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Abstract This report documents the extent to which
coral colonies show fluctuations in their associations
with different endosymbiotic dinoflagellates. The genetic
identity of Symbiodinium from six coral species [Acro-
pora palmata (Lamarck), A. cervicornis (Lamarck), Sid-
erastrea siderea (Ellis and Solander), Montastrea
faveolata (Ellis and Solander), M. annularis (Ellis and
Solander), and M. franksi (Gregory)] was examined
seasonally over five years (1998 and 2000–2004) in the
Bahamas and Florida Keys at shallow (1 to 4 m) fore-
reef/patch reef sites and at deeper fore-reef (12–15 m)
locations. Symbionts were identified genetically using
denaturing gradient gel electrophoresis (DGGE) finger-
printing of the internal transcribed spacer region 2
(ITS2) of ribosomal RNA gene loci. Repetitive sampling
from most labeled colonies from the Bahamas and the
Florida Keys showed little to no change in their domi-
nant symbiont. In contrast, certain colonies of M. ann-
ularis and M. franksi from the Florida Keys exhibited
shifts in their associations attributed to recovery from
the stresses of the 1997–1998 El Niño southern oscilla-
tion (ENSO) event. Over several years, a putatively
stress-tolerant clade D type of Symbiodinium was pro-
gressively replaced in these colonies by symbionts typi-
cally found in M. annularis and M. franksi in Florida
and at other Caribbean locations. Greater environmen-

tal fluctuations in Florida may explain the observed
changes among some of the symbioses. Furthermore,
symbiotic associations were more heterogeneous at
shallow sites, relative to deep sites. The exposure to
greater environmental variability near the surface may
explain the higher symbiont diversity found within and
between host colonies.

Introduction

Growing knowledge of the host-symbiont compositions
of corals has caused conjecture about how they become
modified in response to climate and/or environmental
change (Buddemeier and Fautin 1993; Baker 2001; La-
Jeunesse 2005). The modern coral reef ecosystem has
ancient origins, emerging in the early Cenozoic (Wood
1998). Reefs have persisted through dramatic shifts in
temperature (Haq et al. 1987), yet extant corals are
paradoxically sensitive to slight temperature increases of
1–2�C above normal summer highs (Hoegh-Guldberg
1999; Hughes et al. 2003). Hypothetically, a change in
the dinoflagellate symbiont to one better adapted to the
prevailing environment could optimize the physiology of
the holobiont association (Rowan and Powers 1991;
Buddemeier and Fautin 1993). Annual seasonal moni-
toring of the resident symbiont populations in selected
coral (Scleractinia) colonies could reveal how these
symbiotic associations respond to seasonal and climatic
environmental fluctuations.

Symbiodinium, the genus of dinoflagellate that
associates with cnidarians, is genetically and physio-
logically diverse (Trench 1993, 1997; Rowan 1998;
LaJeunesse 2001). The genus consists of eight geneti-
cally divergent sub-generic clades (A-H). Each clade
comprises numerous ‘‘types’’ that are distinguishable
genetically, ecologically, and biogeographically (re-
viewed by Baker 2003). The extent to which these are
distinguished physiologically remains largely unknown.
Among cultured Symbiodinium spp., broad differences
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in physiology have been observed (e.g. Fitt 1984; Igle-
sias-Prieto and Trench 1994; Warner et al. 1999; Kinzie
et al. 2001). Thermally tolerant Symbiodinium spp. are
known from several clades (Tchernov et al. 2004). For
instance, bleaching-resistant corals from the Great
Barrier Reef harbor ITS type C15, whereas bleaching-
susceptible coral colonies contained other clade C ITS
types (LaJeunesse et al. 2003). Certain members of
Symbiodinium clade D are described as stress tolerant
because they associate with corals from marginal hab-
itats or those recovering from episodes of stress (Toller
et al. 2001a, b; Chen et al. 2004). Some corals have
slightly greater thermal tolerance when harboring clade
D Symbiodinium (Baker et al. 2004; Rowan 2004), but
this may decrease the growth rate of the host (Little
et al. 2004).

The reproductive mode of the coral host affects
how offspring become symbiotic. Most corals broad-
cast spawn aposymbiotic gametes into the water col-
umn (Szmant 1986), so symbionts must be acquired
from the surrounding environment (horizontal acqui-
sition) (van Oppen 2004). Each new generation creates
the possibility for new host-symbiont combinations. In
most corals where larvae are internally brooded sym-
bionts are ‘vertically‘ acquired, i.e. from the parent
(van Oppen 2004). Specific combinations are main-
tained among various coral species and various Sym-
biodinium spp. The external environment and
geographic location modulate these patterns of asso-
ciation (e.g. Loh et al. 2001; Rodriguez-Lanetty et al.
2001; LaJeunesse 2002, Iglesias-Prieto et al. 2004, La-
Jeunesse et al. 2004a, b).

