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CHAPTER I 

General aspects of studies on sperm morphology 

A. The Drosophila spermatozoon 

A 1. There is no general organization type for sperm cells 

There might be no cell type in living organisms that displays more variation in its mor
phology than the spermatozoon. Not even a single structural element is common to all 
sperm cells. Some spermatozoa, for example, are amoeboid, others bear one or more 
flagellae. There are male gametes without an acrosomc (in some insects: Phillips, 
1970, or in most teleosts: Mattei, 1970), without a middle piece (as a rule in gastro
podes and insects, see, for instance, this thesis), without a tail (some Crustaceae: 
Brown, 1970, or Isopodes: Fain-Maurel, 1970), or even without a nucleus (the atypic 
spermatozoa, for instance, of the Symphyla: Rosati et al., 1970). Spermatozoa have 
even structures that are unique for animal cells (as the acrosome or the highly con
densed chromatin: for an overview see Baccetti, 1970). It seems therefore impossible 
to develop a general concept that includes all different spermatozoa in their common 
morphology. 

A 2. Franzén's model of the primitive sperm 

Franzén (1956, 1970), nevertheless, tries to create such a concept in his comparative 
study of the spermatozoa in the animal kingdom, which includes most of the phyla. 
Besides the works of Retzius of the beginning of this century (see Franzén, 1956 and 
Baccetti, 1970) the studies of Franzén are the only comparative studies that treat the 
sperm morphology of many different animal groups. In his work he emphasizes an ap
parent relationship between sperm shape and the biology of fertilization. From this re
lationship Franzén derives his model of a "primitive sperm cell of the Metazoa". 

The "primitive sperm cell" is thought as a motile cell, but almost without cyto
plasm. A small round acrosome is attached to the apical side of the spherical nucleus. 
The middle piece consists of four (or five) large mitochondria situated around the 
flagellum close to the basis of the nucleus. The flagellum forms a 50 μπι long tail 
which ends in a tapering end piece. Franzén uses this concept of the sperm cell to clas
sify different types of spermatozoa as they occur in the various taxa of metazoa. 
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It seems, however, that this concept of the "primitive sperm cell" leads to two con
ceptual paradoxes in comparative spermatology First, the "primitive sperm cell" is not 
a primitive, but in the contrary a highly specialized cell This cell, for instance, has 
lost the ability to replicate and transcribe its genome the nucleus contains the chroma
tin in a condensed state It can neither synthesize proteins the cell is almost devoid of 
cytoplasm All three processes, replication, transcription and translation, must, howev
er, be considered as fundamental properties of living cells The characteristic element 
of a spermatozoon, on the other hand, the flagellum - a organelle for propulsion - must 
be considered as an element of a high degree of specialization The basis of the pedi
gree of sperm cells that Franzén develops is therefore not formed by a primitive cell. 
Second, the designation as "primitive" is ambivalent in itself In the common use it im
plies simplicity In addition it is often considered to mean historically ancient. Franzén 
uses the term "primitive" in both senses In a comparative study of the morphology of 
living mature spermatozoa, however, only the criterium of simplicity can be connected 
to the term "primitive" The character of a "primitive spermatozoon" as an evolu-
tionanly ancestral cell type requires a separate investigation with adequate means 
Such an analysis has, however, not been carried out by Franzen 

A 3. Morphologic pnmitivity and the biology of fertilization 

The pnmitivity of a sperm cell is according to Franzén defined in morphological terms 
As stated before, such a definition is not adequate Its application on evolutionary 
processes ("primitive" = pre-existent) is not justified, and it can only be used in a nor
mative ("primitive" = simple) context To escape this problem, Franzén imphcitely 
provides two non-morphological arguments for the pnmitivity of the "primitive sperma
tozoon": The first argument is derived from the observation, that organisms with sperm 
of a "simple" morphology are found in many different phyla of the animal kingdom. 
As a second argument he points out that young spermatids resemble the "primitive 
spermatozoon" much more than most mature spermatozoa do 

In many systematic groups spermatozoa of a primitive as well as of a highly com
plicated morphology are found. Sperm morphology, thus, cannot directly reflect any 
taxonomie relationship (see also Afzehus, 1970) Franzén proposes that the complexity 
of a spermatozoon is mainly determined by the mechanism of fertilization Organisms 
of many taxa release their spermatozoa freely into the water, a fertilization strategy 
that is considered as primitive Connected to this kind of fertilization is a primitive 
morphology of the spermatozoa The sperm cells of animals with a more specialized 
fertilization strategy, ι e animals which copulate or transfer their sperm in spermato-
phores, are of a more complex structure 

2 CHAPTER I 



A 4. The Drosophila spermatozoon is not primitive 

The general features of the Drosophila spermatozoon must be considered in the con
text of Franzén's criteria. Until now, several descriptions of the mature Drosophila 
sperm cell exist. The most complete descriptions are given by Cooper (1950), Meyer 
(1964, 1968), Perotti (1970), Bairatti & Perotti (1970), Tales (1971), Kiefer (1973), and 
Lindsley & Tokuyasu (1980). However, no picture generally applicable to all Droso
phila species can be obtained from these studies. In the contrary, it is suggested that 
substantial differences between different Drosophila species exist. 

In general, the Drosophila sperm cell differs strongly from the "primitive spermato
zoon" in the model of Franzén. One striking aspect is its length: for many species 
more than one millimeter (Hess & Meyer, 1963a) and in D. hydei even more than 10 
mm (chapter VI). Most animal sperm cells measure between 50 and 100 μνη (Franzén, 
1956) and the "primitive sperm" is imagined with a length of 50 μιη. Franzén supposes 
that the longest spermatozoa ever found exist in Ostracoda (Franzén, 1956, p.451): 
'The relatively as well as absolutely largest sperms within the animal kingdom are 
found in the Ostracoda. Their size is said to reach 6 mm. They are filiform, but have a 
complicated structure. Lowdnes (1935) who has studied the sperm of certain freshwa
ter Ostracodes assumes that in them the sperms have lost their ability of fertilizing the 
eggs. This should be the result" (sic !) "of the too fargoing complications of the copula-
tory apparatus and of the abnormal size and shape of the sperms." It is obvious that 
Franzén evaluates the data of his study not critically enough. He wishes to generalize 
his concept, but he does not consider one of the important groups of the animal kin-
dom, the insects, although many studies on sperm structure have been carried out on 
insect species. Moreover, he relies strongly on the argument of sperm length as a main 
quality, but does not consider other morphologic criteria and omits ultrastructural de
tails entirely. Nevertheless, he presents the uncovered relationship between sperm 
morphology and the biology of fertilization as an established fact. This may be true in 
many cases, but the actual situation may be more complex as it will be pointed out in 
the subsequent discussion. 

Franzén's assumption of long spermatozoa being unsuited for fertilization is obvi
ously invalid in Drosophila hydei. The spermatozoa of this species are more than 10 
mm in length but are fully functional. Besides the length of the tail some other aspects 
of the D. hydei spermatozoon are exceptional, as, for example, the dimensions of the 
sperm head (with a length of about 75 μπι, according to chapter V, and with a diame
ter of about 0.1 μιη, according to chapter VI), or the absence of an acrosome (chapter 
VI). Other'structural particularities of the Drosophila spermatozoon, as e.g. the ab
sence of a middle piece, the development of transformed mitochondrial derivatives 
filled with a paracrystalline material, and the formation of accessory structures (satel
lites) in the axial filament are characteristic for the sperm cells of most insect species. 
Since Franzén did not study insects and did not make use of ultrastructural observa
tions these properties of insect sperm are not found within the scope of his work. 
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A 5. For which functions is the Drosophila sperm specialized ? 

Subject of this study is a cell with unique qualities: already highly specialized as a 
sperm cell the D. hydei spermatozoon is exceptional also amongst the spermatozoa: it 
is the longest sperm ever found, it has an extremely filiform nucleus, and it lacks an 
acrosome. These qualities cannot be explained in the conceptual framework of 
Franzén's studies, since the fertilization biology of D. hydei does not seem to be that 
exceptional if compared to other insects (most insects have sperm of a modal length, 
see e.g. Phillips, 1970). We, therefore, have to look for other functions than sperm 
transfer to understand the reasons for the exceptional size of the D. hydei male 
gamete. Understanding of its morphology requires a study of its development, a pro
cess in which the Y chromosome plays an important role. 

B. The Drosophila spermatogenesis 

В 1. Spermatogenesis and spermiogenesis 

The differentiation of the primary male germ cells into mature spermatozoa is called 
spermatogenesis. It consists of a pre-meiotic and a post-meiotic period. 

During the premeiotic development, which involves spermatogonia and primary 
spermatocytes, the germ cells prepare for the postmeiotic morphogenesis at the molec
ular level, but they do not start the spermiomorphogenesis itself. The morphological 
differentiation of a spermatozoon starts after the meiotic divisions that distribute the 
replicated diploid genome of the primary spermatocyte into four haploid spermatid nu
clei. The postmeiotic morphogenetic process is called spermiogenesis. 

Lindsley & Tokuyasu (1980) reviewed the spermatogenesis of D. melanogaster, 
For D. hydei this process was described by Meyer (1968) and Hess & Meyer (1968). It 
has recently been reviewed by Hennig (1984). 

В 2. Spermatids do not synthesize RNA 

As haploid postmeiotic cells, spermatids lack parts of the informational content of a di
ploid genome. This is evident for the X and the У chromosome, one of both being ab
sent in each spermatid nucleus. It is the same for all heterozygous autosomal loci 
which in each spermatid are represented by only one of the allels. Different sperma
tids may therefore differ notably in their genetic composition. 

The genome of the Drosophila spermatid does' not actively contribute to the dif
ferentiation of the spermatid: even spermatids that lack almost their entire genetic con
tent (due to, for instance, an unequal meiotic segregation) form completely differen-
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tiated and motil (but, of course, sterile) spermatozoa (Lindsley & Grell, 1969). The 
complicated process of cytodifferentiation that results in the giant and bizarre Droso-
phila spermatozoon is therefore not controlled by sequential and differential expression 
of genes of the differentiating cells themselves - as is the case in most other develop
mental processes. All gene transcription is restricted to the premeiotic period, mainly 
to the stage of the primary spermatocytes (Olivieri & Olivieri, 1965; Hennig, 1967). 

The temporal separation of transcriptional activity and morphogenetic differentia
tion seems reasonable, for the genome of the meiotic products is incomplete. More
over, the histone transition and the successive condensation of the chromatin in the 
spermatid nucleus might prevent the transcription of the genome at least in advanced 
spermatid stages. As spermiogenesis does not depend on the spermatid genome, all 
possible genetic constitutions of the meiotic products may be transferred by the sper
matozoa without selection, unless meiotic drive is involved (see Peacock & Miklós, 
1973). In this way the Drosophila spermiogenesis does not impose limits upon the 
range of new combinations of alleles in the future zygote. 

В 3. Proteins are synthesized in both pre- and postmeiotic spermatogenesis 

The transcriptional inactivity of the postmeiotic genome requires that all transcripts 
that function in the control of spermatid differentiation must be synthesized before 
meiosis. Part of them might be translated immediately and persist as protein until they 
perform their final function. By autoradiographic studies with incorporated radioac-
tively labeled amino acids an additional high rate of synthesis of proteins was demon
strated in spermatids (Oliveri & Olivieri, 1965; Hennig, 1967). The mRNA involved in 
this postmeiotic translation must have a relatively long life time. In this context it is 
interesting that the Drosophila spermiogenesis is a quick process as compared to most 
other animals. In D.hydei the differentiation steps of the spermatids from meiosis to 
individualization (at individualization the spermatozoa are almost fully differentiated) 
takes place in no more than three days (Hennig, 1967; Frei, 1974). This is a short time 
considering the complexity and the extreme size of the spermatozoon. The sper
miogenesis of most other organisms is more time consuming (Nelson, 1971). In many 
of these animals, however, RNA synthesis has been shown to occur also in secondary 
spermatocytes or in early spermatids. 

С The function of the Y chromosome in Drosophila spermiogenesis 

С 1. The Y chromosomal fertility factors 

A developmental process of the complexity of the Drosophila spermiogenesis must be 
controlled by many genetic loci. It is implied that about 1700 genes affect male fertility 
in D. melanogaster (see Lindsley & Tokuyasu, 1980). The Y chromosome plays an 
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important role in the genetics of male fertility Bridges demonstrated 1916 that males 
without an Y chromosome (X/O males instead of wild-type X/Y are phenotypically 
males, but sterile Since then it has been shown that in D melanogaster the Y chro
mosome contains male fertility factors (for review, see Gatti & Pimpinelh, 1983) Be
sides the fertility factors the Y chromosome of D melanogaster is almost devoid of 
genetic functions Also in D hydei the Y chromosome contains a restricted number of 
fertility factors (Hackstein et al , 1982) and two nucleolus organizers (Meyer & Hen-
nig, 1974, Henmg et al , 1975) No other genetic functions - except its influence on 
position effect variegation - could be ascribed to this relatively large chromosome that 
contains almost 10% of the diploid genome (Zachanas et al , 1982) 

Detailed cytogenetic analysis of the D melanogaster Y chromosome by Gatti & 
Pimpinelh (1983) revealed that each of the fertility factors can be inactivated by several 
different breakpoints along the chromosome Hence, the fertility factors must be locat
ed in extremely large chromosomal regions, hundreds of times larger than is expected 
from the conventional view on gene structure 

The fertility factors of the D hydei Y chromosome have huge dimensions, too, as 
cytogenetic analysis (Bonaccorsi et al , in preparation), genetic data (Hackstein et al , 
1982, and unpublished) and the Miller spreading experiments (chapters III and IV) 
show The exceptional size of the transcripts of the Y chromosome (Henmg et al, 
1974, Glatzer & Meyer, 1981, chapters III and IV) indicates as well, that functional un
its in this chromosome are very large 

С 2 The spermiogenesis of males without a mutant Y chromosome 

The effect of Y chromosomal deletions on spermiogenesis has been studied by various 
authors Three different explanations have been suggested for the role of the У chro
mosome in the spermiogenesis 

1 Meyer (1968, 1969) and Hess & Meyer (1968) studied the effect of Y chromo
somal mutations on the differentiating germ cells They found that the development of 
the spermatids in genetically defect males ceases before maturity of the spermatozoa 
However, no distinct structural element was absent in the differentiating spermatids 
The assembly of the various components seems to be impaired which leads to disor
dered patterns in the mutant males The authors deduce that the У chromosome does 
not bear genes that code for structural proteins of the sperm cell, but that it functions 
in the regulation of spermiogenesis They assume that the fertility factors control the 
integrated assembly of the sperm components 

2 Kiefer (1966, 1968, 1969, 1970, 1973) does not interprete the disorganization of 
the structural elements of spermatids in У defective males as primarily due to blocking 
of the development, but rather as an effect of degeneration Similar degeneration is 
also regularly observed in wild-type males However, the frequency and the severity of 
the degeneration is much higher in X/O males Thus Kiefer considers spermiogenesis 
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as a fairly labile process that needs a functional Y chromosome for accomplishment. 

3. In contrast to these general functions ascribed to the Y chromosome. Hardy et 
al. (1981) postulate that the fertility factors are orthodox genes with protein coding 
functions. Spermiogenesis is considered as an distinctly preprogrammed series of 
developmental events that is - contrary to common differentiation pathways - not or
ganized by the regulation of transcription (see above). A minor disturbance in one of 
the first steps of this process may lead to a cascade of defects in later stages. There
fore, such general developmental defects cannot necessarily be interpreted as gross de
fects in the control of this differentiation process. Hardy et al. (1981), therefore, arrive 
at the conclusion that the Y chromosome does not exert a general integrative function 
in spermiogenesis, but codes for some proteins, that are used in the early stages of 
spermatid development. However, these authors show for only two deletions of Y 
chromosomal fertility factors that a distinct element of the tail of the young spermatid 
is defective. Even in these cases it is not clear, whether these elements play a key role 
in a cascade of subsequent differentiation steps. 

All these studies concern the role of single fertility factors on the ultrastructure of 
the sperm. They also arrive at the limits of resolution that can be achieved by genetics 
and cytology. Nevertheless these approaches did not succeed to uncover the mechan-
ismes by which the fertility factors excert their functions. 

4. Recently, detailed comparative studies have been made of protein patterns in 
testes of wild-type and X/O males of D. melanogaster by Ingman-Baker & Candido 
(1980). These authors did not found any difference in the protein pattern between 
X/0, XIY and XIYIY testes. It was concluded that the Y chromosome does not code 
for structural proteins. 

In D. hydei, however, Hulscbos et al. (1983) found a reduced synthesis of a Mr 
55,000 protein, and the absence of a Mr 155,000 and a Mr 35,000 protein in the XI0 
testis. This does not imply that the Y chromosome codes for these proteins, since prel
iminary data from studies of the testis proteins of species hybrids between D. hydei 
and D. neohydei (Hennig, unpublished) suggest that the genes for the Mr 35,000 and 
the Mr 155,000 proteins are located on the autosomes. Also the tubulines, that form 
part of the Mr 55,000 protein fraction, are encoded by autosomal sites (Hulsebos et al., 
in preparation). 

These studies suggested a regulatory function for the D. hydei Y chromosome in 
the synthesis of these proteins. Such a function resides (for the proteins mentioned) in 
the complementation groups O-P of the Y chromosome. Here, for the first time, a de
fined function of the Y chromosome is described in operational terms. 
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D. Genetic activity of the Y chromosome in Drosophila hydei 

D 1. Y chromosomal transcripts m the primary spermatocyte 

A first and important step towards the understanding of the role of the Drosophila Y 
chromosome in the spermiogenesis was the discovery of the "functional structures" in 
the nuclei of the primary spermatocytes (Meyer et al., 1961; Meyer, 1963) It was 
shown that these functional structures are formed by the Y chromosome and must be 
considered as giant lampbrush loops that are active in transcription (Meyer & Hess, 
1963a,b; Henmg, 1967, 1968, Hess, 1971). 

The lampbrush loops of the Y chromosome in the primary spermatocytes are the 
most prominent in species of the Drosophila hydei subgroup (Hess, 1967b). Also the 
longest spermatozoa are found in species of this subgroup (Hess & Meyer, 1963a). 
Drosophila hydei and the related species, therefore, are particularly suitable to study Y 
chromosomal activity and its function in spermatogenesis 

Chromatin spreadings according to Miller and Beatty (1969) showed the presence 
of very large transcripts in the primary spermatocytes of D. hydei (Henmg et al , 1974; 
Meyer & Henmg, 1974) The Y chromosomal transcripts have such giant sizes that 
they could code for hundreds of proteins each. It has not been possible to isolate these 
giant transcripts and to relate them to particular Y chromosomal lampbrush loops 
(Glatzer & Meyer, 1981). 

D 2. Proteins coded for by the Y chromosome have not been found yet 

Lifschytz et al. (1983) showed that part of the D. hydei Y chromosomal transcripts are 
not transferred to the cytoplasm of the spermatocyte. They suggest that the bulk of 
the Y chromosomal loop transcripts remains in the nucleus and desintégrales before 
meiosis. Of the giant nooses transcripts only relatively small products were found in the 
cytoplasm, which in length range between 1,000 and 10,000 nucleotides (Vogt et al., 
1982). This suggests that the majority of the transcribed Y chromosomal sequences 
may have functions other than coding for proteins. 

Recent molecular studies show that the Y chromosomal DNA of D. hydei is main
ly composed of families of repetitive sequences (Lifschytz, 1979; Vogt et al., 1982; Lifs
chytz et al., 1983; Vogt & Henmg, 1983, Henmg et al., 1983). Few of these families of 
repeated sequences are located exclusively on the У chromosome and most of them 
have family members on the other chromosomes Despite of the similarity of the У 
chromosomal DNA of various species (for discusion see Vogt & Henmg, 1983) also 
differences are found as for instance between D. melanogaster and D hydei. A large 
part of the D. melanogaster Y chromosome is composed of satellite DNA, whereas no 
major portion of highly repetitive sequences is found on the У chromosome of D. hy
dei (Henmg, 1972; Renkawitz, 1978). 
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Although part of the (moderately repetitive) Y chromosomal sequences are tran
scribed in the primary spermatocytes, translation products could not yet be identified. 
Preliminary DNA sequencing data for cloned Y chromosomal restriction fragments do 
not indicate the presence of long open reading frames (Vogt, unpublished). 

D 3. Protein storage may be another function of the Y chromosomal lampbrush struc
tures 

It has been suggested (Hess, 1981; Glätzer & Meyer, 1981) that the Y chromosomal 
lampbrush loops store transcripts, derived from other loci of the primary spermatocyte. 
These are supposed to be packaged into giant RNP complexes (Kloetzel et al., 1981) in 
order to pass the long time between transcription and postmeiotic translation in the 
spermatid. However, the results of cytochemical and ultrastructural investigations of 
the Y chromosomal lampbrush structures of the D. hydei primary spermatocytes do not 
support such a model of transcript storage, since major elements of the lampbrush 
loops consist of proteins (Meyer, 1963; Hennig, 1967, 1984; chapter II). Moreover, 
these proteinaceous parts of the lampbrush loops increase in volume during spermato
cyte development. This suggests another storage function, namely of proteins. The 
proteins accumulated in some of the Y chromosomal lampbrush loop pairs are unlikely 
to be associated with relevant amounts of RNA (chapter II) and, therefore, most likely 
do not represent ribonucleoprotein. 

It was considered by Hess & Meyer (1963b) that the well defined morphology of 
the individual lampbrush loops is determined by proteins encoded in the lampbrush 
loops themselves. This assumption was based on observations on species hybrids of D. 
hydei and D. neohydei, where a D. hydei Y chromosome was crossed into a genome 
that was mainly derived from D. neohydei. In the primary spermatocytes of such hy
brids the Y chromosomal lampbrush structures display the morphology typical for 
D. hydei. A D. neohydei Y chromosome in a D. hydei genetic background forms 
lampbrush structures of the D. neohydei type. The isolation of У chromosomal mutants 
that change the morphology of the lampbrush loop pair threads (Hess, 1964) confirms, 
that the loop morphology is determined by the loop forming site itself: In a X/Y/Y 
male both a modified and a wild-type pair of threads are found in the nuclei of the pri
mary spermatocytes when only on of both У chromosomes is derived from a male with 
mutant threads. 

More detailed and genetically better controlled investigations of species hybrids (I. 
Hennig,. 1978), however, have shown that the early conclusions of Hess and Meyer 
about species hybrids were partially incorrect. It is demonstrated that the morphology 
of the У chromosomal loops is severely affected in back cross hybrids. Schäfer (1978) 
and Hess (1981) nevertheless do not revise their original view. 

In fact, also autosomal factors do have an impact on the У chromosomal lamp-
brush loop morphology. This has been demonstrated directly by the isolation of auto
somal mutants that change the morphology of the У chromosomal functional structures 
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(Kieler, 1973, Lifschytz, 1974, 1975, Hackstein et al , in preparation) As was shown 
by Hess (1964), also mutations in the Y chromosomal site itself can alter the loop mor
phology From the recovery of such mutations, Hess deduced that the mutated Y 
chromosomal site produces a modified protein, or no protein at all This was supposed 
to explain the altered loop morphology As an alternative explanation we suggest that 
the loop morphology is also determined by the secondary structure of the primary tran
scripts As a consequence the particular morphology of the lampbrush structures of the 
Y chromosome may be determined both by their protein content (RNP proteins and 
stored loop-specific proteins) and by the specific morphology of the primary transcripts 
(see also Hennig, 1984) 

D 4 Analysis of some lampbrush loop associated proteins 

As will be studied further in this thesis, the Y chromosomal lampbrush structures in the 
D hydei spermatocytes contain DNA in a very low concentration (see also Meyer, 
1963, Henmg, 1967), a moderate number (about one hundred) of giant transcripts in 
each loop (with a length of up to over one million of nucleotids) and large amounts of 
proteins, that accumulate during the development of the spermatocytes in the lamp-
brush loops (chapters II - IV) In addition, chromatin spreads of the Y chromosomal 
lampbrush loops have shown, that the transcribed Y chromosomal chromatin contains 
only relatively few nucleosomes and RNA polymerase molecules 

It agrees with these observations that core histones, as for example histone H2A, 
cannot be detected by immunofluorescent staining with the respective antibodies (Kxe-
mer, 1983) Specific fluorescence is only found with autosomes and the nucleolus An 
entirely different staining pattern of the lampbrush loops in spermatocytes is obtained 
after brilliant sulfoflavine staining (Kremer, 1983) This was unexpected, since brilliant 
sulfoflavine is a dye specifically reacting with proteins that are rich in arginine and 
lysine Normally it is used for the detection of histones or histone-like proteins Brilli
ant sulfoflavine binds strongly to the Y chromosomal lampbrush loop pseudonucleolus 
and to a part of the clubs, notably the Cl-grana A similar distribution of staining was 
found after incubation with antibodies against histone HI Histone HI or an immuno
logically related protein appears to be present in these lampbrush loops in high 
amounts (Kremer, 1983) 

Also Hulscbos et al (1984) analysed a lampbrush loop associated protein, against 
which they had raised a polyvalent antibody This testis specific (Mr 80,000) protein 
accumulates in the lampbrush loop pseudonucleolus The authors demonstrated that 
this protein is not encoded by a gene located on the Y chromosome, but on either the 
autosomes or the X chromosome 

The experiments of Hulsebos et al (1984) demonstrated that lampbrush loops con
tain tissue- and loop-specific proteins Also histone HI (or a related protein) must be 
present in amounts considerably exceeding the amount expected to be associated with 
the DNA axis since - in contrast to the core proteins - it reacts significantly with specif
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ie loops or loop-specific constituents, as for example the Cl-grana. This suggests an ac
cumulation of this protein above the amounts required for nucleosome formation. The 
existence of two further loop-specific proteins with similar properties has recently been 
demonstrated by Ruiters et al. (unpublished). 

D 5. The lampbrush loop associated proteins 
during the postmeiotic development of the male germinal cells 

In the primary spermatocyte stage the D. hydei germinal cells accumulate large 
amounts of proteins in defined lampbrush loop regions of the Y chromosome. The stu
dies of our group indicate that this phenomenon is common for Drosophila species, but 
is particularly prominent in species closely related to D. hydei. The accumulation of 
proteins at Y chromosomal sites seems to be required for a normal development of the 
D. hydei germinal cells, but the function of these accumulated proteins in the postmei
otic development is not yet understood. The pseudonucleolus-specific protein (Hulse-
bos et al., 1984), for instance, cannot be identified with certainty in postmeiotic stages 
with the aid of the antibody raised against it, since this antibody also reacts with the 
Mr 155,000 protein that is synthesized in large amounts in spermatids. This pseudonu-
cleolus -associated protein, therefore, can not specifically be followed by immu
nofluorescence during spermiogenesis. Histone HI (or a histone Hl-like protein) is 
abundantly found in postmeiotic stages, mainly in the organelles that will from the 
sperm tail. It is also found in some protein bodies in the nucleus of the young sperma
tid (Kremer, 1983). 

It needs to be studied whether the stored proteins of the spermatocyte lampbrush 
loops form a pool of intranuclear proteins in the spermatid (which could have a func
tion in histone transition; see for example Das et al., 1964; Hauschteck-Jungen & 
Hartl, 1982), or whether they form structural components of the differentiating sperma
tids. 

E. Concluding remarks 

E 1. A new function of the sperm cell in fertilization 

At the time of Franzén's work, the functions of the spermatozoon were considered to 
be: (1) carriage of the male genome; (2) motility; and (3) initiation of the egg develop
ment. In the model of the "primitive sperm cell" these functions are taken into account. 
The head carries the genomic material of the father, the tail propels the sperm, the 
middle piece provides the energy for the tail movement, and the acrosome solubilizes 
the egg coat (the "acrosome reaction") and triggers the development of the egg. More 
recently it has become evident that the sperm tail normally is incorporated into the egg 
during fertilization (see, for review Schatten, 1982). The sperm tail, that was previous
ly considered as an organelle for propulsion, may therefore serve for other functions as 
well. The function of the incorporated sperm tail in the egg is not understood. Since -
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contrary to the situation in Drosophila - the sperm tail of most animals only consists of 
an axial filament, Schatten (1982) only considers the function of the axoneme for the 
fertilized egg. He assumes that the axoneme "could contribute to the pool of tubulin 
required for the formation of mitotic apparatus during cleavage ..." (Schatten, 1982, ρ 
139.). This explanation reminds the old hypothesis of Boveri, cited in Afzelius (1970), 
that the4perm centriole may provide the egg with a missing division enter. (It must be 
noted that the spermatozoa of most animals have a second centriole in the neck region, 
perpendicularly to the centriole that forms the axial filament). 

