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ABSTRACT: The morphology and function of the female reproductive organs in 6 Protodrilus 
species are investigated by light- and transmission electron microscopy. Possible ways in which 
spermatozoa may enter the female coelom after leaving the spermatophore are discussed for species 
with and without special female reception organs. Only female P. rubropharyngeus and P. 
flavocapitatus have "dorsal organs" for spermatophore reception. The structure and function of 
these organs are described, as well as those of the oviduct found in 3 of the species investigated. The 
possible phylogenetic origin of gonoducts and different modes of oviposition within the genus are 
discussed. Finally, the high taxonomic significance of female traits such as dorsal organs, oviducts, 
cocoon glands and lateral ciliary rows in this genus is stressed. 

INTRODUCTION 

The gonochoric polychaete genus  Protodrilus is relatively rich in species and  has a 
global distribution. Since the discovery of P. purpureus off Helgoland by Schneider  
(1868), numerous further species have been  described, the genus now comprising 30 
species (yon Nordheim, 1989a). Especially early descriptions of Protodrilus species were 
mainly  based on traits such as body size, colour, ciliation, and body shape. When  the 
inner  organisation or sexual characters were also considered, this sometimes resul ted in 
erroneous descriptions of the salivary glands, the coelomoducts, or the reproductive 
system. 

Aiyar & Alikunhi  (1944) were the first to notice the real extent of salivary glands and 
the position and number  of sperm ducts and  "lateral organs" in males. J~gersten (1952) 
presented a determinat ion scheme for Protodrilus in which, for the first time, especially 
the segmental  extension of salivary glands and gonads, as well as the n u m b e r  and  
position of reproductive organs, were shown to be of very high taxonomic importance,  
since they represent  very species-specific traits. His ideas were confirmed by Jouin 
(1970a, b, 1971). 

Despite the high taxonomic significance of the reproductive organs of Protodrilus, 
tittle is known about their morphology and function. Detailed light microscopical investi-  
gations were carried out by Salensky (1907) and  Pierantoni (1908). These papers,  
however,  do not contain explanations of the function of the "lateral organs", gonoducts,  
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"dorsal organs" or exact details about the animals" reproduct ive biology. The  present  

paper  aims to contribute to a better  unders tanding  of the structure and funct ion of the 

reproduct ive  system in female  Protodrilus by. light- and electron microscopical  studies. 

MATERIALS AND METHODS 

The following Protodrilus species were  investigated: P. purpureus,  (Schneider  1868), 

from Helgoland,  FRG and Kristineberg, S; P. rubropharyngeus,  J~igersten 1940, from 

Kristineberg, S; from Weissenhaus,  FRG; and from St. Abbs, GB; P. ciliatus, Jagers ten  

1952, from Helgoland,  FRG and Kristineberg, S; P. helgolandicus, von Nordhe im 1983, 
from Helgoland,  FRG; P. haurakiensis,  yon Nordheim 1989, from Leigh, N e w  Zealand; 

and P. j~gersteni,  von Nordheim 1989, from Leigh, New Zealand. 

The animals were  extracted from the sediment  by using a decanta t ion  technique  
with 4 % aqueous  magnes ium chloride adjusted to ambient  sea water  salinity (for further 

methods  see Higgins  & Thiel, 1988). Anaes thet ized  animals were  observed  alive or were  

fixed for TEM in a mixture of saccharose, picric acid, formaldehyde and g lu ta ra ldehyde  

in a phospha te  buffer {Ermak & Eakin, 1976). Best results were  obta ined with  a sacchar- 

ose content  of 10 to 17 %. In P. rubropharyngeus  from the Baltic Sea  (Weissenh~user  

Strand, Germany,  sahnity 8 %o) no saccharose was added. 
Fol lowing relaxation with a 4 % MgC12-solution for 20 rain, fixation was  carried out 

for 2 h at 4 ~ with 2 to 3 renewals  of fixation hquid. After rinsing for 2 to 3 h, including 

several  renewals  of 0.I molar  phosphate  buffer (pH 7.3) and postfixation for 1 h at 0 ~ 

with 1% OsO4-solution in phosphate  buffer, the material  was dehydra ted  in an ethanol  
series, t ransferred to propylenoxide and e m b e d d e d  in a five component  Epon-Araldi te  

resin. 
Thin sections were  made  with a d iamond knife on a Reichert  Ultracut, s tained with 

lead citrate and uranyl acetate  in a LKB Ultrostainer, and inves t iga ted  and pho tographed  

with a Zeiss EM 109. 

