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ABSTRACT: Spermatozoa and spermiogenesis in the deep-water cephalopod Spirula spirula (L.) are 
examined using transmission electron microscopy. Mature spermatozoa (taken from sper- 
matophores) are elongate cells 115-120 [tm long, composed of a conical acrosomal vesicle, cylindri- 
cal nucleus (6.8-7 Brn long), flagellum and a loose mitochondrial sleeve - the latter concealing the 
proximal 6-8 [Lm of the flagellum. The acrosomal vesicle is 2.8 [~m long with fibro-granular contents 
and an electron-lucent apical zone. Subacrosomal material, organized as closely packed granules, 
fills a basal invagination of the acrosomal vesicle. In early spermatids the flagellum is derived from a 
triplet substructure centriole positioned close to the developing nuclear invagination. As flagellum 
formation proceeds, the acrosomal vesicle (produced evidently through Golgi secretion) attaches to 
the condensing nucleus. Spermatids are connected by cytoplasmic bridges throughout their 
development, and exhibit a perinuctear sheath of microtubules from the onset of the fibrous stage of 
nuclear condensation (mid-, late spermatids). In mid-spermatids, tnitochondria collect posterior to 
the nucleus and subsequently are packed into a cylindrical extension of the plasma membrane to 
form the periflageUar mitochondrial sleeve. These features of spermiogenesis and mature sper- 
matozoa of Spirula clearly associate the Spirulidae with the Sepiida, Teuthida and Sepiolida - 
particularly with the latter order. However, pending results of a thorough review of coleoid sperm 
morphology, the Spirulidae are here included in their own order - Spirulida (of Reitner & Engeser, 
1982) - rather than in either the Sepiida or Sepiolida. 

INTRODUCTION 

Spirula spirula (Linn6) is a small meso- to bathypelagic  cephalopod chiefly inhabit-  

ing tropical and sub-tropical regions of world oceans (Schmidt, 1922; Von Brunn, 1943; 

Clarke, 1970). The species, placed in its own family Spirulidae, is un ique  among  hving 
Cephalopoda  in possessing a coiled, chambered,  fully internal  shell (Mutvei, 1964; 

Bandel  & Boletzky, 1979). Like the internal cutt lebones of sepiids or the external  shell  of 

Nautilus, the shell of Spirula serves a buoyancy function via the regulat ion of l iquid 
within shell chambers  by siphuncular t issues (Denton et al., 1967; Denton & Gilpin- 

Brown, 1971). 
The precise relationship of Spirula to other coleoid cephalopods  is still debated.  

Generally,  however,  it is be l ieved  that the closest l iving relatives of Spirula are the 

Sepiidae, and in most classifications the Spiruhdae are placed within the order  Sepi ida 
usually as a m e m b e r  family of the Sepioidea (e.g. Boss, 1982; Voss, 1977; Clarke  & 

Trueman,  1988). Recently, however ,  it has been  sugges ted  that the Spiruhdae and/or  
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Sep iohdae  should be  removed  from the Sepi ida  and p laced  into separa te  o rde r s  (e.g. see  
Donovan,  1977; Fioroni, 1981; Reitner & Engeser,  1982; Clarke,  1988). In a previous 
account  (Healy, 1989), the author  demons t ra ted  that  the  ul t rastructure of cepha lopod  
spe rm and spermat ids  has cons iderable  potent ia l  as a taxonomic a n d  phy logene t ic  
indicator  as in other  molluscan classes. Al though S. spirula is a common spec ies  and its 
shell  is f requent ly  washed  ashore in la rge  numbers ,  l ive or wel l - f ixed spec imens  are 
rare ly  avai lab le  for histological  or TEM examinat ion.  The presen t  s tudy desc r ibes  for the 
first t ime events  of spermiogenes is  and  morphology  of mature  s p e r m a t o p h o r a l  sperm of 
S. spirula using formalin fixed tissues. The data  are firstly compared  with those  avai lable  
for other  cepha lopod  taxa and secondly discussed in relat ion to the sys temat ic  affinities of 
the  Spirul idae.  

