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Abstract

Despite the recent synthesis of developmental genetics and evolutionary biology, current theories of adaptation
are still strictly phenomenological and do not yet consider the implications of how phenotypes are constructed
from genotypes. Given the ubiquity of regulatory genetic pathways in developmental processes, we contend that
study of the population genetics of these pathways should become a major research program. We discuss the
role divergence in regulatory developmental genetic pathways may play in speciation, focusing on our theoretical
and computational investigations. We also discuss the population genetics of molecular co-option, arguing that
mutations of large effect are not needed for co-option. We offer a prospectus for future research, arguing for a new
synthesis of the population genetics of development.

Introduction

Biologists studying and predicting micro-evolutionary
change generally focus on variation within popula-
tions. One major sub-field of micro-evolutionary stud-
ies is population genetics, which in the strictest sense
involves tracking changes of frequencies of alleles and
genotypes within and among populations across time
and space (Futyuma, 1998). Quantitative genetics, an-
other sub-field of micro-evolution, by contrast is a
“statistical branch of genetics based upon fundamental
Mendelian principles extended to a polygenic (mul-
tilocus) characters... phrased in terms of phenotypic
means and variances” (Lynch & Walsh, 1998, p. 5).
The line between population and quantitative genetics,
especially with the prevalence of quantitative trait loci
(QTL) studies today, is blurred. In this perspective, we
will often use these terms interchangeably.

Population and quantitative geneticists generally
have neglected the details of how phenotypes are con-
structed from genotypes; typically this has been the
province of developmental geneticists. As a result,
scant attention has been paid to the impact of micro-

evolutionary forces and processes on regulatory and
developmental systems. Current theories of adapta-
tion remain strictly phenomenological and do not yet
incorporate molecular genetic principles. We argue
here for a synthesis of population genetics and devel-
opmental biology, distinct from the current synthesis
of evolution and development with its emphasis on
phylogenetic history and the new comparative method.
The synthesis of population genetics and development
would form the basis of a micro-evolutionary theory
of adaptation rooted in knowledge of how phenotypes
are constructed from genotypes.

We begin in Section I with a discussion of his-
torical and conceptual foundations, describing the
syntheses that have led to developmental genetics and
evolutionary developmental biology. In Section II, we
discuss how the field of evolutionary quantitative ge-
netics can benefit by opening up the black box of
the G (variance–covariance) matrix of traits via more
detailed examinations of the developmental processes
linking genotype and phenotype. In Section III, we
discuss how changes in regulatory genes need not im-
ply macro-mutations. We affirm the idea that multiple
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mutations of relatively small effect at a few loci may
often be responsible for large evolutionary changes.
In Section IV, we argue that macro-mutations are not
needed to explain the co-option of new genes into reg-
ulatory genetic pathways. We also argue that the popu-
lation genetics of how new regulatory interactions are
subsumed into existing developmental pathways is a
fundamental problem to solve in this new synthesis.

The next and largest section (V) is a discussion of
the role that divergence in regulatory developmental
genetic pathways may play in speciation. We sum-
marize the results of our modeling the impact of
micro-evolutionary forces on linear regulatory path-
ways, showing that divergence in regulatory pathways
is conducive for the evolution of reproductive isola-
tion (Johnson & Porter, 2000). In addition, we discuss
how our results from simple, linear pathways can
be extended to more complex, branched pathways.
We conclude with a prospectus for future research,
highlighting our vision of the new synthesis.

I. Historical and conceptual foundations

For much of the 20th century, genetics and devel-
opment were separate disciplines with scant cross-
communication. Just how disconnected these discip-
lines seemed can be gleamed from Boris Ephrussi’s
words below. Recounting a discussion he had with
Thomas Hunt Morgan in 1934 about Morgan’s new
book, Ephrussi (1958, quoted in Gilbert, 1988) stated:

“I said (to Morgan) I found the book very inter-
esting, but I thought that the title was misleading
because he did not try to bridge the gap between
embryology and genetics as he had promised in
the title. Morgan looked at me with a smile and
said, ‘You think the title is misleading! What is the
title? ‘Embryology and Genetics’, I said. ‘Well’,
he asked, ‘is not there some embryology and some
genetics?’ This shows how polarized I was on the
gap between embryology and genetics, and how
anxiously I was waiting for somebody to bridge
it.” (see also Kohler, 1994)

Beginning in the 1970’s, this gap was bridged.
Genetics and embryology, previously separate discip-
lines, were synthesized into the very successful field
now known as developmental genetics. What is the
role of genes in development? With rare exceptions,
all of the cells of a metazoan have essentially the same
genes. In each cell type, however, only a certain subset

of the genome is expressed (Davidson, 1986; Gilbert,
1997; Levin, 1997). Which genes are expressed and
the level of expression vary across cell type. Thus,
development consists of the differential turning on and
off of genes in cell types at appropriate locations and
times.

Understanding the role of genes in development
first required understanding how genes are expressed
and how gene expression is regulated. We now
know the general principles underlying eukaryotic
gene regulation. Much regulation occurs at the level
of transcription and is mediated by protein-DNA
and protein–protein interactions. Specifically, proteins
(called ‘transcription factors’ or TFs) bind to cis-
regulatory elements which are DNA sequences nearby
the coding regions of genes. This binding affects the
transcriptional machinery and thus can alter the level
of transcription of the gene product. The proteins that
can interact with regulatory modules are remarkably
diverse (Aranone & Davidson, 1997). Protein–protein
interactions also play an important role in many path-
ways, particularly in those signaling pathways in-
volving intercellular communication (e.g., the Notch
cascade; Munn & Kopan, 2000). Several other classes
of regulatory interactions are known. Obviously, al-
lelic variants can have different regulatory efficacy in
these interactions.

