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Abstract. Transcriptionally active chromatin from peripheral amplified nu
c1eoli of lampbrush-chromosome stage oocytes of Xenopus laevis was 
dispersed and spread in various solutions of low salt concentrations (incIud
ing some with additions of detergents) and examined by electron microscopy. 
Nucleolar material from oocytes of animals with normal (2-nu) and mutant 
(I-nu) genetical constitution of nucleolus organizers was compared. Histo
grams showing the distributions of the lengths of matrix units, apparent 
spacer intercepts, and the total repeating units of the rDNA containing 
chromatin axes revealed a significant degree of heterogeneity, with indications 
of subclasses and predominant repeat unit size c1asses of 3.3 and 3.8 11m 
length. The correspondence of matrix unit length to the molecular weight 
of the first stable product of rDNA transcription was studied using gel 
electrophoresis of labelIed pre-rRNA under non-denaturing and denaturing 
conditions. Evaluations of individual strands of nucleolar chromatin furt her 
demonstrated the existence of both (i) strands with obviously homogeneous 
repeating units and (ii) strands with intra-axial heterogeneity of rDNA sub
units. " Preludecomplexes ", i.e. groups of transcriptional complexes in appar
ent spacer intercepts, were not infrequently noted. The data are compared 
with the measurements of lengths of repeating units in fragments of rDNA 
obtained by digestion with EcoRI endonuclease as described by Morrow 
et al. (1974) and Wellauer et al. (1974, 1976a, b). The results are discussed 
in relation to problems of variations in the modes of arrangement of the 
pre-rRNA genes, the state of packing of rDNA during transcription, and 
possible mechanisms of the amplification process. 

Introduction 

In eukaryotic cells the DNA (rDNA) which contains the sequences coding 
for the cytoplasmic 18 and 28S ribosomal RNAs (rRNAs) consists of numerous 
tandemly arranged "repeating units". Each repeating unit contains one sequence 
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coding for the precursor molecule to the rRNAs (pre-rRNA), and an adjacent 
more or less extended sequence, which is not complementary to pre-rRNA 
(for references see Birnstiel etal., 1971; Weil au er and Dawid, 1974; Schi bier 
et al. , 1975 ; Spring et al. , 1976). Miller and Beatty (1969) and Miller and Bakken 
(1972) have shown that this subdivision of the repeating unit can be directly 
visualized in the electron microscope after dispersion and spreading of the 
transcriptionally active nucleolar chromatin. Regions of transcription appear 
as "matrix units", i.e. axial intercepts densely covered by lateral ribonucleo
protein (RNP) fibrils arranged in a characteristic length gradient. Such matrix 
un its containing nascent pre-rRNA are separated by usually fibril-free intercepts 
which are interpreted as nontranscribed "apparent spacer units " (for terminol
ogy see Franke et al., 1976a). In the c1awed toad, Xenopus laevis, a detailed 
model of the arrangement of specific rDNA sequences in the repeating unit 
has been developed from work with isolated rDNA, rRNAs, and pre-rRNA 
(Dawid etal., 1970; Speirs and Birnstiel, 1974; Dawid and Wellauer, 1976 ; 
Schi bier et al. , 1976). In contrast to earlier concepts emphasizing the homoge
neity of rDNA repeating units in Xenopus (e.g., Wensink and Brown, 1971 ; 
Brown et al., 1972; Forsheit et al. , 1974), recent results obtained from c1eavage 
patterns of rDNA with EcoRI restriction endonuclease have shown a striking 
size heterogeneity of repeating units which primarily reflects the heterogeneity 
of "spacer" lengths (e.g., Morrow et al. , 1974 ; Wellauer et al., 1974, 1976a, 
b ; Wellauer and Reeder, 1975). Heterogeneity of length of repeating units, 
including heterogeneity of apparent spacer units, has also been noted in the 
transcriptional units of spread nucleolar chromatin from diverse organisms such 
as certain green algae, insects, and amphibia (Miller and Beatty, 1969 ; Scheer 
et al. , 1973; Spring et al. , 1974, 1976; Trendelenburg et al. , 1974, 1976, 1977; 
Berger and Schweiger, 1975; Foe et al. , 1976). In order to answer the question 
whether the size heterogeneity of the repeating units observed in isolated Xenopus 
rDNA corresponds to the pattern observed in transcribed nucleolar chromatin 
we have undertaken a detailed quantitative study of the distribution and modes 
of arrangement of transcriptional units in the amplified rDNA of the Xenopus 
laevis oocytes. In addition, the electron microscopic examination of spread 
nucleolar chromatin allows an analysis of the size and arrangement of rDNA 
repeating units in individual strands. 

