
ENERGY EXCHANGE I N  CORAL REEF ECOSYSTEMS 

INTRODUCTION 

Marine p r o d u c t i v i t y  begins  wi th  photosynthes i s  of metabol ic  i n t e r -  
mediates  and s t o r a g e  of  energy-rich compounds. Of t he se ,  t h e  l i p i d s  
possess  t h e  most energy on a  weight b a s i s ,  they provide t h e  g r e a t e s t  
buoyancy on a  volume b a s i s ,  and they provide f o r  t h e  energy needs of 
the organism over  a  long t i m e  b a s i s .  

The major energy conten t  of pho tosyn the t i c  diatoms o r  d ino f l age l -  
l a t e s  l ies  i n  t h e  amphipathic l i p i d s  of t h e i r  c h l o r o p l a s t  l ame l l a r  
membranes. The e l e c t r o n  microscope r e v e a l s  membranes a s  double dark  
l i n e s  i n  osmium-stained s e c t i o n s .  These a r e  a c t u a l l y  "energy p i c t u r e s "  
of t h e  c e l l  because i t  is  t h e  l i p i d s  of membranes which s t a i n  most 
e f f e c t i v e l y .  The c h l o r o p l a s t s  of a lgae ,  then,  produce and con ta in  t h e i r  
most va luab le  energy s t o r e s .  I n  many cases  t h e  b l u e  l i g h t  environment 
of the s e a  engenders c h l o r o p l a s t  r e p l i c a t i o n  (Vesk and J e f f r e y ,  1974) 
and thereby accumulation of t h e  po lyunsa tura ted  g a l a c t o l i p i d s  of t h e i r  
l a m e l l a r  membranes. L ip id  product ion and u t i l i z a t i o n  a r e  dominant i n  
t h e  metabolism of bo th  marine p l a n t s  and animals .  

The dens i ty  of l ame l l a r  l i p o p r o t e i n  is over  1.20, and w e r e  i t  n o t  
f o r  a  r egu la to ry  r e l a t i o n s h i p  i n  a lgae,one might expec t  such dense 
organisms t o  s i n k  i n t o  darkness .  Nakamura and Yamada (1975) have ob- 
se rved  t h a t  t h e  l i g h t  i n t e n s i t y  r equ i r ed  by a l g a e  f o r  l i p i d  s y n t h e s i s  
from a c e t a t e  i s  lower than  t h a t  r equ i r ed  f o r  photosynthes i s  w i th  carbon 
d ioxide .  This  r e l a t i o n s h i p  must p rovide  t h e  avenue f o r  phytoplankton 
t o  r e t u r n  themselves t o  l i g h t  l e v e l s  suppor t ing  f u r t h e r  C02 f i x a t i o n .  
Synthes i s  of f a t t y  a c i d s  l e a d s  t o  t r i g l y c e r i d e  accumulation a s  o i l  
g lobules  wi th  d e n s i t i e s  of 0.89,whereas t h e  a c e t a t e  i s  der ived  from t h e  
c e l l ' s  me tabo l i t e s  and s t r u c t u r e s  having d e n s i t i e s  up t o  1.23. Conden- 
s a t i o n  of a c e t a t e  molecules  t o  produce f a t t y  a c i d s  u t i l i z e s  ATP and 
NADPH produced i n  t h e  l i g h t  by t h e  photosynthe t ic  appara tus .  The f a c t  
t h a t  optimum l i g h t  i n t e n s i t y  f o r  f a t t y  a c i d  s y n t h e s i s  by condensat ion 
of a c e t a t e  was lower t han  t h a t  f o r  C02 f i x a t i o n  i n d i c a t e s  t h a t  t h e r e  
may b e  l i m i t i n g  f a c t o r s  f o r  C02 f i x a t i o n  d i f f e r e n t  from those  f o r  f a t t y  
a c i d  syn thes i s .  Nature appears  t o  have designed a  mechanism f o r  protec-  
t i o n  of h e r  pho tosyn the t i c  organisms from s t a r v a t i o n  and demise i n  t h e  
depths  of t h e  s ea .  The non-photosynthetic organisms of t h e  depths ,  t oo ,  
maintain well-developed r e s e r v e s  of  l i p i d  which i n s u r e  s u r v i v a l  i n  a  
world where t h e i r  p r o b a b i l i t i e s  a s  p reda to r s  a r e  low. 
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W A X  PRODUCTION I N  COLD WATERS 

Energy r e s e r v e s  of co ld  water  animals i nc lude  two major l i p i d  
types.  Both have r e l a t i v e l y  t h e  same energy con ten t s ,  d e n s i t i e s ,  and 
v i s c o s i t i e s ,  bu t  they d i f f e r  s t r i k i n g l y  i n  t h e i r  a v a i l a b i l i t y  t o  t h e  
metabol ic  systems. These a r e  t h e  t r i g l y c e r i d e s  ( f a t s )  and t h e  f a t t y  
a c i d  e s t e r s  of long  cha in  a l c o h o l s  (waxes) (Benson and Lee, 1975).  By 
s e l e c t i n g  two subs tances  f o r  energy s torage ,an imals  which may have t o  
su rv ive  l ong  per iods  of s t a r v a t i o n  have an  important  advantage. They 
can  more c a r e f u l l y  r e g u l a t e  t h e i r  f u e l  supply w i th  a r a p i d  ( f a t )  
metabolism and a slow (wax) metabolism. Throughout Nature t h e r e  
appear  examples of two-level r e g u l a t i o n  ( insul in-glucagon somatos ta t ine  
calcitonin-parathormone, glycogen (amylopectin) - amylose, e t c . ) .  
Copepods of  co ld  waters  accumulate bo th  wax ester and t r i g l y c e r i d e  
which provide  them w i t h  t h e  p o t e n t i a l  f o r  r e g u l a t i o n  of f u e l  consumption 
(Lee -- e t  a l . ,  1971),  necessary  f o r  s u r v i v a l  i n  p o l a r  o r  a b y s s a l  waters .  
The l i p i d  conten t  (64% dry  w t  b a s i s )  of t h e  eggs of t h e  copepod 
Euchaeta japonica  f o r  example, (Lee -- et  a l . ,  1974) i nc ludes  58% of wax 
ester. This  provides  t h e  n a u p l i a r  s t a g e s  1 t o  6 and t h e  copepodite I 
wi th  almost  a l l  of t h e i r  energy supply. 

The polyunsa tura ted  f a t t y  a c i d s  of phytoplankton lamellar l i p i d s  
are converted by copepods t o  t r i g l y c e r i d e s  and t o  wax esters. Up t o  
70% of t h e  an imal ' s  d ry  weight may b e  wax ester i n  t h e  ca se  of Calanus 
lumchrus of B r i t i s h  Columbia (Lee, 1974b) and C.  hyperboreus of t h e  

i r c t i c  Ocean (Lee, 1974a, 1975a);  t h e s e  animals-must su rv ive  n e a r l y  t e n  
months and cons iderab le  a c t i v i t y  without  f u r t h e r  food. Although t h e  
mechanisms f o r  s y n t h e s i s  and s t o r a g e  of wax are no t  y e t  c l e a r l y  de- 
l i n e a t e d ,  t h e  work of Holtz  e t  a l . ,  (1973); Sargent  and Lee (1975); 
Gat ten  and Sargent  (1973); Sargent  e t  a l . ,  (1973); Sargent  and 
McIntosh (1974); Sargent ,  Lee, and Nevenzel ( i n  p re s s )  demonstrated 
t h a t  wax esters are synthes ized  de novo i n  copepods and o t h e r  marine 
animals  which accumulate wax ester. These are n o t  passed through food 
chains  (Lee and Puppione, 1972) bu t  are hydrolyzed and oxid ized  
d i r e c t l y  o r  u t i l i z e d  f o r  cons t ruc t ion  of new l i p i d  molecules by metabo- 
l i c  p rocesses  i n  each p reda to r .  Usual ly  t h e  po lyunsa tura ted  f a t t y  a c i d  
mo ie t i e s  are conserved by t h e  p reda to r  and, as i n  t h e  ca se  of P a c i f i c  
Salmon, incorpora ted  i n t o  phosphol ipids  of e s s e n t i a l  membrane systems 
such as t h a t  of t h e i r  e ry th rocy te s .  The f a t t y  a l coho l ,  be ing  more 
s a t u r a t e d ,  i s  less e s s e n t i a l  and more l i k e l y  t o  b e  ox id ized  t o  t h e  
corresponding f a t t y  a c i d  and then  f u r t h e r  degraded by metabol ic  t rans-  
p o r t  and o x i d a t i v e  processes .  

