rate estimated for azooxanthellate species (0.44 and 0.42, respectively) (Figure 11A). 483 

However, we found no statistical association between the speciation rates and the energy 484 
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acquisition mode (P>0.1). Habitat as water temperature had warm speciation rates slightly 485 

higher (0.41497) compared to those of cold and warm/cold, which shared the same 486 

speciation rate (0.41487) (Figure 11B). Habitat as water depth also showed slightly higher 487 

values for shallow (0.41497) than for deep and shallow/deep (0.41461), again with shared 488 

values (Figure 11C). In a similar manner, no statistical association of water temperature 489 

and speciation rates (P>0.1), or water depth and speciation rates was found (P>0.1). 490 

Finally, for axial configuration tips median speciation rates were slightly higher for 'soft-491 

fleshy' octocorals than for the rest of the states (0.44 and 0.42, respectively), again with no 492 

statistical association of rates and traits (P>0.1) (Figure 11D). 493 

 494 

Discussion 495 

Phylogenetic relationships and divergence times 496 

 We have inferred the most complete octocoral dated phylogeny so far, including 497 

574 species, however using only one mitochondrial gene. Previous to this study the most 498 

complete molecular phylogeny of extant Octocorallia was that of McFadden et al. (2006b), 499 

which included representatives of 115 genera, and was based on two mitochondrial genes 500 

(mtMutS and ND2). Although we have managed to increase the sampling effort that has 501 

led us to a different perspective of the systematic relationships within Octocorallia, there is 502 

still a long way to go. One of the hopes when reconstructing a new octocoral phylogeny is 503 

to approach a natural taxonomic classification. Our results suggest that we are far from 504 

reaching any morphology-friendly classification of Octocorallia. What we should consider 505 

instead is that the major clades of the group underwent parallel transitions from fleshy soft 506 

corals to branching groups with increasing complexity of branching patterns and axial 507 
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materials. The two major lineages (Clade I and Clade II) have evidence of their common 508 

origin, which is shown in each clade as old basal simple soft coral forms. It might make 509 

sense to think about an Octocorallia with more taxonomic families (even more than at the 510 

moment) within only two major clades. Such a proposal had been lingering in preliminary 511 

phylogenetic studies (Sánchez et al., 2003) but some larger phylogenies were uncertain 512 

about this hypothesis (Berntson et al., 2001; McFadden et al., 2006b; McFadden et al., 513 

2010).  514 

 This dated phylogeny clearly brings new issues yet to test and assess but some 515 

longstanding questions can now be answered. McFadden et al. (2006b) predicted a rapid 516 

radiation for the Holaxonia+Alcyoniina but the lack of a time-calibrated tree prevented 517 

confirmation of that conclusion. Clearly, Clade I, including genera such as Sinularia, had a 518 

faster diversification rate than the rest of Octocorallia. This clade, mostly distributed in 519 

tropical waters, engaged in endosymbiosis with Symbiodinium zooxanthellae (Van Oppen 520 

et al., 2005) and colonized diverse rocky and coral reef habitats, which have a direct effect 521 

on octocoral assembly (Velásquez and Sánchez, 2015).  522 

 In Clade II, Calcaxonia + Pennatulacea + Ellisellidae formed a clade with a similar 523 

axis calcification structure (Bayer, 1955; McFadden et al., 2006b), which was also 524 

supported by our time-calibrated tree.  This clade also includes other highly calcified 525 

octocorals that do not share the same axial structure as calcaxonians such as Helioporacea 526 

and Corallium (McFadden et al., 2010). This group is mostly a cold-water and deep-water 527 

lineage.  528 

 Longstanding problems regarding the molecular phylogenetic tree reconstructions 529 

of Octocorallia unfortunately remain in some parts of our time calibrated tree. For 530 
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instance, the long branch attraction between groups such as Pterogorgia and Muriceopsis 531 

documented with nuclear DNA markers (Aguilar and Sánchez, 2007), clearly remains in 532 

this mitochondrial phylogeny, which supports the concern that that particular and 533 

‘disparate’ clade in Alcyonacea bears phylogenetic artifacts.   534 

 The temporal origin of Octocorallia has been a major question in the study of the 535 

evolution of this group. Grasshoff (1984) suggested that the origin of octocorals took place 536 

during the early Triassic, about 245 Ma, corresponding to the most recent common 537 

ancestor of Octocorallia and Hexacorallia. Soon after, Hexacorallia apparently split into 538 

several lineages one of which gave rise to Scleractinia, which are commonly known as 539 

hard corals (Grasshoff, 1984). Therefore, the Triassic may have represented a period of 540 

great radiation for octocorals and hard corals as suggested by Sammarco and Coll (1992) 541 

and Stanley (2003). Particularly for hard corals there is strong evidence that the 542 

diversification took place approximately at the same time as a dinoflagellate radiation 543 

probably because of the initiation of the scleractinian-zooxanthellae symbiosis (Fensome 544 

et al., 1994). The Triassic period has also been estimated as a probable point of origin for 545 

octocorals in our study, giving support to Grasshoff (1984) hypothesis.  546 

 Not long ago, Stolarski et al. (2011) pushed back the estimated age of the origin of 547 

scleractinian hard corals from the Triassic period to the Silurian (425 Ma), a result that 548 

was obtained when they included deep-sea taxa not previously assessed by other studies 549 

(Medina et al., 2001). If scleractinians are as old as Stolarski et al. (2011) suggested, then 550 

octocorals would be 200 Ma younger than scleractinians. As with any time-calibrated 551 

hypothesis, there could be uncertainties in the octocoral reconstruction presented here, 552 

associated mainly with the assumption of a complete fossil record. Compared to 553 
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scleractinians, octocorals are not common and are often overlooked in the fossil record 554 

(Bayer, 1973; Dueñas et al., 2016; Taylor and Rogers, 2015) since their multi-element 555 

skeletons disarticulate quickly post-mortem (Schlagintweit and Gawlick, 2009), therefore 556 

new paleontological discoveries could actually push back the date estimates for this group. 557 

The origin of Octocorallia may be older but there is no undisputed fossil that can be 558 

assigned to an exact taxonomical category, therefore cannot be used for calibration 559 

purposes (Taylor and Rogers, 2015). Additionally, some of these ancient fossils could 560 

exemplify groups with similar morphological characteristics being representatives of 561 

unrelated lineages (Bayer, 1956; Taylor et al., 2013). Taking into account the wide 562 

posterior distribution of estimated node ages obtained in our study, octocorals could be as 563 

old as the Carboniferous period. Given that we have included representatives from almost 564 

every known family of octocorals we consider our results to be robust, however estimates 565 

on diversification times should be taken with caution. 566 

 567 

Octocoral trait evolution 568 

 This study explored the evolution of three key ecological traits that could have 569 

been important during the history of Octocorallia. Our results suggest that the first 570 

octocorals appear to have been azooxanthellate, with multiple subsequent independent 571 

gains of zooxanthellae. Multiple origins of zooxanthellate octocorals groups has been 572 

previously suggested by Van Oppen et al. (2005), but the time for such events has never 573 

been established until now. The first appearance of a node of > 0.7 probability of having 574 

zooxanthellae was 115.51 Ma (95% C.I. 192.41-66.69 Ma). Therefore, octocorals could 575 

have engaged in endosymbiosis with zooxanthellae between the late Jurassic and early 576 
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Cretaceous, a time in which most subgroups within Octocorallia appear to have emerged 577 

(Sammarco and Strychar, 2013). In scleractinian corals the symbiosis process probably 578 

originated approximately around the mid-Triassic, a date that coincides with a 579 

diversification of dinoflagellates (Fensome et al., 1994; Stat et al., 2006; Stolarski et al., 580 

2011; Trench, 1979), therefore 125 Ma earlier than in octocorals.  581 

 We explored the historic movements of octocorals between habitats of cold and 582 

warm waters. Following our ancestral state reconstruction, the first colonization of warm 583 

waters probably took place between the late Jurassic and early Cretaceous, a period in 584 

which we also registered the first symbiosis event. Symbiotic relationships in octocorals 585 

are optimal at temperatures from 25 to 29°C, but operate generally within a temperature 586 

range of 18 to 33°C (Sammarco and Strychar, 2013). The colonization of warm waters 587 

may have allowed the evolution of an endosymbiotic relationship between octocoral-588 

zooxanthellae, however it is also possible that the acquisition of a symbiont could have 589 

helped the establishment and subsequent diversification of octocorals in warm waters. Our 590 

results give support to the first hypothesis, where the movement from cold to warm waters 591 

occurred around 147.36 Ma (95% C.I. 201.33-90.19 Ma), and then the octocorals and 592 

zooxanthellae engaged in symbiosis around 115 Ma (95% C.I. 192.41-66.69 Ma). 593 

Nevertheless, confidence intervals may give the possibility for the process to have 594 

occurred the other way around. In this case, additional analyses with the inclusion of a 595 

wider octocoral fossil record would be needed to distinguish these two hypotheses.  596 

 The reconstruction of habitat as water depth gives supports to an ancestral deep-sea 597 

octocoral (>200 m) that first colonized shallow waters around the mid-Jurassic. Regardless 598 

of the time of shallow water colonization, the process must have been gradual through the 599 
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establishment in mesophotic reefs as an intermediate step. In this study we classified 600 

mesophotic reefs (50-200m) as part of shallow water habitats, given that there are a 601 

considerable number of octocorals that have wide depth ranges including both shallow and 602 

mesophotic reefs, but cannot inhabit depths >200m (e.g., Leptogorgia, Ellisellidae) 603 

because their communities still depend somewhat on solar energy (Bongaerts et al., 2013; 604 

