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The organization of the extrachromosomal nucleolar material in oocytes of two insect species with
different ovary types, the house cricket Acheta domesticus (panoistic ovary) and the water beetle
Dytiscus marginalis (meroistic ovary), was studied with light and electron microscopic techniques.
Stages early in oogenesis were compared with fully vitellogenic stages (mid-to-late diplotene). The
arrangement of the nucleolar material undergoes a marked change from a densely aggregated to a
dispersed state. The latter was characterized by high transcriptional activity. In spread and positively
stained preparations of isolated nucleolar material, a high frequency of small circular units of tran-
scribed rDNA was observed and rings with small numbers (1—5) of pre-TRNA genes were predomi-
nant. The observations suggest that the “extra DNA body” observed in early oogenic stages of both
species represents a dense aggregate of numerous short circular units of nucleolar chromatin, with
morphological subcomponents identifiable in ultrathin sections. These apparently remain in close
association with the chromosomal nucleolar organizer(s). The observations further indicate that the
individual small nucleolar subunit circles dissociate and are dispersed as actively transcribed rDNA
units later in diplotene. The results are discussed in relation to principles of the ultrastructural
organization of nucleoli in other cell types as well as in relation to possible mechanisms of gene

amplification.

Introduction

Production of extrachromosomal copies of genes coding
for the precursors of ribosomal RNAs (rRNAs), i.e.
rDNA amplification, has been described in several cell
systems that are characterized by high rates of ribosome
formation such as oocytes of various amphibia, insects
and fishes (for references see [1—5]). Selective amplifica-
tion of rDNA has also been reported in nuclei of prolif-
erating cells and plasmodia, for example the macronu-
cleus of the ciliate, Tetrahymena pyriformis [6—8], in
the plasmodia of the slime mold, Physarum polycepha-
fum [9] and in somatic amphibian cells [10]. Detailed
molecular biological studies have shown that such am-
plified rDNA gene units can occur both in apparently
linear molecules (see in particular Tetrahymena pyrifor-
mis [11, 12]) and in covalently closed circles of different
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sizes that contain variable numbers of pre-rRNA genes
(amphibia [10, 13—17]; insects [18—20]; slime molds
[9]; Tetrahymena [7]). In these studies it has further
been demonstrated that relatively small circular units
containing only a few (up to ten) genes can occur side
by side with usually longer linear molecules in one and
the same cell system. The existence of circular units con-
taining extrachromosomal nucleolar genes is of utmost
importance to discussions of the mechanism of gene am-
plification. Most recent interpretations have favoured a
concept whereby amplification occurs via a “rolling cir-
cle” process [15, 16, 21, 22].

Among insects, three types of ribosome production
during oogenesis have been distinguished (for reviews
see [23, 24]): (1) production in the oocyte using pre-
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rRNA copies present in the oocyte nucleus (panoistic
ovaries; for refs. see [25—30]), (2) production of com-
plete ribosomes in nurse cells and transport to the oo-
plasm (all telotrophic and many of the polytrophic-
meroistic ovarioles), and (3) contributions to ooplasmic
ribosomes from both oocyte and nurse cells (these in-
clude but are not restricted to examples with an essen-
tially polytrophic-meroistic organization; see refs. giv-
en above). Examples of rDNA amplification have been
described in the panoistic ovaries of the house crick-
et, Acheta domesticus |2, 28—31], in the meroistic ova-
ries of the cranefly Tipula and in the water beetles Dytis-
cus and Colymbetes [1, 18, 24, 32, 33]; for related ear-
lier observations see [34—36]. Large, Feulgen-positive
aggregate masses, which indicate the presence of extra-
chromosomal rDNA, have been described recently for
oocytes of two Coleoptera, the gyrinid Gyrinus natator
and the staphylinid Creophilus maxillosus [37—39], as
well as for oocytes of the neuropteran Chrysopa perla
[40, 41]. The present article details the cytology of am-
plified nucleolar material in two representatives of differ-
ent oogenic types, the panoistic 4cheta domesticus and
the meroistic Dytiscus marginalis, with emphasis on the
organization of the rDNA units as revealed in spread
preparations of oocyte nucleoli. We demonstrate that a
high proportion, if not all, of the amplified rDNA in the
oocytes of both organisms is present as small circular
units that contain variable gene numbers. These units
are aggregated in large dense masses during early oo-
genesis but are dispersed and in full transcription in mid-
to-late diplotene stages.
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Methods

Young Acheta domesticus females were taken from a laboratory cul-
ture, kindly provided by Dr. H.-J. Bode (Institute of Zoology, Uni-
versity of Heidelberg). Dytiscus marginalis females were collected in
small ponds near Heidelberg or were a gift of Dr. H. Schildknecht
(Institute of Organic Chemistry, University of Heidelberg).

