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This article is based on the Allan Wilson 
Memorial Lectures given at the University of 
California at Berkeley in October 2004. 

In their classic paper “Evolution 
at Two Levels in Humans and 
Chimpanzees,” published exactly 

30 years ago, Mary-Claire King and 
Allan Wilson described the great 
similarity between many proteins of 
chimpanzees and humans [1]. They 
concluded that the small degree of 
molecular divergence observed could 
not account for the anatomical or 
behavioral differences between chimps 
and humans. Rather, they proposed 
that evolutionary changes in anatomy 
and way of life are more often based on 
changes in the mechanisms controlling 
the expression of genes than on 
sequence changes in proteins. 

This article was a milestone in 
three respects. First, because it was 
the first comparison of a large set 
of proteins between closely related 
species, it may be considered one of 
the first contributions to “comparative 
genomics” (although no such discipline 
existed for another two decades). 
Second, because it extrapolated from 
molecular data to make inferences 
about the evolution of form, it may also 
be considered a pioneering study in 
evolutionary developmental biology. 
And third, its focus on the question 
of human evolution and human 
capabilities, relative to our closest living 
relative, marked the beginning of the 
quest to understand the genetic basis of 
the origins of human traits. Like much 
of Wilson and his colleagues’ body of 
work, this contribution had a great 
influence on paleoanthropologists as 
well as molecular biologists.

The 30th anniversary of this 
landmark article arrives at a moment 
when comparative genomics, 
evolutionary developmental biology, 
and evolutionary genetics are pouring 
forth unprecedented amounts of 
new data, and the entire chimpanzee 
genome is available for study. It is 

therefore an opportune 
time to examine what 
has been and is being 
revealed about the 
relationship between 
evolution at the two 
levels of molecules 
and organisms, and 
to assess the status of 
King and Wilson’s 
hypothesis concerning 
the predominant role of 
regulatory mutations in 
organismal evolution.

King and Wilson 
used the phrase “ways 
of life” to include both 
physiology and behavior 
(M.-C. King, personal 
communication) and 
proposed that the 
evolution of both 
anatomy and ways of 
life was governed by 
regulatory changes 
in the expression of 
genes. From the outset 
of this review, I make 
the sharp distinction 
between the evolution 
of anatomy and the 
evolution of physiology. 
Changing the size, shape, 
number, or color patterns of physical 
traits is fundamentally different from 
changing the chemistry of physiological 
processes. There is ample evidence 
from studies of the evolution of 
proteins directly involved in animal 
vision [2], respiration [3], digestive 
metabolism [4], and host defense [5] 
that the evolution of coding sequences 
plays a key role in some (but not all) 
important physiological differences 
between species. In contrast, the 
relative contribution of coding or 
regulatory sequence evolution to the 
evolution of anatomy stands as the 
more open question, and will be my 
primary focus.

The amount of direct evidence 
currently in hand is modest, and 
includes examples of both the 
evolution of coding and of non-coding, 
regulatory sequences contributing to 
morphological evolution. However, 

I will develop the argument, on the 
basis of theoretical considerations 
and a rapidly expanding body of 
empirical studies, that regulatory 
sequence evolution must be the major 
contributor to the evolution of form. 

This conclusion poses particular 
challenges to comparative genomics. 
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Figure 1. Different Modes of Gene Evolution Increase the 
Diversity of Gene Function and Minimize Pleiotropy
The function of a progenitor gene with the simple structure 
of one cis-regulatory element (red circle) and a pair of exons 
(black rectangles) can be expanded and diversifi ed in several 
ways. 
(A) Gene duplication followed by mutations (asterisks) 
in either coding or regulatory sequences of the initially 
identical paralogs will produce genes that may be expressed 
in different ways or proteins with distinct functions, while the 
original function can be maintained. 
(B) An expansion in the number of cis-regulatory elements 
by any of a number of means (transposition, rearrangement, 
duplication, point mutation) can expand the number of 
tissues in which the gene is active, but preserves the original 
function. 
(C) The evolution of a new exon and splicing sites creates 
the potential for alternative forms of a protein to be made. 
Mutations in alternative exons (asterisks) need not affect the 
original function of the protein.
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While we are often able to infer coding 
sequence function from primary 
sequences, we are generally unable 
to decipher functional properties 
from mere inspection of non-coding 
sequences. This has led to a bias in 
comparative genomics and evolutionary 
genetics toward the analysis and 
reporting of readily detectable events 
in coding regions, such as gene 
duplications and protein sequence 
evolution, while non-coding, regulatory 
sequences are often ignored. However, 
approximately two-thirds of all 
sequences under purifying selection in 
our genome are non-coding [6]. One 
consequence of the underconsideration 
of non-coding, regulatory sequences 
is unrealistic expectations about 
what can currently be learned about 
the genetic bases of morphological 
diversity from comparisons of genome 
sequences alone. The visible diversity 
of any group is not reflected by the 
most visible components of gene 
diversity—that is, the diversity of gene 
number or of coding sequences. In 
order to understand the evolution 
of anatomy, we have to study and 
understand regulatory sequences, 
as well as the proteins that connect 
them into the regulatory circuits that 
govern development. I will begin 
with some historical and theoretical 
considerations about regulatory and 
coding sequence evolution, then delve 
into the insights offered by specific 
experimental models of anatomical 
evolution, and finally, I will revisit King 
and Wilson’s original focus and discuss 
how our emerging knowledge of the 
evolution of form bears on current 
efforts to understand human evolution.

A Brief History of Regulatory 
Thinking

Almost 50 years ago, as the first 
sequences of various proteins from 
different species were determined, 
the potential significance of 
macromolecules for understanding 
evolutionary processes was quickly 
recognized [7]. The great similarity 
among homologous proteins of 
different species was noted early 
[8] and raised the question to what 
degree such sequence changes were 
functionally significant [9]. With the 
advent of the operon model of gene 
regulation [10], some biologists such as 
Emile Zuckerkandl began to consider 
the possible role of “controller genes” 

in evolution, including in the origin 
of humans from ape ancestors [11]. 
One of the most widely noted series of 
theoretical contributions in this period 
was Roy Britten and Eric Davidson’s 
models for gene regulation in higher 
organisms, which had an explicit 
emphasis on the importance of gene 
regulation in evolution [12,13].

