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Chapter 5 

CELL ATTACHMENT M E C H A N I S M S  I N  THE FLAGELLATE, C O L A C I U M  (EUGLENOPHYCEAE) 

RUTH L. WILLEY AND JENNIFER G. G I A N C A R L O  

Department of  B i o l o g i c a l  Sciences (m/c 066). U n i v e r s i t y  o f  I l l i n o i s  a t  Chicago, 
PO Box 4348, Chicago. I L  60680 

5.1 INTRODUCTION 

Foul ing i s  the o p p o r t u n i s t i c  c o l o n i z a t i o n  by s e s s i l e  organisms i n  aquat ic  

systems o f  a man-made o r  man-provided s u b s t r a t e  w i t h  subsequent succession i n t o  

a co rnun i t y  which may a f f e c t  man's economic i n t e r e s t s .  The character  o f  t he  

r e s u l t i n g  c o r n u n i t y  w i l l  be determined by t h e  n a t u r e  o f  t h e  subst rate,  t he  

a v a i l a b i l i t y  and d i v e r s i t y  o f  c o l o n i s t s ,  t h e  e f f i c i e n c y  o f  t h e i r  attachment t o  

the subst rate,  and the  b i o t i c / a b i o t i c  events  ( o f t e n  man-directed) occu r r i ng  

dur ing and a f t e r  c o l o n i s t  at tachment.  I f  we can se t  as ide  t h e  anthropocentr ic  

focus invo lved i n  the study o f  f o u l i n g ,  we w i l l  see t h a t  t he  process and 

problems involved are not  u n l i k e  those exper ienced by a subs t ra te  organism i n  

r e l a t i o n  t o  an e p i b i o n t .  The host  p rov ides  a s u b s t r a t e  su r face  and the  e p i b i o n t  

i s  the f o u l i n g  c o l o n i s t .  The consequences o f  e p i b i o s i s  t o  smal l ,  m o t i l e  

subst rate organisms, such as aquat ic  ar thropods,  can be severe i n  terms o f  

predator avoidance, maintenance o f  p o s i t i o n  i n  the  water colunn ( f o r  

zooplankton), and feed ing  and r e s p i r a t o r y  movements - namely t h e i r  economic 

i n te res ts .  From the p o i n t  o f  v iew o f  t he  e p i b i o n t .  t h e  s u b s t r a t e  organism may 

represent j u s t  another sur face,  o r  i t  may represent,  an impor tant  source o f  

n u t r i e n t s  and the  assoc ia t i on  may coevolve i n t o  a h i g h l y  i n teg ra ted  system 

(e.g., mutual ism o r  pa ras i t i sm) .  I n  e p i b i o s i s .  t h e  r e s u l t i n g  co rnun i t y  i s  

simpler than t h a t  o f  a sh ip bottom o r  a wharf p i l i n g .  I n  f a c t ,  i t  may be 

represented by a s i n g l e  species. However, we can assume t h a t  even t h i s  reduced 

co rnun i t y  o f  one w i l l  be c o n t r o l l e d  by t h e  same parameters o f  c o l o n i s t  

d ispersa l ,  attachment mechanisms, maintenance, rep roduc t i on  and e x t i n c t i o n ,  as 

pe r ta ins  t o  f o u l  ing conmunit ies.  

Euglenoid f l a g e l l a t e s  o f  t he  genus Colacium Ehrenberg a re  t y p i c a l l y  ep ib ion ts  

on freshwater arthropods. We have become i n t e r e s t e d  i n  t h e  attachment process 

as a determinant o f  attachment success as w e l l  as host  s e l e c t i v i t y .  C e l l s  o f  

Colacium l i b e l l a e  Rosowski C W i l l e y .  no rma l l y  found i n  the  h indguts  o f  odonate 

larvae, r e a d i l y  respond, i n  c u l t u r e ,  t o  a r t i f i c i a l  subs t ra te  surfaces. 

Laboratory observat ions have determined t h a t  they have e f f i c i e n t  adaptat ions f o r  

es tab l i sh ing ,  ma in ta in ing ,  and break ing con tac t  w i t h  t h e i r  subs t ra te  organisms 

-- 
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( K i l l e n  e t  a l . .  1984). We present the behav io ra l  sequence o f  c e l l  attachment i n  

Colacium and an h is tochemical  ana lys i s  o f  t he  severa l  b r i d g i n g  polymers 

invo lved.  Studies o f  Colacium should c o n t r i b u t e  s i g n i f i c a n t l y  t o  the  

understanding o f  the attachment mechanisms o f  f l a g e l l a t e d  organisms. some o f  

which are found as e a r l y  stages i n  the  development o f  f o u l i n g  comnunit ies.  

5 . 2  MATERIALS AND METHODS 

5.2.1 C u l t u r e  o f  a lgae 

Monoalgal c u l t u r e s  o f  Colacium l i b e l l a e  (Rosowski and W i l l e y .  1975). Warren 

c l o n e  number 15  (W-15) and Pesht igo c lone  nmber  1 (P-1). were mainta ined i n  

g lass  P e t r i  d ishes c o n t a i n i n g  soi l -water-pea e x t r a c t  ( S t a r r ,  1964) w i t h  10% 

Alga-Gro ( C a r o l i n a  B i o l o g i c a l  Supply, B u r l  ington.  Nor th Caro l i na ,  U.S.A.). 

