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Abstract The role of symbiont variation in the photobiology of reef corals was addressed by investigating the links
among symbiont genetic diversity, function and ecological
distribution in a single host species, Madracis pharensis.
Symbiont distribution was studied for two depths (10 and
25 m), two diVerent light habitats (exposed and shaded) and
three host colour morphs (brown, purple and green). Two
Symbiodinium genotypes were present, as deWned by
nuclear internal transcribed spacer 2 ribosomal DNA
(ITS2-rDNA) variation. Symbiont distribution was depthand colour morph-dependent. Type B15 occurred predominantly on the deeper reef and in green and purple colonies,
while type B7 was present in shallow environments and
brown colonies. DiVerent light microhabitats at Wxed
depths had no eVect on symbiont presence. This ecological
distribution suggests that symbiont presence is potentially
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driven by light spectral niches. A reciprocal depth transplantation experiment indicated steady symbiont populations under environment change. Functional parameters
such as pigment composition, chlorophyll a Xuorescence
and cell densities were measured for 25 m and included in
multivariate analyses. Most functional variation was
explained by two photobiological assemblages that relate to
either symbiont identity or light microhabitat, suggesting
adaptation and acclimation, respectively. Type B15 occurs
with lower cell densities and larger sizes, higher cellular
pigment concentrations and higher peridinin to chlorophyll
a ratio than type B7. Type B7 relates to a larger xanthophyll-pool size. These unambiguous diVerences between
symbionts can explain their distributional patterns, with
type B15 being potentially more adapted to darker or
deeper environments than B7. Symbiont cell size may play
a central role in the adaptation of coral holobionts to the
deeper reef. The existence of functional diVerences
between B-types shows that the clade classiWcation does
not necessarily correspond to functional identity. This study
supports the use of ITS2 as an ecological and functionally
meaningful marker in Symbiodinium.
Keywords ITS2 · Genetic diversity · Coral–algal
symbiosis · Niche partitioning · Functional diversity ·
Zooxanthellae

Introduction
Tropical coral reefs face worldwide environmental change
under a rapidly shifting climate (Hoegh-Guldberg et al.
2007). To a certain extent, their resilience depends on physiological acclimation or adaptive mechanisms at the level
of symbiosis between the coral host and the phototrophic
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dinoXagellate endosymbionts (genus Symbiodinium). Host
and symbiont constitute the holobiont, whose success
depends on the integrated physiological capacity of the
symbiotic partners towards the environment (Trench 1993).
In the coral reef ecosystem, light is the most important of a
broad set of environmental gradients to which coral holobionts respond (Veron 2000). In the last two decades, a
great taxonomic diversity has been unveiled to exist within
the algal component (reviewed by CoVroth and Santos
2005). The genus Symbiodinium has been divided into several large clades based on nuclear ribosomal DNA (rDNA)
analyses (Rowan and Powers 1991). Within these clades,
numerous genetically distinct types have been further characterized, using molecular markers such as the less conserved internal transcribed spacer regions (ITS1 and ITS2)
of the rDNA (LaJeunesse 2001; van Oppen et al. 2001).
This classiWcation closely approximates physiologically
and ecologically distinct populations or species (LaJeunesse 2002; Robison and Warner 2006; Warner et al. 2006;
Sampayo et al. 2007; Frade et al. 2008). As distinct algal
types are adapted to diVerent light regimes, Symbiodinium
functional diversity has been hypothesized to play a major
role in regulating coral niche occupation, such as host species distribution over reef slopes (Iglesias-Prieto and
Trench 1994; Iglesias-Prieto et al. 2004).
Within its genetic constrains, Symbiodinium shows
photoacclimation potential, which allows for a certain phenotypic plasticity (Iglesias-Prieto and Trench 1994). Several photoacclimation mechanisms have been reported,
including changes in cellular photosynthetic pigment quality and quantity (e.g. Titlyanov 1981). For instance,
amounts of chlorophyll–protein complexes are reported to
increase as light availability decreases (Iglesias-Prieto and
Trench 1997b), contributing to balance photosynthesis.
Whenever there is an over-excitation of the photosynthetic
system, photoprotective pathways become active to avoid
the damaging eVects of excess light energy and oxidative
stress. These pathways compete with photochemistry for
the deactivation of chlorophyll a excited states and lead to
heat dissipation (Muller et al. 2001), a phenomenon known
as non-photochemical quenching (NPQ). NPQ is known to
be at least partially mediated by the xanthophyll-cycle,
involving carotenoid pigments that are converted in a matter of minutes from the harvesting form into the protective
form, or vice-versa, depending on the environmental conditions (Muller et al. 2001). Measurements of photosystem II
(PSII) Xuorescence have been largely used to assess diVerences in such photosynthetic processes, as they are
extremely informative regarding processes that aVect both
the light harvesting antennae and electron transfer chains
(Gorbunov et al. 2001; Iglesias-Prieto et al. 2004). These
and other functional parameters have also been used to
characterize the activity of genetically distinct symbionts
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(Warner and Berry-Lowe 2006; Warner et al. 2006; Loram
et al. 2007), but completely unambiguous in situ evidence
of symbiont functional diversity is still scarce.
In addition to processes determined by the algal component, the importance of host species-speciWc properties in
regulating symbiont activity has been recently emphasized
(Frade et al. in press). In fact, there are host-related mechanisms, such as tissue behaviour (Brown et al. 2002), skeletal morphology (Enriquez et al. 2005) and host pigment
composition (Schlichter et al. 1994; Salih et al. 2000),
which can contribute to modulate photosynthetic response.
The presence of Xuorescent proteins in the animal component, together with the concentration of symbiont cells,
contributes to the colouration of scleractinian corals (Dove
et al. 2006; Oswald et al. 2007). Symbionts convey a brown
colour to coral surfaces, which may pale or increase
depending on cell or photosynthetic pigment densities
(Porter et al. 1984). In the animal component, most attention is focussed on the green Xuorescent protein (GFP)-like
proteins, Xuorescent under ultraviolet or visible light and
producing the colour patterns of reef-building corals (Dove
et al. 2001), such as brilliant greens, reds and blues. The
animal pigments are suggested to have either a photoprotective (Salih et al. 2000) or photoenhancing (Schlichter
et al. 1994) role. In this later case, pigments are suggested
to capture short-wavelength light and re-emit it at suitable
wavelengths for photosynthesis. Either way, an alteration
of the internal light climate may have an impact on the preference of certain symbiont strains.
Some coral groups have been comprehensively investigated in terms of symbiont diversity, such as the coral
genus Madracis Milne Edwards & Haime 1849. Despite
the large depth range covered, ca. 2 to >100 m on Caribbean reefs (Wells 1973; Vermeij and Bak 2002), all Madracis species harbour clade B Symbiodinium only (Diekmann
et al. 2002). Frade et al. (2008) described three Symbiodinium ITS2 types in the Madracis genus: types B7, B13 and
B15 Symbiodinium. That study suggested depth-based ecological function and host-speciWcity for Symbiodinium
ITS2 types in Madracis. However, the mechanisms behind
such distribution of symbiont types are unknown. The most
common Madracis species, Madracis pharensis, showed
depth-related symbiont variation, with the depth-specialist
type B15 Symbiodinium replacing the depth-generalist type
B7 with increasing depth, while the symbiont assemblage
was constant within colonies over colony surface. At a
depth of 25 m, the M. pharensis colonies are reported to
harbour one of two symbiont ITS2 types at an even frequency, thus providing a good opportunity to study the performance of distinct symbiont types living at the same
habitat within the tissue of the same host. Furthermore,
M. pharensis is known to exhibit colour variation, with
diverse colour morphs described in detail for the reefs of
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Curaçao (Vermeij et al. 2002; Sheppard et al. 2007). The
role of these host colour morphs in controlling symbiont
diversity has not been investigated.
Although much data has been gathered on symbiont
diversity and distribution in scleractinian corals, the in situ
functional role of speciWc Symbiodinium types has only
been brieXy studied (Warner and Berry-Lowe 2006;
Warner et al. 2006; Frade et al. in press). In addition, the
low number of parameters studied and the univariate statistical approaches usually applied fail to cope with the need
of searching for overall patterns. Additional work on holobiont photobiology is necessary to better understand the
role of symbiont intra-cladal variation in these symbioses.
In the present study, the links among symbiont function,
genetic identity and ecological distribution are investigated
by sampling algae from a single host species, M. pharensis,
in distinct light habitats and exhibiting diVerent colour
morphs. The main objective is to understand the mechanisms controlling symbiont photobiology and distribution
in tropical reef-building corals.