Fig, 1. A: Protodrilus purpureus; female; longitudinal section of oviduct tube. B, C, D, E: Sper- 
matozoa in females. B: P. jSgersteni; bundle of euspermatozoa beneath penetration spot; ovaries, 
lateral view. C: P. helgolandicus; modified paraspermatozoon. D: P. purpureus; modified parasper- 

matozoa. E: P. cfliatus; bundle of euspermatozoa. Dorsal view 

Abbreviations used in the figures 

ar anulus region egc external gland cell ot oviduct tube 
bl basal lamina fa formation area ovd oviduct 
cc coelomatic cell ge gut epithelium ps paraspermatozoon 
ci ciliary cell gu gut s sperm 
coe coelothelial cell igc internal gland cell sb secretion ball 
cp cell process lm longitudinal muscle sh sheath 
cr cihary root Ig hpid granule shc sheath cell 
cu cuticle mes mesenterium sd septate desmosome 
d dissepiment mp midpiece/-region se septum 
dbv dorsal blood vessel mt microtubules spb sperm bundle 
dgc dorsal gland cells mv microvilli t tail/-region 
dia diaphragm n nucleus tm transversal muscle 
do dorsal organ o ovary vc ventral ciliary band 
dop dorsal organ opening of oviduct funnel za zonula adhaerens 
e egg 
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RESULTS 

D i f f e r e n t  m e t h o d s  b y  w h i c h  s p e r m a t o z o a  e n t e r  t h e  f e m a l e  c o e l o m  

In Protodrilus the spermatozoa  are t ransferred indirect ly from ma les  to females  by  
spermatophores  (see "Discussion"). Specia l  ep ide rmal  recept ion  o rgans  for sper-  
matophores  are p resen t  in only two species,  P. flavocapitatus and P. rubropharyngeus, 
while  the other  species  lack similar preformed ep ide rma l  structures. In females  of species  
without  recept ion  organs,  such as P. jfigersteni and  P. ciliatus, the spe rma tozoa  are, after 
ep ide rma l  penet ra t ion ,  for some t ime in close contact  with each  other,  forming an O- 
s h a p e d  or a slowly synchron ized-undula t ing  sperm bundle  be ne a th  the  pene t r a t ion  spot 
(Figs lb ,  e). In all  species,  the spermatozoa  act ively enter  the coelom cavi t ies  after a 
while,  and  in young  females  can a l ready  be  found in all fertile segments .  Some very 
mobi le  spermatozoa  enter  the steri le anterior  segments  or even  the h e a d  region.  

No modif icat ion in  size or structure was observed  in the e u s p e r m a t o z o a  after 
pene t ra t ion  of the female ep iderm or during the rest ing p h a s e  in the  coe lom cavities. 
Until  fertilization, e u s p e r m a t o z o a in male  and  female ind iv idua ls  of P. purpureus 
and  P. rubropharxngeus do not show any structural  differences, e spec ia l ly  in terms of the 
acrosomal  structure (yon Nordheim,  1987, 1989b). In contrast, the s t ructure  of p a r a -  
s p e r m a t o z o a differs dist inctly in males  and  females:  The p a r a s p e r m a t o z o a  com- 
ple te ly  Iose or r educe  their  acrosomal  vesicle,  p robab ly  dur ing s p e r m a t o p h o r e  formation 
by  the la tera l  organs,  while  pene t r a t ing  the ep ide rm or while  b e i n g  s to red  in the  female  
coelom cavities (Figs lc ,  d). The nucleus  e longates  and becomes  cy l inder - shaped ,  so that  
the  length  of the nucleus  of pa r a spe rma tozoa  in P. helgolandicus a v e r a g e s  11 ~m in 
females  and  9 ~m in males,  and  in P. purpureus 8.3 ~m in females c o m p a r e d  with  7.5 ~m 
in males.  Finally, the  pa r a spe rma tozoa  are often befit  a t  the base  of t he  nucleus  at an 
angle  of about  180 ~ so that  the midp iece  region lies paral le l  to the nuc leus  (Fig. Ic). 
Normally,  only a few pa raspe rma tozoa  can be  found in females close to the  pene t ra t ion  
spot, whereas  in maies  they  form up to 20 % of all spermatozoa.  They  can  perform only 
slow and und i rec ted  movement s  in contrast  to the very mobile  e u s p e r m a t o z o a  (see also 
yon Nordheim,  1989b)~ 

D o r s a l  o r g a n s  of P. rubropharyngeus  

The dorsal  o rgans  in mature  females  are unpa i red  rose t t e - shaped  s t ructures  ex tend-  
ing backwards  from about  segments  19 to 22 on (Pigs 4c, 9c). A p p r o x i m a t e l y  in the 
middle  of each  segment ,  dorsal ly located,  one organ is seen. Under  the  l ight  microscope 
they  are ra ther  t ransparent ,  compris ing external ly  a round m e d i a n  pi t  wi th  m a n y  cilia. 
The  last 4 to 5 body  segments  lack  dorsal  organs.  The organ is, in cross-sect ion,  s l ightly 
f la t tened and round  with a max imum width  of ca. 40 ~m and a he igh t  of 35 ~m (Fig. 2). In 
horizontal  longisect ion the organ  appea r s  el l iptical  or oval and  its e d g e s  fuse wi th  the  
dorsal  mesen te r ium which forms the longi tudinal  axis  of the b o d y  (Fig. 3). The  larges t  
par t  of the dorsal  o rgan  lies di rect ly  benea th  the  longi tudinal  musc le  l aye r  and  forms 
dorsal ly a nar row open ing  tube  which  extends  th rough  the musc le  l aye r  a n d  the basa l  
l amina  of the  epiderm,  open ing  on the dorsal  s ide in the shal low c iha ted  p i t  (Figs 2, 4b). 
The  ventral  sect ion of the organ  borders  directly on the ep i thehum of the  dorsal  b lood 
vessel  (Figs 2, 4a). The  organ is not  sur rounded  by  a muscle  layer  but  by  a th in  epi the l ium 
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F ig .  2. Protodrilus rubropharyngeus; f e m a l e ;  c r o s s  s e c t i o n  of  d o r s a l  o r g a n ,  c c  - c o e l o m a t i c  cel l ,  d b v  - 
d o r s a l  b l o o d  v e s s e l ,  e - e g g ,  e g c  - e x t e r n a l  g l a n d  cel l ,  g e  - g u t  e p i t h e l i u m ,  i g c  - i n t e r n a l  g l a n d  cel l ,  

