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SEQUENCING THE CHIMPANZEE
GENOME: INSIGHTS INTO HUMAN
EVOLUTION AND DISEASE
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Large-scale sequencing of the chimpanzee genome is now imminent. Beyond the inherent
fascination of comparing the sequence of the human genome with that of our closest living
relative, this project is likely to yield tangible scientific benefits in two areas. First, the discovery
of functionally important mutations that are specific to the human lineage offers a new path
towards medical benefits. Second, chimpanzee—-human comparisons are likely to yield
molecular insights into how new biological characteristics evolve — findings that might be

relevant throughout the tree of life.

The movement to sequence the genome of the chim-
panzee (Pan troglodytes) began only five years ago?,
rapidly gained momentum?® and has now been
accorded high priority by the National Human Genome
Research Institute of the US National Institutes of
Health* (8ox 1). The imminent prospect of comparing
the chimpanzee and human genome sequences poses
new conceptual challenges for comparative genomics, a
field that is accustomed to interpreting sequence diver-
gence over much longer timescales than the 5+ million
years that have elapsed since the existence of the last
common ancestor of chimpanzees and humans. The
chimpanzee-human comparison will also focus atten-
tion on a central question in evolutionary biology about
which we know little: what types of change in what
types of gene account for the emergence of a truly new
species? It is not just our anthropocentrism that leads us
to regard humans as an unusual offshoot of the gener-
ally conservative creat apes: humans are the conspicuous
outliers among primates, and their phenotypic diver-
gence from the great apes was sudden. The challenge
will be to find the genetic changes in the human lineage
that account for our unusual traits, such as bipedalism
and large brains.

Chimpanzee-human comparisons also have more
practical implications. Current thinking about the
genetic basis of human health and disease is dominated

by studies of differences in disease susceptibility
among humans. However, this view might be too
parochial. It is likely that the spectrum of common
medical ailments from which humans suffer is a char-
acteristic of the species as a whole — a consequence of
genetic compromises that occurred during the rapid
phenotypic divergence of humans from the great apes.
Current knowledge of the biomedical traits that chim-
panzees share with humans supports this view. On the
one hand, humans and chimpanzees are similar with
regard to many aspects of physiology and disease. On
the other hand, there are several definite and likely dif-
ferences (TABLE 1). Here, we focus on these differences,
as they are most relevant to the upcoming comparison
of the human and chimpanzee genomes. We also
emphasize that our knowledge of chimpanzee biology
remains incomplete. If we are to make full use of the
chimpanzee genome sequence, we must address this
imbalance, while respecting the emerging consensus
that it is no longer appropriate to use chimpanzees as
experimental animals®.

In this review, we explore the scientific and medical
issues that are relevant to the analysis of the chim-
panzee genome sequence. \We summarize past specu-
lation about the molecular basis for the differences
between chimpanzees and humans and put forward
specific hypotheses about the types of functional
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Box 1 | The chimpanzee genome ‘project’

The sequencing of the chimpanzee genome is more loosely organized than was the
Human Genome Project. The immediate prospect for collecting large-scale data on the
whole genome results from the decision of the National Human Genome Research
Institute (NHGRI) of the US National Institutes of Health to rate the chimpanzee
genome as a high-priority sequencing target*. This designation allows large-scale
sequencing centres that have NHGRI support to use the sequencing capacity that is
released from human and mouse sequencing for the chimpanzee project. The Genome
Sequencing Center at Washington University in St Louis, Missouri, and the Whitehead
Genome Center at the Massachusetts Institute of Technology have chosen this option
and are planning to work together to produce ‘4x’ coverage of the chimpanzee genome

by the summer of 2003 (R. H. Waterston, personal communication). At this level of
coverage, each base in the genome will have been sampled an average of four times in
high-quality data, and the expectation is that >98% of the bases will have been sampled
at least once. Long-range assembly of 4x sampling will depend heavily on alignment
with the finished human sequence, and there will be many gaps (as discussed later in

this review); however, the data

will allow most of the sequence differences between the

chimpanzee and human genomes to be discovered.

A parallel effort to obtain the complete sequence of chimpanzee chromosome 22,
which is homologous to human chromosome 21, has been announced by a Japanese
consortium that involves the University of Tokyo Institute of Medical Science and the

National Institute of Genetics.
during 2003 (REF. 4).

HETEROCHROMATIN

The densely staining regions
of the nucleus that generally
contain condensed,
transcriptionally inactive
regions of the genome.

EUCHROMATIN

The lightly staining regions

of the nucleus that generally
contain decondensed,
transcriptionally active regions
of the genome.

This group also aims to complete this sequencing effort

mutation that might be most easily recognized when
the chimpanzee and human genomes are compared.
Finally, we summarize known differences in the pat-
terns of health and disease between the two species
and discuss steps that will need to be taken to maxi-
mize the medical benefits of acquiring a chimpanzee
genome sequence.

