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The evolutionary dynamics of �-satellite
M. Katharine Rudd,1,2,4 Gregory A. Wray,1,3 and Huntington F. Willard1,2,3,5

1Institute for Genome Sciences & Policy, 2Department of Molecular Genetics and Microbiology, and 3Department of Biology,
Duke University, Durham, North Carolina 27708, USA

�-Satellite is a family of tandemly repeated sequences found at all normal human centromeres. In addition to its
significance for understanding centromere function, �-satellite is also a model for concerted evolution, as �-satellite
repeats are more similar within a species than between species. There are two types of �-satellite in the human
genome; while both are made up of ∼171-bp monomers, they can be distinguished by whether monomers are
arranged in extremely homogeneous higher-order, multimeric repeat units or exist as more divergent monomeric
�-satellite that lacks any multimeric periodicity. In this study, as a model to examine the genomic and evolutionary
relationships between these two types, we have focused on the chromosome 17 centromeric region that has reached
both higher-order and monomeric �-satellite in the human genome assembly. Monomeric and higher-order
�-satellites on chromosome 17 are phylogenetically distinct, consistent with a model in which higher-order evolved
independently of monomeric �-satellite. Comparative analysis between human chromosome 17 and the orthologous
chimpanzee chromosome indicates that monomeric �-satellite is evolving at approximately the same rate as the
adjacent non-�-satellite DNA. However, higher-order �-satellite is less conserved, suggesting different evolutionary
rates for the two types of �-satellite.

[Supplemental material is available online at www.genome.org.]

All �-satellite DNA is made up of tandem monomers, each ∼171
bp in length (Manuelidis and Wu 1978; Willard and Waye
1987b). As revealed by patterns of monomer organization, there
are two major types of �-satellite DNA in the human genome,
designated higher-order and monomeric (Warburton and
Willard 1996; Alexandrov et al. 2001; Rudd and Willard 2004).
Higher-order �-satellite DNA is made up of monomers arranged
in multimeric repeat units that are highly similar from repeat
unit to repeat unit. These higher-order repeat units are posi-
tioned tandemly to make up an array of extremely homogeneous
higher-order �-satellite typically several megabases in size. In
contrast, monomeric �-satellite lacks detectable higher-order pe-
riodicity, and its constituent monomers are far less homogeneous
than are higher-order repeat units (Rudd and Willard 2004). All
normal human centromeres contain large arrays of higher-order
�-satellite (Warburton and Willard 1996; Alexandrov et al. 2001),
and, where investigated, these arrays have been found to be bor-
dered by more heterogeneous monomeric �-satellite (Wevrick et
al. 1992; Horvath et al. 2000; Schueler et al. 2001; Guy et al. 2003;
Rudd and Willard 2004). The adjacent organization of higher-
order and monomeric �-satellite, as well as the fact that lower
primates have only monomeric �-satellite at their centromeres
(Rosenberg et al. 1978; Musich et al. 1980; Maio et al. 1981;
Thayer et al. 1981; Alves et al. 1994), has led to the hypothesis
that higher-order �-satellite evolved from ancestral arrays of mo-
nomeric �-satellite and subsequently transposed to the centro-
meric regions of all great ape chromosomes (Warburton and
Willard 1996; Alexandrov et al. 2001; Schueler et al. 2001, 2005;
Kazakov et al. 2003). The relatively recent evolution of higher-
order �-satellite is intriguing because centromere function is as-
sociated with higher-order and not monomeric �-satellite in the

human genome (Harrington et al. 1997; Ikeno et al. 1998;
Schueler et al. 2001; Spence et al. 2002).

Like other tandem satellite families (Brown et al. 1972;
Southern 1975; Coen et al. 1982), �-satellite is subject to con-
certed evolution, exhibiting greater sequence identity within a
species than between species (Willard and Waye 1987b). For ex-
ample, higher-order repeat units from an array on a particular
chromosome are more similar to each other than to the ortholo-
gous repeats in other species (Jorgensen et al. 1987; Durfy and
Willard 1990). The evolutionary process by which concerted evo-
lution occurs is known as molecular drive, in which variants are
able to spread quickly through a sequence family and fix in a
population (Dover 1982). Molecular drive operates within and
between chromosomes and includes mechanisms such as un-
equal crossing-over, gene conversion, and transposition (Dover
1982). Although many or all of these processes are likely to be
participating in �-satellite evolution genome-wide (Alkan et al.
2004), the homogenization of tandem sequences at any given
location can be largely accounted for by iterative rounds of un-
equal crossing-over leading to highly identical repeat units
(Smith 1976; Schueler et al. 2001).