W A X  STRUCTURE AND BIOCHEMISTRY 

The term"waxLihas l ong  been used t o  d e s c r i b e  subs tances  w i th  
p r o p e r t i e s  of  bee o r  p l a n t  waxes. They are chemically ve ry  d i f f e r e n t  
from " p a r a f f i n  wax" which possesses  some s i m i l a r  p r o p e r t i e s .  Natura l  
waxes are esters comprised of long cha in  f a t t y  a l coho l s  e s t e r i f i e d  by 
a long  cha in  f a t t y  a c i d  (Nevenzel, 1970).  The s imp le s t  and most 



widespread wax e s t e r  i s  c e t y l  pa lmi t a t e  so  named because of e a r l y  
r ecogn i t i on  of c e t y l  a l coho l s  i n  cetacean o i l s  and of p a l m i t i c  a c i d  
from palm o i l s .  Both a r e  s a t u r a t e d  C16 compounds. 

Cetyl  p a l m i t a t e  (Figure 1 )  (melt ing p o i n t ,  50-50.5OC) d i f f e r s  
from t h e  polyunsaturated wax e s t e r s  of copepods which may have up t o  
t e n  double bonds and the re fo re  a r e  l i q u i d s  nea r  zero degrees i n  marine 
organisms. 

Storage f a t s  on t h e  o t h e r  hand (Figure 2 ) ,  a r e  s i m i l a r l y  l i q u i d  o r  
s o l i d  but  a r e  t r i e s t e r s  of g l y c e r o l  i n s t ead  of a s i n g l e  long chain 
a lcohol .  

I t  can be seen  t h a t  t h e  l inkages  of both type of e s t e r s  a r e  s i m i l a r  
bu t  t h a t  some phys i ca l  p r o p e r t i e s  of t h e  two w i l l  be  dramat ica l ly  d i f -  
f e r e n t .  Dens i t i e s  of t he  two a r e  very nea r ly  t he  same. A c c e s s i b i l i t y  
of t h e  hydrophi l ic  e s t e r  groups, each with two oxygen atoms, t o  enzy- 
mat ic  a t t a c k  w i l l  b e  very d i f f e r e n t .  The wax has  a n  oxygen atoms t o  
f a t t y  chain r a t i o  of 2:2 while  t h e  t r i g l y c e r i d e s  have a corresponding 
r a i o  of 6:3, a d i f f e r e n c e  of 300%! The s u r f a c e  p r o p e r t i e s  of t h e  two 
r e f l e c t  t h i s  d i f f e r e n c e ,  e s p e c i a l l y  when t h e  o i l s  a r e  immersed i n  water  
which can i n t e r a c t  only with t h e i r  oxygen atoms by hydrogen bonding. 
The s i x  oxygens of t h e  t r i g l y c e r i d e  have a f a r  g r e a t e r  tendency t o  b e  
exposed t o  t h e  aqueous phase than t h e  two oxygen atoms of  t h e  wax 
e s t e r .  It is n o t  s u r p r i s i n g  t h a t  l i p a s e  enzymes a c t  t en  times f a s t e r  
on t r i g l y c e r i d e s  than they can on t h e  same types of bonds i n  wax 
e s t e r s .  U t i l i z a t i o n  of wax i n  marine organisms r e q u i r e s  adap ta t ions  
t o  f a c i l i t a t e  a t t a c k  a t  t h e  r e l a t i v e l y  hydrophobic su r f ace  of t h e  wax. 
It is such p r o p e r t i e s  of wax e s t e r s  which con t r ibu te  t o  t h e i r  unique 
l u b r i c a n t  and s u r f a c e  adhesive p r o p e r t i e s  long apprec ia ted  by watch- 
makers and cosmetics formulators .  

TROPICAL WATERS 

Wax and t r i g l y c e r i d e  accumulation i n  copepods of t r o p i c a l  waters  
(Lee and Hiro ta ,  1973; Lee -- e t  a l . ,  1971) revea led  t h e i r  d i f f e r e n c e  from 
r e l a t e d  zooplankton of a r c t i c  and temperate s e a s  and t h e  co lder  meso- 
p e l a g i c  and ba thypelag ic  zones i n  t h e  lower l a t i t u d e s .  Wax accumula- 
t i o n  w a s  r e l a t e d  t o  t h e  animal 's  need f o r  f u e l  dur ing  long s t a r v a t i o n  
pe r iods ,  whether they be t h e  r e s u l t  of unproductive seasonal  per iods  o r  
of t h e  low p r o b a b i l i t i e s  of f i nd ing  food i n  t h e  co ld  depths.  Zooplankton 
i n s u b t r o p i c a l  and t r o p i c a l  reg ions  have a more cons t an t  and r e l i a b l e  
sou rce  of food. Although t h e  s tanding  s tock  of food i s  known t o  be low, 
t h e  supply i s  cons t an t  and t h e  g r a z e r s  need s t o r e  less energy than those  
i n  t h e  high l a t i t u d e s .  Epipelagic  (upper 250 m) copepods accumulated 
3-37% (median,l4%) of l i p i d  conta in ing  a t r a c e  of wax e s t e r ,  while  deep- 
l i v i n g  spec i e s  accumulated 18-68% (median,29%) l i p i d c o n t a i n i n g  11-72% 
(median, 63%) wax e s t e r .  Most e p i p e l a g i c  t r o p i c a l  copepods, with t h e  
except ion  of Calanus, Euchaeta, and Eucalanus, d id  not  possess  o i l  s a c s  
f o r  wax e s t e r  s to rage .  Cons is ten t  wi th  these  conclusions was t h e  



'Coral Wax' , Cetyl palmitate, C32 

Figure  1. C e t y l  p a l m i t a t e ,  c o r a l  wax e s t e r .  

WAX E S T E R  Cd2 20:5 Acid ,  22:l Alcohol 

T R I G L Y C E R I D E  16:0, 22:6, and 18:l  Fatty A c i d s .  

F igure  2 .  Typ ica l  p o l y u n s a t u r a t e d  wax e s t e r  and t r i g l y c e r i d e  
s t r u c t u r e s  found i n  t h e  B r i t i s h  Columbia copepod, 
Calanus plumchrus. 



observa t ion  by Lee (1975b) t h a t  t h e  p a r a s i t i c  copepods a s soc i a t ed  wi th  
marine f i s h e s  do no t  accumulate wax e s t e r s .  Thei r  cons t an t  food supply 
apparent ly  makes wax s to rage  unnecessary f o r  such copepods. 

