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ABSTRACT: The protonephridia of Protodrilus rubropharyngeus are described. They consist of a 
terminal cell, one nephridiopore cell, and different types of duct cells (proximal, medial, distal) with 
the duct running intracellularly. Reabsorption takes place in the duct by means of very unique 
lamellar foldings. An interesting characteristic of the nephridial system in P. rubropharyngeus is the 
presumed double filtration of the primary urine that occurs in the walls of both the lateral blood 
lacunae and the terminal cell. The structure of excretory organs in relation to the particular 
coelomatic conditions found in different groups of polychaetes is discussed. 

INTRODUCTION 

The nephridia  of Protodrflus flavocapitatus from the Black Sea were studied for the 
first time by Uljanin (1877) and ment ioned  in l~is description of this new species. The 
excretory organs were then examined in detail by Salensky (1907) who des ignated  them 
as metanephridia.  Pierantoni (1908) and later Goodrich (1931) - in a more detai led and  
comprehensive study - also referred to these organs as metanephridia.  

When JSgersten (1940) first described a new species of Protodrilus from the Baltic 
Sea, P. rubropharyngeus, he pointed out that the "new" species is possibly a synonym for 
P. flavocapitatus (J8gersten, 1940, 1952); however, as there was and  still is a lack of type 
material of P. flavocapitatus, he decided to continue describing Protodrilus rubro- 
pharyngeus as a "new" species. The assumption of synonymity of the two "species" was 
later supported by investigations on P. rubropharyngeus by Jouin (1970) and Von 
Nordheim (1987, 1989), but  this synonymity still remains  to be proven by comparison with 
material from the type locahty of P. flavocapitatus in the Bay of Sebastopol, Ukraine.  
Because our material for this investigation originates from the type locality of P. rubro- 
pharyngeus and other Baltic Sea areas and from the United Kingdom, and  due to perfect 
conformity with J~gersten 's  detailed spedes  description, it was considered to be P. 
rubropharyngeus J~igersten. 

The hght microscopical examinat ions of the nephr idia  of P. flavocapitatus from the 
Black Sea (Salensky, 1907; Pierantoni, 1908; Goodrich, 1931) and P. rubropharyngeus 
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from the Baltic Sea (J~gersten,  1952; Jouin, 1970) did not  l e ad  to an exact  eva lua t ion  of 
these  organs.  Jouin  (1970) po in ted  out that  she could not  de te rmine  w h e t h e r  the  "initial 
ampul la"  of the  nephr id ium in P. rubropharyngeus was open  or c losed a n d  thus  could not  
clarify w h e t h e r  meta -  or p ro tonephr id ia  were  present .  Von Nordhe im (1987) clearly 
noted for the  first t ime the p resence  of pro tonephr id ia  in adul t  P. rubropharyngeus in his 
u]trastructural  invest igat ions  on the systematics  of the genus  Protodrilus. 

In this paper ,  the  ul t ras t ructure  and the functional  morpho logy  of these  protone-  
phr id ia  are  descr ibed:  Ultrastructural  invest igat ions of the  nephr id ia l  sys tem often 
contr ibute to a more  subs tan t i a ted  hypothesis  of the phy logene t i c  posi t ion of a taxon in 
comparison to exis t ing hypo theses  (see e.g. Ax, 1984; Westhe ide ,  1986; Smith  & Ruppert,  
1988; Rohde et al., 1988). 

MATERIAL AND METHODS 

Individuals  of Protodrilus rubropharyngeus (J~igersten) from the fol lowing localities 
were  inves t iga ted:  

(a) Kr is t ineberg  (type locality} (Sweden/Skager rak ;  sal ini ty 20 %o); (b) Weissenh~user  
Strand (Germany/Bal t ic  Sea; sal ini ty 8-10%o); (c) St. Abbs  Head  (Scottish east  coast/  
North Sea; sal ini ty 30-33 %.). 

The spec imens  were  ex t rac ted  from the sed iment  us ing a decanta t ion  t echn ique  with 
2 % m a g n e s i u m  chloride ad jus ted  to ambien t  sea -wate r  salinity. Anaes the t i z ed  animals  
were  obse rved  al ive or were  f ixed for t ransmission e lec t ronmicroscopy (TEM) in a 
mixture of sucrose, picric acid, fo rmaldehyde  and g lu ta ra ldehyde  in a phospha t e  buffer 
(Ermak & Eakin,  1976). The  bes t  results  were  ob ta ined  with a sucrose content  of 10 to 
17 %. In P. rubropharyngeus from Weissenh~user  Strand, no sucrose was added .  

Fol lowing narcot iza t ion for 20 min, fixation was carr ied out for 2 h at  4 ~ with 2 to 3 
r ep lacement s  of fixation liquid. After  r insing severa l  t imes with 0.1 molar  phospha te  
buffer solution (pH 7.3) and  postf ixation in 1% OsO4 solution in phospha te  buffer  for 1 h 
at 0 ~ the  mater ia l  was  d e h y d r a t e d  in an e thanol ' ser ies ,  t ransfer red  to p ropy l ene  oxide, 
and  e m b e d d e d  in an  Epon-Ara ld i te  mixture.  

Thin sections were  m a d e  with a d iamond  knife on a Reichert  Ultracut, s ta ined  with 
lead  citrate and  uranyl  ace ta te  in a LKB Ultrostainer,  examined  and p h o t o g r a p h e d  with a 
Philips EM 300. 

RESULTS 

G e n e r a l  m o r p h o l o g y  of t h e  n e p h r i d i a  

In Protodrilus rubropharyngeus, from the first sep tum backwards ,  one pa i r  of proto- 
nephr id ia  is found in every  segment .  These  organs are especia l ly  wel l  d e v e l o p e d  in the 
more anter ior  segments .  In  cer tain segments  of the ferti le region both  sexes  have  
gonoducts  ins tead  of nephr id ia .  

