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SUMMARY 

Cells of tile dinoflagellate alga Peridi~ium westii were collected from water  
samples, taken from Lake Tiberias, during the period of algal blooms, and were 
purified by  a procedure based on their  phototaxis .  Clean cell walls were isolated by  
mechanical disintegration of the purified whole cells, followed by  differential centri- 
fugation, and washing with detergents  and organic solvents. The isolated walls were 
examined by  physical, chemical and enzymat ic  techniques. The major  component  of 
the skeletal cell wall (about 95 % of its weight) was found to be a polymer  of D-glucose 
which differed from cellulose in its X- ray  diffraction pat tern,  solubility in Schweitzer 
reagent and cadoxen, and other  physical and chemical properties. Part ial  degradat ion 
of cell wall glucan by  acetolysis and acid hydrolysis  afforded a series of ceUodextrins 
(n : 2 to 4), as well as laminaribiose and laminaritriose, indicating tha t  the glucose 
units  are joined by  /3-(i-~ 4)- and B-(I ~ 3)-linkages. I t  has not  been established 
whether  the two types  of linkages are present in the same polymer  or in different 
polymeric molecules. 

A pronounced degradat ion of the cell wall glucan by /~-glucanases of snail 
digestive juice was achieved only when phosphoric acid-treated cell walls were used 
as a substrate.  The relatively low rate of decomposi t ion of the cell wall glucan, in 
comparison to other  known glucans, under  natural  conditions, seems to be related 
to its closed s t ructure  which serves as a physical barrier for enzyme penetrat ion.  

I N T R O D U C T I O N  

Dinoflagellates frequently cause algal blooms, resulting in visible changes in 
tu rb id i ty  or color in lakes, rivers and water  reservoirs, as well as in seas 1. This group 
of planktonic  algae densely populates water  reservoirs along the Israeli water supply 
lines. The cell walls of these algae represent a major  par t  of the stable organic sediment 
of those water  bodies z. Recent  studies have shown tha t  carbohydrates  are the main 
const i tuent  of algal cell walls; in addit ion,  small quanti t ies of proteins, lipids and ash 
have been detected in clean wall preparations3, 4. In format ion  on structural  demen t s  
in the cell wall of p lanktonic  algae is ra ther  limited. Cellulose, mannan,  xylan, alginic 
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of the Weizmann Institute of Science, in partial fulfillment of the requirements for a Ph.D. degree. 
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acid and fucinic acid have, however, been reported to be present in seaweeds 5-v. 
One of the most connnon dinoflagellates found in lakes and water reservoirs in 

Israel is Peridinium weslii. The <'ell wall of this organism has a firm skeletal layer, 
dewifid of any mucilagenous material s. No information on the detailed composition 
and structure of this cell wall is presently available. Such information is needed for 
the understanding of the factors deternlining the high resistance of the cell wall of 
P. westii to biological degradation °-. In this conmmnication we describe studies on the 
chemical structure of this cell wall. 

MATERIALS AND METHODS 

Cells and cell walls 
Repeated a t tempts  to grow P. weslii in tile laboratory were not successful. The 

following procedure was therefore used to obtain a nlonoalgal culture of P. weslii. 
P. westii cells were collected from Lake Tiberias (28.2.66) by a planktonic net made 
of No. I8 bolting silk 9. The cell suspension obtained was concentrated by centrifugation 
in a Servall centrifuge (2ooo rev./min, IO rain). The packed ceils were suspended ill 
tap water (I :20, v/v), and the P. westii cells were purified by a procedure based on 
their  phototaxis  t°. The resulting suspension of P. westii cells was filtered through 
Whatman  No. I filter paper, the precipitate resuspended in distilled water (I :IO, v/v) 
and the cells disintegrated in a Manton-Gaulin homogenizer, model 15 M (Everett,  
Mass., U.S.A.) by recycling three times at 60o0 lb./inch ~-. The homogenate was centri- 
fuged in a Servall centrifuge (5ooo rev./min, 15 rain), the supernatant  was discarded 
and the pellet was resuspended in water (I :to, v/v) and centrifuged again at 5ooo rev. 
per nlhl for z 5 nlin. The sediment consisted of cell walls, accompanied by some proto- 
plasmic materials which were mostly chlorophyll pigments. These contanlinants were 
removed by washing the precipitate with a series of solvents obtained by mixing 
equal w~lumes of Tween-8o in water (o.5 %, v/v) with ether, light petroleum (b.p. 
4o-6o'~), acetone and ethanol respectively. Three washings were performed with each 
s~dvent, using a ratio of IO ml s:)lvent to every ml of cells. The purified walls were 
then repeatedly washed with water until the sediment was white. The walls were 
suspended in water (I ml of packed walls/too ml water), and the suspension dialyzed 
against water in the cold for 72 11. The walls were collected by eentrifugation and 
lvophilized. The final yield of walls was about 4 ° ° o of tile dry weight of the cells 
(estimated by drying in vacuum over NaOH and H,,SO4). 

