
Proc. Nati. Acad. Sci. USA
Vol. 86, pp. 6250-6254, August 1989
Genetics

Human j3 satellite DNA: Genomic organization and sequence
definition of a class of highly repetitive tandem DNA

(human genome/concerted evolution/acrocentric chromosomes)

JOHN S. WAYE AND HUNTINGTON F. WILLARD*
Department of Medical Genetics, University of Toronto, Toronto, ON M5S 1A8 Canada

Communicated by Charles R. Cantor, May 15, 1989 (receivedfor review August 23, 1988)

ABSTRACT We describe a class ofhuman repetitive DNA,
called (3 satellite, that, at a most fundamental level, exists as
tandem arrays of diverged -68-base-pair monomer repeat
units. The monomer units are organized as distinct subsets,
each characterized by a multimeric higher-order repeat unit
that is tandemly reiterated and represents a recent unit of
amplification. We have cloned, characterized, and determined
the sequence of two (3 satellite higher-order repeat units: one
located on chromosome 9, the other on the acrocentric chro-
mosomes (13, 14, 15, 21, and 22) and perhaps other sites in the
genome. Analysis by pulsed-field gel electrophoresis reveals
that these tandem arrays are localized in large domains (50-300
kilobase pairs) that are marked by restriction fragment length
polymorphisms. In total, .8 satellite sequences comprise several
million base pairs of DNA in the human genome. Analysis of
this DNA family should permit insights into the nature of
chromosome-specific and nonspecific modes of satellite DNA
evolution and provide useful tools for probing the molecular
organization and concerted evolution of the acrocentric chro-
mosomes.

It has been recognized for nearly 20 years that a considerable
proportion of the human genome consists of constitutive
heterochromatin, regions known to be rich in highly repeti-
tive "satellite" DNA (1, 2). Recently, considerable progress
has been made toward the systematic classification of satel-
lite DNAs based on the size and composition, as well as the
genomic distribution and subchromosomal localization, of
the tandem repeat unit. Studies employing cloned satellite
probes have revealed the existence of two broad classes of
human satellite DNA. One class of sequences, comprising the
major components of several classical satellite DNAs orig-
inally isolated by altered buoyant density (base composition),
consists of relatively short oligonucleotide tandem repeat
units organized in long chromosome-specific arrays. These
sequences are located primarily in the heterochromatic long
arm regions of human chromosomes 1, 9, 16, and Y (3-7). A
second class of sequences, a satellite, consists of =171-
base-pair (bp) tandem repeat units localized to the centro-
meric region of each human chromosome (8). Although both
of these major classes of human satellite DNA are organized
in a largely chromosome-specific manner, a notable excep-
tion involves sequences at the centromere and on the short
arms of the five pairs of acrocentric chromosomes (9-12).
Repetitive DNA sequences and the ribosomal RNA (rRNA)
genes localized to these chromosomes do not exhibit chro-
mosome specificity but rather demonstrate complex patterns
of interchromosomal homology, reflecting partial or com-
plete sequence homogenization and concerted evolution (13-
18).

In this report, we describe the isolation and characteriza-
tion of a human satellite DNA family, f satellitet which is
unrelated in structure or sequence to any previously de-
scribed human satellite DNAs. These sequences comprise a
minimum of several million base pairs ofDNA in the human
genome and are organized, at a fundamental level, as tandem
arrays of diverged -68-bp monomer repeat units. The P
satellite DNA family is subdivided into two or more distinct
subsets, at least one of which is shared by the five pairs of
acrocentric chromosomes.

MATERIALS AND METHODS
Isolation of Cloned Repetitive DNAs. Human genomic

Sau3A fragments less than -200 bp in length were isolated
from a 2.0% low-melting-point agarose gel and ligated into
BamHI-digested pUC9. One recombinant plasmid (pB70-2)
contained a 70-bp Sau3A insert that hybridized to highly
repeated sequences in genomic DNA and was used to screen
a plasmid library constructed from 1.5- to 2.5-kilobase (kb)
fragments of Bgl II-digested human genomic DNA cloned in
the BamHI site of pUC9.
DNA Analysis. Methods for DNA isolation, restriction

