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Three-Dimensional Architecture of Ribosomal DNA within Barley
Nucleoli Revealed with Electron Microscopy
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Summary: To elucidate the topological positioning of ri-
bosomal RNA genes (rDNA) and nucleolar structure in
three dimensions, we examined the localization of rDNA
using in situ hybridization (ISH) analysis by scanning elec-
tron microscopy (SEM). The rDNA genes within the three-
dimensional architecture of nucleoli were detected on chro-
matin fibers that connect a thick strand-like structure and
a protrusion of IDNA into the inner nuclear hole where the
nucleolus is formed. This novel use of ISH together with
SEM is useful for the analysis of nucleolar structure in de-
tail. Furthermore, rDNA was detected at the periphery of
the fibrillar centers (FCs) of the nucleolus using immuno-
gold labeling together with transmission electron mi-
croscopy (TEM). In situ hybridization with TEM con-
firmed that rtDNA is naked and thus active in the FCs of
nucleoli; ISH with SEM confirmed that rDNA is not cov-
ered with ribonucleo proteins at the protruding point and
is thus inactive. We also show that the distribution pattern
of FCs differs from sample to sample. These results indi-
cate that rDNA is transcribed dynamically in a time- and
region-specific manner over the course of the cell cycle.
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Introduction

Nucleoli, the sites of ribosome biogenesis, are meticu-
lously organized subnuclear organelles (Goessens 1984,
Scheer and Rose 1984). During ribosome biogenesis, nu-
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cleoli are involved in the transcription of ribosomal RNA
genes (rDNA). Multiple steps are required for the proper
maturation of the preribosomal subunit, including the pro-
cessing of pre-ribosomal RNA and the association of ri-
bosomal proteins (Brown and Shaw 1998, Hozak et al.
1994, Shaw and Jordan 1995). Observation by transmission
electron microscopy (TEM) in both animals (Goessens
1984, Jordan and McGovern 1981, Wachtler and Stahl
1993) and plants (Risueno er al. 1982, Sato 1992) has re-
vealed that the nucleolus possesses different structural
components: fibrillar centers (FCs), a dense fibrillar com-
ponent (DFC), and a granular component (GC) (Jordan
1984).

To clarify the relationship between these structural find-
ings and the transcription of rDNA, immunological analy-
sis on the distribution of RNA polymerase I (Scheer and
Rose 1984) and DNA (Charest et al. 1985, Martin and
Medina 1992), as well as in situ hybridization (ISH) analy-
sis using rDNA probes for the nucleolus, were performed
(Leitch et al. 1992, Thiry and Thiry-Blaise 1989). RNA
polymerase I and rDNA coexist in FCs, clearly indicating
that transcription occurs in the peripheral region of FCs. On
the other hand, Stahl et al. (1991) and Jimenez-Garcia et
al. (1993) demonstrated the localization of rDNA in DFC
and claimed that the transcription of rDNA occurs there.
The function of FCs and DFC within nucleoli thus re-
mains controversial.

The transcription and processing sites within a nucleo-
lus were determined by a detailed positional analysis of a
spacer region in both immature and mature rRNA (Bassy
et al. 2000, Leader et al. 1997). In addition, localization of
transcriptional factors (Martin and Medina 1992) and
bromo-UTP (BrUTP) incorporation (De Carcer and Med-
ina 1999, Yano and Sato 2000) were examined by TEM and
confocal microscopy, respectively. Recent evidence sug-
gests that transcription of rDNA and early processing of
rRINA occur in the transition area between FCs and DFC
(De Carcer and Medina 1999, Yano and Sato 2000). The
topological localization of rDNA and/or rRNA within the
nucleolus is still obscure, despite previous TEM studies that
have elucidated the three-dimensional (3-D) architecture of
the nucleolus (Sato 1992, Sato and Myoraku 1994, Shaw
et al. 1995).
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Scanning electron microscopy has been used frequently
to observe nuclear and chromosomal structures (Iwano et
al. 1997). A combination of physical gene localization and
visualization of nucleolar structure with SEM allows a de-
tailed analysis of the 3-D relationship between rDNA and
the nucleolus. The present study reveals the 3-D architec-
ture of the nucleolus and the localization of 'DNA de-
tected with ISH by means of SEM. Furthermore, rDNA was
localized to specific regions within the nucleolus using im-
munostaining for DNA and ISH with an rDNA probe and
imaging with TEM.

