BIODIVERSITAS
Volume 9, Nomor 1
Halaman: 53-58

ISSN: 1412-033X
Januari 2008
DOI: 10.13057/biodiv/d090113

REVIEW: Symbiosis between the Giant Clams (Bivalvia:
Cardiidae) and Zooxanthellae (Dinophyceae)

UDHI EKO HERNAWAN"*
UPT. Loka Konservasi Biota Laut, Pusat Penelitian Oseanografi, Lembaga Ilmu Pengetahuan Indonesia (LIPI), Tual Maluku Tenggara 97611

Received: 30" November 2007. Accepted: 6" December 2008.

ABSTRACT

Giant clams are the largest bivalves in the world that maintain a mutual relationship with zooxanthellae. Individual giant clam can harbor
heterogeneous zooxanthellae, at least four taxa in genus Symbiodinium. The Symbiodinium lives in the zooxanthellal tubular system, a
tube structure arising from one of the diverticular duct of the clam’s stomach. Since the numbers of zooxanthellae is the one of some
significant factors contributing to the clams growth and survival, the giant clams need to adjust the number of zooxanthellae for
physiological reason with unclear mechanism. The important role of the symbiotic relationship to the clams can be seen on the survival,
growth and nutrition of the clams. There are at least two significant factors determining the symbiosis, i.e. water temperature in related with
level of light intensities and ammonium-phosphate rate. Some topic is still unclear, i.e. the determination of species in genus Symbiodinium,
the mechanism for adjusting the population numbers of the algae and what kind of environmental factors determining the symbiosis.

Thereby further research is still needed to clarify those missing.
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INTRODUCTION

There are many scientific interesting phenomenon
occurs in marine ecosystems. Some of them are biota
which maintains symbiotic associations with phototropic
dinoflagellates, commonly called zooxanthellae. The
symbiotic dinoflagellates are the symbionts with a variety of
marine biota as the hosts, included are the reef-building
scleractinian corals, radiolarians, flatworms, jellyfish
(Hacket et al, 2004), many alcyonarians, soritid
foraminiferas, and a few bivalves (Maruyama et al., 1998;
Lee et al., 2005). The giant clams (tridacnid bivalves) are
also known as the host of symbiotic associations with
certain zooxanthellae. They are different from most other
bivalves, in that they contain large numbers of
zooxanthellae, Symbiodinium (Carlos et al., 2000). It is the
member of the class Dinophyceae, a group of single cell-
protist (Coffroth and Santos, 2005).

Giant clams (Cardiidae, subfamily: Tridacninae) are the
largest bivalves mollusks in the world that included on the
IUCN red list of threatened species today (IUCN, 2007).
Their most characteristic feature is the enlarged, upwardly
directed and usually brightly colored mantle (Figure 1.),
which is packed with zooxanthellae (Griffiths and Klumpp,
1996). They are presently restricted in association with
coral reefs throughout the tropical Indo-Pacific region, with
the center of diversity in the Indo-Malayan region (Lucas,
1988). Since their phototropic characteristic, giant clams
usually found in shallower habitats (1-20 m) (Chambers,
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2007), except Tridacna tevoroa which inhabits in relatively
deep waters (Klumpp and Lucas, 1994).

There are nine described species of the living clams,
included only two genera, Tridacha and Hippopus, with
seven and two species belong to the genera, respectively.
Seven species were distributed in Indonesian waters, i.e.
Tridacna squamosa, T. gigas, T. derasa, T. crocea, T.
maxima, Hippopus hippopus and H. porcellanus (Newman
and Gomez, 2002). Recently phylogenetic research have
supported reduction in status of the Tridacnidae to a
subfamily of the Cardiidae (Tridacninae), as suggested by
recent cladistic analyses based on shell, anatomical,
molecular characters, especially DNA gene sequences
(Keys and Healey, 2000; Schneider and Foighil, 1999).

