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ABSTRACT: Spermatogenesis  in the lugworm Arenicola marina, in common with other members  of 
Arenicolidae, occurs in the coelomic fluid and results in the formation of discs of mature spermatozoa 
known as a morulae. Within a morula, individual spermatozoa are connected by a common mass of 
cytoplasm called the cytophore and therefore make up a syncitium. Immediately prior to spawning,  
and in response to an  endocrine substance known as "Sperm Maturation Factor" (SMF), the  structure 
of the sperm morulae breaks down and free spermatozoa are liberated. These are subsequent ly  
spawned from the body cavity. The investigation described here uses transmission electron micro- 
scopy to invest igate the ultrastructural changes, which accompany spermatogenesis  and  the break- 
down of sperm morulae in response to SMF in vitro. The study demonstrates  that the cytophore 
appears to have  a key role both during spermatogenesis  and during sperm morula breakdown.  The 
ultrastructure of sperm morulae and of mature  spermatozoa is described. The structure of sper- 
matozoa is shown to be  primitive with a single flagellum which appears  to be coiled at  its distal end. 
The phagocytosis of free spermatozoa by coelomocytes is also described and  it is sugges ted  that  
these may play a role in the resorption of unspawned gametes  in vivo. 

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

T h e  r e p r o d u c t i v e  b i o l o g y  of Arenicola marina ( the  L u g w o r m )  is we l l  d o c u m e n t e d  

a n d  h a s  b e e n  d e s c r i b e d  in  a n u m b e r  of p a p e r s  s u c h  as  t h o s e  of N e w e l l  (1948), D u n c a n  

(1960), a n d  H o w i e  (1959, 1984). Of ten ,  it is c h a r a c t e r i s e d  b y  h a v i n g  a d i s t i nc t  s p a w n i n g  

crisis  and ,  a t  m o s t  loca l i t i es  in  t h e  U.K. w h i c h  h a v e  b e e n  i n v e s t i g a t e d ,  th i s  u s u a l l y  occu r s  

in  t he  l a t e  a u t u m n  or ea r ly  w in t e r .  G a m e t o g e n e s i s  occu r s  in  t h e  p r e c e d i n g  m o n t h s  a n d  

w h i l s t  t h e  p r o l i f e r a t i o n  of s p e r m a t o g o n i a  occu r s  in  t h e  tes tes ,  s p e r m a t o g o n i a  a r e  r e l e a s e d  

a t  a n  ea r ly  s t a g e  to d e v e l o p  in  t h e  b o d y  cav i ty  b a t h e d  in  c o e l o m i c  f lu id  ( A s h w o r t h ,  1904~ 

O h v e ,  1972a,  b). T h e  s p e r m a t o z o a  of A. marina, a l o n g  w i t h  o t h e r  m e m b e r s  of t he  

A r e n i c o l i d a e ,  h a v e  a c lass ica l  p r i m i t i v e  s t r u c t u r e  (see F r a n z 6 n ,  1956 for s p e r m  types ) ,  a n d  

s p e r m a t o g e n e s i s  w i t h i n  th i s  f ami ly  is p a r t i c u l a r l y  i n t e r e s t i n g  b e c a u s e  i t  r e s u l t s  in  t he  

f o r m a t i o n  of a d isc  of m a t u r e  s p e r m a t o z o a  ca l l ed  a m o r u l a  (see Newel ] ,  1948; Ol ive ,  1983; 

S a w a d a ,  1984). W i t h i n  a m or u l a ,  i n d i v i d u a l  s p e r m a t o z o a  a re  c y t o p l a s m i c a l l y  c o n n e c t e d  
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to a centra l  mass  of cytoplasm cal led the cytophore.  The prec ise  function of the  cytophore  
remains  unknown,  a l though it has been  descr ibed  in a number  of po lyc ha e t e  families 
inc luding  the Terebe l l idae  (Eckelbarger,  1975; Smith, 1989) and in the  O phe l i i da e  (Ochi 
et al., 1977). 

