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ABSTRACT
This study investigated the photoadaptation
of zooxanthellae cells (the s5rmbiotic alga)
of Tlidacna squamosa exposed to different
light intensities at depths of B and 2E mre-
spectively and monitored for 12 months. A
reciprocal transplantation of the clams was
then carried out, and observation was car-
ried out for another 12 months. The number
ofzooxanthellae cells, their size and the chlo-
rophyll o level were calculated from 10 ani-
mals at each depth. The density of
zooxanthellae and chlorophyllo level in-
creased when the light intensities decreased.
However,the size of zooxanthellae decreased
with depth. Similar results were obtained
from the clams at lower light intensities af-
ter reciprocal transplant from the higher
Iight intensities to lower light intensities.
When those clams from the lower light in-
tensity environment were exposed to higher
light intensity in the reciprocal transplant,
the density of zooxanthellae remained con-
stant, while the chlorophyll o level decreased
and size ofzooxanthellae increased. There
was no complete reversal on the effects of
the photoacclimation responses of zooxan-
thellae in giant clams observed in the recip-
rocal transplant experiment.

INTRODUCTION
The algal symbionts of giant clams,
S y mb io dinium mic roadr iatic um, commonly
known as zooxanthellae, are located in the
haemal sinuses of the mantle, which is

greatly expanded to allow maximum expo-
sure to light. The giant clams depend upon
the photosynthetic activity of the
zooxanthellae, which restricts the distribu-
tion of the tridacnids to sunlit waters
(Jaubert 1977).

The intensity of light decreases
exponentially with depth, and is a major
factor affecting the distribution of giant
clams. The zooxanthellae can exhibit
photoacclimation responses by using vari-
ous mechanisms, for example, by increas-
ing the size ofthe photosynthetic unit (pSU),
by increasing light-capturing chlorophyl.l o
pigments (Chang et al. 1g8g) or the
zooxanthellae numbers (Prezelin 1982).
Such a change may afftct the ratio of
zooxanthellae photosynthesis to animal res-
piration, and hence the amount of photosyn-
thetic products available for translocation.

In this study, we analysed the photo-
acclimation responses of Tlidacna squ&mosa
placed at 3 to 25 m depths, in order to clarify
their adaptation to a lower light environ-
ment in a deeper habitat. It was found that
the clams were capable of adapting to the
low-Iight environment by increasing the
density of zooxanthellae as well as the con-
centrations ofchlorophyll o. In addition to
this, we wished to determine the ability of
the tridacnids to revert their photoaccli-
mation responses when exposed to higher
light habitat or vice versa. To achieve this,
a reciprocal transplant experiment was con-
ducted for 12 months after the first trans-
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plantation (12 months) from the natural
habitat was carried out. The changes in the
number and size of the zooxanthellae cells
as well as the chlorophyll o concentration
under low and high light intensities were
determined

MATERIALS AND METHODS
This study was conducted from June 1996
to May 1997 during the first phase of the
experiment and the second phase was from
June 1997 to May 1998. The study was con-
ducted in Teluk Pa' Kaleh, Pulau Pemanggil,
Johor, Malaysia. The giant clams, Tlidacna
squamosa (shell lengths 45 to 55 cm) were
collected from one specific location at depths
from 3 to7 rn, and placed at depths of3 m
and25 m. The clams were monitored for 12

months during the first phase. A reciprocal
transplant was then carried out on these
clams, which were observed for another 12

months duringthe second phase. The clams,
whichwere placed at 3 m, were transplanted
to 25 m afler 12 months and labeled as clams
under Treatment I; whereas clams which
were placed at 25 m and transplant to 3 m
were labeled as Treatment II.

Each month, 10 clams were monitored for
each treatment. All clams used for these
experiments had mantles fully extended in
the light. Light intensity at each depth was
measured by LI-COR Quantum Sensor and
a LI-1000 Data Logger (LI-COR inc.lLI-COR
Ltd., USA), which detect photons with a
wavelength between 400 and 700 nm.

A small piece of the mantle tissue was cut
from each of the clams using SCUBA div-
ing. The tissue was blotted briefly and
weighed. Zooxanthellae cells were extracted
from the mantle by maceration usingTeflon
tube homogeniser. The homogenate was fil-
tered through a20 pm mesh nylon cloth to
remove animal tissue debris. The frltrate
was centrifuged repeatedly at about 1000

rpm until the supernatant was clear. The
supernatant was discarded and the freshly
isolated zooxanthellae cells from each clam
were resuspended in filtered seawater. Five

1 ml samples were counted with a Tohma
haemocytometer under the microscope to
determine the number of zooxanthellae cells.
The diameter of 30 zooxanthellae cells were
measured using a micrometer precalibrated
with a 50 x2 micron graticule. Microscopic
observations of the prepared zooxanthellae
cells indicated that this procedure did not
disrupt the cells.