l m -  l o n g i t u d i n a l  m u s c l e s ,  s - s p e r m a t o z o a ,  s h c  - s h e a t h  cel l .  S c a l e  b a r :  8 ~ m  
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of coelomic cells, which extend ventrally along the sides of the dorsal blood vessel and  
then branch  out laterally (Fig. 2). The section of the coelomic cells that  contains the 
nucleus  frequently forms a projection-into the coelom. 

Beneath the longitudinal  muscle layer the dorsal organ consists basically of two cell 
types which Salensky {1907} designated as "sheath cells" and "gland cells", respectively. 
The s h e a t h c e 11 s form a sheath of a single- or mult i- layered epi thehum with strongly 
inter locking cells enclosing the subepidermal  section of the organ (Figs 2, 3). While in  
lateral regions of the dorsal organ only a thin layer of cell processes is seen (Figs 4b, 5b, c, 
d), in dorsal view nuclei  and  large cytoplasmatic areas of the sheath cells are found 
located mainly  in posterior and anterior parts of the organ (Fig. 3). The cytoplasm of the 
cell processes is relatively finely granula ted  and dark grey in  colour and  contains plenty  
of RER, free ribosomes, dictyosomes and  round to oval-shaped mitochondria.  In the 
remain ing  parts the cells appear  partly swollen, their cytoplasm in some areas is very 
hght  and  often contains a longish nucleus,  numerous  large dark granules (glycogen?} and  
scattered large lipid droplets (diameter 1.1 to 2.8 ~m) (Figs 3, 5b, c, d). 

The g 1 a n d c e 11 c o m p 1 e x of the dorsal organ consists of two types of cells each 
with a specific structure and position: "external  gland cells" (egc) and  " in ternal  gland 
cells" (igc) {Figs 2, 3}. The e x t e r n a 1 g 1 a n d c e 11 s are in close contact with the inner  
side of the mantle  of sheath cells and are often interlocked with them. The external  gland 
cells completely surround the internal  g land cells as a relatively broad layer of tissue, 
thus forming - i n  addition to the coelomic and  the sheath cell layers - a third "envelope"  
around the internal gland cell complex (Figs 2, 3, 4b 5c, d}. 

The e x t e r n a 1 g 1 a n d c e 11 s contain a longish nucleus, mitochondria,  dicty- 
osomes, RER, polysomes and numerous  very characteristic granules {type 1} {Figs 4b, 5b, 
c, d). These granules are surrounded by a membrane ;  they consist of fine granular  
material  and  have a roundish or horseshoe-like shape (diameter 0.15 to 0.25 ~tm) with a 
large light centre (diameter 0.08 to 0.14 btm). Some granules  can be not iced in  the cell 
processes together with free ribosomes, polysomes and  RER. A second type of granule  
(type 2) with an oval to round shape and  very variable in size (diameter 0.2 to 1.0 am} is 
found only in low numbers  {Figs 4b, 5b}. These granules consist of a homogeneous ,  dark 
grey material  and are also surrounded by a membrane .  

In lateral and ventral  areas of the organ the external  gland cells normally possess 
long and  ramifying cell processes, some of which reach far into the centre of the organ. 
They are sometimes connected to the in ternal  glands cells by zonulae adhaeren tes  (Figs 
3, 5b, 7a, b). These cell processes form a very complex and net-l ike structure with large 
intercellular spaces and surround like a dish the central internal  glands which project 
into this region from the dorsal side. The processes contain only light to med ium grey 
granular  cytoplasm and  many single ribosomes, so that they can be easily dis t inguished 
from the cytoplasmatic processes of the other external glands. While the processes are 
relatively broad at their base, they b ranch  terminally into several long, thin lamellar  
structures that frequently interlock, finger-hke, with each other {Figs 3, 7b). The transi- 
tion zone be tween  the cell body, with its typical components,  and the cell processes is 
clearly visible (Figs 5b, 7b). Here one can frequently find large, type 2 granules  which are 
often modified or partly disintegrated, as well as remnants  of their membranes  and  much  
RER with clearly expanded  cisterns. Most of the processes' cytoplasm is probably  
synthesized in this transition zone. 
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Fig. 3. Protodrflus rubropharyngeus; female; horizontal longitudinal section of dorsal organ. 
Scale bar: 8 ~m 
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In the dorsal  subepi the l ia l  sect ion of the organ  the external  g lands  form a mass ive  
cell layer  (Figs 2, 6a). Here  they  inter lock with each  other  and  have  severa l  connect ions  
with the dorsal  parts  of the in ternal  g land  cells. Further,  the apical  sect ion of the  cell  body  
is split  up into numerous  tube- l ike  structures that  spread  through the e p i d e r m a l  basa l  
l amina  which  in this open ing  region  of the organ  is deep ly  invag ina ted  and  pe r fo ra ted  
(Fig. 6a). 

