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Abstract In order to investigate nutritional interac- 
tions in the symbiotic scleractinian coral-zooxanthella 
association, fatty acids of the coral Galaxeafascicularis 
were analysed in two groups of cultured microcolonies. 
The first group was fed with Artemia sp., while the 
second group was starved. After an initial 1-month 
period during which both groups were subjected to the 
same "normal" light conditions (constant irradiance of 
125 pE" cm- 2. s-  1 and 14:10 h light:dark), a light cap 
was used to cover the aquarium and keep all the micro- 
colonies in permanent darkness for 20 days. During the 
light phase of the experiment it was shown that the 
nutritional status lead to large variations in the per- 
centage of saturated, mono-unsaturated and poly- 
unsaturated fatty acids. Palmitic acid (C16:0) was the 
most abundant fatty acid in both groups. Important 
differences between fed and starved microcolonies oc- 
curred during the dark phase of the experiment. In the 
fed group the dark phase was characterized by a signifi- 
cant increase in polyunsaturated fatty acids. Parti- 
cularly arachidonic acid (C20:4 n-6) became the most 
important fatty acid followed by docosatrienoic acid 
(C22:3 n-3). A slight increase in these two fatty acids 
was also found in the starved group but the bulk of 
polyunsaturated fatty acids was significantly decreased. 
In this group, palmitic acid remained the most impor- 
tant fatty acid while an increased concentration of 
cis-vaccenic acid (C18:1 n-7) was found at the end of 

the experiment. The increased concentration of cis-vac- 
cenic acid might indicate that bacteria serve as a source 
of energy. While the number of zooxanthellae per milli- 
gram of protein and the chlorophyll a to protein ratio 
strongly decreased in the starved microcolonies im- 
mediately after the beginning of the dark period, the 
decrease in fed microcolonies was delayed for about 10 
days. Furthermore, after 20 days of dark incubation the 
chlorophyll a to protein ratio was the same as mea- 
sured at the beginning of the dark period. This suggests 
that in the dark the metabolic requirements of the 
zooxanthellae are in part met from the animal host 
through a heterotrophic mode of nutrition. 
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TFA total fatty acids 
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Introduction 

The symbiotic association between corals and zooxan- 
thallae is thought to be fundamental to their flourishing 
in oligotrophic tropical oceans. Such an association 
provides inorganic nutrients otherwise inaccessible to 
the dinoflagellate host, while the symbiont helps in the 
processes of animal excretion, calcification and nutri- 
tion. The participation of zooxanthellae in the nutrition 
of the coral is thought to be through translocation of 
a portion of their photosynthates (Muscatine 1990). 
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Such nutrients can suppiy between 20 and 150% of the 
daily respiratory carbon demand of the host (Musca- 
tine et al. 1981; McCloskey and Muscatine 1984; Steen 
and Muscatine 1984). The excess photosynthetically 
fixed carbon is either stored in the host, mainly in the 
form of wax esters and triglycerides (Patton et al. 1977; 
Harland et al. 1991, 1992b), or it may be excreted as 
mucus rich in lipids (Benson and Muscatine 1974; 
Crossland et al. 1980). 

Besides this autotrophic source of carbon, the de- 
bate within the literature concentrates on the question 
of whether heterotrophic feeding is a major source 
relative to the carbon provided by the symbionts 
(Johannes et al. 1970; Erez 1990). It is likely that corals 
inhabiting deep water or living in low light need to fed 
on plankton or absorb dissolved organic matter (Mus- 
catine and Weis 1992). However, the role of this hetero- 
trophic nutrition is not known for shallow-water corals 
(Johannes 1974). In the coral Galaxea fascicularis 
a light-regulated amino acid uptake mechanism (A1- 
Moghrabi et al. 1993) may contribute to the coral 
feeding. 

Lipids are particularly useful biomarkers (Sargent 
et al. 1987). Since some fatty acids are specific to par- 
ticular organisms they have been used as chemical 
tracers of nutrient transfer in reef communities (Meyers 
1977, 1979), as well as an index to evaluate the source of 
organic matter in marine environments (De Baar et al. 
1983; Hama 1991; Scribe et al. 1991; Ben-Mlih et al. 
1992). Meyers (1979) has suggested that the presence of 
PUFA in symbiotic corals may indicate an external 
dietary source such as zooplankton, whereas their ab- 
sence may indicate a reliance upon algal translocation. 
High light intensities, low nitrogen concentrations and 
low temperatures were found to increase the concentra- 
tions of (n-3) PUFA in algal total lipids (Sargent et al. 
1987, 1990). 

