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Primate genomic sequence comparisons are becoming increasingly useful for elucidating the evolutionary history and
organization of our own genome. Such studies are particularly informative within human pericentromeric
regions—areas of particularly rapid change in genomic structure. Here, we present a systematic analysis of the
evolutionary history of one ~700-kb region of 2pll, including the first autosomal transition from pericentromeric
sequence to higher-order o-satellite DNA. We show that this region is composed of segmental duplications
corresponding to 14 ancestral segments ranging in size from 4 kb to ~I15 kb. These duplicons show 94%-98.5%
sequence identity to their ancestral loci. Comparative FISH and phylogenetic analysis indicate that these duplicons
are differentially distributed in human, chimpanzee, and gorilla genomes, whereas baboon has a single putative
ancestral locus for all but one of the duplications. Our analysis supports a model where duplicative transposition
events occurred during a narrow window of evolution after the separation of the human/ape lineage from the Old
World monkeys (10-20 million years ago). Although dramatic secondary dispersal events occurred during the
radiation of the human, chimpanzee, and gorilla lineages, duplicative transposition seeding events of new material to
this particular pericentromeric region abruptly ceased after this time period. The multiplicity of initial duplicative
transpositions prior to the separation of humans and great-apes suggests a punctuated model for the formation of
highly duplicated pericentromeric regions within the human genome. The data further indicate that factors other
than sequence are important determinants for such bursts of duplicative transposition from the euchromatin to
pericentromeric regions.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been

submitted to GenBank under accession nos. AY?54301-AY954363.]

Human pericentromeric and subtelomeric regions, much like the
majority of the Y chromosome, have long been viewed by many
as “genetic wastelands” (Skaletsky et al. 2003) due to the fact that
they are composed of large complex blocks of heterochromatic
sequences and contain few genes (Donze and Kamakaka 2002).
Recent studies suggest that understanding these transition re-
gions will provide us a more complete picture of human genome
architecture and the relationship of chromosome structure and
function (She et al. 2004a). Despite recent advances in genome
sequencing and the finishing of human euchromatin (Interna-
tional Human Genome Sequencing Consortium [IHGSC] 2004),
the structure of these regions remains largely incomplete (Eichler
et al. 2004). Sequence gaps are particularly enriched within peri-
centromeric regions, and most chromosome sequences fall short
of bridging classically defined (Manuelidis 1978; Willard and
Waye 1987; Willard 1991) heterochromatic sequences and eu-
chromatin.
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More recently, a handful of laboratories have extended ef-
forts to include heterochromatic transition regions (Bailey et al.
2001; IHGSC 2001; Schueler et al. 2001; Rudd and Willard 2004;
She et al. 2004a). From these and other efforts, we now under-
stand that more than half of all human chromosomes contain
segmentally duplicated sequences, primarily found in pericentro-
meric or subtelomeric regions. A noticeable reduction in tran-
scription is observed within the most proximal 1 Mb portion of
the duplication region, suggesting that some heterochromatic
properties extend beyond a-satellite DNA. These duplications
range in size from 1 kb to more than half a megabase and typi-
cally originate from euchromatic regions of the genome (She et
al. 2004a). A few pericentromeric duplications have been char-
acterized in detail, although the mechanism for their dispersal is
still largely unknown (Guy et al. 2000, 2003; Ji et al. 2000; Bailey
et al. 2001; Horvath et al. 2001; Samonte and Eichler 2002). A
highly nonrandom distribution of duplications within pericen-
tromeric regions has been noted with both quiescent and active
regions of duplication for specific human chromosomes (She et
al. 2004a).

Limited comparisons of pericentromeric regions among
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Figure 1. 2p11 Duplicon architecture. (A) A schematic representation of the duplicon architecture (colored bars) is shown in reference to an ideogram

of chromosome 2 and ~700-kb BAC minimal tiling path. The black bar represents a-satellite sequence (~175 kb), while light gray bars denote various
pericentromeric-specific interspersed repeats (PIRs). Other enriched pericentromeric repeat sequences are indicated: C=CAAAAAG repeat, G=CAGGG,
R=REP522, and T=TART1 repeats (Smit 1996). Below the BAC tiling path are results of database searches using this entire sequence (represented by
NT_034508) against the human genome (build34, July 2003). All pairwise alignments (>5 kb and >90%) to this segment are shown to other regions
of the genome as indicated by the chromosome number and approximate position in megabases (ancestral loci are denoted by cytogenetic band
position). A color scheme encodes the average percentage sequence identity for each alignment block (red, 99%; orange, 98-99%; yellow, 97-98%;
green, 96-97%; blue, 95-96%; indigo, 94-95%; and violet, 90-94%). (B) Sequence overlaps were confirmed by Southern analysis between BAC clone
and genomic DNA. An example of validation is shown for overlap D (between AC127391 [R11-389113] and AC027612 [R11-165D20]). A PCR-
generated probe (165D20-6n7) (Supplemental Table 2) was hybridized. The expected 2.2-kb band is observed in multiple overlapping BACs (389113,
165D20, 34012, and 1430E12) in addition to the chromosome 2 hybrid and genomic DNA samples. Note: An additional lower band is observed in the
genomic DNA samples compared with the monochromosomal hybrid DNA samples, indicating that at least one additional copy of the GGT1 duplicon
exists within the human genome. (C) Extended fiber FISH validating overlap (in yellow) of the three most proximal BACs in a chromosome 2 hybrid cell
line (GM11712). Results in a second chromosome 2 hybrid line (GM11686) and total human cell lines showed similar results (data not shown).

