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Abstract

Research on coral reef community structure suggests that fine spatial-temporal stochasticity drives biodiversity 
patterns in this tropical marine ecosystem. The combination of a coral colony and its zooxanthella, or holobiont, 
should therefore be used as the community indivisible units to better understand this structure. Research in 
zooxanthellae (Symbiodinium) diversity has allowed the identification of specific or generalist host associations. 
The distribution of specific symbionts depends on both the host identity and the environmental conditions. This 
study determined the identity on these symbionts within hard corals communities (Scleractinia and Milleporina) 
at 27 sites on the upper slope habitat (mixed zone) in Cartagena, Colombia (Southwestern Caribbean Sea). 
Zooxanthellae identification was made with RFLPs analysis (18S, SSU, rDNA), DGGE, and DNA sequencing 
(ITS2, rDNA). Different combinations of coral species and their specific Symbiodinium types (holobionts) were 
determined as different ecological units. Taking each holobiont as a variable, a cluster community structure 
analysis was made and compared to the pattern obtained from using coral species alone. Different site groupings 
occurred for holobionts and species, where higher similarities were found using holobionts. O. annularis and O. 
faveolata, two dominant coral species, formed independently different Symbiodinium associations, depending on 
depth. Their symbiont preference can be under higher selection pressure than previously thought, if they act as 
different ecological units. © Acad. Colomb. Cienc. Ex. Fis. Nat. 2016.
Key words: Zooxanthellae, community structure, holobiont, Caribbean Sea, coral reefs, Symbiodinium, Scleractinia.

Conjuntos de holobiontes de especies dominantes de corales (Tipos de Symbiodinium y especies de corales) 
moldean la estructura comunitaria en arrecifes coralinos del Caribe

Resumen

Investigaciones de la estructura de comunidades coralinas sugieren que escalas espacio temporales cortas son 
responsables de patrones en ecosistemas marinos tropicales. La combinación coral y su zooxantela, u holobionte, 
puede ser la entidad ecológica modificada por estos factores. La estructura de la comunidad de corales podría  
ser mejor entendida usando el holobionte como unidad indivisible de la comunidad. Investigaciones recientes 
en diversidad de zooxantelas (Symbiodinium spp.) han revelado asociaciones de tipo específicas, así como 
generalistas dependiendo del hospedero. Su distribución depende tanto del hospedero como de las condiciones 
ambientales. Este estudio determino la identidad molecular de estos simbiontes en comunidades de corales duros 
(Scleractinia y Milleporina) en 27 localidades en el talud arrecifal superior (zona mixta) en Cartagena, Colombia. 
La identificación de zooxantelas se realizó mediante análisis de RFLPs (18S, SSU, rDNA, por sus siglas en inglés), 
DGGE y secuenciación de ADN (ITS2,  rDNA). Se encontró variación intra e intercolonial, dependiendo de la 
especie del hospedero. Se determinaron diferentes holobiontes, como diferentes unidades ecológicas. Estas unidades 
correspondían a una minoría en la diversidad de especies, pero dominantes (p.ej., Orbicella spp.). Tomando cada 
holobionte como variable, se realizó un análisis de la estructura comunitaria y fue comparado con un análisis 
tomando solamente las especies de coral. Mayores similitudes entre estaciones se encontraron  cuando se usaron los 
holobiontes. Las especies dominantes O. annularis y O. faveolata  formaron en cada caso diferentes holobiontes, 
dependiendo de la profundidad. La preferencia hacia un tipo específico de zooxantela podría estar bajo mayor 
presión selectiva de lo que anteriormente se pensaba. © Acad. Colomb. Cienc. Ex. Fis. Nat. 2016.
Palabras clave: zooxantelas, estructura de comunidad, holobionte, Mar Caribe, arrecifes de coral, Symbiodinium, 
Scleractinia.
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Introduction
A fundamental question in biology is what governs species 
richness and abundance within communities. Since the 
seminal paper by Goreau (1959), Caribbean coral reef 
community structure is understood in terms of wave exposure 
and depth, a combination that makes reef zonation match 
geomorphological features (e.g., lagoon, back reef, reef 
crest, fore-reef terrace and slope). Landscape community 
structure studies based on either classification or ordina-
tion analyses show how coral reef sites are clustered in 
harmony to geomorphological features oftentimes exhibiting 
a continuum from shallow to deep or protected to exposed 
(e.g., Sánchez et al. 1997, 2005) as well as continental 
(neritic-siliciclastic) to oceanic (Velásquez and Sánchez, 
2015). Prediction of coral community structure within a 
particular coral reef zone or habitat between two distant 
reefs is certainly a more difficult problem. The upper slope 
or mixed coral zone, for instance (Figure 1), shows very 
different community assemblages among different reefs in 
the Southwestern Caribbean Sea (e.g., Díaz-Pulido et al. 
2004); the same happens when only sponges are taken into 
account (Zea, 2001). A likely explanation could be Hubbell’s 
(2001) neutral theory, where local communities (e.g., 
particular reef sites) are stochastically more similar to each 
other depending on dispersal and connectivity links within 
the metacommunity.  However, findings on Indopacific reefs 
suggest that this is not the case due to the low community 
structure similarity both within and among sites despite 
comparing the same upper slope habitat (Conolly et al. 
2005, Dornelas et al. 2006), which suggest that finer spatial-
temporal stochasticity drives biodiversity patterns in coral 
reefs. In other words, the differential species response to 
spatial stochastic heterogeneity seems to be structuring 
coral reefs within reef zones. Factors such as phylogenetic 
history, phenotypic plasticity (including specific symbiont 
preference) are possible factors driving this differential 
coral response.

