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We discuss the evolutionary significance of four aberrant 18s rDNA clones 

that were obtained from human, chimpanzee, and gorilla DNA libraries. We 

show that these clones carry representatives of a small 18s rDNA pseudogene 

family that arose in a common ancestor of these species. Aspects of their 

structure and phylogenetic distribution suggest that the 18s pseudogenes no 

longer interact genetically with normal ribosomal genes and therefore may not 

be linked to nucleolus organizer regions. 

Introduction 

The genes that encode 18s and 28s ribosomal RNAs (rDNA) are present in 

multiple tandemly arrayed copies in most eukaryotic genomes. The 18s and 28s 

genes of orangutan (Pongo pygmaeus), gorilla (Gorilla gorilla), chimpanzee (Pan 

troglodytes), and human (Homo sapiens) are found on several pairs of nonhomolo- 

gous chromosomes (Henderson et al. 1972, 1974, 1976, 1979; Evans et al. 1974; 

Tantravahi et al. 1976). One interesting aspect of the rRNA genes in these species 

is that they evolve in unison, or concertedly, despite their multichromosomal 

distribution (Arnheim et al. 1980). 

To learn more about the molecular genetic mechanisms that are responsible 

for this phenomenon, we isolated representatives of the functional rDNA repeats 

from human and chimpanzee genomic DNA libraries. In addition, we purified 

unusual 18s rDNA-containing recombinants from human, chimpanzee, and gorilla 

DNA libraries. Characterization of these aberrant clones and comparison with 

the normal rDNA repeats led us to ask how the unusual genes were generated 

and how they were evolutionarily maintained despite rDNA turnover in these 

species. 
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30 Brownell, Krystal, and Arnheim 

Material and Methods 

Enzymes 

Restriction endonucleases were purchased from New England Biolabs, Boeh- 

ringer-Mannheim, and Bethesda Research Laboratories. We used the digestion 

conditions recommended by the suppliers. 

Cloning Studies 

We obtained the clones shown in figure lB-E by screening partial human and 

chimpanzee EcoRI genomic DNA libraries (in Charon 4A) with a mouse 18s rDNA 

probe (Benton and Davis 1977). The human library was a generous gift from Dr. 

J. Slightom; the chimpanzee library was constructed using standard procedures 

(Blattner et al. 1977; Lawn et al. 1978). The human clones in figure 1B and C were 

later subcloned into the plasmid vector pBR-322 (Arnheim and Kuehn 1979). One 

of these subclones, a HindIIIIEcoRI fragment from the human rDNA pseudogene 

(fig. 1 C, probe 4), was used to screen a gorilla EcoRI genomic DNA library (kindly 

provided by Dr. Alan Scott). Two recombinants were isolated, one of which is 

shown in figure IF. 

Southern Transfer and Hybridization Studies 

For the experiments shown in figure 2a, b, and c we used 32P-labeled probes 

that were nick translated (Rigby et al. 1977) to a specific activity of at least 1.5 

x 10” cpm/kg with 32P dCTP. All hybridizations were carried out in 3 x SSC (1 

x SSC = 0.15 M NaCl, 0.015 M Na citrate), 0.1% sodium dodecyl sulfate (SDS), 

and 0.06% each of polyvinylpyrrolidone (PVP), Ficoll, bovine serum albumin 

(BSA), with 15 mM ethylene diamine tetra acetic acid (EDTA) at 65 C for 16- 18 

h. For each experiment 2 x 10” cpm of probe per milliliter of hybridization buffer 

were used. Hybridized filters were washed three times (1 h each) at 65 C in 3 x 

SSC, 0.1% SDS before autoradiography. 

Results and Discussion 

We screened human, chimpanzee, and gorilla partial EcoRI genomic DNA 

libraries with rDNA and rDNA related probes. Five of the six clones that we 

isolated are shown in figure l&E. Extensive restriction enzyme mapping studies 

of the 18kb human (fig. 1B) and the 11.5-kb chimpanzee (fig. 1D) clones and 

comparison with genomic mapping data (Arnheim et al. 1980; see fig. 1A) suggested 

that the clones were derived from functional ribosomal genes. Indeed, both were 

found to be capable of initiating transcription in a human in vitro assay system 

(Miesfeld and Arnheim 1982 and unpublished data). 

