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Abstract
The spatial organization of polytene chromosomes and the association of their pericentromeric regions in the Drosophila 
melanogaster nurse cells during oogenesis have been examined by 3D-immunofluorescence microscopy. All nurse cell chro-
mosomes are shown to contact the nuclear membrane with their pericentromeric regions, and the X chromosome addition-
ally with its telomeric region. Three morphological types of the associations of the nurse cell chromosome pericentromeric 
regions in the nuclear space are observed: (1) the pericentromeric regions of chromosomes 2, 3, and 4 contact the nuclear 
membrane at one pole of the nucleus, while the pericentromeric region of the X chromosome does so at the other pole 
(morphotype I); (2) the pericentromeric regions of chromosomes X, 2, and 3 are separated from each other in the nuclear 
space and contact the nuclear membrane (morphotype II); and (3) the pericentromeric region of chromosome 2 contacts the 
nuclear membrane at one pole of the nucleus, while the pericentromeric regions of chromosomes X, 3, and 4 contact the 
membrane at the other pole (morphotype III). The author, therefore, proposes that the nurse cell nuclei with morphotype I 
are prevalent at the early stages of oogenesis, while the nurse cell nuclei with morphotype III are most abundant at the late 
stages. The dynamics of associations of the pericentromeric chromosome regions in the nuclear space of D. melanogaster 
ovarian nurse cells in the oogenesis demonstrated that there may be some functional relationship between the 3-D organiza-
tion of the nurse cell chromosomes and the organization of the nucleolus.
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Introduction

The spatial organization of the interphase nucleus is an 
actively studied area in genetics that is of paramount impor-
tance for obtaining insight into the role of nuclear architec-
ture in the epigenetic control of gene expression [5, 11, 24, 
30, 46, 56, 61]. The nuclear architecture and the mechanisms 
underlying the interaction of chromosomes with the nuclear 
membrane have been examined in vertebrates, insects, 
humans, and plants [13, 22, 23, 27, 29, 51, 53]. However, 
the mechanisms involved in the regulation of the genome 

function at the level of spatial organization of the nucleus are 
still not clear and represent one of the major problem areas 
in modern genetics [6, 11, 12]. An insight into the principles 
determining the arrangement of genetic material within the 
nuclear space (the principles specifying the organization of 
chromosome territories) is of special importance since this, 
in many respects, determines its activity and transcriptional 
status. It is already known that defects in genome organiza-
tion and nuclear architecture are responsible for a number of 
diseases, such as neurodegenerative disorders and muscular 
dystrophies; in addition, their relation to human aging has 
recently been shown [8, 36, 47].

Heterochromatin plays an important role in the chro-
mosome spatial organization in the nucleus by forming 
associations of pericentromeric, intercalary, and telomeric 
chromosome regions with one another, and contacts of these 
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chromosome regions with the nuclear membrane [37, 42, 
51, 54, 55, 57]. These interchromosomal and chromosome-
membrane interactions are also supported by various nuclear 
protein structures, such as the nuclear matrix and lamina, 
providing the orderliness of chromosomes and their terri-
toriality in the nuclear space [7, 10, 11, 25, 26, 49]. On 
the one hand, the interchromosomal interactions based on 
ectopic conjugation (in particular the association of chromo-
somes into the chromocenter) and the chromosome contact 
with the nuclear membrane create certain architecture of the 
nucleus; on the other hand changes in the organization of 
transcriptionally active regions in chromosomes change their 
location in the nuclear space. It is not only the dynamics of 
certain chromosome regions within their own territory that 
are observed in the transcriptionally active interphase nuclei, 
but also the migration of chromosomes from the nuclear 
membrane to the center of the nucleus [14, 16–18, 39, 41, 
62, 63]. In this process, the chromosomes residing in the 
central part of the nucleus become transcriptionally active, 
and those at the periphery, transcriptionally inactive. The 
nucleolus is also known to determine the spatial organization 
of chromosomes; its active function can change the chro-
mosome location [9]. In particular, the nucleolus-organiz-
ing chromosome in Calliphora erythrocephala nurse cells 
migrates from the central part of the nucleus to its periphery 
with an increase in polytenization [34].

