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Abstract
Why isn’t random variation always deleterious? Are there factors that sometimes make adaptation
easier? Biological systems are extraordinarily robust to perturbation by mutations, recombination,
and the environment. It has been proposed that this robustness might make them more evolvable.
Robustness to mutation allows genetic variation to accumulate in a cryptic state. Switching
mechanisms known as evolutionary capacitors mean that the amount of heritable phenotypic
variation available can be correlated to the degree of stress and hence to the novelty of the
environment and remaining potential for adaptation. There have been two somewhat separate
literatures relating robustness to evolvability. One has focused on molecular phenotypes and new
mutations, the other on morphology and cryptic genetic variation. Here we review both literatures,
and show that the true distinction is whether recombination rates are high or low. In both cases,
the evidence supports the claim that robustness promotes evolvability.

But nature has not been kind enough to endow the organism with the ability to
react purposefully to the needs of the changing environment by producing only
beneficial mutations where and when needed. Mutations are random changes.
Hence the necessity for the species to possess at all times a store of concealed,
potential, variability. —Dobzhansky, 1937 [1]

Robustness affects evolvability in different ways
Biological organisms and computer programs are both encoded by a string of characters:
DNA in organisms, binary code in programs. In biological systems, random mutations to
DNA sequences are the fundamental source of long term evolutionary adaptation. However,
if one reduces a typical computer program to its binary sequence, making a random change
to a single digit might literally have zero probability of improving the performance of the
program [2]. But why? What makes biological systems evolvable when so many other
systems are not?

Much has been said about the proper definition of evolvability (see [3] for an excellent
review). On the longest geological timescales, one can discuss the evolvability of major
morphological features or other radical innovations [4], whereas at the short time scale of a
single generation evolvability is captured entirely by quantitative genetics [5, 6]. In this
review, we focus on evolvability at the intermediate timescales best described by population
genetics. At this level, we define evolvability as the capacity of a population to produce
heritable phenotypic variation of a kind that is not unconditionally deleterious [7, 8]. This
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definition includes both evolution from standing variation and the ability of the population
to produce new variants.

Three quite different mechanisms have been proposed to explain the high evolvability of
biological systems: modularity [2, 9], robustness [10] and recombination [11–14].
Robustness can be defined and measured as the average effect of a specified perturbation on
a specified phenotype. Here we focus on genetic robustness, i.e. robustness to perturbations
both in the form of new mutations and in the form of the creation of new combinations of
existing alleles by recombination (Box 1). We isolate the effect of robustness on evolvability
from that of recombination on evolvability by considering high and low recombination rates
as distinct cases.

At first, robustness and evolvability appear to be opposites – if most mutations have no
effect, then there will be less variation for selection to act on. Indeed, “robustness”
mechanisms that prevent genetic change from occurring in the first place, such as
proofreading and DNA repair, necessarily impede evolvability [15]. When many mutations
occur, but phenotypes are robust to them, populations tend to spread out over a larger region
of genotype space. The population (although not a single individual within it) can then
access a greater range of genotypic possibilities, increasing evolvability [16]. Even when
mutation rates are very low and populations typically monomorphic, robustness can increase
evolvability by allowing the population to visit a greater number of genotypes over a given
period of time [16].

When genetic variation is present, potential evolutionary innovations might already be
present, but cryptic, in the population. For example, an environmental change or other major
perturbation such as a gene knockout might cause existing genotypes to switch from being
neutral to being adaptive. When recombination is common, hybridization or simply shifting
allele frequencies might change the genetic background such that an allele switches from
being neutral to being adaptive. We call all of these examples the “post-mutation” case
because they involve adaptation that takes advantage of mutations that have already
occurred. Alternatively, consider the adaptive potential of genotypes not yet present or
accessible through recombination, but which can be produced through a single round of new
mutations. We call this the “pre-mutation” case because it considers evolvability via future
mutations that have yet to occur. As we will see, most asexual models have focused on pre-
mutation evolvability and most sexual models on post-mutation evolvability. This has
created two somewhat disjoint literatures, whose true distinction is low versus high
recombination rates rather than, for example, molecular versus morphological phenotypes.
Here we systematically examine all four permutations of low versus high recombination
rates and pre- versus post-mutation.