Molecular comparisons

The biochemical similarities between chimpanzees and
humans have been noted for nearly a century. Early evi-
dence was based on immunological studies?, which were
superseded in the second half of the twentieth century
by electrophoretic analyses of blood proteins and by
protein sequencing’*. Human—chimpanzee differences
in amino-acid sequences vary among proteins but are
commonly <1% (ReFs 11-13). Direct samplings of
chimpanzee genomic DNA indicate that 95% of the
chimpanzee genome can be aligned directly with corre-
sponding segments of the human genome!4, and also
indicate that, in these aligned regions, sequence diver-
gence averages 1.2% (ReFs 14,15). The 5% that does not
align is due to insertions and deletions that have
occurred in both chimpanzee and human lineages since
their divergence from the last common ancestor. The
long-range organization of the two genomes is also
highly conserved. The exceptions to this rule are a few
discrete differences between the chimpanzee and
human karyotypes'¢-¢, For example, the chimpanzee
has one more chromosome than does the human,
because the genetic material on human chromosome 2
is split between chimpanzee chromosomes 12 and 13,
and there are also large inversions on human chromo-
somes 1 and 18 relative to their chimpanzee counter-
parts. Other smaller rearrangements have been
described, and HeTErocHROMATIC gENOMeE segments are

also distributed differently on several chromosomes in
the two species. Nonetheless, the high-resolution-band-
ing patterns of chimpanzee and human chromosomes
are strikingly similar, particularly in eucHromaric por-
tions of the two genomes'®1’. At the level of biochemical
pathways and metabolism, only a few specific differ-
ences between great apes and humans are known?3181°,

Obstacles to studying human evolution

The opportunity to compare the chimpanzee and
human genomes is of special importance because we
have few other paths towards developing a molecular
view of human evolution. In principle, there are three
ways to study the molecular basis of recent evolutionary
divergences: by analysing clusters of closely related
species, by sequencing fossil DNA and by characterizing
genetic variation within species. In the case of the
human, none of these strategies is likely to have much
power because of the lack of closely related sibling
species and the limitations on the temporal reach of
studies on both fossil DNA and intraspecies variation.

Current views of the phylogenetic relationships
between humans and great apes are summarized in FIG. 1
and Box 2. A key point is the paucity of successful speci-
ation events as a present-day outcome of the past 13+
million years of great ape and human evolution. The
fossil record indicates that there were many branches of
the human lineage?, but that we are the only survivors.
Hence, we are unable to put the functionally important
mutations that led to modern humans into historical
sequence. We must settle instead for inferring the
genome sequence of the last common ancestor of chim-
panzees and humans and then for examining the cumu-
lative effects of the 5+ million years of evolution along
the human lineage.

Although the analysis of fossil DNA from extinct
hominid lineages would theoretically allow a stepwise
view of human evolution, the practical potential of this
approach seems limited. The only well-documented
success in analysing fossil DNA from hominids has been
the sequencing of portions of the mitochondrial
genome from Neanderthal skeletons??2, The best dated
of these fossils is only 29,000 years old. The mitochon-
drial sequences clearly separate the Neanderthals from
modern humans and indicate a possible divergence
time in the low hundreds of thousands of years. The
prospects of extending this type of analysis either to a
biologically informative sampling of nuclear genes from
Neanderthals or to much older fossils seem poor
because of the chemical instability of DNAZ,

Another path towards understanding human evolu-
tion at a molecular level is to study human genetic varia-
tion. This approach, too, has limited potential to clarify
any but the most recent events. The average nucleotide
diversity that is seen among humans (that is, the frac-
tion of base-pair differences expected when comparing
two random samplings of the human gene pool) is 7.5 x
10 (<1in 1,000 base pairs)?*. Theoretical models of the
behaviour of genes in populations indicate that this low
level of diversity results from a small ancestral popula-
tion size, which is predicted to have been of the order of

NATURE REVIEWS | GENETICS

VOLUME 4 | JANUARY 2003 | 21

© 2002 Nature Publishing Group



REVIEWS

FIXATION

The process whereby a genetic
variant arises by mutation and
then increases in frequency ina
population until it is the only
variant present.

TRANSTHYRETIN

A protein that is a key
transporter of the thyroid
hormones in the blood and
cerebrospinal fluid. Thyroid
hormones stimulate an increase
in the metabolic rate of many
cell types and have effects on
embryonic brain development.

