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Abstract To characterise the coiled bodies in meristem-
atic nuclel of Saccharum officinarum, immunofluores-
cence labelling with antibodies against components of
the splicing (U2B" and Sm core protein B) and pre-
rRNA processing (fibrillarin) complexes was used in
cells from the dormant root primordia and from roots at
different times after activation to the steady state of pro-
liferation. The number, size and distribution of coiled
bodies varied in the meristematic tissue depending on
cell activity. While GO cells in the dry primordia and
proliferating cells showed a similar number of coiled
bodies attached to their nucleoli, the number of nucleo-
plasmic coiled bodies greatly increased after the primor-
dia were stimulated to proliferate. Their number re-
mained steady from the time the meristematic population
reached the steady state of proliferation, as estimated by
flow cytometry. Fractionation studies demonstrated that
coiled bodies are a part of the underlying nuclear matrix.
Comparison of immunocytochemical and cytochemical
data from confocal and electron microscopical studies
demonstrated that the nucleolar and nucleoplasmic
coiled bodies detected by confocal microscopy shared
many features, suggesting that they form a family of
closely related structures.

Introduction

Coiled bodies are a class of conserved nuclear bodies,
first described in mammalian cells (Monneron and
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Bernhard 1965). Coiled bodies contain splicing ribonu-
cleoproteins (RNPs), the phosphoprotein p80 coilin and
nucleolar antigens such as fibrillarin and snoRNPs
(Sleeman and Lamond 1999). Coiled bodies are highly
dynamic structures. They vary in size, number, nuclear
localisation (associated with the nucleolus and free in the
nucleoplasm) and composition, in different cell types
and under different growth conditions (Barlow 1983a;
Boudonck et al. 1998). Coiled bodies have been pro-
posed to be the sites of assembly of splicing factors
(Sleeman and Lamond 1999), to play a role in histone
MRNA processing (Lamond and Earnshaw 1998) and to
be involved in the processing, or transport, of sSnoRNA
precursors (Shaw et al. 1998). But the function of coiled
bodies is still under debate. Recently it has been pro-
posed that the term coiled bodies may include a family
of related structures, some of them containing different
proteins and performing different functions (Sleeman
and Lamond 1999).

Although it was not until the 1980s that coiled bodies
were characterised in plants (Moreno Diaz de la Espina
et al. 1982a, b; Martin et a. 1992), in the last decade
there has been a great advance in knowledge about plant
coiled bodies (Beven et al. 1996; Simpson and Filipowicz
1996; Olmedilla et al. 1997; Boudonck et al. 1998, 1999;
Jennane et al. 1999). At present we know that plant
coiled bodies are highly dynamic structures, with a com-
position similar to that of animal coiled bodies, whose
numbers appear to be cell and developmentally regulated
(Boudonck et al. 1998) and that move and coalesce “in
vivo” (Boudonck et a. 1999).

In addition to coiled bodies, two other types of plant
nuclear bodies have been extensively analysed: nucleo-
lus-associated bodies (NABs) or karyosomes (Barlow
1983a, b) and argyrophilic intranuclear bodies or dense
bodies (Barlow 1981, 1983b). Nucleolus-associated bod-
ies are typical structures of non-reticulate nuclei
(Williams et al. 1983; Moreno Diaz de la Espina et a.
1992) that contain splicing factors (Chamberland and
Lafontaine 1993). Their numbers apparently correlate
with the DNA content and chromatin organisation of the
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species and they are more abundant in slowly dividing or
non-dividing cells (Barlow 1983a), while dense bodies
are nucleoplasmic and were previously related to the
coiled bodies (Moreno Diaz de la Espina et a. 19823, b).

In this study we characterised the coiled bodies of
sugarcane (Saccharum officinarum), a monocot with a
2C DNA content of 6 pg and a semireticulate chromatin
organisation (Acevedo et al. 1998, 2001), by confocal
microscopy using antibodies against splicing factors and
the nucleolar processing protein fibrillarin, al of of
which are considered to be constitutive components of
coiled bodies. To analyse the correlation between coiled
bodies and nuclear activity, we observed their distribu-
tion during the process of activation of the dormant root
primordia after stimulation to proliferate. Electron mi-
croscopy (EM) alowed us to make a comparative ultra-
structural, cytochemical and immunocytochemical anal-
ysis of coiled bodies, NABs and DBs. Our results dem-
onstrate that plant coiled bodies are components of the
underlying nuclear matrix and also that the number of
nucleolar coiled bodies is independent of cell activity, in
contrast to what happens with nucleoplasmic coiled bod-
ies.

