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ABSTRACT: Zoospores of the dinophyte  Paulsenelta cf. chaetoceratis, parasi t izing the mar ine  
diatom Streptotheca thamesis, at tach to the girdle region of the host and  drive a peduncle  into the  
cell interior. The pedunc le  consists of a non-cytoplasmic "crook", a cytoplasmic feeding tube, and  a 
presumably  cellulosic shea th  around the proximal part  of the feeding tube. The crook seems to be 
used for a t tachment  and penet ra t ion  of the host. The mobile  feeding tube induces shr inkage of the 
host vacuoles and  takes up the complete host cytoplasm within less than 1 h. Phagocytosis depends  
on an  intact  host p lasmalemma,  which is not penet ra ted  by the feeding tube. The trophic phase  ends 
with retraction of the feeding tube. While the food is digested within a large vacuole, the trophont 
transforms into a th ick-wal led pr imary cyst. After about  12 h the pr imary cyst divides to form 3 or 4 
secondary cysts. Finally, about  24 h after a t tacking the host, each secondary cyst releases two 
zoospores which  may be  aga in  ready for infection wi th in  1 h, without  passing through any 
in te rmedia te  stage. The developmenta l  t imes (above referred to 20 °C) are h ighly  dependen t  on the  
tempera ture  and  can  vary considerably, even  be tween  sister cells. 

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

A m o n g  t h e  b i o t i c  fac to rs  i n f l u e n c i n g  t h e  p r o d u c t i v i t y  a n d  p o p u l a t i o n  d y n a m i c s  of 

p h y t o p l a n k t o n ,  p a r a s i t e s  m a y  p l a y  a n  i m p o r t a n t  role .  H o w e v e r ,  u n t i l  n o w  t h e y  h a v e  

b e e n  p a i d  l i t t l e  a t t e n t i o n .  A m a i n  r e a s o n  is  t h a t  r o u t i n e  p h y t o p t a n k t o n  s t u d i e s  a r e  m a d e  

o n  p r e s e r v e d  m a t e r i a l ,  i. e. o n  k i l l e d  s p e c i e s  w h i c h  a r e  m o r e  or  l e s s  d a m a g e d .  T h u s ,  

r e c o g n i t i o n  a n d  i d e n t i f i c a t i o n  of p a r a s i t i c  s t a g e s  a re  d i f f i cu l t  a n d  s o m e t i m e s  e v e n  

i m p o s s i b l e .  D i r e c t  o b s e r v a t i o n s  o n  l i v i n g  m a t e r i a l  f r e s h l y  c o l l e c t e d  f rom t h e  s e a  a n d  

c o m b i n e d  w i t h  c u l t u r e  e x p e r i m e n t s  a r e  t h e  o n l y  s u i t a b l e  m e a n s  for  s u c c e s s f u l  s tud ie s .  

D u e  to o w n  a n n u a l  s t u d i e s  o n  p l a n k t o n  c a t c h e s ,  e u k a r y o t i c  p l a n t  p a r a s i t e s ,  b e i n g  a b l e  to 

a t t a c k  p h y t o p l a n k t o n  spec i e s ,  m o s t l y  b e l o n g  to t h e  l o w e r  f u n g i  ( p h y c o m y c e t e s ) ,  

d i n o p h y t e s ,  a n d  f l a g e l l a t e s  of u n k n o w n  t a x o n o m i c  p o s i t i o n .  

T h e  p r e s e n t  c o m m u n i c a t i o n  d e a l s  w i t h  a n  e c t o p a r a s i t i c  d i n o p h y t e ,  w h i c h  p r e y s  o n  

t h e  m a r i n e  p l a n k t o n i c  d i a t o m ,  Streptotheca thamesis S h r u b s o l e .  T h e  p a r a s i t e  h i g h l y  

r e s e m b l e s  Paulsenella chaetoceratis ( P a u l s e n )  C h a t t o n ,  w h i c h  w a s  f irst  d e s c r i b e d  b y  

P a u l s e n  (1911) a n d  w i t h  s o m e  d o u b t  i n i t i a l l y  n a m e d  Apodinium (?) chaetoceratis. The 

* Dedicated to Dr. Dr. h. c. P. Kornmann on his 75th birthday. 
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epitheton indicates the hosts, Chaetoceros borealis and C. decipiens, and the type 
locality is coastal waters of eastern Greenland. Later, Chatton (1920) transferred this 
species into a new genus, Paulsenella. 

P. chaetoceratis is regularly present in the North Sea (Drebes, 1974), and a further 
new record for the Gulf of Guinea is given by Aleem (1979). Since Drebes (1974) also 
observed this or similar species feeding on other diatoms like Streptotheca thamesis, 
Eucampia zodiacus, and Cerataulina bergonii, it remains to be investigated whether 
each diatom species has its host-specific parasite. Own experiments have shown that a 
Paulsenella strain, which growns on Streptotheca thamesis, was unable to attack Eucarn- 
pia zodiacus. Preliminary observations on other host-parasite combinations likewise 
indicate a high host specificity of the Paulsenella parasite (Drebes, unpubl.). 

