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ABSTRACT 

Large Individuals of the sea anemone Actinia fragacea 

were collected at approximately monthly intervals over a 

two year period. Their gonads were examined by light and 

electron microscopy, in order to follow the gametogenic 

process. The sexes are separate, and both show an annual 

cycle of activity. Oocytes arise in the gonad epithelia, 

but soon migrate into the mesogloea. During vitellogenesis, 

the oocytes accumulate compound yolk granuleso fibrillar and 

cortical granules, lipid droplets and glycogen. The surface 

of large oocytes bears tufts of large microvilli or cytospines. 

The oocytes reach some 150 pm in size. A group of specialized 

gonad epithelial cells projects through the mesogloea and 

contacts the oocyte surface, forming the trophonema, which 

is involved with nutrient transfer. The gonad epithelium 

can take up nutrients from the external medium, and the 

trophonema is particularly active in the uptake and 

incorporation of some small molecules. Not all fully grown 

oocytes are always spawned; some break down in an orderly 

fashion and are resorbed. Oogenesis was also examined, in 

less detallo in four other species of anemone. Spermato- 

genesis takes place in spherical testicular cysts, which are 

also associated with trophonemata. Spawning occurred in the 

laboratory on three occasions. Spawned eggs do not possess 

a vitelline coat, and do not undergo a cortical reaction. 

Gastrulae may take up numerous supernumary sperm. 
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GENERAL INTRODUCTION 
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Interest In the means by which new animal and human 

individuals develop and are brought into being extends back 

to the earliest phases of human history. Shapiro and Eddy 

(1980) mention evidence of cave paintings and artefacts from 

neolithic times indicating the fascination shown by early man 

for the generative process. Ancient Egyptians speculated upon 

the point at which the developing embryo became animated by 

the deity, and also perfected a highly successful technique 

for the artificial incubation of birds' eggs (Needham, 1931). 

Serious intellectual study and debate of embryological matters 

was pursued in ancient Greece, as is testified by the 

surviving writings of Hippocrates and Aristotle. With the 

dawn of experimental science, natural curiosity and the quest 

for understanding of reproductive processes have been 

sharpened and reinforced by the desire to manipulate these 

processes, in order to reduce or enhance the fecundity of. man 

and his domestic animals. Nevertheless, in 1931, Needham 

wrote that a line "as straight as Watling Street" ran from 

Hippocrates through Aristotle, Leonardo, Harvey and von Baer 

to the current issues of developmental biology journals. 

During the last 30 years or so, with the development of 

the electron microscope and the rapid expansion of the new 

science of cell biology, the study of gametogenesis has 

received a further impetus. Animal eggs and sperm are extreme 

examples of specialized cell types, and so may serve as model 

systems for the study of specific cellular activities. For 

example, developing oocytes are specialized for the uptake or 

synthesis of reserve materials, and they and their associated 
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cells can make suitable subjects for the Investigation of such 

processes. In many animal species, the egg Is the largest 

cell-produced by the organism, while the sperm is usually 

among the smallest. However, both are usually derived from 

cells of only moderate size and often unremarkable appearance. 

Gametogenesis may thus offer an opportunity to observe a 

remarkable series of cellular transformations, and probe the 

mechanisms by which they are achieved. 

While the greatest significance In medical and economic 

terms is always likely to be attached to the study of mammals 

and other higher animal groups, in gametogenesis and many other 

areas of biology, our overall understanding owes much to the 

consideration of many different animal types. Some groups 

show characteristics which render them particularly convenient 

for a given type of experimental mani-pulation. Thus the eggs 

and embryos of amphibians and birds a. re generally larger and 

more easily obtained than those of mammals, and so were the 

material of choice for experimental embryologists for many 

years. Eggs and sperm may be obtained very easily from some 

echinoderm species, and have figured prominently in studies of 

fertilization and egg activation in recent years. But there 

may be factors other than convenience which favour the use of 

organisms phylogenetically far removed from mammals as objects 

of research. Many advances have stemmed from the investigation 

of lower organisms whose systems may be less sophisticated and 

hence more easily analysed than those of higher groups. The 

advance of molecular biology owes much to the study of the 

simplest organisms available in the form of bacteria and their 

viruses. By building on the understanding achieved with these 

organisms, the more complex problems encountered in higher 
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organisms can now be approached with some confidence. The 

study of simpler organisms may also give cl-ues to the paths 

followed during the evolution of more complex mechanisms. 

Coelenterates are among the most primitive of all multi- 

cellular organisms. Perhaps because of some of the factors 

outlined above, interest in many areas of their biology has 

increased in the last 20 years or so. Much of this attention 

has been focussed on the freshwater polyps of the genus Hydra. 

Workers using Hydra species have made a long and distinguished 

contribution to biological research, dating back to the 

classical studies of Abraham Trembley (1710-1784), reviewed In 

an interesting recent account by Lenhoff (1980). In many 

respectst Hydra has proved to be a remarkably convenient 

experimental animal. It may be cultured relatively easily in 

enormous numbers in the laboratory (Lenhoff and Brown, 1970). 

It has great regenerative powers, and pieces of Hydra can 

easily be grafted together, enabling sophisticated experiments 

on the mechanism of pattern formation to be carried out 

(e. g Wolpert; 1969. ). Its simple body plan has enabled models 

for the control of morphogenesis to be devised, and, to some 

extent, tested experimentally (Gierer, 1977; Gierer and 

Meinhardtt 1972). Its cellular composition and dynamics can 

be analyzed by quantitative methods in a way which has not 

yet proved possible for any other organism (David, 1975.; Bode 

and David, 1978; David, 1983). In laboratory culture, most 

species and strains of Hydra reproduce only by asexual budding. 

This has considerable advantages for many investigationst 

enabling experiments to be carried out using clones of 

genetically identical individuals. However, Hydra is a less 

than convenient organism for studies of sexual reproduction. 

'i N, 
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Most Hydra can be Induced to reproduce sexually only 

inconsistently, and, the process appears unusual In several 

respects. Often only a single egg is produced at a time, and 

the resultant embryo may serve as a resting stage for the 

survival of adverse environmental conditions. Thus Hydra is 

a less than ideal model, and our understanding of sexual 

reproduction in coelenterates as a whole has not advanced as 

rapidly as some other fields. As expressed by Campbell (1974a) 

"sexual reproduction and embryogenesis, the classic starting 

point of developmental studies, has never been a primary focal 

point in cnidarian research. " 

Some other coelenterates may be more suitable than Hydra 

for research into sexual reproduction, and Yet retain its 

advantages in terms of Possible Simplicity and primitiveness. 

Sea anemones are solitary marine polyps of the class Anthozoa 

which Inhabit shallow and coastal waters throughout the world. 

Most are much larger than Hydrao and Spaulding (1974) suggested 

that gametogenesis in sea anenones offered an opportunity for 

detailed descriptive and comparative work using both the light 

and electron microsopes. He went on to say that material should 

be easily available since many anemones possess develop-ing and 

mature gonads for long periods each year. In spite of their 

suitability, however, studies of anthozoan gametogenesis have 

not been numerous. Roosen-Runge (1977) wrote "Spermatogenesis 

in Anthozoa needs much more thorough investigation, particularly 

with the electron microscope. " More recently, in a review of 

coelenterate oogenesis, Beams and Kessel (1983) reported that 

no ultrastructural account of oocyte development or vitello- 

genesis in an anthozoan had yet been published. While the 

last statement is perhaps not strictly accurate, it reflects 

Nýl 
1 17 



the paucity of detailed information available for this group. 

Thus sea anemones werein, a-position of some potential useful- 

ness which had not yet been exploited, and this was the state 

of affairs which led to the present study being undertaken. 

In the ten years or so prior to the commencement of the 

present work, several Investigations of gametogenesis in sea 

anemones had been carried out, principally employing the 

techniques of wax histology and light microscopy. In the most 

detailed studies (Chia and Rostron, 1970; Dunn, 1975; Jennison, 

1979), the authors examined gonads at regular intervals over 

an extended period of time, so that all stages of the gameto- 

genic cycle could be observed. Dunn (1975) expressed the view 

that large samples of anemones.. collected at various times of 

year, must be examined histologically before the sexual 

character of a species could be ascertained. However, these 

workers were hampered by the limitations of the light microscope 

and conventional preparative procedures. Most of the electron 

microscope studies published (e. g Clark and Dewel, 1974; Dewel 

and Clark, 1974) dealt with only narrow aspects of oocyte 

growth or sperm development, and only a fragmentary picture 

had emerged. The only area to have been examined at all 

thoroughly at the electron microscope level was the structure 

of the mature sperm (Dewel and Clark, 1972; Hinsch and Clark, 

1973; Hinsch, 1974; Lyke and Robson, 1975; Schmidt and Zissler, 

1979). The present study was conceived primarily as an attempt 

to combine the advantages of repeated, regular sampling of 

gonads with the vastly superior resolution of detail available 

by the use of electron microscopy. Thus it was hoped that all 

stages of gamete development could be examined in some depth, 

without losing sight of the overall pattern. 

1ý41 
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The approach would be to take regular (approximately 

monthly) samples of gonads from a single species of anemone 

from a restricted locality over a period of two years or so. 

The gonads would be examined by electron microscopy, but since 

the quantity of gonad from each sample which could be treated 

In this way would be small, a parallel light microscope study 

would also be carried out. This should permit a broader over- 

view of gamete development, and also provide a check that the 

EM samples were representative. In an attempt to improve 

preservation and make the best use of the limited resolution 

available with the light microscope, EM-derived fixation 

procedures would be employed, and semithin (2 ym) sections 

would be prepared by modern plastic resin embedding techniques 

rather than conventional wax histology. For comparative 

purposes, a small number of other anemone species would be 

studied in a similar way, but In rather less detail and with 

longer sampling intervals. If spawning and early development 

could be followed in any species, it would be approached only 

with a view to elucidating the function of structures observed 

during gametogenesis. An overall study of embryonic and larval 

development might represent too large an undertaking in 

addition to the gametogenesis programme. 

The very common and widely distributed beadlýt anemone 

Act-bni. a equzna var. mesembryanthemum, at first sight seemed 

an obvious candidate for detailed study. However, previous 

work, largely from Portsmouth, indicated that: - 

a) Only a relatively small proportion (ca. 25%) of even 

large individuals of this variety possessed gonads at any 

given time. This would exaggerate the difficulties of a 

regular sampling programme,, and require large numbers of 
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anemones to be collected from the field. 

b) Reproduction In this variety appeared unusual in 

several respects. Adult anemones of both sexes and even those 

without apparent gonads brood young In their gastrovascular 

cavities. The brooded young appear to be genetically identical 

to their parents, and so are unlikely to have been produced by 

a conventional sexual process (Cain, 1974; Gashout and Ormond, 

1979; Carter and Thorp, 1979; Orr et aZ, 1982). 

The other British variety of this species, A. equina var. 

fragacea does not brood, however, and a very high proportion 

of large individuals contain recognizable gonads. It was thus 

decided to study this variety in detail, and use the var. 

viesembryanthemum as one of the anemones selected for less 

detailed study. 

During the early part of the present study, a paper was 

published (Carter and Thorpe, 1981) suggesting that the 

ecological, genetic and reproductive differences between these 

two varieties were such that they should be considered as 

separate species. This had been suggested independently by a 

previous report (Rostron and Rostron, 1978). Carter and Thorpe 

(1981) proposed that the two species be known as Actinia 

equina L. and Actinia fragacea (Tugwell, 1856), and their 

nomenclature has been adopted during the subsequent writing 

of this thesis. Actinia fragacea is less widely distributed 

in Britain than A. equina, but is found on rocky shores around 

the south west of England. it Is oviparous, and tends to 

occur lower down on the shore than A. equina. 

The anemones selected for less detailed study were as 

fol lows: 

1) Actinia equina, as described above. 
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2) Tealia felina, a non-brooding anemone found in the 

same location as A. fragacea. 

3) Anemonia sulcata, another non-brooding intertidal 

anemone found in the same location, but containing symbiotic 

zooxanthellae. Unlike the other species studied, It can 

also reproduce asexually by longitudinal fission. 

4) Cereus pedunculatus. This is an acontiate or 

mesomyarian anemone, and so is taxonomically slightly removed 

from the other species mentioned, which are all endomyarian. 

It also occupies very different habitats. The populati-on 

sampled for this study was situated on the intertidal mud flats 

in the upper reaches of a large sheltered harbour. Cereus 

adults brood young, and their cells contain zooxanthellae. 

It was hoped that the above species would provide a range 

of life-styles an-d reproductive strategies between which 

useful comparisons could be made. In fact, there are many 

similarities in the eggs and sperm of all the species studied, 

and only major points of difference are described in detail 

in this thesis. 

i) Sea anemone structure 

only the briefest account of anemone structure will be 

given here, primarily to introduce some of the terms used later 

in the thesis. A more complete and detailed account Is given 

by Stephenson (1928) among others. Like Hydra and all polyps, 

the anemone body plan is that of a hollow cylinder closed by 

basal and oral discs. The basal disc is complete, but the 

oral disc is perforated by a mouth and is fringed by hollow 

tentacles. The central cavity Is known as the coelenteron or 
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gastrovascular cavity. Anemones differ from Hydra in at 

least two important respects. The mouth does not open 

directly into the gastrovascular cavity, but rather into a 

tube known as the pharynx or actinopharynx. Also the gastro- 

vascular cavity is partially divided by radially arranged 

longitudinal partitions known as mesenteries. 

The body wall of all coelenterates consists of three 

layers, known as ectodermmesogloea and endoderm. The ecto- 

derm and endoderm are madeup of columnar epithelial cells of 

several types. In contrast to Hydra and other Hydrozoa, where 

the mesogloea is thin and non-cellular, in anemones it may be 

thicker and contain cells. The most widespread mesogloeal 

cells are amoebocytes, which also occur in the basal regions 

of the epithelial layers. 

The mesenteries, unlike the body wall generally, consist 

of two layers of endoderm separated by mesogloea (see Diagram 

One). Some mesenteries extend from the-outer body wall 

across to the pharynx, and are termed perfect mesenteries, 

while others do not join with the pharynx and are termed 

imperfect. The free edge of most mesenterles bears a cord of 

specialized cells known as the mesenterial or gastric filament. 

In the upper or oral part of the anemone the filaments have a 

trilobed appearance in cross section; below about the level of 

the pharynx they are unilobed. The gonads are situated on the 

lower portions of the mesenteries. Mesentery and gonad 

structure will be considered in more detail in Chapter 3, and 

that of the filaments in Chapter8 . 
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ii) The terminoloxy of izametopenesis 

There Is now a vast literature dealing with spermato- 

genesis and oogenesis. No attempt to survey this literature 

will be made here: more specific areas will be dealt with In 

individual chapters. Ultrastructural aspects of oogenesis 

have been reviewed by Norrevang (1968) and Anderson (1974). 

Spermatogenesis was surveyed by Roosen-Runge (1977), and the 

structure of spermatozoa by Baccettl and AfzellUs (1976). 

The literature on Invertebrate gametogenesis has been recently 

reviewed In volumes edited by Adiyodl and Adlyodi (1983a, b). 

While the end products of gametogenesis vary hugely 

between different species, there Is a measure of consistency 

in the pattern of stages which are passed through during their 

formation. The following very brief account is generalized 

and may be applied to many, but not all, animal groups. Again, 

it Is included primarily to introduce some of the terms which 

will be encountered frequently In subsequent chapters. 

Spermatogenesis is in some respects the more straight- 

forward process and so will be outlined first. The stages 

involved are shown in Diagram 2. Many animals do not begin 

active gametogenesis until they reach a particular age or 

size, but germ cells may be present from a very early age. 

Many terms have been applied to these precursor cells In 

different situations, but It Is perhaps simplest to refer 

loosely to them as precursor cells. When active spermato- 

genesis begins in the male, these cells become mitotically 

active, and are known as spermatogonia. They undergo several 

rounds of mitotic division, before some of them become primary 

spermatocytes, which now divide meiotically. The first meiotic 

21. 



STAGES OF SPERMATOGENESIS 
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division gives rise to a pair of secondary spermatocytes, 

which then undergo the second n-eiotic division to produce four 

cells known as spermatids. The spermatids then differentiate 

without further division to form the spermatozoa.. a process 

sometimes called spermateliosis. Sometimes the cytoplasmic 

divisions following mitosis and meiosis may be Incomplete, 

giving rise to daughter cells conjoined by cytoplasmic bridges. 

The stages of oogenesis are shown In Diagram 3. Oogonia, 

again derived from Precursor cells, divide mitotically for a 

period before developing into primary oocytes. Primary 

oocytes begin meiosis, but the process is usually arrested, 

often at the diplotene stage of first melotic prophase. 

During meiotic arrest, the primary oocyte enlarges and may 

accumulate reserve materials known as yolk. The process of 

yolk accumulation is known as vitellogenesis, and may take 

months or years to complete. When growth is complete, meiosis 

may be resumed. The distribution of cytoplasm after the first 

melotic division is usually very unequal. One daughter cell 

receives the vast majority of cytoplasm and becomes the 

secondary oocyte, while the other cell receives very little. 

It is termed the first polar body, and usually soon degenerates. 

The second meiotic division follows a similar pattern, 

producing a large ovum or egg and a second small polar body. 

The egg or oocyte may be released from the gonad at any stage 

after its growth is complete; melosis and polar body formation 

may thus occur after release. Fusion of sperm and egg may 

also occur prior to the completion of the meiotic divisions. 

Fusion of the haploid egg and sperm genomes produces a diptoid 

zygote which then undergoes cleavage to form an embryo. 

1) 1 



STAGES OF OOGENESIS 
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During spermatogenesis, most of the extensive 

reorganization required to fashion the mature spermatozoa takes 

place after mitotic and meiotic activity has ceased. During 

oogenesis, however, much of the growth and transformation 

take place during a pause in the first melotic division. 

Egg and sperm differentiation often take place in close 

association with other cells not destined to become gametes. 

These so-called accessory cells may take a variety of forms. 

Some sperm develop while embedded in the cytoplasm of 

sustentacular or Sertoli cells, while most oocytes are 

associated with follicle cells, nurse cells or both. Follicle 

cells are derived from somatic cells, while nurse cells 

originate from germ cells, and may show cytoplasmic continuity 

with the developing oocyte. In many species, these accessory 

cells make a very significant contribution to gamete develop- 

ment. Interestingly, Campbell (1974a) proposes coelenterates 

as possible model systems for the study of gametogenesis with 

minimal or no involvement of accessory cells. The validity 

of this suggestion will be examined critically In the chapters 

which follow. 
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Chapter 2 

MATERIALS AND METHODS 



1. Obtaininz Gonad Material 

Actinia fragacea individuals were collected at 

approximately monthly intervals throughout 1979 and 1980 from 

a restricted area of rocky shore at Vlembury (some 5 miles 

south-east of Plymouth, Devon). Collection from this site 

was continued at intervals of 6-8 weeks during 1981. This 

population appeared to consist of roughly equal numbers of 

males and females, and samples of 6 animals were taken on each 

occasi. on. By late 1981, the population showed signs of 

depletion.. partly as a consequence of sampling and partly due 

to the covering of some rocks by sand movements during 1981. 

Further sampling as required for experimental work during 

1982 and 1983 was carried out from the shore at Shaldon 

(approximately 1 mile south-west of Teignmouth, Devon). 

The Shaldon population contained a preponderance of male 

animals, and samples of 10 to 15 individuals were taken on 

each occasion. From both sites, animals were collected 

haphazardly, and selected simply on the basis of size. Only 

relatively large individuals were taken, and every anemone 

collected was found to contain recognizable gonads. 

Actinia equina, Tealia feZina and Anemonia suZcata 

individuals were collected at intervals of 6-8 weeks from the 

Wembury site during 1981. Again, large individuals were 

selected. Six Tealia and Anemonia individuals were taken 

each time, while the high Incidence of non-sexual anemones in 

Actinia equina necessitated a sample size of 20 for this 

species. 

Cereus pedunculatus was sampled at approximately 8ý-weekly 

intervals throughout 1980 and -1981. The sampling site was 

situated near Langstonee some 5 miles east of Portsmouth, and 

was an area of intertidal mud flat in the upper reaches of 
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Langstone Harbour. Samples of 8 large individuals were taken 

on each occasion. 

On returning to the laboratory, anemones of all species 

were placed in closed tanks of aerated seawater at room 

temperature (usually 17-20 0 C). All anemones were dissected 

as soon as possible after collection, usually the next day. 

Most appeared unharmed by the collection and transportation 

process. However, TeaZia feZina Individuals were often 

difficult to remove from the substratum, and many suffered 

damage, usually to the pedal disc, during collection. Some of 

these anemones showed signs of morbidity on dissection, often 

including a darkening of the mesenteric filaments. Throu, -, h- 

out the study, difficulty was experienced obtaining apparently 

healthy, well-ýflxed gonad material for this species. 

Actinia fragacea, A. equina and Anemonia suZcata 

individuals were dissected by making two cuts at right angles 

across the pedal disc, and pinning the anemone out, oral disc 

downwards I in a wax-bottomed dish. As the pedal disc Is 

everted and spread out, the mesenteries are clearly visible 

radiating from the pharynx. The gonads may be removed from 

the mesenteries using fine scissors. It was found to be 

important to perform the dissection rapidly and smoothly, 

since severe or prolonged disturbance of the mesenteries 

usually results in the production of large amounts of opaque 

sticky mucus, which makes further dissection difficult or 

impossible. 

Cereus and Tealia individuals could not be pinned out 

in this way, and dissection of these anemones was less 

methodical. They were usually simply cut in half longitudinally 

and gonad tissue was removed as and when it became visible 
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during probing of the inside of the anemone. 

2. Preparation for MicroscoDv 

Gonad material obtained as above was prepared for light 

microscopy, transmission electron microscopy and scanning 

electron microscopy by the following procedures. Details of 

solutions and reagents used in this section are given in 

Appendix 1. 

Fixation 

All gonad pieces were fixed Immediately after removal 

by Immersion in fixative consisting of 3% glutaraldehyde and 

3% sodium chloride in a 0.1 molar'sodium phosphate buffer, 

pH 7.4. Fixation was for 2h at room temperature, after which 

the tissue was stored in buffer at 40C. 

Fixation in PIPES-buffered glutaraldehyde, as recommended 

by Baur and Stacey (1977), was also tried. Tissue preservation 

at LM and EM levels was generally excellent, but with EM the 

cytoplasmic matrix appeared much more dense than with phosphate 

buffered fixative. While this may have been due to improved 

retention of cytoplasmic components, It made the visualization 

of organelles more difficult. For this reason, PIPES buffer 

was not adopted for routine use. 

b) Preparation for light microscopY 

Gonad material intended for light microscopic examination 

was fixed and stored as described above, then trimmed as 

required with a razor blade and dehydrated as follows: 

70% ethanol/water 30min 

90-01 11 11 30min 

95% 11 It 30min 

The material was infiltrated and embedded in IJB41 plastic 



as follows (details In Appendix 1). 

Soaked in catalysed solution A for 2 h, 

Rinsed In complete resin mix for 5 min, 

Embedded in complete resin in LKB 'Easymoulds'. 

'Easymoulds' can be stacked, to exclude air during polym- 

erization of the resin. Polymerization was usually complete 

after 3h at room temperature. 

Sections were cut at 2 pm thickness using glass knives 

on an LKB Pyramitome. The sections were transferred to water 

droplets on glass slides and dried on a hotplate. The sections 

were routinely stained briefly with toluidine blue, while a 

small number were stained using haematoxylin and phloxine. 

The stained sections were photographed using Wild M20 or Leitz 

Dialux photomicroscopes and Ilford Pan F 35mm format film. 

C) Preparation for transmission electron microscoDv 

Material for routine TEM was fixed and stored as described 

above, trimmed as required, cut into small pieces and processed 

as outlined below. 

1% osmium tetroxide in phosphate buffer 

Buffer rinse 

70% ethanol/water 

90% It 11 

95% If 11 

100% ethanol 

100% to 

Epoxypropane 

Epoxypropane 

1 

30 min 

10 min 

15 min 

15 min 

15 min 

15 min 

15 min 

15 min 

The pieces were infiltrated in 'EmixI epoxy resin, medium 
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hardness mix, as follows: 

1: 1 epoxypropane/epoxy resin 30 min 

Epoxy resin 1.5 h 

The pieces were then embedded in epoxy resin in 'Micromould' 

capsules and polymerized at 60 0C for approximately 16 h. 

Some of the earlier material was subjected to tertiary 

fixation ( or en bloc staining) with uranyl acetate. For 

these cases the procedure was as follows: 

1% osmium tetroxide in phosphate buffer 1h 

Distilled water 30 min 

1.5% aqueous uranyl acetate 1h 

followed by dehydration and embedding in the usual way. 

Material prepared in this way showed excellent preservation 

of much fine structure, but exhibited gross changes in the 

appearance of glycogen. These changes were similar to those 

described for a range of tissues by Vye and Fischman (1970). 

With experience, the altered glycogen could still be identified 

in sections with little difficulty, but since glycogen proved 

to be a major constituent of many cells involved in gameto- 

genesis, the use of uranyl acetate as a tertiary fixative was 

discontinued. 

After embedding, sections were cut using glass or 

diamond knives on an LKB Ultratome III ultramicrotome. The 

sections were flattened using chloroform vapour and collected 

on uncoated copper grids with mesh sizes between 200 and 400 

per inch, depending on the structures under Investigation. 

The sections were double stained with uranyl acetate 

and lead citrate (detailed In Appendix 1). The grids bearing 

sections were immersed in the staining solutions in solid 
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watch glasses for 15 min in each case, and rinsed after each 

solution by repeated dipping into distilled water. 

Stained sections were examined using a Philips EM300 

electron microscope, and photographed using Kodak 4489 or 

4463 electron microscope film. Negatives were developed using 

Kodak D19 developer, and fixed using Ilford Hypam rapid 

fixer. 

Pregaration for scanning electron microscoDy 

Material intended for SEM examination was fixed, 

osmicated and dehydrated as for TEM. After dehydration to 

100% ethanol, it was treated as follows: 

1: 1 100% ethanol/acetone mixture 30 min 

100% acetone 

100% acetone 

30 min 

30 min 

From acetone, the material was dried by the critical point 

method using Polaron apparatus. Pieces were attached to SEM 

specimen stubs using double sided adhesive tape or 'silver 

Dag' conductive paint. The stubs were then coated with a 

gold/palladium mixture using a Polaron sputter coater. They 

were examined using a JEOL JEM 35 scanning electron micro- 

scope, and photographed using Ilford FP4 film which was 

developed in ID 11 developer and fixed in Hypam. 

All negatives were printed using the Ilford Ilfoprint 

automatic processing system. 



e) Handling of eRgs. embryos and larvae 

Initially.. eggs.. embryos and larvae were processed 

individually for I. M. TEM and SEM. However, their small size 

made the manipulations required slow and tedious, and some 

loss of material often occurrred during processing. To 

facilitate the rapid processing of large numbers for LM and 

TEM, an agar embedding method was devised, and a small chamber 

was made to contain specimens for SEM during critical point 

drying. 

Azar embedding 

Several procedures were attempted, but the following 

method proved simple and effective. The specimens were fixed 

and osmicated as normal for TEM. 100-300 embryos were then 

transferred in a small volume of buffer to an 8 mm BEEM-type 

embedding capsule from which the cap had been removed. 

The specimens were allowed to settle to the pointed tip of 

the capsule, and as much of the buffer as possible was care- 

fully drawn off with a Pasteur pipette. The capsule was then 

allowed to slide gently to the bottom of a round-bottomed 

15 ml glass centrifuge tube. The tube and capsule were then 

placed in a rack in a water bath at 600C for a few minutes. 

Three to four drops of molten agar (1.5% agarose in distilled 

water) were added to the capsule using a warmed pipette, and 

the tube was gently agitated to mix the agar with the buffer 

and the specimens. The tube was then replaced in the water 

bath, and allowed to stand until the specimens again settled 

to the tip of the capsule. The tube was then removed from 

the water bath, wiped dry and placed in a refrigerator for 

some 15 min, during which the agar solidified. The capsule 

was then removed from the tube, cut open with a razor blade, 
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and the agar block containing the specimens removed. The 

osmicated eggs or embryos could be clearly seen within the 

agar, which could now be trimmed and cut into smaller pieces. 

These pieces, each containing 20-50 closely-packed specimens, 

could then be dehydrated and embedded for LM and TEM in the 

same way as pieces of gonad tissue. 

Handling or SEM 

Eggs, embryos and larvae for SEM were fixed, dehydrated 

and taken to acetone as described for gonad material above. 

For critical point drying, however, they were placed In a 

small, porous, plastic chamber rather than the larger metal 

gauze chamber supplied with the equipment. The small chamber 

consisted of a polythene tube, made by cutting the tapered 

end off an 8 mm BEEM-type embedding capsule, sealed at each 

end by a small piece of 64 pm pore-size nylon nesh. The mesh 

was held in place at each end by a BEEM-capsule lid, the 

central part of which had been cut away using a cork borer. 

The specimens were pipetted into the open chamber under 

acetone, and the gauze and lid replaced. The whole chamber 

was then transferred to the critical point drying apparatus. 

After drying, the cap and gauze were removed from one end of 

the chamber, and the specimens were sprinkled out onto a stub 

previously coated with conductive paint or adhesive tape. 

They were then coated and examined in the usual way. 

Removal of Gonad Tissue by Biopsy 

For most experimental procedures it was useful to know 

the sex of the anemones to be used before the start of the 

experiment. For this purpose, the biopsy procedure developed 

by Carter and Funnell (1980) was employed. The selected 

anemone is removed from its aquarium and placed upright in a 
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small dissecting dish. This disturbance usually causes the 

anemone to contract, otherwise it may be encouraged to do so 

by prodding, since extended tentacles make the operation more 

difficult. A small vertical incision is then made in the 

body wall of the lower part of the column; with practice, the 

incision need only be 3-5 mm long. in some cases, mesentery 

and gonad tissue may protrude through the incision spontaneously 

but more often they must be Pulled out using fine forceps. 

A small piece of gonad may then be excised and fixed; usually 

the gonad must be sectioned and examined microscopically 

before the sex of the anemone can be determined. Carter and 

Funnel] originally closed the incision by means of a suture, 

but it seems that small incisions heal more rapidly if left 

unsutured. Provided the operation has been carried out care- 

fully, the anemone usually opens and recovers within a few 

minutes. If left, the wound heals within about 10 days. 

4. Maintenance of Gonad Tissue in vitro. 

For some experiments, it was convenient to work with 

isolated gonad tissue maintained in vitro rather than whole 

anemones. Gonad tissue was removed by dissection or biopsy, 

and placed in filter sterilized sea water (SSW) to which 

antibiotic (crystamycin - see Appendix 11) had been added. 

The gonad pieces were then carefully trimmed free of filament 

and mesentery tissue using a razor blade. Using sterilized 

forceps and aseptic technique, the gonad pieces were washed 

by swirling in five separate dishes containing SSW and anti- 

biotic. They were finally transferred to sterile glass vials 

of 10 ml capacity containing approximately 3 ml of SSW and 

antibiotic, and sealed with airtight polythene caps. The 

vials were kept at room temperature, but away from direct 
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artificial light or sunlight. 

By this method, isolated gonads could be maintained 

for 14 days and appear perfectly normal when sectioned for 

light microscopy. Some gonads appeared externally healthy 

after 4 weeks, but these have not been examined histologically. 

Very small gonad pieces do not survive well by this 

method, and nor do those contaminated with other tissues. 

Those with sizeable pieces of mesentery attached tend to 

become covered in mucus and deteriorate. Contaminating 

mesenteric filament tends to disintegrate and render the 

cultures liable to infection, principally by fungi. With 

care, however, the failure rate for gonad material was 

minimal. 

Nutrition Experiments 

a) Uptake of fish--blood cells 

Several red gurnard, between 1 and 3 kg in weight, were 

obtained fresh from a local fish market. These are one of 

the few species of fish landed intact rather than eviscerated 

at sea. Blood clots were removed by dissection. Clots of 

reasonable size (3-5 mm3) were found within and around the 

hearts, and less reliably elsewhere. The clots were stored 

at 40C overnight. 

Nine A. fragacea individuals were collected from 

Wembury in late October 1981, and maintained in Individual 

glass jars with a daily change of sea water for 6 days. On 

the morning of the experiments, the water was changed, which 

usually induces the anemones to open fully. Thirty minutes 

later, each anemone was fed one or more fish blood clots. 

The clots varied in size, but an attempt was made to feed 



each anemone a roughly similar quantity. All the anemones 

ingested the clots readily. 

Three anemones were dissected at each of 3 times: at 2, 

6 and 24 h post feeding. Samples of column body wall, tentacle, 

mesentery, lower and upper filament and gonad were taken from 

each animal, fixed and processed for light microscopy. 

Sections were stained-with toluidine blue. Some fixed material 

was stored and, after preliminary LM observations had been made.. 

some gonad and upper filament samples were processed for TEM. 

b Uptake of horseradish Peroxidase 

The ability of gonad epithelial cells to take up horse- 

radish peroxidase (HRP) from the external medium was 

investigated using isolated gonad pieces maintained in vitro. 

Details of the reagents used are given in Appendix 111. 

Several gonads were removed by dissection from a known 

female anemone. The gonads were cut into smaller pieces 

(some 2 mm in length) and washed in sterile sea water (SSW) 

with antibiotic as described earlier. The pieces were then 

incubated at room temperature in a solution of horseradish 

peroxidase (10 mg/ml) in SSW without antibiotic. Four to six 

gonad pieces were incubated in each of several glass vials 

containing 2.5 ml HRP solution for either 30 min or 2 h. 

Control pieces were incubated in SSW only. 

After incubation, the gonad pieces were fixed in 

glutaraldehyde as usual, and stored overnight In buffer at 

40C. They were then trimmed and cut into smaller pieces, 

less than 0.5 mm cubes, and peroxidase activity was 

demonstrated by the following method. Hanker-Yates reagent 

was used instead of the more usual diaminobenzidine because it 

is thought to be more specific and is non-carcinogenic 
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(Hanker et al.. 1977). All Incubations were carried out at 

room temperature. 

I) Gonad pieces were pre-incubated In Hanker-Yates reagent 

in tris/HC1 buffer for 45 min. 

ii) Pieces were Incubated in buffered Hanker-Yates reagent 

with hydrogen peroxide for 15 min. Some exposed pieces were 

incubated in medium lacking Peroxide to act as controls. 

iii) All pieces were washed In 2 changes of phosphate buffer, 

10 min in each. 

Material for LM examination was dehydrated and embedded 

as usual. Material for EM was osmicated then processed in the 

usual way, but stained for 5 min in lead citrate only. 

The experiment was repeated using a similar procedure, 

but, to ensure complete penetration of the reagents, the 

tissue pieces were cut into 50 jim slices prior to incubation 

in Hanker-Yates reagent. The modified procedure was as 

follows: 

I) Gonad pieces were obtained, exposed to HRP and fixed In 

glutaraldehyde as before. 

ii) Washed overnight in 0.1 M phosphate buffer containing 

30% sucrose at 40C. 

III) The pieces were frozen and cut into 50 pm thick slices 

using a sledge microtome fitted with a 'Pelcool' freezing 

attachment. 

iv) Rinsed in 0.1 M phosphate buffer containing 3% NaCl for 

10 min. 

v) Pre-incubated in buffered Hanker-Yates reagent for 

20 min. 
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vi) Incubated in buffered Hanker-Yates reagent with 

hydrogen peroxide for 15 min. 

vii) Rinsed in buffer and processed for LM and EM as before. 

C) Demonstration of acid-[)hosr)hatase activitv 

Acid phosphatase enzyme activity in male and female 

gonads was investigated using the following Gomori-based 

method, adapted from Lewis and Knight (1977). Details of all 

the reagents used are given in Appendix IV. All procedures 

were carried out at room temperature unless otherwise 

indicated. 

i) Gonad pieces were removed by dissection from known 

male and female anemones. 

H) Fixed in cacodylate-buffered glutaraldehyde for 2h 

at 40C. 

iii) Rinsed in cacodylate buffer overnight at 40C. 

lv) Frozen and cut into 50 pm slices using a sledge micro- 

tome fitted with a 'Pelcool' freezing attachment. 

v) Slices rinsed in 0.2 M tris/maleate buffer for 10 min. 

vi) Incubated for 1h In a medium consisting of: 

0.2 M tris/maleate buffer 10 ml 

0.1 M sodium P-glycerophosphate 2 ml 

0.02 M lead nitrate 3 ml 

Distilled water 10 ml 

Control slices were incubated in a) medium lacking sodium 

f3 -glycerophosphate substrate, or b) complete medium 

containing 0.01 M sodium fluoride as an Inhibitor of acid 

phosphatase activity. 

vii) Rinsed in cacodylate buffer for 30 min. 
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viii) Processed for TEM in the usual way but stained for 

5 min in lead citrate only. 

Uotake-of dissolved rorecursor mOlecules 

The ability of gonad tissue to take up and utilize 

dissolved precursors was investigated using radiolabelling 

techniques. Isolated male and female gonads were incubated 

with tritiated glucose or leucine, and sites of precursor 

incorporations were demonstrated autoradiographically. The 

following procedure was employed: 

i) Gonads were removed by dissection from animals of known 

sex, and rinsed in SSW with antibiotic as described earlier. 

ii) Incubated at room temperature in radiochemical dissolved 

in SSW with antibiotic. Loading times ranged from 5 min 

to 3 h. 

iii) Rinsed in SSW and placed in low concentration of 

unlabeled ('cold') chemical in SSW with antibiotic. 'Cold 

chase' times ranged from zero to 72 h. 

iv) Fixed in phosphate buffered glutaraldehyde for 2 h. 

v) Rinsed in buffer for 3 days. 

vi) Dehydrated and embedded for LM in the usual way. 

vii) Sections cut at 2 ym thickness, mounted on acid washed 

glass slides and allowed to dry down firmly. 

viii) Slides coated by dipping in Ilford K2 nuclear research 

emulsion. Details of the dipping procedure are given below. 

ix) Slides sealed in light tight box and kept at 40C for 

exposure period of between 4 and 7 days. 

x) Slides developed, fixed, washed and dried. Details of 

the development procedure are given below. 

xi) Sections stained briefly with toluidine blue, dried 

and mounted in Euparal. 
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Details of the radiochemicals employed are given in 

Appendix V. They were normally used at a final radioactive 

concentration of 10 uCI/ml. Some unincubated control gonads 

were fixed and processed exactly as above to test for 

positive chemography. A small number of slides from these 

control gonads were exposed to day-light after coating but 

before the exposure period to test for negative chemography. 

Coatinz Procedure 

The slides were marked with a wax pencil to indicate 

which side had the sections, and the depth to which the slide 

had to be dipped to ensure the sections were coated. 

In a darkroom, using an Ilford S902 safelight, the 

emulsion was prepared; 6 ml of K2 emulsion were' melted in a 

measuring cylinder in a water bath at 43 0 C, then mixed with 

6 ml of distilled water and 0.125 ml of glycerol. The diluted 

emulsion was stirred gently, poured into the dipping vessel 

and allowed to stand in the water bath for 2 min to allow air 

bubbles to escape. The slides were dipped Into the emulsion 

and withdrawn slowly using the simple machine shown In 

Diagram 4. 

After dipping, the reverse sides of the slides were 

wiped with tissue, and they were placed on a cooled glass 

plate in a small, light-proof metal cabinet and left for 

1 h. The slides were then placed in small plastic slide 

boxes, which were left open in the cabinet with a tray of 

silica-gel desiccant overnight. 

Next day a small muslin bag of desiccant was placed in 

each of the slide boxes, which were closed up, sealed with 

tape, placed inside a larger cardboard box and put In a 

refrigerator for the required exposure period. 
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Diagram 4. 

The simple dipping machine used to coat sections 

with emulsion for autoradiography. The slide to be coated 

is fastened in a bulldog clip (1) and immersed in the 

prepared emulsion (2) in a small plastic chamber, which is 

itself maintained in a water bath (3) at 430C. A length of 

nylon monofilament (4) is attached to the bulldog clip, 

passes over 2 pulley wheels and is connected to a small glass 

vial containing mercury (5). This vial is allowed to fall 

through a column of glycerol in a measuring cylinder (6), 

thereby withdrawing the slide from the emulsion. The rate 

of withdrawal of the slide can be adjusted by altering the 

amount of mercury in the glass vial. 
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Develooment Drocedure 

After the required exposure period, the slides were 

removed from the boxes and processed as follows: 

Developed for 8 min in Kodak D-19, diluted 1+1, 

Rinsed for 1 min in distilled water, 

Fixed for 1 min in Ilford Hypam, diluted 1+4, 

Washed for 15 min in running, tap water, 

Rinsed for 1 min in distilled water, 

Dried on a ho tplate at 300C for 1h or more. 
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Chapter 3 

GONAD STRUCTURE AND GAMETOGENIC CYCLE 

1.1. 



INTRODU TION 

It has been suggested that sea anemones do not possess 

discrete gonads, merely diffuse areas of tissue in which germ 

cells may be found (Rostron, 1970; Dunn, 1975). Nevertheless, 

the term gonad is widely employed, and some justification for 

its use will be given later in this chapter. The structure of 

sea anemone gonads, as opposed to gametes, has received little 

recent attention, and the only information available at the 

ultrastructural level is a brief mention by Clark and Dewel 

(1974). An understanding of the environment in which the germ 

cells develop may be very important, however, so the structure 

of the gonad epithelia] cells In A. fragacea will be considered 

In this chapter. Small areas of gonad epithelium associated 

with each oocyte or testicular cyst appear to differentiate 

into specialized structures known as trophonemata (Hertwig 

and Hertwig, 1879; Nyholm, 1943). The structure of these 

trophonemata will be considered In some detail in Chapters 8 

and 11, and will not be dealt with here. 

The gonads of many marine Invertebrates undergo cyclical 

changes in their development, and there is an obvious advantage 

in synchronizing the maturation of eggs and sperm. Among sea 

anemones, an annual cycle has been reported for AnthopZeura 

elegantissima (Jennison, 1979), a monthly one for Actinia 

equina (Rostron, 1970; Chia and Rostron, 1970) and no obvious 

cycle at all for the largely subtidal Epiactis proZifera 

(Dunn, 1975). In A. fragacea, the cycle is perhaps more 

easily followed with the light microscope rather that at the 

EM level, where increased detail may obscure underlying trends. 

The following account is based on light microscope observations 
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of regular samples over a two year period. The pattern was 

very consistent between the two years, and later occasional 

sampling also confirmed the picture. Many of the processes 

mentioned here will be considered In greater detail in later 

chapters, to which this will serve as a brief introduction. 
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RESULTS 

1. Gonad Structure 

In A. fragacea, as In other sea anemones, the gonads 

are located on the mesenteries. They lie between the 

mesenteric retractor muscles and the gastric filaments (see 

Diagram 5). Not all mesenteries bear gonads, and they only 

uccur on the lower portions. Each gonad is thus an elongate, 

ribbon-like structure, which, like the adjoining filament, 

tends to be longer than the rest of the mesentery and so Is 

convoluted. After fixation, gonads tend to contract into a 

regular series of folds (Fig. 3.1). 

Like the remainder of the mesentery, the gonad consists 

of two layers of endodermal epithelia] cells separated by a 

layer of mesogloea (Fig. 3.2). The germ cells arise in the 

epithelial layers, but the later stages of their development 

take place in the mesogloea. The gonad epithelia are composed 

largely of rather unspecialized columnar epithelial cells. 

Mucus secreting cells are also present (Fig. 3.3), but in much 

smaller numbers than in the rest of the mesentery. Gland 

cells and nematocysts are also occasionally found. The 

appearance of the gonad epithelia appears the same In male 

and female gonads, and also remains constant throughout the 

gametogenic cycle. 

The apical surfaces of the gonad epithelia] cells bear 

cilia and microvilli. The density of the microvillar covering 

varies from region to region, but they are often closely 

packed (Fig. 3.4). The base of each cilium is surrounded by a 

ring of 9-12 microvilli, some which appear to be flattened 

into sheets rather than circular in cross section (Fig. 3.5). 

The space between the base of the cilium and the microvillar 
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Diagram 5. 

A simplified diagram of a single, gonad-bearing 

mesentery, sectioned transversely. The mesentery is 

attached to the body wall (left), and bears a thickened 

region containing well-developed muscle tails, known as the 

mesenteric retractor muscle. The gonads are located between 

the retractor muscle and the inner edge of the mesentery 

which bears the filament (right). 
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the epithelium with the mesogloea, the basal processes may be 

expanded and contain muscle microfilaments. The degree to 

which these muscle processes are developed varies greatly. 

in some regions they are virtually non-existent, while In 

others they are well developed and joined by desmosomes to 

form continuous sheets (Fig. 3.8). Where the gonad borders 

the mesenteric retractor muscle, the processes may be large 

and folded to form long muscle tails which extend Into the 

mesogloea, which may be relatively thick (Figs. 3.9,3.10). 

The slender processes connecting the muscle processes to the 

epithelial cell bodies can just be distinguished running 

through the central regions of the tails. 

The epithelia] cell bases rest against a thin, finely 

fibrillar basal lamina which separates them from the mesogloea 

proper (Figs. 3.8-3.10). The appearance of the mesogloea also 

shows considerable variation. Usually it is perhaps 10-15, Pm 

In thickness, and contains numerous, randomly orientated 

collagen fibres. Around developing germ cells, it may be much 

thinner, perhaps 2-5 ym, and contain relatively few fibres. 

in regions where the muscle processes are well developed, It 

may be 100 pm or more across, and contain closely packed fibres 

arranged in parallel bundles. Amoebocytes and their processes 

are often seen in the mesogloea (Fig. 3.9), but are also 

common in the basal portions of the epithelia. Amoebocytes are 

described and illustrated in Chapter 6 (Figs, 6.203-6.210). 

No structures which could be Identified with any degree of 

confidence as nervous elements were found in male or female 

gonad tissue. 
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Gametogenic Cycles 

A cycle is more obvious In male than female gonads, so 

the male will be considered first. 

Male germ cells, thought to be spermatogonia, first 

appear in the gonad mesogloea during September or October, and 

are found as isoiated small groups (Fig. 3.11) scattered 

throughout the gonad. During this period, groups of prosperm- 

atogonia can occasionaily be seen among the epithelial cell 

bases, and rarely can be observed entering the mesogloea 

(Fig. 3.12). By December, the groups of spermatogonia have 

increased in size and number, forming testicular cysts which 

occupy most of the gonad mesogloea (Fig. 3.13). By February, 

the cysts may be 80 pm in diameter, and the cells near their 

centres begin visible differentiation Into spermatids and 

spermatozoa (Fig. 3.14). During the spring, the cysts enlarge 

and the more advanced developmental stages occupy an increasing 

proportion of their volume. By may, spermatogonia are 

restricted to a thin rim around the periphery of each cyst. 

The spermatids and spermatozoa become arranged In strings or 

cords, with their tails all directed towards one side of the 

cyst (Fig. 3.15). Release of sperm occurs during June and 

July, and during this period, partially empti. ed testicular 

cysts may be found tFig. 3.16). No Instances where the gonad 

epithelia appeared disrupted were observed. It seems that 

sperm release occurs through specific structures in the 

epithelium known as the trophonemata rather than by general 

breakdown of the gonad structure. Also at this time, cysts 

which appear vacuolated and which have lost the orderly 

arrangement of sperm heads and tails occur. sperm heads may 

be found among the epithelial cells, and it is thought that 
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these cysts may be breaking down and the gametes undergoing 

resorption (Fig. 3.17). By August, all the gametes have been 

shed or resorbed, and the gonads appear to be devoid of germ 

cells (Fig. 3.18). Localized dilations of the rresogloea may 

indicate sites previously occupied by testicular cysts. The 

gonads remain empty until the new season's batch of germ cells 

arises and enters the mesogloea during September or October. 

The female gametogenic cycle is rather less obvious. 

There is no clear-cut starting point, but it is perhaps 

simplest to begin In the autumn, as was done for the male. 

By September, the gonad mesogloea contains many small oocytes, 

ranging between 20 and 60 pm in diameter (Fig. 3.19). Most 

are in the early stages of vitellogenesis, and both their 

nuclei and cytoplasm appear dense. Their yolk materials are 

less strongly basophilic, so as vitellogenesis proceeds, less 

dense areas appear in the cytoplasm. By December, the gonads 

contain some oocytes up to 80 pm In diameter, and containing 

considerable amounts of yolk, while others may be only 30 ym 

and contain very little (Figs. 3.20,3.21). The light micro- 

scope appearance of an oocyte during active vitellogenesis is 

shown in Fig. 3.22. A band of dense, basophilic material 

partially surrounds the nucleus, and areas of similar material 

occur in the cytoplasm. The relatively unstained areas close 

to the nucleus are thought to represent large glycogen 

deposits. The cytoplasm appears heterogeneous and contains 

areas of moderately stained yolk material. Oocyte growth 

proceeds during winter and spring, and by April, some oocytes 

have reached their full size of some 150 ym (Fig. 3.23). The 

cytoplasm of fully grown oocytes appears more homogeneous and 

less dense than that of vitellogenic ones, being packed with 
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yolk and containing few basophilic regions (Fig. 3.24). 

During May, and possibly June, the largest oocytes apparently 

remain quiescent while smaller ones continue growth, so a 

degree of 'catching up' occurs. Spawning takes place during 

June and July, again with no apparent damage or disruption of 

the gonad epithelia. In the population studied, not all the 

oocytes were ever spawned, and a number remained, fragmented 

within the gonacý and were resorbed during July and August. 

Throughout the period from May to October, small oocytes 

arise in the endoderm and migrate Into the mesogloea (Fig. 3.25) 

Thus, they may enter mesogloea filled with large oocytes, 

relatively empty following spawning, or filled with large 

oocytes undergoing resorption (Fig. 3.26), depending on the 

time of entry. This extended period of recruitment into the 

mesogloeal oocyte population contributes to the asynchrony in 

development seen even within a single gonad. The asynchrony 

is reduced prior to spawning by the 'catching up' by small 

oocytes, but by then the picture is complicated by the 

appearance of the next season's batch of small oocytes. 

It thus appears that both sexes show an annual cycle of 

development. Sperm production appears to take B-10 months, 

while oocyte growth may take rather longer, perhaps 10-14 

months. No hermaphrodite gonads or individuals were 

encountered, and the sex ratio of anemones taken from the 

Wembury site was approximately 1: 1. However, the samples 

taken from the Shaldon site showed a preponderance of male 

individuals. Of the 43 animals taken from this site and 

examined hitologically, 28 were male and 15 female. However, 

these figures should not be taken as a reliable guide to 

the sex ratio of the population generally (see Discussion). 
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DISCUSSION 

The location and structure of the gonads in A. fragacea 

appear broadly consistent with the classical descriptions given 

by Stephenson (1928) and Hyman (1940). However, the cellular 

composition of the gonad epithelia is markedly different from 

the neighbouring filament or mesentery tissue. In the male, 

the gonads persist as morphologically distinct structures, 

even when they apparently contain no germ cells. Thus the 

view that sea anemones do not possess discrete gonads (Dunn, 

1975) or that gametes develop in the general mesentery meso- 

gloea (Rostron, 1970) needs to be treated with some caution. 

The gonad epithelia are principally composed of rather 

unspecialized cells, known as musculo-epithelial cells or 

supporting cells (Stephenson, 1928). Each of these cells bears 

a single cilium, surrounded basally by a ring of microvilli. 

A similar arrangement was found in gonads of the anemones 

Bunodosoma cavernata and Metridium sp. by Clark and Dewel 

(1974). Similar or related structures have been reported from 

anthozoan planula and adult ectoderm (Lyons, 1973; Chia and 

Crawford, 1977; Chia and Koss, 1979). Lyons (1973) pointed 

out the parallels between these structures and those of sponge 

collar cells or choanocytes. Variations on the basic pattern 

of a cilium surrounded by a ring of cylindrical processes have 

been found in several coelenterate epithelia, and are usually 

thought to have a sensory function (Tardent and Schmid, 1972; 

Peteya, 1975; Cormier and Hessinger, 1980; Kinnamon and 

Westfall, 1984). In A. fragacea, as in many other species 

(Chapman, 1974), the cilium arises from a basal-body-rootlet 

complex. These structures have been recently examined in some 

detail from sea anemone pharynx and siphonoglyph epithelia by 
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Holley (1982,1983,1984). He proposes that they function to 

maintain a common basal orientation between cilia in spite of 

deformation of the underlying epithelium. The epithelia he 

studied were highly specialized for the propulsion of water 

or mucus, with narrow cell apices and hence a high ciliary 

density. Whether the cilia of Sonad epithelia, where the cell 

apices are much wider, behave In a similar way remains o be 

established. However, the structure of the basal apparatus 

appears identical from the various epithelia. 

The finding of numerous coated pits, coated vesicles 

and phagosomes in the apical cytoplasm of the gonad epithelia] 

cells suggests that they are involved in the uptake of nutrient 

material from the fluid in the gastrovascular cavity. This 

possibility is explored further in Chapter 8. 

In A. fragacea, the development of oocytes appears to be 

only loosely synchronized, even within a single gonad, for much 

of the gametogenic cycle. Similar asYnchronicity has also been 

reported for the anemones Peachia quinquecapitata (Spaulding, 

1974), Epiactis prolifera (Dunn, 1975) and Urticina craseicornis 

(Wedi and Dunn, 1983). In Urticina the development of the 

testicular cysts was found to be much more closely synchronized, 

as was found in the present study. 

The lack of synchrony in the A. fragacea female gonad is 

partly due to the prolonged period of oocyte entry into the 

mesogloea. Not only does this generate asynchrony of itself, 

but it may mean that different oocytes may begin growth and 

vitellogenesis under very different conditions. Not only may 

external conditions, such as temperature and food availability, 

vary over this period, but the internal environment within the 

gonad may also change. Small oocytes entering the mesogloea 
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early, during May and June, may have to compete for space 

and available nutrients with larger oocytes from the previous 

year. Those entering during periods of large-scale oocyte 

resorption may, on the other hand, find an ample nutrient 

supply. Thus growth rates after entry Into the mesogloea 

may vary for different oocytes. 

The reproductive cycles of a number of anthozoans have 

been investigated In recent years. These species come from a 

range of habitats and exhibit widely differing reproductive 
I 

s trategles, but most show an annual gametogenic cycle, and 

many show similarities to A. fragacea In other respects. 

In A. fragacea, the period required for oocyte growth appears 

longer than that needed for sperm development, and a similar 

situation has been reported In several corals. In the solitary 

coral BaZanophiZZia eZegans, oocytes are thought to take over 

two years to grow to maturity, while male development is 

complete in less than one year (Fadlallah and Pearse, 1982a). 

In Paracyathus stearnaii, oocyte growth takes 13-15 months, 

while sperm develop in nine months (Fadlallah and Pearse, 

1982b). In Paraerythropodium fuZvum fuZvum, female development 

takes 10-11 months, the male only 7-9 months (Benayahu and Loya, 

1983). Xenia macrospicuZata shows a prolonged period of male 

and female gonad initiation similar to that shown by the 

A. fragacea female (Benayahu and Loya, 1984). 

While the present findings on gametogenic cycles in 

A. fragcea seem broadly consistent with those for several 

other anthozoan species, they do not correlate well with 

those of Rostron (1970) and Chia and Rostron (1970) for the 

closely related Actinia equina. They report that, In this 

species, the growth of oocytes from 25 ym to their maximum 
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size takes only one month, and that male gonads also take only 

a similar period to develop. It is surprising that, when the 

time taken for oocyte development in most other anthozoan 

species studied varies between nine months and two years or 

more, in A. equina it should take only four weeks. Carter 

and Funnel] (1980) studied field and laboratory populations 

of both A. equina and A. fragacea, and concluded that both 

showed annual gametogenic cycles. The population of A. equina 

sampled as part of the present study (see Chapter 10) also 

appeared to show an annual cycle. It Is difficult to see how 

these findings can be reconciled with those of Chia and 

Rostron. 

After a detailed examination of the relevant sections 

of Rostron's thesise it seems possible that some of her 

results could be interpreted differently. She plotted three 

graphs (Text Figs. 2,3, and 4; pages 56-59) showing the way 

in which the proportion of adults bearing gonads, the diameter 

of the testicular cysts and the diameter of oocytes varied 

during the year. On a number of occasions during the year, 

all three graphs fall to zero simultaneously, and on several 

other occasions either testicular cyst diameter or oocyte 

diameter Is recorded as zero. All these zero points were 

interpreted as marking the end points of gametogenic cyles, 

which were therefore thought to be of very short duration. 

However, it seems at least possible that the failure to find 

gonads or gametes on particular occasions was simply due to 

insufficient sample size, since, as was also found by Carter 

and Thorpe (1981), only a small proportion of even large 

A. equina individuals possess gonads. If the zero points are 

interpreted as being due to sampling error and disregarded, 
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the resulting graphs are quite consistent with an annual 

gameto. -enic cycle. The subsequent paper (Chia and Rostron, 

1970) reports findings from two separate populations of 

A. equina, which were sampled independently. One population 

was at Broadstairs in Kent (presumably sampled by Rostron) 

while the other was at Cullercoats In Northumberland 

(presumably sampled by Chia). However, only the Kent 

population was examined histologically, so data for gonad 

development and cycles must have come from only one 

population, and may have been based solely on Rostron's thesis 

work. Thus it seems possible that an error of interpretation 

in Rostron's thesis could have been carried over into the 

joint paper. If the above argument has any validity, it 

could go some way towards explaining the discrepancies between 

Chia and Rostron's findings and those of other studies, 

including the present one. 

The observation that spawning in A. fragacea occurs 

during the months of June and July raises the possibility that 

temperature is an important factor in regulating the gameto- 

--, genic cycle. Jennison (1978,1979) noted that in the anemone 

AnthopZeura eZegantissima, gamete development was correlated 

with rising temperature, and that spawning occurred during 

peak summer temperatures. He obtained further evidence that 

temperature was important by studying anemones living near a 

warm water outfall from an electricity generating station. 

Water temperatures here were up to 10 0C higher than at a 

nearby control site. He found that male gonads developed more 

rapidly and male and female spawning occurred earlier in 

anemones near the outfall. Animals transplanted from the 

control site to the outfall underwent greatly accelerated 
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gametogenesis and spawned up to five months earlier than 

those left at the control site. However, for an intertidal 

animal subjected to wide short-term temperature fluctuations, 

other factors such as pho, uperlod, may also be Involved In the 

regulation of the cycle. 

The present study suggests that A. fragacea is dioecious, 

with a sex ratio close to unity. The Shaldon population 

samples, however, showed a preponderance of males. These 

results, however, may give only a poor indication of the 

state of the population as a whole. Sample sizes were small, 

and animals were not collected by a rigorous random sampling 

procedure. Additionally, only a limited number of gonads 

were examined from each animal. Sampling was geared towards 

obtaining gonad material for cytological investigation, and 

caution is needed in extrapolating findings to the general 

population. 



Chapter 4 

THE EARLIEST STAGES OF OOGENESIS 
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INTRODUCTION 

There appears to be no consistent pattern relating to 

the origin of the germ cells among coelenterates. Miller 

(1983) has recently reviewed the relevant literature, which 

indicated that in different species the germ cells may 

derive from ectodermal or endodermal cells. In some specieso 

e. g the hydrozoan Podocoryne carnea, the male and female germ 

cells apparently arise in different layers, and several 

Instances of migration from one cell layer to the other during 

germ cell development have been reported. In Hydra specieso 

some of which have been extensively studied, the gonads are 

located In the ectoderm, and the germ cells derive from 

ectodermal interstitial cells. The gonads of sea anemones 

are endodermalo and several recent authors have indicated 

that the germ cells derive from endodermal interstitial cells 

(Dunn, 1975; Jennison, 1979; Szmant-Froellch et at, 1980). 

However, these authors have employed only light microscopy, 

and the early germ cells are difficult to distinguish clearly 

at this level. Miller (1983) concludes that the origin of 

scyphozoan and anthozoan germ cells has not been studied In 

detail in any case. 

During the present study with the electron microscope, 

numerous small cells were found among the endodermal gonad 

epithelial cells at various times of year. On the basis of 

their ultrastructure and the timing of their occurrence with 

respect to the annual gametogenic cycle described In 

Chapter 3, these cells have been grouped into three categories. 

These three classes of cells will be described, initially 

without comment on their status. A consideration of the 

relative status of the categories will be given in the 

Discussion section of this chapter. 
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In samples of gonads taken between May and July, 

large numbers of small cells (5 - 12 Pm in diameter) with 

relatively large nuclei and densely staining cytoplasm 

were found among the bases of the gonad epithelial cells, 

as were larger ( up to 25 pm) oocytes. Similar small cells 

were subsequently found In samples from other times of the 

year, but in much reduced numbers. 

These small cells are not easily distinguished In 

light microscope sections. On the basis of their size and 

ultrastructural appearance they can be divided into three 

broad categories, which have been termed Type 1,11 and III 

cells. The possible significance of the various types will 

be considered in the Discussion section at the end of the 

chapter. 

1. Type I Cells 

Type I cells were found scattered sparsely among the 

bases of the gonad epithelial cells during the period 

between June and October. They were found in very much 

greater numbers in the May samples. In some areas of the 

gonad at this time, especially near the junction of the 

gonad with the mesenteric retractor muscle, Type I cells 

were found in very high concentrations, and formed an almost 

continuous layer at the mesogloea/endoderm boundary. They 

are the smallest of the three cell types, and typical Type I 

cells are shown in Figs-4.1 and 4.2 They are 5-9 pm in 

diameter, and are usually round or slightly elongate. 
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a Nucl eus 

The nucleus is very large relative to the size of the 

cell, up to 4-G pm in diameter, and is of generally very 

low electron density, especially when compared to the 

densely staining cytoplasm. The chromatin Is usually seen 

as Irregular electron dense masses separated by areas of 

low electron density. These in turn consist of a finely 

filamentous material arranged In a loose reticulum In an 

electron lucent matrix. A single nucleolus Is often seen 

(Fig. 4.3), consisting of a coarsely granular material, 

always closely appressed to the nuclear envelope and often 

associated with the dense chromatin areas. 

Small granules of dense material are usually found in 

nuclei of cells of this type, and have been termed nuclear 

granules (Fig-4.4). They are roughly spherical and vary in 

size between 40 and 100 nm. They appear to be randomly 

scattered through the nucleus. Rarely, nuclei are seen to 

contain one or more vesicles, up to 600 nm In diameter, full 

of small dense particles (Fig-4.2). These vesicles are 

bounded by a thin dense layer which does not show a tri- 

laminar unit membrane structure. It appears to link up with 

fibrils of the less dense fibrillar nuclear material. The 

enclosed particles appear spherical and are some 20 nm In 

diameter. They resemble 13-glycogen particles, but their 

true nature is uncertain. 

In the nuclei of many cells of this type, characteristic 

three-layered synaptinemal complexes can be seen (Fig. 4.4). 

These consist of two outer dense granular areas lying either 

side of a less dense, more finely granular central lamina. 



The outer areas are separated from the central lamina by a 

gap of some 20 nm. Only rather short lengths of synap- 

tinemal complex have been found. Sometimes thread-like 

structures resembling synaptinemal complexes but seeming 

less precisely arranged are seen (Figs. 4.5 and 4.6). 

The nucleus Is bounded by a well-defined nuclear 

envelope containing occasional nuclear pores. The dense 

chromatin areas often make contact with the inner surface of 

the nuclear envelope, and appear to attach to It by the 

formation of dense plaques, which may be widespread (Fig. 4.2) 

or tightly localized (Fig. 4.7). Synaptinemal complexes and 

related structures may also contact the envelope (Fig. 4.6). 

b) Cvtor)lasm 

The cytoplasm appears dense and contains numerous free 

ribosomes but rather few other organelles. The nucleus is 

often located eccentrically in the cytoplasm, with most of 

the organelles contained in a cytoplasmic lobe on one side 

of the nucleus. The cytoplasm is normally seen to contain 

a number of mitochondria, a Golgi complex, glycogen deposits, 

lipid droplets, occasional dense bodies, small vesicles of 

various kinds and a flagellar basal-body-rootlet complex. 

The mitochondria are small and usually squat, averaging 

about 400 nm in diameter and 700 nm in length in section. 

Occasionally elongate mitochondria of similar diameter but 

up to 1.5 ym long are observed. The mitochondrial matrix is 

generally homogeneous and electron dense. The cristae are 

numerous and in some cases are arranged in a characteristic 

lattice-like pattern (Fig. 4.8). The mitochondria are usually 

clustered to form one or two loose groups rather than 
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distributed evenly throughout the cytoplasm. 

The Golgi complex Is usually situated close to the 

nuclear envelope, and consists of a stack of 5-7 parallel 

flattened cisternae containing a moderately electron dense 

material (Fig. 4.2). The density of this material often 

increases from one side of the stack to the other. The 

stack is often associated with a concentration of small 

vesicles and short membranous elements, all containing 

material of similar density and appearance to that found In 

the cisternae. Only a single Golgi complex was found per 

cell in section. 

Glycogen is found in small deposits scattered through- 

out the cytoplasm, often associated with lipid droplets 

(Figs 4.7; 4.8). The smaller deposits contain glycogen 

mainly in the 13-conformation, with an average particle size 

of 20 nm. Larger deposits may include a few typical 

rosettes of glycogen in the ot-conformation, between 70 and 

120 nm in diameter. The glycogen particles in these cells 

are always smaller than those found in the bases of the 

surrounding epithelial cells. 

There are often one or more lipid droplets in the 

cytoplasm of Type I cel Is (Figs 4.8 and 4.9). These droplets 

are roughly spherical and range between 0.6 and 1.2 ym in 

diameter. They appear homogeneous and of low electron 

density. They are similar in appearance toalthough usually 

smallerthan, the droplets found abundantly in the bases of the 

gonad epithelial cells. 

Various small, membrane bound vesicles are frequently 

found. The largest may be 500 nm in diameter and contain a 
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homogeneous electron dense material. Rarely, dense vesicles 

of this type contain small.. lipid-like Inclusions. The most 

numerous vesicles are smaller, some 150 nm in diameter, and 

enclose an electron lucid Interior. Some of these vesicles 

also contain a single membrane bound core of moderately 

dense material . 
Most Type I cells appear to possess a single flagellum 

(Figs. 4.1and 4.3). The flagellum arises from a basal-body- 

rootlet complex, which consists of two centrioles at right 

angles to each other, connected to a striated ciliary 

rootlet, extending into the cell. The complex appears 

identical to those found In the gonad epithelial cells as 

described in Chapter 3. Microtubules can often be seen 

radiating from the centrioles of the complex. In Type I 

cells, the complex is usually situated at the base of a 

deep invagination of the cell surface, so that for the first 

part of its length the flagellum is surrounded by a collar 

of cytoplasm (Fig. 4.3). Near its base, the flagellum has a 

complex structure (Fig. 4.4) identical to that described for 

gonad epithelial cells (see Chapter 3). 

Many Type I cells are seen to contain one or two 

characteristic aggregations of finely granular dense 

material. These often consist of closely packed short 

cylinders of dense material, each cylinder being some 200 nm 

in diameter. As many as twenty such cylinders have been 

found conjoined in a single cluster, although between three 

and six is more common (Fig. 4.8). Sometimes each cylinder 

may enclose a central area of lower electron density. 

The clusters are often found in close association with 

66. 



mitochondria, and may be found close to the nuclear 

envelope. However.. they have not been observed to make 

actual contact with these or other organelles. Similar 

structres are found In later stages, and are discussed in 

more detail in Chapter 6, Section G. 

Many Type I cells are seen to make contact with the 

mesogloea of the gonad. Many lie at the mesogloea/endoderm 

border and contact the mesogloea over a broad area (Fig. 4.2), 

while others are situated deeper In the endoderm and contact 

the mesogloea by means of a slender cytplasmic process 

(Fig. 4.9). Other cells which do not appear to contact the 

mesogloea may of course do so via a slender process out of the 

plane of section. 

Type 11 Cells 

Type 11 cells were found among 

epithelial cells at all times of the 

common between June and October. In 

were found in large numbers close to 

muscle boundary. 

These cells are similar in many 

the bases of the gonad 

year, but were more 

June and July, they 

the gonad/retractor 

respects to the Type 

cells, and only the Points 6f difference between them will be 

described in detail. They are rather larger than Type I cells, 

and may reach some 10-11 
jpm 

in diameter. Type 11 cells tend 

to be more variable in shape and irregular in outline than 

Type I cells. They may be spherical or quite markedly elongate, 

in which case their longest dimension may reach 13-15 )Im. Their 

greater size is largely the result of a greater volume of 

cytoplasm, although the nucleus may also be slightly larger, 

and may measure 6-9 pm in diameter. 

67. 



The other most noticeable difference from Type I cells 

is the appearance of the nucleus. The nuclear material tends 

to be of greater overall electron density, and Is more uniform 

in density and appearance (Figs. 4.10,4.11). Thus the 

greater part of the nucleus contains a uniform finely granular 

material of moderate electron density. Areas of denser, more 

coarsely granular chromatin material are found scattered 

throughout the nucleus, and one or rarely two nucleoli are 

seen, always situated close to the nuclear envelope. Denser 

nuclear granules, up to 100 nm in diameter, are found In 

greater numbers in Type 11 cells than in Type I cells. The 

well-defined nuclear envelope contains rather more nuclear 

pores than are found in Type I cells. Synaptinemal complexes 

are occasionally found in Type 11 cells (Fig. 4.10). again as 

isolated short lengths, and sometimes making contact with 

the nuclear envelope. 

The cytoplasm is more extensive and more richly endowed 

with organelles and inclusions than in Type I cells. In 

particular, the number of mitochondria and tha amounts of 

glycogen and lipid are significatnlY increased. The mito- 

chondria are similar in appearance to those of Type I cells, 

and again tend to be arranged in one or more groups. The 

individual mitochondria may tend to be smaller, but the groups 

may contain many more mitochondria, of which a higher proportion 

may be elongate. Aggregations of rings of dense material 

with a characteristic honeycomb appearance are-again commonly 

found associated with the mitochondrial groups. 

The glycogen tends to be found localized into fewer, 

larger deposits within the cytoplasm, and more is found as 

rosettes of the oL-conformation. Glycogen deposits are 
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often associated with lipid droplets and dense bodies of 

various kinds. Membrane-bound dense bodies are more common 

than in Type I cells (Figs. 4.11,4.12) and small amounts 

of endoplasmic reticulum may be found scattered randomly 

through the cytoplasm. 

3. Type III Cells 

Type III cells were found less commonly than either of 

the preceding cell types. They may occur occasionally at any 

time of the year, but were only found In any numbers in the 

May samples, and then only in areas containing large numbers 

of Type I cells. 

Type III cells average some 12 ym in diameter, and are 

in many ways similar to Type 11 cells, but are distinguished 

from them largely on the basis of their nuclear appearance. 

The Type III cell nucleus is large relative to the size of the 

cell, but is of generally very low electron density (Fig. 4.13). 

Irregular, dense chromatin areas are separated by areas of very 

low electron density, in a manner reminiscent of the smaller 

Type I cells. In Type III cells, however, the nuclear envelope 

is always poorly defined, very often incomplete, and sometimes 

apparently missing altogether. Large, seemingly empty vacuoles 

are often seen around the periphery of the nuclear area 

(Figs. 4.14 and 4.15). 

The cytoplasm may be quite extensive, and Is similar in 

general appearance and organelle complement to that of Type 11 

cells. Mitochondria may be numerous (Fig. 4.13), but are 

usually small. A basal-body-rootlet complex may be found, but 

endoplasmic reticulum has not been seen in these cells. 
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DISCUSSION 

For many years it has been known that in sea 

anemones the gametogenic cells arise in the epithelia of 

the mesenteries and then migrate into the mesogloea where 

subsequent gamete maturation takes place (Hyman, 1940). 

Recent light microscope studies of sea anemone gameto- 

genesis have confirmed this view. Dunn (1975) described 

how oocytes in Epiactis prolifera were derived from small 

cells with relatively huge nuclei which arose and 

proliferated in the endodermal epithelial layers and 

migrated into the mesogloea when they reached a diameter 

of 20 - 25 ym. Similarly, Jennison (1979) for Anthopleura 

elegantissima described cells with large nuclei and little 

cytoplasm within the endoderm of the gonad, which grow and 

come to line the mesogloea/endoderm border before migrating 

into the mesogloea. However, the cellular origins of these 

cells within the endoderm is far from clear. On the one 

hand, this reflects the lack of detailed information 

available for the early stages of gametogenesis in 

anthozoans, when the cells are small and difficult to resolve 

with the light microscope and until this study have not been 

examined by electron microscopy. However, it also reflects 

a deeper lack of understanding of the basic cellular 

organization and dynamics of anthozoan coelenterates. 

in Hydra and at least some other hydrozoans, the 

gametes are known to be derived from undifferentiated cells 

known as interstitial cells (Bode and David, 1978; David, 

1983). Most previous authors on anthozoan gametogenesis 

have also indicated that the gametes are derived from 
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endodermal interstitial cells (Hyman, 1940; Dunn, 1975; 

Jennison, 1979; Szmant-Froellch et aZ, 1980). However, 

there appears to be little hard evidence to support this 

view, other than the small size and unspecialized appearance 

of the early germ cells, and by analogy with Hydra. The 

development of the interstitial cell theory is central to 

modern coelenterate biology and so will be very briefly 

reviewed here. The existence of small, rounded, apparently 

undifferentiated cells among the larger epithelial cells in 

Hydra has been known for many years (see for example Stolte, 

1936), and the so-called 'I-cell theory' gained prominence 

during the period 1930 - 1970. The theory largely rests on 

the finding that mitoses are very rarely seen in Hydra 

epithelial cells, such that it was thought that epithelial 

cell mitosis could not be sufficient to maintain the growth 

and budding activities of the animal. Interstitial cells, 

however, occurred in groups and were thought to be a rapidly 

dividing cell population. It was therefore proposed that 

the interstitial cells could differentiate into more 

specialized cell types, and so constituted and 'embryonic 

reserve' of mitotically active small cells which could 

produce a variety of other. cell types as required (Brien, 

1953). Using the electron microscope, Lentz and co-workers 

during the 1960's (Lentz, 1966), showed interstitial cells 

differentiating into a range of epithelial cell types, 

nerve cells and nematocytes. Interstitial cells were thus 

thought to be central to the regeneration, budding and 

gametogenic activities of the animal. 
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In the early 1970's, Hydra cell and developmental 

biology entered a new era of rapid advancement, aided by 

the introduction of a number of techniques. Foremost among 

these was the method of mass culture of asexually 

reproducing Hydra developed by Lenhoff and Brown, (1970 

by which huge numbers of genetically similar Hydra 

individuals could be reared under controlled conditions. 

Another major advance was the maceration technique of 

David et aZ (1973), by which the individual cells of the 

Hydra could be separated while retaining their characteristic 

morphology. In this way the precise cellular composition of 

different body regions could be established and quantified, 

both during normal development and in experimental situations. 

Campbell (1973)p using autoradiography and cell marking 

techniques, was able to elucidate the cell and tissue 

migrations which occur along the-Hydra body column. The 

mass of new information emerging was not all consistent with 

the earlier findings. It now seems that interstitial cells 

may have a more restricted developmental repertoire than 

previously thought. In the steady state, asexual animal, 

probably only nerve cells and nematocytes are derived from 

interstitial cells, while the epithelial cells constitute 

self renewing populations. The capabilities of the 

epithelia] cells have been strikingly demonstrated by 

Marcum and Campbell (1978). They have succeeded in 

producing and maintaining Populations of Hydra containing 

no interstitial cells whatsoever. These animals also lack 

nematocysts and nerves, and so are deficient in many respects. 

Howeverp if they are cultured carefully, they continue to 
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grow and show budding and regeneration ability. Contrary 

to the assertion in NieLmkoop and Satasurya (1981), these 

so-called 'epithelial' Hydra can be maintained indefinitely 

and do not necessarily degenerate and ultimately die. 

David and Murphy (1977) have shown that the interstitial 

cells are truly pluripotent, in that a clone of cells, derived 

from a single cell, can produce both nerve cells and nemato- 

cytes. Most recent work has been carried out using 

asexually reproducing Hydra; the mechanism of sexual 

reproduction has received less attention. However, it 

seems clear that the gametes are also derived from inter- 

stitial cells. It was thought that germ cells were 

produced from the same stock of interstitial cells which 

produce nerves and nematocytes in asexual Hydra, but very 

recently, preliminary evidence has emerged that a sub- 

population of interstitial cells destined only for germ cell 

differentiation may exist (Littlefield, 1984). It is 

interesting to note that recent papers from the American, 

Japanese and German groups most actively Involved in modern 

Hydra research usually make no mention of the earlier work 

showing interstitial cell differentiation into epithelial 

cell types. Equally, recent reviewers from outside these 

groups (Niewkoop and Satasurya, 1981; Van der Vyver, 1982) 

have understressed the recent work and still suggest a 

wide-ranging role for the interstitial cell, as the agent 

primarily responsible for cell replacement, budding and 

regeneration. 

If the situation in Hydra is still controversial, that 

among the Anthozoa is one of almost complete ignorance. 



Nothing is known about epithelial cell migration in 

anthozoans. Loss of nematocytes must occur as a consequence 

of feeding, but the mechanism of nematocyte replacement Is 

not understood. Most fundamentally, it is still not clear 

whether adult anthozoans possess interstitial cells. 

Westfall (1966) has described nematocyte differentiation 

from interstitial cells In small Metridium senile individuals 

but it is not clear whether these cells can differentiate 

into other cell types. Singer (1971) found cells which he 

termed interstitial cells in regenerating Aiptasia diaphana, 

but their role has never been elucidated. Several authors 

have suggested that interstitial cells do not occur in 

Anthozoa. Bouillon (1968), In his description of cell types 

in anthozoans, makes no mention of interstitial cells. 

Chapman (1974) points to amoebocytes as possibly being 

functionally equivalent to hydrozoan interstitial cells. 

Van Praet (1974) and Van Praet and Doumenc (1975) did not 

find interstitial cells In regenerating Actinia equina, and 

concluded that de-differentiation of epithelial cells was 

the major source of new cells for regeneration. In the 

present study, no cells which could be reliably identified 

as interstitial cells were encountered, either in the gonads 

and mesenteries or in any other body regions examined. 

Profiles of small cells with relatively large nuclei were 

occasionally seen, but epithelia] cells sectioned trans- 

versely can generate such profiles, and the complex nature 

of fixed sea anemone epithelia calls for care in the 

interpretation of such images. Perhaps the most potentially 

fruitful approach to the problem of interstitial cells in 
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Anthozoa was that adopted by Minasian (1980). He used 

tritiated thymidine autoradiography to investigate the 

incidence of mitosis in Intact, adult individuals of the 

sea anemone HalipZanella luciae. He found mitoses in both 

endoderm and ectoderm of all regions of the body. Most 

epithelial cells have apically located nuclei, and many of 

these were labelled, but he also found labelled areas in the 

basal layers of the epithelia. Some of these could 

represent mitotically active amoebocytes, but could also be 

taken as evidence for the existence of interstitial cells 

in the basal interstices of the epithelia. Unfortunately, 

with the light microscope wax sections he employed, 

individual cells and cell types could not be distinguished 

clearly. it is a matter of some urgency to repeat and 

extend Minasian's work, using light microscope auto- 

radiography of thin plastic sections and then electron 

microscope autoradiography to catalogue the cell types 

present in different regions of the anemone, and assess 

their mitotic activity. Research along these lines might 

clear a major obstacle in our understanding of sea anemone 

cell biology and tissue dynamics. 

In the present study it was considered prudent not to 

prejudge the status of the small cells found in A. fragacea 

gonads at the beginning of the gametogenic cycle. The 

categories which could be distinguished on morphological 

grounds were therefore merely designated Types 1,11 and III 

cells. Some tentative conclusions as to their status can, 

however, be attempted. 
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The nuclei of Type I and Type 11 cells were frequently 

found to contain synaptinemal complexes. These structures 

have been reported from the germ cells of a great many 

species (see, for example, Westergaard and Von Wettstein, 

1972), and are thought to represent structures by which 

homologous chromosomes become aligned and pair at synapsis. 

They are therefore taken to be indicators of cells in the 

zygotene or pachytene stages of melotic prophase. Similar 

synaptinemal complexes have also been found in anthozoan 

spermatocytes (Schmidt and Zissler, 1979), and have been 

found in male germ cells in A. fragacea (see Chapter 12). 

Type I cells appeared in the gonad in spring, and had 

disappeared by early summer. Type 11 cells appeared slightly 

later than Type 1, and their numbers fell throughout the 

summer. it is therefore suggested that Type I cells 

represent an early, and Type 11 cells a slightly later, 

stage in the development of the female germ cells. The 

finding of synaptinemal complexes suggests that at least 

some (and possibly all) of these cells are undergoing melosis 

and so are already oocytes, rather than oogonia or any other 

cell type. No signs of mitotic activity were found in any 

Type I or 11 cells, and It would appear that, in A. fragacea, 

a coherent series of developing cell types can be traced, 

starting from Type I cells, leading to Type 11 cells and on 

to larger oocytes which enter the mesogloea and begin 

vitellogenesis, with no evidence of intervening cell 

divisions. This series will be further illustrated in the 

, ollowing chapter. 



Jhilj the evidence strongly points to Type I and 11 

cells being early oocytes., the status of the Type III cells 

is less clear. Many Type III cells simply appear 

degenerate; the most straightforward explanation is that 

they represent a proportion of germ cells which break down 

at an early stage and are lost. Type III cells were found 

to be most numerous in areas of gonad containing large 

numbers of very early oocytes. The possibility exists that 

these cells are indicative of an oogonial or proliferative 

phase in oocyte production. The clumped appearance of the 

chromatin In these cells, and their lack of a well-defined 

nuclear envelope might be suggestive of mitotic activity, 

or of a failure of mitosis to proceed normally. However, 

no really clear evidencecf'mitosis was obtained. Type III 

cells were encountered rarely in comparison with the other 

cell types, and no firm conclusion can be reached as to 

their significance. 

There has been no previous detailed ultrastructural 

study of other anthozoan oocytes at a stage early enough for 

useful comparisons to be drawn with the A. fragacea oocytes 

described here. However, there have been several published 

studies of early oocytes from among the Hydrozoa. In 

particular, Kessel (1968a)described all stages of oogenesis 

from an unidentified trachyline medusa, and Aizenshtadt 

(1974) and Noda and Kanai (1977) have described the 

formation of oocytes from interstitial cells in Hydra. 

The earliest oocytes of A. fragacea seem to be generally 

similar in appearance to the corresponding cells in these 

hydrozoans. All show features usually taken to be 
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characteristic of cells at a low level of differentiation - 

a large nucleus relative to the size of the cell, scant 

basophilic cytoplasm with numerous ribosomes and little 

organized membrane systems. Some Type I cells In A. fragacea 

seem to have relatively even less cytoplasm than these other 

cells,, including the interstitial cells described by Noda 

and Kanai (1977). They do tend to contain more glycogen 

and lipid drops than the others, however. 

The arrangement of mitochondria in groups is common 

to all these types of cell. The mitochondria in A. fragacea 

seem more compact and have a more electron dense matrix 

than those seen in Hydra or described by Kessel. The 

unusual lattice-like arrangement of cristae has not been 

remarked by other authors and will be discussed further in 

Chapter 6. The honeycomb arrangement of conjoined cylinders 

of dense material has also been found in larger A. fragacea 

oocytes, and in early male germ cells (see Chapter 11). 

It may represent some form of nuage material, and Its 

possible significance will be discussed in Chapter 6. 

Kessel also reports the presence of basal-body-rootlet 

complexes in his early oocytes. They tend to be associated 

with microtubules, and are generally very similar to those 

described here. Kessel does not mention flagella arising 

from these complexes however. In early A. fragacea oocytes, 

these complexes often give rise to flagella, which usually 

arise at the base of a deep invagination of the cell 

membrane. This arrangement is similar to the cytoplasmic 

collar found around the anterior portion of the tail 

flagellum in many anthozoan sperm Winsch, 1974; Hinsch and 
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Clark, 1973), including those of Actinia (see Chapter 12). 

Basal body rootlet complexes have also been found in other 

non-epithelial cell types in A. fragacea as well as in the 

flagellated epithelial cells. Granular amoebocytes, the 

mesogloeal cells of the upper filament and early male germ 

cells all have these complexes, which presumably cannot 

serve as functional flagellar basal apparatuses in the 

enclosed situations In which these cells are found. 

Chapman and James (1973) cite numerous reports of 'submerged' 

cilia from vertebrate and invertebrate tissues, and conclude 

that in most cases there is probably no functional 

significance to most of these cilia, but that their 

inappropriate formation is easily triggered in many cells. 

They cite Rash et at (1969) as saying that most primitive 

or differentiating cells have a cilium during interphase. 

Schmidt and Holtken (1980), however, state that anthozoan 

female germ cells do not possess such a complex, a view 

with which the present findings are not consistent. 

The apparent absence of an obvious oogonial 

proliferative phase in A. fragacea Is of interest. No 

unequivocal si, -,, ns of mitosis were seen among any of the 

cell types observed here, although some Type III cells 

could possibly be interpreted as having recently undergone 

mitosis. Obvious precursor stages to the Type I cells could 

not be detected in earlier gonad samples. It may be that 

mitosis occurs very rapidly and so is rarely seen in random 

sections, as has been sugla. -ested 
by Doumenc (1977). 

Alternatively, mitosis could be restricted to localized 

areas of the gonad with subsequent migration of the daughter 
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cells, or could be restricted to a brief period of the day 

or ni, ght. Finally the oocytes could be produced directly 

with no intervening proliferative phase. Interestingly, 

I have observed mitoses among early female germ cells in 

Cereus pedunculatus, in spite of a much less intensive 

study of that species, see Chapter 10. 

Thus the problem of the origin of the germ cells is 

still unresolved. While the early germ cells are morpho- 

logically similar to hydrozoan Interstitial cells, there 

does not appear to be a resident population of such cells 

in the gonad from which they could arise. Migration into 

the gonad from a distant site Is another possibility. 

They could derive from epithelial cells, either by 

de-differentiation or by unequal cell division, as has been 

proposed for the formation of interstitial cells in Hydra 

(Brien, 1954; Tardent, 1954; Brien and Reniers-Decoen, 1955) 

although not in more recent studies. The problem of the 

origin of the germ cells will be returned to in the 

chapter dealing with nuage material (Chapter 60 Section G). 
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Chapter 5 

OOCYTE GROWTH WITHIN THE ENDODERM AND 

ENTRY INTO THE MESOGLOEA 
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INTRODUCTION 

Although It has been known for many years that, in sea 

anemones, the female germ cells migrate from the gonad epi- 

thelium into the mesogloea during their development 

(e. g Hyman, 1940), the process of entry into the mesogloea 

has not been studied in detail. In a major study of gameto- 

genesis in the sea anemone Adtinia equina, Chia and Rostron 

(1970; also Rostron, 1970) do not mention an endodermal 

phase or the entry of oocytes Into the gonad mesogloea. 

The process of entry has been illustrated at the light micro- 

scope level for the anemone Peachia quinquecapitata (Spaulding, 

1974), and described from Epiactis proZifera (Dunn, 1975) 

and AnthopZeura elegantisaima (Jennison, 1979), but few 

details are given. It has been mentioned In the ultra- 

structural studes of Schmidt and Schafer (1980; Schafer and 

Schmidt, 1980; Schafer, 1983), but has not been Illustrated 

or described in detail. The previous chapter discussed the 

possible origins of the germ cells, and described the earliest 

identifiable oocytes. This chapter considers ultrastructural 

aspects of the phase of oocyte development. within the endo- 

dermal epithelium, and the subsequent entry of oocytes into 

the gonad mesogloea. 
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RESULTS 

1. Growth-Mithin the Endoderm 

As suggested in the previous chapter, oocytes arise in 

the endoderm of the gonad, principally during spring and 

early summer. These cells undergo a variable period of 

growth within the endoderm before entering the mesogloea. 

Oocytes enter the mesogloea over a protracted period during 

summer and autumn, and the number of oocytes remaining in 

the endoderm decreases during this period. Thus oocytes, 

even within a single gonad, do not develop in synchrony, and 

the size at which oocytes enter the mesogloea also varies 

considerably. The major changes which the oocyte nucleus 

and cytoplasm undergo during this phase of oocyte growth are 

described below. A small proportion of oocytes begin 

vitellogenesis while within the endoderm; however, most only 

begin after entry Into the mesogloea, and, for this reason, 

discussion of vitellogenesis will be delayed until the 

following chapter. 

a) Nuclear chanzer 

In the smallest recognizable oocytes, the nucleus Is 

characteristically of very low electron density (see Chapter 4). 

As the ooctyes enlarge, however, the density of the 

nucleus progressively increases. The irregular, dense 

chromatin areas initially become more extensive (Figs. 5.1-5.3) 

but later become smaller and less obvious (Fig. 5.4). The 

nucleolus becomes more clearly defined and larger, and 

becomes spherical, finely granular and homogeneous (Fig. 5.4). 

The smaller nuclear granules described in the previous 

chapter are common throughout the endodermal phase and are 



usually randomly distributed within the nucleus. Nuclear 

fibrillar bodies may be found in endodermal oocytes greater 

than 15 pm in diameter, but they become more numerous during 

vitellogenesis and are discussed in Chapter 6, Section A. 

Throughout oocyte growth, the nucleus is bounded by 

an intact, typical double membrane nuclear envelope, bearing 

nuclear pores. The pores appear to become more numerous and 

more closely packed as the nucleus enlarges. Synaptinemal 

complexes have not been observed in oocytes larger than 

12 um in diameter. 

b) 
_Cvtor)lasmic 

chanzes 

The smallest oocytes contain relatively lIttle cyto- 

plasm. As the oocytes enlarge, the amount of cytoplasm and 

the numbers of organelles greatly increase, but the cyto- 

plasm retains its generally unspecialized appearance until 

the onset of vitellogenesis. 

Most endodermal oocytes are seen to contain one or 

more Golgi complexes. These resemble the complexes found in 

the smallest oocytes, except that, in larger oocýtes, many 

are found associated with single cisternae of endoplasmic 

reticulum (Fig. 5.5. ). The size, number and appearance of the 

Golgi complexes do not markedly change as the oocyte grows 

until it begins vitellogenesis. The smallest recognizable 

oocytes contain little or no endoplasmic reticulum. As 

they grow within the endoderm, most oocytes come to contain 

a small number of short lengths of randomly arranged ER, 

which may be studded with ribosomes (Fig 5.4). Major 

development of the ER begins with vitellogenesis (see 

C. hapter 6, Section B. 
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Lipid droplets are very often found associated with 

accumulations of glycogen during the endodermal phase (Fig. 

Two types of lipid droplet can be distinguished. The more 

common type is 0.5 to 1.5 
jum 

in diameter, homogeneous, and 

of low but perceptible electron density. The second type Is 

similar in size, but appears completely empty.. possibly as a 

result of extraction of the contents during processing. 

Large endodermal oocytes generally appear to contain 

relatively less stored lipid than smaller ones. 

Flagellar basal-body-rootlet complexes are often found 

within endodermal oocytes (Fig 5.7). In very small oocytes 

(see Chapter 4 ), these complexes may give rise to flagella, 

but this has not been observed in oocytes larger than 12 pm. 

Complexes were found less frequently in larger oocytes, but 

this might simply reflect the lower probability of encountering 

a single complex in sections through the larger oocyte volume. 

In localized regions of the oocyte, the cytoplasm may 

contain large numbers of membrane-bound vesicles (Figs 5.8,5.9). 

These range in size from 100 to 400 nm, averaging some 200 nm 

in diameter. Many of the vesicles appear empty, while 

others are wholly or partly filled with material of moderate 

electron density. Yet others may contain a smaller, 

membrane bound body which itself may contain granules of 

dense material resembling glycogen. Vesicles are often 

found near the oocyte surface, and become more numerous once 

the oocyte begins vitellogenesis. 

Multivesicular bodies are occasionally found in endo- 

dermal oocytes. These are spherical, membrane bound sacs, 

usually about 1 
jum 

in diameter, containing small vesicles, 
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each 40 to 50 nm in diameter and the occasional larger 

vesicle (Fig 5.3). They may occur anywhere in the cytoplasm 

of oocytes of any size, but were never found in large numbers. 

Nuage material similar to that described in Chapter 4) 

may be found in endodermal oocytes of all sizes. In oocytes 

up to some 10 pm in diameter, it usually appears as conjoined 

cylinders of electron dense material (Fig 5.1). in some 

slightly larger oocytes, each cylinder may contain a 

cylindrical core made up of fine fibrils arranged longl- 

tudinally. In oocytes over 10 I'm in diameter, the areas of 

nuage material tend to be more extensive but less precisely 

arranged. Many of the fibrillar cores may not be surrounded 

by dense material (Fig 5.3)and occasionally the cores may 

extend for 5 pm through the cytoplasm (Fig 5.10). The dense 

material may be present as small fragments or irregular 

masses rather than conjoined cylinders (Figs. 5.10,5.11). 

Often more than one area of nuage material may be found in a 

single section through an oocyte ý- and these areas may be 

widely separated within the cell. 

In oocytes larger than 10 ym in diameter, the nuage 

material is often associated with other structures. Very 

commonly, the fibrillar component is found next to or 

extending through deposits of glycogen (Figs. 5.12,5.13). 

This association was encountered so frequently that it is 

not thought to be merely fortuitous, although Its significance 

is unclear. Nuage also may be associated with areas of 

dense cytoplasm containing a finely granular material (Fig. 

5.11). These dense areas are usually roughly circular in 

section, and may be 1 to 2 pm across. Nuage is also found 
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associated with groups of membranous tubules (Figs. 5.11,5.13). 

The tubules average some 80 nm in diameter, and tend to be 

closely packed and roughly aligned rather than randomly 

arranged. Many of the tubules are curved such that circular 

profiles are often seen in section alongside longitudinal 

ones. Additionally, groups of bristle-coated membranous 

vesicles may be found In the vicinity of nuage material 

(Fig. 5.13). 

C) Oocvte surface changes 

While within the endoderm, the oocyte Is surrounded 

by the basal processes of the endodermal epithelial cells. 

