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In the present work we perform in situ hybridization with probes to different stretches of rDNA and elec- 
tron microscopy of nucleoli with different activities, to gain insight into the ultrastructural organization 
of transcription and processing in the plant nucleolus. The main ultrastructural nucleolar components: 
fibrillar centers (FC), dense fibrillar component (DFC), and granular component (GC), are arranged in dif- 
ferent ways depending on nucleolar activity. Heterogeneous FCs containing RNI’ fibrils and nucleolar 
perichromatin granules are frequently seen in nucleoli in the process of activation. DNA-RNA in situ hy- 
bridization with biotinylated probes spanning different sequences of the rDNA unit followed by immu- 
nogold detection of biotin, demonstrated the localization of the ribosomal transcripts in DFC, mainly in 
the zones around the FCs, in GC, and in the periphery of pale FC. The internal region of the heteroge- 
neous FCs is labeled only in cells in the process of activation of transcription after dormancy. The distri- 
bution of the U3 probe indicates that the processing of the rRNA takes place in the DFC and inside the 
heterogeneous FCs, in which transcription occurs. DNA-DNA hybridization demonstrates the presence 
of rDNA in the compact and extended chromatin located in the interior and at the periphery of FCs and 
in nucleolar associated chromatin. Our results support the view that the plant nucleolus has a highly dy- 
namic morphological and functional organization composed of a bipartite domain formed by KS sur- 
rounded by DFC, which is associate< with rRNA transcription and processing, and the GC representing a 
store of preribosomal particles. 2000 0 Editions scientifiques et mgdicales Elsevier SAS 

plant cells / nucleolus / rRNA / rDNA / ultrastructure 

1. INTRODUCTION 

In eukaryotes the nucleolus shows similar well-defined 
structural components: th,e fibrillar centers (FCs), dense 
fibrillar component (DFC) and granular component 

*Correspondence and reprims 

(GC) (Jordan, 1981; Shaw and Jordan, 1995). The use of 
molecular probes to different nucleolar components in 
experiments of hybridization, immunolabeling and 
transcription in situ has contributed to localize the 
main biochemical processes to defined nucleolar com- 
partments (Pu\-ion-Dutilleul et al., 1991; Swarzacher 
and Wachtler, 1c)c)l; Shaw and Jordan, 1995; Brown and 
Shaw, 1998). Three different processes occur in the nu- 
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cleolus: specific transcription of ribosomal genes by 
RNA polymeraw 1, processing of the primary tran- 
scripts bv specif c small nucleolar RNPs and assembly 
of the pr&ibosomal particles (Hoaak et al., lY94; Shnw 
and Jordan, 1YYC’). 

The nucleolus of acti\,e plant cells is made up of 
the three basic components: fibrillar centers (FCs), 
dense fibrillar component (DFC), and granular com- 
ponent (GC) (Martin et al., lY8Y; Shaw and Jordan, 
lYY5; Broc\rn and Shaw, 19Y8). Although ribosomal 
genes have been localized to FC and DFC, and rR- 
NAs to DFC and CC by in situ hybridization (Lcicht 
et al., 199’2; High&t 1-t al., 1993; Olmedilla et al., 
1993), the exact functions of the FC and DFC art still 
far from understood. 

The structuw of the fibrillar centers changes with 
metabolic acti\ri ty of the plant cell. The nucleolus of 
meristematic ctzlls of dormant roots contains few 
large FCs, whils- in this nucleolus of acti\re cells FCs 
are small and numerous (Medina et al., lY83; Aceve- 
do et al., 1998). Howe\,er, the morphological and 
functional changes of the FCs during the process of 
the actilration of trans8cription were not studied. FCs 
present different structures in cells of \.arious plants. 
Onion root meristematic cells in the Gl period of the 
interphase have low acti\ritv nucleoli with hetcroge- 
nexus FCt; and nucleolar pcrichromatin granules, 
which are postulated I:O contain unprocessed rRNAs 
(Moreno Diaz de la Espina and Risueiio, ‘1982; 
Risuefio et al., 1982), \\:hile similar cells of tomato and 
sugarcan? present onlv clear FCs (Moreno et al., lYY2; 
Acevedo et al., 3 9%). - 

The aim of this work \vas to in\,estigatr the organi- 
zation of the transcri,ption in nucleolar domains in 
plant nucleoli v;ith different acti\~ities. With this pur- 
pose we ilocalized the rRNA and rDNA by high- 
resolution in situ hybridization. 

2. MATERIALS AND METHODS 

2.1. Materials 
Root meristematic cells from Al/ill\71 ccp7 L. bulbs (bithe] 
unsoaked or grown in filtered tap Lvater at room tem- 
perature were used. 