For light and electron microscopic examinations of sections,
ovarioles from both species were dissected from the animals and
immediately fixed in 2.5% glutaraldehyde buffered with 0.05 M sodi-
um cacodylate (pH 7.2) for 1 h at 4° C, washed several times in cold
buffer, dehydrated by the acetone vapour method [42] and embed-
ded in Epon 812. For the Feulgen reaction 1—2 um thick sections
were treated essentially as described by Spring et al. [43]. The time
for optimal hydrolysis was 15 min. Thin (1—2 um) and ultrathin sec-
tions were prepared with a Reichert ultramicrotome OmU 3. The
ultrathin sections were stained in aqueous uranyl acetate and post-
stained with lead citrate. Micrographs were taken with a Zeiss
EM 10 (Carl Zeiss, Oberkochen, Germany) or Siemens electron mi-
croscopes IA or 101.

For spread preparations nuclei were isolated from oocytes and
nuclear contents spread according to the technique of Miller and
Beatty [13] as previously described for oocyte nuclei from Acheta
[44] and Dytiscus |19, 20]. In some spread experiments oocyte nu-
clei were isolated in NaCl/KCl “K-Ringer” [45] and further treated
with 0.5 mM sodium borate buffer (pH 9) containing 0.3% Sarkosyl
NL-30. These preparations were additionally rotary-shadowed with
gold-palladium at an angle of about 7° (cf. e.g. the methodological
section in [46]). Length measurements of axial contours were per-
formed as outlined in previous publications [20, 47].

Results

Light and Electron Microscopy of the Oocyte Nuclei
of Dytiscus marginalis after Fixation in situ

Early stages of oogenesis of dytiscid beetles (e.g. those
corresponding to oocyte stages 1—2 in the classification
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Fig. 1a—d. Feulgen staining in thick sections through oocyte nuclei of Dytiscus marginalis and A cheta domesticus at different stages of oogenesis. Oo-
cyte nucleiin the germarium of Dytiscus (a):large, positively stained nucleolar aggregates (arrows) at the pachytene stage: note also intense staining in
the surrounding nurse cell nuclei. (b) Sector of the large diplotene oocyte nucleus with characteristic dispersed state of nucleolar material; note high
number of small nucleolar bodies and their relatively homogeneous size distribution; upper left: part of nuclear envelope can be identified. Feulgen
staining of A cheta oocyte nuclei at early diplotene(c) also shows the aggregate nucleolar body located in the nuclear center (arrow). Later in oogenesis
(e.g. at late diplotene) (d) dispersion of the nucleolar material into clusters of tiny, Feulgen-positive bodies is noted (note also the intense staining of the
nuclei of the follicle and germinal sheath epithelia in (c) and (d)). Scales: 10 um. All figures x 720
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according to [48]) are characterized by the formation of ~ Such conspicuous “extra DNA bodies” have not only
a large intranuclear body which is intensely stained with been observed in dytiscid beetles but also in other bee-
both the Feulgen procedure (Fig. 1a) and the uranyl and tles [24, 25, 33, 48, 49] and in taxonomically rather
lead stains used in electron microscopy (Figs. 2 and 3). distant insect species (for refs. see Introduction and

Fig. 2. Survey electron micrograph of section through middle region of a germarium of Dytiscus marginalis. Typical pachytene oocyte (ooc) is sur-
rounded by a series of nurse cells (n¢). In the oocyte nucleus (N) the conspicuous aggregate of nucleolar DNA spans the whole nucleus (arrows) and
appears to be attached to the nuclear envelope. Note also densely stained chromatin material. C: cytoplasm of oocyte; gs: germarial sheath, tunica
propria. Scale: 10 um. x 5300

