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THE ORGANIZATION OF SPERMATOZOA IN Agilius sulcatus AND CERTAIN OTHER DYTISCID
WATER BEETLES,

J. B. Mackie, Zoology Department, University of St. Andrews.

Abgtract

This study deals with the changes in fine structurel organization which
eccur during sperm devalopment in four Dytiscid water beetles: Agiliug gulcatug,
Dytlscus marzinalls, Colvmbetes fuscus, and Agabus bipustulatug.

Sperm pairing in Acilius is a separate process from sperm development.
Paired sperm in Agilius are not produced from the same secondary spermatocyte
(sister cells). Sperm-pairs in Agiliug have only been observed in vasa deferentia.
Paiting does not occur in the testes. A layer of coarse granules between paired
sperm heads may act as a 'ceumeat', This 'cement' contains periodic acid reactive
carbohydrates, Paired sperm heads are not mirror images of each other or "right™
and "left" handed. The two heads in a pair have identical shapes which are such
that the two heads fit closely against and around each other. Dytigcus spemm
pair in a similar manner to Aglliug sperm. Colymbetes sperm form groups with
their heads arranged around a mass of 'cement' which contains periodic acid
reactive carbohydrates. In the groups of sperm which are formed in Agabug
vasa deferentia there is no specific arrangement of the sperm heads in relation
to each other. The 'cementing' materials found in Agciliug, Dvtigoug and
Colymbeteg are absent in jAgabug.

All the dytiscid sperm heads which have been studied are highly asymmetri-
cally shaped,

Treatment with detergents, proteolytic enzymes and special histochemical
staining techniques have demonstrated that the accessory fibres and centrel
tubules in Agiliug sperm tails are similar to each other and that they differ
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from doublet fibres., The paracrystalline material in mitochondrial derivatives
conteins perieodic acid reactive carbohydrates and protein,
An X0 gystem of sex chromosomes has been demonstrated for jgillug.
The fine structure of synaptinemal complexes and pelycomplexes in jgiliug
is deseribed in detail,
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PREFACE

The spermatozoa of most animals exhibit a high degree of
structural complexity. This complexity is more elaborate than that
of most of the other cell types in an organism., Yet, spermatozoa
develop from spermatogonial cells which are by comparison structurally
much less intricate, Furthermore, in certain dytiscid water beetles
the heads of the mature sperm contained in the vasa deferentia are
shaped so that they fit together in pairs in a close and intimate
fashion. The following account deals with an investigation of the
developmental processes involved in the production of spermatozoa
in one such beetle, Acilius sulcatus, as revealed by light and
electron microscopy. The fine structure of mature Acilius spermatozoa
is described in detail, This description has been augmented by an
analysis of the composition of several components of these spermatozoa.
Treatment with detergents and proteolytic enzymes, as well as special
histochemical staining techniques have been used in this analysis.
Mature spermatozoa, and certain aspects of their development, in
three other dytiscid beetles have also been examined to compare their
organization with those of Acilius. While these comparisons have
revealed similarities in sperm composition they have also shown
striking differences in the ways in which the spermatozoa are
structurally associated with each other inside the vasa deferentia

in these closely related beetles.
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INTRODUCTION

Certain dytiscid water beetle spermatozoa are distinet from
those of most other animals because groups of spermatozoa are often
joined together at their heads. Pairs of spermatozoa are the most
common grouping encountered., Paired spermatozoa are not only found
in the vesa deferentia of males but also in the receptaculum seminis
of female beetles after copulation. The first detailed account of
such associations was provided by Emil Ballowitz (1895) in his exten-
sive report on 'The Double Spermatozoa of Dytiscids'. Since then
similar sperm-pairs have been reported in one other insect order

(Thysanura) and in certain myriapods, gastropods and marsupials,

During fertilisation, most sperm swim, and penetrate eggs as
separate individuals. Ballowitz's study raises issues such as: how do
pairs and other groupings of sperm perform these activities, and how
are such groupings accomplished during spermatogenesis? Ballowitz
advanced certain speculations and conclusions concerning these and
other questions posed by his findings. He found pairs of sperm in
Acilius and Dytiscus but only single sperm in Agabus. In lexghg;gg
he found groupings of 3 to 8 sperm with their heads attached around
a 'cementing substance', He regarded sperm grouped in threes as
precursors of larger aggregations. Ballowitz asserted that the
cementing substance was the oaly material responsible for bringing

about union of sperm heads. OSperm heads are sometimes very intimately
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associated, For example, in the sperm-pairs of Acilius, the curved
side of each head passes around the thickened edge of the other head.,
The possibility that aperm-paire represent sister cells was discounted
by Ballowitz because immediately following the division of each
secondary spermatocyte, sister spermatids are separated and can
become associated with other spermatids in their proximity. The
origin of the two partners in each sperm-pair intrigued Ballowitz.

He questioned whether there is 'an original duality of the sperm, a
qualitative difference, or a type of polar opposites'.. 1In 'The

Cell in Development and Heredity® E.B. Wilson (1924) pointed out

that 'During the period of their association the two sperms are of
different but corresponding shape, being mirror figures of each other,
or "right" and "left" handed'. Selenka (1887) makes a similar claim
for sperm-pairs in the marsupial Didelphys. Can '"mirror image sperm'
develop from germinal cells which are genetically identical? I have
given special attention to this and evidence will be presented showing
that for dytiscid beetles such differentiation of sperm is not in

fact the case,

Dytiscid spermatozoa have not been examined since Ballowitz
studied them in 1895. However, the sperm-pairs of certain marsupials
have been studied recently by Phillips (1970). Paired spermatozoa
have also been described in a gastropod mollusec (Retzius, 1906), in
a thysanuran (Bawa, 1964), and in certain myriapods (Reger and

Cooper, 1968; Horstmann and Breucker, 1969). These sperm-pairs were
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found in spermatic ducts, seminal vesicles, epididymi, vasa deferentia,
and seminal receptacles, The sperm-pairs are usually closely associ-
ated in the head region, but in the case of the thysanuran Thermobia

domestica Pack the tails are intertwined near their tips.

Ballowitz necessarily had to rely on light microscopy during
his studies, He examined fresh sperm isolated in physiological saline,
He also examined air dried sperm, sperm fixed with osmium tetroxide
fumes (sometimes subsequently stained with gentian violet), and sperm
in paraffin wax sections of vasa deferentia stained with alum carmine
and haematoxylin, In the present study, four of the species (each
from a different genus) examined by Ballowitz have been re-examined
using modern microscopical techniques to investigate some of the
questions posed by Ballowitz in greater detail., Ultrathin sections
of sperm and negatively stained sperm have been examined using trans-
mission electron microscopy. Living sperm have been examined using
Nomarski Interference Contraét and Phase Contrast microscopy. Treat-
ment of sperm with proteolytic enzymes and detergents, and certain
histochemical techniques, have also been used to analyse and compare
the composition of some of the sperm components. Structural changes
occurring during spermatogenesis and the structure of mature sperm
have been investigated in detail in an attempt to clear up some of
the points raised by Ballowitz. In particular the following issues
have been dealt with. Are sperm partnered in pairs structurally

distinet from each other? Are the two sperm in a pair descended from
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the same secondary spermatocyte (i.e, are they sister cells?)? In
what ways are the heads of sperm-pairs, triplets and larger groupings
associated? How do these associations develop and what is the nature
and role of the cement between sperm heads? Do sperm-pairs show any
unusual locomotory features? Are the sperm of Agabus always unassoci-
ated or do they ever occur as pairs and even larger groupings as they
do in other dytiscid beetles? Do sperm heads differ radically in
structure and composition for different dytiscid genera and if so are

such differences correlated with the ways in which heads become associated?

In addition to dealing with the questions outlined above, many
previously undescribed details of the fine structure and composition of
the spermatocytes, spermatids, and mature sperm of dytiscid beetles
are reported in this dissertation. In several places, I have tried
to interpret the organization, and changes in the organization, of
mature sperm and developing sperm, in terms of the developmental
processes occurring during spermatogenesis and the functional role of
mature sperm, The significance of certain differences and similarities
between the sperm of the four beetles examined have also been considered.
Finally I should point out that my investigations have been concentrated
on the sperm of Acilius which usually occur as sperm-pairs, Only
certain aspects of sperm organization, selected as being the most
-rewarding for comparative purposes, have been examined for Agsbus
(single sperm) Dytiscus (pairs) and Colvmbetes (triplets and larger

groupings).
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Zhe Animals

The water beetles used in this study were all from the family
Dytiscidae, The classification of these beetles gives some indication

of the relationships between the beetles used.

Order Coleoptera

Group Hydradephaga

Family Dytiscidae

Iribe Colymbetini Genera Agabus
Colymbetes

Iribe Dytisecini Genera Dytiscus
Acilius

The four species used were Agebus bipustulatus Linnaeus,
Colymbetes fuscus Linnaeus, Dytiscus marginalis Linnaeus and Acilius
sulcatus Linnaeus,

The beetles were collected from a pond in Tentsmuir Forest Fife,
Scotland. This pond is stagnant and the water has a pH of about 7.0,
The beetles were caught with a hand net., The highest yields were
obtained during the warmer months (April - September). They were
kept in transparent polystyrene tanks at 18°C in tap water with a
little pond weed (Elodes canadiensis). Dytiscus, and sometimes the

other beetles, were kept one to a tank to avoid cannibalism. They

were fed with Tubifex rivulorum.



Male and female beetles were easily distinguished., lMales of
Acilius and Dytiscus have smooth elytra; females have sulcated elytra,
All males have modified tarsi; prothoracic male tarsi are broader
than those of females and have rows of suckers on the three most distal

segments, Meso-thoracic male tarsi are similarly modified in Agabus

and Colvmbetes.

Male reproductive system

The testes and vasa deferentia and their contents are the only
reproductive tissues which have been examined., The testes and vasa
deferentia are easily distinguished in dissected beetles, The gross
form and dimensions of the main reproductive tissues in Acilius are
shown in Pig. 1. The testes (TS), vasa deferentia (VD) and accessory
glands (AG) are all paired. Each testis is simple, tubular, and
closely coiled. The anterior extremity of each testis is positioned
below one of the large post-coxae, The region of each testis which
is filled with spermatids and sperm is a creamy vhite colour. The
remainder of each testis is a very pale white. The jinction of each
testis with a vas deferens is usually marked by a yellow band of
material. Each vas deferens is coiled and is creamy'white. There is
a dilation of each vas deferens before it enters the accessory gland
rear the point where the two accessory glands meet to form the single
median ejaculatory duct (EJ). BEach accessory gland has a rounded
free end and is coiled clockwise three or four times, The free end

of each accessory gland is very pale white, this is then followed by
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small yellow coloured band, and the remainder of the gland is white

in colour., The ejaculatory duct (6 mm.) and the sedeagus (3 mm.)

are short and somewhat flattened dorsoventrally.

Testes and vasa deferentia were dissected from Acilius and fixed
immediately in San Felice's fixative for 12 hr, The fixative was
prepared by mixing equal volumes of two solutions immediately before
use (solution A; 100 ml 2% chromic acid, 60 ml acetic acid. Solution Bj
100 ml 40% formaldehyde, 60 ml water)., After washing for 12 hr with
water they were placed in 70% ethanol., Then they were immersed for
30 seconds in a 1% solution of light green stain in 70% ethanol.

After this treatment they were stained sufficiently darkly so that
they could be seen and located in the wax during embedding. Affter
further dehydration in ethanol they were embedded in wax (M,P. 5500).
Sections 10p thick were cut and mounted on glass slides. The sections
were hydrated to water and then mordanted in 3% iron alum for 1 hr,
stained in Heidenhain's iron haematoxylin for { hr, and differentiated
in 1.5% iron alum (1-2 min) until only cell nuclei were darkly stained.
Sections were then dehydrated with ethanol, cleared in xylene, and

mounted in neutral balsam,
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(v) Feulgen staining

(1) Max sections

Testes and vasa deferentia were fixed as described above and
stored in 95% ethanol, After being taken down to water, they were
hydrolyzed in 1N HCl at 60°C for 20 min, and then stained in Feulgen's
reagent for 2 hr. The Feulgen reagent was prepared using the method
deseribed by Swift (1955). After three changes of 50,, water (10 m1
N HC1; 10 ml 5% potassium metabisulphite; 180 ml H20), the tissues
were dehydrated with ethanol. Wax sections (10 um) were prepared

as described above,

(i1) Squashed cells

Testes and vasa deferentia were fixed for 3 hr in a freshly
prepared mixture of 3 parts 100% ethanol and one part glacial acetic
acid, After 5 (10 min) washes with 70% ethanol they were taken down
to water, hydrolyzed in 1N HC1l at 60°C for 10 min and stained in
Feulgen's reagent for 2 hr, After washing in 502 water as described
above they were placed into 45% Glacial Acetic acid for about 30
min, They were then squashed between slides and coverslipe and

frozen with solid CO The coverslips were removed, and the squashed

2.
preparations were dehydrated starting with 95% ethanol, cleared in

xylene, and mounted in neutral balsam for examination.
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The vasa deferentia from freshly killed beetles were placed
into liquid paraffin on a slide and teased apart. A coverslip was
then placed on top of each such preparation and the movements of

sperm ingide the vasa deferentia were examined.

The testes and vasa deferentia from freshly killed beetles
were removed and placed into insect saline (aqueous 0.75% NaCl).
Sperm were taken from either the testes or vasa deferentia and
diluted in a drop of clean saline on a slide. A coverslip was then

placed on top and sealed at the edges with rubber solution.

(d) Photomicroscopy

Sections, squashed cells, and living sperm were all examined
with a Carl Zeiss Photomicroscope, Planapo objectives were used for
bright-field examinations. Micrographs were taken using Ilford
Pan F 35 mm film which was developed in Agfa Rhodinal (1 ml in
100 ml of water) for 20 min, and fixed in Metafix for 10 min., This
microscope was also used for examining living sperm using phase-
contrast Neofluar objectives and Homarski Interference-Contrast
attachments, Micrographs of living sperm were taken using a Zeiss

electronic flash device and Ilford Pan F film.
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Electron Microscopy
(a) Sectioned material

The testes and vasa deferentia were dissected from a freshly
killed beetle and fixed initially in a 10% solution of glutaraldehyde
buffered with a phosphate buffer (0.066 M, pH 7.2) for 5 min, During
this time the material was cut into short lengths of a few millimetres.
Three washes (1 min) with phosphate buffer (0.066 M, pH 7.2) followed.
The material was then post-fixed in a solution of 1% osmium tetroxide
in veronal acetate buffer (0.14 M, pH 7.2) (Palade, 1957) for 10 min,
After washing with distilled water the material was dehydrated with
an acetone series (70%, 90%, 100%) and embedded in Vestopal W,
Araldite was also used for embedding. This was preceded by dehydration
with an alcohol series (70%, 95%, 100%)., Silver and grey Vestopal
and Araldite sections were cut with glass knives on a Huxley Ultra-
microtome (Cambridge Instrument Co.) and mounted on Athene 483 grids
(Smethurst Highlight, Ltd.) without supporting films., The Vestopal
sections were stained with 2% aqueous (W/V) uranyl acetate for 5 min
followed by lead citrate (Reynolds, 1963) for 2 min. Araldite sec-
tions were stained for 1 hr in 2% uranyl acetate and 5 min in lead
citrate, The sections were examined with a Siemens RBlmiskop I
operating at 80 Kv with a 50 um objective aperture, Plates (Ilford
EM4) were taken at magnifications ranging from 5,000 - 40,000 and

developed at 20°C for 2% min in Ilford PQ Universal developer.
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Whole sperm from the vas deferens of all the species used in
this study were examined after having been "negatively' stained with
phosphotungstic acid. A vas deferens was removed from a freshly_
killed beetle and placed into saline (aqueous 0,75% NaCl). The vas
deferens was pulled apart releasing a thick suspension of sperm.
Sperm were picked up using New 200 grids (Smethurst Tighlight Ltd.)
coated with a film of Formvar and an evaporated carbon film. Grids
were bouched onto the surface of the suspension, washed in distilled
water for 1 mig and then promptly drained of water by touching the
edge of the grid against a piece of filter paper. This was immediately
followed by a drop of filtered phosphotungstic acid (pH 6.,5) which
was discharged onto the grid from a hypodermic syringe needle (20
gauge). The needle was attached to a millipore filter holder con-
taining a filter of 0.45 um pore-size and the phosphotungstic acid
was pushed through the filter with a hypodermic syringe. After 1 min
the stain was drained off with filter paper and the grid then allowed

to dry before examination in the electron microscope.

