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The evolvability of animal body plans is limited. For instance, strong constraints exist against evo-
lutionary change of early organogenesis, also called the phylotypic stage. Most of the body plan is
usually laid out during this stage, and as a consequence, its conservation is implicated in the con-
servation of body plans. Two hypotheses have been proposed to explain the strong conservation of
the phylotypic stage. One states that the conservation reflects a strong interactivity between devel-
opmental modules, so that mutations would have many pleiotropic effects, resulting in stabilizing
selection against the mutations. The other states that, at least in insects, the conservation is caused
by the robustness of a centrally important organizer gene network against mutational changes. 1
describe how the empirical and theoretical support for the robustness hypothesis is weak, but it is
strong for the pleiotropy hypothesis. This highlights the importance of developmental modularity
for evolvability. Finally, I discuss how an ancient metazoan constraint on the division of differenti-
ated cells causes the early loss of pluripotentiality of cells. Consequently, the layout of the body
plan occurs early, when the embryo is small, and the number of inductive interactions is too limited
to allow for effective developmental modularity. Hence, this constraint on simultaneous cell division
and differentiation causes another constraint: The one against changes of the phylotypic stage and
of the body plan traits that are determined at these stages.

16.1 Introduction: Limited Evolvability of Phylotypic Stages
and Body Plans

Evolution has produced an astonishing array of organisms, yet early stages of organogenesis
in animals have been remarkably conserved across many higher taxa (figures 16.1 and 16.2;
Medawar 1954; Seidel 1960; Ballard 1981; Sander 1983; Raff 1994; Gilbert 1997; Hall 1997).
Furthermore, most of the body plan traits that are determined during these stages have
been conserved. Evolution, thus, appears to be subject to constraints and there are limits
to the evolvability of body plans. These conserved early organogenesis stages, at which
the morphological and genetic similarity appears to be greater than at earlier or later stages,
are usually called phylotypic stages. During these phylotypic stages most of the body plan
is laid out. Sander (1983) introduced the term phylotypic stage as an alternative to the
terms Korpergrundgestalt of Seidel (1960) and phyletic stage of Cohen (1977). Since then,
the term has not only been applied to phyla, but also to other higher taxa, for example, to
the class of insects (Sander 1983; Sander and Schmidt-Ott 2004).
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Figure 16.1
Early organogenesis stages are very similar in crustaceans. Nauplius stages in (A) Cyclops, (B) Cirripedia species
(from Claus and Grobben 1917).

Figure 16.2
Early organogenesis stages in vertebrates are more similar than earlier or later stages. Especially in amniotes,
the similarity is striking. Pharyngula stage in (A) Lacerta and (B) human (from Keibel 1904 and 1908).
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Von Baer (1828) was the first to hypothesize that the constraint against evolutionary
changes of these stages might be caused by the negative cascading consequences of early
changes (pleiotropic effects), with later stages having fewer cascading consequences.
Although this proposed constraint is undoubtedly real (Buss 1987), its importance is chal-
lenged by the existence of considerable variation in the embryonic stages before early
organogenesis, cleavage, and gastrulation (Seidel 1960; Sander 1983; Gilbert and Raunio
1997; Galis and Sinervo 2002). Sander (1983) already pointed out that the stages preceding
the phylotypic stage are highly variable, but that thereafter, the developmental pathways
converge (see also Seidel 1960). The larger variability of the earlier stages is not always
immediately apparent, as there are striking cases of morphological similarity that result
from convergent or parallel evolution (Buss 1987; Gilbert and Raunio 1997; Hall 1999;
Galis and Sinervo 2002). The morphological similarity is reflected in similarity of gene
expression patterns (Levin et al. 2016). Similarity is almost unavoidable in the early devel-
opmental stages, because of the complete reset of the organism at the initial single-celled
stage (Galis and Sinervo 2002, Galis et al. 2018). Only a limited number of permutations
is possible in embryos with a few, not yet differentiated cells. Further reasons for similarity
of cleavage and gastrulation are caused by convergent locomotory and nutritional adapta-
tions plus maternal attempts at dictating offspring features (reviewed in Buss 1987). A
good example of remarkable convergence is cleavage and gastrulation in the yolk-rich
embryos of cephalopods, fishes, reptiles, and birds, because yolk impedes cleavage and as
a result, the embryo develops as a disk on top of the yolk (figure 16.3). Yet, despite often
remarkable similarity, within phyla and classes the processes of cleavage and gastrulation
are far more diverse than is the end product of gastrulation: the beginning of the phylotypic
stage. For instance, cnidarians have seven different types of gastrulation (Gilbert and
Raunio 1997). In insects, there are drastic differences in gastrulation between short, inter-
mediate, and long-germ-band insects, poly-embryonic wasps being even more derived
(Grbi¢ 2000). Within teleosts and mammals, gastrulation is also highly variable (Collazo et al.
1994; Viebahn 1999). Yet, at the end of gastrulation, the developmental pathways converge,

Figure 16.3

Convergence of cleavage stages. Cleavage of the embryo on top of the yolk, as yolk impedes cell division (meroblastic
cleavage), in (A) the cephalopod Loligo pelalei (after Claus and Grobben 1917) and (B) in the longnose gar
Lepisosteus osseus (after Balfour 1881).
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gastrulae invariably have no more than two or three germ layers, and the organ systems
emerging from the germ layers are similarly conserved (e.g., skin and nervous system arise
from ectoderm and the digestive system from endoderm; Hall 1999). A key outcome of
the process of gastrulation is that sheets of cells come into contact with each other, enabling
the conserved embryonic inductions that are essential for the organization of the body plan
at the phylotypic stage. These inductions between adjacent cell populations appear to form
a severe spatiotemporal constraint on the outcome of gastrulation, which is the starting
point of the conserved phylotypic stage (Galis and Sinervo 2002; Zalts and Yanai 2017).

In contrast to the strong conservation of the phylotypic stages within phyla or classes, these
stages differ dramatically between phyla and classes (see below for a discussion). The
segmented germ-band stage in insects, the nauplius stage of crustaceans, and the neurula/
pharyngula stage in vertebrates are examples of this diversification (cf. figures 16.1 and 16.2).
Nonetheless, what all these stages have in common is that they start at the end of gastrulation
and that most of the body plan is being laid out during this part of development.

16.2 Pleiotropy Proposed as the Cause of the Conservation
of Phylotypic Stages

Sander (1983) hypothesized that the evolutionary conservation of the phylotypic stages in
animals is caused by pleiotropic effects resulting from strong interactivity between devel-
opmental modules. Raff (1994, 1996) proposed a similar hypothesis to explain the pre-
sumed strong stabilizing selection against evolutionary changes influencing the phylotypic
stage: The web of intense interactions among organ primordia of the embryo at this stage
causes any small mutational change to lead to many pleiotropic effects elsewhere in the
embryo, thus reducing the chance of a favorable mutation. Raff further argued that at
earlier stages, fewer inductive interactions occur, as there are not yet organ primordia, and
thus fewer pleiotropic effects (although changes may still affect the entire embryo). At
later, larger, stages there are many more inductive interactions, but they take place within
semi-independent modules (e.g., limbs, the heart); hence changes will usually be limited
to a smaller part of the embryo. The hypotheses of Sander (1983) and Raff (1994, 1996)
both see the high connectivity between developmental modules as the major cause for
conservation. This high connectivity causes mutations to have many pleiotropic effects,
which will have cascading consequences as development proceeds (von Baer 1828; Buss
1987). The strong connectedness of modules implies an easily destabilized network of induc-
tive events, with low effective robustness and low effective modularity. Because pleiotropic
effects during embryogenesis are generally disadvantageous (Hadorn 1961; Wright 1970),
strong stabilizing selection against mutational variation ensues. In this scenario, conservation
is a consequence of consistently strong selection against mutations via their pleiotropic effects
(pleiotropic constraints; Hansen and Houle 2004; Galis et al. 2002, 2018). These hypoth-
eses support ideas about the importance of modularity (the existence of semi-independent
units in organisms as a condition for evolutionary change; e.g., Lewontin, 1978; Bonner
1988; Galis 1996; G. Wagner and Altenberg 1996; Galis and Metz 2001; Galis et al. 2002;
Schlosser 2002; Mitterocker 2009; Armbruster et al. 2014). Developmental modularity
limits the effects of mutational changes to only part of the organism, thereby greatly reduc-
ing the probability that advantageous changes are associated with adverse pleiotropic
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effects elsewhere. It is thus the lack of developmental modularity that is hypothesized to
be the cause of the limited evolvability of phylotypic stages.

