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SUMMARY

We have used in situ hybridization with probes to
rDNA, labelled either with digoxygenin or directly with
fluorescein, to deter mine the arrangement of these genes
within the nucleoli of Pisum sativum L. root cells. Con-
focal laser scanning microscopy was used to image the
three-dimensional structures revealed, but we have also
compared this technique with deconvolution of conven-
tional (wide-field) fluorescence images measured with a
cooled CCD camera, and have shown that the results
are remarkably similar. When the deconvolution tech-
nique was applied to the confocal data it gave clearer
images than could be achieved by confocal microscopy
alone. We have analysed the distribution of rDNA in the
different cell types observablein root tips: the quiescent
centre; active meristematic cells;, and relatively differ-
entiated root cap, epidermal and cortical cells. In addi-

tion to four perinucleolar knobs of condensed, inactive
rDNA genes, corresponding to the four nucleolar orga-
nizers in P. sativum, which were the most brightly
labelled structures, several characteristic patterns of
intranucleolar labelling were apparent, including bright
foci, large central chromatin masses, and fine, decon-
densed interconnecting fibres. The larger and more
active the nucleolus, the smaller the proportion of con-
densed perinucleolar rDNA. In some large and active
meristematic nucleoli, all the internal rDNA is decon-
densed, showing that transcription cannot be restricted
to the bright foci, and is most likely to occur on the
decondensed fibres.

Key words: rDNA, confocal microscopy, gene transcription, 3-D
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INTRODUCTION

It is well established that the nucleolus is the site of tran-
scription of the rRNA genes, of the post-transcriptional pro-
cessing of the RNA, and of its assembly into pre-riboso-
mal particles, along with the 5 SrRNA (transcribed outside
the nucleolus and imported into it), and the various ribo-
somal proteins, imported from the cytoplasm. The nucleo-
lus therefore provides a spatially defined system for the
study of many important nuclear activities, including tran-
scription, transcript processing, RNA and protein import,
and preribosoma subunit export (for reviews see
Goessens, 1984; Hadjiolov, 1985; Warner, 1989).

In view of this, it is surprising that there is still so much
uncertainty surrounding even the arrangement within the
nucleolus of the rDNA (Jordan, 1991; Schwarzacher and
Wachtler, 1991; Medina, 1989). Conventional thin-section
electron microscopy shows three types of structure within
nucleoli (Jordan, 1984): (1) lightly staining regions, typi-
cally approximately 0.2 pm in diameter but sometimes
much larger, which have been termed fibrillar centres; (2)
much more densdly staining regions surrounding and
extending from the fibrillar centres, termed dense fibrillar
component; and (3) regions containing more or less densely

packed granules, the granular component. Several studies
have shown incorporated 3H-labelled precursors in nascent
trancripts to be located initially at the dense fibrillar com-
ponent (Geuskens and Bernhard, 1966; Goessens, 1976;
Hernandez-Verdun and Bouteille, 1979; Mirre and Stahl,
1978; Stahl, 1982; Deltour and Mosen, 1987), whereas
Scheer and Rose (1984) used EM immunogold cytochem-
istry to show the presence of RNA polymerase | in the fib-
rillar centres. Although the localization of the polymerase
cannot prove that it is active at these sites, this observation
has led to the suggestion that all the active rDNA is located
in the fibrillar centres. Thiry et a. (1988a,b) have demon-
strated by in situ labelling at the EM level that the fibrillar
centres in the nucleoli of Ehrlich tumour cells contain
rDNA. In contrast to this, Wachtler et al. (1989) have shown
labelling of the rDNA in the dense fibrillar component of
human Sertali cells, and little or no rDNA inthe large single
fibrillar centre of these cells. In onion cells, Martin et a.
(1989) have shown labelling using an anti-DNA antibody
in both the fibrillar centres and at least part of the sur-
rounding dense fibrillar component. Thus there is little
agreement on the location of the rDNA, if indeed its loca
tion is consistently related to observable EM ultrastructure,
still less about where transcription may be taking place. Dif-
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ferent models have placed transcription in each of the EM
structural components, or even at the interface between fib-
rillar centre and dense fibrillar component (Jordan, 1991).