The total amount of lipids in symbiotic sea anem- 
ones and hermatypic corals is about 10 46% of tissue 
dry weight (Patton et al. 1977; Stimson 1987; Harland 
et al. 1992a, 1993). In the sea anemonia such lipid levels 
are found to depend on light (Harland et al. 1992b) and 
on feeding frequency (Szmant-Froelich and Pilson 
1980; Fitt and Pardy 1981). In scleractinian corals 
similar experimental data are not yet available. Stim- 
son (1987) maintained corals in situ in shaded condi- 
tions and showed that this treatment significantly 
reduced lipid content over a period of 1-2 weeks. 
Analysis of lipids from corals collected at different 
depth showed that lipid levels are little affected by light 
(Harland et al. 1992a), while the range of lipid levels 
could be quite broad (Harland et al. 1993). Latyshev et 
al. (1991) demonstrated that the degree of fatty acid 
unsaturation may be affected by the depth of the coral 
habitat. 

The aim of this study is to experimentally investi- 
gate host-symbiont interactions by studying (1) the 
effects of light and hetero- and autotrophic modes of 

nutrition on fatty acid composition, chlorophyll con- 
tent and number of zooxanthellae in the microcolonies 
of the scleractinian coral G. fascicularis, and 
(2) whether heterotrophic nutrition alone can sustain 
the symbiotic relationship between the animal host and 
its symbiont zooxanthellae. To this purpose we com- 
pared the effect of feeding of two groups of microcolo- 
nies kept under light and dark conditions by measuring 
the change in fatty acid composition, chlorophyll con- 
tent and number of zooxanthellae with time. A dark 
period of 20 days was chosen (Stimson 1987). Lipids 
and fatty acids were measured in the whole association 
(Harland et al. 1992, 1993). Fatty acids of CZ isolated 
from G. fascicularis and of Artemia sp., used as food, 
were also identified. 

Materials and methods 

Sampling sites 

Colonies of Galaxeafascicularis (Linnaeus 1767) were collected in 
November 1991 in the Gulf of Aqaba near the Marine Science 
Station of Aqaba (Jordan) at a depth of 2 m. Colonies were packed 
in humidified plastic bags and transported to the Mus6e oc6ano- 
graphique de Monaco (14 h transport time). Corals were stored in 
a 300-1 aquarium supplied with filtered SW from the Mediterra- 
nean (exchange rate: 2% �9 h - 1) heated to 26 _+ 0.1 ~ and illuminated 
with constmat irradiance of 175 ~tE-ln - z - s -  1 using metal halide 
lamps (Philips HQI-TS, 400 W) on a 12:12 photo period. 

Experimental protocol 

Single microcolonies of G. fascicularis were prepared as described 
previously by A1-Moghrabi et al. (1993). One group of 20 microcolo- 
hies was fed for 1 month (FLM), once a day, five times a week, with 
frozen adult Artemia sp., while the second group (20 microcolonies) 
was not fed (SLM). After this initial period both groups were kept 
under dark conditions for 20 days, during which both groups con- 
tinue to be subject to the following diet: the first group was fed 
(FDM) once every 5 days in order to avoid any contamination by fed 
Artemia of fatty acid composition, while the second was starved 
(SDM). Every 5 days 6-11 specimens were collected for fatty acid 
analyses. 

Cultured zooxanthellae 

Zooxanthellae, isolated from G. fascicularis, were cultured as de- 
scribed by C. Goiran et al. (unpublished work) in modified ASP-8A 
medium (Blank 1987) at pH 8.2 in an incubator at 27 ~ under 
a 14:10 (L:D) regime with an irradiance of 100 g E - m - 2 - s - 1  and 
relative humidity of 90%. 

