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ABSTRACT: Spermiogenesis in the relict deep-sea cephalopod Vampyroteutln's infemah's Chun is 
examined using transmission electron microscopy (TEM), and the results compared with available 
data on other cephalopods. Early spermatids of Vampyroteuthis exhibit an ovoid nucleus (with 
dense irregular patches), numerous mitochondria and a pair of triplet substructure centrioles 
(arranged parallel to each other). Subsequently, the following morphological changes take place: (1) 
nuclear contents condense into a fibrous reticulum, then into thick fibres; (2) the acrosomal vesicle 
(presumably Golgi-derived) positions itself in a shallow depression at the nuclear apex; (3) the 
flagellum forms from one of the two centrioles; (4) mitochondria cluster around the flagellum at the 
base of the nucleus; (5) a dense, fibrous plug forms within the basal invagination of the nucleus. 
Microtubules surround the acrosome and condensing nucleus of spermatids. The dense plug is of 
special systematic importance since it also occurs in spermatids and spermatozoa of Octopus spp., 
but not in any investigated species of the Sepiida, Sepiolida or Teuthida. Late spermatids and 
mature spermatozoa of Vampyroteuthis strongly resemble developing spermatids of Octopus, 
suggesting a close phylogenetic relationship between Vampyroteuthis (and the Vampyromorpha) 
and octopods. 

INTRODUCTION 

The deep sea vampire squid, Vampyroteuthis infernalis Chun, occupies a special 
place in cephalopod classification and phylogeny.  This cosmopolitan, but  rare, deep-sea  
species is the sole living representative of the coleoid order Vampyromorpha - a group 
bel ieved to be closely hnked  with the origin of the order Octopoda (Donovan, 1977; 
Bandel &Leich ,  1986; Clarke, 1988). Anatomically, Vampyroteuthis almost perfectly 
bridges the gap be tween  the Teuthida and  cirrate Octopoda (Pickford, 1939, 1940; 
Young, 1977). Grimpe (1917) and Robson (1932) considered that the Vampyromorpha 
be longed  within the Octopoda (as suborder [Robson] or subdivision of cirrate Octopoda 
[Grimpe]). Subsequently,  Pickford (1939) gave the group full ordinal status - a decision 
general ly accepted by most workers and in recent  classifications (e.g. Voss, 1977; Boss, 
1982; Clarke & Trueman,  1988). Recently, however, Fioroni (1981) has es tabhshed two 
superorders Octobrachia and Decabrachia (essentially reviving the Decapoda) and  
placed the Vampyromorpha in the latter superorder together with the orders* Teuthida,  
Sepiida and new order Sepiohda. 

" In accordance with Recommendation 29A of the ICZN Code that the ending - OIDEA be reserved 
for superfamilies, I adopt Clarke & Trueman's (1988) revised ordinal names Teuthida, Sepiida and 
Sepiolida and herein modify Coleoidea to Coleoida. 
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In a previous  s tudy (Healy, 1989), I examined  the ul t rastructure of spe rma tozoa  in 
Vampyroteuthis in an a t tempt  to clarify the relat ionship of v a m p y r o m o r p h a n s  to other  
coleoid cepha lopods  (see also Healy,  1990). Compar ison  with other  c e p h a l o p o d s  r evea led  
that  sperm morpho logy  suppor ted  a close re la t ionship be tw e e n  Vampyroteuthis (and the 
Vampyromorpha)  and the Octopoda  (Healy, 1989, 1990). Also p r e sen t ed  in  that  account  
were  p rehminary  observat ions  on spermiogenes i s  in Vampyroteuthis a n d  an u n - n a m e d  
species  of Octopus, which he lped  to confirm the homology of an in te res t ing  sperm 
component  shared  by  these  cepha lopods  - a large dense  p lug  wi th in  the  nuclear  
invaginat ion.  This p a p e r  examines  in detai l  the  events  of spe rmiogenes i s  in Vampy- 
roteuthis which of necess i ty  were  only briefly out l ined in my  ear l ier  s tudy.  