2.2. Hybridization 
Two different probes of human rDNA (B, C) obtained 
by EcoRI digestion and a probe obtained by Unrr7Hl di- 
gestion (AD,,) were kindly provided by Dr. Sylvester 
(Sylvester et al., 1987). Probe B is a 5.8 kb EcoRI frag- 
ment containing the E:TS region and most of the 1% 
coding region (I?rickson et al., 1981). Probe AD,,,; is a 6.7 
kb fragment containing part of the 285 coding region 
and a portion 01’ the 5’ intergenic spacer (IGS) (Erickson 

et al., lY81). Probe C is an 11.2 kb fragment of the 3’ part 
of the 1GS (Syl\.ester et al., 1986). Plasmids containing 
the probtls were biotinylated b!, nick translation using 
the commercial bionick labeling system from Gibco 
BRL. Optimum probe sizes (100-500 bp) were moni- 
tored by agarose gel electrophoresis and the efficiencv 
of the labeling by- dot blot essa!‘. The labeled probes 
wwe concentrated in a speed-\,ac (Sa\,ant) and resus- 
pended in 10 FL of 50% formamide and 1 mL of 15 mg/ 
mL tRNA. Then the probes were denatured in hybridi- 
Lation solution containing 2(1”(, dextran sulphate, 2% 
BSA and -1 x saline sodium citrate buffer (SSC) for 10 
min at 75 “C. 

The U3 probe contains a -I1 base stretch from Piw~l~ 
5~7fk~r~~r1, a \wy conserved sequence among numerous 
plants, which was a generous gift from Dr. P.J. Shaw 
(Be\sen et al., 1996). 

2.3. Hybridization on filters 
DNA from onion meristematic root cells was extracted 
bvith cctvltrirn~t2~ylammol7ium bromide according to 
standard procedures (Ausubel, 1995). After digestion 
with BnulHI (Amersham), the DNA was loaded in a 
0.6”11 agarose gel and separated by electrophoresis at 
lV/cm for 24 h in Tris borate EDTA buffer. The DNA 
fragments were depurinated, denatured and trans- 
fcrred to nitrocellulose filters as described (Sambrook 
et al., lY89). Probes were labeled with digoxigenin by ran- 
dom primed (DIG DNA labeling and detection kit, Boe- 
hringer Mannheim). As a positilre control of the hetero- 
logous probes, we used a probe from pea, pHA1, that 
contains the three rDN.4 genes and most of the non- 
transcribed spacer (Jorgensen et al., 1987). 

Filters wt’re prt,-hybridized for 3 h at 63 “C in 5 x 
SSC, O.l”,cl Sarkosyl, 0.02% SDS and 1”,1 blocking 
reagent (from Boehringer Mannheim). Hybridization 
was carried out o\wnight under the same conditions 
by adding about 0.02 pg of heat-denatured probe to the 
I-7re-h\,bridi7atiorl solution, blots were washed at room 
temperature for 10 min in 2 x SSC, 0.1% SDS and then 
for 30 min in 0.1 x SSC, 0.1’11, SDS at 63 “C. Finally, 
digoxi::eiiin-labeled probes were detected with an 
anti-digoxigenin antibody conjugated to alkaline phos- 
phabse and the calorimetric substrates NBT and X- 
pllospll‘~te. 

2.4. In situ hybridization (ISH) 
Roots were fixed in -&“ti paraformaldehyde (PFA) for 2 h 
alt room temperature in 0.1 M phosphate saline buffer 
(PBS), pH 7.2, dehvdrated in an ethanol series and em- 
bedded in LRW resjn as described (Moreno Diaz de la Es- 
pina ct al., 1992). Probe was denaturalized by heating to 
70 ‘C for 10 min and quickly chilling on ice. A mixture 
containing 0.2 pg/mL of the probe, 5% BSA, and 1 mg/ 
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mL tRNA from E. coli, 2 x SSC, and 50% dextran sulphatc 
was employed. Nickel grids with the sections, were incu- 
bated overnight at 40 “C in a bun- idified chamber on the 
top of drops containing the probes at a concentration of 
1 pg/<uL in hybridization solution containing 50% forma- 
mide, 10% dextran sulpha te, 2 .* SSC, 1% BSA and 0.75 
yg/mL tRNA. After incubation the grids were Leashed 
twice in 1 x SSC and then in PBS with 0.1% Tw~cn (PBST). 
For DNA-DNA hybridization the B probe was em- 
ployed. DNA was drnaturated by/ placing the grids into 
a solution of 70% formamide/ x SSC at 70 “C for 4 min. 
Then the grids were placed in ice cold 70”~ ethanol for 
2 min, 50% ethanol and distilled water before air drying. 
Denaturation of the probe and incubation were carried 
out as described for DNA-RNA hybridization. For enzy- 
matic digestions, the grids with the sections were floated 
on the enzymatic solutions in a moist chamber at 37 “C. 
As the RNase pre-treatment of sel:tions was not effecti\re 
on the nucleolus, double digesiions were performed. 
Grids were first floated on 0.3% Iproteinase K in 10 mM 
Tris-HCl, pH 7.3, for 2 h and then on 2% RNase A in the 
same buffer for 2 h. As controls, hybridization using plas- 
mids without the inwrt and hybridization using no probe 
were carried out. 

