
Segmental duplications (SDs), also known as low 
copy repeats (LCRs), are continuous portions of DNA 
that map to two or more genomic locations. They can 
contain any standard constituent of genomic DNA, 
including genic sequence and common repeats, and 
can either be organized in tandem or map to inter-
spersed locations. Since the term SD was originally 
coined — to distinguish the underlying events from 
whole-genome duplications — it has become clear 
that SDs are a common architectural feature of many 
genomes1–7.

Human SDs were initially dismissed as rare peculi-
arities of certain genomic regions near centromeres and 
telomeres. However, interest in the biology of SDs has 
been ignited in recent years, as the initial draft sequenc-
ing of the human genome revealed an unexpectedly large 
number of SDs compared with previously sequenced 
species such as the fly and worm1,2. Here, we discuss 
subsequent findings that have been enabled by the 
availability of sequence data from an expanding range 
of species, which has provided important insights into 
the distribution, origins and mechanisms of evolution of 
primate SDs. Comparisons between and within species 
have also indicated that SDs have had important roles in 
primate evolution, in creating new genes and in shaping 
the human genetic variation that is thought to contribute 
significantly to disease susceptibility. 

SD content in primates and other mammals
The recent generation of draft genome-sequence assem-
blies has made it possible to computationally detect and 
quantify the SD content of various genomes (TABLE 1). 
Most methods have used genome-wide pairwise compar-
isons, coupled with algorithms that capture large blocks 
of high sequence identity. Such approaches are designed 
to discriminate duplications of genomic sequence from 
uncharacterized transposons and retroelements that are 
also present at more than one copy. Most analyses 
are therefore limited to duplications that are ≥1–5 kb in 
size and contain ≥90% sequence identity1,8,9. If minimal 
gene conversion and a neutral molecular clock for evolution 
are assumed, primate SDs with 90% identity correspond 
to duplication events that occurred approximately 35–40 
million years ago, roughly correlating with the diver-
gence of the New and Old World monkeys. Although 
they can be nearly a megabase in size10, most primate 
SDs that have been detected using common methods 
are <300 kb in length1,11.

Initial whole-genome estimates of SD content in 
humans were complicated by sequence misassembly and 
collapse1,8,12. Duplications with high levels of sequence 
identity (>98%) were often confused with potential 
allelic overlap and compressed into a single locus dur-
ing assembly. The first robust estimate of human SD 
content — 5.2% for SDs of ≥1 kb and ≥90% identity — was 
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Low copy repeat
A term with variable meaning 
that is sometimes used 
synonymously with segmental 
duplication. It can denote a 
group of juxtaposed duplicons 
(duplication block), individual 
segmental duplication events 
or individual duplicons. The 
term emphasizes the low copy 
number of repeats (2–50 
copies) relative to most 
transposable elements.
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Abstract | Compared with other mammals, the genomes of humans and other primates 
show an enrichment of large, interspersed segmental duplications (SDs) with high 
levels of sequence identity. Recent evidence has begun to shed light on the origin of 
primate SDs, pointing to a complex interplay of mechanisms and indicating that 
distinct waves of duplication took place during primate evolution. There is also 
evidence for a strong association between duplication, genomic instability and 
large-scale chromosomal rearrangements. Exciting new findings suggest that SDs 
have not only created novel primate gene families, but might have also influenced 
current human genic and phenotypic variation on a previously unappreciated scale. 
A growing number of examples link natural human genetic variation of these regions 
to susceptibility to common disease. 

R E V I E W S

552 | JULY 2006 | VOLUME 7  www.nature.com/reviews/genetics

© 2006 Nature Publishing Group 

 



Gene conversion
Used here in the general sense 
as the transfer of genetic 
information from one sequence 
to another based on homology 
— the strict definition is non-
reciprocal meiotic exchange 
resulting in products with a 3:1 
ratio of alleles.

Molecular clock 
A molecular clock is said to 
exist when the rate of 
nucleotide change is 
approximately constant over 
evolutionary time; this rate can 
then be used to estimate the 
age of duplication or speciation 
events.

Whole-genome shotgun 
sequencing 
A sequencing strategy that 
involves random fragmentation 
of the entire genome. The 
fragments are sequenced, and 
highly refined algorithms are 
used to reassemble the original 
genomic DNA sequence. 

Fluorescence in situ 
hybridization
A technique in which a 
fluorescently labelled DNA 
probe is used to detect a 
particular chromosome region 
or gene by fluorescence 
microscopy. The intensity of 
the signal can be used to 
detect copy-number 
differences between the 
labelled chromosomal regions.

Hominoid
A primate superfamily that 
includes the great apes 
(orangutans, gorillas, 
chimpanzees and bonobos) 
and humans (hominids).

achieved using a measure of duplication obtained inde-
pendently from the sequence assembly. This approach 
tested all reference sequence for overrepresentation 
within a set of whole-genome shotgun-sequence reads13. The 
resulting estimate, which was computed 2 years before 
the completion of the human-genome assembly14, was 
remarkably consistent with others based on fluorescence 
in situ hybridization (FISH). It was also consistent with 
two recent calculations based on the nearly finished 
genome assembly (build 35), which estimated a content 
of 5.4% at ≥1 kb and ≥90% identity (analysis available 
at the Human Segmental Duplication Database) and 
5.0% at ≥5 kb and ≥90% identity (analysis available at 
the Human Genome Segmental Duplication Database). 
As more than 50% of the remaining euchromatic gaps 
contain uncharacterized duplications14,15, estimates of 
the content of euchromatin that is derived from recent 
duplication continue to rise incrementally, with an upper 
limit estimated at ~6.0%. 

Although our understanding of human SDs is by far 
the most complete, information from non-human primate 
genomes is beginning to emerge. Analysis of the chimpan-
zee draft genome suggests a slightly higher level of recent 
duplication compared with the human genome, and also 
indicates that as many as a third of duplications with 
>94% identity differ in copy number or content between 
the two species6 (analysis available at the Chimpanzee 
Segmental Duplication Database). Preliminary FISH 
analysis of randomly selected genomic clones indicates 
that the human, chimpanzee (a hominoid) and macaque 
(an Old World monkey) have significantly greater levels of 
SD (5–7%) than the marmoset (2%; a representative New 
World monkey)7. These preliminary results await valida-
tion in a more diverse array of primate species. However, 
the apparent increase in SD content among hominoids, 
and to a lesser extent Old World monkeys, might be 
accounted for by differences in effective ancestral population 
size, increased generation times among hominoids, chro-
mosome structure and/or, most intriguingly — as we 
discuss later — adaptive evolution7,9,13.