Carbohydrates 
Cellulose was a product of 13alston, England (Whatman cellulose powder, 

s tandard grade). Pustulan, a fl-(I ~ 6)-glucan from tile alga Umbilicaria pustulata 1~, 
was kindly given by Dr. E .T.  REESE, and paramyhm, a/3-(I ~ 3)-glucan fron, Eztglena 
gracilis 1", by Dr. K. MARECHAL. Laminarin (ex Laminaria h:vperborea), a branched 
glucan with f i-(I-+3)-  and 5 - ( 1 ~  ())-linkages, was purchased from Koch-Light  
Laboratories. Starch was a product of Fluka, Switzerland (soluble starch A.R.). 
Laminaribiose and laminaritriose, /3-(I--~ 3)-oligosaccharides, were obtained as gifts 
from various laboratories. Cellodextrins were prepared bv partial hydrolysis of 
cellulose ~a. All other saccharides used were from commercial sources and were of the 
highest tmri ty available. 
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Chemical reage~zls 
Schweitzer reagent, an ammoniacal copper hydroxide solution, was prepared 

according to the literature ~4. Cadoxen ~s was prepared as follows: 9 g of solid CdO were 
added at o °, with vigorous stirring, to I 1 of a 28 °o aq. solution (w/v) of fresh ethylene- 
diamine. The mixture was allowed to stand overnight in a refrigerator, and the 
excess CdO was removed by centrifugation. To the supernatant (950 ml) a cooled 
mixture of 6o ml ethylenediamine, 155 lnl of water and 14 g of NaOH was added. 

El l zwnes  

Glucose oxiflase (Glueostat) reagent was obtained from Worthii~gton Biochelni- 
cal Corp., Freehold, N..I. Cellulase was purchased from Nutritional Biochemical Corp., 
and crude//-glucosidase (emulsin) from Sigma Chemical Co. Snail enzyme, a digestive 
juice of Helix pomatia was a product of Koch-Light  Laboratories. 

Physical tech~ziques 
Electron micrographs were taken with a JEM- 7 electron microscope. X-ray 

diffraction patterns of the powdered glucans were obtained with a Norelco Straumanis 
camera with a diameter of 57.3 mm, and cobalt radiation filtered through an iron foil. 
Exposures of approx. I. 5 h duration were made on Kodak No-screen medical X-ray 
fihn. The w)ltage used was 3o kV, and the current lO mA. Infrared spectra were 
examined with a Perkin-Ehner infrared spectrometer as discs pressed in KBr. 

Analytical techniques 
Total sugars were estimated by the phenol--H2SO 4 lnethod TM, reducing sugars 

bv the modified Park-Johnson methodlV, 44, and D-glucose was determined enzymati- 
eally by the glucose oxidase reagent. In these assays I)-glucose (Pfanstiehl) was used 
as standard. 

Nitrogen was estimated by the procedure of DUMAS is and phosphorus by the 
method of KINC TM. Ash was estilnated by oxidizing the samples with fuming HNOa 
and then heating at 6oo: to constant weight. Amino acids were determined on the 
Beckman-Spinco amino acid analyzer, after sanlples in sealed alnpoules had been 
hydrolyzed in 6 M HC1 for 2o h at IOO: (see ref. 2o). 

Hydrolysis 
Cell wails (Io mg/ml) were hydrolyzed in o. 5 M H 2SO  4 at ~oo '~ for varying 

periods of time, up to 24 h. The hydrolysates were neutralized with solid BaCOa; 
the t3aSO4 precipitate formed was removed by filtration, washed with hot water, and 
the combined filtrate and washings were lyophilized. Partial acid hydrolysis (IO mg 
cell wall per I ml of acid) was achiew'd in fuming HC1 for 15 rain at 4 '~ (see ref. 21), 
or in 0.05 M H,~SO 4 for 4-24 h at IOO ~. For the estimation of rates of hydrolysis, 
samples of polysaccharides in o. 5 M H2SO 4 (Io mg per t ml) were heated at lOO ° for 
varying periods of time, the hydrolysates were centrifuged and the supernatants 
analyzed for their content of total sugars (phenol test), and of l)-glucose (glucose 
oxidase). 

A cetolvsis 
Acetylation and deacetylation used for structural studies were performed 

according to the method described by GOLDSTEIN .aND WHELAN ~. Acetolysis, for the 
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determination of the total  D-glucose content of the polymer, was according to SCHRAMM 
AND HESXRIN 2~. For the s tudy of the oligosaccharides released during the reactions, 
the acetolyzed solutions were neutralized with BaCOa, and desalted by Amberlite 
MB-3 (analytical reagent, Mallinckrodt). 

Oxidation studies 
Periodate oxidation (followed by spectrophotometry) "~3, Smith degradation '~ 

and conversion of laminaribiose to arabinose by lead te t raacetate  "s, were carried out 
according to the literature. 

Phosphoric acid treatment 
Phosphoric acid t reatment  of cell walls was carried out by suspending IO mg of 

walls in I ml of H~PO 4 (72 %, w/v) for 3o rain at room temperature.  The suspension 
was diluted with 9 nfi water and the walls were collected by eentrifugation. They 
were then washed with water in the centrifuge to neutrality, dialyzed against water 
for 72 h and lyophilized. No increase in the amount of reducing groups and in phos- 
phorus was detected after this t reatment.  

Enzymatic degradations 
Cell walls were degraded with snail enzyme. Snail enzyme diluted with sodium 

acetate buffer, o.o5 M at pH 5.8 (1:5, v/v), was added to 4 vol. of a suspension of cell 
walls (treated in phosphoric acid) in the same buffer (IO mg/ml). Following incubation 
for 60 rain at 3 o°, the reaction was stopped by immersing the tubes in a boiling bath  
for 3 rain, and the nfixture analyzed for reducing sugarslT, 44, and for D-glucose (glucose 
oxidase). An aliquot was also examined by paper chromatography in Solvent A (see 
below). Incubation for 8 h (under the conditions mentioned) was used for obtaining 
maximal amounts of oligosaccharides from the cell wall glucan with snail enzyme. 
Incubations with /3-glucosidase were performed in sodium acetate buffer, o.o5 M 
(pH 5.o) at 3 o°, using a ratio of 112, by wt. enzyme/substrate.  