MATERIALS AND METHODS 

Testis t issue was  ext rac ted  from a seawater - formahn fixed s p e c i m e n  of Vampy- 
roteuthis infernalis held  in the "wet" collection of the Aust ra l ian  M u s e u m  (Sydney) (C. 
154223, mid -wa te r  t rawled,  640 m depth  off Newcast le ,  33 ~ 07-01 '  S, 153 ~ 11-05 '  E, by  R. 
V. "Kapala"  November  1979). After a thorough  rinse in sea  water ,  t i ssue  p ieces  were  
p l aced  for 80 min in a 1 %  osmium tetroxide solution (p repared  in sea  water) .  This was 
fol lowed by  another  rinse in sea  water ,  g radua l  dehydra t ion  in ethanol ,  a n d  e m b e d d i n g  
in Spurr 's  epoxy  resin. Ultrathin sections were  cut wi th  an LKB IV Ul t ro tome and  
col lected on 200 mesh  copper  grids.  After s ta ining grids wi th  uranyl  ace t a t e  and  l ead  
citrate, they were  examined  with  ei ther  a Philips 300 or Hitachi  300 t ransmiss ion  electron 
microscope ope ra t ed  at 60-80 kV. 

RESULTS 

S p e r m a t o g o n i a ,  s p e r m a t o c y t e s  

Cells here  in te rpre ted  as be ing  spe rmatogon ia  (Fig. 1A) were  r egu la r ly  seen  in 
test icular  tissues. They  contain a la rge  oblong nucleus  (15 ~tm x 9.5 ~m) w h i c h  features  a 
nucleolus and often a deep  invagina t ion  - the lat ter  giving gonia l  nuc le i  a lobula te  
appea rance  (Fig. 1A). At least  one tr iplet  substructure  centr iole has  b e e n  o b s e r v e d  at this 
s tage  of deve lopmen t  (Fig. 1A inset). In secondary  spermatocy tes  t he  oval  nucleus  
(maximum d iamete r  12 ~m) shows well  deve loped  synap t inemal  complexes  (Fig. 1B). 
Numerous,  round  mitochondria  (diameter  0.3-0.4 ~m) are obse rved  wi th in  the cytoplasm. 

E a r l y  s p e r m a t i d s  

Early spermat ids  have  a round nucleus  (containing extens ive  e l ec t ron -dense  tracts), 
small  mi tochondr ia  and two triplet  substructure  centrioles (Figs 1E, D). T h e  centr ioles are  

Figs 1A-E. Vampyroteuthis infernalis. A: Spermatogonium showing deeply lobulate nucleus and 
centriole (x 9000). Inset: detail of centriole (• 72 500). B: Spermatocytes. Note (arrows) synaptine- 
real complexes (x 4000). Inset: Detail of synaptinemal complex (x 18 250). C: Cytoplasmic bridge 
between early spermatids (x 9000). D: Centriole pair (enveloped by dense material) close to early 
sperrnatid nucteus (x 37 300). Inset: detail of centrioles showing triplets (x 85 500). E: Early 
spermatid showing developing acrosomal vesicle (x 12 700). Abbreviations: av, acrosomal vesicle; 

br, cytoplasmic bridge(s); c, centriole(s); m, mitochondria; n, nucleus 
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arranged parallel to each other at the periphery of the nucleus and are partly enveloped 
by a deposit of fine granular material (Fig. tD). Although the acrosomal vesicle was 
observed in early spermatids (Fig. 1E), it has not been possible to identify with certainty 
an associated Golgi complex. Frequently, two spermatid nuclei were observed within a 
single cell While some of these incidents probably represent newly formed sperrnatids 
which have as yet to complete cytokinesis (e.g. Fig. 1B), examples of two or, rarely, three 
mid-spermatids developing within a common cytoplasm have also been found (see 
Figs 2A, B). 