In contrast, the remaining four recombinants were unusual in several respects 

that would support the view that they are pseudogenes. The human (fig. IC), 

chimpanzee (fig. IE), and two presumably nonallelic gorilla (one of which is shown 

in fig. 1F) “aberrant” clones had EcoRI fragments atypical in length (15 kb); they 

lacked the evolutionarily conserved mammalian 18s gene EcoRI site (Southern 

1975; Arnheim and Southern 1977; Fuke et al. 1981); and, although they retained 

nontranscribed spacer and internal transcribed spacer homologies detected by 

restriction enzyme mapping and cross-hybridization experiments (summarized in 

fig. l), they lacked 28s gene sequences. In addition, although they hybridized 

strongly to a normal 18s gene probe, a 250-bp fragment that contained the human 
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FIG. I.-Restriction enzyme maps of human, chimpanzee, and gorilla 18s rDNA genes and 

pseudogenes. A, A human rDNA repeating unit. A polymorphic EcoRI site (Arnheim et al. 1977; 

Wellauer and Dawid 1979; Arnheim et al. 1980; Nelkin et al. 1980; Erickson et al. 1981; Higuchi et 

al. 1981; Miesfeld et al. 1982) is shown in parentheses. Each 45kb repeating unit (Wellauer and Dawid 

1979) is composed of nontranscribed spacer (NTS), external transcribed spacer (ETS). 18s. internal 

transcribed spacer (ITS), and 28s sequences. The origin and direction of transcription of the 45s 

precursor are shown. B, The human 18s rDNA clone. The probes used to define homologous regions 

between the normal genes and pseudogenes by cross-hybridization experiments are also shown. C. 

The human 18s pseudogene. D, The chimpanzee 18s rDNA clone. E. The chimpanzee 18s pseudogene 

clone. F, A gorilla 18s pseudogene clone. Sites above the solid lines denote complete mapping data; 

sites below the line signify that only partial mapping information is presented. 
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32 Brownell, Krystal, and Arnheim 

rDNA origin of transcription (Miesfeld and Arnheim 1982) (region 3, fig. 1B) 

reacted equally weakly with the human, chimpanzee, and gorilla 15kb clones 

when compared with normal rDNA genes (human data shown in fig. 2a). This 

suggests that these rDNA variants may be deleted for regions around the origin 

of transcription. Preliminary in vitro transcription assays using subclones carrying 

the weakly hybridizing region of the human 15kb clone as a template failed to 

show transcriptional initiation (Miesfeld and Arnheim, unpublished data). Other 

more extensive deletions of nontranscribed spacer segments were also charac- 

teristic of the pseudogenes (fig. 1). 

To eliminate the possibility that the unusual human recombinant was a cloning 

artifact, we tested whether predicted restriction enzyme fragments derived from 

it could be detected in the human genome. Two human placental DNAs digested 

with Sac1 and hybridized with a mouse 18s probe (fig. 2b, lanes B and C) gave 

a strong 1 I-kb 18s DNA-containing fragment typical of normal human rDNA 

repeats and a faint 6.9-kb band that corresponded in size to the 18S-containing 

Sac1 piece from the aberrant human clone (lane A). The relative intensities of 

these two genomic bands also suggested that the 18s rDNA variant specific frag- 

ment might be present in low copy number in the human genome. Indeed, sub- 

sequent quantitation experiments showed that there are between four and 10 

copies in each human, chimpanzee, and gorilla genome (data not shown). 

Unlike normal rDNA, 28s sequences were not found 2.5 kb 3’ to the 18s 

region of the aberrant clones. To determine whether this 3’ end was derived from 

other regions of the normal rDNA repeating unit, we hybridized EcoRI restricted 

human placental DNA with a subclone from the 3’ end of the human pseudogene 

(the 850-bp HindIIIIEcoRI fragment, designated pA6; fig. 2c, lane D). Because 

the sizes of the bands that we detected were not attributable to any of the normal 

rDNA EcoRI fragments (19 kb, 18 kb, 12 kb, 7.5 kb, 6 kb; fig. lA), we concluded 

that pA6 contains sequences of non-rDNA origin which are themselves present 

in low copy number. Sequences homologous to pA6 were also found at the 3’ 

terminus of the chimpanzee and gorilla 18s pseudogene 15-kb fragments (fig. lE, 

F). Interestingly, although each gorilla recombinant contained a large 15-kb EcoRI 

fragment that hybridized with pA6, they were flanked at the 3’ end by different, 

smaller EcoRI segments. Restriction enzyme analysis (data not shown) indicated 

that the 15-kb EcoRI fragments were identical to each other, in contrast to their 

3’ flanking sequences. We inferred from this observation that the clones carried 

nonallelic pseudogene loci. 