When  p resen t  in sperm morulae,  the spermatozoa  of A. marina a re  incapab le  of 
be ing  s p a w n e d  to the  exterior of the body  cavity (Howie, 1961). Prior to spawning  it is 
therefore  necessa ry  for the morulae  structure to dissociate and  for spe rma tozoa  to 
become  free. The  process  of sperm m o m l a  b r e a k d o w n  is unde r  endocr ine  control  from a 
factor r e l e a s e d  from the prostomium (Howie, 1963) which  has  b e e n  t e r m e d  "Sperm 
Matura t ion  Factor" (SMF) (Bentley, 1985). Various aspects  of this p rocess  have  b e e n  
inves t iga ted  (see Howie,  1961, 1963; Bentley, 1985; Bentley et al., 1990) and  others  are 
current ly  the  focus of at tent ion (Bentley & Pacey, 1991). This study, however ,  inves t iga tes  
the  ul t ras t ructure  of mature  spermatozoa  in A. marina using t ransmiss ion  e lect ron 
microscopy and  observes  the ul t rastructural  changes  which  occur b o t h  dur ing  sper-  
matogenes is ,  and  dur ing  the l iberat ion of free sperm from sperm morulae .  

Earl ier  s tudies  have  inves t iga ted  some aspects  of spe rm ul t ras t ructure  in A. marina. 

Meijer  (1979), for example ,  pub l i shed  micrographs  of sperm morula  in A. mar ina  but  said 
very little of the  ul t ras t ructural  detai l  of the morula  or of ma ture  spe rmatozoa .  The  
dissociat ion of spe rm morulae  has  been  descr ibed  previously us ing  l ight  microscopy 
(Bentley, 1986a), and  pre l iminary  ul t rastructural  observat ions  us ing t ransmiss ion  elec-  
tron microscopy have  been  m a d e  (Bentley, 1986b). However ,  a d e t a i l e d  s tudy of both  
spe rmatogenes i s  and  sperm morula  b r e a k d o w n  using scanning  e lect ron microscopy  has 
been  carr ied out  (Bentley & Pacey, 1989) and this is a complemen ta ry  s tudy  to that  work. 

MATERIALS AND METHODS 

Fixat ions were  carr ied out on sperm samples  t aken  from animals  wh ich  had  b e e n  
col lected from a n u m b e r  of sites a round  the U.K. Details  of collection sites,  ma in t enance  
of animals  in the  labora tory  and removal  of sperm samples  from the coe lom have  been  
desc r ibed  previously  (Bentley & Pacey, 1989). 

The fixation me thod  was  also as descr ibed  previously,  except  that  samples  were  
d e h y d r a t e d  th rough  an  ace tone  series before  be ing  p laced  in an  a r a l d i t e : a c e t o n e  
mixture  ( 4 : 1  v/v) overnight  and  then e m b e d d e d  in araldi te .  This was  a l lowed  to 
polymer ise  at 60 ~ for 36 hours. Sections were cut on a A. F. Huxley  pa t t e rn  ul t rami-  
crotome and  moun ted  on G300 mesh  copper  grids (EM Scope). Prior to observat ion ,  the  
sect ions were  double  s ta ined according to the methods  of Lewis & Knight  (1977); for 
10-15 minutes  wi th  sa tu ra ted  uranyl  aceta te  in 70% ethanol  and  then,  fol lowing 
washing,  wi th  Reynolds '  l ead  citrate (Reynolds, 1963)for  10-15 minutes.  Sect ions were  
examined  us ing a Phillips EM301 transmission e lect ron microscope.  

Sperm samples  for t ransmission electron microscopy were  incuba ted  wi th  pros tomial  
SMF in vitro and  sequent ia l  fixations were  carr ied out at five minute  intervals .  During 
each  exper iment ,  th i r teen activation and  thi r teen control  incubat ions  w e r e  carr ied  out in 
para l le l  and  spe rm were  incuba ted  with ei ther  500 ~d of prostomial  h o m o g e n a t e  at  a final 
concentra t ion  of 0.4 pros tomia  - m1-1, or 500 ~1 TPSW (Triple filtered seawater )  respec-  
tively, at a t empe ra tu r e  of 14 ~ All  incubat ions  were  carr ied out in Eppendor f  tubes.  

At  t ime zero, 50 ~l of "dry sperm" (undiluted coelomic sperm) was  a d d e d  to each  of 
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the incubations and at five minute  intervals for 60 minutes, one experimental  and  one 
control incubat ion were fixed by the addition of fixative and processed for electron 
microscopy as described above. Five experiments.were carried out which gave a total of 
130 fixed sperm samples. In addition, coelomic samples were taken from male A. marina 

which were not yet sexually mature (therefore containing early stages of spermato- 
genesis), and  these were fixed for transmission electron microscopy in the same way. 

