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Abstract 

Spermiogenesis in Neochasmus sp. is shown to be representative of a pattern general for the investigated 
digenetic trematodes with the exception of the superficially primitive spermatozoon of Schistosoma 
mansoni. Thirty-two spermatids, interconnected via a cytophore, develop synchronously. Stages in 
spermiogenesis include: (1) development of a distal protuberance, the zone of differentiation; (2) growth 
of the nucleus into this zone and into the cytophore; (3) appearance in the zone of a central body 
flanked by two centrioles from each of which a free axoneme grows out at right angles; (4) distalwards 
rotation of the two flagella to fuse with an outgrowth of the zone of differentiation, the median 
cytoplasmic process; (5) concomitant extension of nucleus and fusing mitochondria into the median 
process; (6) release of the spermatid from the cytophore as the very elongate filiform spermatozoon, 
which has two wholly incorporated, though superficial axonemes, with loss of the centrioles and flagellar 
rootlets to the residual body. A spinose region of the spermatid and spermatozoon and a dense cisterna 
capping the median cytoplasmic process are described for the first time. 

Introduction 

The development of the spermatid has been studied ultrastructurally in a number of 
Digenea: Fasciola hepatica (Fasciolidae) (Gresson and Perry 196 1); Paragonimus miyazakii 
(Troglotrematidae) (Sato et al. 1967); Haematoloechus medioplexus (Plagiorchiidae) (Burton 
1972); Clonorchis sinensis (Opisthorchiidae) (Jeong et al. 1976); Pharyngostomoides 
procyonis (Diplostomatidae) (Grant et al. 1976); Paragonimus ohirai (Troglotrematidae) 
and Eurytrema pancreaticum (Dicrocoeliidae) (Fujino et al. 1977) and Cryptocotyle lingua 
(Heterophyidae) (Rees 1979). The present study is directed to investigation of 
spermatogenesis, and particularly spermiogenesis, in a further family, the Cryptogonimidae, 
in an attempt to establish that there is a relatively constant pattern of development of the 
spermatozoon in the Digenea, notwithstanding expected developmental deviations which 
are briefly referred to for the aberrant spermatozoon of Schistosoma mansoni by Kitajima 
et al. (1976). The ultrastructure of the spermatozoon of Neochasmus and its phylogenetic 
significance are discussed in a separate communication (Jamieson and Daddow 1982). 

Material and Methods 
The intestine and pyloric caeca of the spangled perch, Leiopotherapon unicolor, were dissected 

in 0.8% sodium chloride solution. Whole mature adults of Neochasmus sp. were collected by searching 
the lumina, or following their removal by agitation in the saline. Specimens were fixed in 3% 
glutaraldehyde in 0 .  l~ sodium cacodylate buffer, pH 7.2, for 7 days at 4°C; rinsed in the same 
buffer; post-fixed in similarly buffered 1% osmium tetroxide solution for 80 min; rinsed in the buffer; 
dehydrated in a graded ethanol series (at 4°C from 20% through 70%, thereafter 20°C); and embedded 
in Spurr's low-viscocity epoxy-resin. Thin sections of the whole worms were cut on an LKB 2128 
UM IV ultrotome and mounted on H200 copper grids, on most of which a support film consisting 
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of thin sections of Spurr's resin had previously been mounted according to the method of Jamieson 
(unpublished). Sections were stained with 5% aqueous uranyl acetate for 40 min and Reynolds' lead 
citrate for 20 min. Micrographs were taken on AEI Corinth and Siemens Elmiskop I electron 
microscopes at 60-80 kV. 

Results 

Each testis of Neochasmus is lined by supporting cells, the cytoplasm of which contains 
free ribosomes and polyribosomes. Within the lumen which is bounded by this epithelium 
are cells in various stages of spermatogenesis. 

