
NOTE

Stability of coral–endosymbiont associations during and after
a thermal stress event in the southern Great Barrier Reef

M. Stat Æ W. K. W. Loh Æ T. C. LaJeunesse Æ
O. Hoegh-Guldberg Æ D. A. Carter

Received: 8 January 2009 / Accepted: 3 May 2009

� Springer-Verlag 2009

Abstract Shifts in the community of symbiotic dinoflag-

ellates to those that are better suited to the prevailing

environmental condition may provide reef-building corals

with a rapid mechanism by which to adapt to changes in the

environment. In this study, the dominant Symbiodinium in 10

coral species in the southern Great Barrier Reef was moni-

tored over a 1-year period in 2002 that coincided with a

thermal stress event. Molecular genetic profiling of Symbi-

odinium communities using single strand conformational

polymorphism of the large subunit rDNA and denaturing

gradient gel electrophoresis of the internal transcribed spacer

2 region did not detect any changes in the communities

during and after this thermal-stress event. Coral colonies of

seven species bleached but recovered with their original

symbionts. This study suggests that the shuffling or switch-

ing of symbionts in response to thermal stress may be

restricted to certain coral species and is probably not a

universal feature of the coral–symbiont relationship.

Keywords Coral � Dinoflagellate � ITS2 � rDNA �
Symbiodinium � Symbiosis

Introduction

Flexibility in the symbiotic interactions of corals and

dinoflagellates from the genus Symbiodinium may be

important for the survival of corals subjected to environ-

mental change. Shifts in the symbiont composition in a

coral colony in favor of dinoflagellates that are physio-

logically suited to the prevailing environmental condition

could result in increased holobiont fitness that would help

sustain coral reefs through climate change. Indeed, differ-

ent Symbiodinium ‘‘types’’ have been linked to differences

in symbiont photophysiology (Rowan 2004; Goulet et al.

2005; Loram et al. 2007; Sampayo et al. 2008), thermal

resistance and coral bleaching (Tchernov et al. 2004; Jones

et al. 2008; Sampayo et al. 2008), and host disease sus-

ceptibility (Stat et al. 2008a).

Coral bleaching may represent an opportunity for sym-

biont communities to change (Buddemeier and Fautin

1993; Baker 2001), provided the severity of the bleaching

does not lead to mortality. Of the eight divergent lineages

within Symbiodinium (clades A-H; reviewed in Coffroth

and Santos 2005; Stat et al. 2006), community changes

favoring clade D Symbiodinium have received the most

attention. The relative resistance of the photophysiology of

clade D to thermal stress (Rowan 2004; but see Abrego

et al. 2008) has been used to explain how corals that harbor

this symbiont can survive elevated temperatures. Also, the

increased thermal tolerance of corals on post-bleaching

reefs has been correlated with an increase in clade D

abundance (Baker et al. 2004; van Oppen et al. 2005;

Berkelmans and van Oppen 2006), and in Acropora
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palifera from Taiwan, an increase in the abundance of

clade D versus clade C during the warmer seasons dem-

onstrates the capacity for a cyclic pattern in symbiont

community structure (Chen et al. 2005).

Recent evidence indicates that changes in symbiont

abundance within coral colonies are due to the ‘‘shuffling’’

of existing symbionts (Berkelmans and van Oppen 2006;

Jones et al. 2008), rather than the acquisition of novel

symbionts from the environment. Long-term stability in

host–symbiont associations has also been demonstrated in a

number of studies further supporting an intimate relation-

ship between hosts and their symbionts (Goulet and Cof-

froth 2003; Rodriguez-Lanetty et al. 2003; LaJeunesse

et al. 2005; Thornhill et al. 2006a, b; Sampayo et al. 2008).

Although symbiont composition may change in some coral

colonies in response to abrupt environmental change

caused by experimental manipulation (Rowan et al. 1997;

Baker 2001; Berkelmans and van Oppen 2006), the extent

to which these changes occur naturally among a wide

variety of corals, and the long-term stability of these

altered states, is unknown.