The most influential single 
publication of this era, however, was 
Susumu Ohno’s book Evolution by Gene 
Duplication [14]. Ohno focused on 
the importance of gene redundancy 
in allowing “forbidden” mutations 
to occur that could impart new 
functions to proteins. His opening 
motto, “natural selection merely 
modified, while redundancy created,” 
reflected a view of natural selection 
as a largely purifying, conservative 
process. Ohno insisted that “allelic 
mutations of already existing gene 
loci cannot account for major changes 
in evolution.” He proposed that 
the duplication of regulatory genes 
and their control regions must have 
contributed greatly to the evolution 
of vertebrates. But the book focused 
exclusively on the evolution of new 
proteins and did not consider the 
creative potential of non-coding, 
regulatory sequences in evolutionary 
diversification (see [15]).

It was against this backdrop that 
Allan Wilson and his colleagues began 
a series of investigations into the 
relationship between chromosomal 
evolution, protein evolution, and 
anatomical evolution in birds [16], 
mammals [17], frogs [18], and apes 
[1]. In each of four studies, the 
discrepancy between the evolution 
of proteins and the evolution of 
anatomy led to the conclusion that 
evolutionary changes in “regulatory 
systems” were responsible for the 
evolution of anatomy. Francois Jacob 
similarly suggested that divergence and 
specialization result from mutations 
altering “regulatory circuits” rather 
than chemical structures [19]. 

The relative contributions of 
different mechanisms to the evolution 
of anatomy depend upon both what 
is genetically possible, and what is 
permitted by natural selection. Before I 
delve into the data directly concerning 
the evolution of anatomy, and how well 
it fulfills King and Wilson’s original 
expectations, it will be valuable to 
consider what mechanisms are available 

and what parameters will govern their 
utilization in evolution, in light of what 
we now understand about how genes 
function in multicellular organisms.

Pleiotropy and the Genetic 
Architecture of Multicellular 
Organisms

One critical parameter that affects 
the relative contribution of different 
genetic mechanisms to anatomical 
variation is the pleiotropy of mutations 
[20]. In general, it is expected that 
mutations with greater pleiotropic 
effects will have more deleterious 
effects on organismal fitness and will 
be a less common source of variation 
in form than mutations with less 
widespread effects.

Over the past 30 years, several key 
features of gene structure, function, 
and regulation in multicellular 
organisms have emerged that govern 
the pleiotropy of mutations and 
thus shape the capacity of species to 
generate anatomical variation and to 
evolve (see Box 1). Because of these 
features, mutations in different genes 
and different parts of genes (that is, 
non-coding and coding sequences) can 
differ dramatically in their degree of 
pleiotropy. For example, a mutation 
in the coding region of a transcription 
factor that functions in multiple tissues 
may directly affect all of the genes 
the protein regulates. In contrast, a 
mutation in a single cis-regulatory 
element will affect gene expression 
only in the domain governed by that 
element.

John Gerhart and Marc Kirschner 
[21,22] have discussed in depth 
how certain features of animal 
genetic regulatory systems influence 
“evolvability”—the capacity to 
generate tolerable, heritable variation. 
For instance, redundancy reduces 
constraint on change by circumventing 
or minimizing the potentially 
deleterious effects of some mutations. 
Compartmentation also facilitates 
change; by uncoupling variation in 
one process from variation in another, 
pleiotropy is decreased.

Several genetic features contribute 
to redundancy and compartmentation. 
For example, gene duplication creates 
initially redundant paralogs. Mutations 
that may have been deleterious in the 
ancestral gene may be tolerated and 
allow for the “exploration” of new 
variation, which can occur in coding 
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or regulatory sequences, or both 
(Figure 1A). Likewise, the expanded 
number and diversity of cis-regulatory 
elements establishes compartmentation 
by enabling the independent control 
of gene transcription in different 
body parts (Figure 1B). The use 
of alternative promoters and RNA 
splice sites also contributes to 
compartmentation by enabling tissue- 
or cell-typespecific production of 
alternative forms of a protein (Figure 
1C). Variation may arise either in 
regulatory sequences governing 
promoter use or splice site choice, or 
in coding sequences of exons. The 
three mechanisms gene duplication, 
regulatory sequence expansion and 
diversification, and alternative protein 
isoform expression accomplish 
essentially the same general result—
they increase the sources of variation 
and minimize the pleiotropy associated 
with the evolution of coding sequences. 
The global question of the genetic basis 
of the evolution of form then boils 
down to the relative contribution of 
gene duplication, regulatory sequence 
evolution, and the evolution of coding 
sequences, over evolutionary time. I will 
first examine what is known about the 
role of regulatory sequences and then 
discuss the contributions of coding 
sequences and gene duplication to the 
evolution of anatomy.

Regulatory Sequences and 
the Evolution of Anatomy

Over the past decade or so, 
comparative studies of gene expression 

in diverse animals and plants, across 
all taxonomic levels, have revealed a 
general association between the gain, 
loss, or modification of morphological 
traits and changes in gene regulation 
during development [23,24]. Changes 
in the expression of an individual 
gene may evolve through alterations 
in cis-regulatory sequences or in 
the deployment and activity of the 
transcription factors that control gene 
expression, or both. 

Progress toward elucidating the 
mechanisms governing the evolution of 
specific traits and genes has required 
the study of models in which genetic 
and molecular methods enable 
the identification and dissection 
of functional differences among 
populations or species. The traits and 
species for which such detailed analysis 
has been possible include the trichome 
[25–27], bristle [28], and pigmentation 
patterns [29] in fruit flies; flower 
coloration [30], architecture [31], 
and branch patterns [32] in plants; 
and limb [33] and axial diversity in 
vertebrates [34].

A handful of studies have genetically 
demonstrated that evolution at 
particular loci has affected the gain 
[32], loss [26,27,33], or modification 
of morphological traits [25]. These 
studies—highlighted below—have 
firmly eliminated coding sequences as 
a possible cause and thereby implicated 
regulatory sequence evolution at loci 
encoding pleiotropic transcription 
factors. In a few cases, direct evidence 
of functional changes in cis-regulatory 

elements has been obtained [34–36].
Fruit flies display all sorts of 

conspicuous patterns of black 
pigmentation on their head, thorax, 
abdomen, and wings. These patterns 
are regulated by a variety of well-
conserved signaling pathways and 
transcription factors that control the 
spatial expression of the enzymes that 
promote or inhibit the formation of 
the pigment melanin [37]. In Drosophila 
melanogaster and other members of 
the genus, structural genes, such as 
yellow, are regulated by an array of cis-
regulatory elements that govern their 
expression in different body parts, 
such as the wing and abdomen [36] 
and the bristles and larval mouthparts. 
This modular arrangement of cis-
regulatory elements had suggested that 
gene expression and pigment patterns 
evolve independently in different body 
parts through changes in individual 
cis-regulatory elements. Recent studies 
have demonstrated this to be exactly 
the case [35,36] (Figure 2A).

