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Abstract. Population genetics, the mathematical
theory of modern evolutionary biology, defines evo-
lution as the alteration of the frequency of distinct
gene variants (alleles) differing in fitness over the
time. The major problem with this view is that in gene
and protein sequences we can find little evidence
concerning the molecular basis of phenotypic vari-
ance, especially those that would confer adaptive
benefit to the bearers. Some novel data, however,
suggest that a large amount of genetic variation exists
in the regulatory region of genes within populations.
In addition, comparison of homologous DNA
sequences of various species shows that evolution
appears to depend more strongly on gene expression
than on the genes themselves. Furthermore, it has
been demonstrated in several systems that genes form
functional networks, whose products exhibit interre-
lated expression profiles. Finally, it has been found
that regulatory circuits of development behave as
evolutionary units. These data demonstrate that our
view of evolution calls for a new synthesis. In this
article I propose a novel concept, termed the selfish
gene network hypothesis, which is based on an
overall consideration of the above findings. The
major statements of this hypothesis are as follows. (1)
Instead of individual genes, gene networks (GNs) are
responsible for the determination of traits and
behaviors. (2) The primary source of microevolution
is the intraspecific polymorphism in GNs and not the
allelic variation in either the coding or the regulatory
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sequences of individual genes. (3) GN polymorphism
is generated by the variation in the regulatory regions
of the component genes and not by the variance in
their coding sequences. (4) Evolution proceeds
through continuous restructuring of the composition
of GNs rather than fixing of specific alleles or GN
variants.
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Introduction

Currently, we are witnessing a shift in our view on the
issue of how genes determine phenotype (Table 1).
The major focus of reverse genetics*' is to decipher
the function of a single gene. The investigation par-
adigm of this approach is based on a “perturbation—
consequence’’ scheme, where first the gene expression
is altered (overexpressed, knocked down,* or
knocked out*), followed by analysis of the obtained
phenotype. Similarly, forward genetics* seeks to
identify single gene mutations, which are expected to
be responsible for the altered phenotypes. The con-
clusions of these experiments are always invariant:
the particular gene specifies the normal development
of the traits or behaviors that were genetically altered.
However, as yet no case has been demonstrated

"Terms marked with an asterisk are defined in the Glossary.



Table 1. Concepts on how genes encode phenotypes
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Era Research paradigm

View on how genes operate

Classical genetics

Forward and reverse
genetics

Post-genome era

One gene encodes one phenotype
One gene encodes one phenotype

Functionally interrelated gene
expressions encode the phenotype

One gene encodes one phenotype
Dualistic or incoherent

Pleiotropy is the rule; genes
make up functional modules

where the lines of causality could be mapped from a
single gene to a trait or behavior. In contrast, bio-
logical functions arise from interactions among many
components. Complete-genome, transcriptome,* and
proteome* analyses offer a new platform for under-
standing the genetic basis of various functions by
allowing the study of gene regulation globally, rather
than through the examination of individual gene ef-
fects. It has been revealed that spatiotemporal cas-
cades of transcriptional factors control the early
embryogenesis. Regulatory networks have also been
shown to be included in several postnatal mecha-
nisms, such as cell cycle control, apoptosis, cell
signaling, cell metabolism, and neuronal regulation.
Thus, the various functional systems appear to be
coordinated by not yet precisely characterized gene
expression networks, whose members are connected
by both horizontal (spatial) and vertical (temporal)
interactions. Comparison of whole-genome sequence
data has revealed that de novo gene inventions can-
not explain recent evolutionary events leading to
differences among distinct phylogenic taxa (Water-
ston et al. 2002). Instead, data indicate that new
combinations and modifications of preexisting mo-
lecular characters could be the means whereby
phenotypic novelties are produced during the course
of evolution. It has also been shown that in recent
evolution the structure and function of proteins are
highly conserved, while gene regulation rapidly
evolves. Although, data are still sporadic, there is
growing evidence for the existence of a high intra-
specific variation in the cis-regulatory sequences
(CRSs) of genes. Together, the elements for a new
evolutionary synthesis appear to be available; how-
ever, a clear conceptual framework for this synthesis
has not yet been worked out.

In an attempt to propose a theoretical account for
a new synthesis, I put forward the selfish gene net-
work hypothesis, which is based on the unification of
the above findings. This hypothesis claims that (1)
gene networks (GNs) coordinate all functional sys-
tems of the organisms; (2) GNs exhibit a high level of
intrapopulation variation; (3) the genetic variance of
GNs arises from the variation in the regulatory
sequences of their components (genes); (4) the
expression profiles of GN elements are mutually in-
terdependent, which further enhances or reduces the

variation at both the gene expression and the phen-
otypic levels; and (5) in the modem history of evo-
lution the source of natural selection is not the allelic
diversity of individual genes varying in either the
coding or the regulatory sequences, but the natural
variation in GNs.

Gene Evolution—The World of ‘“Beanbag Genetics™

Gene evolution is the fundamental principle of
modern evolutionary theory. We have to make a
distinction, however, between two kinds: the emer-
gence of new genes and the adaptive changes of gene
function. A new gene can arise by the duplication of
a gene, which is followed by divergent evolution
resulting in the co-option of one of the daughter
genes for a new function. It has been proposed that
the antisense DNA strand has the capability to con-
duct the evolution of novel genes (Zull and Smith
1990; Blalock 1990; Yomo et al. 1992; Cebrat and
Dudek 1996), however, this concept is currently un-
der debate (Boldogkdi et al. 1994, 1995, 1999; Bol-
dogkdi 2000). Another method of gene evolution is
based on exon shuffling (Patthy 1999), whereby pro-
teins can gain new domains. Parasite palindromic
repeat sequences that are equally capable of propa-
gation within intergenic regions and protein-coding
genes can be considered special cases of exon shuf-
fling (Claverie and Ogata 2003). Further, horizontal
transfer of gene clusters (operons) within prokaryotes
has been proposed to play an important role in evo-
lution (Lawrence and Roth, 1996).

Another type of gene evolution is the gradual
improvement of gene properties. In fact, population
genetics restricts its focus to the latter aspect and
regards evolution as competition among various
alleles differing in fitness. Ernst Mayr compared this
type of modeling to sampling from a bag of colored
beans and dismissed it as ““beanbag genetics.” Oth-
ers have also criticized these models, claiming that
they are oversimplistic and tautological. Indeed, the
current view of evolution, generated by population
genetics, raises several unanswered questions. First,
Darwin’s original concept on evolution was gradu-
alist in the sense that he believed in a continuum of
variation, on which natural selection could operate.
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In contrast, Mendel and his rediscoverers assumed
that traits were inherited in a discrete manner. This
apparent contradiction was seemingly resolved by
the neo-Darwinians, arguing that gradual quantita-
tive differences are composed of the cumulative ef-
fects of many different loci, each behaving in a
Mendelian, particulate fashion. At the time of New
Synthesis, the most widespread belief among evolu-
tionary biologists was that the majority of variations
were maintained by balancing selection. That is, the
polymorphism was thought to be preserved at loci
because organisms carrying two different alleles are
more fit than those containing two alleles of the
same type. The finding that a large proportion of
loci are polymorphic was problematic for this con-
cept, because it would have imposed an extremely
high genetic load for a population (Fisher 1930).
Kimura (1968), in an attempt to solve this paradox,
claimed that the majority of changes at the level of
DNA and proteins are of little functional conse-
quences for the organism and, therefore, are not
subject to selection. However, the genetic load still
remains too high, even if only a few genes were
under simultaneous selection. In fact, if we examine
natural populations, selection appears to be much
more intense than is often assumed. In addition,
there is an apparent contradiction between the rates
of molecular evolution and macroevolution. The
molecular clock ticks at an even rate for a specific
gene. In contrast, macroevolution exhibits a highly
variable tempo of evolution at various geological
periods. So the major question is, How we can
reconcile the constant rate of evolution at the mo-
lecular level with the sudden arise of an enormous
number of new species with completely novel
structural architectures? Following saltational theory
of Simpson (1944) and Gould and Eldredge (1993),
it is now a popular view that the speed of evolu-
tionary changes can differ in various geological pe-
riods; however, this concern is actually not included
in the mathematical formulas of population genetics.
Population genetics uses terms such as “‘additive” or
“epistatic”’* contributions across loci, which are in-
tended to indicate interactions among genes. How-
ever, they only confuse the view based on a linear,
interaction-free gene—phenotype relationship. This
gene-centered concept appears in an extreme form in
Dawkins’s selfish gene theory (1976), which claims
that genes are the interest-bearers of evolution, and
individuals are simply vehicles of the replicators
(genes). The fundamental question that can be
raised concerning the central idea of population
genetics is as follows: Could the variations in pro-
tein sequences account for the adaptive differences
among individuals? In fact, molecular biology has
provided very little evidence so far to support this
assumption.