Most t r o p i c a l  waters  possess  n u t r i e n t  l e v e l s  considered "unpro- 
duc t ive , "  and al though e f f e c t i v e  l i g h t  i e v s l s  may p e n e t r a t e  up t o  500 
meters ,  phytoplankton populat ions a r e  s e v e r e l y l i m i t e d  by low p r e v a i l i n g  
l e v e l s  of phosphorus and n i t rogen  compounds. P i l s o n ' s  (1974) recogni- 
t i o n  of adap ta t ions  t o  t h e  low phosphate l e v e l s  (Johnson and P i l s o n ,  
1972) of t r o p i c  waters  dramat ica l ly  emphasized t h e  obs t ac l e s  t o  produc- 
t i v i t y .  Sargasso s e a  waters  having phosphate l e v e l s  of t h e  o rde r  of 
10-8M contained a r s e n a t e  i n  l e v e l s  of 10-6M. Both a r e  known t o  be  
t r anspor t ed  through c e l l  membranes by t h e  s a r .  mechanisms,and a r s e n a t e  
is a n  e f f e c t i v e  i n h i b i t o r  of photosynthe t ic  carbon d ioxide  r educ t ion  
and phosphorylat ion.  Marine b a c t e r i a  (Johnson, 1972) and c o r a l s  (P i l son ,  
1974) have found e f f e c t i v e  s o l u t i o n s  t o  t h e  problem by evo lu t ion  of 
processes  f o r  reduct ion  of t h e  a r s e n a t e  t o  a r s e n i t e .  I n  doing so ,  t h e  
c o r a l s  may even have learned  t o  produce phosphi te  from phosphate wi th  
which t o  syn thes i ze  t h e i r  ub iqui tous  phosphoric a c i d  analogs of t h e  
phospholipids  (phosphate d e r i v a t i v e s ) .  

With ammonia and n i t r a t e  concent ra t ions  a s  low a s  ~ o - ~ M  and vanish- 
i n g l y  low phosphate l e v e l s ,  i t  i s  no wonder t h a t  t h e  p r i n c i p l e s  of 
thermodynamics have guided the  evo lu t ion  of systems capable of s u r v i v a l  
and p roduc t iv i ty .  To concent ra te  n u t r i e n t s  from s e a  water  l e v e l s  t o  
those  i n  l i v i n g  c e l l s  involves cons iderable  work. The minimum e f f o r t  
would be descr ibed  a s  AG = -RT I n  C s w  . This reduces t o  a n  e f f o r t  on 

C c e l l  
t h e  p a r t  of t h e  a l g a l  c e l l  approximating 20 minutes of maximal photo- 
s y n t h e s i s  t o  c o l l e c t  i t s  N and P. 

"Entropy of d i l u t i o n "  is a t e r m  used by Lewis and Randall  t o  
quan t i fy  t h e  work wasted when a  s o l u t e  is  d ispersed  i n t o  a  s o l u t i o n .  
By avoiding l o s s  of N and P, c o r a l s  and some o t h e r  r ee f  organisms have 
l ea rned  t o  avoid t h i s  waste  and thereby t o  conserve t h e i r  a v a i l a b l e  
c a p a b i l i t i e s  f o r  growth and eco log ica l  accomplishments. 

The work of Muscatine and h i s  c o l l a b o r a t o r s  h a s  revea led  t h e  c o r a l ' s  
c a p a b i l i t i e s  i n  avoiding "the entropy of d i l u t i o n "  of ammonia. In s t ead  
of exc re t ing  ammonia i n t o  t h e  s e a  where i t  would r e q u i r e  a  f r e e  energy 
expenditure  of 10.9 Kcal/mole f o r  ammonia t o  be  reconcent ra ted  f o r  t h e  
c e l l s  needs, t h e  zooxanthel lae a v i d l y  absorb the  animal 's  ammonia and 
convert  i t  t o  a l a n i n e  and o t h e r  p r o t e i n  components of use t o  both  p l a n t  
and animal.  

Phosphate, too,  becomes a  conserved commodity. Although phosphate 
i s  usua l ly  ,assoc ia ted  wi th  i n s o l u b l e  organic  and ino rgan ic  s t r u c t u r e s ,  
i t s  p re se rva t ion  d i s p e r s a l  i s  d e f t l y  avoided by most organisms. Their  
phosphorus', l a r g e l y  concentrated i n  bones and membranes, appears  t o  be  
t r a n s f e r r e d  from producer t o  p reda to r  i n  a s o l i d s t a t e  w i th  minimal 
danger of d i l u t i o n  by t h e  sea .  Membrane phospholipids  s ec re t ed  by mucus 
of  many organisms a r e c a r e f u l l y  c o l l e c t e d  by o t h e r s  which r euse  i t s  
phospholipid components. The coun t l e s s  mucus f e e d e r s ,  from f i s h  



cutaneous mucus t o  t h a t  exuded by c o r a l s ,  sponges and most o t h e r  
organisms, c o l l e c t  and u s e  t h e  phosphate which might o therwise  be l o s t  
t o  "entropy of d i l u t i o n . "  It appears  axiomatic  t h a t  d i l u t i o n  with t h e  
s e a  is scrupulously avoided i n  t he  nutr ient-poor  waters  of t r o p i c  s e a s  
anJ  t h a t  t h e  most scrupulous spec i e s  can be t h e  most product ive.  

Alga l  symbiosis provides t r o p i c a l  animals  wi th  many mechanisms f o r  
i n s u r i n g  success .  The i n t e r n a l  energy source,  a lone,  is  exceedingly 
important ,  bu t  t h e  adap ta t ions  f o r  s u r v i v a l  on ly  begin the re .  The 
energy conserva t ion  i n h e r e n t  i n  n u t r i e n t  and product  exchange between 
h o s t  and a l g a  i s  a most e l egan t  example of thermodynamic e f f i c i e n c y .  

LIPID AS A MEDIUM FOR METABOLIC ENERGY EXCHANGE 

Most growing a l g a e  con ta in  3% l i p i d  on a dry weight b a s i s .  The 
amount is small compared t o  normal l e v e l s  of p r o t e i n  and t h e  d i u r n a l l y  
f l u c t u a t i n g  l e v e l s  of polysaccharides.  Under condi t ions  of n i t rogen  
s t r e s s  o r  he t e ro t roph ic  growth on s u b s t r a t e s  o t h e r  than carbon d ioxide ,  
a l g a e  o f t e n  accumulate g lobules  of l i p i d s .  These "osmiophil ic  globules" 
observed i n  f i x e d  and s t a i n e d  s e c t i o n s  wi th  t h e  e l e c t r o n  microscope can 
possess  many times as much a v a i l a b l e  energy a s  t h e  r e s t  of t h e  c e l l ' s  
con ten t s .  The long  chain hydrocarbon components of t h e  f a t t y  a c i d s  of 
t h e  l i p i d s  possess  11.15 Kcal p e r  gram of CH2 and c e r t a i n l y  a r e  t h e  
most compact and buoyant of a l l  sources  of metabol ic  energy (Table 1 ) .  

L ip ids  a r e  n e i t h e r  water-soluble  nor  low molecular weight ,bu t  s i n c e  
t h e  complex l i p i d s  make up ha l f  o r  more of t h e  c e l l ' s  membranes they a r e  
exposed t o  t h e  environment. They a r e  thus  a c c e s s i b l e  t o  predatory pro- 
t e i n s  capable  of c l e a r i n g  o r  conver t ing  them. The c o r a l  hos t  t h e r e f o r e  
has a source of f a t t y  a c i d  o r  l i p i d  i n  con tac t  w i th  i t s  l i p o l y t i c  
enzymes. Although no d i r e c t  evidence of such a t t a c k  i s  a v a i l a b l e ,  i t  
is known t h a t  zooxanthel lae become "leaky" upon exposure t o  t h e  animal 
enzymes. This  phenomenon is c o n s i s t e n t  w i th  t h e  presumption t h a t  t h e  
s t r u c t u r e  of zooxanthe l la r  membranes i s  a f f e c t e d  by t h e i r  environment. 

