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Evolution of primate gene expression

Philipp Khaitovich, Wolfgang Enard, Michael Lachmann and Svante Péadabo

Abstract | It has been suggested that evolutionary changes in gene expression account for
most phenotypic differences between species, in particular between humans and apes. What
general rules can be described governing expression evolution? We find that a neutral model
where negative selection and divergence time are the major factors is a useful null hypothesis
for both transcriptome and genome evolution. Two tissues that stand out with regard to gene
expression are the testes, where positive selection has exerted a substantial influence in both
humans and chimpanzees, and the brain, where gene expression has changed less thanin
other organs but acceleration might have occurred in human ancestors.

During evolution, variation originates as mutations at
the level of the genotype, whereas it is at the level of
phenotype that negative selection weeds out deleterious
mutations and that positive selection increases the fre-
quency of advantageous mutations. Mutations can alter
the phenotype by changing primary coding sequences
of proteins and other gene products, or by changing
regulatory DNA sequences that control transcription,
translation or transcript degradation. The large effect of
gene expression differences on the phenotype is evident
from the range of cell types seen in a single organism,
which all share the same genome. For this reason, it has
been proposed that changes in gene expression account
for most phenotypic differences between species, and
in particular between humans and our closest living
relatives, chimpanzees, gorillas and orangutans'. More
than 30 years after this suggestion was first made, it is
now possible to begin to test its validity by studying
relative expression levels in humans and other primates
on a genome-wide scale. Here we review such studies
of transcriptomes and consider how combining them
with genome analyses might provide general rules that
govern expression evolution, and identify the molecular
mechanisms that underlie human phenotypic features.

Human genome evolution

Among the ‘major transitions in evolution’ described by
John Maynard Smith and E6rs Szathmary (among which
are the emergence of DNA, cells, eukaryotes, multicel-
lular organisms and social insects), the most recent is the
emergence of language and human culture’. Although
the other great apes, as well as more distant primate rela-
tives such as macaques, can use and even produce rudi-
mentary tools’, and although some of them transmit
skills between individuals that vary between populations
— phenomena that have been described as ‘cultures®'

or ‘traditions™ — only humans seem to have developed
tools or customs so complex that they cannot be rein-
vented within one generation'?. The ultimate challenge
for human evolutionary genetics is to understand the
genetic underpinnings of this unique capacity that
has emerged since we shared a common ancestor with
chimpanzees 5 to 7 million years ago®.

The first question one might ask is how special the
human genome is compared with the genomes of other
primates. The human and chimpanzee genomes differ in
1.23% of the bases that can be aligned between species™.
In addition to these approximately 35 million point muta-
tions, other differences include approximately 5 million
insertions, deletions, duplications and inversions'. These
rearrangements vary in scale from only a few nucleotides
to whole chromosomes**. However, from our knowledge
of other primates and other mammals, these are exactly
the differences that one would expect for a pair of pri-
mate species that share a common ancestor 5 to 7 million
years ago. So, at the level of genomic sequence, there is
no easily identifiable major evolutionary transition. This
might seem obvious to some and discouraging to others.
However, we emphasize it because it shows that human
evolution did not require any genetic changes that are
qualitatively different from those expected given the
current knowledge of molecular evolution.

These observations are best explained by the neu-
tral theory of molecular evolution postulated by Motoo
Kimura in the late 1960s (REF. 16) (BOX 1). According to
this theory, the rate of evolutionary change in genomes
is largely determined by the mutation rate and the
extent to which mutations are weeded out by nega-
tive selection. The changes that are driven to fixation
because of their survival or reproduction advantages
are relatively rare compared with the large number of
neutral changes.
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Box 1| The neutral theory of evolution

In the 1950s-1960s doubts began to emerge about the functional importance of every
single DNA sequence mutation. It became apparent that DNA contains much more
variation than could be maintained through balancing selection®’. It was also realized
that too many DNA sequence changes have accumulated since the cambrian explosion
for every base to have been fixed by positive selection while deleterious mutations
were being weeded out by negative selection®®*°.1n 1968, Motoo Kimura proposed the
neutral theory of molecular evolution. This landmark theory postulated that the vast
majority of DNA sequence substitutions observed both within and between species
have no effect on the phenotype of an organism and are evolutionarily neutral’**°. The
initial assumption of the theory is that the majority of nucleotides can be divided into
two types: those that are under strong negative selection, and almost never change,
and those that are neutral, and change through random evolutionary drift. Kimura’s
theory predicts that base substitutions should accumulate linearly with time and show
little correlation with the magnitude of phenotypic changes. Ohta expanded the
theory (in 1973 and 1996) to include not only a large number of neutral and

of deleterious mutations, but also a large number of mutations that are slightly
deleterious; that is, that have a very small selective effect, and therefore evolve
neutrally in small populations, but are negatively selected in large populations® %
Today the neutral and nearly neutral theory of molecular evolution is a widely
accepted null hypothesis for nucleotide sequence evolution.

