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Lee-Shing Fang, Chih-Wei Liao and Ming-Chin Liu (1995) Pigment composition in different-colored scle-
ractinian corals before and during the bleaching process. Zoological Studies 34(1): 10-17. Scleractinian
corals have many different color types in water. All the colors become bleached when the coral is under
stress. The pigment changes behind these phenomena were investigated in the study. Analysis of pigment
composition in four color types of seven stony coral species showed chl. a, chl. c,, peridinin, diadinoxanthin

and dinoxanthin comprised more than 95% of the total amount of pigments. There was little compositional

difference between these pigments in corals of different color. During bleaching caused by salinity change,
both the number of zooxanthella in each polyp and the amount of total pigment in each zooxanthellae de-
creased with time. The rate of decline of porphyrins coincided with the level of stress that was created by
lowering the salinity of the incubation sea water. The rate of decline of carotenoids was less sensitive. This
suggests that the rate of change of porphyrins could reflect the bleaching status of stony coral.
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Corals are very colorful organism. Many
colors can be seen on coral in situ including brown,
green, yellow, red, orange, blue, purple, and black.
The coloration of Gorgonacea, Coenothecalia, and
Stolonifera is particularly rich and it has been sug-
gested that the coloration results from carotenoid
or chromoproteins in their skeletons (Goodwin
1968, Kennedy 1979). However, the skeletons of
most corals are white and their colors are due to
the presence of photopigments of zooxanthellae
in the polyps (Jaap 1979, Sumich 1980). Zooxan-
thellae in scleractinian corals were generally re-
garded as the species Symbiodinium microadria-
ticum (Freudenthal) (Taylor 1969, Falkowski and
Dubinsky 1981, Blank and Trench 1985), although,
there was evidence of different physiological, bio-
chemical, and genetic variations among varieties
of this symbiotic alga (Chang and Trench 1982,
Chang et al. 1983, Blank and Trench 1985). Could
the photopigments in this single species of zooxan-
thellae have such drastic variations which would
account for the ‘numerous color appearances of

scleractinian coral? If so, what is the pigment
corresponding to each particular coloration? Or
is it just the variation of the ratio between different
pigments in the zooxanthellae that result in color
changes? Furthermore, since bleaching of coral
has become more common recently due to various
environmental impacts. Accordingly, measuring
the amount of photosynthetic pigment per unit of
zooxanthellae in bleaching corals could offer new
insights into these events in nature (Hoegh-Guldberg
and Smith 1989). It is thus of interest to investi-
gating the process of pigment change during
bleaching. In this study, pigment composition in
zooxanthellae of stony corals with different colora-
tions was analyzed first. The relative amounts of
each pigment were determined in order to look for
the possible mechanism of their color differences.
Bleaching experiments were performed and the
daily pigment changes in the samples were moni-
tored with respect to the variation in the number
of zooxanthellae and the amount of photopigment
in each unit of zooxanthellae. The findings of this
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study could provide better understanding of coral
coloration as well as the mechanism of color
change under environmental stress.

MATERIALS AND METHODS
Sample preparation

Samples of Acropora selago, A. nasuta, A.
secale, Montipora undata, M. foliosa, M. aequitu-
berculata, Symphyllia recta, colored brown, green,
red, or orange, were collected from the Hong-chai
area (21°56' N, 120°44' E) at the southern tip of
Taiwan. They were taken from water at the depth
of 10 to 15 meter, stored at 0°C in an ice box and
shipped back to the laboratory for pigment analysis
as quickly as was possible. Those samples which
could not be processed immediately were sealed
in plastic bags filled with nitrogen gas and stored
at —20°C until analysis.