Bridge et al., 2011; Cooper et al., 2011). During the Jurassic period most reefs were in 605 

mesophotic depths (Stanley, 2003), thus this could have been a time for intermediate 606 

depths colonization. Deep-sea ancestors that gave rise to shallow-water lineages have been 607 

reported for particular coral groups, including hard corals and octocorals (Dolan et al., 608 

2013; Lindner et al., 2008; Pante et al., 2012), giving therefore additional support for our 609 

results of a generalized octocoral deep-sea origin and diversification followed by a 610 

colonization of shallow waters.  611 

 The ancestral state of the axial configuration in octocorals was reconstructed as 612 

'soft-fleshy', with more complex axial structures appearing more recently.  The evolution 613 

of complex morphologies was gradual in Clade I and rapid in Clade II. The structure of the 614 

axis is an octocoral trait that has been widely used for systematic purposes (Bayer, 1961), 615 

but it has never been used in an evolutionary context. The subsequent acquisition of more 616 

complex axial structures may have allowed octocorals to adapt to particular conditions 617 

during the process of colonization of new habitats. A soft body origin could consequently 618 

explain the scarcity of ancient octocoral fossil records (Bayer, 1973; Dueñas et al., 2016; 619 

Taylor and Rogers, 2015). 620 

 621 

Trait-dependent diversification  622 
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 A unique shift in diversification rates was identified in one of the ancestral 623 

branches leading to the 'Sinularia clade'. Sinularia is represented in this study by 83 624 

species of a total of 168 currently accepted. It is the most species-rich genus within 625 

Octocorallia followed by Melithaea (Family Melithaeidae) with 113 species, 13 of which 626 

were used in this study, and Leptogorgia (Family Gorgoniidae) with 107 species, 7 of 627 

which were included in this study (Boxshall et al., 2016). One of the possible biases that 628 

could be driving this result is taxonomic practices (Rabosky et al., 2013), where more 629 

species-rich lineages are simply more studied and therefore more likely to have a complete 630 

taxonomy and be included in molecular data sets. However, highly diverse clades may in 631 

fact hold more cryptic diversity, and thus the direction of the taxonomic bias is not yet 632 

clear (Rabosky et al., 2013).     633 

 We found no statistical association between the rate of speciation and phenotypic 634 

evolution for three octocoral traits. The failure to detect a significant trait-dependent 635 

diversification in octocorals may only be the reflection of low statistical power (Rabosky 636 

and Huang, 2015). Additional shifts throughout the octocoral phylogeny would therefore 637 

be needed to be able to detect significant associations, and at this moment the only 638 

possible way to test for additional shifts would require a larger and more complete taxon 639 

sampling. Although BAMM includes a correction for incomplete taxon sampling, its 640 

power is maximized with higher completeness of phylogenetic data (Rabosky and Huang, 641 

2015; Rabosky et al., 2013). Our current assessment of diversification shifts included 574 642 

species, about 16% of the known octocoral species. Hopefully in the near future, with the 643 

help of international efforts such as the Cnidarian Tree of Life (CnidToL) (McFadden et 644 

al., 2010) we would be able to include more than 50% of octocoral species and additional 645 
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genetic markers. 646 

 Lineage through time plots show a constant but gentle reduction in speciation rates 647 

through the evolutionary history of Octocorallia, with the 'Sinularia clade' as the only 648 

octocoral lineage that has experienced an increase in speciation rates during the last 50 649 

My. How have octocorals maintained almost steady speciation rates through different 650 

marine extinctions? Assuming octocorals did evolve during the mid-Triassic, the first 651 

marine extinction event they may have faced occurred between the late Triassic and early 652 

Jurassic (~201 Ma). The causes for this mass extinction are still debated albeit a well-653 

supported hypothesis suggests extinction was triggered by an episode of intense volcanism 654 

(Kiessling et al., 2007), and a cooling climatic trend (Kiessling, 2010). At this time, 655 

organisms from reef inshore habitats in lower latitudes experienced higher extinction rates 656 

than those from offshore and high latitude environments (Kiessling et al., 2007).  657 

 The second marine perturbation occurred between the Jurassic and Cretaceous. The 658 

late Jurassic was characterized by frequent climatic fluctuations, with a steady expansion 659 

of calcareous nanoplankton, suggesting conditions that favored biocalcification (Weissert 660 

and Erba, 2004). However, during the Aptian Oceanic Anoxic Event 1a (OAE1a; ~120 661 

Ma) the greenhouse conditions triggered by high volcanism and methane dissociation 662 

created elevated runoff conditions in coastal areas and hydrothermal plumes in open-ocean 663 

areas. This new conditions increased primary productivity resulting in anoxic waters and 664 

enhancing organic carbon burial (Tremolada et al., 2007).  The greenhouse conditions also 665 

created severe storms and strong currents that recurrently destroyed some shallow-water 666 

reefs as seen by accumulation of coral debris at particular tropical sites (Bover-Arnal et 667 

al., 2011). Nevertheless, there is no evidence of major reef decline (Pandolfi et al., 2011) 668 
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suggesting a small-scale biotic decline felt among some reef communities (Stanley Jr and 669 

Van De Schootbrugge, 2009).  670 

 The late Cretaceous was characterized by global warming and high sea-surface 671 

temperatures where corals prospered in deeper, down-slope settings (Stanley Jr and Van 672 

De Schootbrugge, 2009). During the Cretaceous-Paleocene extinction (~65 Ma), almost 673 

45% of the scleractinian coral taxa became extinct, and higher losses were registered for 674 

shallow-water zooxanthellate species compared to deep-azooxanthellate taxa or from 675 

higher latitudes (Roberts et al., 2009; Schlagintweit and Gawlick, 2009). In contrast, deep-676 

sea octocoral communities did not experience major changes in generic diversity during 677 

this time (Bernecker and Weidlich, 2005). Finally, the Paleocene-Eocene Thermal 678 

Maximum (~55 Ma) is the last major oceanic perturbation that took place in a time where 679 

greenhouse conditions were common, with warm and nutrient-rich waters in shelf settings, 680 

and warm and oligotrophic waters in open-ocean sites (Tremolada et al., 2007). This event 681 

is also characterized by a rapid shift into ocean acidification conditions, particularly in 682 

deep settings, probably triggered by a release of high amounts of methane (Zachos et al., 683 

2005). During this episode calcifying forms of deep-sea benthic foraminiferans were 684 

highly affected, and in shallow reefs high water temperatures could have had an effect 685 

particularly on corals that rely on zooxanthellae (Robinson, 2011). Yet there is no 686 

evidence of a complete cessation of carbonate productivity suggesting a short interval of 687 

acidification or no detrimental effects (Pandolfi et al., 2011; Robinson, 2011). Following 688 

this idea highly calcified deep-sea octocorals and zooxanthellate shallow-water octocorals 689 

could have also experienced some mild effects during this time. Recent studies have 690 

demonstrated that living octocorals can still grow even at undersaturated ΩCalcite (Gómez 691 
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et al., 2015), giving support to the hypothesis of a small effect of ocean acidification 692 

particularly for deep-sea octocorals. A common pattern seen through the history of reef 693 

formations is that shallow inshore communities have been more vulnerable to perturbation 694 

events compared to deep-sea offshore fauna, a pattern that has also been observed under 695 

current reef conditions (Bongaerts et al., 2010). Marine perturbations at depth extremes 696 

may have promoted octocoral taxonomic diversification at intermediate depths (> 200 m) 697 

on continental slopes and in open-ocean waters that could have acted as a refugia during 698 

major extinction events, thus maintaining a relative stability in speciation rates through the 699 

evolutionary history of Octocorallia. 700 

 701 

Conclusions 702 

 Our study shows the most comprehensive time-calibrated phylogeny of 703 

Octocorallia to date, which suggested two major lineages of octocorals. We estimated that 704 

the Triassic period is the time of origination for octocorals, however they could be as old 705 

as the Carboniferous period. The first octocorals appear to have been azooxanthellate, 706 

deep-water and cold-water colonies that subsequently experienced multiple independent 707 

gains of zooxanthellae. The first colonization of warm from cold waters occurred around 708 

147.36 Ma, and then the octocorals and zooxanthellae first engaged in symbiosis around 709 

115 Ma. Our results suggest that the ancestral form for octocorals would have been soft-710 

coral colonies, which could explain the scarcity of ancient fossil records. A unique shift in 711 

diversification rates was identified in the ancestral branch leading to the 'Sinularia clade', 712 

the most specious octocoral genus. Finally, no statistical association between rates of 713 

speciation and phenotypic evolution for three octocoral traits was found. This dated 714 
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phylogeny gives us new insights on the macro-evolutionary history of Octocorallia, 715 

however clearly brings out new issues that will only be resolved with additional analyses, 716 

and the inclusion of more DNA markers and a wider octocoral fossil record. 717 
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Figure Legends 1067 

 1068 

Figure 1. Unrooted Octocoral phylogeny showing Bayesian inference reconstruction on 1069 

the left and Maximum likelihood reconstruction on the right. A) The two major clades 1070 

Clade I and Clade II. B) Color on branches denote the current Octocorallian orders 1071 

Alcyonacea, Pennatulacea, and Helioporacea. C) Color on branches show the distribution 1072 

of the currently accepted octocoral suborders for Alcyonacea. 1073 

 1074 

Figure 2. Dated phylogenetic reconstruction for Clade I. Colors on the right display the 1075 

distribution of the currently recognized octocoral subordinal groups for Alcyonacea as 1076 

shown in Figure 1. The colors refer to: red for Alcyoniina, blue for Calcaxonia, green for 1077 