Importantly, the neutral theory provides a theoretical evolutionary model (also
called the neutral model), which allows for the development of tests designed to find
significant deviation from the substitution patterns predicted by the model. Such
unusual substitution patterns probably indicate positive selection or influences other
than negative selection and therefore suggest that a certain change or group of
changes is of functional significance. In the decades following Kimura’s initial
hypothesis, several statistical tests to identify positive selection patterns were
introduced and have proved instrumental in finding genomic patterns bearing
signatures of functional adaptations (for examples see REFS 93-97).

This means that only a small fraction of all DNA
sequence changes between humans and chimpanzees are
relevant to the functional differences between the spe-
cies, making the identification of non-neutral changes a
daunting task. Few studies have been able to bridge the
gap between DNA sequence differences and phenotype
differences. Nevertheless, there are several cases where
protein changes have been plausibly linked to the evolu-
tion of human-specific cognitive features. These exam-
ples are described in full elsewhere'”' and are not the
subject of this review.

Human transcriptome evolution

Although changes to both the structure and regulation
of proteins are ultimately caused by changes in DNA
sequences, there is a fundamental difference between
studying sequences and expression levels. Whereas
the genome sequence of an individual need only be
determined once, expression levels change over devel-
opmental stages, across different tissues, and in different
environments. In fact, the expression of genes measured
as mRNA levels is best seen as part of the phenotype of
the organism. Expression levels of individual transcripts
depend on those of other transcripts — they are geneti-
cally complex. Furthermore, measurement of mRNA
expression levels is difficult because they are continuous
variables that can fluctuate from zero to extremely high
concentrations. Because of this and other technical prob-
lems, mRNA expression measurements include a large
‘noise’ component. In addition, cross-species studies
present other challenges'*' (BOX 2). Nevertheless, in

recent years, several studies have used microarrays to
investigate expression differences among humans and
other primates. Here we discuss these studies and the
many challenges that lie ahead.

Gene expression and the neutral theory

The neutral theory of evolution (BOX 1) is the accepted
null model for the evolution of DNA sequences. It pos-
tulates that the vast majority of nucleotide sequence
differences observed between species do not affect
function, and that many or most mutations in nucle-
otide sequence are deleterious and therefore subject
to negative natural selection. Therefore they never (or
only rarely) come to fixation. An alternative possibility,
which might apply at the phenotypic level, is that most
differences between species are adaptive and fixed by
positive selection. To gauge which theory is a plausible
model for evolution at the level of gene expression, it is
useful to examine whether observations of expression
evolution contradict any of the main predictions of the
neutral theory. A central expectation is that the rate of
expression evolution is mainly dependent on the muta-
tion rate and on the amount of constraint acting on gene
expression levels. Although both of these parameters are
difficult to estimate (see below), two predictions arise.
First, expression divergence between species should
increase with evolutionary divergence, that is, with
time. Second, the variation in gene expression among
individuals of a species should be a function of the vari-
ation in gene expression among species. A brief review
of the observations that are relevant to these issues
follows (see also REFS 22,23).

Observations of a wide-spread influence of negative
selection on expression evolution have sometimes been
taken to mean that the neutral theory does not apply to
gene expression evolution. However, a large and indeed
dominant role of negative selection is an integral part
of the neutral theory'®. Negative selection has been
demonstrated to have a strong influence on the rates at
which gene expression changes both within and between
species of fruitfly**-?¢, and also in studies of mutation
accumulation lines in flies and nematode worms?*”?.
Because flies and worms have much larger population
sizes than primates, one might expect that negative selec-
tion would be a stronger factor in their evolution than
for primates (BOX 1). However, negative selection has also
been found to be a dominant factor in primates®**** and,
despite previous observations®-*, between humans
and mice if one takes into account the effect of measuring
orthologous genes with different arrays™.