The Dipteran ovarian nurse cells with polytene chro-
mosomes are a unique model of the interphase nuclei and 
readily lend themselves to the study of interchromosomal 
associations and chromosome-membrane interactions in 
the nuclear space [28, 40, 51, 55]. A specific feature of 
the formation of polytene chromosomes in the nuclei of 
ovarian nurse cells in fruit flies is the buildup (endocycle 
stages S3–S4) of compact polytene chromosomes without 
band pattern. In the early follicles, thin elongated chromo-
somes (S2) start to take shape, followed by an increase in 
polytenization in more mature follicles and the formation of 
compact, poorly banded chromosomes (S3–S4). At the later 
stages of oogenesis, blob-like chromosomes are formed to 
further decompact and give large endopolyploid nuclei with 
a reticular structure (S8) [1, 19]. The chromatin in nurse cell 
nuclei is also transcriptionally active on the background of 
an increase in polytenization; most likely, certain transcrip-
tionally active chromosome regions– or the whole chromo-
somes–dynamically change in the nuclear space, similar to 
the interphase diploid nuclei [32, 33, 35]. The data on how 
the spatial polytene chromosome organization is formed in 
the nurse cell nuclei and to what degree their organization 
is dynamic in Diptera are so far inconclusive.

We have previously demonstrated that the species-spec-
ificity of D. melanogaster nurse cell nuclear architecture 
resides in the facts that the chromocenter is absent and the 
chromosome pericentromeric regions contact the nuclear 

membrane. The following pattern in the association of 
nurse cell chromosome pericentromeric regions has been 
frequently observed: the pericentromeric regions of chro-
mosomes X, 3, and 4 reside at one pole of the nucleus, while 
the pericentromeric region of chromosome 2 is located at the 
other pole [59]. However, we have not studied in detail the 
associations of the pericentromeric regions in the D. mela-
nogaster nurse cell chromosomes during oogenesis. It should 
be emphasized that we have obtained the above described 
results by microscopic analysis of semisquash prepara-
tions of D. melanogaster nurse cell polytene chromosomes 
stained with lacto-aceto-orcein. In this variant, the nurse cell 
nuclei become flattened, despite retaining their integrity. As 
such, the comprehensive study of the spatial organization of 
chromosomes and the association of their pericentromeric 
regions in the D. melanogaster nurse cell nuclei during 
oogenesis was somewhat problematic. Correspondingly, the 
goal of our work was to analyze the 3D arrangement of the 
chromosomes in the D. melanogaster nurse cells with the 
progression of oogenesis.

Materials and methods

The ovarian nurse cells of the female D. melanogaster labo-
ratory strain Canton’S at an age of 24–36 h after hatching 
from the puparium was the analyzed material.

3D immunofluorescence localization 
of the antibodies to the proteins lamin Dm0, HP1, 
and fibrillarin in the intact D. melanogaster ovarian 
nurse cell nuclei

The D.  melanogaster ovaries were separated in EBR 
(Ephrussi Beadle Ringer) solution (130 mM NaCl, 5 mM 
KCl, 2 mM CaCl2, and 10 mM HEPES pH 6.9) at 0 °C into 
individual ovarioles and fixed with 100 µL devitelinizing 
buffer (6% formaldehyde, 16.7 mM KH2PO4/K2HPO4 pH 
6.8, 75 mM KCl, 25 mMNaCl, and 3.3 mM MgCl2) and 
600 µL heptane for 10 min with gentle stirring. The further 
stages of immunostaining were performed according to the 
standard protocol [60] using the following primary anti-
bodies: (1) monoclonal mouse anti-lamin Dm0 antibodies 
(DSHB, United States), used at a dilution of 1:200; (2) mon-
oclonal rabbit anti-HP1 antibodies (DSHB, United States), 
used at a dilution of 1:350; and (3) monoclonal mouse anti-
fibrillarin antibodies (Abcam, United States), used at a dilu-
tion of 1:300. After all treatments, the ovarioles were placed 
on a glass slide into a chamber filled with DAPI-Vectashield 
(Vector Laboratories, Inc., Germany). This process of prepa-
ration avoids cell deformation which allows for a micro-
scopic analysis of the intact nuclei. The preparations were 
examined using an AxioImager Z1 luminescent microscope 
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equipped with an ApoTome module (Carl Zeiss, Germany), 
which facilitates the obtaining of optical sections with a 
high resolution; a digital CCD camera AxioCamMRm; and 
AxioVision Rel. 4.7 software (Carl Zeiss, Germany). The 3D 
model of D. melanogaster ovariole was obtained by recon-
structing 40 optical sections; 20–25 optical sections were 
used to construct the model of a nurse cell nucleus. As a 
result, the spatial organization of polytene chromosomes was 
analyzed in 595 D. melanogaster nurse cell nuclei.