Extraction of lipids 

It is very difficult to study the compartmental distribution of fatty 
acids between the animal corn  host and its symbionts. The reason is 
the difficulty in obtaining algal material devoid of animal host cells. 
Our efforts to separate the animal tissue from zooxanthellae in- 
dicated high and variable contamination of zooxanthellae with 
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Table 1 Fatty acid composition 
(wt % of total FA) of control 
microcolonies of Galaxea 
fascicularis (SLM starved light 
microcolonies) and mirocolonies 
fed for one month (FLM fed 
light microcolonies) 

Name FAME wt % of total FA 

Myristic acid C 14:0 
Pentadecanoic acid C 15:0 
Palmitic acid C 16 : 0 
Margaric acid C 17:0 
Stearic acid C 18:0 
S Saturated fatty acids 

Palmitoleic acid C 16 : 1 n-7 
Heptadecenoic acid C 17:1 
Oleic acid C 18:1 n-9 
cis-Vaccenic acid C 20:1 n- l l  
Eicosenoic acid C 20:1 n-11 
S Mono-unsaturated fatty acids 

Control (Starved) Fed 

Linoleic acid C I8:2 n-6 
Linolenic acid C 18:3 n-6 

Linolenic acid C 18:3 n-3 
Octadecatetraenoic C 18:4 n-3 
Eicosatrienoic C 20: 3 n-6 
Archidonic acid C 20:4 n-6 
Eicosatetraenoic C 20:4 n-3 
Eicosapentaenoic C 20:5 n-3 
Docosatrienoic C 22:3 n-3 
Docosapentaenoic C 22: 5 n-3 
Docosahexaenoic C 22: 6 n-3 
s Poly-unsaturated fatty acids 

Unknown fatty acids 

1.92 1.84 
0.04 0.04 

17.25 26.31 
0.35 0.31 
6.77 6.70 

26.33 35.20 

2.27 6.61 
0.18 0.08 
1.34 2.98 
0.81 1.76 
0.34 0.22 
4.94 11.65 

0.61 0.90 
5.77 6.64 

- 0.08 
7.30 5.00 
1.22 2.86 

14.50 9.61 
0.08 0.24 

10.41 5.81 
10.10 7.21 

1.26 1.24 
9.55 8.95 

60.80 48.54 

7.93 4.61 

animal tissue. Such a contamination modified the fatty acid composi- 
tion of isolated zooxanthellae in a misleading manner. Therefore, the 
results of fatty acid analyses from freshly isolated zooxanthellae are 
not included in this paper. Lipid extraction techniques on the whole 
tissue were then adapted from Harland et al. (1992a). During extrac- 
tion, precautions against oxidation were taken by working under 
N 2 gas. Microcolonies were crushed in 20 ml filtered SW and the 
tissue was completely separated and homogenized by ultrasonication. 
The method of Folch et al. (1957) as modified by Bligh and Dyer 
(1959) was used for extraction and purification of lipids from the coral 
tissue. In brief, this procedure uses a one-phase alcoholic solvent 
system composed of chloroform: methanol: water (1:2:0.8, v/v/v) to 
extract lipids. The monolayer was separated by the addition of chloro- 
form: water (1:0.9, v/v), leaving the lipids free of contaminants in the 
chloroform phase. Any emulsions formed were broken by a stream of 
N2. Total lipid weight was determined gravimetrically using a Mettler 
balance (AT 261 Delta Range, 0.01 rag). 

Measurement of fatty acids 

The lipids were first saponified with 0.5 mol-1-~ methanolic NaOH 
and esterified to FAME by boiling for 5 min with boron trifloride 
(BF3). FAME were recovered by adding NaCl-saturated water to 
the mixture and extracting twice with petroleum ether (b.p, 
40-65 ~ in a separating funnel (Metcalfe and Schmitz 1961). The 
aqueous solution was drained off. The organic phase, dried with 
Na2SO 4, was used for GC analysis. 

FAME (0.5 gl) were analysed with a Carlo Erba (GC 6000) gas 
chromatograph using a 30-m Supelcowax 10 fused silica capillary 
column (diameter 0.32 mm) held isothermally at 190~ for 3 rain 
and then increased to 240 ~ at 2 ~ min - 1, with a final 10-rain hold 
at 240 ~ The carrier gas (He) flow rate was 0.95 ml .min - t .  The 
signal was treated by a Carlo-Erba DP 700 integrator. The identi- 
fication of fatty acids was based on their retention time relative to 

a fish standard (Qualmix, Interchim, Sweden). The identification of 
unknown fatty acids was made using a gas chromatograph mass 
spectrometer (GC-MS) Carlo-Erba (VG type Trio-l) with 
a chromatograph (HR Mega). Quantification of fatty acids was 
achieved by integration of peaks assuming that the response of the 
flame ionization detector was proportional to the mass of all mea- 
sured fatty acids. Known quantities of nonadecanoic acid (C19:0) 
were added to samples prior to esterification. This internal standard 
was selected because preliminary studies had shown its absence from 
lipid samples. The use of this standard allowed us to check the 
protocol and the quantification of fatty acids. 