The spermatids (Figs 1, 2) arise from the spermatocytes and are connected by bridges 
to a small central region of cytoplasm, the cytophore (Fig. 2). The cytoplasm of a spermatid 
is very rich in ribosomes, polyribosomes and contains rough endoplasmic reticulum. 
Mitochondria are present in large numbers and most are found towards the cell necks of 
the cytophore (Fig. 2). A system of endoplasmic reticulum, here termed the sub- 
plasmalemmal cistema, separates the plasma membrane from the general cytoplasm (Figs 1, 
2, arrowed). This is reported by Rees (1979), for Cryptocotyle lingua, as a narrow clear 
zone. The nuclear profile is round or, in some, presents a nuclear cleft (Fig. 1). Nuclear 
pores are present along the double nuclear membrane. A nucleolus is present, and presumed 
clumps of chromatin are seen in the nucleoplasm (Fig. 1) as noted by Rees (1979). Golgi 
complexes are apparent in these cells (Fig. 2). 

Commencement of cellular differentiation of the spermatids is marked by the appearance 
of a row of microtubules immediately beneath the plasma membrane, adjacent to the 
nucleus, and of a bulge at the apex of the spermatid as the nucleus migrates towards the 
plasma membrane (Figs 3-5). Development of this bulge is associated with the presence 
of two centrioles, of which one is seen in Fig. 4. The centrioles consist of nine sets of triplet 
microtubules. Later the two free lateral flagella arise in association with the centrioles, 
which come to form the basal bodies of the flagella (Fig. 5). The prominence grows out 
as a conical protrusion which constitutes the zone of differentiation. Meanwhile, the nucleus 
in each spermatid condenses peripherally and elongates within the now cone-shaped 
spermatid. The nucleus extends from the cytophore to the free apical end of the cell (Fig. 6). 
Soon the cytophore mass enlarges to accommodate the proximal region of the elongating 
and condensing nucleus (Fig. 8). 

The mitochondria migrate from the more proximal regions of the spermatid towards 
the zone of differentiation (Figs 8,9). The base of the conical protrusion of this zone sinks 
back, below the surface of the spermatid, so that it becomes surrounded by a circular moat 
(Figs 8, 10-12) with a raised, initially club-shaped rim, the shallow circular groove and 
collar described by Rees (1979). Burton (1972) referred to it as a 'region of transition 
between the zone of differentiation and spermatid proper'. This rim is composed of the 
elevated plasma membrane underlain by cytoplasm of the spermatid. It comes to 
increasingly invest the protuberant zone of transition (Figs 8, 10, 11). Directly beneath 
the moat is an electron-dense s~b~lasmalemmal cistema. Ribosomes coat the outer 
membrane of the cistema whilst the inner membrane is smooth (Figs 10-14). Two 
protrusions, of adjacent spermatids, may share a common intervening rim but each has 
its own separate cisterna (Fig. 11). 

As the nucleus condenses it becomes ensheathed in a number of membranes (additional 
to the double nuclear membrane). Condensation of the chromatin is initially peripheral. 
Later, chromatin lamellae are seen in the centre of the nucleus and they appear to be 
parallel to its length (Fig. 8). The clear zone observed by Rees (1979) near the plasma 
membrane is still apparent in the differentiating cell. This zone appears to be a derivative 
of the golgi complex. A number of invaginations of the endoplasmic reticulum are apparent 
where the golgi cisternae have come into contact with it (Fig. 8, inset). At a later stage of 
development of the cytophore, this zone outlines each cell but terminates near the 
subplasmalemmal cistema of the moat (Figs 12-14). 
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With further development, the nucleus of the young spermatid elongates and ultimately 
becomes a convoluted structure with its distal end extending into the zone of differentiation 
(Figs 8, 9). The proximal end of the contorted nucleus lies in the cytophore (Fig. 7). At 
this stage the chromatin has condensed into very dense lamellae which form a honeycomb- 
like network (Fig. lo), as observed by Rudzinska and Porter (1955). At the same time, a 
median cytoplasmic process [the middle snook of Hendelberg (1962) or cytoplasmic 
protrusion of Hendelberg (1965)l grows out from the apex of the zone of differentiation 
between the two free lateral flagella (Figs 9, 11). Each axoneme is surrounded by an 
extension of the plasma membrane from the zone of differentiation. The axoneme has a 
diameter of 0 . 2  pm and consists of a central complex (0.02 pm) and nine peripheral 
doublets. The structure of these components has been described elsewhere (references in 
Jamieson and Daddow 1982). The dense central fibril has a helical pitch of 459 (Henley 
et al. 1969; Silveira 1969) (Fig. 15). 