endonuclease digestion, electrophoresis, transfer to nitrocel-
lulose or Hybond membranes, prehybridization, and hybrid-
ization have been described (19). The human/rodent somatic
cell hybrid mapping panel has been described in detail
elsewhere (20, 21). Conditions of reduced stringency con-
sisted of overnight hybridization at 420C [3 x SSC (1 x SSC =
0.15 M NaCl/15 mM sodium citrate)/50%o formamide] and
washing at 65°C in a final solution containing 0.5 M NaCl.
Conditions of high stringency consisted of overnight hybrid-
ization at 52-530C (3 x SSC/50%o formamide) and washing at
65°C in a final solution of 0.1 x SSC/0.1% SDS. Methods for
separation of high molecular weight genomic DNAs by
pulsed-field gel electrophoresis (PFGE) have been described
(22). PFGE filters were provided by S. Kenwrick, M. Pat-
terson, and K. Davies (University of Oxford).

Nucleotide Sequencing. The nucleotide sequence of 1.5 kb
from each of clones pB3 and pB4 was determined by the
dideoxy termination method using double-stranded plasmid
templates as described (21).

RESULTS
Isolation of a Human Repetitive DNA Sequence. Restriction

endonucleases that cleave at regular intervals within a tan-
dem DNA array generate discrete fragments, which, depend-
ing on their abundance relative to the bulk of genomic DNA

Abbreviation: PFGE, pulsed-field gel electrophoresis.
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tThe sequences reported in this paper have been deposited in the
GenBank data base (accession nos. M25748 for pB3 and M25749 for
pB4).
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fragments, may be visualized by ethidium bromide staining
(5, 23). Digestion of human genomic DNA with Sau3A
generates several discrete, highly repeated fragments <200
bp in length. To determine the nature of these sequences,
these fragments were isolated and cloned. One such clone
(pB70-2), containing a 70-bp Sau3A insert, detected repeti-
tive sequences in genomic DNA. Two longer clones (desig-
nated pB3 and pB4), consisting largely of =68-bp Sau3A
repeat units and corresponding in size to repetitive Bgl II
fragments detected in genomic DNA, were subsequently
isolated from a genomic library screened with pB70-2 under
conditions of reduced stringency (see Materials and Meth-
ods).
Genomic Organization of Cloned Repeat Units. As an initial

step in the characterization of these sequences, pB3 and pB4
were used as hybridization probes in Southern blot analysis
of human DNA digested with various restriction endonu-
cleases. Under conditions of high stringency, pB3 and pB4
detect genomic sequences that have dramatically different
hybridization patterns (Fig. 1). For tandemly repeated
DNAs, identical restriction periodicities generated by differ-
ent enzymes can provide an indication of the minimum length
of a higher-order tandem repeat unit. Accordingly, the hy-
bridization patterns revealed by pB3 and pB4 (Fig. 1) indicate
that the cognate genomic sequences may be organized as
tandem arrays of -2.5-kb and '=2.0-kb higher-order repeat
units, respectively. Partial digestions of genomic DNA with
either EcoRI or Acc I have demonstrated the tandem orga-
nization of the genomic sequences detected by these probes
(data not shown). Clone pB3 hybridizes to tandemly arranged
genomic sequences with EcoRI sites located at -2.5-kb
intervals. Clone pB4, on the other hand, hybridizes to
genomic sequences that are organized as tandem -2.0-kb
units marked by Acc I sites. The majority of pB3- or pB4-
homologous genomic sequences were not cleaved by the
enzyme characteristic of the other probe (e.g., Acc I or
EcoRI, Fig. 1). Thus, the tandem arrays detected by pB3 and
pB4 are not overlapping; rather, these probes appear to
recognize independent domains of tandemly repeated se-
quences.

