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Biological control of skeleton properties in echinoderms 
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ABSTRACT: Echinoderms have a  high-magnesium c a l c i t e  skeleton whose c r i s t a l l o g r a p h i c ,  
chemical, and morphological p roper t i es  make it d i f f e r e n t  from a b i o t i c  c a l c i t e s .  The 
ava i lab le  data  show t h a t  the  s i n g l e  c r y s t a l  behaviour, t h e  conchoidal f r a c t u r e  
p roper t i es ,  the  high-magnesium content ,  and the  stereom s t r u c t u r e  could be p a r t l y  
explained by t h e  proper t i es  of  the organic nacromolecules associated with the  mineral 
phase. Data s u z e s t  t h a t  these compounds could produce the stereom proper t ies  through 
stereochemical in te rac t ions  with c a l c i t e .  

Echinoderms have a  c a l c i t i c  skeleton o f  
mesodermal or igin.  This skeleton is  
developed by most postmetamorphic 
ind iv idua ls  a s  well a s  by larvae of  
echinoids and ophiuroids. The growing 
evidence ind ica tes  t h a t  t h e  
postmetamorphic and l a r v a l  skeletons a r e  
homologous s t r u c t u r e s  ( see  Emlet 1985, 
Parks e t  a l .  1987, Drager e t  al. 1989, 
Dubois 6r Chen 1989, Richardson e t  al. 
1989). The echinoderm skeleton may be 
considered a s  a  paradigm of b io log ica l ly  
con t ro l led  mineralized s t r u c t u r e s  (I.:ann 
e t  a l .  1989). d i f f e r i n g  by most of  i ts  
p r o p e r t i e s  from a b i o t i c a l l y  synthet ized 
c a l c i t e s .  

Each skeleton element ( t h e  so-called 
o s s i c l e )  cons i s t s  of  a  rounded 
t r idimensional  network of  t rabeculae , 
t h e  stereom, devoid of any apparent  
c r y s t a l l i n e  fea ture  ( l a r v a l  s p i c u l e s  
correspond t o  i so la ted  t rabeculae)  
(Nichols & Currey 1968). Furthermore, 
t h e  stereom surface has t h e  
c h a r a c t e r i s t i c s  of a  so-called "periodic  
minimal surface" (v iz .  a  surface t h a t  
d iv ides  space i n t o  two in te rpene t ra t ing  
regions,  each of them being a  s i n g l e  
mult iply connected domain with no 
connection with the  o ther )  (Donnay & 
Paason 1969). 

The mineral phase is a s o l i d  s o l u t i o n  
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of CaC03 and MgC03 i n  a  c a l c i t e  l a t t i c e .  
i .e .  a  high-magnesium c a l c i t e  (Chave 
1952). The RgC03 content  ranges from 3.0 
t o  43.5 mole?/, (Schroeder e t  a l .  1969) 
and averages 13.5-16.2 mole% according 
t o  t h e  c l a s s  considered (V!eber 1969). 
Such a  concentrat ion would make 
echinoderm skeleton metastable i n  
standard inorganic temperature/ p ressure  
condit ions (Lerman 1965). 

Most s i n g l e  o s s i c l e s  show p r o p e r t i e s  
of l i g h t  po la r iza t ion  and X-ray 
d i f f r a c t i o n  a s  though they were carved 
out of  a  s ing le  c r y s t a l  of c a l c i t e  even 
when they a r e  severa l  cent imetres  i n  
length (Raup 1959. Nissen 1969. Donnay & 
Pawson 1959). Furthermore, con t ra ry  t o  
what could have been supposed from these  
proper t i es  of the  o s s i c l e s ,  t r abecu lae  
do not f r a c t u r e  along t h e  usual  
rhombohedra1 cleavage of c a l c i t e  but  
show conchoidal f r a c t u r e s  (Nichols  & 
Currey 1968, Nissen 1969). 

This paper reviews t h e  presen t  
knowledge of t h e  b io log ica l  mechanisms 
which cont ro l  and generate  t h e  stereom 
propert ies .  

Al thou~h a few o s s i c l e s  were 
demonstrated t o  behave o p t i c a l l y  a s  
po lycrys ta l s  (Towe 1967, Donnay & Pawson 
1969, M5rkel e t  a l .  1971, MZrkel 19791, 
most of t h e  echinoderm skeleton is made 
of phenotypically monocrystalline 



o s s i c l e s .  Data a r e  only  a v a i l a b l e  on t h e  
mechanisms which c o n t r o l  t h e  
c rys t a l l og raphy  o f  t h e  l a t t e r .  