Holaxonia, orange for Scleraxonia, purple for Stolonifera, bright green for 1078 

Protoalcyonaria, and white for species with no taxonomic placement within any current 1079 

recognized octocoral subordinal group. Subclades I, II and III are discussed in the results 1080 

section. Numbers above branches represent support values for maximum likelihood and 1081 

Bayesian inference. 1082 

 1083 

Figure 3. Dated phylogenetic reconstruction for Clade II. Colors on the right display the 1084 

distribution of the currently accepted octocoral subordinal groups for Alcyonacea as 1085 

shown in Figure 1. The colors refer to: red for Alcyoniina, blue for Calcaxonia, green for 1086 

Holaxonia, orange for Scleraxonia, purple for Stolonifera, gray for orders Pennatulacea 1087 

and Helioporacea, and white for species with no taxonomic placement within any current 1088 

recognized octocoral subordinal group. Numbers above branches represent support values 1089 
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for maximum likelihood and Bayesian inference. 1090 

 1091 

Figure 4. A- Character mapping and ancestral reconstruction of octocoral energy 1092 

acquisition mode. Black and white dots at the tip of the phylogeny show the character 1093 

state for each species of octocoral represented in this study; black for azooxanthellate and 1094 

white for zooxanthellate. Pie charts on nodes represent the relative probability of 1095 

alternative character states for every node. B- Average number of shifts between states as 1096 

assessed through the stochastic mapping, where the width of the arrow is proportional to 1097 

the number of shifts. 1098 

 1099 

Figure 5. A- Character mapping and ancestral reconstruction of octocoral habitat as 1100 

water temperature. Colored dots at the tip of the phylogeny show the character state for 1101 

each species of octocoral represented in this study; black for cold, white for warm, and 1102 

red for warm/cold. Pie charts on nodes represent the relative probability of alternative 1103 

character states for each node. B- Average number of shifts between states as assessed 1104 

through the stochastic mapping, where the width of the arrow is proportional to the 1105 

number of shifts. 1106 

 1107 

Figure 6. A- Character mapping and ancestral reconstruction of octocoral habitat as 1108 

water depth. Colored dots at the tip of the phylogeny show the character state for each 1109 

species of octocoral represented in this study; black for deep, white for shallow, and red 1110 

for shallow/deep. Pie charts on nodes represent the relative probability of alternative 1111 

character states for each node. B- Average number of shifts between states as assessed 1112 
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through the stochastic mapping, where the width of the arrow is proportional to the 1113 

number of shifts. 1114 

 1115 

Figure 7. A- Character mapping and ancestral reconstruction of octocoral axial 1116 

configuration. Colored dots at the tip of the phylogeny show the character state for each 1117 

species of octocoral represented in this study; white for 'soft-fleshy', red for 'spicular', 1118 

black for 'hard', blue for 'stolonifera', and yellow for 'proteinaceous'. Pie charts on nodes 1119 

represent the relative probability of alternative character states for each node. B- Average 1120 

number of shifts between states as assessed through the stochastic mapping, where the 1121 

width of the arrow is proportional to the number of shifts. 1122 

 1123 

Figure 8. Diversification in octocorals. A- Diversification rates for all octocorals 1124 

showing the shift configuration with the highest posterior probability (single best shift 1125 

configuration) estimated by BAMM (Rabosky, 2014). The figure was generated using the 1126 

BAMMtools package in R (Rabosky et al., 2014). The red circle indicates where a shift, 1127 

in this case a rate acceleration, has been identified for the 'Sinularia clade'. B- Octocorals 1128 

topology where branches have been scaled to summarize the marginal probability that 1129 

each branch contains one or more shift events (marginal shift probabilities), also 1130 

estimated by BAMM and figure generated in BAMMtools. Numbers above branches 1131 

show branch-specific shift probabilities. The other branches had probabilities of <0.005. 1132 

C- Phylogenetic relationships for the 'Sinularia clade'. D- Photographs that show the 1133 

general morphology of Sinularia sp. 1134 
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 1135 

Figure 9. Macroevolutionary cohort analysis for extant octocorals obtained through 1136 

BAMM analyses (Rabosky, 2014). The figure show the pairwise probability that two 1137 

species share a common macroevolutionary rate regime. Group A holds species from 1138 

different families and clades that share the same macroevolutionary dynamics. Group B 1139 

holds species from the genera Lobophytum and Sarcophyton, which belong to the same 1140 

family as Sinularia (Family Alcyoniidae). Group C is the 'Sinularia clade' and group D 1141 

comprises a small clade, which holds the remaining four Sinularia species that are not 1142 

part of the 'Sinularia clade' (see Results). 1143 

 1144 

Figure 10. Speciation rates through time for all octocorals (left), for the 'Sinularia clade' 1145 

(center) and for the background phylogeny (right), which includes all the species except 1146 

the 'Sinularia clade'. Gray bands denote the 5 - 95% Bayesian credible regions on the 1147 

distribution of rates. These rates were estimated through BAMM (Rabosky, 2014) and 1148 

each plot was generated through the BAMMtools package in R (Rabosky et al., 2014). 1149 

 1150 

Figure 11. Evolutionary association between speciation rates mapped on the phylogeny 1151 

(colored scale on the middle of the figure) and phenotypic evolution in Octocorallia 1152 

shown as colored dots on the tip of the phylogeny. A- Energy acquisition mode; B- Water 1153 

temperature; C- Water depth; D- Axial configuration.   1154 
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Table 1. Fossils used as constrains for the octocoral molecular calibration. The group 1155 
refers to name of the taxonomic category for which the included taxa belong to. For each 1156 
fossil used in this study, the name (Fossil), date (Fossil Date), time period (Geological 1157 
Time Period) and reference (Fossil Reference) is given. Also, the credible interval that 1158 
was used as a prior on the node for each group is provided. 1159 

Group	   Included	  Taxa	   Fossil	  
Geological	  Time	  

Period	   Fossil	  Date	   Fossil	  Reference	  
95%	  Credible	  

Interval	  

Ellisellidae	  

Ctenocella	  schmitti	  

Nicella	  sp.	   Maastrichtian	  
(Cretaceous)	  

70.6	  -‐	  66.04	  
mya	  

Kusmicheva,	  
1980	  

66.04	  -‐	  92.88	  
mya	  

Ellisella	  sp.	  
Nicella	  sp.	  
Viminella	  sp.	  

Coralliidae	  

Corallium	  elatius	  

Corallium	  sp.	  	  
Campanian-‐
Maastrichtian	  
(Cretaceous)	  

85.3	  -‐	  84.3	  
mya	  

Schlogintweit	  
and	  Gawlick,	  

2009	  

84.3	  -‐	  111.10	  
mya	  

Corallium	  japonicum	  
Corallium	  kishinouyei	  
Corallium	  konojoi	  
Corallium	  regale	  
Corallium	  rubrum	  
Corallium	  secundum	  
Hemicorallium	  ducale	  
Hemicorallium	  imperiale	  
Hemicorallium	  laauense	  
Hemicorallium	  niobe	  
Hemicorallium	  sp.	  

Hemicorallium	  

Hemicorallium	  ducale	  

Corallium	  sp.	  
Burdigalian	  
(Miocene)	  

20.4	  -‐	  15.9	  
mya	  

Vertino	  et	  al.,	  
2010	  

15.9	  -‐	  42.74	  
mya	  

Hemicorallium	  imperiale	  
Hemicorallium	  laauense	  
Hemicorallium	  niobe	  
Hemicorallium	  sp.	  

Keratoisidinae	  

Acanella	  eburnea	  

Keratoisis	  
tangentis	   Otaian	  (Miocene)	  

21.7	  -‐	  19.0	  
mya	  

Hayward,	  
1977	  

19.0	  -‐	  45.84	  
mya	  

Acanella	  sp.	  
Ecknomisis	  dalioi	  
Isidella	  elongata	  
Isidella	  sp.	  	  
Isidella	  tentaculum	  
Jasonisis	  thresheri	  
Keratoisis	  glaesa	  
Keratoisis	  hikurangiensis	  
Keratoisis	  magnifica	  
Keratoisis	  peara	  
Keratoisis	  projecta	  
Keratoisis	  sp.	  	  
Keratoisidinae	  
Lepidisis	  cf.	  caryophyllia	  
Lepidisis	  olapa	  
Lepidisis	  solitaria	  
Orstomisis	  crosnieri	  

Tubipora	  
Tubipora	  musica	  

Tubipora	  sp.	  	   Late/Upper	  
Miocene	  

11.6	  -‐	  5.3	  
mya	  

Umbgrove,	  
1945	   5.3	  -‐	  32.14	  mya	  

Tubipora	  sp.	  

Melithaeidae	  

Clathraria	  maldivensis	  

Acabaria	  
mangyschlak

ensis	  

Danian	  
(Paleocene)	  

65.5	  -‐	  61.7	  
mya	  

Kusmicheva,	  
1987	  

61.7	  -‐	  88.54	  
mya	  

Clathraria	  rubrinodis	  

Melithaea	  caledonica	  

Melithaea	  erythraea	  

Melithaea	  formosa	  

Melithaea	  ochracea	  

Melithaea	  sinaica	  
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Melithaea	  sp.	  

