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Summary
It has become a truism that we humans are genetically
about 99% identical to chimpanzees. The origins of this
assertion are clear: among early studies of DNA se-
quences, nucleotide identity between humans and chim-
panzees was found to average around 98.9%.(1) However,
this figure is correct only with respect to regions of the
genome that are shared between humans and chimpan-
zees. Often ignored are the many parts of their genomes
that are not shared. Genomic rearrangements, including
insertions, deletions, translocations and duplications,
have long been recognized as potentially important
sources of novel genomic material(2,3) and are known to
account for major genomic differences between humans
and chimpanzees.(4) Further, such changes have been
implicated in a number of genetic disorders, such as
DiGeorge, Angelman/Prader-Willi and Charcot-Marie-
Tooth syndromes.(5) BioEssays 28:335–338, 2006.
� 2006 Wiley Periodicals, Inc.

Many factors contribute to the location and frequency of

genomic rearrangement; however, over the last few years, a

class of elements called segmental duplications has emerged

as being of particular importance.(6,7) SDs, or ‘‘low-copy

repeats’’, are usually defined as copies of DNA that are 90–

100% identical to one another and range from�1 to>�400 kb

in size. Unlike Alu or L1 elements, segmental duplications do

not form a single phylogenetic ‘‘family’’.(6,7) However, they

are unified by the fact that they constitute regions of nearly

identical sequence at different genomic locations, an attribute

that can interfere with normal recombination and replica-

tion.(6,7) Accordingly, there has been substantial interest in

mapping and characterizing these elements within the

human genome to identify regions especially susceptible to

rearrangement.(8–13) Comparisons of segmental duplications

in humans and chimpanzees have been much anticipated

because they might tell us about the origins of phenotypic

difference between us and our closest relatives. These com-

parisons have been slower in coming, but hot on the heels of

the publication of the chimpanzee genome,(14) Cheng et al.(15)

have contributed an early installment of what will surely be an

explosion in human–chimp comparative genomics.

Cheng et al.(15) compared whole-genome assemblies in

humans and chimpanzees, alongwith whole-genome shotgun

sequence data, to identify segmental duplications and dele-

tions shared between, as well as unique to, humans and

chimpanzees. Their approach allowed the identification of

>90% of duplications greater than 20 kb in size. As predicted

on the basis of smaller samples,(4) these data showed that

chimpanzees and humans differ by approximately 4% when

segmental duplications are considered in addition to nucleo-

tide differences—a number that could climb much higher if

smaller duplications or ubiquitiously repeated elements, such

as transposons, are added to the equation. The old ‘‘99%’’ saw

is clearly incorrect.

Cheng et al.’s comparisons revealed a total of approxi-

mately 80 Mb of segmentally duplicated DNA in humans and

65 Mb in chimpanzees. After taking genome size, depth of

sequencing coverage and human–chimp differences in copy

number into account, humans and chimpanzeeswere found to

have similar levels of lineage-specific duplication: 1.35% and

1.33%, respectively. The similarity of these values suggests

that chimpanzees, like humans, may have experienced an en-

richment of segmental duplications relative to other taxa.(16–18)

These lineage-specific changes are of considerable interest

because they must have occurred after the evolutionary

divergence of humans and chimpanzees, 5–10 million years

ago. Thus, they are prime candidates in the search for genetic

sources of phenotypic differences between the two species.

Interestingly, although humans and chimpanzees showed

similar overall rates of segmental duplication, the number of

affected genes in each species differed. While 177 genes and

partial genes showed evidence of duplication only in humans,

just 94 appeared to be duplicated only in chimpanzees.

This finding raises tantalizing questions about the relationship

between segmental duplication and evolutionary adaptation.