The data were quantified using MS Excel 2010.

Results and discussion

Performing 3D immunofluorescence-based localization of 
the antibodies to lamin Dm0 and HP1 in the intact D. mela-
nogaster nurse cell nuclei allowed us to visualize the nuclear 
membrane and the pericentromeric regions of all chromo-
somes (Fig. 1). We examined 11 D. melanogaster ovarioles 
and analyzed three follicles in each (Fig. 1a). It is known that 
each follicle comprises one oocyte and 15 nurse cells, which 
carry polytene chromosomes at endocycle stages S2–S5 [1, 

Fig. 1   3D orientation of the chromosomes in ovarian nurse cell nuclei 
at different stages of Drosophila melanogaster oogenesis. a A frag-
ment of ovariole; b, b′, c, c′, d, d′ 3D models of ovarian nurse cell 
nuclei; red, DAPI stained chromosomes; green, immunofluorescence 
localization of anti-HP1 antibodies; yellow, immunofluorescence 

localization of anti-lamin Dm0; X, 2, 3, 4 are the corresponding chro-
mosomes; c, pericentromeric regions of polytene chromosomes; t, tel-
omeric region of the X chromosome. Scale bar = 10 µm (color figure 
online)
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19]. During these stages, identifiable [57, 58] polytene chro-
mosomes with different degrees of polytenization [19] are 
formed in the nurse cell nuclei of the three analyzed D. mel-
anogaster follicles. In this work, we have shown that the 
pericentromeric regions of all chromosomes as well as the 
X chromosome telomeric region contact the nuclear mem-
brane (Fig. 1). We have also discovered that the polytene 
chromosomes differing in their morphology (thin elongated 
chromosomes, poor banded compact chromosomes, and 
blob-like chromosomes) display differences in the associa-
tions of pericentromeric regions. Examination of the spatial 
organization of the nurse cell nuclei from three follicles in 
ovarioles demonstrates different variants of the associa-
tions of polytene chromosome pericentromeric regions at 
different stages of oogenesis. Thus, three morphotypes of 
the associations of chromosome pericentromeric regions 
within the nurse cell nuclear space have been distinguished: 
morphotype I is represented by the pattern wherein the peri-
centromeric regions of chromosomes 2, 3, and 4 contact 
the nuclear membrane at one pole of the nucleus, while the 
pericentromeric region of the X chromosome does so at the 
other pole (Fig. 1b, b′);in morphotype II, the pericentromeric 
regions of chromosomes X, 2, and 3 are separated from each 
other in the nuclear space and contact the nuclear membrane 
(Fig. 1c, c′); and in morphotype III, the pericentromeric 
region of chromosome 2 contacts the nuclear membrane at 
one pole of the nucleus, while the pericentromeric regions 
of chromosomes X, 3, and 4 contact the membrane at the 
other pole (Fig. 1d, d′). All three morphotypes of the spa-
tial polytene chromosome organization in nurse cell nuclei 
were observed in the three examined follicles (S2–S5) of each 
ovariole (Fig. 1a).

