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About 5% of the human genome consists of segmental duplications or low-copy repeats, which are large, highly
homologous (>95%) fragments of sequence. It has been estimated that these segmental duplications emerged during
the past ∼35 million years (Myr) of human evolution and that they correlate with chromosomal rearrangements.
Williams-Beuren syndrome (WBS) is a segmental aneusomy syndrome that is the result of a frequent de novo
deletion at 7q11.23, mediated by large (∼400-kb) region-specific complex segmental duplications composed of
different blocks. We have precisely defined the structure of the segmental duplications on human 7q11.23 and
characterized the copy number and structure of the orthologous regions in other primates (macaque, orangutan,
gorilla, and chimpanzee). Our data indicate a recent origin and rapid evolution of the 7q11.23 segmental duplications,
starting before the diversification of hominoids (∼12–16 million years ago [Mya]), with species-specific duplications
and intrachromosomal rearrangements that lead to significant differences among those genomes. Alu sequences are
located at most edges of the large hominoid-specific segmental duplications, suggesting that they might have
facilitated evolutionary rearrangements. We propose a mechanistic model based on Alu-mediated duplicated
transposition along with nonallelic homologous recombination for the generation and local expansion of the
segmental duplications. The extraordinary rate of evolutionary turnover of this region, rich in segmental
duplications, results in important genomic variation among hominoid species, which could be of functional relevance
and predispose to disease.

[Supplemental material is available online at www.genome.org. The sequence data described in this paper have been
submitted to GenBank under accession nos. AY882419, AY882420, and AY883940–AY883977.]

Single base-pair mutations, sequence duplications, small inser-
tions/deletions, and chromosomal rearrangements are the pri-
mary forces by which genomes evolve over time. As the differ-
ences at the level of genomic DNA sequence are very low among
primates (Chen and Li 2001), many relevant phenotypic differ-
ences might be due to chromosomal rearrangements and inser-
tion/deletion events (Frazer et al. 2003; Locke et al. 2003). Karyo-
type analysis of the primate genomes reveals just a few cytoge-
netic changes between humans and chimpanzees, including nine
pericentric inversions and one acrocentric fusion (Yunis and
Prakash 1982). The identification of these and additional evolu-
tionary rearrangements provides excellent targets for focused
studies of gene expression variation, in order to define the ge-
netic differences responsible for the phenotypic differences be-
tween closely related species (Marques-Bonet et al. 2004). Such
chromosomal rearrangements could also create genetic barriers
leading to stasipatric speciation by facilitating reproductive iso-
lation (Samonte and Eichler 2002).

The identification that ∼5% of the human genome consists
of interspersed duplications with a high degree of identity at the
nucleotide level (>95%) and covering large genomic distances
has raised intense research interest in the dynamic mechanisms
of mutation of the human genome and the role of the duplica-
tions in evolution (Eichler 2001). Our genome contains many
segmental duplications, also called low-copy repeats or dupli-
cons, present in every chromosome with a nonuniform distribu-
tion (Lander et al. 2001; Venter et al. 2001). On the basis of the
high sequence identity (90%–100%) between paralogous copies,
it has been estimated that human segmental duplications
emerged during the past ∼35 million years (Myr) of evolution,
with special enrichment between 1 and 12 million years ago
(Mya) (Samonte and Eichler 2002).

The mechanisms that lead to the generation of segmental
duplications are not completely understood. Initial analyses ap-
pear to indicate that their distribution in the genome is not ran-
dom, since they are preferentially located in subtelomeric and
pericentromeric regions (Eichler 2001). A significant abundance
of segmental duplications in the human genome has been found
at the regions of break of synteny with the mouse genome, al-
though it is not clear whether they are the cause or the conse-
quence of the evolutionary rearrangements (Samonte and Eichler
2002; Armengol et al. 2003).
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Human chromosome 7 is especially rich in segmental du-
plications, with an 8.2% overall content and a predominant en-
richment of intrachromosomal duplications (7.0% of the se-
quence) (Hillier et al. 2003; Scherer et al. 2003). Williams-Beuren
syndrome (WBS, OMIM#194050) is a segmental aneusomy
caused by a common deletion of 1.55 Mb in one of the more
challenging genomic regions of this chromosome, 7q11.23
(Pérez Jurado et al. 1996; Robinson et al. 1996). Large and com-
plex segmental duplications flank the commonly deleted interval
acting as substrates for nonallelic homologous recombination
(NAHR) that mediates the deletion. The region appears to be
highly dynamic in humans, since polymorphic variation of block
copy number as well as large paracentric inversions between seg-
mental duplications have been found in normal populations (Os-
borne et al. 2001; Bayés et al. 2003). The entire region has been
shown to be single-copy in mouse and other mammals, with
evolutionary breaks of synteny located in the regions that harbor
the large segmental duplications in humans (DeSilva et al. 1999;
Valero et al. 2000).

In the present study, we used computational analyses, FISH,
and additional molecular studies to precisely define the struc-
ture of the segmental duplications on human 7q11.23 and the
copy number and structure of the orthologous regions in other
primates: Japanese and rhesus macaques (Macaca fuscata, MFU,
and Macaca mulatta, MMU), olive and hamadryas baboons
(Papio anubis, PNU, and Papio hamadryas, PHA), orangutan
(Pongo pygmaeus, PPY), gorilla (Gorilla gorilla, GGO), and chim-
panzee (Pan troglodytes, PTR). Our data support a recent origin
of the segmental duplications and a very rapid and divergent
evolution of the chromosomal region, including several sequen-
tial events of duplication and inversion that led to the complex
structure found in the WBS region in humans. We offer a
proposal regarding some of the specific molecular mechanisms
that have resulted in the generation of these segmental dupli-
cations.

