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Retention of Common Nucleotide Sequences in the Ribosomal 
Deoxyribonucleic Acid of Eukaryotes and Some of Their 
Physical Characteristics” 

John H. Sinclairt and Donald D. Brownt 

ABSTRACT: The rRNA from Xenopus laevis has been hybrid- 
ized with DNA from over 50 organisms, including prokaryotes 
and eukaryotes. 

In all cases the DNA was prefractionated by preparatory 
centrifugation in CsC1. Analysis of hybridization profiles 
yielded the following information. (1) Without ex- 
ception, the DNA of all eukaryotes analyzed had some molec- 
ular homology with X .  laevis rRNA; no homology &as found 
between X .  laevis rRNA and the DNA of 8 prokaryotes. (2) 
There is a general tendency for rDNA to have a higher G + C 

T he segment of the eukaryote chromosome termed the 
“nucleolar organizer” contains a unique set of genes which 
determine the structure of ribosomal RNA (rRNA). In 
Xenopus laeuis several hundred genes for the 18s and 28s 
rRNAs are clustered together on a single allele of the 18 
haploid chromosomes (Wallace and Birnstiel, 1966). Indi- 
vidual 18s and 28s genes are adjacent and separated from 
the next pair by a “spacer” region of DNA (Brown and 
Weber, 1968b). The DNA which contains these three 
repeating nucleotide sequences (1 8S, 28S, and spacer DNAs) 
is termed rDNA, and it has a high G + C content relative to 
bulk X .  laeuis DNA and bands at a higher buoyant density 
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1 Abbreviations used are: rRNA, ribosomal RNA, including 18s 
RNA and 28s RNA; rDNA, ribosomal DNA, the portion of bulk DNA 
which contains gene sequences homologous to 18s and 28s rRNA; 
MAK, methylated albumin kieselguhr; SSC, standard saline citrate 
(0.15 M NaC1-0.015 M sodium citrate). 

content than bulk DNA from the same organism. The approxi- 
mate buoyant density of rDNA from 50 eukaryotes has been 
tabulated and from this value the base composition of each 
rDNA has been estimated. (3) High levels of redundancy exist 
for ribosomal genes in all species examined. In plants and 
invertebrates a larger fraction of genome codes for rRNA 
than in vertebrates; in mammals this fraction is the smallest 
observed. (4) Clustering of ribosomal genes as evidenced by 
sharp banding of rDNA in CsCl occurs in most of the species 
examined. 

in CsCl. This separation of rDNA from bulk DNA by CsCl 
centrifugation, first described by Wallace and Birnstiel 
(1 966), adds considerable information and specificity to 
molecular hybridization studies. Since the rDNA is separated 
from bulk DNA, contamination of radioactive rRNA 
preparations with DNA-like RNA does not interfere with 
the measurement of hybridization to rDNA. From the 
buoyant density of rDNA its approximate base composition 
can be calculated. Finally, the distribution of rDNA in the 
gradient gives an indication of the extent to which these 
redundant genes are clustered within a genome. 

These experiments were designed to analyze some physical 
properties of rDNA from a variety of eukaryotes. The 
combined techniques of equilibrium centrifugation of DNA 
followed by hybridization with radioactive rRNA yielded a 
variety of information from a single preparation of DNA. 
From examination of these gradients, it has been possible 
to unequivocally demonstrate homology between the rRNA 
of X .  laevis and the rDNA of distantly related eukaryotes, 
and to estimate the buoyant density (and consequently 
the base composition) of these ribosomal genes. Results 
also indicate that the ribosomal genome is highly redundant 
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in all species examined and that the genes tend to be clustered. 
A preliminary communication of this work has been published 
(Sinclair and Brown, 1968). 

Materials and Methods 

Culture of Cells and Preparation of Radioactice rRNA. 
High specific activity radioactive 28s and 18s rRNA of 
X. hecis was prepared from purified ribosomes of [WJuridine- 
labeled cells derived from adult kidney by techniques de- 
scribed earlier (Brown and Weber, 1968a). Its specific activity 
was 300,000 cpm,/,ug. 

Source und Culture o f  Organisms and Cells for DNA. HeLa 
cells were grown in Waymouths MB752/1 tissue culture 
medium (Grand Island Biological Co.) supplemented with 
10 fetal calf serum, penicillin, and streptomycin. Livers 
of the following vertebrates were used as the source of DNA: 
monkey (Rhesus), rat, mouse, rabbit, guinea pig (all of these 
are common laboratory stocks maintained at the Carnegie 
Institution); chicken? turkey, goose (the latter three were 
domestic stocks obtained from local sources); Bufo anferi- 
cununi, Bufh marinus, Rana sylcaticus, Rana palustris, Rana 
pipiens, Triturus ciridescens, Ambystoma mexicanum, Amby- 
.stoma tnuculutuin, Ambystoma tigrinurn, Necturus maculosus, 
Xenopus IueciJ, and Fundulus (Woods Hole Biological Lab- 
oratories). Erythrocytes were also used as a source of DNA 
€or turkey, A .  tnexicunum, R. pipiens, X. laecis, N. maculosus, 
and A. tigrinurn. 