A freshly excised vas deferens was placed in insect saline

(aqueous 0.75% NaCl) and teased open with fine forceps. Sperm from

this suspension, with as little accompanying saline as’ ocssible, was
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pipetted into a watch glass containing a few drops of a 0,025% solu~-
tion of sodium lauryl sulphate. After 2 min the sperm were picked up
on grids (coated as described above) at 1 min intervals for a period
of 13 min. The grids were then washed for 1 min with distilled water

and 'negatively' stained for electron microscopy as described above.

Sarkosyl (NI135, Geigy Industrial Chemicals) was diluted with
insect saline (aqueous 0.75% NaCl) to give final concentrations of
0.05%, 0.025%, 0.5%, 1.0%, 1.5% and 2% Sarkosyl. To every 500 ml

of the diluted Sarkosyl 0.84 gm of E,D.T.A. (Versene) was added,

Parts of a freshly excised vas deferens were placed in the
Sarkosyl solutions for 1 hr, Each Sarkosyl solution was then pipetted
off and the material was fixed initially in 10% Glutaraldehyde and
subsequently with osmium tetroxide (the same fixatives as those
described earlier). Dehydration with acetone was followed by embedding

in Vestopal W.

(e) Silv

Vasa deferentia from Acilius, Dytiscus and Colymbetes were
fixed with glutaraldehyde and osmium tetroxide and embedded in

Araldite (see section (a)). Thin sections were picked-up with

titanium grids (Ernest F, Fulham Inc.) and stained for 45 min with
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silver methenamine (Rambourg, 1967). Titanium grids were used because
silver methenamine does not react with titanium to produce electron-
dense reaction products which contaminate sections if they are sup- -

ported on conventional copper grids.

A freshly excised vas deferens was placed in saline (aqueoua

0.75% NaCl). A drop of sperm suspension was then placed in a few drops
of 0.5% aqueous trypsin., Formvar and carbon coated grids were touched
onto the surface of the suspension of sperm in trypsin solution at
intervals ranging from 5-90 min after the start of the trypsin treatment.
The grids were then washed with distilled water for 1 min and 'negatively'

steined with phosphctungstic acid at pH 6,5 for 1 min,

Thin sections of Araldite embedded vasa deferentia (fixed as
described previously) were picked up on titanium grids., GCrids were
then immersed in 0,5% aqueous pronase (pH 7.4; adjusted with 0.01 M
NeOH) (Monneron and Bernhard, 1966)., After 6 hr digestion at 37°C
the grids were washed with distilled water for 5-10 min and this was
followed by immersion in cold 5% agueous trichloroacetic acid (T.C.A.)
for 5 min and washing in distilled water for 2 min. Subsequently the
sections vere stained with uranyl acetate and lead citrate (see

section (a)).
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Testes in beetles collected during mid-summer usually contain
mature sperm and cells at all stages involved in the development and
maturation of sperm from apical testis cells (Figs. 3, 4, 5, 65 Ty 95 10).
Each vas deferens is filled with mature sperm (MS) (Fig. 7). The main

features occurring during this maturation are summarised in Fig. 2.

Iitosis

Each apical cell divides mitotically to produce two
spermatogon (Fig. 3). The mitotic apparatus occupies most of the
cell during metaphase (M) am it does at anaphase (MA) when the two

groups of separating sister chromosomes are clearly visible (Figs. 9, 10).

Primary spermatocytes vary considerably in size., Their diameters
range from about 5 pm (Fig. 11) to about 9 pm (Fig., 13). In a small
spermatocyte the mucleus (N) fills most of the cell (Fig. 11). The
chromatin (CN) is condensed and structures called gynaptinems] complexes
(s€) are present (Fig., 11)., Within some nuclei there is a mass of
material (DN) which stains more densely than the remasinder of the
chromatin (Fig. 11). In the granuler cytoplasm there are a few
elongate mitochondria (M) and a Golgi body (G). Rough endoplasmic
reticulum is also present (Pig. 11). In larger spermatocytes the

chromatin (CI)) is even more highly condensed in preparation for the
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first meiotic division (Figs, 12, 13) indicating that the larger
spermatocytes are at a later stage than the smaller ones, The contents
of the cytoplasm are similar to those of smaller spermatocytes; they
are larger because the volume of the cytoplasm has increased. Some

of the membrenes associated with the Golgi bodies (G) are more densely
stained than is usual for Golgi membranes (Figs. 13, 14). Paired
centrioles, oriented at right angles to each other, also occur in cells
at this stage. These centrioles have a typical arrangement of 9 sets

of triplet microtubules (Fig. 15).

S tine C exe

Synaptinemal complexes (SC) have been found in cells at meiotic
prophase (Figse. 16, 18, 19, 20, 21). Dense lateral elements (L)
oriented parallel to the longitudinal axis of each complex occur,
although their shapes are partly masked by the close proximity of
dense chromosomal material (CL) tFiga. 18, 19, 20). The thicknesses
of the lateral elements in longitudinal sections of complexes varies
between 16,6 and 20 nm, The central element (CE) of each complex
has a ladder-like appearance and it runs more or less parallel to
the lateral elements (L) (Figs. 19, 20). Periodic transverse
striations (M.J. Moses, 1968), thickness about 5 nm, pass obliquely
across each central element (CE) with a periodicity of about 17 nm
(Figs. 19, 20). Transverse filaments (TF) extend from each central

element (CE), they are arranged in register with, and their longitudinal
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axes are parallel to, the transverse striations (PT) (Figs. 19, 20).
Sections grazing the edge of a complex (SC) longitudinally cut the
filaments (TF) in cross-section and reveal that they are indeed
circular filaments rather then flat strips of material (Fig. 20).

In many cases one‘end of each synaptinemal complex contacts the nuclear
envelope (NE) (Figs. 18, 20)., At these contact points the membranes

of the nuclear envelope are much closer together and stain more

densely than elsewhere (Figs. 18, 20).

Eolycomplexes

Polycomplexes (P) of two or three synaptinemal complexes fused
together side by side have also beeg found in primary spermatocytes
undertaking the 1st meiotic division (Fig. 17). In some cases chromo-
somal material (CL) lies on both sides of a polycomplex (Fig. 17),
in others on one side only. Such chromosomal material (CL) is more
highly condensed than that which surrounds synaptinemal complexes and
indicates that polycomplexes occur at a later stage of division than
synaptinemal complexes and are presumably formed by association of

synaptinemal complexes.

Meiotic metaphase I

In cells at meiotic metaphase I (MH’) the chromosomes (CH)
are arranged on the equator of the spindle (Figs. 21-30, 32, 33)

except for a single X chromosome (X) which has already been segregated
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from the main bundle of chromosomes (Fige. 30, 31). Bundles of

spindle tubules (ST) extend from the kinetochores (X) of the chromosomes
(CH) towards the poles of the cell (Fig. 35) where centrioles (C) are
situated 0.5 pm to 1 pm from the cell membrane (CM) (Fig. 33).
Mitochondria (M) are elongate and are positioned at the periphery of

the mitotic apparatus (Figs.333%. The nuclear envelope has broken down

completely at this stage (Figs. 33, 34, 35).

HMeiotic anaphage I

During anaphase the groups cf chromosomes become more distantly

separated on the spindle (Figs. 23, 24, 31).

Neiotic teloohase 1

During early telophase (ME’) the two groups of clumped
chromosomes (CH) are concentrated at opposite ends of the dividing
cell (Figs. 23, 24, 36). Very elongated mitochondria (M) run between
them (Fig. 36). Spindle tubules (ST) lie closely alongside the mito-
chondria (M) (Fig. 38) and at the equator of the cell the cell membrane
(CM) furrows in towards the mitochondria (Fig. 36). By late telophase
the cell membrane (CM) has separated two daughter cells (Figs. 23, 27).
The contents of the cytoplasm are similar to those described for
early telophase., Centrioles (C) are positioned close to the chromo-

somes (CH) (Fig. 37).
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Meiotic metaphagse II

In some meiotic metaphsse II celles an X chromosome is situated
at each spindle pole (Fig. 31). Therefore an X0 system of sex chromo-
somes exists in Agilius males because only one X chromosome (which
is not a bivalent) and no Y chromosomes have been detected in meiotic

metaphase I cells (Figs. 30, 31).

development of

Stages in the initial development of the flagellum are present
in meiotic metaphase II cells (Figs. 39-43). One centriole (C) of a
pair is associated with a cup-shaped vesicle (CV); flagellar micro-
tubules extend from each centriole and project into a vesicle
(Figs. 39-43). Centrioles have vesicles (CV) attached to them even
while they are still associated with the spindle poles (SP) (Figs.
39, 42, 43). Sections show that in at least some cases the vesicle
membrane (CV) is continuous with the cell membrane (CM) (Figs. 42, 43).
In sections vesicles (CV) often appear clear and empty (Fig. 41) but
sometimes they have granular contents (Figs. 39, 42). A granular

mass (GM) lies at the tips of some vesicles (Figs. 42, 43).

Meiotic anaphase IT

During early anaphase (EAz) the chromosomes move towards the
poles of the spindles (Figs. 25, 29). By late anaphase (14%) the
chromosomes (CH) are positioned at the spindle poles (Figs. 26, 29, 44),

the mitochondria (M) are elongate, and Golgi bodies (G) are present (Fig.44).
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Jilt tic

Sections show that the number of cells undertaking their 1st
meiotic division always greatly exceeds those undertaking the 2nd
meiotic division., This indicates that meiosis I is of greater duration
than meiosis II. The arrangement of 1st and 2nd meiotic division
figures in sections of testes are apparently not related spatially in
any way to each other or to the general structure of testes (Figs. 3,

22-29).

e Struc Spe t

Eight distinct stages in the development of mature sperm from
spermatides have been distinguished. These will be referred to as

stage 1-8 spermatids respectively.

(a) Stage 1 Spermatids

Groups of early spermatids (SD) are present amongst meiotic
cells (Figs. 3, 29). BEarly spermatids (SD) do not have any specific
arrangement within a group (Fig. 4, 45), and the spermatids shapes are
irregular (Figs. 47, 48, 49). Sectioned nuclei exhibit cireular or
oval profiles with densely stained chromatin (cw) lying near the nuclear
envelope (Figs. 4, 45, 48, 49). In each spermatid the mitochondria are
grouped together to form a pebenkern (NK) (Figs. 47, 48, 49) close to
the nucleus., Numerous vesicles (V) and Golgi bodies (G) are present in

the cytoplasm (Fig. 49). Early stages in the outgrowth of flagella (F),



already with a 9 + 2 arrangement of tubules are present at this

stage (Fig. 48).

(v) Stage 2 Spermatids

At this stage of maturation spermatid nuclei are situated at
the periphery of each spermatid cyst (Figs. 4, 45). The nuclei are
etill spherical with densely stained chromatin adjacent to nuclear

envelopes (Fig. 46).

(¢) Stage 3 Spermatids

Spermatid nuclei are arranged in a 'horseshoe configuration'
(E) at the periphery of the cysts (Figs. 4, 45). In these nuclei
further condensation of the chromatin (CN) has taken place (Figs.
50, 51). A proacrosomal granule (PA) is situated close to each nucleus
(Fig., 50). Adjacent to each nuclear envelope (NE) where densely
stained material is clumped against the envelope there is a centriole
which serves as a basal body (B) for a flagellum (Fig. 51). Two
mitochondrial derivatives (MD) are formed by the separation of each
nebenkern and they are aligned on either side of each flagellum (F)
(Figs. 50, 51). A 9 4+ 2 arrangement of microtubules is present in
each flagellum (F) but a curved structure (CD) extends from subfibre
B (SB) or each doublet (D) (Fig., 50). Tubules (MT) (diameter about

MiTocHOND A AL,

20 nm) are present in the viecinity of the flagella (F) and \derivatives

(M) (Fig. 50). Developing sperm tails (T) are directed to the
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opposite side of the cyst and point away from the 'horseshoe'
formation of nuclei (Fig. 45). Golgi bodies (G) are present in the

cytoplasm of spermatids at this stage (Figs. 50, 51).

(d) Stege 4 Spermatids

Groups of spermatids (SD) are positioned with their nuclei

towards the epithelial border (L) of each testis (Fig. 58).

(e) Stage 5 Spermatids

Densely stainedcchromatin (CN) fills most of each nucleus
(Figs. 5, 53, 54, 59, 60). Vhere regions of nuclear envelopes have
densely stained deposits of material on their inner surfaces, micro-
tubules lie closely against the outer surface of the envelope (Figs.
53, 54). An acrosome (A) is closely associated with each nucleus and
is situated at the presumptive anterior tip of the spermatid (Fig. 53).
The voiume of cytoplasm which surrounds the nuclei is much less than
it is in stage 3 spermatids (Figs. 52-54). A fibrous centriole
adjunct (CA) surrounds each basal body (B) (Fig. 52). Each flagellum
l1ies batween the two mitoohondrisl derivatives (MD) with its longi-
tudinal axis parallel to that of tha?gg;ggg?iggs; a flattened
membrane-bounded vesicle (DL) separates each flagellum from the two
adjacent derivatives (Fig., 56). The curved structures (CD) (Pig. 50)
have become C-shaped (CS) (Fig. 56). HNumerous vesicles (V) are present

in the cytoplasm of some developing sperm tails (Fig. 56).
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(f£) Btage 6 Spermatids

While the densely staining regions of the nuclear envelope (NE)
extended along the internal surface, as seen in transverse sections,
there was a corresponding increase in the extent of external surface
associated with microtubules (MT) (Fig. 55). During this stage the
C~shaped structures separate from the doublets (D) and form accessory
fibres (AF) (Fig. 57). Sections show that the mitochondrial deriva-

~ INCROS secTion
tives (MD) are much smaller)than they are in stage 5 spermatids and

MITOCHON DRIAL.
in eachAﬁerivative there is a densely stained region of material
(Pig. 57). Microtubules (MT) associated with the derivatives (MD)

are still present (Fig. 57).

(g) Stage 7 Spermatids

As the chromatin condenses the nuclei elongate and become
spindle-shaped (Figs. 6, 61, 62)., In sections of nuclei the less
dense areas are larger than they are in stage 6 spermatids. There
are only small regions of nuclear envelope (NE) which are not densely
stained (Fig, 62)., Within a cup~-shaped indentation of each nucleus,
adjacent to a modified region of nuclear envelope & centriole (C)

MiTocHoNDR AL
and jderivatives (MD) are situated (Fig., 62). The volume of cytoplasm
surrounding the nuclei and tails is much less than it is in stage 6
spermatids (Fig., 62), Granular material (GA) and microtubules (MT)
are situated close to each flagellum (F) (Fig. 62). A double membrane

(DE) surrounds each tail (Fig. 62). Sections show a distinet difference



in size between the two mitochondrial derivatives (MD) in each

tail (Pig. 62).

(h) Stage 8 spermatids

With further condensation of the chromatin (CN) the nuclei
become more flattened (Fig, 63), Dense material fille accessory
fibres (AF) (Fig. 63). The grenular material (GA) situated beside

each flagellum has become a V-shaped rib with the point directed

away from the flagellum (Fig, 63).