Measurement of protein and chlorophyll content 

The results were standardized by the protein concentration. Protein 
content was determined by the method of Lowry et al. (1957) using 
an autoanalyser (Alliance Instrument). The protein standard, al- 
bumin fraction V, was obtained from Merck, Germany. Chlorophyll 
a and c 2 were determined for each sample by acetone extraction at 
4 ~ overnight; their concentrations were calculated using the equa- 
tion of Jeffrey and Humphrey (1975). The number of zooxantheltae 
was determined from the mean of four replicate counts made at 40 x 
magnification using a Neubauer Hemacytometer. 

Results 

Effect of feeding on fatty acids of microcolonies 
subjected to "normal" light conditions 

A total of 21 fatty ac ids -5  saturated, 5 mono-un- 
saturated, 11 poly-unsaturated- were identified from 
control colonies (i.e. starved) of G.fascicularis (Table 1) 
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Table 2 Fa t ty  acid compos i t ion  
(wt % of total  FA) of Artemia sp. 
and  cul tured zooxanthe l lae  of  
Galaxea fascicularis 

N a m e  F A M E  wt % of total  F A  

Ar temia  Cul tured  zooxanthe l lae  

Myris t ic  acid C 14:0 2.28 6.88 
Pen tadecano ic  acid C 15 : 0 0.51 - 
Palmit ic  acid C 16:0 14.43 44.03 
Margar ic  acid C 17:0 1.47 - 
Stearic acid C 18:0 6.86 4.12 
I; Sa tura ted  fatty acids 25.76 54.53 

Palmitole ic  acid C 16:1 n-7 t8.39 3.24 
Heptadeceno ic  acid C 17:1 - - 
Oleic acid C 18:1 n-9 15.60 2.95 
eis-Vaccenic acid C 18:1 n-7 16.20 - 
Eicosenoic  acid C 20:1 n - l l  - 
Z M o n o - u n s a t u r a t e d  fatty acids 50.19 6.19 

Linoelic acid C 18:2 n-6 3.09 1.28 
Linolenic  acid C 18:3 n-6 - 1.66 

Linolenic acid C 18:3 n-3 - 
Octadeca te t raenoic  C 18:4 n-3 1.34 - 
Eicosatr ienoic  C 20:3 n-6 
Arachidonic  acid C 20:4  n-6 4.46 
Eicosate t racenoic  C 20: 4 n-3 0.48 - 
E icosapentaenoic  C 20:5 n-3 11.50 - 
Docosa t r i eno ic  C 22 : 3 n-3 - - 
Docosapen t aeno i c  C 22 : 5 n-3 - - 
Docosahexaeno ic  C 22:6 n-3 2.54 21.71 
S Po ly -unsa tu ra t ed  fatty acids 23.41 24.65 

Z U n k n o w n  fatty acids 0.65 14.63 

days incubation in total darkness. In both groups these 
variations are only quantitative and limited to certain 
fatty acids. In SDM, a few fatty acids increased, in 
contrast to FDM. Palmitic acid (C16:0) doubled in 
SDM, while it showed a transient decrease in FDM. 
MUFA, palmitoleic acid (C16:1 n-7), oleic acid (C18:1 
n-9), and cis-vaccenic acid (C18 : 1 n-7) increased as a re- 
sult of dark incubation in SDM, while they remained 
almost constant in FDM. In addition, the total concen- 
tration of MUFA increased in SDM, while it remained 
constant in FDM, although there was a transient de- 
crease in the first 10 days in permanent darkness. 

On the other hand, arachidonic acid (C20: 4 n-6) and 
docosatrienoic acid (C22:3 n-3) increased during the 
first 10 days of darkness in FDM, while they remained 
virtually constant during the same period in SDM. 
Eicosapentaenoic acid (C20:5 n-3) also underwent 
a transient increase in FDM, while it showed a decrease 
in SDM. In addition, the total concentration of PUFA 
increased within FDM while it decreased in SDM 
during the dark period. 

Fatty acids in cultured zooxanthellae and Artemia sp. 