The symbiotic relationship have become attention many
researchers since its important role in supporting the clam’s
life while stock depletion on the wild population of giant
clam still appear today due to over-fishing and
anthropogenic impacts (Ellis, 1999; Kinch, 2002) as well as
natural process (Gomez and Mingoa-Licuanan, 1998;
Blidberg, 2004). It could make the clams more vulnerable if
the relationship between host and algae is damaged
(Blidberg et al., 2002). In many cases, mass mortality on
giant clams population significantly caused by loss of
zooxanthellae, a phenomenon called bleaching (Gomez
and Mingoa-Licuanan, 1998; Leggat et al., 2003). The
acquisition of zooxanthellae is important factor which
significantly determined the survival and growth of the
juvenile (Fitt and Trench, 1981; Latama et al., 2001). This
paper summarizes on what is known about the
zooxanthellae, how the symbiosis does occurs, describes
role of the symbiosis to the host and the environmental
factors determining the symbiosis. Finally, it concludes the
direction for future research on the giant clams-
zooxanthellae symbiosis.


My PC
Typewritten text
DOI: 10.13057/biodiv/d090113


54 BIODIVERSITAS Vol. 9, No. 1, Januari 2008, hal. 53-58

Figure 1. Giant clams from Kei waters Southeast Moluccas with brightly colored mantle. A. Hippopus hippopus, B. Tridacna squamosa
(Photo: U.E. Hernawan).
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DIVERSITY OF CLAM'S ZOOXANTHELLAE

In historical perspective, all species of giant clams
harbor the zooxanthellae symbiont initially identified as
Symbiodinium microadriaticum Freudenthal within their
mantle tissue (Taylor, 1969; Kinzie and Chee, 1979; Fitt et
al., 1986). At the moment, traditional biological methods
have not provided useful information for identification and
classification, though zooxanthellae have traditionally been
difficult to classify. Thereby, little is known about the natural
history of this symbiont (Rowan and Powers, 1991a). The
poor status of zooxanthellae taxonomy in turn limits the
study of the ecology and evolution of zooxanthellae (Rowan
and Powers, 1991b). For that reason, further researches
have been done to reveal the classification scheme of
Symbiodinium.

Recent molecular genetic methods have solved many of
the difficulties in zooxanthellae classification. Tremendous
levels of diversity within the genus Symbiodinium have
revealed using those methods. Numerous studies have
shown that the genus is comprised of a group of diverse
taxa (Carlos et al., 1999). Experimental evidence, however
including  behavioral, infectivity, physiological and

ultrastructural, subsequently challenged the traditionally
view about genus Symbiodinium (Coffroth and Santos,
description  of

2005). So, the formal the genus
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Figure 2. The phylogenetic relationship between the major clades of Symbiodinium.
The dashed lines leading to Symbiodinium clade C, H, B and F represent these
clades possessing the secondary structure of ITS2, the five-fingered hand structure
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Figure 3. Diagramatic view on the medial side of the zooxanthellal tubular system
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Symbiodinium, which describes the in situ symbionts,
should be revised (Wakefield et al., 2000).

The findings from subsequently studies by Rowan and
Powers (1991a), Carlos et al. (1999), LaJeunesse and
Trench (2000), Pochon et al. (2001, 2004), and
Takabayashi et al. (2004) have led to the development of a
new classification scheme for genus Symbiodinium that
divides the genus into several large group, called clades,
i.e. Symbiodinium clade A, B, C, D, E, F, G, and the last
clade H. Recently, Hunter et al. (2007) has shown
phylogenetic relationship between the major clades of
Symbiodinium with the other eukaryotes and free living
dinoflagellates using Internal Transcribed Spacer region 2
(ITS2) of nrDNA operon as the genetic marker (Figure 2.).

The traditional view of zooxanthellae-invertebrate
symbioses, particularly on giant clams, suggests that one
host species harbors taxonomically homogeneous symbiont
population (one host-one symbiont). In fact, recently
molecular studies have altered that view. Individual giant
clams can maintain a symbiotic relationship with
heterogeneous Symbiodinium, at least 4 zooxanthellae taxa
(Carlos et al., 2000). Preliminary molecular genetic study
using RAPD patterns demonstrated that giant clams
associate with a large number of genetically distinguishable
algal symbionts (Baillie et. al., 2000b). Phylogenetic study
using small-subunit rRNA has shown that there were
Symbiodinium clade A and C isolated from
six species of giant clams (Carlos et al.,
1999). Baillie et al. (2000a) has shown the
same finding using allozyme and RAPD
patterns. The last finding, Symbiodinium
clade D has been isolated from giant clam,
i.e. Tridacna crocea (Ishikura et al., 2004).
Recently, isolation by Lee et al. (2005)
characterized 4 symbionts, i.e.
Symbiodinium, Aphidinium, Tetraselmis, and
unknown chlorophyte.