As we go, keep in mind one last distinction. Robustness might modulate both the quantity
and quality of heritable phenotypic variation, and these two arguments will be treated
separately. In a typical quantity argument, the amount of heritable phenotypic variation
might vary, and be correlated with the potential for adaptation, for example as signaled by
stress. The existence of this correlation between quantity of variation and opportunity for
adaptation promotes evolvability.

In addition, robustness might also have effects on the quality of variation. For example,
lethal mutations will clearly never be adaptive in any environment, whereas mutations of
small effect might be adaptive in at least some environments. Although quality arguments
have been described by some authors in terms of “preadaptation” [8, 17], others deny that
significant variation in quality exists [18]. However, the distribution of fitness effects of new
mutations is strongly bimodal, with one mode near lethality and the other near neutrality
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[19]. Any process that reduces the proportion of variation that is lethal will increase the
relative quality of variation that remains [8]. We will discuss both quantity- and quality-
based arguments about the relationship between robustness and evolvability in the context of
pre- and post-mutation effects on evolvability in both high and low recombination rate
systems.

Post-mutation evolvability under high recombination rates
When a system is robust to mutations, selection does not prevent their accumulation. Later
genetic or environmental changes might, however, cause changes to robustness which
trigger the revelation of previously cryptic genetic variation. Cryptic genetic variation is
abundant and ubiquitous [20, 21]. The classic literature on cryptic genetic variation refers to
high recombination: genetic assimilation, i.e. loss of crypticity, is envisaged to happen when
many alleles, each cryptic on their own, are brought together by recombination, until
collectively they exceed a quantitative threshold [22]. In this section we focus on cryptic
genetic variation that can be assimilated through recombination, although note that genetic
assimilation might alternatively be driven by mutation, especially in low recombination
systems.

Cryptic genetic variation might be revealed in response to stress [23]. Because stress is
likely correlated to opportunities for adaptation, this ability to modulate the quantity of
heritable phenotypic variation can increase evolvability [24]. Cryptic genetic variation is
currently experiencing a resurgence of research interest, although there is not yet firm
evidence regarding the extent to which it contributes to adaptation in natural populations
[25].

Evolutionary capacitance is a relatively new term that is used to describe the hide and
release of cryptic genetic variation. Stress might act as a signal that the current phenotype is
not well adapted, and that opportunities for adaptation are therefore likely to exist. A
capacitor is a switch, whose change in state in response to stress might act to adjust the
quantity of variation in response to the environment, thereby promoting evolvability [17,
26–29]. To promote evolvability, switching must not happen at too rapid a rate, both to
allow sufficient time for cryptic variation to accumulate, and for assimilation to occur before
variation is returned to the cryptic state [26]. Capacitors can also promote evolvability even
when their switching is random rather than correlated to stress, by hedging bets as to
whether opportunities for adaptation via cryptic genetic variation exist at a given point in
time [27,30–31].

Previously cryptic genetic variation might also be of higher quality than variation generated
by new mutations. Cryptic genetic variation might be biased towards phenotypes adaptive in
environments at the spatial or temporal margins of the current population, which might
correlate with the direction of environmental change [17]. In addition, when robustness has
not been 100% complete, cryptic variation might have gone through a process of
preadaptation by experiencing weak purifying selection to purge unconditionally deleterious
alleles while they were in a partially hidden state [8]. Preadaptation in the form of
incomplete robustness is particularly effective in facilitating adaptations that occur through
combinations of mutations [8, 26].

The best studied putative evolutionary capacitor in a high recombination system is the heat
shock protein HSP90 [28, 32–34], a molecular chaperone that might provide genetic
robustness. When HSP90 action is inhibited (by stress, or by manipulation in the lab),
diverse new phenotypes appear, although the quality of revealed variation was low, with
most phenotypes obviously deleterious. Because the identity of the phenotypes depends on
the genetic background, HSP90 inhibition was inferred to tap into stocks of cryptic genetic
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variation. However, when HSP90 is inhibited, transposons are reactivated: this genetic-
background-dependent mutagenesis rather than capacitance might also explain these results
[35].