Results

Characterization of human 7q11.23 segmental duplications
and breakpoint junctions

We used our previous assembly of clones of the region (Valero
et al. 2000) along with sequence data from the recent hu-
man genome assemblies to delineate the edges of the blocks
of segmental duplications by sequence alignment with BLAST
(http://www.ncbi.nlm.nih.gov/) and/or BLAT (http://www
.genome.ucsc.edu/). As previously reported, the 7q11.23 segmen-
tal duplications have a modular structure, represented in Figure
1. The specific coordinates of each block with respect to the hu-
man chromosome 7 entire sequence along with its gene and
pseudogene content based on gene prediction, RT-PCR, and EST
data are indicated in Supplemental Table 1. It is worth noting
that several transcriptional units of the region appear to be acti-
vated from close promoters located in different strands (FKBP6
and TRIM50; PMS2L and STAG3L) or show overlap at the 3� re-
gion (POM121 and NSUN5) (Fig. 1). Alu elements, most of them
belonging to the Alu S subfamily, are located at the edges of all
the large blocks of segmental duplications in the region (Fig. 1).
Additional Alu elements are also found close to many (but not
all) intersections of duplicated modules within the blocks (data
not shown).

Structure of the homologous regions in baboon and other
mammals

A clone contig that encompasses the entire region has been as-
sembled based on partially or totally sequenced BAC clones from
olive and hamadryas baboons by the NISC Comparative Se-
quencing Initiative (http://www.nisc.nih.gov) (Fig. 1). Interest-
ingly, there is complete conservation of synteny between mouse
and baboon, indicating the absence of any evolutionary chromo-
somal rearrangement affecting this region since the divergence of
rodents and primates, estimated to be ∼80 Mya. In addition,
analysis of the available sequence reveals that the region in ba-
boons does not contain any of the large segmental duplications
present in humans.

Segmental duplications in hominoids

To determine the genomic structure of this region in other non-
human primates, we analyzed the absence/presence of segmental
duplications and their organization in macaque, orangutan, go-
rilla, and chimpanzee by several approaches, including microsat-
ellite typing, quantitative PCR of paralogous sequence variants
(PSVs), FISH in interphase nuclei and sequencing.

Analysis of block A

The microsatellite marker D7S489 is present in four loci in hu-
mans, three within blocks A, and another one within the com-
monly deleted interval in WBS (Bayés et al. 2003). Genotyping in

Figure 1. Schematic representation of the genomic structure of the
WBS deletion region with the flanking segmental duplications in humans
(HSA), and the homologous region in baboon (PNU/PHA). The large
blocks of segmental duplications in the human map (A in yellow, B in red,
C in green) are represented by thick arrows to indicate their relative
orientation with respect to each other. They are exclusively present in the
human map, whereas the baboon’s genome contains the ancestral loci as
single-copy and no large segmental duplication. The blue line represents
the single-copy region, and the genes located immediately outside the
region in both directions are represented as light blue arrows indicating
the transcriptional direction. Some of the multiple-copy modules present
in other chromosome 7 locations are shown in purple. The composition
of each duplicated block with the corresponding transcriptional units is
shown below the human map. Black ovals represent the Alu repeats lo-
cated at the edges of the segmental duplications in the human map, with
arrows indicating their orientation and approximate size (either partial or
full Alu elements) shown on top. Note that the entire region including the
ancestral loci of the segmental duplications is inverted in baboon with
respect to the flanking genes. To define the baboon genomic structure,
a clone contig with sequenced BACs from the RP41 library available in
public databases has been assembled (NISC Comparative Sequencing
Initiative), shown at the bottom.
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nonhuman primates indicated the presence of a single locus
in macaque (likely corresponding to D7S489B) and two loci in
orangutan, gorilla, and chimpanzee. All humans analyzed re-
vealed a total of eight alleles as expected. We also sequenced a
PCR fragment (BA/STAG3) of the STAG3 gene (7q22). In humans,
the same primers also amplify the three pseudogene copies L1,
L2, and L3 located within blocks Ac, Am, and At, respectively
(7q11.23). A unique sequence indicative of single copy was ob-
tained in macaque (likely the ancestral gene), while several po-
sitions with double peaks, suggesting the presence of at least two
copies, were found in orangutan, gorilla, and chimpanzee. The
different copies were identified by sequencing of cloned PCR
products.

In addition, a 3-base pair (bp) deletion/insertion PSV located
in exon 13 of STAG3/L1,L2,L3 allowed us to calculate a dosage
ratio of the 7q22 copy versus the 7q11.23 copies. Human samples
gave consistent values of 0.47 � 0.1 (mean � standard devia-
tion), which were used as reference of a 1:3 ratio. In macaques,
we obtained a single peak of the size corresponding to the
7q11.23 copies in humans. In all three hominoids (orangutan,
0.95 � 0.1; gorilla, 1.04 � 0.06; chimpanzee, 1.09 � 0.1), the
results were consistent with the presence of an even number of
loci, most likely two, one of each size (Fig. 2A).

Interphase FISH with BAC CITBI-E1-2601G15 (containing
part of the ancestral STAG3 gene and other block A sequences
at 7q22) showed eight signals per nucleus in humans (68%/50

nuclei) and two separated locations in metaphases, 7q22 and
more intense in 7q11.23, corresponding to the location of the
ancestral locus and the three pseudogene copies L1, L2, and L3,
respectively. In nonhuman hominoids, four signals per nucleus
and two locations in chromosome metaphases were found (72%–
80%/100 nuclei), whereas only two signals were visible in ma-
caque (100%/20 nuclei) (Fig. 3A). Therefore, we have detected a
duplication event of block A on an ancestral chromosome com-
mon to all hominoids, along with two additional recent dupli-
cation events exclusively in humans. FISH analysis with BAC
RP11-451K15 (containing block Am) and PAC RP1-42M2 (con-
taining PMS2 in 7p22) detected an uncountable number of sig-
nals in the nuclei of all species, all located in the homologs to
human chromosome 7, indicating that some modules within
block A are multiple copy in all primates (data not shown).