These processes vary in size and are often irregular in 

shape. Over most of its surface, the oocyte is separated 

from these processes by an irregular intercellular gap 

varying between 50 and 150 nm in width. Small, apparently 

empty membrane bound vesicles, 100-200 nm in diameter, which 

are common at this level In the endoderm, may be found in 

this gap. In localized areas the endodermal cell membrane 

closely follows the surface of the oocyte, with a narrow and 

rather constant inter-membrane gap of about 30 nm. In these 

regions, desmosome-like intercellular junctions are 

occasionally found between the oocyte and endodermal cell 

membrane (Fig 5.1). Apart from these junctions, the endo- 

derm immediately around the oocyte shows no specializations 

or differences from the remainder of the endoderm. At no 

time while the oocyte is within the endoderm is an extra- 

cellular layer visible around the oocyte plasma membrane. 

Once the oocytes reach about 12 pm in diameter, 
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cytospines start to appear on the oocyte surface (Fig. 5.4). 

Cytospines resemble large microvilli, and in small oocytes 

they are about 150 nm in diameter and contain a dense 

fibrillar core. The outer surface of the cytospine is 

covered with a fine glycocalyx-like material (Fig. 5.14). 

The cytospines usually lie folded flat against the surface 

of the oocyte. Initially the cytospines may form a single, 

fairly evenly spaced layer over regions of the oocyte 

surface, but as the oocyte enlarges, the groups of cyto- 

spines become more localized and discrete, and may be 2-4 

cytospines deep (Fig 5.4). Among some groups of early 

. cytospines, small bulges of the oocyte membrane are found 

containing material which closely resembles the contents of 

the cytospines (Fig 5.14). These bulges may represent 

points of insertion of cytospines into the oocyte 

membraneo or might be a stage In the formation of new 

cytospines. 

Membrane bound vesicles, as described above, are often 

found near the surface of the oocyte (Fig5.14), especially 

near groups of cytospines. Depressions of the oocyte 

membrane which might be indicative of endocytosis are 

sometimes seen, but it is not certain that these vesicles 

are of endocytic origin. 

2. Entry into the Mesogloea 

After the period of growth among the basal processes 

of the endodermal epithelial cells, the oocytes enter the 

mesogloea of the gonad, where they will remain until 

spawning. There does not appear to be a specific size or 

stage of development at which oocytes enter the mesogloea. 

Some oocytes migrate into the mesogloea at a diameter of 
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about 12 pm, while others remain in the endoderm until they 

reach 40 pm and occasionally more. Since the development 

of oocytes even within a single gonad may be far from 

synchronous, some small oocytes may enter areas of mesogloea 

already densely populated by much larger oocytes. 

Most oocytes appear to make their way into the meso- 

gloea by a process resembling amoeboid movement. However, 

the possibility that the endodermal cell bases actively 

contribute to the movement of the oocytes cannot be ruled 

out. Prior to entry, some small oocytes already rest 

against the mesogloea, and others may contact It by means 

of slender cytoplasmic processes (see Chapter 4 ). For most 

oocytes, however, the first step of entry into the mesogloea 

appears to be to open a gap in the endodermal musculature. 

A short process is sent out from the surface of the oocyte 

which penetrates the musculature and makes contact with the 

mesogloea. This oocyte process does not appear to be 

specialised in any way. The process then pushes into the 

mesogloea, but in doing so it does not puncture the basal 

lamina which thus coats its tip (Fig 5.15). The oocyte now 

flows through the gap in the musculature and progressively 

passes into the mesogloea, carrying the basal lamina forward 

as it does so. As the portion of the oocyte within the 

mesogloea enlarges, the oocyte remains constricted at the 

point where it passes through the muscle layer, giving the 

oocyte a characteristic 'hourglass' or 'dumb-bell' shape 

which can be easily recognised in light microscope sections. 

With small oocytes, the nucleus is usually positioned near 

the leading edge of the cell, and so enters the mesogloea 



relatively early (Figs. 5.16 and 5.17). With larger oocytes 

(above 15 pm in diameter), the nucleus usually occupies a 

more central position (Figs. 5.18 and 5.19). 

When small (less than 15 pm) oocytes enter the meso- 

gloea, their leading edge tends to be smooth and rounded 

(Fig 5.16). With larger oocytes, the initial process may 

project some distance into the mesogloea before It begins 

to fill out (Fig 5.18). When the process does fill out, its 

leading edge often bears projections which may facilitate 

further penetration of the mesogloea (Fig 5.17). Indeed, 

the larger the oocyte, the more irregular in outline does 

the portion within the mesogloea become (Fig 5.20). Not 

only may its leading edge be Indented, but its lateral 

surfaces may be deeply invaginated such that regions of the 

oocyte appear discontinuous in section (Fig 5.21). Many of 

these invaginations may contain cytospines, and the 

constricted 'neck' region of the oocyte may appear vacuo- 

lated. The basal lamina covers the entire surface of the 

oocyte within the mesogloea, closely following all its 

irregularities, and can be seen to be continuous with the 

basal lamina of the neighbouring epithelia] cells 

(Figs. 5.20 and 5.21). 

When most of. the oocyte has entered the mesogloea, it 

may become even more severely constricted at the muscle 

layer such that the portion remaining in the endoderm may be 

connected to the rest of the oocyte by only a slender neck 

(Fig 5.19). The constriction may be less severe than 

suggested by this micrograph since the section may not pass 

through the widest part of the neck. Oocytes can apparently 

remain with a small portion left in the endoderm for a 
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considerable time. The possible significance of this 

continued contact with the endoderm will be discussed below. 

While it appears that most oocytes actively force 

their way into the mesogloea as described above, It Is 

possible that In some instances the mesogloea may grow out 

around the oocyte, at least to some extent. Sometimes 

indications of mesogloeal outgrowth are seen around the 

oocyte process as it passes through the gap In the muscle 

layer (Fig. 5.22). Whether this is a result of new 

mesogloeal material being formed around the oocyte or 

whether existing material is pulled out of position as the 

oocyte enters is unclear. Some such mechanism may be 

important when large oocytes enter relatively narrow 

layers of mesogloea. 
Occasionally 'spurs' or side brances extend out from 

the main layer of gonad mesogloea, and may make contact 

with oocytes in the endoderm (Fig. 5.23). Whether such 

contacts are the result of directed mesogloeal outgrowth, 

directed oocyte migration or are merely fortuitous is 

uncertain. Some of the features of oocyte entry into the 

mesogloea are summarized in Diagram 6. 

3. Maintenance of Oocyte/Endoderm contact 

Stages similar to that shown in Figure 5.19 in which 

most of the oocyte is within the mesogloea but a small 

portion remains in the endoderm, were encountered very 

frequently, suggesting that this situation might be 

relatively stable and long-lasting. A more detailed 

examination of oocytes at this stage revealed a number of 
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Diagram 6. 

A summary diagram illustrating the entry of a 

relatively large 015 pm diameter) oocyte into the mesogloea. 

The oocyte is constricted at the endoderm/mesogloea boundary, 

and its leading edge is deeply indented. The mesogloea is 

shown apparently growing or being pulled out around the 

neck of the oocyte, and the basal lamina covers the 

mesogloeal portion of the oocyte. 
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interesting features. 

The small portion of oocyte remaining in the endoderm 

appears to enter Into a close relationship with the bases 

of the endodermal cells surrounding it. Extensive inter- 

cellular junctions often form between the oocyte and the 

endodermal cell membranes (Fig 5.24). The neck region of 

the oocyte becomes indented, and endodermal cell bases and 

muscle processes are closely applied to its surface and 

follow its contours. The muscle processes often project out 

from the general line of the endoderm/mesogloea boundary as 

though they have grown or been dragged into the mesogloea by 

the entering oocyte. Again, desmosome-type junctions, 

similar to those found between adjacent muscle processes, 

link the muscle Processes to the neck region of the oocyte. 

Later in the formation of the oocyte/endoderm 

relationship, the surface of the endodermal portion of the 

oocyte may become densely covered with large cytospines 

(Fig 5.26) which project into and between the endodermal 

cell bases and form a region of intimate contact between 

oocyte and endoderm. The localization of the cytospines 

may be quite precise. In Figure 5.26 cytospines are 

virtually absent from the neck region of the oocyte, and 

from the region of contact with the muscle processes, where 

intercellular junctions form. However, they are large and 

closely packed where the oocyte makes contact with the 

unspecialised endoderm bases, which contain large amounts 

of lipid and glycogen. 

A ring-shaped depression often forms around the base 

of the neck region in the surface of the mesogloeal portion 

Q 72 



of the oocyte (Fig 5.25). This depression contains large 

numbers of cytospines, and cytoplasmic processes from the 

endodermal cells which have presumably grown or been pulled 

into the mesogloea with the oocyte. These processes may 

contain mitochondria, lipid droplets and often large 

quantities of glycogen (Fig 5.27). They may extend between 

the cytospines and contact the oocyte surface, and again 

may participate In desmosome formation. Away from the base 

of the depression, around the neck of the oocyte, the endo- 

dermal processes contain numerous microfilaments, usually 

aligned along the axis of the oocyte neck (Fig. 5.27). 

The oocyte cytoplasm beneath areas of close contact between 

the oocyte surface and the endoderm contains large numbers 

of small, membrane bound vesicles (Figs. 5.26 and 5.27). 

These vesicles are similar in appearance to those found in 

the cytoplasm next to the region of oocyte/endoderm contact 

in the trophonema of larger oocytes (see Chapter 7 

The main features of this stage of oocyte entry are 

summarized in Diagram 7. 

Eventually the remaining endodermal portion of the 

oocyte is pulled into the mesogloea with the rest of the 

oocyte, and the ring-shaped depression in the surface of 

the oocyte becomes cup-shaped. However, contacts between 

the oocyte and the processes from the endodermal cells are 

not severed. These contacts are thought to play an 

important part in the formation of the tr. ophonema (see 

Discussion) and hence in the nutrition of the growing oocyte. 
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Diagram 7. 

A summary diagram illustrating the relationship 

between oocyte and endoderm just before the completion of 

entry into the mesogloea. A small portion of the oocyte 

remains in the endodermal layer. Endodermal cell bases and 

muscle processes extend around the neck of the oocyte, and 

terminate in a ring-shaped depression in the mesogloeal 

portion of the oocyte. 
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The early, endodermal oocytes of A. fragacea share 

many characteristics with the pre-vitellogenic oocytes of 

many animal species (Norrevang, 1968; Anderson, 1974). 

In general appearance they resemble the early oocytes 

described by SchUfer and Schmidt (1980) and Schmidt and 

Sch8fer (1980) from various anthozoan species. However, 

there appear to be a number of detail differences between 

early A. fragacea oocytes and the generalized descriptions 

given by Schmidt and Sch9fer. The outline of the endodermal 

oocytes of A. fragacea is generally smooth with only small 

indentations, some of which may be concerned with pino- 

cytosis. Their surface was not observed to be enlarged by 

manifold indentations containing glycogen-like material 

as well as many small vesicles as indicated by Schmidt and 

SchUfer. They also suggest that small endodermal oocytes 

are surrounded by many free vesicles and glycogen-like 

granules. In A. fragacea the oocytes are closely enveloped 

by the basal processes of the endodermal epithelial cells. 

These processes may contain lipid droplets and glycogen, 

and small vesicles are often found amongst them. However, 

these vesicles are not more numerous in the vicinity of 

small oocytes than elsewhere in the endoderm. Schmidt and 

SchNfer also state that there is a loose vitelline membrane 

of fine granular material on the surface of young oocytes 

still in the endoderm. In A. fragacea there is no extra- 

cellular layer of any description visible around the oocyte 

while it is within the endoderm. The oocyte plasma membrane 



often contacts the membranes of the endodermal cell bases 

closely, with only a narrow inter-membrane gap, and desmo- 

somes are sometimes formed between the two. As the oocytes 

enter the mesogloea, they do become surrounded by a layer 

of extracellular material. Whether or not this layer should 

be regarded as a vitelline membrane will be discussed below. 

Schbfer and Schmidt (1980) suggest that ribosomes 

appear in the ooplasm during oocyte migration into the meso- 

, (,, -, Ioea. In A. fragacea, however, the ooplasm contains 

numerous ribosomes from the earliest recognizable stages 

(see Chapter 4). Kessel (1968a)found numerous free ribo- 

somes in the early oocytes of a hydrozoan medusa, and their 

abundance is a characteristic feature of many unspecialized 

cells and primordial germ cells (Nieuwkoop and Satasurya, 

1981). 

The progressive increase in nuclear density seen in 

A. fragacea oocytes as they grow within the endoderm has not 

been remarked by other anthozoan workers. The nucleus 

increases in electron density until the phase of rapid 

nuclear enlargement which occurs early during vitellogenesis, 

after the oocyte has entered the mesogloea. The density of 

the nucleus then falls, and is generally low in all oocytes 

over about 50 pm in diameter (see Chapter 6, Section A). 

The term cytospine was introduced by Dewel and Clark 

(1974) to clarify a confusing situation which arose when a 

structure previously described and named using the light 

microscope was observed by electron microscopy. Several 

earlier light microscope investigators had observed 

projections from the surface of anthozoan oocytes which 
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were generally referred to as spines (Gemmill, 1920; 1921; 

Chia and Rostron, 1970; Spaulding, 1972; Chia and Spaulding, 

1972). With the electron microscope, Dewel and Clark (1974) 

found that in the sea anemone Bunodosoma cavernata the 

spines were actually bundles of smaller projections, each 

of which resembled a large microvillus. They proposed that 

each of the smaller projections be termed a cytospine, and 

their suggestion has been followed in the present paper. 

Cytospines have since been observed In many anthozoan 

species (Schmidt and SchUfer, 1980; Schroeder, 1982). The 

surface of the fully grown A. fragacea oocyte is covered 

by cytospines arranged in definite tufts (see Chapter 6, H) 

and the beginnings of this organization can be seen In 

larger endodermal oocytes. In large mesogloeal oocytes 

the fibrillar core is more obvious and projects from the 

base of the cytospine as a rootlet (Spauldi. ng, 1974). Such 

rootlets were not observed in endodermal oocytes. Schmidt 

and Sch9fer consider the cytospines to be resorptive 

organelles, and the present observations on small oocytes 

of A. fragacea are consistent with this function. Cyto- 

spines clearly increase the surface area of the oocyte, and 

may make close contact with the surrounding endodermal 

cells. Small vesicles, which may be pinocytic In origin, 

are more numerous in oocytes which bear cytospines and tend 

to be more numerous In the vicinity of groups of cytospines. 

Microvilli, which cytospines resemble, are thought to be 

involved in nutrient uptake in many other oocytes 

(e. g. Anderson, 1974; Schade and Shivers, 1980; Eckelbarger 

and Grassle, 1982). Cytospines may also be involved in the 
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formation of the trophonema (see below). 

The clusters of electron dense cylinders and 

associated structures found in A. fragacca oocytes have 

also been found in early male germ cells (see Chapter 11) 

but as yet have not been seen In cells of any other type. 

This raises the possibility that these structures may 

correspond to the nuage material described from many germ 

cells (Eddy, 1975). Roosen-Runge (1977) describes nuage 

as "the dense fibrous material (order of magnitude 1 pm or 

less) seen In germ cells of many animals", a description 

which could be applied to these structures. Nuage material 

has not previously been reported from other sea anemone 

germ cells, but also occurs in Cereus pedunculatue oocytes 

(see Chapter10). Nuage has been reported in germ cells of 

several hydrozoans. Roosen-Runge (1977) found dense material 

which he termed nuage in spermatogonia of PhiaZidium 

gregarium. Kessel (1968a)found densely packed granular 

aggregates in oocytes of a hydrozoan jellyfish, and Boelsterli 

(1977) found perinuclear dense finely granulated spherical 

structures in oocytes of Podocoryne carnea. Noda and Kanai 

(1977) found what they termed 'germinal dense bodies' in the 

oogonia of PeZmatohydra robusta and in lesser quantities in 

interstitial cells and early nematocytes. More recently, 

however, the same authors found these bodies in other cell 

types, including epithello-muscular, digestive and gland 

cells (Noda and Kanal, 1980). The possible significance of 

these bodies in relation to the differentiation of the germ 

cells is discussed by Nieuwkoop and Satasurya (1981). 

An 



Eddy (1975) illustrates how nuage material from 

different animal groups varies widely In appearance and 

may alter during germ cell development. The possible 

nuage material in A. fragacea appears more complex In 

structure than that described for other coelenterates and 

most other groups. In very small oocytes (less than 12 pm 

diameter) the nuage is rather regular and consistent In 

form, but in larger oocytes it tends to be more extensive, 

more variable In appearance, and often associated with 

other organelles. However, whether this material plays any 

part in the determination of the germ cells In A. fragacea 

remains to be demonstrated. Nuage material from later 

stage oocytes will be discussed in Chapter 6, Section G). 

in Epiactis proZifera, Dunn (1975) suggested that 

primary oogonia range in size from 6.0 to 8.5 pm in diameter 

while germ cells in the endoderm up to 30-35 Pm are secondary 

oogonia. The germ cells cease dividing and become oocytes 

once they are within the mesogloea. Jennison (1979) 

describes a similar situation in AnthopZeura eZegantiBsima. 

In the present study, however, no evidence of mitotic 

activity was seen in any of the larger germ cells. In the 

previous chapter It was shown that endodermal germ cells as 

small as 10 pm In diameter might contain synaptinemal 

complexes, suggesting the onset of meiosis. In A. fragacea 

female germ cells there appears to be a process of nuclear 

maturation in terms of increasing nuclear density and 

nucleolar development throughout the endodermal phase, 

which does not appear to be interrupted by mitosis. The 

larger endodermal germ cells are usually found singly, 
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scattered throughout the gonad, rather than In groups or 

nests as might be expdcted if they were mitotically active. 

Most of the germ cells accumulate glycogen and some begin 

synthesis of yolk granules while within the endoderm. It 

is therefore suggested that, in A. fragacea, the germ cells 

begin meiosis and become oocytes at an early stage while 

still within the endoderm, before entry into the mesogloea. 

if mitosis occurs, it Is restricted to small cells before 

the onset of vegetative growth and the accumulation of 

reserve materials. Schmidt and SchUfer (1980) also indicate 

that anthozoan female germ cells may become oocytes while 

within the endoderm and may begin vitellogenesis before 

entering the mesogloea. However, mitosis has has been 

observed In the early germ cells of Cereus peduncuZatus 

(see Chapter 10). 

The migration of the early female germ cells into the 

mesogloea was described and clearly illustrated with the 

light microscope by Spaulding (1974) for the sea anemone 

Peachia quinquecapitata, and has since been mentioned by 

several authors, including Dunn (1975), Jennison (1979) and 

Szmant-Froelich et aZ (1980). In A. fragacea the oocytes 

appear to move into the mesogloea by a process resembling 

amoeboid movement, although the endodermal cell bases may 

also play a part. It is not known whether the oocyte 

softens the mesogioea around It enzymatically to facilitate 

entry, but the arrangement of the collagen fibrils 

immediately in front of the advancing oocyte does not seem 

to be disturbed or compressed during entry. In Epiactis, 

Dunn (1975) suggested that female germ cells could move 



frorr the endoderm Into the mesogloea either by amoeboid 

movement or at cell division. She suggested that during 

these divisions one daughter cell remained In the endoderm 

while the other was thrust into the mesogloea, and she 

showed an hourglass-shaped cell apparently undergoing this 

process. No evidence of this means of entry was found in 

A. fragacea. Hourglass-shaped cells are commonly observed 

at the endoderm/mesogloea border, but they do not appear to 

be undergoing mitosis. Such cells contain a single nucleus 

surrounded by an Intact nuclear envelope. The constriction 

does not always divide the cell into two equal parts, but 

can occur at any position. The cell shown entering the 

mesogloea in Peachia by Spaulding (1974) Is also constricted 

in this way, but has an intact nucleus and shows not signs 

of mitosis. In A. fragacea the constriction appears to be 

produced where the oocyte passes through the endodermal 

muscle processes, and might argue that these processes pose 

more of an obstacle to entry than does the mesogloea Itself. 

it is possible that the constriction of the oocyte may be 

exaggerated by the contraction of the gonad and mesentery 

which occurs on fixation, which might cause the muscle 

processes to pinch the oocyte more severely. 

Schmidt and Schgfer (1980) state that the oocyte 

nucleus is always situated in the last part of the oocyte 

to enter the mesogloea. In A. fragacea, however, this is 

not usually the case. In oocytes which enter the mesogloea 

while still small, up to perhaps 15 pm in diameter, the 

nucleus is often located anteriorly and enters the mesogloea 
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very early. In larger oocytes the nucleus usually occupies 

a roughly central position. Only rarely does the nucleus 

enter very late. At a later stage, after the oocytes have 

completed entry, the nucleus then migrates to take up a 

peripheral location close to the trophonema (see below). 

This movement of the nucleus to one side was also noted 

for Epiactis by Dunn. 

Schmidt and SchHfer (1980) describe a vitelline 

membrane of fine granular material surrounding the surface 

of anthozoan oocytes, apparently both while within the 

endoderm and within the mesogloea. For the coral Astrangia 

danae, Szmant-Froellch et at (1980) describe a vitelline 

membrane found only in large oocytes, consisting of a layer 

of cortical vesicles just beneath the oocyte membrane. The 

oocytes of A. fragacea have no obvious extracellular coat 

while within the endoderm. As they enter the mesogloea 

they become covered by a thin layer of very finely granular 

basal lamina material. From micrographs in which the oocyte 

is caught in the process of entering the mesogloea, it can 

be seen that this layer is identical to and continuous with 

the basal lamina between the epithelia] cell bases and the 

mesogloea, as described for Anthopleura elegantissima 

planulae by Chia and Koss (1979). It appears that as the 

oocytes enter the mesogloea, they do not break through the 

basal lamina but rather push it into the mesogloea ahead of 

them. Once within the mesogloea, the oocyte must presumably 

produce more basal lamina as it grows. Whether this layer 

of basal lamina material should be termed a vitelline 

membrane seems doubtful. This layer is not a structure 
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specific to oocytes; all cells in contact with the mesogloea, 

with the exception of granular amoebocytes have such a layer. 

Groups of developing male germ cells In the mesogloea are 

surrounded by a similar layer (see Chapter 11). Spawned 

eggs and early embryos of A. fragacea are not surrounded by 

an extracellular layer of any kind, and neither are the 

spawned eggs of Bunodosoma cavernata or Tealia crassicornis 

(Schroeder, 1982). It is therefore suggested that the term 

vitelline membrane is inappropriate for the extracellular 

material around mesogloeal oocytes. 

For some A. fragacea oocytes, entry into the mesogloea 

appears to be facilitated by an outgrowth of the mesogloea 

around them. Mesogloeal outgrowth around oocytes has 

previously been reported by Dunn (1975) and Sch8fer and 

Schmidt (1980). However, how this outgrowth is brought 

about is unclear. Singer (1974) investigated collagen 

synthesis in the sea anemone Aiptasia diaphana using electron 

microscopy and autoradiography and concluded that mesogloeal 

collagen is synthesized by the epithelial cells. Perhaps 

the oocyte can stimulate the endodermal cells around it to 

produce mesogloea. Some small oocytes in A. fragacea, 

while within the endoderm, contact the mesogloea by a slender 

cytoplasmic process (see Chapter 4). These processes might 

serve to direct mesogloeal outgrowth as well as movement of 

the oocyte into the mesogloea. Alternatively.. the same forces 

acting to drive the oocyte into the mesogloea may result in 

the mesogloea being pulled out around the oocyte. 
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Once within the mesogloea, the oocyte loses contact 

with the endodermal epithelial cells over most of its 

surface. At one point, however, contact vilth the endoderm 

is retained and a specialized structure called the tropho- 

nema develops which is described In Chapter 7. From the 

present study, It is possible to speculate and suggest a 

possible mechanism for the formation of the trophonema in 

A. fragacea. When oocytes have nearly completed entry into 

the mesogloea, there appears to be a pause In the entry 

process. During this period, the small proportion of the 

oocyte remaining in the endoderm enters into a close 

relationship with the endodermal cell bases immediately 

around it. This relationship involves close membrane 

contact, including intercellular junction formation, between 

oocyte and endoderm, and interdigitation between endodermal 

cell bases and oocyte cytospines. As the last portion of 

the oocyte finally enters the mesogloea, some of the endo- 

dermal cell bases move or are dragged with it. Thus the 

gap in the mesogloea/endoderm border through which the 

oocyte passed never fully closes, and the oocyte retains 

contact with the endoderm. The endodermal cells involved 

then begin specialization to become trophonemal cells. 

The proposed scheme is broadly consistent with the 

findings of Schmidt and Sch8fer (1980). although some 

details of the process in A. fragacea differ from their 

description. In particular, Schmidt and Sch9fer state that 

in the early stages the trophonema consists of cells which 

have no prominent nucleus, have a fine granular cytoplasm 

and special electron dense bodies. In A. fragacea the 
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trophonema appears to orleginate from ordinary gonad 

epithelial cells, Indistinguishable from those around them. 

They may later become specialized, but always retain a 

normal nucleus (see Chapter 7). Widersten (1965) reports 

a sequence of events during scyphozoan oogenesis which bears 

a striking resemblance to the proposed mechanism of tropho- 

nema formation described here. However, he refers to the 

epithelial cells involved as nurse cells, a term which is 

usually applied to accessory cells derived from germ cells, 

which, at least in A. fragaceao the trophonemal cells do 

not appear to be. 

During the present study, trophonema Initiation was 

not observed for oocytes which enter the mesogloea at a 

small size (less than 15 pm) and how the trophonema is 

formed in these cases is not clear. Nonetheless, Campbell's 

(1974b)suggestion that anthozoan oocytes move into the 

septal mesogloea at an early stage and appear to mature 

quite independently with no involvement of somatic cells 

may now need to be reconsidered. 



Chapter 6 

THE STRUCTURE OF THE VITELLOGENIC OOCYTE 
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INTRODUCTION 

Vitellogenesis may be defined broadly as the accumu- 

lation within the oocyte of reserve materials for use after 

fertilization (Anderson, 1974). In many invertebrate species 

vitellogenesis may be the dominant metabolic activity of the 

oocyte for much of its period of existence within the gonad. 

In spite of its importance, there has been no coherent study 

of vitellogenesis in any species of sea anemone (Beams and 

Kessel, 1983). However, organelles and Inclusions from a 

large number of anthozoan oocytes have been examined by 

Schmidt and Schafer (1980; Sch'afer and Schmidt.. 1980; Sch'afer, 

1983). 

Although a small proportion of A. fragacea oocytes may 

begin vitellogenesis while within the endoderm, in most cases 

major vitellogenesis only takes place after entry Into the 

mesogloea. The process is complex, lasting several months 

and involving a wide range of organelles and inclusions. 

Rather than attempt an overall description of the structure 

of the entire oocyte at different stages during vitellogenesis, 

individual structures will be considered separately and their 

development followed throughout this period. The chapter 

has accordingly been divided into sections, and the relevant 

literature has been discussed at the end of each section. 

The sections within this chapter are: - 

Section A- The Nucleus 

it B Endoplasmic Reticulum and Annulate Lamellae 

it C Mitochondria and the Mitochondrial Cloud 

D Fibrillar Granules 

E Compound Yolk Granules 
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Section F- Glycogen and Lipid Droplets 

11 Nuage Material 

11 H- The Oocyte Surface 

it I- Amoebocytes 

Because of the large quantity of material Included in 

this chapter, a brief summary of the major findings Is given 

at the end. 



Chapter 6. Section A: The Nucleus 

RESULTS 

During vitellogenesis, the diameter of the oocyte 

nucleus increases from perhaps 10 pm on entry into the meso- 

gloea, to 40-45 pm in the fully grown oocyte. However, during 

this period the oocyte diameter increases from perhaps 20, um 

to some 150 pm. Thus the nucleus to cytoplasm volume ratio 

decreases during oocyte growth. The nucleus also changes its 

appearance during vitellogenesis, as will be described below. 

Initially the nucleus is centrally located within the oocyte 

but later it becomes displaced towards the side of the oocyte 

adjacent to the trophonema. Týe description of nuclear 

development has been divided into three sections, but the 

process is continuous. 

1. The Onset of Vitel-loRenesis 

At the time of entry into the mesogloea and the onset 

of major vitellogenesis, most oocytes are between 12 and 25 pm 

in diameter. Their nuclei appear dense, and Irregular areas 

of more dense heterochromatin material occur (Fig. 6.1). 

A single nucleolus can be distinguished, but It is usually 

associated with the heterochromatin areas. Small dense granules 

are found, especially in the vicinity of the nucleolus and 

heterochromatin. The outline of the nucleus Is usually smooth 

or gently undulating, and the nuclear envelope contains 

occasional pores. As yolk material begins to accumulate in 

the cytoplasm, the nucleoplasm becomes more dense and the 

heterochromatin becomes less obvious (Fig. 6.2). The nucleolus 

increases in size and becomes more discrete and clearly defined. 

New structures. - termed nuclear fibrillar bodies, begin to 

appear. These consist of aggregations of fibrils, usually 
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surrounding a core of finely granular material (Fig. 6.3). 

They may be 1-2 pm in diameter, and up to five such bodies 

have been seen in a sinzle section through a nucleus at this 

stage. The fibrils themselves have a beaded appearance, and 

appear to be composed of particles some 30-40 nm In diameter. 

The fibrils are usually orientated in a roughly parallel 

manner. These bodies are usually found near the nucleolus or 

close to the nuclear envelope. 

Early Vitellogenesis 

During this phase, when the oocyte Is between 30 and 

60 pm in diameter, the increase in density of the nucleoplasm 

noticed at the onset of vitellogenesis Is reversed. The 

nucleoplasm becomes less d! ýnse, and takes on a finely floccu- 

lent appearance (Fig. 6.4). Small, irregular areas of more 

dense, finely granular material may be found scattered 

randomly through the nucleoplasm, and these may be closely 

associated with 50-60 nm dense granules (Fig. 6.5). Similar 

granules may also be found adjacent to the surface of the 

nucleolus (Fig. 6.6), or in clefts in Its surface (Fig. 6.7). 

Nuclear fibrillar bodies are very commonly found close to the 

nucleolus, and material resembling their fibrrilar component 

is often seen projecting from the surface of the nucleolus, or 

occasionally within surface clefts (Figs. 6.6,6.7). A very 

common arrangement Is for the nucleolus to be situated near 

the periphery of the nucleus, close to the nuclear envelope, 

and for nuclear fibrillar bodies to lie in the space between 

the two (Fi,,,.,,. 6.8). Finely granular mateHal resembling the 

core component of the fibrillar bodies may be seen around and 

in contact with the surface of the nucleolus. Thus there 

appears to be a very close association between the nucleolus 
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and the nuclear fibrillar bodies at this stage, and It seems 

possible that the latter are formed from material originating 

in the nucleolus. 

Where nucleoli and nuclear fibrillar bodies are found 

close to the nuclear envelope, areas of nuace material are 

very often found Immediately outside It (Fig. 6.8). It seems 

possible that some Interaction between these structures occurs 

across the nuclear envelope, a possibility which is considered 

further in Section G of this chapter. 

The outline of the nuclear envelope may become less 

regular, and the number of nuclear pores greatly increases 

(Fig. 6.4). 

Mid and Late Vitel-lozenesis 

The nucleus attains its final form during mid-vitello- 

genesis, at an oocyte diameter of 60-80 pm. It then remains 

unchanged in appearance, although increasing in siz! -,, until 

the oocyte is fully grown. 

The nucleolus may reach a diameter of 10 pm, and Is now 

spherical and homogeneous (Fig. 6.9). At this stage no regions 

of different composition can be distinguished, and It is no 

longer found associated with any other structurns. The nucleo- 

lus appears to consist of closely packed small granules, each 

some 8 nm in diameter, embedded in a very finely granular 

matrix. 

The outline of the nucleus is generally smooth, but in 

localized regions it may show deep invaginations (Fig. 6.10) 

or extensions (Fig. 6.11). The nucleoplasm is of very low 

density, and appears to consist of an irregular, finely 

fibrillar meshwork, interspersed with areas of more dense 

granular material (Fla. 6.12). in some micrographs, very 
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small, discrete dense Particles.. often less than 5 nm In 

diameter, are also seen. Since these are not visible in all 

sections, they may represent a fine precipitate formed 

during processing. 

Nuclear fibrillar bodies are commonly found In large 

oocytes, nearly always close to the nuclear envelope. They 

are similar to those found in smaller oocytes.. except that the 

fibrils may be more closely packed, and a granular core Is 

not always apparent (Fig. 6.13). Sometimes they are found 

clustered in groups consisting of 2-4 bundles of fibrils, 

sometimes with granular cores (Figs. 6.14,6.15). This 

clustering was not observed in smaller oocytes. 

No sig ., ns of the resumption of meiosis were observed in 

any oocyte within a gonad. Observation of gonads obtained 

by biopsy from spawning females suggests that meiosis Is only 

resumed at the-time of oocyte release from the gonad (see 

Chapter 13). 

DISCUSSION 

It has not proved Possible to relate nuclear morphology 

to all the various stages of melosis passed through in the 

course of oogenesis. Synaptinemal complexes were found in 

very small oocytes within the endoderm (up to c. 15 um 

diameter) but not in later stages (see Chapters 4 and 5). 

This finding suggests that the late zygotene/ pachytene stages 

of meiotic prophase are passed prior to entry into the meso- 

gloea and the onset of vitellogenesis. During the onset of 

vitellogenesis, irregular patches of chromatin material could 

be distinguished in the nucleus, but no conclusions as to 

chromosome behaviour or morphology could be drawn. At no 

stage could lampbrush chromosomes be observed. However, there 
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are few reports of lampbrush chromosomes occurring in the 

oocytes of marine invertebrates, although they were described 

for sea urchin oocytes by Millonic. Y. et al (1969). There is no 

evidence to suggest that oogenesis in A. fragacca 'oes not 

follow the common procedure of carrying out vitellogenesis 

during a long arrested diplotene phase of melotic prophase, 

as is thought to occur in a very wide range of animals 

(Browder, 1980). At the termination of oogenesis, no 

indications of the resumption of meiosis were observed. No 

instances of germinal vesicle breakdown were observed In any 

oocytes while within the zonads, and It is thought that this 

may occur only immediately before spawning. This is In line 

with the findings of Jennison (1979) who was unable to find 

any evidence of meiosis within the gonad of the anemone 

AnthopZeura eZegantissima, and with those of Szmant-Froehlich 

et aZ (1980) who concluded that meiosis is resumed just prior 

to spawning in the coral Astrangia danae. Rinkevich and Loya 

(1979), however, observed germinal vesicle breakdown before 

spawning in StyZophora pistillata. 

The appearance of the nucleus in A. fragacea is broadly 

similar to that of many other marine invertebrate species. 

Scattered, irregular, dense chromatin areas have been described 

for many early oocytes, including the annelids Branchiobdella 

pentodonta (Bondi and Facchini, 1972), Phragmatopoma lapidosa 

(Eckelbarger, 1979), StrebZospio benedicti (Eckelbarger, 1980) 

and the molluscs Ilyanassa obsoleta (Taylor and Anderson, 

1969) and Mopalia mucosa (Anderson, 1969). These authors, 

however, do not report the quite striking increase in nuclear 

density seen in A. fragacea during previtellogenic oocyte 

growth. 
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Throughout oogenesis, the oocyte nucleolus in A. fragacea 

appears homogeneous, although it may interact with other 

structures. The anemones Epiactis prolifera (Dunn, 1975) and .0 

Anthopteura elegantissima (Jennison, 1979) also have single, 

spherical, homogeneous nucleoli. Oocyte nucleolar structure 

is often more complex, however, A degree of vesicularization 

of the nucleolus is common in many invertebrate groups 

(Norrevang, 1968) and some partitioning., of the nucleolus into 

morphologically distinct regions is also common (Anderson, 

1974). A large vacuole develops in the centre of the nucleolus 

during oogenesis in the hydrozoan Sertularella poZyzonias 

(Honegger, 1980) and Pennaria tiarella (Cowden, 1964). The 

nucleoli of the unidentified trachyline medusa studied by 

Kessel (1968a)had a tripartite structure, and Widersten could 

distinguish cortical and medullary regions in the nucleoli of 

several scyphozoan oocytes (Widersten, 1965). Cereus oocyte 

nucleoli may also be vacuolated (see Chapter 10). 

In A. fragacea, it seems possible that the nuclear 

fibrillar bodies are formed with the Involvement of the 

nucleolus, and then migrate to take up a Position close to 

the nuclear envelope. No evidence of the bulk passage of 

material through the nuclear pores was obtained in the present 

study. Such bulk transport has been frequently reported in 

the literature, however, and the material passing out through 

the nuclear pores is often thou, -ht to be of nucleolar origin 

(Anderson, 1974). An example which shows some parallels with 

A. fragacea Is provided by ophiuroid echinoderm Ophioderma 

panamensis (Kesselo 1968b). In this species, the oocyte 

nucleus contains several nucleoli, and the outer region of 

each nucleolus appears less closely packed than the centre. 
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A branching system of strands or threads emanates from the 

periphery of many nucleoll. It is suggested that the nucleoll 

undergo fragmentation by the spinning out of threads which 

later break down into smaller pieces. These are commonly 

found in close proximity to the nuclear envelope.. and 

especially near the nuclear pores. Similar material is also 

found in the cytoplasm immediately adjacent to the nuclear 

envelope, but fragments have not been seen within the pores 

themselves. 

Structures very similar, at least in appearance, to the 

nuclear fibrillar bodies of A. fragacea, have been described 

from oocytes of the slug AgrioZimax reticulatus (Hill and Bowen, 

1976). They are often found embedded in the nucleolus, but 

duri-ng the later stages of oogenesis they are found at the 

periphery of the nucleolus and free within the nucleus. It is 

therefore thought that they are released from the nucleolus, 

but their function is uncertain. 

Fibrillar nuclear bodies have not been reported from 

other coelenterate species. They occur In Cereus pedunculatus 

(see Chapter 10), and very similar structures are shown lying 

next to the nucleolus of a Cerianthus membranaceus oocyte in 

a micrograph by Sch'afer and Schmidt (1980), but are not 

mentioned in the text. If, as seems possible, in A. fragacea 

they interact with nuage material lying outside the nuclear 

envelope, it would appear that this interaction occurs by the 

passage of very small particles or soluble material through 

the nuclear pore. Beams and Kessel (1963) describe how material 

from the nucleolus may break down into small particles, pass 

through the nuclear pores and then reaggregate into small masses 

in the cytoplasm of the crayfish oocyte. Interestingly, the 
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nucleoli in this species are located close to the nuclear 

envelope, and the shedding of material is more common from the 

side of the nucleolus closest to the envelope, as would appear 

to be the case in A. fragacea. In A. fragacea, of course, 

there is no reason to suppose that the flow of material, if 

any, must occur from nucleolus to cytoplasm. Movement in the 

reverse direction is perfectly possible on the evidence so far 

obtained. The nuage material is considered in more detail in 

Chapter 6, Section G. 

Many authors have reported an increase in the density 

of pore complexes In the nuclear envelope at the onset of 

vitellogenesis. Anderson (1974), however, points out that 

quantitative experiments are needed to investigate the 

relationship (if any) between the porosity of the envelope and 

the metabolic involvement of the oocyte's synthetic machinery. 

Similarly, Anderson and Huebner (1968) discuss the possible 

relationship between the folding or plication of the envelope 

and the rate of synthetic activity within the oocyte. Such 

foldings must increase the area of the nuclear envelope, which, 

coupled with the high density of pore complexes, may facilitate 

nucleo-cytoplasmic interchange. Such exchange may be 

particularly important In oocytes like those of A. fragacea 

which appear to carry out a great deal of intraoocytic 

synthesis of yolk protein (see following sections), presumably 

under the direction of the oocyte genome. 

The pore complexes in A. fragacea are conventional in 

appearance. They appear to be sealed by a diaphragm, but, as 

suggested by Barnes and Davis (1955) and Kessel (1968c)this 

is probably merely a sectioning effect. Throughout oogenesis, 
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the nuclear membrane appears to be of constant width and 

shows no signs of blebbing or vesicularization as occurs 

in many oocytes (Kessel, 1968c; see also following 

section, 6. B). 
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Char)ter 6, Section B: Endoolasmic Reticulum and Annulate 
Lamellae. 

RESULTS 

The Endoplasmic ReticulUm (ER) 

The very smallest oocytes contain little or no 

discernible ER (see Chapter 4). By the time the oocytes reach 

10-12 pm diameter, some ER is visible, usually in the form of 

short, irregular lengths randomly distributed through the 

cytoplasm (Fig. 6.16). These lengths are usually heavily 

studded with ribosomes. During subsequent previtellogenic 

growth, oocytes vary greatly in the amount and the distribution 

of the ER they contain. Many oocytes accumulate small areas of 

stacked ER cisternae widely scattered through the cytoplasm, 

sometimes in addition to single lengths (Fig. 6.17), while 

others contain ER arranged around the nucleus. Rarely, 

previtellogenic oocytes are found containing highly ordered 

ER stacks In the peripheral cytoplasm (Fig. 6.18). In general, 

it can be said that there is a gradual, if varlableo Increase 

in both the quantity and degree of organization of the ER 

during the previtellogenic period. 

After entry into the mesogloea and the onset of vitello- 

genesis, there is a marked increase in the quantity of ER 

within the oocyte. Very early in vitellogenesis, some oocytes 

are found in which the cytoplasm contains numerous randomly 

arranged lengths of ER (Fig. 6.19), but in most cases, and 

., es, the ER is arranged in roughly parallel always in later stag 

arrays. These can occur both in the peripheral cytoplasm and 

folded around the nucleus. 
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The peripheral stacks of ER may be 5 pm long in section, 

and, given their often curved or undulating appearance, may be 

more extensive in 3 dimensions. Up to 15 cisternae commonly 

lie together to form a stack (Fig. 6.20). The cisternae may 

run without apparent interruption for long intervals, or may 

appear to be broken up into shorter lengths (Fig. 6.21). The 

cisternae contain a material of moderate electron density, and 

are generally narrow and without major dilations. In localized 

areas, the cisternae appear collapsed, and show only a very 

narrow lumen. The peripheral ER stacks often appear to be 

associated with other cytplasmic inclusions, most notably 

Golgi complexes (Fig. 6.22), but also lipid droplets, an 

association which will be considered In Chapter 6, Section F 

During mid and late vitellogenesis, the greater pro- 

portion of the ER Is found around the oocyte nucleus. The ER 

forms a band which is usually immediately adlacent to the 

nuclear envelope, although they may be separated for short 

lengths. This perinuclear band Is not of equal thickness all 

around the nucleus. Some parts have no covering at all; most 

have a moderate covering, and in some areas the ER forms large 

masses. Most of the nucleus is covered by a band some 10-15 

cisternae thick, which usually follows the contours of the 

nuclear envelope (Fig. 6.23). The cisternae are generally 

parallel and narrow, and may be continuous for long distances, 

or may be Interrupted by gaps, usually about 300 nm wide. 

These gaps may represent fenestrations in the sheet-like 

cisternae (Fig. 6.13). Sometimes other organelles or 

Inclusions are found In amongst the ER band, or between it and 

the nuclear envelope (Fig. 6.24). 
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Over limited recions of the nuclear surface, the band of 

ER may be much more extensive. Sometimes the cisternae in 

these regions remain flat or gently undulating (Fig. 6.25), 

but more commonly the ER is pleated or domed. These foldings 

are sometimes accompanied by similar Irregularities In the 

underlying nuclear envelope (Fig. 6.26), but this is not 

always the case (Fig. 6.27). These ER masses may be upwards 

of 10 pm thick, and consist of over 50 stacked cisternae. 

They may occupy a considerable proportion of the oocyte volume, 

as in Fig. 6.28, where the perinuclear band extends almost to 

the surface of the cell. The cisternae in these large masses 

are also interrupted by fenestrations, and small areas of some 

cisternae appear collapsed (Fig. 6.29). Ribosomes are less 

commonly found attached to these collapsed regions. Occasionally 

myelinic figures are found associated with the cisternae (Fig. 

6.29). Usually these very large areas of ER are uncontaminated 

by other cell components, but occasionally mitochondria, lipid 

droplets or yolk granules are found surrounded. Rarely, the 

ER imoinges on other perinuclear structures such as the mito- 

chondrial cloud (Fig. 6.27) and In this case some intermingling 

of the organelles may occur. Extensions from the perinuclear 

ER sometimes Project out into the cytoplasm. Fig. 6.31 shows 

part of one such extension, which could be followed through 

the cytoplasm for some 15 pm. The composition of the ooplasm 

on its two sides is markedly different, suggesting that it may 

represent an effective and relatively stable barrier, at least 

to large inclusions. 

Occasionally, regions of more dilated ER cisternae were 

encountered, associated with both peripheral and perinuclear 

ER areas (Fig. 6.30). These appear as ribosome-studded sacs, 
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perhaps 300 nm In diameter. Some sacs appear more flattened 

or elongate, but many appear spherical. They are filled with 

a flocculent, finely granular material of only moderate electron 

density. Areas of this form of ER seem more likely to be Inter- 

spersed with other Inclusions, often glycogen, than other areas. 

Small whorls of apparently tightly packed ER cisternae 

are sometimes found around the periphery of perinuclear ER 

masses (Fig. 6.32). The cisternae within these whorls are 

narrower than usual, although some contain material of moderate 

electron density. It is not possible to discern ribosomes 

between the tightly packed cisternae. The whorl shown In Fig. 

6.32 appears to have an expanded region to one side, with more 

normally spaced cisternae which are liberally covered with 

ribosomes. 

When the oocyte has attained its final size and vitello- 

genesis is complete, the organized ER masses appear to fragment 

and become less organized, then disperse in the ooplasm. 

Spawned eggs contain no perinuclear ER, and only a few randomly 

arranged short lengths occur in the peripheral ooplasm (see 

Chapter 13). 

2. Annulate Lamellae 

Annulate lamellae were found in oocytes of all sizes. 

Their development appears to parallel that of the ER, such 

that they are plentiful during the later stages of vitello- 

genesis but less common in previtellogenic or fully grown 

oocytes. Each annulate lamella closely resembles a portion of 

nuclear envelope, and contains numerous pore complexes identical 

to the nuclear pores. Annulate lamellae tend to be straighter 

than most areas of the nuclear envelope, and the pore complexes 

are always closely and regularly packed, which is not always 
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true for the nuclear envelope. The lamellae often occur in 

parallel stacks, In which case the pore complexes are usually 

more or less aligned. 

In small oocytes, the annulate lamellae usually occur as 

relatively small stacks of 2-6 lamellae, and tend to occur 

free within the cytoplasm (Figs. 6.33,6.34) and not associated 

with other organelles. The membranes may extend for a short 

distance beyond the pore complexes, and may be studded with 

ribosomes, but otherwise they are not related to the ER. 

In vitellogenic oocytes, however, the annulate lamellae 

are always found. associated with the ER system. The largest 

annulate lamellae accumulations were found among the perinuclear 

bands of ER (Fig. 6.35). In each case the membranes are seen 

to be continuous between the two organelles. At high 

magnification (Fig. 6.36), it can be seen that dense material 

is associated with the pore complexes. The Pores themselves 

often appear to be closed by a diaphragm, but this is probably 

artefactual. Ribosomes are found between the individual 

lamellae. Areas of annulate lamellae may include discontin- 

uities or smaller regions in which the organization appears to 

be lost and which seem to contain only membrane fragments and 

free ribosomes (Fig. 3.37). 

In a small proportion of perinuclear ER masses, the 

annulate lamellae only occur in the innermost few ER cisternae, 

and are only found in close apposition to the nuclear envelope 

(Fig. 6.38). More commonly, however, they are found some 

distance from the envelope (Fig. 6.39) or even at the periphery 

of the ER mass. They are also found in peripheral ER masses 

(Fig. 6.40). although these stacks are usually smaller. 

While most annulate lamellae occur in relatively large 
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stacks, single or double lamellae are occasionally found. In 

particular they may be found curved around the surface of 

large individual compound yolk granules (Fig. 6.41). Some- 

times these annulate lamellae are connected to ER cisternae, 

but the ER is rarely associated with the yolk. This 

association would appear to be specific, since neither ER nor 

annulate lamellae have been found curved around fibrillar 

granules or cortical granules. ER is often curved around 

lipid droplets, but annulate lamellae have never been seen to 

do so. 

DISCUSSION 

It is now generally accepted that the ribosome-studded 

or rough endoplasmic reticulum (RER) is a major site for the 

synthesis of proteins in a wide variety of cell types. 

An elegant model for the synthesis of protein by the RER has 

been proposed by Blobel and co-workers, among others (Blobel 

and Sabatini, 1971; Blobel and Dobberstein, 1975). Briefly, 

messenger RNA molecules pass from the nucleus to the cyto- 

plasm, where they associate with ribosomal subunits and begin 

translation. The first part of the polypeptide chain to be 

assembled contains a hydrophobic 'signal sequence'. When the 

ribosome contacts an ER membrane, the signal sequence attaches 

to, and penetrates the membrane, possibly assisted by a specific 

signal recognition protein. As the polypeptide chain elongateso 

it passes into the lumen of the ER. The signal sequence is 

then cleaved from the chain, which when completed is released 

into the lumen. Further processing and transport of the 

protein molecule may then take place in the lumen. The finding 

that very large quantities of RER accumulate in A. fragacea 

oocytes during vitellogenesiso but regress once vitellogenesis 
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is complete, therefore argues strongly for its involvement in 

the synthesis of yolk protein, and suggests that this synthesis 

occurs on a large scale. The synthesis of yolk protein within 

the oocyte has been termed autosynthesis (Schechtman, 1955) in 

contrast with heterosynthesis, in which yolk protein is 

produced at an extra-oocytic site and subsequently taken up by 

the oocyte. Further details of autosynthetic yolk production 

in A. fragacea will be given in later sections in this chapter. 

Autosynthesis has been reported from a large number of 

invertebrate species (Anderson, 1974), and these oocytes 

generally contain a well developed RER. In contrast, oocytes 

in which heterosynthesis predominates tend to contain 

relatively little RER, although the smooth ER may be extensive 

(e. g Dumont and Anderson, 1967). An interesting exception is 

provided by the proturan Acerentomon gaZlicum (Bilinski, 

1977). Yolk production is thought to be entirely autosynthetic 

in this species, but the small amount of RER found in early 

oocytes disappears early during vitellogenesis. It Is suggested 

that the major contribution to yolk protein synthesis is made 

by free ribosomes in this species. 

The majority of the RER in the A. fragacea oocytes is 

organized as large sheets layered concentrically around the 

nucleus. In many species, the RER is reported as being 

continuous with the nuclear envelope, but no such connections 

were observed. Similarly, no connections were obvious between 

adjacent ER cisternae. The numerous fenestrations observed in 

the cisternae may provide a means of cytoplasmic transport 

around the ER system, which may be important to allow access 

of protein precursors, inclu. ding mRNA and amino acids to the 

surface of the ER membranes, and to allow communication across 
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the ER masses. Peripheral ER bands do seem to pose an 

effective barrier to the movement of large ooplasmic 

inclusions, since the composition of the ooplasm may appear 

very different on the two sides of such bands. 

The perinuclear masses of RER found in the A. fragacea 

oocytes seem larger and more highly ordered than those found 

in other invertebrate oocytes. Oocytes of the ophlurold 

Ophioderma panamensi8 contain extensive bands of RER just 

beneath the cell surface (Kessel, 1968b) but these do not 

appear to be as massive as found here. Among the coelenterates, 

Schafer (1983) reports that the RER is developed to a high 

degree in hexacorallian oocytes, but does not Illustrate Its 

extent. The oocytes of the hydrozoans Hydra (Honegger, 1983), 

Tubularia (Boelsterli, 1975) and Podocoryne (Boelsterli, 1977) 

do not accumulate proteid yolk, and contain little RER. 

A similar situation appears to exist in ooyctes of the antho- 

medusan spirocodon saltatrix (Kawaguti and Ogasawara, 1967). 

However, oocytes of the unidentified trachyline medusa 

investigated by Kessel (196aa) accumulate yolk bodies and 

contain an extensive RER. In this species, the RER displays 

an unusual association with another membrane system. It 

appears that this second system consists of a series of deep 

invaginations of the oolemma. In some areas, the ER is 

alternately positioned between these invaginations, so the 

two membrane systems are arranged in a stacked, parallel array 

with a tight alignment apparent. The second membrane system 

also becomes involved with the forming yolk bodies for a 

period in their development. No comparable membrane system 

was observed in A. fragacea oocytes. 

126. 



The reduction In quantity and organization of the RER 

seen at the end of vitellogenesis in A. fragacea has also been 

observed in other species, including the annelids BranchiobdelZa 

pentodonta (Bondi and Facchini, 1972) and Phragmatopoma lapidoca 

(Eckelbarger, 1979). Large masses of ER might interfere with 

communication within the egg or possibly hinder cleavage, and 

since levels of protein synthesis are generally low in mature 

eggs (Epel, 1967,1975) such a reduction may be of value. 

However, in the mollusc Mopalia, Anderson (1969) reports that 

the quantity of ER does not fall as the egg matures. lie suggests 

that It exists in a quiescent state after the completion of 

vitellogenesis, but may serve as a reservoir of protein 

synthetic machinery for use later in development. 

Annulate lamellae 

The term annulate lamellae was first used by Swift (1956) 

although the structures had probably been observed some years 

earlier in Arbacia eggs by McCulloch (1952). Since then they 

have been reported from a number of cell types in a wide range 

of animal species. They appear to be most commonly found in 

developing male and female germ cells, certain embryonic cells 

and in tumour cells. Less commonly, they may occur in adult 

somatic cell types (Kessel, 1968c). In spite of their wide- 

spread occurrence, there Is no general agreement as to their 

mode of formation, or their function. Several suggestions 

have been made. The close similarity in appearance between 

the annulate lamellae and the nuclear envelope has prompted 

many authors to seek the origin of the annulate lamellae there. 

Rebhun (1961) suggested that they arise by a process of 

delamination of the entire nuclear envelope. Barer, Joseph 

and Meek (1960) suggested that their formation involved 
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repeated folding of the nuclear envelope. Harrison (1966) 

considered that they might be formed on the nuclear membrane, 

perhaps using It as a template. In his major review, Kessel 

(1968c) proposes a scheme largely based on a study of oocytes 

of the amphibian Necturus and the echinoderm Thyone. Briefly, 

it proposes that extensive blebbing of the outer membrane of 

the nuclear envelope results in the formation of long chains 

of vesicles in linear array in the cytoplasm Immediately out- 

side the nucleus. These vesicles then migrate to the peripheral 

cytoplasm, still In linear array, where they fuse to form 

cisternae. Pore complexes then arise In the cisternae, 

possibly at the points where vesicle fusion took place. Kessel 

(1968c) makes several speculations as to the possible function 

of the annulate lamellae, including a role In the transport of 

material, and possibly information, from the nucleus Into the 

cytoplasm. Wischnitzer (1970) attaches greater Importance to 

the close relationship between the annulate lamellae and the 

ER. He gives support to the earlier suggestion of Hruban et aZ 

(1965) that "annulate lamellae may represent an intermediate 

stage in the formation of the endoplasmic reticulum. " 

He suggests that they may be transient structures, and 

concludes that they may serve as an accessory means of 

increasing the ergastoplasmic pool in times of high metabolic 

demand, and proposes a mechanism by which ER cisternae grow 

out from the distended ends of the annulate lamellae. In a 

more recent review, Maul (1977) simply reports that there are 

no known functions for annulate lamellae. He then lists a 

number of points which may have to be considered in the 

formulation of hypotheses concerning their function, but does 

not indulge in any speculation. 
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In A. fragaccao annulate lamellae are occasionally 

found in isolation In previtellogenic oocytes, but in later 

stages they were always found In continuity with the RER. 

Their close association with the ER In anthozoan oocytes was 

also noted by Sch'alfer (1983). They were sometimes found 

closely apposed to the nuclear envelope, but even In this 

position, where they might be expected to have recently 

formed, they were still continuous with the ER. No evidence 

of blebbing of the nuclear envelope was obtained. Little can 

be proposed as to the formation or function of the annulate 

lamellae in A. fragacea oocytes. They could perhaps most 

simply be regarded aslocalized areas of the RER which are 

specialized and contain pore complexes. The membrane regions 

between the pore complexes are studded with ribosomes and are 

identical to RER membranes. It has been suggested that, after 

mitosis, the nuclear envelope and its pore complexes are 

formed from the ER (Barer et at, 1959). The nuclear envelope 

is widely reported to have many similarities with the ER. 

The two are often continuous, both are studded with ribosomes 

and the nuclear envelope may be involved in protein synthesis 

(Hand and Olivere 1977). The present study confirms the close 

relationship between the three organelles, but does not allow 

conclusions about their relative origins to be drawn. 
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Chai)ter 6. Section-C: Mitochondria and the Mitochondr-Tal-Cloud 

RESULTS 

The very smallest oocytes have rather few organelles, 

and the few mitochondria they contain tend to be dispersed 

through the cytoplasm (see Chapter 4). As the oocytes enlarge, 

more mitochondria become apparent. They tend to be small and 

rounded, measuring about 0.4 x 0.6 jim In section. They have a 

homogeneous dense matrix tranversed by numerous narrow cristae. 

In a proportion of mitochondria, especially in the larger 

profiles, the cristae may show an unusual lattice-like 

arrangement. Many of these cristae are triangular in cross- 

section, and so are thought to be prismatic in three dimensions 

(Fig. 6.42). Some mitochondria may also contain a central 

region of dense matrix material which is not traversed by 

cristae (Fig. 6.43). These forms of mitochondria are less 

common in oocytes larger than about 15 pm in diameter. 

As the oocytes grow within the endoderm and the numbers 

of mitochondria they contain increase, the mitochondria tend 

to become arranged in groups rather than scattered through the 

cytoplasm (Figs 6.44,6.45,6.46). These groups are usually 

found close to the nucleus but occasionally occur more 

peripherally in the cytoplasm (Fig. 6.47). The groups do not 

always contain all the mitochondria of the oocyte; apparently 

isolated mitochondria are often found. Nuage material is very 

often found associated with the groups of mitochondria 

(Figs. 6.45-6.47). Actual contact between nuage and mito- 

chondria has not been observed, however, and occasionally 

nuage is found not apparently associated with any mitochondria. 

Towards the end of the pre-vitellogenic phase, usually 

soon after entry into the mesogloea and at an oocyte diameter 
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of 20-30 pm, a group of mitochondria lying close to the 

nucleus begins to enlarge. This presumably occurs by 

replication of the mitochondria within the group, although 

other groups and single mitochondria may become incorporated 

into the group as it expands. The perinuclear group comes to 

resemble the mitochondrial clouds which have been described 

from other species (see Discussion). During the early stages 

of cloud formation, nuage material and Golgi complexes are 

often found within it (Figs. 6.48,6.49). 

As major vitellogenesis gets under way, the cloud 

enlarges further, and nuare material is only rarely found 

within it (Fig. 6.50). At this stage, usually between 30 and 

50 pm in diameter, the oocytes develop an extensive band of 

endoplasmic reticulum, which, as described In the previous 

section, may encircle much of the nucleus. Occasionally, the 

endoplasmic reticulum may extend into the perinuclear region 

occupied by the mitochondrial cloud, and may disrupt It 

(Fig. 6.51). More commonly, however, the cloud remains 

relatively compact, although it may be irregular in outline. 

The mitochondria are not tightly packed ft within the cloud, and 

ribosomes and short lengths of endoplasmic reticulum are 

found interspersed with them. The cloud reaches its greatest 

size usually mid-way through vitellogenesis, at an oocyte 

diameter of perhaps 80 
jum, and may itself be 12-15 um across 

(Fig. 6.52). While the cloud may contain a high proportion 

of the mitochondria of the oocyte, small groups and individual 

mitochondria may still be found elsewhere in the ooplasm. 

During the early stages of cloud formation, the great 

majority of the component mitochondria retain their original 

appearance. Most appear squat and rounded in section, although 
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occasional more elongate Profiles are seen. In larger oocytes, 

however, the cloud may contain many highly elongate mitochondria 

which are often irregular in shape (Fig. 6.53). Mitochondrial 

profiles, perhaps only 150 nm wide, can be found extending 

4-5 pm in section: given their often Irregular shape, they 

may be expected to be considerably longer in three dimensions. 

Many of the elongate mitochondria are curved or sinuous, and 

circular or ring-shaped profiles are often seen (Figs. 6.54, 

6.55). In many cases the cristae appear sparse or poorly 

defined. It is difficult to establish the three-dimensional 

appearance of these larger clouds from random thin sections, 

but the Impression obtained is that of a tangled mass of 

elongate, irregular mitochondria, rather than an accumulation 

of squat individuals as found in smaller oocytes. 

Later still, the cloud tends to become more irregular 

in shape. Bands of mitochondria may extend out from the main 

body of the cloud for a considerable distance into the 

surrounding ooplasm (Fig. 6.56). Usually at about the 

time when cortical granules start to appear in the peripheral 

ooplasm, at an oocyte diameter of perhaps 100 jum, the mito- 

chondrial cloud appears to break up. Groups of mitochondria 

seem to separate from the main mass and can be found 

scattered throughout the oocyte. These in turn disperse, and 

other cytoplasmic inclusions such as yolk granules, lipid 

droplets, fibrillar granules and cortical granules are found 

interspersed with the mitochondria (Fig. 6.57). Elongate 

profiles are rarely found after the onset of cloud dispersal. 

In the fully grown oocyte, no indications of mitochondrial 

aggregation remain. They are usually found singly, although 

they do show a degree of zonation within the oocyte. They are 
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more common in the peripheral layers of the oocytep in contrast 

with their previous Perinuclear location. 

In fully grown oocytes, most mitochondria are rounded 

in section and have a dense matrix with numerous cristae 

which tend to be rather haphazardly arranged (Fig. 6.58). 

The prismatic cristae found In small oocyte mitochondria have 

not been observed. In some oocyte sections, however, a 

proportion of the mitochondria have a rather different 

appearance. In these cases, the matrix is very much less 

electron dense, and may include areas which appear virtually 

clear (Fig. 6.59). The cristae are usually few In number, 

but are narrow and of fairly constant width. This different 

appearance of some mitochondria may Indicate an alteration in 

their physiological state, or could merely reflect poor 

preservation during fixation. However, they may be found In 

oocytes in whicn all the other cell components appear to be 

well preserved. 

DISCUSSION 

Mitochondria with Prismatic cristae, while not wide- 

spread, have been reported on a number of occasions, both from 

vertebrates (e. g Blinzinger et at, 1965; Morales and Duncan, 

1971) and invertebrates (e. g Fain-Maurel, 1968; Murdock et at, 

1977). Some of these mitochondria also contain an array of 

rodlets, and Murdock et at (1977) have proposed a hypothesis 

that these rodlets are important in establishing the geometric 

arrangement of the cristae. The mitochondria with prismatic 

cristae found in Actinia fragacea early oocytes are similar 

in appearance to those described by Murdock et at from cray- 

fish vas deferens sphincter muscle, but do not appear to 

possess intramitochondrial rodlets. It therefore seems 



unlikely that their Proposed mechanism Is operating In this 

case. It is interesting that, in both cases, only a 

proportion of the mitochondria in a given region of tissue 

exhibit this form; they may be Intermingled with mitochondria 

with a more typical arrangement of cristae. 

During the course of oocyte growth in A. fragacea, the 

mitochondria come to form a large mass close to the nucleus, 

which is similar in appearance to the mitochondrial clouds of 

other animal species. Mitochondrial clouds have been reported 

from a number of invertebrate species. Recently, Eckelbarger 

(1979) describes the occurrence of a mitochondrial cloud In 

pre-vitellogenic oocytes of the polychaete annelid 

Phragmatapona lapidosa. Anderson and Huebner (1968) also note 

the accumulation of mitochondria at the animal pole of oocytes 

of the polychaete Diopatra cuprea. However, the mitochondrial 

cloud has been most extensively studied In amphibians, and In 

particular for the anuran Xenopus laevis. In spite of the 

wide phylogenetic separation, parallels can be drawn and 

comparisons made between the clouds of A. fragacea and 

Xenopus. 

In small A. fragacea oocytes, mitochondria are often 

found in clusters which may have a perinuclear location, as 

is the case in young oocytes of many species (Anderson, 1974). 

One such perinuclear cluster enlarges and eventually forms the 

mitochondrial cloud. In Xenopus, the cloud arises by the 

coalescence of several smaller mitochondrial aggregates, which 

initially are dispersed evenly around the germinal vesicle. 

They come to form a cap-like structure on one side of the 

germinal vesicle (Billett and Adam, 1976). In A. fragacea, 

it is not clear whether migration of other mitochondrial 
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groups to join the developing cloud takes place, or whether 

one perinuclear cluster merely proliferates much more rapidly 

than the others. In Xenopua, during the early stages, the 

cloud is located in a large depression In one side of the 

germinal vesicle, which was not observed In A. fragacea. 

Also, Tourte et al (1981) suggest that, in Xenopus, there Is 

a precise localization of the cloud with respect to the 

orientation of the nucleus and the Golgi apparatus during 

early oogenesis. No favoured position for the cloud on the 

surface of the nucleus could be discerned during the present 

study. 

The mitochondrial cloud in A. fragacea appears to be less 

regular in shape and less clearly defined than in Xenopus. 

There, the cloud is roughly spherical, can be distinguished 

with the light microscope within the intact oocyte, and can 

be removed relatively intact by microdissection (Billett and 

Adam, 1976). In A. fragacea, the cloud, especially late In 

its development, may be ragged in outline, and bands of yolk 

granules or endoplasmic reticulum may extend into it. 

In Xenopus the cloud, in addition to mitochondria, may 

contain large numbers of small vesicles, 0.1 to 0.2 jum in 

diameter. The relative number of these vesicles increases as 

the cloud enlarges (Billett and Adam, 1976). No such vesicles 

were observed within the cloud In A. fragacea, although It may 

contain ribosomes and short, randomly arranged clsternae of 

rough endoplasmic reticulum. 

Aggregates of mitochondria are found associated with 

nuage material in Xenopus primordial germ cells and oogonia 

(Al-Mukhtar and Webb, 1971), but this association is not a 

characteristic feature of the mitochondrial cloud In the 
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oocyte (Billett and Adam, 1976). An association between 

mitochondria and nuage occurs in A. fragacea but seems less 

Intimate than in Xenopus, since direct contact between the 

two was never observed, and areas of nuage were found 

apparently not in association with mitochondria. A point of 

similarity is that the association Is more noticeable during 

the early stages of oogenesis. In A. fragacea, nuage may be 

found among mitochondrial goups in small oocytes and In clouds 

early in their development, but is not normally seen in large 

mitochondrial clouds. Billett and Adam (1976) conclude that 

it is more reasonable to suppose that the nuage material may 

be some kind of germ cell determinant rather than a substance 

essential for mitochondrial replication. In A. fragacea, 

nuage material Identical to that seen in oocytes Is also 

found in early male germ cells, which do not undergo massive 

mitochondrial proliferation. This finding might also argue 

for a wider role for nuage than involvement in replication of 

mitochondria (see Section G of this chapter). 

In Xenopu3, the cloud is thought to be the site of 

rapid mitochondrial Proliferation, and is an active site of 

mitochondrial DNA synthesis (Billett, 1979; Tourte et at, 

1981), although the level of activity of the cloud may vary 

considerably with the age of the female frog (Callen et at, 

1980). Billett and Adam (1976), using a combination of 

conventional transmission electron microscopy, high voltage 

electron microscopy of thick sections, and scanning electron 

microscopy of isolated clouds, concluded that the Xenopus 

cloud consisted of tangled mass of very long mitochondria, 

reminiscent of spaghetti, rather than individual short mito- 

chondria. Although only conventional TEM of thin sections 
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was employed In the present study, the available evidence 

points to there being a possibly similar situation in the 

mitochondrial cloud of A. fragacca. Highly elongate mito- 

chondria, and curved or irregular mitochondrial profiles, were 

frequently encountered in well-developed clouds, but were 

rarely observed prior to cloud formation or after its dispersal. 

The upper limit of the lengths of these elongate mitochondria 

could not be estimated, but, given their usually tortuous shape, 

is likely to be In excess of the lengths seen In profile in 

thin sections. Circular or ring-shaped mitochondrial profiles, 

as found in A. fragacea, have not been described from Xenopus 

clouds. They have, however, been observed in previtellogenic 

oocytes of the mollusc Ilyanassa ob3oZeta (Taylor and 

Anderson, 1969), and Anderson (1974) Indicates that 'donut- 

shaped' mitochondria may occur during oocyte development in 

many animals. 

The timing of the development of the mitochondrial cloud 

is rather different in A. fragacea and Xenopu8. In A. fragacea 

the cloud may become apparent at about the time of the onset 

of vitellogenesis, and may persist as a recognizable, although 

more diffuse, structure well into vitellogenesis, until at 

least the time of cortical granule appearance. In Xenopus, 

the cloud forms, grows and disperses all within the pre-vitello- 

genic phase of oocyte growth. The mechanism of yolk formation 

is very different In the two species, which may make different 

metabolic demands upon the oocyte. In Xenopus, yolk formation 

is thought to be heterosynthetic, with yolk protein synthesis 

largely taking place remote from the oocyte, in the the liver, 

(Wallace and Dumont, 1968), and there Is a well-defined pre- 

vitellogenic phase. In A. fragacea, it is likely that 
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significant amounts of yolk protein synthesis take place 

within the oocyte itself. The pre-vitellogenic phase is 

poorly defined, some oocytes beginning to accumulate yolk 

granules at a small size, sometimes prior to entry Into the 

mesogloea. Thus the demands on mitochondria during oocyte 

growth may be very different in the two species. 

The finding that fully grown A. fragacea oocytes may 

contain a proportion of mitochondria of unusual appearance 

may simply be the result of variable fixation and so have no 

functional significance. However, since other oocyte 

components appear well preserved, their different appearance 

may reflect a different physiological state of some mito- 

chondria. It has been suggested that oocyte mitochondria 

serve two purposeso firstly that of providing for the meta- 

bolic needs of the oocyte, and secondly to serve as a store 

of mitochondria to meet the early requirements of the 

developing embryo (Billett, 1979). Thus oocytes contain a 

mixture of mitochondriao possibly differing both in structure 

and function. The metabolic needs of a fully-grown oocyte 

may be very different from those of a growing vitellogenic 

oocyte, especially one engaged in autosynthesis of yolk 

material such as A. fragacea. It may be that when the demands 

of yolk production decreaseo some oocyte mitochondria enter a 

state of lower activity, which may be reflected morphologically. 

In the present study, no evidence was obtained that 

mitochondria enter the A. fragacea oocyte from outside, or are 

produced from other cytoplasmic structures. Mitochondrial 

proliferation within the oocyte appears to result In the 

formation of a large aggregate of possibly elongate 

mitochondria which may be termed a mitochondrial cloud, a 
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structure not previously reported from coelenterate oocytes. 

Interestingly, the mitochondrial cloud of this lower metazoan 

shows many similarities with the clouds described for oocytes 

of some amphibian species. 
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Chaoter 6. Section-D: Fibrillar Granules 

RESULTS 

The term 'fibrillar granule' is here being applied to a 

range of membrane bound bodies whose contents have a fibrillar 

substructure. Some contain a closely packed mass of parallel 

fibrils, while in others the fibrillar arrangement Is barely 

discernible. However, all the various forms are thought to 

be related. The closely-packed form is perhaps the most 

distinctivet and will be dealt with first. 

1. Closely Packed-Fibrillar--Granules 

These are usually slightly elongate bodies, between 

1 and 2 pm in length and 0.5 to 1 jum in width. They are 

bounded by a typical 10 nm trilaminar unit membrane, which is 

usually ruffled in outline rather than smooth. The granules 

contain numerous roughly parallel fibrils orientated along 

the long axis of the granule, and usually extending for its 

whole length (Fig. 6.60). The fibrils are not always perfectly 

straight, but are often gently curved. When the granules are 

cut transversely, It can be seen that each individual fibril is 

X-shaped In cross section (Fig. 6.61). Each fibril measures 

some 15 nm across the arms of the X, and at high magnification, 

there is at least the suggestion that each fibril is composed 

of smaller granular subunits (Fig. 6.62). The fibrils are 

arranged in a fairly, but not precisely, regular lattice, with 

a centre to centre distance of about 25 nm. Especially In 

larger granules, the plane of the fibrils may change gradually 

across the granule (Fig. 6.61). The spaces between the fibrils 

appear to contain a finely granular material. 

Quite commonly, the fibrils do not extend fully to the 
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ends of the granule, which are Instead filled with a non- 

fibrillar granular material of similar electron density to 

the rest of the granule (Fig. 6.63). Less commonly, the non- 

fibrillar material also extends around the lateral faces of 

the granule, and the fibrillar component may only represent a 

relatively small proportion of the granule (Fig. 6.64). 

Occasionally, granules of this type may also contain small 

spherical vesiclest each some 30 nm In diameter (Fig. 6.65) 

which may also show a linear arrangement. 

Often, especially In larger granules, the orientation 

of the fibrils may change abruptly within the cranule. 

It seems possible that this Is the result of previous fusion 

between two or more granules, and occasionally what may be 

instances of such fusion are seen (Fig. 6.66). 

2. 
_Loosely 

Packed Fibrillar Granules 

In addition to the rather regular, closely packed 

fibrillar granules described above, a whole spectrum of less 

regular, more loosely packed fibrillar granules are commonly 

found. The fibril packing also has a marked influence on the 

overall electron density of the granule, such that loosely 

packed granules appear much less dense than closely packed 

ones. Loosely packed granules may be slightly larger than 

most closely packed ones. A low power view of an area of 

ooplasm containing numerous fibrillar granules of varying 

packing densities is given in Fig. 6.67. In the less extreme 

cases, the inter-fibrillar spacing is greater than in closely 

packed granules, and Is much more variable within the granule 

(Figs. 6.68,6.69) but the fibrils themselves are well defined 

relatively straight, and are aligned along a common axis. 

The limiting membrane is usually undulating and often loosely 
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fitting, such that clear space often exists between the 

membrane and the granule contents. In other cases, the 

fibrils may be wavy and less clearly defined (Fig. 6.70). and 

in extreme cases, the fibrillar nature of the granule contents 

may be only just discernible (Fig. 6.71). Small dense 

particles, some 8 nm in diameter, are also found within these 

loosely packed granules, interspersed with the fibrillar 

material. The limiting membrane often appears disrupted and 

discontinuous. Rarely, granules with quite clearly defined 

fibrils are found which completely lack a limiting membrane 

(Fig. 6.72). Most loosely packed granules appear to consist 

of a single bundle of fibrils aligned along a single axis, 

but occasionally granules containing several bundles are seen, 

and granules apparently in the process of fusing are also 

sometimes seen (Fig. 6.73) 

3. Time Course of Fibrillar-Granule Annearance 

The first fibrillar granules may appear when the oocyte 

is only perhaps 20 pm in diameter, and sometimes orior to Ats 

entry into the mesogloea. They usually appear before compound 

yolk granules are present in any number, although lipid 

droplets and glycogen are accumulated from the very earliest 

stages. In small oocytes, the fibrillar granules themselves 

are usually very small (Fig. 6.74), often only 0.2-0.5 pm In 

diameter, but may exhibit a range of fibril packing densities. 

As the oocyte enlarges, the fibrillar granules increase 

in size and number, and, at an oocyte diameter of perhaps 

50 pm, become the dominant cytoplasmic inclusion (Fig. 6.67). 

Fibrillar granules of all densities may still be found inter- 

mingled at this stace. At about this time, compound yolk 

granule production increases, and they become more common In 
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the cytoplasm. It Is not clear whether fibrillar granule 

Production slows after this stage, or whether It is merely 

overtaken and eventually swamped by compound yolk formation, 

but by the time the oocyte reaches about 80 pm diameter, 

compound yolk granules predominate. By the time the oocyte 

is fully grown, fibrillar granules are usually restricted to 

a peripheral layer extending perhaps 10 um from the oocyte 

surface; the central region is largely filled with compound 

granules (Fig. 6.75). In large oocytes, most, but not all, 

of the fibrillar granules are closely packed. 

4. Association with GoIRI Complexe. 5. 

Throughout vitellogenesis, the oocyte contains large 

quantities of rough endoplasmic reticulum, and large numbers 

of Golgi complexes. Especially during the early part of 

vitellogenesis, a high proportion of Golgi complexes are 

associated with fibrillar granules. Such complexes are 

usually made up of stacks of 7-10 flattened cisternae, which 

are often curved. Several such stacks may be grouped together 

to form a complex (Fig. 6.76). Usually the cisternae are 

narrow and closely packed together, although their ends may be 

dilated. One or two cisternae of endoplasmic reticulum are 

invariably associated with these complexes. Very often, the 

ER at least partially encircles the complex (Fig. 6.77), and 

numerous small vesicles are found between the two. The ER 

and outer Golgi cisternae contain a wispy, finely fibrillar 

material of low electron density. The more central Golgi 

cisternae tend to be narrower and enclose a more dense material. 

The cisternal membranes progessively increase in thickness 

across the stack, from approximately 7 nm at the periphery to 

10 nm at the centre (Fig. 6.66). 



The enclosed central area of the complex contains numerous 

small vesicles, and fibrillar granules of various sizes. 

Rarely, lipid droplets and compound yolk granules may also 

be found (Fig. 6.78). The fibrillar granules vary greatly 

in size and packing density, but usually contain clearly 

defined fibrils. Often vesicles can be seen apparently 

fusing with the granules, and some, -Imes whole lengths of the 

innermost Golgi cisternae appear to fuse also, such that there 

is membrane continuity between the GoI&I and the granule 

(Figs. 6.79,6.80). Golgi complexes were never observed in 

close association with large loosely packed granules in which 

the fibrils were poorly defined. 

A less direct association between Golgi and fibrillar 

granules was also sometimes observed. Golgi complexes similar 

to those described above are sometimes seen associated with 

membrane-bound vesicles some 250 nm in diameter, containing 

a flocculent material of moderate electron density (Fig. 6.81). 

Vesicles of similar size and similar, slightly greater, density 

may also be found associated with nearby fibrillar granules. 

Fibrillar granules may also be found associated with 

vesicles when not in the vicinity of a Golgi complex. Sometimes 

the membrane around these granules is ruffled, and It seems 

possible that fusion between the vesicles and granules may occur 

(Fig. 6.82). Fig. 6.83 shows a fibrillar granule with a 

protuberance at one end. This protuberance contains non- 

fibrillar granular material, identical to that seen inside a 

nearby small vesicle. Again, It seems possible that fusion 

of granules with small vesicles can take place in these 

situations. 

144. 



DISCUSSION 

In A. fragacea oocytes, a number of forms of membrane- 

bound body are found which, while varying considerably In 

appearance, all contain material with a fibrillar substructure. 

On the findings of the present study, the various forms all 

appear to represent variations of a single granule type, and 

all have been termed fibrillar granules. 

Fibrillar granules have been reported from anthozoan 

oocytes on several previous occasions. Clark and Dewel (1974) 

described two types of inclusion from oocytes of the sea 

anemone Metridium seniZe. The first type were termed rod- 

shaped inclusions, and are composed of an electron dense 

material which occasionally exhibits a distinct crystalline 

lattice. The second type of inclusion is membrane-bound and 

contains large quantities of fibrous material. From their 

published micrographs, both types closely resemble the 

fibrillar granules of the Present study, and may also represent 

different forms of the same structure. Dewel and Clark (1974) 

mentioned that both membrane and nonmembrane-bound fibrous 

bodies were also common in oocytes of the sea anemone 

Bunodosoma cavernata. Fibrillar granules lacking a limiting 

membrane would appear to represent only a very small fraction 

of the total in A. fragacea oocytes, however. Sch'afer and 

Schmidt (1980) and Sch'afer (1983) have described fibrillar 

paracrystalline inclusions, which appear to correspond to the 

fibrillar granules of the present study, from a number of 

anthozoan oocytes. They state that these Inclusions occur in 

oocytes of Madreporaria, Actiniaria, Zoantharia and Antipatharia 

and suggest that they exhibit characteristic forms in particular 

taxonomic groups. For example, the inclusions tend to be round 

145. 



or polygonal in scleractinians, but more elongate in actini- 

arians. The fibrils are arranged in parallel In Madreporaria, 

Actinlarla and Zoantharla, but form concentric rings in 

Antipatharia. They also describe some forms found In particular 

species. In Bunodeopois strumosa, for example, the Inclusions 

tend to have a central electron dense core, while In Gerardia 

savagZia, the periphery of the Inclusion is more dense than 

the centre. They also describe the individual fibrils in 

general as resembling asterisks when seen in cross section. 

Given the tremendous variation in the appearance of these 

granules encountered in the present study, even within single, 

oocytes, it would appear that caution Is indicated when making 

generalizations about granule form in particular species or 

groups, although consistent differences may well exist. 

Whether these differences are of any taxonomic significance 

seems doubtful, especially considering that fibrillar granules 

are abundant in A. fragacea oocytes, but are apparently lacking 

in those of A. equina. 

Formation of F brillar-Granules 

The evidence obtained during the present study does not 

all point to a single mode of formation for all fibrillar 

granules, but rather suggests that several processes may 

operate, possibly to varying degrees in different granules. 

There would appear to be strong evidence implicating the 

Golgi apparatus in the production of fibrillar granules. 

Granules were often found associated with Golgi complexes, and 

in some instances the association seemed so Intimate that it 

seemed unlikely to be merely fortuitous. Membrane continuity 

between the inner Golgi cisternae and the granule was 

frequently observed, and small vesicles, apparently of Golgi 
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origin, often appeared to fuse with the granule during the 

association. The Golzi complexes found associated with 

fibrillar granules had a characteristic appearance. They were 

always associated with one or sometimes two cisternae of 

endoplasmic reticulum, which was not often the case with other 

Golgi complexes, and small vesicles were often observed between 

the ER and the outer GoI&I cisternae. The evidence obtained 

in the present study is consistent with the following sequence 

of events leading to the formation of fibrillar granules by 

the Golgi apparatus: 

I. Precursor material, presumably protein, is synthesized 

on the RER and transported through the lumen of the ER to 

the vicinity of the Golgi complex. 

il. Small vesicles budding off the ER transfer the precursor 

material to the outer or forming face of the Golgi complex. 

III. This material passes across the complex to the Inner or 

maturing face, possibly undergoing modification as it does 

SO. 

iv. Small vesicles detach from the innermost Golgi cisternae 

and fuse to form small granules, within which the fibrillar 

substructure becomes apparent. Some longer lengths of the 

inner cisternae may also fuse with the granule. 

v. The forming granule enlarges by fusion of further small 

vesicles. 

Such a scheme is broadly consistent with current views 

of Golgi function in many cell types (e. g G61dfischer, 1982; 

Alberts et al, 1983) and is similar to that proposed by Beams 

and Kessel (1983) for the formation of one type of yolk in 

oocytes of a trachyline medusa. 
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It also seems possible that small vesicles can fuse with 

fibrillar granules which are not closely associated with Golgi 

complexes. It may be that the non-fibrillar component often 

seen at the ends of large granules represents material which 

has recently been added in this way. There is also evidence 

that fibrillar granules can enlarge by fusion with each other. 

In small granules, all the fibrils are usually aligned along 

a single axis, while larger granules often appear to be composed 

of several bundles of fibrils, each aligned along a different 

axis. This situation can readily be explained by granule 

fusion. Additionally, several instances of what appear to be 

granules In the process of fusing with each other were observed. 

Fusion of yolk bodies was also reported by Beams and Kessel 

(1983). 

A major difficulty surrounding the formation of 

fibrillar granules is the extent to which the different 

densities and forms of fibril packing found In different granules 

represent a developmental series. A series could be proposed, 

starting from small, non-fibrillar vesicles which fuse to form 

larger granules, within which a fibrillar arrangement develops. 

The granule contents might increase in density and regularity 

until mature, highly ordered, closely packed granules were 

produced. Sch'afer (1983) has proposed that fibrillar granules 

in Anthozoa are formed by the conversion of non-fibrillar 

material into the final ordered fibrillar form. He suggested 

that Golgi complexes produce primary, osmiophilic yolk granules, 

which are non-fibrillar, and which give rise to all the various 

forms of yolk. Especially early during vitellogenesis, the 

contents of these primary granules crystallize to form 

fibrillar paracrystalline inclusions. However, during the 

present study, no evidence that fibrillar granules derive from 
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a dense precursor material was obtained. 

Another difficulty Is that morphological studies may 

not provide a clear Indication of the direction of flow of 

structures along a developmental pathway. It may be that 

loosely packed granules actually derive from more closely 

packed ones rather than the reverse, and could represent a 

stage in their breakdown or utilization. Loosely packed 

granules are often large, and may have a discontinuous limiting 

membrane. Granules which presumably have recently been formed, 

such as those in small oocytes or those still associated with 

Golgi complexes, on the other hand, are usually small, have 

intact membranes and contain well-defined fibrils. From the 

present studyo It is not possible to resolve the status of the 

loosely packed granules. A scheme showing some of the possible 

interactions during fibrillar granule formation is given in 

Diagram 8. 

The function of the fibrillar granules is also 

uncertain. There is some evidence that they may contribute 

to the formation of low density granules which may discharge 

to the outside of larger oocytes (see Section H of this 

chapter). During embryonic development, fibrillar granules 

also discharge to the outside, and their numbers drop to zero 

by the planula stage (see Chapter 13). However, It is not 

clear whether they are all discharged in this way, or what 

function this discharge performs. 

149. 



... 0. .0, er 

0 

00 

0 

.001 

.....:.: ,. . -. ..... .00 0 

00 

. .0. 

Diagram 

0 

(D 

s'*4 
U 

\ 1-1 

Diagram illustrating possible steps leading to 

the formation of fibrillar granules. Many fibrillar granules 

(1) appear to be formed in close association with Golgi 

complexes, which in turn are associated with rough endoplasmic 

reticulum. Other fibrillar granules (2) may form or grow by 

the addition of small vesicles not obviously associated with 

Golgi complexes. Granules from either source may fuse to 

produce larger granules (3), in which the fibrils are not 

all aligned along a single axis. Regular, closely packed 

fibrillar granules appear to be related to less regular, 

loosely Packed granules (4) and granules in which fibrils 

are only barely discernible (5), but the nature of this 

relationship is uncertain. 
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ChaDter 6. Section-E: Compound Yolk Granules (CYG) 

The term compound yolk granule has been applied to a 

diverse class of roughly spherical bodies which accumulate in 

the growing oocyte and which share the common characteristic 

of containing one or many spherical electron lucent inclusions 

embedded in an electron dense matrix. Very small numbers of 

granules which resemble small compound yolk granules may be 

found in small oocytes still within the endoderm. However, 

large scale production of these granules does not normally 

occur until after entry Into the mesogloea is complete, and In 

most cases begins later than fibrillar granule production 

(Fig. 6.84). But while fibrillar granule production reaches 

a peak relatively early, and declines In oocytes above perhaps 

80 pm in diameter, compound yolk granule formation, once begun.. 

continues throughout oocyte growth, and these granules become 

the dominant cytoplasmic Inclusion in the fully grown oocyte 

(Fig. 6.85). Compound yolk granules change markedly in 

appearance as oocyte growth proceeds. The granules found In 

large oocytes, which may represent the mature or definitive 

form, will be described first, before going on to consider the 

granules found in smaller oocytes, which may represent 

intermediate stages. 

1. Compound Yolk Granules in LarRe Oocytes 

In oocytes over about 100 pm in diameter, the most common 

form of CYG found in the cytoplasm resembles that shown in 

Fig. 6.86. These granules average some 1.5 pm in diameter, 

are roughly spherical in shape and have a generally smooth 

outline. They are surrounded by a close-fitting, 10 nm wide 
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trilaminar limiting membrane, and contain a highly electron 

dense matrix material In which are embedded numerous spherical 

electron lucent inclusions of various sizes. These inclusions 

are not membrane bound, although some appear to be surrounded 

by a thin layer of very dense material some 5 nm thick. 

In density and overall appearance, the inclusions resemble 

the lipid droplets which are common in the ooplasm, and which 

will be described in the next section of this chapter. 

Usually the inclusions range in size from 70-400 nm, and 

appear to be randomly distributed through the dense matrix. 

The matrix material itself appears finely granular but other- 

wise homogeneous. 

While this may be taken as the most typical form of 

compound yolk granule, many granules deviate from this 

appearance in one or several respects. Much of the observed 

variation can be considered under the following three 

headings: 

a) Variation in the ratio of Inclusions to matrix material. 

b) Variation In the size and distribution of the Inclusions. 

c) Presence of membranous and other structures within the 

matrix material . 

Taking these in turn: 

a) Some granules appear to be packed virtually full of electron 

lucent inclusions such that the amount of dense material Is 

considerably reduced (Fig. 6.87). In others, the relative 

volume of the inclusions may be reduced. 

b) Most granules contain numerous small inclusions, but some 

contain relatively few, larger Inclusions (Fig. 6.88). These 

larger Inclusions are often situated at the periphery of the 

granule, and may cause the limiting membrane to bulge outwards 
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over them (Fig. 6.89). Often, the inclusions appear to be 

distributed non-uniformly through the dense matrix. Thus, 

relatively large areas of matrix material may be found 

between clusters of closely packed Inclusions (Fig. 6.90). 

Commonly, the matrix forms a band around the periphery of the 

granule, while the inclusions are concentrated towards the 

centre (Fig. 6.91). 

c) Many granules contain what appear to be membranous 

elements in the matrix. The form of these elements may vary 

considerably. Most commonly they appear as stacks of parallel 

short lengths of membranous material scattered throughout the 

matrix of the granule (Fig. 6.92). Sometimes the stacks may 

be curved or whorled to encircle one or several inclusions 

(Fig. 6.93), and may be tightly packed, with a spacing of some 

20 nm, to resemble the myelin found around vertebrate axons 

(Fig. 6.94). 

Less commonly, straight-sidedinclusions, similar to those 

found in residual bodY-like inclusions, are found within com- 

pound yolk granules. These may be slender and needle-like 

(Fig. 6.95) or squat (Fig. 6.96). They are generally of lower 

electron density than the spherical inclusions. 

2. Association with Other Structure5 

Large apparently fully-formed compound yolk granules are 

very often found associated with usually a single annulate 

lamella (Figs. 6.97,6.98). These usually curve around part 

of the surface of the granule, at a distance of some 60 nm 

from it, but never completely encircle granules. Less commonly, 

a cisterna of endoplasmic reticulum, without pore complexes, is 

found immediately outside the annulate lamella (Fig. 6.97). 

Cisternae lacking pore complexes were not found next to the 
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granules, however. 

Small membrane bound vesicles and small lipid droplets 

were also seen close to compound yolk granules. 

3. Compound Yolk Granules-in-Smaller Oocytel 

Large compound yolk granules as described above are 

rarely found in the cytoplasm of oocytes smaller than perhaps 

70 pm In diameter. In these smaller oocytes, a variety of 

smaller granules and vesicles are found, some of which appear 

to be clearly related to the larger granules, and all of which 

may be involved in compound granule formation. These various 

types of inclusion will be described, starting with the 

apparently simpler forms and moving to the larger and more 

complex types. 

a) Many smaller oocytes contain small vesicles with highly 

electron dense, finely granular contents. They average some 

100 nm in diameter, and most are roughly spherical (Fig. 6.99) 

although some may be elongate and more irregular In shape 

(Fig. 6.100). 

b) Small membrane-bound granules with vesicular contents 

are also very commonly found. They appear to be of two rather 

different types. The first type contains large numbers of 

small, spherical vesicles (each some 25 nm in diameter), 

closely but irregularly packed. Each small vesicle consists 

of an outer dense coat, which is thinner than a unit membrane 

and does not show a trilaminar structure, surrounding a less 

dense interior (Fig. 6.101). Sometimes lipid inclusions and 

membrane whorls are found within these granules (Fig. 6.102). 

The second type of granule also contains numerous small 

vesicles of similar size and appearance to those described 

above, but in this case, the vesicles are all of precisely 
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the same size,, and they show a degree of regular arrangement. 

The vesicles tend to be aligned in roughly straight rows, and 

neighbouring rows are half a diameter out of phase, to give 

a hexagonal, close-packing arrangement (Fig. 6.103). Some of 

these granules contain regions of uniformly dense material 

with no vesicular substructure (Fig. 6.104), and, less commonly, 

they may contain a few spherical, electron-lucent Inclusions 

like those found in large compound granules (Figs. 6.105, 

6.106). 

C) Many smaller oocytes contain a range of membranous 

tubules and cisternae. Often these are arranged In parallel 

stacks, resembling small Golgi complexes, but less orderly 

and lacking recognizable forming or maturing faces. These 

structures are often associated with large numbers of small 

dense vesicles of both types described above (Figs. 6.107, 

6.108)0 

d) Small membrane-bound granules with contents of only 

moderate electron density are also found. The contents may 

be finely or coarsely granular, and the limiting membrane 

may appear loosely fitting. Very often these granules also 

contain stacks or whorls of dense, closely-packed membranous 

material (Figs. 6.109,6.110). They may also contain one or 

more electron lucent lipidic inclusions. 

e) Small lipid droplets surrounded by 1-3 concentric layers 

of trilaminar membrane are also found. These are usually 

100-200 nm in diameter, and they may be smooth or scalloped 

in outline (Fig. 6.111). 

f) One of the most common granules found in oocytes between 

50 and 70 pm, consists of a single lipid droplet or Inclusion 

embedded in dense material. The amount of dense material may 
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vary from a thin rim to an extensive layer, and it may be 

homogeneous, granular or have a vesicular substructure, and 

nearly always contains membranous whorls. The lipid inclusion 

Is very often located eccentrically within the granule (Figs. 

6.112 -6.114). Similar, but slightly larger granules, may 

contain more than one lipid inclusion, and may contain several 

membranous whorls (Fig. 6.115). These granules resemble 

smaller versions of the fully-formed compound granules 

described earliero and are also sometimes associated with 

annulate lamellae (Fig. 6.116). 

g) Some small oocytes contain extensive double-membrane 

sheets or flattened cisternae, which may be arranged In 

irregular whorls, and may surround small lipid droplets and 

dense vesicles (Fig. 6.117). Some whorls appear more regular 

and compacto and may represent a later stage In the formation 

and condensation of these structures. 

h) Rarely, atypical compound yolk granules are found, 

especially in rather larger growing oocytes. These are usually 

spherical and smooth in outline, and contain a granular matrix 

material of only moderate electron density with small lipid 

inclusions. Membranous whorls are not found among the matrix 

materialo the proportion of Inclusions to matrix is lower and 

the overall density of these granules is lower than the 

typical compound yolk granule (Fig. 6.118). 

4. Vesicular and Satellite G-ranules 

Two other types of granule are found in the cytoplasm, 

especially of larger oocytes, which may be related to the 

compound yolk granules. 