In the poster ior  sect ion of a segment ,  in front of the septum, the fol lowing terminal  
e lements  of the  p ro tonephr id ium are found: a terminal  cell, the tip of which  l ies closer to 
the gut  than its cauda l  part,  and  three  nephr id ioduc t  cells (Figs 1 A, B; 2 A). The 4th cell of 
the nephr id ioduc t  pene t r a t e  s the sep tum and continues into the next  segment .  Subse-  
quently,  the nephr id ioduc t  cells are  a lmost  round or oval  and  their  typical  a r r angemen t  
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Fig. 1. Protodzilus rubropharyngeus. A: D i a g r a m  of comple t e  p ro tonephr id ium.  Dorsal  view.  Ar rows  
indicate  t he  direct ion of l iquid  flow. L egend :  p d  - prox ima l  duc t  section,  m d -  media l  duc t  sect ion,  
d d -  distal  duc t  sect ion.  B: Genera l ,  dorsal  v iew of t he  posi t ion of the  n e p h r i d i a  in a s e g m e n t .  
C: D i a g r a m  of a t e rmina l  cell. Large  a r row ind ica tes  posi t ion of cross sec t ion  s h o w n  in Fig. 2 C. 

Scale  bar: A = 10 Bm, B = 100 ~m, C = 2 Bm 
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Fig. 2. Protodrilus rubropharyngeus, A, B: Light microscopical view of the protonephridial terminal 
cell (A) and part of the medial duct (B). C, D: TEM micrographs; C: Cross section of terminal cell. 
Note its relative position to neighbouring septum (for position of section see Fig. 1 C). D: Detail of 

cross section of terminal cell. Scale bar: A, B = 20 ~m, C~ D = 1 t~m 

makes this part of the nephridioduct  look hke a string of pearls (Figs 1 A, 2 B). The medial  
region of the nephridioduct  forms 2 loops. The distal part terminates with a nephridiopore 
cell which opens ventrolaterally through the cuticle in the first third of the  segment  (Figs 
1 A, B). The protonephridium consists of about  37 to 39 cells. In the immed ia t e  vicinity of 
the lumen  of the excretory canal, one cell is aIways l inked to the next  b y  desmosomes 
(Figs 3 C, 4 A) and, occasionally, in addition by septate junctions. Some data on P. 
rubropharyngeus and the size of its nephr idia  are given in Table 1. 

T e r m i n a l  cel l  

The terminaI cell is long and  slender; its diameter  increases by cascade- l ike  wide-  
nings step by step towards the base (Figs 1 C, 2 A). The n u m b e r  of these protrusions in the 
different protonephridia varies from 7 to 9, each of them consisting of cytoplasm in  which 
cilia and  microvillar rods are anchored. In cross section, the basal part of the cell reveals 
up to 100 cilia, surrounded by about  100 rods. Their numbers  decrease s tepwise  towards 
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Fig. 3: Protodrilus rubropharyngeus. A: Microvil lar  rod a n c h o r e d  by  fibrils in  a cy top lasmic  prot ru-  
s ion of the  t e rmina l  cell. Note  E C M  cover ing  the  pore  (arrow). B'. Fil trat ion layer  wi th  po res  in 
t angen t i a l  section.  C: Trans i t ion  of the  t e rmina l  cell (t) to the  first p rox ima l  d u c t  cell (pd). La rge  
arrow points  to g e n e s i s  of p inocytot ic  ves ic le  in p rox ima l  duc t  cell. Long i tud ina l  sect ion.  D: A 
microvii lar  rod. E: Trans i t ion  f rom prox imal  duc t  to u p p e r  med i a l  duc t  (umd)  in long i tud ina l  sect ion.  

Scale bars:  A = 0.2 ~m, B = 0.3 ~m, C a n d  E = 2.5 ~m, D -- 0.5 ~m 
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Fig, 4. Protodrilus mbropharyngeus. A: Diagram of the transition of the proximal duc t  to the upper  
medial duct. B: Cross section through proximal duct. C: Cross section through media l  duct. Positions 

of sections B and C are indicated in A by arrows. Scale bar: 2 ,um 

t h e  t ip of t h e  t e r m i n a l  cell. T h e  m a j o r  p o r t i o n  of t h e  cy top l a sm,  c o n t a i n i n g  t h e  n u c l e u s ,  

r o u g h  e n d o p l a s m i c  r e t i c u l u m  (RER), m i t o c h o n d r i a ,  as  we l l  as  a f ew  v e s i c l e s  a n d  g r a n u l e s ,  

f o rms  t h e  cel l  b a s e .  
B e g i n n i n g  w i t h  t he  tip, a n d  b e l o w  e a c h  c y t o p l a s m i c  p r o t r u s i o n  of t h e  " c a s c a d e " ,  a 
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Table 1. Sizes of adult individuals of Protodrflus rubropharyngeus (mean values from Sweden and 
Germany) 

B o d y  s i z e  {n = approx. 100 individuals) 
Total body length 
Number of segments 
Length of a middle segment 
Width of a middle segment 

P r o t o n e p h r i d i u m  s i z e  (n=20-50)  
Length 
Total length of nephridioduct 
Length of terminal cell 
Width of terminal cell 

6-12 mm 
20-50 
150 ~m 
160 ~m 

lI0 Bm 
320 gm 
31~-n 

5 ~tm (maximum) 

filtration layer with many  pores stretches to the lower protrusion and  covers the nume-  
rous internal  microvillar rods and cilia (Figs 1 A; 2 C, D; 3 A, C, D). The filtration layer 
consists of cytoplasmic bridges, 5 0 - 7 5 n m  thick, that surround pores of 7 0 - 1 0 0 n m  in 
diameter. Only in the pores is an extracellular matrix (ECM) found that is s t rengthened 
by crossed fibrils in the centre (Figs 2 C, D; 3 A, B). About  two thirds of the terminal  cell's 
total surface consist of this filtration layer, and  the pores (about 7000-8000 per terminal  
cell} make up about  20 % of the surface area of the layer. The terminal  cell as a whole 
does not seem to be completely enveloped by ECM or a derivative of the basal  lamina  of 
the septum. 

Microvillar rods are only found in a peripheral  position within the terminal  cell 
closely below the filtration layer, and they surround the cilia in the centre of the cell like a 
weir {Figs 2C, D}. The rods can be described as large microvilli (diameter 200nm;  
max imum length up to 10 ~tm} containing numerous,  long filaments a r ranged parallel  to 
the longi tudinal  axis. They are fixed in the cytoplasm of a protrusion by fi laments and  
project into the peripheral  lumen  of the terminal  cells (Figs 3 A, C, D). 