However, the determination of species in
genus Symbiodinium still not yet been
specified. There is one question remains
unresolved: which molecule(s) differentiates
a species within this genus? So, the
direction for future research within that
genus is to solve the “species problem”.

THE ZOOXANTHELLAL TUBULAR
SYSTEM

Subsequently studies by Fitt and Trench
(1981) and Fitt et al. (1986) have shown the
zooxanthellae not inherited from parent to
offspring. Neither eggs nor sperm released
from adult tridacnids contain zooxanthellae
and so after fertilization, the symbiotic algae
were not present in either the fertilized eggs
or trocophore stages. It implied that each
generation must acquire their complement of
symbionts from the environment. This
pattern is called horizontal (“open” system)
transmission (Coffroth and Santos, 2005).
The acquisition of zooxanthellae by larvae of
the clams takes place after the trocophore
stage. Initial uptake of zooxanthellae is
through the mouth and move into the
stomach.
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For many years before 1992, the zooxanthellae have
been assumed to pass and live in the haemal sinuses of the
hypertrophied siphon after ingested and move into the
stomach (Fankboner, 1971; Fitt and Trench, 1981; Trench
et al., 1981; Fitt et al., 1986). But in the next, Norton et al.
(1992) has found that the symbiotic algae live in a tubular
structure which no direct connection with the haemolymph.
In fact, the existence of this tubular structure within clam’s
body has been indicated by Mansour (1946). His
observation partially indicated that there was a tubular
system arising from the clam’s stomach, extending into the
mantle and containing large number of zooxanthellae.

Through an anatomical and histological study, Norton et
al. (1992) has revealed that the symbiotic relationship take
place in a tubular system indicated by Mansour (1946),
namely zooxanthellal tubular system (Figure 3). One of the
digestive diverticular ducts of the stomach develops to be a
single primary tube, known as primary zooxanthellal tube
(PZT). It passes posteriorly to the dorsal side of the
digestive organ. Above the organ, this tube divides into left
tube and right one. Each tube travels through the kidney to
enter the root of the middle ctenidial suspensory ligament
and rounds the adductor muscle wall on posteriorly
direction. On the posterior side of the adductor muscle, the
tube runs dorsally into the root of siphonal mantle, before
branching both anteriorly and posteriorly. Each branch
travels inside the root of siphonal mantle and gives off
branches, namely secondary zooxanthellal tube (SZT). It
travels to the upper level of the inner fold of siphonal mantel
and gives off many thin branches, namely tertiary
zooxanthellal tube (TZT). The TZT terminates in a
convolution with blind ends. The other secondary tubes
form tertiary tubes not only in the siphonal mantle but also
in other organs, such as in the connective tissue of the
bulbus arteriosus of the heart, the pericardium, the ctenidia,
and the lateral mantle (Norton et al., 1992).

The tertiary tubes contain the large numbers of
zooxanthellae. In bleaching giant clam, mantle lacking
zooxanthellae, the tertiary zooxanthellal tube atrophy. No
zooxanthellae were observed living free in the hemal
sinuses since the anatomical and histological evidence
showed that the zooxanthellal tubular system has no
connection with the haemolymphatic system (Norton et al.,
1992). The morphological pattern is similar to the other
member of Cardiidae, Corculum cardissa that also known
has a tubular system that was seen in tridacnid clams. The
zooxanthellae occurred intercellularly within the tertiary tube
cell and separated from the haemolymphatic system by a
tissue that is one cell layer thick (Farmer et al., 2001). This
finding has explained and resolved the confusing discussion
about the location and fate of symbiosis between the clam
and zooxanthellae.

The existence of the zooxanthellal tubular system has
also simplified the view on the way of bleaching. In
response to the environment condition, i.e. increasing
environmental temperature, the algae leave the clam by
unknown mechanism, move from the tertiary tubule to the
stomach, pass through the intestine and are released within
feces via rectum (Norton et al., 1992).

POPULATION DYNAMICS OF ZOOXANTHELLAE

The numbers of zooxanthellae have been considered as
the one of some significant factors contributing to the clams
growth and survival. The clams lacking large number of
zooxanthellae were known possessed significantly

decrease in fitness, resulting reduced growth, fecundity and
survival (Leggat et al., 2003). On that relevance, further
studies about population of zooxanthellae are suggested to
focus on the relationship between the zooxanthellae
population and various physiological factors in giant clams,
such as nutrition and growth performance, rates of filter
feeding, respiration, and photosynthetic responses.

