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We compared nucleotide sequences of the transcription-initiation region of five 
mouse ribosomal DNA (rDNA) clones. Two clones were isolated from Japanese 
wild mice, A4u.s muscuhs molossinus, and the other three from BALB/c mice orig- 
inating in M. m. domesticus. Two BALB/c clones that are derived from the same 
chromosome are very similar, suggesting the occurrence of intrachromosomal ho- 
mogenization of rDNA repeats. However, the other clone of BALB/c was approx- 
imately as different from the former two clones as from the rDNA clones of M. m. 
molossinus. These results suggest that, compared with intrachromosomal homog- 
enization, homogenization among rDNA repeats on nonhomologous chromosomes 
occurs relatively infrequently after the mouse subspecies separation. 

Introduction 

All animal genomes contain many multigene families, including the one that 
codes for the 185 and 28s ribosomal RNAs (rDNAs) (Brutlag 1980; Long and Dawid 
1980; Singer 1982). Within a species, individual members of this multigene family 
are generally very similar, often irrespective of the family size, function, or chromo- 
somal distribution. This remarkable feature, which is known as concerted evolution 
(Arnheim et al. 1980; Dover 1982), has been explained in terms of homogenization 
of the repeat units by mechanisms such as unequal crossover and gene conversion. 
The rate of homogenization within individual chromosomes appears to be higher than 
the rate of spreading of a given repeat unit across the whole genome. Therefore, the 
repeat units on a chromosome tend to form a subfamily (Arnheim et al. 1982; Jorgensen 
et al. 1986). 

The ribosomal genes of the mouse are distributed among nucleolus organizers 
located on several chromosomes (Dev et al. 1977). Genetic analysis of mouse recom- 
binant inbred strains with a polymorphic probe of rDNA spacer sequence indicates 
that rDNA clusters on nucleolus organizers may comprise such subfamilies (Amheim 
et al. 1982). We examined the relative amount of sequence homogeneity of the rDNA 
repeats within a nucleolus organizer versus the amount of homogeneity between dif- 
ferent nucleolus organizers by determining the nucleotide sequence of the transcription- 
initiation region of rDNA. In the present paper we compare two rDNA clones from 
Japanese wild mice and three clones from BALB/c mice, two of which exist on a 

1. Key words: ribosomal genes, concerted evolution, gene homogenization. 

2. Current address: Third Department of Internal Medicine, 
3-25-8, Nishi-Shinbashi, Minato-ku, Tokyo 105, Japan. 

The Jikei University School of Medicine, 

Address for correspondence and reprints: Dr. Ryo Kominami, Department of Biochemistry, Faculty 
of Medicine, The University of Tokyo 7-3-1, Hongo, Bunkyo-ku, Tokyo 113, Japan. 

Mol. Biol. Evol. 4(6):594-601. 1987. 
0 1987 by The University of Chicago. 
0737-4038/87/0406-0003$02.00 

All lights reserved. 

594 

Downloaded from https://academic.oup.com/mbe/article-abstract/4/6/594/977805
by guest
on 15 July 2018



Ribosomal Gene Variation 595 

single nucleolus organizer, and present the sequence data on variation within and 
between rDNAs of nucleolus organizers. 

Material and Methods 

Two mouse genomic libraries were screened with an rDNA probe that spanned 
the Sal1 3.2-kb fragment containing the transcription-initiation site of a mouse ri- 
bosomal RNA gene (Urano et al. 1980). One is a Sau3A-partial library of MOA strain 
derived from Japanese wild mice, Mus m. mdossinus. The other is an EcoRI-partial 
library of BALB/c strain. Each clone isolated was subjected to subcloning and sequence 
analysis (Maniatis et al. 1982). Phages and plasmids were grown in the E. coli strains 
DPSOsupF and HB 10 1, respectively. DNA sequencing was performed according to 
the procedure of Maxam and Gilbert (1980). 