Initially the flagella and basal bodies are at right angles to the median process and to 
an elongated structure, basal to this, which consists of parallel electron-dense elements 
(Fig. 13). This is here termed the central body, following Rees (1979), but has also been 
termed a microtubule-organizing centre (Pickett-Heaps 1969, 1971; Grant et al. 1976), 
centriole-like body (Burton 1972; Maamouri and Swiderski 1975), condensation centre 
(Hitchin and Butler 1973), and centriole-like body or centre body (Halton and Hardcastle 
1976). 

With further development, the basal bodies and the flagella rotate 90" and come, 
progressively, to lie one on either side of and parallel to the median cytoplasmic process 
(Figs 9, 13, 14). Fig. 14, inset, shows a transverse section through the two basal bodies. 
Associated with each basal body, in the zone of differentiation, and extending alongside 
the condensing nucleus, lie the tapering, cross-striated flagellar rootlets with their narrow 
ends towards the cytophore (Figs 9, 14). Each rootlet has strong cross-striations presenting 
a major periodicity of 0.07 pm and a weaker secondary periodicity. These rootlets 
presumably anchor the developing flagella in the cytoplasm. They do not persist into the 
mature spermatozoon. The basal body-rootlet complex of one side extends more distally 
into the zone of differentiation than does that of the other side (Fig. 14). This disparity 
becomes pronounced in more advanced spermatids, and in spermatozoa (Jamieson and 
Daddow 1982), when the flagella have become incorporated into the spermatid by fusion 
with the median cytoplasmic process. 

As the nucleus migrates distally into the median cytoplasmic process, it occupies the 
'dorsal' region of the spermatid, while the two flagella lie free laterally (Fig. 14, inset). In 
the spermatozoon, however, the nucleus lies laterally, adjacent to one (the left) axial unit 
(Jamieson and Daddow 1982). 

The numerous mitochondria which accumulate near the apex of the spermatid when 
the nucleus is condensing coalesce to form the two large mitochondria of the later 
spermatozoon (Figs 9, 16). These mitochondria accompany the nucleus into the zone of 
differentiation and, later, into the median cytoplasmic process (Figs 9, 16). The anterior 
mitochondrion lies ventral to, but proximally becomes less extensive than, the nucleus 
but comes to project well distally of the latter. 

The golgi complex of the spermatid is closely associated with the 'clear region' of the 
plasma membrane distant from the zone of differentiation. Its fate has not here been 
observed but Rees (1979) states that it becomes a lens-like structure situated near the plasma 
membrane, as does Sato et al. (1967). The microtubules which initially bordered the plasma 
membrane during early elongation of the nucleus continue into the median process (Fig. 11). 
Distally, beneath its plasma membrane, the median cytoplasmic process bears a cap-like 
structure (Figs 17-19; see Discussion). This cap is first observed at a very early stage of 
protrusion of the zone of differentiation (incipient median process). 

The cap does not persist into the spermatozoon. It is very simple, 1 . 5  by 1 pm, with 
homogeneous electron-dense contents, and is bounded by a membrane which underlies 
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the plasma membrane of the process. At the base of the cap the plasma membrane appears 
modified as an encircling nebulous ring or ruff (Figs 17, 18). Proximal to this is a neck 
containing ribosomes and polyribosomes. 

Distally, the median process is lined by a system of endoplasmic reticulum similar to 
that lining the spermatid. The electron-dense cap appears to be derived from the golgi 
apparatus, probably being an expanded golgi cisterna (Fig. 19). 