Gene knockout mutations might in general be potent evolutionary capacitors. In simulations,
many regulatory genes act as capacitors when deleted, promoting evolvability in the process
[36]. A recent exhaustive study of knockout mutations in Saccharomyces cerevisiae [37]
identified more than 300 gene products, with exceptionally high capacities to stabilize
morphological variation, which released previously cryptic phenotypic variation when
silenced. Similar experimental protocols could be used to assess whether this result extends,
as theory predicts [38, 39], to the provision of robustness to genetic variation.

Hybridization between two dissimilar lineages can also be thought of as a major one-off
perturbation in genetic background that triggers the revelation of cryptic genetic variation.
This often manifests as “transgressive segregation” in which hybrid populations show
phenotypes more extreme than either parent [40,41]. For example, cryptic genetic variation
for phenotypically invariant traits in teosinte (a wild relative of domestic maize) was
discovered [42] by producing hybrid crosses with maize. This cryptic variation was
proposed to have been important for the divergence of maize from teosinte. Hybridization in
wild sunflowers seems to have promoted ecological divergence into extreme habitats, where
the advantages of hybridization can also be demonstrated using synthetic hybrids [43].

Post-mutation evolvability under low recombination rates
One can envision the neutral region of a genotype space (Boxes 2 and 3) as a “rug” placed
on a dusty floor [44], and each genotype present in a population as dust on that floor.
Beyond the rug, genotypes are deleterious and swept away by selection, whereas under the
rug, variation is hidden from selection (and is also free to accumulate further). Genetic
robustness is determined in part by the size of the rug. In more extreme environments, or
under the influence of an evolutionary capacitor, the rug itself might either shrink in a
process of decanalization, or shift position without necessarily shrinking [44]. In either case,
this exposes previously hidden variation to selection, and evolvability might be facilitated by
a sudden increase in the quantity of selectable variation in a novel environment.

This rug metaphor was originally used in conjunction with a quantitative genetic model [44],
which assumes high recombination and also a very simple, additive relationship between
genotype and phenotype. Robustness up to a point (i.e. the edge of the rug) is then the
optimal solution to a fluctuating environment [17]. The metaphor applies perhaps even
better in the post-mutation low-recombination case [45] because the “boundaries” of a
neutral genotype space remain well defined even in non-additive models if they are breached
only by mutation and not also by recombination.

The rug metaphor shows how robustness can promote evolvability post mutation with low
recombination, according to a quantity-based argument. The post mutation arguments for
both low and high recombination depend entirely on the existence of some form of
evolutionary capacitance, i.e. the hiding and release of cryptic genetic variation. And indeed,
capacitance promotes evolvability in simulations of asexual populations [36]. However, the
details of both the theoretical models and the empirical examples are obviously quite
different with and without recombination.

An empirical low recombination model capacitor system for which post-mutation
evolvability might be important is the yeast prion [PSI+] [29, 46–48]. When cells switch to
the [PSI+] state, stop codon readthrough errors increase from ~0.3% to ~1% [49]. This
shrinks the rug that previously obscured the impact of sequences beyond stop codons.
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Genetic assimilation for any adaptive phenotypes might then occur, for example through
loss of appropriate stop codons. Saccharomyces, unlike other taxa that do not have the
ability to form [PSI+], shows increased rates of in-frame loss of stop codons, consistent with
[PSI+] mediating evolvability in wild populations [50]. These properties position [PSI+] as
the leading candidate for a capacitor whose evolvability properties might have been favored
by natural selection (Box 4).

Pre-mutation evolvability under low recombination rates
The dominant model for this category is the neutral network (Box 3) of phenotypically
equivalent genotypes connected by single mutations. A population is typically spread out
over some portion of this genotype space. Genetic robustness is defined as the probability
that a mutation in an individual causes no change in phenotype, i.e. that the individual
remains on the neutral network after a single mutational step in the genotype space.
Different phenotypes are specified by different neutral networks within the same overall
genotype space. Evolvability is the ability of a population on one neutral network to
discover another network of higher fitness.

Evolvability obviously depends on the details of the relationship between all genotypes and
all phenotypes. A common simplifying assumption is that genotypes of higher fitness are
uniformly distributed with respect to the topology of a single ancestral neutral network. In
this case, the evolvability of a population is directly related to the number of distinct
genotypes that can be accessed through single new mutations. Very small neutral networks
inevitably have low evolvability. When the product of the mutation rate μ and the effective
population size N is small, the population is genetically homogeneous, and evolvability is
generally low. However, increased robustness can still facilitate evolvability in the low
mutation case when robust populations explore their neutral networks more quickly than
low-robustness populations [16].

