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Structure and Variation of Human Ribosomal DNA:
The External Transcribed Spacer and Adjacent Regions

GOLDER N. WILSON,l L. LYNNE SZURA,' CAROLINE RUSHFORD,2
DAVID JACKSON,2 AND JEANNE ERICKSON3

SUMMARY

A group of human ribosomal DNA (rDNA) recombinants that include
the probable site for initiation of transcription have been examined for
sequence polymorphism. A detailed restriction map of one rDNA insert
was constructed using plasmid subclones and end-labeled segments.
Comparison of 16 similar rDNA inserts by restriction and heteroduplex
analysis demonstrated striking conservation of the external transcribed
spacer and 18S gene regions, but defined a region where restriction sites
for the enzymes Sma I, Hpa II, and Hha I become frequent or variable.
This region extends for about 400-800 base pairs (bp) at the left end of
the rDNA insert and is postulated to contain nontranscribed spacer
sequences. The use of cloned rDNA segments as probes for the restric-
tion analysis of genomic rDNA has demonstrated certain fixed sites in
the nontranscribed spacer that do not vary significantly among different
individuals or tumor cell lines. In contrast, restriction with the enzyme
Sal I reveals several variable fragments, one of which has been found
only in a retinoblastoma cell line.

INTRODUCTION

Following a general trend for concepts of biological structure, the anatomy of the
eukaryotic genome becomes more dynamic as methods for dissecting protein,
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gene, and chromosome morphology become more refined. In man, polymorphic
loci or chromosomal variations have been extremely useful in studies of evolution
and disease. The search for human variation is greatly extended by restriction
endonuclease analysis of human DNA coupled with molecular cloning of selected
restriction fragments. Here these complementary techniques are used to examine
the variability of human ribosomal RNA genes in hopes of finding polymorphisms
that will clarify the evolutionary history and functional significance of rDNA
sequences.
The structure of a single repeat unit of human rDNA, based upon the electron

microscopic evidence of Wellauer and Dawid [1], is shown in the upper portion of
figure 1A. Their nomenclature for the Eco RI fragments of human rDNA is used in
this report with the provision that sites within the A and B Eco RI fragments are
lettered or numbered in the direction of rRNA transcription as defined in Xenopus
[2]. The proposed structure is consistent with previous density equilibrium cen-
trifugation [3, 4], hybridization [3, 5, 6], or restriction [7-9] analysis of human
rDNA if one assumes the 44 kilobase pair (kb) unit is tandemly repeated 50-400
times per haploid genome to form clusters of G + C rich DNA. The restriction
analyses referenced above did not detect portions of the C and D Eco RI fragments
because they are far removed from regions that hybridize to rRNA. As in lower
eukaryotes, nontranscribed spacer regions of rDNA alternate with transcribed
regions that yield unstable nuclear (transcribed spacer) or stable cytoplasmic (5.8,
18, and 28S) rDNA segments [10].

Restriction analysis employing radio-iodinated 18S or 28S rRNA demonstrated
little variation in the A and B Eco RI fragments except for occasional absence of
the Eco RI site at the B/C fragment border [8], and a Hind II polymorphism within
the 28S gene [11]. The major variation demonstrated so far by restriction analysis
is length heterogeneity in the nontranscribed spacer region about 2 kb from the 3'
end of the 28S gene [11, 12]. Additional evidence for length heterogeneity of the
nontranscribed spacer is provided by R-loop and restriction analysis of highly
enriched human rDNA [1], but the majority of repeats seem uniform in size.

Molecular cloning of several unique Eco RI B fragments from the same or
different individuals allows a more detailed search for variation among different
rDNA repeats. This report compares unique B fragment clones by restriction or
heteroduplex analysis and defines a region of sequence heterogeneity near the B/C
Eco RI fragment junction that presumably corresponds to a region of the non-
transcribed spacer. The variability of this region is also examined in genomic
DNA by hybridizing Southern blots to nick-translated B fragment DNA probes.