In the final stages of maturation further condensation of the
chromatin (CN) takes place (Figs. 64, 66, 68~71) until each nucleus
is filled with densely stained chromatin (Fig. 67). The nuclei
flatten (Figs. 64, 66, 67) and lengthen (Figs. 68-71) until they are
shaped like mature sperm heads (MS) (Figs. 7, 67, 68-71). Each
nucleus at this stage is slender and spindle shaped (Figs. 70, T71).
In transverse sections through nuclei at certain levels there are
slit-like (SL) regions which open out into the tail area (T) (Fig.
67). Microtubules (MI') are still associated with the nuclear envelope
(Fig. 64). As maturation progresses the tubules (MT) disappear on
the dorsal side of each nucleus and the cell membrane (CM) comes into

contact with the nuclear envelope (Fig. 66). In each tail the V-shaped
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rib (GA) is longer than it is in stage 8 spermatids (Fig. 65). Two
densely stained bars (DB) of material are present between each

MIToCHONDRIAL
flagellum and the adjacent pair of \derivatives (MD) (Fig, 65). The

MITOCHAN DAIAL
region of densely stained material in eachjderivative is cross-

striated (CR) (Pig. 65)and more mature;§§§§$§§2332 exhibit a
honeycomb-like pattern (HC) (Fig. 66). Tubules (MI) are present

in each tail until maturation is almost complete (Fig. 67). Sections
show that testicular sperm (MS) are still arranged in groups

(Figs, 68, 69) and their tails-exhibit a wave form (Fig., 68).

Testicular sperm are not tightly paired together (Fig. 67).
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DISCUSSION

Sex chromosomes

Sex determination in certain Coleopterans (Smith, 1960), and
in many other insects is achieved by an "XO" system where males are
X0 and females XX, and in which the male produces an equal number of
ganetes with and without an X chromosome. There are two ways in which
an X0 system operates during spermatogenesis. In one type the
X chromosome divides into separate chromatids at 1st meiotic anaphase,
with segregation following at the 2nd meiotic anaphase. In the second
type the X chromosome moves to one pole at 18t meiotic anaphase and
divides into separate chromatids at the 2nd meiotic anaphase. It is

the second type that appears to apply in Acilius.

The atudy of sperm development in Acijlius shows that secondary
spermatocytes divide and form two completely separate cells and that
the resulting sister spermatids are not at this stage associated in
any particular way or in pairs. Furthermore, mature sperm in testes
are closely packed together in groups but they are not associated in
pairs, 'Therefore there is no apparent mechanism present during the
development of sperm which might produce associations between sperm
in testes. [Therefore it would appear that sperm pairing is a

separate process from sperm development, that there is no reason to
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suppose that long lasting association of sister spermatids and sperm
is the basis for pairing, and that sperm pairing takes place more or
less randomly between adjacent sperm in the vas deferens, It seems
unlikely that any of the situations which Ballowitz suggested
regarding 'an original duwality, a qualitative difference or a type

of polar opposites' can exist in Acilius. Ballowitz (1895) also
observed that the division of secondary spermatocytes produces separate

sister spermatids and single unpaired sperm in the testes.

Centrioles

Typical centrioles, with 9 tubule triplets in their walls, are
present in spermatocytes and spermatids of Acilius. They are similar
to those already described in other insects (Anderson and André.

1968; Hoage and Kessel, 1968; Phillips, 1970a). In Acilius as in

many other organisms, the triplet tubules on one side of each centriole
are cut transversely and on the other side they are cut obliquely,
suggesting that the triplets mey have a long pitched helical course
(Anderson and André; 1968; André and Bernhard, 1964; Fawcett, 19663
Hoage and Kessel, 1968; Phillips, 1970a), Prior to division, cells

at meiotic metaphase II have paired centrioles. One centriole of

each pair becomes associated with a cup-shaped vesicle and the initial
development of the flagellum takes place within the cup of the vesicle
which does not have any attachment to the cell membrane at first.

At a later stage these vesicles do become attached to the cell membrane.
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In this respect the initial development of a flagellum in Acilius is
similar to that described for a water mould (Renaud and Swift, 1964);
certain mammals (Martinez and Deams, 19683 Sorokin, 1962, 1968) and
some inseoté for example (Friedlander and Wahrman, 19663 Phillips,
1970a), Fritz-Niggli and Suda (1972) however have presented evidence
that in Drosophila the cup-shaped vesicles are attached to the cell
membrane throughout the meiotic divisions., I have not found any

evidence to suggest that this situation exists in Acilius.

Centrioles form the basal bodies of growing flagella and they
are associated with modified regions of nuclear envelope. This modi-
fication of the nuclear envelope has also been noted by Phillips
(1970a) and Warner (1971). A mase of material which surrounds each
basal body and lies adjacent to the nuclear envelope was first termed
the centriole adjunct by Gatenby and Tahmisian (1959). Since then
some vorkers have used this term but others have referred to it as a
juxtanmiclear body (Sotelo and Trujillo-Cenoz, 1958), a basophilic
centriole (Kaye, 1962), a flagellar accessory structure (Raye and
Kaye, 1966), a perinuclear granular aggregate (Kessel, 1967), a
granular material (Kessel, 1966), & dense fibrous material (Phillips,
1966a), a dense material (Anderson, 1967) and a ring centriole

(De Robertis, Nowinski and Saez, 1965).
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In the blowfly Sarcophags bullata Warner (1971) demonstrated
that the centriole adjunct is granular in early spermatids and later
the adjunct is transformed into filaments. As spermatid development
proceeds the filaments become granular and eventually disappear, I

have only observed granular centriole adjuncts in Acilius.

Synsptinemal complex

Synaptinemal complexes were first observed in the electron
microscope by Moses (1956) and Fawcett (1956). .The highly organized
structure which they observed lying longitudinally between homologous
chromosomes were ribbon-like with a tripartite backbone. The function
and composition of synaptinemal complexes are not clearly understood
yet but the complexes are intimately associated with pairing and
crossing over of chromosomes. A fully developed synaptinemal complex
has two lateral elements and a central element. The central element
can be a relatively simple dense line or it can have a lattice-like
organization with transverse periodic structures and triple longi-
tudinal divisions (Wettstein and Sotelo, 1970). Fine transverse
f ilaments pass from the lateral elements to the central element.
Synaptinemal complexes in Acilius contain three parallel longitudinal
components similar to those described by Sotelo and Wettstein (1966)
and CGassner (1969), Fine transverse filaments pass between the lateral
elements and the central element. The central elements have two

walls and fine periodic striations pass between them, In Acilius,
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as in other insects, synaptinemal complexes contact densely stained
regions of nuclear envelope (Maillet and Folliot, 1965; Moens, 1969aj
Moses, 1968; Sotelo and Wettstein, 1966).

In his review of synaptinemal complexes Moses (1968) defined
polycomplexes as being "regular, three dimensional stacks of fused
complexes, any unit of which resembles the synaptinemal complex in
dimensions and fine structure; usually found in gametocyte prophase
of certain insects". Multiple or polycomplexes have been observed in
several insects, for example the cricket (Jaworskia and lima-de-Faria,
1969; Schin, 19653 Guenin, 1965; Wettstein and Sotelo, 1967), the
frog-hopper (Folliot and Maillet, 1966), the grasshopper (lbens,
1969b). The composition of polycomplexes in Acilius are similar to
those which have been observed in other insects in that the units of

a complex resemble a synaptinemal complex in dimensions and fine

structure.

In most organisms cell division is associated with the formation
of a spindle-shaped structure of microtubules called the mitotic
apparatus. Chromosomes become firmly attached to some of the spindle
microtubules at localized regions on the chromosomes (Harris, 1965).
The attachment site or kinetochore lies in an indentation of each

chromosome called the primary constriction or centromere (Jokelainen,
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1967). Very liftle is known about the mechanism which brings about the
attachment of spindle microtubules at this site (Bajer and Mole-Bajer,
1970). During the first meiotic division there is one kinetochore for
each homologue (Nicklas, 1967). Direct chromosomal movement seems to
coincide with the attachment of the chromosomes to the spindle.
Separation of the chromosomes to their respective poles then takes
place. This is followed by a progressive cytoplasmic constriction
across the plane of the metaphase plate which divides the cell
(Dupraw, 1970). During division the mitochondria appear to be pinched
in half by the cytoplasmic constriction or cleavage furrow (Meves,
1907; Duesberg, 1911; Bowen 1920; Johnson, 1931). It has been shown
that microtubules are located in close proximity to the elongated
mitochondria and run parallel to their axes (Behnke and Forer, 19663
La Fountain, 1972). Numerous observations of living spermatocytes
have shown the alignment of mitochondria around the spindle (Novikoff,
1951). According to La Fountain the orientation of the mitochondria
ensures equal distribution of energy-producing machinery to all four
spermatids., The explanation for the ordered arrangement of mitochondria
around the spindle and their distribution is that the mitochondria-
associated microtubules perform both a supportive and motile function.
La Fountain drew these conclusions after careful consideration of the
evidence so far available concerning the function of microtubules in

producing and maintaining cell form and in bringing about movements
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within cells. The observation of mitochondria-associated microtubules
and the distribution of mitochondria in spermatocytes of Acilius
suggests that the microtubules may play a similar role to those des-

cribed in Nephrotoma spermatocytes by La Fountain.

Mitochondria) derivatives

The transformation of numerous small mitochondria into relatively
large mitochondrial derivatives during spermatogenesis has heen des-
cribed by several investigators. The mosat cownplete studies are those
of Bowen (1920, 1922a, b, 1924), Pollister (1930), and Johnson (1931).
In most animals the mitochondria aggregate soon after meiosis and form
a large spherical mass which was termed the nebenkern by Retzius (1904).
Since the advent of the electron microscope detailed studies have been
made of mitochondrial development, progressive fusion of mitochendria
into two interwoven nebenkernen and their rearrangement and segregation.
The most complete studies have been made for the butterfly Pieris
(André, 1959, 1962), for the stinkbug Murzantia (Pratt 1967, 1968,
1970). The process of nebenkern development and dissolution in

Acilius is apparently identical to that described for other insects.
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In Acilius the granular chromatin condenses in uneven clumps.
Chromatin fibres have been reported in grasshopper Chorthippus
(Des and Ris, 1958) and in cricket Acheta (Kaye and Kaye, 1966).
Chromatin fibres have not been observed in Acilius. In the bush
katydid Scudderia, Phillips (1970a) observed that in the anterior
regions of spermatid nuclei, chromatin was present in the form of

thin lamellae but in the posterior regions occurred as several clumps,

At the onset of chromatin condensation and elongation of
spermatid nuclei of Acilius, microtubules become closely associated
with regions of outer surface of the nuclear envelope. At the sane
time a densely stained material accumulates against the inside of the
envelope. As chromatin condensation and nuclear elongation progress
the densely stained material and microtubules continue to accumulate
against the nuclear envelope. However, during maturation spermatid
nuclei are never completely surrounded by densely stained material and
microtubules. Microtubules begin to disappearin the later stages of
maturation and there are no tubules present around nuclei of mature

sperm,

Microtubules have been observed encircling spermatid nuclei in
many other insects (Kessel, 1966, 1967, 19703 Phillips, 1966a; Shoup,

1967; Werner, 1966). Several layers of microtubules (the manchette)
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surround the caudal pole of each spermatid nucleus in mammals (Burgos
and Fawcett, 19553 Fawcett and Phillips, 1967); birds (McKintosh and
Porter, 1967); reptiles (Boisson and Mattei, 1965); annelids (Anderson,
Weisman and Ellis, 19673 Anderson and Ellis, 1968; Bradke, 1963),
platyhelminthes (Silviera and Porter, 1964), and polychaetes (Potswald,
1967). In insects the single layer of microtubules is believed to
perform the same functions as the multi-layered manchettes of other
animals, In the dragonfly Aeschna extra-nuclear microtubules are
associated with regions of nuclear envelope which have a densely
stained material deposited on the inside of the envelope throughout
chromatin condensation and nuclear elongation. Although there is
strong evidence to suggest that microtubules play an important role
in elongation, morphological observations alone are not sufficient
(Kessel, 1970). Kessel suggests that, in addition, the deposits on
the nuclear envelope might also play an active role in the elongation
process., A similar situation exists in Acilius. The depositing of
densely stained material against the nuclear envelope might be the
initial step in the process of chromatin condensation. I have not
made any observations which would support or reject the idea that
microtubules might play an active role in the elongation of spermatid
nuclei, The idea that the shape of sperm heads may be largely deter-
mined from within the nuclei by a specifically controlled aggregation
of DNA and protein during chromatin condensation was suggested by

Fawcett, Anderson and Phillips (1971). This specific aggregation may
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produce the diversity of external form of sperm heads found in different
animals., These workers concluded that microtubules may be essential
for the redistribution of cytoplasm, but that they are probably not
directly involved in the shaping of the nucleus. This theory was
substantiated by observations made on spermiogenesis in the opposum
Caluromys philander (Phillips, 1970b) where the sperm head flattens in
a plane perpendicular to the axis of the tail and the manchette and
the manchette tubules are not packed around the envelope as they are
in the spermatids of other animals where flattening and compression
occur in planes parallel to manchette tubules. In most animals, the
first deformation of a spermatid nucleus towards its final shape is
always associated with the onset of chromatin condensation (Fawcett,

Anderson and Phillips 1971). This is also the case in Acilius.

Sperm flagellum

A 9 + 2 pattern of tubules characterizes flagella of many plant
and animal species (Manton, 1952; Fawcett and Porter, 1954; Afzelius,
1959; Gibbons and Grimstone, 1960). Most insect sperm flagella however
possess nine outer singlet tubules in addition to the 9 + 2 pattern of
tubules. The nine outer tubules have sometimes been referred to as
accessory fibres (Kaye, 1964; Cameron, 1965). Cameron reported that
an arm extends from the B tubule of each double}, lengthens, becomes
C-shaped, and finally detaches from the doublet. Then the gap in the

C-shaped structure closes to form a complete tubule. Accessory fibres
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develop in an identical fashion in Acilius spermatids., Cameron was
the first to recognize that arms were precursors of accessory fibres
although they had already been observed by others (Kaye, 1964;
Kessel, 19673 Phillips, 1966b). The formation of accessory fibres
by growth against B tubules has been reported for many animal types

(Fawcett, 19703 Kessel, 1970; Kiefer, 1970; Phillips, 1970a; and

Warner, 1971).

Mature Acilius sperm are all similar and occur mostly in pairs
with their heads (HD) closely associated (Figs. 72, 73, T4, 76, 78).
Groups of paired sperm with their heads (HD; more or less aligned
parallel to each other are present (Fige T7). Groups of sperm are not
bound together in cysts as they are in testes (Fige 8, 78). Single
unpaired sperm have been found in saline preparations (Fig. 75).
Aciliug sperm are approximately 340 pm long (Figs. 72, 73). The
approximate lengths of the constituent parts are as follows: acrosome
0.6 um, head 9.2 pm, initial segment 55 um, posterior portion 265 um,
end piece 12 um (Fig. 79). Due to the highly asymmetrical shape of
Acilius sperm heads I have termed the surfaces vwhich are always
apposed to each other in pairs as being ventral (Fig, 81). The
acrosome (A) is situated at the anterior of each head (Fig. 81). I
have termed the side where the tail extends from as the short side
and the opposite side as the long side (Fig. 81). The acrosome (A)

is granular, is bounded by the cell membrane (CM), and separated from
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the head by the nuclear envelope (NE) (Figs, 87-90). Each acrosome
(A) lies against the apex of a head (Figs. 79, 80, 82, 83). Sperm
heads (HD) are composed mostly of Feulgen positive nuclear material
(Fig. 77) which is granular and stains densely (Figs. 87-96). Each
head is enclosed by the cell membrane (ClM) and nuclear envelope (NE)
and coating the outside of the cell membrane is a layer of densely
stained material (DA) (Figs. 87-96). In some instances this material
appears in the form of short parallel bars (BR) (Fig. 90). Between
most paired heads there is a layer of coarse granular material (DM)
(Figs. 91-96, 111, 112, 113). The apex of one sperm head of a pair
is at a slightly different level from the other one (Figs. 76, 83).
Acilius sperm heads are highly asymmetrical in shape (Figs. 79, 80,
82, 83). There is a groove (GR) present in the short side of each head
(Figs. 79, 80, 82, 90, 91, 92). An invagination occurs (SI) in the
posterior region of the ventral surface of each head (Figs. 79, 80,
82, 83, 96). In some paired sperm the long side of each head is
curved and curls around the short side of the other head (Figs.