Materials and methods
Study site
Fieldwork was conducted in August–September 2006 at the
Buoy One reef location (e.g. Bak 1977; Vermeij et al. 2007),
Curaçao, southern Caribbean (at ca. 12º07⬘31.00⬘⬘ N,
68º58⬘27.00⬘⬘ W. Fig. 1). Site descriptors, such as the depthmediated light attenuation, light spectral distribution and
seawater temperature, have been previously characterized
(Frade et al. 2008).
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Fig. 1 Curaçao and the study site Buoy One (arrows)

under environmental changes, a set of reciprocal transplantations from 10 to 25 m were performed. Nine exposed
colonies were collected at each depth, moved and Wxed to
racks placed at similar exposed positions at the new depths.
These were sampled before and one month after transplantation.
The second part of the study, addressing the function of
the symbiotic association, consisted of measuring and
analyzing several in situ photobiological parameters, such
as photosynthetic activity, symbiont cell density or size.
These measurements were taken on most of the colonies
that were sampled for symbiont genetic characterization at
25 m of depth.

Sampling approach
Light microhabitat
All research was conducted on the coral species Madracis
pharensis (Heller 1868), a depth generalist distributed from
5 to >60 m (Vermeij and Bak 2003; Frade et al. 2008). The
study involves two separate approaches, related with symbiont distribution and symbiont function, respectively. For
the Wrst part of the study, the only biological variable
assessed is Symbiodinium genetic identity. Factors controlling M. pharensis symbiont genetic diversity and distribution are addressed for two depths (10 and 25 m), two
diVerent microhabitat categories (in terms of exposition to
light: exposed or shaded) and three host colour morph
(brown, purple or green, based on the overall colour of
coenosarc; see Fig. 2). Additionally, at 10 m, M. pharensis
colonies extending from shaded (crevices) into exposed
positions were also sampled for these two distinct intracolony microhabitats. Furthermore, to investigate whether
M. pharensis symbiont composition is stable over time

