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ABSTRACT

This is a commentary on how C.H. Waddington’s experiments in the 1950’s, first published in 1953 in a provocatively titled paper “Genetic assimilation of an
acquired character,” laid the foundation for the field of phenotypic plasticity, and how the ideas he developed eventually led to new ways of understanding
phenotypic robustness, plasticity, and how novel traits develop and evolve. The “acquired characters” that Waddington worked with were based on Goldschmidt’s
ideas of “phenocopies”: new phenotypes that develop after an environmental stress that resemble the phenotypes of known mutations. The idea behind genetic
assimilation, first outlined by Waddington in 1942, is that existing developmental pathways can be rearranged and redirected through selection to stabilize the
phenocopy phenotype, without requiring new mutations. In the short term, Waddington’s work led to the discovery of heat shock proteins and the role of Hsp90 in
masking defective proteins and allowing the accumulation of cryptic genetic variation. Subsequent studies revealed a host of stabilizing systems that operate at all
levels of biological organization that make phenotypes robust to genetic and environmental variation. Many of these resemble homeostatic mechanisms that don’t
require a stress shock but operate under normal physiological conditions and allow for the accumulation of large amounts of cryptic genetic variation. This cryptic
genetic variation can be revealed by mutations or environmental factors that destabilize a homeostatic mechanism. Selection can then act on the phenotypic variants
that are produced. This scenario corresponds to the modern phenotype-first hypothesis for the evolution of novel traits that was foreseen by Waddington as early as

1942.

Genetic assimilation is the process by which a novel or aberrant
phenotype that was initially induced by an environmental variable can
become genetically fixed in a population. The phenomenon was first
described by C.H. Waddington some 70 years ago (Waddington, 1953).
In the following decades this phenomenon was confirmed by others and
research began to focus on discovering the mechanisms by which such a
genetic adaptation could occur and the possible role of genetic assimi-
lation in the evolution of phenotypic novelty in general. This subsequent
research took several divergent paths. Among these were discoveries of
the roles of Hsp90 and a variety of homeostatic mechanisms in regula-
tory networks play in stabilizing phenotypes. The understanding of these
mechanisms led to the realization that genomes in natural populations
harbor large amounts of cryptic genetic variation that accumulates over
time, and that this genetic variation is the foundation for genetic
assimilation and the rapid evolution of novel phenotypes. This com-
mentary is a brief outline of the discovery of genetic assimilations and
how the consequences of a simple experiment, even today, continue to
expand our view of genetics, development and evolution.

Waddington subjected 21-23 h old pupae of a wild-type strain of
Drosophila melanogaster to a 40° C heat shock for 4 h and found that some
of the resulting adults had a crossveinless phenotype (Waddington,

1953). He bred flies with these phenotypes together and subjected the
next generation to a similar heat shock, selecting again for those that
expressed the crossveinless phenotype. After about 14 generations of
selection some flies showed the crossveinless phenotype even when not
exposed to the heat shock. Further selection resulted in a strain that
constitutively expressed the crossveinless phenotype when kept at a
constant 25° C. He referred to this result as the “genetic assimilation of
an acquired character.”

This purposely provocative phrase, did not imply any form of
Lamarckism but drew attention to an idea he had been developing for
over a decade and expressed clearly in a short opinion piece in Nature
(Waddington, 1942) in which he lays out the general theses that (1)
phenotypes are canalized (i.e. relatively insensitive to genetic and
environmental perturbation), and (2) that genetic as well as environ-
mental factors or disturbances can be equally effective at setting
development on a different trajectory. For the latter he cites Richard
Goldschmidt’s  idea  of  ”phenocopy”, referring to an
environmentally-induced phenotype which resembles that of a known
mutation (Goldschmidt, 1935). Waddington thus referred to his cross-
veinless phenotypes as phenocopies.

Waddington followed this 1953 study by assimilating the bithorax
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phenotype, using the same stress-response-selection protocol
(Waddington, 1956). To demonstrate that genetic assimilation did not
just fix aberrant or mutant phenotypes but could also fix ecologically
relevant phenotypes, or adaptations, Waddington exposed larvae of
Drosophila to near-lethal concentrations of sodium chloride and selected
for best survivors. This selection was repeated for 21 generations, with
increasing concentrations of salt each generation to maintain what he
called a roughly constant level of selection (Waddington, 1959). The
selected strains had developed much enlarged anal papillae and toler-
ated salt concentrations up to twice those of sea water. This result
suggested that adaptive evolution could occur rapidly without requiring
new (and rare) beneficial mutations.

