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Abstract Recently, the Caribbean reef-building coral Orbicella faveolata was listed as ‘‘threatened’’ under the U.S.
Endangered Species Act. Despite attention to this species’
conservation, the extent of geographic variation within O.
faveolata warrants further investigation. O. faveolata is
unusual in that it can simultaneously harbor multiple genetically distinct and co-dominant species of endosymbiotic
dinoflagellates in the genus Symbiodinium. Here, we investigate the geographic and within-colony complexity of
Symbiodinium-O. faveolata associations from Florida Keys,
USA; Exuma Cays, Bahamas; Puerto Morelos, Mexico; and
Carrie Bow Cay, Belize. We collected coral samples along
intracolony axes, and Symbiodinium within O. faveolata
samples was analyzed using the nuclear ITS2 region and
chloroplast 23S rDNA genotyping. O. faveolata associated
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with species of Symbiodinium in clades A (type A3), B (B1
and B17), C (C3, C7, and C7a), and D (D1a/Symbiodinium
trenchii). Within-colony distributions of Symbiodinium
species correlated with light availability, cardinal direction,
and depth, resulting in distinct zonation patterns of endosymbionts within a host. Symbiodinium species from
clades A and B occurred predominantly in the light-exposed
tops, while species of clade C generally occurred in the
shaded sides of colonies or in deeper-water habitats. Furthermore, geographic comparisons of host–symbiont associations revealed regional differences in Symbiodinium
associations. Symbiodinium A3 was detected in Mesoamerican coral colonies, but not in colonies from the
Florida Keys or Bahamas. Likewise, Symbiodinium B17 was
unique to Mesoamerican O. faveolata, whereas Symbiodinium B1 was found at all localities sampled. However,
using cp23S genotyping paired with ITS2 analysis revealed
geographically endemic haplotypes among Symbiodinium
clades A, B, and C. Since Symbiodinium spatial heterogeneity among this coral species is greater than most corals, a
question arises as to whether all western Atlantic populations
of O. faveolata should be considered equally ‘‘threatened’’?
Alternatively, geographically and spatially distinct coral–
symbiont associations may benefit from specialized management protocols.
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Introduction
Coral reefs are among the most biologically rich and productive ecosystems in the world. Reef-building corals are
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fundamentally important, serving as ecosystem engineers
that form the structural basis for the ecosystem (Jones et al.
1994). However, coral reefs are among the most globally
threatened ecosystems (Hoegh-Guldberg and Bruno 2010).
Rapid coral declines have resulted in substantial habitat
loss revealing organismal sensitivity to environmental
perturbations (Gardner et al. 2003). Current conservation
and management efforts are focused on ways to minimize
species decline and aid ecosystem recovery that may potentially promote ecosystem resilience (capacity for stress
resistance and recovery) to local stressors (i.e., over-fishing, nutrient influx, sedimentation) and global climate
change (Mumby and Steneck 2008; Anthony et al. 2014).
Reef-building corals confront managers with multiple
challenges due to biologic complexity and geographic
specificity of host-symbiotic associations. Reef-building
corals are highly sensitive to environmental perturbations;
however, within-species physiologic differences (e.g.,
thermal and high irradiance tolerance) can result from inherent and acclimatization protection processes of coral
and endosymbiotic algae (Warner and Berry-Lowe 2006;
Reynolds et al. 2008; Howells et al. 2013; Palumbi et al.
2014).
The relationship between reef-building corals and endosymbiotic dinoflagellates (genus Symbiodinium) enables
coral reefs to thrive in oligotrophic tropical and sub-tropical oceans (Muscatine and Porter 1977). Symbiodinium
can provide [90 % of the coral’s metabolic requirements
via photosynthetically fixed carbon that is translocated to
the coral as carbohydrates, fatty acids, sugars, starches, and
amino acids (reviewed by: Yellowlees et al. 2008). Symbiodinium is a diverse group of dinoflagellates comprising
nine major clades (A-I) (Coffroth and Santos 2005; Pochon
and Gates 2010) that can be further divided using rapidly
evolving molecular markers into various phylotypes and
species (Sampayo et al. 2009; LaJeunesse and Thornhill
2011; LaJeunesse et al. 2012, 2014). Different Symbiodinium spp. often have biochemical differences leading to
species- and phlyotype-specific physiological responses to
environmental conditions (Warner et al. 1999; Tchernov
et al. 2004; Reynolds et al. 2008; Takahashi et al. 2009).
Notably, differential thermal and irradiance tolerances
have been identified in genetically distinct Symbiodinium,
which can lead to different holobiont responses to stress
(Rowan and Knowlton 1995; Baker 2003; Iglesias-Prieto
et al. 2004).
Recently the National Oceanic Atmospheric Administration (NOAA) extended Endangered Species Act (ESA)
protections to the mountainous star coral, Orbicella
faveolata, and 19 other species (NMFS 2014). O. faveolata
is found from the intertidal zone to 80 m deep and is often
the most abundant reef-building coral in forereef environments throughout the Caribbean (Goreau and Wells 1967;
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Reed 1985; Aronson et al. 2008). However, declines of this
species throughout the Caribbean (Miller et al. 2009)
caused the Center for Biological Diversity to seek protection of O. faveolata as a threatened species under the ESA.
Furthermore, O. faveolata routinely hosts multiple genetically distinct and co-dominant Symbiodinium spp., and
these symbionts may likewise differ across the range of the
host (LaJeunesse 2002; Garren et al. 2006). Symbiodinium
species associated with O. faveolata include members of
clades A, B, C, and D that are distributed across the
landscape of the colony (Rowan and Knowlton 1995;
Toller et al. 2001b; Garren et al. 2006; Kemp et al. 2008).
Various types of Symbiodinium clades A and B tend to
dominate the light-exposed colony tops, with clade C types
found in greatest abundance on the colony sides, and
Symbiodinium ITS2 type D1a (S. trenchii) found in stressexposed colonies (Rowan and Knowlton 1995; Toller et al.
2001a; Thornhill et al. 2006b; Kemp et al. 2008, 2014;
LaJeunesse et al. 2009, 2014). Flexibility in the symbiosis
ecology of O. faveolata has been documented spatially and
in response to environmental stress; such dynamism can
alter coral physiology and stress responses (Rowan et al.
1997; Toller et al. 2001b; Thornhill et al. 2006b; Warner
et al. 2006; LaJeunesse et al. 2009; Kemp et al. 2014).
Although the symbiosis of O. faveolata is well studied, no
large-scale survey has investigated Symbiodinium species
and type diversity within this species across the Caribbean
basin. Recent evidence from Symbiodinium clade C
demonstrated that O. faveolata and its congeners associate
with highly specific endosymbionts—Symbiodinium species
that apparently do not associate with other host taxa
(Thornhill et al. 2014). These host-specific symbionts can be
further divided into regionally endemic lineages and haplotypes (Thornhill et al. 2014). Such an evolutionary pattern
likely resulted from long-term processes of lineage diversification due to ecological speciation (by host taxa) as well as
regional differentiation due to allopatry (Santos et al. 2004;
LaJeunesse 2005, 2010; Thornhill et al. 2009). However,
such patterns have only been documented in Symbiodinium
clade C for Orbicella. The prevalence of other Symbiodinium
clades and types associated with O. faveolata has been
inadequately determined, although preliminary results for
clades A and B—but not D—suggest similar patterns
(Thornhill et al. 2010a; Pinzón et al. 2011). Thus, we used
here a micro-sampling technique combined with nuclear ribosomal and chloroplast genotyping of Symbiodinium from
O. faveolata colonies to further explore the genotypic variation in clades and types with respect to geographic correlates. Colonies were examined in shallow (higher irradiance)
and deeper (lower irradiance) reefs at four different regions
of the western Atlantic.
We document predictable and stratified heterogeneity of
Symbiodinium spp. associated with O. faveolata that likely
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reflects long-term ecological and evolutionary host–symbiont specializations. Defining variables that underlie the
establishment of Symbiodinium-Orbicella associations are
highly relevant because differential physiological responses to thermal stress have been directly linked to
functional differences of the symbiotic algae (Kemp et al.
2014). Furthermore, generalized conservation strategies
that encompass large geographic regions may not equally
be applicable due to the dynamic physiological and genetic
nature of reef-building corals.