While most host colonies possess a homogeneous
Symbiodinium spp. population, some coral species may
harbor multiple clade types within a single colony (Ba-
ker and Rowan 1997; Ulstrup and van Oppen 2003).
Occasionally, mixed symbiont populations are found in
colonies from intermediate or shallow reef habitats. The
distribution of different symbionts within a single colony
correlates with irradiance levels and may relate ulti-
mately to differences in photophysiology among sym-
bionts (Rowan et al. 1997). Few mixed symbiont
populations have ever been observed in deep, low light
environments (LaJeunesse 2002).

Even with evidence for physiological diversity among
symbionts and change in some in hospite populations
that reflects physical differences in the environment (e.g.
Baker 2001), few long-term studies of symbiont popu-
lation change have been reported (but see Goulet and
Coffroth 2003). To predict coral responses to future
climate change information on how coral symbioses
vary from season to season and year to year is needed.
Change in the assemblage of symbiont types is one
mechanism by which corals could acclimate to temporal
changes in light, temperature and other abiotic factors
(Buddemeier and Fautin 1993). To test this hypothesis,
we examined the extent to which six species of reef-
building corals from the western Atlantic (Acropora
palmata, A. cervicornis, Siderastrea siderea, Montastrea

faveolata, M. annularis and M. franksi) undergo changes
in the relative abundances of different Symbiodinium
types seasonally, over a five-year period. The six host
species are principal contributors to reef accretion in the
western Atlantic. All are broadcast spawners (Szmant
1986) that acquire zooxanthellae from the environment
early in ontogeny and therefore are predicted to be open
to infection by multiple types of Symbiodinium that
might persist in varying amounts during colony matu-
ration. An uncertain alternative is that mature corals
could also remain capable of symbiont acquisition and
can switch symbiont types accordingly.

If variance in abiotic factors, such as temperature and
light, leads to variable symbioses, this pattern should be
evident at the northern and southern limits of reef
occurrence, where seasonality is most pronounced. This
study examined symbioses in two northern reef systems,
the Bahamas and Florida Keys, providing a comparison
of symbiont responses to differing temperature extremes
and anthropogenic impacts (more extreme in the Florida
Keys than in the Bahamas) (Fitt et al. 2000; http://
www.ndbc.noaa.gov/). Additionally, both regions expe-
rienced extensive loss of algal symbionts during the
1997–1998 mass coral-bleaching event, including the
colonies examined in this study (Fitt et al. 2000). Within
each region, sites were selected from different habitats
and depths in order to track changes in symbiotic
combinations reef-wide.

Materials and methods

Coral tissue samples were collected by SCUBA quarterly
(March, May, August, and November) from five species
of scleractinian coral, A. palmata (Lamarck), A. cervi-
cornis (Lamarck), Montastrea faveolata (Ellis and So-
lander), M. annularis (Ellis and Solander), and
M. franksi (Gregory), from reefs off Lee Stocking Island,
the Bahamas (24�15¢N; 76�30’W) and the Upper Florida
Keys (24�59¢N, 80�22¢W). Coral colonies were sampled
once in 1998 and regularly between March 2000 and
August 2004. An additional species, S. siderea (Ellis and
Solander), was collected beginning in May 2002. The
reefs sampled in the Bahamas included the shoreline
Palmata Beach (1–3-m depth), inshore North Norman’s
Patch (2–4-m depth) and deep-water South Perry (12–
15-m depth). Similarly, in the Florida Keys, the inshore
Admiral patch reef (1–2-m depth), offshore Little Gre-
cian Reef (3–4-m depth), as well as deep-water Conch
(12-m depth) and Alligator (12-m depth) reefs were
sampled. Certain species were not found in every envi-
ronment sampled. For instance, A. cervicornis, A. pal-
mata, and S. siderea did not commonly occur at any of
the deep sites, whereas M. franksi was present only on
deep reefs.

