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Abstract 
 
Octocorals comprise an important component of benthic communities, providing tri-
dimensional structures and habitat for reef dwellers. One of the most diverse groups in Caribbean 
reefs is genus Eunicea, with 15 described species and at least other 15 undescribed morphotypes. 
A detailed study all the genus along with all known morphotypes may provide a proper account 
of Eunicea diversity and the potential discovery of new species. We reviewed the morphological 
and genetic diversity in Eunicea and provide a phylogenetic hypothesis of the genus. Chapter one 
describes variation of the ribosomal DNA Internal Transcribed Spacer 2 (ITS2) to study 
phylogenetic relationships among 15 Eunicea species. The Internal Transcribed Spacer 2 (ITS2) 
is an excellent tool for phylogenetic studies in Octocorals. This nuclear region is easy to amplify 
and the information obtained from the secondary structure makes phylogenetic analyses more 
accurate. To reconstruct phylogenetic hypotheses among the species we used 17 morphological 
and 28 characters from molecular morphometrics of secondary structure of ITS2. We present 
four topologies of phylogenetic hypotheses: 1) ITS2 secondary structure-corrected alignment, 2) 
molecular morphometrics, 3) morphological and 4) combined data. Besides the lack of a 
complete understanding on the relationships between species and the great diversity that this 
genus displays, field identification of Eunicea species is particularly difficult because their 
distinction is based on numerous morphological characters and microscopic sclerite analyses. For 
instance, E. fusca can be locally very abundant in some shallow reefs (5-20 m) and its short 
colonies display a disorganized and slim branching, which sometimes propagate clonally. 
However, it can be easily mistaken to E. tayrona, E. flexuosa, E. asperula and E. pallida with which 
it shares habitat conditions and overlap in several morphological characters. Recently, repeated 
observations in Curacao and Colombia, a new polyp character has been consistently observed in 
Eunicea species that may be considered as another diagnostic character useful for its 
identification. Here we made a description of the polyps of some species to facilitate field 
identification. Eunicea polyp pigmentation patterns are clearly diverse, where some species are not 
pigmented at all and others display distinctive patterns. Exist a group of species with polyps 
without pigmentation (E. asperula, E. clavigera, and E. mammosa). Instead E. calyculata have 
polyps with a few pigment around the mouth, E. fusca polyps show eight inter-tentacular black 
spots around its mouth, whereas E. laciniata has polyps with pigment in the center of the polyp 
in the mouth and polyps fully pigmented (Fig. 1). Therefore, close examination of Eunicea 
polyps to see the eight inter-tentacular pigmented dots allowed us 100% confidence for E. fusca 
field identification. 
 
Furthermore, it seems that the great abundance of the Eunicea genus in the Caribbean, responds 
to a noticeable asexual propagation that several species exhibit, as it has been seen in Eunicea 
fusca, Eunicea flexuosa and E. laciniata. This is primarily due to fragmentation, however, it is not 
clear the importance of asexual reproduction in the population structure nor the mechanism 
controlling it.  In Chapter Two, we evaluate the genetics of populations of E. fusca, for which 
populations revealed low genetic diversity, high clonal frequency and high asexual reproduction.  
 



 
 

 
Figure 1. Photographs of Eunicea octocorals in situ. A, Eunicea asperula; B, Eunicea calyculata; C, Eunicea 
mammosa; D, Eunicea clavigera; E, Eunicea fusca; F-G, Eunicea laciniata.  
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Abstract 
 
In Caribbean reefs the diversity and abundance of octocorals can be greater than those of 
scleractinian corals. Octocorals are an important component of benthic communities, providing 
tri-dimensional structure and habitat for associated species. The most abundant and diverse 
group in Caribbean reefs is the genus Eunicea, with 15 described species and more than 30 
described. Studying the genetic and morphological diversity of current species along with all 
cryptic morphotypes may result in the discovery of new species. Here, we reviewed the diversity 
and phylogenetic relationships of the genus based on the ribosomal DNA of the Internal 
Transcribed Spacer 2 (ITS2). In addition to the phylogenetic analysis of the sequences, we used 
derived 28 molecular morphometric characters from the ITS secondary structure and 17 discrete 
morphological characters to evaluate three kinds of possible data to reconstruct phylogenetic 
hypotheses and to establish phylogenetic relationships among species. Finally we present five 
different topologies of phylogenetic hypotheses for all species based on ITS2 corrected alignment, 
molecular morphometrics, morphological characters and combined data. Our results support at 
least one new species in this group. 
 
Introduction 
 
Octocorals are diverse and abundant in reef communities and may be even more abundant than 
hard corals[1],[2]. Octocorals could eventually increase their abundance after the mass mortality 
of hard coral to the point where octocorals can dominate coral reefs[3], a pattern observed in 
reefs in degraded zones[4],[5]. Furthermore, in certain zones after environmental disturbance 
events soft corals tend to increase their cover, contrary to what happens to hard corals, which 
show sometimes no signs of recovery[6],[7].  
 
Octocorals are an important component of reef formations in the Caribbean. Gorgonian corals, 
as they are commonly known, constitute part of the dominant fauna in many reef systems[2]. 
They provide three-dimensionality to the environment, refuge and habitat[8], and also comprise 
a source of natural products with biomedical relevance such as anti-inflammatories in the case of 
Eunicea[9]. Gorgonian corals are usually abundant in shallow waters and reef walls, their 
distribution goes from the rocky littoral to the continental slope[10]. Their distribution depends 
on environmental parameters such as light and hard substrate availability, sedimentation, wave 
exposure and currents[11][12][13][14].  
 