In the  centre  of the dorsal  organ  18 to 25 i n t e r n a l  g l a n d  c e l l s  can be  found 
(Figs 2, 3). In horizontal  longi tudinal  section they  have  an i r regular  round  to oval  shape  
(d iameter  max. 4;5 to 9 ~tm). In cross section, they t ape r  dorsally bo t t leneck- l ike ,  whi le  
basa l ly  they  are  b road  and  round  (Figs 2, 3, 6b). Be tween  the basa l  por t ion of the  cells, 
l a rge  in tercel lu lar  spaces  can be  seen  which are t raversed  by  thin cy toplasmic  processes  
of the cells. Apicaliy,  the  in ternal  g lands  border  on the dorsal  layer  of ex te rna l  g land  ceils. 

The basa l  part  of the in ternal  g lands  usual ly  contains one la rge  or severa l  small  
secretory "balls" (Figs 2, 3, 4b, 6b, 7d). These  are sur rounded  by  a m e m b r a n e  and  conta in  
a secret ion consist ing of short  and  i r regular ly  a r r anged  fi laments.  Above  this la rge  
secret ion ball,  the nucleus  is found sur rounded  by  much RER, polysomes  and  voluminous  
granules  that  contain  exclusively granular  subs tances  (Fig. 7c). These  g ranu les  are  very  
l ikely syn thes ized  in this reg ion  and,  whi le  moving  downwards ,  fuse to form the l a rge r  
secret ion baUs with the  g ranu la r  secre t ion  becoming  gradua l ly  a r r a n g e d  f inal ly to 
para l le l  or concentr ic  fi laments.  Other  typical  cell const i tuents  are  da rk  g ranu les  of type  2 
(diameter  0.25 to 0.6 ~tm) and numerous  l ight to med ium grey  granules  of type  1 (d iameter  
0.18 to 0.28 Ltm) (Figs 6b, 7c, d). Both types  of granules  correspond s t ructura l ly  to the type  
1 and 2 granules  of the external  g land  cells. 

The  o p e n i n g of the dorsal  organ  is formed by  about  20 ep ide rma l  cells above  the 
basa l  lamina.  A r ing (diameter  ca 10 ~m) of 9 ci l iated cells with compara t ive ly  few cilia 
surround about  11 g land  cells, the apical  cell membranes  of which have  numerous  
microvilli  (Figs 4d, 8a, b). In addi t ion to common cell constituents,  the  g land  cells have  
numerous  secretory granules  that  are especia l ly  plent i ful  in the b road  apica l  a reas  of 
these  cells and  consist  of med ium to dark  grey  mater ia l  (Figs 8a, b). The  granules  have  a 
round to oval  shape  (d iameter  0.18 to 0.35 ~tm) with a surrounding m e m b r a n e  and  thei r  
contents  a re  secre ted  at the dorsal  cell surface which, l ike the c i l ia ted cells, is not covered  
by  a cuticle. Further,  r ing- l ike  granules  are p resen t  which cor respond to type 1 of the  
organ ' s  in ternal  g land cells. Specia l  opening  structures (e.g. microvi]/i crown) were  not 
de tec ted  in the g land  cells. The ep ide rma l  g land  cells are basal ly  split  into severa l  long 
root- l ike structures that  pene t r a t e  the  deep ly  invag ina ted  basal  lamina  (Figs. 6a, 8b). 
Some of these  tube- l ike  roots contain numerous  long microtubuli .  Be tween  the roots 
la rge  dark  grey cytoplasmic  p ro tuberances  p robab ly  or iginat ing from la tera l  e p ide rm  
cells, are  found, which  contain many  dark,  round  or oval g ranules  (neuropept ids?)  
(diameter  0.15 to 0.15 x 0.3 .aml. Similar  granules  occur in other  par ts  of the  ep ide rma l  
t issue only in the so-cal led "gl ia- l ike"  cells. 