Six replicate colonies were identified and tagged for
each available species to ensure that subsequent col-
lection was from the same colony. A. cervicornis was
the only species not collected in this manner; instead
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samples were obtained from six distinct colonies, but
not necessarily the same colony during each sampling
period. Approximately 5-cm diameter tissue samples
were collected from ‘boulder’ corals via hammer and
chisel, with care taken to ensure that the same relative
position (i.e. the unshaded colony tops) was sampled
each time. For ‘branching’ corals, approximately 10-cm
lengths were snapped off by hand. Coral fragments
were placed in seawater-filled, pre-labeled plastic bags
and transported immediately to the laboratory in an
insulated cooler, where they were processed immedi-
ately.

Coral tissue was removed from 5 to 25 cm2 of coral
skeleton with a recirculating Water PikTM using filtered
(0.45 lm) seawater. Tissue was completely removed
with this method from the tops of Montastrea spp. and
S. siderea fragments, the entire circumference of A.
cervicornis at least 1 cm from the tip, and equal areas
on the top and underside of A. palmata branches. This
salt-water ‘‘blastate’’ was pulsed briefly (1–4 s) using a
Brinkmann Instruments Polytron Kinematica Tissue
HomogenizerTM to disperse mucopolysacharides.
Symbiodinium spp. cells were isolated from the
remaining salt-water blastate via centrifugation in 50-
ml tubes at 1,000 g and the resulting algal pellet was
preserved in DMSO Buffer (20% dimethyl sulfoxide
and 0.25 M ethylene diaminetetraacetic acid (EDTA) in
NaCl-saturated water) (Seutin et al. 1991). Samples
from 1998 were lyophilized and stored at �20�C until
extraction.

Nucleic acids were extracted using the Wizard�
DNA preparation protocol (Promega) following the
methods of LaJeunesse et al. (2003), with the following
modifications. As an alternative to bead beating for cell
lysis, samples from 1998 were briefly sonicated using a
Heat Systems Ultrasonic ProcessorTM. In some extrac-
tions, 0.3 M Tris, 2 mM EDTA, 0.7% SDS pH 7.5 was
used in place of Nuclei Lysis Solution and 7.5 M
ammonium acetate was used in place of Protein Pre-
cipitation Solution� (Promega).

The internal transcribed spacer 2 region (ITS 2) of
nuclear ribosomal RNA was used to discriminate
molecular types of Symbiodinium (LaJeunesse 2001,
2002). This region was amplified from the DNA extract
for denaturing-gradient gel electrophoresis (DGGE)
using primers ‘‘ITS 2 clamp’’ (5¢CGCCCGCCGC
GCCCCGCGCC CGTCCCGCCG CCCCCGCCC
GGGATCCATA TGCTTAAGTT CAGCGGT-3¢)
and ‘‘ITSintfor 2’’ (5¢GAATTGCAGA ACTCCGTG-
3¢). PCR amplification followed the ‘‘touchdown’’
thermal cycle protocol of LaJeunesse (2002). Products
of these PCR reactions were checked by electrophoresis
on agarose gels (1.0% agarose in 40 mM Tris–acetate,
1 mM EDTA solution). Samples containing success-
fully amplified PCR products were subsequently elec-
trophoresed on denaturing gradient gels (45–80%
formamide, 8% polyacrylamide denaturing gradient
gels; 100% consists of 7 M urea and 40% deionized
formamide) and compared to reference samples of

known ITS2 type following the protocol of LaJeunesse
and Trench (2000), with the modifications of LaJeu-
nesse et al. (2003).

The detection limits of DGGE analysis for the ITS 2
region in Symbiodinium spp. were tested using mixtures
of different ITS types from cultured Symbiodinium spp.
Cell counts (n=10 sample�1) were performed using a
hemacytometer and then equal numbers of fresh cultures
of known ITS 2 type, alpha-numerically designated B1
and C2 (LaJeunesse 2001), were homogenized with a
bead beater. After culture samples were mixed to give
cell ratios of the two ITS types ranging from 1:152
(B1:C2) to 260:1 (B1:C2), DNA was extracted from the
samples using the methodology described above. The
ITS 2 region was amplified by PCR, and samples were
analyzed on denaturing gels to determine the minimal
population levels for which the two ITS types could be
definitively identified.

Results

Patterns in Acropora spp. symbioses

The symbiotic patterns within coral colonies were
tracked initially in samples from 1998 and seasonally
between March 2000 and August 2004 for A. palmata
and A. cervicornis. Example diagnostic PCR-DGGE
profiles of the Symbiodinium types detected in one col-
ony of A. palmata and of A. cervicornis are shown
(Fig. 1). In both species of Acropora, symbiosis was al-
ways with Symbiodinium type A3, although mixed
symbioses including type B1 were detected twice in this
particular A. cervicornis patch (Fig. 1b). These examples
illustrate stable associations between host and symbiont,
the most common situation encountered in all host
species.