The biotinylated probe was dl-ttxcted by immunocy- 
tochemistry with a gold conjugated anti-biotin anti- 
body (British Biocell). After blf>cking in 0.1% PBST, 
containing 1% BSA and O.l”<) gelatin for 15 min at 
room temperature, the grids were incubated in the hu- 
midified chamber with the anti body at 1:200 dilution 
in the blocking solution for 1 h at room temperature, 
washed twice in PBS and later in deionized Mater. 
Controls were performed omitting the second anti- 
body in the incubation solution. After drying, grids 
were stained either comrentionally with uranyl ace- 
tate and lead citrate or with the Bernhard’s EDTA 
staining preferential folr ribonucleoproteins (Bern- 
hard, 1969), modified for plant cells by Risuefio and 
Moreno Diaz de la Espina (1979). 

The distribution of labcling was quantified by using 
30 micrographs from randomly chosen nucleoh taken 
from three different hybridizations with each probe. The 
final magnification was x 65 000. Gold particle numcri- 
cal densities (number of particle:, per square micron) in 
the different nucleolar domains and in the rest of the 
nucleus were calcul,-tted using a semiautomatic proce- 
dure in the computer with a digitizer tablet. When it 
was not possible to define the limits of the border region 
between FC and DFC, the particles in this interface were 
included half in the count of each component. 

2.5. Electron microscopy 
Roots were fixed in either 4% paraformaldehyde (PFA) 
in PBS, pH 7.2, or 2% glutaraldehyde in 0.025 M ca- 
codylate buffer, pH 7, and embedded in LRW. EDTA 

staining (Bernhard, 1969) \vas performed as pre\riously 
described (Riswiio and Moreno Diaz de la Espina, 
1979). 

3. RESULTS 

3.1. Ultrastructure 
The onion nucleolus shwvs a compact organization in 
thin sections, with the three typical nucleolar compo- 
nents: FCs surrounded by an extensi\.e DFC and a pe- 
ripheral GC. Their morphological characteristics \‘ar) 
according to nucleolar acti\,ity ~?s~w 1). Almost inac- 
ti\,r nucleoli, as those of quiescent ~~11s ha\,c an exten- 
si\,e compact DFC and a scarce peripheral CC. Thry 
sho\v few end laqe heterogeneous FCs forming a 
track connected to and to some extent invaded by con- 
densed nucleolus associated chrnmatin masses 
(NACs), (fi’g~w IA), Risurtio and Moreno Diaz de la 
Espina, 1979; Risueiio et al., 1982; Medina et al., 1983). 
In nucleoli which arc beginning to become acti\se the 
intr~anucleolar track expands, and the sections show 
large heterogeneous FCs connected to the NAC. The 
FCs are looser and contain less condensed chromatin 
inclusions (f;~q~/w IU, -ZD, F). After EDTA preferential 
staining, these large FCs present ribonucleoproteirl 
fibrils in their interiors and also nucltwlar perichrom+ 
tin granules (nopgs), constituting the only case in 
\vhich ribonuclt,ot7rt,teins are localized inside FCs in 
this system (f;g~/w JC). Highly acti\Je nucleoli present 
a looser organization with numerous pale FCs sur- 
rounded by narro\v Tones of DFC and abundant GC 
around them (J;;I~JY 7C). 

Although the nucleolar organization is highly 
dynamic, the r!;tochemical and immunocytochcmical 
characteristics of the nucleolar components are very 
constant. Nucleda r ribonucleoproteins are localired by 
EDTA staining in ihe DFC and GC of the active nucleoli 
(&q/w 4A) and also in the FCs of the reacti\,ating nucle- 
oli (fQ,v~w 3C); \vhile DNA is mostly localized in the 
heterogeneous FCs and the DFC surrounding the FCs 
by immunolabrling (not shown; we Martin et al., 1989). 

