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Abstract. Robustness is the invariance of phenotypes in the face of perturbation. The robustness of phenotypes
appears at various levels of biological organization, including gene expression, protein folding, metabolic flux, phys-
iological homeostasis, development, and even organismal fitness. The mechanisms underlying robustness are diverse,
ranging from thermodynamic stability at the RNA and protein level to behavior at the organismal level. Phenotypes
can be robust either against heritable perturbations (e.g., mutations) or nonheritable perturbations (e.g., the weather).
Here we primarily focus on the first kind of robustness—genetic robustness—and survey three growing avenues of
research: (1) measuring genetic robustness in nature and in the laboratory; (2) understanding the evolution of genetic
robustness; and (3) exploring the implications of genetic robustness for future evolution.
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One of the most intriguing revelations of modern genetics
is the ubiquity of epistatic effects. That is, genes may have
an effect on the phenotype, but this effect strongly depends
on other genes in the genome. Hence genetic effects can be
larger in one genetic background and smaller in another.
Wild-type genotypes often harbor large amounts of hidden
genetic variation (or potential variation; cf. Gibson et al.
1999) that is only expressed when the genetic background
changes. In yeast, for example, a large fraction of null mu-

tations (up to 50%) hardly affects fitness because the function
of the knocked-out gene is compensated by other genes under
the growth conditions applied (Thatcher et al. 1998). These
observations of an amazing resilience of phenotypes with
respect to genetic variation provide the ground for the idea
of genetic robustness. This phenomenon is really one facet
of a larger problem—determining the genetic architecture of
so-called complex phenotypic traits that vary through strong
interactions among the contributing genes (e.g., Wade 2002).
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But what is the origin of this observed robustness? Is it
merely an accident, or a consequence of natural selection in
the face of mutations and environmental variation? And what
are the evolutionary consequences of robustness? The amount
of phenotypic diversity within or among populations can vary
significantly. For example, scutellar bristle number in Dro-
sophila melanogaster rarely deviates from the canonical four-
bristles pattern, yet bristle number varies between species.
Other characters, such as floral symmetry, may be highly
conserved among species of a particular clade. While some
of the variation may be due to differences in the selective
forces acting on the character, the ubiquity of gene interaction
and the potential for robust genotypes raises the intriguing
possibility that other factors may play a role as well. Could
prior selection have selected for genotypes that make a trait
genetically robust and thus decrease its evolvability? Might
it be possible to engineer a genotype that makes a desirable
phenotypic trait robust, for example, corn yield or the pro-
duction of a growth hormone in milk? In both basic evolu-
tionary theory and biotechnology, a proper understanding of
the mechanisms and population genetic principles of genetic
robustness is essential.
Following the classical work of Waddington and Schmal-

hausen and their contemporaries, research on robustness
(called ‘‘canalization’’ by Waddington 1953, 1957) experi-
enced a decline during the 1970s and 1980s. This may have
simply been a consequence of technical limitations in the
premolecular era of genetics, a situation that has dramatically
changed since the early 1990s. As powerful molecular tech-
niques to track and manipulate genotypes become routine, a
renewed interest in the issue of genetic robustness of phe-
notypic traits has surfaced. Even branches of biology that
traditionally avoided evolutionary speculation have turned
their attention to genetic robustness. For example, the recent
discoveries of functional robustness in cellular mechanisms
has prompted Gerhart and Kirschner to make robustness and
its evolution the central topic of their book Cells, Embryos,
and Evolution (1997). Hartwell, primarily known for his work
on cell cycle regulation, summarized the surprisingly mild
effects of many knock-out genotypes and speculated as to
the causes and the mechanisms of such genetic robustness
(Hartman et al. 2001). Lindquist, Rutherford, and collabo-
rators, working on molecular chaperons, have addressed the
context dependency of genetic effects, and conjectured the
existence of capacitors of genetic change (e.g., Rutherford
and Lindquist 1998). At the same time, recent computational
modeling of genetic regulatory and macromolecules suggests
a rich potential for evolving phenotypic traits with robustness
against genetic and environmental perturbations. Finally,
novel mathematical approaches in population genetics have
also illuminated the population genetic mechanisms that may
lead to genetic robustness by natural selection (for references,
see Gibson and Wagner 2000). These developments have
occurred rapidly and with very little exchange among the
different disciplines. This motivated a workshop at the Santa
Fe Institute, supported by the Packard Foundation Program
on Robustness, that brought together experimentalists and
theorists to discuss these discoveries and the future of ro-
bustness research.
This perspective summarizes the theories about the evo-

lution of genetic robustness and the new ideas that emerged
during the workshop (and which thus belong to all partici-
pants of the workshop as well as the wider scientific com-
munity). In what follows, we address three fundamental ques-
tions: Under what circumstances and for which traits do we
expect robustness to evolve? What are the evolutionary con-
sequences of robustness? How can robustness be detected
and measured?

GENETIC AND ENVIRONMENTAL ROBUSTNESS

Phenotypic robustness is the reduced sensitivity of a phe-
notype (defined here as any measurable aspect of an organism
resulting from the expression of its genes) with respect to
perturbations in the parameters (genetic and environmental)
that affect its expression. It is important to distinguish be-
tween the buffering mechanism and the source of the per-
turbations. There are many buffering mechanisms, ranging
from molecular to behavioral. Here, we consider only mech-
anisms that are heritable and that may therefore evolve. The
perturbations against which the phenotype is buffered may
or may not be passed on to the progeny, however. This leads
to the important distinction between environmental and ge-
netic robustness.

Environmental Robustness

Taken in a broad sense, environmental robustness refers
to any kind of buffering against nonheritable perturbations.
These may be external environmental factors such as tem-
perature or salinity or internal factors such as developmental
noise caused by fluctuation in the concentration of relevant
gene products. (Environmental robustness, as defined here,
thus includes environmental canalization and developmental
stability in the terminology of Hallgrı́msson et al. [2002]).
One measure of environmental robustness is the inverse of
the environmental variance, Ve, which results from external
environmental perturbations (see Experimental Detection of
Robustness).
There is no reason to believe that a single buffering mech-

anism acts indiscriminately against all sources of perturba-
tion. In fact, there are many mechanisms by which the sta-
bility of some trait or function is maintained in the face of
environmental perturbations (cf. Ancel Meyers and Bull
2002). Many of these mechanisms are behavioral adaptations,
such as habitat selection or nest building, which reduce the
exposure to environmental fluctuations. Yet, these behavioral
patterns are unlikely to buffer against the effects of devel-
opmental noise. Similarly, molecular buffering mechanisms
have been found to confer robustness only against a subset
of environmental sources of perturbation. Studying the ster-
nopleural bristle number and the wing-vein length in Dro-
sophila melanogaster, Rutherford (2000) found that heat-
shock protein Hsp90, which provides robustness against per-
turbations in the external environment, does not suppress
developmental noise. More precisely, Hsp90 does not affect
the fluctuating asymmetry (FA), the nondirectional variation
in subtle differences between left and right sides of bilateral
characters. Conversely, Scharloo (1988) was able to increase
developmental stability (measured as inverse FA) in scutellar
bristle number in a high-bristle line of D. melanogaster, with-
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out affecting the environmental stability (among-fly envi-
ronmental variance) of the same trait. A significant positive
correlation of FA and Ve was found for 262 limb traits in
fetal mice, suggesting an extensive overlap of buffering
mechanisms for development and external environment
(Hallgrı́msson et al. 2002). However, this correlation could
also be due to differences in the strength of selection on these
traits (leading to enhanced buffering for traits under stronger
selection). Moreover, variation in the number of genes en-
coding the various traits could cause a similar correlation (cf.
section Comparative Approach: Genetic Robustness, para-
graph beginning ‘‘Lack of reference and control’’).
Because environmental robustness confers stability to a

phenotype in a variable environment, it will be favored by
natural selection only when the optimum phenotype remains
the same under these environmental variations. When the
optimum phenotype depends on the environment, we expect
selection for phenotypic plasticity, where the trait mean
tracks the optimum. Often, however, phenotypic plasticity of
a trait will entail environmental robustness at a higher phe-
notypic level (such as viability or fitness, see below). This
underscores that environmental robustness and phenotypic
plasticity are really two cases of the same phenomenon: evo-
lution of the dependency of phenotype on some environ-
mental factor. From an evolutionary point of view, both are
organismal traits just like others and are most easily ex-
plained as adaptations to an ever-changing world.

