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Abstract. Lipid composition of  the eggs of  three reef 
building corals, Aeropora millepora, A. tenuis and Monti- 
pora digitata, were determined. Sixty to 70% of  the egg 
dry weight was lipid, which consisted of  wax esters (69.5 
81.8%), triacylglycerols (1.1-8.4%) and polar lipids c/ 
mainly phospholipids) (11.9-13.2%). Montipora digitata 
also contained some polar lipids typical of  the thylakoid 
membrane in chloroplasts, probably due to the presence 
of  symbiotic zooxanthellae in the eggs. The wax esters ap- 
peared to be the major contributor to positive buoyancy 
of the eggs, and specific gravity of  wax esters in A. mille- 
pora was estimated to be 0.92. Among the fatty acids of 
the wax esters, 34.9-51.3% was hexadecanoic acid (16:0) 
while the major fatty acids in polar lipids were octade- 
cenoic acid (18 : 1), hexadecanoic acid (16 : 0), eicosa- 
pentaenoic acid (20 : 5) and eicosatetraenoic acid (20 : 4). 
The wax ester appears to be the main component  of  the 
4.5-6.0 gm diameter lipid droplets which fill most of  the 
central mass of  the coral eggs. 

Introduction 

The majority of  reef building coral species studied from 
the Great  Barrier Reef region has been observed to re- 
lease their eggs synchronously during brief annual 
spawning events associated with full or new moon pe- 
riods during late spring or summer (Harrison et al. 1984; 
Babcock et al. 1986). In hermaphroditic species, the eggs 
are commonly spawned as buoyant  bundles of  eggs and 
sperm packed together. The bundle breaks apart at the 
sea surface, releasing individual eggs and sperm. Follow- 
ing fertilization, embryogenesis proceeds rapidly to an 
early spherical planula larval form in the first 24 h, and 
these larvae first settle on substrata 3-5 days after the 
spawning event (Babccock and Heyward 1986). Duration 
of  the floating stage of  planula is variable and is an im- 
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portant  aspect of  coral dispersal and recruitment (Harri- 
son and Wallace 1990). 

The buoyancy of  coral larvae during early develop- 
ment is important  while they remain planktonic. Re- 
duced buoyancy could be a significant factor influencing 
searching behavior and settlement as the larvae age. 
Light microscopic observation reveals that coral eggs 
have numerous oil droplets occupying most of  the egg 
volume (Babcock and Heyward I986). While the con- 
tribution of  these lipids to larval buoyancy and energy re- 
serves is likely to be important,  the lipids of  coral eggs 
have not been analyzed in any detail. This paper describes 
the lipid composition of  eggs from the hermatypic corals, 
Acropora millepora, A. tenuis and Montipora digitata in 
relation to the buoyancy of  the eggs. The lipid composi- 
tion and the role of  lipid in coral larval dispersal is dis- 
cussed. 

Materials and methods 

Collection of the eggs and egg bundles 

A few days prior to anticipated spawning in November 1989, colo- 
nies of A. millepora, A. tenuis and M. digitata were collected from 
Pioneer Bay, Orpheus Island, 70 km northeast of Townsville, Aus- 
tralia. The corals were transported to outdoor aquaria at Orpheus 
Island Research Station and mono-specific groups of corals were 
isolated and maintained in a flow-through seaweater system until 
spawning. Following the natural spawning, released egg-sperm 
bundles of three species were skimmed from the water surface of the 
holding tanks with a 500 mL beaker and poured into a 1L volumet- 
ric cylinder. The cylinder was allowed to stand for a few minutes un- 
til the eggs all accumulated in a layer at the surface, then the lower 
layer of seawater and sperm was removed. This process allowed sub- 
stantial volumes, up to 500 mL, of packed eggs to be collected while 
at the same time removing most of the sperm. These samples were 
used for the further lipids analysis. 