16.3 Robustness as an Alternative Cause for the Conservation
of the Phylotypic Stage

Von Dassow and Munro (1999) proposed an alternative hypothesis to explain the conser-
vation of the phylotypic stage in insects (the segmented/extended germ-band stage) that
is diametrically opposite to the pleiotropy hypothesis from Sander and Raff (Galis et al.
2002). Here, the robustness of a centrally important organizer gene network and module,
the segment polarity gene network, is hypothesized to be causally involved in the conser-
vation (figure 16.4). Hu et al (2017) also mention the robustness of gene networks as a
possible cause for the conservation of phylotypic stages in vertebrates, although their
major conclusion is that pleiotropic constraints appear to be involved.

This robustness hypothesis implies strikingly different roles for modularity in evolution
than does the pleiotropy hypothesis of Sander and Raff (see table 16.1), that is, constrain-
ing rather than facilitating evolutionary change (Galis et al. 2002).

Von Dassow and Munro (1999) proposed that conservation of the segment polarity network
occurs despite accumulation of genetic changes, as these changes have little phenotypic
effect and mainly lead to hidden variation (von Dassow et al. 2000; von Dassow and Odell
2002). Hence, the robustness of the segment polarity network in each segment is proposed
to provide a buffer against phenotypic effects of mutational changes of the segmented
germ-band stage. In robust gene networks, by definition, developmental noise and muta-
tions do not lead to clear phenotypic effects, because gene interactions neutralize perturba-
tions and in particular make mutations recessive (Gibson and G. Wagner 2000; A. Wagner
2000).

16.4 Evaluating Pleiotropic Constraints and Robustness

The modeling of the robustness of the network by von Dassow and colleagues is valuable,
but what matters here is whether robustness can cause long-term conservation. Although it
is not possible to directly test these hypotheses about the evolutionary past, they can be tested
indirectly, as they lead to very different predictions for mutations affecting the phylotypic
stage (table 16.1). The robustness hypothesis proposes that mutations will have minimal
phenotypic effects and mainly produce hidden, or cryptic, variation (i.e., phenotypically
similar, but genotypically different), whereas the pleiotropy hypothesis proposes that the

Table 16.1
Predictions of the robustness and pleiotropy hypotheses
Pleiotropy hypothesis Robustness hypothesis
Genetic mutational variation Visible at the phenotypic level Hidden
Direct phenotypic effects Potentially large Small
Dominance of direct effects Haplo-insufficiency possible Recessivity, or near recessivity

Pleiotropic effects Many Few
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Figure 16.4

Robustness and effective modularity. (A) Robustness. When a parameter is changed in a robust genetic network,
the resulting phenotype does not change (in this case illustrated with the concentration of the organizing morphogens
Wingless (WG) and Hedgehog (HH) in the cells of the ectoderm of Drosophila during the segmented germ-band
stage.) (B) Effective modularity. Modules are discernible and discrete units in large genetic networks that have
some autonomy and a clear physical location (Raff 1996). These modules can differ in the amount of connectedness.
Low connectivity (i.e., few connections having small effects) implies high effective modularity. High connectivity
implies low effective modularity (from Galis et al. 2002).
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phylotypic stage is vulnerable to mutational change and that mutations will have large
deleterious effects.

16.4.1 Phylotypic Stage in Drosophila: Importance of Pleiotropy

When evaluating the empirical evidence for these hypotheses in Drosophila, Galis et al.
(2002) found little support for effective robustness of the segment polarity gene network (or
other gene networks active during the stage) against mutational change acting on the phylo-
typic stage. Small changes in the position, shape, and intensity of segment polarity stripes
lead to dramatic phenotypic effects, so that the system does not appear robust. The organizer
function of segment polarity and other regulatory genes causes mutations in these genes
generally to result in a cascade of pleiotropic effects. This pleiotropy is not surprising, as
during this stage, the segment polarity genes are, together with Hox and other genes, involved
in the specification and early differentiation of virtually all organ primordia and the patterning
of drastic morphogenetic events (e.g., germband retraction, dorsal closure, and head involu-
tion). Many auto-regulatory and cross-regulatory interactions provide feedback on the input
of the segment polarity gene network, further lowering the robustness and modularity of this
gene network. Consequently, phenotypic effects of mutations with an effect on the segment
polarity network (and more generally on the phylotypic stage) are severe and include many
cascading pleiotropic effects. The severe phenotypic effects of even weakly hypo-morphic
mutations illustrate the observation of Lande et al. (1994) that mutations of small, nearly
additive effects are usually expressed relatively late in development, whereas lethal muta-
tions are usually expressed early (see also Hadorn 1961; Wright 1970).

Although extremely strong selection for the robustness of early organogenesis undoubt-
edly occurs, given the deleteriousness of most mutations affecting that stage, the number
of interactions involved in the morphogenetic patterning is probably too limited to prevent
substantial and global interactivity between developmental modules (Galis et al. 2002).

16.4.2 Phylotypic Stage in Mammals: Importance of Pleiotropy

Teratological data on rodents strongly support the pleiotropy hypothesis for the vertebrate
phylotypic stage: Early organogenesis was found to be more vulnerable to disturbances
than earlier or later stages, as disturbances caused more abnormalities and lethality (Galis
and Metz 2001). The interdependent pattern of the numerous induced abnormalities (pleio-
tropic effects) indicates that the high interactivity and low effective modularity is the root
cause of the vulnerability of this stage. The vulnerability, thus, is not due to a single
vulnerable process (e.g., neural tube closure), as is the case for the vulnerability of cell
divisions during the cleavage stage (Galis et al. 2018); instead, it is due to the global
interactivity during the stage. Indeed, in rodents and humans, almost all major congenital
abnormalities find their origin in disturbances of the phylotypic stage (Russell 1950;
Shenefelt 1972; Sadler 2010). The global interactivity implies that a particular, potentially
useful change of this stage (e.g., a change in the number of limbs and antennae in insects
or the number of kidneys, lungs, spleens, eyes, ears, long bones, and digits in vertebrates)
will nearly always be accompanied by other abnormalities and by early lethality.

For example, in humans, changes to the number of (normally) 7 cervical vertebrae are
induced at the phylotypic stage and are associated with a wide variety of abnormalities
and early lethality (Galis et al. 2006; Furtado et al. 2011; Varela-Lasheras et al. 2011; Ten
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Broek et al. 2012; Schut et al. 2020a—c; Galis et al. 2021). Changes of the cervical number
are usually manifested as cervical ribs (rudimentary or full ribs on the seventh vertebra)
or rudimentary or absent first ribs. Approximately 90% of individuals with such changes
are dead at birth, and a strong association is seen with cardiovascular, nervous, urogenital,
and other congenital abnormalities (op. cit.). After birth, pleiotropic effects increase the
risk for embryonal tumors (Schumacher and Gutjahr 1992; Galis 1999; Galis and Metz
2003; Merks et al. 2005) and miscarriages (Schut et al. 2020b). The increased risk for
miscarriages in humans is in agreement with fertility problems in thoroughbred horses
either with rudimentary and absent first ribs, or cervical ribs (termed flared ribs and bifid
first rib; May-Davis 2017).

Although the deleterious pleiotropic effects and the resulting strong selection against
changes of the number of cervical vertebrae have been best investigated in humans, further
support comes from studies on a wide variety of mammals, including afrotherians and
xenarthrans (Varela-Lasheras et al. 2011), thoroughbred horses (May-Davis 2017), extinct
woolly mammoths and rhinoceroses (Reumer et al. 2014; van der Geer and Galis 2017),
and domesticated dogs (Brocal et al. 2018).

Further support for the importance of the disturbance of global interactivity for the
induction of cervical ribs comes from the large heterogeneity of genetic and environmental
causes of cervical ribs. Many different genetic abnormalities can disrupt the patterning of
early organogenesis and lead to the induction of cervical ribs, including single gene dis-
orders, large copy number variations and most aneuploidies (Keeling and Kjaer 1999;
Galis et al. 2006; Furtado et al. 2011; Schut et al. 2019, 2020a). Moreover, a wide variety
of teratogenic disruptions can lead to the development of cervical ribs in rodents (Li and
Shiota 1999; Kawanishi et al. 2003; Wéry et al. 2003). The timing and duration of the
disruption of the patterning matters more than the specific nature of the disruption. The
many different possible disruptions leading to cervical ribs probably explain their extra-
ordinarily frequent occurrence in humans. Approximately half of all deceased fetuses and
infants have cervical ribs (McNally et al. 1990; Furtado et al. 2011; Ten Broek et al. 2012;
Schut et al 2019). Assuming that ~15% of clinically recognized pregnancies end in a
miscarriage (Forbes 1997), and approximately half of these fetuses have cervical ribs, it
follows that almost 8% of all human conceptions experience a disturbed early phylotypic
stage and develop cervical ribs. This makes cervical ribs one of the most common con-
genital abnormalities and emphasizes the vulnerability of the phylotypic stage.

As with changes in the number of cervical vertebrae, ~90% of human individuals with
an extra digit are dead at birth (Opitz et al. 1987, Galis et al. 2010), and at least 290 syn-
dromes are associated with extra digits (Biesecker 2011).