DNA was extracted from whole larvae of Chironomous 
tentuns and Drosophilu melanogaster while sperm was the 
source of DNA from Spisula solidissirnu and Urechis caupo. 
Metritiion DNA was a gift of R.  Britten. 

DNA was extracted from nuclear pellets of Nicofiana 
tubacum. Pisum suticum, and Cucurbitu pepo. The source 
of tissue was large green leaves, young sprouted stems plus 
roots, and fruit, respectively. In each case the tissue was 
suspended in 0.1 M Tris-HC1 (pH 8.0)-0.01 M EDTA and 
ground in a mortar and pestle with glass beads. The homog- 
enate was filtered through gauze and centrifuged at 500g 
for 10 min to sediment the nuclei. Nuclei were removed with 
a spatula so as to eliminate as much of the chloroplast 
and/or starch as possible. The nuclei were washed once again 
at low speed, suspended in 2.2 M sucrose, and centrifuged 
a t  20,000 rpm in a Spinco Model L centrifuge for 30 min. 
The nuclear pellet at the bottom was removed, washed 
once again at low speed, and stored for extraction. Brine 
shrimp (Arteiniu salina) eggs were prepared for phenol 
extraction by grinding with glass beads. Tetrahymena pyri- 
formiJ, strain W. (obtained from R. Ballantine), and T. pyri- 
limnis, GL-C (obtained from N. E. Williams), were grown 
on 2 %  proteose-peptone, 0.1 % yeast extract, 0.2% glucose, 
and 0.003 sequestrine (Geigy Agricultural Chemical Corp.) 
in 3-1. jars with aeration. Cells were broken with a Logeman 
homogenizer. Euglena gracilis (ATCC 1061 6) was grown 
in 0.1 sodium acetate, 0.1 % beef extract, 0.2% tryptone, 
0.2% yeast extract, 0.001 % CaC12, and 0.5% glucose under 
fluorescent lights in diphtheria toxin bottles. Cells were treated 
with Pronase followed by freezing and thawing in sodium 
lauryl sulfate and then broken by homogenization. Chla- 
nzydornonus reinhurdi (I.C.C. No. 89) was grown in Sueoka's 
three-tenths HSM medium (Sueoka, 1960) in large flasks with 
aeration. Cells were broken by the method used for E. gracilis. 
The blue-green algae Plectonema boryanum (a gift from R. 
Haselkorn) were grown in modified Chu No. 10 medium 
(Gerloff et ul., 1950) with aeration under fluorescent lights. 
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Cells were broken by freezing, thawing, and grinding with 
glass beads in the DNA extraction buffer containing Pronase 
and sodium lauryl sulfate. Protoplasts of yeast (Hansenufa 
unomola, NRRL Y-365 ; Dabaromyces kloeckeri, NRRL Y- 
833 ; Saccharomyces carisbergensis, NCYC 74 ; and Saccha- 
romyces cerecisiae, D-261, obtained from J. Mattoon) were 
prepared before DNA extractions. Cultures for DNA extrac- 
tion were grown in 1 % Bacto-yeast extract, 2 % Bacto-peptone, 
and 2 glucose with aeration in large flasks. Both Escherichia 
coli and Micrococcus luteus were grown on the enriched E. coli 
medium. This consisted of a defined medium described by 
Stern etul. (1964) but contained an additional 10 g of glucose, 
10 g of Casamino Acids, and 10 Fgjml of thymine per 1. 

Purrj7cation o f D N A .  Most of the DNA preparations used in 
these experiments were extracted from nuclei or whole cells 
with phenol. The tissue or nuclear pellet was suspended in 
SSC containing 1 mg/ml of Pronase and 0.5 sodium lauryl 
sulfate. 

Pronase digestion was allowed to proceed for 1-4 hr at  
room temperature at  which time an equal volume of a 1 % 
solution of sodium lauryl sulfate in 0.1 M Tris (pH 9.0) and 
0.1 NaCl was added. Following Pronase digestion an  
equal volume of water-saturated phenol was added and the 
mixture gently shaken overnight. The aqueous layer was ex- 
tracted once or twice more with phenol, then once or twice 
with chloroform-isoamyl alcohol (24 : 1 ,  v,'v). The DNA was 
precipitated with two volumes of 95% ethanol (4") and re- 
suspended in SSC. The DNA solutions were then treated with 
pancreatic RNase and a-amylase, followed by Pronase diges- 
tion and phenol extraction. In some cases in which DNA could 
not be wound out, it was further purified by absorption on a 
2 X 2 cm MAK column (over Celite). The column was washed 
with 0.2 hi NaC1-0.05 M Tris (pH 7.2) until no more ultravio- 
let-absorbing material was eluted. The DNA was eluted with 
0.8 M NaC1-0.05 Sf Tris (pH 7.2) and then dialyzed against 
0.1 x SSC, concentrated in cucuo or against polyethylene gly- 
col, and stored in SSC. 

