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Abstract

Canalization, or robustness to genetic or environmental perturbations, is fundamental to complex
organisms. While there is strong evidence for canalization as an evolved property that varies
among genotypes, the developmental and genetic mechanisms that produce this phenomenon are
very poorly understood. For evolutionary biology, understanding how canalization arises is
important because, by modulating the phenotypic variation that arises in response to genetic
differences, canalization is a determinant of evolvability. For genetics of disease in humans and for
economically important traits in agriculture, this question is important because canalization is a
potentially significant cause of missing heritability that confounds genomic prediction of
phenotypes. We review the major lines of thought on the developmental-genetic basis for
canalization. These fall into two groups. One proposes specific evolved molecular mechanisms
while the other deals with robustness or canalization as a more general feature of development.
These explanations for canalization are not mutually exclusive and they overlap in several ways.
General explanations for canalization are more likely to involve emergent features of development
than specific molecular mechanisms. Disentangling these explanations is also complicated by
differences in perspectives between genetics and developmental biology. Understanding
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canalization at a mechanistic level will depend on conceptual and methodological approaches that
integrate quantitative genetics and developmental biology.

Keywords
Robustness; canalization; nonlinearity; epistasis; genotype-phenotype maps

1. Introduction

“The form of a living plant or animal is continuously kept in being in spite of the
fact that material is passing all the time through the system.”

Waddington, 1957, pg. 2

In a series of experiments in the 1940s and 50s, Waddington demonstrated apparent acquired
inheritance of the ether-induced bithorax phenotype in fruit flies [1-7]. He explained this
finding as a consequence of selection acting on developmental processes that stabilize the
phenotype in a particular environmental context. This tendency to buffer either genetic or
environmental perturbations is known as canalization and is central to the evolution of
complex life [1, 8-10]. Variation is necessary for evolution to occur. With increasing
complexity, that variation has increasing potential for deleterious effects. As the number of
interacting parts and processes increases, the ability to alter any one part without adverse
effects on others will decrease. It is not surprising, therefore, that the genomes of healthy
humans harbour large numbers of deleterious mutations of varying severity [11]. However,
these variants do not result in disease because their effects are buffered. How this occurs is a
long-standing question to which there is not yet a satisfactory answer. Recent work,
however, is beginning to shed light on this question. This essay will discuss the current state
of knowledge of the developmental basis for canalization and place this in the context of
complex trait genetics and evolutionary developmental biology.

The concept of canalization is closely tied to Waddington’s metaphoric epigenetic landscape
and his concept of epigenetics. He used all three of these terms in two very different
contexts. These are the differentiation of cells and tissue types on the one hand and the
suppression of phenotypic variation among individuals on the other. Waddington saw the
stabilization of alternative cell fates, for example, and the modulation of phenotypic variance
of a particular trait in a population, as different expressions of the same underlying
phenomenon at different scales. In evolutionary biology, most interest has focused on the
modulation of phenotypic variance at the population level [8]. In parallel, however,
numerous studies in developmental biology invoke canalization in analyses of cell fate
specification [12-15]. These applications of Waddington’s concepts are united by a view of
development that is probabilistic or stochastic, invoking the need for mechanisms to impose
order on an otherwise disordered process of development [16]. Beyond this broad similarity,
though, it is not evident that the mechanisms that buffer phenotypic variation at the among-
individual level and those that stabilize cell and tissue fates are in any way related.

Even so, the fact that Waddington saw the modulation of phenotypic variation and the
stabilization of pathways of developmental differentiation as part and parcel of the same
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phenomenon is revealing. Waddington clearly thought of development as inherently
stochastic. That is, through its multiple levels of organization and complex, interacting
components, cells, tissues and organisms are capable of expressing tremendous variation, the
overwhelming majority of which is deleterious [7]. In Waddington’s view, these influences
flow through levels of organization from the biochemical basis of developmental processes
to gross anatomical features [17]. This rich, multi-level, view of development presaged
systems biology but also contrasts with current systems approaches, such as the gene
regulatory network metaphor, that represent developmental systems at a particular
phenomenological slice — that of genes, gene interactions and cis-regulatory sites [18].
Waddington argued that systems capable of so much variation must have evolved
mechanisms to suppress it [7]. He also argued that such mechanisms might exist at several
levels of development and that some might be embedded features of developmental systems
rather than specific, dedicated mechanisms.

More than seventy years after Waddington articulated his ideas, we still do not have a
generalizable understanding of the mechanistic basis for canalization. In this essay, we focus
only on the modulation of variation among individuals. We argue that explanations of
canalization fall into two groups. The first emphasizes specific molecular mechanisms such
as heat shock proteins [19, 20]. The second emphasizes more deeply embedded or emergent
features of development. This latter category includes gene interactions and network
redundancies, heterozygosity, and nonlinearities in developmental processes. These
explanations for canalization are not exclusive, but the latter category is likely to yield
general explanations.

2. Definitions and Related Concepts

“Another essential point about histogenesis (and morphogenesis) is that the degree
of canalization is under genetic control. That is to say, individuals of some
genotypes show a more powerful tendency to regulate to the normal canalised paths
of development than do others.”