However, there may be significant problems with using
EM post-section immunogold techniques for this type of
study. It is difficult to obtain an accurate picture of the
entire three-dimensional structure of a nucleolus by EM
section analysis, as only a small proportion of any DNA
present will be sufficiently exposed at the surface of aresin
section for in situ labelling, substantially reducing the sen-
sitivity of thistype of labelling, and only very few cells are
surveyed by EM techniques. In contrast, recent advances in
optical microscopy coupled with fluorescence in situ
hybridization enable us to overcome many of these prob-
lems. Fluorescence in situ hybridization has excellent speci-
ficity and sensitivity, and optical focal sectioning, using
either confocal or conventional (wide-field) microscopy and
image processing, provides good three-dimensional images
of sub-cellular structures, and large areas of intact tissue
can rapidly be surveyed. We have previoudly used in situ
hybridization with double-stranded biotinylated DNA
praobes to show that in Pisum sativum there are four perin-
ucleolar ‘knobs of condensed rDNA, corresponding to
transcriptionally inactive portions of each of the four nucle-
olar organizers (NORS) of this species, as well as a number
of internal foci of labelling, which we suggested may cor-
respond to fibrillar centres (Rawlins and Shaw, 1990). More
recently, we used the DNA stain DAPI (2,4-diamidino
phenyl indole) to image the nucleolar DNA within both
human MRC5 culture cells and Spirogyra grevelliana
nucleoli (Jordan et al., 1992). Image measurement using
wide-field epifluorescence microscopy with a sensitive,
cooled CCD camera followed by data deconvolution
showed that the distribution of DNA was more widespread
than could be accounted for by location in the fibrillar cen-
tres alone. In the present paper we have used single-
stranded RNA probes to the rDNA, which markedly
increases the sensitivity and specificity of labelling, to
reveal the detailed structure of the rDNA in various cell
types present in the tissue. We also show that data decon-
volution can be applied to confoca three-dimensional data
to give clearer images than either confocal microscopy
alone or deconvolution of wide-field CCD data.

MATERIALS AND METHODS

Specimen preparation

Seeds of Pisum sativum L. (cultivar Greenshaft J430) were
imbibed in aerated water for 12 hours, then germinated at 18°C
for 2 days on water-soaked paper towels. The termina 3-5 mm
of the radical were excised, under water, and fixed in 4% (w/v)
formaldehyde/0.1% (v/v) glutaraldehyde in buffer (50 mM
PIPES/KOH (pH 6.9), 5 mM EGTA, 5 mM MgSQOgy) for 1 hour
at room temperature. After washing 3 timesin TBS (TBS: 25 mM
Tris’HCI (pH 7.4), 140 mM NaCl, 3 mM KCl), 30-40 um
vibratome sections were cut under water and dried down on to
glutaraldehyde-activated  organosilane  g-aminoproyltriethoxy
silane (APES)-coated multiwell dides. Slides were then stored at
-20°C or used immediately. Tissue sections were treated four
times for 15 minutes at room temperature with freshly prepared
sodium borohydride solutions (1 mg/ml in PBS) (PBS. 140 mM

NaCl, 3 mM KCl, 4 mM NagHPO4, 2mM KH2PO4, pH 8.0) to
reduce autofluorescence caused by glutaraldehyde. Sections were
permeabilized with 2% (w/v) cellulase (Onozuka R-10) in TBS
for 1 hour at room temperature.

Nucleic acid blotting

Digests were run out on 1.2% (w/v) agarose gels using standard
conditions (Sambrook et al., 1989), and transferred to Hybond-N
filters (Amersham) for filter hybridization experiments. After
hybridization with digoxygenin-labelled probe and washing, the
probe was detected with akaline phosphatase-conjugated anti-
digoxygenin (Boehringer), developed with nitro blue tetrazolium
chloride and 5-bromo,4-chloro,3-indolyl phosphate (NBT/BCIP -
Promega), used according to the manufacturer’s instructions.

Preparation of probes

A single 9 kb rDNA repeat from P. sativum was sub-cloned into
the Bluescript SK* vector (Stratagene) at the Xbal site. (The orig-
inal clone, cDB1.07, was a gift from Dr J. Gatehouse, Department
of Botany, University of Durham, Durham, UK.) Single-stranded
RNA probes were generated as ‘run-around’ transcripts from the
phage T7 promoter. The insert was oriented such that T7 poly-
merase produced sense RNA (complementary to the transcribed
strand of the DNA). Label was incorporated into the probes by
including either digoxigenin-11-UTP (Boehringer) or, more
recently, fluorescein-12-UTP (Boehringer) in the in vitro tran-
scription reaction. In order to improve penetration into the spec-
imen the probe size was reduced to approximately 200 bases by
a mild hydrolysis with carbonate (Cox et al., 1984).