MATERIALS AND METHODS 

Spermatophores  and testis t issue of Spirula spirula (Linn6) were  o b t a i n e d  from a 
seawater - formal in  fixed spec imen  he ld  in the  wet  collection of the  Aus t r a l i an  Museum 
Sydney  (Registration number  C.158 383). This spec imen (Fig. 1A) was m i d - w a t e r  t rawled  
east  of Sydney  at a depth  of 636-647 m dur ing March  1984 by  the New Sou th  Wales  State 
Fisher ies  research  vessel  "Kapala" .  

For t ransmission electron microscopy, testes tissue and  the spe rm-con ta in ing  region 
of spermatophores  were  d iced  into 1-2 mm 3 pieces,  r insed for 30 min in seawater ,  then  
p laced  into a 1 %  osmium tetroxide solution (prepared  in seawater)  for 80 rain. Fol lowing 
osmication, t issues were  r insed in seawate r  (30 rnin), d e h y d r a t e d  in a g r a d e d  e thanol  
series and,  finally, e m b e d d e d  in Spurr ' s  epoxy resin. Semithin  and  u l t ra th in  sections 
were  cut using an LKB Ultrotome. Ultrathin sections were  col lected on u n c o a t e d  copper  
grids, s ta ined  with 10 % uranyl  aceta te  (20 rain) and  ,Reynold's l ead  c i t ra te  (10 rnin) and  
examined  with e i ther  Philips 300 or Hitachi  300 t ransmission electron microscopes.  

RESULTS 

S p e r m a t o c y t e s  

Spermatocytes  of Spirula are 8 ~m in d iameter  and  contain  a l a rge  ovoid nucleus  
(maximum d iamete r  5-6 ~m) showing prominent  synap t inemal  complexes  (Fig. 1B). In 
comparison with the volume occupied  by the nucleus,  re la t ively ht t le  cytoplasm is 
present .  Small  round mitochondria  are scat tered throughout  the cy top lasm toge ther  with 
at leas t  one centriole. 

Figs 1A-E. Spirula spirula. A: Dorsal view of Spirula spirula L. specimen used in this study (trawled 
at 636-647 m depth, east of Sydney). Note portion of chambered, internal shell (arrow) visible 
through broken skin (• B: Survey section of testes showing spermatocytes (1), early spermatids 
(2) and an advanced spermatid (3) (• 4100). Inset: detail of synaptinemal complex from spermatocyte 
(• 600). C: Early spermatid with centriole positioned at site of developing nuclear invagination 
(• D: Detail of centriole of Fig. 1C showing triplet substructure and satelhte bodies (small 
arrows). Note developing nuclear invagination (• 39 000). E: Early spermatids linked by cytoplasmic 
bridges. Also visible, centriole/flagellum apparatus and attached acrosomal vesicle (x9300}. 
Abbreviations: av, acrosomal vesicle; br, cytoplasmic bridge(s); c, centriole; f, flagellum; n, nucleus 
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Spermiogenes i s  

Early spennatids 

Early spennatids are round to ovoid and approximately 5 ~m in diameter. Nuclei of 
early spermatids are initially spherical, 3.3 [~m in diameter, and exhibit electron-dense 
tracts interspersed with coarsely granular patches (Figs 1C, E). Figures 1C, D show an 
early sperrnatid with a single triplet substructure centriole positioned at the entrance of 
the developing nuclear invagination. The triplets are embedded in a dense matrix and 
are also associated with nine satellite bodies apparently connected to the pericentriolar 
matrix (Fig. 1D). Early spermatids are interconnected by cytoplasmic bridges, each 
defined by a dense thickening of the plasma membrane (Fig. 1E). Although the initial 
stage of acrosome development was not traced, observations on later spermatids (e.g. 
Figs 2B, D, E) suggest that the acrosomal vesicle is a product of GoIgi activity. Figures 1E, 
2C demonstrate that the acrosomal vesicle and the centriolar-flagellar apparatus attach 
to opposite extremities of the condensing (now pyriform) nucleus at the same time. Only a 
single centriole is present (Fig. 2A). An interesting feature of the newlyat tached centrio- 
lar-flagellar apparatus is its deviation by approximately 90 ~ from the longitudinal axis of 
the spennatid (Figs 1E, 2A, C). The reflected portion of the plasma membrane associated 
with the emergent flagellum becomes noticeably thickened and more electron-dense 
than adjoining areas (Figs 1E, 2C). 