The maintenance of hard corals in nutrient poor habitats is 
due to their symbiosis with zooxanthellae, Symbiodinium 
spp. (Dinophyceae: Suessiales), which are photosynthetic 
and provide corals with most of their nutrients (Muscatine & 
Porter1977, Muscatine, 1990). Inside the host, zooxanthellae 
could be found at very high concentration levels (several 
million per cm2). While these algae have also been found 
in the sediment and the water column, their concentrations 
are much lower (Littman 2008). The first studies, based on 
differences at physiological and biochemical levels, revealed 
high diversity of symbionts (Iglesias-Prieto et al. 1992). This 
has been confirmed by studies based on molecular markers 
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(Rowan & Powers 1991, LaJeunesse 2002, McNally 1994, 
Santos et al. 2003). Different markers have been used 
to distinguish between different variants of symbionts 
at different resolution levels, and found that all belong to 
the genus Symbiodinium. RFLP analyses of the small 
subunit rRNA  (18S) and partial chloroplast large subunit 
(23S)-rDNA regions (Rowan & Powers 1991, Santos et al. 
2003) have revealed at least 8 clades of the genus, named 
A to H (Pochon et al. 2006). However, the diversification 
at this coarse level has shown little correlation in their 
presence among different hosts, e.g., clade C symbionts 
are found diverse anthozoan hosts including corals and sea 
anemones as well as octocorals (LaJeunesse 2001, Rowan & 
Knowlton 1995, Baker & Rowan 1997). The ITS2 (Internal 
Transcribed Spacer 2) region, applied in many phylogenetic 
studies of diverse organisms has shown better resolution, 
identifying different “types” within each clade (LaJeunesse 
2002). The identification of types and subtypes has guided 
a rapid advance in the knowledge of ecology and evolution 
of dinoflagellate-coral partnership.

The studies on Symbiodinium diversity based on single 
coral species have revealed that depending on the host, the 
relation could be very conservative (e.g., one single type 
per coral species) at different regions or depths (Iglesias-
Prieto et al. 2004), but the opposite is also true for other 
species (Rowan & Knowlton 1995). Information from 
symbiont identity in many hosts of different taxa has been 
available (hard corals, octocorals, anemones, bivalves). For 
instance, in the Caribbean clades A and B are more common 
at shallow depths, whereas clade C is found at greater depths 
(LaJeunesse 2002). In the Pacific Ocean, on the other hand, 
clade C is the dominant symbiont in both shallow and 
deep reefs (Baker 2003). A compelling finding to consider 
zooxanthellae as driving factors for coral community 
structure is that the same species of scleractinian as well 
as soft corals exhibit significant differences in growth rates 
according to the zooxanthellae type (Little et al. 2004). In 
soft corals, it has been shown that zooxanthellae play a key 
role in shaping their distribution (Fabricius & De’Ath 2008). 
If the holobiont is the ecological unit under selection and 
not the coral host and the zooxanthellae as single entities 
(see review in Blackall et al. 2015), coral reef community 
structure should be better understood using the holobiont 
as the community indivisible unit.  

Caribbean coral reefs, with near 50 scleractinian coral 
species, are modest in terms of coral biodiversity compared 
to their Indopacific counterparts, with over 400 species. 
Nonetheless, Caribbean corals have less generic dominance 
(e.g., vs. Acropora or Pocillopora in the Pacific) and 
also include an overall phylogenetically more diverse 
assemblage of zooxanthellae (LaJeunesse 2003), which 
provides appealing coral-zooxanthella holobiont diversity. 
Caribbean reefs comprise certainly a simpler model of a 
coral community assemblage to examine the prediction that 
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coral community analyses based on holobionts provide 
better information on community structure. The objective 
of this study was to use the information of symbiont types 
and scleractinian species coral cover in the coral reefs at 
the vicinity of Cartagena (Colombia) to make a holobiont-
based community analysis (i.e., holobiont = coral sp. + 
Symbiodinum type). 

Materials and methods
The study area was located southwest of Cartagena, 
Colombia, with a 40 km north to south extent (10º 15′ to 
9º 35′ N, 75º 47′ to 75º 50′ W). Most of the modern reefs of 
the area have developed over ancient tertiary reef platforms 
and on more recent mud diapirs eroded and regrown in a 
step-like pattern by the continuous processes of sea level 
transgression-regression forming several reef steps, which 
were colonized by modern reefs (e.g., Vernette et al. 1992). 
These reefs can be considered mixed siliciclastic-carbonate 
environments due to their closed proximity to river mouths 
and estuaries, where coral genera such as Undaria, Agaricia, 
Porites and Orbicella are dominant (see details in Camargo 
et al. 2009, Cáceres & Sánchez 2015). More or less separated 
coral reefs in the area are those of Barú peninsula, Salmedina 
Banks and Rosario islands. 