Table 1 | Apparent biomedical differences between humans and great apes*

Medical condition Humans Great apes References
Definite differences

HIV progression to AIDS Common Very rare 60
Late complications in hepatitis Frequent Uncommon 61-64
B/C

Plasmodium falciparum malaria Susceptible Resistant 65,66
Menopause Universal Rare 67
Likely differences

Influenza A symptomatology Moderate to severe Mild 68,69
Alzheimer disease pathology Common Rare 70,71
(neurdfibrillary tangles)

Myocardial infarction Common Uncommon 72
Simian foamy virus infection Very rare Very common 73-76
Epithelial cancers (carcinomas) Common Rare 77,78
Escherichia coli K99 gastroenteritis Resistant Sensitive? 79

*Reviewed in REF. 13. The list excludes conditions explained by obvious anatomical differences between humans and apes (for example,
those related to upright posture in humans, or pharyngeal air sacs in great apes). See text for anecdotal examples of other differences.
AIDS, acquired immunodeficiency syndrome; HIV, human immunodeficiency virus.

only 10,000 individuals®. In populations of this size,
most new mutations either become rixeo or, more
commonly, are eliminated from the population within
a few hundred thousand years. Hence, although studies
of human genetic variation might provide insights
into genetic processes that were important during the
last stages of human evolution (such as the develop-
ment of complex language and art, and the use of
sophisticated tools), they rarely allow us to look more
deeply back in time. Most of the history of the
‘descent of humans’ has been erased from the human
gene pool as human-specific alleles became fixed in
the whole population.

The paucity of close living relatives of modern
humans, the limitations associated with the analysis of
fossil DNA and the typically short timescale that is
accessible through studies of human genetic variation
all highlight the scientific importance of sequencing the
chimpanzee genome. Our ability to compare the chim-
panzee and human genomes provides us with the best
opportunity to look back over millions of years at the
genetic events that shaped the emergence of humans as
a new offshoot of the great-ape lineage. An initial step in
interpreting the chimpanzee sequence will be to test
evolutionary hypotheses about the molecular events
that underlie rapid evolutionary change.

Testing evolutionary hypotheses

Comparison of the chimpanzee and human genomes
will break new ground in studies of molecular evolution
because it will be the first opportunity to compare the
genomes of two species that are only slightly diverged in
sequence and yet are on markedly different phenotypic
trajectories. We discuss two hypotheses of the genetic
basis of the phenotypic differences between chimpanzees
and humans that will help guide the comparative inter-
pretation of the genome sequences; one hypothesis has
dominated thinking about chimpanzee—human differ-
ences for 25 years, whereas the other is more recent.

The classic hypothesis proposes that the crucial
genetic differences between chimpanzees and humans
involve developmental regulation, whereas the more
recent theory proposes that genetic loss on the human
lineage has had a crucial role in the emergence of
humans. We also discuss recent data that shed light on
the general principle that functionally important
amino-acid substitutions, as well as gene duplication
and divergence, are important mechanisms of evolu-
tionary change.

Differences in gene regulation. In 1975, Mary-Claire
King and Alan Wilson suggested that the phenotypic
divergence of chimpanzees and humans is likely to be
due primarily to changes in gene regulation rather than
to alterations in the protein repertoires of the two
speciest!. This idea has its roots in the intuitive notion
that slight differences in protein sequence seem inade-
quate to explain the marked phenotypic differences
that are evident between the two species. There are
both strengths and weaknesses to this hypothesis. One
strength is that many molecular studies of develop-
mental systems, such as the homeotic genes in
Drosophila, have provided empirical evidence that rela-
tively minor genetic changes can have profound develop-
mental effects when they influence the timing or level
of expression of regulatory proteins?. However, a
weakness of the theory is that we have no real means of
estimating how much phenotypic divergence a 1% dif-
ference in protein sequence can support. Furthermore,
the distinction between sequence alterations in proteins
and ‘regulatory mutations’ has been blurred by the dis-
covery that a significant fraction of all proteins in
higher organisms are transcription factors?. Because
amino-acid substitutions in transcription factors are
efficient ways to alter the expression of humerous
genes, small differences in protein sequence could
themselves cause the developmental effects that King
and Wilson sought to explain.
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present along particular lineages.

Human
5.4
Chimpanzee
25
Bonobo
7.3
Gorilla
14
Orang-utan

Figure 1 | Sequence-based phylogenetic tree for the human and the great apes.
The numbers indicate estimated millions of years (Myr) from the last branch point to the

The tree was largely redrawn from data in REF. 48. The time

estimates are based on the assumption that humans and orang-utans diverged 14 Myr ago
and that MOLECULAR-CLOCK rates are equal on all lineages. The chimpanzee-bonobo split has
not been well calibrated with sequence data: the estimate shown is based on the fragmentary
data in REF.59. Bonobo photograph by Frans Lanting, reproduced with permission from REF. 54

© Frans Lanting.

MOLECULAR CLOCK

The steady accumulation of
mutations during evolution,
which provides a basis for dating
the point at which two
contemporary species diverged
from a common ancestor.

