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No habitat correlation of zooxanthellae in
the coral genus Madracis on a Curacao reef
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2Netherlands Institute for Sea Research (NIOZ), PO Box 59, 1790 AB, Den Burg, Texel, The Netherlands
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ABSTRACT: Symbiotic dinoflagellates belonging to the genus Symbiodinium (zooxanthellae) play an
important role in ecological specialization and physiological adaptation in corals. We examined the
diversity and depth distribution of zooxanthellae in 5 morphospecies of Madracis at the Buoy I study-
reef on Curacao, Netherlands Antilles. Following earlier studies, we examined length and sequence
variation in the D1 and D2 domains of the nuclear rDNA, large subunit (LSU) of Madracis-associated
zooxanthellae. Both RFLP and sequence comparisons showed that all 5 Madracis morphospecies host
a single type of Symbiodinium belonging to phylogenetic Group B sensu Rowan. No correlation was
found between zooxanthellae and habitat depth. The presence of the single, Type-B zooxanthellae in
all Madracis morphospecies at Buoy I (and from 3 other biogeographic locations in the Caribbean)
suggests that ‘generalist’ zooxanthellae-coral associations are equally successful over a range of
habitats and that adaptations to different light and nutrient regimes are not necessarily dependent on
the mix of zooxanthellae types or zonation with depth, as has been shown in the well-studied Mon-
tastraea annularis complex and Acropora cervicornis. A review of the current literature on zooxan-
thellae diversity in scleractinians (including biogeographic sampling for some species) shows that
most species appear to harbor only 1 zooxanthellae type and that the 3 types of Symbiodinium (A, B, C
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sensu Rowan) are found at all depths and are thus potentially always available for acquisition.

KEY WORDS: Corals -
Bleaching

Zooxanthellae -

INTRODUCTION

Zooxanthellae are recognized as unicellular dinofla-
gellate algae, mainly belonging to the genus Symbio-
dinium Freudenthal (1962) that live in symbiosis with a
variety of different hosts, e.g. foraminifera, jellyfish,
anemones, zoanthids, gorgonians, sponges, bivalves
and corals (Langer & Lipps 1994, McNally et al. 1994,
Ohno et al. 1995, Rowan & Knowlton 1995). Symbio-
dinium was originally thought to be a monotypic
genus, but biochemical, physiological, morphological
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and behavioral studies quickly revealed that Symbio-
dinium is highly diverse (Blank & Trench 1985, Blank
et al. 1988, Trench 1987) and contains many members
(reviewed in Rowan 1998). Molecular genetic studies
over the past decade have revealed distinct strains or
types of S. microadriaticum (Rowan 1991, 1998, Rowan
& Powers 1991). Using restriction fragment length
polymorphism (RFLP) analysis of the small subunit
(SSU) ribosomal DNA (rDNA) gene from several culti-
vated and freshly isolated zooxanthellae from a wide
variety of hosts, Rowan & Powers (1991) identified 3
major phylogenetic groups within Symbiodinium, des-
ignated as Type A, B and C. Several subsequent sur-
veys of Symbiodinium diversity in >50 coral species
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from the Pacific and Caribbean have revealed the
same 3 types (Baker & Rowan 1997), albeit with some
minor differences in Type C (Baker et al. 1997).

