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ABSTRACT: The ultrastructure of the flagetlar apparatus in the biflagellate female gametes  of the 
green alga Bryopsis lyngbyei has been  studied in detail. In the flagellum and basal body, 
microtubule septations occur in some of the B-tubules. The transition region of the flagellum is 
extremely long (260-290 nm), exhibits a stellate pattern in cross section but lacks the transverse 
diaphragm. The two basal bodies form an angle of 180 ° and overlap at their proximal ends. They are 
connected by a compound non-striated capping plate. Terminal caps associated with the capping 
plate partially close the proximal end of each basal body. A cruciate flagellar root system with three 
different types of microtubular roots is present,  i. e. the flagellar apparatus does not show 180 ° 
rotational symmetry. One root type contains 2 microtubules which are connected to an elaborate 
cylindrical structure, presumably a mating structure. The opposite root exhibits 3 microtubules over 
its entire length and is not associated with a cylindrical structure. In their proximal parts both roots 
are l inked to an underlying crescent body. The other two microtubular roots are probably identical 
and consist of 4 (or 5) microtubules which show configurational changes.  These two identical roots 
insert into the capping plate and link to the inner side (i. e. the side adjacent to the other basal body) 
of each basal body, whereas  the other two roots attach to the outer sides of each basal body. System I 
striated fibres are probably associated with each of the four roots, while system II fibres have not 
been observed. The flagellar apparatus of female gametes  of B. 1yngbyei shows many unique 
features but in some aspects resembles  that of ulvatean algae. Functional and phylogenet ic  aspects 
of cruciate flagellar root systems in green algae are discussed, 

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

In the  pas t  f e w  y e a r s  t h e  d e t a i l e d  u l t r a s t r u c t u r e  of t h e  f l a g e l l a r  a p p a r a t u s  h a s  b e e n  

i n c r e a s i n g l y  u s e d  as  a p h y l o g e n e t i c  i n d i c a t o r  in  t he  g r e e n  a l g a e  ( s u m m a r i e s  b y  M o e s -  

t rup,  1978; M e l k o n i a n ,  1980a). T h e s e  s t u d i e s  h a v e  c o m p l e m e n t e d  a n d  e x t e n d e d  e a r l i e r  

i n v e s t i g a t i o n s  on  mi to t i c  a n d  c y t o k i n e t i c  m e c h a n i s m s  in  g r e e n  a l g a e  ( s u m m a r i z e d  b y  

P i c k e t t - H e a p s ,  1975; S t e w a r t  & Mat tox ,  1975). T h e  p o s t u l a t i o n  of a t h i r d  c lass  of g r e e n  

a l g a e  ( b e s i d e s  t h e  C h l o r o p h y c e a e  a n d  C h a r o p h y c e a e  s e n s u  S t e w a r t  & Mat tox) ,  t h e  

U l v a p h y c e a e  s e n s u  S t e w a r t  & Mat tox ,  w a s  m a i n l y  b a s e d  on  c y t o k i n e t i c  p r o p e r t i e s  a n d  

p r e s e n c e  of s c a l e s  on  m o t i l e  ce l l s  of s o m e  s p e c i e s  ( S t e w a r t  & Mat tox ,  1978). In t h e  p a s t  

t w o  y e a r s  it  h a s  a l so  b e e n  s h o w n  t h a t  t h e  f l a g e l l a r  a p p a r a t u s  of t h e  U l v a p h y c e a e  s e n s u  
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Stewart  & Mattox conta ins  some special  structures conf ined to moti le  cells of this green 
algal  group (Melkonian,  1979; S lu iman  et al., 1980; Melkonian ,  1980b; Hoops et al., 
1981). One  result  of these s tudies  has b e e n  the f ind ing  that fibrous structures associated 
with basa l  bodies  exhibi t  a great  diversi ty and  are potent ia l ly  more useful  as phylogene-  
tic markers  compared  to the rather  uniform micro tubular  f lagel lar  root system (see also 
discussion in  Melkonian ,  1980a). The uniformity of the microtubular  f lagellar  root 
system in  various not closely re la ted groups of g reen  a lgae has b e e n  interpreted as 
reflect ing a genera l  important  funct ion of these systems and  some funct ional  explana-  
t ions have b e e n  offered (Melkonian,  1980b). 

Only  few ul t rastructural  s tudies have b e e n  u n d e r t a k e n  on motile cells of s iphona- 
lean  g reen  a lgae  (Crawley, 1966; Burr & West, 1970; Woodcock & Miller, 1973; Moestrup 
& Hoffman, 1975; Hori, 1977; Hori & Enomoto, 1978; Roberts, 1980; Roberts et al., 1980; 
Roberts et al., 1981, in  prep.) and  these have not yet led to self-explanatory results. It has 
b e e n  noted  that connec t ing  fibres in  Bryopsis are very s imilar  to those found in Ulva and  
Enteromorpha (Melkonian,  1980a). From a study on the s tephanokont  zoospores and  the 
an i sogametes  of Derbesia tenuissima, Roberts et al. (1980; 1981 in prep.) also concluded 
that  the f lagel lar  appara tus  of the reproduct ive  cells of Derbesia resembled  that of 
u lva l ean  a lgae and  therefore they tenta t ive ly  inc luded  the s iphona lean  green  algae in 
the Ulvaphyceae  sensu Stewart  & Mattox. It is however  clear that too few species of 
s iphona lean  green  a lgae  have b e e n  inves t iga ted  in  detail  to make  such a proposal 
sens ib le  at this time. 

The present  s tudy on the f laget lar  appara tus  of female gametes  of Brgopsis was 
part ia l ly  u n d e r t a k e n  to add to our knowledge  about  the f lagel lar  apparatus  in  s iphona-  
l ean  g reen  a lgae and  partly because  Bryopsis offers an excel lent  opportuni ty  to study the 
effect of extreme an i sogamy on the de ta i led  structure of the f lagellar  apparatus.  The 
male  gametes  have previously  b e e n  s tudied in  some detai l  (Hori, 1977; Melkonian ,  
1980a). 

