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Symbiodinium, host fluorescence and ex situ tem
Corals in the Arabian/Persian Gulf endure summer temperatures of up to 36 �C, making them ideal sub-
jects to study the mechanisms underlying thermal tolerance. Unexpectedly, we found the ‘‘generalist’’
Symbiodinium clade C3 to be the prevalent symbiont among seven coral species from Abu Dhabi (UAE)
waters. Moreover, C3 represented the only dominant symbiont type in Porites spp. from this region.
The ‘‘thermotolerant’’ symbionts D1a and C15 were not encountered, indicating that the association with
these symbionts cannot be the sole reason for the heat tolerance of Gulf corals. The association of Porites
lobata with specific symbiont types (C3 vs. C15) in samples from habitats with very different temperature
regimes (Abu Dhabi vs. Fiji) remained unaffected by laboratory culture. During temperature stress exper-
iments specimens from both locations strongly downregulated green fluorescent protein (GFP)-like pig-
ments. However, the Abu Dhabi samples were less prone to bleaching and showed lower mortality.

Crown Copyright � 2012 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Hermatypic corals are primarily responsible for the formation of
modern reefs that succeed in oligotrophic waters due to the light-
dependent symbiosis with unicellular dinoflagellate algae (zooxan-
thellae) belonging to the genus Symbiodinium (Muscatine, 1990).
Several environmental factors such as changes in light levels and
seawater temperature can trigger the loss of zooxanthellae from
the host (Baker et al., 2008; Brown, 1997; Douglas, 2003). When
the visual appearance of the coral becomes dominated by the
white colour of the skeleton showing through the tissue, the phe-
nomenon is known as ‘‘bleaching’’. Bleaching due to thermal stress
is considered to be induced by the algal production of reactive oxy-
gen species (ROS), particularly H2O2 (Lesser, 2006; Smith et al.,
2005; Suggett et al., 2008; Tchernov et al., 2011). Although the ani-
mal host might survive and recover, mass mortality is frequently
observed among bleached corals (Baker et al., 2008; Glynn, 1996;
Wilkinson, 1998). Over the past decades, mass bleaching events
associated with elevated seawater temperatures have become
more frequent and have contributed to the rapid degradation of
coral reefs (Baker et al., 2008; Burt et al., 2011; Hughes et al.,
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2003). Currently, an estimated 30% of reefs are severely damaged
and >50% may be lost within the next two decades according to cli-
mate predictions (Hughes et al., 2003; Sheppard, 2003).

In general, temperatures as little as 1 �C above the average an-
nual maximum can trigger bleaching, but the actual bleaching
threshold depends also on the duration of temperature stress and
the stress history of the corals (Baker et al., 2008; Glynn, 1996).
Furthermore, the threshold for heat-induced bleaching can be low-
ered by unfavourable concentrations of inorganic nutrients in the
water column (Wiedenmann et al., 2012). Particularly, elevated
levels of dissolved inorganic nitrogen can increase bleaching sus-
ceptibility (Wagner et al., 2010; Wiedenmann et al., 2012; Woold-
ridge, 2009) and this may be exacerbated by higher densities of
symbionts in nutrient-enriched corals (Cunning and Baker, 2012).

Symbiotic corals can acclimatise or adapt to temperature stress
(Coles and Brown, 2003). While many coral reefs experience max-
imal temperatures of �29 �C and annual temperature fluctuations
of �4 �C some coral communities within the Gulf of Oman and the
Arabian/Persian Gulf (hereafter called ‘‘the Gulf’’) can cope with
exceptionally high seasonal temperature maxima (32–36 �C) as
well as daily (up to 9 �C) and annual (� 20 �C) fluctuations (Coles,
1997, 2003; Kinsman, 1964; Riegl et al., 2011) (Fig. 1 and Table 1).
The existence of these coral communities makes it evident that at
least some hermatypic corals can survive under conditions that are
predicted elsewhere as a result of global warming within the next
rights reserved.
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Fig. 1. Sea Surface Temperature (SST) profiles characteristic for the coral communities in the Gulf (data from Abul Thama, Bahrain) and Fiji (data from Bega, Fiji). The graphs
show the SST values from the beginning of December 2000 to mid-October 2011. The typical fluctuation range of the Fiji location is marked by horizontal lines. Source data
retrieved from NOAA Coral Reef Watch (http://coralreefwatch.noaa.gov/satellite/index.html) for 50-km Satellite Virtual Stations.

Table 1
Temperature regimes of coral habitats in the Gulf and selected regions elsewhere.

Region Sitea Max Tb Min Tb Annual DTb

Persian Gulf Abu Dhabi, UAEc 36.0 16.0 20.0
Abul Thama, Bahrain 32.0 19.2 12.8

Gulf of Oman Muskat, Oman 30.2 23.0 7.2

Western Indian Ocean Mahe, Seychelles 29.4 25.4 4.0
Chagos Archipelago 29.2 26.8 2.4
Mombasa, Kenya 29.2 25.0 4.2
Blue Bay, Mauritius 27.7 23.0 4.7
Lakshadweep, India 29.6 27.3 2.3
Ningaloo, Australia 28.2 23.4 4.8

Indo-Pacific East coast, Taiwan 29.0 23.9 5.1
Apo Reef, Philippines 29.7 27.0 2.7
Wakatobi, Indonesia 29.6 27.0 2.6