In order to verify the objectivity of the light microhabitat
categorization at 10 and 25 m, vertical incident irradiance
(horizontal, in the case of colonies growing inside crevices
at 10 m) was measured at noon for part of the sampled colonies using a photosynthetic active radiation (PAR, 400–
700 nm) cosine-corrected LI-192SA light sensor (Li-Cor).
Taken under conditions of minor cloud cover, the measurements were standardized to the irradiance value measured
in the open water column at the same occasion and homologous depth, to correct for meteorological bias (Vermeij and
Bak 2002).
Fluorescence measurements
Fluorescence measurements were taken in situ, at solar
noon (§30 min) on days with low cloud cover, using
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Fig. 2 Madracis pharensis colour morphs included in the
study: (a, b) brown morph; (c, d)
purple morph; (e, f) green morph. Note that Vermeij et al.
(2002) identiWed 25 colour morphs based on colour variation of
several polyp features. The present classiWcation, which is less
detailed, is based on visual
observations of the overall colour of the coenosarc. Present
green morph corresponds to
green polyp colour morphs in
Vermeij et al. (2002); present
brown morph corresponds to
brown polyp morphs and part of
the grey polyp morphs in
Vermeij et al. (2002) (see
Fig. 2a for a brown colony with
grey polyps); present purple colour morph corresponds to part of
the grey polyp morphs in
Vermeij et al. (2002) (see
Fig. 2c for a purple colony with
grey polyps)

underwater pulse amplitude modulated Xuorometry (Diving-PAM, Walz). Each colony was sampled contiguously
to the area further used for the other analyses. Distance
between PAM Wbreoptics and sample was kept at 10 mm.
EVective quantum yield (Y) was measured during “rapid
light curves”, preceded by 1 min dark acclimation to completely relax photochemical quenching (Iglesias-Prieto
et al. 2004). Photosynthesis-irradiance (PE) curves were
built using relative ETR (electron transfer rate) as photosynthetic rate estimator: ETR = Y £ PAR £ 0.5 (Beer
et al. 1998). The following parameters were derived from
the PE curves (Iglesias-Prieto and Trench 1994): alpha, or
the photosynthetic eYciency at sub-saturating irradiances,
calculated as the linear regression of the light-limited photosynthetic rates (including the lowest three PAR levels);
ETRmax, or the maximum photosynthetic rate, calculated
as the average of the two highest photosynthetic rate points;
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and Ek, or the saturation irradiance parameter, calculated as
the quotient of ETRmax per alpha.
Coral collection and processing
All sample collection was done by means of SCUBA. Care
was taken to sample the horizontal top surface (except in
the case of cryptic habitats at 10 m) of adult, healthy, fully
pigmented colonies. Coral fragments were collected with
hammer and chisel and placed in seawater-Wlled plastic
bags that were kept in dark and immediately transported at
seawater temperature to the laboratory of the Caribbean
Research and Management of Biodiversity (CARMABI)
station. Coral tissue was completely removed from a ca.
1–4 cm2 fragment sub-sample using a waterpik jet of
0.2 m Wltered seawater. Sub-samples of the homogenized
blastate were further processed to be used in pigment analyses
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(loaded on 0.45-m cellulose acetate membrane Wlters that
were frozen in liquid nitrogen and kept at ¡80°C after
being freeze-dried), symbiont cell density (sub-sample concentrated, Wxed in 0.5% glutaraldehyde, frozen in liquid
nitrogen and kept at ¡80°C) and size determinations
(photographs of fresh symbiont isolates taken under the
microscope). Total surface area of the waterpiked fragments was estimated using the aluminium foil method
(Marsh 1970) and was used for further standardizations.
Genetic analyses
A ca. 4 cm2 sub-sample of each coral fragment was used for
the genetic characterization of the Symbiodinium population present. Coral tissue was removed with a sterile scalpel
and preserved in 95% ethanol at ¡20°C. DNA was precipitated by centrifugation and ethanol was washed out before
further DNA extraction (UltraClean Soil DNA kit by
MoBio). Polymerase chain reaction (PCR) and denaturing
gradient gel electrophoresis (DGGE) Wngerprinting of the
Symbiodinium ITS2-rDNA region were coupled for each
sample (LaJeunesse 2002; LaJeunesse et al. 2003; Warner
et al. 2006; Sampayo et al. 2007). The sensitivity of the
PCR-DGGE technique as a measure of Symbiodinium
diversity has recently been scrutinized (Apprill and Gates
2007; Thornhill et al. 2007). For detailed information on
the PCR and DGGE protocols applied and band proWle
identiWcation, see Frade et al. (2008).
Pigment analyses
Photosynthetic pigment composition was analyzed in a
Millipore-Waters high-performance liquid chromatography
(HPLC) system, after ice-cold extraction by ultra-soniWcation
(solvent: 95% methanol, 2% ammonium acetate). Pigment
concentrations were calculated after integration of the 436nm-absorbance peak areas (Waters Empower 2 software) by
linear extrapolation using conversion factors determined by
running Sigma pigment standards in the same HPLC system
(except for dinoxanthin, for which the conversion factor was
estimated by assuming a similar molar extinction coeYcient
as diadinoxanthin and correcting it according to the diVerence in molecular weight). The following photosynthetic pigments were abundant in all samples: chlorophyll a (chla),
chlorophyll c2 (chlc2) and the carotenoids peridinin, dinoxanthin, diadinoxanthin and - carotene. Residual amounts
(<1% chla) of other pigments such as diatoxanthin, chlorophyll c1 or chlorophyll b were occasionally detected. Because
samples were kept in the dark for 1 to 2 h from collection to
Wxation, data on individual xanthophyll levels are not reliable
(diatoxanthin converted to diadinoxanthin by epoxidation,
Muller et al. 2001) and only the value for the total pool (diadinoxanthin plus diatoxanthin) was included in the analyses.
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Symbiont cell density and size
Symbiont cell densities were determined by Xowcytometry
(Epics XL-MCL Beckman Coulter). Using the photographs
of fresh isolates, the maximum cell diameter was digitally
determined (Image J software) for a minimum of 100 single
symbiont cells per sample.
Statistics
Incident irradiances were ln-transformed and analysed separately for 10 and 25 m by bivariate linear regression to test
whether the diVerent light microhabitat categories attributed during the dives (exposed and shaded) relate to statistically distinct light regimes.
Logistic regression (binomial distribution for the error
terms and logit link function) was applied to model the distribution (presence/absence) of each Symbiodinium ITS2type found (Frade et al. 2008). The null hypothesis states
that the presence of a symbiont type is not related to any of
the main factors. These included host colour morph and
colony light microhabitat or transplantation eVect, depending on the dataset to which the regression was applied (see
Sampling Approach paragraph). Samples containing missing values were removed prior to the analyses. A model
selection tool was used, when applicable, to identify the
variables that accounted for a signiWcant amount of the variation in the response variable (Zuur et al. 2007). The adequate model was reached when no variable could be deleted
from the model without causing a statistically signiWcant
change in deviance (2 distributed). Interactions between
main factors were also tested.
In order to identify general trends in the photobiological
response, all functional parameters were included in a principal component analysis (PCA). Samples containing missing data were excluded. Log-transformations were applied
when necessary to improve linearity and reduce outlier
eVect. Data in the form of percentages (pigment ratios)
were instead arcsin transformed. All variables were normalized before PCA. Three main principal components (PCs)
were retained. The resulting loadings were used to compute
new PCs scores for each sample. The three PCs were used
as response variables in multiple linear regression models
(ANOVA). These test whether there is a signiWcant eVect of
the explanatory factors on the photobiology of the symbiotic association. Since preliminary analyses using the variance inXation factor (VIF) showed no relevant collinearity
between the three explanatory variables (VIF <5; Zuur
et al. 2007), all of them (symbiont type, light microhabitat
and host colour morph) were tested in the multiple regressions. All statistical tests applied at a signiWcance level of
0.05 and p-values adjusted according to Bonferroni correction. Modelling was performed with the software Brodgar
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(version 2.5.6), linked to the statistics package R (version
2.6.0).

