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Changes in genetic regulation contribute to adaptations
in natural populations and influence susceptibility to
human diseases. Despite their potential phenotypic
importance, the selective pressures acting on regulatory
processes in general and gene expression levels in
particular are largely unknown. Studies in model
organisms suggest that the expression levels of most
genes evolve under stabilizing selection, although a few
are consistent with adaptive evolution. However, it has
been proposed that gene expression levels in primates
evolve largely in the absence of selective constraints. In
this article, we discuss the microarray-based obser-
vations that led to these disparate interpretations. We
conclude that in both primates and model organisms,
stabilizing selection is likely to be the dominant mode of
gene expression evolution. An important implication is
that mutations affecting gene expression will often be
deleterious and might underlie many human diseases.

Introduction

Differences in gene regulation are likely to have an
important role in phenotypic variation within and
between species [1-3]. Accumulating evidence suggests
that regulatory changes contribute to many adaptations in
natural populations and influence the susceptibility to
several human diseases [4,5]. Despite the potential
phenotypic importance of regulatory variation, until
recently little was known about the different selective
pressures acting on regulatory patterns.

A better understanding of the forces influencing gene
regulation is not only of interest in an evolutionary context
but also promises to shed light on the contribution of
regulatory region variation to human diseases [6]. To date,
the main focus of disease susceptibility studies has been on
coding regions, whereas mutations in regulatory sequences
are relatively neglected [7]. If most regulatory changes are
effectively neutral (i.e. do not affect fitness), mutations in
regulatory regions are unlikely to contribute to disease and
can be safely ignored. However, if most changes in gene
regulation are selected against, it is reasonable to assume
that these mutations underlie several disease phenotypes
and should be studied more intensively.

One approach to studying the evolutionary forces that
shape gene regulation is to start at the DNA level and
examine how regulatory sequences evolve [6,8]. Using
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sequence variation data, population genetic tools can be
used to infer the action of both purifying (negative) as well
as directional (positive) selection [9,10]. However, unlike
coding regions, regulatory sequences are difficult to
identify [11,12] and therefore their sequence variation is
difficult to characterize. Although the rates of evolution of
protein sequences have clear implications for protein
function [10], the link between sequence variation and
gene regulation is less clear. Indeed, in certain cases, gene
regulation can be conserved even when the regulatory
sequences have changed [13-15].

An alternative approach is to start at the phenotypic
level and analyze variation in patterns of gene expression.
The challenge is then to use comparisons of variation
within and between populations to distinguish between
neutral changes in gene expression and patterns that are
consistent with natural selection [16].

Inferring the mode of gene expression evolution

How can one distinguish between different modes of gene
expression evolution? One approach is to search for
departures from a neutral model. In the gene expression
literature, this has often been taken to refer to examples in
which mutations have no fitness consequences, so that
their evolution is governed entirely by genetic drift. By
contrast, Kimura’s original formulation of the ‘neutral
theory’, allows a subset of alleles to be too strongly
deleterious to either segregate within a population or
reach fixation. However, alleles that reach appreciable
enough frequency within a population to be sampled or are
fixed between species are selectively neutral [17,18]. Under
Kimura’s formulation of the neutral model, both the levels
of polymorphism (i.e. differences within a population) and
divergence (i.e. differences between populations) are
simple functions of the mutation rate [19]. Therefore, the
ratio of polymorphism to divergence should be the same
across neutral loci, a prediction that forms the basis of a
common test of neutrality using DNA sequences [20].

One alternative to Kimura’s neutral theory, referred to
as ‘the nearly neutral theory’, is that a large proportion of
mutations are slightly deleterious and have selection
coefficients on the order of the reciprocal of the effective
population size [18,21]. Slightly deleterious mutations
contribute to polymorphism seen within a sample but
tend to be at low frequencies, and rarely reach fixation [22].
In this case, the ratio of polymorphism to divergence is
expected to be greater than under the neutral theory.
By contrast, if most mutations in a locus are beneficial (i.e.
evolving under positive selection), they will be more likely
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to reach fixation than under the neutral or nearly neutral
theories. Thus, the ratio of polymorphism to divergence
will be less than expected under the neutral or the nearly
neutral models.

