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ABSTRACT
A detailed restriction map was determined for a 10.9 KB region that con-

tains the initiation site for 45S pre-rRNA and the first 1.7 KB of the 18S
rRNA coding region. When the restriction pattern of the cloned rDNA was
compared with that of total rat DNA, the rDNA regions of both Sprague-Dawley
and BD-9 rats were identical to each other and to that of the cloned rDNA.
However, both strains exhibit a major polymorphism consisting of an insertion
of 0.9 KB of DNA in the nontranscribed spacer between 0.29 KB and 1.8 KB
upstream from the 45S RNA initiation site. This region consists of tandem
repeats approximately 130 base pairs in length. These repeats contain large
poly T tracts and are similar in sequence to analogous elements 5' to the
origin of mouse rRNA transcription. Regions containing highly repetitious DNA
sequences were located at sites 2.8 KB and 4.3 KB upstream from the initiation
site. The repetitive sequence at 2.8 KB from the initiation site anneal to a
known Alu-equivalent type 2 sequence derived from the second intron of the rat
growth hormone gene.

INTRODUCTION

There are about 160-200 copies of rat ribosomal DNA genes (rDNA) per

haploid genome (1). They are arranged in tandem clusters (2) which can be

identified cytologically by their ability to organize a nucleolus in inter-

phase nuclei and by their localization to sites of secondary constriction in

metaphase chromosomes. Three chromosomes (3,11 and 12) each carry about 60

gene copies (3). By visualizing R-loops consisting of 18S and 28S rRNA

annealed to long fragments of genomic DNA, Stumph, Wu and Bonner (2) estimated

the rDNA repeat unit to be 37.2 +1.3 KB in size. All the repeat units were

approximately the same size, but a certain degree of length heterogeneity,

possibly up to 4 to 5 KB, could not be ruled out by their data.

As in other eukaryotes, each rat rDNA repeat is composed of: 1) a non-

transcribed spacer, which in mammals comprises two-thirds the length of the

total repeat; 2) an external transcribed spacer, about 4.4 KB in mammals,

which extends from the start site of pre-rRNA synthesis to the beginning of

the 18S rRNA gene; 3) one coding region for each mature rRNA (18S, 5.8S and
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28S); and 4) internal transcribed spacers separating each of the mature

rRNAs. In higher eukaryotes, 5S rRNA is encoded by another region of the

genome.

In order to examine the genomic organization of the rDNA repeat units, we

selected a XCharon 4A recombinant phage which contained transcribed rDNA

sequences, determined a detailed restriction enzyme map for a 10.9 KB fragment

that contains the 45S RNA transcriptional initiation site, and compared the

restriction pattern of the cloned sequence to that of total rat DNA by

Southern blot analysis. In overall structure, the rat rDNA repeat is very

similar to that reported for other mammals (4-15), having a conserved trans-

cribed region as well as polymorphic and highly repetitious sequences in the

non-transcribed spacer.

MATERIALS AND METHODS

Materials

All restriction enzymes were purchased from Bethesda Research

Laboratories and used according to the vendor's recommendations, except that

two to four fold more enzyme was used for digestion of total rat DNA.

Bacterial alkaline phosphatase and nuclease S1 were purchased from P-L

Biochemical or Bethesda Research Laboratories. Micrococcal nuclease was

purchased from Sigma, and DNA polymerase was supplied by Boehringer-Mannheim.

Phage and plasmid stocks

The rat genomic DNA library in XCharon 4A was a gift of Drs. R.B.

Wallace, T. Sargent and J. Bonner. It was constructed from a partial Eco RI

digest of liver DNA from a single male Sprague-Dawley rat. XB3 was a recom-

binant selected from that library by Mr. James Beeson and Dr. Noboru Sueoka

and contains transcribed highly repetitious DNA sequences. X63, a gift of Dr.