An interest in the effect of environmental factors on phenotypic
development long preceded Waddington’s work. Particularly in Lepi-
dopteran color pattern studies there is a long tradition of giving tem-
perature shocks to larvae or pupae and finding that the aberrant color
patterns produced often resembled those of different geographic races of
the species, and occasionally those of closely related species (Merrifield,
1890, 1891; Nijhout, 1984; Serfas and Carroll, 2005; Mahdi et al., 2011).

Several biologists successfully replicated Waddington’s assimilation
studies (Bateman, 1959; Milkman, 1965; Mohler, 1965; Gibson and
Hogness, 1996). In time, both developmental biologists and evolu-
tionary biologists became interested in genetic assimilation. The former
because of an interest in the molecular mechanisms underlying the
heat-shock and stress responses, the latter because it provided a novel
and largely unexplored mechanism for phenotypic evolution.

1. Molecular mechanisms

Molecular studies of the heat-shock and stress response led to the
discovery of heat-shock proteins. Heat shock proteins were first identi-
fied as a class of proteins whose expression level increased dramatically
almost immediately after heat shock was applied (Ritossa, 1962;
Tissiéres et al., 1974). These proteins were subsequently shown to act as
chaperones, which attached to other proteins to protect them from
denaturation (Ellis and van der Vies, 1991; Santoro, 2000; Julio and
Carlos, 2005).

A mechanism by which heat shock proteins could produce the di-
versity of phenotypes characteristic of the phenocopy response after
heat stress was proposed by Mitchell and Lipps (1978). They suggested
that heat shock proteins, acting as chaperones, stop development by
virtue of their binding to proteins. Then, when the stressor is relieved,
proteins gradually become active again and development resumes. But
not all proteins become active at the same time, and as development
resumes some proteins do not activate in time, and this results in a
developmental defect. Some of these phenotypic defects resemble
known mutations, presumably in a gene coding for a protein that did not
re-activate soon enough to participate in normal development, hence a
phenocopy.

A different role for heat shock proteins in producing phenocopies,
that at the same time also enables genetic assimilation of a trait, was
revealed by the work of Rutherford and Lindquist (1998). They found
that mutations in Hsp90 in Drosophila produced a broad diversity of
phenotypes. Hsp90 recognizes certain conformational defects or in-
stabilities in proteins produced by mutations and binds to them,
blocking their activity. Thus, protein fold variants that could result in a
defective or altered function are masked by Hsp90. Mutations in Hsp90,
or treatment with geldanamycin, which specifically blocks Hsp90
function, unmasks these genetic variants and results in the development
of phenotypic defects caused by these mutations. They proposed that
Hsp90 effectively acts as a genetic capacitor, storing genetic variability
that accumulates over time and that can be released by mutations or
stressors that reduce or eliminates Hsp90 function. The accumulated
mutations without phenotypic effect are called cryptic genetic variation.
Rutherford and Lindquist did selection on several phenotypes produced
by defective Hsp90 and were able to observe partial genetic
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assimilations that fixed mutant phenotypes under normally-functioning
Hsp90 (Rutherford and Lindquist, 1998). The kinds of phenocopies and
other phenotypic effects produced by blocking Hsp90 activity depend on
the genetic background and precise time in development when the
stress-induced blockage occurs (Queitsch et al., 2002; Sangster et al.,
2008; Zabinsky et al., 2019).

2. Robustness and cryptic genetic variation

Phenotypes have evolved to be robust to a remarkable diversity of
genetic and environmental variation. In Waddington’s days this was
called canalization, which implies that a developmental trajectory be-
comes increasingly constrained and focused on a target phenotype.
Today we call it phenotypic robustness, which generally refers only to the
final product, not the process or pathway by which the stable phenotype
arose. Genetic assimilation produces a canalized phenotype, but this
does not imply that it is as robust as a naturally evolved and adapted
phenotype, which requires the additional evolution of genes and
mechanisms that eliminate deleterious side effects and that further
refine and stabilize the phenotype against genetic and environmental
perturbations.