100
(14)

(6)

(3)

(7)

(5)

(11)

BE

BS

PE

PS

GE

GS

Results
Light microhabitat
Ln-transformed colony incident irradiances diVered signiWcantly between the microhabitat categories for both 10 m
(F1,18 = 444.57, P < 0.05) and 25 m (F1,29 = 6.7041, P < 0.05).
At 10 m, colonies in shaded (cryptic) habitats received, on
average, 5% of irradiance measured for exposed positions
(33 § 18 and 619 § 106 mol photons m¡2 s¡1, respectively). At 25 m, average (§SD) irradiances were 183 § 38
and 145 § 47 mol photons m¡2 s¡1, for exposed and
shaded colonies, respectively. This diVerence, although signiWcant, does not represent a broad light gradient, with
shaded colonies receiving on average 79% of incident irradiance in exposed microhabitats.
Symbiont diversity and distribution
For the diVerent experimental sets, a total of 139 genetic
samples were included in the PCR-DGGE protocol,
producing clear band Wngerprinting proWles that were
compared with the proWles in Frade et al. (2008). Generated
sequences corresponded to two distinct ITS2 signatures:
Symbiodinium B7 and B15 types, identical to NCBI GenBank accession numbers EF450566-611 and EF450612626, respectively. In the present study, these two distinct
types never co-occurred at the level of detection of the
PCR-DGGE protocol applied (Frade et al. 2008). The
experiment on reef topography-based symbiont variation at
10-m depth showed no variation in ITS2 type present: all
M. pharensis colonies harboured B7 Symbiodinium, irrespective of being from shaded (n = 16) or from exposed
positions (n = 25). Large colonies extending from shaded
(crevices) into exposed positions (n = 10) harboured type
B7 for both fractions sampled. Thus, there was no eVect of
light microhabitat (between or within colonies) on symbiont diversity. All colonies from 10-m depth were brown. In
cryptic positions, however, they exhibited a darker brown
colouration (likely caused by higher symbiont pigment densities, Frade et al. in press). At 25 m (n = 46), approximately 59% of the sampled colonies harboured type B15,
while the other 41% hosted the B7 type (Fig. 3). The presence of these types at 25 m is signiWcantly related to host
morph colour (2 = 24.866, df = 2, n = 46, P < 0.05), but, as
at 10 m, is not related to light microhabitat. Overall, brown
colonies showed a majority of type B7 (80% of colonies),
while purple and green ones harboured mostly the B15 type
(80% and 94%, respectively). The statistical signiWcance of
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Fig. 3 Madracis pharensis symbiont ITS2-type composition at 25-m
depth, per host colour morph (B, brown; P, purple; G, green) and light
microhabitat (E, exposed; S, shaded). Bars represent percentage of colonies containing a distinct ITS2-type (black – B7, white – B15). Number of colonies indicated between brackets

colour morph on symbiont diversity was again veriWed after
removal of three potential outliers (2 = 39.749, df = 2,
n = 43, P < 0.05).
Besides their variation in overall coenosarc colour
(brown, purple or green), all colonies included in this study
exhibited some form of colour variation in polyp features
such as mouths and tentacles (Fig. 2 and Vermeij et al.
2002). This variation included combinations such as green,
yellow or red mouths, green or cyan tentacle tips, green or
cyan mouth Welds or grey punctuations throughout the tentacles. There was no evidence of a relation between these
colour combinations and symbiont diversity at any of the
sampled depths or within any of the three colour morphs.
Transplantations
All colonies included in downward transplantations (n = 9),
i.e. originating from 10-m depth, harboured type B7. One
month later, all colony fragments appeared healthily pigmented and the collected samples showed no change in
symbiont type. Of the nine colonies included in the upward
transplantations, four harboured type B15 and Wve harboured type B7. All colonies suVered from excessive light
stress, as suggested by observations of extensive bleaching.
Table 1 summarizes the results for the upward transplantation. Four of these colonies (three originally harbouring
B7) had no living tissue left after one month. The Wve living (but bleached) colonies experienced no detectable (or
signiWcant) change in symbiont type, irrespective of the
original associated symbiont or colour morph. However,
there appears to be a slight tendency for a higher survival
rate of brown morphs and colonies harbouring symbiont
type B15. Due to low sample size, no statistical tools were
applied to test the signiWcance of such tendencies.
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Table 1 Survival of transplanted Madracis pharensis colonies (% of
original colonies alive 1 month after upward transplantation from 25 to
10 m) for distinct Symbiodinium type and host colour morph combinations
B7

