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Transcriptional regulation and the evolution of development

GREGORY A. WRAY*
Department of Biology, Duke University, Durham, North Carolina, USA

ABSTRACT A growing body of evidence suggests that changes in transcriptional regulation form
an important part of the genetic basis for the evolution of development. At a microevolutionary
level, all the necessary conditions are present: populations harbor abundant genetic variation for
differencesintranscription profiles, a substantial fraction of these variants caninfluence organismal
phenotype, and some variants have fitness consequences and are subject to natural selection. At
a macroevolutionary level, the evidence is less direct but strongly suggestive: specific differences
in anatomy and gene expression are often correlated, while comparisons of transcription profiles
among distantly related taxa point to extensive evolutionary changes in regulatory gene networks.
Understanding how transcriptional regulatory systems evolve, and what contributions these
changes have made to the evolution of phenotype, represents a major challenge for Evo-Devo.
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Introduction

One of the central goals of evolutionary developmental biology is
to understand how developmental mechanisms are modified by
mutation and selection so as to change anatomy and other interest-
ing aspects of organismal phenotype (Raff 1996; Carroll eta/, 2001;
Wilkins 2002; West-Eberhard 2003). This is a daunting task. Ge-
nomes are enormous relative to the size of a typical mutation, most
traits are polygenic, most mutationsin locirelevant to a trait of interest
are phenotypically neutral or unrelated to the trait of interest, most
aspects of phenotype are influenced by the environment, and genetic
changes accumulate over extended intervals of time. For these
reasons, reconstructing the exact sequence of events that lead to a
complex change in phenotype presents a significant challenge.
Ideally, one would like to identify the full complement of relevant
mutations, the changes in developmental mechanisms they pro-
duced, the evolutionary mechanisms that fixed these variants, and
the order in which these events happened.

Anincreasingly powerful set of approaches can be appliedto the
first two goals, namely identifying the genetic and developmental
bases for a change in phenotype. Quantitative genetics, genetic
screens, microarray analyses, and other methods provide power-
ful approaches to identifying contributing loci; sequence compari-
sons can reveal candidate polymorphisms; and functional tests,
such as RNAi and homologous recombination, allow the precise
genetic basis to be distinguished from irrelevant differences. None
of this is technically simple, but it is possible. Just as importantly,
from an evolutionary perspective, these approaches are becoming
feasible outside the handful of major model systems.

Cases where a detailed understanding exists of the genetic
basis for interesting, real-world phenotypic differences are begin-
ning to accumulate, and already some interesting trends are
evident. One of the most striking is that a large fraction of cases
involves changes in transcriptional regulation. In some instances,
the genetic difference alters the sequence of a protein that regu-
lates transcription (e.g., Ting eza/, 1998; Ronshaugen eta/., 2002;
Enard efa/, 2002b), butin many cases the relevant differences lie
outside coding sequences and instead influence the interaction of
transcription factors with promoter regions (e.g., Crawford et a/,
1999; Wang ez a/, 1999; Hamblin and Di Rienzo 2000). Evidence
from a variety of sources indicates that modifications in transcrip-
tional regulation comprise a qualitatively and quantitatively impor-
tant part of the genetic basis for the evolution of diverse aspects of
organismal phenotype (reviewed in Wray et a/., 2003).

This review considers how changes in transcriptional regulation
arise, are affected by natural selection, and alter organismal
phenotype. The focus is on populations and closely related spe-
cies, where genetic differences and evolutionary mechanisms can
be studied with greater precision, but the review ends by consider-
ing the long-term imprint that changes in transcriptional regulation
have left on the evolution of developmental mechanisms.

Gene expression and developmental evolution

Developmental processes are regulated by extensive genetic
interactions, many of which occur through protein:DNA and
protein:protein interactions during transcriptional regulation. The
evolution of transcriptional regulationis not nearly as well understood
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as the evolution of protein function (Li 1997; Wray e a/, 2003).
Nonetheless, several lines of evidence indicate that changes in
transcriptional regulation constitute an important component of the
genetic basis for the evolution of development.

Mutations affecting developmental gene expression

Genetic screens for mutations that affect developmental pro-
cesses often map to loci that encode transcription factors. The
function of these proteins is to regulate transcription at many loci
(Latchman 1998). Many hundreds of mutations in transcription
factors are known that disrupt developmental processes, and involve
virtually every family of transcription factor known (Cooper 1999;
Davidson 2001; Wilkins 2002). The induced mutations that emerge
from genetic screens are probably not generally representative of
genetic variation segregating in natural populations, however, be-
cause their phenotypic consequences are typically dramatic and
unlikely to prove successful in the wild. However, natural variation in
the sequence of transcription factors can have phenotypic conse-
guences and some polymorphisms are known that affect the expres-
sion of specific downstream target genes (e.g., Brickman ef a/,
2001). Interspecific differences in the structure and function of
transcription factors can also contribute to important phenotypic
differences between species (e.g., Enard ef a/,, 2002b; Galant and
Carroll 2002; Ronshaugen et a/, 2002).