Genetic Robustness

This perspective primarily addresses genetic robustness,
which, in the broad sense, refers to the constancy of the
phenotype in the face of heritable perturbations (genetic or
epigenetic). To be more specific, we focus on recurrent mu-
tations (i.e., mutational robustness). In this case, a reasonable
measure of genetic robustness of a trait is the inverse of the
mutational variance, Vm, of this trait, that is, the phenotypic
variation caused by the input of new mutations. Assuming
no variation in the molecular mutation rate, a state is called
robust relative to an (ancestral) reference state if it has re-
duced Vm. Many mechanisms of genetic robustness act in
developmental or metabolic pathways, where they buffer the
phenotype against the expression of mutations. As in the case
of environmental robustness, however, mechanisms may also
be behavioral (e.g., animals choosing their surroundings ac-
cording to genetically determined body color). They may or
may not act against nonheritable perturbations at the same
time. If they do, this can have important consequences for
the evolution of robustness (see Congruent section below).
Because phenotypically expressed genetic variation is the
fuel of evolution, buffering mechanisms will necessarily in-
fluence its further course. In this sense, genetic robustness is
similar to a genetic system, such as recombination and mu-
tation rates, which affect the fraction of all genetic variation
that is useful for adaptation. Genetic robustness is thus crit-
ical to our understanding of evolution.

TYPES OF GENETIC ROBUSTNESS

Although the short-term consequence—the maintenance of
an optimal phenotype in the face of mutations—is clear and

of considerable evolutionary importance, its evolutionary or-
igins are far less clear. The theories addressing this problem
can be grouped into three classes: adaptive, intrinsic, and
congruent. As it turns out, these categories reflect the posi-
tions of the founding fathers of modern population genetics,
R. A. Fisher, J. B. S. Haldane, and S. Wright, in their famous
controversy over the evolution of dominance (cf. Mayo and
Bürger 1997).
Dominance can be understood as a special case of genetic

robustness at the level of a single gene, where a dominant
phenotype is more robust against mutational (and perhaps
environmental) perturbations than a recessive phenotype. It
is thus not surprising that the evolutionary theories for dom-
inance parallel those for genetic robustness in general. As
we will see below, however, the dominance hypotheses must
be revised for the general phenomenon of phenotypic ro-
bustness.

Adaptive

In a Darwinian tradition, the most straightforward expla-
nation for the evolution of robustness is adaptationist. Ro-
bustness might simply evolve because it increases the fitness
of the genotype involved. The idea is as intuitive as it is
simple: for a well-adapted trait, almost all mutations lead to
deviations from the optimum. Any mechanism that buffers
the trait by decreasing the phenotypic effect of mutations
should therefore be favored by natural selection. In the debate
on dominance, R. A. Fisher (1928a,b) took this position,
claiming that dominance evolves by the direct selection on
modifiers. For phenotypic (genetic and environmental) ro-
bustness, the adaptive hypothesis goes back to the original
work of Schmalhausen (1949), Waddington (1957), and Ren-
del (1959). Canalization as envisioned by Waddington
evolves due to its own selective advantage and can thus be
defined as adaptive robustness. Note, however, that the def-
inition of canalization varies considerably in the literature
(for an overview cf. Debat and David 2001). Sometimes the
term is used only for developmental buffering (e.g., Hall-
grı́msson et al. 2002). To emphasize a broader scope that
also includes buffering by other mechanisms (such as be-
havior), we will use the term adaptive robustness in the fol-
lowing.

Intrinsic

Not every phenotype that evolves is, taken by itself, the
product of selective optimization. Due to variational con-
straints, phenotypic properties often result as nonadaptive
correlated side effects of the evolution of some other prop-
erty. In particular, genetic robustness may evolve simply be-
cause the buffering of a character with respect to mutations
is the necessary or likely consequence of character adaptation
itself. In the context of dominance, S. Wright (1929, 1934)
held this view, claiming that dominance results as a passive
consequence of enzyme biochemistry and the selection for
increased metabolic flux (the primary character). Due to sat-
uration relationships between enzyme activity and the flux
through a metabolic pathway, the flux will typically approach
its maximum asymptotically, where variation in enzyme ac-
tivity has little effect. Nonetheless, Wright thought that dom-
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inance could be modified and subject to evolution (Wright
1977). Later, Kacser and Burns (1981) took a uniquely phys-
iological position. They argued that due to the constraints of
multienzyme biochemistry, dominance is an inevitable prop-
erty of metabolic pathways and does not require an evolu-
tionary explanation. Consequently, the view that dominance
is an inevitable property of metabolic pathways has been
accepted by several scientists (e.g., Orr 1991; Keightley
1996; Porteus 1996; Meiklejohn and Hartl 2002). But ar-
guments to the contrary have also been made (Cornish-Bow-
den 1987; Savageau 1992; Bourguet 1999; Omholt et al.
2000; Bagheri-Chaichian 2001). For genetic robustness, in
general, one can similarly argue that robustness is intrinsic
to the optimization of some phenotypes, for example, when
several loci contribute to the steady-state metabolic flux, or
when the activity of an enzyme is controlled by feedback
from its end product (see Proximate Causes of Robustness).

Congruent

A third view posits a correlation between the mechanisms
of genetic and environmental robustness. Genetic robustness
may thus evolve as a correlated side effect of the evolution
for environmental robustness. Because environmental per-
turbations often have a higher frequency and impact on fit-
ness, they serve as the driving force. As in the adaptive case,
character robustness can be separated from, and is secondary
to, character adaptation itself, but, as in the intrinsic case,
genetic robustness does not evolve for its own sake. In the
dominance controversy, this mirrors the idea of J. B. S. Hal-
dane (1930), who argued that dominance results from safety
factors (see also Muller 1932; Wright 1977). According to
Haldane, the wild-type allele evolves to produce elevated
amounts of enzyme to ensure optimal function of wild-type
homozygotes under unusual environmental conditions. As a
consequence, the levels of enzyme concentration that can be
produced by heterozygote mutants are often sufficient under
normal conditions. This is then perceived as dominance of
the wild-type allele. For robustness mechanisms, in general,
correlated evolution of genetic and environmental robustness
has been proposed in Wagner et al. (1997). A correlation
between the phenotypic effects of genetic and environmental
perturbations was called ‘‘plastogenetic congruence’’ by An-
cel and Fontana (2000), who observed the concerted evolu-
tion of environmental and genetic robustness in theoretical
work on RNA folding.