Mid-sperma tids 

In mid-spermatids the nucleus initially retains the mottled appearance observed in 
early spermatids (Fig. 2D). Soon after the centriolar-flagellar apparatus reorientates 
parallel to the longitudinal axis of the spermatid (Fig. 2D), the nuclear fabric is converted 
first into a fine fibrous reticulum (Fig. 2E) and subsequently into longitudinally arranged 
fibres (Fig. 2F). A sheath of perinuclear microtubules anchored to the reflected plasma 
membrane also becomes evident (Fig. 2E). The Golgi complex continues its close associa- 
tion with the acrosomal vesicle - the latter now showing an electron-lucent apical zone 
and a flattened or shghfly concave base (Figs 2E, F). Mitochondria migrate to the base of 
the nucleus (Fig. 2E) where collectively they will soon form the periflagellar mitochon- 
drial sleeve of the mature spermatozoon. 

Figs 2A-F. Spirula spirula. A: Centriole/flagellum apparatus attached to developing nuclear invagi- 
nation (• 300). B: Acrosomal vesicle attached to nucleus of early spermatid. Note Golgi complex 
(• 800). C: Longitudinal section of spermatid showing relative positions of attached acrosomal 
vesicle, condensing nucleus and centriolar-flagellar complex (• 300). D: Slightly later stage 
spennatid than Fig. 2C. Acrosomal vesicle and centriolar-flagellar complex are now longitudinally 
aligned with each other. Note also Golgi complex close to acrosomal vesicle, and the reflected 
plasma membrane around flagellum (x 13 250). E: Slightly more advanced spermatid than Fig. 2D. 
Acrosomal vesicle now shows electron-lucent apical zone (arrow). Golgi complex, cytoplasmic 
bridge and perinuclear microtubules also present (• 13 250). F: Acrosomal vesicle of mid-spermatid 
at fibrous stage of nuclear condensation. Note electron-lucent apex of vesicle (arrow) and plate 
substructure (x21 600). Abbreviations: av, acrosomal vesicle; br, cytoplasmic bridge; c, centriole; f, 
flagellum~ G, Golgi complex; m, mitochondria; rot, microtubules; n, nucleus; p, plates of acrosomal 

vesicle 
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Late spermatids 

In late spermat ids  the fibres of the condens ing  nucleus  th icken th rough  la te ra l  fusion 
(Figs 3A, B) whi le  the per inuc lear  microtubules  (Fig. 3B) extend poster ior ly  into the  
deve lop ing  mitochondria l  s leeve (Fig. 3D). Mitochondr ia  conta ined  wi thin  the deve lop-  
ing mi tochondr ia l  s leeve re ta in  their  individual i ty  and unmodif ied  cristae. Dur ing this 
final s tage of spermiogenesis ,  cytoplasm migra tes  poster iorly and is u l t imate ly  s loughed.  
As the acrosomal  vesicle elongates ,  its now we l l -deve loped  basa l  invaginaf ion  fills with a 
fibrous subacrosomal  deposi t  (Fig. 3C). The e lec t ron- lucent  zone and in te rna l  p la tes  of 
the acrosomal  vesicle are re ta ined  (Figs 3C, F). Gradual ly ,  the  nucleus  loses  its fibrous 
substructure,  decreases  in d iameter  (from 2.8 ~m to 1.9 ~m) and in a lmost  ma ture  sperm 
appears  uniformly electron-dense,  save for occasional  spaces  (Fig. 3F). 