The presence of non-rDNA homologies at the 3’ ends of these 18s pseudo- 

genes suggests possible ways in which these pseudogenes arose and how they 

were evolutionarily maintained. For example, 18s rDNA pseudogene formation 

might have been initiated following integration of exogenous DNA sequences into 

the internal transcribed spacer region of a normal rDNA repeat. Ribosomal genes, 

in fact, may have been the targets for the integration of mobile elements during 

evolution (Treco et al. 1982). In many Drosophila species a fraction of the ribo- 

somal genes have insertions in the 28s gene, and repeats bearing these insertions 

are almost completely transcriptionally silent in vivo (i.e., pseudogenes; see Long 

and Dawid [1980] and Beckingham [1982]). However, it is not clear whether these 

insect 28s pseudogenes constitute an evolutionarily stable subpopulation of ri- 

bosomal genes within nucleolus organizing regions. It has been proposed that the 

insertions may move between repeats from one generation to the next through 
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34 Brownell, Krystal, and Arnheim 

the normal process of unequal meiotic crossing-over (Rae 1982). This would allow 

some inactive 28s rDNA pseudogenes to be reactivated in subsequent generations. 

This hypothesis is consistent with the observation that, besides the insertion itself, 

no obvious structural differences can be detected between the pseudogenes and 

normal genes even though such differences would be expected to accumulate once 

an active gene were permanently silenced. Even at the nucleotide sequence level 

no differences have accumulated within the origin of transcription region in the 

interrupted genes (Long et al. 1981). In contrast, the significant structural differ- 

ences between the primate rDNA pseudogenes and their normal counterparts 

suggest that this pseudogene family cannot be rescued through genetic interactions 

with normal genes and that these pseudogenes have had a long evolutionary history 

in isolation from normal rDNA arrays. In addition, although other pseudogenes 

have been found in association with many multigene families (Jacq et al. 1977; 

Lacy et al. 1979; Bentley and Rabbits 1980; Jahn et al. 1980; Nishioka et al. 1980; 

Vanin et al. 1980; Denison and Weiner 1981; Selker et al. 1981; Steinmetz et al. 

1981; Karin and Richards 1982; Lemischka and Sharp 1982; Martin et al. 1983), 

the persistence of 18s pseudogenes over the last 5 million years (i.e., since these 

species last had a common ancestor; Sarich and Wilson [ 19671) is unexpected in 

view of the evolutionary behavior of the normal rDNA clusters in these three 

primates. The ribosomal gene repeats of man and the apes evolve concertedly 

(Arnheim et al. 1980); that is, within an individual the ribosomal gene units are 

more similar to each other than would be expected if each repeat evolved inde- 

pendently of all others (see Brown et al. 1972; Hood et al. 1975; Tartof 1975; 

Dover et al. 1982; Arnheim 1983). By examining the molecular structure of primate 

rDNA repeats, Arnheim et al. (1980) found that, despite a multichromosomal 

distribution, different species-specific restriction sites have been fixed in the clus- 

ters of even the three most recently diverged species-human, chimpanzee, and 

gorilla (Sarich et al. 1967). That 18s pseudogenes escaped elimination during the 

normal process of rDNA turnover in these three lineages suggests that the pseu- 

dogenes are genetically isolated from normal rDNA repeats. This situation would 

arise, for example, if pseudogenes were relegated to junctional positions between 

rDNA clusters and neighboring chromosomal sequences. Being at the extreme 

end of the array might effectively prevent genetic interaction of the rDNA pseu- 

dogene with the remaining genes. However, a recent study of yeast rDNA or- 

ganization suggests that junctional segments contain rDNA sequences which have 

not undergone significant structural divergence in the transcribed regions (Zamb 

and Petes 1982). If the human and ape pseudogenes are junctional fragments, our 

clones are potentially useful for analyzing the DNA sequences surrounding nu- 

cleolus organizer regions. 