Mid-spermat ids  

The most significant morphological events of spermiogenesis occur in mid-sper- 
matids. The round, acrosomal vesicle becomes partly embedded in the apex of the 
condensing nucleus (Fig. 2D). Condensation of the mid-spermatid nucleus involves 
conversion of a granular/patchy nuclear fabric (Figs 2B [bottom], 3A-C) to a fibro- 
reticulate one (Figs 2A, B ]top], D, E, 3D, E). As this takes place, the nucleus becomes 
fusiform, depressed apically (to accommodate the acrosomal vesicle - Figs 2A, D) and 
deeply invaginated basally (Figs 2E, 3A-D). Both centrioles remain outside the basal 
invagination of the nucleus, but appear to be involved in the production of a coarsely 
fibrous plug which fills the invagination (Figs 2E, 3E). Longitudinal sections through the 
developing nuclear invagination indicate that microtubules which penetrate the fibrous 
plug originate from the centrioles (Figs 3B, D, E) and are present even before the fibrous 
material of the plug begins to form (Figs 3B-D), Similarly, the sheath of microtubules, 
which envelopes the condensing nucleus (Fig. 2E) and the acrosomal vesicle (Fig. 2D), 
has almost certainly been derived through centriolar activity (e.g. see Figs 3B, D, E). The 
distal centriole also gives rise to the flagellum at the plasma membrane (Figs 2A, E). 

Late spermat ids  

In the final stage of spermiogenesis, mitochondria which have been positioned near 
the base of the nucleus (see Figs 2E, 3E, 4F) finally become organized into the pericen- 
triolar midpiece (Fig. 4G). Since the number of mitochondria of mid-spermatids greatly 
exceeds the number observed in mature sperm (3-4), midpiece formation undoubtedly 
involves some degree of mitochondrial fusion, though without loss of cristate substructure 
(Fig. 4G). In late spermatids, the nucleus becomes coarsely fibrous in texture, as does the 
dense plug within the basal invagination (Figs 4C, D, F). Microtubules continue to form a 

sheath around the nucleus and acrosomal vesicle (Figs 4A, B, E), and those penetrating 
the dense plug are clearly visible (Fig. 4F). 

Figs 2A-E. Vampyroteuthis infernaBs. A: Two advanced spermatids (one cut obhquely) sharing a 
common cytoplasm (x 7250). B: Transverse sections of double spermatids at differing stages of 
nuclear condensation (x 9000). C: Cytoplasmic bridge linking advanced spermatids (x 10 000). D: 
Acrosomal vesicle and condensing nucleus (fibrous stage) (x 21 400). E: Longitudinal section 
through centrioles, flagellum, developing nuclear Lnvagination (containing fibrous plug and micro- 
tubules). Note also perinuclear microtubules (x 21 400). Abbreviations: av, acrosomal vesicle; br, 
cytoplasmic bridge(s); c, centriole(s); dp, dense (fibrous) plug; f, flagellum; m, mitochondria; mt, 

microtubules~ n, nucleus 
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M a t u r e  s p e r m a t o z o a  

The ultrastructure of mature spermatozoa of Varnpyroteuthis has b e e n  detailed in  a 
previous study (Healy, 1989). However, for the sake of completion, the following descrip- 

tion and  Figure 5I are presented.  
The acrosomal vesicle is spherical, 1 btm in diameter and  set in a curved depression of 

the nuclear  apex. Contents  of the vesicle are granular  with a dense per ipheral  layer 
(80 nm thick) l ining the posterior, in ternal  surface of the vesicle. Sperm nucle i  are short 
(8.5 ~m) and  fusiform with a deep basal  invaginat ion (2.2-2.7 btm) filled by a plug of 
dense mate r ia l  Visible within the plug are numerous  round-oblong cavities and  mi- 
crotubules - the latter originating from both centrioles (positioned outside the nuclear  
invagination).  Oblong cavities are also present  within the nucleus,  The centrioles are 
ar ranged parallel  to each other and show typical triplet substructure. Three or four 
mitochondria surround the centrioles to form the midpiece region. The sperm flagellum is 
130-135 ~m long and continuous with the "distal" centriole. 

Figures 5A-I  summarize in semi-diagrammatic  form the events of late sper- 
matogenesis  and spermiogenesis and  the morphology of mature spermatozoa in Vampy- 

roteuthis. 