Compared with the average for human and chimpan-
zee, other sequenced mammalian genomes (rat, mouse and 
dog) show slightly less overall SD content (2–4%) (REFS 3–5; 
E.E.E., unpublished observations). Although these 
lower estimates are probably, in part, due to differences 
in the quality of the assemblies, the distribution of recent 

interspersed duplications seems to be constrained to fewer 
locations in these genomes. Other mammalian genomes 
show a predominance of tandem duplications when 
compared with humans and chimpanzees. Overall, SDs 
from all sequenced mammalian genomes are of similar 
size compared with human SDs, but are larger than other 
eukaryotes such as the worm and fly2,7. This difference 
probably reflects evolutionary constraints imposed by the 
smaller genome sizes of non-mammalian species2.

A non-random, interspersed distribution
A non-random distribution of human SDs is apparent 
at the chromosome level. Chromosome 3 has the low-
est proportion of duplicated sequence (1.7%), whereas 
chromosome 22 and the non-recombining Y chromo-
some have the greatest proportion (11.9% and 50.4%, 
respectively)11. Overall, chromosomes 7, 9, 10, 15, 16, 17, 
22, X and Y are significantly enriched for duplication9,11. 
However, non-random distribution is most obvious 
within specific regions of chromosomes, termed duplica-
tion hubs or acceptor regions, that have been the target 
of multiple, independent duplication events and seem 
to have accumulated over time16–21. A comparison of the 
chimpanzee and human shows that new lineage-specific 
SDs preferentially map near shared ancestral duplica-
tions. This phenomenon, termed ‘duplication shadow-
ing’6,22, means that unique regions flanking duplications 
are ~10 times as likely to become duplicated as other 
randomly distributed regions.

Other species also show clustering of duplications, 
but what truly distinguishes human and chimpanzee 
genomes from other sequenced species is the abun-
dance of interchromosomal and interspersed intra-
chromosomal duplications. For instance, 48% of human 
alignments are interchromosomal, compared with 13% 
in mice and 15% in rats4,5. Similarly, tandem duplica-
tions with less than 1 Mb between them account for 
only ~45% of all human SDs but constitute 70–90% of 
duplications in mice, chickens and rats7.

Based on their distribution and organization, SDs 
that are found in the genomes of humans and great 
apes (orangutans, gorillas, chimpanzees and bonobos) 
can be classified into three categories — pericentromeric, 
subtelomeric or interstitial regions of duplication — each 
of which is characterized by different frequencies and 
types of SD (FIG. 1).

Table 1 | SD content of sequenced animal genomes

Caenorhabditis 
elegans

Drosophila 
melanogaster

Human Mouse Rat Chicken Chimpanzee*

SDs of >1 kb 4.3% 1.2% 5.2% 2.7% 1.6% 2.7% N.D.

SDs of >10 kb 0.7% 0.1% 4.5% 2.2% 1.5% 0.3% N.D.

SDs of >20 kb N.D. N.D. 4.0% 1.7% 0.9% 0.0% ~4.8%

Total SD content 5.0% 1.3% 13.7% 6.6% 4.0% 3.0% ~4.8%

Genome size 97 123 2,866 2,506 2,566 1,040 2,866
Data taken from REFS 2,7 for pairwise segmental duplications (SDs) with >90% identity. *Given the fragmented nature of SDs in the draft chimpanzee genome, the 
duplication content can only be estimated indirectly on the basis of human duplication content, adjusting for detected differences in SD compared with 
chimpanzee whole-genome shotgun sequencing6. DNA not assigned to a chromosome was not included in these calculations. Consequently, in other genomes the 
estimate of recent duplication might rise as the quality of the sequence assembly improves. N.D., not determined.
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Figure 1 | The distribution of segmental duplications (SDs) in the human genome. a | The q-arm of chromosome 22 
is used to show the distribution of the three classes of SD: pericentromeric, interstitial and subtelomeric. The 
overview (top panel) shows the position of SDs that are ≥10 kb in length and ≥90% identity. Interchromosomal and 
intrachromosomal pairwise SDs are shown in red and blue, respectively, with light blue lines joining homologous SDs. 
The expanded views of the main duplicated regions show their SD structures in terms of % identity (vertical scales) 
and the chromosomal location of the other pairwise copy (blue represents chromosome 22, other colours represent 
other individual chromosomes). The pericentromeric region consists of many juxtaposed duplicons that originate 
from diverse ancestral regions. Secondary duplications of larger segments consisting of multiple duplicons 
(duplication blocks) are distributed among non-homologous pericentromeric regions. The interstitial region shows 
examples of interspersed (*) and tandem (**) intrachromosomal duplications. The expanded view for this region 
delineates an interspersed cluster that spans 3.5 Mb and contains three large duplication blocks in which the average 
sequence identity is 98–99%. The subtelomeric region contains approximately 100 kb of interchromosomal SD 
sequence, which is shared with up to three other non-homologous subtelomeric regions. b | The distribution of 
interchromosomal and intrachromosomal duplications within the pericentromeric, subtelomeric and interstitial 
regions are shown in terms of % identity of alignments. The y-axis represents the total number of non-redundant base 
pairs within the genome (build 35) that consist of each type of SD. The distribution within each category was 
calculated as the proportion of pairwise alignments at each % identity.
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Effective ancestral 
population size
Approximately the number of 
breeding individuals that 
produce offspring that live to 
reproductive age. It influences 
the rate of loss of genetic 
variation, the efficiency of 
natural selection and the 
accumulation of beneficial and 
deleterious mutations. It is 
frequently much smaller than 
the number of individuals in a 
population.

Pericentromeric region
The sequence adjacent to the 
centromere that is often 
defined as the first 
chromosomal sub-band or by 
defined physical distances of 
2–5 Mb from the higher-order 
α-satellite arrays that comprise 
the centromere. 

Interstitial region
An arbitrary name given to the 
euchromatic sequence within 
a chromosome arm that is 
bounded by the 
pericentromeric and 
subtelomeric regions.