In Caribbean reefs the diversity and biomass of gorgonian corals can be greater than those of 
scleractinian corals[15]. Eunicea gorgonian corals (Cnidaria: Anthozoa: Octocorallia: 
Plexauridae), commonly known as sea candelabrum, comprise one of the most diverse and 
abundant octocoral group in the Tropical western Atlantic[2]. Currently, 15 species are 
considered valid within the genus, but there are more than 30 described[10]. The main reason for 
this has been the existence of sympatric species making difficult to identify species because there 



is an overlap of morphological traits among several species[2]. In order to evaluate the diversity of 
the genus, variation of Internal Transcribed Spacer 2 (ITS2, rDNA) was used to reconstruct 
phylogenetic relationships among species. To complement this approach we used 28 characters 
from molecular morphometrics of the ITS2secondary structure as well as 17 morphological 
characters to evaluate three kinds of possible data to reconstruct phylogenetic hypotheses[2]. 
 
The Internal Transcribed Spacer 2 (ITS2) is a nuclear region that can be considered as an 
excellent tool for phylogenetic studies in invertebrates such as Octocorals[16–18]. This short 
region (~200 bp) is really easy to amplify and the information that can be obtained from the 
secondary structure is a valuable homology framework for aligning the sequences, which is more 
reliable than approaches based only on primary sequence data[19]. The ITS2 secondary structure 
is a model that has a conserved pattern in eukaryotes with high divergence in the primary 
sequence[19]. An additional advantage of the secondary structure is the possibility to obtain 
informative characters that are not found in the primary sequence [16]. For the genus Eunicea 
there is an incomplete molecular phylogeny based on secondary structure with nine species as 
well as a phylogeny based on morphological characters[2,17]. In general the genus has a 
monophyletic status and consists in two internal groups, but has many systematics problems and 
many species remain undescribed[2]. The aim of this study is to provide a complete phylogeny of 
Eunicea genus, using molecular and morphological tools.  
 
 
Methods  
 
Samples from 9 species were collected performing scuba diving in Curacao; additional species 
samples were taken from the Museo de Historia Natural-Universidad de los Andes and published 
sequences from NCBI were also used (Anexo 1)[16][18]. Thirty ITS2 sequences and their 
secondary structures from 15 Eunicea species: E. tourneforti, E. tayrona, E. knighti, E. clavigera, E. 
laciniata, E. calyculata, E. flexuosa, E. asperula, E. fusca, E. palmeri, E. laxispica, E. mammosa, E. 
pallida, E. pinta, E. succinea and Eunicea sp.* (a putative undescribed new species) and the out-
group Pseudoplexaura flagellosa were aligned.  
 
ITS2 Sequences:  
DNA was extracted using the protocol proposed by Coffroth et al.[20]. DNA was amplified using 
PCR with the primers for the complete region of the ITS2 5,8S (5’-
AGCATGTCTGTCTGAGTGTTGG-3’) and 28S (5’-GGGTAATCTTGCCTGATCTGAG-
3’) [17]. DNA for sequencing was obtained from a PCR reaction tube containing 15µl total, with 
2µl of DNA template, 1 unit Taq polimerasa (Go Taq), 3µl of 1X Buffer, 3,5mM of MgCl2, 0,2 
mM dNTP’s mix, 0,15µl of each primer, 10 mg/mL of BSA and 6,04µl of ddH2O. PCR 
conditions were: one initial period of 2 min at 94ºC followed by 35 cycles of 30s at 94ºC, 1 min 
at 57,5ºC, 1 min at 72ºC, and a final extension step for 2 min at 72ºC. PCR products were 
confirmed by gel electrophoresis. Sequencing of amplified products was carried out in Macrogen 
and analyzed in Geneiuos Pro.  
 
ITS2 Secondary structures  
Secondary structure was inferred using some published secondary structures of Eunicea species as 
model[16]. Conserved areas were recognized and used as reference to fold the structure. 
Constrains, such as restriction and prohibitions, were submitted in the web server Mfold[21]. 
RNA was folded with default settings, and the structure chosen from different output files was 
the one with the highest negative free energy[22]. Finally a Vienna format of the secondary 
structures, which allowed aligning the sequences with the program 4SALE[23]. 
 
 



Molecular Morphometrics  
The secondary structures obtained were used to make a matrix for phylogenetic analysis based on 
molecular morphometrics[18]. The helixes, bulges and internal loops were numbered and 
considered a character that will vary depending of the base number in the sub-structure. 
Nucleotides were counted for each character and arranged in discrete character states from 0 to 
5[18][17].  
 
Morphological characters  
For the phylogenetic analysis based on morphological characters of the Eunicea species, the 
following characters were considered: generalized shape of club sclerites, radio head: handle of 
club sclerites, overall orientation of folds and ornamentations of the clubs sclerites, anthocodial 
sclerites arrangement, maximum size of the spindles of the middle layer, density and frequency of 
ornamentation from rod sclerites of the polyp, pigmentation and transparency of the middle layer 
spindles observed under light microscope, club ornaments, ratio between the opposed walls of the 
polyp aperture, orientation and shape of the polyp aperture, overall polymorphism in shape and 
size of club sclerites, ratio between the lateral projection of the ornaments of the handle and the 
heads radius in club sclerites, pattern of localization along clubs handle ornamentations, colour 
pattern at axial layer sclerites, projection of the calyx, position and density of ornaments in 
spindle sclerites of the middle layer, shape of ornamentations of the axial layer sclerites[2].  
 