We investigated for the first time, in clonal cultures containing host and parasite, the 
phagotrophy of Paulsenella and its vegetative developmental cycle which was unknown 
as yet in most details. 

MATERIALS A N D  M E T H O D S  

The host, Streptotheca thamesis Shrubsole, was isolated from the Wadden Sea near 
the island Sylt (German Bight, North Sea) and cultivated in a nutrient enriched sea water 
medium (f/2-medium, McLachlan, 1973). The clonal cultures were maintained at 15 °C 
and under a 14 h light/10 h dark regime. The parasite, Paulsenella cf. chaetoceratis 
(Paulsen) Chatton was isolated at the same time (June 1981) and grown together with the 
Streptotheca clone. Inoculation of both was done once or twice a week. Since a complete 
exchange of the nutritional medium generally caused a shock with a subsequent delay 
in the development of Paulsenella, it proved useful to take as much as possible from the 
old culture solution containing Paulsenella and to add only small amounts of new 
solution together with host cells. 

The observations on living material were mainly done at room temperatures with 
light microscopes equipped with sea water immersion objectives (Leitz) and flash light. 
Likewise, the various developmental times given in the text are all obtained at room 
temperatures (ca 20 °C). For epifluorescence we used a Zeiss ICM 405 microscope with 
the filter set G 365, PT 395 and LP 420, and formaldehyde fixed cells stained with 
Tinopal UP (Ciba/Geigy), which was used instead of Calcofluor White to identify 
cellulose and similar polysaccharides; both dyes are identical in their staining proper- 
t ies .  

Fig. 1. Paulsenella cf. chaetoceratis on Streptotheca thamesis. Bar: 25 ~tm. Sequential  series of the 
developmental  cycle (continued in Figs 2 and 3). Formation of the peduncle and first stages of 
feeding. Small arrow: longitudinal flagellum; long arrow: the first chloroplast within the food 
vacuole; thick arrow: nucleus of Paulsenella; arrowhead: marks the tip of the elongating crook in 
a--e, the feeding tube in f, g, i, 1, and the first chloroplast within the feeding tube in g; N: nucleus of 
the host, Time data (20 °C), a: zero time (105°), beginning of crook formation; b: 30 sec; c: 
1 min 30 sec; d: 2 min; e: 3 min, the crook is completed; f: 4 min; g: 7 rain, beginning  of food 
uptake; h: 11 min; i: 15 rain; j: 18 rain; k: 25 min, the first chloroplast has been  taken up, collapse of 
the host cytoplasm, note the longitudinal and the transverse flagellum; h 28 rain, uptake of another 

chloroplast 
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RESULTS 

T h o u g h  the  ne r i t i c  host  spec ies ,  Streptotheca thamesis, is w i d e l y  d i s t r i bu t ed  in  a l l  
par ts  of the  Nor th  S e a  (Hendey ,  1964), i t  s e e m s  to p re f e r  s h a l l o w  coas ta l  wa te r s  such  as 

t he  W a d d e n  Sea  area.  T h e r e  it  is c o m m o n  d u r i n g  s u m m e r  a n d  au tumn ,  bu t  on ly  s e l d o m  

found  in  g r ea t  quan t i t i e s .  V e r y  of ten  a ce r t a in  p e r c e n t a g e  of Streptotheca cel ls  is 
i n f e c t e d  by  Paulsenella. D u r i n g  the  las t  two  w e e k s  of A u g u s t  1982 the  in fec t ion  ra te  was  

d e t e r m i n e d  to be  v a r y i n g  b e t w e e n  3 a n d  9 %, a n d  in  S e p t e m b e r  up  to 20 % of the  

Streptotheca p o p u l a t i o n  was  f o u n d  in fec ted .  T h e r e  is s o m e  e v i d e n c e  tha t  u n d e r  su i t ab le  
e n v i r o n m e n t a l  cond i t i ons  the  i n f e c t i o n  m a y  e v e n  r e a c h  v a l u e s  of e p i d e m i c  charac ter .  

T h e  v e g e t a t i v e  l i fe  cyc le  of Paulsenella is s h o w n  in Figs  1-3. It starts w i t h  b i f l a g e l -  
l a te  zoospo re s  (--- d inospores )  s h o w i n g  a t yp i ca l l y  g y m n o d i n o i d  s t ruc ture  (Fig. 6e). T h e y  

are  a theca te ,  l a c k i n g  ch loroplas t s ,  a n d  m e a s u r e  14-18  ~m in  l e n g t h  a n d  12-16  ~m in 
wid th .  T h e  c i n g u l u m  (girdle)  is no t  d i s p l a c e d  bu t  equa to r i a l ,  a n d  the  sulcus  is r es t r i c ted  

to t he  v e n t r a l  s ide  of t he  h y p o c o n e .  T h e  e p i c o n e  is s o m e w h a t  b r o a d e r  t h a n  the  h y p o c o n e  
a n d  con ta ins  m a n y  re f rac t ive  g ranu le s .  T h e  nuc leus ,  o c c u p y i n g  the  h y p o c o n e  (Fig. lk) ,  is 

spher ica l ,  ca  6 ~m in  d i a m e t e r ,  a n d  exh ib i t s  a t y p i c a l l y  m e s o k a r y o t i c  s t ructure .  

