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ABSTRACT: The formation and persistence of modern coral reefs depends largely on organisms
that host dinoflagellate algal symbionts of the genus Symbiodinium. There are important ecological and physiological differences among Symbiodinium types, and many host species are able to
associate with multiple types, which may facilitate adaptation to local environmental change.
Using denaturing gradient gel electrophoresis (DGGE) and sequencing of internal transcribed
spacer-2 (ITS2) ribosomal DNA, we identified 11 Symbiodinium types belonging to clades A, C,
and D in 250 host animals from 3 Tridacna species in eastern Indonesia. Individuals with multiple
symbiont types were common: 42% of all clams had symbionts from multiple clades and 15% of
all clams had multiple types from a single clade. T. crocea associated more often with clade C symbionts and less frequently with clade D symbionts. T. squamosa associated more frequently with
clade D and less often with clade C symbionts. T. maxima did not preferentially associate with a
particular Symbiodinium clade, but sample sizes were low. We used both satellite sea surface temperature and in situ recordings to characterize the thermal environment in the study area. Clams
with clade C and D symbionts were located in areas with higher mean temperatures, while clams
with clade A symbionts were in cooler areas. This is consistent with previous research indicating
that clade C and D types may be more heat-tolerant than clade A. These results support the
hypothesis that giant clams can associate with different symbiont types based on local environmental conditions.
KEY WORDS: Symbiodinium · Tridacna spp. · Thermal tolerance · Climate change · Coral reef ·
Indonesia
Resale or republication not permitted without written consent of the publisher

Numerous marine invertebrates, including many
species of corals, foraminiferans, protists, anemones,
jellyfish, and some mollusks have a mutualistic sym-

biosis with a diverse group of dinoflagellates of the
genus Symbiodinium (Baker 2003). Extensive phylogenetic investigations based on small subunit (SSU)
and large subunit (LSU) nuclear ribosomal genes
have led to the currently recognized phylogeny of 9
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distinctive clades (A to I) in this dinoflagellate genus
(Pochon & Gates 2010). Additional subcladal diversity has also been revealed through the use of highly
variable markers such as nuclear rDNA internal transcribed spacer (ITS) regions (LaJeunesse 2001, 2002,
van Oppen et al. 2001, 2005a,b, Rodriguez-Lanetty &
Hoegh-Guldberg 2003), and other markers (Santos et
al. 2004, Barbrook et al. 2006, Magalon et al. 2007,
Kirk et al. 2009).
Different types of Symbiodinium in symbiosis exhibit different ecological and physiological patterns,
such as depth zonation patterns, seasonal relative
abundance changes, as well as sensitivity to light
and temperature. For example, consistent patterns
of depth zonation among Symbiodinium types
have been demonstrated in numerous coral and
other invertebrate hosts. Montastraea annularis
and M. faveolata, 2 dominant Caribbean coral species, contain members of at least 4 Symbiodinium
clades, of which at least 3 show predictable depth
distributions (Rowan & Knowlton 1995, Rowan et
al. 1997, Toller et al. 2001a). A survey of the distribution of Symbiodinium in a variety of Caribbean
invertebrate hosts also found depth zonation to be
an emergent property of patterns in symbiont distribution (LaJeunesse 2002). In the tropical western
Atlantic (Caribbean), Symbiodinium clade A typically occurs in shallow reef corals and is noted for
an ability to produce UV-protective mycosporinelike amino acids (MAAs) in culture, which has
been highlighted as a potential reason for this
(Banaszak et al. 2000, 2006). Symbionts in clade A
have also been suggested to be opportunistic, and
have appeared after disturbances such as disease
(Toller et al. 2001b). However, in the Pacific, clade
A is relatively rare in scleractinian corals (Baker et
al. 1997, LaJeunesse 2002) and has only been
found at relatively high latitudes (reviewed in
Baker 2003). Seasonal changes in total algal density and the relative abundance of multiple Symbiodinium types in hosts have also been reported
in corals (Chen et al. 2005). Thermal sensitivity
also varies between Symbiodinium clades (Rowan
et al. 1997, Glynn et al. 2001, Berkelmans & van
Oppen 2006, Jones et al. 2008) and even between
types within a single clade (Tchernov et al. 2004,
Sampayo et al. 2008).
Many coral species are able to host multiple Symbiodinium types, sometimes even within the same
colony (Rowan & Knowlton 1995, Apprill & Gates
2007, Baker & Romanski 2007). It is now clear that
the bleaching resistance of individual coral colonies
is due, at least in part, to the type(s) of symbiont it

hosts (Rowan et al. 1997, Glynn et al. 2001, Baker et
al. 2004, Berkelmans & van Oppen 2006, Jones et al.
2008, LaJeunesse et al. 2009; but see also Baird et al.
2009). However, relatively little research has been
done on the role of symbiont diversity in giant clams,
and consequently it is difficult to draw conclusions as
to the applicability of these results to this group.
Giant clams (genus Tridacna) are one of only a few
mollusk taxa that maintain symbioses with Symbiodinium. Unlike corals, which host Symbiodinium as
intracellular symbionts in the endodermal cell layer,
symbionts of clams are intercellular and are maintained in the hemal sinuses of hypertrophied siphon
(Trench et al. 1981). Previous studies have identified
giant clam symbionts belonging to clades A, C, and D
(reviewed in Baker 2003). Individual host clams can
associate with symbionts from multiple clades simultaneously (Baillie et al. 2000a, Carlos et al. 2000), and
a preliminary laboratory bleaching study showed
that T. gigas and T. derasa individuals with clade A
and clade C symbionts responded differently to elevated temperatures (Sison 2003). Clams with clade A
symbionts were more susceptible to bleaching following exposure to elevated water temperature,
compared to clams hosting clade C symbionts, in
agreement with the results of Rowan et al. (1997) for
corals. However, results of a follow-up experiment
indicate that clade A symbionts in giant clams
respond better to low light levels, compared to clade
C symbionts (Sison 2003), which is the reverse of that
found by Rowan & Knowlton (1995) and Rowan et al.
(1997) for corals. Replicated plots with controlled
environmental conditions indicate that different symbiont communities result in differential survivorship
and growth rates in tridacnid clams (Belda-Baillie
et al. 1999), demonstrating that different symbiont
types can have a substantial impact on their giantclam hosts. Taken together, these results indicate
that clams, like corals, host different symbionts that
vary in their environmental optima. However, as
results with clade A indicate (Sison 2003), it is not
clear whether physiological characteristics associated with symbionts in one host (such as corals)
translate to other hosts (such as clams), in part
because significant diversity within clades precludes
their direct comparison at this taxonomic level (Savage et al. 2002).
Previous studies on the association between Symbiodinium and giant clams have been conducted
under laboratory conditions, but almost nothing is
known about this symbiosis in the ocean. To begin to
fill this gap, we conducted the present study, and
aimed to (1) describe Symbiodinium diversity in nat-