Some mutants that emerge from genetic screens lie within ¢/s
regulatory sequences rather than coding sequences, and disrupt or
alter transcription of a nearby locus. Although the majority of well-
studied induced mutations reside in coding rather than regulatory
sequences, this may not represent their relative frequency or evolu-
tionary importance. Developmental geneticists typically focus on
mutations of large effect, while polymorphisms segregating in natural
populations typically have more subtle phenotypic consequences.
Many naturally occurring differencesin ¢/s-regulatory sequences are
known that produce functionally important differences in organismal
phenotype. Examples include polymorphisms or fixed differences
that affect anatomy (Stern 1998; Wang ef a/, 1999; Robin ef al,
2002), physiology (Segal eral, 1999; Lerman et al, 2003), behavior
(Trefilov e a/, 2000; Fang ef al,, 2002), host-pathogen interactions
(Hamblin and Di Rienzo 2000; Bamshad et a/, 2002), and life history
(Allendorf er a/, 1983; Streelman and Kocher 2002).

Interspecific differences in gene expression

Surveys of developmental gene expression among relatively
close species often turn up differences in the timing, location, level,
sex-specificity, inducibility, and other aspects of transcription (e.g.,
Paigen 1989; Wray and McClay 1989; Schiff ef a/, 1992; Kissinger
and Raff 1998; Kopp et a/, 2000; Brunetti ez a/,, 2001). Few studies
have systematically surveyed gene expression within a clade in an
attempt to estimate the frequency of changes in these components
of transcription profiles among species. Many examples are known,
however, suggesting that interspecific differences in developmental
gene expression are notrare (Wilkins 2002; Wray eta/, 2003). These
evolutionary differences are evident throughout development and
affect the expression of genes encoding proteins of diverse func-
tions.

Some interspecific differences in the expression of transcription
factors indicate dramatic changes in the regulation of gene expres-
sion. For instance, well-characterized developmental roles for even-
skipped, sex-lethal, and bicoid proteins in Drosgp/iia are absent in
some other insects, and apparently represent evolutionarily derived

regulatory functions (Patel efa/, 1992; Meise ez al., 1998; Stauber e
al, 1999). Conversely, some transcription factors have lost ancient
regulatory functions. For example, zen and bicoid proteins derive
from Hoxcluster genes but have lost a segmental patterning function
(Falciani et al, 1996; Stauber et a/, 1999). These gains and losses
of major developmental roles for transcription factors must have
required many evolutionary changes in target gene interactions.

Other interspecific differences in gene expression correlate with
specific phenotypic differences. For instance, the spatial extent of
Hox gene expression matches the anatomical differences among
vertebrae in tetrapods (Burke ef a/, 1995) and among segments in
crustaceans (Averof and Patel 1997). More fine-scale differences in
gene expression domains correlate with the distribution of bristles in
flies (Stern 1998) and with pigment in butterfly wings (Brunetti ez a/,
2001). Although these cases are correlations, not demonstrations of
a causal relationship, they identify specific changes in gene expres-
sion that can be tested for a direct role in a particular phenotypic
change. A growing number of such cases provide strong evidence
that changes in gene expression have played an important role in
anatomical diversification (Carroll ef a/, 2001; Davidson 2001;
Wilkins 2002).

Gains and losses of transcription factors

The array of genes encoding transcription factors within the
genome has changed dramatically during the diversification animals.
Prior to whole-genome sequencing projects, the best-known case
involved the four Hoxcluster in vertebrates, in contrast to the single
cluster (or fragmented single cluster) present in other metazoan
groups. Single genes within the AHox cluster have also been dupli-
cated on several occasions (e.g., Falciani ef a/, 1996) and lost on
others (e.g., Aboobaker and Blaxter 2003). With information from
several genome sequences now available, it is clear that this
phenomenon is not restricted to homeobox genes. The size of all of
the transcription factor gene families has diverged considerably
during metazoan evolution, sometimes by several fold (Lander efa/,
2001).

Some differences in the size of transcription factor gene families
may correlate with anatomical evolution. If more complex develop-
mental gene networks are required in order to build more complex
anatomies, gene duplications may be a necessary step in the
evolution of complexity (Holland 1990; Gerhart and Kirschner 1997;
Force et a/, 1999). The most famous case involves the genome
duplications that apparently occurred during early chordate evolu-
tion. The resulting infusion of many redundant regulatory loci may
have provided the raw material for the diversification of transcription
factor expression or activity through various mechanisms (Force ef
al,1999; Wray et al,, 2003), allowing a greater degree of anatomical
complexity to evolve (Holland 1990). Duplications of single loci
encoding transcription factors have also resulted in diversified regu-
latory functions (e.g., Ferris and Whitt 1979; Li and Knoll 1994). It
seems likely that duplication of regulatory genes has been an
important component in the evolution of phenotypic diversity.