When µN>1, genetic robustness allows a population to spread out over more genotypes in a
neutral network, and hence increases evolvability so long as the total number of possible
alternative phenotypes is not so tiny as to be soon exhausted [51]. Populations inhabiting
more densely connected and perhaps larger neutral networks will have higher average
robustness. This robustness is intrinsic (Box 1) to the genotype-phenotype map, although
over long time scales it is possible that natural selection has acted to favor more robust
neutral networks among all possible networks of the same phenotype. Therefore, intrinsic
robustness (i.e. a larger neutral network) increases evolvability [16] (Figure 1) so long as
robustness is not complete. In the limit, extremely robust populations will have lowered
evolvability as they almost never produce novel phenotypes; although a theoretical
possibility, robustness this high is not normally encountered in biology.

Additional genetic robustness might be a consequence of natural selection. Large
populations are subject to selection favoring the regions of a given neutral network that are
less likely to be harmed by mutation. When all on-network genotypes have completely
identical phenotypes, this increased robustness reaches a plateau for values of µN modestly
greater than 1 [52]. However, some on-network genotypes might have higher fitness than
others, e.g. due to differences in environmental robustness. When, as is commonly the case,
there is congruence between genetic and environmental robustness, still higher levels of
genetic robustness might evolve [53]. This selection for only the most environmentally
robust genotypes might purge genetic variation from the population (Figure 1), restricting its
ability to explore genotype space [53]. Genetic robustness only promotes evolvability when
it is associated with increased spread of a population across genotype space. Anything that
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increases the spread of a population across genotype space, such as fluctuating selection,
also increases evolvability, even if it also reduces genetic robustness.

The geometry of the relationship between genotype and phenotype is important for the
relationship between robustness and evolvability. Intuitively, genotypes and hence
populations near the “center” of a neutral network would seem to have fewer off-network
options, whereas those on the “edge” would have more [54]. However, alternative non-lethal
phenotypes are not necessarily distributed uniformly throughout genotype space, and
different regions of genotype space might access different degrees of neighboring
phenotypic richness. The argument that robustness promotes evolvability requires the
existence of neighboring phenotypic richness. There has therefore been a substantial effort
to determine the genotype-phenotype geometry for well-characterized model systems [10],
and to find simple correlates of neighborhood richness and evolvability [55]. Spread across a
neutral network is a quantity argument for evolvability, whereas characterizations of the
genotype-phenotype maps might also provide quality-based arguments.

The leading model system for neutral networks takes an RNA sequence as the genotype, and
assumes that the phenotype can be reduced entirely to folding at the level of secondary
structure [56]. However, for proteins, a basic fold is clearly only a prerequisite for a
protein’s phenotype, as function can vary dramatically across proteins with the same basic
fold. The “neutral network” of a protein’s fold is not necessarily neutral with respect to
function and fitness. The number of possible amino acid sequences that have a given fold is
known as the “designability” of a protein. Over long evolutionary times, more designable
proteins show greater diversity of molecular function, in agreement with the predicted
relationship between intrinsic robustness and evolvability [57].

Proteins possess only marginal thermostability, such that a single mutation might destabilize
them. Excess thermostability is therefore a biophysical mechanism of both genetic and
environmental robustness. Marginal protein thermostability seems to be a consequence of
mutation-selection balance [58]. Mutants derived from highly stable variants of a given
protein are more likely to retain their fold, and are consequently more likely to develop
novel or improved protein functions [59,60]. Ancestral and/or consensus protein sequences
tend to be highly stable, and such stability can also evolve under strong pressure from
mutations [59] or transcriptional errors [61]. This quality-based relationship whereby genetic
robustness (excess thermostability) promotes evolvability applies to single genotypes as well
as to populations.

Each genotype-phenotype map needs to be assessed separately in this way to estimate
whether more “central” genotypes are less evolvable, due to the fact that many mutations do
nothing (quantity), or more evolvable, due to the fact that more mutations have small effects
of the kind that are most likely to be favored by selection (quality). As in the high-
recombination case [8], the observed bimodal distribution of fitness effects of new mutations
[19] creates the possibility of quality-based arguments. In the case of protein sequences, this
bimodality might often correspond to the destruction of a protein fold versus tinkering with
function within the same overall fold.