DeBoer et al.: Symbiodinium in giant clams

ural populations of 3 species of giant clams (Tridacna
crocea, T. maxima, and T. squamosa), and (2) determine the relationships between Symbiodinium type,
host species, host genotype, and the thermal environment. The present study was conducted in the Bird’s
Head region of eastern Indonesia because this region
is a biodiversity hotspot in the Coral Triangle (Allen
& Erdmann 2009, Veron et al. 2009) and is the focus
of multiple conservation efforts by local government
and international non-profit organizations. The present study takes advantage of existing data sets
(e.g. clam tissue collections, in situ data loggers, and
remotely sensed sea surface temperature [SST] data)
and combines them in a preliminary investigation of
Symbiodinium diversity in giant-clam hosts.

Table 1. Tridacna spp. Giant-clam collections. Map labels
correspond to Fig. 1
Map
label
T. crocea
Adoki

Population

Locality

Biak

Adoki Village

3/4/05

14

Owi

5/4/05

13

Tuburwasa

4/5/06

16

15/2/06

18

4/7/05

14

24
Fak Fak

Fak Fak

Nabire

Nabire

9

Dampier
Straight

12
Kumur

Sampling

10/7/05

14

Waaf

22/11/05

18

Teluk
Cenderawasih

Pulau
Kumbur

18/2/06

21

10/9/05

21

Tridacna Atoll

Yapen

Yapen

T. maxima
24
9

Biak
Dampier
Straight

12

Pulau Rasba

12/4/05

3

Owi

5/4/05

10

Kri

4/7/05

2

Jefman Island

10/7/05

1

Nampale

21/11/05

4

Waaf

22/11/05

2

Kumur

Teluk
Cenderawasih

Pulau
Kumbar

18/2/06

1

Yapen

Yapen

Serui Fish
Market

15

T. squamosa
24
Biak
Nabire

Genomic DNA was extracted from each tissue sample using 10% Chelex (Walsh et al. 1991). A portion
of the 5.8S, the entire ITS2 region, and a portion of
the 28S rDNA were amplified using the primers
‘ITSintfor2’ and ‘ITS2CLAMP’ (LaJeunesse 2002).
PCR amplifications were performed in a total volume
of 25 µl, with a thermocycling profile consisting of
35 cycles of 30 s at 94°C, 30 s at 60°C, and 45 s
at 72°C, followed by a final extension at 72°C for
3 min.
Successful Symbiodinium ITS2 amplicons were
subsequently analyzed using denaturing gradient
gel electrophoresis (DGGE) using a CBS Scientific
System with denaturing gradient gels (35 to 75%
formamide, 8% polyacrylamide denaturing gradient;
100% consisting of 7 M urea and 40% deionized formamide) for approximately 16 h at 90 V. Representa-

4/6−4/8/05 12
Total: 161i

Misool

14

24

Symbiodinium identification

Kri
Jefman Island

24

Giant clams were sampled at 12 locations in the
study area between 2 April 2005 and 22 November
2006 (Table 1). Symbiodinium are located in specialized tubes within the clam mantle tissue (Norton et
al. 1992). Samples were collected non-lethally by
clipping a piece of mantle tissue using a hemostat
and sharp scissors and this was then preserved in
95% ethanol. Samples were collected at depths typical for the locations of each species on the reef: Tridacna crocea from 0 to 1 m, T. maxima from 1 to 4 m,
and T. squamosa from 2 to 10 m.

Date collected n
(dd/mm/yy)

Misool

15

23
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5

Pulau Rasba

12/4/05

Owi

5/4/05

2

15/2/06

7

8/7/05

3

Nabire
Dampier
Straight

4/6 &
5
4/8/05
Total: 28i

Teluk
Mayalibit

7

3

Alyui Bay

5/7/05

1

12

Jefman Island

10/7/05

3

Misool

Nampale

21/11/05

16

Kumur

Teluk
Cenderawasih

Pulau
Kumbur

18/2/06

16

Yapen

Yapen

Teluk
Kananroi

12/2/06

5

Serui Fish
Market

8/4/05

1

14

Yapen

Total: 61i

tive DGGE bands and unique profiles were excised
from each gel and gel stabs were PCR-amplified
using the same primers, except for removing the GC
clamp from the reverse primer, which is unnecessary
for sequencing (Apprill & Gates 2007). PCR amplifications were performed in a total volume of 10 µl,
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with a thermocycling profile consisting of 20 cycles of
30 s at 94°C, 45 s at 60 to 50°C (decreasing 0.5°C each
cycle), and 30 s at 72°C, followed by a final extension
at 72°C for 10 min (Apprill & Gates 2007). PCR products were prepared for sequencing following Barber
& Boyce (2006). Forward and reverse strands were
sequenced on an ABI 377 or an ABI 3730 automated
sequencer with Big Dye (Applied Biosystems) terminator chemistry.
The sequences’ chromatographs were manually
checked and aligned with Sequencher 4.5 (Gene
Codes). Each sequence type was compared against
named sequences in the GenBank database using
the BLAST search tool (Altschul et al. 1990). Sequences that did not have a positive match (100%
sequence identity) were named for the closest match
with the base position of the non-matching base
identified. For example, C15-31 in the present study
is identical to the previously identified type C15
except at base 31. Note that single-nucleotide differences can be the result of PCR error, highly unlikely
in this example as C15-31 was found in 96 sequences, yet could explain the 5 singleton sequences in
the data set. These are reported for completeness,
but should be verified in additional individuals. Note
also that DGGE analysis of multi-copy rDNA, including the ITS2 region, cannot reliably estimate relative
densities of multiple symbiont types; therefore we
could not perform any analyses related to symbiont
density with each host.
Comparisons between observed and expected
Symbiodinium distributions were made using chisquared tests of independence. Expected values
were calculated based on observed frequencies of
symbiont clades in each species and/or environment.