During May and August of 2005, tissue samples (<1 cm2) 
of symbiotic corals were collected by SCUBA diving. The 
samples, limited to four per species at each site, were 
taken along 25 m length transects at 27 different sites in the 
upper slope or mixed corals zone (see Appendix 1 for exact 
locations). Tissue was removed from the edge of the colonies 
taking a pinch with metal tweezers <<1 cm3. At each site, 
the samples for each species were obtained from portions 
having different orientations towards the sun, to include 
possible light-related zonation patterns in zooxanthellae 

types. The samples were kept in sealed bags with seawater 
and fixed after collection in 96% alcohol. Nucleic acids were 
extracted following the protocol by Coffroth et al. (1992) 
including some slight modifications. A small fraction from 
the tissue was transferred to a 1.5 ml Eppendorf tube and 
grounded. The cells were lysed using a buffer with a CTAB 
(cetyltrimethyulammonium bromide) and then incubated for 
1 hour at 65º C with proteinase K. Then DNA was extracted 
by adding 300 µl mixture of FCIA (phenol, chloroform 
and isoamyl alcohol 25:24:1: 300 µL) and centrifuging 
10 min at 12000 rpm. The supernatant was transferred to 
a second tube. Then, CIA (chloroform, isoamyl alcohol 
24:1: 300 µL) was added to the original tube and a second 
centrifugation (10 min at 12000 g) with was carried out 
to complete the separation of the residues from the DNA. 
Again the supernatant was transferred to a third tube and 
DNA was precipitated with 800 µl of 95 % ethanol for 12 hrs 
at -20º C. After a centrifugation step of 30 min at 12000 rpm, 
the alcohol was discarded and a final wash-centrifugation 
step (10 min at 12000 rpm) was made with 500 µl of 70 % 
ethanol. After discarding the alcohol, the DNA pellet was air 
dried and re-suspended in 30 µl of TE buffer. 

To identify zooxanthellae, the primers SS3Z (5’GCACTG 
CGGCAGTCCGAATAATTCACCGG 3’), and SS5 (5’GG 
TTGATCCTGCCAGTAGTCATATGCTTG 3’) (Rowan 
& Powers 1991) were used to amplify the nuclear small 
subunit ribosomal DNA (SSU 18S rDNA). The obtained 
fragments were digested with Taq1 restriction enzyme. 
Digestion products were analyzed in a 5 % 1X TBE (Tris 
Borate EDTA) polyacrilamyde gel. The obtained patterns 
were compared with the Taq1 standards for each clade 
(e.g. Santos et al. 2003). In addition, amplification of the 
ITS2 region were performed using the forward primer, 
“ITSintfor2” (5’GAATTGCAGAACTCCGTG-3’), which 

Figure 1. Upper slope, mixed coral zone in Caribbean reefs. 
Left: Dominant corals in the Caribbean upper slope zone, Orbicella faveolata (far) and O. annularis (near) (Serrana Bank, Colombia). 
Right: 50 cm2 quadrat on the upper slope at “La montañita” reef (Barú Island, Colombia). 
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anneals to a conserved region of the 5.8 ribosomal gene 
and the reverse primer “ITS2CLAMP” (5’GGGATCCATAT 
GCTTAAGTTCAGCGGGT-3’), modified with a 39 bp GC 
clamp (LaJeunesse & Trench 2000). The PCR was carried 
using a touchdown amplification protocol (LaJeunesse 
2001).  Samples of each species at different depths were 
loaded onto an 8 % polyacrylamide Denaturing Gradient 
Gel Electrophoresis-DGGE (45 %-80 % urea-formarmide 
gradient; 100 % consists of 7 mol L-1 urea and 40 % deionised 
formamide) and separated by electrophoresis for 9 hrs at 150 
V at a constant temperature of 60° C (LaJeunesse 2002). 
Standard types were also loaded to compare them to the 
tested types. The gel was stained with ethidium bromide (2  
µl, 10 mg ml-1) and then visualized in a BioRad Chemidoc 
XRS and the software Quantity One 4.0. Prominent bands 
from denaturing gels were excised and placed separately into 
1.5 ml Eppendorf tubes containing 50 µl TE (Tris EDTA) 
buffer and heated 10 min at 60° C and stored at -20º C. Re-
amplification was later performed with 2.5 µl of sample 
using the ‘‘ITSintfor2’’ forward primer, and the conserved 
flanking reverse primer lacking the GC clamp (Coleman et 
al. 1994). The PCR protocol was similar to the mentioned 
above, but no touchdown was used. Cycle sequencing 
was accomplished in both directions using 3.2 pmol of 
the forward and reverse amplification primers separately. 
Reagents and reaction conditions were as specified in the 
ABI Prism Big Dye Terminator Cycle Sequencing ready 
reaction kit (PE Applied Biosystems, Foster City, CA, USA). 
Reaction products were analyzed on an Applied Biosystems 
310 genetic analyzer (Division of Perkin Elmer, Foster City, 
CA, USA).

