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The spermiogenesis of Mytilus edulis (a marine mussel) has 

been studied, employing techniques of light and electron microscopy 

and cytochemical preparations. The observations trace the develop- 

ment of the acrosomal complex, the nucleus, the mitochondrial 

middle -piece, and the flagellum. 

In early spermatids numerous membrane- bounded proacro- 

somal vesicles arise from several Golgi complexes and coalesce to 

form a single large acrosomal vesicle. This comes to rest on the 

anterior surface of the nucleus and invaginates to become an elon- 

gated cone -shaped structure. 

An electron dense, spherical mass of membranoid sleeve 

material, also arising from the Golgi complex, adjoins the acro- 

somal vesicle and later occupies its indentation. In mature sperma- 

tozoa the membranoid sleeve lines the cavity of the cone- shaped 
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acrosomal vesicle and surrounds the axial rod. 

Precursor material of the axial rod is first observed between 

the nucleus and the acrosomal vesicle as an aggregation of fibers. 

This later extends posteriorly into the nucleus and anteriorly into 

the cavity of the acrosomal vesicle. In the mature spermatozoon 

the fibrous axial rod ends posteriorly in the centriolar region of the 

middle -piece. 

The endoplasmic reticulum of early spermatids is a rudi- 

mentary system of membrane -bounded canaliculi and flattened 

vesicles which is predominantly free of ribosomes. Independent 

or clustered ribosome -like particles are present in the ground cyto- 

plasm. By late spermiogenesis the reticulum has largely disap- 

peared and the ground cytoplasm containing a dense particulate 

aggregate is sloughed off. 

In the early spermatid a dense filamentous network of chroma- 

tin in the interior and along the periphery of the nucleus increases 

in size by accretion of the finer karyoplasm. Eventually the inter - 

aggregate spaces are obliterated as the large, coarsely granular 

masses coalesce to form the compact, barrel- shaped nucleus of 

the sperm. 

By mid- spermiogenesis the randomly distributed elipsoid 

mitochondria become localized around the nucleus. The association 

with the nucleus is intimate and in many cases the mitochondria may 



be found in shallow recesses with the nuclear envelope reflected 

over their surface. Subsequently the mitochondria became spher- 

oid, reduced to five in number, and restricted to the sperm middle - 

piece. 

Two cylindrical centrioles are situated near the base of the 

nucleus and are surrounded by the mitochondria of the middle -piece. 

The distal centriole elongates and from it the longitudinal fibrils of 

the sperm flagellum originate. The proximal centriole, oriented 

obliquely to the distal centriole, retains its initial structure. 

Tests with Sudan black B showed the presence of phospho- 

lipids in the mitochondria of late spermatids and mature sperm. 

Cytochemical techniques for carbohydrates indicated a neutral 

mucoprotein for the proacrosomal vesicles and allowed these to be 

identified in early spermatogenesis. 

The development of the Mytilus spermatid was compared with 

that of other vertebrate and invertebrate species. 
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The Fine Structure of Spermatid 
Differentiation in the Mussel, 

Mytilus edulis, Linn. 

INTRODUCTION 

The processes of sperm development and differentiation are in 

a sense, entirely directed towards transferring the male chromo- 

somal complement to the ovum. Without exception the cellular ele- 

ments of the spermatid undergo profound chemical and /or structural 

modifications in the course of spermiogenesis, many of which appear 

to be irreversible (Moses, 1961; Szollosi, 1965). Cytoplasmic 

organelles which are not cast off during spermatid differentiation 

evolve and become characteristic structures in the mature sperma- 

tozoon whose function is primarily concerned with locomotion and 

penetration into the ovum to accomplish fertilization. 

There are almost as many variations in the details ofsperm matur- 

ation in animals as there are species. Early summaries by Koltzoff 

(1906) and later by Bowen (1922, 1923, 1924a, 1924b, 1925) demon- 

strated the common structural denominators in the process of 

spermatozoan development. The homologies proposed by Bowen 

were based primarily on the behavior and differentiation of three 

cytological structures: (a) the mitochondria, which in flagellate 

sperm often aggregate into a large structure, the Nebenkern; (b) 

the Golgi elements, which may undergo various patterns of 
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differentiation and produce the acrosome; and (c) the centrioles, 

which become highly modified and function in association with the 

flagellum. The nucleus, although it assumes a variety of morpho- 

logical configurations and undergoes specific chemical modifications, 

is reduced to a passive carrier of the genetic material. 

Most of the knowledge concerning the structure and develop- 

ment of the male germ cell stems from the early detailed cytological 

studies of Benda (1887), Jensen (1887), Lenhossek (1898), and 

Retzius (1909a, b, c) and from the studies of their successors 

Bowen (1922, 1923, 1924a, 1924b, 1925) and Gatenby and Beams 

(1935) (for a general survey of this early work see Wilson, 1928). 

Later studies with the aid of more sophisticated cytological tech- 

niques, e. g. , phase microscopy, cytochemistry, X -ray diffraction, 

spectrophotometry, and electron microscopy, elaborated and con- 

firmed many of the general principles established by earlier cytolo- 

gists (see reviews by Nath, 1956 and Bishop and Walton, 1960). 

Phase microscopic investigations by Austin and Bishop (1958a, 

b) and Austin and Sapsford (1951) specifically elucidated the develop- 

ment of the rat spermatid and the structure of the mammalian acro- 

some and perforatorium. Nath and Gupta (1957), Bawa (1959), and 

Gupta (1955) using phase microscopy further demonstrated the 

similarities and differences of spermiogenesis in diverse groups 

of animals. 
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Leuchtenberger and Schrader (1950), Leblond (1950), Schrader 

and Leuchtenberger (1951), and Clermont, Glegg, and Leblond 

(1955), through the use of the periodic acid /Schiff (PAS) reaction 

and paper chromatography, identified the carbohydrate compounds 

present in the acrosome. Subsequently Clermont and Leblond (1955) 

applied the PAS reaction to a study of acrosome formation in man, 

monkey, ram, and other mammals. Clermont (1963) has employed 

this technique to establish and describe the "stem cell renewal 

theory" which accounts for the maintenance of spermatogonia in 

rats and other mamalian species. 

Bawa (1960), Baker (1944), Bradbury and Meek (1963), 

Moriber (1956), Kaye and McMaster -Kaye (1966), and many others, 

have attempted to chemically characterize the maturation events of 

spermiogenesis by noting the localization and changes in phospho- 

lipids, acid and alkaline phosphatases, pyrophosphatases, histones, 

and RNA. Leuchtenberger, Schrader, Weir, and Gentile (1953) have 

spectrophotometrically established the amount of DNA in sperm 

chromatin, while X -ray diffraction studies by Wilkins and Randall 

(1953) have suggested that this DNA is of a crystalline organization 

with the long axis of the molecule parallel to the long axis of the 

spermatozoon. Electron microscopic studies by Grassé, Carasso, 

and Favard (1956) on snail spermiogenesis, and by Yasuzumi and 

Ishida (1957) on grasshopper spermiogenesis, tend to support the 
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X -ray diffraction studies on sperm chromatin. 

Recent cytochemical investigations utilizing the resolving 

powers of the electron microscope have been successful in localiz- 

ing adenosine triphosphatase activity in specific regions of the rat 

sperm flagellum (Nagano, 1964). Kaye and McMaster -Kaye (1966) 

have studied the fine structure and chemical composition of the house 

cricket nucleus during spermiogenesis, with particular attention to 

the loss of nonhistone protein and its relation to chromatin structure. 

Numerous electron microscopic investigations of submam- 

malian and mammalian sperm have been published since the intro- 

duction of modern techniques for specimen preparation. Surveys of 

the findings on mammalian spermatozoan ultrastructure and develop- 

ment have been given by Fawcett (1958, 1965) and Nicander and Bane 

(1966). Brief reviews of submammalian sperm ultractructure (star- 

fish, sea urchin and mollusc) have been given by Dan (1956, 1960), 

Dan and Wada (1955), Dan, Ohori, and Kushida (1964), Niijima and 

Dan (1965a, b), and Dan, Kushida, and Fujita (1966); these empha- 

size the acrosomal and subacrosomal regions with particular refer- 

ence to the formation of the acrosomal process during fertilization. 

Electron microscopic studies of molluscan spermiogenesis 

are rather limited and confined almost exclusively to the gastropods 

(Grasse, Carasso, and Favard, 1956; Rebhun, 1957; Beams and 

Tahmisian, 1953; Yasuzumi and Tanaka, 1958). Observations on 
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mature spermatozoa of lamellibranchs other than Mytilus have been 

made by Pasteels and de Harven (1962) on the clam Barnea, and 

by Galtsoff and Philpott (1960) and Galtsoff (1964) on the oyster 

Crassostrea. No published ultrastructural observations could be 

found on spermatogenesis or spermiogenesis in the bivalve molluscs. 

Light microscopic investigations on the structure and develop- 

ment of Mytilus edulis spermatozoa were made by Franzen (1955, 

1956) and electron microscopic observations on the acrosomal com- 

plex of the mature spermatozoon by Niijima and Dan (1965a) and 

Dan (1956). Studies have also been made on the changes Mytilus 

edulis spermatozoa undergo at fertilization and on exposure to vari- 

ous chemical solutions; these were intended to elucidate the relation- 

ships of the acrosomal filament to its structural antecedents in the 

unreacted sperm (Niijima and Dan, 1965b; Dan, 1956). 

In order to understand more fully the structures found in the 

mature spermatozoon and the role each plays in the fertilization 

process it is important to know as much about their origin and 

properties as possible. The present study records the differenti- 

ation of the spermatid of Mytilus edulis, utilizing the techniques of 

light and electron microscopy and cytochemistry. The observations 

provide new information on the structure and development of the 

acrosomal vesicle; the formation of the subacrosomal elements; 

the changes in the physical state of the nucleus during maturation; 
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the development of the mitochondrial middle -piece; the formation 

of the flagellum; the presence of cell clusters and intercellular 

bridges; and the changes in the endoplasmic reticulum. 
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MATERIALS AND METHODS 

The mature male Mytilus edulis used in this study were sup- 

plied, as required, through the courtesy of the Marine Biological 

Laboratory Supply Department, Woods Hole, Massachusetts. 

Staging of Spermatid Development 

Considerable amount of variation in the spawning time of 

Mytilus edulis has been reported (White, 1937; Sugiuia, 1959; Lubet, 

1957; Chipperfield, 1953) but there is no doubt that the animal is 

sexually mature at the age of one year (White, 1937; Field, 1921) . 

As well as containing mature spermatozoa at any time of the year, 

testicular follicles also contain primordial germ cells in various 

stages of growth and development (Field, 1921). 

In order to stage spermatid development it was necessary to 

to depend primarily upon the morphological characteristics of the 

spermatids themselves and their position within the testicular 

follicles. There are many progressive structural changes during 

spermiogenesis; e.g., cell elongation, sloughing of cytoplasm, 

nuclear elongation and condensation, and formation of the acrosomal 

complex, which are distinctive for specific periods during spermatid 

development and differentiation. From many sections through vari- 

ous parts of a spermatid containing several developmental 



characteristics one may formulate a general picture of a given stage. 

By comparing and arranging the various stages of spermatid devel- 

opment as determined by light and electron microscopy in a serial 

fashion the sequence of changes during spermiogenesis can be recon- 

structed. 

The interpretation of the structure and development of sperma- 

tozoa has been greatly facilitated by a comparative study of the re- 

corded spermiogenesis in several orders of animals. The accounts, 

however, are confused because of the plethora of terms that have 

been applied to the same structures by different investigators. In 

order to simplify the complex synonymy in the nomenclature of cyto- 

plasmic components, the terminology of Colwin and Colwin (1961) 

and Fawcett (1958 and 1965) has been employed. 