Phylogenetic analysis of host clams
Approximately 500 bp of the mitochondrial cytochrome c oxidase subunit-1 gene (COI) was PCRamplified from 10% Chelex DNA extractions (Walsh
et al. 1991) using Tridacna-specific primers (T. crocea: Tridacna1F and Tridacna3R, DeBoer et al. 2008;
T. maxima: MaximaF3 [GTT TAG RGT RAT AAT
YCG AAC AG] and HCO-2198, Folmer et al. 1994;
and T. squamosa: SquaF3 [CAT CGT TTA GAG TAA
TAA TTC G] and SquaR1 [ATG TAT AAA CAA AAC
AGG ATC]). The hot-start thermocycling profile began with 15 s at 94°C, then 38 cycles of 30 s at 94°C,
30 s at 50°C, and 45 s at 72°C, and a final extension of
72°C for 3 min. PCR products were prepared for
sequencing following Barber et al. (2006). Forward

and reverse strands were sequenced on an ABI 377
or an ABI 3730 automated sequencer using Big
Dye terminator chemistry. Sequences were proofread and aligned in Sequencher 4.5. Protein translations were confirmed in MacClade 4.05 (Sinauer). A
COI gene tree was constructed using the neighborjoining method as implemented in MEGA 4.0 (Tamura et al. 2007) with support based on 1000 bootstrap
replicates.

Study area and temperature data
The Bird’s Head region of Indonesia is comprised
of 2 ecologically distinct areas (Donnelly et al. 2003).
Southern Raja Ampat reef communities are strongly
structured by cool-water upwellings and dominated
by soft corals and benthic filter feeders, while the
northern reefs are more hard-coral-dominated and
have less upwelling influence. Temperature data was
obtained from the study area using 2 methods, both
intended to generally characterize the thermal environment in these 2 distinct areas.
First, we used the georeferenced NASA Moderate
Resolution Imaging Spectroradiometer (MODIS) SST
data (11 micron daytime at 9 km resolution) downloaded from http://oceancolor.gsfc.nasa.gov. For
each clam collection locality, we obtained mean SST
data during the month of collection, the month preceding collection, the year of collection, and over the
entire MODIS mission to date (1 January 2002 to 2
January 2008). Relationships between temperature
variables were assessed using Spearman’s correlations in SPSS. We used unpaired t-tests for groups
with unequal variances to determine if mean temperatures differed for clams with and without each symbiont clade.
We also obtained temperature information from in
situ Hobo v.2 and Tidbit data loggers (Onset Computer) placed in the study area. Loggers deployed at
depths of 3 m at 24 locations recorded temperature
every 15 min between September 2005 and January
2009 (Fig. 1, Table 2). Data from all loggers located in
NE Raja Ampat (n = 7) and data from loggers in SW
Raja Ampat (n = 17) were averaged to summarize
data for these 2 ecologically distinct areas. We calculated the mean, minimum, and maximum temperature recorded at each logger. Variation in temperature is expected to have a significant effect on
short-term acclimatization and longer-term adaptation of hosts (McClanahan et al. 2007), and therefore,
characterization of the data included measures of
skewness and kurtosis.
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Fig. 1. Tridacna spp. Raja Ampat, Indonesia with locations of in situ temperature loggers and clam sampling sites. Site labels
correspond to ‘Map label’ in Tables 1 & 2
Table 2. Location and temperature statistics for data loggers. SW RA includes SW Raja Ampat; N RA includes NE Raja Ampat
and the Bay of Cenderawasih. Map labels correspond to Fig. 1. Total number of days for which a logger collected data was used
in the ‘weighted average’ calculation since the amount of data available from each logger varied. *p < 0.05 between regions
Region Map Location
label

No. of days Temperature (°C) Skew Kurtosis
with data Avg. Min. Max.

GPS coordinates

SW RA

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Wayag
973
Kawe Rocks (Roibe)
739
Alyui Bay Cendana
372
Batang Pele
585
Mayalibit Bay
937
Fam Group (Melissa’s Garden)
243
Arborek Manta aggregation site 912
Mike’s Point
665
Kri EcoResort
839
West Selat Sagewin
269
Sagewin Strait
852
Jefman Island, Sorong Bay
897
Kofiau Group
1048
Nampale mangrove channels
606
Waaf Island
655
Fiabacet Rocks
679
Inner Misool Karst Bay
678
Weighted average

28.96
28.55
28.62
28.85
30.04
28.87
28.89
29.15
28.89
28.47
29.08
29.39
28.76
28.60
28.58
28.84
28.87
28.96

27.4
26.2
27.4
27.2
27.0
27.5
26.4
27.9
26.4
24.6
26.1
26.4
21.4
24.7
26.1
26.5
25.9
26.1

30.4
30.1
29.7
30.8
32.9
30.7
30.8
31.5
30.6
30.1
31.0
31.5
31.6
30.3
30.9
31.6
31.0
31.0

−0.34
−0.40
−0.34
−0.46
−0.60
−0.44
−0.38
−0.11
−0.18
−1.26
−0.48
−0.36
−1.26
−1.08
−0.89
−0.87
−0.76
−0.59

0.12
0.12
0.38
−0.17
−0.32
0.29
0.35
−0.13
−0.06
2.32
0.49
0.83
3.18
0.73
−0.60
−0.05
−0.30
0.43