The population number of zooxanthellae related with
allometric parameters, such as projected mantle area and
body size, is believed as the best indication of the relative
contribution of phototropic production. Griffiths and Klumpp
(1996) showed logarithmic increases in total zooxanthellae
numbers with increasing clam length, for Tridacna squamosa,
T. gigas, T. derasa, T. crocea, and H. hippopus. At the
small body size (2 cm length), the zooxanthellae numbers
were much lower in T. squamosa and T. gigas than H.
hippopus, T. crocea and T. derasa. But by 30 cm, T. gigas
and T. squamosa had the largest zooxanthellae population,
indeed reflected high relative photosynthetic rates.

Maruyama and Heslinga (1997) have studied the daily
population dynamics of zooxanthellae living in the mantle of
a giant clam. Their population number and Mitotic Index
(MI) were calculated by counting the numbers of the
zooxanthellae in or not in the cell division stage. The Ml
increased after sunset and reached the maximum at 03.00
to 05.00 hours. There were population dynamics of
zooxanthellae daily took place on the giant clam. Increasing
number of zooxanthellae population correlated with the
growth of the clam (mantle and shell) and followed with the
number of zooxanthellae discharged in the feces.

The giant clams need to adjust the number of
zooxanthellae for physiological reason, in response to
ambient condition. To date, mechanism adjusting the
population number is still unclear. Initially, Fankboner
(1971) hypothesized that the zooxanthellae were selectively
culled from the population in the mantle edge by
amoebocytes and are intracellularly digested via
amoebocyte lysosomes both in the circulatory system and
the interdiverticular spaces of the digestive gland. This
process considered as “the low systematic removal and
utilization of degenerate zooxanthellae”.

As has been stated before, there is ho enough evidence
supporting hypothesis proposed by Fankboner (1971).
According to the hypothesis, there should no healthy
zooxanthellae discharged in the feces. In contrast, Trench
et al. (1981) showed that many of defecated zooxanthellae
were morphologically intact and photosynthetically functional.
Even Maruyama and Heslinga (1997) estimated number of
the fecal zooxanthellae was up to 1.46% of the population
in the mantle. About 64 to 89% of the newly formed
zooxanthellae from the population were missing and still
unclear. Further research is needed to clarify this missing.

ROLE OF THE SYMBIOSIS TO THE HOST

The important role of the symbiotic relationship to the
clams could be seen on the survival, growth and nutrition of
the clams. Initial observation on the contribution of the
zooxanthellae to the survival and growth of the clams has
done by Fitt and Trench (1981). The study showed survival
and growth of larvae with zooxanthellae was greater than
those without zooxanthellae. Juveniles with zooxanthellae
can survive with light as the sole energy source for over 10
months. The presence of zooxanthellae in the stomach of
the veligers was assumed to increase the survival and
growth of the larvae after metamorphosis (Fitt et al., 1986).
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Subsequently, Molea and Munro (1994), Belda-Bailie et
al. (1999) and Latama et al. (2001) showed that different
symbiont strains taken from various sources provided
significantly different effect to the survival and growth of the
tridacnid larvae. The larvae which had been supplied with
zooxanthellae taken from the same host species
(homologous zooxanthellae) more survive and growth faster
than the larvae with zooxanthellae from different host
species (heterogonous zooxanthellae). Freshly isolated
zooxanthellae from the fast-grower (T. gigas) are
recommended for routine use in giant clam hatchery
operation.

On the nutritional aspect, the giant clams-zooxanthellae
relationship is actually shown a mutualistic symbiosis. Giant
clams as the host, provide a protected habitat for
zooxanthellae. These symbiotic algae live in the mantle
tissue, especially the zooxanthellal tubular system (Norton
et al., 1992). Simply, the giant clams have an advantage on
the nutritional aspect since the zooxanthellae supply energy
to their host, mainly in the form of complex sugars (Fitt et al.
1986). The algae represent as the major source of
metabolic carbon. An estimated 95% of the carbon fixed by
these algal symbionts is translocated to the host. Those
amounts are sufficient to fulfill at least the metabolic energy
requirement (Klumpp et al.,, 1992; Klumpp and Giriffiths,
1994; Hawkins and Klumpp, 1995).