Preparation for Electron Microscopy 

There is no apparent external sexual dimorphism in Mytilus 

edulis; however, the sexes can be separated by the color of the 

mantle: that of the male is cream -colored while that of the female 

is orange. The testes, which are found predominately in the mantle 

lobes, were removed by excision from adult males two to three 

years old (approximately 2.5 inches in length). They were placed 

into vials of cold fixative (4°C) and subsequently minced into fine 

pieces approximately one millimeter square. Fixation continued 

8 
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for two hours at 4°C. The fixative employed was 3% gluteraldehyde 

in sea water (Sabatini, Miller and Barnett, 1964). The tissue was 

washed for two hours in cold sea water (Sabatini, Bensch and Barnett, 

1963), then rapidly dehydrated in several changes of cold ethanol of 

increasing concentrations and brought to room temperature in abso- 

lute ethanol. The tissue was passed through two changes of propy- 

lene oxide and embedded in araldite as described by Luft (1961). 

Thin sections were cut with glass knives on a LKB Ultrotome 

or a Porter Bloom MT -1 ultramicrotome, picked up on formvar- 

coated grids and stained with aqueous uranyl acetate (Watson, 1958) 

followed by lead citrate (Reynold, 1963) or lead tartrate (Millonig, 

1961). The sections were studied with a Philips EM -100, Philips 

EM -200, or RCA EMU2D electron microscope. Photographs were 

taken on Kodak Fine Grain Positive 35mm film or Kodak Medium 

Contrast Slide Plates and subsequently enlarged. 

Gluteraldehyde fixed and araldite embedded tissue was also 

thick sectioned (1 to 20 and stained with 1% toluidine blue (Bencosme, 

Stone, Latta and Madden, 1959) for examination with the light mi- 

croscope. 

Preparation for Cytochemistry 

The testes were removed by excision, placed into vials of cold 

fixative (4°C), and subsequently cut into pieces measuring 
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approximately 3mm in depth and 7mm square. For the demonstra- 

tion of lipids fixations were carried out in 10% calcium -formal in 

sea water and 3% gluteraldehyde in sea water for 24 hours. This 

material was then embedded in 15% gelatin and sectioned at 8µ in an 

International Model CTD Cryostat at -20° C. Frozen sections were 

affixed to glass slides and air dried for one to two hours. The pres- 

ence and localization of lipids was determed by the Sudan black B 

reaction (Baker, 1944) and the Oil Red O reaction (Lillie and 

Ashburn, 1943). 

For the demonstration of carbohydrates fixations were carried 

out in Bouin's fluid, 3% gluteraldehyde in sea water, and Carnoy's 

fluid (acetic acid: alcohol:: 1:3) for 24 to 36 hours. This material 

was then embedded in paraffin in the usual histological manner, 

sectioned at 8µ, and affixed to albuminized glass slides. Cyto- 

chemical techniques employed for the localization and identification 

of carbohydrates included the periodic acid /Schiff (PAS) reaction 

(Barka and Anderson, 1963), PAS after diastase digestion (Graumann 

and Clauss, 1959), toluidine blue for metachromasy (Barka and 

Anderson, 1963), and sulphation followed by toluidine blue (Moore 

and Schoenberg, 1957). 
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OBSERVATIONS 

Cellular Morphology of the Testis 

The following description of the testis and its cellular morphol- 

ogy is given in order to facilitate the identification of cellular associ- 

ations and the elements of spermatid differentiation, since specific 

and detailed information of sperm development in Mytilus edulis ap- 

pears to be lacking. 

When the mantle lobes are examined with the light microscope 

following gluteraldehyde fixation the testicular follicles appear as 

small bulbous outgrowth (300 to 800p, in diameter) from the sides of 

the genital canals. The follicles are fairly uniform in structure, 

very numerous, and approximately equidistant from each other. 

Their interior is almost completely filled with germ cells in various 

stages of growth and development, and with mature spermatozoa, 

the latter occupying the central position. The exterior of the follicle 

is covered with large amoeboid -like interstitial cells which form a 

layer one to two cells deep. The testicular follicles and genital 

canals are embedded in a fine network of connective tissue cells 

(Figure 1) . 

Passing from the periphery of the testicular follicle to its 

center, the earliest spermatogenic cells are those found nearest 
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the basal lamina, while the more mature ones are found near the 

lumen (Figures 1, 2). A germinal layer one to two cells deep, con- 

sisting of spermatogonia, rests on a basal lamina approximately 

1.54 thick. The spermatogonia have a large elipsoid nucleus 

containing one or two nucleoli. The chromatin is finely granular 

and diffusely distributed throughout the nucleus. A rim of cyto- 

plasm surrounds the spermatogonial nucleus and contains Golgi 

elements and mitochondria (Figure 2). 

While the primary spermatocyte in division is easily identi- 

fied, it is extremely difficult to recognize the so called "resting" 

primary spermatocyte as described by Clermont and Leblond (1953, 

1959) and Oakberg (1956) for mammalian testicular cells. Unlike 

the spermatogonium which lies in close proximity to the basement 

lamina, primary and secondary spermatocytes are usually detached 

from the follicular limiting layer and form a band two to five cells 

deep. Primary and secondary spermatocytes have chromatin gran- 

ulations which assume a thick filamentous texture (Figure 2). 

Early spermatids have spheroid or slightly elipsoid nuclei, 

about one half the diameter of a spermatogonial nucleus, and exhibit 

regions of homogeneous chromatin and areas of large globular 

chromatin. Mid and late spermatids exhibit progressive stages of 

nuclear condensation as well as cytoplasmic sloughing, flagella, 

and acrosome formation (Figure 2) . 
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Mature sperm are found usually in the center of the follicle 

and are unidirectionally oriented in large groups, presumably a 

result of their syncytial development and as a means for orderly 

packing (Figure 3). The head of the spermatozoon has a length of 

about 711, over half of which consists of a tapering, conical acro- 

somal vesicle. The basal part of the acrosomal vesicle consists 

of a ring lying adjacent to the anterior surface of the nucleus. 

Through the center of this ring an axial rod, slender and thread- 

like, extends from the tip of the acrosomal vesicle through the cen- 

ter of the nucleus and ends at the point of insertion of the flagellum. 

Adjacent to and lying along the periphery of the posterior surface 

of the nucleus five mitochondria are found which form the middle - 

piece. The centrioles which constitute the point of insertion of the 

flagellum are centrally located at the posterior border of the nucleus. 

The flagellum of the mature spermatozoon measures about 35p. in 

length. A diagrammatic longitudinal section of a Mytilus edulis 

spermatozoon is shown in diagram 1. 

Ultrastructure of the Mature Spermatozoon 

Because of its complex ultrastructure and in order to facilitate 

the description of the developmental processes involved in spermi- 

ogenesis, the fine structure of the mature spermatozoon will be 

described first. 
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The acrosomic complex of Mytilus spermatozoa consists essen- 

tially of a large conical acrosomal vesicle which contains a charac- 

teristic and specific internal structure (Diagram 1; Figures 4, 5, 6). 

Its posterior surface is invaginated to form a lumen within which is 

located a slender rod having a diameter of about 50 mµ (Figures 4, 

6). The axial rod appears to consist of an aggregate of fibrous ma- 

terial which gives no indication of longitudinal components and is 

without a limiting membrane. The basal end of the rod is inserted 

into a tubular passage, of approximately 100 mµ diameter, which 

runs through the center of the nucleus and is bounded by the nuclear 

envelope (Figure 4). The course of the axial rod is not parallel with 

the long axis of the spermatozoon. It forms an acute angle of about 

3° with an imaginary axis extending from the anterior tip of the 

acrosomal vesicle to the mid - portion of the distal centriole (Figures 

4, 7). The tubular passage of the axial rod therefore ends at the 

periphery of the centriolar region rather than the center. 

The annular base of the acrosomal vesicle, encircling the 

orifice of the invagination, has a homogeneously particulate matrix. 

The distal boundary of this basal ring is formed by a thin partition 

which represents the interphase of the anterior and posterior acro- 

somal substances (Figures 4, 5). The anterior region of the acro- 

somal vesicle (portion distal to the basal ring) is filled with a mass 

of particulate material forming a specific pattern within the vesicle 
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and interspersed with paired elements which are believed to repre- 

sent tubular components (Figures 6, 7a). These units appear as 

dense walled cylinders, about 250A in diameter and several microns 

in length. Their structure and dimensions are similar to the micro - 

tubules described in other cell types. The tubule elements found in 

the acrosomal vesicle lie parallel to the axial rod and form a double 

basket -network, one within the other. Beneath this tubular network 

is a conical area, having little or no electron scattering material, 

which surrounds the anterior -most region of the axial rod (Figure 5). 

The lumen enclosed by the invaginated acrosome membrane has 

a characteristic shape, narrow where it passes through the basal 

ring, widest where it is surrounded by the thick layer of the acro- 

somal vesicle, and again narrowing the fit closely around the apical 

part of the axial rod (Figure 5). Except for the rod through its cen- 

ter and the membranoid sleeve found along its periphery, this lumen 

appears to be empty, i. e. , it contains little or no electron dense 

material (Figures 5, 6). 

The membranoid sleeve is a homogeneously particulate struc- 

ture, about 30 mµ thick. It extends over the posterior face of the 

basal ring, through the opening in its center, and forms a loose 

sleeve around the axial rod where it passes through the posterior 

invagination of the acrosomal vesicle (Figures 4, 5). 

The nucleus is roughly barrel -shaped, measuring about 2µ in 
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height and 1.5y, in diameter, and is surrounded by the typical double 

membrane of the nuclear envelope. The karyoplasm has a fairly 

homogeneous granulate texture, the granules being of varying shapes 

but measuring approximately 70mµ at their widest point (Figures 4, 

7a). 

At the posterior border of the nucleus are five spherical mito- 

chondria which, when the spermatozoon is sectioned transversely 

through this region, form a pentagonal pattern (Diagram 2). The 

central anterior region of this pentagonal structure adjoins the 

posterior end of the axial rod and the centriolar complex fills the 

bulk of this area (Diagrams 2, 3; Figures 4, 5, 7a). Folds and ridges 

form rather long anastomosing filiform cristae within the mito- 

chondria. The cristae are irregular in outline, lie in a fairly dense 

granular matrix, and are distributed perpendicularly or parallel to 

the mitochondrial surface (Figures 4, 7a). 

The centriolar complex resembles that of other sperm cells 

(Nagano, 1962; Colwin and Colwin, 1961, Afzelius, 1959). It is 

composed of proximal and distal centrioles which lie at right angles 

to each other (Figures 4, 6). The tail, when sectioned longitudinally, 

contains filaments which appear to originate from the distal centriole. 

When the flagellum is observed in cross section it is found to contain 

nine peripheral pairs and one central pair of tubular filaments (Fig- 

ure 7b). 
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The plasma membrane of the mature spermatozoon closely 

surrounds the acrosomal membrane, extends around the nucleus 

and mitochondria of the middle- piece, and continues posteriorly 

as the outer covering of the flagellum. 

Ultrastructure in Spermatid Development 

Structure of Early Spermatids 

The nucleus of the early spermatid is spheroid or slightly 

elipsoid. It contains fine granules, moderately electron dense, 

10 to 30mµ in diameter, and interspersed with aggregates of dark 

granular material which form a coarse network throughout the inter- 

ior and along the periphery of the nucleus. The nuclear envelope 

consists of the usual double membrane. Although the presence of 

nuclear pores can be demonstrated in spermatogonial nuclei, they 

are rarely if ever seen in early spermatids. A nucleolus is not 

recognizable during this stage of sperm development (Figure 8). 