Studying the evolution of transcriptional regulation

If changesintranscriptional regulation underlie many evolutionary
differences in phenotype, as argued above, we need to understand
how such changes become established in natural populations.
Several components of this process need to be considered: how to
study the evolution of transcription, the nature of mutations that alter



transcription, how selection acts on this genetic variation, and how
these transcriptional differences affect developmental processes.
The remaining sections of this review consider these issues in turn.

Differences between coding and regulatory sequences

Most of what we know about the evolution of function within the
genome comes from protein-coding sequences. The primary
analytical framework for these studies is the genetic code (Li
1997). The genetic code provides a reliable and powerful guide to
proximate, or biochemical, phenotype, as manifest in codon
usage bias, the K K  ratio (amino acid replacement versus
silent), synonymous:nonsynonymous substitution ratio, and the
presence of stop codons and frameshifts. Many tests for natural
selection rely explicitly on the consistent and easily interpreted
relationship that the genetic code provides between DNA and
amino acid sequences.

No comparable analytic framework exists for c/s-regulatory
sequences. This is a direct consequence of they way these
sequences are organized and function, which is in general much
less regular than coding sequences (reviewed in: Arnone and
Davidson 1997, Carey and Smale 2000, and White 2001). The
functional nucleotides in c/s-regulatory regions are short clusters
(typically 4-10 bp) that bind transcription factors. These binding
sites are embedded at irregular intervals within sequences that
play no role in regulating transcription. Binding sites occupy no
consistent position relative to the coding sequences they regulate
or, in most cases, to each other. Transcription factor — DNA
interactions are dually degenerate: a particular motif can often
bind more than one transcription factor, and a particular transcrip-
tion factor can bind to more than one motif. Whether a transcrip-
tion factor actually binds to a suitable motif is strongly context-
dependent, and may change across the life cycle, among cell
types, and under different environmental conditions. Indeed, a
suitable motif may not function at all in transcriptional regulation,
even if it lies near a gene.

Identifying transcription factor binding sites

Because the organization and function of transcriptional regu-
latory sequences are so different from protein-coding sequences,
distinct approaches are needed for analyzing their evolution
(Wray et al., 2003). For a variety of reasons, both gathering and
analyzing evolutionary data are more challenging for c/s-regula-
tory than protein-coding sequences.

Perhaps the most severe practical difficulty is that transcription
factor binding sites can’'t be reliably identified from sequence
comparisons alone (Carey and Smale 2000). Although sequence
scans can identify candidate binding sites, confirmation that a
particular sequence motif actually functions in regulating transcrip-
tion requires direct experimental tests (Carey and Smale 2000; Li
and Johnston 2001). Because such tests are labor- and cost-
intensive, because regulatory sequences can lie within or many kb
5" or 3’ from the locus they influence, and because binding site
function can be sensitive to environmental conditions or life history
stage, itis very difficult to know in practice when all the binding sites
thatregulate transcription of a particular locus have been identified.

As a result, nucleotides flanking a locus can’t be reliably
distinguished as functional and non-functional sites. Tests for
selection that rely on classifying nucleotides according to func-
tion, such as the and HKA and McDonald-Kreitman tests (Hudson
etal., 1987; McDonald and Kreitman 1991), will lose power when
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sites are misclassified and may fail to detect selection when it
exists (Wray et a/, 2003). Tests that don't rely on classifying
nucleotides by function, such as Tajima’s D and Fu and Li's D
(Tajima 1989; Fu and Li 1993), are more dependable for c/is-
regulatory regions.

Another important consequence of the way c¢/sregulatory
sequences function is that the function of a binding site is strongly
context-dependent (Fry and Farnham 1999; Carey and Smale
2000). A particular binding site may function only is some cell
types, for instance, and may contribute to activating transcription
under some circumstances and to repressing it under others.
Understanding the role of a particular binding site in producing the
overall transcription profile requires biochemical and experimen-
tal tests that are labor- and cost-intensive (Carey and Smale
2000). The proximate functional consequences of sequence
differences in coding sequences, in contrast, is reliably indicated
by the genetic code: the amino acid sequence of the protein
product can be determined from comparison of sequences alone.

Population genetics of cis-regulatory sequences

Any evolutionary change in transcriptional regulation must
begin as a genetic polymorphism within a population. Knowing
something about the nature and level of genetic variation in c¢/is-
regulatory sequences is therefore essential to understanding the
evolution of transcriptional regulation, and in turn, developmental
gene networks (Stern 2000). In part because of the technical
challenges described above, far less work has been done on the
population genetics of c/s-regulatory sequences than of coding
sequences and introns. During the past few years, however, this
situation has begun to change dramatically, and recent studies
have begun to provide some fascinating insights into the source
of genetic differences that influence transcription.