Cesium Chloride Centrifugution and D N A  Immobilization. 
The utility of angle preparative rotors for separation of DNAs 
in accordance with buoyant density differences has been well 
illustrated (Fisher et d., 1964; Flamm e f  al., 1966). The prin- 
ciple advantage of a fixed-angle rotor is that it produces a 
shallower CsCl gradient than a horizontal rotor resulting in a 
greater separation of two DNAs of different buoyant density. 
However, the gradient produced by the fixed-angle rotor is 
nonlinear in the heavy end of the gradient. In order to predict 
density positions accurately in such a gradient, it is necessary 
consistently to use the same volume and initial density of CsCl 
in  each tube and to include DNA of known density as a stan- 
dard. In this study, DNAs from over 50 different organisms, 
with densities varying from 1.690 to 1.723 g per cm3 determined 
by analytical CsCI, were examined in angle gradients contain- 
ing Micrococcus luteus DNA as a density marker. All samples 
of DNA banded close to a line relating fraction number and 
CsCl density as determined by refractive index measurement 
or that predicted from measurements of tube diameter and 
angle. The predictable banding of these DNAs of established 
buoyant density confirms the accuracy of the line relating 
density and fraction number. The buoyant density of an  un- 
known sample of DNA such as the genes for rRNA can 
simply and accurately be determined from this line. This was 
the method used to calculate all of the rDNA densities dis- 
cussed in this paper. 

In the course of these experiments, it was noted that when 
large amounts of high molecular weight DNA were applied 
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to preparative CsCl gradients, almost invariably the ribosomal 
satellite banded nearer the bulk DNA peak than was the case 
when low concentrations of sheared DNA were used (see also 
Brown and Weber, 1968a). Such an artifact is a serious prob- 
lem if large amounts of DNA must be centrifuged. However, 
the DNA which has an altered position is apparently the bulk 
peak and not the ribosomal satellite. In gradients containing 
high molecular weight DNA, the position of the satellite was 
unchanged relative to the marker ( M .  luteus) under conditions 
which resulted in an apparent shift in the position of bulk 
DNA by as much as 0.01 g/cm3. This effect appears to be 
related to the high viscosity of the concentrated band of DNA 
in these cases. 

Such considerations led to these final conditions for prepara- 
tory CsCl centrifugation. All DNA preparations were sheared 
five times through a 26-gauge needle. This produces DNA 
with a weight average molecular weight of 5-6 X lo6 (Brown 
and Weber, 1968a). About 100 pg of the tested DNA and 
10-20 pg of M.  luteus DNA in a final volume of 4.5 ml were 
centrifuged in a Spinco type 65 fixed-angle rotor a t  33,000 
rpm for 2 days at room temperature. The contents of each 
tube were collected and assayed for optical density. The DNA 
in each fraction was immobilized on an HA Millipore filter 
and the filters prepared for hybridization by the method of 
Brown and Weber (1968a). 

RNA-DNA Hybridization. As many as 80 DNA filters were 
hybridized together in 4X SSC at  70-72‘ for 15-20 hr (Brown 
and Weber, 1968a). About 1-3 pg of 13H]rRNA/ml of solu- 
tion was used, an amount which is less than the concentration 
of rRNA required to hybridize at saturation. All filters were 
digested with RNase, washed in 2 x SSC, dried, and counted 
in a liquid scintillation spectrometer. 

“Prehybridization” (e.g., hybridization of DNA with un- 
labeled rRNA before CsCl centrifugation) was carried out as 
described by Brownand Weber (1968b). 

Analytical Centrifugation of DNA.  Buoyant density deter- 
minations were made according to methods described by 
Vinograd and Hearst (1962) and Sueoka (1961). DNA (1-5 
pg) was suspended in CsCl and adjusted to an initial density 
of 1.700-1.710 g/cm3. M.  luteus DNA ( p  1.731) (Schild- 
kraut et ai., 1962a) was used as a density reference. Ultra- 
violet photographs were made after 20 hr at 44,000 rpm at 
25 ’. Photographs were traced on a Joyce-Loebl microdensi- 
tometer. The G + C content of the DNA was estimated from its 
buoyant density by use of the equation given by Schildkraut 
et al. (1962a). 

Results 

Homology of X .  laeuis rRNA with rDNA of Eukaryotes. The 
DNA from a variety of eukaryotes was centrifuged to equi- 
librium in CsCl and the fractions hybridized with [ 3H]rRNA 
of X. laeuis. All results obtained are listed in Table I, including 
data for the organisms shown in the figures as well as that for 
others not shown. 

Figure 1 illustrates some of the kinds of hybridization pat- 
terns which were found among amphibian DNAs. The level 
of hybridization with anurans (including Bufo and Rana 
species) was similar to that of X. laeuis (Table I). One excep- 
tion was DNA from Rana sylvaticus which showed a consider- 
ably larger amount of hybridization than other closely re- 
lated Rana species (Figure 3 ) .  The level of hybridization with 
urodeles (including Amphiuma, Necturus, Ambystoma, and 
Triturus) was more variable, ranging from values nearly equal 
to homologous hybridization (the axolotl, for example) to 
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FIGURE 1 : Cesium chloride centrifugation and rRNA hybridization 
profiles of DNAs from various amphibians. Filters were hybridized 
with 3H-labeled X.  /aeuis rRNA. The data were adjusted so that the 
amount of DNA in each gradient was 100 pg and the radioactivity 
is that amount which hybridized with 100 pg of DNA. (0) Optical 
density at 260 mp; (0) counts per minute. 