It might be asked whether the exceptional size of the D. hydei sperm tail is in any 
way related to functions connected with its incorporation in the egg. The D. hydei 
sperm tail consists of two main elements (see chapter VI): the axial filament (axoneme) 
and two mitochondrial derivatives (Nebenkern derivatives) that run along the entire 
length of the axial filament. The axoneme is considered to be the motil element of the 
sperm tail. This is evident from its structure (a similar pattern of microtubules is found 
in nearly all cilia and flagella). In addition the axoneme contains components typically 
required for a high energy metabolism (for instance glycogen: Personne & Anderson, 
1970, ATPase: Daems et al., 1963, or enzymes of the glycolytic pathway: Bigliardi et 
al., 1970). The mitochondrial derivatives have lost their typical mitochondrial structure 
and are filled with an electron-dense material. The function of the mitochondrial 
derivatives in the Drosophila sperm tail is less clear. The paracrystalline material that 
fills part of the Nebenkern derivatives was considered to contain energy sources for the 
tail movement (Meyer, 1964) or to form an elastic element to support the movement of 
the axoneme (Tokuyasu, 1974a). However, the ultrastructure of the Nebenkern 
derivatives and their position makes this unlikely. From studies in our group it is sug
gested that the Ncbenkern derivatives may be required for an accumulation of certain 
proteins (Hulsebos et al., 1984; Kremer, 1983; Ruiters, unpublished data). One quite 
possible function of the sperm tail could be found in the transfer of proteins into the 
egg, which might be required in the early development or in connection with the 
decondensation of the chromatin in the sperm nucleus. The egg of D. hydei is relative
ly large compared to other Drosophila species. This might be an explanation of the 
unusual size of the sperm tail in D. hydei. Further experimental work is required to 
settle this issue. 

E 2. Towards an integrated spermatology. 

Their can be no question that a comparative approach - as for example also used by 
Franzén - to understand the basic structure of a spermatozoon from its function in fer
tilization has its merits and succeeds to explain certain pecularities of spermatozoa in a 
satisfactory way. However, such a one-sided approach may often obscure other impor
tant aspects of morphology and may, in fact, prevent to recognized fundamental bio
logical functions. For example, the biological function of a spermatozoon may be con
sidered as restricted to the transfer of the nuclear genetic material (see section E l . ) . 
If the morphology then is judged from this aspect, the extreme sperm length of D. hy
dei appears as a pecularity but deserves no further attention. However, if it is taken 
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into account, that the Nebenkern derivatives are packed with particular proteins and 
that the entire sperm tail is incorporated into the egg, then additional functions might 
be assigned to the spermatozoon. As discussed before, in this case the unusual size of 
the spermatozoon of D. hydei will loose much of its exceptional character. The size of 
the egg may simply require more material than in most other Drosophila species. 

A comparative spermatology runs the risk to considere a spermatozoon too much 
as an independently living cell. Also Franzén, who does not include sperm develop
ment in his work, studies the metazoan sperm cells as whether they were unicellular or
ganisms. Similarly he focus attention on fertilization only in order to explain sperm 
morphology, and he does not study other factors that might have influence on the 
structure of the sperm cell. In my opinion fertilization might be a main factor to ex
plain sperm structure. First, however, sperm structure is not determined by fertiliza
tion, but both might influence each other. Second, the sperm cell is a cell of a multicel
lular organism and as such not only determined by constraints of the fertilization stra
tegy but also by constrains of development. The extensive studies on Drosophila sper
matogenesis and fertilization may offer the chance to understand the sperm morpholo
gy in these species in a more integrated manner. 

It is evident that germ cells are transient cells, both in structure and function. Fer
tilization may be considered as the zero time of the germ cell development (cf. Mon-
roy, 1965, cited in Nelson, 1971). The first cell type to be determined in the early 
cleavages of Drosophila are the pole cells which are the precursors of the primary germ 
cells. Subsequently the primary germ cells develop - to a large extent independent of 
somatic cells - according to their differentiation pattern in a mature spermatozoon. 
This developmental pattern is rather canalized, especially since the postmeiotic struc
tural differentiation pattern is pre-programmed during the premeiotic phase (see В 2.). 
The life time of a germ cell as mature spermatozoon is rather short compared to the 
time of the developmental process. At the moment of fertilization the spermatozoon 
ceases to exist. In this way the circle of its life span is closed. 

The spermatozoon bears structural qualities which reveal that it is not an indepen
dently living cell, but on the contrary both a part of a multicellular organism and a fu
ture constituent of a developing zygote. We, therefore, do not consider the sperm cell 
as an individually living cell that develops during spermatogenesis and dies at fertiliza
tion. We study the continuous process of spermiogenic differentiation and in fact em
phasize the primary spermatocyte as a central stage of germ cell development. The 
primary spermatocytes are studied in the first part of this thesis (chapters II, III and 
IV). In the second part we study the development of the sperm cells from meiosis until 
fertilization, a period during which the unique morphology of the D. hydei sperm cells 
arise and disappear (chapters V, VI and VII). And, with Bergson we feel: "Et, le plus 
souvent, quand l'expérience a fini par nous montrer comment la vie s'y prend pour ob
tenir un certain résultat, nous trouvons que sa manière d'opérer est précisément celle à 
laquelle nous n' aurious jamais pensé" (L'évolution créatrice, introduction). 
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CHAPTER II 

Ultrastructure of the Y chromosomal lampbrush loops 
in primary spermatocytes of Drosophila hydei 

Abstract 

The morphology of the Y chromosomal lampbrush loops in thin sectioned primary spermatocytes of 
Drowphla hydei is described All loops display a characteristic morphology Major parts of the loops 
are composed of protein Nucleic acids arc detectable only in a few components of each loop in partie 
ular in small particles We conclude that the complex morphology of at least some of the loops is the 
result of metabolic processes at the chromosomal level, different from transcription of genes 

Introduction 

The Y chromosomal structures in primary spermatocytes of Drosophila hydei were first 
described by light and electron microscopy (EM) and identified as lampbrush loop-like 
chromosomal differentiations by Meyer (1963) In agreement with this, they are tran
scriptionally active (Hennig, 1967) Their fine structure was studied in more detail in 
chromatin spreading experiments (Meyer & Hennig, 1974, Hennig et al , 1974, Glatzer 
1975, Glatzer & Meyer, 1981, chapter III), with cytochemical techniques (Meyer, 1963, 
Hennig, 1967, Yamasaki, 1977,1981) and by immunofluorescence (Kremer, 1983) 

Chromatin spreading procedures yielded substantial insight into the fine structure 
of the loop pair, called "nooses" (chapter HI), but the ultrastructure of the other loops 
is too complex to be completely understood from experiments using the same technical 
approach 

For a better understanding of the molecular composition and function of the giant 
lampbrush loops we studied them in ultrathin sections and applied various differential 
staining procedures to localize RNA within distinct components of the loops Incor
poration of 3H-uridine and subsequent EM autoradiography were carried out to deter
mine the positions of newly synthesized RNA molecules Both methods consistently 
showed RNA in small nbonucleoprotein (RNP) particles within the loops Other major 
structural elements of the loops are devoid of detectable amounts of RNA 
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Materials and methods 

Drosophtla stram Males of D hydei were from a wild-type strain of our laboratory 

Study of the ultrastructure Testes were isolated in Drosophtla Ringer and fixed in 2% glutaraldehyde in 
0 1 M cacodylate buffer, pH 7 4, at 4° С overnight 

For the study of loop morphology, preparations were postfixed in 2% OsO^ for 1 h, stained in 3% 
uranyl acetate in 70% ethanol for 1 h and embedded in Epon according to standard procedures Ul-
trathin sections were stained in 3% aqueous uranyl acetate (pH 4) for 15 mm and contrasted with lead 
citrate (Reynolds, 1963) 

For the PTA (phophotungstic acid) staining preparations were dehydrated after the initial glutaral
dehyde fixation in an ethanol/water series and stained overnight in 3% PTA in absolute ethanol After 
two 5 mm washes in absolute ethanol the preparations were embedded in Epon Sections were studied 
without any further staining (see Derksen & Willart, 1976) 

The uranyl acetate (pH 1 8) and the uranyl acetate (pH 4) followed by EDTA (ethylenediam-
inetetraacetic acid) staining procedures were performed on the grid After an initial glutaraldehyde fix
ation testes were dehydrated and embedded in Epon Sections were stained for 2 min in 2% aqueous 
uranyl acetate, pH 1 8, and contrasted with lead citrate (Derksen & Meekes, 1984) or stained for 1 mm 
in 2% aqueous uranyl acetate, pH 4, destained in 0 2 M EDTA for 25-40 mm and contrasted in lead ci
trate (Bernard, 1969) 

Electron microscopic autoradiography One-day-old adult males were injected with 1 μΟ 'H-uridine 
(sp act 46 Ci/mM) in 1 μΐ Drosophila Ringer (for technical details see Hennig. 1967) Testes were 
dissected after 5 h and prepared for EM as described above for the PTA stained preparations Howev
er, in this case the preparations were also postfixed in 2% OsOt 

Fig. 1. Nuclei of spermatogonia and primary spermatocytes of D hydei A Secondary spermatogoni
um Arrow points to pores m the nuclear envelope Bar represents 1 μιπ В Stage I primary spermato
cytes Arrow points to aggregation of electron dense organelles that are characteristic for this stage of 
spermatocyte development Bar represents 2 μιη С Young stage II primary spermatocytes Bar 
represents 10 μιη D Stage III primary spermatocyte Laminar bodies are found as electron dense small 
organelles all over the cytoplasm (arrows) Bar represents 10 μιη E Stage II spermatocyte Note the 
irregular shape of the nuclear membrane Arrowheads indicate some foldings and invaginations of the 
nuclear envelope Bar represents 2 μπι F Nuclear envelope of stage II spermatocytes Part of the nu
clear envelope with many pores is shown in surface view Bar represents 0 2 μιη G Perinuclear plasm 
Arrow points to microtubule between the nuclear envelopes Bar represents 0 2 μιη Η Nucleolus of 
stage III spermatocytes Bar represents 2 μιη I Nuclear envelope of stage III spermatocytes Bar 
represents 1 μτη A autosome, cc cyst cell, Cyt cytoplasm Ce ceninole, CI "club", ƒ fibrillar part of nu
cleolus, gr granular part of nucleolus, LB lamellar body, m mitochondrion, N nucleolus, Nu nucleus, Po 
nuclear pore, pp perinuclear plasm, Ps "pscudonucleolus", RNP nbonucleoprotein, Tr "tubular ribbons", 
X X chromosome 
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Ultrathin sections were collected on collodium-coated glass slides and covered with 
an Ilford L4 autoradiographic emulsion After 14 days of exposure the film was 
developed in Kodak D19b developer, fixed, and the preparations stripped from the 
slides on a water surface and picked up on a grid For complete description of the au
toradiographic method see Vrensen (1970) 

Results 

In the first part of this section we describe the ultrastructural steps of the differentia
tion of the spermatogonia and spermatocytes with special attention to the nucleus We 
mention some prominent apects of cytoplasmic differentiation that may serve as addi
tional landmarks in spermatocyte development In the second part we describe the ul
trastructure of the Y chromosomal loops and in the third part their cytochemical com
position 

Structure of the primary spermatocyte during its development 

The most prominent feature in the development of spermatocytes is the formation of 
the giant lampbrush loops They represent active fertility genes of the Y chromosome 
required for normal sperm differentiation (for review see Hackstein et al , 1982) On 
the basis of the cytology of these lampbrush loops Henmg (1967) divided the develop
ment of primary spermatocytes into four distinct stages (I - IV). Spermatocytes of dif
ferent stages are located in defined regions of the testis tube and can thus be selected 
during trimming of the Epon-block Staging was confirmed by the structure of sec
tioned spermatocyte nuclei (Henmg, 1967) 

Fig. 2. Chromosomal structures in the nucleus of the D hydei primary spermatocyte 
A "threads", В "pseudonucleolus", С Cross section of spermatocyte nucleus showing various loops ("pseu-
donucleolus", "threads" and nucleolus are not seen in this section) Bar represents 5 цт in A - С D -
G Nuclear structures associated with the nucleolus in young primary spermatocytes (stage I) Note the 
differences in structure Their ultrastructure can hardly be related to the structure of the fully developed 
Y chromosomal lampbrush loops Large arrowheads point to grand with fine fibrillar substructure 
Small arrowheads indicate RNA containing granules Large arrows point to autosome-like material 
Small arrows indicate tubular components Bar represents 4 μπι in D - G H Autosome in stage I sper
matocyte I Autosome in early stage II spermatocyte J X chromosome attached to the nucleolus Bar 
represents 1 μπι in Η - J C7 "clubs", Ch Ps-channels, Co "cones', Cyf cytoplasm, Gr Cl-grana, LB 
lamellar body, Nu nucleus, Psm Ps-matnx, The Th-compact-part, Thd Th-diffuse-part, Tr "tubular rib
bons", Tre Tr-compact-dots 
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Spermatogonia (Fig. 1Á). The spermatogonia are found in the tip of the testis tube. 
They are grouped in cysts surrrounded by two cyst cells. All spermatogonia are similar 
in structure: they are small cells (about 12 μτη in diameter) with a round nucleus 
(about 8 μπι in diameter). In the nucleolus a fibrillar and a granular part is observed; 
clusters of chromatin of presumptive autosomal origin are found all over the nucleus. 
The nuclear envelope is a double membrane with many pores. The transition from 
spermatogonium into spermatocyte development is accompanied by an increase in the 
number of mitochondria and in cellular volume. The number of centrioles is doubled 
to four (as has also been described by Tales (1971) for D. melanogaster). 

Stage I primary spermatocytes (Figs. IB, 2D-H). The У chromosomal lampbrush struc
tures begin to develop during stage I of primary spermatocyte development. They ori
ginate in the neighborhood of the nucleolus as granular, tubular, or fibrillar structures. 
These structures cannot easily be homologized with any of the fully developed lamp-
brush loops seen in stage II primary spermatocytes (Fig.2 D-G). Both transcript in situ 
hybridization of cloned DNA of the loop "nooses" (Vogt and Hennig, unpublished) and 
immunofluorescence with an antibody against a protein that is specifically associated 
with the "pseudonucleolus" (Hulsebos et al., 1984) give positive signals with these struc
tures close to the nucleolus of young stage I primary spermatocytes. Therefore, some 
of these structures are prestages of the giant lampbrush loops. 

Stage I spermatocytes increase rapidly in volume. Their nucleus is round and the 
nucleolus is attached to the nuclear envelope. The typical pattern in the nucleolus of 
fibrillar and granular components disappears; only the granular material remains. The 
nuclear envelope is formed by a double membrane with an electron dense lamina. Be
sides the nucleolus the autosomes are prominent structures in the nucleus. During 
stage I of the spermatocyte development the paired autosomes move to the periphery 
of the nucleus opposite to the nucleolus. In the electron microscope they are recog
nized as electron dense granular structures (Fig. 2H). 

The cytoplasm contains many small mitochondria, four short centrioles and an 
electron dense prominent structure of unknown character (arrow in Fig. IB). This 
structure has only been found in early stage I spermatocytes. It is also easily recog
nized in light microscopic preparations. 

Stage Π primary spermatocytes (Figs. 1С, E-G, 2A-C, I,J, 3). In stage II primary sper
matocytes the transcriptional activity of the У chromosomal lampbrush structures is at 
its maximum (Hennig, 1967). These lampbrush loops are now fully developed and oc
cupy almost the entire nuclear volume. Their structure is described in detail later. 

The nucleus of a stage II spermatocyte has the shape of a pear with the nucleolus 
situated in its base, attached to the nuclear envelope (Fig. 1C,E). It has a uniform and 
compact structure and the fibrillar component has disappeared. In the region that is in 
contact with the nuclear envelope the nucleolar granules are less densely packed and 
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associated with vacuoles. A chromosomal structure attached to the nucleolus (Figs. 
IE, 2J) has been interpreted to be the X chromosome (Meyer, 1963; Hennig, 1967; 
Yamasaki, 1977). 

During this stage of spermatocyte differentiation the nuclear envelope is involved 
in major developmental changes. A second double membrane is formed around the nu
cleus (Fig. IG) which separates a region of "perinuclear plasm" (Tates, 1971) from the 
cytoplasm. The nuclear envelope becomes irregularly shaped (Fig. IE) and accumula
tions of RNP are found in the perinuclear plasm (Fig. IG). Some microtubules are 
also observed in this area (Fig. IG). The inner nuclear double membrane contains 
many pores (Fig. IF) except at the base of the nucleus where the nucleolus is situated. 
The autosomes are not easily found in this stage of spermatocyte development, unless 
special staining procedures are applied (Yamasaki, 1977). They appear usually at the 
periphery of the nucleus (Fig. 21) opposite the nucleolus, and arc partially decondensed 
(see also Fig. IE), as expected from their transcriptional activity (Hennig, 1967). The 
autosomes are paired and decondense gradually during spermatocyte development until 
stage IV when they reach maximal decondensation. Thereafter they rapidly condense. 

Also in the cytoplasm of the primary spermatocyte of stage II significant develop
mental changes can be observed. Mitochondria increase in number and size (Fig. 2C). 
The centrioles move towards the periphery of the cells where the centriolar sheet is 
formed in the same way as described by Fritz-Niggli and Suda (1972) for D. melano-
gaster. In this stage the lamellar bodies (Figs.ID, 2C), which have an unknown func
tion during meiosis, are first observed. 

Stage III-IV primary spermatocytes (Fig. 1D,H,I). During these developmental stages 
the transcriptional activity decreases, and ceasing completely during meiosis (Hennig, 
1967). Simultaneously, the Y chromosomal lampbrush loops change their morphology 
and they become granular structures that cannot be correlated with any of the individu
al Y chromosomal loops (Fig. ID). The structures of Y chromosomal origin in the nu
cleoplasm prevent a clear identification of autosomes. The nucleus becomes spherical 
and the nucleolus decreases in volume and detaches from the nuclear envelope. Often 
a central vacuole develops within the nucleolus (Fig. IH). 

The nucleus becomes more regularly shaped and at many places additional mem
branes are formed along the nuclear envelope. Accumulations of RNP are no longer 
observed in the perinuclear plasm (Fig. II). 

The mitochondria in the cytoplasm enlarge further and are surrounded by an extra 
double membrane (Fig. 1A). Within the mitochondria electron dense granules are 
formed. Similar granules are also found in the Nebenkern and its derivatives during 
early spermatid elongation (see also André, 1962). 
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Finally two asters are formed at the nuclear poles at stage IV. Each contains two 
long centnoles and is surrounded by a sphere of lamellar bodies Mitochondria aggre
gate and form a sheet around the nucleus The Y chromosomal lampbrush loops are 
completely disintegrated 

Morphology of the Y chromosomal lampbrush loops (Figs. 2A-C, 3A1-5) 

In spermatocytes of stage II five lampbrush loop pairs develop on the Y chromosome 
(see Hess, 1965a).· the "nooses" (Ns) on У5 and the "clubs" (CI), "tubular ribbons" (Tr) 
"pseudonucleolus" (Ps), and "threads" (Th) on Y1 Both chromosome arms bear a nu
cleolus organizer at their distal ends (for review see Hennig, 1978) All loops consist 
of various structural elements and change in morphology during spermatocyte develop
ment These developmental processes will be described in more detail for each loop 
separately 

"Nooses" (Figs 2C, 3A5) The lampbrush loop pair "nooses" is located near the nu
cleolus at the basis of the spermatocyte nucleus It is usually found closely associated 
with the "clubs" (Fig 2C) In ultrathin sections the "nooses" appear as an area of 
granules (with a diameter of about 40 nm) (Fig 3A5) Sometimes these "Ns-granules" 
are joined by "Ns-connecting fibrils" (chapter III). These structural components of the 
"nooses" are directly related to the structure of the giant transcripts The loops consist 
of an axis with giant transcripts of a complex morphology displaying granules and con
necting fibrils. 

In young spermatocytes (stage I) the area of the "nooses" is small and often associ
ated with electron dense material, which may be autosomal or X chromosomal as 
judged from its morphology. In later spermatocyte stages no such association is seen. 
During stage IV of spermatocyte development the Ns-granules are distributed in irregu
lar clusters rather than homogeneously 

It has been suggested earlier that the short arm of the Y chromosome carries two 
lampbrush loop pairs (Hess, 1967). We do not have any cytological or ultrastructural 
evidence for this 

Fig. 3. Ultrastructural and cytochcmical analyses of the У chromosomal lampbrush loops in stage II pri
mary spermatocytes of D hydei A uranyl acetate, pH 4, В uranyl acetate, pH 1 8, С uranyl acetate / 
EDTA, D PTA in ethanol 1 "threads", 2 "pseudonucleolus", 3 "tubular ribbons", 4 "clubs", S "nooses" 
Ch Ps-channels, Clb Cl-body, Co cone, Gr Cl-grana, gr Cl-granules, Psk Ps-knobby complex, Psm Ps-
matnx, Psp Ps-particles, The Th-compact part, Thd Th-diffuse-part. Tre Tr-compact dots, 7rt Tr-
tubules Bar represents 0 5 μιτι 
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"Clubs" (Fig 2C, 3A4) The "clubs" consist of two voluminous bodies, which we call 
the "Cl-bodies" These structures contain spheres 0 2-1 μ in diameter, the "Cl-grana" 
The mam component of the Cl-bodies is composed of a diffuse fibrillar material (Fig 
3A4) The Cl-grana, in contrast, have a fine granular structure Small particles 40-45 
nm in diameter, the Cl-granules, are attached to the outer edge of the Cl-grana (see 
Meyer, 1963) 

During spermatocyte development the Cl-bodies elongate and the number and size 
of the Cl-grana increase The largest grana develop an "empty" center (see Fig 5), and 
the number of surrounding Cl-granules increases Even in the late spermatocyte stages 
(III and IV) one still can identify the characteristic Cl-grana, associated with granules 

"Tubular ribbons" (Figs 2C, 3A3) The "tubular ribbons" are difficult to describe since 
they have a less distinct morphology In the light microscope they are seen as a cloud 
of diffuse material with "compact dots' (see also Fig 2C) In the electron microscope 
(see Fig 3A3 and 3D3) the diffuse material is seen as a homogeneous field of tubules 
(35 nm in diameter), called the "Tr-tubules" The more compact portions consist of 
tightly packed, filled tubules, the "Ί r-densc-tubules" The differentiation between dif
fuse region and compact dots is not always clearcut in stage II spermatocytes Howev
er, in later stages the Th-compact-dots become more prominent 

It has been suggested that the "tubular ribbons" are composed of at least two loop 
forming sites (for review see Henmg, 1978) Our investigation provides no further in
formation in this respect 

"Pseudonucleolus" and the "cones" (Figs 2B, 3A2) The "pseudonucleolus" is a large 
body of loosely organized fibrillar structures where 25- to 30-nm "Ps-particles" and "Ps-
knobby complexes" appear randomly distributed (see Meyer, 1963) (Fig 3A2) A sys
tem of "Ps-channels", which are filled with fibrillar material, is integrated in this "Ps-
matnx" The body of the "pseudonucleolus" is accompanied by the two "cones", which 
in their ultrastructure are identical with the Ps-channels (Fig 2B) The "cones" often 
contain aggregations of particles in their centers comparable to those found in the ma
trix of the "pseudonucleolus" Because of the similarity in their ultrastructure we con
sider the "pseudonucleolus" and the "cones" to be a structural unit 

In young spermatocytes (stage I) the system of Ps-channels is not yet present, but 
develops during the late stage I In stage III spermatocytes the Ps-channels have be
come the most prominent structural elements of the "pseudonucleolus", whereas the 
Ps-particles and Ps-knobby complexes in the matrix which are prominent in young 
loops are less striking in older spermatocytes 
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"Threads" (Figs 2A, 3A1) The "threads" connect the nucleolus with the "pseudonu-
cleolus" where they are attached to the "cones" They consist of a densely stained cen
tral axis, the "Th-compact-part", that is composed of a tightly packed thin fibrillar ma
terial It is surrounded by a fibrillar region the '1 h-diffuse-part" through which 35- to 
40-nni granules are scattered ("Th-particles") This Th-diffuse-part extends beyond the 
length of the Th-compact-part up to the "cones" (cf Hennig, 1967) The ultrastructure 
of the diffuse part of the "threads" does not change during development The Th-
compact-part, however, is formed only gradually during spermatocyte development and 
attains its most extended state in late stage II spermatocytes It can be found until 
stage IV of spermatocyte development 

Cytochemical and autoradiographic analysis of the Y chromosomal lampbrush loops 

The analysis of the Y chromosomal lampbrush structures revealed a complex morphol
ogy Previous studies have shown that the loops consist mainly of protein and RNA 
(Hennig, 1967) They incorporate Ή-υΓκΙιηε at a considerable rate (Hennig, 1967) 
This label must be incorporated in the giant transcripts that are seen in spreading ex
periments (Hennig et al , 1974, Glatzer & Meyer, 1981, chapter III) The complex 
morphology of most of the loops (i e "clubs", "pseudonucleolus" and "threads") cannot 
however be explained by assuming that they simply represent giant, active transcrip
tional units To understand more about the functional relevance of the loop morpholo
gy we determined the distribution of RNA and proteins in their various ultrastructural 
components by applying different staining procedures (1) uranyl acetate, pH 1 8, 
which stains mainly nucleic acids (Derksen & Meekes, 1984), (2) uranyl acetate/EDTA 
regressive staining, which indicates RNA (Bernhard, 1969), and (3) alcoholic PTA 
which stains preferentially basic proteins (Sheridan & Barrnett, 1969, Silverman & 
Glick, 1969) In the nucleus such proteins are often associated with nucleic acids 
Since the lampbrush structures are extremely poor in DNA (Meyer, 1963, Hennig, 
1967, chapter III), all three staining procedures can be used to identify RNA 

Figure 3 shows the Y chromosomal lampbrush loops of stage II spermatocytes after 
the various staining procedures The individual loops were indentified on the basis of 
their position in the nucleus and of their particular morphology (cf Fig 2A-C) The 
data (summanzed in Table 1) suggest that major constituents of the У chromosomal 
lampbrush loops are devoid of RNA Most of the loops contain proteins that may not 
be directly associated with transcripts Transcripts are preferentially located in the 
small RNA granules or particles (with diameters between 25 and 45 (*m, depending on 
the particular loop) which were found in all loops except the "tubular ribbons" In the 
diffuse-part of the "threads" some RNA-containing fibrillar structures could also be 
detected using the Bernhard staining procedure (Fig 3C1) The staining procedures 
revealed also that the lenticular accumulations of material in the perinuclear plasm in 
stage II spermatocytes contain RNA (Fig 4) 
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Fig. 4. Accumulation of RNP at nu
clear envelope. 
A uranyl acetate. pH 1.8; В uranyl ace
tate /EDTA; С PTA in ethanol. Ar
rowheads indicate lenticular RNP accu
mulations. Cyt cytoplasm. Cr Cl-grana. 
Nu nucleoplasm. Bar represents 1 μιτι 

Fig. 5. Electron microscopic autora
diography of the "clubs" in a stage II 
spermatocyte nucleus after incorpora
tion of 'H-uridine. 
Note the "empty" centers in some of the 
Cl-grana IGr). Arrows point to 
granules attached to the Cl-grana. Ar
rowhead points to label at the nuclear 
membrane. Clb Cl-body. Cyl cyto
plasm. Bar represents 1 μτη 
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To confirm this localization of RNA we used EM autoradiography after incorpora
tion of 'H-uridine. All loops incorporate the radioactive precursor. However, the 
structural elements of the loops that contain RNA according to the cytochemical stain
ing are usually too small to be resolved by this method. 

A significant correlation of autoradiographic label with particular loop elements 
was, nevertheless, obtained in two cases: in the Cl-granules that are attached to the 
surface of the Cl-grana and in the lenticular structures of the perinuclear plasm. In the 
example shown in Figure 5 the label is associated with the Cl-granules and the nuclear 
envelope but not the center of the Cl-grana which according to the cytochemistry is de
void of RNA. These results, thus, confirm the reliability of the cytochemical staining 
procedures. The results of all experiments are summarized in Table 1. 

Discussion 

The morphology of most of the "classical" lampbrush loops in amphibian oocyte chro
mosomes is rather uniform and allows hardly any distinction between loops. Only a few 
loops, used as "landmarks" in the chromosome maps (Callan, 1982), display a strikingly 
different morphology, which permits the individual identification of each of the loop 
pairs within the chromosome set. The lampbrush loops in the primary spermatocytes 
of D. hydei with the exception of the "nooses" (chapter III) belong to this special type 
of loop (cf. Fig. 1). The biological relevance of such a remarkable morphology is, 
however, still unknown. 

This study clearly shows that some of the loops undergo morphological changes 
during development. These changes are due to the accumulation mainly of proteins 
within certain structural components of the loops. This is evident for the Cl-grana, the 
Ps-channels and the Th-compact-part. Such structures contribute substantially to the 
specific morphology of the different loops. 

It is well known that loop morphology is heavily influenced by the action of meta
bolic inhibitors of RNA and protein synthesis Meyer & Hess, 1965; Hess, 1965b; Hen-
nig, 1967). This can be explained by a delayed or interrupted accumulation of material 
within the loops. In agreement with this interpretation, duplication of certain loops by 
genetic means generally leads to a decrease in volume of each of the loop pairs, indi
cating a limitation in the amount of material available for storage (unpublished). The 
specific morphology of each loop must, on the other hand, be determined by factors 
endogenous to the particular region of the У chromosome since mutations within the 
corresponding complementation groups may result in a mutated loop morphology 
(Hackstein et al., 1982; cf. also Hess, 1964, with respect to the autonomous character 
of loop morphology in mutants). Since at least some of the major loop-associated pro
teins must be of autosomal genetic origin (cf. Hennig, 1977, 1984; Hulsebos et al., 
1984), loop morphology is most likely directed by the structure of the transcripts or by 
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the DNA of the loops itself (Hennig, 1967). Our recent investigations showed, in 
agreement with this, a highly specific secondary structure of the transcripts of each of 
the three loops studied so far ("nooses": chapter III; "threads" and "pseudonucleolus": 
chapter IV). 