One observation that is in apparent disagreement
with a dominant role of negative selection is that 23
expressed pseudogenes, which might lack a function and
therefore evolved in the absence of both negative
and positive selection, do not differ more in their
expression between humans and chimpanzees than
intact genes'. However, only a few pseudogenes were
analysed, and it is also plausible that some of them do
have functions (see for example REFS 34,35) or that trans-
regulatory factors affecting functional target genes alter
the expression of pseudogenes as a ‘side effect’
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The neutral theory furthermore predicts that differ-
ences between species should accumulate approximately
linearly with time (BOX 1). An increase in expression
divergence with increasing genetic distance has been
shown in fruitflies?*. Similarly, the expression of
most genes in different naturally occurring strains
of yeast diverges proportionally to the genetic distance.
Only a few genes in this study showed a correlation
with phenotypic adaptations, presumably as a result
of adaptations that are driven by positive selection’®.
In a recent study of natural populations of fish*” the
expression of 329 metabolic genes was analysed in
the liver. About 18% of genes co-vary with the phy-
logenetic relationships between the fish populations,
whereas only about 4% seem to be affected by posi-
tive selection when phylogenetic effects are taken into
account. When expression differences are summarized
across all genes with detectable levels of expression
among humans, chimpanzees, orangutans and rhesus

REVIEWS

macaques, in the brain as well as the liver, the differ-
ences accumulate approximately linearly with time (as
gauged from DNA sequence divergence). The same
is true among three species of mice'. In apparent
contrast to this, another study found that the expres-
sion patterns of 907 genes in the livers of humans,
chimpanzees, orangutans and rhesus macaques seem
to be equally distant from each other irrespective of
their phylogenetic distance®. Although this observa-
tion requires further investigation, most data indicate
that the extent of gene expression differences increases
monotonically with evolutionary time, and that the rate
with which this happens can be constant, at least for
closely related species in which negative selection has
not yet led to a saturation effect®>*,

The neutral theory predicts that genes that vary less
within a species will also tend to accumulate less change
between species as these genes are subject to more
negative selection and/or lower mutation rates. When

Box 2 | Measuring gene expression in different primate species

A number of experimental and technical issues make the study of gene expression in different species more challenging

thanin asingle species.

First, at least for comparisons of humans and apes, it is not possible to obtain samples for which the environment has
been controlled. In the future, it is likely that some environmental effects can be identified; for example, by manipulating
the environment of experimental animals or by projects such as our proposed ‘Human Transcriptome Project’. Of
course, some environmental effects between species can be seen as trans effects of genetic factors that cause them.
For example, dietary differences between species are dictated by genetic differences that govern how nutrients are
processed in the digestive tract. Other differences include the effects of the niches that humans and chimpanzees
carved for themselves during their evolution, such as the calming effects of grooming, or the use of medications.

Second, for ethical as well as practical reasons, tissues available for gene expression studies in humans and apes
are almost always from cadavers, and are removed several hours after death. Of course, samples are collected from
organs that are not affected by any known disease, or by conditions such as asphyxia or acidosis prior to death,
which could affect gene expression patterns®®°. It is encouraging that in a study where gene expression in the
human brain was compared between samples from autopsies and from surgical procedures, about 85% of gene

expression differences between the hippocampus and the cerebral cortex seen in the living individuals were also
found in the autopsy material'®.

Third, nucleotide sequence differences between species pose a problem because expression microarrays generally
use probes to detect transcripts that are designed on the basis of the nucleotide sequences determined in only one
species. This obviously results in problems when such an array is used in another species where consistent nucleotide
differences might affect the efficiency with which the probes bind to transcripts. Sadly, it does not help to construct
specific arrays for each species studied as expression levels cannot be compared across probes®. Earlier studies largely
ignored this problem''°2 or avoided it by limiting comparisons to between tissues within species’>”®. Two approaches
to deal with these problems have so far been used. For species where large amounts of genome or cDNA sequence are
available, it is possible to identify oligonucleotides that are identical in sequence in the two species'®?*278, This
approach works only for fairly closely related species because the number of probes retained drops quickly with the
sequence divergence between the species. However, even identical probes could cause apparent consistent expression
differences due to sequence difference in the transcript outside the target region if they affect the secondary structure
of the transcripts. This can also occur when probes designed to fit a transcript in one species fall outside a transcript in
another species owing to differences in polyadenylation, splicing or other effects. Cross-hybridization of probes to
other transcripts that might differ in their expression and sequence between the species can also cause problems. To
overcome them it is helpful to use other filters to detect probes that yield signals that are inconsistent with other probes
that detect the same transcript*’.

A second useful approach uses arrays that contain PCR-amplified cDNA probes for all species analysed?'3°. This
has the advantage that cDNA arrays are considered less susceptible to problems caused by sequence differences
outside the target region. However, their technical noise level is generally larger than standardized oligonucleotide
arrays. It is also difficult, perhaps impossible, to successfully amplify a large proportion of all putative transcripts
from many species, and limiting the arrays to only successful amplification products could result in a biased
selection of transcripts.