Duplicon 
A duplication, or portion 
thereof, that is traceable to an 
ancestral or donor location; a 
secondary duplication event 
can be composed of multiple 
duplicons. Also sometimes 
referred to as a low copy 
repeat.

SDs in pericentromeric regions. Pericentromeric regions 
are enriched for SDs, particularly within long tracts 
that are made up of many different ancestral duplication 
segments (termed duplicons). These regions also vary in 
duplication content from no SDs (for example, 16q11) 
to over 6 Mb of SDs (for example, 9q11) (REFS 11,23). 
Overall, 29 out of 43 pericentromeric regions (including 
those of the Y chromosome) have conspicuous SD tracts, 
totalling 47.6 Mb (REFS 11,24), which accounts for a third 
of all duplicated human genome sequence, and there is 
a 6:1 ratio of interchromosomal to intra chromosomal 
duplication in pericentromeric regions11. This bias 
towards interchromosomal SDs diminishes in a gradient-
like fashion, falling to the genome average at 5 Mb from 
the centromere.

An interesting aspect of pericentromeric regions 
is that at least 30% of all sequence within them can 
be traced to duplicons originating from other chro-
mosomes11. After initial rounds of duplication, larger 
segments are thought to be secondarily duplicated 
en bloc to other pericentromeric regions25–28, a mode of 
pericentromeric duplication that has been referred to as 
the two-step model29 (FIG. 2a). A detailed investigation 
of 700 kb of pericentromeric region 2p11 detected 14 
duplication-seeding events that were accepted over 
10–20 million years ago, with no subsequent seeding, 
although interchromosomal en bloc duplications to 
other pericentromeric regions have continued17. This 
punctuated pattern seems to apply to other pericentromeric 

regions: when all interchromosomal duplications in 
these regions are analysed, there is an abundance of 
alignments of 94–97% identity and a relative dearth 
of duplications with >99% identity11 (FIG. 1b). Why these 
pericentromeric regions were permissive to interchro-
mosomal duplications at specific time points during 
primate evolution remains to be investigated.

SDs in subtelomeric regions. Subtelomeric regions 
are similar to pericentromeric regions in that they are 
enriched in interchromosomal SDs, which are present in 
30 out of 42 subtelomeric regions30,31. However, the total 
amount of subtelomeric duplication (2.6 Mb) is an order 
of magnitude less than that in pericentromeric regions. 
Typical subtelomeric SD regions range from 50 to 100 kb 
in length and, similar to those in pericentromeric 
regions, are organized as complex mosaics of duplica-
tions31,32. However, unlike pericentromeric regions, in 
which most SD sequence is derived from other regions, 
there is relatively little evidence for this with regard to 
subtelomeric SDs. Instead, their origin seems to involve 
duplication and exchange between subtelomeric regions. 
Subtelomeric duplicons also seem to have maintained 
the same relative orientation between non-homologous 
chromosomes to a much greater extent than pericen-
tromeric regions11,31. Combined with detailed analysis 
of their breakpoints, a model of serial translocation 
between non-homologous chromosomes has been 
proposed to account for these features31 (FIG. 2b). Finally, 

Figure 2 | Models of segmental duplication (SD) formation. a | Pericentromeric regions are thought to arise in a 
two-step process29. In the initial seeding event, SDs from different regions of the genome (blue, yellow and red bands) 
form juxtaposed duplicons. Blocks of multiple duplicons are subsequently transferred by duplication to non-
homologous pericentromeric regions. b | SDs in subtelomeric regions are though to arise in a process that involves 
double-stranded breakage and repair, leading to translocations of subtelomeric regions31. With multiple rounds of 
breakage and repair, a mosaic pattern of juxtaposed duplicons is created, with SD copies maintaining the same 
orientation (different colours indicate segments from different chromosomes). c | Interstitial SDs result from multiple 
rounds of serial duplication, in which flanking sequence is often duplicated in subsequent events, leading to a complex 
pattern of duplication blocks. The example shown is a simplified version of the proposed sequence of duplication and 
rearrangement events that are thought to have occurred in the BRCA1 region, which is based on comparative analysis 
of the human 17q11 region with other primate genomes35. Coloured arrowheads represent duplicons. Thin black 
arrows represent duplication events, whereas thick arrows represent inversions. Asterisks (*) denote the position of 
transcribed KIAA0563-related genes that have expanded through these duplication events.
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Microrearrangements 
Rearrangements that are less 
than a megabase in size. 

Non-allelic homologous 
recombination 
Homologous recombination 
between paralogous sequence 
(for example, segmental 
duplication and repetitive 
sequence); a major mechanism 
of recurrent rearrangements, 
also known as unequal 
crossing-over.

Immunoglobulin 
heavy-chain class-switch 
recombination
Non-homologous 
recombination that occurs 
during the development of 
B lymphocytes to produce 
difference classes (isotypes) 
of heavy-chain molecule. 

α-Satellite 
A class of ~170 bp repetitive 
sequences that are found at 
the centromeres of most 
primates. They are present in 
tandem arrays that constitute 
megabases of sequence.

recent interchromosomal exchanges (>99% identity) 
have occurred more frequently in subtelomeric than 
pericentromeric regions (FIG. 1b).

SDs in interstitial regions. Interstitial duplications are 
distributed within euchromatin between the pericentro-
meric and subtelomeric regions and account for the bulk 
of intrachromosomal duplications. In most sequenced 
species, clusters of tandem duplications predominate. By 
contrast, the human genome shows both a relative and an 
absolute increase in the amount of interspersed duplica-
tion in these regions. Furthermore, the average distance 
between the pairwise copies of intrachromosomal 
duplications is higher in the human genome, at 3 Mb 
compared with 57 kb in the mouse and 9 kb in the rat4,5.

Similar to pericentromeric regions, particular 
chromosomes show significant enrichment for inter-
stitial duplications, again suggesting a non-random 
distribution9,11. Phylogenetic analyses indicate that many 
interstitial regions of interspersed intrachromosomal 
duplication have emerged during evolution of the great 
ape through a complex series of events (FIG. 2c). These 
expansions are frequently associated with rearrange-
ments such as inversions and microrearrangements19,20,33–35, 
and have restructured as much as 10% of the euchroma-
tin of some chromosomes (for example, chromosomes 2, 
15 and 17). As we discuss later, they have also resulted in 
the evolution of novel primate gene families. Compared 
with interchromosomal duplication, interstitial dupli-
cations account for the vast majority of the largest and 
highest-identity human SDs12 (FIG. 1b). 