O u r  o b s e r v a t i o n s  i n d i c a t e  tha t  f resh ly  d e v e l o p e d  zoospores ,  af ter  l i be r a t i on  f rom 
s p o r a n g i a l  cysts, o b v i o u s l y  n e e d  s o m e  t i m e  for m a t u r a t i o n  un t i l  t h e y  are  r e a d y  to a t t ack  a 

n e w  hos t  cell .  Jus t  a f te r  b e i n g  set  f ree  a zoospore  s w i m s  a r o u n d  for s o m e  t ime;  ye t  i t  is 

d i f f icul t  to fo l l ow  a s ing l e  zoospo re  d i r ec t ly  by  mic roscope .  H o w e v e r ,  in  one  case  w e  
cou ld  o b s e r v e  a cyst  jus t  r e l e a s i n g  two  zoospores  w h i c h  fo r tuna t e ly  c o n f i n e d  the i r  

m i g r a t o r y  ac t iv i t i e s  to t he  v i sua l  f i e ld  of t he  mic roscope .  A l t h o u g h  t he se  zoospores  w e r e  

of t he  s a m e  or igin ,  t h e y  d i f f e red  c o n s i d e r a b l y  r e g a r d i n g  the  t i m e  s p a n  un t i l  a n e w  

in fec t i on  was  a c c o m p l i s h e d .  W h e r e a s  one  zoospore  n e e d e d  on ly  47 m i n  to start  p e n e t r a -  
t ion  of t he  hos t  cell ,  n e a r l y  4 h p a s s e d  be fo re  the  o the r  zoospore  s u c c e e d e d .  This  

i n c i d e n t a l  o b s e r v a t i o n  l i k e w i s e  d e m o n s t r a t e s  tha t  zoospo re s  a r e  d i r ec t ly  c a p a b l e  of 

i n fec t ion  w i t h o u t  p a s s i n g  t h r o u g h  any  i n t e r m e d i a t e  s tage.  

In Pet r i  d ishes ,  w h i c h  c o n t a i n  on ly  o ld  zoospores ,  a n e w l y  i n o c u l a t e d  hos t  ce l l  is 

w i t h i n  s econds  d e n s e l y  c r o w d e d  w i t h  s e v e r a l  d o z e n s  of zoospores ,  i n d i c a t i n g  an  appa -  
r en t ly  p e r f e c t l y  d e v e l o p e d  c h e m o t a c t i c a l  a t t r ac t ion  s y s t e m  (Fig. 6e). E x c l u d i n g  t he se  

u n n a t u r a l  m u l t i - i n f e c t i o n s  a zoospo re  in  con tac t  w i t h  a Streptotheca ce l l  sw ims  a l o n g  its 

surface ,  of ten  ro ta t ing ,  w i t h  t he  v e n t r a l  s ide  t o w a r d  the  d ia tom.  Af te r  s o m e  t ime,  u sua l l y  

m o r e  t h a n  10 min ,  t he  zoospore  a t t aches  w i t h  the  f l a g e l l a r  i n se r t i on  r e g i o n  in the  d i a t o m  

g i rd l e  z o n e  n e a r  t he  ou te r  o p e n i n g  of t he  t heca l  junc t ion ,  i. e. s o m e w h a t  s u b m e d i a n  on 
the  h y p o t h e c a .  T h e  h y p o c o n e  b e a r i n g  the  su lcus  c o m e s  to l ie  t o w a r d  the  d i a t o m  

Fig. 2. Paulsenella cf. chaetoceratis on Streptotheca thamesis. Bar: 25 Fm. Developmental cycle 
(continued). Pinal stages of food uptake, digestion, and cyst development. Thick arrow: nucleus 
with mesocaryofic structure; small arrow: labiate process in the theca of the host cell; arrowhead: 
end of the retracting feeding tube in d, and tip of the crook in e. Time data (20 °C), a: 34 min, note 
the longitudinal flagellum; b: 45 min, the uptake process is nearly completed; c: 49 min; d: 51 min, 
retraction of the feeding tube; e: 53 min, feeding tube retracted; f: 1 h 23 min; g: 2 h 30 rain, a thick 
cyst wall  has been formed; h: 3 h 15 min; i: 3 h 55 min; j: 6 h 50 rain, the food vacuole begins to 
shrink; k: 10h 25 min; l: ditto, other focus plane, mitosis; m: 11 h 30 min, beginning of the first 
cytokinesis; n: 13 h 15 rain, cell division completed; o: 16 h, partial separation of the two daughter 

cells, the former primary cyst wall is no longer visible 
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ep i theca .  G e n e r a l l y ,  t he  zoospo re s  t e n d  to a t t ach  on  the  b r o a d  g i rd l e  s ide  of t he  

Streptotheca ce l l  w h i c h  has  t he  form of a f la t  p l a t e  s l i gh t l y  t w i s t e d  a r o u n d  the  p e r v a l v a r  

axis  (see v. Stosch,  1977). T h e  f l a g e l l a  of t he  pa ra s i t e  c o n t i n u e  to b e a t  a f te r  s e t t l e m e n t  for 
a w h i l e  (Fig. 1). 