The medical and veterinary literature shows that increases in the number of replicated
organs, which is determined during the phylotypic stage, are observed very rarely—for
example, spleens, kidneys, ureters, vaginas, penises, testicles, long bones, and (even if
extremely rarely) additional arms and legs (e.g., J. Uchida et al. 2006; Galis and Metz 2007,
Lilje et al. 2007). These duplications appear to be strongly selected against, owing to associ-
ated deleterious pleiotropic effects (Griineberg 1963; Lande 1978; Galis et al. 2001, 2010;
Lilje et al. 2007; Biesecker 2011). Without doubt, extra organs, including digits, can have
strong selective advantages. For instance, extra digits are advantageous in digging and
swimming. Yet, despite the potential functional advantages and the extremely frequent
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occurrence of mutations for polydactyly, extra digits in amniotes are extremely rare, whereas
extra digit-like structures (from modified carpal or tarsal bones, or sesamoid bones) are
common across a range of animals (e.g., the panda’s thumb, the mole’s thumb, and an extra
digit-like structure in the sea turtle Chelone; Galis et al. 2001).

Similarly, a higher number of cervical vertebrae would most likely be advantageous in
long-necked mammals. Even giraffes have only 7 cervical vertebrae, whereas swans have
23-25 (Woolfenden 1961). A giraffe’s neck is quite stiff, requires substantial force to lift it,
and it is too short to reach the ground unless the front legs are spread wide apart (figure 16.5).
This awkward position renders giraffes vulnerable to predators while drinking (Valeix et al.
2009). Hence, absence of directional selection for change is often not a plausible alterna-
tive explanation of the strong conservation.

Correspondingly, Griineberg found that loss of digits (oligodactyly) is associated with
a multitude of pleiotropic effects in both the appendicular and axial skeleton in mice.
Presumably, due to this pleiotropic constraint, loss of organs typically occurs via the slow
and continued evolution of an earlier stop of development, followed by partial or complete
degeneration of the organ (Lande 1978; Raynaud and Brabet 1994; Galis et al. 2001, 2002;
Bejder and Hall 2002). Hence, construction is followed by destruction. For instance, in
horses and cows, 5-digit condensations initially still develop. The developmental interac-
tions with these digit condensations apparently cannot be easily discarded evolutionarily.
Similarly, in blind cave fishes and salamanders, eye development always proceeds until
the lenses have been formed, after which degeneration follows (e.g., Dufton et al. 2012).
Other examples of vestigial organs that have evolutionarily lost functionality but not yet
fully disappeared during early development are teeth in baleen whales; the clavicle in
canids, felids, and lagomorphs; wings in emus and kiwis; and pelvises in whales (Glover
1916; Klima 1990; Bejder and Hall 2002; Senter and Moch 2015). Generally, more of
these structures are seen during early development than later on, due to their subsequent
degeneration. As a result of the slow accumulation of mutations during the loss of complex
organs, re-evolution is virtually impossible, in agreement with Dollo’s law (Goldberg and
Igi¢ 2008; Galis et al. 2010).

16.4.3 Transcriptomic Data: Importance of Pleiotropy

Further support for the pleiotropy hypothesis comes from transcriptomic studies on insects
and vertebrates, which show conserved expression of regulatory genes during the phylo-
typic stage, including expression of microRNA genes (Kalinka et al. 2010; De Mendoza et al.
2013; Stergachis et al. 2013; Ninova et al. 2014; Levin et al. 2016), genes with pleiotropic
activity in other parts of the embryo (Cheng et al. 2014; Hu et al. 2017), and those with
pleiotropic activity at other stages during development (Levin et al. 2012; Hu et al. 2017,
see also Fish et al. 2017).

16.4.4 No Theoretical Support for Robustness as a Cause
of Long-Term Conservation

Theory supports robustness as a cause of short-term—but not long-term—conservation.
Stabilizing selection is expected to lead to robustness to protect optimized traits against
developmental noise and mutations, potentially leading to short-term conservation
(A. Wagner 2000; Metz 2011; Papakostas et al. 2014; Austin 2016; Melzer and Theillen
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Figure 16.5

The long neck of the giraffe has only 7 vertebrae, which makes it rather stiff, so that lifting it costs considerable
force. Despite the length of each cervical vertebra, the neck is not long enough to reach the ground unless the front
legs are spread wide apart, which is an awkward position that makes the giraffe vulnerable to predators. Many
vertebrae make a long and flexible neck in flamingoes. Top-left and bottom-right figures reproduced from Owen
(1866), top right from Evans (1900), bottom left drawing by Erik-Jan Bosch (Naturalis).
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2016). However, over long evolutionary scales, hidden variations will continue to accu-
mulate, leading to a diversification of genetic backgrounds for new mutations (Gibson and
G. Wagner 2000; Metz 2011; A. Wagner 2012; Siegal and Leu 2014). Hence, during periods
with drastic environmental changes that lead to strong directional selection, the robustness
of development alone cannot be sufficient to prevent change, because of the accumulated
cryptic variation. In fact, in the long-term, cryptic variation is expected to lead to increased
evolvability (A. Wagner 2012; Siegal and Leu 2014; Melzer and Theiflen 2016).

In conclusion, empirical and theoretical support for the robustness hypothesis as an
explanation for the conservation of the phylotypic stages is weak, and for the pleiotropy
hypothesis it is strong, emphasizing the importance of modularity of developmental path-
ways for evolvability. The high interactivity between the developmental pathways not only
constrains the evolvability of the phylotypic stages but also the evolvability of body plans,
as the layout of most of the body plans occurs during the phylotypic stages.

16.5 Increased Modularity and Evolvability of Later Stages

When the final number of organs is determined after the vulnerable phylotypic stage, and
development becomes more modular, the constraint on changes is considerably weaker.
In arthropods with sequential production of segments continuing past the conserved seg-
mented germ band stage, segment numbers vary strongly. Another instructive case is the
probable polydactyly in frogs (Galis et al. 2001; Hayashi et al. 2015). Anterior to the first
digit, a prehallux or prepollux is present in various species of frogs, most likely represent-
ing a rudimentary sixth digit. In amphibians with aquatic larvae, limb development occurs
later than in amniotes and generally occurs after the phylotypic stage (Galis et al. 2001;
Galis et al. 2003). Limb development is especially late in anurans with an extreme mode
of metamorphosis. Thus almost all limb development is unaffected by the interactivity of
the phylotypic stage, a drastic difference compared with amniotes. This result is in agree-
ment with the extremely high self-organizing capacity of the limb buds in many amphib-
ians compared with those in amniotes (Balinsky 1970). Amphibian limb buds can be
grafted to very different places, such as the head, and still successfully develop into limbs,
which are even capable of movement (Detwiler 1930). After the initiation of the limb field,
limb development can proceed almost as an independent module, with few interactions
with other parts of the body (Galis et al. 2003). This independence reduces the number of
pleiotropic effects of mutations that affect limb development. Hence, the probable poly-
dactyly in frogs represents another example of relaxed selection against evolutionary
changes due to the reduced pleiotropy of later developmental stages.

In agreement with the weaker conservation of later-determined numbers, changes of the
number of thoracic vertebrae are not significantly associated with congenital abnormalities
in humans (weaker pleiotropy), and stabilizing selection is considerably weaker compared
to that of cervical vertebrae changes (Galis et al. 2006).

The late determination of the number of thoracic vertebrae is comparable to that of
cervical vertebrae in birds and many reptiles. The number of cervical vertebrae is highly
variable across bird species, with 12 in pigeons and up to 25 in swans (Woolfenden 1961).
Even in the shortest necks, the number of vertebrae is considerably larger than in mammals.
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Also in reptiles, the number of vertebrae can be highly variable; however, this is mainly
the case in reptiles with long necks (e.g., many plesiosaurs and dinosaurs), whereas the
number is quite constant in families with 9 or fewer cervical vertebrae, such as pterosaurs,
crocodiles, turtles, geckos, and many other lizards (Hofstetter and Gasc 1969; Bennett
2014). The later determination of cervical vertebrae when there are many of them, as in birds
and reptiles, should weaken the constraint, because it is expected that number changes
will be associated with fewer pleiotropic effects, as is the case for thoracic and lumbar
vertebrae in humans (Galis et al. 2006; Ten Broek et al. 2012). In agreement with this, the
largest intraspecific variability in number is found in birds and reptiles with the longest
necks (e.g., swans can have 21-25 vertebrae; Woolfenden 1961). Hence, the constraint on
changes in the number of cervical vertebrae in mammals is less exceptional than it seems,
it is just somewhat stronger than in short-necked reptiles with limbs, presumably because of
a combination of the generally greater mobility and higher metabolic rates (Galis et al. 2021).