Pacific Ocean Beqa, Fiji 28.0 24.6 3.4
Heron Island, Australia 27.3 21.5 5.8
Davies Reef, Australia 24.0 28.5 4.5
Oahu, Hawaii, USA 27.0 24.2 2.8

Atlantic Ocean US Virgin Islands, USA 28.5 25.8 2.7
Abrolhos Reefs, Brazil 28.0 24.6 3.4
Bermuda 27.0 19.6 7.4
Palm Beach, USA 29.0 24.2 4.8

a NOAA Coral Reef Watch 50-km Satellite Virtual Station http://coralreefwatch.noaa.gov/satellite/vs/index.html.
b Max T: Maximum mean Temperature, Min T: Minimum mean Temperature, Annual DT: Annual Temperature Oscillation. All values given in degrees �C.
c Data from Coles (2003).
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centuries. Gulf corals have been subjected to a hotter climate than
other corals for only �6 ka years (Purkis et al., 2010), over which
period the observed heat resistance presumably developed. The
understanding of the mechanisms underlying this acclimatisa-
tion/adaptation potential is of crucial importance to accurately
forecast the global fate of coral reefs.

The heat stress tolerance of corals could potentially be sup-
ported at different levels, for instance by the protection of cellular
components through an enhanced antioxidant defense (Lesser,
1996) or elevated level of heat shock proteins (Choresh et al.,
2004) or by higher levels of photoprotective substances such as
mycosporine-like amino acids (Dunlap and Shick, 1998) or green
fluorescent protein (GFP)-like pigments (Dove et al., 2001; Salih
et al., 2000). Yet another strategy might be to host symbiont com-
munities dominated by thermotolerant symbionts, either by the
uptake of new symbionts after a bleaching event or by changing
the relative abundance of symbiont types already present in the
host (symbiont shuffling) (Baker, 2001; Baker et al., 2004; Berkel-
mans and van Oppen, 2006; Buddemeier and Fautin, 1993; Jones
et al., 2008; Rowan et al., 1997). However, it is not yet established
whether the observed acclimatisation will allow the corals to sur-
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vive in the long run since only 23% of coral species may be able to
change their symbionts (Goulet, 2006, 2007). A study conducted in
2000–2001 found that �60% of the sampled coral colonies from the
Gulf were associated with Symbiodinium Clade D, a zooxanthellae
strain considered to be thermotolerant (Baker et al., 2004). Clade
D symbionts were also detected in corals off the Iranian coast
(Ghavam Mostafavi et al., 2007; Shahhosseiny et al., 2011). Hence,
the resilience of corals from the Gulf was considered to be at least
partially due to the association with this particular Symbiodinium
clade.

Here, we have examined the dominant symbiont clades in se-
ven corals species (Cyphastrea microphthalma, Favia pallida, Platy-
gyra daedalea, Porites harrisoni, Porites lobata, Porites lutea and
Acropora clathrata) growing off the Abu Dhabi coast (UAE) to ex-
tend the data set on zooxanthellae associated with heat tolerant
corals. We report that the ‘‘generalist’’ C3 is the prevalent Symbi-
odinium in these corals, rather than members of clade D, indicating
that the association with these symbionts cannot be the sole rea-
son for the heat tolerance of Gulf corals. Hence, the more complex
mechanisms underlying the thermal tolerance of Gulf corals call
for further experimental studies.
an Gulf as models for thermotolerant reef-builders: Prevalence of clade C3
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Molecular and physiological analyses under tightly controlled
laboratory conditions hold great promise to improve the knowl-
edge about the mechanisms underlying the heat tolerance of reef
corals (D’Angelo and Wiedenmann, 2012). While other fields of
(molecular) biology rely heavily on the thorough analysis of a
few model organisms, at the moment there are not many coral
models for laboratory studies (Weis et al., 2008). However, recent
progress in coral culture enables the propagation of these organ-
isms in excellent physiological conditions over many years or even
decades (D’Angelo and Wiedenmann, 2012; Leewis and Janse,
2008) and experiments with laboratory strains have already
yielded important insights into physiological processes in reef cor-
als (Allemand et al., 2004; D’Angelo et al., 2012, 2008; Wieden-
mann et al., 2012).

Corals from the Gulf region, for instance P. lobata, are of great
importance as reef builders because they have a wide global distri-
bution (Veron, 2000). They offer the opportunity for comparative
studies and thus represent excellent models to study the capacity
of corals to adapt to increasing water temperatures. Here, we char-
acterised P. lobata from Abu Dhabi (UAE) reefs adapted to maximal
monthly mean temperatures of �34 �C as laboratory model for
heat stress tolerance. For comparison, we analysed conspecifics
from Fijian reefs (Pacific Ocean) where maximal monthly mean
temperatures usually do not exceed 28 �C (Coles, 2003) (Fig. 1).
We succeeded in establishing laboratory cultures of P. lobata from
these two regions and have propagated them by fragmentation
over 2 years in the coral mesocosm at the Coral Reef Laboratory
at the University of Southampton, UK (D’Angelo and Wiedenmann,
2012). Furthermore, we examined the effects of long-term aquar-
ium culture on the community structure and stability of algal sym-
bionts in these corals.

