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ABSTRACT: Euspermatozoa and paraspermatozoa  of Campanile symbolicum Iredale, 1917 - a 
large, relict cer i thiacean from Western Austral ia  - have  been  examined  us ing  t ransmission electron 
microscopy and phase-contras t  l ight  microscopy. The euspermatozoa resemble  those of many  other  
mesogastropods with the impor tant  except ion that  the midpiece  region exhibi ts  unusua l  and 
possibly unique  features. These include possession of seven or e ight  straight, per iaxonemal  
e lements  (each containing scattered cristae) and  a closely associated sheath  composed of electron- 
dense segments  which are semicyl indrical  in shape  and longi tudinal ly  al igned.  This shea th  - here  
termed the 'accessory midpiece shea th ' - su r rounds  only one half of the per iaxonemal  midpiece  
e lements  and lies outside the mitochondria l  m e m b r a n e  (but never the less  wi th in  the p lasma 
membrane) .  Two types of paraspermatozoa occur in Campanile:(1) those with a nuclear  core wi th in  
the mosaic sheath  of the head  (nucleate paraspermatozoa)  and (2} those lacking a nuclear  core 
(dense blocks of mosaic shea th  surrounding one to three  axonemes  - anucleate  paraspermatozoa).  
An acrosome-like structure forms the apex of the head  in both  types of paraspermatozoa,  whi le  
beyond the head  region, e lec t ron-dense  glycogen deposits  are associated with each of the mult iple  
tails. While the  form of Campanile paraspermatozoa suggests  l inks with families such as the 
Cerithiidae, Potamididae and  Turri tel l idae,  the highly unusua l  morphology of the euspermatozoan  
midpiece indicates  that  the Campani l idae  should  occupy an  isolated position wi th in  the superfam- 
ily Cerithiacea.  

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

T h e  s u p e r f a m i l y  C e r i t h i a c e a  c o m p r i s e s  a n u m b e r  of f a m i l i e s  of h e r b i v o r o u s  or  

d e t r i t i p h a g o u s  m e s o g a s t r o p o d s  c h a r a c t e r i z e d  in  p a r t  b y  t h e i r  t u r r i t e l l i f o r m  s h e l l s  (lit- 

t o r i n i f o r m  or  d i s j u n c t l y  c o i l e d  in  some) ,  o p e n  g e n i t a l  d u c t s  ( b o t h  sexes ,  a p h a l l i c  m a l e s )  

a n d  a l so  c e r t a i n  s p e r m a t o z o a l  f e a t u r e s .  M a j o r  f a m i l i e s  s u c h  as  t h e  C e r i t h i i d a e  a n d  

P o t a m i d i d a e  a r e  w e l l  r e p r e s e n t e d  i n  t r o p i c a l  w a t e r s ,  a n d  to a l e s s e r  d e g r e e  i n  t e m p e r a t e  

r e g i o n s .  By c o m p a r i s o n ,  o t h e r  f a m i l i e s  - for  e x a m p l e  M o d u l i d a e ,  P l a n a x i d a e ,  Si l i -  

q u a r i i d a e  - a re  m o r e  p a t c h i l y  d i s t r i b u t e d  w i t h  f ewer ,  t h o u g h  s t i l l  v e r y  c o m m o n  t r o p i c a l  

or s u b t r o p i c a l  spec i e s .  T w o  c e r i t h i a c e a n  f a m i l i e s  - t h e  C a m p a n i l i d a e  a n d  D i a s t o m a t i d a e  
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- are each represented by a single living species inhabit ing shallow water off the south- 
western and southern coasts of Australia (Ludbrook, 1971; Houbrick, 1981a, b, 1984a, b). 
The fossil record indicates that the Campani l idae  (shells large and heavy) and Dias- 
tomatidae (shells of moderate  size with fine, cancellate  sculpture) were reasonably 
speciose and wide ranging at least as late as the Miocene, but have since then, decl ined 
to their current 'relict '  status (see discussions in Houbrick, 1981a, b). According to 
Houbrick (1981a, 1984a) the decline of the Campani l idae  may have been due to major 
geographical  changes (the Messinian crisis), increasing trophic competition from the 
herbivorous mesogastropod family Strombidae or perhaps a combination of these two 
factors. Shells of Campanile symbolicum and Diastoma melanioides (Reeve, 1849) do not 
differ substant ial ly from those of extinct species (see Houbrick, 1981a, b) and presum- 
ably both of these gastropods are anatomical ly and spermatozoically "typical' of their 
respective families. Clearly these surviving members  of the Campani l idae  and Dias- 
tomatidae are of systematic interest and each has been the subject of very detai led 
conchological and anatomical  analysis by Houbrick (1981a, b, 1984a, b). Houbrick 
concluded that the Diastomatidae should be grouped close to the Cerithiidae, 
Potamididae and Melanopsidae,  but expressed uncertainty as to the exact relationship of 
the Campani l idae  with other ceri thiacean families. Through the kindness of Dr. F. Wells 
(Western Austral ian Museum), the author has had the opportunity to examine the fine 
structure of spermatozoa of C. symbolicum and to compare these results with previous 
studies of ceri thiacean spermatozoa (Healy & Jamieson, 1981; Healy, I982a, b, 1983a, 
1984; Afzeluis & Dallai, 1983; Melone et al., 1980; Giusti, 1971; Giusti & Selmi, 1982a). 
This investigation forms the basis of the present paper. 

MATERIALS AND METHODS 

Live specimens of Campanile symbolicum (hereafter referred to simply as Cam- 
panile) were collected on three occasions (March, 1981; September, 1981; June, 1982) 
from a depth of two metres at Point Peron, Western Australia, and dispatched by air to 
the University of Queensland where the present work was carried out. Only a single 
specimen from those collected in June 1982 was found to contain spermatozoa within the 
sperm duct. It is most surprising that sperm were not found in specimens collected in 
September  1981 since spawning evidently occurs in this species from September to 
November (see Houbrick, 1981a), Following removal of the shell spire, a section of the 
sperm duct and portions of the gonad (which appeared  poorly developed) were removed 
and fixed immedia te ly  in cold 3 % glutaraldehyde (phosphate-buffered 0.1M. pH 7.2, 
sucrose adjusted) for two h, then rinsed, osmicated, rinsed again and embedded  in 
Spurr's medium (see schedule of Healy, 1983a), Ultrathin sections were cut using an LKB 
Ultrotome (IV); collected on copper grids (200 mesh), stained, and then viewed with 
Siemens Elmiskop I and AEI Corinth 500 transmission electron microscopes. Light 
microscopic observations were carried out using a Witd 12 microscope adjusted for 
phasecontrast  microscopy. Voucher specimens of Campanile have been lodged with the 
Queensland Museum (Brisbane) (registration number - MO 15908). 
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RESULTS 

E u s p e r m a t o z o a  

The euspermatozoa of Campanile symbolicum, like those of most other in te rna l ly  
fertil izing gastropods, possess an acrosome, nucleus,  midpiece  and  g lycogen  piece. Each 
of these sperm features is descr ibed below with emphas is  be i ng  p laced  on structures or 
configurations which d is t inguish  Campanile euspermatozoa  from those of other cerithia- 
ceans and more genera l ly  those of other gastropods. 