Cu l tu res  were maintained a t  room temperature (app rox ima te l y  25'C) under a 1000 

l u x  Gro - l i gh t  on a 1 4 : l O  hr  (day :n igh t )  c y c l e .  Specimens used i n  t h i s  study 

were o r i g i n a l l y  i s o l a t e d  i n  1972 f rom t h e  h indgut  o f  damse l f l y  l a rvae  obta ined 

from ponds a t  the Warren Dunes S ta te  Park, Warren, Michigan. and i n  1983 f rom a 

damse l f l y  l a r v a  obta ined from a sand quar ry  on the  southern edge o f  Pesht igo.  

Wisconsin,  U.S.A.. 

5.2.2 L i g h t  microscope p repara t i ons  

Whole mount p repara t i ons  were made by p l a c i n g  a drop o f  c e l l  c u l t u r e  on a 

c l e a n  c o v e r s l i p  f o r  approx imate ly  30 minutes t o  ensure t h e  presence o f  a l l  

at tachment stages (see K i l l e n  e t  a l . .  1984). The c u l t u r e s  used were 6 t o  7 days 

o l d  (near the  end o f  l og  phase growth) and the  p repara t i ons  were t imed so t h a t  

t h e  c e l l s  would be observed o r  f i x e d  a t  approx imate ly  1400 hours (0800 C T ) .  

F i x a t i v e s  used were: 4% g lu ta ra ldehyde  (GA) i n  0.1M cacody la te  b u f f e r ,  pH 6.5 

and 7.2: o r  a m i x t u r e  o f  GA p l u s  1% a l c i a n  b l u e  8 G X  (AB) (Polysciences. 

Warr ington. Pennsylvania, U.S.A.) a f t e r  Edgar and Pickett-Heaps (1982).  

P repara t i ons  were s ta ined i n  va r ious  combinat ions w i t h  t h e  p e r i o d i c  ac id -Sch i f f  

procedure (PAS) ( W i l l e y  e t  al.. 1977) and 1% AB i n  3 %  a c e t i c  a c i d  (Pearse. 

1968). Ace t i c -an i l  i ne  and sodium borohydr ide were used i n i t i a l l y  as b l o c k i n g  

agents for  t he  PAS r e a c t i o n  t o  mask aldehydes r e s u l t i n g  from f i x a t i o n  i n  GA. 

However. s ince non-speci f ic  s t a i n i n g  turned o u t  t o  be n e g l i g i b l e ,  t h e  use o f  

these b l o c k i n g  agents was d iscont inued.  Contro l  s l i d e s  f o r  t h e  PAS r e a c t i o n  

s u b s t i t u t e d  d i s t i l l e d  water f o r  t he  pe r ioda te  o x i d a t i o n .  Dehydrat ion i n  e thanol  

and mounting i n  r e s i n  caused a severe r e d u c t i o n  i n  A6 s t a i n i n g .  Therefore,  

p repara t i ons  were r o u t i n e l y  mounted d i r e c t l y  a f t e r  washing i n  d i s t i l l e d  water 

w i t h  Dow-Corning S i l i c o n e  O i l  # 7 l O .  a nonorganic medium w i t h  a r e f r a c t i v e  index 

o f  1.533 (Zugibe and F ink.  1966). C e l l s  were prepared bo th  a t  room temperature 

and a f t e r  be ing c h i l l e d  i n  an i c e  bath.  
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5.2.3 Enzyme e x t r a c t i o n  

P ro te in  content  o f  the attachment s t r u c t u r e s  was assessed by reduc t i on  i n  

s t a i n a b i l i t y  and loss o f  s t r u c t u r e  a f t e r  t rea tmen t ,  up t o  36 hours,  w i t h  t r y p s i n  

(Sigma. St.Louis,  Missour i .  U.S.A.)(O.l mg/ml. 1.0 mg/ml and 10 mg/ml) i n  0.1M 

t r is -maleate b u f f e r  w i t h  1 mM CaC12 a t  pH 8.0 and w i t h  pronase (Sigma, S t .  

Louis,  Missour i .  U.S.A.) (10 mg/ml) i n  t h e  same b u f f e r  a t  pH 7.0. a t  roan 

temperature and a t  37°C.  Covers1 ips were sput ter -coated w i t h  approximately 60 
A. go ld /pa l lad ium and scored i n  a g r i d  p a t t e r n  so i n d i v i d u a l  c e l l s  cou ld  be 

located repeatedly .  Hanging drop p repara t i ons  were made, c e l l  nunber, 

arrangement, and general  c o n d i t i o n  were recorded and i n d i v i d u a l  attachment 

p o s i t i o n s  were noted. The c u l t u r e  medium was d ra ined  o f f ,  rep laced f i r s t  w i t h  

b u f f e r  s o l u t i o n  and then w i t h  the  r e q u i s i t e  enzyme-buffer s o l u t i o n .  The c e l l s  

were photographed a t  15 min, 30 min. and 1, 24. and 36 h r  i n t e r v a l s .  

5.2.4 Scanning e l e c t r o n  microscope (SEM) p r e p a r a t i o n s  

Drops o f  c e l l s  were placed on c o v e r s l i p s  coated w i t h  60 A.  go ld /pa l l ad iun .  