The frequencies of these three morphotypes of the asso-
ciations of polytene chromosome pericentromeric regions 

in the nurse cell nuclei were quantitatively analyzed in each 
follicle of ovarioles (Fig. 2).

The frequency of the nurse cell nuclei displaying morpho-
type I of the chromosome pericentromeric region associa-
tions in the first follicle (S2) of ovarioles was 65.0 ± 3.7%; 
in the next follicle (S3), these nuclei were less abundant as 
compared with the first follicle, accounting for 40.0 ± 3.8%; 
and their rate decreased to 24.0 ± 3.3% in the third follicle 
(S4–5) (Fig. 2).

The nurse cell nuclei with morphotype II in the first fol-
licle of the ovarioles accounted for 28.0 ± 3.5% their rate 
increased to 41.0 ± 3.8% in the second follicle but somewhat 
decreased (34.0 ± 3.7%) in the third follicle as compared 
with the second one (Fig. 2).

The nurse cell nuclei of morphotype III in the first follicle 
of ovarioles were observed at a rate of 7.0 ± 2.0%, increasing 
to 19.0 ± 3.0% in the second follicle and to 42.0 ± 3.8% in 
the third one, exceeding the rates observed in the first and 
second follicles (Fig. 2).

Correspondingly, the nurse cell nuclei of morphotype 
I are the most abundant in the first follicle (65.0 ± 3.7%), 
which is characteristic of the early stages of chromosome 
polytenization. The nuclei displaying morphotype II are the 
most abundant (41.0 ± 3.8%) in the second follicle, while the 
nuclei with morphotype III are most numerous in the third 
follicle, accounting for 42.0 ± 3.8% (Fig. 2).

Thus, the dynamics of the associations between peri-
centromeric chromosome regions in the nuclear space are 
observed with the maturation of follicles in ovarioles and 
the increase in polytenization in the nurse cell nuclei. At the 
early stages of polytenization of nurse cell chromosomes, 
the pericentromeric regions of autosomes reside at one pole 
of the nucleus, while the X chromosome is localized to the 
opposite pole of the nucleus (Fig. 3a). With an increase in 

Fig. 2   Frequencies of three 
morphological types of associa-
tions between pericentromeric 
regions of polytene chromo-
somes in the nurse cell nuclei 
of D. melanogaster ovarian 
follicles. a Morphotype I; b 
morphotype II; c morphotype 
III; vertical lines in histogram 
denote the standard error of the 
proportion; 1—the first follicle 
of ovariole; 2—second follicle 
of ovariole; 3—third follicle of 
ovariole
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polytenization, the pericentromeric regions of chromosomes 
separate from each other (Fig. 3b); at later stages of polyteni-
zation, the pericentromeric region of chromosome 2 resides 
at one pole of the nucleus and the pericentromeric region 
of chromosomes 3, 4, and X, at the opposite pole (Fig. 3c). 
Presumably, the pericentromeric region of chromosomes 3 
and 4 migrate from the pericentromeric region of chromo-
some 2 to the X chromosome pericentromeric region. Since 
it is shown that the X chromosome is, over all stages of 
oogenesis fixed in the nuclear space—being bound to the 
nuclear membrane not only with its pericentromeric region, 
but also with its telomeric one—it is likely that this chro-
mosome markedly migrates in the nuclear space and retains 
its territorial position. We have shown in our early studies 
that the homologs disjoin and unwind into numerous fib-
ers, rather “stably” bound to the nuclear membrane, in the 
pericentromeric region of chromosome arm 2Rin D. mela-
nogaster nurse cells [50]. This suggests that the pericen-
tromeric region of chromosome 2 as well as that of chro-
mosome X does not markedly migrate within the nuclear 
space. It is also known that the pericentromeric region in 
chromosome 3 has a thin chromatin cord common with the 
pericentromeric region of chromosome 4 that contacts the 
nuclear membrane [50]. Presumably, this chromatin cord 
does not interfere with the changes in spatial orientation of 
the chromosome 3 pericentromeric region in the nurse cell 
nuclei during oogenesis. Based on our observations, it is 
reasonable to consider that only chromosome 3 would be 
able to migrate within the nuclear space during all stages 
of oogenesis so that the three morphotypes described above 
are observable (Fig. 3).