The Four Lines of Evidence

The four groups of findings that led me to raise
the selfish GN hypothesis are as follows (see also
Table 2).

Functional Systems Are Coordinated by
Networks of Interacting Genes

How Is the Phenotype Determined? The traditional
genetic approaches are based on the assumption that
a linear relationship exists between a single gene and
a particular phenotype. This reductionistic view is
seemingly supported by the finding that certain traits
are inherited in a discrete manner, as well as by the
observations that single gene mutations are fre-
quently coupled with invariant phenotypes. However,
traits including discrete traits are obviously specified
by several genes. Although, in the event of monogenic
inheritance, an individual carrying a certain allele
exhibits a typical phenotype, this fact merely indi-
cates that the variance of other genes playing a role in
specifying this character generally does not produce
variance in the particular phenotype. In addition, the
“mutation—typical phenotype” relationship does not
mean that the function of a given gene is to encode
the normal, nonmutant trait. This fact can be high-
lighted by an analogue. If one removes the transistor
from a radio, it will emit a howl instead of a song by
Dire Straits, which state can be set back by rein-
stalling the transistor. From this experiment one
cannot infer that the functions of the transistor are to
encode the particular song and to suppress the howl.
Despite the fact that the monogenic inheritance of
traits is a scientifically false idea, individual genes can
be the real targets of selection if their variation alone
is sufficient to generate the corresponding phenotypic
variance. The only problem is that those characters
whose inheritance can be described by Mendelian
genetics are of peripheral significance in modern bi-
ology and, hence, in evolutionary biology too.
Harmful mutations often behave in a Mendelian
manner and therefore are the ideal object of popu-
lation genetics. However, they are simply subject to
purifying selection and do not contribute to the
adaptive variation of a population. Current scientific
findings lead to the view that, in contrast to simple
linear assembly line, complex GNs have evolved to
coordinate the activities of gene expressions. These
functional networks operate as (semi-)autonomous
organizational units, and therefore they can be con-
sidered as the genetic bases of phenotypes.

Regulatory Circuits in Development. Develop-
mental biology has demonstrated that specific regu-
latory networks control the ontogenesis. The
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Table 2. The four lines of evidence supporting the selfish gene network hypothesis

Findings

Importance in evolutionary biology

1. Networks of interacting genest

Transcription factor cascades in development

Pleiotropic effects of gene elimination

Transgenes induce rearrangements in the
expression profile of endogenous genes.

Cell signaling, cell cycle control, apoptosis,
metabolic pathways

The importance of expression levels and
patterns in cell signaling

Chronic change in the neurotransmitter or
receptor levels induces complex alterations.

Use-dependent plasticity of brain

SSRIs alter the expression of several genes.

Ontogenesis is coordinated by network-like structures.
Interdependence of gene expressions

Interrelated gene expressions

The existence of regulatory circuits

Connected gene expressions

Regulatory cascades in operation

The GN-GPN relation is highly flexible in the brain.
Self-organization of regulatory circuits

2. Evolution of gene regulation

Evolution of transcription factors

Evolution of the CRSs of transcription factors
CRS polymorphism in closely related species
Cross-species ectopic expression of orthologs

Divergence or conservation

Divergence or conservation

Gene regulation could be the target of evolution

Conservation of the expression of specific
developmentally important genes

3. The source of microevolution

Intrapopulation CRS polymorphism
Intrapopulation variance in gene expression
CRS polymorphism in strains of species
Developmental variants

The potential raw material of natural selection

CRS variance is related to expression polymorphism.
Gene regulation could be the target of evolution.
The potential source of natural selection

4. Developmental systems evolve as units

Conservation of gene sequences of a circuitry
Evolution of genes with functional conservation

Divergence of developmental pathways—retained function

The same pathway is recruited for different functions.

Evolution of function: the co-option hypothesis

The relationships between modules are modified by evolution.

The same regulatory networks recruited for the same
function by convergent evolution

Strong negative selection for maintaining sequence constancy
Despite sequence alteration, the basic function of

the circuitry is conserved.
The basic function is conserved, but with

variance in the execution.
Developmental pathways behave as evolutionary units.
Evolving new functions of developmental modules
Crosstalk among gene networks is the target of selection.
E.g. heart development in insects and mammals;

difficult to explain

molecular mechanisms underlying the early embry-
onic events of Drosophila and mouse are relatively
well known. The heart of these networks consists of
developmental regulatory genes, particularly those
that encode transcription factors. The interaction
among the network components is mediated by CRSs
of regulatory genes, which generally receive multiple
inputs from the upstream components of the net-
work. The combinatorial binding pattern of tran-
scription factors to the CRSs provides differential
spatiotemporal control for the expression of target
regulatory genes. Davidson et al. (2002) examined the
specification of the endomesoderm of sea urchin
embryos and revealed the existence of a regulatory
network containing over 40 genes that participated in
this process. Other studies have also reported the

importance of gene expression cascades in the regu-
lation of kidney (Burrow, 2000), skeletal (Horton,
2003), limb (Li and Cao, 2003), and pancreatic
(Wilson et al. 2003) development and in adipogenesis
(Cantile et al. 2003). Von Dassow and coworkers
(1999) used computer simulation to investigate
whether known interactions among segment polarity
genes of Drosophila suffice to confer the properties
expected of a developmental module. They found this
network robust* for varying inputs and, hence, con-
cluded that segment polarity genes exhibit a modular
design.