A f te r  5. 10. 15 and 30 min, most o f  t h e  c o v e r s l i p s  were f l ooded  w i t h  the  1% AB 

i n  4% G A  i n  cacodylate b u f f e r  a t  pH 6.5 a t  room temperature o r  a t  4°C. and then 

imnediate ly  f looded w i t h  1% OsO,, i n  t he  same b u f f e r  f o r  30 min i n  the  dark 

(Edgar and Pickett-Heaps. 1982). Some c o v e r s l i p  p repara t i ons  were f i x e d  i n  a 

m ix tu re  o f  2%GA and 0.5% osmium t e t r o x i d e  i n  0.05M cacody la te  b u f f e r  a t  pH 7.2 

(W i l l ey ,  1984). A f t e r  dehydrat ion i n  e thanol ,  t h e  covers1 i ps  were c r i t i c a l  

po int -dr ied (Bomar SPC-SO/LX) and spu t te r  coated w i t h  12 nm go ld  (Technics 

Humner J r . ) .  I n d i v i d u a l  c e l l s  were examined w i t h  an I S 1  DS-130 SEM a t  an 

acce le ra t i ng  v o l t a g e  o f  10-20 kV. 

5.2.5 Transmission e l e c t r o n  microscope (TEM) p repara t i ons  

C e l l s  f o r  TEM examinat ion were f i x e d  in e i t h e r  o f  t h e  two f i x a t i v e s  f o r  SEM. 

p e l l e t i z e d  by c e n t r i f u g a t i o n .  embedded i n  BSA, and processed according t o  W i l l e y  

(1984). 

5.3 RESULTS 

C e l l s  o f  Colacium l i b e l l a e  f o l l o w  a bas i c  at tachment process i nvo l v ing :  ( 1 )  a 

long range t r a n s l o c a t i o n  ( m i g r a t i o n  i n t o  t h e  immediate v i c i n i t y  o f  t h e  subs t ra te  

organism). ( 2 )  a subsequent sho r t  range t r a n s l o c a t i o n  (swimming c l o s e  t o  and 

subsequent o r i e n t a t i o n  t o  the  host su r face ) .  ( 3 )  i n i t i a l  su r face  contact ,  and 

( 4 )  a permanent (more than 24 h r s )  at tachment mediated b y  a f l e x i b l e  s t a l k  (F ig .  

5.1). Our observat ions presented here focus on t h e  l a s t  two p a r t s  o f  the 

process which a re  s p e c i f i c a l l y  assoc iated w i t h  b r i d g i n g  polymer format ion.  

C e l l s  undergoing attachment, when c l o s e  t o  t h e  subst rate,  a b r u p t l y  change 

t h e i r  swimming p a t t e r n s  so t h a t  they s p i r a l  r a p i d l y  i n  p lace  w i t h  the  a n t e r i o r  

end very c lose  t o  the  surface. The f l a g e l l u n  appears t o  be c o i l e d  about the  

ce l l ,  and generates a sp inn ing movement which may l a s t  severa l  seconds. I n i t i a l  

contact  occurs when the s p i r a l  maneuver a b r u p t l y  ceases. The flagellun.becomes 



F ig .  5.1. Diagrammatic rep resen ta t i on  o f  t h e  bas i c  attachment process o f  
Colacium i n v o l v i n g :  ( 1 )  sho r t  range t r a n s l o c a t i o n ,  ( 2 )  o r i e n t a t i o n  and i n i t i a l  
con tac t  w i t h  t h e  fo rma t ion  o f  t he  AD, ( 3 )  o r i e n t a t i o n  o f  t h e  a n t e r i o r  p o l e  o f  
t h e  at tached c e l l s  towards the  subs t ra te  accompanied by uncoord inated movements 
o f  t h e  f l age l l um,  ( 4 )  r e s o r p t i o n  o f  t h e  f l age l l um,  and ( 5 )  f o rma t ion  and 
e l o n g a t i o n  o f  t h e  s t a l k .  Dur ing i n i t i a l  con tac t ,  c e l l s  may o r i e n t  normal t o  t h e  
su r face  w i t h  a c h a r a c t e r i s t i c ,  s p i r a l l i n g  swimming movement j u s t  b e f o r e  i n i t i a l  
con tac t  ( 2 a )  o r  may swim i n  a t  an angle t o  t h e  su r face  and make i n i t i a l  con tac t  
a long t h e  s i d e  o f  t he  c e l l  w i t h  the  l a t e r a l  AD (2b ) .  I n  t h e  l a t t e r  case, t h e  
c e l l  must e s t a b l i s h  a second con tac t  by i t s  a n t e r i o r  p o l e  w i t h  a te rm ina l  AD 
b e f o r e  t h e  subsequent f l a g e l l a r  r e s o r p t i o n  (3.4)  can occur.  

uncoordinated and, over t h e  succeeding 20 t o  30 min, i s  resorbed i n t o  t h e  c e l l .  

Fu r the r  d e t a i l s  o f  t h i s  process have been pub l i shed  by K i l l e n  e t  a l .  (1984).  

E a r l y  s tud ies  w i t h  the  SEM had d i f f i c u l t y  demonstrat ing t h e  ex ten t  o f  polymer 

involvement (see K i l l e n  e t  a l . .  1984). However, t h e  i n c o r p o r a t i o n  o f  t h e  

phthalocyanin dye. a l c i a n  b l u e  8 G X ,  w i t h  t h e  f i x a t i v e  ( a f t e r  Edgar and P i c k e t t -  

Heaps, 1982) prov ided e x c e l l e n t  SEM images o f ,  f i r s t ,  an adhesion d i s c  ( A D )  

b r i d g i n g  t h e  space between t h e  c e l l  and s u b s t r a t e  and, next ,  a s t a l k  which may 

branch and subsequent ly support  many c e l l s  ( F i g .  5.2). 

