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Abstract

In recent years, there has been growing interest in computer modeling of the evolution of
gene and cell regulatory networks, in general, and in computational studies of the classic
ideas of Baldwin, Schmalhausen, Waddington, and followers, in particular. Two related
aspects of Waddington’s evolutionary theories are the concepts of canalization and of
genetic assimilation. Canalization is associated with the robust development of an indi-
vidual to diverse perturbations and noise, though, when fluctuations in developmental
factors exceed a particular limit, the normal developmental trajectory can be “thrown out”
of the robust canal, resulting in an altered phenotype. If selective pressure favors the new
phenotype, an initial individual loss of canalization can lead to phenotypic changes in the
population (with canalization then becoming established for the new phenotype). Genetic
assimilation is the subsequent genetic fixing of the new trait in the population. Recent
experimental and theoretical works have established a quantitative basis for these classic
concepts of Waddington; this chapter will review these new developments in systems
evolutionary biology.

Keywords: canalization, genetic assimilation, gene networks, computer modeling,
systems evolutionary biology

1. Canalization and genetic assimilation

Computational studies of the classic concepts of Ivan Schmalhausen [1], Conrad Waddington
[2], and their contemporaries (Rendel [3]) have become a major area in evolutionary theory in
recent years. A number of these concepts from the 1950s have had a major impact on the
evolutionary theory of development, and computation allows for quantitative testing and
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characterization of the ideas. Here, we review recent work on canalization, whereby species
show low phenotypic variation, despite ample genetic and environmental variation (also
termed “robustness”), and on genetic assimilation, in which a phenotypic change induced by
an environmental perturbation becomes stabilized in the genotype.

Canalization captures the observation that most developmental phenotypes display a certain
degree of stability, despite environmental or genetic perturbations (Figure 1). However, for
new phenotypes to arise, there must be a limit to this robustness, such that a large enough
perturbation will knock the developmental trajectory out of the robust canal, resulting in a
new phenotype. If this new phenotype represents higher fitness, it can be reinforced by genetic
assimilation (Figure 2).

Waddington did a number of perturbation experiments in Drosophila (fruit fly) development to
characterize such canalization (robustness) and show its underlying genetic basis. In those
times Waddington preferred to use simple perturbations of environmental parameters and
conditions, such as exposing flies to diethyl ether [5], high sodium chloride concentrations [6],
or heat shock (40°C) [7]. Later, other authors have used mutations in key developmental genes
as the perturbations [8, 9]. More recent approaches include genetically engineered organisms
with loss-of-function [10] or gain-of-function [11, 12] mutations and varying dosages of small
interfering RNAs (siRNAs) to quantitatively deplete targeted gene products [13]. Perturbation
experiments remain the main approach to study the mechanisms of robustness. Whatever the
technique, relative robustness is calculated as the change in variation of one or more specific
traits when the experimental perturbation is applied.

In parallel with the new experimental approaches for perturbation and observations from field
biology, a large branch of systems biology is now concerned with computer modeling of

Waddington’s Canalization

A Regulardisturbances B Too high disturbances

m———|deal trajecfory “

EEsEsEES Rea[' : .'\' :
L disturbedftrajectory - Q\
v N \\}*\ - .

<,

el

Figure 1. (A-B) Waddington’s canalization and epigenetic landscape: Diverse and inevitable environmental disturbances
and internal developmental noise systematically disturb developmental trajectory on the epigenetic landscape. However,
the developmental process usually returns to the basin of normal development (creod), that is, the development is
canalized and the canal walls keep the process in the basin prescribed by the genetic program (after http://www.gen.
cam.ac.uk/research-groups/martinez-arias).
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Waddington’s Assimilation
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Figure 2. (A-B) Waddington’s genetic assimilation: The environmental stress causes a series of the Drosophila’s divergent
phenotypes. The untypical, high environmental disturbances deform, change the epigenetic landscape. By doing so, it
causes the appearance of new phenotypes in the population under stress. If some of the phenotypes are beneficial, it can
be stabilized in the genotype by further selection (after [4]).

evolution, in order to test and verify hypotheses for evolutionary mechanisms (e.g., especially
in studying evolution over numerous generations and with strictly controlled evolutionary
rules). This review focuses on such work which has tested and extended the classic concepts of
canalization and genetic assimilation.

2. Simulation of gene network evolution

Andreas Wagner laid out an approach to computational modeling of gene network evolution
in two pioneering publications [14, 15]. In his models, an evolving population comprised
individuals, each characterized by a genotype and a phenotype. Individuals have a develop-
mental phase of their lifetimes, in which an initial phenotype develops to reach a new stable
phenotype. Development is specified by the genotype, which is modeled as a gene regulatory
network (GRN). Once an individual has reached its stable adult phenotype, it can reproduce to
create the next generation. Reproduction occurs sexually, implying a random mixing of paren-
tal genomes in the offspring’s genome. Mutations can also occur, modifying gene-gene inter-
actions which may then disrupt the viability of the individual. Stabilization of the adult
phenotype is one of the core hypotheses of the Wagner model and its subsequent variants
and further developments. Some models have been proposed which constrain selection to be
for a particular predetermined phenotype, rather than any stable phenotype. Or fitness func-
tions have been studied in which fitness decreases as the Hamming distance increases between
the individual’s phenotype and the predetermined one [14-20]. The ways to extend and
develop further the approach were reviewed recently [21].
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3. How canalization evolves

Computational modeling has shown a number of different aspects of how canalization
operates in evolution [21].

3.1. Phenotypic robustness to diverse perturbations

Computation allows for the separate consideration of a number of types of genetic perturba-
tions (such as point mutations, small deletions/insertions, crossover, or gene duplications) and
non-genetic perturbations (such as fluctuations in a gene circuit’s cellular or nuclear microen-
vironment [22-24] or changes in an organism’s macroenvironment).