Neuronal Gene Expression Networks. The ver-
tebrate brain exhibits an apparent modular design at
various hierarchical levels, including anatomical,
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biochemical, physiological, and functional levels.
However, data are still too sporadic to have a clear
picture on the modularity of gene expressions. In
this section I present various examples indicating
the inherent connectedness among genes. Molecular
neurobiology and psychopharmacology have dem-
onstrated that a chronic change in the level of a
neurotransmitter can cause complex alterations in the
expression of several other neurotransmitters and
receptors in various CNS structures (Calon et al.
2002), in specific mental processes (Young and Ley-
ton 2002; Nieoullon 2002), and can lead to complex
neurological diseases, such as depression (Middlemiss
et al. 2002). Analysis of the therapeutic mechanism of
antidepressant selective serotonin reuptake inhibitors
(SSRIs) has revealed that depression is not caused by
a deficiency of serotonin. Instead, blocking serotonin
reuptake induces complex reorganization in the
expression of several receptors and neurotransmitters
(Bymaster et al. 2002). Gene targeting experiments
have shown that elimination of a single gene in mice
causes pleiotropic* effects. For example, it was
demonstrated that CBIl cannabinoid receptor gene
(Cnrl) deleted mutants displayed significantly
increased levels of mRNAs of several neuropeptides,
including substance P, dynorphin, and enkephalin, as
well as GADG67, which resulted in the functional
reorganization of the basal ganglia and in behavioral
alterations (Steiner et al. 1999). Similar pleiotropic
effects were reported in both knockout (Gerlai 1996,
2001; Schmid et al. 1999; Kest et al. 2001; Bailey et al.
2002; Bejar et al. 2002; Cripps and Olson 2002) and
transgenic animals (de la Pompa et al. 1997; Mac-
Gowan et al. 2001; Erb et al. 2001; Boldogkdi and
Noégradi, 2003). These studies show that the lack of
an endogenous gene or overexpression of a transgene
modifies the expression of several other systems and
thereby masks the desired phenotype. The major
issue in each particular case is that these pleiotropic
alterations represent functional compensatory adap-
tations or they are, at least in part, maladaptive.
Whatever the case is, these data indicate that gene
activities are highly connected and that traditional
knockout and transgenic research has a low reliability
for predicting the function of a single gene, especially
at the level of behavior. It has long been known that
the mammalian brain exhibits a high degree of plas-
ticity. For example, current evidence indicates reor-
ganization of the rat motor cortex in association with
motor behavior. In the overused motor cortex up-
regulations were observed, including genes coding for
voltage-gated ion channels, trafficking and targeting
proteins, and intracellular kinase network members
(Keyvani et al. 2002).

Thus, data on various fields of neurobiology sug-
gest the existence of an inherent interrelatedness
among genes, where connected neurons serve as the

physical framework for the gene activities, which are
organized into higher-order functional units.

Other Systems Controlled by Regulatory Cir-
cuits. The GN controlling the cell cycle of yeast was
recently revealed (Wyrick and Young 2002). It was
shown that the majority of single gene mutations in
yeast affect the expression of several other genes
(Featherstone et al. 2002). Currently, computational
techniques have been applied for inferring the genetic
regulatory networks from whole-genome expression
profiles of Escherichia coli (Bhan et al. 2002) and
Saccharomyces cerevisiae (Ihmels et al. 2002). A
comparative mathematical analysis of the metabolic
networks of 43 organisms has recently been presented
(Jeong et al. 2000).

Together, there is increasing recognition that
functional systems cannot be reduced to simple sums
of gene activities. Instead, novel data suggest the
existence of a set of complex not yet precisely eluci-
dated multilevel interactions among genes conferring
emergent system-level properties for these interac-
tions. Accordingly, organisms appear to be composed
of (semi-)autonomous developmental and genetic
units termed by various names, such as regulatory
networks, gene expression networks, gene nets, GNis,
and modules (see, e.g., Wagner, 1996; Raff, 1996;
Bonner, 1998; Cantile et al., 2003). The existence of
modular design is recognized at many levels of the
biological hierarchy, and it represents an important
issue debated in different disciplines. One of the
foremost challenges of post-genomic era investigation
will be to uncover these regulatory networks coordi-
nating embryonic development, brain function, cell
signaling, and virtually every functional system of the
organisms.

Evolution of Gene Regulation—A Macroevolutionary
Perspective

It is evident from cross-species comparisons of
orthologous sequences that the coding regions of
genes are well conserved. The CRSs, on the other
hand, appear to exhibit a high variability among
species (Wasserman et al. 2000). However, it is diffi-
cult to ascertain the exact extent of this variability
since the CRSs of multicellular organisms can be lo-
cated either upstream or downstream of genes, as well
as in introns, and can span up to several hundred
thousand base pairs. Additionally, the precise con-
sensus sequences for certain regulatory elements are
often unknown. Further, it is practically impossible
to foretell whether sequence alterations will affect
transcription at all and, if so, to what extent. Besides
the control of transcription by transcription factors,
another possibility for transregulation is achieved by



blocking the translation of mRNAs by means of
antisense (a)RNAs. The significance of this kind of
regulation appears to have been considerably under-
estimated until recently. Computational analysis has
identified 2667 human genomic loci with potential
transcription from both DNA strands. Microarray
analysis has revealed that as many as 60% of them
could be true sense—antisense pairs (Yelin et al. 2003).
Moreover, Okazaki and colleagues (2002) identified
2431 pairs of sense—antisense overlapping transcripts
in the mouse genome. The extent of variability in
CRSs of antisense genes remains to be determined.
Ribozymes* have also been shown to play an
important role in the regulation of translation. Micro
(mi)RNAs* found in various phylogenic taxa direct
the posttranscriptional regulation of gene expression
by binding to the corresponding mRNAs. It can be
presumed that a huge number of noncoding RNA
genes have not yet been discovered, the reason for
which is that their computational identification is
difficult, because they contain few hallmarks. Thus, it
appears that various RNAs play far more significant
roles in the regulation of gene expression than for-
merly believed. Enzymes involved in protein modifi-
cation (kinases, chaperones, etc.) are also
transregulatory factors (TRFs), whose expression
could similarly be a potential target of natural
selection.

Evolution of Developmental Regulatory Genes.
Transcription factors control the expression of a
number of genes; therefore, any alteration in their
coding or regulatory sequences is expected to exert a
substantial effect on the overall gene expression.
Consequently, it might be thought that the structure
and expression of transcription factors, especially
those of developmental regulators, should be broadly
conserved across long evolutionary distances, or their
change would result in drastic phenotypic alterations;
accordingly, these changes might be regarded as sin-
gular events on a macroevolutionary timescale.

Evolution of the Coding Regions of Regulatory
Genes. Evolving functions: Fast evolutionary changes
of the Odysseus locus within Drosophila species was
described (Ting et al. 1998). This gene caused hybrid
male sterility in interspecific crosses, which led to the
hypothesis that it could be involved in reproductive
isolation of closely related species. Interestingly, the
Hox3 gene is conserved in chordate lineages but is
highly diverged in insects (Falciani et al. 1996). It was
shown that the insect Hox proteins evolved new
activities by gaining novel functional domains (Galant
and Carroll of 2002; Ronshaugen et al. 2002). Another
example of homeogene evolution is the Quox-1 gene of
birds. It was shown that, in contrast to the other ver-
tebrate class I Hox genes, Quox-1 acquired a novel
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domain of expression that includes fore- and mid-
brain, as well as the rest of the neural anlage, and is not
involved in the anterioposterior patterning of the
vertebral column (at least in quails [Xue et al., 1993]).
Conserved function: Functional conservation after
sequential divergence was described in several
organisms. For example, cross-species ectopic ex-
pression analysis revealed that, in spite of the note-
worthy divergence of the gene sequences, the
homeotic gene Deformed of the beetle Tribolium res-
cued Drosophila null mutations in its ortholog*
(Brown et al. 1999). It was demonstrated that the Ubx
gene from a velvet worm species could perform similar
functions in specific tissues of Drosophila as its en-
dogenous ortholog (Grenier and Carroll 2000). Fur-
ther, Stern et al. (1993) showed that the human GRB2
and Drosophila Drk genes could functionally replace
the Caenorhabditis elegans cell signaling gene sem-5.

Evolution of the Regulatory Region of Transcription
Factors. Divergent sequence—altered function: There
is accumulating evidence for cases when the diver-
gence of CRSs has been coupled with functional al-
terations. Averof and Patel (1997) described that
changes in the expression pattern of the Hox genes
Ubx and AbdA in different crustaceans correlated well
with the modification of their anterior thoracic limbs
into feeding appendages. In addition, it was found that
particular CRSs of the Hoxc8 gene were specifically
changed in chicken and baleen whales. Ectopic
expression experiments showed that these CRSs con-
ducted a distinct expression pattern in a transgenic
mouse embryo model (Shasikant et al. 1998; Belting et
al. 1998). Evolution of regulatory elements was sug-
gested to be the reason for the divergence of a partic-
ular aspect of larval morphology (cuticle pattern)
between closely related Drosophila species. Accord-
ingly, it was assumed that changes in the expression
pattern of a single specific locus (ovo/shaven baby)
could fully account for the observed morphological
differences (Sucena and Stern 2000). Further, Kerdnen
et al. (1999) found significant differences in the
expression of various orthologous regulatory genes
playing roles in tooth development in mouse and vole.