During the summer of 2002, coral bleaching spread

across at least 60% of the coral reefs within the 2,000-km

long Great Barrier Reef (GBR; Berkelmans et al. 2004).

Heron Island and other reefs in the Capricorn Bunker

Group suffered less bleaching than reefs further north on

the GBR; however, the January and February Sea Surface

Temperature (SST) values were above their maximum

monthly mean, resulting in minor bleaching of some coral

species (NOAA’s Coral Reef Watch Program a; Berkel-

mans et al. 2004). At this time, a multi-year monitoring

project examining the stability in coral–symbiont associa-

tions in 10 coral species from the southern GBR was in

progress. The timing of the 2002 bleaching event and the

presence of this long-term study enabled an examination of

how the symbioses of 139 tagged colonies (from 10 coral

species) responded to this thermal stress.

Materials and methods

Colonies of 10 coral species (Acropora millepora (13),

Acropora palifera (15), Favites abdita (16), Goniastrea

favulus (14), Lobophyllia corymbosa (13), Montipora dig-

itata (6), Pocillopora damicornis (16), Porites cylindrica

(16), Seriatopora hystrix (14), Stylophora pistillata (16);

Fig. 1) were sampled from various reef environments

(shallow: intertidal reef flat, 0–4-m depth; deep:12–15 m

depth) at One Tree Island (23� 270 890 S 152� 030 230 E)

and Heron Island (23� 260 440 S 151� 540 600 E) located in

the Capricorn Bunker group of the southern GBR, in

August 2001. Colonies representing horizontal and vertical

symbiont acquisition strategies were included in the study

(Babcock and Heyward 1986; Babcock et al. 1986; Harri-

son and Wallace 1990; Stat et al. 2008b). The Symbiodi-

nium large subunit (LSU) rDNA and internal transcribed

spacer 2 (ITS2) types associated with each colony during

August 2001 have previously been described (Stat et al.

2008b). All the colonies were tagged in 2001, and addi-

tional samples were collected using a hammer and chisel

on SCUBA or by snorkeling from the same colonies during

January–February 2002 and July 2002. The tissue was

removed from the coral skeleton with directed jets of high

pressure air supplied using SCUBA tanks, and mixed with

an equal amount of saturated salt-DMSO preservation

buffer (Seutin et al. 1991), then stored for extraction of

DNA. Coral bleaching occurred in the GBR in 2002, and

SST values at Heron Island were above 27.5�C during

January and February (NOAA’s Coral Reef Watch Pro-

gram b). The temperature values at this time exceeded the

maximum monthly mean SST for this location, and were

also above the bleaching threshold in February (NOAA’s

Coral Reef Watch Program b). Colonies sampled in the

study during this time were visually assessed for bleaching

by two independent observers and scored as either healthy

or bleached based on colony coloration.

The methodology used for DNA extraction, PCR, Single

Strand Conformational Polymorphism (SSCP), and Dena-

turing Gradient Gel Electrophoreses (DGGE) analyses fol-

lows the protocol of Stat et al. (2008b). In brief, DNA was

extracted from preserved coral/algal tissue by incubation

with 1% SDS at 65�C for 1 h followed by overnight

incubation at 50�C with the addition of Proteinase K

(0.5 mg ml-1). Cellular debris were removed with phenol-

chloroform-isoamyl alcohol (25:24:1), followed by heating

at 65�C for 15 min with 1% CTAB. The mixture was

chilled on ice for 30 min with chloroform-isoamyl alcohol

(24:1), centrifuged, and the DNA precipitated with an equal

volume of isopropanol and 1/10 volume 3 M sodium ace-

tate (pH 5.2). The DNA was washed in 70% ethanol, dried,

and resuspended in TE Buffer (10 mM Tris-Borate, 1 lM

EDTA, pH 8.0). The LSU rDNA gene (&630 bp fragment)