Conceivably, these dynamics of the spatial arrangement 
of pericentromeric regions of chromosomes 3 and 4 in the 
nurse cell nuclei during polytenization are directly associ-
ated with the functional role of nurse cells in the oogenesis. 
A known characteristic of the nutrimentary egg develop-
ment, taking place in Diptera, is that nurse cells take on the 
function of synthesis of the main bulk of ribosomal RNA 
necessary for oocyte development, whereas the oocyte is 

almost inactive in this respect; correspondingly, the nucle-
oli actively function in the nurse cells [1]. The nucleolus 
is rapidly growing in the Drosophila nurse cells during 
oogenesis [15]. In general, it is known that the intranuclear 
compartment, the nucleolus, plays an important role in the 
spatial chromatin organization in the interphase nucleus [9]. 
In particular, the migration of chromatin domains may, in 
some cases be associated with the work of the nucleolus [17, 
34]. Our early studies of the nurse cell nuclear architecture 
in some D. melanogaster species detected—with the help 
of Ag staining—two nucleoli, one of which was directly 
connected with the pericentromeric region of the nucleo-
lus-organizing X chromosome and the other one, with the 
pericentromeric regions of chromosomes 3 and 4 [52, 59]. 
Presumably, the formation of nucleoli between the pericen-
tromeric regions of chromosomes X, 3, and 4 can explain 
the association of pericentromeric regions of these chromo-
somes at one pole of the nucleus, observed at later stages 
of polytenization. In order to test this assumption, we con-
ducted immunofluorescence staining of the nucleolus using 
the antibodies to the protein fibrillarin in the intact nuclei of 
D. melanogaster ovarian nurse cells (Fig. 4). As a result, we 
examined the formation of the nucleolus as a putative factor 
underlying the dynamics of spatial association of the peri-
centromeric regions of D. melanogaster nurse cell polytene 
chromosomes at different stages of oogenesis (Fig. 4). Thus, 
we have studied the formation of the nucleolus in the nurse 
cell nuclei displaying three different morphological types 
of spatial association between chromosome pericentromeric 
regions. It has been shown that the nuclei with morphotype I 
form one nucleolus, which contacts the pericentromeric 
region of the nucleolus-organizing X chromosome (Fig. 4a, 
a′, a″). The nurse cell nuclei with morphotype II, in addition 
to the nucleolus contacting the X chromosome, display a dis-
tinct second nucleolus, which contacts the pericentromeric 
regions of chromosomes 3 and 4 (Fig. 4b, b′, b″). As for the 
nurse cell nuclei with morphotype III, the amount of nuclear 
material there was considerably increased and two nucleoli 
fused into a single large nucleolus (Fig. 4c, c′, c″).

Fig. 3   Scheme of the dynamics of the associations pericentromeric 
regions of polytene chromosomes in the nurse cell nuclear space dur-
ing D. melanogaster oogenesis. a Morphotype I of nurse cell nuclei; 

b morphotype II of nurse cell nuclei; c morphotype III of nurse cell 
nuclei; c—pericentromeric regions; X, 2, 3, 4—the corresponding 
chromosomes; t—telomeric region of the X chromosome
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Thus, it is demonstrated that the nurse cell nuclei at the 
early stages of oogenesis develop one nucleolus in the region 
of the nucleolus-organizing X chromosome, which resides 
separately from the pericentromeric regions of chromosomes 
2, 3, and 4 in the nuclear space (Fig. 5a). The second large 
nucleolus, tightly contacting the pericentromeric regions of 
chromosomes 3 and 4, is formed at the subsequent stages 
of oogenesis, when the pericentromeric regions of chromo-
somes 2, 3, and X are distant in the nuclear space (Fig. 5b). 