Af t e r  s o m e  m i n u t e s  s o m e  re f rac t ive  g r a n u l e s  a p p e a r  n e a r  t he  sulcus.  Gradua l ly ,  t h e y  

b e c o m e  dis t inct .  A b o u t  5 m i n  l a te r  n e w  g r a n u l e s  a p p e a r  to form a r o d - l i k e  s t ruc ture  

w h i c h  a p i c a l l y  e l o n g a t e s  in  d is ta l  d i rec t ion ,  p a r a l l e l  to t he  su lcus  (Fig. 1a-e) .  T h e y  
l i k e w i s e  soon i n c r e a s e  in  re f rac t ion .  F ina l ly ,  an  of ten  c r o o k - s h a p e d  s t ruc ture  is f o r m e d  
w i t h  t he  in i t i a l  g r o u p  of g r a n u l e s  as t he  h a n d l e  (Fig. 6c). Th is  c rook  is a n o n - c y t o p l a s m i c  

par t  of t h e  p e d u n c l e .  T h e  c rook  r e a c h e s  a l e n g t h  of a b o u t  6 .5-14  ~m (~  = 10.3~m) and  is 
p l a c e d  b e t w e e n  the  o v e r l a p p i n g  epi -  a n d  h y p o c i n g u l u m  of the  d i a t o m  frustule ,  as s e e n  
in s ide  v i e w  (Fig. 5a) (for t he  s t ruc ture  of Streptotheca w h i c h  has  a v e r y  w e a k l y  s i l i c i f i ed  
f rus tu le  bu t  a th i ck  u n d e r l y i n g  o rgan i c  l aye r  see  v. Stosch,  1977). Its fo rma t ion  t akes  

abou t  10-15  rain, t he  e l o n g a t i o n  p h a s e  p r o p e r  abou t  4 - 5  min ,  w i t h  a m a x i m u m  e l o n g a -  

t ion  ra te  of abou t  3 ~m p e r  min.  
Af te r  s o m e  m i n u t e s  a n o t h e r  par t  of the  p e d u n c l e  b e c o m e s  v is ib le ,  t he  f e e d i n g  t u b e  

(Fig. 1f-i). Ini t ia l ly ,  i t  is v e r y  th in  a n d  no t  r e f r ac t i ve  so tha t  it c a n n o t  be  sa id  w h e t h e r  the  

e l o n g a t i o n  of t he  c rook  is a c c o m p a n i e d  by  the  e l o n g a t i o n  of t he  f e e d i n g  tube.  The  

f e e d i n g  t u b e  runs  p a r a l l e l  w i t h  t he  c rook  w i t h i n  t he  i n t e r c i n g u l a r  slit  (Fig. 4) and  t h e n  

b e n d s  into  t he  l u m e n  of t he  d i a t o m  cell .  G e n e r a l l y ,  its f ree  e n d  is abou t  12-15 ~m long.  
Its g r o w t h  t akes  abou t  3 -4  rain; af ter  tha t  t i m e  it b e c o m e s  m o r e  consp icuous ,  t h i cke r  (ca 

1 ~m) a n d  forms d i s ta l ly  a f u n n e l - l i k e  o p e n i n g  ( d i a m e t e r  ca  2 -3  ~m) w h i c h  is c lose ly  

a p p r e s s e d  onto  the  hos t  p ro top las t  bu t  does  no t  p e n e t r a t e  the  p l a s m a l e m m a  (Fig. 1c-j ,  

6a-h) .  
In h e a v i l y  i n f e c t e d  d i a t o m  cu l tu res  it h a p p e n s  tha t  a zoospo re  se t t l es  u p o n  an 

e m p t i e d  or  n e a r l y  e m p t i e d  d i a t o m  cell .  In this  case,  t he  f e e d i n g  t u b e  e x t e n d s  ex t raord i -  

na r i ly  (Fig. 6c-d) .  It r e a c h e s  a l e n g t h  of up  to 40 ~m. Its d i s ta l  par t  m o v e s  abou t  r a the r  
q u i c k l y  and  re t rac t s  ( m a x i m u m  ra te  20 ~m p e r  sec) a n d  r e - e l o n g a t e s  ( m a x i m u m  ra te  

abou t  7 ~m p e r  sec). O n l y  a p r o x i m a l  po r t i on  of abou t  10 ~m ( m e a s u r e d  f rom the  d is ta l  
e n d  of the  crook) is r a the r  i m m o b i l e .  T h e  g r o p i n g  m o v e m e n t s  can  last  m o r e  t h a n  30 min.  