DISCUSSION 

S p e r m i o g e n e s i s  - c o m p a r i s o n  wi th  o t he r  c e p h a l o p o d s  

The ultrastructure of spermiogenesis  has been  studied in  only a few cephalopod taxa 
(Nautilus - Arnold & Williams-Arnold, 1978; Tsukahara 1985; Afloteuthis, Loligo, 
Eusepia - Maxwell, 1975; Spirula - Healy 1989, 1990; Eledone-  Maxwell, 1974; Octopus 

- Galangau  & Tuzet, 1968a, b; Galangau,  1969; Healy, 1989). However,  these data in 
conjunction with light microscopic accounts by Franz6n {1955, 1967), provide a reason- 
ably firm basis for comparison with Vampyroteuthis. 

The developing and mature acrosomal vesicle of Vampyroteuthis (spherical with a 
dense layer l ining the posterior inner  surface of the vesicle) strongly resembles  those of 
mid-spermatids in the Sepiida, Teuthida and Spirula (for example compare  Figs 2D, 4B, 
C, 5 with Figs 2a, b of Maxwell 1975). A spherical vesicle also occurs init ially in octopod 
spermatids (Galangau & Tuzet, 1968a; Healy, 1989) but like the Sepiida. Teuthida and  
Spirula (Maxwell, 1975; Healy, 1990), the vesicle subsequent ly  undergoes  varying 
degrees of elongation and internal  restructuring. 

Like other cephalopods, nuclear  condensat ion in Vampyroteuthis involves  formation 
of a fibrous reticulum which later becomes modified into longitudinal ly or ienta ted thick 
fibres (Galangau, 1969; Maxwell, 1975; Arnold & Wilhams-Arnold, 1978; Healy, 1990). 

Figs 3A-E. Vampyroteuthis infernalis. A: Early stage in development of basal invagination of 
nucleus. One of the two centrioles and a portion of the axoneme visible (x 21 300). B: Microtubules 
from both centrioles are inserted into the developing nuclear invagination (x 25 700). C: Microtubu- 
les visible in developing nuclear invagination (x 24 400). D: Microtubules originating from the 
centrioles not only penetrate the nuclear invagination (1) but also form a sheath (2) around the 
condensing nucleus (x 25 800). E: Oblique longitudinal section showing later stage spermatid than 
Fig. 3D. Note microtubules penetrating the developing fibrous plug (1) and also surrounding the 
nucleus (2) (x 21 400). Abbreviations: ax, axoneme; dp, dense (fibrous) plug; c, centriole(s); G, Golgi 

complex; m, mitochondria; mt, microtubules; n, nucleus 
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Nuc lea r  l amel lae  such as those occurr ing dur ing late  spermiogenes i s  in m a n y  in ternal ly  
ferti l izing gas t ropods  (Walker & MacGregor ,  1968; Ecke lba rge r  & Eyster ,  1981; Healy,  
1982a, b, 1988; Kohnert  & Storch ,  1984; Koike, 1985) have  not  b e e n  obse rved  in 
Vampyroteuthis or any  other cephalopod,  though Maxwel l  (1975) refers to the  closely- 
p a c k e d  fibrous substructure  of sepoid  and teuthoid  sperm nuclei  as "pseudo lamel l a r " .  
The  p resence  of a microtubular  sheath  (" manchet te")  a round  the c onde ns ing  nucleus  of 
mid-  and  late  spermat ids  of Vampyroteuthis appea r s  to be  a r e gu l a r  fea tu re  of sper- 
miogenes i s  in cepha lopods  (see Galangau ,  1969; Maxwel l ,  1975), as i n d e e d  it is in many  
gas t ropods  and  other  phyla  (Franz6n, 1988). In Nautilus more than  one  layer  of mic- 
ro tubules  is p resen t  (Arnold & Wilhams-Arnold,  1978; Tsukahara ,  1985). W h e t h e r  or not  
pe r inuc lea r  microtubules  perform any role in shaping  the sperm nucleus  in  cepha lopods  
is still deba tab le .  Current  opinion seems to favour the v iew (Fawcet t  et aL, 1971) that  the 
shape  of sperm nucle i  is control led genet ical ly  ra ther  than  by  extrinsic forces such as 
those p re sumab ly  exer ted  by  cytoplasmic microtubules.  Never theless ,  the  work  of Berg- 
strom & Arnold  { 1974) showing spat ial  a l ignment  of micro tubules  with ch romat in  fibres in 
spermat ids  of Loligo pealii suggests  that  shaping  of the  sperm head  in some  cepha lopods  
may  involve a combinat ion  of intrinsic (genetic) and  extrinsic (in this case ,  microtubular)  

