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Quantitative analysis of nucleolar chromatin distribution in the
complex convoluted nucleoli of Didinium nasutum (Ciliophora)
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ABSTRACT

We have earlier shown that the typical Didinium nasutum nucleolus is a complex convoluted branched domain, comprising a dense fibrillar
component located at the periphery of the nucleolus and a granular component located in the central part. Here our main interest was to
study quantitatively the spatial distribution of nucleolar chromatin structures in these convoluted nucleoli. There are no “classical” fibrillar
centers in D.nasutum nucleoli. The spatial distribution of nucleolar chromatin bodies, which play the role of nucleolar organizers in the
macronucleus of D.nasutum, was studied using 3D reconstructions based on serial ultrathin sections. The relative number of nucleolar
chromatin bodies was determined in macronuclei of recently fed, starved D.nasutum cells and in resting cysts. This parameter is shown

to correlate with the activity of the nucleolus. However, the relative number of nucleolar chromatin bodies in different regions of the

same convoluted nucleolus is approximately the same. This finding suggests equal activity in different parts of the nucleolar domain and
indicates the existence of some molecular mechanism enabling it to synchronize this activity in D. nasutum nucleoli. Our data show that D.
nasutum nucleoli display bipartite structure. All nucleolar chromatin bodies are shown to be located outside of nucleoli, at the periphery of

the fibrillar component.
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INTRODUCTION

The nucleolus is a highly dynamic subnuclear domain where
ribosomal RNA (rRNA) synthesis, rRNA processing and
assembly of ribosomal subunits take place. In a typical cell
nucleus nucleoli are formed around the ribosomal DNA
(rDNA) repeats arranged around the nucleolar-organizing
regions (NORs) on one or several chromosomes (Scheer and
Hock, 1999; Carmo-Fonseca et al., 2000, Raska et al., 2006). In
some cells such as the slime mold Dictyostelium and amphibian
oocytes, the nucleoli are formed around extrachromosomal
rDNA (Raikov, 1989; Thiebaud, 1979).

Extensive electron microscopic studies revealed the
same general principles of nucleolar organization in the vast
majority of species studied. Three main constituent parts of
nucleoli, usually arrayed more or less concentrically, can be
distinguished in the nucleus: (1) the fibrillar centers, (2) the
dense fibrillar component, and (3) the granular component
(Mosgoeller, 2004; Thiry et al.,, 2011). On ultrathin sections,
the fibrillar centers have a rounded shape and are formed
by densely packed fibrillar material. In the interphase
nucleus, these centers are apparently the equivalent of NORs
of individual chromosomes (Goessens, 1984; Zatsepina et
al., 1988). Transcription of ribosomal genes presumably
takes place at the border of fibrillar centers and the dense
fibrillar component, whereas the surrounding dense fibrillar
component corresponds to the nucleolar regions where
maturation of pre-rRNA transcripts occurs (Cheutin et al.,
2004; Guillot et al., 2005). The last stages of assembly of pre-
ribosomal particles preceding their transport to the cytoplasm
take place in the granular component. This organization of

the nucleolus implies that the vector of rRNA processing is
directed from the inner part of the nucleolus to its periphery
(Fromont-Racine et al., 2003; Nazar, 2004; Derenzini et al.,
2006).

Thiry et al. (2005, 2011) carried out a detailed comparative
examination of the nucleolar ultrastructure in various
eukaryotic species and came to the conclusion that tripartite
nucleoli containing all three components are only typical of
amniotic vertebrates; in all other eukaryotes bipartite nucleoli
are present. In such nucleoli only two nucleolar compartments
can be unambiguously identified: a fibrillar zone, surrounded
by a granular zone (review, Thiry and Lafontaine, 2005).

In contrast to higher organisms, nucleolar domains of
single-celled protists have received much less attention. The
most promising models for these studies can be found among
ciliates. Ciliated protists contain two morphologically and
functionally different types of nuclei in a single cell - micro-
and macronuclei. The micronuclei are inert diploid germ
line nuclei which lack nucleoli, whereas the macronuclei
are transcriptionally active somatic nuclei with prominent
nucleolar compartments (see Raikov, 1995).