111, 112). In transverse sections through the lower regions of each
head the invagination (SI) is usually positioned at the most anterior
part of the curved edge (Fig. 111)., There is a hood (HO) formed within
the posterior region of each head (Figs. 80, 82, 83). Figs. 94, 95,
96 show transverse sections through hoods at different levels from the
anterior to posterior of the hoods. In sections paired sperm heads

are separated by distancee ranging from about 11-100 nm. A sperm tail
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extends out from a position near the posterior of the groove in each
head (Figs. 79, 80, 82, 83, 92-96). Surrounding the tail there is a
layer of densely stained material (DA) which is similar to the material
adjacent to the heads (Figs. 92-96). In transverse sections, at certain
levels through the initial segment of each tail, the centriole adjunct
(cA), flagellum (F), mitochondrial derivatives (MD), microtubules (MT)
and 'microtubular border' are present (Pigs. 92-97). Flagellar tubules
(FT) emerge from the centriole adjunct (Fig. 94). Ther;:i‘;ﬁ;:t?;:a‘—
contain a paracrystalline material (PC) and at the periphery of each
one there is a densely stained area of material (Fig., 93). In each
MiToLHONDRIAL MiTockkoNDRIAL
tail one of the)derivatives is always larger than the other)\derivative
(Figs. 94, 95, 96). In the anterior region of the initial segment the
accessory fibres (AF) do not contain a central element (Figs. 95, 96).
Lobes (10) of granular material extend out from the mitochondrial
derivatives (MD) on opposite sides from each flagellum (F) (Figs. 95,
96). In this region each tail is no longer attached directly to the
head (Figs. 95, 96). In transverse sections through tails in this
region characteristic 9 + 9 + 2 patterns of flagellar tubules are
present (Figs, 95, 96). Accessory fibres (AF) are 28 nm in diameter
and the central tubules (CT) are 25 nm in diameter and they have a
centre to centre spacing of about 28 nm., Accessory fibres (AF) and
central tubules (CT) possess a central element (Fig. 96). Accessory
fibre walls are formed of subunits of about 7 nm diameter with a 4.5

nm centre to centre spacing (Fig, 108). The plane of symmetry is
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detergpined by the position of the mitochondrial derivatives. When
transverse sections of flagella are viewed (looking from flagellum

base to tip) and thé:gg;;;;:;:g; are towards the observer, a line
through the centre of the central tubules in all sperm tails passes
through approximately 'eleven o'clock and five o'clock' (Figs. 96, 97).
Transverse sections through tails at a more posterior level than in

Figs, 95 and 96 exhibit a "microtubular border' which extends out from
the vieinity of each flagellum (Fig. 97). Between each flagellum and the
adjacentxgg;;::¥?¥2§ there is a 'membranous sheath' () (Fig. 97).MiTocsonoria
derivatives are larger in this region and in some transverse sections

a honey-comb (HC) pattern can be seen (Fig. 97). Negatively stained mirecHonori
derivatives exhibit rod-like subunits with a spacing of about 10 nm
arranged in a zig-zag array. The zig-zag (Z) array has a repeat of
about 26.8 nm and a wave (W) array has a major repeat of 57.5 nm.

There is also a 6,2 nm transverse periodicity (TP) visible which
corresponds to the image seen in thin sections (Figs. 85, 109, 110).
Cristae (CB) in mitochondrial derivatives are present in negatively
stained material spaced at intervals of about 41 nm (Fig. 84). Areas

in which cristae are present in negatively stained material correspond
to the lobes of material present in transverse sections. The ‘'micro-
tubular border' disappears at approximately 55 um from the head and

this signifies the end of the initial segment and the start of the

posterior portion.
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In the posterior portion of each tail the further away from
the initial segment the mitochondrial derivatives (D) are the smaller
they become (Figs. 98-106), mi{&?&"xt’?&: torminate approxinately
320 um posteriorly from the head, The spacing of mitochondrial cristae
in the initial segment is about 41 nm but it is only about 20 nm
near the end piece (Fig, 86). The alignment and size of the subunits
in derivatives are the same throughout their length (Figs, 98~106).
¥hile mfxﬁﬁﬁ:’&“m emaller along the length of the posterior
portion, flagellar axonemes remein the same size (Figs, 97-106).
There is e reduction in the size of the 'membranous sheath' (M) as it
passes from the anterior to posterior of each posterior portion
(Pigs. 98-106), At different positione along the length of each pos-
terior portion the central element in each accessory fibre terminates,
starting with accessory fibre 8 (Fig., 99). In sections of flagella
which are viewed from the base to the tip (i.e with the arms of
subfibre A of each doublet directed clockwise) a straight line through
the central tubules passes through one of the doublets, The accessory
fibre associated with this doublet is termed mccessory fibre 1

(Fig. 99).

The end piece (EP) of each tail is straight and pointed (Pigs,
80, 86) and contains only flagellar tubules and accessory fibres.
The accessory fibres and central tubules terminate before the doublets
(Fig., 107). Prior to termination of the doublets, C-shaped fm-é:
are present (Fig, 107)
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The lumen of each vas deferens is surrounded by a layer of
cuboidal epithelial cells (EC) which are linked by tortuous intercellular
membranes., Short, irregular microvillii (MV) form the apical membrane
of the border, A granular material (GL) of medium electron density

occupies the space between sperm in the vasa deferentia (Fig. 113).

In sections a few examples of tails are present with an extra
flagellun (F), or an extra mitochondrial derivative (MD), or extras
of both, or with only one derivative (Figs. 114-117). In one other

exapple several disrupted tails are present within the same cell

membrane (CM) (Fig. 118).

Flagella in ggiling sperm tails have an oscillating appearance
during movement, The initial segments are rigid and the flagellar
movement is initiated in the region of the heads (Figs. 72-76, 78).
Flagellar heliccs flow in a rapid sequence from anterior to posterior
and they appear as short waves when viewed from above or from the side
(Figs. 74, 75, 76). In the posterior regions of the initial segment
the waves are slightly longer and the flow is also reduced. ' The
posterior portion of eabh tail motes as a whole and it has a regular
coarse helical shape (Figs. 72, 73). Regular waves pass along the
length of each posterior pertion in the same way as the flagellar

movement of the posterior of the initial segment., The waves have a
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lover frequency and longer wave length as they near the end piece,

The end piece is straight and rigid. Posterior portions of some

tails are coiled like a spring in a clockwise direction and flagellar
helices flow along them, In some cases the coarse helices are absent

and in others only the flagellar movement in the initial segment exists,
Where the posterior portion is coiled like a spring the only visible
movement is in the form of & cart-wheel with the head remaining more

or less in the same position. In double sperm the movement of individual

tails can be fully independent of each other.

Acilius sperm placed in liquid paraffin move forward with the
flattened sides ¢of each head remaining in a horizontal position.
Helices are present in the initial segment and posterior portion.

In each posterior portion the coarse waves are restricted in their
ability to coil, having only a few waves which oscillate irregularly.
Many whorls of sperm are formed by the movement of the sperm., There
are no spring-like coils present. Individual sperm can move in the

same way as double sperm.
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DISCUSSION

Aciliug sperm in vasé deferentia are associated in pairs., This
association takes place in the region of the heads which are highly
asymmetrical. In sperm pairs the flat surfaces are always apposed
against each othsf and in many cases the long side of each head curls
around the short side of the other head. The acrosome of one sperm
head is always out of alignment with the other scrosome. Acilius sperm
are surrounded by a granular material of medium electron density and
between the sperm heads there is a layer of coarse granules of high
electron density. As these coarse granules are only present in vasa
deferentia it is possible that they might play some role in the pro-
duction of paired sperm. Two types of sperm associations have been
deseribed in two sub-orders of Orthoptera by Cantacuzéne (1968). 1In
some Ensifera, mucopélysacéharidic secretions are ejected into the
lumen of the genital ducts from the glandular cells of its walls and
form a "muff" around each bundle of sperm, In certain Caelifera the
spermatid heads become coated with a mucoproteic secretion in the nurse
cells and when sperm mature this secretion forms the 'cap' of a sperm
bundle which groups about 200 sperm together. In Acilius the vasa
deferentia walls are composed of a thick layer of epithelial cells and
the apical membrane is formed of microvillii, In comparison the testes

walle are very thin and there are no microvillii present in the apical
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border. This suggests that the epithelial cells forming the vasa
deferentia walls may be capable of secreting mucopolysaccharides or
mucoproteins which could facilitate sperm pairing. Therefore a similar
situation may exist in Acilius to that described for some Ensifera in

so far as the accumulation of a densely stained layer of granules
between paired sperm heads may act as a 'cement', It might also be

that Acilius sperm pair as a result of their movement and the highly asym-
metrical shape of their heads, so that when pairing occurs they are held
together by the 'cement'. In Acilius pairs the heads do not come into
contact with each other whereas in Caluromys (FPhillips, 1970c) the
plasma membranes near the acrosome form a close junction. There are
similarities between the paired sperm of Acilius and certain other
animals in that they usually pair after leaving the testis and in most
cases their heads are closely associated. In each animal the sperm
heads have a highly asymmetricel shape and are always packed against

each other in a specific manner.

As a result of serially sectioning paired sperm heads and sub-
sequently constructing models of the heads it can be demonstrated
without doubt that paired sperm heads are not mirror images of each
other or "right" and "left" handed as Wilson (1924) suggested. Each
head in a pair has an identical shape to its partner, In heads from
testes the long sides are either flat or slightly curved, However in
vasa deferentia the long sides of paired heads are either slightly

- curved or they are curved to the extent that curling around each short gide
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takes place. Therefore it would appear that the curling occurs after
pairing. Although the curling occurs in vasa deferentia I do not
know how soon it takes place after entry of the sperm into vasa

deferentia.

Acilius sperm tails

The classic zonation of sperm tails based on the presence of a
mitochondrial sheath cannot be applied in Acilius due to the presence
of a 'microtubular border'., I have therefore termed the anterior section
of each tail the initial segment. The 'microtubular border' runs along
the length of the initial segment and with its termination the pos-
terior portion begins. The posterior portion of each tail contains two
mitochondrial derivatives and a flagellum, With the termination of
the derivatives the posterior portion ends and it is followed by an

end piece.

Elagellun

According to Phillips (197@) there are no centrioles present in
mature sperm because typical centriole triplets have not been observed.
This conclusion was made after studying the mature sperm of many
species of insects and the descriptions of other investigators. However
Perotti (1970) demonstratedin Drosophila by serial sectioning that
centriole triplets are still present in mature sperm. Warner (1971)

also demonstrated centriole triplets and stated that the entire
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transition from a central pair of tubules and triplets through to a
flagellar axoneme with a complete complement of tubules takes place in
less than 200 nm along its base. 1 have assumed that due to the lack
of triplets being observed in the proximal portion of the flagellar
axoneme that centrioles are not present in mature sperm of Acilius.

A typical insect sperm flagellum is present in each Acilius sperm,

The outer 9 singlet accessory fibres are similar in morphology to the
central pair of singlet tubules except that their diameters are
slightly greater. Accessory fibres and central Pubules in Sepsis
(Phillips, 1966¢c) and Tenebrio (Cameron, 1965) contain a central
tubule in place of a rod. A similar situation is present in Acilius.
The comparisons vwhich have been made between accessory fibres and
central tubules demonstrate that there is a wide interspecies vari-
ation although their topological relationship to one another is rather
constant, Behnke and Forer (1967) presented evidence suggesting that
there is a chemical as well as morphological similarity between
accessory and central tubules. This will be discussed at a later
stage. The accessory fibres in Acilius terminate in the end piece
before the doublets and central pair in a similar fashion to those of
Sepsis (Phillips, 1966 b, c). In Acilius as in most other insects the
doublets are composed of subfibres A and B. Subfibre A has two small
arms directed towards the adjacent doublet (Gibbons and Grimstone, 1960).
Flagellar doublets are unchanging in character from species to species

(Pnillips, 1970a). In transverse sections through the end piece of
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flagella in some insects the doublets are dissociated from each other
into nine complete tubules and nine fibres with C-shaped profiles
(Phillips, 1966c). Phillips also states that it is likely that the
doublets in insect sperm are composed of one complete tubule and another
one that is incomplete and shares a portion of the wall that is common
to both. The dissociation of the tubules also takes place in Acilius.
Flagellar tubule walls appear to be composed of regular subunits
(Anaré, 1961; Kaye, 1964). Accessory fibres and central tubules have
13 evenly spaced subunits in their walls which have an approximate
diamster of 7 nm (Phillips, 1966c; Ringo, 1967) and that cytoplasmic
microtubules are composed of 12 or 13 subunits (Ledbetter and Porter,
1964; Gall, 1965, 1966; Behnke and Zelander, 19673 Fuge, 1968).
Flagellar tubule subunits in Acilius are similar to those which have
already been observed., According to Phillips (1970d) the accessozy
elements in insects and mammals are both formed as outgrowths of the

9 doublets and may have a similar role in motility. The role of
accessory elements in sperm motility is not clearly understood as

yet. Accessory elements are apparently not essential for motility

as in some insect sperm flagella they are absent.

Mitochondrial derivatives

In Aciliusg as in many other species of insects, sperm possess
two mitochondrial derivatives of unequal size and one extends further

anteriorly than the other. This is also the case in some other insect
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sperm, for example Thompson and Blum (1967). In many species of insects
MiTochoNOAIRL
there is a paracrystalline component present in eachderivative. This
component has been described as a honeycomb-like structure when viewed
in transverse section (Phillips, 19663). a periodically striated struc-
ture in longitudinal section (André, 1962) and a herring-bone pattern
structure (Meyer, 1964, 1966; Hess and Meyer, 1968). Phillips (1970a)
and Bairati and Perotti (1970) have described the paracrystalline com-
ponent as consisting of hexagonally packed roundish subunits, whereas
Warner (1971) describes the subunits as rods. In longitudinal sections
the herring-bone pattern has a periodicity of about 45 nm (Meyer, 1964,
1966; Hess and Meyer, 1968; Phillips, 1970a) and a transverse period
MITocHONDRIA L
of about 6.2 nm (Warner, 1971). In negatively stained )derivatives the
subunits are aligned in such a way that they exhibit a wave-like array
with a major period of 49.6 nm and a zig-zag pattern with a major
NiToo NDRIAL
period of 24.8 nm. The)derivatives also exhibit a 10,0 nm spacing of
the rods (Warner, 1971). The major period of the zig-zag pattern and
wave form, the transverse period and spacing of the subunits and their
MITOCHOMND RIAL
appearance in)derivatives of Acilius sperm are similar to those of
other insects, Mitochondrial cristae can only be seen at the edges of
derivatives in many insects (Phillips, 1970d), and this is also the
case in Acilius. Bairati and Perotti (1970) have suggested that the
intricate organization of the paracrystalline material must be related
to complex biochemical functions., Mitochondrial derivatives of mature

sperm assume a species-specific shape.



Sperm movement

In sperm pairs of Caluromys, the tails beat in synchrony
(Phillips, 1970c). This synchronisation has also been noticed by
Phillips in sperm from other mammalian species where chance contact
has been established in the head region, Sperm pairs of Acilius also
beat in synchrony. However they can also beat independently of each

other. Single sperm can move in the same way as paired sperm.