In none  of the 7 dorsal  organs  inves t iga ted  were  spermatozoa  not iced.  These  were  
only found in the coelom cavit ies next  to the dorsal  o rgan  (Fig. 2), b e t w e e n  eggs ,  or in 

Fig. 4. Protodrilus rubropharyngeus; female, dorsal organ. A: Basal boundary layer between dorsal 
organ and dorsal blood vessel: eggs. B: Cross section of the lateral area. C: Dorsal view. D: Tangen- 

tial horizontal section of dorsal opening. Scale bar: 2 pm 
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special sheath-hke structures in front of or beh ind  the dorsal organ and in close contact to 
the mesen te r ium (Figs 8c, d). The walls of these sheath structures vary in  thickness  and  
correspond exactly in their ultrastructure to the special l ight-grey celI processes of the 
external  g land ceils in the lateral part  of the dorsal organ (Figs 3, 7a, b, 8c, d). 

O v i d u c t s  

The females of most Protodrilus species do not possess special coelomoducts or 
organs to facilitate the process of oviposition (see yon Nordheim, 1989a). 

The paired oviducts of P. purpureus, P. hauraMensis, and  P. rubrophazyngeus 
possess a large funnel -shaped opening immediately in front of or actually in the posterior 
dissepiment  of some hindmost  body segments (Figs 9b, 10a). In P. rubropharyngeus, the 
opening  is sealed by a d iaphragm until  oviposition (Fig. 9a). Oviduct open ing  and  -tube 
are formed by mnlti-cil iated cells. The length of the oviducts is 80 to 90 Bm in 
P. hauraMensis and  P. rubropharyngeus and ca 120 ~m in P. purpureus. 

In the following, oviduct ultrastructure is exemplified in invest igat ions on P. pur- 
pureus. In this species, the oviduct funnel  has a maximum apical width of 55 x 70 Bin, 
with an incomplete  d iaphragm immediately in front of the open ing  (Fig. 9d). The funnel  
region is formed by a thin layer of ciliated ceils with 3 to 6 cilia per  ~m 2, which each have 
two ciliary roots, the longer  one of which measures  up to 5 gm (Fig. 10c). Apically, the 
ceils have numerous  mostly thin, thread-hke microvilh (Figs 10a, b). Laterally, neigh-  
bour ing cells interlock with each other intensively and  are connected  by septate 
desmosomes and  zonulae adhaerentes.  

The oviduct tube (diameter of the lumen  7.5 x 8.0 ~m) connects posteriorly to the 
oviduct funne l  and in cross section is seen to be formed' by 2 or 3 ciliated cells (Fig. 5a). 
These cells have about  3 to 5 cilia per ~m ~- and  many  microvilli that often or iginate  from a 
common broader  base and  have numerous  constrictions (Figs la,  10b). Be tween  the 
ciliary roots small black granules  can be found, as well as round  or oval mitochondria 
which are also present  in other cell parts. The cytoplasm of the anterior tube  cells is light, 
rich in vacuoles, and  contains a large number  of light grey or dark secretory granules  
(diameter 0.8 to 1.5 ~m) (Figs 10a, b). In their posterior portion the oviduct cells contain 
only a few and  smaller dark- to l ight-grey secretory granules  (diameter 0.4 to 0.7 .am) 
(Fig. la) Terminally,  the tube penetrates  the basal  lamina and the epiderm, open ing  onto 
the lateral side of the segment  in a ciliated pore (Fig. 10d). 

Oviduct funne l  and tube are not surrounded by a special longi tudinal  or ring 
musculature.  The ciliated cells are partly connected by a n u m b e r  of long cytoplasmic 
processes by  means  of desmosomes to the epidermal  basal l amina  or to the dissepiments.  
Special gland cells were not found in any region of the oviduct. 

The females of the three species invest igated show clear differences in egg size and 
egg n u m b e r  per  body segment,  While in P. haurakiensis and  P, rubropharyngeus, egg 
diameter  is 30 to 35 ~m and egg number  about  50 to 130 per  fertile segment,  in  

Fig. 5. A: Protodrilus purpureus; female; cross section of oviduct tube. B, C, D: P. rubropharyngeus: 
female. Cross sections of dorsal organ. B: External gland cell (egc) and cell process (ep); sheath cell 
(she). C: Lateral section with coelomic cell (coe), sheath cell and external gland cell. D: Sheath and 

internal gland cell (igc) with secretion ball (sb). Scale bar: 1 ~m 
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P. purpureus one finds about  20 to 30 eggs  per  segment ,  each  with  a d i a m e t e r  of 50 to 60 
~m. Accordingly,  the oviduct  funnels  show a smal ler  d iamete r  in P. haurakiensis and  
P. rubropharyngeus (diameter  max. 40 to 50 ~m) (Figs 9a, b). 

Oviposi t ion in the  species  inves t iga ted  starts with wave -hke  constrict ions of the 
anterior  body  segments .  The eggs  are  p res sed  progress ively  th rough  the open ings  in the 
d issep iments  into poster ior  body  regions.  In P. rubropharyngeus, this t ranspor t  is very 
l ikely fac iha ted  by  the ciliation of the d issepiments  (Figs. 9c). Fol lowing rup ture  of the  
d i aph ragma ta  or similar structures, and  an open ing  of the oviducts i nduc e d  by  increas ing  
pressure ,  the eggs  shde out th rough  the oviduct  tube,  suppor ted  by  the ci l iat ion of the  
canal. Here  they  remain  for a short  while,  connec ted  l ike b e a d s  on a string, whi le  
swell ing up to r each  their  final round shape.  