Acrosome 

The acrosomal complex of Campanile is s i tuated at the apex of the nuc leus  and  is 
divisible into three pr inciple  components  : (1) acrosomal cone, (2) axial rod mater ia l  and 
(3) basal  plate. Longi tudinal  sections show that the acrosomal cone is approximate ly  0.65 
~m long and membrane -bound ,  with a basal  i nvag ina t ion  ex tend ing  almost the full 
length of the cone (Figs 1A, B). The acrosomal cone is circular in t ransverse section (Fig. 
1A) and on occasion, in terna l  lamel la te  substructure is vis ible  wi th in  the cone wal l  (Fig. 
1B - longi tud ina l  section). Axial  rod material ,  ev ident ly  organized  as a hollow, electron- 
dense cyl inder  ( length 0.6 ~tm) lies wi th in  the cone invag ina t ion  (Figs 1A,B). The basal  
plate is 0.04 ~m thick and  is posi t ioned be tween  the nuc lea r  apex and  the basal  r im of 
the acrosomal cone (Fig. 1B). A double  m e m b r a n e  fixed to the per iphery  of the basal  
plate, surrounds the lower half of the acrosomal cone (Fig. 1B). Al though a s imilar  
membrane  occurs in euspermatozoa of some of mesogastropod groups, this is the first 
recorded inc idence  of this structure in  any  cer i th iacean species. 

Nuc leus  

The euspermatozoon nucleus is rod-shaped, approximately 9.5 um in length and 
enclosed by the plasma and nuclear membranes (Fig. IC). A shallow basal invagination 
(0.8 ~m in length) contains the proximal portion of the axoneme and the 'centriolar 
derivative' (a modification of the axonemal complex - doublets linked by a ring of 
granular material) (Figs 1D-G). The innermost reach of the invagination appears to be 
occupied by a granular matrix which completely obscures the axonemal microtubules 
(see Fig. IF}. No evidence of a classic 'triplet' centriole could be found. 

A/lidpiece 

The midpiece is composed of a 9 + 2 axoneme surrounded sequentially by : (i) 
seven or eight straight midpiece elements (contained within the mitochondrial mem- 
brane), and (2) an accessory midpiece sheath (lying outside the mitochondrial mem- 
brane, but nevertheless within the plasma membrane) (Figs 1F,H-J). All seven to eight 
midpiece elements contain irregularly arranged cristae, in striking contrast to the 
parallel cristal plates observed in the four midpiece elements of other cerithiacean 
euspermatozoa. The flat surface of adjoining midpiece elements ensures that the ele- 
ments collectively form a compact tube around the axoneme. The most distinctive 
feature of the midpiece - and one that may prove to be unique to Campani le  - is the 
accessory midpiece sheath (Figs IF,H-J). This sheath is closely applied to the 
mitochondrial membrane and is composed of very electron-dense segments, semi- 
cylindrical in shape and arranged end-to-end (Fig. 1F). Each segment of the sheath : (I) 
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is m e m b r a n e - b o u n d  and f i l led with  a f inely granular  mater ia l ,  (2) is approx imate ly  0.36 

~m in length  and b e t w e e n  0.036 and 0.04 ~tm in thickness,  and (3) contains  no cristae, 
modif ied cristal surfaces or paracrys ta l l ine  deposits,  Pre l iminary  observat ions  on eusper-  

matozoon d e v e l o p m e n t  by the author  have  not, as yet, c lar i f ied the or igin  of the 

accessory midp iece  sheath. Since the sheath  lies outside the mi tochondr ia l  m e m b r a n e  

(and contains no cristae or cristal derivat ive)  it possibly is de r ived  from ER or Golgi  
activity rather than mi tochondr ia l  metamorphosis .  The dense  blocks which  comprise  the 

head /body  of cer i th iacean,  v iv ipa racean  and cyc lophoracean  pa raspe rmatozoa  bear  

some re semblance  to the accessory midp iece  sheath  of Campanile euspermatozoa ,  and 
are known to be formed e i ther  wi th in  the endop lasmic  ret icular  c is ternae  (see Yasuzumi  

& Tanaka,  1958; Hea ly  & Jamieson ,  1981) or by joint  ER-Golgi  par t ic ipat ion  (Selmi & 
Giusti, 1980). It wil l  be in teres t ing  to de t e rmine  whe the r  the accessory midp i ece  sheath  

of Campanile euspermatozoa  is homologous  with the mosaic  sheath  of paraspermatozoa .  

Glycogen piece 

Beyond the midp iece  the axoneme  is shea thed  by nine tracts of e lec t ron-dense ,  
g lycogen  granules  (one tract associated with  each double t  - see Fig. 1K). This pat tern  of 
granule  a r r angemen t  occurs in euspe rmatozoa  of most mesogas t ropods  and neogas -  

tropods. A dense  r ing structure occurs at the junct ion of the midp iece  and g lycogen  

piece, but in all ava i lab le  longi tudina l  sections through this zone, the midp iece -  

g lycogen  piece  junct ion was r e c u r r e d  onto the nucleus  (recurvature of euspermatozoa  
descr ibed below). There  is no reason to be l i eve  that this unusua l  condi t ion is character is-  

tic of Campanile euspermatozoa.  The morpho logy  of Campanile euspermatozoa  is 
summar ized  in Figure  4 a -g .  

Recurvature of euspermatozoa 

A relat ively large proport ion of Campanile euspermatozoa  observed  under  the 

electron microscope (possibly as many  as 30-40 %) were  found to be strongly c u r v e d -  
always apparent ly  wi th in  the confines of the p lasma membrane .  Figures  2 A - F  show 

various recurved euspermatozoa  cut in longi tud ina l  sect ion (Figs 2A,B,E) or t ransverse  
section (Figs 2C,D,F). Since recurvature  occurs wi th in  the midp iece  region,  both the 

terminal  region of the midp iece  and init ial  port ion of the g lycogen  p iece  over lap  with  

the nuc leus  (Figs 2A-D I. As can be  observed  in F igure  2E, the micro tubules  of the 
axonemal  complex  are bent  in an angula r  fashion at the point  of recurvature .  The  dense  

