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ABSTRACT: We disagree on the generally accepted elements of the description of the sexual life 
cycle of Noctiluca as presented by Zingmark (1970a), namely that (1) the swarmers of Noctiluca are 
isogametes, that (2) the zygote develops directly into a large trophont, and we question that (3) 
Nocfiluca is a diplont with meiosis occurring during the formation of the swarmers. We observed a 
highly distinct attraction between swarmers (microgametes?) and certain large cells (mac- 
rogametes?) which resemble adult trophonts in shape and size. 1Voctiluca thus appears to be 
anisogamous, and the zygote does not need to grow to become a large trophont. 

INTRODUCTION 

Noctiluca scintillans (Macartney) Kofoid is a dinof lagel la te  d is t r ibuted wor ldwide  in 
mar ine  coastal  waters ,  and is most popular  owing to its conspicuous b io luminescence  
(Ehrenberg,  1834). Extensive long- term invest igat ions  on its ecology have  b e e n  con- 
duc ted  by  Uhlig & Sahling (1982, 1990) dur ing  the pas t  decades ,  dea l ing  with popula t ion  
dynamics ,  c i rcadian rhythms, dis t r ibut ional  and  red*tide phenomena  of Noctiluca in the 
G e r m a n  Bight (North Sea). 

A par t  of the Noctiluca life cycle, however ,  namely  sexual  reproduct ion,  is still 
insufficiently known and disputed,  as s ta ted recent ly  by Uhlig & Miih lhaus le r  (1992). 
Uhlig (1972) ques t ioned  the da ta  of Z ingmark  (1970a) on the exis tence of i sogamy.  It is 
we l l -known that  Noctiluca cells occasional ly  form several  hundred  to more  than  a 
thousand  small, unif lagel la te  swarmers  by  a series of 27-211 mitoses (Pratje, 1921; 
Zingmark,  1970a; Uhlig, 1972). Z ingmark  (1970a) p roposed  that  these  swarmers  resul t  
from a meiosis in a "gametocyte  mother  cell" and  subsequent  mitoses, and  that  they  
represen t  i sogametes  which fuse. The resul t ing zygote  was c la imed to give rise di rect ly  to 
a vegetat ive ,  diploid trophont  cell; bu t  this was not  convincingly proven.  I sogamy of 
swarmers  had  been  previously sugges t ed  (Hofker, 1930; Gross, 1934). Uhlig (1972) 
a s sumed  that  misdivisions during the last  cytokineses  might  give the a p p e a r a n c e  of 
fusion of swarmers.  Earlier reports  on copulat ion even be tween  large  t rophonts  were  
l ikewise  inter~)reted as abnormali t ies  dur ing the vege ta t ive  divisions (Pratje, 1921). 

These  contradictions,  and the fact that  the v a g u e  and inconclusive observat ions  and  
descript ions of Z ingmark  (1970a) have  b e e n  incorpora ted  in many  textbooks  (e. g. van  
den  Hoek, 1978; Christensen,  1980; Bold & Wynne,  1985; Pfiester & Anderson,  1987), 
p rompted  us to search again  for sexual  reproduct ion  in Noctiluca. We e x t e n d e d  our 

�9 Biologische Anstalt Helgoland, Hamburg 



266 E. Schnepf  & G. Drebes  

observat ions to cover  the behav iour  of the  swarmers  - hi therto neglec ted .  Our  premise  
was that  a chemotact ic  at traction b e t w e e n  the gametes  should p r e c e de  copula t ion  and  
that  an accumula t ion  of swarmers  a round  ano the r  swarmer  or a t rophont - l ike  cell  would  
b e  a strong indicat ion of a sexual  process.  

Our results  sugges t  that  the  "swarmers"  are  mic rogametes  and that  a mic rogame te  
copulates  with a la rge  macrogamete  which  looks l ike a t rophont  (vegeta t ive  cell). The 
uninuc lea te  cell which gives rise to the  mic rogametes  would  thus be  a mic rogamete  
mother  cell. It develops  into the mul t inuc lea te  microgametocyte  from which  the mi- 
c rogametes  bud  off. We shah use this t e rminology  in the following tex t  (see also 
Zingmark,  1970a). 