The ultrastructural and cytochemical analyses of the loops described in our present 
paper must be related to the observations made from chromatin spreading studies and 
to the relevant cytological and genetic data. Since each type of loop has its specific 
properties, the loops are considered separately in detail. 

"Nooses". The "nooses" are at present the best known loop pair of the У chromosome 
(chapter III; Vogt & Hennig, 1983). They represent a pair of loops with a DNP (deox-
yribonucleoprotein) axis of at least 260 kilobase pairs (kb), densely packed with RNP 
complexes containing a large number of granules. They carry about 140 growing tran
scripts per loop. Consistent with this structural pattern the cytochemical staining and 
the autoradiography after incorporation of 'H-uridine indicate a high RNA content, in 
contrast to the other loops. There is no obvious structural element that is devoid of 
nucleic acids. The "nooses" must, therefore, be considered to be a pair of giant tran
scription units of the classical lampbrush loop type, composed of an unfolded DNA 
axis with growing transcripts covering its entire length. 

This picture does not fully agree with earlier observations which gave no clear-cut 
evidence for an intense transcription of the "nooses" (Hennig, 1967) and displayed few 
characteristics of their histochemical properties (Yamasaki, 1977). The earlier studies 
were, however, hampered by the delicate cytological properties of this loop pair. 

"Clubs". The morphology of the "clubs" cannot yet be related to their transcriptional 
properties since no chromatin spreading experiments have been carried out. RNA has 
only been located in the Cl-granules. The bleaching of the Cl-bodies and the Cl-grana 
after EDTA treatment according to Bernhard and the scant labeling after á3H-uridine 
incorporation indicate the absence of RNA in these structures. The lack of any stain
ing reaction after uranyl acetate, pH 1.8, treatment argues against DNA in the Cl-
grana. The strong reaction with brilliant sulfoflavine (Kremer, 1983) however, indi
cates basic proteins in these structures. The lack of PTA staining, therefore, is prob
ably due to penetration problems for the large PTA molecules. 

The morphology of the RNP granules in the "clubs" is similar to that of the Ns-
granules (Fig. 6). Since there is evidence for a direct contact between the "nooses" and 
the "clubs" (Figs. 2C, 6) and since the Ns-granules are constituents of the transcripts of 
the "nooses", it cannot be excluded that the Cl-granules originate (in part) from the 
"nooses" and are only secondarily associated with the Cl-grana. 
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In summary, the "clubs" are protein-rich structures for which the location of the 
lampbrush loop forming transcription unit has not yet been determined. RNA occurs 
in notable amounts only in the Cl-granules, which may not be exclusively a product of 
the "clubs" but may be derived in part from the "nooses". The "clubs" contain consider
able amounts of proteins within the Cl-grana which are most likely not intimately asso
ciated with nucleic acids. The amount and size of these Cl-grana increase during sper
matocyte development. This argues for some kind of storage function of the Cl-grana. 
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Table 1 

The composition of the Y chromosomal Umpbrush loops 
in spermatocytes of Drosophila hydci 

"nooses": 

45-nm granules, connected to each other by 10- to 15- nm thick fibrils Both components are 

rich in RNA 

"clubs": 

Cl-body Area of loosely packed 20 nm fibrils 

Cl-grana 0 1-0 2 μιη in diameter, sometimes with "empty" center contain mainly basic pro
teins 
Cl-granules 45-nm granules attached to the Cl-grana They are rich in RNA 

"tubular ribbons": 

Large area of 30- to 35-nm diameter tubules No further differentiation could be made using 
cytochemical staining procedures or autoradiography 

"pseudonucleolus": 

Cones and Ps-channels 0 5 μιη diameter thread with 25-nm fibrillar substructure, they develop 
gradually, contain mainly proteins 
Ps-matnx Large area of loosely packed 3- to 12-nm fibrils 

Ps-particles 20- to 25-nm granules They are rich in RNA Some are situated in the matrix, 
most lay close to the channels or in the cones 

"threads": 

Th-compact-part 0 5 μιη diameter thread of densely packed 7- to 10-nm fibrillar substructure, 
develops gradually Contains mainly proteins 

Th-diffuse-part Large area of loosely packed 15- 20-nm fibrils At least some of these fibrils 
contain RNA 
Th-particles 35- to 40-nm granules They are rich in RNA Some are situated in the Th-
diffuse-part, most lay close to the Th-compact-part 

The structure (Figs 1,2), the cytochemical (Fig 3) and the autoradiographic data (Fig 5) are summar
ized for each loop type 
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Fig. 6. Structural relationship between 
the "nooses" (Ns) and "clubs". 
Arrows point to Ns-connecting fibrils 
that link Ns-granules with Cl-granules. 
Clb Cl-bodies. Gr Cl-grana. Bar 
represents 1 μπι 

"Tubular ribbons". Our investigation of the "tubular ribbons" did not yield much new 
information in addition to Meyer (1963). The "tubular ribbons" appear as a system of 
open tubules including clusters of dense tubular material. None of the cytochemical 
staining procedures led to an additional differentiation of this loop nor could the RNA 
be assigned to any particular structural element. The transcription pattern of the "tu
bular ribbons" has not yet been studied by spreading experiments, and little is known 
about the genetic structure of this locus. The "tubular ribbons" incorporate 'H-uridine 
(Hennig, 1967) and are constructed of repeated DNA elements represented in (nu
clear) transcripts (Lifschytz et al., 1983). 

Since we found no structural elements in the "tubular ribbons" that are devoid of 
nucleic acids and since their structure is rather homogeneous, the "tubular ribbons" 
might be considered as a lampbrush loop pair of the conventional type such as the 
"nooses". 

"Pseudonucleolus" and "cones". The structure of the "pseudonucleolus" and the "cones" 
is rather complex and does not at all resemble the classic picture of a lampbrush loop 
pair. The "cones" are composed of fibrillar material and in the center of the "cones" an 
accumulation of small RNP particles is found. Fibrillar material with identical mor
phology and staining behavior is found in the Ps-channels. We, therefore, consider the 
"pseudonucleolus" and the "cones" as a single loop pair. 
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The cytochemical staining of the Ps-channels and "cones" indicate that both struc
tures contain DNP, since they stain positively with uranyl acetate, pH 1 8, and alcohol
ic PTA, but destain after EDTA bleaching according to Bernhard However, the large 
amount of material in the "cones" and the Ps-channels precludes that they are ex
clusively composed of DNA The entire region 2 of the Y chromosome (Bonaccorsi et 
al , 1981), carrying loci Α-C (including "threads" and "pseudonucleolus") cannot contain 
much more than 3000 kb DNA (Bonaccorsi, pers communiation) There are on the 
other hand no arguments for DNA amplification in the "pseudonucleolus" (Huijser, 
pers communication) and the "pseudonucleolus" stains only very lightly with DNA-
specific dyes (Hennig, 1967, chapter V) For other loops ("tubular ribbons" and 
"clubs" Lifschytz et al , 1983, "nooses" Vogt, unpublished data) the absence of amplifi
cation has been experimentally proven Also in primary spermatocytes of D melano-
gaster no DNA amplification seems to take place (Lindsley and Tokuyasu, 1981) We 
assume that the DNA axis of the "pseudonucleolus" is located in the "cones" and the 
Ps-channels, as is also suggested by the observation of 'H-undme incorporation into 
the "cones" (Hennig, 1967) 

The Ps-matnx is composed of a loosely organized, thin fibrillar material of protei-
naceous nature RNP particles and RNA-containing knobby structures are scattered all 
over the matrix 

Recent Miller spreading experiments (chapter IV) have permitted us to visualize 
the growing transcripts formed in the "pseudonucleolus" These transcripts are separat
ed by relatively long distances (about 6 3 цт) on the DNP axis The length of the fi
nal transcripts exceeds 1000 kb, and the transcripts display a particularly high degree of 
secondary structure The pattern of transcript distribution indicates that the "pseu
donucleolus" contains only one transcription unit, which must be enormous 

This picture agrees with the results of our cytochemical analysis RNA-containing 
structures represent a minor fraction of the total mass of the "pseudonucleolus", and 
most structural components are devoid of notable amounts of nucleic acids We must, 
therefore, conclude that the material accumulated in the matrix, m the Ps-channels and 
in the "cones" represents proteins not closely associated with RNA As in the Cl-
grana, the amount of this material increases during spermatocyte development The 
"pseudonucleolus" seems to fulfill a storage function comparable to that of the "clubs" 

Immunological studies with different antisera indicate the presence of - probably 
several different - loop-specific proteins in the "pseudonucleolus" (Hulsebos et al , 
1984, Kremer, 1983) As in the Cl-grana, these proteins appear to be mainly basic 
proteins 

"Threads" The "threads" display a bipartite structure comparable to the "pseudonu
cleolus" a fibrillar, more diffuse component (as the Ps-matnx) with particles, which are 
neh in RNA, and a component with tightly packed fibrils without particles (the Th-
compact-part) RNA was found only in the particles and m some fibers of the diffuse-
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part of the "threads", while the Th-compart part appeared to be devoid of RNA This 
general picture of the distribution of RNA was confirmed by autoradiography, which 
displayed pulse-labeled RNA exclusively in the diffuse-part of the "threads". 

The transcription pattern of the "threads" has been analyzed by Miller spreading 
experiments Glatzer and Meyer (1981) suggested a pattern of transcription in the 
"threads" that has recently been confirmed in our laboratory (chapter IV). The 
"threads" produce large transcripts, which occur widely spaced along the DNP axis. 
They display two regions that differ in their secondary structure, a fibrillar, extended 
region without detectable secondary structure and a highly folded region closer to the 
DNA axis, which appears to be formed only late during transcription of the "threads" 
(chapter IV). As in the "pseudonucleolus", the length of the transcription unit is more 
than 500 kb. Most likely there is only one transcription unit in each chromatid. 

Glatzer and Meyer (1981) suggested that the region of the transcripts displaying a 
high degree of secondary structure represent the compact part of the "threads". How
ever, this interpretation is unlikely in view of our observation that the compact part of 
the "threads" do not contain notable amounts of RNA (Fig 3C1), particularly newly 
synthesized RNA. 

Since brilliant sulfoflavine, a dye specific for basic amino acids, stains Th-compact 
parts (Kremer, 1983). We assume that this part of the "threads", like the "pseudonu
cleolus" and the Cl-grana, stores proteins. The DNP axis of the loop may wrap around 
this material and continue through the distal diffuse-part of the "threads". The diffuse-
part probably represents the structure that accommodates the growing transcripts (cf 
also Henmg, 1978, 1984). 

The relation between storage functions of a loop and its transcriptional activity 
remains unclear. 

Conclusions 

OUT study shows that there are substantial differences between the structure of the dif
ferent У chromosomal lampbrush loops. Whereas some of them (at least the "nooses", 
and possibly the "tubular ribbons") represent a conventional type of lampbrush loop, 
consisting of a DNP axis with laterally attached growing transcripts, other loops contain 
structural components of a different character These components accumulate in the 
course of primary spermatocyte development and consist mainly of proteins. All loops 
so far investigated for their transcriptional patterns in Miller spreading experiments 
contain most likely a single transcription unit. The transcription patterns are , howev
er, specific for each loop as is the morphology. The transcripts of those loops that ac
cumulate proteins in distinct structural components have a particularly complex struc
ture and are more widely spaced than in the "nooses". 
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CHAPTER III 

Visualization of a lampbrush loop-forming fertility gene 
in Drosophila hydei 

Abstract 

Chromatin of D. hydei spermatocytes was spread according to Miller. One of the V chromosomal lamp-
brush loops, called the "nooses", has been identified in the Miller spreads. It consists of a single giant 
transcription unit with a DNA length of more than 260 kb. The transcripts of this loop have a complex 
morphology. Comparison of the lampbrush loop in chromatin spreads and in ultrathin sections revealed 
that the transcript morphology is maintained during the spreading procedure. 

Introduction 

Primary spermatocyte nuclei of Drosophila hydei contain chromosomal structures 
which have been identified as lampbrush loops of the Y chromosome (Meyer, 1963). 
Each of these lampbrush loops accommodates one complementation group (Hackstein 
et al., 1982). One of the loops, called "nooses" (Hess, 1965a), was analyzed with the 
aid of recombinant DNA clones (Vogt et al., 1982). This loop is composed of a com
plex family of repeated DNA sequences. On the basis of its length (5Ü μιτι) in living 
spermatocytes it was inferred that this lampbrush loop contains at least 165 kb of DNA 
(Hennig et al., 1974). These data, however, did not yield information about the organ
ization and the arrangement of the transcription unit(s) of this genetic locus. Such in
formation may be obtained from spreads of the active gene. In order to visualize the 
lampbrush loop pair "nooses" directly in the electron microscope we applied the 
chromatin spreading procedure of Miller (Miller & Bcatty, 1969) to our material. Vari
ous giant transcripts have been identified in similar chromatin spreading experiments 
with D. hydei primary spermatocytes (Hennig et al., 1974; Glätzer & Meyer, 1981). 
These transcripts could however not be assigned to any particular loop. We therefore 
decided to use spermatocytes of mutant males with a partially deleted У chromosome 
with only one lampbrush loop pair. 

In this study we describe spreads of the lampbrush loop pair "nooses". The latter 
consists of a single transcription unit with a length of at least 260 kb. In most of the 
other transcribed genes visualized so far by other investigators, the transcripts appear 
granular in ultrathin sections and as knobby fibers in Miller spreads. This suggests an 
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unfolding of the highly compacted transcripts during the spreading procedure Howev
er, the "nooses" transcripts are probably not packed in larger RNP complexes in vivo, 
since the morphology of the transcripts is similar in ultrathin sections and in spread 
preparations 

Materials and methods 

Drosophda strains We used a wild-type strain of Drosophila hydei from the collection of our laborato
ry Males with only the loop pair "nooses" in primary spermatocytes were obtained by crossing 
attached-XXIO males (Beck, 1976) to T(X, Y)58IY males These males carry an Χ Y translocation chro
mosome with exclusively the short arm of the Y chromosome (see Hackstein et al , 1982) Offspring 
males were regularly checked by cytology for an appropriate constitution 

Preparation of metaphases Metaphase chromosomes from neuroblasts of third instar larvae were 
prepared according to Lifschytz & Hareven (1982) 

Cytological preparations Spermatocyte cytology was studied under the conditions described by Henmg 
(1967) 

Chromatin spreading according to Miller Testes of 2 to 5 days old flies were isolated in the preparation 
medium (0 083 M KCl, 0 017 M NaCl, 0 01 M Tris pH 7 5) (Hennig, 1967) and washed in another dro
plet of this medium With a forceps the tip of the testes was cut off and brought in a 20-40 μΐ droplet of 
the spreading solution (0 0 1 % Joy in 0 001 M Na-borate buffer, pH 9) Alternatively, a 0 01% solution 
of NP40 in buffer, pH 7, was used No differences were obtained in the spreading results About 10 30 
cysts, each containing 8 spermatocytes, were permitted to flow out into the droplet of spreading solu
tion Here they were kept for 4-5 mm Further handling of the material was as desnbed by Glatzer 
(1975) 

Thm sections Testes of young males were isolated in a buffer, fixed in 2% glutaraldehyde in 0 1 M 

cacodylate pH 7 4 at 4''C overnight, washed extensively with the cacodylate buffer, postfixed in 2% 

OSO4 for 1 h, stained in 3% uranylacetate for 1 h and embedded in Epon following standard pro

cedures Ultrathin sections were studied in a Philips EM 201 

Results 

Characterization of the material 

Spermatocyte nuclei of D. hydei contain five pairs of У chromosomal lampbrush loops 
(Hess, 1965a) Each of them has a defined morphology and is readily identified in 
squash preparations or in thin section Whereas the other У chromosomal loops have 
a complex structure including heavily refractive regions or granules, the "nooses" exhi
bit a more conventional lampbrush loop structure- it consists of a pair of thinmsh 
loops, which carry a diffuse matrix over all their length and display some degree of po
larity (Fig. 7) These loops are usually difficult to identify in wild-type spermatocytes, 
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Fig. 7. Primary spermatocytes of wild-
type and T(X;Y)58I0 males of D. hydei. 
Bar represents 10 μιη. A Ultrathin sec
tion of a wild-type spermatocyte that 
shows all Y chromosomal lampbrush 
structures, identified by their abbrevia
tions. Bar represents 10 μηι. В Ul
trathin section of a T<X;Y)58/0 sperma
tocyte. The "nooses" loop area is indi
cated. Bar represents 10 μπι. С Phase 
contrast picture of a squash preparation 
of a testis of a T(X;Y)58!0 male. The 
"nooses" loop pair is indicated by an ar
row. Bar represents 10 μπι. D Detail 
of the "nooses" in wild-type spermato
cytes nuclei. Bar represents 2 μπι 

Fig. 8. A Ultrathin section of a wild-
type spermatocyte nucleus of Drospo-
phila hydei. Bar represents 5 μιτι. В 
Magnification of the area containing the 
"nooses". Bar represents 1 μπι 

but they are clearly visible in spermatocytes of mutant males that do not contain У 
chromosomal lampbrush structures other than the "nooses" (Fig. 7B). They contain 
small RNA granules which are seen in the electron microscope (Fig. 8). We used 
T(X;Y)58IO males for the chromatin spread experiments: offspring males of the cross 
T(X;Y)58IY males and attached-XXIO females were regularly inspected cytologically to 
ascertain that the "nooses" were the only Y chromosomal lampbrush loop in the pri
mary spermatocytes. 
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Fig. 9. Spread chromatin of a T(X;Y)58/0 spermato
cyte, showing many small non-ribosomal transcripts and 
non-transcribed DNA in nucleosomal configuration. 
Bar represents 2 μη\ 

Fig. 10. Schematic representation of the loop shown in 
Figure 11. The DNA axis (thick line) and the border 
lines of the growing transcripts (doited lines) are indi
cated 
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Fig. 11. Spread chromatin of a T(X:Y)58/0 primary spermatocyte showing one complete lampbrush 
loop "nooses" and parts of the other loop. Inset 1 shows the DNP axis with regularly RNP structures of 
loop transcripts. Inset 2 shows a ribosomal transcription unit in the proximal part of the loop (arrow). 
Bar represents 2 μιη 
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Fig. 12. Details of giant transcript of "nooses" loops of T(X;Y)58I0 primary spermatocytes. Note the 
branched structure of the transcripts (A) and the knobby structure of the RNP fibers (B). Nucleosomes 
are indicated by arrows. Bar represents 1 μιη 

m 

Fig. 13. Ultrastructure of the "nooses" transcripts as seen in chromatin spreads (A) and ultrathin sec
tions (B). Arrows indicate knobby and branched RNP structures. Bar represents 0.5 μιη 
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Visualization of the transcripts 

Three classes of transcripts are observed in T(X;Y)58/0 spermatocytes: ribosomal tran
scripts (see Hennig et al., 1974; Meyer & Hennig, 1974; Glätzer, 1975, 1979), small 
non-ribosomal transcripts (Fig. 9) and large transcripts of a complex morphology (Figs. 
11, 12, 13). These large transcripts, attached to giant transcription loops, are identified 
as "nooses" transcripts on the basis of: 1) the constitution of the flies (primary sperma
tocytes with only one giant lampbrush loop pair); 2) the absence of such large tran
scription units in X/0 males (own observations; see, however, Glätzer & Meyer, 1981); 
3) the size of the giant transcription loop (about 50 μπι. Fig. 11). A length of 50 μιη 
was also estimated for the "nooses" in cytological preparations of primary spermato
cytes (Hennig et al., 1974), 4) ribosomal transcription units are often found closely as
sociated with the giant transcripts. This is to be expected for the У chromosomal tran
scription units found in T(X;Y)58/0 males since they have a short Y chromosomal frag
ment translocated to the A' chromosome (see Fig. 7C) that bears the only nucleolus or
ganizer present in the mutant males. Moreover, the "nooses" are typically in close as
sociation with the nucleolus of the spermatocyte (see Fig. 7). Autosomal transcripts 
are usually situated far from the nucleolus (see also Hennig, 1967; Yamasaki, 1977). 
An additional argument for the identification of the giant transcripts as derived from 
the "nooses" is developed during this study on the basis of the structure of the "nooses" 
transcripts in ultrathin sections and in chromatin spreads. 

A complete transcription unit of the "nooses" from a T(X;Y)58/0 spermatocyte nu
cleus is shown in Figure 11. A length of 47.5 μιη is indicated by arrows. The total 
transcribed length of the loop is approximately 50 μπι. The transcription starts at one 
end of the loop and no additional initiation sites can be recognized along the loop (Fig. 
10). The transcripts display a high degree of secondary structure but nevertheless it 
can be seen that their sizes increase over the length of the loop. A total of 140 tran
scripts is found along the loop with an average distance of 0.35 μπι. If we accept the 
DNA compaction ratio derived for other transcriptional active genes (1.6: Laird et al., 
1976) the actual amount of DNA within the transcribed region of the "nooses" is about 
260 kb. Since the DNA of the loop axis is partially covered with nucleosomes (see also 
Fig. 12A) a DNA compaction ratio higher than 1.6 should propbably be applied. The 
amount of DNA in the transcribed region should then be even higher than 260 kb. 
The transcripts have a highly complex structure (Fig. 12). They are composed of 
branched RNP fibers which are in part covered with granules. The granules appear to 
be relatively regularly distributed all over the transcript. They have a diameter of 39 ± 
10 nm (n=35). Since transcripts in the middle of the transcription unit carry about 90 
granules and the granules are evenly distributed within each transcript , the total 
number of granules within one complete transcript is about 180, or about one granule 
each 1.5 kb. For the entire transcription unit with approximately 140 growing tran
scripts, which in average carry 90 granules, the number of granules is estimated to 
roughly 12,000. 

Spreading I 41 



Ultrastructure of the "nooses" 

In thin sections of embedded T(X;Y)58I0 testes the "nooses" can be identified as an 
area of granules with a diameter of 34 ± 9 nm (n=30) (Figs. 8, 13). No difference in 
the structure of the "nooses" was found between wild-type and T(X;Y)58/0 primary 
spermatocytes. Fibrils that connect the granules are also seen in thin sections (Fig. 
13B). The similarity in structure of the sectioned material and the spread transripts is 
evident. Thus, the actual conformation of growing transcripts in the "nooses" is faith
fully represented in the structure of transcripts visualized. No additional compaction 
by packing into proteins can be recognized from the ultrathin sectioning. 

If the area occupied by the "nooses" is supposed to be spherical and ultrathin sec
tions (20-30 nm) are used to count the number of "nooses" granules in a section, some 
evidence on the number of granules within the "nooses" can be obtained. The total 
number of granules for the "nooses" can be calculated if a presumed median section 
through the "nooses" is investigated. For ten different spermatocyte nuclei such esti
mates were carried out and the number of granules was calculated to range between 
15,000 and 32,000. Each transcription unit must consequently carry about 7,500 to 
16,000 granules. Although the estimation is rather crude, this number agrees with the 
estimate made from the spread transcription units. Therefore, it is unlikely that large 
amounts of packed transcripts are stored along the loop axis without connection to the 
growing transcripts, and are lost during the spreading. The structure of the lampbrush 
loop pair "nooses", as it is seen in the light microscope, is therefore determined by the 
growing transcripts, rather than by storage of transcripts of matrix proteins, as it occurs 
in the giant Trituras lampbrush loops (Callan, 1982). The spreads display thus a rea
sonably good picture of the morphology of loops as they are found in native nuclei. 

Discussion 

From our molecular studies we did not obtain conclusive data on the size and position 
of the transcription units within the "nooses" (Vogt et al., 1982). It had however been 
recognized that the "nooses" are composed of tandemly repeated DNA sequences 
which altogether must exceed a length of 150 kb. This interpretation of the biochemi
cal data has now been confirmed and extended. The minimum length of DNA within 
the transcribed region of the "nooses" is 260 kb, but could be even longer if a higher 
compaction ratio is assumed within the transcribed region. 

Moreover, it has now been shown that the loop forms one giant transcription unit. 
The sizes of transcripts are such that they cannot be isolated and measured by current 
biochemical techniques. However, the spreading experiments do not give further evi
dence on the final size of the transcripts in the cytoplasm. According to Vogt et al. 
(1982) no cytoplasmic RNA longer than 10 kb is found complementary to the "nooses" 
in primary spermatocytes. Whether any processing of the transcripts takes place or 
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whether the size of the cytoplasmic "nooses" transcripts is the consequence of dégrada
tion during extraction will have to be investigated 

The degree of secondary structure seen in the "nooses" transcripts is unusually high 
if compared with the structure of transcripts from other materials Even lampbrush 
loops from amphibian oocytes which also have transcripts of a length of more than 30 
μιη (Franke et al , 1976, Hill & Macgregor, 1980, Callan, 1982) do not display a com
parably high degree of secondary structure in their transcripts I his complex morphol
ogy of У chromosomal transcripts (see also Glatzer & Meyer, 1981) may be related to 
the high amount of repeated sequences in the "nooses" (Vogt et al , 1982) 

Beyer et al (1981) demonstrated a relationship between RNP granules in tran
scripts and processing events Processing events within transcripts such as splicing may 
be related to their secondary and tertiary structure although obviously not all RNP 
granules induce splicing The most obvious feature in the "nooses" transcripts is the 
presence of granules in more or less regular intervals of about 1 5 kb Since the cyto
plasmic RNA is considerably longer than 1 5 kb, there exist no obvious relationship 
between the positions of RNP granules in the primary transcripts and the final size of 
the RNA molecules after processing It can however, not be excluded that the 
granules are important for processing since their own content in RNA is unknown and 
the splicing could take place in larger intervals As opposed to the situation in Droso-
phila embryos as studied by Laird et al (1976) and Beyer et al (1980) there is no evi
dence in support of processing during transcription of the "nooses" 

In non-nbosomal genes transcripts are usually found in distances of about 0 1 μηι 
(or less) (Laird et al , 1976, Beyer et al , 1980, Hill & Macgregor, 1980, Miller, 1981) 
An average distance of 0 35 μπι was found between the "nooses" transcripts From this 
we calculate how many transcripts are formed during spermatogenesis, provided that 
the transcription rate does not seriously vary during the spermatocyte stage If, for ex
ample, transcription rates between 8 to 20 nucleotides per second (cf Scheer, 1973 for 
rRNA 34 nucleotids per second) are applied to this calculation the time required to 
complete one transcript from the "nooses" is 3 6 to 9 hours The application of ac-
tinomycin D results in a decomposition of the loop morphology which arrives at a max
imum about 5 hours after injection of the inhibitor (Henníg, 1967) This can be under
stood by assuming that the loops has been depleted from the majority of the transcripts 
after that time According to our calculation one transcript needs 3 6 to 9 hours to be 
completed The cytological data fit thus in principle to our present conclusions Hen-
mg (1967) has determined by an autoradiographic study that the primary spermatocytes 
are essentially active in transcription over a period of 113 h Since about 140 tran
scripts are found along the loop in an average distance of about 0 35 μπι (1 85 kb) ini
tiations may occur all 90 to 230 s 

Because of their peculanties it has occasionally been questioned whether the Y 
chromosomal structures in spermatocyte nuclei represent lampbrush loops at all (Cal
lan, 1982) It has moreover been speculated that the Y chromosomal loops accumulate 
transcripts from other chromosomal sites and may have a protective function, rather 
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than own coding functions (Kloctzel et al , 1981) Our results emphasize rather con
ventional features of the transcription unit of the "nooses" and therefore seem to quali
fy them as "normal" lampbrush loops Wc also have no evidence in support of the ac
cumulation of transcripts from other genetic loci within the "nooses". 