MATERIALS AND METHODS

Cloning of rDNA Fragments

Primary cloning of Eco RI B fragments in the vector Charon 16A [13], from IMR-90
cellular DNA [14], has been described [8]. The vector XgtWESvXB [15] was digested with
Eco RI and Sst I in 10 mM Tris-HCI, pH 7.5, 5 mM MgCl2, 100 mM NaCl, and 2 mM
2-mercaptoethanol in order to cleave the XB fragment. After extraction with phenol and
ether, 0.5 ,ug of XgtWES DNA was ligated with 0.15 ,ug of human placental DNA that had
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been subjected to successive cesium chloride and silver cesium sulfate density gradients [4].
The ligation reaction (100 /ul) contained 66 mM Tris-HCl, pH 7.5, 10 mM MgCI2, 0.1 mM
ATP, 10 mM dithiothreitol, and 1 U of T4 DNA ligase (Bethesda Research, Rockville,
Md.). After ligation for 16 hrs at 41C, the ligated DNA was incubated with shocked cells [8]
prepared from the strain LE 392 [15]. Transfectants were screened with iodinated 18S
rRNA isolated from HeLa cells [8] and DNA purified from positive recombinants as
described by Murray [16]. Seven Eco RI B fragments were obtained from a pool of 650
recombinants.

Transfer of the Eco RI B fragment from Charon 16A HrB-I to pBR 322 [17] was
accomplished by ligating I msg of Eco RI restricted phage DNA with 0.1 .mg of Eco RI
restricted pBR322 DNA as described above. Of 100 transformants screened in the host
E. coli K802 [13], three hybridized with 18S rRNA; DNA was prepared from one of these
(pHrB) for characterization. Plasmid DNA was prepared as described by Bolivar et al. [17].
Subcloning ofEco RI-Sal I fragments from Charon 16AHrB-1 was accomplished in identi-
cal fashion using doubly-digested DNA, except that the approximately 2,000 transformants
obtained from 50 pl of ligation reaction were subjected to cycloserine selection [17]. The
percentage of tetracycline sensitive transformants was increased from 30% to 98% by this
procedure and of five selected for characterization, two contained the insert shown in
pHrB-ES (fig. 1), two contained the insert shown in pHrB-SE, and one contained an insert
of about 9 kb that was probably derived from the right phage arm of Charon 16A. Subclon-
ing of the Sal I rDNA segment was accomplished as described for pHrB, except that the
DNA was digested with Sal I. Of 100 transformed colonies, seven appeared tetracycline
sensitive, and two contained the segment shown as pHrB-SS.

Preparation of End-labeled DNA Segments
From 5 to 10 ,ug of DNA was restricted in the appropriate buffer (250 ,ul) and dialyzed for

6 hrs in 10 mM Tris-HCl, pH 7.5. End-labeling reactions (200 ,ul) contained 50 mM
Tris-HCl, pH 8.0, 50 mM KCl, 10 mM MgCI2, 18 AM dGTP-dCTP-dTTP, 50 ,lCi of
a[32P]dATP (300 Ci/mmol), and 5-10 U of reverse transcriptase (gift of J. Beard, National
Institutes of Health). After 30 min at 37°C, the reaction was heated 5 min at 65°C and
diluted to 500 ,l of the appropriate buffer for digestion with a second restriction enzyme.
End-labeled fragments were separated by applying the reaction to 5%-20% sucrose gra-
dients in 10 mM Tris-HCI, pH 7.5, 1 mM EDTA, and 10 mM NaCl and centrifuging 24 hrs