MATERIAL AND METHODS 

In October  1992, ne t  samples  conta in ing  Noctiluca scintillans (Macar tney)  Kofoid 
(Syn. IV. miliaris Lamarck) were  t aken  from the W a d d e n  Sea  near  Lis t /Syl t  (German 
Bight, North Sea). About  25 spec imens  of the  d inof lagel la te  were  isola ted a n d  cul t ivated 
in Met  44 m e d i a  (SchSne & Sch5ne, 1982), toge ther  with the green  f lage l la te  Dunaliella 
tertiolecta Butcher  as food organism,  in 10-cm high glass vessels  with a vo lume  of 50 ml, 
at 16~ a 14:10h l igh t :dark  rhythm, and  a l ight  intensi ty of about  35 ~mol  m -2 sec -1. 
Similar  results  were  ob ta ined  at 13~ and  "natural"  i l luminat ion in a w i n d o w  facing 
north. For inspection,  microgametocytes ,  toge ther  with a few t rophont - l ike  ceils ( among  
them puta t ive  macrogametes) ,  were  se lec ted  and t ransferred to Petri d i shes  with new 
media.  They were  observed,  p h o t o g r a p h e d  and  recorded  on v ideotape ,  in  par t  using 
Leitz sea -wate r  immers ion objectives.  

RESULTS 

D e v e l o p m e n t  of  g a m e t e s  

Under  our cul ture condit ions the ove rwhe lming  majori ty of the cells w e r e  trophonts,  
b ig  p e a c h - s h a p e d  cells with a d iameter  of 400-800 ~tm, a large  (30 ~tm) nuc leus  with a 
structure untypica l  of a d inof lagel la te  (Zingmark,  1970b), and  a p r o m i n e n t  ten tac le  (for 
de ta i led  descr ipt ions  see e .g.  Kofoid & Swezy,  1921; Pratje, 1921). As a rule,  only very 
few gametocy tes  deve loped  within a cul ture  vessel,  if at  all. Occas ional ly ,  the  flasks 
conta ined  a relat ively h igh  number  (up to about  15 %) of mlcrogametocytes .  Uhlig (1972) 
even noted  that  somet imes  all the cells in his cul tures  b e c a m e  mic rogametocy tes .  

The deve lopmen t  of microgametocytes  (Figs 1-5) has r e p e a t e d l y  b e e n  descr ibed  
(Ishikawa, 1894; Pratje, 1921, 1925; Zingmark ,  1970a; Uhlig, 1972). The rn ic rogametes  
are  ovoid in dorso-ventra l  view, measure  about  14 • 18 am and  are f l a t t ened  bu t  sl ightly 
concave on the ventral  side where  the s ingle longi tudinal  f lagel lum is i n s e r t e d  in an 
indist inct  furrow b e t w e e n - t h e  la rger  anter ior  par t  (epicone) and the t h i n n e r  poster ior  
hypocone  (Figs 6 and  7) (for further detai ls  see  Pratje, 1921. Zingmark ,  1970a) The 
nucleus  is s i tuated in the  hypocone.  It is h igh ly  condensed  so that  the  ch romosomes  
cannot  be  r ecogn ized  under  the l ight  microscope,  but  the true d inokaryon s t ructure  has  
b e e n  r evea led  by  Soyer  (1969). 

A few mic rogametes  were  found to have  two f lagel la  (Fig, 8). W e  have  never  
obse rved  a fusion of mic rogametes  in the Petri  dish cultures.  W h e n  mic rogame tocy te s  
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were isolated and up to more than ten of them were put  together either in Petri dishes or 
the 10 cm culture glasses, the l iberated microgametes died after about one day. We have 
not observed zygote-hke stages or any intermediate  growth stages which would eventu-  
ally lead to the normal, large trophonts. 

C h e m o t a c t i c a l  a t t r a c t i o n  

In order to clearly visuahze a chemotactical attraction, we placed 10-40 mi- 
crogametocytes in a 10-ml Petri dish, together with a few trophont-hke cells from the 
same sample. The hberated microgametes swam preferentially on the bottom of the Petri 
dish. We did not detect any attraction be tween  microgametes but  frequently observed 
many  microgametes accumulat ing near  some (but not all) of the trophonts which we 
beheve  to be macrogametes.  

The attractive macrogametes were more or less immobile and mainly found at the 
bottom of the Petri dish, with tentacle and cytostome region downwards.  They had 
usually stopped feeding but  still contained food vacuoles. Microgametes - in some cases 
100-200 of them - accumulated near  a "mature" macrogamete (Fig. 9), preferentially in 
the oral groove (Figs 10 and II)  and in the apical trough, i. e. near  the nucleus.  If they did 
not reach that position, where they became more firmly fixed, they at tached to the cell 
surface with their ventral side and remained mobile (Fig. 12). Microgametes gathered 
also on the bottom of the Petri dish below the stomatal region of the macrogamete.  They 
formed a dense swarm there but soon dispersed after removal of the macrogamete.  