Simple gene regulatory networks can also be analyzed as neutral networks [62–64]. Gene
regulatory networks show immense phenotypic richness in the neighborhood of a typical
neutral network [62]. Similar results were found for prokaryotic metabolic networks [65].
The genotypic network of transcription factors recognizing alternative binding sites,
however, is small, with low phenotypic richness [66]. Differential phenotypic richness of
high robustness versus low robustness regions of the same genotype space has not yet been
established for these and many other cases. However, a finding of substantial richness in
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general for a particular class of genotype-phenotype map creates the potential for any
robustness-related differences in quality to have evolutionary significance.

Toy genotype-phenotype models can yield interesting results even when they treat
incredibly simple examples, such as codon evolution at a single amino acid site [54]. One
toy model suggests that robustness via simple redundancy might yield a poorer phenotypic
neighborhood than when the proximate cause of robustness is distributed across the system
[67].

Accessible phenotypic richness might be still higher if alternative phenotypes that are two
mutations away can be reached. This is the classic problem of crossing an adaptive valley,
which could potentially be facilitated by flattening the landscape [68]. Molecular processes
subject to natural error rates can “look-ahead” across adaptive valleys, and so this partial
robustness to molecular errors can further increase evolvability [30, 69,70]. The two
mutations in question can be either in the same gene [70], or in different genes in an
organism with low recombination [7, 30].

Two empirical studies on RNA viruses have tried to assess the relationship between
robustness and evolvability, but unfortunately neither is conclusive. One found that
robustness promoted the evolvability of thermotolerance in an RNA virus [71]. However,
thermotolerance itself is often directly correlated to robustness, and limited replicates at a
single temperature make it hard to rule out this relationship conclusively. This study is
therefore hard to interpret in the context of evolvability in general.

The second study found that an artificially assembled low-robustness virus adapted faster
than the wild type to a novel host cell type [72]. However, a population spread across a
neutral network was excluded in this experiment by the use of clones. Low environmental
robustness might have led to a larger proportion of strongly deleterious mutations, inflating
the relative advantage of higher fitness genotypes and hence accelerating the rate of
adaptation even within a comparable set of genotypic options [72,73].

Although evolutionary capacitance is primarily thought of as a post-mutation mechanism of
tapping into “stored” cryptic genetic variation (sometimes known as “genetic charge”, in an
extension of the capacitance analogy [74]), pre-mutation evolvability can also increase
through switches such as [PSI+] that increase the rate of molecular errors [7, 27, 30]. Indeed,
it is not clear to what extent [PSI+] mediates evolvability through pre-mutation versus post-
mutation effects. For systems such as [PSI+], “robustness” refers to the normally low error
rates of molecular processes such as transcription and translation. Evolvability comes about
both because residual error rates steer the population away from proximity to the most
damaging genotypes (quality) and because the presence of switches allows higher error rates
specifically during stressful episodes when opportunities for adaptation are most present
(quantity).

Pre-mutation evolvability under high recombination rates
Consider evolution in the same genotypic space, but now with significant recombination.
Selection for robustness to recombination is now a strong force, with greater robustness to
single mutations evolving as a correlated byproduct [75–78]. Selection for increased
robustness within a given primary phenotype might constrain the range of genotypes and
hence decrease evolvability in an asexual population [53]. But although genetic diversity at
single sites decreases with sex due to the purging effects of strong selection for increased
robustness, diversity at the level of the entire genotype nevertheless increases through
recombination [76,78]. Pre-mutation evolvability (i.e. spread of genotypes within a neutral
space) might therefore increase with recombination, especially as recombination might also
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promote modularity [78, 79]. This increased evolvability might, however, be in spite of
rather than because of increased adaptive robustness. Greater intrinsic robustness (size of the
neutral genotype space itself) should increase pre-mutation evolvability in both low
recombination and high recombination cases.

In any case, recombination itself promotes evolvability through new combinations of
existing mutations [11–14]. Given the role of existing mutations, it seems likely that post-
mutation rather than pre-mutation mechanisms are the driving force in any link between
robustness and evolvability with high recombination.