WAX ACCUMULATION I N  HERMATYPIC CORALS 

Cora ls  have long been known a s  sources  of n e u t r a l  l i p i d  (S i l l iman,  
1846). When e x t r a c t e d  by organic  so lven t s ,  t h e  wax c r y s t a l l i z e s  upon 
evapora t ion  of t h e  so lven t .  When c o r a l s  a r e  heated i n  water ,  wax f l o a t s  
t o  t h e  su r f ace .  The wax e s t e r  s t r u c t u r e  of t h i s  l i p i d  was recognized 
by Les t e r  and Bergmann i n  1941 (Figure 1 ) .  More r ecen t  s t u d i e s  have 
revea led  t h e  presence of o t h e r  s imple wax e s t e r s  i n  r e l a t e d  organisms 
such as myr i s ty l  m y r i s t a t e  i n  t h e  t r o p i c a l  anemone, Condylact is  g igantea .  
Appropriate  va lues  f o r  wax content  of c o r a l s  a r e  n o t  a v a i l a b l e ,  because 
t h e r e  has  been no accepted form from which t h e  d a t a  might be  compared. 
The wax con ten t  of c o r a l  t i s s u e  must be s t a t e d  i n  terms of t h e  amounts 
of c o r a l  t i s s u e  p re sen t .  E i t h e r  p r o t e i n  con ten t  o r  a l g a l  ch lorophyl l  
con ten t  could b e  used f o r  a base,  and t h e  r e s u l t  could be given i n  terms 



Table 1. Energy content  and d e n s i t i e s  of marine metabol ic  energy 
sources .  

Energy Source Kcallgram Density g/cc 

Hydrocarbon (21: 6) 10.2 0.78 

Lip id  (wax e s t e r ,  sperm o i l )  10.0 0.88 

Lip id  ( t r i g l y c e r i d e ,  l a r d )  9.3 0.93 

P r o t e i n  5.8 1.4 

Carbohydrate 4 .1  1.28 

Seawater - 1.025 



of grams wax e s t e r  per  gram ch lo rophy l l .  The amount of c e t y l  p a l m i t a t e  
recoverab le  from Gonias t rea  r e t i f o r m i s  (Lamk) was approximately 3 mg/cm2 
c o r a l  s u r f a c e  (Benson and Muscatine,  1974) .  It is  obvious t h a t  wax 
con ten t s  based upon wet weights  of c o r a l  would be mis lead ing  o r  u s e l e s s .  

The massive s t o r a g e  of wax e s t e r  i n  eggs and n a u p l i i  of Euchaeta 
j apon ica  (Lee -- et  a l . ,  1974) provides  f o r  energy requirements  of growth 
and development. It seems probable  t h a t  c o r a l  p l anu lae ,  too,  may con- 
t a i n  wax ester der ived  from t h e i r  p a r e n t  t o  main ta in  t h e  organism u n t i l  
i t s  own symbio t ic  metabolism is e s t a b l i s h e d .  Although p l anu lae  have no t  
been examined f o r  wax ester con ten t ,  i t  seems reasonable  t o  expect  t h a t  
t h e i r  copious o i l  g lobu le s  may indeed b e  s t o r e s  of wax e s t e r .  

WAX UTILIZATION BY CORAL FEEDERS 

For s e v e r a l  yea r s  w e  have been s tudying  the  d i g e s t i o n  of wax by a 
v a r i e t y  of marine organisms. A comparative s tudy  of wax e s t e r  d i g e s t i o n  
by r ee f  f i s h  showed t h a t  ox ida t ion  of wax a l coho l  occurs  r a p i d l y  i n  t h e  
i n t e s t i n e  and t h e  r e s u l t i n g  f a t t y  a c i d  i s  incorpora ted  i n t o  t y p i c a l  
a c y l  l i p i d s  (Pa t ton  and Benson, 1975). I n  t h i s  s tudy wax was a s s i m i l a t e d  
w e l l  on ly  when i t  was of h igh  s p e c i f i c  a c t i v i t y  and accompanied by un- 
s a t u r a t e d  t r i g l y c e r i d e .  A timed feed ing  s tudy  wi th  l i v e  anchovies ,  
whose d i e t s  were r i c h  i n  wax, showed t h a t  d i g e s t i o n  and abso rp t ion  of 
t r i g l y c e r i d e  occurred f o u r  t i m e s  f a s t e r  than  wax (Pa t ton  -- e t  a l . ,  1975) .  
Add i t i ona l  i n  v i t r o  s t u d i e s  using i n t e s t i n a l  f l u i d  a l s o  showed slow 
hydro lys i s  of wax. 

One f a c t  ha s  become eminently clear--wax ester i s  a d i f f i c u l t  
compound t o  d i g e s t  even f o r  those  s p e c i e s  whose d i e t s  i nc lude  consider-  
a b l e  amounts of wax. Biochemists and p h y s i o l o g i s t s h a v e  long s tud i ed  t h e  
p a n c r e a t i c  enzyme t h a t  d i g e s t s  f a t  i n  t e r r e s t r i a l  animals .  This  enzyme, 
p a n c r e a t i c  l i p a s e ,  w i l l  hydrolyze wax b u t  a t  a r a t e  10-20 t i m e s  s lower 
than i ts  r a t e  on t y p i c a l  f a t  ( t r i g l y c e r i d e ) .  Reasoning t h a t  t e r r e s t r i a l  
animals  encounter  l i t t l e  d i e t a r y  wax, we sought t o  f i n d  a "wax l i pa se"  
i n  f i s h e s  which consume a l o t  of wax. We discovered a major f a t -d iges t i ng  
enzyme i n  f i s h  and showed t h a t  a f a t  d i g e s t i o n  i n  a v e r t e b r a t e  can 
be  accomplished by a n  enzyme o t h e r  than p a n c r e a t i c  l i p a s e  (Pa t ton  e t  a l . ,  
1975; Pa t ton ,  1975a and b ;  Pa t ton  -- e t  a l . ,  i n  p r e s s ) .  This  unique l i p a s e  
does n o t  c l eave  wax any b e t t e r  than t h e  c l a s s i c  p a n c r e a t i c  l i p a s e ,  a l -  
though i t  does hydrolyze e s t e r s  of po lyunsa tura ted  f a t t y  a c i d s  which a r e  
s o  abundant i n  marine organisms. Numerous a t t empt s  t o  f a c i l i t a t e  wax 
hydro lys i s  by bo th  l i p a s e s  have been unsuccess fu l .  Commercially ava i l -  
a b l e  l i p a s e s  from microorganisms a r e  a l s o  poor wax d i g e s t o r s .  Thus, 
a l though wax e s t e r s  y i e l d  a s  much o r  more energy than  t r i g l y c e r i d e s  upon 
combustion, t h e i r  p h y s i c a l  p r o p e r t i e s  appear  t o  impose l i m i t a t i o n s  on 
t h e i r  r a p i d  u t i l i z a t i o n .  

Even though no s p e c i f i c  "wax l i p a s e "  seems t o  e x i s t ,  c o r a l  reef  
g r aze r s  and o t h e r  wax-eating f i s h  s t i l l  have a t  l e a s t  t h r e e  d i g e s t i v e  
s t r a t e g i e s  f o r  e x p l o i t i n g t h e  hard- to-digest  wax. (1) They can i n c r e a s e  
t h e  amount of d i g e s t i v e  l i p a s e s  s e c r e t e d  i n t o  t h e  i n t e s t i n e ,  and/or (2) 



t h e y  can  i n c r e a s e  t h e  t i m e  food i s  exposed t o  d i g e s t i v e  enzymes, and /or  
(3)  t h e y  can i n c r e a s e  t h e  amount of food t a k e n  i n .  Coral  g r a z e r s  are 
f o r t u n a t e  i n  t h i s  las t  r e g a r d  as t h e y  r e a l l y  do have u n l i m i t e d  food 
supp ly .  Varying d e g r e e s  and combinat ions  o f  t h e s e  t h r e e  s t r a t e g i e s  
show up i n  d i f f e r e n t  f i s h  s p e c i e s .  