Pigment extraction

Coral polyps were washed off by dental care
water pike (Johannes and Wiebe 1970). The wash
water was collected and centrifuged at 4°C, 3x10*
g for 15 min after which the supernatant was
discarded. Cold acetone (90%) was added to the
tube with a few drops of MgCO5. The tube was
ultrasonicated (Heat-systems-ultrasonics W375,
50% duty cycle) for 30 min, then shaken vigorously
to extract pigment. The procedure was repeated
several times until the residue became colorless.
An equal volume of diethyl ether was added to
the acetone solution, shaken well, then washed
with 15 volumes of 10% NaCl solution. The diethyl
ether layer was collected by use of a separatory
funnel and blown to dryness with nitrogen gas.
The pigment residue was now ready for chromato-
graphic analysis.

Pigment separation, identification, and analysis

The pigment residue was re-dissolved in a few
drops of ether and applied to a thin layer chro-
matography (TLC) plate (Merck Kiesel gel COF 254),
developed with a solution of petroleum ether:ethyl
acetate:diethyl amine (60:30:10, v/v), vacuum-dried
in darkness after running, and then redeveloped
with 80% n-propyl alcohol for a second running
in the same direction. The R; of each developed
pigment was recorded, then the pigment was
eluted with 90% acetone (chlorophyll a), methanol

(chlorophyll ¢, and peridinin) or alcohol (diadino-
xanthin and dinoxanthin). The absorption spec-
trum of each pigment was taken from 400 to 700
nm to identify other characteristics of the pigment
in addition to the R; identification (Parsons and
Strickland 1963). After identification, the concen-
tration of each pigment was calculated by its ab-
sorption at 440 nm using Bear’s law as described
in Mantoura and Llewellyn (1983).

High performance liquid chromatography
(HPLC)

Twenty ul of pigment sample in acetone was
injected into a dual pump HPLC system. Separa-
tion was performed on a steel column (250 mm x
4 mm) packed with C-18 reverse phase matrix
using methanol-water as the mobile phase. The
running program was set at 0-50 min with a
gradient change from 80% to 100% methanol at
a flow rate of 1 ml/min. The eluate was monitored
and detected at a wavelength of 440 nm. Identi-
fication and concentration calculation of each pig-
ment were achieved by comparison with standards
obtained from TLC analysis as specified above.

Pigment change during bleaching

Freshly collected A. secale colonies were kept
in two 30 x 35 x 60 cm® aquariums with constant
aeration and circulating filtration at room tempera-
ture. Tanks were placed by the window to expose
them to natural daylight cycles. The salinities of
the sea water in the two tanks were 30%o0 and
25%o0 respectively. Small coral samples from
the colony were collected daily. Polyp numbers
washed off from these samples were first counted,
then zooxanthellae were released from the polyps
by osmo-shock followed by vigorous shaking. The
number of zooxanthellae was estimated using a
red blood cell counting vessel. Pigments were
then extracted from these zooxanthellae for HPLC
analysis. The experiment continued until the time
when the coral colony became white to the naked
eye.

RESULTS
Coral species and their coloration
The in situ observation of initial coloration for

different coral species are presented in Table 1.
Different species had similar or variable coloration.
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Table 1. The color of different coral observed
in situ

-

Coloration

BROWN GREEN RED ORANGE

Coral species

Montipora foliosa + +
M. incognita

M. undata
Symphyllia agaricia
S. nobilis
Acropora nasuta

A. delicatula

+ o+ o+ o+ o+ o+ o+

The same species also showed coloration varia-
tions in similar habitats. No obvious relationship
between species and initial the coloration it pre-
sented was found.

Pigment isolation and identification

Pigments, which were isolated by TLC and
further characterized by absorption spectrum, were
determined to be chlorophyll a, chlorophyll c,,
peridinin, B-carotene, diadinoxanthin mixed with
dinoxanthin and an unknown pigment of light pink
color. The HPLC elution pattern of these pig-
ments showed four clear peaks (Fig. 1) which
were chlorophyll c,, peridinin, diadinoxanthin plus
dinoxanthin (diadino. + dino.) and chlorophyll a.
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Fig. 1. The elution pattern of photopigments extracted from
stony coral with HPLC at the detection wave length of 440 nm.