values of about 10-2OX as high (Necturus). Although rDNAs 
of all amphibians which were analyzed had high buoyant 
densities compared to their main band DNA, the exact density 
varied considerably (Table I). Homogeneous banding of 
rDNA (Le., sharp peaks of hybridization) suggests a clustering 
of the redundant sequences in most species as is known to be 
the case for X .  laevis. 
X. laeuis rRNA also hybridized well with DNA from other 

vertebrates, including carilagenous and bony fish, reptiles, 
birds, and mammals. The CsCl banding and hybridization 
levels with box tortoise, salmon, and turkey DNA (Figure 2) 
were similar to that with X .  laecis. When X. 1aer;is rRNA was 
hybridized with DNA from human, rabbit, and monkey (Fig- 
ure 2) similar clustering and density profiles were obtained 
but the level of hybridization was lower. That the few counts 
found in the satellite region of higher vertebrate DNAs rep- 
resent hybridization with ribosomal base sequences was con- 
firmed by competition experiments (not shown here) in which 
unlabeled X.  laeuis rRNA eliminates all detectable counts. The 
low hybridization suggests that a smaller fraction of the 
genome in mammals is rDNA than in X.  laeuis. Others have 
also reported that mammals and chick have a smaller fraction 
of rDNA than values reported for X .  laeuis and many lower 
organisms (see references in footnote to column 5 in Table I). 

Figure 3 illustrates that X. laeuis rRNA is at least partially 
homologous with a variety of invertebrate rDNAs. In most 
organisms (starfish, Limulus, Spisula, and Metridium) the 
rDNA bands as a high-density satellite. The satellite for 
Tetrahymena is only slightly higher in density than bulk DNA 
and in Drosophila the hybridization band has the same density 
as bulk DNA. The rRNAs of the latter two eukaryotes are 
known to have a low G + C content. The same is true for the 
cellular slime mold Dictyostelium discoides (Table I). These 
DNAs hybridize with X. laeuis rRNA over the main band. 
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TABLE I :  Physical Properties of rDNA from Various Organisms. 

Buoyant Density 

Bulk 
DNA rDNA rDNA rRNA Amtof rDNA 

G + C Content 

Class Organism 1 2 3 4 5 

Mammalia 

Aves 

Reptilia 

Amphibia 

Osteichthyes 

Chondrichthyes 

Echinodermata 

Homo sapiens (man, HeLa) 
Macaca mulatta (monkey, rhesus) 
Rattus norwegicus (rat) 
Oryctolagus cuniculus (rabbit) 
Bos taurus (cow) 

Gallus domesticus (chicken) 
Meleargris gallopa uo (turkey) 
Anser anatidae (goose) 

Terrapene Carolina (tortoise) 

Amphiuma means 
Necturus maculosus 
Ambystoma trigrinum 
A .  punctatum 
Trituris uiridescens 
Bufo americanus 
B. marinus 
Rana sylvaticus 
R .  pipiens 
R. palustris 
R. clamitans 
Xenopus l a m s  

Opsanus tau (toadfish) 
Fundulus 
Salmo (salmon) 

Squalus sp. (shark) 

Asterias (starfish) 
Lytechinus. (sea urchin) 

Arthropoda 
Cancer borealis (crab) 
Artemia salina (brine shrimp) 
Limulus polyphemus (horshoe crab) 
Drosophila melanogaster 

Echiuroida 

Mollusca 

Coelenterata 

Protozoa 

Urechis caupo 

Loligo pealii (squid) 
Spisula (clam) 

Metridium (sea anemone) 

Tetrahymena pyriformis, W. 
Astasia longa 

Eumycophyta 
Neurospora crassa 
Saccharomyces cerevisiae 
S. carlsbergensis 
Hansenula anomala 
Debaromyces kloeckeri 

1.699 
1.700 
1.699 
1.699 
1.699 

1.700 
1.699 
1.699 

1.703 

1.701 
1.708 
1.704 
1.704 
1.702 
1.701 
1.704 
1.701 
1.702 
1.701 
0.701 
1.699 

1.687 
1.699 
1.700 

1 ,704 

1.697 
1.696 

1.703 
1.695 
1.693 
1.701 

1.700 

1.695 
1.696 

1,696 

1.690 
1.709 

1.710 
1.695 
1.698 
1.695 
1.696 

1.719 
1.720 
1.711 
1.718 
1.719 

1.723 
1.720 
1.722 

1.719 

1.706 
1.719 
1.717 
1.718 

1.713 
1.717 
1.719 
1.723 

1.721 
1.722 

1.719 
1.711 
1.705 

1.714 

1.722 
1.722 

1.706 

1.712 
1.701 

1.710 

1.719 
1.713 

1.705 

1.698 

1.715 

1.702 

60 
61 
52 
59 
60 

64 
61 
63 

60 

47 
60 
58 
59 
55, 60 
54 
58 
60 
64 

62 
63 

60 
52 
46 

55 

63 
63 

47 
46, 49 
53 
39,43 

51 

60 
54 

46 

39 

56 

43 

63. 
63d 

64e 

59J 

59g 

5 7h 

401 

523 

44k 

501 
47m 

64. 