Analysis of block B

At BBSTR1, a microsatellite located between NCF1 and GTF2I
(Bayés et al. 2003), all nonhuman primates displayed no more
than two alleles suggestive of single locus, whereas humans re-
vealed six recognizable alleles corresponding to three different
loci (Fig. 2B). The NCF1 variant that distinguishes the nonfunc-
tional pseudogenes (Bc and Bt) from the functional gene (Bm), a
GT deletion at exon 2 (Gorlach et al. 1997), was also genotyped.

Figure 2. Representative assays of copy number quantification in hu-
man (HSA), chimpanzee (PTR), gorilla (GGO), orangutan (PPY), and ma-
caque (MFU) DNA, by comparison of paralogous sequence variants
(PSVs) and microsatellites located in the segmental duplications. (A) A
deletion/insertion PSV in block A distinguishes the ancestral STAG3 gene
copy with respect to the pseudogene copies L1, L2, and L3. The STAG3/
STAG3L copy ratio calculated for each species was: 0.47 � 0.1 in HSA,
1.09 � 0.1 in PTR, 1.04 � 0.06 in GGO, and 0.95 � 0.1 in PPY. Num-
bers on top show the amplimer size (in bp). (B) A microsatellite located
between NCF1 and GTF2I in block B (BBSTR1, Bayés et al. 2003). All
nonhuman primates displayed one or two alleles indicative of a single
locus, whereas humans revealed six alleles corresponding to three differ-
ent loci. The number of inferred alleles is indicated over each peak. (C) A
restriction assay for a PSV of the TRIM50 gene in block C. In all primates
but orangutan, there was a differential restriction site for NgoMIV. In
orangutan, another assay with MluNI was performed and compared with
artificial situations displaying 1:1, 2:1 ratios. Ratios between restriction
products are shown at the top of each sample.

Figure 3. Number of blocks of segmental duplications detected by
interphase FISH in the different primates with selected human BAC clones
as probes. The location of all probes with respect to a representation of
the human map is shown on top. (A) One single signal per chromosome
in MFU, two in PPY, GGO, and PTR and four in HSA are detected with
CITBI-E1-2601G15 (block A, 7q22, green), whereas CTB-139P11 (HIP1
locus, red) is single-copy in all species except chimpanzee, where it is
duplicated. (B) In each species BAC RP11-204E14 (block B, green) dis-
plays one signal per chromosome except for humans, where three signals
are found. (C) A single signal per chromosome is found in all the nuclei
with RP11-622P13 (STX1A locus, red), whereas CTD-2528D12 (block C,
green) displays one signal per chromosome in MFU, but two in PPY,
GGO, and PTR and three in HSA. The single-copy STX1A locus is located
in between the two (hominoids) or three (humans) signals of block C
sequences. (D) CTB-139P11 (HIP1 locus, green) shows one signal per
chromosome in all interphase nuclei except for PTR, which shows two
signals indicating a duplication. Both copies of the HIP1 locus are located
telomeric to the STX1A locus (RP11-622P13, red).
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Whereas a 1:2 gene/pseudogenes ratio was observed in humans,
no pseudogene-like copies were identified in nonhuman pri-
mates, also suggesting that NCF1 is a single-copy gene in all pri-
mates but humans.

Furthermore, we sequenced a 2.5-kb PCR product from exon
16 of the GTF2IRD2 gene (BB/GTF2IRD2), that contains 24 pre-
dicted PSVs among the three human copies. No double peaks
suggestive of more than one copy were found in nonhuman pri-
mates.

Finally, we performed FISH analysis with BAC RP11-204E14,
containing block Bt (Fig. 3B). Signals indicated the presence of
a single locus per chromosome in all nonhuman primates
(100%/20 nuclei) and the expected three loci in humans (six
signals in 72%/50 nuclei). In conclusion, all these results are
consistent with the existence of a single block B in nonhuman
primates and the appearance of one entire block B at each seg-
mental duplication after the separation of humans from chim-
panzees.

Analysis of block C

Sequencing of two amplicons from the POM121 and TRIM50
genes revealed significant secondary peaks and/or frameshifts in
orangutan, gorilla, and chimpanzee as well as in humans, but not
in macaque. Relative peak intensities were consistent with two
copies in nonhuman hominoids and more than two in humans.
We then designed restriction assays based on the putative PSVs
detected by sequencing, in order to better define the number of
block C copies in each species. NgoMIV is predicted to cut only
the functional gene (Cm) but not the pseudogenes (Cc and Ct)
in humans, and sequence data suggested that this PSV was
also present in chimpanzee and gorilla but not in orangutan. The
obtained pseudogenes:gene peak ratios (2.7 � 0.2) were always
consistent with the expected 2:1 ratio in human samples
(Fig. 2C). In both gorilla and chimpanzee we observed values
compatible with a 1:1 ratio (1.8 � 0.1 and 1.9 � 0.2, respec-
tively), indicating the existence of two copies of block C in both
species. A different assay was performed to confirm the copy
number in orangutan, using another putative PSV detected by
MluNI. Since this PSV was not found in other species, clones
specific for each of the two orangutan variants were used as re-
striction controls. To calculate the ratio values, artificial situa-
tions displaying 1:1 and 1:2 ratios (actual values: 1.32 and 1.03,
respectively) were simulated mixing the adequate quantities of
DNA from each clone as a template for the PCR/RFLP analysis. In
genomic DNA from orangutan samples, the ratio value was
1.28 � 0.11, indicating the presence of two copies as well (Fig.
2C). Macaque samples displayed patterns compatible with one
single locus at all sites.