RESULTS 

S p e r m a t o g e n e s i s  

Following the release of spermatogonia from the testis in Arenicola marina,  one of 
the earliest stages observed in fixed samples of the coelomic fluid is shown in Figure 1. 
This shows a transverse section through a spherical cluster of spermatogonia with 
individual  gonia connected by cytoplasmic bridges. The exact size of the cluster and 
presumably the n u m b e r  of gonia which it contains is variable, since this depends  upon  
the total number  of divisions which have taken place prior to fixation. The cluster shown 
in Figure 1 is ca 30 ~m in diameter. It is often, difficult to ascertain the exact stage of 
spermatogenesis  of such clusters; whether  they are spermatocytes (i.e. are still undergo-  
ing proliferative mitotic division) or whether  they are spermatids (i.e. have undergone  
their final meiotic division). The transverse section shown in Figure 2, however, is clearly 
that of a cluster of developing spermatids. Within this cluster, the nucleus of individual  
spermatids are elongate and are undergoing  nuclear  condensation. In some spermatids, 
vesicles are clearly visible and in one, a centriole is present. The cytoplasmic connect ions 
be tween  the spermatids have become thickened in comparison with the earlier stage 
shown in Figure 1. 

As differentiation of the spermatids continues, the cluster flattens and becomes disc- 
like. Spermatids acqmre a longi tudinal  axis and a polarity with the rudiments  of a 
flagellum becoming visible at their distal end. Figure 3 shows a transverse section 
through a disc at this stage of development.  Within these spermatids nuclear  condensa-  
tion is partially complete and the development  of sperm organelles is occurring. 
Rudimentary mitochondria are forming (m) and  pre-acrosomal vesicles (p) are often 
visible. The cytophore appears to play a key role in the development  of the spermatids, 
and in later stages it is seen to contain many  active cell organelles. Figure 4 shows 
spermatids which have completed nuclear  condensat ion and  in which the acrosomal 
vesicle, al though not yet fully differentiated, has migrated to the anterior end  of the 
spermatozoon. At this stage, endoplasmic ret iculum (er) is widely distributed throughout  
the cytoplasm of the cytophore and suggests that active synthesis is occurring within the 
sperm disc. Electron dense spherical vesicles are also visible within the cytophore, 
although it is not clear whether  these are lysosomes or storage organelles. 

As the development  into mature  spermatozoa proceeds, the cytophore shrinks in size 
until  it contains very few cytoplasmic inclusions apart from membrane  bound  vesicles. 
Figure 5 is of a mature sperm morula and it is within this structure that the spermatozoa 
remain  until just prior to spawning  or when  incubated in vitro with SMF. 
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U l t r a s t r u c t u r e  of m a t u r e  s p e r m a t o z o a  a n d  the  s p e r m  m o r u l a  

Figure 5 shows a transverse section through a fully differentiated sperm morula  and 

the orientation of mature  spermatozoa with their a'crosomes toward the cytophore.  It can 

be seen that the cytophore contains very httle cytoplasm and few cytoplasmic inclusions, 

but it is seen to make  connection with individual  sperm heads. The details of these 

connections are seen more clearly in Figure 6, with a stalk of cytoplasm from the 

cytophore making  contact with individual  spermatozoa on the lateral  surface of the 

sperm head,  just behind the acrosome, Figure 6 also shows detail of the head  and mid- 

region of a mature  spermatozoon. 
The spermatozoa of Arenicola marina conform to a typical primitive ultrastructure. 

The head  reg ion  of mature spermatozoa consists mainly of nuclear  mater ia l  surmounted  

by a cup-like acrosome (Fig. 6) (see Sawada  [1984] for acrosome types). At the  apex of the 
acrosome is a small acrosomal button or apical vesicle. This is anterior to the acrosomal 

vesicle which lies in the space be tween  the acrosome and the nucleus, and in A. marina 

contains material  which is moderate ly  granular. The nucleus, both in t ransverse and 

longitudinal  section, appears  ovoid in shape and posteriorly there are four to six 

mitochondria. Figure 7 shows a t ransverse section through the mid-region of a spermato-  
zoon in which there are five. Located within the mid-region of spermatozoa  are two 

centrioles oriented at 90 ~ to each other (Figs 8, 9). The distal centriole lies along the 

central  vertical  axis of the spermatozoon and has nine paddle-hke  arms. From these arise 
the nine outer doublets of the flageilar axoneme,  the two central singlets arising distal to 

the centriolar apparatus (Fig. 10). 
The sperm flagel lum of A. marina is relatively unmodified along its length  and 

consists of the convent ional  a r rangement  of 9 + 2 microtubules tightly enclosed within a 
membrane  sheath. Occasionally, however ,  modifications of the f lagel lum are observed.  