Divergent sequence—conserved function: In spite of
the divergence of regulatory sequences, the corre-
sponding functions were found to be remarkably
stable in some instances. For example, although the
minimal promoters of the Brachyury gene (playing a
role in notochord differentiation) significantly di-
verged in two distantly related ascidian species, they
show functional conservation (Takahashi et al. 1999).
Further, it was found that, although even-skipped
stripe 2 gene expression was strongly conserved in
Drosophila, the stripe 2 element itself underwent
considerable evolutionary changes both in its bind-
ing-site sequences and in the spacing between them



346

(Ludwig et al. 2000). This result was explained by
assuming the occurrence of counterbalancing muta-
tions in CRSs of other genes that were fixed by
selection to maintain functional constancy. Mitsialis
and Kafatos (1985) showed that, in spite of signifi-
cant sequence divergence, the regulatory region of
chorion genes of silk moth conducted a faithful
reporter gene expression pattern in Drosophila follicle
cells. Romano and Wray (2003) demonstrated that
although an extensive divergence had taken place in
the Endolo16 promoter of two sea urchin species, the
pattern of transcription was largely conserved during
embryonic and larval development. Moreover, in
reciprocal cross-species transient expression essays,
the authors showed that a set of transcription factors
interacting with this promoter also changed. Those
investigators proposed that, despite drastic changes
in the promoter sequence and the mechanism of
transcriptional regulation, stabilizing selection acted
to maintain a similar expression pattern of the
Endolol6 gene in the two species.

Even though the differences in the amounts and
timing of the expression of particular regulatory genes
are minor, the effects of this on phenotypic characters
can be significant. Thus, albeit stabilizing selection
may act to maintain the normal function of regulatory
genes, minor genetic changes can produce considera-
ble phenotypic variance in a population. Accordingly,
the alteration-versus-conservation dilemma is not
necessarily a paradox in biological systems. Conser-
vation provides stability for the operation of living
systems, while alteration provides variations on which
natural selection can operate. In other words, adap-
tive genetic variation can be produced without alter-
ing the basic function of a system. However, specific
developmental structures and expression patterns are
astonishingly strongly conserved across large evolu-
tionary distances, which calls for an explanation.

Evolution of Nonregulatory Gene Expression. So
far, relatively few cis-regulatory elements were studied
extensively. Waterstone et al. (2002) compared 95
well-characterized CRSs of human and mouse genes
and found that the extent of conservation was con-
siderably lower than in the coding regions. Very sim-
ilar results were reported by others comparing these
two species (Jareborg et al. 1999). It was also dem-
onstrated that a given Hox protein regulated different
target genes in different insects, owing to the evolution
of Hox protein-binding sites in the CRSs of target
genes (Weatherbee et al. 1998). Comparison of gene
expression patterns of closely related species can
provide useful information on microevolutionary
events. Dickinson (1980) examined six enzymes in 14
different tissues in 27 Drosophila species and found
that most enzymes showed substantial level of varia-
tion in tissue-specific expression.

Intraspecific Variance in Gene Regulation—The
Source of Microevolution

A key issue in evolutionary biology is the source of
the biological variation on which natural selection
can operate. Macroevolutionary approaches provide
only limited insight into how evolution proceeds in
natural populations. It is therefore essential to assess
the extent of intrapopulation genetic variation,
which is the raw material of natural selection. The
major issue is the genetic basis underlying the ge-
netic polymorphism. The view has long been held
that phenotypic polymorphism is produced by the
variation within the open reading frames (ORFs*) of
genes. Novel data are now compelling us to chal-
lenge this view. A large body of information is
currently available on the coding region of genes, the
reason being that cDNAs can be easily generated by
reverse transcription. However, we have significantly
fewer data on the noncoding sequences, especially
on the extent to which gene regulation varies within
a population. Oleksiak and colleagues (2002), ana-
lyzing the DNA sequences of a fish (Fundulus ge-
nus), found that the CRSs of the examined genes
were highly variable, which resulted in significant
differences in gene expression level among individu-
als. Cowles and coworkers (2002) published data on
the extent of cis-regulatory variation in several genes
across four inbred mouse strains. They analyzed 69
genes and found that at least four of them showed
allelic differences in expression level of 1.5-fold or
greater and that some of these differences were tissue
specific. It was also shown that polymorphism in the
CRSs of genes associated with immune defense
made up a clear majority compared to polymor-
phism in the coding region of these genes (Mitchison
et al. 2000). By examining 313 human genes of 82
unrelated individuals, Stephens et al. (2001) dem-
onstrated that 5" upstream regions of genes were
highly variable. Delattre and Felix (2001) found that
vulval cell lineages of C. elegans exhibited a certain
intraspecific vulval cell lineage polymorphism even
within a strain, but it was higher among the strains.
The polymorphism was multigenic (the underlying
genetics was not ascertained) and represented epi-
static relationships. In addition to division patterns,
polymorphisms were also observed in vulval pat-
terning mechanisms in a Nematode species (Felix et
al. 2000).

Together, although the data are still sporadic,
it appears that substantial variation in gene regu-
lation exists among individuals within populations.
In addition to cis-regulatory polymorphism, vari-
ance of trans-regulatory factors can also affect gene
expression. However, data on the variance of
TRF expressions are virtually unavailable at the
moment.



Regulatory Pathways Are the Units of Evolutionary
Change

There is an emerging consensus as to the existence of
developmental and evolutionary modules. However,
the operation of these modules and their roles in
evolution are highly debated. Surprisingly, no hy-
potheses have been proposed so far to explain the
mechanisms of how these modules evolved on a
microevolutionary time scale.

Conserved Regulatory Circuits.  In recent years,
it has been revealed that the networks of several
signaling and transcription factors playing a role in
the development are evolutionarily conserved even
among distantly related phylogenic taxa. For exam-
ple, de la Pompa and colleagues investigated the role
of Notch signaling in the mouse neurogenesis by
analyzing the effect of Notchl and RBP-Jk gene
deletions and demonstrated that the Notch pathway,
its regulatory mechanisms, and its role in neurogen-
esis are conserved from insects to mammals (de la
Pompa et al. 1997). Cripps and Olson (2002) com-
pared the mechanisms involved in heart formation in
fruit flies and mammals in the context of a network of
transcriptional interactions and revealed that signa-
ling pathways and transcription factors are evolu-
tionarily conserved. Further, it has been shown that
the same regulatory circuits were often recruited in
different processes. For example, it has been dem-
onstrated that the tyrosine kinase receptor—Ras—
MAP kinase pathway plays a role in humans in
controlling cell proliferation, in C. elegans in vulval
development, and in Drosophila in eye development.
Felix and Sternberg (1997) examined the intercellular
signaling mechanism of vulval development in four
nematode species and found that the same pattern of
fates could be obtained by distinct networks of cell
interactions. In a recent study, Podani et al. (2001)
compared the system-level properties of metabolic
and information networks in 43 archaeal, bacterial,
and eukaryotic species and concluded that scale-free
organization of these networks was more conserved
throughout evolution than their content. Further, it
was found that, although the eyes of insects and
mammals have arisen independently, the underlying
regulatory networks exhibit striking similarities (Xu
et al. 1999).