64,2b -0.01-0.03 

0 . 0 4  

-0.03-0.06 

0 .06  

0 .07  
0 .02  
0.04 
0.02 
0 .04  
0 .06  
0.06 

1 -:I i:-O, 07 

0.06 

0.08-0.1 

0,06-0,08 

-0.12-0.15 i! 
0.09  

0.02-0.05 

0 .14  

-0.01-0.04 

0 . 3  
0 . 4  
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TABLE I:  (Continued) 

Buoyant Density 
G + C Content 

Bulk ______ 
DNA rDNA rDNA rDNA Amt of rDNA 

Class Organism 1 2 3 4 5 

M yxomycophyta 

Chlorophyta 

Tracheophyta 

Dictyostelium discoides (cellular slime mold) 1 ,681. 1 ,681 23 

Chlamydomonas reinhardi 1.723 1.714 55 

Hordeum vulgare (barley) 1.702 1.705 46 0 . 3  

Triticum aestivum (wheat) 1.703 1.708 45 55n 1-0.12-0.14 
Pisum sativum (pea) 1.695 1.704 45 530 

1. “Bulk DNA” refers to main band DNA. (a) Ashworth (1966). 2. “rDNA bouyant densities” in this column were calculated 
from hybridization of preparative CsCl gradients with radioactive X .  laevis rRNA as described in Methods. 3. G + C content 
of rDNA was determined by the relationship %G + C = ( p  - 1.660)/0.098 (Schildkraut et al., 1962a). 4. rRNA values are 
from the literature and are an  average of the 18s and 28s RNAs: (a) Amaldi and Attardi (1968); (b) Kirby (1965); (c) Wallace 
and Ts’o (1961); (d )  Wang (1962); (e) Merits et al. (1966); (f) Gall (1966); (g)  Dawid et al. (1970); (h )  GliSin and GliSin (1964); 
( i )  Ritossa et al. (1966); ( j )  Gould (1967); ( k )  Lyttleton (1963); (1) Henney and Storck (1963); ( m )  Kitazume et al. (1962); (n) 
Glitz and Dekkar (1963). 5. The “amount of rDNA” refers to the fraction of the DNA which hybridizes with radioactive rRNA 
of X .  laecis. About 100 Fg of DNA was run on CsCI, fractionated, applied to Millipore filters, and hybridized in stacks with 1-3 
pg/ml of [3H]rRNA. Hybridization was for 15-20 hr in 4 x  SSC at 70-72”. A filter with a known amount of X .  laevis DNA was 
included in each vial as a control. The radioactivity under the satellite peak was totaled, The number of counts was then compared 
to the number of counts present on the filter having an equivalent amount of X .  laevis whole cell DNA. If the count was identical, 
since 0.06% of the genome of X .  laeuis is rDNA (Brown and Weber, 1968a) then 0.06% of the DNA of this particular organism 
was homologous with X. laecis rRNA. When the count was different a direct ratio of the difference was used as the estimate of 
the “amount of rDNA.” For organisms in which homology between X. laevis rRNA and the organism’s DNA is less than 100% 
our “amount of rDNA” is naturally an underestimate, Literature reports for some of the organisms examined here are: HeLa, 
0.003-0.005% for 28s (McConkey and Hopkins, 1964), 0.003-0.005% for 18 + 28s rRNA (Attardi et al., 1965b); rat, 0.046% 
(Steele, 1968); chicken, 0 . 0 2 z  (Merits et al., 1966); B. marinus, 0.025-0.056% (Miller and Brown, 1969); X .  laevis, 0.057%; 
(Brown and Weber, 1968b); D. melanogaster, 0.27% (Ritossa and Spiegelman, 1965); S. cerecisiae, 2.4% (Schweizer et al., 1969); 
S .  carlsbergensis, 2.0% (DeKloet, 1970); wheat, 0.2 % (Chen and Osbourne, 1970); pea, 0.3 % (Chipchase and Birnstiel, 1963). 

Ribosomes of Dictyostelium have physical properties which 
resemble bacterial ribosomes more closely than those from 
higher plants or animals (Ashworth, 1966). Nevertheless, 
some sequence homology between D. discoides and X .  laevis 
rDNAs has been detected. 

The fact that high levels of hybridization occur with DNA 
distinctly different in base composition from bulk DNA as- 
sures that homology really exists. In many invertebrates a 
larger fraction of DNA hybridizes with X. laeois rRNA than 
is the case for X.  laevis DNA itself. Due to lack of knowledge 
as to the extent of homology between X. laevis rRNA and 
the heterologous DNAs the present results only define a 
minimum level of rDNA in these animals. Data on other in- 
vertebrates are presented in Table I. 

In Figure 4 the hybridization of X .  laevis rRNA with the 
DNA of two higher plants is examined. The rDNA of these 
plants is of higher density than bulk DNA and a very high 
level of hybridization is observed. It is obvious from these 
figures as well as from hybridization levels with yeast (Table 
I) that X.  laevis rRNA shows extensive homology with eukary- 
otes as distantly related as plants and fungi. 