FIG. 1.-Schematic structure and derived clones of human ribosomal DNA. A (top), Upper portion
shows the four Eco RI restriction fragments of a single rDNA repeat as defined by Wellauer and Dawid
[1]. Nontranscribed spacer (thin lines), transcribed spacer (thick lines), and gene regions are indicated.
The A and B fragments can be detected by hybridization with mature 18 or 28S rRNA and have been
cloned in bacteriophage vectors. Primary phage clones of the B fragment are depicted along with the
plasmid clones and end-labeled segments derived from plasmid inserts. (t), Eco RI site; (*), [32P]-
labeled 3'-end. B, A 1% agarose gel after electrophoresis and ethidium bromide staining (see MATE-
RIALS AND METHODS). Lanes 1 and 2 show the release of the 5,700-bp B fragment after Eco RI digestion
of Charon 16AHrB-1 or pHrB DNA; lanes 3-5, Eco RI-Sal I digestions of Charon 16AHrB-1, pHrB-
SE, and pHrB-ES, respectively; lane 6, an Eco RI digestion of pBR 322; and lane 7, standard Hind III
fragments of phage lambda DNA (24, 9.6, 6.7, 4.3, 2.3, and 2.0 kb). C, Digestion of Charon 16AHrB-I
(lane 1) or HrB-5 (lane 2) with Sst I liberating 3.0- or 5.1-kb fragments according to the orientation of
the B fragments Sst I site (fig. 3) relative to the Sst I site in the right phage arm of Charon 16A [13]. D,
The 8.4- and 1.7-kb fragments obtained by digestion of pHrB with Pst I (lane 2) define the B fragment
orientation in this plasmid (see fig. 4), while comparison of the Eco RI-Kpn I digestions of Charon
16AHrB-1 (lane 3), Charon 16A (lane 4), and pHrB (lane 5) defines which Kpn I fragments derive from
rDNA. Lane 1 shows the Hind III standard fragments described in C. E, Comparison of independent B
fragment recombinants by digestion with Eco RI-Sma I. Thefirst two lanes are lambda Eco RI or Hind
III fragment standards, while lanes 3-8 show digestion of XgtWES-AB fragment recombinants and
lanes 9-15 show Charon 16A recombinants.
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at 40,000 rpm in the Beckman SW41 rotor. Fractions (0.5 ml) were screened by electro-
phoresis on 1% agarose gels and dialyzed overnight vs. 10 mM Tris-HCI, pH 7.5, before
restriction. As described below, the end-labeling reaction was characterized using pBR 322
DNA to ensure the absence of internal labeling and other artifacts.

Restriction Analysis

Bacteriophage (0.5-1 pug), plasmid (0.2-0.5 Mug), or human DNA (2-5 Mug) was incubated
with 2 U per lug of restriction enzyme (Bethesda Research) in 50 JAI of the recommended
buffer. After incubation for 1-2 hrs at the appropriate temperature, samples were heated 5
min at 701C and applied to 14 X 10-cm or 14 X 30-cm 1% agarose slab gels. Electro-
phoresis was for 10-20 hrs at 50 V in buffer containing 40 mM Tris acetate, 20 mM Na
acetate, and 1 mM EDTA at pH 8.2. Gels were stained with ethidium bromide (1 ,ug per ml)
or transferred as described [8].

End-labeled DNA was restricted in similar fashion using 20,000-50,000 cpm (0.1-0.2 /g)
per gel lane and amounts of restriction enzyme dictated by preliminary titrations (0.1-0.5 U
per Mug DNA for a standard incubation time of 15 min). Gels (1.5% agarose) were dried
down for 5 hrs with water aspiration in the Hoefer drying apparatus at 60°C and auto-
radiographed for 3-48 hrs at room temperature using Kodak Royal XOMat film with
enhancement screens [18].

Nicked-Translation and Hybridization Reactions

Nicked-translation reactions (100 Ml) contained 50mM Tris-HCI, pH 7.8, 50mM MgCl2,
100 mM 2-mercaptoethanol, 0.5 mg per ml bovine serum albumin, 18 MuM dGTP-dCTP-
dTTP, 50 MCi of a[32P]dATP (2,000-3,000 Ci/mmol), I Mg of nicked plasmid or phage
DNA, and 5 U of DNA polymerase I (Bethesda Research). DNA was nicked using 0.1 ng of
DNAse I (Miles Laboratories, Elkhart, Ind.) for 10 min at 16°C in the above buffer, which
is stored as a I mg per ml solution in 1 N HCI and diluted 1/10 in activation buffer (10 mM
Tris-HCI, pH 7.6, 5 mM MgCl2, and 1 mg/ml bovine serum albumin) for 2 hrs at 0°C
before use. After polymerization for 30 min at 160 C, the reaction was diluted to 500 M1 with
H20, extracted with 1 vol of phenol saturated with 500 mM Tris-HCl, pH 7.5, and passed
over a 10-ml column of Sephadex G50 in H20 at room temperature. The excluded 32p
radioactivity (95% precipitable with tricholoroacetic acid) contained 2-5 X 107 cpm and
was stored in 10 mM Tris-HCl, pH 7.5, 1 mM EDTA at 20°C.