Fig. 1. Campanile syrnbolicum. A Transverse section through acrosomal cone above level of 
accessory membrane (x 63 730). B Longitudinal section through acrosome and apex of nucleus - 
note accessory membrane (small arrow heads) (x 67 470). C Longitudinal section through nucleus - 
note shallow basal invagination (x 18 600). D, E Transverse section through 'centriolar derivative' 
(D, x 76 470) and through axonerne (E, x 67 070) within basal invagination of nucleus. F Longitudi- 
nal section through basal invagination of nucleus and proximal portion of rnidpiece - note segments 
of accessory rnidpiece sheath (large arrow heads) (x 46 550). G Transverse section through basal 
invagination of nucleus showing 9+2 axoneme (x 78 160). H-J  Transverse sections of rnidpiece 
showing presence of 7 or 8 rnidpiece elements (cristae faintly visible in J) and accessory midpiece 
sheath (H, J, x 78 160; I, x 63 730). K Transverse section through glycogen piece - note 9 tracts of 
granules associated with doublets of axonerne (x 69 500). ac - acrosornal cone; ar - axial rod 

material; cd - centriolar derivative; n - nucleus 
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ring structure which occurs at the junc t ion  of midpiece  and  g lycogen  piece is fully 
formed in recurved euspermatozoa (see Fig. 2B). Rarely, dupl icate  segments  of the 
accessory midpiece  sheath may be present  (see Fig. 2D). The e lec t ron-dens i ty  of the 
segments  of the accessory midpiece  sheath varies marked ly  be t w e e n  euspermatozoa  
(compare Figs 2E,F with Figs 2A,C,D and  Figs 1F,H-J), possibly reflect ing differences in 
maturi ty (electron-densi ty of sheath  increas ing  with maturity). Al though no parasper-  
matozoa of Campanile were found to be recurved or in  any  way malformed, it remains  
possible that the recurved euspermatozoa  occurring in the sperm duct of this species, 
may be the end-product  of abnormal  development .  A more l ikely exp lana t ion  for this 
unusua l  p h e n o m e n o n  is that euspermatozoa  of the spec imen  examined  (a winter-  
collected specimen) were not mature.  Recurvature of immature  euspermatozoa is know n  
to occur in at least some other cer i th iaceans  (Healy, 1984) and  in v iv iparaceans  (see 
Garton & Byrd, 1977). This topic is t reated in  fuller detail  in  the discussion. 

Parasperma tozoa 

Two types of paraspermatozoa are produced by Campanile : (1 / those possessing a 
nuclear  core (nucleate paraspermatozoa) and (2) those which lack a nuc lear  core 
(anucleate paraspermatozoa).  Both nuc lea te  and  anuc lea te  paraspermatozoa  are divis- 
ible into a head region followed by a tail  tuft (two to three tails) - the commones t  form of 
cer i thiacean paraspermatozoa.  

Nucleate paraspermatozoa 

The bulk  of the head of nuc lea te  paraspermatozoa consists of a filiform, highly  
condensed  nuclear  core, enclosed by a mosaic sheath (composed of numerous ,  close- 
fitting blocks). Axonemes  evident ly  attach to the nuc lear  core nea r  the base  of the head  
(Fig. 3J), while  apically, an acrosome-l ike structure is observed (Fig. 3H). Both the 
mosaic sheath and  its enclosed nuc lea r  core become gradual ly  reduced in d iameter  
toward the head apex (compare Figs 3I and J inset). Approaching  the base of the head, 
however, the mosaic sheath becomes semicyl indrical  in shape (only part ly covering 
mitochondria,  axonemes and  nuc lear  core - see Fig. 3K). This a r r angemen t  cont inues  
even  after t e rmina t ion  of the nuclear  core (see Fig. 3J). Such a conf igurat ion is reminis -  
cent of the midpiece  of Campanile euspermatozoa (see Figs 1,2) with the except ion that 
the mosaic sheath is composed of numerous ,  often angu la r ly - shaped  blocks. The trans- 
verse section shown in Figure 3K clearly shows the mult iple ,  dense  blocks of the mosaic 
sheath - as dist inct  from the regular ly-shaped segments  of the accessory midpiece  ( of 

Fig. 2. Campanile symbolicum. A Longitudinal section through euspermatozoon showing mid- 
piece-glycogen piece recurved onto nucleus - note that accessory midpiece sheath terminates 
before reaching midpiece-glycogen piece junction (x 22 680). B Detail of 2A showing dense ring 
structure at junction of midpiece and glycogen piece (x 40 130). C Transverse section through 
recurred euspermatozoon (x 41 800). D Transverse section of euspermatozoon, with additional 
segment of accessory midpiece sheath (x 72 700). E Longitudinal section through point of recurva- 
ture in midpiece region - note sharp bending of axoneme, white broken line denotes level through 
which 2F passes (x 40 400). F Transverse section through midpiece at level shown in 2E - note the 
reduced electron-density of the accessory midpiece sheath in this figure and in 2E in comparison 
with 2C,D, possibly indicating immaturity of sheath in 2F,F (x65 000). drs - dense ring structure; 

gp - glycogen piece; M - midpiece; n - nucleus 
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euspermatozoa)  which  are whole  and not subd iv ided  in t ransverse  section. Never the less ,  

the possibil i ty that the mosaic  sheath  (of paraspermatozoa)  and the accessory midp iece  
sheath (of euspermatozoa)  may  be homologous  structures remains  to be de te rmined .  

Comple te  over lap b e t w e e n  the head  and the mi tochondr ia l  reg ion  of the nuc lea te  

paraspermatozoon makes  it imposs ib le  to recognize  a true 'midp iece '  (cf. Hea ly  & 
Jamieson,  1981; Healy,  1982b), F igure  3J shows only one of the two or three  tails 

compris ing the tail tuft. A dense  r ing structure and granular  g lycogen  deposits  are 
associated with each  tail (see Fig. 3J,L), Phase-contras t  l ight  microscopy indica tes  a 

length  of b e t w e e n  11.5 and 12 ~tm for the head  approx imate ly  40 ~m for the tail tuft. 

An uclea te parasperma tozoa 

An acrosome- l ike  structure also forms the apex of the anuc lea t e  pa raspermatozoon  

head, but is wel l  deve loped  in compar ison  with that of the nuc lea te  pa raspermatozoon  
and is often basal ly  invag ina ted  (Figs 3A,B). The  head  and tail  tuft are both proport ion-  
ately much  longer  than the cor responding  regions  of nuc lea te  pa raspermatozoa  (head of 

anuclea te  paraspermatozoa  - 28-30 ~m; tail tuft 60-115 ~m). E longate  mi tochondr ia  
(with unmodi f ied  cristae, as also observed  in nuc lea te  paraspermatozoa)  and two 

axonemes  - both only part ly sur rounded by the mosaic  shea th  - persist  a lmost  to the base  

of the acrosome- l ike  structure (Figs 3A-D). Axonemal  a t t achment  takes  p lace  at s l ight ly 

different levels  near  the head  apex, (see Figs 3A-D) and appears  to involve  fusion of a 

short a t tachment  complex  (sensu Hea ly  & Jamieson,  1981) to a b lock or blocks  of the 
mosaic sheath (Fig. 3B). It is in teres t ing  to observe  that mi tochondr ia  essent ia l ly  take the 

place of the nuclear  core (of nuc lea te  paraspermatozoa)  as the axial  componen t  of the 
paraspermatozoon head  (see Figs 3E-G).  