Material and Methods 

1. Anima/s. African clawed toads (Xenopus laevis) were kept in large water tanks at 20- 21' C 
under a 12 h light-dark rhythm. Some animals were induced to oVlllate by the injection of 500 
IU ofa human chorion gonadotropic hormo ne (Predalon; Fa. Organon, Munich) . Animals heterozy
gous for the anucleolate mutation ( I-nu; cf. Eisdale et al. , 1958) were kindly provided by Dr. 
M. Fischberg (Universite de Geneve, Switzerland). 

2. Eleclron Microscopy and Morphometric Delerminalions. Nuclei from lampbrush chromosome-stage 
oocytes (diameter ca . 500 11m) were ma nlla ll y iso la ted in a NaCI and KCI containing medium 
buffered with 10 mM Tris-HCI to pH 7.2 (Scheer et al., 1973). To separa te the extrachromosomal, 
peripheral nucleoli from chromosomal material a nuclells was punctured with 2 fine needles, a nd 
the nuclear envelope, together with the tightly adhering nucleoli , wa s removed by aspiration into 
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a micropipette and transferred into a drop of the spreading so lution. For each preparation nuc\eo lar 
material obtained from a single oocyte was used. The spreading so lutions were either (i) 0.1 - 0.5 mM 
borate buffer, pH 9 (" pH 9-water "; Miller and Bakken, 1972), or (ii) pH 9-water with 0.05- 0.1% 
of the anionic delergent Sarkosyl NL-30 (Ciba-Geigy, Basel, Switzerland ; cf. Franke el a l. , 1976 b), 
or (iii) pH 9-waler with 0.01 % of the detergenl ' Joy ' (M iller and Bakken, 1972), o r (iv) pH 
9-water containing 1001lg/ml tRNA (iso laled from E. co") with or without Sarkosyl (see also 
Foe et a l. , 1976). The nuc\eolar material was a llowed to disperse for 10 to 20 min al abo ul 10° C 
and was then cenlrifuged as previously described (Scheer et a l. , 1973). Malerial applied to electron 
microscopic grids was then posi ti ve ly sta ined (Mi ller and Bakken, 1972). Some preparations were 
additiona lly metal shadowed with platin um-palladium (80 : 20) at an angle of 7°. Micrographs 
were taken with a Zeiss EM-IO electron microscope at 60 kV. The magnification was delermined 
from micrographs of grating replicas. 

Ca librated positive prints were projected onto a digitizer tablett. Ca\cu lations a nd distribution 
ana lysis were made with the use of a computer program kindl y developed by R . Zentgraf, Dipl. 
Math. (Institute of Documentation and Stat istics, this center). Matrix units, appa rent spacer units, 
and repeating uni ts were measured as described previously (Trendelenburg et a l. , 1976 ; cf. also 
Scheer et al., 1976a). 

3. Gel Elecll'ophol'esis 0/ RNA. Lampbrush chromosome stage oocytes were isolaled from females 
which had been induced to ovulate o ne day before and were incubated in Eagle's minimal essential 
medium ( I: I v/v diluted wilh distilled water) contain ing a ll four lri ti ated ribonucleosides (for 
furthe r details see Scheer et a l. , 1975) at 23° C for 17 h. RNA was ext racted from iso lated nuc\ei 
as described previo usly (Scheer, 1973 ; Scheer et a l. , 1973). After the add ition of E. coli rRNAs 
(mol. wts. 0.525 and 1.05 x 106

, cf. Fellner et a l. , 1974 ; Spohr et a l. , 1976) and tobacco mosaic 
virus RNA (TMV-RNA, assumed mol. wt. 2.07 x 106 , cf. Reijnders el al. , 1974) the lotal RNA 
was precipilated wilh 2.5 vo l abso lute e thano l. The sampIes were analyzed either under non
dena turing conditions in cy lindrica l 2.4% acrylamide ge ls (Loening, 1969) o r under fully de naturing 
conditions in exponent ia l 3- 7% ac rylamide ge ls conlaining formamide al 50° C (Spohr et a l. , 1976). 
Gels were scanned at 260 nm in order to determine the position of lhe marker RNAs, then frozen 
on so lid dry ice, cu t into I mm thick slices, and the radioactivily was determined (cf. Scheer 
el al., 1973 ; Spring et a l. , 1976). 