Mechanisms of SD origin and propagation
Tandem duplications are thought to occur mainly 
through non-allelic homologous recombination (NAHR) and 
replication error36,37. However, neither of these mecha-
nisms accounts for the interspersed configuration of 
most human and chimpanzee SDs, which has prompted 
a search for sequence features that might provide clues 
to the prevalence of interspersed SDs in particular 
genomic regions.

Regional variations in GC content, repeat density and 
recombination rate explain only 4% of the variation in 
SD content9. However, detailed analyses of sequences at 
the boundaries of pairwise SD alignments have revealed 
some interesting patterns. Alu repetitive sequences are 
significantly enriched at these boundaries (representing 
24% of the sequence at these regions compared with 10% 
elsewhere) and are restricted to younger subfamilies 
(AluY and AluS) that have emerged recently during 
primate evolution38. This enrichment has been con-
firmed39,40 and generally applies to pericentromeric and 
interstitial SDs, but not subtelomeric SDs31. Alu enrich-
ment has been shown at SD breakpoints for a number of 
well-studied, interstitial interspersed clusters21,33,35,41.

It should be emphasized that Alu elements are not 
found at all SD breakpoints and that, while ‘chimeric’ 
Alu elements consistent with NAHR having taken place 
are enriched at breakpoints, they do not predominate. 
This suggests that other non-homology-mediated 
mechanisms drive duplication events38. For example, 

Alu sequences might be preferential sites of double-
strand breakage, with interspersed SDs arising owing 
to inaccurate repair. In this respect, it is interesting that 
satellite repeats and sites with increased DNA flexibility 
and low helix stability (markers of fragility) are enriched 
at duplication breakpoints38,40. 

Although global analyses support an involvement 
of both homologous and non-homologous processes 
in the origin and propagation of SDs, they do not 
completely explain their non-random distribution in 
the human genome. The preponderance of SDs within 
pericentromeric and subtelomeric regions indicates that 
chromosome structure is an important consideration in 
SD expansion and dispersal. In subtelomeric regions, 
non-reciprocal translocations are common30,31 and, as 
explained above, it has been proposed that subtelomeric 
SDs arise through a mechanism of serial unequal subte-
lomeric translocations, resulting in the segmental transfer 
of blocks of sequence between non-homologous chromo-
somes (FIG. 2b). Further insight into this mechanism has 
come from a detailed analysis of the breakpoints of 41 sub-
telomeric duplicons, which found that 92% (49 out of 53) 
of the breakpoints were consistent with non-homologous 
end-joining (NHEJ)31, whereas only 8% (4 out of 53) fit 
with a homology-based model such as Alu–Alu mediated 
NAHR. This indicates that SDs between non-homologous 
chromosomes arise primarily as a result of double-strand 
breaks (DSBs) that are subsequently repaired by NHEJ. 
However, this does not preclude the occurrence of 
homology-based processes between SDs, as evidenced by 
multiple blocks of differing sequence identity within 
particular interchromosomal duplications31. 

Analyses of pericentromeric regions support an asso-
ciation of SDs with Alus and other repeat sequences that 
are pericentromere specific. For example, in one analysis 
of 700 kb of highly duplicated sequence on chromosome 
2p11, both donor and acceptor duplications were enriched 
for Alu repeats (15 out of 38 donor and 16 out of 38 accep-
tor sites contained Alu repeats at the junctions). However, 
other conspicuous repeat sequences that are similar to 
immunoglobulin heavy-chain class-switch regions have been 
identified at the boundaries of transposed duplicated 
sequences, including CAGGG, CAAAAG, TAR and 
REP522 repeats17,25,42. One possibility is that Alu repeats 
have an important role in defining donor sequences, 
whereas potentially recombinogenic sequences promote 
Alu accumulation at specific locations.

The fact that the sizes and levels of identity of dupli-
cations decline in a gradient with distance from the cen-
tromere also implicates other centromeric repeats, such 
as α-satellites, in exchanges between non-homologous 
chromosomes that involve larger regions of DNA10,11. 
For example, the largest pericentromeric duplication at 
22q11, which also has the highest level of identity, also 
maps adjacent to the centromere on chromosome 14 
(the donor), and these chromosomes share very similar 
higher-order α-satellite sequences10. In this example, 
pericentromeric duplications might arise by a mecha-
nism similar to that in subtelomeric regions, whereby 
a DSB in the pericentromeric region leads to a whole-
arm translocation unless homology-mediated repair 
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Fusion gene B′/C
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ψA′
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Gene A′
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Duplicative 
transposition

Genomic disorder
A disease that results from 
the gain, loss or alteration of 
dosage-sensitive gene(s) as 
a result of genomic 
rearrangement (such as 
duplication, deletion and 
inversion).

or rescue (a double-crossover event) occurs within the 
centromeric sequence.

In summary, the available data indicate that several 
mechanisms have been responsible for the origin and 
propagation of segmental duplications. Diverse sets of 
data support the involvement of specific common repeat 
classes — particularly Alu repeats — in this process. 
However, the mechanism by which blocks of >100 kb 
of DNA become integrated into new genomic loca-
tions over short evolutionary periods requires further 
investigation. Cell-culture experiments and studies of 
interindividual genetic variation that capture such novel 
insertions are needed to provide future progress36,43.

SDs undergo homology-driven mutation
Once they have been formed, SDs are subject to the forces 
of evolution that affect all genomic sequences, including 
base-pair substitutions, insertions, deletions and retro-
transposition (FIG. 3). Unlike unique regions, however, 
highly identical SDs also mutate by homology-driven 

processes (FIG. 4). Such processes contribute in several 
ways to structural differences in the architecture of SD 
regions, both within and between primate species. 