The zooxanthellae also assimilated nitrogen excreted by
host tissues. Nearly 100% of the nitrogen product sub-
sequently released from zooxanthellae was incorporated in
host tissues, with no significant loss from the clam over at
least 10 days. Zooxanthellae therefore conserve and
recycle essentially all nitrogenous end-products within the
clams, affording giant clams a nutritional advantage over
non-symbiotic bivalves (Hawkins and Klumpp, 1995). They
can also produce amino acids and fatty acids, a portion of
which are translocated through the algal cell wall directly
into the blood circulation of the host (Ellis, 2003).

ENVIRONMENTAL FACTORS DETERMINING THE
SYMBIOSIS

There are three environmental factors limiting the
mutualistic relationship between the giant clams and
zooxanthellae. The first factor is temperature and light
intensities, especially elevated water temperature. Globally
elevated sea water temperatures (28-34°C) are believed to
lead a breakdown in the zooxanthellae photosynthetic
apparatus, either in photosystem Il (Warner et al., 1996) or
the dark reactions of photosynthesis (Jones et al., 1998)
and eventual expulsion of the algae from the host, a
phenomenon called bleaching (Leggat et al., 2003). Gomez
and Minguo-Licuanan (1998) have reported high mortalities
phenomenon on giant clams during EI-Nino. Seven species
(Tridacna gigas, T. derasa, T. squamosa, T. maxima, T.
crocea, H. hippopus, and H. porcellanus) have been
reported bleached and died at the same time as unusually
elevated water temperatures and coral bleaching during
1997-1998. The 1998 bleaching event was found to decrease
the zooxanthellae population 30-fold when comparing
bleached to non-bleached clams (Leggat et al., 2003).

There are physiological changes that occur in the giant
clams influenced by elevated water temperature (Blidberg
et al., 2002) since the photosynthesis of the zooxanthellae
is impaired above 30°C and ceases completely at 34-36°C
(Iglesias-Prieto et al., 1992). Buck et al. (2002) showed that
increased light intensity and temperature of 4-6°C from the

ambient are the main causes for bleaching in giant clams.
Thus, the study confirmed the four major aspects involved
in bleaching: (i) loss of symbiotic algae, (ii) decrease of chl
alc; in the remaining symbiotic algae, (iii) retention of small
zooxanthellae in the tissue, and (iv) release of ammonium
(NH4") into the water column while nutrient uptake of
ammonium was largely blocked.

The second factor is the ammonium (N) and phosphate
(P) rate. While the =zooxanthellae in giant clam are
ammonium and phosphate-limited, the limiting factor is a
function of the availability of ammonium and phosphate to
the symbiosis (Belda et al., 1993). Nitrogen addition
significantly changed the ultrastructure of the zooxanthellae
inhabiting the clams (Ambariyanto and Hoegh-Guldberg,
1996). Exposure of the clams to elevated N (10 pm)
increased zooxanthellae density, reduced zooxanthellae
size, down-regulated N uptake by zooxanthellae freshly
isolated from their hosts, and reduced glutamate in the clam
haemolymph, with increased pools of some free amino
acids (methionine, tyrosine) in the zooxanthellae. These
results confirm that the zooxanthellae in giant clams are N-
limited in situ and have free access to inorganic N from the
sea water. There is also corroborating evidence that the
zooxanthellae are P limited in situ as well, possibly due to
host interference. While the N-P ratios of the animal host
reflected ambient N and P concentrations in the sea water,
those of the zooxanthellae did not (Belda-Baillie et al., 1998).

Of course, the elevated temperature, light intensities,
ammonium and phosphate are not the only factor
determining the symbiosis, which may also influenced by
such factors as reduced salinity, marine pollution (Blidberg,
2004), parasitic infection (Shelley et al., 1988) and bacterial
or virus infection, etc. Further studies are needed to
understand the environmental limiting factors and stress
tolerance in giant clam for restocking the wild population and
providing useful information in conservation management.

CONCLUSION

The symbiosis between giant clams and zooxanthellae
actually shows a mutualistic relationship. Many studies
revealed what about the symbiosis, the host and the
symbiont. There are three directions for future research: (i)
the determination of species in genus Symbiodinium since
the tremendous level of that genus, (ii) the population
dynamics of zooxanthellae, focusing on the mechanism for
adjusting the population numbers of the algae, and (iii) what
kind of environmental factors determining the symbiosis.

