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The rapid evolution of centromere sequences between species has led to a debate over whether centromere
activity is sequence-dependent. The Arabidopsis thaliana centromere regions contain ~20,000 copies of a 178-bp
satellite repeat. Here, we analyzed satellites from 41 Arabidopsis ecotypes, providing the first broad population
survey of satellite variation within a species. We found highly conserved segments and consistent sequence
lengths in the Arabidopsis satellites and in the published collection of human a-satellites, supporting models for a
functional role. Despite this conservation, polymorphisms are significantly enriched at some sites, yielding
variation that could restrict binding proteins to a subset of repeat monomers. Some satellite regions vary
considerably; at certain bases, consensus sequences derived from each ecotype diverge significantly from the
Arabidopsis consensus, indicating substitutions sweep through a genome in less than 5 million years. Such rapid
changes generate more variation within the set of Arabidopsis satellites than in genes from the chromosome arms
or from the recombinationally suppressed centromere regions. These studies highlight a balance between the
mechanisms that maintain particular satellite domains and the forces that disperse sequence changes throughout

the satellite repeats in the genome.

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

The large heterochromatic constrictions known as centro-
meres play many roles in multicellular eukaryotes, holding
sister chromatids together during the early stages of mitosis
and, at later stages, assembling the kinetochores that bind to
microtubules and mediate chromosome separation. These
roles are conserved across eukaryotes, yet the DNA sequences
that mediate centromere function have remained undefined
in many cases. Overall, the sequence composition of the cen-
tromere region varies considerably across species, raising the
possibility that epigenetic modifications, and not DNA se-
quence per se, govern centromere function (Choo 2000; Heni-
koff et al. 2001). Genetically, the DNA sequence composition
of a centromere is defined as the portion of homologous chro-
mosomes that segregate to opposite poles in meiosis I. The
boundaries of such genetic intervals are defined by recombi-
nation events, and these intervals are often large, given the
limited recombination in the centromere regions. In Arabi-
dopsis, the genetically defined centromere regions contain
large satellite arrays comprised of thousands of copies of ~180-
bp repeats (Martinez-Zapater et al. 1986; Copenhaver et al.
1999). We examined the patterns of satellite sequence evolu-
tion across Arabidopsis populations and found striking con-
servation of repeat sequence length as well as significantly
conserved and variable regions within the repeats. We applied
the same analysis to the previously published collections of
human a-satellite DNA (Choo et al. 1991), finding similar
patterns, albeit a higher degree of sequence variation. The
presence of satellite domains with strikingly different rates of
nucleotide substitution strongly indicates a sequence-
dependent role for Arabidopsis centromere satellites.
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Direct evidence of sequence-based centromere function
comes from the budding yeast Saccharomyces cerevisiae, in
which centromere function was first genetically defined by
tetrad analysis, and subsequently reduced to a minimal func-
tional region using minichromosomes (Clarke and Carbon
1980; Cottarel et al. 1989). In this species, the minimal DNA
sequence necessary and sufficient to confer all centromere
functions is only 125 bp in length. These centromeres are
present on every chromosome and contain three conserved
DNA elements (CDE): the 5'-CDEI (8 bp), a central, A + T-rich
CDEII (78-86 bp), and a 3'-CDEIII (25 bp; Cottarel et al.
1989). Different protein complexes assemble on each of the
CDE regions; mutations in either the CDE or various centro-
mere-binding proteins reduce the efficiency of chromosome
segregation (Clarke 1998). Although many of the proteins
that assemble on the centromere DNA of yeast are well un-
derstood, the machinery that mediates attachment of these
regions to microtubules for chromosome segregation remains
unclear.

The centromere regions of budding yeast lack repetitive
DNA, yet most other eukaryotes examined, including the fis-
sion yeast Schizosaccharomyces pombe, have numerous repeats
at the centromere. Typically, eukaryotic centromere regions
contain repeat units ranging in length from ~150 to ~210
bases, approximately the length required to form a single
nucleosome (Henikoff et al. 2001). In humans, the centro-
mere-specific a-satellites are AT-rich 171-bp repeats, tandemly
arrayed in a head-to-tail arrangement. They are sufficiently
variable to allow classification into distinct chromosome-
specific subfamilies (Waye and Willard 1987; Choo et al.
1991). Synthetic minichromosomes that contain a-satellite
arrays recruit essential centromere-binding proteins and are
transmitted through mitosis, indicating that a-satellite arrays
are sufficient to confer centromere function in human cell
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lines (Willard 1998, 2001; Yang et al. 2000; Schueler et al.
2001; Grimes et al. 2002). Neocentromeres that completely
lack a-satellite DNA also have been characterized (DuSart et
al. 1997; Barry et al. 2000). These centromeres form at a low
frequency following disruption of a natural centromere, and
indicate that, under some circumstances, a-satellite sequences
are not necessary for centromere function.

Human o-satellite sequences share 90% identity with
those from gorilla, chimpanzee, or orangutan (Durfy and
Willard 1990; Baldini et al. 1991; Haaf and Willard 1998), and
chimpanzee and gorilla satellites, like those of human, are
organized into higher-order arrays (Durfy and Willard 1990;
Baldini et al. 1991; Haaf and Willard 1998). Human satellites
can acquire centromere activity when introduced into African
green monkey cells (Haaf et al. 1992), indicating either that
the features required for centromere function are conserved
between the two species or that the satellite DNA sequence
itself is unimportant. Despite this functional conservation,
there is considerable divergence in array content between pri-
mate species (Waye and Willard 1989; Durfy and Willard
1990; Warburton and Willard 1990; Haaf and Willard 1997,
1998). For example, chromosome-specific a-satellites have
been reported in humans, yet homologous primate chromo-
somes generally do not share the same satellite subfamilies
(Haaf and Willard 1997, 1998).