U n d e r  n o r m a l  condi t ions ,  sma l l  po r t ions  of the  hos t  c y t o p l a s m  b e g i n  to m o v e  into  the  

f e e d i n g  t u b e  w h e n  the  f u n n e l  has  b e e n  f o r m e d  (Fig. 1h- l ,  Fig.  6a-b) .  Ini t ia l ly ,  on ly  sma l l  
g r a n u l e s  a re  v i s ib le ,  a n d  t h e y  u s u a l l y  s top at t he  d is ta l  e n d  of t he  crook,  i. e. at the  si te 

w h e r e  the  f e e d i n g  t u b e  en te r s  the  i n t e r c i n g u l a r  slit. At  the  b e g i n n i n g  of the  i n g e s t i o n  
p rocess  t h e r e  is, f r equen t ly ,  a f low in  the  b a c k w a r d  d i r ec t i on  w h e n  the  a t t empt s  to 

o v e r c o m e  this  b o t t l e - n e c k  fail.  T h e  s t r e a m i n g  of the  pa r t i c l e s  i n d i c a t e s  tha t  t he r e  is 

a n o t h e r  n a r r o w  pass,  in  t he  r e g i o n  of the  c i n g u l u m  of t he  Paulsenella cell .  P r e sumab ly ,  

Fig. 3. Paulsenella cf. chaetoceratis on Streptotheca thamesis. Bar: 25 ~m. Development cycle 
(continued). Formation of secondary cysts, zoospore development and release. Thick arrow: nucleus 
with mesocaryotic structure. Time data (20 °C), a: 16 h, other focus plane than in Fig. 2 o; b: 
18 h 10 min, only one of the daughter cells has received the undivided remnant of the food vacuole; 
c: 20 h 10 rain, second mitosis; d: 21 h 15 rain, the third mitosis is completed, development of 
zoospores; e: 22 h 17 rain; f: 23 h 10 min; g: 23 h 43 min, release of zoospores from the first 
secondary cyst; h: 23 h 45 min, release of zoospores from the second secondary cyst; i: 23 h 52 min; 
j: 10 sec later; k: again 10 sec later; 1:23 h 52,5 min, the two zoospores of the secondary cyst have 

been released, the fourth secondary cyst still contains' two zoospores 
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Fig. 4. Paulsenella cf. chaetoceratis on Streptotheca thamesis, Bar: 25 [~m. Arrowhead: distal end of 
the crook; small arrows: sheath opening of the feeding tube, a-d'. final stages of food uptake; e-i :  

retraction of the feeding tube 
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Fig. 5, Paulsenella cf. chaetoceratis on Streptotheca thamesis. Bar: 25 ~m. a: lateral view of the 
parasite upon a host well  after food uptake, showing the crook (small arrow) within the slit be tween 
epi- and hypocinguluIn (the latter is more distinct on the opposite side, large arrow), and the sheath 
opening of the feeding tube (arrowheads); b, c: fluorescence of the sheath of the feeding tube in 
partially empty cysts after staining with Tinopal. b: combination of fluorescence and phase contrast 
microscopy; c: some irregular, fluorescent material is visible in the crook region~ d-i:  stages of cyst 
development.  Thick arrow: nucleus with mesocaryotic structure, F: remnant  of the food vacuole, 
arrowhead: indicating formation of the walls which surround the first daughter  cetls~ d: primary cyst 
after first mitosis; e: beginning of first cell division~ f: cell wall completed, reduction of the primary 
cyst wall, the remnants of it visible at the incision be tween the two daughter cells (e, f); g: second 
mitosis completed~ h: one empty secondary cyst and two containing each two zoospores; i: three 

empty secondary cysts derived from one primary cyst 
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here the feeding tube enters the Paulsenella cell. The straight movement  of the inges ted  
granules  is cont inued wi th in  the cell. They collect in the upper  part  of the epicone (Fig. 
lk) and soon form a g lobular  digest ion vacuole (Fig. 2a) 

The first portions of the host cytoplasm are inges ted  about  6-10 rain after the crook 
has b e e n  completed. At the same t ime the host cytoplasm collapses gradual ly  bu t  rather 
rapidly b e g i n n i n g  from that site where  the funne l  of the feeding  tube  is attached: the 
vacuoles shr ink and  the protoplast concentrates  a round the nucleus  (Fig. l j-l).  Threads 
connect ing  the protoplast with the labia te  processes r ema in  for some time. 

5-10 rain after the start of feeding, the first chloroplast is t aken  up. Because of its size 
it is compressed and the feeding  tube is widened  transiently.  W h e n  the first chloroplasts 
are inges ted  and the in terc ingular  slit is en larged by this way, the uptake  rate is h igher  
than in  the beg inn ing .  A small  particle passes through the feeding  tube  (total l ength  
about  20-28 ~m) wi th in  3-5  sec, a chloroplast takes 6-9 sec, if it is not j ammed  for some 
time. This si tuation can aga in  induce  a shuttle streaming. There are no indicat ions  of a 
peristalt ic movement  of the feeding tube  which finally is so large that t iny particles are 
able to make  some Brownian movement  dur ing the passage.  When,  by chance, the 
p l a sma lemma  of the host cell bursts, the parasite is no longer  able  to take up  the isolated 
food particles. 