This s tudy is the third cont r ibut ion  of a series (see also Melkonian ,  1978, 1979), 
which  aims to evalua te  structural  var iabi l i ty  and  funct ional  impl icat ions  of cruciate 
f lagel lar  root systems in  g reen  algae.  

MATERIAL AND METHODS 

Cultures  of female  and  male  strains of Bryopsis lyngbyei H o r n e m a n n  (Bryopsidales) 
were k ind ly  provided by Dr. Dr. h. c. P. K o r n m a n n  (Helgoland).  The a lgae  were cul tured 
in  an  Erd-Schreiber  solution, con ta in ing  0.2 g NaNO a, 0.02 g Na2HPO 4 x 10 H20 and  
50 ml  soil extract per  1 1 of fi l tered seawater.  The genera l  cul ture condi t ion  were: 14/10 h 
l ight /dark  cycle, 10 °C and  approximate ly  2500 Lux l ight  intensity.  Plastic petri dishes 
were used as culture vessels. Gamete  discharge in the female game tang i a  usual ly  occurs 
shortly after the b e g i n n i n g  of the l ight  period. After discharge,  female gametes  accumu- 
lated nea r  the l ight  source at the meniscus,  where  they could be collected as a 
concent ra ted  suspens ion  with a micropipette .  The cells were fixed for electron micros- 
copy as previously  descr ibed (Melkonian,  1979). Fixed cells were washed  with Erd- 
Schre iber-solut ion (4 °C) and  further processed by s tandard  methods (Melkonian,  1975). 
Sections were cut with a d i amond  knife and  observed in  a S iemens  Elmiskop IA. 
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R E S U L T S  

T h e  b i f l a g e l l a t e  f e m a l e  g a m e t e s  of Bryopsis 1ynffbyei m e a s u r e  a r o u n d  9 ~ m  i n  

l e n g t h  a n d  5 ~ m  i n  w i d t h  a n d  a r e  p e a r - s h a p e d .  T h e  g e n e r a l  u l t r a s t r u c t u r e  of t h e  f e m a l e  

g a m e t e  is  v e r y  s i m i l a r  to t h a t  of f e m a l e  g a m e t e s  of  Bryopsis hypnoides (Burr  & W e s t ,  

1970) a n d  n e e d  n o t  b e  d e s c r i b e d  i n  d e t a i l .  A l o n g i t u d i n a l  s e c t i o n  of a f e m a l e  g a m e t e  

cp 

r I 

"" "' , , / f ' ~ :  ~ eds 
rll 

Fig. 1. Schematic  3-d imens ional  reconstruct ion of the flagetlar  appara tus  of female  g a m e t e s  of 
Bryopsis lyngbyei. Abbreviat ions:  cp = capp ing  plate composed  of two non-s t r ia ted connec t ing  
fibres; tc = terminal  cap, part ial ly closing the  proximal  end  of each  basa l  body; r I = two-s t randed  
microtubular  root; tit = four-s t randed micro tubular  root (somet imes  with 5 microtubules);  cs = 
cylindrical structure associated with the two-s t randed  microtubular  root; cb = crescent  body with 
striations; eds  = electron dense  sheets  unde r ly ing  each root microtubule  of all four microtubular  
roots; sP1 = special ized area of the p l a s m a l e m m a  near  the cylindrical s tructure (probably a ma t ing  

structure) 
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r e v e a l i n g  d i s t r i b u t i o n  of m a j o r  ce l l  o r g a n e l l e s  m i g h t  t h e r e f o r e  b e  suf f i c ien t  for the  

p r e s e n t  p u r p o s e  (Fig. 2). 

A d i a g r a m m a t i c  p r e s e n t a t i o n  of t he  f l a g e l l a r  a p p a r a t u s  is s h o w n  in Fig.  1 a n d  m a y  

be  u s e d  as  a r e f e r e n c e  to t he  f o l l o w i n g  d e s c r i p t i o n  a n d  s u b s e q u e n t  m i c r o g r a p h s .  
Cross  sec t ions  of t h e  f l a g e l l a r  a x o n e m e  in  t h e  shaf t  r e g i o n  r e v e a i  in  a d d i t i o n  to t he  

u s u a l  9 ÷ 2 p a t t e r n  of m i c r o t u b u l e s  u s u a l l y  one  b i p a r t i t i o n  in a B - t u b u l e  of one  ou te r  

d o u b l e t  p e r  s e c t i o n  (Fig. 8). T h e  t r ans i t i on  r e g i o n  of t he  f l a g e l l u m  is u n u s u a l l y  l o n g  

(260-290  nm) a n d  in  cross  s ec t i on  e x h i b i t s  t he  u s u a l  s t e l l a t e  p a t t e r n  found  in  most  g r e e n  
a l g a e  (Figs 6, 7). In l o n g i t u d i n a l  s ec t ions  h o w e v e r  t he  t r ans i t i ona l  r e g i o n  l acks  the  

t r a n s v e r s e  d i a p h r a g m  (Fig. 6). E a c h  b a s a l  b o d y  is a b o u t  3 6 0 - 4 0 0  n m  tong  a n d  in cross 

s ec t i ons  a c a r t w h e e l  p a t t e r n  is o b s e r v e d  in  t h e  p r o x i m a l  r e g i o n  of e a c h  ba sa l  body.  T h e  

two  b a s a l  b o d i e s  a re  p a r a l l e l  to one  a n o t h e r  ( ang le  b e t w e e n  t h e m :  180 ° ) a n d  o v e r l a p  at 

t he i r  p r o x i m a l  e n d s  by  a r a the r  c o n s t a n t  d i s t a n c e  of 170 n m  (Fig. 3). 