Warren Jelinek, contains a Chinese hamster ovary DNA insert homologous to the

rodent Alu-equivalent type 1 sequence (16,17). A pBR322 plasmid containing a

rat Alu-equivalent type 2 sequence from the second intron of the rat growth

hormone (18) was a kind gift of Dr. Barbara Cordell.

XDNA was prepared as described by Kao et al. (20).

Single-stranded M13 DNA was purified from phage lysates as described by

Harrington and Chikaraishi (21).

Cellular DNA was prepared from the liver of one adult male Sprague-Dawley

rat and one adult male BD-9 rat by phenol extraction of isolated nuclei.
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Cloning and Selection of Recombinants

XCharon 4A recombinants containing rDNA inserts were selected by plaque

hybridization (22) with 32P labeled 18S and 28S rRNAs and subcloned as

described (21) and as shown in Figure 1.

Labeling of nucleic acids

RNA. RNA was labeled with [ y-32P]ATP [9000 Ci/mmole] prepared by a

modification of Johnson and Walseth (23,24)], and polynucleotide kinase

according to Derman et al. (24).

Micrococcal nuclease digestion and labeling of M13 single-strand DNA with

polynucleotide kinase. We have developed a simple and rapid method for pre-

paring 32P-labeled, single-strand M13 DNA probes by phosphorylation at the 5'-

hydroxyl group generated by micrococcal nuclease. Purified single-strand M13

DNA (0.1 mg/ml) was digested for 3 minutes on ice with micrococcal nuclease at

a final concentration of 6 ig/ml in 5 mM sodium acetate pH 5.0, 1 mM CaCl2.

Stock solutions of micrococcal nuclease at 1 mg/ml in H20 should be stored

frozen, thawed, and refrozen only three or four times, because the activity of

the enzyme decreases with repeated freeze-thaw cycles. Since the optimal pH

for nuclease activity is between pH 9.2 and 9.6, the low pH of the incubation

limits the enzyme activity such that DNA fragments between 50 and 100 nucleo-

tides in length are generated. The nuclease was stopped by addition of EGTA

(ethylene glycol-bis-( 0-aminoethyl ether)N, N'-tetraacetic acid) to 8 mM to

chelate Cat2 and the reaction was boiled for 5 minutes. Any insoluble, de-

natured enzyme was removed by centrifugation in a microfuge for 5 minutes at

40C. Generally, 20 11 of the supernatant containing the DNA fragments (2 ug)
were then added to a microfuge tube containing 1 mCi of lyophilized [ Y-

32PIATP (9000 Ci/mmole). Buffer was adjusted to 50 mM Tris-HC1, pH 7.5, 18 mM

MgC12, 5 mM dithiothreitol, 0.1 mM spermidine, 0.1 mM EDTA and 2 to 10 units

of polynucleotide kinase added. The reaction was incubated for 45 minutes at

370C and stopped with the addition of 100 il of 2.5 M NH4 acetate, 50 mM

EDTA. The labeled DNA fragments were separated from free [ y-32P]ATP by gel

filtration on Sephadex G-50 equilibrated in 0.4 M NaCl, 10 mM Tris-HCl pH 7.5,

1 mM EDTA, 0.1% SDS. Carrier E. coli tRNA (20 ig) was added to the labeled

DNA from the excluded peak and the nucleic acid was precipitated with

ethanol. The ethanol precipitate was dissolved in 200 pl of 0.1 M sodium

acetate pH 6.0 and extracted with Tris-saturated phenol and the phenol removed

by ether extraction or by ethanol precipitation of the nucleic acids. The

specific activity of the DNA was between 0.5 and 2 X 108 cpm/ pg.
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Figure 1.
A)- Restriction map of the 10.9 KB EcoRI fragment containing the 45S RNA

initiation site. The initiation site is designated as 0 on the map; sites in
the transcribed region are shown as positive distances from the initiation
site; those upstream from the initiation site are assigned negative
distances. The position of the rDNA sequences contained in M13 recombinant
clones is shown below the map.