Levels of genetic variation influencing transcriptional regu-
lation

Since genetic variation is the raw material upon which selec-
tion acts, it is important to know how much genetic variation
influencing transcriptional regulation resides in natural popula-
tions. Several approaches can be used to address this issue,
including assays of mMRNA or protein abundance and RT-PCR
surveys (reviewed in Rockman 2003). Extensive surveys have
been carried out in phylogenetically diverse organisms, including
fungi (Cavalieri ef a/., 2000; Brem et a/., 2002), plants (Burstin ef
al,1994; Damerval etal.,, 1994; Costa and Plomion 1999; Gerber
et al, 2000; de Vienne et a/, 2001; Schadt et a/, 2003), and
animals (Jin eta/, 2001; Cowles et al, 2002; Enard et a/., 2002a;
Oleksiak etal., 2002; Rockman and Wray 2002; Rifkin efa/., 2003;
Schadt ez a/, 2003). All of these studies point to the same basic
conclusion: natural populations harbor extensive variation in
gene expression that is genetically based.

An interesting implication of this general result is that selection
may play a more important role than mutation in limiting the
appearance of evolutionary changes in transcription, atleast over
the long term. The fraction of heritable variation in gene expres-
sion that affects organismal phenotype is not yet known for any
organism, much less the fraction that affects fitness, although
many examples of each are now known (Wray ef a/., 2003). The
population genetics of transcriptional regulation is an area about
which we know remarkably little relative to its likely importance.
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The genetic basis for variation in gene expression

Another important issue is whether changes in transcription
require rare mutations, such as large insertions, transposition, or
recombination, or whether they can arise from more common
mutations, such as nucleotide substitutions, small indels, or simple
sequence repeat variants. Addressing this issue requires knowing
the precise genetic basis for a difference in transcription for many
loci.

Currently, the only organism for which the relevant information
exists is Hormo sapiens, where well over one hundred segregating
c/s-regulatory polymorphisms have been identified (Cooper 1999;
Rockman and Wray 2002). All of these cases result from common,
small-scale mutations. Of these, nucleotide substitutions and
indels are represented roughly in proportion to the genome as a
whole, while microsatellite-based variation is slightly over-repre-
sented. Although some lethal or strongly deleterious c/s-regulatory
alleles in humans are the result of large-scale mutations, alleles
segregating in populations are overwhelmingly due to ordinary
mutations (Rockman and Wray 2002). These mutations alter
several different aspects of transcription, including level, location
(cell type), and context-dependency (response to hormonal inputs
or environmental stimuli).

Thus, the most common kinds of naturally occurring mutations
are capable of altering transcription to the point of producing a
phenotypic impact at the whole-organism level, at leastin humans.
In only a few cases has the precise genetic basis for a phenotypic
difference due to altered transcription been identified in other
organisms (e.g., Trefilov eza/, 2000; Robin era/, 2002; Streelman
and Kocher 2002; Daborn et al,, 2002; Lerman et a/, 2003). In all
of these cases, the genetic basis for the difference is due either to
a small-scale mutation or to insertion of a common transposon.
Changes in transcriptional regulation do not require unusual kinds
of mutations, suggesting that selection, rather than mutation, is will
often be the limiting factor in the evolution of gene networks.

Thelocation of polymorphisms contributing to an expression
difference

A change in the expression of a particular gene could come
about in many different ways. It might reside in ¢/s, within the
regulatory sequences flanking the gene, or in #ans, in any of
several loci encoding a transcription factors that interact with those
sequences. If the change lies c¢/s, gain of affinity for an activator
protein or loss of affinity for a repressor (among other possibilities)
could produce similar results. If the change lies #ans, it could affect
transcription of the locus, the DNA binding affinity of the protein, or
post-translational modifications that alter its activity, again produc-
ing similar results on transcription of the focal downstream gene.

Even basic information about the location of genetic variation
that affects gene expression would be useful for understanding the
dynamics of gene network evolution. Of particular interest is
whether most differences in gene expression trace back to a few,
highly pleiotropic mutations in transcription factors, or whether
most of the functionally relevant genetic variation is c/swith the loci
that show differences in expression. These two extreme models
have quite different implications for understanding how selection
would operate on alleles that influence transcription. If most
polymorphisms affecting transcription only alter expression at one
locus, pleiotropy should be more confined on average and variants
that improve function might become fixed because they impose

few other costs. Conversely, if most polymorphisms affecting
transcription alter expression at many loci, antagonistic pleiotropy
is more likely and few would escape having a net negative fitness
consequence even if some changes in expression were beneficial.

Unfortunately, no good estimates exist for fraction of mutations
affecting transcription that lie ¢/s and #ans. Microarrays, which
provide an excellent tool for revealing expression differences
within and between species (e.g., Jin ef a/, 2001; Enard et al/,,
2002a; Oleksiak et al, 2002; Rifkin et al, 2003; Schadt et a/,
2003), have serious limitations for population genetic analyses.
Except under unusual circumstances, it is not possible to deter-
mine genotypes from microarrays because of the extensive gene
interactions involved in regulating transcription. An allele at one
locus may affect transcription at hundreds of other loci or at none,
while a difference in transcription at a particular locus may or may
not be sensitive to genetic background.