One early success story of developmental genet-
ics was the determination of the genetic mechanisms
underlying segmentation in Drosophila melanogaster
(Lewis, 1978; Nusselein-Volhard & Weischaus, 1980).
Cascades of genes establish the general pattern, with
segmentation being determined by the sequential ex-
pression of some genes and suppression of other
genes in this cascade (See Figure 1). The products of
these genes are transcription factors (TFs) which reg-
ulate the expression of genes further downstream in
the cascade. Toward the end of the cascades are the
genes responsible for establishing segment identity,
the homeotic genes, and the targets of their proteins
(Lewis, 1978; Bender et al., 1983). Cascades are
not unique to the determination of segmentation; in-
deed, they are common features of developmental and
physiological processes. One notable class is the sex-
determination pathways (e.g., Schutt & Nothinger,
2000 and references within), where a decision (male
v.s. female) is made and amplified via a signaling cas-
cade, often involving differential splicing of a primary
RNA transcript (a protein-RNA interaction).

Findings from this developmental genetics syn-
thesis also paved the way for a synthesis between
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Figure 1. Developmental genetic cascade, with earlier genes affect-
ing the expression of later genes during embryogenesis. Polarity
genes establish anterior–posterior polarity of the embryo and reg-
ulate expression of gap genes. These define major body regions
and regulate pair-rule genes, which define the segment boundar-
ies. The pair-rule genes regulate expression of the segment-polarity
genes that determine the anterior–posterior polarity of individual
segments. These then regulate expression of the homeotic genes,
which define the identities of the individual segments. The homeotic
genes then regulate development of segment-specific structures.

aspects of developmental biology and evolutionary
biology. Darwin was very interested in embryology
and indeed, he presented comparative embryology as
one central argument for his theory (Darwin, 1859;
Jones, 1999). During the first half of the 20th cen-
tury, various biologists have attempted to synthesize
development and evolution (e.g., Garstang, 1922;
Goldschmidt, 1940; Thompson, 1942). However,
these attempts mostly failed due to a lack of a com-
mon framework between researchers of the different
disciplines.

The discovery of the homeobox, a striking fea-
ture of genes involved in transcription regulation, al-
lowed for this common framework. First found in the
homeotic genes, the homeobox is a protein-encoding
consensus sequence of 180 nucleotides found in many

transcription factors. Homeoboxes encode amino-acid
sequences (homeodomains) that recognize and bind
to specific DNA sequences. The homeoboxes are ex-
tremely similar across the different genes that possess
them; pair-wise comparisons often show 80–90% se-
quence similarity (McGinnis et al., 1984b; Scott &
Weiner, 1984; Lewin, 1997). Homeoboxes turned out
to be not just an oddity of Drosophila melanogaster,
or insects, or even segmented animals. Instead, they
have been found in virtually all metazoans (McGinnis
et al., 1984a; Raff, 1996; Gilbert, 1997; Pederson
et al., 2000). Not only are the sequences of the
genes conserved across widely diverged groups, so are
their functions. Finding the conservation of homeo-
boxes was an important impetus in the creation of the
synthesis, evolutionary developmental biology (a.k.a.
evodevo), between developmental genetics and the
phylogenetic subdiscipline of evolutionary biology.

Several other advances occurred during the same
period of time, promoting the evodevo synthesis. The
comparative method, a tool of developmental and
functional biologists since Weissman, had matured
to explicitly incorporate a phylogenetic perspective.
During the 1980’s and 1990’s, comparative biologists
have developed increasingly sophisticated methods
to study character evolution that take into account
the lineage history of the taxa involved (Felsenstein,
1985; McPeek, 1995; Martins, 1996). Systematics
has undergone a similar revolution with theoretical ad-
vances in the testing of phylogenetic hypotheses, a
tremendous increase in computational capacity, and
the generation of a wealth of molecular sequence and
morphological data (Hillis, Moritz & Mable, 1996
and references within).

One surprise emerging from these evodevo stud-
ies was the deep conservation of genetic structure and
function. As Palopoli and Patel (1996, p. 502) note,
“animals that look nothing like each other develop
by using much the same basic ‘tool-kit’ of molecules
and often in the same ways”. A particularly striking
example of this conservation across vastly different
lineages is the eyeless/Pax-6 gene, a putative mas-
ter switch for eye development (Quiring et al., 1994;
Halder, Callaerts & Gehring, 1995). Halder, Callaerts
and Gehring (1995) showed that ectopic expression of
the mammalian homologue of the Drosophila eyeless
gene can induce compound (fly-type) eyes to grow
almost anywhere on a fly. This is despite the independ-
ent evolution of the structures of fly and mammalian
eyes. As emphasized by Gerhart and Kirschner (1997),
studies like Halder, Callaerts and Gehring (1995)
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focus more on the striking degree of conservation
of genetic systems across ancient lineages than upon
divergence (but see Sucena & Stern, 2000).