Basa l  b o d i e s  a re  i n t e r c o n n e c t e d  by  two  p r i n c i p a l  n o n - s t r i a t e d  c o n n e c t i n g  f ibres  

f o r m i n g  a c a p p i n g  p l a t e  (Fig. 4), E a c h  c o n n e c t i n g  f ibre  a r i ses  f rom a d i f fe ren t  ba sa l  b o d y  
bu t  b o t h  t o u c h  e a c h  o t h e r  m i d w a y  b e t w e e n  the  b a s a l  b o d i e s  a n d  t h e r e b y  p r o v i d e  the  

c o n n e c t i o n  b e t w e e n  t h e  two  b a s a l  bod ies .  In m o s t  s ec t ions  h o w e v e r  t h e s e  two  f ibres  

a p p e a r  as a s i n g l e  c a p p i n g  p l a t e  (e. g. Fig.  4). T h e  c o n n e c t i n g  f ibres  a t t ach  at the  dis ta l  

e n d s  of t he  r e s p e c t i v e  b a s a l  b o d i e s  a n d  in  cross  sec t ions  t h r o u g h  this  a r e a  t he  f ibre  has  a 

c u r v e d  a p p e a r a n c e  a n d  is l i n k e d  to 4 d i f f e ren t  t r ip le t s  of t h e  b a s a l  b o d y  (Fig. 23). In 

a d d i t i o n  e a c h  c o n n e c t i n g  f ibre  has  o n e  d i s c r e t e  a t t a c h m e n t  s i te  to t he  p l a s m a l e m m a  at 

t he  mos t  a p i c a l  e n d  of t he  ce l l  (Figs  9, 17, 22). T h e  c o m p o u n d  c a p p i n g  p l a t e  t he re fo re  
a r c h e s  a n t e r i o r l y  to fo rm a b r i d g e  w i t h  a h o r i z o n t a l  m i d - r e g i o n  b e t w e e n  t h e  two  
a n c h o r i n g  p r o c e s s e s  (e. g. Fig.  4). T h e  l a t e r a l  r e g i o n s  of t he  c a p p i n g  p la t e  e x t e n d  

pos t e r i o l a t e r a t t y .  W h e r e a s  the  l e n g t h  of t h e  i n d i v i d u a l  c o n n e c t i n g  f ibres  r o u g h l y  corres-  

p o n d s  to t he  o v e r a l l  l e n g t h  of t he  b a s a l  b o d y  (ca. 400 nm) the  w i d t h  of t he  c a p p i n g  p la t e  
v a r i e s  b e t w e e n  200 a n d  250 nm.  In t he  o v e r l a p  r e g i o n  b o t h  ba sa l  b o d i e s  are  l i n k e d  

t o g e t h e r  by  e l e c t r o n  d e n s e  m a t e r i a l  w i t h  i n c o n s p i c u o u s  s t r i a t ions  (Fig. 3). 
T h e  p r o x i m a l  e n d  of e a c h  b a s a l  b o d y  is p a r t i a l l y  c l o s e d  by  a t e r m i n a l  cap,  i. e. an  

Fig. 2. Longitudinal section through a female gamete reveal ing major organelle distribution. The 
chloroplast is posteriorly located, contains numerous starch grains, a pyrenoid and a very large 

eyespot (arrows). X 8500 
Fig. 3. Transverse section through the tip of the female gamete, b = basal bodies; 2 = two-stranded 
microtubular root; 3 = three-stranded microtubular root; 4 = four- (or five-)stranded microtubular 
roots; open arrow = cylindrical structure in cross section associated with the two-stranded 

microtubular root. Notice basal body overlap, x 60 000 
Fig. 4. Vertical longitudinal section through the flagellar apparatus, b = basal body; the capping 

plate arches up towards the plasmalemma to which it links (arrow). × 52 500 
Fig. 5. Oblique section through the flagellar apparatus, m = mitochondrial profile; 3 = three- 
stranded microtubular root (the four lines visible in this root type reflect oblique sections through 
the electron dense sheets that underly the root microtubules; these sheets may bifurcate [see e. g. 

Fig. 18]; open arrow = oblique section through the cylindrical structure, x 45 000 
Fig. 6. Longitudinal section through transition region and basal body. The length of the transition 

region is indicated by two open arrows, x 67 500 
Fig. 7. Cross section through the transition region revealing stellate pattern. × 82 500 
Fig. 8. Cross section through the free part of a flagellum. Two opposite outer doublet exhibit 

microtubule septations in their B-tubules (arrows). x 82 500 
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e l e c t r o n  d e n s e  p l a t e  (Fig. 24). T h e  t e r m i n a l  cap  is 15-26  n m  th i ck  and  is d i r ec t ly  l i n k e d  
to t he  c a p p i n g  p l a t e  of t he  r e s p e c t i v e  b a s a l  body .  

Four  m i c r o t u b u l a r  roots  m a k e  u p  t h e  f l a g e l l a r  root  s y s t e m  {Figs 3, 5). E a c h  basa l  

b o d y  is a s s o c i a t e d  w i t h  two  of t h e  four  roots.  T r a n s v e r s e  sec t ions  t h r o u g h  the  ap i ca l  par t  

of a f e m a l e  g a m e t e  s h o w  tha t  t he  four  roots  a re  not  a r r a n g e d  in  a t yp i ca l  c ruc i a t e  pa t te rn ,  

o p p o s i t e  roots  a re  c o n s i d e r a b l y  d i s p l a c e d  a g a i n s t  e a c h  o the r  a n d  a p p e a r  to t a k e  non-  

s y m m e t r i c a l  p a t h s  i n s i d e  the  ce l l  (Figs  3, 5). F u r t h e r m o r e  at l eas t  two  o p p o s i t e  roots a re  
s t ruc tu ra l l y  no t  i d e n t i c a l  (Figs  3, 5). O n e  root  is a s s o c i a t e d  w i t h  an  e l e c t r o n  d e n s e  r ing,  
t h r e e - d i m e n s i o n a l l y  a c y l i n d e r  ( d e s c r i b e d  in  d e t a i l  be low) ,  w h e r e a s  t h e  o p p o s i t e  root  is 

no t  a s s o c i a t e d  w i t h  s u c h  a s t ruc tu re  a n d  a p p e a r s  to c o n t a i n  m o r e  m i c r o t u b u l e s  t h a n  the  
o t h e r  root  (Figs 3, 5). T h e  f l a g e l l a r  root  s y s t e m  does  not,  t he re fo re ,  s h o w  180 ° ro ta t iona l  
s y m m e t r y .  