Paper chromatography 
For analytical purposes descending paper chromatograms were run on Whatman 

No. x paper, and for preparative purposes Whatman  No. 3 was used with the following 
solvent systems: A, n-butanol-acetic acid-water (25:6:25, by vol.); B, n-propanol- 
e thylacetate-water  (32:57 :I3, by vol,) ; C, ethylacetate--acetic acid-formic acid-water 
(9o:15:5 :z, by vol.) ; D, pyridine-ethylacetate water (r :z :z, by vol.). Monosaccharides 
were detected on chromatograms by the use of AgNO a (ref. 26) or aniline phthalate 27. 
Disaccharides and trisaccharides were located by AgNOa and by the diphenylamine-- 
aniline spray "s. 

Column chromatography on charcoal-eelite la 
Fractionation of saccharides obtained by partial chemical or enzymatic degra- 

dation of P. westii cell walls was carried out on a colulnn (28 cm . 5.7 cm) of charcoal 
(Darco-G-6o) and celite 535 (i :I, w/w). The column was actiwtted by 6 M HC1, and 
equilibrated with distilled water. Elution was perfl)rnaed by a sequence of three 
linear water-ethanol  gradients: (a) Mixing chamber, I 1 water; reservoir, r ! ethanol 
32 % (v/v) ; (b) mixing chamber, 50o ml ethanol 32 °o ; reservoir, 5oo ml ethanol 64 ° o ; 
(c) mixing chamber, 25o ml ethanol 64 % ; reservoir, 25o lnl ethanol 96 %. l:ractions 
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Vig. I. P. 7i:cstii ce l l s  ( x 400), as  seen  u n d e r  t h e  p h a s e  c o n t r a s t  m ic ro scope .  

F ig .  2. P. westii cel l  w a l l s  ( × 45o), as  seen  u n d e r  t h e  p h a s e  c o n t r a s t  m ic ro scope .  
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of  Io  ml  were  co l l ec ted  at  a r a t e  of 5 ° m l / h ;  o . 5 - m l  a l i q u o t s  were  t a k e n  for t o t a l  

sugars  tes t  (phenol  m e t h o d ) .  

RESULTS 

E x a m i n a t i o n  of t he  pur i f ied  cells (Fig. I) and  cell wal ls  (Fig. 2) u n d e r  t h e  phase  

c o n t r a s t  microscope ,  shows  t h a t  t he  cells h a v e  t h e  shape  of spheres ,  where  t he  wal ls  

are  bu i l t  of p la tes ,  s ing ly  or  j o i n e d  in g roups .  Such p la t e  s t r u c t u r e s  are  in fact  seen 

on the  sur face  of t he  i n t a c t  P.  w e s l i i  cells (Fig.  I). E l e c t r o n  m i c r o g r a p h s  of a cell 

s ec t ion  and  of a cell wal l  sec t ion  ( lqg.  3), t a k e n  by  Y. MESSieR and  Dr .  Y. BEN-SHAuL ~:', 

l a b o r a t o r y  for E l e c t r o n  Microscopy ,  Tel  A v i v  U n i v e r s i t y ,  show t h a t  t h e  wal l  su r rounds  

t h e  c y t o p l a s m ,  has  a t h i cknes s  of :~-3 /L and  possesses  s o m e  in t e rna l  o rgan i za t i on .  

t t o l e s  a n d  cana ls  a re  seen in t h e  cell  wai ls  in all  p r e p a r a t i o n s  e x a m i n e d ,  t h o u g h  we 

cou ld  not  e s t ab l i sh  w h e t h e r  t h e y  are  real  s t ruc tu re s ,  or  a r t i f a c t s  f rom t h e  m e t h o d  

used  in t h e  p r e p a r a t i o n  of sec t ions  for e l ec t ron  mic roscopy .  

T h e  cell walls  do no t  d i s so lve  in wate r ,  d i lu t e  ac ids  or  bases,  cold s t r o n g  t)h(~s - 

phor i c  ac id  (72 %), no r  in S c h w e i t z e r  r e agen t  ( cu t ) r aamm(mium)  or  c a d o x e n  la. The  

m a i n  c o n s t i t u e n t s  of t he  walls  are  c a r b o h y d r a t e s  (95% by  the  pheno l  tes t ,  see Tab l e  1). 

On ly  smal l  q u a n t i t i e s  of n i t rogen ,  t )hosphorus  and  ash were t)resent (Table I). The  

i no rgan ic  f rac t ion  is c o m p o s e d  m a i n l y  ~)f s i l icon in t h e  c rys t a l l i ne  form of q u a r t z  and 

~-cr i s toba l i te ,  as d e t e r m i n e d  by X - r a v  d i f f rac t ion  of t he  ash, us ing  coppe r  r ad i a t i on  

t i i te red  t h r o u g h  a nickel  foil a°. 
Ana lys i s  on t h e  a m i n o  ac id  a n a l y z e r  of an ac id  h y d r o l y s a t e  (6 M HCI, ~oo , 

20 h) of the  walls  r evea l ed  t h e  t)resellcc ()f a wide  r ange  of a m i n o  acids,  c h a r a c t e r i s t i c  

of t ) roteins ,  in a t o t a l  a m o u n t  e ( lu iva len t  to  3 % of t h e  we igh t  of t he  walls.  E x a m i n a t i ( m  

of t h e  wal l  p o w d e r  b y  X - r a y  d i f f r ac t ion  g a v e  d i a g r a m s  (3 in F ig .  4) wh ich  were  d i f ferent  

f rom those  of cel lulose  or  l a m i n a r i n  (I and  2, r e s p e c t i v e l y  in Fig. 4). I n f r a r ed  spec t ra  

e x h i b i t e d  an a b s o r p t i o n  at  I I . 2  It, c h a r a c t e r i s t i c  for  f l-D-linkages.  T r e a t m e n t  of t he  

walls  wi th  acid  u n d e r  c o n d i t i o n s  c o m m o n l y  used  for hyd ro ly s i s  of neu t r a l  po ly-  