Melithaea	  sp.	  1	  

Melithaea	  sp.	  2	  

Melithaea	  tenuis	  

Eunicella	  

Eunicella	  cavolinii	  

Eunicella	  sp.	   Rupelian	  
(Oligocene)	  

33.9	  -‐	  28.4	  
mya	  

Kocurko,	  
1993	  

28.4	  -‐	  55.24	  
mya	  

Eunicella	  singularis	  

Eunicella	  sp.	  

Eunicella	  verrucosa	  

 1160 

  1161 
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Supplementary Table 2. Number of macroevolutionary rate regimes sampled by 1162 

BAMM (Rabosky, 2014) and analyzed in BAMMtools (Rabosky et al., 2014) for the 1163 

octocoral dated phylogeny. For each model, the values for the posterior probabilities and 1164 

a Bayes factors for every model relative to a null model with 0 shifts, are shown. 1165 

Number of rate shifts Posterior probability Bayes Factor 
0 0.3100 1.0000 
1 0.5900 3.7865 
2 0.0870 1.1103 
3 0.0089 0.2278 
4 0.0022 0.1139 

 1166 

 1167 
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Figure 11. 
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 159 

Supplementary Figure 1. Complete Bayesian dated phylogeny for Octocorallia. Red dots at nodes show 
posterior probabilities higher than 0.9.  
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Supplementary Table 1. Taxonomic coverage of the octocoral samples used in this study. mtMutS sequences were 
obtained from GenBank, and one sequence, from Pacifigorgia irene was obtained during this study (see Methods). 
Information on the octocoral traits is also available for EAM-Energy Acquisition Mode (A-Azooxanthellate; Z- 
Zooxanthellate), Water- habitat as water temperature (C-Cold; W-Warm; W/C-Warm/Cold), Depth- habitat as water 
depth (S-Shallow; D-Deep; S/D-Shallow-Deep), and Axis (St-stolonifera; SF-Soft Fleshy; Sp-Spicular; H-Hard; P- 
Proteinaceous). N/A- a particular taxonomic classification that has not been asigned for a particular group. 