It was originally assumed that zooxanthellae were
species-specific (Schoenberg & Trench 1976, Trench
1992), i.e. that the dinoflagellate and coral host had co-
evolved over evolutionary time. The alternative hypo-
thesis was that symbiont associations were driven by
ecological factors alone (Kinzie & Chee 1979) and thus
not co-evolved. When the necessary molecular data to
test these hypotheses became available (Rowan &
Powers 1991, 1992, McNally et al. 1994), it became
clear that co-evolution had not played a strong role
and that ecological rather than historical-evolutionary
factors accounted for host-symbiont associations. Fol-
lowing up on this idea, Rowan & Knowlton (1995)
examined zooxanthellae diversity in the polymorphic
coral species complex Montastraea annularis in Carib-
bean Panama. The 3 types (A, B and C) of Symbio-
dinium were detected, and, most significantly, there
was a strong habitat correlation between zooxanthel-
lae type and the depth from which the coral was col-
lected. These results led the authors to hypothesize
light adaptation. In a more refined study of zooxanthel-
lae distribution within 1 cm? areas of individual colonies
of M. annularis and M. faveolata, Rowan et al. (1997)
found similar differences between shaded sides and
tops of colonies. Similar zooxanthellae zonation pat-
terns were also found in Acropora cervicornis (Baker
et al. 1997). In contrast, a survey of M. cavernosa in Ber-
muda (Billinghurst et al. 1997) revealed only Type B re-
gardless of depth. It is clear that the types of Symbio-
dinium and their distribution are highly variable:
within and between species; within and between local
habitats; and probably, within the local landscape.

Here, we compare zooxanthellae diversity in 5 mor-
phospecies of Madracis Milne Edwards & Haime (1849)
(Scleractinia, Astrocoeniina, Pocilloporidae) at the
Buoy I study site on Curacao, Netherlands
Antilles. These included M. mirabilis (Duchas-

36-735 in the gene, Lenaers et al. 1998). We addressed
2 questions: (1) Do different morphospecies of Madra-
cis harbor 1 or more types of zooxanthellae? (2) Is there
a correlation between the zooxanthellae type and the
depth from which the host coral was collected? Finally,
we review the current literature on what is known
about zooxanthellae distribution in scleractinians and
discuss the implications of flexible and changing,
short-term symbiotic associations.

MATERIALS AND METHODS

Study area and sampling. The island of Curacao is
situated in the southern Caribbean (12°N, 69°W)
about 80 km off the coast of Venezuela (Fig. 1). Lee-
ward reefs are characterized by a shallow terrace (50
to 100 m wide), a drop-off at 8 to 12 m, and a steep sea-
ward slope extending to 50-60 m (Bak 1977). Our
study site, the Buoy 1 reef, is situated 500 m west of the
Ecological Institute Carmabi and is a long-established
site for coral research (e.g. Bak 1977, Bak & Engel
1979, van Veghel & Bak 1993, Bak & Nieuwland 1995,
Meesters et al. 2001).

Madracis specimens were collected from depths of 2
to 45 m (Table 1). Care was taken to ensure that sam-
ples of each morphospecies were collected from all
depths at which they occurred. Samples consisted of
small fragments (ca 50 cm?) taken from the living
upper surface of individual colonies. These were trans-
ported to the laboratory in seawater and transferred to
a running seawater-table. Each sample fragment was
divided into 2 pieces. One sub-sample was bleached
and dried for further skeletal examination, while the
second sub-sample was preserved in 70% EtOH for
DNA extraction. Samples used in the present study of
zooxanthellae diversity were also used in a phyloge-
netic study of the genus Madracis (Diekmann et al.

saing & Melotti), M. decactis (Lyman), M. formosa
(Wells 1973), M. pharensis (Heller) and M. senaria
(Wells 1973). These taxa are typically found in
sympatric assemblages on single reefs and range
in depth from ca 2 to >70 m (Wells 1973). M.
mirabilis and M. formosa are restricted to the
shallow 2 to 25 m) and deep (>30 m) habitat
respectively, whereas M. decactis occurs from 5 to
40 m. M. pharensis and M. senaria are found
across all depths (5 to >60 m) (M. J. A. Vermeij &
R. P. M. Bak unpubl.).