B15

Total

Brown

67% (3)

100% (1)

75% (4)

Purple

0% (2)

100% (1)

33% (3)

Green

– (0)

50% (2)

50% (2)

40% (5)

75% (4)

56% (9)

Total

Number of colonies indicated between brackets

Symbiont photobiology
Table 2 shows overall variation and mean values for each
symbiont type and light microhabitat combination (for a
total of 41 colonies) for each of the 17 variables representing distinct photobiological processes, some of which are
alternative normalizations of the same data. Symbiont cell
densities showed high overall variation, ranging between
1.0 and 2.5 million cells cm¡2 of coral surface. Cell size
varied from 8.5 to 10.7 m in diameter. Amounts of chla
per coral surface area and per symbiont cell ranged on a
two-fold interval, between 9.9 and 19.3 g cm¡2 and 6.2
and 13.0 pg cell¡1, respectively. Because variation in
absolute pigment contents was highly correlated to chla
amounts (data not shown), each pigment was normalized to
chla prior to further analyses. Photosynthetic pigment ratios
to chla were relatively stable. Fluorescence-determined

photosynthetic parameters showed relatively higher variation, which nevertheless did not exceed a three-fold range.
The results of the PCA (n = 39, after removing samples
missing data in the response variables) for the 17 functional
parameters listed in Table 2 showed that the Wrst three PCs
accounted for a total of 73% of the variation (Table 3).
Each PC represents a distinct set of original variables (see
bold values in Table 3), which are likely to reXect a common underlying photoresponse mechanism.
The signiWcance of symbiont ITS2-type, host colour
morph and light microhabitat was tested for each PC
(n = 35, after removing samples missing data in the explanatory factors). PC1 (accounting for 36% of variation) is signiWcantly related with symbiont type (F1,33 = 80.771,
P < 0.05), with PC1 scores higher for type B15 than type
B7. Host microhabitat and colour morph had no signiWcant
eVect on PC1. PC2 (28% of variation) scores did not vary
signiWcantly between symbiont types or colour morphs, but
were slightly higher in exposed than shaded microhabitats
(F1,33 = 5.3134, P = 0.08). Finally, PC3 (explaining only
9% of the variation) was not signiWcantly related with any
of the explanatory factors tested. Repeating the multiple
regression analyses after removing four outliers (n = 35)
yielded very similar PCA results (accounting for 75% of
variation) and conWrmed the mentioned statistical signiWcances (for n = 31), including the microhabitat eVect on
PC2 (F1,29 = 7.1623, P < 0.05).
The original data corresponding to these statistically
signiWcant comparisons are expressed in Figs. 4 and 5 for

Table 2 Photobiological functional variables for Madracis pharensis at 25 m for each Symbiodinium type and light microhabitat combination
(average § SD)
Variable

Overall range

B7, exposed

B7, shaded

B15, exposed

B15, shaded

Cell density (£106 cm–2)

1.0–2.5 (40)

2.0 § 0.6 (10)

1.8 § 0.4 (4)

1.3 § 0.2 (8)

1.4 § 0.3 (14)

Cell size (m)

8.5–10.7 (40)

8.7 § 0.2 (10)

9.2 § 1.0 (4)

10.4 § 0.5 (7)

10.4 § 0.3 (15)

9.9–19.3 (39) 14.6 § 4.7 (10)

13.8 § 1.8 (4)

13.5 § 1.8 (7)

16.0 § 2.3 (14)
11.8 § 1.8 (14)

chla area–1 (g cm–2)
¡1

¡1

7.2 § 1.2 (10)

7.7 § 1.2 (4)

10.5 § 1.5 (7)

chla cellvolume¡1 (£10¡3 pg m¡3)

15.5–24.5 (39) 20.7 § 2.5 (10)

19.2 § 4.8 (4)

17.8 § 1.5 (7)

20.0 § 2.8 (14)

chlc2 chla¡1

0.23–0.27 (41) 0.27 § 0.01 (10) 0.26 § 0.01 (4)

0.24 § 0.01 (8)

0.24 § 0.01 (15)

Peridinin chla¡1

0.69–0.82 (41) 0.72 § 0.02 (10) 0.73 § 0.04 (4)

0.78 § 0.02 (8)

0.79 § 0.02 (15)

Dinoxanthin chla¡1 (£10¡1)

0.44–0.58 (41) 0.53 § 0.04 (10) 0.54 § 0.06 (4)

0.50 § 0.05 (8)

0.48 § 0.04 (15)

–-Carotene chla

chla cell

(pg cell )

¡1

6.2–13.0 (39)

¡1

0.15–0.23 (41) 0.19 § 0.03 (10) 0.20 § 0.02 (4)

0.20 § 0.03 (8)

0.21 § 0.02 (15)

Xanthophyll-pool chla¡1 (£10–1)