Materials and methods

Materials

Sugarcane (S officinarumcv. Cristalina) stalks supplied by
I.N.I.C.A. (Instituto Naciona de Investigaciones de la Cafia de
Azlcar) were used. Stem sugarcane cuttings containing radicle
bands were cultured on wet filter paper and cotton, in a Refri-
therm-5 (Struers) incubator at 30°C with 85% relative humidity,
under dark conditions. Samples of quiescent primordia were ex-
cised from the radicle bands before soaking. Roots of 2, 5, 7 and
15 mm length were also taken.

Antibodies

The primary antibodies employed were: 4G3 (1:5), a mouse
monoclonal (Organon Teknica) recognising the spliceosomal pro-
tein U2B" in plants (Boudonck et al. 1998); Y12 (undiluted) a
mouse monoclonal recognising Sm protein B in plants (Vazquez-
Nin et al. 1992), and $4 (1:200) a human autoimmune serum
against fibrillarin recognising the plant protein (Moreno Diaz de la
Espina 1995). Antimouse and antihuman antibodies conjugated to
fluorescein isothiocyanate (1:100) (Sigma) or Cy2 (1:200) as well
as to 10 nm gold particles were used as secondary antibodies for
confocal and EM immunolabelling, respectively.

Confocal microscopy

Quiescent and proliferative root meristems were fixed in 4% para-
formaldehyde in PEM buffer (50 mM PIPES, 5 mM MgSO,,
5 mM EGTA) pH 7.0, for 1 h at room temperature and washed
three times for 15 min in the same buffer. After digestion with 2%
cellulase R-10 and 20% liquid pectinase (from Aspergillus niger,
Sigma Chemical Co., St. Louis, Mo.), for 50 min at 37°C in MAN
buffer [0.4 M p-mannitol, 5 mM EGTA, 1 pg/ml Triton X-100,
0.3 mM phenylmethylsulphonyl fluoride (PMSF)] pH 7.0, and
washing three times for 15 min in PEM buffer, root segments were
squashed on 0.1% poly-L-lysine-coated slides and solid residues
were discarded. Cellular preparations were air-dried and kept at

—20°C until use. After quenching aldehyde groups with a freshly
prepared 1 mg/ml NaBH, solution in PBS, pH 8.0, three times for
15 min, the slides were blocked and incubated with the primary
and secondary antibodies as previously described (Yu and Moreno
Diaz de la Espina 1999). Experiments omitting the incubation
with the primary antibody were performed as negative controls.
After labelling, preparations were stained with 1 pg/ml 4',6-diami-
dino-2-phenylindole (DAPI) or 10 pg/ml propidium iodide before
mounting.

Preparations were examined with an MCR 1024 BioRad con-
focal system (BioRad, Richmond, Calif.) mounted on a Zeiss Axi-
overt 135 microscope (Zeiss, Oberkochen, Germany) equipped
with a x63, 1.4 NA planapochromat immersion objective. A
25 mW multiline argon laser producing two major lines at 488 and
514 nm was used. For each nucleus, a series of optical sections
was obtained at a pitch of 0.3-0.5 um. An average of two images
(Kaman filter) recorded at a slow speed for 1024x1024 pixels was
enough to obtain images with a good signal-to-noise ratio and
avoid bleaching. The scanning zoom was x2. Images were pro-
cessed with the Lasersharp software package (BioRad, UK).

Quantitative evaluations

The numbers of coiled bodies per nucleus were counted in the pro-
jections of the confocal sections corresponding to each whole nu-
cleus, after immunostaining with 4G3 or Y12 antibodies. Thirty
nuclei from cells taken from three different preparations of the
dormant primordia, reactivating meristems of 2 mm roots and
steady state meristems of 15 mm roots were used in each case.
The data were statistically analysed by calculating the differences
between percentages in the different populations (Soka and Rohlf
1969) and by the Kruskal-Wallis non-parametric method with a
Dunn test (Dickinson 1985).

Electron microscopy

For conventional EM, roots were fixed in 2% glutaraldehyde in
0.025 M cacodylate buffer, pH 7.2 for 1 h, post-fixed in 1% osmi-
um tetroxide in the same buffer and dehydrated in an ethanol se-
ries to absolute ethanol. After 1 h infiltrations in ethanol:resin
mixtures (2:1, 1:2) and in pure resin for 3 days at 4°C, samples
were embedded in LRW resin in closed gelatine capsules and
cured at 60°C for 20 h.