Other examples of late-determined structures are the number of segments in insects, carpal
and tarsal elements, phalanges, teeth, trunk, and caudal vertebrae in amniotes, and nipples
in mammals, which are all highly evolvable.

16.6 Relaxation of Stabilizing Selection Increases Evolvability

The conservation of the phylotypic stages should not be taken overly strictly. What matters
is that in many higher taxa, development is remarkably conserved during phylotypic stage,
more strongly than during earlier or later stages (Sander and Schmidt-Ott 2004). As argued
above, stabilizing selection against the pleiotropic effects of mutations appears to be the
reason that mutations affecting the phylotypic stage hardly ever persist in populations.
Thus, when external or internal conditions relax the normally strong stabilizing selection,
evolutionary changes may occur on rare occasions. In the wild, such breaking of constraints
is often associated with the start of adaptive radiations and the emergence of key innovations,
when for instance many empty niches suddenly become available, or a massive extinction
of predators has taken place (Galis 2001; Galis and Metz 2021). Arguably, relaxed selection
allows novelties to persist for some time, despite associated pleiotropic effects. This longer
persistence in the population most likely leads to selection against the most deleterious
pleiotropic effects, such that when stabilizing selection increases again, the chance for
persistence of the novelties is increased (McCune 1990).

The effect of relaxation of stabilizing selection is most clearly illustrated in domesticated
animals, where human care keeps those individuals alive that would likely not survive in
nature. Extra digits in chickens, cats, and dogs are good examples of persistence of traits
that are strongly selected against in nature (Galis et al. 2001). Dog and horse breeds with
unusually high frequencies of cervical ribs and rudimentary first ribs provide further exam-
ples, where human care allows the survival of traits despite their frequent co-occurrence with
congenital abnormalities or fertility problems (May-Davis 2017; Brocal et al. 2018). Sloths
and manatees, carrying exceptional numbers of cervical vertebrae, provide good natural
examples of the effect of relaxed stabilizing selection. Sloths and manatees commonly have
skeletal and other congenital abnormalities that are associated with cervical ribs in deceased
human fetuses (Varela-Lasheras et al. 2011). These abnormalities would probably be fatal
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in most more active mammals. Their extremely slow metabolic rates, combined with weak
locomotory constraints, appear to provide a relaxation of stabilizing selection against some
of the associated skeletal and congenital abnormalities (Varela-Lasheras et al. 2011). Interest-
ingly, sloths and manatees also have extremely low cancer rates (Galis and Metz 2003; Tollis
et al 2020). Several other species show the association between cervical ribs and low meta-
bolic and activity rates, providing support that these reduced rates may be involved in break-
ing the constraint. Slow loris and pottos (primates with extremely low metabolic and activity
rates) often have cervical ribs (Galis et al. 2022). Whales and dolphins are also exceptional
in regularly having cervical ribs. They also often have skeletal abnormalities. Relaxed
selection against skeletal abnormalities is probably also involved; in this case, the relaxation
is thought to be caused by the supporting effect of water (Galis et al. 2021). Furthermore,
whales and dolphins also have low cancer rates, which probably also weakens the stabilizing
selection against cervical ribs.

Thus, the difficulty of breaking specific constraints varies among taxa, due to differ-
ences in the selection regimes experienced and in the specific pleiotropic effects associated
with trait changes (Galis and Metz 2018).

16.7 Evolvability of Vulnerable Early Cleavage and Gastrulation Stages

Raff (1994, 1996) proposed that the larger evolvability of the earlier developmental stages
of cleavage and gastrulation may be due to the lower number of inductive interactions in
the embryo, which should lead to fewer pleiotropic effects. Yet effective modularity is low,
and cleavage is a vulnerable stage, particularly with respect to high doses of toxicants and
radiation (e.g., Russell 1950; Shenefelt 1972; Galis and Metz 2001; Jacquet 2004). This
vulnerability of cleavage has been used to argue that the vulnerability of organogenesis can,
therefore, not be involved in the conservation of the phylotypic stage, as cleavage is evolv-
able, despite its vulnerability (Y. Uchida et al. 2018). However, in contrast to the phylotypic
stage, the vulnerability in cleavage is mainly due to one vulnerable process: cell division.
Furthermore, dividing cleavage cells are greatly similar (not yet differentiated) and are capable
of self-renewal. The high capacity for self-renewal of the cleavage cells implies that, either
too many cells are killed and the embryo dies, or the damage is reversible and development
proceeds largely normally without adverse embryonic outcome (Russell 1950; Shenefelt
1972; Jacquet 2004; Adam 2012). In medicine, this is known as the all-or-none phenomenon,
which has been extensively used in genetic counseling of pregnant women, who have inad-
vertently undergone an exposure to teratogenic substances in the early stages of pregnancy,
frequently before the pregnancy has been recognized (Jacquet 2004; Adam 2012). The
vulnerability of the subsequent phylotypic stage differs critically in that the strong global
interactivity restricts the potential for reversal of damage. And mutations that affect cleavage
and gastrulation presumably have a greater probability of being successful, as it is more
difficult to destabilize a simple pattern than a more complicated one (Galis and Sinervo 2002;
Galis et al. 2018). Hence, the weaker conservation of cleavage and gastrulation may well be
due to the greater simplicity of the early forms.
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16.8 Diversity of Phylotypic Stages among Metazoans

The remarkable diversity of phylotypic stages among metazoans (e.g., the Nauplius stage
in crustaceans and the neurula in vertebrates; figures 16.1 and 16.2) seemingly contradicts
the explanation of conservation caused by interactivity of the phylotypic stage. But the
pattern of divergence suggests an early rapid phase of diversification in the evolution of
metazoans during the Ediacaran Cambrian times, followed by strong conservation of discrete
taxon-specific phylotypic stages and body plans (Buss 1987). The cause for this pattern
of early rapid diversification of body plans followed by stasis is not well understood.
Davidson and Erwin (2006) proposed that the evolution of more hierarchical and intercon-
nected gene regulatory networks and their increased cooption for other developmental
functions may be involved.

One hypothesis that did not receive much attention was by Buss (1987), who suggested
that the initial diversification occurred during the early, chaotic phase in the evolution
from unicellular to multicellular individuals (presumably during the Cambrian explosion).
During this process, the level of selection shifted from individual cells to individual organ-
isms. Early during this transition, somatic mutations in cells that could gain access to
reproduction had a chance to be maintained in future generations (as in plants). Later,
when selection was firmly established at the level of the individual, heritable mutations
became limited to those that occur in the germ line or in the short period before germ line
sequestration. This hypothesis thus assumes that during the early chaotic transition, when
control was not yet at the level of the individual, the lack of integration increased evolv-
ability. This early diversification scenario is intuitively appealing, but it has received
surprisingly little attention, and hardly any research has been carried out to investigate this
important question in evolutionary biology. Mutagenesis experiments with simple colonial
organisms and theoretical modeling could probably contribute to a better understanding
of this possibility (Galis and Sinervo 2002).

16.9 An Ancient Metazoan Constraint Causes the Early Layout
of the Body Plan

In animals, most of the body plan traits are initiated early, during a highly interactive stage
limiting evolvability of the body plans. In complex animals, most flexibility is provided by
the changes in the number of segments, which allow the multiplication of legs and other
organs of the segment. Another solution to the problem of evolvability is the vegetative
production of modules that are morphological repeats of the body plan—for instance, those
found in cnidarians, bryozoans, and colonial ascidians (Bell 1982). In contrast, the body plan
in plants is not laid out early, and new organs can be initiated throughout life (Heidstra and
Sabatini 2014; Cridge et al. 2016). Why does the layout of body plans occur so early in
animals? Even in animals with metamorphosis, the organ primordia emerge early, with the
adult fate already determined, like imaginal discs in insects (Held 2005). A major difference
between plants and animals concerns an ancient animal constraint: Differentiated cells cannot
divide by mitosis unless they first dedifferentiate (which does occur in regeneration and in
cancer; Buss 1987; Galis et al. 2018). The conflict between differentiation and mitosis stems
from the presence in cells of a single centrosome, which is necessary for both processes in
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animals. Plants do not have centrosomes and use other structures to organize their micro-
tubuli during cell division, and cilia (discussed later in this chapter) only occur in sperm cells
of certain taxa (Schmit 2002). Even the cells outside the stem cell niches are able to return to
a proliferative pluripotent state (Heidstra and Sabatini 2014).