Size of eggs 

Size of A. millepora egg was measured under a microscope using ob- 
jective and ocular micrometer or calculated from photographs. 
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Density of spawned eggs and larvae 

Collected eggs of A. millepora and M. digitata were centrifuged at 
450 x g for 5 rain and the lower aqueous layer removed using a Pas- 
teur pipette. Packed volumes of the eggs remaining in the centrifuge 
tubes were measured at the meniscus using the volumetric scale of 
the tubes. Then the correct volumes were later calibrated by weigh- 
ing the tubes filled with distilled water at the same meniscus. The 
packed wet weight of the eggs in the pre-weighed centrifuge tubes 
were determined with a precision balance by difference. The density 
of eggs was then calculated by dividing the packed wet weight by the 
packed volume. 

Densities of intact eggs of A. millepora and M. digitata and of 4 
day larvae of A. millepora were estimated in both seawater and 0.5M 
LiC1 by observing their floating or sinking behavior in the solutions 
after centrifugation at 450 x g for 5 rain at room temperature (28- 
32 ~ C). Specific gravity of each solution was measured with a hydro- 
meter at the same temperature. 

Electron microscopy 

ing the Rfvalues of authentic samples, bees wax and triparmitin, re- 
spectively. For the analysis of the fatty acid moieties of each lipid, 
the separated lipid spots were scraped off and the methyl esters were 
obtained and analyzed as described above. 

Each lipid was quantified by TLC/FID analyzer (Iatroscan, Ia- 
tron Laboratories Inc., Japan). Crude lipids were separated by chro- 
marod-SIII using the following solvent system; n-hexane/diethyl 
ether/formic acid (50:20:0.3, v/v/v) in the first development and 
with n-hexane/benzene (1 : I, v/v) in the second. The separated lipid 
bands were quantified with an Iatroscan TH-10 equipped with an 
Iatrocorder. Relative ratio of wax esters to polar lipids was deter- 
mined by this system. To identify unknown fatty acids in wax esters, 
analysis was performed by gas chromatography-mass spectrometry. 
Mass spectra were recorded with a JEOL JMS-SX102 mass spectro- 
meter-Hewlett Packard 5890 series II gas chromatograph equipped 
with a silica capillary column (Chrompack Cp-Sil 88, 
50 m x 0.25 mm) at 70 eV ionization potential. Frozen rather than 
lyophilized samples were used for the lipid classes analysis of cul- 
tured larvae. Extraction and quantitative analysis were carried out 
as described above. 

Eggs of A. millepora were fixed with about 4% glutaraldehyde in 
natural unbuffered sea water and kept at room temperature. For 
scanning electron microscopy (SEM), the eggs were washed serially 
with aqueous 3% NaC1, 1% NaCI, distilled water, and dehydrated 
through ethanol series, acetone and isoamyl acetate and then dried 
with a Hitachi HCP-2 critical point dryer. Dried specimens were 
coated with Pt-Pd by a Hitachi E102 ioncoater and observed in a 
Hitachi S 2500 scanning electron microscope. 

In preparation for the transmission electron microscopy, the 
eggs were post-fixed in 0.1M phosphate (pH 7.2) buffered aqueous 
1% OsOr and dehydrated through an ethanol series, QY-2 and em- 
bedded in Quetol 812. Thin sections were cut with a Reichert ul- 
tramicrotome using glass knives. Silver sections were stained with 
lead citrate (Reynolds 1963) and then observed with a Hitachi 
H7000 electron microscope operated at 75 kV. 

Density of  the lipid droplets 

One gram of frozen A. millepora eggs were homogenized by an ultra- 
sonic-disintegrater with 5 mL of water at 4 ~ C for 5 rain. After purg- 
ing with nitrogen, the homogenized sample was heated in a water 
bath at 95 ~ C in order to melt the lipid droplets. The melted lipid 
droplets were isolated by centrifugation at 22,000 x g for 15 rain at 
45 ~ C. The top lipid layer was then transferred to a 5 mL picnometer 
with a pipette, dissolved in chloroform, and purged with nitrogen. 
This procedure was repeated until most of the lipid was transferred. 
The chloroform was removed by evaporation, and the picnometer 
was filled with distilled water and weighed with a precision balance 
at 20 ~ C. The specific gravity of the droplets was then calculated. 