The ciha of the terminal  cell are also anchored in the protrusions by two rootlets 
heading  in the opposite direction perpendicular  to the cilium itself. In most cases, one 
rootlet is about  twice as long as the other (1.2 ~tm and  0.5 ~tm respectively). The basal  
body of the cilium, designated by Pitelka (1974) as a "type II basal  body", and the basal  
plate project a little over the normal level of the cell membrane  {Fig. 3 C). Occasionally, 
an accessory centriole can be seen lying perpendicular ly  to the basal  body {see Fig. 5 B), 
and several round mitochondria are found regularly in the cytoplasm of the protrusions 
{Figs 2 C, D/. -The longest  section of a cihum that was measured  in a longi tudinal  section 
w a s 1 6  ~tm; thus, the cilia are certainly always much longer than the microvi!lar rods. 

D u c t  cel ls  

P r o x i m a 1 s e c t i o n. In the proximal section, the intracellular duct is formed by a 
single row of 11 cells. In cross section, most of them are more or less spherical {Figs 4 B, 
C}. Cells 1 to 3 are found be tween  the terminal  cell and the septum, while: cells 4 to 11 lie 
beh ind  the septum {Fig. 1 A). 

In add i t ion  to a few peripheral mitochondria, a large nucleus  and endoplasmic 
reticuhim are found in each duct cell, Near  the lumen  of the duct, dictyosomes lie in an 
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Fig. 5. Protodrilus rubropharyngeus. A: Proximal duct cell in tangential section, Note genesis of 
pinocytotic vesicles (large arrows). B: Accessory centriole near basal body of a C/hum in the medial 
duct, lamellae (I). C: Cross section through the median region and the lower terminal region of the 

medial duct. D: Medial duct i n longitudinal section showing groups of lameUae. Scale bar: 2 ~m 

e l e c t r o n - d e n s e  l aye r  of cytoplasm.  T h e  r e m a i n i n g  l e s s - e l e c t r o n - d e n s e  c y t o p l a s m  con-  

ta ins  n u m e r o u s  coa r se  g r anu l e s  a n d  a f ew  l ipid drople ts ,  as  we l l  as  s eve ra l  l a r g e  v a c u o l e s  
bui l t  b y  con f luen t  p inocyto t ic  ves ic l e s  (Fig. 3 E). H e n c e ,  t he  l umina l  cell  s u r f a c e  b e c o m e s  

i r r egu la r  b e c a u s e  of m e m b r a n e  i n v a g i n a t i o n s  a n d  s o m e  short  microvi l l i .  (Fig. 5 A; N. B.: 
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Because of the tangential  section in this figure, many microvilli can be seen.) The 
diameter of the lumen decreases distally. 

In the intracellular lumen,  10 to 25 cilia with type II basal  bodies (Pitelka, 1974) effect 
the fluid transport. They are anchored in different parts of the duct by just one rootlet with 
a length  of about  2.5 ~m and by a short basal  foot. 

M e d i a 1 s e c t i o n. This part, consisting of about 15 to 16 cells with an intracellular 
lumen,  can be differentiated into an upper  medial  section (about 10 cells) and  a lower 
medial  section (about 5 cells). Since there is a gradual  transition be tween  these two 
sections, a typical cell of each part is described. 

In the upper  medial  section, the large round cells have a smooth outer surface and  a 
maximum diameter of 10-15 ~m (Figs 4 A, C; 5 C). The cytoplasm is less-electron-dense 
compared to that of the preceding section because of the high fluid content  of the cell. 
The cytoplasm also contains the nucleus,  many  small coarse granules, RER and  even 
some dictyosomes, which are always found close to the base of a cilium. Many  mitochon- 
dria can be seen just below the cell surface or around the duct (Fig. 5 C). The most 
striking characteristic of these cells is the great en la rgement  of the cell surface by 
numerous  foldings in the duct. These foldings of the inner  cell m e m b r a n e  form large 
numbers  of lamellae that are ar ranged in closely packed groups and  that are normal ly  not 
interdigitat ing (Figs 4 A, C; 5 B, C, D; 7 D; see also Fig. 7 B). The lamellae extend far into 
the lumen  where their ends are a little thickened, or sometimes appear  to be  even 
bloated. Mitochondria are always found at the base of a lamella (Fig. 7 D). About  12 to 20 
cilia propel the fluid inside the duct. They are anchored in the same way as in the 
proximal section, al though their rootlets seem to be a little shorter (only 0.7 ~tm). An 
accessory centriole is found near  the basal  body (Fig. 5 B). 

In the lower medial  section, the diameter  of the cells decreases continuously to about  
3-4 ~m. The cytoplasm surrounds the intracellular duct like a thin mantle  and  contains 
the nucleus,  RER and mitochondria (Figs 6A, B; 7B). Groups of comparatively short 
lamellae almost fill the lumen  completely, and  there is only a little space for the 8-12 cilia 
and the excretion fluid (Fig. 7B). The numt~er of mitochondria is clearly reduced 
compared to the upper  medial  section. As there are only few dictyosomes but  many  
granules (Fig. 7 B), the cytoplasm of these cells has a darker appearance  than that of the 
cells of the upper  medial  section. 

D i s t a 1 s e c t i o n. The last section before the nephridiopore consists of about  10 
cells forming again an intracellular duct (Figs 6 C, 7 A). The diameter  of these cells is 
about 3-6 ~m or even less. The cytoplasm contains the nucleus,  RER, granules  and  a few 
dictyosomes and mitochondria. Around the duct the cytoplasm has a spongy appearance  
because of many sinall pinocytotic vesicles. The cell surface surrounding the duct l umen  
bears only a few irregularly arranged microvflli (Figs 6 C, 7 A). At the end  of this section, 
the number  of cilia decreases, so that only about  6 cilia reach into the nephridiopore cell. 