Because satellites are present in thousands of copies,
their divergence between species would require genome-wide
homogenization, a process known as molecular drive (Dover
1982). Several mechanisms that could account for this ho-
mogenization have been postulated, including gene conver-
sion and unequal crossing over (Smith 1976; Dover 1982;
Stephan 1986; Charlesworth et al. 1994). In one model, the
ancestor of closely related species contained a “library” of
satellite variants within its genome, and as new species
emerged, one satellite was predominately used as a template,
resulting in the conversion of the other genomic copies (Mes-
trovic et al. 1998). Although it is attractive to postulate that
selection could drive the choice of one satellite over others,
chance could also account for biased amplification (Dover
1982; Nijman and Lenstra 2001). The continuous homogeni-
zation of satellite sequences within a genome can lead to a
smaller within-species variation than between-species varia-
tion, an observation known as concerted evolution (Elder and
Turner 1995).

To date, the diversification of satellites has been mea-
sured between closely related species, but not between the
populations of an individual species. To provide a detailed
understanding of the initial steps of satellite divergence, we
characterized the satellites in geographically separated Arabi-
dopsis thaliana populations (accessions or ecotypes). The ge-
nome sequencing project for the Columbia ecotype of Arabi-
dopsis (The Arabidopsis Genome Initiative 2000) provided >5
Mb of assembled sequence from the genetically defined cen-
tromere intervals, and the unsequenced gaps within each cen-
tromere region are thought to be comprised primarily of sat-
ellite repeats (The Arabidopsis Genome Initiative 2000;
Kumekawa et al. 2000, 2001; Hosouchi et al. 2002). The se-
quenced regions that flank these gaps contain numerous re-
petitive elements including retroelements, transposons, mi-
crosatellites, middle repetitive DNA, and tandemly organized
satellites. The satellite repeats are not found elsewhere in the
genome, but are restricted to the genetically defined centro-
mere regions (Copenhaver et al. 1999; The Arabidopsis Ge-
nome Initiative 2000). Heslop-Harrison et al. (1999) analyzed
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20 centromere satellite sequences from the Columbia ecotype
and reported an ecotype-specific consensus, noting two re-
gions of >99% conservation. By examining the sequence of
satellites from other ecotypes, we explored whether the pre-
viously defined consensus could be extended to the species as
a whole.

The Brassicaceae family, of which Arabidopsis is a mem-
ber, has expanded from a common ancestor to 3350 species
within a time frame of ~40-50 million years (Al-Shehbaz
1984; Koch et al. 2001). Satellites homologous to the Arabi-
dopsis 180-bp repeats have been discovered in other members
of the Brassicaceae (Hallden et al. 1987), indicating that cen-
tromere satellites existed in a common ancestor. As described
below, the satellite repeats from Arabidopsis are evolving rap-
idly among isolated populations, yet they contain highly con-
served motifs. These studies set the stage for comparing sat-
ellite evolution patterns among the thousands of available
species in the Brassicaceae family; identification of broadly
conserved domains would imply possible selection for specific
DNA sequence motifs.

RESULTS

Collection of Centromere Satellite Sequences
From 41 Ecotypes
We used Polymerase Chain Reaction (PCR) to clone at least 10
satellite repeat sequences from each of 41 Arabidopsis ecotypes
(Table 1); 457 clones were sequenced, resulting in 1029 whole
or partial repeat sequences (GenBank accession nos.
AF494837-AF495294). To reduce potential bias introduced by
a particular PCR primer, two different PCR amplifications
were performed for each ecotype using nonoverlapping
primer sets (Fig. 1; see Methods). For most ecotypes, signifi-
cant sequence differences were not detected between these
amplifications; however in C24, Est-0, Mv-0, and Nok-0, the
two primer sets amplified different repeat classes that varied
at 4, 7, 12, and 9 sites, respectively. The satellite repeats were
aligned using the location of the HindlII restriction site as the
arbitrary beginning of the repeat. In total, the satellite repeats
have an A + T content of 62.5%, similar to the genomic aver-
age of 65.1% (The Arabidopsis Genome Initiative 2000).
Based on migration through agarose gels, the Arabidopsis
satellites were originally termed 180-bp repeats (Martinez-
Zapater et al. 1986); sequence analysis of the Arabidopsis sat-
ellite repeats instead showed a mean length of 178 bp. Of the
repeats we examined, 72% were 178 bp, 18% were 177 bp, and
8% were 179 bp. In addition, three outliers were observed at
176 bp, 182 bp, and 192 bp; the insertion and deletion events
that gave rise to these variants differed in size and were scat-
tered throughout the repeats. Consensus sequences derived
for each ecotype were also 178 bp, demonstrating that repeat
length is conserved across populations (Fig. 1). Similarly,
analysis of a-satellite repeat length in primates has shown
that a-satellite monomers are fairly constant in length, vary-
ing from 168 bp to 172 bp among species (Durfy and Willard
1990; Baldini et al. 1991; Fanning et al. 1993; Alves et al. 1994;
Warburton et al. 1996; Haaf and Willard 1997, 1998).