The AD appears t o  be formed by smal l  s t rands o f  polymer ext ruded from t h e  

a n t e r i o r  p o l e  o f  t he  c e l l .  The p o i n t s  o f  e x t r u s i o n  c o i n c i d e  w i t h  pores between 

t h e  p e l l i c u l a r  s t r i p s .  These pores a re  t h e  s e c r e t i o n  channels f o r  b iphas ic  

granules ( F i g .  5.3) which a r e  s p e c i a l i z e d  mucocysts. I n  a l c i a n  b l u e  

p repara t i ons  o f  c h i l l e d  c e l l s  f o r  t h e  1 i g h t  microscope. a l l  stages o f  t h e  

e x t r u s i o n  process a re  c l e a r l y  d e l i n e a t e d  f rom t h e  qppearance o f  b l u e  product  i n  

f o c a l  spots ( a t  t he  pores)  t o  the  f u l l y  formed AD (F ig .  5.4). 

The above descr ibed process o f  c e l l  attachment ( F i g .  5.1; s teps  1. 2a. 3-5) 

i s  t y p i c a l  o f  a l l  popu la t i ons  o f  5. l i b e l l a e  observed. However, i n  c lone  P-1. a 

v a r i a t i o n  o f  t h e  normal procedure was comnonly observed. The c e l l s  f r e q u e n t l y  
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Fig. 5.2. Scanning e lec t ron  micrographs o f  selected stages I n  the  attachment 
process o f  C. l i b e l l a e .  ( a )  I n i t i a l  contact  i s  accompanied by the ext rus ion o f  
an AD (arrow) which mediates contact  between the  a n t e r i o r  po le  o f  the c e l l  and 
the substrate. Flagel lum ( F ) .  Scale = 5 pm. ( b )  The f l age l l um (F) i s  resorbed 
a f t e r  i n i t i a l  contact. Scale = 5 pm. ( c )  A t  the end o f  the reso rp t i on  step, 
the emergent f l age l l um has been shortened so t h a t  it occurs on l y  i n  the 
reservo i r .  Scale = 5 pm. ( d )  A f t e r  f l a g e l l a r  resorpt ion,  a s t a l k  ( S )  i s  
extruded from the a n t e r i o r  end o f  the c e l l .  When the c e l l  d iv ides.  each 
daughter c e l l  continues t o  secrete s t a l k  mater ia l  c rea t i ng  a colony held 
together by a branched s t a l k  system. Scale = 5 pm. ( e )  The AD (arrow) e x h i b i t s  
strong cohesion and adhesion t o  the substrate. Adhesive f a i l u r e  occurs 
r e l a t i v e l y  e a s i l y  a t  the cel l-adhesive in ter face.  The f l age l l um (F) .  i n  t h i s  
preparation. maintains contact  o f  the c e l l  w i t h  the  AD. Scale = 5 pm. 
( f )  During processing, c e l l s  f requen t l y  break f r e e  from the AD leav ing 
f lagel lum ( F )  and AD attached t o  the substrate. Scale = 2 pm. 

swim s t r a i g h t  toward the subst rate surface a t  a low angle wi thout  u t i l i z i n g  the 

s p i r a l  maneuver (F ig .  5.1; steps 1.  2b, 3-5). They make i n i t i a l  attachment by 

the side. ra ther  than the a n t e r i o r  end, o f  the c e l l  - a "pancake" landing. 

Observations w i t h  the SEM revealed pores located over the p e l l i c u l a r  surface i n  
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F ig .  5.3. The AD i s  ext ruded from the  a n t e r i o r  end o f  t h e  c e l l .  ( a )  St rands o f  
polymer (ar rows)  extend from the  p e l l i c u l a r  su r face  t o  t h e  AD i n  t h i s  
p r e p a r a t i o n  i n  which the  c e l l  i s  o n l y  s l i g h t l y  d i s t u r b e d  by processing. C e l l  
( C ) .  f l a g e l l u m  (F ) .  Scale = 2 vm. ( b )  Pores i n  t h e  p e l l i c l e  o f  t h e  a n t e r i o r  
end o f  t he  c e l l  appear t o  sec re te  polymer (a r row)  which w i l l  form t h e  AD. Scale 
= 0.5 pm. ( c )  B iphasic  granules ( G )  l i e  d i r e c t l y  under t h e  p e l l i c l e  (P )  a t  t h e  
a n t e r i o r  po le  o f  the c e l l .  Tubular extens ions from t h e  granules c o i n c i d e  w i t h  
t h e  p e l l i c u l a r  pores (a r row) .  Scale = 0.5 pm. 

ADHESION DISC FORMING 

F ig .  5.4. The A D  (a r rows)  i s  formed by a l c i a n  b lue -s ta in ing  m a t e r i a l  ext ruded 
from the  a n t e r i o r  pe l  1 i c u l a r  pores. 

a d d i t i o n  t o  the  a n t e r i o r  end. Subpell i c u l a r  mucocysts associated w i t h  these 

pores a re  somewhat d i f f e r e n t  u l t r a s t r u c t u r a l l y  from t h e  b iphas ic  granules i n  

t h e  same c e l l  ( F i g .  5 .5 ) .  The product  w i t h i n  the  g ranu le  has a d i s t i n c t l y  

d i f f e r e n t  p a t t e r n  and c h a r a c t e r i s t i c a l l y  i s  much more osmiophi l  i c .  In c lones  
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TABLE 5.1 
Q u a l i t a t i v e  r e s u l t s  o f  h is tochemical  r e a c t i o n s  (+  = p o s i t i v e  r e a c t i o n ;  
- = nega t i ve  r e a c t i o n ) .  

