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ABSTRACT: The ultrastructure of the sperm of the dinophilids Trilobodrilus ax/and Trilobodrilus 
heideri was investigated. The sperms are extremely modified and show an elongated head, middle 
piece, and tail region, which are overlapping. This condition is a synapomorphous feature for the 
dinophilids. The sperm structure has to be related to the specialized mode of sperm transfer by 
hypodermal injection in these species. 

INTRODUCTION 

The dinophi l ids  Trilobodrilus axi  and  Trilobodrilus heideri disp lay  a spec ia l ized  
mechan i sm of copulat ion - the h y p o d e r m a l  inject ion of sperm (Ax, 1968; Wes the ide  & 
Schmidt,  1974), as dec r ibed  in spec ies  in which  the females  do not  have  any  organs  for 
sperm uptake .  Like other  modif ied  modes  of in ternal  fertilization, h y p o d e r m a l  in ject ion 
is assoc ia ted  with the evolut ion of modi f ied  sperms,  the morpho logy  of which  is r e la ted  
to the mode  of sperm transfer  (see Franz6n,  1977b; 1982). Sperms with an e longa ted  h e a d  
and middle  p iece  which show var ious  modif icat ions are  typical  of inver tebra tes  with 
in ternal  fert i l ization (Franz6n, 1956). Fur thermore ,  in sperms used  in h y p o d e r m a l  injec-  
tion the axoneme  is ex t r eme ly  e longa t ed  and  there  are  usual ly  spec ia l  suppor t ing  
structures which  can give s tabi l i ty  to this very  mobi le  sperm type  (Franz6n, 1975a, 
1977a, b; Westhe ide ,  1984a, b). 

MATERIAL AND METHODS 

Matu re  males  of Trilobodrilus axi Westhe ide  1967 (from inter t idal  a reas  of the  Is land  
of Sylt, North Sea) and  Trilobodrilus heideri Remane,  1925 (from subt idal  sed iments  off 
the  Is land of Helgo land ,  Nor th  Sea;  for da t a  of the  col lect ing site see  yon Nordhe im,  
1984) were  inves t iga ted  with TEM techniques .  After  re laxa t ion  in a MgC12-solution the 
animals  were  fixed at 4 °C in SPAFG (suc rose -p ic r i c -ac id - fo rmaldehyde-g lu ta ra lde -  
hyde)  in phospha te  buffer  (+10 % sucrose) for l h  (Ermak & Eakin, 1976). Then  the 
spec imens  were  r insed in phospha t e  buffer  (+10 % sucrose; p H  7.3) for 2h, pos t f ixed at  
4 °C in phospha t e -bu f f e r ed  osmium tetroxide for lh,  d e h y d r a t e d  in an e thanol  series, 
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e m b e d d e d  in an Epon-Araldi te  mixture, and sectioned with a d iamond knife on a 
Reichert Uttracut, The sections were s tained with aqueous  uranyl  acetate and  lead 
citratel the photographs were taken  with a Zeiss EM 10, 

RESULTS 

Tri lobodr i lus  axi  

Form and size 

The mature  sperm of Trilobodrilus axi is e longated and thread-l ike (ca 200 [tm long). 
Acrosome, nucleus,  mitochondria,  and  axoneme partly run parallel  to each other (Fig. 
1A). Therefore, no clear differentiation be tween  head,  middle  piece, and tail region can 
be  made.  These parts cannot  be  distinctly differentiated with light microscope techni- 
ques  (for a photograph of l iving sperms see Westheide,  1984a). The sperm diameter  is 
0.12 to 0.35 [~m in the acrosomal region, up to 0.6 ~m in the nuclear  region, and  0.7 [~m in 
the mitochondrial  region. Due to the shape of acrosome and  nucleus  and  the pattern of 
suppor t ing  structures in the mitochondrial  region the sperm has a bilaterally symmetri- 
cal structure. (In the following text the term p r o x i m a 1 refers to the acrosomal part, 
and  d i s t a 1 to the tail region of the sperm.) 

Acrosome 

The e longated  and taper ing acrosomal vesicle has a bilaterally symmetrical  struc- 
ture and  extends  to the b e g i n n i n g  of the mitochondrial  region (Fig. 1A). It consists of an 
i nne r  and  an outer m e m b r a n e  (distance ca. 35 nm). Between the two membranes  a 
homogeneous  grey subs tance  can be observed. The acrosomal vesicle surrounds a 
central  rod-like structure apically like a r ing and  basally like a horseshoe. The rod-like 
structure has radiate spurs directed towards the acrosomal vesicle. The distal part of the 
acrosomal vesicle envelops the nucleus  like a cap (Figs 1A, 2A, C). 