In order to be sure that the probe used contained transcribed
RNA from the entire length of the 9 kb rDNA insert, we probed
blots of restriction digests of the Bluescript vector containing the
insert. The probe hybridized to all the expected bands derived
from the insert, showing that the in vitro transcription proceeded
through the entire insert. Since there was also slight labelling of
the plasmid band, we used an excess of unlabelled RNA tran-
scribed from the plasmid alone or an unrelated insert to block non-
specific binding in the in situ experiments.

In situ hybridization

Prior to hybridization single-stranded DNA target was produced
by heat-denaturing the tissue sections for 5 min at 98°C in 0.1~
SSC (SSC: 150 mM NaCl, 15 mM sodium citrate) and then plac-
ing the dlides in ice-cold 0.1 © SSC to prevent reannealing. A
probe solution containing 0.5 yl digoxygenin- or fluorescein-
labelled RNA (~200 ng/pl), 0.5 pl unlabelled RNA (~1000 ng/pl),
5 Wl deionized formamide, 2 pl 50% dextran sulphate, 1 yl buffer
(100 mM PIPES, pH 8.0, 10 mM EDTA), and 1 gl 3 M NaCl
was added to each section. Slides were then placed in a damp
chamber and incubated overnight at 37°C. Slides were then
washed three timesin 2~ SSC for 10 min, and finally in TBS for
3 min.

In the cases where fluorescein-labelled probe was used, no fur-
ther reactions were used for probe detection. In order to detect
digoxygenin-labelled probe, the specimens were incubated at 37°C
for 45 min with 12.5 pl primary antibody (FITC-conjugated sheep
anti-digoxygenin (Boehringer), diluted 1:100 in TBS containing
3% BSA and 0.02% sodium azide). They were then washed 3
times in TBS for 10 min. A second incubation followed at 37°C
for 45 min with 12,5 Y secondary antibody (FITC-conjugated
rabbit anti-sheep immunoglobulin - DAKO, diluted 1:100 in TBS
containing 3% BSA and 0.02% sodium azide). The dides were
finally washed again, counterstained with DAPI, and mounted in
glycerol-based anti-fade solution (Citifluor).

In some control experiments the in situ labelling was preceded
by either DNase or RNase digestion. For DNase digestion, the



sections were incubated at 37°C for 60 min in a solution of RNase-
free DNase | (1000 units/ml - Pharmacia) followed by 3 washes
ina’” 0.1 SSC solution to remove DNA fragments. For RNase
digestion, the sections were incubated at 37°C for 40 min in a
solution of RNase A (7.5 units/ml - Sigma; treated at 90°C for 10
min to remove DNase activity) followed by 3 washes in 0.1 ~
SSC solution to remove RNA fragments.

Microscopy

Confoca optical sections stacks were collected using a Biorad
Lasersharp MRC-500 confocal scanning head mounted on a Zeiss
Universal microscope as described previously (Rawlins and Shaw,
1990). Wide-field optical sections were collected using a charge-
coupled device (CCD) camera (Photometrics Inc.) mounted on a
Zeiss Universal microscope using the Leitz Planapo “ 63/1.4 NA
objective as described by Traas et al. (1992). Image deconvolu-
tion was carried out with the 3-D iterative constrained Jannson-
van Cittert method using the program DECON3D written by Dr
David Agard, and described by Agard et a. (1989), implemented
on Titan computer. Measured point spread functions for either
wide-field optics or confocal optics with the relevant detector pin-
hole size were used for the deconvolutions (Shaw and Rawlins,
1991a,b).

Montages of images were produced for display and interpreta-
tion of the various data sets. Alternatively, series of projections
were calculated at different angles (Agard et a., 1989) and dis-
played as stereo pairs or sequentidly to give the impression of
rotation. In the calculation of projections, either the mean or the
maximum intensity along each site line was used, usualy the
latter. Images were photographed directly from the monitor.

RESULTS

Characterization of in situ labelling targets

We have shown previously that the preservation of nuclear
and cellular structure under the fixation conditions used was
good (Rawlins and Shaw, 1990). We have also carried out
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electron microscopy of ultrathin sections of tissue fixed in
this way, both before and after subjecting the sample to the
in situ labelling procedures, and have shown that preserva-
tion of the nuclear contents is relatively good even at the
electron microcope level of resolution. In order to be cer-
tain of the targets of hybridization in the tissue, we carried
out a series of control experiments. In the absence of heat
denaturation sense probe showed no labelling. Thus heat
denaturation was absolutely necessary to produce single-
stranded DNA target for probe hybridization. Pre-treatment
of the specimens with RNase-free DNase removed all DNA
target (as judged by DAPI labelling) and resulted in no
labelling, whereas pre-treatment with DNase-free RNase
had little or no effect. The result of this experiment is shown
in Fig. 1. Other control experiments using labelled tran-
script from a plasmid containing no insert or using unla-
belled anti-sense 5 S probe showed no labelling. Therefore
al the labelling with the rDNA sense probe must be attrib-
uted to hybridization to endogenous rDNA.