S t a i n  React ion 
B r idg ing  Polymer Source AB PAS 

S t a i n  React ion 
B r idg ing  Polymer Source AB PAS 

A D  ( a n t e r i o r )  b iphas ic  granules +++ - 
A D  ( l a t e r a l )  pe l  1 i c u l a r  mucocysts +++ - ( ? I  

- per iphe ry  b i p h a s i c  granules +++ + 
s t a l k  - core  r e s e r v o i r  + +++ 

Fig.  5.5. C e l l s  i n  c lone  P-1 o f  5. l i b e l l a e  can make t h e  i n i t i a l  con tac t  by t h e  
s ide  o f  t h e  c e l l .  ( a )  The c e l l  on the  l e f t  ( C l )  has at tached by a l a t e r a l  AD. 
The spher i ca l  mass o f  a n t e r i o r  AD m a t e r i a l  (a r row)  may have been extruded i n  
response t o  t h e  f i x a t i v e .  Each c e l l  must, however, e s t a b l i s h  con tac t  by the  
a n t e r i o r  AD b e f o r e  the  attachment process can proceed (C2). Scale = 10 pm. 
( b )  C e l l s  which a re  capable o f  l a t e r a l  i n i t i a l  con tac t  e x h i b i t  p e l l i c u l a r  pores 
(ar row) a long the  s i d e  as w e l l  as the  a n t e r i o r  end o f  t h e  c e l l .  The image on 
the  r i g h t  i s  a 5 X  magn i f i ed  v iew o f  t h e  area boxed i n  t h e  c e l l  image on t h e  
l e f t .  Scale = 10 pm. ( c )  Mucocyst - l ike granules (M) l i e  under t h e  l a t e r a l  
p e l l i c u l a r  pores (a r row)  and, l i k e  the  b i p h a s i c  granules,  a re  at tached by 
tubu la r  extens ions (a r row) .  Scale = 1 pm. 

i n  which t h e  c e l l s  p r i m a r i l y  u t i l i z e  t h e  s p i r a l  maneuver, t h e  p e l l i c u l a r  

mucocysts are r a r e l y  observed. Regardless o f  t h e  t ype  o f  approach (2a  o r  b ) .  

t he  c e l l s  have to ,  u l t i m a t e l y .  e s t a b l i s h  con tac t  by t h e  a n t e r i o r  p o l e  o f  t he  

c e l l  and i t s  A D  ( s t e p  3 i n  F ig .  5.1). Only then do t h e  c e l l s  i n i t i a t e  

f l a g e l l a r  r e s o r p t i o n  and complete t h e  attachment process. 

The AD and t h e  s t a l k  e x h i b i t e d  d i f f e r e n t  r e a c t i o n s  w i t h  the  h is tochemical  

s t a i n s  (Tab le  5.1). The adhesion d iscs,  f rom bo th  types o f  mucocyst. s t a i n  

dark b l u e  w i t h  a l c i a n  b l u e  i f  it i s  incorporated i n  t h e  f i x a t i v e  ( F i g .  5.6). 

F i x a t i o n  w i thou t  a l c i a n  b l u e  d i d  n o t  r e t a i n  s u f f i c i e n t  polymer t o  reac t  w i t h  

subsequent s t a i n  procedures. A l c i a n  b l u e  a l s o  r e a c t s  w i t h  t h e  s t a l k ,  b u t  o n l y  

g i ves  a s t rong  r e a c t i o n  w i t h  t h e  pe r iphe ra l  p a r t  ( t h e  I t co r tex t '  o f  Ward and 
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F i g .  5.6. Attachment by C. l i b e l l a e  i nvo l ves  two d i f f e r e n t  polymers. ( a )  The 
adhesion d i s c s  (a r rows)  s t a i n  i n t e n s e l y  w i t h  a l c i a n  b lue .  These c e l l s  were 
exposed f o r  36 h r s  t o  t h e  t r i s - m a l e a t e  b u f f e r  used as a c o n t r o l  f o r  t h e  t r y p s i n  
e x t r a c t i o n .  Scale = 10 pm. ( b )  The s t a l k  r e a c t s  s t r o n g l y  w i t h  a l c i a n  b l u e  on 
i t s  p e r i p h e r y  (arrowheads) and w i t h  PAS i n  i t s  c e n t r a l  c o r e  (a r rows) .  The 
a l c i a n o p h i l i c  m a t e r i a l  ( A )  around t h e  c e l l  cana l  p robab ly  rep resen ts  AD 
m a t e r i a l  which con t inues  t o  be secre ted  d u r i n g  s t a l k  fo rma t ion .  Note t h a t  t h e  
AB-s ta in ing  patches o f  t h e  s t a l k  p e r i p h e r y  a r e  l a r g e s t  c l o s e s t  t o  t h e  c e l l  and 
a r e  smal le r  ( o l d e r )  f a r t h e r  away from t h e  c e l l .  The AB-staining m a t e r i a l  
appears t o  d i s s o l v e  more r a p i d l y  than t h a t  o f  t h e  s t a l k  core .  Sca le  = 10 pm.  
( c )  Cross-sec t ion  o f  a s t a l k  f i x e d  w i t h  1% AB i n  GA f o l l o w e d  by OsOb d e l i n e a t e s  
t h e  p e r i p h e r a l  a l c i a n o p h i l i a  (a r row)  and t h e  c o r e  p a r t  which r e a c t s  w i t h  PAS 
(C) .  Note t h e  r a d i a t i n g  p a t t e r n  o f  dense f i b r i l l a r  m a t e r i a l  i n  t h e  c o r e  which 
cor responds t o  t h e  p a t t e r n  o f  s t r i p s  fo rm ing  t h e  p e l l i c l e  around t h e  cana l .  
Sca le  = 1 pm. ( d )  The s t a l k  s t a i n e d  w i t h  PAS r e a c t s  most i n t e n s e l y  i n  t h e  c o r e  
(a r row)  whereas t h e  p e r i p h e r a l  p o r t i o n  (arrowhead) r e a c t s  o n l y  s l i g h t l y .  The 
r e s e r v o i r  (::) a l s o  c o n t a i n s  PAS-reacting m a t e r i a l .  Scale = 10 pm. 
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Fig. 5.7. Graphic representat ion o f  the response o f  c e l l  body, AD, and s t a l k  t o  
enzyme degradation w i th  t r yps in .  Pronase gives s i m i l a r  resu l t s .  