All ciliate species studied so far can be divided into
two groups: the ciliates with macronuclear DNAs of
subchromosomal size (up to several hundred kbp), and those
with gene-sized (0.4 to 20 kbp) macronuclear DNAs which
show the characters of mini-chromosomes. Thus macronuclei
provide opportunity for studies of spatial organization of
nucleoli in the absence of typical chromosomes.

The macronucleus of the ciliate Didinium nasutum (Fig.
1) contains DNA of subchromosomal size (Popenko et al.,
2007). The nucleolar domains in this somatic nucleus are
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distributed among numerous compact chromatin bodies 90-
250 nm in diameter (Karajan et al., 1995). 3D reconstructions
based on serial ultrathin sections clearly show that nucleoli
are complex convoluted, branched structures in which the
fibrillar component is located at the periphery, while the
granular part is in the central part of the nucleolus (Leonova
et al., 2006; Popenko et al., 2008). Results from these studies
led us to suggest that in D. nasutum processing of rRNAs
occurs from the periphery of the nucleolus to its center. In
many ciliate species, NORs look like chromatin bodies partially
or completely surrounded by the fibrillar component of the
nucleolus (Sabaneyeva, 1997; Sabaneyeva et al., 1984, see
also references in Raikov, 1995). It has been also shown by
autoradiography that NORs in D. nasutum are represented by
chromatin bodies located both inside and at the boundary of
nucleoli (Karadzhan, 1987).

Numerous reports in the literature demonstrate that
nucleolar activity in both ciliates and higher eukaryotic cells
reduces drastically under unfavorable conditions such as
starvation (see references in Raikov, 1995; Engberg, 1985;
Mayer and Grummt, 2005; Boulon et al., 2010). The aim of
this research is to determine the exact spatial localization
of nucleolar chromatin bodies in convoluted interphase D.
nasutum nucleoli on the ultrastructural level and to compare
the relative number of such bodies in the nucleoli of recently
fed cells, starved cells, resting cysts and in different parts
of convoluted nucleoli. To address these issues, we used 3D
reconstructions to study localization of all the chromatin
bodies, which corresponded to NORs by morphological
criteria.

METHODS

The laboratory strain of Didinium nasutum was grown at room
temperature in lettuce medium and fed with Paramecium
caudatum as described earlier (Leonova et al., 2006). Ciliates
cultivated in the excess of food were fixed for electron
microscopy 5-7 min after the last feeding (“fed” ciliates). Part
of the ciliate culture was transferred into food-free culture
medium and fixed 30 h later (“starved” cells). Resting cysts of
D. nasutum were obtained and fixed as described in (Karajan et
al., 2003).

Both fed and starved cells were fixed with 2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.5) for 1 h at
room temperature, dehydrated in a graded series of alcohol
and embedded in Epon-Araldite mixture. Serial ultrathin
sections were obtained with an LKB III ultratome (LKB
Products, Stockholm-Bromma, Sweden) and stained with
uranyl acetate and lead citrate using the standard procedure.
The specimens were examined in a JEM-100CX electron
microscope (JEOL Ltd., Tokyo, Japan).

A regressive staining of sections with uranyl
acetate —EDTA- lead citrate, which selectively contrasts
ribonucleoproteins, was performed as described elsewhere
(Bernhard, 1969).

Negatives of serial sections of macronucleus (20-30 items,
50-70 nm thick) were scanned at a final resolution of 480 pixels
per 1 um of a section. The 3D reconstruction was carried out
using the STERM software developed by the authors (Leonova
et al., 2006). During reconstruction we took into account only
structures larger than 50 nm in size. Six regions of macronuclei
of five fed cells (reconstructed volumes varied from 48 to 418

um?) and four regions of four starved cells (56 to 220 um?®) were
reconstructed. Average values were compared using a 2-tailed
Student’s t-test. The relative number of NORs, i.e. the number
of nucleolar chromatin bodies per 1um? of the nucleolar
surface, was calculated in 3D reconstructions by division of the
number of nucleolar bodies by the area of adjacent nucleolar
surface.