Larval culture 

Fertilized eggs of A. millepora and A. tenuis were incubated in natu- 
ral sea water in 1L plastic bottles, fitted with gauze mesh for water 
exchange, agitated randomly in ambient sea water during embryo- 
genesis (after Babcock and Heyward /986). Duplicate samples of 
about 100 fertilized eggs and larvae at the stage of morula and gas- 
trula were sampled from both cultures for lipid analysis. 

Lipid analysis 

Lipids were extracted from 0.5 g of lyophilized eggs of three species 
by the method of Bligh and Dyer (Bligh and Dyer 1959). The result- 
ing chloroform-methanol fraction was concentrated in vacuo, then 
weighed by precision balance and dissolved in 1 mL of chloroform- 
methanol (2:1). This fraction was used for further analysis as the 
crude lipid fraction. The crude lipid fraction was methylated at 
90 ~ C for 2 h with 2 mL of 5% (w/v) HC1 in methanol in order to 
obtain fatty acid methyl esters. The resulting fatty acid methyl esters 
were extracted twice with 2 mL of n-hexane, concentrated in vacuo 
and dissolved in a minimal volume of n-hexane. The methyl esters 
were then analyzed with a gas chromatograph (Shimadzu GC-14A 
equipped with chromatopack C-R4A) using a silica capillary col- 
umn, Chrompack Cp-Sil 88 (50 m x 0.25 ram). Lipid classes were 
separated by silica gel thin layer chromatography. Neutral lipids 
and polar lipids were developed with petroleum ether/ethyl ether/ 
acetic acid (85:15:1, v/v/v). Lipid spots were located under UV 
light after spraying the plate with 0.01% (w/v) primulin in 80% (v/v) 
acetone. Wax esters and triacylglycerol were identified by compar- 

Results 

Morphology of  the eggs and egg bundles 

Eggs were n o t  spher ica l  i m m e d i a t e l y  af ter  bund le  b r eak -  
d o w n ,  bu t  genera l ly  became  even and  spher ica l  du r ing  
the first  h o u r  o f  i n c u b a t i o n  in seawater .  The  m e a n  d i am-  
eter  0 f A .  millepora egg was 522 _+ 24 g m  (mean  _+ SD,  n = 
24). In  S E M  m i c r o g r a p h s  o f  r a z o r  b lade  sec t ioned  A. mil- 
lepora eggs (Figs.  I a, b), mos t  o f  the  sec t ioned surface  
was occup ied  by  4 .5-6 .0  g m  d i ame te r  e m p t y  spher ica l  
spaces  except  for  the  pe r iphe ra l  layer  o f  a b o u t  5 gm. De-  
h y d r a t i o n  and  ace tone  t r e a t m e n t  o f  eggs p r e p a r e d  for  
S E M  resul ted  in the  spher ica l  spaces  be ing  empty ,  b u t  
T E M  m i c r o g r a p h s  o f  the  egg sect ion,  where  l ip id  was 
f ixed dur ing  t r e a t m e n t  wi th  OsO4, ind ica te  tha t  they  were 
filled wi th  l ip id  (Fig.  I c). The  pe r iphe ra l  a rea  (cortex) o f  
the eggs was occup ied  by  yo lk- l ike  granules .  

Density of  the spawned eggs 

Dens i ty  o f  spawned  eggs was 0.98 in A. millepora and  0.99 
in M. digitata. All  o f  the spawned  eggs o f  A. millepora 
f loa ted  in b o t h  seawate r  ( d =  1.024 at  32 ~ C) and  0 .5M 
LiC1 so lu t ion  ( d =  1.010 at  28 ~ C). Howeve r ,  4 -days -o ld  
la rvae  o f  A. millepora be ha ve d  different ly .  F ive  o f  the 12 
la rvae  in sea wa te r  s ank  to the  b o t t o m ,  5 f loa ted  and  2 
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stayed in the middle of the centrifuge tube. In the 0.5M 
LiC1 solution, 2 of 14 larvae sank to the bottom, 10 
floated and 2 seemed to be neutral. These results suggest 
that after 4 days, larvae of A. millepora were becoming 
less buoyant. 