Figure  4 summarizes  in semi -d iagrammat ic  form the structure of sperrnatocytes  and  
events  of spermiogenes is  in Spirula spirula. 

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

Mature  spermatozoa  from spermatophores  consist of an acrosomal  complex,  nucleus,  
f lagel lum and  a per i f lagel lar  mi tochondr ia l  s leeve  which encloses  the p rox imal  6 -8  gm of 
the  f lagel lum (Pigs 5A, B). 

The acrosomal  vesicle is 2.8 ~m long with a l~m deep  basa l  invag ina t ion  filled b y  
closely p a c k e d  granules  (Pigs 5C, D, E). Contents  of the acrosomal  vesicle  form a fibrous 
ret iculum with  the  except ion of the apical  reg ion  which  is apparen t ly  e m p t y  (Pigs 5A-E).  
Angular ly  or ien ta ted  plates  hne the inner  surface of the acrosomal  ves ic le  (Pig. 5D). 

The nucleus  is cylindrical,  6.8-7 am long, and  uniformly e lec t ron*dense  (Figs 5A). A 
shallow (0.6 ~m deep)  basa l  invaginat ion  forms the anchorage  point  for the  centr iolar /  
f lagel lar  complex  (Pigs 5C, F). No ev idence  of nuclear  cavit ies or f ibrous subst ructure  
{both ev ident  in spermat ids  - see Figs 3A-F)  could be  de t ec t ed  in ma tu re  sperm nuclei.  
Longi tudinal  sections (e.g. Figs 5A, F) show that  the basa l  invagina t ion  of the nucleus  is 
eccentr ical ly  posi t ioned.  

Posterior to the nucleus,  a loose mi tochondr ia l  s leeve envelops  the p rox ima l  6-8 ~m 
of the sperm f lagel lum (Fig. 5B). The s leeve consists of numerous,  cr is ta te  mi tochondr ia  
and  dense  (?glycogen) granules  p a c k e d  within a skir t -hke extension of the p l a sma  
m e m b r a n e  (forming a cyhndrical  pocket)  (Figs 5B, C, P-H).  The  f lage l lum is approxi-  
mate ly  100 gm long and composed  of a 9 + 2 axoneme  sur rounded  by  m n e  coarse  fibres 
(30 • 80 nm in t ransverse  section), the p l a sma  m e m b r a n e  (with p rominen t  glycocalyx) 

Figs 3A-F. Spirula spirula. A: Transverse section through late spermatid nucleus showing thick 
fibres and perinuclear microtubules (x22 500). B: Detail of perinuclear microtubules (x54 500). C: 
Acrosomal complex of late spermatid. Note electron-lucent apex (arrow), internal plates and 
subacrosomal material (x17 700). D: Longitudinal section showing centriole lodged in nuclear 
invagination, flagellum, mitochondrial sleeve and microtubules (x27 700). E: Longitudinal section of 
late spermatid showing complete nucleus, base of acrosome, microtubules and proximal portion of 
mitochondrial sleeve and flagellum (x 14 000). F: Acrosome and nucleus of almost mature spermato- 
zoon. Arrow indicates electron-lucent apex of acrosome (x 11 000). Abbreviations: av, acrosomal 
vesicle; c, centriole; f, flagellum; mt, microtubules; n, nucleus; p, plates of acrosomal vesicle; sl, 

mitochondrial sleeve; sin, subacrosomal material 
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and the mi tochondr ia l  sleeve. Figures  5B, H show that  the  sleeve,  at  its poster ior  
extremity,  does  not fully enclose the f lagellum. 