closely related primates suggest extraordinary dynamism where
duplication, deletion, and rearrangement of large segments of
DNA occur at an unprecedented scale (Eichler et al. 1996, 1997;
Regnier et al. 1997; Zimonjic et al. 1997; Orti et al. 1998; Horvath
et al. 2000b, 2003; Crosier et al. 2002). These findings have sug-
gested that the actual number of “chromosomal rearrangements”
among primates far exceed expectations based on the compari-
son of primate karyotypes. Limited phylogenetic analyses of a
small number of segmental duplications (Eichler et al. 1997; Orti
et al. 1998; Horvath et al. 2000b; Luijten et al. 2000) support a
two-step model for their origin whereby initial rounds duplicate
portions of the euchromatin to a specific pericentromeric “ac-
ceptor region.” Subsequent duplication events move larger
blocks of duplication (often made of several blocks of initial du-
plication) among the acceptor regions.

In an effort to provide insight into these complex regions of
our genome, we conducted a detailed molecular evolutionary
analysis of a 700-kb pericentromeric region of human chromo-
some 2p11. This human chromosome is particularly remarkable
since it contains a large number of highly identical inter- and
intrachromosomal segmental duplications. It is also noteworthy
as the only chromosome to have emerged in the human lineage

as a result of a chromosome fusion (Ijdo et al. 1991; Fan et al.
2002). There were two main objectives of this research: (1) to
characterize the organization of the 2p11 pericentromeric region
up to and including higher-order a-satellite repeats and (2) to
assess the evolutionary origin and the timing of the duplication
events in primate evolution. Our previous pilot analysis of 2p11
indicated that this type of organization was a property common
to many pericentromeric regions. Therefore, 2p11 provides a
model for the organization of many human pericentromeric re-
gions containing interchromosomal duplications, and gives us
insight into the general mechanism for their formation.

Results

Sequence, assembly, validation, and annotation of the 2pli
pericentromeric region

We constructed a physical map and sequenced 700 kb of the
most proximal portion of the short arm of human chromosome
2. The presence of high-identity duplications to multiple regions
of the human genome complicates sequence and assembly of
these regions (She et al. 2004b). The organization and represen-
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tation of human chromosome 2 was, therefore, validated by sev-
eral independent methods, including analysis of sequence over-
laps (see tiling path in Fig. 1A), genomic Southern blot analysis
(Fig. 1B), two-color FISH experiments (Fig. 1C), and paralogous
sequence tagging of monochromosomal DNA (Supplemental
Table 1; Supplemental Methods). The assembled sequence in-
cluded some of the largest (175 kb) contiguous transition se-
quence into human a-satellite DNA. Several lines of evidence
indicate that we have successfully traversed higher-order se-
quences from chromosome 2 (Supplemental Methods; Supple-
mental Fig. 1A,B).

We annotated the duplication content by using a variety of
computational methods. Seven regions with conserved exon/
intron structure were identified within the 2p11 sequence al-
though none contained a complete complement of exons as pre-
dicted by the full-length transcript. In each case, the full-length
gene mapped to another region of the genome. These were
termed duplicons (segmental duplications where the ancestral
origin can be determined). Since this search for ancestral dupli-
cons was not limited to sequences outside of defined pericentro-
meric regions (5 Mb around the centro-
mere), we identified two additional du-
plicons (GGT1 and IGSF3) that were not
identified previously (She et al. 2004a).
The 2p11 duplicons included CHK2
(checkpoint kinase 2) from 22ql2, an
unknown gene from 4q24, ALD (adreno-
leukodystrophy) from Xq28, GGT (y-
glutamyltransferase 1) from 22qll,
IGSF3 (immunoglobulin superfamily 3)
from 1p13, MLL3 (myeloid/lymphoid
leukemia 3) from 7q36, and LSP1 (lym-
phocyte-specific protein 1) from 11p15.
With the exception of LSPI, none of
these segments showed any evidence of
transcription based on sequence similar-
ity searches of human EST databases.