Waddington, 1957. P. 20

Canalization and several closely related terms are used in different and overlapping ways. To
avoid confusion, we define these terms below and relate them to one another. Canalization,
or the tendency to buffer variation, is about the modulation of phenotypic variance due to
factors other than the genetic or environmental variance, per se. Phenotypic robustness is a
more general concept that includes developmental stability and canalization [10, 21].
Whereas canalization refers to the minimization of variation among individuals,
developmental stability is the tendency to minimize variation among replicated structures
within individuals [22]. Developmental stability is most often measured via random,
normally distributed departures from symmetry where symmetrical development is expected,
or fluctuating asymmetry [23]. Canalization and developmental stability are partially
overlapping phenomena. This is evident in the case of threshold or discrete traits where the
combination of trait frequency and underlying developmental stability determine the
frequency of asymmetric expression [24]. Palmer [25] has also argued for a connection
between symmetry-breaking and large-scale morphological transitions, or evolutionary
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novelties. It is not known, however, to what extent measures of canalization and
developmental stability capture the same biological phenomena.

The association of canalization and developmental stability has been studied by examining
correlations of among-individual and fluctuating asymmetry variance across both traits
within populations and across populations. In the latter situation, this comparison is only
informative if genetic variance and environmental conditions are controlled. The studies of
this issue are inconclusive, with some pointing to independence of these two variance
components [26—28] while others show varying degrees of association [29-32]. We have
recently compared FA and among-individual variances across both traits and genotypes in
mice and found no significant relationship [33]. Taken together, these results suggest that the
mechanisms driving variation in measures of canalization and developmental stability are, at
least, partially distinct.

Phenotypic plasticity and the related norm of reaction overlap conceptually with
canalization. Phenotypic plasticity is simply the tendency for phenotypic variation to be
influenced by environment [34]. A reaction normis a predictable relationship between some
environmental factor and a phenotypic trait. These concepts are often seen as the opposite of
canalization [34—36], but this is an over-simplification. To begin with, these concepts have
distinct histories and motivations. While canalization was motivated by developmental
biology, phenotypic plasticity has a more naturalistic or population biology origin. Coined
by Woltereck [37], the concept of a reaction norm was fleshed out by Schmalhausen [38]
whose primary interest was in the central role of stabilizing selection in evolution.
Independently of Waddington, Schmalhausen proposed a concept very similar to
canalization which, in the English translation, he termed autonomization [38]. For him,
reaction norms, shaped by stabilizing selection, are adaptive. Accordingly, autonomization is
not just any minimization of any variation. Rather, it is specifically the minimization of non-
adaptive variation around the reaction norm [38]. This contrasts significantly with current
thinking on plasticity. In the current consensus, plasticity is not necessarily adaptive [39, 40].
As Pigliucci et al. point out, under this definition, Waddington’s example of the bithorax
phenotype induced by ether is actually a case of non-adaptive phenotypic plasticity [41].
Plasticilty can also be separated into active and passive, where passive refers to the variation
minimzed by environmental canalization [42, 43].

The conceptual overlap of phenotypic plasticity and robustness or canalization matters,
because distinguishing observations, patterns and process is critical to elucidating
underlying mechanisms. Canalization and phenotypic plasticity are merely abstractions from
patterns in data. They are not processes or mechanisms. As such, their limited explanatory
value rests solely on the extent to which they represent groupings of patterns expressed by a
set of dynamics. The statement, for example, that an observed reduction in variance is
explained by canalization simply means that the observation groups with a set of similar
patterns that we don’t understand but have chosen to label as canalization. If that grouping is
not sensible, it is unlikely to map on to mechanisms in a tractable way. The problem with
viewing canalization as simply the inverse of plasticity is that plasticity is a much more
general phenomenon. Accordingly, the term canalization is likely to cover such a
heterogeneous set of patterns that attempts to explain all in mechanistic terms are futile.
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Wagner et al.’s [8] definition of canalization avoids this confusion. They define canalization
as the suppression of phenotypic variation of either genetic or environmental origin. As they
argue, this makes canalization a dispositional concept, referring to a tendency or potential.
Accordingly, canalization is the fendency to suppress variation [8]. Canalization is not a
component of an observed phenotypic variance. Rather, it is a component of variability, or
the tendency to vary [8]. Observed differences in phenotypic variation are consequences of
this tendency combined with individual circumstances such as the presence of perturbations
or the amount of segregating genetic variation. Canalization is, therefore, only measured by
observing differences in magnitudes of variation between samples or populations when
controlling for factors such as the genetic variance and the magnitude of environmental
effects as well as any known determinants of the trait in question such as age, sex or size
[35]. Defined in this way, canalization is distinct from the more general concept of
phenotypic plasticity (Figure 1). Importantly, this definition also allows for the possibility of
changes in among-individual variance along the norm of reaction. Such changes in among-
individual variance can result from a nonlinear norm of reaction curve [43] (Fig 1A). The
shape of such norm of reaction curves can vary among genoytpes (Fig. 1B). However, they
might also result from other factors such as destabilizing effects of environmental stress or
genetic perturbations [44] (Fig 1C). Scharloo’s classic experiments with the Drosophila
cubitus interruptus and hairless mutants showed that selection can alter the phenotypic
responses to temperature variation [45, 46]. More recently, Debat et a/[47] showed that a
series of 16 mutations influence sensitivity to temperature for Drosophila wing size and
shape, while temperature also modulates the effects of those same mutations. These
experiments nicely demonstrate variation in environmental canalization due to environment
(along a norm of reaction) or genotype (modulating the norm of reaction) as well as the
complex relationship between canalization and phenotypic plasticity.