Following earlier studies (Baker & Rowan 1997,
Baker et al. 1997) we compared DNA sequences

from the D1 and D2 domains (ca 650 bp) of the
nuclear rDNA large subunit (nucleotide position
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Fig. 1. Curacao, Netherlands Antilles, and the Buoy 1 study site
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Table 1. List of coral species sampled for zooxanthellae analysis at Buoy 1, Curacao, Netherlands Antilles
Species Lane no. Individual code Number GenBank accession no. Depth
in Fig. 2 used in Fig. 3 of clones (m)
sequenced
Madracis mirabilis 1 M. mirabilis 1 - 6.3
2 M. mirabilis 6 a,b,c,d AF331858, AF331859, AF331860, AF331861 24.0
3 M. mirabilis 9 a,b AF331862, AF331863 19.0
4 M. mirabilis 55 ab,c AF331864, AF331865, AF331866 2.2
Madracis decactis 5 M. decactis 13 a,b,c,de AF331868, AF331869, AF331870, AF331871, AF331872 34.7
6 M. decactis 100 -
7 M. decactis 3 a AF331867 4.7
8 M. decactis 107 a,b,c AF331873, AF331874, AF331875 29.0
Madracis formosa 9 M. formosa 11 - 38.8
10 M. formosa 12 - 43.0
11 M. formosa 15 a,b AF331876, AF331877 38.8
12 M. formosa 25 a,b AF331878, AF331879 39.6
Madracis senaria 13 M. senaria 3 a AF331880 10.8
14 M. senaria 13 a,b,c AF331881, AF331882, AF331883 32.3
15 M. senaria 8 - 13.4
Madracis pharensis 16 M. pharensis 2 a AF331885 4.3
17 M. pharensis 4 a AF331884 7.0
18 M. pharensis 11 - 27.0
19 M. pharensis 60 - 40.0
Montastraea annularis 20 1 AF331886 15.0
Stephanocoenia 21 1 AF331887 13.5
michelinii
22 Uncut LSU fragment
Total 22 30

2001). Samples from 2 other coral species, Montastraea
annularis (15 m) and Stephanocoenia michelinii (13.5 m),
were also sampled at Buoy 1 and added in the analysis
as reference taxa for Type C zooxanthellae.

DNA extraction. DNA was extracted using a modi-
fied protocol of de Jong et al. (1998). Total DNA was
isolated by scraping off the surface layer of the coral
sample (3 to 4 cm?) and grinding it in a mortar contain-
ing 900 pl DNA extraction buffer (1.4 M NaCl, 20 mM
EDTA, 100 mM Tris-HC1 pH 8.0 and 2% CetylTri-
methylAmmoniumBromide) and 0.2% p-mercapto-
ethanol. After grinding the slurry was transferred to a
2 ml Eppendorf tube and incubated at 65°C for 1 h.
After 1 phenol extraction and 2 CIA (chloroform:iso-
amylalcohol 24:1 v/v) extractions, the DNA was recov-
ered by overnight precipitation in 100 % ethanol. After
centrifugation the pellet was washed 2 times with 80 %
EtOH and dried under vacuum. The DNA was dis-
solved in 100 pl 0.1 x TE (Tris-EDTA, pH 8). Average
yield was estimated at ca 1000 pg mlL.

PCR amplification. The D1 and D2 variable region
of the large sub-unit ribosomal RNA gene (LSU rDNA)
was amplified using universal primers 24D13F1 and
24D23R1 (Baker & Rowan 1997). A 100 pl polymerase
chain reaction (PCR) consisted of 10 pl of 10 x Reaction
Buffer (Promega, Madison, WI, USA), 10 pl of 10 x
dNTP (200 pM), 6 pl MgCl, (25 mM), 4 pl of each
primer (50 mM), 4 nl of template DNA (optimal dilu-

tion), and 2.5 units Tag DNA Polymerase (Promega).
Test PCRs were performed with undiluted, 10x and
100 x diluted DNA to find the optimal dilution for each
sample. Amplifications were performed in a Perkin-
Elmer 2400 machine with a profile consisting of 1 cycle
of 3 min, 96°C, followed by 24 cycles of 1 min 94°C,
2 min 50°C and 2 min 72°C, and 1 cycle 1 min 93°C,
2 min 50°C and 5 min 72°C.