T h e  two  s t ruc tu ra l l y  d i f f e r en t  o p p o s i t e  roots  a t t ach  to t h e  ou t e r  s ides  of t he  r e spec -  

t i ve  b a s a l  b o d i e s  (Figs  3, 5, 9, 10, 22, 23). 

C r o s s - s e c t i o n s  t h r o u g h  the  root  a s s o c i a t e d  w i t h  t he  c y l i n d r i c a l  s t ruc tu re  (Figs 9-16)  

i n d i c a t e  tha t  th is  root  t y p e  cons is t s  of two  m i c r o t u b u l e s  a l o n g  its l e n g t h .  T h e  root 
m i c r o t u b u l e s  a re  no t  d i r ec t l y  c o n n e c t e d  to b a s a l  b o d y  t r ip le t s  b u t  t h r o u g h  e l ec t ron  d e n s e  

m a t e r i a l  (Figs 9, 11, 22, 23). In t he  p r o x i m a l  par t s  of t he  root  m i c r o t u b u l e s ,  e l e c t r o n  d e n s e  
m a t e r i a l  ove r -  a n d  u n d e r l i e s  t h e  root  m i c r o t u b u l e s  {Figs 9-11) .  T h e  u n d e r l y i n g  m a t e r i a l  

fo rms  a c h a r a c t e r i s t i c  c r e s c e n t  body.  In cross  s ec t ions  t h r o u g h  t h e  root  t he  c r e scen t  b o d y  

is 2 0 0 - 2 5 0  n m  w i d e  (Figs 9-11) ;  t he  c r e s c e n t  shape ,  h o w e v e r ,  is on ly  r e v e a l e d  w h e n  the  

root  is s e c t i o n e d  in  ver t i ca l ,  l o n g i t u d i n a l  d i r e c t i o n  (e. g. Fig.  17). T h e  c u r v a t u r e  of the  
c r e s c e n t  b o d y  is t o w a r d s  t he  ce l l  i n t e r i o r  (Fig. 17). S e v e r a l  s t r i a t ions  in the  c r e scen t  b o d y  

a re  c l e a r l y  d i s c e r n i b l e  in  s u c h  l o n g i t u d i n a l  s ec t i ons  (Fig. 17). A s im i l a r  c r e s c e n t  b o d y  

w i t h  s l i gh t l y  s m a l l e r  d i m e n s i o n s  is a s s o c i a t e d  w i t h  t h e  o p p o s i t e  root  (Fig. 22). T h e  two-  
s t r a n d e d  root  is l i n k e d  to t h e  c r e s c e n t  b o d y  by  two  e l e c t r o n  d e n s e  sheets ,  w h i c h  run  the  

w h o l e  l e n g t h  of this  m i c r o t u b u l a r  root  (Figs 9-16) .  O n e  of t h e s e  shee t s  of ten  b i fu rca tes  

(Figs  11, 13, 15). T h e  e l e c t r o n  d e n s e  m a t e r i a l  a b o v e  the  two  root  m i c r o t u b u l e s  a t t aches  to 

t h e  c a p p i n g  p l a t e  (Fig. 9) a n d  a l so  to t he  c y l i n d r i c a l  s t ruc tu re  (Figs 9-11) .  

T h e  root  o p p o s i t e  t h e  t w o - s t r a n d e d  root  in  cross  s ec t i ons  a l w a y s  consis ts  of 3 

m i c r o t u b u l e s  (Figs 18-21).  I d e n t i f i c a t i o n  of th is  root  in  cross  sec t ions  is e a s y  b e c a u s e  it is 

Figs 9-16. Cross sections through the two-stranded microtubular root and associated cylindrical 
structure from proximal {Fig. 9) to distal parts {Fig. I6)~ All micrographs x 75 000 

Fig. 9. Cross section through two-stranded microtubular root near its origin, b = basal body; cp = 
capping plate; cb = electron dense crescent body; open arrow = cylindrical structure in cross 

section associated with the two-stranded root by electron dense material 
Fig. 10-12. Serial sections through the two-stranded microtubular root. The plasmalemma, overly- 
ing the cylindrical structure, exhibits a semicircular bulge (Fig. 12). In this area the crescent body 

terminates. The root tubules are intimately associated with the cylindrical structure 
Figs 13, 14. In the posterior region of the cylindrical structure, an area of the plasmalemma, adjacent 
to the plasmalemma overlying the cylindrical structure, appears to be thickened (arrows in Figs 

13, 14) 
Figs 15, 16. Cross section through distal parts of the two-stranded microtubular root. The cylindrical 
structure has terminated. In Fig. 15 electron dense material is still associated with the root 
microtubules. Electron dense sheets underlying individual root microtubules often show bifurca- 
tions (arrows). In Fig. 16. The root microtubules are only accompanied by the electron dense sheets 
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p r o x i m a l l y  a s s o c i a t e d  w i t h  a c r e s c e n t  b o d y  ( t he  o t h e r  t w o  roo ts  l a c k  a c r e s c e n t  body) ,  b u t  

l a c k s  t h e  c y l i n d r i c a l  s t r u c t u r e  (Fig  18-21) .  O v e r l y i n g  e l e c t r o n  d e n s e  m a t e r i a l  c o n n e c t s  

t h i s  roo t  to  t h e  b a s a l  b o d y  (Fig. 19). E a c h  m i c r o t u b u l e  of t h e  t h r e e - s t r a n d e d  roo t  l i n k s  to 

t h e  c r e s c e n t  b o d y  t h r o u g h  a n  e l e c t r o n  d e n s e  s h e e t  (Fig.  18). T h e s e  s h e e t s  r u n  t h e  w h o l e  

l e n g t h  of t h e  t h r e e - s t r a n d e d  roo t  a n d  s o m e t i m e s  t h e y  a l so  b i f u r c a t e  (Figs  18-21) .  