The cytoplasm is dense and granular in character. The endo- 

plasmic reticulum is seen as a loose and rudimentary system of 

membrane -bounded canaliculi and flattened vesicles which appear 

to course randomly throughout the cytoplasm. Elements of this 

system are often expanded into sinuses of irregular shape which 

have a lower electron density than the surrounding matrix (Figures 
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8, 9, 10). Associated with the outer surface of the endoplasmic 

0 
reticulum are small, 150A, particles of high electron density which 

are believed to represent ribosomes (rough endoplasmic reticulum) 

(Figures 8, 9, 10). However, in most instances these particles are 

found not adhering to membranes but scattered individually or in 

small clusters throughout the cytoplasm (Figures 9, 10, 11). 

The mitochondria, elipsoid in shape, are rather uniformly 

distributed throughout the cytoplasm and show no tendency to congre- 

gate at the cell periphery, nor does their distribution give any indi- 

cation of Nebenkern formation (Figures 8, 9, 10, 11). Internally the 

mitochondria possess folds and ridges (cristae). The cristae are 

irregular in outline and filiform, lie in a granular matrix and are 

distributed perpendicularly or parallel to the mitochondrial surface. 

In some cases the cristae become displaced to the periphery and lie 

parallel to the limiting double membrane. The centers of such mito- 

chondria are then free of membranous elements and they may con- 

tain a matrix of relatively low to intermediate density (Figures 12, 

13). 

The Golgi bodies in early spermatids are fairly discrete and 

crescent - shaped (Figures 8, 9), consisting of a compact series of 

parallel double- membrane lamellae, about 500 mµ in width. Vacu- 

oles containing a dense granular substance are often arranged in a 

chain -like fashion along the boundary of the lamellar masses and 
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clustered in the centers. It is possible that the small vacuoles 

arise from the flattened vesicles by budding or pinching off from 

their margins. Masses of membrane -bounded osmiophilic granular 

material, having the same density and conformation as the granule 

containing Golgi vacuoles, are frequently found clustered in the 

cytoplasm some distance from the Golgi bodies. These masses are 

the vesicular precursors of the acrosomal vesicle and are termed 

the proacrosomal granules or vesicles. 

In young spermatids the two centrioles are similar to those 

which are almost universally observed in animal cells (Fawcett, 

1961). They are cylindrical, similar in size and structure, and are 

arranged with their long axes perpendicular to each other (Figure 9). 

In thin transverse section each centriole is round in contour and has 

a central cavity devoid of electron dense material. Its wall is com- 

posed of nine tubular filaments (Figure 8). The centrioles usually 

lie near the plasma membrane but apparently have no positional 

relation to other intracellular organelles. 

Cell Clusters and the Presence 
of Intercellular Bridges 

Intercellular bridges exist as open communications between 

spermatids and remain until the spermatozoa are nearly mature. 

The bridges are fairly short, cylindrical in form, and are surrounded 
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by an annular thickening of that portion of the plasma membrane 

connecting the two cells (Figures 8, 14, 15). The thickened appear- 

ance is due to a substance which forms a layer of uniform width and 

density on the cytoplasmic surface of the membrane, appearing to 

reinforce and stiffen it (Figure 15). 

The number of cells which may be interconnected in this fash- 

ion cannot be ascertained from the study of thin sections. The larg- 

est number of spermatids found associated in this manner has been 

three, but greater numbers are likely to be involved. Cluster of 

four spermatids midway through development are frequently ob- 

served in the case of Mytilus, but protoplasmic bridges connecting 

all members of this quartet have not been seen (Figure 16). If the 

quartet arrangement is not an accidental phenomenon, its presence 

may indicate that the intercellular bridges are formed during the 

first meiotic division of the primary spermatocyte. The secondary 

spermatocytes would then be conjoined and their division would yield 

four attached spermatids. 

Changes in Endoplasmic Reticulum 

The endoplasmic reticulum of the early spermatid has been 

previously described as a loose and rudimentary system of mem- 

brane- bounded canaliculi and flattened vesicles. Ribosomes are 

associated with this membranous system to a limited extent (rough 
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endoplasmic reticulum), but most of this system may be classified 

as smooth endoplasmic reticulum. Ribosome -like particles, free 

or clustered in the cytoplasm, make up the ground substance of the 

spermatid (Figures 8, 9, 10, 11). At the mid -spermatid stage very 

little rough endoplasmic reticulum can be found and in most instan- 

ces the membranous elements are of the smooth variety. The ribo- 

some-like particles in the cytoplasm become more homogeneously 

and tightly packed, giving the appearance of an increase in density 

(Figure 17). As spermatid differentiation progresses there is a 

still further reduction in the amount of smooth and rough endoplas- 

mic reticulum, while the density of the ground substance is a dense 

granular aggregate confined to the posterior region of the cell which 

is undergoing cytoplasmic sloughing (Figure 19). 

Development of the Mitochondrial Middle -Piece 

By the stage of mid -spermatid development the distribution of 

the mitochondria has changed from a random orientation to a local- 

ization around the nucleus (Figures 20, 21). This aggregation is 

not at first restricted to any particular region of the nuclear surface. 

The contact appears to be rather intimate, for in many cases the 

mitochondrial membrane is observed to be very tightly apposed 

to the nuclear envelope (Figures 21, 22). In other cases mitochon- 

dria have been found projected into the nucleus, i. e. , situated in 



22 

shallow recesses with the nuclear envelope reflected over a portion 

of the mitochondrial surface (Figures 22, 23). The number of mito- 

chondria present by the mid -spermatid stage is reduced; approxi- 

mately 5 to 8 may be found in a sectioned cell, and they have in- 

creased in size, measuring 400 to 700mµ. 

From the mid -spermatid to the late -spermatid stage the 

elipsoid mitochondria become spheroid, approximately lµ in diame- 

ter, reduced to only five in number, and restricted in position to 

the juxtanuclear region which will eventually become the sperm 

middle -piece. During this period the internal matrix of the mito- 

chondria becomes more electron dense; the cristae appear to in- 

crease in number and length and are seen to anastomose (Figure 20). 

Flagellum Formation 

The differentiation of the flagellum is intimately related to the 

two centrioles, whose structure and position in the young sperma- 

tids has been previously described. The proximal centriole, which 

lies closest to the nucleus, becomes oriented obliquely to the ex- 

pected long axis of the mature spermatozoon, and together with the 

five peripherally situated mitochondria, occupies the eventual mid- 

dle-piece of the sperm. The distal centiole, perpendicular to the 

former, becomes aligned with the eventual long axis of the sperm, 

and as development proceeds, increases in length and density 
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(Figures 9, 24; Diagram 3). While retaining the general structure 

of a typical centriole, it becomes larger and embedded in its dense 

matrix are peripherally disposed tubular triplets. The triplets are 

obliquely inserted, giving the centriole a whorl -like appearance in 

cross -section (Figure 24). The proximal centriole also contains 

tubular triplets, inserted along the periphery and orientated in a 

whorl -like pattern (Figure 6). 

The axial filaments consist of two central filaments and nine 

peripheral pairs. The peripheral filaments appear to be continuous 

with the internal filaments of the distal centriole, while the two 

central ones terminate at its surface (Figures 7, 9). In cross sec- 

tion the nine peripheral pairs appear to have the same density and 

0 shape and are 2501 in diameter (Figure 7b). 

One of the peripheral pairs is situated in a plane that passes 

perpendicularly through a line drawn between the two central fila- 

ments (Figure 7b). Following the designation of Afzelius (1959) this 

pair is called pair one, and the rest of the peripheral filaments are 

numbered consecutively in a clockwise direction. 

The two central filaments appear as uniform tubules and have 

the same dimensions as the peripheral filaments (Figure 7b). 

The nine peripheral and two central filaments are continuous 

throughout the length of the sperm tail and are embedded in a slightly 

electron dense matrix. The plasma membrane of the spermatid 
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surrounds the developing sperm tail and is reflected around the 

distal centriole (Figures 14, 19). At the reflection the plasma 

membrane is surrounded by an annular thickening of cytoplasmic 

material which corresponds to the ring centriole of light micro- 

scopy. 

Nuclear Morphogenesis 

The nuclei of Mytilus spermatids are spheroidal or somewhat 

elipsoidal in the early stages of differentiation, but by late spermio- 

genesis they have become elongated and barrel- shaped (Figure 20). 

Concurrent with these changes in shape striking alterations take 

place in the fine structure of the karyoplasm. In the early sperma 

tids the nuclear sap consists of a non -homogeneous matrix of gran- 

ules, fine to moderately coarse in structure and of intermediate 

density. This matrix is interspersed with aggregations of coarse 

and dense granules which in the main are found as an irregular mass 

bordering the periphery of the nucleus, while short segments having 

a thick thread -like structure are distributed randomly throughout 

the nucleus (Figures 8, 12). During the mid -portion of nuclear 

differentiation areas containing the fine to moderately coarse gran- 

ular material are gradually lost and replaced by larger, thicker, 

and more complex patterns of aggregations. The dense granular 

aggregations appear to rise by agglomeration of the finer granular 
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elements originally present in the matrix of the spermatid karyo- 

plasm and are apparently enlarged by continuing accretion of this 

material to their surface. It is also noted that in most cases, as 

the dense aggregations increase in size, the finer granular mater- 

ial in the interstices becomes denser and more homogeneous in 

composition (Figures 23, 18). Later the interaggregate spaces are 

obliterated as the large coarsely granular mass increases to its 

definitive size and all the granules become compacted into it (Figure 

4). 

The coarse granules of the nearly mature spermatozoon are 

of fairly uniform size and measure 50 to 70 mµ. Micrographs of 

mature sperm heads located in the genital canals retain this coarsely 

granular matrix and there appears to be no further coalescing of the 

granules. 

Throughout the course of nuclear differentiation the nuclear 

envelope remains a well defined double membrane (Figures 8, 10, 15). 

The adjustment of the nuclear envelope to the reduction in nuclear 

volume was not observed to produce any structural modification. 

No redundant nuclear envelope material in the form of plicated folds 

(Nicander and Bane, 1962) or scrolls (Fawcett and Ito, 1965) was 

found. 
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Acrosome and Subacrosome Formation 

Formation of the acrosomalvesicle is initially seen as the produc- 

tion of numerous proacrosomal vesicles in the early spermatid stage 

(Figures 8, 9, 25). The vesicles are small, spherical, membrane - 

bounded aggregations of highly electron dense granular material. The 

proacrosomal vesicles appear to be derived from one or several 

Golgi bodies which are randomly distributed throughout the cyto- 

plasm (Figure 25). The Golgi bodies are similar to those described 

in other cell types, i. e. , they are cup - shaped and composed of lam- 

inated sheets (flattened sacs) of agranular endoplasmic reticulum 

(Figures 8, 9, 26). Masses of osmiophilic granular material, hav- 

ing the same density and conformation as the proacrosomal vesicles, 

are found at the distal tips of the Golgi lamellae. Vesicles appear- 

ing to have been budded or pinched off the lamellar tips, and similar 

to the proacrosomal vesicles, are found in intimate association with 

the Golgi bodies as well as distributed throughout the cytoplasm 

(Figures 18, 19, 27). 

Structures resembling the proacrosomal vesicles in the early 

spermatid stages have also been found in the spermatogonia and in 

the spermatocytes (Figures 28, 29). They appear to have the same 

intimate relationship with the Golgi lamellae. 