Many different mechanisms have evolved that stabilize phenotypes,
and they operate at all levels of biological organization from the mo-
lecular to the organismal. These include mechanisms that stabilize
morphogenetic gradients (Eldar et al., 2002, 2004; Barkai and Shilo,
2009), feedback mechanisms in gene regulatory networks (Kwon and
Cho, 2007; Macneil and Walhout, 2011; Arcuschin et al., 2023), allo-
steric regulatory mechanisms in enzymatic and metabolic systems
including signaling pathways (Nijhout et al., 2004, 2018; Fritsche--
Guenther et al., 2011; Bliithgen and Legewie, 2013; Radisavljevic, 2013;
Li and Elowitz, 2019), and a host of homeostatic mechanisms in devel-
opment, metabolism and physiology (Schmidt-Nielsen, 1997; Hill et al.,
2022). Fig. 1 illustrates the general properties of a system regulated by
stabilizing and homeostatic feedback processes. At low input (or some
other causal value) there is a proportional response; at an intermediate
range of inputs the response stays constant; and at a high input the
response becomes proportional again. The intermediate flat region is the
homeostatic plateau where variation in input strength (or cause) has no
effect on the value of the response. This is not a steady-state plateau but
is dynamically maintained by other reactions in the system that rise or
fall to accommodate and neutralize the effects of varying input. Defects
in those regulatory systems can narrow, or tilt, or abolish the plateau.

An example is given in Fig. 2, which plots genotype phenotype

homeostatic

effect
plateau

phenotype
reaction rate
protein concentration

cause
genotype
environment
gene expression
enzyme activity

Fig. 1. Homeostatic plateau. The relationship between cause and effect in a
generalized homeostatic system. The x-axis represents a causal variable and the
y-axis a response variable. In a homeostatic system there is a region, the ho-
meostatic plateau, in which a response variable is independent from the value
of a causal variable. The value of the homeostatic plateau is often referred to as
a “set point.” The homeostatic plateau is a system property and is dynamically
maintained by other variables in the system that compensate for variation in the
causal variable.
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Fig. 2. Homeostasis in the OCM metabolic network. The surfaces are graphs of how a dependent variable, the z-axis, depends on variation in two causal variables
(the x- and y-axes). The causal variables are activities of CBS, MS and MTHFR. Change along the activity axes could be due to mutation in the gene for the enzyme or
in its cis or trans regulatory system, or it could occur downstream through changes in the allosteric regulation of enzyme activity, or by variation in essential co-
factors, or variation in support systems like scaffolds that regulate activity of enzyme clusters. All axes are normalized to wild-type values, so wild-type = 1. The
left column illustrates the “wild-type” landscape in which the phenotypes (the velocities of TS, the rate-limiting step in DNA synthesis, or AICART, an early step in
purine biosynthesis) have a broad homeostatic plateau and are relatively insensitive to variation in the two enzymes. The right column illustrates the effect of a
reduction in a regulatory feedback in the system, mediated by SmTHF (Nijhout et al., 2006b). The result is that the phenotypes are no longer buffered against
variation in the activity of the enzymes. Yellow dots show the position of the wild-type, white dots are at 70 % and 35 % of wild-type. (AICART, Phosphor-
ibosylaminoimidazolecarboxamide formyltransferase; CBS, cystathionine-p-synthase; MS, methionine synthase; MTHFR, methylenetetrahydrofolate reductase; TS,
thymidylate synthase, DNMT, DNA methyltransferase; 5mTHF, 5-methyltetrahydrofolate).