Fig. 3a,b. Nucleus (N) of Dytiscus oocyte at pachytene stage as revealed at higher magnification. Note characteristic subarchitecture of large aggre-
gate of condensed nucleolar material (¢No). This aggregate displays a mosaic of heavily stained dense aggregates of variable sizes (a); some are denot-
ed by arrowheads in (b) that are embedded in a more loosely packed, less intensely stained fibrillar matrix. Nucleolar body appears to be attached to
the nuclear envelope in distinct regions (pair of arrows in (b)). Chromosomal material (CH) is distributed over the remaining nuclear region and re-
veals small aggregates of densely stained material, some of which arein close association with the nuclear envelope. (VE: arrowsin(a)), and loosely ar-
ranged fibrils which in some regions seem to be aggregated into coils. C: cytoplasm; N: oocyte nucleus. Scales: 5 umin Figure 3 a and 2 umin Figure
3 b. (a) x 7300; (b) x 18,800
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Fig. 4. Legend see page 139
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below). In some species including Dytiscus, such extra-
DNA bodies have been shown to contain sequences
coding for rRNA and thus to represent a nucleolar
structure [33]. In early oogenesis of Dytiscus, this large
intranuclear body usually appears as a crescent or a
band that extends through the entire nucleus and fre-
quently appears laterally attached to the nuclear envelope
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(Figs. 2 and 3). At higher magnification (Figs. 3—5) the
large nucleolar mass is identified as an aggregate com-
posed of (1) distinct, irregularly shaped units of variable
sizes (up to about 1.3 um in diameter) which stain most
intensely and are usually surrounded by a “halo” of elec-
tron transparency (Figs. 3—6), (2) an indistinct mod-
erately stained fibrillar ground substance surrounding
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Fig. 6a,b. Section grazing to the periphery of a Dytiscus oocyte nucleus at late pachytene, showing the looser packing of the dense “nucleolar core ma-
terial” which appears here in the form of small granular aggregates and fibrillar coils. Note also appearance of intranucleolar cavities (n¢) filled with

very loosely packed thin filaments. 4 rrows in (b) denote some of the small dense granules which occasionally reveal a “halo” of reduced contrast. N:
nucleus; C: cytoplasm; ne: nucleolar cavity. Scales: 3 um (a) and 1 um (b). (a) x 9500; (b) x 16,500

Fig. 4. Electron micrograph showing another aspect of nuclear organization of pachytene oocyte of Dytiscus (here in an almost median section). The
nucleolar mass contains a central “core” (cNo) constituted by intensely stained aggregates, some of which reveal a bandlike shape. This core aggre-
gateis embedded in, and surrounded by, a large “cap” zone composed of loosely packed fibrillar material (/No). Dispersed in nuclear sap are small (up
to 0.5 um in diameter) dense aggregates (DA), probably of chromosomal chromatin. Arrows: some of the synaptinemal complexes. Scale: 3 um
( x 17,000)

Fig. 5a, b. Serial sections adjacent to that shown in the previous figure, demonstrating details of subarchitecture of “core body” of nucleolar aggre-
gate. Note that most of the very dense nucleolar material is arranged in large bands and sheets that seem to constitute a capsule-like structure around
the more loosely packed nucleolar core components (Fig. 4; 8a and b). In the nucleoplasm, large synaptinemal regions of paired chromosomes
can be identified (arrows), and in some places their attachment to the nuclear envelope (NE) can be visualized (e.g. upper arrows in (b)). N: oocyte
nucleus; C: cytoplasm. Scales: 2 um. (a) x 17,000; (b) x 13,500
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Fig. 7Ta—c. Details of the associations of the synaptinemal complex of the pachytene chromosomes with the condensed nucleolar aggregate (¢cNo)
and, in their terminal regions, with the nuclear envelope (NE; e.g. in ¢). In all figures the characteristic substructure of the synaptinemal complexes
(sc) is recognized, in particular the ladder-like configuration of the central element and the periodically arranged “transverse filaments” that also
span the space between the central element and the lateral elements (denoted in some regions by arrows). Note also the blocks of condensed
chromatin (“heterochromatin”) associated with the periphery of some of the SCs (for refs. on the terminology of SC structure see text). Scales:
0.5 um. (a) x 70,000; (b) x 54,000; (c) x 48,000

Fig. 8a—c. Survey electron micrographs of the peripheral part of the late diplotene nucleus of the Dytiscus oocyte. The whole, now very large nucleusis
rather homogeneously filled with numerous small, densely stained nucleolar bodies. Note that two size classes can be distinguished, namely small ag-
gregates of about 100 nm diameter and larger ones which range from 0.3 um to about 1.5 um in size (modal distribution with a mean peak diameter of
0.9 um). (b) shows the characteristic ultrastructure of these nucleolar bodies which when centrally sectioned reveal a “ring-shaped” organization (ar-
rowin b). Occasionally strands of less densely stained material, probably representing chromosomal strands, are seen associated with nuclear enve-
lope (see e.g. structure denoted by arrows, inc). N:nucleus; C: cytoplasm. Scales: 10 um(a), 1 um(b) and 5 um(c). (a) x 3100;(b) x 18,500;(c) x 4800
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these units, and (3) “light” regions with only very loose-
ly packed, thin filaments that may correspond to the
“cavities” or “vacuolizations” described in other forms
of nucleoli (for refs. see [17, 43, 50]). Within this large
“nucleolar aggregate”, usually somewhat excentrically
located, one often identifies a dense “core” body of a char-
acteristic complex architecture (for details see Figs. 4
and 5). This dense core body is usually more conspi-
cuous during stages in which the whole nucleolar aggre-
gate begins to disperse (Fig. 4). The relative proportions
of the components described under (1) to (3) seem to
vary; with progressive dispersion of the nucleolar matrix
during later stages of oogenesis the looser aspect illus-
trated in Figure 6 becomes more prominent. A full cor-
relation of the individual components described in this
study with those demonstrated by Kato [48] in similar
oogenic stages of a series of water beetles is not possible,
possibly due to the differences in fixation (Kato used
fixation with osmium tetroxide).