Comparison of wide-field and confocal images

In a number of experiments we collected 3-D data sets of
the same cell twice, once using confocal microscopy and
once using conventional fluorescence optics with alow light
level, cooled CCD camera Each data set was then
processed using the iterative, constrained deconvolution
method, in each case using the appropriate measured point
spread function (Shaw and Rawlins, 1991a; Agard et a.,
1989). A single equivalent section from each of the four
data sets from one such experiment is shown in Fig. 2. The
most important conclusion from this was that deblurred,
wide-field data are very similar to the unprocessed confo-
cal data, although the former shows greater clarity and def-
inition. The remarkable agreement between the two (Fig.
2b,c), even down to the finest image details, gives us con-
fidence in the fidelity of both methods, and in the reliabil-

Fig. 1. Nuclease digestion control experiments. In each panel a projection of confocal sections covering atotal depth of field of
approximately 40 pm is shown. (a) A field of tissue probed with sense rDNA fluorescein-labelled probe after standard treatment. The
perinucleolar knobs are brightly labelled, and some internal nucleolar labelling is apparent. The nuclear and cytoplasmic background is
very low. (b) A similar field of tissue, pre-digested with RNase-free DNase, before in situ labelling. All 1abellingislost. (c) A similar field
of tissue, predigested with DNase-free RNase before in situ labelling. Both the internal labelling and the perinucleolar knobs are largely

unaffected by RNase digestion. Bar, 10 um.
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Fig. 2. Comparison of wide-field, confocal and deconvoluted data. (a) A single optical section, taken from a 3-D data stack, measured
with wide-field fluorescence optics and a cooled CCD camera, from an in situ labelled nucleolus. (b) The same section taken from the 3-D
data stack after deconvolution. The out-of-focus flare has been removed and the fine detail is revealed much more clearly. (c) An
equivalent section from a 3-D data stack subsequently recorded from the same nucleolus using a confocal microscope. The agreement
with the deconvoluted wide-field datais remarkably good, and extends to the finest details. (d) The same section taken from the confocal
data stack after deconvolution using the confocal point spread function. The fine detail is revealed more clearly thanin b or c. Bar, 2 um.

ity with which we can interpret the image reconstructions
produced. As we have previously shown, image deconvo-
lution can equally well be applied to confocal data, using
the appropriate measured confocal point spread function.
The equivalent section from the deconvolved confocal data
is shown in Fig. 2d. This data set gives the greatest clarity
of al the four data sets, and thus all subsequent recon-
structions were derived by deconvolution of confocal data.
In most cases, the internal nucleolar rDNA structure is com:
plicated and extensive. We found that a great deal of this
detail is lost in stereo projections of the entire nucleolus;
therefore we have shown stereo projections of limited slices
through the centre or top of nucleoli. In each case the slice
projections derive from 5 confocal optical sections, giving
a depth of field of 1-2 um.

Arrangement of rDNA within root cell nucleoli

Fig. 3 shows a low magnification confocal projection from
a typical in situ hybridized tissue slice, and demonstrates
that all the nucleoli in the dlice are accessible to the probe,
and that the labelling is highly specific to the nucleoli with
very low background staining. We obtained equivaent
results with either digoxygenin-labelled probes or probes
directly labelled by incorporation of fluorescein-UTP. Most
of the images shown in this paper were obtained using the
fluorescein-labelled probes. The magjority of root cells con-
tained a single nucleolus. P. sativum has 2 pairs of nucle-
olar organizer chromosomes (chromosomes 4 and 7), and,
as we have demonstrated before (Rawlins and Shaw, 1990),
portions of these organizer regions remain outside the body
of the nucleolus as perinucleolar knobs. The knobs were
the most brightly labelled structures, and deconvoluted con-
focal images often showed considerable substructure within
them, consistent with closely packed, condensed fibres (see
Fig. 4).