Results 

In the mouse ribosomal RNA gene, an rDNA region (VrDNA) upstream of the 
transcription-initiation site is known to be hypervariable in length (Arnheim et al. 
1982; Kuehn and Arnheim 1983). Among the several hundred copies of rDNA in the 
genome of the BALB/c mouse strain, four major and one minor VrDNA size classes 
exist; i.e., fragments A (2.7 kb), B (1.75 kb), D (1.35 kb), E (1.20 kb), and G (0.65 
kb). Some of the VrDNA size classes could be unique to chromosomes carrying rDNA. 
Using recombinant inbred strains, Arnheim et al. (1982) have demonstrated that the 
rDNA repeats containing the G fragment constitute a linkage group and are not linked 
to those containing the A, B, C, or E fragment. We comfirmed these results by ex- 
amining DNA of the mice obtained by means of a backcross of the F1 hybrid between 
BALB/c and DDD/l mice to DDD/l (data will be published elsewhere). 

Two BALB/c rDNA clones have been sequenced and reported for the transcrip- 
tion-initiation region (Urano et al. 1980; Bach et al. 198 1; Grummt 1982). One clone 
(Bl) contains the E VrDNA fragment, the other (B3) the G fragment. In the present 
study we newly isolated an rDNA clone (B2) containing the G fragment and sequenced 
it. Furthermore, two rDNA clones were isolated from the DNA of Japanese wild mice, 
Mus m. molossinus, and were sequenced for phylogenetical comparison. In figure 1, 
the VrDNA and transcription-initiation regions are indicated in the restriction-enzyme 
maps of both rDNAs (fig. 1). 
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FIG. 1 .-Restriction maps indicating locations of Vr sequence and the transcription-initiation region. 
The Vr region is marked by the two contiguous Sal1 (or HincII) sites, and the transcription-initiation regions 
used for sequence comparison are indicated by bars above the maps. Boxed regions represent 18s and 28s 
gene regions. (A) Denotes SalI; (9) denotes EcoRI; and (V) denotes BglII. 
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The nucleotide sequences of the transcription-initiation regions of five mouse 
rDNAs are compared in figure 2. Only nucleotides departing from the Bl sequence 
are depicted. There are 24 variable sites among the 843 sites examined. Of these 24 
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FIG. 2.-Nucleotide sequence of transcription-initiation region of five mouse rDNA clones. Bl, B2, 
and B3 indicate three rDNA clones isolated from BALB/c mouse DNA, and M 1 and M2 indicate two clones 
from Mus m. molossinus. Only nucleotides departing from the B 1 sequence are shown, and the nucleotides 
that are identical to the BI sequence are depicted by dashes (-). Each asterisk (*) indicates deletion to 
maximize the matching number of nucleotides. The numbering system is determined by the overall alignment, 
in which the transcription start site is + 1. 

Downloaded from https://academic.oup.com/mbe/article-abstract/4/6/594/977805
by guest
on 15 July 2018



Ribosomal Gene Variation 597 

sites, 12 are caused by base substitutions, eight are small insertions or deletions (less 
than three base pairs), and four are segmental mutations. The region - 103 to +4 1 
relative to the transcription-initiation site (+ 1) shows an identical sequence among 
these clones, suggesting that the promoter region is subjected to a high selective pressure. 
It also suggests that the five rDNA clones are transcriptionally active. Nucleotide 
positions are divided into two types according to whether (type 1) they require only 
one genetic event (insertion, deletion, substitution) because there are only two alter- 
native sequences for the position(s) or (type 2) they necessarily require at least two 
genetic events because there are three or more alternative sequences for the position(s). 
Insertion and deletion events may span several consecutive nucleotides. The occur- 
rences of two types are summarized in parts A and B of figure 3 respectively. Type 1 
is the most likely because the expected frequency of mutation will not give more than 
one hit at a single site. Type 2, requiring multiple genetic changes, is hypervariable 
and may be serving as a recombinational hot spot. Most of the type 2 changes are 
concentrated in the segments comprising simple tandem repeats, which may be gen- 
erated by an unequal homologous exchange between sister chromatids. The presence 
of such hypervariable sequences in the genomes has been reported and discussed 
elsewhere (Gonzalez et al. 1985; Jeffreys et al. 1985). 