The large nucleolar aggregate, in particular its dense
core body, frequently reveals close associations with
synaptinemal complexes (Figs.4, 5 and 7; for similar
observations in other insects see [51]), indicative of the
inclusion of chromosomal regions in this large nucleolar
mass which is primarily composed by extrachromoso-
mal material (see Discussion). The ultrastructure of the
synaptinemal complexes (Fig. 7) is almost identical to
the organization described in other organisms including
various insects (for reviews see [51—55]) and terminal
associations of these complexes with the nuclear envelope
are common (Figs. 5 and 7). Structures resembling the
“polycomplexes” described in oocytes and nurse cells of
various insects [51, 56, 57] have not been observed.

During later stages of oogenesis, in particular after
the stage 3 of Kato’s [48] classification, i.e. during mid-
to-late diplotene, the oocyte nucleus enlarges dramati-
cally, attaining a maximal diameter of about 400 um
[25], and the large extra DNA body, the “nucleolar ag-
gregate”, disperses (Figs. 1b, 8). At stages of maximal
size, the nucleus is rather homogeneously scattered with
numerous small bodies that are Feulgen staining-posi-
tive and electron-dense (Fig. 8). Among these densely
stained particles two size classes can be distinguished,
(1) relatively large granules, up to 1.5 um in diameter,
which often reveal somewhat irregular contours and in-
ternal cavities filled with filamentous coils (Fig. 8) and
(2) interspersed small ones that are only 100 nm in
diameter or less. During these later oogenic stages the
perinuclear cytoplasm of the oocytes contains mito-
chondria as well as dense masses which may represent
ribonucleoprotein aggregates freshly released from the
nucleus (for refs. see [36]; similar perinuclear aggregate
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structures have been observed in oocytes of other organ-
isms; for refs. see e.g. [49, 58—60]).

Electron Microscopy of Spread Preparations
of Nucleolar Material
from Isolated Diplotene Oocyte Nuclei of Dytiscus

When nuclear contents of early vitellogenic mid-to-late
diplotene oocytes of Dytiscus marginalis (100—200 um
in diameter; i.e. oogenic stages such as those shown in
Figs. 1b and 8) are spread and positively stained, with
or without additional metal shadowing (see Methods),
and examined in the electron microscope, a variety of
forms of transcribed nucleolar chromatin are seen
(Figs. 9—13; cf. [19].). Transcriptional activity is recog-
nized as matrix uvnits (for terminology see [13, 20, 47,
61] with a dense packing of lateral fibrils, i.e. transcrip-
tional complexes, that are separated from each other by
fibril-free intercepts (“apparent spacers”). Only rarely
are long intercepts without lateral fibrils observed that
exceed the sum of the mean matrix unit length plus the
double mean spacer unit length (e.g. Fig. 11f). This indi-
cates that most of the pre-rRNA genes are initiated and

Fig. 9a, b. Survey eléctron micrographs of a spread and positively
stained preparation of nuclear contents isolated from diplotene oo-
cytes of Dytiscus. Transcribed regions (“matrix units”) and seeming-
ly non-transcribed ones (“apparent spacer regions”) alternate in a
pattern which is characteristic for transcribed nucleolar chromatin
(for details see text). Well-stretched regions of nucleolar chromatin
strands (b) occur next to aggregated units (a). Such aggregations are
especially frequent within or between matrix units. In the aggregate
of nucleolar chromatin shown in (a) at least 12 individual matrix
units can be identified. This aggregate does not exhibit a traceable
chromatin axis and also appears to be associated with fragments of the
nuclear envelope (some pore complexes denoted by arrows). (b)
another form of nucleolar chromatin, i.e. a circular unit containing
four genes of pre-rRNA (numbered) which appears well spread and
reveals a clearly traceable axis. Scales: 1um. (a) and (b) x
15,000