These  usually occur with regard to the membrane  surrounding the axoneme  which  may 

become  flared, expanded,  or occasionally forms are observed where  two axonemes  are 
surrounded by a single membrane.  Transverse  sections through various points a long the 

distal region of the f lagel lum suggest  that the axoneme is c o ~ n g  within the f lagellar  part 

of the cell m e m b r a n e ( F i g .  1i). 

I n c u b a t i o n  of s p e r m  m o r u l a e  w i t h  S M F  in  vi t ro  

When coelomic sperm samples of Arenicola m a n n a  are incubated  with  SMF in vitro, 

f ree  sperm are hbera ted  from the sperm morulae  after approximately 50 minutes  at 14 ~ 

Fig. 1. Transverse section through a cluster of developing spermatocytes or spermatids showing 
cytoplasmic connections between individual cells which connect in the centre of the cluster to make 

up the cytophore (cy). Scale bar = 10 ~tm 
Fig. 2, Transverse section of a cluster of developing spermatids. Nuclear condensation is partially 
complete and organelles such as centrioles are visible (n = nucleus; c = centriole}. Scale bar = 2 ~m 
Fig, 3, Transverse section through a later stage of morula development, the cluster of spermatids 
now having flattened to form a disc. The differentiation of spermatozoa is now occurnng and cell 
organelles are clearly visible/m = mitochondria: p = pre-acrosomal vesicle: cy = cytophore). Scale 

bar = 2 ~m 
Fig. 4. Spermatid disc in which nuclear condensation is complete. The cytophore contains endoplas- 

mic reticulum (er) which suggests active biosynthesis is occurring. Scale bar = 2 ~m 
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Pig, 5. S t ruc ture  of m a t u r e  s p e r m  m o r u l a  s h o w i n g  t he  or ienta t ion of m a t u r e  s p e r m a t o z o a  to the  
cytophore .  The  s p e r m  r e m a i n  b o u n d  t o g e t h e r  in this  w a y  unt i l  jus t  prior  to s p a w n i n g  or fo l lowing 

i n c u b a t i o n  w i t h  S M F  in vitro. Scale  ba r  = 10 ~tm 
Fig. 6. U l t r a s t r u c t u r e ~ f  a c r o s o m e  a n d  a t t a c h m e n t  of m a t u r e  s p e r m a t o z o a  m t h e  c y t o p h o r e  (a  = 
ac rosome;  av  = a c ro soma l  vesicle;  a t t  = cy top lasmic  a t t a c h m e n t  of s p e r m a t o z o a  to t h e  cytophore) .  

Scale  ba r  -- I ~m 
Fig. "7. Mid - r eg ion  of m a t u r e  s p e r m a t o z o a  s h o w i n g  posi t ion of dis tal  centr iole.  Sca l e  ba r  = 0.2 mn  
Fig. 8. L0ng i tud ina l  sec t ion  o s  s p e r m a t o z o a  s h o w i n g  p rox ima l  centr io le  (a r rowed) .  Scale  

bar  = 0.2 ~m 
Fig. 9. Mid - r eg ion  of m a t u r e  s p e r m a t o z o a  s h o w i n g  distal  centr iole (arrowed}. Sca le  b a r  = 0.2 prn 
Fig. 10. M i d - r e g i o n  of m a t u r e  s p e r m a t o z o o n  s h o w i n g  posi t ion of cent r io lar  a p p a r a t u s  a n d  t h e  ou te r  

double t  (od) a n d  cen t ra l  s ing le t  fcs) mic ro tubu les  of the  f lagellar  a x o n e m e .  Scale  ba r  = 0.2 ~un 
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Fig. 11. Diagrammatic representation of the distal end of mature sperm flagellum showing the 
coiling of the axoneme within an expanded portion of the flagellar membrane. The diagram shows 
the membrane tightly adhering to the microtubules {Section b), although Section a shows an 
alternate form. where the membrane is expanded. The other transverse sections (c-f) correspond to 

interpretation by the diagram. Scale bar = 0.2 btm 

(Bentley, 1985). Sperm morulae  present  within sperm samples which are f ixed at the 

commencemen t  of incubation,  show no ultrastructural changes  and have  an appearance  
u n c h a n g e d  from that  of the unact lva ted  morulae.  Only after twenty  minutes  of incubat ion 

with prostomial extracts do any changes  become  apparent  (Fig. 12). Figure  12 shows that 
significant changes  have  taken  place with respect  to the state of the cytophore. At this 

time the cytophore becomes  swollen and significantly increases  in size (cf. Fig. 6), The  

stalks of cytoplasm which  connect  the cytophore to the spermatozoa and the spermatozoa 
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to each  other, are  similarly swollen. Both the cytophore and the connect ing  stalks are 
filled with a g ranu la r  e lectron dense  material ,  and  whorls of m e m b r a n e  wi thin  the 
cytoplasm are visible (arrowed). 