The p r o p e r t i e s  c h a r a c t e r i s t i c  o f  
s i n g l e  c r y s t a l s  can  r e s u l t  frorr! e i t h e r  
an a c t u a l  monocrystal  i . .  a 
c r y s t a l l i n e  net1.1ork devoid o f  
d i s c o n t i n u i t i e s )  o r  a h i g h l y  o rde red  
p o l y c r y s t a l l i n e  aggregate .  I n  a 
S i o m i n e r a l i z a t i o n  c o n t e x t ,  t h e  presence  
o f  coherent  o r g a n i c  m a t e r i a l  w i t h i n  t h e  
s k e l e t o n  is a s t e p p i n e  s t o n e  i n  t h e  
denons t r a t i on  o f  t h e  p o l y c r y s t a l l i n e  
n a t u r e  o f  t h e  mine ra l  phase (Tovre 1972).  

Contrary  t o  p rev ious  s t a t emen t s  i n  t h e  
l i t e r a t u r e ,  t h e  echinoderm s t e r e o n  does 
c o n t a i n  o rgan ic  macromolecules ( s e e  !!ilt 
Pt Denson 1933 and Dubois 3 Chen 1989 f o r  
review ) . These w e  c l a s s i c a l l y  s e p a r a t e d  
i n t o  EETA-soluble and EDTA-insoluble 
c o n s t i t u e n t s ,  v i z .  t h c  s o l u b l e  and 
i n s o l u b l e  ma t r ix ;  S:.! and I;>:, 
r e s p e c t i v e l y  ( t h e  f u n c t i o n a l  v a l i d i t y  o f  
t h i s  dichotomy is, however, deba ted ;  s e e  
Yheeler S S i k e s  1989).  The s o l u b l e  
components a r e  p r i n c i p a l l y  p r o t e i n s ,  
s e v e r a l  o f  them being a c i d i c  
PJ-slycosylated s l y c o p r o t e i n s  (Weiner 
1985, Benson e t  a l .  1986, D i  V i r g i l i o  h 
Dubois unpubl.) .  Addadi G Weiner (1969) 
proposed t h a t  t h e s e  p r o t e i n s  a r e  
i n t r a c r y s t a l l i n e  and n o t  s t r u c t u r e d  i n  a 
cohe ren t  framework. They consequent ly  
sugges ted  t h a t  t h e  i n t r a s t e r e o m i c  
o rgan ic  macromolecules (ION) on ly  induce  
l o c a l  d i s c o n t i n u i t i e s  i n  t h e  c r y s t a l l i n e  
network, d i v i d i n g  t h e  s tereom element 
i n t o  mosaic b locks  b u t  n o t  i n t o  d i s c r e t e  
n i c r o c r y s t a l s  ( t h a t  would conpose a t r u e  
p o l y c r y s t a l l i n e  a g z r e g a t e ) .  However, 
Addadi .% 1:leiner ( l s 8 9 )  only cons ide red  
t h ~  s o l u b l e  c o n s t i t u e n t s  and overlooked 
t h e  i n t r a s t e r e o m i c  i n s o l u b l e  
c o n s t i t u e n t s .  S ince  morphological  
i n v e s t i g a t i o n s  showed t h a t  a cohe ren t  
o rgan ic  m a t e r i a l  occu r s  i n  both  l a r v s l  
s p i c u l e s  and postmetamorphic o s s i c l e s  
(Benson e t  a l .  1933, Dubois 1988) ,  it is 
most l i k e l y  t h a t  t h i s  m a t e r i a l  
i n t roduces  e x t e n s i v e  d i s c o n t i n u i t i e s  i n  
t h e  c r y s t a l l i n e  network o f  c a l c i t e ,  
making t h u s  echinoderm o s s i c l e s  t r u e  
p o l y c r y s t a l l i n e  agg rega te s  composed o f  
hifihly ordered mic roc rys t a l s .  Th i s  
sugges t s  t h a t  a b i o l o g i c a l  c o n t r o l  
should  be exe r t ed  over  t h e  m i c r o c r y s t a l  
al ignment.  A f i r s t  c l u e  is g iven  by 
Xizoguchi e t  a l .  (1981) who r epo r t ed  
t h a t  s p i c u l e s  o f  echinoid  embryos r e a r e d  
i n  presence  o f  tunicamycin have no 
e x t i n c t i o n  p o s i t i o n  i n  p o l a r i z e d  l i g h t .  
T h i s  i n d i c a t e s  t h a t  ( 1 )  d i s c r e t e  
m i c r o c r y s t a l s  a c t u a l l y  occu r s  i n  

ech ino id  l a r v a l  s p i c u l e s ,  and ( 2 )  t h a t  
it is p o s s i b l e  t o  cause  t h c i r  
n i i s a l i ~ n m e n t  by i n h i b i t i o n  o f  t h e  
El-glycosylation o f  p r o t e i n s ,  s u g g e s t i n g  
a d i r e c t  involvement o f  t h e  
i n t r a s p i c u l a r  g lycopro te ins  i n  c r y s t a l  
a l ignment .  