REFERENCES

Ambariyanto and O. Hoegh-Guldberg. 1996. Nutrient enrichment and the
ultrastructure of zooxanthellae from the giant clam Tridacna maxima.
Marine Biology 125 (2): 359-363

Baillie, B.K., C.A. Belda-Baillie and T. Maruyama. 2000a. Conspecificity and
Indo-Pacific distribution of Symbiodinium genotypes (Dinophyceae)
from giant clams. Journal of Phycology 36 (6): 1153-1161.

Baillie, B.K., C.A. Belda-Baillie, V. Silvestre, M. Sison, A.V. Gomez, E.D.
Gomez and V. Monje. 2000b. Genetic variation in Symbiodinium
isolates from giant clams based on random-amplified-polymorphic DNA
(RAPD) patterns. Marine Biology 136 (5): 829-836.

Belda, C.A., J.S. Lucas, and D. Yellowlees. 1993. Nutrient limitation in the
giant clam-zooxanthellae symbiosis effects of nutrient supplements on
growth of the symbiotic partners. Marine Biology 117: 655-664.

Belda-Baillie, C.A., W. Leggat and D. Yellolees. 1998. Growth and metabolic
responses of the giant clam-zooxanthellae symbiosis in a reef-
fertilisation experiment. Marine Ecology Progress Series 170: 131-141.



58 BIODIVERSITAS Vol. 9, No. 1, Januari 2008, hal. 53-58

Blidberg, E. 2004. Effects of copper and decreased salinity on survival rate
and development of Tridacna gigas larvae. Marine Environmental
Research 58 (2-5):793-797.

Blidberg, E., T. Elfwing, P. Plantmann and M. Tedengren. 2002. Water
temperature influences on physiological behaviour in three species of
giant clams (Tridacnidae). In: M.K. Moosa, S. Soemodihardjo, A.
Sugiarto, K. Romimohtarto, A. Nontji, Soekarno and Suharsono (eds.)
Proceeding of the 9" International Coral Reef Symposium. Bali, 23- 27
October 2000. 1: 561-565.

Buck, B.H., H. Rosenthal and U. Saint-Pauli. 2002. Effect of increased
irradiance and thermal stress on the symbiosis of Symbiodinium
microadriaticum and Tridacna gigas. Aquatic Living Resources 15:
107-117.

Carlos, A.A., B.K. Baillie and T. Maruyama. 2000. Diversity of dinoflagellate
symbionts (zooxanthellae) in a host individual. Marine Ecology Progress
Series 195: 93-100.

Carlos, A.A., B.K. Baillie, M. Kawachi and T. Maruyama. 1999. Phylogenetic
position of Symbiodinium (Dinophyceae) isolates from Tridacnids (Bivalvia),
Cardiids (Bivalvia), a sponge (Porifera), a soft coral (Anthozoa), and a
free-living strain. Journal of Phycology 35 (5): 1054-1062.

Chambers, C.L.N. 2007. Pasua (Tridacha maxima) size and abundance in
Tongareva Lagoon, Cook Islands. SPC Trochus Information Bulletin 13:
7-12.

Coffroth, M.A. and S.R. Santos. 2005. Genetic diversity of symbiotic
dinoflagellates in the genus Symbiodinium. Protist 156: 19-34.

Ellis, S. 1999. Aquafarmer Information Sheet: Lagoon Farming of Giant
Clams (Bivalvia: Tridacnidae). Center for Tropical and Subtropical
Aquaculture Publication 139: 1-6.

Ellis, S. 2003. Spawning and early larval rearing of giant clams (Bivalvia:
Tridacnidae). Center for Tropical and Subtropical Aquaculture
Publication 130: 1-55.

Fankboner, P.V. 1971. Intracellular digestion of symbiontic zooxanthellae by
host amoebocytes in giant clams (Bivalvia: Tridacnidae), with a note on
the nutritional role of the hypertrophied siphonal epidermis. The
Biological Bulletin 141: 222-234

Farmer, M.A., W.K. Fitt, and R.K. Trench. 2001. Morphology of the symbiosis
between Corculum cardissa (Mollusk: Bivalvia) and Symbiodinium
corculorum (Dinophyceae). The Biological Bulletin 200: 336-343.

Fitt, W.K. and R.K. Trench. 1981. Spawning, development, and acquisition of
zooxanthellae by Tridacna squamosa (Mollusk, Bivalvia). The
Biological Bulletin 161: 213-235.