In this context it should be pointed out that the number of granules within the 
"nooses" area as calculated on the basis of thin sections is the same in wild-type and 
T(X, Y)58/0 spermatocytes We therefore conclude that the activity of the "nooses" in 
transcription as visualized in the translocation mutant is comparable with the activity in 
wild-type nuclei The structure seen in our spreads should hence reflect the normal 
transcription patterns of this loop pair 
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CHAPTER IV 

Lampbrush loop-specificity of transcript morphology 
in spermatocyte nuclei of Drosophila hydei 

Abstract 

The transcript morphology in the lampbrush loop pairs "threads" and "pseudonudeolus" of the Y chro
mosome in primary spermatocytes of Drosophila hydei has been investigated by the Miller spreading 
technique Each loop pair carries giant transcripts of a loop-specific morphology The transcripts 
display an unusually high degree of secondarv structure, which permits the identification of their chro
mosomal origin I he lengths of transcribed regions arc in the range of 500 to 1000 kb or even larger 
The results of our experiments are discussed in the context of loop ultrastructure, molecular structure 
and loop function It is considered that the high degree of secondary structure may be required to 
specifically assemble loop-specific proteins as there were recently identified 

Introduction 

The Y chromosome of Drosophila hydei forms giant lampbrush loops during its active 
phase in the primary spermatocyte (review Henmg, 1984) During the past years con
siderable progress has been made towards an understanding of the molecular structure 
of these lampbrush loops. It has been shown by genetic means that each loop pair ac
commodates one complementation group (Hackstein et al., 1982) At the molecular 
level, it has been shown that the loops are composed of complex repeated DNA se
quences (Vogt et al., 1982, Lifschytz et al., 1983, Henmg et al , 1983) The presence 
of tissue-specific transcripts of various loops in testes has been demonstrated by in situ 
hybridization and RNA blotting experiments (Vogt et al., 1982, Lifschytz et al., 1983). 
The loop-specific RNA fractions arc present in the cells as molecules of widely variable 
size (Vogt et al., 1982; Lifschytz et al., 1983) This observation raised the question on 
the size of the primary transcripts. In earlier studies it has been shown that large tran
scripts are associated with the Y chromosomal lampbrush loops (Meyer & Henmg, 
1974; Henmg et al., 1974; Glatzer & Meyer, 1981). It is obvious that such giant tran
scripts cannot be isolated by current biochemical methods. The knowledge on the pat
tern of transcription of У chromosomal loops relays therefore entirely on the applica
tion of electron microscopic visualization of the transcription unit according to Miller. 

Spreading II 45 



Recent studies (chapter II) demonstrated that at least three of the five Y chromo
somal lampbrush loops have particular structural properties, which distinguish them 
from the conventional type of lampbrush loops as found in amphibian oocytes (cf. Cal
lan, 1982). Three loops, the "threads", the "pseudonucleolus" and the "clubs", accumu
late proteins during the primary spermatocyte development (chapter II) which at least 
in part are loop-specific (Hulsebos et al., 1984). The question arises by which mechan
ism the accumulation of loop-specific proteins is achieved and what biological function 
is connected with this site-specific accumulation of proteins. An answer cannot be ex-
spected before the molecular properties of these genes are better known. In this paper 
it will be shown that the loop pairs "threads" and "pseudonucleolus" are giant transcrip
tion units. Each of the loops displays a highly specific pattern of transcription, in par
ticular with respect to the secondary structure of the transcripts. 

Materials and Methods 

Drosophila strams. Males with only the lampbrush loop pair "threads" were obtained by mating 
attached-XXIO females (Beck, 1976) to T(X,Y)6IY males (Hackstein et dl , 1982) The X-Y transloca
tion chromosome of these males carries only the distal part of the long arm of the Y chromosome with 
complementation group A, which is correlated with the expression of the "threads" Males with only the 
loop pair "pseudonucleolus" were obtained by crossing XXIO females to T(X,Y)74/Y males. The У 
translocation includes the distal part of the long arm of the Y with complementation groups A to G 
Complementation group A is inactive in this strain Since complementation group С is correlated with 
the expression of the "pseudonucleolus" and the other loci do not form prominent loops, the "pseudonu
cleolus" is the only large lampbrush loop in the T(X,Y)74/0 males The character of the "cones", which 
are attached to the "pseudonucleolus", remains uncertain (for discussion see Hennig, 1967, 1984; 
Chapter II) However, since the "cones", which arc present in both translocations used in our experi
ments, arc minute compared to the other lampbrush loops, and since they are expected to display the 
same type of transcripts in both strains in case they represent a separate transcription unit, they can be 
neglected in the present experiments The "cones" are expected to have smaller transcripts as they are 
frequently found (Grond et al., 1983) 

Cytology Cytological preparations were made as described before (Grond et al , 1983). 

Chromatin spreading according to Miller Spreading experiments were carried out as described earlier 
(Grond et al., 1983) 

Fig. 14. Transcripts in the loop pair "threads" 
A Overview of a DNA axis with several transcripts В Detail of A Arrows indicate nucleosomes С 
Spermatocyte nucleus of a T(X, Y)6/0 male in phase contrast. Only the "threads" (Th) are seen N nu
cleolus, b bush-like part, ƒ fibrillar part Bars represent 1 μπι in A and B, and 10 μτη in С 
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Results 

The spreading of chromatin according to Miller of wild-type primary spermatocytes of 
D hydei results in pictures where the various loops cannot be distinguished individual
ly Meyer & Hennig, 1974, Hennig et al , 1974, Glatzer & Meyer, 1981) We therefore 
investigated spermatocyte nuclei with a single loop pair (see also Grond et al , 1983) 
which should permit a direct identification of the transcript pattern of the particular 
loop, assuming that it is not affected by the mutant constitution itself This assumption 
seems the more justified as the structure of the transcripts of the "pseudonucleolus" 
(see below) is the same in different strains In our present approach we used sperma
tocyte nuclei of males with either the "threads" or the "pseudonucleolus" (Figs 14, 15) 
These loop pairs are of special interest because of their unique structural properties 
(chapter II, Hulscbos et al , 1984) and because of the wide range of loop mutants 
available (Hackstein et al , 1982) The results from the spreading of both loop pairs 
will be described separately in the following sections 

In general, we recognized the same three types of transcripts described m an ear
lier paper (Grond et al , 1983) The first type of transcripts is easily to identify as nbo-
somal transcripts (Meyer & Hennig, 1974, Glatzer, 1979) The second type of tran
scripts includes small and widely spaced non-nbosomal transcripts as described by 
Grond et al (1983) Transcripts of the third type are extremely large, with a high de
gree of secondary structure The specific secondary structure of these large transcripts 
depends on the genetic constitution of the respective spermatocyte nucleus. In all 
cases, where only single lampbrush loop pairs are present in the nucleus due to the 
deletion of the residual loop-forming loci, only one characteristic conformation of the 
transcripts could be found In spermatocyte nuclei without У chromosome such tran
scripts were never observed by us (cf Grond et al , 1983) If they were present, they 
should have been detected by light microscopy also Thus, the specificity of the secon
dary structure of the transcripts in relation with the specific genetic constitution, and 
the fact that only single large loops which could carry transcripts of comparable sizes 
(for details see Materials and methods) are present in the spermatocyte nucleus leads 
us to the conclusion that the large transcripts are associated with the respective lamp-
brush loop pair 

Transcriptional pattern of the "threads" 

In spreading experiments nuclei with only "threads" display a rather peculiar type of 
transcripts (Fig 14) They are composed of a bush-like portion close to the DNA axis 
and a long fibrillar part extending from the bush-like portion 

Fig. 15. Transcripts in the loop pair "pseudonucleolus" A Overview of a DNA axis with several tran
scripts В - D Transcripts at higher magnification Note small transcripts (arrow) between the large 
transcripts The gradient in the sizes of the transcripts is evident (D). E Spermatocyte nucleus of a 
T(X,Y)74IO male in phase contrast Only the pseudonucleolus (Ps) is seen N nucleolus Bars 
represent 1 μιη in A - D, and 10 μ in E 
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Not only the secondary structure in the different parts of the transcripts differs drasti
cally, but also their diameter. In the spreads the bush-like portion of the molecules are 
relatively thin (3-7 nm) compared to the fibrillar portion (8-12 nm). This indicates a 
difference in the association with proteins. Moreover, in the bush-like portion many 
regions probably representing fold-backs are seen which indicates a high degree of in
tramolecular interactions. This is probably not the case for the fibrillar distal part. It 
can, however, not be excluded that the bush-like structure is a transient state of the 
transcripts. 

The distance between the single transcripts is usually relatively large, although vari
able (Fig. 14A). It ranges between 1.8 μιη and 5 μπι. It is difficult to obtain precise 
measurements since the exact position of the polymerases at the DNA axis is usually 
obscured by the bush-like part of the transcripts. From longer sections of DNA with 
transcripts we estimate their average distance to approximately 3 μπι. 

From Figure 14A it is obvious that the size of the transcripts is exceptionally large. 
The longest stretch of DNA covered with transcripts as shown in Figure 14A was about 
40 μιη in our experiments. The highly complicated structure prevents to recognize 
whether there is any gradient in the length of the transcripts. However, since all tran
scripts seen in Figure 1A are of an extreme size (cf. Fig. 16) we conclude that the total 
length of the transcriptional unit must considerably exceed the length of the DNA axis 
measured in the region with transcripts. 

Transcriptional pattern of the "pseudonucleolus" 

In spreading experiments transcripts of the "pseudonucleolus" display an entirely dif
ferent secondary structure compared with the transcripts of the "threads" although their 
size is comparable. Their structure must be caused by intramolecular base homologies 
leading to the fold-back structures seen in the single transcripts. The morphology of 
these transcripts can be easily distinguished from the bush-like portions of the tran
scripts of the "threads" since the type of secondary structure is clearly different (Fig. 
15). Fibrillar portions were never observed in these transcripts. 

The distances of the single transcripts on the DNA axis is subject to an even 
greater variability than in the "threads". The smallest distances measured for 
"pseudonucleolus"-transcripts are less than 0.5 μπι, the longest around 20 μιη. Most 
frequently transcripts were found in distances between 1 and 9 μπι. 

Fig. 16. Comparison of the transcripts of the loop pairs "nooses" (A), "threads" (B) and "pseudonu
cleolus" (C). Magnification is at the same scale. The DNA axis is indicated (DNP). Bar represents 1 
μπι 
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Also m this loop pair a gradient in the sizes of the subsequent transcripts on a 
DNA axis is difficult to establish However, this loop displays a peculanty in its tran
script pattern which has not been observed in the other two loop pairs studied so far 
Between the giant fibrillar transcripts small transcripts can be observed, which occa
sionally allows a size gradient to be recognized (Fig 15D) We therefore assume that 
in this loop secondary initiation sites exist within the transcriptional unit 

Comparison of the transcripts m three lampbrush loops 

For none of the two lampbrush loop pairs studied in the present investigation we suc
ceeded in spreading an entire loop in its full length A desired spreading condition 
would be such that the transcripts covering the entire loop can be followed in order to 
establish their number and distances A comparison of the transcripts of the three 
loops described so far ("nooses" Grond et al , 1983, "threads" and "pseudonucleolus" 
this chapter) allows to assess the reasons for the difficulties of such an approach (Fig 
16) It is evident that the transcripts in the "threads" and the "pseudonucleolus" must 
be much longer than those of the "nooses" For the "nooses" a minimum length of the 
transcripts of 260 kb has been derived from the size of the entire loop (chapter III) 
This implies that the size of the transcription units in the other two loops must be con
siderably larger than in the "nooses" We estimate on the basis of the size of tran
scripts as shown in Figure 15 that the "pseudonucleolus" may contain a transcription 
unit at least 1000 kb in length The transcriptional unit in the "threads" may range 
between 500 und 1000 kb It appears almost impossible to obtain fully spread loops of 
such a size in the electron microscope with current methodology Also the length of 
the individual transcripts, which could provide estimates on the length of the transcrip
tion unit, cannot be measured reliably because of their complicated secondary struc
ture 

Discussion 

In this and an earlier study (chapter III) the transcript morphology of three of the five 
lampbrush loop pairs of the Y chromosome in D hydei has been studied The general 
conclusions for all three loop pairs are identical All loops are giant transcription units 
All three loops display a characteristically different morphology of the transcripts, 
which permits to identify their individual origin All three types of transcripts have an 
unusually high degree of secondary structure For transcripts in the loop pair "nooses" 
the possibility to form complex base-paired structures has been confirmed by the oc
currence of inverted repeats in the DNA of a genomic clone which is specific for this 
loop (Vogt et al , unpublished) The pattern of such intramolecular base homology is 
however highly characteristic for each of the loops as can be seen from a comparison of 
the transcript morphology (Fig 16) The secondary structure is, in addition, deter
mined by protein interaction with the RNA molecules In the "nooses" and the "pseu-
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donucleolus" many granular parts are seen in the transcripts, while the transcripts of 
the "threads" do not contain such granular parts. A long linear RNA section is heavily 
covered with protein as the diameter of this portion of the transcript indicates (Fig. 
14B). The bush-like part, on the other hand, seems to be less covered with proteins as 
their thinner diameter indicates. 

The initiation in the "threads" and the "pseudonucleolus" occurs less frequently than 
in the "nooses" and in a relative irregular pattern, a phenomenon which has more often 
been observed for non-ribosomal transcripts (Hamkalo et al., 1973). One must howev
er be carefull with respect to this observation. It is clear from autoradiography that 
spermatocytes of stages Stc III and Stc IV have a decreased transcriptional activity 
(Hennig, 1967). We cannot entirely exclude that in studying loop-specific transcripts 
one selects for loop sections with fewer transcripts since they can be more reliably 
recognized. Usually large areas of spread chromatin are not accessible to further 
analysis. It can therefore not be established whether loops in earlier spermatocyte 
stages display a transcript density. It is remarkable that the time required to complete 
initiated transcripts after decreasing the initiation frequency at the begin of stage Stc 
III, is just the length of this stage (about 20 hours: Hennig, 1967). Ribosomal RNA 
synthesis ceases almost completely in early stage Stc III. 

A special property of the "pseudonucleolus" is the occurrence of transcripts strik
ingly different in size within short distances on the DNA axis (Fig. 15B,D). Although 
one could argue that this is a consequence of breakdown during the spreading pro
cedure, two observations argue against degradation. First, an alternating pattern of 
long and short transcripts has never been observed for any of the other two loops stu
died. If an unspecific degradation of the RNA should occur this is likely to concern all 
growing transcripts to some degree. Second, often a gradient in the sizes of the small 
transcripts is seen, probably indicative of a progressive transcription. One also would 
expect a greater variability in the size of adjacent transcripts than is actually observed 
if degradation of the transcripts during spreading plays a significant role. We therefore 
assume that the presence of small transcripts between the giant transcripts in the "pseu
donucleolus" reflects secondary initiation of RNA synthesis within the transcription 
unit. 

It is a central question whether the molecular structure of the transcribing loops 
can be related to the cytology and ultrastructurc of the respective loops. For the 
"nooses" it has been shown that there is a direct relationship between the observations 
on these various levels (chapter III). However, the "nooses" represent a conventional 
type of lampbrush loop while the "threads" and the "pseudonucleolus" must be con
sidered as exceptional loop types (chapter II). This makes it more difficult to recog
nize the relationship between the structure of the transcribing loops and their ultras
tructure. 

The lampbrush loop pair "threads" consist of a refractive, electron-dense portion 
which inserts at the nucleolar region of the nucleus (Fig. 14) and has been defined as 
Th-compact-part (chapter II). This part of the loop contains hardly any nucleic acids 
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(chapter II) but is composed of basic proteins (Kremer, 1983) The length of this por
tion of the "threads" increases with increasing age The Th-compact-part and the distal 
Th-diffuse-part are connected The "cones" connect the "threads" and the "pseudonu-
cleolus" The Th-compact-part is surrounded by the Th-diffuse-matrix which has the 
same structure as the Th-diffuse-part Both diffuse regions contain 35- to 40- nm parti
cles which are considered as RNP (nbonucleoprotein) (for details see chapter II) 

The Th-compact-part of the "threads" has been interpreted (Glatzer & Meyer, 
1981) as the equivalent of the bush-like portions of the thread-transcripts However, 
nucleic acids are absent in this part of the "threads" while it is composed of proteins 
(chapter II) We conclude therefore that the DNA axis involved in transcription re
sides outside the Th-compact part The Th-diffuse-part and the Th-diffuse-matnx most 
likely accommodate the transcripts, the fibrillar portions being primarily responsible for 
the diffuse picture of these components (see Fig 17) 

The lampbrush loop pair "pseudonucleolus" consists of a central body and two la
terally associated "cones" In its ultrastructure this loop is composed of electron-dense 
channels (Ps-channels) which in their structure are similar to the inner part of the 
"cones" Nucleic acids could not be identified in significant amounts within these com
ponents. The Ps-channels are mainly composed of basic proteins (for details see 
chapter II) The Ps-matnx is composed of fibrillar material and 25- to 30- nm granules 
which contain RNA and are considered as RNP, comparable to the 35- to 40-nm parti
cles in the "threads". 

It is even more difficult to relate the structure of the "pseudonucleolus"-transcripts 
to the morphology of this loop pair Since RNA-containing material is only found in 
the Ps-matnx and the center of the "cones", we conclude that the transcripts reside in 
this part of the loop This interpretation is supported by observations on a mutant 
"pseudonucleolus" The diffuse structure of this mutated loop prevents its direct cyto-
logical identification (see Hulsebos et al , 1984) Only with the aid of an antiserum 
directed against a loop-specific proteins one can demonstrate that the loop is expressed 
in this mutant. It is evident from this mutation that the specific normal morphology of 
the "pseudonucleolus" is not governed by the structure of the transcripts alone. On the 
other hand, normal "pseudonucleolus"-transcnpts have been found in mutants with a 
morphologically modified "pseudonucleolus" (Dijkhof, unpublished) 

The presence of large transcripts in the У chromosomal lampbrush loops was first 
described by Meyer & Henmg (1974) and Henmg et al (1974) In these studies an 
identification of particular loops had not been approched. In a subsequent study 
Glatzer (1975) describes large transcripts in spermatocytes of ΧΙΟ males. We never 
succeeded to visualize similar transcripts in our spreading experiments with ΧΙΟ males. 
Moreover, transcription units as visualized by Glatzer (1975, Fig 1) should be detect
able in phase contrast since their dimensions are comparable to the dimensions of 
lampbrush loops of amphibian oocytes. In ΧΙΟ spermatocytes, however, no compar
ably large loops are detectable 
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In a more recent publication, Glàtzer & Meyer (1981) report their experiments with 
wild-type spermatocyte nuclei or nuclei with partial deletions in the Y chromosome. 
Although they demonstrate a great variety of different types of transcripts they con
clude that "there are no apparent major differences between the RNP structures re
gardless of whether "pseudonucleolus", tubular ribbons, clubs or "nooses" are present or 
not. This conclusion is the more surprising as they assigned a type of transcripts to the 
"threads" which is entirely identical to the transcripts we identified as transcripts of the 
"threads". Plates I and II of Glatzer & Meyer (1981) clearly display transcripts of the 
"threads" as identified by us and they do correlate them with the treads. However, 
they interprete these transcripts as "transitional stages between particulate RNP and 
branched RNP structures" which "can be easily found in spreads at lower pH values". 
This conclusion is in contradiction with their Figure 7 where they display several 
discrete types of transcripts which obviuosly are not different due to their different de
gree of unfolding. We belief that these authors did not arrive at the same conclusions 
on transcript-specificity as we did because they made no use of spermatocytes with only 
single loops. However, this is essential to resolve the actual relationship between cer
tain transcripts and distinct loops since intermediate states of spread loops such as in 
Plate I of Glätzer & Meyer (1981) are rare and difficult to interpret without detailed 
information on the transcript structure of fully expanded transcripts. 

The complex secondary structure in the transcripts of the various loops (see also 
Grond et al., 1983) deserves particular attention. So far it has not been possible to 
identify any protein which may be encoded by the Y chromosome nor give the molecu
lar data available so far any evidence for protein coding regions in the transcripts (Vogt 
et al., 1982; Lifschytz et al., 1983; Vogt and Bremers, unpublished). This leads to the 
question whether any other biological function could be correlated with the formation 
of giant transcripts of such a complex conformation. Recent studies of loop-specific 
proteins (Hulsebos et al., 1983; and unpublished data of our group) imply that at least 
some of the loops have storage functions for distinct proteins. This is in agreement 
with the conclusions of our ultrastructural study (chapter II). Assuming this model to 
be true, it must be explained by which mechanism a particular loops selects for a dis-
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tinct prolein. The nucleotide sequence or the secondary structure of the transcripts 
could be the discriminating factor in such a process. In this way the controversial ob
servations on the determination of loop structure by loop-associated factors and factors 
not associated with the genetic information of a loop can be explained (for discussion 
see Hennig, 1984). If these considerations on the possible function of Y chromosomal 
genes can be verified, a new type of eukaryotic gene function would be established. 
The mechanism of segregation distortion in Drosophila melanogaster has been ex
plained by defects in binding of a gene product to another chromosomal site (Hartl & 
Hiraizumi, 1976). One could also think of regulatory processes making use of protein 
binding to active genetic loci as discriminating events. Comparable genes may be 
present in genomic positions other than the У chromosome. The relationship between 
Y chromosomal DNA sequences and other genomic sites (Vogt and Hennig, 1983; 
Hennig et al., 1983) might also be considered within this new scope. 
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CHAPTER V 

The localization of DNA 
in differentiating cells of the male germ line 

Abstract 

Fluorescence of Feulgen stained squashed D. hydei testes permitted a sensitive visualization of DNA in 
the differentiating germ line cells In primary spermatocytes all chromosomes uncoil to a certain ex
tend. The Y chromosome décondenses strongly As a consequence У chromosomal DNA cannot be 
detected during most of the spermatocyte development except in very early stages A weak fluores
cence is found in the pseudonucleolus indicating a somewhat higher DNA concentration in this loop 
Late during the prophase the chromatin condenses for the first meiotic division. In the secondary sper
matocytes a partial decondensation of the chromatin is followed by the condensation for the second mel
one division In the subsequent spermatid development, periodical uncoiling of the chromatin is ob
served Since the genome in spermatid nuclei is not active in RNA synthesis, the decondensation of the 
chromatin must serve for other functions 

Introduction 

The premeiotic stages of spermatogenesis were described by Meyer (1963) and Hennig 
(1967) the postmeiotic development by Meyer (1968) and Hess & Meyer (1968). Their 
observations gave rise to a series of genetic, biochemical, molecular and ultrastructural 
studies (for review: see Hennig, 1984). However, a cytologic investigation of the state 
of the chromatin during spermatogenesis has not been carried out because of its techni
cal difficulties. The haploid DNA content of D. hydei cells is low (0.24 pg for male 
cells, Grond et al., 1983) and since the chromatin is uncoiled during many stages of the 
spermatogenesis, no standard staining procedure can visualize the chromatin in all 
these stages. Also satisfactory meiotic metaphase chromosomes are difficult to obtain. 
Feulgen staining visualized under fluorescence light and autoradiography of incorporat
ed 3H-thymidin are some of the few methods sensitive enough for this kind of study. 
We choose the first method to study the chromosome condensation during spermato
genesis. The results are compared with autoradiographic (Olivieri & Olivieri, 1965; 
Hennig, 1967) immunological and cytochemical (Kremer, 1983; Yamasaki, 1977, 1981; 
chapter II) studies of the D. hydei spermiogenesis. 

Chromatin 57 



Materials and methods 

Testes of pupae and of two weeks old adults were dissected in testis isolation buffer (Henmg, 1967) and 
gently squashed under a coverslip After inspection for quality under the phase contrast microscope, 
the slides were frozen in liquid nitrogen and the coverslips were removed with a razor blade. Then the 
preparations were immediately immersed in 90% ethanol and fixed overnight 

After passing a series of ethanol/water dilutions for hydrating the tissue, the slides were Feulgen 
stained according to_Grond et dl (1983). The slides were studied under a Zeiss epi-fluorescencc micro
scope using a BP 510-560 excitation filter and a LP 590 barrier filter and photographed with a lOOx oil 
immersion Neofluar objective with exposure times of 5 mm. Even during such long exposure time the 
degree of fading was low 

We use the abbreviations Stc I - Stc IV to indicate the stages I to IV for the development of the 
primary spermatocytes (Henmg 1967), and Pm I - Pm VII for the stages I - VII of the spermatid 
development as defined in chapter VI. 

Results 

Premeiotic stages of spermatogenesis 

In spermatogonia the chromatin is spread all over the nucleus. No individual chromo
somes can be recognized. At the first stage of spermatocyte development (Stc I) the 
nuclei increase in volume and the autosomes become visible as bivalents. The X and 
the Y chromosome remain associated with the nucleolus (Fig. 18C,D). In Stc I the Y 
chromosome décondenses to a degree that its DNA cannot be recognized in the 
fluorescent staining (arrow in Fig. 18F). 

During Stc II and III the autosomes are found towards the perifery of the nucleus 
opposite to the nucleolus and they decondense further, but not to the same extent as 
the Y chromosome (Fig. 18G,H). A fluorescent dot, which must be assigned to the X 
chromosome, remains associated with the nucleolar chromatin (for discussion see Hen-
nig, 1984). 

Fig. 18. The DNA visualized in the primary spermatocytes 18A,B spermatogonia, 18C,D Stc I, 18E,F 
Stc I The arrow indicates the decondensed У chromosome 18G,H Stc II The arrow indicates the 
heterochromatic part of the X chromosome ISIJ Stc IV. A autosome, As aster, N nucleolus, Ps pseu-
donucleolus, Th threads, CI clubs, 7> tubular ribbons. Bar represents 10 μπι 
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The DNA concentration of the У chromosomal lampbrush loops is very low Even 
with the sensitive Feulgen method it is not detected Only the pseudonucleolus seems 
to contain an amount of DNA sufficient to be detected ( Fig. 18G,H) This conclusion 
agrees with previous observations (Meyer, 1963, Hennig, 1967). 

All chromosomes condense in the late Stc IV. Even after the formation of the as
ters and the désintégration of the Y chromosomal lampbrush structures they are not yet 
compact (Fig. 181,J). 

Meiosis 

In metaphase I all chromosomes are condensed (Fig 19A,B). They uncoil at telophase 
I (Fig. 19C,D). During the short time of the secondary spermatocyte stage the chroma
tin is uncoiled and displays a thin reticular structure (Fig. 19E-J) In the secondary 
spermatocyte (identified by its two asters each containing a single ceninole, see Figure 
19E and 19G) the "protein bodies" can be recognized for the first time. They do not 
contain detectable amounts of DNA. During meiosis II the chromosomes condense 
again (Fig. 19J,K). 

Postmeiotic stages 

During telophase II the chromatin spreads rather homogeneously over the nucleus. 
The protein bodies remains devoid of DNA 

During Pm I (see chapter VI for the staging of the spermatids) a chromatin con
densation is observed along the nuclear penfery (Fig. 20A,B). Somewhat later, the 
condensed chromatin is situated at the fenestrated part of the nuclear membrane (Fig. 
20C,D). 

During Pm II and III the chromatin gradually uncoils and spreads all over the nu
clear volume except the region of the protein bodies. (Fig. 20E-J). At Pm III some 
chromatin is associated with the periphery of the protein body ( Fig. 20E,F). It is how
ever evident that the few small granules attached to the protein body of Pm IV do not 
contain DNA (Fig 201,J). In later spermatid stages the chromatin is homogeneously 
distributed over the nuclei and it condenses gradually during the nuclear elongation 
(Fig. гіА.В). When anchored in the head cyst cell, the final length of the nuclei is 
achieved and measures 70 - 75 μπι (Fig. 21C,D; see also chapter VI). 

Fig. 19. The DNA visualized in the meiotic stages 19A,B metaphase I, 19C,D telophase I, 19E-G 
secondary spermaocyte (e and g arc photographs of the same cell taken at different levels ) Note the 
single ceninole in both asters 19H,I secondary spermatocyte, 19J,K anaphase II As aster, R protein 
bodies Bar represents 10 μπι 
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Fig. 20. The DNA visualized in young spermatids. 20A,B Pm I. 20C,D Pm II, 20E,F Pm III, 20G,H 
Pm IV, 20I,J Pm IV. NK nebenkern, ND Nebenkern derivatives, R protein bodies. Bar represents 10 
μτη 
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Fig. 21. The DNA visualized in late spermatids. 21A.I1 Pm V, 21C,D Coiled stage in the testicular 
duct: bundle of sperm heads anchored in the head cyst cell. H sperm head, Γ sperm tail, Nu nucleus of 
the head cyst cell. Bar represents 10 μιη 
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In summary, four cycles of chromosome decondensation and condensation can be 
recognized during the meiotic prophase and in the postmeiotic development: (1) in the 
primary spermatocyte nucleus, (2) in the secondary spermatocyte nucleus, (3) in the 
Pm I spermatid nucleus and (4) in the Pm III-V spermatid nucleus. 

Discussion 

The premeiotic stages 

During the meiotic profase the chromosomes uncoil gradually and to a variable extent. 
The most extreme decondensation is observed for the Y chromosome over most of the 
primary spermatocyte stage. During prometaphase I a rather fast condensation of all 
chromosomes occurs simultaneously. These observations with the Feulgen fluorescent 
techniques are in agreement with other observations from earlier investigators (Hennig, 
1967; Yamasaki, 1977, 1981). On the other hand, both the decondensed state of the X 
chromosome as presented in this paper and the autoradiographic data (Hennig, 1967) 
are not compatible with the assumption that the X chromosome is inactive in the sper
matocyte stage (Lifschytz & Lindsley, 1972). 

It is tempting to correlate the degree of uncoiling of the chromatin to its transcrip
tional activity. Autoradiography after labeling with 3H-uridine showed that the tran
scriptional activity in the primary spermatocyte decreases with the onset of stage Stc III 
and ceases entirely towards the end of this stage (Hennig, 1967). Obviously, the de
crease in transcriptional activity is not accompanied or immediately followed by a con
densation of the chromosomes. This holds true for the У chromosome as well as for 
the other chromosomes. 