RESULTS

The macronucleus of recently fed interphase D. nasutum cells
contains numerous conspicuous nucleoli that are evenly
distributed throughout the nucleoplasm (Fig. 2a). The dense
fibrillar component mainly occurs in the form of discrete
bands or trabecules on the surface of the nucleoli, while the
granular component lies inside the nucleoli, filling the space
between trabeculae of the fibrillar component more or less
uniformly. Figures 2b and 3 display 3D reconstructions of the
macronuclear region, corresponding to the ultrathin section
shown in Figure 2a. In order to give a clear idea of nucleolar
topology and reduce the overlapping of nucleolar structures,
the granular component in 3D reconstructions was omitted.

3D reconstructions show that the nucleoli, which normally
look in single sections like individual separate structures,
have actually been assembled into large convoluted nucleolar
networks (Figs 2b, 3). Chromatin bodies of irregular shape
and 0.09-0.25 um in size are uniformly distributed in the
macronucleus (Figs 2a, 4a). Those of these bodies which
are thought to correspond to NORs were determined in
individual ultrathin sections by morphological criteria. Such
chromatin bodies are located either inside the nucleolus, fully
surrounded by the dense fibrillar component (Fig. 4b), or
at the periphery of nucleoli and connected with the fibrillar
component by visible chromatin threads or fibers (Figs 4a, c).
These threads and fibers are of deoxyribonucleoprotein nature,
since they appeared bleached in sections stained according to
Bernhard’s method (Bernhard, 1969), which selectively reveals
ribonucleoproteins (Figs 4d, e).

3D reconstructions show that all nucleolar chromatin
bodies - putative NORs are located outside the nucleoli, in the
nucleoplasm. No chromatin bodies were located in the inner
part of the nucleoli or inside the fibrillar component. Even the
chromatin bodies that seem to be located inside the nucleolus
in single sections (Fig. 4b) were in fact located at the periphery,
in the cavities of the fibrillar component (Fig. 3).

The structure of nucleoli in starved cells fixed 30 h after
feeding is strikingly different from that of recently fed cells
(Fig. 5a). No chromatin bodies are observed inside the nucleoli
in these starved cells. 3D reconstructions (Figs 5b) show that all
nucleolar chromatin bodies are located at the periphery of the
nucleoli, in the nucleoplasm.

The number of NORs in the nucleoli is known to indicate
the activity of ribosomal protein synthesis in both proliferating
and non-proliferating cells (Jozsa et al.,, 1993). In D. nasutum
we could not determine the exact number of nucleolar bodies
per nucleolus, since most of the branched interphase nucleoli
exceeded the boundaries of the reconstructed region and
had an intricate shape. Therefore, we calculated the relative
number of nucleolar bodies per 1 um? area of the nucleolar
surface and compared this parameter in recently fed and
starved cells. In fed D. nasutum, the relative number of
nucleolar bodies was 5.29 + 0.49 (M + SD, averaged over six
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reconstructions from five cells). In the starved cells, it was
equal to 3.58 £ 0.62 (M * SD, four reconstructions from four
cells), i.e. 1.52 times lower (statistically significant at p<0.001).
The latter finding correlates well with the lower activity of
the macronucleus in the starved cells (Engberg, 1985, Raikov,
1995). In addition, in resting D. nasutum cysts we detected
no chromatin bodies either inside the nucleoli or at their
periphery (Fig. 6). Thus there is a good correlation between the
relative number of nucleolar chromatin bodies and the activity
of the nucleolus.

To answer the question of whether the activity in various
parts of complex convoluted D. nasutum nucleoli is different,
we calculated the relative number of nucleolar chromatin
bodies for the whole nucleolus and for its different parts.
These values were found to be very close. For example, in the
convoluted nucleolus of fed ciliates, shown in Figure 4, the
mean number of nucleolar chromatin bodies per 1um? was
equal to 5.57, while it varied from 5.37 to 5.8 in different parts
of it (Table 1). For the nucleolus from starved D. nasutum cell
(Fig. 5), the mean relative number was 3.71 and the range
was 3.4 - 3.85 for the four different parts of it (Table 2). The
coefficient of variation in these two examples and other seven
reconstructions (not shown) was less than 10%. These data
make it safe to conclude that the activity of the various parts of
complex interphase D. nasutum nucleoli is approximately the
same.