Fitt, W.K., C.R. Fisher, and R.K. Trench. 1986. Contribution of the symbiotic
dinoflagellate Symbiodinium microadriaticum to the nutrition, growth
and survival of larval and juvenile tridacnid clams. Aquaculture 55 (1): 5-
22.

Gomez, E.D. and S. Mingoa-Licuanan. 1998. Mortalities of giant clams
associated with unusually high temperatures and coral bleaching. Reef
Encounter 24: 23

Griffiths, C.L. and D.W. Klumpp. 1996. Relationships between size, mantle
area and zooxanthellae numbers in five species of giant clam
(Tridacnidae). Marine Ecology Progress Series 137: 139-147.

Hackett, J.D., D.M. Anderson, D. Erdner and D. Bhattacharya. 2004.
Dinoflagellates: a remarkable evolutionary experiment. American Journal
of Botany 91 (10): 1523-1534.

Hawkins, A.J.S. and D.W. Klumpp. 1995. Nutrition of the giant clam
Tridacna gigas (L.). Il. Relative contributions of filter-feeding and the
ammonium-nitrogen acquired and recycled by symbiotic alga towards
total nitrogen requirements for tissue growth and metabolism. Journal of
Experimental Marine Biology and Ecology 190 (2): 263-290.

Iglesias-Prieto, R., J.L. Matta, W.A. Robins and R.K. Trench. 1992.
Photosynthetic response to elevated temperature in the symbiotic
dinoflagellate Symbiodinium microadriaticum in culture. Proceedings
of the National Academy of Sciences 89: 10302-10305.

Ishikura, M., K. Hagiwara, K. Takishita, M. Haga, K. lwai and T. Maruyama.
2004. Isolation of new Symbiodinium strains from Tridacnid giant clam
(Tridacna crocea) and sea slug (Pteraeolidia ianthina) using culture
medium containing giant clam tissue homogenate. Marine Biotechnology
6 (4): 378-85.

IUCN. 2007. The IUCN Red List of Threatened Species. www.iucnredlist.org.

Jones, R.J., O. Hoegh-Guldberg, A.W.D. Larkum and U. Schreiber. 1998.
Temperature-induced bleaching of corals begins with impairment of the
CO, fixation mechanism in zooxanthellae. Plant, Cell and Environment
21:1219-1230.

Keys, J.L. and J.M. Healy. 2000. Relevance of sperm ultrastructure to the
classification of giant clams (Mollusk, Cardioidea, Cardiidae, Tridacni-
nae). Geological Society, London, Special Publications. 177: 191-205.

Kinch, J. 2002. Giant clams: their status and trade in Milne Bay Province,
Papua New Guinea. Traffic Bulletin 19 (2): 1-9.

Kinzie, R.A and G.S. Chee. 1979. The effect of different zooxanthellae on the
growth of experimentally reinfected hosts. The Biological Bulletin 156:

315-327.

Klumpp, D.W., B.L. Bayne and A.J.S. Hawkins. 1992. Nutrition of the giant
clam Tridacna gigas (L.). |. Contributions of filter feeding and
photosynthesis to respiration and growth. Journal of Experimental
Marine Biology and Ecology 155: 105-122.

Klumpp, D.W. and C.L. Griffiths. 1994. Contributions of phototrophic and
heterotrophic nutrition to the metabolic and growth requirements of four
species of giant clam (Tridacnidae). Marine Ecology Progress Series
115:103-115

Klumpp, D.W. and J.S. Lucas. 1994. Nutritional ecology of the giant clams
Tridacna tevoroa and T. derasa from Tonga: influence of light on filter-
feeding and photosynthesis. Marine Ecology Progress Series 107: 147-156.

LaJeunesse, T.C. and R.K. Trench. 2000. Biogeography of two species of
Symbiodinium (Freudenthal) inhabiting the intertidal sea anemone
Anthopleura elegantissima (Brandt). The Biological Bulletin 199: 126-134.

Latama, G., A. Niartiningsih, R. Syam and S. Indriani. 2001. Survival of giant
clam larvae (Tridacna squamosa) fed zooxanthellae from three
sources. Phuket Marine Biological Center Special Publication. 25
(1):101-104.

Lee, J.J., M. Cevasco and G. Medor. 2005. Isolation and characterization of
the zooxanthellae from soritid foraminifera and the giant clam Tridacna
maxima. The Journal of Eukaryotic Microbiology 52 (2): 7S-27S.