N e p h r i d i o p o r e  

At the end of the excretory duct, the nephridiopore is formed by just one epidermal  
cell, and the duct penetrates  the basal  lamina  before passing through this cell in several 
windings  (Figs 6D, 7 C). In the epidermal  region, a lateral extension forming a large 
lumen may be described as a "urinary bladder" (Figs 6 D, 7 C). The cytoplasm of the cells 
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Fig. 6. Protodrflus rubropharyngeus. A: Diagram of the transition between lower medial duct and 
distal duct. B: Cross section through lower medial duct. C: Cross section through distal duct. 
Positions of sections B and C are indicated in A by arrows. D: Diagram of region of nephridiopore 

(main pore). Scale bar: 2 ~tm 
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Fig. 7. Protodrilus rubropharyngeus. A: Cross section through distal duct. B: Lamellae of the lower 
medial duct in longitudinal section. C: Longitudinal section of the nephridiopore region showing the 
"urinary bladder",  the main excretion pore and some smaller pores. D: Lamellae of the upper  medial 

duct area in cross section. Scale bar: 1 ~m 

forms  a t h i n  l a y e r  a r o u n d  t h e  l u m e n  of t h e  d u c t  a n d  c o n t a i n s  t h e  n u c l e u s ,  a f ew  

m i t o c h o n d r i a ,  d i c t y o s o m e s  a n d  c o a r s e  g r a n u l e s .  T h e  t r ue  p o r e  is s t a b i h z e d  b y  a mic rov i l -  

l a r  c r o w n  (Fig. 6 D). H e r e  t h e  cu t i c l e  fo rms  a p r o j e c t i o n  a n d  t h e  ep icu t i c l e  e x t e n d s  f rom 

the  e x t e r n a l  l a y e r  to t h e  t ips  of t h e  m i c r ov i l l a r  c rown.  In  add i t ion ,  a n u m b e r  of s m a l l e r  

p o r e s  c a n  b e  f o u n d  in  t h e  cu t i c l e  n e x t  to t h e  m a i n  e x c r e t o r y  pore .  
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S p e c i a l  s t r u c t u r e s  of t h e  s e g m e n t a l  l a t e r a l  l a c u n a e  of t h e  b l o o d  l a c u n a e  s y s t e m  

In Protodrilus rubropharyngeus, the septa  consist of two thin coelotheI ia l  layers  
s epa ra t ed  by  a basa l  l amina  (Figs 8 C, D). Close to the gut, the coetothel ia l  layers  form 
segmen ta l ly  a r r anged  la teral  h a e m o l y m p h  lacunae.  These  l acunae  are  a lways  found 
anter ior  to the sep ta  close to the terminal  ceil (Fig. 8 C), but  only in s e g m e n t s  where  
te rminal  ceils are  present .  The anter ior  coelothel ial  layer  of the l acuna  forms numerous  
podocy te -hke  structures. Be tween  these  "pedicels"  there are  slots about  25-35  nm wide  
covered  by  a thin extracel lular  matr ix  (ECM). See tips of t r iangles  in F igures  8 A and B. 
Below the pedicels ,  the  inner  surface of a lacuna  is also l ined by  ex t race l lu la r  mater ia l  
(Fig. 8 A), as is also the case in the ventra l  and  dorsal  haemolymph  l acunae  of this species.  
Fur thermore,  the anterior  coelothel ia l  layer  of the septum facing the t e rmina l  cell  also 
shows openings  with a d iameter  of approx. 50-80 nm covered with thin E C M  ( indicated 
by  tips of t r iangles  in Fig. 8 D). These  openings  are a lways found close to the te rminal  
ceil. Below the coelothel,  as in the  lacunae,  there  is a second shghfly th icker  ECM (Fig. 

8D). 
DISCUSSION 

G e n e r a l  m o r p h o l o g y  of t h e  n e p h r i d i a  

Some results  of the presen t  s tudy correspond to those of Sa lensky  (1907}, Pierantoni  
(1908) and Goodr ich  (1931), ob ta ined  from Protodrflus flavocapitatus, a n d  to those of 
Jouin  (1970}, ob ta ined  from P. rubropharyngeus, which is very hke ly  a synonym for P. 
flavocapitatus (see J~igersten, 1940; Jouin,  1970; Von Nordheim,  1987, 1989; Westhe ide ,  
1990}. For example ,  Jouin, who did not  examine  the nephridia  of P. rubropharyngeus 
histologically,  s ta ted on the basis  of hght  microscopical  observat ions that  " the  intracel lu-  
lar  duct  is coi led two times" and that it starts anter ior  to the sep tum wi th  an  "initial  
ampul la"  about  30 ~tm in length.  Jou in  could not de te rmine  whe the r  this a m p u l l a  was  a 
closed or an open structure,  and  therefore  could net  decide  if proto-  or m e t a n e p h r i d i a  
were  present .  Sa lensky  (1907) and  Goodrich {1931} noted in P. flavocapitatus that  the  
nephr id ia l  duct  is formed by big cells a r r anged  l ike a string of pearls .  

The fact that  each  excretory organ  occupies  two segments ,  the p rox imal  end  with its 
terminal  organ or nephros tome located in one segment  and the duct  and  nephr id iopore  
loca ted  in the next is cons idered  to be  typical  for annel ids  (Penzlin, 1980). As in 
ol igochaetes  (Boveri-Boner. 1920) and  in other po lychae te  species, no nephr id i a  are  
found in segments  containing gonoducts  (Goodrich, 1931; Jfigersten, 1952; Jouin,  1970; 
Von Nordheim,  1991a, b). 

T e r m i n a l  ce l l  

Basically, three  types of construct ion of the "blind" proximal  end  of the duct  are  
d iscussed in the h tera ture  (Wilson & Webster ,  1974, p. 127; but  see also Smith & Ruppert ,  
1988}: (1) f lame cells, (2) f lame bu lbs  and  (3) solenocytes.  The p resen t  results  r evea l  that  
the terminal  cell of Protodrilus rubropharyngeus is of the "flame bulb"  type,  s ince a tuft of 
f lagel la  is found in a b l ind-end  tube  of cytoplasm, and  most of its cytoplasm, conta in ing  
the nucleus, is loca ted  at the cell base.  Furthermore,  it  can be descr ibed  as a monocel lu la r  
filter (see Lammert ,  1985). 