Concluding remarks
There have been two somewhat separate literatures, both claiming that robustness promotes
evolvability. One focuses largely on single genes and molecular phenotypes, uses the
metaphor of neutral networks, and considers the effects of new mutations [10,16,51,54, 56–
61]. The other focuses on gene networks and morphological traits in multicellular
organisms, and uses the Waddingtonian metaphors of canalization, cryptic genetic variation,
and genetic assimilation [8,17,18,20,21,23–25, 28, 32–34, 41–44, 74].

Here we reconcile these views by showing that the primary distinction is not molecular
versus morphological, but simply low versus high recombination rate. Scenarios with
different recombination rates not only invoke different verbal metaphors, but are
underpinned by fundamentally distinct theoretical models, which have different
implications. Perhaps coincidently, robustness seems to promote evolvability in both cases.

Other distinctions are secondary to recombination. For example, both gene networks in
asexual organisms and single genes in sexual organisms show low recombination. Cryptic
genetic variation (post-mutation effects), while often considered only in the context of high
recombination, might also be important with low recombination [36,37], and can be studied
using the metaphors of the capacitor or “rug”. Similarly, new mutations could, in principle if
not in practice, contribute to differential evolvability even with high recombination (Table
1).

In all cases, the ability to modulate the quantity of variation via a capacitor can increase
variation [7,17, 26–31, 36, 44, 46–48, 80]. Intrinsic robustness, meaning the size of the
relevant genotypic space, also promotes evolvability via a quantity-based argument [16].
Whether additional adaptive robustness further promotes evolvability is a quality argument
that depends strongly on the nature of the genotype-phenotype map. Indeed, the nature of
the genotype-phenotype map can be thought of as the central question of biology. Model
systems for this map have been drivers of progress in this field, and the development of both
existing and new model systems is expected to advance the field. Obviously, the nature of
the genotype-phenotype map cannot be predicted a priori from theoretical considerations
alone. But nor are experiments alone sufficient: the combinatorics of genotypes that could
vary at any site are prohibitive. The most promising approach from here involves exhaustive
computational models of the genotype-phenotype map that are informed by rich but not
comprehensive empirical data, and from which experimental predictions of higher-order
phenomena can be derived.

Box 1. Robustness
There is no single, universal measure of robustness. Robustness can only be defined
unambiguously as the average effect of a particular perturbation on a particular
phenotype, relative to some control. Here we consider genetic robustness, i.e. robustness
to mutation and to recombination. High levels of genetic robustness might be adaptive
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(i.e. have evolved due to selection against the deleterious effects of mutation and
recombination), they might be congruent (e.g. have evolved as a byproduct of selection
for robustness to environmental perturbations) or they might be an intrinsic consequence
of genetic and physiological constraints [80,81].

Box 2. Genotype Spaces and Adaptive Landscapes
Wright [82] introduced the adaptive landscape metaphor as a tool to help non-
mathematicians visualize the connection between high dimensional genotype space and
fitness. Wright’s original allele space (Figure I) had two points per genotypic dimension
– wild type and mutant. A landscape in DNA sequence space would have four points per
dimension (CGAT) and in protein sequence space [83] 20 points per dimension. Despite
Wright’s original drawing, the word “landscape” has been criticized for conjuring an
image of a low-dimensional continuous space rather than a high-dimensional discrete
space [84–86].

“Adaptive landscape” also has a second meaning, relating allele frequencies to mean
fitness of an entire population [82]. This “landscape” is continuous, but has limited
utility. Here we refer instead to adaptive landscapes that relate individual genotype to
individual fitness.

Moving on from the merely heuristic metaphorical sketch of Wright, it is very difficult to
model arbitrary genotype-fitness spaces, and so several simplified models have been
influential. For example, the NK model [87] describes genotypes as sequences of N
binary sites whose contributions to fitness depend on the state of K other sites. The
features of the landscape are determined entirely by N and K, producing a single peak
when K=0 and an uncorrelated space when K=N.

Quasispecies theory [88] describes the evolution of an infinitely large population of
asexual replicators. The key assumption of infinite population size has been criticized as
being unrealistic, even for RNA viruses [89]. Although the equations for quasispecies are
otherwise very general [90], most quasispecies research has focused on one particular
formulation where fitness has a single global optimum that decays monotonically as a
function of the number of mutations.