Leggat, W., B.H. Buck, A. Grice, and D. Yellowlees. 2003. The impact of
bleaching on the metabolic contribution of dinoflagellate symbionts to
their giant clam host. Plant, Cell & Environment 26 (12): 1951-1961.

Lucas, J.S. 1988. Giant clams: description, distribution, and life-history. In:
Copland, J.W. and J.S. Lucas (eds.) Giant clams in Asia and the Pacific.
ACIAR Monograph 9: 21-32.

Mansour, K. 1946. Communication between the dorsal edge of the mantle
and the stomach of Tridacna. Nature (London) 157: 844.

Maruyama, T., and G.A. Heslinga. 1997. Fecal discharge of zooxanthellae in
the giant clam Tridacna derasa, with reference to their in situ growth
rate. Marine Biology 127 (3): 473-477.

Maruyama, T., M. Ishikura, S. Yamazaki, and S. Kanai. 1998. Molecular
phylogeny of zooxanthellate bivalves. The Biological Bulletin 195: 70-77.

Molea, T. and P.E. Munro. 1994. Influence of symbiont strain on early growth
of tridacnid. Asian Fisheries Science 7:92-102.

Newman, W.A. and E.D. Gomez. 2002. On the status of giant clams, relics of
Tethys (Mollusk: Bivalvia: Tridacnidae). In: Moosa, M.K. S.
Soemodihardjo, A. Sugiarto, K. Romimohtarto, A. Nontji, Soekarno and
Suharsono (eds.). Proceeding of the 9" International Coral Reef
Symposium. Bali, 23-27 October 2000. 2: 927-936.

Norton, J.H., M.A. Shepherd, H.M. Long and W.K. Fitt. 1992. The
zooxanthellal tubular system in the giant clam. The Biological Bulletin
183: 503-506.

Pochon, X., J. Pawlowski, L. Zaninetti, and R. Rowan. 2001. High genetic
diversity and relative specificity among Symbiodinium-like
endosymbiotic dinoflagellates in soritid foraminiferas. Marine Biology
139: 1069-1078.

Pochon, X., T.C. LaJeunesse, and J. Pawlowski. 2004. Biogeographic
partitioning and host specialization among foraminiferan dinoflagellate
symbionts (Symbiodinium, Dinophyta). Marine Biology 146: 17-27.

Rowan, R. and D.A. Powers. 1991a. Molecular genetic identification of
symbiotic dinoflagellates (zooxanthellae). Marine Ecology Progress
Series 71: 65-73

Rowan, R. and D.A. Powers. 1991b. A molecular genetic classification of
zooxanthellae and the evolution of animal-algal symbioses. Science 251
(4999): 1348-1351.

Schneider, J.A. and D.O. Foighil. 1999. Phylogeny of giant clams (Cardiidae:
Tridacninae) based on partial mitochondrial 16S rDNA gene sequences.
Molecular Phylogenetic Evolution 13 (1): 59-66.

Shelley, C.C, J.S. Glazebrook, E. Turak. L. Winsor and G.R.W. Denton.
1988. Trematode (Digenea: Bucephalidae) infection in the burrowing
clam Tridacna crocea from the Great Barrier Reef. Diseases of Aquatic
Organisms 4: 143-147.

Takabayashi, M., S.R. Santos and C.B. Cook. 2004. Mitochondrial DNA
phylogeny of the symbiotic dinoflagellates (Symbiodinium, Dinophyta).
Journal of Phycology 40 (1): 160-164.

Taylor, D.L. 1969. Identity of zooxanthellae isolated from some Pacific
Tridacnidae. Journal of Phycology 5: 336-340.

Trench, R.K., D.S. Wethey and J.W. Porter. 1981. Observations on the
symbiosis with zooxanthellae among the Tridacnidae (Mollusk, Bivalvia).
The Biological Bulletin 161: 180-198.

Wakefield, T.S., M.A. Farmer and S.C. Kempf. 2000. Revised description of
the fine structure of in situ “zooxanthellae” genus Symbiodinium. The
Biological Bulletin 199: 76-84.

Warner, M.E., W.K. Fitt and G.W. Schmidt. 1996. The effects of elevated
temperature in the photosynthetic efficiency of zooxanthellae in hospite
from four different species of reef coral: a novel approach. Plant, Cell
and Environment 19: 291-299.