T h e  o t h e r  t w o  o p p o s i t e  m i c r o t u b u l a r  roo t s  a p p r o a c h  t h e  b a s a l  b o d i e s  i n  t h e i r  o v e r l a p  

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

( see  a l so  Fig.  1). T h e y  r u n  v e r y  c lose  to t h e  p r o x i m a l  e n d  of o n e  b a s a l  b o d y  (Fig. 24) a n d  

a p p e a r  to  t e r m i n a t e  a t  t h e  c o n n e c t i n g  f i b r e  of t h e  o t h e r  b a s a l  b o d y  (Fig. 4), i n  a n  a r e a  

w h e r e  b o t h  c o n n e c t i n g  f i b r e s  t o u c h  e a c h  o the r .  In t h e  m o s t  p r o x i m a l  c ross  sec t ions ,  t h e s e  

roo t s  e x h i b i t  t y p i c a l  roo t  t u b u l e  c o n f i g u r a t i o n s  a n d  a 3 + 1 or  4 + 1 - p a t t e r n  is p r e s e n t  

(F igs  24 -26 ) .  T h e  t u b u l e  of t h e  s e c o n d  r o w  ( t u b u l e  1, t e r m i n o l o g y  a c c o r d i n g  to M e l k o -  

n i a n ,  1978) is d i r e c t l y  c o n n e c t e d  to t h e  t e r m i n a l  c a p  of o n e  b a s a l  b o d y  (Fig 24), t h e  o t h e r  

t h r e e  or  f ou r  m i c r o t u b u l e s  l i n k  to t h e  c a p p i n g  p l a t e  (Fig. 24), In m o r e  d i s t a l  c ross  s e c t i o n s  

t h r o u g h  t h e s e  roots ,  roo t  t u b u l e  1 c h a n g e s  p o s i t i o n  r e l a t i v e  to t h e  o t h e r  m i c r o t u b u l e s  a n d  

j o i n s  t h e  u p p e r  r o w  (Figs  25 -27 ) .  In t h i s  roo t  type ,  e a c h  m i c r o t u b u l e  is a g a i n  a s s o c i a t e d  

w i t h  a n  e l e c t r o n  d e n s e  s h e e t  of s i m i l a r  s t r u c t u r e  as  in  t h e  o t h e r  two  roo ts  (Figs  24-27) ;  

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

roo t s  (F igs  26, 27). A c r e s c e n t  b o d y  is a b s e n t  a n d  o p p o s i t e  roo t s  a p p e a r  to b e  i d e n t i c a l  in  

s u b s t r u c t u r e .  A f e w  s e c o n d a r y  c y t o s k e l e t a t  m i c r o t u b u l e s  a r e  s o m e t i m e s  s e e n  to o r i g i n a t e  

n e a r  t h e  roo t  m i c r o t u b u l e s  (Fig. 25). 

T h e  c y l i n d r i c a l  s t r u c t u r e  w h i c h  is  a s s o c i a t e d  w i t h  t h e  t w o - s t r a n d e d  m i c r o t u b u l a r  

r oo t  is  t h e  m o s t  c o n s p i c u o u s  f e a t u r e  of t h e  f l a g e l l a r  a p p a r a t u s  of t h e  f e m a l e  g a m e t e s  

(Figs.  9 - 1 6 ,  Fig.  17). F i g u r e s  9 - 1 4  r e p r e s e n t  c ross  s e c t i o n s  t h r o u g h  t h e  c y l i n d r i c a l  s t ruc -  

t u r e  f r o m  i ts  p r o x i m a l  (Fig.  9) to  i t s  d i s t a l  (Fig. 14) e n d .  In  l o n g i t u d i n a l  s ec t ion ,  t h e  

c y l i n d r i c a l  s t r u c t u r e  m e a s u r e s  a r o u n d  1.4 ~ m  i n  l e n g t h  (Fig. 17). T h e  d i a m e t e r  of t h e  

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

T h e  c e n t r a l  r e g i o n  h a s  a m a x i m u m  d i a m e t e r  of 160 n m  (Fig. 12). T h e  r i n g  is no t  

c o n t i n u o u s ,  b u t  in  a n  a r e a  of 60 n m  w i d t h ,  a m o r p h o u s  e l e c t r o n  d e n s e  m a t e r i a l  p e n e t r a t e s  

i n t o  t h e  r i n g  i n t e r i o r  (Figs  11-13) .  E l e c t r o n  d e n s e  m a t e r i a l  o v e r l y i n g  t h e  t w o  root  

Fig. 17. Longi tudinal  section through the cylindrical  structure (limits of the cylindrical structure are 
g iven  by the open  arrows), b = basal  bodies; cb = two crescent  bodies of opposite roots; cp = 
capping  plate~ m = mitochondr ia l  profile; 2 = longi tudinal  section through two-st randed mic- 

rotubular  root. x 67 500 
Figs 18-21. Cross sections through the three-s t randed  root (the root opposite the two-stranded root) 

from proximal  (Fig. 18) to distal  (Fig. 21) regions. All micrographs  × 75 000 
Fig. 18. Cross section through proximal  parts  of the th ree-s t randed  root. Electron dense  sheets link 
indiv idual  root tubules  to the  under ly ing  crescent  body (cb). b = basal  body~ notice bifurcation of 
one of the electron dense  sheets.  Al though there  is some fuzzy mater ia l  overlying the root 

microtubules  (Figs 19, 20) there  is no cylindrical  s tructure present  in this root type. 
Fig. 22. Cross section th rough  the  central  region of the  f lagellar  appara tus  b = basal  bodies  in their  
overlap region; 3 = obl ique section of th ree-s t randed  microtubular  root; open arrow = oblique 
section through cylindrical  struture. Only one of the two opposite roots is associated with a 