There are several salient general 
features of the evolution of pigment 
patterns in fruit flies. Many or all 
of the structural genes involved 
are pleiotropic; they have roles in 
multiple parts of the body and in 
other physiological processes (for 
example, neurotransmitter synthesis 
and behavior). Furthermore, they are 
regulated, at least in part, by widely 
deployed, highly conserved pleiotropic 
regulatory proteins, some of which 
are themselves regulated by deeply 
conserved and evolutionarily stable 
global regulators of body pattern 
formation [29]. Thus, while the 
coding sequences of the structural and 
regulatory proteins are constrained 
by pleiotropy, modular cis-regulatory 
regions enable a great diversity of 
patterns to arise from alterations 
in regulatory circuits through the 
evolution of novel combinations of 
sites for regulatory proteins in cis-
regulatory elements [35]. This diversity 
is produced by the sort of “tinkering” 
with existing components envisaged by 
Jacob [19]. 

Is what is true of coloration, true 
of more complex traits? It is possible 
that because body color patterns are 
so critical to organismal adaptation, 
the genetic systems that affect them 
might be more flexible than those 
governing more complex traits such 
as body organization, appendage 
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Box 1. Key Genetic Features of 
Multicellular Organisms

Individual regulatory proteins 
function in many different contexts. 
Signaling proteins, their receptors, signal 
transducers, and most transcription 
factors are deployed in multiple tissues, 
organs, or body parts. The function 
of each regulatory protein is context-
dependent, with different genetic 
targets and morphogenetic outcomes in 
different tissues.

The expression of individual genes 
is regulated by multiple, modular cis-
regulatory elements. The tissue-specifi c 
and temporal control of gene expression, 
particularly of genes encoding the 
regulatory proteins that shape pattern 
formation and cell differentiation in 
animals, is typically governed by arrays of 

discrete regulatory elements embedded 
in regions that fl ank coding regions and 
lie within introns [23].

Many regulatory proteins are 
members of large families and can 
overlap in function.  More than 20% of 
human genes and a much larger fraction 
of plant genes belong to families [75] 
that are the product of the duplication 
and evolutionary divergence of ancestral 
genes. 

Multiple protein forms may be 
encoded by single genetic loci. Through 
the use of alternative promoters and RNA 
splice sites, multiple mRNAs encoding 
different protein products are often 
produced from a single locus. Alternative 
protein forms (isoforms) may function 
in different contexts and/or possess 
different activities.
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formation, and other, more slowly 
evolving characters. The available 
evidence suggests, however, that the 
diversification of other traits that are 
governed by highly pleiotropic and 
well-conserved proteins can also be 
accounted for by regulatory sequence 
evolution.

For example, shifts in the 
rostrocaudal boundaries of Hox gene 
expression are associated with large-
scale differences in axial patterning in 
vertebrates, arthropods, and annelids 
[24]. In one case, the Hoxc8 gene of 
the chicken and mouse, differences 
in the function of one cis-regulatory 
element have been demonstrated to 
govern differences in gene expression 
boundaries in the neural tube and 
paraxial mesoderm [34].

While such differences in axial 
morphology are thought to evolve 
slowly and relatively infrequently, 
some features of the vertebrate 
skeleton, such as the pelvic skeleton 
of stickleback fish, evolve rapidly [38] 
and repeatedly [33]. Reduction of the 
pelvic fin, the homolog of the tetrapod 
hindlimb, is due to changes at the 
Pitx1 locus [33]. The Pitx1 protein is a 
pleiotropic transcription factor 
that affects the development 
of multiple tissues in fish and 
mice, including the hindlimb. 
Pelvic-reduced sticklebacks have 
lost Pitx1 expression in pelvic 
fin precursors, but possess a 
perfectly intact Pitx1 coding 
region with no sequence changes 
relative to populations with fully 
formed pelvic structures. The 
only explanation consistent 
with these observations is that 
regulatory mutations in a cis-
element governing expression 
in the pelvic fin precursors 
has selectively abolished Pitx1 
expression in this one part of 
the developing animal, while 
gene expression elsewhere is not 
affected (Figure 2B).

The crucial insight from 
the evolution of Pitx1, yellow, 
and Hoxc8 is that regulatory 
mutations provide a mechanism 
for change in one trait while 
preserving the role of pleiotropic 
genes in other processes. This 
is perhaps the most important, 
most fundamental insight from 
evolutionary developmental 
biology. While functional 

mutations in a coding region are 
usually poorly tolerated and eliminated 
by purifying selection, even complete 
loss-of-function mutations in regulatory 
elements are possible because the 
compartmentation created by the 
modularity of cis-regulatory elements 
limits the effects of mutations to 
individual body parts.

Does this mean that coding 
sequences cannot contribute to 
morphological evolution? Not at all. 
There are several clear examples 
of functional sequence changes in 
proteins that affect form, and I will 
highlight them next. The key questions 
to keep in mind are, how often and 
under what circumstances do coding 
sequences of regulatory molecules 
functionally evolve?

Coding Sequences and 
the Evolution of Anatomy

The body plans of arthropods and 
tetrapods have evolved around the use 
of a fairly stable complement of Hox 
genes in each phylum [24,39]. The 
stability of Hox gene number, and the 
conservation of Hox ortholog sequences 
and function, led to the initial 

impression that Hox proteins have 
not significantly diverged in function. 
However, it is now understood that 
several arthropod Hox proteins have 
changed in ways that are associated 
with shifts in form or developmental 
mechanisms, including the Hox3, 
Fushi tarazu, Ultrabithorax (Ubx), and 
Antennapedia [40] proteins. In the 
case of Hox3 and Fushi tarazu, Hox-
type function has been lost in particular 
lineages while new functions have been 
gained. The Fushi tarazu protein of 
certain insects lost sequence motifs 
involved in Hox functions, and gained 
a motif for a new activity involved in 
segmentation [41,42]. Similarly, the 
Hox3 protein lost Hox function in 
insects and gained a novel dorsoventral 
axis patterning function. It 
subsequently underwent a duplication 
that produced two divergent genes 
involved in early patterning of the two 
body axes in one clade of flies [43–45].