A second situation that would lead to genetic isolation would be one in which 

rDNA sequences moved to a new location outside of the array (Childs et al. 1981; 

Denison and Weiner 1981; Jagadeeswaran et al. 1981). Possible mechanisms in- 

clude the recombinational excision of looped-out normal rDNA segments during 

meiotic unequal alignment of the rDNA repeating units, followed by integration 

at a new locus. The 3’ non-rDNA sequences may define the original target site. 

The dispersed copy, and any descendants that arose from it by amplification, 

could have evolved independently of the original parental locus. Additional data 

will allow us to distinguish between these alternatives. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
b
e
/a

rtic
le

/1
/1

/2
9
/1

5
0
8
2
9
9
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



Evolution of Human and Ape rDNA Pseudogenes 35 

Acknowledgments 

Portions of this research were funded by National Institutes of Health grants 

5T32CA09176 and 5ROlGM2536503 and American Cancer Society grant CD 140. 

We thank P. Deininger for the Ah1 plasmid. The human and gorilla phage libraries 

were provided by Drs. J. Slightom and A. Scott, respectively. We thank Meryl 

Diamond for screening and preliminary characterization of the gorilla pseudogenes 

and Dee Sedivec for preparation of the manuscript. 

LITERATURE CITED 

ARNHEIM, N. 1983. Concerted evolution of multigene families. Pp. 38-61 in R. KOEHN 

and M. NEI, eds. Evolution of genes and proteins. Sinauer, Sunderland, Mass. 

ARNHEIM, N., M. KRYSTAL, R. SCHMICKEL, G. WILSON, 0. RYDER, and E. ZIMMER. 

1980. Molecular evidence for genetic exchanges among ribosomal genes on non-ho- 

mologous chromosomes in man and apes. Proc. Natl. Acad. Sci. USA 77:7323-7327. 

ARNHEIM, N., and M. KUEHN. 1979. The genetic behavior of a cloned mouse ribosomal 

DNA segment mimics mouse ribosomal gene evolution. J. Mol. Biol. 134:743-765. 

ARNHEIM, N., and E. SOUTHERN. 1977. Heterogeneity of the ribosomal genes in mice and 

men. Cell 11:363-370. 

BECKINGHAM, K. 1982. Insect rDNA. Pp. 205-269 in H. BUSH and L. ROTHBLUM, eds. 

The cell nucleus. Vol. 10. Academic Press, New York. 

BENTLEY, D. L., and T. H. RABBITTS. 1980. Human immunoglobulin variable region 

genes- DNA sequences of 2 V, genes and a pseudogene. Nature 288:730-733. 

BENTON, W. D., and R. W. DAVIS. 1977. Screening gt recombinant clones by hybridization 

to single plaques in situ. Science 196: 180- 18 1. 

BLATTNER, F. R., B. G. WILIAMS, A. G. BLECHL, K. D. THOMPSON, H. E. FABER, L. 

FURLONG, D. J. GRUNWALD, D. 0. KIEFER, D. D. MOORE, J. W. SCHUMM, E. L. 

SHELDON, and 0. SMITHIES. 1977. Charon phages: safer derivatives of bacteriophage 

lambda for DNA cloning. Science 196: 161- 169. 

BROWN, D., P. WENSINK, and E. JORDAN. 1972. A comparison of the ribosomal DNAs of 

Xenopus faevis and Xenopus mulleri: the evolution of tandem genes. J. Mol. Biol. 63:57- 

73. 

CHILDS, G., R. MAXSON, R. COHN, and L. KEDES. 1981. Orphons: dispersed genetic 

elements derived from tandem repetitive genes of eukaryotes. Cell 23:65 l-663. 

DENISON, R., S. VAN ARSDELL, L. BERNSTEIN, and A. WEINER. 1981. Abundant pseu- 

dogenes for small nuclear RNAs are dispersed in the human genome. Proc. Natl. Acad. 

Sci. USA 78:810-814. 