	  
Order Suborder Family Species GenBank Acc No. EAM Water Axis Depth 

Alcyonacea N/A Viguieriotidae Studeriotes sp. ADI47398 A W SF S 
	   Alcyoniina Acanthoaxiidae Acanthoaxis wirtzi AFZ62660 A W SF S 
	   	   Alcyoniidae Acrophytum claviger AFZ62666 A C SF S 
	   	   	   Alcyonium acaule AAT10188 A W/C SF S 
	   	   	   Alcyonium aurantiacum ABC46799 A C SF S 
	   	   	   Alcyonium bocagei AAT10187 A C SF S 
	   	   	   Alcyonium coralloides ADI47348 A W/C SF S 
	   	   	   Alcyonium digitatum ADI47349 A C SF S 
	   	   	   Alcyonium glomeratum AAT10189 A C SF S 
	   	   	   Alcyonium haddoni ADJ53985 A C SF S/D 
	   	   	   Alcyonium hibernicum AAT10184 A C SF S 
	   	   	   Alcyonium palmatum ADJ53982 A C SF D 
	   	   	   Alcyonium roseum ADI47351 A C SF S 
	   	   	   Alcyonium sidereum ADJ53984 A C SF S 
	   	   	   Alcyonium sp. ADJ53981 A C SF S 
	   	   	   Alcyoniid sp. ABB91771 Z W SF S 
	   	   	   Alcyoniidae sp. ABC46808 A C SF D 
	   	   	   Anthomastus cf. grandiflorus AGO35638 A C SF D 
	   	   	   Bathyalcyon robustum AGO35639 A C SF D 
	   	   	   Cladiella pachyclados ADJ54057 Z W SF S 
	   	   	   Dampia pocilloporaeformis ABB91772 Z W SF S 
	   	   	   Discophyton rudyi ABC46801 A C SF S 
	   	   	   Elbeenus lauramartinae ABG23041 A C SF D 
	   	   	   Eleutherobia variabile AHA91732 A C SF S 
	   	   	   Heteropolypus ritteri ABC46809 A C SF D 
	   	   	   Lampophyton planiceps ADI47360 A C SF S 
	   	   	   Lobophytum batarum ABB91733 Z W SF S 
	   	   	   Lobophytum borbonicum ABB91734 Z W SF S 
	   	   	   Lobophytum catalai ABB91735 Z W SF S 
	   	   	   Lobophytum catalai 2 ABB91752 Z W SF S 
	   	   	   Lobophytum compactum ABB91739 Z W SF S 
	   	   	   Lobophytum crassum ABB91740 Z W SF S 
	   	   	   Lobophytum cryptocormum ABB91746 Z W SF S 
	   	   	   Lobophytum densum ABB91748 Z W SF S 
	   	   	   Lobophytum hirsutum ABB91749 Z W SF S 
	   	   	   Lobophytum legitimum ABB91750 Z W SF S 
	   	   	   Lobophytum mirabile ABB91751 Z W SF S 
	   	   	   Lobophytum patulum ABB91753 Z W SF S 
	   	   	   Lobophytum pauciflorum ABB91755 Z W SF S 
	   	   	   Lobophytum ransoni ABB91757 Z W SF S 
	   	   	   Lobophytum sarcophytoides ABB91760 Z W SF S 
	   	   	   Lobophytum schodei ABB91762 Z W SF S 
	   	   	   Lobophytum sp. AAS88740 Z W SF S 
	   	   	   Lobophytum sp. 1 AGS77832 Z W SF S 
	   	   	   Lobophytum strictum ABB91763 Z W SF S 
	   	   	   Lobophytum variatum ABB91765 Z W SF S 
	   	   	   Lobophytum venustum ABB91767 Z W SF S 
	   	   	   Malacacanthus capensis ABC46804 A C SF S 
	   	   	   Paraminabea aldersladei AFZ62663 A W SF S 
	   	   	   Rhytisma fulvum AGS15852 Z W SF S 
	   	   	   Rhytisma sp. ABC46805 Z W SF S 
	   	   	   Sarcophyton auritum ADJ54059 Z W SF S 
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Alcyonacea Alcyoniina Alcyoniidae Sarcophyton boettgeri ABB91680 Z W SF S 
	   	   	   Sarcophyton buitendijki ABB91681 Z W SF S 
	   	   	   Sarcophyton cherbonnieri ABB91682 Z W SF S 
	   	   	   Sarcophyton cinereum ABB91685 Z W SF S 
	   	   	   Sarcophyton crassocaule ABB91687 Z W SF S 
	   	   	   Sarcophyton crassum ABB91688 Z W SF S 
	   	   	   Sarcophyton digitatum ABB91689 Z W SF S 
	   	   	   Sarcophyton ehrenbergi AGS77834 Z W SF S 
	   	   	   Sarcophyton elegans ABB91698 Z W SF S 
	   	   	   Sarcophyton flexuosum ABB91701 Z W SF S 
	   	   	   Sarcophyton gemmatum ADJ54063 Z W SF S 
	   	   	   Sarcophyton glaucum O63852 Z W SF S 
	   	   	   Sarcophyton mililatensis ABB91720 Z W SF S 
	   	   	   Sarcophyton nanwanensis ABB91721 Z W SF S 
	   	   	   Sarcophyton pauciplicatum ADJ54060 Z W SF S 
	   	   	   Sarcophyton regulare ABB91723 Z W SF S 
	   	   	   Sarcophyton tortuosum ABB91724 Z W SF S 
	   	   	   Sarcophyton trocheliophorum BAM77063 Z W SF S 
	   	   	   Sinularia abhishiktae ACV40375 Z W SF S 
	   	   	   Sinularia abrupta ACV40376 Z W SF S 
	   	   	   Sinularia acuta AGS77845 Z W SF S 
	   	   	   Sinularia babeldaobensis ACV40379 Z W SF S 
	   	   	   Sinularia bisulca ACV40380 Z W SF S 
	   	   	   Sinularia brassica ACV40382 Z W SF S 
	   	   	   Sinularia brassica 2 ACV40404 Z W SF S 
	   	   	   Sinularia bremerensis ACV40384 Z W SF S 
	   	   	   Sinularia capitalis ACV40385 Z W SF S 
	   	   	   Sinularia compacta ACV40386 Z W SF S 
	   	   	   Sinularia compressa ACV40388 Z W SF S 
	   	   	   Sinularia conferta ACV40391 Z W SF S 
	   	   	   Sinularia confusa ACV40392 Z W SF S 
	   	   	   Sinularia corpulentissima AGO90282 Z W SF S 
	   	   	   Sinularia crassa ACV40393 Z W SF S 
	   	   	   Sinularia crebra ACV40394 Z W SF S 
	   	   	   Sinularia cristata ACV40395 Z W SF S 
	   	   	   Sinularia cruciata ACV40397 Z W SF S 
	   	   	   Sinularia curvata ACV40398 Z W SF S 
	   	   	   Sinularia daii AGS77846 Z W SF S 
	   	   	   Sinularia densa AGO90283 Z W SF S 
	   	   	   Sinularia depressa ACV40400 Z W SF S 
	   	   	   Sinularia diffusa ACV40402 Z W SF S 
	   	   	   Sinularia digitata ACV40403 Z W SF S 
	   	   	   Sinularia eilatensis AGO90288 Z W SF S 
	   	   	   Sinularia erecta ACV40405 Z W SF S 
	   	   	   Sinularia finitima ACV40407 Z W SF S 
	   	   	   Sinularia flaccida ACV40410 Z W SF S 
	   	   	   Sinularia flexibilis ACV40411 Z W SF S 
	   	   	   Sinularia foliata ACV40412 Z W SF S 
	   	   	   Sinularia foveolata ACV40413 Z W SF S 
	   	   	   Sinularia fungoides ACV40414 Z W SF S 
	   	   	   Sinularia gardineri ACV40417 Z W SF S 
	   	   	   Sinularia gaveshaniae ACV40418 Z W SF S 
	   	   	   Sinularia gaweli ACV40420 Z W SF S 
	   	   	   Sinularia gibberosa AGS77847 Z W SF S 
	   	   	   Sinularia grandilobata ACV40423 Z W SF S 
	   	   	   Sinularia gravis ACV40424 Z W SF S 
	   	   	   Sinularia halversoni ACV40425 Z W SF S 
	   	   	   Sinularia heterospiculata ACV40427 Z W SF S 
	   	   	   Sinularia hirta ACV40432 Z W SF S 
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Alcyonacea Alcyoniina Alcyoniidae Sinularia humesi ACV40433 Z W SF S 
	   	   	   Sinularia humilis ACV40434 Z W SF S 
	   	   	   Sinularia lamellata ACV40436 Z W SF S 
	   	   	   Sinularia leptoclados AGO90289 Z W SF S 
	   	   	   Sinularia linnei ACV40442 Z W SF S 
	   	   	   Sinularia longula ACV40443 Z W SF S 
	   	   	   Sinularia loyai ACV40444 Z W SF S 
	   	   	   Sinularia luxuriosa ACV40445 Z W SF S 
	   	   	   Sinularia mammifera ACV40446 Z W SF S 
	   	   	   Sinularia mauritiana ACV40447 Z W SF S 
	   	   	   Sinularia maxima ACV40448 Z W SF S 
	   	   	   Sinularia molesta ACV40451 Z W SF S 
	   	   	   Sinularia muralis ACV40452 Z W SF S 
	   	   	   Sinularia nanolobata ACV40453 Z W SF S 
	   	   	   Sinularia notanda ACV40454 Z W SF S 
	   	   	   Sinularia numerosa ACV40455 Z W SF S 
	   	   	   Sinularia ornata AGS77851 Z W SF S 
	   	   	   Sinularia papula ACV40458 Z W SF S 
	   	   	   Sinularia parulekari ACV40459 Z W SF S 
	   	   	   Sinularia pavida AGS77855 Z W SF S 
	   	   	   Sinularia peculiaris AGS77856 Z W SF S 
	   	   	   Sinularia penghuensis AGS77860 Z W SF S 
	   	   	   Sinularia polydactyla ACV40464 Z W SF S 
	   	   	   Sinularia procera ACV40469 Z W SF S 
	   	   	   Sinularia querciformis ACV40471 Z W SF S 
	   	   	   Sinularia rigida ACV40474 Z W SF S 
	   	   	   Sinularia robusta ACV40476 Z W SF S 
	   	   	   Sinularia scabra ACV40478 Z W SF S 
	   	   	   Sinularia siaesensis ACV40479 Z W SF S 
	   	   	   Sinularia slieringsi AGS77863 Z W SF S 
	   	   	   Sinularia sobolifera ACV40481 Z W SF S 
	   	   	   Sinularia sublimis ACV40482 Z W SF S 
	   	   	   Sinularia terspilli ACV40483 Z W SF S 
	   	   	   Sinularia tumulosa ACV40484 Z W SF S 
	   	   	   Sinularia ultima ACV40485 Z W SF S 
	   	   	   Sinularia uniformis ACV40486 Z W SF S 
	   	   	   Sinularia variabilis ACV40487 Z W SF S 
	   	   	   Sinularia verruca ACV40489 Z W SF S 
	   	   	   Sinularia verseveldti AGO90291 Z W SF S 
	   	   	   Sinularia vrijmoethi ACV40491 Z W SF S 
	   	   	   Sinularia wanannensis AGS77866 Z W SF S 
	   	   	   Sinularia woodyensis ACV40492 Z W SF S 
	   	   	   Sphaerasclera flammicerebra AFZ62661 A C SF D 
	   	   	   Thrombophyton coronatum ABC46807 A C SF S 
	   	   Aquaumbridae Aquaumbridae sp. 1 AGO35630 A C SF D 
	   	   	   Aquaumbridae sp. 2 AGO35631 A C SF D 
	   	   	   Aquaumbra klapferi 2 CCH90973 A C SF D 
	   	   	   Aquaumbra klapferi 3 CCH90974 A C SF D 
	   	   Nephtheidae Capnella cf. spicata AFZ75428 Z W SF S 
	   	   	   Capnella imbricata AFZ75424 Z W SF S 
	   	   	   Capnella parva AFZ75427 Z W SF S 
	   	   	   Capnella sp. 1 AFZ75425 Z W SF S 
	   	   	   Capnella sp. 2 AFZ75426 Z W SF S 
	   	   	   Dendronephthya castanea ACZ34388 A W SF S 
	   	   	   Dendronephthya formosa ADJ54066 A W SF S 
	   	   	   Dendronephthya gigantea YP_003331255 A W SF S 
	   	   	   Dendronephthya hemprichi ADJ54065 A W SF S 
	   	   	   Dendronephthya klunzingeri ADJ54064 A W SF S 
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Alcyonacea Alcyoniina Nephtheidae Dendronephthya mollis ADY15422 A W SF S 
	   	   	   Dendronephthya putteri ADY15436 A W SF S 
	   	   	   Dendronephthya savignyi ADJ54068 A W SF S 
	   	   	   Dendronephthya sinaiensis ADI47389 A W SF S 
	   	   	   Dendronephthya sp. AGS15834 A W SF S 
	   	   	   Dendronephthya suensoni AEZ51010 A W SF S 
	   	   	   Eunephthya celata AFZ75410 A C SF S 
	   	   	   Eunephthya ericius AFZ75412 A C SF S 
	   	   	   Eunephthya granulata AFZ75414 A C SF S 
	   	   	   Eunephthya shirleyae AFZ75415 A C SF S 
	   	   	   Eunephthya susanae AFZ75419 A C SF S 
	   	   	   Eunephthya thyrsoidea AFZ75423 A C SF D 
	   	   	   Gersemia antarctica ADI47356 A C SF D 
	   	   	   Gersemia juliepackardae AFZ62664 A C SF D 
	   	   	   Gersemia rubiformis ADI47357 A C SF D 
	   	   	   Gersemia sp. ABC46812 A C SF D 
	   	   	   Lemnalia sp. AFZ62698 Z W SF S 
	   	   	   Leptophyton benayahui ADI47390 A W SF S 
	   	   	   Litophyton sp. AGS15821 Z W SF S 
	   	   	   Neospongodes sp. ABC46816 A W SF S 
	   	   	   Nephthea acuticonica ADJ54069 Z W SF S 
	   	   	   Nephthea elatensis ADI47391 Z W SF S 
	   	   	   Nephthea sp. ABC46815 Z W SF S 
	   	   	   Paralemnalia digitiformis ABC46817 Z W SF S 
	   	   	   Paralemnalia eburnea ADJ54076 Z W SF S 
	   	   	   Paralemnalia thyrsoides AGS15864 Z W SF S 
	   	   	   Scleronephthya corymbosa ADI47394 A W SF S 
	   	   	   Scleronephthya gracillimum ACZ34421 A W SF S 
	   	   	   Scleronephthya sp. ABC46818 A W SF S 
	   	   	   Stereonephthya cundabiluensis ADI47395 Z W SF S 
	   	   	   Stereonephthya sp. AGS15869 Z W SF S 
	   	   	   Umbellulifera sp. ABC46820 A W SF S 
	   	   	   Chironephthya sp. ADI47396 A W SF S 
	   	   Nidaliidae Chironephthya sp. 1 ADJ54071 A W SF S 
	   	   	   Chironephthya sp. 2 ADJ54070 A W SF S 
	   	   	   Chironephthya sp. 3 ADJ54072 A W SF S 
	   	   	   Nephthyigorgia sp. AFZ62700 A W SF S 
	   	   	   Nidalia dissidens AGO35637 A C SF D 
	   	   	   Nidalia sp. ABC46821 A W SF S 
	   	   	   Pieterfaurea khoisaniana ADI47393 A C SF S 
	   	   	   Pieterfaurea sp. ABC46822 A C SF S 
	   	   	   Siphonogorgia godeffroyi AFZ62699 A W SF S 
	   	   	   Siphonogorgia sp. ABC46825 A W SF S 
	   	   	   Ceeceenus quadrus ADI47397 A W SF S 
	   	   Paralcyoniidae Paralcyonium spinulosum ABC46826 A W/C SF S 
	   	   	   Parasphaerasclera aurea AHA91737 A W SF S 
	   	   Parasphaerascleridae Parasphaerasclera rotifera ADI47355 A C SF S 
	   	   	   Parasphaerasclera valdiviae ADI47352 A C SF S 
	   	   	   Anthelia glauca AFZ62708 Z W SF S 
	   	   Xeniidae Anthelia sp. ABC46828 Z W SF S 
	   	   	   Asterospicularia randalli ABC46829 Z W SF S 
	   	   	   Cespitularia erecta AFZ62709 Z W SF S 
	   	   	   Cespitularia sp. ABC46830 Z W SF S 
	   	   	   Heteroxenia fuscescens AGS15828 Z W SF S 
	   	   	   Heteroxenia ghardaqensis ADJ54074 Z W SF S 
	   	   	   Ovabunda ainex AGS15823 Z W SF S 
	   	   	   Ovabunda arabica AGS15813 Z W SF S 
	   	   	   Ovabunda biseriata AGS15827 Z W SF S 
	   	   	   Ovabunda faraunenesis ADJ54075 Z W SF S 
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Alcyonacea Alcyoniina Xeniidae Ovabunda gohari AGS15866 Z W SF S 
	   	   	   Ovabunda impulsatilla AGS15838 Z W SF S 
	   	   	   Ovabunda macrospiculata AGS15815 Z W SF S 
	   	   	   Ovabunda obscuronata ADJ54073 Z W SF S 
	   	   	   Ovabunda verseveldti AGS15865 Z W SF S 
	   	   	   Sansibia sp. ABC46833 Z W SF S 
	   	   	   Sarcothelia edmondsoni AFZ62710 Z W SF S 
	   	   	   Sarcothelia sp. ABC46834 Z W SF S 
	   	   	   Sympodium caeruleum AFZ62711 Z W SF S 
	   	   	   Xenia actuosa AGS15819 Z W SF S 
	   	   	   Xenia hicksoni ADI47412 Z W SF S 
	   	   	   Xenia sp. ABC46835 Z W SF S 
	   	   	   Xenia umbellata AGS15863 Z W SF S 
	   Calcaxonia Chrysogorgiidae Chrysogorgia abludo AFM97573 A C H D 
	   	   	   Chrysogorgia artospira ADJ53948 A C H D 
	   	   	   Chrysogorgia averta AGO36192 A C H D 
	   	   	   Chrysogorgia chryseis AFM97560 A C H D 
	   	   	   Chrysogorgia monticola AFM97555 A C H D 
	   	   	   Chrysogorgia pinnata AFM97553 A C H D 
	   	   	   Chrysogorgia sp. ADJ53950 A C H D 
	   	   	   Chrysogorgia sp. 1a AGO36195 A C H D 
	   	   	   Chrysogorgia sp. 1b AGO35614 A C H D 
	   	   	   Chrysogorgia tricaulis ADD13036 A C H D 
	   	   	   Helicogorgia flagellata AFM97467 A C H D 
	   	   	   Helicogorgia spiralis AFM97469 A W H S 
	   	   	   Iridogorgia fontinalis ACB28529 A C H D 
	   	   	   Iridogorgia magnispiralis ABI54268 A C H D 
	   	   	   Iridogorgia sp. ADJ53940 A C H D 
	   	   	   Iridogorgia splendens AGO36198 A C H D 
	   	   	   Isidoides armata AFM97500 A C H D 
	   	   	   Metallogorgia macrospina AFM97577 A C H D 
	   	   	   Metallogorgia melanotrichos ADJ53935 A C H D 
	   	   	   Pseudochrysogorgia bellona ADJ53919 A C H D 
	   	   	   Radicipes gracilis AFM97552 A C H D 
	   	   	   Radicipes sp. ADJ53946 A C H D 
	   	   	   Radicipes sp. type B ADD13105 A C H D 
	   	   	   Radicipes sp. type D AFM97492 A C H D 
	   	   	   Rhodaniridogorgia fragilis ABI54266 A C H D 
	   	   	   Rhodaniridogorgia sp. ADJ53938 A C H D 
	   	   	   Stephanogorgia faulkneri ADI47368 A W H S 
	   	   	   Trichogorgia capensis AFM97460 A W/C H S 
	   	   Ellisellidae Ellisella schmitti AFM97565 A W H S 
	   	   	   Ellisella sp. AFM97563 A W/C H S 
	   	   	   Nicella sp. AGO36196 A W H S 
	   	   	   Viminella sp. 1 AFZ62690 A W H S 
	   	   Ifalukellidae Ifalukella yanii ABG23040 Z W H S 
	   	   	   Plumigorgia sp. ABG23039 Z W H S 
	   	   Isididae Acanella eburnea ABR19865 A C H D 
	   	   	   Acanella sp. AGU93388 A C H D 
	   	   	   Chathamisis bayeri AGU93380 A C H D 
	   	   	   Chelidonisis aurantiaca AGO36201 A C H D 
	   	   	   Echinisis spicata AGU93407 A C H D 
	   	   	   Eknomisis dalioi EF060047 A C H D 
	   	   	   Isidella elongata AGU93482 A C H D 
	   	   	   Isidella sp. AGU93474 A C H D 
	   	   	   Isidella tentaculum ACG69787 A C H D 
	   	   	   Isis hippuris AEM37866 Z W H S 
	   	   	   Jasonisis thresheri AFD62341 A C H D 
	   	   	   Keratoisis glaesa AGU93304 A C H D 
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Alcyonacea     Calcaxonia          Isididae                        Keratoisis hikurangiensis                      AGU93306            A           C          H        D 
Keratoisis magnifica                              AGU93312            A           C          H        D 
Keratoisis peara                                     AGU93366            A           C          H        D 
Keratoisis projecta                                 AGU93308            A           C          H        D 
Keratoisis sp.                                         AFM97589            A           C          H        D 
Keratoisidinae                                    YP_001936206        A           C          H        D 
Lepidisis caryophyllia                            ABZ01591            A           C          H        D 
Lepidisis olapa                                       ABC25594            A           C          H        D 
Lepidisis solitaria                                  AGU93310            A           C          H        D 
Notisis sp.                                               AGU93372            A           C          H        D 
Orstomisis crosnieri                               ACB28523            A           C          H        D 