I n t e r n a l l y ,  t h e  most d i s t i n c t i v e  c h a r a c t e r i s t i c  of c o r a l  g r a z e r s  
i s  t h e  absence  o f  a stomach. A c i d i c  c o n d i t i o n s  i n  any r e g i o n  of t h e  
a l i m e n t a r y  t r a c t  would c r e a t e  gas  problems f o r  a n  organism i n j e s t i n g  
q u a n t i t i e s  o f  CaC03. The i n t e s t i n e s  o f  t h e  t r i g g e r s ,  p u f f e r s  and f i l e -  
f i s h  a r e  c o i l e d  unbranched tubes .  P i e c e s  o f  i n t a c t  c o r a l  p a s s  i n t a c t  
and l o s e  o n l y  t h e i r  s u r f a c e  c o a t  o f  l i v i n g  t i s s u e .  The p a r r o t f i s h  
p o s s e s s e s  a unique d i g e s t i v e  sys tem,  l a r g e  chunks o f  c o r a l  a r e  pulver-  
i z e d  by a pharyngea l  m i l l  i n  t h e  r e a r  of t h e  o r a l  c a v i t y ,  t h e  c rushed  
c o r a l  t h e n  e n t e r s  a c o i l e d  i n t e s t i n e  which a p p e a r s  l i k e  a l o n g  s t r i n g  
of pouches. Gut c o n t e n t s  cannot  b e  ex t ruded  because  of r e s t r i c t e d  
connec t ion  between t h e  pouches. A  l igament  r u n s  t h e  l e n g t h  of t h e  
i n t e s t i n e  and s e r v e s  as a s u p p o r t  f o r  t h e  mass ive  sys tem of "stomachs." 
A s  compared t o  o t h e r  c o r a l  e a t e r s ,  t h e  d i s t i n c t i v e  morphology of  t h e  
p a r r o t f i s h  g u t  i n c r e a s e s  t h e  s u r f a c e  a r e a  of a b s o r p t i o n  and g r e a t l y  
p ro longs  t h e  r e s i d e n c e  t i m e  of  food p a r t i c l e s .  Among f i s h  i t  is  one of 
t h e  most unusua l  sys tems observed and may account  f o r  t h e  g r e a t  s i z e  
a t t a i n e d  by p a r r o t f i s h  compared t o  o t h e r  r e e f  g r a z e r s .  Whereas t h e  
t r i g g e r s ,  p u f f e r s  and f i l e f i s h  have r e l a t i v e l y  h i g h  l i p o l y t i c  a c t i v i t y  
i n  t h e  i n t e s t i n a l  f l u i d ,  t h e  p a r r o t f i s h  c o n t e n t s  show on ly  weak l i p o -  
l y t i c  a c t i v i t y  ( P a t t o n ,  1975b; Letourneuk and Bagnis ,  1973) .  

P e l a g i c  f i l t e r - f e e d i n g  f i s h  l i k e  t h e  anchovy, whose d i e t  c o n s i s t s  
of wax-containing copepods, f a c e  a f luc tua t ing ,unpred ic t ab le  food 
supp ly .  I n  a d d i t i o n  t o  h igh  l e v e l s  of l i p a s e ,  t h e s e  f i s h  p o s s e s s  
numerous b l i n d  pouches e x t e n d i n g  from t h e  a l i m e n t a r y  t r a c t ;  t h e s e  
g r e a t l y  p ro long  t h e  r e s i d e n c e  t i m e  of food.  W e  f e e l  t h a t  t h e s e  p y l o r i c  
caeca  have a r i s e n  d u r i n g  f i s h  e v o l u t i o n  as a d i r e c t  consequence o f  h i g h  
wax d i e t s .  

Acan thas te r  e l l i s i i  and A. p l a n c i  d i g e s t i v e  t i s s u e s  hydrolyzed wax 
ester and t r i g l y c e r i d e  much more r a p i d l y  t h a n  t h o s e  o f  o t h e r  a s t e r o i d  
s p e c i e s  s t u d i e s  ( c f .  Endean, 1973; Yamaguchi, 1973) .  The rate of  wax 
e s t e r h y d r o l y s i s , h o w e v e r ,  a p p e a r s  t o  b e  l e s s  i n  t h e s e  an imals  t h a n  t h a t  
f o r  t r i g l y c e r i d e  h y d r o l y s i s .  The s t u d y  o f  Benson -- et  a l .  (1975) w i t h  
A. e l l i s i i  gave h y d r o l y t i c  y i e l d s  which i n d i c a t e d  more r a p i d  wax - 
h y d r o l y s i s .  Subsequent exper iments  w i t h  t h e  same s p e c i e s  y i e l d e d  
r e s u l t s  i n d i c a t i n g  g r e a t e r  t r i g l y c e r i d e  h y d r o l y s i s .  I n  one o t h e r  s t u d y  
w i t h  a mol lusc ,  ( P a t t o n  and Quinn, 1973) wax was hydrolyzed a t  1 / 1 0  t h e  
rate of t r i g l y c e r i d e  by t h e  d i g e s t i v e  l i p a s e s .  

I n  c o n c l u s i o n ,  t h e r e  a p p e a r s  n o t  t o  b e  a s p e c i f i c  wax l i p a s e .  The 
c l a s s i c  p a n c r e a t i c  l i p a s e  and t h e  newly d e s c r i b e d  s h a r k  n o n s p e c i f i c  
l i p a s e  b o t h  hydro lyze  wax v e r y  s lowly  compared t o  t y p i c a l  f a t .  T h i s  
a p p a r e n t  i n a c c e s s i b i l i t y  of t h e  wax ester l i n k a g e  t o  enzymic c l e a v a g e  
h a s  profound i m p l i c a t i o n s  t o  t h e  b i o l o g y  o f  marine  organisms.  Thus a 
copepod w i t h  energy r e s e r v e s  o f  b o t h  t r i g l y c e r i d e  and wax ester q u i c k l y  



d e p l e t e s  t h e  t r i g l y c e r i d e  during s t a r v a t i o n ,  then e x i s t s  by slow deple- 
t i o n  of i t s  wax r e se rve  u n t i l  another  plankton bloom occurs  (Lee e t  a l . ,  
1971).  The occurrence of wax i n  c o r a l ,  however, remains a  mystery and 
i t  i s  no t  known whether c o r a l s  possess  a  s p e c i f i c  wax l i p a s e .  

ALGAL PHOTOSYNTHESIS AND PHOTORESPIRATION 

Like a l l  photosynthe t ic  p l a n t s ,  c o r a l  zooxanthel lae f i x  carbon 
d ioxide  by condensat ion wi th  r i b u l o s e  diphosphate i n  a  process  (Figure 
3) ca ta lyzed  by a  major p r o t e i n  of t h e  p l a n t .  This  p r o t e i n ,  "Frac t ion  
I Pro te in"  o r  r i b u l o s e  diphosphate  carboxylase, b inds  t h e  s u b s t r a t e  and 
e i t h e r  carbon d iox ide  o r  oxygen wi th  a n  e f f e c t i v e  a v i d i t y  r a t i o  of 
4 : l .  Since marine concent ra t ions  of carbon d ioxide  a r e  r e l a t i v e l y  
cons tan t  and t h a t  i n  i n t r a - ch lo rop la s t  oxygen is  h igher  i n  t he  h igh  
l i g h t  i n t e n s i t y  environment of r ee f  c o r a l s ,  t h e  e f f e c t  of photorespira-  
t i o n  i n  reducing photosynthe t ic  y i e l d s  i s  g r e a t e r  than f o r  a l g a e  l i v i n g  
a t  lower i n t e n s i t i e s .  