TA B LI:; I 

( ' t ) M P O S I I ' I O N  O F  [~. ~tl('Sll 'l  CI,;LI. \ \ ' ~ L L %  

1)~ 3, w,,//: (% q/w,.&ht)  

Neutral sugars * ~)5 
l'rotcin 

:\n/trio acid:** 3.o 
Nitrogen ' ~'.'5 3 .1 

t ~]los]Dh~H-tl s (). 2 2 

,\~h (ni trated) o.4o 

* lqlcnol test carried {}ut accordim4 to the method of DuB()IS c! al. u;, with glucose as standard. 
Since the walls arc insolul}ic in water, or in {tilutc acids or bases, the phenol tests were performed 
as folh)ws: an accurately weighed amount of the walls which ha(l bccn MI'OUlI([ ill it microblcndcr 
w a s  s u s p e n d e d  in water (5 lo mg walls ill Io 111l watcrL The l ine suspension was mixed well, and 
aliquots (o.o 3 and o.~ ml in triplicate) were taken for the phenol test and the color formed read 
with a Klett %ummerson photoelectric coh)rimetcr, Filttr  No. -I-'- The results were reproducible 
within -. 3'},'~ (5.1)3. 

** ~/1111 e l  ~ t l l l ] l lO a c i d s  l O t l l l d  ()[/ t ] l ( '  J { e e k l l l i l l l  S t ) i l l c o  Hl l l i l / { )  ac id  i / l l t l l y z e l - ,  [II f i l l  all i(] h v d r o -  
lvsate (t, M 11('1. 2o h at io(, } of t]~c \\alls. 
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Fig .  3a. E l e c t r o n  m i c r o g r a p h  of P. west, ii ( × 78oo). A ce l l  s e c t i o n  f ixed  ill  OSO 4 a n d  g l u t a r a l d e h y d e ,  
t h e n  s t a i n e d  b y  l ead  c i t r a t e .  C .W.  --  cel l  wa l l .  

Biochim. Biophys. dcla, 173 (1969) 161-I7,5 
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1 V  

Fig. 3b. l:lectron micrograph of P. w~,stii (× 17ooo). Cell wall section treated as in 3a. Note the 
canals and the holes. Prepared by .'\II:;SSER and ]~}EN-.qHAUL, Tel Aviv l 'niversitv. 

Fig. 4. X ray diffraction diagrams of: Cellulose (I), laminarin (z), P. weslii cell walls (3) and acid 
treated (o. 5 M H.,S() 4, 6 h at ~oo') (resistant fraction) P. wcstii cell walls (4). 

sacchar ides  ( 0.5 M H2SO 4, 6 h, Ioo°) ,  led o n l y  to  t h e i r  pa r t i a l  d e g r a d a t i o n .  A f t e r  
th i s  t r e a t l n e n t  42 % of t i le  wal ls  were  found  in t i le  so luble  f rac t ion ,  as r educ ing  
sugars ,  whe reas  55 % r e m a i n e d  insoluble .  P a p e r - c h r o n l a t o g r a p h i c  e x a m i n a t i o n  of t h e  

soluble  f r ac t ion  showed  t h a t  i t  was c o m p o s e d  chief ly  of glucose,  w i th  t r ace  a m o u n t s  
of mannose ,  fucose  a n d  r h a n m o s e .  Smal l  q u a n t i t i e s  of o l igosacchar ides  were  also 

p r e sen t  in t h e  h y d r o l y s a t e ,  s ince s low m o v i n g  spo t s  were  seen  on the  e h r o m a t o g r a m s ,  

us ing  s o l v e n t  s y s t e m s  A a n d  B. 
T h e  ac id  r e s i s t an t  res idue  was w a s h e d  wi th  w a t e r  to n e u t r a l i t y ,  and  t h e n  d r i ed  

(55 °o of t h e  w e i g h t  of t he  i n t a c t  walls).  I t  r e m a i n e d  u n d e g r a d e d  on f u r t h e r  t r e a t m e n t  
w i t h  ac id  (0. 5 M HeSO~, 6 h, roo~), and  was inso lub le  in S c h w e i t z e r  r eagen t ,  bu t  

lgiochim. B~@hys..4cta, r73 (~OOq) ioi 175 
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dissolved in cadoxen. Its X-ray diffraction diagram (4 in Fig. 4) exhibited lines which 
were clearer than those found in the diagram of the untreated walls, but still differed 
from those of cellulose although to a lesser extent. 

Both the intact walls and the acid resistant fraction, when subjected to complete 
acetolysis, gave D-glucose as the major product (Table II). Acetolysates of the latter 
fraction also contained trace amounts of mannose, fucose and rhamnose. 

A comparison of the rates of hydrolysis of P. westii cell walls with those of 
different glucans is given in Fig. 5 and the periodate consumption curves in Fig. 6. 
Analysis of the glucose present in P. westif walls, the acid resistant fraction of the 
walls, cellulose and laminarin after hydrolysis of the Smith degradation products are 

T A B L E  l 1 

C A R B O I f Y D R A T E S  IN 1 ). 7£,Cslii C E L L  W A L L S  

Hydro lys i s  was pe r fo rmed  in o. 5 M H,~SO4, 6 h, a t  lOO ~, and  acetolys is  accord ing  to SCHRA~I~I 
A~D HES'rRL~ 22. Sugars  were e s t i ma t ed  as ~-glucose us ing  the  modif ied P a r k - J o h n s o n  m e t h o d  17 
or the  W o r t h i n g t o n  glucose oxidase  reagent .  