Primnoidae Arthrogorgia kinoshitai   ABZ01668 A C H  D 
Arthrogorgia sp.  ABZ01666 A C H  D 
Callogorgia americana americana  AGO36172 A C H S/D 
Callogorgia americana delta  AGO36064 A C H S/D 
Callogorgia formosa   ADI47408 A C H  D 
Callogorgia gilberti   AFV15230 A C H  D 
Callogorgia gracilis  AGO36149 A C H S/D 
Callogorgia verticillata  AGO36157 A C H  D 
Calyptrophora agassizii   ACB28528 A C H  D 
Calyptrophora japonica   ABB60032 A C H  D 
Calyptrophora laevispinosa   AFV15217 A C H  D 
Calyptrophora microdentata   ADJ53929 A C H  D 
Calyptrophora sp.  ABC25595 A C H  D 
Calyptrophora wyvillei   AFV15226 A C H  D 
Candidella imbricata   ABZ01658 A C H  D 
Fanellia sp.  ABZ01670 A C H S/D 
Narella abyssalis   ABB60031 A C H  D 
Narella alaskensis   ABB60026 A C H  D 
Narella alata  AFV15208 A C H  D 
Narella arbuscula  AFV15216 A C H  D 
Narella bayeri   ABB60030 A C H  D 
Narella cristata   AFV15211 A C H  D 
Narella dichotoma  ABC25596 A C H  D 
Narella hawaiinensis   AFV15224 A C H  D 
Narella macrocalyx  AFV15221 A C H  D 
Narella pauciflora  AGO36199 A C H  D 
Narella sp. ABN79579 A C H  D 
Narella sp. 1  AFV15219 A C H  D 
Narella sp. 2  AFV15213 A C H  D 
Narella versluysi   ADJ53931 A C H  D 
Paracalyptrophora carinata  AGO36200 A C H  D 
Paracalyptrophora hawaiinensis   AFV15229 A C H  D 
Paracalyptrophora sp.  ABC25597 A C H  D 
Parastenella gymnogaster   AFV15228 A C H  D 
Parastenella ramosa  AFV15225 A C H  D 
Parastenella sp.  ABB60034 A C H  D 
Plumarella sp. AGO36203 A C H  D 
Primnoa pacifica  AAY40847 A C H  D 
Primnoa resedaeformis  AAY40846 A C H  D 
Primnoa sp.  ABZ01662 A C H  D 
Primnoa wingi  ABZ01664 A C H  D 
Thouarella grasshoffi   ADJ53925 A C H  D 
Thouarella sp.  ABC25598 A C H  D 
Thouarella sp. type 1 AFM97474 A C H  D 

Holaxonia Acanthogorgiidae  Acanthogorgia angustiflora   ABC25586 A  C P  D 
Acanthogorgia cf. armata ADK91438 A  C P  D 
Acanthogorgia aspera  AFE55696 A  C P S/D 
Acanthogorgia breviflora   ADI47347 A W P   S 