Vesicular granules are membrane-bound bodies containing 

an electron dense material which appears to consist of numerous 

156. 



small spherical veiscles, similar to that found in the smaller 

granules described In Section 3b, above. The granules are 

1-2 pm in diameter and are usually roughly spherical, although 

some are less regular (Fig. 6.119). In some cases, the small 

vesicles are all of roughly similar size, averaging 25 nm, but 

often rather larger vesicles are interspersed with them (Figs. 

6.120,6.121). The small vesicles appear to be of moderate 

electron density, while the larger ones seem much less dense. 

Since the smallest vesicles are smaller than the thickness of 

the section, their apparently greater density may be artefactual. 

The larger vesicles closely resemble the electron lucent 

inclusions found in compound yolk granules, and many vesicular 

granules also contain membranous elements (Fig. 6.121) and 

regions of homogeneous dense material, also reminiscent of 

compound granules (Fig. 6.122). Dumb-bell shaped vesicular 

granules are sometimes seen (Fig. 6.123), which may arise by 

the fusion of smaller granules. Rarely, granules consisting 

of rather larger vesicles occur (Fig. 6.124). Most of these 

vesicles are approximately'50 nm in diameter, and some are 

considerably larger. These granules appear intermediate in 

form between the typical vesicular granules and compound yolk 

granules. Vesicular granules account for some 3% of compound 

yolk granules in large oocytes. 

Satellite granules are also roughly spherical, membrane- 

bound bodies between 1 and 2 um in diameter. They are even 

less common than vesicular granules, and their numbers are 

hard to estimate. They contain coarsely granular material of 

moderate electron density, in which may be embedded electron 

lucent Inclusions and membranous elements (Figs. 6.125,6.126). 

These inclusions are usually clustered near the periphery of 
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the granule rather than scattered through it, and some may 

distort the outline of the granule. Characteristically, these 

granules are ringed by usually a single row of small vesicles 

averaging 80 nm in diameter. These contain a finely granular 

material of rather variable electron density, but which is 

usually more dense than the contents of the central granule. 

The outer vesicles are usually separated from the central 

granule by a gap of 20 nm or more, but occasionally the gap 

is reduced. It is possible that fusion or budding off of 

these vesicles takes place. 

DISCUSSION 

Bodies termed 'Komplexdotterl have been observed In the 

oocytes of the hydrozoans Corydendrium parasiticum, and 

Eudendrium armatum by Glatzer (1971) and Wasserthal (1973) 

respectively, and resemble, but are not identical to, the 

compound yolk granules of A. fragacea. Similar structures 

are not found in all Hydrozoa, however. They have not been 

found in oocytes of Hydra (Stagni and Lucchl, 1964), 

Spirocodon sattatrix (Kawaguti and Ogosawara, 1967) or those 

of the trachyline medusa examined by Kessel (1968a; Beams and 

Kessel, 1983). The yolk granules of Sertutarella polyzonias 

are homogeneous (Honegger, 1980). Sch*afer and Schmidt (1980) 

and Schýfer (1983) report that heterogeneous yolk or 

'Komplexdottergranuial of various types occurs in oocytes of 

a wide range of anthozoan species. 

The compound yolk granules of A. fragacea bear at least 

a superficial close resemblance to the vitelline platelets 

found in thearcheocytes of gemmules, of freshwater sponges such 

as Ephyhydatia mulZeri (Tessenow, 1969). According to 
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Tessenow, these platelets are lens-shaped and consist of a 

protein matrix in which are embedded numbers of lipid drop- 

lets. Ribonucleoprotein is located at the surface of the 

platelet, and the platelet is surrounded by numerous membranes. 

However, De Vos (1971) working with Ephyhydatia fluviatilis 

has also found mitochondria, glycogen and ribosomes In early 

and fully-formed platelets, and concludes that they represent 

the remains of trophocytes which have been phagocytosed by 

the archeocytes. Structures apparently Identical to A. fragacea 

compound yolk granules occur in oocytes of marine sponges of 

the genus Verongia (Gallisslan and Vacelet, 1976). Since no 

signs of phagocytosis were observed in these oocytes, the 

authors concluded that these yolk platelets must be elaborated 

withinthe ooplasm. Unfortunately, they could not establish the 

mechanism by which they were formed. The finding of structures 

similar to compound yolk granules In poriferan gemmules and 

oocytes is of Interest, but Its significance Is hard to assess. 

Sch'a'fer (1983) distinguishes four categories of compound 

yolk granules In anthozoan oocytes, which he designates 

Types Al, A2, B1 and B2. Type Al granules consist of a dense 

matrix in which are embedded a relatively small number of small 

spherical inclusions of lower density. Superficially, these 

granules resemble many vesicular granules found in A. fragacea, 

which contain a few larger vesicles. However, he does not 

report the presence of vesicles within the matrix, and none 

are discernible in his published micrographs. Type A2 granules 

are similar to those of Type Al, but Include regions of a 

crystalline material. Crystalline inclusions were not found 

in any compound granules in A. fragacea oocytes, but were 

observed in those of Cereus pedunculatus (see Chapter 10). 
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Type B1 granules also contain a dense matrix, in which are 

embedded a small number, usually one, of large spherical 

lipidic Inclusions, while Type B2 granules contain numerous 

smaller inclusions. Granules corresponding to both of these 

categories made up the majority i, n A. fragacea oocytes 

However, Sch'alfer does not mention or illustrate the presence 

of membranous stacks and whorls in any of these types, 

although they were frequently found in A. fragacca granules 

during the present study, and are also common in Cereus 

: --edunculatus and Teatia felina (see Chapter 10). 

Scha'fer and Schmidt (1980) propose a scheme for the 

formation of these different granules, which Is further 

elaborated by Schafer (1983). Briefly, they suggest that 

Golgi complexes give rise to small vesicles containing an 

osmiophilic primary yolk material, which may fuse to yield 

primary yolk granules. Some of these may transform Into 

granules of Type Al, which in turn may convert to Type A2 by 

the crystallization of some of the matrix. Other primary 

yolk granules, possibly of a different type, may fuse with 

lipid droplets to form Type B granules. If they fuse with one 

large lipid droplet, and little subsequent dispersion occurs, 

they produce Type B1 granules. If they fuse with several 

droplets or considerable dispersion takes place, then Type 82 

granules are formed. 

On the evidence obtained during the present study, it is 

not clear that the compound yolk granules In A. fragacea oocytes 

can easily be subdivided into discrete categories. Small 

granules corresponding to Sch'afer's Type B1 were very common 

in smaller oocytes, while larger granules approximating to 

Type B2 predominated in larger oocytes. It seems possible that 
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B1 granules could represent an Intermediate stage In the 

formation of those of Type B2. Similarly, Intermediate forms 

were found between vesicular granules, which may correspond 

to Type Al, and Type B2 granules. It may be that compound 

yolk granules In A. fragacca present a continuum of forms, 

which may be subdivided arbitrarily for convenience but which 

are all expressions of a similar underlying structure. 

The modes of compound yolk granule formation proposed 

by Schafer would seem to be a simplification of the situation 

In A. fragacea. Given the range of final and Intermediate 

forms observed, It seems likely that a number of processes may 

operate. Based largely on observations of smaller oocytes, 

these might include the following: 

I. Small.. membrane bound vesicles arise in the cytoplasm. 

Their contents may be dense and homogeneous, or less dense 

and granular or vesicular. While these vesicles may well be 

Golgi derived, no clear association between them and Golgi 

complexes was observed. 

ii. Membranous stacks and whorls can form within small 

vesicles and around the circumference of lipid droplets. 

III. Lipid droplets, often with surrounding membranes, can 

fuse with all the forms of small vesicles to form small 

granules with one or more lipid Inclusions. 

iv. These small granules can fuse with each other to form 

larger and more complex granules. 

v. Rearrangement of the contents of these granules may also 

occur. Many compound yolk granules in small oocytes contain 

myelin-like membrane whorls, while in larger oocyteso parallel 

stacks of relatively straight membranes are more common. 
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The lipid Inclusions are generally smaller and more numerous 

In granules from large oocytes than from those In small, so 

a splitting and dispersion of the inclusions may well take 

place. 

vi. A small proportion of large granules may be formed more 

directly by the condensation of extensive membranous sheets 

around small vesicles and lipid droplets. 

The possible steps in compound yolk granule formation 

are summarized In Diagram 9. Since large and complex granules 

are rarely found In small oocytes, it seems likely that 

steps (iv) and (v) of the above scheme only take place in 

oocytes larger than perhaps 70 pm. 

These findings are broadly consistent with the proposals 

of Sch'afer (1983). The above scheme, however, allows for 

greater plasticity, which, in view of the range of granule. 

types found in both small and fully grown oocytes, seems 

essential. A major difference is that no well-defined 

precursor material corresponding to Sch'aifer's primary osmio- 

philic yolk was ever observed in A. fragacea oocytes. 

The status of the vesicular granules remains unclear. 

Granules of intermediate appearance between these and compound 

granules were occasionally seen In A. fragacea, and are quite 

common in Cereus oocytes (see Chapter 10). It therefore seems 

possible that vesicular granules are the result of a more 

complete fragmentation and dispersal of the lipidic inclusions 

than occurs in other compound yolk granules. 

Finally, it should perhaps be noted that the cytoplasm 

of vitellogenic A. fragacea oocytes contains a vast array of 

small, membrane bound vesicles of various sorts. The function 
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Possible steps in the formation of compound yolk granules 

Early during vitellogenesis, various small inclusions appear in 

the ooplasm. These Include membrane-bound vesicles containing 

vesicular (1), moderately dense (2) and highly dense (3) material 

and lipid droplets (4), some of which acquire a coating of 

membranous material (5). These inclusions may fuse with each 

other :n various proportions, to form a heterogeneous Population 

of early compound yolk granules (6), which accumulate in 

relatively small oocytes, In larger oocytes, these in turn fuse 

to form larger granules (7), which undergo reorganization of the 

membranous elements and dispersion of the lipidic inclusions 

to produce the final compound yolk granule (8). Some granules 

may be fo-med by the condensation of double-membrane whorls 

around small inclusions (9). Vesicular granules (10) may be 

produced from compound yolk granules by the further dispersicn 

of the lipidic inclusions. 
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of these vesicles is usually unknown, but they may be highly 

significant. The Importance of such small and diverse 

components is always likely to be undervalued In morphological 

studies of this sort. 

I 



ChaDter 6. SectiOn F: Glvcopen and LIDid Droglets, 

R-EWM 

Glycogen and lipid droplets are the first reserve 

materials to be accumulated by the growing oocyte. Both are 

usually present, albeit in small quantities, In the smallest 

oocytes, and their amounts often Increase long before vitello- 

genesis, in the sense of the formation of more specific yolk 

bodies, begins. 

1. Glycozen 

In the very smallest oocytes, glycogen is usually found 

as numerous small deposits scattered throughout the cytoplasm 

(see Chapters 4 and 5). As the oocytes grow within the endo- 

derm, the glycogen tends to form a smaller number of larger 

deposits (Fig. 6.127). These larger deposits are very often 

associated with lipid droplets, as will be discussed later in 

this section, and may contain principally either 13- or 

OL-glycogen (Fig. 6.128). During the period shortly before 

and after oocyte entry into the mesoglaea, the quantities of 

glycogen increase and it may become a very significant 

component of the ooplasm. The large deposits found at this 

stage very often are situated near the surface of the oocyte 

(Fig. 6.129). 

After entry into the mesogloea and Into early vitello- 

genesis, the build up of glycogen reserves within the oocyte 

continues, and very large deposits can be formed. Although 

these can occur anywhere in the ooplasm, they are most often 

found either next to the nucleus (Fig. 6.130) or near the 

periphery of the oocyte (Fig. 6.131), and they may reach 10 pm 

in diameter. Later in vitellogenesis, however, once compound 
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yolk synthesis becomes significanto glycogen deposition does 

not keep pace with oocyte growth, and It progressively becomes 

a less dominant feature of the ooplasm. During mid-vitallo- 

genesis, large deposits are still found, however, but they are 

often broken up by small Islands of cytoplasm. These are 

usually 0.3-0.5 pm in diameter, and contain mainly ribosomes, 

although mitochondria, small yolk granules and dense bodies 

can also occur within them (Fig. 6.132). Extensive clear areas, 

often limited by a thin layer of dense material, may also be 

found (Fig. 6.133), which may represent the remnants of lipid 

material previously associated with the glycogen (see below). 

Throughout oogenesis, there is a tendency for smaller 

glycogen deposits to contain a higher proportion of glycogen 

in the /3-formation than larger deposits. The typical 

rosettes of c4-glycogen found in larger deposits tend still to 

be smaller than the particles found in the bases of the gonad 

epithelial cells. 

In oocytes smaller than perhaps 30 
jum 

in diameter, 

glycogen is very often closely associated with the various 

forms of nuage material (see Chapters 4 and 5). In larger 

oocytes, the association is less obvious, but Is still 

occasionally observed (see Section G of this chapter). 

k% Occasionally in anemones from the Wembury population, 

but very commonly in those from Shaldon, masses of fibrils 

were found within glycogen deposits (Fig. 6.134). Each fibril 

is some 12 nm in diameter, and they are usually grouped in 

roughly parallel bundles at the centres of the deposits. 

Some more randomly arranged fibrils were also found in the 

outer regions of deposits, however (Fig. 6.135), and In 

a few cases, the f1brils were dispersed randomly amone, the 
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glycogen particles (Fig. 6.136). Such filaments were never 

observed elsewhere within the oocytes, and their significance 

is unclear. 

As the oocytes approach their final size, the remaining 

glycogen deposits appear to break up. Recently spawned eggs 

contain only small quantities of glycogen, mainly as small, 

scattered deposits. 

Mention must be made of the unusual appearance of 

glycogen deposits in gonad samples subjected 'o a tertiary 

fixation with aqueous uranyl acetate. The characteristic 

appearance of the glycogen was dramatically altered by this 

procedure. p -granules and -*'--rosettes could no longer be 

distinguished, and at low magnification the deposits appear 

as areas of scattered finely granular material, with a very 

low overall electron density (Fig. 6.137). At high magnifi- 

cation, they were seen to consist of an open lacework of 

amorphous electron dense material, among which small dense 

granules were irregularly distributed (Fig. 6.138). The effect 

of uranyl acetate on the appearance of glycogen has been 

reported by previous authors (see Discussion). 

Lir)id DroDlets 

Even the smallest oocytes contain lipid droplets. 

These occasionally occur singly, but often they are found as 

small groups, which are usually associated with glycogen 

(Figs. 6.127,6.128). Two classes of lipid droplet can be 

distinguished in small oocytes. The most common type is 

homogeneous and of moderate electron density. They range in 

size from 0.25 pm to 1.0 pm, and some of the larger droplets 

may be dumb-bell shaped, having perhaps arisen by the 
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coalescence of smaller droplets (Fig. 6.139). These droplets 

are identical in appearance to the droplets found In the basal 

regions of the gonad epithelia) cells. Occasionally, there 

appears to be an extremely thin layer of dense material around 

some of the droplets Mg. 6.139), but usually this is not the 

case and they make close contact with the surrounding material, 

which is very often glycogen (Fig. 6.140). 

The second type of droplet is of very low electron density 

and may appear to be completely empty. They are of similar 

size to the first type, and are also usually associated with 

glycogen (Figs. 6.139,6.140). They are usually surrounded 

by a thin layer of dense material which is thinner than a 

conventional unit membrane and has no trilaminar substructure 

(Fig. 6.141). These droplets may have a mottled or otherwise 

uneven appearanceo which may be due to extraction of components 

during tissue processing. They may also be closely associated 

or continuous with the first type of drODIet (Figs. 6.140, 

6.142). 

During the endodermal and pre-vitellogenic phase of 

oocyte growth, the amounts of stored lipid and glycogen 

increase at about the same rate, and large mixed deposits may 

form. Once vitellogenesis gets under way, however, the rate 

of glycogen accumulation appears to slow, but the quantities 

of lipid continue to increase rapidly. From this stage onwards, 

the association between glycogen and lipid becomes much less 

pronounced. Groups of lipid droplets appear throughout the 

ooplasm, and are only rarely found in contact with glycogen 

deposits. These unassociated droplets are all of the first 

type described above (Fig. 6.143), but may reach a size of 

2 pm In large oocytes. 
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In larger oocytes, over 80 pm In diameter, lipid drop- 

lets are often found associated with rough endoplasmic 

reticulum (Fig. 6.144). Commonly, the droplets are surrounded 

by one or several cisternae which may cover most or all of 

their surface. The innermost cisterna is usually separated 

from the droplet by a narrow and fairly constant gap of some 

So nm, and may be liberally studded with ribosorr. es on both 

aspects. This association Is more common with large lipid 

droplets than small ones and also appears more precise. 

The cisternae around small droplets are often interrupted by 

numerous fenestrations, and may only cover part of the droplet 

(Fig. 6.144) while those around large droplets are usually 

more complete (Figs. 6.145,6.146). Large droplets may be 

surrounded by up to ten cisternae (Fig. 6.147). Pore complexes 

have not been observed in cisternae around lipid droplets, and 

no association between lipid droplets and smooth endoplasmic 

reticulum was observed. 

DISCUSSION 

Anderson ( 1974) def i nes yolk as "Any substance(s) 

nutritive or informational, found within the egg, that is 

utilized subsequent to the egg's activation for the support 

of embryogenesis. " This definition would in many cases 

include material other than the proteinaceous reserve bodies 

commonly referred to as yolk. More recently, Adiyodi and 

Adlyodl (1983a) state " The recent tendency In some quarters 

to restrict the use of the term Ivitellogenesis' to formation 

of only the proteinaceous type of yolk is to be deprecated. " 

Accordinz to these authors, the lioid and glvcogen reserves 

which accumulate during oocyte growth In A. fragacea should 

be regarded as yolk, and, since these are present In the 

169. 



earliest rocognizable oocytes, such tiny oocytes could already 

be considered to be undergoing vitellogenesis. Whether this 

view will be universally accepted or not, glycogen and IlDid 

form an imoortant reserve in oocytes of many specieso and 

have perhaps received less research attention than they warrant 

(Anderson, 1974). 

Glycogen is a branched polymer of glucose molecules, 

primarily linked together by 1-6 cK glycosidic linkages., and 

is an extremely common storage product in many animal cells. 

In many cases, glycogen is arranzed in large rosettes, the 

so-called o/. -particles, which are made up of smaller, granular 

subunits known as p -particles (De Robertis et alo 1975). 

In A. fraqaceao most deposits contain a mixture of the two 

forms in varying Proportions. Glycogen deposits generally, 

including those of A. fraqacea, appear to be able to enlarge 

or reduce in size with no obvious Intervention by other 

cellular organelles. It is thought that the enzymes responsible 

for glycogen synthesis and breakdown, principally glycogen 

synthase and zlycogen phosphorylase respectively, are bound to 

the surface of the particles (Alberts et al, 1983). 

The apparent fall in glycogen levels seen in the later stages 

of oogenesis in A. f'raoacea may indicate its utilization either 

as an energy source, or, Perhaps more likely, in the synthesis 

of other oocyte components. Its use prior to fertilization 

and egg activation might be argued to compromise the status of 

at least a Proportion of the glycogen as yolk under Anderson's 

definition (see above). 

Vye and Fischman (1970) investigated the effect of uranyl 

acetate used as a fixative or an bloc stain on the morphology 

of Particulate glycogen in a range of mammalian and avian 

tissues. The effect varied in the different tissueso but was 
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broadly similar to that seen In the present study. They 

concluded that the use of uranyl acetate in this way should 

not be regarded as aninnocuous procedure. 

Lipid droplets of relatively low electron density in 

conventionally prepared sections are generally composed of 

neutral lipid In the form of triglycerides. They are a very 

common storage product In numerous cell types, and constitute 

a reserve of fatty acid molecules which are important in a 

number of malor metabolic pathways. In many cases, the 

insoluble tryglycerldes coalesce In the cytosol to form large 

spherical droplets, a process which again may occur without 

relationship to any known organelles (Norrevang, 1968). 

No very small lipid droplets were found in A. fragacea oocyteso 

suggesting that new lipid material might be added directly 

to the surface of existing droplets rather than forming tiny 

droplets which later coalesce. 

Sch'afer (1983) reports a close association between lipid 

droplets and narrow tubular elements of smooth endoplasmic 

reticulum in anthozoan oocytes generally. No such association 

was apparent at any stage In oocytes of A. fraaacea or of 

other species studied here (see Chapter 10). An association 

was noted, however, between lipid droplets and glycogen, 

especially in smaller oocytes, and also between lipid droplets 

and flattened c1sternae of rough endoDlasmic reticulum in 

larger oocytes. This second association was more common and 

apparently more highly developed with large Ilpid droplets 

where the components seemed too precisely arranged for it to be 

merely fortuitous, although Its functional significance is not 

clear. A very similar association was reported and Illustrated 

for oocytes of the ophiuroid Ophioderna panamensis by Kessel 
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(1968b). He shows whorls of flattened ER cisternae arranged 

around lipid droplets in an identical manner to that seen in 

. 4. fr. -jacea. He also concluded that the significance of this 

association was unknown, but pointed to some biochemical 

evidence that in some other cell types, notably mammalian 

liver cells, the enzymes responsible for the formation of 

triglycerides are bound to the membranes of both smooth and 

rough ER (Stein and Stein, 1967). In this situation, the 

aggregation of triglycerida molecules into visible droplets 

takes place within the ER cisternae. However, no lipid 

droplets were observed within ER cisternae either by Kessel 

or in the present study. Scha'fer (1983) reports Kessel (1968b) 

as finding that these lipid droplets were associated with 

preponderantly smooth ER, in a manner comparable to his own 

findings with anthozoan oocytes. However, Kessel states that 

ribosomes were distributed sparsely between and on the ER 

membranes involved. He points out that the number of ribo- 

somes associated with ER In the ophlurold oocyte generally is 

lower than in pancreatic cells, for example* even though the 

ER Is implicated in proteid yolk production. The form of the 

ER around the lipid droplets is clearly seen as whorled, 

flattened cisternae, rather than the tubular form characteristic 

of smooth ER, and as described by Sch'a'fer. Thus it may be 

that the ER associated with lipid droplets In Ophioderma could 

more correctly be described as rouzh ER, and may bear a closer 

similarity to the situation found in A. fragacea than to that 

described by Sch'afer (1983). 

Glycogen and lipid droplets have previously been reported 

from several hydrozoan oocytes. Both were found in oocytes of a 

trachyline medusa by Kessel (1968a)and of Corydendrium 



paras-i'ticum by Glatzer (1971). Both are also found in the 

oocytes of hydra. Lipid and glycogen accumulate in interstitial 

cells which later become Incorporated Into the hydra oocyte 

as shrinking cells or pseudocells. Eventually these resemble 

spherical masses composed largely of glycogen particles and 

lipid droplets, which may also occur free in the ooplasm 

(Stagni and Lucchl, 1964). Glycogen and lipid may be the only 

form of yolk in hydra oocytes. Oocytes of Spirocodon saltatrix 

(Kawaguti and Ogasawara, 1967) and Sertularella polyzonias 

(Honegger, 1980) also contain glycogen but have not been 

reported to contain any lipid droplets. 
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Chapter 6. Section G: IlUarte Material 

Nuay. e and related material 

Nuage material was found in even the earliest oocyteso 

and has been described In Chapters 4 and S. In these small 

oocytes, the nuage occurs principally in two forms, which were 

termed dense nuage and fibrillar nuage. Both these forms are 

also found in larger, vitellogenic oocytes (Fig. 6.148). 

However, a third form is more abundant in larger oocytes, and 

has been termed particulate nuage. All three forms are usually 

found in close association (Figs. 6.148-6.150).. although areas 

of fibrillar nuage are sometimes found alone or associated 

with glycogen (Fig. 6.151). 

Particulate nuage consists of aggregations of small dense 

particles, each some 10 nm in diameter. A single deposit may 

contain several hundred such particles, and several deposits 

may be found In a single oocyte section. At high magnification, 

the particles themselves appear to be composed of a finely 

granular material (Fig. 6.152). In small, endodermal oocytes, 

nuage is often associated with other structures, Including 

glycogen, vesicles and areas of dense cytoplasm, but particulate 

or mixed nuage deposits in vitellogenic oocytes show no such 

associations. They are often found around the mitochondrial 

cloud, but very rarely within it (Fig. 6.153). For a period 

early during vitellogenesiso nuage material Is commonly found 

close to the nuclear envelope, as will be described below. 

Otherwise, it is distributed apparently at random through the 

ooplasm. 
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Nuage appears to be relatively less abundant in oocytes 

over 100 pm in diameter. This Is probably due to an Increase 

in other components rather than a reduction In the quantity of 

nuage within an oocyte. Dense, fibrillar and particulate 

nuage are also found In male germ cells (see Chapters 11 and 

12), but have not yet been observed In embryos or larvae. 

Curious, elongate fibrillar structures are also found 

during vitellogenesis (Fig. 6.154). They may be 3-4 pm long, 

and consist of fibrils In a hooped or coiled arrangement. 

The Individual fibrils are some 15 nm in diameter, and may 

show a very precise patterning (Fig. 6.155). These structures 

have always been found associated with glyco; ýen deposits, but 

it is not known whether they are related to the less regular 

fibrillar structures described in Section F of this chapter. 

Smaller versions of these structures have also been found in 

endodermal oocytes and early male germ cells, but not as yet 

in non-germinal cells. Very occasionally, less precisely 

arranged elongate fibrillar structures were found in vitello- 

genic oocytes (Fig. 6.156). These are not associated with 

glycogen, and have not been found in male germ cells. Their 

significance is unknown. 

On several occasions, other structures which may be 

related to nuage were found near or among the masses of small 

vesicles often associated with the trophonema (see Chapter 7). 

These structures consist of bands of dense material separated 

by less dense material showing vague transverse striations 

(Figs. 6.157,6.158). Some of the bands may be curved or even 

forked. On one occasion these structLns were situated near a 

pair of ce6trioles, but again, their significance Is unknown* 
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For a period early during vitellogenesiso during the 

early stages of compound yolk granule formation, dense nuage 

material Is very commonly found Immediately adjacent to the 

nuclear envelope. There also seems to be a correlation 

between the position of the nuage and the nucleolus and nuclear 

fibrillar bodies. Most commonly, the nucleolus Is situated 

close to the nuclear envelopeo and nuclear fibrillar bodies 

are found between the two. The nuage lies outside the nuclear 

envelope at this point, and may be precisely localized 

opposite the fibrillar bodies (Figs. 6.159,6.160). Sometimes 

the nuclear envelope Is Indented In this region, and the 

fibrillar bodies may be located In depressions In the surface 

of the nucleolus (Fig. 6.161). Less commonly, the nuclear 

fibrillar bodies lie further from the nucleolus, and sometimes 

a band of dense material extends between the two (Fig. 6.162). 

It seems likely that the nuage and the nuclear fibrillar 

bodies Interact across the nuclear envelope, but the passage 

of material through the envelope was never observed. 

DISCUSSION 

Structures known as nuage have been reported from the 

germ cells of a great many animal specieso ranging from 

coelenterates to mammals (Eddy, 1975; Roosen-Runge, 1977). 

Nuage is of interest principally because of its possible role 

in the determination of the aerm cells. The idea that some 

material, usually known as 'germ plasml. - Is present in germ 

cells and fertilized eggs and causes cells which receive It 

during cleavage to later give rise to germ cellso can be traced 

back a hundred years or more (Nussbaum, 1880; Weismann, 1892). 

A number of more recent studies have provided evidence that a 

iý 
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cytoplasmic germ cell determinant does operate In some 

invertebrates and non-mammalian vertebrates (Beams and Kessel, 

1974; Eddy, 1975; Mahowald ot al, 1979). In Drosophilao for 

example, granules present In the cytoplasm of the egg, known 

as polar granules, become Incorporated Into a limited number of 

cells during cleavage and embryogenesis, and the progeny of 

these ce 11 s&I ve rI se to the &--nn cells. If the reg I on of the egg 

containing the polar granules is destroyed, sterile adults are 

produced. This effect can be overcome, however, by trans- 

planting normal polar granules from another egg (Illmensee and 

Mahowald, 1974,1976; Okada et al, 1974). A similar situation 

appears to exist In anuran amphibians, and comparable 

experiments have been performed (Smith, 1966; Smith and 

Williams, 1975; Eddy, 1975). 

The cytoplasmic constituents thought to represent the 

germ plasm have been observed with the electron microscope for 

both insects (e. g Mahowaid, 1962) and amphibians (e. g Balinsky, 

1966; Mahowald and Hennen, 1971), and have now been followed 

throughout the life history of some members of these groups 

(Eddy, 1975). The ultrastructural appearance of the germ plasm 

varies between species and during different stages of the life 

history. However, It generally appears as irregular dense 

masses of fibrous or fibrogranular material which lack a 

limiting membrane (Eddy, 1975). Material conforming to this 

description has now been described from the germ cells of many 

species from other groups. Since in most cases this material 

has not been followed throughout the life history of the animal 

and experimental studies have not been carried out to confirm 

its function, It is perhpas presumptive to call It germ plasm. 

The term nuage was first employed by Andre and Rouiller (1957), 
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and Is perhaps more appropriate for these structues, since It 

is descriptive of their appearance but does not ImplY a 

particular function. 

In A. fragacea, the nuage material exists In several 

forms and changes in appearance during germ cell development. 

Both these types of variation are common in other species 

(Eddy, 1975), and the overall appearance of the nuage Is very 

similar to that of.. for example, some amphibians (Kerr and 

Dixon, 1974). It Is perhaps to be expected that the nuage will 

change in form with time. Nuage may be required to remain In a 

quiescent form for long periods, and there must also be periods 

of nuage synthesis If its amount is not to become attenuated 

during cell divisions. The association of nuage with the 

nucleus has been observed in many other species, and has 

usu. ally been taken as evidence of nucleo-cytoplasmic exchange. 

Several authors have gone further and proposed that nuage Is 

formed from mater, ial originally present within the nucleus.. 

and often in the nucleolus (Eddy, 1975). From the present 

study, there is some evidence that the nuclear fibrillar bodies 

derive from the nucleolus (see Section A of this chapter) and 

then interact with the nuage across the nuclear envelope. 

The form or direction of this Interaction is not clear; no 

material was ever observed in transit through the nuclear 

envelope. However* It is perfectly possible that such an 

interaction could be mediated by molecules or particles too 

small to be visualized by electron microscopy. 

Among coelenterates, nuage has been observed and 

illustrated from spermatogonia of the hydrozoan Phialidium 

gregarium by Roosen-Runge (1977), and seems similar to that of 

A. fragacca. 'Germinal plasm' has been reported from 
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Pelmatohydra robusta by Noda and Kanal (1977). This material 

was found in oogonla, Interstitial cells and developing 

cnidocytes, and has more recently been reported from a range 

of other cell types (Noda and Kanai, 1980) so Its significance 

is unclear. Structures resembling nuage have been described 

from oocytes of an unidentified trachyllne medusa by Kessel 

(1968a) and from oocytes of Corydandrium parasiticum (Glatzero 

1971), Eudendrium arr-,: tum (Wasserthal, 1973) and Podocoryne 

carnea (Boelsterli, 1977). The last three authors suggested 

that these structures might be involved In the production of 

ribosomes or yolk material. 

The fact that during the present study, for the first 

time among coelenterate species, identical nuage material has 

been found in both male and female germ cells, and not in 

somatic cells, may be significant. Since the biochemical 

activities of male and female cells are likely to be very 

different,. it is unlikely that the nuage is involved in any 

of the synthetic or metabolic processes of these cells, or 

involved with yolk production. It seems more probable that 

nuage is indeed involved In the process of germ cell 

determination. Both NIeLukoop and Satasurya (1981) and Mahowald 

and Boswell (1983) consider that the differentiation of germ 

cells from pluripotent interstitial cells in coelenterates is 

an epigenetic process, in other words brought about by inter- 

action with external Influences rather than conforming to an 

inbuilt programme within the individual cells themselves. 

However, even in hydra, there is now some evidence for a 

separate, sub-population of interstitial cells, pre-destined 

only for germ cell differentiation (Littlefield, 1984). 
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The origin of the germ cells In sea anemones Is still 

uncertain, but the presence of nuage, apparently comparable 

to that of higher organisms, suggests that some degree of 

segregation of the 'germ cell line' may occur. 
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ChaDter 6. Section H,: The--Oocyte Surface - Cortical Granules 
and CytosDines. 

Cortical-Granules 

Cortical granules are the last major type of cytoplasmic 

inclusion to appear during oogenesis. They usually only begin 

to. appear after compound yolk granule synthesis Is well under 

way and fibrillar granule formation has begun to decline, 

usually at an oocyte diameter of 80-100 pm. 

Fig. 6.163 shows a low power view of a peripheral region 

of a large oocyte containing numerous cortical granules. 

These are very dense, membrane-bound bodies which are usually 

spherical or slightly elongate, but which may be more extended 

or dumb-bell shaped (Fig. 6.164). They average 350 x 500 nm 

in size. They are always more common at the periphery of the 

oocyte than in the centre, and their ccrtical distribution 

becomes more marked as the oocyte nears maturity. The contents 

of the granules are very electron dense and at high 

magnification appear to be finely granular, but otherwise 

appear homogeneous and show no sub-structure. The limiting 

membrane is smooth In outline and closely applied to the 

granule contents (Figs. 6.165,6.166). The granules may be 

situated very close to the oocyte plasma membrane. 

Formation of cortical zranules 

Cortical granules appear to be produced by Golgi com- 

plexes. In the peripheral cytoplasm of large oocytes, Golgi 

complexes are often found with small granules with highly 

electron dense contents. These complexes are rather different 

In appearance from those found associated with fibrillar 
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granules (see earlier section), and were not observed In 

smaller oocytes containing no cortical granules. The complexes 

consist of stacks of 7-10 flattened cisternac, which are 

usually curved and in some section planes may appear circular 

(Fig. 6.167). Sometimes several stacks are grouped together 

to form larger complexes (Fig. 6.168). The stacks are usually 

associated with very large numbers of small membrane-bound 

vesicles, 60-100 nm In diameter, containing a material of 

moderate electron density. The contents of the cisternae 

usually Increase from the outer or convex face of the stack 

to the Inner, and, in particular, the innermost cisternae may 

contain swollen regions filled with highly electron dense 

material (Figs. 6.167,6.168). These regions usually occur at 

or near the end of a cisterna, but may also occur near its 

centre. The inner aspect of the stack may be associated with 

many small vesicles and two types of larger granule, dense 

granules and dense-cored granules. The dense granules contain 

material similar to that in the distended regions of the inner- 

most cisternae (Fig. 6.168), which in turn is similar to the 

contents of the cortical granules. The dense-cored granules 

are usually larger, up to 0.5 pm In diameter, and often have a 

loosely-fitting membrane. Their contents are of slightly 

lower density than the dense granules, but they always include 

a single, spherical core of more dense material. The outer 

material appears coarsely granular, but the cores are finely 

granular and resemble the contents of the dense granules and 

cortical granules. They may also have a fuzzy coat some 20 nm 

wide outside the membrane (Fig. 6.169). Both types of granules 

show signs of fusion with the small vesicles found around them. 
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Golgi complexes involved In fibrillar granule formation 

are usually closely associated with one or two cisternae of 

rough endoplasmic reticulum (see Section D of this chapter). 

Some complexes Involved In cortical cranule production show no 

obvious association with endoplasmic reticulum (Fig. 6.170). 

Others may be associated, but in a less precise way (Figs. 

6.167,6.168,6.171). 

Low-density-, F. ranules 

During the later stages of oogenesis, after cortical 

granules have begun to appear, small numbers of membrane-bound 

granules of variable appearance are found close to the surface 

of the oocyte. Their contents are always less dense than 

those of the cortical granules, and so they have been termed 

low-density granules. They range in size from 0.2 to 0.8 pm 

in diameter, and are usually roughly spherical. Their contents 

vary greatly in appearance. Some contain granular material of 

moderate electron density (Fig. 6.172), while others contain 

only a finely flocculent material of very low density (Fig. 

6.173). Some may contain very small dense particles. 

The limiting membrane is often loosely fitting, perhaps more 

obviously so around the lowest density granules. Very rarely, 

these granules are observed to fuse with the oocyte membrane 

and apparently discharge their contents to the outside (Fig. 

6.174). Many more granules are seen lying very close to the 

oocyte membrane (Fig. 6.175). and some may bear a protuberance 

on the side closest to the oolemma which almost touches it 

(Fig. 6.176). In other cases, the granule membrane runs 

parallel to the oolemma, separated from It by a constant and 

narrow gap of some 20 nm, and following its undulations. 
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A number of low-density granules also appear to contain 

a fibrillar component. This may range from a small area 

showing a fibrillar sub-structure (Figs. 6.177, G. 178) to an 

obviously fibrillar mass which may occupy a significant 

proportion of the granule (Figs. 6.179,6.180). The fibrils 

appear to be X-shaped In cross-section, and appear Identical 

to those found In fibrillar granules (see Section D of this 

chapter). In some cases, granules ahich appear to be inter- 

mediate between fibrillar granules and low-density granules 

may be seen (Fig. 6.181). 

While low-density granules only occur in the peripheral 

layers of the oocyte, and many lie close to the oolemma, others 

are found up to 5 
jum away from it. It has not been possible 

to correlate the appearance of the granule contents with their 

closeness to the oocyte surface; granules of all appearances 

may be found Immediately ad]acent to the membrane, or some 

distance away from it. 

2. CytosDines 

The oolemma of all but the smallest oocytes bears 

microvillus-like cylindrical projections known as cytospines. 

Cytospines on small oocytes tend to be small and sparsely 

scattered (see Chapter 5) but during vitellogenesis they 

become larger and arranged in definite tufts or clumps, usually 

folded back against the surface of the oocyte. The abundance 

of the cytospines varies over the surface of the oocyte; very 

commonly individual tufts are separated by a few microns of free 

oolemma, as in Fig. 6.182, but In places the cytospines may be 

so densely packed that individual tufts merge together (Fig. 

6.163). Sometimes quite extensive areas can be found free of 

cytospines (Fig. 6.164). 
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The cytospines even within a tuft may vary considerably in 

diameter. Usually those near the centre of the tuft are 

larger and may be 400 nm in diameter, while some near the 

outside may be only 150 nm (Fig. 6.183). They appear to remain 

of constant diameter along most of their length, however. 

Some cytospines may extend for up to 12 pm In length. Further 

information about the arrangement of cytospines within tufts 

was obtained from the examination of spawned eggs, and Is 

discussed in Chapter 13. Usually cytospines within a tuft are 

closely packed and take up interlocking shapes. They are often 

separated by a fairly constant Intermembrane gap of about 25 nm 

which may be a result of the Interaction of their glycocalyces. 

Near their points of insertion into the oolemma, the cyto- 

spines may be irregularly shaped and are often fused In groups 

of two or three (Fig. 6.184). Some appear to originate in 

depressions in the oocyte surface (Fig. 6.185). 

The centres of the cytospines contain a fibrillar 

material. In oocytes less than 50 pm In diameter, this 

material tends to be Poorly defined and Indistinct, but In 

larger oocytes It can be seen to consist of filaments, each 

about 5 nm In diameter, running longitudianlly along the cyto- 

spines, and projecting from their bases as rootlets (Fig. 6.186). 

The number and arrangement of the filaments varies greatly 

between different oocytes, possibly reflecting the quality of 

fixation. In general, the number of fibrils would seem to 

increase with the size of the oocyte. The cytospines of some 

large oocytes are almost filled with filaments which may be 

arranged in a regular lattice when seen in transverse section 

(Fig. 1.187). Sometimes they are arranged In a hexagonal 

array, with a centre to centre spacing of some 12 nm, while in 
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other cases they appear to be aligned In rows (Fig. 6.188); 

200-300 filaments may occur in each cytospine. There may be 

gaps or Irregularities in the lattice, however, especially 

near the cytospine membrane (Fig. 6.189), and the filaments 

appear to be more regular near the ba-, es of the cytospines. 

The filaments continue from the bases of the cytospines, 

forming rootlets which may extend for up to 1. S pm Into the 

cytoplasm (Figs. 6.190,6.191). The rootlets are always of 

smaller diameter than the cytospines, due, at least In part, 

to a more compact arrangement of the filaments. In the root- 

lets, the spacing between the filaments may be only 9 nm 

centre-to-centre. For this reasono rootlets appear more dense 

than the cores of the cytospines from which they emerge. 

The rootlets taper along their length, apparently because of 

a progressive reduction in the number of filaments they contain 

rather than a change in their arrangement. The rootlets may 

curve at the base of the cytospines (Fig. 6.192), and since 

not all the rootlets from a single tuft always curve together, 

they may appear tangled and confused (Fig. 6.193). Sometimes 

neighbouring rootlets appear to fuse to form larger, irregular 

masses of filaments, which may appear to separate later 

(Fig. 6.194). Otherwise, however, there appears to be no 

system of transverse filaments linking the rootlets to each 

other or other cellular components. Cortical and fibrillar 

granules are occasionally found among the rootlets of a tuft 

of cytospines, ando if so, the granules are often elongate and 

aligned along the axis of the rootlets (Figs. 6.195,6.196). 

However, this association is not thought to have any functional 

significance (see Discussion). 
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Occasionally groups of 10 nm filaments are seen just 

beneath the oolemma, and usually aligned at an acute angle 

to it (Fig. 6.197). They appear to terminate just beneath 

the membrane, and are not apparently associated with the 

cytospine rootlets or any other organelles. 

Whorls of membranous myelin-like material are sometimes 

found Immediately beneath the oolemma (Fig. 6.198). It Is 

possible that these are discharged to the outside, since 

similar whorls also occur outside the oocyte, often between 

the bases of the cytospines (Fig. 6.199). 

Tufts of cytospines may also be involved with the pino- 

cytotic uptake of materials from the exterior of the oocyte. 

Coated and uncoated vesicles are often found close to the 

bases of cytospine tufts, and coated vesicles are often found 

apparently forming between the Insertions of neighbouring 

cytospines (Fig. 6.200). Less commonly, such vesicles can be 

seen forming on the oocyte surface generally, not associated 

with cytospines (Fig. 6.201). These vesicles are usually 

some 80 nm in diameter, and bear a bristle coat on the cyto- 

plasmic side of the membrane, and a thin layer of finely 

granular material on the central surface, originally facing 

the exterior. Otherwise they contain material of very low 

electron density. Some small vesicles close to the surface 

of the oocyte appear to enclose smaller, membrane-bound 

vesicles (Fig. 6.202), but their mode of formation is unclear. 
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Cortical Granules 

Cortical granules have been reported from a very wide 

range of animal oocytes, from coelenterates to mammals (for a 

review, see Guraya, 1982). In many cases, but not all, they 

are discharged to the outside of the egg after fertilization 

as part of the cortical reaction, and so function to help 

prevent polyspermy. This will be discussed in greater depth 

in the section on early development (see Chapter 13). 

The structure of these cortical granules Is often more elaborate 

than the simple membrane-bound sacs of homogeneous electron 

dense material found In A. fragacea. Among the echinoderms, 

which have been very extensively studied with regard to 

cortical granule function (for reviews see Schuel, 1978; 

Shapiro and Eddy, 1980), the granules of each genus may exhibit 

a characteristic internal fine structure (Runnstro"m, 1966). 

Those of Arbacia contain an electron dense stellate core, 

while those of Strongytocentrotus exhibit spiral lamellae 

(Anderson, 1968). From other phyla, those of the mollusc 

mytilus edulis include a bundle of parallel microtubules 

(Humphreys, 1967), while those of the polychaete annelid 

Yereis are large and contain a diffuse fibrous material 

(Fallon and Austin, 1970). All the previously described 

cortical granules from coelenterate species are simple and 

resemble those of A. fragacea, however. Honegger (1983) 

illustrates a dense, homogeneous cortical granule from an 

oocyte of Hydra carnea, but mentions cortical granules with 

heterogeneous contents in the text. Some other hydrozoan 

oocytes do not appear to contain cortical granules, however, 
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as they are not mentioned as occurring in Spirocodon caltatrix 

(Kawaguti and Ogasawara, 1967), an unidentified trachyline 

medusa (Kessel, 1968a), Aoquorea acquorea (Szollosi, 1970)o 

Corydendrium parasiticum (Glatzer, 1971) or Eudandrium armatum 

(Wasserthal, 1973). However, they occur in oocytes of most of 

the anthozoan species so far examined by electron microscopy. 

Clark and Dewel (1974) describe cortical granules from oocytes 

of the sea anemones Motridium sp. and Bunodoooma cavernata. 

Those of Bunodosoma are homogeneouso membrane-bound, and 

descrihed as spherical by Dewel and Clark (1974). Sch'a'fer 

and Schmidt (1980) state that, among the Anthozoa, cortical 

granules occur only In Palythoa (early Zoantharla), Actiniarla 

and Ceriantharia. Szmant-Froehlich et at (1980). report the 

formation of a vitelline membrane, consisting of a layer of 

cortical vesicles just below the cell membrane, in oocytes of 

the temperate coral Astrangia danae. The term vitelline 

membrane, though now less commonly used than previously, Is 

usually indicative of an extracellular investment, and the 

significant of their observation is unclear. 

In A. fragacea oocyteso the cortical granules appear 

scattered throughout the peripheral ooplasm in oocytes over 

80 pm, but become restricted to the superficial 5-10 pm in the 

fully grown oocyte, and have a definitely cortical distribution 

In the spawned egg (see Chapter 13). Schlaifer (1983) also noted 

the relatively late appearance of these granules, and their 

increasingly peripheral distribution during the final stages 

of oocyte growth. Such a rearrangement during oocyte develop- 

ment has also been reported for echinoderm cortical granules 

(Runnstro"m, 1966). 
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The Golgi complex has been implicated in cortical 

granule formation in many oocytes, including those of echino- 

derms (Anderson, 1968), molluscs (Anderson, 1969) and annelids 

(Dhainaut, 1969), and the same would appear to be true of sea 

anemones. Schafer suggests that cortical granules originate 
from Golgi complexes which show amarked polarity, with much 

more osmiophilic material in the distal than the proximal 

clsternae. This polarity was also observed In A. fragacea. 

In the present study, it appeared that cortical granule 

synthesis followed the typical rough ER-Golgi pathway. 
Dilations containing material resembling the contents of the 

cortical granules formed at any point on the inner Golgi 

cisternae and small vesicles containing similar contents were 
found nearby. Cortical &ranules are apparently formed by the 

fusion of these vesicles. The dense-cored granules may also 

represent precursor stages in cortical granule formation. 

They were only found in the vicinity of Golgi complexes of the 

type thought to be concerned with cortical granule production, 

and were never found in large numbers. The material of the 

dense cores is identical to the contents of the cortical 

granules, while the remaining contents are more granular and 

less dense. It may be that the final condensation of the 

cortical granule precursor material may take place either 

within the innermost Golgi cisternae, or within the dense- 

cored granules associated with the Golgi. 

Low-density granules 

Low-density granules are found in relatively small 

numbers in most oocytes large enough to contain cortical granules. 

Many of them appear to be closely associated with the oolemma 

and, rarely, they were observed apparently discharging their 
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contents to the outside of the oocyte. It thus seems 

possible that low-density granules represent stages in the 

decondensation of cortical or other granule types prior to 

their discharge. Dewel and Clark (1974) reported the discharge 

to the outside of a small number of cortical granules prior 

to egg release In Bunodocona cavernata. They also described 

a morphological alteration In the appearance of the granules 

immediately prior to and during discharge. Their contents 

lose their homogeneous appearance and exhibit a granularity 

of two different densities. After discharge, the contents 

become a dispersed flocculent. They suggest that the change 

in appearance of the granule contents Is triggered by contact 

with the external milieu. Schýfer and Schmidt (1980) 

convincingly demonstrate the discharge of granules, which 

they assume to be cortical granules, to the outside of the 

, embryo during early development in Alfredue lucifugus. 

From the present study, It seems possible that low-density 

granules are derived from cortical granules, and may be 

destined for discharge. Cortical granules are the most 

common granules in the oocyte cortex, and low-density granules 

do not occur in small oocytes prior to cortical granule 

formation. However, some findings have emerged which are not 

wholly consistent with this view. A significant minority of 

low-density granules contain fibrillar elements which have 

not been seen In cortical granules, but closely resemble those 

found in fibrillar granules. Granules which appear to 

represent intermediate stages in the transformatipn of 

fibrillar granules into low-density granules were also often 

seen. This raises the possibility that at least some of these 

granules derive from fibrillar rather than cortical granules. 
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The function served by the discharge of low-density 

granules, of whatever origin, while the oocyte is still within 

the gonad Is quite unclear. Dewel and Clark (1974) suggested 

that such a premature discharge might be "accidental", 

reflecting an inherent lability or reactivity In the granule 

and egg plasma membranes. The cortical granules of A. fragacoa 

eggs do not appear to discharge as part of a cortical reo: tion 

after fertilization as do those of Bunodoooma cavernata and 

Metridium aeniZe (Clark and Dewel, 1974), and the whole 

question of cortical granule function In this species is 

unresolved (see Chapter 13). 

A number of anthozoan eggs and oocytes have been 

reported to be covered by outgrowths which were known by 

earlier light microscope workers as spines (e. g Gemmill, 1920; 

1921; Spaulding, 1972), and the term has been recently used by 

Wedi and Dunn (1983). Electron microscope studies by 

Spaulding (1974) and Dewel and Clark (1974; Clark-and Dewel, 

1974) showed that the spines consist of bundles of smaller 

processes. Spaulding called the component structures macro- 

villi.. while Dewel and Clark termed them cytospines. They 

certainly resemble large versions of the microvilli which are 

found on eggs of many animal groups (see Anderson, 1974), but 

most recent authors have preferred the term cytospine. Schmidt 

and Scha"fer indicate that while all anthozoan oocytes bear 

microvilli, only in some Actiniarla are they large and 

arranged in tufts and so can be referred to as cytospines. 

During the present study It was found that Cereus peduncutatus 

oocytes bear only small, randomly distributed microvilif 
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while the other species studied all have cytospines (sac 

Chapter 10). 

Cytospines show a number of features in common-with the 

microvilli which are found in a variety of cell types through- 

out the animal kingdom. Microvilli from several situations 

have been the subject of an intense research effort in recent 

years, and some of these fin, 'ings will be briefly summarized 

here. Mammalian and avian intestinal epithelium brush border 

microvilli have been particularly well studied. They are 

finger-like extensions of the apical cell membrane some 1 jum 

in length and 0.1 pm in diameter, and are generally closely 

packed together. The lumen of each microvillus contains an 

axial core of 20-40 parallel microfilaments, each about 5 nm 

in diameter, which have been shown, by reaction with heavy 

meromyosin and other techniques, to contain actin. The fila- 

ments extend Into the cytoplasm from the base of the micro- 

villus, and link up with a network of filaments, containing 

both actin and myosin and known as the terminal web. The 

arrangements of all these fibrils has been beautifully 

demonstrated by the quick-freeze deep-etch technique of Heuser 

and co-workers (e. g Heuser and Kirschner, 1980; Hlrokawa and 

Heuser, 1981; Hirokawa et at, 1981). Demembranated brush 

border microvillar preparations contract rapidly when exposed 

to Ca2+ ions and ATP, (Mooseker, 1976). and although it is 

not clear whether such contractions occur in intact intestinal 

cells, the system has been closely studied as a possible 

example of non-muscle movement. Similar to microvilli are 

the stereocilia found on hair cells of the cochlea and 

vestibule of the avian and mammalian ear, and these have also 

been closely studied. They may reach 3 pm long and be 0.3 pm 
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in diameter.. although many are much smaller. They are often 

grouped In discrete tufts rather than randomly or closely 

packed (Hirokawa and Tilney, 1982). 

A. fragacea cytospines may reach 12 pm In length and 

are 0.3-0.4 pm In diameter. Spines as long as 25 pm have 

been reported from other species (Wadi and Dunn, 1983). 

Thus cytospines are much larger than brush border microvilli 

or stereocilla. They also contain an axial core of 5 nm 

microfilaments, resembling those of microvilli, and Schroeder 

(1982) showed that these filaments contain actin. However, 

cytospines may contain 200-300 filaments, and In some cases 

they are arranged in a regular lattice-like array when seen In 

cross-section. This does not appear to be the case in micro- 

villi. Cytospine microfilaments extend into the ooplasm from 

the bases as do those of microvilli, but they do not appear 

to link up with a terminal web of cross-linking filaments. 

This finding may be of some significance. In intestinal brush 

borderso the terminal web links with the desmosomes at the 

boundaries of the epithelial cells. The apparent absence of 

a terminal web in A. fragacea oocytes may be correlated with 

the absence of cell boundaries and intercellular junctions. 

King (1984) recently investigated microvilli from another 

system lacking cell boundaries, the human syncytial tropho- 

blast, and found that the terminal web was poorly developed. 

A. fragacea cytospines would seem to make excellent subjects 

for more detailed research into the stricture and function of 

cytoskeletal elements in microvilli, and would provide a useful 

comparison with the smaller microvilli of vertebrate brush 

borders. 
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In A. fragaccao while the oocyte Is within the meso- 

gloea, the cytospines generally lie folded back against the 

oocyte surface. After spawning, they erect to form tufts 

projecting perpendicular to it (see Chapter 13). Spaulding 

(1974) found that the cytospines of the anemone Peachia 

quinquecapitata could reach 20 pm in length, but while within 

the gonad the filaments of the core were sparse and rarely 

showed any orientation. After spawning, however, when the 

cytospines straighten and become stiff, they appear filled 

with densely packed, longitudinally orientated filaments. 

Such a dramatic change was not apparent In A. fragacea; the 

arrangement of the filaments was essentially similar before 

and after spawning. Apart from their erection at spawning, 

no evidence of other movement of the cytospines was obtained. 

Both cortical and fibrillar granules were found among 

the rootlets of some Cytospine tufts. The filamentous nature 

of the rootlets led Sch*a'fer and Schmidt (1980) to propose a 

functional link between the cYtospines and the fibrillar 

granules, which they termed fibrillar, para-crystalline 

inclusions. They suggested that the granules viere produced in 

the ooplasm and migrated to the Periphery of the oocyte where 

they formed the cytospines. From the evidence of the present 

study, this seems unlikely. The microfilaments of the cyto- 

spines are circular in cross-section and are about 5 nm In 

diameter. The fibrils of the fibrillar granules are A-shaped 

in cross-section and about 15 nn across (see Sectior D of 

this chapter). It therefore seens unlikely that one directly 

gives rise to the other. Additional evidence Is providee by 

the finding that A. equina oocytes do not appear to proddcc 

fibrillar aranules, but are covered by cytospines identical 
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to those of A. frnjzcca (see Chapter 10). The association of 

different granules with the r-Ytosplne bases Is not thought to 

be of functional significance. 

Microvilli have been ImPlicated In a range of functions 

in animal cells, principally concerning absorption but also 

involving secretion, chemodetection and the storage of 

membrane material (Alberts ot aZ, 1983). They obviously 

increase the surface area of the cell which may facilitate the 

exchange of material, and may contain enzymes Involved In the 

breakdown and transport of molecules. It has recently been 

suggested that the extreme curvature of the plasma membrane 

produced in microvilli may alter Its physical properties and 

may allow the more rapid passage of some molecules through It 

(see O'Donnell and Maddrell, 1983). Microvilli are found on 

the surface of a great many animal eggs and oocytes (Anderson, 

1974), and many authors have suggested that they are concerned 

with the uptake of precursor materials (e. g Anderson, 1974; 

Eckelbarger, 1993). Schmidt and Sch'a*fer (1980) proposed that 

the cytospines of anthozoan oocytes were also resorptive 

organelles. The findings of the present study are also 

consistent with this view. The cytospines Increase in size 

and number as the oocyte grows and begins vitellogenesis, and 

may serve to at least offset the fall In surface area to 

volume ratio as the oocyte enlarges. They ma'y aid the uptake 

ofnutrients over the oocyte surface generally, and they are 

closely involved with the trophonema, which Itself is 

specialized for the transport of nutrients into the oocyte 

(see Chapter 7). After spawning, the cytospines may serve a 

different range of functions, but their formation so early 

during oogenesis suggests that they are functional while the 



oocyte is still within the gonad. 

The formation of coated Pits and vesicles at the cell 

surface is thought to be associated with the selective uptake 

of specific molecules from the exterior of the cell by a 

process known as receptor mediated endocytosis. In this 

process, the molecules to be Interiorized first bind to 

receptors on the cell surface. These then migrate to localized 

areas, which then pinch inwards to form small depressions or 

pits. Specific proteins, including clathrin, become 

associated with the cytoplasmic face of the membrane at these 

points, and may play a cytoskeletal role in curving the 

membrane to form the pits. The pits then separate from the 

cell membrane to form coated vesicles (Silverstein and 

Steinman, 1977; Pearse and Bretscher, 1981; Paston and 

; -Jillingham, 1981). Receptor mediated endocytosis Is very 

commonly observed in oocytes where yolk component synthesis 

occurs at a site remote from the oocyte and Is carried to the 

oocyte in the bloodstream as in many Insects and vertebrates 

(Anderson and Telfer, 1970; Wallace, 1978). Endocytosis 

appears to take place at a moderate level over the entire 

surface of the A. fragacea oocyte. However, a localized 

region of the oocyte surface adjacent to the trophonema 

seems to be very much more active in this respect, and will 

be described in Chapter 7. 
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Chapter 6. Section-1: Amoebocytes 

RESULTS 

During vitellogenesist granular amoebocytes become 

closely associated with the surface of the growing oocyte. 

Apart from the trophonema (see Chapter 7), this Is the only 

contact between oocytes and non-germinal calls observed at 

any stage. 

Granular amoebocytes are motile cells of variable 

appearance which are found in all parts of the anemone, and 

are common in the mesenteries and gonads. They occur In the 

mesogloea and among the basal regions of both ectodermal and 

endodermal epithelial cells. The general features of an 

amoebocyte are shown In Fig. 6.203. They are often Irregular 

in shape, and so their size in section varies greatly. 

The nucleus is usually spherical or ovoid, some 3-4 pm in 

diameter and of only moderate electron density. 

The cytoplasm usually contains a small amount of rough 

endoplasmic reticulum, often arranged around the nucleus 

(Fig. 6.204). Mitochondria and Golgi complexes are also found, 

and both have a conventional appearance. A characteristic 

feature of the cytoplasm is the Presence of numerous small 

electron dense granules. These are usually spherical or 

slightly elongatee some 300 nm in diameter and up to 500 nm 

in length. The granules contain a finely granular dense 

material. Some appear to be homogeneous, but most have an 

inner region or core of rather different density to the rest 

of the granule. A small proportion of granules may also 

contain small vesicles and membranous elements. Basal-body- 

rootlet complexes are occasionally seen In the cytoplasm, 
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although flagella have not been observed arising from them. 

Various heterogeneous membrane-bound Inclusions are also 

found, which are thought to represent phagosomes. 

Granular amoebocytes always contain reserve material In 

the form of glycogen and, to a lesser extent, lipid droplets, 

but the quantities of each vary greatly from call to cell. 

in some cells, glycogen deposits could occupy a very consid- 

erable volume of the cell (Fig. 6.204). Very often the 

glycogen is located at the periphery of the cell, often In 

lobes containing little else (Figs. 6.205,6.206). Sometimes 

the glycogen-filled lobes are only connected to the rest of 

the cell by a slender neck of cytoplasm (Fig. 6.207). The 

lipid droplets range in size from 0.4 um to 0.8 um in diameter, 

and are similar in appearance to those found within oocytes 

(Fig. 6.205). 

Amoebocytes are very often found close to early 

vitellogenic oocytes (Figs. 6.204,6.205). Whether they 

actively migrate towards oocytes soon after entry into the 

mesogloea, or whether the initial association is merely 

fortuitous Is not clear. Nevertheless, many amoebocytes come 

to take up a Position closely adjacent to oocytes, lying 

Immediately outside the basal lamina (Figs. 6.206,6.207). 

The cytospines which protrude from the oocyte surface and 

extend through the basal lamina may indent the surface of the 

amoebocytes. Sometimes a depression forms In the surface of 

the oocyte In which the amoebocyte lies (Fig. 6.208). 

As the oocytes enlarge, the amoebocytes usually become 

flattened around their surface (Fig. 6.209). The mesogloea 

often thins around growing oocytes, but this does not seem to 

be responsible for the spreading of the amoebocytes, since 
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flattened amoebocytes may also be found in areas where the 

mesogloea remains relatively thick (Fig. 6.210). As the 

oocytes grow, their covering of cytospines becomes more dense. 

The amoebocytes tend to lie In the spaces between the tufts 

of cytospines. The amoebocytes are always separated from the 

oolemma by the basal lamina, but close contact occurs between 

them and the cytospine membranes (Figs. 6.209,6.210). 

The relationship between an amoebocyte and a large oocyte is 

summarized in Diagram 10. 

The amoebocytes do not form a continuous layer around 

the oocyte; large areas may remain free of the association. 

Amoebocytes associated In this way are very difficult to 

distinguish with certainty with the light microscope, so It 

has not been possible to estimate how many amoebocytes may 

invest an oocyte, or what proportion of Its surface they 

cover. 

DISCUSSION 

Granular amoebocytes have been mentioned in a number of 

ultrastructural studies of anthozoan tissues since the 

pioneering work of Grimstone et at (1958). Most authors agree 

that they are motile, phagocytic cells, and a number of other 

functions have also been ascribed to them. These include the 

synthesis of mesogloeal collagen fibres (Buisson and Franc, 

1969; Franc, 1970), the transport of food and waste materials 

(Van Praet, 1974; Young, 1974) and participation In an 

inflammatory response (Patterson and Landolt, 1979). 

An association between amoebocytes and germ cells has not been 

previously reported from any coelenterate species. A. fragacea 

amoebocytes are broadly similar in appearance to those 
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dcscribcd recently from the anemones iinthoplaura aleganticoirra 

(Patterson and Landolt, 1979) and Haliplanella luciao Matson 

and Mariscal.. 1983). 

Although only a proportion of the oocyte surface Is 

involved, the relationship between amoebocytes and oocytes In 

A. fragacea is so precise and so consistent that it seems 

unlikely that it could be merely fortuitous. The functional 

significance of the relationship is not certain, but the 

amoebocytes may play a role in oocyte nutrition. Most amoebo- 

cytes contain considerable quantities of glycogen. Both Boury- 

Esnault and Doumenc (1979) and Van der Vyver (1981) felt that 

the storage of glycogen seemed such an important activity for 

amoebocytes that they should be termed glycocytes. In view of 

the other functions which they may perform, the less restrictive 

term amoebocyte is perhaps more suitable, but they may well be 

important in carbohydrate metabolism. A similar function has 

been proposed for amoebocytes in other invertebrate groups 

(e. g Johnston et al, 1973). 

Amoebocytes or coelomocytes have been implicated In 

gametogenesis in polychaete annelids by several authors 

(e. g Dales and Dixon, 1981; Dhainaut et at, 1984). In some 

cases the amoebocytes float freely in the coelomic fluid 

along with the oocytes, but with no physical contact between 

them. In spite of their spatial separation, the amoebocytes 

are important in the lipid metabolism of the oocyte, and may 

even synthesize yolk protein which is later taken up by the 

oocyte. The relationship between oocyte and amoebocyte in 

A. fragacea is physically much closer, and it seems quite 

feasible that they should be involved in the processing and 

supply of nutrients to the growing oocyte. 
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Amoebocytes are also found flattened In a corresponding 

position around testicular cysts (see Chapter 12). They also 

seem to play an important role in the resorption of 

degenerate male and female gametes (see Chapters 9 and 12). 

The association of developing gametes with amoebocytes 

provides another example, along with the trophonema (see 

Chapter 7), of germ and somatic cell Interaction In a group 

of animals in which such contact was until recently thought 

to be minimal or absent (Campbell, 1974b). 
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SUMMARY 

1. In most oocytes, vitellogenesis begins soon after 

entry Into the mesogloea. 

2. During early vitellogenesis, the oocyte nucleus 

enlarges and shows a reduction in overall electron density. 

There is evidence of nucleo-cytoplasmicinteraction involving 

the nucleolus and nuclear fibrillar bodies during this period, 

which is not apparent later. 

3. A massive band of rough endoplasmic reticulum develops 

around most of the nucleus during vitellogenesis, and 

disperses when the oocyte is fully grown. Stacks of annulate 

lamellae occur among the endoplasmic reticulum. 

4. During early vitellogenesis, a 

cloud of mitochondria forms adjacent 

of the component mitochondria appear 

The aggregation disperses towards th 

and conventional, squat mitochondria 

throughout the Peripheral ooplasm of 

large aggregation or 

to the nucleus. Many 

to be highly elongate. 

e end of vitellogenesis, 

are distributed 

the fully grown oocyte. 

5. Soon after entry into the mesogloea, the oocyte begins 

to accumulate fibrillar granules. These are elongate, 

membrane-bound bodies, 1-2 pm in length, filled with parallel 

fibrils. The closeness and regularity of the packing of the 

fibrils shows variation. Most granules are formed In close 

association with Golgi complexes. 

6. Accumulation of compound yolk granules begins later 

than for fibrillar granules. Compound yolk granules are 

membrane-bound and roughly spherical, and consist of several 
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or many spherical, electron lucent Inclusions, which resemble 

lipid droplets, embedded In an electron dense matrix. They 

appear to be formed by the fusion of small Ilpid droplets 

with various types of dense vesicle. 

7. Lipid droplets and glycogen are also accumulated during 

vitellogenests. During mid-vitellogenesis, very large 

deposits of glycogen may form, but fully grown oocytes contain 

numerous small deposits. 

8. Several types of distincitve dense structureso lacking 

a limiting membrane, are found throughout vitellogenesis. 

Similar structures are also found in early oocytes and male 

germ cells, and all are thought to represent forms of nuage 

material. 

g. Late during vitellogenesis, cortical granules accumulate 

in the peripheral ooplasm. They are membrane-bound, slightly 

elongate, some 500 nm In length and contain a homogeneous 

dense material. They appear to be Golgi-derived. 

10. The oocyte surface becomes covered by distinct tufts 

of large microvilli known as cytospines. These contain cores 

of longitudinal microfilaments, which may be arranged in a 

regular lattice, and which project from the base of the 

cytospine as a rootlet. 

11. Small vesicles are common near the periphery of the 

oocyte, and there Is evidence of pinocytotic activity over 

the surface of the oocyte generally. The surface close to 

the trophonema appears particularly active in this respect. 
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12. Granular amoebocytes become flattened around part of 

the surface of the oocyte. They lie Immediately outside the 

basal lamina, and make close contact with the cytospines. 

13. The central ooplasm of the fully grown oocyte is 

packed with compound yolk granules, while the peripheral 

ooplasm contains mitochondria, lipid droplets, fibrillar 

and cortical granules. 



Chapter 7 

THE TROPHONEMA 
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INTRODUCTION 

During oogenesis In many sea anemones, a specialized 

structure develops in a localized region of andodermal 

epithelium closely adjacent to each oocyte. Such a structure 

was reported by the Hertwigs during the latter part of the 

last century (Hertwig and Hertwig, 1879) and was given the name 

'Fadenapparat' or filamental apparatus. Nyholm (1943) Introducec 

the term trophonema for this structure, Implying that It had a 

nutritive function. More recently, a number of authors have 

observed trophonemata associated with oocytes from a range of 

actinlan species (e. g Loseva, 1971a, b; Dunn, 1975,1982; 

Dunn et at 1980; Jennison, 1979,1981; Riemann-Zurnecko 1976; 

Sch*a*fer,, 1983; Schmidt and Scha'fer, 1980; Wedl and Dunn, 1983). 

Sch'a'fer (1983) used the older term 'Fadenapparat'. Most of 

these authors also suggested that the trophonema might be 

involved in the supply of nutrients to the growing oocyte. 

However, none of these studies have dealt with the trophonema 

In any detail and no clear picture of Its structure has 

emerged. Jennison (1979) commented that the development and 

ultrastructure of the trophonema must be examined further 

before its function can be determined. 

The development of the trophonema begins during the 

migration of the oocytes into the mesogloea and has been 

described in Chapter 5. During the following description, 

the cells which constitute the trophonema are referred to as 

trophonemal cells. These cells are derived from gonad 

epithelial cells, and may represent a specialized form of 

these cells rather than a distinct cell type. 

209. 



1. TroDhonemal Structure Durinp. Vitellortenesis 

The structure of the trophonema remains similar through- 

out the period of active oocyte growth and vitellosencsis. 

Trophonemata can often be recognized under the light micro- 

scope (Figs. 7.1,7.2), but few details of their structure 

can be distinguished. A much clearer Impression can be gained 

by electron microscopy, however (Figs. 7.3,7.4). Essentially, 

the trophonema consists of a gap In the mesoglocal layer 

surrounding the oocyte, through which the gonad epithelial 

cells project and make contact with the oolemma In a depression 

In the surface of the oocyte. The general features of the 

trophonema during vitellogenesis are shown in Diagram 11. 

a) The trot)honemal cells 

The trophonemal cells originate as gonad epithelial 

cells, Indistinguishable from any others, but they soon undergo 

specialization. Their apices sink below the level of the 

surface of the epithelium, producing a depression which can be 

clearly seen in scanning electron micrographs (Fig. 7.5). 

The apices of the trophonemal cells are narrower than those of 

other gonad epithelial cells, and are joined by extensive 

intercellular junctions of the septate desmosome type. 

In grazing sections through the trophonemal depression, small 

channels can be seen running through the Intercellular 

junctions at right angles to the gonad surface (Fig. 7-7). 

The channels appear as narrow regions where the two membranes 

are separated, and where no dense material Is applied to their 

cytoplasmic surfaces. The trophonemal cells bear cilia and 

microvilli which, because of the narrower cell apices, appear 

more closely packed than on some other areas of the gonad 

210. 



I 
0 

1; r-4 

E 

ba 
m 

0 

4- 
0 

u 

Aj 
W 

u 

J3 

0- 

M 

M 
ai 
41 

(0 

(U 

u 

(U 
L. 
to 

c 
m 

4- 
0 

0 
41 

c 
0 
u 

m 
E 
(U 
a 
0 

cl 
0 
1. 
41 

(U 

(U 
tO 

I 
0 

E 

ai 
.C 

0 
cl 

m 

.a 

0 

u 

0 
L. 
CL 

cu 

cu 
. r- 

cl 
cu 

0 
ba 

0 

gi 
0 

V) 

0- 

CL 

M 

(9 

0 

0 

E 
:3 

(U 
-C 

CL 
cu 

0 
bo 

W 
-C 

0 

CD 
u 
m 
4- 

(n 
a) 
41 

c 

0 

06 

(U 

"a 

4J 
>. 
C) 
0 
0 

1Z3 

m 

c 
M 

W 
CL 

c 

E 

(U 

cu 
V) 
0 

E 

(D 
E 
0 
V) 

ei 
CL 
V) 

G) 
E 
0 
u 
(L) 

. CI 

(U 

u 
0 
0 

cu 

0 

(A 
0 

u 

(U 

0 

u 

:3 
c 

(A 
:3 
0 
m 
c 

0 
u 

u 
0 
0 

4J 

M 
c 

0 

c 

I- 

ro 

-o 
C, 
I- 

C) 
U 
(U 

'4- 
L 

In 

ho 

a) 

0 

-C 
41 

3: 

211. 



JI 

IE 

uj 

-Uj 
ff - 

212. 



surface (Fig. 7.6,7.7). The cilia arise in small depressions 

in the cell surface, and are surrounded by a ring of 9-12 

microvilli. They arise from basal-body-rootlet complexes 

identical to those described In Chapter S. The apical cyto- 

plasm contains large numbers of closely packed microfilaments, 

many of which may be associated with the Intercellular 

junctions (Fig. 7.8). Microtubules, some of which are 

associated with the basal-body-rootlet complexeso are also 

common. These features combine to make the apices of the 

trophonemal cells appear much more dense than the surrounding 

epithelial cells. The trophonemal cell apices contain homo- 

geneous, membrane-bound dense granules and large numbers of 

small vesicles (Figs. 7.7.. 7-8),, both of which occur In gonad 

epithelial cells generally and have been described In 

Chapter 3. 

in the gonad epithelium generally, most of the nuclei 

are located In the central Portions of the cells. In the 

trophonema, however, the simple epithelial arrangement of the 

cells becomes obscured, and many nuclei are basally located, 

near the region of contact with the oocyte (Figs. 7.9-7.11). 

it is possible that some trophonemal cells do not extend 

fully from the oocyte surface to the surface of the gonad. 

The central and basal regions of the trophonemal cells 

contain bundles of microfflamentst principally aligned at 

right angles to the gonad surface (Fig. 7.12). These bundles 

are more prominent during the later stages of oogenesis, and 

will be considered in more detail In Section 2 of this 

chapter. The basal regions contain dense accumulations of 

glycogen and some lipid droplets (Figs. 7.10,7.11). Both 

these reserve materials occur In the gonad epithelium generally 
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but the concentrations of glycogen In particular appear 

higher in the trophonemal cells than elsewhere. The tropho- 

nemal cells also contain mitochondria, endoplasmic retIculum 

and Golgi complexes, but not In unusual quantity. Large 

phagosomes, as described from the gonad epithelium In Chapter 3, 

were not found In trophonemal cells. 

The lip of the pore in the mesogloca through which the 

trophonemal cells extend may be thickened and appear club- 

shaped In cross-section. It may also appear Indented and 

irregular in cross-section (Fig. 7.13). Some of the bundles 

of microfilaments within the trophonemal cells appear to 

insert on the cell membrane next to the thickened mesogloea. 

This may be Involved with the firm anchorage of these cells 

to the mesogloeal lip. 

b) The interface-with the oocyte 

In smaller oocytes, perhaps c. 70 pm, the trophonemal 

depression in the surface of the oocyn tends to be deep 

and relatively narrow, but becomes more flattened In larger 

oocytes. At the base of this depression, the trophonemal 

cell bases contact the oolemma directly. Ihis close contact 

is Interrupted by the tufts of cytospines which project from 

the oocyte surface, but, between the tufts, the trophonemal 

cell and oocyte membranes are separated by a very constant 

gap of about 20 nm. Dense material Is deposited on the cyto- 

plasmic faces of both membranes, to produce a form of inter- 

cellular junctional complex (Figs. 7.14,7.15). The complex 

is not localized into discrete patches, but Is found over the 

entire area of contact between oocyte and epithellal cell 

membranes. The complex resembles those found between adjacent 

endodermal muscle processes. No septae have been observed 
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traversing the intermembrane gap, but these are always 

difficult to visualize in conventionally prepared anemone 

tissue. On the trophonemal side of the complex, numerous 

microfflaments appear to terminate on the membrane (Figs. 

7.15,7.16). On the ooplasmic side,. a fine feltwork of 

fibrils forms a layer some 100 nm thick immediately beneath 

the membrane (Fig. 7.15). 

The interface between oocyte and endodcrm may be further 

complicated by the formation of Invaginations Into the oocyte 

Into which the trophonemal bases project. These are usually 

small but occasionally they are extensive and may project a 

distance of up to 10 pm into the ooplasm (Fig. 7.17). These 

projections are often filled with glycogen. 

While within the gonad, most of the cytospines lie 

flattened against the surface of the oocyte. In the region of 

the trophonema, however, they tend to project out from the 

surface, extending both between the trophonemal cells, and 

into deep invaginations in their bases. In this way, close 

membrane contact again occurs between oocyte and endoderm. 

No junctional complexes or other specializations occur between 

the membranes concerned, however. The cytospines may Indent 

the epithelia] cell bases as large tufts, in smaller groups 

or even Individually. Thus In Fig. 7.18, large groups of 

cytospines are surrounded by a single trophonemal cell membrane, 

while In other cases, smaller groups and some single cytospines 

are enveloped In this way. Fie. 7.19 shows a horizontal 

section through the mesogloeal pore. In the centre, cytospines 

projecting directly out from the oocyte surface are cut in 

transverse section and the trophonemal cell membranes 

surrounding groups and individual cytospines can be seen. 
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The surrounding membrane tends to be rather irregular and 

loose-fitting, Instead of following the outline of the cyto- 

spines closely. The Intermcmbrane gap varies between 30 and 

70 nm. 

c) The adjacent ooDlasm 

The ooplasm situated adlacent to the trophonema Is 

usually highly modified. The oocyte nucleus, which soon after 

entry into the mesogloea Is generally located centrally within 

the oocyte, becomes displaced towards the trophonema, such 

that often only a narrow band of ooplasm, 3-8 pm wide, 

separates the oolemma and the nuclear envelope. During the 

period of active vitellogenesis, this band of ooplasm usually 

contains fewer large organelles such as mitochondria, ER and 

Golgio and fewer inclusions such as yolk granules or lipid 

droplets than the rest of the oocyte. However, It usually 

does contain large numbers of small membrane-bound vesicles 

of various forms. These vesicles occur elsewhere in the 

ooplasmo but never in the numbers found beneath the trophonema 

(Fig. 7.20). The simplest vesicles are roughly spherical, 

50-80 nm in diametero and appear 'empty', or contain a fluid 

of negligible electron density (Figs. 7.20,7.21). Others may 

be larger and less regular in shape, or flattened into 

tubules or discs. Many enclose smaller membrane-bound 

vesicleso while a few contain material of low electron density. 

At least some of these vesicles appear to arise by pinocytosis 

between the bases of the cytospines. In regions where the 

cytospines are closely packedo the vesicles may be especially 

numerouso and the oolemma between them may appear disrupted 

(Fig. 7.22). 
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Sometimes very large accumulations of small vesicles 

may be found, extending around the lateral faces of the nucleus 

to the sides of the trophonema (Fig. 7.23). Some of these 

vesicles bear an external bristle coat (Fig. 7.24), and many 

enclose smaller membranous cores. Some of the cores may In 

turn contain dense particles. Pairs of centrioles, with 

associated satellites and radiatinc microtubules, have been 

found within these large accumulations of vesicles (Fig. 

7.25). Centrioles often occur in the vicinity of the tropho- 

nema (Fig. 7.22), but have not been found elsewhere In the 

oocyte. 

When trophonemata are sectioned horizontally, I-e parallel 

to the gonad surface, It can be seen that the outer surface 

of the oocyteo outside the edge of the trophonemaidepression, 

may be highly folded (Fig. 7.26). This Is In contrast to the 

rest of the oocyte surface %hich is generally smooth. The cyto- 

spines In this region also tend to be smaller and less 

precisely arranged into tufts than elsewhere. 

2. Trophonemal Structure Late in Oortenesis 

The trophonema persists throughout oogenesis, but its 

appearance changes towards the end of the period of oocyte 

growth, as vitellogenic activity begins to decline. Many of 

the micrographs of these late-stage trophonemata are from 

material subjected to tertiary fixation with uranyl acetate. 

As a result, the appearance of glycogen In these sections is 

considerably altered. It can still be recognized as such, 

however, and some other fine structural details are more 

clearly visible. 

The depression in the surface of the gonad epithelium 
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is shallower and less distinct than In earlier stages. 

The apical regions of the trophonenial calls also appear less 

specialized. The cell apices are wider, so the intercellular 

junctions are less closely packed (Fig. 7.27). The septate 

nature of these junctions can just be discerned in this 

micrograph. The apical cytoplasm still contains microfilaments 
but these are less numerous and the cells appear less dense 

than before. Dense granules and small vesicles are perhaps 

more abundant than previously. Large Phacosomcs arc still 

absent. 

The original epithelial arrangement of the trophonemal 

cells is now virtually obscured. Many nuclei occur deep In 

the trophonema, below the level of the mesogloea, and the 

shape of many of the cells appears highly Irregular (Fig. 7.28). 

it is not possible to determine whether all the cells contact 

the exterior surface of the epithelium or whether some are 

entirely contained within the depression In the oocyte. 

Bundles of microfilaments are even more prominent in later 

trophonemal cells than before (Fig. 7.29). The cells still 

contain glycogen deposits, and endoplasmic reticulum and 

Golgi complexes are present In unchanged quantities. 

Towards the end of oocyte growth, the original cup-shaped 

depression in the oocyte surface becomes wider and more 

shallow. The pore in the mesogloea does not increase in size 

proportionally, and becomes much smaller than the depression 

beneath it (see Diagram 12). Thus the mesogloea may be 

separated from the oocyte for a considerable area, and Is 

flanked by the gonad epithelium on the outside and trophonemal 

cells on the inner side (Fig. 7.30). The inner face of the 

mesogloea in this region bears small, sparsely fibrous 
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Diagram 12. 

Diagram illustrating the structure of a trophonema 

associated with a large oocyte. Th- depression in the 

surface of the oocyte is now wider and flatter, and is 

considerably wider than the opening in the mesogloea through 

which the trophonemal cells extend. The lip aroun,! the 

mesogloeal opening is swollen and elaborated, and the 

depression in the gonad surface is broad and shallow. Tufts 

if cytospines project among the trophonemal cell bases, and 

-tensive intercellular junctions are formed where these 

es contact the oocyte surface. 
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Diagram 12. 

Diagram illustrating the structure of a trophonema 

associated with a large oocyte. Th- depression in the 

surface of the oocyte is now wider and flatter, and is 

considerably wider than the opening in the mesogloea through 

which the trophonemal cells extend. The lip aroun! the 

riesogloeal opening is swollen and elaborated, and the 

depression in the gonad surface is broad and shallow. Tufts 

of cytospines project among the trophonemal cell basese and 

extensive intercellular junctions are formed where these 

bases contact the oocyte surface. 
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outgrowths, and well developed muscle processes may lie 

against it (Fig. 7.31). The muscle fibrils lie parallel to 

the mesoglocal layer, and are orientated radially outýards 

from the centre of the pore. It Is not clear whether these 

muscle processes arise from cell bodies located beneath the 

mesosloea, or whether they originate above the mcsogloca and 

enter through the mesocloeal pore. 

The lip of the pore In the mesogloca often shows larger 

mesogloeal outgrowths than elsewhere. The trophoncma cells 

often appear to curve around the lip, as If pinched by It. 

Muscle processes may enter through the pore and Insert on the 

mesogloea on the underside of the lip (Fig. 7.32). The meso- 

gloea may also be elaborated at the rim of the trophonema at 

the point where the mesogloca meets the oocyte. It may bear 

large, irregular outgrowths of virtually non-fibrous material, 

against which muscle processes again may insert (Fig. 7.33). 

often a tuft of cytospines Is found deflected backwards away 

from the trophonema In this area (Fig. 7.34). Occasionally.. 

outgrowths from the oocyte surface occur In this area. These 

may be large and irregular, and may form extensive Inter- 

cellular junctions with the muscle processes (Fig. 7.35). 

The relationship between the oocyte and the trophonemal 

cells remains intimate and essentially unchanged, with close 

membrane contact and cytospine interdigitation (Fig. 7.36). 

The cytdspines often appear more widely spaced In larger 

trophonemata. It may be that the number of cytospines or 

cytospine tufts Involved in the trophonema does not increase 

to keep pace with the lateral expansion of the oocyte depression. 

The ooplasm immediately beneath the trophonema may still 

contain small vesicles, but In much sinaller numbers than in 
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earlier stages, and other inclusions* such as cortical and 

fibrillar granules, are now commonly found In this region 

(Fig. 7.37). 

DISCUSSION 

After entry Into the mesogloca, the oocytes of A. fragacca 

develop with most of their surface separated from any other 

cells by two basal laminae and a layer of mcsogloca of variable 

thickness. Amoebocytes may be found closely flattened around 

parts of the surface of the oocytes (Chapter 6, Section 1), 

but otherwise, the only close contact between the oocyte and 

other cells is provided by the trophonema. The ultrastructural 

details obtained during the present study suggest that the 

trophonema represents a localized and specialized area of 

intimate contact between the developing oocyte and the endo- 

dermal epithelium of the gonad. However, It should not be 

assumed that the mesogloea and basal laminae surrounding the 

rest of the oocyte form an effective barrier to transport 

between oocyte and endoderm. Many classes of molecule may be 

able to pass through basal laminae and connective tissue spaces 

and there is evidence of pinocytosis occurring over the oocyte 

generally (see Chapter 6). 

The establishment of the trophonema during the entry of 

the oocyte into the mesogloea has already been discussed In 

Chapter 5. Once the oocyte is within the mesogloea, and the 

last part of It to enter has retracted to leave the cup-shaped 

depression, specialization of the trophonemal cells begins. 

It seems possible that the pit in the surface of the gonad 

epithelium may be formed by the contraction and narrowing of 

the apical regions of the trophonemal cells. This process may 

involve the large numbers of microfilaments which occur there, 



Possibly associated with the prominent apical interccllular 

junctions. Contraction of cell apices by similar filaments 

interacting with intcrcellular junctions Is thought to occur 

In several locations In higher animals, Including Intestinal 

brush border epithelia (Mooseker ot al, 1983). The large 

number of microfilaments found more basally In the tropho- 

nemal cells may also be Involved in the maintenance of cell 

shape and hence the architecture of the trophonema, Including 

the maintenance of the depression In the oocyte surface 

against its presumable tendency to assume a spherical shape. 

The elaboration of the mesogloea around the lip of the 

trophonemal pore may originate, at least In part, during the 

period of oocyte entry into the mesogloea. During the entry 

of many oocytes, there appears to be an outgrowth of meso- 

gloea around them. This may result In a thickening and 

extension of the lip region, and an apparent deflection of the 

lip away from the oocyte after entry Is complete. This extension 

of the lip region may tend to demarcate and partially Isolate 

the epithellal cells In contact with the oocyte, and hence 

destined to become trophonemal cells, from the rest of the 

epithelium. 

The ultrastructural observations presented here appear 

to be broadly consistent with earlier light and electron micro- 

scope findings, although there appear to be minor variations 

between different species. Wedi and Dunn (1983) describe the 

trophonemata of Urticina lofotenaia as tubular structures, 

connecting the oocytes, through the mesogloea and the endo- 

derm, to the gastrovascular cavity. 

The implication of their description is that the gastro- 

vascular fluid comes into direct contact with the oolemma. 
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A more detailed examination at the EM level would be required 
to confirm this suggestion. Schmidt and Sch'afer (1980) 

illustrate a trophonema from Calliactis paraoitica In which 

the depression in the gonad surface Is much deeper than In 

A. fragacea. The depression extends below the level of the 

mesogloea, and gives a situation close to that of Urtioina. 

A diagrammatic interpretation of their micrograph Is given In 

Diagram 13. In this case* however, a layer of cells separates 

the oocyte from the gastrovascular fluid. These forms of 

trophonema were not encountered In any of the species used 

in the present study. 

In A. fragacea, the oocyte cytospines appear to be an 

important component of the trophonema from the earliest stages 

of its formation (see Chapter 5). Not all sea anemone eggs 

possess cytospines however. Ccreu8 pedunculatus oocytes are 

covered with smaller microvilli (see Chapter 10), and even 

these are absent from the region of the oocyte surface 

adjacent to the trophonema. Some of the major features of 

the trophonema In this species are shown in Diagram 14. In the 

c Calliactis trophonema (Schmidt and Sch'aifer.. 1980; see Diagram 

13), the trophonemal cell bases appear to terminate at the 

level of the tips of the oocyte microvilli. They do not extend 

between them, and so do not contact the oolemma directly. 

Schmidt and Schoafer also illustrate a trophonema from A2=zria 

palliata In which a layer of extracellular material, possibly 

mesogloea, appears to come between the tips of the microvilli 

and the trophonemal cell bases. In these cases, there would 

appear to be a very much less intimate relationship between 

the oocyte surface and the trophonemal cells than is found In 

fragacea. 
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Diagram 13. 

Diagram showing the apparent structure of the 

trophonema in Calliactis para8itica, as shown in an 

electron micrograph in Schmidt and Sch'afer (1980). 

The depression in the surface of the gonad epithelium is 

very deep, and extends below the level of the mesogloea. 

There does not appear to be close membrane contact between 

the trophonemal cells and the oocyte surface. 
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Diagra. n 14. 
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Diagram illustrating the structure of the common 

form of trophonema found in Carous pedunculatus. 

The oocyte generally bears numerous microvilli, but these 

are absent from the area of the trophonema. Close contact 

occurs between the trophonemal cells and the surface of the 

oocyte, but extensive intercellular junction formation 

does not take place. 
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Sch'afer (1983) Indicates that, in early oocytes, there 

Is an accumulation of mitochondria at the animal pole, where 

the trophonema Is situated. These could provide the energy 

needed for active transport. In A. fragacoa, the area of 

ooplasm adjacent to the trophonema Is generally very poorly 

endowed with mitochondria and other organelles, being largely 

filled with small vesicles. A mitochondrial cloud Is apparent 

during the early stages of vitellogenests (see Chapter G). 

it is situated next to the oocyte nucleus, and thus could be 

described as being located at the animal pole, but It has never 

been observed close to the trophonema. Schmidt and Scha'fer 

(1980) describe the cells of the trophonemata associated with 

larger oocytes as being vacuolized. The trophonemal cells of 

A. fragacea do not normally appear vacuolized; on the contrary, 

they often appear more dense and more packed with inclusions 

than other gonad epithelial cells. In particular, they are 

usually richly endowed with glycogen. The trophonemal cells 

shown by Schmidt and Scha'fer appear to contain very ýIttle 

glycogen by comparison. Scha"fer (1983) mentions the occurrence 

of yolk-like granules in the trophonemal cells. In A. fragacea 

yolk-like granules were not found in trophonemal cells, In 

spite of the fact that, at certain times of the year, they 

may be very common in the gonad epithelial cells generally. 

it is thought that these endodermal yolk-like granules are 

derived from the fragmentation of degenerate oocytes (see 

Chapter 9). Thus they do not represent stages in the synthesis 

of yolk material for transport Into the oocyte. 

The overall architecture and the fine structure of the 

trophonema in A. fragacca would appear to be well suited to 

provide a specialized region for the transport of material 
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between the gonad epithelium and the developing oocyte. 

The presence of very large numbers of small, mcmbrane-bound 

vesicles In the ooplasm Immediately adjacent to the tropho- 

nema strongly suggests that this region of the ooycte surface 

is highly active in the uptake of material by pinocytosis. 

It seems likely that these vesicles are largely formed among 

the bases of the cytospines. Working on human placental 

syncytiotrophoblast microvillit Booth and Vanderpuye (1983) 

have suggested that protein molecules to be taken up by a 

microvi I lar surface may fI rst attach to receptor molecules which 

are distributed all over the microvillar membrane. The 

receptors and their bound protein molecules are then swept 

down to the bases of the microvilli where they are incorporated 

Into pinocytotic pits which then pinch off to become vesicles 

and enter the cell. The microfilaments of the core of the 

microvillus may be involved in the basal transport of the 

receptors. The present findings from the trophonema of 

A. fragacea would seem to be entirely consistent with a 

similar mechanism operating in this situation. Smaller mole- 

cules, such as peptides, amino acids, small sugars and fatty 

acids may be transported across the membranes of the cyto- 

spines; transport systems for all these classes of molecules 

are known to be present in the membranes of vertebrate 

intestinal brush-border microvilli (Parsons, 1983). The tropho- 

nemal cells contain large quantities of glycogen and significant 

numbers of lipid droplets; these may be involved in the transfer 

of glucose and fatty acids into the growing oocyte. The 

original source of these nutrients Is presumably the fluid in 

the gastrovascular cavity. Trophonemal cells appear to be 

active in the pinocytotic uptake of material from this fluid, 
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as is the gonad epithelium generally. Phagosomes, Indicative 

of the uptake of large particles, are however, less common In 

trophonemal cells than In the rest of the epithelium. 

No evidence for the uptake of particulate matter, or its 

transfer to the oocyte, was obtained in the P-escnt study. 
Thus it would appear thato during vitellogencsis, the 

trophonema is active in the uptake and transport of small 

molecules and proteins which are then taken up by the oocyte. 

This possibility is investigated furtherusing a more 

experimental approach, in Chapter 8. 

As the oocyte nears maturity, and vitellogenic activity 

declines, the appearance of the trophonema changes, although 

It retains all its fundamental characteristics. The ooplasm 

adjacent to the trophonema comes to contain fewer vesicles 

but greater numbers of other organelles and inclusio, ýs, 

suggesting a reduction In pinocytotic activity. Within the 

trophonemal cells, the bundles of microfilaments and the muscle 

processes become more highly developed, and their insertions 

on the mesogloea become more elaborate. It seems that the 

emphasis in trophonemal function shifts from a nutritive role 

to a mechanical one. As described in Chapter 13, the oocytes 

are expelled through the trophonema during spawning. It seems 

possible that the microfilaments and muscle processes of the 

trophonemal cells may be involved in expelling the oocyte 

through the pore in the mesogloea, through a corresponding gap 

which appears between the trophonemal cells and out Into the 

gastrovascular cavity. 

A trophonema is also found associated with each 

testicular cyst in the male gonad (see Chapter 12). These 
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structures provide interesting examples of somatic cell 

specialization and involvement In germ cell development, In 

a group where such associations are not thought to be highly 

developed. 
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Chapter 8 

OOCYTE NUTRITION 
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INTRODUCTION 

In all coelenterates, the process of digestion takes 

place in two phases. Ingested food within the gastrovascular 

cavity Is acted upon by a range of enzymes produced by 

specialized endodermal gland cells. Small particles liberated 

by this extrace! lular digestion are then phagocytosed by endo- 

dermal cells, and then undergo further digestion Intracellularly. 

Sea anemones as a group are generally predators, although 

the range of prey size varies greatly between species. 

A. fragacea is capable of ingesting relatively large food 

Items, but little Is known of its feeding habits on the shore. 

Digestion has also not been investigated in this species, but 

there have been several studies Involving the similar and 

closely related Actinia equina. Protease, amylase and lipase 

enzymes are all thought to be active during extracellular 

digestion in A. equinao and are secreted by cells In the 

mesenteric filaments (Ishida, 1936; Krigsman and Talbot, 1953). 

Nicol (1959) reported that the filaments closely surround the 

ingested food bolus, so the enzymes are released almost 

directly on to the food and so suffer little dilution by the 

gastrovascular fluid. Some proteins are hydrolysed at least 

as far as polypeptideso and the food bolus disintegrates. 

The intracellular phase of digestion in A. equina has been 

investigated by Van Pract (1976,1978,1980). He concluded 

that specialized cells grouped In parts of the filaments were 

responsible for phagocytosis and Intracellular digestion. 

Some form of transport system must operate to carry nutrients 

to the other parts of the anemone, and Van Pract suggested 

that this might be performed by motile granular amoebocytes. 
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Thus the mesenteric filaments would appear to play a primary 

role in both phases of digestion. 