The structure of Campanile paraspermatozoa  (nucleate  and anucleate)  is sum- 

marized in Figure 4. 

DISCUSSION 

R e p r o d u c t i v e  b i o l o g y  of Campanile symbol icum 

Using l ight  microscopy, Houbr ick  (1981a) observed  only ' eupy rene  sperm" (eusper- 
matozoa) in the sperm duct of Campanile sj/mbolicum col lec ted  dur ing May 1979 at 
Point Peron (Western Australia). Despi te  this f inding,  Houbr ick  was  aware  of the 

pronounced  sperm dimorphism occurr ing in other  cer i th iaceans  and wen t  on to sugges t  

Fig. 3. Campanile symbolicum. A-G Anucleate paraspermatozoa: A, B Longitudinal sections 
through acrosome-like structure (arrows) - note dense blocks of mosaic sheath, and penetration of 
axonemes and mitochondria close to base of acrosome-like structure (x 45 550). C-G Series of 
transverse sections through anucleate paraspermatozoon head - note position of mitochondria 
between axonemes (x 47 300). H-K Nucleate paraspermatozoa: H Longitudinal section through 
acrosome-like structure (arrow), mosaic sheath and nuclear core (x 31 200). I Transverse section 
through head showing nuclear core (x 44 600). J Longitudinal section through base of head and 
proximal region of tail tuft - note mitochondria, mosaic sheath, glycogen surrounding the only 
axoneme visible, dense ring structure (x 36 800), Inset: Transverse section near apex of head region 
(x 40 140 compare with 3I). K Transverse section through base of nucleate paraspermatozoon (x 
53 600). L Transverse section through tail region of either nucleate or anucleate paraspermatozoon 
showing periaxonemal glycogen (x 48 400). a x -  axoneme; db - dense blocks of mosaic sheath; m -  

mitochondria; nc - nuclear core 
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that  the p h e n o m e n o n  ' should  be  looked  for more  c losely  in spr ing dur ing  the he ight  of 
the reproduc t ive  season,  when  an ima l s  are seen  pa i r ing '  (p. 278). The presen t  work 
es t ab l i shes  the  ex i s t ence  of both  e u s p e r m a t o z o a  and pa r a spe rma tozoa  (in approx imate ly  
equa l  proport ions)  in Campanile col lec ted  dur ing  la te  June  1982 (mid-winter)  at Point 
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P e r o n  - stil l  w e l l  in  a d v a n c e  of t h e  s p a w n i n g  s e a s o n  w h i c h  occu r s  f rom S e p t e m b e r  to 

N o v e m b e r * .  T h e  r e c u r v e d  s h a p e  of m a n y  e u s p e r m a t o z o a  is p o s s i b l y  d u e  to i m m a t u r i t y  or 

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

b e c a u s e  of t h e  fact  t ha t  t h e  e u s p e r m a t o z o a  w e r e  r e c u r v e d  w i t h i n  t h e  p l a s m a  m e m b r a n e ) .  

This  s t ruc tu ra l  p e c u l a r i t y  is d i s c u s s e d  in  m o r e  d e t a i l  in  t he  f o l l o w i n g  s e c t i o n  of t he  

d i s cus s ion .  

No  i n f o r m a t i o n  c o u l d  b e  o b t a i n e d  to c o m m e n t  on  H o u b r i c k ' s  (1981 a) t w o  i n t e r e s t i n g  

s u g g e s t i o n s :  (1) t ha t  C. s y m b o l i c u m  m a y  b e  a p r o t a n d r i c  h e r m a p h r o d i t e  ( b a s e d  o n  t h e  

o c c u r r e n c e  of a s e m i n a l  r e c e p t a c l e  in  b o t h  s e x e s  [more  d e v e l o p e d  in  f e m a l e s ]  a n d  she l l  

s i z e / s e x  cor re la t ion) ;  or (2) t ha t  s p e r m  t r a n s f e r  in  th is  s p e c i e s  m a y  b e  e f f e c t e d  by  

s p e r m a t o p h o r e s  ( H o u b r i c k  r e p o r t s  t h e  p o s s i b l e  r e m a i n s  of a d i s i n t e g r a t i n g  spe r -  

m a t o p h o r e  in  t he  f e m a l e  o v i d u c a l  g roove) .  S p e r m a t o p h o r e s  a re  k n o w n  to o c c u r  in  

f a m i l i e s  s u c h  as  t h e  C e r i t h i i d a e  (Houbr i ck ,  1973, 1981c), M o d u l i d a e  (Houbr i ck ,  1980), 

D i a s t o m a t i d a e  (Houbr ick ,  1981b), P t e u r o c e r i d a e  (Wooda rd ,  1935; Dazo ,  1965) a n d  

P o t a m i d i d a e  (Houbr ick ,  1984c) a n d  as s u g g e s t e d  b y  H o u b r i c k  (1980), u s e  of t h e s e  

s t ruc tu res  m a y  b e  t h e  u s u a l  m e t h o d  of s p e r m  t r a n s f e r  in  t h e  C e r i t h i a c e a .  T h e  a p h a l l i c  

c o n d i t i o n  of c e r i t h i a c e a n s  a d d s  f u r t h e r  s u p p o r t  to th i s  v i ew .  

Recurvature of euspermatozoa 

It ha s  b e e n  s h o w n  in  th i s  s t u d y  tha t  m a n y  of t he  e u s p e r m a t o z o a  t a k e n  f rom t h e  

s p e r m  duc t  of Campanile symbolicum are  s t r o n g l y  r e c u r v e d .  T h e  e x a c t  s i g n i f i c a n c e  of 

this  is at p r e s e n t  ve ry  d i f f icu l t  to e s t a b l i s h  s i n c e  p a r a s p e r m a t o z o a  of Campanile (both  

n u c l e a t e  a n d  a n u c l e a t e )  s h o w  no  e v i d e n c e  of r e c u r v a t u r e  a n d  the  a u t h o r  is u n a w a r e  of 

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

D u r i n g  e u s p e r m i o g e n e s i s  in  t h e  f r e s h w a t e r  n e r i t a c e a n  Theodoxus fluviatilis, t h e  

* Houbrick (1981a) citing personal communication with Dr. R, Black (University of Western 
Australia) 