The symbiont types detected in replicate colonies
(n=6) of A. palmata and A. cervicornis per reef are
compiled in pie charts from August 1998 to August 2004
(Fig. 2). Each pie chart represents one season and a 1/6
wedge of a pie chart designates each colony. Because
PCR-DGGE is not a quantitative method, relative
abundance above the minimum detection threshold
(‡7%, see below) of a particular symbiont type cannot
be precisely determined. As a result, detection of mul-
tiple types within a colony is illustrated by splitting a 1/6
wedge between the two types. Each row of pie charts was
taken from the same replicate colonies unless otherwise
noted. Data from 1998 were taken from the same reef,
but not necessarily the same colonies.

At the detection level of DGGE (‡7%, see below),
colonies of A. palmata were invariably symbiotic with
Symbiodinium type A3 (Figs. 2a, 3a). This pattern oc-
curred throughout the sampling in both the Bahamas
(inshore patch reef, Palmata Beach, 1–3 m) and Florida
Keys (offshore fore-reef, Little Grecian Reef, 3 m). No
change was observed in relation to seasonal fluctuations
or following the 1997–98 bleaching event.
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Colonies of A. cervicornis, while also stable in their
symbioses with Symbiodinium type A3, were sometimes
punctuated by the appearance of mixed symbioses with
ITS type B1 (Figs. 2b, 3b). In colonies where Symbiodi-
nium type B1 was detected, type A3 was always also
present; no sample was ever detected with a complete
change in symbiont type. A mixed symbiosis was always
short lived, as the interruptive symbiont type typically

did not persist at detectable levels into the next sampling
period. Most mixed symbiosis events were limited to a
single colony, however during August 2001 all A. cervi-
cornis colonies on North Norman’s patch reef were de-
tected harboring both type A3 and B1 Symbiodinium.
Mixed symbioses events occurred in both regions inves-
tigated but did not appear to be correlated with seasonal
fluctuations or to follow the 1997–98 bleaching event.

Fig. 1 a PCR-DGGE profile of
the Symbiodinium ITS 2 region
collected from a single colony
of A. palmata from Palmata
Beach reef (depth 3 m) in the
Bahamas. Gel profile tracks this
colony’s symbiosis from August
1998 to August 2004 and is
presented as a reverse image.
Diagnostic band labeled for
type A3. b PCR-DGGE profile
of the Symbiodinium ITS 2
region of symbionts from the
same stand of A. cervicornis
from North Norman’s Patch
reef (depth 4 m) in the
Bahamas. Gel profile tracks this
stand’s symbiosis from August
1998 to August 2004 and is
presented as a reverse image.
Diagnostic bands labeled for
type A3 and type B1. Faint,
repeated bands in each profile
are possibly rare intragenomic
variants and heteroduplexes
created between them and
dominant A3 sequence
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Patterns in S. siderea symbioses

Siderastrea siderea was added to this study in May 2002
to increase its scope beyond two host genera. Pie charts
representing S. siderea symbiotic associations were
compiled in the same method described for Acropora
spp. symbioses, with each colony allocated a 1/6 wedge
of the chart (Fig. 3). Symbiodinium types B5a, a spe-
cialist symbiont in the genus Siderastrea (LaJeunesse
2002), and C3 were detected as symbionts in S. siderea
(Fig. 3). S. siderea associations were generally un-
changed fromMay 2002 to August 2004 with only minor
fluctuations of relative abundance. Colonies from the
North Norman Patch Reef in the Bahamas showed no
detectable change in symbioses with type C3. Similarly
in the Florida Keys, colonies from the offshore Little
Grecian Reef were unchanged in their symbioses with
type B5a. Colonies from Admiral Patch Reef in Florida
consistently harbored either type B5a (three colonies) or
type C3 (three colonies), but occasionally, S. siderea

colonies from Admiral Reef had mixed symbioses of
both B5a and C3 (Fig. 3). In all such cases, the colony
returned to the previously established symbiont type
within one to two sampling periods and no permanent
change of symbiont type was ever observed.

Patterns in Montastrea spp. symbioses

Symbiodinium spp. associations with species of M. fa-
veolata, M. annularis, and M. franksi were monitored
initially in Florida during August 1998 and in six tagged
from the Bahamas and Florida Keys colonies per reef
seasonally between March 2000 and August 2004. These
data were compiled as pie charts as described for Ac-
ropora spp., with each colony allocated a 1/6 wedge of a
chart and each chart representing one time period
(Figs. 4, 5).