was amplified from Symbiodinium using dinoflagellate

specific primers (Zardoya et al. 1995; forward 50 CCC GCT

GAA TTT AAG CAT ATA AGT AAG CGG 30 and reverse

50 GTT AGA CTC CTT GGT CCG TGT TTC AAG A 30).
LSU PCR reactions contained 10 ll 109 PCR buffer (1 M

Tris-HCl, 0.5 M KCl, 2.5 mM MgCl2, pH 8.3), 1 ll of

5 lM each dNTP, 40 lg bovine serum albumin, 20 pmol of

each primer, and 0.5 ll of Taq DNA polymerase (5 unit/ll)

in a 100-ll reaction. PCR reactions were performed under

the following conditions: 94�C for 5 min, followed by

30 cycles of 94�C for 1 min, 65�C for 40 s, and 72�C for

40 s, and a final extension at 72�C for 7 min.

For the SSCP analysis, 20 ll of PCR product was mixed

with an equal volume of stop solution (95% formamide,
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10 mM NaOH, 0.25% bromophenol blue, and 0.25%

xylene cyanol), heated at 95�C for 8 min and immediately

chilled on ice for 10 min. A 0.59 MDE vertical gel pre-

pared according to the manufacturers instructions (Bio-

Whittaker Molecular Applications, Rockland, ME, USA)

was loaded with the samples and electrophoresed at 140 V

for 14 h with 0.6% TBE running buffer (45 mM Tris-

Borate, 1 mM EDTA, pH 8.0). The gel was stained with

SYBR gold (Molecular Probes, Eugene, OR, USA) for

20 min and viewed under UV transillumination. The image

was captured on Polaroid 667 film.

A subset of isolates were re-analyzed using DGGE of

the ITS2 region, including P. cylindrica (14), M. digitata

(6), S. hystrix (6), A. millepora (13), and A. palifera (13).

The ITS2 region of resident Symbiodinium was amplified

(&320 bp fragment) using touchdown PCR (LaJeunesse

and Trench 2000) starting with 62�C annealing temperature

and decreasing by 0.5�C per cycle and ending at 52�C, and

then maintained at 52�C for 20 cycles. PCR primers were

ITS2 clamp (50 CGC CCG CCG CGC CCC GCG CCC

GTC CCG CCG CCC CCG CCC GGG ATC CAT ATG

CTT AAG TTC AGC GGG T 30) and ITSintfor2 (50 GAA

TTG CAG AAC TCC GTG 30). For DGGE, 10 ll of ITS2

PCR product was run on an 8% polyacrylamide denaturing

gradient gel (45–80% urea-formamide gradient; 100%

consists of 7 mol L-1 urea and 40% deionized formamide)

and separated by electrophoresis for 9.5 h at 150 V at 60�C

(C�B.S. Scientific, California USA; LaJeunesse 2002). Gels
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Fig. 1 Coral species sampled in the Great Barrier Reef during 2001–

2002 for Symbiodinium genotyping. Segments in pie charts represent

single coral colonies. Letters I (intertidal), S (shallow), and D (deep)

adjacent to pie segments refer to the reef environment where colony

was sampled. The key correlates pie chart colors with Symbiodinium
LSU types, and corresponding ITS2 types in brackets. Bleached

colonies contained the same Symbiodinium both before and after the

stress event
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were stained with SYBR green (Molecular Probes, Eugene,

OR, USA) for 25 min and photographed using Polaroid

667 film. Unique DGGE and SSCP profiles were confirmed

by sequencing as described in Stat et al. (2008b).

Results and discussion

The dominant strain of Symbiodinium did not change in

any of the 139 colonies over the 1-year study, even though

this period coincided with the 2002 thermal-stress event

and included 22 colonies that bleached and recovered

(Fig. 1). Corals that bleached included P. damicornis (2),

S. hystrix (4), S. pistillata (4), F. abdita (2), G. favulus (3),

A. millepora (5), and A. palifera (2). During bleaching,

corals harbored the same Symbiodinium before and after

the thermal stress event. These results indicate a high

degree of stability in Symbiodinium communities within

reef-building corals and are consistent with other studies

showing a lack of significant change in symbiont popula-

tions within anthozoans over time (e.g., Goulet and Cof-

froth 2003; Rodriguez-Lanetty et al. 2003; LaJeunesse

et al. 2005; Thornhill et al. 2006a, b; Goulet et al. 2008;