cylindrical structure, but  bo th  are associated with a crescent  body (cb), × 60 000 
Fig. 23. Cross section through a basal  body. Long arrow = capping plate  in cross section apparent ly  
l inked  to 4 microtubule  triplets of the basal  body; open arrow = cylindrical structure in oblique 

section, x 75 000 
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m i c r o t u b u l e s  l i n k  t h e s e  t u b u l e s  to  t h e  a m o r p h o u s  m a t e r i a l  (F igs  11-14) .  T h e  c y l i n d r i c a l  

s t r u c t u r e  c a u s e s  t h e  p l a s m a l e m m a  o v e r l y i n g  t h e  s t r u c t u r e  to  b u l g e  c o n s i d e r a b l y  ou t -  

w a r d s  so  t h a t  a s e m i c y l i n d r i c a t  p r o t r u s i o n  of t h e  ce l l  s u r f a c e  is f o r m e d  {Figs 12, 13). 

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

(F igs  9 -14) .  A d j a c e n t  to t h e  s e m i c y l i n d r i c a l  p l a s m a l e m m a  a r e a  i n  s o m e  cross  sec t ions ,  

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

t h i c k e n e d  (Figs  13, 14, a r rows) .  T h i s  p l a s m a l e m m a  r e g i o n  i n  c ross  s e c t i o n s  m e a s u r e s  

0 . 3 - 0 . 4  gm.  T h i s  a r e a  is  c o n f i n e d  to t h e  p o s t e r i o r  r e g i o n  of t h e  s e m i c i r c u l a r  b u l g e .  

T h e  e l e c t r o n  d e n s e  m a t e r i a l ,  o v e r l y i n g  t h e  roo t  m i c r o t u b u l e s  i n  s o m e  h o r i z o n t a l  

l o n g i t u d i n a l  s e c t i o n s ,  a p p e a r e d  to b e  s t r i a t e d ,  i t  w a s  h o w e v e r  n o t  p o s s i b l e  to d e t e r m i n e  

t h e  s t r i a t i o n  p a t t e r n  n o r  to  d e c i d e  if 4 or  o n l y  t w o  s t r i a t e d  roo t s  a r e  p r e s e n t .  S y s t e m  II 

f i b r e s  ( t e r m i n o l o g y  a c c o r d i n g  to M e l k o n i a n ,  1980a)  w e r e  n o t  f o u n d  in  t h e  f l a g e l l a r  

a p p a r a t u s  of f e m a l e  g a m e t e s .  

°27 
Figs 24-27. Cross section th rough  root type II (four- or f ive-s t randed root) from more proximal 

{Fig. 24} to more distal  (Fig. 27) regions. All micrographs  × 75 000 

Fig, 24. Cross sect ions th rough  5-s t randed root in the region of basal  body overlap, b = basal 
bodies;  long arrow = capp ing  plate;  small  arrow = root tubule  1 l inks to the terminal  cap 

Fig. 25. More distal  cross section th rough  5-s t randed root, Two secondary cytoplasmic microtubules 
(arrows) apparen t ly  or iginate  at this root. In this region no electron dense  mater ial  overlies the root 

microtubules  
Figs 26, 27. Gradual  change  in root tubule  configuration, root tubule  1 (root tubule  in the second 
row} forms one row wi th  the other  four microtubules.  Notice e lectron dense  sheets associated with 

indiv idual  microtubules  
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DISCUSSION 

F u n c t i o n a l  c o n s i d e r a t i o n s  

The f lagel lar  appara tus  of female  game tes  of Bryopsis lyngbyei  shows many  unusua l  

features that have  not yet  b e e n  found in other  g reen  a lgae.  One  of the more  conspicuous  

structures in the f lage l la r  appara tus  is the cyl indr ica l  s t ructure assoc ia ted  with  the two- 

s t randed micro tubular  root. This structure is not p resent  in the f lage l la r  appara tus  of 

male  game tes  in Bryopsis lyngbyei (Melkonian,  1980a and unpub l i shed  observat ions)  or 
Bryopsis maxima (Hori, 1977). The structure is s ingular  and connec ted  to a spec ia l i zed  

region of the p l a s m a l e m m a  near  the f lage l la r  bases. It is sugges t ed  that it represents  a 

mat ing structure, an o rgane l l e  associa ted with  the p l a s m a l e m m a  of game tes  and 
e n g a g e d  in the gamet i c  fusion process (Goodenough  & Weiss, 1975, Melkonian ,  1980b). 
The mat ing  structures of Chlamydomonas reinhardii (Goodenough  & Weiss, 1975) and 

Ulva lactuca (Melkonian,  1980b), which  have  b e e n  s tud ied  in detail ,  are also associa ted  

with  a two-s t randed micro tubula r  root. Unfortunately,  direct  proof that  the cyl indr ica l  
structure acts as a mat ing  structure dur ing  game t i c  fusion in Bryopsis is lacking,  because  

gamet ic  fusion in our cultures was a rare even t  and sufficient quant i t ies  of g a m e t e  pairs 

were  not avai lable .  The absence  of a de f ined  mat ing  structure in male  g a m e te s  suggests  

that gamet ic  fusion migh t  occur in a way, wh ich  is different  to the wel l  known 

mechanisms  of Chlamydomonas reinhardii ( review by Goodenough ,  1977) or Ulva 
lactuca (Melkonian,  1980b). In this context  it is in te res t ing  to not ice  that  in the oogamous  

gamet ic  fusion of Prasiola stipitata (Fr iedmann & Manton,  1960) the ma le  g a m e te s  m a k e  
contact  wi th  the eggs  by one of thei r  f lagel la .  Male  game tes  of Bryopsis Iyngbyei exhibi t  

an unusual  sw imming  behav iour  in which  one  of the two f lage l la  is he ld  in an anter ior  

position, whereas  the other  f l age l lum is t ra i l ing (unpubl i shed  observations).  It migh t  
wel l  be that gamet i c  fusion in Bryopsis is in i t ia ted in a s imilar  way  as in Prasiola. 