16.9.1 Single Centrosome Precludes Simultaneous Cell Division
and Differentiation

Centrosomes change dynamically during the cell cycle. During mitosis in animals, centro-
somes are duplicated, precisely once per cell cycle. The duplicated centrosomes form the
bipolar spindles that precisely segregate the duplicated chromosomes, producing an equal
distribution of chromosomes between daughter cells (Sir et al. 2013; Meraldi 2016).
Although centrosomes are not absolutely required for mitotic spindle formation and divi-
sion in many cells, mitosis in the absence of centrosomes is an error-prone process that
leads to chromosomal instability (Bonaccorsi et al. 2000; Basto et al. 2008; Sir et al. 2013;
Meraldi 2016). When cells stop dividing, they form a primary cilium, for which one of
the centrioles of the centrosome (the mother centriole) is necessary. This centriole (the
mother centriole) converts into a basal body and migrates to the cell surface, where it
organizes the primary cilium. Primary cilia were long thought to be vestigial organelles,
not present in many cells. It was not until the 1990s, owing to technical improvements of
visualization techniques, that it was discovered that primary cilia are present as antennae
on almost all metazoan cells, including quiescent stem cells (Wheatley 1995). Further-
more, they do not function only as sensory organelles but also have a key function in
intercellular signaling (Dawe et al. 2007; Walz 2017). Signaling in the cilium is involved
in the organization of most (if not all) developmental processes, including left-right pat-
terning, cell migration, reentry of cells into the cell cycle (proliferation), cell size, cell
shape, specification of the plane of cell division, apoptosis, and cell fate decisions.

When cell division resumes, re-entry of the cell cycle begins with the resorption of the
primary cilium, detachment of the basal body (the mother-centriole) from the cell surface,
and migration of the centrosome to near the nucleus. Recent studies have shown that the
cell cycle is not so much regulating centrosome and cilium dynamics; instead, the dynam-
ics of the centrosome and primary cilium actively regulate cell cycle progression and arrest
or exit followed by differentiation (Walz 2017). For example, the physical presence of the
primary cilium appears to block cell division, whereas primary ciliary resorption is thought
to unblock cell division, and the length of the cilium influences cell cycle duration, which
in turn influences cell-fate decisions (Walz 2017). Hence, these discoveries, which began
in the 1990s and continue today, allow us to understand the metazoan constraint on simul-
taneous cell division and differentiation.

16.9.2 Metazoan Constraint Already Proposed in 1898

At the end of the 19th century, the constraint on cell division by ciliated cells had already
been independently proposed by Henneguy (1898) and Lenhossék (1898). Buss could not
have known in 1987 that virtually all differentiated metazoan cells have primary cilia and
thus, the constraint that he proposed on the incompatibility of cell division and differentia-
tion, equates in essence to the constraint proposed by Henneguy (1898) and Lenhossék
(1898). Incidentally, Buss (1987) erroneously attributed the proposal of the constraint on
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cell division by ciliated cells to Margulis (1981), instead of to Henneguy and Lenhossék.
The hypothesis of Henneguy and Lenhossék remains uncontested for metazoans (for a
review of the constraint, including rare exceptions, see Galis et al. 2018). Even lympho-
cytes, which were long thought to be exceptional in not having primary cilia, are now
thought to have a modified primary cilium (Finetti et al. 2009; Dustin 2014). Furthermore,
in the differentiation of some cells, the cilium or centrosome is discarded, which also
prevents further cell division (Bornens 2012; Das and Storey 2014). The few claims that
differentiated cells can divide during cell renewal and regeneration are controversial (Dor
et al. 2004; Brennand et al. 2007; Afelik and Rovira 2017). For a detailed review of the
constraint, including rare exceptions, see Galis et al. (2018).

16.9.3 Extra Centrosomes Cannot Break the Evolutionary Constraint

Exceptionally, de novo generation of extra centrosomes occurs. But it is not a viable evolu-
tionary road to the breaking of the constraint. Extra centrosomes pose a grave risk and
may lead to the formation of multiple spindle poles, aneuploidy, cell cycle arrest, apopto-
sis, genomic instability, cell migration (e.g., in metastasis of cancer cells; Basto et al. 2008;
Godinho and Pelman 2014; Gonczy 2015), and perhaps cancer, as already proposed by
Theodor Boveri (1902). Furthermore, in cells with supernumerary centrosomes, extra cilia
are often formed and compromise the functioning of primary cilium signaling, which may
lead to cancer and other diseases (Mahjoub and Stearns 2012). The importance of having
only one centrosome per cell is also supported by the elimination of the centrioles from
animal egg cells before fertilization, such that the zygote receives centrioles only from the
sperm cell and does not end up with two centrosomes instead of one (Boveri 1901; Bell
1989; Manandhar et al. 2005). The cost of centriole elimination is that meiotic divisions in
egg cells are less reliable. We conclude that supernumerary centrosomes are usually seri-
ously disadvantageous for the individual and will be strongly selected against. Therefore, it
is unlikely that the inability of ciliated cells to form proper mitotic spindles could be com-
pensated for by the evolution of extra centrosomes.

16.9.4 Multiciliated Cells

Some cells in animals can have hundreds of cilia, each requiring its own basal body to be
assembled de novo (Dawe et al. 2007). However, the pathways used to produce these
centrioles are different from those involved in the duplication of centrioles during the cell
division cycle (op. cit.). Furthermore, multiciliated cells are terminally differentiated, and
for cell renewal, unciliated progenitor cells are employed (Bird et al. 2014). Hence, mul-
ticiliated cells are not an exception to the rule that differentiated cells cannot divide.

16.9.5 Pluripotent Stem Cells Only Present During Early Development

Without a doubt, the incompatibility of simultaneous cell division and ciliation has cru-
cially shaped development and evolution of metazoan body plans. The body plan is mostly
defined during early embryonic development, when there are still zones that produce
pluripotent stem cell colonies that subsequently migrate to other places in the embryo to
start their paths of differentiation. Thus, the ancient metazoan constraint generally causes
most of the layout of the body plans to occur early, when the number of inductive interactions
does not yet provide sufficient effective modularity to prevent major pleiotropy. Later
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in life, pluripotent cells are absent, which prevents the initiation of organ primordia. As
already mentioned, also in animals with metamorphosis, organ primordia emerge early
during embryogenesis (Held 2005). Adults generally only have multipotent, tissue-specific,
stem cells that function in cell renewal, wound healing, and regeneration (Tanaka and
Reddien 2011).

16.9.6 Constraint Inherited from Unicellular Metazoan Ancestors

Buss (1987) argued that metazoans inherited the possession of only one organizing center
for microtubules, the centrosome, from their unicellular protist ancestors and that, in contrast,
other unicellular groups (e.g., euglenophytes, cryptophytes, and chlorophytes) with multiple
of such organizing centers do not have this constraint. These groups are capable of accom-
plishing simultaneous cell movement and mitotic cell division by using some centers exclu-
sively as organizers for undulipodia (cilia, flagella) and others for cell division.

16.10 Conclusion

The ancient metazoan constraint on simultaneous cell division and differentiation (Buss
1987), thus causes the layout of body plans to occur early, when the embryo is small and
there are still sufficient pluripotential cells that can differentiate into a large number of
different types of cells. The limited number of inductive interactions in the small embryo
does not yet allow developmental modularity, and so the interactivity is global. As a result,
mutations affecting this stage will almost always have many pleiotropic effects and will,
therefore, be selected against. Thus, the ancient metazoan constraint causes another devel-
opmental constraint, the one on changes at the early organogenesis stage: the conserved
phylotypic stage. Furthermore, as most of the body plan is laid out during the phylotypic
stage, the minimal early developmental modularity not only constrains the evolvability of
the stage itself but also of animal body plans in general. Together, these appear to be two
of the rare hard developmental constraints that prevent evolvability at macro-evolutionary
scales and have had a major influence on animal evolution (Galis et al 2018; Galis and
Metz 2021).

Acknowledgments

I thank Scott Armbruster, Christophe Pélabon, Thomas Hansen, Jacques van Alphen, Gene
Hunt, and Mihaela Pavli¢ev for useful comments and discussion on the manuscript.

References

Adam, M. P. 2012. The all-or-none phenomenon revisited. Birth Defects Research (A) 94: 664—69.

Afelik, S., and M. Rovira. 2017. Pancreatic 3-cell regeneration: facultative or dedicated progenitors? Molecular
and Cellular Endocrinology 445: 85-94.

Armbruster, W., C. Pélabon, G. H. Bolstad, and T. F. Hansen 2014. Integrated phenotypes: Understanding trait
covariation in plants and animals. Philosophical Transactions of the Royal Society B 369: 20130245.

Austin, C. J. 2016. The ontology of organisms: Mechanistic modules or patterned processes? Biology and Phi-
losophy 31: 639-662.

Balfour, F. M. 1881. Comparative Embryology. London: Macmillan and Co.



346 Frietson Galis

Balinsky, B. 1. 1970. An Introduction to Embryology, 3rd ed. Philadelphia: W. B. Saunders.
Ballard, W. W. 1981. Morphogenetic movements and fate maps of vertebrates. American Zoologist 21: 391-399.

Basto, R., K. Brunk, T. Vinogradova, N. Peel, A. Franz, A. Khodjakov and J. W. Raff. 2008. Centrosome ampli-
fication can initiate tumorigenesis in flies. Ce// 133: 1032-1042.