3. The Evidence for canalization

“It is a very general observation, to which little attention has been directed (but see
Huxley, Plunkett and Ford), that the wildtype of an organism..., is much less
variable in appearance than the majority of mutant races.”

Waddington, 1942, pg. 563

Although the origin of the canalization concept is linked to Waddington’s genetic
assimilation experiments, the most general and convincing evidence for the phenomenon is
the tendency for mutants to exhibit a larger range of variation than the wildtype. As the
above quote from Waddington’s 1942 essay on genetic assimilation shows, the observation
that mutants are more variable had been “in the ether” for some time before his seminal
work. Schmalhausen also viewed the greater variability of mutants as accepted truism rather
than an original observation [38]. In 50’s and 60s, geneticists documented increased among-
individual variance within genotypes for a variety of mutations in Drosgphila and mice [46,
48-51]. Figure 2 shows some examples of this phenomenon. Importantly, these early studies
showed that the tendency for increased among-individual variance in mutants responded to
selection, suggesting a heritable basis for canalization [49]. The responsiveness of
phenotypic variance within genotype to selection has been confirmed more recently, perhaps
most robustly in Arapidopsis [52]. In mice, our group has quantified significant heritability
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for phenotypic variance in 62 genotypes of isogenic mice derived from pairwise crosses
among the eight collaborative cross founder strains [53].

In earlier work, our group compared phenotypic variances among mutants and wildtypes for
craniofacial shape and found that mutations with large phenotypic effect tend strongly to be
associated with increased phenotypic variance [54]. Similarly, a meta-analysis of studies in
diverse mutations in nematodes revealed consistent increases in variance of comparable
magnitude to mutational effects on the phenotypic mean [55]. In zebrafish, DeLaurier et al.
found that a mutation in mef2ca dramatically elevates both the among-individual variance
and fluctuating asymmetry [56]. While not all mutations affect both the variance and the
mean (independently of statistical association of the mean and variance), it is clear that this
frequently occurs, supporting the view that canalization effects are real phenomena in need
of mechanistic explanation.

Another source of evidence for canalization is variable penetrance of mutations in natural
populations. Variable expressivity for genetic disease in humans is well known and has
received significant attention in recent years. Recent genomic work in humans has revealed
the remarkable number of variants associated with major disease that are present in
individuals who show no phenotypic effects of those diseases [57-59]. As part of their
Resilience Project, Chen et al search for mutations in 874 genes believed to cause 584
distinct severe Mendelian childhood disorders in an aggregated cohort of over 500,000
genomes. In total, they identified 13 candidate resilient individuals spanning 8 diseases [57].
The analysis of aggregated reference human data sets such as the Exome Aggregation
Consortium (ExXAC) (http://exac.broadinstitute.org/) which excludes individuals affected by
a severe pediatric disease provides a remarkable resource to explore genomic variation.
Taraillo-Graovac et al interrogated the Exac database for rare pathogenic disease variants
and found remarkably that 1,717 EXAC individuals (~2.8% of the EXAC population)
harbored disease-associated variants. When combined with the recognized high degree of
non-penetrance and highly variable expressivity of many rare diseases, these data do suggest
the presence of biological mechanisms that mitigate against the impact of high penetrant
mutations in humans.

4. Epistasis and Genetic Canalization

The effects of mutations often depend on genetic background. In a recent example using
mice, Percival et al. showed that the craniofacial shape effects of three mutations in Sprouty
genes, exhibit dramatically different shape effects when placed on three different inbred
backgrounds [60]. In one case, the same mutation had diametrically opposite effects on two
backgrounds. The Percival et al. study illustrates the broader significance of epistasis for
complex traits and its relation to canalization. Interactions with other genes or background
can alter the phenotypic effects of many, if not most, genetic variants. These epistatic effects
may be to modulate penetrance, but they can also change the direction of the effect, the
timing or locations of effects, or the range of pleiotropic effects [61, 62]. Epistasis is only
relevant to canalization when it involves modulation of the magnitude of phenotypic effect.
Although it is not known how frequently this occurs, it is likely to be quite common [62].
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But what does it mean to posit epistasis as a cause of canalization? As Roff [34] has argued,
the confounding of models and mechanisms has produced much confusion about
canalization. The relationship between epistasis and canalization illustrates this perfectly. By
Wagner’s [8] definition, genetic canalization is the suppression of the phenotypic effects of
genetic variation. In his formalization, the genetic variance of a trait depends on both the
frequency of the segregating alleles that influence it and the magnitudes of phenotypic effect
of those alleles. Genetic canalization involves modulation of those phenotypic effects. All
genetic canalization effects are attributable to epistasis in a quantitative genetic sense [63].
Yet large, population-level quantitative genetic effects are no assurance that underlying
biological interactions between genes and/or gene products are understood or can be
identified in individuals. To say epistasis explains genetic canalization in a mechanistic
sense is therefore to commit Roff’s sin of confounding a quantitative model with a
mechanistic explanation.