In some polychaetes ,  the te rminal  organ  is ent i re ly  covered with a "basa l  lamina"  on 
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Fig. 8. Protodrilus rubropharyngeus. A, B; C, D: Horizontal longitudinal sections. A: Lateral lacuna 
of the blood lacuna system. B: Pedicel of lacuna. C: Gut, lacuna, septum, transversal muscle and 
(cross section of) terminal cell, D: Septum with openings and filtration barriers (tips of triangles) in 

the anterior wall. Scale bar: A, B, D = 0.5 pro, C = 5 ~m 
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the outside, for example  in Serpula vermicularis (Pemerl, 1965), or wi th  "extracel lular  
mater ial" ,  as in Glycera dibranchiata (Smith & Ruppert ,  1986); these  s t ructures  serve as 
the only filtration barr ier  in those species.  In P. rubrophar3,ngeus , t he  ext racel lu lar  
mater ia l  (ECM) is res t r ic ted to the  region  of the  filtration pores  of the  te rmina l  cell; in 
addit ion,  there  are  fibrils in the  pores.  Kfimmel (1962), however ,  po in ted  out that  more 
impor tant  than the absolute  filtration surface a rea  is the  re la t ive  fi l tration surface area, 
i,e. the propor t ion of slots or pores  relat ive to the total surface area  of the weir.  This 
ranges  from 3.7 %, in the mirac id ium of Fasciola hepatica (Trematoda),  to 40% in 
Stenostomum (Turbellaria); The  relat ive fil tration surface a rea  of, for example ,  the  
solenocytes  in G1ycera (Polychaeta) with 33 % is c lear ly h igher  than that  of the terminal  
cell of P. rubropharyngeus with about  20 %. 

The pro to type  of the terminal  cell of p ro tonephr id ia  in Bilateria has  just  one cilium 
("solenocyte'!),  a filter (ECM), an accessory centriole and  e ight  rnicrovil lar  rods (Ax, 
1984). From this prototype,  p ro tonephr id ia  evolved  that  show a common pat tern:  i.e. a 
mult ipl icat ion of cilia, a loss of accessory centr ioles a n d  a size reduct ion  of microvil lar  
rods (see also Bartolomaeus & Ax, 1992). In P. rubropharyngeus, there are  about  100 cilia 
and  100 microvil lar  rods pe r  t e rmina l  ceil, and  some accessory centr ioles  can still be  
found in both terminal  cell and  nephr idioduct .  Thus, in this species  the p ro tonephr id ia  
represen t  a h ighly  der ived type. As in other  protonephr idia ,  the microvil lar  rods in P. 
rubropharyngeus prevent  the terminal  cell from col lapsing {see Brandenburg ,  1975), 

In po lychae te  pro tonephr id ia l  systems, a p r imary  ur ine is ex t rac ted  from the 
haemolymph  by ultrafil tration into the terminal  cell. By t racer  exper imen t s  with G1ycera 
dibranchiata (Polychaeta), Smi th  & Rupper t  (I986, 1988 / d iscovered that the  real  filtration 
barr ier  is only pe rmeab le  for molecules  with less than about  36 nm in d iameter .  In P. 
rubropharyngeus, the d iameter  of a terminal  cell pore is about  2 to 3 t imes  la rger  (70 to 
100nm}, but  is r educed  by  fibritlar material .  The  la teral  h a e m o l y m p h  l a c u n a e  of the 
septa,  however ,  possess  clefts in their  wails  which are  25 to 35 nm wide.  The  par t icular  
size and  shape  of the clefts in the  l acunae  a re  de te rmined  by  prodocytes  with small  
protrusions,  also known  as pedicels .  This k ind  of filtration structure is desc r ibed  by 
Kfimmel (1977) for several  excret ion systems in different  taxa: me tanephr id i a ,  an tenna l  
g lands  and even mammal i an  kidneys.  Fenes t r a t ed  capil lar ies  close to the  nephros tome  
are  well  known in polychae tes  possess ing  me tanephr id i a  (Jones, 1957; Dales  & Cum- 
mings,  1987; Fransen,  I988; Rupper t  & Smith, 1988). Never theless ,  t h e  very  pecul ia r  
si tuation found in P. rubropharyngeus, i.e, f enes t ra ted  capi l lar ies  ( lacuna "walls")  com- 
b ined  with protonephr idia ,  has only been  documen ted  once within the  Polychaeta :  the 
t rochophora  la rvae  of Sabellaria possess  p ro tonephr id ia  (Smith & Rupper t ,  i988) and  
"discontinuit ies" in the walls of the  capi l lar ies  {Fransen,  1988). 

E x c r e t o r y  d u c t  a n d  n e p h r i d i o p o r e  

Normally,  the pr imary  urine is cons idered  to be modif ied  by  reabsorp t ion  and  
secret ion within the nephr id ioduct  in three  cytological ly different  sections of the  duct.  The 
sections are the  proximal,  media l  and  distal  parts  of the duct  (Smith & Ruppert ,  1988). In 
Protodrilus rubropharyngeus, there  are also three  different sections that can  be  dist in- 
gu ished  in the  excretory duct. Proximally, very few i r regular ly  shaped  microvil l i  project  
into the lumen.  Many  vesicles indicate  reabsorp t ion  by pinocytosis.  They fuse to form 
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la rger  vacuoles.  In the media l  section, the cell surface within the duct  is great ly  en la rged  by  
numerous  unique  lamellae .  This enables  an intensif ied exchange  of subs tances  b e t w e e n  
duct  and  cell lumen.  Pfannenstiel  & Grfinig (1982) descr ibed  the situation in Ophryotrocha 
puerilis (Polychaeta), where  the surface of the metanephr id ia l  duct  is en l a rged  by  
"brushborders  of micro~l l i" .  The surface en la rgemen t  resembles  the basa l  l abyr in th  in the 
distal  and  proximal  tubule  cells of nephrons  found in ver tebra tes  (Ude & Koch, 1982). In 
these  taxa, the en la rged  cell surface facil i tates active ion transport  agains t  a concentra t ion 
gradient ,  which causes water  to follow passively.  In P. rubropharyngeus, the  b loa ted  
condit ion of the cells of the media l  duct  reg ion  can be  cons idered  as further ev idence  for an 
intensive flow of l iquid into the cytoplasm. The large number  of mi tochondr ia  at the  base  of 
the lamel lae  indicates  that  active, ene rgy-consuming  metabol ic  processes,  such as active 
ion transport,  t ake  place  here.  Also Wess ing  & Polenz (1974) not iced many  mi tochondr ia  in 
the duct  cells of the t rochophora of Pomatoceros triqueter. 