Chromatograms were checked, edited, and sequences 
aligned using the software ClustalW under default settings to 
construct the alignment, included in the BIODEIT package 
(Hall 1999) and deposited in Genbank (Accession numbers 
EF542836-EF542845). To assess phylogenetic relationships 
to the sequences, maximum parsimony (MP) and maximum 
likelihood (ML) phylogenetic analyses were conducted on 
aligned data sets using PAUP 4.0b8 software under default 
settings (Swofford 2002). Under maximum parsimony, 
sequence gaps were designated as a fifth character state. A 
bootstrap re-sampling was conducted for 1000 replicates 
to assess relative branch support (Felsenstein 1985). In 
addition, Bayesian inference of phylogeny was done using 
MrBayes (Huelsenbeck & Ronquist 2001) with 1,000,000 
generations. ML and Bayesian analyses were carried out with 
the best-fit model obtained respectively from ModelTest 
and Mrmodeltest (Posada & Crandall 1998) based on the 
Akaike Information Criterion (AIC). 

In the same 27 transects, a set of photo belt quadrats of 0.25 
m2 was taken to analyze the live coral cover for each sampled 
community (Figure 1). To ensure that all quadrat pictures 
had an area of 0.25 m2, photographs were adjusted to this 
area using the quadrat picture as a scale, using the software 

Photoshop 7.0. Coral cover of each species was estimated 
using the software ImageJ (NIH). The resulting matrix 
contained the relative cover of each species in percentage 
from the total cover for each site. For each species in the 
analysis, information of the symbiont type was cross-corrobo-
rated using the molecular techniques explained above. Two 
groups of data were assembled, the first one containing 
the raw coral cover data (coral species), and a second one 
including a new holobiont variable when a coral presented 
symbiotic associations with different Symbiodinium types. 
This was performed only when differences in symbiont type 
were clear at the DGGE-sequence level. A cluster analysis 
using the software PRIMER 5 version 5.2.9 (Clarke & 
Warwick 2001) was performed to each dataset (using a Bray 
Curtis similarity matrix and fourth root data transformation) 
to compare the assemblage groupings of raw coral cover vs. 
holobionts. A 1000 replicates bootstrap was performed 
on each cluster to assess the degree of statistical signifi-
cance of the associations, using the software BOOTCLUS 
(McKenna 2003). Finally, a grouping of species was made 
depending on the membership to a nested or group of nested 
clusters (also called inverse analysis, Kaandorp 1986). The 
characteristic species or holobiont of each nested cluster 
were determined by calculating substrate cover for each 
cluster and then marking those which contained at least 
70% of the species´ total abundance (e.g., Sánchez et al. 
2005).  Additionally, a non-metric multidimensional scaling 
(nMDS) was performed with the software PRIMER 5 to 
each kind of data to compare the obtained grouping with 
environmental variables (depth, exposure –– windward/
leeward and distance to the coastline).

Results
Zooxanthellae identification. 

A total of 41 scleractinian species were included in the 
analysis. The identification of the Symbiodinium clades 
showed in some cases more than one RFLP pattern, an 
indicative that in a single colony more than one clade was 
present simultaneously (see Electronic Supplementary 
material B). Within a given species, coral colonies also 
presented different clades at different depths and locations. 
A total of 15 coral species (36.5 %) presented more than                 
one zooxanthellate clade, both within and/or between 
colonies (Table 1). A total of 280 samples of coral species 
were analyzed; from 41 coral species, four Symbiodinium 
clades and at least 10 types were identified. Only one 
symbiont type was found in clade A (A4a) in the species 
Porites astreoides, Type B1 in Millepora complanata and 
M. alcicornis, it was presumably present in more species 
(Eusmilia fastigiata, Siderastrea siderea, Pseudodiploria 
clivosa, and Diploria labyrintiformis) A different type 
within clade B was detected for Porites furcata (Appendix 
3b), but it was not possible to identify due to the lack of 
resolution of the phylogenetic tree. In terms of prevalence, 
clade C was present in most scleractinian species, either as a 
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single symbiont or making combinations with other clades, 
mainly B.  The identification of specific types within clade C 
was difficult, due to the high number of types that differed in 
only a few base pairs or INDELS (Appendix 2). For clade C, 
different responses were observed, from a single symbiont 
type preference, to intra and intercolony variation.

The most polymorphic coral species was Porites astreoides 
(clades A, B, and C) followed by Millepora alcicornis (A, 
C, and E) and Orbicella faveolata (A, C, and E). Symbiont 
type determination was done for the most prevalent coral 
species (n=20). The ITS2 identification was based on the 
genetic identity of prominent bands that were excised, 
sequenced and reloaded in consequent DGGE profiles. In 
some cases more than one prominent band was present 
(e.g., Figure 2), indicative of more than one symbiont type 
in the sample (LaJeunesse 2002). For most of the studied 
species, more than one sample was loaded in gel so we could 
test the variability of the symbiont type. This was helpful 
in determining which bands were going to be excised and 
sequenced. If two different bands were present in a species, 
both were analyzed; the same was applied if two or more 

Table 1. Scleractinian hosts sampled and genetic identity of 
Symbiodinium spp. The identification of the symbionts types was 
made by RFLPs of the 18S rRNA region. Identification of symbiont 
subtypes was made by and PCR-DGGE and ITS2  sequencing. 
Samples were taken in Cartagena de Indias` reefs on October 2005. 
For O. annularis and O. faveolata, two different associations were 
found at 8 – 12 m and 12 – 25 m. 