Results 

In general, the nucleolar chromatin from oocytes of Xenopus laevis is less readily 
dispersed and spread than that from oocytes of various urodelan species (the 
literature presents relatively few micrographs; cf. Miller and Beatty, 1969 ; Schib
Ier et al. , 1976 ; Reeder et a l. , 1976). When amplified nucleoli from lampbrush 
stage oocytes of X. laevis were spread under standard conditions (" pH 9-water", 
see Methods) mostly dense aggregates of nucleola r chromatin st rands were 
observed. These nucleolar aggregates were deposited as distinct iso lated units 
and each seemed to be composed of several hundred matrix units. Even after 
prolonged dispersion of the nucleoli in very low salt concentrations (up to 
40 min incubation), only an average of one out of eight preparations a llowed 
a sufficiently precise length determination of transcribed and apparently un
transcribed units of chromatin strands, and this was mostly limited to axes 
in the periphery of the nucleolar aggregates (e.g., Fig. 1). A typical aspect 
of weil spread tandemly a rranged pre-rRNA genes of X. laevis oocytes, as 
observed after dispersion in " pH 9-water", centrifugation and positive sta ining, 
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Fig. 1. Survey electron micrograph of spread nueleolar material isolated from an oocyte of Xenopus 
. Iaevis ( I-nu mutant). The material was dispersed and positively sta ined with phosphotungstic acid 
(see Materials and Methods). Strands of transcribed nucleolar chromatin show the typical pattern 
of tandemly arranged matrix-covered regions separated by fibril-free intercepts (apparent spacer 
regions). Occasionally, individual groups of latera l fibrils are seen elose to the beginning of a 
matrix unit in apparen t spacer regions (" prelude complexes " ; double arrows). Single " iso lated " 
fibrils that might represent detached matrix fibril s are a lso present in this preparation, orten in 
elose association with the matrix units (arrows; note the tendency of this fibrillogranular material 
to aggregate into complex structures). Bar represents 2 ~m 
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Fig. 2a~. Strands of transcriptionally active nucleola r chromatin dispersed without detergent (a) 
and with 0.01 % " Joy " (b) or 0.05% Sarkosyl NL-30 (c) ; for details of preparation see Material 

and Methods). In the preparation shown in c most of the material of the lateral fibri ls has been 
removed from the RNA polymerase granules (see text). Note that in all three different preparations 
the apparent spacer axes are free of di stinct and regularly spaced particles and that they appear 
mllch thinner in Sarkosyl-treated chromatin (double arrows in c ; this preparation has been meta I 
shadowed). The arrows in a and b point to the start regions of the specific matrix units, repeating 
units are denoted by brackets (b) . One extraordinari ly long matrix-free intercept is indicated in 
b by the double-headed arrow. Such ex tremely long lInits have not been considered as identified 
spacer regions in our quantitative evaluations since they might as weil rellect the inclusion of 
one non-transc ribed pre-rRNA gene. Bars represent I flm (a, c) and 2 flm (b) 
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is presented in Figure 2 a. Each matrix unit consisted of an axial intercept 
to which 80 to 100 lateral ribonucleoprotein (RNP) fibrils of increasing lengths 
were attached. Within the matrix units the increment of fibrillengths (cf. Franke 
et al., 1976a) was relatively constant, in contrast to the situations found in 
similar preparations of nucleoli from various other organisms (cf. Franke et al., 
1976 a; Laird et al., 1976). The axiallengths of the matrix units, i.e. the apparent 
transcriptional units, cou ld be determined with sufficient accuracy, and conse
quently also the lengths ofthe apparent spacer intercepts (e.g. , Fig. 2a). Addition 
of low concentrations of detergents facilitated the dispersion of the nucleolar 
chromatin and resulted in an increased proportion of weil spread and traceable 
axes (e.g., Figs. 2b, 6a-c, 8). However, some preparations made in the presence 
of elevated concentrations of detergents or after prolonged times of incubation 
in low detergent concentrations revealed an aspect resembling the appearance 
of nucleolar chromatin spread after treatment with ribonuclease: many of the 
lateral fibrils were no longer identifiable, either because they were unstained 
due to the extraction of proteins or because they were removed from the basal 
RNA polymerase-containing granules 1 . Nevertheless, even in such preparations, 
matrix unit regions could be clearly distinguished from spacer intercepts since 
the granules containing the RNA polymerase remained associated with the 
template and thus exhibited the typical arrangement of active transcriptional 
units (Figs. 2c and 3). This non-random pattern of detergent-resistant basal 
granules, together with the observation that at higher concentrations the deter
gent Sarkosyl removes the bulk of chromatin-bound proteins, including histones, 
but leaves the transcriptional complex proper intact (for references see Garfglio 
et al., 1974 ; Franke et al., 1976 b) , supports the concept that these granules 
indeed represent RNA polymerase complexes (for detailed discussion see Franke 
et al. , 1976b). 