Hybridization of nitrocellulose membranes was performed essentially as described by
Wahl et al. [19]. After preincubation with 10 ml buffer (50% formamide [Eastman, Roches-
ter, N.Y.]; 5X SSC; 5X Denhardt's [0.1% BSA, .01% Ficoll, .01% polyvinylpyrolidine]; 1%
glycine; 100 mM K phosphate; and 100 ug/iml sonicated salmon sperm DNA) in a Seal-O-
Meal bag for 5 hrs at 430 C, the membrane was hybridized in the same buffer substituting 10%
Dextran sulfate (Pharmacia, Piscataway, N.J.) for glycine with IX Denhardt's solution and
107 cpm of nick-translated DNA (heat-denatured 5 min at 900C before mixing with hybrid-
ization buffer). After hybridization for 8-16 hrs at 430C, the membrane was washed for 1 hr
at 60°C with 250 ml of 2X SSC-0. I% SDS, then 30 min with 250 ml of 0. IX SSC, and dried.
Autoradiography was for 1-7 days as described above.

Electron Microscopy

Heteroduplexes were formed essentially as described [20] by adding 0.25 Mg of each DNA
to 20 Mul of 50mM NaOH-10 mM EDTA for 10 min at room temperature, then adjusting to
40 M1 of 50% formamide, 100 mM Tris-HCI, pH 7.4, and annealing for 35 min at room
temperature. The DNA was then diluted 25-fold into hyperphase containing 70% forma-
mide, 100mM Tris-HCI, pH 8.5, 10 mM EDTA, pH 8.1, and 40Mg per ml of cytochrome C.
SV40 form II DNA and phage M13 mpS DNA were included as double-stranded and
single-stranded standards, respectively. Molecules were spread on a 40% formamide hypo-
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phase and absorbed onto parlodion coated grids. Grids were stained for 20 seconds in 50
MiM uranyl acetate, dried in isopentane, and rotary shadowed with platinum/palladium
(80/20). Molecules were photographed with a Zeiss EM10-A electron microscope and
measured with a Numonics graphics calculator.

RESULTS

Cloning and Preliminary Characterization ofthe Eco RIB Fragment ofHuman rDNA
Two lambda bacteriophage vectors were used for primary cloning of rDNA

segments from enriched DNA (fig. 1). As described in [8], 11 Eco RI B fragment
clones (Charon 16AHrB-1 through 11) were isolated independently in Charon
16A [13] from the DNA of IMR-90 fibroblasts [14]. The six B fragment clones in
XgtWESAXB [15] were isolated independently from a single placental DNA sample
as described in MATERIALS AND METHODS.

The B fragment insert in recombinant phage is demonstrated most clearly by
Eco RI digestion (fig. 1B, lanes 1 and 2) or heteroduplex formation with parent
phage (not shown). Orientation of the B fragment within recombinant phage can
be shown by heteroduplex formation with other recombinant phage (figs. 2A and
B) or by restriction with Sst I (fig. IC). The difference in orientation revealed by
Sst I digestion is most dramatic in Charon 16A clones since, in addition to the
asymmetric Sst I site in the B fragment (fig. 3), there is an Sst I site on the right
phage arm that is lacking in XgtWES*XB. The 18S gene region is oriented next to
the left phage arm in only three of 11 Charon 16A recombinants (Charon
16AHrB-2, 5, and 7) and only one of six XgtWESAXB recombinants (XgtWES.
XHrB-3).
As diagrammed in figure 1, various segments of the Eco RI B fragment from

Charon 16AHrB-1 were subcloned in pBR 322 [17]. The plasmid pHrB contains
the entire B fragment, while the subclones pHrB-ES, pHrB-SS, and pHrB-SE
contain segments of the B fragment corresponding to 18S gene or transcribed
spacer regions. Comigration of the Eco RI-Sal I segments in pHrB-ES and pHrB-
SE with those in the parent phage Charon 16AHrB-I is demonstrated in figure 1B,
lanes 3-5.