The r e a c t i o n  between oxygen and r i b u l o s e  diphosphate  y i e l d s  phospho- 
g l y c o l a t e  which passes  from t h e  ch lo rop la s t  w i th  c o n c o m i t a n t  dephos- 
phory la t ion  t o  t h e  c e l l ' s  peroxisomes where i t  is  oxid ized  t o  g lyoxyla te  
w i th  oxygen consumption and then  i n  t h e  forms of g lyc ine  o r  s e r i n e  is 
oxid ized  f u r t h e r  by mitochondria.  The e x t e n t  of pho to re sp i r a t ion  i n  
zooxanthel lae was examined by Tolber t  -- e t  a l .  (1976) and by J. E. B u r r i s  
(personal  communication). Such i n t e r n a l  cyc l e s  of r e s p i r a t i o n  and 
photosynthes is  a r e  eva lua ted  only wi th  d i f f i c u l t y  bu t  may involve h a l f  
of t h e  carbon reduced by photosynthes is .  Evaluat ion of g lyc ine-ser ine  
f l u x e s  from zooxanthel la  t o  h o s t  have not been made, b u t  t h e s e  f l u x e s  
a r e  an o rde r  of magnitude sma l l e r  than  t h a t  of a l a n i n e .  The exchange 
of a l a n i n e  from photosynthe t ic  source  t o  t h e  s i t e s  of t ransaminat ion 
and f u r t h e r  carboxyla t ion  of t h e  pyruvate  t o  o x a l a c e t a t e  resembles t h e  
e f f i c i e n t  process  adopted by C 4  p l a n t  s p e c i e s  denoted a s  "PCK-~ype" and 
"NAD-ME-Type" by Hatch (1975). P re sen t  evidence does n o t  preclude 
carbon d ioxide  t r a n s p o r t  by malate  o r  a s p a r t a t e  from hos t  t o  zooxanthel la .  
The modified t r a n s p o r t  c a p a b i l i t i e s  of t h e  -- i n  s i t u  zooxanthel lae must be 
examined i n  t h e  l i g h t  of t h e  c l a s s i c  works by Hatch and Slack on t h e  
t r a n s p o r t  p rocesses  of C 4  photosynthes is .  Pho to re sp i r a t ion  i n  C 4  p l a n t s  
(sugar  cane, e t c . )  i s  reduced t o  a  minimum by concen t r a t ion  of C02 a t  
t h e  s i t e  of r i b u l o s e  diphosphate  carboxyla t ion .  The carbon d ioxide  i s  
t r anspor t ed  i n  t h e  form of t h e  6-carboxyl groups of malic  o r  a s p a r t i c  
a c i d s  from t h e i r  cytoplasmic s i t e s  of s y n t h e s i s  t o  t h e  s i t e s  of r e l e a s e  
of carbon d ioxide  by s p e c i f i c  enzymatic decarboxylat ion.  

The products  of  zooxanthe l la r  photosynthes is  which may be  t rans-  
l o c a t e d  r e a d i l y  t o  t h e  c o r a l  cannot i nc lude  t h e  high molecular  weight 
subs tances  widely used by animals .  P r o t e i n s  and polymeric carbohydrates  
a r e  not  l i k e l y  t o  be excre ted  by a lgae .  The low molecular carbohydrates ,  
g l y c e r o l ,  glucose,  and maltose,  however, were recognized by Muscatine 
(1967) a s  "energy c a r r i e r s "  from zooxanthe l la  t o  h o s t .  Likewise t h e  low 
molecular weight p r o t e i n  component, a l a n i n e ,  i s  a l s o  exuded by t h e  
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Figure 3.  Photosynthet ic  C02 reduct ion  cycle.  
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zooxanthe l la  a s  a metabol ic  s u b s t r a t e  f o r  t h e  an imal ' s  growth and 
r e s p i r a t i o n .  The remaining major medium f o r  metabol ic  energy exchange 
is  l i p i d .  

The evidence of Abraham, Pa t ton ,  and Benson (unpublished) i n d i c a t e d  
t h a t  f a t t y  a c i d  and t r i g l y c e r i d e  s y n t h e s i s  occurs  mainly i n  t h e  zoo- 
x a n t h e l l a e  where a n  excess  of pho tosyn the t i ca l l y  generated ATP and 
reducing power is  harnessed f o r  t h e  e n e r g e t i c a l l y  c o s t l y  process  of 
l i p i d  syn thes i s .  I n  t h i s  p rocess  t h e  animal hos t  r e l e a s e s  two-carbon 
products  of i ts  own o x i d a t i v e  metabolism i n  t h e  form of a c e t a t e  t o  t h e  
zooxanthel lae  where long cha in  f a t t y  a c i d  and t r i g l y c e r i d e  syntheses  
t a k e  p lace .  The zooxanthel lae  then  "leak" t h e  newly synthes ized  l i p i d ,  
probably i n  t h e  form of membrane components, back t o  t h e  h o s t  where i t  
is  converted t o  o t h e r  forms inc luding  wax e s t e r  and s t o r e d  o r  ca ta -  
bo l i zed .  I f  t h i s  proposed process  i s  c o r r e c t ,  t h e  t r a n s f e r  of a c e t a t e  
becomes an important  p rocess  i n  f a c i l i t a t i n g  symbiot ic  e f f i c i e n c y .  

The elegance of t h e  cora l -zooxanthe l la  symbiosis i s  f u r t h e r  
revea led  i n  cons ider ing  t h e i r  s t r u c t u r a l  a s s o c i a t i o n .  Zooxanthellae 
a r e  l oca t ed  w i t h i n  t he  b a s a l  p o r t i o n  of d i g e s t i v e  c e l l s  of t h e  endoderm. 
I n  t h i s  p o s i t i o n  they have access  t o  a c e t a t e  produced upon degrada t ion  
of f o o d s t u f f s  by enzymatic processes .  They may r e l e a s e  l i p o p r o t e i n s  
t o  t he  hos t  c i r c u l a t i o n ,  a p rocess  n o t  u n l i k e  t h e  r e l e a s e  of l ipo-  
p r o t e i n s  by t h e  i n t e s t i n e s  of mammals. The t y p i c a l  marine f a t t y  a c i d s  
(polyunsaturated)  which a r e  undoubtedly p a r t  of t h e  c o r a l ' s  carnivorous 
d i e t  a r e  no t  found i n  t i s s u e  l i p i d s ,  presumably because they a r e  oxi- 
d ized  t o  a c e t y l  CoA i n  t h e  d i s t a l  p o r t i o n  of t h e  an imal ' s  d i g e s t i v e  
c e l l s .  The a c e t a t e  is  then absorbed by t h e  zooxanthe l la  and reconverted 
t o  f a t t y  a c i d s  of low d i v e r s i t y  and a h igh  degree of s a t u r a t i o n .  
Evidence f o r  t h i s  p rocess  stems from t h e  unique propens i ty  of zoo- 
x a n t h e l l a e  f o r  s y n t h e s i s  of s a t u r a t e d  f a t t y  a c i d s  i n s t e a d  of  t h e  
normally unsa tura ted  a c i d s  of marine a l g a e .  It i s  thereby p o s s i b l e  
f o r  t h e  hos t  t o  acqu i r e  s a t u r a t e d  l i p i d s  d i r e c t l y  wi thout  having t o  
syn thes i ze  them d e  novo, a p rocess  which would r e q u i r e  expendi ture  of 
c o s t l y  energy. The gene ra l i zed  scheme f o r  exchange of me tabo l i t e s  i n  
t h e  c o r a l  endoderm c e l l  i s  presen ted  i n  Fig. 4. While n o t  f u l l y  es tab-  
l i s h e d ,  t h e s e  r e l a t i o n s h i p s  a r e  c o n s i s t e n t  wi th  a v a i l a b l e  information.  