At the heart of this issue is the fact that quantitative genetics and developmental biology are
concerned with different kinds of questions and have different definitions of ostensibly the
same phenomena. While quantitative genetics is concerned with partitioning phenotypic
outcomes into cumulative, statistically-defined phenomena, developmental biology is
concerned with physical mechanisms such as specific molecular, cellular or tissue-level
interactions. While the genetics of a population of clones is singularly uninteresting, its
developmental biology may be fascinating. As a result, these fields produce different kinds
of explanations. Quantitative genetics defines most phenomena at the population level and is
fundamentally concerned with variation. The mechanisms of interest to developmental
biology occur in individuals and, at least under the current paradigm, variation is more often
a nuisance than a direct object of study. In genetics, epistasis is a statistical effect while in
developmental biology it is generally viewed as a mechanistic interaction between gene
products. The two versions of epistasis are linked conceptually but are not identical.

Canalization is a property of individuals that is almost always measurable only at a
population level [8]. In genetic terms, a genetic factor increases canalization if, all else being
equal, it reduces the phenotypic variance [35]. For genetic canalization, the influence of a
gene on the phenotypic effect of other genes is, by definition a case of epistasis. Genetic
variation in such effects could be described as differential epistasis. But does this mean that
epistasis fully explains genetic canalization? Not necessarily. Gene interaction effects /imply
nonlinear effects on phenotype. However, this is a statistical model of variation and not a
mechanistic description of actual physical interactions. Nonlinearities in development arise
in myriad ways (see pg 15 below). If we start from the assumption that the relationship
between some developmental factor and a phenotypic outcome is nonlinear, one can see that
additive effects on the developmental factor result in both variance heterogeneity and gene
interaction effects at the phenotypic level (Figure 3). This is demonstrated in the models of
Sean Rice [63, 64] where variance heterogeneity emerges as a consequence of nonlinear
genotype-phenotype maps. Similarly, genetic epistasis emerges as a consequence of
nonlinearities in developmental processes that are influenced by multiple genes. Thus,
depending on one’s perspective (genetic or developmental), epistasis can be seen as either a
cause or a consequence of canalization.
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5. Specific Mechanisms of Canalization

Mechanistic explanations for canalization have tended to fall into one of two categories. The
first involves specific molecular mechanisms that have evolved to buffer variation. The
second posits that canalization effects arise from embedded or emergent features of
development. These explanations are not mutually exclusive, but they do imply very
different views of biological systems.

5.1. Heat shock proteins and other molecular chaperones

Rutherford and Lindquist reported that perturbations to Hsp90, a heat shock protein resulted
in an organism-wide increase in phenotypic variation [20]. Based on this and related work,
Rutherford and others have argued for a general role for molecular chaperone proteins in
buffering phenotypic variation [19, 65, 66]. The rationale for this idea is compelling.
Chaperone proteins are involved in protein folding but are also implicated in stress responses
and in re-folding damaged proteins [67]. It is plausible that perturbations to such proteins
would impair stress response and increase the environmental variance as is demonstrated.
The influence of variation in heat shock proteins on phenotypic variation has now been
studied in a variety of systems. In Arabidopsis, Hsp90 is associated with variance
heterogeneteity for loci influencing several quantitative traits [68, 69]. The same has also
been shown for several different heat shock proteins in Drosophila [27], although other
studies have shown weaker effects [70]. Interestingly, in yeast, mutations to Hsp90 may
increase or decrease genetic canalization in a genotype-dependent manner [71]. In general,
however, there is good evidence that perturbations to heat shock proteins associate with
variance heterogeneity and modulation of environmental variance.

The problem with the idea that heat shock proteins are specific molecular mechanisms that
act as master regulators of canalization or “capacitors of phenotypic variation,” is not a lack
of evidence for their association with canalization. Rather, it is the abundant evidence that
such associations occur for many other genes involving many different pathways. Analogous
to chaperones, mutations in cohesins also appear to elevate variability. This makes sense
because disruptions to chromatid structure can produce widespread disruption of gene
expression. Random changes to gene expression and variable malformations in diverse
organs, for example, occur in Nipbl mutants, a model for Cornelia de Lange syndrome [72—
74]. A genome-wide increase in the variance of gene expression in mice also occurs as a
result of a mutation to BAF155, a chromatin remodelin protein [75]. In mouse craniofacial
development, varying degrees of effects on phenotypic variation are seen in a variety of
genes including Papps2, Fgf8, and Ap-2[76-78]. A similar increase in phenotypic variance
occurs in histone mutations in yeast [79]. Finally, genome-wide studies of variance
heterogeneity in Arabidopsisand Drosophila have identified multiple loci, but in genes
unrelated to molecular chaperones such as a copper transporter factor [80] and genes in
multiple other pathways [81]. These results might suggest that heat shock proteins have
buffering roles that are specific to particular environmental conditions or organismal
contexts and that there are other mechanisms that server other bufferering roles.
Alternatively they may suggest that the increased variance that results from perturbations to
these genes is an example of a more general phenomenon in development and that their
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association with canalization is reflective of their functional importance rather than their
specific role in buffering variation.