Lipid composition 

Lipid contributed 69.1%, 62.5% and 67.4% of egg dry 
weight in A. millepora, A. tenuis and M. digitata respec- 
tively. Neutral lipids dominated and polar lipids c/mainly 
phospholipids) were minor components in all three coral 
species. The major neutral lipids in the eggs of all species 
were wax esters, which represented 69.5-81.8% of total 
lipids (Table 1). Triacylglycerols were 1.1 and 1.9% of to- 
tal lipids in A. millepora and A. tenuis but 8.4% in M. digi- 
tata. Triacylglycerols/wax esters ratios were 0.013 and 
0.028 for A. millepora and A. tenuis but 0.121 for M. digi- 
tata. Polar lipids Constituted 11.9-13.2% of the total 
lipids. 

Interspecific differences were detected in the polar 
lipid components. Phosphatidylcholine (PC) and phos- 
phatidylethanolamine (PE) were detected in all species 
but monogalactocyldiacylglycerol (MGDG), digalac- 
tosyldiacylglycerol (DGDG) and sulfoquinovosyldiacyl- 
glycerol (SQDG) were detected only in M. digitata eggs. 
No hydrocarbon was detected in any of the eggs. 

In lipid droplets isolated by hot water extraction from 
an egg homogenate of A. millepora, wax ester constituted 
92.4% of total lipid in the droplet fraction and polar lipid 
only 1.6%. The specific gravity of the droplets was 0.92. 

Lipid profile during early development 

The fertilized egg/morula/gastrula percentages for wax 
ester in the total lipids were 79.3/80.5/79.3 in A. millepora 
and 79.7/73.0/76.9 in A. tenuis. The equivalent polar lipid 
ratios were 12.7/13.5/12.3 in A.millepora and 13.1/17.4/ 
15.0 in A. tenuis. A preliminary lipid analysis of early em- 
bryos revealed that the relative wax ester component 
changed very little within 10.5 (A.millepora) or 11.5 
(A. tenuis) h after fertilization, by which time embryos 
had reached the stage of gastrulation. 

Fig. I a-e. Electron micrographs of the egg of Acropora millepora. 
a, b Scanning electron micrographs of a razor blade sectioned egg 
which was fixed with glutaraldehyde alone, a Whole section; b cor- 
tical portion of the egg. e Transmission electron micrograph of a 
thin sectioned egg of A. millepora which was postfixed with OsO4. 
Note that the empty spherical spaces (possible artifacts of fixation) 
were observed in a and b, but not in e. Many lipid droplets were 
present in e 

Fatty acids 

The saturated fatty acid fractions of total lipids were 
49.4% (A.millepora), 61.3% (A. tenuis) and 43.5% 
(M. digitata Table 2 lists the fatty acids detected and their 
distribution in wax esters and polar lipids. The saturated 
fatty acid component in wax esters ranged between 
46.6% in M. digitata and 64.0% in A. tenuis but was less 
in the polar lipids, and 32.8% in M. digitata being 24.0% 
in A. tenuis. The major fatty acids in wax esters, domi- 
nated by hexadecanoic acid (16:0) (34.9-51.3%), in- 
cluded tetradecanoic acid (14:0), hexadecenoic acid 
(16: 1) and octadecenoic acid (18: 1) for all species. Major 
fatty acids in polar lipids were 16:0, 18:1, eicosate- 
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Table 1. Lipid class composition of eggs of 
three hermatypic corals. TG/WX, 
triacylglycerols/wax esters ratio 