More recently, an alternative formulation known as a ‘holey adaptive landscape’ or
neutral network model (Box 3) has begun to acknowledge the geometrical complexity of
the genotype-phenotype map. These models focus on phenotypically-equivalent ridges or
plateaux in genotype space, simplifying the fitness ‘dimension’ to a binary choice
between zero and one. Neutral network models have been particularly influential on the
study of robustness and evolvability.

Box 3. Neutral Networks
The neutral network model [52] is based on the general quasispecies equations, but has
no ‘peak’, focusing instead on plateaux of the fitness landscape (Box 2). A neutral
network is a set of mutationally connected, phenotypically equivalent genotypes. All or
most off-network genotypes are lethal. Neutral networks are equivalent to Gavrilets’
‘holey adaptive landscape’ [91,92] where connected genotypes of equivalent phenotype
are interspersed with ‘hole’genotypes of low fitness. The same genotype space might
contain multiple neutral networks, each of which might correspond to a different
phenotype and hence fitness. Evolvability can then be defined as the ability to find a new
neutral network of higher fitness.
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Evolutionary behavior on a neutral network depends on the product of the mutation rate μ
and the population size N [52]. When µN≫1, natural selection drives the population
towards more mutationally robust parts of the genotype space. When µN≪1 the
population is usually monomorphic for a single random genotype. These two limiting
cases are mathematically tractable, and they bracket the solution for intermediate values
of µN [52]. Simulations show that realistically large, but not infinite, populations have
summary statistics that match the infinite-population predictions of quasispecies theory
[52]. This has reinvigorated interest in quasispecies approaches to study questions of
robustness and evolvability.

Mathematically, neutral network models apply only to asexual populations [52]. As a
metaphor, a “neutral space” of equivalent phenotypes can also be defined within the set
of sexual genotypes [10], although its connectivity patterns are not mathematically
tractable, because each offspring genotype depends on two rather than a single parental
genotype.

The neutral network metaphor is sometimes extended so that “neutrality” refers to
equivalence at one phenotype level, e.g. RNA or protein folding, but not necessarily at all
others [10, 53]. Although useful as a metaphor, once neutrality no longer refers to fitness,
the advantages of mathematical tractability no longer apply.

Box 4. Evolution of Evolvability
Some authors have argued that it is impossible for natural selection to favor evolvability
[93,94]. These general arguments have been comprehensively rebutted elsewhere [95],
leaving the possible extent and nature of the evolution of evolvability an open question.

The most significant criticism comes from studies of mutators. When a mutator generates
an adaptive mutation, recombination may rapidly separate the adaptive allele from the
mutator allele, and so the mutator derives little benefit via hitchhiking. Indeed, although
theoretical models have predicted the evolution of evolvability via capacitance switches,
they have done so only in the absence of sex [27,31,94,96] or with realistically low rates
of outcrossing such as can be found in many non-metazoan species [30]. The best
candidate capacitor to date is the yeast prion [PSI+], which most likely evolved due to
selection favoring its evolvability properties [7]. Evolvability can evolve even with
obligate sex, however, when it is a distributed property across the genotype or across a
population in the genotype space, rather than residing in a single modifier locus [55, 95].

Evolvability is sometimes studied in the context of fluctuation between two previously
seen environments, rather than the ability to innovate in response to an entirely novel
environment [54, 63]. Evolvability in a simple model of this sort might consist of a
genotype poised at the interface between two neutral networks in genotype space, and
this precarious position might come at the expense of robustness [54]. This tradeoff does
not always apply, however, for more complex genotype-phenotype maps with more
interfacial options [63].