These five species of chromogen accounted for
more than 95% of the total amount of pigments
extracted from the samples. Therefore, they were
chosen as the parameters for further experimental
investigation.

Pigment composition of stony coral with
different color

Figure 2 shows that there was little difference
in the composition of photopigments between the
variable colored coral species. Chi-square test
for independence of pigment ratios between color
samples further demonstrated that there was no
significant difference between them (Table 2). It
is quite clear that there was no higher content of
chl. a or chl. ¢, in green colored coral than in
other colored coral, nor was there a higher content
of peridinin in orange colored coral, as one would
expect.

Pigment changes during bleaching

Both the number of zooxanthellae in each
polyp and the total amount of photopigments
per polyp decreased during the bleaching period
(Fig. 3). The rate of decrease was faster in 25%o0
salinity. Total pigment change per unit of zooxan-
thellae was much more drastic (Fig. 4). In the
25%o0 salinity these values diminished rapidly, but
in the 30%o salinity they declined gradually.

A. selago A. nasuta M. undataM. foliosa M. aequituberculata S. recta
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Fig. 2. Pigment composition in different coral species with
different coloration.
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Table 2. Chi-square test of independence for pigment ratio between color samples of

different corals

Specise A. selago A. nasuta M. undata M. foliosa M. aequituberculata S. recta

color G B G B O B G O B G B R

A. selago B n.s. ns. ns. ns. ns. ns. NS Nns. n.s. n.s. n.s. n.s.
G ns. ns. NS. NsS. ns. NnsS. ns. n.s. n.s. n.s. n.s.

A. nasuta B ns. nNsS. Nns. NS. ns. ns. n.s. n.s. n.s. n.s.
G ns. ns. ns. Nns. n.s. n.s. n.s. n.s. ns.

M. undata B n.s. n.s. ns. n.s. n.s. n.s. n.s. n.s.
(8) n.s. n.s. n.s. n.s. n.s. n.s. n.s.

M. foliosa B n.s. n.s. n.s. n.s. n.s. n.s.
G n.s. n.s. n.s. n.s. n.s.

0 n.s. n.s. n.s. n.s.

M. aequituberculata B n:s. n.s. n.s.
G n.s. n.s.

B n.s.

S. recta

A.: Acropora; M.: Montipora; S.: Symphllia; B=brown; G=green; O=orange; R=red;

significant.
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Fig. 3. The change of the number of zooxanthellae and the
total amount of pigment in each polyp of Acropora secale under
different environmental stress. —e— Zooxs./polyp in 25%o
salinity, —&— Zooxs./polyp in 30%o salinity, ---0—-- Pigment/
polyp in 25%o salinity, --2-- Pigment/polyp in 30%o salinity.

Detailed analyses of the changes of the five
major pigments in these zooxanthellae are shown
in Figs. 5A and B. Besides diadino. + dino., the
other three pigments exhibited a significant linear
decreasing relationship with time in 25%o salinity.
However, concentrations of pigments in zooxan-
thellae were statistically constant in the 30%o0 ex-
perimental set except those of chl. c,. It was
noticed that porphyrins (chl. a and c,) and caro-
tenoids (peridinin, diadino.+dino.) had different

*: significant; n.s.: not

Pigment (10 °ug) / Zooxs.

Days

® Salinity (25%.) y=1696-2.10x R2 =098

O salinity (30%) y=1321-0.14x R%Z =007 n.s.

Fig. 4. The change of total pigment per zooxanthellae of
Acropora secale with time in salinities of 25%o and 30%o. *
significant; n.s.: not significant.

response during the bleaching experiments. The
porphyrins had decayed to nearly zero by the sixth
day but the carotenoids had not (Fig. 5A). Linear
regression of chl. ¢, concentrations showed sig-
nificant decrease in both 25%0 and 30%o experi-
mental sets while the content of diadino. + dino.
remained stable (Figs. 5A, B).