Host Nr. of 
samples

Genetic Identity Depth
(m)18S              ITS2

Acropora cervicornis 2 A A3 8-10 m

Acropora palmata 1 A 10 m

Agaricia fragilis 2 C 20 m

Agaricia undata 2 C 8-22 m

Colpophyllia natans 8 C, B 7- 22 m

Dichocoenia stokesii 1 C 22 m

Diploria labyrinthiformis 5 C 7-22 m

Eusmilia fastigiata 6 C 8 - 22 m

Favia fragum 2 C 7 - 22 m

Isophyllastrea rigida 2 C 10 m

Isophyllia sinuosa 2 B 10 m

Leptoseris cucullata 17 C C3 8- 23 m

Madracis decactis 2 C 8 m

Meandrina meandrites 5 C C3 8-12 m

Meandrina meandrites 10 C B C3 , B1 12- 36 m

Millepora alcicornis 20 A B C D A4, B1, C1 8 - 22 m

Millepora complanata 1 A 8 m

Mussa angulosa 2 C B 10 m

Mycetophyllia aliciae 5 C B 8 - 22 m

Mycetophyllia lamarckiana 5 C 10 m

Orbicella annularis 25 A 8- 12 m

Orbicella annularis 25 C 12-  22 m

Orbicella faveolata 20 A 8- 12 m

Orbicella faveolata 20 C E 12 - 22 m

Porites astereoides 20 A B C A4, B1, C3 8- 36 m

Porites colonensis 10 C 8-22 m

Porites porites 5 C 8- 22 m

Pseudodiploria c1ivosa 5 B B1 7- 22 m

Pseudodiploria strigosa 9 C 8- 22 m

Scolymia cubensis 2 C 20 m

Scolymia lacera 2 C 20 m

Siderastrea siderea 10 C, B 8- 22 m

Solenastrea bournoni 2 B 20 m

Solenastrea hyades 5 C,B 20 m

Stephanocoenia intercepta 5 B 20 m

Undaria agaricites 20 C C 3 8-22 m

Undaria tenuifolia 15 C C3 8-36 m

a.

b.

8 10 12 18 36

10 12 15 18 22

Figure 2. Examples of Symbiodinium depth zonation.
Shift over a depth gradient of DGGE profiles at various depths (m) 
for a coral species with and without symbiont. a. In Meandrina 
meandrites, the symbiont type B1 is present at depths greater 
than 12 m. A different symbiont appears at 36 m, but could not 
be identified at the type level. b. Millepora alcicornis profile, in 
which distinctive bands of different types and clades were present, 
but were not correlated to a depth gradient. C3 and B1 types 
were present in the same colony while A3 type appears as single 
symbiont. Hd. Heteroduplexes.
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bands were consistently repeated through the gel. The 
overall results were consistent with 18S analysis in terms 
of specificity. 

Three coral species showed a pattern of association to 
a specific symbiont depending on depth. Meandrina 
meandrites presented a single type, C3, in depths above 
12 m, and a combination of types C3 and B1 below that 
depth (Figure 2a). A different type was identified at 36 
m, but was not identified to the type level. The other two 
species, O. annularis and O. faveolata presented clade 
A at shallow depths, while clade C was present at greater 
depths (Table 1). Even if more than one band was present, 
different associations were observed with increasing depth. 
Other species, such as Millepora alcicornis (Figure 2b), 
presented high variability in symbiont type, but it was not 
correlated with depth. In this case, combinations of two 
types of symbionts, B and C, were observed, but whenever 
clade A was present it was as a single symbiont, indicating 
a possibility of competitive exclusion.

Phylogenetic analyses were carried out separately for each 
Symbiodinium clade, to assess the identity and relatedness 
of types for each sequenced sample. However, the rapid 
radiation of symbiont types in clades B and C made difficult 
the identification of some types, even at the ITS2 resolu-
tion (see also LaJeunesse et al. 2005). Clade A topology 
(Appendix 3a), showed the sequence of Porites astreoides 
symbiont closely related to type A4, but in other cases, the 
relatedness was not clear. The phylogenetic analysis of clade 
B showed a core descending from type B1, which contains 
the Diploria labyryntiformis sequenced type (Appendix 3b), 
but it was not possible to assess a precise identity. Likewise, 
the topology of clade C grouped most of the sequences of 
this clade within a large polytomy. This included all the 
species from Undaria and Agaricia, Orbicella annularis 
and other Porites species in which appeared the clades C1 
and C3 (Appendix 3c). This was indicative that a single 
type was present in all these species, as seen in other studies 
(LaJeunesse 2002). Other types present in O. faveolata and 
P. furcata were distant from this core, related to types C7 
and C4/5, also present in the area. It the case where the 
topologies were not resolved, DGGE similarity was the only 
criterion for type determination.

Coral community structure. 

A total of 41 hard coral species were found at the sampled 
sites and coral cover varied from 42.2 to 1.5 % (Appendix 
4a) and the species number varied from six to twenty five. 
Some sites with high coral cover or species number were 
outside the limits of the protected area (Appendix 1). The 
most prevalent species in the area were Orbicella faveolata, 
Undaria tenuifolia, Porites astreoides, O. annularis and 
U. agaricites. Cluster analysis (Figure 3) showed different 
associations in the sampled sites. A total of 5 groups 
were retained as significantly similar in cluster A, including                       

15 of the 27 sampled sites. Cluster B retained 8 groups 
with at least 50 % similarity, including 22 of the 27 sampled 
sites. The composition of all retained group was identical 
between clusters.