Within the nucleoli awide variety of structureswas seen,
depending on cell type and activity. In the quiescent centre,
the nucleolus was extremely small, often virtually invisible
by DAPI staining. In these nuclei, very little labelling was

Fig. 3. Low magnification image of aroot tip dice. A series of 23
confocal sections, spaced 4 um apart (i.e. covering atotal depth of
field of approximately 90 um), was collected with a16” objective.
The entire data set has been projected for this picture. Each bright
spot isasingle nucleolus. The labelling is very specific, and
extends throughout the tissue so that all types of cell within the
tissue are available for high-resolution data collection. Bar, 50

m.

seen, apart from the 4 very large and bright condensed
knobs. This is consistent with the majority of the rDNA
being condensed and transcriptionally inactive. An exam-
ple of a quiescent centre nucleus is shown in Fig. 5.

In the most active meristematic regions the nucleoli
were very large, with extensive intranucleolar structure,
and the perinucleolar knobs were comparatively small.
Although there was a range of internal structures visible,
virtually all could be described as being close to one of
three types: firstly, in the body of most nucleoli many (10-
50) bright foci or spots were observable. The intensity of
labelling in these spots was somewhat |ess than the per-
inucleolar knobs, suggesting an intermediate degree of
condensation. (We have called thisfirst type of nucleolus
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Fig. 4. Detail of the substructure of the perinucleolar knobs (deconvoluted confocal data). In most of the subsequent images the brightness
and contrast have been set to optimize the visibility of the nucleolar substructure, and the detail within the bright knobsislost. Here,
stereo pairs of four different perinucleolar knobs are shown. There is generally substructure consistent with condensed, tightly intertwined
chromatin fibres. The knobs are either directly situated on the nucleolar periphery, or connected by one or more fine strands. Bar, 1 pm.

‘SPOT’.) The spots were continuous with an extensive,
fibrous network of weaker labelling (see Fig. 6), which,
together with the bright foci, extended throughout the
nucleolus. The fibres were particularly apparent in slices
at the surface of the nucleolus (Fig. 6A). Secondly, in a
proportion of nucleoli asingle, large mass of labelling was
seen near the centre, in addition to bright spots. (We have
called thistype ‘CM’, for central mass.) The central mass
comprised severa (partially) condensed strands running
closely together (see Fig. 7). Again, the labelling intensity
was not as great as in the perinucleolar knobs, and so the
degree of condensation of the rDNA here was probably
not as great. Fainter, presumably less condensed strands,
could be seen emanating from the central mass. In some

nucleoli, the central mass was very large - up to approx-
imately one third the diameter of the nucleolus, asin Fig.
7. In others it was much smaller, athough till clearly
identifiable and considerably larger than the other bright
foci. (These nucleoli were subcategorized as ‘SCM’, for
small central mass.) The third identifiable arrangement of
intranucleolar labelling was characterized by a much more
uniform distribution (categorized as ‘UNI’ nucleoli) and
very few or even no bright internal foci. The fainter,
fibrous labelling often appeared to be distributed in a char-
acteristic pattern, with darker regions surrounded by
brighter labelling. In some cases there were concentric
rings of labelling around the centre of the nucleolus and
around the nucleolar periphery, interconnected by sheets

Fig. 5. Stereo pair of labelling
in a quiescent centre cell
(deconvoluted confocal data).
Almost all thelabelling is seen
in four condensed masses.
Data collected at 0.25 pm
section spacing. Bar, 2 um.
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Fig. 6. Stereo pairs of the
labelling in a SPOT
meristematic cell nucleolus
(deconvoluted confocal data).
Stereo projections of two slices,
each consisting of 5 optical
sections 0.25 pm apart, are
shown. (&) Slice from the top of
the nucleolus. (b) Slice from
the centre of the nucleolus. In
this nucleolus the four
perinucleolar knobslie,
fortuitously, near the central
section, and are thus all visible.
Within the nucleolus, bright
foci, and many more faintly
labelled structures are
interconnected in an exensive
network. Bar, 2 pm.

of labelling. The overall appearance was a cage-like struc-  the root cap, vascular tissue and epidermis, when rDNA
ture as in the example shown in Fig. 8. transcription is likely to be much lower, the nucleoli were
In cells at later stages of differentiation, such as those of smaller than in the meristematic regions, athough larger

Fig. 7. Stereo pair of central
dlice projection, calculated
from 5 optical sections 0.25
um apart, from aCM (central
mass) nucleolusin the
meristematic region
(deconvoluted confocal deta).
The central massis seento
comprise several partially
condensed chromatin fibres
clustered together. Finer fibres
emanate from the central
mass, into a more extensive
network, which includes
bright foci. Bar, 2 pm.




than in the quiescent centre. The perinucleolar knobs were
large and bright, and nearly al the intranucleolar labelling
was contained within a few bright internal masses. An
example of aroot cap cell nucleolus is shown in Fig. 9.