5.2 Methylation

Another mechanism proposed to modulate phenotypic variance is methylation [82, 83]. The
idea here is that regions of the genome are epigenetically differentiated in highly methylated
or completely unmethylated states, stabilizing the expression of genes in those regions. A
prediction from this hypothesis is that perturbations to genes that affect methylation patterns
such as methyltransferases would impact canalization. Suggestive evidence for this idea
comes from known cases of variation in penetrance to due variable methylation of IAP
retrotransposon sites, or “meta-stable epialleles” [84]. While the classic example of this is
the Agouti mouse [85], there are many other known cases. In A/\WysnJ mice, for example,
variable penetrance of cleft lip and reduced morphological integration is related to an I1AP
retrotransposon that influences Wnt9b expression [86—88].

A recent series of experiments by the Kimmel lab provides a fascinating example of this
phenomenon in zebrafish. They observed that a mutation in the mef2ca gene produced a
highly variable skeletal phenotype [56]. This gene is important in skeletal development and
is involved in regulating the choice between ligament and bone in the zebrafish craniofacial
complex. They determined that the penetrance of the mef2ca mutation was related to the
proportion of cells directed to each of those two fates and that the degree of penetrance was
heritable. In two lines that differed in penetrance, they determined that the heritable variation
in penetrance was associated with to differential methylation of a nearby retrotransposon site
that contains an enhancer for mef2ca [89]. This example is notable not just as an example of
methylation as a mechanism for canalization but also because it combines the two senses in
which Waddington used canalization and the epigenetic landscape — the reduction of
phenotypic variance on the one hand and the specification of cell and tissue fates on the
other.

5.3 MicroRNAs

MicroRNAs are small, non-coding RNAs that are involved in post-transcriptional regulation.
They are numerous and diverse, constituting 1-2% of plant and animal genomes [90, 91].
MicroRNAs may contribute to canalization by buffering protein levels against variation in
gene expression [92]. This may be particularly important for genes expressed in low and
consequently relatively more variable levels, which is true for many genes with important
development roles [93]. In a prominent example, Choi at al. [94] have revealed how
miR-430 dampens and balances protein levels for the Tgf-p agonist squintand antagonist
lefty in zebrafish. Also in zebrafish, loss of two miMRIs results in a two-fold increase in the
phenotypic variance for histomorphometric traits in vascular endothelium [95]. Similarly,
loss of miR-9 in Drosophila elevates phenotypic variation in the formation of sensory organs
and in the expression of several key genes [96]. This study also reveals that the miRNA
based regulation can produce a nonlinear relationship between mRNA and protein
expression.
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Clearly, it is plausible that microRNAs contribute to canalization. It is not known, however,
to what extent they contribute to variation in canalization within population or at longer
evolutionary time scales. Although recent work points to significant contributions by
microRNAs to variation in complex traits [97], such studies have yet to test for associations
with variance heterogeneity.

6. Emergent or Embedded Mechanisms

“It is important to realize that the comparatively simple orderliness of the
epigenetic landscape — its restricted number of values with their branching-points
and characteristic contours-is a property of a higher order dependent on an
underlying network of interactions which is vastly more complicated.”

Waddington, 1957, pg. 34-35

The alternative to specific evolved mechanisms that modulate canalization is that the
modulation of phenotypic variance occurs via emergent or embedded features of
development rather than specific, dedicated mechanisms. In this case, canalization of a
phenotypic trait is produced by the same genes and processes that underlie variation of that
trait. As suggested by the above quote, this appears to have been Waddington’s intuition
about the mechanisms of canalization. There are three lines of thought that fall into this
category. One deals with properties of networks or systems. Another deals with excess
production of proteins or other key resources in development and the third with the
implications of nonlinearity in development.

6.1 Network Properties

Waddington described development as consisting of complex systems in which processes
and interactions gravitated towards stable states [7]. In this, he appears to have inspired Rene
Thom and the development of catastrophe theory [98], which has been highly influential in
systems biology. Early attempts to model biological systems include the work of Stuart
Kaufman and Stuart Newman on Boolean networks [99, 100] that contributed to the
theoretical basis for gene regulatory networks [101]. How properties of systems resulted in
canalization was a prominent theme in this early work in systems biology.