Interphase FISH with BAC CTD-2528D12 (containing block
Cm and additional 80Kb telomeric to it) along with BAC RP11-
622P13 (STX1A) obtained results consistent with one locus in
macaque (two signals in 100%/20 nuclei), two in orangutan,
gorilla, and chimpanzee (four signals in 76%–84%/100 nuclei),
and three in humans were detected as expected (75%/50 nuclei).
In orangutan, gorilla, and chimpanzee, the signal corresponding
to the STX1A locus was found in between the two copies of block
C (Fig. 3C). Specific and colocalized hybridization of all signals
was found in metaphase chromosomes in all species. These re-
sults indicate the presence of a duplicated block C flanking the
orthologous region to the WBS deletion in all three nonhuman
hominoids.

Detection of additional segmental duplications external
to the region

We analyzed another segmental duplication located 1 Mb telo-
meric to the WBS region in humans, which contains a part of
block C that is absent in Cm including the first three exons of
POM121. Within this segmental duplication, the 5� of POM121 is
fused to the 3� portion of a duplicated ZP3 gene, creating a chi-
meric transcript (Francke 1999). This fusion gene was detected by
PCR only in chimpanzee and humans, suggesting that the dupli-
cation took place in a common ancestor to both species after the
divergence of gorilla (Supplemental figure).

The HIP1 gene, located next to Ct, is a single copy locus in
the human genome, whereas in silico data suggested a duplica-
tion in the chimpanzee genome. A 1.1-Kb fragment of the last
exon of this gene was PCR-amplified from genomic DNA of the
five primate species analyzed. Sequence analysis revealed second-
ary peaks only in chimpanzee samples. The presence of two se-
quences corresponding to two different loci in chimpanzees was
confirmed by sequencing cloned PCR products. In addition, in-
terphase FISH using BACs CTB-139P11 (HIP1) and RP11-622P13
(STX1A) clearly indicated the duplication of the HIP1 locus in
chimpanzee (four signals in 82%/100 nuclei) and its single
copy status in all of the other primates analyzed (two signals in
100%/40 nuclei in macaque, orangutan, gorilla, and human;
Fig. 3D). Both copies of the HIP1 gene duplication are located at
the same side of STX1A, thus the duplication of HIP1 is indepen-
dent of that of block C. The chimpanzee specific segmental du-
plication encompasses about 80 Kb of genomic DNA containing
34 kb 5� and the entire HIP1 gene, along with some of the mul-
ticopy modules (with PMS2L and WBSCR19 related sequences)
present in block C. Alu repeats are also present at the edges of this
segmental duplication. Both HIP1 copies are predicted to encode
properly processed transcripts with a 99.52% of identity at the
cDNA sequence. One copy encodes the full-size HIP1 protein
(995 amino acids), and the second copy contains 12 nucleotidic
differences leading to six amino acid changes and a truncation
mutation in exon 27 after codon 835.

Genomic organization

In order to determine the relative order and organization of the
blocks of segmental duplications in primates and predict the evo-
lutionary rearrangements from a putative ancestral chromosome,
we tested for the presence or absence of all interblock junctions
and block edges by PCR and sequencing. The junctions block
B-unique sequence and the block A-unique sequence were de-
tected in all primates analyzed, whereas the C-A interblock junc-
tion was only detected in gorilla and chimpanzee, and the A-B
and B-A interblock junctions were not detected in any nonhu-
man primate (Supplemental figure). As in humans, all interblock
junctions identified contained Alu sequences.

To better define the specific organization of the region in
each species, we performed three-color interphase FISH with a
combination of human probes: RP11-421B22/CALN1 locus, RP4-
665P05/GTF2IRD1 locus, and RP11-622P13/STX1A locus. Gene
order in macaque was CALN1-GTF2IRD1-STX1A, identical to
mouse and baboon as established by clone contig. Another dis-
tribution was found in orangutan, gorilla, chimpanzee, and hu-
mans, where the order was CALN1-STX1A-GTF2IRD1 (Fig. 4).
Therefore, an inversion of this region occurred in an ancestor to
all hominoids after the divergence from the macaque lineage.
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Sequence divergence and test of selection

Analysis of polymorphism was performed for all sequences ob-
tained in our laboratory (BC/POM121; BC/TRIM50; BA/STAG3;
BB/GTF2IRD2; HIP1) and from GenBank (Block C Large, Block B
Large-1, Block B Large-2, HIP1 Large) (Supplemental Table 2).

Nucleotide diversities calculated using coding and noncod-
ing sequences together were compared with the value obtained
using only noncoding sequences. Significant differences were ob-
served only for a single fragment, BB/GTF2IRD2, that showed
higher nucleotide diversity when using only noncoding regions
(Supplemental Table 2), which may hint at the action of purify-
ing selection upon this fragment.

There was no evidence of transitional saturation in any
group of sequences (P values ranging between 0.043 and <0.001).
Thus, distances were calculated from both transitions and trans-
versions. The results of the shape parameters that describe the
gamma distribution were: for BC/POM121 � = 0.12, for BC/
TRIM50 � = 0.16, for BA/STAG3 � = 0.27, for BB/GTF2IRD2
� = 2.63, and for HIP1 � = 0.38.

Overall Ka/Ks calculated for each fragment were lower than
1. In particular, most Ka/Ks values for BB/GTF2IRD2 were signifi-
cantly lower than 1 which, again, is consistent with the action of
purifying selection.

Phylogenetic relationships

Neighbor-joining and Bayesian trees were constructed for each
fragment except for BC/TRIM50, which was short. Both trees rep-
resented the same phylogenetic relationships in all cases.

In humans, the first duplication of block A (BA/STAG3) from
the ancestral gene in 7q22 occurred between 19.02 and 21.49
Mya. The block Am diverged from Ac and At, which is the an-
cestral of the 7q11.23 copies, 2.55–2.89 Mya. The calculated di-
vergence time between the two copies of each species was 18.45–
20.85 Myr for chimpanzee, 17.89–20.2 Myr for gorilla, and
11.07–12.51 Myr for orangutan (Fig. 5A).