By mid -spermiogenesis the proacrosomal vesicles are larger 
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and fewer (Figures 1 7, 26). Detailed stages in presumed coales- 

cence and fusion of the proacrosomal vesicles have not been observed. 

Eventually one large acrosomal vesicle is formed which meas- 

ures approximately 2. 0 to 2. 54 in diameter and is surrounded on its 

surface by an electron dense substance 25 mµ thick (Figures 21, 30). 

The acrosomal vesicle then becomes indented on its adnuclear sur- 

face, cone -shaped, and elongated. The sequence of morphogenesis 

of the acrosomal vesicle is shown in Figures 22, 13, 31, 32, 33, 23, 

34, 18, and 20. Maturation of the acrosomal vesicle is further char- 

acterized by the acquisition of regional differences in electron densi- 

ties, which may or may not represent differences in chemical con- 

stituents and /or differences in packing of the same material. As 

the acrosomal vesicle completes the processes of morphogenesis, 

electron dense material found in the region which will form the basal 

ring gradually disappears, ultimately emptying the basal ring area 

(Figures 35, 36). Following the elongation of the acrosomal vesicle 

and the formation of its conical shape, electron dense material 

gradually reappears in the basal ring area (Figures 37, 5). Con- 

currently with this process, a conical area is formed which is de- 

void of electron scattering material; this occupies the center of the 

spermatozoan acrosomal vesicle and surrounds the anterior tip 

of the axial rod. 

Precursor material of the membranoid sleeve, which eventually 
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lines the inner margin of the posterior indentation of the acrosomal 

vesicle, is first observed as a product of the Golgi elements during 

the formation of the acrosomal vesicle (Figure 38). Vesicles of fine 

granular material having a different electron density and conforma- 

tion than the proacrosomal vesicles are budded off the lamellar tips 

of the Golgi bodies and are distributed into the cytoplasm (Figures 

38, 39). These vesicles coalesce and fuse into a vesicle whose peri- 

phery is poorly defined and measures roughly 200mµ in diameter 

(Figure 39). Figures 38 and 39 demonstrate the differences observed 

between the proacrosomal vesicles and the premembranoid sleeve 

material, thus indicating that they are possibly composed of differ- 

ent substances and are successively formed by the Golgi structures. 

Whether the same Golgi elements contribute to the fomation of both 

materials could not be ascertained. 

The material which forms the membranoid sleeve moves to 

the acrosomal vesicle, adheres to it, and subsequently becomes 

included in the indentation at the adnuclear surface. The sequence 

of membranoid sleeve formation is shown in Figures 39, 38, 14, 22, 

13, and 31. As the indentation of the acrosomal vesicle becomes 

larger the premembranoid sleeve material completely and homo- 

geneously fills this conical space. When the conical indentation 

becomes 350mµ in height and 350mµ in diameter at its base, the 

premembranoid sleeve material no longer continues to fill this 
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cavity uniformly (Figure 32). The premembranoid material prefer- 

entially adheres to the periphery of the conical indentation, starting 

at the anterior end and moving posteriorly (Figures 32, 33, 23, 34, 

18). This granular material is then distributed uniformly in density 

and thickness over the periphery of the acrosomal indentation and 

around the posterior surface of the basal ring (Figure 20). 

Formation of the axial rod is first observed as an unorganized 

mass of fibrous material in late spermatids (Figures 33, 23, 34). 

This fibrous material accumulates between the anterior region of the 

nucleus and the posterior region of the indenting acrosomal vesicle, 

adjacent to the granular substance of the premembranoid sleeve 

(Figures 33, 23, 34). The preaxial rod material becomes linearly 

organized and extends posteriorly into the nucleus and anteriorly into 

the hollow of the cone - shaped acrosoma]. vesicle (Figures 40, 41, 42, 

43). 

The axial rod material extending into the nucleus is composed 

of a fibrous matrix with a bulbous tip and no limiting membrane 

(Figure 42). The fibers do not appear to have a periodic pattern 

but are orientated in the direction of the rod (Figure 43). The bulb- 

ous tip, characteristic of the posterior extension of the axial rod, 

is partially devoid of the fibers and exhibits a lack of organization 

(Figures 43, 44). Further morphogenesis of the axial rod is char- 

acterized by its continued progression into the nucleus, causing the 



nuclear membrane to be reflected around the growing tip. Ulti- 

mately the axial rod extends completely through the nucleus and 

projects into the periphery of the centriolar region (Figure 45). 

Formation of the anterior region of the axial rod is shown in 

Figures 41, 43 and 44. Apparently a portion of the fibrous matrix 

anterior to the nucleus extends into the enlarging acrosomal inden- 

tation. 

A summary of the salient features of acrosome and subacro- 

some morphogenesis is shown in diagram 4. 

Cytochemistry of Spermatid Development 

Lipids 
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With Sudan black B the mitochondria of late spermatids and 

mature spermatozoa colored strongly for phospholipids (Figure 46a). 

In no case was a positive reaction for phospholipids obtained in the 

proacrosomal and acrosomal vesicles; there was however, a homo- 

geneous diffusion of color in the cytoplasm of all cells in sperm devel- 

opment. The interstitial cells lining the periphery of the germinal 

follicles colored strongly with Sudan black B. 

Frozen sections stained with Oil Red O were negative for neu- 

tral fats in all stages of spermiogenesis and spermatogenesis, i. e. , 

no cellular elements could be demonstrated through the use of this 
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stain (Figure 46b). The interstitial cells, however, showed a general 

and intense staining reaction for neutral fats. 

Carbohydrates 

With the periodic acid /Schiff reaction (PAS) there was a general 

and positive reaction in the cytoplasm of spermatogonia, spermato- 

cytes and spermatids (Figure 46c). However, specific structures 

were found in all stages of spermiogenesis which demonstrated a 

particularly intense reaction. Granules which reacted strongly were 

found in early and middle spermatid stages and are believed to repre- 

sent proacrosomal and acrosomal vesicles (Figure 46c). The conical 

acrosomal vesicle of late spermatid stages and of mature spermato- 

zoa also gave an intense positive staining reaction with the PAS test. 

Intensely PAS -positive structures were also observed in sper- 

matogonial and spermatocyte stages (Figure 46c). These bodies 

represent the small membrane -bounded aggregations of highly elec- 

tron dense granular material observed with the electron microscope 

which are the proacrosomal vesicles. 

The general PAS -positive reaction found in the cytoplasm of 

cells in spermatogenesis and spermiogenesis was diminished in in- 

tensity after incubation of the tissue sections in 1% diastase. This 

implies that a portion of the staining reaction observed in the non - 

diastase treated tissue is due to the presence of cellular glycogen. 
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The strongly PAS -positive structures found in spermatogenic and 

spermiogenic cells did not diminish in intensity after incubation in 

1% diastase (Figure 46d). This result suggests that glycogen is not 

responsible for the staining reaction found in the acrosomal struc- 

tures. 

The interstitial cells of the germ follicles demonstrated a very 

strong reaction to the PAS reagent, which was diminished in intensity 

on treatment of the sections in 1% diastase. 

The cytoplasm of spermiogenic and spermatogenic cells stained 

with toluidine blue showed a very weak metachromasia. It is prob- 

able, therefore, that the strongly positive PAS structures found in 

these cells are composed, at least in part, of neutral mucoprotein. 

Sections were treated with concentrated sulphuric and acetic acid 

according to the method of Moore and Schoenberg (1957) in order to 

sulphate any neutral mucoprotein present and thus increase meta - 

chromasia. Following this treatment the cytoplasm became strongly 

metachromatic with toluidine blue. 

The interstitial cells when stained with toluidine blue exhibited 

greater and more intense areas of metachromasy than did the devel- 

oping sperm cells. Upon sulphation these metachromatic regions 

became slightly more intense. 

The cytochemical results are summarized in Table 1. 



Table 1. Summary of cytochemical results. 

Lipids Carbohydrates 
Sudan black B Oil Red O PAS PAS -diastase TB TB -s 

Germ cells 

Mitochondria + 

Proacrosomal and 
acrosomal ves. - - + + sl inc 

Cytoplasm - - + + sl inc 

Interstitial cell Cytoplasm + + + sl inc 

Key: +, substance present 
-, substance absent 
sl, slight staining 
inc, increase in staining 
TB, toluidine blue 
TB -s, sulphation followed by toluidine blue 
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DISCUSSION AND CONCLUSIONS 

Acrosomal Complex of the Spermatozoon 

The ultrastructure of the Mytilus edulis spermatozoon is funda- 

mentally similar to that of Crassostrea (oyster) (Galtsoff and 

Philpott, 1960; Galtsoff, 1964), Barnea (clam) ( Pasteels and de Harven, 

1962), and Lampetra (lamprey) (Follenius, 1965). The acrosome of 

Mytilus shares several characteristics with that of the oyster and 

the clam. The most obvious is the presence of a large conically - 

shaped acrosomal vesicle, defined by a conspicuous membrane, 

within which a number of presumably different substances may be 

arranged in a constant and specific pattern. In all three cases the 

acrosomal membrane is invaginated in the nuclear region, much of 

its internal extent is lined by a layer of fibrous material (axial rod) 

and, internally it is covered by the plasma membrane. 

The Mytilus spermatozoon also has several characteristics 

in common with Lampetra sperm, notably that of the axial rod which 

extends through the nucleus. However, in Lampetra the axial rod 

which extends through the nucleus and into the sperm middle -piece 

where it makes up a substantial portion of this region. In both 

instances the axial rod has a fibrous conformation and is surrounded 

by the nuclear envelope. 
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Observations on the acrosome of gluteraldehyde fixed Mytilus 

sperm are essentially the same as those described by Dan (1956) 

and Niijima and Dan (1965a) for osmium tetroxide fixed material. 

However, several differences in morphology have been noted. The 

paired lines, possibly representing tubular structures, found in the 

thick particulate material of the acrosomal vesicle and oriented 

perpendicular to the long axis of the sperm were not observed in 

this study. Fairly long tubule -like elements were found, however, 

oriented parallel to the long axis of the sperm, which formed a 

double basket -like structure covering the anterior tip of the axial 

rod. Careful inspection of the articles by Niijima and Dan (1965a, b) 

suggests the existence of this tubular basket -like structure in their 

material. Slight differences in structure and orientation of the axial 

rod have also been noted. In their study of the fine structure of the 

intact acrosome Niijima and Dan (1965a) found that the basal end of 

the axial rod was composed of vaguely filamentous material organ- 

ized into a compact rod 0.5p, below the surface of the nucleus. The 

structural duality of the axial rod was not clear in gluteraldehyde 

fixed specimens. The angular orientation of the axial rod with 

respect to the long axis of the spermatozoon was not discussed by 

Niijima and Dan (1965a). 

The differences between the observations of Niijima and Dan 

and the present account may be attributed to one or several of the 
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following reasons: (a) different fixatives were employed; (b) only 

spawned spermatozoa were collected by Niijima and Dan whereas 

segments of the mantle lobes containing spermatozoa were used in 

this study; (c) there is a possiblity that the animals used in these 

two studies were of different races. 

Living mature Mytilus spermatozoa observed with the light 

microscope are seen to be in a constant state of motion. This activ- 

ity is restricted, however, to the posterior half of the spermatozoon, 

while the anterior half, i. e. , the acrosome, is relatively straight 

and motionless. Since the tubule -like elements found in Mytilus 

sperm are associated with the acrosome, it is reasonable to suspect 

that they are not locomotive components. They may, in fact, be 

responsible for its relative inflexibility, maintaining acrosomal 

rigidity and alignment. These tubules may also function as an intra- 

cellular transport system. Such a function has been suggested for 

similar structures in Gerris spermatids (Tandler and Moriber, 1966) 

and in other cell types (Sandborn, Koen, McNabb and Moore, 1964; 

Slautterback, 1963). 