In the example of a quantitative phenotype, such as
gene expression level, evolutionary constraint is likely to
take the form of stabilizing selection, which maintains a
constant mean and reduces the variance of the trait
[16,23]. When a gene expression profile is under strong
evolutionary constraint, mutations that lead to marked
departures from this profile will be eliminated from the
population. This selection pressure will maintain the
same mean and a low variance of gene expression both
within and between populations. By contrast, if depar-
tures from a certain gene expression profile are weakly
deleterious (i.e. nearly neutral), alleles that lead to them
can persist within populations but will only rarely reach
fixation. Thus, the within population variance will
increase, but the mean will remain similar. As a result,
the between population variance will be less than that
expected under the neutral theory [21]. Finally, the
fixation of mutations that lead to a beneficial change in
expression profiles will lead to a difference in the mean
expression level between populations.

Thus, different models of selection on gene expression
make distinct predictions. If changes in gene expression
profiles do not affect the fitness of an individual,
segregating variation will only be affected by stochastic
processes. As a result, the gene expression evolution will
reflect the mutational input. Under the assumption that
there is no non-genetic component to expression variation,
the increase in the variance between populations (fixed
differences) will be proportional to the within population
variance (segregating changes). Hence, in principle,
neutral divergence can be predicted based on levels of
segregating genetic variation, the effective population size
and the number of generations separating populations
[16,24]. If the observed divergence is less than this
estimate, it suggests that stabilizing selection prevented
segregating variation from reaching fixation. Conversely,
if divergence is greater than the estimate based on
segregating variation, disruptive (or differential) selection
might have caused a shift in the mean level of the
quantitative trait [25].

Testing these predictions with expression data is
challenging. In particular, it requires the partition of the
observed variation in a quantitative trait (such as gene
expression) into its genetic and non-genetic (e.g. environ-
mental and genetic—environment interaction) com-
ponents. In model organisms, minimizing the difference
in environment between samples helps to reduce the
environmental variance. In other species, for example,
primate species, it is nearly impossible to obtain accurate
estimates of the purely genetic variance, making it
difficult to reach reliable conclusions regarding the
selection pressures acting on gene expression. Further-
more, stabilizing selection and neutrality are not exclusive
processes. Traits can fluctuate without constraints within
bounds set by stabilizing selection [26,27]. In the next
sections, we discuss recent empirical work on measuring
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the impact of the different evolutionary forces potentially
acting on gene expression.

Natural selection on gene expression

Several recent studies have focused on investigating the
selection pressures acting on gene regulation. In the first
study to investigate natural variation in gene expression,
Oleksiak et al. [28] compared the specific mRNA abun-
dances of heart ventricles of 18 individual post-reproduc-
tive males in three populations: two of Funduls heteroclitus
(a saltwater fish) and one of its close relative, Funduls
grandis. An ANOVA model was used to compare the
variance within populations with the variance between
populations in gene expression. Despite low migration
rates between the two conspecific populations and across
the species boundary, <3% of the 907 genes they surveyed
varied significantly between populations, whereas an order
of magnitude more genes varied significantly between
individuals within populations. As a result, there was little
evidence of population structure at the genome-wide
expression level. In addition, patterns of variation between
populations were inconsistent with the neutral prediction
that phenotypic divergence should scale with genetic
distance. Instead, gene expression profiles were more
similar for the southern F. heteroclitus and F. grandis
populations, suggesting that adaptation to different
temperatures, rather than drift, drove the differentiation,
a pattern that is consistent with sequence data.

Rifkin et al. [29] took a more explicit quantitative genetic
approach in a study of gene expression variation during
Drosophila metamorphosis. They measured average levels
of gene expression in four strains of cosmopolitan Droso-
phila melanogaster and one strain each of D. simulans, and
D. yakuba, at the start of metamorphosis. At that time,
appropriate estimates were not available to parameterize a
null neutral model for gene expression [23]. Instead, to
understand the selection pressures driving gene expression
evolution, they classified genes into three groups based on
comparisons of within-species variation with between-
species variation. To identify genes with similar expression
levels across all six species and strains (i.e. the entire
clade), they tested whether expression values in the six
samples were statistically indistinguishable from each
other given the measurement error of the experiment.
Using only the genes rejected by this test, they proceeded to
identify genes with similar (i.e. statistically indistinguish-
able) expression levels between the D. melanogaster strains
but different levels between species. Finally, having
removed genes with little variation both within D.
melanogaster and within the entire clade, they compared
patterns of variation within species with the variation
between species to identify genes for which a neutral model
could not be rejected (Box 1). Based on this series of tests,
they could not reject the overall low variation for 44% of the
expressed genes, could not reject the species-specific gene
expression patterns for 39% of the genes and could not
reject a model consistent with neutrality for the remaining
17% of genes. They interpreted these results to indicate a
dominant signature for stabilizing selection in gene
expression evolution with smaller, but important, roles
for directional selection and neutral evolution, respectively.
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Box 1. Inferring the mode of gene expression evolution

The neutral theory of molecular evolution provides a model that
describes the expected patterns of nucleotide diversity when
mutations do not affect fitness and hence are not subjected to natural
selection [18]. Analogous models have been developed for the
evolution of quantitative traits that are solely caused by mutation
and drift [16,23,43].