A wide gulf still divides the approaches of the con-
temporary evodevo and population genetic schools.
Most population genetics research focuses on the evol-
utionary forces (natural selection, random genetic
drift, mutation, and gene flow) influencing the fre-
quencies of alleles or polygenic phenotypes over a
fairly short period of time. In contrast, evolutionary
studies of development typically focus on differences
in the expression of rather conserved genes between
fairly distant taxa (e.g., beetles v.s. flies), questions
that are better addressed using phylogenetic and com-
parative methods than using the machinery of pop-
ulation genetic theory (see also Gilbert, 2000). The
evodevo studies emphasize what happened deep in
the history of life but not how these developmental
systems continue to evolve. To accomplish the latter,
we need to incorporate the principles of population
genetics into the study of regulatory pathways, and
vice versa. We agree with Gilbert, Opitz and Raff’s
(1996) call to arms: “The population genetics of reg-
ulatory genes and their possible combinations within
fields should become a major new research program”
(p. 368). Below we suggest how aspects of population
and quantitative genetic theory can be integrated into
the evodevo synthesis.

II. Quantitative genetics and the
genotype–phenotype map

Biologists from diverse disciplines, including evol-
ution, paleontology, morphology, and development,
have long recognized that the relationship between
genotype and phenotype can be very complex (e.g.,
Wright, 1968; Lewontin, 1974; Arnold, 1983; Feder
& Watt, 1992; Conway Morris, 2000). In contrast,
quantitative genetic approaches traditionally neglect
the underlying genetic basis of traits in favor of an
analytically more tractable statistical description. For
instance, consider the breeders’ equation: �Z = Gβββ.
This mainstay of quantitative genetics shows how
one can predict selection-induced changes in one trait
when its expression is correlated with the expression
of other traits (Falconer & MacKay, 1996; Lynch
& Walsh, 1998). The elements of �Z represent the
changes in each trait over one generation, βββ holds the
selection gradients (i.e., phenotype v.s. fitness rela-
tionships) of each trait, and G is the matrix of the

Figure 2. The breeder’s equation �Z = GB is a statistical descrip-
tion of the evolutionary interdependence of traits that share common
genetic bases. It presumes that each trait varies in the population,
and that some of the variation is due to allelic differences. �Z is
the evolutionary change seen in the average measured for each trait.
B is the selection gradient; for example, a positive value of B for
a trait indicates that larger values are favored by selection. G is a
matrix of the genetic variances of each trait and the genetic cov-
ariances among them. The genetic variance is the proportion of the
total variation that is caused by underlying genetic variation among
individuals. A positive covariance means that individuals larger than
average for one trait are also likely to be larger than average for
the other trait. Here is a telling example worked out for a pair of
traits. (a) �Z = GB in expanded matrix form. �Z1 and �Z2 are
the evolutionary changes expected in traits 1 and 2. B1 and B2 are
the extents that selection favors larger values of the two traits. In the
matrix G, Var(G)1 and Var(G)2 are the genetic variances for traits 1
and 2, and Cov(G)1,2 is the genetic covariance between the traits. (b)
Numerical example, where there is a negative covariance between
the traits, and different strengths of selection. (c) Multiplying out
the matrix gives (d) the extent of evolutionary change in each of the
traits. Notice that even though selection favored an increase in trait
2 (i.e., B2 is positive), its value decreased (�Z2 < 0) because of the
negative covariance with trait 1. Therefore, the equation �Z = GB
says that the evolutionary change for each trait (�Z) depends not
only on selection on (B) and variation in each trait (the diagonal,
variance elements of G), but also on the extent that the traits are
genetically interdependent (the off-diagonal, covariance elements
of G).

genetic variances and covariances among the traits
(see Figure 2). All of the unknown genetic and
physiological details about how traits correlate are
subsumed into the G matrix.

Quantitative geneticists interested in making long-
range predictions of selection responses have been
very interested in the extent to which G matrices are
stable (Arnold & Phillips, 1999; Phillips & Arnold,
1999; Roff & Mousseau, 1999; Roff, 2000; Arnold,
Pfrender & Jones, 2001; Phillips, Whitlock & Fowler,
2001). If stable, the breeders’ equation would be
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useful for long-term evolutionary predictions. If not,
then predictions about trait evolution would depend
upon how these matrices evolve (see also Barton &
Turelli, 1989; Arnold, Pfrender & Jones, 2001). In
fact, both theoretical and empirical evidence clearly
demonstrate the pliability of G matrices over evolu-
tionary time. Empirical quantitative geneticists have
long recognized the difficulty in predicting how a
second, genetically correlated trait will evolve when
artificial selection is applied to a targeted trait. The
difficulty arises because a given genetic correlation
can be produced by different underlying genetic in-
teractions, and because these interactions themselves
evolve, by selection and sampling drift, during the
course of these experiments (Gromko, 1995; Lascoux,
1997). Population bottlenecks (Bryant et al., 1986;
Goodnight, 1987) and inbreeding (Phillips, Whit-
lock & Fowler, 2001; see also Pray & Goodnight,
1995) also lead to substantial evolution of G-matrix
components, probably by fixing, or substantially chan-
ging frequencies of, genotypes at loci that underlie
the traits. In extreme cases, even the signs of the
covariances in the G matrices change. Given this evol-
utionary lability, the breeders’ equation is too simple
to predict long-term evolutionary change (Pigliucci &
Schlichting, 1997). Ultimately, these predictive mod-
els should be grounded in a mechanistic understanding
of how G-matrix components evolve.