Pairing of sperm is not essential for their passage through
vasa deferentia as this is probably effected by muscular
contractions. Pairing however may be necessary during the

fertilization process. m, gaot that in paired sperm the heads are
alvays élightly out of alignment with each other may result in the
most anterior heads being protected in some way diring their passage
through vasa deferentia. The initial segment of Acilius sperm tails
is usually rigid. This rigidity is probably due to the presence of

a8 "microtubular border' along the length of each initial segment.

As far es I am aware there are no other sperm tails vwhich exhibit

a 'microtubular border' except for gxgggggg vhich I have also studied.
The rigidity of the initial segment might reduce the chances of
separation of paired heads by restricting flagellar movement and

coiling in this region next to the heads.
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The treatment of sperm with sodium lauryl sulphate shows that the
degree of dissociation of flagellar components is directly proportional
to the concentration of sodium lauryl sulphate used. These observations
were made on flagella vwhich had been treated with a range of concen-
trations of sodium lauryl sulphate. Treatment with a 0.025% sodium
lauryl sulphate demonstrates that subfibre B (SB) of each doublet is
more sensitive to sodium lauryl sulphate than subfibre A (SA) (Fig,
119). Doublets (D) are also more sensitive than accessory fibres (AF)
and central tubules (Figs. 119, 120). The walls of accessory fibres
and doublets are made up of subunits (SU) 4.6 4 0.5 nm in diameter

(FiGEo 119, 1 20) "

S treat

Sperm in vasa deferentia treated with Sarkesyl (0.05% aqueous)
are similar to sperm in a control specimen. In sections of 0,25%
Sarkosyl -treated vasa deferentia the czll membrane of each sperm is
either badly disrupted or has disintegrated (Fig. 121). The components
of each tail remain intact except that some accessory fibres (AF) are
displaced from their normal position adjacent to the doublets (D)
(Fig. 121). 1In 0.5% Sarkosyl-treated vasa deferentia the arms which

extend from subfibre A of each doublet are no longer present and the
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microtubules adjacent to the mitochondrial derivatives are less
distinct than they are in 0.25% Sarkosyl material. In material treated
with 1% Sarkosyl the central pair of tubules (CT) in each flagellum
are displaced and in some cases they are more distantly spaced from
each other than they are in control specimens (Figs. 122, 123, 124).
In each end piece, subfibres A (SA) and B (SB) have separated in some
doublets (Fig, 125). Transverse sections through sperm heads treated
with 1% Sarkosyl shows that the chromatin (CN) has some fibrous material
associated with it (Fig. 126). Sperm in vasa deferentia treated with
1.5% Sarkosyl demonstrate a further deterioration in the structure

of their flagella (Figs. 127, 128). For example, in some doublets
subfibre B (SB) is completely separate from subfibre A (SA) (Fig. 128).
In some cases the central pair of tubules (CT) are wider apart than

is normally the case (Fig. 127). The radial links (RL) between the
doublets and central pair of tubules are not as distinct as they are
in material treated with weaker concentrations of Sarkosyl. The
'microtubular border' (MB) is still present in each sperm tail. In
sperm treated with 2% Sarkosyl there is a greater degree of spreading
of the components of each flagellum than in sperm treated with weaker
concentrations, Subfibres A (SA) and B (SB) of each doublet are
separate from each other (Fig. 129) and the radial links are no longer
present (Fig., 129). Fig. 130 shows the normal content and arrangement
of components in untreated sperm tails., In sperm from vasa deferentia

treated with varying concentrations of Sarkosyl, it always seems to be
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the case that accessory fibres and central tubules are more resistant

to the effects of Sarkosyl than are doublet tubules.

e _methenamine

Sections of Acilius vasa deferentia treated with silver nitrate
methenamine for periodic acid reactive carbohydrates exhibit speci-
ficity of staining. In each flagellum accessory fibres (AF) and
central tubules (CT) are densely stained whereas the doublets (D)
are not as densely stained (Figs. 132, 133). The layer of material
(DM) between paired sperm heads and the acrosome, acrosomal and
nuclear membranes (NH), nuclear envelope, mitochondrial derivatives
(MD) and 'microtubular border' (MB) are also densely stained (Figs.
131, 132, 133). The material surrounding the sperm is not densely
stained (Fig. 131). In the epithelial cells of vasa deferentia walls
the granular material has both a high and a low electron density
(Fig. 133). The nuclei and spaces surrounding flagella and mitochon-
drial derivatives are unstained (Figs. 131, 132, 133). In
muscle, which surrounds the epithelial cells of vasa deferentia,
staining of myo-fibrils (MF), mitochondria (M) and glycogen (GC)

occurs (Fig. 134).

Irypsin treatment

The internal components of each flagella are separated from each

other following short periods of treatment with Trypsin (0.5% aqueous).
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As the duration of treatment is increased doublet tubules (D) of
each flagellum collapse and their subunits (SU) fray out prior to the
collapse of the accessory fibres (AF) and central tubules (CT)

(Figs. 135-138). The subunits are about 7.0 am in diameter (Figs.
135-138). In most preparations of sperm treated with Trypsin for 30
mins there are many bundles of tubules which resemble frayed out

subunits (Figs. 139-140).

EPronase

In sections of vasa deferentia treated with pronase the chromatin,
accessory fibres (AF), central tubules (C?) and the paracrystalline
material (PC) in mitochondrial derivatives (MD), are digested (Figs.
141, 142). The doublets (D) in each fiagellum zre only slightly
digested (Figs. 141, 142). The layer of densely stained granular
material between each pair of sperm heads is not digested. In trans-
verse sections through control specimens the profiles of flagella are
more distinct than they are in sections whibbh have been treated in the
normal way (see section (a) electron microscopy). Fig. 143 indicatés
that T.C.,A, solubilizes some of the material bDetwzen the flagellar

fibres.
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DISCUSSION

Accessory fibres and central tubules are not only similar to
each other in morphological detail but they react in a similar manner
to treatment with detergents, proteolytic enzymes and special histo-
chemical staining techniques. However doublets differ from accessory
fibres and central tubules in their morphology and in their response
to the several treatments which have been used. Treatment with sodium
lauryl sulphate, sarkosyl, and trypsin, induces breakdown of doublets
before that of either accessory fibres or central tubules. The response
of doublet fibres to digestion and silver nitrate methenamine staining
is much lees than it is in accessory fibres and central itubules. In
treated doublets subfibre B collapses before subfibre A, Behnke and
Forer (1967) and Bigliardi, Baccetti, Burrini and Pallini (1970)
have also demonstrated that accessory fibres and central tubules are
similar to each other but differ from doublets in morphology and
chemical composition. Behnke and Forer (1967) also observed that in
doublet tubules, subfibre B collapses before subfibre A, Silver
nitrate methenamine staining and enzyme digestion shows that accessory
fibres and central tubules in Acilius are composed of both periodic
acid reactive carbohydrates and proteins. Behnke and Forer (1967)
demonstrated the presence of proteins in accessory fibres, central,
tubules, and doublet tubules of Nephrotoms. Bigliardi, Baccettj,

Burrini and Pallini (1970) observed that in Bacillus accessory fibres



and central fubules are composed of succinic - dehydrogenase and
cytochrone otidase but that the doublets are composed of glucose-b-

phosphatase, Accessory fibres and central tubules in
Ceratitis are similar to those in Bagillus. They also possess small
amounts of polysaccharide and a diffuse content of proteins, The
doublets in Coraptitis are entirely proteinaceous.

In Acilius the parscrystalline material in mitochondrial deri-
vatives is formed of periodic acid reactive carbohydrates and protein,
MimocHoNpRIA

Adlerivatives have also been shown to exhibit glucose-G-phosphatase
activity (Anderson, 1968). They also contain glycogen (Anderson,
1968; Anderson and Personne, 1970)., UTPase and cytochrome oxidape
(Bigliardi, Baccetti, Burrini and Pallini, 1970) and respiratory

proteins (André, 1962; Mayer, 1964).

Cantacuzene (196&) suggested that secretions of mucopolysaccharides
and mucoproteins are responsible for the associations of sperm in
certain ensiferans and caeliferans. As the densely stained layer of
grenules between each pair of sperm heads is composed of periedic acid
reactive carbohydrates a similar type of situation may exist in
Acilius to those described by Cantacuzéne, Ballowitz (1895) suggested
that a 'cementing substance' wvas responsible for bringing about union
of sperm heads, It may be that the densely stained layer of carbohydrate
granules described here between paired sperm heads acts as a ‘cement’'.
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Dytiscus sperm differ from Acilijus sperm in several ways. The
acrosomes in Dytiscus are surrounded by a granular material (GL) of
medium electron density (Fig. 154). Dytiscus sperm heads are highly
asymmetrical and they possess a BAaB (HK) which extends out from the
flat surface of each head in the posterior region (Figs. 145-150).

The main part of each BARR (HK) is formed of nuclear material and a
wedge-shaped structure (WS) of material which is situated between the
membranes of the nuclear envelope (Figs. 148, 155, 156, 157). In all
the sectioned material examined of paired heads the BeeRs are never
seen in contact with each other., Situated between paired heads in
Dytiscus there are two layers of coarse granular material (DM) which
is electron dense (Fig. 155). The initial segment (IS) is straighter
and more rigid in Dytiscus than it is in Acilius (Fig. 144). The
'microtubular border' (MB) in each initial segment is wider and thicker
than it is in Acilius (Fig. 159). These 'microtubular' structures have
also been examined in longitudinal sections (Fig. 158) and in negatively
stained whole mount preparations (Fig. 153). The central elements (CE)
in the accessory fibres (AF) are present throughout the length of the

' posterior portion of each sperm (Fig. 160).

Treatment of sectioned Dytiscus sperm with silver nitrate

methenamine gave similar results to those obtained for Acilius. The
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layers of coarse granular material (DM) between paired sperm heads

stains intensely (Fig. 161).

Treatment of Dytiscus sperm with pronase gave similar results to
those obtained for Acilius. The coarse granular material (DM) between
paired sperm heads is not digested (Fig. 162) whereas accessory fibres
(AFP) and central tubules (CT) are digested (Fig. 163). The wedge-shaped
structure (WS) in each BAGR (HK) is partially sesvewmizebwith periodic

acid in control specimens (Fig. 164).

Colymbetes sperm differ from those of Acilius in that the sperm
are usually found in groups with their heads (HD) arranged around a
densely stained mass of granular material (DM) (Figs. 165, 168, 172,
173, 178). Pairs and single sperm are present in saline preparations
(Figs. 166, 167). Colvmbetes sperm heads are highly asymmetrical and
different in shape from Agilius heads (Fig. 169). In the acrosomal
region the granular mass (DM) has a medium electron density but
posterior to this region it has a high electron density (Figs. 172,
173, 176, 177). The complex system of membranes in the acrosomal
region can be seen in Figs. 170 and 172. The heads in each group of
sperm are always aligned in such a way that the acrosomes (A) are
associated with the granular mass (DM) and so that the hoods (HO) are
alvays directed away from the mass (Figs. 172, 173, 177). A granular

mass (GM) of medium electron density extends out from each hood
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(Figs. 171, 174). There is no initial segment in Colymbetes sperm,
only a posterior portion (PP) and an end piece (EP) (Fig. 165). The
central elements (CE) in accessory fibres (AF) are present in the end
piece of cach tail (Fig. 175). There is a coating of gramular material
(GL) on the inside of the cell membrane (CM) in each end piece

(Pigs 175).

The helices and flagellar waves are more pronounced in Colymbotes
than they are in Acilius (Figs. 165, 168). There is no straight rigid
region in the anterior of each tail in Colymbetes (Figs. 165-168).

The tails in a group of sperm beat at the sams rate,

Sections of Colvmbetes vasa deferentia treated with silver nitrate
methenamine gave similar results to those obtained in Acilius (Figs.
178, 179, 180), The material (DM) of high electron density between
sperm heads and the granuler material (DH) of medium electron density
surrounding the acrosomal region are intensely stained (Figs. 178,

179).

Treatment with pronase of Colymbetes material resulted in the
digestion of the high electron dense material (DM) between heade but the
granular material (DM) of medium electron density is not digested
(Pigs. 181, 182). Digestion of other sperm components was similar to
those & Aciliugs; the central regions of accessory and central palr
fibres wore digested before those of doublet fibres (Figs. 181, 132, 183).
Periodic mecid partially sonveines some of the sperm material in control
specimens (Fig, 184).
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Azabus spern

Agabusg sperm differ from those of Acilius in that pairing is only
detectable in saline preparations (Figs. 186, 187). Sperm heads are
not closely apposed along their lengths as they are in Acilius but
are only attached near their tips (Fig. 187). There is no specific
arrangement of the sperm within the groups which occur in Agabus
(Figs. 189, 190, 191). In Agabus there is a @AaB (HK) which extends
out from the posterior region of each head and it is similar to the
BARBS in Dytiscus (Figs. 185, 187, 188, 189). Each 8AaB (HK) is
surrounded by a granular mass (M) of material which extends out from
the hood (HO) (Fig. 189, 191). There is a diffuse layer of material
(DF), which is unevely distributed and is adjacent to the heads in
Agabus (Figs. 189, 190, 191). Each tail consists of only a posterior
portion and an end piece. The central elements (CE) in the accessory
fibres (AF) do not disappear at certain devels in Agabug as they do in
Acilius (Figs. 192, 193). In each end piece (EP) there is a coating
of granular material (GL) between the flagellum and cell membrane (CM)

similar to that seen in Colymbetes (Fig. 193).

In the anterior region of each tail in Agabusg there is no straight
rigid region and the helices and flagellar waves are more pronounced
than they are in Acilius (Fig. 187). Due to the absence of any specific
arrangement of the sperm heads within a éroup or a 'cementing' material
in Aggbus, treatments with silver nitrate methenamine and pronase

were not carried out.
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DISCUSSION

Certain similarities and differences between the Dytiscid sperm
studied have been observed. The sperm heads are all highly asymmetrical
with an acrosome at the anterior tip and a hood in the posterior region
of each head, The main structural differences between the heads are
the presence of a B8ARR in each head in Dytiscus and Agabus and a mass
of material which extends out from the hood in Agabus and Colymbetes.
The fact that in Dytiscus the 88R8S in paired sperm do not come into
contact with each other in vasa deferentia suggests that they do not
play a signficant role during the formation of sperm-pairs or in
maintaining pairs, once they have been established, This suggestion
is supported by the finding that iﬁ Agabug sperm there are also BARRS
present in their heads although pairing does not occur. Dytiscus and
Acilius both have initial segments in the anterior region of their
tails due to the presence of a 'microtubular border'. The initial
segment in Dytiscus is straighter and more rigid than it is in Acilius.
This may be due to the larger size of the "microtubular border' in
Dytiscus. It is also interesting to note that sperm of the closely
related genera Acilius and Dytiscus both form definite sperm-pairs,
whereas Colymbetes and Agabus sperm do not. The presence of a
'microtubular border' in Acilius and Dytiscus sperm may help in the
production of paired sperm due tothe restriction of the flagellar

movement and coiling in the initial segment. It appears that the
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presence of a '"microtubular border' is essential for the rigidity of
the initial segment in Acilius end Dyfiscus. There is no rigid region
in the anterior region of sperm tails in Colvmbetes and Agabus which
both lack a 'border', The groups of sperm are different in Colymbetes
end Agabus. In Colymbeteg the sperm heads are associated with a mass
of material in a specific manner to form clearly defined groups.

There is apparently no specific arrangement of heads in the groups of
Agshus sperm or an assoc_iat:l.on with either a mass of material or a
layer of granules similar to those in Acilius and Dytiscus. The granular
layer of material between paired Dviiscus sperm heads contains periodic
acid reactive carbohydrates and is not digestéd with pronase in a
sinilar way to the granular layer of Acilius. The material of medium
and high electron density with which the sperm heads in Colvmbetes

are associated also contains periodic acid reactive carbohydrates.