The sequencing of the chimpanzee genome will
greatly facilitate experimental tests of specific genetic
differences between chimpanzees and humans that
seem likely to influence developmental regulation.
Experimental tests could be carried out in vitro, in
transfected cells or in transgenic animal models such as

the mouse. Given that tests in transgenic animals will be
expensive — and will largely require extrapolation to
the chimpanzee and human from results on distantly
related organisms — it will be important to develop
in vitro and cell-culture assays that are as informative as
possible about the whole-organism biology of the two
species. When chimpanzee-human differences involve
genetic characteristics that chimpanzees share with a
wide range of other primates, whole-animal experi-
ments on the rhesus macaque, or on other primates that
are commonly used in biomedical research, will provide
an important means of validating the functional signifi-
cance of the differences.

To some degree, it might be possible to correlate
observed changes in genome sequence with differences in
gene-expression patterns between chimpanzee and
human tissues. Studies have already begun on expression-
pattern differences®, and they will undoubtedly accel-
erate as the chimpanzee and human genome sequences
allow progressively more sophisticated expression
arrays to be designed. A recent study of mRNA levels in
various chimpanzee and human tissues indicates that
there are more marked differences in expression pat-
terns in tissues that are derived from the central ner-
vous system, particularly the cerebral cortex, than for
example the liver®, These data indicate that the evolu-
tionary rate of change of gene expression in the human
brain might have been faster than that found in organs
with fewer biological differences between apes and
humans, such as the liver. Patterns of liver and blood-
cell gene expression in chimpanzees and humans
seemed similar, whereas those in the rhesus monkey
liver seemed less similar. This result is as expected on
the basis of the relative divergence times of the three
lineages. By contrast, patterns of gene expression in the
cerebral cortex in chimpanzees and monkeys were
more similar, whereas humans were the outliers. If vali-
dated by further studies, these results offer the hope
that gene-expression studies might explain the marked
changes in cognitive function that accompanied
human evolution. However, the potential for artefacts
in such studies — given their reliance on autopsy
material from both species and on the anatomical
complexity of primate brains — is sobering. For
example, it is possible that there are age or species-spe-
cific differences in the rate at which particular brain
tissues deteriorate after death — or simply differences
in the handling of chimpanzee and human tissue that
are difficult to eliminate.

Despite the experimental difficulties of designing
tests of the King-Wilson hypothesis, it is likely that
some portion of the phenotypic differences between
humans and great apes is due to differences in the timing,
level and pattern of gene expression. One example that
seems to fit this model is the lower level of TRansTHYRETIN
expression in humans compared with chimpanzees?.
The qualitative change in the amount of this protein
seems to correlate with altered thyroid hormone metab-
olism, which is likely to influence a wide variety of
phenotypes, such as brain development and function,
skull morphology and metabolic rate.
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Box 2 | The evolution of humans and great apes

PURIFYING SELECTION

The elimination of deleterious
mutations through natural
selection.

SIALIC ACID

An acidic sugar that is
commonly found at the ends of
the glycan chains of cell-surface
glycoproteins and glycolipids.
They are negatively charged
under physiological conditions,
contribute to biophysical
characteristics of cell surfaces
and can be recognized by many
receptors of endogenous and
exogenous origin.

ALU

A dispersed, intermediatly
repetitive, 300-bp DNA
sequence present in the human
genome.

FRAMESHIFT MUTATION

A mutation that resultsina
change in the reading frame of a
protein-encoding region.
Frameshift mutations frequently
cause such marked changes in a
protein sequence that the
protein is completely
inactivated.

NONSENSE MUTATION

A mutation that results in the
introduction of a stop codon to
cause the premature termination
of a protein. Nonsense
mutations often completely
inactivate a protein.

NON-SYNONYMOUS
SUBSTITUTION

A mutation in the coding region
of a gene that changes the amino
acid inserted at a particular
position in a protein.

DNA-sequence data strongly support a phylogenetic tree for humans and the great apes
in which the order of divergence from the human lineage was: orang-utan, gorilla,
chimpanzee*®2 (FIG. 1). Although there is molecular evidence for the existence of sub-
species of chimpanzees, gorillas and orang-utans®, only the chimpanzee lineage has split
convincingly into two surviving species, the common chimpanzee (Pan troglodytes) and
the bonobo (Pan paniscus)®. Although the tree in FIG. 1 provides a reliable view of the
relative timing of key events in the evolution of humans and great apes, its absolute
calibration depends on molecular-clock extrapolations from much deeper branches of
the mammalian evolutionary tree. Only over a time span of tens of millions of years is
the fossil record sufficiently rich to allow reliable correlations to be made between
evolutionary events and geological dates. Extrapolations from these data indicate that
humans and chimpanzees probably diverged ~5.5 million years ago*355¢, However, this
date remains uncertain and seems more likely to be revised upwards than downwards;
for example, one recently described hominid fossil that is judged to post-date the
human-chimpanzee divergence seems to be 67 million years old®".