Current studies of centromere genomics and evolution rely
largely on �-satellite assembled in the most recent build of the
human genome assembly. However, despite its functional signifi-
cance, the centromere has been largely omitted from the human
genome assembly (Eichler et al. 2004; Rudd and Willard 2004). In
fact, for each chromosome assembly there exists a centromere
gap located at the edges of the most proximal p and q arm con-
tigs, many of which terminate a substantial distance from the
functional centromere (Rudd and Willard 2004; Rudd et al.
2004). Nonetheless, a few chromosome assemblies have reached
an appreciable amount of �-satellite (International Human Ge-
nome Sequencing Consortium 2004; Rudd and Willard 2004; She
et al. 2004; Ross et al. 2005) and provide a suitable resource to
begin to address questions of centromere biology and evolution.
We have previously characterized the types of �-satellite in the
genome assembly (Rudd and Willard 2004), including their
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physical relationship to extensive pericentromeric sequence du-
plications that are, in most cases, distal to �-satellite (Bailey et al.
2002; Eichler et al. 2004; Rudd and Willard 2004; She et al. 2004).
Here, we examine in detail the �-satellite sequences to investigate
the organization and evolutionary dynamics of �-satellite.

Results

Genomic organization of the chromosome 17
centromeric region

�-Satellite DNA from chromosome 17 has been well characterized
in numerous studies (Waye and Willard 1986; Wevrick and
Willard 1989; Warburton and Willard 1990, 1995;) and is rela-
tively well represented in the current genome assembly (Rudd
and Willard 2004). Mapping studies have shown that the higher-
order array D17Z1 ranges from ∼1 to 4 Mb in size (Wevrick and
Willard 1989; Warburton and Willard 1990) and is associated
with the functional centromere (Harrington et al. 1997; Grimes
et al. 2004). While Build 35 has not reached D17Z1 on either the
p or q arm contigs of the chromosome 17 assembly, the 17p
contig terminates in a related type of higher-order �-satellite,
D17Z1-B (Fig. 1; Rudd et al. 2004). The D17Z1 higher-order re-
peat unit is 16 monomers long (Waye and Willard 1986),
whereas the D17Z1-B repeat unit is comprised of 14 monomers.
The two higher-order repeat units are both made up of mono-
mers arranged in a pentameric fashion with corresponding
monomers in the same order, suggesting that they diverged from
a common ancestor upon a duplication or deletion event. Unlike
other higher-order arrays on the same chromosome (Choo et al.
1990; Alexandrov et al. 1991; Wevrick and Willard 1991), D17Z1
and D17Z1-B are clearly part of the same family, with 92% se-
quence identity between colinear portions of the aligned higher-
order repeat units (Rudd et al. 2004).

Based on the relative intensity of hybridization, the
D17Z1-B array was estimated to be 500–900 kb among the chro-
mosomes tested (data not shown; see Methods). FISH experi-
ments with probes specific for D17Z1 and D17Z1-B supported the
smaller size estimate for D17Z1-B and confirmed its location ad-
jacent to D17Z1 on the p side of the centromere (Rudd et al.
2004). Although the region between D17Z1 and D17Z1-B has not
been sequenced and assembled, BAC end sequencing also sup-
ports an adjacent organization of D17Z1 and D17Z1-B. Working
draft quality BACs RPCI-11 5B18 (AC146710) and RPCI-11 449A3
(AC145197) both contain D17Z1 at one end and D17Z1-B at the

opposite end. Furthermore, restriction digests with enzymes that
release the higher-order repeat unit show both species of higher-
order repeats in each BAC (Rudd et al. 2004).

Distal to the higher-order arrays, the current chromosome
17 assembly also includes four regions of monomeric �-satellite,
three on the p side and one on the q side of the centromere gap
(Fig. 1, M1–M4). As the chromosome 17q arm contig terminates
before reaching higher-order �-satellite, there may be additional
as yet undiscovered regions of monomeric �-satellite on 17q. In
contrast to the two large higher-order repeat arrays, the four mo-
nomeric blocks are relatively short, each spanning 26–50 kb in
length (Fig. 1). These blocks of monomeric �-satellite, as well as
the regions in between monomeric blocks, are interspersed with
other types of repeats. The junction between the most distal mo-
nomeric �-satellite and euchromatic sequences of the chromo-
some arms represents the “�-satellite junction” (Schueler et al.
2001). Like other centromeric regions (Guy et al. 2000; Schueler
et al. 2001; Rudd and Willard 2004), the sequences proximal to
the �-satellite junctions on chromosome 17 are enriched for
other satellites as compared to the genome average. The collec-
tive concentration of non-�-satellites within the region defined
by the two satellite junctions is 3.65%, >20-fold greater than the
genome average (Supplemental Table 1). The concentration of
other repeats such as LINEs, SINEs, LTRs, and DNA transposons
proximal to the �-satellite junctions, however, is not enriched
and is similar to that of the genome average. Distal to the �-sat-
ellite junctions, overall repeat content is comparable to that of
the genome average (Supplemental Table 1). These data suggest a
sharp demarcation between satellite-rich and euchromatic re-
gions of the genome, as observed previously (Horvath et al. 2001;
Schueler et al. 2001; She et al. 2004; Ross et al. 2005).