Nucleotide Sequence Organization of Higher-Order Repeat
Units. The nucleotide sequence of -1.5 kb from each clone
was determined to define the internal suborganization of
these higher-order repeat units. Examination ofthe sequence
of pB3 and pB4 indicates that each is comprised of diverged,
tandemly reiterated units ofmonomer length -68 bp. In total,
33 monomer repeats were sequenced; they are generally
punctuated by Sau3A restriction sites, have an average
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FIG. 1. Organization ofgenomic DNA sequences homologous to
pB3 and pB4. Genomic DNA was digested with different restriction
enzymes and hybridized under high stringency conditions to pB3 or

pB4 as indicated. Lanes: 1, Acc I; 2, Bgl I; 3, BgI II; 4, EcoRI; 5, Hae
III; 6, Hpa I; 7, Hinfl; 8, Rsa I; 9, Pst I. Sizes are indicated in kb.

length of 68 bp (range = 66-70 bp) and an average G + C
content of 46% (range = 39-51%), and have no readily
apparent sequence redundancy smaller than the monomer.
Based on sequence homology, we have aligned 33 monomer
sequences (17 from pB3 and 16 from pB4) and derived an
"average" monomer sequence for these higher-order repeat
units (Fig. 2). A few positions appeared to show a consistent
difference between clones (e.g., positions 23, 25, and 31), as
might be expected for clones defining different subfamilies.
These data define a human tandem repeat DNA family

based on a monomer repeat length of -68 bp. These repeat
units are organized as longer higher-order repeat units that
consist of a characteristic number of diverged monomer
units. Since the =68-bp monomer sequence bears no resem-
blance to other reported human satellite DNAs, we suggest
that these sequences represent a previously undefined class
of repetitive DNA in the human genome that we refer to as
"p satellite," in accordance with a proposed nomenclature
for primate satellite DNAs (24).
Long-Range Organization of (3 Satellite Domains. The tech-

nique of PFGE has been used to investigate the long-range
organization of genomic 8 satellite DNA sequences. In
theory, restriction enzymes that do not cleave within the
higher-order repeat unit should cleave only flanking se-
quences, releasing arrays of tandemly repeated units intact.
We have analyzed the p satellite hybridization patterns of

genomic DNAs from a small two-generation family, which
have been digested with Xba I or EcoRI, and separated by
PFGE. Xba I does not cleave within the pB3 or pB4 higher
order repeat units (e.g., Fig. 1). PFGE analysis of Xba I-
digested genomic DNAs reveals multiple, high molecular
weight fragments detected by pB3 (Fig. 3A). A different set
of high molecular weight Xba I fragments was detected by
using pB4 (Fig. 3C). EcoRI, a noncutter of the pB4 higher-
order repeat unit, generates several high molecular weight
fragments homologous to pB4 (Fig. 3D). In contrast, most of
the genomic EcoRI fragments homologous to pB3 are local-
ized to a low molecular weight band (=2.5 kb) (Fig. 3B),
consistent with the presence of a single EcoRI site within
most copies of the pB3 higher-order repeat unit (Fig. 1).
With both of the /3 satellite probes, multiple high molecular

weight fragments were generated (Fig. 3 A, C, and D). This
may indicate that there are multiple arrays of a given higher-
order repeat unit per haploid genome. Alternatively, there
may be a single array that is interrupted by infrequent
restriction sites. Interestingly, the pattern of high molecular
weight bands is different in different individuals, and the
long-range restriction fragment length polymorphisms appear
to be inherited in Mendelian fashion (i.e., there are no bands
in the offspring that are not represented in one or both of the
parents, Fig. 3). The polymorphic Xba I patterns seen with
pB3 (Fig. 3A) are consistent with segregation of one major
"locus" in the genome. The patterns observed with pB4,
however (Fig. 3 C and D), are more complex and may reflect
independent segregation of several different loci on different
chromosomes.

Estimated Prevalence of (3 Satellite Sequences in the Ge-
nome. The copy numbers of the pB3 and pB4 higher-order
repeat units were estimated by quantitative dot blot hybrid-
ization (data not shown). By using high stringency condi-
tions, we estimate that there are -250-500 copies of the
=2.0-kb higher-order repeat unit (pB4) and significantly
lesser amounts (=50-100 copies) of the =2.5-kb higher-order
repeat unit (pB3) per haploid genome. These estimates are
consistent with independent estimates derived from summing
up fragment lengths in PFGE experiments (e.g., Fig. 3).
To estimate the total percentage of human DNA repre-

sented by p satellite sequences (pB3- and pB4-homologous
sequences, and other less closely related sequences), the
above experiment was repeated under less stringent condi-
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FIG. 2. Derivation of a (3 satellite average monomer sequence. The sequences of 33 f3 satellite monomer units (17 from pB3 and 16 from
pB4) were aligned for maximum homology. The average sequence (bold) is based on the most abundant base at a given position. A dash (-)
indicates a gap introduced to optimize alignment. A period indicates agreement with the average base.