The ‘less-is-more’ hypothesis. An alternative to the
King-Wilson hypothesis is Olson’s ‘less-is-more’
hypothesis, which emphasizes the importance of loss-
of-function mutations on a recently evolved novel lin-
eage such as the human®. This hypothesis, which
encompasses the effects of mutations in genes that
encode regulatory, catalytic and structural proteins, is
counter-intuitive as it adopts the premise that the
human, in many biological respects, is a ‘degenerate ape’.
To some degree, genetic loss in the human lineage seems
almost certain to have caused some of the differences
that exist between chimpanzees and humans: examples
such as delayed postnatal development and loss of muscle
strength and hair in humans all seem ‘degenerative’.
However, it is unclear how far it is safe to extrapolate
from these conspicuously retrograde phenotypes to
broader aspects of human and chimpanzee biology.

The great advantage of genetic loss as a mechanism
for phenotypic evolution is its potential to occur rapidly.
Indeed, if, as seems likely, purirvinG seLecTioN IS relaxed for
aspecies that has suddenly broken out from the selective
constraints that have long applied to a stable taxonomic
group, a cascade of genetic loss is inevitable. Although
genetic loss is unlikely to account for the initial ‘breaking
out’ of a new lineage, the genetic alterations that lead to
the launch of such a lineage are likely to be a small pro-
portion of the genetic differences that contribute to its
subsequent phenotypic ‘makeover’. Therefore, even if
new gene functions have a crucial causal role in the evo-
lution of a new species, subsequent genetic-loss events
might greatly outnumber the early genetic innovations.

Existing data bearing on the less-is-more hypothesis
are tantalizing but limited. Although the best-described
differences in gene function between chimpanzees and
humans all support the hypothesis, they are few in
number. The first clear example of a major biochemical
difference between chimpanzees and humans was the
discovery that, unlike great apes, humans cannot synthe-
size a form of the cell-surface siauic acio called N-glycolyl-
neuraminic acid (Neu5Gc)®L. A secondary consequence is
an excess of its precursor N-acetylneuraminic acid
(Neu5Ac). The synthesis of Neu5Gc, which is widely

expressed on cell surfaces in many tissues in non-human
primates, depends on the hydroxylation of CMP-
Neu5Ac. In all humans, the CMP-Neu5Ac hydroxylase
(CMAH) gene has been inactivated by a 92-bp deletion
that occurred in the human lineage after the divergence of
humans and chimpanzees®*®. This deletion was the by-
product of the insertion of a new human-specific awu
sequence into the hydroxylase gene, which replaced an
ancient Alu element®. Studies of sialic acids from
Neanderthal fossils, molecular-clock analysis of the
human CMAH gene and comparisons of the new Alu
with other members of its sub-family indicate that the
mutation might have occurred ~2.5-3 million years
ago®. The changes that are associated with bipedalism
considerably pre-date this mutation. However, the appar-
ent date of the mutation indicates that the inactivation of
CMAH probably occurred before the onset of brain
expansion?, Knowledge of the biological functions of this
specific sialic acid is, as yet, insufficient to relate this
change to particular human-specific characteristics®.

These alterations in sialic acid biochemistry are of
special interest as they involve genetic loss in a meta-
bolic system that lacks extensive redundancy. As such,
the mutations are likely to have direct biochemical
consequences. Several other examples of genetic loss in
the human lineage are known, but they all involve the
loss of one member of a large gene family, the mem-
bers of which are likely to share overlapping functions;
they include the V10 variable gene of the human
T-cell-receptor-y locus®, the olfactory receptor gene
OR 912-93 (rRer. 38) and a type | hair-keratin gene®.

A strength of the less-is-more hypothesis, in addition
to its genetic plausibility, is that it is readily testable. The
testability of the hypothesis rests on the relative ease
with which loss-of-function mutations can be recog-
nized simply by sequence analysis. Many human genetic
diseases, such as cystic fibrosis, phenylketonuria and the
forms of familial breast cancer caused by mutations in
the breast cancer 1, early onset (BRCAL) gene and
BRCAZ2, seem simply to require loss of the relevant gene
function. For these diseases, thousands of independent
mutations have been detected in patients who have been
identified on the basis of disease phenotype and family
history. Presumably, these mutations are a reasonable
sample of the ways in which gene loss occurs in
humans. In general, the mutations are easily recognized:
FRAMESHIFT MUTATIONS, NONSENSE MUTATIONs and splice-site
alterations account for a substantial majority of loss-of-
function mutations that cause monogenic diseases®.
Of course, there are SOMe NON-SYNONYMOUS SUBSTITUTIONS
that cannot be easily distinguished from neutral poly-
morphisms, but the general pattern is principally one in
which mutations have obviously deleterious effects on
gene function. Hence, the less-is-more hypothesis
makes the readily testable prediction that the initial
comparison of the chimpanzee and human genomes
should show a substantial number of conspicuous loss-
of-function mutations in the human lineage. If true, the
list of these genes will provide a powerful starting point
from which to explore the many differences between
chimpanzee and human biology.
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OLD WORLD MONKEYS
Monkeys that are native to Africa
and Asia.