DISCUSSION 

H o w  d o  s p e r m a t o z o a  e n t e r  t h e  f e m a l e  b o d y ?  

Probably  in all Protodrilus species,  eu- and  pa raspe rmatozoa  are  indi rec t ly  transfer-  
red  to the female  via spermatophores  that  are formed in the males  by  numerous  g lands  of 
the so-cal led  la tera l  organs (yon Nordheim,  1987, 1991). General ly ,  males  p robab ly  
deposi t  their  spe rmatophores  on the sed iment  close to the females  which  then  pick them 
up by  gl id ing over them. Spermatophores  have  been  observed  so far in P. rub-  
ropharyngeus, P. albicans, P brevis and  P. helgolandicus (d&gersten, 1952; douin, 1970a, 
c; yon Nordheim,  1983). Never theless ,  the exact  mechanism of ep ide rm pene t ra t ion  by  
the spermatozoa  is sti/1 unknown  for the  lat ter  three  species  that  lack spec ia l  recept ion  
organs (yon Nordheim,  1989a). 

The process  of spe rmatophore  up take  was observed  by  dagers ten  (1952) only for 
P. rubropharyngeus which as one of the only two species  with dorsal  r ecep t ion  organs  is 
not represen ta t ive  of the majori ty of Protodrilus species.  J6gers ten  not iced  that  a female  
encounter ing  a spe rmatophore  depos i ted  on the sediment,  bends  its poster ior  body 
segments  so that  one dorsal  organ  touches  the spermatophore ,  which  then  sticks to the 
organ. Subsequent ly ,  the baUoon-shaped  spe rmatophore  empt ies  and shrinks,  and  sper- 
matozoa ga the r  in the ventral  sect ion of the dorsal  organ. "Sooner  or later,  however ,  they  
pene t ra te  into the coelom and  sp read  through the  d issepiments  to var ious  par ts  of the  
body  cavity" (J~igersten, 1952). 

Probably,  in most Protodrilus species  the mode  of spe rmatophore  u p t a k e  by  the 
females  resembles  that  of P. helgolandicus, where  spe rmatophores  w e r e  found a p p a -  
rent ly fixed at r andom to various body  segments  which lack p re fo rmed  ep ide rma l  
recept ion areas  (yon Nordheim,  1983). The author  supposes  that  in such spec ies  the  
female ep ide rm is subsequen t ly  o p e n e d  histolytically by  subs tances  of the  sper-  
ma tophores  or similar subs tances  in the acrosome of the p a r a s p e r m a t o z o a  (von Nord-  
helm, 1987, 1989b). 

In ana logy  to the male  "lateral  organs" ,  female P. ciliatus and P. leuckarti often show 
la teral  cil iary rows that, however ,  lack  accessory g land  complexes.  Al though  the function 

Fig. 6. Protodrilus rubropharyngeus; female; cross section of dorsal organ. A: Dorsal opening area. 
B: Internal gland cells. Scale bar: 2 ~m 
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Fig. 7. Protodriius rubropharyngeUs; female, dorsal organ. A: Cross section of transition zone celI 
body/cell process of an external gland cell. B: Detail of cell process. C: Horizontal section of the 
formation area of secretion balls close to the nucleus; internal gland cell. D: Detail of secretion ball. 

Scate bar: 1 ~m 
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of these  ciliary rows is not known, they  could play a role in spermatophore  up take .  It may  
also be  possible  that  in some Protodrilus species spermatozoa  enter  the body  cavit ies  
through coelomoducts ,  since in ul t rastructural  invest igat ions of the  p ro tonephr id ia  (!) of 
P. rubropharyngeus, spermatozoa  were  found in its protonephr id ia l  ducts  in spi te  of the  
p resence  of dorsal  organs (yon Nordheim,  1987). 

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

Within the genus  Protodrilus so-cal led dorsal  organs have been  descr ibed  so far only 
for the  females  of P. flavocapitatus and  P. rubropharyngeus by Sa lensky  (1907), Pieran-  
toni (1908), Goodrich (1931) and J~igersten (1952) at the light microscopy level.  Never -  
theless,  it is impor tant  to note that  P. rubropharyngeus probably  is a synonym for 
P. flavocapitatus (Jfigersten, 1952; von Nordheim, 1989a). 

Sa lensky  (1907) gave  a de ta i led  descr ipt ion of the dorsal  organs of P. flavocapitatus, 
but  their  function r ema ined  unknown to him. His results  correspond essent ia l ly  wi th  the  
p resen t  ul t rastructural  f indings in P. rubropharyngeus. Goodrich (1931) was  the  first to 
notice a conspicuous concentrat ion of spermatozoa  in and close to the dorsal  organs  of 
P. flavocapitatus (?), and  supposed  the organs to have  a function in reproduct ion.  