The supply of nutrients to the developing germ cells is 

an Important aspect Of gametogenesis In all animals, Morpho- 

logical studies of the gonads in A. *4ragacca (see Chapters 3 

and 7) have suggested that the gonad epithelial cells show 

indications of phagocytic activity, and the trophonema seems 

well adapted for the transfer of nutrients from the gastro- 

vascular fluid to the germ calls. A series of simple 

experiments was devised to investigate the role of the gonad 

epithelium, and the trophonemal cells in particular, in germ 

cell nutrition. The ability of various endodermal regions to 

phagocytose food particles was studied using fish blood cells. 

The uptake of protein molecules by the gonad epithelium was 

followed using horseradish peroxidase, and the uptake of 

small molecules by autoradlography. Details of the 

experimental procedures are given in Chapter 2. 

1. Uptake of Fish Red Blood-Cells 
-(FRBC) 

The behaviour of all the anemones after feeding the 

clots of fish blood was broadly similar,. All the clots were 

readily ingested. Within a few minutes after feeding, all 

the anemones extended fully and remained extended for several 

hours If left undisturbed. Those dissected 2 and 6h post 

feedins were still extended when taken for dissection. Those 

which were left for 24 h remained extended for at least 8 h; 

when observed Intermittantly between 8 and 24 h they showed 

variable degrees of contraction. 
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In those anemones dissected 2h post feeding* the lower 

portions of the mcsenteric filaments were found closely 

applied to the remains of the blood clots In a bolus at the 

base of the pharynx; the gastrovascular fluid showed a slight 

pink colouration. By 6h post feeding, all traces of the 

Ingested clots had disappeared and the filaments had returned 

to their normal relaxed positions. The gastrovascular fluid 

was distinctly red in col, our and slightly turbid. At 24 h 

post feeding, the filaments were again In their normal 

positions, and the gastrovascular fluid was clear and colour- 

less. At no stage during the experiment was any colouration 

or turbidity of the seawater around any of the anemones 

observed. 

FRBC within endodermal cells could be distinguished 

clearly in histological preparations. In the anemones 

dissected 2h post feedingl moderate numbers of FRBC could be 

seen in both lower and upper portions of the filaments. 

The structure of the filaments is shown In Diagram 15. In the 

lower filament, the thickened region of mesentery immediately 

adjacent to the filament proper Is active In phagocytosis, 

while the filament itself Is not. This localized region of 

mesentery appears to be functionally linked to the filament, 

and, during the following description the term lower filament 

Is taken to Include this region. Occasional red cells were 

found in the tentacle and body wall, but none in the general 

mesentery or gonad endoderm. 6h post feeding, the endoderm 

of all regions examined contained FRBC. The endoderm of the 

tentacles and body wall was densely and evenly packed with 

large numbers of FRBC (Figs. 8.1.8.2). The mesenterles 
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contained a lower density, which showed some variation between 

areas. The expanded mesentery adjacent to the lower filaments 

contained many FRBC (Figs. 8.3.8.4). The cnidoglandular and 

ciliary tracts of the upper filaments contained none.. but the 

Intermediate tracts were densely packed and the reticular 

tracts rather less so (Figs. 8.5.8.6). The gonads showed a 

moderate uptake of FRBC, which were distributed patchily rather 

than evenly (Figs. 8.7.8.8). 24 h after feeding, the pattern 

of ingested FRBC was the same as after 6 h, but the overall 

numbers of red cells which could be recognized clearly in 

endodermal cells was lower, possibly as a result of intra- 

cellular digestion. 

Gonad and upper filament material from anemones dissected 

6h post feeding was also examined by electron microscopy. 

Again, the FRBC could readily be identified in sections. The 

localized areas of gonad epithelium which contained numbers of 

phagocytosed FRBC showed occasional Pseudopodial extensions 

from the cell apices, but otherwise were similar to the rest of 

the gonad (Fig. 8.9). Most FRBC were found singly within closely 

fitting membranous vacuoles. Occasionally two red cells were 

found In a single vacuole (Fig. 8.10), and sometimes other 

material, of unknown origin, was'also found within the vacuoles. 

No FRBC was found in male or female trophonemal cells. This 

suggests that these cells are not especially active in the 

phagocytic uptake of food particles, but given the patchy 

distribution of FRBC In the gonad generally, it does not rule 

out their Involvement altogether. 

The EM examination of upper filament material confirmed 

the light microscope findings. FRBC were absent from the 

cnidoglandular and ciliary tracts, but present in great 
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numbers in intermediate tracts, and in lesser numbers In the 

reticular tracts. The cells of the intermediate tract bear 

numerous, irregular pseudopodial processes (Fig. 8.11), 

similar to those mentioned above from the gonad, but larger 

and more numerous. Intermediate tract cells also contained 
large heterogeneous inclusions (Fig. 8.12) which may represent 

residual bodies from previous intracellular digestive activity. 

The apical regions of the Intermediate tract cells contain 

small dense granules, similar to those found In the gonad 

epithel; al cells (see Chapter 3). 

The cells of the Intermediate tract are morphologically 

similar to the gonad epithelial cells. Both are capa-le of 

the phagocytic uptake of food particles from the gastro- 

vascular fluid. The intermediate tract cells seem more active 

in this respect, and show features such as an increased number 

of pseudopodia which may be related to this. Some FRBC in 

intermediate tract cells showed a ruffling of their surface 

(Fig. 8.12), 6h after feeding. This might indicate the onset 

of intracellular digestion of the red cells, which was not 

observed in gonad epithelial cells at this time. 

2. Uptake-of Horseradish Peroxidase KHRP) 

In the first HRP uptake experiment, isolated pieces of 

gonad were maintained in vitro and exposed to HRP in seawater 

for 30 min or 3 h. Peroxidase activity was then demonstrated 

by incubating the intact, fixed gonad pieces In Hanker-Yates 

reagent and hydrogen peroxide. When examined with the electron 

microscope, the gonad pieces showed reaction products only in 

the apical regions of the epithelial cells. To check that the 

absence of reaction Product from the central and basal regions 

237. 



of the cells was not due to poor penetration of the Hanker- 

Yates reagent, the experiment was repeated using a slightly 

different procedure. Gonad pieces were exposed to HRP for 2h 

and fixed as before. However, prior to incubation in Hanker- 

Yates reagent, they were cut into 50 pm slices using a freezing 

microtome. The distribution of reaction product was not 

altered by this change in procedure. The results from the 

different HRP exposure times, ranging between 0.5 and 3h were 

also identical. The following description therefore does not 

distinguish between the different treatments. 

The apical regions of untreated gonad epithelial cells 

normally contain an array of small vesicles of various shapes 

and sizes. Many of these vesicles bear a distinctive 

internal bristle coat; a small proportion may also have an 

external bristle coat (Fig. 8.13; see also Chapter 3). Electron 

dense reaction product, indicative of HRP activity, was found 

in the apices of all the gonad epithelial cells, although the 

amount showed some regional variation. The reaction product 

was localized in membrane-bound inclusions of three main 

types (Figs. 8.14,8.15). 

i) Dense deposits were found in small vesicles located close 

to the apical sUrface of the cell. 

li) Very dense deposits were found in larger vesicles located 

further away from the cell surface. 

iii) Rather less dense deposits were found in elongate vesicles 

some distance from the surface. These vesicles appear to 

form part of an irregular tubular system in contrast to 

the discrete, spherical vesicles described above. 

I(I 
238. 



Sometimes reaction product was found deposited on the 

external surface of the apical plasma membrane, usually In 

pits or depressions (Fig. 8.16). Similar deposits were also 

found at the insertions of the microvillf which form collars 

around the bases of cilia (Fig. 8.17). None of the vesicles 

containing reaction product showed the distinctive internal 

bristle coat described above. It may be that the coat is 

obscured by the dense material. 

Trophonemal cells contained variable amounts of reaction 

product, which was distributed in the same way as described 

above for other gonad epithellal cells. No reaction product 

was found in the sub-nuclear or basal regions of any of the 

epithelial cells, or in germ cells or granular amoebocytes. 

Control sections of material either not exposed to HRP or 

incubated In medium lacking hydrogen peroxide also showed no 

reaction product. 

3. Demonstration-of Acid Phosphatase Activity 

All the gonad epithellal cells examined showed membrane- 

bound vesicles containing dense, particulate reaction product 

indicative of acid phosphatase activity. Most of these 

vesicles were located in the apical regions of the cells, 

although a small number were found in the basal regions. Most 

were Irregular in shape and between 300 and 800 nm In diameter. 

Some showed a heavy deposit of reaction product throughout 

the vesicle (Fig. 8.18, large arrows), while in others the 

reaction product was less abundant, or restricted to only a 

part of the vesicle (Fig. 8.18, small arrows). Some heavily 

labelled vesicles contained characteristic angular electron- 

lucent inclusions (Fig. 8.19), and are thought to correspond 
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to the residual body-like Inclusions mentioned by Chapman 

(1974) and others. All of these vesicles appear to represent 

various forms of secondary lysosome. No smaller, homogeneous 

labelled bodies which might represent primary lysosomes were 

found. The dense granules found at the cell apices showed no 

activity, and neither did the small apical vesicles and 

tubules discussed In the previous section on IMP uptake 

(Fig. 8.18). Trophonemal cells showed a similar quantity and 

distribution of reaction product as the rest of the epithelium. 

No reaction product was found in control sections 

incubated in the absence of substrate or in the presence of 

sodium fluoride. Some experimental sections showed small 

dense particles adhering to the apical plasma membranes 

(Fig. 8.18). These particles were not present in control 

sections, but their significance Is unclear. 

Uptake-of Radiolabelled--Precursors 

Isolated gonad pieces maintained in vitro showed the 

ability to take up tritiated D-glucose and the tritiated amino 

acid L-leucine from the external medium. After processing for 

autoradiography, sections from incubated gonad pieces generated 

substantial numbers of silver grains after 4-6 days of auto- 

radiographic exposure. The pattern of silver grain distribution 

was similar in all treatments for both precursor molecule 

types. Different incubation and cold chase times made only 

minor differences. In general, the longer incubation times 

produced a more intense labelling, while longer cold chase 

periods reduced the intensity of the labelling. 

In all cases, the gonad epithelia and the germ cells 

were relatively heavily labelled, while the mesogloea was 

always more lightly labelled. After incubation with leucine, 

240. 



oocyte nuclei and nucleoli were heavily labelled (Figs. 8.20, 

8.21), while after glucose incubation the nucleoli were 
lightly labelled. 

Perhaps the most interesting finding, however, was that 

the trophonemata were always more heavily labelled than the 

rest of the gonadal epithelium (Figs. 8.20-8.23). This was 

true for male and female gonads, for glucose and leucine, and 

for all incubation and chase times. It suggests that the 

trophonemal cells are considerably more active In the uptake 

and incorporation of Precursor molecules than other gonad 

epithelial cells. 

In an attempt to distinguish between uptake and 

incorporation, some gonads were incubated briefly (5 min) in 

tritiated leucine, then fixed Immediately in either 

formaldehyde or glutaraldehyde. However, the pattern of silver 

grains produced was the same in each case, and similar to that 

produced after longer incubation periods. 

In all autoradiographs, the background grain density was 

very low. Unincubated control slides showed very few grains, 

as did regions of emulsion not overlying gonad material in 

experimental slides. Control slides also indicated that no 

chemographic induction or inhibition of grain formation was 

taking place. 

DISCUSSION 

The use of blood clots in studies of anthozoan 

digestion was pioneered by Tiffon and Daireaux (1974). 

They fed clots of chicken blood to Cerianthus Iloydi 

individuals, and concluded that the clots were broken down 

into individual cells during extracellular digestion, and the 
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blood cells were then phagocytosed intact by endodermal cells. 

Clots of fish blood were preferred for the present study, 

since it was hoped that they would retain their shape better 

in seawater and so be more easily recoznized in sections. 

The present results seem consistent with those of Tiffon and 

Dalreaux; the extracellular phase of digestion liberates 

individual, apparently undamaged cells from the clot, which 

are then taken up by endodermal cells. 

Van Praet (1976,1980) investigated the endodermal 

uptake of algal cells in Actinia equina. He demonstrated that 

they were phagocytosed by cells of the intermediate and 

reticular tracts of the upper filaments, and of the mesentery 

close to the lower filaments. 'tie also showed acid phosphatase 

activity in these same cells, and concluded that these 

represented the sites of intracellular digestion. The products 

of intracellular digestion must then be distributed to the 

other regions of the anemone, perhaps by the motile granular 

amoebocytes. The present study has confirmed that the upper 

and lower filaments are indeed important sites of phagocytosis 

and digestion, but has shown that other regions are also 

involved. At) the parts of the anemone investigated showed 

some uptake, and regions such as tentacle endoderm appeared 

to be as active as the filaments. Van Praet did not report 

any activity in other regions, possibly because he confined 

his histological analysis to the filaments and mesenteries. 

If, as the present findings suggest, intracellular digestion 

occurs generally throughout the endoderm, no large-scale 

transport system for the products of this digestion need be 

postulated. Some short-range transfer of nutrients is very 

likely, however, and transfer from endoderm to ectoderm may 
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still be required. Long range transport appears to be 

performed by the circulation of the Zmastrovascular fluid 

before intracellular digestion begins. 

The present study indicates that the gonad epithelial 

cells are also active in Phaeocytosis and Intracellular 

di. sestion. The trophonemata appear to be less active in these 

respects than the rest of the gonad. This finding is perhaps 

consistent with the ultrastructural appearance of the tropho- 

nemal cells (see Chapter 7). Their apices are narrow and 

packed with microfilaments, they do not display pseudopod 

formation, and large phagosomes were not found in their cyto- 

plasm. 

Schlichter (1978) reports the occurrence of 'Pre-oral' 

digestion in some sea anemoneso including Actinia equina. 

The prey is apparently held at the base of the tentacles, and 

the anemone partially closes around it. It Is digested, before 

it enters the mouth, by enzymes secreted by both endoderm and 

ectoderm. This pre-oral digestion liberates dissolved organic 

material which is then taken up by the ectoderm. No direct 

evidence for such a mechanism is given, however. Nothing 

equivalent to this phenomenon was observed either during the 

present feeding experiments or during the routine feeding of 

large numbers of A. fragacea and A. equina maintained in the 

laboratory. On occasions, anemones in poor condition may 

remain partially closed during feeding, and may be slow in 

transferring, food to the mouth, but this is not thought to be 

part of the normal digestive process. 

Horseradish peroxidase is an enzyme, with a molecular 

weight of some 40,000 daltons (Kellin and Hartree, 1951. ) which 

has been used as a protein tracer in numerous studies since 
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its introduction at the electron microscope level by Graham 

and Karnovsky (1966). It has the great advantage that, 

because of its enzymic activity, verv small quantities can be 

detected. Most animal cells do not contain significant 

endogenous peroxidase activity (Straus, 1969). For the 

present study, the technique of Graham and Karnovsky was 

modified according to Hanker et at (1977)0 by the replacement 

of diaminobenzidine in the incubation medium by a mixture of 

pyrocatechoi and para-phenylenediamine dihydrochloride, known 

as Hanker-Yates reagent. Hanker-Yates reagent is thought to 

be safer in use, more sensitive and more specific than 

diaminobenzidine in the demonstration of HRP activity. 

All the gonad epithelia] cells, including the trophonemal 

cells, were capable of taking up HRP, and presumably other 

proteins, from the external medium. The HRP apparently binds 

initially to the plasma membrane, and is then taken up into 

small vesicles. These vesicles are thought to be the same as 

those seen to have an internal bristle coat in unincubated 

sections. Similar, but larger, vesicles have been described 

from hydra digestive cells (Slautterback, 1967). The HRP is 

also found in a tubular system & in larger vacuoles deeper 

within the cell. Since the amount and distribution of the 

reaction product was the same in gonads exposed to HRP for 3h 

as in those exposed for 0.5 h, it seems likely that the apical 

vesicle and tubule systems are in a steady state, with HRP 

leaving the system, presumably by degradation, as fast as It 

is taken up at the cell surface. The presence of numerous 

acid phosphatase positive vesicles beneath the apical cyto- 

plasm suggests that this degradation may be mediated by 

lysosomes. 
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The results of the IMP uptake experiments are entirely 

consistent with modern theories of receptor-mediated endo- 

cytosis. According to these theories, proteins In the external 

medium bind to receptors situated on the apical plasma membrane 

which then pinches inwards to form Initially a pit and later a 

cytoplasmic vesicle. Ultimately, the contents of the vesicles 

are degraded by enzymes of lysosomal origin. Recent Interest 

has centred on the problem of whether or how the receptors 

escape degradation In this way, which would appear to be a 

wasteful process. It now appears that there is another Intra- 

cellular compartment which intervenes between the endocytotic 

vesicles and thia-lysosomes. This compartment is thought to 

consist of membrane-bound vesicles or tubules, known variously 

as endosomes (Helenius et at, 1983) transfer tubules (De Bruyn 

et at, 1984) or 'CURL', the compartment for uncoupling receptor 

and ligand (Geuze et aZ, 1984). Within this compartment, the 

ligands are detached from the receptor molecules, which are 

then recycled, possibly via the Golgi apparatus, to the cell 

membrane. The ligand molecules are transferred to lysosomes 

and degraded. In A. fragacea, the internal bristle coat of 

many vesicles may be composed of receptors, and the irregular 

tubular system may correspond to the CURL or transfer tubules. 

In many mammalian cells, the receptors are highly specific, 

but in A. fragacea gonad epithelial cells they are presumably 

less selective. Extracellular digestion may produce a whole 

range of proteins and polypeptides, and the function of the 

receptors in this case may not be to mediate selective uptake, 

but simply to concentrate molecules at the cell surface prior 

to endocytosis. 
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The autoradiography experiments indicate that Isolated 

gonad pieces can take up and Incorporate small molecules from 

the external medium. Experiments of this sort generally 

require some care in Interpretation. The principle underlying 

such precursor uptake studies Is that autoradiography reveals 

the location of the radionuclides still present in the tissue 

after histological processing. As a rule, the original 

precursor molecules and any small molecules derived from them 

are not retained by standard fixative procedures and are lost 

during processing. Only radiolabelled material which has been 

both taken up by the tissue and incorporated Into larger 

molecules will be retained and visualized by autoradiography. 

Thus only the distribution of newly synthesized macromolecules 

is revealed, which may give little information about routes 

of precursor uptake. A possible complication is that 

glutaraldehyde fixation may retain a proportion of unincorporated 

amino acids. During the present study, a comparison was made 

between glutaraldehyde and formaldehyde fixation after Incu- 

bation in leucine. The Pattern of silver grains obtained was 

essentially the same in both cases, so It appears that 

unincorporated amino acid does not make a significant 

contribution to the overall level of radioactivity under the 

conditions used here. 

Since developing oocytes and male germ cells were found 

to contain radlolabelled molecules, but were not In direct 

contact with the external medium, it follows that molecules 

ta ken up by soma tIc ce IIs mus t have been t ransf er red to the 

germ cells. The mechanism of this transfer is not clear, but 

it is interesting that trophonemal cells appear much more 
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active in the uptake and incorporation of precursor molecules 

than the rest of the gonad epithelium. Given the intimate 

contact between trophonemal calls and germ cells (see Chapters 

7 and 12) It seems very likely that they are involved In the 

transfer process. The autoradiography experiments were 

carried out during the spring, when both male and female germ 

cells were actively growing. It would be interesting to repeat 

the experiments In early summer, when vitellogenesis and 

growth ire in decline, to see if trophonemal activity Is also 

reduced. 

The present autoradlographic findings are not consitent 

with earlier reports that in sea anemones only the ectoderm is 

capable of taking up dissolved organic material. Schlichter 

(1975) immersed anemones for short periods in seawater 

containing labelled amino acids, and found uptake only by the 

ectoderm. She sugzested that this might be related to the 

absence of apical microvilli on endodermal cells. Van Praet 

(1980) found that when intact anemones were immersed In 

labelled amino acids for 2 h, labelling was only ectodermal, 

but after 6h immersion the endoderm was also labelled. 

He concluded that a slow transfer from ectoderm to endoderm 

occurred. Singer (1971) immersed whole and amputated anemones 

in tritiated thymidine. He found incorporation only by ecto- 

dermal cells, and concluded that mitosis did not occur in the 

endoderm which must therefore be maintained by the immigration 

of ectodermal cells. 

At least a partial explanation of this discrepancy may 

be that the gastrovascular fluid is not continually exchanged 

with the external medium, such that endodermal tissues may not 
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always be exposed to the radiolabelled molecules. It has 

been assumed that the siphonoglyphs maintain a constant flow 

of water through the gastrovascular cavity (Stephenson, 1928). 

However, during the present study, after anemones had been fed 

fish blood clots, no leakage of red calls to the outside could 

be detected. This suggests that, at least during extracellular 

digestion, the gastrovascular cavity can be sealed off. 

Further evidence that this is the case Is provided by the work 

of Minasian (1980). In contrast to Singer (1971), described 

above, Minaslan not only immersed anemones in tritlated 

thymidine, but also irrigated their gastrovascular cavities 

by means of a pipette inserted through the mouth. Under these 

conditions, he found uptake by endoderm as well as ectoderm. 

The findings of Van Praet (1980), mentioned above, could also 

possibly be explained by the mouth of the anemone remaining 

closed throughout a brief immersion period, but opening at 

some stage during a prolonged Immersion and permitting uptake 

by the endoderm. 

If the mouth or pharynx can be closed to prevent mixing 

of the gastrovascular fluid with the external medium, then 

this fluid can act as an effective circulation system for the 

distribution of nutrients. Based on the present study and a 

re-evaluation of some Previous work, the following sequence 

of events during sea anemone digestion can be proposed: 

1) When the food bolus reaches the gastrovascular cavity, the 

filaments press closely against It and release enzymes for 

extracellular digestion. High local concentrations of these 

enzymes may be achieved around the food. 

2) As the food mass disintegrates, the filaments return to 

their normal position. The mouth or pharynx is kept closed, 



the anemone remains fully expanded and the products of extra- 

cellular digestion are distributed by circulation of the 

gastrovascular fluid. 

3) Food particles are taken up by phagocytosis by endodermal 

cells in nearly all regions. A few highly specialized cell 

types, such as trophonemal cells and ciliary tract calls may 

not be involved. 

4) When phagocytosis is complete, the mouth opens and the 

siphonoglyphs restore a water current through the pharynx to 

permit the removal of waste material and facilitate gaseous 

exchange. 

A further possibility is that some products of intra- 

cellular digestion could be re-distributed by the gastro- 

vascular fluid. These could serve as a nutrient source for 

those cells which do not carry out significant phagocytosis. 

The structure of the trophonema (see Chapter 7) suggests 

that it is a structure highly specialized for the transfer of 

nutrients to the growing oocytes or male germ cells. However, 

it is not clear what proportion of nutrients are supplied by 

trophonemal cells as opposed to other gonad epithelial cells. 

Compared to the rest of the gonad epithelium, the trophoi-, emal 

cells appear to be less active in phagocytosis, perhaps equal 

in endocytosis, and considerably more active In the 

incorporation of small molecules. The relative contributions 

of these different processes to total germ cell nutrition 

are also not known. 

The relatively high level of protein synthesis shown by 

trophonemal cells compared to the rest of the gonad 

epithelium raises the interesting possibility that they may 
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synthesize protein for export to the developing germ cells. 

In the case of the female gonad, this could mean that a 

proportion of the yolk protein Is synthesized outside the 

oocyte, by specialized somatic cells. 
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Chapter 9 

OOCYTE BREAKDOWN AND RESORPTION 



Oocyte degeneration is a common phenomenon In many 

groups of animals. Breakdown or atresla of oocytes has been 

widely reported from mammals (see Byskov, 1978,1979; Peters 

and McNatty, 1980) and from several invertebrate groups (see 

Adiyodi and Adiyodl, 1983a). In spite of its widespread 

occurrence, very little Is known about the mechanisms by which 

it is brought about or controlled, or the way In which the 

products of breakdown are resorbed. In particular, ultra- 

structural studies are scarce even for mammalian species, and 

there are very few for Invertebrates (e. g Diaz, 1979; 

Eckelbarger et at, 1984). The process has not previously been 

reported from coelenterates. 

In the populations of A. fragacea sampled during the 

present study, oocyte breakdown and resorption occurred In 

most Individuals, and at times, especially close to spawning, 

could affect most of the oocytes in the gonads. This species 

thus affords an excellent opportunity to observe an Important 

process which has previously received little detailed 

attention. 

RLSULT- 

Oocytes may break down at any stage during their develop- 

ment, but there appear to be three points in the annual 

gametogenic cycle when breakdown occurs most frequently. 

The first peak occurs very early in oogenests, when the oocytes 

are less then 12 pm in diameter. The second peak occurs mid- 

way through the cycle in December and January, and Involves 

oocytes between 50 and 80 pm In diameter. The third peak 

occurs among fully grown oocytes at or soon after spawning time. 
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The first two peaks usually Involve relatively small numbers 

of oocyteso but the third peak of oocyte breakdown may be very 

extensive, and in some Individuals may Involve most or 

possibly all of the large oocytes within the gonads. 

1. Breakdown-Early 
-in-Oogenesis 

Among the very smallest oocytes which appear In the 

endoderm during spring and early summer, a small proportion 

show signs of degeneration. These signs often Include 

disruption of the nuclear envelope, and the formation of spaces 

or vacuoles In the nucleus and cytoplasm (Fig. 9.1). The 

chromatin may appear clumped, and the mitochondria may be more 

dense than normal. Cells of this appearance have been 

described in detail as Type III cells in Chapter 4. 

Very occasionally.. rather larger oocytes appear to 

degenerate while still within the endoderm. Fig. 9.2 shows an 

area of endodermal epithelium close to the mesogloea of the 

gonad which contains what appear to be the remains of a pre- 

vitellogenic oocyte. There is a space between the endodermal 

cell bases some 12 pm by 8 jim across. The peripheral region 

of this space contains large numbers of small membrane-bound 

vesicles. The central region of the space contains several 

much larger vesicles. The larger areas contain glycogen, lipid 

droplets and a few very dense mitocho ndria. The space between 

these vesicles is filled with an almost homogeneous matrix of 

finely granular material of low electron density, which has 

separated from the larger membrane-bound areas, possibly during 

fixation. This matrix material Is unlike any material found 

elsewhere in the gonad, but occurs during the degeneration of 

larger oocytes (see subsequent section) and may be produced 
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by the breakdown of some oocyte components. The surrounding 

epithelia] cell bases appear normal and undisrupted. It seems 

likely that this area represents the breakdown products of a 

small oocyte, perhaps 12 pm in diameter, which has degenerated 

prior to migration into the mesogloea. 

2. Breakdown Midway-Through-Oozenesis 

Many oocytes appear to undergo breakdown at the midway 

stage of oogenesis, early during compound yolk granule 

production, at an oocyte diameter of 50-80 pm. Many oocytes 

reach this size during December and January. Apparently one 

of the first organelles to be affected during degeneration Is 

the nucleus. No oocytes whose cytoplasm showed any major or 

general signs of degeneracy were found to contain any vestige 

of a nucleus. Thus it would appear tha the nucleus breaks 

down rapidly early in the degeneration process. 

Fibrillar granules are a very significant cytoplasmic 

constituent In most oocytes of this size, and they appear to 

undergo characteristic changes early during the degenerative 

process. The limiting membrane around each granule loses Its 

integrity, and neighbouring granules can fuse together. 

Fusion of fibrillar granules is occasionally seen In healthy 

oocytes, but never to the extent found during degeneration. 

The granules are also seen attached to areas of non-fibrillar 

material of two rather different forms. One form is more dense 

than the granules themselves, and is rather coarsely granular 

(Fig. 9.3), while the second form is less dense and more finely 

granular (Fig. 9.4). Fusion may proceed further to produce 

extensive confluent areas (Fig. 9.5). These larger areas 

consist mainly of the less dense material, and It seems 



likely that the dense material is an intermediate stage in the 

conversion of the fibrillar granule contents into the homo- 

geneous, less dense substance. 

In most cases, but not all.. the mitochondria change 

markedly In appearance relatively early during degeneration. 

The mitochondrial matrix becomes very much more dense, and 

the organization of the cristae and the inner mitochondrial 

compartment changes (Fig. 9.5). The inner membrane may 

separate from the outer and form an irregular, twisted tube 

or series of tubes tangled within the outer membrane sac 

(Fig. 9.6). In contrast, in a few oocytes, mitochondria of 

virtually normal appearance may be found even when degeneration 

of other components is well advanced. 

Most oocytes of this size do not contain large numbers 

of compound Yolk granules. Among those that do, however, a 

proportion of the granules take on an unusual appearance 

during degeneration. They appear to swell and reduce in 

density to form large, roughly spherical membrane-bound areas 

of coarsely granular material, containing numbers of unchanged 

lipidic inclusions (Fig. 9.7). Most compound granules remain 

unchanged, however, at least during the early stages. 

The cytoplasm may become filled with very large numbers 

of small membranous vesicles (Fig. 9-8). These tend to be 

larger (200-500 nm) than the small vesicles found In healthy 

oocytes, and many contain a wispy fibrillar material. Some, 

at least, of these vesicles may be derived from the oocyte 

endoplasmic reticulum. 

Many of the changes outlined above involve an expansion 

and decondensation of normally compact oocyte components. 

Perhaps as a result of this, there appears to be an Increase 
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In the volume of the oocyte as It degenerates. Often areas 

of degenerate ooplasm can be found outside the remains of the 

basal lamina which originally marked the perimeter of the 

oocyte. These have presumably passed outwards through gaps In 

the basal lamina (Fig. 9.8). Often no trace of cytospines 

can be found on the surface of degenerate oocyteso although 

occasional groups of what may be swollen and distorted cyto- 

spines are seen. 

Degeneration appears to proceed further by the progressive 

expansion of the areas of finely granular material presumably 

derived from the fibrillar granules. These areas may form 

extensive 'lakes't among which are scattered the vesicularized 

remains of the other oocyte components (Fig. 9.9). Further 

evidence that these 'lakes' do derive from fibrillar granules 

is provided by the finding that fibrillar granules are rarely 

found among the remaining areas of ooplasm, In spite of their 

abundance In healthy oocytes of this size. The remaining 

oocyte components gradually disintegrate, until eventually all 

that remains of the oocyte is an irregular mass of fine 

granular material surrounding large numbers of membranous 

vesicles (Fig. 9.10). 

In most cases, the whole oocyte volume appears to 

undergo degeneration at once, but occasionally oocytes are 

found which show localized areas of breakdown while the 

majority of the oocyte seems normal. This may take the form 

of a small depression In the surface of the oocyte containing 

small vesicles and other oocyte constituents embedded in 

finely granular material similar to that described above. 

Often these appear to move away from the oocyte, and may pass 

through the basal lamina (Figs. 9.11,9.12). The oocytes 
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shown In these two microcraphs both contained intact nuclei 

and otherwise normal ooplasm. Fig. 9.13 shows part of a larger 

degenerate region, and In this case other small depressions 

containing finely granular material can be seen close to the 

large area. The ooplasm is also showing signs of vesicular- 

Ization, and It may be that this form of localized degeneration 

can spread and eventually affect the whole oocyte. 

Rarely, normal-looking oocytes of this size are found 

apparently producing blebs from localized areas of their 

surface (Fig. 9.14). These blebs may be 0.5-1.5 jum in diameter 

and contain granular cytoplasm, often with a central area of 

glycogen particles. Less often they contain fibrillar granules, 

and only rarely other components. Whether bleb formation Is 

and early sign of oocyte breakdown or not is not clear. 

3. Degeneration Close to Spawning Time 

very considerable amount of oocyte breakdown may take 

place around spawning time, during July and August. The amount 

of breakdown varies between animals and from year to year, but 

for some animals, the gonads can appear to be filled with 

degenerate oocytes to the same extent as healthy gonads are 

filled with normal ones, suggesting that few eggs can have 

been successfully spawned that season. This may be exceptional, 

but most gonads show a considerable amount of degeneration at 

this time. 

a) The oocyte nucleus 

As with earlier forms of breakdown described above, the 

oocyte nucleus or germinal vesicle appears to be affected 

early in the process. In the great majority of oocytes whose 

cytoplasm appears degenerate, no trace of the nucleus can be 
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found. On rare occasions, however, what may be the breakdown 

products of the nucleus can be discerned. These consist of 

an area within the oocyte free of cytoplasmic organelles but 

containing a finely granular material (Fig. 9.15). Scattered 

through this material are small granules of various sizes, and 

larger dense bodies, which resemble nuclear fibrillar bodies 

(see Chapter 6, Section A). This region is surrounded by a 

layer containing numerous annulate lamellae. Most of these 

are arranged in pairs, although some stacks of three or more 

are seen. Within the pairs or stacks there Is a correspondence 

in the alignment of the pore complexes. Outside this layer 

rich in annulate lamell. ae, a number of membrane-lined clefts 

are found, arranged in a rough circle. The smaller clefts 

appear empty, but the larger ones contain numbers of small 

spherical vesicles, 200-400 nm in diameter. Apart from these, 

the rest of the cytoplasm in Fig. 9.15 appears normal, suggesting 

that nuclear changes take place very early In the degenerative 

process. In oocytes showing other signs of degeneration, 

membrane-bound 'packets' containing annulate lamellae are some- 

times found clustered together (Figs. 9.16,9.17), which may 

represent a later stage in the breakdown of a nuclear area. 

b) Early cytoplasmic changes 

The first sign of degeneration to be noticed in the 

cytoplasm is the appearance of numerous membranous vesicles, 

0.3-0.6 jum in diameter. Many appear empty, while others 

contain a wispy fibrillar material and some contain smaller 

vesicles (Fig. 9.18). Two apparently related types of 

fibrillar material have been found in the ooplasm during the 

early stages of degeneration which were not seen In healthy 
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oocytes. The most common form consists of areas of randomly 

arranged, poorly defined fibrils, dispersed in a finely 

granular matrix (Figs. 9.19-9.21). The second form consists 

of irregular areas of fibrils showing some degree of parallel 

alignment. They may be arranged In separate bundles (Fig. 9.19) 

or merged into a confluent mass (Fig. 9.20). The two forms 

are often found together. Fibrillar material may also be found 

associated with areas of tubular or vesicular material (Fig. 

9.21), whose precise nature could not be ascertained. 

c) Oocyte fragmentation 

The next stage of oocyte breakdown involves the frag- 

mentation of the oocyte cytoplasm into membrane-bound packets. 

These packets appear to be produced in one of three ways, 

although these have much in common: 

i) Overall fragmentation, in which packets form at 

approximately the same time throughout the whole oocyte 

vo I ume, 
ii) Centripetal fragmentation, in which fragmentation begins 

at the Periphery of the oocyte and progressively spreads 

towards its centre, 

iii) Peripheral blebbing, in which packets are produced by 

blebbing from the surface of the oocyte. 

i) Overall framentation 

In this case, fragmentation proceeds by the formation, 

enlargement and fusion of membrane-lined clefts within the 

ooplasm, which split it Into packets. The clefts appear 

simultaneously throughout the ooplasm. They do not form 

randomly, but seem to radiate out from a number of centres or 



foci, each of which Includes a mass of the randomly fibrillar 

material described above. It appears that vesicles and 

tubules become arranged along radii from these masses, and 

fuse together to from the clefts (Fig. 9.22-9.25). Eventually 

the clefts give rise to a rosette of cytoplasmic packets, each 

connected to the central focus by means of a slender process 
(Fig. 9.26). Fig. 9.27 shows several such rosettes In a 

small area of ooplasm. From thin sections it is not possible 

to trace all the connections, but it seems possible that most 

if not all of the packets seen In this micrograph will be 

linked by slender processes to fibrillar foci. Eventually the 

processes become more slender and break (Figs. 9.28,9.29), 

and the fibrillar masses disappear, leaving a mass of separate 

packets. 

The packets average some 2-4 pm In diameter, and contain 

yolk granules, lipid droplets and mitochondria, depending on 

the composition of the ooplasm prior to fragmentation (Fig. 

9.30). Those near the centre of the oocyte area may include 

annulate lamellae. Immediately prior to fragmentation, the 

ooplasm often contains large numbers of membranous vesicles, 

but these are rarely incorporated Into the packets. Membranous 

remnants and vesicles are very commonly found in the spaces 

between the packets (Fig. 9.30), which may lend weight to the 

suggestion that the clefts form by a re-arrangement of these 

vesicles. 

ii) Centripetal fragmentation 

This proceeds in a similar manner to that described 

above, but instead of clefts forming simultaneouslY throughout 

the ooplasm, they form principally at the surface and cut off 

the ooplasmic packets to the outside. In many cases, once 
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the packets have been formed, they move away from the remainder 

of the oocyte. This produces a central, unfragmented region, 

separated by a clear space from a surrounding mass of separate 

packets (Figs. 9.31,9.32). Although the central mass is 

unfragmented, it may contain vesicles and clefts, some of 

which may be incorporated into the packets as they are budded 

off. It seems likely that further subdivision of the packets 

may take place after their separation from the central area. 
The details of the process by which packets are formed 

at the surface of the central region are shown in Figs. 9.33 

and 9.34. As before, vesicles and tubules become arranged 

radially around masses of randomly fibrillar material, and 

clefts form between the surface and these masses. The clefts 

cut off areas of ooplasm, which then separate. How they move 

away from the central area Is not clear. 

III) Peripheral blebbinz 

This process is only observed in a small proportion of 

degenerating oocytes, and it is not fully understood. Membrane- 

bound sacs, 2-4 pm in diameter, are sometimes found around the 

periphery of breaking down oocytes. These sacs differ from 

the ooplasmic packets Produced by the above two mechanisms in 

that their contents do not resemble any part of a healthy 

oocyte. They rarely contain yolk granules or cytoplasmic 

orý, anelles, but are filled with sparse, finely granular cyto- 

plasm (Figs. 9.35,9.36). They are usually found outside the 

basal lamina surrounding the oocyte area. The early stages 

of their formation have not been observed, but It seems likely 

that they arise as outgrowths from the surface of the oocyte 

rather than by subdivision of the ooplasm. The outgrowths 
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then separate from the rest of the oocyte, and may move away 

from it (Fig. 9.37). This process would appear to closely 

resemble the early stages of breakdown of some eggs soon after 

spawning, as described In Chapter 13. 

d) ComDosi-tion of the oor)lasmic Dackets 

The end product of oocyte fragmentation Is that the 

ooplasm is subdivided Into a large number of small, membrane- 

bound packets, 2-4 lim in diameter (Fig. 9.39). Most cyto- 

plasmic constituents appear to be incorporated Into these 

packets without themselves undergoing any major change In their 

appearance. Thus packets are found containing compound yolk 

granules, cortical granules, lipid droplets and mitochondria, 

all of which seem to be quite normal and Identical to those 

in intact oocytes (Fig. 9.40). Golgi complexes may also be 

found In packets, although their appearance may be altered 

(Fig. 9.41). 

The vast majority of f lbri I lar granules are also 

incorporated Into the packets without alteration in their 

appearance. In a few cases, they los(, their limiting membranes 

and form fibrillar areas after incorporation Into packets 

(Fig. 9,42), and, very rarely, extensive 'lakes' of finely 

granular material, similar to that seen during degeneration 

of smaller oocytes, are found (Fig. 9.43). This material may 

well arise by the fusion and decondensation of fibrillar 

granules. Why this should occur on a large scale only in a 

very small proportion of large oocytes is not clear. 

Later In the degeneration process, some of the contents 

of the ooplasmic packets may begin to alter In appearance, 

before being phagocytosed by other cells. In particular, a 
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small proportion of compound yolk granules, which generally 

remain unchanged during fragmentation, may begin to alter. 

They may lose their spherical shape and become Irregular, 

often curving to enclose areas of the surrounding ooplasm or 

other granules (Fig. 9.44). The compound granules within a 

packet may also fuse together, until the entire packet may 

consist of a mass of compound yolk material, traversed by 

strands of ooplasm (Figs. 9.45,9.46). Often a thin rim of 

ooplasm, 50 nm or so wide, Is left around the outside of 

such packets. 

e) ChanRes at the oocyte surface 

Around the periphery of most degenerating oocytes, there 

is no sign of the cytospines (Fig. 9.47), in spite of the fact 

that most healthy large oocytes bear numerous cytospines over 

most of their surface. Ilowever, In a few cases, slender 

cylindrical processes are found around the edge of the area 

of degeneration. These processes are usually tangled and 

irregular, and appear to fall Into two types (Figs. 9.48, 

9.49). The first type are broad, up to 500 nm in diameter and 

are generally fairly straight. They are filled with a 

moderately dense, finely fibrillar material. The second type 

are more slender, usually only 70 nm across, and may extend 

for 5 pm in section, and so may be considerably longer in 

three dimensions. They are often undulating or tangled and 

may show local dilations. They seem to contain a single, 

central longitudinal strand. Both types have only been found 

near the edge of degenerating oocytes, and might represent 

breakdown products of cytospines. Some attach too or originate 

from, ooplasmic packets, and an alternative possibility Is 

that at least the more slender processes represent the 
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remains of the interconnections between the packets formed 

as they separate. 

Healthy oocytes are surrounded by a thin basal lamina, 

and this also appears to undergo alteration as the oocyte 
degenerates. The normal basal lamina is some 100 nm thick, 

and is closely applied to the surface of the oocyte. During 

breakdown, it tends to separate from the oolemmd, and becomes 

folded and irregular. It also becomes less dense and more 
floculent in appearance, and thickens, often reaching 250 nm 
in width. In localized regions, quite large masses of this 

modified basal lamina material can be found (Fig. 9.50). 

As degeneration proceeds and the occyte expands, the basal 

lamina frequently ruptures and ooplasmic packets pass out 

through it. This may result in lengths of basal lamina being 

found well back from the edge of the degenerate oocyte 
(Fig. 9.38). 

f) Breakdown of smaller oOcy_tes at spawl3inz--time 
Smaller oocytes, between 50 and 100 pm In diameter, may 

occasionally be present in the ovary during the spawning 

period, and some of these may undergo breakdown along with the 

fully-grown oocytes. Interestingly, the pattern of 

degeneration shown by these smaller oocytes Is similar to that 

shown by the large ones, and different from that shown by 

oocytes of similar size earlier in the year. Thus, these 

smaller oocytes break up into membrane-bound packets containing 

intact cytoplasmic constituents, rather than degenerating as a 

single mass. The packets produced differ from those from 

larger oocytes, reflecting the different stage of development 

and cytoplasmic composition of the oocytes. Thus they contain 
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fewer yolk granules, and some packets contain only granular 

cytoplasm (Fig. 9.51). Fibrillar granules are an important 

constituent, and modified Golgi complexes are also common. 

Occasionally, some packets contain honeycomb-like masses of 

tubules (Fig. 9.52), which may be derived from endoplasmic 

reticulum, which Is highly developed in normal oocytes of 

this size. Some packets, however, contain normal looking ERo 

often arranged concentrically and following the shape of the 

packet (Fig. 9.53). Rarely, small oocytes degenerating at 

this time, break up Into large, polygonal shaped packets, 

which may be 10 pm across (Fig. 9.54). These were not found 

sufficiently frequently to ascertain their mode of formation.. 

however. Some of the events of large oocyte breakdown are 

summarized in Diagrams 16 and 17. 

g) Resorption of oocyte material 

When oocytes degenerate midway through their growth 

period, during the winter months, the breakdown products 

appear to remain in the mesogloea of the gonad for a 

considerable time, progressively begoming less and less 

organized and recognizable. Eventually all that remains is 

an area of amorphous, finely granular material, in which are 

scattered membranous vesicles of various sizes (Fig. 9.10). 

These areas presumably gradually disperse, since no specific 

mechanism for their removal has been observed. Thus the actual 

lysis and disintegration of the oocyte organelles and reserve 

materials takes place extra cellularly, free In the gonad 

mesogloea. 

When oocytes degenerate during the spawning period, 

howeverl the situation is very different. The oocyte splits 

up into small packets, in which the vast majority of oocyte 
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components remain intact and apparently normal. These packets 

then appear to be taken up by other, non-germinal cell types, 

and only after such uptake do the contents of the packets 

undergo significant degradative changes. Thus the breakdown 

of the organelles and reserve matorials occurs intracellularly 

and this Process Involves both the gonad epithelial cells 

and the granular amoebocytes. 

I) Uptake by granular amoebocytes 

Granular amr-ibocytes are common in both the mesogloca 

and the endoderm of the gonad, and are often found flattened 

around the surface of developing oocytes (see Chapter 6, 

Section [). They usually lie in a specific orientation, 
immediately adjacent to the basal lamina surrounding the 

oolemma. The amoebocytes never penetrate the basal lamina 

to contact the oolemma directly (although they do contact the 

cytospines). In the case of degenerate oocytes, however, 

amoebocytes are often seen extending through the basal lamina 

(Figs. 9.55t 9.56), and alsoapparently, may pass through 

entirely. Thus amoebocytes are sometimes found deep Inside 

degenerate oocytest completely surrounded by ooplasmic packets 
(Fig. 9.57), and slender Proceýses from the amoebocytes often 

extend between the packets. 

Most amoebocytes found within or around degenerating 

oocytes contain recognizable oocyte components, which they 

have presumably phagocytosed. These may include individual 

yolk granules and entire ooplasmic packets (Fig. 9.58). 

occasionally, instances of amoebocytes apparently In the 

process of surrounding and engulfing such packets are seen. 

Some of the oocyte remnants within the amoebocytes appear to 

be undergoing lysis, and residual bodies are sometimes found 
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in these cells. However, especially In amoebocytes containing 

large amounts of ooplasmic material, most of it shows no sign 

of degradation. 

if) Breakdown-in gonad-eDithelial cells 

The gonad endodcnnal epithelial cells In the vicinity of 

degenerate oocytes may contain large amounts of oocyte-derived 

material. The basal regions of some cells may be packed with 

such material, and It may extend Into the nuclear zone (Fig. 

9.59) or even into the apfcal regions of the cells (Fig. 9.60). 

It usually takes the form of membrane-bound packets, 1-3 pm In 

diameter, which presumably correspond to the ooplasmic packets 

produced by oocyte fragmentation. Many of these contain 

clearly recognizable oocyt, ý constituents, most notably compound 

yolk granules, but also mitochondria and fibrillar granules 

(Fig. 9.61). Sometimes areas of fibrillar material presumably 

derived from ruptured fibrillar granules are found (Fig. 9.62). 

Many of these packets appear to be undergoing breakdown, with 

distortion and fusion of the compound yolk granules, and some 

apparently later stages in this Process are also found (Fig. 

9.63). The terminal stages of this intracellular breakdown of 

oocyte remnants are thought to be the structures shown in 

Fig. 9.64. These consist of amorphous, dense granular material 

surrounding a few small vesicles, with no recognizable structures 

discernible. The final fate of these remnants Is not known. 

The amount of Intracellular breakdown of oocyte remnants 

taking place within the epithelial cells would appear to 

vastly exceed that occurring in the granular amoebocytes. 

However, the way in which the epithelial cells take up the 

ooplasmic packets Is not obvious. The epithellal cells are 
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separated from both normal and degenerate oocytes by a layer 

of mesogloea and two basal laminae, except in the region of 

the trophonema. The trophonema does provide a region of 

direct contact with the normal oocyte, but no structures 

corresponding to trophonemata have been observed associated 

with degenerate oocytes in spite of the large number examined. 

The expansion of the oocyte which occurs during breakdown 

may tend to thin and disrupt the mesogloca around It, and the 

basal lamina may be altered and discontinuous, but no epithellal 

cell bases have been observed to pass through these layers and 

contact the packets. However, amoebocytes often straddle the 

boundary between oocyte remnant and epithelium, and it Is 

possible that they could 'shuttle' ooplasmic: packets from the 

mesogloea into the endodermal cell layer (Fig. 9.65). 

DISCUSSION 

The three peaks of oocyte breakdown observed at different 

stages of the gametogenic cycle may well represent three 

different underlying processes. 

a) The breakdown of very small oocytes while still 

within the endoderm may be the result of defects incurred 

during a previous mitosis or during the onset of meiosis. 

The loss of germ cells during the very early stages of 

gametogenesis Is a widespread phenomenon In invertebrates 

(e. g Nieuwkoop and Satasuryao 1981), vertebrates (e. g Nieuwkoop 

and Satasurya, 1979) including mammals (e. g Eddy et at 1981). 

it also occurs during spermatogenesis in A. fragacea (see 

Chapter 11). 

-2171) 



b) During the breakdown of early vitellogenic oocytes, 

signs of degeneration appear In the various cytoplasmic 

organelles and inclusions before the oocyte as a whole begins 

to break up. These changes resemble those seen during 

degeneration or necrosis in a range of somatic cells after 

injury (Trump at al, 1965 and Trump and Ginn, 1969). 

The products of degeneration remain in place for some time and 

gradually disperse; no specific mechanism for their removal 

appears to operate. 

c) During the breakdown of fully grown oocytes close 

to spawning time, the oocyte fragments into membrane-bound 

packets. The process appears well-ordered, and Is initiated 

before degenerative changes in the organelles and inclusions 

are apparent. The packets are then phagocytosed by amoebocytes 

and gonad epithelial cells. 

While the first two forms of breakdown may be the result 

of a failure of some process In normal oocyte development, and 

so may be regarded as pathoglogical, the last form appears to 

be a co-ordinated developmental programme in Its own right, 

resulting in the resorption and recycling of oocyte material. 

The cellular process by which the oocyte breaks Into fragments 

or packets Is unusual, and is not similar to the methods of 

oocyte breakdown found In other groups. One example of a 

possibly similar mechanism Is that of shrinkage necrosis or 

apoptosis (Kerr, 1971; Kerr et at, 1972). This Involves the 

breaking up of cells into a number of membrane-bound, ultra- 

structurally well-preserved fragments, which are then phago- 

cytosed by surrounding cells. Apoptosis, In contrast to 

other forms of necrosis, is thought to be an Inherently 
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programmed phenomenon for the controlled deletion of Cells. 
It occurs in a range of situations in normal adult tissuese 

in embryonic development, and In some malignant tumours. All 

the cell types reported as undergoing apoptosis have been 

within the normal size range for somatic calls; It has not 

previously been found in large cells like the 150 pm diameter 

oocytes involved here. liowever, the parallels between apoptosis 

and controlled oocyte breakdown in A. fragacea are striking. 

Kerr et aZ (1972) point out that the formation of Intact, 

membrane-bound packets during apoptosis prevents release of 

degradation products into the tissue fluid. These products# 

released during other forms of necrosis in higher animals, 

may cause disruption and inflammation of the surrounding 

tissue. In A. fragacea, where oocyte breakdowrT may occur on 

a massive scale, such considerations may be very Important. 

In the few cases where oocyte breakdown has been 

described in detail from other species, the process appears 

less well ordered than In A. fragacea, and more like conventional 

necrosis. In the marine sponge Suberites massa (Diaz, 1979). 

the individual oocyte organelles lose their Integrity and 

autophagic vacuoles appear within the oocyte. Eventually the 

oocytes fragmentbut the fragments are only rarely resorbed by 

phagocytosis. Most fragments are simply expelled from the 

animal. Diaz concluded that in this species, oocyte 

degeneration Is a pathological process. in those species 

where oogenesis occurs In close association with accessory 

cells, these are often also Involved In degeneration. In the 

polychaete annelid CapitelZa (Eckelbarger et aZ, 1984)t signs 

of degeneration are first visible among the organelles within 

the oocytes. Soon, however, pseudopodlal extensions from the 
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follicle cells invade the cortical regions of the oocytes, and 

isolate portions of the ooplasm as spherical mcmbrane-bound 

Inclusions. These are then phagocytosed by the follicle cells. 

This process continues until the oocyte has disintegrated and 

the follicle cells are laden with Inclusions consisting of 

fused lipid and yolk bodies. The first signs of follicular 

degeneration or atresia in mammals appear in the follicle cells 

rather than in the oocyte itself (Byskov, 1979; Peters and 

McNatty, 1980). There Is some evidence that the oocyte 

remains viable and can be rescued from breakdown if removed 

from the follicle cells at an early stage (Peluso.. 1979). 

While somatic cells such as amoebocytes and trophonemal 

cells are Involved In oogenesis In A. fragacea, their role 

during oocyte breakdown may be less extensive than in mammals 

or CapiteZZa. In A. fragacea, the fragmentation of the oocyte 

begins and proceeds apparently quite Independantly of other 

cells. Only after fragmentation Is complete do amoebocytes 

Invade the area. Even then, the extent of their role Is 

uncertain. They are undoubtedly phagocytically active, but 

they are relatively few in number, and the quantity of 

material they digest may be small. The amoebocytes may serve 

to disrupt and disperse the accumulations of fragments, and 

may even pass fragments Into the gonad epithelia. However, 

the majority of resorption and degradation of fragments Is 

carried out within the gonad epithelia] cells. Interestingly, 

Kerr et at (1972) report that during apoptosis, neighbouring 

epithelial cells not normally considered to be phagocytic may 

become so, and may account for a greater proportion of 

resorption than specialized phagocytic cells such as histocytes 

or macrophages. 
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While the breakdown of small and medium size oocytes In 

A. fragacea may be pathological, the resorption of large 

oocytes appears to be a programmed process and may be adaptive. 

Oosorption may provide a mechanism by which the output of the 

gonad may be regulated in response to changing circumstances. 

In this way, energy originally allocated to gamete production 

may be re-directed back into stored energy available for 

somatic growth (Eckelbarger et at, 1984). This may be of 

benefit If external conditions are such that the chance of 

survival of the progeny is low, or if the survival of the adult 

is threatened unless this energy Is made available to It. 

olive et at (1981) argue that oosorption on a large scale is 

Inappropriate for species with a short life span. Obviously, 

oosorption Is of little value to a short-lived animal capable 

of spawning only once. But for animals with longer life spanse 

and with the capability of several gametogenic and spawning 

cycles, oosorption may, Under certain circumstances, be an I\ 

advantageous tactic. 

Sea anemones are generally thought to be long-lived 

animals. Ashworth and Annandale (1904) describe specimens of 

Cereus peduncuZatua which have been maintained in captivity 

for over 65 years. Stephenson (1928) considers that, In the 

wildo anemones can live for hundreds of years under suitable 

conditions. Field studies have not been undertaken for 

A. fragaceao but for A. equinao Rees (pers. comm) found that 

juvenile mortality was very high and adult mortality very 

low at two British sites. More precise Information is 

available for A. tenebroaa (Ottaway, 1981). Based on estimates 

both of annual growth rates and adult mortality, Ottaway 

concluded that mean longevity In a natural population is some 
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50 years, with some individuals living as long as 210 years. 

Ouring the present study, only three small (less than 20 mm 

pedal disc diameter) A. fragacca Individuals were found 

during three years of regular sampling from two different 

sites. This suggests that the level of juvenile recruitment 

into the population Is very low, which In turn suggests that 

adult mortality is also very low. It thus seems likely that 

A. fragacea is similar to some other anemones, and may live 

for perhaps several decades. Stephenson (1928) Indicates that 

there seems to be no decline in reproductive activity with 

increasing age, and all the A. fragacea Individuals collected 

during the present study contained gonads. 

It thus seems likely that most A. fragaoea Individuals 

undergo many gametogenic cycles during their lifetimes. Under 

these circumstances, oocyte resorption may become an Important 

option in the reproductive strategy. As expressed by Calow 

(1984), when extrinsic mortality risks are high for parents, 

then, in general, it pays to take risks to produce offspring. 

Conversely, when parental mortality risks are low, and It 

seems likely that in some sea anemones they are very low, it 

pays to keep investment in reproduction to a minimum. This 

may be especially true In conditions of high population 

density (Olive et al, 1981). 

If it is advantageous for A. fragacea to put relatively 

little effort into reproduction, and as seems likely, most 

oocytes are resorbed each year, it may seem surprising that 

such large scale gametogenesis Is Initiated each year. 

However, resorption of fully grown oocytes may have some 

advantages over reduction of oocyte numbers at the start of 

the cycle. For a species like A. fragacea where egg 
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development takes a long time, perhaps over a year, oosorption 

enables the final 6clslon 
as to how many eggs are to be 

released to be delayed until just prior to spawning. 

The combination of slow oocyte development and extreme 

longevity may make oosorption a Particularly Important process 

for sea anemones. Anemones may also prove to be highly 

suitable organisms for the future study of the phenomenon. 

Oosorption similar to that seen in A. fragacen was also 

observed In A. equina, Careus pedunculatue and Anemonia sulcata 

(see Chapter 10). A similar fragmentation mechanism also 

appears to operate during degeneration of some eggs after 

spawning, and during blastocoele infilling in normal 

development (see Chapter 13). 

The presence of oocytes degenerating In various ways 

calls for caution in the Interpretation of micrographs. Only 

by the detailed examination of a range of stages can structures 

be identified as normal or de&enerate with any confidence. 

Oocyte degeneration was found to be widespread in A. fragacea 

and other species during the present study, but has not been 

identified as such in Previous studies. It may be that some 

features described as normal by some authors are in fact 

features of degenerate oocytes. For example, the description 

of A. equina oocytes surrounded by small vesicles and vacuoles 

and material 'rinsing' through the mesogloea given by 

Schmidt and Schýfer (1980) Is not consistent with the healthy 

oocytes seen in the present study, but could apply to 

degenerate ones. Their Figure 1 would also appear to show a 

degenerate rather than a normal oocyte. The misinterpretation 

of the process of degeneration may lead to more serious 
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difficulties. Schmidt and Scil'afer (1980) observed yolk 

packets In endodermal epithelial cells, and concluded that 

they were indicative of extra-oocytic yolk formation, and 

that intact yolk bodies could be transferred to the growing 

oocytes. On the basis of the present study, it seems much 

more likely that these endodermal Yolk bodies have originated 

from degenerate oocytes, and It appears that transfer of 

complete yolk bodies, into oocytes does not occur. Thus an 

awareness of the process of breakdown may be Important for 

the correct interpretation of many features of oocyte 

development. 
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Chapter 10 

OOGENESIS IN OTHER SPECIES OF ANEMONE 



In addition to Actinia fragaooa, oogenesis was also 

investigated by regular sampling in Aotinia equina, Corcuo 

peduncuZatue, Teatia feZina and Anemonia ouleata. The sampling 

procedures for these species are outlined In Chapter 2. At no 

stage was It intended that these species should be studied 

In the same detail as A. fragacea, but it was thought worth- 

while to examine some other species for comparative purposes. 

Cereus peduncuZatus, in particular, might provide an interesting 

comparison, since It is taxonomically separated from the other 

anemone species studiedo and inhabits a very different 

environment. Previous work had also shown that it could 

employ a variety of reproductive strategies In different 

locations (Rossit 1974). Actinia equina also shows a different 

reproductive strategy from A. fragacea, since it broods its 

young (Chia and Rostron, 1970; Cain, 1974; Carter and Thorpe, 

1979; Gashout and Ormond, 1979; Carter and Thorpe, 1981). 

While the mechanism ofreproduction In A. equina Is still 

controversial, it was thought it might provide an Interesting 

contrast with the closely related A. fragacea. 

In fact, there appear to be very large areas of 

similarity in the process Of oogenesis between all the species 

studied, and so a detailed description of oogenesis in each 

species would prove to be repetitive. Thus, in the following 

description, only those areas which either 

a) Differ markedly from corresponding processes In 

A. fragaceal or 

b) Clarify or confirm areas which remained unclear or 

controversial in the studies of A. fragacca, will be described 



in any detail. Overail, Corcuo provided perhaps the most 

Interesting comparison, and so will be dealt with most 

thoroughly. Only specific asmcts of the other species will 

be considered. 

1. Actinia cquina 

Cytologically, all stages of oogcncsis In A. oquina 

were found to be very similar to those already described for 

A. fragacea. The appearance of most of the oocyte organelles 

and Inclusions appears identical in both species (Fig. 10.1). 

Some points of difference did emerge. 

a) Only approximately one quarter of large A. equina 

individuals In the Population studied contained recognizable 

gonads, compared with 100% for A. fragacea. It also seemed 

that each individual contained fewer, smaller gonads than 

found in A. fragacea, although this was not quantified. 

b) The ooplasm of vitellogenic A. equina oocytes contains 

large numbers of small membranous vesicles and tubules. 

These are similar In size to those found in A. fragacea, but 

tend to be more regular in shape and smoother in outline. 

They are common in central regions close to the nucleus 

(Fig. 10.2) as well as in the peripheral ooplasm. 

c) Fibrillar granules were not observed In A. equina oocytes 

at any stage of their development. The cortical regions of 

some large oocytes contain a small number of Irregular vesicles 

containing material of moderate electron density, but with no 

trace of a fl-brillar substructure (Fig. 10.3). 
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d) Low density granules were only rarely found In the 

peripheral ooplasm of A. equina oocytes. 

The structure of the trophonema, the relationship 

between oocytes and granular amoebocytes, and the mechanism 

of fragmentation and resorption of large oocytes were all 

similar in both species. No Instances where apparently all 

the large oocytes in a gonad underwent resorption were 

observed in A. equina, however. 

2. Cereus pedunculatus 

The surface'of the gonad epithelium In Cercus appears to 

conform to the outline of the developing oocytes more than In 

A. fragacea, so the female gonads resemble mulberries or 

bunches of grapes rather than smooth sheets. The gonads are 

usually dark brown in colour, presumably due to the presence 

of numerous zooxanthellae. 

Examination of samples from varous times of year by 

light microscopy suggests that the gametogenic cycle, If It 

All 

exists at all, is much less clearly defined than in A. fragacea. 

Oocytes of all sizes were found at all times of year, and no 

peak period of small oocyte formation could be discerned. 

The sex ratio of the anemones sampled showed a great 

preponderance of females. Out of over 80 anemones sampledo 

one was hermaphrodite, showing oocytes and testicular cysts 

within the same gonad, and one appeared to be exclusively 

male. All the remainder contained female gonads. However, 

only large anemones were collected, and only a small number 

of gonads from each anemone were examined histologically, so 

this situation may not be true of the population as a whole. 
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The fully grown oocytes are slightly smaller than those of 

A. -Oragacea, reaching 120-140 pm In diameter. 

The ultrastrucutral description of oogenesis has been 

divided into the following six sections: 

a) Previtellogenic stages 

b) Oocyte growth and vitellogenesis 

C) Uptake of other cells by oocytes 

d) Trophonemal structure 

e) Oocyte breakdown and resorption 

f) Algal symblonts. 

a Pre Itel-logenic staggs 

The smallest recognizable female germ cells found in 

Cereus are broadly similar to those described for A. fragacea 

(see Chapter 4). They are small rounded cells, 5-7 pm in 

diameter, with relatively large nuclei, and occur among the 

bases of the gonad epithellal cells, close to the mesogloea. 

As in A. fragacea, the nucleus is generally of very low 

electron density, with wispy, finely fibrillar material, small 

nuclear granules, and usually a single granular nucleolus lying 

in the electron lucent nucleoplasm (Figs. 10.4-10.6). Unlike 

A. fragacea, however, the cytoplasm of these small germ cells 

is also of low density, often appearing no more dense than that 

of the surrounding epithelial cells. This lower cytoplasmic 

density appears to be the result of smaller numbers of free 

ribosomes. Otherwise the organelle content Is similar to 

corresponding cells in A. fragacea. Nuage material was seen 

in all these small cells, and will be described below. The 

outline of these cells may undulate, but is generally very 

smooth, and the membranes of the surrounding cells, both other 
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germ cells and epithelial cells, follow the cell contours 

closely (Figs. 10.4,10.5). Usually the Intermembrane gap is 

narrow, some 25 nmo and very constant around most of the germ 

cell surface. No small vesicles or other materials are 

normally found around the germ cells, and they bear no extra- 

cellular coat of any description. 

A significant difference from the situation in A. fragacea 

Is that these smallest female germ cells often occur In groups 

rather than being scattered through the gonad. They may be 

aligned In rows bordering the mesogloea (Fig. 10.6) or may 

occur as nests of various sizes within the endoderm (Figs. 10.7, 

10.8). There is evidence of mitotic activity among the cells 

within these nests. Some cells show no sign of a nuclear 

envelope, and their chromatin may appear as Irregular, dense 

granular areas, very different from the diffuse nuclear material 

found in cells with a nuclear envelope. Since not all the 

cells within a nest may appear in this condition, It appears 

that mitosis is not synchronous. Cytoplasmic bridges have not 

been observed between the cells of a nest, although their 

membranes lie closely adjacent. 

Slightly larger endodermal germ cells, between 8 and 

15 pm in diameter, are thought to be oocytes. They have a 

more dense nuceleus than the smallest cells, with irregular 

patches of dense chromatin, small nuclear granules and a 

nucleolus (Figs. 10.9-10.11). Rarely, two nucleoli may be 

present, and structures resembling synaptinemal complexes are 

occasionally found (Fig. 10.12). No signs of mitosis or 

nuclear envelope disruption were found in these larger cells. 

The cytoplasm remains of low density although its organelle 

content Increases. Mitochondria may be quite numerous 
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(Fig. 10.10) and may be arranged around the nucleus. Some 

may have Prismatic cristae. Long Individual cisternae of 

endoplasmic reticulum are found (Fig. 10.10) and a Golgi 

complex may be visible (Fig. 10-11). Lipid droplets are 

common, but amounts of glycogen In the cytoplasm tend to be 

lower than for corresponding cells In A. fragaooa. Occasionally 

cytoplasmic axonemes were found (Fig. 10.11). The nuage 

material appears slightly different from that in A. fragaoca 

oocytes, and again may take on a number of forms. Many oocytes 

contain clusters of small dense bodies, each some 60 nm in 

diameter* some of which appear hollow or tubular (Fig. 10.13). 

Often areas of finely granular dense material surround or are 

intermingled with less dense, more fibrillar structures, in a 

similar arrangement to that of A. fragacea (Figs. 10.14,10.15)* 

but rather less regular. Small areas of dense, granular cyto- 

plasm identical to those found In A. fragacea are also common 

(Figs. 10.12,10.13). Several areas of nuage, often of 

different types, may be seen in a section of a single oocyte. 

overall, nuage would appear to be more abundant In Cereus 

oocytes than A. fragacea oocytes of similar size. 

As the oocytes enlarge further In the endoderm, the 

electron density of both nucleus and cytoplasm increases, the 

latter apparently due to greater numbers of free ribosomes 

(Fig. 10.16). No oocytes larger than about 20 pm diameter 

were found in the endoderm, so It seems likely that entry into 

the mesogloea usually occurs before that stage. 

No fibrillar or compound yolk granules were observed 

within the endodermal oocytes, so it appears that vitello- 

genesis normally begins after entry. The process of entry 

into the mesogloea was not observed. 
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b) Oocyte strowth and-vitellOptenesis 

Once the oocytes are within the mesogloea, the phase of 

vegetative oocyte growth and vitellogenesis begins. The nucleus 

increases in size and reduces in density to resemble that of 

vitellogenic A. fragacea oocytes (Fig. 10.17). Initially.. 

smaller nuclear granules are common, but they are found less 

frequently in large oocytes. The nucleolus becomes more 

discrete and enlarges. Unlike In A. fragaceao it may contain 

vacuoles of less dense material resembling the surrounding 

nucleoplasm (Fig. 10.18). Nuclear fibrillar bodies, identical 

to those of A. fragacea are commonly found, usually near the 

periphery of the nucleus (Fig. 10.19). The outline of the 

nuclear envelope is generally undulating, although In one 

oocyte it was seen to be highly folded (Fig. 10.20). Whether 

this Is a normal condition Is not known. Large numbers of 

mitochondria may accumulate In the perinuclear ooplasm in the 

early stages of vitellogenesis (Fig. 10.21). and nuage material 

is often associated with these accur-ulations. Extensive mito- 

chondrial clouds like those of A. fragacea have never been 

observed. 

Rough endoplasmic reticulum is found usually as 

individual clsternae distributed throughout the ooplasm. 

Occasionally, concentric whorls of ER clsternae are found 

(Fig. 10.22) as in A. fragacea. At no time were massive, 

highly ordered perinuclear accumulations of rough ER observed 

in Cereus oocytes. Stacks of annulate lamellae are common 

(Fig. 10.23), and these also show no preference for a peri- 

nuclear location, but may be found throughout the cytoplasm. 

Most seem to be Independant of any ER, but occasionally short 
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lengths of ER may extend from the ends of the annulate lamellac 

(Fig. 10.24). Lipid droplets are common in the ooplasm of 

larger oocytes, and some may be surrounded by single RER 

cisternae (Fig. 10.24). Glycogen Is also found, but usually 

as small deposits (Fig. 10.2S). Massive glycogen deposits 

have not been observed In Cereus oocytes. 

Fibrillar granules are the first oocyte- specific granules 

to appear in Cereue oocytes, as they are for A. fragacea. 

As in A. fragaceao they are membrane-bound and contain roughly 

parallel bundles of fibrils, each of which is X-shaped In cross- 

section (Fig. 10.26). The dimensions of the fibrils are 

similar In both species. In Cereua oocytes, 'low-density' or 

'loosely packed' granules are only rarely seen; when fibrils 

are present, they are usually regularly arranged. However, 

many of these granules In Cereus contain non-fibrillar regions. 

Very often, there is a single, roughly central region containing 

well defined and regularly arranged fibrils, while the remainder 

of the granule contains a granular material with no sign of a 

fibrillar substructure (Fig. 10.27). No granules containing 

more than one fibrillar region have been found, and no inter- 

mediate material between the granular and the fibrillar 

arrangements has been seen. Granules containing Identical 

granular material but apparently lacking fibrillar regions are 

quite commono however (Fig. 10.28). These granules are often 

associated with Golgi complexes, and may represent a stage In 

the formation or maturation of the fibrillar granules (see 

Discussion). In Cereuso most fibrillar granulest including 

large ones, contain fibrils aligned, if only approximately, 
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along a single axis; It may be that fusion of granules already 

containing orientated fibrils is less common than in A. fragacea. 

As In A. fragaccap in nearly fully-grown oocytes, the f1brillar 

granules come to occupy the peripheral regions of the ooplasm. 

il) ComDound-volk zranules 

In Cereus, as In A. fragacea, compound yolk granule 

formation begins later than fibrillar granule formation. 

They also are characterized by containing a number of spherical, 

electron lucent Inclusions, probably lipid droplets, embedded 

in an electron dense matrix. However, they are highly variable 

In appearance. A relatively small proportion closely resemble 

the most common A. fragacoa granules in having a small number 

of relatively large lipid-like inclusions. In Cereue, however, 

most yolk granules contain large numbers of very small Inclusions, 

and there appears to be a continuous spectrum of granules 

containing Inclusions of decreasing size, leading to granules 

of the vesicular type (Fig. 10.29). In these vesicular 

granules, the component vesicles may show signs of a regular 

arrangement (Fig. 10.30). Many Cereus compound yolk granules 

contain large areas of what, at low magnification, appears to 

be homogeneous dense material. These areas may appear solid 

and straight-sided, or they may occupy the periphery of the 

granule (Fig. 10.31). At high magnification, this dense 

material may display a regular para-crystalline lattice sub- 

structure. In Fig. 10.32, the granule appears to contain two 

regions of dense material, with the lattice orientation in 

different planes. Areas of homogeneous dense material may 

also be found within vesicular granules. 

Another class of granule, which does not appear to 

correspond to any type seen in A. fragacea has been found in 
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Corcus oocytes, although much less commonly than those 

described above. These granules may be 1-2 
jum 

in diameter, 

and may be elongate or angular rather than spherical (Fig. 

10.33). They contain material of moderate electron densit-/, 

which is much more coarsely granular than the granular 

component of some fibrillar granules. They also contain a 

small number of lipid-like Inclusions and very small dense 

particles. These granules appear similar to those described 

by Scha'fer (1983), which he called primary yolk granules. 

III) Cortical granulerL 

Cortical granules appear in the cytoplasm relatively late 

during oogenesis. They are similar in size and appearance to 

those described for A. fragacea, but seem to be of slightly 

lower electron density, and some may be more irregular In 

shape (Fig. 10.34). Perhaps because of their lower density, 

a band of more dense material is visible, just beneath the 

limiting membrane, which is not obvious in A. fragacea cortical 

granules (Fig. 10.35). This layer may be 20-50 nm wide, 

varying in thickness around the granule. Otherwise, the 

granule contents appear homogeneous, Golgi complexes 

associated with what appear to be smaller versions of cortical 

granules are common In the peripheral ooplasm (Figs. 10.36, 

10.37). 

Low density granules may be found immediately beneath 

the oolemma, although perhaps less commonly than In A. fragacea* 

They usually contain finely granular material in varying degrees 

of expansion (Fig. 10.38). Some contain material Identical to 

the granular component of fibrillar granules, and as with 

A. fragacca, it is not clear whether they arise from cortical 

I 1; 
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granules or fibrillar granules. Sometimes, these granules 

are surrounded by a layer of finely granular material which 

Is not membrane-bound, and whose significance is unclear 

(Fie. 10.38). 

iv) The oocvte surface 

The surface of large Cerouc oocytes bears a rather sparse 

covering of microvilli. These appear to be much smaller than 

the cytospines on the surface of A. fragacea oocytese and are 

nor organized into characteristic tufts. Most are 80-100 nm 

in diameter, and they usually lie folded against the surface 

of the oocyte (Fig. 10.39). Very few have been found sectioned 

in accurate I. So so It Is difficult to estimate their length. 

However, none have been observed extending for more than 3 pm, 

compared with the 12 
jum cytospines regularly found In large 

A. fragacea oocytes. They do not appear to have a well- 

developed fibrillar core, and only rudimentary rootlets have 

been observed extending from their bases. Broader and less 

regular processes are also found extending from the oocyte 

surface (Fig. 10.39). Whether these represent expanded micro- 

villf or are produced In another way Is not known. 

The oocyte surface may be indented or invaginated In 

several ways. Broad, shallow depressions, up to 300 nm across, 

are frequently found (Fig. 10.39). Typicalo bristle coated 

pinocytotic pits are also common and can occur anywhere on the 

oocyte surface, although they are never present In large numbers 

(Fig. 10.40). Less commonly, deeper clefts may be found in 

the surface. These may be 1-3 pm deep, and may be relatively 

wide and contain microvillf, or they may be very narrow. 

An unusual, bifurcated cleft Is shown in Fig. 10.41. At the 
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bottom of each narrow cleft is an expanded region, where a 

layer of finely fibrillar material lies Immediately beneath 

the oolemma. The significance of these clefts is unknown. 

Mesogloeal oocytes are covered by a layer of basal 

lamina material which appears thicker and more diffuse than 

that found In A. fragacea (Fig. 10.42), averaging some 150 nm 

In thickness. It Is, however, very similar to the basal 

lamina of the gonad epithelia] cells. Granular amoebocytes 

are occasionally found close to the surface of mesoglocal 

oocytes, but do not appear to flatten around them or enter 

into a close or precise relationship with them as was noted 

In A. fragacea. Rarely, non-germinal cell processes are found 

contacting the oocyte surface. These may contain glycogen 

and lipid droplets, and lie closely against the oolemma 

(Fig. 10.42). The intermembrane gap is only some 20 nm, and 

the basal lamina lies outside the processes. It is not certain 

whether these processes extend from amoebocytes or gonad 

epithellal cells. 

C) Uptake--of Small Cells by Oocytes 

Many large Cereua oocytes are seen to contain one or 

several complete small cells. They normally occur in the 

cortical regions of the oocytes, but are usually completely 

surrounded by ooplasm. Most oocytes containing these cells 

are large and already contain cortical granules, so the uptake 

of small cells would appear to be a feature of the late vitello- 

genic period of oocyte growth. 

The cells found within oocytes are always small, some 

5-10 
jum 

in dianeter, with relatively large nuclei. Both nucleus 

and cytoplasm are of generally low electron density (Fig. 10.43) 
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and In appearance and organelle complement these calls resemble 

early oocytes of comparable size described earlier in this 

chapter. Larger Included cells appear more dense than the 

smallest, and may contain glycogen, lipid droplets and 

numerous mitochondria. Many included cells contain material 

resembling the nuage material of early female germ cells, 

(Fig. 10.44), and overall it seems likely that these Included 

cells are oogonia or early oocytes. 

The plasma membrane of the Included cell is closely 

surrounded by another membrane, presumably derived from the 

oolemma of the surrounding oocyte. The two membranes show a 

remarkably constant Intermembrane gap of some 20 nm over 

virtually the whole cell surface (Figs. 10.44,10.45). 

occasionally, double membrane loops and whorls may extend out 

from the surface of the enclosed cell (Fig. 10.44). Sometimes 

the included cells may contain apparently empty areas in the 

cytoplasm which might Indicate the onset of degeneration, but 

no advanced stages of degeneration have been seen. Often two 

included cells may be found close together In the peripheral 

ooplasm of a large oocyte (Fig. 10.46). 

These small cells appear to be taken up by large oocytes 

by a process resembling phagocytosis. Small cells are 

occasionally seen apparently In the process of being surrounded 

and engulfed by large oocytes. The regions of the large oocyte 

involved may have a very irregular outline, with large out- 

growths resembling pseudopodia (Fig. 10.471 and seem to be more 

richly endowed with microvilli than the remainder of the 

oocyte. 

Initial contact between the large oocyte and the cells 

destined for uptake is presumably made by the oocyte microvilli. 
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Occasionally small cells are seen in depressions in the 

surface of large oocytes, and the microvilli may appear to be 

pressed closely around the surface of the small cells 

(Fig. 10.48). The very close membrane apposition between the 

two cells noted above I- already apparent before the process 

of uptake Is complete (Fig. 10.49). The early stages of 

uptake have not been observed, but the small cell must In some 

way penetrate the basal lamina around the large oocyte before 

membrane contact can be established. Sometimes small cells 

still In the process of being engulfed already appear 

degenerate (Fig. 10-50). 

d) The-Tr-or)honema 

Cereus oocytes, like those of A. fragacea, develop In 

association with a trophonema. This structure Is basically 

similar in the two species, but there appear to be some 

differences, which will be considered briefly here. In both 

cases, the trophonema consists of a gap or pore In the meso- 

gloea around the oocyte, through which direct contact between 

the oocyte and the gonad epithellal cells can take place. 

In A. fragacea, and in most cases in Careus, the epithelial 

cell bases project through the pore and terminate In a 

depression In the surface of the oocyte (Fig. 10.51), and the 

oocyte nucleus is displaced towards the trophonema. In Cereus 

however, the area of contact between oocyte and endoderm 

appears to be less specialized. in particular, the depression 

in the oocyte Is generally devoid of microvillf, although these 

may be common on the remainder of the oocyte surface. Close 

membrane contact between oocyte and endodermal cells does 

occur, but extensive intercellular junctions do not form 
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between them. As In A. Oremacea. bundles of microfflaments 

are common In the trophonemal cells, especially close to the 

lip of the pore In the mesogloca (Fir.. 10.52). The ooplasm 

Immediately beneath the area of contact also appears less 

specialized than In A. fragacca. It may contain small 

membranous vesicles, but never In great numbers, and It often 
11 contains cortical and f1brillar granules and compound yolk 

granules, much as the rest of the ooplasm. 

A numbe r of t rophonema ta In Carauo we re f ound I n, wh I ch, 

rather than the epithelia] bases projecting into a depression 

in the oocytet the oocyte protruded out through the pore In 

the mesogloea (Fig. 10.53). Close membrane contact between 

oocyte and endoderm still occurs in this region, and limited 

intercellular junction formation may take place (Fig. 10.54). 

Interestingly, even in these cases of oocyte protrusion, 

epithellal cell bases may still project through the mesogloeal 

pore around Its periphery, spread out beneath the mesogloea 

and contact a shallow depression in the oocyte (Figs. 10.54, 

10.55). The ooplasm within these protrusions may contain 

lower concentrations of granules and organelles than the 

remainder of the oocyte, but is still much more normal in 

appearance than that associated with trophonemata in A. fragacea. 

e) Oocyte 
--- 

Breakdown-and ResorDtion 

The degeneration and resorption of oocytes within the 

gonad was frequently observed In Cereus, although never on the 

scale sometimes found in A. fragacea. The pattern and 

mechanism of breakdown appears iimilar In the two species, 

and so will be described only briefly here. As In A. fragaoea, 

oocytes appear to break down in one of two ways, apparently 
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depending on their size. 

Small and medium sized oocytes (up to some 70 pm In 

diameter) undergo breakdown by a process In which many 

components lose their integrity and coalesce, giving rise to 

extensive areas of finely granular material. The remainder 

of the ooplasm becomes vesiculated and chaotic (Fig. 10.56). 

The oocyte microvilli are apparently not lost very early in 

this process, since swollen and distorted remnants may be 

recognized around the periphery of obviously degenerate 

oocytes. Usually the Integrity of the nucleus Is lost early 

during breakdown, but rarely an apparently intact nucleus and 

nuclear envelope may be seen In a degenerate oocyte, as In 

Fig. 10.57. However, the nucleus In this micrograph contains 

numerous small membranous vesicles, and a structure resembling 

a nucleolus is seen outside the nuclear envelope. It appears 

that while a nucleus is obviously present, It may be abnormal. 

Large oocytes may undergo breakdown by a process of 

fragmentation forming small, membrane-bound packets. The 

contents of these packets are usually unchanged in appearance 

from corresponding structures within healthy oocytes. The 

fragmentation process may proceed from the periphery of the 

oocyte towards its centre (Fig. 10.58). The ooplasmic packets 

are taken up by the endodermal epithelial cells, where final 

degradation of their contents takes place (Fig. 10.59). The 

extensive involvement of granular amoebocytes in the resorption 

of the ooplasmic fragments, as noted for A. fragacea, was not 

observed In Cereus. 
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f) Symbiotic Alpae 

The gonad epithelial cells contain large numbers of 

symbiotic algaeo which elve the gonads a characteristic brown 

colouration. This permits their easy discrimination from the 

surrounding mesentery and filament tissue, which contains few 

algae and is much paler In colour. The algae are found at all 

levels In the epithelial cells, from gonad surface to junction 

with the mesogloea (Figs. 10.60,10.61). 

The algae are enclosed within membrane-bound vacuoles 

within the gonad epithelial cells. Occasionally two algal 

cells are found within a single vacuole, but this Is probably 

Indicative of recent cell division (Fig. 10.62); usually there 

is only a single cell In each vacuole. The algae appear to be 

typical dinoflagellate zooxanthellae, very similar to those 

described by Taylor (1968) from Anerronia sulcata. For this 

reason, they will not be described In detail here. Important 

features of these cells Include the peripherally located 

chloroplast, the nucleus with dense chromosomes, and the dense, 

partly mineralized accumulation body (Figs. 10.63,10.64). 

An important taxonomic feature is the projecting pyrenold, 

surrounded by a thick starch sheath. The contents of the 

pyrenoid are seen to be continuous with the stroma of the 

chloroplast (Fig. 10.64). The cytoplasm also contain mito- 

chondria, starch grains and crystals of calcium oxalate. 

The chloroplast lamellations can be seen to consist of three 

closely associated thylakoids (Fig. 10.65). Most of the algal 

cells seen in Cereus gonads were 7-8 pm In diameter; this Is 

considerably smaller than Taylor's (1968) estimate of 12 pm 

in Anemonia. 
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Algal cells apparently In various stages of 

degeneration were also found in gonad epithelial cells, often 

alongside normal-seeming algae (Figs. 10.66,10.67). It thus 

appears that the algae can pass through several stages of 

their life cycle while within the gonad. 

Algal cells were never observed within oocytes at any 

stage. They were also not found within trophoncmal calls or 

in the mesogloea, or In any form of association with the 

developing oocytes. How the symbionts are passed to the 

progeny is not known. 

TeaZia feZina 

The fully grown oocytes of Tealia feZina are considerably 

larger than those of A. fragacea, reaching some 600 pm in 

diameter. The gonad epithelidl cells are only perhaps 50 
jum 

in height, and the intact female gonads resemble clusters of 

grapes in appearance (Fig.. 10.68). No annual cycle was 

apparent from the sectioned material; large and small oocytes 

were present In all the samples. All the large Individuals 

dissected contained gonads. The sexes appear to be separate, 

and were found in approximately equal numbers. Unlike In the 

other species studied, the large oocytes of TeaZia feZinao If 

teased out of the gonad, are positively bouyant. The smaller 

oocytes resemble the early stages of A. fragaceao but the 

larger oocytes 0150 pm) show some differences, and will be 

described briefly. 

The oocyte nucleus usually appears more dense than the 

surrounding cyoplasm, and may reach 130 pm In diameter. 

It often contains one large and several smaller nucleoll. 

The cytoplasm is dominated by large spherical bodies which 

298. 



appear empty in light microscope sections (Fig. 10.69), but 

which under EM are seen to be lipid droplets (Fig. 10.70). 

They are usually homogeneous, and may reach 15 pm in diameter. 

They are generally absent from the cortical ooplasm, but are 

otherwise evenly distributed, and may Indent the nuclear 

envelope (Fig. 10.69). They sometimes display a more dense 

outer region (Fig. 10.71) but this may be the result of 

extraction, or Incomplete penetration by osmium tetroxide, 

rather than a change In the nature of the Ilpld material. 

The compound yolk granules appear to be of two different 

kinds, although they may be related. The more common type of 

granule is 1-2 pm In diameter, and consists usual. IY of one, 

but occasionally two or three, large lipidic inclusions 

embedded in an electron dense matrix (Fig. 10.71). 

The inclusions are often situated eccentrically, giving the 

granule a flask-like shape, and they may contact or even 

penetrate the outer membrane. The inclusions may show a more 

dense peripheral band as found around some large Ilpid droplets. 

The dense matrix material may appear homogeneous, but It often 

contains fibrillar arrays (Fig. 10.72), hoops of dense material 

coiled around the inclusion (Fig. 10.73) or myelinic membrane 

whorls (Fig. 10.74). The less common form of compound yolk 

granule resembles those of A. fragacea In containing numerous, 

smaller lipidic Inclusions (Fig. 10.75). 

The cytoplasm also contains numbers of granules containing 

a finely granular material of moderate density (Fig. 10.75). 

Sometimes granules of lower density are found, which may 

represent a less condensed form of these granules. 

The peripheral ooplasm contains mitochondria and 

fibrillar granules of various packing densities Mg. 10.76). 
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Some fibrillar granules contain non-fibrillar regions, whose 

contents resemble those of the moderate density granules 

described above (Fig. 19.77). Dense cortical granules occur 

close to the oolemma. The relationship, If any,. bctwc, -n 

fibrillar granuleso moderate density granules and cortical 

granules is uncertain, but their contents, on morphological 

grounds, could all be different condensation states of the 

same material. 

The oocyte surface bears cytospines arranged In tufts, 

like A. fragacea. In large tufts, the cytospine rootlets may 

appear to merge into a large mass in which individual rootlets 

cannot be distinguished (Fig. 10.76). Smaller tufts show 

individual rootletso however (Fig. 10.77). 

Amoebocytes were not observed closely associated with 

oocytes. The structure of the trophonema seems similar to 

: hat of A. fragacea, and involves the oocyte cytospines. No 

signs of the fragmentation of large oocytes was observed by 

electron microscopy. Using the light microscope, basophilic 

lobes were seen around the periphery of a small proportion of 

large oocytes in a sample taken during August. These might be 

indicative of oocyte breakdown, but the mechanism could not be 

ascertained. 

Anemonia sulcata 

Only large Anemonia oulcata Individuals (with a pedal 

disc diameter greater than perhaps 25 mm) reliably contained 

gonads. Anemones of this size were not common on the (sh"ro 

vi Ua- s. and some samples contained only one or two sexual indivi ua 

No annual cycle was obvious from histological sections. Large 

and small oocytes were found at all times of year (Fig. 10.78). 

The largest oocytes were some 240 
jpm 

in diameter, with nuclei 
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up to 60 
jum across. At all sizes, the oocytes broadly 

resembled those of A. fragacoa. 

The cytoplasm of large oocytes contains fibrillar 

granules, compound yolk granules, cortical granules and lipid 

droplets tFig. 10-80), all Similar to those of A. fragacca. 

There Is some dimorphism among the compound yolk granules, 

some ccntaining few, large lipidic Inclusions, while othcrs 

contained numerous small ones. The distinction Is less marked 

than in Tealia, however, and Intermediate forms were found. 

Cortical granules and low density granules occur in the 

peripheral ooplasm, and the oocytes bear tufts of cytospines 

(Fig.. 10.81). Arroebocytes were found among the cytospineso 

adjacent to the basal lamina (Fig. 10.82) just as In 

A. fragacea. The trophonema also seems similar. During the 

summer months, large oocytes undergoing fragmentation into 

rr. errb rane -bound packets were cemmonly observed (Fig. 10.81). 

The gonads are usually pale pink in colour, and the gonad 

epithelial cells contained very few algal cells (Figs. 10.78, 

10.79), although these were often numerous in the rest of the 

mesenterY. 

MCUSSION 

The finding of oocytes of all sizes throughout the year 

in Cereu8, Tealia and Anerronia does not necessarily Indicate 

that these species do not have an annual gametogenic cycle. 

if occyte growth and maturation takes considerably longer than 

one year, as It does in some other anthozoans tFadlallah and 

Pearse, 1982a), and is only weakly synchronized, as In 

A. fragacca, then the cycle may be obscured in histological 
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studies. Coreus Individualso when maintained In the laboratory, 

produce juveniles steadily throughout the summer months. 

Cereus is thought to reproduce parthenogencticallyt at least 

under some circumstances (Rossi, 1974). The scarcity of male 

gonads might argue for this mode of reproduction In the 

. )opulation studied here. The combination of brooding and 

parthenogenesis might favour multiple or continuous spawning, 

rather than single, massive spawnings, and hence the need for 

synchronized occyte maturation may be reduced. In ToaZia and 

Anemonia, the sexes appear to be separate, with approximately 

equal numbers of males and females. These species do not brood, 

but spawning was not observed and little Is known about their 

development. 

The earliest ferrale germ cells observed In Cereue tended 

to be clustered In groups, and several clear instances of 

mitotic activity were found among these cells. In A. fragaccao, 

the corresponding cells tended to be randomly scattered, and 

no clear evidence of mitotic activity was obtained. In view 

of the considerably greater number of cells examined in 

A. fragacea, it seems likely that this apparent absence of 

mitosis does reflect a significant difference between the two 

species. It may be that an oogonial proliferative phase Is 

simply absent during A. fragacea oogenesis, but present in 

Cereus. Another possibility Is that this phase exists in 

A. fragacea but is very restricted In time or space and so was 

missed in sampling. The generally poorer synchronization of 

oocyte development in Cercus might mean that the oogonial 

phase continues over a much longer period, and so was 

encountered more frequently during the sampling procedure. 

The cellular origin of the germ cells is still unclear in 
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both species, however. 

The occurrence of an oogonial phase in Coroua does not 

necessarily affect or Invalidate the argument given In 

Chapter 4, that anemone germ cells may become oocytes at a 

small size and prior to their entry into the mesogloca. No 

signs of mitotic activity were found In calls larger than 8 pm 

diameter in Corcus or A. fragacca, and synaptInemal complexes 

were found In cells of this size. In Coroua, as in A. fragacoas 

the germ cells can apparently enter the masogloca at a range of 

sizes, and presumably some must enter at a very small size in 

order to be found engulfed by larger mesogloeal oocytes. 

However, there is no evidence that cells as large as 20-40 pm 

undergo mitosis and so must still be oogonia as indicated for 

Epiactis prolifera by Dunn (1975) and Anthopleura elegantiosima 

by Jennison (1979). 

In Cereus, the concentration of ribosomes In the cyto- 

plasm of small oocytes, and hence the electron density of 

their cytoplasm, appears to increase during the endodermal 

phase. In A. fragacea, they are always numerous and the cyto- 

plasm appears dense even in the earliest stages. Neither case 

is consistent with the statement of Sch'a'fer and Schnidt (1980) 

that ribasomes appear in the cytoplasm during entry into the 

mesogloea; however, Coreus oocytes come closer to this 

situation than those of A. fragacea. 

Most of the granules and Inclusions which accumulate 

during vitellogenesis In Cercus appear to be directly comparable 

to those of A. fragacea. One type of Inclusion with apparently 

no counterpart in A. fragacca were the irregular, coarsely 

granular bodies. These resenble the primary yolk material 

described by Schafer (1983). However, they were only found In 
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small numbers, and no evidence of their conversion Into other 

granule types was obtained. 

Fibrillar granules were found In vitellogenic oocytes 

of all the species studied with the exception of A. equina. 

Scha"fer and Schmidt (1980) suggested that fibrillar granules 

were involved in the formation of the fibrillar cores of the 

cytospines. Since Corcue oocytes contain abundant fibrillar 

granules, but have small microvilli with poorly developed 

cores, while A. equina oocytes have well-dcveloped cytospines 

but no fibrillar granules, their suggestion seems unlikely. 

In Cereua, Golgi complexes appear to give rise to granules 

containing finely granular material, within which fibrillar 

areas appear at a later stage. Loosely packed fibrillar 

granules were rarely encountered In this species. 

In Ceraus, the compound yolk granules displayed a range 

of forms with different sized lipidic Inclusions. In this 

species vesicular granules would appear to be merely an extreme 

form of compound yolk granule, with very small Inclusions, 

rather than a separate granule type. The dense matrix component 

of some granules showed a paracrystalline substructure, similar 

to that described by Sch'afer (1983). but which was never 

observed In A. fragacea. 

In Cereus, as in A. fragaceaO rough endoplasmic reticulum 

was often found wrapped closely around lipid droplets. The 

very large lipid droplets found in Tealia oocytes, however, 

appear to arise without any ER involvement. The association 

between lipid droplets and smooth ER described by Sch'afer 

(1983) was not observed in any of the species studied here. 

The eggs of Tealia crassicornis are of similar size to those of 
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Tealia folina, and also float in seawater (Chia and Spaulding, 

1972). The lipid droplets In this species are only some 5 pm 

In diameter. Wadi and Dunn (1983) working with Urticina 

Zofotensis (which may be synonomous with T. cz, aaaicornia) found 

lipid droplets 10-15 
jum across, similar to those In T. fetina. 

Low density granules close to the oolemma were observed 

much less freqeuntlY In A. aquPta than A. fragacea. This may 

be related to the absence of fibrillar granules In A. equina 

oocytes. However, the question as to whether low density 

granules arise from fibrillar granules or from cortical 

granules remains uncertain. 