To search for expressed sequences close to �-satellite, we
examined the Reference Sequence Collection (RefSeq; http://
www.ncbi.nih.gov/RefSeq) (Fig. 1; Pruitt et al. 2000). On 17p, a
sequence transcribed as a brain mRNA, BC031617, is located
within the satellite-rich pericentromeric region, between the two
most distal regions of monomeric �-satellite and only 33 kb from
the nearest monomeric block. On 17q, the RefSeq gene WSB1 lies
within 96 kb of monomeric �-satellite. WSB1 is also expressed in
the brain and contains several WD repeats as well as a SOCS-box
(Vasiliauskas et al. 1999). The genomic region between the func-
tional centromere and the �-satellite junction (the “ pericentro-
mere”), therefore, is a complex region, containing blocks of mo-
nomeric �-satellite, other satellites, and at least some expressed
sequences.

Figure 1. �-Satellite organization in the centromeric region of chromosome 17. The genomic landscape 500 kb distal of both sides of the centromere
gap (dotted lines) is depicted. Blocks of monomeric �-satellite (light blue) are shown on both p and q arm contigs, and the p arm contig terminates
with D17Z1-B higher-order �-satellite (pink). The proposed organization of D17Z1 (red) and D17Z1-B (pink) is shown inside the centromere gap. Arrows
indicate the orientation of �-satellite monomers, and triangles show the junctions between �-satellite and non-satellite sequences (�-satellite junctions).
BACs comprising the minimal tiling path are shown in brown, as are the two BACs containing D17Z1 at one end and D17Z1-B at the other. Other
repeats are shown below the BAC contigs; from top to bottom, satellites (black), LINEs, SINEs, LTRs and other repeats (gray). The locations of RefSeq genes
BC031617 and WSB1 are shown in dark blue at the bottom.
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Higher-order and monomeric �-satellite on chromosome 17

To explore the evolutionary relationships of �-satellite mono-
mers on chromosome 17, all �-satellite within 1 Mb of the cen-
tromere gap in the chromosome 17 assembly was broken into
basic ∼171-bp monomers and compared to each other. We per-
formed CLUSTALW alignments (Thompson et al. 1994) between
all possible pairwise combinations of monomers (617 monomers,
380,072 unique alignments) and expressed each alignment per-

cent identity on a color scale to view graphically the relation-
ships between monomers (Fig. 2A).

Within each of the three most distal regions of monomeric
�-satellite (M1, M2, M4), monomer percent identity was ∼70%–
73% (Table 1). Monomer percent identity was higher, however,
in the most proximal region of monomeric �-satellite (M3) adja-
cent to D17Z1-B higher-order �-satellite, with a mean of
81.1% � 3.2%. Short stretches of locally increased identity were
apparent in proximal and distal monomeric �-satellite (Fig.
2B,C), presumably reflecting periodic short-range homogeniza-
tion events; this is particularly apparent within proximal mono-
meric M3, evidenced by four duplicated monomers that are
97.4% identical (Fig. 2C). Notably, M3 monomers, in addition to
being more homogeneous than M1, M2, and M4, were also more
similar to higher-order D17Z1 and D17Z1-B monomers than
were monomers from the more distal blocks of monomeric �-sat-
ellite (Fig. 2A; Table 1). These data suggest that there are two
distinct classes of monomeric �-satellite in the chromosome 17
centromeric region. That M3 monomeric �-satellite is more
closely related to higher-order �-satellite would be consistent
with its participation in the early events that gave rise to higher-
order �-satellite on chromosome 17 before becoming physically
isolated from the higher-order arrays.

Interestingly, monomers within distal monomeric �-satel-
lite are just as identical within a region of monomeric �-satellite
as between regions of distal monomeric �-satellite, even between
regions of distal monomeric on opposite chromosome arms (Fig.
2A; Table 1). A duplication of 13 highly similar monomers (over-
all 88.0% identical) present in the same order in distal mono-
meric regions M1 and M2 on 17p suggests that these sequences
were subject to intrachromosomal homogenization mechanisms
(Fig. 2B). Given the concentration of inter- and intrachromo-
somal segmental duplications bordering regions of distal mono-
meric �-satellite in the pericentromeric region of chromosome 17
(Bailey et al. 2002; Rudd and Willard 2004), blocks of monomeric
�-satellite may have undergone exchanges via transposition
mechanisms as well.