Three major reasons for phenotypic robustness to a particular type of natural perturbation
have been proposed [25, 26]. First, robustness to a perturbation might have evolved as an
adaptation to reduce phenotypic variation in response to a specific perturbation. Second,
robustness to the specific perturbation could be a congruent byproduct of evolved robustness
to a different perturbation. Lastly, we can hypothesize that robustness is an intrinsic property
of biological systems selected for their primary functions. Computational simulations of GRNs
suggest both that intrinsic robustness could be widespread and that natural selection can
increase robustness under diverse and reasonable sets of parameter values and assumptions
[15, 16, 27-31]. Whichever of these options applies, robustness to mutation results in the
accumulation of phenotypically cryptic genetic variation (CGV), that is, it allows for changes
in genotype which do not affect phenotype (until a strong enough perturbation is made).
Partial robustness can lead to preadaptation, and thereby might contribute to evolvability [25]
(i.e., accumulated genetic variation may allow for rapid evolution under new selective pres-
sures).

A number of studies have shown that genetic canalization would evolve under stabilizing
selection [16, 32-35].

3.2. More realistic models of GRN evolution

Discrete (Boolean, “on/off”) GRN models are simplified representations of gene interactions
but allow for rapid analysis of some aspects of network evolution. Earlier evolutionary studies
were generally with discrete models; more recent developments include continuous treat-
ments of gene states, which are more biologically realistic but more computationally intensive
to solve.

Draghi and Whitlock [36] developed a GRN model with continuous gene expression levels,
affected by environmental cues, forming the phenotype. They showed by computational
experiments that the evolution of phenotypic plasticity can produce populations with larger
mutational variance and larger standing genetic variance. They found also that plastic
populations do not respond much more quickly to selection pressure than do populations
that are more static. Furthermore, if the optimal phenotypes of two traits vary together, then
larger mutational and genetic correlations were observed. According to their findings, the
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quantitative genetic descriptions of traits created by explicit developmental network models
are evolutionarily labile, with genetic correlations that change rapidly with shifts in the
selection regime [36].

Iwasaki, Tsuda, and Kawata developed an individual-based approach to the GRN modeling
[37, 38]. The GRN of each individual had both phenotypic and regulatory genes, each gene
was composed of a cis-regulatory region and a coding region, and a cis-regulatory region was
composed of cis-sites for specific transcription factors. They showed by the approach that
simple GRNs tend to evolve under conditions where genetic canalization is expected, while
more complex GRNs tend to evolve in conditions favoring decanalization. Iwasaki and co-
authors study showed that complex GRNs display a high mutational robustness (i.e., muta-
tions against core genes have only a small phenotypic effect) and evolvability (i.e., a larger
mutational target size and mutation are likely to change the phenotype). In contrast, simple
GRNs have mutational robustness only because of their small mutational target size. Iwasaki
and co-authors found that the level of CGVs in a population was mainly determined by the
order (weighted size) of GRNs and concluded that the outgrowth of GRNs and adaptation to
new environments are mutually facilitating, resulting in sustainable evolvability [37].

3.2.1. Evolution of genotype-phenotype mapping

Crombach and Hogeweg [34] did a computational study with an individual-oriented model
with population on a lattice subjected to an environment that changes over time. They
showed that long-term evolution of complex GRNs in a changing environment can increase
the generation of beneficial mutations. The population evolves toward genotype-phenotype
mappings that allow for an orchestrated network-wide change in the gene expression pat-
tern, requiring only a few specific gene indels (small insertions and deletions), and the genes
involved are hubs of the networks or directly influencing the hubs. In addition, the GRNs
maintain their mutational robustness throughout the evolutionary trajectory: evolution in a
changing environment leads to a network that is sensitive to a small class of beneficial
mutations, while the majority of mutations remain neutral —an example of the evolution of
evolvability. These evolutionary dynamics showed a number of similarities with experimen-
tal studies in yeast (S. cerevisiae) [39, 40] and E. coli. [41].

4. Genetic assimilation

The understanding of genetic assimilation, similarly, has been extended through computa-
tional investigations in recent years.

4.1. Waddington’s canalization and genetic assimilation

A heat shock perturbation done by Waddington in 1953 is used as a classic example of genetic
assimilation: cross-veinless flies resulted from an initial heat shock and, selected over multiple
generations, eventually produced the phenotype without the perturbation [7]. Alternatively,
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the cross-veinless phenotype could be due to contributions from multiple genes, which could
have a lower heat shock threshold. This Falconer & Mackay threshold model [42] predicts that
if selection for the assimilating cross-veinless phenotype was relaxed, genetic assimilation
would not occur. Masel tested this prediction with a Wagner-type GRN model [43]. Her results
indicated that genetic assimilation can occur in the absence of selection for the trait, supporting
Waddington’s mechanism.

4.2. Phenotypic plasticity and CGV

Closer consideration of genetic assimilation shows that it must involve some degree of pheno-
typic plasticity —the capacity for a genotype to produce multiple phenotypes in response to
non-genetic perturbations. This plasticity may also be considered from the stand-point of
release of CGV (which Masel and Trotter [44] defined as standing genetic variation that does
not ordinarily contribute to the phenotype), which increases during neutral drift but may only
become visible with a large enough perturbation. CGV accumulation can cause a diversifica-
tion of genetic backgrounds on which new mutations may arise. It is biologically reasonable to
expect that the effect of any new mutation should be background dependent: a given mutation
would have a given effect at a particular background and a different or no effects at other
backgrounds. The diversity of genetic backgrounds would give the population access to more
novel phenotypes than if it were isogenic [45-47], as reviewed in [48]. As Siegal and Leu [48]
summarized, this conceptual argument for evolvability correlating positively with mutational
robustness has been formalized in mathematical models of so-called neutral networks in
genotype space (more recently termed “genotype networks”) and has some empirical support
[49-51].