Symbioses in M. faveolata remained stable at virtu-
ally all sites in the Bahamas and the Florida Keys

Fig. 2 Acropora palmata and A. cervicornis ITS 2 Symbiodinium
types detected in colonies from the Bahamas and Florida Keys
from August 1998 to August 2004. Colonies (n=6) listed by region,
reef type, and depth as rows of pie charts. Pie charts for samples
from non-replicate colonies marked with an asterisk. Occasionally,

fewer than six replicates were available. These instances are
demarcated by ‘n=the number of replicates’ below a relevant
chart. Appearance of a new symbiont type in each set of colonies is
designated with its alpha-numeric clade designation. a A. palmata,
b A. cervicornis
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(Fig. 4). Individual colonies usually showed fidelity over
time to one particular Symbiodinium partner and
changing symbiont types was rare.

Colonies of M. faveolata from the Bahamas con-
tained either type B1 or C12 Symbiodinium. Shallow
colonies from North Norman’s Patch Reef (4 m) were
symbiotic with type B1 throughout the five years of
monitoring except for two colonies with a mix of B1 and
C12 from late 2002 to early 2003. M. faveolata from
deep South Perry Reef (12 m) in the Bahamas were
mixed in their complement of Symbiodinium clades. Two
colonies harbored type B1, which predominantly
inhabits shallow colonies of the same coral species
throughout the Caribbean (LaJeunesse 2002), or a mix
of B1 and C12. The remaining four South Perry colonies
always contained only the typical deep-water Symbi-
odinium type C12 (Figure 4).

In the Florida Keys, M. faveolata had stable symbi-
oses with Symbiodinium type B1 throughout the study at
all habitats and depths with several exceptions (Fig. 4).
Following the bleaching event of 1997–1998, shallow
fore-reef colonies (3 m) were detected with types B10
and D1a in addition to B1. Additionally, several tagged
colonies of M. faveolata briefly harbored mixed com-
munities with D1a (Little Grecian reef, 3 m) or C3
(Conch Reef, 12 m) during 2000 but otherwise exhibited
stable associations with clade B Symbiodinium (Fig. 4).
Finally, on Conch Reef, one colony of M. faveolata
harbored type B10 during all years it was sampled, while
type B1 was detected in all of the other colonies (n=5)
sampled (Fig. 4).

Montastrea annularis from the Bahamas, as with the
majority of hosts sampled, had symbioses dominated by
a single symbiont type, in this case type B1 (Fig. 5a).
Shallow colonies from North Norman’s Patch reef (4 m)
were invariable while deep colonies from South Perry

reef (12 m) had several brief instances of mixed B1 and
C12 symbioses.

Shallow colonies of M. annularis from the Florida
Keys (inshore Admiral Patch reef at 1–2 m and offshore
Little Grecian fore-reef at 3 m) experienced temporal
changes in the symbiont partner that did not occur in
other species sampled at the same sites (Fig. 5a). Mix-
tures of B1 and D1a were observed in preliminary
samples of M. annularis, taken in August 1998 on the
fore-reef at 3 m (Fig. 5a). Subsequent sampling from
tagged colonies revealed temporal changes in the iden-
tity and proportion of symbiont types D1a, C3, B1
(Admiral Reef) or D1a, B1, and B10 (Little Grecian)
from March 2000 until August 2002, when a stable
dominance of type B1 (Admiral Reef) or B10 (Little
Grecian Reef) was reached, four to five years after the
1997–1998 El Niño episode ended (Fig. 5a). A PCR-
DGGE profile taken from one tagged colony on Little
Grecian reef is shown to further illustrate the shift from
D1a to B10 (Fig. 6). This shift from symbioses domi-
nated by type D1a to clade B Symbiodinium was not
observed in deep Florida colonies (Conch Reef at 12 m)
which were invariably associated with type B1.

Montastrea annularis is known to harbor heteroge-
neous Symbiodinium spp. populations in different re-
gions of a colony (e.g. Rowan et al. 1997). As a result,
care was taken to ensure that the same relative colony
position was sampled each season. Additionally, while
type D1a Symbiodinium was common in the ‘‘tops’’ of
certain M. annularis colonies in 1998 and between 2000
and 2002 (Fig. 5a), this lineage was never observed
during intensive sampling of the same colony’s tops and
sides from August 2002 to August 2005.