Materials and Methods

The root tips of Hordeum vulgare, cv. Minorimugi, were
used throughout the following experiments. For ISH. a
rice 458 rDNA probe was used. The 3.8-kb probe includes
most of the coding regions of the three ribosomal RNA
genes (18S-5.85-26S rDNA) and the flanking spacer re-
gions (Sano and Sano 1990) conjugated with biotin by the
random-primed DNA labeling method (Nippon Gene,
Tokyo, Japan). The hybridization mixture consisted of
50% formamide, 10% dextran sulfate (MW 50,000), 0.1%
sodiumdodecylsulfate, 2 x SSC, the labeled probe, and
salmon sperm DNA (Leitch et al. 1992).

For observation by TEM, root tips were fixed in a mix-
ture of 2% paraformaldehyde and 1% glutaraldehyde. Sam-
ples were dehydrated in an ethanol series ranging from 25
to 100% and then embedded in LR white (London Resin Co.,
Berkshire, England) (Suzaki and Kataoka 1992). Ultra-thin
sections 80 nm thick were mounted on uncoated gold grids.

For immunological detection of DNA, samples were
incubated with anti-DNA mouse monoclonal IgM (Progen)
followed by incubation with either 5 or 10 nm gold-con-
jugated anti-mouse IgM (Biocell Research Laboratories,
Rancho Dominguez, Calif., USA). As a control, the pri-
mary antibody was replaced with mouse IgG or omitted
from the incubation medium.

In situ hybridization was performed as described by
Twano er al. (2000) with the addition of a pretreatment with
proteinase K (1 mg/ml) at 37°C for 20 min and a subse-
quent incubation in RNase A (3 mg/ml) at 37°C for 1 h. Fol-
lowing washing with 2 x SSC, samples were mounted on
a glass slide. The hybridization mixture was layered onto
the grids and covered with a coverslip at 37°C. After de-
naturation at 80°C for 5 min, the samples were hybridized
with the rDNA probe overnight. Following stringent wash-
ing at 55°C, samples were incubated with antibiotin IgG
conjugated with 15 nm gold particles. Samples were then
stained with 2% uranyl acetate for 10 min. As a cyto-
chemical control, the rDNA probe was omitted from the in-
cubation medium. Photographs were taken under a bright
field with TEM (H-7100, Hitachi, Tokyo. Japan) at an ac-
celerating voltage of 75 keV and a beam current of 10 mA.

For ISH with SEM, samples were prepared as described
previously (Iwano et al. 1997). Briefly. root tips were fixed

with ethanol-acetic acid (3:1) and macerated using an
enzyme cocktail (Fukui 1996). The root tip was placed on
a microscope slide with a drop of 45% acetic acid and
warmed on a hot plate. After the root tip had been
squashed under a coverslip, cytoplasm was removed by
addition of 45% acetic acid. Each slide was observed
under a phase contrast microscope, and samples from
which all the cell walls and cytoplasm had been removed,
and in which the nuclei and chromosomes were well pre-
served, were selected for SEM. The samples were frozen
in liquid nitrogen and the coverslip was removed from the
sample. The samples were postfixed with a 1% glu-
taraldehyde solution and dehydrated through a graded
ethanol series (50-100%). The samples were then critical-
point dried using liquid CO, as a transitional fluid. After
pretreatment with RNase A (3 mg/ml) at 37°C for | h, the
samples were washed with 2 X SSC. The hybridization
mixture was layered on a glass slide, covered with a cov-
erslip, denatured at 80°C for 5 min, and subjected to
overnight hybridization. After stringent washing at 55°C,
the samples were incubated with an antibiotin antibody
conjugated with 15 nm gold particles. As a control, the
probe was omitted from the hybridization medium for
some samples. Finally, the samples were postfixed in 1%
0s0, and critical-point dried. The samples were coated
with 3=5 nm of platinum/palladium (E5150. Polaron). The
samples were observed using a field emission scanning
electron microscope (FESEM) (47008S. Hitachi. Tokyo.
Japan). Secondary electron images were captured using
two secondary electron detectors placed above the ob-
jective lens (upper detector) and below the objective lens
(lower detector) at 15 keV, with which we could observe
the precise structure of nucleus (Sato et al. 1994).
Backscattered electron images were taken using a yttriam
aluminium garnet (YAG) backscattered electron detector
at 15 keV, with which we could easily differentiate gold
particles from nuclear structure.