Quantitation of images

We wished to determine whether the total integrated inten-
sity from in situ labelling of a nucleolus was a good mea-
sure of the amount of rDNA, which would be expected to
vary by afactor of 2 between G1 and G2 in the cell cycle.
Previous studies have shown that measurements of inte-
grated fluorescence intensity of DAPI give a good measure
of DNA content (Corke et al., 1987), and we therefore mea-
sured the integrated fluorescence intensity both of rDNA by
FITC fluorescence and of total DNA by DAPI fluorescence
for each of a number of different cellsin several different
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Fig. 8. Stereo pair of central
dlice projection, calculated
from 5 optical sections 0.25
pm apart, from a UNI
(uniform) nucleolusin the
meristematic region
(deconvoluted confocal data).
An extended, decondensed
fibrous network is seen.
Sometimes a few brighter foci
are seen, but often, asin this
case, thereis only the more
faintly labelled chrometin. Bar,
2 ym.

tissue slices. The images were measured using wide-field
optics and a cooled CCD camera, both because our confo-
cal microscope cannot image DAPI and because total inte-
grated fluorescence intensity can be measured by integrat-
ing in asingle wide-field focal section, thus simplifying the
measurement of large numbers of cells. Nineteen fields of
view were randomly selected and measurements of DAPI
and FITC integrated intensity were made for each of the
nuclei (between 2 and 18 per field). Only entire, undamaged
nuclei were included in the measurements. Where an unam-
biguous assignment of nucleolar labelling type could be
made at this low magnification, this was noted. Otherwise
the nucleolus was designated ‘ND’ for not determined. A
plot of DAPI versus FITC intensity valuesis shown in Fig.
10. Taking the data as a whole there is a high positive cor-
relation between total DNA (DAPI) and total rDNA (FITC)

Fig. 9. Stereo pair of central
slice projection, calculated
from 5 optical sections, 0.25
Um apart, from aroot cap
nucleolus, typical of the
structure seen in more
differentiated, and |less-active
cell types (deconvoluted
confocal data). Most of the
internal chromatinis
condensed into bright
structures, and the amount of
extended, more faintly
labelled chromatin is much
less than in the meristematic
nucleali. Bar, 2 um.
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Fig. 10. A graph of integrated in situ fluorescence intensity
(rDNA) against integrated DAPI intensity (total DNA), showing a
clear correlation between rDNA and total DNA, within the range
expected from cell cycle differences, and irrespective of nucleolar
type. Key: O, SPOT; *, UNI; [J, CM; A, vascular tissue; @, type
not determined.

values. As Fig. 10 shows, this correlation holds irrespective
of nucleolar type. To test the distribution statistically, a non-
parametric test of correlation (Spearman’ s rank correlation
test) was used. The pooled data, which had a sample size
of 93, gave avery significant correlation (P < 0.01; rs =
0.657) (Soka and Rohlf, 1981). Thus we conclude that,
assuming the DAPI fluorescence intensity is a good mea-
sure of total DNA content, the rDNA in situ fluorescence
intensity can be used as a measure of rDNA content, and is
not dependent on the degree of condensation of the rDNA
in particular nucleoli. The variation in both total DNA and
rDNA content measured in thisway isin the expected range
for cell cycle differences.

Having established that integrated fluorescence intensity
could be used as a quantitative measure of rDNA, we next
determined whether the amount of condensed perinucleo-
lar rDNA was related to nucleolar activity. For this, we
measured the total integrated in situ fluorescence, in this
case by integrating all the relevant sections from confocal
data stacks of individual nuclei. Since the section spacing
was substantially less than the confocal depth of field, this
integration should give a reliable measure of the specimen
integrated fluorescence. We also measured the integrated
fluorescence intensity of each of the perinucleolar knobs,
and expressed this as a fraction of the total rDNA fluores-
cence for each nucleolus. Finaly, we aso estimated the
nucleolar volume by measuring the radius of the body of
the nucleolus. Since these nucleoli are spherical to a good
approximation this can be used to give an estimate of the
nucleolar volume. The fraction of total intensity present in
the perinucleolar knobs is shown plotted as a function of
nucleolar volume in Fig. 11. The data show a negative cor-
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Fig. 11. A graph of proportion of rDNA labelling localized to the
perinucleolar knobs, plotted against nucleolar volume. Thereisan
obvious negative correlation, showing that as the nucleolus
becomes more active, rDNA from the perinucleolar knobs
decondenses causing an increase in nucleolar volume. Key: ],
SPOT; A, UNI; *, CM; A, SCM; O, root cap; B, epidermis, @,
quiescent centre.