For block B (BB/GTF2IRD2) the calculated divergence time
between two copies (Bt and Bc) with respect to the presumably
ancestral (Bm) in humans is 3.6 to 3.76 Myr. The second dupli-
cation event giving rise to Bc and Bt occurred 1.44 to 1.5 Mya.
Bayesian trees built from the larger fragments of block B (Block B
Large-1 and Block B Large-2) showed discordant relationships
between them. Block B Large-1, which contains part of the GTF2I

gene and the whole sequence of the NCF1 gene, showed Bm as
the ancestral copy, whereas Block B Large-2, containing part of
the GTF2IRD2 gene, showed Bc as the ancestral copy. This dis-
cordance could be due to the nonfunctionality of GTF2IRD2
in Bc, truncated at its 5� during the evolutionary rearrange-

Figure 5. Phylogenetic trees based on the neighbor-joining method
(nucleotide gamma: Tamura Nei) or Bayesian method. Subindexes c, m,
t, and 7q22 refer to centromeric, medial, telomeric, and 7q22 chromo-
somal localization of the human PSVs, respectively. Number 1 refers
to the copy more similar to the ancestral human gene, and number 2
to the other copy. (A) Neighbor-joining tree obtained for the STAG3
gene PCR product (BA/STAG3) including HSA, PTR, GGO, PPY, MFU, and
PNU. Branch numbers refer to the neighbor-joining bootstrap values/
clade credibility values for the Bayesian tree, which was of identical con-
formation. (B) Bayesian tree obtained for the Block C Large fragment,
including HSA, PTR, and PNU. Branch values refer to the clade credibility
values.

Figure 4. Genomic organization and gene order in the different species
by multicolor FISH. Interphase FISH with three probes: BAC RP11-421B22
(CALN1 locus, green), BAC RP11-622P13 (STX1A locus, red), and PAC
RP4-665P05 (GTF2IRD1 locus, yellow) showed the relative organization of
the two loci within the WBS critical region with respect to an outside
gene. A regional inversion is found in all primates but macaque, whose
genomic structure is therefore identical to that of baboon and mouse.
The location of each probe with respect to the human and predicted
macaque maps is shown at the top.
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ment, thus allowing the accumulation of more sequence
changes.

For block C (Block C Large), the calculated divergence time
in Myr among the different copies was 13–9.6 Myr for human Ct
with respect to Cm/Cc, 14.6–10.8 Myr for the two chimpanzee
copies, and 6.3–4.6 Myr for human Cm and Cc copies (Fig. 5B).
Phylogenetic trees with the smaller fragment (BC/POM121) gave
a similar pattern with shorter divergence times, likely due to the
shortness of the sequence.

For HIP1, the neighbor-joining and Bayesian trees grouped
the two copies of chimpanzee after the divergence of the human
lineage. The calculated divergence time between the chimpan-
zee’s copies was between 3.2 and 3.3 Myr.

Discussion

Human chromosome 7 evolution and segmental duplications

Elucidating the steps involved in the generation of segmental
duplications may provide new insight into the molecular mecha-
nisms of evolutionary chromosomal rearrangements and their
association with speciation, adaptation within species, polymor-
phic variation, and disease. In hominoids, several cytogenetic
rearrangements had been defined on the homologs to human
chromosome 7: The gorilla chromosome differs from human and
chimpanzee chromosomes by a paracentric inversion with break-
points in 7q11.23 and 7q22, whereas the orangutan chromo-
some shows an additional pericentric inversion with breakpoints
in 7p22 and 7q11.23 (Yunis and Prakash 1982). More recently,
the breakpoints of these paracentric and pericentric evolutionary
inversions in hominoids were precisely mapped by FISH to spe-
cific segmental duplications in the human genome (Muller et al.
2004). We have studied in further depth the segmental duplica-
tions flanking the WBS deleted region previously characterized
(Peoples et al. 2000; Valero et al. 2000; Bayés et al. 2003; Hillier et
al. 2003; Scherer et al. 2003). Our data indicate that the large
blocks of segmental duplications that we previously defined (A,
B, and C) apparently evolved as entire blocks during the last
evolutionary rearrangements shaping 7q11.23. Two copies of
block A are found in all nonhuman hominoids. In orangutan,
both are located close to each other near the centromere (chr.
10p), whereas in gorilla and chimpanzee they are separated in
distant chromosome 6q bands corresponding to the homologous
regions to human 7q22 and 7q11.23. The same number of signals
was obtained with block C sequences, but they appear to be
close to each other in the same chromosomal location, 10p11 in
orangutan and 6q11 in gorilla and chimpanzee. Multiple experi-
mental methods demonstrate that the entire block B is single
copy in all other primates but human. In macaque, as well as in
the sequence data available from baboon, only the ancestral loci
to blocks B and C are identified as single copy, whereas no block
A sequences are detected in the homologous region. Previous
FISH studies with human BAC RG350L10 in several primates de-
tected multiple loci with signals in the region homologous to
human 7q11.23 in all species and additional cross-hybridizing
signals in the homologous regions to 7p22 and 7q22 in chim-
panzee and 7p22, 7p13, and 7q22 in gorilla (DeSilva et al. 1999).
Since this BAC contains the medial blocks B and A, and A is
composed of smaller modules with PMS2-related sequences,
those modules could be the reason for the multiple signals in all
primates. The similar results obtained by FISH with BAC RP11-
451K15 and PAC RP1-42M2 further suggest that duplication of

PMS2-related sequences might have been one of the first evolu-
tionary events in the generation of the regional segmental du-
plications.

We also obtained sequence divergence data as an additional
method to date the evolutionary appearance of each of the seg-
mental duplications. The results are concordant with the experi-
mental data, although sequence-based divergence times tend to
be slightly shorter in most cases, which may be due to a tendency
toward homogenization of paralogous segmental duplications
through gene conversion events. Evolutionary studies have
shown a similar pattern and timing of appearance of the segmen-
tal duplications located in other complex and unstable genomic
regions involved in human aneusomies, such as 17p11.2-p12
(Stankiewicz et al. 2004), 15q11-q13 (Christian et al. 1999), and
22q11 (Shaikh et al. 2001).