Bejder, L., and B. K. Hall. 2002. Limbs in whales and limblessness in other vertebrates: Mechanisms of evolu-
tionary and developmental transformation and loss. Evolution and Development 4: 445-458.

Bell G. 1982. The Masterpiece of Nature: The Evolution and Genetics of Sexuality. London: Croomhelm.
Bell, G. 1989. Darwin and biology. Journal of Heredity 80: 417-421.

Bennett, S. C. 2014. A new specimen of the pterosaur Scaphogranthus crassirostris, with comments on constraint
of cervical vertebrae number in pterosaurs. Neues Jahrbuch fiir Geologie und Paldontologischen Abhandlungen
27: 327-348.

Biesecker, L. G. 2011. Polydactyly: How many disorders and how many genes? 2010 update. Developmental
Dynamics 240: 931-942.

Bird, A. M., G. von Dassow, and S. A. Maslakova. 2014. How the pilidum larva grows. EvoDevo 5: 13.

Bonaccorsi, S., M. G. Giansanti, and M. Gatti. 2000. Spindle assembly in Drosophila neuroblasts and ganglion
mother cells. Nature Cell Biology 2: 54-56.

Bonner, J. T. 1988. The Evolution of Complexity by Means of Natural Selection. Princeton, NJ: Princeton Uni-
versity Press.

Bornens, M. 2012. The centrosome in cells and organisms. Science 335: 422-426.
Boveri, T. 1901. Zellenstudien: Uber die Natur der Centrosomen. 4. Jena, Germany: Fischer.

Boveri, T. 1902. Ueber mehrpolige Mitosen als Mittel zur Analyse des Zellkerns Verhandlungen der Physikalisch-
Medizinischen Gesellschaft zu Wiirzburg 35: 67-90.

Brennand, K., D. Huangfu, and D. Melton. 2007. All 3 cells contribute equally to islet growth and maintenance.
PLOS Biology 5: e163.

Brocal, J., S. De Decker, R. José-Lopez et al. 2018. C7 vertebra homeotic transformation in domestic dogs—are
Pug dogs breaking mammalian evolutionary constraints? Journal of Anatomy 233: 255-265.

Buss, L. W. 1987. The Evolution of Individuality. Princeton, NJ: Princeton University Press.

Cheng, Y., Z. Ma, B.-H. Kim, W. Wu, P. Cayting et al. 2014. Principles of regulatory information conservation
between mouse and human. Nature 515: 371-375.

Claus, C., and K. Grobben. 1917. Lehrbuch der Zoologie. Marburg: Elwert.

Cohen, J. 1977. Reproduction. London: Butterworth.

Collazo, A., J. A. Bolker, and R. Keller. 1994. A phylogenetic perspective on teleost gastrulation. American
Naturalist 144: 133-152.

Cridge A. G., P. K. Dearden, and L. R. Brownfield. 2016. The mid-developmental transition and the evolution
of animal body plans. Annals of Botany 117:833-843.

Das, R. M., and K. G. Storey. 2014. Apical abscission alters cell polarity and dismantles the primary cilium
during neurogenesis. Science 343: 200-204.

Davidson, E. H., and D. H. Erwin. 2006. Gene regulatory networks and the evolution of animal body plans.
Science 311: 796-800.

Dawe, H. R., H. Farr, and K. Gull. 2007. Centriole/basal body morphogenesis and migration during ciliogenesis
in animal cells. Journal of Cell Science 120: 7-15.

DeMendoza, A., A. Sebé-Pedros, M. S. Sestak, M. Matejcic, G. Torruella, T. Domazet-Loso, and I. Ruiz-Trillo.
2013. Transcription factor evolution in eukaryotes and the assembly of the regulatory toolkit in multicellular
lineages. PNAS 110: E4858-4866.

Detwiler, S. R. 1930. Observations upon the growth, function, and nerve supply of limbs when grafted to the
head of salamander embryos. Journal of Experimental Zoology B 55: 319-370.

Dor, Y., J. Brown, O. . Martinez, and D. A. Melton. 2004. Adult pancreatic beta-cells are formed by self-
duplication rather than stem-cell differentiation. Nature 420: 41-46.

Dufton, M., B. K. Hall, and T. A. Franz-Odendaal. 2012. Early lens ablation causes dramatic long-term effects
on the shape of bones in the craniofacial skeleton of Astyanax mexicanus. PLOS One 7: ¢50308.

Dustin, M. L. 2014. T cells play the classics with a different spin. Molecular Biology of the Cell 25: 1699-1670.
Evans, T. H. 1900. Birds. The Cambridge Natural History, vol. 3. London: Macmillan.

Finetti, F., S. Rossi Paccani, M. G. Riparbelli et al. 2009. Intraflagellar transport is required for polarized recycling
of the TCR/CD3 complex to the immune synapse. Nature Cell Biology 11: 1332—1339.



Evolvability of Body Plans 347

Fish, A., L. Chen, and L. A. Capra. 2017. Gene regulatory enhancers with evolutionarily conserved activity are
more pleiotropic than those with species-specific activity. Genome Biology and Evolution 9: 2615-2625.

Forbes, L. S. 1997. The evolutionary biology of spontaneous abortion in humans. TREE 12: 446-450.

Furtado, L. V., H. M. Thaker, L. K. Erickson, B. H. Shirts, and J. M. Opitz. 2011. Cervical ribs are more prevalent
in stillborn fetuses than in live-born infants and are strongly associated with fetal aneuploidy. Pediatric and
Developmental Pathology 14: 431-437.

Galis, F. 1996. The application of functional morphology to evolutionary studies. TREE 11: 124-129.

Galis, F. 1999. Why do almost all animals have seven cervical vertebrae? Developmental constraints, Hox genes,
and cancer. Journal of Experimental Zoology B 285: 19-26.

Galis, F. 2001. Key innovations and radiations. In The Character Concept in Evolutionary Biology, edited by
G. P. Wagner. London: Academic Press.

Galis, F., and J. A. J. Metz. 2001. Testing the vulnerability of the phylotypic stage: On modularity and evolution-
ary conservation. Journal of Experimental Zoology B 291: 195-274.

Galis, F., and J. A. J. Metz. 2003. Anti-cancer selection as a source of developmental and evolutionary constraints.
BioEssays 25: 1035-1039.

Galis, F., and J. A. J. Metz. 2007. Evolutionary novelties: The making and breaking of pleiotropic constraints.
Integrative and Comparative Biology 47: 409-419.

Galis, F., and J. A. J. Metz. 2021. A macroevolutionary approach on developmental constraints in animals. In Evo-
lutionary Developmental Biology, edited by L. Nufio de la Rosa and G. B. Miiller. Cham, Switzerland: Springer.

Galis, F., and B. Sinervo. 2002. Divergence and convergence in early embryonic stages of metazoans. Contribu-
tions to Zoology 71: 101-113.

Galis, F., J. J. M. van Alphen, and J. A. J. Metz. 2001. Why five fingers? Evolutionary constraints on digit
numbers. TREE 16: 637-646.

Galis, F., T. J. M. Van Dooren and J. A. J. Metz. 2002. Conservation of the segmented germband stage: Robust-
ness or pleiotropy? Trends in Genetics 18: 504—509.

Galis, F., T. J. M. Van Dooren, H. Feuth et al. 2006. Extreme selection against homeotic transformations of cervi-
cal vertebrae in humans. Evolution 60: 2643-2654.

Galis, F., J. W. Arntzen, and R. Lande. 2010. Dollo’s law and the irreversibility of digit loss in Bachia. Evolution
64: 2466-2476.

Galis, F., J. A. J. Metz, and J. J. M. van Alphen. 2018. Development and evolutionary constraints in animals.
AREES 49: 499-522.

Galis, F., P. C. Schut, T. E. Cohen-Overbeek, and C. M. A. ten Broek. 2021. Evolutionary and developmental issues
of cervical ribs. In Thoracic Outlet Syndrome, edited by K. A. Illig et al., 23-35. Cham, Switzerland: Springer.

Galis, F., T. J. M. Van Dooren, A. A. E. van der Geer. 2022. Breaking the constraint on the number of cervical
vertebrae in mammals: on homeotic transformations in lorises and pottos. Evolution & Development 24: 196-210.

Gibson, G., and G. P. Wagner 2000. Canalization in evolutionary genetics: A stabilizing theory? BioEssays 22:
372-380.

Gilbert, S. F. 1997. Developmental Biology, 5th ed. Sunderland, MA: Sinauer.

Gilbert, S. F. and A. M. Raunio. 1997. Embryology. Constructing the Organism. Sunderland, MA: Sinauer.
Glover, A. M. 1916. The Whalebone Whales of New England. Boston: Society of Natural History.