Methods
Collection sites and micro-sampling procedure
Coral tissue samples were collected from O. faveolata
colonies from four geographic regions: Florida Keys, USA;
Exuma Cays, Bahamas; Puerto Morelos, Mexico; and
Carrie Bow Cay, Belize (Fig. 1). O. faveolata colonies
were collected from nearby shallow (1–4 m) and deeper
(12–15 m) reefs in each location to examine variation
among habitats and regions. For each colony sampled,

Fig. 1 a Western Atlantic reef locations investigated in this study.
b Reefs sampled in the Florida Keys: Turtle Reef (TR), Little Grecian
Reef (LG), Admiral Patch Reef (ADM), and Alligator Reef (AG).
c Reefs sampled in the Bahamas: North Norman’s Pond (NNP) and
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coral tissue was collected using syringes along four fixed
axes laid from top to bottom of the colony at north, east,
south, and west compass headings following the microsampling procedures of Kemp et al. (2008). The microsampling approach allowed us to collect multiple and
precise polyp samples from corals, minimizing damage to
the coral colony. Samples were collected over a 5-yr period
(2005–2010) from 2 to 3 polyps every 10–20 cm using 2-cc
syringes with 16-gauge needles, resulting in 8–50 tissue
collections per coral colony, with all collections from a
single colony occurring on the same day. Upon returning to
the laboratory, syringe samples were transferred into 2-ml
microcentrifuge tubes and centrifuged at (*5000g) for
2 min. Supernatants were decanted and either 80 % ethanol
alcohol or DMSO buffer (20 % dimethylsulfoxide, 0.25 M
EDTA in saturated aqueous sodium chloride) was added
for preservation (Seutin et al. 1991) and archived for later
analysis.
Orbicella faveolata was sampled from three shallow
reefs (B4 m) in the upper Florida Keys from 2006–2008:
two colonies at Turtle Reef (TR; 2–4 m depth; 25.294°N,
80.219°W), four colonies at Admiral Patch Reef (ADM;
2 m depth; 25.045°N, 80.395°W), and four colonies at