3.2. In situ hybridization 

To detect more specificall!; the nuclcolar products, we 
performed DNA-RNA in situ hybridization and immu- 
nogold detection, Itrith sexwal hc+m)logous probes 
which span different coding and non-coding regions of 
the ribosomal cistrons (fixllrr 2). The probes of the hu- 
man coding sequences for 1% and 28s rRNAs hybrid- 
ize selecti\,elJ, \vith the restriction fragments of the 
onion rDNA as demonstrated bv the Southern blots, 
while those corresponding to the iGS do not. The inten- 
sity of the hybridization with the human coding probes 
is lwver than that obtained with the more closely relat- 
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Figure 1. Evolution of the nucleolar organization in onion meristema- 
tic root cells from an Inactive (A) to a very active (C) state. Glutaral- 
dehyde-osmium fixation. Sectlons stalned with uranyl acetate and 
lead citrate. A. lnactlve nucleolus from a quiescent cell displaying 
two cross-sections of the large FC (large arrows) forming a track 
connected to the nucleolus associated chromatin (NAC), contai- 
ning inclusions of condensed chromatln (arrowheads). x 22 000. B. 
Reacti-vating nucleolus after 6 h of soaking, similar to that shown 
in figure 4C, D. The large FC in close contact with the nucleolar ca- 
vity (*), is looser (large arrows) and displays less inclusions of con- 
densed chromatin (arrowheads) than In quiescent cells. In both cases 
(A, B) the nucleolus has mostly a flbrlllar organization with a very 
scarce peripheral granular component. x 21 000. C. Highly active 
nucleolus from a prollferatlve cell. It shows a loose organization with 
numerous and small pale FCs without chromatln inclusions (arrows), 
each surrounded by a dense fibrlllar component (DFC) and immersed 
In abundant granular component (GC). x 14 000. Bars, 1 urn. 

ed Pi,s~~w probe containing both sec~wnces. (j?,yuw 3). 
These results demonstrate the cross-hybridization of 
the coding sequences between humans aid plank, and 
the specificit~~ of the hybridization anal>xis. 

Pre-rRNA detection in plant nucleolus 

Enzymatic digestions were performed to test the 
specificity of the hybridization on sections. RNase 
digestion alone was not effective on the plastic sec- 
Cons. When double proteinase K and RNase pre- 
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lntergenic segments. The extent of each 
iprobe IS delineated by an open bar. Probe 
IregIons ot probable sequence conserva- 
.tlon are fllled In black. The lengths of the 
coding and non-coding regrons are not re- 
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Figure 3. Southern blot analysis of the cross-hybridization of 
the human rDNA probes with the BarnHI restrlction fragments 
of the onion rDNA. Lane 1, IPfsurn pHA1 probe; lane 2, probe 
AD; lane 3, probe B; lane 4, probe 12. Markers, Hindlll restric- 
tion fragments of lambda phage DNA. Probe B contalnlng se- 
quences of the 18s rDNA hybrldlzes with the three fragments 
of orlion rDNA, while probe AD only hybridizes with two of 
them. Probe C containing a stretch of the IGS does not hybri- 
drze. The lntenslty of hybndlzatlon 1’; higher with the more re- 
lated probe of Pisum. 

treatment was applied to sections the labeling of 
DNA/RNA hybridization is abolished, but the loss 
of ultrastructural organization produced in the nu- 
cleolus made it impossible to distinguish clearly the 
nucleoiar domains (dat,j not shown). 

ISH with the :specific probes for the coding 
regions (B and AD) shom7ed labeling on the nucleo- 
lus #and cytoplasmic ribosomes. As expected, the 
probe C specific for the 1GS did not hybridize with 
the sections. 

Pre-rRNA detection in plant nuclecllus Bassy et al. 

3.3. Localization of different types of rRNAs 

3.3.1. 18s rRNA sequences 
To dctcct these squences, probe B spanning the 5’ exter- 
nal transcribed spacer (ET’S) and the 3’ part of the 1% 
rRNA coding sequence, was used @qlw 2). After DNA- 
RNA hTbridL4on with this probe on s&ions of active 
nucleoli from proliftlratin, (7 cells, both DFC and CC were 
labeled (&yrrc~ -IA, 19). The labeling on the DFC M’X not ho- 
mogencous, but showed a greater accumulation of gold 
particles in the zones of the DFC in close contact with the 
FCs. The clear FCs of active nucleoli show labeling in their 
peripheries, that is in the interface between them and the 
DFC, but ne\w in their interiors (fijyw 3R). 

Quiescent nucleoli, Ivhich are becoming active, ha\pe 
a large FC that contains ribonucleoprotein fibrils and 
nopgs, surroundin g several pale round areas similar to 
indi\,idual FCs of highly ‘1ctit.e nucleoli, ‘1s evidenced 
by Bernhard’s EDTA staining M-hi& is preferential for 
ribonuclec~prclt~il-bs #?,yrcw K). These large hetcroge- 
IWOLIS FCs are the only case of internal labeling of FCs 
with ~1 probe to the 5’ region of the rRNA transcript 
(fip~w -in), in ccjntrast u,ith the small clear FCs of 
active nucleoli \vhich nwer were labeled except nt 
their peripheries (f;:;~w -!B). There is also a high degree 
of labeling in close association to zones of nopgs in 
reactivating nucleoli, while the labeling on the compact 
DFC is scarce (fis~w 4D). WC never obser\.ed labeling 
of ribonucleoprotl~in tracks in the nucleus indicati1.e of 
pr+rRKA parti& migration to the cytoplasm, either 
with this or the 2% probe (,fY,yw -LA). 