In the Ubx protein, functional 
motifs evolved while the protein 
retained Hox function. Comparative 
and functional studies have shown 
that the carboxy terminus of the Ubx 
protein was extended in the crustacean 

lineage and serves as an activity-
modulating domain [46]. In the 
insect lineage, this domain was 
replaced by a short glutamine/
alanine-rich motif that has been 
well preserved throughout the 
course of more than 300 million 
years of insect evolution [47]. 

These arthropod Hox proteins 
demonstrate that some of the 
most conserved proteins can, 
under certain circumstances, 
evolve new and different 
activities. In these examples, 
selection against coding changes 
might have been relaxed because 
of functional redundancy among 
Hox paralogs. However, these 
events are, in the long span of 
the history of these lineages, 
rare relative to the extensive 
diversification of body forms. It 
must also be stressed that both 
ftz and Hox3 (and its derivatives 
zen and bcd) acquired entirely 
novel regulatory elements that 
governed their expression in 
new domains and patterns. 
Furthermore, Ubx regulation 
has been extensively diversified 
among arthropods [24], 
including within the insects [48–
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Figure 2. The Modular Architecture of the cis-Regulatory 
Regions of Pleiotropic Genes Enables the Independent Evolution 
of Gene Expression in Different Body Parts 
(A) Expression of the yellow pigmentation gene of Drosophila 
is controlled by several different cis-regulatory elements (red 
circles). Differences in the activity of selected elements (wing 
and wing spot) underlie differences in pigment patterns 
between species (Figure based on [35].) 
(B) Similarly, the expression of the Pitx1 gene of vertebrates 
is inferred to be controlled by multiple elements (red circles). 
In pelvic-reduced stickleback fi sh, Pitx1 expression is absent 
from the pelvic region. This is proposed to occur through of a 
selective loss of activity of the hindlimb regulatory element 
(cross through the red circle) (Figure based on [33].)
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50]. Thus, even in the infrequent 
instances of overt coding 
sequence evolution in regulatory 
proteins, regulatory sequence 
evolution is a critical component 
of functional evolution, and 
further diversification of gene 
function. 

Are there more common 
and rapid means of evolving 
morphological diversity via 
coding mutations? Definitely. 
One prominent example is 
the melanocortin-1 receptor 
(MC1R), which modulates the 
quantity and type of melanin 
synthesis in melanocytes. 
Mutations in the MC1R gene 
are associated with scale, fur, 
or plumage color variation and 
divergence in a wide range of 
species [51]. The ecological 
significance of alternative 
phenotypes suggests that the 
MC1R gene has evolved under natural 
and sexual selection. The clear-cut case 
of MC1R evolution raises the question, 
why is coding sequence evolution 
so prevalent in the diversification of 
vertebrate pigmentation, while the 
evolution of gene regulation plays 
a central role in flower and fruit fly 
pigmentation?

There may be particular properties 
of MC1R that have enabled it to play 
this starring role. MC1R is a member 
of a family of five related receptors 
and is the only member involved in 
pigment synthesis regulation [52]. 
Thus, the structural and regulatory 
diversification of this receptor family 
(that is, the evolution of MC1R 
expression in melanocytes) has 
produced a protein that has a much 
greater degree of evolutionary freedom 
than more pleiotropic receptors. It 
should be noted that MC1R coding 
mutations result in body-wide effects 
on pigmentation, and do not create or 
alter spots, stripes, or other patterns. 
The evolution of spatial patterns of 
pigmentation in vertebrates is still likely 
to involve regulatory evolution in the 
expression of pigmentation proteins, or 
regulators of receptor activity [53], via 
mechanisms similar to those underlying 
the evolution of insect color patterns.

The widespread involvement of 
MC1R coding variation in the visible 
diversity of vertebrates may then be a 
relatively special case, enabled by the 
dedication of MC1R to pigmentation 

and its minimal pleiotropy. It would be 
expected that other, more pleiotropic 
proteins would be constrained in 
their sequence variation and, hence, 
their contribution to morphological 
variation. However, it has recently been 
shown that morphological variation in 
dog breeds is associated with variation 
in the length of repeated amino acid 
sequences in the coding regions of a 
variety of developmentally important 
transcription factors [54]. These 
repeats are encoded by microsatellite 
sequences that expand or contract 
at very high rates, and spontaneous 
or induced mutations of these sites 
affect visible traits. The extraordinary 
variation in repeat lengths, and their 
potential effects on morphology, 
raises the possibility that these repeats 
are a source of variation in natural 
populations. However, this variation 
may have accompanying deleterious, 
pleiotropic effects that, while 
manageable under domestication, 
would limit its contribution to 
evolution under natural selection. 

Gene Duplication and 
the Evolution of Anatomy

The history of Hox genes and the 
MC1R gene reflects that one condition 
contributing to the potential evolution 
of coding sequences is the generation 
of new genes by duplication. Ever since 
Ohno [14], and indeed well before 
[55], there has been widespread belief 
and expectation that gene duplication 

has been a major driving force 
in evolution. Empirical evidence 
suggests, however, that while 
gene duplication has contributed 
to the evolution of form, the 
frequency of duplication events 
is not at all sufficient to account 
for the continuous diversification 
of lineages. This conclusion is 
based primarily upon two sets of 
observations.

First, the estimated rate of 
gene duplication is about once 
per gene per 100 million years 
[56]. This figure suggests that 
gene duplication can contribute 
to genome evolution over longer 
spans of evolutionary time 
(for example, greater than 50 
million years), but this rate is not 
sufficient to account for variation 
in populations (for example, 
quantitative trait differences) or 
for divergence among related 

species such as the 300,000 known 
species of beetles, or 10,000 species of 
birds.