Tissue levels of GFP-like proteins respond to a variety of stimuli
such as altered light levels, mechanical damage or the presence of
epibionts; which makes these pigments easily accessible biomark-
ers of environmental stress (D’Angelo et al., 2012, 2008). Hence, we
have tested how GFP-like host pigments respond to elevated tem-
peratures and evaluated their suitability as intrinsic heat stress
markers in P. lobata. We present a thorough spectrometric charac-
terisation of the GFP-like complement in P. lobata that establishes
their downregulation in response to temperature stress. The well-
characterised laboratory models presented in this paper will facil-
itate future studies of the mechanisms underlying thermal toler-
ance of hermatypic corals.
2. Materials and methods

2.1. Coral material, collection and culture

Field identification relied on local experts. Fragments of UAE
and Fiji samples that were identified as P. lobata during field collec-
tion were bleached in sodium hypochlorite solution and inspected
under a microscope (MZ10, Leica). Analysis of the corallite
structure (Veron, 2000) confirmed the field identification of these
samples. The samples were distinguishable from P. lutea by the
lack of a protruding ring of five tall pali, and from P. solida by the
lack of a flattened columella. However, the identifications need
to be considered within the limits set by the taxonomic value of
skeletal features among Porites spp. (Forsman et al., 2009).

Samples for Symbiodinium analyses were removed from colo-
nies of C. microphthalma, P. daedalea, F. pallida, P. lobata, P. harrisoni
and A. clathrata located in 4–6 m depth on Saadiyat reef and Dha-
biya reefs, 15 km northeast and 30 km southwest of Abu Dhabi
city, respectively, on 6 October 2010. Material was collected from
colonies that were situated at least 10 m apart from each other,
frozen and stored at �80 �C. Subsamples were shipped in RNA
Please cite this article in press as: Hume, B., et al. Corals from the Persian/Arabi
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later™ to the University of Southampton for further analyses. Addi-
tional samples of P. lobata, P. harrisoni and P. lutea were collected
on 17 September 2012 on Saadiyat reef and fixed in EtOH (p.a.)
immediately after collection.

Specimens of P. lobata were collected live from 4 m depth on
Saadiyat reef in Abu Dhabi, United Arab Emirates (24�35056.400N,
54�25017.400E) in May 2010. Fragments (�10 � 10 cm) of individual
colonies were removed with a hammer and chisel parental colo-
nies were approximately 60 cm in diameter, typical for colonies
of this species in the southern Gulf.

The colonies were taken immediately to New York University –
Abu Dhabi and maintained for 15 days in individual aquaria at
32 �C and a salinity of 42 ppt on a 10:14 h light:dark regime under
metal halide lights. Afterwards, they were transported submerged
in �500 ml of seawater in individual vessels in an insulated
container to the University of Southampton in the UK, where they
arrived within 48 h. After arrival, the colonies were introduced to a
500 l unit of the experimental mesocosm of the Coral Reef
Laboratory, in which the salinity was adjusted to 42 ppt, the value
measured in the transport water. Over the first week, light levels
were kept low (50 lmol photons/m2/s) to reduce stress. After-
wards, the light intensity was increased to �150 lmol photons/
m2/s over a period of 2 weeks. Lamps were operated on a 10 h/
14 h light/dark cycle. The temperature in the tanks was kept at
27.5 �C.

P. lobata collected from Fiji reefs in the vicinity of Galao Village
were acquired through the ornamental trade (Tropical Marine Cen-
tre, London, UK) in November 2009. The corals were received
approximately 2 weeks after collection. Small fragments were
fixed in EtOH immediately after arrival for symbiont phylotyping.
The choice of conspecifics from these two disparate geographical
areas as material for comparative physiological experimentation
was driven by considering the markedly different annual tempera-
ture profiles that characterise these regions (Fig. 1). The Fijian cor-
als were kept in a separate compartment of the mesocosm at a
salinity of 33 and a constant temperature of 24.5 �C. A detailed
description of the aquarium system is provided in (D’Angelo and
Wiedenmann, 2012).

To examine the effects of aquarium culture on the stability of
the zooxanthellae symbiosis in P. lobata from both locations, frag-
ments were removed from the colonies 15 months after their
introduction in our mesocosm for Symbiodinium re-identification.

2.2. Identification of algal symbionts

The genetic identification of Symbiodinium at the subclade level
was performed by analysis of the ITS2 sequence region of genomic
DNA samples. DNA was prepared from coral tissue using a modifi-
cation of a described method (Sokolov, 2000). Coral tissue was
scraped off the skeleton with a scalpel, quickly frozen in liquid
nitrogen and crushed to a fine powder which was resuspended in
one volume of lysis buffer containing 50 mM Tris–HCl (pH 7.5),
100 mM NaCl, 10 mM EDTA (pH 8.0) and 1% SDS and an equal vol-
ume of Tris-buffered phenol. After phase separation by centrifuga-
tion (14,000 rpm, 4 �C, 5 min), the aqueous phase was removed and
extracted twice with phenol:chloroform:isoamyl-alcohol (25:24:1)
and once with chloroform:isoamyl-alcohol (24:1). A last purifica-
tion step was performed by adding 0.1 volumes of saturated KCl
and incubating on ice for 5 min. After centrifugation, the superna-
tant was transferred to a new tube and the DNA was precipitated
from the supernatant by the addition of one volume of isopropanol,
recovered either using a pipette tip or by centrifugation
(14,000 rpm, 4 �C, 20 min), washed once with 70% ethanol, air
dried and resuspended in milliQ water.