At the later stages of oogenesis when the pericentromeric 
regions of chromosomes X and 3 are in close proximity 
to one another in the nuclear space, the nucleoli formed 
by these chromosomes fuse into a single large nucleolus 
(Fig. 5c). In this process, chromosomes 3 and 4 migrate in 
the nuclear space towards the X chromosome, since this 
chromosome was demonstrated to be fixed in the nuclear 
space owing to its “stable” attachment to the nuclear mem-
brane, whereas chromosome 3 in this sense is rather free. In 

Fig. 4   Formation of the nucleoli in the nurse cell nuclei with differ-
ent morphotypes of the associations pericentromeric regions of poly-
tene chromosomes at different stages of D. melanogaster oogenesis. 
a, a′, a″ Morphotype I of nurse cell nuclei; b, b′, b″ morphotype II of 

nurse cell nuclei; c, c′, c″ morphotype III of nurse cell nuclei; green, 
the nucleolus stained with anti-fibrillarin antibodies; X, 2, 3, 4—the 
corresponding chromosomes; c—pericentromeric regions; N1—first 
nucleolus; N2—second nucleolus; N—nucleolus. Scale bar = 10 µm
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this context, it is appropriate to refer to the study that has 
shown that the nucleolus-organizing chromosome 6 of the 
Calliphora erythrocephala ovarian nurse cells experiences 
large-scale migrations in the nuclear space from its central 
part to the periphery with the progression of polytenization 
[35].

Thus, this work shows that chromosomes 3 and 4 in the 
D. melanogaster nurse cell nuclei are—in addition to the 
X chromosome—also associated with nucleolus organizing 
although they develop the second large nucleolus only at 
certain stages of oogenesis. We presume that these processes 
underlie the dynamics of spatial orientation of the poly-
tene chromosome pericentromeric regions in the nurse cell 
nuclei during D. melanogaster oogenesis. It is known that 
the nucleolus plays a certain role in the architecture of the 
interphase nucleus [9, 17, 44]. It has also been demonstrated 
that the centromeric regions of some chromosomes are also 
located in a nonrandom manner in the interphase nuclear 
space of human and animal cells [2, 20]. In particular, it is 
shown that the centromeric regions of nucleolus-organizing 
chromosomes 2 and 4 in some Arabidopsis species most 
frequently reside in the nuclear space in close proximity to 
each other [4, 21, 45, 48]. In this work, we have observed 
an analogous arrangement of the centromeric regions of 
nucleolus-organizing chromosomes X, 3, and 4 in the space 
of the D. melanogaster nurse cell nuclei with morphotype III 
(Figs. 1, 2) and that this configuration was most frequently 
observed at the later stages of oogenesis.

It is known that a single nucleolus, associated with the 
nucleolus organizer residing in the X chromosome pericen-
tromeric heterochromatin, is formed in the nuclei of D. mel-
anogaster salivary gland cells with polytene chromosomes 
[38]. Furthermore, the polytene nuclei of salivary gland 
cells may develop additional nucleoli associated with differ-
ent sites of the polytene chromosomes. The rDNA of these 
additional nucleoli is actively transcribed and replicated [3]. 
The frequency of these nucleoli increases proportionally to 
the degree of polyteny [43]. Unlike the salivary glands, the 

polytene nuclei of D. melanogaster nurse cells displayed two 
nucleoli, one of which was directly connected with the nucleo-
lus-organizing X chromosome, while the other tightly contacts 
the pericentromeric region of chromosomes 3 and 4. Presum-
ably, the regions of the pericentromeric heterochromatin in 
chromosomes 3 and 4 of the D. melanogaster nurse cells are 
associated with active rDNA sequences (possibly extra-chro-
mosomal) and thus develop the nucleolus directly connected 
with the pericentromeric region of these chromosomes. Ear-
lier work has reported that extra-chromosomal circular rDNA 
sequences are involved in the process of nucleolus formation in 
Drosophila [31] polytene cells. Our present data also support 
the idea that the formation of the second nucleolus/nucleolur 
organizer is induced for the regulation of the spatial arrange-
ment of the pericentromeric heterochromatin region of the 
chromosomes of nurse cell nuclei during oogenesis.
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