Tubular structures within acrosomes have been observed in 

crayfish spermatids (Yasuzumi, Kaye, Pappas, Yamamoto, and 

Tsubo, 1961) and in Gerris (water - strider) spermatozoa (Tandler 

and Moriber, 1966). Their diameters in crayfish spermatids, as 

calculated by Tandler and Meriber (1966), are approximately 220 
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a 
to 250A. These tubules are transitory and are replaced by fibrous 

elements which subsequently differentiate into a relatively homo- 

geneous matrix. During the acrosomal elongation of the Gerris 

spermatid a system of parallel tubules appears within the vesicle. 
0 

They measure about 130A in diameter, are present throughout the 

length of the vesicle, and may be responsible for its rigidity. A 

second set of microtubules also surround the acrosome. These are 

220 to 250A in diameter and extend from a point near the insertion 

of the flagellum to about the midpoint of the acrosome. 

The dimensions of the tubules in the acrosomes are similar 

in Mytilus and the crayfish but they differ from those in the Gerris 

acrosome. The former resemble rather closely the cytoplasmic 

microtubules which surround the acrosome of the Gerris spermatid 

and which may be found in other kinds of cells as described by 

Porter and Tilney (1965) and by Gibbons, Tilney, and Porter (1966). 

Burgos and Fawcett (1956) have described in the toad sperm 

a hook - shaped electron dense structure, referred to as the perfor- 

atorium, originating in about the same location as the membranoid 

sleeve and axial rod of Mytilus sperm. The.perforatorium of rat 

spermatozoa, also an electron dense accumulation in the subacro- 

somal space, has been described by Bane and Nicander (1963) and 

by Piko and Tyler (1964). It is not clear, however, that the perfor- 

atorium actually acts in the manner implied by the term (Szollozi 
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and Ris (1961; Piko and Tyler, 1964). 

Due to their similarity in structure and origin, Kaye (1962) 

has suggested that the hooked structure of the toad sperm and the 

inner cone of the cricket sperm may be homologous. However, this 

suggestion is given with reservation, for there are enough differ- 

ences between these two structures to make a conclusion on this 

point uncertain. 

Subacrosomal substances having a dense structure of varying 

size and shape and similar to those found in Mytilus (Niijima and 

Dan, 1965a, b) have also been observed between the acrosome and 

the nucleus in Annelids (Takashima and Takashima, 1963; Colwin 

and Colwin, 1961), echinoderms (Dan, Oheri and Kushida, 1964), 

molluscs (Pasteels and de Harven, 1962; Galtsoff and Philpott, 

1960; Galtsoff, 1964), enteropneust (Colwin and Colwin, 1963), 

lamprey (Afzelius and Murray, 1957; Follenius, 1965) and fowl 

(Nagano, 1962). 

There is good evidence that acrosomes of the "compound type ", 

i. e. , having two or more distinct components (acrosomal vesicle 

and subacrosomal substances), may possess two distinct activities 

(Dan, 1954, 1960; Wada, Collier, and Dan, 1956; Colwin and Colwin, 

1963; Niijima and Dan, 1965b; Franklin, 1965; Dan, Ohori, and 

Kushida, 1964). Such distinct activities or phases of reaction may 

be found in echinoderm, annelid and molluscan sperm. During the 
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first phase of the acrosomal reaction the apical surface of the acro- 

somal vesicle is lost and a vitelline coat lysin is released. The 

rudiment of the acrosomal process is thereby exposed, made up 

of the invaginated posterior side of the acrosomal membrane and 

the rod within its lumen. In the second phase of the acrosome reac- 

tion the axial rod elongates and the acrosomal membrane surrounding 

it expands. 

The observations on the differentiation of the acrosome in 

Mytilus edulis help to demonstrate, at least in part, the structural 

basis for the duality of the acrosome reaction. These observations 

also support, at least in the case of certain molluscan sperm, 

Niijima and Dan's (1965b) suggestion that the axial rod exists prior 

to fertilization and either elongates or is pushed forward by new rod 

formation upon stimulation. 

Spermatid Development 

Previous investigations on Mytilus sperm differentiation are 

rather limited and appear to include only the light microscopic ob- 

servations by Field (1921) and Franzen (1955, 1956). Field's 

studies are gross and therefore fail to yield specific information 

on the structure and formation of Mytilus spermatozoa. The more 

recent light microscopic investigations by Franzen (1955, 1956) are 

concerned primarily with differentiation during middle and late 
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spermiogenesis and in certain respects do not agree with the present 

findings. The conflicting observations primarily involve the origin 

and morphogenesis of the acrosomal vesicle. Development of the 

acrosome as described by Franzen involves the migration of a 

single, large, cup - shaped acroblast to the anterior part of the 

nucleus where it is transformed into the acrosome. During this 

process the anterior region is drawn out into a long point and this 

portion appears darker than the lower or basal portion. 

Acrosome and Subacrosome Formation 

In his very elegant and careful light microscopic descriptions 

of spermiogenesis Bowen (1922, 1923, 1924a, 1924b, 1925) has attempted 

to establish the fundamental and characteristic features in the mor- 

phology of the acrosome and Golgi elements of male germ cells. 

Light microscopic studies by Schitz (191 6) and Gatenby (1919) on 

the development and differentiation of the acrosome in Mollusca 

have been reviewed by Bowen (1923). The acrosome of molluscan 

spermatids has been derived by Bowen from a single acroblast which 

is composed of many loosely knit, rod -like dictyosomes. This acro- 

blast produces a granular acrosome which migrates together with 

the acroblast to the anterior end of the nucleus. Gradually the acro- 

blast (Golgi remnant) is separated from the acrosome and is sloughed 

off. 



41 

The electron microscopic observations here presented are 

not in agreement with the generalized concepts presented by Bowen. 

This is understandable if one considers that Bowen's description is 

based primarily on gastropods. 

Acrosome formation in Mytilus is more like the type found in 

some Orthoptera (Bowen, 1922), Lepidoptera (Bowen, 1923) or 

Hemiptera (Payne, 1966), i. e. , the Golgi elements undergo little 

or no fusion to form a single acroblast. Instead, each of the Golgi 

bodies is a small acroblast in itself that produces partial acrosomes 

(proacrosomal granules) which progressively coalesce to form the 

acrosomal vesicle. Unlike the type of acrosome which migrates 

together with the acroblast to the anterior tip of the nucleus, the 

acrosomal vesicle formed by the multiple type of acroblast is 

developed at some distance from the apical pole of the nucleus and 

migrates by itself around the nucleus to its definitive position. 

The ultrastructural events of acrosome formation in Mytilus 

are strikingly different from those described for vertebrates 

(Fawcett, 1958, 1965; Burgos and Fawcett, 1955, 1965; Fawcett 

and Ito, 1965; Nagano, 1962) and for other invertebrates (Rebhun, 

1957; Grassé, Carasso, Favard, 1956; Phillips, 1966; Kaye, 1962; 

Cameron and Fogal, 1963). In all of these organisms the acrosomal 

vesicle originates from the coalescence of vesicular components 

formed by a rather large acroblast. Production of proacrosomal 
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vesicles does not appear to be as extensive, either in numbers or 

in distribution, as in Mytilus. In most cases the acrosomal region 

appears to be derived wholly from the modification of the proacro- 

somal vesicles (Burgos and Fawcett, 1955) and possibly one other 

component (Kaye, 1962; Nagano, 1962). However, acrosome forma- 

tion in Mytilus involves at least three components which form indi- 

vidual parts of the acrosomal region: (1) the acrosomal vesicle, 

(2) the membranoid sleeve, and (3) the axial rod. 

Certain aspects of the formation and differentiation of the 

acrosome in Mytilus are noteworthy since they do not occur in other 

spermatids that have been studied with the electron microscope. The 

formation of numerous proacrosomal granules by more than one 

Golgi element and their extensive cytoplasmic distribution appears 

to be unusual if not unique. The process seems to resemble the 

pattern of Golgi activity in glandular cells such as the goblet cells 

(Neutra and Leblond, 1966a); the epithelium of the isopod vas deferens 

(Newstead and Dornfeld, 1965); thyroid follicle cells (Nadder, Young, 

Leblond and Mitmaker, 1964); and pancreatic cells (Caro, 1961). 

The role of the Golgi apparatus in secretion has been amply demon- 

strated by electron microscopy and autoradiography, especially 

through the work of Caro and Palade (1964) and Revel and Hay (1963). 

These investigators have shown that secretory proteins are formed 

in the endoplasmic reticulum and then pass to the Golgi lamellae 
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where they are secreted into granules or vesicles. Recent studies 

by Neutra and Leblond (1966a, b), employing the goblet cells of the 

rat, have demonstrated a similar cycle of secretory activity in the 

production of complex carbohydrates. That such a mechanism is 

involved in the production of acrosomal elements in the germ cells 

of Mytilus does not seem improbable. 

The presence of proacrosomal vesicles in spermatogonia and 

spermatocytes represents a precocious production of a cellular 

constituent usually synthesized at a later stage in the life cycle of 

the germ cell. The male germ cells of Mytilus may simply have 

failed to evolve the necessary machinery for the rapid production 

of acrosomal materials at a specific later period in spermatid 

development. Several lines of evidence tend to support such a sug- 

gestion. The lack of a well organized endoplasmic reticulum espe- 

cially in the middle and late stages may indicate that the spermatids 

have an insufficient system for the extensive production of the acro- 

somal substances. Most of the synthesis of the acrosomal compo- 

nents therefore takes place in earlier stages. Following its formation 

in the ergastoplasm prior to spermiogenesis this substance may 

migrate to the Golgi elements where it is segregated into secretion 

granules or vesicles during the spermatocyte and early spermatid 

stages. Larger numbers of proacrosomal granules are observed in 

the late spermatocytes and early spermatids stages than in the later 
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stages of spermiogenesis. Middle and late spermatids appear to 

contain fewer numbers of proacrosomal vesicles but of larger sizes. 

The different density zones found in the mature sperm of 

Mytilus have also been found in other animals: guinea pig (Fawcett 

and Hollenberg, 1963), lemming (Hopsu and Arstila, 1965), starfish 

(Dan, 1960), Hydroides (Colwin and Colwin, 1961), and Enteropneusta 

(Colwin and Colwin, 1963). The hollow cone -shaped structure of 

the acrosomal vesicle and the membranoid sleeve may be homologous 

with the bipartite structure of the house cricket acrosome (Kaye, 

1962). Following its attachment to the anterior region of the nucleus, 

the acrosomal vesicle cf the cricket undergoes a series of morpho- 

genic alterations similar to those found in Mytilus, i. e. , the vesicle 

becomes indented on its adnuclear surface, cone - shaped and elongat- 

ed. Within the space created by the invagination a new structure 

forms which is reminiscent of the membranoid sleeve. The immedi- 

ate precursor of this structure appears to be an amorphous material 

which aggregates to form an inner cone. Unlike the formation of the 

membranoid sleeve of Mytilus spermatids, this material appears to 

arise from the acrosomal vesicle. 

The origin of the axial rod material in relation to that of the 

acrosome and premembranoid sleeve is rather obscure. Material 

having the same consistency is found scattered in the cytoplasm by 

the mid -spermatid stage. Whether this is the preaxial rod material 
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which aggregates at the anterior surface of the nucleus is open to 

question. 