Coral species Percentage of lipid classes in total lipids TG/WX 

Wax esters Triacylglycerols Unidentified lipids Polar lipids 

A. millepora 81.8 1.1 4.9 11.9 0.013 
A. tenuis 79.8 1.9 5.2 13.2 0.028 
M. digitata 69.5 8.4 9.9 12.2 0.121 

Fatty acid Percentage of fatty acid in each lipid class 

A. milIepora A. tenuis M. digitata 

Table  2. Fatty acid composition of wax 
esters and polar lipids in eggs of  three 
hermatypic corals, wax, wax esters; PL, polar 
lipids; Tr, trace amount  

a Isomers were not distinguished 
b Percentage of saturated fatty acids 
c Percentage of unsaturated fatty acids 

wax PL wax PL wax PL 

1 4 : 0  11.3 2.0 10.8 1,0 10.5 1.9 
16 : 0  40.8 19.7 51.3 15,5 34.9 27.2 
16:1  ~ 11.7 4.3 6.8 3.4 22.9 2.6 
16 : 2 0.0 0.0 0.0 2,5 0.0 0.7 
16 : 3 0.5 0.0 0.3 0.0 0.8 0.0 
18 : 0 Tr 5.9 1.9 7.5 1.2 3.7 
18:1" 11.1 29.8 8.0 25.1 14.6 11.6 
18 : 2 2.7 0.8 3.3 4.0 3.3 4.7 
18 :3  a 11.5 1.9 7.8 5.9 3.4 4.5 
18 : 4  1.6 0.6 0.8 0.6 1.4 2.1 
20 : 1  1.3 0.0 2.1 1.8 0.0 0.0 
20 : 2 0.0 0.0 0.3 0.5 0.0 1.8 
20 : 3 0.0 0.0 1.2 1.1 1.1 1.1 
20 : 4 0.0 10.3 0.7 12.2 1.6 9.2 
2 0 : 5  2.5 18.4 1.1 13.8 0.6 2.2 
22 : 3 0.0 0.0 0.2 0.0 0.0 0.0 
22 : 4 Tr 3.0 0.3 3.4 0.7 11.7 
2 2 : 5  4.2 2.1 2.9 1.7 3.1 8.2 
22 : 6 0.5 1.3 0.3 0.9 0.0 0.7 
Unidentified 0.0 0.0 0.0 0.0 0.0 6.3 

Saturated b 52.1 27.6 64.0 24.0 46.6 32.8 
Unsaturated ~ 47.6 72.5 36.1 76.9 53.5 61.1 
Total 99.7 100.1 100.1 100.9 100.1 100.2 

traenoic acid (20 : 4), and eicosapentaenoic acid (20 : 5) in 
A. millepora and A. tenuis, but 16 : 0, 18: 1, 20 : 4, doco- 
satetraenoic acid (22:4), and docosapentaenoic acid 
(22 : 5) in M. digitata. In the polar lipid fraction, fatty acid 
18 : 1 was dominant for A. millepora (29.8%) and A. tenuis 
(25.1%), while 16:0 was dominant in M.digitata 
(27.2%). In addition, M. digitata had significant amounts 
of 22:4 and 22:5 while the two Aeropora species did 
not. 

Discussion 

Electron microscopic observation shows that the ultra- 
structure of A. millepora is similar to the red eggs of 
GaIaxeafascicularis, which possess large numbers of lipid 
droplets in the egg interior (Harrison 1988). The present 
study indicates that wax esters ofA. millepora, with a spe- 
cific gravity of 0.92 present as lipid droplets throughout 
the cytoplasm, confer buoyancy to the egg. The major 
lipid class found in adult corals is wax esters (Benson and 
Muscatine 1974), so it is not surprising that wax esters are 
the dominant lipid found in the eggs. In adult colonies of 
PocilIopora capitata, lipid values of 30-40% tissue dry 
weight have been documented (Patton et al. 1977). In this 

study, eggs of Acropora and Montipora contained 62- 
70% egg dry weight of lipid, almost twice the value re- 
ported for polyp tissue samples from adult colonies. 