factors. 
The occurrence  in Vampyroteuthis of two spermat ids  deve lop ing  wi th in  a common 

cytoplasm (and enve loped  by  a common p lasma  membrane )  has  not  p rev ious ly  b e e n  
repor ted  for the Cepha lopoda .  Grieb & Beeman  (1978) no ted  b inuc l e a t e  secondary  
spermatocytes  in the  squid Loligo opalescens, but  these  were  ceils in a p re -cy tok ine t i c  
phase  and  did not p roduce  double  spermat ids .  Within the  Mollusca,  d e v e l o p m e n t  of two 
or more  spermat ids  in  a common cytoplasm has  b e e n  obse rved  in  t h e  prosobranch  
Turritella communis (see Franz6n, 1955) and in various he te robranch  gas t ropods  (Healy, 
1982b, unpub l i shed  data). Al though this p h e n o m e n o n  is p robab ly  c o n n e c t e d  with sperm 
conjugat ion  in some cases (for example ,  Turritefla - Afzelius & Dallai, 1983), con juga ted  
sperm were  not  obse rved  in Vampyroteuthis. 

In spermat ids  and  mature  sperm of Vampyroteuthis and  Nautilus, two centr ioles are  
r e t a ined  - each  a r r anged  paral le l  to the  longi tud ina l  axis (centrioles of Nautilus com- 
posed  of double ts  ins tead  of triplets; see  Arnold  & Wil l iams-Arnold,  1978; Tsukahara ,  
1985). In other cepha lopods  only a s ingle triplet  centr iole  is usual ly  o b s e r v e d  (Maxwell ,  
1974, 1975), though  Fields & Thompson  (1976) identify two centr ioles in spermatozoa  of 
the  sepiohd Rossia pacifica, and two centr ioles  init ial ly occur in spe rma t ids  of Octopus 
spp. (Galangau,  1969; Healy,  1989}. Ga langau  (1969) suggests  that  one  of the two 

Figs 4A-G. Vampyroteuthis infemalis. A: Detail of microtubules (x 67 500). B: Longitudinal section 
through nuclear apex and acrosomal vesicle of late spermatid. Note surrounding microtubules 
(x 21 400). C: Acrosome and nuclear apex of late spermatid. Arrow indicates dense basal layer of 
acrosomal vesicle (x 21 200). D: Transverse section through basal invagination of nucleus showing 
dense {fibrous} plug, perinuclear sheath (x 27 000). E: Detail of perinuclear microtubule sheath of 
Fig. 4D (x 67 500). F: Longitudinal section through nuclear invagination, dense plug, centrioles and 
flagellum of late spermatid. Microtubules originating in centrioles penetrate plug (1) and surround 
nucleus (2) (x 21 400}. G: Midpiece of mature spermatozoon with parallel centrioles visible 
(x 43 700). Inset: detail of centriole showing triplet substructure (x 70 700). Abbreviations: av, 
acrosomal vesicle; c, centriole(s); dp, dense plug; f, flagellum; m, mitochondria; mt, microtubules; n, 

nucleus 
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spermat id  centrioles of Octopus vulgaris is t ransformed into the extens ive  fibrous p lug  
within the nuc lear  invaginat ion.  As I have  recent ly  demons t ra ted  (Healy, 1989), Vampy- 
roteuthis produces  an almost  ident ical  f i b rousp lug  to that  of Octopus spp. wi thout  loss of 
a centriole (see Fig. 5), sugges t ing  that  the  p lug  is p robab ly  some form of centr iolar  
adjunct ,  poss ibly  a modif ied  rootlet. This idea  is further suppor ted  by  the  fact that  the 
p lug  is essent ial ly  constructed a round  a f ramework  of microtubules  or ig ina t ing  in the  
centrioles (see Figs 3B, D, E, 4F, 5I). The spermat id  centrioles in Vampyroteuthis, apar t  
from produc ing  the f lagellum, almost  certainly give rise to the rnicrotubnlar  sheath  
surrounding acrosomal  and nuclear  regions of mid-  and late  spermat ids  (see Figs 3D, E, 
4F, 5). 