A synthesis  of the p resen ted  results  with those of Salensky,  Goodrich and  J~gers ten  
leads  to the following functional in terpreta t ion of the dorsal  organs in Protodrilus. 
Jage r s t en  (1952) supposed  that  spermatophores  stick to the cilia of the organ  opening.  
However ,  it is much more hkely  that  the g land cells that  seal the organ  opening,  dorsal ly  
secrete  a sticky substance,  thus gua ran tee ing  a fixation of the spermatophore .  Subse-  
quently,  the spermatozoa  pene t ra te  this layer  of g land cells and  invade  the large  
subep ide rma l  areas  of the organ. There  they ga ther  in th~ intercel lular  spaces  b e t w e e n  
the layers  of i n t e r n a l  a n d  e x t e r n a l  g l a n d  c e l l s .  Like Goodr ich  (1931), 
J~gers ten  (1952) not iced numerous  spermatozoa  in this section of the organ.  Never the -  
less, the  spermatozoa  very l ikely stay only for a short  t ime in the organ, since in none  of 
the seven organs inves t iga ted  by the author  were  spermatozoa  detected.  However ,  apar t  
from single spermatozoa  in the vicinity of the eggs  or the dorsal  organ,  which  are  also 
ment ioned  by Goodrich and Jfigersten, several  sperm bundles  enve loped  by  a more  or 
less complete  sheath  were  found in the coelom. The sheath  mater ia l  does not  consist  of 
spe rmatophore  remains  but  corresponds structural ly to the thread- l ike  processes  of the 
externa l  g land cells. Probably  in the intercel lular  spaces  of the dorsal  organ,  the 
spermatozoa  are enclosed  in such shea th  structures which are then t ranspor ted  in an 
unknown  manner  into the body cavit ies l ike  a sort of "internal  spermatophore" .  There  
the spermatozoa  gradua l ly  leave the sheath.  In the coelom cavity, the shea th  is connec ted  
to the  coelothel ium of the mesenter ium,  which might  ensure that  the " internal  sper-  
matophore"  with the enclosed spermatozoa  is not accidenta l ly  d i scharged  dur ing  ovipo- 
sition. 

Within the Anne l ida  various types  of female organs  for the recept ion  of spermatozoa  
are present ,  especia l ly  in Hi rud inea  and in all Ol igochae ta  (summarized by  Lassere,  
1975). All these organs  are distinctly different  from the unpa i red  ep ide rma l  dorsal  organs  
of Protodrilus. 

In polychaetes ,  however ,  only a few groups possess  seminal  receptac les  (sper- 
mathecae)  (Westheide,  1988), Ultrastructural  invest igat ions  on po lychae te  recep tac les  
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Fig. 8. Protod~lus rLzbropharyngeus; female. A, C, D: SorLzonta] sections. A: Gland cells that seal the 
dorsal opening of the dorsal organ. B: Cross section of these dorsa| gland cells. C: Internal sheath 
st~ctures conteJ~zing spermatozoa ("internal spenTzatophore"). D: Detail of sheath and eusper- 

matozoa. Scale bar I ~m 



Female reproductive organs in Protodrilus 481 

forming paired or unpaired epidermal blind sacs have been presented for Ikosipodus 
caroliensis (Westheide, 1982), Apodotrocha progenerans (Westheide & Riser, 1983) and 
Spirorbis spirorbis (Daly & Golding, 1977). Among these species the unpaired seminal 
receptacle of Ikosipodus shows some similarities to the dorsal organs of P. rub- 
ropharyngeus. The receptacle is located in the posterior section and an internal opening 
of the organ could not be detected, but the mode of transfer of the filiform spermatozoa 
remains unknown. In several groups of spionids, receptacles were found in different body 
regions. In most cases, however, these receptacles are probably epidermal invaginations 
without an internal opening; results of ultrastructural investigations have not been 
presented so far (Schroeder & Hermans 1975, Rice 1978, Mann 1984, Westheide 1988). 

At hght microscopy level, a surprisingly high structural similarity exists be tween  the 
dorsal organs of Protodrilus and the unpaired epidermal gland complexes in dorsal 
segment areas of Ophryotrocha labronica and O. notoglandulata. These glands, however, 
occur only in males and in individuals in the male phase. According to the results of light 
microscopical investigations by Schlawny (pets. comm.), these complexes consist solely 
of epidermal glands that secrete their products as "mucous clods" and which are 
underlaid by a continuous basal lamina. He believes the secretion to have a pheromone 
effect on females ready for mating. 

Ov iduc t s  a n d  ovipos i t ion  

In accordance with J~gersten (1952) and Jouin (1970 a0 b), the oviducts of P. 
purpureus, P. rubropharyngeus, and P. haurakiensis were found to be simple, short, 
ciliated coelomoducts. Their ultrastructure corresponds essentially to that of the male 
sperm ducts (von Nordheim, 1987, 1991). In addition, the tube sections of the oviducts in 
female P. purpureus contain several large secretory granules that resemble the secretory 
granules in the oviducts of Pisione remota (Westheide, 1988). No glands lead into the area 
of the external opening. The oviduct in P. rubropharyngeus and P. purpureus is sealed 
until egg deposition by a diaphragm which prevents premature emergence of eggs. Such 
diaphragmata have so far not been reported for Annelida. 