Recently, several researchers have led efforts to
reduce the descriptive mathematics of quantitative ge-
netic theory to a level that includes the effects of
underlying developmental genetic processes on phen-
otypic variation. Rice (1998, 2000) partitions pheno-
typic variation in a very general way that emphasizes
epistatic interactions and the interactions of individual
genes with arbitrary environmental components. The
outcome is a theoretical framework for interpreting not
only phenotypic evolution within a developmentally
relevant context, but also the evolutionary pressures
affecting the sensitivity of developmental systems
to environmental variation. It is therefore a general
model of phenotypic evolution that readily encom-
passes developmental canalization and its comple-
ment, phenotypic plasticity. The elements of his model
are the unspecified functional relationships of alleles
with one another and the environment. A fundamental
conclusion is that these underlying functional rela-
tionships at the allelic level have to be non-linear for
phenotypic plasticity to evolve. Their non-linearity is
perhaps to be expected on physiological grounds,
as many of these relationships involve complex

physiochemical interactions of molecules encoded by
these loci.

Hansen and Wagner (2001) take a wholly different
tack, but arrive at a similar place. They avoid single-
gene (e.g., additive) effects altogether and model only
gene interactions, specifically the effects of the substi-
tution of a new allele on the phenotypic contribution
made by all other alleles. As new mutants invade,
the entire genetic background changes as these new
alleles influence the phenotypic effects of extant al-
leles. The result is a genotype-to-phenotype map with
extraordinary evolutionary lability, a far cry from the
stable G matrix needed to apply the breeders’ equa-
tion. Wolf et al. (2001) extend a third approach that
reduces phenotypes to the contributions of underlying
developmental modules, which may in turn interact
with one another and the environment, and change
temporally, in arbitrary ways.

Each of these approaches includes development
in ways that essentially retain the descriptive, linear-
model qualities of the quantitative-genetic approach.
Critical to the dynamics of each is what Wagner (1996)
calls the mutation effects matrix: the effect of new al-
leles on the phenotypic expression of existing alleles.
Especially in the Rice (2000) and Hansen and Wagner
(2001) models, these allelic effects are partitioned to
a level that they can be measured individually in care-
fully controlled laboratory experiments. Doing so for a
very simple developmental system will be an import-
ant step for verifying these models. Even when this
is done, however, these models do not translate into
predictive models of evolutionary change, unless all
possible allelic effects, in all possible combinations,
have been measured. To make them more predictive,
so that allelic effects can be anticipated from first prin-
ciples, the connection ultimately needs to be made
to the underlying molecular and physiological mech-
anisms that produce them. Mechanisms are needed
for representing how different DNA sequences might
translate into phenotypic effects, through physiochem-
ical rules that govern the binding among proteins and
nucleic acids – part of the research program of pro-
teomics (Boguski, 1999; Fields, 2001). Rice’s (2000)
model is perhaps the most amenable to the incorpora-
tion of these rules, because the functional relationships
of how alleles affect one another are left unspecified.

While the ambitious goal of a predictive model
of phenotypic evolution is well beyond our cur-
rent capacity, important limited progress can be
made using very simple developmental systems.
Population/quantitative genetic studies of regulatory
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developmental pathways can address a number of
questions about details of the links between genotype,
phenotype, and fitness.

(a) How do nucleotide and amino-acid changes affect
regulatory binding properties?

(b) How do changes in binding properties affect levels
of gene expression?

(c) How do changes in gene expression affect the
phenotypes influenced by the gene?

(d) What are the fitnesses of these phenotypic vari-
ants?

Questions (a–c) are within the realms of physical
and biochemistry, molecular developmental genetics
and to some extent, developmental physiology. Ques-
tion (d) is an ecological-genetics question that can
provisionally be addressed by measuring fitness in
controlled laboratory environments. Answering these
questions, even in very simple developmental sys-
tems, will help us understand the developmental and
physiological reasons why different traits vary to-
gether. This understanding, in turn, will give us the
connection we need between evolutionary studies at
the level of the gene (and genetic pathways) and the
statistical language we use to study the complexity
of evolutionary pressures on covarying traits in an
ecological setting.

III. Mutation effect size: tinkering with
Fisher’s microscope

In the 1930’s and 1940’s, Richard Goldschmidt cham-
pioned the roles both of developmental processes and
of large-scale mutations (a.k.a., macro-mutations) in
evolution (Goldschmidt, 1940; Mayr, 1982; Raff,
1996). Perhaps for this reason, regulatory change
and macro-mutation have been considered almost
synonymous. We believe, however, that the evolu-
tionary significances of regulatory site changes and
macro-mutations can be disentangled. Regulatory site
changes need not be macro-mutations. Below, we
explain this contention and also discuss a new, more-
nuanced view on the mutation-effect size debate.

Fisher (1930), using the metaphor of tuning a
microscope, proposed that those mutations that con-
tribute to adaptation should have exceedingly small
effects. If the microscope is already somewhat in fo-
cus, small changes are more likely to lead to further
improvement than are larger ones. Much of quantitat-
ive genetic theory is based upon the assumption that

evolutionary change is due to infinitesimal changes
at many loci. This assumption has been pervasive in
quantitative genetics both because of Fisher’s reason-
ing and because this genetic architecture is relatively
easy to model.