Formation of the perforatorium in the domestic chicken 

(Nagano, 1962) tends to parallel the events found in the develop- 

ment of the axial rod. Between the acrosome and the anterior reg- 

ion of the nucleus there appears a small cytoplasmic pocket in which 

a dense granule is found. As spermiogenesis proceeds the acrosome 

becomes indented on its posterior surface, causing it to become 

U- shaped. The cytoplasmic cavity extends into the anterior region 

of the nucleus and the dense granule elongates into a rod which ex- 

tends from the center of the U into the nuclear cavity. 

It has been suggested that the axial rod, because of its prox- 

imity to the centrioles in the mature sperm, originates from the 

centriolar complex. Since, however, its formation begins at the 

anterior nuclear surface and extends posteriorly, a centriolar 

origin is unlikely. This does not d,sccunt the remote possibility 

that the centrioles may be indirectly involved in the production of 

the axial rod substance, which then migrates to another site for 

morphogenesis 

Nuclear Morphogenesis 

The nuclear changes taking place during spermiogenesis are 

believed to involve a dehydration and a progressive concentration of 
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the chromatin. In addition to concentration of the chromatin there 

are marked changes in its properties. Treatment of early sper- 

matids with deoxyribonuclease abolishes their nuclear Feulgen ac- 

tivity but similar treatment of more advanced spermatids fails to 

do so (Daoust and Clermont, 1955). This suggest that a physiochem- 

ical reorganization occurs which renders the chromatin refractive 

to enzymatic digestion. Caspersson(1939) has shown that the sperm 

of certain animals demonstrate a strong negative birefringence which 

is attributed to the parallel orientation of the polymerized nucleic ac- 

id chains. Wilkins and Randall (1953) have obtained X -ray diffrac- 

tion evidence of a crystalline organization in the mature sperm 

nucleus. Fine structural observations of spermatid nuclei have 

revealed a highly orientated crystalline structure in several animal 

species, e.g., snails (Rebhun, 1957; Grasse Carasso, and Favard, 

1956) and grasshopper (Yasuzumi and Ishida, 1957; Gall and Bjork, 

1958; Gibbons and Bradfield, 1957). Burgos and Fawcett (1956) 

have demonstrated a characteristic arrangement of the coarse 

granules in advanced toad spermatids and have suggested that they 

are composed of macromolecules in a crystalline array. Recent 

investigations on the nuclei of cricket spermatids by Kaye and 

McMaster -Kaye (1966) have dealt with the structural and chemical 

changes of chromatin fibers during spermiogenesis. Whether the 

small chromatin fibers aggregate to form larger fibers or how the 
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various sized fibers observed differed from each other could not 

be determined. 

In the nucleus of Mytilus spermatids, the gradual appearance 

of coarse granules and their progressive enlargement by surface 

accretion can perhaps be thought of as a process of crystallization. 

In the late spermatid stages, as the large granular masses become 

confluent, there is a suggestion that the large masses are composed 

of subunits arranged in a crystalline order. Concurrently with the 

changes in chromatin aggregation there is an increase in electron 

density; whether this is due to the condensing process or to an altera- 

tion in the character of the nucleoprotein is unknown. Similar obser- 

vations by Burgos and Fawcett (1956) and Fawcett (1958) on the nucle- 

us of the toad spermatid have been interpreted as an increase in the 

number of unsaturated linkages of the nucleoprotein. 

Published results by Nagano (1962) on spermiogenesis in the 

domestic chicken show stages of nuclear condensation, i.e., changes 

in granularity of the karyoplasm, similar to those observed in Mytilus 

and other species. In the early stages of nuclear condensation in 

spermatids of the cat, man, and the guinea pig, Burgos and Fawcett 

(1955) and Fawcett and Ito (1957) observed dense strands in the nucle- 

us that appeared to arise by aggregation of the inner elements of the 

karyoplasm. Growing by accretion to their surface, the dense 

strands were transformed into coarse granules. What has been 



48 

described as coarse chromatin granules by some authors (Fawcett, 

1958; Fawcett and Ito, 1957; Burgos and Fawcett, 1956) has been 

interpreted by others as cross sections through gyres of a multitude 

of helical strands or filaments (Yasazumi, Fujimura, Tanaka, Ishida 

and Masuda, 1956). 

The pattern of nuclear morphogenesis found in Mytilus, i. e. , 

clumping of the nuclear matrix along the periphery of the spherical 

nuclear envelope and the formation of a filamentous network at mid - 

spermiogenesis, appears to be similar to that observed in the lizard 

(Clark, 1966), the sculpin (Stanley, 1966) and the polychaete, 

Spirorbis (Potswald, 1966). 

The relation of fiber diameter to chromosome structure has 

been a subject of considerable conjecture. Fiber diameters of about 

100A 
0 

appear to be typical of somatic nuclei and it has been suggested 

that these may contain two DNA -histone molecules each approximately 

0 0 

40A thick (Ris, 1961). Fiber diameters as low as 50A have been 

observed which allow for only one molecular chain (Hay and Revel, 

1963; Swift, 1962). The measurements on Mytilus chromatin fibers 

or granules (100A to 300Â) are, at best, only close approximations. 

They are therefore, unsatisfactory for structural interpretation. 

Until recently the nuclear envelope of the differentiating sper- 

matid was thought to remain intact and closely applied to the con- 

densing chromatin throughout the course of nuclear volume reduction. 
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Observations by several investigators have shown that on both sides 

of the mature sperm, at the junction of the neck with the basal region 

of the nucleus, a redundant portion of the nuclear envelope is reflected 

away from the condensed chromatin. In the neck region the redundant 

membrane may take on various forms in different mammalian species. 

In the boar (Nicander and Bane, 1962) the excess nuclear envelope is 

plicated into a number of folds; in the bat it is rolled into a pair of 

scrolls (Fawcett and Ito, 1965). Such redundant membrane was not 

observed in Mytilus. However, extension of the axial rod through 

the center of the nucleus and the reflection of the nuclear envelope 

around it could have incorporated any excess. 

The events involved in the fusion of the nuclear envelope re- 

flected over the extending tip of the axial rod with that on the poster- 

ior surface of the nucleus have not been observed. That such a fusion 

process probably exists is shown by Figure 45. 

Mitochondrial Middle -Piece Development 

Except for their numbers, the ring of mitochondria at the base 

of the nucleus in Mytilus spermatozoa resembles that of polychaetes 

(Colwin and Colvin, 1961; Potswald, 1966), echinoderms (Afzelius, 

1955) and lamellibranchs (Pasteels and de Harven, 1962; Galtsoff and 

Philpott, 1960; Galtsoff, 1964). In other invertebrates, especially 

the gastropods (Beams and Tahmisian, 1953) and insects (de Robertis 
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and Franco Raffo, 1957; Beams, Tahmisian, Devine, and Roth, 

1954; Yasuzumi, Fujimura and Ishida, 1958; and Kaye, 1958, 1962), 

the mitochondria fuse into a Nebenkern which is transformed into 

a spiral wrapping that extends along the greater part of the sperm 

tail. Bradfield (1955) has suggested that in more highly evolved 

species there is a tendency for the middle -piece to occupy a greater 

proportion of the total length of the spermatozoon. According to 

Fawcett (1958), however, the length of the middle -piece is corre- 

lated with the energy requirements for locomotion, as determined 

by the size and shape of the head and the viscosity of the medium, 

not by the place of the species in the evolutionary scale. 

As previously described, the five mitochondria of the sperma- 

tozoan middle -piece represent a reduction from a higher number in 

the spermatid, and also an increase in size. How this increase in 

size and decrease in numbers comes about has not been specifically 

established. Potswald (1966), studying spermiogenesis in Spirorbis, 

has noted a fusion of the mitochondria to yield four chondriospheres 

which surround the centrioles. A similar process in Mytilus is 

likely. 

The intramitochondrial alterations observed in Mytilus, i.e., 

the transformations of the cristae into complexly anastomosing 

lamellae, have also been observed by Yasada, Yasuzumi, Enomoto, 

and Shimada for the tortoise, Clemmys japonica (1966). 
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The intimate association of the mitochondria with the nucleus 

during middle and late spermiogenesis is similar to that described 

by Brandt and Pappas (1959) for the amoeba Pelomyxa carolinensis. 

Brandt and Pappas have proposed that this relationship is functional 

in that it may permit exchange of chemical substances between these 

two organelles. Barer, Joseph, and Meek (1960) have observed a 

similar relation during the meiotic division of spermatocytes in 

Locusta migratoria. Close morphological association between the 

mitochondria and the nuclear envelope was found during nuclear 

envelope break -down at prophase and its reformation around the 

chromosomes at telophase. The transfer of substances from the 

mitochondria to the nucleus at prophase was suggested. 

Flagellum Formation 

The centriolar complex of Mytilus spermatozoa is similar in 

structure to that of the chicken (Nagano, 1962), the annelid, Hydroides 

(Colwin and Colwin, 1961), and other lamellibranchs (Galtsoff and 

Philpott, 1960; Pasteels and de Harven, 1962; Galtsoff, 1964). In 

these animals the centrioles do not undergo extensive modifications 

as found in many vertebrate sperm cells (Fawcett, 1958, 1965) but 

retain to a great extent the typical centriolar structure. 

Development of the sperm flagellum apparently begins very 

early in Mytilus, for in most cases examined the early spermatids 
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contained the essential rudiments of the sperm tail. Roth, Wilson, 

and Chakraborty (1966) have reported the early development of 

flagella in the spermatocytes of the European corn borer, Ostrinis 

nubilalis. 

The development of the flagellum in Mytilus appears to pass 

through phases similar to those in the developing cilia of chick neural 

epithelim (Sotelo and Trujillo - Cenoz, 1958b), the flagella of 

Allomyces arbusculus (Renaud and Swift, 1964), and the cilia (rudi- 

mentary) of cultured fibroblasts and smooth muscle cells (Sorokin, 

1962). In these cases the centriole initiates the production of a 

cilary vesicle into which the tubular filaments of the cilium extend. 

Sotelo and Trujillo -Cenoz (1958a) claim that the juxtanuclear 

body found in the spermatids of several animal species is homolog- 

ous to the proximal centriole. In some animals the juxtanuclear 

body is granular and in others it is centriole -like. The juxtanuclear 

body of the sparrow spermatid (Sotelo and Trujillo - Cenoz, 1958a) 

has a centriolar structure in the earlier stages of spermiogenesis 

but becomes dense and amorphous at later stages. The proximal 

centriole of Mytilus spermatids is a cylindrical structure composed 

of tubular filaments throughout all stages of development. 

The ring centriole described in Mytilus as a special structure 

associated with the plasma membrane appears to have little or no 

relation to the distal centriole. Though a similar ring has not been 
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observed in the sparrow (Sotelo and Trujillo -Cenoz, 1958a), it has 

been reported in mammals, chickens, reptiles and amphibians 

(Burgos and Fawcett, 1955; Nagano, 1962; Fawcett, 1965; Sotelo 

and Trujillo - Cenoz, 1958a). In Mytilus there is no evidence that 

this structure originates from the distal centriole as has been re- 

ported by Grigg and Hodge (1949) and Zlotnik (1947) for the domestic 

fowl. 

The fine structure of the tail filaments of Mytilus spermatids 

is similar to that of other sperm tails (Afzelius, 1959; Fawcett, 1958, 

1965), of cilia (Fawcett and Porter, 1954; Lansing and Lamy, 1961) 

and of flagella (Gibbons and Grimstone, 1960). In the tail of sea 

urchin sperm (Afzelius, 1959) interconnections between the central 

and peripheral filaments have been found, described as "spokes ". 