Microscopic examination of zooxanthellae
showed that diameter of the algal cells were 10
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to 12 mm on the first day. After three to four days,
some of the diameters were as small as 3 to 5
mm and a few cells were already colorless in the
25%0 salinity set. -

DISCUSSION
Coloration of scleractinian coral

It is generally recognized that the polyps of
scleractinian coral are colorless or semi-transparent.
The rich coloration they exhibit underwater mainly
comes from symbiotic zooxanthellae (Ciereszdo
and Karus 1973, Jaaps 1979, Sumich 1980, Chalker
and Dunlap 1981). On the other hand, color types
in scleractinian coral have been used as markers
of genetically different clones within a species
(Chornesky 1991) or as behavioral types within a
population (Rinhevich and Loya 1983, Hidaka
and Yamazato 1984, Hidaka 1985). As many as
thirteen distinct color types were recognized in
the population of Agaricia tenuifolia at Carrie Bow
Cay, Belize (Rutzler and Macintyre 1982). If this
much variation come from the single species Sym-
biodinium microadriaticum which is generally re-
garded as the major symbiotic algal in stony corals
(Taylor 1969, Falkowski and Dubinsky 1981), it
would be interesting to know the nature of the
variation of the pigments behind these colorful
morphs. Unexpectedly, data from this experiment
show that there is very little difference in the basic

“®ug / Zooxs.

10
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composition of the chromogens in corals of various
colors (Figs. 2, 3). In other words, different colors
presented by these stony corals do not originate
from the composition of pigments, but from some
other reasons.

Photopigments in algae associate with pro-
tein to become photosynthetically functional. For
example, peridinin-chlorophyll a-proteins (PCPs)
are major light-harvesting molecules in marine
dinoflagellates (Prizéllin and Haxo 1976, Prizéllin
and Sweeney 1978). However, the observed color
of a bound protein pigment could vary if the binding
status of the chromogen and the protein changed.
Carotenoid-protein complex changing from green
to red in shrimp shells after protein denaturing is
a well known comparable phenomenon. Another
example is the variation of the light absorption
spectrum of biliverdin (a chromogen of heme meta-
bolism) in the microenvironment of its protein
moiety in fish blood which reveals colors from
green, blue to purple (Low and Bada 1974, Fang
et al. 1986). Moreover, pigments of anthocyanidins
complexing with different metals, or forming inter-
molecular hydrophobic associations, result in color-
ful change during various flowering stages (Kondo
et al. 1992). Such factors should be further in-
vestigated since photopigments analyzed in this
study were obtained by a procedure which freed
them from most other ligends.

In addition to the chemical aspects, there are
also biological factors to consider. Zooxanthellae
from coral were found to have different isoelectric

87 B: 30%.

Days
2
A Peridinin y =7.00 - 0.60x Hz =0.81
O Chla y=6.77-1.12x Rz =0.90
® Diadino.+Dino. y=1.74-0.10x Rz =0.39
A Chl.c2 y=132-0.22x R =0.87

Days
A Peridinin y=5.06+0.15x R2=0.40 ns.
O Chla y=528-0.22x R2=057 ns.
. @ Diadino.+Dino. y=1.58+0.01x R™ =0.004 n.s.
A Chl.c2 y=1.27-0.10x R?=0.86 B

Fig. 5. The change of various photopigments in zooxanthellae of Acropora secale with time in different salinities. A: 25%o salinity;

B: 30%o salinity; *: significant; n.s.: not significant.
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forms of PCPs (Chang and Trench 1982), and even
different chromosome numbers (Blank and Trench
1985). Three species of zooxanthellae were sug-
gested by Trench and Blank (1987) which could
have different colors. Nevertheless, even if dif-
ferent species of zooxanthellae do account for
the color variation of corals investigated in this
study, their photopigment composition are very
similar.