First, homology between SDs can initiate NAHR, 
which occurs through the alignment of highly similar 
SDs followed by paralogous recombination. The type 
of rearrangement that occurs as a result of this (which 
can be duplication, deletion, inversion or translocation) 
depends on the location and orientation of the SDs. 
Such recombination in meiosis is well recognized as the 
major cause of genomic disorders, particularly recurrent 
ones44 (for a recent review see REF. 45). Duplication-
mediated rearrangement typically occurs between SDs 
that have alignments of >95% identity and >10 kb in 
length, with the largest and most identical SDs showing 
the highest rates of NAHR13,46. Within these regions of 
high sequence identity, rearrangement breakpoints are 
further restricted to intervals associated with particular 
repeats or AT-rich sequences47–49. Given the propensity 
of such regions to rearrange recurrently, it is perhaps not 

Figure 3 | Mechanisms of segmental duplication (SD) divergence. The formation of an SD during a duplicative 
transposition event. A chromosomal segment from a region that contains two genes, A and B, is translocated to a second 
region that contains a third gene, C. (Exons are shown above the coding sequence. The thick block in the sequence 
indicates the region that is duplicated; this is shown as changing colour over time to indicate sequence divergence. Blue 
boxes indicate repetitive elements (for example, Alus and LINEs), in which insertions occur over time.) SDs can duplicate 
whole genes, leading to entire gene copies (Gene A′), or create fusion genes (Gene B′/C). After duplication, both copies 
of an SD are initially identical. Over time, the SD copies are subjected to the same random forces of nucleotide 
substitution that apply throughout the genome to produce allelic variation and interspecies sequence divergence. 
Nucleotide substitutions (thin vertical lines) occur at a rate of approximately 1.5% change every 10 million years per copy 
(3% divergence between copies). When a substitution occurs, it represents both a rare single nucleotide variant between 
alleles and a paralogous sequence variant between SD copies. SDs also undergo differential deletion and insertion 
events. Combined, the forces of neutral substitution and insertion/deletion cause SD copies to diverge from each other. 
These mutational forces also alter duplicated genes, and usually result in nonsense and frameshift mutations, which lead 
to loss of function and the generation of unprocessed pseudogenes (ψA′). Purifying selection for functioning gene 
duplications maintains similarity between the duplicated exons (gene B and fusion gene B′/C). Only rarely do mutations 
occur that are innovative. Eventually, over tens to hundreds of millions of years, the copies will diverge to such an extent 
that their shared ancestry will be no longer recognizable except at regions where purifying selection has maintained 
them (shared B and B′ exons). 
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Single nucleotide 
polymorphism 
(SNP). A single nucleotide 
difference between 
orthologous sites. A strict 
definition requires a population 
frequency of at least 1% for 
the rare allele. SNPs represents 
90% of the genetic variation 
within the human population in 
terms of numbers of variants. 

Paralogous sequence 
variant 
A single nucleotide difference 
between copies of a segmental 
duplication (or any paralogous 
sequence), which can be 
variant or fixed in a population.

Complete hydatidiform mole
Placental mass with 
uncontrolled growth due to the 
fertilization of an enucleated 
egg with one (90%) or two 
(10%) sperm — useful for 
genetic studies as those 
derived from single sperm 
represent a haploid genome.

surprising that SDs are a source of structural variation 
among humans32,50–54, as discussed later in more detail.

A second scenario in which homology-driven 
processes can lead to structural alterations is through 
the non-reciprocal transfer of sequence from one SD 
copy to another, which we refer to as gene conversion55. 
Evidence for gene conversion has been recently reported 
between several SDs that are frequently associated with 
genomic disorders20,56–59. This provides a link between 
meiotic NAHR — which underlies the rearrangements 
in these disorders — and conversion. This link is also 
apparent from pooled-sperm studies60,61 that have 
allowed the individual detection of recombination and 
conversion events at the sub-kb level of resolution. Such 
investigations have shown that non-recombinant mei-
otic conversion rates equal or exceed the rate of meiotic 
recombination at several recombination hot spots. 

Recently, novel computational algorithms have further 
facilitated the detection of gene conversion within SD 
sequence. A computational analysis of the SDs associ-
ated with velocardiofacial/DiGeorge syndrome, which is 
caused by NAHR between three highly identical (99%) 
duplication hubs on chromosome 22q11, found evidence 
for transfer of genetic information between the hubs56. 
However, this study did not exclude the possibility that 
some of the analysed sequence might have originated from 
an unfinished sequence gap within the middle duplication 
hub14,15 and, therefore, sequences might be assigned incor-
rectly to the wrong hub as alleles14,15 — emphasizing that 
care must be taken to avoid such confounding factors.

A study by Jackson and colleagues compared pat-
terns of sequence variation among 10 major SD families 
that represent some of the human SDs with the highest 
identity. This provided evidence of widespread gene con-
version (many transfers of <1 kb of sequence), which 
the authors estimate might have affected 20% of the 
sequence in these duplications62. Altogether, the data 
indicate that conversion is ubiquitous in SDs with the 
highest identity, and that both NAHR and gene conver-
sion can alter the structure and sequence composition of 
a fraction of these regions over short periods of time.

Although conversion ultimately homogenizes SDs, 
prior to their fixation within a population it might 
also elevate allelic diversity at the converted locus; in 
essence, the donor copy acts as a reservoir of sequence 
variation. Initial human-genome analyses proposed that 
the observed twofold increase within SDs, compared 
with unique regions, of single nucleotide polymorphisms 
(SNPs) that had been catalogued in databases such as 
dbSNP was due not to the presence of different alleles, 
but to ‘contamination’ by paralogous sequence variants 
(PSVs)8,13,63. However, quantitative genotyping of a 
subset of single nucleotide variants within SDs (in a set 
of normal individuals and complete hydatidiform moles) 
allowed true SNPs and PSVs to be distinguished50. Only 
23%, rather than the expected 50%, were consistent with 
PSVs. Interestingly, 12% (8 out of 79) of these variants 
fell into neither category; instead, there was evidence of 
the same SNP occurring within 2 or more copies 
of an SD — usually a signature of gene conversion50. 

Figure 4 | Non-random mechanisms of segmental duplication (SD) evolution. Two major homology-driven forces 
affect the occurrence and evolution of SDs. A | Non-allelic homologous recombination (NAHR) between highly identical 
SDs causes further rearrangements depending on the location and orientation of the SD copies involved. Tandem 
duplications and intervening deletions can occur as a result of NAHR between adjacent duplicated sequences (Aa). 
Alternatively, translocations can result from exchange between SDs on non-homologous chromosomes (Ab). In both 
cases, the copies created are in the same orientation as the original SD. By contrast, inversions can occur as a 
consequence of recombination between inverted intrachromosomal duplications (Ac). B | Gene conversion between SDs 
occurs as a result of the transfer of sequence information between copies. Such events can increase allelic diversity at the 
converted copy and cause homogenization of the SD copies (in a process known as concerted evolution).
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Chromosome painting 
Visualization of individual, 
whole chromosomes by 
fluorescence in situ 
hybridization.