Conchoidal f r a c t u r e s  o f  s t e r e o =  
t r a b e c u l a e  a r e  probably  a l s o  due t o  t h e  
presence  o f  ION.  Berman e t  a l .  (1988) 
showed t h a t  c a l c i t e  c r y s t a l s  which were 
a b i o t i c a l l y  grown i n  presence  o f  S?-: 
con ta ined  s p e c i f i c a l l y  adsorbed Sil on 
t h e i r  ( l i 0 0 ) *  p l anes  and c l eaved  ":vith 
d i f f i c u l t y "  a long  a curved s u r f a c e  o f  
n l a s s y  appearance  r emin i scen t  o f  t h e  - 

conchoidal  f r a c t u r e  o f  echinoderm 
stereom. These a u t h o r s  concluded t h a t ,  
du r ing  c l eavage ,  t h e  SII adsorbed on t h e  
 TOO) p l a n e s  c r e a t e s  a- con t inuous  
i n t e r f e r e n c e  wi th  t i le (1014) c l eavage  
p l a n e s  o f  c a l c i t e  r e s u l t i n g  i n  no  
wel l -def ined c leavage d i r e c t i o n ,  i .e .  i n  
s concho ida l  f r a c t u r e .  Fur thermore ,  t h e  
unusua l ly  h igh s t r e n g t h  o f  t h e  
echinoderm s tereom (Weber e t  a l .  1969, 
E n l e t  1992)  is sugnes ted  t o  r e s u l t  from 
both t h e  q e n e r a l  presence  o f  IOt.1 (makin5 
t h e  s tereom a composite m a t e r i a l )  and 
from t h e  s p e c i f i c  i n c l u s i o n  o f  S:l: i n  
c l e a v a g e - i n h i b i t i n g  p lanes .  

D i f f e r e n t  t r ea tmen t s  o f  t h e  concho ida l  
f r a c t u r e s  r e s u l t  i n  a d i f f e r e n t i a l  
e t c h i n g  p a t t e r n  made o f  whiskered 
s t r u c t u r e s  p a r a l l e l  t o  t h e  g e n e r a l  
c-axis o f  t h e  o s s i c l e  (Pea r se  & P e a r s e  
1975. Okazaki G Inou6 1976, O q r i e i l l  
1981. Dubois & Jangoux 1985).  
D i f f e r e n t i a l  e t c h i n g  p a t t e r n s  o f  
b iomine ra l i zed  s t r u c t u r e s  may r e s u l t  
from s e l e c t i v e  i n c l u s i o n  o f  o r g a n i c  
m a t e r i a l  du r ing  m i n e r a l i z a t i o n  (Addadi & 
Yeincr  1989) .  Dubois (1988, s e e  a l s o  
Dubois ,& Chen 1989) sugges ted  e f f e c t i v e  
involvement o f  10:: i n  t h e  g e n e r a t i o n  o f  
t h e  whiskered s t r u c t u r e s .  He showed t h a t  
c a l c i t e  c r y s t a l s ,  which were e p i t a x i a l l y  
grown on f r a c t u r e d  t r a b e c u l a e  i n  
presence  o f  S11 i n  an a b i o t i c  sys tem,  
ta!<e a s i m i l a r  whiskered appearance  
(whereas e p i t a x i a l  c l eavage  rhombo- 
hedrons were formed i n  c o n t r o l  
exper iments  1. Furthermore ,  Addaci & 
I:.!einer ( 1989) sugges ted  t h a t  tine 
whiskered s t r u c t u r e s  observed w i t h i n  t h e  
t r a b e c u l a e  a r e  mosaic b locks  wi th  IO:.: 
adsorbed on t h e i r  ( h k i 0 )  f a c e s .  Indeed,  
t h e  a b i o t i c a l l y  gene ra t ed  whiskered 
s t r u c t u r e s  show morphologica l  