To identify the putative boundaries
of each duplication, we examined all un-
derlying pairwise alignments for the en-
tire region by using PARASIGHT (http://
humanparalogy.gs.washington.edu/
parasight). This allowed us to obtain the
minimally shared segment for each re- g
gion (Bailey et al. 2002) and facilitated
the identification of seven more putative l
duplicons (PIR4, 11q14, 12p11, N immu- I
noglobulin (Ig\), 1026, 4p16.1, and
4p16.3) (Fig. 1A; Table 1) within 2p11.
Five of these were previously identified
by mouse synteny mapping, but two
(PIR4 and Ig\) were excluded due to
their location within a pericentromeric
region (She et al. 2004a). All 14 of the
identified duplicons represent dupli-
cated segments from seven different hu-
man chromosomes, exhibit 94%-98.5%
identity to the putative ancestral loci,
and range in size from <4 kb to >115 kb.
Three of these duplicons (IGSF3, GGT1,
and LSPI) were shown previously to ex-
ist on chromosome 2 by FISH, but de-

B Bl B

tailed analyses into their genomic organization or evolutionary
histories were lacking (May et al. 1993; Tassone et al. 1995; Saupe
et al. 1998; Ruault et al. 1999).

Previous studies have suggested that GC-rich and Alu repeat
elements are enriched at the boundaries of duplication (Eichler et
al. 1999; Horvath et al. 2000a; Chen and Li 2001) and implicated
these as playing a role in the process of segmental duplication
(Bailey et al. 2003). In this study we were able to distinguish both
donor and acceptor loci (phylogenetically and by comparative
FISH). Based on sequence comparison to the ancestral locus, we
were able to define 38 donor and acceptor boundaries. Analysis
of duplicon termini in 2p11 (Fig. 1A) indicates that GC-rich re-
peat sequences (CAGGG, CAAAAG, TAR, and REP522) (Smit
1996) occur within 1 kb for at least five of 19 of the acceptor
regions. No enrichment of these elements was noted in the vi-
cinity of the donor regions. If we narrowed the junctions to a
5-bp window (Table 2), we found that 15 of 38 (39%) of the
donor boundaries and 16 of 38 (42%) acceptor regions show the
presence of an Alu S or Y repeat sequence at the junction. This Alu
enrichment is consistent with previous reports and suggests that
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Figure 2. Comparative primate FISH of individual duplicons. Two examples of comparative meta-
phase FISH experiments for the (A) IGSF3 (dark green) duplicon from 1p13 and the (B) MLL3 duplicon
(in yellow) from 7q36 are shown. Extracted metaphases for five primates are shown after hybridization
with probes corresponding to the two duplicons: HSA indicates H. sapiens; PTR, P. troglodytes; GGO,
G. gorilla; PPY, P. pygmaeus; and MFA, M. fascicularis. Both sets of experiments show multiple signals
among humans and the great-apes with a single signal in the Old World monkey macaque. These
results are consistent with the phylogenetic and comparative genomic hybridization experiments that
suggest a duplication of the ancestral locus <23 Mya. All chromosomal designations are with respect
to the human phylogenetic group (McConkey 2004).
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Alu repeats have played an important role in initializing pericen-
tromeric seeding events while GC-rich elements contribute to
the pericentromeric swapping. At present, there is, however, only
indirect evidence for such associations.

Evolutionary analysis of 2pll duplications

A three-pronged approach was used to reconstruct the evolution-
ary history of this region. Each of the 14 duplicons (defined
above) was treated independently in this analysis. Comparative
FISH was used to delineate the origin, dispersal, and copy num-
ber variation among closely related primate species. Screening of
genomic libraries from nonhuman primates was used as a map-
ping approach to refine ancestral locations of each duplicon
based on comparison of the clone ends to the human genome
sequence (see below). Phylogenetic analysis of sequence from
each duplication was then used to reconstruct the likely order
and timing of the individual duplications during the past 25
million years (Myr) of human genome evolution.

We performed comparative FISH against metaphase chro-
mosomes of four hominoid species (Homo sapiens, Pan troglodytes,
Gorilla gorilla, and Pongo pygmaeus) and one Old World monkey
representative (Papio hamadryas or Macaca fascicularis). Genomic
probes were prepared for all duplicons >15 kb in size, and hy-
bridization results are summarized in Table 3 (for a representative
set of experiments, see Fig. 2). In general, our FISH results indi-
cate a reduction in copy number as probes are hybridized to
orangutan and baboon. Interestingly, in several cases, no signals
were observed among baboon or macaque. Although not all
probes are single copy in orangutan, these results verify many of
the putative duplicon ancestral positions as predicted by the ori-
gin of the expressed gene (see results for 4924, Xq28, IGSF3, and
MLL3 in Table 3). Reciprocal experiments were conducted with
baboon BACs representing each duplicon on baboon and human
metaphase chromosomal spreads. Duplicons 11q, 12p, 4q24,

Table 4. Summary of BAC hybridization results

ALD (from Xq28), and IGSF3 (from 1p13) were verified to be
ancestral loci based on the observation of a single signal in ba-
boon (data not shown).