After about  40 rain, near ly  the complete host cytoplasm is inges ted  (Fig. 2b). Some 
small  vacuoles usual ly  are the last portions to be  t aken  up (Pig. 2b-c,  Fig. 4). At this time, 
the funne l  at the end  of the feeding  tube  and  its a t tachment  upon  the surface of the 
protoplast can be seen especial ly  well. When  these remnan t s  have also b e e n  t aken  up, 
usual ly  accompanied  by conspicuous movements  and  torsions of the distal part  of the 
feeding tube, the funne l  collapses wi th in  about 2 rain (Pig. 2c-e,  Pig. 4d-i).  Then  the 
feeding tube  becomes th inner  and  is f inal ly retracted wi th in  5-10 sec. 

The proximal end of the feeding tube is enshea thed  by a very faint, f lexible and  
t ransient  tube- l ike  wall. This sheath of the feeding tube stains with Calcofluor and  can 
easily be  visual ized in  the f luorescence microscope (Fig. 5b, c). Calcofluor positive 
granules  are sometimes seen also in  the proximal part of the crook (Fig. 5c). The crook 
does not change  all the time; it persists very long. 

During phagocytosis, the zoospore transforms into the trophont  which f inally lacks 
f lagella (presumably they are retracted) (Fig. 2b-f). C i n g u l u m  and sulcus disappear,  the 
cell becoming  spherical  or ovoid. By accumula t ing  the host cytoplasm the t rophont  
increases considerably in  size, vary ing  be tween  22-29 x 25-31 ~tm (average: 25 x 27 
~tm). The food vacuole measures  ini t ia l ly  about  17 ~an in  d iameter  and  has a near ly  
central  position. The nucleus,  still ly ing  in  the former hypocone (identif iable by the 
crook} is strongly f la t tened (Fig. 2f-g). The size of the trophont depends  on the amoun t  of 

Fig. 6. Paulsenella cf. chaetoceratis on Streptotheca thamesis. Bar: 25 [~m. a, b: uptake of two 
chloroplasts (labeled with arrowhead and arrow, respectively), time distance between a and b: 
5 sec; note the transverse flagellum; c, d: in an overinfected culture, a Paulsenella cell has attacked 
an empty or nearly empty Streptotheca cell and formed a very long, mobile feeding tube (arrows), 
searching inside the host cell for food. Arrowheads: crooks of former infection attempts; time span 
between c and d: 5 sec; e: hungry Paulsenella zoospores gather around a Streptotheca cell which 

was inoculated 30 sec before 
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inges ted  material,  i. e., unde r  normal  circumstances, on the size of the at tacked diatom 
cell, which was, dur ing  present  investigations,  60 ~tm broad. 

In cultures with preva i l ing  parasites, mult iple  infections can occur. The trophonts 
then  become smaller. Under  these condit ions it can also h a p p e n  that a zoospore leaves 
the host cell with hardly any  inges ted  material,  after hav ing  formed the pedunc le  vainly.  
The crook is then left beh ind  (Fig. 6c-d). As yet, we have not b e e n  able to observe 
whether  such cells are capable  of another  infection. 

At the end  of its development ,  i. e. about  I h after the firm set t lement  of the zoospore, 
the trophont remains  at tached to the diatom frustule and  forms a relat ively thick cyst 
wall  (Fig. 2f-i). 

The phase of digestion, dur ing  which the food vacuole d iminishes  considerably  in 
size and  the amount  of cytoplasm increases, lasts about  10-12 h (Fig. 2h-k). Then  the 
primary cyst begins  to form secondary cysts (Fig. 21-o, Fig. 3a-f). When  it undergoes  the 
first mitosis (Fig. 21) and  cytokinesis (Fig. 2m, Fig. 5d-f), the food vacuole  is not d ivided 
but  deposi ted in  one of the daughter  cells, in  the former epicone region. Cell c leavage 
begins  from the opposite pole (Fig. 5e). The wal l  of the pr imary cyst ist re ta ined  up to the 
first cytokinesis. Then  the two daughter  cells, separat ing partially, become surrounded 
by an own cell wal l  whereas  the wall  of the primary cyst becomes rapidly th inner  (Fig. 
2m-o,  Fig. 3a-b,  Fig. 5d-g).  Finally,  it is impossible to recognize the pr imary cyst wall  in  
the l ight microscope. After about  6 h a second division occurs (Fig. 3c, Fig. 5g). In most 
cases it is restricted to that secondary cell which includes  the remnants  of the food 
vacuole. Again,  this residual  body is not divided but  t aken  up as a whole by one of the 

daughter  cells. 
These daughter  cells aga in  develop a cell wall. As a result, three secondary cysts are 

formed wi th in  the pr imary cyst (Fig. 5h, i). There are also pr imary cysts with four (after a 
further division of both secondary cells) (Fig. 3g-l), and  very rarely with only two 
secondary cysts (without second division). 