Colonies of M. franksi only occurred in significant
numbers on deep reefs in the Bahamas and Florida
Keys. On South Perry reef in the Bahamas (12 m),

Fig. 3 Siderastrea siderea ITS 2
Symbiodinium types detected in
colonies from the Bahamas and
Florida Keys from May 2002 to
August 2004. Colonies (n=6)
are listed by region, reef type
and depth as rows of pie charts.
Appearance of a new symbiont
type in each set of colonies is
designated with its
alphanumeric name
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symbioses were with types B1 and C12, the same types
found in other Montastrea species in this region
(Fig. 5b). Four colonies were found to have symbiosis
with C12 and the remaining two had B1, although mixed
symbioses with C12 and B1 were common in many
colonies. During March and May 2003 all colonies
harbored both type B1 and C12 Symbiodinium.

Colonies of Montastea franksi on the deep fore-reefs
in Florida (Conch and Alligator reefs) possessed either
D1a, B1, B10, C3 and/or combinations of these during
2000 and 2001 before returning to B1 (on Conch Reef, 1
colony on Alligator reef) or C3 (five colonies on Alli-
gator Reef) by the end of the study (Fig. 5b). Similar to
the shifts in M. annularis, most transitions in symbiont
identity ended in 2002, three to five years after the 1997–
8 El Niño event (Fig. 5b).

Detection limits of DGGE

The sensitivity limits of PCR-DGGE were established
for identifying mixed populations of Symbiodinium spp.
types within host tissues. The sensitivity of DGGE for
the ITS2 region from various ratios of cultured Symbi-
odinium types B1 and C2 is shown (Fig. 7). Type C2 was
detected when present at ‡3.8% of the total sample
whereas type B1 was detected less effectively at a

proportion of ‡6.3%. Therefore, we conclude that types
occurring in proportions below 5 to 10 % of the total
symbiont population will not be detected by this pro-
tocol.

Discussion

Most coral colonies investigated in this study experi-
enced little variation in their dominant symbiont ITS2
type over the course of this 6-year study. Hence, stable
associations between hosts and particular symbionts
seem to be common (see also Goulet and Coffroth 2003).
This stable pattern persisted in most colonies following
the 1997–1998 bleaching event, which negatively im-
pacted these colonies, and through the acute seasonal
fluctuations experienced in the Bahamas and Florida
Keys. Coral colonies with such consistent symbioses
appear unlikely to respond to environmental shifts by
changing to alternate lineages of Symbiodinium spp. This
result contrasts with the pattern reported by Baker et al.
(2004), where some species of corals putatively shifted to
thermal-tolerant clade D symbiont types following epi-
sodes of severe bleaching. While certain Montastrea spp.
colonies in this study experienced change to type D1a
following bleaching, most colonies did not. The dis-
crepancy between the data presented by Baker et al.

Fig. 4 Montastrea faveolata ITS 2 Symbiodinium types detected in
colonies from the Bahamas and Florida Keys from August 1998 to
August 2004. Colonies (n=6) are listed by region, reef type, and
depth as rows of pie charts. Occasionally, fewer than six replicates

were available. These instances are demarcated by ‘n= the number
of replicates’ below a relevant chart. Appearance of a new
symbiont type in each set of colonies is designated with its alpha-
numeric name
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(2004) and this study may be explained by the different
methodologies employed. Because Baker et al. (2004)
did not repetitively sample tagged colonies, the shift to
symbiosis with clade D types may be a result of differ-
ential mortality of coral hosts harboring clade C versus
clade D types. Alternatively, the severity of the 1997–
1998 bleaching event may have been insufficient to in-
duce a change in symbiosis for the majority of the col-
onies in this study.

The stable symbioses observed in A. palmata, A.
cervicornis, S. siderea, and many Montastrea spp. colo-
nies might be explained by one or a combination of
several possibilities: (1) competitive exclusion; in which
differential growth rates between types would lead to the

ultimate displacement of slower growing species or
strains (e.g. Fitt 1985); (2) molecular compatibility and/
or recognition in new symbiont recruitment (host-spec-
ificity/selection) (e.g. Gates et al. 1995; Reynolds et al.
2000; Rodriguez-Lanetty et al. 2004) may restrict the
variation of host-symbiont combinations; the five types
of Symbiodinium associated with Montastraea spp. rep-
resent a small sub-set of the total diversity of Symbi-
odinium in these ecosystems (see also LaJeunesse 2002);
(3) preferential expulsion or demise of symbionts that
are directly perturbed physiologically under environ-
mental stress; (4) differential survival of symbionts in
response to altered metabolism of host cells; (5) chemical
inhibition: established symbiont types may exclude