1.45–1.70 (41) 1.64 § 0.05 (10) 1.61 § 0.03 (4)

1.59 § 0.09 (8)

1.55 § 0.07 (15)

ETRmax (mol electrons m¡2 s¡1)

30.4–56.0 (41) 48.6 § 7.4 (10)

43.6 § 6.5 (8)

40.2 § 6.2 (15)

Alpha

0.25–0.31 (41) 0.28 § 0.01 (10) 0.29 § 0.02 (4)

0.27 § 0.03 (8)

0.29 § 0.02 (15)

Ek (mol photons m¡2 s¡1)

107–191 (41)

172 § 25 (10)

132 § 35 (4)

163 § 29 (8)

139 § 23 (15)

5.6–15.5 (40)

9.7 § 5.0 (10)

7.7 § 2.2 (4)

¡1

¡6

mol electrons cell

¡1

¡1

h )

38.5 § 12.2 (4)

12.7 § 2.5 (8)

10.8 § 3.0 (14)

ETRmax chla¡1 (mol electrons mg¡1 chla s¡1)

0.17–0.45 (39) 0.37 § 0.14 (10) 0.28 § 0.08 (4)

0.33 § 0.08 (7)

0.26 § 0.07 (14)

Alpha cell¡1

0.11–0.28 (40) 0.16 § 0.06 (10)

0.16 § 0.04 (4)

0.22 § 0.04 (8)

0.22 § 0.04 (14)

Alpha chla¡1 (£10¡1)

0.15–0.29 (39) 0.21 § 0.07 (10) 0.21 § 0.03 (4)

0.21 § 0.03 (7)

0.18 § 0.02 (14)

ETRmax cell

(£10

(£10 )

Overall range is given by 5th and 95th percentile. Number of colonies indicated between brackets
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Table 3 PC loadings for each original variable and cumulative variation accounted for by each component for the Madracis pharensis photobiological dataset at 25 m
Variable

PC1

PC2

Cell density

¡0.34

¡0.22

0.08

Cell size

PC3

0.38

¡0.01

¡0.04

chla area¡1

¡0.02

¡0.39

0.33

chla cell¡1

0.38

¡0.06

0.18

chla cellvolume¡1

¡0.04

¡0.10

0.41

chlc2 chla¡1

¡0.36

¡0.01

¡0.06

Peridinin chla¡1
Dinoxanthin chla¡1
–-Carotene chla¡1

0.31

¡0.12

0.11

¡0.27

0.15

¡0.15

0.15

¡0.13

0.04

Xanthophyll-pool chla¡1

¡0.29

0.11

¡0.01

ETRmax

¡0.12

0.30

0.47

Alpha

¡0.01

¡0.08

¡0.08

Ek

¡0.11

0.33

0.47

ETRmax cell¡1

0.23

0.36

0.19

ETRmax chla¡1

¡0.05

0.45

0.07

0.34

0.20

¡0.10

0.02

0.38

¡0.37

Alpha cell

¡1

Alpha chla¡1
Cumulative variance (%)

35.6

63.9

73.3

Bold values highlight strong correlations [loading >0.2] between original variables and PCs

PC1 and PC2, respectively. These Wgures show, for each
original variable that strongly correlates to each respective
PC (Table 3), the average value per category of the signiWcant explanatory factor. From PC1 (Fig. 4), one learns that
symbiont type B7 has signiWcantly higher densities but
lower cell size or cellular chla contents than type B15.
There are also diVerences in terms of ratios of accessory
pigments to chla (for chlc2, peridinin, dinoxanthin and xanthophyll pool level; see also Table 2). In addition, diVerences in photosynthetic rates per cell, both at saturating and
sub-saturating irradiances, are most likely caused by the
diVerence in cell numbers. PC2 shows (Fig. 5) statistically
signiWcant diVerences between host light microhabitats in
photosynthetic rate-related variables, such as ETRmax or
Ek, higher in exposed than shaded habitats. Amounts of
chla per area and cell densities also diVer between habitats.
PC3 represents variables that already strongly load on one
of the Wrst two PCs (Table 3), and in addition to accounting
only for a minor part of the variation, PC3 does not relate to
any of the explanatory factors, the reason why it is further
omitted.

Discussion
Symbiont diversity in M. pharensis is constant across
diVerent light microhabitats at a Wxed depth, while being
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highly dependent on host colour morph. On the functional
level, the variation involved in the several parameters measured could be attributed to two distinct photobiology
assemblages that are under the eVect of either symbiont
identity or light microhabitat. The following paragraphs
address the role of photoadaptation and acclimation on the
response of M. pharensis coral-symbiont associations and
their respective distribution patterns.
Symbiont adaptation: functional diVerences?
For the same study location, Frade et al. (2008) showed M.
pharensis symbiont diversity to be depth-related albeit
invariable at the intra-colony scale, with the depth-specialist type B15 Symbiodinium replacing the depth-generalist
type B7 with depth. The present study conWrms this depthrelated symbiont variation, with a higher occurrence of type
B15 in deep environments, 25 m, relative to shallow ones,
10 m. Furthermore, there are evident functional diVerences
that can help explain the observed distributional patterns of
these symbiont types. Type B15 occurs at signiWcantly
lower densities, shows larger cells, higher chla amounts per
cell (as well as for all other pigments) and a higher peridinin to chla ratio as compared to B7 type. Type B15 also
shows higher cellular photosynthetic eYciencies at sub-saturating light levels. Combined together, these results suggest that type B15 is a more shade-adapted organism than
type B7. For instance, it is likely that a higher amount of
peridinin in type B15 could provide a competitive advantage under reduced irradiance, as this carotenoid has a maximum absorbance in the 500–560 nm range, the blue-green
region, thus broadening the absorption spectrum of the
phototrophic component under conditions of light-limitation. On the other hand, type B7 relates to a larger dinoxanthin to chla ratio and larger xanthophyll-pool size,
suggesting that it is probably more competent in releasing
excess of energy and more adapted to high-light habitats. It
is possible that the diVerences in pigments and photosynthetic activity between the two symbiont types are the end
result of acclimation responses to symbiont cell size- and
density-dependent light availability or self-shading. In this
case, the genetic constrained, adaptive, trait between distinct symbiont types would be cell size (as in LaJeunesse
et al. 2005), and cell density is a consequence of space
availability (Jones and Yellowlees 1997). This is supported
by the recurrent diVerence in cell size between the two
symbiont genotypes, type B7 occurring with smaller cells
than type B15. Whether occurring at lower densities
(because of having larger cell size) is a strategy that can be
advantageous to a symbiont at greater depths remains an
open question. Hypothetically, this strategy could allow the
holobiont to minimize respiration loss by the endosymbionts, oVering a maximization of energy balance. Cell
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Fig. 4 Symbiont type diVerences (average § SD) in Madracis pharensis at 25 m for the original variables that are highly correlated to
(represented in) PC1. Note that statistical signiWcances throughout the