The DNA region spanning the 18S, ITS1, 5.8S, ITS2, 28S region
(Savage et al., 2002) of the Symbiodinium spp. ribosomal DNA was
an Gulf as models for thermotolerant reef-builders: Prevalence of clade C3
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amplified with the primers SYM_VAR_FWD (50CAG-
CTTCTGGACGTTGYGTTGG30) and SYM_VAR_REV
(50CGGGTTCWCTTGTYTGACTTCATGC30), designed specifically to
anneal in the 18S and 28S regions of the Symbiodinium spp. (clades
A–E) rDNA. The suitability of these primers was confirmed by the
successful amplification of the correct fragments from the Symbi-
odinium subclades A, C and D (data not shown).

Amplification was accomplished in the presence of 200 lM of
each dNTP, 0.5 lM of each primer, 50 ng of gDNA and 0.5 ll Advan-
tage 2 polymerase mix (Clontech) per 50 ll final reaction volume.
The PCR encompassed an initial denaturation step of 1 min at 98 �C
followed by 35 cycles of denaturation (95 �C/30 s), annealing
(62 �C/30 s), and elongation (68 �C/1 min). A final elongation step
of 2 min was performed at 68 �C. PCR products were purified using
the Jetquick gel extraction spin kit (Genomed), incubated with taq
polymerase for 20 min at 72 �C to incorporate A-overhangs, and
cloned using StrataClone (Stratagene). Plasmid DNA was prepared
from E. coli colonies using a QIAprep Spin Miniprep Kit (Qiagen).
Sequencing services were provided by Macrogen.

Identification of Symbiodinium types was achieved by compari-
son of the ITS2 sequence (220 bp) with reference sequences avail-
able in Genbank using the BLAST tool (www.ncbi.nlm.nih.gov/
blast).

2.3. Determination of growth rates

After 6 months of acclimation to the tank conditions, colonies of
Fijian and Arabian P. lobata were fragmented to obtain the experi-
mental replicate colonies and the fragments were attached to glass
tiles using cyanoacrylate glue. At four time points over the exper-
imental period of 11 weeks, the wet weight of the replicate colo-
nies was determined. Before each weighing, algal films were
removed from the surface of the glass tiles using a toothbrush
whilst keeping the colony submerged. Colonies were gently in-
verted to remove excess water and the base of each glass tile
was blotted dry for 10 s before weighting.

2.4. Photographic documentation and spectroscopic analyses

Fluorescent and white light photographs of coral tissue were ta-
ken using a Leica DFC420C camera connected to a Leica MZ10F
fluorescence microscope as described in (D’Angelo et al., 2012).
Excitation and emission spectra were recorded on the live animal
tissue of colonies submerged in a small temperature controlled
transport aquarium using a fibre optic probe connected to a Varian
Cary Eclipse fluorescence spectrophotometer as previously de-
scribed (D’Angelo et al., 2008; Leutenegger et al., 2007). The exci-
tation spectra of cyan and red light emitting pigments were
obtained with emission wavelengths set at 550 nm and 630 nm,
respectively.

2.5. Heat stress treatment

Experimental corals were separated in control and treatment
groups. Geographical origin was represented by 6 replicate colo-
nies which were derived from two distinct mother colonies. Each
group was maintained in a 40 l tank. The tanks received identical
light levels (photon flux of 150 lmol/m2/s) and the same water
movement was created with turbelle pumps (Tunze). Water
changes (�15%) were performed daily using water from the main
compartment of the mesocosm in which the Abu Dhabi corals were
cultured at a salinity of 42 ppt. For the Fiji coral tanks, the salinity
was adjusted to 33 ppt by dilution with demineralised water.

Prior to the experiment, the corals were acclimated to 27.5 �C
for 1 week. Subsequently, the temperature was gradually increased
to 31.5 �C (ramping 0.5 �C/day). The temperature was then kept
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constant at 31.5 �C for a period of 21 days. Afterwards, the corals
were incubated at lower temperatures (627.5 �C) to allow recov-
ery. Two tanks were used as controls for each geographical loca-
tion: the control tank for Fijian corals was maintained at 24.5 �C;
whereas the Arabian corals were kept at 27.5 �C.

The effect of heat stress on the coral holobiont was monitored
by recording the number of colonies that appeared completely
bleached under the microscope. Additionally, coral fluorescence
was documented microscopically and by measuring the fluores-
cence emission of the host tissue.
3. Results

3.1. Algal symbionts of Abu Dhabi corals

To help identify a model containing symbionts representative of
the Abu Dhabi region, we analysed the symbiont communities in
36 colonies representing six common Gulf coral species.

Sequencing of 146 ITS2 fragments revealed Symbiodininum C3
as the most common symbiont type in these Gulf coral species,
namely P. lobata, P. lutea, P. harrisoni, C. microphthalma, F. pallida,
P. daedalea and A. clathrata (Table 2). This symbiont was detected
either exclusively (in P. lobata and P. lutea) or in combination with
other clades, predominantly with A1. In C. microphthalma, both
colonies analysed harboured a mixture of C3 and A1. The same
combination was found also in one colony each of P. daedalea
and P. harrisoni, whereas all other colonies of these species were
dominated by C3 symbionts. C3 was also prevalent in different col-
onies of A. clathrata. Among the analysed corals species, the great-
est diversity in symbiont association was detected in Favia pallida,
where types C3, A1 and C15 were found in one single colony. The
other samples of this species yielded A1 or a mixture of C3 and A1.
The types C15, C21 and C36 were only represented by a single se-
quence each, indicating the background presence of these symbi-
ont strains in F. pallida, P. daedalea, and A. clathrata, respectively.
None of the samples contained any detectable clade D symbionts.