SCENARIOS FOR THE EVOLUTION OF GENETIC ROBUSTNESS

We now discuss in more detail several scenarios in which
we would expect the adaptive, intrinsic, or congruent evo-
lution of genetic robustness.

Adaptive Scenarios

Under which evolutionary conditions will genetic robust-
ness have a substantial selective advantage? The selective
advantage of a buffering gene is given by the sum of the
negative fitness effects of the mutations it buffers against,
minus any costs associated with the gene. Here we discuss

several key evolutionary parameters that affect this calcu-
lation.

Mutation rate

A high mutation rate is perhaps the most important pre-
requisite for adaptive genetic robustness. In most situations,
the selective advantage of mechanisms that buffer against
mutations is simply proportional to the mutation rate U of
the character (or the buffered unit) under consideration. As
we will discuss below (Strength of selection), the fitness ef-
fects of the mutations have much less effect. This holds true
for clonally reproducing organisms, where all the genetic
perturbations must be created by new mutations. In sexual
(and recombining) populations, the evolution of robustness
may also be driven by the standing genetic variation rather
than solely by new mutations. For a population in mutation-
selection balance, however, this standing variation is corre-
lated with the mutation rate (and even proportional to U in
the so-called house-of-cards regime; cf. Bürger 2000).

Mode of reproduction

There are indications that selection for robustness may be
stronger in sexual and recombining populations than in clonal
populations. Intuitively, this may stem from the additional
genetic variation produced by sex and recombination that is
experienced by a buffering gene (Stearns 1994). More for-
mally, canalizing alleles have a direct fitness advantage in
recombining populations, where genes can evolve relatively
independently of the genetic background in which they ac-
cidentally originate. This has been demonstrated for robust-
ness modifiers (Wagner et al. 1997). Although robustness
modifiers do not increase the maximal fitness in the popu-
lation, but rather decrease it if there is a cost of robustness,
they nevertheless can spread if they increase its mean fitness.
This will be the case if the fitness increase of mutant ge-
notypes is sufficiently large that the marginal fitness of the
modifier allele, averaged over all genetic backgrounds in the
population, is positive. In contrast to mutation rate modifiers,
which only have a fitness effect in the offspring generation,
the fitness advantage of robustness alleles already appears in
the parent generation. Robustness modifiers can therefore be
selected even without linkage disequilibria.
In clonally reproducing populations, on the other hand,

genes are linked to their genetic background. Because genetic
robustness only increases the fitness of mutants, and not the
fitness of wild-types (with maximal fitness), robust wild-
types do not increase in frequency relative to less robust ones,
as long as there is no back mutation from mutants to the wild
type. In large asexual populations, robust wild types only
spread due to the higher mutational backflow they receive
from their fitter mutant neighbors. If robustness comes at a
cost, only populations with high mutation rates and substan-
tial back mutation will evolve robustness (Gabriel and Bürger
2000; Wilke et al. 2001; Hermisson et al. 2002).
The influence of recombination on robustness over an in-

termediate range of recombination rates is still controversial
and difficult to assess. Presently, no systematic study exists
for the invasion and maintenance of robustness as a function
of recombination rate.
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Strength of selection

In contrast to the frequency of the mutational perturbations,
their fitness effects have surprisingly little impact on the po-
tential for robustness to evolve, at least in mutation-selection
balance. Intuitively, one might assume that traits that are
under stronger stabilizing selection should have a stronger
tendency to be buffered. In mutation-selection balance, how-
ever, the influence of the strength of stabilizing selection on
the trait itself is found to be weak or even absent, depending
on the parameter values (Wagner et al. 1997). This results
from two opposing effects of stabilizing selection: it increases
the fitness effect of the mutations present in a population,
but simultaneously reduces the frequency of mutants in the
equilibrium population.

Population size

Because the selective advantage of robustness alleles is of
the order of the mutation rate (see above), the population
size must be N . 1/U for selection to be effective. This would
make the evolution of robustness, as driven by recurrent mu-
tations, impossible in small populations. As shown in a recent
study by Krakauer and Plotkin (2002), however, robustness
may still evolve in small populations by other means. In their
model, the genetic load is increased by drift, leading to an
elevated selective advantage of alleles that confer robustness
against the negative fitness consequences of drift. Krakauer
and Plotkin argue that small populations will adopt a strategy
of hiding mutations from selection by evolving buffering
mechanisms, in contrast to large populations, where opti-
mality is easier preserved by selectively removing mutations
from the population. The relative importance of these two
effects of population size depends on the geometry of the
fitness landscape, which sets the terms for the invasion of
new robust mutants.

Congruent Scenarios

Because environmental perturbations are frequent and di-
verse, opportunities for the evolution of environmental ro-
bustness abound. The much stronger impact of environmental
perturbations relative to mutational perturbations on the phe-
notype is shown by the mutational heritability 5 Vm/Ve2hm
(i.e., the ratio of the variance due to new mutational and
environmental input per generation), which is generally es-
timated to be of order 1023 to 1022 (Houle et al. 1996). If
mechanisms buffering against environmental fluctuations are
also effective against mutational perturbations, as recently
argued in particular by Meiklejohn and Hartl (2002), then
genetic robustness may evolve by congruence. A congruent
view of the evolution of robustness is also supported by a
computational study by Ancel and Fontana (2000), who found
that RNA shapes that are robust against environmental (ther-
modynamic) perturbations are also robust against mutational
perturbations. Further support comes from recent studies of
heat-shock proteins, such as Hsp90 and GroEL. These pro-
teins are thought to have evolved to protect organisms from
environmental and developmental perturbations, but appear
to also buffer against genetic perturbation in Drosophila

(Rutherford and Lindquist 1998), Arabidopsis (Queitsch et
al. 2002), and Escherichia coli (Fares et al. 2002).

Intrinsic Scenarios

Phenotypic buffering might also emerge from global gene
network properties like its connectivity or developmental sta-
bility. As first observed by Wagner (1996) and recently by
Siegal and Bergmann (2002), developmental stability and
mutational robustness are correlated in certain network mod-
els. Siegal and Bergmann (2002) argue that selection for
increased developmental stability may be the main cause for
the evolution of mutational robustness. Note that develop-
mental stability, as defined by these authors, refers to the
convergence of a deterministic dynamical system as a model
of development. This dynamical system depends on the ge-
notype, but not on the environment or developmental noise.
The term ‘‘developmental stability,’’ therefore, should be
clearly distinguished from developmental robustness, which
refers to the stability under developmental noise. Evolution
of genetic robustness in these systems is therefore an intrinsic
property of the network model, rather than a consequence of
buffering against nonheritable perturbations (i.e., congru-
ence). Whether genetic robustness is a generic property of
developmentally stable gene networks is an open question.
More work on a wider range of network architectures is re-
quired.
In general, network robustness can be adaptive, congruent,