B) Restriction map of the transcribed region of rat rDNA. The location
of restriction sites was determined by standard mapping techniques on the
cloned rDNA and on total genomic DNA as described in Materials and Methods.
The position of EcoRI fragments (10.9 KB, 6.7 KB and 4.6 KB) is shown above
the map and the location of sequences contained in recombinant plasmids
pEE10.9, pEE6.7, pEH5.0 and pHE5.9 is shown below the map. The stippled bar
represents the transcribed region, with the arrow indicating the direction of
transcription. The position of the 45S and 18S RNAs were determined by
transcription mapping as described in the text; the location of 5.8S and 28S
RNAs should only be considered approximate and are based on the R-looping data
of Erickson et al. (13) and Fuke et al. (37). "V" signifies an 0.9 KB
insertion pre-seiT? in about half oFtiie Sprague-Dawley rDNA repeats and in
about 60-70% of the BD-9 rDNA repeats.
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Restriction Mapping

Restriction mapping was performed by single and double digestions with

various enzymes. Mapping of the SS1.6 fragment to delineate its repeat

structure was accomplished by partial digestion of singly-end labeled purified

fragment DNA. The right end of the fragment was labeled at the Bam Hi

site (-.28) and recut at the Sal I site (-1.76). Mapping from the left end

was accomplished using a 1.4 KB fragment labeled at the Sal I site (-1.76) and

recut at the Alu I site (-.23). The partial digestion products were separated

on 6% polyacrylamide-8M urea gels.

Southern blots and hybridization

10 pg of digested liver DNA or 0.02 pg of digested plasmid DNA were

electrophoresed on 1.1% agarose gels (22 cm x 14 cm x 3 mm) in 40 mM Tris, 20

mM sodium acetate, pH 8.3, 2 mM EDTA for 5 hours at 125 V. The DNA was trans-

ferred to nitrocellulose filters by the method of Southern (25) and hybridized

according to the procedure of Jeffreys and Flavell (26).

DNA sequencing

M13 recombinants were sequenced as described previously (21).

RESULTS

Cloning of rDNA Sequences

To identify the size of rDNA containing fragments, Sprague-Dawley and BD-

9 rat liver DNAs were digested with Eco RI, electrophoresed on 1.1% agarose

gels, and then blotted onto nitrocellulose by the method of Southern (25).

When hybridized with labeled liver RNA (90% of which is 18S and 28S rRNA),

three major bands at 11.4, 6.7 and 4.6 KB were observed (Figure 2). (The

largest band is actually a doublet of 10.9 and 11.8 kb which did not resolve

well). The same results were obtained by Tantravahi et. al. (27) with DNA

derived from a rat cell line, K22, and by Braga et al. (4) with rat liver

DNA. In experiments not shown, we have determined that both bands in the

10.9-11.8 KB doublet contain sequences homologous to 18S rRNA whereas the 6.7

KB fragment contains both 18S and 28S rRNA homologous sequences, and the 4.6

KB band bears only 28S sequences.

We selected XCharon 4A recombinant phage containing rDNA sequences from

the genomic library of Sargent et al. (28). One clone contained the 10.9 and

6.7 KB Eco RI fragments which were cloned separately into pBR322. The 10.9 KB

fragment contains a single Hind III site which was used to clone the two

halves of the fragment via the Eco RI and Hind III sites in the rDNA and in
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Figure 2. Southern blot of Eco RI
digested rat DNA probed with [32p]-
labelled rat liver RNA. lOig of
Sprague-Dawley or BD-9 liver DNA were
digested with Eco RI, electrophoresed,
and transferred to nitrocellulose as
described in Materials and Methods.
The filter was annealed with 2p_
labelled rat liver RNA. The sizes of
the autoradiographic bands were esti-
mated from markers run on the same
gel.

the pBR322. In addition, six smaller regions of rDNA were recloned into the

single-strand vector M13 as shown in Figure 1.