CARCINOMA

A type of cancer that originates
from epithelial cells. Most
human cancers other than
leukaemias or lymphomas are
carcinomas.

Other genetic mechanisms of divergence. Traditional
ideas about the genetic changes that lead to the evolu-
tion of new biological characteristics emphasize gene
duplication and divergence, as well as non-synonymous
substitutions in single-copy genes. Recent analyses of
the reference sequence of the human genome indicate
that gene duplication and divergence can lead to rapid,
large-scale alterations in the genetic repertoire of a
species. Approximately 5% of the euchromatic portion
of the human genome consists of segmental duplica-
tions of >1 kb with >90% sequence similarity*#2. This
level of sequence similarity is comparable with the
similarity of human genes and their homologues in
oLD worLD MONKEYs. Hence, duplications that meet the
criterion of >90% sequence similarity between the
duplicated copies could be as old as 30 million years.
However, there is some indication that duplication of
genome segments in the primate lineage has been
most active during the past 15 million years*.
Furthermore, the process is clearly continuing:
instances of small-scale duplications that post-date the
human-chimpanzee divergence are already known*,
and such duplications could prove to be relatively
abundant once whole-genome comparisons are possi-
ble. Detailed analyses of recent duplications in the
human genome indicate that rapid divergence of
duplicated genes sometimes occurs*. One example of
a gene duplication that is specific to humans is the
gene that encodes protocadherin XY, which lies in a
region of the human Y chromosome that was dupli-
cated and translocated from the X chromosome after
the last common ancestor of chimpanzees and
humans. It has been postulated that protocadherin XY
is involved in handedness, language lateralization and
brain asymmetry*#°, Hence, although the analysis of
recent duplications that are specific to the human lineage
has just begun, early results support the possibility
that gene duplication and divergence have been
important contributors to the phenotypic divergence
of humans and chimpanzees.

Another class of potentially relevant mutations are
those that change protein function by altering amino
acids, particularly amino acids that are typically evolu-
tionarily conserved. For example, a single-nucleotide
change led to an amino-acid substitution in human
SIGLECLZ, which eliminates the ability of the protein to
interact efficiently with Neu5Gc and other sialic acids*.
Another recent and exciting example involves two
amino-acid changes in the highly conserved forkhead
transcription factor FOXP2, a protein that has been
implicated through genetic studies in human speech
and language. The amino-acid changes and the pattern
of nucleotide polymorphism in human FOXP2 strongly
indicate that it has been the target of selection during
recent human evolution®’.

Regardless of the type of mutation that is a candi-
date for contributing to differences between chim-
panzees and humans — such as regulatory alterations,
genetic loss, functional amino-acid changes and gene
duplication and divergence — it is essential to know
whether the mutation occurred on the chimpanzee or

the human lineage. Additional data are required,
beyond the chimpanzee and human genome sequences,
to assigh mutations to the appropriate lineage. In most
cases, it will be possible to infer correctly which vari-
ant was present in the last common ancestor of chim-
panzees and humans simply by comparing the two
sequences with a sequence from the gorilla or the
orang-utan. Because sequence divergence among all
the great apes is small, most mutations that have
occurred since the last common ancestor of humans
and great apes would have only occurred on one of
the lineages. The other species would share a sequence
that is likely to have also been present in the last com-
mon ancestor of humans and great apes. The gorilla
would be the best choice for a comparison species
because its genome sequence resembles that of the last
common ancestor between chimpanzees and humans
more closely than does that of the orang-utan®. A rea-
sonable approach would be to carry out whole-
genome sampling of the gorilla to a modest level of
coverage, such as 3x (that is, a level of coverage that
would sample single-copy sequences in the gorillaan
average of three times). At 3x sampling, there would
be 95% coverage of the gorilla genome, and ancestral
states would be resolved, with relatively few errors, for
95% of the ~40-million (~1.2% of 3 x 10° bp) chim-
panzee—human discrepancies. An early move to
sequence the genome of the rhesus macaque would
also greatly enhance the reliability of ancestral-state
inferences by adding data from a fourth closely related
species to the analysis.

Finally, it should be pointed out that the ability to
recognize functionally important mutations against a
background of tens of millions of neutral changes, and
to infer ancestral states, will depend greatly on the qual-
ity of the available sequence data. Although a high-quality
human sequence is now assured, the quality goals for
chimpanzee sequencing have still to be resolved, as it is
not yet clear if finished chimpanzee sequence will be
produced. The cost-benefit issues surrounding this
issue are discussed in BOX 3.