Fig. 4, Campanile symbolicum. Pictorial summary of euspermatozoa and paraspermatozoa. All 
figures except Figs 4g, 40, traced from actual micrographs, a -g  E u s p e r m a t o z o a : a Transverse 
section (T.S) of acrosome above level of accessory membrane  (x 47 250). b Acrosome and apical 
region of nucleus; arrows indicate accessory membrane  (x 50 000), (c-e) T.S. through basal 
invagination of nucleus (c - transition from axoneme to centriolar derivative, x 56 500), midpiece (d 
- note accessory midpiece sheath, cristate midpiece elements,  x 56 500), glycogen piece (e - x 
50 500). f,g Base of nucleus and proximal region of midpiece (f - note accessory midpiece sheath - 
arrows, x 35 000), junction of midpiece and glycogen piece {g - note absence of accessory midpiece 
sheath in this region, presence  of dense  ring structure, x 35 000). h -  o P a r a s p e r m a t o z o a : 
h -k  Anucleate paraspermatozoa: h Anterior region showing acrosome-like structure (arrow), deep  
penetration of head by axonemes and mitochondria (x 35 000). i -k  T.S. showing transition from 
anterior region of head (i) with one axoneme, to two axonemes (j, below level of Fig. 4i) to two 
axonemes accompanied by mitochondrion (k, below level of Fig. 4j) (i-k, x 35 000). 1--o Nucleate 
paraspermatozoa: 1 Anterior region showing acrosome-like structure (arrow), nuclear core sur- 
rounded by mosaic sheath (x 40 000). m,n T.S. through anterior and middle regions of head (x 
33 000). o Base of head overlapped completely with mitochondrial region, each tail exihibits 
granular glycogen deposits and is p receeded  by a dense ring structure (x 25 200). ac - acrosomat 
cone; ar - axial rod material; bp - basal  plate; db - dense  blocks of mosaic sheath) drs - dense  ring 
structure; gp - glycogen piece; M - midpiece; m - mitochondrion; n - nucleus; nc - nuclear core 
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axoneme  b reaks  into two sect ions  - the pos ter ior  por t ion  b e i n g  ref lec ted  anter ior ly  and 
an angula r ,  e l ec t ron -dense  body  b e c o m i n g  assoc ia ted  with  the resul t ing  ' joint '  in the 
e u s p e r m a t o z o a n  ta i l  (see Giust i  & Selmi,  1982b). This  is a spec ia l i zed  a r r angemen t  not 
k n o w n  ou t s ide  the  Ner i tacea ,  and  as such is not  c o m p a r a b l e  wi th  the  s imple  b e n d i n g  of 
m a n y  Campanile euspe rma tozoa .  Gar ton  & Byrd (1977) r epor t ed  that  immature ,  test icu-  
lar  ' e u p y r e n e  sperm" (euspermatozoa)  and  ' o l i gopy re ne  sperm'  (paraspermatozoa)  of 
Viviparus subpurpureus (Viviparacea ,  Viv ipar i idae)  a re  morpho log ica l ly  d is t inguish-  
ab l e  from matu re  sperm.  In this species ,  the  tes t icu la r  e u spe rma toz oa  ev iden t ly  exhib i t  a 
180 ° loop in the  m i d p i e c e  whi le  tes t icu la r  p a r a s p e r m a t o z o a  have  a ' co i led  head  region '  - 
fea tures  not  obse rved  in ma tu re  sperm. The  p resen t  au thor  has  obse rved  the recurved 
shape  of very  la te  e u s p e r m a t i d s  (still a s soc ia ted  wi th  cy top lasm and  microtubules)  of the 
cer i th i id  Rhinodavis vertagus (Healy,  1984) but  not  in euspe rma tozoa  from the sperm 
duct  (Healy,  1983a). It is conce ivab le  that  eu spe rma toz oa  ex t rac ted  from the sperm duct 
of C. symbolicum co l lec ted  dur ing  mid -win t e r  (late June,  1982) may  be  recurved 
b e c a u s e  of s l ight  immatur i ty .  As male  i nd iv idua l s  app roach  sexual  matur i ty ,  the eusper-  
matozoa  con ta ined  wi th in  the  spe rm duct  or p a c k a g e d  in spe rma tophores  p r e sumab ly  
s t ra ighten.  G i v e n  that  s p a w n i n g  occurs  much  la te r  dur ing  the yea r  (from Sep t ember  to 
November ;  cf. Houbr ick ,  198 la) ,  this  e x p l a n a t i o n  seems  p laus ib le ,  but  requi res  substan-  
t iat ion.  Unl ike  e u s p e r m a t i d s  of Rhinoclavis yertagus, ne i the r  euspe rma tozoa  nor para -  
spe rma tozoa  of Campanile were  ever  seen  su r rounded  by  mic ro tubu les  or res idua l  
cytoplasm.  Ce r t a in ly  an  e x a m i n a t i o n  of s p e r m a t o p h o r e s  of Campanile (assuming that  
they  do in fact occur  in this  species)  and  also spe rm recovered  from the seminal  
r ecep tac l e  of "female '  sna i l s  wou ld  prove  e x t r e m e l y  useful  in reso lv ing  this issue. 
Ano the r  poss ib le  reason  for the recurva ture  of Campanile euspe rma tozoa  also needs  to 
be  cons idered :  that  this may  be  the  endp roduc t  of abno rma l  deve lopment .  Only  a s ingle  
s p e r m - c o n t a i n i n g  i nd iv idua l  was  ava i l ab l e  for study,  but  desp i t e  this l imi ta t ion  it is 
r e m a r k a b l e  that  no abnorma l i t i e s  could  be  de t ec t ed  in e i ther  of the two types  of 
pa ra spe rma tozoa .  The  p resen t  au thor  has  obse rved  recurva ture  of the midp iece  of 
Bembicium auratum euspe rma tozoa  in add i t i on  to other  abnormal i t i e s  of the axonemal  
comp lex  (Healy,  1984) but  such e x a m p l e s  are  rare  and  at leas t  in Bembicium, are c lear ly  
the  resul t  of d e v e l o p m e n t a l  abnormal i t i es .  

C o m p a r a t i v e  s p e r m  s t r u c t u r e  - Campanile e u s p e r m a t o z o a  

The  true conica l  shape  of the  acrosomal  cone of Campanile euspe rma tozoa  occurs in 
most  o ther  mesogas t ropods  ( inc lud ing  some cer i th iaceans) ,  and  neogas t ropods ,  the 
p r imi t ive  spe rma tozoa  of a rchaeogas t ropods ,  b iva lves  and  scaphopods  (for references  
see  Popham,  1979; Franz6n,  1983; Kohner t  & Storch, 1983; Healy ,  1983a), and  in fact 
many  inve r t eb ra t e  groups  (see Dan, 1970; Baccetti ,  1979 for references) .  In contrast,  the 
ac rosomal  cones of some ce r i th i aceans  (ceri thiids,  some po tamid ids ,  Australaba; cf. 
Healy ,  1983a), a few r i s soaceans  (Giusti,  1971; Kohnert ,  1980; Healy,  1983b) and the 
cyc lophoracean  Liarea ornata (Healy,  1984) are  f la t tened  in form to vary ing  degrees.  
P re sumab ly  this charac te r  s tate can be  cons ide red  ' advanced '  re la t ive  to the very 
w i d e s p r e a d  con i ca l l y - shaped  acrosomes  of other  prosobranchs ,  and  pe rhaps  is re la table  
to egg  structure.  As obse rved  in other  ce r i t h i acean  species,  the  acrosomal  cone of 
Campanile euspe rma tozoa  lacks  the  hollow, ap i ca l ty -pos i t i oned  b leb  (essential ly an 