Type 1 mutations can be divided into six groups, based on which clone(s) carries 
a different nucleotide or sequence (fig. 3A). For example, a group comprising the 
mutations observed at positions 43, 53, 174, 255, 399, and 593 reveals that both Ml 
and M2 clones show a set of nucleotides or sequences at the respective positions and 
that the other B 1, B2, and B3 clones show a different set of nucleotides or sequences. 
When a phylogenetic tree is taken into consideration, the time of occurrence of these 
mutational events can be deduced; i.e., each mutational hit must have occurred and 
spread in the ancestral mice of either M. m. molossinus or M. m. domesticus after 
their subspecies separation (fig. 4). Similarly, except for the site - 104, the other groups 
of mutations listed in figure 3A can be ascribed to the respective times indicated in 
figure 4. The exception may be accounted for by polymorphism in the ancestral mouse 
population, polymorphism that was inherited differently at the different sites on dif- 
ferent chromosomes. It is noteworthy that variable sites are not shared by the rDNA 
copies in a subspecies. 

Since the number of type 1 mutations detected between rDNA clones presumably 
reflects time after the separation of rDNAs, it represents a degree of evolutionary 
relatedness. Figure 4 summarizes the relationship of the five rDNA clones that was 
deduced by means of both a phylogenetic tree and the frequency of mutations. This 
summary does not include the data of type 2 mutations, because their frequency may 
not reflect the time of separation. The Ml and M2 clones are more closely related to 
each other than either is to the other clones, since they share 17 common nucleotide 
changes but show only two different nucleotides. The B2 and B3 clones are also closely 
related, but the B 1 clone is rather different; the B 1 differs by eight and 11 nucleotides, 
respectively, from the B2 and the B3 clones, whereas the Bl clone is different by 12 
and 14 nucleotides, respectively, from the M 1 and the M2 clones. Note that the B2 
clone exhibits only eight nucleotides that are different from those of the M 1, irrespective 
of subspecies difference. On the basis of these results the five rDNA clones may be 
better divided into three evolutionarily distinct classes: Bl, B2 and B3, and M 1 and 
M2. The higher homology observed between the Ml and M2 clones reflects the phy- 
logenetically close relationship and possibly the same chromosomal location. However, 
the B2 and B3 similarity could not be explained in terms of only the phylogenetical 
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n1.112 B2.m 61 63 ID 11.N2.62 

/BlJQ.B3 / nl.w2,81 / ~l.lm2.~ /wlm2.81.82 /11l.Bl.E2,B3 /mm 

Position 13 53 174 399 593 499 312 517 -127 261 599 -104 

Ml G T C T C C A c GGGG T T C 

substitution M2 G T C T C C A G GGGG G A C 

Bl T C T C A C G C GGGG T T A 

B2 T C T C A A A G GGGG T T C 

B3 T C T C A A A G cccc T T A 

Position 255 46 a4 219 266 602 164 516 

Ml *.x.x +X T TGC W.X.X *x- . . . T T 

insertion hlz .x.x.x 9% T TGC .X.X.X :X T T 

(or deletion) B 1 TCG xc .X IE.X TCT G T T 

B2 TCG A T TGC IE.X .X T T 

B3 TCG A T TGC .x.x.x .x .x .x 

numbr of changes 6 2 6 
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FIG. 3.-Classification of nucleotide changes observed in five rDNA copies. A, Type 1 changes comprising 
only two kinds of nucleotides or sequences present at the same positions; B, type 2 changes in which more 
than three kinds of nucleotides or sequences are detected at the same positions. 

relationship but probably also must be explained in terms of their presence at the 
same nucleolus organizer, since the B 1 clone of the same BALB/c strain showed as 
many nucleotide changes vis-a-vis the other BALB/c clones it did vis-a-vis the mo- 
Zossinus clones. These results strongly suggest that the rDNA repeats containing the 
B2 and B3 clones but not the Bl clone have undergone intrachromosomal homoge- 
nization. Downloaded from https://academic.oup.com/mbe/article-abstract/4/6/594/977805
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Phylogenetic tree of mouse rDNAs 

Bl 
FIG. 4.-A divergence tree representing relationship among the five copies of mouse rDNA. Numbers 

along the branches indicate nucleotide changes, which are assumed to show the relative genetic distance. 
See text for details. 