Since FISH experiments did not always yield a reliable signal
in orangutan or baboon, we conducted genomic library hybrid-
izations as a secondary means to refine the ancestral origin more
precisely. A PCR probe (for location, see Fig. 1A; for sequence, see
Supplemental Table 2) was designed within each duplicon and
was used to screen large-insert genomic BAC libraries from oran-
gutan (CHORI-253) and baboon (RPCI-41). Based on the ge-
nomic coverage and the number of positively hybridizing BACs,
we estimated the copy number for each duplicon within each
primate species (Table 4; Supplemental Methods). With the ex-
ception of the Ig\ segment (which maps to a tandem gene clus-
ter), the PIR4 segment (which was not identified in the baboon),
and the LSP1 duplicon (which apparently has undergone an in-
dependent duplication expansion), 11 out of the 14 duplicons
mapped to a single locus in either orangutan or baboon (Table 4).
Orangutan and baboon BACs corresponding to each single site
were end-sequenced, and the sequences were aligned to the hu-
man genome reference sequence by using BLAST (build 34, NCBI,
July 2003) (Supplemental Tables 3, 4). With the exception of
orangutan IGSF3 BACs, primate BAC end-sequences from each
duplicon corresponded to human sequence located at the puta-
tive ancestral location.

To provide a more precise estimate of duplication timing,
we performed a phylogenetic analysis based on primate compara-
tive sequencing of each duplicon as described previously (Hor-
vath et al. 2003). By utilizing PCR assays designed to noncoding
2p11 human reference sequence, orangutan and baboon BACs
were PCR amplified, and the products were directly sequenced
with multiple primer pairs within each duplicon. We constructed
a neighbor-joining phylogenetic tree for 11 of the duplicons
where complete sequence information could be obtained (Fig. 3).
Genetic distances are indicated in Table 5 and were used to cal-
culate the ancestral nucleotide substitution rate specifically for

CHORI-253 RPCI-41
Duplicon Duplicon Orangutan Estimated No. of Seq Baboon Estimated No. of Seq
location name clone no. copy no. variants clone no. copy no. variants
7p12 PIR4 25 3.9 4 0 0.0 0
11q14 11q 8 1.3 1+ 6 1.2 1
12p11 12p 10 1.9 2 5 1.0 1+
22q11 Igh 275 43.0 nd 230 44.2 nd
22q12 CHK2 6 0.9 T+ 5 1.0 1
4924 4924 11 1.7 1+ 7 1.3 1+
Xq28 ALD 5 0.8 1 8 0.8 1
22q11 GGT1 6 0.9 1 12 2.3 1
1p13 IGSF3 2 0.3 1+ 3 0.6 1
10926 10926 9 1.4 1+ 4 0.8 1
7936 MLL3 5 0.8 2+ 3 0.6 1+
4p16.1 4p16.1 6 0.9 1 7 1.3 1+
11p15 LSP1 19 1.6 3+ 26 5.0 3
4pl16.3 4pl16.3 7 1.1 T+ 7 1.3 1+

A “+" after sequence variant number denotes another copy exists with one to four differences out of 500bp (99.8%-99.2% identity). PCR-generated
probes (Supplemental Table 2) corresponding to each duplication (except Ig\ which was not done (nd) due to high copy number) were hybridized to
orangutan (CHORI-253) and baboon (RPCI-41) BAC libraries. The number of positives obtained and the fold coverage of the library (based on the
segments screened) were used to estimate the copy number of each duplication in each species (no. positives/coverage, expected copies). Only one
segment of each library was screened with the exception of the 11p15 duplicon in orangutan and Xg28 and 7p12 in baboon, where both library
segments were screened. All BAC positives were PCR amplified with the hybridization primer pair, and then PCR products were directly sequenced. The
PCR product sequences were compared to determine the number of different sequence variants for each duplicon within each species (Seq variants).
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Figure 3. Phylogenetic trees for 2p11 duplicons. A neighbor-joining tree was constructed for each individual duplicon as shown above and below the

gray schematic of the 2p11 duplicons (A-K). See Figure 1 for corresponding colored boxes. Gray boxes outline ancestral human, orangutan (Orang),
and baboon (Bab) sequence taxa within the phylogenetic trees. Ancestral human sequences are also marked with an arrow. Branch lengths are
proportional to the number of nucleotide changes between taxa and are indicated below each respective branch. An asterisk next to or below a branch
length indicates a branch length of 0.001. Bootstrap values >90 from 1000 replicates are indicated above each corresponding branch. Sequence data
from baboon and orangutan outgroups were obtained from large-insert BAC clones (CHORI-253 and RPCI-41) or total genomic DNA.