relations (Nijhout, 2008) in a fairly complex metabolic network: one
carbon metabolism (OCM). This network contains the folate and
methionine cycles, the rate limiting reaction for DNA synthesis (thy-
midylate synthase (TS), DNA methyl transferase (DNMT) that controls
DNA methylation, and glutathione (GSH) biosynthesis (the main
endogenous antioxidant). Failures in OCM are associated with birth
defects (spina bifida, anencephaly), various cancers (colorectal, breast),
cardiovascular disease, and psychiatric disorders. Because of its associ-
ation with many and diverse diseases this network has been excep-
tionally well-studied (Wagner et al., 1985; Ma et al., 1999; Trinh et al.,
2002; Curtin et al., 2004; Stover, 2004; Ulrich et al., 2005; Boyles et al.,
2006; Levine et al., 2010; Kennedy et al., 2012; Nazki et al., 2014), and
accurate mathematical simulation models have been developed (Nijhout
et al., 2004, 2006a, 2009; Reed et al., 2006; Ulrich et al., 2008; Neu-
houser et al., 2011). This network is stabilized by a large number of
feedback mechanisms that ensure that critical reaction rates and

metabolite concentrations remain within a narrow range in spite of
significant genetic and environmental variation (Nijhout et al., 2004,
2006b, 2008, 2014, 2018; Reed et al., 2010, 2015, 2017; Duncan et al.,
2013, 2018; Nijhout and Reed, 2014).

Figs. 2 and 3 show phenotypic landscapes: graphs of the dependence
of a variable in the OCM system (z axis) on the activity of two enzymes (x
and y axes). This activity depends on both genetic and environmental
factors that affect expression level of the gene for the enzyme, the
presence of cofactors and allosteric regulators, and mutations that affect
the efficacy of the enzyme. The location of wild-type activity is shown by
the yellow dot. The white dots show activities that are 70 % and 35 % of
wild-type. This is a common range of activities of mutations that are
phenotypically wild-type but are also statistically associated with rare
altered phenotypes in this system (Nijhout et al., 2017, 2018).

The relatively flat regions of the landscape, normal to the z-axis, are
the regions where homeostatic mechanisms work to stabilize the
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Fig. 3. Phenotypic landscape of the velocity of the TS reaction (the rate-limiting step in DNA synthesis) as a function of activity of MTHFR and GNMT. A, wild-type
conditions. Yellow sphere indicated wild-type; white spheres are mutations that lower the activity of the enzymes to70 % and 35 % of wild-type. B, vitamin B;5
deficiency (which lowers the activity of MS). A B, deficiency destabilizes the TS reaction and the effects of mutations that increase TS activity are enhanced. (GNMT,
glycine-N-methyltransferase; MTHFR, methylenetetrahydrofolate reductase; TS, thymidylate synthase).

phenotype. These regions can be quite large and cover a large range of
variation in gene/enzyme activities. These are the regions where
mutational variation can accumulate without having an effect on the
phenotype. In effect, cryptic genetic variation.

These homeostatic regions are the product of the many regulatory
interactions in the system. Fig. 2 shows that reducing one of these (the
allosteric effect of 5SmTHF on a handful of enzymes) changes the level
and slope of the landscape, so that previously phenotypically neutral
genetic variants now have an effect on the phenotype.

These stabilizing mechanisms are not static or passive, but, like ho-
meostatic mechanisms in physiology, they are dynamically active and
adapt to changes in gene expression and environment. Thus, unlike
Hsp90, which masks protein variants, the homeostatic robustness
mechanisms keep the defective gene products active but make them
irrelevant to the value of the phenotype, whose properties are regulated
by a host of feedback and feedforward interactions within the regulatory
network.

These diverse evolved mechanisms stabilize phenotypes and make
them robust to genetic and environmental variation. Homeostatic
mechanisms are dynamic entities, that control numerous processes that
ensure that a target phenotype reaches a particular setpoint. These ho-
meostatic properties are probably what gives development and regen-
eration the appearance of goal-directedness and help explain the valleys
in Waddington’s epigenetic landscape metaphor (Waddington, 1957).

Robustness of a particular phenotype dissociates that phenotype
from variation in the genes that contribute to its function and devel-
opment. Because natural selection only acts on phenotypes, mutations in
those genes will not be visible to natural selection and will therefore
accumulate over time as cryptic genetic variation.

When this cryptic genetic variation is revealed by a genetic or
environmental factor that destabilizes a robustness mechanism it can
lead to the evolution of novel phenotypes as well as the evolution of
alternative control mechanisms. It is possible also that cryptic genetic
variation enables developmental systems drift: changes in, and diver-
gence of, morphogenetic and regulatory mechanisms of homologous
characters over evolutionary time (True and Haag, 2001).