Long-term observations suggest that the attractivity of a macrogamete  increased 
gradually and then decreased later, within the range of some hours. The specificity of the 
attraction is indicated by the fact that almost none  of the Dunaliella cells collected around 
a mature  macrogamete (Fig. 9). Feeding trophonts "unspecifically" attracted sometimes a 
few microgametes; but  in these cases Dunaliella cells likewise gathered a round  them. 
The oral region was most attractive also for the green flagellate. 

Trophonts on the bottom of the Petri dish with their tentacle upward caught  not only 
Dunaliella cells in the slime at the tip of the tentacle and ingested them but  also, 
occasionally, microgametes (senescent gametes?). 

In order to test whether  microgametes and macrogametes differentiate s imultane-  
ously, we repeatedly put  together microgametes and trophont-like cells from two sources, 
i. e. cultures containing microgametes and those without microgametes. The attraction of 
the microgametes was rare or even lacking in the latter samples but  distinctly higher in 
the former. 

Noctiluca cells surrounded by microgametes,  and thus expected to become zygotes, 
cont inued to develop normally, i.e. as trophonts with feeding and cell division. In a 
single case, a microgametocyte was differentiated. We did not observe any  cyst-like 
stages. 

DISCUSSION 

We agree with Zingmark (1970a) and most other authors that the swarmers, formed 
occasionally by Noctfluca, are actually involved in sexual reproduction and that resting 
stages do not occur in the life cycle (see the scheme of Pfiester & Anderson, 1987). We 
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d isagree  with Z ingmark ' s  p roposa l  that  the  small  Noctiluca swarmers  a re  i sogametes .  We 
suggest  that  they  are, on the  contrary, only microgametes  {males}, and  that  Noctiluca is 
anisogamous.  

The hfe cycle es tab l i shed  by  Zingmark  (1970a) is not  we l l -enough  proven:  
(1) A copulat ion of i sogametes ,  descr ibed  l ikewise  by  Hofker  {1930} and  Gross (1934} 

(see also Pratje, 1921, 1925} has  not been  documented  convincingly.  Most  probably ,  
products  of misdivisions,  not uncommon m dinoflagellates,  have  er roneous ly  been  
recognized  as fusion s tages  (Uhhg, 1972}. 

(2} More  impor tant  is the  fact that, after the  supposed  fusion of small  i sogametes ,  the  
further deve lopmen t  of the  zygote  into the b ig  t rophont  has  never  b e e n  observed,  ei ther  
in culture or in nature,  in spite of numerous  microscopical  invest igat ions of the plankton.  
This zygote  must  have  a mean  d iamete r  of about  15 ~tm {seen as a globule}. Very  small  
t rophont  cells measure  about  300 ~tm in diameter .  Nei ther  the  exis tence  of direct  
in termedia te  s tages  nor tha t  of cysts which la ter  develop  into trophonts have  ever  been  
shown {with a single, ques t ionable  exception;  Zingmark,  1970a}. 

(3} It is highly improbab le  that  these  in te rmedia te  s tages  exist but  have  been  
over looked consistently.  If this were  the case they certainly would  have  to unde rgo  a k ind  
of metamorphosis .  A zygote  with a d iameter  of 15 ~tm has  to increase  by a factor of 20 in 
diameter ,  or by a factor of 8000 in volume to become a t rophont  with a d i ame te r  of 300 ~tm. 
The nucleus of the t rophont  (30 ~tm} is even  b igge r  than the whole  "zygote" .  It is 
therefore impossible  for this increase  in  size to be  rea l ized by  a s imple  vacuol izat ion,  as 
assumed by  Z ingmark  (1970a). Alternat ively,  one can assume that  the in te rmedia te  s tage 
be tween  zygote  and  t rophont  t akes  up food in order  to grow. If it were  a phago t roph ic  
cell, the inges t ion  appa ra tus  would  have to be  quite different  from that  of  the adu l t  
trophont, mere ly  b e c a u s e  of the  size of the tentacle of the latter. If it were  an "osmo- 
trophic" cell, the feed ing  appara tus  of the adul t  t rophont  could deve lop  dur ing  the 
differentiat ion of the  zygote  into the trophont.  These  la t ter  a l ternat ives  are  l ikewise  pure  
speculat ion and unsuppor t ed  by  observation.  

(4} A sexual  at t ract ion b e t w e e n  i sogametes  has never  b e e n  descr ibed  for Noctiluca. It 
is to be expected ,  but  could be  less p ronounced  or even over looked,  especia l ly  if the  sex 
ratio is 1:1. 