A restriction map of the 10.9 KB fragment is shown in Figure 1. The

initiation site for 45S pre-rRNA synthesis (21,29,30) is designated as 0 on

the map. Numbering from a physiologically important site may be preferable to

numbering from a given restriction site, which may vary among different repeat

units, and will certainly vary between species.

The location of the 18S rRNA sequences was determined by Si transcription

mapping which indicated that the 18S coding region begins at +4.4 KB on the

map in Figure 1, and defines the length of the external transcribed spacer to

be 4.4 KB in rat (data not shown).

0) 0

o o
m 0 T_

co a nC u m
a b c d e f

*41 -10.9/11.8
..8~

4.8__
i 3.2

i. ........

Bam HI Eco RI

Figure 3. Southern blot of restricted
rat DNA probed with BE 1.1 (+4.9 to
+6.0). Sprague-Dawley genomic DNA
(lanes a and d), BD-9 genomic DNA
(lanes b and e), or clone pEE10.9 DNA
(lanes c and f) was digested with Bam
HI (lanes a, b, and c) or Eco RI (lanes
d, e, and f), blotted, and probed as

described in Materials and Methods.
The 1.5 KB band (lane c) from Bam HI
digestion of pEE10.9 results from rDNA
sequences from +4.9 to +6.0 KB which
are attached to pBR322 sequences from
the Eco RI site to the Bam HI site.
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Figure 4.
A) Southern blot of restricted DNA probed with BH.41 (-28 to + .12).

Sprague-Dawley genomic DNA (lanes b, e, and g), BD-9 genomic DNA (lanes c
and f) or plasmid pEE10.9 DNA (lanes a and d) was digested with Bam HI
(lanes a, b, and c), with Eco RI and Hind III (lanes d, e, and f), or with
Hind III alone (lane g).

B) Southern blot of restricted DNA probed with SS1.6 (-1.8 to -.16).
Sprague-Dawley genomic DNA (lanes c and f), BD-9 genomic DNA (lane e) or
plasmid pEE10.9 (lanes b and d) was digested with Kpn I (lanes b and c) or
Sal I (lanes d, e, and f). The minor 3.7 KB and 4.6 KB bands in 4B (lane f)
are observed in other preparations of Sal I digested Sprague-Dawley DNA.

Genomic Organization of rDNA

To assess how similar the 160-200 different rDNA repeats are to each

other and to the cloned rDNA sequence, Southern blot analyses were performed
on liver DNA cleaved with different restriction enzymes and probed with

various labeled rDNA cloned fragments.

The results showed that the transcribed region of the rDNA repeats was

conserved with respect to the mapped restriction sites. Figure 3, lanes a and

b, shows a typical result in which DNA from both strains exhibit one band

homologous to the probe, in this case BE1.1 (+4.9 to +6.0), which is within

the 18S rRNA coding region. The 4.8 KB band represents DNA sequences from

+4.9 to +9.7 on the map in Figure 1 and demonstrates that the majority of rDNA

repeats contain Bam HI sites at +4.9 and +9.7. The only instance in which

minor bands generated from sequences within the transcribed region were repro-

ducibly observed was when Eco RI cleaved DNA was probed with BE1.1 (+4.9 to

+6.0), as shown in Figure 3, lanes d and e. In addition to the doublet band
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at 10.9 - 11.8 KB, there is a faint doublet at 3.2 KB. By densitometry, these

minor bands were estimated to be about 4% of the intensity of the major band.