Euspermatozoa  and  p a r a s p e r m a t o z o a  of Campanile symbolicum 213 

e x p a n d e d  por t ion of the ac rosomal  cone membrane ,  c losely  a d h e r e n t  to the  p l a s m a  
membrane)  known to exist  in acrosomes  of many  other  mesogas t ropods  and  neogas -  
t ropods (cf. W a l k e r  & MacGregor ,  1968; Gius t i  & Mazzini ,  1973; H u a q u i n  & Bustos- 
Obregon,  1981; Koike & Nish iwaki ,  1980; also Healy,  1984). Despi te  this, e u spe rma toz oa  
of Campanile do possess  an accessory  m e m b r a n e  a t t ached  to the  basa l  p la t e  of the 
acrosomal  complex  - a fea ture  absen t  in eu sp e rma toz oa  of o ther  ce r i th i aceans  but  
present  in the acrosomes  of many  other  mesogas t ropod  and  neogas t ropod  spec ies  (Koike 
& Nishiwaki ,  1980; Healy ,  1984). Whe the r  this pecu l i a r  sha red  fea ture  is of sys temat ic  
importance,  or mere ly  i n d e p e n d e n t l y  acqui red ,  can only be  d e t e r m i n e d  by  con t inued  
compara t ive  s tudies  of ce r i th i acean  spe rm structure.  

Nucle i  of many  mesogas t ropod  and  some neogas t ropod  euspermatozoa ,  l ike  those of 
Campanile are r od - shaped  and  short  or at leas t  mode ra t e ly  so, wi th  a sha l low basa l  
invag ina t ion  conta in ing  the ' cen t r io la r  de r iva t ive '  (never  a c lass ic  centr iole)  and  the 
proximal  por t ion of the axoneme  (cf. Giust i ,  1969; Bulnheim,  1962; Kohnert ,  1980; Koike & 
Nishiwaki ,  1980; H e a l y  1982a,b, 1983a,b). A n u m b e r  of mesogas t ropods  and  many  
neogas t ropods  have long euspe rma tozoon  nuc le i  (30-130 ~m) which  are a lmost  to ta l ly  
i nvag ina t ed  (enclosing therefore,  a subs tan t i a l  por t ion of the  axoneme)  and  in some 
famil ies  such as the  Li t tor in idae  and  Eul imidae ,  spec ies  wi th  e i ther  s tyle of nuc lea r  
morpho logy  may  be  found (Healy,  1984). To da te  no ce r i th i acean  spec ies  has  b e e n  shown 
to possess  euspe rma tozoa  wi th  d e e p l y  i n v a g i n a t e d  nuclei .  The  l eng th  of the nuc leus  of 
Campanile euspe rma tozoa  (9.5 ~tm) is excep t iona l  in that  it is three  t imes  the  l eng th  of 
euspe rmatozoa  nucle i  of all  o ther  i nves t i ga t ed  ce r i th iacean  species .  In this aspect ,  the 
euspermatozoa  of Campanile r e s e m b l e  those of some non -ce r i t h i acean  me soga s t ropod  
famil ies  such as the Ep i ton i idae  (Bulnheim, 1962; Ni sh iwak i  & Tochimoto,  1969; Healy ,  
1984), S t rombidae  (Koike & Nish iwaki ,  1980) and  the Na t i c idae  (Healy,  1984). 

It is p r inc ipa l ly  the fine s tructure of the m i d p i e c e  reg ion  which  d i s t ingu i shes  
euspe rma tozoa  of Campanile from those  of other  gas t ropods  - most  no tab ly  those of 
other  ce r i th iacean  families.  The  m i d p i e c e  e l emen t s  of Campanile : (1) possess  essen-  
t ia l ly  unmodi f i ed  cristae (lack the pa ra l l e l  cristal  p la tes  of o ther  ce r i t h i acean  euspero 
matozoa),  (2) are seven to e igh t  in number  (four in o ther  cer i th iaceans)  and  (3) are 
pa r t i a l ly  enc losed  by an accessory  m i d p i e c e  shea th  (no e qu iva l e n t  in any  s tud ied  
gas t ropod,  ce r i th i acean  or otherwise) .  Charac ters  (1) and  (2) are  commonly  encoun te r ed  
in eu spe rma tozoa  of nonocer i th iacean  mesogas t ropods  and  neogas t ropods ,  but  it is 
impor tant  to note that  the midp iece  e l emen t s  of Campanile e uspe rma toz oa  are  non- 
he l ica l ly  a r r a n g e d  a round  the axoneme  as is obse rved  in other  ce r i th i aceans  and  also 
those cyc lophoracean  spec ies  that  have  been  s tud ied  (Selmi & Giusti ,  1980; Healy,  
1984). 

With the excep t ion  of StenothFra (see Healy,  1983b) the a r r a n g e m e n t  of g ranu les  in 
the g lycogen  p iece  of meso-  and  neogas t ropod  euspe rma toz oa  fol lows the pa t t e rn  shown 
in this pape r  for Campanile - that  is, n ine  cont inuous  tracts,  one assoc ia ted  wi th  each  
axonemal  double t  ( references  this paper) .  This pa t t e rn  is d is t inct  from the s imple  
pack ing  of g ranu les  a round  the axoneme  obse rved  in spe rma tozoa  of p u l m o n a t e  and 
op is thobranch  spec ies  wh ich  ac tua l ly  possess  a g lycogen  p iece  (the s torage  of subs tan-  
t ia l  g lycogen  depos i t s  wi th in  the  mi tochondr ia l  der iva t ive  of e u t h y n e u r a n  spe rma tozoa  
has ev iden t ly  m a d e  r e d u n d a n t  the  necess i ty  for a g l y c o g e n  piece ,  h e n c e  its r educ t ion  or 
absence  in many  species;  see H e a l y  & Willan,  1984 for references) .  
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C o m p a r a t i v e  s p e r m  s t r u c t u r e  - Campanile p a r a s p e r m a t o z o a  