The mechanisms responsible for the remarkable
conservation of several developmental pathways are
poorly understood, but various proposals have been
put forward to explain them (Table 3). (A) The gene
redundancy hypothesis claims that developmental
circuits were evolved to be robust against any changes,
that is, to exhibit an inherent resistance to mutations
and developmental noise. This hypothesis assumes
that gene functions overlap; thus, the malfunction of
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Table 3. Evolutionary compensation of harmful mutations

Gene redundancy Overlapping gene function

hypothesis buffers harmful effects.
Within-module interaction Interactions within modules

hypothesis were designed to resist mutations.
Compensatory pleiotropy  Interactions among nonmodular

hypothesis elements exert protection.

Chaperone hypothesis Chaperones evolved to mask natural
genetic variance.

Selection constraints decrease the
chance for survival and
reproduction of individuals

carrying the harmful mutations.

Negative selection
hypothesis

any element is compensated by the others (see, e.g., de
la Pompa et al. 1997). Basically, in the gene targeting
literature, phenotype masking is generally explained
in terms of an overlapping gene function (Steiner et al.
1999). Mutations in the invected/engrailed, fz/dfz(2),
and cubitus interruptus/teashirt genes of Drosophila
were found to exhibit no or few phenotypic effects
(Simmonds 1995; Muller et al. 1999; Gallet et al.
2000), which was explained by gene redundancy. (B)
The within-module interactivity hypothesis (termed the
robustness hypothesis by Galis et al. [2002]) proposes
that the interaction of genes within a network ac-
counts for the buffering of the harmful effects of
mutations (von Dassow et al. 2000). (C) The com-
pensatory pleiotropy hypothesis (termed the pleiotropy
hypothesis by Galis et al. [2002]) claims that muta-
tions do alter the expression pattern of a circuitry,
but subsequent mutations in other genes exert a
counterbalancing effect. That is, according to this
concept the conservation of expression patterns
among species reflects a high interactivity among the
genes, and consequently their networks, if they exist
at all, exhibit much less modularity, as proposed by
von Dassow and colleagues. The robustness—pleiot-
ropy debate originates from the observation that the
gene expression patterns of some segment polarity
genes and the interactions between them have been
found to be highly conserved among insects (Patel et
al. 1989; Brown et al. 1994; Grbic et al. 1996). Von
Dassow and coworkers (2000) modeled the segment
polarity network of Drosophila by computer simula-
tion. They used as many as 136 differential equations
to incorporate all relevant interactions. They ob-
tained robustness to variation in the kinetic constants
that govern behavior. If this is true, it must imply that
evolution could rearrange inputs to modules without
changing their intrinsic behavior. In contrast, Galis
and colleagues (1999) evaluated the data available on
this subject and found no evidence in support of the
robustness hypothesis. (D) The chaperone hypothesis
suggests that heat-shock protein (Hsp) 90 acts to
stabilize developmental pathways by masking muta-
tions, thereby fostering the accumulation of latent
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variants that can be fixed in certain ecological cir-
cumstances (Rutherford and Lindquist 1998).
Together, the two robustness hypotheses presume
that evolution created builtin mechanisms which
allow the accumulation of malfunctioned mutations
but block their harmful effects. In contrast, according
to the compensatory pleiotropy hypothesis, buffering
effects are not available when adverse mutations
occur. New mutations in other genes are required for
the compensatory effect to be exerted. This hypoth-
esis must imply that the interactions between genes
are designed in such a way that a novel mutation(s)
in another gene(s) can easily exert a compensatory
effect to stabilize the gene network. The existence
of mechanisms whose function is to tolerate these
mutations appears extremely unlikely. It seems
much more logical that negative selection eliminates
the individual(s) carrying the disadvantageous mu-
tation before it can spread in the population if it
is dominant or in a homozygous form if it is reces-
sive. If the mutation is only mild, negative selection
reduces the success of the efficiency of the transmis-
sion of the mutant gene to the subsequent genera-
tions. The above hypotheses are based on the false
idea that the life of an individual is important from
an evolutionary point of view. In fact, it is not.
Evolution would never develop such mechanisms,
which were disadvantageous for the future genera-
tions (see Interest Bearers, below, for a more detailed
explanation). However, the stabilization of GNs
against environmental perturbations or developmen-
tal noise would be favored by natural selection, which
can appear as robustness or compensatory pleiotro-
py. The masking of natural variation or disadvanta-
geous mutations can only be a side effect of this
mechanism, not a direct target of natural selection.

Evolving Regulatory Circuits—The Co-option
Hypothesis. The divergence of developmental path-
ways among various phylogenic groups has been de-
scribed in several cases. The basic functions of these
pathways, however, were conserved. On the other
hand, some evidence has been published of the func-
tion of developmental circuits undergoing change. It
has been demonstrated that genes connected by regu-
latory linkages can be co-opted as units to serve a novel
function throughout evolution. Keys and colleagues
(1999) hypothesized that the reorganization of a whole
pathway of molecular interactions might be involved
in the determination of eyespot patterns in butterfly
wings. They speculated that this process did not in-
clude each gene of the pathway, but only one or two
key genes, which originally had a different role in the
development. The genetic alteration of these key genes
was assumed to induce changes in the expressions of
other members of the circuit through existing regula-
tory linkages. Spitz et al. (2001) demonstrated that

novel limb-specific CRSs played a role in the co-option
of Hox genes during the evolution of tetrapod limbs.
Thus, the co-option hypothesis claims that natural
selection can find new uses for existing gene networks
by changing either the function of the component
genes or their regulation (True and Carroll 2002).
Collectively, regulatory circuits appear to behave
as evolutionary units. Some developmentally signifi-
cant pathways display a high conservation of expres-
sion patterns across large evolutionary distances,
while other pathways diverge. Naturally, strong
selection constraints must exist for the conservation of
the basic function of a circuitry, and especially of
those which are developmentally important. However,
I assume that a great number of data on sequential
divergence will be produced in the future, which will
reveal substantial phenotypic variation with a retained
native function of these pathways. In fact, change in
the function of a regulatory circuit appears to be an
extremely rare, but very important macroevolutionary
event. The proposed models rather consider the con-
sequences of earlier macroevolutionary events on the
present-day structure and operation of these modules,
but do not attempt to give an explanation of the
mechanism or of how the evolution proceeds on a
microevolutionary time scale. Specifically, the major
problem is that there are no considerations on the
origin or nature of genetic variations which are the
prerequisites of any evolutionary events.

The Selfish Gene Network Hypothesis
Definitions

The Gene Network. A gene network (GN) is a cluster
of genes with a high density of internal interactions
and sparse connection to the rest. GNs are the
functional organization of genes into higher-order
units below the scale of the entire genome but above
the regulatory circuits (pathways, networks), which
terms are often used for the cascades of transcription
factors or of signaling pathways. The communication
between GNs occurs at the system level rather than
between the individual components of the systems,
that is, the input signals are processed by the network
as a whole and their output signals are produced as a
joint effect of their elements. In consequence of our
incomplete knowledge on the exact regulatory con-
nections, it is difficult at present to ascertain whether
specific GNs form nonoverlapping clusters or distin-
guishable, but to a certain degree intermingled,
groups, or more or less diffuse networks. At this
moment, therefore, it is not possible to define exactly
the physical underpinnings of GNs. As an example,
GNs controlling the development of various organs
all include the early embryonic cascades of tran-



scription factors and other substances; that is, they all
overlap in the early ontogenic stages. Hence, partic-
ular developmental regulatory circuits form only
submodules of a specific GN.

I neglect the polymorphism in the coding region of
genes, which, I assume, plays a marginal role in the
modern history of evolution. To be more precise, ev-
olution of ORFs, especially those of transcription
factors and other TRFs, may have significant macro-
evolutionary importance; however, I do not think that
they produce adaptive variance in a population.