Eventually, hybridization-based techniques are likely to become obsolete as they have the drawback that
the absolute number of transcript molecules present in samples cannot be determined. Methods that measure
absolute numbers of molecules such as high-throughput parallel sequencing'® of cDNAs are likely to become the
technique of choice.
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Figure 1| Expression divergence between humans and chimpanzees in different tissues. Bar heights represent
expression divergence between mean expression levels in 6 humans and 5 chimpanzees for all expressed genes (a),
and for genes with the 10% lowest (low) and 10% highest (high) expression variation among the 6 humans (b) (data from
REF. 29). Colours represent different tissues: orange represents brain, yellow represents heart, green represents
kidney, light blue represents liver and dark blue represents testes. Error bars show 95% confidence intervals calculated
by 1,000 bootstraps over all genes expressed in a tissue. As can be seen, the brain shows the least divergence between
humans and chimpanzees, indicating that negative selection has the biggest effect on this tissue. Furthermore, genes
showing low (or high) variation within humans, show low (or high) divergence between humans and chimpanzees, also

indicating that constraints have a large effect on expression evolution.

907 genes expressed in heart muscle were analysed
in fish on the Atlantic coast of North America, most of
the expression variation among populations was found
to reflect variation within populations®. In humans,
genes expressed in the brain that vary more among
individuals tend to differ more in their expression
between humans and chimpanzees (FIC. 1), as well
as between humans and other primates'. The same
holds true for genes expressed in the brains of three
species of mice’.

A further prediction of the neutral theory is that the
extent of overall molecular change is independent of
the extent of phenotypic change. When humans and
chimpanzees are compared, gene expression differs much
less between species in the brain than in the liver, kidneys,
heart or testes® (FIC. 1), contrary to an intuitive expecta-
tion that the function of the brain has changed more
between humans and apes than the function of the other
tissues. Even more counterintuitive is that gene expres-
sion in regions of the cerebral cortex that are involved in
human-specific functions such as speech production do
not differ more between the two species than others that
do not seem to have changed their function, such as the
primary visual cortex*’. However, this is not unexpected
if functional constraint and therefore negative selection
is the primary force determining expression change, as
predicted by the neutral theory. Genes expressed in the
brain might be involved in more functional interactions
than genes expressed in the other organs and would
therefore be under more functional constraints. In fact,
it has been shown in yeast that the expression of genes
that are involved in more interactions evolves slower
than the expression of genes that are involved in fewer
interactions*’.

Of special interest is the comparison of the rates and
mode of evolution of mRNA expression levels and of
the sequences of the proteins encoded by these mRNAs.
If the neutral theory applies at both levels, one might
expect to find parallel patterns of change. Among five

tissues in chimpanzees and humans, the brain has the
lowest divergence at both levels, the heart and kidneys
have diverged more, whereas at both levels the liver
and testes are the most diverged®’. When expression
in entire organisms of two Drosophila species are
compared, a correlation between amino-acid differ-
ences and expression differences similarly exists across
genes?*?. Nuzhdin et al.*® have used this observation
to argue for wide-spread positive selection. Because
amino-acid changes have been inferred to be largely
under positive selection in flies***, these authors con-
cluded that the parallel patterns of variation in expres-
sion and sequence imply that a substantial fraction of
expression divergence is adaptive in flies. However,
such a large extent of positive selection on amino-acid
differences has not been seen in humans', possibly
owing to their smaller effective population size (BOX 1).
A hint at the relative extent of positive selection, nega-
tive selection and neutral fixation comes from genes
that are expressed in multiple tissues in primates. If
positive selection is the main force, the more tissues
a gene is expressed in, the more divergent selection
pressures it will be exposed to, and therefore the more
it will have changed in different tissues. In contrast
to this, it is observed that the more tissues a gene is
expressed in the less it changes between species, and
that these expression changes tend to be similar in the
different tissues. So among humans and apes it seems
that functional constraints that are similar in their
relative magnitude at the levels of mRNA expression
and amino-acid sequence limit the divergence between
primate species and that these constraints are additive
across tissues (FIC. 2).