Iwasaki with co-authors [38] focused on GRN as an important mechanism for producing CGV
and examined how interactions between GRNs and the environment influence the number of
CGVs by using individual-based simulations. The authors conclude that interactions with
variable environments may promote the accumulation of CGVs by facilitating the evolution
of larger GRNs. In turn, the expansion of GRNs could facilitate evolutionary adaptation to
novel environments and niche construction [38].

4.3. Phenotypic plasticity and genetic assimilation

Lande defines genetic assimilation in an altered environment as the reduction in plasticity and
its replacement by genetic evolution, while maintaining the phenotype initially produced by
plasticity in the altered environment [52]. According to Lande, reduction in plasticity during
genetic assimilation is often attributed to fitness costs of plasticity.

Lande quantifies the relation between phenotypic plasticity dynamics and genetic assimila-
tion, wherein plasticity must increase to allow evolution to a perturbed environment but then
be reduced to maintain the new optimum. During the first generation in the novel environ-
ment, the average fitness substantially drops and the average phenotype jumps toward the
new optimum by expression of partially adaptive plasticity. Then, transient evolution of
increased plasticity accelerates phenotypic adaptation and allows the average phenotype to
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come toward the new optimum. Then, the novel phenotype undergoes a slow process of
genetic assimilation, with reduction in plasticity [52].

Temporary perturbations that reduce robustness could turn unitary phenotypes into plastic
ones. It then gives natural selection a substrate on which to select a particular novel phenotype
(i.e., genetic assimilation) [48, 53-55]. High levels of phenotypic variation could increase the
chance of population survival in new hostile environments, which in turn would give time for
the population to accumulate adaptive mutations [48, 56, 57]. As Siegal, Leu concluded, the
connection between robustness and plasticity could be especially important to evolution [48].

Janna Fierst asked herself to what degree can a history of phenotypic plasticity affect the rate of
adaptation to a new environment, that is, is plasticity merely a condition for genetic assimila-
tion, or do environmental fluctuations cause phenotypic plasticity, generating genotypic
evolvability? She showed that a history of phenotypic plasticity may determine the evolution
of genetic architecture and shorten the waiting time for the generation of phenotypic variance
from new mutations and recombination. Hence, rather than acting as a short-term alternative,
phenotypic plasticity may facilitate future adaptation and genetic evolution [58].

4.3.1. Phenotypic plasticity and evolvability

Non-genetic perturbations, such as environmental change or developmental noise, can induce
novel phenotypes. If an induced phenotype appears recurrently and confers a fitness advan-
tage, selection may promote its genetic stabilization. Non-genetic perturbations can thus initi-
ate evolutionary innovation. CGV may play an important role in this process [20]. Populations
under stabilizing selection on a phenotype that is robust to mutations can accumulate such
variation. After non-genetic perturbations, this variation can produce new phenotypes.
Espinosa-Soto with co-authors find that phenotypic robustness promotes phenotypic variabil-
ity in response to non-genetic perturbations but not in response to mutation. It suggests that
non-genetic perturbations may initiate innovation more frequently in mutationally robust gene
expression traits [20].

Phenotypic plasticity can facilitate the origin of genotypes that produces a new phenotype in
response to non-genetic perturbations. Espinosa-Soto with co-authors find that phenotypic
plasticity frequently facilitates the evolution of novel beneficial gene activity patterns in gene
regulatory circuits [59]. The fundamental reason is that genotypes that produce occasionally a
beneficial phenotype (and thus have a selective advantage) give more easily rise to genotypes
where that same phenotype is more strongly genetically determined [59].

The characterization of plasticity, robustness, and evolvability can be studied in terms of
phenotypic fluctuations. By numerically evolving GRNs, the proportionality between the
phenotypic variances of epigenetic and genetic origins is confirmed by Kaneko [60]. The
relationship suggests a link between robustness to noise and to mutation. The proportionality
between the variances is demonstrated to also hold over expressions of different genes (phe-
notypic traits) when the system acquires robustness through the evolution. It was found by
Kaneko that both the population’s adaptability to a new environment and the population’s
robustness becomes compatible when a certain degree of phenotypic fluctuations is produced
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by the developmental variability and noise [60]. The Kaneko’s conclusion is that the highest
adaptability is achieved at near-the-threshold noise level at which the gene expression dynam-
ics are near the critical point to lose the robust evolutionary process.

5. Canalization and assimilation in population biology

Current advances in evolutionary systems biology were caused not only by working out of
new computational approaches but also by new biological observations performed to verify
the computational conclusions.

5.1. CGV in natural populations

Biological systems are highly robust to perturbation by mutations, recombination, and the
environmental stress. Robustness to mutation and recombination permits genetic variation to
accumulate as hidden genetic diversity (or CGV). CGV might be revealed in response to stress,
and “the amount of heritable phenotypic variation available can be correlated to the degree of
stress and hence to the novelty of the environment...” [44].

The CGV role in genetic assimilation was extensively studied by computational evolutionary
tests (as overviewed in Section 4.2). They are considered to contribute to evolutionary
responses to environmental changes by generating phenotypic diversity [61-63]. Furthermore,
the CGV’s ability to accumulate and release multiple mutations in populations supports some
researchers’ considerations that CGVs also promote the acquisition of new traits [38, 64, 65].

Some experiments support these considerations. For example, as it was shown by Suzuki and
Nijhout [55], a mutation in the larval hormone-regulatory pathway in Manduca sexta moth
enables heat stress to reveal a hidden larval coloration. The black mutant strain of the moth,
which was originally green, demonstrated variations in thermosensitivity: heat shocks during
the sensitive period generated larvae with colors that ranged from normal black to nearly
normal green [55]. Suzuki and Nijhout also successfully established two lines by artificial
selection: one selected for increased greenness upon heat treatment (sensitive line) and the
other for decreased color change upon heat treatment (insensitive line). Hence, CGVs really
could contribute to phenotypic evolution.