We also used neighbor-joining methods to examine phylo-
genetic relationships among chromosome 17 �-satellite mono-
mers. In addition to the higher-order and monomeric �-satellite
found in the chromosome 17 assembly, we also included mono-
mers from D17Z1 higher-order �-satellite (Waye and Willard
1986) and a monomer from African Green Monkey �-satellite
(Rosenberg et al. 1978). African Green Monkeys have only mo-
nomeric �-satellite at their centromeres (Rosenberg et al. 1978;
Thayer et al. 1981; Haaf et al. 1992; Goldberg et al. 1996), and
this sequence serves as an outgroup for our phylogenetic analy-
sis. The resulting phylogenetic tree contains three major clades
(Fig. 3). The related higher-order �-satellite from D17Z1 and

Table 1. Mean percent identity among monomers from regions of �-satellite

�-satellite regions

No. mons 17p M1 17p M2 17p M3 D17Z1-B D17Z1 17q M4 Xp M 8p M

17p M1 141 72.2 � 3.8 69.1 � 4.5 63.6 � 3.1 57.2 � 3.1 58.0 � 3.5 71.8 � 4.1 65.4 � 3.3 65.8 � 3.6
17p M2 133 70.5 � 4.1 62.1 � 3.1 58.1 � 3.1 56.3 � 4.0 70.9 � 4.1 62.7 � 3.4 60.3 � 3.8
17p M3 97 81.1 � 3.2 70.7 � 2.9 71.3 � 3.5 65.8 � 3.3 63.9 � 3.2 69.0 � 3.4
D17Z1-B 14 74.3 � 5.0 76.8 � 6.9 58.7 � 3.5 57.2 � 2.9 60.6 � 3.3
D17Z1 16 75.9 � 6.3 59.2 � 3.9 57.6 � 3.2 61.6 � 3.4
17q M4 139 72.8 � 4.3 67.1 � 3.8 70.4 � 3.9
Xp M 85 71.3 � 3.8 65.1 � 3.8
8p M 104 72.0 � 4.7

Figure 2. Percent identity scores for pairwise comparisons of �-satellite
monomers. All pairwise comparisons were calculated for �-satellite
monomers and percent identity scores were depicted according to the
color scale. The chromosomal origin of �-satellite monomers is shown at
the top of the figure in alternating black and gray bars. (A) Pairwise
comparisons for monomers from the assemblies of chromosomes 8 and
17 and the X chromosome. Black lines indicate the boundaries of mono-
mers from each chromosome. (B,C) Detailed versions of percent identity
scores from regions indicated by arrowheads.
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D17Z1-B forms a clade as expected, while distal monomeric �-sat-
ellite from both p and q arms forms a separate clade. Proximal
monomeric �-satellite (M3) forms a third clade closest to the root
as defined by African Green Monkey �-satellite. The junction
between higher-order and M3 monomeric �-satellite on 17p is
very distinct. An unusual 220-bp monomer clearly demarcates
the division between homogeneous D17Z1-B higher-order repeat
units and more divergent monomers in M3. Additionally, all
monomers on either side of the junction fall into the higher-
order clade or the proximal monomeric clade as predicted. This is
very different from the more gradual (over 10 kb) transition de-
scribed previously between higher-order and monomeric �-satel-
lite on the X chromosome (Schueler et al. 2001; Ross et al. 2005).
The 220-bp monomer on 17p may have punctuated the higher-
order/monomeric junction since it would be misaligned for fu-
ture unequal crossover events, while monomers in the transition
regions of the X may have continued to cross over for a period of
time after the fixation of DXZ1 higher-order �-satellite.

Since �-satellite is evolving rapidly and array size varies
among individuals (Wevrick and Willard 1989; Mahtani and
Willard 1990), we designed a PCR assay to specifically amplify
the 220-bp monomer junction in order to test whether this junc-
tion was static or subject to slippage. All 30 individuals sampled

from five diverse populations were positive for the junction PCR,
and sequencing one individual from each population showed
100% identity among PCR products (see Methods). These data
suggest that the junction between higher-order and monomeric
�-satellite is fixed among human populations.