In conclusion, most studies of gene expression evolu-
tion to date are compatible with the notion that most
expression differences between species are selectively
neutral or nearly neutral. This does not necessarily
mean that the neutral theory represents an ultimately
correct description of the mode of transcriptome
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Figure 2| Negative selection adds up across tissues. Each panel shows several mutations that affect expression
levels of genes only in the liver (a), only in the brain (b), or in the brain, liver and kidneys (c). As there are more
constraints acting in the brain than in the liver, more mutations are weeded out by negative selection in the brain than
in the liver. For genes expressed in several tissues (c) a mutation needs only to be detrimentalin one tissue to be
weeded out by negative selection. Therefore, even more mutations are weeded out by negative selection, leading to
the tendency for genes that are expressed in more tissues to be less diverged between species?. The same scenario
would also apply for mutations that affect the protein sequence of genes'®.

evolution. Current observations can also be explained
by pervasive positive selection and other factors, but
such scenarios are more complex and require different
modes of selection for different observations. As such,
the neutral model is the most parsimonious explanation
of the current data, although comparisons among more
species will be necessary to establish its validity further.
The neutral theory has the extra advantage that it is a
null hypothesis against which observations can be tested
to identify groups of genes or organs in which its predic-
tions are rejected. To date, there are two main areas in
which signs for positive selection on gene expression
in primates are emerging, which we discuss below.

Positive selection in testes

The neutral theory predicts that divergence between
species should be positively correlated with diversity
within species. If positive selection occurs, the ratio of
divergence between species to diversity within species
is expected to increase®. Several groups have suggested
that this expectation could be used to detect positive
selection on gene expression'>?***. However, this ratio
depends on many parameters, such as environmental
influence, demography, mutation rate, divergence time
and selective constraint. If one compares divergence
with diversity ratios for genes or sets of genes, differ-
ences in these parameters need to be considered. When
expression divergence to diversity ratios are compared
across tissues between humans and chimpanzees, they
are about equal in the brain, heart, kidneys and liver, but
roughly threefold higher in the testes®. A possible expla-
nation for this relatively low diversity is that, although
genes expressed in the testes are under little constraint
(which would normally lead to a large diversity),

expression in this tissue is much less influenced by the
environment than expression in other tissues. This
would lead to a lower observed diversity in testes than
in other tissues. But if there is little constraint on the
genes expressed in the testes, we would expect that
the testes also impose little constraint on the expression
levels of these same genes in other tissues. By contrast,
however, the expression levels in somatic tissues of
genes that are also expressed in the testes are more
constrained than those of genes that are not expressed
in the testes®.

A further indication that positively selected gene
expression changes are frequent in the testes is that
an excess of the genes that differ in expression in the
testes between humans and chimpanzees are located
on the X chromosome®. This would be expected for
positively selected changes that are advantageous in
males and genetically recessive, as males carry only one
X chromosome and so experience an immediate pheno-
typic effect of such mutations*. There is also an excess
of amino-acid changes in proteins expressed in the
testes and encoded on the X chromosome®. More work
on modelling gene expression evolution (see below) is
needed to gauge the extent of positive selection in tes-
tes, and comparisons in more tissues and among more
primate species are needed to explore how outstanding
gene expression evolution in the testes in humans and
chimpanzees is. Nevertheless, current observations jus-
tify the hypothesis that positive selection shapes gene
expression patterns considerably more often in the testes
than in other organs.

Several other studies have shown similar indica-
tions for positive selection at the amino-acid sequence
level of genes expressed in the testes. For example, in
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Figure 3 | Hierarchical clustering of expression differences between humans
and chimpanzees in five different tissues. All probe sets differently expressed
between humans and chimpanzees in at least one tissue are shown (data from

REF. 29). Genes inred are more highly expressed in humans than in chimpanzees
and genesin blue represent the reverse. Note that the testes exhibit many more
differences than the other four tissues. Expression profile reproduced from REF. 29
© (2005) American Association for the Advancement of Science.

Sperm competition

The direct competition
between sperm from different
males that occurs when
females copulate with
multiple males.

Meiotic drive

Preferential transmission of
one of two alleles from a
parent to its offspring.

a genome-wide comparison of gene sequences from
humans and chimpanzees, genes that are most highly
expressed in the testes (of 28 tissues analysed) were
most likely to be positively selected at the amino-acid
level*”. Furthermore, genes involved in spermatogenesis
are overrepresented among positively selected genes in
primates*”*® — and potentially also among those that
have been selected between human groups*— as are
genes encoding proteins present in the seminal fluid®.
These evolutionary patterns seem to be common to the
human and the chimpanzee lineages both with respect
to gene expression and amino-acid sequence, indicat-
ing that positive selection influenced the male repro-
ductive system during the evolution of both species. In
fact, positive selection for traits related to reproduction,
and male-specific reproduction in particular, could be
a general phenomena in a wide variety of species® .
The evidence is especially compelling in Drosophila
where — similar to what is found between humans and
chimpanzees — recent studies have shown that genes
with a male-biased expression evolve particularly fast
in terms of protein sequence and gene expression®->°.
Interestingly, however, genes involved in spermatogen-
esis might have evolved even faster during primate
evolution than during rodent or dog evolution'*".