3.3.2. 28s rRNA sequences 
To detect the 25s rRNA we hybridized with probe AD 
spanning the 3’ p<Mion of the 285 coding sequence 
and a portion of the non-conserved intergenic spacer 
(f?grfw 3). The gt~neral pattern of distribution of the la- 
b;ling LVX similar to that produced by probe B. Gold 
p‘jrticles appeared distributed on the DFC, mainly in 
the znncs ;Iround KS, and more abundantly in the GC 
(j-ipw 3E). 
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3.3.3. lntergenic spacer sequences 
Probe C c<mtaining only sequences of the non-tran- 
scribed intmgeric spcer did not hvbridize to tht, sec- 
tions (not shmvn). 

Pre-rRNA detection in plant nucleolus 

3.3.4. U3 sequences 
Gold particles are associated with the three main nucleo- 
Ix constituents (Es, DFC, and CC). The labeling is 
mainI\ concmtrated in the DFC and the heterogeneous 
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FCs of the nucleoli in the process of activation, while 
that in the CC is very scarce (fig~rrs 5, 6). 

3.3.5. Localization of rDNA 
After denaturation of sections which permit the detec- 
tion of rDNA in addition to rRUA, and hybridization 
using B probe, the large heterogeneous FCs show label- 
ing on their internal co~ndensed chromatin inclusions 
and also in the fibers associatcad with their peripheries 
(f?prc 4F). The DFC and CGC displav sparsely distribut- 
ed gold particles. The NAC displavs the highest con- 
centration of gold particles. The non-nucleolar chroma- 
tin is not labeled. 

3.3.6. Quantitative analysis 
Quantification of the gold particles on the different nu- 

cleolar domains showed that tl-,e distribution of label- 
ing between the nucleolar c’ompartments changes 
according to the metabolic activity of the cell. The high- 
est labeling with coding probes B and AD occurs in the 
FCs of cells in the process of ,jcti\ration (&II.L~ 7). This 
compartment includes nl.)t only the labeling at the pe- 
riphery of KS where rRNA tr,mscription occ~~rs (Shari 
et al., 1995), but also the labeling of the internal struc- 
tures of the large heterogeneous FCs of activating nu- 
cleoli. Probe B containing the sequence of the ETS and 

part of the 18S, shows a higher labeling than probe AD 
in FC and DFC. This fact could be explained by a higher 
accumulation of nascent ((non-completed) transcripts in 
this domain. On the other hand, probe AD containing a 
portion of the 2% rRNA and f.>f the IGSs sequences, 

shows a higher density in the CC Cjipre 7). In fully ac- 
tive cells the numerical density of the labeling of probe 
B attains its highest lr\~4 in DFC @g~uc~ 8). This is prob- 
ablv due to the decrease of the number and size of het- 
eroieneous FC. The nucleoli of inactive cells present a 
lower density of labeling with probes B and AD, than 
more acti1.e nucleoli (compare fis~rc 9 with jgllrps 7 
and 8). The labeling obtained with probe B is more in- 
tense in FC while probe AD labels GC to higher extent 
(fi::m 9). 

The U3 probe accumulates mainly in the DFC @gllrc 
711). FCs also show a high density of gold particles due 
to their peripheral labeling, as well as to the localization 
of particles in the interior of FCs of nucleoli in the pro- 
cess of activation (fj~~rr~c 10). The probe C does not 
present numerical densities above background level in 
any nucleolar compartment (fi;;fli.p 10). 

The numerical density of the labeling after DNA- 
DNA hybridization with B probe was estimated in FCs 
and in NACs. Both structures present a level of label- 
ing significantly higher than the background noise. 
The numerical density of the gold particles in the 
NACs is more than twice that of the FCs (fig~[r~~ 7 1). 

3.3.7. Controls 
The verv low level of labeling in the nucleoplasm after 
DNA-RNA hybridization using B, AD, C, or LJ3 probes, 
is similar to the background noise level. This observation 
shows that the probes associate with specific nucleolar 
RNA and not with hnRNA or snRNA present in the nu- 
cleoplasm. DNA-DNA hvbridizations with probe B 
were carried out <is positi<,e controls. The NAC, which 