Monomeric �-satellite evolution

Studies involving higher-order �-satellite (Warburton and
Willard 1995), as well as other satellite families (Coen and Dover
1983; Ohta and Dover 1983), have shown that intrachromo-
somal exchanges occur much more rapidly than do interchro-
mosomal exchanges. To see if this was also true in monomeric
�-satellite, we examined the phylogenetic relationships among
higher-order and monomeric �-satellites from chromosomes 8
and 17 and the X chromosome (see Methods) using neighbor-
joining methods. The resulting phylogenetic tree (Fig. 4) has a
very similar topology to the chromosome 17 tree (Fig. 3). Higher-
order �-satellite from the three chromosomes forms a distinct
clade, and subclades are grouped by higher-order suprachromo-
somal subfamily. The monomers that comprise higher-order
�-satellite from chromosome 17 and the X chromosome have a
pentameric structure, suggesting ancient interchromosomal ex-
change(s) (Waye and Willard 1986). As such, the monomers from
DXZ1, D17Z1, and D17Z1-B fall into one of five distinct sub-

Figure 3. Phylogenetic tree of �-satellite on chromosome 17. Neigh-
bor-joining methods were used to generate the phylogenetic tree con-
taining both higher-order and monomeric �-satellite from chromosome
17. The tree contains 641 monomers, including the outgroup monomer
from the African green monkey. The key at the bottom of the figure
indicates the chromosomal origin of the monomers. Monomeric �-satel-
lite 17pM1, 17pM2, 17pM3, 17qM4; higher-order �-satellite D17Z1 and
D17Z1-B; and �-satellite from the African Green Monkey (AGM) are
shown.

Figure 4. Neighbor-joining tree of monomers from different chromo-
somes. Neighbor-joining methods were used to generate the phyloge-
netic tree containing higher-order and monomeric �-satellite from chro-
mosomes 8 and 17 and the X chromosome. The key at the bottom of the
figure indicates the chromosomal origin of the monomers from mono-
meric �-satellite (8p M, 17 M, and Xp M) and higher-order �-satellite
(D8Z2, D17Z1, D17Z1-B, and DXZ1).
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clades (Willard and Waye 1987a). Higher-order �-satellite from
chromosome 8 is a member of a dimeric suprachromosomal fam-
ily (Ge et al. 1992), and consequently its monomers fall into
two subclades that are distinct from the pentamer family sub-
clades.

The distal monomeric �-satellites from each chromosome
are present in one large clade, separate from the 17p M3 mono-
meric clade described above and separate from the higher-order
repeat clade. Notably, however, the majority of monomers
within the distal monomeric clade fall into chromosome-specific
subclades (Fig. 4) that do not intermix. This finding contrasts
with an earlier report based on monomers from individual BAC
clones that were reported to “mix well” (Alkan et al. 2004). The
results from Alkan et al. could reflect a more diverse population
of monomeric monomers (from five different chromosomes) or
could be due to variation in the rate of monomeric interchromo-
somal exchange between different chromosomes. In our study,
only nine monomers (∼1% of the total number of 760 monomers
examined) were assigned to a chromosome-specific subclade
other than the chromosome on which they are located. Given
the large number of monomers in this analysis, their length of
just 171 bp, and the pairwise comparisons that determine neigh-
bor-joining trees, we interpret the placement of these few mono-
mers to be errors of phylogenetic inference rather than evidence
for monomer exchange among subfamilies. Chromosome-
specific subclades within the distal monomeric clade are further
supported by maximum likelihood methods (see Methods;
Supplemental Fig. 1). The relationship
among �-satellite monomers from differ-
ent chromosomes is also evident in our
sequence alignment results (Fig. 2A).
Combined, these data indicate that al-
though distal monomeric monomers
are more similar to monomeric �-satel-
lite from other chromosomes than
neighboring higher-order �-satellite
from the same chromosome, there has
been sufficient local homogenization
within regions of monomeric �-satellite
on a given chromosome to drive the
evolution of some chromosome specific-
ity.

Comparative analysis of �-satellite
in primates

To better understand concerted evolu-
tion of �-satellite in primates, we also
examined �-satellite organization on the
chimpanzee chromosome orthologous
to human chromosome 17, PTR 19. The
initial assembly of the Pan troglodytes ge-
nome (Build 1, November 2003) in-
cludes �-satellite on both the p and q
arm sides of the centromere gap. This
analysis was necessarily limited by the
existence of several gaps in one or the
other centromeric region. Nonetheless,
in order to evaluate sequence conserva-
tion between monomeric �-satellite in
two species, we performed VISTA align-
ments (http://pipeline.lbl.gov/cgi-bin/
gateway2) (Couronne et al. 2003) be-

tween a 300-kb region including monomeric �-satellite on 17q
(M4) and the orthologous region on PTR 19q (Fig. 5A). This re-
gion has relatively few gaps in the chimpanzee assembly, thus it
provides a reasonable model to address the amount of sequence
conservation between the two species.