Supplementary Table 1. Continue 	  

	   166	  

	  
Order Suborder Family Species GenBank Acc No. EAM Habitat Axis Depth 

Alcyonacea Holaxonia Acanthogorgiidae Acanthogorgia sp. 1 AGO35617 A C P D 
	   	   	   Acanthogorgia sp. 2 ADK91450 A C P D 
	   	   	   Anthogorgia sp. ABC46842 A C P S 
	   	   	   Calcigorgia beringi ADK91452 A C P D 
	   	   	   Calcigorgia sp. ABC25587 A C P D 
	   	   	   Calicogorgia granulosa ACZ34429 A C P D 
	   	   	   Cyclomuricea sp. ABC46843 A C P D 
	   	   Gorgoniidae Adelogorgia phyllosclera AFC01144 A C P D 
	   	   	   Antillogorgia acerosa AAM95325 Z W P S 
	   	   	   Antillogorgia americana AAT84751 Z W P S 
	   	   	   Antillogorgia bipinnata AAM95328 Z W P S 
	   	   	   Antillogorgia elisabethae AFZ62692 Z W P S 
	   	   	   Antillogorgia sp. 1 AGH55669 Z W P S 
	   	   	   Antillogorgia sp. 2 AGH55671 Z W P S 
	   	   	   Eugorgia rubens AFC01143 A C P S 
	   	   	   Eunicella cavolinii AFV93220 A C P S 
	   	   	   Eunicella singularis AFV93234 Z W P S 
	   	   	   Eunicella sp. AFV93256 A W P S 
	   	   	   Eunicella verrucosa AFV93246 A W/C P S 
	   	   	   Gorgonia flabellum AAM95331 Z W P S 
	   	   	   Gorgonia mariae AAM95330 Z W P S 
	   	   	   Gorgonia ventalina AAM95329 Z W P S 
	   	   	   Guaiagorgia sp. ABC46844 A W P S 
	   	   	   Leptogorgia barbadensis AAP92774 A W P S 
	   	   	   Leptogorgia chilensis AAP92777 A C P S 
	   	   	   Leptogorgia dichotoma AAP92762 A W P S 
	   	   	   Leptogorgia piccola AAP92761 A W P S 
	   	   	   Leptogorgia pulcherrima AAP92760 A W P S 
	   	   	   Leptogorgia violetta AAP92763 A W P S 
	   	   	   Leptogorgia virgulata AAP92775 A W P S 
	   	   	   Lophogorgia hebes AAP92776 A W P S 
	   	   	   Pacifigorgia irene not published A W P S 
	   	   	   Phyllogorgia dilatata AAM95332 Z W P S 
	   	   	   Pinnigorgia flava ADI47381 Z W P S 
	   	   	   Pseudopterogorgia australiensis AAP92759 A W P S 
	   	   	   Pseudopterogorgia fredericki AGH55673 A W P S 
	   	   	   Pseudopterogorgia rubrotincta AGH55677 A W P S 
	   	   	   Pterogorgia anceps ADI47383 Z W P S 
	   	   	   Pterogorgia citrina AAM95306 Z W P S 
	   	   	   Rumphella sp. AFZ62693 Z W P S 
	   	   Keroeididae Ideogorgia capensis ADI47385 A C P S 
	   	   	   Keroeides gracilis ABC46846 A W P D 
	   	   Plexauridae Alaskagorgia aleutiana ADK91440 A C P D 
	   	   	   Alaskagorgia sp. ADC97791 A C P D 
	   	   	   Anthomuricea sp. ABC46848 A C P D 
	   	   	   Astrogorgia sp. AAT84733 A W P S 
	   	   	   Bebryce sp. AFZ62702 A W/C P S/D 
	   	   	   Echinogorgia complexa YP_007516958 A W P S 
	   	   	   Echinomuricea sp. AGO35636 A W P S 
	   	   	   Eunicea asperula AAT84721 Z W P S 
	   	   	   Eunicea clavigera AAT84722 Z W P S 
	   	   	   Eunicea flexuosa AGI17128 Z W P S 
	   	   	   Eunicea fusca AAM95311 Z W P S 
	   	   	   Eunicea knighti AAM95308 Z W P S 
	   	   	   Eunicea laxispica AAT84716 Z W P S 
	   	   	   Eunicea mammosa AGH55675 Z W P S 
	   	   	   Eunicea palmeri AAT84718 Z W P S 
	   	   	   Eunicea sp. AAM95309 Z W P S 
	   	   	   Eunicea succinea AAT84717 Z W P S 
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Order Suborder Family Species GenBank Acc No. EAM Habitat Axis Depth 

Alcyonacea Holaxonia Plexauridae Eunicea tourneforti AAT84723 Z W P S 
	   	   	   Euplexaura crassa YP_007516972 A W P S 
	   	   	   Euplexaura sp. ADI47401 A W P S 
	   	   	   Heterogorgia verrucosa GQ143807 A W P S 
	   	   	   Hypnogorgia sp. AAT84732 A W P S 
	   	   	   Lytreia sp. AAT84736 A W P S 
	   	   	   Menella sp. AAT84744 A W/C P S 
	   	   	   Muricea atlantica ADI47403 Z W P S 
	   	   	   Muricea elongata AAT84727 Z W P S 
	   	   	   Muricea laxa AAT84728 Z W P S 
	   	   	   Muricea muricata AAT84729 Z W P S 
	   	   	   Muricea pinnata AAM95313 Z W P S 
	   	   	   Muricea purpurea ADC97796 A W P S 
	   	   	   Muricea sp. AAT84731 A W P S 
	   	   	   Muriceides cf. hirta AGO35622 A C P S/D 
	   	   	   Muriceides sp. AAT84739 A W P S 
	   	   	   Muriceides sp. 2 AGO35635 A C P D 
	   	   	   Muriceides sp. 3 AGO35619 A C P D 
	   	   	   Muriceopsis bayeriana AAM95321 Z W P S 
	   	   	   Muriceopsis flavida ADI47404 Z W P S 
	   	   	   Paracis sp. ABC46853 A C P S 
	   	   	   Paramuricea biscaya AGO35679 A C P D 
	   	   	   Paramuricea multispina AAT84741 A C P D 
	   	   	   Paramuricea placomus ADK91455 A C P D 
	   	   	   Paramuricea sp. ADK91448 A C P D 
	   	   	   Paramuricea sp. type A ADC34416 A C P D 
	   	   	   Paramuricea sp. type B ADC34429 A C P D 
	   	   	   Paramuricea sp. type C ADC34432 A C P D 
	   	   	   Paramuricea sp. type D ADC34440 A C P D 
	   	   	   Paramuricea sp. type E AFE55698 A C P D 
	   	   	   Paramuricea sp. type F ADC34443 A C P D 
	   	   	   Paramuricea sp. type G ADC34444 A C P D 
	   	   	   Paramuricea sp. type H AGO35652 A C P D 
	   	   	   Paraplexaura sp. ADI47405 A C P S 
	   	   	   Placogorgia sp. AAT84742 A C P D 
	   	   	   Plexaura flexuosa ABV26644 Z W P S 
	   	   	   Plexaura homomalla AAT84720 Z W P S 
	   	   	   Plexaura kuna AAM95316 Z W P S 
	   	   	   Plexaurella dichotoma AAT84750 Z W P S 
	   	   	   Plexaurella dichotoma 2 AAT84748 Z W P S 
	   	   	   Plexaurella grisea AAM95317 Z W P S 
	   	   	   Plexaurella nutans AAT84749 Z W P S 
	   	   	   Pseudoplexaura crucis AAM95305 Z W P S 
	   	   	   Pseudoplexaura flagellosa AAT84725 Z W P S 
	   	   	   Pseudoplexaura porosa AAT84726 Z W P S 
	   	   	   Pseudoplexaura wagenaari ADI47407 Z W P S 
	   	   	   Scleracis guadalupensis AGO35626 A C P S/D 
	   	   	   Scleracis sp. AAT84754 A C P S/D 
	   	   	   Swiftia cf. koreni AGO35632 A C P D 
	   	   	   Swiftia exserta AGO35618 A C P S/D 
	   	   	   Swiftia pacifica AFC01136 A C P D 
	   	   	   Swiftia pallida AFE55695 A C P S/D 
	   	   	   Swiftia sp. ADK91442 A C P D 
	   	   	   Swiftia spauldingi AFC01109 A C P D 
	   	   	   Thesea sp. AAT84753 A W P S 
	   	   	   Villogorgia sp. AAT84746 A C P D 
	   Protoalcyonaria Taiaroiidae Taiaroa tauhou AFZ62706 A C SF D 
	   Scleraxonia Anthothelidae Alertigorgia sp. AFZ62667 Z W Sp S 
	   	   	   Anthothela grandiflora ABC25584 A C Sp D 
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Alcyonacea Scleraxonia Anthothelidae Anthothela nuttingi ADK91456 A C Sp D 
	   	   	   Anthothela sp. 1 AGO35620 A C Sp D 
	   	   	   Anthothela sp. 2 AGO35616 A C Sp D 
	   	   	   Anthothela sp. 3 AGO35628 A C Sp D 
	   	   	   Erythropodium caribaeorum ADI47363 Z W Sp S 
	   	   	   Iciligorgia sp. ADI47364 A W/C Sp S 
	   	   	   Solenocaulon sp. ADI47366 A W Sp S 
	   	   Briareidae Briareum asbestinum ABF69703 Z W Sp S 
	   	   	   Briareum hamrum ADJ54056 Z W Sp S 
	   	   	   Briareum sp. BAM71831 Z W Sp S 
	   	   Coralliidae Corallium elatius YP_008802638 A C Sp D 
	   	   	   Corallium japonicum BAK18826 A C Sp D 
	   	   	   Corallium kishinouyei ADC97792 A C Sp D 
	   	   	   Corallium konojoi BAK18833 A C Sp D 
	   	   	   Corallium regale AAK67163 A C Sp D 
	   	   	   Corallium rubrum BAO03906 A C Sp D 
	   	   	   Corallium secundum ADC97795 A C Sp D 
	   	   	   Corallium sp. ADC97794 A C Sp D 
	   	   	   Hemicorallium ducale ACB28532 A C Sp D 
	   	   	   Hemicorallium imperiale AGQ55171 A C Sp D 
	   	   	   Hemiorallium laauense AGQ55108 A C Sp D 
	   	   	   Hemicorallium niobe ABN79585 A C Sp D 
	   	   Melithaeidae Melithaea caledonica AGX84407 A W Sp S 
	   	   	   Melithaea coccinea AGX84333 A W Sp S 
	   	   	   Melithaea erythraea ADI47386 A W Sp S 
	   	   	   Melithaea formosa AGX84409 A W Sp S 
	   	   	   Melithaea maldivensis AGX84342 A W Sp S 
	   	   	   Melithaea ochracea AGX84405 A W Sp S 
	   	   	   Melithaea rubrinodis AGX84336 A W Sp S 
	   	   	   Melithaea sinaica AGX84383 A W Sp S 
	   	   	   Melithaea tenuis AGX84420 A W Sp S 
	   	   	   Melithaea sp. AGX84419 A W Sp S 
	   	   	   Melithaea sp. 1 AFZ62695 A W Sp S 
	   	   	   Melithaea sp. 2 AFZ62696 A W Sp S 
	   	   	   Melithaea sp. 3 ABC46841 A W Sp S 
	   	   Paragorgiidae Paragorgia alisonae AFN10381 A C Sp D 
	   	   	   Paragorgia aotearoa ADC97797 A C Sp D 
	   	   	   Paragorgia arborea AFN10253 A C Sp D 
	   	   	   Paragorgia coralloides AFN10382 A C Sp D 
	   	   	   Paragorgia cf. johnsoni AGO35642 A C Sp D 
	   	   	   Paragorgia johnsoni AFN10380 A C Sp D 
	   	   	   Paragorgia kaupeka ADC97805 A C Sp D 
	   	   	   Paragorgia regalis ADC97799 A C Sp D 
	   	   	   Paragorgia sp. AFN10379 A C Sp D 
	   	   	   Paragorgia sp. 1 AGO36188 A C Sp D 
	   	   	   Paragorgia wahine ADC97806 A C Sp D 
	   	   	   Paragorgia yutlinux ADC97807 A C Sp D 
	   	   	   Sibogagorgia cauliflora AGO35640 A C Sp D 
	   	   	   Sibogagorgia dennisgordoni ADC97808 A C Sp D 
	   	   Spongiodermidae Diodogorgia nodulifera AFZ62668 A W Sp S 
	   	   	   Homophyton verrucosum ADI47365 A W/C Sp S 
	   	   	   Titanideum frauenfeldii ADK91457 A W Sp S 
	   	   Subergorgiidae Annella mollis AFZ62704 A W Sp S 
	   	   	   Annella sp. AGX84430 A W Sp S 
	   	   	   Subergorgia suberosa AFZ62705 A W Sp S 
	   	   N/A Scleraxonia sp. AGO35615 A C Sp D 
	   Stolonifera N/A Alcyonacea sp. 1 AFE55693 A C St D 
	   	   Acrossotidae Acrossota amboinensis ABL85551 Z W St S 
	   	   Arulidae Arula petunia AFZ62670 Z W St S 
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Order Suborder Family  Species  GenBank Acc No.   EAM   Habitat   Axis  Depth 