Biomedical significance

Humans and chimpanzees are similar with regard to
many aspects of physiology and disease. Here, we focus
primarily on known and apparent differences (TABLE 1),
because these are most relevant to the upcoming com-
parison of the human and chimpanzee genomes. The
chimpanzee genome project offers a unique opportunity
to step back and look at the disease susceptibilities of our
species. Humans that live under modern conditions have
a characteristic set of susceptibilities: numerous infec-
tious diseases that are human specific (or nearly so); car-
diovascular disease; carcinomas; obesity; type |1 diabetes;
autoimmune diseases; major psychoses; and neuro-
degenerative diseases. Although individual humans vary
in their genetic susceptibilities to these conditions, we
should not allow these intra-species differences to dis-
tract attention from the larger question of why humans
have this particular spectrum of susceptibilities. To some
extent, the unique environments in which humans live
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HYDATIDIFORM MOLAR
PREGNANCY

A pregnancy resulting from

an abnormal fertilization event
whose product can expand
through successive cell divisions
but cannot undergo normal
development.

ELECTROPHEROGRAMS

Raw data that are produced
during DNA sequencing.

An electropherogram displays
the fluorescence produced by
DNA molecules that have been
electrophoretically separated
during the DNA sequencing
process.

undoubtedly contribute to human patterns of health
and disease. However, the environments in which captive
chimpanzees live increasingly resemble those of humans.
Hence, genetic differences are likely to contribute to
differences in the typical health profiles of humans and
captive chimpanzees, and the identification of the crucial
differences would be of great biomedical interest.

Our existing knowledge of the disease profiles of
chimpanzees is fragmentary but intriguing. TABLE 1 sum-
marizes examples of chimpanzee—human differences that
are either well established or indicated by existing
reportst. In addition to the conditions listed in TABLE 1,
anecdotal reports indicate that some common human
conditions are rare in chimpanzees. These include early
fetal wastage, HYDATIDIFORM MOLAR PREGNANCY, bronchial
asthma, acne vulgaris, major psychoses, and autoimmune
diseases such as systemic lupus, rheumatoid arthritis and
multiple sclerosis (K. Benirschke and B. Swenson, per-
sonal communications; A.V., unpublished observations).
A striking feature of this list is that it includes many of
the common diseases of central importance to contem-
porary biomedical research in economically developed
countries.

A programme to understand the genetic basis of
human susceptibility to these diseases would open new
avenues to the development of improved therapies.
Perhaps during the ‘hasty makeover’ through which a
great ape ancestor evolved into modern humans, specific
compromises in human physiology made us susceptible
to the diseases that are now the predominant causes of
human morbidity and mortality. Although develop-
ment of the comparative medicine of chimpanzees and
humans into a principal area of investigation would

Box 3| The case for a high-quality chimpanzee sequence

In current practice, genome sequencing occurs in two steps. First, most of the data are
acquired by random sampling of the sequencing target in short sequencing ‘reads’ These
individual eLecTRoPHEROGRAMS typically contain ~500 nucleotides of high-quality data.
In the case of the chimpanzee project, most of the data will undoubtedly be acquired
simply by whole-genome sampling of chimpanzee DNA rather than by the ‘clone-by-
clone’ method® on which the production of a finished human sequence has relied.
Whole-genome sampling is favoured for the chimpanzee because, given the availability
of a high-quality human sequence, the assembly of whole-genome shotgun reads of
chimpanzee genomic sequence can proceed by alighing these reads with finished human
sequence. Second, in the production of a high-quality sequence, is a ‘finishing’ process
during which targeted methods are used to improve data quality in places where
sequence is absent or likely to contain errors. To minimize the cost of the project, there
will be inevitable pressure to leave the chimpanzee sequence at a ‘rough-draft; rather

than at a finished, state.

Although a rough-draft sequence would allow most chimpanzee—human differences
to be discovered, there would be significant drawbacks to this approach. Sequence
quality deteriorates at the ends of contiguous blocks of sequence; hence, each of the gaps
in a rough-draft sequence would be a potential site of missed or erroneously interpreted
chimpanzee—human differences. More fundamentally, comparison of a rough-draft
chimpanzee sequence, largely assembled by alignment with a finished human sequence,
risks a serious bias against rapidly evolving segments of the genome. Regions that have
undergone duplication on one lineage or the other since the last common ancestor, as
well as those that have been selectively deleted on the human lineage — all of which are
prime candidates for explaining the phenotypic divergence between the two species —
would be particularly vulnerable to misassembly.

represent a high-risk—high-gain strategy in biomedical
research, the potential pay-off justifies the risk that the
differences between these sibling species will prove too
difficult to interpret.