Treahnenl Analysis Dry walls 
(% ,'~f ~leight) 

Acid hydro lys i s*  R educ i ng  sugarslT, aa 42 
Acid s table  f rac t ion 55 

Acetolysis* R educ i ng  sugars lL 41 9o 
Ghlcose oxidase  79 

* Paper  c h r o m a t o g r a p h y  of bo th  the  hyd ro l y sa t e  and  ace to lysa te  revealed the  presence  of 
glucose as t he  ma jo r  sugar ,  a ccompan ied  by  t race  a n l o u n t s  of mannose ,  fucose and  rhamnose .  

J I i --V I ] 
i 
[ 

1.4 t 
/ 

1.2L 

80 i o o 0.8 g O,o //jJT/.T I 
.o . ? ~ - -  . . . . . . . . . . . . .  2 '~ o.<,ll/o/° / ~ 

TIME(h)  Days at room letup, 

Fig. 5- The  behav io r  of c a r b o h y d r a t e s  in acid hydro lys i s  (0. 5 M H2SO4, a t  IOO<~), t e s t ed  by  glucose 
oxidase  ( ) and  phenol  ( . . . . .  ). S ta rch  ([]),  cellulose (O),  l amina r in  (O),  p u s t u l a n  (•) ,  
p a r a m y l o n  ( • )  and  P. westii cell walls  (A) .  

Fig. 6. Per ioda te  u p t a k e  of g lucans ,  followed a t  room temp .  (23°). Cellulose ( t l ) ,  l amina r in  (O),  
p u s t u l a n  (A) ,  p a r a m y l o n  ( I ) ,  P .  westii cell walls  (A)  and  acid r e s i s t an t  f rac t ion of P. westii cell 
walls  ([]) .  

Biochim. Biophys. dcta, i73 (1969) 161-175 
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g i v e n  in Tab le  I l l .  i t  can  be seen  t h a t ,  w h e r e a s  in celluh)se m o s t  (>f t h e  g lucose  was  

d e s t r o y e d  b y  t h i s  t r e a t m e n t ,  y i e l d i n g  e r y t h r i t o l ,  in l a m i n a r i n  at)out  7 ° °o of t h e  

g lucose  r e m a i n e d  i n t a c t .  I n  P .  w e s l i i  walls ,  a s ign i f i can t  p r o p o r t i o n  of t h e  g lucose  

r e s idues  r e m a i n e d  i n t a c t  a f t e r  S m i t h  d e g r a d a t i o n ,  w h e r e a s  in t h e  acid  r e s i s t a n t  

f r a c t i on  m o s t  of ti le g lucose  was  d e s t r o y e d .  The  o l i g o s a c c h a r i d e s  p r o d u c e d  l ) v  t h e  

S m i t h  d e g r a d a t i o n  t e c h n i q u e  were  h y d r o l y s e d  s e p a r a t e l y  b y  6 M HCI at  zoo :  for  

30 rain.  Se t )a ra t ion  of t h e  r e s u l t i n g  s a c c h a r i d e s  b y  p a p e r  c h r o m a t < ) g r a p h y  r evea l ed  

t h e  p r e s e n c e  of g lucose ,  e r v t h r i t o l  a n d  t r a c e  amt )u n t s  o[ g lycero l .  

A( td i t iona l  i n f o r m a t i o n  ()f t h e  ty t )es  of l inkages  foun(1 i n  P .  w e s l i i  cell walls ,  

a n d  t h e i r  d i s t r i b u t i o n ,  was  o b t a i n e d  b y  pa r t i a l  d e g r a d a t i o n ,  b o t h  chemica l  a n d  ellzV- 

"I'A13I.I'; I l l  

~MJ'I'H DI'2(}RAI).\TION AND tt'X'I/ROLYSIS ()1; ( ; I . [ ' ( '~NS* 

GlucaJ~ Hydro lys i x  c(,ndilio~ts 

o.(~] 31 IIC/,  ]r~ nli~z a! 2oo 6 31 HC'I, 
- -  ,]¢) t] l i l l  fgl J O e )  

l irvlhrzlo/  (; lvccr,!  (;htcosc Oh~.,,~saccharidcs" * (;luce~s,' (,,,)°' 
( o;,~ 

Cellulose 5 3 
Laininarin - ~ o I 7 (/ 
P. w'csh'i cell walls i } ~ } -t ° 
Acid resistant fraction 

of P.  *c,estii (:ell walls !- ! 3 3 

* (;lucans were oxidized by periodate and reduced by NaI3H. 1 under the conditions of the 
Smith degra(lation '-'4. The reaction mixtures were then treated with acids as described in the table. 
The products of acid hy(lrolysis were examined by paper chromatography. In addition, glucose 
was measure(I by the glucostat reagent. 

** The olixosaccharides present in the mixture of Smith degradation products were obtained 
by separating the mixture on Set)hadex (; 5 o, and were further hy(lrolysed. 

F r -  F~ 2 Fr-3 Fr-4 F r -5  Fr -6Fr .7  FF-8 

' i 

,ooo i '°° 

8oo ~!! ~ i 8 o  

= 6ooi  I i~ , ~o o 
5 ; '1" ~ i i, = 

! I  i 4 0  :~ 4 0 0  ! , i 

20 60 I00  140 180 220 P60 300 340 

Tube No. 