Cytochemical staining

EDTA regressive staining (Bernhard 1969) was performed in sec-
tions from samples fixed only in 3% glutaraldehyde and processed
as previously described (Moreno Diaz de la Espina et a. 1992).
For bismuth oxynitrate staining, roots were fixed in 6% glutaral-
dehyde in 0.025 M cacodylate buffer and processed as described.
For staining, sections were floated on a 2% bismuth oxynitrate so-
lution in 0.1 M triethanolamine buffer, washed in distilled water
and air dried (Moreno Diaz de la Espina et al. 1992, 1993). Silver
staining was performed on sections as previously described
(Moreno Diaz de la Espina et al. 1992). Briefly, roots were fixed
in 3% glutaraldehyde as for conventional preparations, post-fixed
in Carnoy’s fixative (3:1 ethanol:acetic acid) in 0.5 M NH,CI in
cacodylate buffer for 1 h, dehydrated in an ethanol series and em-
bedded in LRW resin as described above. Sections were mounted
on 300 mesh gold grids and floated on a silver solution containing
1 vol of 2% gelatine in 1% formic acid, and 2 vol of 50% silver
nitrate solution, for 10 min at 37°C. After rinsing in distilled wa-
ter, grids were floated for 10 min on a 5% sodium thiosul phate so-
lution and washed again in distilled water. Sections were observed
either unstained or stained in a 5% agueous uranyl acetate solu-
tion.



Immunogold labelling

Immunogold labelling was performed on ultrathin sections mount-
ed on nickel grids using the same primary antibodies and dilutions
as described above for immunofluorescence. After quenching in a
fresh 1 mg/ml solution of NaBH,, grids were incubated on the
blocking solution (PBS, 0.05% Tween 20, 2% BSA) for 30 min at
room temperature in a humid chamber, and then with the primary
antibodies diluted in the blocking solution overnight at 4°C. After
washing in PBS containing 0.05% Tween, incubation with 10 nm
gold-conjugated anti-mouse antibodies in blocking solution was
performed in the dark at room temperature for 30 min. Controls
were performed by omitting incubation with the primary antibody.

Nuclear fractionation

Nuclear matrices were prepared from isolated nuclei of Allium
cepa meristematic root cells as previously described (Yu and
Moreno Diaz de la Espina 1999). Briefly, isolated nuclei were in-
cubated in cytoskeleton buffer [CSK, 10 mM PIPES, pH 6.8,
100 mM KCI, 300 mM sucrose, 3 mM MgCl,, 1 mM EGTA,
1.2 mM PMSF, 20 mM dithiothreitol (DTT)] containing 0.5% Tri-
ton X-100. After 5 min soluble nuclear proteins were removed by
centrifugation at 690 g for 10 min. The pellet containing the insol-
uble nuclear proteins was then digested with 200 pg/ml RNase-
free DNase | in digestion buffer (DB, 10 mM PIPES, pH 6.8,
50 mM KCl, 50 mM NaCl, 300 mM sucrose, 3 mM MgCl,, 1 mM
EGTA, 1.2 mM PMSF, 0.5% Triton X-100, 20 mM DTT) for
30 min at room temperature. Then 1 M ammonium sulphate was
added to afinal concentration of 0.25 M. At this step DNA and its
associated proteins were removed, leaving the nuclear matrix con-
taining nuclear RNP complexes. The nuclear matrix was further
extracted by adding 4 M NaCl to a final concentration of 2 M.
This extraction releases the outer nuclear matrix proteins and re-
veals the nuclear matrix. Except where mentioned, al steps were
done at 4°C. After extraction, nuclear matrix pellets were fixed
and processed for either confocal microscopy or EM as previously
described (Samaniego et al. 2001).