Before fusion of the median process with the two lateral flagella, the process adopts an 
indented circular transverse profile with the flagella lying close to or in the indentations 
(Figs 20, 21) or a shape with one such indentation (Fig. 10, arrow). The fusion of flagella 
and median process commences proximally at the basal bodies so that the length of one 
flagellum is incorporated more extensively than the other into the cytoplasms (Fig. 7, inset). 
At the indentations, dense material is seen under the plasma membrane where the point 

Figs 1-6. Spermiogenesis in Neochasmus sp. 1, Spermatid with chromatin clumps (ch). The 
subplasmalemmal cistema (s) separates the plasma membrane from the cytoplasm. n, nucleus. Scale 
line, 1 pm. 2, Spermatids are connected to a small central region of cytoplasm, the cytophore (cy). 
Mitochondria (m) are located towards the bases of the cells. The golgi complex (g) and 
subplasmalemmal cistema (s) are also apparent. Scale line, 1 pm. 3, A row of microtubules (M) 
beneath the plasma membrane adjacent to the nucleus (n) of the spermatid. Scale line, 0 . 1  pm. 4, 
The bulge at the free apex of the spermatid is associated with a pair of centrioles (c), of which only 
one is observed here. Flagellar rootlets (fr) are already present in the cytoplasm. n, nucleus. Scale 
line, 0 1 pm. 5, Young pear-shaped spermatid with one oblique flagellum ( f )  sectioned and a 
transverse section of the basal body or centriole (c). The two are separated by an elongate structure, 
the central body (cb). s, subplasmalemmal cistema. Scale line, 1 pm. 6, More advanced cytophore 
(cy). Nuclear chromatin is becoming peripherally condensed. Development of protrusion (d) at free 
apex cf spermatid. n, nucleus. Scale line, 2 pm. 

Figs 7-12. Spermiogenesis in Neochasmus sp. 7, A later stage of development of the cytophore in 
which chromatin of the nucleus (n) has condensed into lamellae. Note the convoluted nature of the 
elongated nuclei within the cytophore mass (cy). Inset, stage of fusion of flagellum where one flagellum 
has already been incorporated into the cytoplasm proper. Scale line, 1 pm. 8, Convoluted condensing 
nucleus (n) in the differentiating spermatid. The golgi complex in an adjacent spermatid shows 
invaginations where cisternae have come into close contact with the endoplasmic reticulum (inset). 
Scale line, 1 pm. 9, Convoluted condensing nucleus (n) within the spermatid. Mitochondria (m) are 
coalescing before migrating into the zone of differentiation (z). Flagellar rootlets (fr) are very 
pronounced. p, median cytoplasmic process. Scale line, 1 pm. 10, Transverse profiles through the 
moat ( t)  which basally surrounds the developing spermatid, showing the electron-dense 
subplasmalemmal cistema (s). The arrow shows fusion of lateral flagella to indented median 
cytoplasmic process of the posterior (distal) region of the spermatid. n, nucleus. Scale line, 1 pm. 
11, Longitudinal section of the zone of differentiation showing moat (t) and system of electron-dense 
subplasmalemmal cisternae (s). Two developing spermatids here share a common rim (r) but each 
has its own separate cistema. The visible flagellum has not yet fused to the median cytoplasmic process 
(p). Scale line, 0 5 pm. 12, Longitudinal section showing sheathed nucleus (n) migrating into the 
zone of differentiation (z). t, moat. Scale line, 5 pm. 

Figs 13-16. Spermatids of Neochasmus sp. 13, Longitudinal section of zone of differentiation (z) 
showing rotation of paned flagella (f) to lie along axis of central body (cb). Central body consists 
of a series of parallel electron-dense elements. The subplasmalemmal cistema of the moat (arrow) 
is not a continuation of that of the general spermatid. n, nucleus. Scale line, 0 . 2  pm. 14, After 
complete rotation in the zone of differentiation, the flagella extend alongside the median cytoplasmic 
process. The parallel flagellar rootlets (fr) taper towards the cytophore (cy). Inset shows a transverse 
section through the zone of differentiation at level BB. The basal body or centriole (c) consists of 
nine triplet microtubules. Scale line, 0 2 pm. 15, Longitudinal section of free flagellum showing 
gyrations in central core (cc). Scale line, 0 . 1  pm. 16, Fusion of lateral flagella with the median 
cytoplasmic process to form the monopartite spematid (arrows). Mitochondria (m) coalesce at entrance 
to the zone of differentiation (z). Scale line, 0 . 1  pm. 
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of fusion is to be (Fig. 20). When membranes of flagella and median process are in contact, 
the electron-dense material disappears and the flagella are progressively incorporated into 
the median process to form the single common shaft which becomes most of the body 
of the spermatozoon (Figs 20 inset, 22, 23). 