South Perry (SP). d Reefs sampled in Belize: Carrie Bow Cay Lagoon
Reef (LG) and Carrie Bow Cay Reef Slope (RS). e Reefs sampled in
Mexico: La Bocana Reef (LB) and Ship Channel Reef (SC)
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that were deployed on the reef at approximately 3–4 m. For
all sites, temperatures were recorded hourly, and monthly
mean ± SD were calculated for the years 2003–2006
(Fig. 2).
Genetic identification of Symbiodinium
Genetic identities of the dominant Symbiodinium spp. in
each tissue sample were determined following the protocols of LaJeunesse et al. (2003). DNA was extracted using
a modified Promega Wizard genomic DNA extraction
protocol. Denaturing-gradient gel electrophoresis (DGGE)
was used to analyze the ITS2 region of nuclear ribosomal
RNA genes (LaJeunesse 2002). This method detects the
Symbiodinium types that comprise approximately 10 % or
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Exuma Cays
Puerto Morelos
Carrie Bow Cay

31

Average Temperature (°C)

Little Grecian Reef (LG; 1–3 m depth; 25.119°N,
80.302°W). Additionally, two colonies were sampled from
the deeper Alligator Reef (AG; 10–12 m depth; 24.842°N,
80.624°W) in the middle Florida Keys, for a total of 224
samples from the Florida Keys (8–44 samples per colony).
Four colonies were sampled from the Bahamas, two each
from North Norman Pond (NNP; 2–4 m depth; 23.791°N,
76.137°W) and South Perry Reef (SP; 10–12 m depth;
23.775°N, 76.090°W) in 2006 and 2007 that, with the intracolony sampling, resulted in 65 total samples (11–27
samples per colony). In Mexico, O. faveolata tissue samples were collected from six colonies at La Bocana Reef
(LB; 2–4 m depth; 20.875°N, 86.512°W) from 2006 to
2009 totaling 206 samples (24–50 samples per colony). O.
faveolata colonies from the deeper Ship Channel Reef (SC;
9–10 m depth; 20.837°N, 86.870°W) in Mexico were not
sampled as thoroughly as the other locations resulting in 25
total samples. Only one colony was sampled and demarked
with a tape measure, while three other colonies were only
sampled at the top, middle, and bottom (3–16 samples per
colony). In Belize, four colonies were sampled from Carrie
Bow Cay Lagoon Reef (LR; 1–3 m depth; 16.802°N,
88.083°W) and two additional colonies were sampled from
a deeper reef off Carrie Bow Cay Reef Slope (RS; 10–12 m
depth; 16.802°N, 88.080°W) in 2005 and 2006 resulting in
141 total samples (17–42 samples per colony). A summary
of all samples and the sites from which they were collected
is compiled in Table 1.
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Seawater temperatures were recorded from the Florida Keys
(LG), Exuma Cays (NNP), Puerto Morelos (LB), and Carrie
Bow Cay (RS) using HOBO Pro v2 underwater temperature
loggers (Onset Computer Corporation, Bourne, MA, USA)

Fig. 2 Mean monthly seawater temperatures from 2003 to 2006
(±SD). Data loggers were placed in situ on North Normans Pond,
Exuma Cays, Bahamas (depth 3 m); Little Grecian Reef, Upper
Florida Keys, USA (depth 4 m); La Bocana Reef, Puerto Morelos,
Mexico (depth 4 m); Carrie Bow Cay, Belize (depth 4 m)

Table 1 Summary of Symbiodinium frequencies micro-sampled from Orbicella faveolata colonies
Site

Depth
(m)

#
Colonies

#
Samples

Clade
A

Clades A
&B

Clades A
&C

Clade
B

Clades B
&C

Clade
C

Clade
D

Admiral Reef, FL, USA (ADM)

1–2

4

92

0

0

0

91

1

0

0

Turtle Reef, FL, USA (TR)

2–4

2

16

0

0

0

7

3

6

0

Little Grecian Reef, FL, USA (LG)

1–3

4

73

0

0

0

73

0

0

0

10–12

2

43

0

0

0

29

11

3

0

2–4

2

37

0

0

0

31

1

2

3

10–12

2

28

0

0

0

9

8

11

0

Alligator Reef, FL, USA (AG)
North Norman Pond Reef, Exuma Cay,
Bahamas (NNP)
South Perry Reef, Exuma Cay, Bahamas (SP)
La Bocana, Puerto Morelos, Mexico (LB)

2–4

6

206

6

37

0

75

45

40

3

Ship Channel Reef, Puerto
Morelos, Mexico (SC)

9–10

4

25

1

0

2

12

1

9

0

Carrie Bow Cay Lagoon Reef, Belize (LR)