or intrinsic in the above sense. Suppose that a gene network
consists of any number of relatively independently evolving
parameters (e.g., regulating enzyme concentrations, diffusion
constants). In this parameter space, values for which the net-
work is functional map to high-fitness plateaus and values
that produce dysfunctional networks lie outside such pla-
teaus. The robustness of a population with respect to muta-
tions depends on the position of the population on the high-
fitness plateau. A population that is mostly concentrated in
the interior of wide parts of the plateau will be much less
sensitive than a population that is distributed over the nar-
rower parts, where mutations easily push individuals over the
edge. The overall shape of the plateau then speaks to the
question of adaptive or intrinsic robustness. If most of the
surface area of the plateau consists of narrow parts, then the
function is not intrinsically robust. Over the course of evo-
lution, the population will most likely first enter the plateau
at one of the narrow parts with low functional robustness.
Adaptive robustness ensues if selection subsequently moves
the population toward the wider parts. Alternatively, if the
entire plateau is wide, then function and robustness are cou-
pled. Robustness thus arises as an intrinsic by-product of the
adaptive evolution of the network. If we add environmental
perturbation to this picture, then we change the shape of the
high-fitness plateau. If these changes effectively narrow the
plateaus, then genotypes that maintain functionality (i.e., re-
main on the plateau) under such perturbations will be those
that lie in the inner parts of the network. Thus, genetic ro-
bustness may evolve via congruence (Ancel and Fontana
2000).
These alternatives have been studied in the segment po-

larity and the neurogenic networks of Drosophila (von Das-
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sow et al. 2000; Meir et al. 2002). Simulations show that
robustness emerges as an unselected and unexpected by-prod-
uct in the simplest models of a functional network. Recent
studies (G. von Dassow, unpubl. data), however, also reveal
the possibility that less robust rudimentary networks could
have been evolutionary predecessors of final, more robust
ones. The use of naturally occurring gene networks is a prom-
ising direction for the future study of mechanisms and pro-
cesses that underlie network robustness.
A more quantitative use of phenotype landscapes to study

robustness closely related to the above picture has been sug-
gested by Rice (1998) and Nijhout (2002). If the trait plotted
is defined as a smooth function of any number of environ-
mental and genetic parameters, the slope of the landscape
along a particular parameter axis is a measure of the sensi-
tivity of the phenotype for variations in that parameter. Evo-
lution toward regions with shallow slopes then means evo-
lution of robustness. Note, however, that we do not agree
with Nijhout’s suggestion to use the correlation between var-
iation in the trait and the parameter as a measure of robust-
ness. This correlation will be one whenever all of the points
in a plot of the trait against the parameter axis lie along a
straight line, regardless of the slope of that line.

WHICH TRAITS SHOULD EVOLVE GENETIC ROBUSTNESS?

Robustness can evolve at different levels of complexity.
At the lowest level, the product of a single gene may be
buffered against the effects of mutations, for example, by
dominance. Traits at other levels of organismal organization
may also be robust, including products of a single devel-
opmental or metabolic pathway, morphological traits, larger
functional units or modules, or even the overall fitness of the
organism. At which of these levels of organization would we
expect buffering to be most prominent?

Size of the Genomic Basis

Mechanisms at a low organizational level (e.g., single
genes or pathways) can only buffer against relatively small
numbers of mutations. Even if selection on a small unit is
strong and the mutations affect multiple functions through
pleiotropy (single genes affecting multiple traits), there may
not be strong selection for robustness (see Adaptive Scenar-
ios). The small number of mutations buffered against by dom-
inance and the small selection coefficients that result (on the
order of the locus mutation rate) have been the primary ar-
guments against Fisher’s adaptive hypothesis. This may not,
however, be a problem for mechanisms buffering larger or-
ganizational units (e.g., those involved in global traits like
body size). Such units have larger genomic bases, and hence
suffer higher per-unit mutation rates. The same holds true
for mechanisms that buffer many units at once. For example,
heat-shock proteins chaperone a variety of enzymes (Ruth-
erford 2003) and thus buffer against mutations in all the genes
underlying these enzymes. If genetic variation is entirely pro-
duced by mutation-selection balance, then the selection co-
efficient for robustness can be as large as the overall dele-
terious mutation rate of the buffered unit or units.

Level of Integration

In principle, selection coefficients for buffering mecha-
nisms of some life-history traits, which have very large ge-
nomic bases, could be quite high, close to the deleterious
mutation rate for the entire genome. A trait like viability,
however, may depend on several independent genetic com-
ponents, each with a unique set of participating genes. Hence
a single adaptation that buffers all potential sources of genetic
variation is very unlikely. The effectiveness of a buffering
mechanism thus depends on the level of genetic integration
underlying the buffered unit. If, for example, several gene
products feed into a common developmental or metabolic
pathway, mutations in these genes might be buffered against
by a single feedback loop.

Directional or Stabilizing Selection

If robustness is adaptive or congruent, its evolution may
be hampered by directional selection on the targeted trait.
This is particularly a problem when the buffering mechanism
reduces the effects of deleterious and beneficial mutations
alike. If so, and if the ratio of beneficial to deleterious mu-
tations is relatively high, then the trait may evolve antiro-
bustness instead (Layzer 1980; see also Kawecki 2000). Even
when beneficial mutations are not affected, the evolution of
adaptive robustness will likely be secondary to trait adap-
tation itself. As envisaged by Rendel (1967), buffering mech-
anisms may evolve for a specific trait value and be ineffective
if the trait mean changes. As long as the optimum value
changes, a population will then simply evolve uphill in the
fitness landscape, regardless of any changes in robustness
along the way. Only after the population reaches a (local)
fitness maximum, it may evolve along the fitness ridge, ac-
cumulating robustness (cf. Rice 2000). Hence, traits expe-
riencing long episodes of stabilizing selection are natural
candidates for adaptive robustness, whereas traits under di-
rectional selection will evolve adaptive robustness only after
a selection plateau has been reached. Intrinsic robustness, on
the other hand, is a by-product of trait adaptation and thus
requires directional selection to evolve.

Constraints

For larger units, such as polygenic traits, constraints and
conflicts between components may impede the buffering of
the unit as a whole. Theoretical studies show that selection
to keep a trait near its optimum may effectively impede the
simultaneous buffering of all loci that contribute to the trait
(Hermisson et al. 2003). As a consequence, the trait as a
whole will not evolve complete robustness. Rather, only sub-
units (single genes, or sets of well-integrated genes that con-
tribute to the trait but do not comprise its entire genetic basis)
may become robust. The subunits that are most likely to
evolve robustness are the ones with high mutation rates, often
at the expense of reduced robustness of genes or subunits
with lower mutation rates. This leads to a negative correlation
between the subunit mutation rate and the effects of mutations
occurring within the subunit. At the level of the entire trait,
robustness often even decreases due to the large mutational
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effects that result as a side effect in subunits with small
mutation rates.