Fig. 10a—c. Typical appearance of nucleolar chromatin units con-
taining relatively high (6 to 9) numbers of pre-TRNA genes as re-
vealed in spread preparations of nuclear contents of Dytiscus (for
Methods see text). Most of the transcriptionally active nucleolar ma-
terial appears in the form of isolated units. Such units may represent,
or may be derived from, rings containing circular rDNA molecules.
Note the general tendency to aggregation of matrix units which fre-
quently results in the formation of twin associations of matrix units
laterally adhering to each other. Two short arrows (a): exceptionally
long matrix unit (5.2 pm, which has to be compared with a mean
value of 3.57 + 0.52; for details see text); long arrow in (a): interrup-
tion of the axis, probably as a result of preparative stress. Unit in (b):
might represent an intact circle. 4rrow in (c): region in which fibril-
free sections of the chromatin axis seem to be entangled with each
other. Scales: 2 um. (a) x 11,500; (b) x 10,5005 (c) x 16,000
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active in transcription, in accord with the high rRNA
synthesis reported in such nuclei from autoradiographic
studies (cf. [25, 35, 48]).

Such nucleolar chromatin is found either isolated or
attached to other structures such as fragments of the
nuclear envelope (Fig. 9a; see also [19]). The majority
of the transcriptional units appears either in aggregated
(e.g. Figs. 9a, 10c) or extended forms, depending in part
on the conditions of the dispersion in the low salt buffer
and the centrifugation. Among the relatively extended
units of nucleolar material, obviously ring-like ones (e.g.
Fig. 9b) are generally more frequent than clearly linear
units. In a variable number of such morphological units
the chromatin axis is not well traceable or reveals clear
interruptions, the latter possibly being due to preparative
damage (e.g. Fig. 10). The mean length of the matrix
units, 3.57 + 0.52 (S.D.) um, is significantly longer than
expected from the size of the pre-rRNA determined by
gel electrophoresis (2.8 million daltons molecular weight
(see [20]). However, significantly shorter (e.g. Fig. 13a)
and longer matrix units are occasionally observed; some
exceed 5 um in length (e.g. Fig. 10a). The lengths of the
fibril-free axial intercepts, the apparent spacer regions,
are much more variable and reveal a true heteroge-
neity.

A detailed quantitative analysis of the patterns of
transcriptional units and “apparent spacer” regions is
presented elsewhere [20]. The sizes (total circumference)
of the ring-like units and correspondingly, the specific
number of pre-rRNA genes which they contain, are also
variable. Small rings that contain one or two transcrip-
tional units of rDNA are about as frequently found as
those containing three and four genes (Figs. 11—13).
Larger rings which contain more than four genes are
much more rarely found (Fig. 13d; c—f. [20]). The lower
frequency of larger rings, however, does not necessarily
reflect the distribution in vivo but might well be the re-
sult of both the higher susceptibility to breakage and the
higher tendency of aggregation and entanglement of
larger units.

The relative proportion of pre-rRNA genes con-
tained in circular or linear units was difficult to assess
exactly because of the uncertainties concerning axial
continuity in a great many of the units. However, the
number of ring-like units in spread nucleolar material
from Dytiscus oocytes was consistently found to be rela-
tively high. In a total of 25 grids containing material
from 120 oocyte nuclei isolated from 12 beetles, an av-
erage of 27% of the identifiable matrix units was ob-
served in clearly circular nucleolar chromatin structures
and another 36% was contained in nucleolar chromatin
arrangements which might have been circular but did
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not allow a clear tracing of the chromatin axis. When we
selected the four grids with the highest content of well-
extended transcriptional units and intact axes, we found
an average of about 70% of the matrix units in circles.
Since such figures must be considered as minimal esti-
mates, this suggests that in vivo most, if not all, of the
rDNA must be contained in small circular units (those
that contain five pre-rRNA genes or less). This high fre-
quency of circular units of rDNA chromatin observed in
transcriptionally active nucleoli correlates well with the
relatively high percentage (19%) of rDNA circles re-
ported by Gall and Rochaix [18] in extracted and puri-
fied rDNA from Dytiscus ovarioles.

Light and Electron Microscopy of the Oocyte Nuclei
of Acheta domesticus after Fixation in situ

Early in the oogenesis of Acheta, during premeiotic
interphase as well as during pachytene, an enormously
large extrachromosomal, Feulgen-positive body contain-
ing rDNA is formed, which for some time remains in
close association with the chromomere region from
which it is derived; it usually also lies close to the nu-
clear envelope (see Fig. 1c; cf. [2, 26—31, 62—66]). The
ultrastructure of the early phase of this DN A-containing