Nucleus  

The e longated  rod-like nucleus  originates in the acrosomal region and extends into 
the mitochondrial  region. Proximally it is tube-l ike and encloses the axoneme;  here the 
nuclear  mater ial  is only 15-20 nm thick (Fig. 2A, C, 4 C). More distally the nucleus  
surrounds  the axoneme  like a furrow which enlarges  to form a massive rod with a 
t r iangular  cross-section with rounded  edges  (Fig. 2 A). The nucleus  consists of electron- 
dense  homogeneous  chromatin material  (length ca. 5.3 [~m). 

Abbreviations: 

a acrosorne gp glycogen particles 
an anulus region rnd mitochondrial derivatives 
ax axoneme mi mitochondrium 
bb basal body mt microtubule 
cb cytoplasmatic bridge n nucleus 
ec electron dense cap rs rod-like structure 
er electron dense ring ss supporting structure 
g Golgi-apparatus 
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Fig. 1. Semidiagrammatic representation of the sperms of A: Tri lobodri lus axi  and B: Tri lobodri lus  
he ider i  
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Fig. 2. Trilobodrilus axi, A: Cross-sections through different parts of the mature sperm. B: Longitu- 
dinal section through the annulus region and the tail region proper of a late spermatid. C: 

Longitudinal section through the proximal nuclear region of a late spermatid, Scale bar: 0.5 gm 
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Mitochondrial derivatives 

The four e longa ted  mi tochondr ia l  der ivat ives ,  which  are formed by  fusion of severa l  
spher ica l  mi tochondr ia  dur ing  spermiogenes is ,  beg in  in the  distal  par t  of the  acrosomal  
reg ion  and  run para l le l  to nucleus  and  axoneme;  they  do not  show the typical  cr is tae-  
s tructure (Fig. 1 A). Proximally the  cross-sect ion of the  mi tochrondr iaI  de nva t i ve s  is oval  
or b e a n - s h a p e d ;  distal ly they  have  the shape  of dumb-be l l s  (Fig. 2 A). Those protrus ions  
of the mi tochondr ia l  der ivat ives  which are  s i tuated nea r  the a xone me  show electron-  
dense  caps  close to the  cell  membrane .  Be tween  these  da rk  caps  and  the  cell  m e m b r a n e  
g lycogen-par t i c les  a r r a n g e d  in rows can be  found in the la rges t  par t  of the  mi tochondr ia l  
reg ion  (Fig. 2 A). 

Support ing structures 

In the major  par t  of the  mi tochondr ia l  region two e lec t ron-dense  cy top lasmic  
structures b e t w e e n  a x o n e m e  and  cell  m e m b r a n e  can be  observed;  they  show a regu la r ly  
f ine-s t r iped subs t ruc ture  in long i tud ina l  sections. These  s t ructures  occupy  the space  
b e t w e e n  the para l le l  mi tochondr ia l  derivat ives.  They  join the  a x o n e m e  and the  
mi tochondr ia l  m e m b r a n e  and have  a c o n e - s h a p e d  cross-sect ion (Fig. 2 A). In longi tudi-  
nal  sect ions they  p resen t  a rod- l ike  shape ;  they  p robab ly  serve  as suppor t ing  s t ructures  
(Fig. 1 A). 

Axoneme 

The basal body of the axoneme is situated in the proximal tip of the nuclear tube 

(Fig. 2 C). Centriolar structures could not be observed. The axoneme runs parallel to the 

nucleus and the mitochondrial derivatives (Pig. 1 A). Its microtubu/es show the typical 

9 + 2 pattern. Immediately underneath the mitochondrial derivatives there is a double 
electron dense ring (Fig. 2 B). At the junction of the mitochondrial region and the tail 

region proper an anulus is found (Fig. 2 B) behind which an extensive folding of the cell 

membrane forms a cylindrical sheath (diameter ca 0.6 ~m) around the axoneme. This 
sheath is filled with homogenous grey material (Figs. 2 B, 4A). The distal part of the 

axoneme is only surrounded by a single membrane. 