A particular gene has several gene expression
variants (gevs) differing in their CRSs (Fig. 1a). A
GN allele is composed of a specific set of gevs of
functionally related genes (Fig. 1b). Manifested GN
alleles are the subset of GN alleles which are actually
present in a given generation of a population, while
latent GN alleles are only theoretical possibilities of
specific gev combinations. Certain gevs interact at a
given time (horizontal interaction), but others are
downward or upward components of an expression
cascade (vertical interaction), which relation is not
necessarily unidirectional. I refer to the specific set of
gevs which interacts horizontally as a snapshot GN
(allele). Thus, a GN is composed of a consecutive
series of snapshot GNs.

The Gene Product Network. A gene product
network (GPN) is a set of gene products (proteins,
RNAs) encoded by a GN and is comprised of specific
gene expression profiles (geps). A gep is defined as the
amount and spatiotemporal distribution of a gene
product encoded by a gev. A functionally related
cluster of geps makes up a GPN allele (Fig. 1b). A
gep is determined by both the CRSs of its gev and the
interaction with other gev products belonging to the
same GPN. Thus, geps of a GPN exhibit mutually
interdependent expression profiles. An alteration in
the expression of any components of a GPN can have
an effect on the overall expression of the network
(Fig. 1c). The elements of a GN have various
importance in determining the overall expression
profile of a GPN. For example, certain developmen-
tal transcription factors or specific neurotransmitters
or receptors in the brain have eminent roles in the
operation of GPNs. Thus, the connectivity between
genes is unevenly distributed, and this relation is
hierarchical. Further, in early embryogenesis, epi-
genetic factors derived from maternal cells play roles
in the determination of GPNs.

Coding of the Phenotype. Organisms are
dynamic, continuously altering systems, and there-
fore, we can only see a glimpse of changes at a given
time. I make a distinction between transitory and final
phenotypes. Transitory phenotypes appear during the
course of embryogenesis, while final phenotypes ap-

349
gevs of gene A

® ]

GPN alleles

\ Vs

GN alleles

C

Fig. 1. What is a gene network? A Gene expression variants
(gevs). A specific gene can have several gevs differing in their reg-
ulatory sequences. Allelic variants differing in their coding regions
are neglected. B Gene network (GN) and gene product network
(GPN) alleles. A GN comprises functionally related genes. A GN
allele comprises a specific combination of gevs of functionally re-
lated genes. A GPN allele is composed of a specific set of gene
expression profiles (gep). Each individual contains two copies of
GN alleles, but for the sake of simplicity, I assume a haploid case.
C A GPN is a dynamic system, therefore, the replacement of a
single gev with another one (which can occur in sexual reproduc-
tion or by mutation) usually results in the alteration of the ex-
pression of several other members (geps) of a GPN allele.

pear at a certain postnatal stage and remain relatively
stable. A particular phenotype is determined by both
the genetic program and the effects of the external
environment and the internal milieu (IM). The line of
causality between GN and GPN is bidirectional.
There are two hypothetical cases for their relation.
(a) The reciprocal interaction between GNs and
GPNs can induce a series of consecutive transfor-
mations of both snapshot GNs and snapshot GPNs
(Fig. 2a). In other words, the composition of the gene
cluster that is actually interacting changes during the
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Fig. 2. Determination of phenotype. A The succession of snap-
shot GN and GPN alleles are controlled by their predetermined
interactions. I term a trait or a behavior a transitory phenotype
until it has reached its final state during ontogenesis. Although
embryogenesis is directed by dynamic interacting processes, it
shows a very conservative flow of progression. The reason for this
is that all of the forthcoming interactions are “‘precalculated” in the
genetic program, which is highly protected from perturbations. A
given form with different shades represents different genes or geps
(stars). B Mammalian brain states adaptively change according to
alteration of the environment but depending on its former state.

phenotype-Ii

course of time; some genes join, while others skip out
from a particular functional network. An important
question is the role of the environment and the IM in
this process. The example of identical twins indicates
that the genetic program very conservatively encodes
the body plan, implying that the environment does
not play a significant role in the normal morpho-
genesis, although some examples for the develop-
mental plasticity exist: polyphenism, e.g., cast or sex
determination in bees and certain fish species, re-
spectively, or the effect of feeding on grasshoppers
development. That is, a very rigid relationship ap-
pears to exist between GNs and GPNs during the

course of ontogenesis. However, development is a
continuous exquisite interplay among GNs, GPNs,
and the IM. That is, this hard-wired determination is
programmed by a series of dynamically regulated
steps. Why, then, are identical twins identical? They
are so because the interplay between genes and the
IM also occurs according to a preprogrammed cas-
cade of events which exhibit a high resistance against
a high range of environmental effects. However, IM
can be experimentally perturbed, which can result in
abnormal morphogenesis (Liu et al. 1998).

(b) In contrast to body plan, mental processes of
higher-order organisms exhibit high flexibility in their
response to external effects (Fig. 2b). For example, in
humans, mental events are determined both by hard-
wired ontogenesis and by the historical personal de-
velopment of the individual and the society and cul-
ture in which that individual is embedded. A certain
composition of a GN usually determines a specific
GPN and phenotype (Fig. 3, I). However, in the
brain, the GN—GPN relation is affected by the envi-
ronment, resulting in the redundant coding of GPNs
by GNs (Fig. 3, II). Furthermore, it is proposed by
the interactionalist philosophy that the mind (phe-
notype) can causally interact with the body (firing
pattern of specific neurons governed by certain
GPNs) (Popper and Eccles 1986). In addition, in
some reported cases GPNs had the ability to stabilize
their states (Fig. 3, III). Another example is the
compensatory effect observed in mutant and knock-
out animals. In this case both the GNs and the GPNs
undergo changes due to mutation, however, the
phenotype remains unchanged (Fig. 3, IV). Thus,
GNs and GPNs are dynamic and self-organizing
systems, which can respond to the various effects
derived from both the genetic composition and the
internal or external environment in a variety of ways.

The Unit of Selection

The paradox in the problem of the unit of selection is
that natural selection favors individuals with adaptive
phenotypes, while the genetic material, and not the
phenotype, is transmitted to the next generation.
Therefore, the question of how DNA encodes the
phenotype is critical. Traits and behaviors are specified
by the concerted action of a particular set of gene
products interacting at various organizational levels,
including molecular, cellular, and higher-level mod-
ules, in both direct and indirect manners, and through
mediators such as hormones, neurotransmitters, elec-
tric impulses, signaling ligands etc. The contribution
of a given gene to the specification of a certain trait
depends on the composition of the specific GN. In
other words, the expression profile of a particular gene
is dependent on the overall expression properties of the
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other components of the GN to which they belong. In
addition, biological systems have a “history” compo-
nent, due to the fact that they undergo ontogenesis.
This means that, for predicting future events, it is not
enough to know the interacting elements and the rules
of communication, but in most cases, we also have to
be aware of the earlier events that created the present
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Fig. 3. Gene network—gene product network—phenotype. I A
given GN allele determines a certain GPN allele, which in turn
specifies a certain phenotype. There are no stabilizing effects to
maintain uniform GPNs or phenotypes. II rain mechanisms were
evolved to have high flexibility for responding to environmental
stimuli. Therefore, a certain GN allele can specify multiple GPNs
and, hence, phenotypes. A potential two-way interaction between
the body (GPN, firing patterns of neurons) and mind (phenotype)
(downward causation) has been suggested by the “interactionalist”
philosophy. GPNs can act (III) to preserve their identity or (IV) to
produce the same phenotype from different GPN compositions. IV
represents the compensatory effects observed, for example, in
knockout animals. Since they were produced using inbred mouse
strains, GN alleles differ in only one element in this figure. The
system properties presented in III and IV are consequences of
evolution resulting from resistance to environmental and develop-
mental perturbations.

state, including the earliest events of life such as ma-
ternal effects and imprinting (epigenetics).