Evolutionary model and intermediate chromosomes

We have shown that the genomic structure of the region in
mouse and macaque/baboon is likely representative of the an-
cestral mammalian chromosome arrangement (Fig. 6A). There-
fore, little change, if any, occurred in this region during the >50
Myr of divergence of mouse and the common ancestor of ma-
caques and great apes. The origin of the 7q11 segmental dupli-
cations can be dated to ∼25 Mya after the separation of the Cer-
copithecidae and the Hominidae (Goodman et al. 1998).

We propose a model for the evolution of the segmental du-
plications on chromosome 7q11.23 based on our data. Initially,
small modules (10–20-Kb) located close but outside the target
region, specifically those containing PMS2 and WBSCR19 (RBAK-
derived)-related sequences might have duplicated through tran-
scriptional transposition and repair, targeting several regions.
Specifically these modules would have been integrated between
the HIP1 and POM121 genes and other regions, as they are found
in multiple chromosome 7 loci in humans with sequence iden-
tities in the 95%–96% range (Osborne et al. 1997). These dupli-
cations could have facilitated misalignment and additional rear-
rangements leading to enlargement of the blocks and novel du-
plications. Interestingly, some of the genes present in the
duplicated modules are actively transcribed during the meiotic
division (Nicolaides et al. 1995; Pérez Jurado et al. 1998). Tran-
scriptional activity in both strands is associated with double-
strand breaks and has been related to chromosomal recombina-
tion in yeast as well as in mammalian cell cultures (Nickoloff
1992; Vedel and Nicolas 1999).

The duplication of the large block A seems to have occurred
in a common ancestor to all hominoid lineages after the diver-
gence from macaque, since the divergence time between the two
copies of each species is quite similar (12–19 Mya) (Fig. 6A). This
block A is located close to both breakpoints of the evolutionary
cytogenetic paracentric inversion between q11 and q22 (Muller
et al. 2004). Data on sequence divergence for block C would
suggest a common duplication in gorilla, chimpanzee, and hu-
mans along with an independent duplication in orangutan.
However, any model based only in divergence time data may not
be completely reliable because of the low accuracy obtained from
a short fragment of sequence and variable mutation rates among
species. A parsimonious model considering the experimental
data might be more consistent with a common origin for the first
duplication of block C in all hominoids. Finally, block B has been
duplicated only in the human lineage, whereas HIP1 is dupli-
cated only in chimpanzee.
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Our model suggests that Alu-mediated duplication transpo-
sition could lead to the duplication and flipping of two blocks
together (A and B) in a single complex rearrangement involving
four strands precipitated by misalignment between the already
duplicated blocks C of an ancestral chromosome. Subsequent
rearrangements could have been mediated by NAHR between

blocks (Fig. 6B). By a similar mechanism of Alu-mediated dupli-
cated transposition of the HIP1-containing block, the chimpan-
zee chromosome could have been generated.

Therefore, our data support the idea that segmental dupli-
cations orchestrate and accelerate the evolution in specific re-
gions of the genome of primates.

Inversions, selection, and evolution

The generation of small paracentric inversions appear to be a
common evolutionary event associated with regions rich in seg-
mental duplications. As genomic inversions have a clear effect of
suppressing recombination, they are expected to facilitate a faster
divergence or negative selection of the genes included in the
inverted interval (Navarro and Barton 2003). However, a com-
mon inversion has been shown to be under positive selection in
recent human populations (Stefansson et al. 2005). We have
shown that at least three evolutionary inversions must have oc-
curred in this region, one in hominoids’ common ancestor and
two during the final shaping of human 7q11.23. In addition,
intermediate chromosomes also having regional inversions are
hypothesized. These structural variations may contain other tar-
gets of selection and may have contributed to speciation as well
as to a high degree of genomic variability in human populations.
In this regard, inversions in the WBS region have been found in
one-third of transmitting progenitors of WBS patients with the
deletion (Osborne et al. 2001; Bayés et al. 2003) and are also
present in the population with an estimated frequency of 3%–7%
(Hobart et al. 2004).

Species-specific gene duplications, novel genes,
and pseudogenes

Evolutionary genomic rearrangements leading to segmental du-
plications generate gene duplications as well as novel fusion/
fission genes. In blocks A, there are fusion/fission transcriptional
units that do not maintain long open reading frames derived
from truncated copies of PMS2 (Osborne et al. 1997) and STAG3
(Pezzi et al. 2000). Blocks C also contain multicopy chimeric
transcriptional units along with several genes (Supplemental
Table 1). Of those genes, only human POM121 codes for poten-
tially functional proteins in two loci. Another segmental dupli-
cation telomeric to the WBS region contains the POM-ZP3 fusion
gene, unique to humans and chimpanzees.

Block B is multiple-copy only in humans. Only GTF2IRD2
has two functional copies that code for proteins related to the
transcription initiator factor II-I (Tipney et al. 2004). Interest-
ingly, this is under purifying selection, both during primate evo-
lution and after gene duplication. Other genes present in the
three blocks B in humans, GTF2I and NCF1, have been shown to
be functional only from a single locus (Gorlach et al. 1997; Pérez
Jurado et al. 1998). In contrast, the block with HIP1 is duplicated
only in the chimpanzee lineage. HIP1 codes for a huntingtin-
interacting protein (HIP1), a component of clathrin coats that
promotes clathrin assembly. Both chimpanzee copies are puta-
tively functional, since they code for 995- and 835-amino-acid
proteins that conserve the internal domains required for clathrin
assembly (Legendre-Guillemin et al. 2005).

It is tempting to speculate that some of these species-specific
duplicated genes, mostly if they are under purifying selection
such as GTF2IRD2, may contribute to the functional differences
affecting higher cognitive, behavioral, or other functions related
to hominoid evolution.