Lynch and Hill [23] developed a model to predict the within and
between population variance in a quantitative trait under several
breeding schemes, with additive and dominant mutations, different
population sizes and recombination rates. They assumed small
populations, so that a maximum of two alleles would be segregating
at any locus at a given time. They concluded that, for all the conditions
they investigated, the rate of increase in between-line variance per
generation is 2V,,,, where V, is the mutational variance (the increase in
variance per generation in a trait that is solely a result of mutation) and
the equilibrium level of within-population segregating genetic
variance is between 2V, N, and 4V.,,N. (where N, is the effective
population size). The exact value depends on the breeding system,

In contrast to Rifkin et al., Lemos et al. [30] explicitly
tested a null neutral model of gene expression evolution by
making two key assumptions about variance in gene
expression. First, they used estimates of mutational
variance in other quantitative traits as a measure of the
mutational variance that might be affecting gene
expression. Second, following Lynch [24], they assumed
that environmental variance was half the within-popu-
lation variance (i.e. that broad-sense heritability of gene
expression patterns was at most 50%). Using these
estimates, and based on the neutral model of Lynch and
Hill [23], they calculated the minimal and maximal rates of
gene expression diversification that would be consistent
with neutrality (i.e. evolution without constraint). Then
they proceeded to analyze published inter-species gene
expression data sets from mice, Drosophila and apes. They
estimated the rates of diversification in gene expression in
each study by scaling between species variance by the
product of within species variance and time. Gene
expression diversification rates outside the neutral inter-
val were interpreted as signatures of stabilizing selection
(if the diversification rate were lower) or directional
selection (if the diversification rate were greater).

Lemos et al. [30] found that the vast majority genes in
all data sets exhibited far less between species variation
than expected under a neutral model. They interpreted
this to be the result of stabilizing selection acting on
within-species gene expression. Lemos et al. [30] esti-
mated that even if the mutational input to gene expression
were two orders of magnitude lower than they had
assumed, levels of between population differentiations in
gene expression would still be inconsistent with
neutrality. Only in comparisons between mouse labora-
tory strains did an appreciable number of genes evolve in a
manner consistent with neutrality.

Measuring the mutational input

As discussed earlier, mutational variance is a key
parameter in quantitative genetic models. For model
organismes, it can be estimated by measuring the variance
of a phenotypic trait among a set of initially homogeneous
lines maintained with minimally sized populations for
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map distance between loci and degree of dominance of new
mutations [23].

Mutational variance is a cumbersome parameter to measure even in
model organisms and effectively impossible for many others. To
circumvent this, Lynch [24] constructed a neutral null model for
phenotypic evolution based on within and between population variance
by making the assumptions (based on general estimates for several
quantitative traits) that 10~%V,<V,,<10~2?V, and that V,,/2<V, (where
V. is the environmental variance and V,, is the phenotypic variance
within the population). In their reanalysis of gene expression data,
Lemos et al. [30] used these assumptions to make the case that variation
between species was much lessthan the neutral expectation. Rifkin et al.,
[32] showed that V,,, averaged ~107°V, for gene expression.

Recently, quantitative genetic models that feature epistasis were
developed (e.g. Refs [44,45]). Because expression levels vary with
genetic background, this work might lead to better expectations for the
relationship between mutational, segregating and between popu-
lation variance in gene expression.

many generations. Natural selection is at its weakest
under such conditions, because there is rapid genetic drift
in such small populations. In an extreme example, when a
single, randomly chosen individual propagates each line,
the only mutations that can be selected against are those
that either kill the organism before reproduction or
eliminate fertility completely. Instead, most mutations
will be effectively neutral and will either quickly drift to
fixation or be lost. As different lines fix different random
mutations, the lines will drift apart. Variation between
lines can then be used to estimate the mutational variance.