Robustness of Fitness

Should we expect fitness, as a trait, to evolve genetic ro-
bustness? In general, any trait will evolve robustness when
doing so also increases fitness. In an intrinsic scenario, this
occurs when the robustness of a trait is intrinsically connected
to improving its function. In the adaptive scenario, robustness
of a trait evolves when this significantly reduces the effect
of deleterious variation—and therefore the robustness of fit-
ness may also be increased. This seems to make robustness
of fitness the primary target of adaptive genetic robustness
and a particularly interesting trait to study in this context.
Nevertheless, the answer to the above question is more com-
plex.
There are indeed several factors that may favor the adaptive

robustness of fitness. First, because of the large number of
genes contributing to fitness, the rate of mutations with del-
eterious effects on fitness is higher than that for any other
phenotypic trait. Second, if fitness is a continuous function
of lower-level trait values, then robustness evolved for all
lower-level traits will, almost necessarily, translate into ro-
bustness at the level of fitness. Third, even antirobustness at
the level of fitness components (e.g., increased fitness dif-
ferences between zygotes due to selective abortion of zygotes
with high mutation loads in plants and animals) may enhance
robustness at the level of fitness. At first, it also seems that
robustness of fitness should readily evolve, simply because
mutations affecting fitness experience stronger selection than
other mutations. For populations evolving at an equilibrium
between mutation and selection, however, this is not true
because the number of deleterious mutations is inversely re-
lated to their average fitness effect (see Strength of selection).
There are also several factors that hinder the evolution of

robustness in fitness. First, because fitness is the only trait
under long-term directional selection, a relatively large frac-
tion of mutations has beneficial effects. Only in rare cases
where populations adapt to a constant environment over lon-
ger periods, as perhaps in the long-term evolution experiment
with E. coli of R. E. Lenski and coworkers (Lenski and Trav-
isano 1994), might modifiers that increase robustness of fit-
ness spread by natural selection. Second, because fitness is
the ultimate product of so many genes, pleiotropy leading to
trade-offs in the robustness of constituent subunits will be
abundant. These trade-offs will severely constrain the poten-
tial for fitness robustness (cf. Constraints) as nonrobust traits
may contribute to an overall nonrobustness in fitness. Non-
robustness of constituent traits may result from directional
selection or from a small genetic basis that allows genetic
drift to outweigh selection for robustness. Such traits may
still be under strong selection and thus contribute signifi-
cantly to reduce the net robustness of fitness. As a result,
even if robustness of fitness increases on average this may
be at the expense of an increased variation of robustness,
which makes the detection of adaptive robustness at the level
of fitness a problem for experimentalists.
Finally, we discuss a limitation that hinders many studies

of the evolution of robustness. Most population genetic mod-

els of robustness use a fitness function that reflects stabilizing
selection on an underlying phenotypic trait. In this case, ro-
bustness of fitness arises through the evolution of robustness
at the trait level. Studying the evolution of robustness through
these models is critical to understanding the changes in ge-
notype and phenotype during evolution. It is clear, however,
that robustness of fitness is not entirely explained by ro-
bustness at the level of an underlying phenotypic trait. Or-
ganisms can evolve organizational schemes, for example, that
confer robustness through the modulation of different un-
derlying phenotypic traits. In this case, fitness invariance can
arise not through the invariance of underlying traits, but
through changes in the importance of underlying phenotypic
traits. Consider an organism that feeds on a primary nutrient.
Robustness may arise through the evolution of reliable per-
formance in the metabolic pathway that requires the nutrient.
Alternatively, robustness may arise through the evolution of
regulatory and structural machinery that allows the organism
to use different metabolic pathways when the primary path-
way is not performing well. Both scenarios involve robust-
ness at the fitness level but may require separate theoretical
treatments. In this paper, we focus on the first case but rec-
ognize that the evolution of new functions is critical to a
comprehensive theory of genetic robustness and an important
challenge for the future.

PROXIMATE CAUSES OF ROBUSTNESS

Genetic robustness can be achieved through buffering
against genetic perturbation or avoiding this perturbation.
Perturbations are avoided, for example, by reducing the num-
ber of genes coding for a function and eliminating somatic
mutations in multicellular organisms. Some of these latter
strategies are essentially antirobust at a lower level (e.g., cell
viability), but lead to robustness at a higher phenotypic level
(cf. Krakauer and Plotkin 2002). (We consider perturbation
avoidance also as a means to robustness, because it is an
evolved response to the perturbations, which would persist
without this response.) Buffering mechanisms are by defi-
nition epistatic, that is, the buffering effect is the result of
an interaction between the mutation (whose effect is buffered
against) and the genetic background. We will use the term
‘‘buffering epistasis’’ to mean that the phenotypic effect of
multiple mutations is larger than the sum of the effects of
each single mutation. If mutational effects are unidirectional,
such as mutations negatively affecting the fitness of a well-
adapted wild type, buffering epistasis is equivalent to syn-
ergistic epistasis.

Redundancy

Buffering epistasis can result from redundancy, that is,
interactions among genes with similar function (e.g., due to
a recent duplication event) or from interactions among func-
tionally unrelated genes (e.g., Wilkins 1997, 2002). Which
of these causes is more important? Mutations that completely
eliminate the function of an individual gene have very weak
phenotypic effects in standard laboratory assays. It is tempt-
ing to attribute this observation to gene redundancy, because
genomes contain many duplicated genes. However, in Sac-
charomyces cerevisiae at least 40% of the genes where knock-
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out mutations have exceedingly small fitness effects are sin-
gle-copy genes (Wagner 2000; Gu et al. 2003), suggesting
that gene redundancy is not the only cause of genetic ro-
bustness. However, gene redundancy certainly contributes to
robustness. For example, Gu et al. (2003) show that a knock-
out mutation of one gene in a duplicate pair is 20% more
likely to have a weak fitness effect than a knock-out mutation
of a single-copy gene. It bears mentioning that the gene
knock-out approach is limited by the artificial environment
of the laboratory, that is, knock-out mutations with small
fitness effects in one particular laboratory environment may
have formidable fitness effects in the wild. Alternatively, we
can turn to molecular evolution. More specifically, if gene
duplications play a major role in genetic robustness, then
genes from large gene families should experience relaxed
selective constraints, which would result in a high ratio of
nonsynonymous to synonymous substitutions, Ka/Ks (Li
1997). The evidence is mixed: in some fully sequenced eu-
karyotes a statistical association between gene family size
and Ka/Ks exists, but in others it is absent (Conant andWagner
2002). In sum, while gene redundancy may play some role
in genetic robustness, epistatic interactions among unrelated
genes may be an equally important buffering mechanism.
Except from redundant genes, robustness can also result

from redundant proteins. For example, Eldar et al. (2002)
found that development involving the bone morphogenic
pathway (BMP) in Drosophila is robust against variation in
gene dosage as a result of the storage of excess signaling
molecules. Slow diffusion from this buffer of signaling mol-
ecules appeared to result in a stable gradient of the morpho-
gen.

Epistasis between Unrelated Genes

Buffering epistasis is a general term that refers to many
different patterns of genic interactions. For example, the
genes with a direct effect on the trait (in the wild type) and
the genes involved in buffering these effects may be separate.
The simplest and perhaps best known example is the inter-
action between chaperones, such as heat-shock proteins, and
the enzymes whose function they buffer. Chaperones are
thought to help other enzymes fold into their functional struc-
tures, which is particularly beneficial after a heat shock
(Rutherford 2003). The latter was evidenced by a faster re-
covery of fitness after a heat shock of a Drosophila line with
multiple copies of Hsp70 (Feder et al. 1996). Disruption in
heat-shock protein Hsp90 has revealed hidden genetic vari-
ation in Drosophila (Rutherford and Lindquist 1998) and Ar-
abidopsis (Queitsch et al. 2002), while overexpression of
heat-shock protein GroEL resulted in the recovery of fitness
of E. coli strains that had accumulated deleterious mutations
(Fares et al. 2002). These results suggest that chaperones not
only buffer against environmental changes, but also against
genetic variation at other loci. It is tempting to view these
enzymes as secondary adaptations, favored by natural selec-
tion entirely for their ability to buffer other functions. Be-
cause heat-shock proteins often also have other vital func-
tions in the cell even under unperturbed conditions (cf. Feder
and Hofmann 1999), however, this conclusion is not as ob-
vious as it may seem. Detection of a buffering mechanism

that has no other function, or may even be costly, would be
excellent evidence for adaptive or congruent genetic robust-
ness.