Fig. 5 Montastrea annularis and M. franksi ITS 2 Symbiodinium
types detected in colonies from coral reefs of the Bahamas and
Florida Keys from August 1998 to August 2004. Colonies (n=6)
listed by region, reef type and depth as rows of pie charts.
Occasionally, fewer than six replicates were available. These

instances are demarcated by ‘n=the number of replicates’ below
a relevant chart. Appearance of a new symbiont type in each set of
colonies is designated with its alpha-numeric name. a M. annularis,
b M. franksi
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competitors through the release of chemical inhibitors;
(6) incumbent advantage: difficulties faced by the sym-
biont during the initial stages of infection may prevent

successful colonization of host tissues that are already
populated. For example, initial symbiont populations in
laboratory-controlled infections declined drastically be-
fore subsequent growth (Schoenberg and Trench 1980;
Colley and Trench 1983). This infection ‘‘hurdle’’ may
make the successful introduction of new types rare, or
impossible. Our inability to distinguish the relative
importance of these possibilities, or unrealized alterna-
tives, in governing specificity highlights our general lack
of knowledge about this system.

All three Montastrea spp. in Florida experienced
changes in their symbiont composition. Most notable
was the disappearance of symbiont D1a during our
survey. This phenomenon appears to be a reversion to
pre-1997–1998 symbioses, a re-sorting process that took
place over a number of years before stabilizing with
symbionts most commonly encountered at these and
other locations around the Caribbean. Most signifi-
cantly, the slow change from dynamic multi-cladal
symbiont assemblages to a single dominant symbiont
type occurred in the absence of any stressor (see also
Ware et al. 1996). The slow change is consistent with
previous studies. Toller et al. (2001b) found no signifi-
cant return to the original symbiont after nine months in
experimentally stressed corals, where D-type Symbiodi-
nium had become established. The change observed in
Montastrea spp. symbioses is consistent with succession
following disturbance, a phenomenon well documented
in the ecological literature (Connell and Slatyer 1977).

Fig. 6 PCR-DGGE profile of the Symbiodinium ITS 2 region from
colony 3 of M. annularis from Little Grecian fore-reef (depth 3 m)
in the Florida Keys. Gel profile tracks this colony’s symbiosis from
August 1998 to August 2004. Profiles presented as a reverse image.
Diagnostic bands labeled for type D1a and type B10. Faint
repeatable bands above the prominent B10 band are likely a
combination of rarer intragenomic variants and heteroduplexes.

Faint band below the B10 band represents vestiges of unconverted
ancestral B1 sequence repeats. The ‘‘D1a’’ fingerprint contains two
codominant sequence variants D1 and D1a. The D1a band
distinguishes this symbiont from another clade D symbiont that
contains only the D1 sequence (thus has only one prominent band
in its fingerprint profile)

Fig. 7 Symbiodinium spp. PCR-DGGE [polymerase chain reaction-
denaturing gradient gel electrophoresis (DGGE)] profile of ITS 2
(internal transcribed spacer) region from various ratios of repre-
sentatives from two cultured clades, Symbiodinium spp. B1 and C2
(LaJeunesse 2001). Gel profile presented as a reverse image. An ITS
type was detectable if it represented at least�7% of the total sample
(6.3% for B1; 3.8% for C2). Ratios were determined by cell counts
(n=10) of homogenized cultures. Standards (MKR) in lane 8 are
pooled PCR amplifications from cultured B1 and C3 types
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It is important to recognize that the three species of
Montastrea in this study are known to harbor multiple
types of Symbiodinium within a single colony (Rowan
et al 1997; Toller et al. 2001a). The flexible symbiotic
associations in these species appears to represent one
end of a continuum between changeable, multi-partner
associations and stable, highly specific associations
(Baker 2003).

Displacement of one type of symbiont by another in a
host has been shown experimentally to involve over-
growth by the competitive dominant (Fitt 1985) and/or
disappearance of the less resilient type in stressful con-
ditions (Toller et al. 2001b). Berkelmans and van Oppen
(2004) found that a type of clade D displaced a clade C
in corals transplanted from a clear water habitat in the
southern Great Barrier Reef (GBR) to a more turbid
and warmer inshore reef in the central section of the
GBR, after these had bleached. Any stress leading to the
loss of the dominant Symbiodinium type may allow
certain clade D Symbiodinium to flourish (Baker 2001;
Toller 2001a; present study). While more information on
the ecology and physiology of clade D types is required,
their occurrence in hosts recovering from bleaching and/
or in colonies from high temperature or high turbidity
habitats (Toller et al. 2001a, 2001b; van Oppen et al.
2001; Chen et al. 2003; Baker 2004) suggests that some
are opportunistic, stress-tolerant, host-generalists. Pop-
ulations of Symbiodinium clade D may persist at low
concentrations within host tissues (Ulstrup and van
Oppen 2003) and/or possibly in the external environ-
ment (e.g. in gastro-vascular cavities, on the host sur-
face, water column, benthos, etc.).