1–3

4

99

7

15

8

42

17

10

0

10–12

2

42

3

1

2

8

21

7

0

Carrie Bow Cay Reef Slope, Belize (RS)
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more of the endosymbiont community (Thornhill et al.
2006b; LaJeunesse and Thornhill 2011). A touchdown
thermal cycle described in LaJeunesse et al. (2003) was
used for PCR amplification of the ITS2 region using the
forward primer ‘‘ITSintfor2’’ (50 -GAATTGCAGA ACTCC
GTG-30 ) and the reverse primer ‘‘ITS2CLAMP’’ (50 -CGC
CCGCCGC GCCCCGCGCC CGTCCCGCCG CCCCC
GCCC GGGATCCATA TGCTTAAGTT CAGCGGGT30 ), with a 39-bp GC clamp (italicized; LaJeunesse and
Trench 2000). Products were electrophoresed on 45–80 %
urea-formamide denaturing gradient gels (100 % consists
of 7 M urea and 40 % deionized formamide) for 10 h at
150 V at a constant temperature of 60 °C using a C.B.S.
ScientificTM system (LaJeunesse 2002; Thornhill et al.
2010b). For verifying that DGGE banding patterns corresponded exactly with phylotype designations, prominent
bands were excised from gels, PCR amplification using
forward and reverse primers (ITSintfor2 and ITS2rev) was
performed as described by LaJeunesse (2002), and products were sent to GENEWIZ, Inc. (South Plainfield, NJ) for
Sanger sequencing. Sequences were deposited in GenBank
under accession numbers (KP730718-KP730733) and alphanumeric nomenclature (sensu LaJeunesse 2002) of the
representative DGGE banding patterns was assigned.
Symbiodinium phylotypes identified using the ITS2 region were further analyzed using the Domain V (including
the hypervariable region) of the chloroplast (cp23S) rDNA.
Following the protocol of Santos et al. (2002), PCR amplification using the primer pair 23S1 (50 -GGCTGTAACTATAACGGTCC-30 ) and 23S2 (50 -CCATCGTATTGAA
CCCAGC-30 ) was performed (Santos et al. 2002). Amplified products were sent to GENEWIZ, Inc. (South Plainfield, NJ) for Sanger sequencing using the forward and
reverse primers (23S1 and 23S2) and sequences were deposited in GenBank under accession numbers (KP730734KP730749).
Sequence analyses and phylogenic reconstructions
ITS2 and cp23S chromatograms were visually inspected in
Sequence Navigator. The edited sequences were aligned
using ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clus
talw2/), with additional corrections to the alignment made
by visual inspection of the output file.
Phylogenetic reconstructions of cp23S, excluding the
hypervariable region (HVR) (Zhang et al. 2000), were
conducted using Bayesian Inference using MrBayes v3.2.1
implementing the Hasegawa–Kishino–Yano (HKY) ? C
model of substitution, as indicated by the Akaike Information Criterion by MrModeltest v2.3 (Huelsenbeck and
Ronquist 2001). The analysis was run for 106 generations
and sampled every 100 generations. Due to convergence of
chains within 2.5 9 105 generations, the first 2500 trees
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were discarded as burn-in, and a 50 % majority-rule consensus tree was calculated from the 7501 remaining trees.
Symbiodinium type A3 was used as an outgroup (following
Nylander 2004). Posterior probabilities (PP) were recorded
to assess reliability of recovered nodes.
To further explore evolutionary relationships, cp23S
(including the HVR) and ITS2 haplotype networks were
constructed with TCS v1.21 (Clement et al. 2000) using
default settings and assumptions. Plausible branch connections between haplotypes were tested using a 95 %
connection limit and gaps were treated as missing data.

Results
Intracolonial and geographic diversity of Symbiodinium
spp
ITS2-DGGE and exhaustive sequencing of DNA from
prominent bands yielded seven distinct ITS2 haplotypes in
total, from four different Symbiodinium clades associated
with O. faveolata (Table 1). The nucleotide diversity
among haplotypes and clades was high (p = 0.400), resulting in difficulties aligning the 273 bp of ITS2 sequences, particularly across clades.
Microsampling and molecular identification of Symbiodinium inhabitants revealed stratified, within-colony
heterogeneity in O. faveolata (Fig. 3). Additionally, there
were geographic differences in the Symbiodinium ITS2 and
cp23S types across all localities sampled (Figs. 3, 4).
However, due to the limited number of corals sampled,
geographic variation should be interpreted cautiously. Most
colonies revealed within-colony, spatial heterogeneity, of
Symbiodinium influenced by irradiance intensity (i.e., highirradiance top of colony versus low-irradiance bottom of
colony; Figs. 3, 4). A notable exception to this trend was
found in shallow-water O. faveolata colonies from the
upper Florida Keys, USA. Regardless of within-colony
sampling position, only 5 % of samples from upper Florida
Keys (TR, LG, ADM) in \4 m depth were detected with a
symbiont type other than ITS2-type B1 Symbiodinium
(n = 11 colonies; 181 samples; Table 1; Figs. 3a, 4).
However, coral colonies from the deeper reef (AG;
10–12 m) had more diverse Symbiodinium communities
than shallow-water conspecifics, including 67 % of the
samples having ITS2 type B1, 5 % C3, and 26 % B1 and
C3 mixtures (Figs. 3b, 4).
Similar to the Florida Keys, shallow-water O. faveolata
colonies from the Exuma Cays, Bahamas, harbored limited
Symbiodinium diversity within the detection limits of
DGGE (four symbiont types across 65 samples; Table 1).
Eighty-four percent of the intracolony samples from North
Norman Pond (NNP) associated solely with type B1
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b Fig. 3 The distribution of Symbiodinium phylotypes (ITS2) along

fixed axes located at cardinal headings of north, east, south, and west
from Orbicella faveolata. Intracolony generalizations of Symbiodinium zonation patterns of shallow and deeper-water colonies from the
(a, b) Florida Keys, USA; (c, d) Exuma Cays, Bahamas; (e, f) Puerto
Morelos, Mexico; (g, h) Carrie Bow Cay, Belize. Identical sampling
protocols were followed at all locations and depths