In the cytoplasm of the distal duct  cells in P. rubropharyngeus, many  granules  can be  
found which fill these cells almost completely,  and  b e t w e e n  the granules  and  the luminal  
cell surface, rough ER and some dic tyosomes are present .  McKanna  (1968) cons idered  
such granules  to be  products  of the Golg i -complexes  and to be made  up of r eabso rbed  
material .  However ,  Brf iggemann (1986) took the p resence  of dic tyosomes as ev idence  of 
a secretory function of these ceils. Since an indicat ion for a secret ion process  could not be  
found in the duct  cells of P. rubropharyngeus, the authors  suppose  that  the  granules  are 
synthes ized  from reabso rbed  material .  

In P. rubropharyngeus, the number  and  size of the m e m b r a n e  structures and 
respect ive  organel les  decrease  from the proximal  to the distal section of the duct. A very 
similar situation is noted by Brf iggemann (1986) for Paromalostomum proceracauda 
(Plathyelminthes) where  it is be l i eved  to be  corre la ted  with the proximal ly- to-dis ta l ly  
decreas ing  concentrat ion of substances  which could be r eabsorbed  from the urine. 

The lumen of the duct  a lways runs intracelhi lar ly  in P. rubropharyngeus. The only 
other  species for which an intracel lular  lumen  in the nephr id ia l  system is known  are the 
annel ids  Apodotrocha progenerans (Westheide,  1985) and h4yzostoma cirriferum (Pietsch 
& Westheide ,  1987). A part ial ly in t racel lu lar  lumen has  been  descr ibed  for Hesionides 
arenaria (Westheide,  1986) and Glycera dibranchiata (Smith & Ruppert,  1986). 

The nephr id iopore  cell does not open  external ly  by only one main  pore; but  a 
number  of smal ler  openings  sur rounding the main  pore  exist  that  may  also serve as 
excret ion pores in the cuticle. Kris tensen & Hay-Schmid t  (1989) descr ibed  similar obser-  
vat ions in the k inorhynch Echinoderes aquflonius where  a s ieve- l ike  pore  plate  with 
20-30 pores can be  found that  pene t ra te  the cuticle. 

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

In P. rubropharyngeus, the definit ive urine is p robab ly  gene ra t ed  in the following 
way:  certain const i tuents  of the haemo lymp h  circulat ing in the blood l acunae  system 
enter  the coelom through the clefts in the coelothel  of the lacuna  and the septa.  In these  
clefts, an initial filtration takes  p lace  by  the thin ECM covering the clefts and  by  the 
under ly ing  ECM. Due to metabol ic  processes  in the  coelomic cavities, this 1st-step- 
pr imary-ur ine  is very l ikely sl ightly modified,  and  it is f i l tered aga in  when  enter ing the 
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terminal  cell in order  to p reven t  metabol ic  products  from be ing  excre ted .  After  pass ing  
through this second filter s tructure that  consists of the ECM in the  cy toplasmic  pores of 
the terminal  cell, the 2r id-s tep-pr imary-ur ine  p roduced  by  double  fi l tration is p rope l led  
through different duct  sections whi le  its composi t ion is modi f ied  again.  Pinocytosis  takes  
p lace  in the proximal  and distal  sections, while  in cells of the media l  sec t ion the "coarse 
granules"  are  synthesized,  and  active ion reabsorpt ion  causes  a pass ive  f low of water  into 
the  media l  duct  ceils. At the end of the duct  system, the final ur ine  is exc re ted  through the 
nephr id iopore  consist ing of a main  pore  sur rounded  by  smal ler  pores.  

Since one filtration barr ier  should  be  sufficient, especia l ly  as in tens ive  reabsorpt ion  
in the  nephr id ioduc t  follows, this double  filtration system might  r ep re sen t  a t ransi t ional  
s ta te  in the  course of evolution.  In spite  of the numerous  neotenic  traits in this  po lychae te  
genus,  we  suppose  that  the b lood l acuna  system and septa  with podocytes ,  in combina-  
tion with protonephr idia ,  might  r ep resen t  a t ransi t ional  s tage  in the course  of develop-  
men t  towards  a true me tanephr id i a l  system, the functioning of which  requi res  the 
p resence  of a vascular  system (see Smith & Ruppert ,  1988; Bar to lomaeus  & A.x, 1992). So 
far no evidence  could be found for the a l ternat ive hypothes is  that  the  b lood lacuna  
system in P. rubropharyngeus is a rehct  of a former me tanephr id i a l  system,  and  the blood 
lacunae  have  not b e e n  comple te ly  reduced,  even though pro tonephr id ia  have  evolved,  
the  functioning of which  does  not  n e e d  a b lood lacuna  system. 

As to which hypothesis  apphes  to the course of evolution of the excre tory  system in 
this species  (and m a y b e  for the  genus  Protodrilus), a decision can  be m a d e  only after a 
thorough ul t ras t ructural  invest igat ion of different  larval  stages.  Because  the  deve lopmen t  
of nephr id ia  of P. rubropharyngeus could not  be  s tudied  due to lack  of su i tab le  material ,  
we  refer to J~gers ten ' s  (1940, 1952) hght  microscopical  invest igat ions  of di f ferent  larval  
stages.  He s ta ted (1952, p. 459) that  the  immature  larva of P. rubropharyngeus possesses  
only two pairs of "larval  nephf id ia"  in the head  segment  that  "d i sappea r  dur ing  matur i ty  
and  are  therefore missing in the fully mature  s tage,  where  the  defini t ive n e p h r i d i a . . ,  are  
found instead".  J~igersten did not  de t e rmine  the larval  nephr id ia  as p ro tonephr id ia  but  
s t ressed their  s tructural  differences in comparison to wha t  he cons idered  to be  "metane-  
phr id ia"  in the mature  larva. J u d g i n g  by  the figures of J~gers ten  (1952, Figs 20A-D) ,  
however ,  the larval  nephr id ia  are  very  l ikely  protonephr idia ,  the  h indmos t  pair  of which 
undergoes  some morphologica l  changes  and becomes  the first defini t ive pa i r  of pro- 
tonephr id ia  in the first sep tum of the mature  individual.  If this is correct,  then all 
deve lopmenta l  s tages  of P. rubropharyngeus possess  protonephr id ia ,  and  this is a 
neotenic  and  a p les iomorphic  trait  of the  po lychae tes  (see Bar to lomaeus  & Ax, 1992). 