As a result, other information is needed to estimate the fraction
of genetic variation that lies c/sand #ans. By adding genotypes of
parents and offspring to microarray data, it is possible to estimate
a lower bound for the cis-based contribution to expression differ-
ences. Surveys of from maize, human, and mouse suggest that at
least one-third to one-half of the genetic basis for intraspecific
guantitative differences in transcription lie ¢/s to the locus in
questions (Schadt et a/, 2003), although a comparable survey in
yeast yielded a somewhat lower estimate (Brem et a/,, 2002).

Natural selection on cis-regulatory sequences

The fate of a mutation in a ¢/s-regulatory region will depend on
its functional impact, the genetic background, the environment,
and chance. A substantial fraction of mutations in c/sregulatory
regions probably do not alter transcription at all, because they fall
outside binding sites for transcription factors, or because they don’t
alter protein binding kinetics, or because they have an impact on
transcription but not on fitness. Such mutations will generally be
invisible to selection and will accumulate by drift or hitch-hiking.
Some promoter mutations, however, clearly do have an impact on
organismal phenotype, and some of these are under various forms
of selection.

Negative selection

Conservation of promoter sequences to a greater degree than
the neutral expectation provides evidence that negative selection
is operating. Variation within the £ndo161ocus of the sea urchin
Strongylocentrotus purpuratusis lower in the promoter than in an
intron that apparently lacks regulatory sequences, while nucle-
otides within binding sites are less polymorphic than other nucle-
otides in the promoter (Balhoff and Wray, unpublished). Many
mutations in ¢/sregulatory regions that compromise transcription
and are therefore likely to be under negative selection have been
documented in humans (Cooper 1999). A form of weak negative
selection operates to remove spurious transcriptional start sites
throughout prokaryotic genomes (Hahn ez a/, 2003). Some inter-
specific sequence comparisons also suggest conservation of
promoter sequences by negative selection (Aparicio ef a/., 1995;
Tumpel eral, 2002). Large-scale sequence comparisons between
moderately diverged genomes suggest that approximately equal
fractions of coding and non-coding nucleotides are constrained by
negative selection (Shabalina and Kondrashov 1999; Onyango e#



al, 2000; Bergman and Kreitman 2001; Frazer et a/, 2001,
Shabalina er a/, 2001). Although the nature of these functional
non-coding sequences is generally not known, the majority are
likely to be involved in transcriptional regulation.

Positive selection

If anew allele confers a fithess advantage, it may, depending on
demography and chance, sweep through the population and
replace the ancestral allele. A promoter allele of Cyp6G1 in D.
melanogaster that confers resistance to some pesticides is cur-
rently increasing in frequency in populations around the world
(Daborn er a/, 2002). Some promoter alleles in Asp70 in D.
melanogaster reduce transcription in response to thermal stress
and are probably under local directional selection (Lerman er a/,
2003). Several examples of positive selection on promoters in
pathogens are also known (e.g., Buckwold efa/, 1997; Montano ef
al, 2000). Conversely, some variants in human promoters confer
resistance to infection by particular pathogens (e.g., Hamblin and
DiRienzo 2000; Thursz 2001). Although these examples all con-
cern adult physiology, there is no reason in principle why positive
selection could not act on transcriptional regulation in embryos as
well.

Balancing selection

Several c/s-regulatory polymorphisms appear to be under bal-
ancing selection, meaning that no single allele confers the highest
fitness under all circumstances. An example is LDH in the fish
Funaulus heteroclitus, where two promoter alleles appear to be
maintained by differences in water temperature (Crawford ef a/,
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1999; Segal eral, 1999). Other likely cases of balancing selection
on promoter alleles include CCR5and /L4in humans (Bamshad et
al,2002; Rockman etal., 2003) and £ndol6in seaurchins (Balhoff
and Wray, unpublished). Balancing selection is in principle more
likely for gene products that carry out multiple functions, a common
situation for developmental regulatory genes.