This Fisherian stance has faced several challenges
over the last 10 years. Orr and Coyne (1992) reviewed
the evidence and found only weak support for the ex-
treme Fisherian view. Since then, various studies have
suggested that ‘genes of major effect’ contribute a
substantial fraction of the standing variance for quant-
itative characters in natural populations of Drosophila
(MacKay & Langley, 1990; MacKay, 1995, 1996;
Lyman & MacKay, 1998). Moreover, only a handful
of genetic changes appear responsible for most of the
differences in floral characteristics and other morpho-
logical changes between two monkeyflower species
(Bradshaw et al., 1998; Schemske & Bradshaw, 1999;
see also Coyne, 1995). These changes at ‘genes of
large effect’, though smaller than the types of changes
Goldschmidt championed, are still much larger than
the types of changes Fisher envisioned. Complement-
ing the empirical data, Orr’s (1998) model predicts
a continuum of allelic effects during adaptation to a
new static optimum. Relatively large changes should
occur early in the adaptive process, followed by in-
creasing smaller ones. The sizes of mutational effects
also depend upon how far populations are from fitness
optima and how fast those optima change, ecological
assumptions about which little is known.

More recently, a more-nuanced view about
mutation-effect size has begun to emerge. The QTLs
for species differences uncovered in the monkeyflower
study (Bradshaw et al., 1998; Schemeke & Bradshaw,
1999) each consist of large chromosomal regions and
encompass very many genes. More recently, several
more fine-scale genetic analyses of trait differences
have been published. These traits, all in Drosophila,
include Adh activity variation in D. melanogaster,
bristle number variation also in D. melanogaster, and
fitness of hybrids between D. simulans and D. maurit-
ina. In a review of these finer analyses, Phillips (1999)
concluded that in these cases, allelic and mutational
effects are not synonymous. Rather, “multiple changes
within a single locus or small chromosomal region are
responsible for natural variation and these changes are
often cryptic with respect to what one might tradition-
ally define as an allele. Therefore what we view as
an allele in the current context of a population might
have been pieced together historically over time from
multiple mutations” (Phillips 1999, p. 7). An ‘allele’
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for a high trait value may differ from an ‘allele’ for
a low trait value by several mutations. Stern (2000)
reached similar conclusions and argued that many of
these changes are indeed regulatory. Micro- mutations
apply to regulatory gene variation just as well as they
do to structural gene variation.

Differences between species may also seem, for
artifactual reasons, to be due to a few loci of large
effect. In the Dobzhansky–Muller model, reproduct-
ive isolation accrues as separate populations acquire
genetically incompatible alleles at loci that interact
epistatically (Johnson, 2000a; see § V). These in-
compatibilities can arise in small steps, with earlier
mutations paving the way for later mutations that mag-
nify the overall incompatibility (Orr, 1995). Late in
the process, analysis is likely to erroneously imply
that the earlier mutations were of large effect, a res-
ult that would be an artifact of the changed genetic
background. Indeed, the evolution of the genetic back-
ground is likely to introduce complications into any
analysis of gene effects between species (Hansen &
Wagner, 2001), not just reproductive isolation.

In summary, there are several situations where
mutations of small effect are likely to play important
roles in the evolution of development. A population
genetic approach to variation in regulatory interac-
tions is needed to study their frequency, causes and
phenotypic consequences.

IV. Co-opting new genes into regulatory pathways

A fundamental feature of development is that the same
genes are used by different genetic pathways, often
for different functions at different times and places
in the same organism. When examined phylogen-
etically the effect is magnified: even very different
traits in distantly related organisms may be controlled
by the same regulatory gene (reviewed in Kauffman,
1993; Raff, 1996; Gerhart & Kirschner, 1997; Nagy,
1998; Conway Morris, 2000). Genetically within an
organism, this multiple regulation may be accom-
plished several ways, but the most common is by
having multiple upstream promoter or enhancer sites
that influence transcription. Then, different regulat-
ory pathways during development can initiate or block
transcription in several different ways (Arnone &
Davidson, 1997). It is clear from the differences
among phylogenetically distant organisms that adapt-
ive evolution involves not only fine-tuning the ex-
pression of regulatory genes that already exist in a

developmental pathway, but also the gain and loss of
genes in the pathway.

How are genes subsumed, or co-opted, into new
pathways? Are macro-mutations needed? We do not
think so. We suggest that the evolution of co-option
can occur via relatively small mutational steps. The
answer will require a deeper empirical understanding
of the population genetics of gene regulation, know-
ledge we do not yet have. However, we can frame the
problem.

One way a gene may become incorporated into a
pathway is by simply turning off an inhibitory element
that binds in its promoter region. In some cases, a
simple point mutation in the promoter would be suf-
ficient; in others, this same inhibitor might be required
at other times and places in development, whereupon
pleiotropic side effects of the mutation would be too
costly. Otherwise, genes could be co-opted if they
were to evolve a new promoter site sensitive to a
regulatory element already available in the pathway.
This might not be too difficult. Promoter and enhan-
cer sites are known to occur many hundreds of base
pairs upstream from the start codon and often there
is considerable so-called junk DNA throughout the
upstream region. Enhancer sites can occur in introns
or the 3′ untranslated region of a gene. There are
likely to be short regions within these regions contain-
ing sequences not too different from those needed to
bind available transcription factors. It would be very
interesting to know the distribution of point muta-
tions, insertions or deletions that could yield a new
regulatory interaction, co-opting the gene. Even if
there were only weak binding, then provided it had
a phenotypic effect and sufficient adaptive advantage,
selection could fine-tune it. Gene expression is not
simply an on/off phenomenon but instead can be mod-
ulated quantitatively, as it is in our models (Johnson &
Porter, 2000; also see above). Adding a new inhibitory
interaction might work in a similar way.