The uptake of small cells by anthozoan oocytes has been 

reported previously. Sch'a"fer (1981) reported such a process 

at the light microscope level for Cereue, and Schmidt and 

Schalfer (1980) observed It with the electron microscope for 

the Edwardsiid Alfredus Zucifugus. The latter authors suggest 

that the ingested cells are oocytes, but also state that they 

originate in the trophonema, and that trophonemal cells them- 

selves are taken up by the large oocytes. The present study 

points to the Ingested cells being oogonla or small oocytes, 

but produced no evidence that they are taken up In the region 

of the trophonema. In A. fragacea, where trophonema formation 

was examined In some detail, It appears that the trophonemal 

cells are derived from epithelial rather than germ cells (see 

Chapter 5). In Cereus, It appears that the Ingested cells 

are early germ cells which enter the mesogloea at an early 

stage, contact a much larger oocyte and are phagocytosed by 

it. Some may be degenerate prior to ingestion, possibly 

corresponding to the Type III cells of A. fragacea (see 

Chapter 4). In some cases, the portions of the large oocytes 
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engaged in uptake activity, have a very indented outline, and 

may be producing pseudopodia or moving through the mesogloca. 

The oocyte as a whole Is presumably tethered by the trophonema 

and does not migrate. Uptake seems a controlled and specific 

process. Close and Precise memb anc apposition is established 

over the entire area of contact between the cells Involved at 

an early stage. This is not a general feature of phagocytosis 

in other situations, and may indicate a recognition system. 

Granular amoebocytes are common In the mesogloca, and often 

contact oocytes, but apparently are never phagocytosed. Close 

membrane apposition does not occur between large oocytes when 

they come into contact: oocyte microvilli may be important in 

the recognition process. 

Small germ cells may be taken up by growing oocytes in 

Hydra (Zihier, 1972; Tardent, 1974) and other hydrozoans 

(Boelsterli, 1975). The uptake of nurse cells by oocytes ha,,, 

also been reported in marine sponges (Fell, 1969). In these 

cases, the ingested cells are present in large numbers and may 

make a significant contribution to the nutrition of the oocyte. 

In Cereus* however, they have only been found In small numberso 

and occupy only a tiny Proportion of the oocyte volume. They 

are not packed with glycogen or other reserve materials, and so 

presumably make only a very small contribution to the nutrition 

of the large oocyte. The significance of these ingested cells 

is quite unclear. 

The structure of the trophonema in A. equina, TeaZia and 

Anemonia seems very similar to that of A. fragacea. The tropho- 

nema in Cereua, however, seems rather less elaborate. The 

absence of cytospines from this region must considerably 
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reduce the area of contact between oocyte and endoderm, and 

the lack of extensive Intercellular junction formation may 

reduce the firmness and Permanence of the relationship. 

It would also appear to be less active functionally. The OoPlasm 

beneath the trophonema appears much less specialized and 

contains fewer vesicles than in A. fragacea. If the mechanism 

suggested for A. fragacea Is correct, and pinocytotic vesicles 

form largely among the bases of the cytospines, then the 

scarcity of such vesicles may be related to the absence of 

cytospines. However, pinocytosis appears to occur on a greater 

scale over the rest of the oocyte surface In Ceroue than In 

A. fragacea; this may compensate for the lower levels at the 

trophonema. Overall, the proportion of nutrient uptake taking 

place via the trophonema may be lower in Cereue. 

The process of oocyte breakdown appears to be very 

similar in both species of Actinia, Carcus and Anemonia. 

in these species, large oocytes degenerate by what appears to 

be an orderly and controlled fragmentation process. No instances 

where all the large 00CYtes in a gonad were undergoing frag- 

mentation were seen apart from in A. fragacca. The weaker 

synchronization of oocyte development in Cereus and Anemonia 

may mean that breakdown occurs at a moderate level over a long 

period, with no episodes of massive breakdown. Large oocyte 

breakdown seems less common in TeaZia; a small number of 

apparently degenerate oocytes were seen with the light micro- 

scope, but none were examined ultrastructurally and the 

details of the process are not known. 

The algal symbionts found In Cereus and Anemonia appear 

to be identical, and the same as those described by Taylor (1968, 

1969). Originally he termed them Symbiodinium microadriaticum. 
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In a later paper, (Taylor, 1971) he revised the Classification 

of several dinoflagellates, taking account of the findings of 

Kevin et at (1969) and proposed that these symbionts should be 

known as Gymniodinium microadriaticum. Howevero most recent 

authors have continued to use Symbiodinium (e. S Colley and 

Trench, 1983). 

While the alga appears Identical In both Coroua and 

Anemonia, there may be differences In the nature of the 

host/alga relationship in the two species. The gonads of 

Anemonia are pink in colour, and contain very few algae. 

Taylor (1968) reported that the algae found In Anemonia 

mesenter'ies were all degenerate or dead. He suggested that 

degenerate algal cells were transferred to the mesenteries 

from whence they were expelled. Cereus gonads on the other 

hand, are brown in colour and contain numerous symblonts. 

Healthy Individualso dividing cells & degenerate cells were 

all found, suggesting that several stages of the algal life 

cycle could be completed within the gonad. 

Taylor (1969) found that, in Anemonia, up to 60% of the 

carbon fixed during photosynthesis by the algae could be 

transferred to the host tissues, and similar results have been 

obtained with other marine coelenterates (e. g Muscatine and 

Cernichiari, 1969; Trench, 1971a, b, c; Lewis and Smith, 1971; 

Shick and Dykens, 1984). The host may also benefit from 

oxygen produced by the algae (Shick-and Brown, 1977). Thus 

the large numbers of symbionts found in Coreus gonads could be 

of nutritional and metabolic benefit to the developing oocytes. 

Nutrient transfer could also take place when algal cells die 

and break down within host tissues. Taylor (1968) suggested 

that this transfer did not occur in Anemonia mesenteries, 
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since the outer layer of the algal cell could not be digested 

by the host and presented a barrier to any nutrient transfer. 

in Cereus gonads, during the present study, however, algal 

cells were observed In apparently advanced stages of 

degeneration and In many cases their outer layers seemed to 

have disintegrated. It thus seems possible that. In this 

species, nutrient transfer from degenerate alga to host 

could take place. 

No algal cells were observed inside or closely associated 

with oocytes at any stage In Carcus or Anemonia, so It seems 

unlikely that they are transferred to the next generation via 

the oocyte. Brooded Cereuc juveniles contain zooxanthellac, 

which they may take up while within their parent's gastro- 

vascular cavity. How algae are transferred In the non- 

brooding Anemonia is unclear. 
of Schmidt and Schafer (1980; Schafer and Schmidto 1980; 

Scha'fer, 1983) have examined oocytes from over 40 anthozoan 

species, withaa view to using features of oocyte structure as 

indicators of taxonomic and evolutionary relationships within 

the group. However, a range of reproductive strategies was 

found even among the small number of anemone species studied 

here. Reproductive tactics such as brooding, parthenogenesis, 

hermaphroditismo and the formation of large, floating eggs may 

all require modifications of the oocyte structure. Until the 

overall strategies of Individual species have been studied in 

some deptho the significance of particular features of oocyte 

morphology will always be uncertain. 
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Chapter 11 

THE ESTABLISHMENT OF THE TESTICULAR CYSTS 
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INTRODUCTION 

In sea anemones generally, spermatogenesis takes place 

in numerous testicular cysts which arc located In the meso- 

gloeal layer of the gonad (Dewel and Clark, 1972). However,, 

as in the female, the germ cells arise Initially among the 

basal regions of the gonad epithelial cells, ind migrate Into 

the mesogloea and establish the testicular cysts. 

Early male anthozoan germ cells are small and are 

difficult to distinguish by light microscopy prior to their 

entry Into the mesogloea. Thus most light microscope studies 

of anthozoan soermatozenesis give few details of the endo- 

dermal Phase of zerm cell development (Chia and Spaulding, 

1972; Chia and Crawford 1973; Dunn, 1975; Jennison, 1979; 

Rinkevich and Loya, 1979; Szmant-Froelich et at, 1980). Chia 

and Rostron (1970) described gametogenesis in Actinia equina, 

but made no mention of a pre-mesogloeal phase. The limited 

number of electron microscope studies of anthozoan spermato- 

genesis have tended to deal mainly with mature sperm structure 

and spermateliosis rather than the earlier stages (Dewel and 

Clark, 1972; Clark and Dewel, 1974; Hinsch and Clark, 1973; 

Hinsch, 1974; Lyke and Robson, 1975; Kleve and Clark, 1976; 

Schmidt and Zissler, 1979; Larkman and Carter, 1980; Schmidt 

and Holtken, 1980; West, 1980). This chapter describes the 

early male germ cells while within the endoderm, their entry 

into the mesogloea and the establishment of the testicular 

cysts. The process of sperm differentiation will be 

described in the next chapter. 
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In A. fragacca, the gonads appear to persist from one 

breeding season to the next. Spawning occurs In summer, during 

June and July, and the next season's male germ cells do not 

appear usually until September, so there Is a short period 

when the male gonds seem to be devoid of germ calls. 

The germ cells arise among the bases of the gonadal 

epithelial cells. Initially they occur singlybut by October 

they are found mainly In small groups, and soon begin to 

migrate into the mesogloea of the gonad. Some individual calls 

may enter the mesogloea singly, but most enter as groups or 

'slugs' of several cells. Once within the mesogloca, the 

groups of germ cells enlarge rapidly by mitosis and possibly 

also by fusion with other groups and single cells to form the 

testicular cysts. By January, the cysts may be 50 pm In 

diameter, and the cells at the centres of the cysts begin to 

undergo meiosis and differentiate Into spermatocytes, sperm- 

atids and eventually sperm. The major events In the establish- 

ment of the testicular cysts are summarized In Diagram 18. 

Throughout this chapter, the early male germ cells prior to 

the completion of entry into the mesogloea are referred to as 

prospermatogonia. The following description of the prosperm- 

atogonia applies both to single cells and those found In groups 

since their appearance and organelle complement are similar. 
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Diagram 18. 
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Summary diagram showing the major steps in the 

establishment of a testicular cyst. Prospermatogonla 

arise singly in the endodermal epithelium (top left), and 

form groups by aggregation or mitosis or both. These 

groups then migrate Into the mesogloea (centre right), but 

the last part of the group to enter retains contact with 

the endoderm and a trophonema develops (centre left). 

A small proportion of prospermatogonia (bottom right) 

enter the mesogloea singly. 
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1. Structure of Prosgermatogonja 

The prospermatogonla are usually first seen lying a few 

micrometres away from the gonadal mcsogloca, among the tangled 

bases of the endodermal epithelia] calls (Fig. 11.1). They are 

small cells, usually 6-7 pm In diameter and usually spherical 

or slightly elongate. They have relatively large nuclei and 

densely staining cytoplasm. The nucleus is usually 2.5-4 um 

in diameter and Is of moderate electron density with irregular 

patches of more dense chromatin material. It also contains 

numerous small dense granules, 50-70 nm in diameter (Fig. 11.2). 

There Is usually a single nucleolus which Is always located 

at the periphery of the nucleus, against the nuclear envelope. 

Rarely two nuclei may be found. The nucleus Is surrounded by 

a typical double membrane nuclear envelope, with occasional 

nuclear pores. The outer membrane of the envelope Is usually 

studded with ribosomes. 

The cytoplasm of the prospermatogonia Is generally dense 

compared with that of the surrounding epithellal cell bases.. 

and contains numerous free ribosomes. The cytoplasm contains 

a small amount of rough endoplasmic reticulum, which may be 

present as short lengths, but typically Is arranged as 

individual long cisternae (Fig. 11.2) which may extend for 

several micrometres around the cell, often close to the surface. 

The clsternae are narrow and contain material of moderate 

electron density. 

The mitochondria usually appear squat and average about 

0.3 x 0.6 
jum 

in section, with a dense matrix and numerous narrow 

shelf-like cristae (Fig. 11.3). They are usually clustered Into 

groups rather than randomly scattered through the cytoplasm. 

4 
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Prospermatogonla are usually seen to contain a single 

Golgi complex, consisting of a few flattened Parallel cisternae 
(Fig. 11.3). The ends of the clsternae may be dilated and 

contain moderately electron dense material, while the complex 
is often surrounded by small, membranc-bound vesicles, 40-80 nm 
in diameter, containing a similar material,, 

The cytoplasm contains dense mcmbranc-bound vesicles of 

various kinds. The largest may be 0.75 pm or more in diameter, 

are spherical and contain a highly electron dense homogeneous 

material (Fig. 11.1). Commonly they are rather smaller, less 

regular in shape and have heterogeneous contents which may 
include membranous material (Figs. 11.4.11-5). These smaller 
bodies are often found in clusters. Some bodies have loosely 

fitting membranes, giving them a 'haloed' appearance. Some 

dense bodies contain an angular electron lucent core (Fig. 11.4). 

Similar bodies have been found in many coelenterate cell types. 

They may show acid phosphatase activity and are often referred 

to as residual body-like Inclusions (Chapman, 1974; Tiffon and 

Hugon, 1977; Larkman and Carter, 1980). Multivesicular bodies, 

which are of lower electron density and contain numerous small 

vesicles are commonly found (Fig. 11.6). Small apparently 

empty membrane-bound vesicles are also common (Fig. 11.4). 

Glycogen is present in all prospermatogonla, usually in 

the form of numerous small deposits scattered throughout the 

cytoplasm (Fig. 11.2), although larger deposits are occasionally 

found. Lipid droplets are also common. These may be 1 )im in 

diameter, and often display areas of lower density, which may 

indicate extraction of components during tissue processing 

(Figs. 11.3,11.5). 
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Each prospermatogonium appears to possess a single 

flagellum. Occasionally the flagellum arises at the surface 

of the cell, but more commonly it originates some distance from 

the surface and runs In a croove or channel In the cytoplasm. 

The groove may be shallow and open (Fig. 11.1), deeper and 

virtually sealed over (Fig. 11.3) or, most commonlyo it may 

be a tube, sealed along Its length, but open at one end (Figs. 

11.4o 11.7). It Is not clear how far the flagellum projects 

beyond the surface of the cell. The flagellum originates from 

a basal apparatus consisting of two centrioles at right angles 

to each other. Occasionally a third or accessory centriole Is 

seen (Fig. 11.8). and the basal apparatus may be seen to 

include a striated rootlet (Fig. 11.9). forming a basal-body- 

rootlet complex similar to that found in many coelenterate 

cells (see Chapter 3). The flagellum has a typical '9+2' 

arrangement of microtubules for most of Its length. Near Its 

insertion, it shows the usual elaborations which have been 

described for other coelenterate flagella and sperm tails 

(Dewel and Clarko 1972; Larkman and Carter, 1980)o Including 

a region where Y-shaped fibrils join the microtubular doublets 

to the flagellar membrane (Fig. 11.11). Lengths of flagellar 

axoneme are frequently found free in the cytoplasmo not 

enclosed by a plasma membrane (Figs. 11.10,11.11). These 

cytoplasmic axonemes usually have a precisely organized 19+21 

arrangement, but occasionally disrupted patterns are seen 

(Fig. 11.12). the significance of which Is not known. 

The prospermatogonla contain both dense and fibrillar 

nuage materials (Figs. 11.13,11.14) which are Identical to 

those found in early oocytes (see Chapters 4 and 5). As In 

the female, more than one area of nuage may occur within a 
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single cell. Hooped fibrillar structures (Fig. 11.1 . 5) similar 

to those found in oocytes (see Chapter 6, Section G) are also 

found, although less commonly. Particulate nuage has not been 

observed in Prospermatogonia.. although It does occur In later 

stages (see Chapter 12). 

Most of the prospermatogonla found singly In the 

endoderm are smooth in outline, but some display slender cyto- 

plasmic processes, which may extend towards and make contact 

with the mesogloea. Occasionally, small side branches extend 

out from the main gonadal mesogloeal layer and may contact 

individual prospermatogonia. Both situations are seen to 

occur In Fig. 11.16. Some prospermatogonla appear to have a 

deep, cylindrical Invagination of the cell surface which may 

contain small vesicles and may be lined with a basal lamina- 

like material (Figs. 11.1,11.11). 

The prospermatogonia appear to arise singly, but 

by October or November, most are found as pairs (Fig. 11.17) 

or small groups (Fig. 11.18). Usually the cells comprising 

these groups are closely packed, being separated from each 

other by a narrow and apparently empty Intermembrane gap. 

Rarely, desmosome-like Intercellular junctions are found 

between adjacent cells (Fig. 11.22). Not uncommonly, however, 

the cells within a group are separated by slender processes 

from the surrounding endodermal epithelial cells (Figs 11.13, 

11.17). These processes often contain bundles of micro- 

filaments (Fig. 11.13) or microtubuies (Fig. 11.21). 

Occasionally the space between neighbouring cells contains 

undulating membranous sheets or whorls (Figs. 11.19,11.20). 

This is most pronounced around a small minority of cells which 

appear to have shrunk away from their nelghbours (Fig. 11.19). 
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In section these 'shrunken calls' appear to have only a very 

thin rim of cytoplasm surrounding the nucleus. 

Intercellular bridges have not. been observed between 

the prospermatogonia comprising the groups within the cndo- 

derm. In some groups, the cells appear to radiate out from 

a central focus (Fig. 11.18), and often pairs of calls are 

found separated by a mass of small membranous vesicles (Fir.. 

11.20), but cytoplasmic continuity has bever been observed. 

No instances of cells undergoing mitosis while vilthin ando- 

dermal groups have been seent but this should not be taken as 

strong evidence that mitosis does not occur (see Discussion). 

in the region where the gonad joins the mesenteric 

retractor muscle, the epithelial cell muscle processes are 

more highly developed and the mesogloea Is thicker and contains 

more collagen fibrils which are more regularly packed than Is 

normal In the rest of the gonad. Cells which In many ways 

resemble germ cells are frequently encountered In this region. 

These cells tend to be elongate and spindle-shaped rather than 

rounded, and their mitochondria tend to be small and dense, 

but otherwise they are very similar to the prospermatogonia 

described above. They lie In the usual position, a few micro- 

metres back from the mesogloea and the muscle processes 

(Fig. 11.23). Whether their unusual elongate shape Is rierely 

imposed by shape changes In the muscular tissue around theme 

or whether they represent a separate cell populationp distinct 

from the majority of male germ cells, Is not known. 

ýI 
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2. Entry I[Ito-the-Mesonloca 

After a period within the endodermal cell layers, the 

prospermatogonla migrate Into the mesogloea of the gonad. 

This process was observed In samples taken during October and 

November. A small proportion of cells may enter the mesogloca 

singly (Fig. 11.24) but by this time most prospermatoconia 

occur In the endodcrm as groups, and these groups enter the 

mesogloea as 'slugs' or eloneate clusters of cells. The 

mechanism of locomotion of both lslu&sl and single cells Is 

not clear. The cells show no obvious morphological special- 

izations for movement, but move between the epithellal cell 

bases by what is presumed to be some form of amoebold movemento 

as was suggested for oocytes (see Chapter 5). The epithelia) 

cell bases themselves may contributeto the movement of the 

germ cells. By whatever means, the prospermatogonia separate 

the bases and muscle processes and make contact with the basal 

lamina lining the mesogloca. Once contact has been made, 

mesogloeal outgrowth around the germ cells may play an 

important part in the entry process. In Fig. 11.250 a group 

of prospermatogonia lies in contact with the basal lamina, but 

as yet does not Protrude beyond the line of the mesogloeal- 

endoderm boundary. Slender extensions of the mesogloea appear 

to be growing out around the edges of the group of germ cells. 

Soon, however, the group of prospermatogonia does protrude 

into the mesogloea proper. As the cells pass into the meso- 

glaea, they do not break through the basal lamina but rather 

push it into the mesogloea ahead of them. Thus the 'slug' of 

prospermatogonia becomes covered by the basal lamina as it 

enters (Fig. 11.26 and Diagram 19). During entry, the 'slug' 
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Diagram 19. 

Diagram Illustrating the main features of entry 

into the mesogloea. The group or 'Slug' of prospermatogonia 

becomes constricted into an hourglass shape as It passes 

from the endoderm into the mesogloea. Mesogloeal outgrowth 

(arrows) usually occurs around the entering group, and 

the group becomes covered by the basal lamina during entry. 
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is usually constricted at the mesogloca/andoderm boundary, 

giving It a distinctive hour-glass shape (Fig. 11.28). Some 

of the cells within such a 'slug' become elongate during this 

process, but whether this shape change Is active or passive 

is not known. The leading part of the group expands within 

the mesogloca as more calls enter, finally producing a 

roughly spherical group of cells within the mesogloca after 

entry is complete. 

It appears that the last part of the prospcrmatoconial 

group to enter the mesogloca retains contact with the endo- 

dermal cell bases adjacent to it, and these bases are dragged 

into the mesogloca behind the germ cells. This produces a 

'plug' of endodermal bases between the mesoglocal outgrowths 

around the prospermatogonia (Fig. 11.27). This 'plug' 

preventsovergrowth of this region by the mesogloea, and the 

contact between germ cells and endoderm Is maintained through- 

out spermatogenesis. It also means that the basal lamina 

around the germ cells remains continuous with that of the 

gonadal epithelium. Close membrane contact between endoderm 

and germ cells occurs in this region, although no elaborations 

such as intercellular junctions have been observed forming 

between the two. The endodermal cell bases are often rich in 

glycogen and lipid droplets, and may contain bundles of micro- 

filaments. At a later stage, the endodermal cells In contact 

with the germ cells begin to specialize and give rise to a 

structure which, by analogy with the female gonad, may be 

termed a trophonema (see Discussion). The nuclei of the endo- 

dermal cells are normally located apically but after the 

initiation of the trophonema, endodermal nuclei are often 
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found close to the region of contact with the germ cells 

(Fig. 11.29). The major features of this stage are shown 

In Diagram 20. 

During and soon after entry into the mesogloca, many 

groups of Prospermatogonia contain usually a single cell of 

rather different appearance. These cells are the some size 

and shape as the germ cells, but are of much lower electron 

density, and hence have been termed 'light calls' (Fig. 11.30). 

Their nuclei are surrounded by an intact nuclear envelope 

but contain only a faint, finely fibrillar material. Their 

cytoplasm also appears sparse and poorly organized (Fig. 11.31). 

it may contain normal-looking mitochondria, but other organelles 

are either disrupted or absent. The cell membrane may also 

appear discontinuous. The cytoplasm may contain axonemal 

microtubules and structures resembling nuage material, so It 

seems likely that these cells originate from germ cells, 

although they now appear to be degenerate. Occasionally, one 

or more prospermatogonia may appear to become separated from 

a group and be 'left behind' in the endoderm as the group 

enters the mesogloea. These cells appear to degenerate 

rapidly (Fig. 11.27) but at no stage come to resemble 'light 

cells'. 

As the groups of germ cells enter the mesogloea, they 

very often become associated with granular amoebocytes. 

The amoebocytes become flattened around the groups of 

prospermatogonla and are always positioned In a similar way, 

which suggests that this association is not merely fortuitous. 

They come to lie closely against the layer of basal lamina 

which surrounds the germ cells, and thus separate the basal 

lamina from the fibrous mesogloca (Fig. 11.32). A variable 
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Diagram 20. 

Diagram illustrating the relationship between the 

spermatogonia (bottom) and the endoderm soon after entry 

into the mesogloea. The endodermal epithelial cells between 

the mesogloeal extensions (ex) remain in contact with the 

spermatogonia and begin to specialize to form the trophonema. 

Some of these cells appear to depart from the normal epithelial 

arrangement and have their nuclei close to the Interface with 

the germ cells. 
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proportion of the surface of the prospermatogonial group may 

become covered in this way, but amoebocytes never form a 

continuous layer around the germ cells. 

Once entry into the mesogloca Is complete, the groups 

of germ cells enlarge to form the testicular cysts In which 

sperm differentiation takes place. The original gonad meso- 

gloea was only a few micrometeres thick, and the testIcular 

cysts may reach a diameter of 150 pm at maturity, so the meso- 

gloea and epithelial sheets of the gonad are deformed as the 

cysts enlarge. The layer of mesogloea around the cysts becomes 

thinner and less well endowed with collagen fibrils as the 

cysts grow (Figs. 11.33-11.35). Cells undergoing mitosis are 

seen occasionally, although not frequently, in early growing 

cysts (Fig. 11.34). In these cells, the mitochondria and 

cisternae of endoplasmic reticulum may become ringed around 

the nuclear area as mitosis proceeds. The cysts may reach a 

considerable sizeo perhaps 50 pm in diameter (Fig. 11.35)o 

before cells at the centre of the cysts begin to differentiate 

to become spermatocytes and begin meiosis. 

During January and February, at a time when most 

prospermatogonia have left the endoderm and entered the meso- 

gloea, cells resembling germ cells are occasionally found In 

the endoderm. These cells are often found at the periphery 

of the gonad, especially near its junction with the retractor 

muscle. These cells may be larger than most prospermatogonia, 

reaching 10 pm in diameter. Thei, r cytoplasm may be more 

extensive and contain greater quantities of glycogen and 

lipid (Fig. 11.36). It may also contain nuage material and 

hooped fibrillar structures. Thus these cells closely 
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resemble prospermatogonia or Perhaps oocytes of similar 

size. 

DISCUSSLON 

The early male germ cells of A. fragaoca described in 

this thesis are similar in appearance, although not In 

behaviour, to the early female germ cells described In 

Chapters 4 and S. Both types of cell morphologically resemble 

the interstitial cells found In Hydrozoa. These have been 

extensively studied, especially In Hydra (for a review, see 

Bode and David* 1978) and which are known to give rise to the 

gametes. However, the origin of anthozoan germ cells is less 

certain, and the present study has not provided evidence to 

confirm previous light microscope reports (Dunn, 1975; 

Jennison, 1979; Szmant-Froehlich et at, 1980) that anthozoan 

germ cells also derive from interstitial cells. In A. fragacca 

the prospermatogonia seem to arise, evenly distributed 

throughout the gonad, in early autumn. No population of inter- 

stitial cells could be identified within the gonad prior to 

that time. It is possible that the germ cells could arise at 

an extra-goradal site and migrate into the gonad, but no 

evidence of this was found. At present, the origin of the 

germ cells of both sexes in A. fragacca remains unclear, and 

in the absence of firm evidence, it is perhaps unwise to assume 

that they derive from Interstitial cells. It should perhaps 

be mentioned that, in a recent review, Miller (1983) quotes 

Schincariol and Habowsky (1972) as indicating that the gonads 

in Hydra arise by the de-differentiation of ectodermal 

epithelia] cells into cells which form the spermatogonia. 

However, there is no mention of such a process in this paper 
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and it is not the generally accepted mechanism* 

Schmidt and Holtken (1980), speaking of the Anthozoa as 

a whole, state that the early male cells differ from early 

oogenic cells only by having a prominent centriolar complex. 

In A. fragaceat however, this distinction would not appear to 

hold true, since the early female cells may have flagella and 

centriolar complexes Identical to those found in the male. 

The present study has revealed minor differences between 

early male and female germ cells, although they are undoubtedly 

very similar. In the population of anemones studied here, the 

early female germ cells first appear In the cndoderm in late 

spring and enter the mesogloca throughout the summer months. 

Prospermato&onia, on the other hand, first appear in September 

or October, and generally have entered the mesogloea by 

December. The prospermatogonla tend to have more dense nuclei 

with better-defined nucleoli than do female germ cells of 

comparable size, and their cytoplasm contains more dense bodies 

and multivesicular bodies than in the female. The single long 

cisternae of endoplasmic reticulum would also seem to be a 

predominantly male characteristic, and the male cells usually 

contain less glycogen and lipid than female cells of the same 

size. However, these differences are not markedo and may be 

obscured by the considerable variation In appearance shown by 

different cells even from the same animal. 

in A. fragaceao flagella and associated centriolar 

structures were found even in the very earliest male germ cells 

observed. Flagella were found among groups of prospermatogonia 

in the endoderm and enterinz the mesogloea which did not 

appear to contain any later stage cells. Dewel and Clark 

(1972) found flagella and associated structures in sperm- 
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atocytes of the sea anemone Bunodoooma cavernata and remarked 

that It was interesting that they should occur In pre-spcrmatid 

stages. Hanisch (1972) found that In the hydrozoan Eudandrium 

racemosum flagella first appear at the primary spermatocyte 

stage. Schmidt and Holtken (1980) found flagella In early 

anthozoan male cells, and raised the possibility that this 

finding might be evidence that the germ cells had arlsen from 

flagellated endodermal epithelial cells. While no evidence 

that this was the case was obtained In the present study, It 

remains an interesting suggestion. 

Schmidt and Holtken (1980) also found flagellar axonemes 

lying within the cytoplasm of anthozoan germ calls, as was 

found In A. fragacea. They suggest that they might represent 

a stage in the formation of the typical external flagellum. 

Such cytoplasmic axonemes were not found In early female germ 

cells in A. fragacea and have not been reported from females 

of other anemone species. 

The finding of nuage material In male as well as female 

germ cells increases the likelihood of It having a specific 

role in germ cell determination, rather than it being some 

form of metabolic Intermediate as has been suggested In other 

species (e. g Kessel, 1968a; Boelsteril, 1977). The possible 

significance of nuage has been discussed In Chapter 6, 

Section G. 

The prospermatogonia generally form goups within the 

endoderm before they enter the mesogloea. How these groups 

arise is not clear. It seems likely that they arise by 

mitosis of individual prospermatogonia, but confluence of 

individual cells to form groups may well also occur. Mitosis 

was not observed among endodermal prospermatogonlao but then 
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it was only rarely observed In growing testicular cysts In 

the mesogloca, where presumably mitosis must occur frequently. 

It has been suggested that mitosis may be of short duration 

in sea anemones (Doumenc, 1977) and so Is rarely seen in 

random sections. In contrast* Schincariol and 11abowsky (1972) 

were able to describe mitosis in the primary spcrmatogonla of 

Hydra fusca in some detail. In some endodermal goups in 

A. fragaccap the Prospermatogonla are closely packed and 

separated by only narrow Intercellular gaps. In other groups, 

however, slender processes from the surrounding epithelial 

cells extend between the germ cells. This might suggest that 

the cells In these groups had migrated towards each other 

rather than forming as the result of mitosis. Alternatively, 

the epithelial processes might push their way between the 

daughter cells after mitosis. Many of the processes contain 

bundles of microfilaments and microtubules, and so could be 

capable of such movements. 

TVe spermatogonla of many animal species Including 

mammals tend to be connected by Intercellular bridges (Dym and 

Fawcett, 1971). Such bridges have also been reported between 

Hydra spermatogonia (Stagni and Lucchi, 1970). These bridges 

are the result of Incomplete cytokinests after cell division, 

and may serve to synchronize the development of conjoined 

cells. In A. fragacea* intercellular bridges occur between 

spermatids (see Chapter 12). but have not been observed between 

spermatogonia. Several prospermatogonla within a group some- 

times appear to radiate from a common focus, and pairs of 

cells may give the impression of having only recently separated, 

but cytoplasmic continuity between prospermatogonia has not 
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been observed. The signif'cance of the vesicles and undulating 

membranes found between some cells In groups Is not under- 

stood. Thus, from the present study, It Is not possible to 

ascertain whether the groups of cells which migrate into the 

mesogloea are bloneslarising from the division of a single 

early germ cell, or are aggre., ations of cells from different 

Ic I ones?. 
After the endodermal phase, the groups of prospermato- 

gonia enter the mesogloea, although a small proportion of cells 

may enter singly. The migration of groups of male germ cells 

Into the mesogloea has been reported for the anemone Anthoploura 

elegantissima by Jennison (1979). The method of movement of 

these 'slugs' of cells Is not clear, but their behaviour Is 

similar in many ways to that of oocytes which enter the meso- 

gloea of the female gonad individually. In both caseso the 

cells display no obvious specializations either for cell loco- 

motion or for Penetrating the mesogloea. Slugs of prosperm- 

atogonia often become constricted into hour-glass shapes as 

they enter, a situation often encountered during oocyte entry 

(Dunn, 1975 and see Chapter 5). Mesogloeal outgrowth around 

the entering cells appears to play a significant part In the 

entry process In both male and female, although the mechanism 

of this observed outgrowth is unknown. Both male 'slugs' and 

oocytes become covered by the basal lamina as they enter the 

mesogloea. Presumably extra basal lamina must be added as 

the cells progressively enter and then enlarge within the 
lit 

mesogloea, but in both cases the sou-ce of this material is 

uncertain. 

Different authors have used various terms for the meso- 

gloeal groups of male germ cells. Dunn (1975) described 
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spermatogenesis occurring In "follicles", Jennison (1979) In 

"vesicles", while Dewcl and Clark (1972) and West (1980) used 

the term "testicular cyst", as has been used in the present 

thesis. Chia and Rostron (1970), working with Actinia equina, 

described sperm developing In elongate tubules, reminiscent of 

the seminiferous tubules of vertebrates. In A. fragaoca, 

spermatogenesis takes place within roughly spherical cysts 

rather than in tubules. Observations on A. equina collected 

from the same site as A. fragacca during the present study, 

indicate that in this species also sperm development takes 

place in spherical cysts, which closely resemble those of 

A. fragacea. 

Schmidt and Holtken (1980) Indicate that the cyst formed 

after the male germ cells have entered the mesogloca Is closed 

and completely covered by mesogloea. This differs from the 

situation in the female where the mesogloea does not overgrow 

the last part of the oocyte to enter (Schmidt and Sch'afer.. 

1980). In A. fragacea, however, the situation In the male 

appears to correspond very closely to that In the female (see 

Chapter 5). In female A. fragacca, the last part of the 

oocyte to enter the mesogloea retains close contact with the 

endoderm. This preventsmesogloeal overgrowth In this region, 

and is important in the establishment of the trophonema. 

The present study confirms the suggestion of Wedi and Dunn 

(1983), that trophonemata occur in both male and female 

gonads. The male trophonema appears to arise in very much the 

same way as in the female. The last part of the 'slug' of 

prospermatogonia to enter the mesogloea does not detach from 

the endodermal cell bases as It enters but rather drags them 
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into the mesogloca behind It. These andodermal call bases I 
I prevent mesogioeal overcrowth from scaling off the developing 

cyst, and te endodermal calls in contact with the germ calls 

begin to differentiate into specialized trophonemal calls. 

These cells may be partially separated from the rest of the 

endoderm by the mesoclocal outgrowth around the 'slug' during 

entry, and this may be important In promoting their 

specialization. Soon after entry, endodermal nuclei are often 

found close to the region of contact with the germ calls. 

This suggests that the endoderm Is no longer a simple columnar 

epithelium In this region, since most gonadal epithelial cells 

have apically situated nuclei, and might Indicate that 

specialization of this region has begun. The structure of the 

fully-formed male trophonema will be described In Chapter 12. 

In some members of the class Hydrozoa, spermatogenesis 

takes place in the ectodermal cell layer, among the bases of 

the epithelial cells. Long epithelial cell processes may 

traverse the developing spermary, and the germ cells often 

develop in direct contact with ectodermal cells in this way 

(Campbell, 1974; Roosen-Runge, 1977). In A. fragaccao most 

male germ cells appear to develop without direct contact with 

cells of any other type. Contact with the overlying epithellal 

cells is restricted to the localized area of the trophonemao 

and only a small proportion of the germ cells are Involved. 

occasionally, granular amoebocytes are found Inside testicular 

cysts, where they may play a scavenging role, but they do not 

enter into a close association with any of the germ cells. 

The occasional occurrence of cells of much lower electron 

densitY among groups of normal looking prospermatogonla has 
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not been remarked by previous authors. Perhaps the point 

should be made that the normal spermatogonla shown by Schmidt 

and Holtken (1980) arc generally of much lower density than 

those found in the present study. In A. fragacoao many of 

these 'light cells' contain axonemes and structures resembling 

nuage material, so it seems likely that they are of germ cell 

origin. They usually appear degenerate, and so may represent 

prospermatogonla which for some reason fail to develop 

normally and break down. Possibly they derive from the 

#shrunken cells' which are occasionally seen In prospermatogonlal 

groups. The loss or degeneration of a proportion of the germ 

cells at some stage during spermatogenesis Is common in a wide 

range of animal species (Roosen-Runge, 1977). 

The finding of occasional germ cells apparently left 

behind In the endoderm long after the majority have entered 

the mesogloea Is unexplained but raises some Interesting 

possibilities. All that can be said with any certainty Is 

that there appears to exist a small minority of germ cells 

whose behaviour and appearance differ from the rest. One 

possibility is that these cells are merely defective and fall 

to follow the normal developmental programme and eventually 

degenerate. None of this type of cell seen so far has shown 

any signs of degeneracy, however. Another possibility Is 

that a small number of germ cells are left behind In the endo- 

derm each year, and remain there to provide a reserve which 

could give rise to the following season's crop of 

prospermatogonia. Most of the germ cells left behind in this 

way are larger than the normal prospermatogonla, and they may 

contain considerably more reserve materials In the form of 
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glycogen and lipid droplets. In this respect, and In their 

appearance generally.. they very closely resemble oocytes of 

comparable size (see Chapter 5). This suggests a third 

possibility, that these cells could Initiate a female 

reproductive cycle on some subsequent occasion. However, 

studies continued from those of Carter and Funnell (1980) 

have provided evidence that A. fragacea individuals maintained 

in the laboratory have not changed sex during a three year 

period. 
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Chapter 12 

SPERMATOGENESIS 
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INTRODUCTION 

The structure of the mature sperm and the later stages 

of spermatogenesis are among the few areas of coelenterate 

gametogenesis which have been studied in some detail. While 

most publications have concerned hydrozoan specleý,., a number 

of anthozoan sperm have been described at the electron micro- 

scope level (Dewel and Clark, 1972; Hinsch and Clark, 1973; 

Clark and Dewel, 1974; Lyke and Robson, 1975; West, 1980). 

Schmidt and co-workers (Schmidt and Zissler, 1979; Schmidt and 

Holtken, 1980) briefly examined the sperm of over 40 different 

anthozoan species and used features of sperm morphology as 

indicators of possible phylogenetic relationships. Work on 

coelenterate sperm and spermatogenesis has been reviewed by 

Hinsch (1974) and Miller (1983). The sperm of Actinia equina 

was investigated prior to the commencement of the present 

study, and an account of Its ultrastructure has been published 

(Larkman and Carter, 1980). A reprint of this paper Is 

Included with this thesis. 

The sperm of Cereus pedunculatue, Teatin felina and 

Anemonia sulcata were all examined by Schmidt and Zissler 

(1979). The sperm of A. fragacea appears virtually identical 

to that of A. equina, as described by Larkman and Carter (1980). 

The mature sperm of these species will therefore not be 

described here. The Process of spermatogenesis appears 

broadly similar in all these species, and only that of 

A. fragacea will be described in any detail, while Cereus 

pedunculatue will be described briefly. 
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1. Spermatocy-tes-and Mclosis 

Typical tripartite synaptinemal complexes were found In 

the nuclei of many cells near the centre of developing 

testicular cysts (Figs. 12.1o12.2). These complexes were 

Identical to those found In early oocytes (see Chapters 4 and 5) 

and strongly suggest that the cells containing them were under- 

going meiotic prophase and so should be regarded as primary 

spermatocytes. Otherwise, however, no consistent morphological 

differences were observed to distinguish spermatocytes from 

spermatogonia. 

Cells apparently In various later stages of Melosis I 

are often encountered (Fig. 12.3), although the 

details of the different stages of melosis are difficult to 

distinguish by electron microscopy. As nuclear division 

proceeds, two nuclear areas can often be distinguished, some- 

times separated by mitochondria or CiSternae of endoplasmic 

reticulum (Fig. 12.4). The extensive Individual ER clsternae 

found in spermatogonia and Prospermatogonla (see Chapter 11) 

are still present during melosis, and may become wrapped around 

the nuclear areas, where they may be confused with the nuclear 

envelope. Sometimes, the reformation of the nuclear envelope 

is seen to be completed before any signs of cytokinesis can 

be discerned, producing a cell with two normal-seeming nuclei 

(Fig. 12.5). When cytokinesis does occur, It is incomplete, 

leaving the two daughter cells linked by a cytoplasmic bridge. 

The second meiotic division appears to follow a similar 

pattern to the first (Fig. 12.6). - Again, nuclear envelope 

reformation may Precede cytokinesis (Figs. 12.7,12.8). 
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At least in some cases, this may lead to a cell with two 

fully formed nuclei, linked by a cytoplasmic bridge to another 

cell, presumably in a similar condition (Fig. 12.9).. When 

cytokinesis of the second meiotic division finally does take 

place, it gives rise to a tetrad of conjoined speratids. The 

cytoplasmic bridges between them are about 300 nm wide, and 

bear a thin layer of electron dense material on the cytoplasmic 

face of the plasma membrane (Fig. 12.10). The sequence of 

events during the meiotic divisions Is summarized In 

Diagram 21. 

2. Spermatids and SDermatel-losis 

The early spermatids are usually rounded calls, 3-4 pm 

In diameter, with relatively very large, spherical nuclei. 

Apart from their small size, and the presence of inter- 

connecting cytoplasmic bridges, they are similar In appearance 

and organelle complement to the earlier stages. The process 

of spermateliosis (also called spermiogenesis) involves a 

number of processes by which the apparently unspecialized 

early spermatid is converted Into the mature spermatozoon. 

These principally Involve modifications of the flagellum, the 

mitochondria and the nucleus, and are summarized In Diagram 22. 

The modification of the Insertion of the tail flagellum 

into its final form appears to take place in one of two 

different ways in different spermatids. This may be because 

Individual daughter spermatids may inherit different arrange- 

ments from their parents after meiosis. Some early spermatids 

have a flagellum originating at the surface of the cell and 

projecting directly outwards (Fig. 12.11). In these cases, It 

appears that the centrioles move towards the centre of the 
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Diagram 21. 

(2) a 

Diagram summarizing some of the main features of 

spermatogenesis. Spermatogonia (1) divide mitotically to 

produce either more spermatogonia, or primary spermatocytes 

(2) which then undergo melosis. After the first melotic 

division, nuclear envelope reformation may be complete before 

cytokinesis begins (3). Cytokinesis is incomplete, and 

produces a pair of secondary spermatocytes conjoined by an 

intercellular bridge (4). After the 2nd melotic division, 

nuclear envelope reformation may precede the onset of cyto- 

kinesis (5), which is Incomplete and resultsin 4 spermatids 

linked by intercellular bridges (6). The spermatids then 

differentiate with no Preferred orientation with respect to 

the cytoplasmic bridges (7), which finally break to release 

fully-formed sperm (8). 
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Diagram 22. 

Diagram illustrating some of the major processes 

involved In spermatid differentiation. The early spermatid (1) 

has numerous small mitochondria, and a finely granular nucleus. 

The nuclear material becomes more coarsely granular (2), mito- 

chondrial fusion begins, and the centrioles become situated 

close to the nucleus. Nuclear condensation involves the 

formation of dense plaques (3) at the future anterior and 

posterior poles of the nucleus, and the accumulation of dense 

chromatin in the region between them. Condensation proceeds 

(4), to produce a dense cylinder of condensed chromatin 

surrounded by a peripheral space or sleeve of nucleoplasm. 

Mitochondrial fusion continues, while excess cytoplasm and 

organelles undergo breakdown in a vacuole which Is later 

expelled. The mature sperm (5) has an almost uniformly dense 

nuleus, and a single mitochondrial complex located to one 

side of the tall flagellum. 
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cell and take up a position close to the nucleus. During 

this process, the cell membrane is Invaginated around the 

Insertion of the tall to form the cytoplasmic collar (Fig. 

12.12). In other cases* the flagellar axoneme within the 

early spermatid runs within the cytoplasm without a surrounding 

membrane, as noted for some prospermatogonla (see Chapter 11). 

Membrane lined vesicles appear around the axoneme, Initially 

close to the centrioleso and become wrapped around the axoneme 

(Fig. 12.13). These vesicles enlarge and extend distally along 

the axoneme until they reach the surface of the cell, resulting 

In a membrane-bound flagellum running In a deep Invagination 

in the cytoplasm (Fig. 12.14). It Is not clear whether the 

membrane-lined vesicles connect with the cell surface through- 

out this process, and so should be regarded as Invaginationso 

or whether they are Initially sealed. 

The mitochondria accumulate at one pole of the cell# 

close to the insertion of the flagellum, where they Increase 

in size and reduce in number, presumably by fusion (Figs. 12.11, 

12.12). They eventually form a single mitochondrial complex,, 

some 800 nm in diameter (Fig. 12.15). The precise arrangement 

of the complex is variable, but often appears to consist of a 

roughly spherical central element enveloped in a cup-shaped 

outgrowth. The complex Is eventually located to one side of 

the tail flagellum.. although extending partially around It. 

The spermatid nucleus undergoes a striking series of 

transformations The chromatin, which initially has a finely 

granular appearance (Fig. 12.14), becomes more coarsely 

granular, and appears to consist of particles some 30 nm In 

diameter (Fig. 12.15).. A shallow depression, which becomes 

the nuclear fossa, forms in the part of the nuclear envelope 
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adjacent to the centrioles. The granular chromatin becomes 

attached to the nuclear envelope at this point (Fig. 12.16), 

and It becomes arranged as a cylinder or pillar extending 

eventually to the opposite side of the nucleus (Fla. 12.17). 

On the opposite side, the future anterior end of the sperm, 

the chromatin attaches closely to the Inner membrane of the 

nuclear envelopeo while the outer membrane moves away and lies 

close to the cell membrane. All the chromatin moves towards 

the central cylinder, leaving a rim of nucleoplasm, virtually 

devoid of chromatin, around the lateral surfaces of the nucleus 

(Figs. 12.18,. 12.19). The chromatin progressively becomes 

more closely Packed and dense until the granular substructure 

can barely be discerned. 

Even when nuclear condensation Is well advanced, the 

spermatid contains recognizable Golgi elements, which are often 

associated with small vesicles. A range of dense vesicles is 

found around the posterior Part of the spermatid nucleus 

(Fig. 12.20). Many of these are elongate, and often are 

curved to form horseshoe or ring shapes. While It seems 

likely that these vesicles are formed by Golgi activity during 

spermateliosis, no clear indication of their origin was 

obtained. 

Each spermatid comes to contain a single lipid droplet 

some 250 nm In diameter* closely associated with the mito- 

chondrial complex (Fig. 12.21). Sometimes, especially In early 

spermatids, the droplet may be surrounded by a rim of electron 

dense material Mg. 12-22) In a manner similar to that 

observed during the early stages of compound yolk fromation 

in oocytes (see Chapter 6, Section E). Small quantities of 
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glycogen are also found, usually just posterior to the nucleus 

(Fig. 12.21). 

Aggregationsof small dense bodies are also commonly 

found, often to one side of the nucleus (Fig. 12.23). These 

bodies are usually 60-80 nm in diameter, are not bounded by a 

membrane, and consist of a very finely granular material 

(Fig. 12.24). They are Identical to the particulate nuage 

material found in vitellogenic oocytes (see Chapter G. Section G). 

Many later spermatids are seen to contain a membrane- 

bound vacuole filled with membranous and other material (Fig. 

12.25). This may be the degenerate remains of excess cyto- 

plasm which Is lost during spermatellosis. Residual body-like 

Inclusions are also commonly found. No evidence of the 

sloughing of areas of cytoplasm by spermtkis was obtained. 

All of these changes take place while the cells are 

conjoined by cytoplasmic bridges into tetrads. The bridges 

persist until chromatin condensation Is virtually complete. 

interestingly, the antero-posterlor axis of the spermatid can 

apparently lie in any orientation with respect to the position 

of the bridges. Thut. bridges can be found at any part of the 

spermatid surface (Fig. 12.26). 

The structure of the mature spermatozoon appears to be 

Identical to that of Actinia equina. This sperm was investigated 

at the ultrastructural level prior to the commencement of the 

present study, and a description of It has already been pub- 

lished (Larkman and Carter, 1980). For this reason the mature 

A. fragacea sperm will not be described here. 
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3. Or; tanization of the Testicular Cysts 

Slender cytoplasmic Processes are often found around the 

edges of testicular cystso resting against the basal lamina 

(Fig. 12.27). Occasionallyo such processes are seen to connect 

with cells whose nuclei are located more centrally within the 

cyst (Fig. 12.28). it may be that many cells towards the 

centre of the cysts retain contact with the basal lamina by 

such slender processes. 

The onset of mciosis Is always first apparent In cells 

located near the centre of the cysts, and throughout the 

development of the cysts there Is a gradient, such that more 

advanced stages are found central to earlier stages. As the 

Cysts near maturity, the outer rim of spermatocytes and sperm- 

atogonia gets progressively thinner; eventually It may be 

reduced to only 2-3 cells thickness (Fig. 12.29). However, 

over most of the surface of the cyst, this thin layer persists 

up until spawning time; only In the region of the trophonema 

(see below) do mature spermatozoa reach the extreme edge of 

the cyst. 

As the number of spermatids and spermatozoa within the 

cyst increase, they tend to become arranged In strings or 

columns (Fig. 12.30). Each column is separated from its 

neighbours by a mass of roughly parallel tail flagella. The 

columns and the Intervening flagella tend to become orientated 

towards the region of the trophonema, giving the cyst a 

characteristic fan-like appearance. 

Granular amoebocytes often become flattened around the 

surface of testicular cysts, as they do around developing 

oocytes (see Chapter 6* Section 1). As In the female gonado 

they lie In a precise Position* immediately adjacent to the 
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basal lamina. They often lie In shallow depressions In the 

surface of the cysts (Fig. 12.31o 12.32). 

4. The Male TroDhonema 

A structure Closely corresponding to the female tropho- 

nema (see Chapter 7) Is found associated with each testicular 

cyst throughout its development, after entry of the germ cells 

Into the mesogloea (Fig. 12.33). The mode of formation (see 

Chapter 11), and apparent nutritive function (see Chapter 8) 

of this structure are very similar to those of the female 

trophonema, and so it seems reasonable to apply the term 

trophonema to these structures within the male gonads also. 

As in the female, the male trophonema consists of a pore 

in the mesogloea through which the gonad endodermal epithelial 

cells extend and contact the germ cells (Fig. 12.34). There is 

a shallow depression in the surface of the group of germ cells 

over the area of contact (Figs. 12.35,12.36). The eplOclial 

arrangement of some of the endodermal cells involved In the 

trophonema may be obscured, and nuclei may be found In the 

depression, below the level of the mesogloea. The trophonemal 

cells may contain accumulations of glycogen and lipid dropletso 

and bundles of microfilaments are also common (Fig. 12.37). 

'The interface between the trophonemal cells and the germ 

cells appears to be less elaborate in the male than in the 

female. No intercellular junction formation has been obsarved 

between the two, and there may be large areas where membrane 

contact may not be close or regular (Fig. 12.36). The membranes 

ot adjacent trophonemal cells, in contrast, may run closely 

parallel to each other over large areas (Fig. 12.37). 
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The mesogloeal lip around the trophonemal pore may be 

expanded and elaborated, sometimes bearing numerous projections 

tFig. 12.38). MIcrofilament bundles may Insert against these 

projections, and may also Insert on the underside of the over- 

hanging mesogloca tFig. 12.39). Sometimes, well-developed 

muscle processes can be seen extending through the pore from 

the gonadal epithelium and Inserting against the mesogloca 

around and beneath the lip region (Fig. 12.40). 

Very often, the regions of the traphonemal cells close 

to the interface with the germ cells contain large dense bodies, 

which in some cases can be Identified as the remnants of germ 

cells which have Presumably been phagocytosed by the tropho- 

nemal cells (Figs. 12.36,12.41). Germ cells at all stages of 

development may apparently be taken up In this way, although 

later stages, spermatids and spermatozoa, are found more 

commonly. 

A rim of early stage germ cells persists around most of 

the periphery of even the most fully developed testicular 

cysts observed during the present study. However, In the 

region of the troPhonema, this layer may be Interrupted. 

masses of tall flagella tend to be directed towards the 

trophonema, and In some cases the trophonemal cells may contact 

only these flagella (Fig. 12.42). These trophonemal cells may 

still contain Ingested spermatozoa, and numerous residual body- 

like inclusions, which may represent the remains of previously 

ingested germ cells. 

5. Resorption of Male Gametes 

Phagocytosis of germ cells at various stages appears to 

occur in the region ot the trophonema at a relatively low level 
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throughout much of the life of the testicular cyst (see 

previous section). Additionally, small numbers of apparently 

abnormal cells may be found in usually the central regions of 

cysts, at any time (Fig. 12.43). Granular amoebocytes are 

sometimes found In the central regions of cysts. These cells 

often contain numerous residual body-like Inclusions Mg. 

12.44). and may perform a scavenging role. They may assist 

in the removal of degenerate cells. 

At around spawning time during June and July, resorption 

of sperm from the now fully-developed cysts may take place on 

a very much larger scale. It Is difficult to determine, 

however, whether all the sperm produced by the cyst may be 

resorbed in this way, or whether only a proportion, possibly 

those left behind after spawning, arc taken up. 

During the early stages of resorptiono the organization 

and Integrity of the testicular cysts may be lost. They may 

become less regular In shape, and the arrangement of the sperm 

Into regular strings or columns Is obscured (Fig. 12.45). The 

basal lamina around the outside of the cyst may become thicker, 

more diffuse and convoluted. Amoebocytes which previously were 

situated immediately outside the basal lamina may pass through 

it and contact the germ cells directly (Fig. 12.45). Slender 

cytoplasmic processes from these amoebocytes, may extend between 

the germ cells, which are largely sperm by this stage, for a 

considerable distance into the centre of the cyst (Fig. 12.46). 

Some processes may contain what appear to be the remains of 

ingested sperm. Amoebocytes already within the cysts also 

phagocytose sperm cells. 

During the periods of major resorption, the uptake of 

sperm by trophonemal cells continues, apparently at an 
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increased rate. Some trophonemal cells may contain characteristic 

clusters of degenerate spermo consisting of a number of nuclei 

and mitochondrial remnants surrounded by a coil of tall flacella 

with an unusually dense appearance (Fig. 12.47). 

Similar clusters of degenerate sperm may also be found 

near the periphery of the cysts, often associated with amoebo- 

cyte processes, and in the endodermal epithellal cells around 

the cysts (Fig. 12.48). They are not restricted to the basal 

regions of the epithelial cells, but may be found up to and 

beyond the nuclei (Fig. 12.49). Various stages in what appears 

to be the breakdown of the sperm clusters can be discerned 

(Fig. 12.50), and epithelial and trophonemal cells apparently 

active in the uptake of sperm often contain numerous large 

residual body-like Inclusions (Fig. 12.50). As noted during 

oocyte resorption (see Chapter 9), the mechanism by which sperm 

or sperm clusters cross the mesogloea and enter the epithellal 

cells is not clear. 

6. St)ermatoRenesis in 
-cus 12edunculatus 

Only two individuals containing male gonads were found 

among the Cereus samples, and the pattern of spermatogenesis 

as observed by both light and electron microscopy was similar 

to that of A. fragacoa. A number of points of interest did 

emerge during the course of this study, however, and these will 

be outlined briefly below. Attention will be concentrated on 

points of difference between the two species, and on areas which 

appeared controversial during the study of A. fragacea. 

The early male germ cells, or prospermatogonia* arise in 

the endodermal epithelial layer of the gonade and are similar 

in both appearance and behaviour to the corresponding cells in 
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A. fragacca (Fig. 12.53; see Chapter 11). As in A. fragacoa, 

even at this early stage these cells possess a flagellum, and 

it may run either In a membrane-lined groove or channel, or 

free within the cytoplasm (Fig. 12.54). Sometimes the flagellar 

membrane can be seen to connect with the membrane of the channel, 

which may represent a stage in the formation of the channel. 

Nuage material identical to that found In Carcuo oocytes Is 

also found in male germ cells (Fig. 12.52). The prospermato- 

gonia migrate from the epithelium Into the mesogloca to establish 

the testicular cysts as In A. fragacea. In the early cysts, 

many cells are found in which the nuclear envelope Is poorly 

defined, incomplete or apparently absent (Fig. 12.54). 

The melotic divisions, although not studied In detail, 

appear similar to those of A. fragacea in many respects. One 

important difference, however, is that no evidence of 

incomplete or delayed cytokinesis was obtained. No cells with 

two nuclei were found, and no cytoplasmic bridges were found 

linking secondary spermatocytes or spermatids. 

The process of spermatellosis is rather different In the 

two species. The onset of chromatin condensation In Careue is 

marked by the appearance of dense threads rather than coarse 

granules as In A. fragacea (Fig. 12.55). The threads appear to 

be randomly coiled so only short lengths are visible in section. 

Between the threads, the nuclear material Is finely granular. 

The threads become more extensive and more tightly packed 

(Figs. 12.56,12.57), and finally fuse to produce an almost 

homogeneous dense mass (Fig. 12.58). During condensation, small 

roughly spherical areas within the nucleus may appear devoid of 

threads (Figs. 12.56,12-57)0 but these are not found once 

condensation is complete. The nuclear envelope becomes 
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separated from the condensing chromatin by a sleeve of less 

dense nucleoplasm around the Posterior part of the nucleus, 

but is closely fitting around the anterlor part (Figs. 12. SG# 

12.57). During chromatin condensation, the nucleus takes on a 

conical shape, and It may reach 3.5 
jum 

in lenZth, In contrast 

to the squat nucleus of A. fragaoaa sperm. Horseshoe and ring- 

shaped vesicles are commonly found around the basal raglons of 

the nucleus in later spermatids and sperm, and additionally, a 

row of up to ten rodlets. may be found. The rodlets are aligned 

along the longitudinal axis of the sperm, and are some 70 nm in 

diameter. They appear to be mcmbranc-bound, and contain finely 

granular material of moderate density, similar to the contents 

of the horseshoe vesicles (Figs. 12.59,12.60). 

The spermatid mitochondria fuse to form a single complex, 

but this Is different In appearance to the nearly spherical 

mass found in A. fragacca. In Cereus, the complex appears to 

consist of a pleated sheet (Fig. 12.61), which extends all 

around the tail flagellum (Fig. 12.62), although It may show a 

degree of asymmetry. Late spermatids, and cells in which 

nuclear condensation appears to be complete and so may be 

considered spcrmatozoa, may contain considerable quantities of 

glycogen Mg. 12-63). This is usually deposited around the 

mitochondrial complex, although it may extend around the base 

of the nucleus. The glycogen deposits often appear to give 

the cell an irregular outline; whether this is a stgn of 

immaturity or whether this is still true of the mature 

spermatozoon ts not known. Occasionally a small lipid droplet 

is found associated with the mitochondrial complex. 

Up to the late spermatid stage, the spermatogenic cells 

tend to be closely packed together, often having Interlocking 
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shapes and showing close membrane contact. The Intercellular 

spaces found around most male germ cells In A. fraL7aoaa are 

not apparent, Once nuclear condensation Is complete, however, 

the cells tend to separate, and be, -ome arranged in cords or 

columns.. separated by masses of roughly parallel tall flagella 

(Fig. 12.64). 

The structure of the testicular cysts In Caroua appears 

similar to A. fragacca. A structure resembling a trophonema 

has been observed with the light microscope, but has not been 

examined in detail by electron microscopy. Resorption of 

sperm was not observed In Caroua, but given the small number 

of male gonads examined this does not mean that It does not 

occur. 

DISCUSSION 

Coelenterate sperm are generally considered to be of the 

primitive type as proposed by Franzen (1956,1970). Primitive 

sperm generally consist of an acrosome, a short head, a mid- 

piece containing several basically unmodified mitochondria, 

and a tall which is a normal flagellum. No coelenterate sperm 

so far described Possess a well-defined acrosome (Hinsch, 1974; 

Schmidt and Zisslere 1979), although some possess so-called 

pro-acrosomal vesicles anterior to the nucleus. In other 

respectso most of the hydrozoan and scyphozoan sperm so far 

described broadly correspond to the primitive form (Miller, 

1983). Anthozoan sperm, however, correspond less closely. 

Intercellular bridges between spermatogonla are found In 

many animal species, including mammals (Dym and Fawcett, 1971). 

They were reported from Hydra attenuata (Stagni and Lucchio 

1970), but have not been observed In sea anemoneso and were 
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not encountered during the Present study. Incomplete cyto- 

kinesis after melotic divisions seems widespread among 

coelenterates, however. Tetrads of conjoined spermatids have 

been reported from many species, including Hydra fuoca 

(Schincariol and Habowsky, 1972), Hydra hymanae (West, 1978) 

and the sea anemones Bunodoaoma oavernata (Dewel and Clark, 

1972). Calliaotie paraoitica, Protanthoa oimplax, Gonactinia 

proZifera, Parazoanthua luoifucum (Lyke and Robson, 1975) and 

Aiptasia pallida (West, 1980). It Is surprising that no such 

bridges were found in Cereue gonads during the present study. 

They were very obvious In A. fragaoca so it is unlikely that 

they were simply missed. The spermatids conjoined by bridges 

in Hydra fusca (Schincariol and Habowsky, 1972) show a common 

orientation of organelles with respect to the position of the 

bridges. In A. fragacea* however* the location of the tall, 

nucleus and mitochondria of each spermatid appear quite 

unrelated to the position of the bridges. Zlhler (1972) and 

Tardent (1974) Indicate that, in a proportion of cases In Hydra 

attenuata, cytokinesis may not occur at all after one or both 

meiotic nuclear divisions, giving rise to groups of two or 

four spermatids developing within a common membrane. Schmidt 

and Holtken (1980) report a similar occurrence among some 

Anthozoa. West (1980) also describes this phenomenon in 

Aiptasia pallida but considers it to be an abnormal situation. 

Intercellular bridges are thought to facilitate the synchronous 

development of conjoined cells (Dym and Fawcett, 1971). 

Synaptinemal complexes are reported to occur in many 

anthozoan spermatocytes (Schmidt and Zissler, 1979). Those In 

A. fragacea primary spermatocytes appear identical to those 

found in small oocytes (see Chapters 4 and 5). 

74 C; I 



The mode of chromatin condensation appears rather different 

In A. fragacea and Coroua. In A. fragaoaa, the chromatin first 

becomes more coarsely granular, and then two plaques of more 

dense chromatin formo closely applied to the nuclear envelope. 

One plaque forms at the base of the nucleus adjacent to the 

centrioles, and the other forms diametrically opposite the 

first. The plaques appear to act as foci for further conden- 

sationo and a longitudinal cylinder of condensing chromatin 

develops between them. A similar process occurs In the 

spermatids of Hydra Zittoralia (Weissman ot aZ, 1969) and 

Hydra hymanae (West, 1978). The nucleus in A. fragacea has a 

squat cylindrical shape. In Careue spermatids, dense threads 

formo apparently at randomo among the chromatin. As condenr 

sation proceeds* the threads become more numerous and more 

closely packed until a homogeneous dense mass Is produced. 

This form of condensation Is similar to that found in CaZZiactie 

parasitica (LYke and Robson, 197S) and Aiptasia paZZida. In all 

these cases* the resulting nucleus Is elongate and conical. 

In Hydra hymanae (West, 1978). microtubuies radiate out 

from the centrioles and spiral along the length of the sperm- 

atid nucleus, in a manner reminiscent of the manchette of higher 

metazoans (Fawcett at al, 1971). West concluded that these 

microtubules were not involved In sperm head shaping. West 

(1980) found no microtubules associated with the nucleus In 

spermatids of the anemone Aiptasia pallida and none were 

observed in A. fragacea or Cercue spermatids during the present 

study. Lyke and Robson (1975) also found none in any of the 

species they studied, and concluded that the final shape of 

the nucleus must be determined by changes within the nucleus 

rather than the forces imposed on It from outside. 
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Fawcett ot al (1971), likewise concluded that, even in cases 

where the manchette is well developed, nuclear shaping Is 

likely to be brought about by a controlled pattern of 

aggregation of DNA and protein during chromatin condensation. 

Further evidence that this Is the case Is provided by the 

observation that, in A. fragacea, as chromatin condensation 

proceeds, the nuclear envelope becomes loosely fitting along 

the lateral faces. Thus a sleeve of nucleoplasm comes to 

surround the sides of the chromatin mass. This suggests that 

the forces changing the shape of the nucleus are generated 

within It rather than outside. A similar sleeve has been 

reported from Hydra hynanae (West, 1978). 

Hydrozoan sperm often contain 4-6 relatively unmodified 

separate mitochondria (Miller, 1983) and so correspond fairly 

closely to the Primitive condition as put forward by Franzen 

(1956,1977). In all sea anemone sperm so far described, with 

the exception of Parazoanthus lucifucum, which Is unusual In 

many respects (Lyke and Robson, 1975), the mitochondria undergo 

modification and fusion to a greater or lesser extent. In 

A. fragacea, the mitochondria fuse to form a single, large 

complex, which Is located to one side of the tall flagellum. 

The sperm of Bunodosoma cavernata (Dewel and Clark# 1972) and 

Teatia felina (Schmidt and Hoitken, 1980) appear similar In 

this respect. The mitochondrbn of Cereus sperm forms a ring 

completely encircling the flagellum and largely filling the 

cytoplasmic collar. The outer mitochondrial membrane has the 

form of a smootho cylindrical ring, while the inner membrane 

encloses a space shaped like a pleated cord. A similar 

arrangement has been described for Calliactis parasitica 

(Lyke and Robson, 1975) and Aiptacia pallida (West* 1980). 
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The tail may be placed slichtly eccentrically 

complex, but the resulting sperm Is much more 

in A. fragacca. Both forms of complex are, h 

modified forms of mitochondria, and represent 

from the primitive condition. 

A. fragacea spermatids and sperm usually 

through the 

symetrical than 

owever, highly 

a departure 

contain a single 

large lipid droplet, closely associated with the mitochondrial 

complex, and a very small quantity of glycogen. Lipid droplets 

were rarely found In Careuo spermatids or sperm, but they 

contain relatively large amounts of glycogen. Presumably both 

materials are used as a source of energy for sperm locomotiono 

but the emphasis appears different In the two cases. The 

presence of a large lipid droplet could also affect the 

bouyancy of the sperm (Lyke and Robson, 1975). 

The nuage material found in spermatogonla and prosperm- 

atogonla (see Chapter 11) appears Identical to that found In 

early oocytes (see Chapters 4 and S). The nuage found In later 

male stages such as spermatids, however, seems identical to the 

particulate nuage which Is common In larger, vitellogenic 

oocytes (see Chapter 6, Section G). Thus It appears that the 

form of the nuage alters with advancing stages of germ cell 

development In a similar way In both sexes. Nuage material was 

not observed in mature sperm, and has not been reported from 

the sperm of other coelenterates (Miller, 1983). 

West (1978) observed the sloughing of large cytoplasmic 

droplets containing large inclusions during the final stages of 

spermatid maturation in Hydra hymanao. Such a process was not 

observed In Cereus or A. fragacea, and no recognizable cyto- 

plasmic remnants were found within the testicular cysts. 

Some A. fragacea spermatids contained vacuoles containing 

354. 



material apparently undergoinr. breakdown, and residual body- 

like inclusions were commonly found. It may be that excess 

cytoplasm undergoes a considerable degree of autolysis and 

condensation before being expelled from the spermatid. Hydra 

spermatids, like those of other hydrozoans (Roosen-Runge and 

Szollosi, 1965; Roosen-Runge., 1977) mature among the bases of 

the ectodermal epithelial cells, and are often In close contact 

with them. This contact may facilitate the disposal of drop- 

lets of residual cytoplasm. In sea anemones, where large 

numbers of spermatids mature In discrete cystso with only very 

limited contact with non-gcrminal cells, the disposal of 

excess cytoplasm might pose more of a problem. The early 

breakdown and compaction of this material may minimise this 

difficulty. 

Amoebocytes come to lie around testicular cysts In much 

the same way as Is found around developing oocytes (Chapter 6. 

Section 1). The Possible nutritional function proposed for 

these cells in the female may also apply In the male gonad. 

The arrangement of spermatids and sperm in cords or strings In 

well-developed testicular cysts bears a resemblance to the 

spermatogenic columns found In some asteroid testes (Walker, 

1974,1980). In asteroids, however, the columns form around a 

scaffolding of somatic cells. How the cords are formed in sea 

anemones is not clear, but they do not appear to Involve non- 

germinal cells. Amoebocytes are found within testicular cysts, 

but they appear to act as wandering phagocytes; they do not 

enter into close associations with germ cells. 

The trophonema found in A. fragacea male gonads seems 

similar In origin and structure to that of the female (see 

Chapter 7). Wedi and Dunn (1983) reported a plug-like 
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structure in male gonads of the anemone Urtioina lofotanaia, 

which they suggested might be homologous with the female 

trophonema. Otherwise, the existcnce of a male trophonema has 

not previously been reported. Schmidt and 11oltken (1980) 

stated that the male mesoglocal gonadal cyst Is completely 

closed In Anthozoa, In contrast to the situation In the female. 

Such a statement is not consistent with the findings of the 

present study. In A. fragaooa, the interface between the 

trophonemal cells and the germ cells Is less elaborate In the 

male than In the female. Close membrane opposition between 

the two is less evidento Intercellular Junctions do not formo 

and no interdigitation with cytospines can occur. Nevertheless, 

the autoradiography experiments described In Chapter 8 Indicate 

that male trophonemata are much more active In the iotake and 

Incorporation of small precursor molecules from the external 

medium than the rest of the gonad epithelium. They may 

function In the transfer of nutrients to the developing germ 

cells In the same way as was suggested for the female. The 

male trophonema also appears to have an additional function of 

the phagocytosis of germ cells. This may provide another 

mechanism for the removal of deMnerate spermatogenic cells. 

The trophonema may also participate In the resorption of sperm 

during and after the spawning period. 

The process of resorption of male gametes shows 

similarities with the resorption of oocytes described In 

Chapter 9. Some sperm are phagocytosed singly, but most are 

taken up in spherical clusters reminiscent of the ooplasmic 

fragments or packets found In the female. As in the female, 

amoebocytes are clearly Involved In the process, but the bulk 

of digestion of resorbed gamete material takes place In the 
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gonad epithelial cells. The Implications of gamete 

resorption for the reproductive strategy of the anemone have 

been discussed In Chapter 
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Chapter 13 

SPAWNING AND EARLY DEVELOPMENT 
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While fertilization and early development may be regarded 

as the culmination of the processes of oogenesis and sperm- 

atogenesis, they represent areas of the reproductive biology 

of sea anemones whict, have received little recent attention. 

This may be partly due to the difficulty of predicting or 

inducing the spawning of sea anemones In the laboratory. 

There have been a number of gross morphological descriptions 

of embryogenesis In sea anemones and other coclentcrates, many 

dating back to the last century (reviewed by Mergner, 1971). 

No ultrastructural studies of fertilization or early develop- 

ment have yet been published, and these processes are still 

poorly understood. Some aspects of soawned egg structure have 

been investigated, however, including the egg cortical reaction 

(Dewel and Clark* 1974) and the arrangement of the cytospines 

(Schroeder, 1982). 

it was considered that an overall study of the embryology 

of A. fragacea would represent a major undertaking, beyond 

the scope of the present study. The following account therefore 

deals only with those aspects of early development which 

involve morphological features encountered during the earlier 

studies of gametogenesis. The findings have been divided into 

the following sections: 

1) Spawning 

2) Spawned egg structure 

3) Cleavage 

4) Breakdown of spawned eggs 

5) Blastocoele infilling 

6) Uptake of additional sperm 

7) Planula structure. 
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RE S tJ L TS 

1. Soawn I nz 
Batches of 20 large A. fragacea individuals were collected 

from Wembury In May 1982 and from Shaldon In May 1983. The 

anemones were maintained in the laboratory in two large 

communal tanks with the sea water changed weekly. The tanks 

were aerated but no attempt was made to regulate their 

temperatureo and the anemones were kept constantly Immersed. 

Spawning occurred on three occasions, during June and July 1982 

and July 1983. On each occasion at least one male and female 

anemone spawned simultaneously. All three spawnings occurred 

during spells of hot weather, with water temperatures above 

200C, and within 36 h of changing the sea water. Attempts to 

repeat these conditions later using the same animals brought 

no further response. 

The tanks were checked at approximately 0900 and 1730 each 

day. Spawned eggs and sperm were always discovered in the 

morning, so spawning must have occurred during the evening, 

night or early morning. The precise time of the onset of 

spawning could not be determined. On two occasions, a female 

was still releasing eggs through the mouth when checked. These 

females were fully open, and their oral discs were covered with 

eggs and embryos. The eggs were expelled gently In water 

currents from the mouth, and were not aggregated in mucus or 

other material. 

On one occasion, during June 1982, a female anemone was 

biopsied for another Purpose. The excised gonad released a 

number of eggs while lying in sea water in a Petri dish, and 

the spawning of the eggs was briefly observed. The gonad was 
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then fixed and observed by SEM. The surface of this gonad 

showed a number of differences to the normal, non-spawning 

gonad described in Chapter 3. In particular, most of the 

trophonemata appeared as circular grooves Mg 13.1) instead 

of the normal simple concavities. Some trophonemata also had 

a deep, central opening (Fig. 13.2), and, in one case, a 

broken-off Portion of an oocyte was still present In this 

opening (Fig. 13.3). It appears that the eggs or oocytes are 

extruded through an opening which forms In the centre of the 

trophonema. Immediately after release, many eggs are pear- 

shaped, Presumably as a result of constriction during passage 

through the trophonema, but they soon become spherical. 

Gonads were also removed by biopsy from one male and one 

female anemone which had spawned during the previous night. 

On EM examination, it appeared that the male gonads still 

contained many ripe testicular cysts. A small number of cysts, 

however, appeared disorganized and Partially collapsed. It 

appears that only a small proportion of the sperm had been 

released on this occasion. The female gonads also contained 

numerous large oocytes with large, intact nuclei. A small 

number of trophonemata were found without associated oocytes 

(Fig. 13.4). It seems possible that these oocytes, had been 

recently spawned. These trophonemal cells appeared normal, 

except that they rested on the gonad mesogloea rather than the 

surface of an oocyte. The intercellular junctions joining 

the apices of the cells appeared intact and normal, so any 

opening formed during spawning must have re-sealed later. 

Neither male nor female gonad showed signs of tissue damage 

or gross disruption. 
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2. Spawned Egz Structure 

Apparently uncleaved eggs were found after each spawning 

episode. However, no details of the fertilization process 

were observed, so it was not possible to establish whether or 

not any individual egg had been fertilized. 

a) Surface features of uncleaved erms 

The general surface features of an uncleaved egg are 

shown by SEM in Fig. 13.5 and TEM, in Fig. 13.6. There Is no 

vitelline coat or extracellular investment of any kind around 

the egg. The egg is covered by tufts of cytospines. These 

usually lie folded flat against the surface of gonadal oocytes, 

but after spawning they erect and project out from the surface. 

The tufts are pyrimadal in shape, with the individual cyto- 

spines separated at the base but closely packed towards the 

tip. Some tufts taper sharply at the base and then continue 

as a parallel cylinder for some distance (Figs. 13.7,13.8), 

while others taper progessively from base to tip (Figs. 13.9, 

13.10). The cytospines near the centres of the tufts are 

usually of greater diameter than those around the periphery. 

Not all cytospines are involved in tuft formation; some arise 

individually between the tufts (Fig. 13.9). These tend to be 

shorter and more slender than those within the tufts. Most 

tufts show a distinct helical twist, which is obvious under 

SEM (Figs. 13.8,13.10), but can also be appreciated using TEM 

(Fig. 13.6). Not all tufts on a given egg spiral In the same 

direction. Most spiral anti-clockwise when viewed from the 

tip, but a small proportion twist in the opposite direction. 

The rootlets extend straight out from the bases of the cyto- 

spines, and so now tend to fan out from the insertions of the 

tufts (Fig. 13.9), while prior to spawning they tend to run 
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parallel to each other. Most oocytes show one or several 

small patches which are devoid of cytospine tufts (Fig. 13.5). 

b) Internal structure of uncleaved eggs 

The cytoplasm of spawned, uncleaved eggs appears very 

similar to that of fully grown gonadal oocytes. It appears 

constant throughout the central portion of the egg, with no 

obvious regional specialization. The cortical layer still 

contains large numbers of cortical and fibrillar granules 

(Figs. 13.7,13.9), and occasional low-density granules 

(Fig. 13.11). Vesicles containing large numbers of small, 

electron-dense particles were also found (Fig. 13.11). which 

were not observed In gonadal oocytes. Some of these vesicles 

lack an obvious limiting membrane. Some fibrillar granules 

(Fig. 13.12) and low-density granules (Fig. 13.13) also contain 

similar particles, but their significance is unclear. 

No male or female pronuclei were observed with the 

electron microscope. 

3) Cleavage 

Several rounds of nuclear division appear to take place 

prior to cytoplasmic cleavage. Nuclei, some apparently In the 

process of division, were seen around the periphery of eggs 

which were obviously uncleaved (Fig. 13.14). Where large 

numbers of nuclei were present, some were also found In more 

central locations, and the surface of the egg may appear 

indented (Fig. 13-15). From sections, however, it is difficult 

to estimate the number of nuclei formed before cytoplasmic 

cleavage begins. No two, four or eight-cell stages were ever 

observed. Cleavage furrows appear to form at several points 

around the egg simultaneously. 
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The early cleavage furrows are broad (Fig. 13.16), and 

cytospines and cortical granules are found adjacent to the 

sides of the furrow. A feltwork of microfflaments is found 

Immediately beneath the plasma membrane at the base of the 

advancing furrow (Fig. 13.17). Groups of microtubules are also 

found in various orientations In the cytoplasm close to the 

base of the furrow. Later, the cleavage furrows become 

narrower, and the cytospines within them may appear compressed 

(Fig. 13.18). Intercellular junctions may form at localized 

areas of contact between neighbouring cells (Fig. 13.19). 

Cleavage appears to be total, and divides the embryo Into 

a number of blastomeres each of which contains a single 

nuclear area (Fig. 13.20). Most nuclei appear to be under- 

going mitosis, with condensed chromosomes and no visible 

nuclear envelope. Interphase nuclei are occasionally found, 

however (Fig. 13.21). In some cases, the blastomeres show a 

regular arrangement (Fig. 13.22), but often cleavage appears 

to be anarchic. A central, fluid-filled space or blastocoele 

appears early during cleavage (Figs. 13.23,13.24). 

As cleavage proceeds and the blastomeres reduce In size, 

they become arranged as a columnar epithelium with only narrow 

intercellular spaces (Fig. 13-25). The nuclei are situated at 

various levels within the cells, and most are now surrounded 

by an intact nuclear envelope, suggesting that the rate of 

mitosis has now slowed. However examples of mitosis are still 

frequently observed (Fig. 13.26). 

Throughout cleavage, the tufts of cytospines remain 

intact (Fig. 13.22,13-23), and the composition of the outer 

layers of cytoplasm remains essentially the same as in the 

uncleaved egg or the fully grown gonadal oocyte. In particular 
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cortical granules are still present in apparently undiminished 

numbers (Fig. 13.25). Low-density granules occur Immediately 

beneath the apical plasma membranes, but in similar numbers 

to those found in gonadal oocytes. No dramatic change In the 

cortex of the egg or embryo, indicative of the cortical 

reaction seen in many other goups, can have taken place at or 

around the time of fertilization. 

During cleavage, the Yolk granules and lipid droplets 

become concentrated in the basal or sub-nuclear portions of 

the blastomeres (Fig. 13.25). A series of changes in the 

appearance of these inclusions also takes place, which may 

represent stages in their utilization. 

Initially, a rim of finely granular material forms around 

the periphery of some of the lipid droplets (Fig. 13.27). At 

one point on the circumferencee this rim becomes thicker, and 

parallel stacks of membranous material form within it (Fig. 

13.28). These stacks become more extensive, and clear areas 

or spaces form within them, which disrupt their parallel 

arrangement (Figs. 13-29,13.30). This Process continues until 

later in development; by the gastrula stage, many lipid drop- 

lets have been converted into Irregular whorls of trilaminar 

membrane, some of which still surround unchanged lipid material 

(Fig. 13.31). Some lipid droplets still remain unaltered, 

however. 

A similar series of changes may affect some of the lipid 

droplets found within the compound Yolk granules. These drop- 

lets also come to contain granular material (Fig. 13.32),, and 

clear spaces may form within them. Membranous whorls form 

around the droplets (Fig. 13.33), and may become extensive 

(Fig. 13.34). Sometimes more regularly arranged whorls form 
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around the droplets. Again, only a proportion of compound 

yolk granules are found undergoing alteration at any one 

time (Fig. 13.35). 

4. Breakdown of Spawned Eggs 

After each spawning episode, a small proportion of 

spawned eggs failed to undergo normal cleavage. In each casep 

this proportion was estimated at less than 5%. These eggs 

underwent a process of breakdown and fragmentation in a 

characteristic manner. 

The early stages of this breakdown involve the formation 

of numerous, roughly spherical blebs around the surface of the 

egg (Figs. 13.36,13.37). These blebs are between 2 and 4 um 

in diameter, and most contain only a sparse, finely granular 

material and occasional cortical granules (Fig. 13.38). These 

blebs appear to form as outgrowths from the oolemma, and may 

become elongate prior to separation (Fig. 13.39). They pass 

out between the cytospines, and the cYtospine tufts become 

disrupted In the process. Many individual cytospines become 

swollen or show localized swollen regions (Fig. 13.39). Later, 

blebs are produced which contain cortical granules and mito- 

chondria, and are thus similar In composition to the cortical 

ooplasm (Fig. 13.40). Many blebs contain deep invaginations 

and it seems likely that they undergo further fragmentation 

soon after formation. These invaginations often seem to 

originate from bristle-coated pits (Fig. 13.40). 

The cortical region of the egg then fragments by the 

formation of invaginations or furrows in the surface which cut 

off portions of the ooplasm (Fig. 13.41). Coated pits are 

again found In the vicinity and at the bases of these furrows, 



and may be involved in their initiation (Fig. 13.42). The 

cytospines become progressively less organized and are 

eventually shed. 

After the loss of the egg cortex, the yolky central 

portion of the egg also fragments (Fig. 13.43). This process 

proceeds by the cutting off of peripheral cytoplasmic packets 

2-6 pm in diameter. These Packets form by the Ingrowth of 

furrows from the surface (Fig. 13.44) and by the formation of 

clefts within the ooplasm (Fig. 13.45). 

The process of fragmentation proceeds until the entire 

egg has been reduced to a large number of membrane-bound 

packets. The organelles and Inclusions within these packets 

remain in an unchanged and apparently healthy condition 

throughout the process. Presumably, however, the packets 

eventually disperse and degenerate. Overall, this process is 

strikingly similar to that of centripetal fragmentation under- 

gone by some oocytes while within the gonad, described in 

Chapter 9. 

5. Blastocoele Infilling, 

Cleavage results in the formation of a roughly spherical 

hollow blastula. The blastula cells are arranged as a single 

sheet, with their nuclei about one-third of the cell length 

from the outer surface. The supranuclear cytoplasm is filled 

with cortical and fibrillar granules and mitochondria, while 

the majority of the compound yolk granules and lipid droplets 

are situated In the basal or sub-nuclear portions of the cells. 

In the early blastula, the inner surface of the cell 

sheet is smooth, and the blastocoele contains only a few 

membranous sheets and vesicles. The outlines of the individual 
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cell bases can be clearly traced, and their Inner surfaces 

may bear long microvilli (Fig. 13.46). Later, however, the 

inner surface becomes more ragged (Fig. 13.47). Membrane- 

bound packets of yolky cytoplasm detach from the bases of the 

blastu. la cells and come to float freely In the blastocoele, 

although considerable fluid-filled space rem ins (Figs. 13.49, 

13.50). Fig. 13.51 shows a late blastula broken open, showing 

the single layer of columnar cells and the blastocoele now 

containing numerous roughly spherical packets of Yolky cytoplasm 

some of which are shown at higher magnification In Fig. 13.51. 

Large amounts of membranous material also accumulate in 

the blastocoele. This may take the form of poorly defined 

stacks (Fig. 13.53) or whorls (Fig. 13.54). The mode of 

formation of this material is not clear. 

During blastocoele infilling, the embryo becomes slightly 

elongate and develops a sparse covering of cilia. Such 

embryos are capable of sporadic swimming movements. 

6. Uptake of Additional Sperm 

During gastrulation, the embryo takes on a characteristic 

elongate form shown In Fig. 13.55. It becomes heavily ciliated 

over its whole surface, and swims actively. Most embryos reach 

this stage within 24 h of spawning. Gastrulation appears to 

be brought about by the invagination of cells at the posterior 

end of the embryo, where a depression forms (Fig. 13.56). 

The precise mechanism by which this Is brought about is not 

clear, and is beyond the scope of the present study. During 

this period, however, an interesting and unusual process occurs 

at the surface of the embryo whi*ch isdirectly relevant to this 

study and will be described briefly below. 
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Most gastrulae are found to contain sperm In the apical 

regions of the outer cell layer. In some areaso considerable 

numbers of sperm may be found (Fig. 13.57), although the 

entire surface of the embryo is normally Involved to some 

extent. The sperm are apparently taken up by a process 

resembling phagocytosis. Slender processes from the surface 

of the gastrula cells extend out around the sperm heads 

(Fig. 13.58). The form of initial contact between embryo and 

sperm is not known, but is likely to Involve the cytospines. 

The processes come to completely surround the sperm head 

(Fig. 13.59)o which is then drawn down Into the cell (Fig. 13.60) 

enclosed in a membrane-bound vacuole. In some cases, the sperm 

tails protrude from the surface of the embryo for some time 

after the head has been engulfed (Fig. 13.61). Usually, a 

cytoplasmic extension from the gastrula cell forms a sheath 

around the flagellum, distinguishing sperm tails from the 

embryo's own cilia. After ingestion, the microtubules of the 

tail axoneme very often become coiled within the vacuole 

(Figs. 13.62,13.63). 

Initially, most sperm nuclei appear normal, and their 

chromatin is condensed (Fig. 13.64). The sperm mitochondria 

and other structures, however, usually appear disrupted 

(Fig. 13.65). Later, the nuclei become coarsely granular and 

less dense& -the nuclear envelope disintegrates (Fig. 13.66). 

Eventuallyt the membrane limiting the vacuole around the sperm 

rupturest and the sperm remnant is apparently released Into 

the cytoplasm, (Fig. 13.67). 

Some sperm found around the surface of gastrula stages 

appear degenerate prior to ingestion (Fig. 13.68). A common 

feature of these sperm, both before and after uptake, is the 

3 (1 



coiling of the flagellar axoneme microtubules around the sperm 

head. The individual axonemes are not surrounded by membranes, 

and the microtubular bundles are located within the sperm 

cell membrane. Whether these changes occur during the ageing 

of the spermo or are the result of interaction with the egg or 

embryoo is not known. 

During gastrulation, the number of fibrillar granules in 

the apical cytoplasm of the gastrula cells Is reduced. 

Occasionally, fibrillar granules are observed in the process 

of discharging their contents to the outside of the embryo 

(Fig. 13.69). This discharge may be responsible for the 

reduction In their numbers. 

7. Planula Structure 

With the completion of gastrulation, a hollow, motile 

planula larva is produced. This stage may be reached within 

48 h post spawning. No attempt will be made to describe the 

overall structure of the planula, but some aspects relevant 

to this study will be considered. 

The body wall of the Planula consists of an ectoderm of 

columnar epithelia] cells, and a thinner endoderm of more 

cuboidal epithelia] cells. These layers are separated by a 

thin layer of mesogloeal material (Figs. 13.70,13.71). 

The ectoderm is densely ciliated and bears numerous microvilli 

some of which may be derived from the egg cytospines. The 

apices of the ectoderm cells still contain large numbers of 

cortical granules. Occasional cortical granules are also 

found in endodermal cells; this may be as a result of morpho- 

genetic cell movements during gastrulation. Fibrillar granules 

are not present in either cell layer, and no trace of ingested 
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sperm can be discerned. Compound yolk granules and lipid 

droplets are common in the endoderm and the basal regions of 

the ectodermal cells (Fig. 13.72). Many lipid droplets and 

lipidic inclusions have undergone the series of transformations 

described above. 

Nematocysts and spirocysts appear In both cell layers, 

but are more common in the ectoderm (Fig. 13.73). They appear 

to arise in ordinary epithelia] cells, which may contain 

cortical granules. They have not been observed In non-epithelial 

cells which might correspond to interstitial cells. 

The majority of planulae survived with little or no gross 

morphological change for 12 weeks, when they were discarded. 

A small proportion settled and metamorphosed into juvenile 

anemones, starting at five weeks. Some Individuals began 

metamorphosis without settling, but appeared to develop 

abnormally. 

DISCUSSION 

In the present study, A. fragacea individuals spawned 

during periods of high water temperature, and possibly in 

response to an improvement in seawater quality. On each 

occasion, male and female anemones spawned together. This 

suggests a mechanism for co-ordinating the spawning of males 

and females, or at least a response to a common stimulus. 

Synchronized male and female spawning suggests that ferti- 

lization is involved in normal development in A. fragacea, 

and that parthenogenesis or asexual forms of reproduction, 

which have been proposed for A. equina (Gashout and Ormond, 

1979; Carter and Thorp, 1979; Orr et at, 1982), do not operate 

in this case. 
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Synchronized spawning has been reported from other 

species. Chia and Spaulding (1972) reported that, with 

. ýealia crassicornis, at least one individual of each sex 

spawned on each occasion spawning was observed. Spaulding 

(1974) suggested that the presence of sperm In the water may 

stimulate females to release eggs. Dewel and Clark (1972) 

successfully induced the spawni. ng of male Bunodosoma cavernata 

by adding macerated testis extracts to the aquaria. However, 

on other occasionso females spawned when kept In Isolation, 

and communally maintained females spawned when males failed 

to do so (Dewel and Clark, 1974). Female Stomphia didemon 

may also spawn without males (Siebert, 1973). 

Gonads removed by biopsy from recently spawned male and 

female A. fragacea still contained large numbers of apparently 

healthy, fully developed gametes. Thus, not all the gametes 

are released at once. The remainder could undergo resorption, 

or repeated spawnings could occur. Spawned A. fragacea eggs 

are negatively bouyant, as are those of Bunodosoma (Dewel and 

Clark, 1974). However, TeaZia crassicorniB eggs float after 

release (Chia and Spaulding, 1972), as do Tealia feZina oocytes 

when teased free from the gonad epithelium (see Chapter 10). 

The gonads of Anthopleura elegantiesima show massive 

tissue damage after spawning (Jennison, 1979). This was not 

observed in A. fragacea. Here it appears that the eggs are 

extruded through an opening in the trophonema rather than 

liberated by breakdown of the gonad epithelium. The well- 

developed muscle Processes and numerous microfilaments found 

in trophonemal cells (see Chapter 7) may well be involved both 

in the formation of the opening and the expulsion of the egg 

through it. The trophonema does not appear to suffer damage 
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during the process. 

The eggs of most marine invertebrates are surrounded by 

one or more layers of extracellular material, termed variously 

the vitelline membrane, vitelline layer or vitelline coat. 

Anderson (1974) argues forcibly that the term vitelline 

membrane is misleading, and Its use should be discontinued. 

The spawned eggs of A. fragacea are unusual In having no 

extracellular investment of any kind. The absence of any 

vitelline coat around sea anemone eggs has been reported 

previously for Bunodosoma cavernata (Dewel and Clark, 1974) 

and Tealia crassicornis (Schroeder, 1982). However, Schmidt 

and Schafer (1980) report a vitelline membrane around anthozoan 

oocytes, including those of Actinia equina. However, from 

their published micrographs, it seems possible that they are 

referring to the basal lamina which surrounds gonadal oocytes 

and testicular cysts. In A. fragacea at least, this layer Is 

not present around spawned eggs. Szmant-Froehlich et at(1980) 

also report a vitelline membrane around eggs of the coral 

Astrangia danae. They describe it as a layer of cortical 

vesicles just beneath the cell membrane. This layer would 

therefore appear to be intracellular, and so the use of the 

term vitelline membrane is perhaps innappropriate. On the 

other hand, spawned eggs of Actinostola spetzbergensis are 

enclosed in a substantial non-cellular envelope (Riemann- 

Zurneck, 1976). 

The surface architecture of the uncleaved A. fragacea egg 

seems similar to that of Tealia crassicornis eggs as described 

by Schroeder (1982). He also noted the. arrangement of the 

cytospines in pyramidal tufts which he termed spines, and 

remarked upon their helical twist. Using a fluorescent 
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labelling technique, he confirmed that the microfilament cores 

within the cytospines were largely composed of actin. He was 

not able to resolve Individual filaments, however, and so could 

not detect the regular arrangement of many of the filaments as 

described in Chapter 6, Section H. Schroeder (1982) remarked 

upon the very large quantity of actin present near the surfice 

of the egg, which he roughly estimated at some five kilometres 

of actin microfilament per egg. He suggested that these massive 

amounts of actin might impart rigidity both to the cytospines 

themselves and to the egg cortex as a whole. This might serve 

to maintain the shape of the egg and protect It from mechanical 

damage. From the present study, it seems likely that the 

A. fragacea cytospines are rigid, and, in the absence of a 

vitelline coat, may well serve to protect the egg surface from 

abrasion and damage. However, it Is not clear that the egg 

cortex shows any great degree of rigidity; the egg undergoes 

considerable distortion during release from the gonad, and the 

curvature of the surface changes during cleavage without 

changing its composition. Chia and Spaulding (1972) also 

report that- TeaZia crassicornis eggs seem soft and flatten 

"into a pancake shape" when placed on a slide. 

Sch-roeder (1982) noted a smal I area on each Tealia egg 

which was devoid of cytospine tufts or spines. He suggested 

that this might represent the site of polar body formation. 

Similar a'reas occur on A. fragacea eggs, but their significance 

is unclear. Siebert (1973) noted that sperm may become trapped 

among the cytospines of Stomphia didemon eggs, and this was 

also observed during the present study. Unless the sperm are 

specifically attracted to the small areas of the egg surface 
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which are devoid of cytospines, It seems likely that the 

initial contact between sperm and egg may occur on the cyto- 

spines rather than on the intervening oolemma. The cytospines 

may thus be the site of specific receptor molecules, which are 

thought to be involved in sperm/egg recognition and binding in 

other invertebrate groups (Summers and Hylander, 1975; Glabe 

and Vacquier, 1978). 

Although polar body formation was not observed In 

A. fragacea it seems likely that melosis Is completed soon 

after release from the gonad. All the gonadal oocytes observed 

during the present study had intact germinal vesicles, but none 

were observed in spawned eggs. A similar situation has been 

reported for most other anemone species studied (Gemmill, 1921; 

Nyholm, 1943.. 1949; Chia and Spaulding, 1972; Spaulding, 1974; 

Dewel and Clark, 1974; Jennison, 1979; Szmant-Froehllch et at, 

1980). 