Tri lobodr i lus  h e i d e r i  

Form and size 

The th read- l ike  ma tu re  spe rm of Trilobodrilus heideri is about  200 gm long and has  
a d iamete r  of O. 12-0.4 ~m in the  acrosomal  region,  up to 0.75 pm in the  nuc lea r  region,  up 
to 2 [~m in the  mi tochondr ia l  r eg ion  and 1 ~m in the  tail region.  A division into head ,  
middle  p iece  and tail  cannot  be  made ,  because  acrosome,  nucleus,  mi tochondr ia l  
derivat ives,  and  a x o n e m e  par t ly  run paral lel .  Due to form and  posi t ion of acrosome,  
nucleus  and mi tochondr ia l  der iva t ives  the sperm has  a b i la te ra l ly  symmetr ica l  shape  

(Fig. 1 B). 
A crosom e 

The acrosomal  vesicle  ex tends  into the  beg inn ing  of the  mi tochondr ia l  region.  It 
beg ins  with a tube- l ike  par t  which  then  envelops  nucleus  and axoneme  and  more  
distal ly sur rounds  the  nucleus  l ike a furrow (Fi 9. 1 B, 5 D). The acrosome consists of an 
inner  and  an outer  m e m b r a n e  b e t w e e n  which  is a l ayer  of h o m o g e n e o u s  g rey  mater ia l ;  it 
surrounds  a central  rod- l ike  structure. 
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Fig. 3. Trilobodrilus axi. A and B: Testes with different stages of spermatids. Scale bar: 2 am 

N u c l e u s  

The e longa ted  rod-l ike nucleus  originates in the middle  of the acrosomal region and 

runs a considerable  distance into the mitochondrial  region. Proximally it encloses the 

axoneme  completely,  then  it surrounds the axone m e  like a furrow (Fig. 5 D); distally it 

forms a rod-l ike structure with a roughly tr iangular  cross-section (diameter  0.3 [~m; Fig. 
5A). 

Mitochondr ia l  der iva t i ves  

Four rod-l ike mitochondria l  der ivat ives  begin  directly behind the acrosome and run 

paral le l  to nucleus  and axoneme  (Fig. 1 B). More distally, the cross-sections increasingly 

show ex t reme  protrusions. The celt m e m b r a n e  of the sperm follows these protrusions of 
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the mitochondrial  derivatives; therefore, the sperm cross-sections have a bizarre shape 
(Fig. 5 A-C). In longi tudinal  sections these protrusions and the peripheral  parts of the 
mitochondrial  derivatives show a fine obliquely striped substructure (Fig. 5 C). 

Fig. 4. Trilobodrilus ax/. Cross-sections of spermatids. A: Acrosomal, mitochondrial, and tail region. 
B: Nuclear region surrounded by microtubules. C: Nuclear and mitochondrial region of late 

spermatids. Scale bar: 0.5 gm 
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Support ing structures 

Between  the two para l le l  mi tochondr ia l  der ivat ives ,  e lec t ron-dense ,  rod- l ike  cyto- 
p lasmic  s tructures  ex tend  th rough  the mi tochondr ia l  region.  They show a l ight margin  
and  a da rke r  matr ix  and  have  a r ec t angu la r  cross-sect ion with rounded  edges  (up to 
0.25 x 0.8~tm). These  s tructures  can be  in te rp re ted  as suppor t ing  structures.  Between 
those  par ts  of the  mi tochendr ia l  der iva t ives  which  do not enclose  the  suppor t ing  
structures,  rows of e lec t ron-dense ,  da rk  g lycogen  par t ic les  can be obse rved  (Fig. 5 A-C).  

Axoneme 

The axoneme begins in the proximal part of the acrosomal region and runs parallel 
to acrosome,  nuc leus  and  mi tochondr ia l  der ivat ives .  No centr iolar  s t ructures  could be  
found. Behind  the  anulus  region  the proximal  par t  of the  tail  reg ion  p roper  is sur rounded  
by  a cyl indr ical  shea th  (d iameter  I btm), which  is formed by  a folding of the  cell 
m e m b r a n e  (Fig. 5 E, F). H o m o g e n e o u s  g rey  mater ia l  is s i tuated b e t w e e n  the inner  and 
the outer  membrane .  The poster ior  par t  of the ax one me  has only a s ingle membrane .  

Spermiogenes i s  

Cons ide r ing  the different  s tages  of spe rmiogenes i s  the d e v e l o p m e n t  of the modif ied 
spe rms  of Trilobodrilus axi and  T. heideri becomes  evident .  Early spermat ids  have a 
spher ica l  nucleus  wi th  sca t te red  he terochromat in .  Severa l  spher ica l  mi tochondr ia  with 
typical  c r i s tae-s t ruc ture  are  sp read  in the  cy toplasm a m o n g  r ibosomes,  g ranu la r  endo-  
p lasmic  ret iculum, and  Go lg i - appa ra tu s  (Fig. 3 A, B). Every  four spermat ids  are  con- 
nec t ed  b y  cy top lasmic  b r idges  (Fig. 3 A). 