The fatty acid composition of CZ isolated from 
G. j'ascicularis, and those of Artemia sp. used as the 
nutritional source, is illustrated in Table 2. Palmitic 
acid (C16:0) and docosahexaenoic acid (C22:6 n-3) 

were the two most important fatty acids in CZ. Total 
SFA formed the bulk of TFA, while MUFA represent- 
ed only 6.3% of TFA. 

In contrast to cultured zooxanthellae, MUFA in 
Artemia sp. formed the bulk (49.79%) of TFA, while 
SFA and PUFA were almost equally distributed. The 
largest amounts of fatty acids present in Artemia sp. 
were palmitoleic acid (C16:1 n-7), cis-vaccenic acid 
(C18:1 n-7), oleic acid (C18:1 n-9), palmitic acid 
(C16:0) and eicosapentaenoic acid (C20:5 n-3). The 
latter represented 11% of the total lipids of Anemia 
used in our experiments. This led us to classify these 
Artemia sp. in the "marine type" of the classification of 
Watanabe et al. (1978, in L6ger et al. 1986). 

Variations of total lipids, chlorophyll and the number 
of zooxanthellae in FLM, SLM, FDM and SDM 

Figure 2 shows the effect of feeding on total lipid 
concentrations in FLM, SLM, FDM and SDM. After 
1 month of feeding the concentration of lipids per mg 
protein increased in FLM compared with SLM. Under 
dark conditions, lipid concentration decreased to the 
same level in both groups before increasing once more 
after 5 and 10 days for SDM and FDM, respectively. It 
is noteworthy that the lipid increase in SDM was 
transient, while it remained stable in FDM during the 
entire dark incubation period. 
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starvation (open squares) under light and dark conditions 
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lozenge) and starvation (open squares) under light and dark 
conditions 
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Fig. 5 Chlorophyll a concentration (ng Chl a per zooxanthella) in 
Galaxea fascicularis microcolonies subjected to feeding (filled 
lozenge) and starvation (open squares) under light and dark 
conditions 

Fig. 3A, B Chlorophyll concentration in Galaxeafascicularis micro- 
colonies subjected to feeding (filled lozenge) and starvation (open 
squares) under light and dark conditions: A Chlorophyll a concen- 
tration (gg Chl a per mg protein); B Chlorophyll c2 concentration 
(pg Chl c2 per mg protein) 

Figure 3A, B shows the variations in chlorophyll 
a and chlorophyll c2 per mg protein, respectively. There 
was an apparent decrease in the concentration of both 
chlorophylls after 1 month in FLM. After dark incuba- 
tion the concentration of both chlorophylls decreased in 
SDM, while it increased during the first 5 days of dark 
incubation in F D M  before decreasing subsequently. 

Figure 4 shows the number of zooxanthellae per mg 
protein. There was an apparent decrease in the number 
of cells after 1 month of feeding under light conditions. 
After dark incubation the number of zooxanthellae 
decreased in SDM while it increased transiently for the 
first 5 days of dark incubation in F D M  before decrea- 
sing subsequently. 

Figure 5 shows the effect of feeding and dark incuba- 
tion on the concentration of chlorophyll a per zooxan- 
thella. This concentration slightly decreased in F LM 
compared with SLM after 1 month of feeding. Dark 
incubation increased the concentration of chlorophyll 
a per zooxanthella in both SDM and SLM. 
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Discussion 

The problem of standardization 

Current standardization parameters include protein 
concentration, dry weight, chlorophyll a, skeletal 
weight and surface area; the results in this study were 
standardized by protein concentration. Unfortunately 
this might introduce an unnecessary ambiguity result- 
ing from the increase in protein concentration due to 
feeding (i.e. some parameters seemed to have decreased 
after a given treatment but had actually remained con- 
stant or even increased). Such an increase in protein 
concentration after feeding has been reported by 
Szmant-Froelich and Pilson (1980), Clayton and 
Lasker (1984) and Muller-Parker (1985), whereas Fitt 
and Pardy (1981) did not find any effect of feeding on 
protein concentration in Anthopleura elegantissima. In 
our experiment, chlorophyll a proved to be no better 
than protein because the responses of zooxanthellae to 
host feeding are highly variable according to different 
symbiotic associations (Kevin and Hudson 1979; 
Szmant-Froelich and Pilson 1980; Fitt et al. 1982; 
Clayton and Lasker 1984; Muller-Parker 1985). 