*. ! ,Til ler-Bravais i n d i c e s  o f  t h e    TOO) 
and s y n e t r y  r e l a t e d  f a c e s  o f  c a l c i t e .  
a cco rd inz  t o  t h e  hexagonal n o t a t i o n .  



similarities with some c a l c i t e  
t runca t ions  (Dubois 1988). Whether t h e  
whiskered s t ruc tures  correspond t o  
mosaic blocks or  t o  d i s c r e t e  
microcrystals  is still unclear. However. 
t h e i r  dimensions correspond to the  
"sub-micrometre sized" mosaic blocks 
detected i n  a stereom element by Blake 
e t  a l .  (1984). This suggests t h a t  t h e  
echinoderm stereom could be composed of 
ordered microcrystals  (separated by 

. coherent l ayers  of organic mater ial  and 
revealed by tunicamycin treatment) which 
a r e  subdivided i n  mosaic blocks 
del imited by i n t r a c r y s t a l l i n e  SM. 

Inorganic high-magnesium c a l c i t e s  a r e  
metastable i n  standard temperature/ 
pressure conditions (Lerman 1965). 
Moreover, i n  t h e  same environmental 
condit ions,  the  presence of magnesium 
ions i n  a supersaturated so lu t ion  of  
calcium carbonate r e s u l t s  i n  t h e  f i n a l  
p r e c i p i t a t i o n  of aragonite  (Kitano 1964, 
Glover & Sippel  1967, Kitano e t  al. 
1979). On t h e  contrary, t h e  presence of  
some organic compounds (such as 
glycoproteins)  i n  a p r e c i p i t a t i n g  medium 
containing calcium, magnesium, and 
bicarbonate ions induces t h e  
p r e c i p i t a t i o n  of magnesium c a l c i t e  
(Kitano 1964, Kitano & Hood 1965). The 
intrastereomic organic mater ial  which is 
p a r t l y  composed of  glycoproteins could 
thus  account f o r  t h e  high magnesium 
concentrat ion of echinoderm c a l c i t e .  
Concordantly, the  temperature e f f e c t  on 
s k e l e t a l  magnesium concentration i n  
echinoderms, which was emphasized f o r  a 
long time, is now considered t o  be 
l imi ted  and t h e  intrastereomic organic 
mater ial  i s  suggested t o  account f o r  t h e  
observed v a r i a b i l i t y  ( see  Dubois & Chen 
1989 f o r  discussion) .  

4.STEREOM MORPHOLOGY 

Echinoderm stereom is a q u i t e  unique 
three-dimensional s t r u c t u r e  which shows 
smooth rounded curves without any 
r e l a t i o n s h i p  with its c r y s t a l l i n e  
propert ies .  Three f a c t o r s  may a c t  as 
p o t e n t i a l  regu la tors  of  stereom 
morphology: ( 1 )  t h e  membrane of  t h e  
c a l c i f y i n g  s i t e ,  (2) s e l e c t i v e  
i n h i b i t o r s  of t h e  c r y s t a l l i n e  growth, 
and ( 3 )  t h e  incorporation of magnesium 
ions. 

The membrane which l i m i t s  t h e  

ca lc i fy ing  s i t e  is e i t h e r  t h e  plasma 
membrane or a vacuolar membrane from t h e  
skeleton-forming c e l l s  ( see  Dubois & 
Chen 1989). This membrane frames t h e  
shape of the  ca lc i fy ing  s i t e  before 
mineral izat ion starts, pre f igur ing  t h e  
morphology of t h e  fu ture  t rabecu la  ( see  
W i l t  1987 and Dubois .& Chen 1989, f o r  
review). Furthermore, experimental 
modifications of t h e  shape of  t h e  
ca lc i fy ing  vacuole i n  echinoid la rvae  
induce corresponding modif icat ions i n  
t h e  shape of  t h e  r e s u l t i n g  sp icu le  
(Okazaki 1962). The mechanism by which 
t h e  membrane cont ro l s  stereom 
morphogenesis is not  known. Two 
processes may be proposed: a s p a t i a l  
confinement o f  t rabecu la r  growth and/or 
an unspecif ic  inh ib i t ion  o f  t rabecu la r  
growth by organic molecules occurr ing on 
o r  i n  t h e  v i c i n i t y  of  t h e  membrane. 
MSrkel e t  a l .  (1986, 1989) suggested 
t h a t  t h e  l a t t e r  takes place i n  echinoid 
too th  c a l c i f i c a t i o n .  