As we will see in the sections that follow, although phenotypic
robustness and the associated accumulation of phenotypically neutral
cryptic genetic variation have enabled genetic assimilation, the route is
via phenotypic plasticity. Phenotypic robustness and plasticity may at
first glance seem to be opposite and even contradictory biological phe-
nomena, they easily and commonly coexist for the simple reason that
robustness is never perfect and often relies on dynamic regulatory pro-
cesses that can evolve, as in the case of developmental systems drift, and
can also be affected by environmental factors. Moreover, alternative
environmentally-induced plastic phenotypes can become stabilized and
robust, as in the case of polyphenisms.
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3. Phenotypic plasticity and robustness

Today, Waddington’s phenocopies occupy but a small corner in what
has grown to be the much broader field of phenotypic plasticity that
developed during the half century following Waddington’s seminal
work. Broadly defined, phenotypic plasticity is any change in phenotype
that is caused by an environmental variable. Despite a general robust-
ness to environmental variation, most traits exhibit plasticity to various
degrees. Phenocopies are at one extreme of the plasticity spectrum, and
are generally thought of as large, abrupt, and often pathological non-
adaptive phenotypic changes due to an environmental stress. Early
research on phenotypic plasticity identified so called “norms of reac-
tion” which are gradual and systematic changes in a phenotype that are
due to systematic changes in an environmental variable such as tem-
perature or nutrition (Schlichting and Pigliucci, 1998). Reaction norms
have been of interest in evolutionary ecology because the phenotypes
are not pathological but are viable alterations in phenotypes that have
the potential of being adaptive in certain environments (Pigliucci et al.,
2006; Schlichting, 2008).

A common form of reaction norm is allometry, the changes in the
relative sizes of body parts with changes in overall body size. Body size
and shape change during development, and those relationships among
parts are described as ontogenetic allometries. The final adult body sizes
and shapes of most species can vary considerably, producing so-called
static allometries (Bertalanffy and Pirozynsky, 1952; Cheverud, 1982;
Gayon, 2000; Shingleton et al., 2007; Pelabon et al., 2013). The devel-
opmental causes of allometry have been studied in the context of dif-
ferences in the relative growth of body parts, or of the different
components or dimensions of a body part such appendages, the head,
and internal organs (Huxley, 1932, 1950; Miller and German, 1999;
Reichling and German, 2000; Shingleton and Frankino, 2018). Some
allometries are adaptations, such as the disproportionate increase of
rhinoceros beetle horns with body size (Emlen and Nijhout, 2000, 2001;
Moczek et al., 2002; Lavine et al., 2015; McCullough et al., 2015), or the
disproportionate increase of head size with body size in soldier ants
(Wheeler, 1991; Urbani and Passera, 1996; Rajakumar et al., 2018;
Nijhout, 2019).

Reaction norms have both genetic and environmental components in
the sense that genes affect the degree of sensitivity to the environmental
gradient and the type of phenotypic responses that are produced
(Schlichting and Pigliucci, 1998; Oostra et al., 2010; Ergon and Ergon,
2017). The evolution of reaction norms would then be due to evolution
of the genetic processes that mediate between the environment and the
phenotypes. An example can be visualized in Fig. 3. The enzyme
methionine synthase (MS) requires vitamin Bj, (cobalamin) as an
essential cofactor. Reduced Bj3 levels lower the activity of the enzyme
and have the same effect as mutations that lower its expression or
enzymatic activity. Vitamin By is an environmental factor and must be
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obtained from food or the microbiome. Thus the effect of variation along
the MS axis in Fig. 2 can also be interpreted as a reaction norm to
vitamin Bq levels.