Stabilizing selection

Several cases have been documented where promoter se-
guences at orthologous loci are divergent, yet direct very similar
transcription profiles (e.g., Wu and Brennan 1993; Tamarina efa/,
1997; Piano et a/, 1999; Ludwig ef a/, 2000). In the more subtle
cases, one or a few binding sites required for correct transcription
in one species are absent in another. A more dramatic case is
Endoi6in camarodont sea urchins: the promoter is highly similar
over a short (~180 bp) region but unalignable over the remaining
>2 kb of functional sequence —yet drives nearly identical transcrip-
tion profiles (Romano and Wray 2003). A plausible interpretation of
such cases is that stabilizing selection is operating to maintain a
consistent transcription profile, but that binding site turnover re-
sults in different arrangements of functional sequences and differ-
ent protein:DNA interactions (Ludwig ef &/, 2000; Wray et al,
2003). In some situations, it may not matter precisely how tran-
scription is regulated, so long as mRNA is produced at approxi-
mately the right time and place during development and in suffi-
cient quantities. Given that a cell contains dozens of different
transcription factors at any given time that are capable of regulating
transcription and given the binding sites they interact with can
evolve over relatively short evolutionary timescales (Stone and
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Fig. 1. The Hox Paradox. Many gene encoding key developmental regulatory proteins are expressed in superficially similar domains during embryonic
development in Drosophila melanogaster and Mus musculus (for reviews, see: Gerhart and Kirschner 1997; Carrollet al., 2001). Some of the most widely
discussed cases are shown here. Orthologous genes are numbered; if a gene is expressed in two different locations that are similar, it is numbered twice.
Similar sites of expression are indicated by lines leading to structures. Despite the many similarities in gene expression domains, these embryos give rise
to adults that are anatomically very different and contain few structures for which there is clear evidence of common ancestry. This disconnection between
similar gene expression and dissimilar anatomy implies extensive changes in the organization of gene networks (see text).
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Wray 2001), there are probably many ways to achieve a particular
change in transcription. Studies estimating rates of binding site
turn-over (Dermitzakis and Clark 2002; Dermitzakis et a/., 2003;
Costas et a/, 2003) have found that individual binding sites are
gained and lost over 10% — 107 year timescales despite conserva-
tion of transcription profiles, making this a highly dynamic process.

The Hox paradox and the evolution of gene networks

The evidence reviewed above suggests that genetic variation
influencing gene expression is abundant within populations and
thatthe processes of natural selection operate efficiently to sort this
variation. But what about the longer term? The final, and most
difficult, issue is whether changes in transcriptional regulation have
played an important role in large-scale phenotypic changes, such
as the origin and diversification of body plans. The available
evidence is largely indirect, but comes from a growing number of
cases.

The Hox Paradox

The broad phylogenetic distribution of key developmental regu-
latory genes among animal phyla, so much an accepted fact today,
was initially quite surprising. Not only are the body plans of animals
in different phyla starkly distinct (Raff 1986; Nielsen 2002), but so
too are the cell biological contexts within which embryonic pattern-
ing occursindifferent phyla (Davidson 1991; Gerhart and Kirschner
1997). Yet today we know that most families of developmental
regulatory genes are widely distributed throughout the animal
kingdom, and that a substantial fraction of these genes are ex-
pressed in superficially similar domains within embryos of distantly
related phyla (Gerhart and Kirschner 1997; Carroll ef a/, 2001).

All of this is now so familiar that it is easy to overlook a basic
guestion: How is it possible for the same genes, expressed in
similar spatial domains, to produce such different kinds of animals?
Spatial similarities in gene expression between Drosgphila and
mouse embryos include dozens of genes involved in patterning the
brain and limbs, polarizing the anteroposterior and dorsoventral
axes, specifying cell fate in sense organs and the heart, and
establishing segmental organization (Fig. 1) (for reviews, see:
DeRobertis and Sasai 1996; Carroll ef a/., 2001; Davidson 2001).
Yetan adultfly and mouse are so anatomically distinct that very few
unambiguously homologous structures can be identified between
them (Raff 1996; Nielsen 2002; Wilkins 2002).

Thus, strikingly similar gene expression in embryos produces
strikingly dissimilar adults. This broad-scale evolutionary dissocia-
tion between cause and effect is the HoxParadox (Wray 2002), so
named because the AHox cluster has been emblematic of the
phenomenon of conserved developmental genes and expression
domains.

Resolving the Hox Paradox

Paradoxes aren't real, of course, but an apparent paradox is a
clear sign of faulty logic, inaccurate information, or missing infor-
mation. Three explanations have been advanced to resolve the
HoxParadox, corresponding to each of these possibilities. These
three explanations are not incompatible and all are probably true
to some extent; the real challenge is deciding what proportion of the
similarities in gene expression among phyla each explanation
accounts for.

The first approach is to deny that adult anatomy is really so
different after all (DeRobertis and Sasai 1996; Panganiban et a/,
1997; Holland and Holland 1999). This approach interprets topo-
logically similar expression of homologous genes to be a highly
reliable indicator of anatomical homology. The underlying assump-
tion is that gene expression is inherently more evolutionarily
conservative than anatomy, and therefore provides a more reliable
index of common evolutionary origins. This explanation has been
criticized on several grounds (Dickinson 1988; Abouheif ef a/,
1997; Duboule and Wilkins 1998; Wray and Lowe 2000; Erwin and
Davidson 2002; Wilkins 2002). Not only are numerous exceptions
now known to the underlying assumption of conservatism in gene
expression, but there are also clear phylogenetic discontinuities in
the presence of anatomical structures that are homologous by this
criterion (Wray and Lowe 2000; Erwin and Davidson 2002; Wilkins
2002). Although it may apply in some cases, this explanation does
not provide a satisfactory general resolution to the Aox Paradox.