The change of photopigments during the
bleaching

Despite the fact that bleaching is a common
phenomenon of coral under stress, there are few
objective parameters to quantify the degree of
bleaching, other than surveying of the bleached
area on corals. Fang et al. (1987 1991) used ATP
concentration to estimate the degree of stress on
living coral which, in a sense, is a measurable
biochemical parameter. However, coral can be
stressed without exhibiting bleaching (Fang et al.
1991). Therefore, the ATP method can not satis-
factorily quantify the degree of coral bleaching.
On the other hand, examination of Figs. 5A and
B in this study reveals that porphyrin concentra-
tion is a potential criterion by which to scale the
degree of bleaching. It is more useful for this
purpose than carotenoids because porphyrin con-
centration, especially that of chl. c,, decreased
significantly according to the level of stress en-
countered by the coral. On the other hand, when
coral was transferred to deep water where light
was low, the concentrations of chl. a and, in parti-
cular, chl. ¢, per zooxanthellae cell, were sig-
nificantly enhanced (Kaiser et al. 1993).

Early observations on salinity tolerance of
corals found arrange of 27%o to 40%o in the field,
but there was variation among species. Acropora
was thought to be sensitive to salinity changes,
but Porites can survive concentrations up to 48%o
(Kinsman 1964). In the bleaching of A. secale at
low salinity (25%o0), there was not only a decrease
of zooxanthellae per polyp (Fig. 3), but also a
decrease in amount of photopigment per zooxan-
thella (Fig. 4). However, sudden exposure to
reduced salinity (30%o) did not affect Stylophora
pistillata or Seriatopora hystrix (Hoegh-Guldberg
1989). On the other hand, exposure to sea water
temperatures greater than 30°C reduced the den-
sity of zooxanthellae in these corals but not the
concentration of photopigment per zooxanthella
(Hoegh-Guldberg 1989).

Carotenoids are photopigments that have two

major functions. First, they are supplemental
photosynthetic pigments that absorb light energy
in the blue region (Lehninger 1982, Gerberding
et al. 1991). Second, they are photoprotective pig-
ments that prevent light damage to chloroplasts
(Koyama 1991, Young 1991). Especially in dino-
flagellates, diadinoxanthin, and dinoxanthin are
major pigments for photo-protection (Demers et al.
1991). In this experiment, the decay rate under
salinity stress of porphyrins was faster than that
of carotenoids under the experimental conditions.
The maintaining of carotenoids could be a com-
pensation by the zooxanthellae for the loss of chl.
a and c, during bleaching in order to sustain
photosynthetic ability. Peridinin, diadinoxanthin,
and dinoxanthin, studied in this investigation, can
be replenished either by being newly synthesized
or converted from other accessory pigments through
the xanthophyll cycle, as occurs in other dinofla-
gellates (Demers et al. 1991).

The colorful appearance of scleractinian coral,
and the bleaching process when it is under stress,
are interesting ecological phenomena. Study of
their physiological-biochemical changes not only
leads us to an in-depth understanding of these
natural phenomena, but also it provides us in-
formation, such as using porphyrins to quantify the
status of bleaching, that may eventually become
useful in the conservation of coral resources.

Acknowledgements: The authors thank Kenting
National Park Authority’s Division of Environmental
Protection, Taiwan Power Company for helping
this project and Miss Yu-Ling Shen and Denise
Leh for preparing the manuscript. This project
was supported by grant number NSC 81-0418-
B-110-510-BH from the National Science Council,
Republic of China to LSF.

REFERENCES

Blank RJ, RK Trench. 1985. Speciation and symbiotic dino-
flagellates. Science 229: 656-658.

Chalker BE, WC Dunlap. 1981. Extraction and quantitation of
endosymbiotic algae pigments from reef-building corals.
Proceedings of Fourth International Coral Reef Sym-
posium, Manila 2: 45-50.