The community assemblage analysis presented in Tables 2 
and 3 show characteristic species of each retained group in 
the two datasets, A and B (Coral species only and holobiont 
based clusters, respectively), this is, species with >70 % of 
their total abundance in one of the resulting groups. Cluster 
A retained 5 groups, in which only two species appeared 
as characteristic, Acropora cervicornis and Stephanocoenia 
intersepta, with a 100 % presence (not found on other 
sites). Cluster B retained a total of 11 characteristic species, 
with abundances ranging from 85 to 100 %. Most of the 
species defining each group in cluster A were uncommon 
species with low cover percentages (Appendix 4b),                                          
in assemblages formed by specialist species. Meandrina 
meandrites holobionts, however, were differentiated among 
groups. One of them (with C3 symbiont type only) appeared 

a. b.

Similarity Similarity

20 2040 4060 6080 80100
PBU
LC
P2
P1
PD
S1
RS
GP
PT
TS
PJ
PV
TS
MN
TNE
IM
TN1
OR
PB
S2
BJ
TG
IF
NX
TN2
SN
IN TNE

MN
PV
OR

TN1
IM
IN
SN
TG
BJ
IF

PB
TN2

S2
NX
PD
TS
PJ

DS
RS
S1

PBU
P1
P2
GP
PT
LC

100

A

B

C

D
E

D

C

B

A

F

G

H

E

Figure 3. Cluster analysis of coral cover and holobiont zonation. 
Cluster grouping the sampled sites using A. Coral cover information 
alone and B. Holobiont information. Blue quadrants represent 
groups of sites significantly similar, retained after 1000 bootstrap 
replicates (P > 0,05). Letters A to E on the left correspond to the 
retained groups in coral species cluster, while letters from A to 
H on the right correspond to the retained groups in the holobiont 
cluster. Two and three letter codes correspond to the sampled sites 
(Appendix 4a for detailed information).
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as characteristic species (94 % of its total cover) in one of 
the retained groups in the cluster analysis. In contrast, the 
second holobiont (composed by symbiont types C3 ad B1), 
was more spread over different groups.

All the sites were placed on upper slopes, or on mixed 
zones at bank plateaus, or on lower fore-reef terraces at 
fringing reefs, seeking the best conditions for coral growth 
at each site. Nonetheless, some environmental variables 
such as depth, wave exposure and relative water turbidity 
were different among sites. The nMDS ordination analysis 
showed no structure or correlation between grouped sites 
and the measured environmental variables in any of the 
assemblages (Appendix 5). 

Discussion
The holobiont configuration was used to make an analysis 
of the coral community structure, which provided better 
resolution at a finer level (within upper slope habitat 
communities). The use of holobionts (coral species and 
specific zooxanthellae type) led to eight significantly similar 
groups with at least 50 % similarity. Even if only three 
species showed marked differences in the type of symbiont 
over a depth range, the high prevalence of two of them 
over most habitats was enough to change the similarity 
analysis among sites. It was evident that for the dominant 
reef-building corals at mixed zones, the differential species 
response to spatial stochastic heterogeneity was related to 
zooxanthellae type. Since O. annularis and O. faveolata are 
broadcast spawners (e.g. Sánchez et al. 1999), their larvae 
must acquire zooxanthellae from the environmental pool. 
Their Symbiodinium preference will determine their fitness 
(Mieog et al. 2009), depending on the availability of different 
free-living types of the symbionts (e.g., Porto et al. 2008). 
The ecological relevance of coral assemblages structured by 
holobionts together with the depth-related Symbiodinium 
preference observed in the dominant Orbicella spp. cor-
roborates the idea on the holobiont as an ecological unit 
responding to environmental stochasticity. This provides a 
precedent for future studies, which may focus on how this 
unit can be a key factor driving ecological speciation via 
local adaptation to environmental conditions (Rowan & 
Knowlton 1997, Toller et al. 2001, 2001a, 2001b Leggat 
et al., 2007). Another example of ecological differentiation 
is given by the distribution of the holobionts of Meandrina 
meandrites. The first holobiont (M. meandrites + C3) was 
identified as a characteristic species/unit in one of the 
retained groups in the cluster analysis. The second holobiont 
(M. meandrites C3 + B1), was divided into different groups. 
These results could also suggest ecological differentiation, 
showing different patterns of distribution and specialization 
that might have been overlooked by using the information 
given by the coral species information alone. Since our field 
survey was done before the taxonomic revision of Meandrina 
(Pinzón and Weil, 2011), it is possible that these associations 
could correspond to the paler species M. jacksoni. 

Table 2. Coral species community assemblages. Boxes mark all 
the species characteristic of each nested group according to the 
cluster on the figure 2A (Kaandorp inverse analysis, including 
the 70 % relative abundance of each species in a given cluster or 
group of clusters). In bold, species that are exclusive for each group 
(with 100 % of their relative abundance). The data is presented as 
coverage percentage for each species.