3.2. Culture of P. lobata from the Gulf in a closed aquarium system
under controlled conditions

We established a laboratory culture of P. lobata from Abu Dhabi
waters in the experimental mesocosm of the Coral Reef Laboratory
at the University of Southampton (D’Angelo and Wiedenmann,
2012). All colonies survived removal from the reefs, transport
and acclimation to aquarium conditions. After 6 months, the
mother colonies were fragmented and glued to colour coded tiles.
The growth of the replicate colonies was followed over a period of
11 weeks. By the end of the study period, the replicates had visibly
extended over the tiles by encrusting growth (Fig. 2a). The wet
weight of the colonies was determined at 3 week intervals. The
growth could be best described with an exponential function,
resulting in an average increase in wet weight of 50% by the end
of the monitoring period of 11 weeks (Fig. 2b). Normalised to the
tissue covered surface area of the replicate colonies at the begin-
ning of the experiment, this increase corresponds to a weight gain
of �1.3 ± 0.2 g/cm2/year.

3.3. Identification of algal symbionts in laboratory-cultured P. lobata

Understanding the potential effect of laboratory culture on al-
gal symbiont community composition is of crucial importance
for interpreting the responses to experimental treatments. There-
fore, we investigated whether the transfer of P. lobata from Abu
Dhabi and Fiji waters to the aquarium resulted in changes to the
dominant symbiont, e.g. due to transport stress, changes in envi-
an Gulf as models for thermotolerant reef-builders: Prevalence of clade C3
t. Bull. (2013), http://dx.doi.org/10.1016/j.marpolbul.2012.11.032

http://www.ncbi.nlm.nih.gov/blast
http://www.ncbi.nlm.nih.gov/blast
http://dx.doi.org/10.1016/j.marpolbul.2012.11.032


Table 2
Symbiodinium clades in corals from the Abu Dhabi coast line.

Coral species (collection year) Analysed colonies Sequences per individual colony Clades (sequence ratio) per individual colony

Cyphastrea microphthalma (October 2011) 2 11 C3:A1 (2:9)
5 C3:A1 (3:2)

Favia pallida (October 2011) 3 5 C3:C15:A1 (1:1:3)
9 C3:A1 (1:8)
6 A1 (6:0)

Platygyra daedalea (October 2011) 2 10 C3:A1 (3:7)
8 C3:C36 (7:1)

Porites harrisoni (October 2011) 3 7 C3:A1 (3:4)
8 C3 (8:0)
7 C3 (7:0)

Porites harrisoni (September 2012) 5 4 C3 (4:0)
1 C3 (n.a.)
3 C3 (3:0)
3 C3 (3:0)
3 C3 (3:0)

Porites lobata (October 2011) 3 5 C3 (5:0)
5 C3 (5:0)
5 C3 (5:0)

Porites lobata (September 2012) 5 5 C3 (5:0)
3 C3 (3:0)
3 C3 (3:0)
3 C3 (3:0)
1 C3 (n.a.)

Porites lutea (September 2012) 5 4 C3 (4:0)
4 C3 (4:0)
4 C3 (4:0)
3 C3 (3:0)
3 C3 (3:0)

Acropora clathrata (2010) 8 1 C21 (n.a.)
C3 (n.a.)
C3 (n.a.)
C3 (n.a.)
C3 (n.a.)
C3 (n.a.)
C3 (n.a.)
C3 (n.a.)

Total 36 146 C3:A1:C15:C21:C36 (104:39:1:1:1)

Fig. 2. Growth of replicate colonies of P. lobata from Abu Dhabi in the laboratory. (a) Photograph of replicate colonies growing in the experimental mesocosm at the
University of Southampton. Areas of encrusting growth can be distinguished by the lighter colour of the tissue. Examples of growth zones are highlighted by arrows. (b) Data
points represent the mean weight of 60 replicate colonies produced by fragmentation of 4 individual mother colonies. An exponential fit (R2 = 0.998) illustrates the average
weight gain over a time course of 11 weeks. Error bars denote the standard error of the means.
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ronmental conditions, or due to the exchange of symbionts (Ba-
ker et al., 2004; Berkelmans and van Oppen, 2006) with other
tank inhabitants. We determined the dominant Symbiodinium
associated with P. lobata after 15 months of laboratory culture
and compared the composition with those from samples fixed
immediately after collection in the field. The analysis of four
genotypes of P. lobata derived from 4 individual colonies from
Abu Dhabi waters after 15 months of laboratory culture found
Please cite this article in press as: Hume, B., et al. Corals from the Persian/Arabi
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C3 as the only symbiont type (Table 3). In contrast, P. lobata
samples from Fiji harboured exclusively C15, both after collec-
tion and after 15 months of growth in captivity (Table 3).

3.4. Patterns of host fluorescence in P. lobata

GFP-like proteins can potentially serve as indicators of physio-
logical changes in coral-zooxanthellae association (D’Angelo
an Gulf as models for thermotolerant reef-builders: Prevalence of clade C3
t. Bull. (2013), http://dx.doi.org/10.1016/j.marpolbul.2012.11.032
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Table 3
Symbiodinium clades in P. lobata before and after 15 months of laboratory culture.