The universal primers amplify zooxanthellae as well
as coral DNA but can be differentiated because the D1
and D2 variable regions vary significantly in size be-
tween different phyla of organisms (Hillis & Dixon
1991). The coral fragment was ca 800 bp and the zoo-
xanthellae fragment ca 650 bp (Baker & Rowan 1997).
Typically only 2 bands were amplified. Following sep-
aration of the fragments on a 1.5% TAE agarose gel,
the zooxanthellae fragment was cut from the gel. The
DNA was recovered by centrifuging (Eppendorf cen-
trifuge at full speed for 10 min) the gel slice over sili-
conized glasswool in a PCR tube placed in a 1.5 ml
Eppendorf tube (van Oppen et al. 1994).

RFLP analysis. The cleaned LSU fragment was re-
amplified using the same PCR conditions as above.
The concentration was measured by loading 2 pl of the
product on a 1.5% agarose gel along with a dilution
series of DNA standards (25 to 200 ng). The yield was
quantified using Image-Quant (ver. 4.2) software from
Molecular Dynamics (M.B.T. Benelux, Maarssen, The
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Netherlands). The amplification product was digested
with the restriction enzymes Cfol and Taqgl. These
restriction enzymes (RE) are able to distinguish be-
tween the 3 zooxanthellae types (Baker et al. 1997).
Digestions were performed using 100 ng of PCR
product, 1 nl RE, 2 pl 10 x reaction buffer in a total vol-
ume of 20 pl at the appropriate temperature for the
specific RE overnight. The digests were separated on
2% RESponse/1% RESult (Biozym, Landgraaf, The
Netherlands) gels which provide separation of bands
in the range of 50 to 8000 bp. Based on the RFLP re-
sults, samples were selected for sequencing (Table 1).

Cloning. Following reamplification, PCR products
were cleaned using Quiaquick PCR Purification Kit
(Qiagen GmbH, Hilden, Germany) according to the
manufacturer's protocol. The cleaned fragments were
ligated into pGEM-T vector, cloned into JM109 com-
petent cells and plated out on 2 X YT medium agar
plates containing IPTG, X-gal and Ampicillin for blue/
white screening of the colonies according to the manu-
facturers protocol (pGEM-T Easy Vector System,
Promega). Colony PCR was performed with the same
primers used for amplification on positive white
colonies to check that the insert size was of the
expected length. Plasmid template was used in
sequencing reactions.

Sequencing. Cycle sequence reactions were carried
out using the ABI Prism BigDye Terminator Cycle
Sequencing Ready Reaction Kit (PE Applied Biosys-
tems, Perkin-Elmer, Foster City, CA, USA) on a Perkin-
Elmer Cetus Thermocycler (PE Applied Biosystems)
with 200 ng plasmid as template. Sequencing was car-
ried out in both directions on an ABI 310 Automated
Sequencer (PE Applied Biosystems) using the same
primers as in the PCR reactions and following manu-
facturers protocol. Multiple clones of the selected sam-
ples were sequenced.

Sequence analysis. Sequences were aligned using
the Mega alignment program in the DNAstar Se-
quence Analysis Software package (DNAStar Inc.,
Madison, WI, USA) on a Macintosh Quadra. Aligned
sequences were analysed using maximum parsimony
in PAUP 4.0, version beta2 (Swofford 1999), under the
heuristic search option with random addition of taxa.
Bootstrap resampling (1000 replicates) was also per-
formed in PAUP.

RESULTS
Restriction fragment length polymorphism
RFLP analysis of the 650 bp of the LSU rRNA gene

revealed 1 major pattern across all 5 morphospecies.
Both Cfol and Taql (Fig. 2) digests gave uniform pat-
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Fig. 2. Madracis, Montastraea annularis and Stephanocoe-

nia michelinii. Restriction digests of the 650 bp fragment of

the Symbiodinium rDNA-LSU from 19 individuals. (A) Cfol;

(B) Taql. Bands marked with P correspond with known

LSUrDNA RFLPs (Baker et al. 1997). Numbers above lanes
correspond to sample ID (Table 1)

tern for all species which corresponded to Symbiodi-
nium Type B (bands marked with », Baker et al. 1997).
Some polymorphism is visible in both Cfol and Taql
digests but these still fall within Type B (see 'Discus-
sion’). The RFLP patterns from Montastraea and Ste-
phanocoenia (Fig. 2, Lanes 20 and 21) correspond to
Symbiodinium Type C1 and C2 (Baker et al. 1997).
Types A or B were not detected in M. annularis and
S. michilinii RFLP digests.