F a t t y  a c i d  s y n t h e s i s  i n  p l a n t  systems (Stumpf, 1975) u sua l ly  l e a d s  
t o  formation and s t o r a g e  of polyunsaturated f a t t y  a c i d  d e r i v a t i v e s  by a 
coopera t ive  e f f o r t  of cytoplasmic and c h l o r o p l a s t  systems. The chloro-  
p l a s t - a s soc i a t ed  assembly of a c e t y l  and malonyl CoA esters l e a d s  
d i r e c t l y  t o  p a l m i t i c  a c i d  (16:O). Fu r the r  a d d i t i o n  of malonyl CoA t o  
produce s t e a r i c  a c i d  (18:O) and t h e  e s s e n t i a l  po lyunsa tura ted  a c i d s  of 
c h l o r o p l a s t  l ame l l ae  seems t o  be  bypassed i n  zooxanthe l lae  i n  favor  of 
t r a n s f e r  of t h e  C16 a c i d  t o  t h e  h o s t  a n d i t s  subsequent conversion t o  
wax ester. Aceta te  metabolism s t u d i e s  by Abraham e t  a l .  ( t o  b e  
publ ished)  r e v e a l  what appears  t o  be  an  important  mechanism f o r  energy 
t r a n s f e r  from a l g a  t o  h o s t  and an important  d i f f e r e n c e  i n  f a t t y  a c i d  
s y n t h e s i s  i n  zooxanthel lae .  The formation of s a t u r a t e d  C16 and C18 
a c i d s  i n  major amounts r e v e a l s  a remarkable adap ta t i on  i n  t h e  c a p t i v e  
a lgae .  The n a t u r e  of  t h e  adap ta t i on  o r  r egu la t i on  remains t o  be  
e luc ida t ed .  



ACETATE-1-l4~ UPTAKE. BY CORALS AND ZOOXANTHELLAE 

When growing t i p s  of P o c i l l o p o r a  c a p i t a t a  ( I s l a  C l a r i on ,  Mexico) 
were provided w i t h  ca rboxyl - labe led  a c e t a t e ,  they  syn the s i zed  cons ider -  
a b l e  amounts of wax esters having equa l  amounts of l 4 ~  i n  t h e i r  a c i d  
and a l c o h o l  mo ie t i e s .  Zooxanthel lae ,  exposed t o  t h e  same c o n c e n t r a t i o n s  
of l a b e l e d  a c e t a t e ,  produced about  1% a s  much wax ester as d i d  t h e  i n t a c t  
c o r a l  and, of t h a t  wax e s t e r ,  t h e  predominant 14c l a b e l  w a s  found i n  t h e  
f a t t y  a c i d  (Table  2 ) .  

The l i p i d s  syn the s i zed  by i s o l a t e d  zooxanthe l lae  from a c e t a t e - l -  
14c were l a r g e l y  t r i g l y c e r i d e s  and amphipathic  l i p i d s  (Table  3 ) .  I t  is  
c l e a r  t h a t  t h e  t r i g l y c e r i d e s  a r e  a r e s e r v o i r  f o r  f a t t y  a c i d s  t o  be 
u t i l i z e d  l a t e r  f o r  s y n t h e s i s  of c e t y l  p a l m i t a t e  i n  t h e  an imal .  

WAX ESTERS AND OTHER LIPIDS I N  EPIDERMAL MUCUS 

Epidermal mucus s e c r e t i o n  by a  number of  i n v e r t e b r a t e s  (S to r ch  and 
Welsch, 1972) s e r v e s  a v a r i e t y  of purposes ,  i nc lud ing  c o l l e c t i o n  and 
t r a n s p o r t  of food p a r t i c l e s ,  removal of f o r e i g n  p a r t i c u l a t e  matter, pro- 
t e c t i o n  o f  eggs ,  c a r r i e r  f o r  subs t ances  f o r  o l f a c t o r y  enhancement 
purposes  (Todd e t  a l . ,  1967) and p r o t e c t i o n  from d e s i c c a t i o n .  Mucus may 
a l s o  c a r r y  enxymat ica l ly  f u n c t i o n a l  p r o t e a s e s  o r  g l y c o s i d a s e s  ( C h r i s t i e ,  
1974) .  In  most c a se s  t h e  ex t ruded  mucus i n c l u d e s  r e s i d u a l  membrane 
material of t h e  mucus c e l l  (Pedersen,  1963) o r  membrane-bound g r anu l e s  
de r i ved  u s u a l l y  from g o l g i  membranes (DeLuca and Wolf, 1972; Harris 
e t  a l . ,  1973) .  The phosphol ip id  c o n t e n t  of c o r a l  and f i s h  cu taneous  -- 
mucus (Lewis, 1970, 1971) i s  de r ived  from membranes sur rounding  t h e  
muco-proteins du r ing  t h e i r  p roduc t i on  and s t o r a g e .  Lewis (1976) ha s  
c o r r e l a t e d  mucus v i s c o s i t y  and consequent s t a b i l i t y  w i t h  membrane pro- 
t e i n  and phosphol ip id  con t en t .  Observa t ions  of  Smith ( 1 9 6 8 ) , c o r r e l a t i n g  
mucus p roduc t i on  w i th  ca ro t eno id  p igmenta t ion  i n  sponges ,a re  i n  accord  
w i t h  t h e  recognized  f u n c t i o n  of v i t amin  A i n  mucus c e l l  f u n c t i o n  (Lewis, 
1973) .  

Jakowska (1965) emphasized t h e  importance and v a r i e t y  o f  mucus 
f u n c t i o n  i n  i n v e r t e b r a t e s .  H e r  e f f o r t s  t o  i n t e g r a t e  t h e  i n t e r e s t s  of 
z o o l o g i s t s  and t h e  r e s e a r c h  on mucus s e c r e t i o n s  r e l a t e d  t o  human d i s e a s e  
s t i m u l a t e d  i n t e r e s t  i n  t h e  r o l e  of mucus i n  marine b io logy .  

Cora l  s u r f a c e  mucus p roduc t i on  i s  s t i m u l a t e d  by t h e  i r r i t a t i n g  e f -  
f e c t s  of  sand p a r t i c l e s  o r  of a g i t a t i o n  by s m a l l  f i s h  s t r i v i n g  t o  remove 
i t  from c o r a l  s u r f a c e s .  While n o t  e n o u g h - i s  known of d i u r n a l  v a r i a t i o n  
i n  mucus p r o d u c t i v i t y  o r  i n  mucus f eed ing  (Hobson, 1968, 1974, 1975; 
Losey and.Margules ,  l 9 7 4 ) ,  i t  is appa ren t  t h a t  mucus p roduc t i on  is n o t  
con t inuous .  Benson and Muscat ine  (1974) observed mucus f eed ing  by r e e f  
f i s h e s  and examined i ts  l i p i d  c o n t e n t  by t h i n  l a y e r  chromatography. The 
mucol ip ids  of  most r e e f  c o r a l  s p e c i e s  examined con ta ined  60% wax e s t e r  
( c e t y l  p a l m i t a t e )  and 30% t r i g l y c e r i d e  w i t h  l e s s e r  amounts of  g l y c e r o l  
e t h e r  and phosphol ip id .  Tracer  exper iments  w i t h  i n t a c t  c o r a l s  and 
1 4 ~ 0 ~  r evea l ed  t h e  r a p i d  i n c o r p o r a t i o n  of  l a b e l e d  t r i g l y c e r i d e  i n t o  



Table 2. D i s t r i b u t i o n  of 14c a c t i v i t y  i n  wax e s t e r  synthesized 
from 1 - l 4 ~ - a c e t a t e  by i s o l a t e d  zooxanthel lae and 
i n t a c t  cora l?  