Wax esters are known to work as buoyant substances 
and energy reserves in crustacean zooplankton and other 
marine organisms (Lewis 1970; Nevenzel 1970; Takama 
1982). The present study indicates they may have a simi- 
lar function in corals. Our experiment did not reveal any 
qualitative change in lipid composition during the first 
10-11 h of embryogenesis of Acropora. It was noted that 
during the first 10-12 h of Acropora development, most 
changes related to increasing cell numbers, and little cel- 
lular differentiation was detected using standard histol- 
ogy and light microscopy. Histological observation of de- 
veloping larvae in a previous study with M. digitata and 
Acropora species (Heyward 1987) suggests rapid utiliza- 
tion of maternal lipid during later development as planu- 
lae differentiate and become more mobile. It is note- 
worthy that positively buoyant, newly released planulae 
from the brooder Pocillopora damicornis contain 70% 
lipid, 17% more lipid than larvae searching the substra- 
tum prior to settlement (Richmond 1987). 

The major fatty acid in wax esters of the eggs was 16:0 
as reported in adult colonies in many coral species 
(Latyshev et al. 1991; Patton et al. 1977, 1983; Meyer et 
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al. 1974, 1978). In addition to /6:0, major  fatty acids in 
total lipid of  adult colonies of Acropora were reported to 
be 18:0, 18:3, 20:4, 20:5 and 22:6 (Latyshev et al. 1991). 
In the wax esters o f  eggs, 18:0, 20:4, 20:5, and 22:6 were 
minor,  while 16:1 and 18:1 prevailed. Fat ty  acids 20:4 and 
20:5 were predominant  in polar  lipids. I t  remains to be es- 
tablished whether fatty acid composit ion of  eggs is differ- 
ent f rom these of  adult tissues. While the eggs of  all spe- 
cies were similar in most  respects, reasonably large inter- 
specific differences were detected in levels of  saturated 
fatty acid moieties and the triacylglycerot component  of  
M. digitata versus the Acropora species. There is a strong 
possibility that the observed lipid profiles were influenced 
by the presence or absence of  algal symbionts in the eggs, 
particularly in the fatty acid composit ion of  the polar  
lipid fraction. M. digitata inherits zooxanthellae mater-  
nally in the oocytes (Heyward and Collins 1985) and, at 
the time of  spawning, each egg of  various Montipora spe- 
cies may  contain in the order of  102-103 zooxanthellae 
(Maruyama  and Heyward,  unpublished observations). 
These zooxanthellae undergo division during embryo-  
genesis of  the host and are known to be capable of  trans- 
locating carbon compounds  to the host during early de- 
velopment (McNeil, personal communicat ion to Hey- 
ward). In contrast,  the Acropora species release eggs 
which carry no symbiotic micro-algae, and development 
proceeds through to settlement without zooxanthellae. 
This difference between the genera is likely to account for 
the differences in triacylglycerol composition, al though 
no at tempt  was made in the present study to separately 
analyze the zooxanthellae f rom M. digitata eggs. Recent 
comparison of  lipids of  zooxanthellae and its host the 
temperate anemone, Anemonia viridis (Hart land et al. 
1991), suggests synthesis of  triacylglycerol by zooxan- 
thellae and translocation to the host. Similarly, that  study 
indicated the presence of  fatty acid 22:5 in the zooxan- 
thellae, which is consistent with our observation that  
higher contents of  22:4 and 22:5 were detected in M. digi- 
tata compared with Acropora eggs. The utilization of  
storage lipids by corals during early development and the 
larval dispersal stages is likely to play a key role in coral 
distribution. Positive buoyancy conferred by the wax 
esters during the first few days of  larval life would en- 
hance passive dispersal by currents, while max imum 
competency intervals are dependent on available energy 
resources in the absence of inputs via symbionts or up- 
take of  exogenous food. Although no qualitative change 
in lipid composit ion was observed during early embryo-  
genesis, quantitative evaluation of  lipid utilization in 
later development and the limits on dispersal imposed by 
lipid reserves remain to be evaluated. The observations of  
this study suggest that  zooxanthellate and non-zooxan- 
thellate embryos of broadcast  spawning corals are good 
models for comparison of  the role of  micro-algal sym- 
bionts in coral energy budgets. 
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