DENISON, R., and A. WEINER. 1981. Human U 1 RNA pseudogenes may be generated by 

both DNA- and RNA-mediated mechanisms. Mol. Cell. Biol. 2:815-828. 

DOVER, G. A., S. D. M. BROWN, E. S. COEN, J. DALLAS, T. STRACHAN, and M. TRICK. 

1982. The dynamics of genome evolution and species differentiation. Pp. 343-374 in 

G. A. DOVER and B. B. FLAVELL, eds. Genome evolution. Academic Press, London. 

ERICKSON, J. M., C. L. RUSHFORD, D. J. DORNEY, G. N. WILSON, and R. SCHMICKEL. 

1981. Structure and variation of human ribosomal DNA: molecular analysis of cloned 

fragments. Gene 16: l-9. 

EVANS, H. J., R. A. BUCKLAND, and M. L. PARDUE. 1974. Location of the genes coding 

for 18s and 28s ribosomal RNA in the human genome. Chromosoma (Berlin) 48:405- 

426. 

FUKE, M., K. DENNIS, and H. BUSCH. 1981. Characterization of cloned rat ribosomal 

DNA fragments. Mol. Gen. Genet. 182:25-30. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
b
e
/a

rtic
le

/1
/1

/2
9
/1

5
0
8
2
9
9
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



36 Brownell, Krystal, and Arnheim 

HENDERSON, A., K. ATWOOD, and D. WARBURTON. 1976. Chromosomal distribution of 

rDNA in Pan paniscus, Gorilla gorilla beringei and Symphalangus syndactylus: com- 

parison to related primates. Chromosoma (Berlin) 59: 147- 155. 

HENDERSON, A. S., D. WARBURTON, and K. C. ATWOOD. 1972. Location of ribosomal 

DNA in the human chromosome complement. Proc. Natl. Acad. Sci. USA 69:3394- 

3398. 

-. 1974. Localization of rDNA in the chimpanzee (Pan troglodytes) chromosome 

complement. Chromosoma (Berlin) 46:435-44 1. 

HENDERSON, A., D. WARBURTON, S. MEGRAW-RIPLEY, and K. ATWOOD. 1979. The chro- 

mosomal location of rDNA in the Sumatran orangutan Pongo pygmaeus albei. Cytol. 

Cell Genet. 23:213-216. 

HIGUCHI, R., H. D. STANG, J. K. BROWN, M. MARTIN, M. HUOT, J. LIEPLES, and W. 

SALSER. 1981. Human ribosomal RNA gene spacer sequences are found interspersed 

elsewhere in the genome. Gene 15: 177- 186. 

HOOD, L., A. CAMPBELL, and S. ELGIN. 1975. The organization, expression and evolution 

of antibody genes and other multigene families. Annu. Rev. Genet. 9:305-353. 

JACQ, E., J. R. MILLER, and G. G. BROWNLEE. 1977. A pseudogene structure in 5s DNA 

of Xenopus laevis. Cell 12: 109- 120. 

JAGADEESWARAN, P., B. G. FORGET, and S. M. WEISSMAN. 1981. Short interspersed 

repetitive DNA elements in eukaryotes: transposable DNA elements generated by re- 

verse transcription of RNA pol III transcripts. Cell 26:141- 142. 

JAHN, C., C. HUTCHISON, S. PHILLIPS, S. WEAVER, N. HAIGWOOD, C. VOLIVA, and M. 

EDGELL. 1980. DNA sequence organization of the B-globin complex in the BALB/c 

mouse. Cell 21:159- 168. 

KARIN, M., and R. RICHARDS. 1982. Human metallothionein genes-primary structure of 

the metallothionein-II gene and a related processed gene. Nature 299:797-802. 

LACY, E., R. HARDISON, D. QUON, and T. MANIATIS. 1979. The linkage arrangement of 

four rabbit B-like globin genes. Cell 18: 1273- 1283. 

LAWN, R. M., E. F. FRITSCH, R. C. PARKER, G. BLAKE, and T. MANIATIS. 1978. The 

isolation and characterization of linked 6- and B-globin genes from a cloned library of 

human DNA. Cell 15: 1157- 1174. 