4 Figure 4. In situ hybrldlzatlon with different probes to localize the nucleolar RNAs or rDNA in onion cells. A. Probe AD in a 
low active onion nucleolus. Bernhard’s EDTA staining preferential for ribonucleoproteins. Gold particles localizing the 25s 
rRNA are more abundant jr1 the granular component (GC) (double arrows) than in the dense fibrillar component (DFC), where 
gold particles are sc:attered (arrows). Labeling is also very abundant in the Interphase between FCs and DFC (large ar- 
rowheads). The nucleolus associa.:ed chromatln patch (NAC), in contlnulty with the big FCs, IS the only condensed extranu- 
cleolar chromatin patch displaying gold particles (small arrowheads). Extranucleolar ribonucleoproteins do not show labeling. 
Condensed chromatln (Chr). Small fibrlllar centers (empty arrows). x 22 000. Bar, 1 pm. B. Probe B. Portion of an active 
nucleolus. The labeling IS localized mainly In the DFC (arrows) and the peripheries of IFCs (arrowheads). Clear FCs do not show 
labeling in their Interiors, iin contrast with the heterogeneous FCs (see D). Chromatin (Chr). x 45 000. Bar, 1 pm. C. EDTA 
staining of a large FC from a nucleolus in the process of activation. The nucleolar DFC is deeply contrasted. Within the large 
FC, pale roundish structures similar to the clear FCs of highly active nucleoli are dlscerned (asterisks). Surrounding them 
rlbonucleoproteic fibrlllar arrays similar to those shown In D radiate from the periphery of the clear areas and make contact 
with the periphery of the contrasted DFC (arrows). Contrasted nucleolar perlchromatin granules, characteristic of this stage 
are also observed (small arrows). x 46 000. Bar, 1 pm, D. Probe B. Nucleolus In the process of activation after dormancy. 
The gold particles locallzlng the 13s rRNA appear mainly in the large heterogeneous FC (arrowhead), where nopgs accumu- 
late at this stage (small arrows). A few gold particles are also spread over the DFC and the scarce peripheral GC (double 
arrows). Condensed chromatln (Chr). x 46 000. Bar, 1 pm. E. Higher magnification of the nucleolar granular component after 
hybridization with probe AD which detects a high signal for plant 25s rRNA In this component. x 44 000. Bar, 0.5 pm. F. 
Probe B, DNA-DNA hybrldlzatlon. /\fter denaturation of sections gold particles are observed on the condensed chromatin in- 
clusions of the big FC of low active nucleoli (arrowhead), Flbrillar arrays are observed connecting the chromatin inclusions 
with the DFC (arrows). x 78 000. E3ar, 0.5 urn. 
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Figure 5. Localrzatron of snoU3RNA in a low activrty nucleolus of a root merrstematrc cell. In a heterogeneous FC the arrow points 
to labeled frbrrls irradratrng from a compact central body. The arrowhead Indicates the gold particles assocrated with the DFC sur- 
rounding the PC. The granular component (GC) is almost clevotd of labeling. x 52 500. Bar, 1 Lrrn. 

do not cont~~in WA, but is mainly constituted by com- 
pacted rDNA secuence~ (I’clnzera et al., IYYtj), depicted 
the highest level of labeling, almost the double of th‘lt 
of FCs (j?guw 5). Unspec~ific DNA corresponding to the 
plasmid without probt- did not hybridize to the sections 
(not shown). 

4. DISCUSSION 

4.1. Ultrastructural organization of the plant 
nucleolus 

The ultrastructural organization of the plant nuclwl~~s 
is highly dynamic and consistent bvith nuckolar acti\+ 
ty (Risuefio and Ivkdina, 1986; Shaw and Jordan, lYY5). 
Meristematic onion cell!; (2n = 16) IM\T about 7000 cop- 
ies of I-DNA grv~lpcd in five clusters (I’anncrCl el- al., 
lY%), although they dc\xk)p a maximum of two nucleoli 
per nucltw,. Stereological studies in svnchronws on- 
ion meristematic cells ha\,e established ‘1 corrc>l,ltion be- 
tween cell cycle position and nucleolar organiration 
(Sacrist6n-C&ate et d/., lY7-k). Quifscrnt mwistematic 
onion cells ha\:e inactive nuclwli with n compact DFC 
and large FCs b\rith condensed chromatin inclusions 
(Risuek and Moreno Diaz de la Espitu, lY7Y; Medina 

ct ‘II., lY83). The present results of the DNA-DNA hy- 
bridiL,ltion experiments demonstrate that these small 
I~~ISSCS of condenst~d chromatin located inside the FCs 
cont,lin rDNA gents. During activation the large FC 
fr,ignients into smaller ones, the chromatin inclusions 
dtaxIdensr, e\~cntually resulting in the highly ‘3ctiL.e 
mwistematic nucleol~~s showing numerous small FCs 
lvith little or no condensed chromatin inclusions, each 
surrounded by a layer of DFC (Risuefio et al., 1982; Me- 
diwi et al., 1983). Esperimcntal inactivation of nucleoli 
b!- drugs leads to the re\ww of these changes (Risuefio 
aid Mediwl, 1986). 