Fig. 11a—f. Spread and positively stained examples of small units of
nucleolar chromatin from Dytiscus oocytes. Arrowheads: beginning
of the specific matrix units. Circular units contain one (a—c) or two
(d and ) pre-rRNA genes. Circle in (f) contains only one matrix unit
but may either represent a one-gene unit with an exceptionally long
“apparent spacer” region or may contain two genes, only one of
which is in statu transcribendi. Note that the relative lengths of the
fibril-free intercepts (“apparent spacer regions”) appears greatly vari-
able among different rings. Note also that the gradual increase in the
lengths of the lateral fibrils is recognized only in the initial part of the
matrix units. Scales: 1 pm. (a) x 24,500; (b) x 30,000; (c) x 23,000;
(d) x 25,000; (e) x 20,000; (f) x 23,000

Fig. 12a—c. Transcriptional units of extrachromosomal nucleolar
chromatin from Dytiscus oocytes contained in circles of three pre-
rRNA genes. Scales: 1 pm. (a) x 18,000; (b) x 17,500; (c) x
21,500

Fig. 13a—d. Further examples of circular, transcriptionally active
nucleolar chromatin containing units of amplified rDNA from Dytis-
cus oocytes. (a) ring containing three matrix units, two of normal
length, one very short (matrix unit No. 2; ca. 2 um). (b) and (c)
examples of distinct, apparently closed (b) units containing four pre-
rRNA genes. (d) shows an example of a ring containing as many as
9 matrix units. Note the occurrence of some rather long and ex-
tended “apparent spacer” regions in (d). Arrowhead points to a site
at which a fibril-free axial section makes two sharp bends, obviously
as a result of the specific preparation conditions (adhesion). Scales:
1 um. (a) x 17,500; (b) x 16,000; (c) x 18,500; (d) x 9500
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Fig. 13. Legend see page 145
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Fig. 14. Electron micrograph of an ultrathin section showing a part of the oocyte nucleus of Acheta domesticus at early diplotene. Four structural
components are recognized in the nuclear interior: (i) the dense nucleolar aggregate (dNo), (ii) the dense nucleolar body (DS B: secondary nucleolar
body), (iii) a relatively loose aggregate of filamentous material with some small dense granules (0.1—0.3 um in diameter; arrow), and (iv) dispersed fi-
brillar material. Nucleolar chromatin may be contained in all four structures. The cytoplasm (ooplasm) is densely stained, primarily due to the high
stainability of the ribosomes and the mitochondria. E: epithelial cell. Scale: 5 um. Magnification, x 5800



Fig. 15a, b. Acheta oocyte nucleus (N) at a mid-to-late diplotene stage showing the dispersed form of most of the nucleolar material. Some of the re-
maining dense subunits are denoted by short arrows. Long arrows pointtorelatively loose fibrillar aggregates that may represent chromosomal mate-
rial. (b) peripheral zone of such an oocyte at higher magnification. Note the association of nucleoplasmic strands of fibrils with nuclear envelope, in
particular at pore complexes, and occurrence of numerous small, dense aggregates in the perinuclear cytoplasm. (C: cytoplasm). Scales: 10 um (a)
and 1 um (b). (a) x 2800; (b) x 33,000

Fig. 16a—d. Morphological units of transcriptionally active nucleolar chromatin from diplotene nuclei of oocytes of A cheta domesticus as revealed in

the electron microscope after spreading and positive staining with (d) and without (a—c) subsequent metal shadowing. While many of such units ap-
pear as densely aggregate clusters of matrix units without identifiable and traceable axis (a) others are more extended and seem to represent closed,
possibly ring-like units (b—c)in which fibril-free axial sections connect the matrix units. However, probably due to the adherence of fibrillar material of
matrix units to each other, the circular nature of axis is still not clearly evident in such aggregated units. Note densely stained terminal granules in ma-
trix units shown in (c). Bars: 1 um (a—c) and 2 um (d). (a) x 21,000; (b) x 19,000; (c) x 29,000; (d) x 23,000
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Fig. 17a—d. Ring-like units containing one pre-rRNA gene of extrachromosomal nucleolar chromatin from A cheta oocytes asrevealed after spread-

ing and positive staining without (a, b, d) or with (c) additional metal shadowing. Note the great length of both matrix units and fibril-free, “apparent
spacer” intercepts. Distinct granules similar to the RN A-polymerase complexes at the bases of the lateral fibrils are sometimes also recognized in fi-
bril-free regions and are especially conspicuous in the shadow-cast preparations (arrowheads in c). Terminal granules at the free ends of the lateral fi-
brils are particularly well identified in (d). Occasionally, regions with unusually long lateral fibrils are seen, indicative of either a local unravelling and
extension, or of a preservation of ribonucleoproteins normally not present in such a position of matrix units (see text). Scales: 1 um. (a) x 21,500;(b)
and (c) x 23,000; (d) x 29,000