The associat ion of a two-s t randed  micro tubular  root wi th  a mat ing  structure and our 

unpub l i shed  observat ions  that  a 4- or 5-s t randed  micro tubula r  root is often seen  near  the 

eyespot  of the female  game tes  of Bryopsis lyngbyei, further add to the idea  that 

microtubular  f lage l la r  roots migh t  be  essent ia l  for de t e rmin ing  the exact  posi t ion of both 

the mat ing  structure and the eyespot  in mot i le  cells  of many  g reen  a lgae  (see also 
Melkonian,  1981). 

An in t r iguing  observat ion with respect  to the cruciate  micro tubular  root system in 

female  gametes  of Bryopsis lyngbyei is that  a strict 180 ° rota t ional  symmetry  (as de f ined  

by Floyd et al., 1980) is absent.  It has previous ly  b e e n  as sumed  that the micro tubula r  
roots in cruciate f lagel lar  root systems, as wel l  as the basal  body-assoc ia ted  fibrous 

structures, exhibi t  180 ° rota t ional  symmetry  (Floyd et aL, 1980). In g r een  a lgae  a 180 ° 
rotat ional  symmetry  of the f lage l la r  appara tus  was  not found in female  g a m e te s  of Ulva 
lactuca, in which  fibrous roots are unequa l ly  d is t r ibuted on opposi te  s ides  of the f lage l la r  

apparatus  (Melkonian,  1980b). The  s ingle  eyespot  and ma t ing  structure impose  a typical  

left-right symmetry  onto most g reen  a lgal  cells. In game tes  of Ulva lactuca it has b e e n  
shown that the eyespot  and mat ing  structure are loca ted  on the same side of the cell  if 

one uses the p lane  of beat  of the two f lage l la  to separa te  a cell  into two ha lves  (Robenek 

& Melkonian,  1981). The  present  observat ion,  that  one pair  of opposi te  micro tubula r  

roots contains different  mic ro tubu le  number s  in the ind iv idua l  roots, appears  to be  the 
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first report in  the g reen  algae. If one assumes that micro tubule  number s  in a root are 
funct ional ly  impor tant  (at least with respect  to the two-s t randed root only one exception 
has b e e n  noted, see Moestrup, 1978), an  ident ica l  repl icat ion of this root becomes a 
necessity. Var ia t ion of root tubule  n u m b e r s  in  opposite roots could then mean  that either 
one or both of these roots are non- func t iona l  in  the or iginal  sense. Evidence for such an 
assumpt ion  also comes from a recent  observat ion that in  zoospores of a species lacking 
an eyespot, root tubu le  number s  in the respect ive root type are more var iable  in opposite 
roots than  in  re la ted species with zoospores exhib i t ing  an eyespot (Melkonian,  in 
preparation).  

P h y l o g e n e t i c  c o n s i d e r a t i o n s  

Before the de ta i led  structure of the f lagel lar  apparatus  in  female gametes  of Bryopsis 
Iyngbyei is compared  with that of other green  algae,  it is essent ia l  to compare it with the 
f lagel lar  appara tus  of the male  gametes.  Bryopsis gametes  show an  extreme case of 
an i sogamy and  the differences found in  the f lagellar  apparatus  be tween  female and 
male  gametes  might  be a reflect ion of this anisogamy.  It has a l ready been  noted that 
male  gametes  lack the cyl indrical  structure, p re sumab ly  a mat ing  structure (see above). 
System II fibres are present  in the male  gametes  of Bryopsis 1yngbyei and  Bryopsis 
max/ma (Melkonian  1980a; Hori, 1977} associated with a micro tubular  root conta in ing  4 
microtubules  (unpubl .  observations}. No system If fibres have been  found in  the flagellar 
appara tus  of female  gametes.  They  might  be  funct ional  in  the pecul iar  swimming  
behaviour  of the male  gametes  (see above). On the other hand,  the crescent body 
u n d e r l y i n g  two micro tubular  roots in  the female gamete  is not present  in  the male  
gamete.  Differences in the deta i led  structure of the micro tubular  roots might  exist, but  no 
de ta i led  informat ion on micro tubular  roots in  the male  gametes  exists. In summary  both 
gamete  types appear  to have the fol lowing features of their  f lagellar  apparatus  in 
common:  (a) a compound  non-s t r ia ted  capp ing  plate, (b) te rminal  caps, (c) microtubule  
septat ions  in  B-tubules  of outer doublets,  (d) an  unusua l l y  long t ransi t ion region with 
absence  of a t ransverse d iaphragm,  (e) basal  body overlap, (f) a cruciate microtubular  
root system in  which the two-s t randed roots l ink  to the side of each basa l  body that is not 
ad jacent  to the other basa l  body. 

Recent ly Roberts et al. (1981, in  prep.) have comparat ively  s tudied the flagellar  
appara tus  of the an i sogametes  of Derbesia tenuissima. The f lagellar  apparatus  of the 
male  gametes  is near ly  ident ica l  to that of Bryopsis male  gametes.  The female gametes  
of Derbesia tenuissima, however,  have  some pecul iar i t ies  in the structure of their 
f lagel lar  apparatus.  The micro tubular  root system is cruciate with a 5-3-5-3-pattern and 
therefore differs from that descr ibed in  this study. The path of the roots and  the way in 
which they or iginate  at the basal  bodies  suggests  that the 5-s t randed roots correspond to 
the 2- and  3-s t randed roots of female  gametes  of Bryopsis lyngbyei, whereas  the 3- 
s t randed roots correspond to the 4-(5-)stranded roots of male  and female gametes of 
Bryopsis lyngbyei. An exp lana t ion  for this he te rogene i ty  of the microtubular  root 
systems of female gametes  b e t w e e n  Bryopsis and Derbesia is difficult to give. It should 
however  be noted  that an  eyespot is l ack ing  in  female gametes  of Derbesia and  the 
cyl indr ical  structure also appears  to be absen t  in  female gametes  of Derbesia. It is aga in  
suggest ive  that a micro tubular  root system that is not associated with an eyespot or 
mat ing  structure would  be modif ied  dur ing  evolut ion.  In addit ion,  Roberts et al. (in 
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preparation) found a system II fibre in  the female gametes  of Derbesia tenuissima, but  
orientat ion of the fibre and  association with the 5-s t randed root, seems to indica te  that 
the fibre is not homologous to the system II fibre found in  the male  gametes  of both 
genera  and  may be more re la ted to the crescent  body of female gametes  of Bryopsis 
1yngbyei. Otherwise the structure of the f lagel lar  appara tus  of an i sogametes  of Derbesia 
tenuissima agrees well  with the genera l  characterist ics g iven  above (a)-(f) for the 
flagellar apparatus  of an isogametes  of Bryopsis. 