Five samples of 1 ml suspension of
zooxanthellae cells from each clam were fil-
tered on glass frber fiIters. The filters were
cut into small pieces and immersed in 8 mI
of 9O 7o acetone for 20 hours at 4 "C in the
dark, for pigment extraction. Two ml 90 7o

acetone were then added and shaken vigor-
ously. The chlorophyll extracted from each
clam from each treatment was centrifuged
at 3500 rpm for 10 minutes. Absorbance of
the supernatant was measured al 630, 647
and 664 nm with a NOVA II spectrophotom-
eter. The chlorophyll o content was calcu-
Iated from the standard equations ofJeffrey
& Humphrey (1975).

The significance of correlation between the
parameters and the treatments was evalu-
ated by analyses of variance (ANOVA). A lin-
ear model and the overall response mean
were compared at a confidence level of 5 Vt
(p < 0.05).

RESULTS
Light intensities
Figure 1 shows the light intensity profiIes
at the sampling site (Teluk Pa'Kaleh). The
surface irradiance ranged from 1,094 mmol
m-2s-2to2,555 mmol m-2s-2 when measured
on sunny days around noon from June 1996
to May 1998. Light intensities at 25 m, ie
the greatest depth of T. squamosa in this
study, were between ca. 47o (May 1997) and
167o (September 1996) of the surface irradi-
ance; while the light intensities regime at 3
m depth was 19Vo to 507a ofthe surface irra-
diance.
Zooxanthellae count
Figure 2 shows the zooxanthellae count of
T. squamosa exposed to the two treatments.
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TYeatment 1. - There was no significant
difference in the zooxanthellae count dur-
ing the first 12 months from June 1996 to
May 1997. However, after the reciprocal
transplantation from 3 to 25 m depths the
zooxanthellae count increased signifrcantly
during the 6ih month (November 1997) from
50 x 106 zooxanthellae/g meat to 96 x 106
zooxanthellae/g meat. The zooxanthellae
counts continued to increase significantly
until 9th month (February 1998), and re-
mained constant (average zooxanthellae
count: 154 x 100 cells/g meat).

Fig.2. Zooxanthellae count of TYidacna sq-
uanxosa, at 3 and 25 m depth before and af-
ter the reciprocal transplant.

Fig. 1. Light in-
tensity profiles
at the sampling
site (Teluk Pa'
Kaleh) during
the periods of
treatment I and
II (reciprocal
transplant).
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Tleatment 1L - In the first three months
from June to August 1996, there were no
significant differences in zooxanthellae
count of clams exposed to lower light
intensities (25 m). Significant differences
were detected in the 4th month (September
1996), where the zooxanthellae counts had
increased to 83 x 106 cells/g meat, compared
to 51 x 106 cells/g meat in the first month.
However, when these clams from the loWer
Iight intensities regime (25 m depth) were
exposed to higher light intensities (3 m
depth) in the reciprocal transplant, the den-
sity of zooxanthellae remained constant,
without any significant differences from
June 1997 to May 1998.

Zooxanthella,e Size
Figure 3 shows the zooxanthellae size of T.
squatnos& exposed to the two treatments.

Tleatment 1. - There was no significant
difference in the zooxanthellae size during
the first 12 months from June 1996 to May
1997. However, after the reciprocal trans-
plantation from 3 to 25 m depth, the zooxan-
thellae size decreased significantly in the 6th
month (November 1997), from 5.26 prn to
3.87 pm.Aft,er the 8th month (January 1998),
the zooxanthellae size remained low with
average diameter of 3.51 7zm.
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Tleatment II. - ln the frrst three months
(from June to August 1996), there was no
significant difference in zooxanthellae size
in the clams exposed to lower light
intensities (25 m). Significant differences
were detected in the 4th month (September
1996), where the zooxanthellae size had de-
creased to 3.87 p.m, compared to 5.28 p.min
the frrst month. The zooxanthellae size re-
mained small throughout the remaining
months from September 1996 to May 1997
before the reciprocal transplant. However,
when these clams from the lower light
intensities regime (25 m depth) were ex-
posed to higher light intensities (3 m depth)
in the reciprocal transplant, the zooxan-
thellae size remained small until the 7th
month (December 1997). The size of the
zooxanthellae cells was significantly larger
than the previous months, from 3.45 pmto
4.89 pm.

Fig. 3. Zooxanthellae size ofTlidacna squa-
nrosa at 3 and 25 m depth before, and after
the reciprocal transplant.

Chlorophyll aleuel
Figure 4 shows the chlorophyll o levels of Z
sqaarLosa exposed to the two treatments.