Fig. 7. Chromatography of an acetolysate 1:~ ot P. a,cslii cell wall glucan (~ g), on a charcoal-celite 
colunm (-,,~ c m  : 5.7 cm). The degraded glucau was dissolved in ]o ml of water and added to the 
column. 2oo ml distilled water were passed before the elution with a linear gradient of increasing. 
percentage of ethanoI (ff)r experimental details, see text). Fractions of io mI were collected at a 
rate of 5 ° ml/h. Aliquots ((/. 5 ml) were taken ft,r total sugar tests, by the phenol method. 
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matic. Mild acetolysis afforded a mixture of oligosaccharides which was fractionated 
on a chareoal-celite column (Fig. 7). Fractions obtained from the colunm were ex- 
amined by paper chromatography. Fraction I was composed mainly of glucose, and 
was not further investigated. Fractions 2, 3 and 4 contained mainly disaccharides 
and Fractions 5-8 mainly tri- and tetrasaccharides. Fractions 2-8 were further 
purified by preparative paper chromatography in Solvent A, yielding six oligo- 
saecharides. These oligosaceharides were identified by their rates of migration on 
paper, using four different solvent systems, and by chemical and enzymatic  tests, 
as laminaribiose (I), laminaritriose (I li),  laminaritetraose (V), cellnbiose (I I), cellotri- 
{,se (IV) and cellotetraose (VI) (Table IV). R~ha.ose values, composit ion and yields of 
the six oligosaceharides are given in Table IV. Both series of homologous oligo- 
saccharides ( /3-(r~3)  and fi-(r-~4) ) gave straight lines when 2 -- log Rvlueose/ 
(I --/{glueose), (/{glueose in solvent A) were plotted against the number of glucose units al. 
Acid hydrolysis (o. 5 M H.)SO4, 3o rain, at Ioo=) of isolated disaccharides (I and Ii), 
trisaccharides (III and IV) and tetrasaccharides (V and VI), resulted in the release of 
about two, three and four reducing equivalents, expressed as glucose, per equivalent 
of saccharide respectively (as measured bv the modified Park-Johnson test, see 
Table IV). The fi-configuration of each of the six oligosaccharides was proven by their 
ahnost complete degradation to glucose, upon incubation for 2 4 h with fl-glucosidase. 
Maltose was not degraded under identical conditions. Short incubations of Io 3o rain 
of the f l - ( I - ,  4)-oligosaccharides with fl-glucosidase yielded cellobiose and glucose 
from oligosaccharide IV, and cellotriose, cellobiose and glucose from oligosaccharide 
VI, as detected on paper cl~romatograms in Solvent A. Similar experiments were 

T A  H L I £  I V  

OLIGOSACCHARII)E COMPONENTS OF ]~. {UPNlii CELL \VALLS OBTAINED AFTER PARTIAL 
ACETOLYSIS 

A c e t o l y s i s  w a s  p e r f o r m e d  a c c o r d i n g  to  GOLDSTEIN AND \¥IlI '~LAN 13. [ ,~ Of P. westii cell  wa l l s  was  
s u b j e c t e d  to  the  ace to lys i s .  O l i g o s a c c h a r i d e s  were  c h r o m a t o g r a p h e d  o n  a c h a r c o a l - c e l i t e  c { } h m m  
(F ig .  7), f o l l o w e d  b y  p r e p a r a t i v e  p a p e r  c h r o m a t o g r a t ) h y .  

Yield Ratios (,f reducing R~tueose in solvent svsh'm 
(rag) power expressed as 

moles of ghtcose ..t £' C 
before amt ajqer  
hydro@sis* 

{ ) l i g o s a c c h a r i d c  I 9 
L a m i n a r i b i o s e  
( } l i g o s a c c h a r i d e  11 23 
Cel lob iose  
{ ) l i g o s a c c h a r i d e  I IF l 7 
L a m i n a r i t r i o s e  
( ) l i R o s a c c h a r i d e  I V ." 6 
Cel lo tr iose  
( ) l i g o s a c c h a r i d e  X" 4 
{ ) l i g o s a c c h a r i d e  V 1 I 9 
( ' e l l o t e t r a o s e  

~ .9 ° 

1 1.95 

1 2. 9 

l 3.0 

i 3.8 
I 3.7 

0 . 6 8  0 .62  
0 . 6 0  o. 64  

D 

0 .54  o . 9 8  
0 .55  o . 9 8  
0 .45  o.S 4 
0 .45  o . 8 4  
0 . 2 o  0 . 7 6  
0 . 2 0  0 . 7 0  
0 . 0 9  o.{)2 
o. t o  0 .62  
(}.03 0 .54  
O.Ol 0 .32  
o . o i  0 .32  

0 . 5 6  o . 4 o  
0 . 5 6  0 .42  
0 . 4 0  0 .24  
0 . 4 0  0 . 2 4  
0 . 2 8  o. ~ 7 
0 . 2 8  o. ] ,S 

O. 20 0.11 
O. I 0 0 . 0 0  
0.1 o O.O6 

* S o l u t i < m s  o f  t i l e  dif ferent  o l i g o s a c c h a r i d e s  were  a s s a y e d  for the ir  to ta l  g lucose  
t h e  p h e n o l  m e t h o d  16 and  for r e d u c i n g  groups  b y  t h e  m o d i f i e d  P a r k  J o h n s o n  tes t  IT. 
w a s  h y d r o l y z e d  (o. 5 M H 2 S O ~ ,  3 ° r a i n  a t  ~oo~), a n d  e s t i m a t e d  for r e d u c i n g  groups .  

c o n t e n t  b y  
.Xn a l i q u o t  
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performed on oligosaccharides I I I  and IV, yielding mostly glucose, and only traces of 
dimer and trimer. Mild t reatment  of the/3-(I + 3)-oligomers with NaOH (o.oz M in 
the cold overnight), t ransformed all of the oligomers to D-glucose, while similar 
t reatment  of the f l - ( I  ~ 4)-oligomers yielded only trace amounts of glucose. 

Oxidation of oligosaccharide I (laminaribiose) by lead tetraacetate 2~, followed 
by acid hydrolysis of the oxidized mixture, yielded arabinose and glucose, as sh()wn 
by paper-chronmtographic analysis. Similar t reatment  of oligosaccharide I I (cellobiose) 
yielded glucose and erythrose, but not arabinose. 