Origin Analysed
colonies

Sequences Clades

Abu Dhabi 8 30 C3
NOCS mesocosm (Abu Dhabi

origin)
4 16 C3

Fiji 4 14 C15
NOCS mesocosm (Fiji origin) 3 9 C15
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et al., 2012, 2008; Dove et al., 2006; Smith-Keune and Dove, 2007).
Therefore, we examined the specific complement of host pigments
for the model corals, determining the excitation and emission
spectra in situ after 15 months of aquarium culture. When excited
with blue light, P. lobata from Abu Dhabi exhibited cyan fluores-
cence in the polyps and the coenosarc (Fig. 3a). Similarly, emission
in the cyan spectral region was detected in animals originating
from Fiji, although in these corals the intensity tended to be stron-
ger in the polyps compared to the coenosarc (Fig. 3b). In agreement
with a detailed study of the expression patterns of GFP-like
proteins (D’Angelo et al., 2012), the red fluorescence was regularly
observed in the growing margins in samples from both origins.

Spectroscopic analyses performed in situ in corals from Abu
Dhabi, revealed the presence of a cyan fluorescent protein (CFP)
with excitation and emission maxima at 466 nm and 490 nm
respectively (Fig. 3c). The excitation/emission maxima of the CFP
for Fiji samples were located at 486 nm/498 nm (Fig. 3d). A red
fluorescent protein characterised by excitation maximum at
574 nm and emission maximum at 610 nm was detected in the
margins of representative colonies from both locations (Fig. 3e
and f).
Fig. 3. Fluorescence of GFP-like proteins in the host tissue of P. lobata. Fluorescence pho
fluorescence microscope using a CFP/DsRed dual band pass filter. Images were produced
the coenosarc. The red fluorescence is restricted to the growing margin of the colonies (v
emission spectra of cyan (c and d) and red (e and f) fluorescent proteins were recorded d
and Fiji (d and f). The position of the fluorescence maxima (nm) is given by numbers ne
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3.5. Heat stress responses of P. lobata from different geographical
origins

We tested whether the thermal tolerance of Abu Dhabi corals is
retained under laboratory conditions. For this purpose, we exam-
ined the response of P. lobata from Abu Dhabi and from Fiji to a
21-day heat stress treatment. We used a fibre optic probe coupled
to a spectrometer to quantify changes in the cyan fluorescence
emission as an indicator of physiological response of the host
tissue. Samples from both locations responded to the increased
temperatures by a dramatic reduction of cyan fluorescence. After
10 days at 31.5 �C, the cyan fluorescence of both Arabian and Fijian
corals was essentially lost (Fig. 4). Fluorescence microscopic
inspection revealed that the red fluorescence of the colony margins
also vanished within this period (Fig. 4).

Over the course of the treatment, the replicate colonies were in-
spected under the microscope at weekly intervals to monitor
changes to the yellow-brown colouration derived from zooxan-
thellae pigments visible through the tissue. Colonies were consid-
ered to be completely bleached as soon as no yellow-brown colour
was visible in the tissue under the microscope (Fig. 4). We note
that photographic images of such colonies showed areas which ap-
peared darker (e.g. left margin in the bleached colony in Fig. 4c).
This colouration was contributed by pigmentation anomalies of
the skeleton, possibly indicating the presence of endolithic algae.
The heat-treated colonies of P. lobata from Abu Dhabi showed a
paler appearance compared to the controls but none of them
bleached completely (Fig. 4c). In contrast, �27% of all Fijian colo-
nies were completely bleached already after 5 days of treatment.
This value increased to 50% after 2 weeks of heat exposure and,
at day 21, all Fijian corals were affected. At this stage, most of
the remaining coral tissue was lost. Subsequently, all colonies were
tographs of representative colonies from Abu Dhabi (a) and Fiji (b) taken under the
using the green and red channel data. Cyan fluorescence is emitted from polyps and
isible as the upper colony border in panels a and b). The normalised excitation and
irectly on the expressing tissue of representative colonies from Abu Dhabi (c and e)
xt to the peaks.

an Gulf as models for thermotolerant reef-builders: Prevalence of clade C3
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Fig. 4. Differential responses of P. lobata to experimental heat stress treatments. The upper fluorescence photographs show the essentially complete loss of green and red
fluorescence after a 10-day exposure of colonies from Abu Dhabi (a) and Fiji (b) to 31.5 �C. Images were acquired using identical exposure times. The cyan tissue fluorescence
of the relevant colonies was quantified directly by spectrometric measurements of the coral tissue. The bars show the mean of six measurements and error bars represent
standard error of the means. (c) Bleaching in response to heat stress. The upper panels show representative photographs of P. lobata from heat stress treated colonies that
were considered to be non-bleached (left) and completely bleached (right). The amount (%) of completely bleached colonies was recorded upon weekly microscopic
inspections over the course of the exposure to 31.5 �C. (d) Fluorescence microscopic images documenting the intensity changes of cyan tissue fluorescence from control
conditions, after 17 days of incubation time at 31.5 �C, and during the recovery period 15 and 56 days after returning the corals to reduced temperature. Right graph:
spectrometric quantification of cyan tissue fluorescence during the recovery period. The data points represent mean values of six measurements and error bars denote
standard error of the means.
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transferred to ambient temperatures to monitor the recovery po-
tential over a 2-month period. Fifteen days after being returned
to control conditions, host tissue fluorescence was clearly detected
under the microscope in the Abu Dhabi samples, particularly in the
polyps (Fig. 4d). The cyan fluorescence emission increased over
time in all replicates of Abu Dhabi origin, except for one sample
which showed no increase in fluorescence and ultimately died.
After 56 days of recovery, the surviving colonies displayed tissue
fluorescence comparable to the control samples when inspected
under the microscope. This observation was confirmed by spectro-
metric recordings of the tissue fluorescence (Fig. 4d). In contrast,
only a few polyps of the Fiji corals exhibited cyan fluorescence
under the microscope at the beginning of the recovery period.
However, this local emission was below the detection limits of
the spectrofluorometic measurements (Fig. 4d). None of these
samples recovered their initial fluorescence and eventually all of
them died completely.
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4. Discussion