4. Polyphenisms: Combining plasticity and robustness

Reaction norms that have 2 different adaptive phenotypes in 2
different environments may have led to the evolution of polyphenism.
Polyphenism are widespread in animals and plants and are manifest as
discrete alternative phenotypes that develop when exposed to different
environmental stimuli. The most widespread are seasonal polyphenisms,
in which animals develop different phenotypes in different season of the
year. Mating plumages in male birds and antlers in deer are examples of
seasonal polyphenisms in vertebrates. In insects, which typically have
life cycles that are shorter than a year, the generations that develop in
one season can look dramatically different from those that develop in
another. Sometimes the phenotypes are so different that they were
initially described as different species (Nijhout, 1991, 2003). Castes in
social insects (workers, soldiers, queens) are polyphenisms, as are the
winged and wingless forms of many Homoptera such as aphids and
planthoppers (Braendle et al., 2006; Hardie, 2010; Xu et al., 2015; Lin
etal., 2016; Vellichirammal et al., 2017). Metamorphosis can be thought
of as a sequential polyphenism, with highly adapted canalized larval
phenotypes that can differ in profound ways from the canalized adult
phenotypes (e.g. maggot and fly, caterpillar and butterfly, tadpole and
frog) in which an environmental signal such as nutrition or photoperiod
triggers an endocrine cascade that leads to metamorphosis: the devel-
opmental switch from one adaptive phenotype to another.

Polyphenisms exemplify a coexistence between phenotypic plasticity
and robustness. The ability to develop alternative phenotypes in
response to different environmental signals is a plastic response, but the
alternative phenotypes are highly canalized and robust.

The link between the environmental signal and the initiation of
alternative developmental pathways in polyphensims is mediated by
hormones. In general, the brain perceives the relevant environmental
signal such as temperature, photoperiod, nutrition, crowding or phero-
mones, perceived by the relevant sense organs. This information is in-
tegrated by the brain over time during a prolonged sensitive period to
ensure that the signal is consistent (Smith, 1991; Rountree and Nijhout,
1995; Kooi and Brakefield, 1999). The integrated information then al-
ters the pattern of hormone secretion via the neuroendocrine system of
the brain. In insects the terminal hormones are 20-hydroxyecdysone
(20E) and juvenile hormone (JH). Both these hormones bind to nu-
clear receptors and control gene transcription. The physiological control
of polyphenic development by hormones occurs during relatively brief
and tissue-specific hormone-sensitive-periods, when receptors for the
hormones are present (Nijhout, 2003). The exact pathway by which the
hormone-stimulated pattern of gene expression causes a switch to an
alternative developmental pathway is, at present, not well understood,
but significant progress is being made in wunraveling the
molecular-genetic underpinnings of a polyphenic developmental switch
in the nematode, Pristionchus pacificus (Wighard and Sommer, 2024),
which may serve as a model for other systems as well.

5. Genetic assimilation and plasticity

As foreseen by Baldwin (Baldwin, 1896, 1902), genetic assimilation
cannot only canalize and fix a new phenotype, it can also stabilize
phenotypic plasticity and produce a polyphenism. The moth, Manduca
quinquemaculata, has a green/black larval polyphenism, with black
larvae developing in the autumn, and green larvae at other times.
Manduca sexta, by contrast, only produces green larvae, independent of
environmental conditions. There is, however, a recessive mutation that
makes M. sexta larvae black in the last larval instar (Safranek and Rid-
diford, 1975). The black color is due to a lower level of JH during the
molt to the last larval instar, and the wild-type green phenotype can be
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rescued by simple treatment with JH (Truman et al., 1973). When the
black mutant strain was heat-shocked during a brief sensitive period of
the fourth larval instar, the fifth instar developed a range of color phe-
notypes from normal pure black to nearly wild-type green. Selecting the
greenest and blackest larvae separately and repeating the experiment we
were able to produce, after 13 generations, one strain that was green at
temperatures above 28.5 °C, and black at lower temperatures, plus a
strain that was black at all temperatures (Suzuki and Nijhout, 2006,
2008). This was done without using temperature shock or other kinds of
stress, but simply by exploring a phenotypic plasticity that was revealed
by the enabling black-larva mutation. Selection thus assimilated a
canalized black phenotype and a plastic, temperature-dependent
polyphenism.

6. Consequences of plasticity and robustness for phenotypic
evolution

The most remarkable thing about genetic assimilation is how fast it
can occur. A new phenotype can become fixed after only a dozen or so
generations of selection. The rapidity of the response to selection, and
the fact that the response is gradualistic, makes it unlikely that the fix-
ation of a new phenotype involved new mutations. This in turn implies
that the new phenotype arose by reconfiguring existing developmental
and regulatory networks, using existing genetic variation.