Even at an ear ly  s t age  of d e v e l o p m e n t  the  mi tochondr ia  beg in  to fuse. This fusion 
l eads  to the  format ion of four l a rge  mi tochondr ia l  der ivat ives  which  form a r ing around 
the deve lop ing  a x o n e m e  (Fig. 3A).  Dur ing spe rmiogenes i s  the mi tochondr ia l  deriva- 
t ives b e c o m e  more  and  more  e l o n g a t e d  and  lose their  typical  cr is tae-structures.  

Dur ing the e longa t ion  of the mi tochondr ia l  der ivat ives  a large  Golg i -appara tus  
beg ins  to s epa ra t e  vesicles  with g ranu la r  contents  (Fig. 3 B). Thus the pr imary  acrosomal 
vesic le  is formed, which  also becomes  more  and  more  e longated .  During the following 
di f ferent ia t ions  the basa l  par r  of the acrosome envelops  the apical  par t  of the  nucleus 
(Fig. 4 C). Chromat in  condensa t ion  and  e longat ion  of the  nucleus  t ake  p lace  at the same 
time. At this s tage,  a r ing of micro tubules  can be  obse rved  a round  the nucleus  (Fig. 4 B) 
and  the ac rosome (Fig. 4 A). These  micro tubules  d i s a p p e a r  with p rogress ing  maturi ty of 
the  sperm.  

DISCUSSION 

Sperms  are  h igh ly  compl i ca t ed  cells that  have  gone  th rough  an evolut ion which has 
no para l l e l  in o ther  cell  types.  Most  fea tures  can be  t r aced  back  to the  demands  of 
fert i l izat ion ( reaching  the  egg,  pene t r a t i ng  the  egg  membrane) .  Two species,  no matter  
how closely r e l a t ed  they  may  be, p robab ly  never  have  s t ructural ly  comple te ly  identical 
spe rms  (Baccetti  & Afzelius,  1976). This not ion can be  conf i rmed using the example of 
Trilobodrilus axi and  T. heideri which both have  the same mode  of sperm transfer, but 
show p ronounced  differences  in the structure of the acrosome,  nucleus  and mitochond- 
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Fig. 5. Tritobodrilus heideri. A and B: Cross-sections through nuclear  and mitochondriaI region. C: 
Longitudinal section of the mitochondrial  region. D: Cross-section through the proximal nuclear  
region. E: Cross-section of axoneme with surrounding sheath. F: Longitudinal section of the anulus 

region. Scale bar: 0.5 urn 
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rial region. The same  is true for several morphologically similar Protodrilus-species, in 
which  sperms  are  t ransfer red  with sper rna tophores  (von Nordheim,  unpubhshed) .  

Species  with a par t i cu la r  mode  of spe rm transfer  usual ly  have  specific sperms as 
well.  The different  types  of modif ied  sperms  can each  be  re la ted  to the mechan i sm of 
spe rm t ransfer  and,  therefore,  must  be  r e g a r d e d  as ana logous  structures.  This fact does 
not, however ,  exc lude  the ex is tence  of synapomorphous  homologies  in some sperms, 
e. g. in the  d inoph ihds  Dinophflus and  Trilobodrilus (Westheide,  1984a). 

Sperms  with e longa t ed  h e a d  and  midd le  p iece  are typical  of inver tebra tes  with 
in te rna l  fert i l izat ion (Franzdn, 1956). In the  annehds ,  this sperm type  is character is t ic  for 
the  Cl i te l la ta  (see Wissocq & Malecha ,  1975; J amieson  1981), however ,  it has also been  
desc r ibed  in some po lychae tes  (see Ohve,  1983). In compara t ive ly  pr imit ive sperms of 
this type  the  nucleus  is more  or less dist inct ly s epa ra t ed  from the middle  piece,  e .g .  in 
Protodnlus rubropharyngeus  (Franz~n, 1975a), Microphthalmus similis, Ikosipodus 
carolensis, and  Apodotrocha progenerans  (Westheide,  1984a). 