The most straightforward way in which embedded features of developmental systems might
modulate variance is redundancy. As Soule [102] pointed out, variance of a process is a
function of the number of independent inputs into that process and the variances of those
inputs (Figure 4). In a process, such as growth, which depends on many (partially covarying)
component processes, altering the variance of the component processes will change the
variance of the ultimate outcome. For genes with redundant functions, null mutations might,
therefore, be expected to produce a viable but more variable phenotype. Conversely,
redundancy in gene function contributes to robustness to mutation in those genes [103, 104].
Exemplifying this effect, Morishita and Iwasa [105] show how multiple morphogen
gradients can serve to stabilize positional information in Drosgphila embryos. Here, multiple
gradients effectively average out the noise variances of each gradient. In yeast, Levy and
Siegal [106] showed that mutations to genes that are deeply embedded in interaction
networks but are not redundant with other genes tends to disrupt phenotypic robustness (or
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variance heterogeneity). Conversely, mutations to hub genes that have functional redundancy
with other genes tend not to affect robustness. This supports a role for functional redundancy
in buffering.

Antagonistic gene interactions or regulatory feedback loops are the other major way in
which network properties may contribute to canalization [99, 100]. Many examples of such
interactions or feedback loops are known. As argued by Geiler-Samerotte ef a/. [107] in this
volume, such interaction effects may have complex effects on the modulation of variance
with the same mutation dampening or increasing phenotypic variance depending on the
genetic context. In zebrafish, for example, the Schilling lab has shown how a feedback loop
involving five genes stabilizes the retinoic acid morphogen gradient involved in establishing
the antero-posterior body axis [108]. An obvious prediction from the regulatory feedback
hypothesis is that perturbations to regulatory interactions would disrupt canalization. This
prediction is nicely tested by Paulsen et al [109] in Xengpus. They show that negative
feedback between BAMB/and SMAD? stabilize BMP4 expression and that this, in turn,
modulates phenotypic variance. A second prediction of this hypothesis is that epistasis
contributes to variance heterogeneity. This is less well known, but epistasis has been
associated with variance heterogeneity in yeast [110].

There is clearly good evidence that at least some network properties predicted to influence
canalization do so in developmental systems. The current work in this area has only
scratched the surface, however. In particular, it has proven immensely difficult to incorporate
the role of interactions above the gene level, to paraphrase Waddington. Recent work
advancing the ability to measure and manipulate physical forces in development is one key
to this, but much needs to be done in order to incorporate cell and tissue-level phenomena
into the molecular interactomes that are currently the raw material of systems biology [111].
Much work, therefore, needs to be done for the systems biology of robustness to be
amenable to mechanistic explanation.

6.2 Heterozygosity

Lerner [112] argued that heterozygosity was the mechanistic basis for canalization. His
argument rested on the premises that fitness peaks tend to be close to population means, that
heterozygosity is greater at the mean than at phenotypic extremes, that inbreeding reduces
fitness and increases variability, and that extreme phenotypes tend to be homozygotes for
contributing genes. Much of this has subsequently been shown to be wrong. Empirical tests
of Lerner’s hypothesis about a relationship between robustness and heterozygosity have
shown weak and contradictory effects [113—-118]. The stronger effects in these studies, in
fact, point in the opposite direction and relate to changes in developmental stability and
phenotypic variance in hybrid zones [119-122]. Most importantly, for polygenic traits,
heterozygosity may not correlate with distance from the mean. Further, the reduction in
fitness towards phenotypic extremes is generally due to recessive homozygotes and not to
reduced heterozygosity [123]. However, Lerner’s thesis is not entirely without merit. In
humans, Inbreeding increases the prevalence and penetrance of recessive disease, is
associated with reduced birth weight and increased prevalence of birth defects [124]. It is
also associated with increased prevalence of complex genetic disease [125]. The correlation
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between of consanguinity or inbreeding and variance heterogeneity, however, is not known
and has not, to our knowledge, been addressed. Such a relationship would suggest a link
between individual-level homozygosity and canalization. However, this correlation would
likely be driven by the increased expression of rare, recessive variants than by some
systemic effect of heterozygosity, per se.

6.3 Nonlinearities in Development

Nonlinearity is ubiquitous in biology. Often this is ignored for methodological convenience
or theoretical necessity and not because the deviations from linearity are not of consequence
[126]. Variance heterogeneity as a general consequence of nonlinear genotype-phenotype
maps was shown by Sean Rice as part of his theoretical framework for integrating
development and quantitative genetics [63, 127]. More recently, Morissey [128] has
extended this theoretical framework for relating variation in development to phenotypic
variation when the underlying relationships are highly nonlinear. This theoretical work
shows that one consequence of nonlinearity in the mapping of phenotypic variation to
underlying determinants such as gene expression or cellular processes is the modulation of
phenotypic variation (Figure 5). This phenomenon has been suggested to be an explanation
for variation in robustness of developmental systems [54, 63, 78, 129]. Ramler et a/. have
also proposed this as an explanation for modulation of robustness across a range of
environmental conditions [130].

A closely related idea is the hypothesis that robustness derives from excess production of
proteins [131]. The idea here is that above some threshold, the amount of a critical protein is
sufficient and variation in protein level above this threshold will not affect the phenotype.
This is the same argument made by Sewall Wright’s when addressing developmental basis
of dominance [132]. This idea that excess developmental resources buffer against variation
is also the basis for the much studied but weakly supported contention that phenotypic
robustness decreases with nutritional stress [133, 134].