Consensus Satellite Sequences From Individual
Arabidopsis Ecotypes and the A. thaliana Species

We derived a consensus for the satellite repeat sequences from
each Arabidopsis ecotype (Fig. 1), defining a consensus nucleo-
tide as the base that occurs three times more often than any
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Table 1. Arabidopsis Ecotypes Analyzed

Name Geographic origin Name Geographic origin
Aa-0 Aua/Rhon, FRG. Kil-0 Killean, UK

Ba-1 Blackmount, UK Kin-0 Kindalville, MI, USA

BI-1 Bologna, Italy Kn-0 Kaunas, Lithuania

Blh-1 Bulhary, Czechoslovakia Lc-0 Loch Ness, GB.

C24 common background line Ler Landsberg, FRG.

Can-0 Canary Islands Lip-0 Lipowiec/Chrzanow, Poland
Chi-0 Chisdra, Russai Lu-1 Lund, Sweden

Cl-0 unknown Ma-0 Marburg (Lahn), FGR.
Col-0 Columbia, MO, USA Mt-0 Martuba (Cyrenaika), Libya
Cvi-0 Cape Verde Islands, Portugal Mv-0 Martha’s Vineyard, MA, USA
Di-0 Dijon, France Nie-0 Niederlauken/Ts., FRG.
Edi-0 Edinburgh, GB. Nok-0 Noordwijk, Netherlands
Ei-5 Eifel, Germany Oy-0 Oystese, Norway

En-2 Enkheim/Frankfurt, FRG. Pla-1 Playa de Aro, Spain

Est-0 Estland, Russia Pog-0 Point Grey, B.C., Canada
Go-2 Gottingen, FRG. Ri-0 Richmond, B.C., Canada
Gr-1 Graz, Austria Ta-0 Tabor, Czechoslovakia
Gre-0 Greenville, MI, USA Tsu-0 Tsu, Japan

Hi-0 Hilversum, Netherlands Ws-0 Wassilewskija/Dnjepr, USSR.
Kas-1 Kashmir, India Yo-0 Yosemite National Park, USA
Kz-8 Kazakhstan

other at a given site; this definition was previously used to
derive a consensus for a-satellite DNA (Waye and Willard
1987). In those cases in which these criteria were not met, the
site was noted as polymorphic and the most predominant
bases were indicated by the standard IUPAC symbols (Fig. 1).
Next, the set of sequences from the 41 ecotypes was compiled
to derive a consensus for the species; 13 of the 178 nucleotides
comprising the repeat consensus were defined as polymor-
phic (Fig. 1, asterisks). These polymorphisms were also ob-
served within individual ecotypes, indicating that they pre-
date ecotype divergence. A consensus was previously reported
from ~20 satellite sequences from the Columbia ecotype (Hes-
lop-Harrison et al. 1999); the consensus we defined for Arabi-
dopsis differs at 15 sites, 13 of which reflect bases that are
commonly polymorphic within the species.

Interestingly, there were notable sequence differences
between the consensus derived for the species as a whole and
the consensus of individual ecotypes, indicating rapid diver-
gence within the past ~5 million years (Koch et al. 2001). We
used a x? test to identify those substitutions that are signifi-
cantly different from the species consensus (Fig. 1, shading).
In some cases, deviations were uniquely present in one ec-
otype consensus (Fig. 1, 11 cases, yellow); such substitutions
were observed in Est-0, Gre-0, and Can-0. The substitutions
seen in these ecotypes provide evidence for homogenization
of new mutations across the genome in a short time frame.
Termed molecular drive, such homogenization processes
serve to increase the relative abundance of a particular vari-
ant; they can result from selective forces or as a consequence
of random chance (Dover 1982). All of the substitutions ob-
served in the consensus sequences for Est-0, Gre-0, and Can-0
were observed as minor sequence variants in some of the
other ecotypes, indicating they were likely present in the an-
cestral population. Although the mechanisms behind this se-
quence divergence and subsequent amplification are un-
known, it is of interest that in at least one case, Est-0, four
unique substitutions are in close proximity, implying they
originated from a single event (Fig. 1).

In addition to these ecotype-specific substitutions, we

also identified 152 statistically significant deviations from the
species consensus that correspond to nucleotide substitutions
commonly found in multiple ecotypes (Fig. 1, pink). In many
cases, these changes reflect sites that are more variable than in
the species as a whole. Conversely, five changes correspond to
the fixation of a single nucleotide at a site that is highly poly-
morphic in the population. Although broader sampling is re-
quired to interpret the significance of these events, they pro-
vide additional evidence that the Arabidopsis satellites are dy-
namic; new mutations are likely emerging continuously,
replacing, by an undetermined mechanism, the predominant
variants in the population (Nijman and Lenstra 2001).

Measuring Sequence Variation Across the Arabidopsis

Centromere Satellite Repeats

Despite mechanisms that homogenize repeat arrays across a
genome, satellite repeats nonetheless accumulate variation at
an appreciable rate. For example, human «-satellite repeats
have a high degree of sequence heterogeneity, and variable
sites are distributed among the satellite monomer classes in a
nonrandom manner (Waye and Willard 1987; Choo et al.
1991). We used our entire data set of Arabidopsis satellite re-
peats to measure nucleotide variability, calculating the occur-
rence of the most frequent base as a percentage of all the
nucleotides sequenced at each site (Fig. 2). Averaging these
data across all of the sites in the repeat showed that most
nucleotides are highly conserved, within 1 SD of a mean of
90.3 = 9.8% (Fig. 2A). However, 21 sites showed more varia-
tion; 13 of these corresponded to polymorphisms identified
previously (Fig. 2A, filled circles). We replotted these data (Fig.
2B), taking into account frequent polymorphisms (see Meth-
ods); this adjusted plot highlighted additional sites that ex-
hibited unusually high variability.