Plasticity and robustness both degrade the correlation between ge-
netic variation and phenotypic variation. In robust systems mutations
can accumulate on a homeostatic plateau (as in Figs. 2 and 3) as cryptic
genetic variation. In plastic systems environmental effects override ge-
netic effects on the phenotype and likewise allow for the accumulation
of selectively neutral mutations.

Populations of animals and plants must therefore harbor huge
amounts of cryptic genetic variation that has been accumulating for
eons. Really bad mutations that cannot be masked by homeostasis and
other robustness mechanisms will obviously be eliminated by natural
selection, but the remainder will persist, masked from selection, until an
event, a mutation or an environmental shift, somehow disrupts a
phenotypic stabilizing mechanism so that now some of the cryptic var-
iants can have an effect, altering the phenotype.

This insight has significant implications for our understanding of
how phenotypic evolution occurs. Although this insight is relatively
recent, it was actually foreseen, or at least hypothesized, by Waddington
in his 1942 opinion piece cited above (Waddington, 1942).

It is worth quoting the concluding paragraph at length, to illustrate
how insightful and prescient it actually was, although it took most of our
community almost 60 years to catch up with this idea.

“Summarizing, then, we may say that the occurrence of an adaptive
response to an environmental stimulus depends on the selection of a
suitable genetically controlled reactivity in the organism. If it is an
advantage, as it usually seems to be for developmental mechanisms,
that the response should attain an optimum value more or less
independently of the intensity of stimulus received by a particular
animal, then the reactivity will become canalized, again under the
influence of natural selection. Once the developmental path has been
canalized, it is to be expected that many different agents, including
number of mutations available in the germplasm of the species, will
be able to switch development into it ; and the same considerations
which render the canalization advantageous will favour the super-
session of the environmental stimulus by a genetic one. By such a
series of steps, then, it is possible that an adaptive response can be
fixed without waiting for the occurrence of a mutation which, in the
original genetic background, mimics the response well enough to
enjoy a selective advantage.”

This idea is echoed by what today we call phenotype-first evolution
that stands in contrast to the commonly held view of mutation-first
evolution of new traits. The standard model is that new traits arise by
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a fortuitous, and rare, mutation that produces a trait that improves
fitness. That mutation has to be dominant, or the phenotype would
disappear in the next generation. This is followed by the accumulation of
equally rare mutations that then gradually improve and refine the new
phenotype. How often such rare and favorable mutations occur is any-
one’s guess. Evolutionary biologists who model the evolution of new
traits typically start with the assumption that such a mutation already
exists and model the mechanisms by which it spreads through a
population.

Phenotype-first evolution poses that new phenotypes arise from
existing cryptic genetic variation when robustness mechanisms are
disrupted. This disruption can be through a mutation in some part of a
mechanism that stabilizes phenotypes, or an environmental change that
alters the dynamics of a robustness mechanism. In the latter case, if the
altered phenotype improves fitness given the environmental change,
and if the environmental factor persists for generations, then there will
be selection to stabilize and improve that new phenotype in the new
environment (West-Eberhard, 2003). Basically, this is genetic assimila-
tion. If we also include the assimilation of plasticity in polyphenism, and
the further elaboration, refinement, elimination of deleterious
side-effects and stabilization of the trait, then it is called genetic accom-
modation (West-Eberhard, 2003, 2005). Laboratory experiments have
shown that the evolution of a new stable phenotype can occur extraor-
dinarily rapidly, requiring only a dozen or so generations of strong se-
lection, and no new mutations.

7. Afterword

Genetic assimilation of an environmentally induced novel trait de-
pends on cryptic genetic variation. Genetic assimilation does not require
the induction of a phenocopy by a sub-lethal environmental stressor.
Gentler disturbances such as a macro- and micronutrient deficiencies,
plant secondary substances (and other toxins in food), temperature
gradients and endocrine disruptors, are only a few of the kinds of
environmental variables that can alter the effectiveness of a robustness
feedback mechanism, release cryptic genetic variation, and result in
phenotypic variation. Based on the rapidity with which a new trait can
become fixed by artificial selection, it appears that new mutations are
not required. New mutations can play a role, however, if they destabilize
a homeostatic mechanism.
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