Second, the relative infrequency of 
gene duplication is documented by the 
actual histories of key developmental 
regulatory gene families. For example, 
while it is very clear that during the 
early evolution of animals, there was an 
expansion in the number of Hox genes, 
and that during the early evolution of 
the vertebrates, there was an expansion 
in the number of Hox gene clusters, 
the number and diversity of Hox genes 
in highly diversified phyla, such as the 
arthropods and tetrapods, appears to 
have remained fairly stable for very 
long periods (perhaps approximately 
500 million years). Other gene families, 
such as the Wnt family of signaling 
ligands, also exhibit deep ancestral 
complexity. Of 12 Wnt subfamilies 
known in vertebrates, 11 have been 
identified in a cnidarian [57]. Such 
deep ancestral complexity is much 
greater than would be expected under 
the hypothesis that diversity evolves 
primarily through the evolution of 
new genes [39,58]. Similarly, despite 
widespread speculation that the human 
genome would contain many more 
genes than other species, it does not, 
and the great majority of human genes 
have syntenic orthologs in the mouse 
[6].

Furthermore, the contribution of 
gene duplication to the evolution 
of form may be governed primarily 
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Figure 3. The Regulatory Evolution of FOXP2 and the Origins of 
Vocal Learning
(A–F) The patterns of FOXP2 expression in sections of bird 
brains are depicted The green area is the striatum. FOXP2 
is upregulated in the vocalization center known as Area X 
(pink spots) in vocal-learning species such as the zebra fi nch 
(A) and black-capped chickadee (B) but not in non-learning 
species such as the ringdove (C). 
(D–F) In the canary, FOXP2 expression in Area X varies over 
seasons; elevated expression is associated with periods 
during which the song is plastic (pink spot).
(Figure based on [68].)
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by the divergence of the regulation 
of newly duplicated genes, rather 
than novel functions acquired by 
coding mutations. Both theoretical 
considerations and empirical data 
have suggested that the partitioning of 
the progenitor gene’s functions may 
occur most often through regulatory 
mutations, or the partitioning of 
regulatory sequences in the original 
duplication event [59].

The Relative Contribution of 
Regulatory and Coding Sequences 
to Anatomical Evolution

The examples I have described 
demonstrate that both regulatory 
sequences and coding regions of the 
genome can and do contribute to the 
evolution of form. The more subjective 
issue is whether, from the small sample 
of case studies mentioned here and 
in the literature, one can make (and 
defend) statements about the relative 
contribution of regulatory and coding 
sequence evolution to the evolution 
of anatomy. We are, after all, in much 
better position now to do so than King 
and Wilson were 30 years ago.

While the agnostic, “wait and see” 
position would appear safer, that 
would not at all be in keeping with the 
bold spirit of the pioneers who first 
wrestled with the question. Moreover, 
I argue that a trend is evident, and that 
that trend should, of course, inform 
ongoing and future work. Based upon 
(i) empirical studies of the evolution 
of traits and of gene regulation in 
development, (ii) the rate of gene 
duplication and the specific histories 
of important developmental gene 
families, (iii) the fact that regulatory 
proteins are the most slowly evolving 
of all classes of proteins, and (iv) 
theoretical considerations concerning 
the pleiotropy of mutations, I argue 
that there is adequate basis to 
conclude that the evolution of anatomy 
occurs primarily through changes in 
regulatory sequences. 

This conclusion comes as no 
surprise, given the hypotheses of 
King and Wilson and others framed 
decades ago. Indeed, most aficionados 
of evolutionary developmental biology 
would find no news here. However, I 
am not convinced that what we have 
learned about the evolution of form 
is being adequately considered in 
comparative genomics and population 
genetics, where the potential role of 

regulatory sequence evolution appears 
to be a secondary consideration, or 
ignored altogether. This neglect has 
fundamental bearing on the issue that 
first drew King and Wilson’s interest—
the origins of differences between 
chimps and humans.

Chimps and Humans Redux

The morphological differences between 
modern humans, human ancestors, 
and the great apes are the product of 
evolutionary changes in development. 
I have argued elsewhere [60] that the 
evolution of complex traits such as 
brain size, craniofacial morphology, 
cortical speech and language areas, 
hand and digit form, dentition, and 
body skeletal morphology must have a 
highly polygenic and largely regulatory 
basis. The great and difficult challenge, 
with the genome sequences of humans, 
chimps, and other mammals now 
available, is to map changes in genes 
to changes in traits. Many approaches 
are being taken, and a few intriguing 
associations of candidate genes and 
the evolution of particular traits have 
been discovered, such as the FOXP2 
gene and the evolution of speech [61], 
and the MYH16 muscle-specific myosin 
pseudogene and the evolutionary 
reduction of the masticatory apparatus 
[62]. My concern here is not whether 
these specific associations did or did 
not play a role in human evolution; 
rather, my concern is the exclusive 
focus, by choice or by necessity, on the 
evolution of coding sequences in these 
and more genome-wide population 
genetic surveys of chimp–human 
differences [63].

There exists some disconnect 
between what studies in model species 
have underscored—the ability or 
sufficiency of regulatory sequences to 
account for the evolution of physical 
traits—and which models of evolution 
are implicitly or explicitly being 
tested when only coding sequence 
divergence is considered. Two stories 
concerning the FOXP2 gene illustrate 
the dramatically different conclusions 
one might draw, depending upon 
the methodologies and assumptions 
applied.

The human FOXP2 gene encodes 
a transcription factor, and mutations 
at the locus were discovered to be 
associated with a speech and language 
disorder [64]. The human FOXP2 
protein differs from the gorilla and 

chimp protein at just two residues, 
raising the possibility that the two 
replacements that occurred in the 
human lineage might be significant to 
the evolution of speech and language. 
Furthermore, population genetic 
analysis indicates that the FOXP2 
locus has undergone a selective sweep 
within the last 200,000 years of human 
evolution [61]. While it would certainly 
be convenient if the two changes in 
the FOXP2 protein were functional, 
the additional hypothesis must be 
considered that functional regulatory 
changes might have occurred at the 
FOXP2 locus. In weighing alternative 
hypotheses of FOXP2 or any gene’s 
potential involvement in the evolution 
of form (or neural circuitry), we 
should ask the following questions. (i) 
Is the gene product used in multiple 
tissues? (ii) Are mutations in the 
coding sequence known or likely to be 
pleiotropic? (iii) Does the locus contain 
multiple cis-regulatory elements?