Restriction Mapping of the Human rDNA Eco RI B Fragment
Figure IA displays the various B fragment clones that are available in plasmid

or bacteriophage vectors. Restriction sites may be quickly localized by comparing
digests of the various clones. An example of this approach for the enzyme Kpn I is
shown in figure 1D. Restriction fragments that comigrate when Eco RI-Kpn I
digests of Charon 16AHrB-1 and pHrB are compared (fig. ID, lanes 3 and 5)
derive from B fragment rather than vector DNA (lane 4). The cleavage of pHrB-
SS DNA but not pHrB-ES or pHrB-SE DNA (not shown) precisely defines the
position of this restriction site. Sites for Kpn I, Sst I, Xho I, Pst I, Xba I, Bam HI,
and Bgl I were determined by this approach, while Hpa I, Bgl II, and Hind III were
found not to digest the B fragment (fig. 3).

Restriction enzymes that recognize many sites in the B fragment were mapped
using partial digestion of end-labeled DNA [21]. Figure IA shows the different
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FIG. 2.-Heteroduplex analysis of cloned Eco RI B fragments. A, Heteroduplex between Charon
16AHrB-1 and XgtWESHrB-3 showing the large substitution loop obtained when the B fragment
inserts are in opposite orientation. This topology is labeled III in table 3. Magnification 45,500X. B,
Heteroduplex between Charon 16AHrB-l and AgtWES&HrB-l showing the similarly oriented B frag-
ment region between nonhomologous regions of the phage arms (structure I in table 3). Magnification
45,500X. C, Heteroduplex between Charon 16AHrB-2 and XgtWESHrB-3 showing decreased length
of the homologous B fragment region. Magnification 45,500X. D, Heteroduplex between two Charon
16AHrB-2 molecules demonstrating a deletion loop. This deletion correlates with the shortened B
fragment region in C and indicates heterogeneity among Charon 16AHrB-2 inserts. Measurements are
shown in table 3 (structure II). Magnification 35,700X.
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FIG. 3.-Restriction map of the human rDNA Eco RI B fragment. The 18S gene (box), external
transcribed spacer (thick line), and nontranscribed spacer (thin line) regions of the Eco RI B fragment
are displayed above restriction sites derived from the analysis of Charon 16AHrB-l and its plasmid
subclones (fig. 1). The enzymes Bgl II, Hpa I, and Hind III do not digest the B fragment. Dotted lines
represent uncertainty about the position of nontranscribed/transcribed spacer and spacer/18S gene
junctions. Lettered Bgl I and Sma I sites are examined for variability in figure 5.

end-labeled segments that were constructed from plasmid B fragment clones. The
circular DNA was opened at a specific site and end-labeled using a[32P]dATP and
reverse transcriptase. For most experiments, the two end-labeled segments were

separated by cleavage with a second restriction enzyme as diagrammed in figure
4A for fragments B(EX*), B(X*E), and B(SE*) or B(E*S).

Before analysis of rDNA segments, control digestions were performed to assess

the degree of internal labeling and the accuracy of molecular weight estimates.
Partial restriction of pBR322 DNA linearized with Eco RI and labeled at both ends
was compared with the partial restriction fragments expected from the sequence
data of Sutcliffe [22]. There was general agreement between the experimental and
predicted values if one assumes limited resolution of fragments that differ by less
than 50 bp or fall outside a 100-4,000-bp size range.

Partial restriction of the segment B(ES*) with Sma I and Hpa II is shown in
figure 4B. As expected, certain fragments are similar since the Hpa II recognition
sequence is contained in Sma I sites. The Hpa II sites documented in figure 4B are
tabulated in table 1 by converting the molecular weight of each restriction frag-
ment to a coordinate representing the distance of that restriction site in bp from
the Eco RI site at the B/C Eco RI fragment junction (fig. 1). Although the Hpa II

digestions shown in figure 4B contained too much enzyme to visualize the larger
restriction fragments, those sites that are demonstrated compare well with sites
derived from digestion of the segment B(E*S), which is labeled at the opposite end
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(table 1). Such comparisons are necessary to rule out internal labeling by reverse
transcriptase. Despite such precautions, table 1 and the similar tables for Hae III,
Hha I, and Sma I (available upon request from the authors) clearly represent a
minimal estimate of restriction sites. These data are summarized in figure 3.