Posterior to the  mi tochondr i a l  sleeve,  coarse fibres of t he  f lage l lum gradual ly  
decrease  in d iamete r  and  are  eventua l ly  lost (Figs 5I [1-5]). Dense  g ranu les  (?glycogen) 
occur be tween  coarse fibres (see Fig. 5I [4]). Distally, the f lagel lar  a x o n e m e  degene ra t e s  
into singlet  microtubules  (Fig. 5I [6]). 

DISCUSSION 

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

A number  of spermiogenic  features  of Spirula s_pirula (for example ,  ear ly  s tages  of 
acrosome formation, nuc lear  condensa t ion  with per inuc lear  microtubules)  have  been  
observed  in other  cepha lopod  species  (Galangau,  1969; Maxwell ,  1974, 1975; Healy,  
1989, 1990): in part icular ,  the pa t te rn  of deve lopment  r esembles  tha t  desc r ibed  by  
Maxwel l  (1975) for member s  of the Sep i ida  and  Teuthida.  Spirula, however ,  differs from 
the Sepi ida  and  Teuth ida  in the formation of a per i f lagel lar  mi tochondr ia l  s leeve  rather  
than  a mi tochondr ia l  spur  and in the product ion of a more  s lender  ac rosomal  vesicle 
(showing a clear ly dif ferent ia ted apical  zone - also obse rved  in s p e r m  acrosomes of 
Sepiohda  - see Fig. 6). A per i f lagel lar  mi tochondr ia l  s leeve  has  also b e e n  demons t ra t ed  
in the sepiohd Heteroteuthis sp. (see Fig. 6), but  at p resen t  no information is ava i lab le  on 
its formation dur ing spermiogenes is  (in other  inves t iga ted  sepiolids - Sepietta oweniana 
and Rossia pacifica, a mitochondria l  spur  of the Sep i ida /Teu th ida  t ype  is p resen t  - 
Franz~n, 1955; Fields & Thompson,  1976). Al though the micro tubular  shea th  in sper- 
mat ids  of Spirula encloses  the deve lop ing  nucleus  @nd mitochondr ia l  s leeve,  in other  
cepha lopods  this shea th  appea r s  to be  confined to the nuc lear  reg ion  (Maxwell ,  1974, 
1975; Healy,  1990). Avai lab le  tissues of Spirula were  not f ixed wel l  e n o u g h  to de te rmine  
whe ther  or not cross- l inkages  b e t w e e n  microtubules  (noted in Nautilus and some 
coleoids - Arnold  & Will iams-Arnold,  1978; Bergstrom & Arnold,  1974; Maxwel l ,  1974) 
were  present .  

M a t u r e  s p e r m a t o z o a :  c o m p a r i s o n  w i t h  o t h e r  c e p h a l o p o d s  

Figure  6 summarizes ,  in semi -d iagrammat ic  form, spe rm morphology  in Spirula and 
other  s tudied  coleoid taxa (based on da ta  of Franz~n, 1955, 1967; G a l a n g a u ,  1969; 

Figs 4A-F. Semi-diagrammatic summary of spermiogenesis and mature sperm of Spirula spirula. A: 
Spermatocyte with synaptinemal complexes (arrows) (x6750). B: Early spermatids linked by cyto- 
plasmic bridges (x 6750). C: Mid-spermatid showing relative positions of attached acrosomal vesicle, 
centriolar-flagellar apparatus and condensing nucleus. Note also cytoplasmic bridge (• D: 
Mid spermatid after realignment of acrosome and centriolar-flagellar apparatus into longitudinal 
axis. Microtubular sheath associated with nucleus and mitochondrial sleeve (• E: Advanced 
spermatid with development of the acrosomal complex and mitochondrial sleeve almost complete 
(x8300). F: Mature spermatozoon (x8300). Abbreviations: av, acrosomal vesicle; br, cytoplasmic 
bridges; c, centriole; f, flagelluml G, Golgi complex; m, mitochondria; rot, microtubules; n, nucleus; 
p, internal plates of acrosomal vesicle; pm, plasma membrane; sl, mitochondrial sleeve; sm, 

subacrosomal material 
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Ga langau  & Tuzet, 1968a, b; Longo & Anderson, 1970; Maxwell, 1974, 1975; Fields & 
Thompson, 1976; Olson & Linck, 1980; Healy, 1989, 1990 and unpub l i shed  data). 