00°09.845’ N, 130°00.644’ E
00°06.547’ S, 130°11.943’ E
00°11.318’ S, 130°15.246’ E
00°16.700’ S, 130°13.758’ E
00°17.848’ S, 130°48.490’ E
00°35.390’ S, 130°18.909’ E
00°33.737’ S, 130°32.495’ E
00°30.941’ S, 130°40.348’ E
00°33.334’ S, 130°40.664’ E
00°57.019’ S, 130°39.756’ E
00°53.552’ S, 130°55.664’ E
00°55.641’ S, 131°07.408’ E
01°15.864’ S, 129°40.789’ E
01°47.873’ S, 129°38.570’ E
02°08.936’ S, 130°13.283’ E
02°13.333’ S, 130°29.543’ E
01°58.928’ S, 130°27.574’ E

N RA

18
19
20
21
22
23
24

Pulau Lemon, Manokwari
Rumberpon
Pulau Nusambier
Pulau Yop
Pulau Roon
Tridacna Atoll
Pulau Owi, Biak
Weighted average

29.54
29.56
29.61
29.55
29.63
29.76
29.44
29.59*

27.1
28.1
22.2
27.0
28.4
28.4
28.4
27.0

31.1
31.0
31.6
31.6
31.2
31.2
30.6
31.3

−0.66
−0.36
0.16
−1.06
−0.21
−0.09
−0.46
−0.47

2.43
0.27
1.41
1.32
0.35
−0.13
0.53
1.07

00°53.395’ S, 134°04.782’ E
01°44.227’ S, 134°12.146’ E
01°58.820’ S, 134°41.723’ E
02°30.427’ S, 134°22.670’ E
02°16.840’ S, 134°33.787’ E
02°29.691’ S, 134°58.997’ E
01°14.870’ S, 136°11.225’ E

1155
1135
628
1128
504
628
86
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RESULTS
Symbiodinium identifications
Positive PCR amplifications and scoreable DGGE
profiles were obtained for a total of 250 giant clams,
including 161 Tridacna crocea, 28 T. maxima, and
61 T. squamosa. The observed profiles were typically
characterized by 1 or 2 distinctive bands, corresponding to a specific DNA fingerprint of the ITS2 rDNA
region (Fig. 2).
In total, 11 Symbiodinium ITS2 sequence types
were identified during this survey (Table 3). The
clade C symbiont C15-31 was the most common,
found in 160 individual clams. All symbiont types
were observed in all 3 host species, with the excep-

tion of sequences obtained from only a single individual (‘singleton’ types), and type A3-223, which
was only observed in 10 of 161 Tridacna crocea individuals (Table 3).
Mixed Symbiodinium communities were commonly detected within single host individuals. Symbionts from multiple clades were detected in 106 of
250 samples (42%), including 48 of 161 Tridacna crocea (30%), 49 of 61 T. squamosa (80%), and 9 of
28 T. maxima (32%). Intra-clade Symbiodinium diversity within a single host clam was detected in 38 of
250 (15%) total samples. Table 4 lists the number of
hosts in which each Symbiodinium clade combination was identified.

Host diversity
A total of 113 COI haplotypes were identified during this survey (Fig. 3). Phylogenetic structure within
host species was apparent, with distinct clades present in Tridacna crocea, and in T. maxima, but not in
T. squamosa (Fig. 3). T. crocea and T. squamosa were
inferred as sister groups and the most derived, with
T. maxima basal to those species, consistent with the
accepted Tridacna phylogeny (Schneider & Foighil
1999). T. maxima and T. crocea species clades each
contained 2 well-supported lineages.

Host-symbiont specificity

Fig. 2. Symbiodinium in Tridacna spp. DGGE gel showing
representative samples with each ITS2 sequence identified.
Faint bands labeled ‘NS’ failed sequencing and were not
scored. DGGE run on a CBS Scientific System with denaturing gradient gels (35−75% formamide, 8% polyacrylamide
denaturing gradient; 100% consisting of 7 M urea and 40%
deionized formamide) for approximately 16 h at 90 V. Host
animal for Lanes 1−10 and 12−14 is T. crocea, Lane 11 is
T. squamosa, and Lane 15 is T. maxima. Complete scores for
each lane: Lane 1: C1, A3-223, A3; Lane 2: A3-223, A3; Lane
3: A3-223, A6; Lane 4: A3, A6; Lane 5: A6-57, A3; Lane 6:
C1; Lane 7: C15-31; Lane 8: C15-31; Lane 9: C15-31; Lane
10: C15-31, D1a; Lane 11: C3-103; C3, D1a, D1b; Lane 12:
C15-31, D1a; Lane 13: C14-31, D1b; Lane 14: C15-31; Lane
15: C15-31, D1b-103

In terms of simple presence/absence, host specificity for Symbiodinium was low, as individuals
from all 3 host species associated with multiple
symbiont types in clades A, C, and D (Fig. 3). However, the relative percentages of each symbiont
clade, and some symbiont types, differed markedly
between host species. Host species identity and
Symbiodinium clade were not independent (χ2 =
62.84, df = 4, p = 7.34 × 10−13; Fig. 3). Tridacna crocea individuals associated more with clade C symbionts and less frequently with clade D symbionts
than would be expected if symbiont types were distributed evenly among host species. No difference
was detected between observed and expected symbiont types in T. maxima individuals, although
sample sizes were small. T. squamosa individuals
hosted fewer clade C and more clade D symbionts
than would be expected by chance. Other host –
symbiont combinations were observed in frequencies that would be expected if associations were
random.
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Table 3. Symbiodinium in Tridacna spp. Symbiodinium ITS2 types identified
in giant-clam hosts. Sequences with a match (100% sequence identity) to
GenBank sequences were named according to LaJeunesse (2002). Sequences
that did not have a positive match were named for the closest match with the
base position of the non-matching base identified. For example, C15-31 in the
present study is identical to the previously identified type C15 (GenBank accession no. AF195157.1) except at base 31. Number of host clams found with
the symbiont type is based on DGGE profile. Number of sequences is those recovered from sampled clams. GenBank accession number is of a representative of each type
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Temperature and symbiont
distribution