Goldberg, E. E., and B. Igi¢. 2008. On phylogenetic tests of irreversible evolution. Evolution 62: 2727-2741.

Goncezy, P. 2015. Centrosomes and cancer: Revisiting a long-standing relationship. Nature Reviews Cancer 15:
639-652.

Grbi¢, M. A., 2000. Alien wasps and evolution of development. Bioessays 22: 920-932.

Griineberg, H. 1963. The Pathology of Development: A Study of Inherited Skeletal Disorders in Animals. Oxford:
Blackwell Scientific.

Hadorn, E. 1961. Developmental Genetics and Lethal Factors. London: Methuen and Co.

Hall, B. K. 1997. Phylotypic stage or phantom: Is there a highly conserved embryonic stage in vertebrates? TREE
12: 461-463.

Hall, B. K. 1999. Evolutionary Developmental Biology, 2nd ed. Dordrecht: Kluwer Academic.

Hansen, T. F., and D. Houle. 2004. Evolvability, stabilizing selection, and the problem of stasis. In Phenotypic
Integration: Studying the Ecology and Evolution of Complex Phenotypes, edited by M. Pigliucci and K. Preston,
130-150. Oxford: Oxford University Press.

Hayashi, S., T. Kobayashi, T. Yano et al. 2015. Evidence for an amphibian sixth digit. Zoological Letters 1:17.



348 Frietson Galis

Heidstra, R., and S. Sabatini. 2014. Plant and animal stem cells: Similar yet different. Nature Reviews in Molecular
Cell Biology 15: 301-312.

Held, L. J. 2005. Imaginal Discs. Cambridge: Cambridge University Press.

Henneguy, L. F. 1898. Sur les rapports des cils vibratiles avec les centrosomes. Archives d’Anatomie Microscopique
1: 481-496.

Hofstetter, R., and J.-P. Gasc. 1969. Vertebrac and ribs of modern reptiles. In Biology of Reptiles, edited by
C. Gans, 201-310. London: Academic Press.

Hu, H., M. Uesaka, S. Guo et al. 2017. Constrained vertebrate evolution by pleiotropic genes. Nature Ecology &
Evolution 1:1722-1730.

Jacquet, P. 2004. Sensitivity of germ cells and embryos to ionizing radiation. Journal of Biological Regulators
and Homeostatic Agents 18: 106—114.

Kalinka, A. T., K. M. Varga, D. T. Gerrard et al. 2010. Gene expression divergence recapitulates the develop-
mental hourglass model. Nature 468: 811-816.

Kawanishi, C. Y., P. Hartig, K. L. Bobseine, J. Schmid, M. Cardon, G. Massenburg, and N. Chernoff. 2003.
Axial skeletal and Hox expression domain alterations induced by retinoic acid, valproic acid, and bromoxynil
during murine development. Journal Biochemical Molecular Toxicology 17: 346-356.

Keeling, J. W., and I. Kjaer. 1999. Cervical ribs: Useful marker of Monosomy X in fetal hydrops. Pediatric and
Developmental Pathology 2: 119-123.

Keibel, F. 1904. Normentafeln zur Entwicklungsgeschichte der Wirbeltiere, Heft 1V, Jena: Gustav Fisher.
Keibel, F. 1908. Normentafeln zur Entwicklungsgeschichte der Wirbeltiere, Heft VIII, Jena: Gustav Fisher.
Klima, M. 1990. Rudiments of the clavicle in the embryos of whales. Zeitschrift fiir Saugetierkunde 55: 202-212.
Lande, R. 1978. Mechanisms of limb loss in tetrapods. Evolution 32: 73-92.

Lande, R., D. W. Schemske, and S. T. Schultz. 1994. High inbreeding depression, selective interference among
loci, and the threshold selfing rate for purging recessive lethal mutations. Evolution 48: 965-978.

Lenhossék, M. V. 1898. Ueber Flimmerzellen. Verhandlungen der Anatomischen Gesellschaft, Kiel 12: 106—128.
Levin, M., Hashimshony, F. Wanger, and 1. Yanai. 2012. Developmental milestones punctuate gene expression
in the Caenorhabditis embryo. Developmental Cell 22:1101-1108.

Levin, M., L. Anavy, A. G. Cole et al. 2016. The mid-developmental transition and the evolution of animal body
plans. Nature 531: 637-641.

Lewontin, R. C. 1978. Adaptation. Scientific American 239: 212-231.

Li, Z.-L., and K. Shiota. 1999. Stage-specific homeotic vertebral transformations in mouse fetuses induced by
maternal hyptertheria during somitogenesis. Developmental Dynamics 216: 336-348.

Lilje, C., L. J. Finger, and R. J. Ascuitto. 2007. Complete unilateral leg duplication with ipsilateral renal agenesis.
Acta Paediatrica 96: 461-471.

Mahjoub, M., and T. Stearns. 2012. Supernumerary centrosomes nucleate extra cilia and compromise primary
cilium signaling. Current Biology 22: 1628-1634.

Manandhar, G., H. Schatten, and P. Sutovsky. 2005. Centrosome reduction during gametogenesis and its signifi-
cance. Biological Reproduction 72: 2—13.

Margulis, L. 1981. Symbiosis and Cell Evolution. San Francisco: Freeman

May-Davis, S. 2017. Congenital malformations of the first sternal rib. Journal of Equine Veterinary Science 49:
92-100.

McCune, A. R. 1990. Morphological anomalies in the Semionotus complex: Relaxed selection during colonization
of an expanding lake. Evolution 44: 71-85.

McNally, E., B. Sandin, and R. A. Wilkins. 1990. The ossification of the costal element of the seventh cervical
vertebra with particular reference to cervical ribs. Journal of Anatomy 170: 125-129.

Medawar, P. B. 1954. The significance of inductive relationships in the development of vertebrates. Journal of
Embryology and Experimental Morphology 2: 172-174.

Melzer, R., and G. Theiflen. 2016. The significance of developmental robustness for species diversity. Annals
of Botany 117: 725-732.

Meraldi, P. 2016. Centrosomes in spindle organization and chromosome segregation: A mechanistic view. Chro-
mosome Research 24: 19-34.

Merks, J. H. M., A. M. Smets, R. R. van Rijn, J. Kobes, H. N. Caron, M. Maas, and R. C. Hennekam. 2005. Preva-
lence of rib anomalies in normal Caucasian children and childhood cancer patients. European Journal of Medical
Genetics 48: 113-129.



Evolvability of Body Plans 349

Metz J. A.J. 2011. Thoughts on the geometry of meso-evolution: collecting mathematical elements for a post-modern
synthesis. In The Mathematics of Darwin’s Legacy, edited by F. A. C. C. Chalub and J. F. Rodrigues, 197-234. Basel:
Birkhauser.

Mitterocker, P. 2009. The developmental basis of variational modularity: Insights from quantitative genetics,
morphometrics, and developmental biology. Evolutionary Biology 36: 377-385.

Ninova, M., M. Ronshaugen, and S. Griffiths-Jones. 2014. Conserved temporal patterns of microRNA expression
in Drosophila support a developmental hourglass model. Genome Biology and Evolution 6: 2459-2467.

Opitz, J. M., J. M. FitzGerald, J. F. Reynolds, S. O. Lewin, A. Daniel, L. S. Ekblom, and S. Phillips. 1987. The
Montana Fetal Genetic Pathology Program and a Review of Prenatal Death in Humans. American Journal of Medical
Genetics Supplement 3: 93—112.

Owen, R. 1866. On the Anatomy of Vertebrates. London: Longmans, Green, and Co.

Papakostas S., L. A. Vgllestad, M. Bruneaux et al. 2014. Gene pleiotropy constrains gene expression changes
in fish adapted to different thermal conditions. Nature Communications 5: 4071.

Raff, R. A. 1994. Developmental mechanisms in the evolution of animal form: Origins and evolvability of body
plans. In Early Life on Earth, edited by S. Bengston, 489-500. New York: Columbia University Press.

Raff, R. A. 1996. The Shape of Life. Chicago: University of Chicago Press.

Raynaud, A., and J. Brabet. 1994. New data on embryonic development of the limbs in the slow-worm, Anguis
fragilis (Linné 1758). Annales des Sciences Naturelles- Zoologie et Biologie Animale 15: 97-113.

Reumer, J. W. F., C. M. A. ten Broek, and F. Galis. 2014. Extraordinary incidence of cervical ribs indicates vulner-
able condition in Late Pleistocene mammoths. PeerJ 2: e318.

Russell, L. B. 1950. X-ray induced developmental abnormalities in the mouse and their use in the analysis of
embryological patterns. Journal of Experimental Zoology B 114: 545-602.

Sadler, T. W. 2010. Birth defects and prenatal diagnosis. In Langman's Medical Embryology, 11th edition, edited
by T. W. Sadler, 113-115. Baltimore: Lippincott.