The observed distribution of the DNA and the extreme degree of decondensation 
of the У chromosome in the primary spermatocyte nucleus are in conflict with the con
clusions derived from immunofluorescent patterns in spermatocyte nuclei (Rungger-
Brädle et al., 1981). These authors used antisera against various histone fractions and 
RNA polymerase В to visualize the distribution of the respective antigenic sites in sper
matocyte nuclei. A specific reaction is claimed to occur with the У chromosomal lamp-
brush loops with all the sera studied. This implies a particularly high density of RNA 
polymerase molecules along the У chromosomal loops and a comparably high concen
tration of nucleosomes in the same chromosome regions. Both conclusions are in strict 
contrast to the extremely uncoiled state of the DNA of the У chromosome (this 
chapter). Chromatin spreading experiments (chapter III-IV) have shown that the den
sity of RNA polymerase molecules is relatively low and that the density of nucleosomes 
is lower than usually found in non-transcribed chromatin. Moreover, Kremer (1983) 
obtained an immunofluorescent pattern after binding of histones with primary sperma
tocytes completely different from the pattern obtained by Rungger-Brändle. The dis-
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tribution of histone 2A in spermatocyte nuclei according to Kremer (1983) is entirely 
coincident with the distribution of DNA as demonstrated in this paper and no reaction 
was found with Y chromosomal loops. These results agree with the distribution of nu-
cleosomes in chromatin as conventionally expected. We therefore assume that the 
results reported by Rungger-Brändle et al. are experimental artefacts. 

Meiosis j 

The results obtained on the distribution of DNA during meiosis suggest that chromo
some condensation during meiosis principally occurs in a comparable way as described 
by Cooper (1950) for D. melanogaster. Earlier observations, however, were contradic
tory with respect to the secondary spermatocyte state. By applying Feulgen fluores
cence it could be demonstrated now that during this stage a transient uncoiling of the 
chromosomes takes place. The function of this uncoiling remains unclear. Transcrip
tion in this stage could not be demonstrated by autoradiography (Hennig, 1967) 
although the scarcity of such cells in testis squashes could have prevented the observa
tion of secondary spermatocytes. Otherwise the activity in RNA synthesis of these 
cells could be below the limits of detectability. An alternative is that the decondensa
tion serves for purposes other than transcription. At this stage the protein body is 
formed. It is our supposition that this protein body is involved in the process of 
chromatin condensation in the spermatid nucleus (see chapter VII). The first steps in 
this process might occur at the secondary spermatocyte stage. Meiotic chromatin can
not be visualized by immunofluorescent techniques using histone antibodies or brilliant 
sulfoflavine in D. hydei (Kremer, 1983). Either the protection of the nuclear compart
ment by the parafusorial membranes (see chapter VI) may prevent the penetration by 
large molecules, or the chromatin resides in a state where it is not accessible. 

The postmeiotic stages 

During the postmeiotic stages two cycles of chromatin uncoiling and condensation were 
established by the Feulgen fluorescence. The first cycle begins during the second mei
otic telophase. Here the chromatin unfolds, but starts to condense rather soon at the 
fenestrated part of the nuclear envelope close to the centriole attachment site. A simi
lar preferential location of chromatin in D. melanogaster spermatid nuclei was reported 
by Olivieri & Olivieri (1965). During the Nebenkern formation the chromatin is again 
found in a rather homogeneous decondensed state (cf. Fig. 21A in chapter VI). Also 
during this decondensed state there is no transcription (Hennig, 1967). The chromatin 
gets into transient contact with some of the protein bodies at stage Pm III. The immu
nological studies indicated that at least some of the protein bodies contain histones and 
others contain basic proteins (chapter VII) (Kremer, 1983). Therefore, it may be con
sidered that the transitions in size and shape of the protein bodies and the decondensa
tion and condensation cycles of the chromatin in the spermatid nuclei are related to the 
reorganization of the chromatin during spermiogenesis (cf. chapter III). This assump
tion is supported by the observation that the protein bodies disappear at stage Pm V, 
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i.e. at the time when the chromatin starts to be finally condensed for its packaging in 
the sperm head. The protein bodies may be reservoires for chromosomal proteins re
quired during chromatin condensation or they may collect proteins removed from the 
condensing chromatin. 
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CHAPTER VI 

Spermiogenesis in Drosophila hydei 

Abstract 

This study describes the spermiogenesis of Drosophila hydei. A complete description is given of the 
structure of the testis, and of the germinal cells during meiosis and postmeiotic development. The posl-
meiotic development is studied in detail with respect to nuclear development, the axonemal differentia
tion, the individualization process, and the structure of the mature spermatozoa. Many crranous and in
complete observations of earlier investigators are corrected. Contrary to earlier reports it is shown that 
spermiogenesis in D. hydei proceeds similar as in D. melanogaster. This study together with a previous 
investigation of the premeiotic development and another study of the chromosome behaviour during 
spermatogenesis provides a complete account of the morphological differentiation processes ot the germ 
cells during spermatogenesis of Drosophila hydei. 

Introduction 

Drosophila spermiogenesis is a complicated process of cytodifferentiation (reviews: 
Kiefer, 1973; Lindsley & Tokuyasu, 1980; Hennig, 1984). In the genetic determination 
of this differentiation process the Y chromosome plays an important role. It has been 
shown that male fertility factors, required for sperm development, are located on the У 
chromosome of several Drosophila species. These fertility genes are active in the pri
mary spermatocytes (Meyer et al., 1961; reviews: Hess & Meyer, 1968; Hennig, 1984). 
The genetic activity of the Y chromosome can be studied particularly well in D. hydei 
since the Y chromosome of this species forms giant lampbrush structures in the primary 
spermatocytes (Meyer, 1963; chapters II, III and IV). This justifies the choice of D. 
hydei as a system for the study of the correlation between У chromosome function and 
spermatogenesis Hess & Meyer, 1968; Hennig, 1984). 

The first description of spermiogenesis of D. hydei by Meyer (1968), however, was 
not succeeded by more systematic studies of this species. In contrast, many studies of 
spermiogenesis in D. melanogaster provided considerable insight into this complicated 
morphogenetic process (review Lindsley & Tokuyasu, 1980). The studies of Meyer 
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(1968), Liebnch (1981), Ingman-Baker and Candido (1980), and Hulsebos et al. 
(1983) gave evidence for some differences in spermiogenesis between D melanogaster 
and D hydei at the morphological and molecular level A detailed knowledge of the 
morphogcnetic processes during wild-type spermiogenesis is also a prerequisite for any 
study of the effects of mutations of male sterility genes on sperm development There
fore, a detailed reinvestigation of spermiogenesis in D hydei was required The results 
of this study are provided in this paper We found that in both Drosophila species 
spermiogenesis proceeds in a very similar way with some differences in details 

This study is confined to the postmeiotic stages of spermatogenesis, the sper
miogenesis. The premeiotic stages of the D. hydei spermatogenesis and the morpholo
gy of the У chromosomal lampbrush loops have been described elsewhere (chapter II). 
Another study of the behaviour of the chromatin during the spermatogenesis (chapter 
V) completes the morphological description of the germ cell development in D. hydei 
wild-type males. 

Materials and methods 

Material Wildtype males of a D hydei stock of our laboratorium were used for this study We used 
only male flies which were kept in the presence of females during their entire life 

Cytologic study of the cysts of germinal cells Testes of two weeks old males were isolated by hand in 
testis isolation buffer (Henmg, 1967) and stretched with the aid of thin preparation needles The 
despirahzed testes were brought in 0 1% Chymotrypsine A4 (Boehrmger) in 0 1 M phosphate buffer pH 
7 4 under a covershp at room temperature After 10 - 15 mm the testis wall is partially desintegrated 
and the cysts are free for microscopic study In these preparations we counted the number of spermatid 
cysts of different stages, studied the morphology of the cystic bulge and measured the length of the fully 
elongated spermatid bundles 

Embedded and sectioned material Testes of young males or of pupae at the onset of eye pigmentation 
were isolated in a buffer (Henmg, 1967), fixed in 2% glutaraldchyde in 0 1 M cacodylate pH 7 4 at 40C 
overnight, washed extensively in the cacodylate buffer, postfixed in 2% OSO4 for 1 h, stained in 3% 
uranylatetate for 1 h and embedded in Epon following standard procedures 

Ultrathin sections were post-stained in 3% uranyl acetate on formvar-coated grids and (in most 
cases) contrasted with lead citrate according to Reynolds (1963) They were studied in a Philips EM 201 
or (tilted for optimal visualization) in a Philips EM 300 equipped with a goniometer Figures 26F,G,H, 
29J,K, ЗОВ,E and 32B,C are made on the latter instrument 

Semithin sections were stained on a glass slide with Toluidine blue and studied using a Zeiss phase 

contrast microscope 
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Results 

Our data on the postmeiotic differentiation of the male gametes of D hydei will be 
presented in three subsections A the structure of the testis and an outline of sperm 
development, B. the spermatid differentiation from meiosis until individualization and 
C. the post-individuahzation stages of sperm differentiation. 

A. The structure of the testis and an outline of sperm development 

Testis morphology 

The inner reproductive organs of the Drosophila male consist of a pair of testis tubes 
and of a pair of associated accessory glands. A common ejaculatory duct leads to the 
ejaculatory bulb and the penis. In D. hydei the testis tube can be subdivided in three 
distinct regions: the testis sensu stnctu, the testicular duct and the vas deferens (Fig. 
22). For the D. melanogaster male reproductive system see Miller (1950) 

The testis sensu stnctu is a coiled tube of a length exceptional for Drosophila 
species. The wall of the testis tube consists of two thin layers of cells, the outer one 
with pigment granules (Fig. 22C) The testis tube is wrapped around the vas deferens 
and a trachea At each coil of the testis many tracheoh connect it with the trachea in 
the center. The vas deferens, which is located inside the testis coils, is also connected 
to the central trachea by tracheoh. The testicular duct is more delated than in D 
melanogaster. Its wall is comparable to the testis envelope but more heavily pigmented 
The thick epithelial cell layer found in the wall of the testicular duct of D melanogas
ter (Miller 1980) is absent in D. hydei, but the vasa deferentia of both species do show 
such an epithelium (Fig. 22D) The vas deferens in D. hydei is longer than in D. 
melanogaster. Within the vas deferens of D hydei free, motile sperm is found, howev
er, a delated portion of the vas deferens comparable to the seminal vesicle of D. 
melanogaster (Miller, 1950) is absent in D hydei. 

The length of the various testis regions is exceptional and increases during aging of 
the male In a freshly eclosed male the testis sensu stnctu is about 7 mm long, the tes
ticular duct is 1 mm and the vas deferens 5 mm. After 8 days we found lengths of 15, 
1.5 and 6 mm respectively, after 15 days of 22, 1.5 and 7 mm and after 22 days of 25, 
1.5 and 8 mm Minimal variation is observed in the lengths of both testes ot one an
imal and between the testes of males of the same age, except for occasional degenera
tion of one of the testis tubes. However, in very old males the dimensions are more 
variable. In 5 week old males we found testes of a length between 25 and 30 mm. The 
increase in length of the testis tube during aging is accompagmed by an increase in the 
number of helical coils of both the testis and the vas deferens. A testis of a 15 days 
old adult has 9-10 coils, the vas deferens about 7-9. The testicular duct increases 
slightly in volume during aging. It invanabily consists of one and a half coil. In this 
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Fig. 22. Structure of the testis. A The male reproductive system. Bar represents 1 mm. В Magnifica 
tion of the testis. Bar represent 1 mm. С Semithin Epon section of the testis in the region of elongat
ing spermatid cysts. Note the thin testis wall with many pigment granules. Bar represents 10 μπι. D 
Semithin Epon section of vas deferens. Note the thick layer of large terminal epithelial cells at the in
side of the pigmented wall. Bar represents 10 μιτι. AC accessory gland, AT apex of the testis. Be eja-
culatory bulb. De ejacuiatory duct, PL pigment layer, Τ testis tubule, TD testicular duct, TE terminal 
epithelium, Tr tracheae, Vd vas deferens. 
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study we used testes of about two weeks old imagines, except for the study of meiosis 
and Nebenkern stages, which was carried out on testes of pupae at the onset of eye 
pigmentation 

Location of the various developmental stages in the testis 

The course of sperm development can be followed in a single testis since sperm pro
duction is a continuous process. The various developmental stages are found in their 
sequential order throughout the reproductive tract of the adult male The zonation 
into successive developmental regions is more distinct than in the shorter D. melano-
gaster testis tube. In the apex of the testis of D. hydei stem cells and spermatogonia 
are situated. The secondary spermatogonia are surrounded by somatic cyst cells 
These cyst cells remain associated with the cysts of germinal cells during spermato
genesis until individualization. The first coil of the testis accommodates the primary 
spermatocytes which are followed by some cysts of meiocytes and young spermatids. 
The rest of the testis up to the testicular duct is filled with bundles of elongating sper
matids. Individualization bodies (cystic bulges: Tokuyasu et al , 1972a) are found in 
the lower half of the testis. 

The testicular duct is filled with bundles of spermatozoa that are wrapped around 
the large head cyst cell, in which the spermheads are anchored (Tokuyasu et al , 
1972b). Besides coiled sperm bundles, the testicular duct accommodates only cellular 
debris which is probably derived from the "waste bag", a structure in which the cellular 
debris of spermiogenesis is collected during individualization (Tokuyasu et al , 1972b) 
The vas deferens has a narrow lumen and is covered at its inner surface with a layer of 
large cubical cells, the terminal epithelium (see Fig 22D) In the vas deferens mature 
spermatozoa with motile tails are found Also the heads of the spermatozoa are now 
released from the head cyst cell 

Duration of the stages of spermiogenesis 

The spermatogenesis in D. hydei proceeds slower than in D melanogaster, not only in 
absolute time (see Frei, 1974), but also in relation to the development of the animal it
self For instance, no cells in meiotic division are found yet in the D hydei testes be
fore pupae formation, contrary to the situation in D. melanogaster Freshly eclosed 
males of D hydei have empty vasa deferentia and are not fertile until after 5-6 days 
(Frei, 1974). Then a steady state equilibrium is established between production of 
spermatogonia! cysts and ejaculation (or short time storage) of fertile sperm. In two 
weeks old males that were kept in the presence of females we counted the number of 
cysts of the various developmental stages (Table 2). The actual time span of sper
miogenesis of D. hydei had been estimated with the aid of autoradiographic techniques 
(Hennig 1967), by using the radiosensitivity of the germinal cells (Frei, 1974) and with 
temperature sensitive mutants (Leoncini, 1977). These data together with our count
ings permit a rather precise estimate of the length of the different stages of spermato-
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Table 2 
The length of the different developmental stages of D hjdei spermiogenesis 

mciosis 
Pm I 
Pm II 
P m l l l 
P m l V 
Pm V 
Pm VI 
Pm VII 
Pm VIII 
Testicular duct 

number (1) 

6/10 (a) 
4/10 (a) 
12/10 (a) 
10/10 (a) 
20/10 (a) 

140/10 (a) 
87/3 (b) 
105/4 (b) 
12/2 (c) 
42/3 (c) 

96(2) 

0 7 
0 4 
1 4 
12 
2 3 
16 2 

33 4 
44 4 
4 6 
16 0 

time in h (3) 

0 5 
< 0 5 

1 
1 
2 
12 

24 
31 
3 5 
12 

(1) Number of cysts found in each developmental stage m testes of two weeks old males 
(2) Percentage in time of the spermatid development before individualization 
(3) Estimate of the absolute length of each developmental stage The total length of spermiogenesis be
fore individualization is assumed to be 72 h 
(a) cysts found / number of testes Studied under phase contrast after squashing 
(b) cysts found / number of testes Studied under the EM 
(c) cysts found / number of testes Studied under phase contrast after Chymotrypsine digestion 

Fig. 23. Survey of the cell stages during spermiogenesis A Late stage of development of primary sper
matocyte (Stc III-IV) Note the prominent V chromosomal lampbrush structures in the nucleus and the 
mitochondria Bar represents 5 μιη В Meiocyte in the mctaphase of the first division Arrows point to 
protein structures in the nuclear compartment Bar represents 5 μπι С Young spermatid with forming 
Nebenkern (Pm I) Bar represents 5 ц т D Spermatid in the onion-Nebenkern stage (Pm II) Bar 
represents 5 μιτι Ε-F Spermatid in early elongation stage (Pm IV-V) Bars represent 5 ц т G-Η Sper
matid in late elongation stage (Pm V-VI) Bars represent 1 μνη Ab acroblast. Ax axoneme, С cen
inole, СВ chromatoid body, Cyi cytoplasm, M mitochondrion. N nucleus, ND Nebenkern derivative, 
NK Nebenkern, Ρ parafusorial membranes, PB protein body, PM paracrystalline material 
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genesis (Table 2) It should be mentioned that the "vday period between individualiza
tion of the spermatozoa and their actual use for fertilization (Frei, 1974) is not connect
ed with any detectable morphological differentiation We therefore assume that the 
spermatozoa are entirely mature after having left the testicular duct The delay in their 
usage for fertilization is most likely dictated by the time necessary to pass the vas de
ferens and the ejaculatory tract This requires an interval of about four days This im
plies that the entire period of spermiogenesis is passed within approximately three 
days It is preceded by the quickly passed meiotic divisions, about 7 days of the pri
mary spermatocyte stage and 2-3 days of spermatogonia! divisions (Hennig, 1967) I he 
primary spermatocyte stage therefore is the prominent developmental stage of the male 
germ cell development 

В Spermatid differentiation 

For a clear description of the developmental processes, most authors divide sper
miogenesis in various discrete stages I his staging serves to integrate the various ob
servations on the development of the different structural components of the spermatid 
The staging therefore reflects in part the specific interest of the particular investigator 

Since the original description of spermiogenesis of D hydei (Meyer, 1968, Hess & 
Meyer, 1968, Liebnch 1981) is incorrect in many details, a new staging of the postmei-
otic development is introduced, based on our reinvestigation of spermiogenesis We 
define eight stages, Pm I - Pm VIII indicating the postmeiotic stage in contrast to the 
primary spermatocyte stages (Spe I-IV) defined by Hennig (1967)) Since the nucleus 
undergoes a series of well defined structural changes, we used the nuclear morphology 
as criterium for the definition ot the eight postmeiotic stages The differentiation of 
the axoneme and mitochondrial derivatives fits well into this scheme 

Our subdivision of the D hvdei spermatogenesis (in eight stages Pm I - VIII) is in 
accordance with the staging of the same process in D melanogaster (in six stages) as 
given by Lindsley & Tokuyasu (1980) Pm I - Pm III pre-clongation, Pm IV - Pm V 
elongation, Pm VI transition, Pm VII post-elongation We describe the processes of 
individualization and coiling in a single stage, Pm VIII The pre-clongation is subdivid
ed into three stages, that differ in the number of intranuclear protein bodies (Pm I 
one body, Pm II 5-6 bodies, Pm III one body), the state of aggregation of the mito
chondria (Pm I aggregation of the mitochondria, Pm II Nebenkern, Pm III division 
of the Nebenkern) and in the junction of the proximal part of the ceninole and the nu
cleus (Pm I ceninole and nucleus not yet in contact, Pm II ceninole touches nucleus, 
Pm III proximal part of the ceninole lays in an invagination of the nucleus) I he 
elongation period is subdivided into two stages that differ in size and substructure of 
the intranuclear protein body (Pm IV large body, covered with granules, Pm V disap
pearance of small homogeneous body) and the development of the accessory structures 
in the axoneme, that does not start before Pm V Also Tales (1971) subdivides the D 
melanogaster spermiogenesis in a similar way He, however, distinguishes two stages 
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of the Nebenkern (our Pm II): The clew-stage Nebenkern and the onion-Nebenkern . 

An outline of the spermatid differentiation is given in Figure 23. All stages of 
spermiogenesis until individualization develop synchroneously within cysts. These cysts 
are derived from the premeiotic cysts of 8 primary spermatocytes and usually, there
fore, contain 32 haploid spermatids. Cytoplasmic bridges with a morphology compar
able to the ring channels in ovaría (Meyer, 1961) connect the cells of premeiotic cysts. 
Therefore, the spermatids in a cyst form a syncytium. After meiosis, no ring structures 
surround the cell-cell contacts anymore. Shortly after meiosis the mitochondria of the 
young spermatids aggregate and form a single spherical organelle, the Nebenkern (Fig. 
23C,D). A round nucleus with an acroblast attached to it and a single ccntriole in con
tact with the nuclear envelope form the other main constituents of the young sperma
tid. The anterior side of the cysts is situated at the testis wall and they are transferred 
downwards to the basal zone of the testis during elongation. 

The process of spermatid elongation involves both the nucleus and the tail of the 
spermatids: the nucleus is transformed into a needle-shaped structure 70-75 μπι in 
length filled with highly condensed chromatin. Main constituents of the sperm tails, 
which in length exceed 10 mm (section D), are the axoneme, which is derived from the 
centriole, and the two derivatives of the Nebenkern. These are differentiation pro
ducts of the fused mitochondria and align with the axoneme over almost its entire 
length (Fig. 23E-H). After completion of the elongation the spermatids arc individual
ized, coiled around a head cyst cell, and are transferred into the testicular duct. 

Development of the sperm head. 

The nucleus during meiosis 

During the meiotic divisions of the male gametes of D. hydei the nuclear compartment 
is maintained. A multilayer of about ten double membranes (the parafusorial mem
branes: Ito, 1960) is formed around the nucleus. In this way the nuclear domain and 
the cytoplasm remain separated during meiosis (Fig. 23B). Between the sheets of the 
parafusorial membranes, many microtubules are found. They are perpendicular to the 
equatorial plane of the metaphase. Large numbers of microtubules are also found in
side the nuclear domain. They end at the nuclear envelope (see also Church & Lin, 
1982) and do not reach the centrioles. Inside the nuclear domain the chromosomes 
condensate for meiosis I and meiosis II. During the short time of the secondary sper
matocyte stage the chromatin is at least partially decondensed (chapter V; for D. 
melanogaster see Cooper, 1950). Interspersed between the chromatin electron-dense 
material of variable morphology is found. It has been considered as residue of the ma
terial accumulated in the Y chromosomal lampbrush loops during the primary sperma
tocyte stage (Fig. 24A,B). However, no ultrastructural similarities with elements of 
these loops can be recognized (compare with chapter II). 
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During the secondary spermatocyte stage the innermost membrane of the 
parafusonal membranes develops pore complexes. One to three protein bodies are 
found in the nuclei immediately after the first meiotic telophase Comparable struc
tures have been studied in the spermatid nuclei of Gryllus domesticas and were called 
"round bodies" (Wolstenholme & Meyer, 1966) It was shown that the round bodies in 
the spermatid nuclei of Gryllus domesticus contain DNA, RNA and protein. There
fore, they were considered as chromosomal material, probably nucleoli However, the 
round bodies in Drosophila spermatid nuclei have different properties. They have a 
different ultrastructure (see Fig 25,B,C, Tales, 1971), they neither synthesize RNA 
(Olivieri & Olivieri, 1965; Hennig, 1967) nor do they contain much nucleic acids 
(chapter II) On the contrary, they are rich in basic proteins and devoid of detectable 
amounts of DNA (chapter II) Moreover, they are also found in spermatids without a 
nucleolus organizer (Tales 1971; Lindsley & Tokuyasu, 1980). We will refer to them 
as "protein bodies". 

The nucleus during spermatid differentiation 

The earliest spermatid nucleus (Pm I: Figs. 23C, 25A) is still surrounded by parafusori-
al membranes. At one side of the nucleus the inner of these membranes is covered 
with pores (the "fenestrated" side); on the other side of the nucleus it is free of such 
pore complexes ( "non-fenestrated" side). Later the multiple membranes disappear and 
two double membranes remain, both displaying the same distribution of pore com
plexes. At that time the proximal part of the ceninole comes into contact with the nu
clear membrane at its fenestrated side (Pm II: Fig. 29E). The Pm II nucleus is also 
spherical. The chromosomes are located at the fenestrated side of the nucleus (chapter 
V; see for D. melanogaster also Olivieri & Olivieri, 1965) and parts of them form high
ly condensed structures that can be visualized as dots or circles in sectioned material 
(Figs. 25B, 29E). This condensed chromosomal material disappears when the proximal 
part of the ceninole comes in contact with an invagination of the nuclear membranes 
(Pm III). Then the chromatin is homogeneously distributed over that part of the nu
cleus that is surrounded by the fenestrated part of its envelope. The non-fenestrated 
area covers by far the largest part of the nuclear surface at the beginning of the nuclear 
elongation (Pm IV). During that stage, the fenestrated region is restricted to a long 
narrow strip along one side of the nucleus. In this part of the nuclear membrane a 
longitudinal furrow will be formed at later stages (Pm V-VI). 

Fig. 24. Hrst meiotic division A Metaphase I, overview Serial section of meiocyte shown in Figure 
23B, arrows indicate non-chromosomal nuclear material Bar represents 2 μιη В Detail of another 
serial section of A, showing non-chromosomal nuclear material, probably derived from the У chromo
somal lampbrush loops of the primary spermatocyte Bar represents 1 μτη С Nucleus at late telophase 
I Note the parafusonal membranes and the protein body in the nucleus Note also the absence of a nu
clear lamina No lamina was found in any stage of spermiogenesis after Stc IV spermatocytes (chapter 
II) Bar represents 1 μπι Ch chromatin, Cyt cytoplasm. FS fenestrated side of the nuclear membrane, 
LB lamellar body, M mitochondrion, MT microtubules, Ρ parafusonal membranes 

76 CHAPTER VI 



•I 

^24 

Spermiogenesis 77 



The most striking developmental events ot young spermatid nuclei concern the pro
tein bodies inside the nuclei (for some cytochemical analyses of these structures sec 
chapter VII) These protein bodies are first seen in the secondary spermatocytes 
Shortly after the earliest spermatid stage with a single protein body (Pm I Figs 23C, 
25A) another stage follows with 5 - 6 bodies in the nuclei (Pm II, Figs 23D, 25B) 
The number of these bodies was counted in phase contrast microscopy of squashed 
preparations In nuclei of Pm III spermatids again a single protein body is found, 
covered with many small granules In Pm IV spermatids these small granules have 
fused into a few bigger ones (Fig 25C) Whereas during Pm I and II many granular 
and fibrillar components are present in the nucleoplasm besides the protein body (Fig 
25A), the nucleoplasm becomes more homogeneous in its structure and starts to 
elongate during Pm III and IV (see Figs 23F, 25C) During Pm V the spermatid nu
cleus elongates strongly and the protein body decreases in size (Figs 23H) At Pm VI 
the chromatin begins to condense and the protein body disappears 

i 

As the elongation of the nucleus starts (Pm IV) an increasing number of microtu
bules accumulates between the nuclear membranes During stage IV one or two cyto
plasmic membrane sheats line up with the nuclear surface (see e g Fig 25) This gives 
rise to a multilayer of membranes around te nucleus A "manchette" of microtubules 
develops between the membrane sheats (Fig 26A) The microtubules may be involved 
in the morphological transformation of the nucleus (see Anderson, 1967) During ad
vanced nuclear elongation (Pm V-VI Fig 23H) the inner of the nuclear double mem
branes is "non-fencstrated" over most of its surface The fenestrated part of the nu
clear membrane is restricted to one longitudinal section from the tip towards the cen
inole attachment side However, the fenestrated side of the nucleus is somewhat 
shorter than the length of the nucleus and does not completely reach the ceninole ad
junct Two ridges ("paranuclear strips", Lindsley & Tokuyasu, 1980) develop at the 
borders of the fenestrated section of the nuclear membrane (arrows in Fig 26A) while 
the fenestrated section forms a furrow in the nuclear surface Thus the nucleus ac
quires the shape of a boat A similar process was described for D melanogaster by 
Tokuyasu (1974b) 

The condensation of the chromatin starts during Pm VI at the non-fenestrated part 
of the nuclear membrane always opposite to one of the microtubules of the "man
chette" (Fig 26A) The nuclear region at the fenestrated side is usually devoid of con
densation centers The microtubules seem thus to have some kind of organizing func
tion for the chromatin (see also Tokuyasu, 1974b) In longitudinal sections of the nu
cleus one can recognize that the fibers of condensing chromatin are oriented longitudi
nally in the nuclei At stage Pm VII the chromatin forms a highly condensed homo
geneous material (Fig 26C,F,G,H) 

Fig. 25. The nucleus of the young spermatid A Pm I nucleus (detail of Fig 23C) Note the 
parafusonal nuclear envelope Bar represents 2 μπι В Pm 11 nucleus Bar represents 1 цт С Pm IV 
nucleus Bar represents 1 μπι CA ceninole adjunct Ch chromatin FS fenestrated side of the nuclear 
membrane, NFS non-fencstrated side of the nuclear membrane NK Nebenkern Ρ parafusonal mem
branes 
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Characteristic membraneous structures are found along the nuclei of stage VI and 
VII spermatids (see also Meyer, 1969). They arise at the side of the paranuclear strips 
that form the border of the fenestrated side of the nucleus. At Pm VII four such strips 
are found along the nucleus (Fig. 26G) except at its extreme tip, where only two strips 
are found (Fig. 26F). It cannot be excluded that these structures are sections of the 
nuclear membranes eliminated as a consequence of the decrease in size of the nuclear 
surface during chromatin condensation. However, this does not explain why they ap
pear already fully formed at the end of stage VI since reduction of the nuclear volume 
continues during Pm VII. If these membraneous structures are parts of the original 
nuclear membrane, they do not contain all the material that is stripped of during the fi
nal shaping of the nucleus. 