Skeletal weight - which was not measured during 
this experiment-is also subject to variations due to 
feeding. Rasmussen (1988) found that the skeleton of 
Acroporaformosa became less dense with high nutrient 
concentration. This result was confirmed by Risk and 
Sammarco (1991). Last, but not least, the surface area 
of G. fascicularis microcolonies is a difficult parameter 
to measure and none of our attempts gave reliable 
results. Thus, a reliable standardizing parameter is still 
not available. 

Fatty acid composition of cultured zooxanthellae and 
control Galaxeafascicularis microcolonies 

The major fatty acids present in CZ are palmitic acid 
(C16:0) and docosahexaenoic acid (C22:6 n-3). They 
formed 67% of the total lipid composition. These results 
are in agreement with reported results on dinoflagellates, 
characterized by a high percentage of 22: 6 (n-3) PUFA 
(Sargent and Whittle 1981; Loeblich III 1984; Viso and 
Marty 1993). However, CZ lacked octodecatetraenoic 
acid (C18:4 n-3) which is abundant in zooxanthellae 
isolated from Tridacna maxima (Bishop et al. 1976) and 
in free photosynthetic dinoflagellates (Loeblich III 1984). 
Zooxanthellae freshly isolated from the sea anemone 
Anemonia viridis also lacked this fatty acid (Harland et 
al. 1991). Its concentration was very low (0.6% TFA) in 
the dinoflagellate Amphidinium sp. (Viso and Marty 
1993). This discrepancy in fatty acid profiles has been 
previously noted and attributed to differences in culture 
conditions (Viso and Marty 1993). 

In control (i.e. starved) microcolonies of G. fasci- 
cularis, our results show that the five most abundant 

fatty acids were palmitic acid (C16:0), acrachidonic 
acid (C20:4 n-6), eicosapentaenoic acid (C20:5 n-3), 
docosatrienoic acid (C22:3 n-3) and docosahexaenoic 
acid (C22:6 n-3). These results are in agreement with 
Harland et al. (1993). PUFA formed the bulk of TFA. 

Published data on PUFA levels in corals are parti- 
cularly discordant. Although poly-unsaturation is con- 
sidered characteristic of marine lipids (Lovern 1964; 
Sargent 1976), Meyers (1977, 1979) and Patton ct al. 
(1977) found low levels of polyunsaturated compounds 
in corals (<  10%). They suggested that this might be 
explained by the biosynthetic activity of zooxanthellae 
and concluded that this might be a general property of 
lipids in symbiotic Cnidaria. On the other hand, 
Latyshev et al. (1991) and more recently Harland et al. 
(1993) found a higher level of PUFA (10-60%). 

The first possible explanation of this discrepancy is 
in the experimental conditions used by Meyers (1977, 
1979), where the maximum temperature of the gas 
chromatography was 170 ~ At such a temperature it 
is very difficult to obtain all the unsaturated fatty acids 
present. The second possibility involves species differ- 
ences. Harland et al. (1993), by using the same meth- 
odology to study five species, found PUFA to vary 
from 10% (in Montastrea annularis) to 37% (in Porites 
porites). The third possibility is that the zooxanthellae 
of fed polyps are kept by the host under severe - limita- 
tion. This condition has already been associated with 
a similar increase in the relative abundance of palmitic 
acid (C16:0) and a similar decrease in the percentage of 
PUFA (C18:4 n-3) in the unicellular marine algae 
Isochrysis galbana (Sukenik and Wahnon 1991). This 
severe N limitation practised by the host over its sym- 
biont might be important for maintaining a constant 
density of zooxanthellae (Porter et al. 1984; Miller and 
Yellowlees 1989). 

Effect of feeding on lipid concentration and fatty acid 
composition under normal light 

The concentration of lipids per mg protein in G. fasci- 
cularis microcolonies increased in FLM compared with 
SLM after 1 month of feeding (Fig. 2). This is in agree- 
ment with the results of Szmant-Froelich and Pilson 
(1980) and Clayton and Lasker (1984) who reported an 
increase in lipid concentration in the temperate coral 
Astranoia danae after zooplankton feeding. 