text are based on the overall variation of the component representing
these variables and not on individual comparisons

size in type B7 is Wxed with depth for all Madracis species,
suggesting that cell size is strongly genetically determined
(Frade et al. in press). Whether representing distinct strategies or not, the presently reported diVerences between symbiont types within clade B appear to be, at least partially,
genetically driven and constitute new in situ evidence for
speciWc traits on symbiont functional diversity for ITS2
Symbiodinium types.

Although some of these parameters also constitute an axis
for symbiont type distinction (i.e. also load on PC1, see
Table 3), these photosynthetic diVerences appear to go
beyond the genetic distinction between types and are evidence for the general acclimation capacity of Symbiodinium. When facing small diVerences in light environment,
the photosynthetic apparatus will compensate and adjust
itself, irrespective of symbiont type. Overall, it is tempting
to suggest that by using distinct settings (here, described as
functional diVerences), both symbiont types studied end up
achieving a similar photosynthetic response due to broad
acclimation plasticity. Given the fact that such similar
responses may depend on diVerent energetic costs, it can be
expected that there is a diVerential selective pressure over
the symbionts, leading to distributional diVerences.

Acclimation to light microhabitats
In the present study, incident light irradiance diVered signiWcantly between microhabitats considered, as measured
within each sampling depth (10 and 25 m). Although this
variation in irradiance had no eVect on symbiont presence/
absence, at 25 m, the eVect of light microhabitats can be
seen in the photoresponse of the symbiotic dinoXagellates.
In more exposed habitats, coral holobionts exhibit higher
photosynthetic rates (at the cellular or per chla level), higher
saturating irradiances, lower symbiont densities and lower
amounts of chla per area than in shaded environments.

Symbiont distribution: is there more to it than total
irradiance?
Frade et al. (2008) mention attenuation of light with depth
as the most likely cause for B7 to B15 symbiont change
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Fig. 5 Light microhabitat diVerences (average § SD) in Madracis
pharensis at 25 m for the original variables that are highly correlated
to (represented in) PC2. Note that statistical signiWcances throughout

the text are based on the overall variation of the component representing these variables and not on individual comparisons

down the reef slope in M. pharensis and suggest the existence of colony-level mechanisms to explain intra-colony
symbiont uniformity, even if light regimes measured at
diVerent parts of the same colony could be compared to the
major ranges in irradiance found across depth. In the present study, the absence of microhabitat eVect on symbiont
presence suggests that only total light availability, per se,
cannot explain M. pharensis symbiont change across
depths. This is unambiguously indicated by the absence of
microhabitat eVect on symbiont variation at 10 m of depth.
There, the M. pharensis symbiont population is totally
formed by B7 type, and even shaded corals do not contain
type B15. This irrespective of the large diVerences in light
availability in the two microhabitats sampled. Note that at
10 m, cryptic habitats received 5% of the irradiance measured for exposed positions, which in absolute values
roughly corresponds to the irradiances measured (for open
positions) at depths >50 m, where the symbiont population
is dominated by type B15 (Frade et al. 2008). So, if not
only total irradiance, what else could be controlling symbiont distribution in M. pharensis? Possible candidates are
environmental factors that are known to change with depth