Figure 6. Genomic structure of the orthologous region to human
7q11.23 in the different primates, and hypothetical model for the se-
quential evolution of the region. (A) Schematic representation of the
chromosome region in each primate species. A first inversion of the WBS
region must have occurred in an ancestral chromosome to all hominoids.
The orangutan and gorilla chromosomes appear identical except for the
absence of the block C-block A junction in orangutan, whereas gorilla and
chimpanzee chromosomes are identical except for the segmental dupli-
cation containing the HIP1 gene in chimpanzee. (B) Predicted human
lineage-specific rearrangements from a hypothetical ancestral chromo-
some identical to that of gorilla. A unique complex intrachromosomal
rearrangement from the ancestral chromosome created an intermediate
chromosomal structure by two shuffling events between Alu elements,
represented as 1 and 2 indicating the order of occurrence. By a similar
mechanism of Alu-mediated duplicative transposition, the chimpanzee
chromosome could have been generated (data not shown), with a du-
plication of the HIP1 containing block instead. A putative intrachromo-
somal paracentric inversion in the intermediate chromosome could have
been mediated by the blocks C, which are flanking the region in inverted
orientation. Interchromosomal NAHR in an inversion carrier of this inter-
mediate chromosome could have led to duplication of the entire seg-
mental duplication-containing blocks C, A, and B onto the centromeric
position. The presence of Alu elements located at the edges of the blocks
suggests Alu-mediated genome shuffling in these final steps of the gen-
eration of large segmental duplications.
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Alu-driven genome evolution

The human genome is particularly enriched in both number and
length of retrotransposons. It grew as a result of a major burst in
Alu activity 25–55 Mya and subsequently continued to expand
compared to more closely related primates (Liu et al. 2003). Thus,
the appearance and propagation of Alu elements is somehow
coincidental with the fast evolution of the segmental duplica-
tions in the primate genome.

NAHR between Alus has been documented and Alu elements
have been found to accumulate at the junction sites of segmental
duplications genome-wide (Batzer and Deininger 2002; Bailey et
al. 2003). In fact, Alus have been directly implicated in the gen-
eration of the segmental duplications in 22q11 (Babcock et al.
2003). The presence of Alu repeats at the sites of integration of
the first modules of segmental duplications suggests a mecha-
nism of double-strand breakage followed by repair typically as-
sociated with transposition events. In addition, the finding of Alu
elements at all the intersections of the large duplicated blocks in
7q11.23 indicates that Alu-mediated genome shuffling may be
the main mechanism for the final generation of large segmental
duplications.

Although the whole genomic sequence of the chimpanzee
genome is released, the multiple assembling errors precludes to
precisely elucidate the existing differences in comparison with
humans. The annotation and experimental validation of the
chimpanzee genome sequence along with the genome sequences
of other primates will allow a better definition of all of the spe-
cies-specific chromosomal evolutionary events to reconstruct the
recent and dynamic history of human chromosomes. The ex-
traordinary rate of evolutionary turnover mediated by the seg-
mental duplications points to them as one of the main driving
forces for genome evolution in primates.

Methods

Genetic material
Genomic DNA was extracted from peripheral blood or lympho-
blastoid cell lines of MFU, MMU, PPY, GGO, PTR, and humans
using the Puregene DNA Purification System (Gentra) or standard
phenol-chloroform protocols. No primates were sampled for the
sake of this project, and the human samples were obtained from
volunteers with institutionally approved informed consent. To-
tal RNA was isolated from several human cells and tissues as
reported (Pérez Jurado et al. 1998).

Interspecies PCR amplification and sequencing
Primers were designed based on the human sequence in regions
of complete identity among the different human segmental du-
plications using the Primer3 Input Programme (http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). Nested
and/or external primers were designed for those amplicons that
failed to amplify with the first set (Supplemental Table 3).

PCR reactions were set up on a final volume of 10–25 µL
including 50–100 ng of genomic DNA, standard reagents, and
variable cycling conditions (Supplemental Table 3). Products
were visualized on 0.8%–2% agarose gels depending on amplimer
size and purified either from PCR solution or agarose gel band
with the GFX PCR DNA and Gel Band Purification Kit (Amer-
sham Pharmacia Biotech). Microsatellite markers (BBSTR1 and
D7S489) as well as the STAG3ex13 deletion/insertion cis-
morphism were analyzed using Genescan 3.1 software (PE Ap-
plied Biosystems).

Sequencing was done with dRhodamine or Big Dye sequenc-
ing kits (Applied Biosystems) and analyzed on a 3100 sequencer
(Applied Biosystems). For products larger than 1 Kb, additional
internal primers (available upon request) were required in order
to sequence the whole fragment. Sequence electropherograms
were scrutinized to detect significant double peaks; fragments
with a significant number of them (>1/500) suggestive of the
existence of PSVs rather than allelic polymorphisms were cloned
using the pMOSBlue Blunt Ended cloning kit (Amersham Phar-
macia Biotech) for individual allele sequencing.

Expression analysis by RT-PCR
Total RNA (different tissues) was reverse-transcribed with Super-
ScriptII Rnase H� and random hexamers following the manufac-
turer’s instructions (Gibco BRL), to obtain cDNA. Analysis of ex-
pressed copies was performed by PCR amplification of cDNA
with posterior differential restriction assays that could distin-
guish the copies. Primers located in different exons were chosen
to distinguish cDNA from genomic DNA amplicons (Supplemen-
tal Table 3).

Copy number quantification analyses
PCR amplification of a PSV in exon 13 of the STAG3 gene/
pseudogene sequences (block A) was performed as described
above (27 PCR cycles). Gene/pseudogene (7q22/7q11.23) peak
ratios were calculated from five human control samples and in
artificial situations (1:1, 1:2, 2:1, and 3:1) created by mixing dif-
ferent concentrations of BAC R-248L18 (block At at 7q11.23) and
BAC CITBI-E1-2601G15 (block A at 7q22) in the PCR reactions.
At least two individuals of each species were analyzed.