The high electron dense material also contains protein as it is
digested with pronase., However the medium electron dense material

is not digested. Therefore the composition of the granular layer of

material in Acilius and Dytigcus is similar to the material of medium

electron density in Colymbetes but is different from the material of
high electron density in Colymbetes. Therefore it may be that the

presence or absence of a 'cementing' material and its composition is
in some way responsible for the different types of associations produced

between the Dytiscid sperm which have been studied. 1In two subclasses
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of orthopterans Cantacuzene (1968) observed associations between
sperm in genital ducts and testicular follicles. The structure and
chemical nature of the secretions associated with the sperm heads are
different. The 'cementing' substances in dytiscids also show dif-
ferences in their chemical composition where pairing and grouping
only occurs in vasa deferentia, In their study of several families
belonging to the homopteran suborder Auchenorhyncha Folliot and
Maillet (i970) observed that in some families sperm bundles are
formed with their heads embedded in a protein material and that in
other families sperm bundles are not formed. My observations indicate
that pairing and grouping in dytiscids is largely influenced by the
highly asymmetrical structure of the sperm heads combined with the
movement of the sperm and on the composition of the 'cementing'

material,
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Sanpaxy

Spern pairing in Agiliug is a separate procese from sperm develop-
ment, Paired sperm in jgiliug are not produced from the same secondary
spermatocyte (sister cells). Sperm-pairs in Agiliug have only been
observed in vasa deferentia. Pairing does not ocour in the testes.

A layer of coarse granules between paired sperm heads may act as a
‘coment'., This 'cement' contains periodic acid reactive carbohydrates.
Paired sperm heads are not mirror images of each other or "right"™ and
"left" handed, The two heads in a pair have identical shapes which
are such that the two heads fit closely against and around each other,
Dytiscus sperm pair in a similar manner to Agiliug sperm. Colymbetes
gperm form groups with their heads arranged around a mass of ‘cement'
which contains periodic acid reactive carbohydrates, In the groups
of sperm which are formed in Afmbus vasa deferentia there is no
specific arrangement of the sperm heads im relation to each other,
The 'cementing' materials found in Aoiliug, Driisous and Colymbotes
are absent in Agahus.

All the dytiscid sperm heads which have been studied are
highly asymmetrically shaped.

Ireatment with detergents, proteolytic enzymes and special
histochemical ataining techniques have domonstrated that the accessory
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fibres and central tubules in Acilius sperm tails are similar to each
other and that they differ from doublet fibres., The paracrystalline
material in mitochondrial derivatives contains periodic acid reactive

carbohydrates and protein.

An 70 system of sex chromosomes has been demonstrated for
Acilius.

The fine structure of synaptinemal complexes and polycomplexes

in Acilius is described in detail.
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Figures 1-71 are micrographs of material from Acilius testes except
for figures 15-21, 44, 50 and 51 vhich are micrographs from Agabus
testes., Figures T72-143 are micrographs of sperm from Acilius vasa
deferentia. Figures 144-164 are of Dytiscus sperm, figures 165-184
are of Colvmbetes and Figures 185-193 are of Agabus sperm.
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Fig. 1. Diagram to show the gross form of the main reproductive
tissues in Acilius. The testes (T), vasa deferentia (VD)
and accessory glands (AG) are all paired. There is a

single median ejaculatory duct (EJ).






Fig. 2. The main features which occur during spermatogenesis are

illugtrated in this diagram,
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Figs, 3-6 shov longitudinal sections through testes of

Acilius stained with Heidenhain's heematoxylin., Bright field

nicroscopy.

Fis.

Pig.

Fig.

Fig.

3

4.

5.

6.

A section showing cells at meiotic metaphase I (Mt'),
meiotic telophase I (HT‘), meiotic metaphase II (an),
meiotic anaphase II (le) and early spermatids (SD‘).

x 216,

In this section stage 1 epermatids (SD‘) and stage 2

epernatids (sp?) are present as well as cysts of spermatids
with their nuclei arrenged in a ‘'horseshoe configuration'

(). =x 216,

In stage 5 spermatids (5D°) the nuclei are filled with
densely stained chromatin and in some cases they are
situated near the epithelial border (E) of testes.

x 216,

The nuclei in stage 7 spermatids (sp7) are spindle~-shaped.

x 216.
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Figs. 7=-9 show longitudinal sections through Acilius

testes and a vas deferens stained with Heidenhain's haematoxylin.

Bright field microscopy.

Fig. ?o

Fig, 8.

Fig.

Fign

9.

10.

A section through a testis to show mature sperm (MS)

arranged in groups. x 216,

Mature sperm (MS) in vasa deferentia are not bound
together in cysts as they are in testes, The lumen of
vasa deferentia are surrounded by a layer of cuboidal

epithelial cells (EC). =x 600,

In mitotic metaphase (MM) cells the mitotic apparatus
oocupies most of the cell, Separating sister chromosomes
are clearly visible in cells at meiotic anaphase (MA),

X 600.

This is a similar section to the one in Fig. 9 but it has

‘been treated with Feulgen reagent. Chromosomes in mitotic

metaphase (MM) and anaphase (MA) cells are Feulgen positive.

x 600,



B o e 'fi';!'-.ﬁ'-‘ -
A * 4

[ .-‘“.'_? mﬁ“’r

MS 5




Fig. 11.

A transverse section through a group of primary spermato-
cytes at early pachytene, The nucleus (N) fills most

of each cell. Chromatin (CN), synaptinemal complexes (SC)
and a darker staining nuclear material (DN) are present
within some nuclei., In the cytoplasm surrounding the
nuclei in these cells rough endoplasmic reticulum (R),
mitochondria (M) and Golgi bodies (G) are present,

x 12,500,






Fig. 12. In spermatocytes at a later stage than those in Fig. 11
the chromatin (CN) is more condensed and the synaptinemal
complexes (SC) are clearly visible. Golgi bodies (G)

are present in the cytoplasm. x 12,500.






Pig. 13.

Fig. 14.

Transverse section through a spermatocyte showing the
chromatin (CN) and synaptinemal complexes (SC) within
the nucleus (N)., Golgi bodies with densely stained
membranes and elongate mitochondria (M) are present in

the cytoplasm. x 12,500,

A Golgi body (G) at a higher magnification to show the
densely stained membranes that are associated with some

Golgi bodies. x 0,000,






Fig. 15.

Figq 16.

Fig' 17.

Paired centrioles (C) which occur in spermatocytes
exhibit a typical arrangement of 9 sets of triplet

microtubules when cut transversely. x 40,000,

Synaptinemal complexes (SC) are found in nuclei of
meiotic prophase cells. This synaptinenal complex
has been cut longitudinally showing part of the

central element (CE). x 40,000,

A longitudinally sectioned polycomplex (P) of three
synaptinemal complexes fused together with chromosomal
material (CL) lying on both sides of the polycomplex.

x 40,000,






F‘ig. 18.

Fig, 19.

Fig. 20.

Fig. 21 -

Figs. 18-21 are all longitudinal sections through synap-
tinemal complexes (8C) from cells at meiotic prophase.

A synaptinemal complex (8C) in contact with the nuclear
envelope (NE) in a region where the membranes are closer
together and stain more densely than elsewhere., The
lateral elements (L) are marked by the chromosomal
material (CL), x 70,000,

Synaptinemal complex (SC) showing the dense lateral

elements (L) clodely associated with chromosomal material
(CL) and between the lateral elements there is a central
element (CE). Periodic transverse striations (PT) pass
obliquely across the central element and in register

with and parallel to the longitudinal axes of the striations
transverse filaments (TF) extend from the central element

to the lateral elements. x 60,000.

A gimilar view of a synaptinemal complex (sC) to the one
in Figs. 18 and 19 showing the lateral elements (L),
central element (CE), periodic transverse striations
(PT) and transverse filaments (TF). The synaptinemal
complex is in contact with the nuclear envelope (INE).
Chromosomal material (CL) is gituated in the close
proximity of the lateral elements, =x 120,000,

A section grazing the edge of a complex (SC) shows that
the transverse filaments (TF) are circular. x 60,000,






Figs. 22-25 are longitudinal gections through testes stained with

Heidenhain's haematoxylin. Bright field microscopy.

Fig, 22. Meiotic metaphase I (MM') and metaphase II (MM2) cells
have their chromosomes arranged on the equator of the

spindle. x 600,

Fig. 23. Cells at meiotic metaphase I (MM1), anaphase I (HA1),
telophase I (MT1) and telophase II (MTz). In late
meiotic telophase I (MT1) the cell membrane (CM)

separates the two daughter cells, =x 600,

FPig. 24, A gimilar view to Fig., 23 showing célls at meiotic
metaphase I (MM‘), anaphase I (mal), telophase I
(Mr'), metaphase II (M%) and telophase II (MT?)

X 600-

Fig. 25. This section shows meiotic metaphase I (HH').
metaphase II (MHz), early ansphase II (Eaz) and
telophase II (MT?) celis. x 600.






Fig. 26. Longitudinal section through a testis showing cells at
meiotic metaphase I (MH‘), late anaphase II (14%) and
telophase II (M@z) stained with Heidenhain's haematoxylin,

Bright field microscopy. x 600.

Figs..27-29 are longitudinal sections through testes treated with
Feulgen reagent. The chromatin is Feulgen positive and it is

densely stained, Bright field microscopy.

Fig. 27. Illustrated in this section are meiotic metaphase I (MM1),

ansphase II (MAa) and telophase II (M@g) cells. X 600.

Fig. 28. A sgimilar view to Fig. 27 showing cells at meiotic
metaphase I (HH1), metaphase II (Mm?) end anaphase II
(%), x 600.

Fig. 29. This section illustrates cells at meiotic metaphase I
(mmﬁ). metaphase II (MHz), early anaphase II (EAz),
jate anaphase II (Lha) and early spermatids (SD).

x 600,






Figs. 30-32 are squash preparations of Feulgen treated testes.

Fig. 30, This squash shows meiotic metaphase I (1f') cells with
their chromosomes arranged on the equator of the spindle
except for the single X chromosome (X) which is segregated

from the main bundle of chromosomes. x 1,400,

Fig. 31. A similar view showing meiotic metaphase I'(Hmﬁ) and
anaphase I (Ml') chromosomes arranged on the spindle.
The X chromosomes (X) are separate from the main bundle

of chromosomes. x 1,400.

Fig., 32. In meiotic metaphase II (MH?) cells there are two X
chromosomes (X) with one at each spindle pole.

x 1,400,






Fig, 33,

A longitudinal section through a meiotic metaphase I
cell showing the chromosomes (CH) arranged at the
equator of the spindle and close to the cell membrané
(CM) and spindle pole (SP) a centriole (C) is situated.
At the periphery of the mitotic apparatus there are
several elongated mitochondria (M). At this stage the

nuclear envelope is completely broken down. x 15,000,






Fig. 34. A longitudinal section through a meiotic metaphase I
cell showing the chromosomes (CH) arranged at the
equator of the spindle. The nuclear envelope is

completely broken down. x 12,500,






Fig. 35. A longitudinal section to show the fine structure of

| the spindle tubules (ST) and their attachment points to
the chromosomes (CH) at the kinetochores (K). Elongated
mitochondria (M) are situated at the periphery of the

mitotic apparatus. =x 25,000,
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Fig. 36-

Fig. 37-

In meiotic telophase I cells chromosomes (CH) are clumped
at opposite ends of the cell and elongate mitochondria
(M) pass between them. The cell membrane (CM) furrows
in towards the mitochondria at the equator of the cell.

Golgl bLodies (G) are present in tae cytoplasm. x 4,000.

A longitudinal section through a cell at late telophase
I showing the separation of the cell into two dauéhter
cells by the cell membrane (CM)., Chromosomes (CH),
mitochondria(M), Golgi bodies (G) and a centriole (C)

are also present in this micrograph. x 6,000,






Fig. 38.

Part of the section illustrated in Fig. 36 at a higher
magnification to show the spindle tubules and their
close associations with the elongated mitochondria (M)
in meiotic telophase I cells, Part of the cell membrane
(Ci) which furrows in towards the mitochondria is also

present. x 37,500.






Figs. 39-43 represent stages in the initial development of the
flagellum present in meiotic metaphase II cells.

Fig. 39.

Fig. 40.

Fig. 41.

Fig. 42.

Fig. 43.

A longitudinal section through a centriole (C) and a
cup-shaped vesicle (CV). Flagellar microtubules extend
from the centriole and project into the vesicle. This
centriole is situated near the spindle pole (SP).

X 40,000,

An oblique section through a cup-shaped vesicle (CV)
and the centriole microtubules (C). x 20,000,

A pair of centrioles (C) which have been cut longi-
tudinally showing the orientation of the centrioles to

each other and to the cup-shaped vesicle (CV). The vesicle
in this case appears to be clear and empty. =x 20,000,

The cup-shaped vesicle (CV) in this section is continuous
with the cell membrane (CM), There is a granular mass

(GM) at the tip of the vesicle. The flagellar microtubules
from one centriole \C) project ints the vesicle (CV)

which the other centriole (C) is orientated at right
angles, Both centrioles are situated near the spindle

pole (S?). =x 40,000.

This section is similar to Fig., 42 showing the centrioles
(c), and a cup-shaped vesicle (CV) and gramuler mass (GM)
vhich are continuous with the cell membrane (CM). The
centrioles are situated in the region of the spindle

pole (SP). =x 20,000,






Fig, 44, The chromosomes (CH) are positioned at the spindle
poles in late méiotic anaphase II cells. The mitochondria
(M) are elongate and they are situated at the periphery
of the spindle., Golgi complexes (G) can be seen in the

cy‘toplasm. X 15'000.
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Fig. 45.

Fig. 46.

Fig. 47.

Longitudinal section through part of a testis to show
that early spermatids (SD) are not specifically arranged
within & cyst and that stage 2 spermatids (SDz) are
pituated at the periphery of a cyst. Stage 3 spermatid
nuclei are arranged in a 'horseshoe configuration' (H)
at the periphery of the cyst and the tails (T) are
directed away from the 'horseshoe' formation., Stained
with Heidenhain's haematoxylin, Bright field microscopy.
x 600,

Stage 2 spermatid nuclei are spherical with densely
stained chromatin (DN) adjacent to the nuclear envelopes.
Feulgen squash preparation and bright field microscopy.

x 1,400,

Transverse section through the nebenkern (NK) of an early

spermatid which has been formed by the aggregation of
the mitochondria. x 16,000,






Fig. 48, A similar view to Fig. 47 showing the nucleus (N) and
the nebenkern /(NK). An early stage in the development
of a flagelluym (F) with a 9 + 2 arrangement of tubules

/
is also pregent, x 10,000,

Fig. 49. Sectionféhrough several early spermatids showing their
irréguiar shape. Numerous vesicles (V) and a Golgi
d;mpiez (G) are present in the cytoplasm. In each
nucleus (N) the densely stained chromatin meinly lies
near the nuclear envelope. The nebenkern (NK) is closely

gsituated to the nucleus. x 10,000,






Fig. 50,

Fig- 5%

The chromatin (CN) in stage 3 spermatids is more condensed
than in earlier stages and a proacrosomal (PA) granule is
situated close to the nucleus., Several Golgi bodies (G),
two mitochondrial derivatives (MD) and a flagellum (F)

are present in the cytoplasm. The flegellum contains a

9 ; 2 arrangement of microtubules and a curved structure
(CD) extends from subfibre B (SB) of each doublet (D).
Microtubules are present in the vicinity of the flagellum

and mitochondrial derivatives. x 20,000,

A section through a similar stage to Fig. 50 but passing
through a region of the nuclear envelope (NE) whichi has
a densely stained material clumped ageinst it. Adjacent
to this region there is a basal body (B). Chromatin
(cN), Golgi bodies (G), mi tochondrial derivatives (¥)

and a flagellum (F) are alsc present.' x 16,000,






Fig. 52.