Results

Sugarcane coiled bodies contain the spliceosomal
components U2B" and the Sm core protein B as well as
fibrillarin

As we were unable to detect p-80 cailin in plants in spite
of severa trials with different antibodies, we used the an-
ti-U2B" antibody 4G3, which has proved to be a good
marker for coiled bodies in plants (Boudonck et a. 1998,
1999), to analyse these structures by confocal microscopy.
Labelling for U2B" was localised to prominent spher-
ica structures corresponding to coiled bodies, as identi-
fied by transmission microscopical images of the same
sections, which presented variable numbers, sizes and lo-
calisations in the nucleus (Fig. 1a—d). They appeared ei-
ther free in the nucleoplasm, attached to the nucleolar
periphery or deep inside the nucleolar body. Diffuse nu-
cleoplasmic staining was also evident that was below the
resolution of the confocal microscope. This nucleoplas-
mic staining is very similar to that revealed by anti-
PANA antibody, which recognises a marker protein of
interchromatin granules in onion cells (Cui and Moreno
Diaz de la Espina, in preparation). Labelling was exclud-
ed from the nucleolus and cytoplasm (Fig. la—c, a—').
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Labelling with the Y 12 antibody, which detects a dif-
ferent spliceosomal protein (Sm core protein B) in plants
(Vézquez-Nin et a. 1992), produced a similar staining
pattern to that of 4G3, that is, very intense in coiled bod-
ies and diffuse in the nucleoplasm (data not shown).

Incubation with serum S4, which recognises the pro-
tein fibrillarin involved in the processing of pre-ribosom-
al precursors in plant cells (Moreno Diaz de la Espina
1995), stained both the nucleolus and coiled bodies, re-
vealing that the latter also contained fibrillarin. Although
it was very difficult to discriminate between coiled bod-
ies embedded in the nucleolus after fibrillarin staining,
the staining was very strong in the coiled bodies budding
from the nucleolus. On the other hand, only a fraction of
the nucleoplasmic coiled bodies showed any reaction.
The nucleoplasm never appeared stained, even in those
cases that showed faint cytoplasmic staining (Fig. 1e,
€). In the last experiments the strong nucleolar staining
made the discrimination of the coiled bodies embedded
in or closely attached to the nucleolus very difficult. For
this reason we used only the two other antibodies for the
quantitative analysis.

Variation of coiled body numbers during reactivation
of the dormant root primordia

Due to the lack of a specific marker for plant coiled bod-
ies, these structures were examined during the process of
reactivation of the dormant root primordia up to the
steady state of the proliferating meristem by using the
two antibodies against the spliceosomal components
(4G3 and Y12) and confocal microscopy. In this case,
confusion of coiled bodies with interchromatin granule
speckles is not possible for two reasons. (1) interchroma-
tin granules never form speckles in plant cells similar to
those in animal cells (see Medina et a. 1989; Moreno
Diaz de la Espina et al. 1993). (2) The anti-PANA anti-
body, a specific marker of interchromatin granules,
which recognises a double band of M, 100,000 and
110,000 in onion cells, never reacted with coiled bodies.
Instead it revealed delicate staining in the nucleoplasm,
excluding the nucleolar domains and sometimes small
dark areas by immunofluorescence, and clearly marked
interchromatin granules by immunogold labelling (Cui
and Moreno Diaz de la Espina, in preparation).

In the dormant primordia before soaking over 90% of
the cells are accumulated in GO with a 2C DNA content,
as demonstrated by flow cytometry (Acevedo et al.
2001). Their nuclei displayed between 1 and 10 large
coiled bodies deeply attached to the nucleolus with a
mean value of 3.51+0.29. Nucleoplasmic coiled bodies
were very rare in these cells (Figs. 1a, &, 2). After the
primordia had been stimulated to proliferate and the mi-
totic index had reached a value of 4 in the meristematic
population, i.e. in the 2 mm root (Acevedo et al. submit-
ted), the number of coiled bodies per cell increased to a
maximum of 17 (mean value 7.20+£0.4). The increase in
the number of coiled bodies was accompanied by a de-
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Fig. 1 Labelling of sugarcane meristem root cells in different
states of activity with 4G3 (a, b, c), and $4 (e) antibodies. The
bright spots, sometimes associated with the nucleolus, are coiled
bodies. Diffuse staining of the nucleoplasm is also observed. In
each case several confocal images through a cell and the corre-
sponding projection (on the right) are shown. d A series of trans-
mission images corresponding to mid-sections of the top nuclei
shown in c. Coiled bodies are shown within them (arrows) that
differ in contrast from those of the nucleolus and nucleoplasm.
Dormant (GO) cells of the primordia display a few large coiled
bodies clearly associated with or even embedded in the nucleolus
(a, @). Reactivating meristem cells in the 2 mm root have more
but smaller coiled bodies, many of them lying in the nucleoplasm
(b, b"). The steady-state proliferating cells of the 15 mm root pres-
ent a distribution of coiled bodies similar to that in the 2 mm root
(c, ¢'). Antifibrillarin staining of proliferating cells in the 15 mm
root (e, €'). The nucleoli are strongly stained, making the detection
of nucleolar coiled bodies difficult and these are evident only
when detached from the nucleolus. Nucleoplasmic coiled bodies
stand out clearly from the negative nucleoplasm, but on average
are less abundant than after 4G3 or Y 12 staining. Bar represents
5um