Several attempts have been made to detect homology be- 
tween X. laeuis rRNA and the DNA of prokaryotes. No mea- 
surable homology was detected with any of the six bacterial 
DNAs examined, with Tz or T7 bacteriophage, with X .  laevis 

mitochondrial DNA (Dawid and Brown, 1970), or with DNA 
of another prokaryote, the blue-green alga Plectonema bory- 
anum (Brown et al., 1967). The results of hybridization with a 
bacterium (Clostridiumperfringens) and P. boryanum are shown 
in Figure 5. Not only is the level of hybridization very low 
when compared to that with R. pipiens, but very little of the 
radioactivity which binds to these filters is competed for by 
unlabeled X. laevis rRNA. This is in distinct contrast to the 
situation in higher vertebrates, where a similar small number 
of counts is entirely eliminated by unlabeled X .  laevis rRNA. 
Furthermore, saturation competition studies have shown 
that under conditions in which mouse rRNA competes with 
X. laevis rRNA for over 90 z of the X .  laevis rDNA sequences, 
bacterial rRNA competes for no sequences at all (Sinclair and 
Brown, 1968). Failure to detect hybridization with DNA from 
prokaryotes cannot be attributed to the small number of ribo- 
somal genes in the bacterial genome, since the 9-10 rRNA 
genes of a bacterium such as B. subtilis comprise about 0.39 % 
of the genome (Smith et al., 1968) compared to less than 0.1 z 
in X .  laevis and even less in higher vertebrates. 

Buoyant Density of r D N A  from Different Organisms as 
Determined by CsCl Centrifugation and RNA-DNA Hybridiza- 
tion. As discussed above, the technique of CsCl centrifugation 
and molecular hybridization permits a determination of the 
buoyant density of ribosomal genes. The presence of two 
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FIGURE 2: Cesium chloride centrifugation and rRNA hybridization 
profiles for DNAs from several vertebrates. Same conditions as in 
Figure 1. (0) Optical density at 260 mp; (0) counts per minute. 

density markers in each gradient ( M .  luteus and the bulk DNA 
of each organism) adds confidence to the method. From this 
buoyant density the G + C content of the rDNA genes can 
be estimated. The ribosomal genes of the majority of the 
organisms examined banded as a reasonably discrete peak 
(Figures 1-4). Column 2 of Table I lists the buoyant density 
of rDNA for a variety of organisms. Generally the rDNA has 
a higher buoyant density than the bulk DNA. In some orga- 
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FIGURE 3 : Cesium chloride centrifugation and rRNA hybridization 
profiles for DNAs from several invertebrates. (0) Optical density 
at 260 mp; (0) counts per minute. 
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FIGURE 4: Cesium chloride centrifugation and rRNA hybridization 
profiles for DNAs from higher plants. (0) Optical density at 260 
mp; (0) counts per minute. 

nisms the densities are the same and in one instance rDNA had 
a lower buoyant density than bulk DNA (C/?/amj.dornonuJ). 

Organisms in Table I are listed in a phylogenetic sequence 
from vertebrates down through protozoa and fungi then back 
up to higher plants. Although the rDNA of some classes of 
organisms has a similar buoyant density, this similarity does 
not hold for all classes. All of the mammals, birds, and reptiles 
examined have a consistently high buoyant density. Other 
classes of vertebrates such as bony fishes and amphibians, on 
the other hand, show appreciable variation in rDNA buoyant 
densities. The rDNAs of yeast and higher plants are only 
slightly higher in buoyant density than their respective bulk 
DNAs. 

Hybrids oj X. laeais rDNA and Heterologous rRNA. Saturat- 
ing levels of homologous rRNA hybridize with rDNA to pro- 
duce an  RNA-DNA hybrid which has a much higher buoyant 
density in CsCl gradients than denatured DNA (Wallace and 
Birnstiel, 1966; Brown and Weber, 1968b). It might be ex- 
pected that any rRNA which is homologous with a significant 
fraction of X .  laeais rDNA would hybridize to form a particu- 
larly high buoyant density RNA-DNA hybrid. Detection of 
such hybrids by this method would provide additional evi- 
dence for homology between the organism from which the 
DNA was taken and the one from which the RNA was ob- 
tained. 

rRNA from a number of organisms has been examined 
with respect to its ability to form high buoyant density hybrids 
with X.  laecis rDNA. Evidence for hybridization was ob- 
tained with rRNA of all of the eukaryotes examined. Banding 
profiles of X .  laecis, rat, U. caupo, T. pyriformis, N .  crassa, und 
spinach rRNA hybrids with X .  laecis rDNA are shown in 
Figure 6. Hybrids of X .  lueuis DNA with starfish, chick, and 
S. cerecisiae rRNA have also been examined with similar 
results. The increase in density of rDNA following hybridi- 
zation with these heterologous rRNAs is probably not due to 
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FIGURE 5 : Cesium chloride centrifugation and rRNA hybridization 
profiles for DNAs from prokaryotes compared to R. pipiem. Same 
conditions as in Figure 1, except: 35 drop fractions were taken, to 
which 0.5 ml of water was added before reading the optical density. 
After adsorption on filters, each filter was split into two; one-half 
was hybridized in the usual manner while the other half was hy- 
bridized in the same way with the addition of 15 kg/ml of unlabeled 
X .  /aacis rRNA to the hybridization solution, which corresponds to 
about a 20-fold excess of unlabeled rRNA. (0) Optical density at 
260 mb; (0) counts per minute with only radioactive rRNA; (A) 
counts per minute with both labeled and unlabeled rRNA. 

unhybridized ends of rRNA or to loose aggregates since each 
hybrid mixture was treated with RNase prior to  CsCl centrif- 
ugation. This indicates that a considerable length of rRNA 
is involved in the hybrid and supports other observations 
which suggest that the degree of homology among distantly 
related eucaryotic organisms is quite high. When bacterial 
rRNA was prehybridized with X .  laecis rDNA, there was no 
shift in the banding position of rDNA (Figure 6). 