One hypothesis to explain the pattern would be that, as

ancestral populations dispersed into new environments—for

example, as our early ancestors moved from forest to

savannah habitats, or as anatomically modern humans dis-

persed out of Africa—new segmental duplications were

‘‘accepted’’ into the human genome at high rates in much the

same way that new amino acid substitutions are adaptively

accepted into protein-coding sequences.(19) Thus, the human
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excess may represent a genome-wide signature of positive

natural selection. Some support for this suggestion is found in

the overrepresentation of ‘‘environmental sensor’’ genes

(such as surface antigens and drug-metabolizing enzymes)

in segmentally duplicated regions in humans,(18) for these are

the genes predicted to respond most quickly to environmental

change.(19) A simple, testable prediction of this hypothesis

would be that young segmental duplications are more

common in non-African populations, which likely faced pres-

sure to adapt to the temperate environments of Asia and

Europe some 100,000 years ago.(19)

Previouscomparisonsbetweenhumansandmoredistantly

related taxa raised questions about the mechanisms through

which the human–chimp lineage became enriched with

segmentally duplicated regions. High rates of duplication,

systematic deletion of existing duplications in other taxa and

conversion of ancient duplications have all been recognized as

possibilities.(9,20,21) Here again, Cheng et al’s careful compar-

ison with chimpanzees provides unique insights. Among 17

duplications found in chimpanzees but not humans, and for

which data from other apes were available, only 6 were also

found in gorilla and orangutan and thus attributable to deletion

in humans, as opposed to insertion in chimpanzees. Further,

just 3%of regions showed high levels of divergence consistent

with gene conversion. Thus, most of the difference between

humans and chimpanzees at segmentally duplicated loci is

attributable to a process of de novo duplication.

The finding that de novo duplication has likely been impor-

tant in the divergence of humans and chimpanzees brings

focus to a new question: what is facilitating these duplication

processes? One possibility is suggested by the presence of a

particularly ubiquitous repeated component unique to primate

genomes: Alu elements. Earlier studies of the relationship

between segmental duplications and Alu elements revealed

thatAlusare foundpreferentially near theendsof duplications:

although Alu elements account for only about 10% of the

human genome, 27% of segmental duplications terminate

within an Alu element—a highly significant enrichment.(12)

Further, while 7,000 new Alu elements have been inserted in

humans sincewediverged from chimpanzees some sixmillion

years ago, only 2,300 Alus have been inserted in the

chimpanzee lineage. Perhaps differences in Alu retrotranspo-

sition, bycontributing to nonallelic homologous recombination,

can explain part of the difference between primates and other

taxa, or even between humans and chimpanzees.

Genomic rearrangements can have a variety of important

functional effects. The emergence of duplicate genes has long

been recognized as a mechanism of diversification in gene

families, which can evolve when duplicates—under selective

pressures differing from those of the parent—adopt novel

functions.(22) Duplicated regions can also result in changes in

the timing, place and level of gene expression.(23) This

phenomenon is observable in the data of Cheng et al.: 56%

of the human-only duplications were associated with expres-

sion changes in humans, and 87% of these were in an upward

direction. Chimpanzees showed a similar pattern, with 49% of

chimpanzee-only duplications being associated with expres-

sion changes, 57% of these being in an upward direction.

Structural rearrangements can also have striking effects on

rates and patterns of evolution within specific genomic

regions. For instance, inversions can serve as focal points

for rapid evolutionary divergence because they suppress

recombination (and thus recombination-mediated DNA re-

pair). Segmental duplications are also associated with gene

conversionevents, reaching an apogeeon theYchromosome,

where a 45% segmental duplication content is accompanied

by extensive gene conversion.(21)