crease in their size. Thus in the 2 mm proliferating meri-
stem cells, coiled bodies were smaller and appeared a-
most equally distributed between the nucleolus and nu-
cleoplasm (Figs. 1b, b', 2). The numbers and nuclear dis-
tribution of coiled bodies were maintained when the

steady state of proliferation was finally achieved (mean
value 6.44+0.4) (Figs. 1c, ¢/, 2).

Statistical analysis of the recorded numbers of coiled
bodies in the dormant, reactivating and steady state pro-
liferating cells of the root meristem revealed that the
number of nucleoplasmic coiled bodies clearly correlates
with cell activity, as there were significant differences
between the dormant and active cells but not between the
two proliferating populations (Fig. 2). On the contrary,
the number of nucleolus-associated coiled bodies was
dependent upon neither nucleolar nor cell activity, as
there were no significant differences (P<0.05) in their
values among the dormant, reactivating and steady state
dividing cells (Fig. 2), although the distribution of nucle-
olus-associated coiled bodies per nucleolus varied in the
three cell populations due to nucleolar fusion (Fig. 3).

Ultrastructural characterisation of the two types
of coiled bodies

Due to the lack of reactivity of 4G3 antibody on LRW
sections, we used immunogold labelling with the Y12
antibody on sections of cells of the primordia and the
two proliferating meristems to identify in the EM the nu-
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Fig. 2 Histograms showing the frequencies of nucleolar, nucleo-
plasmic and total coiled bodies present in meristematic nuclei of
roots of different lengths, i.e. presenting different levels of prolif-
eration. Different letters on top of the bars represent their statisti-
cal differences at P<0.05

clear bodies corresponding to the coiled bodies previous-
ly analysed by confocal microscopy.

Two distinct types of nuclear bodies were revealed by
Y12 immunogold staining (Figs. 4b, 5b, 6b). The first
consisted of more or less spherical nuclear bodies with a
diameter of 0.76x0.13 pm in dormant cells and
0.35+0.1 pm in proliferative cells, which were attached
to the nucleolus, whose 0.08+0.02 um fibres displayed a
coiled-coil organisation (Figs. 4a—, 5a, b, 6e€). They
looked very similar to the previously described NABs
and shared some cytochemical characteristics with them.

In dormant GO cells from the primordia, the nucleolar
coiled bodiessNABs appeared deeply immersed in the
rudimentary inactive nucleolus. They were very large in
relation to it, had alower contrast than the inactive dense
fibrillar component and were in close contact with the
intranucleolar chromatin, which appeared bleached after
EDTA staining, but they were clearly different from it
(Fig. 4a-—c).

After reactivation, the nucleolus of the proliferating
cells showed a looser organisation with three distinct nu-
cleolar components. a peripheral granular component, a
dense fibrillar component and numerous small fibrillar
centres (Figs. 5a, 6a). At these stages, the nucleolar
coiled bodies/NABs were smaller in relation to the size
of the nucleolus, and they appeared at the nucleolar pe-
riphery rather than immersed in the nucleolar body, often
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Fig. 3 Comparison of the frequency of nucleolar coiled bodies
(NABS) per nucleolus in roots of three different lengths. Most nu-
cleoli have between 1 and 3 associated coiled bodies and up to 4
were observed in a small proportion of cells. Taking into account
the fact that the total number of nucleolus-associated coiled bodies
remains a constant independently of cellular activity (see Fig. 2),
and also that in this species all the nucleolar organising loci are
active in organising a nucleolus (Acevedo et a. submitted), the
significant differences observed probably correspond to nucleolar
fusions produced during cell activation as quantified by silver
staining (Acevedo et al. submitted). Different letters on the tops of
bars represent their statistical differences at P<0.05

loosely bound to the nucleolus (Fig. 5b, 6c, €). Neverthe-
less, they presented the same cytochemical characteris-
tics as those in the dormant nuclei (Figs. 4, 5, 6).