The second approach is to discount the extent of the paradox.
According to this view, similarities in embryonic gene expression
have been overstated: most cases are either vague (“anterior” is
not a very convincing similarity on its own), coincidental (nearly
every transcription factor is expressed somewhere within the
central nervous system), or present for reasons that have nothing
to do with a common evolutionary origin (serially homologous
structures or presence of the same cell type might correlate with
similar expression domains in clearly non-homologous structures).
A sociological bias may also contribute to an overemphasis on
similarities in gene expression: gene expression profiles that are
dissimilar are difficult to interpret and harder to publish in prominent
journals. These reasons may explain part of the HoxParadox, but
not all of it. Some of the resemblances are detailed, specific, and
compatible with phylogenetic continuity; these similarities still
require an explanation.

The third approach to resolving the AHox Paradox posits wide-
spread evolutionary changes in developmental gene networks.
According to this view, similarities in embryonic gene expression in
anatomically distinct organisms could arise in two ways. One possi-
bility is that the expression domains really are homologous, but that
the downstream targets of these genes have changed extensively,
resulting in very different anatomical outcomes. The other possibility
is that similar expression domains are not homologous but instead
the result of evolutionary convergence. This would require changes
in upstream regulators to produce topologically similar expression
domains, and could also involve differences in downstream targets.
Under either scenario, an orthologous gene expressed in a similar
domain could regulate highly divergent developmental processes
that produce distinct anatomies and even structures that are not
homologous (Wray and Lowe 2000; Davidson 2001).

Testing hypotheses for similar gene expression
Fortunately, it is often possible to distinguish between alterna-
tive explanations for similarity in gene expression by gathering
data from additional loci and taxa (Abouheif eza/,, 1997; Wray and
Lowe 2000; Wilkins 2002). One test is that putatively homologous
gene expression domains should be present in taxa representing
intermediate phylogenetic positions (Fig. 2, top). The rationale is
that if similar expression in two extant species is indeed due to
homology, this (by definition) means that it was also present in
their latest common ancestor. Similar expression might subse-



quently be lost in some descendants, but should be present in
most surviving lineages. This prediction is testable by examining
living representatives of appropriate groups. A second test is that
the expression domains of functionally related genes should be
similar to the one hypothesized to have conserved expression
(Fig. 2, bottom). The rationale is that gene products don't act in
isolation but rather as components of interacting complexes,
where the expression of a single component would not be func-
tional; as such, all or mostinteractors in one species should be co-
expressed in the other. This prediction can be tested by examin-
ing multiple genes that contribute to the same developmental
process. Neither of these tests is infallible, but they provide a
much more reliable guide to distinguishing homology from con-
vergence than the more usual fly-mouse comparison.

The expression of transcription factors responsible for pattern-
ing the nervous system illustrates the power of increased sam-
pling of both taxa and loci. Several authors have interpreted
similarities in the expression of these genes in Drosgphila and
mouse as evidence for a conserved well-organized central ner-
vous system (DeRobertis and Sasai 1996; Holland and Holland
1999) and even specific brain regions (Hirth ez a/, 2003) in the
latest common bilaterian ancestor. Lowe ef a/, (2003) tested this
hypothesis by examining the expression of 22 neural patterning
genes in the hemichordate Saccoglossus kowalevski; which
occupies a phylogenetic position intermediate be-
tween arthropods and chordates (Brusca and
Brusca 2002; Nielsen 2002). Their results provide
strong support for conservation of gene expres-
sion domains, but also demonstrate that these
expression domains are not functionally tied to a
conserved nervous system anatomy. The hemi-
chordate nervous system is largely composed of a -
diffuse network ectodermal nerve net with short
dorsal and ventral nerve cords but no obvious brain
(Knight-Jones 1952). By sampling many genes
from a taxon occupying a key phylogenetic posi-
tion, this study provides convincing evidence for
third possibility mentioned in the previous section.
The dramatic decoupling of conserved regulatory
gene expression domains despite enormous dif-
ferences in anatomy could only happen if the set of
downstream target genes were quite different in
hemichordates and vertebrates. Whether the nerve-
net organization seen in living hemichordates rep-
resents the ancestral condition for bilaterians or a
derived condition that evolved from a strongly
centralized nervous system can only answered by

initial observation
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et al., 1997; Davidson 2001). The same argument holds for the
few similarities in expression that have been found in the genes
responsible for segmentation among arthropods, annelids, and
chordates (Holland ez a/, 1997, Stollewerk et a/., 2003). Despite
these similarities, the majority of genes involved in segmental
patterning in one group are clearly not involved in this process in
the others (e.g., Davis and Patel 1999; Wilkins 2002). In addition,
the comparative anatomy of both living and fossil taxa provides
clear evidence of a phylogenetic discontinuity in segmentation
amongthese phyla, (Brusca and Brusca 2002; Erwin and Davidson
2002). The limited similarities that do exist in gene expression
during segmentation are likely coincidental or convergent.