E ~ , m a l i c  e X lserime~zls 
Incubation of purified cell walls with cellulase and snail enzyme, separately and 

combined, did not cause an increase in reducing groups, or a release of glucose residues. 
However, both phosphoric acid-treated cell walls, and the acid resistant fraction of 
the walls, obtained after hydrolysis in o. 5 M H2SO ~ for 6 h at IOO "~, were partially 
degraded by the two enzyme preparations. Phosphoric acid-treated walls were a 
better  substrate than the acid resistant fraction. Following incubation for 6o rain 
with the snail enzyme, I5 °o by wt. of the phosphoric acid-treated walls was converted 
to a soluble form, as tested by the inodified Park-Johnson method. The insoluble 
residue, recovered by washing and drying, accounted for about 8o °o of the weight 
of the walls. This residue was sublnitted to four successive incubations with snail 
enzyme. After each period of incubation (I2 h) the cell wall residue was removed by 
centrifugation, washed, fresh enzyme was added, and the mixture was incubated 
again. Starting with ioo mg of cell walls, a residue ~}f 6 mg was obtained, indicating 
that  94 % by wt. of the walls were solubilized. 

])ISCUSSION 

In this paper we describe a method for isolating P. wesiii cells from water  
samples containing a wide range of planktonic algae. By this method large quantities 
of purified cells could be readily obtained, although the problem of growing P. a,estii 

in the laboratory has not yet been overcome. Cell walls were isolated from the cells 
by mechanical disintegration followed by repeated washings, yielding a homogeneous 
preparation, which served for the present study. Similar methods are used for prep- 
aration of cell walls of other microorganisms like bacteria and fungi 7. The cell walls 
possess the shape of plates (Fig. 2) and their morphology is that  excepted froin ex- 
amination of whole cells (Fig. i). Electron micrographs of sections of P. ze:eslii cells 
and cell walls show that  the wall is a compact layer 2--3 /* in width, and ix highly 
organized. Cell walls of unicellular algae are generally believed to consist of cellulose. 
The results described in the present report show that  cell walls of the dinoflagellate 
alga P. z~,estii are made up chiefly of a glucose polymer, or a mixture of glucose 
polymers, which differ in many  of their physical and chemical properties from cellulose. 
The isolated cell walls exhibited X-ray diffraction patterns different from that  of 
cellulose (Vig. 4), and were not soluble in Schweitzer reagent or in cadoxen. A/3-con- 
figuration c)f the glycosidic bonds in the polymer was suggested by the infrared 
absorbance at H .2 / , ,  and by the complete degradation by fl-glucosidase of the oligo- 
saccharides isolated from partially degraded walls. Since glucose was the main sugar 
present after complete hydrolysis and acetolysis of the walls, tests were performed to 

l¢iochi*~*, tHophys..4 c/a, 173 ( t Of>9) l~i t-~ 75 



THE CELL WALL OF THE ALGA P. westii  173 

compare P. westii cell walls with a series of/3-glucans, such as cellulose, laminarin, 
paramylon and pustulan. The results of acid hydrolysis (Fig. 5) and periodate oxidation 
experiments (Fig. 6), suggested the presence of two kinds of glycosidic linkages, /3- 
(i-+ 3) and/3-(1-74), as the main types of linkage in the glucan or glucans of the wall. 
The high uptake of periodate observed with laminarin (Fig. 6), may seem surprising. 
I t  is known, however, that  laminarin contains variable proportions of/3-(I -'3)- and 
/3-(I -+ 6)-linkages, and is branched to different extents a'. Uptakes as high as o.58 mole 
periodate per mole of anhydroglucose have been observed upon periodate oxidation 
of laminarin aa. \~:OLFROM, THOMPSON AND TIMBERLAKE a4 have shown that  the order of 
increasing stabili ty of glycosidic linkages to acid hydrolysis in glucose disaccharides 
is: (=-(I -+ 2), ~-(I ~ 4)) ~ (/3-(I ~ 2), /3-(I -+ 3)) -+ (~-(I --9" 6), ~-(I ~ 4)) + (¢ - ( I  -9- ~)). 
I t  seems, however, that  in polysaccharides other factors in addition to the type of 
glycosidic bond may influence stability. Paramylon, and laminarin, both /3-(I-~ 3)- 
glucans (the latter with /3- (1-~ 6)-linkages as well), behaved differently upon acid 
hydrolysis, hinting at the possible effects of length, linearity and intermolecular 
bonds. 

Tile presence of/3-(1 -~ 4)- and/3-(I -+ 3)-linkages in the glucan of P. westii cell 
walls is supported by the results of degradation studies. After Sinith degradation of 
the cell wails, 4o °o of the glucose remained intact (Table I I I ) ,  indicating the presence 
of (z -+ 3)-linkages; on the other hand, concomitant formation of erythritol  is evidence 
for the existence of (i ~ 4)-linkages. Small amounts of glycerol were also found after 
Smith degradation. Further  and more conclusive evidence for the presence of the two 
types of linkages in P. westii cell wall glucan or glucans is based on the isolation and 
characterization of a series of/3-(I -+ 3)- and/3-(I ~ 4)-glucose oligosaccharides from 
partial  acetolysates of the walls (Table IV). These oligosaccharides contained the 
expected amounts of glucose, they were degraded by/3-glucosidase, and migrated on 
paper in several solvent systems, at rates identical to those of authentic/3-(1-+3)- and 
/3-(1 --> 4)-oligomers. In this connection it is pertinent to note that  trisaccharides with 
mixed linkages were found by CHEN A~,'O LUCHSINGER a5 to have different migration rates 
on paper, from those of the corresponding homologous oligosaccharides (cellotriose 
and laminaritriose). Oligosaccharides identical with those found in the acetolysate 
were also isolated from partial  acid hydrolysates (o.o5 M H2SO4, 24 h, IOO°), and fronl 
incubation mixtures with snail enzyme (6 h at 3 o°) of phosphoric acid-treated walls. 

