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CHANGES IN THE POLYSACCHARIDE MATRIX OF CALCAREOUS GREEN ALGAE 

DURING GROWTH 

by 
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A B S T R A C T  

-The organic matrix of th ree  species  of calcareous green algae 
(family Caulerpales, order Udoteaceae was analysed during d i f f e r en t  grovth 
s tages  f o r  i t s  carbohydrate content.  

I n  a l 1  cases inves t iga ted  a decrease with age i n  t h e  r e l a t i v e  con- 
t e n t  of s t r u c t u r a l  polysaccharides pa ra l l e l ed  by an increase i n  reserve poly- 
mers was observed. 

A dynamic carbonate deposition mode1 i s  suggested based on conside- 
r a t i o n  of t h e  carbohydrate composition., 

R E S U M E  

- Les hydrates de carbone de l a  matière organique de t r o i s  espèces 
d'algues ca l ca i r e s  ve r t e s  ( f ami l l e  de Caulerpales, ordre de Udoteaceae) ont 
é t é  analysées au cours de d i f f é r en te s  phases de c r ~ i s s a n c e .  

Dans tous l e s  cas é tudiés ,  une décroissance avec l ' âge  du contenu 
r e l a t i f  en polysaccharides de s t ruc tu re  a été ' observge parallèlement à une aug- 
mentation des polymères de réserve.  

Un modèle de l a  dynamique du dépôt du carbonate, f a i s an t  i n t e rven i r  
La composition en hydrates de carbone e s t  suggéré.- 
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INTRODUCTION 

Calcareous green algae deposit  carbonates during growth upon an orga- 
n i e  matrix pr imari ly  cons is t ing  of  polysaccharides.  I i i k i  e t  a l .  (1960) and 
Bohm e t  a l .  (1980) r epo r t e s  P-1,3-xylans t o  be the  main s t r u c t u r a l  polymers of 
t he  green a l g a l  species  Halimeda sp . ,  Penicil* sp. and Udotea sp. ( family 
Caulerpales , order  ~ d o t e a c e a e )  . 

Recently, Wefer (1980) determined growth r a t e s  of  1 - 2 mm d-' f o r  
Penic i l lus  sp. whereas Halimeda sp. was found t o  grow a t  a  r a t e  of 1 segment 
per  Üdotea sp .  showed grbkth r a t e s  s imi l a r  t o  Pen ic i l l u s  sp. (Wefer, pers .  
corn., 1 9 - 8 0 r &  adoption of  a  s t a in ing  technique it bec&& poss ib le  t o  p o s i t i -  
vely iden t i fy  t h e  age of  individual  segments of the p l an t s .  

MATERIALS AND METHODS 

Algae were co l lec ted  i n  August 1979 i n  Bermuda a f t e r  i n  s i t u  s t a in ing  
with a l i  zar in sulphonic a c i  d  as  des cr ibed by Wefer ( 1980 1. During eo-&h t h e  
àye i s  incorporated i n t o  the  carbonate deposited thus neces s i t a t i ng  a  10 - 15 
min treatment with 15% sodium hypochlorite so lu t ion  before the  s t a in ing  marks 
become v i s i b l e ,  

Brief ly,  na tu ra l  a l g a l  communities a r e  enclosed within polythene bags. 
The enclosures a r e  removed 24 hours a f t e r  introduct ion of t he  dye and the  algae 
allowed t o  grow f o r  a  fu r the r  14 - 21 days p r i o r  t o  co l l ec t ion ,  

Af te r  l yoph i l i s a t ion ,  t he  p lan ts  were segmented according t o  Fig. 1 .  

PENICILLUS CAPITATUS HALIMEDA INCRASSATA 

and Penic i l lus  samples. An example f o r  &- 
t s  developed a f t e r  s t a in ing .  

In t h e  case of Halimeda inc ra s sa t a  segments of seven d i f f e ren t  p lan ts  
were analysed assuming a  growth r a t e  of 1 segment daY-l. 