5.2. Phenotypic capacitors

Phenotypic capacitor “is a biological switch capable of revealing previously cryptic heritable
variation” [25]. This is an analogy with an electric capacitor, which is capable to store and
release an electric charge. Many of the capacitors are proteins whose function contributes to
robustness and, therefore, whose damage or modification reveals phenotypic variation [66].

In a complex GRN, there are many gene products which could appear as “phenotypic”
capacitors, such that their removal increased phenotypic variability. An extensively studied
example is the molecular chaperone Hsp90, but GRN dynamics indicated there should be
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many more. Experiments in yeast indicated more than 300 gene products whose removal
increased variation [10].

In Drosophila, other molecular chaperones —Hsp22, Hsp67, and Hsp70—were also observed
to affect either within-individual variation (measured by asymmetry of bilateral traits) or
among-individual variation in morphology [67]. In eukaryotes, Hsp90 impairment has been
found to reveal CGV in organisms ranging from yeast to flies to vertebrates to plants [68, 69].

Masel and Siegal [25] considers three approaches based on the use of phenotypic capacitors to
study robustness. The first approach is a genome-wide screening for genetic perturbations
affecting the variance of a given trait. The trait can be morphological [10, 70, 71], or physiolog-
ical [72] or can be measured as RNA and protein concentrations [73-75]. Good examples of the
approach include the studies of cellular morphology in S. cerevisiae mutant strains [10, 76] and
the genome-wide analysis of more complex and quantitative traits in both S. cerevisiae [70, 73]
and A. thaliana [71, 74].

The second approach is based on usage of a well-characterized model developmental
system under the impact of perturbations. Good example of the approach is the consider-
ation of the developmental lineage of the cells comprising the vulva of nematode species of
the genus Caenorhabditis [77, 78]. Perturbation of C. elegans vulva development by mutation
or environmental variation revealed changes in the underlying signaling pathways [77, 78].
Robustness of the vulval developmental system to environmental perturbations results
through an integration of multiple buffering capacities at the molecular and cellular level
[77, 78].

The third complementary approach is to focus on a single well-characterized perturbation and
the variety of developmental systems that it affects. Examples include perturbation of transla-
tion termination by the yeast prion [PSI+] [79-81] and the heat shock protein, Hsp90, which
affects a stunning variety of developmental processes [70, 82].

Namely the computational evolutionary experiments with the GRN models revealed possible
existence and evolutionary significance of the phenotypic capacitors and brought intent atten-
tion to its experimental study.

5.3. Phenotypic plasticity and genetic assimilation in biology

Baldwin [56], Simpson [83], and Waddington [84, 85] proposed that phenotypic plasticity may
benefit populations in new environments. In accordance with Waddington’s pioneer consider-
ations, artificial selection can turn an alternative phenotype into a native one [5, 7]. More
recently, other researchers have confirmed his observation for diverse traits and different
species [55, 70, 86].

Many empirical studies of wild populations support the hypothesis that an ancestral alterna-
tive phenotype could have facilitated the evolution of novel, adaptive traits [16, 28, 29, 72, 87—
93]. For example, severe environments enhance phenotypic differences among fruit fly strains
[94], and a temperature rise caused by a lack of shade increases the frequency of abnormal
morphologies in fruit flies [95].
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The phenotypes where plasticity may have facilitated adaptation are very diverse. They
include gill surface area in cichlid fishes [96], pigmentation patterns in the crustacean Daphnia
melanica [97], and head size in the snake Notechis scutatus [98]. Despite an abundance of
candidate examples, plasticity’s importance for adaptive evolution is not universally accepted,
and we still do not know whether existing observations are rare oddities or hint at general
principles of evolution [99-105].

5.3.1. Natural populations in changing environments

During millions of years of existence, species repeatedly encounter extreme changes in average
environment, and the capacity to accelerate phenotypic adaptation by transient evolution of
plasticity may be crucial for long-term persistence. Sudden environmental change often occurs
at the start of natural biological invasions and colonizations (reviewed in [106]).

The success of natural invasions, and artificial introductions for biocontrol, may depend on the
evolution of increased plasticity during adaptation to novel environments outside the native
range of a species [107-109]. Genetic variance in plasticity within and/or among populations
has commonly been observed [110, 111], and species invading novel or extreme environments
often display increased plasticity compared to populations from the native range [96, 112-117].
Populations of invasive species outside their native range usually maintain substantial genetic
variance [118-120].

Experiments on newly established small populations show that intense artificial selection can
rapidly create large phenotypic changes, often altering the mean phenotype by several stan-
dard deviations within a few dozen generations [121-123]. For extremely large populations
undergoing sudden environmental change in situ, sustained intense directional selection can
cause adaptation by a rare allele of major effect [124, 125].

Many empirical studies suggest that invasive species tend to have an evolutionary history of
environmental disturbance [53]. Ecological disturbances constitute fluctuating selection pres-
sures over evolutionary time, and evolutionary genetic theory predicts that patterns of fluctu-
ating selection can cause genetic architectures to take different paths (e.g. [126]).

When environmental changes happen infrequently, populations maximize fitness by produc-
ing a single phenotype [58]. When the environment changes more frequently, organisms that
can evolve more rapidly are favored by selection. As Janna Fierst concluded, “when environ-
mental fluctuations are rapid, fitness is maximized by genetic architectures that produce a
broad, generalist phenotype or short-term phenotypic plasticity” [58].

Increasing amounts of evidence suggest that traits induced by non-genetic factors are impor-
tant for innovation in nature [98, 127-129]. For example, taxa with genetically determined
dextral or sinistral morphologies are frequently derived from taxa in which the direction of
the asymmetry is not genetically fixed but where it is a plastic response [128, 130]. Transitions
like these imply genetic assimilation of a direction of asymmetry. This was observed for
multiple traits, such as the side on which the eye occurs in flat fishes (Pleuronectiformes) and
the side of the larger first claw in decapods (Thalassinidea) [128].
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More generally, good candidates for genetic assimilation are the traits where fixed differences
among closely related species are mirrored by plastic variation within populations. Amphibian
traits, such as gut morphology [129], limb length, and snout length [130], are illustrative
examples.