In the flagella of Protozoa, Gibbons and Grimstone (1960) have 

demonstrated nine secondary filaments located between the central 

and peripheral filaments. In mammalian sperm tails, and in insects 

and certain molluscs, outer fibers and satellite fibrils peripheral 

to the nine filaments have been described by Fawcett (1965). There 

is no clear indication of the presence of "spokes ", secondary fila- 

ments, or outer fibers and satellite fibrils in either Mytilus sperma- 

tids or spermatozoa. 
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Cell Clusters and Intercellular Bridges 

Intercellular connections between pairs of germinal cells have 

been reported by Fawcett, Ito, and Slautterback (1959), Nagano 

(1961, 1962), Krishan and Buck (1965), and Anderson, Weissman 

and Ellis (1967). These protoplasmic bridges result from incom- 

plete cytoplasmic division during telophase (arrest of the cleavage 

furrow) leaving an open communication between daughter cells which 

may persist throughout differentiation (Fawcett et al., 1959). 

Within the groups of conjoined germ cells the events of differ- 

entiation appear to be precisely synchronized, and it is assumed 

that the protoplasmic continuity is the basis for this synchrony. 

While there is no evidence to demonstrate movement of cytoplasm 

between the interconnected spermatids it is possible that coordina- 

tion of spermatid differentiation is facilitated by rapid and unobstruct- 

ed transmission of chemical factors through the syncytium. Lake 

(1956) has pointed out that the development of spermatozoa from 

syncytia also offers a simpler explanation for the occurrence of 

mature spermatozoa in ordered clusters than that which postulates 

a chemotactic effect. 
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SUMMARY 

Differentiation of the spermatids of Mytilus edulis has been 

described from a study of light and electron micrographs and cyto- 

chemical preparations. 

In early spermatids numerous membrane -bounded proacro- 

somal vesicles arise from one or several Golgi complexes and co- 

alesce to form a single large, spherical acrosomal vesicle. This 

acrosomal vesicle, resting on the anterior surface of the nucleus, 

becomes indented, cone - shaped, and elongated. Sequential and 

regional differentiation of electron dense areas occur within the 

acrosomal vesicle as it undergoes morphogenesis. 

After the formation of the acrosomal vesicle precursor mater- 

ial of the membranoid sleeve is observed as an electron dense, 

spherical mass associated with the Golgi complex. This material 

adjoins the acrosomal vesicle and later occupies its indentation. 

In mature spermatozoa the membranoid sleeve lines the cavity of 

the cone- shaped acrosomal vesicle and surrounds the axial rod. 

Precursor material of the axial rod is first observed between 

the nucleus and the acrosomal vesicle as an aggregation of fibers. 

In later spermatids this aggregation extends posteriorly into the 

nucleus and anteriorly into the cavity of the acrosomal vesicle. The 

posterior extension of the axial rod precursor is developed into a 
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bulbous tip which lacks a specific internal structure. This primor- 

dial axial rod is not surrounded by a limiting membrane, but as it 

extends into the nucleus the nuclear envelope becomes reflected 

around it. Ultimately the axial rod projects through the nucleus into 

the periphery of the centriolar region. In the mature spermatozoon 

i s of fibrous character, approximately 50 mj, in diameter and Sp, 

in length. It extends from the anterior end of the acrosomal cavity 

to the periphery of the centriolar region. 

In early spermatids the endoplasmic reticulum is a rudimentary 

system of membrane -bounded canaliculi and flattened vesicles. The 

reticulum is predominantly free of ribosomes. Independent or 

clustered ribosome -like particles are present in the ground cyto- 

plasm. As differentiation progresses there is a further reduction 

in the limited amount of rough (ribosome -lined) endoplasmic reticu- 

lum. The particulate ground substance becomes more homogeneous 

and tightly packed. By late spermiogenesis the reticulum has largely 

disappeared and the ground substance, in the form of a dense granu- 

lar aggregate, is relegated to the posterior region of the cytoplasm 

which is sloughed off. 

During maturation of the spermatid the chromatin undergoes 

striking morphological alterations. A dense filamentous network 

of chromatin in the interior and along the periphery of the nucleus 

increases in size by accretion of the finer karyoplasm. 
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Simultaneously the finely granular material in the interstices be- 

comes denser and more homogeneous. Eventually the interaggregate 

spaces are obliterated as the large coarsely granular masses co- 

alesce to form the compact barrel- shaped nucleus of the sperm. 

By mid -spermiogenesis the randomly distributed elipsoid 

mitochondria become localized around the nucleus. The association 

with the nucleus is intimate and in many cases the mitochondria may 

be found in shallow recesses with the nuclear envelope reflected over 

their surface. From the mid - spermatid to the late - spermatid stage 

the mitochondria become spheroid, reduced to five in number and 

restricted to the juxtanuclear region which eventually will become 

the sperm middle -piece. 

Two centrioles of cylindrical form are situated near the base 

of the nucleus and are surrounded by the mitochondrial middle -piece. 

The distal centriole elongates and from it the longitudinal fibrils of 

the sperm flagellum take origin. The proximal centriole, oriented 

obliquely to the distal centriole, retains its initial structure. 

The mitochondria of late spermatids and mature spermatozoa 

showed a positive reaction with Sudan black B. Sections stained 

with Oil Red O were negative in all stages of spermatogenesis and 

spermiogenesis. 

Results of cytochemical techniques for carbohydrates; periodic 

acid /Schiff (PAS) reaction, PAS after diastase digestion, toluidine 
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blue for metachromasy and sulphation followed by toluidine blue, 

indicated that the proacrosomal vesicles are formed early in sper- 

matogenesis and that they are composed of a neutral mac roprotein. 
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APPENDIX 



Diagram 1. Diagrammatic longitudinal section of 
Mytilus edulis spermatozoon. 

Diagram 2. Schematic diagram of the nucleus, the 
mitochondria, and the proximal and distal 
centrioles of the Mytilus edulis spermatozoon. 

Diagram 3. Schematic diagram of a transverse section through 
the sperm middle -piece. 

Abbreviations 

ACA Conical area of the acrosomal vesicle 
AI Indentation of the acrosomal vesicle 
AM Membrane of the acrosomal vesicle 

BRA Basal region of the acrosomal vesicle 
C Centrioles 

DC Distal centriole 
I Interface between the basal and apical region of the 

acrosomal vesicle 
MS Membranoid sleeve 
N Nucleus 
NE Nuclear envelope 
NO Nuclear opening for the axial rod 
PC Proximal centriole 
ST Sperm tail 
T' Outer tubular elements 
T" Inner tubular elements 
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Diagram 4. Diagrammatic longitudinal sections of Mytilus edulis spermatids 
depicting the salient features in the formation of the acrosomal 
complex. 

Abbreviations 

Av Acrosomal vesicle 
N Nucleus 

PAR Precursor material of the axial rod 
PMS Precursor material of the membranoid sleeve 
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Figure 1. Sperm follicles distributed within a connective 
tissue stroma (CT). In the dark areas along 
the periphery of the follicles are spermatogonia 
(Sg), spermatocytes (Sc), and spermatids (Sd). 
The lighter central area is filled with mature 
spermatozoa (Sz). Paraffin section stained with 
Harris' Hematoxylin and Eosin (230X) 

Figure 2. Peripheral region of the sperm follicle showing 
sperm cells in various stages of spermatogenesis 
and spermiogenesis. Araldite thin section stained 
with toluidine blue (2000 X) 

Figure 3. Lumen of the sperm follicle showing the orderly 
arrangement of the mature spermatozoa. Araldite 
thin section stained with toluidine blue (2000 Xl 





Figure 4. Longitudinal section of Mytilus spermatozoon. 
(Axis of the acrosome departs from the plane 
of section apically.) Axial rod (AR) extends 
through the nucleus (N), to the periphery of 
the centriolar region (CR). Mitochondria (M) 
at the base of the nucleus surround the centri- 
oles. Acrosomal vesicle (AV) is a hollow cone 
with regional differences in densities; compare 
the basal region (BRA) to the apical region. 
Lining of the acrosomal posterior indentation is 
the membranoid sleeve (MS). (38, 500X) 





Figure 5. Longitudinal section of the mature spermatozoon. 
Note the interface (I) between the basal ring area 
(BRA) and the apical region of the acrosomal 
vesicle. The conical area (ACA) within the 
acrosome surrounds the apical region of the ax- 
ial rod (AR). Posterior indentation of the acro- 
somal vesicle, AI. (19, 000X) 

Figure 6. Two Mytilus spermatozoa connected by an inter- 
cellular bridge (IB). The tubular basket -like 
structure (B) is seen just anterior to the posterior 
indentation of the acrosomal vesicle (AI). A cross 
section of the proximal centricle (PC) containing 
tubular triplets in a whorl -like pattern is shown in 
the lower spermatozoon. Membranoid sleeve, MS; 
distal centriole, DC. (34, 500 X) 
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Figure 7a. Longitudinal section of a mature spermatozoon. 
(Axis of the acrosomal vesicle departs from the 
plane of section apically). Tubules within the 
acrosome are shown at T' and T ". A portion 
of the nuclear opening (NO) of the axial rod (AR) 
terminates at the periphery of the centriolar 
region (CR). The peripheral filaments (TF) are 
continuous with the distal centriole (DC) while 
the central filaments (CF) end at the surface of 
the distal centriole. (47, 000 X) 

Figure 7b. Cross -section of a sperm tail showing the arrange- 
ment of the tail filaments. The line indicates 
peripheral pair 1 according to Afzelius' designa- 
tion. (125, 000 X) 
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Figure 8. Section of early and late spermatids. Nuclei 
(N) contain filamentous condensations of 
chromatin. Dark vesicles scattered through- 
out the cytoplasm are proacrosomal vesicles 
(PV) which may be associated with Golgi ele- 
ments (GE). Mitochondria (M), endoplasmic 
reticulum (ER) and particulate ground sub- 
stance are uniformly distributed throughout 
the cells. A centriole (C) is shown in prox- 
imity of the cell surface. Cross -section of 
an intercellular bridge, I. B. (18, 500 X) 
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Figure 9. Section of early spermatids. Proacrosomal 
vesicles (PV) are scattered randomly through- 
out the cytoplasm and may be associated with 
the Golgi elements (GE). Developing sperm 
flagella (SF) are seen in association with the 
centrioles (C). Note that the central filaments 
(CF) in the labelled sperm flagellum end at the 
surface of the distal centriole. Endoplasmic 
reticulum, ER; mitochondria, M. (35, 000 X) 
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Figures 10 and 11. Distribution of proacrosomal vesicles (PV) 
and rough endoplasmic reticulum (RER) in 
the early spermatid. Note the smooth 
endoplasmic reticulum (SER) which appears 
as flattened membranous sacs and cis - 
ternae. Mitochondria (M) have a dense 
matrix. (32, 000 X and 36, 000 X) 
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Figure 12. Early spermatid nuclei (N) and mitochondria (M). 
Mitochondria have an electron translucent matrix. 
Note the fine granular material distributed among 
the coarsely filamentous chromatin aggregations. 
(31, 000 X) 

Figure 13. Early spermatid (right) and mid -spermatid (left). 
Mitochondria of early spermatids have an electron 
translucent matrix (Ml) or a fairly dense matrix 
(M2). Mid -spermatid shows large areas of con- 
densed chromatin (CC) surrounding smaller areas 
of karyoplasm. The acrosomal vesicle (AV) is 
indented on its adnuclear surface and the pre - 
membranoid sleeve material (PMS) fills this area. 
Immediately below the premembranoid sleeve 
material is the fibrous substance of the preaxial 
rod material (PAR). (35, 000 X) 



92 

1? ̀ t 

Co' u!o r 
j L... 