The characteristic sequence of alternating transcribed (matrix) and apparently 
non-transcribed (spacer) regions frequently was interrupted by the occurrence 
of " prelude complexes" (for definition see Scheer et al. , 1973 ; Franke et al., 
1976 a). Groups of lateral fibrils of increasing lengths were attached to the 
nucleolar chromatin axes in regions corresponding to spacer intercepts, often 
immediately before the start of a matrix unit (Fig. 4a-e). Such" prelude com
plexes " could be clearly distinguished from the typical pre-rRNA matrix units 
by their shorter axial lengths (range from about 0.5 to 104 11m) and the inverse 
correlation between their specific length and the length of the remaining fibril
free portion of the spacer intercept. Occasionally, a region in between two 
pre-rRNA matrix units was almost entirely covered by lateral fibrils of such 
a "prelude complex", indicative of a high transcriptional activity in the specific 
spacer (Fig. 4 b, c, e). 

1 The extent to which these detergents, even at the highest concentrat ions used , resulted in such 
a disappea rance or " invisibility " of the latera l fibrils was quite variable . We do not know, whether 
this effect is due to either the partial or complete removal of proteins attached to the nascent 
pre-rRNA, which then would make the RNA unstainable and/or more accessib le to endogenous 
nucieases, or to an activatio n of nucleases by the detergents. Addition of transfer RNA to the 
detergent-containing spreading so lution in order to reduce the act ion of nucleases did not result 
in the reproducible ma intenance of visib le latera l fibrils 
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Fig.3. Survey electron micrograph showing the appearance of nucleolar chromatin dispersed and 
spread in the presence of 0.05% Sarkosyl as revealed after positive staining and meta I shadow 
cast (cf. also Fig. 2c). Although the matrix material has been removed from the axes the clusters 
of RNA polymerase-containing particles still display the pattern of transcribed and apparently 
non-transcribed regions along the rDNA-containing strands. The arrow denotes a nuclear envelope 
fragment of three isolated pore complexes. The bar represents 2 flm 

Length distributions of matrix units, spacer regions and repeating units 
were determined in different oocytes from different animals of normal (2-nu) 
or mutant (I-nu) nucleolus organizer constitution (selected histograms from 
three different animals are presented in Fig. 5a-c). Apparent spacer units were 
measured as the distance between two adjacent pre-rRNA containing matrix 
units (for definition of" matrix unit" see Trendelenburg et al., 1976), irrespective 
of the occurrence of transcriptional activities such as in "prelude complexes" 
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Fig. 4a-e. Examples of transcriptional complexes in nucleolar chromatin that are attacbed to appar
ent spacer regions in the form of " prelude complexes" (double arrows). A variable proportion 
of the spacer sect ions (in some cases IIp to 80%, cf. b) are covered by ribonucleoprotein fibrils 
arranged in characteristic length gradients with the same polarity as that of the adjacent matrix 
units. The terminal fibril of a preillde piece and the first small fibril of the adjacent matrix unit 
are sometimes separated by another short intercept of apparently non-transcribed spacer (e.g. 
b, c). Bars represent 2 f.lm 
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Fig. 5a-c. Histograms ofthe size frequencies of matrix units, apparent spacer units, and the resu lting 

repeating units in spread nucleolar chromatin from three different toads . Oocyte nuclei were isolated 

from two wild-type animals, and the nucleoli were dispersed without (a) or with detergents (b). 

Alternatively, oocyte nuclei from a I-nu mutant were dispersed and spread in the presence of 

detergents (c). Heterogeneity of lengths is noted , with so me indications of the existence of subclasses. 