Using this scheme, Denver et al. [31] measured the rates
of gene expression diversification within a set of four
Caenorhabditis elegans mutation accumulation lines,
where each generation was propagated from a single
female. They compared the variance in gene expression
among these lines with the variance in gene expression
among five genotypically divergent natural isolates. They
found the greatest ratios of intra-specific to mutational
variances to be approximately one-tenth of the expectation
in the absence of constraint — consistent with a strong role
for stabilizing selection in limiting gene expression
divergence in C. elegans.

In a similar study, Rifkin et al. [32] measured mutational
variance for gene expression in 12 lines of D. melanogaster
at the beginning of metamorphosis. They conservatively
estimated the mutational variance for gene expression to
be on the order of 107°V, (V, is the environmental
variance). Based on this value, the neutral model of
Lynch and Hill [23] predicts that gene expression
differences among D. melanogaster, D. simulans and
D. yakuba should be one or two orders of magnitude
greater than the difference observed [29] (Figure 1).
Consequently, Rifkin et al., [32] also concluded that
stabilizing selection places severe limits on gene
expression divergence. For organisms where mutational
variance has not been or cannot be estimated, 107°V,
would be a reasonable value to use to parameterize neutral
models of gene expression evolution. However, for any
particular gene this could be incorrect by several orders of
magnitude [32].
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Figure 1. The estimated variation in gene expression levels is far less than the
neutral expectation. Squared mean differences in gene expression levels between
Drosophila melanogaster and Drosophila simulans were estimated from data in
Refs [29,32] and corrected for any bias as a result of small and unequal sample
sizes, assuming that the estimated within species variance from the D.
melanogaster strains is a good estimate for both species. For the 1132 genes
with positive estimates of divergence after the bias correction, we divided the
estimate by the expected squared difference based on the mutational variance and
a neutral model (Box 1).

Gene expression in apes

Understanding phenotypic evolution in primates is more
difficult than in model organisms because key experi-
ments often cannot be performed to distinguish between
competing hypotheses or to estimate important par-
ameters. Moreover, material is often scarce, leading to
largely unknown and uncontrolled environmental var-
iance between samples. These limitations are particularly
problematic for dynamic, environmentally sensitive traits
like gene expression. Nevertheless, several studies have
used microarrays to study the evolution of gene expression
in primates, with somewhat conflicting conclusions
[30,33-38].

The early studies that compared gene expression
within and between primates concluded that gene
expression patterns in the human brain, but not in the
liver, were consistent with adaptive evolution [33,34]. By
contrast, a meta-analysis of the same data [33] suggested
that a greater number of genes showed significantly
changed expression in the human liver compared with
those in brain [39]. Furthermore, based on a comparison of
variance within species with variance between species,
Hsieh et al. [39] suggested that most changes in gene
expression (in liver and brain) are not adaptive.

Using a comparison of variance within and between
species, Khaitovich et al. [38] measured gene expression in
brain samples from six humans, three chimpanzees, one
orang-utan and one rhesus macaque. They observed a
linear relationship between the mean squared difference in
expression levels and divergence time between species, and
a correlation in gene expression variation within and
between species. Under certain assumptions, these obser-
vations are consistent with lack of evolutionary constraint
on gene expression and this is how they have been
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Box 2. Challenges in modeling the evolution of gene
expression levels

The prediction of a linear trend of diversity with time arises from
neutral evolutionary models with a stochastic basis [46,47].
However, these models might not be the most appropriate
descriptions of gene expression evolution. In particular, boundaries
in gene expression exist at both ends of the spectrum owing to both
biological and technical factors. At the low end, expression cannot
go below zero and detection will only become significant above the
background at greater expression levels (the magnitude of which is
dependent on the physical and chemical aspects of the assay in
addition to capturing the data accurately [48]). At the high end,
energetic costs of transcription and physical limitations of the
transcriptional machinery might put a limit on gene expression
levels. In addition, saturation of RNA binding to microarray probes
limits the levels of expression that can be detected [49]. Therefore,
the unconstrained limits in neutral models are probably not realistic
when considering gene expression measures, particularly if the
mutational input is on the scale of the boundaries in gene
expression. Placing boundaries on expression levels effectively
reduces the range of possible differences observed between species
particularly for transcripts at either high or low concentrations [32]. It
will have a greater effect for more-divergent species, because
differences have had more time to accumulate. In addition, different
genes are expected to have distinct boundaries, leading to variation
in divergence across specific genes [26,27]. Therefore, to study the
evolution of gene expression rigorously, neutral models need to be
constructed that include the effect of the boundaries on gene
expression levels [50].