Discussion 

The gene and spacer regions of the ribosomal RNA gene in mammals have dif- 
ferent characteristic evolutionary patterns; the spacer region reveals many more vari- 
ations than does the gene region. Spacer sequences, therefore, have been used as probes 
in studies of (1) phylogenetic relationship of species and subspecies (Amheim and 
Southern 1977; Kominami et al. 1983; Suzuki et al. 1986; Kominami and Muramatsu 
1987) and (2) genetic exchanges of rDNA repeats within and between chromosomes 
(Krystal et al. 198 1; Amheim et al. 1982; Coen et al. 1982). In the present study, we 
have used the promoter and downstream regions (- 168 to +676 relative to the tran- 
scription-initiation site) that were regarded as rather well-conserved regions, because 
the sequence for comparison can be identified accurately in each clone. Five rDNA 
sequences were compared, three and two of which were obtained from BALB/c strain 
and Japanese wild mice, respectively. The two BALB/c clones (B2 and B3) are assumed 
to be derived from the rDNA repeats on the same chromosome, since they contain 
the same size Vr segment that can be used to determine the chromosomal location 
(see the first paragraph in Results). However, recombinant-phage and plasmid pop- 
ulations containing internally repeated DNA cloned in E. coli tend to yield the alter- 
ation of inserts by recombination during cloning (Amheim and Kuehn 1979; Brutlag 
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1980). The B2 or B3 clone (or both), therefore, may be derived from genes with a 
larger VrDNA segment. We consistently found that Sal1 digestion of the Bl and B3 
clones gave a single Vr band of 1.20 kb (E fragment) and 0.65 kb (G fragment), 
respectively, but we cannot eliminate the possibility of Vr size being altered by recom- 
bination. The finding that the B2 and B3 rDNA repeats were much more similar to 
one another than were the other clones (Bl, M 1, and M2) suggests that intrachro- 
mosomal homogenization of rDNA repeats occurs after the subspecies separation of 
Mus m. domesticus and M. m. molossinus. 

Studies of the restriction-enzyme-fragment-length polymorphisms of rDNA spacer 
regions reveal that the rDNAs of BALB/c and its related subspecies that are present 
at several nucleolus organizers show a rather uniform restriction cleavage map (see 
fig. I), which is distinct from that of M. m. molossius (Kominami et al. 1983; Suzuki 
et al. 1986; Kominami and Muramatsu 1987). Essentially, it means a higher degree 
of intrasubspecies homogeneity of rDNA spacers than of intersubspecies homogeneity 
of rDNA. The homogeneity probably results from genetic exchanges among rDNA 
repeat clusters on nonhomologous chromosomes, exchanges that occurred indepen- 
dently in both A4. m. domesticus and M. m. molossinus at some time after the subspecies 
separation. If such genetic exchanges occurred often, the BALB/c rDNAs (Bl, B2, 
and B3) should be more homologous to each other than any one of them is to the 
rDNAs (M 1 and M2) of M. m. molossinus. The results obtained here, however, show 
that a BALB/c rDNA repeat (Bl) is approximately as different from the other 
BALB/c rDNA repeats (B2 and B3) as it is from the rDNAs (M 1 and M2) of Mus. 
m. molossinus; i.e., rDNA sequences display a rather similar homogeneity intrasub- 
species and intersubspecies. This is explained by relatively infrequent occurrence, 
compared with intrachromosomal homogenization events, of homogenization between 
different nucleolus-organizer regions. It therefore may be concluded that rDNA repeats 
(at least at the transcription-initiation region) have evolved independently on different 
chromosomes since subspecies divergence. 

LITERATURE CITED 

ARNHEIM, N., M. KRYSTAL, R. SCHMICKEL, G. WILSON, 0. RYDER, and E. ZIMMER. 1980. 
Molecular evidence for genetic exchanges among ribosomal genes on nonhomologous chro- 
mosomes in man and ape. Proc. Natl. Acad. Sci. USA 77:7323-7327. 

ARNHEIM, N., and M. KUEHN. 1979. The genetic behaviour of a cloned mouse ribosomal DNA 
segment mimics mouse ribosomal gene evolution. J. Mol. Biol. 134:743-765. 

ARNHEIM, N., and E. M. SOUTHERN. 1977. Heterogeneity of the ribosomal genes in mice and 
men. Cell 11:363-370. 

ARNHEIM, N., D. TRECO, B. TAYLOR, and E. M. EICHER. 1982. Distribution of ribosomal gene 
length variants among mouse chromosomes. Proc. Natl. Acad. Sci. USA 79:4677-4680. 

BACH, R., I. GRUMMT, and B. ALLET. 198 1. The nucleotide sequence of the initiation region 
of the ribosomal transcription unit from mouse. Nucleic Acids Res. 9:1559-1569. 