Tim yields of the /3-(I + 3)-oligomers froln the partial degradation mixtures 
were much lower than those of the corresponding fi-(I --> 4)-oligomers. In the case of 
the chemical degradations (partial acetolysis and partial hydrolysis), this is most 
likely due to the higher lability of/3-(1 -> 3)- as compared to/3-(1 -+ 4)-linkages. 

The acid resistant fraction of the cell wall glucan resembles cellulose nmch more 
closely than the intact cell wall. While there are still differences in the X-ray diffraction 
pat tern and solubility behavior in Schweitzer reagent, the acid resistant fraction 
shows a number of properties similar to those of cellulose (solubility in cadoxen, 
resistance to acid hydrolysis, relatively high uptake of periodate and concomitant 
destruction of glucose). Most likely an enrichinent of/3-(1-+ 4)-linkages took place 
during hydrolysis. Upon Smith degradation of the acid resistant fraction, the major 
polyalcohol detected was erythritol,  but the proportion of glycerol was higher than 
that  formed upon Smith degradation of the intact walls. This indicates that  the 
carbohydrate  chain of the resistant fraction is shorter than that  of the wall polymer. 
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From the  percentage  of glucose unaffected by  pe r ioda te  on one hand  (Fig. 6 and Table 
I I I ) ,  and  from the  propor t ion  of the  acid  res i s tan t  f rac t ion ([:ig. 5) on the  o ther  hand,  
it  m a y  be p resumed  tha t  in the  in tac t  wall the  tw(~ types  of l inkages  are in a rati(~ 
of approx .  I :I .  Our  present  d a t a  do not  enable  us to conclude whe the r  the  tw~ types  
of l inkages  are present  in the  same macromolecule ,  or if the  cell wall is a mix ture  of 
two or more glucans,  differing in the  types  of l inkages  and in thei r  d i s t r ibu t ion .  

Na tu ra l  mixed  fi-(I > 3)- and  fl-(I ~ 4)-glucans from lichenin,  oat  and ba r ley  
are h ighly  soluble in wate r  and  are deg raded  easi ly b \  glucanases  av. It has been 
sugges ted  (see ref. 3 6, p. 397) tha t  the  presence of two k inds  of g lycosidic  l inkages  in 
one chain  d i s rup ts  the  l inear  (wientat ion of a molecule, which in turn increases i ts 
so lub i l i ty  in water .  IgLEMIN~.; .\Xl) MANNI='RS :~s showed tha t  1)roperti~'s of mixed 
glucans (/~-(I > 3),/~-(I ~ 4)) are de t e rmined  main ly  b\" the sequence of the  l inkages,  
and  are less dependen t  on the  to ta l  ra t io  in the  polymer .  Thus, a possible  exp lana t ion  
for the  odd proper t ies  of I ~. westii cell wall gluean(s) lies in a special  a r r angemen t  of 
the  blocks of the  two types  of l inkages,  in one po lymer  ~)1 ill a t igh t  a r r angemen t  of 
the  different polymers ,  and  t l ) a  lesser degree in the i r  rati<). Str~mg in te rmolecula r  
bridges,  p r e sumab ly  hydrogen  bonds,  may  pla.v a key r~le. 

P. wesHi cell walls bee l ine  suscepti l) le  t¢~ glucanases  from Helix floma/ia only  
af ter  a p r e t r ea tmen t  using phosphor ic  a c i d . . \  s imi lar  t r e a t m e n t  of cellulose wi th  acids, 
as well as gr ind ing ,  is known t¢~ yield a swollen mater ia l  suscept ib le  to enzvlna t ic  
digestiCma:~: ". S t ruc tu ra l  mater ia l s  are known to be packed  ill closed fornls 41. Such 
a closed s t ruc ture  m a y  l imit  the  pene.trat ion of enzymes.  Phospha te  t r e a t m e n t  (or 
t ime  in na tu ra l  condi t ions)  ilia\: b reak  the in te rmolccu la r  secol ldarv  valence a t t ach -  
merits, and  allow the opening  ~f the  s t ruc tme .  

hi  sp i te  of the  immense  v a r i e t y  ()f algal forms, the i r  cell wails seem to have a 
common  s t ruc tu ra l  pa t t e rn  which involves  at  most  three  d i s t inc t  layers.  In some of 
the  algal classes on ly  the inner  compac t  laver  is present ,  as in the  Dinophyceae ,  to 
which P. westii belongs.  I t  was bel ieved tha t  th is  laver usual ly  consis ts  p r imar i ly  of 
cellulose, the  pr ime s t ruc tura l  po lysacchar ide .  The present  f indings shrew tha t  P.  
westii has a cell wall laver c ,msis t ing  of ano the r  s t ruc tu ra l  glucan(s) which differ 
s ignif icant ly  from cellulose. A similar ,  though soluble, glucan is syn thes ized  by  ti le 
a lga  3Io,wdus subterrmzeus 4". 

In fo r lna t ion  on the chelnica! s t ruc ture  of algal  cell walls is impor t an t  for the  
m a n a g e m e n t  of water  reservoirs .  Algal  cell wall res idues  can accumula te  and serve 
as a cons tan t  source of organic  m a t t e r  4a. Tl,e e luc ida t ion  of the  factors affecting the i r  
b iodeg rada t ion  is an i m p o r t a n t  s tep  towards  the  unde r s t a nd ing  ~)f the  b io logy of 
water  bodies .  
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