It can be seen from this comparative figure that sperm of the Sepiidae,  Loliginidae 
and  Sepiolidae (exception Heteroteuthis) all share a curved nucleus ,  eccentrically 
positioned flagellum and mitochondrial  spur and  a plasma membrane  skirt. Acrosomal 
vesicles of Sepiidae and  Loliginidae are dome-shaped structures in contrast  to those of 
the Sepiohdae and  Spirula which are relatively narrow with a pronounced,  electron- 
lucent  apical zone (an apical zone is present  in acrosomes of Sepiida and  Teuthida,  but  is 
poorly differentiated) (Fig. 6). Acrosomal vesicles of all decapod coleoids (including 
Spirula) show variously developed rods or plates - usually angular ly  or iented  in relation 
to the longi tudinal  axis (see also Fields & Thompson, 1976 and Olson & Linck, 1980). 
Olson & Linck (1980) found that each internal  "fibre" (= rod) of the acrosomal vesicle of 
Lofigo pealeii was associated spatially with a small deposit of dense  material  lying 
be tween  the plasma and vesicle membranes .  It was not possible to de te rmine  whether  
such deposits occur in the acrosomal region of Spirula in  the material  examined.  Until an 
invest igat ion of the acrosorne reaction is carried out, the function of rods/plates in sepid/  
teuthid/Spirula acrosomes can only be surmised Possibly, these structures serve as 
in ternal  supports for the acrosomal vesicle. Spermatozoa of Spirula differ from most other 
decapod coleoids in possessing a straight nucleus  and  a periflagellar mitochondrial  
sleeve. A similar nucleus  and sleeve are present  in spermatozoa of the sepiolid 
Heteroteuthis sp. (see Fig. 6), perhaps indicat ing a relationship be tween  Spirulidae and  
Sepiolidae (otherwise suggested by acrosomal morphology). It seems reasonable  to 
suggest  that the straight nucleus and  mitochondrial  sleeve of Spirula a nd  Heteroteuthis 
have been  derived from the curved nucleus  and  mitochondrial  spur (respectively) seen in 
the Sepiidae, Loliginidae and the sepiolids Rossia pacifica and  Sepietta oweniana. 
Similarly, the acrosomal vesicles of Spirula and  sepiolids are clearly more complex, 
e longate versions of the dome-shaped acrosomes of sepiid and loliginid spermatozoa. 

Spermatozoa of Vampyroteuthis exhibit several characters commonly  noted in sper- 
matozoa of externally fertilizing (often primitive) molluscs such as the Archaeogas-  
tropoda, Bivalvia and Scaphopoda (relatively undifferentiated acrosomal vesicle; two 
triplet substructure centrioles; short nucleus;  pericentriolar mitochondria) (Fig. 6; Healy, 
1989, 1990). In addition, one significant advanced  character is also p resen t  in Vampy- 