Internally, dense plaques mark the points of fusion of the median cytoplasmic process 
with the flagella. The plaques persist into the spermatozoon. They correspond with four 
grooves running for much of the length of spermatid and spermatozoon. 

Microtubules occur along the length of the median cytoplasmic process of the spermatid 
before and after fusion of the flagella. Before the median process forms a deep indentation 
for fusion, the microtubules have already separated into dorsal (4-7) and ventral (14-16) 
groups. In the indented form of the median process (Fig. 21), there are approximately 5-8 
microtubules dorsally and 16 ventrally, whilst in the non-nucleated posterior end 

Figs 17-23. Spermatids of Neochasmus sp. 17, Longitudinal section of the median cytoplasmic 
process ( p )  with its cap-like structure (C) at the distal tip. Scale line, 1 pm. 18, The simple cap with 
homogeneous electron-dense contents is membrane-bound. At the base of the cap the plasma 
membrane appears modified as an encircling ruffle (R). C, cap. Scale line, 1 pm. 19, The golgi complex 
(g) is associated with the electron-dense cap of the median cytoplasmic process (p) .  C, cap. Scale line, 
0 . 5  pm. 20, Transverse section of spermatid before fusion of the lateral flagella ( f ) .  Indentations 
of the median cytoplasmic process ( p )  are underlain by electron-dense material (D). Disparity of 
flagella is obvious here, as one flagellum shows the transition between the centriole (c) and doublets 
with central core, whilst the other ( f )  shows the 9+'1' configuration. Cortical microtubules (M) are 
arranged into dorsal and ventral groups. Inset shows incomplete fusion of the second flagellum. Scale 
line, 0 5 gm. 21, Transverse section of spermatid before paired flagella ( f )  have fused to median 
cytoplasmic process (p) .  Dense material ( D )  and electron-dense plaques (E) mark region of future 
fusion of flagella. M, cortical microtubules. Scale line, 0 I gm. 22, One lateral flagellum (f) at point 
of fusion with median cytoplasmic process ( p )  whilst the other is still free. Plasma membranes of 
the process and the flagellum are beginning to break down and the flagellum will become incorporated 
into the cytoplasm of the spermatid. Scale line, 0 . 1  pm. 23, Fusion of the second flagellum ( f )  to 
the distal end of the median cytoplasmic process ( p )  at the distal non-nucleated region of the spermatid. 
Microtubules of the original median process line the interior of the plasma membrane dorsally and 
ventrally. Scale line, 0 . 2  pm. 

Figs 24-28. Spermatids of Neochasmus sp. 24, Three median cytoplasmic processes. The cytoplasm 
of the median cytoplasmic process ( p )  is very much reduced. Dense flocculent material (arrow) 
separates the individual cortical microtubules from each other in the ventral group. Flagellar fusion 
has not yet occurred. E, dense plaques. Scale line, 0 .2  pm. 25, Further decrease in size of the median 
cytoplasmic process ( p )  at the distal (posterior) tip of the developing spermatid. The number of cortical 
microtubules is reduced. Scale line, 0 . 2  pm. 26, Late spermatids. Profile A: prenuclear region with 
one axoneme (a); cortical microtubules form two lateral arcs under the plasma membrane; dense 
plaques ( E )  are still present. Profile B: uniaxonemal nucleated region with microtubules lateral to 
the nucleus (n)  and axoneme (a). Scale line, 0 . 5  pm. 27, Biaxonemal nucleated region. Intermediate 
profiles (I), between uniaxonemal and biaxonemal regions, show an incomplete 9+'1' configuration 
of the axoneme (a). Scale line, 0 . 2  pm. 28, Biaxonemal nucleated region with complete 9+'1' 
configuration. n, nucleus; a, axoneme: m, mitochondrion. Scale line, 0 . 2  pm. 