Epistasis between Genes Encoding the Trait

Buffering epistasis can also occur through genes that are
simultaneously involved in both producing and buffering the
trait. This architecture is very likely if robustness is intrinsic
and evolves as a side effect of the trait function itself, but
may also pertain to adaptive robustness. Indeed, Hartman et
al. (2001) concluded from an analysis of double mutations
in the yeast S. cerevisiae that buffering most often occurs by
a small number of genes that function in the biological pro-
cess that produces the trait being buffered. Theoretical ap-
proaches to studying robustness arising from epistatic inter-
actions among the primary genes include phenotype land-
scape models (Rice 1998, 2000) and network models. In met-
abolic or developmental networks, complex epistatic
interactions with buffering properties, as well as feed-back
and feed-forward loops (Edwards and Palsson 2000; Shen-
Orr et al. 2002) are common motifs. These loops enable a
relatively constant metabolic flux despite fluctuations in sub-
strate concentrations or input signals. As Wilkins (2002)
points out, there are several properties (degeneracy and re-
dundancy) that convey genetic robustness to promoter re-
gions that regulate gene expression and, as such, function as
the nodal points of developmental pathways.
More complex patterns of epistasis, involving networks of

several to many interacting genes, may also lead to robust
developmental output or phenotypes. A relatively simple ex-
ample is the segment polarity network of insects, leading to
developmentally robust modules, i.e., developmental sub-
routines leading to reiterated structures such as abdominal
segments (von Dassow et al. 2000; Meir et al. 2002).

ROBUSTNESS AND EVOLVABILITY

By definition, genetic robustness reduces the degree to
which the phenotype is influenced by underlying genetic var-
iation. Because adaptive evolution requires phenotypic var-
iation, a reduction of evolvability (future rate of evolution)
may be a natural consequence of genetic robustness. Wad-
dington originally proposed canalization as an explanation
for the invariance of the adult phenotype. In this view, genetic
robustness acts as a variational constraint that itself may be
the result of natural selection (Maynard Smith et al. 1985).
After a shift of the trait optimum (e.g., due to a change in
the environmental conditions), this constraint must be over-
come before the population can evolve toward the new op-
timum. Indeed, as can be seen from the work of Ancel and
Fontana (2000), robustness may preclude mutation toward
improved phenotypes and lead to an evolutionary dead end
in which the phenotype (a computationally determined RNA
secondary structure) is locked into a suboptimal state. In fact,
the relationship of robustness and evolvability is unclear.
There are several realistic scenarios in which mutational buff-
ering leads to increased evolvability.
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Versatility

The first scenario pertains to traits other than the robust
trait itself. Even if further evolution of the robust trait is
slowed or halted, its robustness may facilitate adaptations of
pleiotropically related characters if the robustness buffers
against the deleterious side effects of such adaptations (Baatz
and Wagner 1997). Robustness may also promote the inte-
gration of the trait into higher organizational units. This idea
rests on the enhanced versatility of robust units (i.e., mod-
ules), as they are functional in a variety of genetic back-
grounds. Such an increase in the evolvability of the genetic
background of a robust trait may even confer a selective
advantage on the trait itself by reducing the interdependence
of components (Kirschner and Gerhart 1998). In this case,
robustness evolves due to the adaptive advantage of increased
evolvability. The putative evolutionary forces that drive this
process, however, tend to rely on group-level selection and
are therefore generally weak (for a different view, see Ruth-
erford 2003). Nevertheless, genic selection for increased ev-
olvability is possible (G. P. Wagner, unpubl. ms.).

Neutrality

Extensive mutational robustness is tantamount to a mu-
tationally connected network of genotypes exhibiting the
same phenotype, a so-called neutral network (Schuster et al.
1994). When an improved phenotype is not accessible
through mutation from the current genotypes comprising a
population, drift can move the population on the neutral net-
work to distant regions in genotype space, thereby preserving
the existing phenotype but vastly increasing the probability
of mutation to the advantageous phenotype. It may seem
paradoxical that mutational robustness may enable rather than
prevent evolutionary innovation. The neutral network model,
however, resolves this paradox. Mutational robustness allows
for the accumulation of phenotypically silent mutations that
alter the genetic basis of the trait and may thus set the stage
for phenotypically important mutations (Fontana and Schus-
ter 1998). According to this view, robustness increases the
long-term evolvability not only of pleiotropically related
traits (cf. Versatility), but of the robust trait itself. A classical
rugged fitness landscape lacks large constant-fitness plateaus
(neutral networks) and is thus antirobust. In such a landscape,
a population can become confined to a region of genotype
space in which it must wait almost forever for the simulta-
neous occurrence of the right combination of advantageous
mutations.
When robustness is also environmental, robust genotypes

may also possess a higher initial tolerance toward new en-
vironments. This facilitates a large number of possible ad-
aptations, because exposure to multiple environments offers
more dimensions for adaptation than a constant environment.

Capacity

The third perspective considers the hidden (unexpressed)
genetic variation that can accumulate in the robust state (Ren-
del 1967; Gibson et al. 1999; Schlichting and Smith 2002).
Robustness mechanisms are thought by some to be capacitors
of phenotypic variation (Rutherford and Lindquist 1998;

Queitsch et al. 2002; Rutherford 2003). When such a mech-
anism breaks down, for example, after an environmental
change, hidden variation is released. Such variation may be
the fuel for further evolution. If environmental perturbations
are merely transient, however, increased evolvability will
only be ensured if the production of variation becomes in-
dependent of environmental inputs (for a discussion of the
contribution of hide-and-release mechanisms of genetic var-
iation to evolvability see Hansen et al. 2000).
Waddington (1953) observed the release of hidden varia-

tion followed by adaptive evolution in Drosophila cross-vein
formation, and called this seemingly Lamarckian phenome-
non ‘‘genetic assimilation.’’ When pupae from a laboratory
stock of wild-type D. melanogaster were heat shocked, a gap
in the posterior cross-vein of the wings (a phenotype not
normally found in untreated flies) appeared in about 40% of
the adults. Waddington successfully selected against cross-
veins under heat-shock conditions and eventually produced
adults with broken cross-veins even when not exposed to
heat. Waddington explained this behavior in neo-Darwinian
terms as the canalization of the wild phenotype. His crucial
assumption is that the robustness mechanism buffers against
genetic perturbations only up to a certain threshold distur-
bance, and it breaks down under stronger disturbances. Under
strong environmental perturbations combined with selection
for a trait revealed by the breakdown in buffering, mutations
of small effect that contribute to the reliable expression of
the selected trait will be favored and eventually lead to the
production of the trait even in the absence of the perturbation.
Rendel (1967) was the first to address the potential con-

sequences of this process on evolutionary rates. Anticipating
the view of Eldredge and Gould (1972), he argued that a
punctuated evolutionary trajectory would result from alter-
nating periods of stasis and adaptation following the break-
down of buffering mechanisms and the release of adaptive
variation under rare environmental conditions. Whether this
process produces only a temporary evolutionary spurt or a
long-lasting increase in evolvability, however, is an open
question.
To date, the relative importance of these scenarios is un-

resolved. Neutral networks and their consequences have been
well characterized in computational models of evolving RNA
populations (for a review, see Fontana 2002). Recent exper-
iments by Schultes and Bartel (2000) have also clearly dem-
onstrated the existence of neutral paths in RNA sequence
space. Yet, the impact of mutational robustness on evolva-
bility and evolutionary dynamics in general remains an im-
portant open issue that has yet to be explored experimentally.