We can conclude that the observations on the environmental dependence of phenotypic and
genetic variances evidences accelerated phenotypic adaptation after an extraordinary environ-
mental change [52].

Acknowledgements

The results of Section 5 were obtained within the state assignment of FASO of Russia (theme
No. 01201351572). The results of all other sections were obtained within the RSF grant (project
No. 17-18-01536).

Author details

Alexander V. Spirov'*, Marat A. Sabirov' and David M. Holloway**
*Address all correspondence to: spirov@iephb.nw.ru

1 Lab Modeling of Evolution, .M. Sechenov Institute of Evolutionary Physiology and
Biochemistry, Russian Academy of Sciences, St. Petersburg, Russia

2 Mathematics Department, British Columbia Institute of Technology, Burnaby, Canada

3 Biology Department, University of Victoria, Victoria, Canada

References

[1] Schmalhausen II. Factors of Evolution: The Theory of Stabilizing Selection. Chicago:
Univ. of Chicago Press; 1986

[2] Waddington CH. The Strategy of the Genes. A Discussion of some Aspects of Theoreti-
cal Biology. London: Allen and Unwin; 1957

[3] Rendel JM. Canalization of the acute phenotype of Drosophila. Evolution. 1959;13:425-
439

[4] Soen Y. Environmental disruption of host-microbe co-adaptation as a potential driving
force in evolution. Frontiers in Genetics. 2014;5(168)

[5] Waddington CH. Genetic assimilation of the bithorax phenotype. Evolution. 1956;10(1):13

177



178

Evolutionary Physiology and Biochemistry - Advances and Perspectives

[6]

[7]
[8]

9]

[10]

[11]

[12]

[15]

[16]

[17]

[18]

[19]

[20]

Waddington CH. Canalization of development and genetic assimilation of acquired
characters. Nature. 1959;183(4676):1654-1655

Waddington CH. Genetic assimilation of an acquired character. Evolution. 1953;7:118-126

Rutherford SL, Lindquist S. Hsp90 as a capacitor for morphological evolution. Nature.
1998;396:336-342

Scharloo W. Canalization: Genetic and developmental aspects. Annual Review of Ecol-
ogy and Systematics. 1991;22:65-93

Levy SF, Siegal ML. Network hubs buffer environmental variation in Saccharomyces
cerevisiae. PLoS Biology. 2008;6(11):e264

Dworkin I, Palsson A, Birdsall K, Gibson G. Evidence that Egfr contributes to cryptic
genetic variation for photoreceptor determination in natural populations of Drosophila
melanogaster. Current Biology. 2003;13:1888-1893

Polaczyk PJ, Gasperini R, Gibson G. Naturally occurring genetic variation affects Dro-
sophila photoreceptor determination. Development Genes and Evolution. 1998;207(7):
462-470

Baggs JE, Price TS, DiTacchio L, Panda S, FitzGerald GA, Hogenesch JB. Network
features of the mammalian circadian clock. PLoS Biology. 2009;7(3):e1000052

Wagner A. Evolution of gene networks by gene duplications: A mathematical model
and its implications on genome organization. Proceedings of the National Academy of
Sciences of the United States of America. 1994;91:4387-4391

Wagner A. Does evolutionary plasticity evolve? Evolution. 1996;50:1008-1023

Siegal ML, Bergman A. Waddington’s canalization revisited: Developmental stability
and evolution. Proceedings of the National Academy of Sciences of the United States of
America. 2002;99:10528-10532

Kimbrell T, Holt RD. Canalization breakdown and evolution in a source-sink system.
The American Naturalist. 2007;169:370-382

MacCarthy T, Bergman A. Co-evolution of epistasis and recombination favors asexual
reproduction. PNAS. 2007;104:12801-12806

Lohaus R, Burch CL, Azevedo RBR. Genetic architecture and the evolution of sex. The
Journal of Heredity. 2010;101(Suppl. 1):5142-5157

Espinosa-Soto C, Martin OC, Wagner A. Phenotypic plasticity can increase phenotypic
variability after non-genetic perturbations in gene regulatory circuits. Journal of Evolu-
tionary Biology. 2011;24:1284-1297

Spirov A, Holloway D. Using EA to study the evolution of GRNs controlling biological
development. In: Noman N, Iba H, editors. Evolutionary Algorithms in Gene Regula-
tory Network Research. Wiley Interscience; 2015. pp. 240-268



[22]

[23]

[24]

[25]

[26]

[27]

[30]

[31]

Systems Evolutionary Biology of Waddington’s Canalization and Genetic Assimilation
http://dx.doi.org/10.5772/intechopen.73662

McAdams HH, Arkin A. Stochastic mechanisms in gene expression. Proceedings of the
National Academy of Sciences of the United States of America. 1997;94:814-819

Elowitz MB, Levine AJ, Siggia ED, Swain PS. Stochastic gene expression in a single cell.
Science. 2002;297(5584):1183-1186

Raj A, Rifkin SA, Andersen E, van Oudenaarden A. Variability in gene expression under-
lies incomplete penetrance. Nature 2010;463:913-918

Masel ], Siegal ML. Robustness: Mechanisms and consequences. Trends in Genetics.
2009;25:395-403

de Visser ], et al. Perspective: Evolution and detection of genetic robustness. Evolution
2003;57:1959-1972

Kim KJ, Fernandes VM. Effects of Ploidy and recombination on evolution of robustness
in a model of the segment polarity network. PLoS Computational Biology. 2009;5:
€1000296

Proulx SR, Phillips PC. The opportunity for canalization and the evolution of genetic
networks. The American Naturalist. 2005;165:147-162