922 Genome Research
www.genome.org



Punctuated evolution of human 2pll

‘umouy| Jou

3104213y} dle pue (%0 PUe 9% /7 Udamiaq abuel ‘g g dy pue ‘| dsT ‘1'9 1dy ‘€TTIN ‘€4SDI 40) 3§ Bojesed) suondadxa maj Yiim (3N[eA 3 3Y) JO %0Z>) |[BWS 3I9M SIN|EA Y PUNOJE SIOLID piepurls
'SND0| Yoea 4oy (1Z/3 = 1) Sd3el UOIINIISNS 9PII03|INU SAIIRYD 33 33e|Nd[ed am ‘sabeaul] uoogeq pue uewiny Yy} Uaamiaq sJeak uojjjiw €z Jo awiy 2ouabiaAlp pajewinss ue uo paseg “(buiddems
JuRWoNUdLRd) s)uaAS uonedldnp Alepuodas ayy pue (Buipass duswonuadad) uoibal dusWoUudLRd By} 0} URBWOIYINS Y} Wouy uoneddnp [eniul ay) Joy uonewloul apirold sajewnsa
oM} Ja)je| 3say) ‘adue)sip dnoibino ayy 03 aAneRy “(esed |e) sbojesed uewny |je jo 3 abelaae ayy pue (eled 03 3sadUy) sbojesed uewny [je 03 |es3sadue UeWNY suonenNdjed Hojesedssul uewny
oM} yim paledwod a1am asay] “(duy 03 qeg) dnoibino ayy 03 uewny [elisadue ay) pue ‘(eled 03 qeg) dnoibino uoogeq ayy 03 sbojeled jessadueuou uewny fje ‘(qeg 03 wnH) dnoibino uooqeq
ay) 03 seduanbas uewny [je :suosuedwod INdINo 331y} J0) PRIRINDJED BISM SI0LID pIepue)s Paledosse pue (jspow Jajaweled-om) einwiy| ‘) ais Jad suonNISgNs apRoajdNU Jo Jaquinu abesaae ay |

43 L6 £9°1L €C L0'0 €00 ££0°0 890°0 L2070 /9 €91dy €91dy
8¢ el L €C 6000 €00 9500 ¥S0°0 $S0°0 veL 1dS1 sudrL
L'e L8l et € £00°0 L¥0°0 ¢s00 ¢s0°0 ¢s00 £S01L L9 Ldy L9 Ldy
¥'9 9elL (44 €C SLoo €00 9500 €500 ¥50°0 €SS £TIN reby
€ el LU0 €C 800°0 LE0'0 ¥S0°0 €500 €500 85/ €45DI eLdy
€/ 6'LL L9°L €c §200 L¥0°0 ¥£0°0 6,00 6/0°0 04Z 11DD LLbzz
Sy €/LL 0L €C 9100 L90°0 8/0°0 180°0 180°0 ¥/01L bt yLbrL
90l L/l 9L €C 8200 /L¥0°0 £90°0 ¥20°0 190°0 €99 a4 8zbx
€9 (I SLL € SL00 9¢0°0 €500 §S0°0 §S0°0 908 vzby vzby
9/ 9oL 6¢°L €C zz00 LEo0 ¥90°0 890°0 £90°0 ¥08 2IHD ZLbzz
'8 el €8°L €C £20°0 ¥90°0 ¥80°0 S.0°0 9/0°0 YAYA dzi LdziL
4 6'/1 0z'L € 9100 €900 8200 Z80°0 180°0 ¥/01 bri vibrL
(eAw) sdemg (eAw) pasg (5_0LX) @31 eAw eie( e eied 03 3s9dUY Juy 0} qeg eied 0} qeg geg 0} wny pazAjeue aweu uopedo|
uooqeg uooqeg qeq qeq 3 ueay 3 uesy 3 uesy 3 ueay 3 ueay saied aseg uodidng uodidng
saduejsip bojesediajul uewny sadue)sip dnoabing

Alewwns saduelsip dBULD  °S djqeL

Genome Research 923

www.genome.org



Horvath et al.

each duplicon. These substitution rates range between 1.13 and
1.83 x 107 substitutions/site/yr and are generally consistent
with estimates from other duplicated segments (Eichler et al.
1999; Liu et al. 2003). These values were then used to calculate
seed and swap times corresponding to initial duplication of each
donor segment and subsequent dispersal of these segments to
other pericentromeric regions.