A short t ime after the last division, a further division occurs (Fig. 3d-f). It has the 
function of a morphogenet ic  division and gives rise to two naked  cells wi th in  each 
secondary cyst (Fig. 3g-l ,  Fig. 5h). After 20-30 rain they rupture  the wall, squeeze 
through the small open ing  wi th in  1-2 minutes,  assume their  typical  shape outside the 
cyst wi th in  a few seconds, commence  bea t ing  their f lagel la  and  swim away (Fig. 3g-l). 
The res idual  food body which was conspicuous because  of its h igh refraction, and  
especial ly its red colour, has d isappeared  near ly  completely w h e n  the zoospores are set 
free. The distr ibution of the residual  body has no inf luence on the sequence  of zoospore 
release which is successive rather than  simultaneous.  Thin,  empty cyst walls  are left 
(Fig. 5i). Taken  together, the min ima l  length  of the life cycle is sl ightly more than 24 h. 
The zoospores can survive several  weeks  without host. 

Occasionally, especial ly in  old, highly infected cultures, we observed a t ransient  
encys tment  of zoospores. The wall  of these cysts is rather thin. This encys tment  which is 
not connected with cell division does not represent  a regular ly  occurring step in  

development .  
The times, g iven above, are measured  dur ing pe rmanen t  observat ion unde r  the 

microscope; the immers ion  objectives enab le  studies to be  made  in  the normal  Petri 
dishes used for cultivation. The deve lopmenta l  times vary considerably,  even  be t w e e n  
secondary cysts which are derived from the same primary one and  also be tween  the two 
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sister cells of one secondary cyst. In both cases, the deve lopment  of one can be retarded 
against  the other for several hours. The length  of the life cycle highly  depends  on the 
temperature,  which  was about  48 h at 15 °C. 

The empty  walls of the secondary cysts stain yel low and  the crook yel low-brownish 
in  zinc chloride-iodine;  the latter is b rown after t rea tment  with OsO4. The cysts show a 
strong fluorescence after s ta in ing with Calcofluor. 

Colchicine (10-3M) does not inhib i t  the inges t ion if it is r u n n i n g  w h e n  the drug is 
applied. However,  it interrupts normal  development .  

DISCUSSION 

Within  the life cycle of Paulsenella cf. chaetoceratis, four consecutive deve lopmen-  
tal stages can be dis t inguished,  namely  zoospore (---- dinospore), trophont, pr imary cyst 
and  secondary cyst. The f ree-swimming stage is only a short, t ransi t ional  phase unde r  
good conditions. One feeding act results in  more than two (usually 6-8) offsprings. We, 
therefore, regard Paulsenella as a parasi t ic  dinophyte and  not as a predatory one (see 
also Morey-Gaines  & Elbr~ichter, in  press). 

The formation of zoospores wi th in  secondary cysts, der ived from a pr imary one, 
corresponds with the deve lopment  of Dissodinium pseudolunula (Elbr~ichter & Drebes, 
1978). In the latter organism, one secondary cyst usual ly  gives rise to 5-8  zoospores; in  
the Paulsenella species decr ibed here, one secondary cyst contains regular ly  two 
zoospores. In both cases, the wall  of the pr imary  cyst dis integrates  largely or completely 
when  the secondary cysts have b e e n  formed. 

Sexual reproduction,  and in which stage Paulsenella survives the winter  season is 
still unknown.  Invest igat ions in  that direction will be started, whereas  those on ultra- 
structural details of the vegetat ive deve lopment  are a l ready in  progress. Further studies 
are p l a n n e d  with Paulsenella species associated with different hosts (Eucampia, 
Chaetoceros). In so far, for the present,  an in tens ive  discussion about  taxonomy and life 
cycle has to be deferred. 

Most parasit ic dinoflagel lates  are osmotrophic (Cachon & Cachon, 1971a). Paul- 
senella belongs  to those species which are phagotrophic.  A pedunc le  as an organel le  of 
feeding  and, at least in  some cases, of a t tachment  and  penetrat ion,  is observed also in 
many  other phagotrophic dinoflagel lates  (Spero, 1982). e .g .  in  Apodinium (Cachon 
& Cachon, •973), Protoodinium (Cachon & Cachon, 1971a), Dissodinium (Drebes, 1978) 
Myxodinium (Cachon et al., 1969), Gyrodinium (Lee, 1977), and  Gymnodinium fun- 
giforme (Spero, 1982). However,  it also occurs in  osmotrophic dinoflagel lates  (Cachon et 
al., 1968: Chytriodinium, Cachon & Cachon, 1971b: Oodinium). The structure of the 
pedunc le  of the different dinoflagel lates  (not in  every case was the structure in quest ion 
named  "peduncle")  varies considerably.  