We identified conserved and variable segments within
the satellite repeats by examining nucleotide occurrence fre-
quencies over a sliding window of 15 bases. The 15-bp con-
served domains C1, C2, and C3, and the 25-bp variable do-
main, V1, comprised of two overlapping windows, exhibited
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Figure 2 Variation across Arabidopsis and human satellite sequences. Percent occurrence of the most frequent base is plotted for each position
in the Arabidopsis and a-satellite repeats, determined in the same manner for all nucleotides (A,C), or adjusted (B,D) by adding the frequencies of
all the nucleotides that contributed to polymorphic sites (filled circles). (Solid line) The average percent occurrence of the most frequent base across
all nucleotides; (dashed lines) SD from the average; (gray shading) cConserved (C1, C2, C3) and variable (V1, V2) regions (see also Fig. 3). (HH
Boxes A and B) Conserved regions in the Columbia ecotype (Heslop-Harrison et al 1999); (CENP-B box) the binding site for the centromere-binding

protein B (Muro et al. 1992).

variation significantly different than the mean (Fig. 3A).
Much of the variation within the satellite repeats is clustered
near the V1 region, which contains 5 of the 8 highly variable
sites (>2 SD from mean) and 3 of the 13 polymorphic sites.
Strikingly, the same regions we identified as highly conserved
or highly variable in the species as a whole showed similar
patterns in the consensus sequences of individual ecotypes
(Fig. 1). Thus, because these patterns occur repeatedly across
Arabidopsis populations, they do not reflect chance variation
within our sample of sequences. These nonrandom patterns
of evolution within the Arabidopsis satellites strongly indicate
biological constraints on satellite sequences. Whereas highly
conserved domains may reflect important protein-binding
sites, regions that exhibit extreme variation may point to ar-
eas where strict sequence consensus is not important. Alter-
natively, some sites may be under selection to remain poly-

morphic, creating a diversity of repeat monomers within ar-
rays. In humans, such polymorphisms are organized into
higher-order repeat units that might be important in the for-
mation and structure of a centromere (Willard and Waye
1987; see Discussion).

Lastly, we examined 950 repeats from the Columbia
ecotype that were sequenced by the Arabidopsis Genome
Project. These repeats are located on the edges of the satellite
arrays; recent examinations of human a-satellites show that
repeats on array edges are more variable than the repeats in
the array core (Schueler et al. 2001). The Columbia sequences
from the array edges differed from the species consensus at
only 20 sites (Fig. 4), 18 of which were frequently polymor-
phic in the random sample of Arabidopsis populations (Fig. 1).
Surprisingly, we found that the overall conservation of
nucleotides within this large set of Columbia repeats was

Figure 1 Satellite repeat consensus sequences from 41 Arabidopsis ecotypes. (Upper row) The overall consensus for the species; (asterisks) sites
defined as polymorphic. Consensus sequences derived for each ecotype are indicated; (dots) identical nucleotides; (shading) nucleotide changes
that are significantly different from the species consensus (x? test, P < 0.01); (pink) changes observed in multiple ecotype consensus sequences;
(yellow) changes uniquely found in one ecotype consensus. Arrows below the species consensus indicate the primers (F2, R2 and F4, R4) used to
amplify the repeats; (gray shading) conserved (C1, C2, C3) and variable (V1) regions (see also Fig. 3).
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the mean when the second-most-
frequent base is considered (Fig.
2D). Interestingly, the average per-
cent occurrence of the most abun-
dant bases in the a-satellites was
84.0% + 10.7% (Fig. 2C), indicat-
ing these repeats are significantly
more variable (P < 0.0001) than the
collection of Arabidopsis repeats, as
determined by a univariate ANOVA
test. This difference may reflect the
dissimilarities in population struc-
ture and mating patterns between
humans and Arabidopsis, the nearly
fivefold difference in chromosome
(and centromere) number (23 vs. 5,
respectively), or a disparity in the
functional roles of the repeats, ac-
companied by different selective
pressures.

Using the same criteria as with
the Arabidopsis satellites, we identi-
fied three regions of conservation
(C1, C2, C3) and two regions of

+1.280

-1.28D

Figure 3 Identification of significantly conserved and variable domains. The percent occurrence of
the most frequent base (Fig. 2A,C) was subjected to a z-score analysis, measured over a sliding window
of 15 bp. This process sets the average at zero (solid line); dashed lines indicate + 1.2 SD. Significantly
conserved windows (light gray) and significantly variable regions (dark gray) were merged when the
sliding windows overlapped, and the entire window was represented as conserved (C1, C2, C3) and

variable (V1, V2) regions (Figs. 1 and 2).