V. Speciation and the population genetics
of development

Speciation often has been considered as both the con-
ceptual and the methodological bridge between micro-
evolution and macro-evolution (e.g., Charlesworth,
Lande & Slatkin, 1982; Coyne, 1992; Templeton,
1981; Futuyma, 1998; Wade, 2000). One aspect
of reproductive isolation, hybrid dysfunction, often
manifests as a breakdown of developmental systems
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in hybrids (see below). For these reasons, we believe
that the investigation of speciation is also a logical
place to build a bridge between population genetic
and evolution-of-development studies. Several ques-
tions basic to this synthesis come into focus here.
What role do allelic changes in loci involved in reg-
ulatory pathways play in speciation and the further
diversification of taxa? Can development, by facil-
itating reproductive isolation, play a creative role in
the evolutionary process in addition to its role as con-
straining process (e.g., Wake, Roth & Wake, 1983)?
which features of pathways (e.g., length of pathway,
linear v.s. branched pathways) affect the likelihood
that reproductive isolation will evolve?

Here, we will focus on the standard allopatric
divergence model of speciation (Dobzhansky, 1937;
Muller, 1942; Mayr, 1963), which is still widely ac-
cepted (e.g., Coyne, 1992; Johnson, 2000a; Lynch &
Force, 2000). Other modes of speciation, such as ‘eco-
logical speciation’ (e.g., Schulter, 1998, 2000; Hendry
et al., 2000; Rundle & Whitlock, 2001) and sympatric
speciation via host-race formation (e.g., Feder, 1998),
will not be addressed. Current allopatric speciation
models posit that interactions among alleles at differ-
ent loci underlie hybrid fitness reduction (discussed
in Orr, 1995; Gavrilets, 1997, 1999; Gavrilets, Li
& Vose, 2000; Johnson, 2000a, b; Lynch & Force,
2000; Turelli & Orr, 2000 and references therein).
This supposition follows from the classic models of
Dobzhansky (1937) and Muller (1942) and is strongly
supported by empirical studies (reviewed in Johnson,
2000a). These incompatibilities arise as the nascent
species diverge but the nature of how they actually
arise is not well understood.

In the neo-Darwinian framework, speciation, like
evolution in general, is an opportunistic process
(Dobzhansky, 1937; Mayr, 1963). That is, the di-
vergence that leads to decreased hybrid fitness as a
byproduct will probably occur in different manners
and involve several different classes of genes and other
heritable elements (Johnson, 1998). Moreover, the re-
lative contributions of different classes of genes will
probably vary in different taxa and under different cir-
cumstances. The opportunistic nature of speciation,
however, does not argue against our thesis that diver-
gence in gene regulation will play an important role
in the process of speciation. Because gene regulation
is a near-universal feature of development, regulatory
interactions would likely play an important role in spe-
ciation. We present other reasons for our contention
below.

The divergence resulting in hybrid incompatib-
ility is itself adaptive or perhaps neutral. Only in
the context of the changes in the genome of the
other population, can this divergence decrease fitness.
Johnson (2000a) contrasts the effects of alleles in-
volved in hybrid incompatibility, calling their effect in
a hybrid genetic background the negative phenotype
and their effect in pure species, the positive pheno-
type. Provided the nascent species do not exchange
genes, micro-evolutionary forces will act only upon
the positive phenotype. The negative phenotypes, hy-
brid fitness reduction and other hybrid traits, will
thus evolve solely as correlated characters (Johnson &
Wade, 1996; Johnson, 2000a).

CJ Goodnight (unpubl. ms) showed that reproduct-
ive isolation can accrue between allopatric populations
given epistatic genetic variance and directional selec-
tion. In Goodnight’s model, selection converts non-
additive variance to additive variance and allows for
the accumulation of genetic incompatibilities. Good-
night’s model is general: with epistasis, directional
selection, and allopatry, the evolution of reproductive
isolation is likely. Gibson (1996) has shown via mod-
eling the Ubx pathway that epistasis and pleiotropy
are universal features of regulatory pathways and net-
works. In his analysis of Boolean (on/off) regulatory
networks, Frank (1999) also finds epistatic interac-
tions. Interactions in regulatory genetic pathways thus
provide a biologically plausible mechanism for gener-
ating Dobzhansky–Muller genetic incompatibilities in
hybrids.