E s A
E S
%w.f lAArtBRES% or SEI

Sal I size
E0SSeparation

*E - - pBR 322

X E*WvVA B(X E)
EcoRI size
- -~sl

X S S E B(EX)
E E pBR 322

FIG. 4.-Isolation and partial restriction of end-labeled rDNA segments. A, The strategy for prepar-
ing end-labeled Eco RI-Sal I segments from pHrB-ES or pHrB-SE DNA (top) and Eco RI-Xba I
segments from pHrB DNA (bottom) is diagrammed. E, S, and X represent Eco RI, Sal I, and Xba I sites;
the plasmid (smooth lines) and insert (rough lines) DNAs are indicated schematically. B, Partial restric-
tion analysis of the end-labeled segment B(ES*) with Sma I (lanes 1-3) and Hpa II (lanes 4-6). The
molecular weights of certain Hae III fragments of OX 174 are indicated as standards, and the coordi-
nates derived from molecular weights of the Hpa II fragments are listed under B(ES*) in table 1.
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Comparison of Cloned B Fragments by Restriction Analysis

Restriction analysis of independent bacteriophage B fragment recombinants
with Eco RI-Pst I, Eco RI-Bam HI-Sal I, and Eco RI-Xba I-Xho I revealed no
evidence of length or sequence heterogeneity among the 17 clones (not shown). A
questionable difference in mobility of the Sma I rDNA fragment (see arrow in fig.
iE) extending from Sma I sites a to x in figure 3 was observed, but this was not
confirmed by the partial restriction analysis described below. The smaller Sma I
fragments could not be clearly visualized by ethidium bromide staining.
More detailed comparison of bacteriophage recombinants was achieved by re-

stricting with Eco RI, labeling the ends, and subjecting the B(E*E*) segments to
partial restriction analysis. In figure 5, B(E*E*) fragments containing the left-
labeled end can be viewed separately from fragments containing the right-labeled
end by utilizing Sma I or Bgl I digestions. The lettered fragments deriving from the
Sma I cluster are clearly separated from the phage fragments (4), and the many
Sma I rDNA fragments of intermediate size that correspond closely to the sizes
predicted from the map in figure 3. There was clear variation in the Sma I and Bgl
I patterns for two of four recombinant phage, and the calculated fragment molecu-
lar weights are listed in table 2. Variation of the smallest fragment (g) could not be

A.........~~~~~~~~~~~~~~~~~~~~~~~.. ......

FIG,. 5.-Comparative restriction of independently cloned Eco RI B fragments. The end-labeled
segments B(E*E*) derived from XgtWES-HrB-I (lanes 3 and 4), HrB-2 (lanes 5), HrB-4 (lanes 6). and
HrB-6 (lanes 7) were restricted with Sma I or Bgl I followed by electrophoresis on a 1.5% agarose gel
and autoradiography. Sma I digestions of the end-labeled segment B (E*S) were included for compari-
son (lanes 1 and 2). Lanes 1-3 are taken from one gel, lanes 4-7 from another. Letters identify fragments
corresponding to the restriction sites for Sma I and Bgl I shown in figure 3; molecular weights
calculated from the mobility of these fragments are listed in table 2.
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TABLE 2

COMPARATIVE RESTRICTION ANALYSIS OF END-LABELED RDNA SEGMENTS

B(E*S) B(E*E*)

ENZYME SITE (BAND) Lane 1 Lane 2 Lane 3 Lane 4 Lane 5 Lane 6 Lane 7

Sma I a ......... 980 990 990 990 1020 1000 980
b ......... 940 950 950 950 970 950 940
C ......... 770 785 780 780 820 800 760
d ......... 710 720 720 720 740 730 700
e ......... 450 455 450 465 480 470 450
f.......... 345 350 340 360 380 380 350
g ......... 60 .. ...

Bgl I a ..(300) 310 325
b ............. (200) * --200 215 210 190

NOTE: Molecular weights in kb are listed for the restriction fragments labeled a-g (Sma I) or a and b (Bgl I) shown
in the various lanes of figure 5. Values in parentheses were determined from separate experiments.

assessed because of the presence of unincorporated nucleotide even after extensive
dialysis.