71h 
. 

N 

."41 / t yi # a' ir{ ' h t 
`¡ . .,i r. N ` 

A . S 

' - a ' 
. f 

. r 

te, . 
Xr C 

s y 

EÍ 4ie i.' 

'. a 

- 

tr, 

,_ ' 

rYyJ! l 

L 

E 

' t,,, 
--'1V 

Itry, 

r 

I 

t 

ri A ` 

i+ 

d' 

` r 

0-,, 



Figure 14. Spermatids midway through development showing 
an intercellular bridge (IB). Cross section of the 
region near the ring centriole (RC) is shown with 
the sperm flagellum (SF). The acrosomal vesicle 
(AV) is starting to elongate and is surrounded by a 
thickening of the acrosomal membrane. On the 
adnuclear surface of the acrosomal vesicle is the 
premembranoid sleeve material (PMS). (46, 000 X) 
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Figure 15. Two late spermatids joined by an intercellular 
bridge (IB). The spermatid on the right shows 
shows the premembranoid sleeve material (PMS) 
lining the acrosomal indentation. The nucleus (N) 
contains granules which are irregular in shape but 
fairly uniform in size. Preaxial rod material, 
PAR. (51, 500 X). 
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Figure 16. Cluster of four spermatids (Quartet) midway 
through spermiogenesis. Intercellular bridges 
are not shown. (33, 000 X) 
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Figure 17. Spermatids midway through spermiogenesis. The 
proacrosomal vesicles (PV) have coalesced to form 
larger and fewer vesicles. There is a reduction in 
the amount of endoplasmic reticulum (ER) and the 
mitochondria (M) contain a relatively dense matrix. 
Centriole, C; ribosome -like particles, R. (50, 000 X) 



100 

leY 

.41 

o 1 Y 

. /''.rlyJ 

L 
ÿiT 

yII 

" ' 

s ,-,ry 
. 

L1 
r .i 

ie-. 

n 
. i 

- .:4 43 

pv 

r 

V.1 4 L 

I / wr 
'7[1,'4 'r, 

:Lae: 

'P 
M 

o 

i 
. 

ti i. 

rr 
' .. .. 1 f 

sTM ç` .1`t: _ :hi 
P. 

C 
ir {t. 

7Fat'' 



Figure 18. Late spermatid with a condensed nucleus (N), 
showing its particulate structure. The mito- 
chondria (M) are in their definitive position. 
The acrosomal vesicle (AV) has become conical 
with a bulbous basal region (BRA) and its pos- 
terior indentation is almost completely lined 
with the premembranoid sleeve material (PMS). 
The cytoplasm, reduced in quantity, is com- 
posed of tightly packed particles. (43, 000 X) 

Figure 19. Late spermatid in the process of cytoplasmic 
sloughing. The particulate cytoplasm is 
tightly packed and contains a Golgi remnant . 

(GR). Arrows indicate the position of the ring 
centriole (RC). Nucleus, N; Mitochondria, M. 
(33, 000 X). 
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Figure 20. Orientation of the mitochondria (M) at the basal 
portion of the nucleus (N) in the late spermatid 
(cell to the left). Note that the cristae have 
become extensive and anastomose. The acro- 
somal vesicle (AV) has elongated into a hollow 
cone with an acute surface. The premembranoid 
sleeve material (PMS) lines the posterior inden- 
tation of the acrosomal vesicle, from its apex to 
the basal region. Orientation of the mitochondria 
(M) around the nucleus by the mid -spermatid stage 
is shown in the cell on the right. Endoplasmic 
reticulum, ER; Axial rod, AR. (45, 000 X) 
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Figure 21. Orientation of the mitochondria (M) around the 
nucleus (N) during mid -spermiogenesis. The 
intimate morphological relation of the mito- 
chondria and nucleus is shown as a tight appari- 
tion of these two organelles (Arrow). The acro- 
somal vesicle (AV) is a spheroid and has a thick- 
ened border. (39, 000 X) 
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Figure 22. Spermatids midway through spermiogenesis with 
mitochondria (M) in deep nuclear recesses. Pre - 
membranoid sleeve material (PMS) is included in 
the adnuclear indentation (Arrow indicates the 
apex of indentation) of the acrosomal vesicle (AV). 
Sperm flagellum (SF) in the cavity produced by the 
formation of the ring centriole. Nucleus, N; Golgi 
remnant, GR. (55, 000 X) 
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Figure 23. Mid -spermatid almost having completed nuclear 
condensation. The mitochondria (M) are situated 
in their definitive position and project into the 
basal region of the nucleus (N). As the acrosomal 
vesicle (AV) continues to elongate the premembra- 
noid sleeve material (PMS) preferentially adheres 
to the periphery of the posterior indentation of 
the acrosomal vesicle (AV), thus forming a larger 
electron translucent area (TA). Below the (PMS) 
is a fibrous aggregation, the preaxial rod material 
(PAR). (42, 500 X) 

Figure 24. Transverse section of the middle -piece region 
showing the tubular triplets embedded in the dense 
wall of the distal centriole (Arrow). (46, 000 X) 
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Figure 25. Two Golgi elements in one early spermatid producing 
proacrosomal vesicles. (66, 000 X) 

Figure 26. Production of proacrosomal vesicles (PV) by a 
Golgi element (GE) during mid -spermiogenesis. 
Nucleus, N. (54, 000 X) 
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Figure 27. Distribution and uniformity in size of the pro - 
acrosomal vesicles (PV) during early spermio- 
genesis. Mitochondria have a fairly dense matrix 
and are situated in close proximity to the nucleus 
(N). Mitochondria (M) of the mid spermatid shown 
on the lower left is in close apposition to the nuclear 
envelope. Endoplasmic reticulum, ER. (43, 000 X) 

- 
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Figure 28. Spermatogonia containing proacrosomal vesicles 
(PV). (19, 000 X) 

Figure 29. Spermatocyte showing thick filamentous chromo- 
somes (Ch), proacrosomal vesicles (PV), and 
mitochondria (M) with a dense matrix. (24, 000 X) 
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Figure 30. Spermatid midway through development, showing 
a large acrosomal vesicle (AV) bounded by a 
thickened acrosomal membrane. Mitochondria 
(M) are associated with the nucleus (N). (45, 000 X) 

Figure 31. Acrosomal vesicle (AV) becoming cone - shaped and 
elongated. The indentation on the adnuclear surface 
of the acrosomal vesicle (Arrow denotes the apex of 
the indentation) is filled homogeneously with the pre - 
membranoid sleeve material (PMS). Nucleus, N. 
(29, 000 X) 
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Figure 32. Continued elongation of the acrosomal vesicle (AV) 
and formation of the posterior indentation. Pre - 
membranoid sleeve material (PMS) continues to 
fill this area except for the apex (Arrow). Fibrous 
material below the premembranoid sleeve material 
is the axial rod precursor (PAR). Mitochondria 
(M) are closely associated with the posterior sur- 
face of the nucleus (N). (39, 000 X) 

Figure 33. Further elongation of the acrosomal vesicle (AV) 
and formation of the posterior indentation (Arrow 
denotes apex). Premembranoid sleeve material 
(PMS) no longer fills this area homogeneously and 
only lines its periphery. Below the premembranoid 
sleeve material the fibrous material of the axial 
rod (PAR) accumulates. (32, 000 X) 
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Figure 34. As the posterior indentation of the acrosomal 
vesicle (AV) grows larger the premembranoid 
sleeve material (PMS) continues to adhere to 
its periphery. Below the premembranoid sleeve 
material the fibrous preaxial rod material (PAR) 
aggregates. (42,000 X) 

Figure 35. The removal of material in the basal region of 
the acrosomal vesicle (AV) is shown in late 
spermatid A. Spermatid B shows a tangential 
section of the acrosomal vesicle (AV) demon- 
strating the result of the complete removal of 
the acrosomal material. Spermatid C shows 
the formed acrosome conical area (ACA) which 
surrounds the apical region of the axial rod, and 
the reappearance of acrosomal material at the 
basal ring region. (29, 000 X) 
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Figure 36. Late spermatid in which the material from the 
basal ring area of the acrosomal vesicle (AV) 
has disappeared concurrently with the formation 
of the acrosomal conical area (ACA). Axial rod, 
AR. (60, 000 X) 

Figure 37. Late spermatid in which there is a reappearance 
of the acrosomal substance at the basal ring 
region. The acrosomal conical area (ACA) is 
clearly demonstrated and surrounds the anterior 
region of the axial rod (AR). (30, 000 X) 
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Figure 38. A Golgi element (GE) is seen in the left spermatid 
sequestering premembranoid sleeve material (PMS). 
Note the conformation of the granules at the tips of 
the Golgi lamellae and the premembranoid sleeve 
material on the nuclear surface of the acrosomal 
vesicle (AV). Mitochondria, M; nucleus, N. 
(33, 000 X). 
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Figure 39. Premembranoid sleeve material (PMS) appearing 
to establish contact with the surface of the acro- 
somal vesicle (AV). Note the thickened surface 
of the acrosomal vesicle. Golgi element, GE. 
(80, 000 X) 

Figure 40. Late spermatid showing the early extension of the 
preaxial rod material (PAR) into the nucleus (M). 
Arrows denote the limits of the axial rod projec- 
tion. (33, 000 X) 
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Figure 41. Late spermatid with a conical acrosomal vesicle. 
Lining the posterior indentation of the acrosomal 
vesicle is the membranoid sleeve (MS). Anterior 
to the nucleus is the fibrous axial rod material 
extending into the nucleus. Arrow denotes limit 
of the axial rod (AR). 

Figure 42. Progression of the axial rod (AR) into the nucleus. 
Note its bulbous tip (Arrow) and the reflected 
nuclear envelope (NM). (60, 000 X) 
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Figure 43. Continued progression of the axial rod (AR) into 
the nucleus and the posterior indentation of the 
acrosomal vesicle (AV). Note the fibrous nature 
of the axial rod and the parallel orientation of the 
fibers. Bulbous tip of the axial rod, BT. (39, 000 X) 

Figure 44. Further morphogenesis of the axial rod (AR). 
Bulbous tip of the axial rod, BT; membranoid 
sleeve, MS. (55, 000) 
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Figure 45. Tangential section of a late spermatid showing the 
opening (NO) formed by the extension of the rod 
through the nucleus (N). Arrow denotes the area 
of the fused nuclear envelope. (40, 000 X) 
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Figure 46. (a) Results of the Sudan black B reaction. Small 
black bodies scattered throughout the sperm 
follicles are mitochondria of late spermatids and 
mature spermatozoa. Primordial cells lining 
the periphery of the follicle take on a diffuse 
staining reaction with some granular regions 
denoting mitochondria. Interstitial cell, IC. 
(800 X) 

(b) Results of the Oil red O reaction. Interstitial 
cells (IC) lining the follicle are positive for 
neutral lipids; sperm cells are negative. (800 X) 

(c) Results of the PAS reaction. Interstitial cells 
(IC) react positively. Spermatogonia and sper- 
matocytes show areas of granular PAS positive 
material (Arrow). Acrosomal material of sper- 
matids and spermatozoa stain positively. (1000X) 

(d) Results of the PAS -diastase test. Spermatogonia 
and spermatocytes lining the basement membrane 
of the sperm follicle show diastase -fast granules 
which are the proacrosomal vesicles (PV). The 
acrosomal materials of spermatids and sperma- 
tozoa retain their positive PAS reaction. There 
is a general reduction in the staining intensity 
upon treatment with diastase; compare 46c with 
46d. (1000 X) 
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