How does nonlinear mapping of gene expression to phenotype arise in development? This
occurs in many ways and at different levels of development. In 1910, Hill [135] modeled the
dissociation of oxygen and haemoglobin as a sigmoidal function The resulting Hill equation
is widely used to characterize receptor-ligand relationships, which are generally nonlinear
[136]. Transcriptional regulation involve feedback loops that can result in nonlinearity, and
this has been proposed to contribute to genetic canalization [137]. Translational regulation
may also be nonlinear as shown, for example, by the ribosome flow model [138]. Diffusion
gradients for a morphogen can be nonlinear and the effect of morphogens within such
gradients can have nonlinear effects because of their spatiotemporal patterning [139].
Nonlinearities can also arise at higher levels of mechanism. Zhang et a/’s multiscale model
of limb development [140], for example, generates nonlinear process to phenotype mapping
due to the nonlinear dynamics of cellular and tissue level processes.

These nonlinearities occur at different scales and by different types of developmental

mechanism (Figure 5). For nonlinearities to contribute to phenotypic robustness, their effects
must be preserved across levels of mechanism to influence the mapping of genetic variation,
gene expression or developmental processes to phenotypic variation. Our group has recently
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shown that this can occur [76]. Using a series of nine genotypes that vary in level of
expression for Fg78, a key gene for craniofacial development, we showed that the mapping
of gene expression to phenotype is highly nonlinear. Loss of over 50% of the wildtype
expression level is associated with minimal changes in phenotype while beyond this point,
the phenotypic effects are large and increasingly severe. We modeled the predicted effects of
this nonlinear gene-expression to phenotype map and found that the changes in phenotypic
variance across the allelic series match our predictions (Figure 6). This shows that
developmental nonlinearities can be preserved across the multiple levels of development to
modulate phenotypic robustness.

In the Fgr8experiment, we extended variation in Fgr8expression well beyond the range
expected in natural populations. This begs the question of how such nonlinearities evolve.
The local flattening of the gene-expression to phenotype around the wildtype could evolve
by stabilizing selection acting on gene-interaction effects [8]. For a single trait, such effects
are the same as variance heterogeneity or variance QTLs. If directional selection moves the
phenotype along the curve, the slope of the genotype-phenotype realized within the
population will change. This would alter heritability and, in turn, influence selection across
generations. The question of how stabilizing or directional selection influence variational
properties such as canalization has been an area of significant debate [141, 142]. Combining
quantitative genetic models and theory with experimental manipulation of actual genotype-
phenotype maps may provide answers to this important question.

7. Future Directions: Integrating Developmental Biology and Genetics

Recent years have seen a resurgence of interest in canalization and robustness. This
resurgence appears to be driven from several independent trends. One is the discovery of
new molecular mechanisms such as microRNAs and the resulting thought about their
potential roles [143]. Another is the search for explanations for the missing heritability in
complex traits [62]. A third is ongoing progress in systems biology that is leading
investigators to tackle increasingly complex, emergent properties in quantitative models
[144]. The resultant diversity of approaches and perspectives has advanced understanding of
robustness in biology. However, diversity, often originating in different disciplines, has also
created a situation reminiscent of the parable of the blind men and the elephant. Each tends
to be concerned with a particular aspect of the problem, making it difficult to contextualize
this progress in terms of a more general understanding of the mechanisms of canalization in
development.

One consequence of this problem is that the mechanistic explanations that have been
proposed for canalization are neither mutually exclusive nor conceptually distinct. The fact
that disruptions to heat shock proteins may increase variation is not inconsistent with
network properties or nonlinearities as explanations for canalization. In fact, both may apply
to the same trait. Further, some explanations deal with overlapping phenomena. Antagonistic
feedback loops and redundancies imply gene interaction effects and both are associated with
nonlinearities. MicroRNAs may influence robustness via feedback, nonlinearity and
redundancy. Heat shock proteins may influence robustness in a genetic-background
dependent manner, linking the chaperone hypothesis and epistasis [71]. We have argued that
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some of this confusion can be traced to the difference in perspective between genetics and
developmental biology and the resulting difficulty in translating concepts like epistasis from
one to the other. Just as important, though, is the sheer complexity of biological systems and
the myriad ways such systems might modulate the translation of genetic to phenotypic
variation.

If the mechanistic basis for canalization is tractable, successful explanation must involve
bridging across perspectives, mechanistic levels and expertise domains. Imagine the task of
explaining robustness in a simpler, designed system like a car instead of an evolved complex
organism. Some features, like shock absorbers might function to dampen specific
environmental influences (bumps on the road). Other features, such as the design of the
engine, ability to accelerate or turn or the skill of the driver might also contribute to
robustness to perturbations like unexpected traffic, weather conditions or the mechanical
failure of some component. These latter features are not separate from the integral design of
the car but no less relevant. Currently, systems approaches to canalization tend to represent a
particular phenomenological level, such as gene-regulatory networks. Although the need to
break out of this mold is recognized by leaders in that field [18, 111], and there are ongoing
efforts to place gene-regulatory networks into spatiotemporal contexts [145], this is very
difficult to achieve.