89.4% = 3.9%, similar to the Arabidopsis species average
(90.3% = 9.8%) and the Columbia consensus average derived
from random sampling (91.3% = 14.4%). We assessed moni-
tored nucleotide conservation across these sequences, apply-
ing the same criteria used to generate Figure 3. The Columbia
satellites from the array edges have an expanded C3 region
and V1 region, and do not display any conservation above
average in the C1 region, whereas the C2 region remains un-
changed. Thus, in contrast to expectations based on human
repeats, the edges of Arabidopsis satellite arrays are not more
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variability (V1, V2) in the a-satellite
repeats (Fig. 3B). Whereas windows
of significant conservation or vari-
ability in the Arabidopsis satellites
tended to cluster, these windows
were more scattered in a-satellites.
Interestingly, the binding site for
the 17-bp centromere protein B
(CENP-B box), defined by DNA footprinting (Muro et al.
1992), resides in one of the variable regions, V2, which con-
tains five polymorphic sites (Alexandrov et al. 1993; Rova-
nova et al. 1996). The average occurrence of the most frequent
base across the entire CENP-B box is 78%, and when the
nucleotides essential for CENP-B binding are considered
(Tanaka et al. 2001), this percentage drops to only 68%, mak-
ing this region notably more variable than the rest of the
a-satellite repeat. This observation supports the model that
many a-satellite repeats cannot tightly bind CENP-B, result-
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Figure 4 Comparison of Columbia ecotype satellite consensus sequences. The Col-0 consensus was derived from PCR-amplified sequences
obtained in this study; the Col-edges consensus was derived using the 950 satellite sequences available from The Arabidopsis Genome Project
(GenBank). The two consensus sequences were aligned with the species satellite consensus (Fig. 1); dots represent identity to the species

consensus, and changes from the consensus are indicated.

ing in protein phasing and higher-order chromatin structure
(Yoda et al. 1998). In fact, when we surveyed a set of 880
a-satellites from GenBank, only 23% had all of the nucleo-
tides essential for CENP-B binding.

Variation of Single-Copy Sequences

From the Recombinationally Suppressed

Arabidopsis Centromeres

To better appreciate the diversity of the Arabidopsis centro-
mere regions, we examined the sequence variation of three
single-copy loci that are tightly linked to three different ge-
netically defined centromeres (CEN2, CEN3, and CEN4), and
DNA sequences from eight single-copy genes located in the
chromosome arms (Supplemental Fig. 5, GenBank accession
nos. AF494760-AF494836, AF495295-AF495335, AF495337-
AF495375; available online at http://www.genome.org). For
each intron and exon, we determined the sequence variability
at each site by measuring the average occurrence of the most
common nucleotide (Table 2). The exons from chromosome
arms and from recombinationally supressed centromere re-
gions displayed a similar rate of variation, with an average
occurrence of the most frequent nucleotide ranging from
99.5% to 99.9% and 99.7% to 99.9%, respectively. Although
two of the three centromeric introns had variation (95.6%
and 95.8%) that was significantly different from that of in-
trons from the chromosome arms (ANOVA, P < 0.0001),
much of this variation is attributed to a single large deletion
event, and therefore may not be representative of intron
variation in the centromeric region.

The variation of orthologous single-copy sequences can-
not be directly compared with the variation among repetitive
paralogous satellites; nonetheless, it is of interest that none of
the intron or exon sequences showed as much variation as the
collection of Arabidopsis satellite repeats (Table 2; ANOVA,
P <0.0001). Similarly, the nucleotide diversity of satellite re-
peats was substantially higher than that of genes (Table 2).
Finally, we compared transition and transversion frequencies
for the Arabidopsis and a-satellite repeats to the set of single-
copy sequences (Table 3). Using the species consensus for
each sequence, we tabulated the number of transitions and
transversions for each individual sequence relative to the con-
sensus. As expected, exons from both the chromosome arms
and centromere regions showed more conservative changes
than introns, having 68.3% and 75.0% transitions versus
56.6% and 60.0% transitions, respectively. In contrast, the
Arabidopsis satellite repeats and a-satellite repeats had fewer
transitions than either exons or introns (40.8% and 38.0%

transitions, respectively) approaching the theoretical 33%
value for a sequence that is mutating at random.

DISCUSSION

Satellite DNA and Centromere Functions

The development of human minichromosomes supports the
idea of a functional role for satellite DNA in centromeres
(Willard 2001). In contrast, the lack of sequence conservation
across species and the prevalence of neocentromeres that lack
satellite repeats have raised questions as to whether any spe-
cific satellite sequences are required for function (Choo 2000;
Henikoff et al. 2001). In this study, we demonstrated that the
centromeric satellite repeats of Arabidopsis have domains that
are highly conserved, whereas other portions of these repeats
vary considerably. Thus, the preservation of both conserved