Sequencing and alignment

As summarized in Table 1, 30 clones were se-
quenced from 12 individuals across the 5 morpho-
species. Lengths of the sequences ranged from 646 to
648 bp, except Madracis formosa 25a (653 bp), which
had a 6 bp insert, and M. senaria 13c (640 bp), which
had a 7 bp deletion. All fragments were easy to align.
Madracis zooxanthellae sequences were compared
against known zooxanthellae types A, B and C se-
quences drawn from the GenBank sequence database.
Sequences of Madracis zooxanthellae were similar to a
Type B zooxanthellae reference sequence obtained
from Aiptasia pallida (GenBank U63484; Baker et al.
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1997). Zooxanthellae sequences from Montastraea and
Stephanocoenia were identified as Type C as com-
pared against Acropora cervicornis (GenBank U63481;
Baker et al. 1997). The reference sequence for Symbio-
dinium Type A was from Pavona duerdeni (GenBank
U63485). Individual sequences as well as the align-
ment have been submitted to GenBank (see Table 1 for
accession numbers).

Analyses of the sequence data

Parsimony analysis of the Madracis zooxanthellae
sequences resulted in 174 most parsimonious trees of
which 1 is presented in Fig. 3. The 50 % majority-rule
consensus tree (Fig. 3, grey bar) shows that there is no
significant phylogenetic structure among Type B zoo-
xanthellae across hosts or depths. Reference se-
quences for Symbiodinium Types A, B and C (as dis-
cussed) and newly collected sequences from Mon-
tastraea and Stephanocoenia at Buoy 1 were included
in the analysis. The resulting tree topology is congru-
ent with the overall pattern in Baker & Rowan (1997),
including high bootstrap support.

DISCUSSION

Zooxanthellae uniformity in Madracis species,
habitats and locations

Comparison of the Madracis zooxanthellae sequences
with reference Symbiodinium sequences from GenBank
shows that all Madracis morphospecies at the Buoy 1
site contain Type B zooxanthellae. There was no corre-
lation of zooxanthellae variation with the different
morphospecies from which they were obtained nor
was there correlation of minor zooxanthellae polymor-
phisms with host depth (Fig. 3). In a recently completed
phylogenetic study of Madracis using nuclear IDNA-
ITS sequences, the 5 coral species have been found to
be closely related, and at least 3 of the 5 may have
hybridized in the recent past (Diekmann et al. 2001).
The uniformity of the zooxanthellae type and distribu-
tion throughout the entire genus is consistent with ver-
tical inheritance and/or host preference. We will return
to these points later.

Nucleotide polymorphism within the Type B se-
quences (alignment available from GenBank) was com-
pared with the Cfol and Taql RFLP patterns (Fig. 2).
The variation found involved mutations at 3 Cfol
restriction sites and 3 Tagql restriction sites in 12 and 4
cases respectively. The remaining 63 nucleotide dif-
ferences were scattered across the alignment. A few
nucleotide differences might be explained by PCR

artifacts (mistakes by Taqg-polymerase), but when
many differences are observed across the length of a
sequence, the more likely explanation is natural poly-
morphism caused by incomplete homogenization of
the rDNA-LSU gene (Schlotterer & Tautz 1994) within
Type B cistrons. Since our analysis involves many
zooxanthellae cells collected from 1 coral colony and
not a single zooxanthellae, a slightly heterogeneous
assemblage of zooxanthellae might also be contribut-
ing to the observed polymorphism.