Growth d i rec t ions  o f  echinoid l a r v a l  
s p i c u l e s  (which m e  homologous t o  s i n g l e  
t rabeculae)  follow well-defined 
crystal lographic o r i e n t a t i o n s  (Okazaki 
1975). Now, echinoid SM s e l e c t i v e l y  
adsorbs on (1i00) faces  o f  a b i o t i c a l l y  
growing c a l c i t e  c r y s t a l s  and, a s  a 
consequence, i n h i b i t s  c r y s t a l  growth i n  
these  d i rec t ions ,  i .e. i n  d i r e c t i o n s  
perpendicular to t h e  c-axis (Berman e t  
a l .  1988). These d a t a  suggest  t h a t  
stereom morphogenesis could a l s o  be 
d i rec ted  by secre t ion  of  SM i n t o  t h e  
ca lc i fy ing  space and t h a t  t h e  SM would 
a c t  as an i n h i b i t o r  i n  s p e c i f i c a l l y  
adsorbing on d e f i n i t e  c r y s t a l l i n e  faces.  
Addadi & Weiner (1989) proposed t h a t  
t h i s  s p e c i f i c  adsorption depends on 
stereochemical fac tors .  

F ina l ly ,  t h e  presence of magnesium i n  
t h e  c a l c i t e  l a t t i c e  ( a  presence which 
could depend on the  IOM) may a l s o  a c t  
upon the  t rabecu la r  morphology. Okazaki 
& Inou6 (1976) showed t h a t  echinoid 
la rvae  reared i n  magnesium-free sea  
water formed abnormal s p i c u l e s  whose 
ends correspond t o  t h e  cleavage faces  of  
a c a l c i t e  rhomb. On t h e  o t h e r  hand, 
l a rvae  reared i n  sea  water containing 
one-tenth of t h e  normal calcium 
concentration (with t h e  normal magnesium 
concentrat ion)  formed s p i c u l e s  whose 
ends had a globular  shape. These 
experiments show t h a t  magnesium could be 
involved i n  concealing t h e  c r y s t a l l i n e  
faces  of echinoderm high-magnesium 
c a l c i t e .  This suggestion is supported by 
SEM observations of  synthesized 
high-magnesium c a l c i t e  c r y s t a l s .  These 



a r e  deprived o f  c r y s t a l l i n e  edges and 
some of them show a rounded to  spher ica l  
morphology (Devery & Ehlmann 1981, 
Bischoff e t  a l .  1987, Koch 1989). Some 
of  these  c r y s t a l s  ac tua l ly  resemble 
t rabecu la r  fragments ( see  Bischoff e t  
a l .  1987: fig.2B). 

The ava i lab le  da ta  emphasize t h e  
paramount importance of  t h e  organic 
macromolecules associated with t h e  
mineral phase i n  con t ro l l ing  the  
proper t i es  of  t h e  echinoderm skeleton. 
The evidence suggests t h a t  these  
compounds a c t  a t  a stereochemical l eve l .  
as  i n  o ther  calcium carbonate 
biomineralizing systems. 

Although t h e  importance of  t h e  
skeleton-f orming c e l l  ( i n  confining and 
framing t h e  c a l c i f i c a t i o n  s i t e )  and of  
t h e  ion t ranspor t  systems ( i n  
q u a l i t a t i v e l y  and quant i t a t ive ly  
regu la t ing  t h e  ion  del ivery to t h e  
c a l c i f i c a t i o n  s i t e )  should no t  be 
underrated. advances in  our 
understanding of  the  p roper t i es  of  t h e  
echinoderm skeleton w i l l  probably r e s u l t  
mostly from a b e t t e r  knowledge o f  t h e  
stereom associated organic macro- 
molecules. Thus, fu ture  inves t iga t ions  
should focus on: (1 )  t h e  assessment of  
t h e  d i v e r s i t y  of  IOM and of  t h e i r  exact  
r o l e  in the  c a l c i f i c a t i o n  process, 
(2 )  the  i n  situ u l t r a s t r u c t u r e  o f  t h e  
IOM ( t h i s  should d e f i n i t e l y  reso lve  the  
polycrystal  vs  mosaic c r y s t a l  debate ) , 
( 3 )  t h e  molecular i d e n t i f i c a t i o n  o f  t h e  
IOM, (4) t h e  i n  vivo evaluat ion of 
a b i o t i c  models, espec ia l ly  t h e  
stereochemical control  of c rys ta l -  
l i z a t i o n .  
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