A PSV that distinguishes the NCF1 gene at Bm from the
pseudogenes located at Bc and Bt (GT deletion) was genotyped
and quantified as described (Bayés et al. 2003).

Quantification of block C copy number was performed by
analyzing PSVs detected by PCR amplification of the TRIM50
gene followed by restriction analysis with either NgoMIV or
MluNI (Roche, NEB). Digital images with nonsaturated bands
were captured from a 3% metaphore agarose gel, and the inten-
sities of the bands were quantified using the Volume Tool of the
Quantity One software package (Bio-Rad).

Fluorescence in situ hybridization analyses
Selected BAC clones were purchased from the HGMP Resource
Center. FISH was performed on metaphase and interphase cells of
peripheral blood lymphocytes or Epstein-Barr virus-transformed
lymphoblastoid cell lines as described (Bayés et al. 2003). Be-
tween 20 and 100 interphase nuclei where all the probes could be
identified and had two signals of a control probe were scored.
Since physical distances between signals correlate well with ge-
nomic distances ranging from 50 Kb to 2 Mb in interphase nuclei
(Christian et al. 1999), we could determine the order of probes.

DNA sequence analyses
Human clones corresponding to the different segmental dupli-
cations were identified from the existing maps of the region
(Bayés et al. 2003; Hillier et al. 2003; Scherer et al. 2003). Chim-
panzee and baboon clones were identified from public databases
through BLAST (Altschul et al. 1990) on the NCBI site (http://
www.ncbi.nlm.nih.gov/) against the high-throughput and the
nonredundant sequence databases. Alu sequences were identified
using the RepeatMasker program (http://www.repeatmasker
.org/). Sequence alignments including repetitive elements were
performed with ClustalW (Thompson et al. 1994) or MAVID
(http://baboon.math.berkeley.edu/mavid/) (Bray and Pachter
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2004) and double-checked visually. Coding and noncoding re-
gions were assigned based on vegaGene or Ensembl databases
(http://www.ensembl.org/) information. The DNAsp3.99 pro-
gramme (Rozas and Rozas 1999) was used to determine the num-
ber of polymorphic segregating sites (S), the average number of
substitutions per site, the nucleotide diversity (�) (Nei 1987), and
the number of synonymous and nonsynonymous substitutions.
A sliding window was also obtained at 50-base pair intervals to
explore the presence of mutational peaks along the sequences.

To explore the possibility of transitional saturation, we plot-
ted transition and transversion values for each pair of aligned
sequences, and we applied the Mantel’s test included in Arlequin
ver2.000 (Schneider et al. 2000) to obtain a correlation index and
P-value. Transition/transversion ratios were calculated for each
pair with a gamma-corrected Tamura-Nei model, which assumes
substitution rate differences between nucleotides and inequality
of nucleotide frequencies (Tamura and Nei 1993) with MEGA
c.2-01 (Kumar et al. 2001).

The shape parameters (�-values) that describe the gamma
distribution applied to the MEGA program were calculated for
each group of sequences with the MrBayes program (Huelsen-
beck and Ronquist 2001). Neutrality and selection were esti-
mated with the Modified Nei-Gojobori method included in the
MEGA program. Differences between synonymous and nonsyn-
onymous substitutions were examined using Fisher’s exact test,
and the Sequential Bonferroni Test (Rice 1989) was applied to
control over the group-wide type I error rate performing a differ-
ent test for each DNA fragment analyzed.

We also used the MEGA program to construct a neighbor-
joining tree. Bootstrap values were obtained from 1000 repli-
cates. A Bayesian tree was constructed with MrBayes setting the
following parameters: nst = 6, site partition = bycodon,
rates = gamma, and basefreq = estimated. In the Monte Carlo
process, four chains ran simultaneously for 700,000 generations.
Trees were sampled every 100 generations. The “stationarity” was
determined to have occurred by the 2000th tree, and the first
2000 trees were discarded. The whole procedure was repeated
three times starting at random points, and the tree topologies
obtained were the same.

The average K-value obtained from the comparison of each
cercopithecine against each hominid was used to calculate r (rate
of nucleotide substitution), using the formula r = K/2T, (Graur
and Li 2000). This rate provided a calibrated value to calculate
divergence time between pairs of sequences. We calibrated the
rate of substitutions (including noncoding regions and synony-
mous differences in coding regions) with the estimated time of
divergence of 25 Mya for the separation between the families
Cercopithecidae and Hominidae (Goodman et al. 1998) based on
fossil evidence.

GenBank accession numbers
All the PCR products analyzed were submitted to GenBank, with
the following accession numbers:

BB/GTF2IRD2 fragment, MFU (AY882419) and PTR
(AY882420). HIP1 fragment, MFU (AY883940), PPY (AY883941),
GGO (AY883942), PTR1 (AY883943) and PTR2 (AY883944). BC/
TRIM50, MFU (AY883971), PPY1 (AY883972), PPY2 (AY883973),
GGO1 (AY883974), GGO2 (AY883975), PTR1 (AY883976), and
PTR2 (AY883977). BC/POM121, MFU (AY883962), PPY1
(AY883960), PPY2 (AY883961), GGO1 (AY883958), GGO2
(AY883959), PTR1 (AY883956) and PTR2 (AY883957). BA/STAG3,
MFU (AY883970), PPY1 (AY883968), PPY2 (AY883969), GGO1
(AY883966), GGO2 (AY883967), PTR1 (AY883964), and PTR2
(AY883965). POM121 gene-ZP3 gene junction, PTR (AY883963).

Block A-unique sequence junction, MFU (AY883946), PPY
(AY883945), GGO1 (AY883949), GGO2 (AY883945), PTR1
(AY883947), and PTR2 (AY883948). Block B-unique sequence
junction, MFU (AY883951), GGO (AY883952), and PTR
(AY883953). Block C-Block A junction, GGO (AY883955) and
PTR (AY883954).
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