Phylogenetic Analyses  
Three phylogenetic analyses were carried out with the following datasets: the aligned sequences 
corrected by secondary structure, molecular morphometrics and morphological characters using 
Bayesian Inference and Maximum Likelihood. The Bayesian Inference analyses were done using 
MrBayes[24], employing the parameters from the nucleotide model substitution GTR+I+G 
chosen with AIC inferred in the program JModelTest[25] for aligned sequences corrected by 
secondary structure dataset. Molecular morphometrics and morphological characters datasets 
were run under standard data type mode without an evolutionary model. These analyses were 
carried out with four Markov Monte Carlo Chains, burn-in 10000, a sample frequency of ten 
million generations and a sampling every 1000 simulation. The Maximum Likelihood analyses 
were run in CIPRES with RaxML, an heuristic search and branch support with 1000 bootstrap 
replicates Finally two Bayesian Inference analyses were done with two combined matrices from: 
a) corrected sequences alignment and molecular morphometrics and b) corrected sequences 
alignment and morphological characters. In this analysis each kind of data is allowed to have 
different evolution rate. Theses were run in MrBayes [24] with four Markov Monte Carlo 
Chains, burn-in 10000, a sample frequency of ten million generations and a sampling every 1000 
simulation.  
 
 
Results 
 
ITS2 Secondary Structures 
ITS2 sequences range from 197bp in Eunicea flexuosa to 260bp in Eunicea knighti. In total 30 
new predicted RNA secondary structures were constructed, all following as model E. fusca (Anexo 
2). Predicted RNA secondary structures of ITS2 exhibited the six-helicoidal ring-model structure 
found in eukaryotes and confirmed the pattern found in previous Eunicea studies[16]. In total 28 
molecular morphometrics characters were defined.  
 
As result of folding ITS2 secondary structures, three secondary structures that did not match with 
the structures of known Eunicea species and we define these as Eunicea sp., a putative 
undescribed species, Eunicea A and Eunicea B morphotypes. 
 



Phylogenetics  
 
Bayesian and maximum likelihood analyses from molecular morphometrics did not show similar 
topologies with respect to the other analyses (Figure 1). In general terms the topology didn`t have 
high support values for most nodes, but it displays two clades that match what was found with 
other analyses (E. clavigera - Eunicea sp. and E. tayrona - E. laciniata). Additionally, morphotypes 
that have differences in the secondary structure with other species, were in separate clades with 
values of probability greater than 0.6 (Eunicea A and Eunicea sp.). Since all secondary structures 
follow the same pattern, the analysis is not very robust.  
 
 

 
Figure 1. Phylogenetic hypotheses of Eunicea with Bayesian Inference and Maximum Likelihood from 
molecular morphometrics characters of secondary structure of ITS2. Numbers corresponds to Bayesian 
posterior probabilities and bootstrapping support values (1000 replicates) separated by a slash. 
 
The phylogenetic hypotheses based on morphological characters had some support values greater 
than 0.8 by Bayesian probabilities, but had low bootstrap values (Figure 2). However, it was clear 
that with this analysis the genus is divided into two major clades. One clade only includes 5 
species: Eunicea palmeri, E. mammosa, E. pinta, E. succinea and E. laxispica. The largest clade 
contains E. pallida, E. flexuosa, E. tourneforti, E. tayrona, E. knighti, E. clavigera, E. laciniata, E. 
calyculata, E. asperula, E. fusca and Eunicea B. Although the topology is similar to the others 
topologies, with monophyly and grouped species into two clades, this grouping does not match 
what was observed in the topologies obtained with the corrected alignment and the combined 
data (Figure 3 and Figure 4). 



 
Figure 2. Phylogenetic hypotheses of Eunicea spp. obtained with Bayesian Inference and Maximum 
Likelihood from 17 morphological characters. Numbers corresponds to Bayesian posterior probabilities 
and bootstrapping support values (1000 replicates) separated by a slash. 
 
Maximum likelihood analysis of the sequence alignment corrected retained one tree with the 
assumed model GTR+I+G selected by AIC, tree searches had six substitutions rates (AC, 1.0054; 
A-G, 2.0871; A-T, 0.8125; C-G, 0.4258; C-T, 1.8734; G-T, 1.0), not assuming a proportion of 
invariant sites, and a gamma shape parameter (2.495). Supports from 1000 bootstrap replicates 
were obtained and the Bayesian analysis of the sequence alignment corrected retained the same 
topology and gave support to the same branches (Figure 3). First branches contain three species: 
E. pallida, E. flexuosa and E. laxispica. The second branches have the group of E, laciniata, E. 
fusca and E. tayrona. In both analyses E. mammosa was out of the branches of Eunicea. 

 
 
Figure 3. Phylogenetic hypotheses of Eunicea spp. obtained with Bayesian Inference and Maximum 
Likelihood from sequence alignment corrected by secondary structure. Numbers corresponds to Bayesian 
posterior probabilities and bootstrapping support values (1000 replicates) separated by a slash. 
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Figure 4. Phylogenetic hypotheses of Eunicea spp. obtained with Bayesian Inference from sequence 
alignment corrected by secondary structure and combined data. A. ITS2 corrected alignment and 
morphological characters. B. ITS2 corrected alignment and molecular morphometrics. Numbers 
corresponds to Bayesian posterior. 
 