Soyer OS et al. Simulating the evolution of signal transduction pathways. Journal of
Theoretical Biology. 2006;241:223-232

van Nimwegen E, et al. Neutral evolution of mutational robustness. Proceedings of the
National Academy of Sciences of the United States of America 1999;96:9716-9720

Wagner A. Circuit topology and the evolution of robustness in two-gene circadian
oscillators. Proceedings of the National Academy of Sciences of the United States of
America. 2005;102:11775-11780

Kawecki TJ. The evolution of genetic canalization under fluctuating selection. Evolution.
2000;54:1-12

Martinez-Antonio A, Janga SC, Thieffry D. Functional organisation of Escherichia coli
transcriptional regulatory network. Journal of Molecular Biology. 2008;381:238-247

Crombach A, Hogeweg P. Evolution of evolvability in gene regulatory networks. PLoS
Computational Biology. 2008;4:e1000112

Kashtan N, Noor E, Alon U. Varying environments can speed up evolution. Proceedings
of the National Academy of Sciences of the United States of America. 2007;104:13711-
13716

Draghi JA, Whitlock MC. Phenotypic plasticity facilitates mutational variance, genetic
variance, and evolvability along the major axis of environmental variation. Evolution.
2012;66(9):2891-2902

Tsuda ME, Kawata M. Evolution of gene regulatory networks by fluctuating selection
and intrinsic constraints. PLoS Computational Biology. 2010;6(8):e1000873

179



180

Evolutionary Physiology and Biochemistry - Advances and Perspectives

[38]

[39]

[40]

[44]
[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Iwasaki WM, Tsuda ME, Kawata M. Genetic and environmental factors affecting cryptic
variations in gene regulatory networks. BMC Evolutionary Biology. 2013;13:91

Ferea T, Botstein D, Brown P, Rosenzweig R. Systematic changes in gene expression
patterns following adaptive evolution in yeast. Proceedings of the National Academy of
Sciences of the United States of America. 1999;96:9721-9726

Dunham M, Badrane H, Ferea T, Adams ], Brown P, et al. Characteristic genome
rearrangements in experimental evolution of Saccharomyces cerevisiae. Proceedings of
the National Academy of Sciences of the United States of America. 2002;99:16144-16149

Philippe N, Crozat E, Lenski RE, Schneider D. Evolution of global regulatory networks
during a long-term experiment with Escherichia coli. BioEssays. 2007;29:846-860

Falconer DS, Mackay TFC. Introduction to Quantitative Genetics. Essex: Longman; 1996.
pp. 309-310

Masel J. Genetic assimilation can occur in the absence of selection for the assimilating
phenotype, suggesting a role for the canalization heuristic. Journal of Evolutionary
Biology. 2004;17(5):1106-1110

Masel ], Trotter MV. Robustness and Evolvability. Trends in Genetics. 2010;26(9):406-414

Wagner A. Robustness and Evolvability in Living Systems. Princeton Univ. Press: Princeton;
2007. p. 367

Wagner A. The molecular origins of evolutionary innovations. Trends in Genetics. 2011;
27:397-410

Wagner A. The role of robustness in phenotypic adaptation and innovation. Proceedings
of the Biological Sciences. 2012;279:1249-1258

Siegal ML, Leu JY. On the nature and evolutionary impact of phenotypic robustness
mechanisms. Annual Review of Ecology, Evolution, and Systematics. 2014;45:496-517

MdBride RC, Ogbunugafor CB, Turner PE. Robustness promotes evolvability of thermotolerance
in an RNA virus. BMC Evolutionary Biology. 2008;8:231

Hayden EJ, Ferrada E, Wagner A. Cryptic genetic variation promotes rapid evolutionary
adaptation in an RNA enzyme. Nature. 2011;474:92-95

Lauring AS, Frydman J, Andino R. The role of mutational robustness in RNA virus
evolution. Nature Reviews. Microbiology. 2013;11:327-336

Lande R. Adaptation to an extraordinary environment by evolution of phenotypic
plasticity and genetic assimilation. Journal of Evolutionary Biology. 2009;22:1435-1446

Lee CE, Gelembiuk GW. Evolutionary origins of invasive populations. Evolutionary
Applications. 2008;1:427-448

Behera N, Nanjundiah V. Phenotypic plasticity can potentiate rapid evolutionary change.
Journal of Theoretical Biology. 2004;22:177-184



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[66]
[67]

[68]

Systems Evolutionary Biology of Waddington’s Canalization and Genetic Assimilation
http://dx.doi.org/10.5772/intechopen.73662

Suzuki Y, Nijhout HF. Evolution of a polyphenism by genetic accommodation. Science.
2006;311(5761):650-652

Baldwin JM. A new factor in evolution. The American Naturalist. 1896;30:441-451

Price TD, Qvarnstrom A, Irwin DE. The role of phenotypic plasticity in driving genetic
evolution. Proceedings of the Royal Society of London B: Biological Sciences. 2003;27:
1433-1440

Fierst JL. A history of phenotypic plasticity accelerates adaptation to a new environ-
ment. Journal of Evolutionary Biology. 2011;24:1992-2001

Espinosa-Soto C, Martin OC, Wagner A. Phenotypic plasticity can facilitate adaptive
evolution in gene regulatory circuits. BMC Evolutionary Biology. 2011;11(5)

Kaneko K. Evolution of robustness and plasticity under environmental fluctuation: Formu-
lation in terms of phenotypic variances. Journal of Statistical Physics. 2012;148(4):687-705

Le Rouzic A, Carlborg O. Evolutionary potential of hidden genetic variation. Trends in
Ecology & Evolution. 2008;23:33-37

Schlichting CD. Hidden reaction norms, cryptic genetic variation, and evolvability. Annals
of the New York Academy of Sciences. 2008;1133:187-203