tions that allow substantial sequence mismatch. Under these
conditions, the results given by both probes indicate that the
related sequences are present in amounts equivalent to
1000-2000 copies of the respective higher-order repeat units
(or 30,000-60,000 copies of the 68-bp monomer repeat unit)
per haploid genome. Thus, the P satellite DNA family com-
prises at least several million base pairs ofDNA in the human
genome, of which only a relatively small proportion corre-
sponds to the specific subsets represented by pB3 and pB4.

Distribution of j8 Satellite Sequences in the Human Genome.
To determine the chromosome distribution of the pB3 and
pB4 p satellite subsets, we have conducted Southern blot
experiments using DNAs of an extensive panel of human/
rodent somatic cell hybrids (20, 21). The genomic sequences
corresponding to pB3 ('-2.5-kb EcoRI fragment characteris-
tic of the higher-order repeat unit) were only detected in
hybrids that contain human chromosome 9 (Fig. 4A). In a
series of 32 hybrids, all other human chromosomes (including
the acrocentrics) were discordant in at least five hybrids.
Fluorescence in situ hybridization experiments (e.g., ref. 26),
using biotinylated pB3 as probe, have localized pB3-homo-
logous sequences to the heterochromatic region of the long
arm of chromosome 9 (9qh) (M. Bedford and H.F.W.,
unpublished data).
The pB4 P3 satellite subset appears to be more widely

distributed and could not be uniquely assigned to a single
chromosome (Fig. 4B). Considering only those hybrids that
are negative for pB4 at high stringency, it appears that this
subset is not present on human chromosome 3, 4, 6, 7, 8, 12,
17, 19, or X. In conjunction with this conclusion, analysis of
hybrids containing single (or only a few) human chromo-
somes indicates that the pB4 subset is located on at least five

human chromosomes, specifically, 13, 14, 15, 21, and 22.
Fluorescence in situ hybridization experiments have local-
ized pB4-homologous sequences to the short arms of the
acrocentric chromosomes, both proximal and distal to the
rRNA gene clusters (M. Bedford and H.F.W., unpublished
data). At least in the case of chromosome 21, this has been
verified by Southern blot analysis of human/rodent somatic
cell hybrids containing only the proximal or distal portion of
a chromosome 21 translocation, with a breakpoint through
the rRNA gene cluster (18, 25) (Fig. 4B and data not shown).

DISCUSSION
In this report, we describe the molecular features of a
previously uncharacterized class of human repetitive DNA,
p satellite. Characterization of p satellite has revealed an
organizational hierarchy not unlike that first described for
mouse satellite DNA (27) and subsequently shown for many
other satellite DNAs (8, 28). At the most fundamental level,
the P satellite DNA family consists of tandemly repeated
monomer units of -68 bp. The monomer repeat units exhibit
a considerable degree of nucleotide sequence variation (Fig.
2), indicating that these units have not been recently ampli-
fied as monomers. Instead, the diverged monomers have
been more recently amplified (fixed) as components of larger,
multimeric higher-order repeat units that are representative
of and define individual p satellite arrays.
Our results indicate that the p satellite DNA family is

composed of at least two, and probably more, distinct types
of higher-order repeat unit. These units (pB3 and pB4) define
nonoverlapping arrays of p satellite that have individually
distinct genomic distributions (Figs. 3 and 4). The subsets
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FIG. 3. Long-range organization of human 8 satellite subsets.
Human genomic DNAs were digested to completion with EcoRI or
Xba I, separated by PFGE, and probed under high stringency
conditions with pB3 or pB4. (A and B) Xba I (A) and EcoRI (B)
probed with pB3. (C and D) The same blots as in A and B (C, Xba
I; D, EcoRI) hybridized with pB4. Size markers are indicated in kb
as determined by a ladder of A concatemers. The pedigrees indicate
the relationships among the individuals tested.