Bayesian and maximum likelihood analyses from the corrected sequence alignment (Figure 3) 
and the Bayesian analyses from combined data (Figure 4) recovered very similar topologies, and 
the majority of the nodes are well supported by both Bayesian posterior probability (>0.9) and 
bootstrap support (>90%). All topologies corroborated the monophyletic status of the genus and 
two distinct clades of Eunicea spp. were observed. One short and very well supported clade that 



includes E. pallida, E. flexuosa and E. laxispica. And one large clade well supported in the majority 
of nodes that includes E. tourneforti, E. tayrona, E. knighti, E. clavigera, E. laciniata, E. calyculata, 
E. asperula, E. fusca, E. palmeri, E. mammosa, E. pinta, E. succinea, Eunicea sp. and morphotypes 
Eunicea A and Eunicea B. In all topologies E. mammosa appears outside of the two Eunicea clades. 
The three morphotypes (Eunicea sp., Eunicea A and Eunicea B) identified by secondary structures 
are part of the same clade but are differentiated with high probability values and bootstrap 
support. Eunicea sp. is in the same clade with E. clavigera and is apparently a closely related 
species, but it is separated with a high value of probability and bootstrap support, which supports 
its undescribed species status. Finally the group of E. tayrona, E. fusca (sister species) and E. 
laciniata is very well supported by Bayesian posterior probability and bootstrap support in the 
three topologies respectively. It should be noted that there are two species that in the 3 topologies 
are located in different clades: E. laciniata and E. knighti, it can be considered as different 
morphotypes but can be a case of cryptic species. 
 
Table 1. Comparisons between topologies obtained from Molecular morphometrics of secondary structure 
of ITS2, morphological characters, aligned corrected by secondary structure and combined data. Numbers 
corresponds to Bayesian posterior probabilities and bootstrapping support values (1000 replicates) 
separated by a slash. 

 
 
 

Eunicea Sp. Nov. 
 

Holotype: Water Factory Reef (Aqualectra), 12m, Curacao, 25.ix.2014, col J.A. Sánchez. Museo 
de Historia Natural Universidad de los Andes. 
Paratype: Water Factory Reef (Aqualectra), 12m, Curacao, 25.ix.2014, col J.A. Sánchez. Museo 
de Historia Natural Universidad de los Andes. 
 
Description: Colonies tall with a few branches per colony between 25 and 35 cm; small holdfast. 
Thin branches of 0.6 mm in diameter or less. Small and brown polyps without noticeable 
pigmentation; some are not retractable in dry samples. Calyx short, with irregular edges paler 
than the surrounding tissue in dry samples. Numerous low calyces disposed uniformly with a 
projecting lower tip. Middle layer sclerites robust between 0.9mm and 1.4mm in length and 



0.2mm in diameter (Figure 6). Axial layer sclerites with ornate spindles or irregular bodies 
between 0.2 and 0.4 mm in length (Figure 7). The surface layer contains irregular club sclerites 
torched with short and ornate handle, between 0.09mm and 0.14mm in length and 0.06mm and 
0.12mm in diameter (Figure 7). The holotype is a brown fragment of colony of about 35cm in 
height, which had branching in one plane when collected (Figure 5). The paratype is a brown 
fragment of colony of about 25cm in height, with only one branch. 
 
Distribution and habitat: Semi-exposed shallow reefs and slope edge (8-15 m). Curacao and the 
Caribbean coast of South America, probably widespread in the Caribbean.  
 
Species comparisons: Although this species can be considered a cryptic species that look similar 
to several species, Eunicea sp. nov. is clearly of the Euniceopsis subgenus with sclerites overlapping 
in shape with respect to other species such as E. clavigera and E. asperula. However, its branches 
are thinner in Eunicea sp. nov, and the calices are shorter with respect to E. clavigera. Likewise, 
the polyps of Eunicea sp. nov. quite shorter than E. clavigera when extended. E. asperula colonies 
has darker appearance both in living and dry colonies and its calices have curved and upward 
lower lips.  
 

 
 
Figure 5. Photographs of Eunicea sp. nov.  A. Underwater views of the colony alive, Water Factory Reef, 
Aqualectra, 12m, Curacao. B. Details of calices. C. Dry specimen (Holotype). 
 



 
Figure 6. Scanning electron micrograph images from sclerites of Eunicea sp. nov. A-B Sclerites 
(ornamented spindles) from the middle layer. C and D are details of ornamentations. 
 

 
Figure 7. Scanning electron micrograph images from sclerites of Eunicea sp. nov. Holotype. A Club 
sclerites from the surface layer (scale bar=20µm). B. Axial layer sclerites (scale bar=50µm). C Polyp rods 
(scale bar=50µm).  
 
 
 
Discussion 
 
Eunicea octocorals are the most diverse and abundant group in Caribbean coral reefs but the 
identification at the species level is particularly difficult because it requires examining numerous 
morphological characters and microscopic sclerite analyses[2]. It is a group with high potential of 
undescribed species, particularly given the high morphological variability among and within 
species [26][27]. Given the high morphological variation, molecular tools are an alternative to 
identify species of this genus. Here we used ITS2, a marker with enough resolution to 
differentiate species [17],[28]. For instance, we included three different morphotypes that are 
morphologically and molecularly distinct: Eunicea sp., Eunicea A and Eunicea B.  
 



The phylogenetic hypotheses obtained from morphological characters were compatible with the 
hypotheses published by Sánchez[2]. In general, has high consistency that suggest good 
phylogenetic signal from morphological characters, and show that the genus is monophyletic and 
the 15 species are distributed in two clades differentiated. 
 