After  30 minutes  incubation,  fewer sperm heads  are observed  be ing  assoc ia ted  with 
the cytophore  (Fig. 13). The  cytophore  at this t ime is very swollen, contains some clear  
vacuoles,  and  appea r s  to be  undergo ing  degenerat ion.  After 40 minutes  observat ion,  
many  remnan t  cytophores  are visible (Fig. 14). Observat ions  of l ive sperm incubat ions  at 
this t ime shows that  a l though  ind iv idua l  f lagel la  are beat ing,  few sperm are free and  a 
degree  of s tructural  integr i ty  b e t w e e n  spermatozoa  which m a k e  up a moru la  is still 
mainta ined.  The observat ions  descr ibed  here  indicate  that  this i s  not  ach ieved  v ia  the 
connect ion of sperm to the cytophore  since by  this t ime  the connect ions with the  sperm 
head  have  been  broken.  However ,  unpub l i shed  phase  contrast  or da rk  field microscopic  
observat ions of l ive sperm samples  at this t ime sugges t  that  this may  be  ach ieved  b y  the 
t endency  of the distal  ends  of the sperm f lagel lum to stick together .  However ,  exact ly  
how this i s  ach ieved  is not  clear. 

Ult imately the  spermatozoa  become totally independen t ,  and  such Spermatozoa are 
visible in live Sperm samples  or samples  fixed after 50 minutes  incubat ion with  SMF. The 
p resence  of free spermatozoa  at  50 minu tes  is the  basis  of the  in vitro bioassay,  ind ica t ing  
the sperm morulae  b r e a k d o w n  has  t aken  place  (Bentley, 1985). 

Over  the incubat ion  per iod  the ul trastructure of m a t u r e  spermatozoa  does  not 
change,  with the ul t ras t ructure  of free spermatozoa  be ing  ident ical  tO tha t  of those  which  
a r e  morula-bound.  SimiIarly, fol lowing the incubat ion of coelomic sperm samples  with 
TFSW there  are no free spermatozoa  p r e s e n t  after 50 minutes  and observat ion  b y  both 
l ight microscopy a n d  b y  t ransmission electron microscopy show that  all spe rm moru lae  
have unde rgone  no ul t ras t ructural  changes.  In add i t ion  durlng exper imenta l  incubat ions  
there may  b e a  small  number  of morulae  which also remain  undissocia ted  a f t e r  50 
minutes  incubat ion with S M F  and  do not l ibera te  free spermatozoa.  Similarly spe rmato-  
cyte c lus ters  p ia tes  of  spermat ids  and other developmental :  s t ages  of sperm m o r u l a  may  
alSo be  present  a n d  these  are also n o t e d  to undergo  no ul t rastructural  changes .  

O t h e r  u l t r a s t r u c t u r a l  o b s e r v a t i o n s  

During the TEM observat ions  of the  fixed sperm suspension:from in  vitro incubat ions  
descr ibed  abo~e, cel l  types  other  than spermatozoa  were  visible~ C0elomocytes  were  
observed,  usual ly  in small  numbers i  i n  many  of the exper imenta l  and  control incubat ions:  
Dur ing  incubat ions  f ixed after  40 minuteS, however ,  they  were  o b s e r v e 4 o f t e n  assoc ia ted  
wi th  free spermatozoa.  F i g u r e  i5  Shows an a g g r e g a t e  of s e v e r a l  Coeiomoaytes wi th in  

Fig. I2 Secti0n 0f a sperm morula ~fter 2 0 ~ n  incubation Wfth SMF in vitro: The: cytophore appears 
swollen and contains ~horls Of cytoplasm (amowed}; also the spatial distance between sperm heads 

~aS increase~ noticeably. Scale: bar:: ~m 
Fig: !3 Section through a sperm moru!a foll0~ng 3 0 m i n  mcubation ~ith SMF. Relatively few 
sperm heads at6 asSociated with fhe cyto~hore, th~ ~ytophore appears t6 be uhderg0~ng lysis! 