DISCUSSION

Our 3D reconstructions based on serial ultrathin sections,
image analysis and computer-aided modeling clearly show
that all compact chromatin bodies in the macronucleus
of D. nasutum are located outside the nucleoli, in the
nucleoplasm, both in recently fed and starved cells. In ciliates
macronuclear rDNAs are preferentially replicated before the

Figure 1. Didinium nasutum in the light microscope. Feulgen
staining. Ma — macronucleus. Scale bar, 10 pm.

b

Figure 2. Nucleoli in recently fed Didinium nasutum cells. a — an
ultrathin section of a macronucleus. Numerous conspicuous large
nucleoli are evenly distributed throughout the nucleoplasm. Ma
- nucleoplasm of macronucleus, Cyt — cytoplasm, N - nucleoli.
Scale bar, 2 ym. b - 3D reconstruction of the macronuclear region
cross-sectioned at the level corresponding to the section in Figure
1a. Only the fibrillar component and nucleolar bodies are shown.
The fibrillar component in the cross section plane is tinted black
to compare with the corresponding structures in Figure 1a. The
distances are shown in nm.
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Figure 3. Top view of a 3D reconstruction of network-like
branched nucleoli in fed D. nasutum cells. Only the fibrillar
component (grey color) and nucleolar chromatin bodies (black
and white colors) are shown. Chromatin bodies, which were
completely surrounded by the fibrillar component in individual
sections, are colored black. The intranucleolar space where the
granular component was located is designated as {GC}. The
distances are shown in nm.
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bulk of macronuclear DNA (Engberg, 1985). It was shown centers were detected in ultrathin sections of D. nasutum, we
autoradiographically by Karadzhan (1987) that chromatin considered these perinucleolar chromatin bodies as putative
bodies at the periphery or inside the D. nasutum nucleoli NORs. This approach is quite consistent with the data of many
were labeled at the beginning of the S-phase. Since no other authors, who reported that NORs in ciliates can look like
chromatin structures resembling the nucleolar fibrillar chromatin bodies, completely or partially surrounded by the

Figure 4. Nucleolar chromatin bodies in recently fed D. nasutum cells. a — a fragment of Figure 1a at higher magnification (part of the large
convoluted branchy nucleolus). The dense fibrillar component is located at the periphery and looks like discrete bands or trabecules. The
granular component is in the inner part of the nucleolus. Arrowheads — chromatin bodies connected with the fibrillar component by visible
chromatin threads, Ma - nucleoplasm of the macronucleus, FC - the fibrillar component, GC - the granular component. b - nucleolar
chromatin body (ncb) located inside the nucleolus at higher magnification. ¢ - nucleolar chromatin bodies located in nucleoplasm at
the periphery of nucleoli and connected with the fibrillar component by visible chromatin threads (arrows). d, e- a regressive staining of
sections with uranyl acetate — EDTA — lead citrate. RNPs are selectively contrasted. The chromatin threads (arrows) remain unstained. Scale
bars, 1 pm (a), 0.5 pm (b - e).

2000

Figure 5. Nucleoli in starved D. nasutum cells. a — a single section of typical macronuclear region. Large vacuoles (V) appear in the
granular component of nucleoli. No chromatin bodies are observed inside the nucleoli. Ma —macronucleus, FC - the fibrillar component,
GC - the granular component. Scale bar, 2 pm. b -3D reconstruction of network-like branched nucleolus in fed D. nasutum cells. The
fibrillar component is tinted grey, nucleolar chromatin bodies — white. The granular component is not shown. The intranucleolar space
where the granular component was located is designated as {GC}. The distances are shown in nm.