Sampayo et al. 2008). Symbiodinium communities were

stable in corals that acquire their symbionts from the ocean

environment each generation (horizontal symbiont acqui-

sition), as well as corals that receive their symbionts from

the parent colony (vertical symbiont acquisition). This

supports the conclusions of other studies that have inves-

tigated the stable associations of brooding corals with

vertical symbiont acquisition (Thornhill et al. 2006a;

Sampayo et al. 2008). Thornhill et al. (2006b), in a long-

term study of broadcast spawning corals (with horizontal

symbiont acquisition) in the Caribbean, found that the

dominant symbiont changed in some colonies of Mon-

tastraea spp. after a bleaching episode. These altered

assemblages, however, appeared to be temporary associa-

tions and all eventually reverted to their original symbiont.

The consistency in symbiont identity across numerous

colonies comprising 10 species of coral observed in this

study further demonstrates largely stable symbioses

through periods of thermal stress, regardless of the sym-

biont acquisition strategy.

Clade D Symbiodinium, proposed to be more thermally

tolerant than other Symbiodinium clades, is present in the

southern GBR (LaJeunesse et al. 2003; Stat et al. 2008b)

and was found in a single colony of G. favulus and two

colonies of A. palifera (Fig. 1). Clade D was not detected

in any other colonies following the thermal stress or in any

of the colonies that had bleached. Furthermore, clade C

remained the dominant symbiont along with clade D in the

colony of A. palifera that harbored it prior to the thermal-

stress event. Symbiont shuffling leading to an increase in

clade D Symbiodinium over the clade C symbiont C2

(ITS1, sensu C3 ITS2 LaJeunesse 2002) has been observed

in A. millepora following coral bleaching in the central

GBR (Berkelmans and van Oppen 2006). The abundance

of clade D on reefs that are exposed to relatively high SSTs

and on reefs that have been affected by coral bleaching is

also used to explain the thermal resistance of resident

corals (Baker et al. 2004). The results here following

symbiont communities in 10 coral species do not support a

widespread increase in clade D abundance following

thermal stress, suggesting that symbiont shuffling/switch-

ing to corals dominated by clade D is restricted by bioge-

ography, host species, or severity of the thermal-stress

event.

Montastraea in the Caribbean (Toller et al. 2001a;

Thornhill et al. 2006b) and Acropora in the Great Barrier

Reef (Berkelmans and van Oppen 2006; Jones et al. 2008)

are known to harbor both clades C and D, and symbiont

shuffling might be detected as changes in their relative

abundance (Toller et al. 2001b; van Oppen et al. 2001).

Corals that normally associate with a single clade of

Symbiodinum may therefore exhibit greater stability (Go-

ulet 2006, Thornhill et al. 2006a). In this study, however, at

least two species (A. palifera and G. favulus) of coral can

associate with clade D at this location, yet clade D was not

detected in the majority of colonies that were monitored.

Contrary to the notion that clade D Symbiodinium has

thermal tolerance relative to other clades is the growing

evidence for thermal tolerance in clade C (Tchernov et al.

2004; Jones et al. 2008; Sampayo et al. 2008). For exam-

ple, Abrego et al. (2008) found higher thermal and light

tolerance in juveniles of Acropora tenuis harboring clade C

over clade D, and corals from the genus Porites are among

the most tolerant corals worldwide, and yet they associate

with clade C (e.g., C15, LaJeunesse et al. 2003; Stat et al.

2008b). Therefore, the acquisition or increase in abundance

of clade D in corals may not be required for resilience to

thermal stress, and may partly explain the stable symbioses

in the species investigated here.

Given the number of coral species shown here to have

stable symbioses with their symbiotic dinoflagellates, the

evolutionary diversity of corals and Symbiodinium

(Romano and Palumbi 1996; Stat et al. 2006), and host-

specific symbiont lineages supporting some level of co-

evolution (LaJeunesse 2005), host–symbiont recombina-

tion over ecological timescales generating novel symbioses

is likely a rare event in nature.
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