Cleavage In A. fragacea appears to follow a very similar 

pattern to that described for BoZocera tuadiae by Gemmill (1921). 

He estimated that the zygote nucleus gave rise to at least 

24 daughter nuclei before the onset of cytoplasmic cleavage. 

Appello"f (1900) estimated that 16 such nuclei were produced in 

Urticina. It was not possible to obtain a reliable estimate 

for A. fragacea, although there would appear to be at least 16. 

Spaulding (1974) suggested that the larger the anemone egg, the 

greater the number of nuclei produced before segmentation 

begins. In some large anemone eggs, however, cleavage may 

follow a different pattern. Chia and Spaulding (1972) found 

that, with the relatively large eggs of Tealia crassicornis, 

early cleavage was meroblastic and confined to the animal 

pole. A similar situation has also been reported for Stomphia 
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(Siebert, 1973). In Epiactis proliferap a large number of 

nuclei are formed before the onset of cleavage. These nuclei 

become arranged in two distinct layers around the periphery 

of the egg, and when cytoplasmic segmentation occurs, an 

embryo with two cell layers is'formed directly (Dunn, 1975). 

Cleavage in many animal eggs, and cytokinesis In many 

other cell types, is brought about by a 'contractile ring' of 

numerous microfilaments extending around the circumference of 

the cell (Bluemink, 1970; Beams and Kessel, 1976). The micro- 

filaments are largely composed of actin (Schroeder, 1969, 

1973), and myosin Is also present (Fullwara and Pollard, 1976). 

Antibodies against myosin can inhibit cleavage (Mabuchl and 

Okuno, 1977), so it seems likely that the contraction Is 

generated by the interaction of actin and myosin filaments. 

Several such contractile rings appear to form simultaneously 

at different points around the surface of the A. fragacea egg, 

but their appearance is otherwise similar to those of other 

species. In A. fragacea, bundles of microtubules were also 

found in the cytoplasm adjacent to the advancing cleavage 

furrows. Their significance is unclear, and, in eggs of other 

species, microtubules are not thought to contribute directly 

to the ingression of the cleavage furrows. 

The process of breakdown of spawned eggs is very similar 

to the breakdown of large oocytes within the gonad, as described 

in Chapter 9. After spawning, however, breakdown must be 

regarded as pathological, since the products of breakdown are 

not resorbed, and so can not be of benefit to the adult. it 

may be the result of a failure to complete meiosis successfully 

or a failure of the fertilization process, either by non- 

fertilization or polyspermic fertilization. Alternatively, 
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the eggs may be defective in some other way, or suffer damage 

during or after spawning. In any casef breakdown appears to 

follow a controlled pattern of fragmentation, with little 

structural alteration of the individual ooplasmic inclusions. 

The proportion of eggs breaking down In this way was always 

very low. 

The process of blastocoele infilling also involves the 

controlled fragmentation of cells. It results in the 

production of membrane-bound packets of yolky cytoplasm which 

are essentially identical to those formed during oocyte and 

egg breakdown. Thus it appears that a similar mechanism 

operates during normal development and during a degenerative 

process. Blastocoele infilling by anucleate, yolky fragments 

has been reported during the development of several anthozoan 

species (Mergner, 1971). Mergner suggests that the shedding 

of yolky material may render the blastula cells more freely 

motile, and so facilitate the morphogenetic cell movements 

required during gastrulation. 

At fertilization, the eggs of most animals are faced with 

the need to permit the entry of a single sperm, but then 

rapidly undergo some alteration which Prevents the entry of 

further sperm. Polyspermy, the entry of more than one sperm 

into the egg, usually results in the death or abnormality of 

the resulting embryo. Mechanisms of Polyspermy prevention 

have been investigated intensively in recent years (see reviews 

by Schuel, 1978; Shapiro and Eddy, 1980; Dale and Monroy, 1981; 

Guraya, 1982). The eggs which have been studied most 

thoroughly in this respect are those of some echinoderms, and 

in particular those of sea urchins. The sea urchin egg appears 

to possess two mechnisms to prevent the entry of additional or 
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supernumary sperm. Very soon after the entry of the first 

sperm, there is an electrical depolarization of the egg 

plasma membrane, which makes It more difficult for subsequent 

sperm to bind and fuse with it. This electrical block is 

rapid, but is not absolute, and may be of only limited duration 

(Nuccitelli and Grey, 1984). A more complete and permanent 

block is provided by the so-called cortical reaction. The 

cortical reaction involves the discharge of the contents of 

the cortical granules to the outside of the egg. The contents 

are released into the space between the oolemma and the 

vitelline coat, and bring about several changes.. including 

the following: - 

a) The separation or elevation of the vitelline coat 

away from the oolemma, and 

b) the chemical alteration of the vitelline coat, 

rendering It less attractive and impermeable to sperm 

(Schuelo 1978). 

The elevated, altered vitelline coat is often called the 

fertilization envelope, and Provides a total and permanent 

barrier to the entry of further sperm into the egg. Its 

formation is relatively slow, however, taking over 60 s in 

Arbacia punctulata (Schuel, 1978). and it Is now widely 

accepted that both blocks are necessary if polyspermy Is to be 

effectively prevented. The rapid, electrical block has been 

investigated in detail in only relatively few species, but the 

cortical reaction has been described from a number of groups, 

including several invertebrate phyla, teleosts, amphibians and 

mammals (Guraya, 1982). 
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A dramatic cortical reaction has been described in some 

detail for the sea anemone Bunodosoma cavornata (Dowel and 

Clark, 1974) and reported more briefly from Metridium conito 

(Clark and Dowel, 1974). In both of these species, there is a 

massive discharge of cortical granules. In Bunodocoma, the 

discharge involves the coalescence of neighbouring granules, 

their fusion with the oolemma and the release of their contents 

to the outside of the egg. Portions of the cortical ooplasm, 

containing mitochondria, lipid droplets and endoplasmic 

reticulum may also be shed during this process, and the egg 

apparently undergoes a significant reduction in diameter. 

The arrangement of the cytospines Is also disrupted, and their 

continuity with the oolemma is "at the very least obscured" 

and may be lost altogether. However, it was reported that only 

those eggs which displayed such a reaction went on to cleave 

and develop normally. 

During the present study, the events associated with the 

entry of the first sperm into the egg in A. fragacea were never 

observed. However, the examination Of multinucleate eggs and 

cleavage stage embryos shows that the surface features of the 

egg remain essentially unchanged. Cortical granules are present 

in apparently undiminished numbers through to at least the 

planula stage, and at no time do the cytospines appear dis- 

rupted. No dramatic cortical reaction can have taken place 

after fertilization. 

Schroeder (1982) did not follow early development in 

-ealia crassicornis in detail, but he did note that no 

differences in surface organization were apparent between 

fertilized and unfertilized eggs, and that the cytospines were 

retained intact during early development. Chia and Spaulding 
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(1972) also found that the cytospines in Tealia persisted 

throughout cleavage. It thus appears that no cortical reaction 

comparable to that described for Bunodocoma occurs In this 

anemone. 

A number of other examples have been reported of 

invertebrate eggs in which either no visible cortical reaction 

occurs or where substantial numbers of cortical granules persist 

into later developmental stages. These examples include Hydra 

(Honegger, 1983), MytiZus (Humphreys, 1967) SpieuZa (Longo, 

1976). HaZiotis (Lewis et aZ 1982) Chaetopterue (Anderson, 

1974) and Urechis (Paul, 1975; Gould-Somero and Holland, 1975). 

The role of the cortical granules in these cases remains to be 

determined. Humphreys (1967) suggested that the prolonged, 

slow discharge of cortical granules observed in Mytilus might 

serve to maintain the vitelline coat during embryonic develop- 

ment. In the absence of any form of vitelline coat, It is 

difficult to envisage the function of cortical granule discharge 

in sea anemones. It seems possible that the granule contents 

would be rapidly dispersed in the surrounding sea water. 

Some mechanism for polyspermy prevention must operate In 

A. fragacea. The eggs spawned in closed tanks in the laboratory 

were exposed to apparently very high concentrations of spermo 

yet the vast majority developed normally, and no supernumary 

sperm were observed in cleavage stage embryos. The nature of 

this mechanism is at Present unknown, but it may be similar to 

the fast electrical block found in sea urchins and described 

above. The fact that gastrula stage embryos can take up large 

numbers of sperm might indicate that this block, which has 

operated effectively throughout cleavage, may later fail and 

allow sperm to enter the embryo. By the gastrula stage, 
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however, the entry of additional sperm may pose little threat 

to the genetic constitution of the embryo, and in A. fragacea 

the ingested sperm appear to be rapidly broken down. 

It is not certain that the uptake of sperm by gastrulae 

is a selective and specific Process; it Is possible that other 

particles of similar size might be ingested in the same way. 

No particles other than sperm were observed being taken up by 

gastrulae, butp in the closed tanks in which the embryos were 

maintained, sperm might be the most abundant particles of 

suitable size available. However, if the uptake Is not 

specificp it is unclear why a relatively early embryo which 

has barely begun to mobilize its yolk reserves should be active 

in the uptake of particles from the external environment. 

Sperm were not apparently taken up by post-gastrula stages, 

but this could merely reflect the reduced availability of 

sperm to these later stages. The ageing sperm tend to settle 

to the floors of the tanks, while the now motile larvae swim 

actively and spend less time on the bottom. 

The roles of the fibrillar and cortical granules during 

early development remain unclear. The fibrillar granules 

decrease in number during embryonic life and are absent from 

planulae. Some of these granules appear to be discharged to 

the exterior, although their function is unknown. Most cortical 

granules persist apparently unchanged until at least the 

planula stage, so it is difficult to envisage any major 

function for them during embryogenesis. 

While the development of nematocysts in the planula was 

not studied in detail, it would appear that they can arise in 

unmodified ectodermal epithelial cells. In Hydra and other 
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hydroids, nematocysts develop in non-epithelial cells 

derived from interstitial cells (Bode and David, 1978). The 

apparently different mode of nematocyst formation found in 

larval sea anemones highlights the need for a better under- 

standing of the role, if any, of interstitial cells in 

anthozoan species. 
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Chapter 14 

GENERAL DISCUSSION 
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Detailed discussion of the results of the present 

study and of the relevant literature has been covered In the 

discussion sections of individual chapters. Only some more 

general considerations and some suggestions as to the 

direction future work on this topic might follow will be 

presented here. 

In most areas of coelenterate biology, It Is difficult 

to avoid some speculation on the question of how 'primitive' 

or 'advanced' a particular process or structure may be. 

In the case of sea anemone gametogenesis, the overall picture 

emerging from the earlier literature, principally from studies 

with the light microscope, as reviewed by Campbell (1974at 

1974b), is consistent with what might be expected from a 

primitive metazoan. The gametes were thought to arise as 

required from undifferentiated, pluripotent Interstitial 

cells, and develop with little or no Involvement of somatic 

accessory cells. The absence of accessory cells Indicated 

that vitellogenesis was wholly autosynthetic, i. e carried 

out entirely within the oocyte itself. The release of 

gametes was thought to be brought about by the simple break- 

down of the fabric of the gonad. When gametogenesis in 

A. fragacea is examined In detail with the electron microscope 

however.. a rather different pattern perhaps emerges. 

The origin of the germ cells in A. fragacea is still 

unclear, but It is by no means certain that they derive from 

pluripotent interstitial cells. There is some evidence, from 

the occurrence of nuage material, that some degree of 

separation of the germ cell line from the somatic cells may 

occur. Evidence for a similar separation is beginning also 

to emerge for Hydra (Littlefield, 1984). It is not clear 
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how the germ cells become distributed through the numerous 

gonads during development, but in A. fragacea the gonads 

appear to be retained from year to year. A degree of 

separation of germ line cells would make germ cell 

differentiation less of an 'epigenetic' process, and would 

bring it at least some way closer to the situation found In 

higher invertebrates and vertebrates (Nieuwkoop and 

Satasurya, 1979,1981). 

The present study has Indicated that after entry Into 

the mesogloea, the gametes do not develop wholly Independently 

but are closely associated with both granular amoebocytes and 

the cells of the trophonema. The trophonema in particular 

appears to be highly specialized for an accessory role, 

especially during oogenesis. The trophonemal cells are 

intimately associated with the surface of each developing 

oocyte, and jppear to be involved in nutrient transfer. 

Trophonemal cells are also more active in protein synthesis 

than the remainder of the gonad. This greater synthetic 

acitivitY may be the result of a general increase in the 

production of a wide spectrum of proteins, but it is possible 

that trophonemal cells produce a protein or proteins 

specifically for export to the growing oocyte. Such an activity 

would constitute the heterosynthetic or extra-oocyti, c 

production of yolk Protein, often considered to be an 'advanced, 

feature during oogenesis (Eckelbarger, 1983). The oocytes 

contain a highly developed system of rough endoplasmic 

reticulum, and undoubtedly are engaged in autosynthetic or 

intra-oocytic yolk Production, but it seems likely that hetero- 

synthesis also plays a part. Such a form of 'mixed' yolk 

synthesis may be more widespread than has previously been 
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appreciated. 

The eggs of most marine Invertebrates are surrounded 

by an extracellular investment such as a vitelline coat, and 

sometimes by additional jelly layers (e. g Anderson,, 1974). 

These investments serve to protect the egg from damage after 

spawning and during early development, and are often also 

involved in polyspermy prevention (e. g Schuel, 1978). 

However, the presence of such a layer may also have disad- 

vantages. If it is present during oogenesis, It may hinder 

the passage of nutrients into the oocyte, and after spawning 

it may hinder the entry of the fertilizing sperm. To over- 

come these difficulties, processes from the oo6yte surface 

and surrounding accessory cells may extend through these 

layers to permit nutrient transfer during oogenesiso and most 

invertebrate sperm possess an acrosome, which locally softens 

the extracellular coat and permits sperm penetration. The 

eggs of A. fragacea do not have any form of extracellular 

investment, and so must achieve the necessary degree of 

protection from damage in some other way. The surface of the 

egg is covered by apparently rigid tufts of cytospines which 

may perform this function, and may actually assist rather than 

hinder the process of nutrient uptake during oogenesis. The 

cytospines are elaborate and highly ordered structures, which 

are larger and more complex than the surface features found 

on the eggs of most higher animals. The absence of an extra- 

cellular investment around the egg is presumably correlated 

with the absence of acrosome in the sperm (Larkman and Carter, 

1980). The Mechanisms of Polyspermy prevention in A. fragacea 

are not known, but are apparently very different from those 

found in most other groups. That the alternative mechanisms 
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employed by A. fragacea are effective Is shown by the very 

hi, a,, h success rates in producing apparently normal embryos 

and larvae after spawnings In the laboratory. The vast 

majority of eggs developed normally In spite of culture 

conditions which left much to be desired by conventional 

standards for rearing marine organisms. 

In A. fragaceat the release of eggs from the gonad 

during spawning appears to be a precisely controlled process 

in which the somatic trophonemal cells are closely involved 

(see Chapter 13). The gonad epithelium does not appear to 

suffer damage during the Process. This would appear to be a 

more sophisticated mechanism than that reported for some other 

anemones, where the gonad epithelium breaks down to release 

the gametes (Jennison, 1979). 

In A. fragacea, germ cells may break down at almost 

any stage during their development, and, at least on some 

occasions, fully grown oocytes may break down in large numbers. 

When viewed by light microscopy, the breakdown of large oocytes 

appears to be a haphazard, degenerative process. When examined 

in detail by electron microscopy, however, It Is seen to be a 

regulated process, Involving the co-operative activity of the 

gonad epithellal cells, granular amoebocytes and the oocytes 

themselves. This form of breakdown results in the orderly 

re-cycling of large quantities of oocyte material without 

damage to the gonad epithelia. Sperm may be resorbed by a 

similar mechanism in the male gonad. 

Thus the overall pattern of gametogenesis in A. fragacea 

which has emerged rom the Present study suggests that it is a 

more complex and better regulated process than perhaps was 

appreciated previously. In particular, it Involves considerable 
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co-operative interaction between germ and somatic cells. In 

this respect, it perhaps goes some way towards the 'advanced' 

forms of gametogenesis found In higher animals. On the other 

hand, the appearance of the compound yolk granules is very 

similar to structures found in the eggs and gemmules of sponges. 

A number of Points arising from the present study appear 

to warrant further investigation employing a wider range of 

techniques than used here. The occurrence and role of Inter- 

stitial cells in sea anemones is in urgent need of clarification. 

if the patterns of cell proliferation throughout the anemone 

could be established, perhaps using tritiated thymidine auto- 

radiography at the electron microscope level, as outlined In 

Chapter 4, this might improve our understanding of an 

important problem in modern coelenterate biology. 

The extent of the role played by the trophonemal cells 

and amoebocytes in the transfer of nutrients to the developing 

germ cells needs further study. Some nutrient molecules may 

be channelled through the trophonema, some through amoebocytes 

and some may be taken up directly from the mesogloea by the 

oocyte surface. In some Polychaete annelids, there are a 

number of pathways by which the various nutrients reach the 

oocyte, only some of which involve accessory cells (Dhainaut 

. a-; al, 1984). The autoradiographic studies described in 

Chapter 8 could be extended to include a wider range of 

labelled molecules, and some should be performed at the 

electron microscope level. Another possibility which might 

be explored is that the trophonemal cells may synthesize 

messenger RNA for export to the oocyte. This RNA might then 

be translated using the oocyte's own, well-developed synthetic 

machinery, or stored for use during early development. 
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The supply of mRNA to oocytes by nurse cells is known to 

occur in some insects (Paglia et at, 1976). Patterns of RNA 

synthesis could be followed using autoradiography after 

exposure to radiolabelled uridine. 

The gonads and oocytes of A. fragacca might also serve 

as models for the study of several cellular structures and 

processes which are important in modern cell biological 

research. The oocyte cytospines would appear to be highly 

suitable structures for the study of the organization of the 

cytoskeleton In microvilli and allied structures. Cytospines 

are larger and more precisely arranged than the microvIIII of 

vertebrate brush border epithelia, which are the standard 

subjects for research of this kind. The oocyte surface also 

provides a system free from the cell boundaries and inter- 

cellular junctions found in vertebrate epithelia, and might 

make an interesting comparison. Deep etching techniques might 

reveal more of the cytoskeletal organization associated with 

the cytospines than could be distinguished by conventional 

methods during the present study. 

The trophonema and underlying regions of the oocyte 

might make a suitable system for the study of endocytosis 

and associated problems of membrane turnover. Two membrane 

surfaces are involved in endocytosis In this system, the 

apical surface of the trophonemal cells, and the oocyte 

surface adjacent to the trophonema. The trophonemal cells 

are involved in the uptake of presumably a wide range of 

different protein molecules from the gastrovascular fluid 

(see Chapter 8). The results of horseradish peroxidase 

uptake experiments suggest that the proteins taken up in this 

way are processed & degraded by the trophonemal cells. 

389 



The apical regions of these and other gonad epithellal cells 

possess numerous lysosomes and an elaborate transfer tubule 

system, possibly for this Purpose. The ooplasm adjacent to the 

trophonema on the other hand, contains only large numbers of 

vesicles. Lysosomes and a transfer tubular system are not In 

evidence in this location. This may be because the oocyte is 

taking up only a more limited range of protein molecules, which 

might requi-re-relatively little further processing before 

utilization within the oocyte. The scale of endocytosis in this 

region of the oocyte, as evidenced by the numbers of vesicles 

found there, would appear to be much greater than occurs in the 

cultured mammalian cells or hepatocytes often used in studies 

of endocytosis. Thus the associated problems of membrane turn- 

over and receptor re-cycling may also be greater. Modern 

immuno-labelling techniques might be used to good effect for 

the study of these mechanisms in this situation. 

During the present study, cytological aspects of oocyte 

degeneration and fragmentation were studied in some detail 

(see Chapter 9), and it became apparent that resorption of 

gametes could occur on a large scale. The very small samples 

examined in this sort of ultrastructural study, however, do 

not permit conclusions to be drawn about the situation in the 

population as a whole. A study of the phenomenon from a more 

ecological viewpoint is required to assess the impact and 

importance of gamete resorption as a reproductive tactic. 

More definite knowledge of the longevity of A. fragacea 

individuals in the field could be obtained by estimating adult 

mortality rates, and the extent of resorption in the population 

could be monitored by larger scale sampling, or possibly by 

biopsy of anemones in situ. More data on these two parameters 
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might confirm the rather speculative argument on the role of 

gamete resorption in a long-lived animal presented In the 

Discussion section of Chapter 9. 

The fact that the moment of fertilization in A. fragacea 

was never observed was a major disappointment during this 

study. However, armed with a knowledge of the gametogenic 

cycle and of the conditions which appear to promote spawning, 

there seems no reason why future attempts to Induce and 

observe spawning in the laboratory should not meet with 

success. Processes such as polar body formation and sperm/egg 

interaction could then be observed. Given the current high 

level of research interest in fertilization mechanisms In 

animals generally, a determined effort to achieve this might 

well be worthwhile. 

Much recent research effort in Invertebrate reproduction 

has been directed towards understanding the mechanisms by 

which gametogenesis and spawning are controlled. The roles of 

neurosecretory and endocrine control systems have been 

investigated in several invertebrate phyla, including annelids, 

molluscs, insects and echinoderms (e. g De Loof, 1984; Voogt 

et at, 1984; Schroeder, 1984; Raabe, 1984). Gametogenesis in 

A. fragacea appears to be a well-regulated process, co- 

ordinated across a number of discrete gonads. The mechanisms 

by which control is achieved, however, are entirely unknown. 

Sterols are known to occur in sea anemones (Voogtet at, 1974; 

Sica et at, 1981), but their function is not known. Nervous 

elements were not observed within the gonads at any stage 

during the present study. One Possible contribution to the 

future study of control mechanisms is the finding that 

anemone gonads can be maintained In culture. With some 
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additions to the culture medium, it seems possible that the 

culture method used In the experiments described In Chapter 8 

could be used to maintain gonads for a matter of weeks. The 

culture of gonads In a situation where they are not subjected 

to extrinsic controlling influences may shed light on the 

role of such influences, and makes possible the experimental 

testing of the effect of chemicals and tissue extracts on 

gamete development. Anemone gonads appear to be relatively 

easy to maintain in cul. ture. The fact that they are normally 

exposed to the external environment in the form of the gastro- 

vascular fluid, and can take up a range of nutrients from it, 

may contribute to this. Anemones appear to be long-lived 

animals, and so must be highly resistant to infection by micro- 

organisms. In the absence of a definite circulatory systemp 

it is likely that much of their defence against infection 

operates at a local level. Thus isolated organs such as 

gonads may retain some ability to resist infection, which 

again may contribute to their prolonged survival in culture. 

The only other large scale ultrastructural studies of 

anthozoan gametogenesis published are those of Schmidt and 

co-workers (Schmidt and Zissler, 1979; Schmidt and Schafer, 

1980; Schafer and Schmidt, 1980; Schmidt and Holtken, 1980; 

Schafer, 1983). Their approach has been to examine gonads 

from a very large number of different species, with a view to 

using differences in gamete ultrastructure as indicators of 

phylogenetic and taxonomic relationships. Their descriptions 

of the processes of oogenesis and spermatogenesis have been 

pieced together using fragments of Information from different 

species. Such an approach is not without its disadvantages, 

however, and several of the findings of the present study are 
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inconsistent with theirs. Comparative studies of more than 

one species are, of course, valuable, but when dealing with 

a complex process such as gametogenesis, Individual species 

must be studied in some depth before electron microscope 

results can be interpreted reliably. Unless complications 

such as gamete degeneration and resorption are Identified and 

their consequences appreciated, even good-quality electron 

micrographs are likely to be subject to misinterpretation. 

The present study represents an attempt to subject 

the entire process of gametogenesis In a single species of 

sea anemone to detailed ultrastructural examination. 

Hopefully It makes some contribution towards the better 

understanding of an important process In an interesting group 

of animals. 
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APPENDIX 1 

Reagents and'procedures used during the processing of 

tissue for microscopy. 

1. Stock solution of 0.2 M phosphate buffer. 

0.2 M Na 2 HPO 4 
76 ml 

0.2 M NaH2PO4 approx. 24 ml 

(add until pH Is 7.4) 

2. Glutaraldehyde fixativ . 

0.2 M phosphate buffer, pH 7.4 50 ml 

Glutaraldehyde, EM grade, 25% 12 ml 

NaCl 3 g 

Distilled water to make 100 ml 

3. Osmium tetroxide fixative. 

0.2 M phosphate buffer, pH 7.4 50 ml 

Osmium tetroxide crystals 1 g 

NaCl 3 g 

Distilled water to make 100 ml 

4, Buffer wash solution. 

0.2 M phosphate buffer, pH 7.4 50 MI 

NaCl 3g 

Distilled water to make 100 ml 

5. 'Emix' epoxy resin is supplied In pre-weighed containers 

by EMscope Laboratories Limited, Ashford, Kent. 
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6. Uranyl Acetate Staining Solution. 

A saturated solution of uranyl acetate in a 1: 1 ethanol/ 

water mixture. 

7. Lead citrate staining solution (after Reynolds, 1963) 

Lead nitrate 1.33 g 

Sodium citrate 1.76 g 

Distilled water 30.0 ml 

Shake for 20 minutes, then add: - 

1.0 M NaOH 8.0 ml 

Distilled water to make 50.0 ml 

8. JB-4 Plastic embedding medium. 

Supplied by Polysciences Limited, Northampton. 

a) Catalysed solution A 

JB4 solution A so ml 

JB4 Catalyst powder 0.45 g 

Stir for 15 minutes or until clear. 

b) Complete resin 

Catalysed solution A 42 ml 

JB4 solution B1 ml 

9. Toluidine blue staining procedure. 

Stain in 1% toluldine blue in 1% sodium tetraborate 

solution on slide, 5-10 seconds 

Rinse In distilled water. 

Dry on hotplate. 

Mount In DPX. 
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10. Haematoxylin-phloxine staining procedure. 

Stain in Ehrlich's haematoxylin at 400C 10 min 

Rinse in tap water. 

Stain In 1% aqueous phloxine 2 min 

Dry on hotplate. 

Mount in DPX. 

APPENDIX 11 

Preparation of sterile sea water with antibiotiC. 

Sea water was Initially filtered through Whatman No. 1 

filter paper, then sterilized by filtration through a 

Millipore filter of 0.45 um Pore size. 

Crystamycin (Glaxo Laboratories, Lt. t Greenford, 

Middlesex), a mixture of benzylpenicillin sodium and strepto- 

mycin sulphate, was added at the rate of 1X 800 mg vial per 

litre of sterile sea water. 
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APPENDIX III 

Reagents used for the demonstration of the uptake of 

horseradish peroxidase. 

Sigma Type 11 horseradish peroxidase was used, at a 

concentration of 10 mg/ml In sterile sea water. 

2. Buffered Hanker-Yates Reagent. 

Hanker-Yates reagent is a mixture of pyrocatechol and 

para-phenylenediamine (Hanker ot aZ, 1977) and was 

supplied by Polysciences Limited, Northampton. 

Tris 

Distilled water 

Adjust to PH 7.6 with 2M HCI. 

Distilled water 

Hanker-Yates reagent 

1.21 g 

60.0 ml 

to make 100.0 ml 

0.125 

3. Complete incubation medium. 

Buffered Hanker-Yates reagent 

1% H202 solution 
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APPENDIX IV 

Reagents used for the demonstration of acid phosphatase 

activity. 

1. Stock 0.2 M cacodylate buffer. 

Sodium cacodylate trihydrate 4.28 g 

Distilled water 60.0 ml 

Adjust PH to 7.4 with 2M HCI. 

Distilled water to make 100.0 ml 

2. Cacodylate-buffered glutaraldehyde. 

0.2 M cacodylate buffer, pH 7.4 50 ml 

Glutaraldehyde, EM grade, 25% 12 ml 

NaCl 3g 

Distilled water to make 100 ml 

3. Cacodylate-buffered osmium tetroxide. 

0.2 M cacodylate buffer, PH 7.4 50 ml 

Osmium tetroxide crystals 1g 

NaCl 3g 

Distilled water to make 100 ml 

Buffer wash solution 

0.2 M cacodylate buffer, pH 7.4 50 mi 

NaCl 3g 

Distilled water to make 100 ml 
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5. Stock 0.2 M Tris/maleate buffer. 

Tris2.4 g 

Maleic acid 2.3 g 

Distilled water 60.0 ml 

Adjust pH to 5.2 with 2M NaOH. 

Distilled water to make 100.0 ml 

6.0.1 M sodium 0-glycerophosphate. 

Sodium P-glycerophosphate 3.15 g 

Tris/maleate buffer, PH 5.2 to make 100.0 ml 

7.0.02 M lead nitrate. 

Lead nitrate 0.66 g 

Tris/maleate buffer, PH 5.2 to make 100.0 ml 

8.0.1 M sodium fluoride. 

Sodium fluoride 0.42 g 

Tris/maleate buffer, PH 5.2 to make 100.0 mi 
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APPENDIX V 

Details of radlochemicals used. 

1. Tritiated leucine and glucose were supplied by Amersham 

International p1c., Amersham, Buckinghamshire. 

2. Tritiated leucine. 

L-C4,5-3H] leucine, specific activity 130 Curies/mmol 

was supplied at 1 mCi/ml In sterilized aqueous solution 

with 2% ethanol added. 

3. Tritiated glucose. 

D-[2-3H) glucose, specific activity 10.2 Curies/mmol, was 

supplied at 1mCI/ml in sterilized aqueous solution. 
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Key to Lettering of Diagrams 
-and 

Figures 

ab 
Ac 
ac 
a1 
Al 
a1 
an 
Ap 
as 
ax 
ay 
B1 
bl 
Bm 
bo 
bs 
cb 
ce 
cg 
ch 
c1 
cl 
Co 
CP 
ct 
ct 
cu 
cv 
cy 
d 
da 
db 
dc 
dcg 
de 
der 
Df 
DG 
dg 
dm 
DN 
DO 
dr 
DS 
DTe 
dy 
ea 
Ec 
En 
Eo 
Ep 
ep 
er 
ex 
f 
Fb, 
fb 

accumulation body 
amoebocyte 
accessory centriole 
angular Inclusion 
algal cell 
annulate lamellae 
anterior 
process from amoebocyte 
anterior space 
axoneme 
atypical yolk granule 
blastocoele 
basal lamina 
blastomere 
cell boundary 
blebs 
base of cilium 
centriole 
compound yolk granule 
chromatin, or channel in intercellular junction 
cilium 
cleft In cytoplasm 
cortical granule 
coated pit, or cytoplasmic packet 
ciliary tract 
central point of degenerate 
central unfragmented region 
coated vesicle 
cytospine 
desmosome-like intercellular 
dense area 
dense body 
area of dense cytoplasm 
dense-cored granule 
depression, or dense core 
dilated ER cisterna 
degenerate flagella 
degenerate germ cell 
dense granule 
degenerate mitochondrion 
degenerate nucleus 
degenerate oocyte 
dense region 
degenerate sperm 
degenerate testicular cyst 
degenerate yolk granule 
early compound yolk granule 
ectoderm 
endoderm 
endodermal portion of oocyte 
'plug' of endodermal cells 
epithelial cell process 
endoplasmic reticulum 
extension of mesogloea 
flagellum 
fish red blood cell 

a rea 

junction 

fibrillar material, or nuclear fibrillar body 
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fe 
fg 
fi 
FI 
fo 
Fu 
fy 
9 
ga 
gc 
gI 
GO 
90 
gr 
Gt 
Gv 
hc 
ho 
ib 
Ic 
ii 
Im 
In 
Is 
It 
iy 
iyp 
L 
Lc 
Id 
1f 

m 
LO 
lo 
Ls 
Is 
m 
ma 
mc 
md 
Me 
Mi 
Mo 
MP 
Ms 
mt 
mu 
mv 
N 

feltwork of fibrils 
fibrillar granule 
microfilaments or f1brils 
lower portion of filament 
fossa 
upper portion of filament, 
forming yolk granule 
Golgi complex 
granular area 
granular core 
glycogen 
gonad 
Golgi complex 
granule 
cnidoglandular tract 
gastrovascular cavity 
heterochromatin 
hooped fibrillar material 
intercellular bridge 
ingested cell 
intercellular junctional 
Imperfect mesentery 
invagination 
inner surface of blastula 
intermediate tract 
ingested yolk 
ingested yolk packet 
lipid droplet 
'light cell' 
low-density granule 
loosely Packed fibrillar 
lipidic Inclusion 
limiting membrane 
large oocyte 
lobe 
large lipid sphere 
longitudinal sectl6n 
mitochondrion 
mitochondrial aggregation 
mitochondrial cloud 
moderate-density granule 
mesogloea 
cell undergoing-mitosis 

or furrow 

complex 

granule 

mesogloeal portion of oocyte 
muscle process 
mesentery 
microtubule 
mucus-like material 
multivesicular body 
nucleus 

na nuage 
nd dense form of nuage 
ne nuclear envelope 
nf fibrillar form of nuage 
np particulate form of nuage 
nt nematocyst 
nu nucleolus 



Oc oocyte 
ol oolemma 
Oo possible oogonlum 
Op opening In epithelium or mesogloea 
OP oocyte process 
OV ovum or egg 
ox calcium oxalate crystal 
pa small particle 
PC pore complex 
pe peripheral granule 
Ph pharynx 
Ph phagosome 
Pi coated pit 
PI chloroplast 
Pm perfect mesentery 
pn pyrenoid 
PO posterior 
PP periplast 
pr cytoplasmic process 
PS prospermatogonium 
PS peripheral space# or pseudopodial process 
PT 'partially emptied testicular cyst 
ra randomly arranged fibrillar material 
rb residual body-like inclusion 
rd rodlet 
Re remnant of sperm 
Rm retractor muscle 
Rt reticular tract 
rt t*ootlet 
s starch grain 
sa satellite granule 
SC shrunken cell 
sc synaptinemal complex 
se septae (of desmosome) 
sh membranous sheet 
sk membranous stack 
sm sperm membrane 
so small oocyte 
SP spermatogonium 
Sr spirocYst 
sr striated rootlet 
ss starch sheath 
St spermatid 
st stack of Golgi cisternae 
sw swollen region 
Sz spermatozoon 
tb tubule 
Te testicular cyst 
th chromatin thread 
Tr trophonema 
tu cluster of tubules 
tv tubular or vesicular material 
un unstained body 



va vacuole 
ve vesicle 
vi microvilli 
vm vacuole membrane 
vr vesicular region 
vs vesicular granule 
wh whorl 
xs cross or transverse section 
y yolk material in endoderm 
yo yolk 
yp yolk-containing packet 
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THE FINE STRUCTURE OF MITOCHONDRIA 
AND THE MITOCHONDRIAL CLOUD DURING 
OOGENESIS ON THE SEA ANEMONE 
ACTINIA 

Key words: Anthozoa. Actinia fragacea, mitochondrial cloud, oogenesis. ultrastructure 
ABSTRACr. 'ne appearance and arrangement of the mitochondria during all stages of oocyte 
growth in the sea anemone Actinia fragacee (Cnidaria: Anthozoa) have been examined by 
elcctron microscopy. In small oocytes. the mitochondria are generally squat, with a dense matrix 
and numerous cristac, although a proportion may show an unusual arrangement of prismatic 
cristac. During early oogcncsis, the mitochondria tend to be aff angcd in aggregates rather than 
randomly scattered. and may be associated with nuage material. With the onset of vilcilogcncsis, 
a large mitochondrial aggregate forms next to the nucleus. During early vitcliogcnesis this 
aggregate enlarges and comes to resemble the mitochondrial clouds found in some amphibian 
oocytcs. Within the cloud, many mitochondria appear to he highly elongate and irregular in 
shape. The cloud begins to fragment and disperse midway through vitcllogencsis at about the 
time when cortical granules appear. In fully grown oocytcs, some mitochondria may have a much 
less dense matrix and fewer cristac than the remainder, which may be related to their state of 
activity. 

Introduction 

The ova or mature oocytes of many animal 
species apparently contain very large num- 
bers of mitochondria, which may be sufficient 
to sustain early embryonic development 
without significant increase in their number 
(Billett, 1979). The early germ cells from 
which the oocytes originate, however, are 
usually small and contain relatively few 
mitochondria. 7bus the process of oogenesis 
must often involve a massive accumulation of 
mitochondria. In some species, intact 
mitochondria may be supplied from nurse 
cells which are in cytoplasmic continuity with 
the growing oocyte, as in the meroistic 
ovaries of some insects (Mahowald, 1972), 
and there are isolated reports of mitochon- 
dria arising from other oocyte components 
(Marco and Vallejo, 1976). In many cases, 
however, it seems likely that the oocyte 
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mitochondfia are descended from those of 
the early germ cells (Billett, 1979), presum- 
ably replicating by division. In some species, 
the replicating oocyte mitochondria spend a 
period arranged as a large accumulation 
termed the mitochondrial cloud, and also, 
perhaps less usefully, known as the Balbiani 
body or yolk nucleus. Mitochondrial clouds 
have been most closely studied from the 
oocytes of anuran amphibians (Billett and 
Adam, 1976; Callen et aL, 1980; Tourte et aL, 
1981). 

Oocytes of the sea anemone Actinia 
fragacea develop without cytoplasmic con- 
tinuity with other cells. They are closely 
associated with the somatic cpithelial cells of 
a structure known as the trophonema, but the 
transfer of large inclusions or intact 
organelles between trophonema and oocyte 
has not been observed (Larkman and Carter, 
1982). It thus seems probable that the 
increase in number of the oocyte mitochon- 
dria occurs by their replication within the 
oocyte. This paper describes the ultrastructu- 
ral features of the oocyte mitochondria and 
their arrangement throughout oogenesis in 
this species. 
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Actinia fragacea is an intertidal sea anc- 
monc which was formerly considered to be 
a variety of the common beadlet anemone 
Actinia equina (Stephenson, 1935), but which 
Is now thought to be a separate species 
(Carter and Tborpc, 1981). 

Materials and Methods 
In order that all stages of oogcncsis could be 
observed, large Actinia fragacea individuals 
were collected at rcgular intervals over a2 
year period from a restricted area of rocky 
shore at Wembury, near Plymouth, England. 
The anemones were dissected and pieces of 
gonad were removed and fixed in 3% 
glutaraldehyde in a 0- 1 N1 phosphate buffer 
containing 3% sodium chloride. The pieces 
were rinsed, post-fixed in 1% osmiurn 
tetroxide in the same buffer, dehydrated 
using ethanol and embedded in Emix epoxy 
resin. Sections were cut using glass or 
diamond knives on an LKB Ultratome 111, 
stained with uranyl acetate and lead citrate, 
and examined using a Philips EN1300 electron 
microscope. 

Results 
In Actinia fragacea, the sexes appear to be 
separate and both show an annual cycle of 

Abbreviations 
cc centriole 
cm central matrix area 
co cortical granule 
En endoderm 
er endoplasmic reticulum 
fi fibrillar granule 
gl glycogen 
Go Golgi complex 
L lipid dropict 

LARKMAN 

gametogcnic activity, although oocytc de- 
vclopmcnt, even within a single gonad, may 
be poorly synchronized. In the population 
studied, early female germ cells arc first 
noticed in spring, and appear to be spawned 
in June orJuly of the followingycar. 77hus the 
whole process of oogcnesis may take a full 
year, or slightly more for some oocytes. The 
female germ cells are first apparent as small 
cells, 5-8 jim in diameter, among the bases of 
the endodermal cpithclial cells of the gonad, 
and there is evidence that at least some of 
these very small cells may already be oocytcs 
(Larkman, 1981). Early in their develop- 
ment, at sizes ranging usually from 10 to 
30pm in diameter. the oocytcs migrate from 
the endoderm into the mesoglca of the 
gonad, usually between June and October. 
Vitellogenesis may begin prior to entry into 
the mesoglea, but for most oocytes it only 
becomes significant after entry (Larkman, 
1983). The oocytcs grow within the mesoglea 
throughout the winter and spring, and attain 
a final size of about 1501im. 

The very smallest oocytes have a high 
nucleus to cytoplasm ratio, and hcnce have 
rather few cytoplasmic organelles. The few 
mitochondria they contain tend to be dis- 
persed through the cytoplasm (Fig. 1). As the 
oocytes begin to enlarge, more mitochondria 
become apparent. They tend to be small and 

Me mesoglea 
mt mitochondria 
mv multivcsicular body 
na nuage material 
no nuclColus 
Nu nuclcus 
PC pore complexes 
yo yolk granule 

Fig. 1. A very small oocyte, about 6-5, um diameter. The mitochondria are scattered through 
the cytoplasm. x16,000. 

Fig. 2. A group of mitochondria from a small oocyte, showing the arrangement of prismatic 
cristae (arrowed). x38.000. 

Fig. 3. A group of mitochondria from a small oocyte, one of which contains a central matrix 
area which is not traversed by the cristae. x30, OOO. 

Fig. 4. A 12, um diameter oocyte in the endodcrm. close to the mcsoglca. The mitochondrial 
aggregate ties close to an area of nuagc material. X 10,000. 
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round"l, measuring about 0-4xO-hpm in 
section. They have it hornogeneou% dense 
matrix traversed bv numerous narro%% cris- 
tac. In a proportio n of mitochondria. espe- 
cially in the larger profiles. the crislac show 
an unusual lattice-like aiiangement. Manyof 
these cristae appear triangular in cross- 
section. and so are thought to he prismatic in 
three dimensions (Figs. 2.3). Some 
mitochondria may also contain it central 
region of dense matrix material which is not 
traversed by cristae (Fig. 3). These forms of 
mitochondria are less common in oocytes 
larger than about 151im in diameter. 

As the oocý tcs grow %% ithin the endoclerin 
and the numbers of initochondria they 

contain incrcase, the mitochondria tend to 
become arranged in groups rather than 

scattered through the cytoplasm (Fig. 4). 
These groups are usually found close to the 

nucleus. but occasionally occur more 
peripherally in the cytoplasm. These groups 
do not alwavs contain all the mitochondria of 
the oocyte: apparently isolated mitochodria 
are often found. 

A number of apparently related structures 
occur in Ajragacea oocytes which have also 
been found in male germ cells but not in other 
anemone cell types. and which are thought to 

represent a form of nuage material. The 

nuage and associated structures ha\e been 
described in previous publications (Lark- 

man. 1981,1983) and so will not be 

considered in detail here. In this paper. all 
forms of nuage and related -structures will 
simply be referred to as nuage. In small 
oocN, tes. nuage is often found associated with 
groups of mitochondria (Fig. 4). 1 lowever. 

actual contact between nuage and mitochon- 
dria has not been observed, and nuage is 

sometimes found apparently unassociated 
with mitochondria. 

To%%ards the end of the pre-vitellogenic 

[\ 11 1, \I \ 'ý 

phase. usually soon after entr%, into the 
mesoglea anj at an oocyte diameter of 
2W30ym, a group of initocliondria Iving 
close it) the nucleus begin% to cnlargc. I'li is 
presumably occur% by replication of 
initochondria %%ithin the group. although 
other group% and single initocliondria may 
become incorporated into the group as if 
expand%. The perinticicar group comes to 
resemble the initochondrial clouds described 
for other %I)ccic,, (Fig 5). During the early 
stagcs of cloud formation. nuage material 
an(] sometimes Golgi complexes inav he 
found within it (Fig. 5). A% major vitellogene- 
sisgets under way. the cloud enlarges further. 
At this stage. tjsuallý between 30 and 501im 
in diameter. the oocytes developan extensive 
band of rough cndoplasnuc reticultun which 
encircles it significant part of the nucleus. 
Occasionall this hand maý extend into the 
perinuclear region occupicd hý the 
mitochondrial clout]. an(] ma) disrupt it (Fig. 
6). More commonh. ho%%e%er. the cloud 
remains relativclý compact. although it may 
be irregular in outline. The mitochondria are 
not tightly packed within the cloud. and 
ribosomes and short length-., of endoplasinic 
reticulum are found interspersed with them. 
Litter in %-itcllogcne,., i%. yolk granules and 
lipid droplets maý be found %%ithin the cloud 
(Fig. 7). Nuage and associated structures are 
rarcl% found in well -deve loped clouds in 
vitellogenic oocytes. however. The cloud 
reaches its greatest size usually mid-way 
through vitello. genesis, at an oocytc diameter 
of perhaps 80 

, urn, and may itself be 12-15 urn 
across. While the cloud may contain it 

ýigh 

proportion of the mitochondria of the oocyte. 
small groups and individual mitochondria 
mav still be found el%eN%, Iicrc in the ooplasm. 

buring the early stages of cloud formation, 
the great majority of the component 
mitochondria retain their original appear- 

Fig. 5. The mitochondrial cloud next tot he nucleus of an oocýtc just beginning %i IcI loge nests. 
Nuage material is still found within the cloud and Golgi complexes Occur around it-, edge. 
x 13.000. 

Fig. 6. Part of an early %, itellogenicoocyte. A largcAhorl of perinuclcarendoplasmicreticulum 
has penetrated the nutochondrial cloud X75(X). 
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OOGENESIS IN SEA ANEMONE 

rather different appearance. In these cases, 
the matrix is very much less electron-densc, 
and may include areas which appear virtually 
clear (Fig. 14). The cristac arc usually few in 
number, but are narrow and of fairly constant 
width. This different appearance of some 
mitochondria may indicate an aitcration in 
their physiological state, or could merely 
reflect poor preservation during fixation. 
However, they may be found in oocytes in 
which all the other ccll components appear to 
be well preserved. 

Discussion 

Mitochondria with prismatic cristae, while 
not widespread, have been reported on a 
number of occasions, both from vertebrates 
(e. g. Blinzinger er aL, 1965, Morales and 
Duncan, 1971) and invertebrates (e. g. Fain- 
Nfaurel, 1968; Murdock et at., 1977). Some of 
these mitochondria also contain an array of 
rodlets, and Murdock et aL (1977) have 
proposed a hypothesis that these rodlets are 
important in establishing the geometric 
arrangement of the cristae. The mitochon- 
dria with prismatic cristae found in Actinia 
fragacea early oocytes are similar in appear- 
ance to those described by Murdock er aL 
from crayfish vas deferens sphincter muscle, 
but do not appear to possess intramitochond- 
rial rodlets. It therefore seems unlikely that 
their proposed mechanism is operating in this 
case. It is interesting that, in both cases, only 
a proportion of the mitochondria in a given 
region of tissue exhibit this form; they may be 
intermingled with mitochondria with a more 
typical arrangement of cristae. 

During the course of oocyte growth in A. 
fragacea, the mitochondria come to form a 
large mass close to the nucleus, which is 
similar in appearance to the mitochondrial 
clouds of other animal species. Mitochond- 
rial clouds have been reported from a number 
of invertebrate species. Recently Eckelbar- 
ger (1979) described the occurrence of a 
mitochondrial cloud in pre-vitellogenic 
oocytes of the polychaete annelid Phragnza- 
topoma lapidosa. Anderson and Huebner 
(1968) also note the accumulation of 
mitochondria at the animal pole of oocytes of 
the polychaete Diopatra cuprea. However, 
the mitochondrial cloud has been most 
extensively studied in amphibians, and in 
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particular for the anuran Xenopus laevis. In 
spite of the wide phylogenctic separation, 
parallels can be drawn and comparisons 
made between the clouds of A. fragacea and 
Xenopus. 

In small A. fragacea oocytcs, mitochon- 
dria are often found in clusters which may 
have a perinuclear location. as is the case in 
young oocytes of many species (Anderson. 
1974). One such perinucicar cluster enlarges 
and eventually forms the mitochondrial 
cloud. In Xenopus, the cloud arises by the 
coalescence of several smaller mitochondrial 
aggregates, which initially are dispersed 
evenly around the germinal vesicle. They 
come to form a cap-likc structure on one side 
of the germinal vesicle (Billett and Adam, 
1976). In A. fragacea, it is not clear whether 
migration of other mitochondrial groups to 
join the developing cloud takes place, or 
whether one perinuclear cluster merely 
proliferates much more rapidly than the 
others. In Xenopus, during the early stages, 
the cloud is located in a large depression in 
one side of the germinal vesicle, which was 
not observed in A. fragacea. Also, Tourtc et 
aL (1981) suggest that, in Xenopus, there is a 
precise localization of the cloud with respect 
to the orientation of the nucleus and the 
Golgi apparatus during early oogcnesis. No 
favoured position for the cloud on the surface 
of the nucleus could be discerned during the 
present study. 

The mitochondrial cloud in A. fragacea 
appears to be less regular in shape and less 
clearly defined than in Xenopus. There, the 
cloud is roughly spherical, can be distin- 
guished with the light microscope within the 
intact oocyte, and can be removed relatively 
intact by microdissection (Billett and Adam, 
1976). In A. fragacea, the cloud, especially 
late in its development, may be ragged in 
outline, and bands of yolk granules or 
endoplasmic reticulum may extend into it. 

In Xenopus, the cloud, in addition to 
mitochondria, may contain large numbers of 
small vesicles, 0-1-0-2pm in diameter. The 
relative number of these vesicles increases as 
the cloud enlarges (Billett and Adam, 1976). 
No such vesicles were observed within the 
cloud in A. fragacea, although it nfay contain 
ribosomes and short, randomly arranged 
cisternae of rough endopasmic reticulum. 

Aggregates of mitochondria are found 
associated with nuage material in Xenopus 
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primordial germ cells and oogonia (Al- 
Mukhtar and Webb, 1971), but this asso. 
ciaion is not a characteristic feature of the 
mitochondrial cloud in the oocytc (Billett and 
Adam, 1976). An association between 
mitochondria and nuage occurs in A. fra- 
gacea but seems less intimate than in 
Xenopus, since direct contact between the 
two was never observed, and areas of nuage 
were found apparently not in association with 
mitochondria. A point of similarity is that the 
association is more noticeable during the 
early stages of oogcnesis. Nuage may be 
found among mitochondrial groups in small 
oocytes and in clouds early in their develop- 
ment, but is not normally seen in large 
mitochondrial clouds. Billett and Adam 
(1976) conclude that it is more reasonable to 
suppose that the nuage material may be some 
kind of germ cell determinant rather than a 
substance essential for mitochondrial rcplica-- 
tion. In A. fragacea, nuage material identical 
to that seen in oocytes is also found in early 
male germ cells (Larkman, 1981,1983), 
which do not undergo massive mitochondrial 
proliferation. This finding might also argue 
for a wider role for nuagc than involvement in 
replication of mitochondria. 

In Xenopus, the cloud is thought to be the 
site of rapid mitochondrial proliferation, and 
is an active site of mitochondrial DNA 
synthesis (Billett, 1979; Tourte et al., 1981), 
although the level of activity of the cloud may 
vary considerably with the age of the female 
frog (Callen et al., 1980). Billett and Adam 
(1976), using a combination of conventional 
transmission electron microscopy, high vol- 
tage electron microscopy of thick sections, 
and scanning electron microscopy of isolated 
clouds, concluded that the Xenopus cloud 
consisted of a tangled mass of very long 
mitochondria, reminiscent of spaghetti, 
rather than individual short mitochondria. 
Although only conventional TEM of thin 
sections was employed in the present study, 
the available evidence points to there being a 
possibly similar situation in the mitochond- 
rial cloud of A. fragacea. Highly elongate 
mitochondria, and curved or irregular 
mitochondria profiles, were frequently en- 
countered in well-developed clouds, but were 
rarely observed prior to cloud formation or 
after its dispersal. The upper limit of the 
lengths of these elongate mitochondria could 
not be estimated, but, given their usually 
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tortuous shape, is likely to be in excess of the 
lengths seen in profile in thin sections. 
Circular or ring-shapcd mitochondrial pro- 
files. as found in A. fragacea, have not been 
described from Xenopus clouds. They have, 
however, been observed in pre-vitcllogenic 
oocytcs of the mollusc 11yanassa obsoleta 
(Taylor and Anderson, 1969), and Anderson 
(1974) indicates that 'donut-shapcd' 
mitochondria may occur during oocyte de- 
velopmcnt in many animals. 

The timing of the development of the 
mitochondrial cloud is rather different in A. 
fragacea and Xenopus. In A. fragacea the 
cloud may become apparent at about the time 
of the onset of vitcliogenesis. and may persist 
as a recognizable, although more diffuse, 
structure well into vitcliogencsis, until at 
least the time of cortical granule appearance. 
However, the sequence of events in A. 
fragacea oogencsis appears to be subject to 
some variation. In Xenopus, the cloud forms, 
grows and disperses all within the pre- 
vitcllogenic phase of oocyte growth. The 
mechanism of yolk formation is very different 
in the two species, which may make different 
metabolic demands upon the oocyte. In 
Xenopus, yolk formation is thought to be 
hetcrosynthctic, with yolk protein synthesis 
taking place remote from the oocytc, in the 
liver (Wallace and Dumont, 1968), and there 
is a well-defined pre-vitellogenic phase. In A. 
fragacea, the growing oocyte is well endowed 
with synthetic organelles such as rough 
cndoplasmic reticulurn and Golgi complexes, 
and it is likely that significant amounts of yolk 
protein synthesis take place within the oocyte 
itself (Larkman, 1980). The pre-vitcllogenic 
phase is brief and poorly defined, some 
oocytes beginning to accumulate yolk gra- 
nues at a small size, sometimes prior to entry 
into the mcsoglea (Larkman, 1983). Subse- 
quently, the oocytes grow slowly, and may be 
active in vitellogenesis for an extended 
period, perhaps as long as nine months. 

The finding that fully grown A. fragacea 
oocytes may contain a proportion of 
mitochondria of unusual appearance may 
simply be the result of variable fixation and so 
have no functional significance. Howevcr, 
since other oocyte components appear well 
preserved, their different appearance may 
reflect a different physiological state of some 
mitochondria. It has been suggested that 
oocyte mitochondria serve two purposes, 
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firstly, that of providing for the metabolic 
needs of the oocyte and, secondly, to serve as 
a store of mitochondria to meet the early 
requirements of the developing embryo 
(Billett, 1979). Thus oocytes may contain a 
mixture of mitochondria, possibly differing 
both in structure and function. The metabolic 
needs of a fully grown oocyte may be very 
different from those of a growing vitellogenic 
oocyte, especially one engaged in autosynth- 
esis of yolk material such as A. fragacea. It 
may be that when the demands of yolk 
production decrease, some oocyte mitochon- 
dria enter a state of lower activity, which may 
be reflected morphologically. 

403 
In the present study, no evidence was 

obtained that mitochondria enter the A. 
fragacea oocyte from outside, or arc pro- 
duced from other cytoplasmic structures. 
Mitochondrial proliferation within the 
oocyte appears to result in the formation of a 
large aggregate of possibly elongate 
mitochondria which may be tcrmcd a 
mitochondrial cloud, a structure not pre- 
viously reported from coclenterate oocytes. 
Interestingly, the mitochondrial cloud of this 
lower metazoan shows many similarities with 
the clouds described for oocytes of some 
amphibian species. 
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Introduction 

THE APPARENT ABSENCE OF A CORTICAL 
REACTION AFTER FERTILIZATION INA SEA 
ANEMONE 

I 

Kcy words: Acrinia fragacra, cortical granuics. cytospines, fmilization. ultrastructure. 
ABSTRACT. Eggs, embryos and larvae of the intcrtidal sea anemone Artinia fragacee were 
obtained from spontaneous spawning% in the laboratory and have been examined by scanning 
and transmission electron microscopy. The eggs average 150, um in diameter and are covered by 
tufts of large microvilli known as cytospincs. but are not surrounded by a jelly layer or a vilciline 
coat. 'Me cortical layer of the egg contains large numbers of dense, homogeneous cortical 
granules. The surface layers of cleavage and blastula stage embryos arc similar in composition to 
those of unfertilized eggs in that the cyto%pinc tufts remain intact and the number of cortical 
granules remains apparently undiminished. No major discharge of cortical granules indicative of 
a cortical reaction can have occurred. During gastrulation, many embryos take up large numbers 
of sperm by a process resembling phagocytosis. These sperm undergo breakdown in the 
superficial regions of the embryos. The cortical granules persist well into larval life, and their 
function is unknown. 

The eggs of sea anemones contain coitical 
granules (Dewel and Clark, 1974; Sch5fer 
and Schmidt, 1980; Larkman, 1980), as do 
those of many other animals, including some 
more advanced invertebrates and many 
vertebrates including amphibians and mam- 
mals (Guraya, 1982). In many species, these 
granules are discharged to the exterior of the 
egg soon after fertilization as part of a cortical 
reaction which helps to prevent the entry of 
further sperm, which might have a delete- 
rious effect on the embryo (Schuel, 1978; 
Shapiro and Eddy, 1980). An ultrastructural 
study of early development in the intertidal 
sea anemone Actinia fragacea was under- 
taken in order to investigate cortical granule 
activity in this lower metazoan. 

Materials and Methods 

Male and female A. fragacea spawned 
spontaneously in closed aquarium tanks in 
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the laboratory on several occasions during 
the summer of 1982. Series of samples of the 
resulting eggs, embryos and larvae were fixed 
and processed for transmission electron 
microscopy according to the procedure de- 
scribed in a previous paper (Larkman, 1981) 
except that, after osmication, the specimens 
were pellcted in agar so that large numbers of 
each stage could be handled conveniently. 
Material was processed for scanning electron 
microscopy by fixation and dehydration as 
for TEM, followed by drying by the critical 
point method and sputtcr-coating with 
gold/palladium. Specimens were observed 
using a JEOL JEM 35 scanning electron 
microscope. 

Those embryos which were allowed to 
remain in the aquarium tanks developed 
apparently normally and formed free-swim- 
ming planula larvae with very little mortality 
(estimated at less than 10%). Many of these 
planulae went on to settle and metamorphose 
into juvenile anemones. 

Dcpartmcnt of Biological Scicnccs, Portsmouth 
Polytcchnic, King IIcnry I Strcet, Portsmouth POI 2DY, 
U. K. 

Rcceived 16 Scptembcr 1983. 
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Results 
The eggs of A. fragacea are isolecithal and 
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average approximately 150 jAm in diameter. 
There is no vitelline coat or other extracellu- 
lar investment visible around the spawned 
egg. The surface of the egg is, however, 
covered with tufts of large microvilli known 
as cytospines (Figs. 1,2). These extend 
10 14m or more from the surface of the egg, 
and may afford it a degree of protection from 
abrasion and mechanical damage. The cortic- 
al region of the egg, to a depth of some 5 jAm. 
is virtually devoid of yolk granules, but 
contains large numbers of cortical granules. 
These are dense, homogeneous, membrane- 
bound bodies which tend to be slightly 
elongate, averaging 0-4xO-7jAm in size. 
They are not arranged as a single row, but 
form a layer five to eight granules deep, 
interspersed with smaller numbers of fibrillar 
granules. Granules of much lower elcctron 
density are occasionally found close to the 
egg membrane. These may represent stages 
in the discharge of the cortical granules or 
possibly the fibrillar granules to the outside of 
the egg. This discharge appears to occur at a 
very low frequency even prior to spawning in 
oocytes still within the gonad, as has pre- 
viously been reported for another species of 
anemone by Dewel and Clark (1974). 

The events of fertilization have not yet 
been observed in detail, but examination of 
subsequent stages has yielded important 
information about the process. The surface of 
cleavage stage embryos (Fig. 3) is almost 
unchanged in appearance from that of the 
recently spawned egg. Tufts of cytospines 
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still cover the surface of the blastomcres and. 
significantly, the cortical granules are still 
present in apparently undiminished num- 
bers. Discharging granules arc still occa. 
sionally seen, but at very low frequency, 
similar to that of the freshly spawned egg or 
developing oocyte. No massive discharge of 
cortical granules indicative of a cortical 
reaction can have taken place at fertilization. 

Cleavage proceeds and a hollow blastula is 
produced with little apparent change in the 
composition of the surface layers of the 
embryo, and with no obvious decrease in the 
number of cortical granules. Ilowcvcr, at 
gastrulation, within about 12 hr of spawning, 
a remarkable process occurs. Spcrmatozoa 
are taken up by many of the gastrulae over 
their whole surface, until their cortical layers 
may contain large numbers of sperm (Figs. 4, 
5). The process of sperm uptake resembles 
phagocytosis. Sperm heads are enveloped by 
pseudopodial processes from the surfaces of 
the gastrula cells (Fig. 4) and arc drawn into 
the embryo. This process does not involve 
membrane fusion between sperm and 
embryo, and the sperm become enclosed in 
individual mcmbranc-bound vacuoles. The 
long sperm tails may protrude for some time 
before they also are engulfed, and tails are 
often seen tightly coiled within the vacuoles. 
The spcrm-containing vacuoics do not appear 
to enter beyond the peripheral regions of the 
embryo. 

During gastrulation, the embryo dcvelops 
cilia and then becomes a swimming larva. 

Fig. 1. SEM of a recently spawned egg, showing the tufts of cytospincs covering its surface, 
and the absence of a jelly layer or vitclline coat. X900. 

Fig. 2. TEM of the periphery of an unclcaved egg, through a tuft of cytospincs (cy). 71c 
cortical ooplasm contains numerous dcnse cortical granules (cg) and a smaller number of 
fibrillar granules (fg). x 9000. 

Fig. 3. Ile edge of a cleavage stage embryo. Ile two cleavage blastomercs (Cb) still contain 
cortical granules (cg), and the furrow between them contains cytospincs (cy). x9500. 

Fig. 4. The surface of a gastrula cell in the process of engulfing a sperm (sp). A 
pseudopodial process (ps) has surrounded the sperm head prior to ingcstion. The gastrula cells 
still bear cytospines (cy). x30,000 

Fig. 5. The pcripheryofa gastrula stage embryo showing cytospincs (cy), cortical granules (cg) 
and several ingested sperm (sp) near the surface. x 11,000. 
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membranc-hound vacuole (arrowed). but as breakdown proceeds the vacuolc rupture% and 
the sperm remnants (sr) arc released into the cytoplasm. x 190M). 

Fig. 7. Part of the body wall of a 5-day-old planula larva. The body wall now consists of two 
cpithclial layers. an inner endodcrm (En) and a thicker eclodcrm (Fc). The cctodcrm cells bear 
cilia (c) and microvilli (mv) and still contain cortical granules (cg). XSXX). 

The cytospines become less regularly 
arrangedand reduce in size to resemble more 
typical microvilli. Sperm uptake has not been 
observed during post-gastrula development, 
and previously ingested sperm undergo 
breakdown. The breakdown process appears 
to involve the progressive decondensation of 
the sperm nucleus and the disintegration of 
the other sperm components. The surround- 

ing vacuole membrane eventually ruptures 
and releases the remnants of the sperm into 
the cytoplasm (Fig. 6) where thcv disperse 
and apparently disappear. The co rtical gra- 
nules, however, persist in large numbers in 
the apical cytoplasm of the ectodermal cells 
well into larval life (Fig. 7) which. in the 
laboratory where settlement conditions may 
be poor, can extend to more than 8 weeks. 
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ABSENCE OF CORTICAL REACTION IN SEA ANEMONE 

Discussion 

A dramatic cortical reaction has previously 
been described for the sea anemone Bunodo- 
soma cavernala, involving a massive dis- 
charge of cortical granules with disruption of 
the oolcmma and cytospincs, loss of 
mitochondria and cndoplasmic rcticulum, 
and a significant reduction in the volume of 
the egg (Dewel and Clark, 1974). No 
ultrastructural details of subsequent early 
development are available for this species, 
however. A possibly comparable process 
involving shedding of the outer egg layers was 
observed in a small proportion of uncicavcd 
A. fragacea eggs during the present study. 
However, since the structures lost from the 
egg during this process were undoubtedly 
seen to be present in cleavage and later stage 
embryos, it is not thought likely that it is part 
of normal development in A. fragacea. This 
process might represent a stage in the 
breakdown of unfertilized or defective eggs 
in this species. 

The cortical reaction is perhaps best 
understood for some echinoderm species, 
where the cortical granules discharge into the 
space between the oolemma and the vitelline 
coat immediately after fertilization. One of 
their functions may be to cause an elevation 
and toughening of the vitelline coat which 
helps prevent the entry of further sperm into 
the egg (for reviews see Schuel, 1978; Shapiro 
and Eddy, 1980). In A. fragacea, the cortical 
granules are apparently not discharged at 
fertilization, and the egg does not possess a 
vitelline coat. In this connection it is interest- 
ing to note that Actinia sperm do not have a 
well-defined acrosome (Larkman and Car- 
ter, 1980, and unpublished observations). A 
number of other instances have been re- 
ported of invertebrate eggs in which either no 
visible cortical reaction occurs or the cortical 
granules are seen to persist into later 
developmental stages. These include Alytilus 
(Ilumphreys, 1967), Chaetopterus (Ander- 
son, 1974), Urechis (Paul, 1975; Gould- 
Somero and 11olland, 1975), Spisula (Longo, 
1976), and Haliods (Lewis et aL, 1982). The 
cortical granules of Hydra eggs also remain 
intact after fertilization (Ilonegger, 1983). 
The role of the cortical granules in A. 
fragacea and these other species remains to 
be determined. Humphreys (1967) has sug- 
gested that the slow discharge of cortical 
granules in Alytilus may serve to maintain the 
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vitelline coat during early development. In 
the absence of a vitelline coat, A. fragacea 
cortical granules presumably do not function 
in this way, and their discharged contents 
might suffcr dispersal in the surrounding sea 
water. 

Some means of polyspermy prevention 
presumably does operate soon after fertiliza- 
tion in A. fragacea. Supernumary sperm have 
not been found in cleavage stages, and the 
vast majority of embryos seem able to 
develop apparently normally in spite of 
exposure in the laboratory to sperm concen- 
trations which may be higher than expected 
in the field. T"he nature of this mechanism is 
at present unknown but may be similar to the 
fast electrical block suggested for other 
species (for a review, see Dale and Monroy, 
1981). It may be that this unknown mechan- 
ism operates effectively throughout cleavage 
but later fails and, at least under laboratory 
conditions, may allow the entry of large 
numbers of sperm into gastrula stage 
embryos. 

By the gastrula stage, the entry of addition- 
al sperm may pose little threat to the genetic 
constitution of the embryo, and in A. 
fragacea the ingested sperm appear to be 
rapidly broken down. It is not certain that the 
uptake process is selective and specific for 
sperm-, other particles of similar size might be 
ingested in the same way. The uptake of 
particles other than sperm has not been 
observed but, in the closed tanks in which the 
spawnings occurred, sperm might be the most 
abundant particles of suitable size available 
at the time. The observation that sperm were 
apparently not taken up by post-gastrula 
embryos might argue for a degree of specific- 
ity, but could also be accounted for by the 
reduced availability of sperm to these later 
stages. The ageing sperm tend to settle on the 
floors of the tanks, while the now motile 
larvae swim actively and spend less time on 
the bottom. However, if uptake is non- 
specific, it is still unclear why an early embryo 
which has barely begun to mobilize its own 
yolk reserves should be active in the uptake 
of particles from the external environment. 
The present report is based on laboratory 
spawnings during only a single breeding 
season, and its findings must be considered 
preliminary in nature. It is hoped that further 
study will shed more light on some of the 
interesting features of early development in 
this lower metazoan. 
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THE SPERMATOZOON OF ACTINIA EQUINA L. 
VAR. MESEMBRYANTHEMUM 
A. U. LARKMAN AND M. A. CARTER 

Department of Biological Sciences, Portsmouth Polytechnic, King Henry I Street, Portsmouth, Hants 

(Figs- 1-3) 

71c spermatozoon of Actinia equina var. mesembryanthe? nwn is of the primitive type, 
although lacking a well-defined acrosome. The sperm nucleus is cylindrical, about 
1-25 pon long and i Am in diameter. The posterior surface of the nucleus Is indented to 
form a shallow nuclear foss3 in which lies the proximal centriole, which is inclined at an 
angle of approximately 45" to the long axis of the sperm. The distal centriole, which 
gives rise to the tail flagellum, is surrounded by a ring of nine pericentriolar processes. 
T1c anterior region of the tail is surrounded by a cytoplasmic collar, against which 
terminate projections from the pericentriolar processes. The midpicce of the sperm 
contains a single, large mitochondrial complex, positioned asymmetrically, and which is 
associated with a single lipid-like droplet. Numbers of clear, cored and dense vesicles 
arc found in the midpiece, some of which resemble the 'donut' or pro-acrosomal vesicles 
of other species. A dense, membrane-bound body with a characteristically angular 
electron-lucent core of varying size and shape is also found, usually alongside the basal 
region of the nucleus. Its function is unknown, but it resembles the residual body-like 
inclusions seen in gastrodermal cells. The sexual reproduction of Acrinia equina is 
imperfectly understood and appears unusual in several respects. The spcrmatozoon, how- 
ever, appears normal and comparable to other anthozoan sperm so far examined. 

INTRODUCTION 

Aainia equim var. nzesembyanthemum, the beadlct anemone (Stephenson, 1935), is a 
very common and widely distributed littoral anthozoan, whose sexual reproduction shows 
several interesting characteristics. Adult sea anemones of both sexes brood planulae and 
more advanced developmental stages within the gastrovascular cavity, although earlier 
embryonic stages are rarely found brooded in this way. Chia & Rostron (1970) suggest 
that embryos are expelled from the parent female anemone at an early stage and pass 
through a free-living phase before rc-entering anemones of either sex for brooding. 
However, recent work (Cain, 1974) suggests that juvenile anemones are genetically related 
to the adult anemones in which they are brooded, and also the distribution of genetic 
material during sexual reproduction appears to be abnormal (Carter & Thorp, 1979). In 
an attempt to achieve a better understanding of the unusual sexual reproduction of this 
species, an ultrastructural investigation of gametogenesis was undertaken. This paper 
describes the fine structure of the spermatozoon within the testis. -, 

Cnidarian spermatozoa are considered to be of the primitive type as put forward by 
Franz6a (1956,197o), having a short, rounded head, a midpiece containing several 
basically unmodified mitochondria and a tail consisting of a long flagellum. Unlike the 
classical primitive spermatozoon, cnidarian sperm do not possess a well-defined acro- 
some, although groups of Golgi-derived vesicles which may correspond to an acrosome 
have been described by various authors. 
002S-3lS4180, '2828-1199 St. 20 (D ig8o Alar. Biol. Ass. U. K. 
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Most of the cnidarian spcrmatozoa examined by electron microscopy thus far belong 
to the class Hydrozoa and these include Phialidium gregarium (Szollosi, 1964), E-11den- 
drium ramosum (Summers, 1972; Hanisch, 1966; 1970), Pennaria tiarella (Summers, 
1970), Campanulariaflexitosa, (Unger, 1971), Tubularia la? Ynx (Aftelius, 1971; Ifinsch 
& Clark, 1973), Hydractinia sp. (Hinsch & Clark, 1973) and various species of Hydra 
(Burriett, Davis & Ruffing, t966; Shincariol, 11abowsky & Winner, 1967; Weissman, 
Lentz & Barmcrt, 1969; Stagni & Lucchi, 1970; Moore & Dixon, 1972; Zihlcr, 1972; 
West., 1978)- 

Scyphozoan species studied include Cyanea (11insch & Clark, 197o), Naujithoe 
(Aftchus & Franz: 6n, 1971) and Aurelia (Hinsch & Clark, 1973)- 

Anthozoan sperm studied so far include Afetridium senile (Hinsch & Clark, 1973) and 
Bunodosoma cavernata (Dewel & Clark, 1971) 1972; Clark & Dcwcl, 1974) while 
Lykc & Robson (1975) studied spcrmatid differentiation in Protanthea simplex, Gonactinia 
prolifera, Calliacris parasitica and Parazoanthus lucificum. A short review is given by 
Hinsch (1974). 

We were unable to obtain naturally spawned sperm from Acrinia adults in the labora- 
tory, so the observations in this paper are based on the apparently most mature sperm 
found in the central regions of the testicular cysts. DcwcI & Clark (1972) found that with 
Bunodosoma the most mature sperm found within the tcsticular cysts were identical in 
appearance to naturally spawned sperm. Chia & Spaulding (1972) and Spaulding (1974) 
make the point, however, that the final maturation of sea anemone sperm may occur 
after their release. 

MATERIALS AND METHODS 
Adult specimens of Actinia equina var. meseinbryanthemum were collected from the Wembury 

shore near Plymouth, England. Pieces of mesentcry containing testicular cysts were removed and 
fixed in 3, "o glutaraldehyde in a phosphate buffered salt solution. The material was postfixed in 
1% osmiurn tctroxide in the same buffer, and stained en bloc with 1 -5 % aqueous uranyl acetate 
before dehydration in graded ethanol solutions and embedding in 'EAlix' epoxy resin (EMscope 
Laboratories Ltd, London, England). Silvcr-grey sections were cut using an LKB Ultrotome III 
ultramicrotome, double stained with uranyl acetate and lead citrate and examined using a Philips 
EIN13oo electron microscope. 

RESULTS 
The nucleus 

The sperm nucleus is a short cylinder of coarsely granular clcctron-dense material 
approximately i pm in diameter and 1*25 Jim long. The anterior face of the cylinder is 

Fig. t. (A) Longitudinal section through sperm head and midpiece. c, Cytoplasmic collar; 
dc, distal centriole; pcr, post-centriolar region. x 40000. (B) Longitudinal section through sperm 
head and midpiece, showing asymmetrical position of n-Litochondrial complex. x 2400o. 
(c) Longitudinal section through sperm head and n-ddpiece. Note the clear area in the anterior 
region of the nucleus, and the clear and cored vesicles seen in the midpiece around the cytoplasmic 
collar. x 24000- (D) Transverse section through the basal region of the nucleus, showing dense 
vesicles arranged around the nucleus. x 37 000. 

11 



I 

0 

195 THE SPERMATOZOON OF ACTINIA 



t96 A. U. LARKMAN AND M. A. CARTER 

domed outwards, and the caudal surface domed inwards to form a shallow, saucer- 
shaped fossa (see Fig. iA). Small electron-lucent areas some 125 nm in diameter are 
found within the dense nuclear material, most commonly close to the anterior and 
posterior surfaces of the nucleus (Fig. 1 C). 

The double membrane surrounding the nucleus is highly irregular and loosely fitting 
around the lateral surfaces, but more regular and more closely applied to the nuclear 
material in the region of the caudal fossa. Over the anterior surface of the nucleus, the 
inner membrane appears smooth and very closely applied to the nuclear material, while 
the outer membrane is loose and irregularly folded. 

Tlw centrioles and tail 
The midpiece of the sperm contains the two centrioles. The proximal ccntriole lies 

in the sauccr-shapcd nuclear fossa, and is aligned at an angle Of 45* to the long axis of ihe 
sperm. The distal centriolc gives rise to the tail flagellar axonemc (Fig. 1 A). The centriolc 
is surrounded by a ring of nine periccntriolar processes which resemble curved spokes 
radiating out from the ccntriolc (Fig. 2A). The triplets of microtubules which comprise 
the ccntriole arc embedded in an electron dense material which appears to be continuous 
with the pcricentriolar processes. The tip of each pericentriolar process curves towards the 
posterior end of the sperm and contacts the plasma membrane of the cytoplasmic collar 
around the antcrior region of the tail (Fig. 2D). 

Immediately distal to the ccntriole is a short post-centriolar region (Fig. 2B), in which 
the nine tubule doublets of the tail axoncme surround a ring of 18 tubules of smaller dia- 
mcter which in turn surround a ring of electron-densc material (Fig. 2c). From each 
outer tubule doublet arises a Y-shaped fibril which extends to the tail plasma membrane 

Fig. 2. (A) Transverse section through the midpiece at t- he level of the distal centriole. Note the 
ring of periccntriolar processes (arrowed) arising from the clectron-dense matrix surrounding 
the centriolar triplet tubules, and also the arrangement of the mitochondrial complex. x 43 ooo. 
(B) Transverse section through the midpiece at the level of the post-centriolar region of the tail. 
Note the lipid-like droplet (L) between the mitochondrial complex and the cytoplasmic collar. 
x 4oooo. (c) Enlargement of part of B, showing structure of the post-centriolar region of the tail. 
Note the Y-shaped fibrils (arrowed) extending from the outer tubule doublets to the tail plasma 
membrane and the tufts of glycocalyx-like material on the outside of that membrane. x itoooo. 
(D) Another transverse section through the post-centriolar region of the tail, showing the nine 
caudal projections of the pericentriolar processes (arrowed) making contact with the plasma 
membrane of the cytoplasmic collar. x 57000. (E) Transverse section through tail and cytoplasmic 
collar immediately posterior to the postcentriolar region. Note the absence of central singlet micro. 
tubules in the tail at this level, and the Y-shaped fibrils still just visible (upper arrow). The 
caudal projections of the pericentriolar processes can be seen around the cytoplasmic collar 
membrane (lower arrow). x61 ooo. (F) Transverse section through the posterior region of the 
cytoplasmic collar. Note the typical '9 + 2' arrangement of microtubules in the tail and the layer 
of electron-dense material deposited around the cytoplasmic collar plasma membrane (arrowed). 
x 6t ooo. (r. ) Transverse section through sperm tails showing typical '9 + 2' arrangement of 
microtubules. x 87000. 
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(arrow Fig. 2c). At some levels, the outer arms of the Y-fibrils themselves appear to 
bifurcate before contacting the plasma membrane. The plasma membrane is indented 
between the point of contact with the nine Y-fibrils, to give a scalloped appearance in cross- 
section, and a small tuft of finely fibrous glycocalyx-typc material is found outside the 
plasma membrane at each point of contact (Fig. 2C). 

Distal to the post-ccntriolar region, the tail axonemc consists of only a ring of nine 
tubule doublets for a distance of about 2oo nrn. In some cases, the Y-fibrils found in the 
neck region can still be seen arising from the tubule doublets in this region (Fig. 2E). 
Distally the two central singlet tubules appear, and the bulk of the tail has a typical 
flagcllar 9+2 arrangement of microtubules (Fig. 2 G). 

The anterior region of the tail is surrounded by a deep infolding of the sperm plasma 
membrane which forms a cytoplasmic collar. The collar extends from the junction of the 
distal centriole with the neck region of the tail posteriorly for about 1 jim. Lying in. thc 
cytoplasm just inside the plasma membrane of the collar there is a layer of clcctron-dcnsc 
material about iS mn from the membrane, which may serve to increase the rigidity of the 
coBar structure (Fig. 2F). 

The tail plasma membrane has an irregular, wavy appearance both in transverse and 
longitudinal section. The tail tapers towards the tip and the axoneme tubules are pro- 
grcssively lost, so that tail profiles containing various numbers and arrangements of 
tubules are seen. The extreme tip appears to be devoid of tubules. 

, Witochondiial complex 
The midpicce of the sperm contains a single complex mitochondrion, which is posi- 

tioned asymmetrically to the mid-line of the sperm (Fig. iB). The form of the mito- 
chondrion appears to vary from one sperm to another. In some cases it consists of a 
spherical core enveloped by lateral extensions or processes from the core, similar to that 
described for Bunodosoma. In others it appears to consist of a slender mitochondrial sheet 
coiled or folded on itself. The mitochondrial complex is always closely associated with, 
and sometimes completely surrounds, a single droplet of lipid-like material some 400jum 
in diameter (Fig. 3 C)- 

Fig- 3- (A) Oblique section through sperm midpiece. Note the number and variety of vesicles seen 
in the lower half of the picture. x 40000. (B) Oblique section through sperm midpiece. Note the 
lipid-like droplet, closely associated with the mitochondrial complex and the clear and cored 
vesicles. A crystalline body is arrowed in the top right-hand comer of the picture. x 54000. 
(c) Oblique section through sperm midpiece, showing the mitochondrial complex surrounding a 
lipid-like droplet. Note the residual body-like inclusion. X 25 000. (D) Transverse section through 
basal region of nucleus. Note 'donut' vesicles and residual body-like inclusion around nucleus. 
x 31000. (E-H) Various forms of residual body-like inclusions. E, FX 47 000; G, Hx 33 000. 
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vesicle, 
Several different types of membrane-bound vesicle are found irregularly scattered 

through the posterior regions of the sperm head. No vesicles are found around the 
anterior region of the nucleus. 

The most common form of vesicle is about i2o nm in diameter and contains material of 
low electron density, often surrounding a membrane-bound core of slightly greater 
electron dcmity. These vesicles arc normally found in the posterior regions of the mid- 
piece and seem especially numerous in the cytoplasmic collar around the anterior portion 
of the tail (Fig. 3 B). 

In the more anterior parts of the midpiece, and around the base of the nucleus, are 
found dense vesicles of various shapes (Fig. 3 A). The most characteristic type of dense 
vesicle is elongate and in section may be curved into a horseshoe shape or further curved 
into a ring. The electron-dense contents arc not homogeneous but have a fibrillar struc- 
ture. These vesicles resemble the 'donut' or 'pro-acrosomal' vesicles described for other 
species. Other dense vesicles appear roughly sperhical and contain a homogeneous, 
highly electron-dense material. 

Residual body 

In many sections of sperm, a single large dense body, with a characteristic straight-sided 
clectron-luccnt core is found, usually in the midpicce or lateral to the caudal part of the 
nucleus (Fig- 3 D). The body is bounded by a trilaminar membrane, and varies greatly in 
size and appearance (Fig. 3E-H). The dense component varies in elcctron-density and is 
sometimes homogeneous but often contains membrane remnants and whorls. The 
elcctron-lucent core may be rectangular or other more complex shapes, and there may be 
several corcs of various sizes and shapes in the same body. Similar structures arc very 
commonly seen in the gastrodcrmal cells of this species, apparently associated with 
phagocytic vacuoles, and have been described as 'residual bodies' in gastrodermal cells 
of other species (see Discussion). 

Crystalline body 
A small spherical body, not bounded by a plasma membrane, composed of dense 

particles arranged in a regular array reminiscent of a crystalline lattice is sometimes 
seen in sections of the midpiccc, usually associated with the lipid-like droplet (Fig- 3 B). 

DISCUSSION 

The squat cylindrical shape of the nucleus of Actinia sperm is unusual when com- 
pared with the elongate cone or wedge shape found in most hydrozoan and scyphozoan 
sperm, and in the anthozoans; Calliactis, Protanthea and Gonactinia (Lyke & Robson, 
1975) and Metridium (Hinsch & Clark, 1973). The nucleus of Parazoanthus sperm is 
spherical (Lyke & Robson, 1975), while that of Bunodosoma (Dewel & Clark, 1972) is 
dome-shaped and more similar to that of Actinia. The irregularity of the nuclear mem- 
brane, especially along the lateral surfaces, is a common feature among cnidarian sperm, 
as is the presence of small electron-lucent areas within the nuclear material, although the 
significance of these is unclear. 
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All cnidarian sperm studied so far show some form of pericentriolar apparatus sur- 
rounding the distal centriole. The most complex arrangements seem to be found among 
the Hydrozoa and Scyphozoa, perhaps most notably in the scyphozoan Nausithoe 
(Aficlius & Franz6n, 1971), while the more modest ring of unbranched pericentriolar 
processes seen in Actinia seems similar to those seen in other Anthozoa. The fact that in 
Actinia, and possibly others, these processes terminate on the plasma membrane of the 
cytoplasmic collar, in a region where that membrane is apparently stiffened by an 
electron-densc layer deposited inside it, may argue for a structural anchoring function for 
the pericentriolar apparatus. 

While the pcriccntriolar processes arise from the electron-dcnse material surrounding 
the ccntriole and emerge through the spaces between the tubule triplets, the Y-fibrils of 
the post-centriolar region immediately distal to the centrioic arise from the tubule 
doublets themselves. Wc feel this may warrant their consideration as separate structures, 
possibly with a separate function, rather than as mere distal continuations of the peri- 
ccntriolar processes. 

All anthozoan sperm studied, except Parazoanthus, possess a cytoplasmic collar 
around the anterior region of the tail fl3gCflum. That seen in Actinia is well developed 
and complete, while those of Bunodosonta and Calliactis show interruptions by small 
regions of fusion between the tail and collar membranes. The function of the collar is 
unknown, but in Actinia, at least, it seems to form part of a rigid, integrated structure 
with the distal centriole and the pcriccntriolar apparatus, which may serve as a firm 
anchorage for the tail. 

The large asymmetrical mitochondrial complex is presumably the product of fusion of 
several smaller mitochondria during spermiogcnesis. Similar complexes have been 
described for Bunodosoma and Afetridium, while most cnidarian sperm midpicces contain 
a ring of often 4-6 mitochondria, although a degree of asymmetry may be introduced by 
one mitochondrion being larger than the others, as in Tubularia (Afzclius, 1971). The 
advantage of an asymmetrical arrangement to a presumably actively swimming cell is 
unclear, although, as Lyke & Robsoa (1975) point out, it may affect the position of the 
ccntrc of gravity of the sperm which might tend to stabilize or orientate the sperm body 
during swimming. Lipid-like: droplets arc seen in many anthozoan sperm and presumably 
act as high-energy food reserves. The close relationship between the droplet and the 
mitochondrial complex seen in Actinia would seem sensible if this were the case. Addi- 
tionally the droplet may act as a buoyancy aid which could also pla ya role in stabilizing 
the sperm during locomotion. 

Dense 'donue vesicles arc consistently found in cnidarian sperm. In hydrozoan and 
scyphozoan sperm they are often found anterior to the nucleus, in the position usually 
occupied by the acrosome in other sperm. Thc'donue vesicles are reported to be of Golgi 
origin, as is the acrosomc of other sperm, and in the hydrozoan Campanularia they have 
been shown to undergo changes when the sperm is in contact with the female reproduc- 
tive tissue. It is thus suggested that these vesicles may be an evolutionary forerunner of 
the acrosome, and may perform a similar function, and are often referred to as 'pro- 
acrosomal' vesicles. In Anthozoa, however, vesicles of this type are not found anterior to 
the nucleus, but rather distributed laterally around its base. In Actinia a large number of 
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vesicles of various types are found in the sperm midpiece, and while some of those found 
in the most anterior regions of the midpiece are reminiscent of 'donut' vesicles, they are 
very variable in size and shape. Some of the other types of vesicle might represent earlier 
stages in the maturation of the characteristic 'donut' vesicle or may represent a hctero- 
geneous population of vesicles with various functions. Until the role, if any, of these 
vesicles at fertilization is observed, we feel that any attempt to ascribe a function to any 
of them may be unwise. 

The residual body-like structures found in Actinia sperm have not, as far as we are 
aware, been observed in any other cnidarian sperm (or sperm from any other group). We 
have consistently observed similar, although much larger, bodies associated with phago- 
cytic: vacuoles in gastrodermal cells in Actinia. Chapman (1974) describes similar struc- 
turcs, which he terms residual body-like inclusions, in both ectodermal and endodermal 
cells of Aurelia aurita, and Lentz (1966) suggests that similar structures, which he terms 
crystalloid bodies, may be observed in digestive cells of many cnidarians. In Actinia 
sperm, these bodies vary considerably in size and form from sperm to sperm, which makes 
it difficult to propose a specific function for them. However, if they arc related to the 
structures seen in digestive cells, they may be supposed to contain digested or partly 
digested food material, and hydrolytic enzymes. They might thus act as a food reserve, or 
enzymes within them might conceivably play some role at fertilization. Alternatively, 
these bodies may represent the breakdown products of excess cytoplasm and organelles 
from earlier spermatogenic: stages, and might be expelled from the sperm after release 
from the testicular cyst. Work is in progress to try to localize hydrolytic enzyme activity 
within these bodies. 

Crystalline bodies have been reported in sperm from several groups (e. g. Phillips, 
197o), although not previously from Cnidaria. In these cases, the bodies are normally 
closely associated with mitochondria, and may represent a highly condensed form of 
mitochondrial material. In Actinia sperm, they do not seem to be particularly closely 
associated with the mitochondrial complex. Crystalline bodies were seen only rarely in 
our sections, and their significance is unclear. 

Of the anthozoan sperm thus far described that of Acrinia equina var. nwsembryanthe- 
mum is most similar in overall configuration to the sperm of Buwdosoma cavernata. Both 
have a short, blunt nucleus and show a high degree of asymmetry caused by the lateral 
location of the single large mitochondrial complex. Aferridium sperm also have a single 
mitochondrial complex, but show a lesser degree of asymmetry and have an elongate 
wedge-shaped nucleus. The sperm of Calliacris, Protanthea and Gonactinia are less like 
that of Actinia and have elongate, wedge-shaped nuclei, and a relatively symmetrical ring 
of several mitochondria showing varying degrees of fusion. The most dissimilar sperm of 
Parazoanthus is unusual, having a spherical body containing a spherical nucleus, a loosely 
arranged ring of dumpy mitochondria and with no cytoplasmic collar. As sperm from 
more species of Anthozoa arc examined by electron microscopy, it will be interesting to 
see if they can be grouped together according to their basic structural plan and whether 
their groupings can be related to an evolutionary sequence or perhaps some feature of 
their ecology or reproductive behaviour. 

Preliminary genetical studies have indicated that this variety of Actinia equina has an 
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unusual method of sexual reproduction in which, in the absence of parental selection 
of young, the nuclear fusion component of fertilization may not occur or may occur only 
rarely (Carter & Thorp, 1979). The results described in this paper suggest that the 
spcrmatozoon of this variety is comparable with those previously described for other 
species of Anthozoa, and give no indication that the sperm are degenerate or abnormal. 
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ULTRASTRUCTURAL ASPECTS OF GAMETOGENESIS IN Actinia equina L. 

ALAN LARKMAN 
Department of Biological Sciences, Portsmouth Polytechnic, King Henry I Street. 

Portsmouth, England. 

INTRODUCTION 
Actinia equina, the common beadlet sea anemone. exists In two varieties. the 

more common variety meaembr-yanthemum and the rarer strawberry form, variety 
fragacea. The var. flragacea Is dloeclous and oviparous, while mesembr-yanthemum 

I broods Its young within the gastrovascular cavity . Young are found brooded by 

meembryanthemum adults with gonads of both sexes as well as Individuals with- 
out gonads, and the origin of these broods has been the subject of considerable 
interest. Chia and Rostron2 suggested that young might be released from their 

parents at an early stage and might enter adults of either sex for brooding. 
Other possibilities have also been considered, Including phasic hermaphroditism, 

4 
parthenogenesis3and a selection/cloning process , but none seems entirely 

satisfactory. It was thus felt that an ultrastructural study of gametogenesis 
in the two varieties might be of interest. 

Our knowledge of sea anemone gametogenesis Is as yet only fragmentary. Sperm 

from a number of species have been described at the ultrastructural level (see 

Lyke and Robson5 and a review by Hinsch 6 ). Aspects of oocyte structure have 

been briefly described by Spaulding7, Clark and Dewel 8 
and Dewel and Clark9, 

but no comprehensive account has yet been published. The present paper repre- 

sents a survey of work In progress rather than an exhaustive treatment of any 

particular aspect. Many of the findings, especially those concerning the early 

stages of spermatogenesis and oogenesis, must be regarded as preliminary. 

MATERIALS AND METHODS 
Large Individuals of both varieties were collected at Intervals throughout 

the year from the rocky Intertidal zone at Wembury, near Plymouth. Small 

pieces of gonad were fixed by immersion in 3% glutaraidehyde In a phosphate 

buffered salt solution, rinsed In buffer, trimmed further If required and post- 

fixed In 1% osmium tetroxide in the same buffer. The pieces were then dehydra- 

ted, and embedded In EMix epoxy resin (EMscope Labs. Ltd.. London). Sections 

were cut on an LKB Ultratome III and stained with uranyl acetate and lead 

citrate before examination using a Philips EM300 electron microscope. 

k---- 



62 

RESULTS 

The histological appearance of the gonads of both varieties Is Identical$ 

and there are few differences at the ultrastructural level. The following 

account therefore applies to both varieties. except where stated. There Is, 

however. a difference In the frequency of occurrence of gonads. Most 
individuals of the var. fk-agacea possess well developed gonads throughout the 

year. while only about 25% of maembryanthemm Individuals were found to have 

gonads. The sexes appear to be separate. 

The male gonad 
The spermatogenic cells are found In roughly spherical testIcular cysts In 

the mesogloea of the mesenterles, between the gastric filament and the mesen- 

teric retractor muscle. The cells arise among the bases of the gastrodermal 

cells and migrate Into the mesogloeat where they aggregate and proliferate. As 

the cyst enlarges. later spermatogenic stages are seen accumulating In the 

centre of the cyst. Eventually the outer layer of spermatogonia and spermato- 

cytes is depleted and the entire cyst is filled with spermatozoa. The cyst Is 

generally completely enclosed by a thin sheet of mesogloeal material, and meso- 

gloeal cells are often found flattened around Its periphery. At one point on 

the surface of the mature cyst, specialized gastrodermal cell bases penetrate 

the inesogloeal layer and make contact with the Interior of the cyst. In this 

regiont non-germinal and apparently phagocytic cells are found, possibly 
derived from the gastroderm. 
Spermatogenesis 

The spermatogonia are rounded, 5-8 um in diameter with large nuclei . The 

nucleus contains a single large nucleolus, which is usually situated against 

the nuclear membrane. The scant cytoplasm contains few organelles. Tall 

structures are often seen, consisting of two centrioles at right angles to each 

other, one of which gives rise to the tail Ixoneme. There appear to be no con- 

sistent ultrastructural differences between spermatogonia and primary spermato- 

cytes. The latter can only be identified when their nuclei are seen to contain 

synaptinemal complexes. Cells apparently undergoing meiosis are often seen. 
In these cells the nuclear envelope is fragmentary or absent and the chromo- 

somal material appears as irregular shaped dense granular masses occupying most 

of the cell. The details of meiosis are as yet unclear, but cytokinesis Is 

incomplete, and the result is a group of four spermatids linked by narrow 

cytoplasmic bridges. During spermateleosis, the mitochondria become larger 

and fewer In number. presumably by fusion. Nuclear condensation Involves the 
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migration of nuclear material to an are& between two dense plaques which form 

on opposite sides of the nuclear envelops. 
Spermatozoa 

The mature sperm nucleus Is cylindrical in shape with a domed anterl-or sur- 
face, and contains a dense granular material. The single mitothondrial complex 
Is positioned to one side of the long axis of the sperm giving It an ungainly, 

asymmetrical appearance. The distal centriole Is surrounded by a ring of nine 

spoke-like pericentriolar processes and behind the distal centriole a Y-shaped 

fibril radiates from each microtubular doublet to contact the tall membrane. 
The proximal region of the tall Is surrounded by a cytoplasmic collar. The 

sperm body also contains a single large lipid droplet, and numerous vesicles, 

some of which resemble the pro-acrosomal vesicles described In other coelen- 

terate species. 