4.1. Differences in algal symbiont identity

In P. lobata and six other common coral species from the coast
of Abu Dhabi, Symbiodinium in clade C were the dominant symbi-
onts. This clade accounted for �73% of all the ITS2 sequences
recovered and was detected in all species studied (Table 2). Most
sequences (�71%) were C3, whereas sequences of C15, C21 and
C36 were only detected once. Remaining sequences (�27%) were
all A1, which was the second most abundant symbiont type, and
which was mostly found in combination with C3 in C. microphth-
alma, F. pallida, P. daedalea and P. harrisoni.

Interestingly, Symbiodinium clade D was not represented among
the 146 sequences analysed in this study. The preponderance of
this clade was first reported from coral species including represen-
tatives of the taxa Cyphastrea, Favites and Platygyra from the
an Gulf as models for thermotolerant reef-builders: Prevalence of clade C3
t. Bull. (2013), http://dx.doi.org/10.1016/j.marpolbul.2012.11.032

http://dx.doi.org/10.1016/j.marpolbul.2012.11.032


8 B. Hume et al. / Marine Pollution Bulletin xxx (2013) xxx–xxx
southern Gulf, off the Saudi coast in the aftermath of the 1998
mass bleaching event (Baker et al., 2004). Likewise, in the northern
Gulf, off the coast of Kish, Hengam and Larak Islands (Iran), clade D
was found in several species including colonies of A. clathrata, C.
microphthalma, F. pallida and P. daedalea (Mostafavi et al., 2007;
Shahhosseiny et al., 2011). It was thus suggested that the domi-
nance of clade D might partially explain the unusual heat tolerance
of Gulf corals. The absence of clade D symbionts in corals from Abu
Dhabi suggests that the dominance of this clade might represent a
regional or temporary phenomenon, promoted by local environ-
mental conditions or recovery from extreme events such as the
mass coral bleaching of 1998. Further sampling would help discern
the spatial and temporal distribution of symbionts in the Gulf. The
prevalence of Symbiodinium C3 in Abu Dhabi corals is surprising,
given that this type is considered a ‘‘generalist’’ on Indo-Pacific
reefs (LaJeunesse et al., 2003). The fact that Abu Dhabi corals rou-
tinely experience summer temperature of up to 36 �C (Foster et al.,
2012) indicates that this Symbiondinium clade can also support
symbiotic associations with an exceptional thermotolerance.
Therefore, Symbiondinium C3 in Abu Dhabi corals represent an
ideal model system for in-depth analyses of the role of algal sym-
bionts in the thermal tolerance of the coral holobiont.

We found Symbiodinium C15 to be the major symbiont associ-
ated with corals from the comparably benign temperature regime
of Fijian waters. This type has been suggested as contributing to
the resistance of Porites spp. to temperature anomalies (LaJeunesse
et al., 2003) and it is the characteristic symbiont found in Porites
from the Pacific and Indo-Pacific (Lajeunesse, 2005; Barshis et al.,
2010). Noteworthily, C15 contributed almost 95% of the sequences
isolated from 31 colonies of P. lobata from American Samoa (Bars-
his et al., 2010).

We showed that the symbiotic association of P. lobata from both
Abu Dhabi (C3) and from Fiji (C15) is stable under culture condi-
tions in the laboratory. These results are in agreement with previ-
ous observations for other corals and sea anemones growing in
long-term aquarium culture (Hartle-Mougiou et al., 2012; Smith
et al., 2009). The stability of the coral-algal association makes P.
lobata an excellent model for laboratory experimentation to study
the role of C3 and C15 Symbiodinium in the thermal tolerance of
this species in different geographical regions.

4.2. Laboratory cultures of P. lobata

We successfully established laboratory strains of P. lobata from
Abu Dhabi, UAE. Encrusting growth contributed significantly to the
weight gain of replicate colonies after fragmentation (Fig. 2a).
Therefore, the growth characteristics are different from larger,
hemispherical colonies, that extend mostly along vertical and hor-
izontal growth axes (Lough and Barnes, 2000). However, a rate of
weight gain of �1.3 g cm�2 year�1 determined over the first
3 months after fragmentation agrees well with the range of 1.38–
1.63 g cm�2 year�1 measured previously for P. lobata from various
locations on the Great Barrier Reef (Lough and Barnes, 2000). These
data suggest that growth rates in laboratory culture are similar to
those in the field. Moreover, the data from the growth experiment
indicate that the number of replicate colonies can be doubled in
less than 12 months, providing sufficient material for sustainable
experimentation. Aside from P. lobata from Abu Dhabi, conspecifics
from Fiji could be established as a model for comparative studies of
corals originating from habitats with dramatically different tem-
perature regimes.