If the fraction of positively selected gene expression
changes is substantially higher in the testes than in most
other tissues, it implies that many genes are regulated
differently in the testes than elsewhere in the body, as
mutations that are beneficial for male reproduction
might be detrimental in other tissues (for examples see
REF. 58). Indeed, it is known that transcriptional regula-
tion, alternative splicing, transcription start-site usage,
translational regulation and several other aspects of gene
expression differ between cells involved in spermatogen-
esis and those in somatic tissues™*. This is supported by
the observation that gene expression in the testes shows
more independent changes between species than in
other tissues®(FIG. 3). In the future, it will be important to
compare various aspects of gene expression in the testes
to other tissues in a systematic and genome-wide way.

What are the selective pressures that might lead to
more positive selection in the testes? Sperm competition
between males is thought to be a primary force for the
rapid evolution of male reproductive traits in general, and
the large differences in testis size among humans
and chimpanzees in particular®. Together with sexual
conflict, it is also thought to cause the rapid evolution
of genes involved in traits such as sperm-egg recogni-
tion or seminal fluid composition®'. However, it is not
immediately obvious why sperm competition should
have such a wide-spread effect on such a variety of
genes expressed in the testes, including genes encoding
proteins that are involved in very basic functions, such
as protamin 1 and 2 (REFS 47,48), especially as multiple
female copulations are not a universal trait among apes®.
Comparisons among more primate species will clarify
how well changes in competition between the sexes, or
in mating systems that would affect sperm competition,
correlate with gene expression changes in the testes.

An alternative and not mutually exclusive factor
that might exert positive selection on gene expression
in the testes is meiotic drive, which would occur if the
fitness of spermatids or spermatozoa were controlled
by their haploid genomes. This could potentially shape
and change fitness landscapes of genes expressed in
the testes. However, although meiotic drive can occur
in mammals®, there are some indications that sperm
phenotype is controlled by the diploid genome®*-¢¢
(for example, through cytoplasmic bridges between
spermatids®”®®) and that more mature spermatids do
not transcribe genes®. Studies of gene expression in
isolated single spermatids would be a first step towards
estimating the potential for meiotic drive in the male
germ line of primates.

Irrespective of whether sperm competition, mei-
otic drive or some other mechanism is at play, male
reproduction in particular is an area where humans
and chimpanzees have accumulated many molecular
differences. In fact, if a certain gene has been positively
selected during primate evolution and is expressed in
the testes as well as other tissues, it might be more likely
that the cause of selection has to do with male repro-
duction than with other functions. This is especially
true if the evidence for selection is not restricted to
a single evolutionary lineage and if immunity-related
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Outgroups

Species that are more
distantly related to two or
more species studied and can
therefore be used to estimate
the ancestral state of a trait
such as nucleotide sequence
or gene expression level.

Linkage disequilibrium
Non-random association of
nucleotide polymorphisms
along the chromosome.
Larger areas of stronger
linkage disequilibrium are
seen around a genetic change
that has been positively
selected in the recent past.

functions seem unlikely. In such cases (for examples
see REFS 69-71), we feel that speculations and pre-
liminary investigations that are aimed at finding the
cause of positive selection should focus on the male
germ line.

Putative positive selection in the human brain
Gene expression in the human brain has attracted par-
ticular interest because many of the phenotypic differ-
ences that set humans apart from other organisms have
a cognitive component. One might therefore expect the
human brain to have diverged more from the brains of
other animals than other organs have diverged from
their homologues. Contrary to this expectation, how-
ever, gene expression in the brain has diverged less than
other organs analysed to date (FIG. 1). Furthermore,
when various regions of the brain are analysed, parts
of the brain that are involved in human-specific traits
such as the production of language — for example,
Broca’s area — have not diverged more in their gene
expression than regions such as the primary visual
cortex, which as far as is known has not changed its
function®. This is in agreement with the neutral theory
that postulates that, overall, the extent of difference
should not reflect the extent of functional difference but
rather the evolutionary time since two organisms or
two tissues diverged (BOX 3).