The importance of the symbiotic association as a
primary energy source to corals is well established
(Odum and Odum 1955; Muscatine and Porter 1977;
Muscatine 1990). Change in Symbiodinium types fol-
lowing bleaching (in this case to type D1a) may impart
the temporary benefit of thermal tolerance (Rowan
2004) but may impair growth rates and reproduction of
hosts until pre-bleaching symbiont types are re-acquired
(Szmant and Gassman 1990; Little et al. 2004). Since
greater frequency and intensity of ENSO events are
predicted (Dunbar et al. 1994), a long symbiont reset
time might preclude complete recovery (Wellington
et al. 2001). Comparing the long-term viability of vari-
ous host and symbiont combinations under different
environmental conditions will be a crucial step towards
testing the ‘adaptive bleaching hypothesis’ (Fautin and
Buddemeier 1993) and understanding the chronic pro-
cesses leading to the demise of reef corals worldwide.

Major changes in symbiont dominance with time
were only observed in M. annularis and M. franksi at
certain reefs in the Florida Keys. Greater environmental
variability in this higher latitude reef system may explain
higher within-colony diversity and temporal instability
compared to the colonies from the Bahamas. Floridian
reefs are at the northern latitudinal boundary for many
Caribbean coral species (Porter and Tougas 2001), and
seasonal temperature extremes in the Florida Keys are

greater than those in the Bahamas (Fitt et al. 2000;
http://www.ndbc.noaa.gov/). Additionally, negative
terrestrial influences (freshwater runoff with high nutri-
ents, sediments, pesticides, pathogens, plus other
anthropogenic stressors) are chronic impacts to reefs in
the Florida Keys (LaPointe and Clarke 1992; Porter and
Porter 2002).

Symbiont associations in M. annularis in Florida
varied more in shallow than in deep-water habitats,
perhaps due to less environmental variation on deeper
reefs (see also LaJeunesse 2002). Visible light and UV
radiation are attenuated with depth and variance in
mean daily temperature is less extreme in the deep reefs
(e.g. Fitt et al. 2000). The apparent lower symbiont
diversity in deep environments (LaJeunesse 2002) may
further limit the occurrence of mixed symbiont popula-
tions. A similar hypothesis was invoked to explain the
prevalence of Symbiodinium Clade D in colonies of M.
annularis in near-shore Caribbean habitats compared to
colonies living on offshore reefs (Toller et al. 2001a, b).

The DGGE sensitivity limits of approximately 7% of
the total Symbiodinium spp. population still enables an
accurate characterization of the symbiont types that
provide the primary physiological contribution to the
holobiont. This method can also generally detect sym-
biont types that might have supplementary and/or
environmental acclimatization functions. However, it is
likely that additional symbiont ITS types co-exist in
many colonies below this �7% sensitivity threshold and
go undetected. There also may be a slight bias in the
DGGE methodology for the detection of certain Sym-
biodinium clades, which could be a result of differences in
ribosomal gene repeat number and/or disproportionate
primer annealing during PCR amplification. Despite an
observed slight bias for C types over B types in recon-
struction experiments, all classes of Symbiodinium are
detected when their DNA forms at least 5–10 % of the
sample. Nonetheless, when change occurs in a colony’s
dominant symbiont type it currently is impossible to
determine whether the new symbiont originates from
‘shifting’ to an exogenous type acquired from the outside
environment or preferential proliferation of a pre-exist-
ing endogenous type.

Recent episodes of mass bleaching and mortality
have led to dire predictions about the future persistence
of reefs (Hoegh-Guldburg 1999; Hughes et al. 2003).
While reef corals may acclimate to increases in global
temperature by experiencing changes in their dominant
symbiont type, the results of this study suggest that such
phenomena are not a widespread response to coral
bleaching. Although increasingly severe future bleaching
events may result in changes to more thermally adapted
symbionts, we predict that thermal resistance is as likely
to be acquired via acclimatization or adaptation on the
part of either the coral host or the dinoflagellate sym-
biont in stable symbiotic associations.
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