There are three possible modes of ontogenetic formation of oviducts and sperm ducts 
in Protodrilus: 

(a) Gonoducts and nephridia represent a functional unit, the so-called "nephro- 
mixia" (see Goodrich, 1931); 

(b) they develop from larval metanephridia (see Pierantoni, 1908); 
(c) when reaching sexual maturity, gonoducts are formed as new organs, normally 

accompanied by simultaneous reduction of nephridia in corresponding segments. 
In the species ultrastructurally investigated, no nephridia were noticed by the author 

in body segments with oviducts. Nephromixia which, according to Goodrich (1931), are 
formed from mesodermal and ectodermal ceils could not be detected either. Furthermore, 
in the gonoduct funnels and tubes no structures were found which might indicate 
filtration, secretion or reabsorption occurring here. However, in female P. brevis, Jouin 
(1970a, b) found distinctly different gonoducts, termed "protonephromixia". These are 
present in all fertile segments, serve as nephridia and oviducts, and are considered to be 
a new trait of this species. 

Since the females of most Protodrilus species do not possess special ducts or organs 
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Fig. 9. Females of: A: Protodrilus rubropharyngeus; diaphragm, oviduct and eggs. B: P. haurakien-  
sis; oviducts. C: P. rubropharyngeus; dorsal organ and ciliation of dissepiments. D: P. purpureus., 
longitudinal section of anterior region of the oviduct funnel and incomplete diaphragm. A, B, C: 

Dorsal views 

Fig. 10. Protodrilus purpureus; female; logitudinal sections of oviduct, A: Oviduct funnel  and basal 
septum, B: Tube cells with microvflh and dark granules. C: cil ia and ciliary roots of funnel cells. 

D: Lateral opening of the oviduct; cuticle. Scale bar: 3 ~tm 



~ * ~ ' ~ o ~ - ~ ' ~  . . . .  ~ ~ I r ~ A ~ V ~ b ~  ~ r _ ~ L ~  1 ~ I ~  ~ , ~ , ~ q p ~ / ~ I ~  

~ l ~ ~  f ~ ~  _ _  ~ _ ~  , ~ l ~ q E m ~ i i  



484 Henn ing  von Nordheim 

for oviposition, Jouin (1970b) assumes that at least in some of these species the eggs are 
likewise released through nephridial  ducts and  openings. In female P. adhaerens, she 
noticed that the nephridial  tubes are thicker in fertile than in infertile body  segments.  
Furthermore, hke Jhgersten (1952), she could 'not  find any injuries of the female epiderm 
after oviposition. 

Pierantoni  (1908) supposed that oviposition in Protodrilus occurs through the shed- 
ding of some posterior segments,  since at the end of the reproduct ion period he 
frequently found females with regenerat ing posterior body segments.  

A further mode of oviposition is known from P. helgolandicus: The body wall  of some 
posterior segments  ruptures laterally, and after oviposition the wounds  heal  rather 
rapidly (von Nordheim, 1983). Oviposition combined with partial rupture  of the hindmost  
body wall was also observed in P. litoralis (von Nordheim, 1989a) and  very likely occurs 
similarly in P. submersus. 

Thus, oviposition in Protodrilus occurs in a number  of very different ways: (a) by 
special oviducts or nephromixia,  (b) by nephridial  ducts and/or  -openings,  (c) by shed- 
ding of posterior body segments,  and (d) by partial rupture of the body wall. 

Most Protodrilus species possibly deposit their eggs freely onto the sediment  like 
many  polychaete species which discharge their eggs freely into the a mb i e n t  sea water 
(summarized in Evans, 1971, and  in Schroeder & Hermans, 1975). In several  cases, the 
author observed that following oviposition the eggs swell rapidly and  stick fairly firmly to 
the sediment  grains. In this way, perhaps, eggs are prevented from drifting away in a 
similar way to that reported for the genera  Trilobodrilus and  Dinophilus (Schmidt & 
Westheide 1972; Westheide & Schmidt, 1974). 

Only in mature  females of P. jouinae, P. gracilis and P. adhaerens are there so-called 
"cocoon glands",  the secretion of which can form ~ cocoon around the eggs during 
oviposition in a similar way to that found in many  Chtellata and  in some Polychaeta. 
Interestingly, cocoon glands are only present in Protodrilus species which also have 
special segmenta l  adhesive organs and  develop only very few but  relat ively large eggs 
per segment  (von Nordheim, 1989a). These characteristics obviously represent  adapta-  
tions to instable sediment  conditions in their specific habitat as is also the case in the 
closely related genus  Protodriloides. 

Finally, it must  be stressed that special female reproductive organs, such as dorsal 
organs, lateral ciliary rows, oviducts and cocoon glands, represent  very species-specific 
traits and occur only in some of the Protodrilus species. Thus al though the position of the 
organs depends  to some extent on the state of maturity, these female characters are as 
important  for taxonomic considerations in this genus  as are the sperm ducts and  lateral 
organs of the males. 
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