The pedunc le  of Paulsenella consists of three different parts. The feeding tube is a 
t rans ient  cytoplasmic organel le  which resembles  the pedunc le  of Gymnodinium fun- 
ffiforme (Spero, 1982), not only in  its form and  size but  also in  that it is easily and rapidly 
protruded and  retracted. The main  funct ion of the feeding tube is surely the uptake  of the 
cytoplasm from the host cell. As yet, the mechan i sm of the sucking process is not well  
understood.  It depends  on an intact  host p l a sma lemma and  is so powerful  that plastids 
are deformed while  pass ing  through the tube. As deduced  from the motion of small  
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p a r t i c l e s ,  i t  is  n o t  d r i v e n  b y  a p e r i s t a l t i c  m o v e m e n t  of t h e  t u b e  wa l l .  S p e r o  (1982) 

b e l i e v e s  t h a t  t h e  i n g e s t i o n  is  d o n e  as  i n  t h e  t e n t a c l e s  of s u c t o r i a n  c i l i a t e s .  T h e  c o l l a p s e  of 

t h e  Streptotheca c y t o p l a s m  i n  t h e  v e r y  b e g i n n i n g  of t h e  f e e d i n g  p h a s e  i n d i c a t e s  a n o t h e r  

f u n c t i o n  of t h e  f e e d i n g  t u b e .  It m a y  b e  a s s u m e d  t h a t  t h e  t i p  of t h e  f e e d i n g  t u b e  r e l e a s e s  

s u b s t a n c e s  w h i c h  c h a n g e  t h e  p e r m e a b i l i t y  of t h e  t o n o p l a s t  a n d  t h e  p l a s m a l e m m a  

d r a s t i c a l l y  so t h a t  t h e  v a c u o l a r  c o n t e n t  l e a k s  ou t  w h i l e  t h e  i n t e g r i t y  of t h e  p r o t o p l a s t  - 

n e c e s s a r y  for  i t s  u p t a k e  - is  r e t a i n e d .  T h e r e w i t h ,  t h e  v o l u m e  of t h e  m a t e r i a l  to b e  

i n g e s t e d  is r e d u c e d  h i g h l y .  G r e u e t  & F e r r u  (1969) a l so  a s s u m e  a s e c r e t o r y  f u n c t i o n  of t h e  

p e d u n c l e  ( " s t o m o p o d " )  of Erythropsis pavillardi, b e l i e v i n g  t h a t  i t  i n j e c t s  l y s i n g  sub -  

s t a n c e s  i n t o  t h e  p rey .  

T h e  c r o o k  as  w e l l  as  t h e  s h e a t h  a r e  n o n - c y t o p l a s m i c ,  p e r s i s t i n g  s e c r e t o r y  p r o d u c t s .  

P e r s i s t i n g  p a r t s  of t h e  p e d u n c l e  a r e  o b s e r v e d  a l so  e. g. i n  Dissodinium (Drebes ,  1978) 

w h e r e  a p o r t i o n  of t h e  " s u c k e r  o r g a n e l l e "  is le f t  i n s i d e  t h e  i n v a d e d  c o p e p o d  e g g  a f t e r  t h e  

f e e d i n g ,  a n d  i n  Myxodinium ( C a c h o n  et  al., 1969). T h e  c r o o k  o b v i o u s l y  h a s  a t w o f o l d  

f u n c t i o n .  In i t ia l ly ,  i t  a p p e a r s  to s e r v e  as  a n  a d h e s i v e .  Its p r i m a r i l y  p r o d u c e d  s m a l l  

p r o x i m a l  p a r t  f ixes  t h e  p a r a s i t e  o n t o  t h e  h y p o t h e c a  of t h e  d i a t o m .  T h e  e l o n g a t e d  m a i n  

p a r t  of t h e  c r o o k  w h i c h  is f o r m e d  l a t e r  s e e m s  to b e  u s e d  to o p e n  a p a t h  t h r o u g h  t h e  

i n t e r c i n g u l a r  s l i t  for  t h e  f e e d i n g  t u b e ,  e n z y m a t i c a l l y  as  w e l l  as  m e c h a n i c a l l y .  T h e  

s t a i n i n g  p r o p e r t i e s  of t h e  c r o o k  i n d i c a t e  t h a t  i t  is p r o t e i n a c e o u s  or  l i p o p r o t e i n a c e o u s .  It is 

p r o b a b l e ,  b u t  u n f o r t u n a t e l y  n o t  d i r e c t l y  v i s i b l e  in  t h e  l i v i n g  sy s t em,  t h a t  t h e  c r o o k  is 

s e c r e t e d  b y  t h e  t ip  of t h e  e l o n g a t i n g  f e e d i n g  tube .  T h e  s h e a t h  a r o u n d  t h e  b a s a l  p a r t  of 

t h e  f e e d i n g  t u b e  s e e m s  to c o n s i s t  of c e l l u l o s e  or a s i m i l a r  p o l y s a c c h a r i d e  as  d e d u c e d  

f rom i ts  l o n g e v i t y  a n d  i ts  r e a c t i o n  w h i t h  T i n o p a l  ( =  Ca lcof luor ) .  
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