Sander, K. 1983. The evolution of patterning mechanisms: Gleanings from insect embryogenesis and spermatogen-
esis. In Development and Evolution, edited by B. C. Goodwin, N. Holder, and C. C. Wylie, 137-154. Cambridge:
Cambridge University Press.

Sander, K., and U. Schmidt-Ott. 2004. Evo-devo aspects of classical and molecular data in a historical perspective.
Journal of Experimental Zoology B 302: 69-91.
Schlosser, G. 2002. Modularity and the units of evolution. Theory in Biosciences 121: 1-80.

Schmit, A.-C. 2002. Acentrosomal microtubule nucleation in higher plants. /nternational Review of Cytology 220:
257-289.

Schumacher, R., and P. Gutjahr. 1992. Association of rib anomalies and malignancy in childhood. European
Journal of Pediatrics 151: 432-434.

Schut, P. C., E. Brosens, A. J. Eggink et al. 2020a. Exploring copy number variants in deceased fetuses and
neonates with abnormal vertebral patterns and cervical ribs. Birth Defects Research 112: 1513-1525.

Schut, P. C., A. J. Eggink, T. E. Cohen-Overbeek, T. J. M. Van Dooren, G. J. de Borst, and F. Galis. 2020b.
Miscarriage is associated with cervical ribs in thoracic outlet syndrome. Early Human Development 144: 105027.
Schut, P. C., A. J. Eggink, M. Boersma et al. 2020c. Cervical ribs and other abnormalities of the vertebral pattern
in children with esophageal atresia and anorectal malformations. Pediatric Research 87: 773-778.

Schut, P. C., C. M. A. ten Broek, T. E. Cohen-Overbeek, M. Bugiani, E. A. P. Steegers, A. J. Eggink, and F. Galis.
2019. Increased prevalence of abnormal vertebral patterning in fetuses and neonates with trisomy 21. Journal of
Maternal-Fetal and Neonatal Medicine 32: 2280-2286.

Seidel, F. 1960. Korpergrundgestalt und Keimstruktur. Eine Erdrterung iiber die Grundlagen der vergleichenden
und experimentellen Embryologie und deren Giiltigkeit by phylogenetischen Uberlegungen. Zoologisch Anzeiger
164: 245-305.

Senter, P., and J. G. Moch. 2015. A critical survey of vestigial structures in the postcranial skeletons of extant
mammals. PeerJ 3: e1439.

Shenefelt, R. E. 1972. Morphogenesis of malformations in hamsters caused by retinoic acid: relation to dose and
stage at treatment. Teratology 5: 103—118.

Siegal, M. L., and J.-Y. Leu. 2014. On the nature and evolutionary impact of phenotypic robustness mechanisms.
AREES 45: 496-517.

Sir, J.-H., M. Piitz, O. Daly, G.G. Morrison, M. Dunning, J. V. Klimartin, and F. Gergely. 2013. Loss of centrioles
causes chromosomal instability in vertebrate somatic cells. Journal of Cell Biology 203: 747-756.

Stergachis, A., S. Neph, A. Reynolds, R. Humbert, and B. Miller B. 2013. Developmental fate and cellular
maturity encoded in human regulatory DNA landscapes. Cell 154: 888-903.



350 Frietson Galis

Tanaka, E. M., and P. W. Reddien. 2011. The cellular basis for animal regeneration. Developmental Cell 21:
172-185.

Ten Broek, C. M. A., A. J. Bakker, 1. Varela-Lasheras, M. Bugiani, S. Van Dongen, and F. Galis. 2012. Evo-devo
of the human vertebral column: On homeotic transformations, pathologies and prenatal selection. Evolutionary
Biology 39: 456—471.

Tollis, M., A. K. Schnieder-Utaka, and C. C. Maley. 2020. The evolution of human cancer gene duplications
across mammals. Molecular Biology and Evolution 37: 2875-2886.

Uchida, J. T. Naganuma, Y, Machida, K. Kitamoto, T. Yamazaki, T. Iwai and T. Nakatani. 2006. Modified extra-
vesical ureteroneocystostomy for completely duplicated ureters in renal transplantation. Urologia Internationalis
77: 104-106.

Uchida, Y., M. Uesaka, T. Yamamoto, H. Takeda, and N. Irie. 2018. Embryonic lethality is not sufficient to
explain hourglass-like conservation of vertebrate embryos. Evodevo 9: 7.

Valeix, M., H. Fritz, A. J. Loveridge, Z. Davidson, 1. E. Hunt, F. Murindagomo, and D. W. Macdonald. 2009.
Does the risk of encountering lions influence African herbivore behaviour at waterholes? Behavioural Ecology
and Sociobiology 63: 1483—1494.

Van der Geer, A. A. E., and F. Galis. 2017. High incidence of cervical ribs indicates vulnerable condition in Late
Pleistocene woolly rhinoceroses. PeerJ 5: €3684.

Varela-Lasheras, ., A. J. Bakker, S. van der Mije, J. van Alphen, and F. Galis. 2011. Breaking evolutionary and
pleiotropic constraints in mammals: on sloths, manatees and homeotic mutations. EvoDevo 2:11.

Viebahn, C. 1999. The anterior margin of the mammalian gastrula: Comparative and phylogenetic aspects of its
role in axis formation and head induction. Current Topics in Developmental Biology 46: 64—103.

Von Baer, K. E. 1828. Entwicklungsgeschichte der Tiere: Beobachtung und Reflexion. Konigsberg: Borntréger.

Von Dassow, G., and E. M. Munro. 1999. Modularity in animal development and evolution: Elements of a
conceptual framework for EvoDevo. Journal of Experimental Zoology B 285: 307-325.

Von Dassow, G., E. M. Munro, and G. M. Odell. 2000. The segment polarity network is a robust development
module. Nature 406: 188-192.

Von Dassow, G., and G. M. Odell. 2002, Design and constraints of the Drosophila segment polarity module:
Robust spatial patterning emerges from intertwined cell state switches. Journal of Experimental Zoology B 294:
179-215.

Wagner, A. 2000. Robustness against mutations in genetic networks of yeast. Nature Genetics 24: 355-361.

Wagner, A. 2012. The role of robustness in phenotypic adaptation and innovation. Proceedings of the Royal
Society B 278: 1249-1258.

Wagner, G. P, and L. Altenberg. 1996. Complex adaptations and the evolution of evolvability. Evolution 50:
967-976.

Walz, G. 2017. Role of primary cilia in non-dividing and post-mitotic cells. Cell and Tissue Research 369: 11-25.

Weéry, N., M. G. Narotsky, N. Pcico, R. J. Kavlock, J. J. Picard, and F. Gofflot. 2003. Defects in cervical vertebrae
in boric acid-exposed rat embryos are associated with anterior shifts of Hox gene expression domains. Birth
Defects Research (A) 66: 59—67.

Wheatly, D. N. 1995. Primary cilia in normal and pathological tissues. Pathobiology 63: 222-238.
Woolfenden, G. E. 1961. Postcranial osteology of the waterfowl. Biological Sciences 6: 1-129.
Wright, T. R. 1970. The genetics of embryogenesis in Drosophila. Advances in Genetics 15: 261-395.

Zalts, H., and 1. Yanai. 2017. Developmental constraints shape the evolution of the nematode mid-developmental
transition. Nature Ecology & Evolution 1: 0113.



MIT Press Direct

© 2023 Massachusetts Institute of Technology

This work is subject to a Creative Commons CC-BY-NC-ND license.
Subject to such license, all rights are reserved.

0o

The MIT Press would like to thank the anonymous peer reviewers who provided comments on drafts of this
book. The generous work of academic experts is essential for establishing the authority and quality of our pub-
lications. We acknowledge with gratitude the contributions of these otherwise uncredited readers.

This book was set in Times New Roman by Westchester Publishing Services.
Library of Congress Cataloging-in-Publication Data

Names: Hansen, Thomas F., editor.

Title: Evolvability : a unifying concept in evolutionary biology? / edited by Thomas F. Hansen, David Houle,
Mihaela Pavlic¢ev, and Christophe Pélabon.

Description: Cambridge, Massachusetts : The MIT Press, [2023] | Series: Vienna series in theoretical biology |
Includes bibliographical references and index.

Identifiers: LCCN 2022038288 (print) | LCCN 2022038289 (ebook) | ISBN 9780262545624 (paperback) |
ISBN 9780262374705 (epub) | ISBN 9780262374699 (pdf)

Subjects: LCSH: Evolution (Biology)—Philosophy.

Classification: LCC QH360.5 .E99 2023 (print) | LCC QH360.5 (ebook) | DDC 576.801—dc23/eng/20220920

LC record available at https://lccn.loc.gov/2022038288

LC ebook record available at https://Iccn.loc.gov/2022038289


https://lccn.loc.gov/2022038288
https://lccn.loc.gov/2022038289