Comparison of Cloned B Fragments by Heteroduplex Analysis

The lambda bacteriophage vectors Charon 16A and XgtWESAXB have little
homology in their central regions as indicated by the large substitution loop in
heteroduplexes of these two phage DNAs (not shown). Insertion of the human
rDNA Eco RI B fragment in the single Eco RI site of Charon 16A and replacement
of the XB fragment of XgtWESAXB with this same insert yields a larger substitution
loop in heteroduplexes between recombinant phage if the B fragments are in
opposite orientation (fig. 2A). If the B fragments are in similar orientation, a B
fragment heteroduplex is visible between two substitution loops that represent the
remaining nonhomologous regions of the phage arms (fig. 2B). The B fragment
region is thus displayed between two substitution loops and can be scrutinized for
evidence of length heterogeneity between the two cloned segments. As indicated in
table 3, no deletion or substitution loops were detected in heteroduplexes between
recombinant phage under conditions where loops greater than an estimated 100
bp should have been visible. A minor fraction of Charon 16AHrB-2: XgtWES-
XHrB-3 heteroduplexes displayed a shortened B fragment region (fig. 2C). This
deletion amounted to 3.4 ± 0.9 kb of the Charon 16AHrB-2 B fragment as mea-
sured from heteroduplexes of Charon 16AHrB-2 with itself (fig. 2D and table 3).
Changes in the morphology of the larger phage substitution loop indicated that
the deletion involved the left portion of the B fragment.

Restriction Analysis of B Fragment Regions in Genomic DNA

The examination of cloned B fragment repeats for heterogeneity was extended
to adjacent regions of rDNA by hybridizing to Southern blots of restricted genom-
ic DNA. The Southern blot in figure 6A shows distinct bands for Xho I, Xba I, Kpn
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HUMAN RIBOSOMAL DNA

I, Pst I, Bam HI, and Sal I in addition to those derived from A and B fragment
regions. The minor bands of 3-8 kb in Sal I digests of genomic DNA (fig. 6A)
prompted further analysis with this enzyme. Restriction of several human DNA
samples from spleen, placenta, HeLa, or retinoblastoma cells and hybridization
with the nick-translated B fragment subclones pHrB-ES or pHrB-SE are shown in
figure 6B and C. Hybridization with pHrB-ES reveals bands of 4.6- and 12-15-kb
in addition to the 1.5-kb band seen in figure 6A. These bands seem fairly constant
for DNA from different tissues and individuals except for the retinoblastoma cell
line (fig. 6B, lane g), which substitutes a 7.2-kb band for the 4.6-kb band. A second
hybridization of the identical blot with nick-translated pHrB-SE DNA reveals the
10.6-kb Sal I segment extending to the right of the B fragment (fig. 6D) and faint
hybridization to segments of 7-9 kb in several lanes (fig. 6C).

DISCUSSION

The analysis of sequence variation among multicopy genes can be approached
in several ways. The entire gene set may be examined using Southern restriction
analysis of genomic DNA, but the precision of this technique is limited when small
restriction fragments are involved or when homologies with other gene families
exist. The cloning of similar but independent DNA segments yields a clearly
defined subgroup of a gene set that can be examined for variability, but sequenc-
ing of every clone is too laborious unless variable regions can be pinpointed by
other techniques. This report demonstrates the advantage of a detailed restriction
map for targeting variable regions among similar cloned segments, and extends
this knowledge to the gene family as a whole by probing genomic DNA with a
subclone containing the variable region.
Of great concern in approaching ribosomal gene variation by the analysis of

cloned segments is bias inherent in the cloning process. The deletion occurring in a
small proportion of XgtWESAXHrB-2 molecules (fig. 2D) is the only clear example
of a change in cloned segments during their preparation. Such changes must always
be considered, especially in view of the suggestion of Arnheim and Kuehn [23] that
growth-induced variation of mouse rDNA segments mimics the evolutionary be-
havior of these segments. These considerations emphasize the importance of relat-
ing features of cloned segments to their structure and organization in genomic
DNA.
A detailed restriction map for the human rDNA Eco RI B fragment was as-