While more intensive sampling in very shallow or
very deep water might reveal the presence of Type A
and Type C zooxanthellae within Madracis, we are
rather doubtful. As discussed by Rowan (1998), Type A
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Fig. 3. One out of 174 most parsimonious trees based on
rDNA-LSU sequence variation in Symbiodinium in different
coral hosts. The grey line indicates the 50% majority-rule
consensus line. Bootstrap values circled. Numbers above
branches represent changes. Colors represent zooxanthellae
sequences obtained from 1 coral species. Sample IDs corre-
spond to coral individuals in Table 1. Baker A, B and C are
reference sequences (Table 1)
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tends to be ‘'weedy’ and would probably have been
detected in our shallow samples (<5 m, n = 7). Type B
is known to be common across a range of depths (10 to
30m, n=12) and Type C is mainly associated with low-
light environments (>30 m, n = 11). Type C was found
in our sampling of Montastraea (15.0 m, n = 1) and
Stephanocoenia (13.5 m, n = 1) at Buoy 1. These results
show that Types B and C are definitely present in the
environment at the Buoy 1 study site and are, in prin-
ciple, available to Madracis. Single individuals of
Madracis species have been surveyed from 3 other
sites in the Caribbean and all were found to have Sym-
biodinium Type B. These included M. mirabilis, M.
decactis, M. senaria, M. formosa and M. pharensis
(OED) from the neighbouring island of Bonaire (80 km
to the east); M. decactis from Caribbean Panama
(Baker et al. 1997); and M. mirabilis from the US Virgin
Islands (Rowan & Powers 1991). These results suggest
biogeographic, phylogenetic and temporal uniformity
(at least over a 7 yr period). However, without better
sampling, this cannot be confirmed.

One zooxanthellae type is probably the norm

In the case of Madracis, it is clear that the absence of
multiple zooxanthellae types and zonation with depth
signals additional mechanisms whereby zooxanthellae
and their coral hosts can adapt. As summarized in
Table 2, a survey of Symbiodinium diversity from the
recent literature shows that most corals probably have
only 1 type. Keeping in mind that surveys of this type
typically examine only 1 or a few individuals, it is still
surprising that more diversity has not been detected.
Models of physiological acclimatization (Falkowski et
al. 1990, Brown 1997, Kinzie 1999) involving 1 sym-
biont type, as well as adaptation of the coral itself,
need further exploration. On the one hand, Warner et
al. (1999) found no correlation between algal phylo-
types and their physiological tolerances. On the other
hand, the differential production of a ‘host factor’,
which elicits the release of newly fixed carbon by the
zooxanthellae, may have different effects on different
Symbiodinium types (Gates et al. 1999).

If Symbiodinium types are truly light-adapted (an
hypothesis that has not been experimentally con-
firmed), then they would be expected to be differen-
tially susceptible to bleaching (i.e. Type A and B < C)
following Rowan et al. (1997). The ubiquity and wide
distribution of Type B (Table 2) suggest that it may be
the 'generalist’ type in the Caribbean even though all
3 types are present. Alternatively, the uniformity of
zooxanthellae in Madracis may be the result of differ-
ent life history strategies and/or strain-sorting between
Madracis and, e.g. Montastraea.

The environmental pool

The interactions between Symbiodinium and their
coral hosts are active with high turnover. Seasonal
variation in zooxanthellae density and chlorophyll con-
centration have been well documented (Dustan 1979,
Gattuso et al. 1993). Stimson (1997) and Fagoonee et
al. (1999) assigned this seasonal variation to host regu-
lation of the zooxanthellae population. Recent long-
term studies by Brown et al. (1999) and Fitt et al. (2000)
have shown strong seasonal fluctuations of zooxan-
thellae populations coinciding with changes in physi-
cal environmental parameters. Zooxanthellae may also
be part of the normal diet of corals (Boschma 1925,
Steel & Goreau 1977); consumption is thus an ongoing
process (Titlyanov et al. 1998). Finally, zooxanthellae
are expelled daily from their hosts back into the envi-
ronment (Fagoonee et al. 1999, Baghdasarian & Mus-
catine 2000). How long they are able to survive is
unknown, but there is evidence that they are able to do
so for short periods of time in amino-acid-rich micro-
environments such as fish guts or other intermediate
hosts (Gates et al. 1999). It has also been shown that
there are free-living Symbiodinium (Carlos et al 1999).
Viability and ubiquity of free-living and expelled forms
are currently unknown. The compositional mix of types
may also reflect a simple recycling of types by the res-
ident corals, i.e. many corals with Type B will con-
tribute B back to the pool; or background levels of
Symbiodinium diversity may shift in response to envi-
ronmental changes by themselves, i.e. temperature or
light stress might select for another Symbiodinium
type that could then become available for acquisition.

