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The standard model of evolutionary change of form, deriving from Darwin’s theory via the Modern Synthesis,
assumes a gradualistic reshaping of anatomical structures, with major changes only occurring by many cycles of
natural selection for marginal adaptive advantage. This model, with its assertion that a single mechanism underlies
both micro- and macroevolutionary change, contains an implicit notion of development which is only applicable in
some cases. Here we compare the embryological processes that shape the vertebrate limb bud, the mammalian tooth
and the avian beak. The implied notion of development in the standard evolutionary picture is met only in the case of
the vertebrate limb, a single-primordium organ with morphostatic shaping, in which cells rearrange in response to
signalling centres which are essentially unchanged by cell movement. In the case of the tooth, a single-primordium
organ with morphodynamic shaping in which the strengths and relationships between signalling centres is influenced
by the cell and tissue movements they induce, and the beak, in which the final form is influenced by the collision and
rearrangement of multiple tissue primordia, abrupt appearance of qualitatively different forms (i.e. morphological
novelties) can occur with small changes in system parameters induced by a genetic change, or by an environmental
factor whose effects can be subsequently canalized genetically. Bringing developmental mechanisms and, specifically,
the material properties of tissues as excitable media into the evolutionary picture, demonstrates that gradualistic
change for incremental adaptive advantage is only one of the possible modes of morphological evolution.
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1. Introduction

Modifications in form that occur in embryos and regenerating
organs are typically driven by changes in gene expression. But
gene expression changes can only elicit transitions between forms
inherent to the materials within which they occur. Morphological
development is, thus, not simply a phenomenon of the function-
ing of genes or gene networks, or even the behaviour of individ-
ual cells. Rather, it involves groups of cells — cell clusters and
tissues (Gilbert et al. 1996). Gene expression changes serve
mainly to mobilize the physical processes and effects character-
istic of the middle-scale or ‘mesoscopic’ state of matter consti-
tuted by these cell collectives (Forgacs and Newman 2005).
Because cell clusters and tissues have self-organizing prop-
erties, they inherently exhibit stereotypical forms (Newman
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and Miiller 2005). By analogy, we can think of the waves and
vortices displayed by liquid water when it is agitated, or the
ripples in windswept sand. Similarly, although in a more
complex fashion, developing embryos generate structural fea-
tures — morphological motifs (Newman 2012) — as a conse-
quence of their chemical composition and physical state
(Newman and Miiller 2000; Forgacs and Newman 2005).
The existence of self-organizing and excitable cell clusters
and tissues was not part of the concept of evolution by natural
selection as conceived by Darwin and Wallace and carried
forward by the Modermn Evolutionary Synthesis. As we have
argued previously, the fact that cell aggregates and tissues exhibit
a finite range of intrinsic forms is antithetical to the idea of
natural selection as a creative force in evolution (Linde-Medina
2010a; Newman and Linde-Medina 2013). Instead (as also noted
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by Depew and Weber 1996), the living matter of the conven-
tional model is passive, non-intrinsically ordered: its forms
would not be predictable outcomes of its material properties.

Because cells in animal tissues can be independently mobile
and can slip past one another, these tissues can have the prop-
erties of highly viscous liquids, with the cells playing a role
analogous to a liquid’s molecules. Liquids, whether nonliving
or living, can be simple or complex. If the units (molecules or
cells) are nonpolar in shape and surface properties, the default
morphology of the aggregate will be a sphere devoid of internal
spaces (“solid’ in the topological sense), like a liquid droplet. If
the cell units represent two populations with sufficiently differ-
ent affinities for one another, a phase-separating system, with
non-mixing layers, will emerge (Steinberg 2007). Tissues can
also behave analogously to a nematic liquid crystal if their cells
elongate and interdigitate. In such cases, the tissue tends to
elongate in the direction orthogonal to the long axis of the cells
(Keller et al. 2008). Alternatively, if the cells are polarized with
respect to their surface properties, spaces can form within the
tissue, as in vesicles and micelles that assemble from polar
molecules (Tsarfaty et al. 1992).

The cytoskeleton and some extracellular matrices
(ECMs), in which the cells are embedded (if mesenchymes)
or reside upon (if epithelia), give elastic properties to tissues.
Furthermore, the ability of cell collectives to store chemical
and mechanical energy enable developing tissues to generate
gradients and strains, as well as to respond to various types
of signals in an active fashion: they are what physicists term
excitable media (Levine and Ben-Jacob 2004).