Coral species/ Group A B C D E

Acropora cervicornis - - -   0.24 -

Acrópora palmata 6.03 - - - -

Agaricia fragilis 0.04 -   0.40   0.05   0.01

Agaricia humilis -   0.01 -   0.10 -

Agaricia lamarcki - -   1.08   0.44 -

Agaricia undata - -   2.51   0.23 -

Colpophyllia natans 4.32   2.00 -   5.19   1.41

Dichocoenia stokesii - - - - -

Eusmilia fastigiata -   0.15   0.09   0.10 -

Favia fragum 0.01   0.02 - - -

Isophyllastrea rigida 0.05 - - - -

Isophyllia sinuosa - -   0.01 - -

Leptoseris cucullata -   0.50   3.29   0.37   1.37

Mardacis decactis 0.01 -   0.69   0.27 -

Madracis auretenra - - - - -

Meandrina meandrites -   0.27   0.06   1.34   0.01

Millepora alcicornis 0.66   2.13   0.20   0.51   0.19

Millepora complanata -   0.52 - - -

Millepora striata - - - - -

Montastraea cavernosa 2.78   1.25   1.83   4.18   0.06

Mussa angulosa 0.03 -   0.71 17.93 -

Mycetphyllia aliciae - - -   0.42 -

Mycetophyllia lamarckiana - -   0.44   0.32 -

Mycetophyllia ferox - - -   0.10 -

Orbicella annularis 9.84   0.48 -   1.36 -

Orbicella faveolata 42.41 20.76 36.82 14.35   2.01

Porites astreoides 0.28   0.05   0.15   0.06 -

Porites colonensis 11.44   6.06   7.73   5.22   5.98

Porites furcata - -   0.01   0.18 -

Porites porites 2.10   0.09   0.03 -   1.96

Pseudodiploria clivosa 2.01   0.99 -   2.56 -

Diploria labrynthiformis 0.73   1.50   0.16   0.81 -

Pseudodiploria strigosa 18.79   1.60   1.60   2.29 -

Siderastrea siderea 0.11   0.20   0.10 - -

Scolymia cubensis 0.28   1.04   6.17   1.10   0.05

Scolymia lacera - - - - -

Solenastrea bournoni - -   0.02 - -

Solenastrea hyades - - -   0.34 -

Stephanocoenia intersepta - - -   0.69 -

Undaria agaricites 4.08   5.63 18.01   6.60   0.28

Undaria tenuifolia 14.70   9.68   1.00   0.44 21.13
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Table 3. Holobionts (Scleractinian coral species + Symbiodinium type) community assemblages. Boxes mark all the species characteristic 
of each nested group according to the clusters on the figure 2B (Kaandorp inverse analysis, including the 70 % relative abundance of each 
species in determinate clusters). In bold, species that are exclusive for each group (with 100 % of their relative abundance). The data is 
presented as coverage percentage for each species.