Length Polymorphism in the Non-transcribed Spacer, Region -1.8 to -0.28

When rDNA sequences outside the transcribed region were investigated, it

was found that about half of the Sprague-Dawley and 60-70% of the BD-9 rDNA

repeats contain an insertion of 0.9 KB just upstream from the initiation site

of rDNA transcription (designated as "V" for variable in Figure 1). Figure 4A

is an autoradiogram of a Southern blot probed with BH.41, a region from -0.28

to +0.125. When rat DNA was digested with Hind III or a mixture of Hind III

and Eco RI and probed with BH.41, two bands result (Figure 4A, lanes e,f,g),

suggesting that the rDNA repeat in the +0.125 to -4.9 region occurs in two

discrete lengths. Figure 4A (lane d) shows that the cloned rDNA is represen-

tative of the smaller repeat length. To localize the insertion, we probed Bam

HI digested DNA with the BH.41 probe and detected no length polymorphism

(Figure 4A, lane b and c) suggesting that the insertion is upstream of the Bam

HI site located at -0.28. However, when DNA was cleaved with Sal I or Kpn I

and probed with SS1.6 (-1.8 to -0.16) two bands were detected (Figure 4B),

with the cloned rDNA again representative of the small repeat (lane d). This

positions the insertion between -1.8 and 0.28. In all cases, the difference
in length between the two rDNA repeat units is 0.9 KB.

This polymorphic region (-1.8 to -0.16) (V region) is composed of small

repeating units 130 nucleotides in length. When the SS1.6 fragment is labeled

at only one end (either at -1.76 at the Sal site or at -.28 at the Bam HI

site) and partially digested with either Bgl I, Hinf I or Hpa II, a ladder of

Figure 5.
A) Mapping of the subunit repeat in the SS1.6 fragment by partial diges-

tion with Bgl I, Hinf I and Hpa II. The SS1.6 fragment was singly end
labeled at the Sal I site (-1.76), gel purified and digested with Bgl I at
0.15 units/ml (lane 1), and 0.015 units/ml (lane 2); with Hinf I at 0.3
units/ml (lane 3) and at 0.03 units/ml (lane 4); with Hpa II at 1 unit/ml
(lane 5). A 1.4 KB BamHI-Sal I fragment was singly end labeled at the BamHI
site (-0.28) gel purified and digested with .015 units/ml of Bgl I (lane 7).
Lane 6 shows the undigested fragment; the bands at 650 and 275 bp are contam-
inating fragments from pBR322 and are not digested with Bgl I. Lanes "m"
are SV40 Eco RII fragments; sizes are given in base pairs.

B) Restriction map of the SS1.6 fragment. The lines indicate sequenced
regions shown below. The box indicates the subunit repeat whose sequence is
underlined in C. Hpa II t, Hinf I i, Bgl I +, Bam HIt, Alu It , Sal Iv .

C) Nucleotide sequence of the regions indicated in B. Underlined sequence
corresponds to a representative single repeat unit. The identity of three
of the bases reported here is questionable and they are indicated in lower
case letters.
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fragments is generated consistent with an internal nucleotide subunit repeat

(Figure 5A).

The cloned SS1.6 fragment contains eleven tandem repeats (Figure 5B) plus

an incomplete repeat extending to about -.22. Figure 5C shows the sequence of

approximately 300 bases at each end of the SS1.6 fragment with the region of

one repeat underlined. (The underlined repeat corresponds to a consensus

sequence for the 3.5 repeats that have been sequenced). Based on the position

of the restriction sites and the available sequence data the repeats are quite

similar but not identical; 79% of the bases in the sequenced repeats are the

same. As in the mouse (31), the repeat units are separated by variable length
tracts of T's.

Two Different, Highly Repetitious DNA Sequences Reside in the Non-transcribed

Spacer Regions -4.9 to -4.3 and -3.9 to -2.8

When ES3.1 DNA (-4.9 to -1.8) was used to probe Southern blots, strong

bands were observed corresponding to the fragment lengths predicted by the

restriction pattern of the cloned rDNA (Figure 6). In addition, ES3.1 probes

gave an intense smear of radioactivity that followed the ethidium bromide

stained DNA (compare Figures 6A and 6B). This smear was detected when the

filters were washed under the standard condition of 0.5 X SSC at 600C but was

more pronounced if the stringency of washing was reduced by eliminating the

0.5 X SSC salt wash. These results suggest that ES3.1 may contain repetitive

sequences found elsewhere in the rat genome.