BRUTLAG, D. L. 1980. Molecular arrangement and evolution of heterochromatic DNA. Annu. 
Rev. Genet. 14:121-144. 

COEN, E. S., J. M. THODAY, and G. DOVER. 1982. Rate of turnover of structural variants in 
the rDNA gene family of Drosophila melanogaster. Nature 295:564-568. 

DEV, V. G., R. TANTRAVAHI, D. A. MILLER, and 0. J. MILLER. 1977. Nucleolus organizers in 
A4u.s muscuZus subspecies and in the RGA mouse cell line. Genetics 86:389-398. 

DOVER, G. A. 1982. Molecular drive: a cohesive mode of species evolution. Nature 299: 11 l- 
117. Downloaded from https://academic.oup.com/mbe/article-abstract/4/6/594/977805

by guest
on 15 July 2018



Ribosomal Gene Variation 601 

GONZALEZ, I. L., I. L. GORSKI, T. J. CAMPEN, D. J. DORNEY, J. M. ERICKSON, J. E. SYLVESTER, 
and R. D. SCHMICKEL. 1985. Variation among human 28s ribosomal RNA genes. Proc. 
Natl. Acad. Sci. USA 82:7666-7670. 

GRUMMT, I. 1982. Nucleotide sequence requirements for specific initiation of transcription by 
RNA polymerase I. Proc. Natl. Acad. Sci. USA 79:6908-69 11. 

JEFFREYS, A. J., V. WILSON, and S. L. THEIN. 1985. Hypervariable minisatellite regions in 
human DNA. Nature 314:67-73. 

JORGENSEN, A. L., C. J. BOSTOCK, and A. L. BAK. 1986. Chromosome-specific subfamilies 
within human alphoid repetitive DNA. J. Mol. Biol. 187:185-196. 

KOMINAMI, R., and M. MURAMATSU. 1987. Amplified ribosomal spacer sequence: structure 
and evolutionary origin. J. Mol. Biol. 193:2 17-222. 

KOMINAMI, R., Y. URANO, Y. MISHIMA, M. MURAMATSU, K. MORIWAKI, and H. YOSHIKURA. 
1983. Novel repetitive sequence families showing size and frequency polymorphism in the 
genome of mice. J. Mol. Biol. 165:209-228. 

KRYSTAL, M., P. D’EUSTACHIO, F. H. RUDDLE, and N. ARNHEIM. 198 1. Human nucleolus 
organizers on nonhomologous chromosomes can share the same ribosomal gene variants. 
Proc. Natl. Acad. Sci. USA 78:5744-5748. 

KUEHN, M., and N. ARNHEIM. 1983. Nucleotide sequence of the genetically labile repeats 5’ to 
the origin of mouse rRNA transcription. Nucleic Acids Res. 11:2 1 l-224. 

LONG, E. O., and I. B. DAWID. 1980. Repeated genes in eukaryotes. Annu. Rev. B&hem. 
49:727-764. 

MANIATIS, T, E. H. FRITSCH, and J. SAMBROOK. 1982. Molecular cloning: a laboratory manual. 
Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y. 

MAXAM, A. M., and W. GILBERT. 1980. Sequencing end-labeled DNA with base-specific chemical 
cleavages. Methods Enzymol. 65:499-560. 

SINGER, M. F. 1982. Highly repeated sequences in mammalian genomes. Int. Rev. Cytol. 
76:67-l 12. 

SUZUKI, H., N. MIYASHITA, K. MORIWAKI, R. KOMINAMI, M. MURAMATSU, T. KANESHISA, 
F. BONHOMME, M. L. PETRAS, Z.-C. Yu, and D.-Y. Lu. 1986. Evolutionary implication of 
heterogeneity of the nontranscribed spacer region of ribosomal DNA repeating units in various 
subspecies of Mus musculus. Mol. Biol. Evol. 3: 126-l 37. 

URANO, Y., R. KOMINAMI, Y. MISHIMA, and M. MURAMATSU. 1980. The nucleotide sequence 
of the putative transcription initiation site of a cloned ribosomal RNA gene of the mouse. 
Nucleic Acids Res. 8:6043-6057. 

MASATOSHI NEI, reviewing editor 

Received January 26, 1987; revision received July 13, 1987. 

Downloaded from https://academic.oup.com/mbe/article-abstract/4/6/594/977805
by guest
on 15 July 2018