For clam collection sites with in situ
loggers in place prior to clam collection (Fig. 1: Sites 9, 12, 14, and 24), we
compared MODIS and in situ temperature data. Average monthly temperatures from remotely sensed MODIS
data (sea surface at 9 km resolution)
were warmer than those obtained
Symbiodinium Tridacnid
No. of
No. of
Sequence GenBank
type
host
host clams sequen- length in bp accession
from in situ loggers at 3 m depth (p <
with
ces
(excluding
no.
2.5 × 10−11, paired t-test). However,
symbiont
primers)
average temperature calculated from
the MODIS satellite and in situ loggers
C15-31
All 3 spp.
160
96
287
HQ896362
A6
All 3 spp.
76
32
255
HQ896367
were positively correlated (r = 0.663).
D1b / D5
All 3 spp.
65
32
285
HQ896365
MODIS SST variables (mean temD1a
All 3 spp.
46
22
285
HQ896364
perature
during month of collection,
A3
All 3 spp.
30
23
255
HQ896366
mean temperature during month preC1
All 3 spp.
11
18
287
HQ896370
A3-223
T. crocea
10
8
255
HQ896363
ceding collection, mean temperature
A6-57
T. crocea
1
1
255
HQ896371
during year of collection, and mean
C3
T. squamosa
1
1
287
HQ896369
temperature over entire MODIS misC3-130
T. squamosa
1
1
287
HQ896368
sion) were all positively correlated
D1b-103
T. maxima
1
1
285
HQ896373
(all Spearman’s r > 0.64, all p < 0.01).
Clams with clade A symbionts were
typically located in areas with lower
Table 4. Symbiodinium in Tridacna spp. Number of hosts in which each
temperature than clams without clade
Symbiodinium clade combination was identified. Multiple-letter columns (e.g.
A symbionts, regardless of the timeAA, CC) indicate that the clam hosts multiple types of Symbiodinium within
that clade
frame over which temperature was
averaged (Mann-Whitney test: all t >
3.3, all p ≤ 0.008; Fig. 5). Clams with
Host species
Symbiodinium clade combination
A AA C CA CAD CC CD
D DA
Total
clade C symbionts were typically
located in higher-temperature areas,
T. crocea
23
5
83 35
2
9
2
2
161
compared to those without clade C
T. maxima
7
8
3
1
6
3
28
symbionts, regardless of the timeT. squamosa
2
4
2
2
1
11
5 34
61
Total
32
5
95 40
4
2
26
10 36
250
frame over which temperature was
averaged (Mann-Whitney test: all t >
2.2, all p ≤ 0.02; Fig. 5). Clams with
Host and symbionts interact intimately in this sysclade D symbionts were typically located in areas
tem given their physical association and reliance on
with higher temperatures in the month of collection
each other for nutrients. Therefore, host-symbiont
and month prior to collection (Mann-Whitney test:
genotype pairings might be non-random. A test for
both t > 4.2, both p < 0.001; Fig. 5), but there was no
an association between host genotype (clade) and
difference between the 2 groups for temperature
symbiont clade was only performed in Tridacna croaveraged across all years or in the year of collection
cea, due to small sample sizes for the other Tridacna
(both t < 1.23, both p > 0.22). These results remain
species. The 2 clades of T. crocea were not distribunchanged if each host species is analyzed indeuted randomly across the study area (92% of individpendently (data not shown). These results remain
uals in one T. crocea clade were located in the NE
unchanged when using sequential Bonferronipart of the study area; Fig. 4). When we controlled for
corrected p-values to account for multiple tests on
location (NE Raja Ampat vs. SW Raja Ampat), host
the data, except that the comparison of temperatures
clade was not correlated with the presence of any
during the month of collection is not significant for
symbiont type (Pearson partial correlations, all r <
clams with and without clade C (Mann Whitney p =
0.13, df = 158, all p > 0.125).
0.019; sequential Bonferroni-corrected p = 0.017).
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Fig. 3. Symbiodinium in Tridacna spp. Neighbor-joining tree of all host Tridacna COI sequences showing major clades within each species. Bootstrap
support (1000 replicates) is shown above branches, and branch length is
shown below branches (branches shorter than 0.01 are not labeled). The outgroup used is identified as Tridacna sp. (GenBank accession no. DQ168140).
Multiple divergent clades are apparent for T. crocea (as previously reported:
DeBoer et al. 2008, Kochzius & Nuryanto 2008) and T. maxima. (a) Percentage
of individuals in each species (or clade for T. crocea) with each Symbiodinium
clade (A, C, D, or multiple ‘mixed’ clades). (b) Percentage of individuals in
each species (or clade for T. crocea) with each Symbiodinium clade in which
hosts containing multiple ‘mixed’ clades are partially attributed to each symbiont clade (e.g. hosts containing both clades A and C are counted as 0.5 individuals for clades A and C)

Not all temperature loggers collected data over the
entire time period from September 2005 to January
2009 (Table 2). Therefore, data from all loggers
located in NE Raja Ampat (n = 7) and data from all
loggers in SW Raja Ampat (n = 17) was averaged to
summarize the thermal environment for these 2 ecologically distinct areas. Average water temperature
was significantly higher in NE Raja Ampat than in
SW Raja Ampat (p = 0.001, t-test; Table 2).
Because of higher average temperatures in NE Raja
Ampat, a greater number of host clams were predicted to contain heat-tolerant clade C and D Symbiodinium within this area, compared to areas in the SW,
which were predicted to host members of clade A rel-

atively more frequently. Host clam location (NE vs. SW Raja Ampat) and
symbiont clade are not independent
(χ2 = 46.57, df = 2, p < 7.72 × 10−11).
This result remains unchanged if each
host species is analyzed independently
(data not shown). Within the warmer
waters of NE Raja Ampat, fewer host
clams were observed to harbor clade A
than what was expected and more
host clams associated with clade C
than was expected (Fig. 4). In the SW
Raja Ampat region, more host clams
associated with clade A than was expected. Hosts with clade D symbionts
were found at similar frequencies in
both regions.
Temperature variability itself may
influence symbiont community composition. Tests for an association between
temperature variability (measured by
skewness and kurtosis) used only the 5
populations for which temperature
data and >10 samples of Tridacna crocea were available (sample sizes were
too low in other host species). Neither
skew nor kurtosis was significantly
correlated with the percentage of any
symbiont clade (Spearman’s correlation, all r < 0.301, all p > 0.05).