The heterogeneities of the repeating units appear to renect the positive skew of the distribution 

of. the matrix unit and spacer unit sizes. This also shows that matrix units of greater lengths 

do not correspond to adjacent short spacer units or vice versa. In such skewed distributions the 

mean is not meaningful, whereas the use of the median makes sense. In addition , the standard 

deviation (J is replaced here by the " sextile difference" , i.e . the difference between the percentiles 

84 and 16. This term means that 68% of all va lues are within this range of deviation. The specific 

median values, confidence intervals (level of significance a = 0.05), and deviations ("sextile differ

ences " ) are as follows (all values in micrometers): a Matrix units: 2.22, 2.17- 2.26, 2.0- 2.42 ; spacer 

units: 1.24, 1.17- 1.37, 0.98- 1.83 ; repealing units: 3.34, 3.25- 3.41, 2.95-4.10. b Matrix units: 2.59, 
2.56- 2.63 , 2.33- 2.95 ; spacer units: 1.27, 1.25- 1.34, 1.10- 1.70 ; repeating units: 3.87, 3.82- 3.95, 
3.51-4.42. c Matrix units: 2.38, 2.32- 2.40. 2. 17- 2.63 ; spacer units: 0.97, 0.95- 1.0, 0.81 - 1.18 ; repeat

ing units: 3.36, 3.31 - 3.40, 3.10- 3.88 
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(see above) in the specific spacer intercept. Addition of detergents did not 
result in significant changes of the lengths of these chromatin units (cornp. 
Fig. 5a with Fig. 5b and c). Median values for matrix unit lengths were consis
tently in the range from 2.2 to 2.6 ~m. However, in all spread preparations 
examined, matrix units with lengths from 3.4 to 4.2 ~m were also found (e.g., 
Figs. 7 b, c and 8), this resulting in distribution curves skewed to the right. 
Spacer intercepts had lengths ranging from 0.5 to 2.5 ~m , with size frequencies 
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mostly distributed in a non-Gaussian mode. In some oocytes, two discrete 
size classes of the spacer could be recognized (e.g. , F ig. 5a). Occasionally occur
ring extremely long apparent spacer units (4.5 to 6.5 Ilm ; e.g. , Fig. 2b) were 
not considered in these histograms since it cannot be excluded that these regions 
include transcriptionally inactive pre-rRNA genes (for examples of inactivated 
nucleolar chromatin see Scheer et a l. , 1973, 1975, 1976 b ; McKnight and Miller, 
1976). Repeating units showed a broad distribution of their lengths, ranging 
from 2.4 to 7 Ilm, and the histograms obtained usually indicated the existence 
of discrete subclasses (predominant size classes, for example, were 3.2- 3.4 Ilm, 
3.7- 3.8 Ilm, 4.3--4.4 Ilm, 4.6--4.8 Ilm). The relative proportions of the size classes 
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Fig. 6a---e. Examples ofaxes with relatively homogeneous arrays of matrix unit s and spacer intercepts 
in oocytes of animals with wild-type (a , b) and I-nu (c) genetic nucleolar constitution. Repeating 
lInits are denoted by brackets (only one of the two possible spacer-matrix combinations has been 

considered). Some matrix lInits show occasional irreglilarities in the lateral fibril length gradient. 
For quantitative evaluations of the lengths of the re peat in g lInits see Fig. 9a---e. Bars represent 

3 ~m 

varied considerably in the histograms obtained from preparations of different 
animals. A markedly heterogeneous size distribution , with indications of sub
classes, was noted in the repeating units of nucleolar chromatin from single 
oocyte nuclei of both wild-type and I-nu animals (see Fig.Sa- c). Moreover, 
length differences of the repeating units were observed in adjacent chromatin 
strands which were presumably derived from the same nucleolus (e.g., Fig. 7 a-c). 
It should be emphasized that the length variability of the repeating units could 
reflect variations of both the apparent spacer region andjor the matrix unit. 

When individual chromatin strands were evaluated, both the matrix units 
and the spacer units of a specific strand were mostly of similar length (" strands 
with a homogeneous pattern "; e.g. , Figs. 6a-c, 9a-c). However, we repeatedly 
also observed nucleolar strands with different lengths of both matrix units 
and spacer units (e.g., Figs. 7d, 8, and 9d, e). In some strands, groups of 
repeating units of identical size could be found adjacent to repeating units 
of a different size class , which may suggest a tendency to clustering of identical 
repeating units (Fig. 8). Size variability of matrix units , spacer units, and the 
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Fig. 7a-d. Examples of length differences of repeating units located in different nucleolar chromatin 
strands (inter-axial heterogeneity, a~) and on a continuous axis (intra-axial heterogeneity, d). 