Synteny
A term originally meaning 
simply ‘on the same 
chromosome’ (regardless of 
linkage) which has now been 
co-opted to refer to a 
continuous block of sequence 
with a shared organization 
(conserved linkage) between 
two or more species.

So, although PSVs were misidentified as SNPs, there 
also seems to be an increased frequency of SNPs within 
SDs. This increased SNP density in SDs is also supported 
in detailed variation studies of SDs and repeat regions, 
which show high levels of nucleotide diversity57,58,64.

Gene conversion in SDs blurs the distinction 
between allelic and paralogous sequence variation. If 
conversion operates over longer periods of evolution-
ary time, duplications might seem more recent (that is, 
more identical) than expected on the basis of the origi-
nal timing of the duplication event. Phylogenetic stud-
ies of dozens of SDs and genome-wide comparisons of 
primate-genome sequences, however, do not generally 
suggest that the effect of gene conversion has been so 
longstanding to warrant the rejection of a molecular 
clock. Evidence of extensive conversion that is main-
tained in the long term has only been detected within a 
family of large palindromic SDs on the non-recombining 
portion of the Y chromosome65 and rDNA portions of 
acrocentric chromosomes66. The former appear to have 
maintained allelic levels of identity (99.8%), despite 
having emerged before divergence from a common 
ancestor of the chimpanzee and human65. A limited 
study of high-quality orthologous sequence from 
humans, chimpanzees and macaques did show elevated 
rates of substitution in regions of human segmental 
duplication7. The effect, however, was relatively subtle 
(10–25% increase) and was not restricted to the dupli-
cated segment, arguing against the involvement of gene 
conversion as the cause of the increased substitution 
rate. An examination of the sequence identity of SDs 
that are present in both the chimpanzee and human 
and that probably arose in the common ancestor of the 
two species showed that, overall, <10% of these have 
sequence identities greater than the expected average 
sequence divergence between the two species6. In sum-
mary, excluding the Y chromosome, such sequences 
have not been grossly homogenized by large-scale gene 
conversion within each lineage since divergence. This 
is consistent with evidence that most meiotic conver-
sion events are small in scale (that is, they involve 
sequences of 50–300 bp)60,61 and are restricted to par-
ticular recombinogenic hot spots47–49,59,67–69. It follows 
that meiotic conversion within SDs is likely to reinforce 
the formation of hot spots as recurrent conversion 
maintains small regions of high sequence identity.

SDs and primate genome architecture
For several decades, karyotype analyses, chromosome 
painting and gene-order studies supported a relatively 
random process of chromosomal evolution in mam-
mals70. More recently, the submicroscopic resolution 
afforded by genomic-sequence availability suggests an 
overabundance of small rearrangements and reusage of 
rearrangement breakpoints during mammalian genome 
evolution, which is inconsistent with a model of random 
breakage71–74. These reused syntenic breakpoints show a 
strong association with SD content — it has been esti-
mated that 25–53% of all breakpoints that are syntenic in 
the mouse and human map to a primate SD75,76. Similar 
associations are found among many mammalian species 

when sites of duplication and large-scale chromosomal 
rearrangement are compared77,78. Interestingly, in an 
analysis of mouse, human and rat genomes, syntenic 
breakpoints that have emerged specifically within the 
human or mouse lineages showed an equivalent enrich-
ment of primate-specific SDs76. This indicates that cer-
tain regions of the ancestral genome might have been 
susceptible to both breakage and duplication since the 
mammalian radiation. 

Important insights into the association between 
SDs and rearrangements are gained from the molecu-
lar resolution of hominoid large-scale chromosomal 
rearrangements79,80. Owing to their recent evolution-
ary origin, such events are unobscured by long-term 
evolutionary divergence and further rearrangement. 
Comparisons of the great ape and human genomes 
show that 8 out of 11 rearrangement events that have 
been precisely characterized associate specifically with 
SDs20,22,81–91. As uncharacterized breakpoints often map 
to poorly assembled and heavily duplicated regions, it 
is probable that this association will be strengthened 
by future analyses as these regions are resolved. Of par-
ticular interest will be the molecular characterization of 
chromosomal rearrangements during the evolution 
of the gibbon — a primate that has experienced an 
accelerated rate of rearrangement92.

Given their large numbers relative to karyotypic rear-
rangements, a causal role for SDs has been suggested in 
the origin of rearrangements78. However, inversions and 
other rearrangements might actually be involved in the 
creation of SDs. For example, this was suggested by the 
analysis of an unusually complicated, inverted, dual 
chimpanzee-only duplication. This duplication is present 
at the site of a chimpanzee-specific pericentric inversion 
breakpoint on the orthologue of human chromosome 12. 
The authors suggest that DSBs followed by inversion 
and repair of long single-strand overhangs, account for 
the structure of this SD and the pericentric inversion in 
this region87.

Large-scale sequence comparisons of the human 
and chimpanzee genomes have identified hundreds of 
smaller deletions, duplications and inversions that also 
show associations with SDs22,93,94. This is perhaps unsur-
prising: duplications, through NAHR, promote local 
genomic instability. Gains and losses of duplicated DNA 
seem to have been common in hominoids. For example, 
a survey of lineage-specific differences within hominoids 
using cDNA microarrays identified 1,005 genes that 
showed copy-number differences when compared with 
humans95. A disproportionate fraction of these mapped 
to sites of segmental duplication. Similarly, a duplica-
tion map of chimpanzee SDs (>20 kb and >94% iden-
tity) revealed 76.3 Mb of sequence that is differentially 
duplicated between chimpanzees and humans6 (FIG. 5a). 
These data have been used to estimate a fixation rate for 
de novo duplications of 3–5 Mb per million years per 
lineage6. This level of change indicates that SD events 
have had a greater impact at the base-pair level (2.7%) in 
these two species than single-base-pair changes (1.2%) 
(REFS 6,93), suggesting that SDs have had a key role in 
shaping the architecture of primate genomes. 
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Exaptation
When a gene or part of a gene 
(such as a domain or exon) is 
used for a new potentially 
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used to describe cases where 
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sequence to create a new exon. 
This is a type of domain 
accretion, which is the addition 
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Roles in the evolution of new genes
The duplication of genomic sequences is one of the 
primary mechanisms for the creation of new genes96–98, 
and the role of SDs in creating novel primate genes — 
by adaptive evolution, gene fusion or exon exaptation 
— has been the subject of many studies. Duplication of 
an entire gene, either in tandem or in an interspersed 
configuration, seems to be the most common method 
through which SDs create new genes. The exon shuf-
fling and fusion transcripts that result from juxtapos-
ing unrelated SDs occasionally produce transcripts 
that maintain an ORF (FIG. 6). Whole-genome analy-
ses of human and chimpanzee SDs detect enrichment 
within these sequences of both genic features (such as 
exons) and expressed genes7,9,13. In fact, gene density is 
the greatest correlate of SD density (although even this 
correlation is weak) when compared with other factors 
such as GC content, repeat density and recombina-
tion rate9. However, not all SDs are enriched for genes, 
and not all duplication regions are likely to be equally 
innovative, owing to mechanistic and architectural 
constraints.