Tleatment 1. - There was no significant
difference in chlorophyll a level during the
first 12 months (from June 1996 to May
1997). However, the chlorophyll o level in-
creased significantly from 13 to25 pglgman-
tle tissue in the 2.d month July 1997, after
the reciprocal transplantation from 3 m to
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25 m depths. The chlorophyll o level contin-
ued to increase significantly until the 6ih
month (November 1997) (53 pglg mantle tis-
sue) and dropped from the 7th month (De-
cember 1997) until the 9th month (Febru-
ary 1998). The chlorophyll o level increased
again in the 10th month (March 1998).

Tl"eatment IL - In the first two months from
June to JuIy 1-996, there were no significant
differences in chlorophyll o level in the clams
exposed to lower light intensities (25 m).
Signifrcant differences were detected in the
3rd month (August 1996), where the chloro-
phyll o level had increased signifrcantly from
26to35 pg/gmantle tissue. The chlorophyll
o level was quite consistent from the 3rd
month until the monsoon approached in the
6th month (November 1996), where the chlo-
rophyll o level was slightly lower. From the
8th month (January 1997) and onwards, the
chlorophyll o level increased significantly.
However, when these clams from the lower
Iight intensities regime (25 m depth) were
exposed to higher light intensities (3 m
depth) in the reciprocal transplant, the chlo-
rophyll a level began to decrease signifi-
cantly throughout the 12 months from June
l-997 to May 1998 during the second phase.
The chlorophyll o Ievel decreased signifi-'
cantly from 46 pglgmanlle tissue to2l pglg
mantle tissue at the end of the 12 months
period after the transplant.

Fig.4. Chlorophyll o level ofTlidacna squa-
rnosa at 3 and 25 m depth before and after
the reciprocal transplant.

chlorophyll a (!glg merr)
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DISCUSSION
Zooxanthellae in the giant clams respond to
light, giving classic photosynthesis vs. light
intensity curves (Fisher et al. 1985). This
response is dependent on the ability ofthe
zooxanthellae to adapt to short- or long-term
changes in their photic environment, as well
as the ability of the animal to oscillate be-
tween autotrophy and heterotrophy. In na-
ture, giant clams may adjust their mantle
area, number of zooxanthellae, or chloro-
phyll concentration per zooxanthellae in re-
sponse to ambient conditions, confusing any
analysis. This study aimed at determining
the ability oftridacnids to revert the photo-
acclimation responses when exposed to
higher light habitat or vice versa.

In Treatment l, where T. squamosa clams
were transferred from their original habi-
tat of3 to 7 m depth to the study site of3 m
depth for 12 months. After the first 12
months, these clams were transferred to a
depth of 25 m and being monitored for an-
other 12 months. There were no significant
differences in the number and size of the
zooxanthellae cells and the chlorophyll o
Ievel during the frrst 12 months. This is to
be expected since the depth (3 m), where
these clams were placed during the first
phase; was similar to their original depth
(3-7 m). However, this study showed that
these clams acclimatized to the lower light
levels when placed in 25 m depth for another
12 months during the second phase. The
photoacclimation responses could be meas-
ured as an increase in the number of symbi-
otic zooxanthellae, an increase in the con-
centration of chlorophyll o per g mantle tis-
sue and a decrease ofthe zooxanthellae size.

InTreatment II, where T. squamosa clams
were transferred from their original habi
tat (3-7 m) to a depth of 25 m for 12 months.
After the first 12 months, these clams were
then transferred to a shallower area (3 m)
with higher light intensities for another 12
months. The photoacclimation responses of
the clams exposed to decreased light
intensities were similar to those reported in

Treatment I: Increase in the density of
zooxanthellae cells and chlorophyll o level
and decrease in zooxanthellae size. However,
when these clams were exposed to higher
light intensities again in the reciprocal
transplant experiment, the density of the
zooxanthellae remained constant, while the
chlorophyll o level decreased and the size of
zooxanthellae increased.

In this study, the photoacclimation re-
sponses of T. squamoso indicated a sequence
of responses starting with an increase in
chlorophyll o concentration, which then fol-
lowed by a decrease in the size and lastly,
increase in density of zooxanthellae when
the clams were exposed to lower light lev-
els. Similar results were reported in juve-
nile Z gigos where the chlorophyll a con-
centration in shade-adapted juveniles was
more than twice that of light-adapted clams
(Mingao 1988). The present trend was simi-
lar to that obtained with T. mqxima
zooxanthellae grown in culture at different
light intensities (Chang et al. 1983). The
chlorophyll o level also increased with depth
in the coral Fungio spp. but in that study,
the density of zooxanthellae, estimated per
unit surface area, decreased with depth
(Masuda et ol.1993).