interpreted (Box 2). However, because Khaitovich et al.
[38] hybridized non-human primate RNA to microarrays
containing only human DNA, their findings might have
been confounded by the hybridization of mismatched
sequences [34,37,40]. Sequence mismatches attenuate
hybridization [40,41], and the greater the divergence
between species, the larger the effect on hybridization.
Because global normalization can only correct for the mean
attenuation of the signal caused by sequence mismatches
(Box 3), the apparent increase of expression divergence

Box 3. Normalization cannot correct sequence mismatches

Normalization of microarray data is crucial to remove systematic
non-biological effects in any expression study. Interspecies compari-
sons are particularly susceptible to normalization strategies because
systematic effects between species dominate hybridization and are
difficult to distinguish from biological variation in transcript
abundance. Normalization between arrays is usually achieved by
shifting and rescaling the probe intensities to correct for overall
variation that might be introduced during preparation of the target
RNA, the manufacture of the arrays or the processing of the arrays
(e.g. scanning) [51,52]. In its simplest form, normalization is
performed by scaling the average expression level of each array to
the same value. However, the simple normalization does not adjust
for examples where there are non-linear relationships between
arrays. More-complex methods such as quantile normalization have
been successfully introduced to account for non-linear effects [51].

Normalization methods transform probe intensities (e.g. so that
the intensity distribution of each array is the same) or log-ratios (e.g.
to balance dye effects in two color arrays). However, normalization
preserves the order of gene intensities within an array relative to
each other. This implies that, for interspecies comparisons using a
single-species microarray, normalization corrects for average
reductions in hybridization efficiencies as a result of sequence
mismatches but the reordering of gene intensities that occurs as a
result of differing levels of hybridization affinities between probes
and RNA from different species will be maintained.
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Figure 2. An illustration of the bias in divergence estimates. Here the divergence,
calculated as the squared difference between two means, is plotted against
evolutionary time. However, in this example the true divergence between species is
zero. The differences between species come from bias associated with calculating
the squared difference between samples of different size (six humans, three
chimpanzees, one orang-utan and one rhesus macaque), following the sampling
scheme used in Ref. [38]. Two examples are shown, one with high within species
variance (open circles) and one with low within species variance (black circles).

with time can be driven by an increasing variance of the
sequence mismatch effect between species. In addition,
regardless of the evolutionary scenario, the squared
difference between the means of two samples will be biased
by an amount that is proportional to the sampling variance.
Hence, their progressively smaller sample sizes will lead to
estimates of squared differences between species that are
increasingly biased upwards, even in the absence of
divergence in expression levels (Figure 2).

To address these issues empirically, Gilad et al. [42] used
multi-species arrays to correct for the effects of sequence
mismatches between species and a balanced design to
equalize the sampling variance for each species. They did
not find a linear trend of divergence with time for primate
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Figure 3. Gene expression divergence between primates. The mean squared
expression difference among human, chimpanzee, orang-utan and rhesus
macaque is plotted against divergence time (from data of Ref. [42]). The data
points in black represent the comparisons involving humans; those in red represent
the comparison involving chimpanzees; those in green represent the comparison of
orang-utan with rhesus macaque. The vertical error bars indicate 95% confidence
intervals calculated by 10 000 bootstraps over genes. Abbreviation: My, million
years.
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livers (Figure 3). Instead, for most genes, there was little
evidence for a change in expression levels across the four
primates, consistent with widespread stabilizing selection.
Similarly, Khaitovich et al. [35] found that expression
divergence between human and chimpanzee was lower for
genes that are expressed in multiple tissues compared with
genes that are expressed in only one or a few tissues. They
interpreted this to be evidence that negative (stabilizing)
selection has a role in the evolution of gene expression.

Concluding remarks

The effective population size of primates is smaller than
that of many model organisms, rendering selection less
effective. Hence, as long as the selection coefficients
associated with gene expression changes are small, one
might expect that the expression levels of many primate
genes evolve solely under the influence of genetic drift.
However, the current evidence in primates is consistent
with widespread stabilizing selection on gene expression,
as found in model organisms. This finding suggests that
changes in gene expression are frequently deleterious and
thus many mutations affecting gene expression might
contribute to disease susceptibility. An important chal-
lenge is to identify the subset of genes in which regulation
is most tightly constrained, and the set of genes in which
regulation has evolved under adaptive pressures [6].
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