Table 2. Conservation of Satellites, Introns, and Exons

Average % Nucleotide
Sequence type  Sequence  occurrence? diversity®
Satellites Arabidopsis  90.8 = 0.3 0.17 = 0.08
satellites
a-satellites 83.9 + 0.3 n.d.
Introns, ACT8 99.1 +£ 0.3 0.003 + 0.004
chromosome  ADH1 98.7 = 0.1 0.007 = 0.004
arm AP3 99.4 + 0.1 0.008 + 0.004
CAL 99.5 + 0.1 0.006 + 0.003
FAH1 99.2 + 0.2 0.008 + 0.005
PG/ 99.7 = 0.1 0.059 + 0.030
Pl 99.5 + 0.1 0.006 + 0.003
TT5 99.8 + 0.2 0.003 + 0.002
TT6 99.8 + 0.3 0.003 + 0.003
Introns, ARP6 99.0 + 0.4 0.006 + 0.004
centromere MCM5-like 95.6 + 0.2 0.006 + 0.005
SL15-like 95.8 + 0.4 0.054 + 0.031
Exons, ACT8 99.5 + 0.2 0.009 + 0.006
chromosome  ADH1 99.5 + 0.1 0.007 = 0.004
arm AP3 99.8 + 0.1 0.005 + 0.003
CAL 99.6 + 0.1 0.006 + 0.004
FAH1 99.8 + 0.1 0.003 + 0.002
PG/ 99.9 + 0.1 0.074 + 0.037
Pl 99.8 + 0.1 0.003 + 0.002
TTS 99.9 + 0.1 0.001 + 0.001
TT6 99.5 + 0.1 0.007 + 0.004
Exons, ARP6 99.7 + 0.1 0.001 + 0.003
centromere MCM5-like 999 + 0. 0.002 + 0.002
SL15-like 99.9 + 0.3 0.002 + 0.002

2+ Standard error.
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Table 3. Percent Substitution Type in Satellites and Genes

Sequence type Transitions® Transversions® X% Significance
a-Satellite repeats 38.0 62.0 0.99 P<0.5
Arabidopsis repeats 40.8 59.2 2.5 P<0.5
Introns
Chromosome arm 56.6 43.4 24 P <0.001
Centromere 60.0 40.0 32 P <0.001
Exons
Chromosome arm 68.3 31.7 55 P <0.001
Centromere 75.0 25.0 78 P <0.001

“Expected = 0.33.
PExpected = 0.66.

°x? test compared the expected frequency of transitions and transversion with the observed frequency; shading

indicates significant deviations from expected values.

and variable domains across 41 different populations, along
with a strict conservation of sequence length, strongly indi-
cates that the evolution of the satellite repeats is constrained.

Conserved Domains in Satellite Repeats

We used a statistical test to define three regions (C1, C2, C3)
of high average conservation (87.9% + 1.5%, 88.4% + 1.4%,
88.4% = 1.8% conserved, respectively) and two variable re-
gions (V1 and V2, 78.0% = 3.3%, 76.1% * 3.1% conserved,
respectively) in human a-satellite DNA. None of these
domains had been defined previously. Similarly, we de-
fined three conserved regions (C1, 95.2% = 0.9%; C2,
94.6% = 0.7%; C3, 95.0% = 0.9%) and one variable region
(83.8% = 2.4%) in the Arabidopsis satellite repeat consensus.
These domains are distinct from the two conserved regions
(Box A and Box B, 99% conservation) previously derived for
20 Columbia satellite sequences (Fig. 2A; Heslop-Harrison et
al. 1999). Although Box A and Box B were not highly con-
served across Arabidopsis or in the sample of Columbia satel-
lites we obtained, some of these differences can be attributed
to polymorphic sites, and others are more likely the result of
the bias inherent in a smaller data set. The centromere satel-
lite consensus sequence presented here was derived from 1029
repeats from 41 Arabidopsis ecotypes, and consequently more
broadly reflects the species as a whole.

The presence of highly conserved domains within the
satellites indicates that some repeat regions may be under
selective pressure to maintain a particular DNA sequence,
whereas other regions of the repeat evolve without constraint.
One explanation for the differential rates of substitution in
the Arabidopsis satellites could be the interaction of DNA-
binding proteins with satellite DNA. In humans, centromere-
binding proteins A, B, C, E, G, and H have been identified. Of
those proteins, CENP-A, CENP-B, and CENP-C have been
shown to have DNA-binding activity (Choo 2000). CENP-A is
a histone H3-like protein that is found at active centromeres
and is associated with a-satellite arrays in humans (Smith
2002). In addition, CENP-A homologs in Drosophila and Ara-
bidopsis appear to be evolving adaptively, which could corre-
late with the sequence divergence of satellite arrays in the
centromere (Malik and Henikoff 2001; Talbert et al. 2002).
The association of CENP-A homologs with corresponding
centromeric DNA could influence the maintenance of con-
served sequence domains in the repeats.

Both CENP-B and CENP-C have been shown to associate
with a subset of a-satellite repeats. However, the localizations
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of the two proteins on a-satellite arrays are distinct and
nonoverlapping. CENP-C is found only at active centromeres,
and the exact binding site of CENP-C within the a-satellite is
still unknown (Politi et al. 2002). CENP-B is found associated
with a-satellite arrays at both active and inactive centromeres;
it binds to a-satellite monomers at a specific 17-bp sequence
named the CENP-B box (Muro et al. 1992). Interestingly, the
CENP-B box in the a-satellite repeats overlaps with the highly
variable V2 region, and contains five polymorphic sites in its
consensus. Combining the insights from the recently solved
CENP-B/CENP-B box cocrystal (Tanaka et al. 2001) with the
survey of published a-satellite sequences, we found four of the
nine bases essential for CENP-B binding are also polymorphic;
CENP-B would be unable to interact with a highly common
base at each of these four sites. Ikeno et al. (1994) analyzed a
higher order a-satellite array comprised of 11 repeats, and
found that CENP-B-binding sites are located in alternating
repeat monomers. Taken together, these results raise the pos-
sibility that polymorphisms serve to phase CENP-B binding
within the satellite arrays, potentially aiding in the assembly
of the a-satellite DNA into a higher-order structure recognized
by other centromere-binding proteins (Yoda et al. 1998; Choo
2000). Although centromere-binding proteins from plants are
less well characterized, it is possible that a similar phasing
mechanism could be operating, given the patterns of nonran-
dom variation that we observed within the Arabidopsis satel-
lite repeats.