The absence of an acrosome 

An acrosome is an electron-dense structure at the apical end of a sperm head. It is 
suspected to support the penetration of the sperm into the egg. The acrosome is 
derived from Golgi complexes which first form an acroblast. In the acroblast an "acro
somal granule" or an "acrosomal vesicle" develops, that is finally converted into the 
acrosome (for D. melanogaster see Tales, 1971). 

In D. hydei an acroblast is found in Pm II and early Pm III (Figs. 23D, 26D). 
However, no acrosomal granule was found in the more than hundred Pm II and III D. 
hydei acroblasts that were examined. In Pm IV spermatids an acroblast cannot be 
identified anymore. Instead, a characteristic electron-dense granule and several 
endocyte-like vesicles are always found besides the tip of the nucleus (Fig. 26E). This 
electron-dense granule has not been formed within the acroblast and it is not situated 
at the nuclear membrane, as would be expected for an acrosomal granule. Also in D. 
melanogaster the acroblast disappears during this stage of spermatid development, but 
here the acrosomal granule will form the acrosome, as demonstrated by Tales (1971). 
In D. hydei, however, neither an acrosomal granule nor an acrosome has ever been 
observed. The acrosome is either exceptionally small or completely missing. 

Fig. 26. Further differentiation of the nucleus. A Transverse section through the nucleus with begin
ning condensation of the chromatin (Pm V-VI). Bar represents Ü.5 μπι, В Longitudinal section through 
the Pm V-VI nucleus. Note the parallel arrangement of the chromatin fibers. Bar represents 0.5 μπι. С 
Nucleus in the head cyst cell in the seminal vesicle (Pm Ш). D Acroblast of Pm VII - spermatid. Bar 
represents 0.5 μπι. E Tip of elongated nucleus missing acrosomal formation (Pm V-VI). Endocyte-like 
vesicles and an electron-dense granule are always found during this stage in this region. Bar represents 
0.5 μπι. F Pm VII nuclei. The nuclei are sectioned at a level where two, three or four strips are ob
served. Bar represents 0.5 μπι. G Nuclei just before individualization (Pm VII). Note the membrane 
strips. Bar represents 0.5 μπι. Η Detail of G. The nuclear envelope consists of at least three layers 
(each indicated by a dot). Bar represents 0.1 μπι. AB acroblast. eg electron-dense granule, ev 
endocyte-like vesicle, F5 fenestrated side of the nuclear membrane, Λί5 membrane strips, MT microtu
buli, N nucleus, NFS non-fenestrated side of the nuclear membrane, NP nuclear pore complexes 
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Development of the sperm tail 

The axonemc (axial filament) and the two mitochondnal derivatives are the main com
ponents of the tail The cytoplasm ot the spermatid contains further some characteris
tic organelles like microtubules, lamellar bodies and giant polvsomes (for extensive 
description of these organelles in D melanogcuter, see Fates, 1971) 

The development of the sperm tail is mainly characterized by the formation of 
secondary structures in the axoneme and of paracrystallme material in the mitochondri
al derivatives Both differentiation processes will be described separately Thereafter 
a short description of some other cytoplasmic elements will be given We will stage the 
development of the tail in accordance to the staging ot the spermatid nuclei 

Differentiation of the mitochondria 

The mitochrondnal differentiation starts in the late primary spermatocyte (Stc III-IV) 
Here, the mitochondria grow considerably in length (Fig 23A) They bear electron-
dense granules and become surrounded by an extra double membrane (Fig 27A) Mi
crotubules develop between the two double membranes (Fig 27Ab) Also during 
meiosis, Nebenkern formation and development of the sperm tail, microtubules remain 
associated with the mitochrondna or their derivatives (Figs 27B-D) Shortly after 
meiosis the mitochondria luse into one body, the clew-stage Nebenkern that transforms 
into the onion-Nebenkern (see also Tales, 1971) Early during spermatid development 
(Pm III) the Onion-Nebenkern dissociates into two derivatives (Fig 27E) Thereafter 
the electron-dense granules in the mitochondria disappear (Fig 23E) During an ad
vanced state of elongation (Pm VI-VII), material of paracrystallme character is deposit
ed inside the mitochondrial derivatives, which at the same time loose their enstae 

Fig. 27. The differentiation of the mitochondria Ad Stc III IV mitochrondna of primary spermato
cytes Note the extra double membrane around the mitochondria and their electron dense granules (ar 
rows in big 27Ab) Bar represents 1 μηι Ab Detail of Aa Bar represents (J 2 um В Mitochondria in 
the spindle of meiosis I Bar represents 1 μιη Ca Formation of the Nebenkern (Pm I) Bar represents 
1 μτη Cb Detail of Ca Bar represents 0 2 μιη Da Onion Nebenkern Bar represents 1 μιτι Db De
tail of Da Arrows indicate electron-dense particles Bar represents 0 2 μηι E Division of the Nebenk
ern in two Nebenkern derivatives (Pm IV) Note the cvtoplasmic inclusions in the Nebenkern deriva
tives Bar represents 1 μιη l· Early formation of paracrvslallme material in the Nebenkcrn derivatives 
(Pm VI) Bar represents 0 1 μπι G Late formation of pardcrvstalline material in the Nebenkcrn 
derivatives (Pm VII) Bar represents 0 1 μπι Η Mature spermatozoon transverse section of the tail re
gion Arrow points to secondary fibers of the Afzelius spokes in the axoneme Note thai one of the 
central tubules is filled with a dense rod one part of the Nebenkern derivatives is filled with paracrv-
stalline material another part with an amorphous electron dense material Bar represents 0 2 μιη AM 
amorphous material AS axonemal sheat Ax axoneme Cv cvtoplasmic inclusion W mitochondrion Me 
membrane sheats around spermatid tail MT microtubules \ D Nebenkern derivatives PV/ paracrvslal
lme material ΡΊ peripheral doublet tubules 
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Fig. 28. Transverse section of the testis tube A Detail of B. The different numbers of spermatids in 
each bundle is indicated. Bar represents 5 μιη. В Overview of a section with about 50 cysts of sperma
tids during elongation. Note that the older spermatids with more electron-dense paracrystalline material 
in their Nebenkern derivatives are situated more in the center of the testis. Bar represents 10 μιη 

Formation of the paracrystalline material starts at the site of contact between the 
Nebenkern derivatives and the axonemal sheat (Fig. 27F). The structure of the mito
chondrial membranes changes at this site. They form two ridges of a four-layered sub
structure. These ridges run along all the length of the tail (Fig. 30C,F). During sper
matid stage VI the paracrystalline material gradually fills a substantial part of the mito-
chrondrial derivatives. The crystalline pattern of this material changes at a certain 
point of development (compare Fig. 27F,G). In the mature sperm about half of the 
volume of the mitochondrial derivatives is filled with paracrystalline material. The 
remaining volume is filled with amorphous material (see Fig. 27H). 

The elongation of the spermatid is a rather rapid process as can be derived from 
the relatively small number of spermatids of intermediate length in the testis. Elonga
tion mainly takes place during Pm V. The formation of paracrystalline material starts 
relatively late during elongation as it is first recognized in spermatid cysts with a small 
diameter. In random sections of the testis tube (Fig. 28B) almost all spermatids have a 
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similar diameter, but different quantities of paracrystalline material. This suggests that 
the formation of the major portion of the paracrystalline material takes place after the 
elongation process is more or less complete. The paracrystalline material, therefore, is 
mainly deposited at Pm VI and VII, while the main elongation of the spermatids oc
curs during Pm V. Also for D. melanogaster, Tokuyasu (1974a) did not observe depo
sition of paracyrstalline material before the cysts have reached half of their maximal 
length. 

The axoneme 

The axoneme is formed by the differentiating centriole. During the premeiotic stages 
the centrioles elongate and their distal parts become enclosed by a double membrane 
(the centriolar sheat) that is in continuity with the cell membrane ( Fig. 29A-D). For 
D. melanogaster this is well described by Fritz-Niggli & Suda (1972). In late primary 
spermatocytes and during meiosis, the centriole shows a longitudinal differentiation 
(Fig. 29C-D). Its distal part (enclosed by the centriolar sheat) has a single central tu
bule and nine outer doublets (Fig. 29Cc). This part forms the axoneme of the sperma
tids. The proximal part of the centriole misses central tubules and it contains nine 
outer triplets instead of doublets (Fig. 29Ca). This portion of the centriole will not 
elongate much during the postmeiotic development. It will be situated in the neck re
gion of the spermatid, connecting the nucleus with the tail (see also Tokuyasu, 1975). 

At Pm II the proximal part of the centriole comes in contact with the nuclear en
velope at its fenestrated side. The distal part of the centriole elongates by growing at 
its caudal end (see for D. melanogaster Tokuyasu, 1974a). In the region of attachment 
between centriole and nuclear membrane a deposition of electron-dense material oc
curs around the centriole, mediating the tight contact between the nucleolar membrane 
and the axoneme (Fig. 29F,G,H; see for D. melanogaster also Kiefer, 1970). This ma
terial is called centriole adjunct. 

The centriole adjunct is a proteinaceous structure (Cantacuzène, 1970). In D. hy-
dei it initially forms a closed ring around the centriole that lays with its proximal part 
in an invagination of the nuclear membrane (Fig. 29F,G,H). Since the volume of the 
nucleus decreases gradually during Pm V and VI, the nucleus becomes too small to en
close the invaginated proximal part of the centriole. Therefore, after elongation of the 
nucleus, the centriole and the head are only laterally associated in the neck region of 
stage VI spermatids (Fig. 291). The centriole adjunct is transformed into a dense struc
ture filling the space between the nucleus, the axoneme and the tips of the mitochon
drial derivatives. During final chromatin condensation (Pm VII) the centriole adjunct 
transforms into electron-dense material (Fig. 29J) that also surrounds the neck region 
of a mature sperm cell (Fig. 29K). 
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The proximal part of the centriole does not form new structures during spermatid 
differentiation (compare Fig. 29Ca and 29K) and its length remains virtually un
changed. Some changes in the structure of the proximal part of the centriole were re
ported for D. melanogaster by Perotti (1970) but could not be confirmed for D. hydei 
(see Fig. 29J,K). However, our observations concerning the neck region of the mature 
spermatozoon are not that numerous. 

Drastic morphological changes, on the contrary, occur in the axoneme during 
development (Fig. 30). These changes include formation of two central tubules, assem
bly of a new series of nine outer tubules (the assessory microtubules (Kiefer, 1970) or 
satellites (Daems et al., 1963; Kiefer, 1966)), deposition of accessory material (Fig. 
30C), development and transformation of the spokes (Afzelius, 1959) and the "secon
dary fibers" (Fig. 27H; Kiefer, 1970; Tokuyasu, 1974c) and association of additional 
material with the axonemal microtubules: central rods are formed in the central and ac
cessory microtubules and transverse ridges develop on the central and peripheral tu
bules as visualized in longitudinal sections (Fig. 30F). 

Changes in the orientation of the mitochrondrial derivatives with respect to the ax
oneme are observed between the spermatid stages IV (Fig. 30A). V-VI (Figs. 30B-D) 
and VII (Fig. ЗОЕ) (compare also with Tokuyasu, 1974a). In mature sperm (Fig. 27II) 
the axoneme has some rotational freedom within the flagellum. 

Fig. 29. The diffcrcnliation of the centriole. A Pair of centriolcs of η voung primary spermatocyte (Stc 
Ι). В Ceninole situated at the cell membrane of Stc II priman spermatocyte Note the absence of 
dense granules in the Stc II mitochondria Bar in A and В represents 1 urn Ca-Cc Serial sections of a 
Stc IV ceninole Note the absence of central tubules in the proximal part (a) of the ceninole and the 
occurence of only one central tubule in the distal part (b, c). Bar represents Ü 5 μιτι. D Stc IV cen
inole Arrows indicate the transverse sections of Figures 2УГа-Сс 1 = Ca. 2 = Cb. 3 = Cc Bar 
represents 1 μτη E Centriolo in contact with Pm II nucleus. The proximal part of the ceninole is not 
yet invagmated in the nucleus, the distal part begins to form the axoneme Note the electron-dense hol
low sphere in the nucleus close to the ceninole Bar represents 1 μιτι. F Pm IV centriole adjunct. Bar 
represents 1 μιη. G Later developmenl of ceninole adjunct (Pm V) Bar represents 1 μπι Η 
Transverse section of proximal part of the ceninole that invaginates in the nucleus. One mitochondrial 
derivative lays aside. Bar represents 1 μηι la Overview of Pm VI spermatids Centriole docs not in
vaginate in the nucleus anymore, but it lays at its side. The ceninole adjunct keeps the nucleus and the 
axoneme together Bar represents 1 μπι. Ib Detail of a serial section of Figure la Bar represents 0 5 
μηι Ja Transverse section of head-tail junctions of fully elongated spermatids just before individualiza
tion (Pm VII). Note sections (1) through the head. (2) through the tail, and (3) through the head-tail 
junction (the neck region): The latter is magnified in Figure Jb. Bar represents 0.5 μπι Jb Detail of 
Ja. Nucleus and proximal part of the ceninole lay side by side in the neck region of the spermatid Bar 
represents 0 1 μιτι К Neck region of individualized sperm in the testicular duct Note the absence of 
central tubules in the proximal part of the centriole. Bar represents 0.1 μπι. Ax axoneme, CA ceninole 
adjunct, CM cell membrane, CS ccntnolar sheat, DC distal part of the centriole. LB lamellar body, M 
mitochondrion. Ml microtubules, N nucleus. ND Ncbcnkern derivative. ,Vra nuclear membrane, PC 
proximal part of the ceninole. PT periterai triplets 

Spermiogenesis 87 



In the axoneme the radial symmetry of the centnoles is converted into a bilateral 
symmetry because of the presence of the two central tubules In the developing ax-
onemes a circular gradient is found in the development of the outer microtubule doub
lets (Fig ЗОВ-D) Since in all stages of axoneme development the most developed ac
cessory microtubules are found in position 1, the accessory structures develop at about 
the same rate The initiation of this development, however, starts at first at position 1, 
and subsequently at the following numbers This results in a circular gradient of 
development in the axonemes during stages Pm V-VI A similar observation has been 
made for D melanogaster by Tales (1971) 

Other cytoplasmic components 

Most of the other cytoplasmic components involved in spermatid differentiation will 
not be considered in detail, since they are well described for D melanogaster by Tales 
(1971) and their description for D hydei would not differ notably 

An exception, however, are the lamellar bodies In contrast to D melanogaster 
they arc found aggregated around the mciotic asters (like in D vinlis, see Ito, 1960) 
and at one side of the Nebenkern opposite to the nucleus During Pm III-IV the 
lamellar bodies are distributed along the spermatid tails thereafter they aggregate 
again and disappear The lamellar bodies are visible also in the light microscope and 
have been called chromatoid bodies by various authors (Ito, 1960, Hess & Meyer, 
1968). We call them lamellar bodies according to Tales (1971) and reserve the term 
chromatoid body (Morgan & Uzmann, 1966) for the large single structure found in 
young spermatids (see Fig 23C,D) However, these chromatoid bodies are not rich in 
RNA as we showed with the aid of cytochemical staining procedures (Grond, unpub
lished) The lamellar bodies, as we defined them, consist of tightly packed mem
branes, and are very electron-dense (Figs 24A, 29E) This characteristic morphology 
permits their identification in the course of development 

Fig. 30. The development of the axoneme A Cross section of Pm IV axoneme В Cross section of Pm 
V axoneme С Cross section of Pm V - Pm VI axoneme The peripheral doublets and the accessory 
structures are conventionally numbered according to Tokuyasu et al (1974a) D Cross section of Pm VI 
axoneme E Cross-section of Pm VII axoneme F Longitudinal section of Pm V axoneme All bars 
represent 0 1 μπι a arms, attached to the A tubule of the peripheral doublets Am accessory material, 
AT accessory tubules, CS centnolar sheat CT central tubules, PM paracrvstalline material, PT peri
pheral doublet tubules, sf secondary fibers, sp Afzehus-spokes, st four-layered strips in the mitochondri
al membrane at the site of contact with the centnolar sheat 
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С The later stages of sperm differentiation 

In the final stages of differentiation the cvsts of spermatids fill almost the entire length 
of the testis tubules The spermatid nuclei are still situated in the surrounding head 
cyst cell at the testis wall and have moved completely downwards to the testicular duct 
Now two processes take place almost simultaneously individualization and coiling 

Indi viduahzation 

The individualization process serves to terminate the syncytial integration of the sper
matids and to remove the cytoplasmic residues from the persistent parts of the sperma
tozoa In D hydei a giant cystic bulge (maximal size about 120 μιτι) is involved in this 
process (Fig 31A,B) It is bigger than the cystic bulges previously described for D 
melanogaster (Tokuyasu et al , 1972a), but has a comparable ultrastructure Around 
each spermatid tail a tapering structure is observed, the investment cone Around the 
investment cones a large amount of cellular debris is deposited containing membrane
ous vesicles (that resemble Golgi cisternae) and degenerating cytoplasmic structures (as 
judged from their electron-density) (Fig 31A-C) It seems therefore that the invest
ment cones carry the biochemical machinery to solubihze and digest the residues of the 
differentiating spermatids These residues are collected in the waste bag (Tokuyasu et 
al , 1972a), which is left behind after the individualized spermatozoa have passed the 
cystic bulge 

The sperm heads have reached their final structure at the onset of individualiza
tion The flagellar differentiation, on the other hand, seems not to be entirely complete 
after individualization Our observations suggest that the "secondary fibers" of the 
Afzehus spokes (Kiefer, 1970) become more prominent shortly after completion of the 
individualization (Fig 27H) Also the deposition of the amorphous material in the mi
tochondrial derivatives is not completed before individualization 

About 4 cystic bulges are found in a D hydei testis of a two weeks old male 
Since a total of about 80 postmeiotic syncytial cysts are found in the testis (see Table 
2), the process of individualization takes approximately 5% of the total time required 
for spermatid development, ι e 3 - 4 hours During this time, a 10 mm long spermatid 

Fig 31 The cystic bulge performing the individualization of the fully elongated spermatids A Nomar-
ski differential interference contrast image of a cystic bulge The testis wall was digested with the aid of 
Chymotrypsine A4 Bar represents 25 μπι В Low magnification electronmicrograph of a cystic bulge in 
the testis Bar represents 25 μιη С Detail of the investment cones Note the accumulation of mem
braneous material a the cystic side of the investment cones The process of individualization moves 
from left to right in this picture Bar represents 2 μπι Ax axoneme 1С investment cone, MV mem
branes vesicle ND Nebenkern derivative 
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cyst is individualized Individualization, therefore, proceeds with a minimum speed of 
0 5 ц т per second Tokuyasu et al (1972a) assume that the cystic bulge in D melano-
gaster moves actively along the spermatid bundle However, we doubt whether the 
cystic bulge in D hydei actively moves along the whole length of the testis, since we 
found individualization bulges only in the lower half of the testis In case of an active 
movement along the spermatids they must also be found in the upper regions of the 
testis tubes, where they should be even larger due to the amount of material collected 
along the spermatids We, however, never found any cystic bulge in the upper region 
of the testis tube We assume therefore that spermatids move actively through the cys
tic bulge The anchoring of the sperm heads in the head cyst cells (Tokuyasu et al , 
1972b), which also are connected to the testis wall, will support this coiling process 
An alternative explanation for the observation that cystic bulges are not found in the 
apical half of the testis might be, that the bulges are retracted quickly towards the basis 
of the testis after individualization (for D melanogaster see Lindsley & lokuyasu, 
1980) and that we did not find individualized bulges just before such a retraction 

Coiling 

During individualization the spermatids are transferred to the testicular duct We then 
call them spermatozoa In the testicular duct the spermatozoa are in a coiled state 
(Tokuyasu et al , 1972b) The concept of individualization might falsely suggest that 
spermatozoa are completely removed from their cystic environment after passing the 
cystic bulge However, spermatozoa that originate from the same cyst remain tightly 
together the sperm tails are embedded in a fine tubular material and cross sections 
display a hexagonal array in which the sperm tails are closely packed In the neck re
gion of the sperm the amount of tubular material is even larger than between the tails 
further caudally With the aid of this tubular material the sperm heads are invested in 
the head cyst cell (Fig 32A,B) This cell was called "big nutritive cell" by Hess & 
Meyer (1968) or for D melanogaster "nutritional cell" by Tales (1971) Tokuyasu et al 
(1972b) showed that the sperm heads are in fact surrounded by two cells, as the head 
cyst cell itself is surrounded by a cell of the terminal epithelium For D hydei we 
could not confirm this observation We assume that the spermatozoa are hold together 
by only one big cell, the head cyst cell 

Fig. 32. Individualized sperm in the seminal vesicle Coiling of the sperm tails around the head cyst cell 
that harbours the sperm heads A Section of a head cyst cell with sperm heads (N) longitudinally cut 
Bar represents 10 μπι В Section of a head cyst cell with various transverse sections of sperm heads 
Bar represents 10 μπι С sperm tails sectioned close to the sperm heads only one Nebenkern derivative 
proceeds proximally in the sperm neck region The tails of the sperms of one cyst are surrounded by tu
bular material Bar represents 0 2 μιτι D Nuclei and tails of cystic origin The cyst contained 28 
elongating spermatids The tails are wrapped around the head cyst cell and sectioned at the level where 
both Nebenkern derivatives are along the axoncme but still small and (lower) at a more distal level, 
where the Nebenkern derivatives have the normal size of the tail region of the spermatozoa Note the 
decrease in the amount of tubular material that surround^ the sperm in the neck region where it is at
tached in the head cyst cell Bar represents 5 μπι HC head cyst cell N nuclei ND Nebenkern deriva
tive, S bundles of sperm tails tightly packed in a hexagonal pattern Tu material of minute tubules -
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After individualization the axonemes obtain some rotational freedom within the 
flagellum (as can be deduced from the variable orientation of the axoneme with respect 
to the Nebenkern derivatives). The sperm tail now has its definite structure. Howev
er, the spermatozoa have not yet individual motility since their tails are kept together 
by the tubular material and are coiled around the head cyst cell. 

This secondary integration of the individualized sperm, according to their cystic 
origin, disappears at the end of their passage through the testicular duct. The sperma
tozoa now become individually motile, although they usually move in bundles thus 
maintaining their clonal origin. The existence of spermatophores, as indicated for D. 
melanogaster by Fowler (1973), was not found for D. hydei. It is, on the other hand, 
not unlikely that the spermatozoa are transferred during copulation in these bundles of 
clonal origin. Probably, another 5 days are required for the transport of the spermato
zoa to the ejaculatory bulb. Therefore, only after one week the adult male becomes 
fertile. At that time the accessory glands develop which might suggest that their activi
ty is related to the last steps of spermiogenesis. Giant accessory glands can however be 
found in old X/O males (Grond, unpublished observations) in spite of the complete 
lack of sperm production. Thus the development of these glands is not connected to 
the presence of mature sperm. 

D. Morphology of the spermatozoa and its function during fertilization 

Morphology of the spermatozoa 

The head of a D. hydei spermatozoon has an extremely filiform shape. It has a length 
of 70-75 μιτι (chapter V) and a diameter of about 0.1 μπι (Fig. 26G). The volume of 
the head is about 0.6 цт 3 . The spherical Pm II nucleus has a diameter of about 7 цгп. 
Thus its volume is decreased about 300 times. Tales (1971) and Lindsley & Tokuyasu 
(1980) estimate a more than 200 fold decrease in nuclear volume during the spermato
genesis of D. melanogaster. The length of the spermatid nucleus is increased about 10 
times (for D. melanogaster less than twice) during the spermatid differentiation. 

The mitochondrial derivatives decrease in thickness in the region of the tail that is 
close to the head (a process extending over two full turns of the spermatozoa around 
the head cyst cell, or 0.1 to 0.2 mm, see Fig. 32C,D). As a consequence the sperm tail 
(diameter about 0.3 μπι) has a smaller diameter in the neck region which allows a 
smooth connection with the thin filiform sperm head (diameter 0.1 μπι). 

The D. hydei sperm tails are that long and are so much entangled with each other 
that they are difficult to measure. In the past a length of 6.6 mm has been reported 
(Hess & Meyer, 1963a; 1968). Since preliminary measurements (I. Hennig, unpub
lished) did not agree with these earlier data, we reinvestigated the length of the mature 
spermatozoa. This was accomplished by treating the testes of two weeks old males 
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with chymotrypsine A4. After squashing the tissue we followed the syncytial spermatid 
bundles in an Zeiss Axiomate microscope with a 0.5 μπι diaphragma controlled by the 
joystick and measured their lenght. The longest distance which could be measured 
within a single sperm bundle was 10.3 mm. However, both ends of this bundle could 
not be found between the many other spermatid bundles. Other spermatid bundles, 
which could neither be followed over their entire length, had similar sizes (8 to 10 
mm). Therefore, the actual size of mature spermatozoa must exceed 10 mm. Their di
ameter is about 0.3 μιτι. About two thirds of their volume of at least 750 μ/η' is occu
pied by the mitochondrial derivatives. The Onion-Nebenkern (diameter about 15 μιτι) 
has a volume of about 1300 μ™-1. This volume appears not to change much during the 
subsequent development, as was also found in the case of D. melanogaster (Lindsley & 
Tokuyasu, 1980). 

Fertilization 

The fertilization in D. hydei is similar as described for D. virilis and D. melanogaster 
by Hildreth & Lucchesi (1963). We sampled freshly deposited eggs, removed the 
chorion and the vitelline membrane and squashed the egg gently in Drosophila Ringer 
under a coverslip. A long sperm tail was found incorporated in the egg. Besides the 
head also the tail apparently enters the egg, and it can be found in the egg plasm short
ly after fertilization. Thereafter it désintégrâtes. As the volume of the tail is more 
than 1000 times that of the head, a considerable amount of material besides the male 
genetic complement is transferred into the egg by the sperm. 
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E Sfiorì characterization of the stages of spermiogenesis 

Meiosis (0 5 h) 
The nucleus is surrounded by parafusonal membranes It is a closed compartment filled with chromatin 
proteinaceous structures and microtubules A spindle is formed by elongated mitochondria and microtu
bules Pairs of long centnoles are found in the asters around which the lamellar bodies aggregate 

Pm I (< 0 5 h) 
The spherical nucleus has an envelope with a fenestrated side It contains a single protcm body and the 
chromosomes uncoil The clew stage Nebenkern is formed by fusion of the mitochondria The ceninole 
moves towards the nucleus 

Pm 11 (1 h) 
The spherical nucleus with a large acroblast is surrounded by a double membrane It contains 5 - 6 
round bodies The chromosomes condense at the fenestrated side The onion-Nebenkern is formed 
Lamellar bodies aggregate at one side of the Nebenkern The ceninole touches the nucleus at its fenes
trated side 

Pm IH (1 h) 
The nucleus is spherical and contains a single protein body covered with small granules The chromo
somes uncoil and spread over the nucleus The omon-Nebenkern is ovoid and starts to divide The prox
imal part of the ceninole lays in an invagination of the nuclear envelop The ccntnole adjunct is 
formed The distal part of the ceninole extends between the Nebenkern derivatives The lamellar bo
dies spread along the Nebenkern derivatives 

Pm IV (2 h) 
The nucleus starts to elongate The acroblast disappears and endocyte-hke vesicles develop The small 
granules of the protein body fuse The Nebenkern derivatives elongate, and their electron-dense 
granules disappear 

Pm V (12 h) 
Nucleus elongates further The protein body decreases in size The mitochondrial derivatives elongate 
rapidly The lamellar bodies disappear 

Pm VI (24 h) 
A longitudinal furrow is formed in the nucleus Membranes are stripped off The chromatin starts its fi
nal condensation The protein body disappears Centnole and part of the nucleus lay side by side m 
the neck region The ceninole adjunct transforms Accessory structures are formed in the axoneme 
Paracrystallme material starts to be formed in the mitochondrial derivatives 

Pm VII (31 h) 
Accomplishment of the chromatin condensation and the shaping of the nucleus Transformation m the 
pattern and further accumulation of paracrystallme material Final formation of the accessory structures 
in the axoneme 

Pm VIII (3 5 h) 
Individualization and coiling Release of microtubules around the head A thick envelope is formed 
around the head The spermatozoa are anchored in the head cyst cell in a material of minute tubules 
Cytoplasmic components are stripped off by the cystic bulge The tails coil around the head cyst cell and 
finish their differentiation 
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Discussion 

General aspects 

Our study shows that the general course of spermiogenesis in D. hydei is closely com
parable to the process described for D. melanogaster (review Lindsley & Tokuyasu, 
1980). In particular it is demonstrated that individualization of spermatozoa occurs 
with the aid of a cystic bulge before the onset of coiling. The existence of such a 
mechanism in D.hydei was unknown to earlier investigators (Meyer and Hess, 1968) 
because in D. melanogaster it had first been observed by Tokuyasu et al. in 1972. The 
extreme length of the spermatids in D. hydei makes it much more difficult to identify 
the cystic bulge. In another more recent study the existence of the cystic bulge in D. 
hydei has explicitely been denied (Liebrich, 1981). In this case, the discrepancy can 
easily be explained by a misinterpretation of some stages of spermiogenesis. The cyst 
identified by Liebrich (1981) as containing coiled spermatozoa is in fact an early elon
gation stage (cf. Fig. le and 4a in Hennig, 1984). Probably, during in vitro culturing 
D. hydei testes, advanced elongation stages are not completed or have been missed by 
this author. 