Wil ley. 1981) and w i t h  f r e s h l y  formed s t a l k  d i r e c t l y  around the canal opening. 

The peripheral p a r t  i s  s t r u c t u r a l l y  d i s t i n c t  from the r e s t  o f  the s ta l k .  The 

centra l  p o r t i o n  o f  the s t a l k  c h a r a c t e r i s t i c a l l y  reacts  w i t h  PAS (F ig .  5.6). We 

observed no reac t i on  o f  the AD w i t h  PAS, bu t  we f requen t l y  observed red 

s ta in ing  mater ia l  i n  the rese rvo i r .  

Ex t rac t i on  o f  whole mount preparations w i t h  t r y p s i n  i s  summarized i n  Fig. 

5.7. The r e s u l t s  w i th  pronase are e s s e n t i a l l y  t he  same. The AD and s t a l k  are 

res i s tan t  t o  these proteases under cond i t i ons  i n  which the  whole c e l l  i s  

digested away (F ig.  5.8). 
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F ig .  5.8. The s t a l k  and AD a r e  r e s i s t a n t  t o  protease d i g e s t i o n .  ( a )  A f t e r  36 
h r  exposure t o  10 mg/ml t r y p s i n .  t he  c e l l s  have d i s i n t e g r a t e d  l e a v i n g  behind 
o n l y  t h e  s t a l k  ( s t a i n e d  w i t h  AB) w i t h  i t s  pe r iphe ry  (arrowhead) and c o r e  
(a r row)  s t r u c t u r a l l y  i n t a c t .  Scale = 10 urn. ( b )  A f t e r  3 3  h r  exposure t o  10 
mg/ml pronase. t he  A D  (arrowhead) and s t a l k  (a r row)  a r e  s t r u c t u r a l l y  i n t a c t .  
Con t ro l  c e l l s  are i l l u s t r a t e d  i n  F ig .  5.6. Scale = 20'pm. 

5.4 D I S C U S S I O N  

The general  p a t t e r n  o f  at tachment by c e l l s  o f  Colacium i s  n o t  unique. The 

same general  steps have been o u t l i n e d  f o r  t h e  a s s o c i a t i o n - s p e c i f i c  behavior  

p a t t e r n s  o f  p a r a s i t e s  ( W h i t f i e l d ,  1979) as w e l l  as. i n  p a r t ,  f o r  zoospore 

at tachment by Characium and t h e  sh ip - fou l  ing a lga,  Enteromorpha (Evans and 

C h r i s t i e .  1970: Lee and Bold, 1974). Perhaps t h e  most complete i n v e s t i g a t i o n s  

o f  at tachment have focussed on b a c t e r i a  ( see  Marshal l ,  1984) and most o f  t h e  

t h e o r e t i c a l  work has been c a r r i e d  o u t  on t h i s  l a t t e r  system. 

Organisms as smal l  as Colacium have a very smal l  Reynolds number ( G i t t e l s o n .  

1974). They w i l l  be a f f e c t e d  by hydrodynamic and e l e c t r o s t a t i c  f o r c e s  a t  t h e  

s u b s t r a t e ' s  boundary l aye r .  R e l a t i v e l y  l i t t l e  i s  known o f  t h e  e f f e c t  o f  these 

f o r c e s  on euka ryo t i c  f l a g e l l a t e s  ( see  Char ters  e t  a l . .  1973). Presumably t h e  

s p i r a l l i n g  behavior  and/or t h e  pancake landings o f  Colacium a re  bo th  i n  

response t o  a t u r b u l e n t  boundary l a y e r  on t h e  su r face  o f  an a c t i v e  s u b s t r a t e  

organism. Why some c lones should e x h i b i t  two methods o f  p e n e t r a t i n g  t h i s  l aye r  

and o the r  c lones have o n l y  one cannot be expla ined w i t h  t h e  e x i s t i n g  data.  