In general, the most parsimonious explanation for robustness is that it reduces the effect
of deleterious perturbations, rather than occasionally promoting evolvability. Similarly,
incomplete robustness might be a result of the imperfect nature of molecular and
developmental processes, and the diminishing returns on expensive error-correction
mechanisms. Biological evolvability might often be a fortuitous side effect both of
robustness and of its limits.
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Glossary

Adaptive valley When any mutational path between two high fitness genotypes or
‘adaptive peaks’ must pass through lower fitness mutational
intermediates, the low fitness genotypes represent an adaptive valley

Canalization and
Decanalization

Canalization is biological robustness that evolves in the context of
developmental processes [24]. Robustness or canalization is the
extent to which phenotypes remain constant in the face of specified
environmental and/or genetic perturbations. Decanalization is the
breakdown of this robustness by a large perturbation, leading to a
sudden increase in phenotypic variation

Capacitor Analogous to electrical capacitors that store and release charge,
phenotypic capacitors are biological switches that hide and reveal
heritable phenotypic variation. Evolutionary capacitors have been
defined as that subset of phenotypic capacitors that can promote
adaptation [80]

Cryptic genetic
variation

Standing genetic variation that does not ordinarily contribute to the
phenotype. Following a major perturbation, a system might lose its
robustness so that the phenotypic effects of cryptic genetic variation
are revealed

Evolvability The ability of a population to generate heritable phenotypic
variation that could be adaptive in some contexts [7,8]. For a
systematic discussion of alternative definitions, see Ref [3]

Genetic
assimilation

A process by which a phenotype initially produced in response to an
environmental factor loses its dependence on that factor. Genetic
assimilation occurs when the induced phenotype is selected for
several or many generations [24]

Genotype space The set of all possible genotypes. Two genotypes which differ by a
single mutation are referred to as ‘neighbors’ in genotype space

Genotype-
phenotype map

Which genotypes encode which phenotypes

Neutral network A set of genotypes, all encoding the same phenotype, which are all
connected by single mutational steps [10]. When this phenotype is
fitness, neutral networks are mathematically tractable [52]

Phenotypic
neighborhood

The range of alternative phenotypes that can be accessed by single
mutations from a population residing in a given location in genotype
space

Post-mutation
evolvability

Refers to adaptation involving only alleles that are already present in
a population

Pre-mutation
evolvability

Refers to the adaptive potential of alleles that are not yet present but
which are one or maybe two mutational steps away from an existing
genotype

Redundancy Robustness arising from two interchangeable copies of a functional
unit such as a gene, such that one compensates for deletion of the
other
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Preadaptation Any process that systematically increases the probability that a
given variant will be adaptive

Quantitative
genetics

A model in which the phenotype is a function of a continuous
phenotypic value, which is the sum of many discrete effects. These
include both genetic and environmental effects. Genetic effects are
further decomposed into those which are heritable from parent to
sexual offspring and those which are only passed along through
clones. The simplest models assume independent, additive effects
for each allele

Toy model A model that is not intended to capture realistic biology. Sometimes
only one core aspect of a scenario, e.g. the nature of natural
selection, is realistic, and the aim is to discover very general, model-
independent insights
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Figure 1.
Interconnected nodes represent genotypes on a neutral network. Blue spheres represent
genotypes present in the population and black spheres represent unoccupied nodes. (a) A
neutral network with low intrinsic robustness has low spread and low evolvability. (b) A
neutral network with high intrinsic robustness has its occupancy spread out across a larger
portion of the network, gaining access to more potential variability. (c) In the presence of
environmental perturbations some genotypes might generate the target phenotype more
reliably than others, creating slight fitness differences. Selection for environmental
robustness might hinder the spread of a population through a “nearly neutral network”. In
our schematic, more environmentally robust genotypes (shown as higher) are more fit and so
have higher occupancy than neighboring nodes.
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Box 2 Figure I.
Wright’s original adaptive landscape from 1932. Wright’s diagram illustrates the rapid
increase in complexity of genotype space as number of loci increases. Conceptualizing a
high-dimensional genotype space is very difficult. (Figure taken from [82]).
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Table 1

Metaphors and model systems for each of our four conceptual subcategories.

Post-Mutation Pre-Mutation

Metaphors Examples Metaphors Examples

Low
Recombination

The Rug Single genes Neutral networks Single genes

Capacitance
Asexual organisms
yeast prion [PSI+] Look-ahead effect

Asexual organisms
yeast prion [PSI+]

High
Recombination

Canalization,
cryptic genetic
variation and
genetic assimilation

Gene networks in
sexual organisms

None None (because
recombination
makes post-
mutation effects
more important)

Capacitance

If the assumptions
of quantitative
genetics hold: The
Rug
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