defined by these higher-order repeat units represent only a
fraction of the total 83 satellite sequences detected in the
human genome.
We have demonstrated that one 83 satellite higher-order

repeat unit (represented by pB3) is represented =50-100
times per haploid genome and can be localized specifically to
chromosome 9 (Fig. 4A). This chromosome is marked by a
large block of constitutive heterochromatin (29) and, by in
situ hybridization, has been shown to contain various satellite
DNAs (2, 7). One cloned sequence localized to 9qh is
composed of tandem repeat units based on a satellite III-
related sequence motif (7). Thus, chromosome 9 contains at
least two distinct types of satellite (J3 satellite and satellite
III), both of which are chromosome-specific. In addition,
chromosome 9, like all human chromosomes, contains a
satellite DNA (30), although such centromeric sequences
have not as yet been cloned or characterized.
A second f8 satellite higher-order repeat unit (defined by

pB4) is represented =250-500 times per haploid genome and
is more widely distributed in the genome than pB3 (Figs. 3
and 4). Somatic cell hybrid mapping and in situ hybridization
have identified pB4 /3 satellite domains on each of the
acrocentric chromosomes. Several reports have previously
identified a variety of repetitive sequences that are localized
to the acrocentric short arms (9-12, 18) or centromeres
(13-15). In one such study (published while this work was in
progress), a cloned -67-bp Sau3A fragment was shown to
hybridize in situ to the acrocentric short arms (11). The probe
used in that study shares =90% sequence identity with the 13
satellite average sequence presented here (Fig. 2) and, as
such, may be defined as 1 satellite.

FIG. 4. Mapping of, satellite sequences using human/rodent
somatic cell hybrid DNAs. (A) Human genomic DNA (lane 1), mouse
genomic DNA (lane 2), and DNAs from eight different hybrid cell
lines (lanes 3-10) were digested with EcoRI and hybridized under
high stringency to pB3. Hybrids in lanes 8-10 contain human
chromosome 9. The hybrid in lane 3 contains human chromosome 21.
(B) Human genomic DNA (lane 1) and DNAs from different hybrid
lines (lanes 2-10) were digested with Hae III and hybridized under
high stringency to pB4. The hybrid in lane 2 contains human chro-
mosome 21. The hybrid in lane 3 contains only the 21p12-+21pter
portion of chromosome 21, as part of a X;21 translocation chromo-
some (18, 25). Hybrids in lanes 6 and 10 contain human chromosomes
15 and 22, respectively. Hybrids in other lanes do not contain any
human acrocentric chromosomes. Size standards are indicated to the
left, in kb.

The short arms of the acroeric-chromosomcs are rich-in
satellite DNAs and, with the exception of the rRNA gene
clusters (31, 32), are thought to be devoid offunctional genes.
It has been proposed that the acrocentric short arms have
evolved in a concerted manner, the presumed consequence of
interchromosomal exchanges between the rRNA gene clus-
ters or other sequences shared by these chromosomes (16,
17). If interchromosomal recombination between rRNA
genes is responsible for concerted evolution, one might
expect that the sequences distal to the rRNA clusters would
be very similar on all of the acrocentric chromosomes (e.g.,
ref. 18) and that the proximal sequences might evolve in a
more chromosome-specific manner.

It is therefore particularly noteworthy that 3 satellite
sequences appear to map proximal and distal to the rRNA
genes by in situ hybridization and, at least in the case of
chromosome 21, by filter hybridization analysis (Fig. 4).
Further, preliminary experiments indicate that, even within
a single acrocentric chromosome, there exist multiple sub-
families of /3 satellite that are distinguishable by nucleotide
sequence divergence and by physical mapping (e.g., PFGE)
(G. Greig, J.S.W., and H.F.W., unpublished data).
With respect to the possible mechanisms involved in

concerted evolution of the acrocentrics, therefore, it will be
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P satellite sequences between different acrocentric chromo-
somes and between different subregions of the same acro-
centric chromosome (i.e., distal and proximal to the rRNA
genes). Such analyses should provide insight into the nature
of the concerted evolution process itself and into the molec-
ular structure and evolution of the satellite family and ofthe
chromosomes that contain these sequences.
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