Fig. 530

An oblique section through the base of a nucleus in a
stage 5 spermatid passing through the fibrous centriole
adjunct (CA) which surrounds the basal body (B) of the

flagellum. x SO.OOO.I

A longitudinal section through two stage 5 spermatids.
Densely stained éhromatin (cN) fills most of each
nucleus., Microtubules (MT) lie closely against the
outside of the nuclear envelope (NE) in regions where
there are densely stained deposits on the inner surface
of the envelope. At the anterior tip of the nucleus an
acrosome (A) is closely associated with the nucleus.

x 20,000,






Fig. 54-

Figa 55,

Trancverse section through part of a nucleus to show the
microtubular (MI') associations with the nuclear envelope

(M2) in stage 5 spermatids., x 50,000,

A gimilar transverse section through a nucleus of a

stage 6 spermatid shows that the densely stained regions
of the nuclear envelope have extended along the internsal
surface of the nuclear envelope (NE), The microtubules
(M) increase to the same extent on the external surface

of the nuclear envelope. x 60,000,






-Fig. 56.

Pig, 57.

A sperm tail of a stage 5 spermatid transversely cut to
shovw the spatial arrangement of the flagellum (F) and

the mitochondrial derivatives (MD). The curved strucfgres
found in earlier stages of spermatids are now C-shapeé (cs).
A flattened membrane-bounded vesicle (DL) separates the
flagellum (F) from the mitochondrial derivatives (MD).
Several microtubules (MT) can be seen in the vicinity of
the flagellum and mitochondrial derivatives. There are

many vesicles (V) in the cytoplasm. = 80,000.

In stage 6 spermetid tails the C-shaped structures have
separated from the doublets (D) and formed accessory
fibres (AF), The mitochondrial derivatives (MD) are
smaller than they are in stage 5 spermatids. In each
derivative there is a densely stained region. Microtubules
MIToCHoNONIAL

(MT) are present in the vicinity of the)derivatives and

flagellum, x 80,000,






Fig. 58.

Fig. 59.

Fig. 60.

Fig., 61,

Longitudinal section through part of a testis showing
a group of stage 4 spermatids (SD4) with their nuclei
adjacent to the epithelial border (2), Spermatids at

stage 2 (SDz) and 3 (H) are also present in this section,

" x 600,

A Feulgen squash preparation of stage 5 (SDB) nueclei
shows that the densely stained chromatin (CN) fills most

of each nucleus. Bright field microscopy. x 1,400,

Stage 5 spermatids (SD°) aligned along the epithelial
border of a testis with their nuclei filled with densely
stained chromatin (CN)., Stained with Heidenhain's

haematoxylin, Bright field microscopy. x 600,

As the chromatin condenses in stage 7 spermatids the

nuclei become spindle-shaped (IS)., =x 600,






Fig. 62.

Transverse section through severasl stage 7 spermatids.

In the nuclei there are many less dense areas and there
are only small regions of nuclear envelope (NE) which are
not densely stained. Within a cup-shaped indentation of
each nucleus a centriole (C) and mitochondrial deriva-
tives (MD) are situated. Microtubules (MT) are associated
with regions of nuclear envelope (NE) which are densely
stained, A double membrane (DE) surrounds the flagellum
(F), mitochondrial derivatives (MD) and granular area
(GA). There are several microtubules (MT) in the vicinity

of these components, x 50,000,






Fig. 63. The nuclei are more flattened in stage 8 spermatids than
they are in stage 7 spermatids and the chromatin (cN)
is more condensed. The granular area (GA) is now a
V-ghaped rib. The acceéaory fibres (AF) are-filled

with a densely stained material. x 16,000,

Fig., 64, In late spermatid nuclei the chromatin (CN) ie more
condensed than in earlier spermatids. Microtubules

(MT) are still associated with the nuclei. x 32,000,






Fig. 65,

A transverse section through late spermatid tails shows

a V-ghaped rib (GA), two densely stained bars (DB),

a flagallum.(F) and mitochondrial derivatives (MD)

and that the region of densely stained material in the MitecrionDRIAL

derivatives is cross-striated (CR). x 50,000,






Fig. 66,

Figo 67.

The nucleus of a spermatid at a later stage than in
Fig. 65 is shaped like a mature sperm head. The
chromatin (CN) is fully condensed and evenly distri-
buted. The cell membrane (CM) is closely associated
with part of the nucleus while microtubules (MT) are
associated with other parts of the nucleus, Mitochon-
drial derivatives exhibit a honey-comb-like pattern

(ac). =x 60,000.

Transverse section through several mature sperm (MS)
from part of a testis. The nuclei are filled with
densely stained chromatin (CN), At certain levels in
the nuclei slit-like (SL) regions open out into the
tail area (T)., Microtubules (MT) can still be seen in

the tails, Testicular sperm are not paired. x 20,000,






Fig, 68,

Fig. 69.

Fig. T0.

Fig. T1.

A longitudinal section through part of a testis showing
the densely stained chromatin (CN) in the nuclei of mature
spernm (MS), Testicular sperm are still arranged in groups
and their tails are in a wave form, Stained with
Heidenhain's haematoxylin, Bright field microscopy.

z 600,

A section of part of a testis treated with Feulgen
reagenl to show that the densely stained chromatin (CN)

in mature sperm (MS) muclei is Feulgen positive., x 600,

In a Feulgen treated squash preparation the mature sperm
(MS) nuclei are spindle-shaped and the chromatin is

Feulgen positive. x 1,400,

A gimilar view to Fig. 70 showing that the mature sperm
(1S) nuelei are composed of Feulgen positive chromatin.

x 1,400,






Figs. T72-76 are photographs of live sperm from Acilius vasa

deferentia using phase contrast microscopy.

Fig. T2. A pair of sperm with their heads (HD) closely associa-
ated, The initial segment in the anterior region of
each tail is rigid and the posterior portion has a

coarse helical shape. x 600.

Fig. 73. A similar photomicrograph showing a pair of sperm with
their heads (HD) closely associated. The initial seg-
ments are rigid and the posterior portions have a

helical shape. The end piece is pointed. x 600,

Fig. 74. A pair of loosely associated sperm heads viewed from
above and the ai&e. The flagellar helices appear as

short waves. x 1,400,

Fig. 75 Single sperm showing the shape of the head (HD) and
the flagellar helices in the initial segment of the

tail. =x 1 g400.

Fig. 76. The apex of one sperm head (HD) is at a alightly'
different level from the other one. The flagellar
helices are present as short waves in the initial

segment of the tail. x 1,400.






Fig. T7.

Fig. T78.

Squash preparation treated with Feulgen reagent to show
that the heads in mature sperm from vasa deferentia are
composed mostly of Feulgen positive nuclear material.

R | ’400|

Sperm from vasa deferentia place in liquid paraffin
form whorls of sperm. The sperm heads (HD) are closely
associated and the sperm move forwards with the flattened

sides of the heads in a horizontal position. x 600,






Figs. 79. A schematic diagram of a mature Acilius sperm illustrat-
ing the main components of the sperm. Diagrams of
transverse sections at certain levels aré also illus-
trated and their levels are indicated. An acrosome
(4) is attached to the anterior tip of the head and
there is a groove (GR) in the short side.. An invagina-
tion (SI) occurs in the ventral surface of the head.

The initial segment of the tail contains a "microtubular
border' (MB), flagellum (F) and two mitochondrial
derivatives (MD) of umnequal size., The 'microtubular
border' disappears at approximately 55 pm and the
posterior portion begins. There is an apparent reduc-
tion in the size of the mitochondrial derivatives (MD)
along the length of the posterior portion and they
terminate approximately 320 pm from the head. The end

piece contains only the flagellum (F),
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Fig, 80, Schematic diagram of an Acilius sperm head to illustrate
the shape of the head and its special features and the
position of the tail in relation to the head. Diagrams
1-8 represent transverse sections through a head and
their levels are indicated im the diagram of the head.
The features of the head which are illustrated are the

acrosome (A), nucleus (N), groove (GR), centriole

adjunct, (CA), mitochondrial derivatives (MD), hood
(Ho), flagellum (F), an invagination (SI) and micro-

tubules (MT),
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Fig. 81.

A schematic diagram to illustrate the terms which I

have used to describe the highly asymmetrical shape of
the head, The surfaces of the head which are always
apposed to each other are ventral and the acrosome is
situated at the anterior of each head. The tail extends

out from the short side.
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Fig. 82.

Fig. 83,

An electron micrograph of a negatively stained sperm
head showing the outline of the head with the groove
(GR) on the short side and an invagination (SI) in the
posterior region of the head. The acrosome (A) is
outlined at the anterior of the head. The cavity
formed by the hood (HO) can be seen in the posterior

region of the head. =x 15,000.

A pair of negatively stained sperm heads showing that
the apex of one sperm head is at a different level
from the other one. The hoods (H) and invaginations
(8I) are visible in the posterior region of the heads,

z 1 2’500-






Figo 84.

Fig. 85.

Fig. 86.

Part of the initial segment of a negatively stained tail
showing the 'microtubular border' (MB), flagellum (F)
and cristae (CB) in the mitochondrial derivatives,

x 50,000.

Some mitochondrial derivatives exhibit zig-zag (%) arrays,
vave (W) arrays and a transverse periodicity (TP). The

cristae (CB) are spaced at regular intervals. x 100,000.

A region of posterior portion and an end piece of a sperm
tail, The beginning of the eud pilece is clearly marked
by the termination of the mitochondrial derivatives in
the posterior portion. Cristae (CB) are presént along

HMiTocHoNDRAL
the length of thejderivatives. x 12,500.



.
!




Figs, 87-91 are electron micrographs of transverse sections through

paired sperm heads.

Fig. 87.

Fig. 88.

Fig. 89.

Fig. 90.

Fig. 91.

The acrosome (A) is granular and is bound by the cell
membrane (CM) and separated from the head by the nuclear
envelope (NE), There is a densely stained material (DA)

coating the outside of the cell membrane., x 60,000,

A similar section to Fig. 87 but cut at a more posterior

level, x 60,000,

A section through a more posterior level than Fig, 88.

x 60,000,

The groove (GR) in the short side of the head appears at
a level below the posterior region of the acrosome, The
densely stained material (DA) which coats the cell
membrane (CM) appears as short parallel bars (BR) in some

cases, x 60,000,

The sperm heads are surrounded by the cell membrane (cM)
and nuclear envelope (NE) and a densely stained material
(DA) coats the outside of the cell membrane., Between the
heads there is a layer of coarse granular material.

X 60.0000






Figs. 92-94 are electron micrographs of transverse sections through

paired sperm heads. The heads are enclosed by the cell membrane

(CM) and

nudlear envelope (NE) and a densely stained material (DA)

coats the ouﬁpide of the cell membrane. There is a layer of coarse

granular

relation

Figo 92.

Fig. 93.

Fig. 94.

\
matef@al between the heads. The position of the tail in

\

to thé\head can be seen.

At thé%anterior tip of each tail there is a centriole

adjunct (CA) and one mitochondrial derivative (MD),
NITOLHONDRIAK

Adjacent to the,derivative, microtubules (MT) are

present, x 60,000,

There are two mitochondrial derivatives (MD) in sections
vhich are cut at a more posterior level than in Fig. 92.
The centriole adjunct is still visible. The coarse
granular material (DM) between the heads is clearly shown

in this section. x 60,000,

Sections through the anterior region of the hood (HO)
appear as slits in the h@ad.'.Flagellar tubules (FT) are
present in the granular material of the centriole adjuncte
(CA) and there is a paracrystalline (PC) material in the

mitochondrial derivatives (MD). x 60,000,






Figs. 95 and 96 are transverse sections through the posterior

regions of oaired sperm heads showing the cell membrane (CM),

nuclear envelope (NE), densely stained material (DA) coating the

outside of the cell membrane and the hood (HO)., The tails contain

a 'microtubular border' (MB), flagellum (F), mitochondrial deriva-

MTOCHONORIA L

tives (MD) and microtubules (MI') adjacent to the)derivatives.

Fig. 95.

Fig. 96.

The hood is shown opening out into the tail region with
the tail attached to the head and when it has separated
from the head., A lobe (LO) of granular material extends
out from each mitochondrial derivative and one derivative
is larger than the other in each tail., Accessory fibres
(AF) are present in the anterior region of the flagellum.

x 60,000.

A similar view to Fig., 95 showing the invagination (SI)
in the ventral surface of one head. Accessory fibres
(Af), doublets (D) and central tubules (CT) are clearly
visible in the flagellum (F), Linkages (LK) between
the doublets and central tubules are present as well as
coarse fibres (CF) between the; accessory fibres,

z 60,000,






Fig. 97. |Transverse section through an initial segment showing the
'microtubular border' (MB), flagellum, membranous sheath
(MH) and the mitochondrial derivetives (MD), Accessory
fibres EAF;, doublets (D), central tubules (CT), coarse
fibres (CF) and linkages (LK) are present in the flagellum.
The membranous sheath is positioned between the flagellum
and the derivatives, The paracrystalline materiala%§C)
in the mitochondrial derivatives has a honey-comb (HC)
pattern., The lobes (10) of material extending from the miTecHanwrim
derivatives corresponds to the region where cristae '

" are present. x 60,000,

Figs. 98-106 are transverse sections through the posterior portion
of the tail from the anterior to the posterior. The closer the
mitochondrial derivatives (MD) are to the end piece the smaller
they become, The flagellum (F) remains the same size. There is
also a reduction in the size of the membranous sheath (MH) along
the length of the posterior portion.

Fig, 98, The accessory fibres (AF) in the anterior region of the
posterior portion all contain central elements.x 60,000,

Fig. 99, The central element in accessory fibre 8 has terminated,
x 60,000,

Fig., 100, This view shows that the central elements in accessory
fibres 7, 8, and 9 are missing. x 60,000,

Fig. 101. A gimilar view to Fig. 100 showing that the central
element in accessory fibre 6 is also missing. x 60,000,

Fig. 102. The central elements in 5 of the accessory fibres have
terminated in this section. These fibres are number
1, 6, 7, 8 and 9, x 60,000,

Fig. 103. A similar view to Fig. 102 with 6 accessory fibres
without central elements, These fibres are in posi-
tiOl‘lﬂ 1’ 5’ 6. 7’ 8 &Dd 9. X 60’000.

Fig. 104. Accessory fibres 3 and 4 are the only accessory fibres
which have a central element present. x 60,000,

Pig. 105, The last accessozry fibre to lose its central element
is number 4, x 60,000,

Fig. 106, A viev showing all the accessory fibres without central
: elements, x 60,000,

Fig. 107. Transverse section %through two end pieces showing
9 doublets (D) in one end piece and the separation, of
the doublets in the other end piece. x 60,000,






Fig. 108,

Figo 109.

Figa 110.

A high power micrograph showing the fine structure of
the accessory fibres (AF), doublets (D), central tubules
(CT) and the linkages (ILK) between the doublets and
central tubules. The profiles of the subunite (SU) are

clearly visible, x 400,000,

A longitudinal section through a tail showing the
transverse periodicity (TP) in the mitochondrial

derivative (MD) and the flagellum (F). x 75,000,

Part of a longitudinally cut mitochondrial derivative
showing the transverse periodicity (TP) in the para-

crystalline material. x 75,000,
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Figt 111.

Fig. 112,

Transverse section through the posterior region of a
pair of heads showing the invagination (SI) positioned

at the anterior of the curved édge. =x 60,000,

The layer of coarse granular material (DM) found between
most paired heads is clearly shown in this transverse

section, x 60,000,






Fig. 113.

Transverse section through part of a vas deferens showing
the epithelial cells (EC) and the short, irregular
microvillii (MV) which surround the lumen, A granular
material (GL) of medium electron density occupies the
space between sperm in the lumen. The coarse granular
material (DM) between paired heads is also present in

this section. x 15,000,
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Fig,

" Fig.

Fig .

Fig.

Fig.

114,

115,

116,

17.