The Origin and Nature of Genetic Variation

Population genetics regards mutations as the sole
sources of variation and suggests that the role of the
sex is restricted to an intermingling of the genomes in
order to bring together favorable mutations in the
various genes of different individuals. According to
the selfish GN hypothesis, the sex has an additional
function: it generates novel phenotypic variants by
continuously mixing the compositions of the GNs,
thereby allowing chromosomal rearrangement and
recombination. The sex can also decrease the variance
by converting several manifested GN alleles to latent
GN alleles in the next generation. Hence, if we com-
pare two consecutive generations of a population, we
may not observe a net increase in the variance.
However, in contrast with gene variants, newer and
newer GN alleles appear from generation to genera-
tion, even in the absence of new mutations (Fig. 4). As
a consequence, at a given period spanning several
generations, the total variance of manifested GN al-
leles will be far higher than the allelic diversity of the
genes. Additionally, gevs form clusters (GNs), and the
variation of the clusters is much higher than the var-
iability of their components alone. Selection and ge-
netic drift both act to decrease genetic diversity.
Linkage disequilibrium and assortative mating cause
only nonrandom distributions in the population ge-
netic models. However, the selfish GN hypothesis
claims that they both decrease the manifested genetic
variance, since they restrict free combinations of gevs.
The nonrandom association of genes belonging to a
functional gene cluster would result in the co-inher-
itance of particular gevs. Colocalization of function-
ally related genes in the genome is evolutionarily
advantageous for keeping favorable gev variants to-
gether; however, it is unfavorable for the efficient in-
corporation of newly appeared beneficial variants,
because the close proximity reduces the frequency of
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Fig. 4. Gene network evolution. For the sake of simplicity, in the
first stage (generation O), GNs comprise an equal frequency of
manifested GN alleles. However, the large portion of GN alleles is
latent. I Evolution without new mutations. In the absence of new
mutations, novel GN alleles can appear as a result of sexual
reproduction. However, the number of manifested GN variants will
be decreased, and their frequency will be unevenly distributed due
to selection, genetic drift, assortative mating, and linkage disequi-
librium. In generation x, several latent GN alleles become mani-
fested due to chromosomal rearrangement and recombination, but
others become or remain latent. There are two possibilities
regarding the change of the frequencies of GN alleles. (1) If se-
lection and random drift do not result in the elimination of any
gevs, then the total number of GN alleles will remain the same, but
the ratio of manifested to latent variation will be decreased. (2) If
selection and random drift eliminate some gevs, then the number of
both manifested and latent variants will be decreased and some GN
alleles will irreversibly disappear. II Evolution without selection
and genetic drift. If only mutations occur, the number of both GN
alleles and GPN variants will be increased, but their frequency will
be decreased. III Evolution with selection, genetic drift, and
mutation. Novel GN alleles are produced by both mutation and
sexual reproduction. The gevs can be eliminated by selection and
random drift. The size of the circles corresponds to the frequency of
specific GN alleles. Black, GN alleles at generation 0; white, new
GN alleles at generation x; light gray, new GN alleles at generation
y; dark gray, new mutations.

recombination. Functional gene clustering is common
in bacteria, whereas in eukaryotes it appears to be the
exception rather than the rule (Lawrence 1999). Thus,
these two groups of organisms appear to pursue two
different evolutionary strategies with respect to the
preservation of the integrity of GN variants. Geo-
graphical isolation and other ecological situations
evoking “‘bottleneck” effects very probably play emi-
nent roles in the restriction of the genetic variance of
GNs and thereby in the creation of characteristic
morphotypes of particular phylogenic groups. The
variance of GPNs and phenotypes is also decreased by
the self-regulatory nature of specific GNs.

Together, the selfish GN hypothesis claims that,
instead of a single gene, a GN encodes a particular
phenotype. Further, gene products interact, and the
outcome of this interaction is determined by the
genetic composition of the CRSs of the genes making
up GNs.

Microevolution of Gene Networks

The microevolution of gene networks involves the
selective survival and reproduction of individuals
possessing various GN alleles. Due to the effect of
selection and genetic drift, the particular GNs tend
to become uniform. However, this state will never be
reached, because GNs are continuously intermingled
by the sex, traits are predominantly neutral, selec-
tion is usually too soft, environmental changes
continuously require novel compositions of GPNs,
and new CRS mutations frequently arise (Fig. 4).
Accordingly, natural selection acts constantly to
improve the composition of specific GNs in the
sense of the Red Queen hypothesis (Van Valen
1973), which claims that adaptivity is not increased
in an absolute sense over time but simply follows the
ever-changing environment. Compared to the gene-
centered evolution of population genetics, GN evo-
lution has basically different characteristics, which
are summarized in Table 4. Evolution is not solely a
reflection of the competition between alleles differing
in fitness, but the continuous reorganization of the
GN structure, driven by mutation, selection, genetic
drift, and sex. In most cases, however, these forces
will result in the generation of GNs with novel
compositions (not necessarily with lower polymor-
phism), not in the fixation of a certain GN allele.
Two seemingly opposing phenomena can be ob-
served in nature: (a) in natural populations, espe-
cially in higher-order species, practically every
individual is unique, indicating a huge genetic vari-
ation; (b) different species and higher taxa exhibit
typical morphological characters, indicating that the
genetic variance is somehow canalized. Dog breeds,
representing a great number of morphotypes, might
well be ideal experimental models for analysis of the
role of genetic variance in developmental and, for
instance, neural GNs and their role in evolution.
The existence of a high number of latent variations
means that significant evolutionary changes may
occur without the involvement of new mutations,
simply through a shuffling of the genomes by the
sex, followed by a selection for favorable GNs and/
or the elimination of a substantial degree of variance
by pure chance (in bottleneck situations). However,
the significance of this type of evolution cannot yet
be estimated.

Together, evolution proceeds in a fluid-like manner,
by continuously restructuring the composition of the
GNs. Natural selection does not act purely to increase
the frequency of certain GN alleles, but also continu-
ously to improve its composition and, in turn, certain
strategies (not only behavior). This is achieved by
pushing the GN compositions in certain directions
without a preset “winning post” and without a
homogeneous state ever being reached. This point is a
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Table 4. Comparison of selfish gene network hypothesis with population genetics

Terms

Population genetics

Selfish GN hypothesis

The genetic source of
natural selection
The target of natural selection

The unit of evolutionary
change
Mechanism of natural selection

The result of natural selection
The concept of fitness
Generation of varieties
Interaction among genes
Coevolution of genes
Significance of gene evolution
Extent of genetic variation
Extent of adaptive variation
Hidden phenotypic variation
The nature of quantitative
traits
The role of the sex

Fitness optimum

Linkage disequilibrium
Assortative mating

Genetic load

Evolution without mutation
“Hopeful monsters*’

Interest bearers
(in a metaphoric sense)

Natural variance in the coding
region of genes

Traits encoded by single genes or,
by the additive effect of several
genes

Genes

Differential transmission of gene
variants to the next generation
Enrichment or fixation of an allele

Central

Mutation

Confusing

Not included

Fundamental

Low

Only neutral or harmful mutations
Recessive traits

Sum or average of discrete traits

Assembles favorable mutations
occurring in different individuals

Exists

Nonrandom distribution of alleles

Nonrandom distribution of alleles

Problem

Minor steps

Irrelevant

Genes (more precisely alleles)

Natural variance in CRSs of
genes forming gene networks

Traits encoded by interacting genes pertaining to
gene networks

Gene networks

Changing of the genetic composition of a gene network
across generations

Continuous reorganization of GN structure

Difficult to operationally use

Mutation and sex

Essential

Essential

Marginal in recent evolution

Very high

Presumably high

Latent GN alleles

Continuous

Assembles favorable mutations and generates novel
phenotypes

Does not exist

Deplete variance

Deplete variance

Does not exist

Potentially significant steps

Singular developmental events can create them.
They might be the progenitors of macroevolutionary jumps.