4.2. In situ hybridization 

Hvbridiz~tion WI filtus demonstrates the cruss-reactiv- 
it, of the sequences of the coding regions of the rDNA 
gtmes hc~tween humans and onions, but not of those 
spanning the intergenic spacers ,3nd hence the specific- 
ity of the ISH analysis. The IOLV densities of labeling, 
compClrcd \vith other ISH experiments in which homo- 
IO~C~LIS or related probe5 wew used (Puvion-Dutilleul 
et al., lYY2; Olmedilla et al., 1993) art’ probably due to 
the loww complementaritv of the rDNA seqwnccs be- 
tI\~rell ttw h\‘O spt~“i~s, as-suggated by the hybridiza- 
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Figure 6. Localization of snoU3RfIA in a nucleolus in the pro- 
cess of activation. The gold partrcles are localized in the fi- 
brillar component (arrowheads). .The interior of the FC IS 
devoid of labeling (arrow). x 50 000. Bar, 1 pm. 
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Figure 7. Distribution of the numerrcal density of rRNA labe- 
ling wrth probes B and AD, In the different nucleolar domains 
of cells in the process of activatron. FC, fibrrllar centers, fre- 
quently heterogeneous ones; DFC, dense fibrrllar component; 
GC, granular component; NCLPSNI, nucleoplasm. 

FC DFC GC NCPLSM 

Figure 8. Drstributron of the labeling obtained with probes B 
and AD In nucleolr of fully active cells. 

FC DFC GC NCLPLSM 

m B a AD 

Figure 9. Distribution of the labeling obtained with probes B 
and AD rn nucleolr of rnactrve cells. 
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Figure 10. Distribution of labeling with U3 and C probes 

tion signals obtained in Southern blots with human and 
pea probes. 

ISH of biotinylated rDNA probes on thin LRW sec- 
tions provides a precise localization of ribosomal gene 
products at the E!vl, better than that obtained by confo- 
cal microscopy (L.eicht et al., 19Y2; Highett et al., 1993; 
Shaw et al., 1995; Beven et al., 1996). 

The background labeling in our conditions was 
minimal, not only in the controls with unspecific 
DNA, but #also in the hybridization with the IGS 
probes. That demonstrates that the unspecific bind- 
ing of the probe’; to DNA-binding proteins is mini- 
mal without protease pre-treatment. We eliminated 
this hydrolysis to preserve the fine ultrastructure of 
the nucleoli permitting accurate quantification of the 
gold particles ir relation to the different compart- 
ments. The extent of non-specific binding of the anti- 
biotin antibodies to the tissue was checked by incu- 
bation with the antibody without probe and was 
found to be negative. Labeling on the nucleopl‘lsm 
and condensed ~rhromatin masses with the specific 
probes was also negative. 

The hybridization signals within the nucleolar do- 
mains show differences depending on the probe used. 
Probe B, containing the 5’ ETS region and a part of the 
18s rRNA, mainly hybridize with heterogeneous KS, 
and with the pe.ipheries of pale FCs. This relatively 
high labeling reflects an abundance of very early tran- 
scripts in these regions. The high density of labeling of 
the same regions using IJ3 probe indicates that the pro- 

NAC FC 

Figure 11. Distribution of the numerical density of rDNA labe- 
ling using B probe after denaturatlon of the DNA of the sec- 
tions. The small clumps of compact chromatin located inslde 
the FCs of nucleoli of cells In the process of activation after 
dormancy are significantly labeled. Background level IS 0.8 + 
0.5 S.D. 

cessing of newly synthesized transcripts is taking place 
at the periphery of FCs and in DFC. Coincidences of the 
distribution of U3 probe and early stages of pre-rRNA 
transcription were also found in the nucleolus of mouse 
cells (Puvion-Dutilleul et al., 1997). 

Probe AD containing portions of the 28 S rRNA and 
IGS sequences, hybridizes with GC to a larger extent 
than probe B, in cells with different metabolic activities. 
These data seem to indicate an underrepresentation of 
18s rRNA in relation to 25s RNA sequences in the CC. 
This may be due to the higher rate of transport of 18s 
rRNA in relation to 28s rRNA or could reflect the char- 
acteristics of probe B, which only contains about 30% of 
coding sequences alrailable to hybridize with the pro- 
cessed precursors of the GC, while the percentage is 
much higher for probe AD. 

The clear FCs of acti\re nucleoli never contain rRNA 
products in their interiors in spite of the accumulation 
on their peripheries. The EDTA staining procedure 
preferential for RNA demonstrated the presence of 
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RNA containing fibrils and nucleolar perichromatin 
granules, which have been postulated to contain un- 
processed rRNAs (Moreno Diaz de la Espina and 
Risuefio,lY82; Risueiio et al., 1082) inside the large het- 
erogeneous FCs of early reactiT.-ating cells. The high la- 
beling observed in this type FCs is associated with 
newly found RNI’ structures, and with RNA-contain- 
ing peripheral fibrils. These results agree with previous 
reports of RNA-RUA I!jH suggesting the presence of 
rRNA on plant FC:? (Olrnedilla et al., 1993). 