Tota l  14c i n  % of T o t a l  14c i n  
Prepara t ion  Wax Es te r  Alcohol Fa t ty  Acid 

Zooxanthellae 3 670 20. 

Zooxanthellae 2 1,130 9.1 91. 

Coral t i p  1 87,100 50. 50. 

Coral t i p  2 91,400 45. 55. 

* Poci l lopora  c a p i t a t a .  Incubat ion time under f luo rescen t  
l i g h t  was two hours. 



Table 3 .  Types of l i p i d  synthes ized  from a c e t a t e  by i n t a c t  
i s o l a t e d  z ~ o x a n t h e l l a e . ~  

Lip id  Class  
% of T o t a l  L ip id  Synthesized b 

Prep. 2 Prep. 3 

Wax esters 

Tr ig lyce r ides  

F a t t y  a c i d s  

S t e r o l s  

~ h o s ~ h o l i p i d s ~  

a From Poc i l l opo ra  c a p i t a t a  

1-14c-acetate incuba t ions  were c a r r i e d  ou t  under f l u o r e s c e n t  
l i g h t  (1000 f . -c . )  dur ing  1 .5  t o  4.0 hours  i n  f i l t e r e d  sea- 
water  a t  24O. 

Inc ludes  g a l a c t o l i p i d s  of c h l o r o p l a s t  l amel lae .  



exuded mucus while  formation of l abe l ed  wax e s t e r  was very slow, being 
impeded by t h e  massive amounts of endogenous wax e s t e r .  Af te r  48 hours 
t h e  r a t i o  of l abe l ed  t r i g l y c e r i d e  t o  wax e s t e r  was only 2 : l .  

POTENTIAL APPLICATION OF LMMUNOCHEMICAL TECHNIQUES 
I N  ASSAY OF MUCUS FEEDING BY REEF FISHES 

Antibodies t o  mucus a r e  r e a d i l y  obta ined  and exceedingly species-  
s p e c i f i c .  It appears  poss ib l e  t o  u se  the  f luo rescen t  (Kent, 1963) o r  
l abe l ed  ant ibody technique f o r  assay of inges ted  mucus i n  f i s h  gut  
con ten t s  (Reynoldson and Davies, 1970; Davies, 1969).  Published in-  
formation on reef  f i s h  gut  conten ts  has  l e f t  t h e  i d e n t i t y  of major 
amounts very much i n  doubt. I d e n t i f i c a t i o n  of mucus and i t s  source  
(Jakowska, 1963) has  no t  been a  s u b j e c t  of i n v e s t i g a t i o n  u n t i l  r ecen t ly .  
Being g lycopro te in  i n  na tu re ,  t h e  s p e c i f i c i t y  of i t s  recogni t ion  by 
ant ibody r e a c t i o n  i s  p a r t i c u l a r l y  high.  

UTILIZATION OF W A X  ESTER BY COMMENSAL 
ORGANISMS I N  CORAL 

For many types of organisms t h e  branched c o r a l s  become a haven and 
a  source  of n u t r i e n t  a s  wel l .  Although t h e r e  a r e  many t r u e  commensal 
organisms, many o t h e r s  appear t o  b e  mucus feeders  ( N i g r e l l i ,  1969) and 
t h e r e f o r e  de r ive  some of t h e i r  energy from t h e  mucolipids .  Recent 
experiments by L. McCloskey (unpublished) with commensal groups on 
Poci l lopora  c a p i t a t a  ( I s l a  Clar i6n,  Mexico) c l e a r l y  a sce r t a ined  which 
of t h e  commensal c r e a t u r e s  were mucus feeders .  Coral heads were f r eed  
of t h e i r  commensal populat ions and l abe l ed  wi th  3 2 ~  dur ing  t en  hours  
i n  t h e  l i g h t .  The c o r a l s  were then placed i n  f r e s h  seawater ;  t he  
commensal populat ion re turned .  Af t e r  24 hours o r  more i n  seawater 
tanks  o r  -- i n  s i t u ,  t h e  commensal populat ion w a s  aga in  removed and t h e i r  
3 2 ~  measured. Some were c l e a r l y  l abe l ed  whi le  o t h e r s  were c l e a r l y  un- 
l abe l ed .  Since c o r a l  mucus con ta ins  phospholipids t h e  use of t h i s  
source of phosphorus by t h e  organism c l e a r l y  de l inea t ed  those which were 
pure ly  p a r a s i t i c  and those  which were completely commensal. 

UTILIZATION OF WAX ESTER BY ALGAE AND BACTERIA 

The most s t r i k i n g  i n d i c a t i o n  of energy-containing m a t e r i a l  i n  c o r a l  
i s  revea led  a f t e r  death of t h e  c o r a l .  When Acropora palmata i s  k i l l e d  
by invas ion  of t h e  p a r a s i t i c  blue-green a l g a ,  O s c i l l a t o r i a  submembranacea, 
t h e  s u b s t r a t e  i s  r a p i d l y  colonized by o the r  a lgae .  The r ap id  growth of 
t h e s e  a lgae  precludes t h e i r  development by photosynthesis  a lone;  o t h e r  
s u b s t r a t e s  do not  support  such growth. It appears  probable t h a t  t h e  
invading a l g a e  de r ive  a t  l e a s t  some of t h e  n u t r i e n t  necessary f o r  growth 
from t h e  c o r a l  ske l e ton  and i ts  s t o r e d  n u t r i e n t .  Since c e t y l  pa lmi t a t e  
is t h e  major of these ,  one must suspec t  t h a t  t h e  developing a lgae  
d e r i v e  energy from t h e i r  u t i l i z a t i o n  of wax e s t e r .  



I n  l i v i n g  P o r i t e s  and o t h e r  massive c o r a l s ,  t he  i n t e r n a l  band of 
Ostriobium (green a lgae)  (Odum and Odum, 1955) may a l s o  de r ive  i t s  
energy from wax e s t e r .  It is c l e a r  t h a t  n u t r i t i o n  of t he se  p a r a s i t e s  
by l a b e l e d  wax e s t e r s  must be  i n v e s t i g a t e d .  

DISCUSSION 

It i s  no t  y e t  c l e a r  why c o r a l s  have adapted t h e i r  metabolism f o r  
s t o r a g e  of wax ester. I f  one were t o  r e l a t e  t h e i r  wax s t o r a g e  t o  t h a t  
i n  organisms of co lder  s e a s ,  one would conclude t h a t  t h e  c o r a l  must be 
sub jec t ed  t o  s t a r v a t i o n  pe r iods .  Evidence f o r  t h i s  is not  c l e a r .  

The needs of c o r a l  p l anu lae  f o r  a  long-term source  of energy 
suggested t h e  p o s s i b i l i t y  of t h e i r  wax accumulation. C e r t a i n l y  t he  
micrographs of Poc i l l opo ra  damicornis p l anu lae  publ ished by Vandermeulen 
(1974) a t t e s t  t o  t h e  p r o b a b i l i t y  t h a t  the  ITP s p h e r i c a l  i n c l u s i o n s  
throughout t h e  gastrodermis  may indeed b e  wax ester. A .  E .  Lambert 
(unpublished) has  come t o  s i m i l a r  conc lus ions  based upon e l e c t r o n  
micrographs of s i m i l a r  p lanulae .  The energy requirements  by c o r a l  
p l anu lae  f o r  swimming and s u b s t r a t e  e x p l o r a t i o n  a r e  cons iderab le  and 
could b e s t  be provided by metabolism of s t o r e d  l i p i d s  der ived  from t h e  
pa ren t .  
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