Ten of the 11 tree topologies are consistent with a major
duplication seeding event occurring after the separation of Old
World monkey and great-ape lineages (<23 million years ago
[Mya]). All 10 phylogenies clearly distinguish two major events:
an ancestral event (termed an ancestral duplicative transposi-
tion) followed by a series of secondary duplications (pericentro-
meric swapping) that group all human paralogs. Bootstrap sup-
port distinguishing these events ranges from 96-100 (Fig. 3). The
LSP1 duplicon is the only locus that is inconsistent with this
model of evolution. In some cases, we observed similarities in the
tree topology based on spatial proximity of the ancestral dupli-
cons within 2p11. The first three duplications (for PIR4 tree, see
Horvath et al. 2003) nearest the human centromere, for example,
show evidence of duplication of the ancestral locus prior to the
divergence of the humans and the great-apes from the Old World
monkey lineage as evidenced by progenitor duplicates in the or-
angutan lineage. In general, evolutionary genetic distance esti-
mates between human ancestral and paralogous loci (0.03-0.06)
are significantly less than the genetic distance between the hu-
man ancestral locus and the corresponding baboon locus (0.05-
0.08) (Fig. 4; Table 5). By using locus-specific substitution rates,
we calculated that the initial duplication of the ancestral locus
occurred between 9 and 19 Mya. Although secondary dispersal
events occurred ~3-11 Mya (Fig. 4; Table 5), there is no evidence
of a novel ancestral duplicative transposition event having oc-
curred over the past 9 Myr within this region of 2p11.

Discussion

We present one of the most comprehensive evolutionary analy-
ses, to date, of a human centromeric transition region. We have
extended the model of pericentromeric duplication by system-
atically tracking the origin and timing of a series of duplicons
located within a 700-kb pericentromeric region of 2p11 (She et al.
2004a). Our goal was to reconstruct the evolutionary history of
this region by using a combination of phylogenetic, genomic,
and comparative FISH approaches. Our study provides compel-
ling evidence for an evolutionarily punctuated movement of du-
plicated material 10-20 Mya for the majority of the 2p11 peri-
centromeric region. Although we can not preclude the existence
of more ancient duplications of euchromatin that have been de-
leted/diverged before this time period, the identification of more
recent ancestral duplicative transpositions should have been
trivial to detect. None, however, were identified within this por-
tion of 2p11.

Previous analyses have suggested that pericentromeric re-
gions have been formed via the duplication of euchromatic seg-
ments that have colonized pericentromeric DNA over the past 30
Myr of evolution (Eichler et al. 1996; Jackson et al. 1999; Horvath
et al. 2000b, 2003; Bailey et al. 2002; Crosier et al. 2002; She et al.
2004a; Locke et al. 2005). This duplicative transposition of eu-
chromatic segments into pericentromeric regions (which we
have termed “pericentromeric seeding”) has led to the formation
of complex mosaics of segmental duplications consisting of jux-
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0.1
0.091+— ==
0.08: i
R
= 0.07 +- —
58 I )i T -
=2 .06 - - L Average K
ga O = s ® Baboon to all
2 JL L o l aboon o al
ERS g < human copies
5 & 0.05 T o —
5 £ I - 1 7T Average K
'g g 0.04 T _ A Human ancestrall
g 2 * J_ I = I locus to paralogg|
2003 | . |
1 1 1 7T
0.02
No pericentromeric
0.014 seeding cvents
0 T - N &% Qq X & P omo o= o= @
COC- T R R I
=85 ¥ 223 ¢ 8 8 3 &

2p11 duplicons

Figure 4. Sequence divergence of 2p11 duplicons. The graph com-
pares the average divergence (substitutions per site, Kimura two-
parameter model with standard error measurements) for baboon and all
human duplicate copies (circles) to the average divergence for the hu-
man ancestral locus to all human pericentromeric copies (triangles). The
former provides a locus-specific estimate of the effective number of sub-
stitutions since the divergence of Old World monkeys and human lin-
eages (~23 Mya), while the latter provides an estimate of the timing of
the initial duplication event. With the exception of LSP1, the baboon copy
corresponds to a single (nonduplicated) locus. The data are consistent
with an initial duplicative transposition of the ancestral locus for all loci
after separation of the Old World and human lineages. No duplications
from an ancestral locus are observed within this 700-kb region which
show <0.03 substitutions/per site. This suggests a cessation of euchro-
matic colonization of this region ~10 Mya.