Life-history strategies—are there host preferences?

Corals acquire their zooxanthellae (Schwarz et al.
1999) by repeated environmental acquisition (i.e. open
or horizontal symbiosis) but vertical inheritance (i.e.
closed or vertical symbiosis) may also play more than
an initial role in establishing host preferences (Trench
1987, reviewed in Rowan 1998). At present, it is not
clear whether a particular coral host preferentially
maintains a particular Symbiodinium type, and whether
or not this is temporally or spatially variable—and if
so, over what scales. Observations are mixed. Coffroth
& Santos (1997) found that juvenile gorgonian corals
Plexaura kuna readily absorbed Symbiodinium Types A
and B, but that adult populations tended to have only
Type B. They suggested symbiont sorting during
colony ontogeny. In contrast, experiments in anemones
(Davy et al. 1997), where individuals were experimen-
tally offered homologous or heterologous zooxan-
thellae, revealed that both types were readily phago-
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cytized and that over the 36 wk period of the study,
both types were maintained.

Coral reproduction may also differentially affect
long-term zooxanthellae acquisition. Broadcast spawn-
ers release positively buoyant egg and sperm bundles
into the water column. The majority of broadcast
spawning corals release gametes that lack zooxanthel-
lae (Fadlallah 1983, Babcock & Heyward 1986, Harri-
son & Wallace 1990, Richmond & Hunter 1990), and
larvae must acquire their zooxanthellae by feeding
(Trench 1987, Muller-Parker & D'Elia 1997). In con-
trast, brooding corals release sperm into the water col-
umn, but they must reach eggs that are internally main-
tained. The negatively buoyant zygotes/larvae are
brooded for days to several months (Harrison & Wal-
lace 1990) and, in most cases, already contain their ini-
tial batch of zooxanthellae upon release from the par-
ent (e.g. Pocillopora damicornis [Richmond & Hunter
1990], Goniastrea aspera [Sakai 1997]) and these come
directly from the parent polyp (Benayahu & Schleyer
1998). This suggests that broadcast spawning corals
can only obtain their symbionts from the environment,
whereas brooding corals may have a predisposition for
the parental type (though not necessarily an obligatory
one). Montastraea annularis is a broadcast spawner
(Szmant-Froelich 1984), as is Acropora (Szmant 1986).
Madracis is a brooder (M. J. A. Vermeij pers. comm.)
and larvae are released which already contain zoo-
xanthellae and apparently perpetuate the parental
colony's zooxanthellae type. Our finding of only Type
B zooxanthellae in 5 Madracis morphospecies over a
broad depth range suggests a strong host preference
(or host recognition) for Type B.

Bleaching—an ecological opportunity?

The correlation found among different types of Sym-
biodinium and host depth in the Montastraea annularis
complex (Rowan & Powers 1991, Rowan & Knowlton
1995, Rowan et al. 1997) and in Acropora cervicornis
(Baker et al. 1997) suggests that these corals are able to
take advantage of different light regimes. This is espe-
cially important in terms of the phenomenon of ‘coral
bleaching' (Glynn 1991). Bleaching is the stress response
of the coral polyp in which the zooxanthellae are par-
tially to completely expelled from the host tissue. Stress
factors include unusually high or low temperatures, high
UV radiation and pollution (Brown & Ogden 1993,
Buddemeier & Fautin 1993, Fang et al. 1998, Fagoonee
et al. 1999). If the stress factor is severe and prolonged,
the zooxanthellae may not be replaced, leading to the
eventual death of the colony. Between these extremes,
however, it has also been shown that even completely
white coral tissue still contains a substantial number of