Correlating with cell reactivation, nucleoplasmic
coiled bodies containing spliceosomal proteins were ob-
served free in the nucleoplasm, in agreement with the da-
ta recorded by confocal microscopy (Fig. 6a, b). These
were roundish bodies, 0.31+0.13 pm in diameter, and
presented many similarities to the plant nuclear bodies
previously described as nucleoplasmic coiled bodies
(Moreno Diaz de la Espina et a. 1982a) and dense bod-
ies (Barlow 1983a).

The immunocytochemical and cytochemical analysis
proved that both types of coiled bodies shared the same
characteristics (Table 1). Thus both contained spliceoso-
mal proteins (Figs. 4b, 5b, 6b) and showed strong con-
trast after EDTA staining, like the nucleolus and the rest
of the nuclear RNPs, but in contrast to the bleached
chromatin (Fig. 4c, 6a). Besides, both types of nuclear
bodies were argyrophilic, with a density of silver depos-
its similar to that of the nucleolar granular component, as
reported for NABs and DBs (Fig. 6¢c) (Moreno Diaz de
la Espina et a. 1992) and they contained highly phos-
phorylated proteins (Fig. 6d, €). All these data suggested
that both NABs and DBs could be the counterpart of the
nucleolar and nucleoplasmic coiled bodies detected by
confocal microscopy.



Fig. 4a—c Characterisation by electron microscopy of the nucleo-
lar coiled bodies (NABs) in dormant cells. a Conventional stain-
ing. A large nucleolar coiled body, similar to that shown in
Fig. 1a, made up by dense coiled threads protrudes from the dor-
mant fibrillar nucleolus (No). Inside the nucleolar body, a section
through the pale nucleolar organiser (NOR) in close contact with
the NAB (arrow) is shown. b Y12 immunolabelling of the NAB.
¢ EDTA staining for ribonucleoproteins (RNPs) produces strong
staining of the NAB, the inactive nucleolus and the packed ribo-
somes in the cytoplasm (small arrows). The big masses of con-
densed chromatin are bleached by the procedure. Note the rudi-
mentary organisation of RNP structures in the interchromatin and
perichromatin nuclear regions (arrows). Bars represent 0.5 pum

Coiled bodies are components of the plant nuclear matrix

To investigate the association of coiled bodies with the nu-
clear matrix, we used the same tissue from another mono-
cot, A. cepa, a species in which the nuclear matrix is well
characterised (Moreno Diaz de la Espina 1995; Yu and
Moreno Diaz de la Espina 1999). Confocal microscopy of
nuclear matrices after Y 12 staining demonstrated that both
nucleolar and nucleoplasmic coiled bodies were associat-
ed with the nuclear matrix (Fig. 7). Electron microscopy
of nuclear matrix sections confirmed that coiled bodies
with asimilar structure to those in intact cells were associ-
ated with the filaments of the internal matrix (Fig. 6f).
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Fig. 5a, b High magnification images of reactivating meristem
cells from the 2 mm root, similar to those shown in Fig. 1b.
a Conventional electron microscopical preparation showing a typi-
cal highly active nucleolus with small and numerous fibrillar cen-
tres (arrows) immersed in the dense fibrillar component (DFC),
both surrounded by abundant granular component (GC). Note the
different ultrastructural organisation of the nucleolus-associated
chromatin (NAC), which contains ribosomal genes (Acevedo et al.

submitted) and makes contact with the fibrillar centres, and the
nucleolar coiled body (NAB), which is budding from the nucleo-
lus. The organisation of the semireticulate nucleus is typical of
high activity, with decondensed chromatin masses (chr) and nu-
merous fibrils and granules in the interchromatin regions. b Y12
immunogold labelling of a nucleolar coiled body from a similar
stage of activation. (No nucleolus). Bars represent 0.5 pm

Table 1 Survey of the main cytochemical and immunocytochemical characteristics of both the nucleolar and nucleoplasmic coiled bod-
ies. (Fib, fibrillarin; GO, presence in the dormant GO cells; P, presence in proliferating cells)

EDTA Ag Bist3 Fib Y12 u,B” GO P
Nucleolar coiled body (NAB) + + + + + + o+
Nucleoplasmic coiled body + + ++ +/— + + +—+
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Fig. 7a, b Labelling of the nuclear matrix from onion proliferat-
ing cells with Y12. Several confocal images through the matrix
and the corresponding projections (on the right) are shown. A
large nucleolar coiled body connected to one of the nucleoli (a)
and a few small nucleoplasmic coiled bodies (b) are shown. Bar
represents 5 um