Fig. 4 Generalized Symbiodinium ITS2 phylotype assemblages of
Orbicella faveolata. Pie graphs represent proportion of identified
Symbiodinium from all sampled corals at each region. Florida Keys,
USA: Turtle Reef, Admiral Reef, and Little Grecian Reefs (2–4 m
depth; n = 10 colonies; 164 samples) and from Alligator Reef
(10–12 m depth; n = 2 colonies; 43 samples). Exuma Cays, Bahamas:
North Normans Pond (2 m depth; n = 2 colonies; 37 samples) and
South Perry Reef (12–14 m depth; n = 2 colonies; 28 samples). Puerto
Morelos, Mexico: La Bocana Reef (2–4 m depth; n = 5 colonies; 197
samples) and Ship Channel (n = 4 colonies; 25 samples). Carrie Bow
Cay, Belize: Lagoon Reef (2–4 m depth; n = 4 colonies; 96 samples)
and Reef Slope (10–12 m depth; n = 2; 42 samples)

Symbiodinium (Figs. 3c, 4). Mixtures of Symbiodinium
type C7a (aka C12, see Thornhill et al. 2014) and B1 were
found in 2 % of samples, whereas 5 % of the samples
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associated only ITS2 type C7a from NNP. Additionally,
8 % of NNP samples contained Symbiodinium ITS2 type
D1a (=S. trenchii or D1-4; Figs. 3c, 4). Coral samples from
the deeper Bahamas reef (SP; 10–12 m) were found to
associate with type B1 in the tops (higher irradiance) of the
colonies (32 % of intracolony samples). The sides and
lower regions of colonies from SP were found to have
greater abundances of Symbiodinium type C7a (68 % of
intracolony samples, Figs. 3d, 4) and mixtures of type B1
and C7a (29 % of intracolony samples) than the shallowwater conspecifics (Fig. 4).
In striking contrast to the Florida Keys and Exuma Cays,
O. faveolata from Mesoamerican reefs of Puerto Morelos,
Mexico (n = 10 colonies; 231 samples; Table 1) and
Carrie Bow Cay, Belize (n = 6 colonies; 141 samples;
Table 1) harbored Symbiodinium assemblages with greater
diversity. Coral colonies from Mesoamerican reefs simultaneously associated with up to five co-dominant Symbiodinium ITS2 types, including various combinations of
types A3, B1, B17, C7, and occasionally D1a (Mexico
only). Intracolonial spatial heterogeneity correlated with
prevailing irradiance patterns across the colony. Generally,
Symbiodinium ITS2 type A3 occurred in high irradiance
areas on the coral (i.e., top and south facing sides of the
colony; Fig. 3e–h), while type C7 was found in lower irradiance areas on the coral (i.e., the lower colony edge;
Fig. 3e–h). Symbiodinium type B17 was the most frequently detected Symbiodinium spp. found in shallow-water corals from Mexico (72 % of all samples; Fig. 4) and
Belize (76 % of all samples; Fig. 4). In shallow-water
colonies Symbiodinium type B17 was generally found in
higher irradiance regions of the coral and was frequently
found mixed with types A3 and C7. Despite its abundance
in shallow-water habitats, Symbiodinium type B17 was not
found in any of the deeper-water corals (Figs. 3, 4). Instead, Symbiodinium ITS2 type B1 occurred in deeperwater colonies of O. faveolata from Mexico and Belize
(Figs. 3f, h, 4). In deeper-water colonies, the prevalence of
Symbiodinium type C7 (Mexico 48 % of all samples;
Fig. 4) increased in abundance (Belize 71 % of all samples; Fig. 4). Similar to shallow-water counterparts, type
C7 was found most prominently in low-irradiance sides and
bottoms of the colonies (Fig. 3f, h).
O. faveolata-Symbiodinium associations using
the cp23S marker
Data from the cp23S marker largely mirrored the findings
based on ITS2-DGGE. The cp23S identified O. faveolata
symbionts belonging to four different clades (i.e., clades A
through D; posterior probability 1.00 for all nodes) and
nine different sub-cladal types, each with a distinct geographic distribution (Fig. 5). The cp23S alignment
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a cp23S without the HVR