Fig. 14 Remains bf ~ e  r a re  visible after 40 rain incubation Wifi'l: SMF in ~trol Scale bar 
28m 
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Fig. 15, Section through an aggregation of coelomocytes which contain several spermatozoa, sperm 
nuclei, acrosomes and flagella (sn = sperm nucleus; a = acrosome; f =:flagella); Scale bar = 2 ~tm 
Fig. 16. Section through a coelomocyte showing phagocytosed free spermatozoa. Scale bar = 10 ~tm 

which the nucleus or acrosomes of seven mature spermatozoa are visible.  It is not clear 

whether  these spermatozoa have  been  phagocytosed by a single, or severa l  cells, or have  

been encapsuIated by them and are currently lying within the in tercel lular  space. Figure 

16, however ,  clearly shows a spermatozoon which has b e e n  phaqocy tosed  by a coelomo- 
cyte. 

DISCUSSION 

It has been  shown during previous studies on the sperm ultrastructure of Arenicola 

mar/ha,  using both l ight  {Bentley, 1986a), scanning (Meijer, 1979; Ben t ley  & P a c e d  1989} 

and transmission electron microscopy {Bentley, 1986b), that the sperm type  is primitive. 

This study, however ,  is more detai led and reveals  much  more of the in ternal  structure of 
ind iv idual  spermatozoa,  sperm morulae,  and stages of spermatogenesis .  The re fo re .  a 

more  thorough evaluat ion of the sperm biology of this species can n o w  be made  in 

addit ion to a comparison be tween  the sperm structure of A. marina a n d  the closely 
re la ted Arenicola brasiliensis (Sawada, 1975}. 
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Sperm ultrastructure can often be  re la ted  to aspects  of the reproduct ive  mode  or 
fertilisation biology of a g iven  species  and the sperm ultrastructure of A. marina, for 
example ,  is typical  of species  which  util ize external  fertilisation following b roadcas t  
spawning:  an  oval  shaped  head ,  a s imple acrosorne, a single f lagel lum and  four to six 
unmodif ied  mi tochondr ia  (see Franz4n,  1956). In many  respects  the sperm structure  of A. 
marina is very  similar to the  sperm morphology  of the  closely re la ted  A. brasiliensis. Two 
morphological  features  of the  spermatozoa  of both  species are worthy of note. First, bo th  
have similar  acrosomal  structures which are descr ibed  as be ing  l ike an " inver ted  cup" 
with a vesicle l ike structure on the apex  (see Sawada  [1984] for a review of the  acrosome 
types  in Polychaeta).  Secondly,  it has  a l ready  been  pointed out (Bentley & Pacey,  1989), 
and  this s tudy confirms, that  the sperm head  of A. brasiliensis is more e longa te  than  that  
of A; marina.  The implicat ions which  can be  inferred from these two observat ions  a p p e a r  
to be  contrary to each  other. In the first instance,  a similarity in the acrosome structure 
would  sugges t  that  the two species  share similar fertilisation mechanisms  (see Franz6n  & 
Rice, 1988), whereas  a difference in the shape  of the sperm head,  as wel l  as l e a d ing  to a 
more t ightly p a c k e d  a r r angemen t  of sperm heads  around the cytophore,  sugges t s  that  
there  may  be  species-specif ic  differences in ferti l isation biology; it has  b e e n  s u g g e s t e d  
that  where  nuc lear  e longat ion occurs it may  be  correlated with an increase  in egg  size 
and leci thotrophic deve lopmen t  (Franz~n, 1983). This s tudy cannot  sugges t  any  exp lana-  
tions for such differences,  and  insufficient detai ls  of egg  morphology and larval  deve lop-  
ment  are known about  e i ther  species  to d raw any  firm conclusions. 

Similar pa t te rns  of spe rmatogenes i s  b e t w e e n  A. marina and A. brasiliensis (Sawada,  
1975) have been  demons t ra ted  (see Bentley & Pacey, 1989) and are conf i rmed by  this 
study. One common feature  is the formation of a sperm morula  and the p re sence  of a 
cytophore.  The  formation of a cytophore  is thought  to be  characteris t ic  of the  annehds ,  
but  its role is not  c lear  (Sawada,  1984). In the ear thworms,  Eisenia foetida a n d  Bimastus  