If the answers are yes to all of these 
questions, then regulatory sequence 
evolution is the more likely mode 
of evolution than coding sequence 
evolution. For FOXP2, this appears 
to be the case. FOXP2 is expressed at 
multiple sites, not just in the brain, 
but in the lungs, heart, and gut as 
well [64,65]. Patients with the FOXP2 
mutation do have multiple neural 
deficits [66]. And, because FOXP2 
is expressed in different organs and 
different regions of the brain, it is 
certain to possess multiple regulatory 
elements. Furthermore, it is an 
enormous, complex locus, spanning 
some 267 kb. Based upon a simple 
average base pair divergence of 1.2%, 
there should be over 2,000 nucleotide 
differences between chimps and 
humans in this span. Because there is 
much more potential for functional 
divergence in non-coding sequences, 
there is no specific reason to favor 
coding sequence divergence over 
regulatory sequence divergence at 
FOXP2.

The discovery of FOXP2 and its 
association with human speech has 
inspired consideration of the potential 
role of FOXP2 in the evolution of 
vocalization in other animals, and here 
is where strikingly different conclusions 
were reached depending upon the 
hypothesis tested and the methodology 
used. Song learning has evolved in 
three orders of birds. There are some 
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behavioral and neural similarities 
between bird song and human speech 
in terms of their being learned at 
critical periods and the involvement 
of auditory and motor centers and 
specialized brain centers. A standard 
comparative analysis of the FOXP2 
coding sequences of humans and song-
learning and non-learning birds did 
not reveal any amino acid substitutions 
that were shared between song-learning 
birds and humans, nor any fixed 
differences between song-learning 
and non-learning birds. The study 
concluded there was “no evidence for 
its [FOXP2] role during the evolution 
of vocal learning in nonhuman 
animals” [67]. 

In great contrast, when FOXP2 
mRNA and protein expression in 
the developing and adult brains of 
a variety of song-learners and non-
learners were examined, a striking 
increase in FOXP2 expression was 
observed in Area X, a center necessary 
for vocal learning that is absent from 
non-learners [68] (Figure 3A–3C). 
This increase occurs in zebra finches 
over the developmental period when 
vocal learning occurs. Furthermore, 
in adult canaries, seasonal changes 
in FOXP2 expression were observed 
in Area X, associated with changes in 
the stability of the bird’s song (Figure 
3D–3F). Thus, remarkable changes in 
the regulation of FOXP2, but not the 
protein sequence, are correlated with 
the development and evolution of 
vocal learning in birds. These changes 
could arise through the evolution of 
FOXP2 cis-regulatory sequences, or of 
the regulatory or coding sequences 
of transcription factors that control 
FOXP2.

The contrast between the negative 
conclusions drawn from the analysis of 
coding sequences and the fascinating 
correlation revealed by the comparative 
study of gene regulation in vivo 
highlights the general inadequacies of, 
and potential error in, the exclusive 
analysis of coding regions when 
considering the evolution of anatomy. 
But that inadequacy applies more 
broadly than just to the evolution 
of form. While standard population 
genetic tests have been used to 
search human protein sequences for 
statistical evidence of positive selection 
[63,69], several examples of positive 
selection on cis-regulatory sequences 
of physiological genes are documented 

[70–72]. This includes the very clear 
case of the erythroid-specific loss 
of expression of the Duffy antigen 
chemokine receptor in populations 
resistant to Plasmodium vivax malaria 
[73]. This loss is due to a regulatory 
mutation that affects an erythroid cis-
regulatory sequence but has no effect 
on receptor expression elsewhere in 
the body [74].

Any statements or claims, then, 
about the genetic changes that “make 
us human” must be weighed critically 
in light of the power and limitations of 
the methodology employed, and the 
scope of the hypotheses being tested. 
While it is understandable that some 
biologists have reached for the “low-
hanging fruit” of coding sequence 
changes, the task of unraveling the 
regulatory puzzle is yet to come.

Conclusion

The hypothesis of regulatory evolution 
put forward by King and Wilson 30 
years ago was founded entirely on 
negative data, that is, the apparent 
insufficiency of coding sequence 
divergence to account for gross 
organismal differences. It has required 
several decades to obtain evidence that 
regulatory sequences are so often the 
basis for the evolution of form that, 
when considering the evolution of 
anatomy (including neural circuitry), 
regulatory sequence evolution should 
be the primary hypothesis considered. 
The analysis of regulatory sequence 
evolution poses particular challenges 
in that it is impossible to distinguish 
meaningless from functional changes 
by mere inspection. But, in nonhuman 
models where extensive experimental 
tools are available, there is cause for 
optimism that the contribution of 
regulatory sequences to evolution will 
be increasingly well understood in 
the near term. In order to approach 
the origins of human traits, much 
greater emphasis has to be placed on 
comparative studies of gene expression, 
regulation, and development in apes 
and other primates. This is precisely 
the requirement forecast by King and 
Wilson 30 years ago [1], only now we 
have the means to meet it. �

Acknowledgments
I thank M.-C. King for correspondence 
regarding her 1975 paper with A. C. Wilson, 
L. Olds for the artwork, and A. Rokas, B. 
Williams, C. Hittinger, B. Hersh, P. Carroll, 

and S. Paddock for helpful comments. Work 
in my laboratory is supported by the Howard 
Hughes Medical Institute.

References
1. King MC, Wilson AC (1975) Evolution at two 

levels in humans and chimpanzees. Science 
188: 107–116.

2. Yokoyama S (2002) Molecular evolution of 
color vision in vertebrates. Gene 300: 69–78.

3. Jessen TH, Weber RE, Fermi G, Tame J, 
Braunitzer G (1991) Adaptation of bird 
hemoglobins to high altitudes: Demonstration 
of molecular mechanism by protein 
engineering. Proc Natl Acad Sci U S A 88: 
6519–6522.

4. Zhang J, Zhang YP, Rosenberg HF (2002) 
Adaptive evolution of a duplicated pancreatic 
ribonuclease gene in a leaf-eating monkey. Nat 
Genet 30: 411–415.

5. Hughes AL (2002) Natural selection and the 
diversification of vertebrae immune effectors. 
Immunol Rev 190: 161–168.

6. Waterston RH, Lindblad-Toh K, Birney 
E, Rogers J, Abril JF, et al. (2002) Initial 
sequencing and comparative analysis of the 
mouse genome. Nature 420: 560–562.

7. Crick FHC (1958) On protein synthesis. Symp 
Soc Exp Biol 12: 138–163.

8. Zuckerkandl E, Pauling L (1965) Evolutionary 
divergence and convergence in proteins. In: 
Bryson V, Vogel HJ, editors. Evolving genes 
and proteins. New York: Academic Press. pp. 
97–166.