A. Figure 6.
E ia m B. A) Southern blot of
d e fh mum : restricted DNAs probed with ES3.1

a X 14! _l(-4.9 to -1.8). Sprague-Dawley
anS _ _genomic DNA (lanes a, c, e, and g),

76 BD-9 genomic DNA (lands f and h),
or plasmid pEE10.9 DNA (lane b) was

-67 * digested with Sal I (lanes a, b, g
and h), with Eco RI (lane c) or
with Hind III (lanes e and f). The
digested DNAs were processed as

-h !_| | * ....described in Materials and Methods,
except that the filter bearing
lanes a, b, c and h was not washed
in 0.5 x SSC, 0.1% SDS.

B) The agarose gel of
I -Eco RI v Xdigested DNAs used for Southern

HindS! ^aI1-nSall blot of lanes d, e, f, g, and h was
stained with ethidium bromide and
photographed under u.v.
i 1 1 umi nati on.
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These highly repetitious sequences were compared to those found in two

other rat DNA clones. One clone contains the repeat sequence from the second

intron of the rat growth hormone gene which by sequence analysis belongs to

the rodent Alu-equivalent type 2 family described by Haynes and Jelinek

(17). The other clone, XB3 (J. Beeson and N. Sueoka, personal communication),
contains two different repeat elements, one Alu type 2 and one non-Alu related

sequence.

When DNA from -4.9 to + 0.125, was digested with Bgl I (see Figure 7A for

restriction map) and probed with nick-translated XB3 DNA, two cross-

hybridizing rDNA bands at 1.7 and 2.4 KB resulted (Figure 7B, lane c). The

1.7 KB band contained 0.6 KB of rDNA from -4.9 to -4.3, the rest of the length
being pBR322 DNA. The 2.4 KB band contained rDNA between -3.9 and -1.5 KB.

When the Bgl I digest was further cut with Sst I, the 2.4 KB band disappeared

and a radioactive 1.1 KB band resulted which contained rDNA from -3.9 to -2.8

(Figure 7B, lane b). In reciprocal hybridizations, when restricted XB3 DNA

was probed with ES3.1, all fragments known to contain repeat elements hybrid-
ized with ES3.1 (data not shown). These results suggest that the cloned rDNA

repeat has two (-4.9 to -4.3 and -3.9 to -2.8) non-contiguous regions contain-

A B
2>,<e3bN e- f 'S

I!> ~~~~23K
(-4.9) OR0 9KB 24

'.6KB iEt 4.9g Hind m (+0.125) 2.4 2.4

43) ~ :6==-43KB9:,,,---ltItoIt (0 8 2.311KB-EH4,

.90

.23-

Figure97.
A)Restriction map of pEH5.0. The double line represents rDNA

sequences.
B) pEHS.0 DNA digested with Bgl I and Sst I (lanes b and e), Bgl I and

EcoRI (lanes f and g) or Bgl I alone (lanes c and d), probed with
nick-translated DNA from XB3 (lanes b and c) or nick-translated DNA from
pBR322 bearing the rat growth hormone intron sequence (lanes d, e, and g).
Lane f is the ethidium bromide stained gel of the DNA used for the Southern
blot shown in lane g. The strongly hybridizing bands in lanes d, e, and g are
due to the cross-annealing of pBR322 sequences. The rDNA containing band at
.6 KB is indicated with an arrow. Lane a contains molecular weight markers.
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ing highly repetitious DNA, at least one of which contains an Alu-equivalent

type 2 sequence.

To determine which region contained the Alu related sequence, pEH5.0 DNA

was digested with Bgl I and Sst I and probed with a clone containing sequences

from the intron of the rat growth hormone. A 1.1 KB fragment (-3.9 to -2.8)

annealed (Figure 7B, lane e), suggesting that the -3.9 to -2.8 region contains

the Alu-equivalent type 2 sequence. The strong hybridization bands in lanes

d, e and g are due to the cross-annealing between pBR322 sequences in pEH5.0

and the nick-translated probe.