There is, however, a subtle indication that positive
selection could have affected gene expression in the
brain during recent human evolution. This comes from
the observation that when an outgroup is used to assign
gene expression changes since the common ancestor
to either the human or chimpanzee lineages, the ratio
of change on the human to the chimpanzee lineage is
larger in the brain than in the liver or heart’>”. This
finding is also seen when expression changes are
assigned to lineages on the basis that the magnitude of
expression changes tend to be asymmetrical such that
upregulations are fewer but larger in magnitude. The
species with the skew towards upregulated expression
changes is assumed to be the one that has changed more
since the common ancestor?*”®. So of the relatively few
expression changes that have occurred in the brain, rela-
tively more seem to have happened on the human than
the chimpanzee lineage. It should be noted that this
does not mean that the expression of a large proportion
of genes must have changed more in the human than
the chimpanzee brain. The observed effect can easily be
explained by as few as 10% of all genes’. Therefore, the
accelerated evolution of brain gene expression on
the human lineage is a subtle effect that requires further
investigation. Interestingly, there is some evidence that
genes expressed in the brain might also have changed
more in their amino-acid sequences on the human
than on the chimpanzee lineage®”, although this effect
might be slight?.

If an acceleration of the evolution of brain gene
expression exists, it could either be due to more genes
being positively selected on the human lineage, or a
relaxation of constraints and therefore less negative
selection on genes expressed in the human brain than
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in the chimpanzee brain. The second suggestion might
seem counterintuitive but is a formal possibility that has
to be considered. However, two lines of evidence sug-
gest that it is positive selection that has affected genes
expressed in the human brain. The first observation is
that the vast majority of regulatory changes on the human
lineage have led to an increase in expression level>~>.
This is not easily compatible with a model in which
the intensity of negative selection has been reduced in
humans as that should not lead to a directional change
of expression levels. It remains possible, however, that
this effect is due to upregulations being larger in magni-
tude than downregulations, and therefore more readily
detectable. Future work should clarify this.

The second observation is that when gene expression
changes in the brain, heart, kidneys and liver of humans
and chimpanzees are assigned to the lineages using
outgroup species, it is only in the brain that groups of
functionally related genes that changed their expression
more on the human lineage are associated with larger
areas of linkage disequilibrium in three human popula-
tions; Africans, Chinese and Europeans’. Increased
levels of linkage disequilibrium are an indirect indicator
of positive selection. As alternative explanations would
need to account for the fact that this effect is seen in
brain but not in three other tissues, positive selection
seems likely.

It is tantalizing that linkage disequilibrium is a tran-
sitory sign of positive selection and is unlikely to be
detected if the selective events are more than 200,000
years old”. It is also interesting that the groups of
genes in this analysis that have the highest signals
of selection and of human expression change tend to
be involved in energy production and are more highly
expressed in human brains than in chimpanzee brains.
Therefore, at least some of the events that affected
the human brain could be recent, and could involve
upregulations of energy metabolism.

Future directions

It is obvious that our understanding of the evolution
of gene expression is rudimentary compared with our
understanding of the evolution of gene sequences.
One reason for this is that the expression of a gene is
a dynamic and continuous variable that changes with
developmental and physiological states. Current tech-
nologies can capture this only in a very crude way at
best, especially in humans and apes where one is largely
limited to the study of individuals that have died of nat-
ural causes. Another difficulty is that current methods
of analysing organs and tissues rely largely on samples
that represent an average of millions of cells of several
types, removed from an organ of a dead individual.
Hopefully, novel technologies will address these issues.
For example, laser capture microdissection of small
numbers of cells of one type can be used for analyses
of gene expression®”®'. Such techniques should soon
be developed for application to needle biopsies from
healthy living individuals. This would greatly advance
our understanding of gene expression in health, disease
and evolution.
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Another fundamental limitation to our current
understanding of gene expression evolution, and there-
fore our ability to identify positive selection in the evo-
lutionary past, is the absence of an adequate model of
gene expression evolution. Several studies have made a
start at this***>*””> and, as discussed above, the neutral
theory is, in our view, a logical starting place. However,
many important parameters that are necessary to build
arealistic model remain to be elucidated. They include
basic parameters such as estimates of the relative pro-
portions of cis- and trans-regulatory changes, and of
the rate and mode of the changes in expression that
underlie the differences observed within and between
species. The extent to which regulatory changes ‘spill
over’ to cell types and tissues where they have no func-
tional role and where the transcript might not even be
translated is another unknown factor®2. Much greater
mechanistic knowledge of gene expression evolution is
required to develop realistic evolutionary models that
allow the identification of adaptive regulatory changes.
This remains an immense challenge, but approaches
such as the mapping of expression differences by link-
age analysis in pedigrees of humans and laboratory
animals (for examples see REF. 83) promise progress.