sembled using standard or partial restriction analysis [21, 24]. Clusters of restric-
tion sites for Sma I, Hpa II, Hha I, and Hae III were found near the 5'-end (fig. 3).
No variation among B fragment clones could be detected by standard restriction
or heteroduplex analysis (figs. lE and 2), but partial restriction analysis suggested
a 15-30-bp shift in the position of 5'-Sma I or Bgl I sites among four clones (fig. 5
and table 2). A comparable region of Xenopus nontranscribed spacer contains a
variable 15-bp element just to the left of a Sma I cluster [25, 26]. Mouse rDNA
also contains a Sma I cluster near the junction of transcribed and nontranscribed
spacers [27]. A position for this junction 400-800 bp from the left Eco RI site of
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the human rDNA B fragment would agree with the electron microscopic estimates
of Wellauer and Dawid [1].
The analysis of B fragment and adjacent regions of genomic DNA is prelimi-

nary, but demonstrates restriction sites expected from the map in figure 3 and
maps of the Eco RI A rDNA fragment (see fig. 6D and [12]). New restriction sites
in the C fragment region are postulated based on the fragments visualized in figure
6A, but homologies reported between nontranscribed spacer regions and other
fragments in man and mouse [28] make these sites uncertain. Homology between
regions of Xenopus transcribed spacer adjacent or about 1,100 bp downstream
from the promoter site [29] complicates mapping of this area prior to cloning of
the C fragment.

Restriction patterns of genomic rDNA with Sal I hybridized with pHrB (fig.
6A), pHrB-ES (fig. 6B), or pHrB-SE (fig. 6C) reveal many fragments in addition to
those expected from the A and B Eco RI fragment restriction map. The Sal I sites
indicated by the dotted arrows in fig. 6D represent one explanation for the extra
1.5- and 4.6-kb Sal I fragments specifically visualized by hybridization with pHrB-
ES. This explanation requires that the Sal I site nearest the B fragment, like its
neighboring Eco RI site, be absent from certain rDNA repeats and generate the
4.6-kb Sal I fragment. Alternatively, this 4.6-kb fragment may contain homolo-
gous non-rDNA sequences.
A restriction polymorphism involving the 4.6-kb Sal I segment is demonstrated

in retinoblastoma cells (fig. 6B, lane g), where a new fragment of 7.2 kb is seen.
The relation of this polymorphism to the genetic tendency for retinoblastoma
caused by mutation [30] or chromosomal deletion [31] will be interesting to define.
The Bam HI polymorphism that seemed specific for HeLa cell lines was actually a
rare but normal variant that probably was present in the individual from which
the cell line originated [12].
The additional Sal I fragments of 3-8 kb revealed by hybridization to pHrB or

pHrB-SE do not fit in with the map in figure 6D. Similar variable fragments have
been seen using A fragment probes (R. Schmickel, unpublished results, 1981).
These may represent aberrant repeats, such as those defined by Wellauer and
Dawid [1], or junctions of rDNA repeats with chromosomal DNA. Variation of
human rDNA or related sequences thus seems considerable, but its definition
awaits further cloning.

FIG. 6.-Restriction analysis of genomic rDNA using Eco RI B fragment clones as probe. A,
Placental DNA was digested with the indicated restriction endonucleases, subjected to electrophoresis
on a 14 X 10-cm 1% agarose gel, and blotted as described in MATERIALS AND METHODS. Autoradiog-
raphy for 3 days followed hybridization with nick-translated pHrB DNA. Standards are Hind III and
Eco RI fragments of lambda DNA. B, DNA samples (10 ,ug) from various sources were restricted with
Sal I and hybridized to nick-translated pHrB-ES after electrophoresis on a 14 X 30-cm 1% agarose
gel, Southern blotting, and autoradiography for 2 days. Standards are as above. Lane a, spleen; lane b,
placenta; lane c, HeLa cell; lane d, spleen; lane e, placenta; lanef, spleen; lane g, retinoblastoma; lanes h
and i, placenta. The retinoblastoma cell line (AG 1232) was obtained from the Human Mutant Cell
Repository, Camden, N.J. C, The identical blot shown in B was hybridized to nick-translated pHrB-SE
DNA and autoradiographed for 3 days. D, Composite restriction map of human rDNA.
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The map in figure 6D is a composite derived from the restriction analysis of
cloned or genomic human rDNA. Variable nontranscribed spacer regions sur-
round a transcribed region that is highly conserved with the exception of a Hind II
polymorphism in the 28S gene [11]. Variable regions should allow the definition of
polymorphisms specific for individual acrocentric chromosomes, while clones of
the constant region will provide assays for ribosomal gene expression.
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