Overall, the two sequences are 98.0% identical along the
277 kb of aligned sequence. This includes high percentage iden-
tity between the chimp and human WSB1 orthologs. The mono-
meric �-satellite found in this region is also highly conserved;
orthologous monomers are 98.2% � 1.0% identical (Fig. 5B),
similar to the overall sequence conservation in the region and
similar to genome-wide estimates of human–chimp sequence
identity (Watanabe et al. 2004; The Chimpanzee Sequencing and
Analysis Consortium 2005). Although the PTR 19p assembly is
not as comprehensive as the 19q side, a lesser number of chim-
panzee monomers corresponding to M3 on 17p have also been
assembled (data not shown). We compared orthologous mono-
mers in this region from the two species and again found high
sequence identity; the 60 aligned monomers are 98.2% � 1.2%
identical (Fig. 5B).

The PTR chromosome 19 assembly has not reached higher-
order �-satellite; however, an apparently orthologous higher-
order repeat, PTR219, has been reported previously (Warburton
et al. 1996). We compared the sequences of PTR219, D17Z1, and
D17Z1-B to determine the evolutionary relationships between
the three higher-order repeats. Overall, PTR219 and D17Z1 are
95.0% identical, while PTR219 and D17Z1-B are only 92.3% iden-

Figure 5. Genomic organization of 17q compared to the orthologous Pan troglodytes region. (A) The
genomic organization of the chromosome 17 centromeric region is depicted; �-satellite is colored as
described in Figure 1. A 300-kb region containing monomeric �-satellite on human chromosome arm
17q was compared to the orthologous region of chimpanzee chromosome arm 19q. A VISTA align-
ment of the two regions is shown in pink. Percent identity between aligning sequences is indicated by
the y-axis (50%–100% identical). �-Satellite (blue) and the gene WSB1 (purple) are shown. Areas of
low percent identity between the two genomes can be explained by gaps in the chimpanzee assembly
(black boxes) or sequences inserted in the human genome or deleted from the chimpanzee genome
(colored boxes). (B) Mean percent identity � one standard deviation for aligned �-satellite monomers
from chimpanzees and humans.
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tical (Fig. 5B). These data are consistent with divergence between
chimpanzee and human higher-order �-satellite present on the X
chromosome; human and chimpanzee copies of DXZ1 are 93.0%
identical (Laursen et al. 1992). Thus, even though our compara-
tive analysis of higher-order �-satellite on chromosome 17 is lim-
ited to the four monomers of PTR219 available, data from both
chromosome 17 and the X chromosome support a higher rate of
divergence among higher-order as compared to monomeric
�-satellite.

Discussion
The evolution of �-satellite in primates gave rise to two distinct
types that differ in genomic organization as well as function.
Among human centromeres, higher-order arrays are several
megabases in size, flanked by smaller stretches of monomeric
�-satellite. Higher-order �-satellite within an array is extremely
homogeneous, and few other sequences have been found embed-
ded within higher-order � arrays (Schueler et al. 2001; Ross et al.
2005). In contrast, monomeric �-satellite is more heterogeneous
in sequence and is extensively interspersed with non-�-satellite
sequences (Schueler et al. 2001; Guy et al. 2003; Kazakov et al.
2003; Rudd and Willard 2004).

The evolution of higher-order from ancestral monomeric
�-satellite (belonging to suprachromosomal family 4 of Alexan-
drov et al. 2001) can be modeled by unequal crossover events
(Smith 1976; Alkan et al. 2004). After a series of mutations or
duplications create homology between two previously unique
sequences, an unequal crossover might occur between the two
homologous sequences, creating a tandem duplication. Sub-
sequent unequal crossovers can expand the number of tandem
repeats, or monomers in the case of �-satellite. A second layer of
complexity arises when a subset of monomers is multimerized
into higher-order �-satellite. Unequal crossovers between mis-
aligned higher-order repeat units will occur more frequently
than between monomeric monomers because of the extremely
high homology between repeat units, leading to an expan-
sion and contraction of higher-order �-satellite (Willard and
Waye 1987b). The nature of higher-order �-satellite expan-
sion allows for the efficient spread and fixation of a sequence
variant within a particular chromosomal locus. Thus, higher-
order and monomeric �-satellites are predicted to evolve at
different rates, causing orthologous higher-order repeat units to
be less conserved than orthologous monomeric �-satellite in
closely related species. Our analyses demonstrate that this is, in-
deed, the case for �-satellite in chimpanzees and humans (Fig.
5B).