118. -

A transverse section through a tail containing 2 flagella

(F) and three mitochondrial derivatives (MD). x 80,000,

Transverse section showing a tail with three mitochondrial

derivatives (MD) and a flagellum (F). x 80,000,

A sperm tail with a flagellum (F) and one mitochondrial

derivative (MD)., =x 80,000,

A transverse section through a tail containing an extra

flagellum (F). x 80,000,

Several disrupted tails are contained within the same

cell membrane (CH) in this transverse aecéion. x 80,000,






Fig. 119.

Figo 120.

Part of a flagellar axoneme which has been treated with
sodium lauryl sulphate and then negatively stained showing
an accessory fibre (AF) and subfibres A (SA) and B (8B)

of a doublet. The subunite (SU) can be distinguished in

the accessory fibres and doublets. x 60,000,

A view 6f part of a flagellum treated with sodium lauryl
sulphate and then negatively stained to show that the
doublets (D) are more sensitive than the accessory
fibres (AF)., The subunits (SU) in the accessory fibres

and doublets can be clearly distinguished. 140,000,






Figo 121.

Fig. 122.

Figo 1 230

Figo 124.

Fig. 125.

In 0.25% Sarkosyl treated sperm the cell membrane sur-
rounding the tails disintegrates and some of the
accessory fibres (AF) are displaced from their normal

position adjacent to the doublets (D). =x 60,000,

Transverse section through a tail which has been treated
with 1% Sarkosyl showing some doublets with subfibre B
(SB) partially separated from subfibre A (SA). The
central tubules (CT) are displaced from their central
position and the radial links (RL) are indistinct.

X 120.0000

A similar view to Fig. 122 with the central tubules
even more displaced than they are in Fig. 122,

X 120'0000

A similar view to Figs. 122 and 123 showing the partial
separation of the doublets and the displacement of the

central tubules (CT). =x 60,000,

A transverse section through an end piece treated with
1% Sarkosyl showing the separation of subfibres A (SA)
and B (SB) in the doublets at a more anterior level than

they would be in an untreated end piece. x 60,000,






Fig. 126

Fig. 127.

Fig. 128,

Figo 129.

Fig. 130.

The chromatin (CN) in heads treated with 1% Sarkosyl has

some fibrous material associated with it., =x 40,000,

Transverse section through the initial segment of a
tail treated with 1.5% Sarkosyl showing a further
deterioration in the structure of subfibres A (SA) and
B (SB), accessory fibres (AF), central tubules (CT)

and the 'microtubular border' (MB), x 60,000,

In the posterior portion subfibre B (SB) has separated
complstely from subfibre A (SA) in some doublets, The
central tubules (CT) are not central and the accessory
fibres (AF) are not as distinct as they are in sperm
treated with weaker concentrations of Sarkosyl.

x 60,000,

In flagellar axonemes which have been treated with 2%
Sarkosyl subfibres A (SA) and B (SB) in all the doublets
are completely separate from each other. The radial
links are absent and the central tubules (CT) are no

longer central. x 60,000,

Control specimen showing the normal content and arrange-
ment of the accessory fibres (AF), central tubules (CT)
and subfibres A (SA) and B (SB) in the doublets.

x 60,000,






Fig., 131,

Fig. 132.

A silver nitrate methenamine treated section which shows
that the layer of material (DM) between paired sperm
heads is specifically stained as well as the cell
membranes (CH), mitoehondrial derivatives (MD),
'microtubular border' (MB) and the granular material

between sperm. The nuclei are unstained. x 50,000,

Accessory fibres (AF) and central tubules (CT) stain
more intensely than the doublets (D) in flagella which
have been stained with silver nitrate methenamine,

X 50'000.






Fig. 133. Granular materials of high and low electron density are
present in epithelial cells (EC), The specific staining
of accessory fibres (AF), central tubules (CT), doublets
(D), mitochondrial derivatives (MD), *microtubular
border' (MB) and the granular material (GL) between

sperm is also shown. x 50,000,

Fig. 134, Treatment of smooth muscle with silver nitrate
methenamine stains the myo-fibrils (MF) mitochondria (M)

and glycogen (GC), x 12,500,






Fig. 135!

Fig. 136.

Doublets (D) are more sensitive to Trypsin (0.5% aqueous)
than the accessory fibres (AF), In some doublets sub-
fibre B (SB) separates completely from subfibre 4 (SA)s
Subunits (SU) frayed out from the doublet fibres Aie

also present. 10 mins Trypsin treatment. x 62,500,

A similar view to Fig, 135 showing the subunits (SU)
in subfibres A (SA) and B (SB), 10 mins Trypsin

treatment. =x 62,500,
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Fig. 137, A Trypsin treated accessory fibre' (AF) showing the frayed

out subunits (SU). 10 mins Trypsin treatment. x 100,000.

Fig. 138. Parts of accessory fibres (AF) remain intact after 30 mins
treatment with Trypein while the remainder fray out into

subunits (SU), =x 100,000,






Fig. 139. Bundles of tubules resembling subunits are found in
most preparations of sperm treated with Trypsin for

30 mins. x 62,50’0.

‘Fig. 140, Bundles of tubules similar to those in Fig. 139.

x 75,000.






Fig. 141.

Fig. 1 42.

Fig. 143.

Accessory fibres (AF), central tubules (CT) and the
paracrystalline (PC) material in mitochondrial deriva-
tives (MD) are digested with pronase. The doublets

(D) are only slightly digested. x 50,000,

A similar view showing the digestion of the accessory
fibres (AF), central tubules (CT), doublets (D) and
the paracrystalline(PC) material in the mitochondrial

derivatives (MD). x 55,000,

Control specimen to show that T.C.A. Sowvskissavay some
of the material bbtween the flagellar fibres.

x 50,000,






Figs., 144-146 are photomicrographs of living sperm from vasa deferentia

of Dytiscus. Saline preparations and phase contrast microscopy.

Fig, 144.

Fig. 145.

Fig. 146'

Fig. 147-

A single sperm showing the head (HD) and the initial
segment (IS) which is straight and rigid. The flagellar
helices in the posterior portion are also present.

x 600,

A side view of a pair of heads which are only closely
agsociated in the anterior region of the heads showing
a Baa (HK) in the posterior region of each head.

x 1,400.

Paired sperm viewed from above showing the BAABRS (HK)
in the posterior region of the heads and the flagellar

waves in the rigid initial segment. =x 1,400.

A Feulgen squash preparation to show that the heads
are composed of Feulgen positive material. The BeeBS

(HK) can also be distinguished. x 1,400,






Fig. 148,

Schematic diagram to show the outline and main features
of a Lytiscus sperm heed and diagrams of transverse
sections through a head at certain levels to give some
impression of the three dimensional structure. The
levels at which the sections were cut have been indica-
ted in the diagram. The main features which have been
illustrated are the acrosome (A), nucleus (N), wedge-
shaped structure (WS), hood (HO), 'microtubular border!
(iB), centriole adjunct (CA) and mitochondrial deriva=-

tives (1D),
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Figq 1490

Figo 150,

Fig. 151.

Figo 152,

A negatively stained head showing the outline of the
acrosome (A) in the anterior region and the @ae® (HK)

in the posterior region. x 10,000,

A negatively stained preparation showing that the
heads are on different levels from each other and that
the curved Beads (HK) are not in contact with each

other, x 10,000.

The posterior portion of a negatively stained tail
showing the flagellum (F) and mitochondrial derivatives

(m)l X 12,500.

The mitochondrial derivatives (MD) terminate in the
posterior portion and the end piece (EP) only contains

a flagellum (F)., x 12,500,






Figs 153, Part of the initial segment of a negatively stained
tail showing the 'microtubular border' (MB), flagellum
(F) and mitochondrial derivatives (MD). =x 70,000,






Fig- 154.

Fig. 155.

Fig. 156.

A transverse section through thq anterior region of a
pair of heads. There is a granular material (GL) sur-
rounding one of the acrosomes (A) and a layer of coarse

granular material (DM) adjacent to the head. =x 40,000,

In this transverse section the anterior region of the
wedge-shaped structure (WS) of a Be@B has been cut
through. Situated between the paired heads are two

layers of coarse granular material (DM), x 60,000,

A transverse section through a B8A&8 (HK) to show that
the wedge-shaped structure (¥S) is situated between the
membranes of the nuclear envelope (NE) and the associ-
ation between the cell membrane (CM) and the nuclear

envelope (NE)., =x 374,400,
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Fig. 157. A schematic diagram to show the organization of the
_cell membrane (CM) and nuclear envelope (NE) surround-
ing the nuclear material of the 8A@B (HK) and wedge-
shaped structure. (Ws).
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Fig. 158, Longitudinal section through part of a 'microtubular
border' (MB). x 70,000,

Fig. 159. Transverse section through the initial segment of two
tails showing the 'microtubular border' (MB) and the
accessory fibres (AF), doublets (D) and central tubules
(CT) in the flagella, and the mitochondrial derivatives

(m). x 70,000,

Fig., 160. Transversely cut sperm tails through the posterior portion
showing that the 'microtubular border' is not present.
The central elements (CE) are present in accessory fibres
(AF) throughout the length of the posterior portion, The
doublets (D), central tubules (CT), membranous sheath
(MH) and mitochondrial derivatives (ID) are also shown.

x 70,000,






Fig. 161.

Fig. 162.

Figo 1 63.

Fig. 164.

The coarse granular materiasl (DM) between paired sperm
heads stains intensely when treated with silver nitrate

methenamine, x 20,000,

Pronase digestion of sectioned sperm heads reveals that
the coarse granular material (DM) bvetween paired heads
is not digested. The nuclear material forming the head

is digested., =x 40,000,

Digestion of sperm ®ils with pronase shows that accessory
fibres (AF) and central tubules (CT) are digested whereas
the doublets (D) are only slightly digested, The para-
crystalline (PC) material in the mitochondrial deriva-

tives is also digested., x 40,000,

A control specimen showing that periodic acid partielly
senodikizesthe wedge-ghaped structure (WS) in each @8eR
(HK), This indicates that the wedge-shaped structure
(WS) and nuclear material are composed of different

materials, x 60,000,






Figs. 165-168 are photomicrographs of living sperm from Colymbetes

vasa deferentia, Saline preparations and phase contrast microscopy.

Fig. 165, A group of ggixmhg;gg sperm associated in the head (HD)

Fig,

Fig.

Figo

166.

167.

168,

region., ¥Flagellar helices are present in the posterior
portions (PP) and the end pieces (EP) can be clearly

distinguished. x 600,

A pair of Colymbetes sperm which are associated by their

heads (HD). =x 1,400,
A single sperm head (HD). =x 1,400,

A group of sperm showing the heads (HD) which are closely
associated and flagellar helices in the posterior portion

of the tails. x 1,400‘






Fig. 169, Schematic diagram showing the outline of a Colymbetes
sperm head and sections through certain levels of a
head., The section levels 1-7 are indicated opposite
the diagram of the sperm head. The structures which
have been illustrated are the acrosome (A), nucleus (N),

hood (HO), mitochondrial derivatives (MD) and flagellum
(7).
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Fig. 170, A schematic diagram of a transverse section through the
anterior region of a Colymbetes head to show the complex
system of cell membranes (CM) and nuclear envelope (NE)

which surround the acrosome (A) and nucleus (N).
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Fig. 171. A negatively stained preparation of a Colymbetes sperm
head showing the outline of the acrosome (A), head and
granular mass (GM) which extends from the hood,

x 10,000,

Fig. 172. Transverse section through the acrosomal region of a
group of sperm showing the acrosome (A) and nucleus ()
in each head (HD). The heads are arranged around a

granular mess (DM) of medium electron denmsity. x 60,000,






Fig. 173. Transverse section through the posterior region of a
-group of sperm heads showing the hoods (HO) and a
granular mass (DM) which has a high electron density.

x 60,000,






Fig. 174.

Fig. 175.

Fig. 176.

Transverse section through the posterior region of
several hoods showing the granular masses (GM) which

extend out from the hoods. x 30,000,

Transverse section of an end piece (EP) with accessory
fibres (AF), doublets (D) and central tubules (CT)&till
present in the flagellar axoneme. The central elements
(CE) in accessory fibres can also be distinguished and
there is a coating of granular material (GL) on the

inside of the cell membrane (CM)., 120,000,

Longitudinal section to show the change in electron
density of the grenular mass (DM) around which the sperm

are arranged. x 15,000,






Fig. 177. A view of several groups of sperm cut transversely
showing the arrangement of sperm heads around the

granular masses (DM)., x 12,000,

Fig. 178. Transverse section through a group of heads which
have been treated with silver nitrate methenamine show-
ing that the granular mass (D) stains intensely.

x 20,000,

Fig. 179. A gimilar section to Fig. 178 showing the granular mass

(DM) intensely stained. x 20,000,






Fig., 180,

Fig. 181,

Fig. 182.

Transverse section through the posterior portion and end
piece (EP) of several tails which have been treated with
gilver nitrate methsnamins,‘ Accessory fibres (AF) and
central tubules (CT) stain more intensely than doublets
(D)s The mltocﬁondrial derivatives are also intensely

stained, =x 40,000,

A transverse section which has been treated with pronase
to show that the granular mass (DM) of high electron
density and the nuclei (N) are digested. x 40,000,

Transverse section thrbugh the acrosomal region of a
group of heads showing that the granular mass (DM) of
medium electron density and the acrosomes (A) are not

digested, The nuclei (N) are digested. x 40,000,






Fig. 183. A pronase tfeated transverse section through several tails
to show that accessory fibres (AF) and central tubules
(¢T) are digésted before doublets (D)., The paracryatailina
(PC) material in the mitochondrial derivatives is also

digested. x40,000,

Fig. 184. ?Ekumu;§:gtiallysdku;uﬁusabﬁe of the material in control
sections, The structure of the accessory fibres (AF),
doublets (D), central tubules (CT) and mitochondrial
derivatives (MD) is more clearly seen fhan in untreated

sperm, x 40,000,






Fig- 185.

Schematic disgram to show the outline and main features
of an Agabus sperm head., The levels of the transverse
sections are indicated opposite the diagram of the head,
The features of the head which have been illustrated

are the acrosome (A), mucleus (N), hood (HO), flagellum

(P), mitochondrial derivatives (MD) and the granular

mass ((GM) which extends out from the hood.
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Fig. 136,

Figo 187.

F:i.g. 188.

A pair of Agabus sperm from a saline preparation of
sperm from vasa deferentia. The heads (HD) are not
closely associated, FPhase contrast microscopy.

x 600,

A pair of heads (HD) attached at their tips with a
f88a® (HK) visible in one of the heads, Flagellar helices
are present in the anterior region of the posterior
portion in the tails. Saline preparation and phase

contrast microscopy. x 1,400,

A negatively stained Agagbus hea.d. showing the outline of’
the acrosome (A), head (HD) and BA88 (HK), There is
also a granular mass (GM) of material surrounding the
Be8B. x 10,000,






Fig. 189.

Transverse section through several Agabus sperm heads
to show that there is no specific arrangément of the
sperm into pairs or groups associated with a granular
material. Present in these sections are acrosomes (A),
paeBs (HX), hoods (HO) and granular masses (GM) of
material which surround each GaeB. =x 10,000,
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Fig. 190. A high power electronmicrograph of several heads showing
the acrosomes (A) and nuclei (N) in detail. In some
regions there is a diffuse layer (DF) of material

ad jacent to the heads. x 50,000,
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Fig. 191: Transverse section through the posterior region of
several heads showing the hood (HO), Beem (HK), flagellum
(F) and the granular mass (GM) of material surrounding
each hook. x 60,000,
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FPig. 192. Sperm tails cut transversely through the posterior portion.

Fig. 1 934

Central elements (CE) are present in the accessory fibres
(AP). Doublets (D), central tubules (CT), mitochondrial
derivatives (MD) and membranous sheaths (MH) are also

present in this view., x 120,000,

Transverse section through several end pieces (EP) with
the central elements (CE) visible in accessory fibres
(AF) and a coating of granular material (GL) on the

inside of the cell membranes (CM), x 60,000,