Midpiece  formation takes  p lace  rela t ively late  in spermiogenes i s  in al l  cepha lopod  
species  that  have  been  examined  ultrastructurally.  Rather than  forming a mi tochondr ia l  
spur (as in Sepi ida  and Teuth ida  - Maxwell ,  1975; Healy,  1989b, 1990), a per i f lagel lar  
mitochondria l  s leeve (Spirula - Healy,  1990) or a pe r i axonemal  shea th  (octopods - 
Ga langau  & Tuzet,  1968b; Maxwel l ,  1974; Healy,  1989, 1990), mi tochondr ia  in Vampy- 
roteuthis spermat ids  cluster a round  the centr iolar  pair  at the base  of the  nuc leus  (see 
Fig. 5). The same pa t te rn  of midp iece  formation occurs in molluscs wh ich  fertihze 
external ly  such as scaphopods,  b ivalves  and a rchaeogas t ropods  (Longo & Dornfeld,  1967; 
Koike, 1985; Healy  unpub l i shed  data). It would  be  interes t ing to de te rmine  the environ- 
ment  of fert ihzation of Vampyroteuthis bear ing  in mind that  it, hke  other  cephalopods ,  
produces  spermatophores .  

S y s t e m a t i c  c o n s i d e r a t i o n s  

Retention of several  pr imit ive features  in Vampyroteuthis spe rmatozoa  (spherical  
acrosomal  vesicle,  short nucleus,  per icentr io lar  mitochondria ,  two tr iplet  subst ructure  
centrioles; Healy,  1989) suggests  that the Vampyromorpha  d e v e l o p e d  ear ly in the 
evolution of the Coleoida (see also Bandel  & Leich, 1986 for a discussion of fossil 
vampyromorphs) .  The presence  of a large,  ini t ial ly fibrous p lug  in the nuc lea r  invagina-  
tion of spermat ids  and spermatozoa  of Vampyroteuthis and  Octopus (absent  in other  
coleoids and  in Nautilus) is here  cons idered  strong suppor t ing  ev idence  for a close 
phylogenet ic  l ink be tween  the Vampyromorpha  and the Octopoda.  However ,  sperm 
morphology,  b a c k e d  by  genera l  anatomy,  also indicates  a need  to cont inue recogni t ion of 

Figs 5A-I. Vampyroteuthis infernalis. Summary of spermiogenesis in Vampyroteuthis (semi-dia- 
grammatic). A: Spermatogonium showing lobulate nucleus, nucleolus and centriole (x 2700). B: 
Spermatocyte showing chromosome cores (arrows) (• 2700). C: Two spermatid nuclei in common 
cytoplasm. Further development of spermatids without complete cytokinesis is commonly observed 
in Vampyroteuthis (• 2700). D: Early spermatid showing flagellum and cytoplasmic bridge (x 2700). 
F: Development of nuclear invagination and dense plug within the invagination. Microtubules 
originating from the centrioles penetrate the nuclear invagination (1) and also form a perinuclear 
sheath (2). Fibrous material gradually fills and inflates the nuclear invagination to form the dense 
plug (• 13 500). G, H: The head region of advanced spermatids showing position of centrioles, 
acrosomal vesicle, mitochondria and developing dense plug. Cytoplasmic bridges persist late into 
spermiogenesis (• 7000). I: Mature spermatozoon (after Healy, 1989). Nucleus and dense plug both 
show cavities. Note pericentriolar midpiece (x 7000). Abbreviations: av, acrosomal vesicle; br, 
cytoplasmic bridge(s); c, centriole{s); dp. dense plug; f, flagellum; m, mitochondria; mt, microtubules 

(1: associated with dense plug. 2: perinuclear); n, nucleus 
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the  V a m p y r o m o r p h a  as  a d i s t inc t  co l eo id  o r d e r  a n d  not,  as p r o p o s e d  by  F ioron i  ( i981),  as 

a c lose  affi l iate of t h e  Sepi ida ,  T e u t h i d a  a n d  Sep iohda .  
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