It should be noted that the hypothesized ancestral relation-
ship between extant monomeric and higher-order repeat families
is no longer evident from examination of available sequences
(Alkan et al. 2004). While it is logical that at least the initial
higher-order repeats must have evolved from ancestral mono-
meric arrays, they must have then transposed to other centro-
meric sites in the genome and taken on sequence and/or epige-
netic attributes that allowed them to replace monomeric �-sat-
ellite as the functional centromere (Alexandrov et al. 2001;
Schueler et al. 2001, 2005; Kazakov et al. 2003). Subsequent ac-
cumulation of mutations in (nonfunctional) monomeric �-satel-
lite and concerted evolution of the (functional) higher-order re-
peats over the intervening 15–25 million years may have masked
many of the hypothesized ancestral relationships.

Notwithstanding these limitations, the available sequence

data now permit an analysis of the relationships between mono-
meric �-satellite monomers on different chromosomes. Like
higher-order �-satellite, monomeric �-satellite has been shaped
by inter- and intrachromosomal exchange mechanisms. In-
terchromosomal exchange has given rise to related suprachro-
mosomal families of higher-order �-satellite (Waye and Willard
1986; Willard and Waye 1987a; Choo et al. 1989; Alexandrov
et al. 1993), while intrachromosomal exchange has produced
chromosome-specific arrays of higher-order �-satellite (Willard
and Waye 1987b; Durfy and Willard 1989; Warburton and
Willard 1996; Schueler et al. 2001; Schindelhauer and Schwarz
2002). As shown in this study, intrachromosomal exchange
creates chromosome-specific regions of monomeric �-satellite;
however, in other cases, interchromosomal exchange may pro-
duce monomeric �-satellite that “mixes well” with monomeric
�-satellite from other chromosomes (Alkan et al. 2004). Mono-
meric �-satellite appears to diverge less rapidly than does higher-
order �-satellite, as evidenced by the conservation between hu-
man and likely orthologous chimpanzee �-satellites (Fig. 5). This
result is itself somewhat counterintuitive, since it is higher-order
�-satellite that is associated with centromere function (Harring-
ton et al. 1997; Ikeno et al. 1998; Schueler et al. 2001; Spence
et al. 2002) and thus might be predicted to be subject to selec-
tion. To explore the basis for this apparent paradox will require
parallel studies of centromere function and comparative studies
of the molecular evolution of both centromeric and pericentro-
meric genomic sequences. As part of such studies, it will be in-
teresting to examine the relationships between higher-order and
monomeric �-satellites among all chromosomes in the human
genome to better model the sequence of events that created the
distinct yet related organization of �-satellite on different chro-
mosomes.

Methods

D17Z1-B array estimate
To determine the size of the D17Z1-B array relative to D17Z1, we
analyzed three chromosomes 17 in which the D17Z1 array had
been previously mapped. The D17Z1 arrays on chromosomes 17
in hybrid cell lines L65-14A, LT23-4C, and L745 are 3.7 Mb, 3.3
Mb, and 2.8 Mb, respectively (Warburton and Willard 1990). As
D17Z1-B higher-order �-satellite is only 92% identical to D17Z1
higher-order �-satellite (Rudd et al. 2004), we used stringent
Southern washing conditions (68°C, 0.5% SDS/0.1� SSC) to dis-
tinguish D17Z1 from D17Z1-B and calculate the amount of
D17Z1-B relative to D17Z1.

We digested genomic DNA from hybrid cell lines L65-14A,
LT23-4C, and L745 with EcoRI. Both D17Z1 and D17Z1-B con-
tain EcoRI sites that digest each array into their respective higher-
order repeat units. Digested DNA was analyzed on parallel blots,
probing one with the D17Z1 higher-order repeat unit (Waye and
Willard 1986) and the other with the D17Z1-B higher-order re-
peat unit (Rudd et al. 2004). D17Z1 higher-order repeats exist in
several different lengths, ranging from 16 monomers (16-mers)
to 12-mers (Warburton and Willard 1990). However, among all
three chromosomes 17 analyzed here, D17Z1-B was only found
as a 14-mer higher-order repeat unit. Using a PhosphorImager,
we calculated the pixel intensity of all the bands. The ratio of the
D17Z1-B 14-mer band to the sum of the D17Z1 bands allowed us
to estimate the relative size of the D17Z1-B array. Based on the
known sizes of the D17Z1 arrays from the chromosomes 17 in
cell lines L65-14A, LT23-4C, and L745 (Warburton and Willard
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1990), we estimated the D17Z1-B arrays to be ∼930 kb, ∼560 kb
and ∼500 kb, respectively.