Pa ra spe rma tozoa  of most  ce r i th i aceans  are  d iv i s ib le  into a ' head '  and  a tai l  tuft, wi th  
a 'm idp i ece '  ( axonemes  su r rounded  by  mi tochondr ia )  r ecogn izab l e  in some groups  (see 
Me lone  et al., 1980; H e a l y  & Jamieson ,  1981; Hea ly ,  1982b). Compar i son  of ce r i th iacean  
p a r a s p e r m a t o z o a  wi th  those  of o ther  p rosobranchs ,  e spe c i a l l y  those of the  Viv ipa racea  
(which p r o b a b l y  a p p r o a c h  most c lose ly  the  form of ce r i t h i acean  paraspermatozoa)  has 
b e e n  g iven  in o ther  pape r s  (Hea ly  & Jamieson ,  1981; Healy ,  1982b) but  for the purposes  
of this  d i scuss ion  some recap i tu l a t ion  of this  work  is necessary .  Pa raspe rma tozoa  of the  
ce r i t h i acean  fami l ies  Cer i th i idae ,  Tur r i te l l idae ,  Po t amid idae  and  Australaba possess  a 
h e a d  c o m p o s e d  of a nuc lea r  core (a s t r i ng - shap e d  c o n d e n s e d  r emnan t  of the  pa raspe r -  
m a t i d  nuc leus  to which  the a x o n e m e s  often b e c o m e  at tached),  su r rounded  by  a mosaic  
shea th  of b l o c k - s h a p e d  bodies .  An  ac rosome- l ike  s tructure normal ly  occupies  the  head  
apex  wh i l e  poster ior ly ,  mi tochondr i a  a n d  the a x o n e m e s  of the  tai l  tuft m a y  (occasionally)  
pene t r a t e  qu i te  d e e p l y  into the  head .  In p a r a s p e r m a t o z o a  of Obtortio (family uncertain)  a 
nuc l ea r  core is ab sen t  and  the mul t ip l e  a x o n e m e s  a t tach  to a rod - shaped  structure 
(poss ib ly  of nuc l ea r  origin)  at the  h e a d  apex.  The  p re sen t  s tudy has  r evea l ed  two types  of 
p a r a s p e r m a t o z o a  in Campanile- one of which  possesses  a nuc lea r  core (with axonemes  
a t t ach ing  to the  base  of the  head)  and  the o ther  type  l ack ing  any  a p p a r e n t  nuc lea r  
r e m n a n t  (axonemes  p e n e t r a t i n g  a lmos t  to the  ba se  of the  ac rosome- l ike  structure, and  
ev iden t l y  a t t ach ing  to the  b locks  of the  mosa ic  sheath).  A l though  pa raspe rma tozoa l  
d i m o r p h i s m  has  not  been  demons t r a t ed  in any  o ther  cer i th iaceans ,  it  is wel l  k n o w n  in 
v i v i p a r a c e a n  spec ies  (Yasuzumi & Tanaka ,  1958; Nish iwaki ,  1964; Tochimoto,  1967) and 
in cer ta in  other  mesogas t ropod  groups  such as the Tonnacea  and Epi ton iacea  
(Nishiwaki ,  1964; Tochimoto,  1967; N i s h i w a k i  & Tochimoto,  1969; Buck land-Nicks  et 
al., 1982). On ba lance ,  however ,  the  p a r a s p e r m a t o z o a  of Campanile r e semble  those of 
fami l ies  such as the  Cer i th i idae ,  P o t a m i d i d a e  and  also, appa ren t ly ,  Tur r i t e l l idae  (mosaic 
shea th  of head ,  nuc l ea r  core [nuclea te  p a r a s p e r m a t o z o a  only], ac rosome- l ike  structure, 
ta i l  tuft). 

S y s t e m a t i c  i m p o r t a n c e  of c e r i t h i a c e a n  e u s p e r m a t o z o a  - a n  u p d a t e  

Previous  inves t iga t ions  have  shown that  the  m i d p i e c e  reg ion  of ce r i t h i acean  eusper -  
matozoa  consists  of an axoneme  su r rounded  by  four, straight,  m i d p i e c e  e l ements  each 
con ta in ing  pa ra l l e l  cr is ta l  p la tes  (Healy,  1982a, b, 1983a; Afzel ius  & Dallai ,  1983). Hea ly  
(1983a) g r o u p e d  var ious  ce r i t h i acean  fami l ies  accord ing  to the  shape  of the  m i d p i e c e  
e l e m e n t s  and  the  acrosome.  O w i n g  to some recen t  confusion concern ing  the content  of 
these  g roup ings  they  are  here  res ta ted  and  the bas is  for g roup  d iv is ion  br ief ly  sum- 
mar ized .  

Group  I (midp iece  wi th  two la rge  and  two smal l  m i d p i e c e  e lements)  - subgroup  I(i): 
Cer i th i idae ,  Tur r i t e l l idae ,  Australaba (? family);  s u b g r o u p  I(ii): P lanax idae ,  Po tamid idae  
(subfami ly  Ba t i l l a r i inae  only); Group  II (midp iece  with  four equa l - s i zed  midp iece  
e lements) :  Modu l idae ,  P o t a m i d i d a e  (subfami ly  Po t amid inae  only), Obtortio (? family 
posi t ion)  ? P leurocer idae .  

The  p r inc ipa l  d i f ferences  b e t w e e n  subgroups  I(i) and  I(ii) l ie  in the re la t ive  size of 
the  two smal l  m i d p i e c e  e l e m e n t s  (ex t remely  r e d u c e d  in I[i], much less so in I[ii]) and  also 
in the form of the  ac rosomal  cone (compressed  in I[i], t ruly conica l  in I[ii] - no data  be ing  
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ava i l ab le  to H e a l y  [1983a] for acrosome s t ructure  in the  Turr i te l l idae) .  Recently,  the  
author  has e x a m i n e d  sea  wa te r - fo rma l in  f ixed tes t is  t i ssues  of Siliquaria ponderosa 
{Siliquari idae),  and  a l though  very  poor ly  p rese rved ,  the m i d p i e c e  of e u s p e r m a t o z o a  
appea r s  to fol low the pa t t e rn  o b s e r v e d  in subg roup  I(i). This  is cons is ten t  wi th  Mor ton ' s  
(1955) conclus ion (based  on gross  anatomy)  that  the  S i l i qua r i i dae  and  Tur r i t e l l i dae  are  
c losely  a l l ied .  In a very  d e t a i l e d  account ,  Afze l ius  & Dal la i  (1983) have  i nve s t i ga t e d  the  
occurrence  of p a i r e d  e u s p e r m a t o z o a  in  Turritella communis (Turr i te l l idae;  cf. Franz~n,  
1955 for l ight  microscopic  observa t ions  of s p e r m i o g e n e s i s  of p a i r e d  e u s p e r m a t o z o a  in 
this species) .  This work  also r evea l  that  the  ac rosomal  cone of Turritella communis is, 
l ike the member s  of subgroup  I(ii), t ruly conica l  in shape  and  not compres sed  l ike  o ther  
m ember s  of subgroup  I(i). In addi t ion ,  Afze l ius  & Dal la i  r epo r t ed  var ia t ion  in the n u m b e r  
and size of the m i d p i e c e  e l emen t s  in 'one or two percen t '  of al l  Turritella m i d p i e c e s  
observed  by  them. The p resen t  au thor  has  also obse rved  some var ia t ion  of m i d p i e c e  
e l emen t  number  in euspe rma tozoa  of some ce r i th i acean  spec ies  (three to five m i d p i e c e  
e lements  in the p o t a m i d i d  Terebralia palustris) and  occas iona l ly  dup l i ca t ion  of the  
axoneme  (Planaxis sulca tus), but  such ins t ances  are rare (p robab ly  abnormal i t i e s )  and  do 
not in any w a y  de t rac t  from the sys temat ic  impor t ance  of the  m i d p i e c e  r eg ion  of 
ce r i th iacean  euspermatozoa .  It should  be  po in t e d  out  that  the  m i d p i e c e  e l e m e n t s  of the  
Turritella euspe rma tozoon  shown in F igu re  18 of Afze l ius  & Dal la i  (1983) are  c lea r ly  of 
different  sizes (two large,  two smal l  - the  smal l  e l e m e n t s  s imi la r  in  s ize to subg roup  I(ii) 
and  not  as s ta ted  by  those authors  as  e q u a l l y  l a rge  (p. 317). The  fact tha t  e u s p e r m a t o z o a  
of Turritella communis ( subgroup I[i]) show the s ame  acrosomal  fea tures  and  - a lbe i t  
rarely - the same  m i d p i e c e  form as  e u s p e r m a t o z o a  of subgroup  I (ii) fur ther  s t r eng thens  
ties b e t w e e n  the two subgroups .  In contrast ,  the d i f ferences  in m i d p i e c e  s t ructure  
b e t w e e n  the two subfami l ies  of the Po t amid idae  (Bati l lar i inae,  Po tamid inae ;  see  Hea ly ,  
1983a) appea r  to be  of g rea t  sys temat ic  impor tance .  M i d p i e c e  s tructure in ce r i t h i acean  
euspe rma tozoa  (and in fact the  spe rma tozoa  of o ther  in t e rna l ly  fer t i l iz ing gas t ropods)  is 
a d is t inct ive  and conservat ive  charac te r  wor thy  of h igh  taxonomic  we igh t ing .  To date,  
the Po tamid idae  is the only ce r i t h i acean  fami ly  k n o w n  to show both  Group  I and  Group  
II m idp iece  morphology.  