Holobiont/ Group A B C D E F G H

Acropora cervicornis   0.24 - - - - - - -

Acrópora palmata   0.26 - - -   6.03 - - -

Agaricia fragilis   0.05   0.35   0.15 -   0.04 -   0.01 -

Agaricia humilis   0.03 -   0.02   0.01 -   0.73 - -

Agaricia lamarcki   1.29   1.08 - - -   4.11 -   2.00

Agaricia undata -   2.51 - - -   0.23 - -

Colpophyllia natans   5.31 -   0.24   1.18   5.14   2.49   1.41 -

Dichocoenia stokesii - -   0.00 -   0.00 - - -

Eusmilia fastigiata   0.28   0.09   0.34   0.15 -   1.65 -   0.19

Favia fragum -   0.00 -   0.02   0.01 - - -

Isophyllastrea rigida - - - -   0.05 - - -

Isophyllia sinuosa - - - - -   0.17 - -

Leptoseris cucullata   0.96   1.88   0.04   0.11   0.39   0.42   1.37   0.15

Mardacis decactis   0.27   0.64   0.11 -   0.01   0.25 -   0.01

Madracis auretenra - - - - -   0.23 - -

Meandrina meandrites + C3   0.50 - - - -   0.02   0.01 -

Meandrina meandrites + C3 B1   1.32 -   0.46   0.27 - - - -

Millepora alcicornis   0.51   0.08   1.20   1.68   1.11 -   0.19 -

Millepora complanata - - -   0.52 - - - -

Millepora striata - -   0.03 - - - - -

Montastrea cavernosa   5.09   1.56   1.58   2.27   1.76   5.09   0.06   0.44

Mussa angulosa   0.42 - - - - - - -

Mycetphyllia aliciae   1.24   0.23 - - -   0.34 -   0.28

Mycetophyllia lamarckiana   0.06 - - - -   0.15 - -

Mycetophyllia ferox   0.06   0.09   0.89   0.17   0.15 - - -

Orbicella annularis + A   1.01 - - -   2.67   0.27 - -

Orbicella annularis + C - - -   5.72   1.93   0.35 -   3.41

Orbicella faveolata +A 17.62 17.42   1.47 39.81 - -   2.01 13.71

Orbicella faveolata + C - - - - 23.39 36.30 - -

Porites astreoides   5.20   7.73 13.18   5.39 12.11   3.01   5.98   2.18

Porites colonensis   0.18   0.01 - - - - - -

Porites furcata -   0.03   0.14   0.61   1.58 -   1.96 -

Porites porites -   0.10 -   0.22   0.08 - - -

Pseudodiploria clivosa   0.92 -   0.17   0.35   2.64   1.64 - -

Diploria labrynthiformis   0.78   0.16 -   1.01   1.22   0.03 - -

Pseudodiploria strigosa   4.73   0.11 -   2.26 18.14 - - -

Siderastrea siderea   0.96   0.38   0.22   1.03   0.29   3.08   0.05   0.82

Scolymia cubensis - -   0.01 - - - - -

Scolymia lacera -   0.02 - - - - - -

Solenastrea bournoni - - - - -   1.03 - -

Solenastrea hyades   0.69 - - - -   0.56 -   0.15

Stephanocoenia intersepta   0.63 -   0.06 - -   0.26 - -

Undaria agaricites   6.91 13.45   8.72   6.24   3.47 13.06   0.28   0.37

Undaria tenuifolia 12.25   1.00   0.19   7.74 16.64   3.12 21.13   0.03
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The distribution of Symbiodinium spp. types in a particular 
landscape is given by host identity and environmental 
variation, mainly sun irradiance (Warner et al. 2006, Finney 
et al. 2010). It is expected that more species present a 
marked shift in symbiont type at shallower locations (below 
6 m), because of higher light intensities and radiation could 
exclude some symbiont types (LaJeunesse 2002, Finney et 
al. 2010), or holobionts as a whole. Variation in symbiont 
type within a depth gradient has been reported in great detail 
for Orbicella annularis (Rowan et al. 1997). In contrast, 
Pocillopora verrucosa and Pavona gigantea, two dominant 
species in the eastern Pacific, harbor a distinctive symbiont 
that is adapted to a determined light regimen, which is likely 
responsible for the distribution of its respective coral host 
in a depth gradient (Iglesias-Prieto et al. 2004). Despite 
of some degree of tolerance at larval stages (e.g. Weiss et 
al. 2001) most coral species are adapted only to a single 
or few symbiont types at their adult stages. However, this 
specificity has been shown to be less absolute than previ-
ously thought (Silverstein, 2012), being variable depending 
of the local environmental conditions. Regional variation is 
also an important feature; the same coral species could be 
associated to different symbionts depending on the location 
and symbiont availability (LaJeunesse, 2002). 

The survival of corals under different conditions is not 
the same for all the species. In the studied area, mono 
and polytypic coral-zooxanthellae associations were well 
represented, which suggest flexibility of some species for 
switching symbionts (Baker 2003). Coral species with 
more than one symbiont are capable of type switching if 
transplanted, or exposed to environmental stress (Baker et 
al. 2001). Even if this change is transient over a long time 
period (Thornhill et al. 2006, McGinley, 2012), the diversity 
of interaction and strategies of association of Symbiodinium 
supports the idea of greater ecological and evolutionary 
potential in flexibility. The worldwide pattern of mono- 
polytypic species ratio shows that most coral species are 
associated to a single symbiont (Goulet, 2006). This scenario 
is alarming, since these species are, at least in the flexibility 
of their symbiont association, more fragile and susceptible 
if ocean conditions change (Baker, 2003, Putnam, 2012, 
Silverstein 2012). A clear prevalence of clade C was found, 
present in 80 % of the sampled species, a common pattern 
for scleractinians corals in other Caribbean locations 
(LaJeunesse, 2003). The proportion of scleractinian species 
sampled that harbor more than one symbiont was 35 % (with 
a common pattern of having clade C and other symbiont 
when polytypic association was present), which is higher 
than any if compared to other locations in the Caribbean, 
with a maximum of 25 % (Goulet 2006). This finding 
could be due to differences in sampling. Most species were 
sampled at various depths and different locations of the 
same area, a main difference with other sampled areas in the 
Caribbean.  Other factors, such as the unique conditions of 
the Southwestern Caribbean reefs, e.g., high sediment loads 

coming from Cartagena Bay (Restrepo et al. 2006, Velásquez 
et al. 2011, López-Angarita et al. 2013), could also be 
responsible for this divergent pattern. Finally, recent studies 
have shown that other microorganisms such as archaea and 
bacteria also play a key role in the ecological dynamics 
on coral communities (Ainsworth et al. 2010, Kimes et al. 
2010, Littman et al. 2010); however, we were not able to 
characterize this microbial community at the time.

The analysis of species assemblages presented two and 
eleven species as specialists, depending on the cluster 
analyzed (coral species vs. holobiont as units). In both 
cases this species were uncommon and presented low cover. 
This is a general ecological pattern (e.g., Marrugan & 
Henderson, 2003), which was also found in other Southern 
Caribbean coral communities (e.g., Sánchez et al. 2005, 
López-Angarita et al. 2013). The most prevalent species 
such as Undaria tenuifolia, U. agaricites, Orbicella spp. 
and Porites astreoides did not appear as characteristic in any 
retained group. The imposition of environmental variables 
to the identified groups showed that the assemblages were 
not affected by a specific variable. Complementary studies 
including additional variables affecting coral preferences 
at small scale (rugosity, inclination) and time might more 
realistically correlate to the obtained clusters. This is the 
first study in which holobionts were used as units in the 
evaluation of coral reef assemblages. This approach resulted 
in greater resolution in the coral community structure, which 
can have important considerations on coral reef biodiversity 
and conservation policies. 
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