In most cases where the data from multiple taxa are available,
similarities in developmental gene expression between distantly
related animals fall into one of these two broad categories. Either
the expression domain really is conserved, but the anatomy is
clearly not, or the expression domain is more likely convergently
(or perhaps even coincidentally) similar. In either case, extensive
changes in gene expression are highly likely (Wray and Lowe
2000; Davidson 2001; Wilkins 2002).

Rewiring developmental gene networks

Gathering direct evidence of changes in gene regulatory
networks is quite difficult. Identifying some of the target genes
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sampling more taxa.

Some other cases of similar regulatory gene
expression in arthropods and vertebrates may be
the result of convergence rather than conserva-
tion. For instance, the many similarities in gene
expression during limb development between these
groups (Panganiban efa/, 1997) are most reason-
ably interpreted as convergentrather than homolo-
gous, since representatives of groups lying be-
tween these taxa lack comparable expression pat-
terns, and since the evolutionary lineages separat-
ing arthropods and chordates lacked limbs (Shubin

Fig. 2. Testing hypotheses of homology in gene expression domains. Similar features of
any kind in two different taxa could be the result of a common origin (homology) or independent
origins (parallelism or convergence). When comparing gene expression among distantly related
animals, as in Fig. 1, these possibilities are difficult to distinguish. Two simple tests can be used
to discriminate among these alternative evolutionary histories. Sampling intermediate taxa (top
row of cladograms) tests for phylogenetic continuity: homology predicts retention of similar
expression domains in all or most representatives of intermediate taxa, while independent
origins predict that the expression domain will be present in two separate clades and lacking
in representatives of other taxa. Sampling additional genes whose products interact with the
one initially observed to have similar expression domains tests for functional congruence:
homology predicts that most interactors will be expressed in the same location while
independent origins predicts that interactors differ between the two species. Neither test is
infallible, but they provide considerable power when many taxa and genes are examined.
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regulated by a particular transcription factor is fairly straightforward
in a few model organisms, but confidently identifying them all is
currently not possible. Comparisons of downstream targets among
taxa are therefore problematic, because false negatives are diffi-
cultto avoid. False positives, atleastin an evolutionary sense, may
also be difficult to detect. Since transcription factor binding sites
can evolve very quickly (Hancock ef a/, 1999; Stone and Wray
2001; Dermitzakis and Clark 2002; Dermitzakis eza/., 2003; Costas
et al,, 2003), the fact that an orthologous gene is the downstream
target of a particular transcription factor in two different taxa could
represent either conservation or independent gains of the interac-
tion. Until it becomes possible to catalogue the complete set of
downstream target genes in multiple taxa with low false positive
and negative error rates, direct evidence for extensive changes in
downstream connections will be difficult to gather.

Fortunately, upstream connections may be more tractable. Part
of the reason is that most eukaryotic transcription factors probably
directly regulate hundreds or even thousands of downstream
genes but are themselves directly regulated by only about 5-20
genes (Liang and Biggin 1998; Wray ef a/, 2003). Furthermore,
any gene in the genome could, in principle, belong to the set of
direct downstream targets of a particular transcription factor, but
less than a thousand (those encoding transcription factors and co-
factors) could directly regulate its transcription.

In some cases, it is possible to rule out similar upstream
connections in developmental gene regulatory networks. Embry-
onic transcription of the Hox complex of Drosophiia is largely
regulated by the products of the gap loci (Carroll ef a/, 2001). In
vertebrates, there is little evidence that the orthologues of the gap
genes directly regulate the Hoxcomplex; most of these genes are
not even expressed at the right time and place (Davidson 2001;
Wilkins 2002). Thus, the somewhat similar expression of the Hox
complex in nested domains along the anteroposterior axis is
apparently regulated by a largely non-overlapping set of upstream
gene products in two different phyla.

Unfortunately, comparable data are simply not available for
most developmental regulatory genes. As methods for recon-
structing gene networks become more powerful, it will be quite
interesting to learn how often the upstream regulators and down-
stream targets of key developmental loci change during the course
of evolution.

Summary

Differential gene expression lies at the heart of development,
and changes in the regulation of gene expression is a central
component in the evolution of developmental mechanisms. Much
less is currently known about the evolution of c/sregulatory se-
guences than of protein-coding sequences, in part because of
technical problems and in part because of neglect. Nonetheless,
the available evidence suggests that extensive genetic variation
capable of altering transcription is present in natural populations,
that selection operates efficiently on this variation, and that it has
an impact on important aspects of organismal phenotype. Al-
though direct evidence that changes in transcription have played
a role in major anatomical differences among phyla remains
elusive, a large body of indirect evidence suggests that develop-
mental gene networks can differ significantly and may be un-
coupled from particular anatomical features. The genetic basis for

interesting evolutionary changes in developmental mechanisms
may lie to a significant extent in transcriptional regulation.
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