The Female Gonad 

Oocytes develop In the mesogloea of the mesenteries In the same position as 

do the testicular cysts In the male. The mature oocyte is roughly spherical 

and about 200 Um In diameter. The nucleus or germinal vesicle Is large and 

contains a single nucleolus which may be 10 um In diamter and contains numerous 

small dense granules which may be ribosomes. The nuclear envelope Is perfora- 

ted by numerous pores. Around the nucleus Is a band of rough endoplasmic 

reticulum. which in places may consist of more than 40 parallel lamellae. 

Stacks of annulate lamellae are common amongst the E. R. 

The ooplasm contains numerous yolk granules and lipid droplets. Two major 

classes of yolk granule may be distinguished, although other types are also 

found. 

Type I- compound yolk granules. These consist of a number of electron 

lucent inclusions embedded In an electron dense matrix. which may also contain 

membrane fragments. 

Type If - Fibrillar yolk granules. These are bundles U regularly arranged 

parallel fibrilswithin a limiting membrane. These yolk granules are abundant 

In Jý-agacea oocytes, but are not found In mesembryanthemwri. 

Numerous Golgi complexes and accumulations of endoplasmic. reticulum are 

found throughout the ooplasm. In the peripheral regions of the oocyte are 

found many cortical granules containing a dense homogeneous material. The sur- 

face of the oocyte bears tufts of cytospines or macrovilli, which normally lie 

folded flat against the oocyte. Each cytospine contains many dense fibrils, 

whtch extend from the base of the cytospine as a rootlet. Each oocyte is 
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enclosed by a thin mesogloeal layer which Isolates It from other oocytes and 
mesenteric cells, except In two cases: - 
I Mesogloeal cells are found flattened closely against the surface of the 
oocyte. within the mesogloeal covering. often filling the spaces between 

tufts of cytospines. 
2 In one specific region, facing the outside of the ovary. specialized gastro- 
dermal cell bases penetrate the mesogloeal covering and spread out Into a 
depression In the oocyte surface. Such a structure was described by Ounnio In 
rpiactis ovaries and termed a trophonema. 
Early Stages 

Oocytes of various sizes are often found together In the same mesentery. In 
light microscope sections. cells which are thought to be oogonia or very small 

oocytes are found among the bases of mesenteric gastrodermal cells, where they 

may be distinguished by their spherical shape and Intense basophilia. It Is 

thought that these cells then migrate Into the mesogloea, but they have not yet 
been examined with the electron microscope. The smallest cells recognizable as 

oocytes which have been seen with the E. M. are about 20 um In diamter, and 

already have a large nucleus and a prominent nucleolus. Their cytoplasm con- 
tains endoplasmic reticulum and ribosomes. but no yolk granules. In the variety 
fragaceas fibrillar yolk granules appear long before any others. 

DISCUSSION 

There has long been the suggestion that the two varieties of Actinia equina 
I 

should be regarded as separate species , and recent enzyme studies" have lent 

support to this view. It might also be expected that the different reproduc- 
tive strategies of the two varieties might be reflected in differences In 

gamete morphology. However. the only difference between the two so far 
discovered is the total absence of fibrillar yolk granules from the 

i7resembryanthemwn oocyte, and the lower Incidence of gonads in that variety. it 

may be that the brooding variety, which is also the more common form. needs to 
direct less of its metabolic resources towards gamete production. 

Explanation of plate. 
Fig. 1. Group of spermatids, linked by cytoplasmic bridges. Bar aI Jim. 
Fig. 2. Mature spermatozoon, showing asymmetric location of mitochondrial 
complex. Bar a 0.5 um. 
Fig. 3. Low power micrograph of oocyte cytoplasm, showing from left to right, 
compound yolk granules, lipid droplets, fibrillar yolk granules, dense 
cortical granules and cytospines at the oocyte surface. Bar -2 jim. 
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The sperm of Aotinia Is similar to that of Hunodosoma oavernata" although 
both differ markedly from several other anthozoan sperm5.6. Oogenesis In 
Actinia appears to follow the pattern described for Ppiactie by Ounnio. This 

process Is In marked contrast to that seen In HydmO, and marine colonial ' 
hydroids 14 

, In which the oocyte enlarges by engulfment and fusion with surround- 
Ing oocytes. The abundance of endoplasmic reticulum and Golgl complexes In the 
Actinia oocyte, and the lack of obvious uptake activity at the o0cyte surface, 
suggests that the bulk of yolk synthesis takes place within the oocyte. Yolk 

granules have not been described In detail for any other sea anemone, but 
Actinia compound yolk granules resemble those described In Bunodosoma oocytes9t 
and the fibrillar granules resemble structures shown In a micrograph of Peachra, 

oocytes by Spauldlng7. 

Some of the present observations appear to be at variance with the earlief 
findings of Chia and Rostron2, working with the variety Pwaembryanthemwn. 
They found synchronous development of oocytes within a single mesentery, while 
I found oocytes at various stages of development Intermingled. In line with 
the findings of Dunn for Epiacti8 and Spaulding for Peachia. Additionally, 
Chia and Rostron found sperm developing in elongated tubules, reminiscent of 

vertebrate seminiferous tubules, while I found that sperm developed In roughly 
12 

spherical testicular cysts, similar to those found in Bunodosoma . Local and 
seasonal variation may help to explain these apparent anomalies. 
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Individuals from a population of the intertidal sea anemone A ctinialragacea (Tugwcll) were collected 
at approximately monthly intervals over an 18 month period. Samples of gonad were removed from each 
anemone and examined by light and electron microscopy. During late spring and early summer, large 
numbers of small cells were seen in the endoderm of the female gonads, lying close to the mesogIcL For 
convenience, these cells were classified into three types. Type I cells are 6-9 #m in diameter, with 
relatively very large nuclei, which may contain synaptinernal complexes. and scant cytoplasm containing 
few organelles. Type 11 cells are larger. reaching 13 ; Lm in diameter. with more abundant cytoplasm 
containing more orginelles and inclusions. The nucleus is more dense, but may also contain synaptinemal 
complexes. Type III cells are less common. Tbey are similar in size to Type 11 cells, but their nuclei 
contain irregular dense chromatin masses, and the nuclear envelope is incomplete or absent. The possible 
significance of the various cell types is discussed. It is suggested that Type I cells are oocytes at a very 
early stage of differentiation and that Type 11 cells are rather later oocytes. The status of the Type III cells 
is uncertain. 

oocytes; ultrastructure; Anthozoa; Actinia 

Intr(miuction 

Anthozoan gametogenesis has received increasing attention in recent years. Much 
recent work has been directed towards the male' gametogenic process and in 
particular the ultrastructure of the spermatozoon [1-5] (for a review of earlier work 
see Ref. 6). Oogenesis and the morphology of the female gamete, however, have 
received less detailed study. The presumed status of coelenterates as lower meta]zoans 
makes a knowledge of their oogenesis of interest for comparative purposes. Many 
anthozoans are relatively large and can provide gonad material in quantity, which 
makes some species at least suitable subjects for detailed gametogenic studies'. 

Male and female gametogenic cycles have recently been investigated by light 
microscopy in several anthozoan species. These include the sea anemones Epiactis 
prolifera [7), Anthopleura elegantissima [81 and the corals Stylophora pistillata [9,10] 
and Astrangia danae [11]. 71c approach adopted in these studies has been to take 
samples from the field at regular intervals throughout the year. In this way all the 
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various stages of gametogenesis are available for examination. The limited resolution 
of the Ught microscope precludes detailed analysis of the cytological processes 
involved, however. 

Such ultrastructural studies of anthozoan oogenesis as have been published have 
tended to deal with specific aspects of oocyte structure, such as the o0cyte surface 
[121, the cortical reaction [131 or features of potential taxonomic usefulness [14,15]. 
No coherent description of oogenesis at the ultrastructural level has yet appeared for 
any anthozoan species. This lack is most clearly apparent when considering the early 
stages of oogenesis when the smaH size of the cells involved makes investigation by 
light microscopy difficult. 

A study was therefore undertaken which combined the use of electron microscopy 
with regular sampling from the field. Gonad samples were taken at approximately 
monthly intervals from a population of the sea anemone Actiniafragacea (Tugwell) 
and the ultrastructural features of A stages of oogencsis were examined. This 
present paper describes the ultrastructural appearance of cells which are believed to 
be oocytes at the earliest stages of differentiation. Corresponding cells have been 
mentioned in previous studies by Dunn [7] and Jennison [8], but their small size 
prevented detailed description and made identification of cell types and stages 
difficult with the fight microscope. 

Actiniafragacea, the species used in this study, was until recently considered to be 
a variety of the species Actinia equina, the common beadlet anemone. Carter and 
Thorpe [16] proposed that the two were separate species, and their classification has 
been foflowed in this paper. A. fragacea was preferred to the more common A. 

equina for this study for two reasons. Firstly, although the reproduction of A. equina 
has been intensively investigated, it is still poorly understood [17-201 and may be 
more specialized than that of A. fragacea, which is thought to be oviparous, 
cross-fertdizing and non-brooding [211. Secondly, it is known that a high proportion 
of large A. fragacea individuals possess recognizable gonads throughout the year, 
while less than 25 % of sympatric A. equina individuals have gonads [ 16,22]. Since it 
is not possible to establish the presence or absence of gonads in these anemones 
without dissection, the use of A. fragacea has greatly reduced the number of 
anemones which have had to be taken from the field. This was an important 
consideration for the present study since it involved repeated sampling over a long 
period of time from a single population. 

A light microscope description of the later stages of oogenesis in A. equina was 
given by Chia and Rostron [171, and preliminary evidence of an annual cycle of 
gametogenic activity was provided for both A. equina and A. fragacea by Carter and 
FunneU 1221. A preliminary ultrastructural account of some aspects of oogenesis in 
A. fragacea was given by Larkman [231. 

Materials and Methods 

Samples consisting of rive or six large individuals of Actinia fragacea (rugwell) 
were collected from a restricted area of rocky shore at Wembury, near Plymouth 
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(Dcvon, England), at approximately monthly intervals between March 1979 and 
September 1980. The anemones were opened by making two cuts at right angles to 
each other across the pedal disk, and were then pinned out, pedal disk uppermost, 
under sea water. The gonads were then clearly visible on the mesenteries. 

Small pieces of gonad were removed and fixed for electron microscopy by 
immersion in 3% glutaraldehyde in 0.1 M phosphate buffer containing 3% NaCl. 
After initial fixation for 2h the pieces were rinsed in the same buffer and after 
further trimming were post-fixed for Ih in 1% OsO, in the same buffer. The tissue 
was then dehydrated through a graded series of ethanol solutions and embedded in 
epoxy resin ('EMix', EMscope Labs. Ltd., London). Areas of interest were located 
by light microscope examination of I-jum sections stained with toluidine blue. 
Ultrathin sections were cut with an LKB Ultratome III using glass or diamond 
knives. Sections were collected on uncoated copper grids, electron stained with 
uranyl acetate and lead citrate before examination using a Philips EM300 electron 
microscope. 

Larger pieces of gonad intended solely for light n-dcroscopy were fixed in 
glutaraldehyde as above, partially dehydrated using ethanol and embedded in JB4 
plastic resin (Polysciences Inc. ). Sections 1-2 ; &m thick were cut with glass knives 
using an LKB Pyramitone, and briefly stained with I%toluidine blue in 1% sodium 
tetraborate solution. 

Restdts 

Light microscope observations 
The sexes in Actinia fragacea appear to be separate, in that aU the individuals 

sampled contained either all male or aiU female gametes. The gonads, Re those*of 
other sea anemones [24,25], are located on the mesenteries and lie between the 
mesentcric retractor muscles and the gastric filaments. The gonads are composed of 
two layers of endodermal epithelial cells sandwiching a thin layer of mesoglea. In 
most Anthozoa, germ cells arise in the endodermal ceU layers and n-dgrate into the 
mesoglea at an early stage of their development [24). In A. fragacea, most oocytes 
were seen to enter the mesoglea in the period from June to August, and to develop 
there before being spawned or resorbed during the same period the following year. 

SmaU oocytes were seen as. rounded ceUs with relatively very large nuclei with 
usuaUy a single prominent nucleolus and strongly basophiEc cytoplasm. Ile smallest 
cells of this type which could be readily distinguishect with the light microscope were 
about 15 jum. in diameter, and were found among the bases of the endodermal 
epithelial ceUs, lying close to the mesoglea. of the gonad. CeUs of this type were 
found occasionaUy through the entire gonad region during most oi the year, 
especiaUy in samples from June to October. However, in gonads sampled during 
June and July, additional areas containing very much greater numbers of this type of 
ceU were seen. T'hese areas occurred towards the edge of the gonad, close to its 
junction with the mesenteric retractor muscle. In these areas smaU oocytes (15-25 
lim diameter) were so numerous as to form an almost complete band lining the 
mesoglea. Some could be seen apparently in the process of entering the mesoglea. 
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. Electron microscope observations 
Pieces of gonad from all the monthly samples were examined by electron 

microscopy. As a result of light microscopic studies, initial detailed searches for 
small oocytes concentrated on the June and July samples, and in particular on the 
gonad/retractor muscle border. Corresponding regions of gonad material sampled 
in May were also examined in detail. 

In these areas from samples taken from May to July, large numbers of small cells 
(5-15 pm in diameter) with relatively large nuclei and densely staining cytoplasm 
were found among the bases of the endodermal cells, as well as larger (15-25 Jim) 
oocytes. These cells had not previouslybeen identified by light microscopy. Similar 
cells were subsequently found in other regions of the gonad and in samples from 
other times of Year, but in very reduced numbers. 

These small cells, not easily distinguished in light n-Licroscope sections, are the 
subject of the rest of this report. On the basis of their size and ultrastructural 
appearance they have been divided into three broad categories. 

Type I cells 
These are the smallest of the three cell types, and a typical cell of this type is 

shown in Fig. 1. These cells are 5-9 jAm in diameter and are usually slightly elongate. 
The nucleus is large relative to the size of the cell, usually 4-6 P in in diameter, and is 
of generally low electron density, especially when compared to the densely staining 
cytoplasm. The nucleus is bounded by a well-defined nuclear envelope containing 
occasional nuclear pores. The chromatin is seen as irregular electron dense masses 
separated by areas of low electron density which in turn consist of a finely 
filamentous material arranged in a loosely reticular fashion through an electron 
lucent matrix. The dense chr omatin areas often make contact with the nuclear 
envelope and appear to attach to it by the formation of dense plaques (Figs. 2 and 
5). A single nucleolus is sometimes seen in section, always closely adpressed to the 
nuclear envelope, and consisting of a coarsely granular material (Figs. 2 and 4). In 
the nuclei of many cells of this type, characteristic three-laycred synaptinemal 
complexes can be seen (Fig. 3). These complexes consist of two outer dense granular 
areas lying either side of a less dense, more finely granular central lamina. They are 
often seen to make contact with the nuclear envelope. Only rather short lengths of 
this type of complex have been seen in cells of this type. Longer lengths of otherwise 
identical appearance have been observed in spermatocytes in the male gonads of this 
species however. 

Granules of dense chromatin material are sometimes seen in nuclei of cells of this 
type (Fig. 2). These granules are roughly spherical and average about 100 nrn in 
diameter. Rarely, the nuclei are seen to contain one or more vesicles, up to 600 nm 

Fig, 1. A small Type I cell, about 6, um long, among gonad epithelial cell bases (Ep) and their muscle 
processes (mp) next to the mesoglea (Me). Note the relatively large nucleus (N) containing material of low 
electron density, the Golgi complex (g), rnitochondria (m) and an area containing various small clear and 
cored vesicles (v). X 21000. 
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in diameter, full of small dense particles, as shown in Fig. S. These vesicles are 
bounded by an irregular membrane which does not appear to be of the trilan-Linar 
unit membrane type. This membrane appears to link up with fibrils of the less dense 
fibrillar nuclear material. The enclosed particles appear spherical and are some 20 
nm in diameter. Their true nature is uncertain. 

The cytoplasm appears dense and contains numerous free ribosomes and rather 
few other organelles. The nucleus is often located eccentrically in the cytoplasm 
with most of the organelles contained in a cytoplasmic lobe on one side of the 
nucleus. The cytoplasm is normally seen to contain a number of mitochondria, a 
Golgi complex, glycogen deposits, lipid droplets, occasional dense bodies, small 
vesicles of various kinds, and a flagellar basal-body-rootict complex. The general 
features of many of these are shown in Fig. 2. 

The mitochondria are small and usually squat, averaging about 400 nm in. 
diameter and 700 nm in length. Occasionally elongate mitochondria of similar 
diameter but up to 1.5 jum long are observed. The cristae are numerous, and are 
sometimes arranged to form a characteristic lattice pattern, as shown in Fig. 2. Ile 
n-ýitochondrial matrix is homogeneous and electron dense. Ile mitochondria are 
usually distributed to form one or two loose groups rather than scattered evenly 
throughout the cytoplasm. 

The Golgi complex is usually situated close to the nuclear envelope, and consists 
of a stack of 5-7 parallel cisternae containing an electron dense material (Figs. I and 
6). The density of the contained material often increases from one side of the stack 
to the other. The stack is often associated with a concentration of small vesicles and 
short membranous elements, all containing material of similar density and ap- 
pearance to that found in the cistcrnae. Usually only a single complex is seen per cell 
in section. 

Glycogen is found in small deposits scattered throughout the cytoplasm, and 
often associated with lipid droplets (Fig. 2). The smaller deposits contain glycogen in 
the . 

8-conformation, with an average particle size of about 20 nm. Larger deposits 
may include a few typical rosettes of glycogen in the a-conformation, between 70 
and 120 nm in diameter. The gonad epithelial cell bases often contain large amounts 
of glycogen (Figs. 3 and 4), but this is always of the a-conformation and the particle 
size is usually much larger. 4 

One or more lipid, droplets are frequently seen in the cytoplasm of Type I cells 
(Figs. 2 and 6). The droplets are roughly spherical and range between 0.6 and 1.2 p rn 
in diameter. They are homogeneous and weakly electron-dcnse. Larger droplets of 
otherwise similar appearance are found abundantly in the bases of the gonad 
epithelial cells. 

Fig. 2. Part of a Type I cell showing many characteristic features. The nucleus (N) contains a nucleolus 
(nu) and areas of dense chromatin (ch) next to the nuclear envelope. A chromatin granule (arrowed) can 
also be seen. Tbc cytoplasm contains Epid droplets (L), glycogen (gl), and a honeycomb aggregation of 
dense material (asterisk). The n-Litochondria (m) show a characteristic lattice-like arrangement of cristae. 
X28000. 
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Various small membrane bound vesicles ire frequently seen. The largest contain a 
homogeneous electron dense material and average 500 nm in diameter. Sometimes 
these dense vesicles contain small lipid-like inclusions. The most numerous vesicles 
are smaller, about 150 nm in diameter, and enclose a clear electron lucid interior. 
Some similar small vesicles also contain a single membrane-bound core of mod. 
erately dense material (Fig. 1). 

Most Type I cells show evidence of the possession of a single flagellum (Figs. 3 
and 4). The flagellum arises from a basal-body-rootlet complM which consists of 
two centrioles at right angles to each other connected to a long striated rootlet 
extending into the cell. Microtubulcs can be seen radiating from the centrioles of the 
complex. An apparently identical structure is found in coral planula cells, and has 
been described in some detail 126,27], so a full description will not be given here. In 
Type I cells, the complex is situated at the base of a deep invagination of the cell 
surface, so that for the first part of its length, the flagellum is surrounded by a collar 
of cytoplasm (Figs. 3 and 4). Near its base, the flagellar axoneme has a complex - 
structure. The nine microtubular doublets surround an inner ring of eighteen 
tubules, and are themselves connected to the flagellar plasma membrane by nine 
Y-shaped fibrils. A similar arrangement is found in the sperm of several sea 
anemones, including thai of Actinia (see Discussion). 

In many Type I cells, one or two aggregations of finely granular dense material 
are seen in the cytoplasm (Figs. 2 and 7). Rarely, this material appears as an 
irregular shapeless mass, but it usually has a quite distinctive honeycomb appearance 
as shown in Fig. 7. These aggregations consist of a number of closely packed 
cylinders of electron dense material, appearing as rings in transverse section. The 

cylinders are some 150 nm in diameter and as many as twenty conjoined rings have 
been seen in one section, although between three and six rings are more common. 

ring which appears to be made Within each ring is seen a smaller, less well dcri 
up of particles of only moderate electron density. 

These aggregations are always seen in close association with a group of. 
mitochondria and are usually found close to the nuclear envelope. However, they 
have not been observed to make contact with these or any other organelles. Identical 
aggregations of dense material have been seen, often more extensively developed, in 

spermatogonia in developing spermaries in male A. fragacea gonads, but have not, as 
yet, been seen in. other cell types (unpublished observations). 

Most Type I cells are seen to make contact with & mesoglea of the gonad. Many 

Fig. 3. Type I cell (largest diameter 7.2 pm). Ile nucleus (N) contains a synaptinemal complex 
(arrowcd), while the cytoplasm shows few organelles other than mitochondria. A flagellum (squat arrow) 
sectioned trinsverscly can be seen surrounded by cytoplasm. X 15000. 

Fig. 4. Type I cell. about 7pm in diameter. Tle nucleus (N) contains a single nucleolus (nu) lying 
against the nuclear envelope. A flagellum. sectioned obliquely, is Seen lying in a deep invagination in the 
cytoplasm (arrowed), with microtubules (arrowhead) radiating from its base. The cell is separated from 
the mesoglea (Me) by cndodermal muscle processes (mp). Some endodermal cell bases contain extensive 
deposits of glycogen (gl). X 14000. 
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he at the mesoglea/endoderm border and contact the mesoglea over a broad area, as 
in Fig. 1, while others are situated deeper in the cndoderm and contact the mesoglea 
only by a fine cytoplasn-dc process, as in Fig. 8. Other cells which do not appear to 
contact the mesoglea may of course do so out of the plane of section. 

Type I cells have been found scattered sparsely among the bases of the gonad 
epithelia] cells from June to October. They were found in very much greater 
numbers in the May sample. Near the junction of the gonad with the mcscntcric 
retractor muscle, these cells were present in very high concentrations and formed an 
almost continuous layer at the mesoglea/epithelium border. The presence of syn- 
aptinemal complexes in these cells strongly suggests that they are primary oocytes, 
and their small size and scant cytoplasm suggests that they are at a very early stage 
of differentiation. 

Type II cells 
These cells are similar in many respects to the Type I cells previously described, 

so only the points of difference between them will be discussed in detail. Type 11 
cells are rather larger than Type I cells, reaching 15 jurn in their largest dimension. 
This greater size is largely the result of an increase in the volume of cytoplasm, 
although the nucleus is slightly larger and may measure 6-9jum in diameter. 

Apart from size, the most obvious difference from Type I cells is the appearance 
of the nucleus. The nuclear material is of much greater overall electron density than 
that found in Type I cells, and is more uniform in density and appearance. The 
greater part of the nucleus contains a uniform finely granular material of moderate 
electron density. Areas of denser, more coarsely granular chromatin material are 
found scattered throughout the nucleus, and one or rarely two nucleoli are seen, 
always situated against the nuclear envelope (Figs. 9,10 and 11). 

Dense chromatin granules, about 100 run across, which are found occasionally in 
Type I cells, are found in all Type II cells, and may be present in considerable 
numbers (Fig. 11). The nucleus is bounded by a well-defined nuclear envelope which 
bears rather more nuclear pores than are found in Type I cells. Synaptinernal 

Fig. S. Part of a small Type I cell. The nucleus contains dense chromatin areas (ch), two of which form 
dense plaques against the nuclear envelope. Two vesicles containing numerous dense particles (arrowed) 
can also be seen. X 21000. 

Fig. 6. Part of a Type I cell with an extensive Golgi complex (g) closely apposed to the nucleus (N). The 
cytoplasm also contains mitochondria (m), Epid droplets (L) and a lipid-like droplet surrounded by dense 
material (arrowed). X 16 500. 

Fig. 7. Part of a Type I cell, showing a group of mitochondria (m) close to the nucleus (N). Among the 
mitochondria is a honeycomb aggregation of dense material (asterisk). X26000. 

Fig. 8. Part of a Type I cell, outlined in ink for clarity. The cell contains mitochondria (m) and lipid 
droplets (L), and makes contact with the mesoglca (Me) by means of a slender cytoplasn-dc process 
extending between the endodermal muscle processes (mp). X 13 500. 
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complexes arc occasionally found in cells of this type, again as isolated short lengths, 
often making contact with the nuclear envelope (Fig. 10). 

Ile cytoplasm is more extensive and more richly endowed with organclies and 
inclusions than in Type I cells. In particular the number of mitochondria and the 
amounts of glycogen and lipid are significantly increased. Type 11 cells also tend to 
be more variable in shape and irregular in outline than Type I cells., 

The mitochondria are similar in appearance to those in Type I cells, and again 
tend to be arranged in one or more groups. The groups themselves however, may 
contain many more individual mitochondria, of which a higher proportion are 
elongate. Aggregations of dense material with the characteristic honeycomb ap- 
pearance are again commonly found associated with the mitochondrial groups. 

Ile glycogen is found localized into fewer, larger deposits within the cytoplasm, 
and more is found as larger rosettes of the a-conformation. Glycogen deposits are 
often associated with lipid droplets and dense bodies of various kinds. 

Membrane-bound dense bodies (Figs. 9,10 and 11) are more common than in 
Type I cells, and small amounts of endoplasmic reticulurn may be found scattered 
randomly through the cytoplasm (Fig. 11). 

Type Il cells are found among the bases of the gonad epithelial. cells at all times 
of the year, but especially between June and October. In June and July they were 
found in large numbers in the areas which in May had held high concentrations of 
Type I cells. The presence of synaptinernal complexes in the nuclei of Type 11 cells 
strongly suggests that they too are oocytes. Their larger size, greater cytoplasmic 
complexity and their periodicity in the gametogenic cycle suggests they arc oocytes 
at a more advanced stage of differentiation than the Type I cells. 

Type III ceUt 
Type III cells are of similar size and appearance to Type 11 cells, averaging about 

12 prn in greatest dimension. They are distinguished from Type II cells largely on 
the basis of their nuclear appearance. The Type III cell nucleus is large relative to 
the size of the cell, but is of generaUy low electron density. Irregular dense chromatin 
areas are separated by areas of very low electron density, in a manner reminiscent of 
the smaller Type I cells (Fig. 12). The nuclear envelope is always poorly defined, very 
often incomplete and sometimes apparently absent. Large seemingly empty vacuoles 
are often seen around the periphery of the nuclear area (Fig. 13). 

The cytoplasm may be quite extensive, and is similar in general appearance and 
organelle complement to that of Type II ceUs. Mitochondria may be numerous, but 
are usually smaH (Fig. 12). A flagcUar basal-body-rootlet complex is sometimes 
found, but endoplasmic reticulurn has not been seen in these cells. 

Type III cells are again found among the bases of the gonad epitheUal ccUs, but 

Fig. 9. Type 11 cell. some 13 p rn long, situated at the border between the mcsoglea (Me) and the 
epithelial cell bases (Ep). The nucleus (N) is more dense than those of Type I cells, and contains a 
nucleolus (nu) and numerous dense chromatin granules. The cytoplasm'contains an extensive group of 
mitochondria (m), glycogen deposits (gl) and a dense body (d). XI 1500. 
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much less conunonly than either of the preceding cell types. As yet they have only 
been found in the May sample, and then only in areas containing high concentra. 
tions of Type I cells. 

Discussion 

It has long been thought that sea anemone gametogenic cells arise in the 
cndodcrmal epithelium of the mesenteries, and then migrate into the mesoglea where 
subsequent gamete maturation takes place [24,25). Recent studies of sea-anemone 
gametogenesis have confirmed this view. Dunn [71 describes how oocytes derive from 
small cells with relatively huge nuclei which arise and proliferate in the endoderm 
and tnigrate into the mesoglea when they have grown to a diameter of 20-23 pm. 
Similarly, Jennison [81 describes cells with large nuclei and little cytoplasm within 
the cridoderm, which grow and come to line the mesogleal/endodermal border 
before migrating into the mesogim 

Actinia fragacea shows an annual cycle of gametogenic activity. This was first 
suggested by Carter and Funnell 1221, and the study of which this paper forms a part 
confirms and extends their findings. Under the fight microscope, small germ cells are 
common in the endoderm of the female gonad in June and July. They rnýigrate into 
the mesoglea and most develop for. a full year before being spawned or resorbed the 
following July. With the electron n*roscope, Type I cells were first seen in numbers 
in the endoderm in May, and had largely disappeared by July. Type Il cells 
appeared in the endoderm in June, and were much less numerous by AugusL The 
temporal appearance and disappearance of these cells within the gonad is thus 
wholly consistent with the view that Type I cells represent an early, and Type 11 cells 
a slightly later stage in the differentiation of the female gametogcnic cells. Their size 
and general appearance is also consistent with previously published descriptions of 
early female germ cells in other sea anemones. 

The view that Type I and Type 11 cells are early female germ cells is further 
supported by the finding of synaptinernal complexes within their nuclei. Syn- 
aptinernal complexes are characteristic of meiotic: cells from many animal phyla 1281 
and have been found in anthozoan spermatocytcs; [21 including those of Afragacea 
[231. The presence of synaptinemal complexes is normally indicative of a cell at the 
pachytene or zygotcne stage of meiotic prophase [; 8j. Their presence in Type I and 
11 cells argues strongly that these cells are oocytes rather than oogonia or other 
possible precursor stages, or any other cell type. 

The suggestion that the female germ cells become oocytcs while within the 

Fig. 10. Type 11 cell. The nucleus (N) conWns a nuclcolus (nu) and synaptinemal complexes (arrowed). 
The cytoplasm contains several mýitochondria, glycogen deposits (gl) and a dense body (d). X 13 000. 

Fig. 11. Type 11 cell. The nucleus contains two nucleoli (nuý both situated against the nuclear envelope. 
and numerous dense chromatin granules (arrowed). The cytoplasm contains a Golgi complex (g), dense 
bodies (d) and a few cisternae of endoplasmic reticulum (squat arrows). X 17000. 
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endodermal cell layer, before entering the mesogleaý is at variance with some 
previously pubUshed information on sea anemone oogenesis. Schmidt and Schifer 
(141 mention growing anthozoan oocytes still located in the endoderm before being 
surrounded by mesoglea. Both Dunn [71 and Jennison [8], however, describe cells 
6-15 

jum 
in diameter within the endoderm, as primary oogonia. Larger cells within 

the endoderm, from 30-35 jAm in Epiactis and from 15-25jurn and sometimes up to 
45 jurn 

in Anthopleura, are referred to as secondary oogonia. Botlý authors suggest 
that these cells do not cease raitotic cell division and become o0cytes until they have 
entered the mesoglea. However, after extensive electron microscope observation, it 
appears that in Actinia there exists a coherent series of developing cell types, starting 
from Type I cells, leading to Type 11 cells and then larger o0cytes; which begin 
vitellogcnesis and enter the mesoglea (unpublished observations), with no apparent 
evidence of cell division between the various stages. 

Whilst the evidence very strongly points to Type I and Type 11 cells being earjy. 
oocytes, the status of the Type III cells is less clear. Type III cells were only found in 
areas containing large numbers of very early oocytes. The possibility therefore arises 
that they might represent oogonia or some other proliferative stage in oocyte 
production. The clumped appearance of the chromatin in these cells and their lack 
of a well-defined nuclear envelope n-dght be suggestive of cell division. However, no 
further evidence of mitosis was seen involving these cells, and it may well be that 
Type III cells represent a degenerate or arrested stage in o0cyte development. Type 
III cells were only encountered rarely, and without further study little can be said 
about their significance. 

There has been no previous detailed ultrastructural study of other anthozoan 
early oocytes with which those of Actinia could be usefully compared. However, 
from among the Hydrozoa, a number -of early oocytes have been so described. In 
particular, Kessel [291 described all stages of oogenesis in some detail for an 
unidentified trachyline medusa, and Aizenshtadt [30] and Noda and Kanai [31,32] 
have described the formation of early oocytes from interstitial cells in hydra. The 
early oocytes of Actinia seem to be generally similar in appearance to the corre- 
sponding cells in these hydrozoans. All show features characteristic of cells at a low 
level of differentiation- a large nucleus relative to the size of the cell, scant 
basophilic cytoplasm with numerous ribosomes but very little organized membrane 
systems. Indeed, the Type I cells of Actinia seem to have relatively even less 
cytoplasm than the other cell types, including the intqrstitial cells described by Noda 
and Kanai [3 11. 

The arrangement of mitochondria in groups is conunon to all these types of cell. 

Fig. 12. Type III cell, about 13 pm long. situated close to the mesoglea (Me). The nucleus (N) contains 
irregular dense chromatin areas, and the nuclear envelope is indistinct and incomplete. Tbe cytoplasm 
contains a Golgi complex (g), lipid droplets (L) and numerous small mitochondria (m). X9 000. 

Fig. 13. Part of a Type III cell. in contact with the mesoglea (Me). There is no obvious nuclear crivelope 
present, and a large clear vacuole (v) is seen at the edge of the nuclear area (N). Cytospincs (cy) of an 
adjacent large oocyie can be seen in the upper left-hand comer. x 23 000. 
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The mitochondria in the Actinia oocytes are more compact and have a more electron 
dense matrix than those seen in hydra or described by Kessel. The honeycomb 
arrangement of dense, finely granular material associated with the groups of 
mitochondria in Actinia oocytes, has not been described elsewhere, although both 
Aizenshtadt and Kessel report the presence of aggregations of finely filamentous or 
granular material in this location. Noda and Kanai (321 report the praence of 
'germinal plasm' in many hydra cell types, most notably in interstitial cells, dif feren- 
tiating nematocytes and especially in oocytes, although this material is not closely 
associated with mitochondria. In those animal groups in which the germ plasm has 
been extensively studied, it usually consists of finely granular dense material closely 
associated with mitochondria. Whether similar material in Actinia oocytes can in any 
way be related to the germ plasm of hydra or other groups is of course uncertain. 

Kessel also reports the presence in his early oocytes of basal-body- rootlet 
complexes and associated microtubules apparently similar to those described here 
for Actinia. Schmidt and Holtken [4), however, did not rind such complexes id 
anthozoan oocytes. Kessel does not mention flagellar structures arising from these 
complexes. In Actinia, flagellar structures are commonly seen in very early oocytes. 
Rather larger oocytes (above 15 

jum 
in diameter) are occasionally seen with com- 

plexes, but have never been seen with a flagellum (unpublished observations). It may 
be that the flagellum is lost early in oocyte development while the complex persists, 
at least for a time. In very early oocytes in Actinia the flagellum often arises at the 
bottom of a narrow invagination of the cell membrane. Thus the basal region of the 
flagellum is closely surrounded by the oocyte cytoplasm. This situation is strongly 
reminiscent of the 'cytoplasmic collar' found around the anterior portion of the tail 
flagellum of many anthozoan spermatozoa [6) including the sperm of Actinia equina 
131. The complex arrangement of microtubules in the basal region of the oocyte 
flagellum is also found in the sperm tail [3]. 

7"he cellular origin of the Actinia early oocytes remains unclear. In hydra and 
other hydrozoans, gametes are derived from undifferentiated interstitial cells which 
can also give rise to other cell types [24,331. In sea anemones, however, the role and 
occurrence of interstitial ccHs is a matter of some controversy. Robson [34] suggested 
that interstitial cells coffespqnding to those found in Hydrozoa did not occur in sea 
anemones. Van Pradt 135] and Van Pradt and Doumenc: [361, investigating tentacle 
regeneration in Actinia equina, could not find in. terstitial cells with the light or 
electron microscope, and concluded that they were rare and played no part in wound 
healing or tentacle regeneration. Instead, regenerated tissues arose from dediffercnti- 
ated epithelial cells. Chapman [371 also felt that anthozoans did not possess 
interstitial cells as such, but that mesogleal cells and amoebocytes might fulfil a 
similar function. However, interstitial cells have been seen with the electron micro. 
scope by Singer [381 in regenerating Aiptasia diaphana and by Westfall [391 as the 
precursors of nematocytes in Metridium senile. Dunn [71 and Jennison [81 both 
presume that the gametes arise from interstitial cells, but with the light microscope 
can offer no evidence on this point. 

Ile earliest oocytes in Actinia certainly resemble the interstitial cells of hydro- 
zoans in ultrastructural appearance, but similar cells were not seen in the gonad at 
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other times of year. Perhaps interstitial cells are normally located elsewhere in the 
mcsentery and raigrate into the gonad during the phase of germ cell production. 
Whilst it is perhaps most likely that Actinia oocytes; do arise from interstitial cells, on 
the present evidence other possible origins, such as from mesogleal cells or even by 
the dedifferentiation of other cell types cannot be ruled out. 

The apparent absence of an obvious oogonial proliferative phase is of interest. No 
convincing signs of n-dtotic cell division were seen among any of the cell types 
described here. Type I cells appear in numbers in the endoderm of the gonad in 
May; a search of the April samples has so far not revealed the presence of any 
obvious precursor stages. This does not of course mean that such stages do not exist. 
Oocytes could arise from other cell types without a mitotic phase, or mitosis n-dght 
take place extremely rapidly and so be seen only rarely in sectioned material, as has 
been suggested by Doumenc [40). Unfortunately. the present study can shed no light 
on this point. 

The finding of occasional very small oocytes; at times of year well removed from 
the period of major oocyte differentiation in late Spring is as yet unexplained. A 
similar situation was described in Anthopleura elegantissima by Jennison (8]. It may 
be that oocytes continue to be produced at a low rate throughout much of the year, 
or that some oocytes produced in late Spring are retarded and develop only very 
slowly, possibly being spawned a season later than the majority. 
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The developing oocyte of the sea anemone Actinia fragacea is associated with a distinct group of 
gonad epithelial cells which constitute the trophonema. Electron microscopy has shown that the cells of 
the trophonems extend through a pore in the mesoglea which surrounds the oocyte. and make intimate 
contact with the oocyte surface. The ooplasm beneath this region of contact differs from the rest of the 
oocyte in containing numerous small vesicles, but few yolk granules or other organelles. Light microscope 
autoradiography has shown that oocytes within gonads can take up and incorporate tritiated glucow and 
leucine from solution. 11c cells of the trophonema appear more active in precursor incorporation than 
other gonad epitheliall cells. The evidence therefore suggests that these cells have a nutritive function 
during oogenesi& 

trophonema; oogenesis; Actiniafragacea; ultrastructure; autoradiography 

Introduction 

The gonads of sea anemones are found on the mcscnteries, between the filaments 
and the retractor muscles [1]. Like the rest of the mcsentery. the gonads consist of 
two layers of endodermal cells separated by the mcs6glea. Oocytes originate in the 
endodermi but penetrate and come to fie entirely within the mesoglea. at an early 
stage in their development. It is in the mesoglea that most oocyte growth and 
vitellogcnesis occurs. 

A notable feature of the female gonad of several sea anemones is the presence of 
distinct groups of endoderm cells which can be seen to be associated with many of 
the oocytes. This structure is called the trophonema; it was first described by 
Hertwig and Hertwig [21 and was later discussed by Nyholm [3]. Recently, it has 
been observed in Epiactis prolifera by Dunn [41, Anthopleura elegantissima by 
Jennison [51 and in several anthozoan species by Schmidt and SchAfer [6]. Although 
there may be some variation between species, several authors have suggested that the 
trophonema has a nutritive function [2-4,6]. 

We have used the techniques of electron microscopy and light microscope 

0165-1269/82/0000-0000/$02.75 0 1982 Elsevier Biomedical Press 
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autoradiography in an attempt to determine the function of the trophonema in 
Actiniafragacea. 

Electron microscopy 

Anemone gonads were sampled regularly throughout the year and gonad material 
was prepared for electron microscopy by standard techniques as described previ. 
ously [7]. Thus we were able to observe oocytes at all stages of development. For the 
purpose of this study we concentrated on oocytes between 60 and 120 )Arn in 
diameter which were thought to be active in growth and vitcllogenesis. 

The major electron microscope observations are summarized in Fig. 1. The 
trophonerna is outlined by a depression in the surface of the endoderm. The 
underlying cells are slender and are held together by prominent interccliular junc- 
tions. The cells extend through a pore in the mesoglea and terminate in a shallow 
depression in the surface of the oocyte. The mesoglea is thickened locally to form a 
lip around the pore. The trophonerna is the only site where the oocyte is in direct 
contact with endodermal cells; elsewhere they are separated by a usually thin layer 
of mesoglea. The area of cellular contact under the trophonerna is increased by the 
projection of oocyte cytospines into indentations in the bases of the trophonernal 
cells. 

As has been described by previous authors [4-6], the germinal vesicle is displaced 
towards the trophonerna, leaving only a narrow band of ooplasm in this region, 

--- -- -1 IdW %Y 

Fig. 1. Simplified diagram showing major morphological features of the trophonema. Trophonernal cells 
extend through a pore (P) in the mesoglea (stippled) surrounding the oocyte and make contact with the 
oocyte surface. Cytospines (arrow) project from the oocyte surface into indentations in the bases of the 
trophonernal cells. The oocyte germinal vesicle (Gv) with its single large nucleolus (Nu) is displaced 
towards the trophoncma. Ile band of ooplasm beneath the trophonerna contains numerous small vesicles 
(v) but few yolk granules (Y). 



Fig. 2. Electron micrograph of ooplasm between the trophoncma and the germinal vesicle (Gv) showing 
the presence of numerous small vesicles (Ve). Groups of cytospines (Cy) can be seen projecting from the 
oocyte surface into the bases of the trophonernal cells. Scale line= 2pm. 

which we have found to differ from the rest of the oocyte. It contains large numbers 
of small, membrane bound vesicles, 200-500 nm in diameter (Fig. 2). 

Autoradiography 

The uptake of tritiated glucose and leucine from solution was examined autora- 
diographically. Pieces of female gonad containing developing o0cytes can be excised 
and maintained in sterile culture for some weeks. It was therefore possible to 
incubate gonad pieces in vitro. Radiolabelled chemicals were dissolved in sterile sea 
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Fig. 3. Light microscope autoradiograph of area of gonad after incubation in tritiated leucine. The oocyte 
is heavily labelled. both over the ooplasm (0p) and the germinal vesicle (Gv). The trophonema (Tr) is 

much more heavily labelled than the surrounding endoderm (En). Scale line= 10 IA m. 

water at 10 1ACilml, and incubation times varied between I and 24 h. Unlabelled 

chase times ranged between I and 72 h. Gonads were fixed in glutaraldehyde, 
embedded in JB4 plastic resin and sectioned at 2 IA m. The sections were dip-coated 

with Ilford K2 liquid emulsion and exposed at 4"C for 5-8 days. 
With the procedure outlined above, developed silver grains generally indicate sites 

where the labelled precursors have been incorporated into macromolecules. Full 

clet"s of the method and the controls used will be described in a future publication. 
After incubation in tritiated glucose, heavy concentrations of silver grains were 

found over the trophonema and over regions of the oocyte which electron micro- 
scope studies had shown were rich in glycogen. Other endodermal cells were 
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labelled, especially over their basal regions, but much more lightly than the 
trophonema. With long chase times, more label was found over the oocyte and less 
over the trophonema. 

After incubation in tritiatcd leucinc, the trophonema was again heavily labelled in 
comparison with the rest of the endoderm (Fig. 3). The oocyte was labelled generally. 
but the germinal vesicle and in particular the nucleolus were heavily labelled. Long 
chase times did not appear to affect the distribution of silver grains significantly. 

The endodermal cells presumably convey nutrients from the enteron fluid to the 
growing oocytes. The electron microscope studies have shown that trophonemata 
provide regions of intimate contact between endoderm and oocytcs. Autoradiogra. 
phy has shown that oocytcs (within gonads) can incorporate small molecules from 
solution and that trophonemata appear much more active in incorporation than the 
rest of the cndoderm. This evidence points to a nutritive function for the trophonema 
during oocyte growth. We have observed a structure resembling the trophonema iti 
the testicular cyst of the male gonad which gives similar autoradiographic results. 
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An Ultrastructural Study of Oocyte Growth Within the 
Endoderm and Entry Into the Mesoglea in Actinla fragacea 
(Cnidaria, Anthozoa) 
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ABSTRACT Sea anemone gametes arise in the endoderm but migrate into 
the mesoglea at an early stage. In order to observe this process, large individ- 
uals of Actinia fragacea were collected from the same intertidal location at 
regular intervals over a 2-year period, and their gonads were examined by 
light and electron microscopy. 

The cellular origin of the oocytes is unclear, but the smallest recognizable 
oocytes are rounded cells, 6-8 jum in diameter, with relatively large nuclei 
which may contain synaptinemal complexes. Their cytoplasm contains numer- 
ous ribosomes, a flagellar basal-body-rootlet complex, and distinctive dense 
structures also present in male germ cells but not found in anemone nonger- 
minal cells. During the endodermal phase of growth, the density of the oocyte 
nucleus increases, a single nucleolus becomes prominent, and mitochonctria 
and glycogen accumulate in the cytoplasm. Most oocytes, but not all, only 
begin major vitellogenesis after entry into the mesoglea. Most oocytes enter 
the mesoglea before they attain a diameter of 25 pm. 

The oocytes migrate toward and enter the mesoglea by a process resembling 
amoeboid movement. During entry, the oocytes are constricted into a charac- 
teristic "hourglass" shape and become covered by a basal lamina continuous 
with that of the gonad epithelium. The last part of the oocyte to enter the 
mesoglea forms an intimate relationship with the surrounding endodermal 
cells, which is maintained after entry is complete, and is thought to be impor- 
tant in the establishment of the trophonema. 

The gonads of sea anemones are located on 
the mesenteries and lie between the mesen- 
teric retractor muscles and the gastric fila- 
ments (Campbell, '74). Like the rest of the 
mesentery, the gonads consist of two layers 
of endodermal epithelial cells separated by 
a layer of mesoglea. The germ cells arise 
among the endodermal epithelial cells, but 
at an early stage in their development they 
migrate into the mesoglea (Hyman, '40; 
Campbell, '74). Thus the mador part of growth 
and differentiation of the gametes takes place 
while they are surrounded by a layer of fi- 
brous, sparsely cellular mesogleal material. 
7bis paper describes fine structural aspects 
of the early stages of oogenesis in the sea 
anemone Actinia fragacea and covers the pe- 
riod of oocyte growth within the endoderm 

and the subsequent entry of the oocytes into 
the mesoglea. 

Our knowledge of gametogenesis in sea 
anemones is as yet only fragmentary. How. 
ever, an understanding of the cellular trans- 
formations involved in gametogenesis in 
these animals is of interest partly because of 
their ecological significance and also because 
such studies in these primitive metazoans 
may give a perspective to studies of corre- 
sponding processes in higher organisms. 
Light microscope descriptions of all stages of 
gametogenesis have recently been published 
for the anemones Epiactis prolifera (Dunn, 
'75) and Anthopleura elegantissima (Jenni- 
son, '79). Less complete data are available 
for Actinia equina (Chia and Rostron, '70; 
Carter and Funnell, '80), Peachia quinque- 
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capitata (Spaulding, '72), Tealia crassicornis 
(Chia and Spaulding, '72), and the antho. 
zoans Ptilosarcus guerneyi (Chia and Craw- 
ford, '73), Stylophora pistillata (Rinkevich 
and Loya, '79), and Astrangia dance (Szmant. 
Froelich et al., '80). The electron microscope 
has been less extensively used, and recent re- 
viewers have commented on the paucity of ul- 
trastructural information available on antho- 
zoan gametogenesis (Chapman, '74; Roosen- 
Runge, '77; Nieuwkoop and Satasurya, '81). 
The pioneering work of Spaulding ('74), Dewel 
and Clark ('74), and Clark and Dewel ('74) has 
not been greatly extended. Studies of antho. 
zoan oogenesis in particular have been scarce 
(Schmidt and Schiffer, '80; Schfifer and 
Schmidt, '80; Larkman, '80). There has been 
no ultrastructural account of the entire pro- 
cess of spermatogenesis or oogenesis for any 
single anemone species, and the early stages 
of gametogenesis, which may be difficult to 
visualize with the light microscope, are still 
poorly understood. An electron microscope 
study of gametogenesis in the sea anemone 
Actinia fragacea was therefore undertaken. In 
order that all stages of the process might be 
observed, anemones were collected from the 
field at regular intervals throughout the year, 
and their gonads were examined by light and 
electron microscopy. A previous paper (Lark- 
man, '81) discussed the occurrence and iden- 
tification of early female germ cells within the 
endoderm. 

Actinia fragacea is an intertidal sea ane- 
mone found on rocky shores around the 
southwestern coast of England and else- 
where. Until recently it was considered to be 
a variety of the widely distributed beadlet 
anemone Actinia equina, but it is now 
thought to be a separate species (Rostron and 
Rostron, '78; Carter and Thorpe, '81). Unlike 
A. equina it does not brood its young within 
the gastrovascular cavity, and it is thought 
to be oviparous (Stephenson, '35). 

MATERIALS AND MET] IODS 

Samples of five or six large individuals of 
the sea anemone Actinia fragacea were col- lected at approximately monthly intervals 
from a rocky shore at Wembury, near Plym- 
outh, England, over a 2-year period extend- 
ing from 1979 to 1981. Gonads were removed 
by dissection and fixed by immersion in 3% 
glutaraldehyde in a 0.1 M phosphate bufTer 
to which 3% sodium chloride had been added. 
Material for electron microscopy was post- 
fixed in 1% osmium tetroxide in the same 
buffer, dehydrated using ethanol, and em- 
bedded in "EMix" epoxy resin (EMscope Lab- 
oratories Ltd. ). Ultrathin sections were cut 
on an LKB Ultratome III using glass or dia. 
mond knives, stained with uranyl acetate 
and lead citrate, and examined using a Phil- 
ips EA1300 electron microscope. 

Material for light microscopy was embed- 
ded in JB4 plastic resin (Polysciences Inc. ) 
and sectioned at 1-2, am on an LKB Pyrami- 
tome using glass knives. Sections were rou- 
tinely stained with 1% toluidine blue in 1% 
sodium tetraborate solution. 

RESULTS 
Growth within the endoderm 

The oocytes of Actinia fi-agacea arise in the 
endoderm. of the mesenteries, where they re- 
main and grow for a variable period before 
entering the mesoglea. Very small oocytes 

Fig. 1. A small oocyte, some 6.5 jim from top to bot- 
tom, lying in the endoderm close to the muscle processes 
and the mesoglea. x 14,000. 

Fig. 2. A small endodermal oocyte with synaptinemal 
complexes. X 11,000. 

Fig. 3. An endodermal oocyte some 9.5 jum in length 
lying close to the mesoglea. Note the increase in nuclear 
density compared with Figures I and 2. The nearby 
flagellum probably arises from the oocyte. X 12,500. 

A bbreviations 

Ac, Amoebocyte fy, Forming yolk body n, Possible nuage material 
bl, Basal lamina g, Golgi complex nd, Dense component or nuage 
c, Centriole ge. Granular core of nuclear fibrillar body ne, Nuclear envelope 
cv, Coated vesicles gl, Glycogen nf, Fibrillar component of nuage 
cy, Cytospines gr, Nuclear granule nu, Nucleolus 
d, Desmosome hc, Heterochromatin Oc, Oocyte 
db, Dense body L, Lipid droplet op, Oocyte process 
dc, Area of dense cytoplasm m, Mitochondrion sc, Synaptinernal complex 
En, Endoderm. Me, Mesoglea sr, Striated rootlet 
EO, Endodermal portion of oocyte MO, Nlesogleal portion of oocyte tu, Aggregation of tubules 
er, Endoplasmic reticulum mp, Endodermal muscle process v. Vesicles 
f, Flagellum mv, Multivesicular body va, Vacuole 
ib, Nuclear f ibrillar body N. Nucleus y, Yolk body 
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were first recognized in the endoderm, in late 
spring, when they may occur in large num. 
bers. They are small cells, 6-8, um in diame- 
ter, with relatively large nuclei and dense 
cytoplasm. The occurrence and identification 
of these cells has been described in a previous 
paper (Larkman, '81). The number of these 
cells present in the endoderin decreases 
through the summer until by autumn vir- 
tually all have entered the mesoglea. 

While within the endoderm, the oocytes 
are surrounded by the fine basal processes of 
the endodermal epithelial cells. Some oocytes 
lie actually in contact with the mesoglea, but 
most are situated a short distance from it 
(Fig. 1). The smallest oocytes are roughly 
spherical, while slightly larger ones (8-12 
; Lm diameter) are often elongate. Oocytes 
above 12, um are usually spherical once more. 
Oocytes within the same gonad do not de- 
velop in synchrony, and even oocytes of the 
same size may vary in their apparent degree 
of differentiation. The size at which the oo- 
cytes enter the mesoglea also varies consid- 
erably. The major features of the oocyte nu- 
cleus and cytoplasm and the changes which 
they undergo while within the endoderm, are 
described below. Some oocytes begin vitello- 
genesis while within the endoderm, though 
most begin only after entry into the meso- 
glea. Vitellogenesis will be the subject of 
a separate paper, and so will not be de- 
scribed here. 

Nuclear changes 
In very small oocytes, up to about 10; Lm in 

diameter, the nucleus is characteristically of 
very low electron density (Fig. 1). It contains 
irregular areas of more dense chromatin ma- 
terial which often contact the nuclear enve- 
lope. Small dense granules, 50-80 nm in 
diameter, are found scattered throughout the 
nucleus. A nucleolus is often seen, but it is 
usually poorly defined and closely associated 
with the other dense nuclear material. Tri- 
partite synaptinemal complexes are often 
found in the nuclei of these small oocytes 
(Fig. 2; see Larkman, '81). 

As the oocyte enlarges, the overall electron 
density of the nucleus progressively in- 

creases Wigs. 1-6), until in oocytes over 15 

; Lm. the nucleus may appear more dense than 
the surrounding cytoplasm (Fig. 7). The 

patches of heterochromatin become less ob- 
vious, and dense fibrillar bodies appear 
within the nucleus (Fig. 7). These consist of 
aggregations of fibrillar material, often sur- 

rounding a finely granular core (Fig. 8). They 
may reach 1-2jurn in diameter, and up to five 
such bodies have been seen in a single sec- 
tion of a nucleus. The nucleolus becomes 
larger and more clearly defined, and is spher- 
ical, finely granular, and homogenous (Figs. 
6,7). It may reach 8-jurn diameter in a 35-jurn 
oocyte. The nucleolus is usually located to 
one side of the nucleus and is often sur- 
rounded by dense nuclear granules of the 
type described above (Fig. 9). Synaptinernal 
complexes have not been observed in oocytes 
above 12jurn in diameter. 

Throughout oocyte growth, the nucleus is 
bounded by an intact, typical, double mem- 
brane nuclear envelope, bearing nuclear 
pores. The pores become more numerous and 
more closely packed as the nucleus enlarges. 
Cytoplasmic changes 

The smallest oocytes contain relatively lit- 
tle cytoplasm, which appears dense compared 
with that of the surrounding endodermal cells. 
Large numbers of free ribosomes are found, as 
well as mitochondria, Golgi complexes, glyco. 
gen, and small vesicles. As the oocytes en. 
large, the amount of cytoplasm and the 
numbers of organelles greatly increase, but 
the cytoplasm retains its generally unspecial. 
ized appearance usually until the onset of 
vitellogenesis. 

The mitochondria are usually small and 
rounded in section, with a dense matrix trav- 
? rsed by numerous cristae and may contain 
intramitochondrial dense granules. In the 
smallest oocytes many mitochondria show a 
characteristic latticelike arrangement of 
cristae, as shown in a previous paper (Lark. 
man, '81). In oocytes over 15 jum in diame- 
ter the mitochondria are generally slightly 
smaller than in the smallest oocytes, aver- 
aging about 0.3 X 0.5 jum in section, and the 
cristae are more randomly arranged. As the 
oocytes grow, the number of mitochondria 
increases dramatically, and they often be- 
come arranged in seams or bands through 
the cytoplasm rather than randomly scat. 
tered (Fig. 10). 

Most oocytes are seen to contain one or 
more Golgi complexes. These consist of par. 
allel stacks of flattened cisternae, usually 

Fig. 4. Anendodermal oocyte some 13.5 gmin length, 
flanked by two larger mesogleal oocytes. The oocyte on 
the left is much larger, and is covered by a flattened 
amoebocyte. Note the large quantities of glycogen in the 
endodermal cell bases. x 11,000. 
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EARLY STAGES OF OOGENESIS IN A SEA ANEMONE 

associated with numbers of small rounded 
vesicles some 40 nm in diameter. The cister- 
nae and vesicles contain similar material of 
moderate electron density. The complexes are 
often associated with single cisternae of en- 
doplasmic reticulum. (Fig. 11). The size and 
number of the Golgi complexes do not mark. 
edly increase as the oocyte grows until it 
begins vitellogenesis. 

Most oocytes accumulate considerable 
quantities of glycogen as they grow within 
the endoderm. Even the smallest recogniz- 
able oocytes contain glycogen, but it is usu- 
ally present as numerous small deposits, with 
some glycogen particles scattered generally 
through the cytoplasm (Fig. 3). As the oocyte 
enlarges, the glycogen becomes concentrated 
into a smaller number of larger deposits (Figs. 
4-6). These deposits may be 10 ILm across in a 
35-jurn oocyte. The larger deposits contain pro- 
portionately more glycogen in the a-conrigu- 
ration than do smaller deposits. Occasionally, 
glycogen in large deposits appears well dis- 
persed, and such deposits may contain empty 
areas and membranous vacuoles. 

Lipid droplets are commonly found in small 
oocytes and are very often associated with 
accumulations of glycogen (Fig. 12). Two 
types of lipid droplet can be distinguished. 
The more common type is 0.5-1.5jurn in di- 
ameter, is homogenous, and is of low but 
perceptible electron density. The second type 
is of similar size but appears completely emp- 
ty, presumably as a result of extraction of the 
contents during processing. While lipid drop- 
lets may be found in oocytes of all sizes, large 
endodermal oocytes generally appear to con- 
tain relatively less stored lipid than small- 
er ones. 

The smallest recognizable oocytes contain 
little or no endoplasmic reticulum. As the 
oocytes enlarge, the cytoplasm comes to con- 
tain many short lengths of randomly ar- 
ranged endoplasmic reticulum, some of which 
are studded with ribosomes. Some larger oo- 
cytes develop areas of regularly arranged 
endoplasmic reticulum while within the en- 
doderm, while others may reach a considera- 
ble size (perhaps 40 jLm) and may begin to 
accumulate yolk bodies in the apparent ab- 

Fig. 5. A 9-lim-diameter endodermal oocyte, contain- 
ing a large glycogen deposit with associated lipid drop- 
lets. x 10,500. 

Fig. 6. A 13-; Lm-diameter endodermal oocyte. The nu- 
cleus is of greater density, and the surface of the ceU 
bears groups of cytospines. x 8,500. 
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sence of any organized endoplasmic reticu- 
lum. By contrast, large vitellogenic oocytes in 
the mesoglea usually contain exten- 
sive areas of highly ordered endoplasmic 
reticulum. 

Flagellar basal-body-rootlet complexes are 
often found within oocytes in the endoderm. 
These complexes consist of two centrioles ar- 
ranged at right angles to each other con. 
nected to a striated rootlet (Fig. 13), and are 
similar to those found in a variety of coelen- 
terate flagellated epithelial cells (Chapman, 
'74). Only one complex was ever seen in a 
single oocyte section. In very small oocytes 
(up to 15, um) the complex may give rise to a 
flagellum (Figs. 1,3; Larkman, '81), but this 
has not been found in larger oocytes. Struc- 
tures which might represent degenerate flag. 
ella are occasionally seen. Complexes were 
found less frequently in larger oocytes, but 
this might simply reflect the lower probabil. 
ity of encountering a single complex in sec. 
tions through the larger oocyte volume. 

In localized regions of the oocyte, the cyto- 
plasm may contain large numbers of mem. 
brane-bound vesicles (Figs. 14,15). These 
range in size from 100 to 400 nm averaging 
about 200 mn in diameter. They are gen. 
erallY larger, less dense, and less regular 
than the Golgi-associated vesicles mentioned 
above. Many of the vesicles appear empty, 
while others are wholly or partly filled with 
material of moderate electron density. Yet 
others contain a smaller membrane-bound 
body which itself may contain granules of 
dense material, possibly glycogen (Fig. 13). 
Vesicles are often found near the oocyte sur- 
face (Fig. 14) and become especially numer- 
ous once the oocyte has begun vitellogenesis. 

Multivesicular bodies are occasionally 
found in endodermal oocytes (Fig. 4). These 
are spherical, membrane-bound sacs, usually 
about 1 jum in diameter, containing numer- 
ous small vesicles, each 40-50 nm in diame- 
ter, and the occasional larger vesicle. They 
may occur anywhere in the cytoplasm of oo- 
cytes of any size, but are never found in large 
numbers. 

A number of apparently associated struc- 
tures are found in the cytoplasm of Actinia 
fragacea oocytes which have not been ob- 
served, as yet, in any nongerminal cell types. 
Small oocytes (up to 12 urn) contain distinc. 
tive dense bodies which, in favourable sec- 
tion, resemble groups of conjoined cylinders 
of electron-dense material (Fig. 3). Each cyl- 
inder is about 200 nm in diameter and may 
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reach 0.5 )Am in length. Each dense cylinder 
surrounds a smaller, less dense cylinder, 
about 100 nm in diameter, which appears to 
consist of a ring of longitudinal parallel fi. 
bres. These structures usually occur as clus. 
ters of three to six conjoined dense cylinders, 
each with its fibrillar core. Often more than 
one such cluster is found in a single section 
through an oocyte, and the clusters may be 
widely separated within the cell. 

In larger oocytes, these clusters tend to be 
more extensive but less regular (Fig. 6). In 
particular, the f ibrillar cores may be numer- 
? us and much longer, reaching 5, um in length 
in some cases (Fig. 16). Many of these cores 
are not surrounded by dense outer cylinders, 
and the dense material may also be present 
as small fragments and larger irregular 
masses (Figs. 16,17). 

In larger oocytes, the clusters of cylinders 
are usually associated with other structures 
not found elsewhere in the oocyte. They are 
often associated with areas of dense cyto- 
plasm containing a finely granular material 
(Figs. 16,17). These dense areas are usually 
roughly circular in section, and may be 1-2 
jurn in diameter. Clusters of cylinders are also 
found associated with groups of membrane- 
lined tubules (Figs. 17,19). These tubules 
average some 80 nin in diameter and are 
usually closely packed and roughly aligned 
rather than randomly arranged. Maby of the 
tubules are curved such that circular profiles 
are often seen in section alongside longitudi- 
nal profiles. Additionally, groups of mem- 
brane-bound vesicles, each of which bears an 
external bristle coat, are sometimes found in 
the vicinity of the clusters of cylinders (Fig. 

Fig. 7. The nucleus of a large (> 20 ; Lm) endodermal 
oocyte. The nucleus contains little heterochromatin, but 
a large nucleolus and nuclear fibrillar bodies are now 
found. x5,500. 

Fig. 8. A nuclear fibrillar body with a core of finely 
granular material. x21,5DO. 

Fig. 9. The nucleolus of a large endodermal oocyte. 
surrounded by small nuclear granules. X21,500. 

Fig. 10. A band of mitochondria lying toward the pe- 
riphery of a large endodermal oocyte. x 8,000. 

Fig. 11. A typical endodermal oocyte Golgi apparatus 
with associated cisternae of rough endoplasmic reticu- 
lum. x 16,500. 

Fig. 12. A large glycogen deposit associated with lipid 
droplets of two types and fibrillar nuage material. 
x 17,500. 
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19). Very commonly the fibrillar cores of the 
cylinders extend around, and sometimes pass 
through, large deposits of glycogen (Figs. 4, 
6,16,18,19). This association was found so frequently that it is not thought to be merely 
fortuitous. 

The cylinder clusters have also been ob. 
served in early germ cells in the male, but in 
this case they are not associated with any 
other structures. Since they have not been 
found in any nongerminal cell types within 
the anemone, these structures may represent 
some form of nuage material (see Discus- 
sion). It is hoped that their appearance and 
the changes which they undergo during ga. 
metogenesis will be described in more detail 
in a future publication. 
Oocyte surface changes 

While within the endoderm the oocyte is 
surrounded by the basal processes of the en. dodermal epithelial cells. These processes 
vary in size and are often irregular in shape. Over most of its surface, the oocyte is sepa- 
rated from these processes by an irregular 
intercellular gap varying between 50 and 150 
nm in width. Small, apparently empty, mem- 
brane-bound vesicles, 100-200 nm in diame- 
ter, which are common at this level in the 
endoderm, may be found in this gap. In local- 
ized areas the endodermal cell membrane 
closely follows the surface of the oocyte, with 
a narrow and rather constant intermem- 
brane gap of about 30 nm. In these regions, 
desmosomelike intercellular junctions are oc- 
casionally found between the oocyte and the 
endoderm cell membranes (Fig. 3). Apart 
from these junctions, the endoderm immedi- 
ately around the oocyte shows no specializa- 
tions or differences from the remainder of the 
endoderm. At no time while the oocyte is 
within the endoderm is an extracellular layer 
visible around the oocyte plasma membrane. 

Once the oocytes reach about 12 jum in di. 
ameter, cytospines start to appear on the oo- 
cyte surface (Fig. 6). Cytospines resemble large microvilli and in small oocytes they are 
about 150 nm in diameter and contain a 
dense fibrillar core. The outer surface of the 
cytospine is covered with a fine glycocalyx. 
like material (Fig. 20). The cytospines usu- 
ally lie folded flat against the surface of the 
oocyte. Initially the cytospines may form a 
single fairly evenly spaced layer over regions 
of the oocyte surface, but as the oocyte en- 
larges, the groups of cytospines become more localized and discrete, and may be two to four 
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cytospines deep (Fig. 6). Among some groups 
of early cytospines small bulges of the oocyte 
membrane are found containing material 
which closely resembles the contents of the 
cytospines (Fig. 20). These bulges may rep- 
resent points of insertion of cytospines into 
the oocyte membrane, or might be a stage in 
the formation of new cytospines. 

Membrane-bound vesicles, as described 
above, are often found near the surface of the 
oocyte (Fig. 14), especially near groups of cy- 
tospines. Depressions of the oocyte mem- 
brane which might be indicative of endo- 
cytosis are sometimes seen, but it is not cer- 
tain that these vesicles are of endocytotic 
origin. 

Entry into the mesoglea 
After a period of growth among the basal 

processes of the endodermal epithelial cells, 
the oocytes enter the mesoglea of the gonad, 
where the major part of oocyte growth and 
vitellogenesis takes place. There does not ap- 
pear to be a specific size or stage of develop- 
ment at which oocytes enter the mesoglea. 
Some oocytes migrate into the mesoglea at a 
diameter of about 12 IAm, while others re- 
main in the endoderm until they reach 40 
tLm and occasionally more. Since the devel- 
opment of oocytes even within a single gonad 
may be far from synchronous, some small 
oocytes may enter areas of mesoglea already 
densely populated by much larger oocytes. 

The mesoglea of the gonad in A. fragacea 
is similar in appearance to that of the rest of 
the mesentery, although the collagen fibrils 

Fig. 13. Part of the cytoplasm of an endodermal oo- 
cyte containing a basal-body-rootlet complex and numer- 
ous vesicles, some of which enclose central cores contain- 
ing dense material. X 15,500. 

Fig. 14. Superficial region of oocyte, showing a row of 
vesicles just below the surface. x 18,000. 

Fig. 15. A region of an oocyte containing many small 
vesicles. Some vesicles appear empty, while others (ar- 
rowed) contain dense material. x 18,500. 

Fig. 16. Part of an endodermal oocyte showing three 
areas of dense nuage material (arrowed) and several long 
cores of fibrillar nuage. An area of dense cytoplasm is 
associated with several mitochondria. x 12,000. 

Fig. 17. A region of ooplasm containing dense nuage, 
membranous tubules and an area of dense cytoplasm. 
x 18,500. 

Fig. 18. A glycogen deposit closely associated with 
dense and f ibrillar nuage material. x 11,500. 
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are generally less numerous and less regu- 
larly arranged. The mesoglea is usually 
flanked on both sides by muscle processes 
from the endodermal epithelial cells, al- 
though their degree of development varies. 
Often they form a thin continuous layer and 
ýre linked to each other by desmosomelike 
junctions (Figs. 1,4). These junctions resem- 
ble the septate desmosomes described for sea 
anemone endoderm by Green and Bergquist 
('82), although the septae are not obvious in 
the conventionally stained material used in 
the present study. A thin basal lamina al. 
ways separates the endodermal processes 
from the mesoglea. 

Most oocytes appear to make their way into 
the mesoglea by a process resembling amoe. 
boid movement. However, the possibility that 
the endodermal cell bases actively contribute 
to the movement of the oocytes cannot be 
ruled out. Prior to entry, some small oocytes 
already rest against the mesoglea, and oth- 
ers may contact it by means of slender cyto- 
plasmic processes (Larkman, '81). For most 
oocytes, however, the first step of entry into 
the mesoglea appears to be to open a gap in 
the endodermal musculature. A short pro. 
cess is sent out from the surface of the oocyte 
which penetrates the musculature and makes 
contact with the mesoglea. This oocyte pro. 
cess does not appear to be specialised. in any 
way. The process then pushes into the meso- 
glea, but in doing so it does not puncture the 
basal lamina, which thus coats its tip (Fig. 
21). The oocyte now flows through the gap in 
the musculature and progressively passes 
into the mesoglea, carrying the basal lamina 
forward as it does so. As the portion of the 
oocyte within the mesoglea enlarges, the oo- 
cyte remains constricted at the point where 
it passes through the muscle layer, giving 
the oocyte a characteristic "hourglass" or 
"dumbbell" shape which can easily be recog- 
nised in light microscope sections. With small 
oocytes, the nucleus is usually positioned 
near the leading edge of the cell, and so en- 
ters the mesoglea relatively early (Figs. 22, 
24). With larger oocytes (above 15, um in di- 
ameter), the nucleus usually occupies a more 
central position (Figs. 23,25). 

When small Oess than 15, um) oocytes enter 
the mesoglea, their leading edge tends to be 
smooth and rounded (Fig. 22). With larger 
oocytes, the initial oocyte process may project 
some distance into the mesoglea before it 
begins to fill out (Fig. 23). When the process 
does fill out, its leading edge often bears pro- 
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jections; which may facilitate further pene- 
tration of the mesoglea (Fig. 24). Indeed, the 
larger the oocyte, the more irregular in out. 
line does the portion within the mesoglea 
become (Fig. 26). Not only may its leading 
edge be indented, but its lateral surfaces may 
be deeply invaginated such that regions of 
the oocyte appear discontinuous in section. 
Many of these invaginations may contain cy- 
tospines, and the constricted "neck" region 
of the oocyte may appear vacuolated. The 
basal lamina covers the entire surface of the 
oocyte within the mesoglea, closely following 
all its irregularities, and can be seen to be 
continuous with the basal lamina of the 
neighbouring epithelial cells (Figs. 21-27). 

When most of the oocyte has entered the 
mesoglea, it may become even more severely 
constricted at the muscle layer such that the 
portion remaining in the endoderm may be 
connected to the rest of the oocyte by only a 
slender neck (Fig. 25). The constriction may 
be less severe than suggested by this micro- 
graph since this section may not pass through 
the widest part of the neck. Oocytes can ap- 
parently remain with a small portion left in 
the endoderm for a considerable time. The 
possible significance of this continued con- 
tact with the endoderm will be discussed 
below. 

While it appears that most oocytes actively 
force their way into the mesoglea as de. 
scribed above, it is possible that in some in- 
stances the mesoglea may grow out around 
the oocyte, at least to some extent. Some- 
times indications of mesogleal outgrowth are 
seen around the oocyte process as it passes 
through the gap in the muscle layer (Figs. 
27,29). Whether this is a result of new me- 
sogleal material being formed around the 
oocyte or whether existing material is pulled 
out of position as the oocyte enters is unclear. 

Fig. 19. An area of nuage associated with glycogen, 
vesicles, mitochondria, and tubules. x 31,000. 

Fig. 20. Group of transversely sectioned cytospines. 
The oocyte surface bears budlike outgrowths (arrowed). 
x35,000. 

Fig. 21. Oocyte just beginning entry into the meso- 
glea. The tip of the oocyte is covered by the basal lamina. 
x 10,500. 

Fig. 22. A small (11-jum) oocyte during entry into the 
mesoglea. The endodermal cells contain yolk granules 
from large oocytes undergoing resorption. x 6,000. 

Fig. 23. A 15-; sm oocyte which has sent a slender 
process into the mesoglea prior to entry. X5,700. 
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Some such mechanism may be important 
when large oocytes enter relatively narrow 
layers of mesoglea. 

Occasionally "spurs" or side branches ex. 
tend out from the main layer of gonad meso- 
glea, and may make contact with oocytes in 
the endoderm. Whether such contacts are the 
result of directed mesogleal outgrowth, di. 
rected oocyte migration, or are merely fortui. 
tous is uncertain. 

Maintenance of oocytelendoderm contact 
Stages similar to that shown in Figure 25, 

in which most of the oocyte is within the 
mesoglea but a small portion remains in the 
endoderm, were encountered very frequent- 
ly, suggesting that this situation might be 
relatively stable and long-lasting. A more 
detailed examination of oocytes at this stage 
revealed a number of interesting features. 

The small portion of oocyte remaining in 
the endoderm appears to enter into a close 
relationship with the bases of the endoder- 
mal cells surrounding it. Extensive intercel- 
lularjunctions often form between the oocyte 
and the endodermal cell membranes (Fig. 28). 
The neck region of the oocyte becomes in- 
dented, and endodermal cell bases and mus- 
cle processes are closely applied to its surface 
and follow its contours. The muscle processes 
often project out from the general line of the 
endoderm/mesoglea boundary as though they 
have grown or been dragged into the meso- 
glea by the entering oocyte. Again, desmo- 
some-type junctions, similar to those found 
between adjacent muscle processes, link the 
muscle processes to the neck region of the 
oocyte. 

Later in the formation of the oocyte/endo- 
derm relationship, the surface of the endo- 
dermal portion of the oocyte may become 
densely covered with large cytospines (Fig. 
30), which project into and between the en- 
dodermal cell bases and form a region of in- 
timate contact between oocyte and endoderm. 
The localization of the cytospines may be 
quite precise. In Figure 30, cytospines are 
virtually absent from the neck region of the 
oocyte, and from the region of contact with 
the muscle processes, where intercellular 
junctions form. However, they are large and 
closely packed where the oocyte makes con- 
tact with the unspecialised endoderm. bases, 
which contain large amounts of lipid and 
glycogen. 

A ring-shaped depression often forms 
around the base of the neck region in the 
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surface of the mesogleal portion of the oocyte. 
This depression contains large numbers of 
cytospines and cytoplasmic processes from 
the endodermal cells which have presumably 
grown or been pulled into the mesoglea with 
the oocYte. These processes may contain mi- 
tochondria, lipid droplets, and often large 
quantities of glycogen (Fig. 31). They may 
extend between the cytospines, and contact 
the oocyte surface, and again may partici- 
pate in desmosome formation. Away from the 
base of the depression, around the neck of 
the oocyte, the endodermal processes contain 
numerous microfilaments usually aligned 
along the axis of the oocyte neck (Fig. 31). 
The oocyte cytoplasm beneath areas of close 
contact between the oocyte surface and the 
endoderm contains large numbers of small, 
membrane-bound vesicles (Figs. 30,31). 
These vesicles are similar in appearance to 
those found in the cytoplasm next to the re- 
gion of oocyte/endoderm contact in the tro- 
phonema of larger oocytes (Larkman and 
Carter, '82). The main features of this stage 
of oocyte entry are summarized in Figure 32. 

Eventually the remaining endodermal por- 
tion of the oocyte is pulled into the mesoglea 
with the rest of the oocyte, and the ring- 
shaped depression in the surface of the oocyte 
becomes cup-shaped. However, contacts be- 
tween the oocyte and the processes from the 
endodermal cells are not severed. These con- 
tacts are thought to play an important part 
in the formation of the trophonema (see Dis- 
cussion) and hence in the nutrition of the 
growing oocyte. 

DISCUSSION 
The precise cellular origin of the germ cells 

in A. fragacea is unclear (see Larkman, '81). 
Most recent authors agree that anthozoan 
germ cells are of endodermal origin (Dunn, 
'75; Jennison, '79, '81; Schiifer and Schmidt, 
'80; Szmant-Froelich et al., '80; Nieuwkoop 
and Satasurya, '81). This contrasts with the 
situation in Hydra, where the gametes de- 
rive from interstitial cells located in the ec- 
toderm (Zihler, '72; Tardent, '74). The above 

Fig. 24. A larger, 20-ILm oocyte in the process of enter- 
ing. The leading edge of the oocyte bears projections 
(arrowed) which may aid penetration of the mesoglea. 
X5,500. 

Fig. 25. A 20-; Lm-diameter oocyte which has nearly 
completed entry. Note the severe constriction of the oo- 
cyte and the cytospines on the endodermal portion. 
x7,500. 

169 

anthozoan workers also suggest that antho- 
zoan germ cells derive from interstitial cells. 
The earliest recognizable female germ cells 
in A. fragacea could be termed interstitial 
cells on the basis of their ultrastructural ap- 
pearance, being small, rounded cells with rel- 
atively large nuclei and scant, basophilic 
cytoplasm containing many free ribosomes 
(Larkman, '81). However, it is not clear that 
pluripotent stem cells which are capable of 
differentiating into cell types other than 
germ cells exist in adult sea anemones. Until 
more is known about the developmental ca- 
pabilities of these cells in sea anemones, it 
might be prudent to restrict the term inter- 
stitial cell to those cells which are known to 
be pluripotent, rather than use it for any 
class of cells which seem morphologically 
unspecialized. 

The early, endodermal oocytes of A. fraga- 
cea share many characteristics with the 
previtellogenic oocytes of many animal spe- 
cies (Norrevang, '68; Anderson, '74). In gen- 
eral appearance they resemble the early 
oocytes described by Schdfer and Schmidt 
('80) and Schmidt and Schdfer ('80) from var- 
ious anthozoan species. However, there ap- 
pears to be a number of detail differences 
between early A. fragacea oocytes and the 
generalized descriptions given by Schmidt 
and Schdfer. The outline of the endodermal 
oocytes of A. fragacea is generally smooth 
with only small indentations, some of which 
may be concerned with pinocytosis. Their 
surface was not observed to be enlarged by 
manifold indentations containing glycogen- 
like material as well as many small vesicles, 
as indicated by Schmidt and Schdfer. They 
also suggest that small endodermal oocytes 
are surrounded by many free vesicles and 
glycogenlike granules. In A. fragacea the oo- 
cytes are closely enveloped by the basal pro- 
cesses of the endodermal epithelial cells. 
These processes may contain lipid droplets 
and glycogen, and small vesicles are often 
found amongst them. However, these vesi- 
cles are not more numerous in the vicinity of 
small oocytes than elsewhere in the endo- 
derm. Schmidt and Schdfer also state that 
there is a loose vitelline membrane of fine 
granular material on the surface of Young 
oocytes still in the endoderm. In A. fragacea 
there is no extracellular layer of any descrip- 
tion visible around the oocyte while it is 
within the endoderm. The oocyte plasma 
membrane often contacts the membranes of 
the endodermal cell bases closely, with only 
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Fig. 29. Summary diagram illustrating the entry of 

relatively large (> 15-; im-diameter) oocytes into the me- 
soglea. The oocyte is constricted at the endoderm/meso- 
glea boundary, and its leading edge is deeply indented. 

a narrow intermembrane gap, and desmo- 
somes are sometimes formed between the 
two. As the oocytes enter the mesoglea, they 
do become surrounded by a layer of extracel- 
lular material. Whether or not this layer 
should be regarded as a vitelline membrane 
will be discussed below. 

Schafer and Schmidt ('80) suggest that ri- 
bosomes appear in the ooplasm during oocyte 
migration into the mesoglea. In A. fragacea, 
however, the ooplasm contains numerous ri- 
bosomes from the earliest recognizable stages 
(Larkman, '81). Kessel ('68) found numerous 
free ribosomes in the early oocytes of a hy- 
drozoan medusa, and their abundance is a 
characteristic feature of many unspecialized 

Fig. 26. A relatively large oocyte, containing several 
yolk granules (arrowed), spreading laterally as it enters 
an area of mesoglea already occupied by a much larger 
oocyte bearing tufts of cytospines. x 6,400. 

Fig. 27. Part of a relatively large oocyte entering the 
mesoglea, showing a thin layer of mesoglea (curved ar- 
rows) growing or being pulled out around the oocyte as 
it enters. x4,500. 

Fig. 28. The neck region between endodermal and 
mesogleal portions of an oocyte which has nearly com- 
pleted entry. Intercellular junctions (arrowed) have 
formed between the oocyte and the endodermal cell bases. 
x 10,000. 
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The mesoglea is shown apparently growing or being 
pulled out around the neck of the oocyte, and the basal 
lamina covers the mesogleal portion of the oocyte. 

cells and primordial germ cells (Nieuwkoop 
and Satasurya, '81). 

The progressive increase in nuclear den- 
sity seen in A. fragacea oocytes as they grow 
within the endoderm has not been remarked 
by other anthozoan workers. The nucleus in- 
creases in electron density until the phase of 
rapid nuclear enlargement which occurs 
early during vitellogenesis, after the oocyte 
has entered the mesoglea. The density of the 
nucleus then falls and is generally low in all 
oocytes over about 50 Am in diameter (un- 
published observation). 

The term cytospine was introduced by 
Dewel and Clark ('74) to clarify a confusing 
situation which arose when a structure pre- 
viously described and named using the light 
microscope was observed by electron micros- 
copy. Several earlier light microscope inves- 
tigators had observed projections from the 
surface of anthozoan oocytes which were gen- 
erally referred to as spines (Gemmill, '20, 
'21; Chia and Rostron, '70; Spaulding, '72; 
Chia and Spaulding, '72). With the electron 
microscope, Dewel and Clark ('74) found that 
in the sea anemone Bunodosoma cavernata 
the spines were actually bundles of smaller 
projections, each of which resembled a large 
microvillus. They proposed that each of the 
smaller projections be termed a cytospine, 
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Fig. 32. Summary diagram illustrating the ivIation 
shipbetween oocyte andendodermjust betOrt, nwsiýgleal 
entrýv is completed, at a stage similar to that shown in 

and their suggestion has been followed in the 
present paper. Cytospines have since been 
observed in many anthozoan species (Schmidt 
and SchAfer, '80). 

The surface of the fully grown A. fragacea 
oocyte is covered by cytospines arranged in 
definite tufts (Larkman, '80) and the begin- 
nings of this organization can be seen in 
larger endodermal oocytes. In large meso- 
gleal oocytes the fibrillar core of the cyto- 
spine is more obvious and projects from the 
base of the cytospine as a rootlet (Spaulding, 
'74; Larkman, '80). Such rootlets were not 
observed in endodermal oocytes. Schmidt and 
Schdfer consider the cytospines to be resorp- 
tive organelles, and the present observations 
on small oocytes of A. fragacea are consistent 
with this function. Cytospines clearly in- 
crease the surface area of the oocyte and may 
make close contact with the surrounding en- 

Fig. 30. The small endodermal remnant of an oocyte 
now largely within the mesoglea. x8,000. 

Fig. 31. A depression in the mesogleal portion of an 
o0cyte at a similar stage to that in Figure 30. This 
section misses the endodermal remnant of the oocyte. 
but passes through the endodermal cell bases around it, 
which contain bundles of microfilaments (arrowed). 
x 10,000. 

Figures 30 and : 31. Endodermal cell bases extend around 
the neck of the oocytw and terminate in a ring-shaped 
depression in the mesogleal portion of the oocyte. 

dodernial cells. Small vesicles, which may be 
pinocytotic in origin, are more numerous in 
oocytes which bear cytospines and tend to be 
more numerous in the vicinity of groups 
of cytospines. Microvilli, which cytospines 
closely resemble, are thought to he involved 
in nutrient uptake in many other oocytes 
(e. g., Anderson. '74, Schade and Shivers, '80; 
Eckelbarger and Grassle, '82). Cytospines 
may also be involved in the formation of the 
trophonerna (see below). 

The clusters of electron-dense structures 
found in A. fragacea oocytes have also been 
found in early male germ cells (unpublished 
observation) but as yet have not been seen in 
cells of any other type. This raises the possi- 
bility that these structures may correspond 
to the nuage material described from many 
germ cells (Eddy, '75). Roosen-Runge ('77) de- 
scribes nuage as "the dense fibrous material 
(order of magnitude 1 um or less) seen in 
germ cells of many animals, " a description 
which could be applied to these structures. 
Nuage material has not previously been re- 
ported from other sea anemone germ cells, 
although I have observed very similar struc- 
tures in Cereus pedunculatus oocytes (unpub- 
lished observation). Nuage has been reported 
in germ cells of several hydrozoans howev- 

00 
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er. Roosen-Runge ('77) found dense material 
which he termed nuage in spermatogonia of 
Phialidium gregariunL Kessel (68) found 
densely packed granular aggregates in oo- 
cytes of a hydrozoan jellyfish, and Boelsterli 
('77) found perinuclear dense finely granu- 
lated spherical structures in oocytes of Pbdo- 
coryne carnecL Noda and Kanai ('77) found 
what they termed "germinal dense bodies" 
in the oogonia of Pelmatohydra robusta and 
in lesser quantities in interstitial cells and 
early nematocytes. More recently, however, 
the same authors found these bodies in other 
cell types, including epitheliomuscular, 
digestive, and gland cells (Noda and Kanai, 
'80). The possible significance of these bodies 
in relation to the differentiation of the germ 
cells is discussed by Nieuwkoop and Sata- 
surya ('81). 

Eddy ('75) illustrates how nuage material 
from different animal groups varies widely 
in appearance and may alter during germ 
cell development. The possible nuage mate- 
rial in A. fi-agacea appears more complex in 
structure than that described for other coel- 
enterates and most other groups. In very 
small oocytes Oess than 12 um diameter) the 
nuage is rather regular and consistent in 
form, but in larger oocytes it tends to be more 
extensive, more variable in appearance, and 
often associated with other organelles. How- 
ever, whether this material plays any part in 
the determination of the germ cells in A. 
fragacea remains to be demonstrated. 

In Epiactis prolifera, Dunn ('75) suggested 
that primary oogonia range in size from 6.0 
to 8.5, um in diameter while germ cells in the 
endoderm up to 30-35 tLm are secondary oo- 
gonia. The germ cells cease dividing and be- 
come oocytes once they are within the meso- 
glea. Jennison ('79) describes a similar 
situation in Anthopleura elegantissimci. In 
the present study, however, no evidence of 
mitotic activity was seen in any of the larger 
germ cells. Endodermal germ cells as small 
as 10-jum diameter contained synaptinemal 
complexes, suggesting the onset of meiosis 
(see Larkman, '81). In A. fragacea female 
germ cells there appears to be a process of 
nuclear maturation in terms of increasing 
nuclear density and nucleolar development 
throughout the endodermal phase, which 
does not appear to be interrupted by mitoses. 
The larger endodermal germ cells are usu- 
ally found singly, scattered throughout the 
gonad, rather than in groups or nests, as 
might be expected if they were mitotically 

active. Most of the germ cells accumulate 
glycogen and some begin synthesis of yolk 
granules while within the endoderm. It is 
therefore suggested that, in A. fragacea, the 
germ cells begin meiosis and become oocytes 
at an early stage while still within the endo- 
derm, before entry into the mesoglea. If mi- 
tosis occurs, it is restricted to small cells 
before the onset of vegetative growth and the 
accumulation of reserve materials. Schmidt 
and Schdfer ('80) also indicate that antho- 
zoan female germ cells may become oocytes 
while within the endoderm and may begin 
vitellogenesis before entering the mesoglea. 

The migration of the female germ cells into 
the mesoglea was described and clearly illus- 
trated with the light microscope by Spauld- 
ing ('74) for the sea anemone Peachia quin- 
quecapitata, and has since been mentioned 
by several authors, including Dunn ('75), 
Jennison ('79), and Szmant-Froelich et al. 
('80). In A. fragacea the oocytes appear to 
move into the mesoglea by a process resem- 
bling amoeboid movement, although the en- 
dodermal cell bases may also play a part. It 
is not known whether the oocyte softens the 
mesoglea around it enzymatically to facili- 
tate entry, but the arrangement of the colla- 
gen fibrils immediately in front of the 
advancing oocyte does not seem to be dis- 
turbed or compressed during entry. In Epiac- 
tis, Dunn ('75) suggested that female germ 
cells could move from the endoderm into the 
mesoglea either by amoeboid movement or 
at cell division. She suggested that during 
these divisions one daughter cell remained 
in the endoderm while the other was thrust 
into the mesoglea, and she showed an hour- 
glass-shaped cell apparently undergoing this 
process. No evidence of this means of entry 
was found in A. fragacea. Hourglass-shaped 
cells are commonly observed at the endo- 
derm/mesoglea border, but they do not ap- 
pear to be undergoing mitosis. Such cells 
contain a single nucleus surrounded by an 
intact nuclear envelope. The constriction does 
not always divide the cell into two equal 
parts, but can occur at any position. The cell 
shown entering the mesoglea in Peachia by 
Spaulding C74) is also constricted in this way, 
but has an intact nucleus and shows no signs 
of mitosis. In A. fragacea the constriction 
appears to be produced where the oocyte 
passes through the endodermal muscle pro- 
cesses, and this might argue that these pro- 
cesses pose more of an obstacle to entry than 
does the mesoglea itself. It is possible that 
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the constriction of the oocyte may be exag- 
gerated by the contraction of the gonad and 
mesentery which occurs on fixation, which 
might cause the muscle processes to pinch 
the oocyte more severely. 

Schmidt and SchAfer ('80) state that the 
oocyte nucleus is always situated in the last 
part of the oocyte to enter the mesoglea. In 
A. fragacea, however, this is not usually the 
case. In oocytes which enter the mesoglea. 
while still small, up to perhaps 15 jLm in 
diameter, the nucleus is often located ante- 
riorly and enters the mesoglea very early. In 
larger oocytes the nucleus usually occupies a 
roughly central position. Only rarely does 
the nucleus enter very late. At a later stage, 
after the oocytes have completed entry, the 
nucleus then migrates to take up a periph- 
eral location close to the trophonema (see 
below). This movement of the nucleus to one 
side was also noted for Epiactis by Dunn. 

Schmidt and Schlifer ('80) describe a vitel- 
line membrane of fine granular material sur- 
rounding the surface of anthozoan oocytes, 
apparently both while within the endoderm 
and within the mesoglea. For the coral As- 
trangia danae, Szmant-Froelich et al. ('80) 
describe a vitelline membrane, found only in 
large oocytes, consisting of a layer of cortical 
vesicles just beneath the oocyte membrane. 
The oocytes of A. fragacea have no obvious 
extracellular coat while within the endo- 
derm. As they enter the mesoglea they be- 
come covered by a thin layer of very finely 
granular basal lamina material. From micro- 
graphs in which the oocyte is caught in the 
process of entering the mesoglea, it can be 
seen that this layer is identical to and contin- 
uous with the basal lamina between the epi- 
thelial cell bases and the mesoglea, as 
described for Anthopleura elegantissima 
planulae by Chia and Koss ('79). It appears 
that as the oocytes enter the mesoglea, they 
do not break through the basal lamina but 
rather push it into the mesoglea. ahead of 
them. Once within the mesoglea, the oocyte 
must presumably produce more basal lamina 
as it grows. Whether this layer of basal lam- 
ina material should be termed a vitelline 
membane seems doubtful. This layer is not a 
structure specific to oocytes; most cells in 
contact with the mesoglea, with the excep- 
tion of granular amoebocytes (unpublished 
observation), have such a layer. Groups of 
developing male germ cells in the mesoglea 
are surrounded by a similar layer (unpub- 
lished observation). Spawned eggs and early 
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embryos of A. fragacea are not surrounded 
by an extracellular layer of any kind (unpub- 
lished observation), and neither are the 
spawned eggs of Bunodosoma cavernala 
(Dewel and Clark, '74). It is therefore sug- 
gested that the term vitelline membrane is 
inappropriate for the extracellular material 
around mesogleal oocytes. 

For some A. fragacea oocytes, entry into 
the mesoglea appears to be facilitated by an 
outgrowth of the mesoglea around them. Ale- 
sogleal outgrowth around oocytes has previ- 
ously been reported by Dunn ('75) and 
Schdfer and Schmidt ('80). However, how this 
outgrowth is brought about is unclear. Singer 
('74) investigated collagen synthesis in the 
sea anemone Aiptasia diaphana using elec- 
tron microscopy and autoradiography and 
concluded that mesogleal collagen is synthe. 
sized by the epithelial cells. Perhaps the oo- 
cyte can stimulate the endodermal cells 
around it to produce mesoglea. Some small 
oocytes in A. fragacea, while within the en- 
doderm, contact the mesoglea by a slender 
cytoplasmic process (Larkman, '81). These 
processes might serve to direct mesogleal 
outgrowth as well as movement of the oocyte 
into the mesoglea. Alternatively, the same 
forces acting to drive the oocyte into the me- 
soglea may result in the mesoglea being 
pulled out around the oocyte. 

Once within the mesoglea, the oocyte loses 
contact with the endodermal epithelial cells 
over most of its surface. At one point, how- 
ever, contact with the endoderm is retained 
and a specialized structure called the tropho- 
nema develops. The trophonema comprises a 
group of endodermal cells whose bases pene- 
trate the mesoglea and make contact with 
the surface of the oocyte directly (Larkman 
and Carter, '82). Trophonemata, are found in 
most Anthozoa (Schmidt and SchUer, '80), 
though the details of the structure vary in 
different species. Trophonemata have re- 
cently been observed with the light micro- 
scope in a number of anemone species, 
including Epiactis prolifera (Dunn, '75), An- 
thopleura elegantissima (Jennison, '79), Au- 
lactinia incubans (Dunn et al., '80), Con- 
dylactis giganteaý Phymanthus crucifer (Jen- 
nison, '81), and Anthopleura handi (Dunn, 
'82). A structure resembling a trophonema 
was shown for Actinostola spetsbergensis by 
Riemann-Zurneck ('76). Carter and Thorp 
('79) clearly illustrate a structure which they 
termed the fertilization pore in Actinia 
equina which appears to correspond to the 
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trophonema. Many of these authors suggest 
that the trophonema has a nutritive func- 
tion, conveying nutrients from the gastrovas- 
cular cavity, where extracellular digestion 
takes place, to the growing oocyte. Some evi- 
dence that this is the case in A. fragacea was 
provided by electron microscopy and light 
microscope autoradiography by Larkman and 
Carter ('82). 