LEMISCHKA, I., and P. SHARP. 1982. The sequences of an expressed rat cx-tubulin gene and 

a pseudogene with an inserted repetitive element. Nature 300:330-335. 

LONG, E. O., and I. B. DAWID. 1980. Repeated genes in eucaryotes. Annu. Rev. Biochem. 

49:727-764. 

LONG, E. O., M. L. REBBERT, and I. B. DAWID. 1981. Nucleotide sequence of the initiation 

site for ribosomal RNA transcription in Drosophila melanogaster: comparison of genes 

with and without insertions. Proc. Natl. Acad. Sci. USA 78:1513-1517. 

MARTIN, S., K. VINCENT, and A. WILSON. 1983. Rise and fall of the delta globin gene. J. 

Mol. Biol. 164:513-528. 

MIESFELD, R., and N. ARNHEIM. 1982. Identification of the in vivo and in vitro origin of 

transcription in human rDNA. Nucleic Acids Res. 10:3933-3949. 

NELKIN, B., D. STRAYER, and B. VOGELSTEIN. 1980. Divergence of primate ribosomal 

RNA genes as assayed by restriction enzyme analysis. Gene 11:89-96. 

NISHIOKA, Y., A. LEDER, and P. LEDER. 1980. Unusual cr-globin-like gene that has clearly 

lost both globin intervening sequences. Proc. Natl. Acad. Sci. USA 77:2806-2809. 

RAE, P. M. M. 1982. Unequal crossing-over accounts for the organization of Drosophila 

virilis rDNA insertions and the integrity of flanking 28s gene. Nature 296:579-581. 

RIGBY, P. W. J., N. DIECKMANN, C. RHODES, and P. BERG. 1977. Labelling DNA to high 

specific activity in vitro by nick translation with DNA polymerase I. J. Mol. Biol. 

113:237-25 1. 

SARICH, V., and A. WILSON. 1967. Immunological time scale for hominid evolution. Science 

158: 1200- 1203. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
b
e
/a

rtic
le

/1
/1

/2
9
/1

5
0
8
2
9
9
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



Evolution of Human and Ape rDNA Pseudogenes 37 

SELKER, E., S. FREE, R. METZENBERG, and C. YANOFSKY. 1981. An isolated pseudogene 

related to the 5S RNA genes in Neurospora crassa. Nature 294:576-578. 

SOUTHERN, E. 1975. Detection of specific sequences among DNA fragments separated by 

gel electrophoresis. J. Mol. Biol. 98:503-517. 

STEINMETZ, M., K. MOORE, J. FRELINGER, B. SHER, F-W. SHEN, E. BOYSE, and L. HOOD. 

1981. A pseudogene homologous to mouse transplantation antigens: transplantation 

antigens are encoded by eight exons that correlate with protein domains. Cell 25:683- 

692. 

TANTRAVAHI, R.,“D. MILLER, V. DEV, 0. MILLER. 1976. Detection of nucleolus organizer 

regions in chromosomes of human, chimpanzee, gorilla, orangutan and gibbon. Chro- 

mosoma (Berlin) 56: 15-27. 

TARTOF, K. 1975. Redundant genes. Annu. Rev. Genet. 9:355-365. 

TRECO, D., E. BROWNELL, and N. ARNHEIM. 1982. The ribosomal gene nontranscribed 

spacer. Pp. 205-269 in H. BUSH and L. ROTHBLUM, eds. The cell nucleus. Academic 

Press, New York. 

VANIN, E. F., G. GOLDBERG, P. TUCKER, and 0. SMITHIES. 1980. A mouse a-globin-related 

pseudogene lacking intervening sequences. Nature 286:222-226. 

WELLAUER, P., and I. DAWID. 1979. Isolation and sequence organization of human ribo- 

somal DNA. J. Mol. Biol. 128:289-303. 

ZAMB, T., and T. PETES. 1982. Analysis of the junction between ribosomal RNA genes 

and single-copy chromosomal sequences in the yeast Saccharomyces cerevisiae. Cell 

28:355-364. 

RICHARD K. KOEHN, reviewing editor 

Received June 29, 1983; revision received August 10, 1983. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
b
e
/a

rtic
le

/1
/1

/2
9
/1

5
0
8
2
9
9
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2