In humans, most of the gene enrichment that is 
seen within SDs is accounted for by interstitial intra-
chromosomal duplications. The subtelomeric regions 
also show some evidence for gene duplication, with 

well-documented interchromosomal exchanges lead-
ing to the expansion of multigene families including 
olfactory receptors and RAB-like and FOXD4 
(REFS 32,99–101) genes. By contrast, pericentromeric 
interchromosomal duplications show reduced gene 
content and transcriptional activity when compared 
with the genome average for SDs11,25,26,102. Although 
there is ample evidence of many duplicated genic 
segments and an increased frequency of fusion tran-
scripts in these regions, a minority maintain an ORF. 
However, gene annotation in these highly duplicated 
regions is particularly challenging.

Interestingly, a bias towards expression of transcripts 
in testes and cancer is a common feature of many of 
the fusion transcripts within duplicated regions11,25,102. 
However, this is more likely to be a consequence of chro-
matin structure103, which might limit expression to testes 
or to malignancies (where chromosome structure is less 
tightly regulated), than it is to be a result of selection on 
expression patterns.

A growing list of hundreds of genes and gene fami-
lies have been identified within interstitial SDs11,13,21,93, 
but their functions require further investigation. This 
is especially true for genes in interspersed SDs, many 
of which show limited or no evidence of homology to 
genes in other mammals and model organisms. Their 

Figure 5 | Variation in genomic segmental duplication (SD) content between chimpanzees and humans. 
A | A comparison of duplicated sequence from the chimpanzee and human genomes allowed the identification of regions 
of shared duplication and those that contain human-specific or chimpanzee-specific multicopy sequence (>94% identity 
and >20 kb) (REF. 6). An estimated 60% represented duplicative gain, whereas 40% of the change occurred as a result of 
deletion of ancestral duplications. Overall, as shown in the graph, a minimal estimate of 76 Mb is differentially duplicated 
between humans and chimpanzees, corresponding to 3–5 Mb duplication gain per million years. This is a conservative 
estimate owing to limitations of the detectable differences to >94% identity, >20 kb and threefold or greater copy-
number difference. B | Hyperexpansion of an SD in the chimpanzee lineage. Fluorescence in situ hybridization staining 
(red) is shown in panel Ba for an SD duplicon of ~40 kb, revealing an expansion to 400–500 copies of this sequence in the 
chimpanzee and bonobo, mainly near telomeres (only chromosomes that carry the duplicon are shown). This expansion 
added ~16 Mb of duplicated sequence in a common ancestor of chimpanzees and bonobos that is not present in gorillas 
and humans. As shown in panel Bb, the same SD underlies an association between duplication and rearrangement: it is 
associated with a large-scale chromosome fusion event that produced human chromosome 2 (this chromosome is shown 
next to the two orthologous chimpanzee chromosomes; the SD lies 40 kb proximal of the fusion point).
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expansions have occurred within the last 25 million 
years and have been accompanied by the formation of 
complex interstitial duplication blocks at multiple chro-
mosomal locations. Indeed, these rapidly evolving genes 
frequently map to the most duplicated segment (the 
duplication cores) of interspersed duplication blocks. 

Genes in SDs share several properties. First, when 
compared with unique genes they are 5–10 times as 
likely to show interspecies and intraspecies structural 
and/or copy-number variation6,53,95, which correlates 
with differences in mRNA expression levels6,104,105. 
Second, strong signatures of positive selection are 

common in segmentally duplicated genes18,21,93,106,107. 
Third, several functional categories are enriched 
among these genes, including immune response, 
xenobiotic recognition (both olfactory reception and 
drug detoxification), reproduction and nuclear func-
tions. These three features suggest an important role 
for SDs in primate and human adaptive evolution: 
they might have facilitated adaptation to changes in 
food sources and to novel or altered infectious agents 
— particularly where a diversity of responses was 
advantageous. Elucidating the functions of these genes 
should be a key goal of future studies.

Figure 6 | Gene innovation in segmental duplications (SDs). Two examples of ‘novel’ primate-specific genes that 
have been created by SDs are shown. a | The TRE2 oncogene (also known as ubiquitin-specific protease 6 (USP6)) is a 
hominoid-specific gene that is located at 17p13.2 in humans. This gene was formed from the fusion of two SDs, each 
carrying sequence from genes that are located on the q-arm of human chromosome 17, at a distance from the 
duplication site (TBC1 domain family member 3 (TBC1D3) and USP32). TRE2 has derived exons 1–14 (red) from TCB1D3 
and exons 15–29 (green) from USP32. b | The RanBP2-like GRIP-domain-containing protein (RGP) gene family formed 
from the fusion of SDs of the genes RANBP2 and GGC2, which are located on human chromosome 2q13. As shown in the 
top panel, a protypical RGP is composed of the first 20 exons of RANBP2 (red) and last three exons of GGC (yellow). This 
fusion sequence has been extensively duplicated as part of duplication hubs on chromosome 2, on both the q- and 
p-arms. Below this is a detailed view of the duplicon structure of the RGP-containing regions involved, illustrating the 
complex mosaic pattern that has arisen during the formation of this gene family. GGC2 and RANBP2 regions are shown in 
yellow and red, respectively; regions of other genes are shown in various colours. These duplication hubs show evidence 
for multiple functional copies under extensive positive selection21. Modified with permission from REF. 21 © (2005) Cold 
Spring Harbor Laboratory Press.
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Xenobiotic
A compound that is foreign to 
biological systems, often 
referring to man-made 
compounds that are resistant 
to biodegradation.