The c e l l s  o f  Colacium make i n i t i a l  con tac t  w i t h  t h e  p e l l i c u l a r  su r face  a t  

t h e  a n t e r i o r  po le  o f  t h e  c e l l  even though t h e  emergent f l a g e l l u m  i s  a n t e r i o r l y  

located.  This  behavior  d i f f e r s  f rom f l a g e l l a t e d  c e l l s  which i n i t i a t e  con tac t  

w i t h  t h e  f l a g e l l u m  i t s e l f .  These l a t t e r  c e l l s  may then be drawn t o  t h e  

s u b s t r a t e  su r face  d u r i n g  f l a g e l l a r  r e s o r p t i o n  (e.g.. zoospores o f  Chorda 

tomentosa; Toth. 1976). remain at tached by t h e  f l a g e l l u m  i t s e l f  (e.g.. 
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Trypanosoma %: Vickerrnan, 1973). o r  g l i d e  a long t h e  su r face  mediated by a 

f l a g e l l a r  su r face  g l y c o p r o t e i n  (e.g.. Chlamydornonas; Bloodgood and Workman, 

1984). However, i n  species o f  Characium, t h e  zoospores, l i k e  Colacium. a t t a c h  

d i r e c t l y  by t h e i r  a n t e r i o r  po les.  The zoospores o f  Pseudocharacium americanurn. 

on the  o the r  hand, a t t a c h  by t h e i r  f l a g e l l a r  t i p s  (Lee and Bold, 1974). I t  i s  

no t  c l e a r  how t h e  f o u l i n g  alga, Enteromorpha. makes i n i t i a l  attachment. 

However, s ince  s p i r a l  swirming which i s  o r i e n t e d  pe rpend icu la r  t o  t h e  sur face 

i s  t y p i c a l  o f  Characium, and no t  of Pseudocharacium, i t  appears l i k e l y  t h a t  t he  

zoospores of Enteromorpha. which a1 so undergo t h e  s p i r a l  1 ing approach (see 

Evans and C h r i s t i e .  1970). a l s o  a t t a c h  d i r e c t l y  b y  t h e  a n t e r i o r  c e l l  surface. 

The maintenance o f  c e l l - s u b s t r a t e  con tac t  by one o r  more types o f  b r i d g i n g  

polymers i s  w e l l  known i n  m i c r o b i a l  systems (Suther land.  1983). TWO bas ic  

types o f  polymers appear t o  mediate the  attachment process - an i n i t i a l .  low 

v i s c o s i t y  ( S t e f a n )  adhesive and a subsequent, more permanent adhesive (Cr i sp ,  

1972). I n  a l g a l  c e l l s ,  t h e  adhesive polymers have been shown g e n e r a l l y  t o  be 

polysacchar ide-prote in  complexes (Chamberlain,  1976). D i f f e rences  i n  phys i ca l  

character  o f  t he  polymer a t  d i f f e r e n t  stages i n  t h e  attachment process have 

been a t t r i b u t e d  t o  the  chemical t rans fo rma t ion  o f  t h e  ex te rna l  ized polymer over 

t ime (e.g.. Enteromorpha zoospores: C h r i s t i e  e t  a l . ,  1970). o r  t he  sec re t i on  o f  

two separate polymers (e.g., zygotes; Rrsten. 1975). The c e l l s  o f  

Colacium appear t o  have t h e  a b i l i t y  t o  e x t e r n a l i z e  d i f f e r e n t  compounds 

separate ly .  The AD secreted by the  b iphas ic  granules i s  h i s tochemica l l y  

d i s t i n c t  from the  co re  o f  t he  s t a l k  which appears t o  be ext ruded through the  

canal from the  r e s e r v o i r  (see F ig .  5.6). 

The l a t e r a l  AD assoc iated w i t h  t h e  p e l l i c u l a r  mucocysts o f  c lone  P-1 r e a c t s  

s t r o n g l y  w i t h  AB j u s t  as does t h e  a n t e r i o r  AD. The granules a re  

u l t r a s t r u c t u r a l l y  and p o s i t i o n a l l y  d i s t i n c t  and, t he re fo re ,  we cannot ignore 

the  p o s s i b i l i t y  t h a t  they a l s o  may prove t o  ex t rude  a t h i r d ,  b iochemica l l y  

d i s t i n c t ,  polymer. Euglenoids,  i n  genera l ,  a l s o  sec re te  a muci lage which i s  

o f t e n  associated w i t h  s l ime  t r a i l s  and euglenoid movement f rom spec ia l i zed  

channels o f  t he  ER - t h e  muci ferous bodies (Leedale,  1967). Muci ferous body 

product does no t  ye t  appear t o  have a r o l e  i n  attachment o f  Colacium. However, 

i t s  p o s s i b l e  r o l e  i n  at tachment,  p a r t i c u l a r l y  i n  r e l a t i o n  t o  g l i d i n g  behavior ,  

cannot be t o t a l l y  d isregarded e i t h e r .  Therefore,  t h e  c e l l s  o f  Colacium have 

the  p o t e n t i a l  o f  producing fou r  separate compounds through fou r  d i f f e r e n t  

o rgane l l a r  routes.  Such b i o s y n t h e t i c  d i v e r s i t y  may have c o n t r i b u t e d  t o  the  

success o f  these c e l l s  in a t t a c h i n g  t o  a c t i v e ,  moving subs t ra te  organisms such 

as f reshwater  ar thropods.  

The r e a c t i o n s  o f  t he  A D  and s t a l k  w i t h  AB and PAS s t r o n g l y  i n d i c a t e  a major 

po lysacchar ide component (Pearse, 1968). However, t h e  AB was b u f f e r e d  a t  pH 

6.5 because it had t o  be incorporated i n  the  f i x a t i v e .  Polyanions r e a c t i n g  
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w i t h  AB a t  t h i s  pH c o u l d  be s u l f a t e  o r  ca rboxy la te  forms o f  a c i d  po l ysacchar ide  

o r  cou ld  be t h e  carboxy l  groups o f  aminoacids (Behnke and Zelander.  1970). 