pana, Sa teen  & Verma  (1983) descr ibe  the cytophore  containing phosphol ip ids ,  RNA, 
carbohydra tes  and proteins,  bu t  they  ascr ibe no functional role to these  substances .  
Sawada  (1984) sugges t ed  that  the cy tophore  m a y  serve as a "sink" for res idual  cy top lasm 
during the division of spermatogonla  and m a y  also serve to synchronise their  deve lop-  
ment.  This s tudy shows that  b y  the  p re sence  of endoplasmic  re t iculum and o ther  
organel les  within the cytophore  of deve lop ing  spermatogonia ,  but  not in the  mature  
morula, the cytophore  may  have  a nutr i t ive or metabol ic  role in spermatogonia l  deve lop-  
ment.  Cytoplasmic  continuity b e t w e e n  deve lop ing  germ cells is cer ta inly not  a fea ture  
exclusive to the  Annehda;  in t ra-cel lnlar  b r idges  be tween  deve loping  spe rma togon ia  
have  b e e n  observed  in a number  of animals,  for example  in the mi l l ipedes  (Reger & 
Cooper,  1968) and  also in many  mammals  (Holstein & Roosen-Runge, 1981). It has  b e e n  
sugges ted  that  they  may  facil i tate physiologica l  communicat ion be tw e e n  cells [Weber  & 
Russell; 1987), and  such communica t ion  could ensure synchronous germ cell  deve lop-  
ment,  poss ibly  by  the sp read  of r egu la to ry  substances  throughout  t h e  clone (Huckins,  
1978)~ It is conceivable  that  the cytophore  of A. marina could have  a comparab le  role. The  
cytophore is clearly involved in the  re lease  of free spermatozoa  since ul t ras t ructura l  
changes  are closely al l ied wi th  the b r e a k d o w n  of sperm morulae.  The s ignif icance of the  
cytophore swell ing,  the role of the g ranu la r  material ,  and the whorls of cy toplasm is not  
clear; a l though the possibi l i ty that  enzymes,  which  are involved in the  b r e a k i n g  of the  
cytoplasmic connect ions  b e t w e e n  spermatozoa,  and  substances  which s t imula te  f lagel lar  
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bea t ing  are be ing  synthes ised  within the  cytophore should not be  over looked.  In addi -  
tion, s ince sperm mornla  b r e a k d o w n  is m e d i a t e d  by  SMF, the  recept ion  a n d  t ransla t ion of 
endocr ine  s ignals  m a y  wel l  b e  modu la t ed  by  the cytophore.  

The  observat ion  that  the  axoneme  is coiling within the  f lagel lar  m e m b r a n e  at  its 
distal  end  is par t icular ly  interest ing.  Such a structure is very much  l ike  the  t ransverse  
sect ions of p a d d l e  or discocil ium which  have  b e e n  desc r ibed  in associa t ion  with the 
sensory ep i theha  of a number  of mar ine  inver tebra tes  (see Laverack,  1988}. There  are  
severa l  variat ions (" club footed",  "spatula te"  or "paddle"  type), bu t  in ge ne ra l  these  cilia 
b e a r  a discoid, b iconcave  or round  swell ing at their  tip. Possible funct ions for such 
structures have  b e e n  sugges ted ,  and  include that  they  increase  the  m e m b r a n e  surface 
a rea  for chemorecep t ion  (Davis & Matera ,  1982} or increase  the eff iciency of the power  
s troke (Arnolds & Wil l iams-Arnold,  1980}. However ,  recent  work  has  de mons t r a t e d  that  
such structures are  almost  cer ta inly artifacts and  that  they  are not  normal ly  found in 
l iving organisms bu t  are induced  under  a var ie ty  of ionic or hypoton ic  condi t ions (see 
Short  & Tamm, 1991). 

Similar s tructures have not  b e e n  widely  repor ted  as occurr ing in the  f lage l lum of 
spermatozoa,  a l though they have  also been  observed  in the sperm of m a m m a l s  (Drevius, 
1975}, some fish species  (Cosson, pets .  comm.} and in a number  of o the r  po lychae te s  
species  such as Nephtys  hombergi and  Nephtys caeca (Bentley, unpubh}, and  in Har- 
mothoe impar (Bentley & Serries,  1992} In the case  of mammal i an  s p e r m ; t h e  coil ing of 
the  f lagel lar  axoneme  occurs clear ly as a resul t  of their  exposure  to hypo ton ic  media .  In 
this study, a s imilar  mechan i sm is not respons ib le  since the  f ixa t ion  was  isotonic to 
seawater .  Such structures have,  however ,  been  observed  in l iving spe rma tozoa  of A. 
marina, under  amb ien t  osmotic conditions,  us ing  phase  contrast  and  d a r k  field micro- 
scopy (unpubl i shed  observations).  I t  has  been  sugg4s ted  that  whe re  p a d d l e  cilia have  
b e e n  obse rved  in hy ing  spec imens  t hey  may  occur as  a resul t  of the non-phys io log ica l  
condit ions of the  microscope s l ide u sed  for observat ion  (Short & Tamm,  1991} and,  
clearly, the similari ty b e t w e e n  cilia and  f lagel la  could sugges t  that  the  coiling the 
f lagel lar  axoneme  may  occur via  a common mechanism.  Any  re ference  that  such 
structures in the spermatozoa  of A. marina are real  should therefore  be  m a d e  wi th  
caution. In a previous  p a p e r  (Bentley & Pacey, 1989}, scanning  e lec t ron mic rographs  
showing such structures in A. marina were  p u b h s h e d  (see Pig. 11 in Bent ley  & Pacey,  
1989} and  it was  sugges t ed  tha t  the  a p p e a r a n c e  of two axonemes  wi th in  a s ingle  
m e m b r a n e  was  due  to the b ind ing  of axonemes  from separa te  spermatozoa .  It now seems  
unl ike ly  that  the  pa i r ing  of f lage l lum in A. marina results  in  the b ind ing  of axonemes .  