Figs 29-35. Late spermatids of Neochasmus sp. 29, Biaxonemal nucleated mitochondrial region. 
Microtubules fringe the dorsally situated nucleus (n)  and the mitochondrion (m). Scale line, 0 2 pm. 
30, Middle region: biaxonemal and mitochondrial. The first mitochondrion ( m )  is still well developed 
but the nucleus (n), is represented only by its sheath. Scale line, 0 2 pm. 31, Biaxonemal, non-spinose 
region. n, nucleus; m, mitochondrion. Scale line, 0 1 pm. 32, Biaxonemal spinose region. sp, spines; 
m, mitochondrion. Scale line, 0 1 pm. 33, Posterior region after total fusion of flagella, biaxonemal 
with ring of microtubules around the axonemes (a). Scale line, 0 lpm. 34, Posterior tip after total 
fusion of flagella. Note disarrayed doublets in axonemes (a). Scale line, 0 2 pm. Inset, disarrayed 
doublets of distal axoneme in tip of presumed late spermatid. 35, Dumbbell shape of posterior non- 
nucleated region just after flagellar fusion. E, dense plaques; a, axoneme. Scale line, 0 1 pm. 
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microtubules of the process are 2 or 3 dorsally and 9 or 10 ventrally. Dense flocculent 
material separates the individual microtubules in the ventral group (Fig. 24, arrow). Dorsal 
and ventral groups of microtubules lie between the dorsal and ventral pairs of longitudinal 
grooves where these are developed. Posteriorly (Fig. 25), there is a considerable reduction 
in size of the unfused median cytoplasmic process and a decrease in the number of 
microtubules. 

As the two flagella fuse with the median cytoplasmic process, the nucleus and 
mitochondria enter the product of their fusion. The statement of Burton (1972) that 
proximity of the nucleus, which in Haematoloechus, unlike Neochasmus, migrates to the 
distal end of the spermatid, is necessary for flagellar fusion is not confirmed in Neochasmus. 
Transverse sections of the spermatid reveal in presumed proximal-distal sequence: (1) a 
single (proximal or first) axial unit (the uniaxonemal condition) (Fig. 26); (2) the same 
axial unit and the proximal end of the nucleus (Fig. 26); (3) the nucleus and two axial 
units, posterior to the origin of the second axoneme (the biaxonemal condition) (Fig. 27); 
(4) a mitochondrion, ventral to the nucleus in this biaxonemal region (Figs 28, 29); (5) 
persistence of a mitochondrion and two axial units but reduction of the nuclear component 
to a narrow vestige of the nuclear sheath (Figs 30, 31); (6) in some profiles, in which the 
axial units have approached each other dorsally, the ventral surface of the spermatid is 
minutely spinose (Fig. 32), a condition not formerly described for digenean sperm; (7) in 
other profiles (Fig. 33), known from sections of the spermatozoon to be far posterior, the 
two fully incorporated axial units are surrounded by microtubules which extend, uniquely, 
around the entire circumference of the transverse section; (8) more posteriorly (Fig. 34) 
these microtubules have disappeared and one or both of the axial units show terminal 
disruption of the nine doublets and loss of the central core; (9) finally, single axonemes 
with disordered microtubules (Fig. 34, inset) appear to form the distal termination of the 
mature spermatid. Free axonemes and isolated cytoplasmic processes accompany such 
profiles and represent immature spermatids in which fusion of the flagella has not yet 
reached the distal end (Fig. 34). Some profiles indicate recent union of the two axonemes 
with the median process to give a dumbbell-shaped structure (Fig. 35) in the absence of 
nucleus and mitochondria. 

A greater diversity of transverse profiles, their detailed ultrastructure, and their sequence 
in the mature spermatozoon are discussed by Jamieson and Daddow (1982). 