Therefore,  enzymatic e x t r a c t i o n  o f  t h e  b r i d g i n g  polymers w i t h  t r y p s i n  and 

pronase was impor tant  i n  determin ing no t  o n l y  t h e  general  presence o f  p r o t e i n  

b u t  a l s o  the  polysacchar ide o r  proteinaceous'  i d e n t i t y  o f  t h e  AB-reacting 

polymers. Both t r y p s i n  and pronase had l i t t l e .  i f  any, e f f e c t  on t h e  

s t r u c t u r a l  i n t e g r i t y  o r  s t a i n  r e a c t i v i t y  o f  t he  s t a l k  o r  t h e  AD (see F igs.  5.7. 

5.8). We, t h e r e f o r e ,  presume t h a t  these two polymers, a t  l e a s t ,  a r e  p r i m a r i l y  

po l ysacchar ide  i n  composi t ion.  We have no comparable obse rva t i ons  on t h e  

l a t e r a l  A D  o r  t he  muci ferous body product .  

We propose t h a t  t h e  po lyan ion i c  AD ( e i t h e r  a n t e r i o r  o r  l a t e r a l )  rep resen ts  a 

r a p i d l y  ext ruded polymer o f  r e l a t i v e l y  h igh  s o l u b i l i t y  ( a  Stefan adhesive) 

which " tacks" the  c e l l  t o  i t s  subs t ra te  d u r i n g  t h e  i n i t i a l  s tep i n  at tachment.  

The major s t a l k  m a t e r i a l  i s  p r i m a r i l y  a n e u t r a l  po lysacchar ide (PAS-react ive) 

o f  r e l a t i v e l y  h igh  f l e x i b i l i t y .  t e n s i l e  s t r e n g t h  and low s o l u b i l i t y .  I t  

e f f e c t i v e l y  ma in ta ins  adhesion o f  t he  c e l l  t o  a c t i v e l y  moving subs t ra te  

organisms. The c o r t i c a l  s t a l k  m a t e r i a l  which r e a c t s  s t r o n g l y  w i t h  A B  probably  

rep resen ts  A D  m a t e r i a l  which con t inues  t o  be secreted by t h e  b i p h a s i c  granules 

d u r i n g  s t a l k  e longa t ion .  Whether these polyanions c o n t r i b u t e  i n  any way t o  

s t a l k  c h a r a c t e r i s t i c s  i s  unknown. 

Most a l g a l  adhesives s tud ied  have been shown t o  be polysacchar ide-prote in  

complexes o f  cons ide rab le  v a r i a b i l i t y  w i t h  some p a r t  o f  t h e i r  b i o s y n t h e s i s  

channeled through the  Golg i  apparatus ( C h r i s t i e  e t  a l . ,  1970; Chamberlain. 

1976). I n  C. calvum. t h e  b i p h a s i c  granules,  a lso,  have been a t t r i b u t e d  a Golg i  

o r i g i n  ( W i l l e y .  1984). The l a t e r a l  mucocysts may prove t o  be formed, i n  p a r t ,  

by Golg i  v e s i c l e s  (unpubl ished obse rva t i ons ) .  The Golg i  o f  Colacium c e l l s ,  

t h e r e f o r e ,  e x h i b i t s  cons ide rab le  s y n t h e t i c  v e r s a t i l i t y .  Components o f  a t  l e a s t  

two types o f  polymer appear t o  be produced a t  d i f f e r e n t  t imes o r  by separate 

Go lg i  o rgane l l es .  A s i m i l a r  v e r s a t i l i t y  has been suggested f o r  Golg i  f u n c t i o n  

i n  Ectocarpus (Baker and Evans, 1973). 

- -  

The bas ic  steps o f  attachment o f  d i ve rse  f l a g e l l a t e d  c e l l s  a r e  probably  

q u i t e  s i m i l a r  - approach, o r i e n t a t i o n ,  w i t h  i n i t i a l  and permanent attachment 

u t i l i z i n g  a b r i d g i n g  polymer. However, t h e  mechanisms f o r  each o f  these s teps 

a r e  r e l a t i v e l y  d i ve rse  - even w i t h i n  the  same c e l l  system. The at tachment 

mechanisms o f  t h e  f l a g e l l a t e d  c e l l s  o f  Colacium r e f l e c t s  t h i s  v e r s a t i l i t y  i n  

t h a t  t h e r e  appear t o  be: ( 1 )  two d i f f e r e n t  approach mechanisms. ( 2 )  two 

d i f f e r e n t  i n i t i a l  adhesive systems, and ( 3 )  two d i f f e r e n t  types o f  adhesive f o r  

i n i t i a l  and permanent con tac t .  The c e l l s  o f  Colacium must a t tach,  and remain 

at tached,  t o  the  a c t i v e .  moving sur faces o f  t h e i r  subs t ra te  organisms. The 

d i v e r s i t y  o f  approaches and polymers may r e f l e c t  t h e  adap ta t i ons  t o  the  

r i g o r o u s  circumstances under which attachment must be achieved. The bas i c  
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behavior p a t t e r n  appears t o  be p r e d i c t a b l e ,  however, and we have some evidence 

t h a t  it can man ipu la ted .  There fore ,  we a r e  e x p l o r i n g  t h e  v a r i o u s  f a c t o r s  

( b i o t i c  and a b i o t i c )  which c o n t r i b u t e  t o  at tachment success o f  c e l l s  o f  

Colacium l i b e l l a e  by de te rm in ing  what f a c t o r s  a l t e r  t h e i r  behav io r .  We hope 

t h a t  some o f  our f i n d i n g s  w i l l  c o n t r i b u t e  t o  t h e  unders tand ing  o f  f o u l i n g  

systems. 
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