Sequence alignments and phylogenetic analysis
We used the UCSC browser (http://genome.ucsc.edu ) (Kent et al.
2002) to extract sequences from the May 2004 assembly (Build
35) of the human genome and the November 2003 assembly
(Build 1) of the Pan troglodytes genome. To identify individual
�-satellite monomers from the human chromosome 17 and the
chimpanzee chromosome 19 centromeres, we RepeatMasked
(http://repeatmasker.genome.washington.edu) the sequences 1
Mb proximal on the p and q sides of the centromere gaps using
a custom RepeatMasker library containing �-satellite consensus
monomers from the five suprachromosomal families (Alexan-
drov et al. 2001), as well as the �-satellite monomers included in
the default RepeatMasker library (Smit 1999). We isolated 617
monomers from the human chromosome 17 assembly and 308
monomers from the chimpanzee chromosome 19 assembly. We
also extracted monomers from the most distal regions of mono-
meric �-satellite on the p arms of the X chromosome (Schueler et
al. 2001) and chromosome 8. Forty-one kilobases from Xp (from
BAC RPCI-11 12L2, UCSC coordinates chrX:57966230–
58007230) and 20 kb from 8p (from BAC RPCI-11 643N23, UCSC
coordinates chr8:43546489–43566789) were RepeatMasked to
isolate 85 and 104 monomers, respectively. We used CLUSTALW
(Thompson et al. 1994) to compute all pairwise alignments
among monomers from human chromosomes 8 and 17 and the
X chromosome. Pairwise percent identity scores were translated
into particular color values to generate the heat map shown in
Figure 2 using Spotfire version 6.0 (Dresen et al. 2003). Mono-
mers from chimpanzee chromosome 19 and clone PTR219 (War-
burton et al. 1996) were compared to monomers from human
chromosome 17 using CLUSTALW, to yield the orthologous per-
cent identity values in Figure 5B.

To generate the chromosome 17 phylogenetic tree (Fig. 3),
we isolated higher-order and monomeric monomers. The 617
monomers from the human chromosome 17 assembly (mono-
meric monomers as well as D17Z1-B monomers) were added to
the 16 monomers making up D17Z1 higher-order �-satellite, one
African Green Monkey monomer, and seven monomers from the
BAC ends of BACs spanning D17Z1 and D17Z1-B (RPCI-11 5B18
and RPCI-11 449A3). The 641 total monomers were aligned using
CLUSTALW, and manually examined and edited using MacClade
(http://macclade.org/macclade.html). Subsequent MEGA (Mo-
lecular Evolutionary Genetic Analysis, version 2.1; http://www.
megasoftware.net) phylogenetic analyses were performed (Ku-
mar et al. 2001). Neighbor-joining methods were used with pair-
wise deletion parameters and 1000 bootstrap iterations.

For the interchromosomal neighbor-joining tree (Fig. 4), we
used monomeric �-satellite from chromosomes 8 and 17 and the
X chromosome as described above. We added monomers from
D8Z2 (Ge et al. 1992), D17Z1 (Waye and Willard 1986), D17Z1-B
(Rudd et al. 2004), and DXZ1 (Waye and Willard 1985) higher-
order �-satellite for a total of 760 monomers. MEGA phylogenetic
analysis was performed as described for the chromosome 17 tree.
We confirmed the topology of the interchromosomal tree by
repeating the analysis using maximum likelihood methods
(Supplemental Fig. 1). Starting with the same 760 monomers, we
first generated a neighbor-joining tree using PAUP 4.0 (http://
paup.csit.fsu.edu/downl.html). Next, we used ModelTest (http://
darwin.uvigo.es/software/modeltest.html) to perform a likeli-
hood ratio test based on the neighbor-joining tree topology in
order to find rate parameters and an appropriate evolutionary
model. Based on this analysis, we estimated the maximum like-

lihood tree with PAUP 4.0 using a general time-reversible (GTR)
model with �, rate matrix of (1.13943 2.43650 0.83944 1.32101
2.91431), �(G) of 4.54644, empirical nucleotide frequencies, and
branch-swapping with a nearest-neighbor interchange of 3.

Junction PCR
PCR primers for the junction between D17Z1-B and proximal
monomeric �-satellite were designed to amplify only the junc-
tion fragment and not other �-satellite sequences. Primers jxnF
(5�-CAGATTCTACAACAAGGGTG-3�) and jxnR (5�-GATGT
ATGCATTCATCACAG-3�) amplify a 298-bp product at high
stringency conditions (5-min initial denaturation at 94°C fol-
lowed by 30 cycles of 94°C for 30 sec, 60°C for 30 sec, and 72°C
for 20 sec). Genomic DNA from individuals from five diverse
populations was purchased from Coriell Cell Repositories and
amplified using the junction PCR primers. DNAs from 10 Euro-
peans, seven Africans North of the Sahara, nine Africans South of
the Sahara, seven Pacific Islanders, and 10 Chinese were tested
using this PCR assay, and PCR products from one individual from
each population were sequenced.
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