During this and a previous study (chapter II) of the D. hydei spermatogenesis we 
found a number of details of spermiogenesis that differ between D. melanogaster and 
D. hydei. The major points will be summarized here. 

(1) As Meyer (1963) and Hess & Meyer (1968) described, primary spermatocytes 
are assembled in cysts of 8 cells, which are derived from three gonial divisions. In D. 
melanogaster the cysts include 16 spermatocytes. Small deviations of the numbers of 
spermatids per cyst (32 in D. hydei, 64 in D. melanogaster) are found in both species 
(Fig. 28A; Liebrich et al., 1983; Kiefer, 1966). 

(2) The У chromosomal lampbrush loops in the spermatocytes of D. hydei (Meyer, 
1963) are much larger and can be better distinguished than in D. melanogaster (Meyer 
et al., 1961). The most prominent Y chromosomal loops of Ü. hydei carry large 
amounts of proteins that accumulate during spermatocyte development, probably by as
sociation with the giant transcripts of the lampbrush loops (chapter II). Since immuno
logically related proteins are found in the lampbrush loops of D. hydei spermatocytes 
and in the spermatocyte nuclei of D. melanogaster and of many other Drosophila 
species (Hulsebos et al., 1984; Ruiters et al., unpublished) the formation of lampbrush 
loops in D. hydei may be considered as an extreme case of gene expression which oc
curs in spermatocyte nuclei of other species in a less prominent form. 

(3) In D. melanogaster parafusorial membranes are only found during meiosis I 
(see Tales, 1971), whereas in D. hydei - similar as in D. virilis (see Ito, 1960) -
parafusorial membranes maintain the continuity of the nuclear compartment 
throughout meiosis (cf. also Fig. 24). 
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(4) In D. melanogaster a "protein body" (nucleolus-like body) is formed in young 
spermatid nuclei (see Tales, 1971). In D. hydei a greater number of such intranuclear 
structures occurs in young spermatid nuclei (see also Meyer 1968, and Hess & Meyer 
1968). They are already formed during the telophase of méiose I in D. hydei. In the 
past they have been misidentified as nucleoli (Hess & Meyer, 1968, Fig. 30i; Liebrich, 
1981). During spermatid differentiation the protein bodies are subject to distinct 
developmental changes in number and size (chapter VII) which were not observed in 
D. melanogaster. 

(5) Although the individualization in both species makes use of a cystic bulge, the 
passage of the spermatids through this organelle may occur by different means. In D. 
hydei it seems unlikely that the cystic bulge actively moves along the spermatid bun
dles, as has been described for D. melanogaster (Tokuyasu et al., 1972a). 

(6) Hess & Meyer (1968) described the presence of two centrioles in spermatids of 
D. melanogaster and D. hydei. Kiefer (1970) however found only a single centriole in 
D. melanogaster. This agrees with our observations on D. hydei spermatids, where 
also only one centriole can be found. Also the description of the development of the 
axoneme has been completed in our study (Fig. 30) if compared to the description 
given by Hess & Meyer (1968). 

(7) The morphology of the mature spermatozoa of both species differs. In D. 
melanogaster the sizes of the mitochondrial derivatives differ substantially, one being 
almost totally reduced. In D. hydei they are similar in size (Fig. 27H, cf. Meyer & 
Hess, 1968). The spermatozoon of D. hydei is much longer than the one of D. 
melanogaster. Its length exceeds 10 mm (this study) while in D. melanogaster it is 
around 1.8 mm (Cooper, 1950; Hess & Meyer, 1963a; Meyer, 1968). Earlier reports of 
a size of 6.5 mm (Hess & Meyer, 1963a, 1968) are incorrect. As a consequence, an in
crease in sperm length as claimed for (partial) duplications of the У chromosome (Hess 
& Meyer, 1968) cannot be maintained whithout being confirmed by adequate tech
niques. The sperm head is much thinner than the tail and has a length of about 75 цгп 
and a diameter of about 0.1 μπι. The D. melanogaster sperm head is a cylinder with a 
diameter of about 0.3 μπι and a length of about 9 μιη. 

(8) The D. hydei young spermatids contain an acroblast, which however does not 
contain an acrosomal granule as found in D. melanogaster spermatids. D. hydei ma
ture spermatozoa, moreover, do not seem to have an acrosome. 

It is obvious that the study of spermiogenesis in mutants as approached by various 
authors in the past has suffered from the incomplete knowledge on the detailed mor-
phogenetic processes and will lead to misinterpretations as have been mentioned. Our 
study thus provides the necessary background for detailed studies on the effects of dis
tinct male fertility genes on spermiogenesis. 
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Nuclear development during spermiogenesis 

One of the surprising phenomena in spermiogenesis is the intricate nuclear develop
ment. Since transcription ceases in D. hydei before meiosis (Hennig, 1967) one would 
expect that the only relevant process during the postmciotic phase is the tight packag
ing of the genome into the sperm head. The chromosomes are already condensed dur
ing meiosis and one would expect a rather straightforward mechanism. It is well 
known from other organisms including D. melanogaster that usually a transition in the 
chromosomal protein complement occurs after male meiosis. The somatic histones are 
often replaced by more basic proteins such as protamines or by histone variants. This 
might require a partial decondensation of the meiotic chromosomes. 

Recent studies (chapter V) have indeed shown that the chromatin becomes tran
siently decondensed in young spermatids as is also visible in the ultrastructure of these 
nuclei (Fig. 25B). Immunological studies with histone antisera displayed a rather com
plex series of events in the spermatid nuclei until the chromatin is finally condensed 
and packed into the sperm head. Our studies indicate that the protein bodies in the 
spermatid nuclei are involved in this process. 

The high degree of packaging of the DNA in the sperm head is an interesting 
phenomenon per se. Some information on the degree of compaction of the DNA can 
be obtained from calculating the packaging density in a mature sperm head. If we as
sume a nucleosomal configuration of the DNA which is organized into a 100 nm fibril 
with the highest possible packaging density, a total volume of 0.86 μηι1 would be re
quired for the haploid genome of D. hydei. However, such a packaging density of the 
basic DNP fibrils is never achieved. The same amount of naked DNA would require a 
volume of 0.24 pun3. The actual volume of a D. hydei sperm head was estimated in 
this study to at least 0.6 μ/η-1. This last estimate is rather unreliable, since a small error 
in the measurement of the diameter of the sperm head would result in a large error in 
the calculation of its volume. However, the volume of the sperm head definitely lays 
between 0.5 and 0.8 цт·1. Since the volume of the D. hydei genome in the form of 
naked DNA occupies about 0.24 μm-\ only few proteins can be present in the sperm 
head in its final state. From these considerations it is very unlikely that the DNA in 
the mature sperm is packed in a nucleosomal configuration, a conclusion which has al
ready been drawn by other authors on the basis of various kinds of measurements 
(refs.). The extreme electron-density of mature sperm heads (see Fig. 26C) suggests 
that these residual chromosomal proteins must be in a very tight association with the 
DNA. This compaction makes it most unlikely that a replacement of histones or other 
chromosomal proteins occurs in the almost mature sperm head, as has been suggested 
for D. melanogaster (Das et al., 1964; Hauschteck-Jungen & Hartl, 1982). These au
thors based their conclusions on the staining behaviour of different spermatid stages, 
which display a stage-specific reaction with dyes specific for arginine-rich proteins in 
late elongating spermatids. A comparable reaction is not found in D. hydei sperma
tids. We have shown, that in D. hydei the compaction of the chromatin into long 
electron-dense fibrillar structures occurs much earlier (see Fig. 26B). The reaction 
with histone antisera of spermatid nuclei of D. hydei and D. melanogaster is entirely 
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comparable (Kremer, 1983) We therefore suggest that, if there is any substitution of 
the somatic histones, it occurs in the early spermatid with décondensée! chromatin The 
protein bodies may be of importance in this process The transition in stainabihty as 
observed by Das et al (1964) and Hauschteck-Jungen & Hartl (1982) for D melanogas-
ter may be caused by a transition in the availablity of the chromosomal proteins or the 
dye-binding amino groups in the late spermatids 

Hulsebos et al (1984), Kremer (1983) and Ruiters et al (unpublished) recently ob
served a loop-specific accumulation of different proteins in distinct Y chromosomal 
lampbrush loops by immunological means It may be considered that the loops accu
mulate chromosomal proteins required for chromatin condensation after meiosis Since 
a closed nuclear domain is maintained during meiosis the accumulation of such chro
mosomal proteins may necessarily have to occur before the inactivation of the genome 
of the germ cell, especially if the synthesis of distinct transcripts is required to accumu
late those chromosomal proteins in the nucleus as suggested by recent work of our 
group (chapter II, III and IV, Kremer, 1983, cf Hennig, 1984, for discussion) 

Functional aspects of the spermatozoon 

The extreme size of the spermatozoon of D. hydei is another intriguing phenomenon. 
The tail of the spermatozoon of D hydei contains at least 1000 times the quantity of 
material of the head Certainly such a size of the tail is not favourable for locomotion 
In Drosophila species sperm length is rather variable and values of 1 5 - 6 mm appear 
not unusual (see Fowler, 1973) Therefore, we assume that the long tail the spermato
zoon is of relevance for purposes other than locomotion In D hydei, as in D 
melanogaster, an egg is usually fertilized by a single spermatozoon that enters the egg 
in its entinty (see for monospermy and fertilization in Drosophila Hildreth and Luc
chesi, 1963) An obvious possibility is that the tail carries constituents required in the 
egg Our recent findings on the accumulation of distinct testis proteins including his-
tons or histone-like proteins in the tails of the spermatozoa might be of importance in 
this respect (Kremer, Hennig, Ruiters, Joosten, unpublished, Hulsebos et al , 1983) 
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CHAPTER VU 

The protein bodies 
in spermatid nuclei of Drosophila hydei 

Abstract 

The morphology and the cytochemistry of the round bodies in the nuclei of young spermatids of D hy 
dei were studied The round bodies change in structure during spermatid development They are com 
posed mainly of basic proteins We suggest to call them protein bodies 

Introduction 

Various round bodies of an unknown function are observed in the nuclei of the secon
dary spermatocytes and young spermatids of Drosophila hydei (Meyer, 1968, Hess & 
Meyer, 1968, Liebnch, 1981, this thesis, chapters V and VI) From their observations 
Wolstenholme & Meyer (1966) deduced that the "round bodies" in the spermatids of 
Gryllus domesticus are chromosomal material, possibly nucleoli The investigations of 
other authors (for review see Tales, 1971, and Lindsley & Tokuyasu, 1980) and our ob
servations (see chapters V and VI) argue however against a chromosomal nature of the 
"round bodies" in Drosophila To obtain more detailed information on the nature of 
the "round bodies" in D hydei a cytochemical characterization was carried out With 
the aid of uranyl acetate staining at different pH values and with alcoholic PTA stain
ing the bodies were studied at the ultrastructural level regarding their content in DNA, 
RNA and basic proteins 

Materials and methods 

Material Pupae at the onset of eye pigmentation were sampled from a D hydei wildtype stock kept 
under standard conditions Testes were dissected in testis isolation buffer (Henmg 1967) and fixed im 
mediately in ice cold 3% gluataraldehyde, dissolved m 0 1 cacodylatc buffer at pH 7 4 for 2 h After 
postfixation in the same fixative for 30 mm at room temperature the testes were washed in the buffer, 
dehydrated in an ethanol/water senes and embedded in Epon following standard procedures 
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Fig. 23. The round bodies of the young D. hydei spermatid as visualized after different staining pro
cedures. A Pm II; В Pm III; С Pm IV. 1 Uranyl acetate pH 4. 2 Uranyl acetate pH 4 followed by des-
taining in EDTA. 3 Uranyl acetate pH 1.9. 4 PTA in 70% ethanol. Arrow in A4 points to protein 
body of a different chemical composition. PB protein body. Chr chromatin, FS fenestrated side, g 
granule, /V5F non-fenestrated side. Bar represents 1 μπι 
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Staming procedures Sectioned preparations were stained on formvar-coated grids 

- Uranyl acetate staining at pH 4: 
The preparations were stained in 2% uranyl acetate in A bidest for 60 s and rinsed in A bidest. 

- Bernards staining procedure 
The preparations were stained in 2% uranyl acetate in A bidest for 60 s and rinsed in A bidest 
After drying they were kept for 7, 25 or 45 mm in 0 2 M EDTA in A bidest and rinsed in A bidest 

- Uranyl acetate staining at pH 1 9: 
Preparations were stained for 120 s in uranyl acetate in A bidest that was adjusted to pH 1.9 with 
HCl. After staining they were rinsed in a series of HCl dilutions (in A bidest) with pH values of 1 9, 
2 2 and 4 0, followed by A. bidest 

- Alcoholic PTA staining 
For this staining procedure the preparations were supported by high mesh grids without formvar-
coating They were stained for 15-30 s in 2% PTA in 70% ethanol, and rinsed in 70% ethanol 

No lead staining was used to improve the contrast 

Results and discussion 

The round bodies in the young spermatids were stained according to four different 
staining methods as is shown in Figure 23. These methods are supposed to allow 
discrimination between DNA and RNA, and between basic and other proteins. 

A general procedure to contrast tissue sections for visualization is uranyl acetate 
staining at pH 4. An overview of the material studied is given in Figure 23. Pm II-
nuclei (Fig. 23A) contain several bodies that have a different chemical composition 
(Fig. 23A4) and ultrastructure. Small granules are around them or attached to them. 
During Pm III (Fig. 23B) a single body is found in the nucleus with many small 
granules attached to it. During Pm IV (Fig. 23C) the large body is covered with only a 
few granules, that are somewhat bigger. 

The Bernard staining procedure permits identification of RNA because its staining 
is not changed during EDTA bleaching. It was carried out on Epon sections with 
uranyl acetate for one mm (Fig. 23A2, B2, C2), followed by a destatning in EDTA for 
7 min. Under these conditions the smaller granules in all stages remain intensely 
stained, even after prolonged bleaching up to 45 min. In later stages (Pm IV) their 
number is reduced but their sizes increase. We therefore assume that the larger 
granules are fusion products of the smaller ones. The staining reaction indicates the 
presence of some RNA. The large bodies have different staining properties. They 
destain within a short time. Hence they must be composed of protein. 

The staining with uranyl actetate pH 1.9 identifies both DNA and RNA by their 
intense staining (Derksen & Meekes, 1984). In such an experiment on Epon section, 
which were stained for 2 min, the results (Fig. 23A3, B3, C3) are comparable to those 
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from the Bernhard staining This supports the conclusion that the large bodies are 
mainly composed of protein, while the small granules carry some RNA Since uranyl 
acetate pH 1 9 reacts mainly with phosphate groups an alternative interpretation might 
be that the small granules are composed of proteins rich in phosphate groups (see 
Derksen & Meekes, 1984) 

The staining of the sections with PTA in 70% ethanol (for 15 s), which results in a 
preferential staining of basic proteins, contrasts mainly the large bodies (Fig 23A4, B4, 
C4) It leaves the small granules unstained PTA in organic solvents binds specifically 
to histone-hke proteins (Sheridan & Barrnett, 1969) 

These data together strongly suggest that the large bodies contain basic proteins 
The absence of DNA in these bodies is confirmed by Feulgen staining (chapter V) 
The composition of the smaller granules is more uncertain They do not contain major 
amounts of histone-hke proteins as derived from their PTA staining I he absence of 
basic proteins in the small granules is rather unexpected considering their content in 
RNA which is suggested by the uranyl acetate staimngs RNA would be expected to 
be associated with basic proteins to allow compensation of the phosphate groups An 
alternative explanation for the staining behaviour with uranyl acetate is the presence of 
phosphorylated proteins 

Alcoholic PTA on sections stains the large bodies This should be expected if they 
contain basic proteins However, on block staining in alcoholic PTA as described by 
Sheridan & Barrnett (1969), the round bodies do not stain at all This could be due to 
the size of the PTA molecules, which may be too large (spherical molecules 1 1 nm in 
diameter according to Tzaphlidou et al , 1982) to permit penetration into the tissue 
Since the PTA reaction on sections of Epon embedded tissues has not sufficiently been 
studied, we prefer not to draw substantial conclusions from the application of this 
method The methodological parameters of the uranyl acetate staining techniques have 
been extensively studied and provide thus less problems for an interpretation The 
reaction of the large bodies with histone HI antibodies and their positive reaction with 
brilliant sulfoflavine (Kremer, 1983) supports interpretations in favour of the presence 
of basic proteins 

Conclusions 

The cytochemical studies, together with the Feulgen staining (this thesis, chapter V) 
and immunological studies (Kremer, 1983), permit the following conclusions on the in
tranuclear bodies in secondary spermatocytes and spermatids The large bodies are 
primarily composed of basic proteins and contain no detectable amounts of nucleic 
acids. The smaller granules, which are only successively formed, fuse in the course of 
the postmeiotic development of the nuclei into large granules They should be rich in 
phosphate groups which could either be derived from RNA or from proteins since 

104 CHAPTER VII 



DNA is not detectable. Although a content in RNA is suggested in the uranyl acetate 
stainings, we prefer to assume the presence of phosphorylated proteins since the 
granules do not react with stains specific for basic proteins. This permits the general 
term of "protein bodies" for all the intranuclear bodies during these stages of sper-
miogenesis. The well defined transformation of these protein bodies during the post-
meiotic development is linked in time to the transformations observed in the chroma
tin. We therefore suggest that the protein bodies function as reservoires for chromo
somal proteins or collect proteins, which are removed from the chromosomes. 

Protein bodies 105 



LITERATURE 

Afzelius BA (1959) Electron microscopy of the sperm tail Results obtained with a new fixative J 
biophys biochem Cytol 5, 269-278 

Afzehus BA (1970) Thoughts on comparative spcrmatology In Baccetti В (ed ) Comparative spermatol-
ogy Academic Press New York - London 565 573 

Anderson WA (1967) Cytodifferentiation of spermatozoa in Drosophila melanogaster the effect of 
elevated temperature on spermiogenesis Molec gen Genet 99, 257-273 

Andre J (1962) Contribution a la connaissance du chondriome Etude de ses modifications ultrastruc
turales pendant la Spermatogenese J Lltrastr Res suppl 3, 1-185 

Baccetti В (1970) Comparative spcrmatology Academic Press New York - London 

Bairati A. Perotti ME (1970) Some comparative considerations on the ultrastructure of Drosophila 
melanogaster spermatozoon In Baccelli В (ed ) Comparative spermatology Academic Press New York -
London 333-346 

Beck H (1976) New compound (1) chromosomes and the production of large quantities of X/0 males in 
Drosophila hydci Genet Res Camb 26, 313 317 

Bernard W (1969) A new staining procedure for electron microscopical cytology J Ultrastr Res 27, 
250-265 

Beyer AL, Bouton AH, Miller OL (1981) Correlation of hnRNP structure and nascent transcript 
cleavage Cell 26, 155-165 

Beyer AL, Miller OL, McKmght SL (1980) Ribonuclein structure in nascent hnRNA is nonrandom and 
sequence-dependent Cell 20, 75-84 

Bigliardi E, Baccetti B, Burnni G, Pallini V (1970) The spermatozoon of Arthropoda XII The distribu
tion of some enzymes in the insect sperm tail In Baccelli В (ed ) Comparative spermatology Academ
ic Press New York - London 451-464 

Bonaccorsi S, Pimpinelh S, Gatti M (1981) Cytological dissection of sex chromosome heterochromatm 
of Drosophila hydci Chromosoma 84, 391-403 

Bridges CB (1916) Non-disjunction as proof of the chromosome theorv of heredity Genetics 1, 1 52, and 
107-340 

Brown GG (1970) Some comparative aspects of selected crustacean spermatozoa and crustacean phylo-
geny In Baccelli В (ed ) Comparative spermatology Academic Press New York - London 183-204 

Callan HG (1982) Lampbrush chromosomes Proc Roy Soc Lond В 214,417-448 

Cantacuzène AM (1970) L'annexe centriolaire du spermatozoïde des insects In Baccetti В (ed ) Com
parative spermatology Academic Press New York - London 553-564 

106 



Church К Lin HP (1982) Meiosis m Drosophild mclanogastcr II Kinetochore orientation and the kine-
tochore microtubule bundle during prometaphase I J Cell Biol 93, 365-373 

Cooper KW (1950) Normal Spermatogenesis in Drosophila In Demerec M (cd ) The Biology of Droso-
phila Hafncr publishing company Hew York - London 1-61 

Dacms E Th, Persijn JP, Tates AD (1963) Fine-structural localization of ATPase activity in mature 
sperm of Drosophila melanogaster Exp Cell Res 32, 163-167 

Dangli A, Grond С, Kloetzel Ρ, Bautz EKF (1983) Heat-shock puff 93D from Drosophila melanogaster 
accumulation of a RNP-specific antigen associated with giant particles of possible storage function I he 
EMBO J 2, 1747-1751 

Das CC, Kaufmann BP, Gay Η (1964) Histone-protein transition in Drosophila melanogaster I Changes 
during spermatogenesis Exp Cell Res 35,507-514 

Derksen J, Willart E (1976) Cytochemical studies on RNP complexes produced by puff 2-48BC in Dro
sophila hydei Uranyl acetate and phosphotungstic acid staining Chromosoma 55, 57-68 

Derksen J, Meekes Η (1984) Selective staining of nucleic acid containing structures by uranyl acetate -
lead citrate Micron (in press) 

Fam-Maurel MA (1970) Le spermatozoïde des isopodes In Baccctti В (ed ) Comparative spermatology 
Academic Press New York - London 221-236 

Franke WW, Scheer U, Trendelenburg MF, Spring H, Zentgraf Η (1976) Absence of nucleosomes in 
transcriptionally active chromatin Cytobiol 13, 401-434 

Franzén A (1956) On spermiogenesis, morphology of the spermatozoon, and biology of fertilization 
among invertebrates Zool Bidr Uppsala 31, 355-482 

Franzen A (1970) Phylogenetic aspects of the morphology of spermatozoa and spermiogenesis In Bac-
cetti В (ed ) Comparative spermatology Academic Press New York - London 29-46 

Frei Η (1974) Unterschiedliche Strahlenempfindlichkeit in der Spermatogenese von Drosophila hydei, 
Lctalraten und die Bedeutung der arteigenen genetischen Organisation Archiv fur Genetik 47, 136-171 

Foe VE, Wilkinson LE, Laird CD (1976) Comparative organization of active transcription units in On-
copeltus fasciatus Cell 9, 131-146 

Fowler GL (1973) Some aspects of the reproductive biology of Drosophila Sperm transfer, sperm 
storage and sperm utilization Adv Genet 17, 293-360 

Fntz-Niggh H, Suda Τ (1972) Bildung und Bedeutung der Zentnolen Eine Studie und Neuinterpreta
tion der Meiose von Drosophila Cytobiol 5, 12-41 

Gatti M, Pimpinelli S (1983) Cytological and genetic analysis of the Y chromosome of Drosophila 
melanogaster I Organization of the fertility factors Chromosoma 88, 349-373 

Glatzer KH (1975) Visualization of gene transcription in spermatocytes of Drosophila hydei Chromoso
ma 53, 371-379 

Literature 107 



Glatzer KH (1979) Lengths of transcribed rDNA repeating units in spermatocytes of Drosophila hydei 
only genes without an intervening sequence arc expressed Chromosoma "'S. 161-175 

Glatzer KH, Meyer GF (1981) Morphological aspects of the genetic activity in primary spermatocyte nu
clei of Drosophila melanogaster Biol Cell 41, 165-172 

Grond CJ, Derksen J, Brakenhoff GJ (1982a) The banding pattern of the segment 46A-48C in Droso
phila hydei polytene chromosomes as studied by Confocal Scanning Light Microscopy (CSLM) Exp Cell 
Res 138, 458-462 

Grond CJ, Lubscn Ni l , Beck H (1982b) Recombination frequency and DNA content of the distal part 
of the second chromosome of Drosophila hydei Sturtcvant Expenentia 38, 328-329 

Grond CJ, Derksen J (1983) The banding pattern of the salivary gland chromosomes of Drosophila hy
dei Eur J Cell Biol 30, 144-148 

Grond CJ, Peters FPAMN, Derksen J, van der Ploeg M (1983) Identification of the heat shock band 2-
48 of Drosophila hydei and determination of its haploid DNA content Eur J Cell Biol 31, 150-157 

Grond CJ, Siegmund I, Hennig W (1983) Visualization of a lampbrush loop-forming fertility gene in 
Drosophila hydei Chromosoma 88, 50-56 

Grond CJ, Rutten RGJ, Hennig W (1984) Ultrastructure of the Y chromosomal lampbrush loops in pri
mary spermatocytes of Drosophila hydei Chromosoma 89, 85-95 

Hackstein JHP, Leoncini О, Beck H, Peelen G, Hennig W (1981) Genetic fine structure of the Y chro
mosome of Drosophila hydei Genetics 101, 257-277 

Hackstein JHP, Hennig W (1982) Mutants of Drosophila hydei Dros Inf Service 58, 195-203 

Hamkalo BA, Miller OL, Bakken АН (1973) Ultrastructural aspects of genetic activity In Hamkalo BA 
Papaconstantmou S (eds ) Molecular cytogenetics New York Plenum Press 315-323 

Hardy RW, Tokuyasu KT, Lindsley DL (1981) Analysis of spermatogenesis in Drosophila melanogaster 
bearing deletions for Y-chromosome fertility genes Chromosoma 83, 593-617 

Hartl DL, Hiraizumi Y (1976) Segregation distortion In Ashburner M Novitski E (eds ) The Genetics 
and Biology of Drosophila vol lb Academic Press London 616-664 

Hauschteck-Jungen h , Hartl DL (1982) Defective histone transition during spermiogenesis in heterozy
gous segregation distorter males of Drosophila melanogaster Genetics 101, 57-69 

Hennig I (1978) Vcrgleichend-zytologische und genetische Untersuchungen am Genom der 
Fruchtfliegen-Arten Drosophila hydei, D neohydei und D eohydei Em Germ 4, 211-223 

Henmg W (1967) Untersuchungen zur Struktur und Funktion des Lampenbursten-Y-Chromosoms in der 
Spermatogenese von Drosophila Chromosoma 22, 294-357 

Hennig W (1968) Ribonucleic acid synthesis of the Y-chromosome of Drosophila hydei J Mol Biol 38, 
227-239 

Hennig W (1972) Highly repetitive DNA sequences in the genome of Drosophila hydei I Preferential 
localization in the X chromosome heterochromatin J Mol Biol 71, 407-417 

108 



Hennig W (1977) Gene interactions in gcrm cell differentiation Adv Епг>те Regul Biosynth 15, 363-
371 

Hennig W (1978) The lampbrush Y chromosome of the fruit fly species Drosophila hydei (Diptera Dro-
sophilidae) Ent Germ 4, 200-210 

Henmg W (1984) Y chromosome function and spermatogenesis in Drosophila hydei Adv Genet 32 (in 
press) 

Henmg W, Meyer GF, Hennig I, Leoncini О (1974) Structure and function of the Y chromosome of D 
hydei Cold Spring Harb Symp Quant Biol 38, 673-683 

Hennig W, Link B, Leoncini О (1975) The location of the nucleolus organizer regions in Drosophila hy
dei Chromosoma 51, 57-63 

Hennig W, Huijser P, Vogt P. Jackie H, Edstrom J-b (1983) Molecular cloning of microdissected lamp-
brush loop DNA sequences of Drosophila hydei The EMBO J 2, 1741-1746 

Hess О (1964) Strukturdifferenzierungen im Y-Chromosom von Drosophila hydei und ihre Beziehungen 
zu Genaktivitatcn I Mutanten der Funktionsstrukturell Verh Dt Zoo Ges 1964, 156-163 

Hess О (1965a) Struktur-Differenzierungen im Y-Chromosom von Drosophila hydei und ihre Bez
iehungen zu Gen-Aktivitaten III Sequenz und Lokahsation der Schleifenbildungsorte Chromosoma 16, 
222-248 

Hess О (1965b) The effect of X rays on the functional structures in the Y-chromosome in spermatocytes 
of Drosophila hydei J Cell Biol 25, 169-174 

Hess О (1967) Complementation of genetic activity in translocated fragments of the Y chromosome in 
Drosophila hydei Genetics 56, 283-295 

Hess О (1967b) Morphologische Variabilität der chromosomalen Funktionsstrukturen in den Spermato-
cytenkernen von Drosophila-Arten Chromosoma 21, 429-445 

Hess О (1968) The function of the lampbrush loops formed by the Y chromosome of Drosophila hydei 
in spermatocyte nuclei Mol Gen Genet 103, 58-71 

Hess О (1971) Lampenburstenchromosomen In Altman HW et al (eds ) Handbuch der allgemeinen 
Pathologie Springer Verlag Berlin II/2, 215-281 