Recently, Bar tolomaeus  & Ax (1992) d iscussed the relat ion of proto- and  me tane -  
phr id ia  within the Bilateria. They  hypothes ize  that p ro tonephr id ia  were  evolved  in a 
monophas ic  acoe lomate  organism in the  stem hneage  of the Bilateria. Fur thermore ,  
"according to the differences b e t w e e n  the me tanephr id i a  of phoronids  a n d  annel ids" ,  
they emphas ized  "that there  is no possibi l i ty  to trace b a c k  all b i l a te r ian  taxa  with a 
coelom to a common stem species" .  Hence,  p ro tonephr id ia  are  cons ide red  to be  
homologous organs throughout  the  Bilateria, whe reas  me tanephr id i a  must  have  evolved 
independent ly ,  at leas t  twice. Bar to lomaeus  & Ax (1992) could find "no a r g u m e n t s  for the  
hypothesis  that s egmen ta l  me tanephr id i a  be long  to the ground  pa t te rn  of annehds" .  

On the other  hand.  Smith & Rupper t  (1988) cons idered  proto-  and  m e t a n e p h r i d i a  to 
be equivalent  homologous  organs,  and  s ta ted  that the type  of excre tory  organ  is not 
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dependen t  on the phylogenetic position of a species, but  on its specific body plan  and  its 
transformation during ontogeny. Hence, certain species can have protonephridia  in  the 
larval stage and metanephr id ia  in  the adult  stage. Smith & Ruppert  did not assume one 
type of nephridia  to be more primitive than another. Such an example for the correlation 
be tween  type of excretory organ and body size was noted by Schuchert (1990) in Bonellia 
viridis (Echiurida). The larva of B. viridis has no nephridia. During metamorphosis,  a pair 
of protonephridia develops in both sexes, but  is reduced later. Finally, metanephr id ia  
form in the female, while protonephridia develop in  the much smaller male. 

In Protodrflus hypoleucus, Jouin (1970) noted the presence of metanephridia ,  but  
was  not absolutely sure about her observation. In some other protodrilids, she described 
several different types of protonephridia with a comparatively simple structure. On the 
basis of light microscopical observations, Von Nordheim (1989) observed protonephridia 
in P. haurakiensis from New Zealand; he supposed that these have a similarly complex 
structure as those of P. rubropharyngeus. Therefore, it is possible that in general  the 
retention of protonephridia in adult  Protodrilus, as in other interstitial polychaetes (see 
Smith & Ruppert, 1988), is an adaption to comparatively small body size. 

Although the blood vascular system of Protodrilus is, to some extent, reduced in 
comparison to larger species, for example Nereis, it is well developed with regard to the 
small size of these animals. Like other protodrilids investigated, adult  P. rub- 
ropharyngeus has well developed coelomic cavities, l ined by a coelothel, and  a complex 
blood lacuna system. Messenger  et al. (1985) describe similar conditions in Nephtys 
(Polychaeta), where a blood vascular system and segmental  protonephridia are found. 

Whereas the nephridia  of most protodrilids have a short excretory duct (Jouin, 1970), 
the nephridial  duct of P. rubropharyngeus is long with intensive reabsorption structures 
and its own typical windings.  Similar structures were only observed in P. haurakiensis 
(yon Nordheim, 1989). In addition, these structures are very identical  in populat ions of P. 
rubropharyngeus from the North Sea, the British east coast (salinity 30 to 33 %o) and  from 
different places on the Baltic Sea coast (salinity from 20 tb 8 %0). Since P. rubropharyngeus 
is the only species of this genus  so far known  that enters brackish-water  habitats (apart 
from perhaps P. spongoides, according to a very uncer ta in  description of this species by 
Pierantoni [1908]), this fact among other adaptions might be due to the specific structure 
of its very complex excretory system. 

Abbreviations used in the figures 

a accessory centriole g granule ne nephridiopore 
b basal lamina gu gut p pedicel 
bb basal body gue gut epithelium pd proximal duct cell 
bf basal foot 1 lamellae po pore 
c cilium la lacuna pv pinocytotic vesicle 
cp cytoplasmic protrusion li lipid drop r micr0villar rod 
cu cuticle lmd lower medial duct s spermatozoa 
dd distal duct cell lu lumen sg salivary gland 
di septum m muscle t terminal cell 
ds desmosome mc microvillar crown u urinary bladder 
e epiderm md medial duct cell umd upper medial duct 
er RER mi mitochondria v vacuole 
f fibrils mv microvilli ve vesicle 
fm filtration matrix n nucleus 



484 H. v o n  N o r d h e i m  & A. S c h r a d e r  

Acknowledgements .  We wish to thank Prof. C.O. Hermans, Rohnert Park, CA/USA, and Dipl. Biol. 
P. Siemann, Braunschweig, Germany for supplying Protodrilus material from the British east coast 
(North Sea). 

LITERATURE CITED 

Ax, P., 1984. Das phylogenetische System. Fischer, Stuttgart, 349 pp. 
Bartolomaeus, T. & Ax, P., 1992. Protonephridia and metanephridia - their relation within the 

Bilateria. - Z. zool. Syst. Evolutionsforsch. 30, 21-45. 
Boveri-Boner, Y., 1920. Beitr6ge zur vergleichenden Anatomie der Nephridien niederer 

Ohgochaeten. Fischer, Jena, 50 pp. 
Brandenburg, J., 1975. The morphology of the protonephridia. - Fortschr. Zool. 23 (2-3), 1-17. 
Brfiggemann, J., 1986. Feinstruktur der Protonephridien yon Paromalostomum proceracauda 

(Plathelminthes, Macrostomida). - Zoomorphology 106, 147-154. 
Dales, R. P. & Cummings, M. O., 1987. Role of the nephridia in the elimination of foreign cells from 

the coelomic fluid of two polychaete annelids, with observations on the structure of the 
nephridia. - Tissue Cell 19, 387-397. 

Ermak, T. H. & Eakin, R. M., 1976. Fine structure of the cerebral and pygidial ocelli in Chone 
ecaudata (Polychaeta, Sabellidae). - J .  Ultrastruct. Res. 54, 243-260. 