Chang SS, BB Prizelin, RK Trench. 1983. Mechanisms of
photoadaptation in three strains of the symbiotic dino-
flagellate Symbiodinium microadriaticum. Mar. Biol. 76:
219-229.

Chang SS, RK Trench. 1982. Peridinin-chlorophyll a-proteins
from the symbiotic dinoflagellate Symbiodinium (= Gym-
nodium) microadriaticum. Proc. R. Soc. London 215:
191-210.



16 Zoological Studies 34(1): 10-17 (1995)

Chornesky EA. 1991. The ties that bind: inter-clonal coopera-
tion may help a fragile coral dominate shallow high-energy
reefs. Mar. Biol. 109: 41-51.

Ciereszko LS, TKB Karns. 1973. Comparative biochemistry of
coral reef coelenterates. In Biology and Ecology of Coral
Reefs, eds. OA Jones, R Endean. Volume Il, New York and
London: Academic Press, pp. 183-203.

Demers S, S Roy, R Gagnon, C Vignault. 1991. Rapid light-
induced changes in cell fluorescence and in xanthophyll-
cycle pigments of Alexandrium excavatum (Dinophyceae)
and Thalassiosira pseudonana (Bacillariophyceae): a
photo-protection mechanism. Mar. Ecol. Prog. Ser. 76:
185-193.

Falkowski PG, Z Dubinsky. 1981. Light-shade adaptation of
Styophora pistollata, a hermatypic coral from the Gulf of
Eilat. Nature 289: 172-174.

Fang LS, YWJ Chen, CS Chen. 1991. Feasibility of using ATP
as an index for environmental stress on hermatypic coral.
Mar. Ecot. Prog. Ser. 70: 257-262.

Fang LS, YWJ Chen, KY Soong. 1987. Methodology and
measurement of ATP in coral. Bull. Mar. Sci. 41(2): 605-
610.

Fang LS, CW Oug, WS Hwang. 1986. A comparative study on
the binding characteristics of the tight serum biliverdin-
protein complexes in two fishes: Auguilla japonica and
Clinocottus dualis. Comp. Biochem. Physiol. B. 84: 393-
396.

Gerberding H, B Norris, DJ Miller, F Mayer. 1991. Tetrameric
native structure of the peridinin-chlorophyll a-binding pro-
tein from symbiodinium sp. J. Plant Physiol. 137: 285-290.

Goodwin TW. 1968. Pigments of coelenterata. /n Chemical
Zoology, eds. M Florkin, B Scheer. Volume I, New York
and London: Academic Press, pp. 149-155.

Hidaka M. 1985. Nematocyst discharge histoincompatibility
and the formation of sweeper tentacles in the coral Gala-
xea fascicularis. Biol. Bull. 168: 350-358.

Hidaka M, K Yamazato. 1984. Intraspecific interactions in a
scleractinian coral, Galaxea fascicularis: induced forma-
tion of sweeper tentacles. Coral Reefs 3: 77-85.

Hoegh-Guldberg O, GJ Smith. 1989. The effect of sudden
changes in temperature, light and salinity on the popula-
tion density and export of zooxanthellae from the reef coral
Stylophora pistillata Esper and Seriatopora hystrix Dana.
J. Exp. Mar. Biol. Ecol. 129: 279-303.

Jaap WC. 1979. Observations on zooxanthellae expulsion at
middle sambo reef, Florida Keys. Bull. Mar. Sci. 29(3):
414-422.

Johannes RE, WJ Wiebe. 1970. Methods for determination of
coral tissue biomass and composition. Limnol. Oceanogr.
15: 822-824.

Kaiser P, D Schlichter, HW Fricke. 1993. Influence of light
on algal symbionts of the deep water coral Leptoseris
fragilis. Mar. Biol. 117: 45-52.

Kennedy GY. 1979. Pigments of marine invertebrates. Adv.
Mar. Biol. 16: 309-381.