b cp23S with the HVR

c ITS2

A3

A3

A3

Clade A
B1
1.00

Clade B

B1

B1

B17

C3

C7 C7a

B17
B1

1.00
1.00

C3

C7 & C7a

Clade C

1.00
D1a

D1a

Clade D
0.1
Mexico

the Bahamas

the Florida Keys

Belize

Unsampled Haplotype

Fig. 5 Bayesian Inference topology and parsimony network analyses
of evolutionary relationships among Symbiodinium types and species
associated with Orbicella faveolata. Geographic location is color
coded in all figure panels. a Bayesian inference reconstruction of
evolutionary relationships based on the cp23S without inclusion of the
hypervariable region. Nodal support values are indicated as posterior

probabilities. Clade A Symbiodinium were used as the outgroup
following Pochon et al. (2006). b, c Parsimony network analyses of
the cp23S with inclusion of the hypervariable region (a) and ITS2
(c) at the 95 % connectivity level and with indels treated as missing
data. Gray dots represent unsampled haplotypes in the analysis

comprised 680 nucleotide positions, with a nucleotide diversity (p) of 0.136. Although the overall patterns between
nuclear and chloroplast markers were similar, the cp23S
provided greater within-lineage resolution for clades A and
B, but a lower lineage resolution for clade C compared to
the ITS2 (Fig. 5). Whereas the ITS2 marker resolved 1
type of clade A, 3 types of clade B, 3 types of clade C, and
1 type of clade D, the cp23S resolved 2 clade A haplotypes,
5 clade B haplotypes, 2 clade C haplotypes, and 1 haplotype of clade D.
The geographic distribution of Symbiodinium clades,
types, and species was similar for both the ITS2 and cp23S.
Clade A Symbiodinium was detected only in O. faveolata
from Mesoamerican reefs and not in O. faveolata corals
from the Florida Keys or Exuma Cays. Although ITS2
resolved only type A3 in O. faveolata, the cp23S resolved
different regionally specific haplotypes of type A3 in
Mexico compared to Belize (Fig. 5b). Clade B Symbiodinium spp. were found in all locations sampled and could
be divided into various regional haplotypes. These included
type B1 in the Florida Keys, type B17 in Mexico and
Belize, and three different regionally endemic cp23S haplotypes of type B1—a Florida Keys haplotype, an Exuma
Cays haplotype, and a Mesoamerican reef haplotype
(Fig. 5b). Clade C Symbiodinium occurred at all reefs
sampled. Type C3 associated with O. faveolata from the
Florida Keys and another cp23S haplotype, comprising ITS
types C7 and C7a, was found at other locations (Fig. 5b).