zooxanthellae (Brown et al. 1999, Fitt et al. 2000). Coral
bleaching has, therefore, been viewed as having mainly
negative effects on the host. Another hypothesis, how-
ever, is that bleaching may function as an adaptive
mechanism (Buddemeier & Fautin 1993, Rowan &
Knowlton 1995, Ware et al. 1996, Rowan et al. 1997).
Moderate stress and purging of zooxanthellae through
the 'bleaching response’, may lead to an ‘instant’ re-
calibration of the coral to the ‘new' local, adaptive norm
by reshuffling the endosymbiont assemblage.

The main problem at present is that we have 3 well-
studied cases (Montastraea, Acropora and Madracis)
and a slew of surveys (Table 2) that present many alter-
native explanations. Even in the best studied case of the
Montastraea annularis complex, where zooxanthellae
diversity reigns, a generalization cannot be extended
to other species in the genus. Billinghurst et al. (1997)
investigated zooxanthellae diversity in M. cavernosa
from Bermuda by means of RFLP of the SSU-rDNA and
found only 1 RFLP pattern corresponding to Type C
Symbiodinium in 62 individuals sampled over a 2 to
30 m depth range at 5 sites. The authors suggested that
the uniformity of zooxanthellae in M. cavernosa in
Bermuda might reflect reduced diversity of the zoo-
xanthellae pool by biogeographic isolation, but clearly
such an explanation does not apply to Madracis species
sampled from Curacao, Bonaire, Panama or the Virgin
Islands, all of whom have only Type B.

Montastraea species, with their diverse assemblage
of Symbiodinium, including plenty of Type B, have
been most affected by bleaching, whereas Madracis
species (as well as M. cavernosa), with only Type B,
hardly ever bleach (Fitt & Warner 1995, R. P. M. Bak
pers. obs.). The fact that these different corals occur at
similar depths, harbor at least some of the same zoo-
xanthellae types, and yet respond differently to stress
indicates that there is more to the bleaching response
than the susceptibility of the zooxanthellae. The trig-
gering mechanisms of the coral host that actually lead
to exocytosis are only partially understood. Fang et al.
(1998) found, e.g. that Acropora grandis synthesized
heat shock proteins at lower temperatures than did the
zooxanthellae and initiated expulsion even under
minor temperature stress. Whether heat shock proteins
are expressed differently in different coral hosts re-
mains unknown. Normal seasonal changes in zooxan-
thellae density/host and (abnormal) environmental
stress can also confound interpretations of the severity
of bleaching episodes. Fagoonee et al. (1999) were
able to show, in a multiple regression analysis of Acro-
pora data, that seasonality was more important in
explaining changes in zooxanthellae density than
temperature or solar radiation perse. Therefore, subtle
coral-specific differences in seasonal zooxanthellae
density may also play a role.
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CONCLUSIONS

The complexity and flexibility of the coral-zooxan-
thellae symbiosis is only beginning to be understood. A
challenge for future studies is to expand the scale of
sampling and temporal observation of zooxanthellae in
a select number of coral species using a more compar-
ative approach. It is clear that coral-Symbiodinium
symbioses are not evolutionarily constrained, species-
specific associations. It is also clear that symbioses are
not random. What remains unclear is the degree to
which brooding and broadcasting strategies have
long-term effects on associations, possibly involving
some level of host recognition or preference; the
degree to which the coral animal can influence physio-
logical performance of the alga or vice versa; and the
degree to which the environmental pool of zooxanthel-
lae changes, e.g. as a seasonal response, as a routine
expulsion by a particular host, by a bleaching event
that affects particular hosts or Symbiodinium types
more than others, or by micro-environmentally medi-
ated conditions that promote the maintenance of free-
living symbionts. Although labor-intensive and techni-
cally challenging, such studies are needed in order to
develop a better understanding of the relative impor-
tance of the factors that influence zooxanthellae diver-
sity in a given host that may help to explain the long-
term evolutionary survival of such a vulnerable group
of organisms.
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