EXPERIMENTAL DETECTION OF ROBUSTNESS

As with many problems in evolutionary biology, the ex-
perimental detection of robustness has taken two different
forms. The comparative approach uses existing diversity to
infer the existence and evolution of robustness. This approach
benefits from strong signals produced by the long-term evo-
lution of robustness, but suffers from a lack of a natural
reference (i.e., the prerobust ancestral state). The alternative
approach, experimental evolution, studies the evolution of
robustness by direct observation of short-term evolutionary
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processes (mostly using microbes) in the laboratory. This
discipline benefits from the ability to perform control ex-
periments and knowledge of the ancestral state, but suffers
from insufficient time to evolve strong indications of ro-
bustness. Here we provide examples of both approaches.

Comparative Approach: Environmental Robustness

A useful measure of environmental robustness is the in-
verse of the environmental variance of a trait. In a heroic
experiment, Whitlock and Fowler (1999) used 80,000 D. me-
lanogaster flies to measure the phenotypic variance compo-
nents of six wing-size and shape characters after inbreeding.
They observed an increase in the residual variance after in-
breeding, as well as variation among lines in the level of
residual variance. Because residual variance results primarily
from environmental factors, these results suggest a genetic
basis for developmental robustness (i.e., a particular form of
environmental robustness that is directed toward fluctuations
in the microenvironmental conditions that exist within an
organism).
Another measure of developmental robustness is the fluc-

tuating asymmetry (FA) of a trait. The amount of FA for any
given trait can vary across both organisms and conditions
(e.g., Clarke and McKenzie 1987), suggesting that evolution
of this type of robustness is possible. However, low herita-
bility estimates for FA and the finding of a mainly epistatic
genetic basis of FA in many characters (see Leamy et al.
2002 and references therein) shows that FA cannot easily
respond to selection in wild populations.

Comparative Approach: Genetic Robustness

Detecting genetic robustness has proven to be particularly
difficult. The direct experimental determination of mutational
variance by mutation-accumulation experiments of bottle-
necked lines is extremely labor intensive. Although there
have been a number of measurements (cf. Lynch et al. 1999),
they have all been for wild-type populations. Most estimates
of genetic robustness rely on some form of indirect evidence.

Genetic instead of mutational variance

Instead of measuring mutational variance, several robust-
ness studies have estimated genetic variance. FollowingWad-
dington (1953), genetic robustness has been primarily in-
ferred from the increase of the genetic variance after a major
mutation or exposure to an environmental challenge during
development (such as heat shock). The classical measure-
ments include wing- and cross-vein interruptions and scu-
tellar bristle numbers in D. melanogaster, ocelli in D. su-
bobscura, and vibrissae number in mice, all discussed in de-
tail by Scharloo (1991). In all of these experiments, a char-
acter with almost vanishing phenotypic variance in the wild
showed significant variation after a major mutational or de-
velopmental perturbation. The released variation responded
positively to artificial selection, suggesting that the variation
had a genetic basis. Inbred lines, however, did not respond
to artificial selection, suggesting that the increased variance
stemmed from hidden (unexpressed) variation already present
in the base population. Such genetic variation with no phe-

notypic consequences under natural conditions might be con-
strued as evidence for genetic robustness.
There is, however, a concern with this interpretation. None

of the experiments described can discriminate between more
or just other loci that are expressed as a result of the per-
turbation. In both cases, the phenotypically expressed genetic
variation sharply increases due to the release of variation at
loci that are neutral in the wild type. When other (but not
more) loci are expressed after the perturbation, there will also
be a reduction in the genetic variance due to loci that are
expressed in the wild, but not in the perturbed state. However,
because variation at these loci in the wild type is reduced by
selection, this reduction may be negligible, resulting in a net
increase in the genetic variance in both cases. If the same
number of loci is expressed under both conditions (the other
scenario), the mutational variance will not necessarily be
larger for the perturbed relative to the unperturbed state and
may even be smaller. Hence, the wild type is not robust. The
original experiments indeed provide evidence for alleles that
are expressed only in the wild type (J. Hermisson and G. P.
Wagner, unpubl. ms.).
The release of selectable hidden variation also supports the

claim that heat-shock proteins Hsp90 (Rutherford and Lind-
quist 1998; Queitsch et al. 2002) and GroEL (Fares et al.
2002) act as genetic buffers. For this particular molecular
mechanism, variation in the mutant (with knocked-out heat-
shock function) is probably due to the activity of more alleles
rather than simply a shift to other alleles.
A variation of this approach avoids some of the bias caused

by using genetic instead of mutational variance. Mutations
are introduced into inbred lines from multiple populations,
and robustness is then estimated by the change of the genetic
variance among lines. If the differences among the wild lines
are due to drift or selection toward different optima and are
not diminished by selection toward a global optimum, this
method does not suffer the problem explained above. Using
this approach, Gibson and van Helden (1997) did not observe
an increase in phenotypic variance ofDrosophila haltere char-
acters in Ubx mutants relative to wild-type lines, and hence
found no support for genetic robustness. In contrast, a second
study (Polacysk et al. 1998) found a large increase in among-
line variability after two major mutations (EGFR and Sev-
enless) in Drosophila photoreceptor differentiation. It seems
likely, however, that in this case of a conserved trait, there
has been selection toward a global optimum, which has elim-
inated variance among the wild-type lines (leading to the
same problems as discussed for the older experiments above).

Lack of reference and control

A general problem with the comparative approach to de-
tecting environmental and genetic robustness is the lack of
a reference state. When can we say that robustness has
evolved? In principle, the appropriate reference is the an-
cestral state, that is, the same genotype before evolution had
the opportunity to generate robustness. Because the ancestral
state is not directly available, however, the comparative ap-
proach relies on indirect evidence. Typically, the evolution
of robustness in the wild-type is inferred from observations
of higher variability in mutants. Alternatively, one can com-
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pare the wild-type mutational variances of different traits.
Stearns et al. (1995) studied the genetic variation caused by
transposable-element insertions for five traits with different
impacts on fitness in D. melanogaster. They found that the
resulting phenotypic variation was lower for traits with larger
fitness effects and took this as evidence for genetic robust-
ness. However, Houle (1998) challenged this conclusion,
claiming that the correlation between fitness impact and in-
sertion variability may be confounded by variation in the
mutational target size, that is, the number of genes involved
in these traits. In general, inferring robustness from a com-
parison of mutational effects in different traits instead of
different genetic backgrounds is problematic, as long as the
connection of these measurements to the variability of an
ancestral reference state is unclear.

Synergistic epistasis

Because of the causal connection between synergistic epis-
tasis and genetic robustness (see Proximate Causes of Ro-
bustness), evidence for the latter can, in principle, be revealed
by measuring the former. There are several methods for de-
tecting synergistic epistasis between deleterious alleles. The
extreme form of synergistic epistasis, truncation selection, is
the ability of a trait to buffer against mutational variation.
An overall lack of synergistic epistasis among alleles af-
fecting fitness has been shown in strains constructed to have
varying numbers of genetic marker mutations (de Visser et
al. 1997; Whitlock and Bourguet 2000) and transposon in-
sertions (Elena and Lenski 1997). Similar methods could still
be used, however, to identify patterns of epistasis in char-
acters that have been under long-term stabilizing selection
and are thus likely to have evolved genetic robustness.