To illustrate the causal role of material properties in the
generation of biological form, we will discuss three examples
of increasing developmental and morphological complexity in
vertebrate morphogenesis — the pre-skeletal tetrapod limb bud,
the mammalian tooth and the avian beak (figure 1). Each of
these organs develops from embryonic buds, i.e. parcels of
mesenchyme encapsulated in epithelial tissue. However, the
mechanisms by which these buds are shaped during embryo-
genesis differ significantly. The emergence and shaping of the
limb bud has been explained principally by the properties of
mechanically excitable media and the dynamics of viscous
fluids (Hopyan ef al. 2011; Zhang et al. 2013). Tooth three-
dimensional (3D) shapes have been modelled based on the
properties of chemically excitable liquid-like media (Salazar-
Ciudad and Jernvall 2010). For the bird beak, we introduce the
rationale of a new model (Linde-Medina et al., in preparation),
which includes, in addition to the viscoelastic properties of the
individual buds, inter-bud interactions in the generation of the
beak shape, since in contrast to the other organs, the beak
develops from more than a single bud.

We then apply this perspective to the question of how
morphological variation is generated in the course of evolu-
tion. The simplest morphogenetic mode considered, namely
the shaping of the limb bud (before the appearance of the
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endoskeleton), allows only for the emergence of quantitative
changes in size and shape of the same basic structure. The
‘variational properties’ of the limb bud (i.e. the changes it
can sustain as a result of genetic change; Salazar-Ciudad et al.
2003; Salazar-Ciudad and Jernvall 2005) thus enable the grad-
ual and continuous mode of evolution of the standard view.
The modes of morphogenesis of the tooth and the beak, for
different reasons that will be discussed below, are addi-
tionally capable of generating discontinuous, qualitative
morphological changes in response to incremental genetic
modifications or to environmental alterations whose effects
on development can be subsequently consolidated by
genetic changes. These modes of morphogenesis can, thus,
promote abrupt structural transitions (or saltations) not
contemplated by the standard evolutionary model. These
examples provide insights into the origination of morpholog-
ical novelties (Peterson and Miiller 2013) (in the case of the
tooth, new cusps; in the case of the beak, a different type), a
category of phenomena that lies outside the domain of the
standard evolutionary view, which focuses on the continuous
remodelling of structures (Miiller and Newman 2005).

2. Limb bud outgrowth and shaping: A morphostatic
single-primordium system

The limb buds of birds and mammals emerge from the embry-
onic body wall, or flank, under the influence of a diffusible
morphogen, fibroblast growth factor 8 (FGFS), secreted by a
narrow strip of epithelium that runs anteroposteriorly (AP)
along the limb bud tip (i.e. from thumb to little finger). In
these vertebrates, the FGF8-secreting epithelium is noticeably
thickened and it is called the apical ectodermal ridge (AER)
(figure 2). In the chicken, FGF8 transforms the prospective
limb mesenchyme into a more cohesive tissue than the flank
mesenchyme from which it is derived. This process causes it to
phase-separate from the adjacent flank tissue by a physical
process akin to the separation of oil and water when they are
present in the same container (Damon ef al. 2008). Since the
flank mesenchyme is less cohesive than the limb mesenchyme,
it would be expected to engulf the latter, as occurs with
immiscible liquids of different cohesivities. But the flank
tissue also exhibits an active mechanical response to this
tendency, causing it to expel the limb mesenchyme, which,
consequently, protrudes from the body wall as a bud (Damon
et al. 2008) (figure 2A).

Factors secreted by the AER, including FGFS, also keep
the mesenchyme of the limb bud tip in a developmentally
labile state, suppressing its capacity to form tight pre-skeletal
aggregates, known as condensations, that would further dif-
ferentiate into cartilage (Kosher et al. 1979). The shaping of
the limb bud occurs at the tip, under the influence of the
AER, the dorsal and ventral ectoderms that secrete other
FGF and Wnt-family morphogens and the mesenchymally
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Figure 1. A sequence of different developmental stages of a single species (left) and interspecific variation (right) of embryonic or adult
stages of the vertebrate limb bud (A), the mammalian tooth (B) and the bird beak (C). The limb bud undergoes quantitative shape changes
during its morphogenesis (size and shape change of the same basic structure). The examples in A, left, are drawings of successive stages of
mouse limb bud development. Its mode of development (figure 2) would only enable the generation of quantitative variation. The examples
in A, right, are drawings of a normal mouse limb bud and a chicken wing bud at early embryonic stages; falpid’, a recessive mutation in
chicken which is lethal in the homozygous state (shown), where it develops a very wide bud and, later in embryogenesis, polydactyly; and
the fin bud of a dogfish shark which develops a cartilaginous limb endoskeleton with similarities to that of tetrapods (see Zhu et al. 2010 for
additional details and references). In contrast, the mammalian tooth and the bird beak undergo more complex morphological transforma-
tions during morphogenesis. The examples in B, left, are drawings of histological sections of successive stages in the development of mouse
first molars. The examples in B, right, are drawings of the teeth of two different seal species, the ringed seal Phoca hispida (top) and the
grey seal Halichoerus grypus (bottom). The examples in C, left, are successive stages (from E5 to E8) of chicken beak development. The
primordia are shaded as follows: FNM, blue; LN, orange; MX, green; MD, yellow. During beak morphogenesis, FNM, LN and MX
primordia progressively collide and fuse to form a unique structure, the upper beak (at E8). The collision and fusion of a pair of MD form
the lower beak. The examples in C, right, are drawings of the beaks of a chicken, a parrot, a large ground finch and a cactus finch. The upper
beak of Geospiza finches show the same basic type and they only differ in their size (Campas et al. 2010); any other pair-wise comparison
between the species depicted in the figure would represent qualitative shape changes (different beak types). The tooth and beak
developmental systems are capable of generating qualitative shape variation in response to continuous genetic alterations (morphological
novelties) (see figures 3 and 5) (the mouse limb bud sequence is based on Marcon ef al. 2011; seal teeth are based on Salazar-Ciudad and
Jernvall 2010; histological tooth sections are based on Miletich ef al. 2011; finch beaks are based on Abzhanov et al. 2006).