Results and Discussion

We first examined the 3-D architecture of a nucleolus
using SEM. The nucleolus is easily recognized upon phase
contrast microscopy as a circular and highly refractive
suborganelle of the nucleus. The nucleolus was also dis-
tinguished from the nucleoplasm as a circular structure
under TEM. In this study, however, the structure of the nu-
cleolus was completely different from what has previously
been observed. The nucleolus did not show a circular or
round profile, but rather appeared as a thick strand-like
structure, twisted or folded into an irregular form (white ar-
rows in Fig. 1a). The appearance was commonly observed
in SEM-ISH samples. Furthermore, the surface of the nu-
cleolus was not filamentous but rugged, and was quite dif-
ferent from that of the nucleoplasm, with its filamentous
appearance (Fig. 1b). This result suggests that the nucleo-
lar structure is built up by the aggregation of ribonucleo-
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FiG. 1 Localization of rDNA detected by in situ hybridization by scanning electron microscopy. (a) A nucleus was exposed during sample prepa-
ration. The nucleolus (arrows) was observed as a thick strand-like structure. Secondary electron image. Bar = 1 pm. (b) A higher magnification
of (a). An arrow shows a chromatin fiber approximately 30 nm in diameter, connecting the thick strand-like nucleolus to the inner surface of a
nuclear hole. Filamentous structures of the nucleoplasm were also observed. Secondary electron image. Bar = 0.1 pm. (¢) A higher magnifica-
tion of the region indicated by the arrow in (b). Gold particles were observed on the fibers (arrowheads). Secondary electron image. Bar = 50
nm. (d) Backscattered electron image of the same region as in Figure (¢) Arrowheads show gold particles on the chromatin fiber. (¢) A higher
magnification of chromatin fibers in a control nucleus. There were no gold particles. Secondary electron image. Bar = 50 nm. (f) Backscattered
electron image of the same region as in (e).

proteins (RNPs) onto rDNA strands, which are transcrip- served: instead. ordinary and naked chromatin fibers about
tional products upon which ribosomes are formed. In the 30 nm in diameter (an arrow in Fig. 1b and ¢) were seen.
connection region between the thick strand-like nucleolus On the chromatin fibers, some particles on the chromatin

and the inner surface of a nuclear hole, RNPs were not ob- fibers in the secondary electron image (arrowheads in Fig.
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1c) were identified as gold particles by the backscattered
electron image (arrowheads in Fig. 1d). On the other hand.
when the probe was omitted from the hybridization mix-
ture as a negative control, there were no gold particles on
the chromatin fibers in the backscattered electron image
(Fig. le and f). The fact that the naked chromatin fiber in
the connection region (an arrow in Fig. 1b) is rDNA indi-
cates the lack of rRNA transcription in this region.

During sample preparation, most nucleoli were removed
from nuclei, forming concave depressions in the nuclei (ar-
rows in Fig. 2a). As a result, the rDNA in the connection
region between the nucleoplasm and the extracted thick
strand-like nucleolus was clearly observed with SEM (Fig.
2b and ¢). Both images obtained through the capturing of
secondary electrons (Fig. 2b) and backscattering electrons
(Fig. 2c¢) indicated the localization of gold particles in
these protruding connection regions (arrowhead in Fig.
2a). Comparison between these two images indicated that
the backscattered image provided a clearer visualization of
clusters of gold particles on the surface of the protruding
rDNA region and into the inner nuclear hole formed by the
removal of the thick strand-like nucleolar structure (Fig. ).

Furthermore, we examined the localization of DNA in
nuclear cross sections by immunogold labeling using TEM.
Gold particles accumulated on the condensed chromatin in
the nucleoplasm, as shown by arrowheads in Figure 3a. Be-
cause the samples prepared for this study were fixed in a
mixture of 2% paraformaldehyde and 1% glutaraldehyde.
without osmium fixation, FCs in the nucleolus appeared as
electron-translucent patches (arrows in Fig. 3a). Dense
fibrillar component and the GC (Jordan 1984) were ob-
served as relatively electron-dense and uniform regions,
which occupied most of the nucleolus under these fixation
conditions. Within the nucleolus, gold particles were ob-
served at the peripheral regions of the FCs (Fig. 3a), but
never in the DFC and GC. When the primary antibody was
replaced with mouse IgG as a negative control, no gold par-
ticles were observed in the nucleolus (Fig. 3b).