Fig. 18a, b. Examples of circular units of nucleolar chromatin from 4 cheta oocytes containing four (a) or three (b) pre-rRN A genes. The unit shown in
(b) has been metal shadow cast after spreading and positive staining. Scales: 1 um. (a) x 17,500; (b) x 19,000
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aggregate body with its complex architecture has been
sufficiently well described in a series of articles (see refs.
quoted above, and [63, 67—69]). As in the oogenesis of
Dytiscus, this aggregate disperses somewhat during mid-
to-late diplotene stages and becomes active in the produc-
tion of RNA which is predominantly if not exclusively
rRNA (Figs. 1d, 14 and 15; see also [25, 27, 64,
68—170]; for similar observations in other gryllid insects
see [25, 71]). This dispersion obviously involves the de-
tachment of a large proportion of the rDNA-containing
material from the chromosomal nucleolus organizer re-
gions (see refs. quoted). Detailed descriptions of the in-
dividual components identified during diplotene stages
are presented in the legends to Figures 14 and 15 and in
the aforementioned references. As in vitellogenic Dytis-
cus oocytes, perinuclear dense masses interpreted as nu-
cleocytoplasmically transported ribonucleoprotein ag-
gregates have also been repeatedly described in Acheta
oocytes (Fig. 15b; cf. [70, 72]).

Electron Microscopy of Spread Preparations
of Nucleolar Material from
Isolated Diplotene Qocyte Nuclei of Acheta

In spread and positively stained preparations of nu-
clear contents of diplotene oocytes from Acheta domes-
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ticus, one recognizes various forms of transcribed pre-
rRNA genes which occur in clusters and are inter-
spersed with apparent spacer intercepts (Figs. 16—18;

_cf. [44]). The extreme length of the rDNA matrix units

(5.41 um + 0.77 S.D.) and the spacer regions of Acheta
oocytes results in the largest repeating unit hitherto found
in any organism (mean value 11.13 um; cf. [20, 44,
73]; cf. however, the data for Amoeba in [74]). Nu-
cleolar matrix units of Acheta oocytes are further char-
acterized by exceptionally large and heavily stained ter-
minal granules of the lateral fibrils (Fig. 16¢, 17a and d,
18a; cf. [44]). Occasionally, one finds regions within
matrix units which are covered with disproportionately
long lateral fibrils (Fig. 17d), suggesting local unravel-
ling of terminal granule material or omission of cleavage
steps that normally occur in the nascent fibrils (for de-
tailed discussion see [61]).

The majority of the nucleolar masses from Acheta
oocytes appeared somewhat aggregated and did not
allow a clear tracing of the chromatin axis (e.g.
Fig. 16a—c; cf. [44]). However, a small and variable
proportion of the morphological units identified in the
electron microscope seemed to represent circular
strands containing transcribed rDNA. This identifica-
tion was expecially facilitated in the smallest nucleolar
units, i.e. rings which contain only one or two pre-rRNA

separated chromosomal
rDNA units (1) and

\ single rings of amplified
rDNA units (2)

v

dispersion

\
separated chromosomal (1)

and aggregated circular
amplified rDNA (2) units

fused chromosomal and
circular amplified
rDNA units

Fig. 19a—c. Schematic diagram presenting hypothetical changes of the structural association of the amplified nucleolar chromatin here assumed to be
primarily contained in ring units. Amplified rings (circles and 2) may segregate from their origin at nucleolar organizers(zig-zag line and 1) and occur
as individual, more or less isolated units (a), or may aggregate with each other after dissociation from organizer locus (b), or may remain associated
with nucleolus organizer region of chromosomes (c). Arrows: possible later changes in structural organization such as dispersion that takes place

during transcription
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genes (Figs. 16d, 17a—c). The occurrence of rings con-
taining more genes is also strongly indicated (Fig. 18; cf.
[20]). This demonstration of in vivo transcribed circular
units containing rDNA corresponds with observations
of circles of isolated rDNA in these cells (Gall, 1974,
pers. comm. and [20]).