Specific GNs directly related to reproduction success

vital difference between the allele competition-centered
approaches (population genetics and selfish gene the-
ory) and the selfish GN hypothesis.

Interest Bearers

Dawkins’ selfish gene theory considers genes as real
interest bearers. In this concept, the identical alleles
have a common interest: to win over other alleles.
Clearly, this struggle, if it exists, is not performed by
each gene of an organism, nor is it the joint effect of
all of the genes of the genome. The phrase ‘“‘interest
bearer” is only a metaphor, which should be applied
to those strategies which are directly related to
reproduction, self-defense, or the “altruistic’ defense
of progenies and other relatives. These strategies are
autonomous and do not require relatedness with the
phenotypes encoded by the rest of the genome. In
order to distinguish the GNs underlying such strate-
gies from other GNs, I call them self-serving GNs. In
a metaphoric sense, interest bearers (self-serving
GNs) force other GNs to be beneficial in their
struggle. Individuals appear to strive to increase the
chance of the transmission of their own genetic
material in the next generation of a population.

However, this struggle is performed by only a small
number of GNs. Hence, while various self-serving
GN variants tend to increase their frequency in a
population, the rest of the genome (other GNis)
“benefits” from this struggle simply because of a
certain strength of physical linkage, but their “inter-
ests” do not matter at all. According to the selfish
GN hypothesis, if such kinds of interest bearers really
exist, they are “interested” in the evolutionary
development of their strategy and not in the spread-
ing of their identical copies in the population.

Macroevolution of Gene Networks

“Within-System” Evolution. (a) Coevolution for in-
teraction. The members of GNs evolve to interact with
each other, thereby forming a dynamic network. Any
alteration in the expression of one of their components
will induce changes in the expression profiles in several
other components, (b) Coevolution for formation of

functional units. The interactions among genes are

canalized in order for the whole network to behave as a
system, (c) Coevolution for robustness. The GN com-
ponent evolved to provide functional stability of de-
velopmental systems against perturbations derived
from the environment or the organisms themselves
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(but not to buffer harmful mutation effects or mask
natural variance). (d) Coevolution for adaptive flexi-
bility. For example, the mammalian brain evolved to
be extraordinarily flexible in order to adaptively re-
spond to environmental challenges.
“Between-System” Evolution. (a) Evolution of
combinatory gene regulatory strategies. The target of
natural selection can be an existing allocation mecha-
nism, which is responsible for the determination of geps
of a network. This allocation mechanism is primarily
based on the combination of transcription factors,
which are represented in a limited number in an or-
ganisms regulatory repertoire, (b) The communication
among G Ns can also be the target of natural selection.

Priority Shift in Evolution

Proteins are brilliantly designed devices, which had to
be created by adaptive evolution. I have no doubts
that this was the case at the time of the emergence of
new genes. In the early history of life creation of new
genes, improvement of their functions and establish-
ment of the rule of interactions among gene products
had primary significance. Further on, new priorities
have emerged: the regulation of gene expression and
the formation of functionally interrelated gene
expression networks.

Some Conclusions

Some conclusions can be drawn on the basis of the
selfish GN hypothesis. The paradox of too high a ge-
netic load of the multiple gene fixations in a population
does not arise, because in most cases there is no optimal
fitness toward which the allele frequencies should be
pushed by selection. The seeming contradiction that
genes are discrete entities, while phenotypes are pre-
dominantly continuously distributed in a population,
is no longer a contradiction, since gene expression
polymorphism itself is continuous. The selfish GN
hypothesis not only accepts the appearance of ““hopeful
monsters” in singular events, but suggests that such
events could play a major role in the emergence of key
innovations and in major evolutionary transitions.

Conclusion

We are currently witnessing the emergence of a new
epistemiology of biology based on the recognition
that understanding the operation of biological sys-
tems requires system-level analysis. Currently, our
conception on the mechanism of evolution is in the
paradigm trap created by the gene-centric view of
population genetics. However, novel results in vari-
ous fields of molecular biology support the modular

organization paradigm, which calls for the reevalua-
tion of contemporary evolutionary biology. The
fundamental assertions of the selfish GN hypothesis
are as follows. (1) GNs, and not individual genes, are
the units of natural selection. (2) The genetic poly-
morphism of GNs is produced by the genetic variance
in the regulatory regions of the network components.
(3) Natural phenotypic diversity is generated by the
genetic polymorphism and by the interaction among
the components. (4) Evolution proceeds by continu-
ously restructuring the GNs, and not by fixing certain
allelic variants. Hence, the concept of ““fitness” in the
sense used by population genetics is useless for
describing evolution. The proposed conceptual
framework will hopefully provide an operational
basis for novel mathematical approaches for mode-
ling microevolution and perhaps macroevolutionary
events.

Glossary

Antisense (a) RNA: Transcribed from the comple-
mentary DNA strand and generally playing a role
in the block of translation from the mRNA tran-
scribed from the same DNA stretch.

Epistasis: The condition where one gene has an effect
on the expression of another gene.

Forward genetics: An experimental approach where
the aim of the investigation is to find the genetic
background of a phenotype obtained by sponta-
neous or induced mutations.

Hypomorphic mutation: A mutation in the regulatory
sequence of a gene that does not completely abol-
ish gene expression from the affected gene.

Knockout technology: Targeted gene ablation by
means of homologous or site-specific recombina-
tion.

Knockdown technology: Posttranscriptional gene si-
lencing carried out by small interfering (si) RNAs.

Loss-of-function mutation: The gene function is
completely abrogated by mutation.

Micro (mi) RNA: An endogenous posttranscriptional
down-regulation mechanism achieved by small
RNAs with a hairpin structure.

Ortholog: A gene from one species which corresponds
to a gene in another species.

Pleiotropy: A mutation which affects the operation of
other genes.

Proteome: The full sets of proteins encoded by the
genome.

Reverse genetics: An experimental approach where
the first step is a modification of gene expression
(mutation, overexpression), followed by analysis of
the phenotype obtained.

Ribozyme: An RNA with enzyme function.

Robustness: The ability of a system to retain its
original state in spite of receiving variable inputs.
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CRSs (cis-regulatory sequences)
TRFs (tarns-regulatory factors)

Promoters, enhancers, and other DNA sequences, such as MAR, LAR, SAR
Gene products (transcription factors and other regulatory proteins, aRNAs, miRNAs, ribozymes),

which directly regulate gene expression or process function

gevs (gene expression variants)
gep (gene expression profile)
particular gev

Gene Directs the production of a protein
A set of genes connected by regulatory linkages. Functional modules behave as systems in

Gene network (GN)
their operation.
GPN (gene product network)
to a particular GN
Allele
Gene Network (GN) allele
GPN alleles
Manifested GN alleles
Latent ON slides
Snapshot GN (GPN)
Transitory phenotypes
Final phenotypes

Variants of a specific gene differing in their CRSs
The expression level and spatiotemporal distribution of a protein or RNA encoded by a

The expression level and spatiotemporal distribution of proteins or RNAs encoded by gevs belonging

Gene variants differing in their coding or regulatory sequences

A particular composition of GNs by gevs

A particular composition of GPNs by geps

The pool of GN alleles existing in a certain generation of a population

Nonmanifested gev combinations in a certain generation of a population

A subset of a GN (GPN), comprising only those genes (gevs, geps) which interact at a given time.
Phenotypes appear transiently during ontogenesis.

Phenotypes have reached their ultimate structure and function.

Open reading frame (ORF): A part of the mRNA (or
cDNA) that spans from ATG to the first stop co-
don. It encodes the exons of a gene.

Transcriptome: The full sets of RNAs encoded by the
genome.
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