Discussion

Nucleolar and nucleoplasmic coiled bodies
are similar structures

The structures reported here as coiled bodies in the con-
focal microscope after immunostaining against compo-
nents of the splicing and rRNA processing complexes
share many features with the previously described plant
coiled bodies and NABs (Barlow 1981; Moreno Diaz de
la Espina et a. 1982a, b; Barlow 1983a, b; Williams et
al. 1983; Moreno Diaz de la Espina et al. 1992;
Chamberland and Lafontaine 1993; Jennane et al. 1999).
Both nucleoplasmic and nucleolar coiled bodies display
the same ultrastructural organisation consisting of the
typical coiled threads (Monneron and Bernhard 1965;
Moreno Diaz de la Espina et al. 1982a), which is differ-
ent from that of G1 prenucleolar bodies containing fi-
brillarin (Medina et a. 1995) and also from the nuclear
bodies corresponding to replication factories in plants
(Samaniego and Moreno Diaz de la Espina 2000;
Samaniego et a. 2001). Nucleolar coiled bodies are aso
ultrastructurally different from the nucleolus-associated
chromatin masses that contain the ribosomal cistrons

Fig. 6a—f Cytochemical characterisation of coiled bodies from
actively proliferating cells similar to those shown in Fig. 5a
a EDTA preferential staining for ribonucleoproteins. The nucleo-
plasmic coiled body (arrow) is deeply contrasted as are the nucle-
olus (No) and the abundant ribonucleoprotein (RNP) fibrils and
granules in the interchromatin regions. The nucleolar fibrillar cen-
tres (small arrows) and the condensed chromatin masses (chr) ap-
pear bleached by the staining. b Y 12 immunogol dstaining of a nu-
cleoplasmic coiled body. ¢ Silver impregnation. Both the nucleolar
and nucleoplasmic coiled bodies (arrows) appear covered by sil-
ver deposits, with a similar density to that of the nucleolar granu-
lar component (GC). d, e Bismuth oxynitrate staining. The inter-
chromatin granules (small arrows) are preferentially contrasted
while the chromatin is not. The nucleolus and coiled bodies show
intermediate staining. Note that the nucleoplasmic coiled body (d)
is more strongly stained than the nucleolar coiled body. f Portion
of a nuclear matrix from an actively proliferating onion cell ex-
tracted as described in Materials and methods, displaying a coiled
body (arrow) connected to the internal matrix (im) elements. (lam
lamina, NoM nucleolar matrix) Bars represent 0.5 pm

(Acevedo et al. submitted). Their composition is also
similar. Both nucleolar (NABs) and nucleoplasmic
coiled bodies are devoid of DNA (Moreno Diaz de la
Espina et al. 1982a; Martin et a. 1992; Jennane et al.
1999). We demonstrate here that both contain RNPs, ar-
gyrophilic and highly phosphorylated proteins, splicing
factors and fibrillarin, though displaying an intraclass
heterogeneity (Alliegro and Alliegro 1998). All the
aforementioned data and also the evidence that nucleolar
and nucleoplasmic coiled bodies move and coalesce
(Boudonck et al. 1999) suggest that they correspond to
closely related structures.

Variation of coiled body numbers during activation
differsfor the two types of coiled bodies

Coiled body numbers have been reported to depend on a
series of factors such as cell type and activity, cell cycle
position, etc., in plant cells (Boudonck et al. 1998,
1999). Our analysis using the same cell system from a
dormant condition through reactivation to the steady
state of proliferation allowed us to fix many of these
variables and follow the evolution of coiled bodies dur-
ing the process of cell reactivation from GO to a steady
state interphase cell cycle (G1, S and G2) (Acevedo et
al. submitted). Although there is an overall increase in
coiled body number correlating with cell activation, as
reported in other plant systems (Boudonck et al. 1998,
1999), our data demonstrate for the first time different
behaviour for the two types of coiled bodies. Nucleo-
plasmic coiled bodies, which are very rare in dormant
cells from primordia, account for the general increase in
coiled bodies during activation, although their numbers
do not vary significantly between the stabilised and non-
stabilised proliferating populations. In contrast, the num-
ber of nucleolar coiled bodies in plant cells appears to
depend rather on nuclear organisation and/or genetic
characteristics than on cell activity (Barlow 1981, 19833,
Lafontaine et al. 1991; Lafontaine and Chamberland
1995; Jennane et al. 1999).