The diverse range of effects that can arise following

segmental duplications and deletions is well illustrated by

patterns of variation atCYP2D6, oneof the earliest recognized

examples.(24) CYP2D6 encodes a cytochrome P450 enzyme

involved in the metabolism of approximately 50% of known

drugs, including widely prescribed medications such as

selective serotonin reuptake inhibitors, beta-blockers and

codeine, along with numerous natural toxins.(25) Dramatic

inter-individual variation in CYP2D6 metabolism was recog-

nized as early as 1975,(24) and subsequent studies identified a

number of nucleotide substitutions associated with variable

CYP2D6activity.(26,27) However, amuchmoredramatic source

of variation emerged with the discovery that CYP2D6 is often

found in tandemly repeated arrays, which can effectively

increase CYP2D6 production and hence the rate of CYP2D6

metabolism.(28) This finding explained the so-called ‘‘ultra-

rapid’’ metabolizers of CYP2D6 substrates: individuals har-

boring multiple (sometimes more than 10) functional copies of

the gene, as well as ‘‘poor’’ metabolizers, with none.(29,30)

Thus, variability in CYP2D6 metabolism is a joint function of

allelic variation, arising through nucleotide substitution and

changes in copy number, arising through segmental duplica-

tion and deletion.

Segmental duplications can have phenotypic effects

throughmore complex genomic rearrangements, aswell. More

than 25 different ‘‘contiguous gene syndromes’’ are caused by

deletions of regions that are flanked by segmental duplica-

tions.(5) A well-known example involves a 4 Mb region on

chromosome 7 that is consistently deleted in the imprinted

Prader-Willi and Angelman syndromes and is flanked by highly

similar 500 kb segmental duplications (Fig. 1A). These

segmental duplications are thought to mediate nonallelic

homologous recombination, leading both to deletions and

duplications of the intervening DNA sequence. The latter are

associated with some cases of autism.(31) Similarly, more than

90%of patientswithWilliam-Beuren syndromehaveacommon

1.6Mbdeletion that is flankedby segmental duplications.(32) An

interesting variation on this theme is an inversion that alters the

factorVIII geneon theXchromosome,accounting for about half
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of severe hemophilia A cases. Here, a sequence found in intron

22 is duplicated and inverted upstream of the factor VIII gene

(Fig. 1B). The tip of Xq can loop back on itself, allowing

homologous recombination between the inverted repeats. A

crossover within the region flanked by the repeats can then

produce a large inversion. Because the presence of homo-

logousXchromosomes in females tends toprevent looping, this

mutation occurs mostly in male meiosis. With the recent

identification of dozens of additional segmental duplication-

flanked candidate regions,(8) many more examples of seg-

mental duplication-associated diseases are likely to emerge.

Cheng et al.’s newly analyzed map of segmental duplica-

tions in the human and chimpanzee genomes is but the first

step in understanding the role of these important regions in the

dynamics of genome organization on a large scale. By

broadening our perspective on the magnitude of differences

between humans and chimpanzees, yet focusing our attention

on a limited number of regions susceptible to rearrangement,

the identification of these regions will doubtless fuel interest in

these lesser-known portions of the genome in both evolu-

tionary and biomedical circles. Perhaps most importantly,

these findings suggest that human–chimp similarity is closer

to 96% than 99%, and estimates are likely to drop further as

smaller and more numerous segmental rearrangements are

discovered. Measures of similarities and differences within

and between human populations, which will yield a host of

additional insights, remain in their earliest stages but seem

likely to be headed in the same direction.(8,13,33)

Figure 1. Examples of genomic rearrangement mediated by segmental duplications. In each panel, red arrows indicate segmental

duplicationsand their directional orientation.Blueboxes indicate regionsaffectedby rearrangement.A:Rearrangement underlyingPrader-

Willi and Angelman syndromes. Segmental duplications in different regions of the genome can cause misalignment, allowing nonallelic

homologous recombination to occur. This can result in duplication of a region on one copy of the chromosome pair, but deletion on the

homologue. B: Rearrangement underlying some cases of hemophilia A. Segmental duplications near each other, but in opposite

orientations, can allow hairpins to form so that recombination of a chromosome with itself causes an inversion. Detailed information about

this rearrangement is given by Lakich et al.(34)
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