Wagner A. Robustness and evolvability: A paradox resolved. Proceedings of the Biolog-
ical Sciences. 2008;275(1630):91-100

West-Eberhard M]J. Developmental plasticity and the origin of species differences.
Proceedings of the National Academy of Sciences of the United States of America. 2005;
102(Suppl 1):6543-6549

Pigliucci M, Murren CJ. Genetic assimilation and a possible evolutionary paradox: Can
macroevolution sometimes be so fast as to pass us by? Evolution. 2003;57(7):1455-1464

Masel J. Q&A: Evolutionary capacitance. BMC Biology. 2013;11:103

Takahashi KH, Daborn PJ, Hoffmann AA, Takano-Shimizu T. Environmental stress-
dependent effects of deletions encompassing Hsp70Ba on canalization and quantitative
trait asymmetry in Drosophila melanogaster. PLoS One. 2011;6:e17295

Jarosz DF, Taipale M, Lindquist S. Protein homeostasis and the phenotypic manifesta-
tion of genetic diversity: Principles and mechanisms. Annual Review of Genetics. 2010;
44:189-216

Rohner N, Jarosz DF, Kowalko JE, YoshizawaM JWR. Cryptic variation in morphological
evolution: HSP90 as a capacitor for loss of eyes in cavefish. Science. 2013;342:1372-1375

Nogami S et al. Genetic complexity and quantitative trait loci mapping of yeast morpho-
logical traits. PLoS Genetics. 2007;3:e31

Hall MC et al. Genetics of microenvironmental canalization in Arabidopsis thaliana. Pro-
ceedings of the National Academy of Sciences of the United States of America. 2007;104:
13717-13722

181



182

Evolutionary Physiology and Biochemistry - Advances and Perspectives

[72]

[73]

[74]

[75]

[77]

[78]

[79]

[80]

[81]

[82]
[83]
[84]

[85]
[86]

[87]

[88]

[89]

Cooper T et al. Effect of random and hub gene disruptions on environmental and
mutational robustness in Escherichia coli. BMC Genomics. 2006;7:237

Ansel ] et al. Cell-to-cell stochastic variation in gene expression is a complex genetic trait.
PLo0S Genetics. 2008;4:1000049

Fu J et al. System-wide molecular evidence for phenotypic buffering in Arabidopsis.
Nature Genetics. 2009;41:166-167

Brem RB, Kruglyak L. The landscape of genetic complexity across 5,700 gene expression
traits in yeast. Proceedings of the National Academy of Sciences of the United States of
America. 2005;102:1572-1577

Ohya Y et al. High-dimensional and large-scale phenotyping of yeast mutants. Proceed-
ings of the National Academy of Sciences of the United States of America. 2005;102:
19015-19020

Braendle C, Felix MA. Plasticity and errors of a robust developmental system in different
environments. Developmental Cell. 2008;15:714-724

Milloz J et al. Intraspecific evolution of the intercellular signaling network underlying a
robust developmental system. Genes & Development. 2008;22:3064-3075

Joseph SB, Kirkpatrick M. Effects of the [PSI+] prion on rates of adaptation in yeast.
Journal of Evolutionary Biology. 2008;21:773-780

Masel ], Bergman A. The evolution of the evolvability properties of the yeast prion [PSI
+]. Evolution. 2003;57:1498-1512

True HL, Lindquist SL. A yeast prion provides a mechanism for genetic variation and
phenotypic diversity. Nature. 2000;407:477-483

Queitsch C et al. Hsp90 as a capacitor of phenotypic variation. Nature. 2002;417:618-624
Simpson GG. The Baldwin effect. Evolution. 1953;7:110-117

Waddington CH. Canalization of development and the inheritance of acquired charac-
ters. Nature. 1942;150:563-565

Waddington CH. Genetic assimilation. Advances in Genetics. 1961;10:257-293

Wagner A. Distributed robustness versus redundancy as causes of mutational robust-
ness. BioEssays. 2005;27:176-188

Hopfield JJ. Kinetic proofreading: A n ew mechanism for reducing errors in biosynthetic
processes requiring high specificity. Proceedings of the National Academy of Sciences of
the United States of America. 1974;71:4135-4139

Milton CC et al. Quantitative trait symmetry independent of Hsp90 buffering: Distinct
modes of genetic canalization and developmental stability. Proceedings of the National
Academy of Sciences of the United States of America. 2003;100:13396-13401

Ferrell J. Q&A: Cooperativity. Journal of Biology. 2009;8:53



[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]
[100]
[101]

[102]

[103]

[104]

[105]

[106]

Systems Evolutionary Biology of Waddington’s Canalization and Genetic Assimilation
http://dx.doi.org/10.5772/intechopen.73662

Pierce SB et al. Drosophila growth and development in the absence of dMyc and dMnt.
Developmental Biology. 2008;315:303-316

O'Neill JS. Circadian clocks can take a few transcriptional knocks. The EMBO Journal.
2009;28:84-85

Takahashi S, Pryciak PM. Membrane localization of scaffold proteins promotes graded
signaling in the yeast MAP kinase cascade. Current Biology. 2008;18:1184-1191

Kafri R et al. Transcription control reprogramming in genetic backup circuits. Nature
Genetics. 2005;37:295-299

Kondrashov AS, Houle D. Genotype-environment interactions and the estimation of the
genomic mutation rate in Drosophila melanogaster. Proceedings of the Biological Sciences.
1994;258:221-227

Roberts SP, Feder ME. Natural hyperthermia and expression of the heat shock protein
Hsp70 affect developmental abnormalities in Drosophila melanogaster. Oecologia. 1999;
121:323-329

Chapman LJ, Galis F, Shinn ]. Phenotypic plasticity and the possible role of genetic
assimilation: Hypoxia-induced trade-offs in the morphological traits of an African cich-
lid. Ecology Letters. 2000;3(5):387-393