The number of coiled bodies is inversely correlated
with their size. Nucleolar coiled bodies of GO dormant
cells appear as large recruitment sites for spliceosomal
components when the nucleolus and the splicing machin-
ery are not active, as inferred from the rudimentary orga-
nisation of the interchromatin nuclear regions and nucle-
oli in these cells after EDTA staining. This is in agree-
ment with the results reported in meiosis (Olmedilla et
al. 1997) and with the redistribution of coiled bodies af-
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ter inhibition of transcription or Ser/Thr protein phos-
phatases in cultured plant cells (Boudonck et al. 1999).
Thus, our results stress the newly ascribed role of the nu-
cleolus sequestering some proliferation relevant proteins
to prevent their activity (Visintin and Amon 2000). But
the maintenance of their number in proliferating cells,
independently of cell cycle equilibrium, indicates the ex-
istence of a fixed number of sites for recruitment of
spliceosomal components in the nucleolus, independent-
ly of cell activity levels.

Based on their recorded numbers and proximity to the
nucleolar organisers (NORs), it has been suggested that
nucleolar coiled bodies (NABs) correspond to the
secondary constrictions of nucleolar chromosomes
(Lafontaine and Chamberland 1995). In this sugarcane
cultivar, an octoploid with a low DNA content (6.0 pg),
and a semireticulate nuclear organisation (Acevedo et al.
1998), the recorded numbers of NABs are compatible
with those of chromosomes bearing an NOR, as detected
by fluorescence in situ hybridisation (FISH) (D’Hont et
al. 1996; Acevedo et al. submitted). Nevertheless the nu-
cleolar coiled bodies are different from the NOR signals
and do not contain DNA as demonstrated by FISH and
their DAPI-negative staining (Acevedo et a. submitted).

Coiled bodies correspond to specific nuclear
and nuclear matrix domains

Nucleic acid metabolism is spatially ordered in the nu-
cleus by association with the nuclear matrix (Ma et al.
1999) in such away that the cell nucleus is organised in-
to severa territorial domains with specific functions
(Jackson and Cook 1995; Moreno Diaz de la Espina
1995). Considering that coiled bodies are components of
the underlying nuclear matrix, they could correspond to
specific domains of the nuclear/chromosomal matrix as
occurs with the replication factories (Jackson and Cook
1995; Samaniego and Moreno Diaz de la Espina 2000;
Samaniego et a. 2001). Additional results supporting
this idea are the association of coiled bodies with specif-
ic chromosomal foci like those for the UsnRNAS, his-
tone mMRNA clusters (Sleeman and Lamond 1999) and
NORs in some plant species (Lafontaine et al. 1991), and
also the observation that coiled bodies reform in the
same locations during heat shock recovery in living plant
cells (Boudonck et al. 1999).

Coiled body dynamics during the reactivation
of primordia

The above observations are consistent with a model in
which coiled bodies present a fixed basic number per nu-
cleus, depending on the genetic and structural character-
istics of cells, but independently of cell activity. Nuclei
from the dormant primordia cells should have this basic
number of large nucleolar coiled bodies. During reacti-
vation the increase in the number of nucleoplasmic

coiled bodies is accompanied by a decrease in size but
not in the number of the nucleolar coiled bodies. It
should be very interesting to find out whether coiled
bodies can not only fuse but also divide at the nucleolar
periphery in vivo (Boudonck et al. 1999).

In spite of the close similarities between the two types
of coiled bodies in plants, nucleolar coiled bodies should
have some specia characteristics in relation to the nucleo-
plasmic ones as. (1) they are strongly dependent on DNA
content and nuclear organisation in plants (Barlow 1983z,
Moreno Diaz de la Espina et a. 1992; Lafontaine and
Chamberland 1995); (2) fusion of coiled bodies has been
detected at the nucleolar periphery in vivo (Boudonck et
al. 1999); and (3) the inhibition of transcription or phos-
phatase activity produces relocation of the nucleoplasmic
coiled bodies to the nucleolus (Boudonck et al. 1999). Al-
though a functional interaction between the nucleolus and
coiled bodies has long been suggested, the mechanisms
involved in this process remain unclear (Olson et a. 2000;
Visintin and Amon 2000).
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