Using individual-based simulations and analytical
theory, we are examining speciation as a possible
consequence of micro-evolutionary forces operating
on phenotypes determined by interactions of genes
in a linear, regulated pathway (Johnson & Porter,
2000; A.H. Porter & N.A. Johnson, manuscript in
review). We presented our original model in the con-
text of protein-DNA interactions (Johnson & Porter,
2000) but our framework is general, encompassing
protein–protein and other regulatory interactions. In
our pathway model, each locus has a regulatory and
a product site (Figure 3). We assign numerical values
for the allelic states of all products and promoters. For
simple binding strength functions, the allelic states are
each represented by a single number. We can also in-
corporate complexity in these functions by allowing
each allelic state to be represented by two or more
numbers. The phenotype is determined by the degree
of match between the product site of each locus and
the promoter site at the next. An individual’s fitness
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Figure 3. A simple, linear developmental genetic pathway, used to model the evolution of gene interactions. Binding of the protein from locus
A to the promoter of locus B regulates how much of protein B is expressed. This in turn binds to the locus C promoter to regulate the amount of
protein C. The amount of protein C is taken as the final phenotype. The phenotype evolves by modifying binding strengths along the pathway.

is determined by how well its phenotype matches the
optimal phenotype. Individuals with phenotypes near
the optimal phenotype have higher fitnesses than do
those with more deviant phenotypes. We subject this
overall phenotype to directional selection by having
the optimal phenotype change with time. In our model,
the response to selection occurs via multiple allelic
changes at a few loci, similar to what is found in the
fine-scale genetic studies of empirical model systems
(Phillips, 1999; Stern, 2000; see §III above). Details
can be found in Johnson and Porter (2000).

The salient results of our study include the follow-
ing:

(1) Hybrid fitness reduction often evolves as a by-
product of parallel adaptation if the trait under se-
lection is produced by interactions between genes
in a regulatory developmental genetic pathway.

(2) Hybrid fitness reduction does not evolve when the
trait arises from additive (or multiplicative) gene
action, despite directional selection acting on the
trait.

(3) Hybrid fitness reduction does not evolve – at least
on the time scales studied – in the absence of
directional selection.

(4) In general, increasing either the number of genes in
the pathway or the complexity of the binding site
interactions increases the likelihood of obtaining
reproductive isolation.

(5) In contrast, factors like population size and muta-
tion rate only affect the results of our simulations
slightly.

Recent studies of the Odysseus (Ods) locus sup-
port our contention that divergence of regulatory ge-
netic pathways plays an important role in speciation.
Ods, implicated in the sterility of hybrids between
D. simulans and D. mauritiana, contains a homeodo-

main (Perez et al., 1993; Perez & Wu, 1995; Ting
et al., 1998; Ting, Tsaur & Wu, 2000) at which ex-
tremely uneven rates of evolution have been observed
(Ting et al., 1998; Ting, Tsaur & Wu, 2000). Spe-
cifically, there have been roughly the same number of
amino acid substitutions at this site between the two
sibling species D. mauritiana and D. simulans (separ-
ated by less than a million years; Hey & Kliman, 1993;
Kliman et al., 2000) as between flies and mammals.
This finding, combined with the high ratio of nonsyn-
onymous to synonymous substitutions observed in the
region, is strong evidence that directional selection has
occurred at this homeodomain (Ting et al., 1998). Des-
pite the multiple fixed differences between species at
this locus, there is little within-species polymorphism
(Ting, Tsaur & Wu, 2000). As Kliman et al. (2000,
p. 1928) note, “this pattern is strongly suggestive of
multiple recurrent selective sweeps at this locus”. Re-
current selective sweeps is consistent with both our
model of evolution in regulatory genetic pathways and
the results from the very detailed, fine-scale genetic
architecture studies (see above). Ods, of course, does
not cause hybrid sterility alone but only in the ge-
netic background of D. simulans. Genetic variation
within D. simulans for the interactors of Ods has been
identified and coarsely mapped (Perez, 1994). Fur-
thermore, Ods from D. mauritiana in D. simulans
genetic background does not cause complete sterility
all by itself but requires the co-introgression of nearby
‘helper factors’ (Perez & Wu, 1995). The identities of
the helper factors and interactors of Ods are not yet
known but it would be interesting if they were all in
the same regulatory genetic pathway. Nothing is yet
known about the rates of evolution at these helper and
interactor loci.

Other regulatory loci have been implicated in hy-
brid incompatibility in Drosophila. For instance, the
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Figure 4. A simple, branched developmental genetic pathway. Protein from locus A binds to promoters of both locus B and locus C, and the
strengths of binding regulate the amounts of the respective gene products. The amount of proteins B is taken as the phenotype of trait 1, and
the amount of protein C is the phenotype of trait 2. Allelic variation at A affects variances and the covariance between traits 1 and 2, whereas
allelic variation in loci B and C affect the variances but have little effect on the covariance.

absence of certain bristles in hybrids between D.
melanogaster and D. simulans is due to mis-regulation
of Acheate-Scute (Skaer & Simpson, 2000). Our
simple two-locus model is essentially a mathematical
representation of the schematic in Figure 2 of Skaer
and Simpson (2000). In addition, Cyclin E, involved
in cell-cycle regulation, plays a role in inviability of
hybrids between D. melanogaster and D. simulans
(Sawamura, Davis & Wu, 2000). Orr et al. (1997)
also present evidence for cell-cycle defects causing
inviability of interspecific hybrids in Drosophila.

Different species or populations sometimes pos-
sess the same phenotype but have different genotypes
(Nanney, 1982; Cohan, 1984; Losos et al., 1998; see
also Ludwig et al., 2000). In our simulations, allo-
patric populations under parallel, directional selection
evolve toward the same phenotype but often via dif-
ferent underlying genetic changes (Johnson & Porter,
2000). This same result could be achieved, in theory,
via mutation, drift, stabilizing selection, and compens-
atory mutations (Nei et al., 1983; Ludwig et al., 2000).
Although we did not observe speciation when the trait
was under just stabilizing selection, our simulations
just covered a relatively short period of time.