In the advanced spermatid, the nucleus is elongate and broadly cylindrical, with an 
obtuse tip. It lies dorsally, and is ensheathed by from two to four sinuous membranes 
(Figs 26-28). The chromatin, in transverse sections, forms dense irregular tracts, often as 
arcs or whorls, separated by clear nucleoplasm (Figs 26-28). In the spermatozoon the 
chromatin has further condensed so that it is strongly and homogeneously electron-dense, 
though in places showing some granularity. Putative P-glycogen granules become 
increasingly prominent and coarser in the aging spermatid. 

Discussion 

The spermatozoa of Digenea are extremely elongate, filiform structures with two wholly 
incorporated, though superficial, axonemes (axial units). The only known exception to this 
is the spermatozoon of Schistosoma (specifically S, mansoni), which has a uniflagellate 
sperm, with large head, superficially resembling a primitive spermatozoon (sensu Franzen 
1956, 1974), a simplicity which has been correlated with free ejaculation into the 
gynecophoric groove and ease of fertilization (Kitajima et al. 1976). 

Comparison of spermiogenesis in Neochasmus sp. as revealed in the present study with 
development of internally biflagellate (biaxonemal) sperm in other digeneans (Gresson 
and Perry 1961; Sato et al. 1967; Burton 1972; Grant et al. 1976; Jeong et al. 1976; Fujino 
et al. 1977; Rees 1979) indicates the following common pattern of development. (1) 
Synchronous development of 32 spermatids interconnected via a central cytophore. (2) 
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Development of a 'zone of differentiation' as a protuberance at the free pole of the spermatid 
distal to the nucleus. The base of this protuberance is surrounded by a moat with raised 
rim. (3) Condensation of the nucleus and its growth distally into the elongating zone of 
differentiation and proximally into the cytophore. (4) Appearance distally in the zone of 
differentiation of a longitudinally striated central body flanked by two centrioles from each 
of which a free flagellum, of the 9+'1' type (sensu Justine and Mattei 1981), grows out. 
The two flagella grow in opposite directions and at right angles to the central body. (5) 
Development of a transversely striated flagellar rootlet in association with each centriole. 
(6) Growth of a long median cytoplasmic process from the apex of the conical zone of 
differentiation. (7) Distalwards rotation of the axonemes so that they come to lie parallel 
to the median cytoplasmic process, the flagellar rootlet of each then extending, and 
narrowing, through the zone of differentiation into the cytophore. (8) Progressive 
proximal-distal fusion of the axonemes with the median cytoplasmic process to form the 
entire length of the late spermatid and the spermatozoon. (9) Extension of the nucleus 
and fusing mitochondria into the median process during fusion of the flagella with the 
latter. (10) Detachment of the mature spermatid from the cytophore and loss of the 
centrioles and flagellar rootlets to the residual mass. 

Variations in the development of biaxonemal digenean spermatids include staggering 
of the origins of the two axonemes so that one begins well proximal (anterior) to the other, 
known only in Cryptocotyle (Rees 1979) and Neochasrnus. A further variation is seen in 
the position assumed by the nucleus in development of the mature spermatozoon. The 
nucleus extends to the anterior extremity (where it is unaccompanied by any axonemes) 
in Paragonimus ohirai (see Fujino et al. 1977); is anterior but subterminal in Cryptocotyle 
lingua (see Rees 1979) and in Neochasmus sp., whereas the nucleus is said to migrate to 
the posterior extremity of the spermatozoon in Fasciola hepatica and Dicrocoeliurn 
dendriticurn (see Hendelberg 1962) and, it is implied, in Haernatoloechus rnedioplexus 
(see Burton 1972). Differences also occur in the numbers and distribution of cortical 
microtubules. Furthermore, the spinose region and the cap on the median cytoplasmic 
process, observed in the present study for Neochasrnus, have not been observed in other 
Digenea. 

A comparison of digenean spermatozoa with those of other platyhelminths is given in 
Jamieson and Daddow (1982). 
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