If pEH5.0 DNA was double digested with Bgl I and EcoRI, the resulting

-4.9 to -4.3 fragment could be seen as an ethidium-bromide staining band at

0.6 KB lane f), which failed to anneal to growth hormone intron sequences,

suggesting that its repetitive element is not homologous to an Alu type 2

sequence (Figure 7B, lane g).

These data suggest that the rat rDNA repeat contains two non-contiguous

regions (-4.9 to -4.3 and -3.9 to -2.8) that contain highly repetitious

sequences. The two regions differ in that only the -3.9 to -2.8 fragment is

homologous to the rodent Alu type 2 sequence found in the rat growth hormone

intron while neither is homologous to the Chinese hamster Alu type 1 sequence,

judged by lack of annealing to X63 (16,17) (data not shown).

DISCUSSION

Genomic Organization

We have examined the genomic organization of a 22 KB region of rat DNA

comprising about 60% of the rDNA repeat. The region extends from 9 KB up-

stream of the 45S RNA initiation site through the end of the transcribed

region.

With regard to the eight restriction enzymes used, the restriction maps

of two rat strains, Sprague-Dawley and BD-9 were identical to one another and

to the cloned rDNA sequence derived from a recombinant library of Sprague-

Dawley DNA. While all major bands were common between the DNAs using probes

from the external and non-transcribed spacer regions some minor bands were

detected suggesting some heterogeneity. It is unknown whether these differ-

ences reflect minor heterogeneity in various rDNA repeats, junctional rDNA

regions abutting non-rDNA sequences, or cross-hybridizing non-nucleolar

sequences, unrelated to rDNA. Although it was unclear as to what strain of

rat was used, Braga et al. (4) demonstrated substantially greater hetero-
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geneity in Southern blots of rDNA using cDNAs prepared from 18S and 28S rRNAs.

Restriction maps for other rat rDNA clones (also from Sprague-Dawley

libraries) have been published (4,27,32,33) and, in general, agree with our

proposed map (Figure 1). One difference among the cloned rDNAs from different

laboratories is the estimated size of the Eco RI fragment containing the

initiation site. Our clone contains a 10.9 KB fragment that corresponds in

size to an analogous fragment in about half the Sprague-Dawley genomic rDNA

repeats; the other repeats being 11.8 KB. Fuke et al. (32) isolated two

clones, whose corresponding Eco RI fragments were smaller, 10.1 and 9.4 Kb;

likewise, Rothblum et al. (33) described two clones whose Eco RI fragments

were 9.5 and 10.5 KB while Braga et al. (4) described two clones, 0.3 KB

different in size, which were both about 13 KB in length. Whether these

differences arise as errors in estimating DNA lengths or actually reflect the

sizes of different rDNA repeats is unclear. However, since our clone is the

same size as that in the genome, its size is unlikely to have been generated

artificially during cloning. Arnheim and Kuehn (10) have shown that the

analogous fragment in mouse rDNA can undergo deletions and insertions during

propagation in E. coli. Therefore, it may be important to insure that any

clone from this region has not undergone rearrangement during cloning.

Since only eight restriction enzymes were employed in our analysis, it is

possible that sequence variation not resulting in deletions or insertions

would be undetected. Even with regard to the sites examined, minor rDNA

repeats present at less than 2-3 copies per genome could not be detected. The

presence of minor heterogeneity among repeats is, however, evident by compar-

ing the sequences of rDNA regions. We (21), Financsek et al. (29) and

Rothblum et al. (30) have reported the nucleotide sequence surrounding the rat

45S rDNA initiation site. Of the 293 nucleotides common to our sequence and

that of Financsek et al. (29), there are 6 differences; 2 single base substi-

tutions and 4 single base insertions. Comparison of the 900 bases of our

sequence that overlap with that of Rothblum et al. (30) shows 12 single base

differences. However, at this time, we have no way of assessing how minor

sequence variation among repeats affects function.