Discussion

The present study shows that most, if not all, of the
extrachromosomal rDNA in the oocytes of both the pa-
noistic Acheta domesticus and the meroistic Dytiscus
marginalis is made up by rather short strands contain-
ing not more than five pre-rRNA genes (cf. [18]; some
meroistic ovaries, such as the meroistic-telotrophic ova-
ries of the milkweed bug, Oncopeltus fasciatus, do not
contain significant amounts of amplified rDNA [75)).
In both types of oocytes, major parts, if not all, of this
rDNA is contained in circles of variable sizes (cf. also
[18, 19]; for details of circle lengths and rDNA patterns
of arrangement see also [201). This case is different from
that described in amphibian oocytes in which circles are
relatively rarely observed (a complete list of the few re-
ports is presented in the Introduction) and the pre-rRNA
genes are mostly contained in long, virtually linear units
that contain high numbers of repeating units (for refs.
see Introduction). Similar long strands of many clus-
tered pre-rRNA genes have also been described in the
primary nucleus of the green alga Acetabularia (cf. [43,
76, 77]) but the question remains whether in this nucleus
these strands represent amplified rDNA. Consequently,
the “extra DNA” bodies in Dytiscus and Acheta oocytes
have to be visualized as aggregated masses of high num-
bers of rings. An estimation in Dytiscus, for example,
shows that each oocyte contains about 3 million pre-
rRNA genes, assuming an average of 67 pg of rDNA
[18]. Considering that most of the Dytiscus rDNA is
contained in relatively small circles containing one, two
or three genes (this study; cf. also [18, 20]), one may
conclude that the Feulgen-positive body seen in early
oogenic stages of this beetle represents an agglomerate
of approximately one million circular units. A similar
estimation may be made in Acheta in which the total
amount of pre-rRNA genes may be 84,000, 150,000 or
250,000 depending on the specific value of extra-DNA
used (cf. the figures reported by [27, 29]; all these values
vastly exceed the number of 1600 genes given in [65])
suggesting that here also the nucleolar aggregate con-
tains a high number of rDNA circles.

Our study also indicates that most, if not all, of these
extrachromosomal genes of pre-rRNA are actively

155

transcribed during mid-to-late diplotene and that the
density of transcriptional units, i.e. the nascent fibrils
with their attached RNA polymerase complexes, is max-
imal in almost all rings.

The structural concept which is derived from these
observations is illustrated in Figure 19. After amplifica-
tion, the small rDNA-containing units, including the cir-
cles, may either (1) remain in association (c¢) with the
nucleolus organizer regions (denoted 7 in Fig. 19) or (2)
may directly (a and b) or later detach from the chro-
momeres from which they are derived and then lie free
in the nucleoplasm, either as isolated single units or as
extrachromosomal aggregates of nucleolar chroma-
tin (both cases denoted by 2 in Fig. 19). The close asso-
ciation of such amplified rDNA chromatin with the
chromosomes is also indicated by the appearance of
synaptinemal complexes at the large nucleolar aggregate
(see Results; cf. also Fig. 4 in {27]). This leads one to the
conclusion that in certain cytological situations such as
those described here, a morphologically large and com-
plex “nucleolus” structure represents an aggregate of
thousands or even millions of small rings of rDNA-con-
taining chromatin (for related observations of aggre-
gated amplified nucleolar chromatin in amphibian and
teleost oogenesis see [5, 78—81]). Interestingly, the nu-
cleolar aggregate in both insect species studied reveals a
complex organization and appears to be composed of
numerous, more or less regularly arranged subunits (see
Results and [67]). The correlation, however, between
such nucleolar components identified in thin section and
by surface scanning electron microscopy of isolated nu-
cleolar aggregates to the nucleolar units seen in spread
preparations is still uncertain.

The possible forces that are involved in the associa-
tion or dissociation of such small, circular units of am-
plified nucleolar chromatin remain to be elucidated (cf.
also the dispersion and condensation cycle of amplified
nucleolar material during amphibian oogenesis; for refs.
see [17]).

The predominance of circles in transcribed nucleolar
chromatin (this study) as well as in isolated rDNA [18,
20] of diplotene oocytes of the two insects, i.e. several
months after the amplification [82], is hardly explained
by the rolling circle concept per se; additional assump-
tions must be made such as cyclization and/or breakage
processes (for discussion see [15, 16, 21, 22]). In addi-
tion, this concept must be modified to account for other
observed phenomena such as supercoiling [15, 20-22]
and heterogeneity in the gene-spacer pattern {20, 47, 83,
84]. Yet the involvement of mechanisms others than
via “rolling circles” cannot at all be excluded at the
moment.
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Note Added in Progf. After submission of this article we received a
copy of the B.Sc. thesis of M. E. Kidston (Nucleolar DNA in oo-
cytes and nurse cells of Dytiscus marginalis; B.Sc. thesis, University
of St. Andrews, Scotland, U.K., p. 1—58, 1968) which was kindly
sent to us by Dr. H. C. Macgregor (University of Leicester, England,
U.K.). This thesis presents a careful light microscopical and cyto-
chemical study of early stages of oogenesis of Dytiscus marginalis
and Colymbetes fuscus as well as an electron microscopic study of
ultrathin sections of later stages of oogenesis. In addition, this thesis
presents the details of the cytophotometric determinations of nuclear
DNA in diploid and in meiotic cells of Dytiscus marginalis that are
mentioned in reference {33] of the present article.
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