Repeating units (indicated by brackets in a~) with lengths of 4.2 11m (matrix unit 2.5 11m + spacer 
unit 1.711m ; a) and 5.0 11m (3.5 + 1.5 11m ; b) in a nuc1eolar core of a toad with wild-type (2-nu) 

genetical constitution are compared in a and b ; c presents the direct comparison of repeating 
units with 4.0 and 5.2 11m in adjacent strands (in this preparation a treatment with Sarkosyl has 
resulted in somewhat decreased staining and /or preservation of the lateral fibril material) . Matrix 
units in d are numbered in sequence, a "prelude complex " is indicaled by lhe double arrow. 
Note the relatively small size of matrix unit No. 4 and its preceding spacer (for quantitative evaluation 
see Fig. 9d). Bars represent I 11m (a~) and 211m (d) 
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Fig.8. Intra-axia l length differences of repeating units may renect length diITerences of matrix 
regions (brackets) a weil as of a pparent spacer intercepts (brackets; the specific lengths are given 
in 11m ; cf. Fig. ge) Spread preparation of nucleoli from a wild-type load. Bar represents 211m 

resulting repeating units was comparable to that found in the total of nucleolar 
chromatin units from the same oocyte. 

The size of the primary product of rDNA transcription hould correspond 
to the length of the transcriptional unit, i.e. in approximation the matrix unit 
(cf. Miller and Beatty, 1969 ; Scheer et a!. , 1973 ; see, however, also Trendelen
burg et a!. , 1973, 1976). The molecular weight of pre-rR A extracted from 
aliquots of the mate rial used for the electron microscopic measurements was 
determined by gel electrophoresis under non-denaturing and under fully denatur
ing conditions (Fig. 10a, b) . In both gel systems the apparent molecular weight 
was ca1culated, assuming an inverse logaritbmic relation between electrophoretic 
mobility and molecule length, from the known molecular weights of coelectro
phoresed reference RNAs. When analyzed on a non-denaturing 2.4% polyacryl
amide gel , the pre-rR A from Xenopus laevis oocytes appeared as a symmetrical 
peak with an apparent molecular weight of 2.55 x 106 (Fig. 10a), in agreement 
with values obtained with similar gel systems (e.g., Loening et a !. , 1969 ; Rogers 
and Klein , 1972 ; Bird eta!. , 1973; Scheer, 1973 ; Hagenbüchle eta!. , 1975) 
as weil as with estimate from electron micro copic meas urements of spread 
R A molecules (Wellauer and Dawid, 1974 ; Schibier et a!., 1975). Under dena-
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Fig. 9a-e. Q uant itative evaluation of lengths of adjacent repeating units in some selec ted nucleo lar 
chromati n strands . a The stra nd shown in F igure 6a, b that shown in Figure 6 b, c that of Figure 
6c, d that of F igure 7 d, and e that of F igure 8. In each panel the upper histogram represents 
the lengths of matrix units plus their preceding spacer units, whereas the histograms below the 
abscissae give the lengths of these matrix unils plus the specific subsequen t space r. Measurements 
shown in panels a, b, and e are included in the distribution o f Figure Sd, those shown in panels 

c and d are included in the histogram presented in Figure Sb 

turing conditions, however, the apparent molecular weight estimated for the 
pre-rRNA was only 2. 1 x 106 and showed an a lm ost identica l mobility to tobacco 
mosaic virus RNA (Fig. lOb). The difference in the estimated molecula r weights 
was not due to a partia l degrada tion of the RNA during the electrophoresis. 
This could be excJuded by experiments in which the pre-rRNA was eluted 
from the peak obtained a fter electrophoresis under denaturing conditions and 
then re-electrophoresed under non-dena turing conditions in which the apparent 
molecular weight again was 2.5 to 2.6 x 106 Correspondingly lower apparent 
molecula r weights were a lso estimated for the mature 28S rRNA but not for 
18S rRNA frGm Xenopus laevis ovaries (molecular weights of 1.45 and 0.63 x 106 

under non-denaturing conditions, and 1.30 and 0.63 x 106 under denaturing 
conditions). A final estimate of the true size of the pre-rRNA cannot be made 
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Fig. 10a and b. Gel electrophoretic separa tion of radioactively labe led RNA extracted from 36 
(a) a nd 35 (b) manllally iso la ted nuclei of lampbrush stage oocytes of Xenopus laevis (2-nu) as 
revea led in 2.4% aq lleo us polyacrylamide ge l (a) and 3- 7% exponentia l polyacrylamide ge l in 
formamide (b). The marker R NAs (arrows; from left to ri ght : TMV-RNA , 23S and l6S rRNA 
from E. coir) a re identified by their UV-abso rbance (do tted line). The a pparen t molecular weights 
of the rRNA precursor species are indica ted in million daltons (for discussion see text) 

at the moment since for RNAs larger than ca. 1.3 x 106 an exact relationship 
between the true molecular weight and va lues obtained by either electron mi
croscopic measurements of partly denatured molecules (cf. Highton and Beer, 
1963) or electrophoresis under denaturing and non-denaturing conditions has 
not yet been established . 