Length Heterogeneity in the Non-transcribed Spacer

Rat rDNA has a length polymorphism 5' to the transcribed region consist-

ing of the insertion of 0.9 KB of DNA in the non-transcribed spacer, between

-1.8 and -0.28 KB from the initiation site. Both Sprague-Dawley and the BD-9

strains exhibit this variability. Restriction mapping and partial sequencing

6449



Nucleic Acids Research

of the region indicate that it is composed of repeating units, 130 nucleotides

in length. While the smaller polymorphic length consists of approximately

11.5 tandem repeats it is likely that the larger repeat contains correspond-

ingly more repeat units. In this regard, Arnheim and Kuehn (10) have shown

that the analogous position in mouse rDNA consists of a variable number of

copies of a 135 nucleotide sequence. Mice exhibit greater polymorphism with

regard to this region than rat, since any given inbred strain is likely to

have 4 to 6 major sizes of DNA fragments homologous to this region. Almost a

continuous variation in size exists in the spacer of Xenopus rDNA, again due

to an internally repetitious sequence (34,35,36). In addition, Braga et al.

(4) have also demonstrated an internally repetitious region 3' to the rat rDNA

repeat. Both sequence and length polymorphisms have been used as genetic

markers for determining the distribution of various mammalian rDNA repeats

among different nucleolar organizer-bearing chromosomes (37,38).

By sequence analysis the rat repeat unit does not bear homology to the

promoter region (21,29,30) and in this regard is not analogous to the "Bam

islands" described for Xenopus rDNA (36) nor to the repetitious rDNA spacers

of Drosophilia that contain regions homologous to the polymerase I initiation

site (39,40). However, it is very similar in sequence to the 135 nucleotide

repeat of mouse (10,31) including the extensive poly T tracts that both

species share.

Highly Repetitious DNA in the Non-transcribed Spacer

We detected two regions upstream of the initiation site (-4.9 to -4.3 and

-3.9 to -2.8) that contain highly repetitive DNA elements. The two fragments

differ in that only the -3.9 to -2.8 region contains an Alu-type 2 sequence.

Since we have not directly cross-hybridized the two rDNA repeat-containing

fragments, it is possible that they share some repeat elements but have other

elements (such as the Alu type 2 sequence) unique to one or the other.

Mouse rDNA contains at least two different repeat elements in their non-

transcribed spacers. Kominami et al. (14) showed that mouse rDNA contains two

different non-contiguous repeat elements at about -7.0 to -7.5 and -8.2 to

-8.4 (relative to the mouse 45S RNA initiation site at 0). Arnheim et al.

(12) demonstrated that these elements belonged to highly repetitive and inter-

spersed families. In addition to the upstream repeat elements both mouse and

rat rDNA contain repeat elements downstream from the 28S gene (4,14).

Higuchi et al. (15) have demonstrated that human rDNA also has at least 4

regions containing highly repeated elements, two of which contain Alu repeats,
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the other two bearing non-Alu-like elements. The repeats in human rDNA are

considerably closer to the initiation site than those in rat or mouse rDNA,

beginning at about -0.8 KB, relative to the transcription initiation site, and

extending to about -6.8 KB.

While the three mammalian species (mouse, human and rat) that have been

investigated have multiple repeat elements in their non-transcribed spacers,

albeit at varying distances from the transcribed region, it is unclear how or

if they function in rDNA. It is not even known if they are transcribed. In

other locations in the genome, interspersed repeat elements are transcribed by

RNA polymerase II as part of larger heterogeneous nuclear RNA molecules

(41,42,43) and by polymerase III as independent transcription units (17,44).

In addition to being possible templates for transcription, others have pro-

posed that Alu-like sequences function as origins of replication or as

vestiges of transposable elements (45,46,47).
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