The individual  segments were weighed i n t o  Tef lon-lined screw cay v i a l s  
and su f f i c i en t  4~ HClwas added f o r  complete d isso lu t ion  of the  carbonate. Ad- 
d i t i o n a l  4~ H C I  was added t o  adjust  t h e  f i n a l  acid molarity t o  2 M  H C 1 .  After hy- 
drolys is  under n i t r o ~ e n  zt 110 91: f o r  3 h ,  calcium was removed with cat ion ex- 
change r e s i n  ( ~ o w e x  50 W X8, K" form). The hydrolysate and d i s t i l l e d  water wash- 
ings were combined and lyophi l i sed  a f t e r  t he  addi t ion of 100 u l  glgcerin/etha- 1 



no1 1 : 1 (~awson and Mopper, 1978 ) . The residue was taken up i n  20% aqueous etha- 
no1 (v/v)  and an a l iquot  i n j ec t ed  i n t o  a self-constructed sugar analyser .  Sepa- 
r a t i o n  of  t he  monosaccharides was achieved by anion exchange of t h e i r  bora te  
complexes,Details of the  construct ion and operation of t h e  analyser have been 
giv-en elsewhere (~awson and Liebezei t  , 1981 ; 1982) . 

Calcium was removed from t h e  cat ion exchange r e s i n  with 2.5M NaCl so- 
l u t i o n  and detemined according t o  Bisque ( 196 1 ) . 

RESULTS AND DISCUSSION 

B6hm e t  al.  (1980) showed f o r  sediment samples t h a t  polysaccharides 
not in t imate ly  assoc ia ted  with the  carbonate matrix i . e .  non-structural poly- 
mers could be removed by treatment with 15% sodium hypochlorite so lu t ion .  A sim- 
i lar approach was adopted t o  d is t inguish  between t h e  d i f f e r en t  polymers i n  H d i -  
meda and Pen ic i l l u s ,  The r e s u l t s  a r e  given i n  Table 1 .  - 
Table 1 Relat ive molar composition of  t h e  polysaccharide matrices of Halimeda 

and Pen ic i l l u s  , - denotes untreated specimens, + ind ica tes  treatment 
with 15% N a O C l  so lu t ion  f o r  90 minutes. Whole p l an t s  were analysed. 

Halimeda sp ,  Pen ic i l l u s  sp . 
oxidation - + - + - + 
giucose 28.3 9.3 41.9 15.7 44.6 11.0 1 
xylose 65.1 88.2 50.1 79.5 49 7 84.1 1 
galactose + 
arabinose + O 3 

3.8 0.4 4.7 
P 

fucose 2.7 2.4 0.3 @ 

mannose 1.8 1 .5 2.1 - 0.9 - 
rhamnose + I 

0.  3 O ,  6 0.5 - 0.3 0.1 
l 

r ibose 
o thers  0.7 - 0.7 2.1 2.1 4.4 1 

carbonate 273.2 66 ,O 364.8 162.6 754.0 282.1 

Both species  showed a considerable change i n  r e l a t i v e  molar composi- 
t i o n  before and a f t e r  oxidat ive treatment.  Whereas t h e  ana lys is  of  un t rea ted  
samples ind ica tes  t h a t  glucans a r e  present  as  reserve polymers, xylans c l e a r l y  
dominate t he  spectrum a f t e r  removal of l a b i l e  components. Small mounts  of  
o ther  sugars a r e  present  which seem t o  be associated with t h e  matrix polymers. 

Tbe considerable decrease of t h e  t o t a l  sugar content ind ica tes  t h a t  
s t r u c t u r a l  polymers a r e  degraded t o  a ce r t a in  extent .  Here, E&nicillus seems 
t o  be more r e s i s t a n t  than H a l i m e s  probably due t o  t he  f a c t  t h a t  carbonate depo- 
s i t i o n  takes p lace  v i a  d i f f e r en t  pathways i n  t he  two p l an t s ,  as discussed by 
B6hm e t  aï.. ( 1 9 7 8 ) ~  r e s u l t i n g  i n  an increased pro tec t ion  of t h e  organic matrix 
i n  t he  case of Pen ic i l l u s  . 
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Udotea flabellum 

The sample was co l lec ted  a t  a water depth of 1.7 m. Segnent 1 (Fig.  1 ) 
developed i n  7 days and thus t h e  approximate age o f  the  whole p l an t  i s  42 days. 
A c h a r a c t e r i s t i c  f ea tu re  of t h i s  a l g a l  species  i s  t he  occurrence o f  "growth 
rings".  Segments were cu t  along t h e  more obvious markations . 

The mean CaCO content was 49.6% and i s  higher than t h e  39.1 % and 
38.4% reported by BBhm q1972; 1973a). These discrepancies may a r i s e  from di f -  
ferences i n  environmental condi t ions,  s ince  t h e  above author found t h e  degree of 
ca l c i f i ca t ion  i n  various Gdoteaceae t o  be dependent upon s o l a r  inso la t ion .  