Discussion 

Our results show a marked heterogeneity of the lengths of repeating units 
of rDNA in the oocytes of Xenopus laevis which can be demonstrated in tran
scriptionally active nucleoli by electron microscopy. The present data basically 
confirm and extend our previous findings based on a much lower number 
of preparations and animals (Scheer et al., 1973). Although in the histograms 
of most preparations a predominant repeat unit size class (mean length either 
ca. 3.3 I-lm or 3.8 I-lm) can be recognized as a more or less pronounced maximum , 
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size differences among different repeating units are highly significant. The 
range of repeating unit lengths observed with this method 'corresponds to that 
reported by Wellauer et aL (1974, 1976a, b; cr. also Morrow et aL , 1974) from 
analyses of rDNA fragments obtained by cleavage with the restriction endonu
cIease EcoRI. The frequently noted maximum of a total repeating unit length 
of about 3,8 11m in our analyses may reflect the predominance of a rDNA 
repeat unit of ca, 7.6 x 106 molecular weight reported by Wellauer et aL (1974, 
1976a, b) in different shipments of toads, Moreover, our histograms of the 
sizes of the repeating units in transcribed nucIeolar chromatin from various 
animals suggest the existence of distinct subcIasses that occur at variable fre
quencies in different animals. The major subcIasses noted in our study seem 
to correspond to some of the size cIasses of rDNA units of Xenopus laevis 
and X. muelleri determined by gel electrophoresis of cIeavage fragments obtained 
by treatment with restriction enzyme (Morrow et al., 1974 ; Wellauer et aL, 
1974, 1976a, b) . From our finding that the degree and the pattern of heteroge
neity of isolated amplified nucIeoli attached to the nucIear envelope is indis
tinguishable from that observed in spread preparations of total nucIear contents 
ofthe same animal , it is further cIear that this heterogeneity exists in the amplified 
rDNA units, in accord with the studies of rDNA cIeavage patterns after treat
ment with EcoRI nucIease (references quoted above), In contrast to the notion 
of Wellauer et aL (I976b), however, we concIude from the present data that 
size heterogeneities of repeating units can also exist within individual amplified 
rDNA molecules, besides a large number of amplified nucIeolar strands that 
consist of rather homogeneous repeating units. Such intra-axial heterogeneity 
is hardly explained by an amplification mechanism which involves starting units 
which contain only one pre-rRNA gene (for discussion see Wellauer et aL, 
1976 b) , The existence of different rDNA units in the same amplified molecule 
seems to be compatible with the widely accepted concept that amplification 
takes place via a "rolling circle" mechanism (Hourcade et aL, 1973 ; Rochaix 
et aL , 1974 ; Bakken, 1975; Buongiorno-Nardelli et aL, 1976) only if one allows 
for multigenic rDNA circIes containing different units in the initial steps of 
the replicative process. Adjacent repeating units of different sizes have recently 
also been described in the amplified rDNA of the oocytes of two insect species, 
Dytiscus marginalis and Acheta domesticus (Trendelenburg et aL, 1976, 1977). 
Moreover, size differences of rDNA repeating units in the same strand (intra
axial heterogeneities) have been noted in spread prepanÜions of nucIeoli from 
primary nucIei of dasycladacean green algae (Spring et aL, 1974, 1976 ; Trende
lenburg et aL, 1974) and from embryonic cells of Drosophila melanogaster (e.g. , 
Fig. 6 of McKnight and Miller, 1976) and the milkweed bug, Oncopeltus jasciatus 
(Foe et aL, 1976), but in all these cases a non-amplified, chromosomal nature 
of the specific strand cannot be excluded. 