Pigs 5A-P. Mature spermatozoa of Spirula spirula (ex spermatophores). A: Longitudinal section 
through acrosomal complex, nucleus and proximal portion of mitochondrial sleeve (x 11 400). B: LS 
base of nucleus and entire mitochondrial sleeve ( x l l  400). C: LS acrosomal complex (arrow 
indicates electron-lucent apex of acrosomal vesicle) and mitochondrial sleeve (x13 300). D: LS 
acrosomal vesicle (oblique anteriorly). Contents of the vesicle form a fibrous reticulum. Subac- 
rosomal material organized as densely packed granules (x27 000). E: TS base of acrosome 
(x26 000). F: LS nuclear invagination (with embedded centriole) and mitochondrial sleeve. Dense 
(?glycogen) granules are packed in between mitochondria (x26 500). G: TS mitochondrial sleeve 
showing mitochondria, dense granules, axoneme of flagellum, coarse fibres, glycocalyx (x52 000). 
H: TS terminal region of mitochondrial sleeve (x52 000). I: TS flagella. Note 9+2 axoneme with 
accompanying nine coarse fibres and dense (?glycogen) granules (series 1-6 showifig diminution 
and eventual loss of coarse fibres) (x68 000). Abbreviations: a, acrosomal complex; av, acrosomal 
vesicle; ax, axoneme; c, centriole; cf, coarse fibres; f, flagellum; g, dense (?glycogen) granules; gc, 
glycocalyx; n, nucleus; p, internal plates of acrosomal vesicle; sl, mitochondrial sleeve; sin, subac- 

rosomal material 
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roteuthis spermatozoa, namely an extensive dense plug within the nuclear  invagination, 
elsewhere reported only in incirrate Octopoda (Fig. 6; :see also Healy, 1989, 1990). 

Sperm morphology in the Octopoda (data only available for suborder Incirrata) is 
variable, though consistently different from the Sepiida/Sepiohda/Teuthida. Acrosomes 
are either straight with periodic banding and a helical keel (Octopus- Fig. 6; Galangau & 
Tuzet 1968a; Longo & Anderson, 1970; Healy, i989) or helically coiled without internal 
substructure (Eledone - Fig. 6; Maxwell, 1974). Nuclei are filiform and  sometimes 
helically coiled (Fig. 6; Franz~n, 1967; Galangau, 1969; Longo & Anderson, 1970; 
Maxwell, 1974; Healy, 1989). Mitochondria enclose the axoneme/coarse fibre complex to 
form a true midpiece rather than a mitochondrial spur or a loose periflagellar sleeve 
(Fig. 6; Galangau & Tuzet, 1968b; Longo & Anderson, 1970; Maxwell, 1974 ; Healy, 1989). 
A membrane skirt ("annulus" of Longo & Anderson, 1970) occurs at the  junction of 
midpiece and glycogen piece. It is probably homologous with the membrane  skirt of most 
other coleoid sperm and the mitochondrial sleeve of Spirula and Heterote~this (interest- 
ingly, while a skirt is present in Nautilus [Arnold & Williams-Arnold, 1978], it is absent in 
Vampyroteuthis [Fig. 6~ Healy, 1989, 1990]). 

Systemat ic  considerat ions  

There are widely differing opinions concerning the interrelationships between living 
coleoids (Sepiida, Sepiolida, Teuthida, Octopoda, Vampyromorpha) and extinct coIeoids 
such as the Belemnitida, Phragmoteuthida, Belemnoteuthida and Loligosepiidae 
(Jeletzky, 1966; Donovan, 1977; Teichert, 1988; Reitner & Engeser, 1982; Bandel, 1985; 
Bandel & Leich, 1986; Clarke, 1988). The discovery or re-study of coleoid fossils showing 
soft part impressions has helped to clarify some issues such as the status of teuthid-like 
forms Trachyteuthis and Plesioteuthis (transferred to Vampyromorpha by Bandel & 
Leich, 1986) but has complicated other problems such as the origin of Teuthida, Sepiida 
and Octopoda (see Donovan, 1977; Engeser, 1988). 