Experimental Evolution

Recently, the relatively new discipline of experimental evo-
lution has been applied to the study of robustness. The rapid
generations, large populations, and ease of experimental ma-
nipulation of microbes make possible the direct observation of
long-term evolution in the laboratory. Using similar approaches,
computational evolutionary biologists use individual-based
computer simulations to study the evolution of robustness. By
manipulating the evolutionary environment and genotype of the
organisms, specific hypotheses can be tested on the basis of the
evolutionary outcome. A crucial advantage of this approach over
the comparative approaches is that it provides a natural reference
point for any measure of robustness, that is, the ancestral state.
Alternatively, control treatments (evolutionary conditions that
are not expected to lead to the evolution of robustness) can
provide an appropriate baseline.
Wilke et al. (2001; Wilke and Adami 2003) simulated the

evolution of digital organisms for 1000 generations with a
high or a low mutation rate. Ultimately, the organisms with
a high mutation rate occupied lower, but flatter (more robust)
fitness peaks than the ones evolved with a low mutation rate.
These data suggest that genetic robustness can evolve rapidly
at high mutation rates and lend themselves to verification
through evolution experiments in the laboratory.
Elena and Lenski (2001) undertook such an experiment

using E. coli. They compared the fitness effects of 12 random

insertion mutations in two genetic backgrounds, one adapted
during 10,000 generations to a simple laboratory environment
and the other, its unevolved ancestor. If genetic robustness
evolved during those 10,000 generations, then the average
fitness effect should be smaller in the evolved strain than in
the ancestor. There was, however, no decrease in the dele-
terious effects of mutations in the evolved background. These
results can be interpreted in two ways. First, robustness did
not evolve because the necessary conditions (e.g., the du-
ration of the experiment and/or mutation rate) were not met.
Alternatively, robustness did evolve, but only toward the
kinds of mutations naturally encountered during evolution
and not toward the insertion mutations applied afterward.
Moreover, fitness itself may not easily evolve genetic ro-
bustness (see Robustness of Fitness).
Fares et al. (2002) took an alternative approach using a

classical mutation-accumulation experiment with E. coli. Af-
ter 3240 generations of mutation accumulation, fitness was
almost halved, presumably due to the accumulation of del-
eterious mutations. When Fares et al. overexpressed the chap-
erone enzyme GroEL in these mutated lines, fitness recovered
significantly, indicating that GroEL might buffer the dele-
terious effects of mutations. This overexpression, however,
resulted in fitness recovery only in a nutrient-rich environ-
ment and not in minimal media, suggesting a cost to such
mutational robustness.
In conclusion, experimental evolution with microbes and

virtual organisms is a promising tool for the direct obser-
vation of the evolution of genetic robustness. Future ap-
proaches might include modifying the GroEL experiments to
compare the evolution of GroEL expression in mutator and
wild-type strains and measuring the fitness advantage of ro-
bustness through competitions among microbial strains hav-
ing and lacking various mechanisms (e.g., an enzyme struc-
ture that is robust against mutations) under both normal con-
ditions and conditions that favor robustness (e.g., in a mutator
background or under environmental perturbations).

Alternative Ideas

There are many other promising directions. For example,
comparing the mutational variance to the environmental var-
iance of homologous traits across species might shed light
on the extent of congruence between environmental and ge-
netic robustness. Similarly, by comparing mutational vari-
ance to mutation rate and, similarly, environmental variance
to rate of environmental fluctuations, one can test the pre-
diction that robustness is expected particularly in species
experiencing frequent perturbations.
Artificially selected traits in old and modern crop hybrids

may serve as a terrific test bed for genetic robustness hypotheses.
Many modern crops have been deliberately selected for flatter
norms of reaction with respect to growing conditions across
years and locations. One can measure the extent to which these
environmentally robust traits are also more robust against mu-
tations, again testing the existence of congruence.
Finally, the in vitro selection of single enzymes may pro-

vide a revolutionary perspective on the evolution of robust-
ness. Genes coding for novel enzymes with a clearly defined
function (e.g., conferring resistance against an antibiotic) are
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produced using the error-prone polymerase chain reaction.
These new alleles are transformed into a bacterial host, where
selection or screening of enzyme function is possible. The
simple relationship between genotype (single gene encoding
an enzyme) and phenotype (enzyme function), together with
the ability to introduce mutations at much higher frequencies
than would be bearable for living organisms, allows scientists
to address various hypotheses about the evolution of ro-
bustness. For instance, one can measure the relationship be-
tween the level of enzyme activity and the robustness of
enzyme activity toward various environmental (e.g., tem-
perature, pH) or genetic perturbations (random or directed
mutations), thereby addressing the nature of the robustness.
This is also an ideal system for studying the effects of mu-
tation rate on the evolution genetic robustness.

Conclusions

We surveyed recent advances in the evolutionary study of
genetic robustness, directed by the following three questions.
First, what are the evolutionary causes of genetic robustness?
We have proposed three evolutionary scenarios, that is, ro-
bustness as driven by direct adaptive benefits, as intrinsic
property of adaptations, or as congruent correlate of envi-
ronmental robustness. Although their general significance is
unresolved, the specific requirements of each scenario are
discussed. For an adaptive scenario, we found that high mu-
tation rates, large populations, and asexual reproduction gen-
erally favor the evolution of robustness. While the importance
of intrinsic robustness is unknown, recent studies of meta-
bolic and developmental networks promise new progress in
this area. In many cases, a congruent scenario, where genetic
robustness evolves as by-product of environmental pertur-
bation, seems to be most likely, because such perturbations
are more frequent than genetic perturbations and work on
RNA folding and heat-shock proteins suggests that congru-
ence mechanisms indeed exist. As to what phenotypes we
expect to be most robust, the answer is more complex. Gen-
erally, traits under stabilizing selection that are encoded by
many interacting genes seem the best candidates. However,
there are several complicating factors, which we discuss for
the phenotypic trait fitness.
Second, what are the evolutionary consequences of genetic

robustness? At first sight, one might expect robustness to
slow down or even stop evolution of the trait involved, be-
cause it hides the fuel (genetic variation) needed for evolu-
tion. Although this principle was proven correct in a theo-
retical study, both theory and data suggest that robust traits
might in the long term show increased rather than decreased
adaptive potential. The reasons for an increased evolvability
of robust traits include the accumulation of hidden genetic
variation that may be useful for later adaptation, the buffering
of pleiotropic side effects of adaptations, and the increased
potential for a neutral exploration of genotype space.
And finally, how can we detect and measure robustness?

Two general approaches have been taken here. The classical
approach (comparative method) has been to look for ro-
bustness accumulated over the millions of years of biological
evolution, for example, inferred from the increase in genetic
variance after a major mutation or environmental challenge.

However, the evidence is often indirect and suffers from the
lack of a nonrobust reference. Recently, a more direct ap-
proach has been used, where populations of microbes are
allowed to evolve in the laboratory over hundreds to thou-
sands of generations. This approach, although its evolution-
ary potential is limited by time constraints, does not suffer
from a lack of control and promises exciting new data and
insights for a more comprehensive theory of the evolution
of genetic robustness.
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