9. Kimura M (1969) The rate of molecular 
evolution considered from the standpoint of 
population genetics. Proc Natl Acad Sci U S A 
63: 1182–1188.

10. Jacob F, Monod J (1961) Genetic regulatory 
mechanisms in the synthesis of protein. J Mol 
Biol 8: 318–356.

11. Zuckerkandl E (1964) Controller-gene 
diseases: The operon model as applied to beta-
thalassemia, familial fetal hemoglobinemia and 
the normal switch from the production of fetal 
hemoglobin to that of adult hemoglobin. J Mol 
Biol 8: 128–147.

12. Britten RJ, Davidson EH (1969) Gene 
regulation for higher cells: A theory. Science 
165: 349–357.

13. Britten RJ, Davidson EH (1971) Repetive 
and non-repetitive KNA sequences and a 
speculation on the origins of evolutionary 
novelty. Quart Rev Biol 46: 111–138.

14. Ohno S (1970) Evolution by gene duplication. 
New York: Springer-Verlag. 160 p.

15. Ohno S (1972) An argument for the genetic 
simplicity of man and other animals. J Hum 
Evol 1: 651–662.

16. Prager EM, Wilson AC (1975) Slow 
evolutionary loss of the potential for 
intersspecific hybridization in birds. Proc Natl 
Acad Sci U S A 72: 200–204.

17. Wilson AC, Maxson LR, Sarich VM (1974) Two 
types of molecular evolution. Evidence from 
studies of interspecific hybridization. Proc Natl 
Acad Sci U S A 71: 2843–2847.

18. Wilson AC, Sarich VM, Maxson LR (1974) 
The importance of gene rearrangement in 
evolution. Proc Natl Acad Sci U S A 71: 3028–
3030.

19. Jacob F (1977) Evolution and tinkering. 
Science 196: 1161–1166.

20. Stern DL (2000) Perspective: Evolutionary 
developmental biology and the problem of 
variation. Evolution 54: 1079–1091.

21. Kirschner M, Gerhart J (1998) Evolvability. 
Proc Natl Acad Sci U S A 95: 8420–8427.

22. Gerhart J, Kirschner M (1997) Cells, embryos, 
and evolution. Malden: Blackwell Science. 642 
p.

23. Davidson EH (2001) Genomic regulatory 
systems: Development and evolution. San 
Diego: Academic Press. 261 p.

July 2005  |  Volume 3  |  Issue 7  |  e245



PLoS Biology  |  www.plosbiology.org 1166

24. Carroll SB, Grenier JK, Weatherbee SD (2005) 
From DNA to diversity: Molecular genetics 
and the evolution of animal design, 2nd ed. 
Malden: Blackwell Scientific. 258 p.

25. Stern DL (1998) A role of Ultrabithorax in 
morphological differences between Drosophila 
species. Nature 396: 463–466.

26. Sucena E, Stern DL (2000) Divergence of 
larval morphology between Drosophila sechelia 
and its sibling species caused by cis-regulatory 
evolution of ovo/shaven-baby. Proc Natl Acad 
Sci U S A 97: 4530–4534.

27. Sucena E, Delon I, Jones I, Payre F, Stern DL 
(2003) Regulatory evolution of shavenbaby/
ovo underlies multiple cases of morphological 
parallelism. Nature 424: 935–938.

28. Genissel A, Pastinen T, Dowell A, Mackay 
TF, Long AD (2004) No evidence for an 
association between common nonsynonymous 
polymorphisms in delta and bristle number 
varation in natural and laboratory populations 
of Drosophila melanogaster. Genetics 166: 291–306.

29. Kopp A, Duncan I, Godt D, Carroll SB (2000) 
Genetic control and evolution of sexually 
dimorphic characters in Drosophila. Nature 408: 
533–559.

30. Durbin ML, Lundy KE, Morrell PL, Torres-
Martinez CL, Clegg MT (2003) Genes that 
determine flower color: The role of regulatory 
changes in the evolution of phenotypic 
adaptations. Mol Phylogenet Evol 29: 507–518.

31. Yoon HS, Baum DA (2004) Transgenic study of 
parallelism in plant morphological evolution. 
Proc Natl Acad Sci U S A 101: 6524–6529.

32. Wang RL, Stec A, Hey J, Lukens L, Doebley J 
(1999) The limits of selection during maize 
domestication. Nature 398: 236–239.

33. Shapiro MD, Marks ME, Peichel CL, Blackman 
BK, Nereng KS, et al. (2004) Genetic and 
developmental basis of evolutionary pelvic 
reduction in threespine sticklebacks. Nature 
428: 717–723.

34. Belting HG, Shashikant CS, Ruddle FH (1998) 
Modification of expression and cis-regulation 
of Hoxc8 in the evolution of diverged axial 
morphology. Proc Natl Acad Sci U S A 95: 
2355–2360.

35. Gompel N, Prud’homme B, Wittkopp PJ, 
Kassner VA, Carroll SB (2005) Chance caught 
on the wing: Cis-regulatory evolution and the 
origin of pigment patterns in Drosophila. Nature 
433: 481–487.

36. Wittkopp PJ, Vaccaro K, Carroll SB (2002) 
Evolution of yellow gene regulation and 
pigmentation in Drosophila. Curr Biol 12: 1547–
1556.

37. Wittkopp PJ, Kopp A, Carroll SB (2003) 
Evolution in black and white: Genetic control 
of pigment patterns in Drosophila. Trends Genet 
19: 495–504.

38. Bell MA, Baumgartner JV, Olson EC (1985) 
Patterns of temporal change in single 
morphological characters of a Miocene 
stickleback fish. Paleobiology 11: 258–271.

39. Carroll SB (1995) Homeotic genes and the 
evolution of arthropods and chordates. Nature 
376: 479–485.

40. Shiga Y, Yasumoto R, Yamagata H, Hayashi S 
(2002) Evolving role of Antennapedia protein 

in arthropod limb patterning. Development 
129: 3555–3561.

41. Löhr U, Yussa M, Pick L (2001) Drosophila 
fushi tarazu: A gene on the border of homeotic 
function. Curr Biol 11: 1403–1412.

42. Alonso C, Maxton-Kuechenmeister J, Akam 
M (2001) Evolution of Ftz protein function in 
insects. Curr Biol 11: 1473–1478.

43. Telford MJ, Thomas R (1998) Of mites and 
zen: Expression studies in a chelicerate 
arthropod confirm zen is a divergent Hox gene. 
Dev Genes Evol 208: 591–594.