relation between nucleolar volume and amount of perinu-
cleolar rDNA and, in addition, that different populations of
cell types occupy different (but overlapping) areas of this
graph. Taking the data as a whole, a Spearman’s rank cor-
relation coefficient rs = - 0.908 was obtained with a total
sample size of 25. This indicates a very highly significant
(P < 0.01) negative correlation between perinucleolar
rDNA and nucleolar volume. It was not possible to test for
significance of differences between individual cell popula-
tions due to the small number of nuclei measured in each
cell type. Nevertheless, striking differences between these
cell types are apparent from Fig. 11. The data points are
plotted exactly as determined. However, some corrections
in the data points could be argued for. The CM nucleoli
have a considerable amount of internal, bright labelling in
the central mass and thisintegrated intensity could be added
to the perinucleolar knob intensity to give the proportion
of condensed rDNA. This would place the CM nucleoli
much closer to the main cluster centred along the diagonal,
and would suggest an even stronger negative correlation
between nucleolar volume and amount of condensed rDNA.
The same argument would apply to the highly differenti-
ated root cap and epidermal cell nucleoli, which have afew
large internal masses of condensed rDNA.

DISCUSSION

We have demonstrated that rDNA in the nucleoli of dif-
ferent cells from the apices of Pisum sativum seedling roots
shows severa different and characteristic patterns of dis-
tribution. Thisis very likely to reflect the different cellular
metabolic activities and requirements for ribosome synthe-



sis in the different cells within the root tips. Our results
suggest at least three different levels of rDNA condensa-
tion, as judged by relative intensity of in situ labelling. The
most condensed rDNA is seen in the perinucleolar knobs.
Within the nucleoli we observe large central masses of
rDNA and smaller foci, which, although bright, are pro-
portionately less bright than the knobs. In addition to the
more condensed regions of rDNA, we have also shown the
presence of various amounts of more faintly labelled,
decondensed rDNA. In some of the most active (UNI)
nucleoli al the internal labelling is of this latter type.

We suggested previously (Rawlins and Shaw, 1990) that
the nucleolus-associated chromatin in the perinucleolar
knobs decondensed as the nucleolus became more active.
In this paper we have used quantification of both wide-field
and confocal images to estimate the amount of rDNA from
the integrated in situ fluorescence. This analysis has shown
that the smaller the proportion of the total rDNA fluores-
cence contained in the perinucleolar knobs the larger the
nucleolar volume. Thisis seen most dramatically in the pro-
gression from the amost completely inactive quiescent
centre nucleoli to the very active meristematic nucleoli, the
proportion of rDNA in the knobs varying from almost all
to aimost none. Many studies (see, e.g., Hadjiolov, 1985;
Miller and Brown, 1969; Miller and Knowland, 1970) have
shown that nucleolar volume is correlated with nucleolar
activity. Thus our results show that as the regquirement for
ribosome biosynthesis, and rDNA transcription, increases,
more copies of the rDNA contained in the perinucleolar
knobs decondense, resulting in an increase in size of the
nucleolus. Taking all the different arrangements and cell
types observed, the clear conclusion is that the lower the
presumed transcriptional activity, the greater the proportion
of rDNA fluorescence contained within the various brightly
staining structures, either outside the nucleolus in the knobs
or inside in bright foci or larger masses. The simplest con-
clusion would be that the most decondensed, faintest
labelled rDNA represents the transcriptionally active genes.
However, we have no means of knowing what proportion
of this decondensed rDNA is active even in the largest
(UNTI) nucleoli - merely that nearly al the rDNA is decon-
densed within the body of the nucleolus.