Discussion 

Qualitatiue Homology Between r R N A  of X .  laeuis and Heter- 
ologous rDNAs. This analysis of rDNA is essentially a qualita- 
tive one which was designed t o  detect homology between a 
single labeled ribosomal RNA (from X .  laeuis) and DNAs 
from a variety of organisms. Extensive sequence homology was 
found with DNAs of organisms as distantly related as pro- 
tozoa, higher plants, and fungi. Hybridization conditions in 
these experiments (4 x SSC a t  70", followed by RNase treat- 
ment) are quite stringent. This does not imply that the heter- 
ologous RNA-DNA hybrids are perfectly matched. In fact, 
experiments designed to detect mismatching indicate that 
heterologous hybrids melt out with T, values from 2 to 10" 
lower than the homologous rRNA-rDNA hybrids (D. D. 
Brown and J. H. Sinclair, unpublished). 

The specificity of hybridization has been enhanced by pre- 
fractionating the DNAs in CsCl before hybridization. In most 
cases gradient centrifugation results in a partial or complete 
separation of ribosomal genes from the main band of DNA 
due to their high G + C content. Buoyant density estimates 
of these genes made from the preparative CsCl gradients 
agree approximately with published base composition values 
for rRNAs of the organisms used (Table I). Exact agreement of 
these two values is not necessarily expected. In rDNA of X. 
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FIGURE 6: Comparative banding behavior of heterologous rRNA- 
X .  laeuis rDNA hybrids in CsC1. In each case about 50 Fg of X .  
laeais DNA was sheared by passing it through a 26-gauge hypo- 
dermic needle five times, then denatured by making the solution 0.1 
N with KOH. Traces of rRNA in the DNA preparation were hydro- 
lyzed by incubating at 18" overnight (Brown and Weber, 1968b). 
Prehybridization of rDNA was carried out with 20 pg of various 
heterologous rRNAs at 70" for 45 rnin. The reaction mixture was 
diluted to 2X SSC and treated with 10 Fg/ml of pancreatic RNase for 
20 min at room temperature. Then CsCl was added, followed by 
centrifugation and fractionation. RNA hybridized to DNA was 
removed by alkali prior to immobilization of the DNA on filters. 
The filters containing DNA were then hybridized with 3H X .  
laecis rRNA. (0) Optical density (0) counts per minute. 

laeuis, additional sequences (spacer DNA) of a base composi- 
tion different from the ribosomal genes are interspersed 
between the genes for 18s  and 285 rRNA (Brown and Weber, 
1968a; Birnstiel et al., 1968; Dawid etal., 1970). Furthermore, 
the rDNA of X.  laeuis has a high content of 5-methyldeoxycyti- 
dylic acid residues which reduces the buoyant density of the 
DNA (Dawid et al., 1970). Despite these potential influences 
on the buoyant densities of rDNA, the G + C contents de- 
rived from the densities are in approximate agreement with 
the G + C content of the rRNA. This is especially evident in 
those species whose rRNA is similar in base composition to 
the bulk DNA. Tetrahymena, Drosophila, and slime mold are 
such examples and their rDNAs are approximately the same 
buoyant density as main band DNAs. The only eukaryote 
examined whose rDNA predicts a lower G + C content than 
for the bulk DNA is Chhmydomonas reinhardi. In this orga- 
nism main band DNA has an unusually high density (63 G + 
C) while the buoyant density of rDNA predicts that its base 
composition is 54 

There is considerable precedence for our observations of 
high levels of RNA-DNA hybridization between a vertebrate 
rRNA and distantly related species. High homology levels 
have been reported for Paramecium rRNA and DNAs from 
several other protozoa (Gibson, 1967), for HeLa cell rRNA 
and several eukaryote DNAs (Attardi et al., 1965b), for to- 
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bacco and Chinese cabbage rRNA with DNA from several 
other p!ants (Matsuda and Siegel, 1967), for pea rRNA with 
DNA from a spectrum of eukaryotes (Bendich and McCarthy, 
1970), and for rRNA of S. cerecisiae and S. lactis with DNA 
from several other species of yeast (Bicknell and Douglas, 
1970). Several of these authors combined direct hybridization 
studies with competition hybridization to confirm homology. 
Laird and McCarthy (1968) have also demonstrated that the 
RNAs of several organisms compete with D. melanogaster 
rRNA for D. melanogaster DNA. Both the direct hybridiza- 
tion and competition experiments of these workers are in 
general agreement with the results of this paper. We have also 
carried out competition studies with a variety of organisms 
and the results indicate that homology is high (Sinclair and 
Brown, 1968). 