S y s t e m a t i c  i m p o r t a n c e  of Campani le  s p e r m a t o z o a  

A l though  Houbr i ck  (1981a) has  conc luded  that  Campanile symbolicum is i nd i spu -  
t ab ly  re fe rab le  to the  super fami ly  Cer i th iacea ,  his de tec t ion  of a n u m b e r  of impor t an t  
and  typ ica l ly  non -ce r i t h i acean  ana tomica l  fea tures  in  this spec ies  ( inc lud ing  the  a lbu-  
men  gland,  bucca l  pouches ,  egg  capsu les  l i nked  by  cha lazae ,  smal l  b ipec t i na t e  
osphradium,  semina l  r ecep t ac l e  in both sexes) l eaves  much  doub t  as to the  p rec i se  
re la t ionship  of the C a m p a n i l i d a e  to other  ce r i t h i acean  famil ies .  This  p r o b l e m  is, unfortu-  
nately,  e x a c e r b a t e d  by  the pecul iar ,  poss ib ly  un ique  form of the  euspe rma tozoon  
midp iece  in Campanile (differences from other  ce r i th i aceans  ou t l ined  in p rev ious  
sect ion of discussion) and  the fact that  this spec ies  p roduces  two types  of pa ra spe r -  
matozoa  (the first r eco rded  e x a m p l e  of p a r a s p e r m a t o z o a l  d imorph i sm  in the 
Ceri thiacea) .  It should,  howeve r  be  e m p h a s i z e d  that  p a r a s p e r m a t o z o a  of Campanile 
share  a number  of impor tan t  fea tures  wi th  those  of the  Cer i th i idae ,  Po t amid idae  and  
ev iden t ly  also the  Tur r i t e l l idae  and  P l anax idae  (presence  of a nuc l ea r  core [nuc lea te  



216 John M. H e a l y  

p a r a s p e r m a t o z o a  only] ,  m o s a i c  s h e a t h ,  a c r o s o m e - l i k e  s t r u c t u r e ,  h e a d / t a i l  tuft,  b o d y  

form).  In m a n y  r e s p e c t s  t h e  a n a t o m y  a n d  s p e r m  m o r p h o l o g y  of Campani le  h e l p s  to 

b r i d g e  [he  g a p  w h i c h  e x i s t s  b e t w e e n  t h e  C e r i t h i a c e a  a n d  t h e  r e m a i n d e r  of t h e  

C a e n o g a s t r o p o d a '  ( o t h e r  m e s o g a s t r o p o d s  a n d  t h e  N e o g a s t r o p o d a ) .  F u r t h e r  w o r k  o n  

u n s t u d i e d  g r o u p s  ( i n c l u d i n g  r e l i c t  f a m i l i e s  s u c h  as  t h e  D i a s t o m a t i d a e )  a n d  m o r e  e x h a u s -  

t i ve  a n a l y s e s  of s p e r m  d i v e r s i t y  i n  t h e  l a r g e  m u l t i g e n e r i c  f a m i l i e s  ( T u r r i t e l l i d a e  [Orec-  

t o s p i r i n a e ] ,  C e r i t h i i d a e  [Plesiotrochus, Gourmya]) h o p e f u l l y  wi l l  p e r m i t  a b e t t e r  u n d e r -  

s t a n d i n g  of t h e  p o s i t i o n  of t h e  C a m p a n i l i d a e  w i t h i n  t h e  C e r i t h i a c e a .  

In s u m m a r y ,  s p e r m a t o z o a l  a n d  a n a t o m i c a l  c h a r a c t e r i s t i c s  of Campani le  s u g g e s t :  (1) 

t h a t  t h e  C a m p a n i l i d a e  s h o u l d  c e r t a i n l y  b e  m a i n t a i n e d  as  a d i s t i n c t  c e r i t h i a c e a n  f a m i l y  

( a n d  n o t  r e d u c e d  to a s u b f a m i l y  or  g e n u s  of t h e  C e r i t h i i d a e ;  cf. T h i e l e ,  1931; L u d b r o o k ,  

1971) a n d  (2) t h a t  t h i s  f a m i l y  s h o u l d ,  a t  l e a s t  for  t h e  p r e s e n t  t ime ,  o c c u p y  a n  i s o l a t e d  

p o s i t i o n  w i t h i n  t h e  C e r i t h i a c e a  w i t h  r e m o t e  l i n k s  to  t h e  C e r i t h i i d a e ,  P o t a m i d i d a e  a n d  

T u r r i t e l l i d a e .  

It is  h y p o t h e s i z e d  t h a t  t h e  C a m p a n i l i d a e  p r o b a b l y  d i v e r g e d  a t  a n  e a r l y  s t a g e  f rom 

t h e  p r i m i t i v e  c e r i t h i a c e a n  s t o c k  in  w h i c h  s p e r m  d i m o r p h i s m  w a s  e s t a b l i s h e d .  S u b s e -  

q u e n t l y  t h e  f a m i l y  h a s  r e m a i n e d  a d i s t i n c t i v e  - t h o u g h  f rom a n  e v o l u t i o n a r y  s t a n d p o i n t  

r e l a t i v e l y  u n i m p o r t a n t  - b r a n c h  of t h e  C e r i t h i a c e a .  
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