An obvious question is the relation between the in situ
labelling we have visualized and the ultrastructure revealed
by thin-section electron microscopy. Previous work (e.g.
see Nougarede et a., 1990) has shown that pea tissue has
afairly standard nucleolar structure, including fibrillar cen-
tres, dense fibrillar material and granular component. A
large central fibrillar centre has been seen in some dormant
cotyledonary bud cells, thought to be arrested in Go-1
(Nougarede et a., 1990); in other cells many considerably
smaller (approximately 0.2-1.0mm in diameter) fibrillar cen-
tres are seen. The large central masses of fairly condensed
rDNA we have seen may correspond to the large central
fibrillar centres. However, we have not found any correla
tion of nucleoli with a central mass (CM) with position in
the cell cycle; CM nucleoli have been found with DAPI
staining, which must correspond to both G1 and G2 (results
not shown). Nougarede et al. (1990) also showed, by
DNase-gold labelling, the presence of DNA in the fibrillar
centres, but also elsewhere in the nucleolus. In view of their
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size and distribution, the spots or foci we have observed in
many nucleoli may correspond to fibrillar centres. We
cannot, however, prove this definitively without directly
comparing fluorescence in situ labelling with electron
microscope images of the same nucleoli. In any case, the
labelling we have observed is too extensive to be ascribed
solely to fibrillar centres. It is quite consistent with the
widely dispersed DNA we have demonstrated by DAPI
labelling within the nucleoli of Spirogyra and human
MRCS5 culture cells (Jordan et al., 1992). It is interesting
to note that Knibiehler et al. (1982) have shown that the
nucleoli in an established Drosophila cell line lacked fib-
rillar centres, thus providing evidence that conventional fib-
rillar centre structures are not obligatory for transcriptional
activity.

Whether the foci represent fibrillar centres or not, our
data suggest that such foci are not necessary for transcrip-
tion, since some of the largest and most transcriptionally
active nucleoli, the UNI nucleoli, completely lack foci. (It
should be noted that the total integrated intensity of the
rDNA labelling is approximately the same in the UNI
nucleolar and the other types.) Recently, Leitch et al. (1992)
have also suggested that condensed foci of rDNA are not
necessary for transcription in rye. The detailed arrangement
of the labelling in the UNI nucleali is interesting. In some
cases there is a central darker region, in others a more reg-
ular structure with several darker areas and sheets of
labelling between is apparent. This general pattern of
labelling is reminiscent of the immunofluorescence
labelling visualized by Corben et al. (1989) using a mono-
clonal antibody to a nucleolar matrix protein in carrot sus-
pension cell nucleali. It is possible that this labelling pat-
tern represents an underlying nucleolar matrix on which the
most decondensed rDNA is arranged.

Daneholt and colleagues have obtained detailed electron
micrographs of transcription complexes from the Balbiani
ring BR2 transcription complexes in Chironomus tentans
sdlivary gland polytene nuclel (Andersson et d., 1980; Lamb
and Daneholt, 1979). Although many details of the latter tran-
scription must differ significantly from rDNA transcription -
the transcript in BR2 is much larger, and a different RNA
polymerase isinvolved - the general geometrical principles
may make a comparison useful. In the BR2 transcription, a
single transcription unit is about 7.7 mnmin length in situ, and
the unit together with its multiple nascent transcripts is
approximately 0.1-0.2 nm in diameter (Andersson et al.,
1980). Surprisingly, thisis only 2-3 times more condensed
than the familiar Miller spreads of ‘ Christmas trees’ (Lamb
and Daneholt, 1979; Miller, 1981). Since the BR2 75S tran-
script is about 36 kb in length (i.e. about 6 times the length
of the rDNA primary transcript), we might expect asingle,
maximally active rDNA repeat to be alittle over 1 nmin
length in situ, and rather less than the diameter of the BR2
transcription units. This would be quite consistent with the
extended fibrous structures corresponding to dispersed
intranucleolar rDNA that we have shown. A typicd large pea
nucleolus, 200 mm?3 in volume, could accommodate approx-
imately 25,000 such unitsif they were packed to fill the entire
volume. Thus, given that there are about 4000 copies of the
rDNA in pea(Elliset al., 1984), there would be no problem
accommodating them all, at least within the observed labelled
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volume of the UNI nucleoli, at thislevel of decondensation.
We have shown that, in UNI nucleoli, nearly all the rDNA
contained in the perinucleolar knobshas at least partially
decondensed into the body of the nucleolus, but we cannot
determine what proportion of these copies are actualy tran-
scriptionally active. It is certainly possible that most of the
rDNA copies could be active in at least some of the meris-
tematic nucleoli. However, in view of the fact that some plant
cells have an order of magnitude more rDNA than animal
cells, and that closely related species or varieties can exhibit
large differences in amounts of rDNA without any apparent
phenotypic consequences (e.g. see Thompson and Flavell,
1988, and references therein), it seems most likely that alarge
proportion of the rDNA copies are transcriptionally inactive.
Itislikely that the detailed conformation of the rDNA is
complex and dynamic, and many studies of chromatin have
suggested a number of different levels of organization. The
results we have presented show the larger-scale levels of
nucleolar organization of rDNA and the structural changes
conseguent on changes in regulation of the expression of
these genes.
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