LEONOVA ET AL. Biol Res 46, 2013, 69-74 73

fibrillar component (references in Raikov, 1995; Sabaneyeva
1984, 1997). Results of the present study clearly show that
“intranucleolar” chromatin bodies are not really localized
within the constituent parts of nucleoli. In fact, the so-called

b )

Figure 6. Fragment of the macronucleus of D. nasutum cyst.
Arrows point to chromatin fibers of aggregated chromatin bodies.
N - nucleoli, Ma - nucleoplasm of macronucleus, Cyt — cytoplasm.
Scale bar, 1 pm.

intranucleolar chromatin bodies appear to represent nucleolar
chromatin bodies in cavities of the complex branched nucleoli.
Together with the fact that the granular component is located
in the inner part of convoluted nucleoli, these data strongly
suggest that the vector of rRNA processing in D. nasutum is
directed from the periphery to the central part of the nucleolus.

Our results are in a good agreement with the findings
of Postberg et al. (2006) in the macronucleus of Stylonychia
lemnae, which displays gene-sized mini-chromosomes. In this
ciliate rDNAs are found to occur adjacent to, but outside the
nucleoli. Thus transcription, or at least its initiation, should
start within the outer domains of condensed chromatin and the
subsequent processing of rRNA should occur in the interior of
nucleolar domains. It was assumed that the absence of typical
chromosomes determines this alternative spatial organization
of the nucleolus (Postberg et al., 2006). Our data show that
nucleoli within macronuclei with subchromosomal DNAs (D.
nasutum) can also conduct rRNA processing in thr opposite
direction compared to the “classical” nucleoli of Metazoa.

We have demonstrated that the relative number of
nucleolar bodies in the branched D. nasutum nucleoli correlates
with the functional state of these ciliates. The relative
number in recently fed cells was 1.52 times greater than in
starved cells. Moreover, no chromatin bodies connected with
nucleolar structures were observed in cysts. These results are
in accordance with the fact that the number of NORs in the
nucleoli indicates the activity of ribosomal protein synthesis
in both proliferating and non-proliferating cells (Jozsa et al.,
1993). However, the relative number of nucleolar chromatin
bodies in the whole convoluted nucleolus and in different parts
of it appeared to be the same (Tables 1, 2). Thus in D. nasutum,
the synthetic activity in various parts of complex interphase
nucleoli is approximately the same. It is tempting to speculate

TABLE 1

Nucleolar chromatin bodies in a complex convoluted nucleolus in recently fed D. nasutum ciliates.

Reconstructed convoluted

Parameter

Fragments of the same convoluted nucleolus

network-like nucleolus as a whole 1 2 3 4
Number of nucleolar chromatin bodies 2433 175 1145 105 8
Area of fibrillar component outside, um? 436.55 32.47 211.62 18.139 1.488
Relative qua;ltlty.of .nucleolar chromatin })odles 557 550 541 58 537
per 1 um? of fibrillar component outside
TABLE 2

Nucleolar chromatin bodies in a complex convoluted nucleolus of starved D. nasutum ciliates.

Reconstructed convoluted

Fragments of the same convoluted nucleolus

Parameter
nucleolus as a whole 1 2 3 4
Number of nucleolar chromatin bodies 537 18 9 32 1
Area of fibrillar component outside, um? 144.64 5.29 2.52 8.54 0.26
Relative quantity of nucleolar chromatin bodies per 1 371 34 357 375 385

um? of fibrillar component outside
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that a specific molecular mechanism exists in D. nasutum which
synchronizes the rRNA synthesis in different parts of the
interphase nucleoli.

The classical fibrillar centers in nucleoli of higher
eukaryotes are structures with low electron density composed
of fine fibrils 7-10 nm in diameter (Goessens, 1984). According
to Thiry at al. (2011), typical tripartite nucleoli containing all
three main components (i.e. fibrillar center, dense fibrillar
component and granular component) are only found in
amniotic vertebrates (Thiry and Lafontaine, 2005; Thiry
et al., 2011). In other eukaryotes the nucleoli are usually
bicompartmentalized, where only two nucleolar compartments
—fibrillar and granular components— are unambiguously
identified. The absence of classical fibrillar centers in D.
nasutum nucleoli is in agreement with these data.

In summary, we infer that both gene- and subchromosomal-
size atypical chromosomes of macronuclei which lack
centromeres can determine an alternative spatial organization
of vectorial synthesis and processing of rRNA in ciliates.
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