Fransen, M. E., 1988. Blood vascular system. - Microfauna mar. 4, 210-213. 
Goodrich, E. S., 1931. Notes on Protodnlus. - Q. J microsc. Sci. 74, 303-319. 
J~gersten, G., 1940. Zur Kenntnis der ~iuBeren Morphologie, Entwicklung und  Okologie yon 

Protodrilus rubropharyngeus n.sp. - Ark. Zool. 32A (16), 1-19. 
J~gersten, G., 1952. Studies on the morphology, larval development and biology of Protodrilus, - 

Zool. Bidr. Upps. 29, 427-515. 
Jones, M. L., 1957. On the morphology of the nephridium of Nereis vexillosa Grube. - Biol. Bull. mar. 

biol. Lab., Woods Hole 113, 407-413. 
Jouin, C., 1970. Recherches sur les archiann6hdes interstitielles: syst~matique, anatomie et d6velop- 

pement des Protodrilidae et des Nerillidae. Diss., Univ. Paris, 204 pp. 
Kristensen, R. M. & Hay-Schmidt, A., 1989, The protonephridia of the arctic Kinorhynch Echinoderes 

aquiIonius (Cyclorhagida, Echinoderidae). - A c t a  zool., Stockh. 70(1), 13-28. 
Kfimmel, G., 1962. Zwei neue Formen von Cyrtocyten. Vergleich der bisher bekannten  Cyrtocyten 

und Er6rterung des Begriffs ,,Zelltyp". - Z. Zellforsch. mikrosk. Anat. 57, 172-201. 
Kfimmel, G., 1977. Der gegenw6rt ige Stand der"  Forschung zur Funkfionsmorphologie 

exkretorischer Systeme. Versuch einer vergleichenden Darstellung. - Verh. dt. zool. Ges. 1977, 
154-174. 

Lammert, V., 1985. The fine structure of protonephridia in Gnathostomuhda and their  comparison 
within Bilateria. - Zoomorphology 105, 308-316. 

McKanna, J. A., 1968, Fine structure of the protonephfidial system in Planeria. II: Ductules, 
collecting ducts and osmoregulatory cells. - Z. Zellforsch. mikrosk. Anat. 92, 524-535. 

Messenger, E. M., Smith, P. R. & Ruppert, E. E., 1985. Ultrastructure and function of the protone- 
phridium of Nephtys  (Polychaeta). - Am. Zool. 25, 41A. 

Nordheim, H. von, 1987. Anatomie, Ultrastruktur und Systematik der Gattung Protodrilus (Annelida, 
Polychaeta). Diss., Univ. Osnabrfick, 299 pp. 

Nordheim, H. yon, 1989. Six new species of Protodrilus (Annelida, Polychaeta) from Europe and 
New Zealand, with a concise presentation of the genus. - Zool. Scr. 18, 245-268. 

Nordheim, H. von, 1991 a. Lrltrastructure and functional morphology of male genital  organs and 
spermatophore formation in Protodrilus (Polychaeta, Annelida). - Zoomorphology 11 I, 81-94: 

Nordheim, H. von, 1991b, Ultrastructure and funcional morphology of the female reproductive 
organs in Protodrilus (Polychaeta, Annelida). - Helgol6nder Meeresunters.  45, 465--485. 

Pemerl, J., 1965. Ultrastructure of the protonephridium of the trochophore larva of Serpula ver- 
miculans (Annelida, Polychaeta). - Am. Zool. 5, 666-667. 

Penzlin, H., 1980. Lehrbuch der Tierphysiologie. Fischer, Stuttgart, 566pp. 
Pfannenstiel, H. D. & Grfinig, C., 1982. Structure of the nephridium in Ophryotrocha puerilis 

(Polychaeta, Dorvilleidae). - Zoomorphology 101, 187-195. 
Pierantoni, U., 1908. Protodrilus. - Fauna Flora Golf Neapel 31, 1-230. 



Ul t ras t ruc tu re  of p r o t o n e p h r i d i a  in Protodrilus 485 

Pietsch, A. & Westheide, W., 1987. Protonephridial organs in Myzostoma cirriferum (Myzostomida). 
- Acta zool. Stockh. 68, 195-203. 

Pitelka, D. R., 1974. Basal bodies and root structures. In: Cilia and flagella. Ed. by M. A. Sleigh. Acad. 
Press, London, 437---469. 

Rohde, K., Cannon, L. R. G. & Watson, N., 1988. Ultrastructure of the protonephddia of Monoceiis 
(Proseriata, Monocelididae). - J. Submicrosc. Cytol. Pathol. 20, 425--436. 

Ruppert, E. E. & Smith, P. R., 1988. The functional organization of filtration nephridia. - Biol. Rev. 63, 
213-258. 

Salensky, W., 1907. Morphogenetische Studien an W/irmern, Teil II, III und IV. - Zap. imp. Akad. 
Nauk 19, 1-348. 

Schuchert, P., 1990. The nephridium of the BoneIlia viridis male (Echiura). - Acta zool., Stockh. Yl, 
1-4. 

Smith, P. R. & Ruppert, E. E., 1985. Filtration and reabsorption of macromolecules by protonephridial 
excretory organs. - J. Cell Biol. I03, 59. 

Smith, P. R. & Ruppert, E. E., 1988. Nephddia.  - Microfauna mar. 4, 231-262. 
Ude, J. & Koch, M., 1982. Die Zelle. Fischer, Jena, 269pp. 
Uljanin, W. N., 1877. Observations on the genus PoIygordius of the Bay of Sebastopol. - Byull. mosk. 

Obshch. Ispyt. Prir. 52, 53-96. (In Russian} 
Wessing, A. & Polenz, A., 1974. Structure, development and function of the protonephridia in 

trochophores of Pomatoceros triqueter (Annelida, Polychaeta, Sedentaria). - Cell Tissue Res. 156, 
21-33. 

Westheide, W., 1985. Ultrastructure of the protonephddia in the dorvilleid potychaete Apodotrocha 
progenerans (Annelida). - Zool. Scr. 14, 273-278. 

Westheide, W., 1986. The nephridia of the interstitial polychaete Hesionides arenaria and their 
phylogenetic significance (Polychaeta, Hesionidae). - Zoomorphology 106, 35--43. 

Westheide, W., 1990. Polychaetes: Interstitial famil ies . -  Backhuys, Oegstgeest, 152 pp. (Synopses of 
the British Fauna Nr 44.) 

Wilson, R. A. & Webster, L., I974. Protonephridia. - Biol. Rev. 49, 127-160. 