We then examined the localization of rDNA by ISH
with TEM. In nuclear cross sections, we observed a clus-
ter of gold particles on the condensed chromatin in the outer
perinucleolar regions, which is referred as the nucleolar-
associated chromatin (NAC) (Jordan 1984) (arrowhead in
Fig. 3c). This region corresponds to the outer portion of the
nucleolar organization region (NOR), where the tandem ar-
rays of rDNA sequences exist. A cluster of gold particles
was also observed in the NAC region, which protruded
from the nucleoplasm into the nucleolus as shown by an ar-
rowhead in Figure 3d. In this region. gold particles are lined
up on a face of the invaginated area of the nucleolus. Within
the nucleolus, gold particles were observed at the inner pe-
riphery of the FCs (arrows in Fig. 3d and e). The results in-
dicate that the rDNA in the FCs is not associated with
RNPs that are located at the surroundings of the outer re-
gions of FCs (De Carcer and Medina 1999). When the
rDNA probe was omitted from the hybridization mixture
as a negative control, no gold particles were observed in the

() :
Fic. 2 Localization of rDNA detected by in situ hybridization with
scanning electron microscopy. (a) A nucleolus was removed from the
nucleus during sample preparation. Arrows indicate a nuclear hole
formed by nucleolar removal. An arrowhead indicates the protruding
connection region to a previously extracted nucleolus. Secondary elec-
tron image. Bar= 1 um. (b) A higher-magnification, secondary-electron
image of the region indicated by the arrow in (a). Bar = 0.1 um. (c)
Backscattered electron image of the same region as in (b). In the pro-
truding rDNA. clusters of gold particles were observed. Bar =0.1 um.
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(e)

(b)
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FiG. 3 Examination of a barley nucleus with immunogold staining and in situ hybridization (ISH) using an rDNA probe. (a) Localization of
rDNA in a barley nucleus by immunogold staining. Within the nucleolus, gold particles were detected in the inner periphery of the fibrillar cen-
ters (FCs), which appear as electron translucent areas. Arrows indicate FCs. Arrowheads indicate the condensed chromatin in the nucleoplasm.
Dense fibrillar and granular components (DFC and GC) were observed as a relatively electron-dense region. Bar = 0.5 um. (b) A nucleolus in
a negative control of immunogold staining, in which the primary antibody was replaced with mouse IgG. Bar = 0.5 um. (¢) In situ hybridiza-
tion (ISH) with transmission electron microscopy (TEM). Gold particles were observed as a cluster in the nucleolar-associated chromatin (NAC)
and are shown by an arrowhead. Gold particles were not observed in DFC and GC. Bar = (.5 pm. (d) In situ hybridization with TEM. The NAC
protruded from the nucleoplasm to nucleolus and is shown by an arrowhead. A cluster of gold particles was observed in the protruding NAC.
Within the nucleolus, gold particles were observed in the FCs. Bar = 0.5 pum. (e) In situ hybridization with TEM. Gold particles were observed
in electron-translucent FCs (arrows) using TEM. Bar = 0.2 pm. (f) A nucleolus in a negative control of ISH with TEM. Bar = 0.5 um.

nucleolus (Fig. 3f). It is known that intranucleolar chro-
matin stained with osmium amine-B forms a complex fil-
amentous structure, and that this clump of chromatin co-
exists with fibrillar chromatin in maize nucleoli (Motte et
al. 1991). This pattern has been also observed in wheat nu-
cleoli by fluorescence in situ hybridization (FISH) analy-
sis (Leitch et al. 1992). The distribution pattern of gold par-

ticles revealed by this study (Fig. 3c, d, and e) strongly in-
dicates that barley rDNA forms a clumped, but loose struc-
ture in the nucleolus. Some models have been proposed for
the functional organization of rDNA in the nucleolus
(Brown and Shaw 1998, De Carcer and Medina 1999),
These models propose that rDNA at the periphery of FCs
and/or transitional regions of FCs to DFC, such as that la-
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beled in Figure 3d and e, is transcriptionally active. This
conclusion is consistent with the previous models pre-
sented by Thiry and Thiry-Blaise (1989).