This shared clade C haplotype likely reflects the lower
resolution power of the cp23S compared to the ITS2 for
clade C Symbiodinium genotypes (Fig. 5). Symbiodinium
type D1a only occurred in the colonies sampled from the
Bahamas and Mexico according to both the cp23S and
ITS2 datasets (Fig. 5; but note that previous studies have
detected this symbiotic species in Orbicella colonies in the
Florida Keys and Belize, e.g., Rotjan et al. 2006; Thornhill
et al. 2006b; Finney et al. 2010).
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Discussion
Over the last two decades, there have been precipitous declines of Orbicella spp. throughout the western Atlantic
(Edmunds and Elahi 2007; Alvarado-Chacón and Acosta
2009; Miller et al. 2009). Despite these losses, Orbicella spp.
(including O. faveolata, O. annularis, and O. franski) remain
among the most ecologically important reef-building corals
in the Caribbean. Members of these taxa have slow growth
rates (Hudson 1981), late reproductive maturity (Szmant
1986), low recruitment rates (Hughes and Tanner 2000), and
high susceptibility to thermal stress (Fitt et al. 1993). It was
for these ecological, biological, and physiological reasons
that NOAA designated O. faveolata and its congeners as
‘‘threatened’’ under the ESA (NMFS 2014).
Our results suggest that O. faveolata exhibits distinct
symbiotic associations in different regions of the Caribbean
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Sea and western Atlantic Ocean (see also Thornhill et al.
2014). It is probable that these different symbiotic combinations will respond differently to environmental change,
including temperature-induced bleaching events (Rowan
et al. 1997; Kemp et al. 2014). Such information could be
useful in designating management recovery units and
management recovery areas as part of the recovery planning process for O. faveolata. For example, coral colonies
with greater proportions of thermally sensitive Symbiodinium types (e.g., C7) could be designated by managers as
‘‘high risk’’ when bleaching conditions occur (or are
forecasted) compared to colonies with known high proportions of Symbiodinium with greater thermal tolerance
(e.g., A3 and D1a; Kemp et al. 2014).
The ability of O. faveolata to simultaneously host up to
four genetically distinct, co-dominant, Symbiodinium ITS2
types in ecologically predictable patterns has not been reported in any other coral genera. Our data support previously described intracolonial Symbiodinium spatial
heterogeneity, with the exception of colonies from the
northern-most reefs sampled (Exuma Cays and Florida
Keys; Fig. 3). Species of the O. annularis ‘‘complex’’ have
commonly been reported to host clade A Symbiodinium
from reefs in the Caribbean (i.e., Panama, Belize, and
Mexico); however, these symbionts are rarely found in
Orbicella spp. from the Florida Keys and it has never been
documented in Orbicella spp. from the Bahamas (Fig. 4;
Rowan and Knowlton 1995; Garren et al. 2006; Thornhill
et al. 2006b; Kemp et al. 2008, 2014; Baums et al. 2010).
Orbicella faveolata individuals were sampled by Baums
et al. (2010) from offshore, forereef, mid-channel, and inshore reefs throughout the Florida Keys and detected clade
A Symbiodinium in only 7 % of 123 sampled colonies.
Although clade A Symbiodinium has been reported in Orbicella spp. in the Florida Keys, it is clearly rare. A hypothesis to potentially explain the rarely reported
occurrences of type A3 with Orbicella spp. from the
Florida Keys and never reported occurrence in Orbicella
from the Exuma Cays, may be that type A3 Symbiodinium
is out-competed by Symbiodinium belonging to clades B
and C. The higher-latitude reefs of the Upper Florida Keys
and Exuma Cays, have lower average temperatures, greater
seasonal temperature variation, and lower solar incidence
compared to the lower-latitude reefs of Mesoamerica
(Fig. 2; Leichter et al. 2006). Therefore, seasonal cold
water occurrences may cause competitive and physiological disadvantages to Symbiodinium type A3 compared to Orbicella-specific types of clade B or clade C.
Symbiodinium belonging to clade A are commonly associated with shallow-water cnidarians in the Caribbean
(LaJeunesse 2002). Field and laboratory studies have
demonstrated many clade A phylotypes to have tolerance
to high irradiance and high temperatures, leading to the
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hypothesis that many phylotypes in this group are highirradiance and high-temperature specialists (Rowan et al.
1997; Toller et al. 2001b; Goulet et al. 2005; Reynolds
et al. 2008; Kemp et al. 2014). Studies have shown that
specialization to these physiologically stressful conditions
is facilitated by enhanced photoacclimation and photoprotective pathways (Robison and Warner 2006; Reynolds
et al. 2008; Takahashi et al. 2009; Kemp et al. 2014). Such
adaptations to high-irradiance environments likely explain
stratified, intracolonial spatial heterogeneity in O. faveolata
from Mesoamerican reefs, but do not explain the absence
of Symbiodinium type A3 in O. faveolata colonies from the
Exuma Cays or Florida Keys.
Few studies have examined the effects of cold temperature on coral-Symbiodinium physiology and ecological
responses to cold water perturbation (but see Saxby et al.
2003; Thornhill et al. 2008; Kemp et al. 2011). Ecological
surveys of the Dry Tortugas and Florida Keys documented
severe mortality of shallow-water colonies of Porites astreoides (likely associated with type A4 or A4a; LaJeunesse 2002; Thornhill et al. 2006a; Kemp et al. 2011),
Acropora palmata, and A. cervicornis (both likely associated with type A3; LaJeunesse 2002; Thornhill et al.
2006b; Baums et al. 2014) immediately following cold
fronts that caused seawater temperatures to drop below
16 °C (Davis 1982; Porter et al. 1982). Furthermore, early
cold tolerance work done by Mayer (1914) found that
shallow-water colonies of A. cervicornis, A. palmata, and
P. astreoides were most sensitive to cold treatments. This
was corroborated by experimental cold stress experiments
on P. astreoides harboring Symbiodinium type A4a; P.
astreoides with type A4a experienced greater amounts of
photodamage and were more negatively affected by decreases in temperatures than corals hosting Symbiodinium
B1, B5a, or C3 (Kemp et al. 2011). Although the aforementioned symbionts are likely genetically distinct from
the A3 types associated with Orbicella (see Pinzón 2011),
this body of work indicates that certain Symbiodinium
clade A species may be susceptible to the winter low
temperatures of the Florida Keys and Exuma Cays, leading
to displacement by other more thermally robust Symbiodinium spp. within Orbicella spp.
The study herein also documents intracolonial and
geographically specific patterns of coral-Symbiodinium
phylotypes belonging to clades B and C. Symbiodinium
belonging to clade C were most prevalent in low-irradiance