and remain relatively stable at the intra-colony level and at
the level of microhabitat variation studied: temperature and
light spectral irradiance.
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A role for colour niches?
The present study shows that symbiont ITS2 diversity in
M. pharensis is linked to host colour morph, with the majority of brown colonies hosting type B7, while purple and
green ones harbour preferentially type B15. In contrast to
the present results, Klueter et al. (2006) reported no symbiont type variation for two Xuorescence colour morphs of the
coral Montipora digitata. Still, in M. pharensis, the occurrence of a certain symbiont type is not exclusive of a certain
host colour, and therefore, symbiont distribution does not
appear to represent a case of genetically constrained, strict
speciWcity between symbiont and colour morph. The data in
Frade et al. (2008), on brown M. pharensis morphs, also
show a strong eVect of depth on symbiont diversity, type B7
being replaced by B15. This strongly suggests that both
depth and host colour are involved in controlling symbiont
diversity. Colour variation at the polyp level (Fig. 2 and
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Vermeij et al. 2002) does not add information to overall coenosarc colour in explaining symbiont distribution.
A most parsimonious hypothesis is that these two
factors, depth and host colour morph, represent the same
abiotic topology. A curious candidate is temperature,
known to decrease with depth along the reef slope (for sampling site see Frade et al. 2008), and reported to be potentially related to host colour at least in shallow water
(Fabricius 2006). However, it is not likely that this could be
a signiWcant case for the M. pharensis colonies at 25-m. A
better candidate linking depth and host colour morph is
light spectral distribution within coral tissue. Light spectrum is known to change dramatically across depth (falling
mostly in the blue-green region at 25 m depth) and be less
variable at a microhabitat scale (Frade et al. 2008). Light
spectrum will also likely be diVerent within the tissue of the
diVerent colour morphs. These morphs may correspond to
variation in GFP-like proteins, known to be a source of
Xuorescence and colour patterns of reef-building corals
(Dove et al. 2001). The photoprotective or photoenhancing
function of the GFP-like proteins is uncertain (Wiedenmann et al. 2004), but diVerent host tissue colours probably
inXuence the internal light climate available to the
endosymbionts (Dove et al. 2006). Not much is known
about GFP-like proteins in Madracis species. Vermeij et al.
(2002) detected green Xuorescence in most Madracis species and their histological examinations revealed that a
Xuorescent layer is located below the symbiont layer in the
coral endoderm (Vermeij et al. 2002), suggesting that this
Xuorescent layer increases the amount of light that the symbionts receive by wavelength transformation and backscattering (Schlichter et al. 1994). In M. pharensis, green
Xuorescence was present at a broader emission range (520–
570 nm) in the green morphs than in the brown morphs,
where it was restricted to a single emission peak (at
530 nm) (Vermeij et al. 2002). Hypothetically, the increase
in blue-green light availability with depth could link the cooccurrence of type B15 as the dominant symbiont in green
morphs of M. pharensis and at greater depths on the reef.
The presence of type B15 Symbiodinium could be related
with a higher competence in harvesting green light. The
higher amount of peridinin demonstrated for type B15
could be advantageous in more greenish environments, as
this pigment would transfer onto chla the high energy electron states produced by the absorption of the irradiance
energy that could potentially be backscattered from the
Xuorescent layer. Still, if this hypothesis is to be correct, the
role of purple morphs remains unclear.
The present case of symbiont distribution in M. pharensis may constitute an example of light quality and quantity
niche speciWcation. Symbiont types B7 and B15 would be
shallow and deep adapted rather than simply light and
shade adapted. Niche diversiWcation theory has been
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proposed previously for symbiont distribution throughout
irradiance levels (Iglesias-Prieto and Trench 1997a; Sampayo et al. 2007). Although it is known that phototrophic
organisms utilize speciWc parts of the light spectrum and
this constitutes an important acclimation axis (Falkowski
and Laroche 1991), it is unclear whether distinct
responses to light quality can play a role in the distribution of Symbiodinium.
Stability of the association
According to abiotic data (Frade et al. 2008), the transplantations represented a temperature change of about 0.1°C
and a three-fold diVerence in irradiance (247 and 730 mol
photons m¡2 s¡1 for 25 and 10 m, respectively). These
transplantations lasted for 1 month and produced a high
occurrence of bleaching and mortality on the colonies that
were moved upwards. This is likely caused by high photooxidative stress (Iglesias-Prieto and Trench 1997b). The
bleaching response would probably have been reduced if
transplantations would have taken place gradually across
depths. The slight tendency for higher survival of brown
morphs is interesting as this is the main colour morph existing at 10-m depth. This reXects that there are depth-related
abiotic factors shaping the distribution of M. pharensis
colour morphs. On the other hand, the tendency for higher
survival of transplants hosting symbiont type B15 is
intriguing as it contradicts the depth distribution of these
symbionts. A possible explanation is that although not
being adapted to such broad environmental gradients as
type B7, type B15 has a higher short-term stress tolerance.
This implies that the recent acclimation history of a certain
symbiont (B7, in this case) can be more important for stress
tolerance than its adaptive potential as a species, when
facing abrupt environmental change.
Symbiont diversity in M. pharensis is probably
determined at an early life stage, hypothetically after larvae
settlement, as the (limited) data available for M. pharensis
suggest that this species has an open or horizontal symbiont
transmission mode (Vermeij et al. 2003), where the developed planulae do not appear to contain algal cells. Madracis pharensis is an example of a species that establishes
symbiosis with two physiologically distinct algal genotypes
but does not show indications of potential symbiont shuZing under environmental change.
Final considerations
The ecological distribution of symbiont types in M. pharensis, where symbiont variation across depths and between host
colour morphs contrasts with constancy between shaded and
exposed microhabitats at Wxed depths, suggests that symbiont presence is driven, at least partially, by light spectral
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niches. Total irradiance, per se, cannot explain symbiont variation. The total absence of symbiont shuZing suggests that
symbiont diversity is prevalent over time once established,
even when environment changes (Iglesias-Prieto et al. 2004;
Goulet 2006). This is consistent with the existence of a high
level of symbiont speciWcity and contrasts with interpretations favouring relatively Xexible symbioses and symbiont
shuZing in scleractinian corals (Berkelmans and van Oppen
2006). The remarkable photophysiological diVerences
between symbiont types within clade B conWrm that the
clade classiWcation does not necessarily imply functional
identity (LaJeunesse 2001; Tchernov et al. 2004) and supports the use of ITS2 as an ecological and functionally meaningful marker in Symbiodinium. This study constitutes new
in situ evidence for the role of Symbiodinium functional
diversity in the acclimation and adaptation of corals to the
reef environment.
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