DISCUSSION
Symbiont diversity in tridacnid clams
from Indonesia

The most common symbiont recorded in our study was Symbiodinium C15-31 (Table 3). This subtype
has not been recorded to date, but is closely related
to C15, which is common in certain scleractinian
corals throughout the Indo-Pacific, particularly Porites and Montipora (LaJeunesse 2005). C15 is also
found in various alcyonaceans (Goulet et al. 2008),
some zoanthids (Reimer & Todd 2009), and occasionally in hydrozoans, e.g. Millepora (LaJeunesse 2005).
It would appear that tridacnid clams, at least in
Indonesia, associate with a novel type of C15 that
may be specific to these hosts.
The second most common symbiont (A6) has been
recorded in Tridacna from the Philippines (Baillie et
al. 2000b) and Japan (LaJeunesse et al. 2004). It has
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Fig. 4. Symbiodinium in Tridacna spp. (a−c) Frequency of each COI clade for (a) T. crocea, (b) T. squamosa, and (c) T. maxima.
Host clades are defined based on a neighbor-joining tree of COI sequence shown in Fig. 3. Circle size in each key indicates
number of host clams sampled in each population. Note that sample sizes differ in panels a, b and c. Underlying color shows remotely sensed mean sea surface temperature over the entire MODIS mission (1 Jan 2002 to 2 Jan 2008). (d−f) Frequency of each
Symbiodinium type in surveyed populations of (d) T. crocea, (e) T. squamosa, and (f) T. maxima. Hosts containing multiple
Symbiodinium types are scored as contributing equally (50%) to each type, as explained in the legend of Fig. 3

not been recorded in other hosts and consequently
also appears to be specific to tridacnid clams.
The D1b/D5 subtype has also not been recorded to
date. Although D1b has been previously identified
(GenBank accession nos. EU449056 and EU449060),
no information on its host origin is reported. D5 is
rare but very taxonomically widespread, having
been found in corallimorphs, alcyonaceans, scleractinians, helioporaceans, and zoanthids in the Indian
Ocean (LaJeunesse et al. 2010).
D1a is a very common symbiont on coral reefs
worldwide and has been recorded from a wide variety of scleractinian corals (LaJeunesse et al. 2004,
2009, 2010, Thornhill et al. 2006, Silverstein et al.
2011). It has also been found in zoanthids (Reimer &

Todd 2009), corallimorphs, alcyonaceans, helioporaceans, and gorgonians, as well as Tridacna in the
NE Indian Ocean (LaJeunesse et al. 2010).
A3 is common in Caribbean scleractinian corals
and the scyphozoan Cassiopeia, and is also found in
zoanthids, the hydrocoral Millepora, and the anemone Condylactis (LaJeunesse 2002). In the IndoPacific it has only been recorded from Tridacna in the
Andaman Sea, and in the hydrozoan Aglaophenia in
the western Indian Ocean (LaJeunesse et al. 2010).
A3-223 is closely related to A3, but has not been previously recorded.
C1 is one of the most common Symbiodinium
subtypes worldwide and is both geographically cosmopolitan and phylogenetically widespread among
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least 11 different symbionts in 3 clades
of Symbiodinium), most clams appear to
be dominated by symbionts that appear
to be specific to these hosts (C15-31
and/or A6). However, at least 88 clams
in the present study contained symbionts (D1a, A3, C1, and C3) that are very
common in other hosts elsewhere. This
suggests that clams do have the ability
to associate with other symbionts that
have a broad phylogenetic and geographic distribution. One of these symbionts (D1a) is associated with thermotolerance in scleractinian corals (see
‘Temperature effects on host Symbiodinium community’), and its presence in
Tridacna on warm Indonesian reefs may
indicate higher potential for these hosts
to survive at high temperatures.
Much work has been done on the environmental drivers of symbiont diversity in different hosts, particularly corals
(Baker 2003, Stat et al. 2006). At the
clade level, distributional differences
were first reported between Symbiodinium in the Caribbean, with clades A
and B common in shallow water and
clade C more often found in deeper
water (Rowan & Knowlton 1995, Rowan
et al. 1997, Baker 2001, LaJeunesse
Fig. 5. Symbiodinium in Tridacna spp. Comparison of mean (± 95% CI) sea
2002). In the Indo-Pacific, the focus has
surface temperature (SST) measurements from MODIS using unpaired tshifted to clades C and D and their distest for groups with unequal variances for clams with and without Symbiotribution relative to temperature and
dinium (a) clade A, (b) clade C, and (c) clade D. All comparisons are significant (p < 0.05), except as indicated by NS (p > 0.05). ‘All years’ corresponds
bleaching history, since clades A and B
to mean SST over the entire MODIS mission (1 Jan 2002 to 2 Jan 2008)
are relatively uncommon (Baker 2003).
Studies on bleached reefs have indicated that clade D increases as a result
different hosts. In addition to being common in sclerof bleaching (Glynn et al. 2001, Baker et al. 2004,
actinian corals worldwide (LaJeunesse 2005), in the
Berkelmans & van Oppen 2006, Jones et al. 2008,
Indian Ocean it has also been found in anemones,
LaJeunesse et al. 2009), but long-term environmental
corallimorphs, zoanthids, alcyonaceans, and also Trihistory, particularly high temperature with low temdacna (LaJeunesse et al. 2010).
perature variability, is also likely to play an important
The remaining Symbiodinium subtypes detected in
role in determining the relative abundance of clade
the present study (A6-57, C15-135, C3, C3-130, and
D (Baker et al. 2004, Fabricius et al. 2004, McClanaD1b-103) were all found in just 1 host clam. All of
han et al. 2007, LaJeunesse et al. 2010, Oliver &
these symbionts are novel types that have not been
Palumbi 2011), although over large scales these patrecorded elsewhere, with the exception of C3, which
tern may be obscured by other biogeographic factors
is similar to C1 in the range of hosts with which it
(Oliver & Palumbi 2009). Clade-level diversity in
associates, and the geographic range over which it
Symbiodinium has been reported in clams previously
occurs.
(Rowan et al. 1996, Rowan 1998, Baillie et al. 2000a,
The overall distribution of symbionts reveals a
2000b, Sison 2003), but the distribution of this divercomplex symbiotic picture. While Tridacna shows a
sity over ecological or biogeographic scales has not
high degree of flexibility in their associations (with at
been reported.
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Mixed Symbiodinium communities in clam hosts
In the present study, many host individuals (42%)
simultaneously harbored Symbiodinium from multiple clades. The ecological significance of heterogeneous symbiont infections is not yet known, but it has
been suggested that mixed symbiont communities
may have an adaptive advantage during periods of
environmental disturbance such as bleaching (Buddemeier & Fautin 1993, Rowan 1998). Previous studies employing variable molecular markers have
shown that giant clams can harbor a mixture of Symbiodinium types (Rowan & Powers 1991, Baillie et al.
2000a, as well as the present study). The bulk of
recent research on Symbiodinium diversity is based
on DGGE analysis of ITS2 rDNA, which has been
suggested to be the most broadly applicable and
appropriate marker for characterizing Symbiodinium
diversity (LaJeunesse 2001, Correa et al. 2009). Future
applications of more sensitive molecular methods
that are designed to identify Symbiodinium in low
abundance (such as quantitative PCR) may reveal
additional symbiont diversity within individual clams
(Mieog et al. 2007, Correa et al. 2009).
It is important to note that the Symbiodinium diversity in giant clams described here should be considered a minimum estimate for 3 reasons. First, rare
types present at low abundance (up to 10 to 20% of the
total symbiont population, depending on type) may
not be detected by DGGE (LaJeunesse et al. 2008).
Recent development of quantitative PCR primers for
Symbiodinium enable sensitive detection of symbionts present in very low numbers, more so than is
possible using PCR-DGGE (Mieog et al. 2007, Correa
et al. 2009). Application of these techniques to giant
clam-algal symbioses will increase our understanding of the utility of diverse symbionts in this system.
Second, we analyzed only a portion of the total host
mantle tissue and therefore additional symbiont
types in the larger tissue area may have been missed.
Our sampling method involved clipping a small
(1 cm2) piece of tissue from the outer edge of the
mantle. It is possible that other tissues, deeper within
the clam or toward the central siphons, might be subject to different environmental conditions (e.g. lower
light levels) that could favor different symbiont types.
Although to date no studies have investigated spatial
variability in Symbiodinium within individual giant
clams, the evidence demonstrating that individuals
can routinely host multiple symbiont types (Baillie et
al. 2000b, Carlos et al. 2000, Ishikura et al. 2004, present study) suggests that this is possible. If different
symbionts are not evenly distributed throughout