areas within shallow-water colonies as well as in colonies
inhabiting deeper waters (Figs. 3, 4). These findings corroborate previous studies documenting the dominance of
clade C within O. faveolata in low-irradiance areas (Rowan
and Knowlton 1995; Toller et al. 2001a; LaJeunesse 2002;
Garren et al. 2006). We identified three different ITS2
types of clade C with geographic specificity: ITS2 type C3
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from the Florida Keys, C7a from the Bahamas (aka type
C12), and C7 from Mexico and Belize. Our data support
the hypothesis that clade C has diversified throughout the
Caribbean based largely on host identity and geographic
location (LaJeunesse 2005; Thornhill et al. 2014). Finescale chloroplast and microsatellite genetic markers recently demonstrated that clade C is highly diverse
throughout the Caribbean, including many different hostspecific lineages that are subdivided by locality (Thornhill
et al. 2014). This pattern occurred even in clade C symbionts harbored by putatively generalist corals in the O.
annularis species complex (Thornhill et al. 2014). Thus, O.
faveolata is among the most symbiotically flexible coral
species ever reported, emphasized by its association with
highly specific lineages of Symbiodinium (i.e., type C7,
C7a/C12, and a specific sublineage of type C3) according
to high-resolution chloroplast and microsatellite genetic
markers. Our finding of host-specific Symbiodinium clade
C types in different locations across the Caribbean is entirely consistent with this pattern.
Symbiodinium belonging to clade B also showed phylogeographic partitioning and were the most abundant
phylotypes detected in O. faveolata at all locations. We
detected type B1 at all geographic regions and in both highand low-irradiance habitats within the coral. In shallowwater colonies of O. faveolata from Mexico and Belize,
type B1 was not found in any of the samples; instead type
B17 was found and appeared to occupy the microhabitat
otherwise held by B1. Analysis of cp23S revealed further
diversity of geographically endemic haplotypes within
ITS2 type B1 at each region (Exuma Cays, Florida Keys,
Puerto Morelos, and Carrie Bow Cay) and allowed genetic
distinction from S. minutum (LaJeunesse et al. 2012;
Thornhill et al. 2013). This host–symbiont distribution
corroborates previous works using population-level genetic
markers (micro-satellites) that found phylotype B1 to be
diverse, having distinct regional and host–symbiont symbioses (Santos et al. 2004; Thornhill et al. 2009; Finney
et al. 2010).
This study adds significantly to our understanding of
diverse host-Symbiodinium symbiotic associations
(Thornhill et al. 2009, 2014; LaJeunesse et al. 2010; Pettay
et al. 2011). O. faveolata was one of the first coral-Symbiodinium associations to be thoroughly investigated and
revealed diverse assemblages of Symbiodinium in ecologically predictable regions of the coral host (Rowan and
Knowlton 1995; Rowan et al. 1997; Toller et al. 2001a).
Worldwide surveys of coral-Symbiodinium symbioses have
revealed hosting diverse co-dominant communities of
Symbiodinium in predictable, stratified, assemblages are
unique among symbiotic cnidarians (LaJeunesse et al.
2003, 2010; Stat et al. 2009; Tonk et al. 2013). Furthermore, this study demonstrates that Symbiodinium-Orbicella
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spp. symbioses actually consist of several regionally endemic, taxa-specific, symbiotic partnerships that are likely
the result of long-term ecological and evolutionarily processes. A conspicuous exception to this trend is type D1a
(S. trenchii), a symbiont species that lacks regional differentiation and associates with many different host taxa
(see Pettay 2011). The genetic diversity of O. faveolata
was not investigated for this study; therefore, we cannot
ascribe the influence of host diversity to symbiont specificity. However, O. faveolata population connectivity has
been shown to be genetically well-mixed throughout
Mexico, the Florida Keys, and Puerto Rico (Severance and
Karl 2006; Baums et al. 2010), and therefore, the possibility that host population structure is driving Symbiodinium diversity patterns that we document is unlikely
(Thornhill et al. 2009).
Whether the ability to host diverse co-dominant
assemblages of Symbiodinium is an advantage to host
species requires further investigation. O. faveolata occurs
throughout a wide depth range (0–80 m), an unusual trait
among reef-building corals. The co-occurrence of low and/
or high-irradiance-specific lineages of Symbiodinium spp.
is likely the result of host–symbiont acclimatization to
depth-related niches as has been documented in multiple
cnidarian taxa (LaJeunesse 2002; Iglesias-Prieto et al.
2004; Kamezaki et al. 2013). Field studies have demonstrated differential thermal tolerances of various phylotypes of Symbiodinium within Orbicella spp. (Rowan et al.
1997; Kemp et al. 2014) and recovery patterns following
coral bleaching have been shown to cause community
shifts of Symbiodinium associating with Orbicella spp.
(Toller et al. 2001b; Thornhill et al. 2006b; LaJeunesse
et al. 2009; Kemp et al. 2014). However, further investigation is needed to understand population and community
dynamics of coral-Symbiodinium symbioses, functional
differences, and potential physiological trade-offs that
might be associated with hosting genetically distinct, codominant populations of Symbiodinium.
As coral reef ecosystems continue to disappear at
alarming rates, urgency for more conservation is apparent
and needed (Mumby and Steneck 2008; Alvarado-Chacón
and Acosta 2009). O. faveolata is one of seven coral species in the Caribbean currently designated ‘‘threatened’’ by
NOAA (NMFS 2014). This classification should spur development of management plans and conservation strategies to help avoid eventual loss of species. This study
brings to light the potential management challenges for
reef-building coral species that have spatially distinct and
geographic endemic host-symbiotic combinations. These
comparisons are highly relevant, as several studies have
shown that corals’ physiological response to environmental
perturbations can be greatly influenced by different
assemblages of Symbiodinium (Rowan et al. 1997;
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Berkelmans and van Oppen 2006; Howells et al. 2012;
Kemp et al. 2014). Better understanding of local and
geographic acclimatization strategies and coral–symbiont
symbioses could provide useful information that may aid in
conservation applications of reef-building corals. Recognizing coral-Symbiodinium regional and geographic patterns could be used to forecast organismal physiological
responses to environmental perturbations (e.g., thermal
anomalies), which may provide utility for prioritizing recovery plans.
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