If the less-is-more hypothesis actually accounts for a
significant proportion of the most important physio-
logical differences between chimpanzees and humans,
the task of developing a molecular analysis of the crucial
genetic differences might prove less formidable than it
first seems. In this case, the human-specific mutations of
large functional effect will be relatively easy to recognize.
Furthermore, we would have the example of other
primates in which to study how animals whose biology
is generally similar to ours avoid the characteristic
human pathologies. The medical goal would be to learn
how to emulate aspects of primate biology that have
been lost in humans. This concept has the potential to
open a new front in biomedical research that differs
fundamentally from current models.

Ethical considerations

Bioinformatic analysis of the chimpanzee and human
reference sequences will only take us so far. Greatly
expanded studies of the veterinary medicine and basic
biology of captive chimpanzees will also be essential.
Chimpanzees breed well in captivity, to the point that
rigorous birth-control programmes are in effect in
most colonies®®. However, the future of these colonies
poses substantial ethical, logistical and policy challenges;
among these is the need to develop a coherent view on
the ethics of experimentation on chimpanzees.

The chimpanzee is no longer regarded as a conven-
tional experimental animal®. Indeed, we believe that
there is an emerging social consensus that humans have
an ethical commitment to preserve the remaining great
ape populations in the wild and to maintain captive
populations under conditions that maximize the quality
of life of their members. The acquisition of a chim-
panzee genome sequence, and the attendant increased
focus on chimpanzee research, should be accompanied
by careful study of how humans can best meet our stew-
ardship responsibilities towards these close kin. A likely
conclusion is that the standards for approving proposals
to carry out research on captive chimpanzees should
resemble those that apply to humans who are not con-
sidered able to provide informed consent. These stan-
dards, which have received considerable attentions?,
include the principle that research risks to the individual
must be small and offset by potential benefits. Although
these broad principles provide a starting point for devel-
oping a social consensus about the appropriate future
use of chimpanzees in biomedical research, the means
of implementing them will require careful study. Just as
the Human Genome Project was coupled from its
inception with a programme to study the ethical, legal
and social implications of genome research, we suggest
that comparable attention to these issues, as they apply
to research on chimpanzees, should be an integral part
of the chimpanzee genome project. We expect the
proper treatment of captive chimpanzees to be of
intense interest to scientists and non-scientists alike.
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10.

11.
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13.

Need for concomitant phenotyping studies

Itis essential that the sequencing of the chimpanzee
genome be combined with more detailed studies of the
normal physiology, pathology and overall biology of
the great apes. In these domains, we know far less
about great apes than we know about humans.
Towards this end, a ‘Great Ape Phenome Project’ has
been proposed to make optimum use of the chim-
panzee genome sequence®. Such a project should
include gathering information and tissue samples during
the routine veterinary care of captive great apes and
supplementing these resources with other sources of
data and research materials that can be gathered with-
out risk to these animals. For example, thorough
autopsies with standardized data capture should
become common practice at zoos and captive great
ape colonies. This practice will teach us much about
chimpanzee pathology and normal ageing, and will
enable tissue banks and tissue-specific CDNA libraries
to be established. These materials will be important
resources for the functional annotation of the chim-
panzee genome sequence. Phenotypic studies of cap-
tive chimpanzees will largely depend on the same
medical procedures that are routinely applied to
humans. Clinical research on the appropriate applica-
tion of these procedures to chimpanzees will yield use-
ful data and will also benefit chimpanzees, as standards
of care based on human medical knowledge are not
always appropriate for these animals.

Conclusions
The idea of investing heavily in the comparative biology
of chimpanzees and humans runs counter to the way

most molecular biologists think about evolutionary
questions. A common perspective is that there are no
significant differences between chimpanzees and
humans, at least in the types of basic cellular process
that dominate current research in cell and molecular
biology. Efforts to understand the evolution of life are
sometimes compared to the peeling of an onion, with
the surface layer corresponding to the current bio-
sphere. Molecular biologists like to focus on the deep
layers of the onion. In these layers, and in the onion’s
core, the important molecular processes that character-
ize all contemporary species became established.

The idea of carrying out a detailed comparison of
chimpanzees and humans has different conceptual
origins and goals. In this case, the plan is to peel away
one layer of the onion in a single taxonomic group. In so
doing, we have the potential to reconstruct with mini-
mal ambiguity the genome sequence of the last com-
mon ancestor of chimpanzees and humans. Then, in
exploring the genetic differences that have become fixed
on both lineages, we have the potential to define, in fine-
grained detail, the separate biological trajectories that
have produced these two species that are so alike and yet
so different. The challenge of distinguishing the pheno-
typically important signals from the neutral noise will
be enormous. However, we already have some hypothe-
ses to guide this process and can expect more ideas and
experimental options to emerge as biology engages the
grand challenge that chimpanzee—human comparisons
will pose. Success in this venture has the potential to
transform the way we think about health and disease in
humans and great apes, as well as human origins and
the origins of other novel evolutionary lineages.
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