127

clam tissues, then the fact that individual hosts were
partially biopsied, rather than sacrificed in their
entirety, suggests that symbiont diversity within individuals may be higher than reported here. Finally,
populations of Tridacna were not exhaustively sampled throughout the study area, and were sampled
over a small extent of their geographic range. Therefore these results should not necessarily be interpreted as being representative of the total Symbiodinium diversity present in giant clams at all locations.
It is also important to note that different Symbiodinium types affect other physiological host traits
including growth rate, reproduction, and health, and
therefore hosts may face trade-offs when switching
symbiont types (e.g. Little et al. 2004). It remains
unknown how these traits are affected by Symbiodinium in giant clam hosts.

Host –symbiont specificity
Giant clams do not maternally transfer symbionts
to their eggs (Fitt & Trench 1981); rather, clam veligers acquire free-living Symbiodinium from their
environment. Such ‘horizontal acquisition’ of symbionts allows individual clams the flexibility to potentially establish symbioses with new or multiple types
of free-living Symbiodinium from the environment.
This method of symbiont acquisition could result in
an initial non-selective uptake of symbionts from the
environment (Coffroth et al. 2010), followed by ‘winnowing’ of suitable symbionts in early ontogeny, as in
the coral Fungia (Dunn & Weis 2009). Alternatively,
hosts could preferentially select symbiont strains at
the infection stage as seen in squid (Nishiguchi
2002).
Our results suggest that giant clams routinely host
different types of Symbiodinium, and that the symbiont type(s) present depend on the clam species in
question and the thermal environment in which it is
found. Our results indicate that Tridacna crocea individuals associate more often with clade C and less so
with clade A symbionts. T. maxima associate less
often with only clade A symbionts than expected, but
more often with clade C only and mixed-clade symbionts. T. squamosa associates more often with mixed
clades than expected. Some of this variation could be
explained by habitat differences between species,
particularly depth, which has been associated with
symbiont community structure in previous studies
(reviewed in Baker 2003). T. crocea and T. maxima
inhabit shallow waters (0.5 to 7 m), and T. squamosa
is found slightly deeper (<15 m). It is possible that the

128

Mar Ecol Prog Ser 444: 117–132, 2012

wider depth range of T. squamosa predisposes it to
hosting more diverse symbiont assemblages as a
result of more variable environmental conditions.
Because the present study did not record the exact
depth for each sample collected, it is impossible for
us to test this hypothesis directly. However, given the
habitat differences among species, and the temperature stresses associated with these differences, the
variation in symbiont communities between species
is consistent with the hypothesis of holobiont adaptation to environmental conditions. However, because
the 3 giant clam species studied here have not been
sampled across their entire range, the differences in
Symbiodinium communities between host species
reported here should be regarded as locationspecific pending further study. It should not be
assumed that these associations are representative of
the full range of associations in which these clam
species are involved.
Evolutionary history may account for some variation in symbiont community between host species,
but the exact relationship is unclear from our results.
Tridacna crocea and T. squamosa are sister species,
with T. maxima basal to them (Schneider & Foighil
1999). Additional phylogenetic structure is apparent
within host species, with distinct COI clades present
in T. crocea (DeBoer et al. 2008, Kochzius & Nuryanto
2008) and T. maxima, but not in T. squamosa (Fig. 3).
However, when controlling for collection location
(NE Raja Ampat vs. SW Raja Ampat), host clade was
not correlated with the presence of any symbiont
type (Pearson partial correlations, all r < 0.13, df =
158, all p > 0.125).