Consequences for variation within species
In humans, polymorphic insertions, deletions and inver-
sion are non-randomly distributed, with a 4–12-fold 
greater frequency near sites of SD51–54,108,109. Similarly, 
in chimpanzee populations there is an almost 20-fold 
enrichment of copy-number variation for regions in 
which duplications arose in the human–chimpanzee 
ancestor110. As every SD begins its evolutionary life cycle 
as a structural variant, this link is perhaps unsurprising. 
Nevertheless, these data indicate that duplicated regions 
are continuing to rearrange and ‘evolve’ in contemporary 
primate populations.

Does such variation have phenotypic consequences? 
Insights into the relationship between duplications and 
phenotypic variation are longstanding. Some of the earli-
est human genetic phenotypic variation to be mapped 
— such as colour blindness, rhesus blood-group sensi-
tivity and forms of α- and β-thalassaemia111–113 — result 
from complex structural alterations of duplicated genes 
that show variation among individuals114–116. The effects 
of these alterations might be direct, for example owing to 
copy-number variation and concomitant differences in 
the expression or sequence of the gene, or indirect, such 
as recurrent structural rearrangements, as in the case of 
genomic disorders117.

Recent data indicate that SDs and their associated 
structural variation might have protective or beneficial 
effects. For example, a common ~900-kb inversion 
polymorphism, which is mediated by SDs on 17q21.31, 
is associated with positive selection and, perhaps, 
increased fertility within the Icelandic population118. 
Similarly, increased copy number of CCL3L1 owing to 
duplication is associated with a significant reduction 
in susceptibility to HIV infection and progression to 
AIDS119. Most recently, an association has been found 
between increased copy number of the immunoglobulin 
Fc receptor gene FCGR3 and a decreased risk of lupus 
glomerulonephritis. This structural variation in a dupli-
cated gene accounts for much greater protection from 
disease than has been associated with single nucleotide 
variants120.

An important lesson from human genetics is that 
copy number alone does not determine the genotype–
phenotype relationship. In the case of rhesus-factor sen-
sitization, colour blindness and α- and β-thalassaemias, 
it has been through understanding the precise structural 
details of the formation of fusion genes or the positions of 
duplicated segments with respect to functional promot-
ers and transcriptional regulators that the most mean-
ingful associations with phenotype or disease have been 
made. There is also a growing number of examples of 
rearrangements, including duplications, with long-range 
effects on gene transcription owing to the alteration of 
transcriptional regulators121–123. The same logic extends 
to non-human primates: to understand the phenotypic 
significance of these regions during evolution, genetic 
differences must be resolved at the base-pair level. This 
will require high-quality sequence as well as experiment-
based gene and regulatory-sequence annotation in some 
of the regions of primate genomes that are the most 
difficult to study.

Future directions 
The copy number, location and structure of many 
regions that contain SDs seem to vary significantly 
between closely related primates, which might have 
evolutionary significance. However, the dynamic and 
complex architecture of many of these regions make 
them recalcitrant to standard methods of sequencing 
and analysis. Five non-human primate species — chim-
panzee, gorilla, orangutan, macaque and marmoset — 
have been targeted for complete genome sequencing by 
the US National Institutes of Health and the Wellcome 
Trust. Accurate assembly of these genomes will require 
more than simply assembling whole-genome shotgun-
sequence data12. Complementary sequencing of large-
insert genomic clones for duplicated regions provides 
one potential approach to resolving their sequences. 
For example, we estimate that the addition of finished 
sequence data from ~1,000–1,500 BAC clones per 
genome would significantly improve sequence annota-
tion of these regions, the identification of orthologous 
gene relationships and our understanding of primate 
genetic variation. Inevitably, novel sequencing tech-
nologies and the high-quality sequencing of additional 
species will be required to completely disentangle the 
structure and pattern of SDs in other non-human 
primate genomes.

In primate genomes, interspersed duplications 
have the potential to destabilize a large fraction of the 
genome through NAHR-mediated rearrangement. The 
association of such genomic duplications with gene-rich 
regions creates an evolutionary paradox: what drives 
the spread of these duplications during evolution, 
given their destabilizing effect? A clue comes from the 
fact that transcript diversity is increased within these 
regions. A common theme is emerging in which novel 
fusion transcripts and genes under positive selection 
map more frequently to the ‘cores’ of the most com-
plex interspersed duplication blocks18,21,124,125. Based on 
known examples of positive selection18,21, it is tempt-
ing to speculate that duplication fixation occurs as a 
result of positive selection acting on a small subset of 
emerging genes for which increased copy number or 
diversity of gene family members outweighs the nega-
tive consequences conferred by an increased probability 
of chromosomal rearrangement. The complex duplica-
tion architecture that has evolved flanking these cores 
might simply be a consequence of the expansion of 
newly minted adaptive gene families.

While the catalogue of primate-specific and hominoid-
specific gene innovations is growing rapidly, understand-
ing of their functions lags. Considerable effort will be 
required to dissect the biological roles of these duplicated 
genes owing to their redundant nature and absence of 
homologues in model organisms. Traditional transgenic 
knockout models of gene function are not an option, 
and the inherent copy-number redundancy might make 
it difficult to recognize subtle phenotypic effects that 
are due to point mutations. A key step to understand-
ing their function will be to prove that that these genes 
encode functional products by developing antibodies 
to assess the localization of the encoded proteins. 
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Two-hybrid assays with such candidates could provide 
functional insights through the identification of more 
conserved binding partners that have known functions. 
In addition, the use of RNAi in cell culture will allow the 
knockdown of duplicated genes to determine the effects of 
this on transcriptional networks. Finally, the study 
of SD-associated structural variation and associated 

pathologies might provide the most useful information 
about the functions of duplicated genes, as associations 
between polymorphisms that affect them and disease 
susceptibility provide key phenotypic insights. Using 
these approaches, the study of SDs promises to greatly 
advance our understanding of both primate evolution 
and genetic susceptibility to human disease.
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