Kinsman DJJ. 1964. Reef coral tolerance of high temperatures
and salinities. Nature 202: 1280-1282.

Kondo T, K Yoshida, A Nakagawa, T Kawai, H Tamura, T Goto.
1992. Structural basis of blue-colour development in
flower petals from Commelina communis. Nature 358:
515-518.

Koyama Y. 1991. Structure and functions of carotenoids in
photosynthetic systems. J. Photochem. Photobiol. B:
Biol. 9: 265-280.

Lehninger AL. 1982. Principles of Biochemistry. New York:
Worth Publishers, Inc., pp. 653-656.

Low PS, JL Bata. 1974. Bile pigments in_the blood serum of
fish from the family Cottidae. Comp. Biochem. Physiol. A.
47: 411-418.

Mandelli EF. 1972. The effect of groth illumination on the
pigmentation of a marine dinoflagellate. J. Phycol. 8:
367-369.

Mantoura RFC, CA Llewellyn. 1983. The rapid determination
of algae chlorophyll and carotenoid pigments and their
breakdown products in natural waters by reverse-phase
high-performance liquid chromatography. Anal. Chimica
Acta 151: 297-314.

Parson TR, JDH Strickland. 1963. Discussion of spectrophoto-
metric determination of marine-plant pigments, with revis-
ed equations for ascertaining chlorophylls and carotenoids.
J. Mar. Res. 21: 155-163.

Prézelin BB, FT Haxo. 1976. Purification and characterization
of peridinin-chlorophyll a-proteins from the marine dino-
flagellates Glenodinium sp. and Gonyaulax polyedra.
Planta 128: 133-141.

Prézelin BB, BM Sweeney. 1978. Photoadptation of photo-
synthesis in Gonyaulax polyedra. Marine Biology 48:
27-35.

Rinkevich B, Y Loya. 1983. Intraspecific competitive networks
in the Red Sea coral Stylophora pistillata. Coral Reefs
1: 161-172.

Rutzler K, IG Macintyre. 1982. The habitat distribution and
community structure of the barrier reef complex at Carrie
Bow Cay, Belize. Smithson. Contr. Mar. Sci. 12: 9-45.

Sumich JL. 1980. Coral reefs. In An Introduction to the Biology
of Marine Life, ed. JL Sumich. Dubuaue, lowa: Wm. C.
Brown Company Publishers, pp. 126-131.

Taylor DL. 1969. The nutritional relationship of Anemonia sul-
cata (Pennant) and its dinoflagellate symbiont. J. Cell
Sci. 4: 751-762.

Trench RK, RJ Blank. 1987. Symbiodinium microadricum
Freudenthal, S. Goreauii sp. nov., S. Kawagutii sp. nov.
and S. pilosum sp. nov. Gymnodinioid dinoflagellate sym-
bionts of marine invertebrates. J. Phycol. 23: 469-481.

Young AJ. 1991. The photoprotective role of carotenoids in
high plants. Physiol. Plant. 83: 702-708.



Fang et al. — Pigmentation of Stony Corals during Bleaching 17

TG 7 SR e TR R BBz Bt
B AT B E M gl g &

EKF > AR HIETENEY » ETRANBEZERMSINRBRARFEHEDL  ARRH2E
1LAERMM P EEERERNEL - PRERY  tEAAMEMNERER  BREM[EHFa EER
c. » peridinin » diadinoxanthin&dinoxanthin{i95% LU F 2 B EFEEE ) MESTRBENE R » 5L
BREXENLERK - ZEILEES » BAKISREZEERZHBARBERELMERFEIERM T - H por-
phyrin BB R THRFHNFE O t— - BHARERBZ 8 ATENRBOTERERL » B
BANFEBEDTRIFRE TR - UL EFERATEN > porphyrin ZE{LE 7] L EH AMB B LAFEE -

FAsERE - EREIE, &%, Ak, EE.

' B UK R AR TRT
ENCEFEYRYREERRE