Our data are consistent with the idea that the pre 
rRNAs are highly organized in the nucleolus. The early 
transcripts are localized inside the heterogeneous FCs of 
nucleoli in the process of activation, in the peripheries of 
clear FCs and in the inner region of DFC. The bulk of the 
DFC contains elongating transcripts and intermediate 
stages of processing, as suggested by the results of the 
ISH with LJ3 probe, while the GC would be enriched in 
processed rRNA. Similar results have been obtained by 
[SH in plants (Olmedilla et al., 1993; Shaw et al., 1995; 
Be\;en et al., 1996) and mammalian systems (Puvion-Du- 
tilleul et al., 1991, 1992); and also by autoradiography af- 
ter tritiated uridine incorporation (Olmedilla et al., 
1993). In contrast, BrUr incorporation in permeabilized 
onion nucleoli loc‘llize i.he mam synthesis of rRNA in 
domains of the DFC different from the peripheries of 
FCs. The lack of quantif:ication of the labeling, the diffi- 
culties of identifying small KS in extended nucleoli 
from protoplast under the experimental conditions 
used, and also the long pulses of BrUr incorporation, 
which would detect the proces#sing sites in addition to 
transcription sites, would probably account for the dis- 
crepancies with our results (Mel&k et al., 19%). The lat- 
ter is also applicable to prelrious autoradiographic 
studies in the same system (Risuefio et al., 1982; see Mar- 
tin et al., 1989 for discussion). Recently studies using 
BrLJTP incorporation localized by immunofluorescence 
and immunoelectron microscopic procedures, as well as 
ISH with a probe to ETS, suggest that rRNA transcrip- 
tion takes place in small foci, each corresponding to the 
product of a single gene (Thompson et al., 1997). 

The data of specific localization of rRNA by ISH, 
together with previou:, data of nucleolar ultrastruc- 
ture (Risuefio and Moreno Diaz de la Espina, 1979; 
Moreno Diaz de la Espina et al., 1980; Risuefio et al., 
1982; Medina et al., 1983), Immunolocalization of 
DNA (Martin et al., 3989) :nd nucleolar proteins 
(Martin et al., 1992; Cerdido and Medina, lYY5), re- 
\real: 1) the existence of a fine and constant organiza- 
tion of the nucleolar functions in plants, in which, 
each structural domain would support specific IIW 

cleolar functions; 2) that FCs constitute core struc- 
tures of the nucleolar activity; and 3) the presence of 
RNA-containing fibrils and nucleolar perichromatin 
granules inside the large heterogeneous FCs in very 
early reactivating nucleolus. 

These data are consistent with those previously 
reported in plant cells (De la Torre and GimPnez Martin, 
1982; Sha\v et al., 1995; Be\.en et al., lY96). Present results 
confirm and extend our previous ideas for nucleolar 
functioning in these systems (Martin et al., 1989; Medina 
et al., 1990). The morphological and functional associa- 
tion betM,een the FC and DFC is \.ery strong in the 
nucleolus and suggest a role for FCs as central struc- 
tures for nucleolar transcriptional activity. A lot of 
evidence supports the idea that the assemblies formed 
by a FC and the surrounding DFC are basic structures 
for rRNA synthesis and processing. First, the tight asso- 
ciation between FCs and DFC is constant in almost all 
kinds of plant nucleoli independently of their morphol- 
ogy (Risuefio and Moreno Diaz de la Espina, 1979; 
Medina et al., 1983). Second, the application of hypo- 
tonic buffers or 5,6-dichloro-1 B-D-ribofuranosylbenz- 
imidazole (DRB) treatment to plant cells, produces 
structures containing FCs associated to a layer of DFC 
organized in necklaces (unpublished results), which are 
able to sustain rRNA synthesis in absence of an orga- 
nized nucleolar structure (Scheer and Benavente, 1990; 
Garcia Blanco et al., 1995). Third, the immunolabeling 
results of pre\.ious lvorks (Moreno Diaz de la Espina, 
1995), showed that the transcription and processing 
machinery, as well as the nucleolar DNA loops are 
anchored in the peripheries of KS forming bipartite 
domains composed of a FC and the inner part of the 
DFC. And last blut not least, the experimental results of 
short term Br-UTP incorporation (Hoz6k et al., 19YJ), as 
well as our results of in situ hvbridization ha\,e demon- 
strated that the boundaries bktween FCs and DFC are 
the sites of rRN,4 transcription and processing. Taken 
all data together. it is tempting to hypothesize that the 
nucleolus has a morphological and functional organiza- 
tion composed of: 1) bipartite domains formed by FCs 
surrounded by DFC, bvhich are associated with rRNA 
transcription and processing; and 2) the GC represent- 
ing a store of preribosomal particles. The organization of 
these subdomains would be highly dynamic and vary 
according to nucleolar activity, cell type, and species 
(Risuefio and Moreno Diaz de la Espina, 1979; Moreno 
Diaz de la Espinn et al., 1980; Mcdina et al., 1983). 
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