Box 3| The evolution of distinct tissue expression patterns

In addition to understanding the patterns of gene expression changes within tissues,
itis instructive to understand how differences between tissues evolve over time. Two
studies looked at gene expression in a large set of tissues in humans and mice3*%.
Only very few genes were found to be expressed exclusively in a single tissue — with
the testes having most tissue-specific genes. At the other extreme, the studies found
that only 3-6% of genes were expressed in all tissues. Using species comparisons, we
can try to understand how these differences in expression have evolved over time.
Khaitovich et al. observed a very slow accumulation of differences between tissues
over time*. Indeed, distinct cortical regions involved in different cognitive functions,
such as Broca’s area, its mirror area from the right hemisphere, the dorsolateral
prefrontal cortex, and the pre-motor cortex have statistically indistinguishable
expression patterns in the human brain (P.K., unpublished observations).
Correspondingly, all these brain regions show the same expression differences
between humans and chimpanzees.

We currently have little understanding of how expression differences between two
tissues are created, but variation in tissue-specific expression patterns within a species
can be substantial'®. Both tissues always share the same genotype, and therefore the
process seems to be different from the process that creates expression differences
between two species — each of which has a different genome. However, we can ask
whether most of the differences that accumulate between tissues fix in a species
through random drift, or whether most of them fix owing to positive selection. Again,
there will be mutations that will not be observed, because they are weeded out by
negative selection. Within human, chimpanzee and mouse brains, differences
between various brain regions accumulate proportionally to the time since the last
common ancestor in which the regions were not diverged®. This could be because
differences between tissues accumulate through drift, and are monotonic with time
for that reason. Or it could be that differences accumulate through a selection process
on function, but that this process sometimes creates a monotonic increase with time,
and that this was the case in the brain. It could also be that differences between tissues
are monotonic in ontological time, but that that process is often aligned with, or
recapitulates, evolutionary time. Yanai et. al explored different explanations for these
phenomena®. Further studies will need to resolve these possibilities. Irrespective of
which of these possibilities hold true, if differences in expression between tissues
increase with time since the last common ancestor in which the tissues had not
diverged, then large-scale expression measurements can provide a new tool to
reconstruct the evolutionary history of the differentiation of tissues.

A Human Transcriptome Project?

In spite of the shortcomings inherent to current technolo-
gies, reliable estimates of gene expression for all human
transcripts, including independent measurements
of transcript isoforms, can be obtained using established
microarray technologies. However, although expression
data collected from many different human and mouse
tissues from a limited number of individuals®** have
yielded interesting results (BOX 3), no organized effort
exists for the collection of human expression phenotypes
from many individuals. Because the phenotypic changes
observed in complex human disorders and normal
human phenotypes are likely to be caused by an inter-
play of both structural and regulatory factors, a combined
analysis of gene expression and genome variation within
and between species would be immensely valuable.
The genome sequencing projects and the International
HapMap Project® that studies genomic variation among
humans have shown how successful large collaborative
projects using standardized technology platforms can
be. An organized effort to study gene expression levels
in large numbers of human individuals, in conjunction
with genome variation in the same individuals, would
substantially enhance the value of the HapMap project.
Therefore, we call for a ‘Human Transcriptome Project’
that is dedicated to the collection of gene expression data
in combination with nucleotide variation among humans
as well as in a few related primate species where genome
sequences have been generated.

Conclusions

Ever since it was first suggested more than 30 years ago’,
the question of whether regulatory protein changes are
more important than structural ones for the human
phenotype has often been discussed. In light of the paral-
lel patterns of evolution of protein sequences and gene
expression levels®, this question seems to be a fruitless
one. When there is positive selection for novel functions in
an organ system, both structural changes and expression
changes will occur to bring about a change in phenotype.
This is intuitive; for example, increased enzymatic activity
in a tissue can occur through increased expression of the
relevant enzyme or by structural changes that increase
enzyme activity. Often, both things will happen. It is there-
fore likely that both regulatory and structural changes are
responsible for the emergence of the human phenotype.
It should be noted that the strong genome-wide effects
of positive selection that have been detected in primates
— for example, for genes expressed in the testes or in
the immune system — are not specific to the human
lineage, but rather common to primates or probably even
mammals, and are therefore informative about general
evolutionary patterns. The only genome-wide feature
specific to humans so far detected is the acceleration of
evolution of genes expressed in the brain, but this is a
relatively weak effect. To identify the specific regulatory
or structural changes responsible for human-specific fea-
tures, genome-wide surveys of gene expression and gene
sequences are exciting and necessary starting points that,
when successful, will generate hypotheses that must then
be tested in cell culture or animal models.
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