Previous studies using ND2 and mtMutS mitochondrial, including only 8 Eunicea species, also 
observed the formation of two groups. The first group pooled E. succinea, E. laxispica and E. 
palmeri, which corresponds to the old Eunicea subgenus, and the second were E. asperula, E. 
clavigera, E. tourneforti and E. knighti corresponding to the old Eunicenopsis subgenus. E. fusca 
was not included in any of the clades. Wirshing et al.[29], suggest a radiation of Eunicea into at 
least two incipient groups corresponding to the known subgenus organization, as our 
phylogenetic hypothesis based on morphological characters, in which it was clear the formation 
of two clades. We can summarize in our study the support for a clade with E. fusca, E. flexuosa, E. 
knighti, E. pallida, E. calyculata, E. tayrona, E. clavigera, E. laciniata, E. tourneforti, E. asperula 
and E. laciniata, and in the other group are E. pinta, E. palmeri, E. laxispica, E. succinea and E. 
mammosa. The first phylogenetic hypotheses for the genus was based on chemical compounds, 
they found that the genus should be split into two groups, one containing E. asperula and E. 
tourneforti and the other containing E. mammosa, E. palmeri and E. succinea[30], this also 
coincides with that observed in other studies[2] and the phylogenetic hypothesis observed in this 
study from morphological characters.  
 
On the other hand, the phylogenetic hypotheses obtained from the molecular morphometrics 
data do not present a consistent topology with respect to the other approaches. The information 
obtained from predicted ITS2 secondary structure, provided a great number of informative 
characters, but provided limited support to resolve phylogenetic relationship within Eunicea 
genus. 
 
The phylogenetic results obtained using combined data shown to be more reliable than 
approaches based on molecular morphometrics and morphological characters. In the three 
analyses E. mammosa is located outside of the clades of Eunicea species, which is unexpected. 
Aguilar and Sánchez[22] and Grajales et al.[16], observed E. mammosa at different positions, and 
suggest that is not clear the positions of its species with ITS2. The other clades were similar and 
had high support values. One small clade was well defined including E. pallida, E. flexuosa and E. 
laxispica, which did not match with observed clades with morphological characters, but in all 
three analyzes had Bayesian posterior probability of 1. The clade comprising E. fusca and E. 
tayrona, which are sister species, had high support in the three analyses based on alignment 
corrected and in the analysis based on morphological characters (Table 1).  
 
The three morphotypes were part of the largest clade corresponding to the Eunicenopsis subgenus. 
However, they were clearly monophyletic and divergent with respect to undescribed species, 
suggesting that can be new species. The case of Eunicea sp. near to E. clavigera is of great interest 
because it is morphologically different with respect to E. clavigera. Eunicea spp. A and B, were 
morphologically indistinguishable of E. clavigera. Consequently, this type of cryptic species 
deserves further study. 
 
Finally, researchers who conducted previous work in Eunicea [29],[16] had suggested performing 
the phylogenetic reconstruction of the genus with other markers and including all species. Here, 
we presented phylogenetic hypotheses of the genus including 15 described species and 3 
morphotypes, using the ITS2 marker, which had a better resolution for intrageneric comparisons 
in octocorals. This study is the most complete phylogeny of the most diverse anthozoan group of 
Caribbean reefs and suggests the genus harbors cryptic diversity with at least one new species. 
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B. Secondary structures of Eunicea species.  

 
Figure 1. ITS2 Predicted RNA secondary structures for Eunicea species and their enthalpy values. A. E. 
tourneforti, ΔG= -92.27 kcal/mole; B. E. tourneforti, ΔG= -91.22 kcal/mole; C. Eunicea sp., ΔG= -80.57 
kcal/mole; D. Eunicea sp., ΔG= -76.89 kcal/mole. 
 



 
 
Figure 2. ITS2 Predicted RNA secondary structures for Eunicea species and their enthalpy values. A. E. 
asperula, ΔG= -86.94 kcal/mole; B. E. asperula, ΔG= -76.79 kcal/mole; C. E. calyculata, ΔG= -85.40 
kcal/mole; D. E. clavigera, ΔG= -75.29 kcal/mole; E. E. clavigera, ΔG= -75.69 kcal/mole; F. Eunicea B, 
ΔG= -68.16 kcal/mole, G. Eunicea B, ΔG= -68.62 kcal/mole, H. Eunicea A, ΔG= -87.03 kcal/mole; I. 
Eunicea A, ΔG= -92.32 kcal/mole.  
 
 
 
 
 
 
 



 
 
Figure 3. ITS2 Predicted RNA secondary structures for Eunicea species and their enthalpy values. A. E. 
flexuosa, ΔG= -66.25 kcal/mole; B. E. flexuosa, ΔG= -65.32 kcal/mole; C. E. fusca, ΔG= -94.36 kcal/mole; 
D. E. fusca, ΔG= -90.29 kcal/mole; E. E. knighti, ΔG= -73.56 kcal/mole; F. E. knighti, ΔG= -93.49 
kcal/mole; G. E. laciniata, ΔG= -105.57 kcal/mole; H. E. laciniata, ΔG= -91.46 kcal/mole; I. E. laxispica, 
ΔG= -66.07 kcal/mole. 
 