4.3. Fluorescent proteins

A recent study showed that P. lobata from different geographical
regions express a similar complement of GFP-like proteins.
Please cite this article in press as: Hume, B., et al. Corals from the Persian/Arabi
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Typically, cyan FPs can be found in the polyps and the coenosarc
and a red FP in the growth zones (D’Angelo et al., 2012). These host
pigments belong to the family of GFP-like proteins (Alieva et al.,
2008; Dove et al., 2001; Oswald et al., 2007; Wiedenmann et al.,
2004, 2009) of which several (but not all) are regulated at tran-
scriptional level in reef corals in response to changes in environ-
mental conditions; in particular by blue light (Bay et al., 2009;
D’Angelo et al., 2008; Desalvo et al., 2008; Leutenegger et al.,
2007; Smith-Keune and Dove, 2007). Only recently, the expression
of red FPs in the growth zones, wounded or epibiont-infested col-
ony parts of P. lobata was correlated with areas characterised by
accelerated cell proliferation (D’Angelo et al., 2012). Thus, once
the spatial expression pattern of GFP-like proteins and their regu-
lation in a particular species is defined, these pigments constitute
powerful biomarkers to monitor physiological responses of corals
by non-invasive optical techniques (D’Angelo et al., 2012, 2008;
Wiedenmann et al., 2009). Here, we show that the typical expres-
sion patterns of FPs are retained after >15 months of laboratory
culture, suggesting that the aquarium conditions sustain the natu-
ral pigmentation of this species.

4.4. Temperature challenge experiment

We compared the responses of P. lobata from Abu Dhabi and Fiji
to increased temperatures to evaluate whether adaptation to tem-
perature regimes at their origin is retained in the laboratory.
Microscopic and fluorescence spectrometric measurements of the
coral colouration were used to monitor responses of host and sym-
bionts to elevated temperatures.

We found that the FP-derived host tissue fluorescence of P. loba-
ta from both geographical regions was dramatically reduced when
temperatures were increased. These observations are in agreement
with previous observations that also showed a loss of fluorescence
under heat stress in other species (Desalvo et al., 2008; Smith-
Keune and Dove, 2007). Our results demonstrate clearly that FP
fluorescence of P. lobata can be used for non-invasive optical mon-
itoring of the stress response of the host tissue. Regarding the puta-
tive photoprotective function of GFP-like proteins (Dove et al.,
2001; Salih et al., 2000; Wiedenmann et al., 1999), the consistent
downregulation under heat stress does not support any superior
FP-mediated protection of the experimental Abu Dhabi specimens.

Interestingly, microscopic inspections revealed that only
P. lobata samples from Fiji displayed complete loss of zooxanthel-
lae pigment in the coral tissue in response to the increased temper-
atures. Although the Abu Dhabi samples showed a visible paling,
none of the colonies bleached completely.

Cyan fluorescence emission of the host tissue was fully regained
in heat-treated P. lobata from Abu Dhabi after approximately
2 months of recovery at reduced temperatures. In contrast,
replicates from Fijian colonies did not show comparable signs of
recovery after the temperature was reduced and eventually all of
the heat treated colonies died. These findings suggest that adapta-
tion to different thermal environments has a long-term influence
on the potential of the P. lobata to respond to episodes of high tem-
perature and that the samples from Abu Dhabi are more tolerant of
the high temperatures in experimental treatments. Since Gulf cor-
als are increasingly endangered in their native habitat (Burt et al
2008, 2011, 2012), it was suggested that these uniquely thermally
adapted genotypes should be conserved, or perhaps even trans-
planted, for the benefit of other reefs that are expected to experi-
ence similar temperature extremes by 2099 as those currently
experienced by the Gulf (Riegl et al., 2011). Such a strategy would
only make sense if the thermal tolerance of Gulf corals was indeed
retained ex situ.

The temperature used in our experimental treatments was well
below the maximum temperature that Abu Dhabi corals experi-
an Gulf as models for thermotolerant reef-builders: Prevalence of clade C3
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ence in their natural habitat. Therefore, it is not yet possible to
judge the extent to which the observed heat tolerance of Gulf cor-
als is the result of thermal tolerance on the part of the corals or
their algal symbionts, by transient thermal acclimatisation, or by
the unique water chemistry of the Gulf, including its exceptionally
high salinity.
5. Conclusion

We characterised P. lobata from two locations with strongly dif-
fering temperature regimes. We found that neither association
with Symbiodinium in clade D, nor a particular expression pattern
of photoprotective host pigments could be solely responsible for
the exceptional thermal tolerance of corals from the Gulf. The
prevalence of the ‘‘generalist’’ C3 Symbiodinium in Abu Dhabi corals
calls for a further evaluation of the role of different symbionts in
heat resistance. We demonstrate that our laboratory models can
be used in long term experiments under controlled conditions that
will greatly facilitate future efforts to decipher the role of the host,
symbionts and the abiotic environment in defining thermal
tolerance.

Knowledge gained from these experiments should also help
evaluate whether Gulf corals could potentially be used for assisted
migration in reef restoration projects outside their natural habitat
(Riegl et al., 2011).
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