In the cross sections, a part of NAC was observed to
protrude from the nucleoplasm into the nucleolus (Fig.
3d). Because a cluster of gold particles was detected in
the NAC, the region would correspond to a clump of the
NOR, suggesting that the rDNA would extend from the
protruded NAC to the nucleolus. In this study, the 3-D
structure of this protruding NAC was also observed with
SEM; namely, the chromatin fiber, which was observed
at the connection region between the thick strand-like nu-
cleolus and the inner surface of a nuclear hole (Fig. 1b),
would correspond to such a protruding NAC (arrow in
Fig. 3d). On the other hand, the protruding rDNA that
was visualized in the inner nuclear hole formed after nu-
cleolar extraction (Fig. 2b and ¢), could correspond to the
protruding NAC. In the area of connection between the
nucleolus and the NAC, rDNA was found to extend from
the NOR chromosome and to remain relatively naked,
compared with those in the thick strand-like nucleolus,
which form complexes composed of RNPs, rDNA, and
rRNA. In situ hybridization visualized with TEM and
SEM demonstrated the existence of multiple copies of
rDNA in this area, although this area was made fragile
by the sample preparation for SEM. Concerning the ori-
entation of the NOR in the peripheral region of the nu-
cleolus, FISH analysis under confocal laser microscopy
has been performed well (Leitch er al. 1992). Recently,
high-voltage TEM has been used to examine the 3-D ori-
entation of the NOR (Gonzalez-Melendi and Shaw
2002). It has been difficult, however, to clarify the ori-
entation of the NOR in relation to the 3-D structure of
the nucleolus. In this study, the 3-D localization of rDNA
in combination with the direct observation of nucleolar
structure was achieved using in situ hybridization to-
gether with SEM.

Estable (1966) proposed that the nucleolus consists of
molecules organized in structures—the “nucleonema’™—
and molecules not organized into structures—the “pars
amorpha.” He also reported that the nucleonema forms a
reticulum of sheets or strands and is stained by silver im-
pregnation. By conventional analysis of serial sections
using silver staining, it was shown that the nucleolus con-
sists of 0.35 pum thick strand-like elements and a coiled-up
structure about 1 pm in diameter (Sato 1992). Based on the
results that DFC contains proteins with a high affinity to
silver, he suggested that the strand-like structure, the nu-
cleonema, is formed by DFC (Sato 1992). In our current
study, the nucleolus showed thick strand-like structures
with diameters of about 0.3-0.5 um by SEM, suggesting
that these structures represent the DFC-filled nucleonema.
Furthermore, it has been reported that a nucleolus in the in-
terphase nucleus of pancreatic acinar shows the thick
strand-like structure (Cheniclet et al. 1995). Thus, the thick
strand-like structure of a nucleolus would be a universal
structure in plants and animals.

When we observe living cells using a phase-contrast
microscopy, the nucleolus appears as a round and homo-
geneous structure. In the sample prepared for TEM and
SEM, however, a nucleolus appears as a complex structure.
In this study, a nucleolus showed the thick strand-like
structure in the SEM-ISH sample. The sample for the
SEM-ISH was fixed with acetic acid-alcohol, and then
proteins in a nucleolus would not be cross linked. Fur-
thermore, the samples were pretreated with RNase A (3
mg/ml) at 37°C for 1 h before hybridization. Therefore, it
is speculated that the treatment acts on binds between pro-
teins and RNA, or RNPs to disrupt GC complex. which
consists of rRNA and proteins. As a result, only DFC and
FC would be conserved as the thick strand-like structure.

De Carcer and Medina (1999) visualized the localization
of abundant RNPs and transcription factors by immunohis-
tochemistry using confocal microscopy. They also detected
the transcription site by BrUTP incorporation by TEM.
Transcription factors and BrUTP existed in a reticulated pat-
tern within the DFC, which corroborates the conclusion in
this study that the reticulated and thick strand-like structures
correspond to the DFC components of the nucleoli. Ac-
cording to a model by De Carcer and Medina (1999), the pe-
ripheral region of FCs functions as a center where rDNA is
actively transcribed. The proteins for transcription and tran-
scribed RNA would aggregate around rDNA at the FCs to
form DFC structures. Therefore, DFC might represent ag-
gregates of RNAs and proteins around FCs. In this study.
DFC appeared as a thick strand-like structure upon SEM,
and as a homogeneous structure by TEM.

Conclusion

In this study, we demonstrated the localization of TDNA
at specific regions of the nucleolus using ISH and visual-
izing with SEM and TEM. By SEM observation, the nu-
cleolus appeared as a thick strand-like structure. Using
ISH together with SEM, rDNA genes were detected on
chromatin fibers connected to this structure. When the nu-
cleolus was removed during the sample preparation, a clus-
ter of IDNA genes was detected directly where the rDNA
protrudes into the inner nuclear hole. Furthermore, using
ISH together with TEM, rDNA was detected in FCs and in
the protruding NAC. This latter site corroborates the per-
inucleolar localization seen in SEM. These results clearly
illustrate the possibility of 3-D localization and direct vi-
sualization of rDNA by SEM. These results also prove
that ISH with SEM is effective not only in the detection of
genes but also in the analysis of the 3-D architecture of the
nucleolus.
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