 



 
 
Figure 4. ITS2 Predicted RNA secondary structures for Eunicea species and their enthalpy values. A. E. 
mammosa, ΔG= -31.89 kcal/mole; B. E. pallida, ΔG= -58.18 kcal/mole; C. E. pallida, ΔG= -57.40 
kcal/mole; D. E. palmeri, ΔG= -51.00 kcal/mole; E. E. pinta, ΔG= -25.19 kcal/mole; F. E. succinea, ΔG= -
68.02 kcal/mole; G. E. tayrona, ΔG= -78.59kcal/mole; H. E. tayrona, ΔG= -81.32 kcal/mole; I. 
Pseudoplexaurella flagellosa, ΔG= -35.79 kcal/mole. 
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Summary 
 
One of the most abundant octocoral species in the Caribbean is Eunicea fusca, a gorgonian coral 
that exhibits noticeable asexual propagation, a strategy to successfully colonize substrate. While 
fragmentation and survival of fragments is notable in the field, it is uncertain the degree of 
clonality and unclear the role of asexual reproduction in the genetic diversity of natural 
populations. The present study describes the degree of clonality in E. fusca, with populations 
characterized by low genetic diversity, large number of clone proportion, likely as a result of 
rampant asexual reproduction. While clonal populations can be more resistant to ecosystem 
changes, asexual reproduction can be considered as a persistence strategy for a species with little 
sexually originated recruits. However, if this reproductive condition persists it can produce 
populations without sexual reproduction and monoclonal populations. 
 
Introduction 

Clonal sessile organisms such as hard corals, octocorals and sponges dominate tropical reef 
communities [31]. Besides forming colonies of identical physically-connected modular units, they 
also exhibit asexual reproduction often as fragmentation, generating physically-separated genetic 
clones with independent physiologies [32]. Clonality increases the survival probability, 
abundance and space colonization[33], enhancing the establishment of one or few genotypes as a 
stable strategy for recruitment, specially in harsh environments [34,35].  Locally abundant clonal 
species deal better with stochastic variation, buffering its effects by increasing the number of 
survivors, and decreasing local extinction of populations [36]. The cost of local dominance by 
clonal growth is the low levels of genetic diversity, higher number of infertile genotypes and 
overall little genetic recombination, all of which make clonal species less likely to adapt and cope 
with environmental variation [36],[35]. At the extreme, if population growth is exclusively clonal, 
populations may become monoclonal and critically affect the viability of the species [36]. 
Clonality is common in octocorals often by colony fragmentation, fission or budding[37]. The 
generation of clones may be due to natural processes such stormy waves and hurricanes and 
injuries due to diseases or predators [35,38]. Populations with high clonality tend to display slow 
growth and high mortality rates; however, individual colony size loss is compensated with a 
higher population density. Also, the fragments have higher probabilities of reaching mature 
sexual size compared to larvae or recruits, increasing the possibility of further sexual 
reproduction[32].  

Studies of clonal propagation in octocorals have shown various strategies to facilitate clonal 
growth [32,35]. The azooxanthelate octocoral Drendronephthya hemprichi produces small 
autonomous fragments that have an specific structure for further substrate adhering [39], while 
the whip coral Juncella fragilis reproduces asexually through the formation of new colonies from 
autonomous terminations of the colony [40]. In Plexaura kuna colonies, part of their tissue 
undergoes an emaciation, decreasing the force needed for fragmentation [41]. 



While the ecological outcomes of clonality are notable and have been studied [citation], the 
genetics of clonal species is not well known, especially in marine systems in which they make the 
tri-dimensional structure for most ecosystems. In Caribbean coral reefs for example branching 
corals and octocorals dominate most of the shallow habitats. Such high density of octocorals is 
consistent with clonal propagation in at least some species. An ideal example is Eunicea fusca, 
which is one of the most locally abundant octocoral species in the Caribbean. It is widely 
distributed in the Tropical Western Atlantic, it inhabits reef zones with intermediate wave 
exposure down to the reef slope. Since its a zooxanthelate octocoral its distribution is limited to 
the photic zone and its a common species throughout the Colombian Caribbean coast where it 
exhibits a widespread vegetative propagation[15],[2]. As for its population structure and 
vegetative reproduction, there are no scientific records regarding this matter.  

To understand the population genetics patterns in a highly clonal species we collected genetic 
data in Caribbean populations and estimate the degree of genetic connectivity and the levels of 
genetic variation within and across populations. We particularly evaluated the role of clonality in 
impacting increasing the likelihood of generating highly structure (genetically unconnected) 
populations.  
 
 
Methods 
 
Sampling  
We sampled 271 Eunicea fusca colonies at 6 reefs in three Caribbean locations: Curacao (Double 
Reef and Aqualectra), Panama (Bocas del Toro) and Colombia (Salmedina, Punta Gigante and 
Montañita), in shallow coral reefs from 2 m down to 25 m deep. Within each geographical 
locale, sites were selected based on the presence of E. fusca and samples manually collected by 
Scuba diving. To describe the level of spatial structure in clonality we carefully measured the 
spatial arrange of colonies and then estimated genetic diversity. A circular sampling plot was 
established with a minimum radius of 10 m[42]. Every colony within each plot was sampled and 
its physical position recorded, using an underwater compass, from the center of the sampling 
plot. Tissue samples were collected by clipping and were preserved in ethanol 96% prior to DNA 
extraction. 
 
DNA Extraction and amplification  
DNA was extracted from tissues following Coffroth et al.[34]. DNA was amplified via PCR with 
primers for the complete region of the ITS2 5,8S (5’-AGCATGTCTGTCTGAGTGTTGG-3’) 
and 28S (5’-GGGTAATCTTGCCTGATCTGAG-3’)[17]. The PCR reaction contained 15µl 
total, with 2µl of DNA template, 1 unit Taq polymerase (Go Taq), 3µl of 1X Buffer, 3,5mM of 
MgCl2, 0,2 mM dNTP’s mix, 0,15µl of each primer, 10 mg/mL of BSA and 6,04µl of ddH2O. 
PCR conditions were: one initial period of 2 min at 94ºC followed by 35 cycles of 30s at 94ºC, 1 
min at 57,5ºC, 1 min at 72ºC, and a final extension step for 2 min at 72ºC. PCR products were 
evaluated by gel electrophoresis. 
 