Another promising approach is to combine imaging, morphometrics and developmental
biology to study the quantitative origin of variation in development. The Fgf8and Shh
studies from our group are early examples of this approach [76, 146]. Here, the idea is to use
the genotype-phenotype map paradigm [147] to construct gene-expression to phenotype
maps in which multiple imaging, molecular and bioinformatic tools are used to
quantitatively relate variation across multiple levels of mechanism. This approach also
connects genetics and developmental biology in that it places a central focus on how
variation is transmitted across the developmental mechanisms that translate genotype to
phenotype. Recent advances in 3D imaging, particularly at the scale of whole embryos, and
the ability to measure phenomena such as mechanical forces at the cellular and tissue level
make this kind of approach increasingly promising [148-153].

Canalization is a fundamental property of complex organisms relevant to both evolutionary
biology and the genetics of complex traits. We have reviewed past and current thinking on
the mechanistic basis for this phenomenon. Canalization is unlikely to be due to a single
mechanism, even in a particular biological context. Rather, the modulation of variance likely
reflects the effects of multiple mechanisms, some of which might be specifically evolved to
restrict the range of phenotypic outcomes, while others are embedded or emergent features
of development. Understanding their relative contributions will depend on advances in
systems biology that allow for multi-scale integration of imaging and molecular data as well
as the development of theoretical models to make sense of the large and complex datasets
that such approaches generate. As such approaches develop and mature in coming years,
they are likely to enrich our understanding of the mechanistic basis for robustness. In so
doing, this work will significantly illuminate the developmental-genetics of complex traits.
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Figure 1. Environmental canalization and phenotypic plasticity
To illustrate the relationship between phenotypic plasticity and environmental canalization,

we simulated a trait varying across a norm of reaction in response to an environmental
effect. In each case, the phenotypic value is a function of the deterministic environmental
effect plus an random term that is isotropic and normally distributed. In A, the variance of
the random term is constant across the norm of reaction. However, a nonlinear relationship
between the environmental effect and the phenotypic outcome generates variance
heterogeneity across the norm of reaction. The downward modulation of variance across the
middle of the range is the canalization effect. In B, two genotypes are shown that differ in
the shape of the relationship between the environmental factor and the phenotypic outcome.
This also generates a differential modulation of phenotypic variance. In this case, there is
genetic variation in environmental canalization. In C, variance (the random term) increases
away from the mean environmental value. This might occur, for example, if the more
extreme environmental conditions are increasingly stressful, resulting in less stable
development. In all cases, the entire range of phenotypic effects possible under different
environmental conditions is the phenotypic plasticity. The shape of the curve that relates the
phenotype to the environmental condition is the norm of reaction. The differential
modulation of variance along and across these curves is environmental canalization.
Environmental canalization can vary due to genotype or environment.
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A) E10.5 C57BL/6J Wildtype

C) E11.5 B9d1-/-
Figure 2. Variation among isogenic mutant mice with the same genotype

MicroCT scans showing the front of the face of two different genotypes of embryos in

comparison to controls. A) 10.5 day Wildtype C57BL6J mouse embryos. B) Fgf8neo/-
(~80% loss) embryonic day 10.5 embryos (Green et al 2017). C) Examples of B9d1-/-
(null) 11.5 day embryos.
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Figure 3. Developmental nonlinearity and variance heterogeneity and epistasis
This schematic shows how additive variation in a developmental process produces non-

additive variation when that process has a nonlinear relationship to phenotypic outcomes.
The first column shows genotype-phenotype maps while the second column shows
phenotypic distributions by genotype. B and C show two of many possible two locus
models. Both generate variance heterogeneity and epistasis.
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Figure 4. Redundancy or Multiple Inputs and Canalization
In A, variation in a hypothetical trait is determined by variation in three processes that vary

independently of each other. The variance of the trait is lower than the variance of the
component processes because of the averaging effect of multiple inputs. If any of the
component processes are eliminated, such as might occur in a loss of function mutation for a
redundant gene, the variance of the trait is increased.
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A. General Model B. Gene Expression-Phenotype Maps and Canalization
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Figure 5. Developmental nonlinearity and phenotypic robustness
A) A nonlinear curve relating variation in a mechanism (e.g. gene expression) to phenotypic

outcome. The amount of phenotypic variation that corresponds to a constant amount of
variation in the mechanism is dependent on the slope at each point along the curve. B shows
an expansion of Lewontin’s Genotype-phenotype map in the first column and hypothetical
gene expression to process and gene-expression to phenotype curves in the second. The
number of levels is arbitrary in this example.
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Figure 6. The Fgf8 gene-expression phenotype map and robustness
A) Gene-expression to phenotype map for an allelic series of E10.5 mouse embryos that

vary in level of Fgf8expression. The hypothetical genotypes are null, loss of function (LF),
wildtype (WT) and overexpression (OE). This example shows a buffered range around the

wildtype although many shapes of such curves are possible.
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