taposed duplicons from diverse euchromatic positions. Second-
ary duplications of larger mosaic blocks (termed “pericentro-
meric swapping” events) occurred subsequently, leading to dif-
ferential distribution of these blocks among the great-ape and
human pericentromeric regions. Detailed analyses of pericentro-
meric regions (10p11, 10q11, 15q11, 2p11, and 16p11), as well as
more global computational analysis, suggest that this is a general
principle of human genome evolution (Jackson et al. 1999; Guy
et al. 2000, 2003; Horvath et al. 2000b; Locke et al. 2005). Our
extended analysis of 2p11 confirms this two-step model (Fig. 5)
but also indicates that most euchromatic seeding events occurred
over a more narrow window of evolutionary time than previ-
ously appreciated (Guy et al. 2000, 2003; Bailey et al. 2001, 2002).

Results from comparative FISH of 2p11 duplicons indicate
that many segments were originally duplicated after the diver-
gence of the human and baboon lineages (~23 Mya), but before
the divergence of human and the African great-apes (~8 Mya)
(Fig. 2; Table 3). The phylogenetic data agree closely with the
comparative FISH data. The genetic distance, for example, be-
tween human and baboon sequence ranges from 0.052-0.081,
while the evolutionary distance between the human euchro-
matic ancestral locus and pericentromeric paralogs ranges from
0.03-0.064 (Fig. 4; Table 5). Based on relative rate tests and indi-
vidual calibration for the substitution rate of each locus, these
distances translate into pericentromeric seeding events that oc-
curred 10-20 Mya. As expected, our genomic studies occasionally
identified duplicated sequence among the orangutan great-apes
(thought to have diverged 12-14 Mya) (Fig. 3). No additional
evidence of euchromatic to pericentromeric seeding events could
be identified within human 2p11 after the separation of humans
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Figure 5. A model for the acquisition and dispersal of 2p11 duplicons. An expanded two-step model
is shown to explain the current organization of 2p11. First, a burst of DNA duplicative transposition
events occurs in the common ancestor of humans and apes (10-20 Myr), creating a large mosaic
region consisting of at least 14 duplicons. During the radiation of humans and African great-apes (4-8
Mya), a series of secondary duplications disperse larger cassettes to other pericentromeric regions,
leading to quantitative and qualitative differences of each larger block within different lineages. More
recent transposition events suddenly cease or are no longer fixed during this second phase.

from chimps and gorillas, although secondary duplication events
(pericentromeric swapping) are readily observed.

It is unclear why pericentromeric seeding events occurred so
frequently during this period of human/great-ape evolutionary
history. It is also unclear why they suddenly cease, at least in the
case of 2p11. One possible scenario may be that certain regions of
the genome are permissive to segmental duplication events only
at specific periods of time. The permissive nature may relate to
evolutionary changes in transcriptional activity or the chromatin
configuration of these regions. In such a scenario, one might
expect to find pericentromeric regions with younger or older
duplicons depending on differences in the chromatin context in
which they emerged. A global analysis of several pericentromeric
regions confirms that, in general, younger (<8 Mya) pericentro-
meric seeding events are a relatively rare occurrence in the hu-
man genome (Bailey et al. 2002; She et al. 2004a; Locke et al.
2005). This is not to say that pericentromeric-to-pericentromeric
duplications have not continued to occur more recently. Indeed,
there are numerous examples of such pericentromeric swapping
events that have emerged since the great-ape/human separation,
and a few have been unambiguously shown to be lineage-specific
events (Bailey et al. 2002). In addition, other nonpericentromeric
regions of the human genome show ample evidence of more
recent (<8 Mya) duplicative transposition events into acceptor
regions (Johnson et al. 2001; Stankiewicz et al. 2004).

There are several other possible scenarios that may be put
forward to explain this punctuated genome restructuring pro-
cess. For example, it is interesting to note that the “shift” from
pericentromeric seeding to pericentromeric swapping coincides
with the emergence of higher-order a-satellite DNA (8 Mya) (Haaf
and Willard 1998). This change in centromeric higher-order

structure may have influenced ectopic
recombination events among nonho-
mologous chromosomes, providing a
mechanism for these secondary duplica-

tion events.
We cannot rule out the possibility
that our view of the duplication process
aE as “punctuated” is obscured by having
an incomplete genome. If new seeding
events are primarily restricted to the un-
sequenced p arms of acrocentric chro-
mosomes, we may miss them entirely.
There is a small amount of evidence that
acrocentric p arms do harbor duplicons
(Wohr et al. 1996; Eisenbarth et al. 1999;
Hattori et al. 2000; Cserpan et al. 2002);
however, their sequence identity at-
tributes do not appear to differ signifi-
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other pericentromeric regions.