Clonality 
To identify clones and haplotypes within populations of E. fusca, PCR products of each location 
were loaded onto an 8% polyacrylamide denaturing gradient gel (30%-60%) and separated by 
electrophoresis for 9 h at 150 V at a constant temperature of 60ºC[43]. The gel was stained with 
gel red solution, and then visualized in a BioRad Chemidoc XRS using the software Quantity 
One 4.0[44]. ITS2 region has multicopies by individual and can act as fingerprinting[45]. As 
DGGE separates DNA by fragment size and by DNA composition of GC (guanine and 
cytokine)[46][47], samples with the same banding pattern were considered as clones (An AFLP 
analysis is currently undergoing to corroborate this method). 



Clonal population structure  
To characterize the clonal structure across populations we measured genotypic diversity as the 
number of unique genotypes present in the population. From the number of genotypes identified 
in each population we calculated indices of genotypic diversity. Genotypic evenness was 
calculated as Go/Nc where Go is the observed genotypic diversity and Nc the number of genets. 
Genotypic evenness equals zero in a population dominated by a single genet and one where each 
genet has the same frequency. Genotypic diversity was calculated as Go=1/Σpi

2 where pi, is the 
frequency of each genotype. The contribution of asexual propagation in the population structure 
was evidenced by the ratio of the observed genotypic diversity over expected genotypic diversity, 
where values near one correspond to a sexual population and values near zero correspond to an 
asexual population. In a population that exhibits only sexual reproduction the expected number 
of genotypes is the number of samples[35,48]. In this study a genet is considered as a group of 
genetically identical colonies descended from a single zygote [49]. A low genetic diversity, high 
clone proportion and high asexual reproduction are expected for E. fusca populations regarding 
its genetic structure. Also having established the structure of E. fusca populations between the 
different sampling sites we expect to find genetically differentiated populations as a result of the 
low genetic flow due to the low dispersal of produced fragments by vegetative reproductive 
means. 
 
Spatial Distribution  
The spatial distribution was determined by applying the index of aggregation[50]. To perform 
the analysis of colonies per genet, two genets of Curacao (Aqualectra) and Colombia (Salmedina) 
that were represented by a single colony were omitted. Index values equal to 1 indicate random 
spatial pattern, values close to 0 indicate aggregate pattern and values greater than 2.15 indicate a 
uniform pattern. A test of significance (0.05) was done where values below -1.96 indicate 
aggregation, values greater than 1.96 indicate a uniform pattern and values between -1.96 and 
1.96 indicate a random pattern [51].  
 
 
Results 
 
Clonal population structure 
We found low genotypic diversity represented by few locally abundant clones across sampled 
reefs (Table 1). In Curacao For example, out of 169 colonies from seven different patches, we 
identified only four genotypes. In Colombia in 85 colonies across three sites, in 10 patches, we 
identified nine genotypes. In Panama across 17 colonies from one patch, we only recorded one 
genotype. The contribution of asexual reproduction across locations thus was high. In the 
absence of asexual reproduction, these populations would only have had few colonies (4, 9 and 1 
respectively) (Figure 1).  
 
Table 1.  Genotypic diversity summary of E. fusca populations sampled in the Caribbean. 

 
 



A total of 271 samples were studied from 6 sites, identifying 13 genets that were not equally 
represented in the population. Of these, 15% consisted of a single colony, 31% were represented 
by 3 to 10 colonies and the remaining 54% of genets were represented by more than 11 colonies. 
In general the populations of E. fusca has a low genetic diversity, high clone proportion and a 
high asexual reproduction. Based on genotypic diversity and evenness the E. fusca populations 
were classified as mostly asexual populations (Figure 3 and Figure 4). The number of colonies per 
genet varied from 1 to 134 colonies (Figure 2) and some sampling sites were dominated by a 
single genet. Values of both indices were close to zero (Table 1) indicating that few genets 
dominated the population structure. Sites with high density of colonies have low evenness values, 
due to the vegetative spread of genets. The contribution of asexual reproduction results with 
values near zero, suggesting a high proportion of asexual propagation, relevant in population 
growth.  
 
 

 
 
Figure 1. Contribution of asexual reproduction to the population structure of Eunicea fusca in Caribbean 
reefs.  
 
 

 

 
Figure 2. Number of colonies of 13 identified genets of Eunicea fusca.  
 



 
Figure 3. Clonal structure of Eunicea fusca populations. All populations were identified as mostly asexual 
based on the relationship between genotypic diversity and evenness.  

 
Figure 4. Expected genotypic diversity and observed genotypic diversity of E. fusca populations by 
sampling sites from Caribbean Reefs.  
 
Spatial distribution  
Spatial distribution varied in the range of 0.1 m to 14.4 m of distance between colonies (Figure 
5, 6, 7). After performing spatial distribution analysis, randomness was found for all genets  
(Table 2). All values of index of aggregation were close to 0 and all standard errors values were 
within the range of -1.96 to 1.96 corroborating the distribution pattern. Clone number three had 
the higher distribution area and the highest number of colonies. Density values varied from 0.004 
to 0.021indivuduals per m2.  
Tabla 2. Pattern of spatial distribution of colonies from the same genet to E. fusca populations. Two genets 
of Curacao (Aqualectra) and Colombia (Salmedina) that were represented by a single colony were omitted. 