Temperature effects on host
Symbiodinium community
We took advantage of 2 existing data sources to
obtain information on temperature in the study area:
NASA’s SST data from the MODIS satellite and a collection on in situ loggers in the Bird’s Head region.
Temperature data from both sources are positively
correlated, but MODIS SSTs were significantly
higher than those recorded by in situ loggers. We do
not see this result as problematic for several reasons:
(1) this result is not surprising given the differences
between the 2 methods in depth (surface vs. 3 m) and
resolution (9 km for MODIS and 0 km for in situ loggers); (2) the conclusions of this study rely entirely on
the MODIS satellite data, not on a combination of
data from loggers and MODIS. The in situ logger
data were only used to obtain measures of tempera-

ture variability in the study area, which cannot be
directly calculated from the MODIS data. Neither of
the measures of temperature variability was significantly associated with Symbiodinium distribution in
giant clams (see ‘Results’), but the analysis is included for completeness as coral researchers have previously found an association between thermal variability and symbiont distribution (e.g. McClanahan
et al. 2007). It is important to note that the power of
these tests in the present study was small with only 5
sites with long-term data included. Ideally, future
studies focused on determining the absolute relationships between giant clams, Symbiodinium, and the
thermal environment should rely on temperature
data obtained from loggers in direct proximity to
study animals.
Our results indicate that SST history plays a role in
explaining the distribution of Symbiodinium in the
present study of giant clams, but we emphasize that
this study was geographically restricted, so the
apparent specificity reported here should be regarded as location-specific pending further study. Clams
hosting clade A symbionts were more common in
areas with lower mean temperatures in the month of
collection, the month prior to collection, the year of
collection, and over all years of MODIS temperature
collection (1 January 2002 to 2 January 2008; Fig. 4).
In contrast, clams with clade C and D symbionts were
more common in areas with higher mean temperatures, regardless of the time period over which
temperature was averaged. The presence of clade D
symbionts in giant clams appears to be more closely
tied to short-term temperature history, as clams with
clade D symbionts were from areas with higher temperatures during the month of collection and the
month prior to collection, but there was no difference
in mean temperatures over the entire year of collection or the entire temperature-data time series
(Fig. 5). This implies that clade D may be a transient
symbiont clade whose distribution is determined by
recent environmental history, as has been suggested
in other recent studies (Baker et al. 2004, Berkelmans
& van Oppen 2006, Thornhill et al. 2006, LaJeunesse
et al. 2009).
Cumulative temperature data from the MODIS
satellite document that the waters of NE Raja Ampat
are warmer, on average, than waters in SW Raja
Ampat (Fig. 4). Giant clams located in the warmer
waters of NE Raja Ampat were predicted to have a
higher proportion of clade C and D Symbiodinium
types, thought to be thermally tolerant types based
on previous studies in clams (Sison 2003) and corals
(reviewed in Baker 2003). The results reported here
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are consistent with this prediction; clams in NE Raja
Ampat associated more often with clade C symbionts
than expected, and clams in SW Raja Ampat associated more frequently with clade A types. This result
is consistent with previous studies in corals, reporting
temperature influences on symbiont community
structure in some species, most notably when coral
hosts bleach in response to high temperatures
(Rowan et al. 1997, Glynn et al. 2001, Kinzie et al.
2001, Baker 2003, Douglas 2003).
Little experimental research has been conducted
on bleaching in giant clams. Preliminary studies
show that Tridacna gigas and T. derasa with clade A
symbionts (A6 and A3a identified by PCR-DGGE of
ITS2) succumbed to bleaching after 6 d of exposure
to an elevated temperature of 33.5°C, whereas clams
with clade C symbionts (C2) did not (Sison 2003).
Clams containing clade A symbionts that were exposed to elevated temperature experienced severe
declines in symbiont densities, leading to significant
reductions in their photosynthetic rates, tissue
weight, and host respiration. In contrast, the same 2
clam species with clade C symbionts did not show
significant changes in algal density, photosynthetic
rates, tissue weight, or respiration rates when maintained at 33.5°C. Photosynthetic measurements,
using respirometry, on cultured Symbiodinium revealed that the maximum photosynthetic capacities
of clade A types were negatively affected by shortterm exposure to elevated temperature of 35°C,
whereas the clade C Symbiodinium were not (Sison
2003). These experimental results are consistent with
our current finding that giant clams from warmer
waters (e.g. NE Raja Ampat) are more likely to associate with thermally tolerant symbionts.

Potential use of clams in reef-restoration efforts
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densities of clams could contribute significantly to
the local availability of symbionts on reefs. Tridacnid
clams have been successfully farmed and transplanted around the Philippines for over 2 decades
(Gomez & Mingoa-Licuanan 2006), and can be raised
with different symbionts depending on the inoculates
supplied at the larval stage (Fitt & Trench 1981, Fitt
1985, Molea & Munro 1994). Farmed clams raised
with particular symbiont types (such as Symbiodinium D1a, which has been shown to be thermotolerant in corals and which may behave similarly in
clams as seen in the present study) could therefore
be used as ‘incubators’ to assist in the recovery of
reefs devastated by bleaching events. By increasing
the availability of thermotolerant symbionts, clams
could help increase the local resilience of reefs to
bleaching. Many questions remain (longevity of thermotolerant symbionts in clams following outplanting,
acquisition of symbionts expelled by corals, and their
longevity in corals if acquired), but given the paucity
of management strategies to increase bleaching
resistance in the face of warming ocean temperatures, such ideas may be worth testing in the field.
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Many invertebrate hosts routinely release intact
Symbiodinium cells as a means of regulating symbiont density within the host (Muscatine & Pool 1979,
Hoegh-Guldberg & Smith 1989, Baghdasarian &
Muscatine 2000, Yamashita et al. 2011). Clams in
natural conditions expel high numbers of intact symbionts in their feces at rates of 4.9 × 105 cells d−1
(5.6 cm shell length; Maruyama & Heslinga 1997,
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