At the end of the first phase of the experiment (nor- 
mal light), it was shown that the nutritional status leads 
to some variations in the fatty acid composition of 
microcolonies (Table 1). Feeding microcolonies with 
Artemia sp. led to an increase of C16:0 and C16:1 n-7, 
respectively, by a factor 1.52 and 2.9, and a decrease of 
C20:5 n-3, C20:4 n-6 and C22:3 n-3, respectively, 
by a factor 1.79, 1.51 and 1.40. Table 2 shows that 
Artemia sp. represent a good source of both C16:0 and 
C16:1 n-7. Animal fatty acid synthesis pathways are 
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considered unable to produce n-6 fatty acids (Conway 
and McDowell Capuzzo 1991). Therefore, the high 
concentrations of arachidonic acid (C20:4 n-6) and 
eicosatrienoic acid (C20:3 n-6) in both groups might 
indicate their origin in the zooxanthellae. 

Effect of feeding on lipid concentration and fatty acid 
composition in total darkness 

Dark incubation decreased lipid concentration per mg 
protein before it started to increase again after 5 and 10 
days in SDM and FDM, respectively (Fig. 2). This 
might be explained by either an initially high lipid 
metabolic rate, which subsequently fell, or an increase 
in lipid biosynthesis under dark conditions. Decreased 
utilization might result from either a slower lipid re- 
lease rate by coral (Crossland et al. 1980), or decreased 
coral metabolism (McCloskey and Muscatine 1984). It 
was shown that the fat and oil content tends to be 
inversely proportional to the growth rate (Piorreck 
et al. 1984), and depend on light (Patton et al. 1977; 
Stimson 1987; Harland et al. 1992) and temperature 
(Bell et al. 1986). In addition, nutrient deficiencies, 
especially N deficiency, lead to an increase in the lipid 
content of most micro-algae (Sargent 1976). 

Dark incubation induced variations in the percent- 
age of certain fatty acids in both SDM or FDM 
(Fig. 1A, B). The increase in palmitic acid (C16:0) after 
20 days in dark conditions might be explained by 
N limitation and the increased need to produce struc- 
tural rather than storage components. This was con- 
firmed by the increased biosynthesis of chlorophyll a as 
a result of dark incubation (Fig. 5). 

It is noteworthy that the total percentage of PUFA 
increased significantly after 5 days of dark incubation 
in FDM, while it decreased in SDM. It is most likely 
that the origin of these PUFA is the external feeding by 
Artemia sp. which represent a good source for this kind 
of fatty acids (Table 2). This means that feeding main- 
tains or provides high concentrations of PUFA under 
conditions where zooxanthellae cannot do this job. 
Meyers et al. (t978) did not find any variations in the 
fatty acid composition of Montastrea annularis with 
depth and suggested a steady-state balance between 
zooxanthellae and the animal partner. This steady- 
state balance might result from the known photoadap- 
tation capacity of zooxanthellae which can compensate 
for reduced light intensity (Falkowski and Dubinsky 
1981). 

The ability of symbiotic corals, deprived of zooplank- 
ton, to tolerate extended periods of darkness, may be 
accounted for by postulating that there is a reduction in 
metabolism in response to substrate depletion, or that 
a n  alternative energy source is available to the coral. 
The known potential sources of energy for corals and 
their symbionts living under dark conditions may be 
from bacteria (Sorokin 1973, 1981; Farrant et al. 1987), 

breakdown of their zooxanthellae (Muscatine 1973), 
heterotrophic uptake of host-derived organic substra- 
tes (Steen 1986, 1987), or uptake of dissolved organic 
matter (Schlichter 1980; A1-Moghrabi et al. 1993). The 
simultaneous increase in fatty acids of the n-7 series 
(C16:1 n-7 and C18:1 n-7) in SDM might indicate 
a microbial source of nutrition during dark incubation. 
Although cis-vaccenic acid is found in many organisms 
together with oleic acid, it appears to be present in 
considerably higher concentrations in bacteria. Indeed, 
cis-vaccenic acid (18 : 1 n-7) is synthesized by the anaer- 
obic chain elongation pathway found predominantly in 
bacteria, whereas O2-dependent desaturases, common 
to most organisms, produce oleic acid (18:1 n-9). 
Therefore, it is considered a useful marker for bacteria 
(Joint and Morris 1982; Wakeham and Canuel 1988; 
Conway and McDowell Capuzzo 1991; Ben-Mlih et al. 
1992). While C16:1 n-7 was not also thought to be 
strictly bacterial (Sargent et al. 1987), the combination 
of both n-7 fatty acids suggests that they are of bacterial 
origin (Ben-Mlih et al. 1992). In the present study, 
branched chain iso and anteiso C: 15 and C: 17 fatty 
acids, which are considered to be good markers for 
bacteria (Gillan and Johns 1986), were not identified. 
Since the extent of participation of bacteria, or of 
zooxanthella digestion and amino acid uptake in our 
experiments were unknown, additional studies are nec- 
essary before considering them further. 