 



 

 
 
 
 
Figure 5. Circular plots of E. fusca patches showing spatial distribution of colonies in Curacao (Double 
Reef and Aqualectra). Each mark represents a colony. Individuals of the same genet are indicated by the 
same color. Radial axis represents distance and angular axis represents angle in degrees. 
 
 
 
 
 
 



 

 
 
 
 
Figure 6. Circular plots of E. fusca populations showing spatial distribution of colonies in Colombia 
(Salmedina and Punta Gigante). Each mark represents a colony. Individuals of the same genet are indicated 
by the same color. Radial axis represents distance and angular axis represents angle in degrees.  
 
 
 
 



 

 

 
 
 
 
Figure 7. Circular plots of E. fusca populations showing spatial distribution of colonies in Colombia 
(Montañita) and Panama (Bocas del Toro). Each mark represents a colony. Individuals of the same genet 
are indicated by the same color. Radial axis represents distance and angular axis represents angle in degrees.  
 
 



Discussion 
 
Asexual reproduction was the predominant mode of reproduction for E. fusca, likely as a result of 
competitive exclusion via a locally adapted clone or by a limited access to larval recruits[52]. The 
increase in clonality has been explained by Allee effect, which means that lower population 
densities offer fewer mating opportunities resulting in a relative increase of asexually 
recruits[36,53], although environmental conditions can act as a strong selection factor on 
recruits, favoring fragments from locally adapted genets[52]. Studies have found differences in 
sexual and asexual reproduction across populations within species, suggesting that factors at local, 
not regional, scales affect populations and influence their clonal structure even at small spatial 
scales[52,54].  
 
The clonal population structure of E. fusca, given its genetic diversity and clonality, is an evidence 
of asexual spreading as the main reproductive strategy, which is reflected in the high proportion 
of clones and the low genetic diversity of populations. Clonality is considered an adaptation that 
alters various attributes of the life history of organisms to favor the dispersion of a genet[36]. 
Recruits generated by this kind of propagation are larger than sexual recruits, and have a greater 
chance of survival[35],[55]. Clonality leads to one or few genotypes to locally dominate and play 
an critical role as a recruitment mechanism in the recolonization of disturbed areas [34,40]. 
However, ta population like E. fusca highly monoclonal with low genetic diversity compromises 
their viability by reducing the number of fertile genotypes, increasing susceptibility to 
disturbances and physiological stress[40]. 
 
Our results are similar to clonality studies in other octocorals such as Plexaura kuna, and Junceella 
fragilis, where clonal propagation is dominant[35],[56]. Our results indicate that asexual 
propagation play an important role in local population growth of E. fusca, coinciding with the 
idea suggested by Sánchez[2], who found no gametogenic tissue in the colonies inspected and 
reports that E. fusca has a vegetative reproduction. This is a common strategy in some groups of 
marine invertebrates in which the dispersion is limited to larval stages[33].	  The clonal structure of 
E. fusca shows no variations between localities in the Caribbean. All locations presented a 
population structure dominated by a few clones, confirming previous observations of asexual 
reproduction and considered as a reason for the high abundance of the species on Caribbean reefs 
[4]. 
	  
The contributions of sexual and asexual reproduction play an important role in the abundance 
and ecological success of species. Our results supports the hypotheses of the success and high 
abundance of E. fusca in Caribbean reefs may be due to vegetative propagation. It tends to occur 
on reef environments with intermediate wave exposition, the water movement[2] can help 
fragmentation in E. fusca and allows it to dominate the substrate in a short period of time. 
However the presence of distinct genotypes in the same reef (Aqualectra, Punta Gigante and 
Montañita) indicates that theses genotypes may have played the role of founders in E. fusca 
populations and that it species has a cycle of gametogenesis and spawning likely to occur in other 
octocorals species that it is still unknown.  
 
The spatial distribution of the colonies of the same genet of E. fusca is random and likely reflects 
the clonal population growth. Vegetative propagation in E. fusca is a critical part of its life history 
strategy, displaying branch fragmentation that can reattach again to the substrate, as in the case of 
Junceella fragilis[56]. In clonal local populations reproduction and recruitment of new individuals 
occurs by both sexually produced larva and by fragmentation, but in general asexual recruitment 
is more frequent. If larvae are strongly phylopatric and the populations has high incidence of 
asexual reproduction; parents, siblings and clonemates could be mixed together within a small 



area, this may be the case of our populations in which we find more than one genotype[57], 
however it is necessary to define the species type of larvae.  
 

	  
Figure 8. Patch distribution of Eunicea fusca colonies in situ. 
 
Clonal propagation in E. fusca is not only the primary mode of reproduction but also an 
advantageous strategy to growth in size and by-pass environmental variation [32]. E. fusca usually 
settles on unstable reefs substrates with abundant and lose coral debris, where a dynamic short-
life strategy is more evolutionarily stable. Although the spatial distribution in clonal species tends 
to be clustered[58], we observed a random spatial pattern. This is probably due to the scale at 
which we conducted the study, if we see our data on a larger scale possibly will see that the spatial 
distribution of clones is clustered. Another possible explanation to the distribution pattern 
observed is related to the kind of reproductive growth. The clonal growth in E. fusca is not 
linked, which means that the vegetative propagules (fragments) are separated from the parent 
colony and develop as independent individuals. In this type of growth, dispersion depends of 
abiotic factors and it has larger displacement, which explains the random pattern of the 
distribution of genets.  
 
In general asexual reproduction is clearly an important mechanism to the population structure of 
E. fusca. Our findings demonstrate the high degree of clonality in E. fusca, with populations 
characterized by low genetic diversity and large number of clone proportion. 
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