Alcyonacea     Stolonifera          Clavulariidae               Carijoa riisei                                          ABC46794            A           W         St        S 
Carijoa sp. 1                                           AFZ62672            A           W         St        S 
Carijoa sp. 2                                           AFZ62673            A           W         St        S 
Clavularia inflata                                   ABC46792            Z           W         St        S 
Clavularia rudis                                     AFE55700            A           C          St        D 
Clavularia sp.                                         AFZ62674            Z           W         St        S 
Clavulariid sp.                                        ABL85549            Z           W         St        S 
Clavulariidae sp.                                    ADI47373             Z           W         St        S 
Cryptophyton goddardi                          AFZ62675            A           C          St        S 
Inconstantia exigua                                AFZ62686            A           C          St        S 
Inconstantia pannucea                           AFZ62684            A           C          St        S 
Inconstantia procera                              AFZ62680            A           C          St        S 
Incrustatus comauensis                          AFU34533            A           C          St        S 
Incrustatus niarchosi                              AFU34531            A           C          St        S 
Knopia octocontacanalis                        ADI47371             Z           W         St        S 
Paratelesto sp.                                        ADI47372            A           W         St        D 
Telesto sp.                                               ABC46795            A          W/C       St      S/D 

Cornulariidae  Cervera atlantica  AFD62289 A W St S 
Cornularia pabloi                             AFZ62687           A    C St S 

Tubiporidae Tubipora musica    AGS15837   Z  W H S 
Tubipora sp.  ABC46797 Z  W H  S 

N/A  Stolonifera sp. 1    AGO35621 A  C St D 
Helioporacea  N/A Helioporidae  Heliopora coerulea   YP_007476453  Z W H  S 

Heliopora coerulea  AGF33129  Z W H S 
Pennatulacea   N/A                     Renillidae                    Renilla muelleri                                      AFO73240            A           W         SF        S 

Renilla reniformis                                   ACB28530            A           W         SF        S 
Renilla sp.                                               ADI47409            A           W         SF        S 

N/A Echnoptilidae   Actinoptilum molle    ADI47374 A C H  S 
Sessiliflorae  Anthoptilidae   Anthoptilum grandiflorum    AFC01113 A C H D 

Anthoptilum sp. 1 AGV76277 A C H  D 
Funiculinidae              Funiculina armata                                 AGV76278            A           C          H        D 

Funiculina quadrangularis                    AFC01108            A           C          H        D 
Funiculina sp.                                        AFM97490            A           C          H        D 

Kophobelemnidae       Kophobelemnon macrospinum               ABC46858            A           C          H        D 
Kophobelemnon pauciflorum                AGV76281            A           C          H        D 
Kophobelemnon sp. 1                             AGV76282            A           C          H        D 
Kophobelemnon sp. 2                             AGV76283            A           C          H        D 
Kophobelemnon sp. 3                             AGV76284            A           C          H        D 

Protopotilidae  Distichoptilum gracile  ABC46859 A C H D 
Protoptilum sp.   ACB28531  A C H D 

Umbellulidae  Umbellula encrinus   AGV76294  A C H D 
Umbellula sp. 1  AGV76300 A  C H  D 

Subsessiliflorae  Halipteridae  Halipteris californica   AFC01128 A C H S/D 
Halipteris finmarchica  AGV76280 A C H  D 
Halipteris willemoesi   AFC01129 A C H  D 

Pennatulidae               Gyrophyllum sp.                                     AGV76291            A           C          H        D 
Pennatula aculeata                                AGV76285            A           C          H        D 
Pennatula phosphorea                           AGV76286            A           C          H        S 
Pennatula sp.                                          ABC46863            A           C          H        D 
Pteroeides sp.                                         ABC46864            A           C          H        D 

Virgulariidae  Stylatula elongata  YP_006576493 A C H S 
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General Conclusions  

 This doctoral thesis explored the systematic relationships of octocoral deep-

sea fauna distributed in Antarctic and Sub-Antarctic regions, and evaluated the role of 

the Antarctic Circumpolar Current as a driving force for the diversification of 

octocoral deep-sea populations. It also assessed the evolution of four octocoral traits 

and the role of these traits on diversification rate shift. To answer the previous 

questions different approaches and methods that included phylogenetics, molecular 

dating, character evolution, phylogeography and population genetics, were used.  

 This study represented the first assessment of phylogeographical patterns for 

deep-sea octocorals in the Pacific and Southern Ocean (chapters 1 and 2). The first 

study system included the brooding bottle-brush octocoral Tokprymno maia, 

distributed in four populations north and south of the ACC (New Zealand, Tasmania, 

the McQuarie Ridge, and the Ross Sea in Antarctica). The study revealed that the 

ACC is a barrier for genetic flow capable of separating and structuring populations, 

but it may be considered as a soft barrier, where it is possible to hypothesize recent 

migration. Additionally, strong evidence to suggest that the populations from each of 

the four sampling regions actually constitute different species is provided, and the 

process of species description will shortly follow. The second study system, the 

precious coral Hemicorallium imperiale, is a broadcast spawner with a wide 

distribution throughout the Pacific and Southern Oceans, however does not conform 

to a panmictic population scenario. There is structure between distant populations 

(North Pacific and Southern Ocean) but no structure among close populations 

separated by the ACC (South Pacific and Southern Ocean), therefore the hypothesis 

that the ACC is a barrier against gene flow is rejected. However, the mechanisms by 
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which these two populations have maintained a connection still needs further 

assessment.  

 Mixing morphology and molecular systematics gives insights into the 

legitimacy of newly described species. This is how chapter 3 provides strong evidence 

that supports the nomination of two new species of bamboo corals from the genus 

Keratoisis, Keratoisis magnifica and K. peara. The study suggest that different 

disciplines (e.g., morphology, molecular systematics, ecology, reproduction, when 

possible) should be used for taxonomical studies, because they blend to create a more 

complete and comprehensive approach towards the understanding of species diversity 

and distribution. 

 Finally, chapter 4 provided the most comprehensive time-calibrated phylogeny 

of Octocorallia to date, which suggested two major lineages of octocorals. The 

Triassic period was inferred as the time of origin of octocorals, however they could be 

as old as the Carboniferous period. The first octocorals appear to have been soft-

bodied colonies, azooxanthellate, deep-water and cold-water organism that 

subsequently experienced multiple independent gains of zooxanthellae. A unique shift 

in diversification rates was identified in the ancestral branch leading to the 'Sinularia 

clade', the most specious octocoral genus. However, no statistical association between 

rates of speciation and phenotypic evolution for four octocoral traits was found. This 

dated phylogeny gave new insights on the macro-evolutionary history of Octocorallia, 

however clearly brought out new issues that will only be resolved with additional 

analyses, and the inclusion of more DNA markers and a wider octocoral fossil record. 

 The study of marine benthic organisms has increased in the last decade, 

particularly for deep-sea fauna. This thesis has contributed greatly in the general 

knowledge of diversity patterns, temporal diversification processes, and population 
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dynamics for Octocorallia. The contribution has also laid a basis for further 

evolutionary studies on these incredible diverse organisms.  


	Introduction_tesis
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