Regulatory genetic pathways are typically more
complex than the linear pathways we have thus far
investigated. Often, pathways are branched, allowing
one gene product to interact with the regulatory sites
of more than one other gene. Do the properties that
make linear, regulated genetic pathways conducive for

the evolution of reproductive isolation also apply to
the more complicated branched pathways? We predict
that they do and present specific hypotheses and our
reasoning below.

Hypothesis 1

In cases where three-locus, regulatory pathways are
branched, leading to two different traits, with one trait
under directional selection and the other held under
stabilizing selection, reproductive isolation will occur
at a frequency equal to that of the two-locus, linear
pathway.

Rationale
Consider a three-locus, branched pathway (Figure 4)
where the product of one locus (A) binds with regu-
latory elements of two loci (B and C). The interactions
between loci A and B (interaction I) and between A and
C (interaction II) result in separate traits, which can be
under separate selection pressures. First consider the
case where the trait 1 is under directional selection but
the trait 2 is under stabilizing selection. The stabilizing
selection on trait 2 would constrain locus A and thus
nearly all of the response to selection on trait 1 would
occur via changes in B’s regulatory elements. How-
ever, because binding depends upon the difference in
the allelic values of the product and promoter sites,
this scenario reduces to the two-locus (A–B) case. No
matter how little locus A changed, provided sufficient
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mutations occurred at the other locus, the populations
would have opportunity to respond in different direc-
tions just as in the two-locus model (Johnson & Porter,
2000). We predict little change in a G matrix of these
two traits. This same result should hold if locus A in-
teracted with an arbitrary number of additional loci,
each leading to traits under stabilizing selection.

Hypothesis 2

In branched pathways when more than one trait is un-
der directional selection, reproductive isolation will
occur at least as often (and perhaps more often) than
in the two-locus, linear pathway case. The exact fre-
quency will depend upon how many traits are under
directional selection, the relative intensities of selec-
tion operating on each trait, and the exact manner in
which the populations respond to selection.

Rationale
Consider the same three-locus, branched pathway
(Figure 4), but now both traits are under directional
selection. Responses must occur at both interaction I
and interaction II. The question is the extent to which
the changes at interaction I are independent to those at
interaction II. The responses to selection for one trait
may cause the allelic value of A’s product site to go
up or down. A change in locus A then makes it more
likely that the regulatory sites of locus B and locus C
will evolve in the same direction, thus limiting the ex-
tent to which the populations can evolve in different
and incompatible ways. At one extreme, where the
changes at the different interactions are completely de-
pendent, the branched pathway with two interactions
under directional selection, then, should reduce to the
two-locus linear pathway. At the other extreme, if each
interaction is independent and the binding function is
one dimensional, the expected frequency of hybrids
with low fitness is (1/2 times 1/2) or 1/4. If the selec-
tion on one phenotype is stronger than on the other,
we predict that more of the response will be along
the interaction leading to the more strongly selected
phenotype, and the degree of dependence of the two
interactions will increase. We predict that the G mat-
rix would evolve according to how selection operating
on the two traits was correlated and thus would de-
pend on the nature of ecological change. Under any
of these scenarios, the logic presented above sug-
gests that branched-pathway models can be reduced
to variants of the linear pathway models we have been
investigating.

VI. Toward the new synthesis

A centerpiece of this synthesis of population genet-
ics and development will be a mechanistic theory of
adaptation, one rooted in what we know about how
phenotypes arise from genotypes. Such a theory would
simultaneously consider quantitative effects of allelic
change and population processes. While we have the-
ories of adaptation (see Orr, 1998) and theories of the
evolution in regulatory pathways (see Frank, 1999),
we do not yet have a mechanistic theory that con-
siders the quantitative, allelic variation involved in the
processes that produce phenotypes from genotypes.
Models involving binding-site interactions and allelic
variation will form a basis for this synthesis. In ad-
dition to addressing evolutionary questions, such a
theory would also address some of the fundamental
questions of developmental biology, such as: Why is
so much of development conserved? Such a theory
would also advance the concept of developmental con-
straint in evolutionary biology, making it mechanistic
rather than strictly phenomenological.

On the empirical side, we believe a central goal of
such a synthesis should be determining the extent of
allelic variation existing in the parts of molecules that
have regulatory functions. These regulatory molecules
include both DNA that can be bound and proteins that
bind to DNA, RNA, and other proteins. The quant-
itative effects of this allelic variation on fitness and
other traits also need to be accessed. Defining these ef-
fects even in simple laboratory systems will be useful
in assisting the formation of the theory of adaptation
and in providing insight for studies of more complex
systems.

We envision collaborations between theoreticians
and empiricists in examining the evolution of molecu-
lar co-option. In particular, we see the potential for
progress in addressing the question: How many muta-
tional steps are required for existing genetic variation
in regulatory pathways to capturing new binding sites?
Knowledge of the distribution of mutation effect sizes
(see §III) for different types of regulatory genes will be
important component in formulating an evolutionary
theory of molecular co-option.

We also envision possible benefits to medicine
emerging from this synthesis. For the most part,
medicine has treated patients as populations and not
individuals. Investigations of the allelic variation in
developmental and physiological signaling pathways
will aid in the design of drugs that take into ac-
count differences among individuals. The synthesis of
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population genetics and development relies upon an
understanding of the scope and effects of this natural
variation.
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