Species  with spe rm transfer  by  hypode rmic  inject ion show further modif icat ions of 
thei r  spe rm structure.  Here  the sperm d iamete r  dec reases  even more, the axoneme 
becomes  more  e longa ted  and - as a resul t  - no distinct  different iat ion be tw e e n  head,  
midd le  p iece  and  taft can be  m a d e  (see Franz6n,  1977a). In Microphthalmus h'stensis 
(Westheide ,  1984a) and  Dinophflus spec. (Franz~n, 1977a) the a xone me  ex tends  far into 
the  nuc lea r  region,  in Hesionides arenaria (Westheide,  1984b) it beg ins  direct ly  beh ind  
the acrosome,  and  in Trilobodrflus axi and  7". heideri  it even  extends  toge ther  with the 
nuc leus  into the acrosomal  reg ion  itself. 

In the  d inoph ihds  the  r o d - s h a p e d  nucleus  reaches  apical ly  into the acrosomal  region 
and  basa l ly  far into the  mi tochondr ia l  region.  In 7". axi and 7". heideri the nucleus 
apica l ly  forms a cyl indr ical  t ube -hke  shea th  enclos ing the axoneme,  basa l ly  it covers the 
a x o n e m e  l ike a cap. An ex t r eme ly  modi f ied  nucleus  has  been  desc r ibed  for Hesionides 
arenaria (Westheide ,  1984b). Here  the  nucleus  has  the  shape  of an e x t e n d e d  th in-wal led  
tube- l ike  cap that  covers  the  ent i re  h e a d  piece.  

The  lack  of centr iolar  s t ructures  is not an uncommon  feature  in h ighly  modified 
ma tu re  spe rma tozoa  (Franz~n, 1975b; Phillips, 1970). At this s tage  it can not be proved 
that  the  doub le  e lec t ron  dense  r ing in the  anulus  region  of Trilobodrilus is a "ring 
cent r io le"  similar  to that  desc r ibed  by  Rice (1981) for some Polydora species.  

An a x o n e m e  ex t end ing  almost  th rough  the ent ire  l ength  of the sperm surely 
inc reases  its mobi l i ty  and  pene t ra t ion  abihty.  Such a t h r e a d h k e  sperm, therefore,  needs 
addi t iona l  s t ructures  to g u a r a n t e e  a cer ta in  s tabihty  (Westheide,  1984b). For that  reason 
the modif icat ion of the midd le  piece,  i. e. the  form and  dis t r ibut ion of the mitochondrial  
der iva t ives  and  poss ib ly  the  format ion of addi t iona l  s tructures in this par t  is of special 
impor t ance  for abe r ran t  sperms  (see Franz~n,  1970; Schroeder  & Hermans,  1975; Baccetti 
& Afzelius,  1976). 

E longa ted  mi tochondr ia l  der iva t ives  as have  been  desc r ibed  for the dinophilids 
have  the function of ene rgy  supp ly  for sperms  of high mobi l i ty  in a tough medium (see 
Fava rd  & Andrd,  1970; Franz~n, 1973). In Tlfflobodrilus axi and 7". heideri glycogen 
par t ic les  which  can be  obse rved  in the  mi tochondr ia l  reg ion  can serve as an additional 
e n e r g y  source. C o m p a r a b l e  g lycogen  par t ic les  in the  middle  p iece  and taft region have 
b e e n  desc r ibed  for severa l  spec ies  (e. g. Ander son  & Personne,  1970; Afzelius, 1970). 

In the  two species  of Trilobodrilus i nves t iga ted  here,  the  e lec t ron-dense  cytoplasmic 
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regions of the middle  piece could provide  the sperm with addit ional  stability. Far more 
compl ica ted  differentiations of addit ional  support ing structures have  up to now b e e n  

descr ibed for Flesionides arenaria (Westheide, 1984b) and Protodrilus rubropharyngeus 
(Franz6n, 1975a) and seem to be genera l ly  common in Protodrilus (yon Nordheim,  

unpubhshed) .  

In the dinophilids, the modified sperm structure is a synapomorphous  homology 

which, in this family, has been  deve loped  in connect ion with the special  mode  of sperm 

transfer by hypodermal  injection (Scharnofske, 1984). The  genera l  features of the 

aberrant  thread- l ike  sperm of the dinophilids (elongated head, middle  p iece  and tail are 
over lapping)  a l ready show that their mode  of reproduct ion is not of the primit ive type. 

Furthermore,  ultrastructural  features (extremely e longa ted  axoneme,  special  support ing 

structures) sugges t  that hypodermal  injection is a der ived mode  of reproduct ion which  

has evolved as a secondary  transformation from a 'normal '  copulatory mechan i sm with 
sperm transfer directly into female  genital  openings (comp. J~gersten,  1943; Ax, 1968). 
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