Results a r e  depicted i n  Fig. 2. In  younger p a r t s  of  t h e  p l an t ,  t he  
t o t a l  sugar content i s  r e l a t i v e l y  high with a high proportion of xylans. With 
increasing age, CaCO3 content increases  p a r a l l e l e d  by a decrease i n  t o t a l  su- 
gars .  I n  t h e  o ldes t  segments, t h i s  t rend  reverses ,  

1000 mg C ~ C O ~  

1 
O 

total carbohydrates A 

O' o J = = .  
1 2 3 4 5 6 samp4e no. 

Fig. 2 CaCO3 and sugar contents i n  d i f f e r en t  segments of  Udotea flabellum 

Since no data  on nut r ien t  concentrations o r  weather conditions a r e  
ava i lab le  f o r  the  e n t i r e  growth period of 42 days, it can oniy remain specula- 
t i v e  a s  t o  whether environmental f ac to r s  a r e  r e f l e c t e d  i n  both carbonate and 
t o t a l  sugar contents .  

The r e l a t i v e  molar composition exhib i t s  a decrease i n  xylans and in- 
creasing glucan content and glucose/xylose r a t i o s  with age. 

Pen ic i l l u s  capi ta tus  

Both p l an t s  were co l lec ted  a t  a water depth of 8 m.  The shaded por- 
t i o n s  (Fig. 1 )  develo ed i n  21 days corresponding t o  growth r a t e s  of 4 .3    en A )  -? 
and 1.7 mm   en B )  d . 



The mean CaC03 content of Pen B i s  54.7% being i n  good agreement with 
da t a  giben by B6hm ( 1972; 1973a). Pen A has a mean carbonate content of 76.8%. 
This r e l a t i v e l y  high value together  with a growth r a t e  exceeding t h e  range given 
by Wefer (1980) makes it l i k e l y  t h a t  Pen A i s  a species  other  than P. cap i ta tus .  

Since considerable widthwise growth accompanies an increase i n  length ,  
t h e  r e s u l t s  obtained (Fig. 3 )  a r e  more ambiguous than those f o r  t he  f l a t r  l ea f -  
l i k e  U. flabellum. Nevertheless, t he re  a r e  s i m i l a r i t i e s  i n  severa l  o f  t he  analy- 
sed cha rac t e r i s t i c s  of t h e  two p lan ts .  

1 2 3 4 5 sample no. 

PEN A PEN B 

Fig. 3 CaC03 and t o t a l  carbohydrate contents i n  d i f f e r en t  p a r t s  of Pen ic i l l u s  m. Notations as  i n  Fig. 2. 

Total  sugar contents a r e  lower than i n  U.  f l a b e l l s ,  t he  major port ion 
oeing xylans @3mole%) which i s  i n  accordance with f indings of I r i k i  e t  a l .  
(1960) who reported 76 - 79% of  t h e  organic f r ac t ion  of  Pen ic i l l u s  sp .  t o  con- 
s i s t  of t h i s  polymer. 

A t  t he  branching poin t ,  a maximum i n  CaC03 toge ther  with a carbohydra- 
t e  minimum i s  recognisable.  Wefer (pers .  comm., 1380) occasional ly found s t a i -  
ning a t  t h i s  p a r t  of t h e  p l an t s  which lends support t o  the  assumption t h a t  t h e  
branching point  i s  a cent re  of a c t i v i t y  during growth, 

Again, a s  i n  t h e  case of  U. flabellum an increase  i n  r e l a t i v e  glucose 
content at the  expense of  xylose i s  t o  be noted with increasing segment age. Glu- 
cose/xylose r a t i o s  a l so  increase  with age. In  t he  growing p a r t s ,  a p a r a l l e l  de- 
crease of both CaC03 and total.  sugars is  observed, giving r i s e  t o  t he  assumption 
t h a t  organic polymers o ther  than xylans or  glucans a r e  involved i n  carbonate de- 
pos i t ion  ( see below) . 



Halimeda i n  cras  s a t  a 

Samples were co l lec ted  a t  a water depth of 2 m. 

The carbonate mater ia l  grown i n  one day was combined from t h e  seg- 
ments of seven p lan ts  t o  ensure a s u f f i c i e n t  amount of mater ial  f o r  ana lys is  . 
As a consequence the  r e s u l t s  show a wide s c a t t e r  r e f l e c t i n g  t h e  b io log ica l  var i -  
a t ions  between p l an t s  ( ~ i g .  4 ) .  Segments of  days 5 ,  9 and 13 were a l 1  mult iply 
branched, 

The mean CaCO content was de temined  t o  be 71.3% and f a l l s  within t h e  
range given by B6hm ( 1972; 1973a). 

total carbohydrates 

Roth t o t a l  carbohydrate and carbonate contents var ied  widely, however, 
the  t rends discussed above, namely a decrease i n  xylose content pa ra l l e l ed  by 
an increase i n  glucose with increasing age of t h e  ind iv idua l  segaents remain 
evident ( ~ i g .  4). 