Finally,  the observat ion  that  coelomocytes  may  phagocytose  free spe rmatozoa ,  bu t  
not  spermatozoa  which  are p re sen t  in sperm morniae,  is part icularly:  in te res t ing .  
Coelomocytes  a re  known  to p l ay  a vi tal  role in the  remova l  of u n w a n t e d  cel lu lar  and  non- 
cel lular  mate r ia l  from the coelomic cavit ies of po lychae tes  {see Dales  & Dixon, 1981; 
Dha inau t  & Porchet-Henner4,  1989 for review}. For example ,  it  has  b e e n  shown that  they  

t i ssue  d a m a g e  and  degene ra t ion  (Clark & Clark, 1962). Resorpt ion of g a m e t e s  within the 
Polychaeta ,  whe the r  due  to reproduc t ive  failure or par t ia l  spawning ,  is a common 
occurrence  (Ohve et  al., 1981 a, b) and  i t  has b e e n  sugges t ed  that  coe lomocytes  c lear  the 
coelom of r e d u n d a n t  gametes  a n d  d is in tegra t ing  remains  of gonad ia l  t issue fol lowing 
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s p a w n i n g  (Dales  & Dixon ,  1981). In A.  mar ina ,  u n s p a w n e d  g a m e t e s  p r e s e n t  w i t h i n  t h e  

coe lomic  cav i ty  m a y  p e r s i s t  for s o m e  t ime.  De Wi lde  & B e r g h u i s  (1979) n o t e d  t h a t  t h e  

coe lomic  cav i t i e s  of 8 % of a p o p u l a t i o n o n  t h e ' D u t c h  coas t  still c o n t a i n e d  g a m e t e s  

( p r e s e n t  as  s p e r m  m o r u l a e ,  oocy te s  a n d  ea r l i e r  d e v e l o p m e n t a l  s t ages )  o v e r  o n e  m o n t h  

a f te r  s p a w n i n g .  In t h e  b i v a l v e  P e c t e n  m a x i m u s ,  o b s e r v a t i o n s  of p h a g o c y t o s e d  spe r -  

m a t o z o a  b y  m a c r o p h a g e s  h a v e  b e e n  m a d e  ( D o r a n g e  & L e p e n n e c ,  1989) a n d  it h a s  b e e n  

s u g g e s t e d  in  A. m a r i n a  t h a t  c o e l o m o c y t e s  m a y  " c l e a n "  t h e  coe lomic  cav i ty  of u n s p a w n e d  

s p e r m a t o z o a  (Ben t l ey  & Pacey ,  1989). T h e  u l t r a s t r u c t u r a l  e v i d e n c e  p r e s e n t e d  in  th is  

s t u d y  s u g g e s t s  t h a t  t h e r e  is a t r u e  ro le  for c o e l o m o c y t e s  in  t h e  r e m o v a l  of u n w a n t e d  g e r m  

cells a n d  it  s e e m s  a n  i n t e r e s t i n g  o b s e r v a t i o n  t h a t  on ly  f r ee  spe rm,  l i b e r a t e d  f r o m  s p e r m  

m o r u l a e ,  a re  s u b j e c t  to e n c a p s u l a t i o n  or  p h a g o c y t o s i s  b y  c o e l o m o c y t e s .  T h i s  r a i s e s  

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

b e t w e e n  f ree  a n d  m o r u l a  b o u n d  s p e r m a t o z o a .  S u c h  q u e s t i o n s  r e q u i r e  e x p e r i m e n t a l  

ana lys i s .  
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