Hess О (1981) Lampbrush chromosomes In Ashburner M Wright TRF (eds ) The Genetics and Biolgy 
of Drosophila vol 2d Academic Press London 1-38 

Hess O, Meyer GF (1963) Artspczifische funktionelle Differenzierungen des Y-Heterochromatins bei 
Drosophila-Arten der D hydei-Subgruppe Port Act Biol A, VII, 1-2, 29-46 

Hess O, Meyer GF (1963) Chromosomal differentiations of the lampbrush type formed by the Y chro
mosome in Drosophila hydei and Drosophila neohydei J Cell Biol 16, 527-539 

Hess O, Meyer GF (1968) Genetic activities of the Y chromosome in Drosophila during spermato
genesis Adv Genetics 14, 171-223 

Literature 109 



Hildrcth PE, Lucchesi JC (1963) Fertilization in Drosophila 1 Evidence for the regular occurence of 
monospermy Devi Biol 6, 262-278 

Hill RS, Macgregor HC (1980) The development of lampbrush chromosome-type transcription in the 
early diplotene oocytes of Xenopus lacvis an electron microscope analysis J Cell Sci 44 87 101 

Hulsebos TJM, Hackstein JHP, Henmg W (1983) Involvement of Y chromosomal loci in the synthesis 
of Drosophila hydci sperm proteins Devi Biol 100, 238-243 

Hulsebos TJM, Hackstein JHP, Hennig W (1984) Lampbrush loop-specific protein of Drosophila hydci 
Proc Natl Acad Sci U S A (in press) 

Ingman-Baker I Candido EPM (1980) Proteins of the Drosophila melanogaster male reproductive sys
tem Two-dimensional gel patterns of proteins synthesized in the X0. XY, annd XYY testis and parago-
nial gland and evidence that the Y chromosome does not code for structural sperm proteins Biochem 
Gen 18, 809-828 

Ito S (1960) The lamellar systems of cytoplasmic membranes in dividing spermatogeme cells of Drooso-
phila vinlis J biophys biochem Cytol 7, 433 442 

Kiefer BI (1966) Ultrastructural abnormalities in developing sperm of ΧΙΟ Drosophila melanogaster 
Genetics 54, 1441-1452 

Kiefer BI (1968) Y mutants and spermiogenesis in Drosophila melanogaster Genetics 60, 192 

Kiefer BI (1969) Phenotypic effects of Y chromosome mutants in Drrosophila melanogaster 1 Sper
miogenesis and sterility in KL-I males Genetics 61, 157-166 

Kiefer BI (1970) Development, organization and degeneration of Drosophila sperm flagellum J Cell 
Sci 6, 177-194 

Kiefer BI (1973) Genetics of sperm development in Drosophila Gen Mech Dev 47-102 

Kloetzel PM, Knust E, Schwochau M (1981) Analysis of nuclear proteins in primary spermatocytes of 
Drosophila hydei The correlation of nuclear proteins with the function of the Y chromosome loops 
Chromosoma 84, 67-86 

Kremer JMJ (1983) Onderzoek aan de histon transitie tijdens de Spermiogenese bij Drosophila hydei en 
Drosophila melanogaster Doctoraal verslag Afdeling Genetica Katholieke Universiteit Nijmegen 

Laird CD, Wilkinson LE, Foe VE, Chooi Y (1976) Analysis of chromatm-associated fiber arrays Chro
mosoma 58, 169-192 

Leoncini О (1977) Temperatursensitive Mutanten im Y Chromosom von Drosophila hydei Chromosoma 
63, 329-357 

Liebrich W (1981) In vitro spermatogenesis I Development of isolated spermatocyte cysts from wild-
type D hydei Cell Tissue Res 220, 251-262 

Liebrich W, Hanna PJ, Hess О (1982) Evidence for asynchronous mitotic cell divisions in secondary 
spermatogonia of Drosophila Int J Invert Repr 5,305-310 

110 



Lifschytz E (1979) A procedure for the cloning and identification of Y-spccific middle repetitive se
quences in Drosophila hydei J Mol Biol 133, 267-277 

Lifschytz E (1974) Genes controlling chromosome activity An X-hnked mutation affecting Y-lampbrush 
loop activity in Drosophila hydei Chromosoma 47, 415-427 

Lifschytz E, Lindsley DL (1972) The role of the X-chromosome inactivity during spermatogenesis Proc 
Natl Acad Sci U S A 69, 182-186 

Lifschytz E, Hareven D (1982) Heterochromatin markers A search for heterochromatin specific middle 
repetitive sequences in Drosophila Chromosoma 86, 429 442 

Lifschytz E, Hareven D, Azriel A, Bordsly H (1983) DNA clones and RNA transcripts of four lamp-
brush loops from the Y chromosome of Drosophila hydei Cell 32, 191-199 

Lindsley DL, Grell EH (1969) Spermiogcncsis without chromosomes in Drosophila melanogaster Genet
ics Suppl 61,69-78 

Lindsley DL, Tokuyasu KT (1981) Spermatogenesis In Ashburner M Wright TRF (eds ) The genetics 
and biology of Drosophila vol 2d Academic Press London 226-294 

Mattel X (1970) Spermiogenese comparee des poissons In Baccelli В (ed ) Comparative spermatology 
Academic Press New York - London 57-70 

Meyer GF (1961) Interzellulare Brücken im Hoden und im Ei-Nahrzellverband von Drosophila melano
gaster Ζ Zellf Mikrosk Anat 54, 238-251 

Meyer GF (1963) Die Funktionsstrukturen des Y-Chromosoms in den Spermatocytenkcrnen von Droso
phila hydei, D neohydei, D repleta und einigen anderen Drosophila-Arten Chromosoma 14, 207 255 

Meyer GF (1964) Die parakristallinen Korper in den Spermienschwanzen von Drosophila Ζ Zelltorsch 
62, 762-784 

Meyer GF (1968) Spermiogenese in normalen und Y-defizienten Mannchen von Drosophila melanogas
ter und D hydei Ζ Zellforsch 84, 141-175 

Meyer GF (1969) Experimental studies on spermiogenesis in Drosophila Genetics Suppl 61, 79-92 

Meyer GF (1970) Phenocopies of Y deficiencies and extraordinary differentiation types in sper
miogenesis of Drosophila In Baccetti В (ed ) Comparative spermatology Academic Press New York -
London 347-356 

Meyer GF, Hess O, Beermann W (1961) Phasenspezifische Funktionsstrukturen in Spermatocytenker-
nen von Drosophila melanogaster und ihre Abhängigkeit vom Y-Chromosom Chromosoma 12, 676-716 

Meyer GF, Hennig W (1974) Molecular aspects of the fertility factors in Drosophila In Afzelius BA 
(ed ) The functional anatomy of the spermatozoon Oxford - New York 

Meyer GF, Hess О (1965) Strukturdifferenzierungen im Y-Chromosom von Drosophila hydei und ihre 
Beziehungen zu Genaktivitaten II Effekt der RNS-synthese-Hemmung durch Actmomycin Chromosoma 
16, 249-270 

Literature 111 



Miller A (1950) The internal anatomy and histology of the imago of Drosophila melanogaster In Dem-
erec M (ed ) The Biology of Drosophila Hafner publishing company New York - London 420-534 

Miller OL (1981) The nucleolus, chromosomes and visualization of genetic activity J Cell Biol 91, 155-
275 

Miller OL, Beatty BR (1969) Visualization of nucleolar genes Science 164, 955-957 

Morgan TH, Uzmann BG (1966) Nature of the packing of ribosomes within chromatoid bodies Science 
152, 214-216 

Nelson N (1971) Differentiation of the male germ cell In Cameron IL (ed ) Developmental aspects of 
the cell cycle Academic Press New York - London 

Olivieri G, Olivieri A (1965) Autoradiographic study of nucleic acid synthesis during spermatogenesis in 
Drosophila melanogaster Mut Res 2, 366-380 

Peacock WJ, Micklos GLG (1973) Meiotic drive in Drosophila New interpretations of the segregation 
distorter and sex chromosome systems Adv Genet 17, 361-409 

Perotti ML (1970) The neck region in mature sperm of Drosophila melanogaster In Baccetti В (ed ) 
Comparative spermatology Academic Press New York - London 523-530 

Personne Ρ, Anderson WA (1970) Etude comparee des evolutions mitochondriales au cours delà 
Spermatogenese chez quelques gastéropodes In Baccetti В (ed ) Comparative spermatology Academic 
Press New York - London 393-400 

Peters FPAMN, Grond CJ, Sondermeijer PJA, Lubsen NH (1982) Chromosomal arrangement of heat 
shock locus 2-48B in Drosophila hydei Chromosoma 85, 237-249 

Philips DM (1970) Insect sperm Their structure and morphogenesis J Cell Biol 44, 243-278 

Renkawitz R (1978) Two highly repetitive DNA satellites of Drosophila hydei localized within the a-
heterochromatin of specific chromosomes Chromosoma 66, 237-248 

Reynolds ES (1963) The use of lead citrate at high pH as an electron-opaque stain in electron micros
copy J Cell Biol 17, 208-212 

Rosati F, Baccetti В, Dallai R (1970) The spermatozoon of Arthropoda X Araneids and the lowest 
myriapodes In Baccetti В (ed ) Comparative spermatology Academic Press New York - London 247-
254 

Rungger-Brandle E, Jamnch I, Bautz EKF (1981) Localization of RNA polymerase В and histones in 
the nucleus of primary spermatocytes of Drosophila hydei, studied by immunofluorescence microscopy 
Chromosoma 82, 399-407 

Schatten G (1982) Motility during fertilization Int Rev Cytol 79, 59-163 

Scheer U (1973) Nuclear pore flow rate of ribosomal RNA and chain growth rate of its precursor during 
oogenesis of Xenopus laevis Devi Biol 30, 13-28 

Sheridan WF, Barrnett RJ (1969) Cytochemical studies on Chromosome ultrastructure J Ultrastr Res 
27, 216-229 

112 



Silverman L, Glick D (1969) The reactivity and staining of tissue proteins with phosphotungstic acid J 
Cell Biol 40, 761-767 

Tates AD (1971) Cytodifferentiation during spermatogenesis in Drosophila melanogaster Proefschrift 
Leiden 

Tokuyasu KT, Peacock WJ, Hardy RW (1972a) Dynamics of spermiogcnesis in Drosophila melanogas-
ter I Individualization Process Ζ Zellforsch 124, 479-506 

Tokuyasy KT, Peacock WJ, Hardy RW (1972b) Dynamics of spermiogenesis in Drosophila melanogas-
ter II Coiling process Ζ Zellforsch 127, 429-525 

Tokuyasu KT (1974a) Dynamics of spermiogenesis in Drosophila melanogastcr III Relation between ax-
oneme and mitochondrial derivatives Exp Cell Res 84, 239-250 

Tokuyasu KT (1974b) Dynamics of spermiogenesis in Drosophila melanogastcr IV Nuclear transforma
tion J Ultrastr Res 48,284-303 

Tokuyasu KT (1974c) Spoke heads in spermtail of Drosophila melanogaster J Cell Biol 63, 334-337 

Tokuyasu KT (1975) Dynamics of spermiogenesis in Drosophila melanogaster V Head tail alignment J 
Ultrastr Res 50, 117-129 

Tzaphlidou M, Chapman JA, Meek KM (1982) A study of positive staining for electron microscopy us
ing collagen as a model system I Staining by phosphotungstate and tungstate ions Micron 13, 119-131 

Vogt Ρ, Hennig W, Siegmund I (1982) Identification of cloned Y chromosomal DNA sequences from a 
lampbrush loop of Drosophila hydei Proc Nat Acad Sci USA 79, 5132-5136 

Vogt Ρ, Hennig W (1983) Y chromosomal DNA of Drosophila hydci J Mol Biol 167, 37-56 

Vrensen GFJM (1970) Further observations concerning the involvement of rough endoplasmatic reticu
lum and nbosomes in early stages of glycogen repletion in rat liver A combined biochemical and elec-
tronmicroscopic autoradiographic study J Microscopie 9, 517-534 

Wasserman M (1962) Cytological studies of the repleta group of the genus Drosophila IV The hydci 
subgroup Umv Tex Pubi 6205, 63-72 

Yamasaki N (1981) Differential staining of Y chromosome lampbrush loops of Drosophila hydei Chro-
mosoma 83, 679-684 

Yamasaki N (1977) Selective staining of Y chromosomal loops in Drosophila hydei, D neohydei and D 
eohydei Chromosoma 60, 27-37 

Zachanas H, Henmg W, Leoncini О (1982) Microspectrophotometric comparison of the genome sizes of 
Drosophila hydei and some related species Genetica 58, 153-157 

Literature 113 



Parts ol the results of this thesis have been published or are in preparation for publica
tion: 

CHAPTER II 

C.J. Grond, R G J Rutten, and W Hennig: Ultrastructure of the Y chromosomal 
lampbrush loops in primary spermatocytes of Drosophila hydei Chromosoma 89, 85-
95 (1984). 

CHAPTER III 

С J Grond, I. Siegmund, and W. Hennig: Visualization of a lampbrush loop-forming 
fertility gene in Drosophila hydei. Chromosoma 88, 50-56 (1983). 

CHAPTER IV 

F. de Loos, R. Dijkhof, C.J. Grond, and W. Hennig: Lampbrush loop-specificity of 
transcript morphology in spermatocyte nuclei of Drosophila hydei. submitted for pub
lication (1984). 

CHAPTER VI 

C.J. Grond, W.M. Kuhtreiber, and W. Hennig: Spermiogenesis of Drosophila hydei. 
submitted for publication (1984). 

114 



SUMMARY AND CONCLUSIONS 

In this thesis I studied the spermatogenesis of D. hydei with the aid of cytological and 
ultrastructural techniques. In six chapters the experiments are discibed: three of them 
(chapters II, III and IV) deal with the stucture of the У chromosomal lampbrush loops, 
three others (chapters V, VI and VII) with the postmeiotic differentiation of the sper
matozoon. 

The Y chromosomal lampbrush loops have earlier been described in extended stu
dies by Meyer (1963), Hennig (1967,1984), Hennig et al. (1974) and Glätzer & Meyer 
(1981). Although the experimental techniques applied by me did not substantially 
differ from those of the earlier investigators, the knowlcgde on the Y chromosomal 
lampbrush loops in the primary spermatocytes could be extended in some important as
pects. 

In chapter II the ultrastructure of the wildtype primary spermatocytes is described 
as it is derived from sections of embedded testes. The morphology of the five major 
lampbrush structures (threads, pseudonuleolus, tubular ribbons, clubs, nooses) is stu
died through all their development. With the aid of cytochemical staining procedures 
and autoradiography of incorporated Ή-Uridine RNA was localized in the lampbrush 
loops. The main conclusion of these observations is that the genetically active Y chro
mosomal lampbrush structures contain RNA only in small ribonucleoprotein granules 
and that three of the loops (threads, pseudonucleolus, clubs) are composed of large 
domains without nucleic acids. These domains consist almost entirely of basic proteins. 

In chapter III the nooses, one of the lampbrush loop pairs, are investigated by 
chromatin spreading techniques. This lampbrush loop shows a less prominent mor
phology in the light microscope than the other Y chromosomal loops and does not con
tain domains of only proteins. We consider it as a more conventional lampbrush loop 
comparable to the majority of those found in the amphibian oocytes. In order to study 
the nooses after spreading of the chromatin according to Miller we used spermatocytes 
of a mutant with a deficient Y chromosome that only bears the nooses. In this mutant 
the nooses transcripts could be identified after spreading. The main result of this study 
is, that the nooses consist of a single giant transcription unit of more than 260 kb. The 
growing transcripts of the nooses display a very complex morphology. A comparison 
of the spread transcripts with the nooses structure in ultrathin sections demonstrates 
that this complicated secundary structure of the growing transcripts is not induced by 
the spreading technique but is a normal property of the transcripts. 

In chapter IV we studied Miller spreads of two other Y chromosomal lampbrush 
loops: the threads and the pseudonucleolus. For this study we used again mutants with 
only one lampbrush loop pair. The threads and the pseudonucleolus display a compli
cated structure in ultrathin sections and both contain prominent proteinaceous 
domains. Miller spreading experiments reveal extremely large nascent transcripts and 
we deduced that both loops contain a single, giant transcription unit. Also these tran-
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scripts have an extremely complicated and loop-specific structure. The primary tran
scripts of the nooses, threads and pseudonucleolus appear each to be composed of 
specific sequences giving raise to a highly characteristic secondary structure. This 
secondary structure may be determined both by fold backs in the RNA, resulting in 
double strand formation in the nascent RNA molecules, and by interactions with 
transcript-associated proteins. Since the Y chromosomal DNA is mainly composed of 
repetitive sequences and since no proteins are yet found to be coded for by the Y chro
mosome these secondary structures might reveal an fundamental aspect of the function 
of the У chromosomal transcripts in the primary spermatocytes. We hypothesize that 
basic proteins become associated with the transcripts after fold back formations of the 
RNA and that the accumulation and storage of these proteins might be the main func
tion of the Y chromosomal transcripts in the primary spermatocytes. In chapter V the 
DNA distribution of the male germ cells during their development is visualized with 
the aid of the Feulgen technique. In this chapter we show that the chromatin of the 
postmeiotic cells is subjected to two cycles of unfolding and condensation before it is fi-
naly compacted in the head of the sperm cell. Another cycle of uncoiling and conden
sation of the chromatin is observed previously in the secondary spermatocyte. These 
three cycles of decondensation and condensation cannot be related to transcriptional 
activity of the genome and remain so far unclear with regard to their biological func
tions. It might be related to a complex histon transition process and the protein bodies 
described in chapter VII might be functional in this context. The protein bodies ap
parently contain basic proteins as the cytochemical analysis shows. In chapter V we 
also confirm that the Y chromosomal lampbrush structures in the primary spermatocyte 
do not contain detectable amounts of DNA. We estimate the length of the sperm cell 
head at about 75 μπι. 

Morphologic aspects of the spermiogenesis of D. hydei are studied in chapter VI. 
Previously, this complex differentiation process was not analysed in a satisfactory way. 
Main pouints of our description are the (a) meiotic divisions that occur within an en
closed nuclear domain, (b) the protein bodies in the early spermatid nuclei, (c) the se
quence in the differentiation of the axoneme, (d) the presence of a cystic bulge during 
the indiviualization of the spermatids, (e) the lack of an acrosome in the mature sperm 
and (f) the incorporation of the tail of the spermatozoon in the egg during fertilization. 

The morphologic differentiation of the male germ cells is such a complex process 
that it will not be possible to understand all its details within a single conceptual sys
tem. Neither knowledge of the DNA sequences of the У chromosome, nor the 
knowledge of its genetic organization or knowledge about the structure of the У chro
mosomal lampbrush loop morphology or comparative studies of spermatogenesis in dif
ferent Drosophila species alone will clarify why D. hydei develops such giant structures 
in its spermatocyte. The same holds for other particularities of the germ cells as their 
huge length, the shape of their nuclei, the absence of transcriptional activity after 
meiosis etc. To understand these aspects in their biological function needs the integra
tion of data of many biological disciplines. 
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SAMENVATTING 

In dit proefschrift wordt de vorming van de zaadcellen van Drosophila hydei bestu
deerd met methodes uit de cellcer. 

Hoofdstuk II beschrijft de lampcnborstel strukturen die het Y chromosoom vormt 
in de kern van de primaire spermatocyt. Met behulp van cytochcmische en autora
diografische technieken wordt aangetoond dat deze strukturen vooral veel eiwitten be
vatten. Deze eiwitten lijken te worden verzameld en opgeslagen in de lampenborstel 
lussen die het Y chromosoom vormt in de primaire spermatocyt. 

De hoofdstukken III en IV beschrijven dezelfde lampenborstel lussen uit de kern 
van de primaire spermatocyten, maar nu bestudeerd volgens de chromatine spreidings 
methode van Miller. We gebruiken hierbij speciale mutanten zodat de verschillende 
lampenborstel strukturen geidentificeerd kunnen worden. Het blijkt dat de transkrip-
ten van het Y chromosoom ongewoon groot zijn en dat de draadvormige RNA 
molekulen samenvouwen in een ingewikkelde sekundaire struktuur. Deze sekundaire 
struktuur van de transkripten is voor alle drie bestudeerde lampenborstel lussen speci
fiek. 

In hoofdstuk V wordt met behulp van een DNA kleurings techniek zichtbaar 
gemaakt hoe in de verschillende stadia van de zich ontwikkelende zaadcel de chromo
somen dekondenseren en daarna weer kompakt worden. Terwijl in de primary sper
matocyten de chromosomen dekondenseren opdat de erfelijke informatie kan worden 
overgeschreven, blijken ze later in de Spermatogenese om onbekende redenen nog 
enkele malen te dekondenseren. Het lijkt waarschijnlijk, dat deze cycli van dekonden-
satie een funktie hebben bij het veranderen van de eiwitten die geassocieerd zijn met 
het DNA. 

Hoofdstuk VI is een nauwkeurige beschrijving van de Spermiogenese. De ontwikk
eling van de zaadcel blijkt op vrijwel dezelfde wijze te verlopen in D. hydci en in D. 
melanogaster. 

In hoofdstuk VII wordt een merkwaardige struktuur in de kernen van de jonge 
spermatide beschreven. Deze bestaat voornamelijk uit basische eiwitten en speelt 
mogelijk een rol bij de veranderingen die de chromosomale eiwitten ondergaan 
gedurende de Spermiogenese. 

Hoofdstuk VIII vat de verschillende onderzoekingen samen. 
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Eenvoudiger gezegd 

Dit proefschrift gaat eigenlijk over twee dingen tegelijk. Op de eerste plaats over de 
vruchtbaarheid van het mannetje van Drosophila, de bananenvlieg of fruitvlieg. Het 
bestuderen van zo'n nietig onderwerp was voor mij een ervaring. Tegelijk een oefen
ing in bescheidenheid en ook een openbaring. In dat kleine diertje, in zijn minuskule 
geslachtsorganen, ligt een wereld van strukturen opgesloten en er spelen zich veel pro
cessen af. Ik heb bestudeerd hoe de eenvoudig gebouwde primaire kiemcellen zich 
ontwikkelen tot ingewikkeld gebouwde zaadcellen (hoofdstukken II, V, VI en VII). 
Drosophila hydei, de soort fruitvlieg waaraan ik gewerkt heb, maakt tijdens zijn leven 
van enkele weken duizenden van zulke zaadcellen. Die cellen zijn meer dan tien mil
limeter lang en hebben een heel gedetaileerde bouw, zeker als je ze onder het 
elektronen-mikroskoop bekijkt. Dat is me gaan verwonderen. Waarom maakt zo een 
klein vliegje zulke zaadcellen, die zoveel groter en ingewikkelder zijn dan bijvoorbeeld 
die van de mens ? Bij het bekijken van de ontwikkelende zaadcellen (de spermato-
cyten en de spermatiden) stuitte ik ook op enkele onverwachte details (zie de 
hoofdstukken III en IV bijvoorbeeld, waar blijkt dat de genen op het Y chromosoom 
honderden keren zo groot zijn dan de meeste gewone genen). Als ik een ding zal 
onthouden van deze ontdekkingsreis, dan is het wel dat ook zo'n klein detail in de na
tuur nog vol verrassingen zit. 

Dit proefschrift gaat tegelijk ook over iets anders. Net als elke wetenschappelijke 
studie is het op zoek naar wetmatigheden. Zo bekeken is Drosophila alleen maar een 
middel, een model. Dan gaat het niet meer over de zaadcellen van de bananenvlieg, 
maar om algemene cellulaire mechanismen. In dit proefschrift staat de zaadvorming 
van de fruitvlieg model voor het proces van biologische ontwikkeling. Hoe komt het, 
dat in een organisme de cellen zich tot een zinvolle samenhang ontwikkelen ? Hoe 
"weet" een cel of hij bijvoorbeeld spiercel worden moet, of zenuwcel ? Om zulke 
vragen te beantwoorden kiest een bioloog een organisme uit, dat geschikte eigenschap
pen heeft om mee te experimenteren. Zo heeft onze groep de zaadcel-ontwikkeling 
(Spermatogenese) van Drosophila tot studie-object. De bananenvlieg, immers, kweekt 
heel gemakkelijk, is geschikt voor genetisch onderzoek, en er is al veel over bekend. 
Een voordeel is ook, dat de vorming van de zaadcellen een autonoom proces is. Auto
noom wil hier zeggen: de ontwikkeling van de kiemcellen is vrijwel onafhankelijk van 
de andere cellen, ook bijvoorbeeld spelen er geen geslachtshormonen een rol bij. De 
zaadcellen differentieren van ongevormde kiemcel tot rijpe sperma-cel zonder sturing 
of controle van buitenaf. Je kunt deze ontwikkeling zelfs "in de reageerbuis" laten ver
lopen. Bij de meeste ontwikkelingsprocessen in de natuur is dat anders, want meestal 
groeit een organisme tot een organisch geheel doordat de verschillende delen ervan el
kaar tijdens de ontwikkeling beïnvloeden. De zaadcellen van Drosophila zijn om nog 
een reden als een geïsoleerd systeem te bestuderen zonder dat daarbij de eenheid van 
de levende natuur op een al te kunstmatige wijze wordt ontkend. Er zijn namelijk een 
aantal genen die alleen maar een funktie hebben in de Spermatogenese. Die genen lig
gen bij elkaar op het Y chromosoom. De funktie van de Y chromosomale genen is 
beperkt tot de mannelijke vruchtbaarheid en in Drosophila kan het Y chromosoom 

118 



gemist worden (denk ook aan vrouwlijke dieren) zonder dat het organisme ook maar 
iets mankeert. De vorming van zaadcellen in Drosophila kun je vandaar bestuderen 
als een goed gedefinieerd proces van celdifferentiatie waarbij een beperkt aantal genen 
een rol speelt. Dit proefschrift draagt ook zijn kleine stukje bij. Ik heb het proces 
van de zaadvorming nauwkeurig beschreven en gesuggereerd dat de genen van het Y 
chromosoom een bijzonder soort genen zijn, die waarschijnlijk een heel andere funktie 
hebben dan de erfelijke informatie te verstrekken voor een eiwit. 
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S T E L L I N G E N

**

1. De experimenten van Hardy et al. (1981) rechtvaardigen de konklusie niet, dat de Y chromosomale 
vruchtbaarheidsfaktoren in Drosophila melanogaster protein koderende genen zouden zijn.
Hardy RW, Tokuyasu KT, Lindsley DL (1981) Analysis of spermatogenesis in Drosophila melanogaster 
bearing deletions for Y-chromosomal fertility genes Chromosoma 83, 593-617

2. De metingen waaruit Hess & Meyer (1963) hebben afgeleid dat de lengte van de zaadcellen van Dro
sophila rechtevenredig is met de hoeveelheid Y chromosomaal materiaal in de primaire spermatocyt 
waren onvoldoende nauwkeurig.
Hess O, Meyer GF (1963) Artspezifische funktionelle Differenzierungen des Y-Heterochromatins bei 
Drosophila-Arten der D. hydei-Subgruppe Port. Act. Biol. A, VI1. 1-2, 29-46

3. De immunofluorescentie waarmee Rungger-Briindle et al. (1981) hebben aangetoond dat de Y- 
chromosomale lampenborstelstrukturen in de spermatocytkernen van Drosophila hydei een grote hoe
veelheid RNA polymerase B bevatten was het gevolg van a-specifieke reaktie.
Rungger-Briindle E, Jamrich I, Bautz EKF (1981) Localization of RNA polymerase B and histones in 
the nucleus of primary spermatocytes of Drosophila hydei, studied by immunofluorescence microscopy 
Chromosoma 82. 399-407

4. Het totaal aantal bandjes in de speekselklierchrotnosonien is voor alle Drosophila soorten gelijk aan 
ongeveer 4000. f .t  
Grond CJ. Derksen J (1983) The banding pattern of the salivary gland chromosomes of Drosdphila hy
dei Eur. J. Cell Biol. 30. 144-148

5. Interfase eu-chromatine heeft in vivo de vorm van een 10 nm dikke draad.

6. Het begrip homologie heeft in de zoölogie en in de molekulaire biologie dezelfde betekenis. 
Genoemde disciplines gebruiken echter andere kriteria om tot homologie te besluiten.

7. Dogma's uit de evolutieleer zijn slechte wapens in de strijd tegen het kreationisme.

8. Het statistische begrip "populatie met een normale verdeling" kon zijn eugenetische betekenis pas ver
liezen toen rond 1920 het begrip "steekproef' in de statistiek werd geïntroduceerd.

9. Het is te betreuren dat de biologielessen in de laagste klassen van het middelbaar onderwijs veelal in 
dienst staan van het aanleren van de zogenaamde natuurwetenschappelijke methode.

10. Het plezier in wetenschap vindt men in een publikatie meestal alleen tussen de regels terug.

11. Vooral door zijn bekendheid met Schönbergs werk is Charles Rosen in staat geweest de muziek uit 
de klassieke periode als eenheid van vorm en inhoud te beschrijven.

12. Omdat de Universiteit van Nijmegen zich niet onderscheiden wil, draagt zij haar signatuur ook niet 
als onderscheiding.
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