In a l 1  species  analysed, the  sum of organic and inorganic const i tu-  
e n t ~  determined ranges from 60 t o  100% ( ~ i g s .  2 - b ) ,  i n  most cases a consiae- 
r ab l e  port ion escapes i d e n t i f i  cat ion.  Inorganic compoundç such as strontium, 
magnesiixn, i ron ,  s i l i c a t e  o r  sulphate  a r e  present  only in  minor quan t i t i e s  
(BGhm, 1972 ; 1973a). 

Bohm (1973b) found 6 - 9% water insoluble  and 8 - 17% wa'cer soluble  
pro te in  i n  H. o ~ u n t i a  em~loying  a spec t ro~hotometr ic  technique. 

glu1 
xYl 

x 

The presence of calcium-binding polysaccharides i n  H. opuntia was 
reported by B6hm (1973b) and B6hm and Goreau (1973) occurring i n  a water-soluble 

mole% 1.0. 100. 
t 

O 8.0 
O 

O 0  O\@ 

'". 4 
0 . 0  

O 

o ' o - t . u n ?  . . . .  o n - . . .  

O 5- 

5 1 O 15 days 

Fig,  4 CaC03 and t o t a l  sugar contents i n  d i f f e r en t  p a r t s  of Halimeda incras- 
s a t a .  Notations as  i n  Fig. 2.  - 
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form containing carboxyl and sulphate e s t e r  functions. Our own preliminary 
analyses with U .  f labellum exhibi ted t h e  presence of galacturonic and glu- 
curonic acids i n  minor quan t i t i e s .  With increasing age of t h e  segment, a  de- 
crease i n  these acids was observed. Due t o  t he  hydrolysis procedure employed 
(detr imental  t o  these compounds) no quant i ta t ive  treatment was possible .  It 
can, however, be assumed t h a t  proteins  and uronic ac id  residues of polysaccha- 
r i des  -especial ly  i n  younger pa r t s  of the  algae- a r e  involved i n  t he  deposition 
of calcium carbonate. 

Although t h e  e f r e c t  of an increasing degree of ca l c i f i ca t ion  accom- 
panying a  decrease i n  t o t a l  sugars with increasing age of the  a l g a l  segments 
could only p a r t l y  be es tab l i shed ,  it i s  evident from the  da t a  presented above 
t h a t  reserve polysaccharides (glucans)  a r e  synthesised a t  t he  expense of s t ruc-  
t u r a l  polymers (xylans ) with increasing age. 

The above da t a  toge ther  with l i t e r a t u r e  evidence lead  t o  t he  sus- 
gestion of a  h y ~ o t h e t i c a l  pathway of carbonate deposi t ion,  As a  f i r s t  s t e p  
xylans a re  synthesised during growth. These polymers a re  extremely r e s i s t a n t  
and were shown t o  r e t a i n  t h e i r  o r ig ina l  s t ruc tu re  even a f t e r  extensive treatment 
with hydrochloric acid and hypochlorite so lu t ion  ( I r i k i  e t  a l . ,  1960; Liebezei t ,  
uripublished da t a ) .  This f ibrous support i s  associated with a  polymer contai- 
ning uronic acid and amino ac id  residues possibly being l inked t o  t he  xylan 
v ia  sulphate  e s t e r s .  Calcium binding then occurs a s  a r e s u l t  of chelat ion with 
e .g. a spa r t i c  acid residues (Ylatheja and Degens, 1968). The growing carbonate 
l aye r  i s  protected by t h i s  polymer and/or by a  glucan from redisso lu t ion .  After  
a ce r t a in  degree of c a l c i f i c a t i o n  has been reached probably dependent on en- 
vironmental conditions the  mediating polymers a r e  e i t h e r  degraded o r  t ransported 
t o  ac t ive ly  growing p a r t s  of t he  p lan t  leaving t h e  back bone skeleton of t h e  
xylan and the  pro tec t ing  glucan behind. This glucan may serve as  an addi t iona l  
reserve polysaccharide, A t ranspor t  mechanism of the calcium binding polymer 
i s  supported by the  f a c t  t h a t  no arabinose could be observed i n  t h e  res idua l  
f rac t ion  a s  a  r e s u l t  of galacturonic  ac id  decarboxylation. 
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