The present study has shown that there
was no complete reversal on the effects of
the photoacclimation of zooxanthellae in gi-
ant clams observed in the reciprocal trans-
plant experiment (3m to 25 m and back to
3m) when clams from the lower light inten-
sity regime were exposed to higher light
intensities. Only the zooxanthellae size and
the chlorophyll o concentration can be re-
verted in the 7th month after the transplant,
while the density of zooxanthellae stayed
constant. This result is similar to the find-
ings by Stambler & Dubinsky (1993) on
photoacclimation responses by corals, where
zooxanthellae densities remain relatively
constant when exposed. The inability to re-
vert the density of zooxanthellae in the
transplantation suggests that the clams had
reached their optimal zooxanthellae density,
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and such optimization will include the abil-
ity to photosynthesize efficiently in differ-
ent light intensities. This finding can be
supported by the work by Dustan (1979) on
the reef-building coral, Montastrea annu-
laris,where the zooxanthellae of the corals
have optimized light capture within the spe-
cific photic environment. The constant den-
sity of zooxanthellae may also be caused by
a delayed photoacclimation responses by the
clams when exposed to a more favourable
condition (Alan Kohn, pers. comm.).

The chlorophyll o concentrations in

Table 1. The chlorophyll a levels, zooxanthellae
densities and concentration of chlorophyll o per
zooxanthellae of clams transplanted from 3 m
to 25 m depth (Treatment I) and from 25 m to 3
m depth (Treatment II).

Depth Chloro- Zooxan- Chlorophyll o
(m) phyll o thellae per zooxan-

$els (cells/g thellae
meat) meat) (pS)

I 3 13 50 x 106 26.0

25 45 154 x 106 29.2

II 25 46 151 x 106 30.5

21 145 x 106 I4.5

tridacnids transplanted from 3 m to 25 m
had increased from 13 to 45 pglg meal (an
increase of 3.5 times) while the zooxan-
thellae cells increased 3 times from 50 x 106
to l54x 106 cells/g meat (Table 1). Based on
these figures, we calculated the amount of
chlorophyll o per zooxanthellae to be 26.0
pg at 3 m and 29.2 pg at 25 m. The chloro-
phyll o per zooxanthellae values for the
clams at 3 m and25 mwere similar although
there was an increment in both the concen-
tration of chlorophyll o and number of
zooxanthellae cells. This result is different
from results reported fot T. sqaan?osa
(Zulfigar & Tan 1998) and T. gigas (Mingao
l-988) where the chlorophyll o concentration
per zooxanthellae from shaded-adapted
clams was twice or more that of light-
adapted clams.

The light intensity in water decreases
exponentially with depth, but our results
showed that there was no changes in the
chlorophyll @ per zooxanthellae in the clams
from higher light intensities (3 m) exposed
to lower light intensities (25 m). Dubinsky
et al. (1984) pointed out that there is a re-
duced efficiency in chlorophyll o molecules
in harvesting incident light with decreasing
intensity (in casu increasing depth). Obvi-
ously, the observed compensation measures
of increased chlorophyll o and increased
density of smaller size zooxanthellae with
depth are inadequate for the clams. How-
ever, when giant clams are transplanted
from shallow area to deep waters, they sel-
dom die but do grow more slowly (Dustan
1979).

The consequences ofreduced light inten-
sity could be a reduced growth rate, or a shift
to other mechanisms of nutritive acquire-
ment. A shift between autotrophy to hetero-
trophy has been demonstrated in corals. In
giant clams, other sources of nutrition from
plankton, dissolved organic substances
(DOM), and particulate matter (detritus)
need to be identified.

However, when the clams were trans-
planted fuorn2l m to a more favourable con-o
dition of 3 m depth; the chlorophyll o con-
centrations per zooxanthellae decreased
from 30.5 pg to 14.5 pS (Table 1). The de-
crease from 30.5 pg to 14.5 pg was due to a
decrease in chlorophyll o concentration per
g meat. There were no signifrcant changes
in the density of zooxanthellae cells in this
treatment, le transplanted from 25 m to 3
m depth. In nature, the clams will exhibit
photoacclimation responses within a short
period when they are under stress, le ex-
posed to reduced light intensity (Dustan
1979). However, there will be no changes or
a delay in photoacclimation responses by the
clams transplanted to a more favourable
condition with no stress (Alan Kohn, pers.
comm.) Therefore, there may be some sig-
nificant changes in the number of
zooxanthellae cells if the reciprocal trans-
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plant experiment is monitored for a longer
time.

In field transplantations, bleaching and
mortality may occur when the clams are
suddenly exposed to increased light (Iight
shock phenomenon) (Lang 1973; Dustan
1979). The photoacclimation responses ofthe
giant clams has been determined in this
study, confirming that there was no complete
reversal on the effects of photoacclimation
responses of zooxanthellae in giant clams,
especially when the zooxanthellae cells have
optimized light capture adaptation.
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