(5) The assumpt ion  of Z ingmark  (1970a} that  the first divisioflg: of the  g a m e t e  mother  
cell nucleus  are  meiotic,  is speculat ion.  There  are no data  which  suppor t  this idea.  It 
would imply diploidy in Noctiluca which contrasts  with our k n o w l e d g e  of o ther  dino- 
flagellates,  descr ibed  as haplonts  (Pfiester & Anderson,  1987}. The  occur rence  of a 
"nuclear  te t rade"  alone.is not  a convincing a rgument .  In a series of free nuc lea r  divisions 
a four-nucleus s tage  is necessar i ly  included.  

Our a l ternat ive suggest ion,  namely  that  Noctiluca reproduces  sexual ly  by  an i sogamy 
(nearly oogamy, consider ing the size of the gametes}, that  the "swarmers"  r ep resen t  

Figs 1-4 Noctfluca MiCf0 ametocytes different s ta  es of microgamete development Scale bar: �9 . g , , g . . . . .  . . . . . . . . . .  
500 ~tm. Fig. 5: Noctilucal Nearly m~tflre microgametes budding off from the: ~crog~met0cyte, with 
developing flagella (arrowheadi). Scale :bar 100 ~tmi Fig! 6. Microgamete:i(arrpw~eadl nucleus ) in 
dorso-ventral view. Arrow: Dunalielia celL::::Scale b a r I 0  ~tm. Fig. 7. Microgametelin::~ateral view 
:(arrowhead: nucleus). For scale bar see Fig~ 6: Fig.:8: Microgamete with twb flaqella {arrowhead: 

nucleus). For scale bar  see Fig. 6 
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Fig. 9. Noctf luca.  Chemotac t ica l  at t ract ion of mic rogametes  (arrowheads]  w h i c h  a c c u m u l a t e  on or 
nea r  a mac rogamete .  The  Dunafief la  cells (arrows) are  more  equal ly  dis t r ibuted.  Sca le  ba r  500 ~m. 
Fig. 10. Similar cell  as in Fig. 9, wi th  m a n y  mic rogametes  clustering in the  n u c l e a r  region.  Arrow: 

Dunalief la  cells. Scale bar  100 ~m 
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microgametes (males), and that the macrogametes  (females) are t rophont-hke in struc- 
ture but  not  in behaviour,  avoids various difficulties confronting us in the model  proposed 
by Zingmark  (I970a}. Anisogamy is not uncommon  in dinoflagetlates (von Stosch, 19721 
Pfiester & Anderson,  1987). In the anisogamous Ceratium horridum (Cleve) Gran, yon 
Stosch (1964) observed differences in the structure of the gamete  nuclei  which are less 
extremely conspicuous than in Noctiluca. 

The Noctiluca zygote is a planozygote,  ready to take up food in the "normal" way. In 
Ceratium horridum the zygote likewise resembles a "normal" vegetat ive cell (yon Stosch, 
1964). Our suggest ion is supported by what  appears to be  a chemotactical  attraction 
be tween  what  we believe to be macro- and  microgametes. It is very irnprobable,  bu t  
cannot  be completely excluded, that the attraction is ,,unspecifiC" (asexual). True 
trophonts occasionally attract microgametes also, but  in this case Dunah'ella, too. A 
chemotactical accumulat ion of many  microgametes by gamones  around one macroga-  
mete  is typical of extreme anisogamy and  the logical consequence  of the  differences in  
number  and  size be tween  the two cell types. The attractivity of the macrogametes  was 
perhaps enhanced  by their transfer into a new  medium, a med ium which did not  contain 
gamones  of previous sexual partners. 

It must, however, be stated explicitly, that the final proof of an  a n i s o g a m o u s  
copulation, i. e. the observation of gamete  fusion and karyogamy, has yet to come. Due to 
the structure of Noctiluca, it ~11 be extremely difficult, if not impossible,  to follow these 
processes in  live cells. 

Further open  questions conce rn  the induct ion of gamete  differentiation, the true 
position of meiosis in the life cycle and  the possible occurrence of a nuclear  cyclosis. This 
process, typical of the meiotic prophase of dinoflageliates (Biecheler, 1952; von Stosch, 
1972; Pfiester & Anderson, 1987), might  be lacking in Noctiluca, because  the nuclei  of the 
trophonts (also of the macrogametes?) do not  have the typical dinoflageilate structure 
{Zingmark, 1970b; Soyer, I972). : 

Our studies will be  continued: in:order fo substantiate the prel iminary f ind ings  of the  
sexual life cycle of Nocfiluca. 
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