Conservation of Satellite Sequence Length

A requirement for uniform nucleosome phasing and the sub-
sequent propagation of centromeric heterochromatin has of-
ten been ascribed as the source of the uniform satellite length
observed within a species and between closely related species
(Henikoff et al. 2001). In primates, satellite monomers vary
from 168 to 172 bp (Durfy and Willard 1990; Baldini et al.
1991; Fanning et al. 1993; Alves et al. 1994; Warburton et al.
1996; Haaf and Willard 1997, 1998). Average centromere sat-
ellite lengths have also been determined for a wide range of
other species, including maize (156 bp; Ananiev et al. 1998),
rice (159 bp; Dong et al. 1998), and insects in the genus Palo-
rus (143 bp; Mestrovic et al. 1998). We found that Arabidopsis
centromere satellites were remarkably conserved within all 41
ecotypes (178 = 0.1 bp). The highly invariant length of Ara-
bidopsis satellite repeats indicates a rigid length requirement.
Because nucleosome arrays can accommodate insertions of
several base pairs without a dramatic alteration in phasing
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patterns (Simpson 1991), other explanations, such as length
requirements that modulate higher-order structures across en-
tire arrays, may be more appropriate. CENP-B, known to bind
as a dimer, may require rigid monomer length so that CENP-B
boxes are in appropriate locations within a centromere struc-
ture for protein binding (Yoda et al. 1998). Alternatively, the
length requirement could be a result of the satellite array in-
teraction with specialized centromere histones, such as
CENP-A (Talbert et al. 2002). If nucleosome phasing is in-
volved, then the diversity of satellite lengths among Arabidop-
sis, maize, and rice would require invoking a species-specific
nucleosome length restriction.

The Diversity of Satellites Across Populations

Despite the presence of conserved domains, many portions of
the satellite repeats exhibit notable variation. Considered as a
whole, the centromere satellite repeats are more variable
across the Arabidopsis population than any other single-copy
sequence examined, including noncoding DNA. Interest-
ingly, the Arabidopsis satellite repeats were significantly less
variable than o-satellite repeats. Reproductive strategies may
explain some of this difference; because Arabidopsis is self-
pollinating, it is expected to have less heterozygosity and less
genetic diversity than individuals in an outcrossing popula-
tion (Charlesworth and Wright 2001).

The vast number of satellite copies in the genome pro-
vides tremendous redundancy and an enhanced opportunity
for divergence; they can undergo various mechanisms of evo-
lution, homogenizing new changes through gene conversion,
unequal exchange, and transposition (Dover 1982). More-
over, recombination and repair enzymes may have a limited
access to heterochromatic satellites, increasing the rate of
nucleotide substitution relative to the rest of the genome. If
satellite sequences indeed provide critical functions, this re-
dundancy and high rate of change could allow organisms to
sample substitutions, even in functional domains, without
deleterious effects.

Evolution of Satellite DNA

Although the function of satellite DNA remains questionable
(Csink and Henikoff 1998), satellite evolution has attracted
much attention. Many studies have compared the satellites
from closely related species (Waye and Willard 1989; Greben-
stein et al. 1996; Alix et al. 1998; Mestrovic et al. 1998; Ra-
jagopal et al. 1999; Landais et al. 2000; Nijman and Lenstra
2001). In these analyses, homogenization of satellite repeats
within the genome has typically occurred, resulting in less
variation within a species than between closely related spe-
cies. This type of change, termed concerted evolution (Elder
and Turner 1995), likely relies on mechanisms of molecular
drive: unequal exchange, gene conversion, or transposition
(Smith 1976; Dover 1982; Stephan 1986; Charlesworth et al.
1994).

The results presented here indicate a balance between
the stochastic and selective pressures that drive satellite diver-
sity. Our finding of significantly conserved and variable re-
gions across ecotypes indicates a strong bias in the turnover of
satellite sequences (Mestrovic et al. 1998). Molecular drive
may account for the homogenization of 11 substitutions ob-
served in individual Arabidopsis ecotypes that differ from the
species consensus (Fig. 1, yellow shading). Because these 11
substitutions also occur at a low frequency in other ecotypes,
they were likely present in the ancestral parent, and homog-

enization of the variant occurred since the ecotype popula-
tions diverged (Nijman and Lenstra 2001). In addition, the
precise conservation of satellite length is particularly striking.
Taken together, these observations indicate a model in which
higher-order structures have a strict requirement for sequence
length and conservation of particular repeat regions. Satellite
evolution may progress in a manner that retains all of these
features, maintaining essential protein-binding sites, struc-
tural domains, and sites for epigenetic modification.