Arachidonic acid (C20:4 n-6) increased significantly 
during the first 10 days of dark incubation in FDM, 
while it remained constant during the same period in 
SDM. After 10 days it decreased significantly in both 
groups. Arachidonic acid in mammals is the immediate 
precursor of the highly biologically active eicosanoids 
(prostaglandins and leukotrienes); however, their role 
in invertebrates is not understood (Stanley-Samuelson 
1987). Inhibition of photosynthesis in some unicellular 
algae is associated with the biosynthesis of eicosapen- 
taenoic acid (20:5 n-3) and the simultaneous increase in 
the biosynthesis of arachidonic acid (20:4 n-6) (Rad- 
wan et al. 1988). 

Effect of feeding, light and dark conditions on 
physiological parameters 

The response of symbiotic zooxanthellae to host feed- 
ing is highly variable between different symbiotic asso- 
ciations. Three possible responses to host feeding have 
already been reported: an increase (Szmant-Froelich 
and Pilson 1980; Clayton and Lasker 1984), no change 
(Kevin and Hudson 1979; Fitt et al. 1982), and a de- 
crease (Muller-Parker 1985) in symbiont density. In our 
case, an apparent decrease in chlorophyll a and c2 and 
in the number of zooxanthellae per mg protein was 
observed after 1 month of feeding in light. However, it 
is possible that the absolute concentrations of both 
chlorophylls and the number of zooxanthellae either 
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increased or  at least r ema ined  cons tan t ,  the a p p a r e n t  
decrease  in these pa rame te r s  resul t ing f rom a signifi- 
can t  increase in p ro te in  c o n c e n t r a t i o n  in tha t  group.  

In  tota l  darkness ,  the c o n c e n t r a t i o n  o f  b o t h  ch loro-  
phylls and  the n u m b e r  of  zooxan the l l ae  per  m g  pro te in  
decreased  in S D M  and  in F D M .  However ,  a t rans ient  
increase dur ing  the first 5 days  of  da rk  i ncuba t ion  was 
found  in F D M .  D a r k  i ncuba t i on  increased the concen-  
t ra t ion  of  ch lo rophy l l  a per  zooxan the l l a  in b o t h  S L M  
and  S D M .  Publ i shed  da t a  are con t rad ic to ry :  Mul ler -  
Pa rke r  (1984) and  Steen and  M u s c a t i n e  (1987) f o u n d  
tha t  unde r  da rk  cond i t i ons  and  s tarva t ion ,  the sea 
a n e m o n e  Aiptasia puIchella lost a p p r o x i m a t e l y  50% of  
its zooxan the l l ae  after 10 days.  O n  the o ther  hand,  
Kev in  and  H u d s o n  (1979) found  tha t  b o t h  fed and  
unfed Plesiastrea urvillei, a t empera te  coral,  were able 
to re ta in  their zooxan the l l ae  in the da rk  for 48 days. An  
increase in p h o t o s y n t h e t i c  p igmen t  in zooxan the l l ae  
subjected to lower  light intensities is one  of  the r epor ted  
modes  of  p h o t o a d a p t a t i o n  (Por te r  et al. 1984). 

The  results r epor t ed  in this pape r  do no t  agree with 
prev ious  results cons ider ing  S F A  to be character is t ic  of  
Cnidaria .  A l t h o u g h  da rk  i ncuba t i on  increased P U F A  
in the fed group ,  they decreased  in the s ta rved  group.  
O n  the o ther  hand,  ou r  results tend to suppo r t  the idea 
tha t  zooxan the l l ae  are N limited. D a r k  incuba t ion  
seems to induce  several phys io logica l  modi f ica t ions  
inc luding expuls ion  of  zooxanthe l lae ,  increased ch loro-  
phyl l  a per  zooxan the l l a  and  lipid b iosynthes is  b e y o n d  
a c e r t a i n  threshold.  U n d e r s t a n d i n g  the exact  role of  
such fat ty acids as palmit ic,  cis-vaccenic and  
a rach idon ic  acids, a nd  of  bac ter ia  as an  add i t iona l  
source  of  nutr i t ion,  requires fur ther  exper imenta t ion .  
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