Even in the absence of sperm data for important living groups of coleoids (e.g. 
oegopsid Teuthida, cirrate and some incirrate Octopoda, some Sepiida and  Sepiohda), 
Figure 6 clearly indicates a close relationship between the Sepiida, Teuthida and 
Sepiolida. Of these three orders, spermatozoa of Spirula appear closest to those of 
sepiolids (acrosomal morphology; periflagellar mitochondrial sleeve of Spirula also seen 
in sepiohd Heteroteuthis sp.). Major differences between spermatozoa of Vampy- 
romorpha/Octopoda on the one hand and the Sepiida/Teuthida/Sepiolida on the other 
suggest that these two clades diverged at an early stage in the history of the Coleoida, 
before the distinctive decapodan sperm type (featuring a curved nucleus, eccentrically 
positioned flagellum and mitochondrial spur) had evolved. Such a conclusion is in total 

Fig 6. Semi-diagrammatic summary of sperm morphology in the Coleoidea. Sources of data: 
Eusepia, Alloteuthis, Lob'go Maxwell (1975); Loligo Olson & Linck, 1980; Rossia (Fields & Thompson, 
1976); Sepia, Heteroteuthis (Healy unpubhshed data); Spirula - (present study); Vampyroteuthis 
(Healy, 1989, 1990); Octopus (Galangau & Tuzet, 1968a, b; Galangau, 1969; Longo & Anderson, 
1970; Healy, 1989, 1990); Bledone (Maxwell, 1974). Ultrastructure of Sepietta spermatozoa inferred 
from hght microscopic data of Franz4n (1955). Scale bar = 2 ~m. Abbreviations: av, acrosomal 
vesicle; c, centriole(s); dp, dense plug; f, flagellum; m, mitochondrion; ms, mitochondrial spur; n, 

nucleus; s, membrane skirt; sh, midpiece sheath; sl, periflagellar mitochondrial sleeve 
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accord  wi th  the  c o m m e n t  by  Fie lds  & T h o m p s o n  (1976, p. 917) tha t  it ~vas difficult  to 

e n v i s a g e  de r iva t ion  of o c t o p o d a n  s p e r m  f rom those  of d e c a p o d s  a n d  t h a t  " the  s p e r m  of 

c e p h a l o p o d s  ances t r a l  to bo th  g roups  m a y  h a v e  b e e n  c loser  to the  o c t o p o d a n  t h a n  to t he  

d e c a p o d a n  pa t t e rn" .  

S ince  the  S e p i o l i d a e  h a v e  n o w  b e e n  s e p a r a t e d  f rom the  Sep i i da  as  a n e w  order  - 

S e p i o h d a  (see Fioroni,  1981; Cla rke ,  1988; C la rke  & T r u e m a n ,  1988), t h e  q u e s t i o n  t h e n  

ar ises  as to w h e t h e r  or not  Spi ru la  (and  Spirul idae)  shou ld  also be  p l a c e d  in a s e p a r a t e  

o rde r  (Spirul ida of Re i tne r  & Engese r ,  1982). Pa l aeon to log i ca l  e v i d e n c e  ind ica tes  that  

t he r e  are  r e a s o n a b l e  g r o u n d s  for d o i n g  this (Donovan ,  1977; Re i tne r  & E n g e s e r ,  1982) 

a n d  ce r ta in ly  s p e r m  m o r p h o l o g y  s u g g e s t s  tha t  t he  Sp i ru l idae  a re  c loser  t o  sep io l ids  t han  
sepi ids .  For  the  p resen t ,  t he  au tho r  a ccep t s  Re i tne r  & E n g e s e r ' s  o r d e r  Spi ru l ida  as a 

use fu l  co l lec t ive  g roup  for l iv ing  Spirula (Spirul idae)  a n d  its p r e s u m e d  b e l e m n o m o r p h  
a n t e c e d e n t s  (e.g. Spirul i ros t r idae ,  G r o e n l a n d i b e l i d a e ) .  Fu r the r  r e s e a r c h  o n  s p e r m a t o z o a  

a n d  s p e r m i o g e n e s i s  wil l  u n d o u b t e d l y  assist  in d e f i n i n g  re l a t ionsh ips  w i t h i n  the  Col-  

eo idea ,  and,  possibly,  l e a d  to a b e t t e r  u n d e r s t a n d i n g  of t he  p h y l o g e n e t i c  pos i t ion  of this 

subc lass  w i th in  the  C e p h a l o p o d a .  
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