METHODS
Source of DNA Sequences Analyzed

Arabidopsis centromere satellite repeat sequences were from
ecotypes obtained primarily from the Arabidopsis Biological
Resource Center (ABRC), Ohio State University; Kz-8 was ob-
tained from Joy Bergelson, University of Chicago. DNA was
extracted from a rosette leaf of an individual plant as de-
scribed (McKinney et al. 1995). Two sets of primers (F2: 5'-
AGCTTCTTCTTGCTTCTCA; R2: 5'-CCAATCACAAAACCT
CAGC; and F4: 5'-GAGTCTTTGGCTTTGTATCTTC; R4: 5'-
GTATACCTGAAACCGATGTGG; Fig. 1) were used to amplify
satellite repeats; PCR was performed as recommended (Pan-
Vera Corporation). Amplification products were separated by
gel electrophoresis, and the ladder of repeats was visualized
after ethidium bromide staining. Bands measuring ~180 bp,
360 bp, and 540 bp were purified, cloned (TOPO TA kit, In-
vitrogen), and sequenced using the M13 forward and reverse
primers. A minimum of 10 clones was sequenced for each of
the ecotypes. The resulting 457 clones sequenced gave 1029
whole or partial repeat sequences. For analysis of repeat
length, 176 internal repeats derived from 360-bp or 540-bp
amplified bands were considered. For this study, we did not
include the 950 satellite repeat sequences from the Columbia
ecotype that were deposited in GenBank by the Arabidopsis
Genome Sequencing Project; many of these sequences reside
at the borders of satellite arrays and consequently contain
biases not representative of the genome. Furthermore, to con-
sider all ecotypes equally, we also excluded a set of 624 satel-
lite repeat sequences that were obtained on random clones
from the Landsberg ecotype (http://www.tigr.org/tdb/e2k1/
athl/atgenome/Ler.shtml).

The analysis of human a-satellite DNA described here
relied on data compiled previously by Choo et al. (1991). This
earlier study derived a consensus of available human satellite
sequences, and tabulated the variation at each site.

The sequence variation among Arabidopsis ecotypes was
analyzed for 12 genes (Supplemental Fig. 5, available online at
http://www.genome.org; Table 2). These genes are all ex-
pressed, with known EST or cDNA counterparts (The Arabi-
dopsis Genome Initiative 2000). We performed PCR and DNA
sequencing in four cases (ARP6, MCMS5-like, SL15-like, and
ACTINS; GenBank accession nos. AF494760-AF494836,
AF495295-AF495335, AF495337-AF495375); for the remain-
der, we analyzed sequence available in GenBank (for refer-
ences, see Supplemental Fig. 5, available online at http://
WWWw.genome.org).

Sequence Analysis

Prior to analysis, primer and vector sequences were trimmed,
concatenated satellite repeat arrays were separated, and se-
quences were aligned using Seqman (DNAStar). Polymorphic
sites within the consensus are indicated (Fig. 1) by IUPAC
symbols: (B) Cor GorT; (D) Aor Gor T; (H) Aor Cor T; (K)
GorT,M)AorC; (R)AorG;(S) CorG; (V)AorCorG; (W)
Aor T; (Y) Cor T. A x* test determined the significance of
nucleotide differences observed in individual ecotypes. For
the expected nucleotide occurrence at a given site, we used
the overall nucleotide frequencies, as determined for the 41
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ecotypes combined, at each position. The data were divided
into two classes (consensus and nonconsensus) for a single
degree of freedom; differences from the consensus were con-
sidered significant when P = 0.0001. Nucleotides within a
given ecotype that showed a significant deviation in fre-
quency from the overall species consensus are indicated in
Figure 1 (shading). Some substitutions in ecotype consensus
sequences are not shaded, as the nucleotide frequency does
not significantly differ from the overall consensus.

The percent occurrence of the most frequent base at each
site was calculated for Arabidopsis satellite repeats, a-satellite
repeats, and gene sequences; for the satellites, this is plotted
in Figure 2. At polymorphic sites (i.e., sites where the most
common base is not three times more frequent than any
other, filled circles in Fig. 2) either the percent occurrence of
the most frequent base was calculated (Fig. 2A,C), or the per-
cent occurrence of the polymorphic nucleotides, considered
as a group, was considered (Fig. 2B,D). The average percent
occurrence and standard deviations are also depicted in Figure
2; for these calculations, polymorphic sites were not treated
differently from other nucleotides. A univariate ANOVA test
(x =0.05) with a Bonferroni adjustment (Sokal and Rohlf
1997) was used to determine if the average values for the
percent occurrence differed when Arabidopsis satellites, a-sat-
ellites, and genes were considered.

Conserved and variable regions within the Arabidopsis
satellite repeats and a-satellites were defined by a sliding-
window analysis of the percent occurrence data; z-scores were
used to define windows of significantly higher or lower varia-
tion than the average. Windows of 5 bp, 10 bp, 15 bp, and 20
bp were initially analyzed, and results from a 15-bp window
analysis are presented. The average percent occurrence for
each window was tabulated, and an overall average and stan-
dard deviation for these window data points were used to
produce a z-score (z = [x — u]/o, where x is each window data
point, p is the average of all windows, and o is the standard
deviation). Windows that had a z-score of +1.2 SD from the
mean (~20% of all windows) were considered significant (Fig.
3). For clusters of windows with significant deviations from
the mean, the window with the largest departure from the
mean was used as the center for the conserved or variable
regions; the Arabidopsis satellite repeat variable region V1 con-
sists of two independent overlapping windows (depicted in
Figs. 1 and 2). This analysis made it possible to use the same
criteria to define conserved and variable regions in the Arabi-
dopsis and a-satellite repeats.

Nucleotide diversity was calculated for Arabidopsis satel-
lite repeats and centromere and arm genes using ARLEQUIN
software (Schneider et al. 2000). Insertions and deletions were
not considered in the calculations; the Tajima and Nei
method was used by the software.
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