High-quality BAC-based sequence
within pericentromeric regions has re-
vealed a remarkable level of evolution-
ary dynamism. Comparative studies
such as these provide valuable informa-
tion into the evolutionary forces that
have reshaped our genomes—forces that
likely contribute to contemporary varia-
tion and disease. Detailed comparative
sequencing of these regions, however, is
required to address several of the hy-
potheses and models that we have put forward. While correct
assembly of these regions is often a daunting task, we have dem-
onstrated that such regions can be assembled and sequenced
with available genomic resources (Horvath et al. 2000a). Unfor-
tunately, the quicker method of sequence assembly, whole ge-
nome shotgun assembly, may preclude such rich evolutionary
analyses as complex and duplicated regions will be incorrectly
assembled or simply not represented (She et al. 2004b). Targeted
comparative studies with large-insert clones from these regions
promise to provide valuable insight into the evolution of our
species and genome.

Methods

Computational analyses

Duplicon identification was conducted for each individual acces-
sion by using RepeatMasker (RepeatMasker version 07/13/2002;
A. Smit and P. Green, http://ftp.genome.washington.edu/RM/
RepeatMasker.html) sequence as query against the EST division
of GenBank. All ESTs showing exon/intron structure to the query
accession were used to identify UniGene clusters when available
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene).
A representative EST from each UniGene cluster was used as
query against nr (nonredundant) and htgs (high throughput ge-
nome sequence). All ESTs not belonging to a UniGene cluster
were used as query individually. An accession with an identical
match to the representative EST was considered the ancestral
locus and was used to identify the chromosomal region in
build34 for further comparisons of duplicon size and identity
(Table 1). Optimal global alignments of BAC overlaps and ances-
tral loci to each 2p11 paralogous segment were generated by

Genome Research 925
www.genome.org



Horvath et al.

using the program ALIGN (Myers and Miller 1988). NT_034508
was used (in reverse orientation) for database searches of
all paralogous and ancestral loci in build34. These hits were
displayed by using PARASIGHT (http://humanparalogy.gs.
washington.edu/parasight) (Fig. 1A).

PCR and sequencing

The BAC and cosmid clones used for PCR analysis were grown
from single colony isolates in 5 mL overnight cultures. The DNA
was isolated by using the Millipore (Millipore) or Perfectprep
BAC 96 kit (Eppendorf) and resuspended in water. Approxi-
mately 15 ng BAC DNA (1/25 the total volume) and 15 ng of
cosmid DNA (1/50 the total volume) were used in subsequent
PCR assays. All PCR and sequencing conditions were previously
described elsewhere (Horvath et al. 2003). BAC end sequencing
reactions were conducted as previously described (She et al.
2004a). Cosmid end sequencing reactions were identical to BAC
end reactions except that only 1/12 the total volume of cosmid
DNA was used, and only 70 cycles of sequencing were conducted.
We assessed the quality of all sequence data using PHRED/
PHRAP/CONSED software (http://genome.wustl.edu).

Phylogenetic analysis

FASTA formatted sequences were obtained after comparison of
both forward and reverse sequences from each PCR product using
CONSED. All primate BAC sequences were searched against
build34 to obtain all fully sequenced human copies. Sequence
alignments were built by using CLUSTALW (version 1.82) (Hig-
gins et al. 1996), and maximum parsimony, minimum evolution,
and neighbor-joining methods were all used to construct phylo-
genetic trees by using MEGA (Molecular Evolutionary Genetic
Analysis) v2.1 (http://www.megasoftware.net/) (Kumar et al.
2001). Although all three methods yielded trees with identical
topology, neighbor-joining phylograms are shown because they
allow for distance estimates between taxa. Neighbor-joining
analysis was used with complete deletion parameters for all du-
plicon trees (Fig. 3) and pairwise deletion parameters for the
a-satellite trees (Supplemental Fig. 1B) with 1000 bootstrap itera-
tions. Tajima’s relative rate tests (Tajima 1993) were used in
MEGA (Kumar et al. 2001) to determine if rates of nucleotide
substitution were constant between the three species (human,
orangutan, and baboon). We estimated the number of substitu-
tions/site/year (substitution rate) by correcting the divergence
times for multiple substitutions using Kimura’s two-parameter
model (Kimura 1980). Divergence times of 23 Myr between the
human and baboon lineages and 13 Myr between human and
orangutan lineages were used. Duplication timing events were
calculated by using the equation T=K/2r (Li 1997). The approxi-
mate seed time (in millions of years) was determined by multi-
plying the ancestral to paralog K value by 23 Myr (human to
baboon divergence estimate) and dividing by the baboon to para-
log K value. Swap times were calculated using the average K of all
human paralogs in place of the ancestral to paralog K value.
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