Scoville AG, Pfrender ME. Phenotypic plasticity facilitates recurrent rapid adaptation to
introduced predators. Proceedings of the National Academy of Sciences of the United
States of America. 2010;107:4260-4263

Aubret F, Shine R. Genetic assimilation and the postcolonization erosion of phenotypic
plasticity in island tiger snakes. Current Biology. 2009;19:1932-1936

Orr HA. An evolutionary dead end? Science. 1999;285:343-344
de Jong G, Crozier RH. A flexible theory of evolution. Nature 2003;424:16-17

Moczek AP. Developmental capacitance, genetic accommodation, and adaptive evolu-
tion. Evolution & Development. 2007;9:299-305

Moczek AP. On the origins of novelty in development and evolution. BioEssays. 2008;
30(5):432-447

Pfennig DW, Wund MA, Snell-Rood EC, Cruickshank T, Schlichting CD, Moczek AP.
Phenotypic plasticity’s impacts on diversification and speciation. Trends in Ecology &
Evolution. 2010;25(8):459-467

Braendle C, Flatt T. A role for genetic accommodation in evolution? BioEssays. 2006;28:
868-873

Hall BK. Organic selection: Proximate environmental effects on the evolution of mor-
phology and behaviour. Biology and Philosophy. 2001;16:215-237

Lande R. Adaptation to an extraordinary environment by evolution of phenotypic
plasticity and genetic assimilation. Journal of Evolutionary Biology. 2009;22:1435-1446

183



184

Evolutionary Physiology and Biochemistry - Advances and Perspectives

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

Richards CL, Bossdorf O, Muth NZ, Gurevitch ], Pigliucci M. Jack of all trades, master of
some? On the role of phenotypic plasticity in plant invasions. Ecology Letters. 2006;9:
981-993

Yoshida T, Goka K, Ishihama F, Ishihara M, Kudo S. Biological invasion as a natural
experiment of the evolutionary process: Introduction to the special feature. Ecological
Research. 2007;22:849-854

Price T, Sol D. Introduction: Genetics of colonizing species. The American Naturalist.
2008;172:51-S3

Scheiner SM. Genetics and evolution of phenotypic plasticity. Annual Review of Ecology
and Systematics. 1993;24:35-68

Scheiner SM. Selection experiments and the study of phenotypic plasticity. Journal of
Evolutionary Biology. 2002;15:889-898

Lee CE, Remfert JL, Gelembiuk GW. Evolution of physiological tolerance and perfor-
mance during freshwater invasions. Integrative and Comparative Biology. 2003;43:439-
449

Dybdhal MF, Kane SL. Adaptation vs. phenotypic plasticity in the success of a clonal
invader. Ecology. 2005;86:1592-1601

Chun Y], Collyer ML, Moloney KA, Nason JD. Phenotypic plasticity of native vs. inva-
sive purple loosestrife: A two-state multivariate approach. Ecology. 2007;88:1499-1512

Cano L, Escarre J, Fleck I, Blanco-Moreno JM, Sans FX. Increased fitness and plasticity of
an invasive species in its introduced range: A study using Senecio pterophorus. Journal
of Ecology. 2008;96:468-476

Lardies MA, Bozinovic F. Genetic variation for plasticity in physiological and life-history
traits among populations of an invasive species, the terrestrial isopod Porcellio Laevis.
Evolutionary Ecology Research. 2008;10:747-762

Lombaert E, Malausa T, Devred R, Estoup A. Phenotypic variation in invasive and
biocontrol populations of the harlequin ladybird, Harmonia axyridis. BioControl. 2008;
53:89-102

Sexton JP, McKay JK, Sala A. Plasticity and genetic diversity may allow saltcedar to
invade cold climates in North America. Ecological Applications. 2002;12:1652-1660

Clements DR, DiTommaso A, Jordan N, Booth BD, Cardina J, Doohan D, Mohler CL,
Murphy SD, Swanton CJ. Adaptability of plants invading north American cropland.
Agriculture, Ecosystems and Environment. 2004;(3):379-398

Gilchrist GW, Lee CE. All stressed out and nowhere to go: Does evolvability limit
adaptation in invasive species? Genetica. 2007;129:127-132

Wright S. Evolution and the Genetics of Populations. 3. Experimental Results and Evo-
lutionary Deductions. Chicago: University of Chicago Press; 1977



[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

Systems Evolutionary Biology of Waddington’s Canalization and Genetic Assimilation
http://dx.doi.org/10.5772/intechopen.73662

Robertson A. Selection Experiments in Laboratory and Domestic Animals. Slough:
Commonwealth Agricultural Bureaux; 1980

Roush RT, McKenzie JA. Ecological genetics of insecticide and acaracide resistance.
Annual Review of Entomology. 1987;32:361-380

Roush RT, Tabashnik BE. Pesticide Resistance in Arthropods. London: Chapman and
Hall; 1990

West-Eberhard MJ. Developmental Plasticity and Evolution. Oxford: Oxford University
Press; 2003

Meyers LA, Ancel FD, Lachmann M. Evolution of genetic potential. PLoS Computa-
tional Biology. 2005;1:236-243

Palmer AR. Symmetry breaking and the evolution of development. Science. 2004;306:
828-833

Palmer AR. From symmetry to asymmetry: Phylogenetic patterns of asymmetry varia-
tion in animals and their evolutionary significance. Proceedings of the National Acad-
emy of Sciences of the United States of America. 1996;93:14279-14286

Ledon-Rettig CC, Pfennig DW, Nascone-Yoder N. Ancestral variation and the potential
for genetic accommodation in larval amphibians: Implications for the evolution of novel
feeding strategies. Evolution & Development. 2008;10:316-325

Gomez-Mestre I, Buchholz DR. Developmental plasticity mirrors differences among
taxa in spadefoot toads linking plasticity and diversity. Proceedings of the National
Academy of Sciences of the United States of America. 2006,103:19021-19026

185



ntechOpen

ntechOpen