Wellauer and his colleagues (1974, 1976a, b) have reported that the size 
differences among rDNA repeating units excIusively reflect differences of the 
lengths of the specific intercepts of "non-transcribed spacer", Although the 
exact relationship between the rDNA region containing the sequence for the 
pre-rRNA and the matrix unit observed in the transcribed nucleolar chromatin 
is yet not fully understood (for detailed discussion see, e,g" Loening, 1975; 
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Franke et al. , 1976a; Rungger and Crippa, 1976) the present results strongly 
support our earlier interpretation (Scheer et al., 1973) that the transcribed re
gions, i.e. in approximation the matrix units, can also show length differences, 
even in adjacent repeating units . Whether such differences in matrix unit lengths 
really correspond to size differences of pre-rRNA molecules, or whether 
they represent variations of the amounts of material c1eaved from the growing 
pre-rRNA molecule (cf. Franke et al., 1976a), remains to be c1arified . In this 
connection it should again be emphasized that in no eukaryotic cell system 
the primary product of rDNA transcription has yet been identified. On the 
contrary, there exist indications that the specific predominant pre-rRNA com
ponent, i.e. in amphibia the RNA species with 2.55 x 106 or 2.1 x 106 apparent 
molecular weight (depending on the specific gel system used for determination ; 
cf. Results; note also figures of 2.74 and 2.81 x 106 molecular weight estimated 
from contour length measurements in electron micrographs of partially dena
tured molecules ; cf. Wellauer and Dawid, 1974 ; SchibIer et al. , 1975) is not 
the primary transcript (Slack and Loening, 1974; Loening, 1975 ; Franke et al. , 
1976a ; Rungger and Crippa, 1976). 

The results of our experiments with oocytes of the I-nu mutant illustrate 
the existence of a great extent of heterogeneity of repeat unit lengths within 
one nucleolar organizer and amplified derivatives thereof. This indicates that 
the extent of heterogeneity present in a specific nucleolus organizer can be 
as large as that of the two different organizers present inthe oocytes of normal 
animals with the genetical 2-nu constitution. This is in accord with the report 
by Wellauer et al. (I976b) who found significant heterogeneity of the spacer 
fragments obtained by EcoRI c1eavage of rDNA from I-nu toads. 

The distribution of the lengths of the repeating units of rDNA as demon-
o 

strated by the analysis of fragments obtained after specific c1eavage with restric
tion endonuclease EcoRI corresponds to that measured directly in the 
transcribed nucleolar chromatin after dispersion and spreading under various 
conditions. This strongly supports the view that the rDNA is in B-conformation 
and in an extended form, i.e . not packed into nucleosomes, in the transcription
ally active chromatin (for detailed discussion see Franke et al., 1976 b) . The 
histones wh ich have been found in nucleoli isolated from Xenopus laevis stage 
II and III oocytes (Higashinakagawa et al. , 1976) then would be present either 
in inactive regions of nucleolar chromatin (as to the changes of transcriptional 
activity during oogenesis see Scheer et al., 1976b) or would be associated with 
the DNA in a non-nucleosomal form. 

The apparent spacer intercepts of nucleolar chromatin of Xenopus laevis 
show, at variable frequency , distinct groups of lateral fibrils of increasing lengths 
which are not continuous with the fibril gradient of the specific following pre
rRNA matri; unit. Such "prelude complexes " of variable lengths, some of 
which occupy most ofthe whole spacer intercept, have been observed in nucleolar 
chromatin from other organisms and cell types (Scheer et al. , 1973 ; Trendelen
burg et al. , 1973, 1974, 1976, 1977; Spring et al. , 1974 ; Franke et al. , 1976a). 
Their existence strongly suggests that parts of the apparent spacer region of 
rDNA are, at least occasionally, transcribed simultaneously with the pre-rRNA 
genes . Whether their occurrence reflects the " irregular " persistence of products 
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of transcription in early regions of transcriptional units of pre-rRNA genes, 
or whether they represent the transcription of other genes remains open (for 
detailed discussions see Franke et al., 1976a ; Rungger and Crippa, 1976). 

Most of the amplified pre-rRNA genes present in the nucleoli of the Xenopus 
laevis oocytes a re obviously arranged in long chromatin strands containing 
more than ten repeating units. Under preparative conditions that perfectly allow 
the deposition of single gene units of rDNA on the specimen grid (cf. Trendelen
burg et al., 1976, 1977) we found only very rarely short linear or circular units 
(only three rings containing five and six repeating units, respectively, were en
countered among a total of several thousand repeating units evaluated, cf. 
Miller and Beatty, 1969 ; in general, rings of nucleolar chromatin were much 
rarer in oocytes of Xenopus laevis than in those of Triturus alpestris and T. 
cristatus). Therefore, it may be justified to hypothesize that the relatively small 
circular units of rDNA that have been demonstrated in rDNA amplifying stages 
of ovary deve10pment (Hourcade et al., 1973 ; Rochaix et al., 1974; Bakken, 
1975 ; Buongiorno-Nardelli et al., 1976) are intermediate stages in the amplifica
tion process and represent only a minor fraction of the rDNA containing mole
cu1es transcribed du ring diplotene. 
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