Although the above reports are generally in good agreement 
with our own. there are two or three apparent discrepancies 
which might be mentioned. Laird and McCarthy (1968) for 
instance, observed essentially no competition of rRNA from 
yeast, bee, mouse, frog, and E. coli for rDNA sites of D. 
rnelunogasfer. This relatively low level of conservation of base 
sequence homology is surprising when compared to the re- 
ports previously discussed, as well as when compared to our 
own work. Certainly if significant homology exists among 
vertebrates, plants, and fungi, etc., it is surprising to  find none 
between Drosophila and bees. Bendich and McCarthy (1970) 
reported the surprising result that E. coli rRNA binds to pea 
DNA at about 25 of the level E. coli binds to E. coli DNA. 
I f  both pea (Chipchase and Birnstiel, 1965) and E. coli (Ken- 
nell, 1968; Avery et ul., 1969) have approximately the same 
amounts of their genome as rDNA (0.3-0.4%) then this rep- 
resents 25z homology. They found similar high levels of 
hybridization when pea rRNA was hybridized with E. coli 
DNA. In fact, the levels of hybridization between pea rRNA 
and bacterial DNA was higher than the level of pea rRNA 
and the DNA of some plants and animals. These results are 
contrary to others who have compared pea and E. coli (Chip- 
chase and Birnstiel, 1963; Attardi et al., 1965a) and contrast 
with our own findings and those of others which fail to detect 
homology between eukaryotes rRNA and the DNA of pro- 
karyotes. Part of the discrepancy between Bendich and Mc- 
Carthy’s and our own results may be attributable to the less 
stringent conditions they used (e.g., omitting the RNase step 
after hybridization). Our experiences with RNase digestion 
does not suggest that this difference in technique is an ade- 
quate explanation for the different results they obtained, 
however. 

The extent of rRNA-rDNA homology which we find is 
somewhat surprising in view of the divergence of nucleotide 
sequences in the total nDNA among eukaryotes (Hoyer et al., 
1964; Dutta et al., 1967). Another reason for not having 
expected such a large amount of homology among rDNAs of 
different species is the great variation in overall base composi- 
tion of rRNAs among eukaryotes. The base compositions in 
terms of G + C content of rRNA from several organisms 
are shown in column 4 of Table I. There is obviously a wider 
range in base composition of rRNAs than is the case for bulk 
DNA. 

Quantitation oj rDNA by Heterologous Hybridization. In 
column 5 of Table I we have presented figures estimating the 
fraction of the genome of different organisms which will hy- 
bridize with X .  1uer;isrRNA. For organisms with rDNA having 
base sequences very similar to rDNA base sequences in X. 
laecis, this is a useful estimate of the size of the ribosomal 
genome. In organisms in which base sequence homology with 
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X. lamis is less similar this figure is naturally an underestimate 
of the size of the ribosomal genome. We include this informa- 
tion for two reasons. First, it makes available in one place, a 
comparison of the fraction of DNA from a wide range of 
organisms which will hybridize with a single preparation of 
rRNA under the same set of conditions. The opportunity to 
directly compare the values obtained at  least partly overcomes 
the inherent disadvantages due to the known breakdown in 
homology. Second, we have reason to believe that the homol- 
ogy breakdown is not so extensive as might at  first be ex- 
pected. Estimates of regions which are totally nonhomologous 
have been made by competition experiments. Values ranging 
from 30 to 60% homology have been found between the 
rRNAs of Tetrahymena, tobacco, and yeast with X .  lueris 
DNA (Sinclair and Brown, 1968). Urechis rRNA competes 
the hybridization of X. laecis rRNA with its homologous 
rDNA by about 60 (Dawid and Brown, 1970). Nevertheless, 
the breakdown in homology between X .  laecis rDNA and 
that of the organism being examined must be kept in mind in 
using these data. It is also important to keep in mind that 
these hybridizations were carried out at  concentrations of 
rRNA below saturation levels. Although it has been demon- 
strated that varying amounts of rRNA in the reaction mixture 
give quantitatively accurate values with X. 1ueri.r rDNA 
(Brown and Weber, 1968a), this work referred only to the 
homologous hybridization reaction and has not been clearly 
documented for heterologous systems. Despite the uncertain- 
ties of using a single rRNA for assaying a variety of DNAs 
and of carrying out hybridizations at  subsaturating conditions, 
it is interesting that our results are consistent with values 
obtained by others using homologous saturating conditions. 
(Some literature values are given as a footnote to column 5 of 
Table I.) Our estimates for mammals are somewhat lower 
than those reported for rat. This is not surprising considering 
the differences in techniques used and considering the un- 
certainties in quantitating this very small genome. In the case 
of birds we obtain values about twice the valuc reported by 
Merits et ul. (1966) for chicken. For Drosophila, our value is 
about half that reported in the literature. This might be ex- 
pected on the basis of homology breakdown. Though base 
sequence divergence is so great as to make quantitative com- 
parison impossible, our results for fungi and plants also sup- 
port literature reports of a large ribosomal genome in these 
organisms. In spite of the underestimation of the rDNA 
content inherent in this method, it is still possible to conclude 
that the fraction of the genome which is homologous with 
rRNA increases with decreasing phylogenetic position among 
animals. Further, plant genomes tend to have high rDNA 
contents. 
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