From the present study, it is possible to 
speculate and suggest a possible mechanism 
for the formation of trophonema in A. fraga- 
cea. When oocytes have nearly completed en. 
try into the mesoglea, there appears to be a 
pause in the entry process. During this pe- 
riod, the small proportion of the oocyte re- 
maining in the endoderm. enters into a close 
relationship with the endodermal cell bases 
immediately around it. This relationship in- 
volves close membrane contact, including 
intercellular junction formation, between 
oocyte and endoderm, and interdigitation be- 
tween endodermal cell bases and oocyte cy- 
tospines. As the last portion of the oocyte 
finally enters the mesoglea, some of the en- 
dodermal cell bases move or are dragged with 
it. Thus the gap in the mesoglea/endoderm 
border through which the oocyte passed nev- 
er fully closes, and the oocyte retains contact 
with the endoderm. The endodermal cells in- 
volved then begin specialization to become 
trophonemal cells. 

The proposed scheme is broadly consistent 
with the findings of Schmidt and Schdfer 
('80), although some details of the process in 
A. fragacea differ from their description. In 
particular, Schmidt and Schdfer state that in 
the early stages the trophonema. consists of 
cells which have no prominent nucleus and 
have a fine granular cytoplasm and special 
electron-dense bodies. In A. fragacea the tro- 
phonema appears to originate from ordinary 
gonad epithelial cells, indistinguishable from 
those around them. They may later become 
specialized, but they always retain a normal 
nucleus (unpublished observation). Wider- 
sten ('65) reports a sequence of events during 
scyphozoan oogenesis which bears a striking 
resemblance to the proposed mechanism of 
trophonema formation described here. How- 
ever, he refers to the epithelial cells involved 
as nurse cells, a term which is usually ap- 
plied to accessory cells derived from germ 
cells, which, at least in A. fragacea, the tro- 
phonemal cells do not appear to be. 

During the present study, trophonema ini- 
tiation was not observed for oocytes which 
enter the mesoglea at a small size (less than 

15 jum), and how the trophonema is formed 
in these cases is not clear. Nonetheless, 
Campbell's ('74) suggestion that anthozoan 
oocytes move into the septal mesoglea at an 
early stage and appear to mature quite inde. 
pendently with no involvement of somatic 
cells may now need to be reconsidered. 
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Spcrmatogencsis in the sea anemone Actinia fragacea takes place in numerous testicular 
cysts located in the mesoglea of the gonads. Prospcrmatogonia arise among the bases of 
the gonadal epithelial cells bordering the mesogica, and later migrate into the mcsoglea to 
establish the cysts. The prospcrmatogonia arise singly, but soon most are found as small 
groups within the endoderm. They are small cells, 6-7jurn in diameter, and have relatively 
large nuclei with a single nucleolus. Their cytoplasm is dense, and contains dense bodies 
and nuage material as well as Golgi, mitochondria, and individual cistemae of endoplasmic 
reticulum. Each prospcrmatogoniurn bears a flagellum, originating in a groove or channcl 
in the cytoplasm. 

A small proportion of prospcrmatogonia enter the mesoglea singly, but most migrate 
as elongate groups or "slugs" of cells. As they enter, the groups often become constricted 
into hour-glass shapes, and they become covered by the endodcrmal basal lamina. During 
the later stages of entry, the last part of the group to enter retains contact with the bases of 
the epithelial cells, which are dragged into the mcsoglea behind the germ cells. This 
contact between germ cells and endodcrm persists throughout spcrmatogcncsis and pre- 
vents closure of the mcsoglca behind the group. The endodcrmal cells involved begin 
specialization to form the trophoncma. Once entry is complete. the groups enlarge rapidly 
to form the testicular cysts. A small number of germ cells appear to remain behind in the 
endodcrm after most have entered the mesoglea, and the possible significance of these 
cells is discussed. 

Key words: spermatogenesis, Actinia fragacea, ultrastructure, testicular cyst, trophonema 
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INTRODUCTION 
In sea anemones, spermatogencsis takes place in numerous testicular cysts that 

are located in the mesogleal layer of the gonad [DcwcI and Clark, 19721. The gonadal 
mcsoglea is covered on each side by a layer of cndodermal cpithelial cells. The male 
germ cells arise initially among the basal regions of these epithclial cells, but later 
they migrate into the mesoglea and establish the testicular cysts. 

Early male anthozoan germ cells are small and are difficult to distinguish by 
light microscopy prior to their entry into the mcsoglea. Thus most light microscope 
studies of anthozoan spermatogencsis give few details of the endodermal phase of 
germ cell development [Chia and Spaulding, 1972; Chia and Crawford, 1973; Dunn, 
1975; Jennison, 1979; Rinkevich and Loya, 1979; Szmant-Froclich et al, 19801. Chia 
and Rostron [1970] described gamctogcnesis in the sea anemone Actinia cquina but 
made no mention of a premesogleal phase. The limited number of electron microscope 
studies of anthozoan spermatogenesis have tended to deal mainly with mature sperm 
structure and spcrmiogenesis rather than the earlier stages [Dewcl and Clark, 1972; 
Clark and Dewel, 1974; Hinsch, 1974; Hinsch and Clark, 1973; Lyke and Robson, 
1975; Kleve and Clark, 1976; Schmidt and Zissler, 1979; Larkman and Carter, 1980, 
Schmidt & H61tken, 1980; West, 19801. 

As part of a wider ultrastructural study of gametogenesis in the sea anemone 
Actinia fragacea, particular attention was paid to the early, less well-studied stages of 
the process. Descriptions of the early female germ cells have already appeared 
[Larkman, 1981,1983]. The present paper describes the early male germ cells while 
within the endoderm, their entry into the mesoglca, and the establishment of the 
testicular cysts in which sperm differentiation takes place. Spcrmiogenesis will be 
described in a future publication. 

Actinia fragacea is an intertidal anemone that was previously thought to be a 
variety of the species Actinia equina, but which is now thought to be a species in its 
own right [Carter and Thorpe, 198 1 ]. 

MATERIALS AND METHODS 

Large Actinia fragacea individuals were collected from the intcrtidal zone of the 
rocky shore at Wernbury, near Plymouth, England, at approximately monthly intervals 
throughout 1979 and 1980. Pieces of gonad were removed and fixed in 3% glutaral- 
dehyde in a 0.1 -M phosphate buffer, pH 7.4, containing 3% sodium chloride. Material 
for electron microscopy was rinsed in buffer, postf ixed in I% osmium tctroxide in 
the same buffer, dehydrated using ethanol, and embedded in EMix epoxy resin. 
Sections were cut on an LKB Ultratome III using glass or diamond knives, stained 
with uranyl acetate and lead citrate and viewed using a Philips EM 300 electron 
microscope. Material for light microscopy was embedded in JB4 plastic resin, sec- 
tioned at 1-2 ILm using an LKB Pyramitome, and stained with toluidine blue. 

RESULTS 

In the population of A fragacea sampled in this study, the sexes appear to be 
separate and both show an annual cycle of gametogenic activity, as has previously 
been suggested by Carter and Funnell [1980]. Spawning usually occurs in summer, 
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during July and August. The gonads may persist 1rom one breeding scason to the 
next, but, in the male. the next season's germ cells do not appear usually until 
September. so there is a short period when the male gonads seem to he devoid of' 
germ cells. The germ cells arise among the bases of' the gonadal epithchal cells. 
Initially they occur singly. but by OLtober they are flound mainly in small groups. and 
soon begin to migrate into the niesoglea of the gonad. Some individual cells may 
enter the mesoglea singly. but most enter as groups or "slugs" of several cells. Once 
within the mesoglea. the groups (if germ cells enlarge rapidly by mi(osis and possibl) 
also by fusion with other groups and single cells to form the testicular c). sts. By 
January. the cysts may be 50 pon in diameter, and the cells at the centres ol'the cysts 
begin to undergo mciosis and differentiate into spernia(ocytes. sperrnafids. and even- 
tually sperm. The major events in the establishment of the lesficular cysts are 
summarized in Figure 1. Throughout this paper, the early male germ cells prior to 
the completion of entry into the mesoglea are referred to as "pros pe rinatogon ia. - The 
following description of the prospermatogonia applies both to single cells and those 
found in groups. since their appearance and organelle complement arc similar. 

Structure of Prospermatogonia 

The prospermatogonia are usually first seen lying a few micrometres away from 
the gonadal mesoglea. among the tangled bases of the endodcrinal epithelial cells 
(Fig. 2A). They are small cells, usually 6-7 um in diameter and usually spherical or 
slightly elongate. They have relatively large nuclei and densely staining cytoplasm. 

En 

Fig. 1. Summary diagram showing the major steps in the establishment of a testicular cyst. Prossper- 
matogonia arise singly in the endoderm (En. top left), and form groups by aggregation or mitosis or 
both. These groups then migrate into the mesoglea (Me. centre right) but the last part of the group to 
enter retains contact with the endoderm and a structure known as the trophonerna (Tr) develops (ccntre 
left). A small proportion of prospermatogonia (bottom right) enter the mesoglea singly. Not to scale. 
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The nucleus is usually 2.5-4, urn in diameter and is of moderate electron density with 
irregular patches of more dense chromatin material. It also contains numerous small, 
dense granules, 50-70 rim in diameter (Fig. 213). There is usually a single nuclcolus, 
which is always located at the periphery of the nucleus, against the nuclear envelope. 
Rarely are two nucleoli found. The nucleus is surrounded by a typical double 
membrane nuclear envelope, with occasional nuclear pores. The outer membrane of 
the envelope is usually studded with ribosomes. 

The cytoplasm of the prospermatogonia is generally dense compared with that 
of the surrounding epithelial cell bases, and contains numerous free ribosomcs. The 
cytoplasm contains a small amount of rough cndoplasmic rcticulum, which may be 
present as short lcngths, but typically is arranged as individual long cistcrnae (Fig. 
213) that may extend for several micromctrcs around the cell, often close to the 
surface. The cisternae are narrow and contain material of moderate electron density. 

The mitochondria usually appear squat and average about 0.3 X 0.6 um in 
section, with a dense matrix and numerous narrow, shelflikc cristae (Fig. 2C). They 
are usually clustered into groups rather than randon-dy scattered through the cytoplasm. 

Prospermatogonia are usually seen to contain a single Golgi complex, consisting 
of a few flattened parallel cisternae (Fig. 2C). The ends of the cisternae may be 
dilated and contain moderately electron-dense material, while the complex is often 
surrounded by small, membrane-bound vesicles, 40-80 nm in diameter, containing a 
similar material. 

The cytoplasm contains dense membranc-bound vesicles of various kinds. The 
largest may be 0.75 jAm or more in diameter, arc spherical, and contain a highly 
electron-dense homogenous material (Fig. 2A). Commonly they arc rather smaller, 
less regular in shape and have heterogeneous contents that include membranous 
material (Fig. 3A, B). These smaller bodies are often found in clusters. Some bodies 
have loosely fitting membranes, giving them a "haloed" appearance. Some dense 
bodies contain an angular electron-lucent core (Fig. 3A). Similar bodies have been 
found in many coelenterate cell types. They may show acid phosphatasc activity and 
are often referred to as residual bodylike inclusions [Chapman, 1974; Tiffon and 
Hugon, 1977; Larkman and Carter, 1980]. Multivesicular bodies, which are of lower 
electron density and contain numerous small vesicles, are commonly found (Fig. 313). 
Small, apparently empty membrane-bound vesicles are also common (Fig. 3A). 

Glycogen is present in all prospermatogonia, usually in the form of numerous 
small deposits scattered throughout the cytoplasm (Fig. 2C), although larger deposits 
are occasionally found. Lipid droplets are also common. These may be I pm in 

Fig. 2. A. A prospcrmatogoniurn lying close to the mesoglea (Me) among the endodermal cell bases 
(En), which contain glycogen and lipid droplets (Q. The nucleus (N) is relatively large and contains a 
single nucleolus (no), while the cytoplasm contains several mitochondria (m), dense bodies (db), and 
nuage material (ng). The cell also has a flagellum (1) lying in a shallow groove, and a cylindrical 
invagination (in). A process from a granular amoebocytc (Ac) lies within the mesoglea. x 13,500. B. 
Part of a prospermatogoniurn within a group. The nucleus (N) contains numerous small granules (gr) as 
well as a nucleolus (no), and the cytoplasm contains typically extensive cisternae of endoplasmic 
rcticulum (er). The space around the cell contains membranous vesicles and whorls (w). X20,000. C. 
The cytoplasm of this prospcrmatogonium contains a Golgi complex (g), in this case lying close to the 
nucleolus (no), a lipid droplet (L), mitochondria (M), small glycogen deposits (gl), and nuagc material 
(ng). The flagellum (f) runs in a channel in the cytoplasm, which is almost sealed along its length. 
X 15,000. 
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diameter, and often display areas of lower density, which may indicate extraction of 
components during tissue processing (Figs. 2C, 3C). 

Each prospcrmatogonium appears to possess a single flagellum. Occasionally 
the flagellum arises at the surface of the cell, but more commonly it originates some 
distance from the surface and runs in a groove or channel in the cytoplasm. The 
groove may be shallow and open (Fig. 2A), deeper and virtually scaled over (Fig. 
2C), or, most commonly, it may be a tube, sealed along its length, but open at one 
end (Figs. 3A, D). It is not clear how far the flagellum projects beyond the surface of 
the cell. The flagellum originates from a basal apparatus consisting of two centriolcs 
at right angles to each other. Occasionally a third or accessory ccntriole is seen (Fig. 
3E), and the basal apparatus may be seen to include a striated rootlet (Fig. 3F), 
forming a basal-body-rootlet complex similar to that found in many cocicntcrate cells 
[Chapman, 1974]. The flagellum has a typical "9+2" arrangement of microtubuics 
for most of its length. Near its insertion, it shows the usual elaborations that have 
been described for other cocicritcrate flagella and sperm tails [Dewcl and Clark, 1972; 
Urkman and Carter, 1980], including a region where Y-shaped fibrils join the 
microtubular doublets to the flagellar membrane (Fig. 3H). Lengths of flagellar 
axoncme are frequently found free in the cytoplasm, not enclosed by a plasma 
membrane (Figs. 3G, H). These cytoplasmic axonemes usually have a precisely 
organized "9+2" arrangement, but occasionally disrupted patterns are seen (Fig. 31), 
the significance of which is not known. 

The prospermatogonia contain an unusual dense material that has also been 
found in female germ cells but not as yet in any nongerminal anemone cell types 
[Larkman, 1981,1983], and that has been tentatively termed "nuage material. " The 
nuage is not membrane limited and is most commonly seen as small irregularly 
shaped areas of finely granular dense material (Fig. 4A). There may be more than 
one such area per cell. At its most highly organized, and in favourable section, the 
nuage material may be seen to consist of squat cylinders of dense material, each 
surrounding a less-dense cylinder of fibrillar material. Several such dense cylinders 
may be conjoined to form clusters, as in Fig. 4B. Each dense cylinder is about 250 
nm in diameter. Often the nuage is intermediate in appearance, with only a suggestion 
of a ring structure discemible. The nuage material is often found close to, but not in 
direct contact with, groups of mitochondria (Figs. 2A, C). Another unusual structure 
has been found in male and female germ cells but not elsewhere as yet. This structure 
consists of regularly arranged fibrillar hoops closely stacked together (Fig. 4C). In 

Fig. 3. Cytoplasmic features of prospermatogonia. A. Cytoplasm containing a group of small dense 
bodies (db), a residual bodylike inclusion (rb) with a characteristic angular electron-lucent core, and 
small clear vesicles (v). A flagellum (f) lying in a closed cytoplasmic channel can also be seen x22.000. 
B. Group of dense (db) and multivcsicular bodies (vb). X22,000. C. Cytoplasm containing a lipid 
droplet (L) showing signs of extraction, mitochondria (m), and nuage material (ng). X 16,000. D. 
Prospcrmatogonium in the endoderm (En) with a flagellum (f) lying in a sealed channel (ch) just beneath 
the surface of the cell x21,000. E. Pair of ccntrioles (ce) lying at right angles to each other, with a third 
or accessory centriole (arrowed). X25,000. F. Striated rootlet (sr) as part of the basal apparatus of the 
flagellum.. f. Flagellum. X25,000. G. Transverse section (M) through a flagellar axonome (ax) lying 
free in the cytoplasm X31,000. H. Longitudinal section (LS) through a cytoplasmic axoncme (ax). The 
neighbouring cell shows a cylindrical invagination (in), and a flagellum (f) sectioned at the level of the 
Y-fibrils X24,000.1. LS through a disrupted cytoplasmic axoneme (dax). X23,000. 
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both male and female germ cells, these structures are usually closely associated with 
deposits of glycogen. 

Most of the prospermatogonia found singly in the cndoderm arc smooth in 
outlinc, but some display slender cytoplasmic processes, which may extend toward 
and make contact with the mcsoglea. Occasionally, small side branches extend out 
from the main gonadal mesogleal layer and may contact individual prospermatogonia. 
Both situations are seen to occur in Fig. 4D. Some prospcrmatogonia appear to have 
a deep, cylindrical invagination of the cell surface that may contain small vesicles and 
may be lined with a basal laminalike material (Figs. 2A, 311). 

The prospermatogonia appear to arise singly, but by October or November most 
are found as pairs (Fig. 4E) or small groups (Fig. 5A). Usually the cells comprising 
these groups are closely packed, being separated from each other by a narrow and 
apparently empty intcrmembrane gap. Rarely, desmosomclikc intcrcellular junctions 
arc found between adjacent cells (Fig. 5B). Not uncommonly, however, the cells 
within a group are separated by slender processes from the surrounding cndodermal 
epithelial cells (Fig. 5C; also 4A, E). These processes often contain bundles of 
microfilaments (Fig. 4A) or microtubules (Fig. 5Q. Occasionally the space between 
neighbouring cells contains undulating membranous sheets or whorls (Fig. 2B). This 
is most pronounced around a small minority of cells that appears to have shrunk away 
from their neighbours (Fig. 5D). In section, these "shrunken cells" appear to have 
only a very thin rim of cytoplasm surrounding the nucleus. 

Intercellular bridges have not been observed between the prospermatogonia 
comprising the groups within the endoderm. In some groups, the cells appear to 
radiate out from a central focus (Fig. 5A), and often pairs of cells are found separated 
by a mass of small membranous vesicles (Fig. 5E), but cytoplasmic continuity has 
never been observed. No instances of cells undergoing mitosis while within endodcr- 
mal groups have been seen, but this should not be taken as strong evidence that 
mitosis does not occur (see "Discussion"). 

The gonads are situated on the mescriteries, next to the retractor muscles, and 
there appears to exist a transition zone between the two tissue types. In this region, 
the epithelial cell muscle processes are more highly developed and the mesoglea is 
thicker and contains more collagen fibrils that are more regularly packed than is 
normal in the rest of the gonad. Cells that in many ways resemble germ cells are 
frequently encountered in this region. These cells tend to be elongate and spindle- 
shaped rather than rounded, and their mitochondria tend to be small and dense, but 
otherwise they are very similar to the prospermatogonia described above. They lie in 
the usual position, a few micrometres back from the mesoglea and the muscle 
processes (Fig. 5E). Whether their unusual elongate shape is merely imposed by 
shape changes in the muscular tissue around them, or whether they represent a 
separate cell population, distinct from the majority of male germ cells, is not known. 

Fig. 4. A. Two prospcrmatogonia (Ps) lying in the cndodcrm (En). Both cells clearly show areas of 
nuage material (ng). The cells are separated by slender processes of the endodcrmal cells (ep), which 
contain microfilaments. x20, OOO. B. Highly ordered nuage (ng) consisting of conjoined outer dense 
cylinders surrounding less-dense inner cores. X27,000. C. Closely stacked fibrillar hoops (hf) associated 
with glycogen (gl) X26,000. D. A prospermatogonium (Ps) lying in the endoderm (En) but contacting a 
side branch of the mesoglea (Me) by means of a slender cytoplasmic process (arrowed). x 8,000. E. A 
pair of prospermatogonia (Ps) in the endodcrm (En) separated by a slender endodermal process (ep). 
One cell contains nuage material (ng) close to mitochondria (m). x 16,000. 



A 

F, : i*" 

312 Larkill. 111 



Early Spermalogenesis in a Sea Anemone 313 

Entry Into the Mesoglea 
After a period within the cndodermal cell layers, the prospcrmatogonia migrate 

into the mcsoglea of the gonad. This process was observed in samples taken during 
October and November. A small proportion of cells may enter the mcsoglca singly 
(Fig. 6A) but by this time most prospcrmatogonia occur in the cndoderm as groups, 
and these groups enter the mesogica as "slugs, " or elongate clusters of cells. The 
mechanism of locomotion of both "slugs" and single cells is not clear. The cells show 
no obvious morphological specializations for movement, but move between the 
epithelial cell bases by what is presumed to be some form of amocboid movement. 
The cpithelial cell bases themselves may contribute to the movement of the germ 
cells. By whatever means, the prospermatogonia separate the bases and muscle 
processes and make contact with the basal lamina lining the mcsoglea. Once contact 
has been made, mesogleal outgrowth around the germ cells may play an important 
part in the entry process. In Figure 6B, a group of prospcmiatogonia lies in contact 
with the basal lamina, but as yet does not protrude beyond the line of the mcsoglca/ 
endoderm boundary. Slender extensions of the mcsoglca appear to be growing out 
around the edges of the group of germ cells. 

Soon, however, the group of prospermatogonia does protrude into the mcsoglea 
proper. As the cells pass into the mesoglea, they do not break through the basal 
lamina but rather push it into the mesoglea ahead of them. Thus the "slug" of 
prospermatogonia becomes covered by the basal lamina as it enters (Figs. 7A, 8). 
During entry, the "slug" is usually constricted at the mcsoglea/endodcrm boundary, 
giving it a distinctive hourglass shape (Fig. 9A). Some of the cells within such a 
64slug" become elongate during this process, but whether this shape change is active 
or passive is not known. The leading part of the group expands within the mcsoglea. 
as more cells enter, finally producing a roughly spherical group of cells within the 
mcsoglea after entry is complete. 

It appears that the last part of the prospermatogonial group to enter the mesoglea. 
retains contact with the cndodcrmal cell bases adjacent to it, and these bases are 
dragged into the mesoglea behind the germ cells. This produces a "plug" of endo- 
dermal bases between the mesogleal outgrowths around the prospermatogonia (Fig. 
7B). This "plug" prevents overgrowth of this region by the mesoglea, and the contact 
between germ cells and endoderm is maintained throughout spermatogcnesis. It also 
means that the basal lamina around the germ cells remains continuous with that of the 
gonadal epithelium. Close membrane contact between endoderm and germ cells 
occurs in this region, although no elaborations such as intcrccllular junctions have 
been observed forming between the two. The endodermal cell bases are often rich in 
glycogen and lipid droplets, and may contain bundles of microfilaments. At a later 

Fig. 5. A. A group of prospermatogonia within the endoderm (En). The nuclei (N) are located 
peripherally, and the cells appear to radiate from a central point (P). These cells are not separated by 
endodermal processes X6,500. B. Desmosomes (d) linking neighbouring prospermatogonia (Ps) within 
a group. X13,000. C. Prospermatogonia (Ps) in a group separated by an endodermal process (ep) 
containing microtobules (tu). X28,000. D. Wavy membranous sheets and whorls (w) surrounding a 
"shrunken cell" (sc). x 12,000. E. Mass of small vesicles (vc) between a pair of prospermatogonia (Ps). 
X20.000. F. Spindle-shaped prospcrmatogonium (Ps) in the cndodcrm (En) of the gonad near the 
retractor muscle, where the muscle processes (mp) are highly developed. X9,000. 
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Fig. 6. A. A single prospermatogoniurn (Ps) beginning entry into the mesoglea (Me). The cell has 
parted the muscle processes (mp) and contacted the basal lamina (bl). The extensive septate desmosomes 
(d) joining some muscle processes can be clearly seen x 16A)O. B. A group of prospermatogonia (Ps) 
within the cndoderm (En) but touching the mcsoglea (Me). The boundary of the mesoglea has been 
outlined in ink for emphasis. Extensions from the mesoglea (ex) appear to be growing out around the 
group of germ cells. X 5,000. 
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stage, the endodermal cells in contact with the germ cells begin to specialize and give 
rise to a structure that, by analogy with the female gonad, may be termed a tropho- 
nema (see "Discussion"). The nuclei of the cndodermal cells are normally located 
apically, but after the initiation of the trophonema, endodermal nuclei are often found 
close to the region of contact with the germ cells (Fig. 913). The major features of 
this stage are shown in Figure 10. 

During and soon after entry into the mcsoglea, many groups of prospcrmato- 
gonia contain usually a single cell of rather different appearance. These cells are the 
same size and shape as the germ cells, but are of much lower electron density, and 
hence have been termed "light cells' (Fig. I IA). Their nuclei arc surrounded by an 
intact nuclear envelope but contain only a faint, finely fibrillar material. Their 
cytoplasm also appears sparse and poorly organized (Fig. 1113). It may contain 
normal-looking mitochondria, but other organelles are either disrupted or absent. The 
cell membrane may also appear discontinuous. The cytoplasm may contain axoncmal 
microtubules and structures resembling nuagc material, so it seems likely that these 
cells orginate from germ cells, although they now appear to be degenerate. Occasion- 
ally, one or more prospermatogonia may appear to become separated from a group 
and be "left behind" in the endoderm as the group enters the mcsoglea. These cells 
appear to degenerate rapidly (Fig. 713), but at no stage come to resemble "light cells. " 

As the groups of germ cells enter the mesoglea, they very often become 
associated with granular amoebocytcs. The amoebocytes become flattened around the 
groups of prospermatogonia and are always positioned in a similar way, which 
suggests that this association is not merely fortuitous. They come to lie closely against 
the layer of basal lamina that surrounds the germ cells, and thus separate the basal 
lamina from the fibrous mesoglea. (Fig. IIQ. A variable proportion of the surface of 
the prospermatogonial group may become covered in this way, but amocbocytes never 
form a continuous layer around the germ cells. 

Once entry into the mesoglea is complete, the groups of germ cells enlarge to 
form the testicular cysts in which sperm differentiation takes place. The original 
gonad mesoglea was only a few micrometres thick, and the testicular cysts may reach 
a diameter of 150, um at maturity, so the mesoglea and epithelial sheets of the gonad 
are deformed as the cysts enlarge. Ile layer of mesoglea around the cysts becomes 
thinner and less well endowed with collagen fibrils as the cysts grow (Figs. IID, E, 
12A). Cells undergoing mitosis are seen occasionally, although not frequently, in 
early growing cysts (Fig. IIE). In these cells, the mitochondria and cisternae of 
endoplasmic reficulum may become ringed around the nuclear areas as mitosis 
proceeds. The cysts may reach a considerable size, perhaps 50, um in diameter (Fig. 
12A), before cells at the centre of the cysts begin to differentiate to become sperma- 
tocytes and begin meiosis. 

During January and February, at a time when most prospermatogonia have left 
the endoderm and entered the mesoglea, cells resembling germ cells are occasionally 
found in the endodcrm. These cells are often found at the periphery of the gonad, 
especially near its junction with the retractor muscle. These cells may be larger than 
most prospermatogonia, reaching 10 pm in diameter. Their cytoplasm may be more 
extensive and contain greater quantities of glycogen and lipid (Fig. 12B). It may also 
contain nuage material and hooped fibriflar structures. Thus these cells closely 
resemble prospermatogonia. or perhaps oocytes of similar size (see "Discussion"). 
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Fig. 8. Diagram illustrating the main features of entry into the mcsoglea. The group or "slug" of 
prospcrmatogonia becomes constricted into an hourglass shape as it passes front cndodcrrn (En) into the 
mesoglea (Me). Mcsoglcal outgrowth around the entering group usually occurs (arrows). and the group 
becomes covered by the basal lamina (131) during entry. Not to scale. 

DISCUSSION 
The carly niale germ cells of A fragacca described in this paper are similar if] 

appearance, although not in behaviour, to the early female germ cells described in 
previous papers [Larkman, 1981.19831. Both types of cell morphologically resemble 
the interstitial cells found in Hydrozoa. These have been extensively studied, espe- 
cially in Hydra [for a review see Bode and David, 19781 and which are known to give 
rise to the gametes. However. the origin of anthozoan germ cells is less certain. and 
the present study has not provided evidence to confirm previous light microscope 
reports [Dunn, 1975; Jennison, 1979; Szmant-Froelich et al. 19801 that anthozoan 
germ cells also derive from interstitial cells. In A fragacea. the prospermatogonia 
seem to arise. evenly distributed throughout the gonad, in early autumn. No popula- 
tion of interstitial cells could be identified within the gonad prior to that time. It is 
possible that the germ cells could arise at an extragonadal site and migrate into the 
gonad, but no evidence of this was found. At present. the origin of the germ cells in 
A fragacea remains unclear, and in the absence of firm evidence, it is perhaps unwise 
to assume that they derive from interstitial cells. 

Fig. 7. A. The leading edge of a group of prospermatogonia (Ps) migrating from the encloderm (En) 
into the mesoglea (Me). The group becomes covered by the basal lamina (bl) as it enters, and an 
extension of the mesoglea (ex) is growing out around it. X 10.000. B. The "plug" (Pg) of epithelial cell 
bases that have been dragged out of the endoderm (En) between the mesogleal extensions (ex) by the 
advancing group of prospermatogonia (Ps). A solitary prospermalogonium (dPs) appears to have been 
left behind in the endoderm and is now degenerating. x 6.000. 
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Schmidt and Hbltken [1980], speaking of the Anthozoa as a whole, state that 
the early male cells differ from early oogcnic cells only by having a prominent 
centriolar complex. In A fragacea, however, this distinction would not appear to hold 
true, since the early female cells may have flagella and ccntriolar complexes identical 
to those found in the male [Larkman, 1981,1983]. The present study has revealed 
minor differences between early male and female germ cells, although they are 
undoubtedly very similar. In the population of anemones studied here, the early 
female germ cells first appear in the endoderm in late spring and enter the mcsoglca 
throughout the summer months. Prospcrmatogonia, on the other hand, first appear in 
September or October, and generally have entered the mcsoglea by December. The 
prospermatogonia tend to have more dense nuclei, with bcttcr-dcfined nuclcoli than 
do female germ cells of comparable size, and their cytoplasm contains more dense 
bodies and multivcsicular bodies than in the female. The single long cisternac of 
cndoplasmic reticulum would also seem to be a predominantly male chractcristic, and 
the male cells usually contain less glycogen and lipid than female cells of the same 
size. However, these differences are not marked, and may be obscured by the 
considerable variation in appearance shown by different cells even from the same 
animal. 

In A fragacea, flagella and associated centriolar structures were found even in 
the very earliest male germ cells observed. Flagella were found among groups of 
prospermatogonia in the cndoderm and entering the mesoglea that did not appear to 
contain any later stage cells. Dcwel and Clark [1972] found flagella and associated 
structures in spermatocytes of the sea anemone Bunodosoma cavernata and remarked 
that it was interesting that they should occur in prespermatid stages. Hanisch [1972] 
found that in the hydrozoan Eudendrium racemosum flagella first appear at the 
primary spermatocyte stage. Schmidt and Hdltken [1980] found flagella in early 
anthozoan male cells, and raised the possibi. lity that this finding might be evidence 
that the germ cells had arisen from flagellated endodermal epithelial cells. While no 
evidence that this was the case was obtained in the present study it remains an 
interesting suggestion. 

Schmidt and H61tken [1980] also found flagellar axonemes lying within the 
cytoplasm of anthozoan germ cells, as was found in A fragacea. They suggest that 
they might represent a stage in the formation of the typical external flagellum. Such 
cytoplasmic axonemes were not found in early female germ cell in A fragacea 
[Larkman, 198 1] and have not been reported from females of other anemone species. 

Nuage material has been found in the germ cells of many animal species, and is 
generally thought to be the equivalent of the germ plasm of amphibians and insects. 
As such, it may act as a cytoplasmic germ cell determinant [Eddy, 1975; Nieuwkoop 
and Satasurya, 1981]. Nuage material has been reported from the spermatogonia of 
the hydrozoan Phialidium gregarium [Roosen-Runge and Szollosi, 1965; Roosen- 

Fig. 9. A. The posterior region of a group of prospematogonia (Ps) in the process of entering the 
mcsoglea. The group is constricted into an hourglass shape where it passes between the mcsoglcal 
extensions (ex). The basal lamina (bl) around the group is continuous with that covering the rest of the 
endoderm (En). No endodermal nuclei are found close to the germ cells at this stage. X7,000. B. The 
"plug" of endoderm (En) between the mcsogleal extensions (ex) behind a group of prospermatogonia 
(Ps) that has now completed entry. Nuclei of what may now be considered trophonernal cells (Nt) lie 
close to the germ cells. X 7,000. 
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Fig. 10. Diagram illustrating the relationship bet%keen the qvnnatogonia 0%)Itono and the cndodcrm 
(En) after entry into the mesoglea (Me). The endoodermal cells between the extensions of the me%oglca 
(cx) remain in contact with the spcrmatogonia and begin to specialize to form the trophonema (TO. 
Some of these cells appear to depart from the normal cpithclial arrangement and have their nuclei close 
to the interface with the germ cells. Gv. gastrovascular cavityý Bl. basal lamina. Not to scale. 

Runge, 19771, and resembles the nuage described here from A fragacea. Until more 
is known about the origin of the germ cells in sea anemones, it is difficult even to 
speculate on the possible functional significance of nuage in these animals. However. 
the consistent finding of such material in both niale and female germ cells in this 
species 11-arkman. 1981.19831 may prove to be significant. 

The prospermatogonia generally form groups within the endoderm before they 
enter the mesoglea. How these groups arise is not clear. It seems likely that they arise 
by mitosis of individual prospermatogonia, but confluence of individual cells to form 
groups may well also occur. Mitosis was not observed among endodermal prosper- 
matogonia, but then it was only rarely observed in growing testicular cysts in the 
mesoglea, where presumably mitosis must occur frequently. It has been suggested 
that mitosis may he of short duration in sea anemones [Dounienc. 19771 and so is 
only rarely seen in random sections. In contrast, Schincariol and Habowsky 119721 
were able to describe mitosis in the primary spermatogonia of Hydra fusca in some 
detail. In some endodermal groups in A fragacea, the prospermatogonia are closely 

Fig. 11. A. A "light cell" (Lc) within a group of prospermatogonia (Ps) that have nearly completed 
migration from the endoderm (En) into the mesoglea. B. A "light cell" showing the very low electron 
density of the nucleus (N). The cytoplasm contains normal-looking mitochondria (m) but few other 
organelles, and the cell membrane is disrupted at several points (arrowed). X 10,000. C. Amoetxx: ytes 
(Ac) lying around a group of prospermatogonia (Ps) during entry. They lie between the fibrous mesoglea 
(Me) and the basal lamina (bl) around the genn cells. x 9,000. D. The layer of mesoglea (Me) around a 
group of prospermatogonia (Ps) during entry. showing the closely packed collagen fibrils. A slender 
amoebocytc process (ap) is also visible. En. endoderm. x 15,000. E. Part of a group of spcrmatogonia 
(Sp) in the mesoglea (Me) after completing en". The cell in the centre is undergoing mitosis. The 
chromatin (ch) is arranged as an irregular hand across the cell. perhaps indicative of metaphase, and the 
mitochondria W and endoplasmic reticulum (er) are arranged around the nuclear area. x 13,000. 
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packed and separated by only narrow intcrccilular gaps. In other groups. however, 
slender processes from the surrounding epithclial cells extend between the germ cells. 
This might suggest that the cells in these groups had migrated towards each other 
rather than forming as the result of mitosis. Alternatively, the cpithclial processes 
might push their way between the daughter cells after mitosis. Many of the proccsscs 
contain bundles of microrilamcnts and microtubuics. and so could be capable of such 
movements. 

The spermatogonia of many animal species including mammals tend to be 
connected by interccilular bridges [Dym and Fawcett, 19711. Such bridges have also 
been reported between Hydra spermatogonia [Stagni and Lucchi, 19701. These bridges 
are the result of incomplete cytokincsis after cell division, and may serve to synchro- 
nize the development of conjoined cells. In Actinia, interccilular bridges occur 
between spermatids [Larkman, 19801, but have not been observed between sperma- 
togonia. Several prospermatogonia within a group sometimes appear to radiate from 
a common focus, and pairs of cells may give the impression of having only recently 
separated, but cytoplasmic continuity between prospermatogonia has not been ob- 
served. The significance of the vesicles and undulating membranes found between 
some cells in groups is not understood. Thus, from the present study, it is not possible 
to ascertain whether the groups of cells that migrate into the mcsoglea are clones 
arising from the division of a single early germ cell, or arc aggregations of cells from 
different clones. 

After the endodermal phase, the groups of prospcrmatogonia enter the mcso- 
glea, although a small proportion of cells may enter singly. The migration of groups 
of male germ cells into the mesoglea has been reported for the anemone Anthoplcura 
clegantissima by Jennison [1979]. The method of movement of these "slugs" of cells 
is not clear, but their behaviour is similar in many ways to that of oocytcs that enter 
the mesoglea. of the female gonad individually. In both cases, the cells display no 
obvious specializations either for cell locomotion or for penetrating the mcsoglca. 
Slugs of prospermatogonia often become constricted into hourglass shapes as they 
enter, a situation often encountered during oocyte entry [Dunn, 1975; Larkman, 
1983]. Mesogleal outgrowth around the entering cells appears to play a significant 
part in the entry process in both male and female, although the mechanism of this 
observed outgrowth is unknown. Both male "slugs" and oocytes become covered by 
the basal lamina as they enter the mesoglea. Presumbly, extra basal lamina must be 
added as the cells progressively enter and then enlarge within the mesoglea, but in 
both cases the source of this material is uncertain. Schmidt and Schlifer [ 1980] termed 
the cxtracellular coat around anthozoan mesoglcal oocytes a vitcllinc membrane. 
However, since spawned A fragacea eggs have no cxtracellular coat [unpublished 
observation], and since similar material occurs around both mesogleal oocytes and 

Fig. 12. A. Part of a developing tcsticular cyst containing numerous spermaotognia (Sp), which arc 
separated from the endoderm (En) by only a thin layer of sparsely fibrous mesoglea (Me). Many flagella 
(0 can be seen within the cyst, often lying in cytoplasmic channels (arrowed). x4,000. B. A large germ 
cell remaining near the muscle processes (mp) of the endodcrm (En) long after most prospermatogonia 
have entered the mesoglea. The nucleus (N) is of more uniform density than usual, and the cytoplasm 
contains extensive reserves of lipid (L) and glycogen (gl), as well as nuage (ng) and hooped fibrillar 
structures (hf). X 13,000. 
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groups of male germ cells, the term vitcllinc membrane, for A fragacca at least, is 
perhaps inappropriate. 

Different authors have used various terms for the mcsogical groups of male 
germ cells. Dunn [19751 described spcrmatogcncsis occurring in "follicles, " Jennison 
[1979] in "vesicles, " while Dewcl and Clark [19721 and West [1980] used the term 
"tcsticular cyst, " as has been used in the present paper. Chia and Rostron [19701, 
working with Actinia cquina, described sperm developing in elongate tubules, rcmi- 
nisccnt of the scminifcrous tubules of vertebrates. In A fragacea. spermatogenesis 
takes place within roughly spherical cysts rather than in tubules. My own observations 
on A equina collected from the same site as the A fragacca used in this study, indicate 
that in this species also sperm development takes place in spherical cysts, which 
closely resemble those of A fragacca [Larkman, 1980]. 

Schmidt and H61tkcn [1980] indicate that the cyst formed after the male germ 
cells have entered the mcsoglea is closed and completely covered by mcsoglea. This 
differs from the situation in the female where the mcsoglea does not overgrow the 
last part of the oocyte to enter [Schmidt and Sch5fer, 1980]. In A fragacca, however, 
the situation in the male appears to correspond very closely to that in the female. In 
female A fragacea, the last part of the oocyte to enter the mcsoglea rctains close 
contact with the cndoderm. This prevents mcsogleal overgrowth in this region, and 
appears to be important in the establishment of a structure known as the trophoncma 
[Larkman, 19831. The trophonema provides a region of intimate contact between 
oocytc and endoderm that persists throughout oogencsis. It is active in the uptake and 
incorporation of radiolabelled precursors from solution, and so is likely to be involved 
in the transfer of nutrients to the growing oocyte [Larkman and Carter, 19821. These 
authors also indicated that a structure corresponding to the trophonema existed in the 
male gonad, and showed a similarly high level of activity in radioactive tracer uptake. 
The present study confirms the suggestion that trophonemata occur in both male and 
female gonads. The male trophonema appears to arise in very much the same way as 
in the female. The last part of the "slug" of prospermatogonia to enter the mesoglea 
does not detach from the endodermal cell bases as it enters but rather drags them into 
the mesoglea behind it. These endodermal cell bases prevent mesogleal overgrowth 
from sealing off the developing cyst, and the endodermal. cells in contact with the 
germ cells begin to differentiate into specialized trophonemal cells. These cells may 
be partially separated from the rest of the cndodcrm by the mesogleal outgrowth 
round the "slug" during entry, and this may be important in promoting their speciali- 
zation. Soon after entry, endodermal nuclei are often found close to the region of 
contact with the germ cells. This suggests that the endoderm is no longer a simple 
columnar epithelium in this region, since most gonadal epithelial cells have apically 
situated nuclei, and might indicate that specialization of this region has begun. 

In the male, as in the female, the trophonema provides a localized area of close 
contact between the germ cells and the cndoderm that persists after entry into the 
mesoglea is otherwise complete. In the female, this region is stabilized by the 
formation of intercellular junctions between oocyte and endoderm, and the area of 
contact is increased by cytospines or large microvilli that project from the surface of 
the oocyte and interdigitate with the endodermal cell bases [Larkman, 1983]. No such 
elaborations appear to exist in the male, however. Close membrane contact between 
the endoderm and the germ cells does occur, but interccllular junctions or other 
specializations have not been observed. 
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In some members of the class Hydrozoa, spcrmatogcnesis takes place in the 
ectodcrmal cell layer, among the bases of the cpithclial cells. Long cpithelial cell 
processes may tmvcrse the developing spcrmary, and the germ cells often develop in 
direct contact with cctodermal cells in this way [Campbell, 1974; Rooscn-Rungc, 
1977]. In A fragacca, most male germ cells appear to develop without direct contact 
with cells of any other type. Contact with the overlying cpithelial cells is restricted to 
the localized area of the trophoncma, and only a small proportion of the germ cells 
are involved. Occasionally, granular amocbocytcs are found inside tcsticular cysts, 
where they may play a scavenging role, but they do not enter into a close association 
with any of the germ cells. 

Schmidt and H61tken [19801 suggest that all the cells within a tcsticular cyst 
(presumably only up to the spcrmatid stage) are in contact with the surrounding 
mcsoglea, often by means of long cytoplasmic processes. Thus the cyst could be said 
to have a complex pscudostratified epithclial structure. In A fragacca, while the 
groups of germ cells in the mesoglea arc small, each cell probably is in contact with 
surrounding basal lamina. In larger cysts, many of the germ cells may be irregular in 
shape and may possess long processes. Fine cytoplasmic profiles are often seen 
against the basal lamina, but it is not proved possible to trace connections between 
cells near the centre of the cysts and the basal lamina. Thus at present it is not possible 
to confirm or deny Schmidt and H61tkcn's suggestion, but it remains an intriguing 
possibility. 

The finding of granular amoebocytes flattened around developing testicular 
cysts is unexplained, but has a close parallel in the female gonad. Amocbocytcs are 
found around growing oocytes in an exactly corresponding position between the basal 
lamina and the fibrous mcsoglea [unpublished observation]. In both cases, the amoc- 
bocytes do not entirely surround the germ cells and are so unevenly distributed that it 
is difficult to envisage an essential role for them during gametogenesis. Their position 
in both sexes perhaps provides another example of the equivalence which seems to 
exist in a number of respects between a cyst or group of germ cells in the male gonad 
and a single developing oocyte in the female. 

The occasional occurrence of cells of much lower clectron density among 
groups of normal-looking prospermatogonia has not been remarked by previous 
authors. Perhaps the point should be made that the normal spcrmatogonia shown by 
Schmidt and H61tken [19801 are generally of much lower density than those found in 
the present study. In A fragacea, many of these "light cells" contain axoncmes and 
structures resembling nuage material, so it seems likely that they are of germ cell 
origin. They usually appear degenerate, and so may represent prospcrmatogonia that 
for some reason fail to develop normally and break down. Possibly they derive from 
the "shrunken cells" that are occasionally seen in prospermatogonial groups. The loss 
or degeneration of a proportion of the germ cells at some stage during spermatoge- 
nesis is common in a wide range of animal species [Roosen-Runge, 1977]. 

The finding of occasional germ cells apparently left behind in the cndodcrm 
long after the majority have entered the mesoglea. is unexplained but raises some 
interesting possibilities. All that can be said with any certainty is that there appears to 
exist a small minority of germ cells whose behaviour and appearance differ from the 
rest. One possibility is that these cells are merely defective and fail to follow the 
normal developmental programme and eventually degenerate. None of this type of 
cell seen so far has shown any signs of degeneracy, however. Another possibility is 
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that a small number of germ cells are lcft behind in the cndodcrm each year, and 
remain there to provide a reserve that could give rise to the following season's crop 
of prospcrmatogonia. Most of the germ cells left behind in this way arc larger than 
the normal prospcrmatogonia, and they may contain considerably more reserve 
materials in the form of glycogen and lipid droplets. In this respect, and in their 
appearance generally, they very closely resemble oocytcs of comparable size [see 
Larkman, 19831. This suggests a third possibility, that these cells could initiate a 
female reproductive cycle on some subsequent occasion. However, studies continued 
from those of Carter and Funncll [19801 have provided evidence that A fragacca 
individuals maintained in the laboratory have not changed sex during a 3-ycar period. 

Until more is known about the cellular origins of the germ cells in A fragacea 
and other sea anemones, including the possible role of interstitial cells, many of the 
anomalies encountered during the present work seem likely to remain unexplained. 
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Summary 
The structure of granular amoebocytes of the intertidal sea anemone 
Actiniafragacea (Cnidaria: Antho: oa) has been investigated using the 

electron microscope. Cells from the gonads of large, intact indi- 

viduals were studied in most detail, but other regions of the anemone 
were also examined. The amoebocytes are cells of variable ap. 
Pearance which are widely distributed both in the mesogloca and in 
the epithelial cell layers. They contain numbers orcharacteristic dense 

granules, which may enclose spherical cores or greater or lesser 

electron density. They also contain rough endoplasmic reticulum, 
Golgi apparatus and a range of inclusions. some of which may have 
lYsosomal origins. They may contain extensive deposits of glycogen, 
and usually smaller quantities of lipid droplets. They may take on a 
variety of forms, depending partly on their location within the 
various types of mesogloca and epithelia. The amocbocytcs appear to 
be motile and phagocytic, and may also be involved in the storage and 
transport of glycogen. They are involved with gametogenesis, both 
during the development of the oocyles and spermatogenic cysts and 
during the resorption of degenerating gametes. Their possible role in 
the secretion or maintenance of the mcsogloea remains uncertain. No 

evidence of amoebocytcs differentiating into other cell types was 
obtained. 

Keywordr Actiniafragacea; Granular amoebocytcs; Utrastructure. 

I. Introduction 

The coelenterate body plan comprises two epithelial 
cell layers, the ectoderm and endoderm, separated by a 
layer of mesogloca (HYMAN 1940). In hydrozoan 
species, the mesogloea tends to be non-cellular. 

* Correspondence and Reprints: Department of Biological Sciences, 
Portsmouth Polytechnic, King Henry I Street, Portsmouth, POI 2DY, 
Hampshire. United Kingdom. 

However, in scyphozoans and anthozoans the meso- 
gloca may be thick relative to the cell layers, and it may 
contain large numbers of cells. While more than one cell 
type may be found within the mesogloca, the most 
typical cell is irregular in shape and is usually referred to 
as an amocbocytc. 
The mesogloca and the amoebocytes contained within 
it were described at the light microscope level for several 
scyphozoan and anthozoan species by CHAPMAN 
(1953), who commented on the similarity in appearance 
of these amoebocytcs to the fibroblasts of higher 
organisms. At the electron microscope level, 
coelenterate amoebocytes have been mentioned in 
several investigations since the pioneering work of 
GRIMSTONE et al. (1958), who examined the mesentcrics 
of the sea anemone ifetridium senile. A number of 
suggestions have been made as to the function of 
amoebocytes in Antho--oa, and these include the pro- 
duction of mesogloeal collagcn f ibrils (YOUNG 1974) and 
spicules; (BUISSON and FRANC 1969, FRANC 1970), the 
transport of nutrients and waste products (YOUNG 
1974, VAN PRAET 1978), and participation in an in- 
flammatory response (PATTERSON and LANDOLT 1979). 
Most authors suggest that, at least under some circum- 
stances, amocbocytcs can show phagocytic activity 
(BUISSON and FRANC 1969, FRANC 1970, VAN PRAET 
1974, VAN PRAET and DOUMENC 1975, WATSON and 
MARISCAL 1983). It has also been suggested that 
amocbocytes can differentiate into other cell types, 
including nerve cells and mucus producing cells 
(BUISSON and FRANC 1969, FRANC 1970), and cnidocytes 
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(CHAPMAN 1974). In a review of coelenterate histology, 
CHAPMAN (1974) compares and contrasts the structure 
and role of the amoebocytes of scyphozoans and 
anthozoans with the interstitial cells of hydrozoans. 
The interstitial cell system of Hydra and some other 
hydrozoans has been the subject of considerable rc- 
search interest in recent years (see BODE and DAVID 
1978, TARDENT and TARDENT 1980). Amoebocytes, 
however, have received much less attention, and, as 
CHAPMAN (1974) pointed out, no detailed ultrastruc- 
tural description of an anthozoan amoebocytc has yet 
been published. 
This paper describes the ultrastructural appearance of 

granular amoebocytcs from the gonads of the intertidal 

sea anemone Actiniafragacea. The gonads wcrc sclcc- 
ted for detailed study principally because large quan- 
titics of this material were available from a study of 
garrictogenesis in this species (LARKMAN 1980,1981, 
1983). Mesentcrics and filaments were also cxamincd in 

some detail, while body wall and tentacle tissue were 

scanned more briefly. A preliminary investigation and a 

previously published report (MINASIAN 1980) had in- 

dicated that granular amoebocytes were abundant in 

the mcsenteries generally. 
Actinia fragacea was until recently thought to be a 
variety of the species Actinia equina. CARTER and 
THORPE (198 1), however, have presented evidence that 
the two are separate species, and their suggested 
classification has been followed in this paper. 

2. Materials and Methods 

Large individuals of Actinia fragacea were coflected from the 
intertidal zone of the rocky shore at Wembury, near Plymouth, 
Devon, at regular intervals throughout 1979 and 1980. The anemones 
were dissected under sea water and small pieces of gonad were 
removed and fixed by immersion in 3% glutaraldehyde in a 0.1 M 

phosphate buffer containing 3% sodium chloride. Pieces of filament, 

mesentery, tentacle and body wall were also taken, although on a less 

regular basis. The tissue pieces were rinsed in buffer, post-fixed in I% 

osmium tetroxide in the same buffer and dehydrated using ethanol 
before embedding in "Emix" epoxy resin (Emscope Laboratories 

Ltd. ). Sections were cut using glass or diamond knives on an LKB 
Ultratome 111, stained with uranyl acetate and lead citrate and 
examined using a Philips EM 300 electron microscope. Acid phos- 
phatase enzyme activity was investigated using the Gomori-based 

method of LEWis and KNIGHT (1977). 

3. Results 

The gonads of sea anemones are located on the 
mesenteries, and lie between the gastric filaments and 
the mesenteric retractor muscles. Like the rest of the 
mesentery, they are made up of two layers of endo- 

dermal epithelial cells separated by a laycr of mcso- 
gloca. Non-epithelial cells, including amocbocYtes and 
germ cells, may be found both in the mesogloca and 
among the bases of the epithclial cells bordering the 
mcsogloca. The epithelial cell bases are made up of 
many irregular cytoplasmic processes which contain 
storage materials such as glycogen and lipid droplets, 
but few other organcllcs. 
Granular amocbocytes were found tobecommonin the 
gonads, and present in all regions of the anemone 
examined. They are cells of often irregular shape and 
variable appearance, but their nuclear morphology, 
their rather unspccialized cytoplasm and the presence 
of numerous characteristic small, dense cytoplasmic 
granules render them easily distinguishable from other 
cell types. The general features of granular amoebo- 
cytes are shown in Figs. I and 2. 
Because of their irregular shape, the apparent size of 
amocbocytes in sections varies greatly. The nucleus is 
usually spherical or ovoid in shape, some 3-4pm in 
diameter, and generally of only moderate electron 
density (Figs. 1-4). It usually has a smooth or gently 
scalloped outline, unless the cell is very irregular or 
contains large inclusions, when the nucleus may be 
distorted. Rarely, bilobed nuclei arc seen (Fig. 3). The 
typical double membrane nuclear envelope contains a 
small number of nuclear pores, and its outer aspect is 
usually studded with ribosomes. Irregular, dense 
chromatin areas are found scattered throughout the 
nucleus, and characteristically there is a band of dense 
material lining the inner aspect of the nuclear envelope. 
This band is usually continuous, although it may vary 
in width. One, or rarely two, nucleoli are seen, always 
situated close to the nuclear envelope, and having a 
more finely granular appearance than the other 
chromatin material. Both the nucleoli and the thicker 
areas of chromatin material are usually situated in 
outward bulges of the nuclear envelope. The nucleus 
also contains small granules of more dense material, 
30-50nm in diameter. These granules appear to be 
randomly distributed within the nucleus, and their 
number varies from cell to cell. 
The cytoplasm is usually seen to contain at least a small 
amount of organized rough endoplasmic reticulum, 
which may be arranged in two ways. Very often 
between one and four cistcrnae of cndoplasmic rc- 
ticulum. are found arranged concentrically around the 
nucleus, completely or partially surrounding it (Fig. 4). 
Rough endoplasmic reticulum is also found as compact 
masses in the cytoplasm (Fig. 5), separate from that 
around the nucleus. These masses may contain up to ten 
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Fig. 1. General view ofa granular amoebot-) tc in the mesogloea of the gonad, showing the t3v pical dense granules and deposits ofglycogen. The 
cell bears a cytoplasmic process (top right). Mag. x 17,000 

Fig. 2. Amoehocyte lying among the bases ofthe cndodermal epithelia] cells, close to the mesogloca. This cell also contains small, empty vacuoles, 
and the glycogen deposit to the left surrounds large clear areas. Mag. x 13,500 
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Fig. 3. Aii amocbocýte with an unusual. apparenflý bilobed nudcus, Mag. x 16JAH) 

Fig. 4. AmoebOcYte with a band of endoplasmic reticulurn arranged concentrically around the nucleus. The ccll also contains a large vacuole. 

Mag. x 26.000 
Fig. 5. A stack of rough endoplasmic reticulum in the peripheral cytoplasm, surrounded by glycogen, dense granules and squat, rounded 

mitochondria. Mag. x 27,000 
Fig. 6. A group of elongate mitochondria lying next to the nucleus. Mag. x 20,000 

Fig. 7. An elongate mitochondrion with a central region (arrowed) where the cristae are regularly arranged. Mag. x 31,000 
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Fig. 8. A typical amoebocyte dense granule. showing the limiting membrane and a core region ol'greater elLctron dcnsitý. Mag. 125'(W 
Fig, 9. A dense granule with a core of less dense material. The inner leaf of the trilaminar membrane around the granule appears wider and more 
dense than the outer. Mag. x 120.000 
Fig. 10. Elongate dense granule with a spherical light core located to one end of the granule. Mag. x 100,000 
Fig. 11. A granule with a dense core, showing a row of parallel striations beneath the membrane. Mag. x 75,000 
Fig. 12. Two granules. one of which appears to be partly composed of small vesicles, while the other shows an eccentric light core. Mag. x 65,000 
Fig. 13. A granule, surrounded by a loosely-fitting membrane. in which part of the granule contents appear to be in a more expanded form. Mag. 

x 45,000 
Fig. 14. An amoebocyte containing a large. highly irregular inclusion. Mag. x 17,000 
Fig. I S. Two inclusions of rather different appearance. The lower is irregular and similar in composition to that shown in Fig. 14. while the upper 
is more dense, rounded and compact. Mag. x 23,000 
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roughly parallel stacked cistcrnac. In both cases the 
individual cistcrnac arc narrow and parallel with no 
obvious dilatations and appear to contain material or 
low electron density. Short, irregular lengths of both 
rough and smooth cndoplasmic reticulum arc also 
round scattered randomly through the cytoplasm. 
The amoebocyte cytoplasm contains numerous mito- 
chondria. These usually appear round or slightly 
elongate in section, and average 0.3 x 0.7pm in size 
(Fig. 5). Occasionally, however, much longer mito- 
chondrial profiles arc seen (Fig. 6), up to 3 gm in length, 
suggesting that at least some of the mitochondria arc 
highly elongate. In all cases, the mitochondrial matrix is 
dense and homogeneous, and is traversed by numerous 
narrow cristae. Sometimes, especially in more elongate 
mitochondria, there may be regions where the cristac 
show a precise regular arrangement (Fig. 7). 
A characteristic feature of the cytoplasm is the presence 
of numerous small electron dense granules. These 
usually appear to be spherical or slightly elongate, 
although other less regular shapes arc also found. Most 
granules are about 300 nm in diameter, and may be up 
to 500 nm in length. Each granule is bounded by a 
trilaminar unit membrane, the inner Icaf of which 
appears to be thicker and more dense than the outer 
(Figs. 8 and 9). The granules contain a finely granular 
dense material. Some appear to be homogeneous, but 
most have an inner region or core of different density to 
the remainder of the granule. This core may appear to 
be of either greater or lower density than the rest of the 
granule, and appears more finely granular (Figs. 8 and 
9). The core region appears to be spherical, even when 
the granule containing it is elongate, and it may be 
located eccentrically within the granule (Fig. 10). In 
favourable section, some granules show a row of 
regular parallel striations extending roughly at right 
angles from the limiting membrane and about 20 nm 
apart (Fig. 11). A small proportion of granules contain 

many tightly-packcd small vesicles, each some 25 nm in 
diameter (Fig. 12). These vesicular granules may con- 
tain a spherical, fincly granular core similar to that seen 
in granules ormorc normal appearance, Other granules 
may contain membranous elements, usually in the form 
or whorls. Occasionally, there is a narrow clear gap 
between the granule contents and the limiting mcm- 
branc, and rarely, part of the granule contents appear 
to be in a more expanded form (Fig. 13). However, 
these variants account for only a small rraction or the 
total. Tile amoebocyte granules gave only a rcebly 
positive reaction when tested for acid phosphatasc 
enzyme activity, which was not thought to be 
conclusive. 
Many amocbocytcs contain one or more inclusions of a 
highly distinctive appearance. These arc membrane- 
bound, and, although variable in shape and com- 
position, seem to fall into two broad types. The first 
type of inclusion is highly irregular in shape and may 
reach a size of 4 pm or more in length (Fig. 14). The 
contents of these inclusions arc very heterogeneous, but 
the major component appears to be a finely fibrillar 

material of relatively low electron density. Sometimes 
this material is seen in an expanded form, interspersed 

with clear areas. These inclusions may also contain 
membranous elements, dense bodies and dense granu. 
lar material. The second type of inclusion is more 
rounded in shape, and generally smaller, averaging 
approximately I gm in diameter (Fig. 15). They contain 
irregular areas of electron dense granular material 
separated by less dense fibrillar material similar to that 
found in the First type of inclusion. Both types arc often 
found together in the same cell, and may represent 
different forms of the same structure. Similar inclusions 
were found in the gonad cpithclial cells and the 
phagocytic absorptive Cells of the gastric filament. 
Each amocbocyte is usually seen to contain a single 
prominent Golgi apparatus, consisting of a stack of 

Fig. 16. Amoebocyte Golgi apparatus, associated with a single cistcma of endoplasmic reticulum, and a small granule with a mottled appearance 
(arrowed). Mag. x 45,000 

Fig. 17. Golgi apparatus associated with two larger mottled granules (arrowed). Mag. x 26,000 

Fig. 18. Golgi apparatus associated with several small dense granules (arrowed), which resemble smaller versions of the typical amoebocyte dense 

granules. A centriole is also situated close to the Golgi. Mag. x 27,000 

Fig. 19. A basal-body-rootict complex within an amocbocyte, consisting of two ccntrioles at right angles to each other, attached to a striated 
rootlet. Mag. x 30,000 

Fig. 20. An amoebocyte containing several residual body-like inclusions. Mag. x 11,000 

Fig. 2 1. Two residual body-like inclusions, showing the characteristic angular electron lucent cores distributed in a highly electron dense matrix. 
Mag. x 24,000 

Fig. 22. An unusual residual body-like inclusion, containing a single needle-like angular core. Mag. x 36,000 
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between three and six narrow cistcrnac, often sur- 
roundcd by numbers of small vesicles. The contents of 
the cistcrnae usually increase in density from one side of 
the stack to the other, and the stack is often associated 
with a single cistcrna of cndoplasmic rcticulum (Fig. 
16). The complex may be associated with one or more 
kinds of granule. Often these granules have a mottled 
appearance (Figs. 16 and 17), or they may resemble 
smaller versions of the characcristic amocbocyte dense 
granules described above (Fig. 18). It seems likely that 
these granules are Golgi derived. Often the Golgi 
apparatus is located in the vicinity of a centriolc (Fig. 
18) but the significance of this apparent association is 
not clear. 
Sometimes amoebocytes arc seen containing typical 
coclcntcrate basal-body-rootict complexes. These con- 
sist of two ccntrioles aligned at right angles to each 
other and connected to a striated rootlet (Fig. 19). 
Similar complexes have been described giving rise to 
flagella in a range of coclenterate cell types (CHAPMAN 
1974). No flagella have been observed arising from 
these complexes in A. fragacea amocbocytcs, and their 
function is uncertain. 
Amoebocytes often contain what have been termed 
residual body-like inclusions (CHAPMAN 1974). These 
inclusions arc irregular in shape, mcmbrane-bound, 
and have a highly electron dense matrix in which are 
contained characteristic electron lucent cores (Fig. 20). 
These clear cores are usually straight sided and angular 
in shape, and may once have contained a possibly 
crystalline material which has been lost during fixation 
or processing. The residual body-like inclusions may 
reach 1-2 gm in diameter and may contain many 
electron lucent angular cores (Fig. 21). The dense 
matrix may be heterogeneous and contain mem- 
branous remnants or whorls. Rarely, they may contain 
a single, needle-like angular core (Fig. 22). The matrix 
component generally shows acid phosphatase activity, 
which would tend to conf i rm their presumed lysosomal 
origin. 

3.1. Phagocytic Activity 

Many granular amocbocytcs show evidence of phago- 
cytic activity. Within the gonad, phagocytosis was most 
apparent during gamete breakdown and resorption. 
Oocytcs appear to undergo breakdown at a low level 
throughout the year, and, during and after the spawn- 
ing period, breakdown or both oocytcs and spermato- 
genic cysts may occur on a considerable scale. Arnocbo- 
cytcs within the gonad appear to be at least partly 
responsible for the resorption or the degenerating 
gametes. During these periods, amocbocYtcs may be 
found containing what appear to be phagosomcs, 
which may include yolk granules, large lipid droplets 
and also mcmbranc-bound portions or ooplasm 
(Fig. 23). Occasionally, amocbocytcs arc seen appa- 
rcntly in the process of encircling and engulfing such 
particles (Fig. 24). Amocbocytes containing gamete 
debris can be found some distance away from the 
degenerate gametes, suggesting that they can move 
away after phagocytosis has occurred. Many amoebo- 
cytcs contain various dense bodies, inclusions and 
residual body-like structures which may well be 
lYsosomal in origin and may be indicative of earlier 
phagocytic activity. No inclusions obviously rcscm- 
bling bacteria or other microorganisms were found in 
any of the cells studied. 
The cytoplasm of many amoebocytcs contains large, 
rounded, mcmbranc-bound vacuoles (Figs. 2 and 4). 
Usually these vacuoics appear empty, but they some- 
times contain material similar to that surrounding the 
ccll. They arc most common in cells in or near the 
mcsogloca, and are rare in rcgularly-shaped cells in the 
epithelia (Fig. 25). Amoebocyte processes in the meso- 
gloea arc often highly branched and may contain many 
of these vacuolcs (Fig. 26). They arc sometimes seen to 
open to the outside, and it seems possible that they arise 
by the fusion or anastomosis of slender cytoplasmic 
extensions. This process may result in the intcrioriza- 
tion of droplets of the external medium. 

Fig. 23. A large amoebocyte lying in the cndoderm, close to the mesogloca, during a period of extensive oocytc breakdown. It contains several 
inclusions, including a dense body and two phagosomes. The phagosome on the left contains a large yolk granule, while that on the right contains 
a fragment of oocyte cytoplasm, including yolk granules and mitochondria. Mag. x 12,000 

Fig. 24. An amoebocyte, containing several dense bodies, apparently in the process of engulfing a large phagosome containing oocyte debris. 
Mag. x 13,000 

Fig. 25. An amoebocyte lying parallel to the epithelial cells of the endodcrm. It has a very smooth outline, with no processes, and it contains no 
vacuoles. Mag. x 11,000 

Fig. 26. A slender process from an amoebocyte in the mcsogloca. It is branched and irregular. and contains numerous vacuoles, some of which 
connect to the surface of the cell (affowcd). Mag. x 9,000 
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3.2. Storage of Reserve Materials 

All of the amocbocytcs observed during this study 
contained reserve material in the form of glycogen and, 
to a lesser extent, lipid droplets, but the quantities 
involved showed considerable variation from cell to 
cell. 
Glycogen was found as cytoplasmic deposits which in 
some cases were quite extensive and could occupy a 
significant proportion of the cell. The glycogen in these 
deposits occurs both as the characteristic rosettes of the 
a-glycogen conformation and as individual smaller 
particles of P-glycogen. It is noticeable that rosettcs are 
less numerous and tend to be smaller in the arnocbo- 
cytes than in the glycogen deposits of the cpitliclial cell 
bases. Many amoebocyte glycogen deposits contain 
large, roughly spherical clear areas, often surrounded 
by a very thin layer of dense material (Fig. 2). 
In some cells, large quantities of glycogen may be 
located in peripheral cytoplasmic lobes (Fig. 27). The 
lobes appear as swellings on the surface of the cell, and 
may be 5 pm in diameter. They often connect with the 
rest of the cell by only a slender neck of cytoplasm. Each 
lobe is bounded by a thin rim of cytoplasm beneath the 
membrane, but the center of the lobe is filled with 
glycogen. Other inclusions, such as mitochondria or 
dense granules, are rarely found in these lobes. Less 
commonly, amoebocytes may display one or sometimes 
two larger glycogen-filled lobes (Fig. 28), which may 
occupy up to half the apparent volume of the cell. 
Most amoebocytes contain a small number of lipid 
droplets. These are usually homogeneous, of low 
electron density, and range from 0.4 to I pm in 
diameter. Occasionally, cells containing much larger 
numbers of lipid droplets arc found (Fig. 29). 

3.3. Variation in Appearance 

Granular amoebocytes in A. fragacea are highly 
variable in their shape and appearance, depending, at 
least in part, on the situation in which they are found. 
Some of these variants from different locations are 
described below. 
The most common location for amoebocytes appears to 
be among the epithelial cell bases, close to the meso- 
gloea. Most cells in this location tend to be rounded and 
compact, with few long extensions (Fig. 2). Occasion- 
ally, however, they may take on a more "epithelial" 
appearance (Fig. 25). Such cells are slender and 
elongate, with a very smooth outline, and lie parallel to 
the surrounding epithelial cells. Basally they usually 
rest on the mcsogloea, and extend further apically than 
do most amoebocytes. 

Amocbocytcs within the mcsogloca, can take on a range 
of forms. Other cell types which contact the mcsogloca 
tend to be separated rrom it by a thin basal lamina. No 
such layer is found around amoebocytes, however. 
Amocbocytcs in areas or relatively open mcsogloca, 
containing rcw collagcn fibrils, tend to have an irregular 
outline with long cytoplasmic processes. These pro- 
ccsscs may branch, and often contain numerous 
vacuolcs (Fig. 26). 
Fig. 30 shows an amocbocytc in an area or mcsogloca 
contain numerous randomly arranged collagcn ribrils. 
The cell has a "pleated" appearance, common in this 
type of mcsogloca, in which the cell bears numerous 
cytoplasmic extensions which are tightly folded and 
packed together. Thus the cell appears compact in 
overall shape, but the outline of the cell membrane is 
highly complex. Sometimes two or more amocbocytcs 
arc found grouped together in this type of mcsogloca. 
Again the cells tend to be irregular in outline, but may 
closely interlock (Fig. 31). 
Near the mesenteric retractor muscle, the mesogloca 
usually has a more ordered structure, with large 
numbers of collagcn fibrils packed into tight, parallel 
bundles. Amocbocytcs in these regions tend to be either 
highly irregular, with numerous slender processes 
extending between the bundles of fibrils, or fusiform in 
shape. This fusiform cells tend to have elongate nuclei, 
and may extend for several micromctrcs in a roughly 
straight line (Fig. 32). Sometimes several such cells lic 
orientated in a similar direction. 
Occasionally the membrane around amoebocytc pro- 
ccsscs in regions of closely fibrous mesogloea. appears 
to be disrupted. This may allow glycogen and other 
contents of the process to escape into the surrounding 
mesogloca. (Fig. 33). Sometimes these processes contain 
granules which are larger and less dense than the typical 
amoebocyte granules, and which might represent these 
granules in a less condensed form (Fig. 34). These more 
expanded granules may be associated with small 
bundles of fibrils of similar appearance to the meso- 
glocal collagen fibrils. They could represent a stage in 
the formation of new collagen fibrils from precursor 
material contained in the less dense granules, or could 
be involved in the breakdown of existing fibrils, per- 
haps during re-modelling of the mcsogloea. Such 
activities were only encountered rarely, however, and 
their significance is uncertain (see Discussion). 

3.4. Associations with Germ Cells 

Granular amoebocytes are often found closely as- 
sociated with oocytes and spermatogenic cysts as these 
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develop within the mcsogloca of the gonad. In the early 
stages of gamete development, rounded amocbocytes 
lie close up against the oocytes or cysts, often in 
depressions in their surfaces (Fig. 35). Latcr the 
amoebocytes spread out and become flattened around 
the surface (Figs. 36 and 37). They always lie im- 
mediatcly outside the basal lamina which covers the 
oocytc or cyst, but at no time do they form a continuous 
layer. In the female, closer contact between oocyte and 
arnoebocyte may be provided by the cytospincs, which 
may project through the basal lamina into deep in- 
vaginations in the amoebocyte cytoplasm (Fig. 36). 
Amoebocytes are sometimes found inside well- 
developed spermatogenic cysts, where thcy appear to 
play a scavenging role. They often contain residual 
body-like inclusions, and fragments of what appear to 
be germ cells in various stages of breakdown. 

4. Discussion 
In Actiniafragacea, granular amoebocytes are found 
both in the mesogloca and among the epithelial cell 
layers. In the gonads, their most favoured position 
appears to be among the tangled basal processes of the 
endodermal cclls. MINASIAN (1980) reports a similar 
situation for the sea anemone Haliplanella ludde. It 

would appear that amocbocytes can move freely be- 

tween endodcrm and mesogloca. With the light micro- 
scope, however, even when using I pm plastic sections, 
it is difficult to distinguish amocbocytes among the 

epithelial cell layers, but they are easily recognized in 

the mesogloea. This may help to explain why much of 
the early literature (e. g., HYMAN 1940) suggests that 

amoebocytes have a predominantly mesoglocal distri- 
bution. CHAPMAN (1974) 'could only distinguish 

amocbocytes in the endoderm of A urefia at the electron 
microscope level. PATTERSON and LANDOLT (1979), 
despite working with the electron microscope, do not 
mention amoebocytcs occurring in the epithelial layers 

of Anihopleura elegantissima. 

The appearance of the granular amocbocytcs in A. 
fragacca was fundamentally similar in all regions orthc 
anemone studied, although they tend to take on 
characteristic conformations in spccific situations. 
They broadly resemble previously Published micro- 
graphs of amocbocytcs from other coclcntcrate species. 
The appearance or the characteristic dense granules 
does appear to vary in different species, however. The 
granules shown by GRIMSTONE el aL (1958) rrom 
amoebocytcs or Aletridium senile seem to be bounded 
by a loosely fitting membrane. Similarly, those shown 
by CHAPMAN (1974) in amocbocytes from both the 
scyphozoan Aurelia aurita and the sea anemone Cal- 
liactisparasiticaappcar to havcaclcarhalo between the 
dense contents or the granule and the surrounding 
membrane, such that he rcfcrs to them as "arcolar 
granules". VAN PRAET and DoUMENC (1975) describe 
amoebocytcs or macrophagcs from Actinia equina 
which contain granules with closely fitting membranes. 
In the present study or A. fragacea amocbocytcs only 
a tiny proportion of granules had anything other 
than closely fitting membranes. Cereus pedunculatus 
amocbocyte granules closely resemble those Of A. 
fragacea (unpublished observation). Whether these 
vafiations reflect true species differences or merely 
different preparative procedures is unclear. 
During the present study, the amoebocyte dense 
granules did not give a convincingly positive reaction 
when tested for acid phosphatasc enzyme activity, 
although lysosomal derivatives in epithclial cells ap- 
pearcd strongly positive. WATSON and MARISCAL 
(1983), however, have reported acid phosphatase activ. 
ity in granules and Golgi complexes of amocbocytes in 
the tentacles of Haliplanella lucide, and concluded that 
the dense granules were primary lysosomes. 
Previous authors have not reported the existence of 
"cores" of material of different appearance within the 
dense granules. An interesting feature of these cores in 
A. fragacea is that they may appear more or less dense 
than the rest of the granule in different sections. A 

Fig. 30. Amoebocyte in an area of the mesogloea containing numerous randomly arranged collagen fibrils. The cell contains "pleated" regions, 
consisting of fine cytoplasmic processes tightly folded and packed together. Mag. x 13,000 

Fig. 3 1. Two amoebocytes grouped together in an area of randomly fibrous mcsogloca. The two cells are irregular in outline, but closely interlock 
together. Mag. x 10,000 

Fig. 32. A fusiform amoebocyte in mesogloca containing numerous parallel collagcn ribrils arranged in bundles. Slender processes from 
neighbouring amoebocytes run between the bundles. Mag. x 18,000 

Fig. 33. An amocbocyte process in dense mesogloea. The membrane around the process is disrupted, and glycogen has been released into the 
mesogloea. The process surrounds two small bundles of collagen ribrils. Mag. x 13,000 

Fig. 34. Another process with a disrupted membrane. It contains two granules which may be expanded forms of the dense granules, one of which 
is associated with a small group of fibrils (arrowed). Mag. x 20,000 
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Fig. 36. An amoebmyte flattened around the surface of a large oocyte. Closely packed groups of cvtospincs pass through the basal lamina and 
extend into deep invaginations in the amoebocyte cytoplasm. Mag. x MOM 

Fig. 37. An amoebocyte flattened around the surface of a developing spermalogenicc)-st. The basal lamina separates it from the spermatogonia at 
the periphery of the cyst. Mag. x 16.000 
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possible explanation is that the core may have different 
sectioning properties from the rest of the granule, and 
so tends to be cut at a different thickness. Whether this 
is thinner or thicker than the surrounding granule may 
vary from section to section. Previous authors also 
make no mention of membranous elements or vesicular 
regions within amoebocytc granules from other species. 
However, in A. fragacea these features were round in 

only a small proportion of the granules examined. 
The dense bodies containing angular electron lucent 
inclusions found in A. fragacea amocbocytes have been 
described from a number of coclentcratc cclI types. 
CHAPMAN (1974) reports their occurrence in both ccto- 
and endodermal epithelia] cells in Aurelia. and refers to 
them as residual body-likc inclusions, the term used in 
the present study. SPANGENBERG and BEcK (1966) found 

similar structures in Aurelia statoliths. TARDr-NT and 
SCHMID (1973) found them in Cor)-ne mechanoreceptor 
accessory cells and termed them crystalline vacuoles. 
They suggested that these vacuolcs could act as primi- 
tive mcchanoreceptors, but might merely be residual 
bodies. They occur in many cell types in Actinia 
fragacea (unpublished observation), and arc found in 
male germ cells in A. equina (LARKMAN and CARTER 
1980). In A. fragacea they show acid phosphatase 
activity, which would tend to confirm their lysosomal 

origin. TIFFON and HUGON (1977) also demonstrated 

acid phosphatase activity in similar inclusions in 
Pach)-ceriamhus finbrialus. 

The irregular bodies found in A. fragacea amocbocytes 
arc of unknown signif icancc. Their appearance is highly 
variable, but similar inclusions have been found in 
absorptive endodermal cells in the gastric filaments, 
and, less frequently in the apical regions of the gonad 
epithelial cells. It seems possible that they are involved 
with intracellular digestion, but acid phosphatasc activ- 
ity has not yet been convincingly demonstrated within 
them (unpublished observation). 
The finding of typical coelenterate basal-body-rootlet 
complexes in A -fragacea amoebocytes is interesting but 
not unique. VAN PRAET (1978) found ciliary rootlets in 
amoebocytes from the mesenteries and filaments of 
Actinia equina. KANESHIRo and KARP (1980) reported 
ciliary rootlets in circulatory coclomocytes of the sea- 
star Dermasterias, and suggest that this might argue 
that the circulating coelomocytes could be derived from 

stationary flagellated epithefial cells. In coclenterates, 
ciliary rootlets seem to occur in a variety of non- 
epithelial cell types. KESSEL (1968) found basal-body- 

rootlet complexes in the early oocytes of an unidentified 
hydrozoan medusa, as did LARKMAN (1981,1983) for 

early oocytcs of A. fragacca. They also occur in the 
mcsoglocal cells of the upper gastric filament in A. 
fragacea (unpublished observation). It may be that 
most sea anemone cells possess such a complex. which 
may not always be functional. 
PATTERSON and LANDOLT (1979) havc investigated the 
cellular response to injury in the sea anemone Antho- 
pleura eleganfissinia. They found that the mcsogloca or 
the body column or uninjured anemones contained a 
homogeneous population or amocbocytcs. These cells 
possessed numerous granules, but Golgi complexes and 
endoplasmic rcticulurn were absent or poorly devcl- 
opcd. After injury, a rapid influx orphagocytcs, derived 
from resident mcsoglocal amocbocytcs, into the 
damaged region took place. By 72 hours post-injury, 
two other cell types were found in the repair zone. One 
type contained rough cndoplasmic rcticulum and more 
mitochondria but fewer granules than the resident 
amocbocytcs. The second type showed a proliferation 
of the Golgi apparatus and smooth cridoplasmic rc- 
ticulum, and a total lack of specific granules. In the 
present study, amoebocytcs from what were thought to 
be healthy, uninjured A. fragacea individuals usually 
contained Golgi and rough cndoplasmic reticulum, and 
cells resembling the two other cell types described for 
Anthopleura were often found. The amoebocytc popu- 
lation in A. fragacea seemed strongly heterogeneous, 
but this may in part be due to plane of section effects. 
Many amocbocytcs show a distinctly asymmetrical 
distribution of organclics and inclusions, such that 
different section planes can give rise to very different 
appearances. It is not thought that this heterogeneous 
amocbocytc population represents several discrete cell 
types, but rather a continuum of forms shown by a 
single cell type. However, a fuller understanding of the 
significance of the vafious forms might require a 
subdivision into different cell types at some stage in the 
future. 

Various authors have proposed a range of functions for 
amoebocytcs from a number of anthozoan species. The 
following discussion is aimed to evaluate how far the 
findings of the present study are consistent with the 
various proposed functions. 
The granular amocbocytes of A. fragacea do appear to 
be motile. The variability of their shapes, and the 
frequent finding of pscudopodia and more slender 
cytoplasmic processes argues that these cells are 
capable of shape change and amoeboid movement. 
They appear to be able to move between the bases of the 
epithclial cells and into and through the mcsogloca. 
PATTERSON and LANDOLT (1979), for Anthopleura 
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elegantisshna, noted a local increase in the number of 
amoebocytcs in the vicinity or experimental lesions. 
They concluded that this increase was brought about by 
the migration of resident amoebocytes within the 
mesogloca. However, in A. fragacea, a proportion or 
amoebocytes appear to be less actively motile. Some 
take on a regular cylindrical shape and lic parallel to the 
epithelial cells in what would appear to be a stable 
relationship. Similarly, some amocbocytcs round 
around developing oocytcs and tcsticular cysts enter 
into a precise and apparently stable relationship with 
them. Thus it appears that while amocbocytcs arc 
capable of movement, they may at least temporarily 
adopt a more scssile mode of existence. 
A. ftagacea amocbocytes also seem to be capable of 
phagocytic activity. Many cells were found containing 
what appeared to be phagosomcs in varying stages of 
breakdown. Sometimes recognizable material such as 
fragments of degenerate oocytes or groups of sper- 
matozoa could be discerned within these phagosomcs. 
Occasionally cells were seen apparently in the process 
of surrounding and engulfing such particles. VAN PRAET 
(1974) and VAN PRAET and DOUMENC (1975) found that, 
after oral disk amputation in Actinia equina, amocbo- 
cytcs in the vicinity of the wound became highly 

phagocytic, engulfing cnidocytcs and debris from dc- 
differentiating epithelial cells. Similarly, POLTEVA 
(1970) found that amoebocytes became active in phago- 
cytosis during regeneration in Aletridium. WATSON and 
MARISCAL (1983) observed phagocytic activity among 
amoebocytes in intact Haliplanella tentacles. However, 
it should be pointed out that, during gamete break- 
down and resorption in A. fragacea gonads, the neigh- 
bouring endodermal epithelial cells also contained 
numerous phagosomes with fragments of oocytes or 
sperm. Given the small size and relative scarcity of 
amoebocytes compared with these cpithelial cells, the 
proportion of the total intraccIlular breakdown of 
gametes carried out by the amoebocytes may be 

small. 
In Veretillium qnoniorium, the mesogloeal collagen 
fibrils were often found to be concentrated around the 
mesogloeal cells (BUISSON and FRANC 1969, FRANC 
1970), which led to the suggestion that these cells were 
involved in the synthesis of the collagcn fibrils. Similar- 
ly, YOUNG (1974) suggested that mesogloeal amocbo- 
cytes might produce collagen fibrils during wound 
healing in the sea anemone Calliactisparasitica. During 
the present study only the most slender of evidence for 

the production of collagen fibrils by amoebocytes in the 
intact anemone was obtained. Very occasionally, small 

bundles or fibrils were found associated with what 
might be expanded forms Of tile typical amocbocyte 
dense granules. Such a mechanism for collagcn de- 
position would be very difTcrcnt from that observed in 
higher animals (e. g., PROCKOP C1 al. 1979), but a 
mechanism or collagen formation from precursors 
within dense granules has been reported for spongo- 
cytcs and collencytcs in some sponges (GARRONE ind 
PoTTu 1973, BERGQUIST 1978). 1 lowcvcr. G RIMSTONC et 
al. (1958) found no evidence that amocbocytcs were 
involved in the secretion or the mcsogloca in 
Afetridium. SINGER (1974), using autoradiography, 
examined the incorporation or tritiatcd prolinc (a 

major precursor of collagcn) in the sea anemone 
Aiplasiadiaphana. He concluded that the amoebocytcs, 
in spite or their fibroblast-like apppcarancc, were not 
active in collagen synthesis, and that this runction 

might be performed by the epithelial cells. I lowcvcr, the 
amocbocytcs do appear to be intimately associated with 
the mcsogloca. As noted by VAN PRAET (1978) for 
Actinia equina, there is no basal lamina separating 
amocbocytcs from the mesogloca, and in the present 
study amoebocytc processes were often seen extending 
around bundles of collagcn ribrils. Many cells con- 
taincd vacuoles which themselves contained material 
similar to the non-fibrous mcsoglocal matrix. It may be 
that amocbocytes arc involved in the maintenance or 
re-modclling of the mesogloca, rather than its 

synthesis. 
Several authors (e. g., VAN PRAET 1974, YOUNG 1974) 
have suggested that amocbocytcs may be involved in 
the transport and storage of food and waste material. A 
prime site for the uptake of food particles after 
preliminary extraccllular digestion in the criteron in A. 
equina is thought to be the part of the mcsentcry close to 
the gastric filament (VAN PRAET 1976,1978), and the 
same would appear to be true for A. fragacea (un- 
published observation). Amoebocytes are common in 
this region, and in the present study, many of them 
contained phagosomcs. However, the cpithclial cells of 
this region may contain very large numbers of phago- 
somcs, and it is not clear whether the quantity carried 
by the ameobocytcs would be sufficient to make a 
significant contribution to their distribution. 
In A. fragacea, the amocbocytcs contain variable 
quantities of glycogen. In some individual amoebo- 
cytes, glycogen may occupy a considerable proportion 
of the total cell volume, and these cells could contribute 
to the storage and transport of this important reserve 
material. VAN DER VYVER (1981) discusses cells which 
she terms glycocytes wandering in the mesogloea of 
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actinians. The glycocyte she illustrates from Cereus 

pedunculatus is presumably incorrectly labeled, but 

would appear to correspond to the granular amocbo- 
cytes of the present study. She points out the similarity 
between these cells and the glycocytes which have bccn 
described for marine spongcs (BOURY-ESNAULT 1977). 
These cells, also termed gray cells, contain homo- 

gencous osmiophilic inclusions similar to those found 
in sea anemone amocbocytcs, and quantities of glyco- 
gen which vary with the physiological state of the 
sponge. They arc thought to be responsible for the 
storage of glycogen and its transport to areas of high 
metabolic activity. Circulatory amocbocytcs of some 
higher invertebrates arc also thought to be involved in 
carbohydrate metabolism, and these cells also may 
contain numerous electron dense granules as well as 
glycogen deposits (e. g., JOHNSON et al. 1973). In A. 
fragacea, the basal regions of the cndodermal cpithelial 
cells contain very extensive deposits of glycogen. The 
amount of glycogen contained in the amocbocytes can 
only represent a small fraction of the total, and their 
contribution to the bulk storage of glycogen must be 
small. However, they may well contribute to the 
transport of glycogen and the regulation of car- 
bohydrate levels. 
The association between amoebocytcs and developing 
gametes seen in A. fragacea does not appear to have 
been reported previously. In sea anemones, the germ 
cells arise in the endoderm. and then migrate into the 
mesogloea where the greater part of gamete develop- 
mcnt takes place. Once within the mcsogloca, the 
gametes are largely isolated from contact with other 
cells. Close contact is maintained with some cndo- 
dermal cells over a restricted area known as the 
trophonema (LARKMAN and CARTER 1982), but 
otherwise amoebocytes are the only non-germinal cells 
involved in gametogenesis. In the mate, the overlying 
amoebocytes are always separated from the spermato- 
genic cells by a basal lamina. In the fcmale, however, 
large microvilli known as cytospines project from the 
surface of the oocytes, passing through the basal 
lamina, and contacting the amoebocytes closely. The 

precise role of the amocbocytes during gametogencsis is 

unclear, but they may be involved in gamete nutrition, 
as has been suggested for amoebocytes in some poly- 
chacte annelids (DALEs and DIXON 198 1). They arc also 
active in phagocytosis in well-developed testicular cysts 

and during gamete resorption. 
It has been suggested that scyphozoan and anthozoan 

amoebocytcs can differentiate into other, possibly more 
specialized cell types. BUISSON and FRANC (1969) and 

FRANc (1970) found that the mcscnchymc cells or 
Veretillium cynomorium differentiated into ncma- 
tocytes. ncrve cells and mucus-producing cells. 
CHAPMAN (1974) reports Aurelia amocbocytcs dir- 
fercritiating into cnidocytcs and possibly other cell 
types. Evidence or this sort led CHAPMAN (1974) to 
comparc and contrast the amoebocytcs or Scypho: oa 
and Antho: oa with the interstitial cells or Hydrozoa. 
Ilydrozoan interstitial cells have been extensively 
studied, and arc known to differentiate into other cell 
types, forming ncrvc cells, ncmatocytcs and gametes 
(for a review, see BODE and DAVID 1978). The situation 
regarding the occurrence and role of interstitial cells in 
the Scypho: oa and Antho: oa is less well understood. 
They have been reported from among the Antho: oa, 
including from the sea anemones Afetridium senile 
(WESTFALL 1968) and A iptasid diaphana (SINGER 197 1). 
Other authors, however, have failed to rind interstitial 
cells or conclude that they arc rare or only locally 
distributed (ROBSON 1957, VAN PRAET 1974, VAN PRAET 
and DouMENIC 1975). If amocbocytcs can differentiate 
into otherccll types, thcycould, at least in part, perform 
the role played by the interstitial cells of llydro: oa. In 
the present study, although the amocbocytcs could vary 
greatly in appearance, no clear evidence of their 
differentiating into other cell types was obtained. 
Similarly, YOUNG (1974) could find no evidence of 
amoebocytes differentiating into other cell types in the 
sea anemone Calliactis parasitica. It is of course 
possible that such differentiation could take place at 
low frequency or under particular circumstances in sea 
anemones, but it is not thought to be a general 
occurrence. 
In spite of the large number of amoebocytes observed 
during the course of this study, no cells were observed 
undergoing mitosis. CHAPMAN (1974) examined 400 
amocbocytcs in Aurefid before finding one in mitosis. It 
has been suggested that mitoses in coclenterates may be 
rapid (CAMPBELL 1967, DOUMENC 1977) and so rarely 
observed in histological preparations. Mitosis could 
also be restricted to localized regions or to brief periods 
of the day and so easily be missed in studies of this sort. 
VAN PRAET (1978) has observed groups of cells located 
in the mesogloca of the upper, trilobed portions of the 
gastric filaments in A. equina, and suggests that they 
may constitute a reserve of maturing amoebocytes. 
During the present investigation, these groups of cells 
in the upper filament were examined in some detail in A. 
fragacea (unpublished observation). They appear to 
represent a separate cell type, morphologically distinct 
from the granular amoebocytes, and no evidence that 

L--- 
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amoebocytes were derived from these cells was ob- 
tained. Autoradiographic analysis of radiolabclcd 
thymidine uptake may be a more reliable guide to cell 
division in coclenterates than observation of mitotic 
figures. MINASIAN (1980) investigated the incorporation 
of tritiated thymidine in the sea anemone Haliplanella 
lucide in this way. lie found thymidine incorporation, 
indicative of cell division, in nuclei of cosinophil 
granulocytes as well as other cell types. These cells arc 
thought to correspond to the granular amocbocytcs 
described here, and he concluded that they constitute a 
distinct, renewing population of cells. 
It is not possible here to embark upon a comparison 
between the granular amocbocytcs or A. fragacea and 
the wide range of corresponding cells found in other 
invertebrate groups. They do, however, exhibit strong 
similarities to several of these, perhaps most notably 
with those of some polychaetous annelids (see DALES 
and DIXON 1981). They also display a similar range of 
functions to polychaetc coelomycctcs, being motile, 
phagocytic, and involved in nutrient transport and 
gametogcnesis. Further studies of the origin and funct- 
ions of the amoebocytcs of sea anemones and other 
lower metazoans may be significant with regard to the 
evolution of blood cells in other groups. 
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Summary 
Changes in the density of nuclear chromatin in the shoot apical 
meristcm of Sinapis alba L. during floral transition (floral evocation) 
are described using Fculgen-staincd 2 prn thick semi-thin sections and 
scanning cytophotomctric techniques. In both GI and G2 nuclei the 
chromatin becomes less heterogeneous and less dense in evoký 

e s mcristems compared to vegetative meristcms. Wh -n chromati I 
resolved into two fractions the "dispcrsed" fraction increases reýýive 
to the "condensed" fraction at evocation. This d onde ation 

tjon. I 

process occurs earlier in GI than in G2 nuclei. These c omlatin 
Cco 

changes are presumably closely related to the dramatic sti ation of 
biosynthctic activity and cell division during floral tran tion. 

Keywords- Chromatin; Floral evocation; Shoot mcrVtcm; Sinapis. 

1. Introduction 
A variety of studies (reviewed in B RNIER, KINET and BR 'VI In 
SACHS 198 1) have shown that the s oot apical meristem 

I of many different plant species is ramatically activated es 
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during its transformation f the vegetative to the 

I 
reproductive condition. This timulation, is well docu. 

fro 0 the vt 

es oot 

mented in the long-day p nt Sinapis alba where it 
includes increases in RA synthesis and content 
(BRONCHART et al. 1970, ACQMARD et al. 1972, PRYKE 

i 

and BERNIER 1978), 9A synthesis and cell division 
(BERNIER et al. 19607 13ODSON 1975) and changes in the 
protein complemeýyt (PILRARD et al. 1980). Parallel 
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r structural changes were quantitatively invcstigat- ult5x 
by HAVELANGF and BERNIER (1974) using stcreologi. Z 

methods. Within the nuclei of mcristcmatic cells, the 
floral transition is accompanied mainly by a) a large 
increase in nucicolus size and a change in structure of 
this organelle, and b) an increase in the dispersed: 
condensed chromatin area ratio. 
This last change was of interest since it is known from 
studies with animal cells that chromatin activation, i. e., 
increased chromatin transcription rate, is generally 
associated with decondcnsation of this nuclear compo- 
nent (HARRIS 1970, FRENSTER 1974, MACLEAN and 
HILDER 1977, NAGL 1979). However, before assuming 
that a similar correlation exists in the meristern of 
Sinapis it is necessary to reinvestigate the problem using 
techniques that can accurately monitor changes in 
chromatin condensation. A change in the area of 
dispersed and condensed chromatins in a nuclear 
section does not necessarily indicate chromatin decon- 
densation. Also, an accurate distinction between the 
two types of chromatin is sometimes diflicult in elec- 
tron micrographs. The technique selected for the pre- 
sent study is scanning cytophotometry of semi-thin 
meristem sections, Feulgen-stained for DNA, the ma- 
jor component of chromatin. Thus, extinction values 
were measured at multiple points along a series of 
scanning fines within individual nuclear sections. Two 
gm thick meristern sections were used to avoid as much 
as possible superimposition of several chromatin mas- 
ses of various condensation degrees. 
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