44. Stauber M, Prell A, Schmidt-Ott U (2002) A 
single Hox3 gene with composite bicoid and 
zerknüllt expression characteristics in non-
Cyclorrhaphan flies. Proc Natl Acad Sci U S A 
99: 274–279.

45. Damen WGM, Tautz D (1998) A Hox class 3 
orthologue from the spider Cupiennius salei 
is expressed in a Hox-gene-like fashion. Dev 
Genes Evol 208: 586–590.

46. Ronshaugen M, McGinnis N, McGinnis 
W (2002) Hox protein mutation and 
macroevolution of the insect body plan. Nature 
415: 914–917.

47. Galant R, Carroll SB (2002) Evolution of a 
novel transcriptional repression domain in the 
Ultrabithorax Hox protein in insects. Nature 
415: 848–849.

48. Mahfooz NS, Li H, Popadic A (2004) 
Differential expression patterns of the hox 
gene are associated with differential growth of 
insect hind legs. Proc Natl Acad Sci U S A 101: 
4877–4882.

49. Palopoli MF, Patel NH (1998) Evolution of 
the interaction between Hox genes and a 
downstream target. Curr Biol 8: 587–590.

50. Warren R, Nagy L, Selegue J, Gates J, Carroll S 
(1994) Evolution of homeotic gene regulation 
and function in flies and butterflies. Nature 
372: 458–461.

51. Majerus MEN, Mundy NI (2003) Mammalian 
melanism: Natural selection in black and white. 
Trends Genet 19: 585–588.

52. Catania A, Gatti S, Lipton JM (2004) Targeting 
melanocortin receptors as a novel strategy to 
control inflammation. Pharmacol Rev 56: 1–29.

53. Millar SF, Miller MW, Stevens ME, Barsh GS 
(1995) Expression and transgeneic studies of 
the mouse agouti gene provide insight into the 
mechanisms by which mammalian coat color 
patterns are generated. Development 121: 
3223–3232.

54. Fondon JW, Garner HR (2004) Molecular 
origins of rapid and continuous morphological 
evolution. Proc Natl Acad Sci U S A 101: 
18058–18063.

55. Taylor JS, Raes J (2004) Duplication and 
divergence: The evolution of new genes and 
old ideas. Annu Rev Genet 38: 615–643.

56. Lynch M, Conery JS (2000) The evolutionary 
fate and consequences of duplicate genes. 
Science 290: 1151–1155.

57. Kusserow A, Pang K, Sturm C, Hrouda M, 
Lentfer B, et al. (2005) Unexpected complexity 
of the Wnt gene family in a sea anemone. 
Nature 433: 156–160.

58. Ball EE, Hayward DC, Saint R, Miller DJ (2004) 
A simple plan—Cnidarians and the origins of 

developmental mechanisms. Nat Rev Genet 5: 
567–577.

59. Lynch M, Katju V (2004) The altered 
evolutionary trajectories of gene duplicates. 
Trends Genet 20: 544–549.

60. Carroll SB (2003) Genetics and the making of 
Homo sapiens. Nature 422: 849–857.

61. Enard W, Przeworski M, Fisher SE, Lai CSL, 
Kitano WV, et al. (2002) Molecular evolution 
of FOXP2, a gene involved in speech and 
language. Nature 428: 869–872.

62. Stedman HH, Kozyak BW, Nelson A, Thesier 
DM, Su LT, et al. (2004) Myosin gene mutation 
correlates with anatomical changes in the 
human lineage. Nature 428: 415–418.

63. Dorus S, Vallender EJ, Evans PD, Anderson JR, 
Gilbert SL, et al. (2004) Accelerated evolution 
of nervous system genes in the origin of Homo 
sapiens. Cell 119: 1027–1040.

64. Lai CSL, Fisher SE, Hurst JA, Vargha-Khadem 
F, Monaco AP (2001) A forkhead-domain gene 
is mutated in a severe speech and language 
disorder. Nature 413: 519–523.

65. Shu W, Yang H, Zhang L, Lu MM, Morrisey EE 
(2001) Characterization of a new subfamily of 
winged-helix/forkedhead (Fox) genes that are 
expressed in the lung and act as transcriptional 
repressors. J Biol Chem 276: 27488–27497.

66. Vargha-Khadem F, Gadian DG, Copp 
A, Mishkin M (2005) FOXP2 and the 
neuroanatomy of speech and language. Nat 
Rev Neurosci 6: 131–138.

67. Webb DM, Zhang J (2005) FoxP2 in song-
learning birds and vocal-learning mammals. J 
Hered 96: 1–5.

68. Haesler S, Wada K, Nshdejan A, Morrisey EE, 
Lints T, et al. (2004) FoxP2 expression in avian 
vocal learners and non-learners. J Neurosci 24: 
3164–3175.

69. Clark AG, Glanoski S, Nielsen R, Thomas 
PD, Kejariwal A, et al. (2003) Inferring 
nonneutral evolution from human-chimp-
mouse orthologous gene trios. Science 302: 
1876–1877.

70. Rockman MV, Hahn MW, Soranzo N, 
Goldstein DB, Wray GA (2003) Positive 
selection on a human-specific transcription 
factor binding site regulating IL4 expression. 
Curr Biol 13: 2118–2123.

71. Rockman MV, Hahn MW, Soranzo N, Loisel 
DA, Goldstein DB, et al. (2004) Positive 
selection on MMP3 regulation has shaped 
heart disease risk. Curr Biol 14: 1531–1539.

72. Hahn MW, Rockman MV, Soranzo N, 
Goldstein DB, Wray GA (2004) Population 
genetic and phylogenetic evidence for positive 
selection on regulatory mutations at the factor 
VII locus in humans. Genetics 167: 867–877.

73. Livingstone FB (1984) The Duffy blood groups, 
vivax malaria, and malaria selection in human 
populations: A review. Hum Biol 56: 413–425.

74. Tournamille C, Colin Y, Cartron JP, Le Van 
Kim C (1995) Disruption of a GATA motif in 
the Duffy gene promoter abolishes erythroid 
gene expression in Duffy-negative individuals. 
Nat Genet 10: 224–228.

75. Locton S, Gaut BS (2005) Plant conserved non-
coding sequences and paralogue evolution. 
Trends Genet 21: 60–65.

July 2005  |  Volume 3  |  Issue 7  |  e245