If one compares the f lagel lar  appara tus  of Bryopsis gametes  with that of other green  
algae it is obvious that the system is most s imilar  to that of some green  a lgae that have 
recently been  classified as a separate  class, the Ulvaphyceae  sensu Stewart  & Mattox 
(Stewart & Mattox, 1978; S lu iman  et al., 1980). The  features that the f lagel lar  appara tus  
of Bryopsis gametes  share with that of the Ulvaphyceae  sensu  Stewart  & Mattox inc lude  
the capping plate, t e rmina l  caps, micro tubule  septations,  basal  body overlap, posi t ional  
relat ion of root types to basal  bodies  and  in  part  t ransi t ion region ultrastructure.  The 
Ulvaphyceae are addi t ional ly  character ized by the presence  of system I and  system II 
fibrous roots (Melkonian,  1980a; SMAC or rhizoplasts in  the te rminology of Floyd et al., 
1980). System I fibres have not been  conclus ively  demonst ra ted  in female gametes  of 
Bryopsis, but  the over lying electron dense  mater ia l  associated wi th  all four roots might  
well  be striated in horizontal  long i tud ina l  section. A system I fibre associated with a two- 
s tranded root was found in zoospores of Derbesia tenuissima (Roberts et al., 1980). 
System II fibres appear  to be restricted to male  gametes  of s iphona lean  green  a lgae 
(Hori, 1977; Me lkon ian  1980a; Roberts et al., 1981, in  prep.). It is therefore not clear 
whether  homology exists be tween  the system II fibres of male  gametes  of s i phona l ean  
green a lgae and  the p rominent  system II fibres of the Ulvaphyceae  sensu  Stewart  & 
Mattox. 

The Chlorophyceae sensu Stewart & Mattox (Stewart & Mattox, 1975) have a 
differently constructed f lagellar  apparatus,  i nc lud ing  presence  of distal and  proximal  
striated connec t ing  fibres, absence  of t e rmina l  caps and  micro tubule  septat ions and  
basal  body overlap, lack of system II fibres (at least in the advanced  members  of this 
group) and  a different ul trastructure of the t ransi t ion region. The posi t ional  re la t ion of 
root types to the respect ive basal  bodies  is also different in  the Chlorophyceae  sensu  
Stewart & Mattox and  since this character  has previously not b e e n  used  for phy logene t i c  
considerations,  some remarks should be made.  In the Ulvaphyceae  sensu Stewart  & 
Mattox, in Bryopsis, Derbesia and  some other green  a lgae related to each other (Mic- 
rothamnion, Friedmannia, Trebouxia, Pleurastrum, the Chroolepidaceae;  Melkonian ,  in 
preparation) basal  body overlap results in  the formation of two different sides of each 
basal  body in  a basal  body pair: an  outer side, facing away from the other basal  body, 
and an inne r  side to which the other basa l  body  in  a proximal  region  attaches, tt is found 
that in these groups of g reen  a lgae  two-s t randed micro tubutar  roots approach and  l ink  to 
the outer side of each basal  body, whereas  m u l t i - m e m b e r e d  roots (e. g. 4- or 5-s t randed 
roots) approach a region be tween  both basal  bodies  and  l ink  to the inne r  side of each 
basal  body. In the Chlorophyceae sensu Stewart  & Mattox, the opposite s i tuat ion occurs. 
Although there is no basal  body overlap in the Chlorophyceae,  the two basal  bodies  of a 
pair  are displaced agains t  each other by a dis tance of a basa l  body d iameter  or s l ightly 
less. Two-s t randed micro tubular  roots approach the area b e t w e e n  the basal  bodies,  
opposite roots forming a straight l ine (e. g. Melkonian ,  1978). Mu l t i -membered  roots 
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a p p r o a c h  e a c h  b a s a l  b o d y  at  a n  a n g l e  of a r o u n d  45°; o p p o s i t e  roots  are  c o n s i d e r a b l y  

d i s p l a c e d  a g a i n s t  e a c h  o t h e r  ( M e l k o n i a n ,  1978). 

In s u m m a r y ,  th is  s t u d y  h a s  s h o w n  tha t  t h e  f l a g e l l a r  a p p a r a t u s  of f e m a l e  g a m e t e s  of 

Bryops i s  l y n g b y e i  is u n i q u e  a n d  c o n t a i n s  s t r u c t u r e s  no t  p r e v i o u s l y  s e e n  in  o t h e r  g r e e n  

a l g a e ,  b u t  i n  s o m e  g e n e r a l  a s p e c t s  r e s e m b l e s  t h e  f l a g e l l a r  a p p a r a t u s  of t h e  U l v a p h y c e a e  

s e n s u  S t e w a r t  & Mat tox .  M o r e  s i p h o n a l e n  g r e e n  a l g a e  s h o u l d  b e  s t u d i e d  w i t h  r e s p e c t  to 

t h e  d e t a i l e d  s t r u c t u r e  of t h e  f l a g e l l a r  a p p a r a t u s  in  b i f l a g e l l a t e  cel ls ,  b e f o r e  f ina l  c o n c l u -  

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