and ectodermally sourced morphogens bone morphogenetic
protein 4 (BMP4) and Sonic Hedgehog (SHH). The latter is
produced in a localized region of the posterior mesoblast (the
zone of polarizing activity, or ZPA), as well as a portion of the
ectoderm (Bouldin et al. 2010).

The mouse limb bud mesoblast thus contains several gradi-
ent systems maintained by feedback loops involving the
above-mentioned morphogens, and nonuniformly distributed
Hoxd-class, Gli3 and Hand? transcription factors. These fac-
tors regulate the formation and AP length of the AER and the
localization and maintenance of the ZPA (Zeller et al. 2009).

In contrast to the long-held view that the limb bud is
primarily shaped by a gradient of mitoses in the mesoblast in
response to AER factors (i.e. by the physical mechanism of

nonuniform increase of mass), the distal mesenchymal cells
actually exhibit a chemotactic migratory response to FGF
gradients (Li ef al. 1996), as well as an oriented movement
and growth based on cell shape polarization (Boehm et al
2010; Wyngaarden et al. 2010). Cell orientation is dependent
on Wnt signalling, while FGF signalling affects cell velocity
(Gros et al. 2010; Hopyan et al. 2011) (figure 2B and C). Sonic
Hedgehog, with its source in the ZPA signalling centre, does in
fact act in a mitogenic capacity, indirectly influencing digit
number by its control of limb bud width, in addition to its
better known role, manifested later in development, in speci-
fying digit identity (Zhu et al. 2008).

The shaping of the single-primordium limb bud is thus the
result of mechanisms such as proliferation, chemotaxis, cell
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Figure 2. Tissue and cell behaviours during limb bud outgrowth. Limb initiation from the lateral plate mesoderm involves: (A) phase
separation of limb bud and flank tissue due to acquisition of enhanced cohesivity of the prospective limb relative to the flank, and expulsion
of limb bud by the flank tissue due to acquisition of active mechanical responsiveness by the latter (Damon ez al. 2008); (B) loss of
longitudinal cell shapes, directional changes in cell movement (blue arrows), and cell division bias (telophase separation indicated by line)
(Wyngaarden et al. 2010); (C) alignment of long axes and processes in a radial manner during elongation of the bud with cell division
planes and cell movements largely parallel to this orientation (Boehm ez al. 2010; Gros et al. 2010). The cohesivity of the limb mesoblast
(Damon et al. 2008), and the orientation (Boehm et al. 2010) and velocity (Gros et al. 2010) of movement of mesenchymal cells, are
influenced by FGFs secreted by the AER (red). The polarity and oriented movement of some of the mesoblast cells are also regulated by
Whnt proteins secreted by the dorsal and ventral ectoderm (black boundary in panel C; Gros ef al. 2010; Wyngaarden et al. 2010). The width
of the limb bud is influenced by the mitogenic effects of SHH produced at the zone of polarizing activity (ZPA) (green in panels A and B)

(Zhu et al. 2008) (panels B and C redrawn, with changes, from Hopyan et al. 2011).

polarization and orientation, which can be quantitatively
tuned (e.g. by variation in the participating genes) with no
qualitative changes likely in morphological outcome (the
same convex bud being basically conserved both during
development and across species; see figure 1A)." The inabil-
ity of the cell movement induced by these various processes
to change the relation of the signalling centres in such a way
as to create divergent forms is the hallmark of a morphostatic
developmental mechanism (Salazar-Ciudad et al. 2003).

3. Morphogenesis of the mammalian tooth: A
morphodynamic single-primordium system

While the limb bud is a mesenchyme-filled ectodermal evag-
ination of the body wall, tooth development begins with the
invagination of part of the oral ectoderm into the underlying,
neural-crest derived mesenchyme. Following this, in the cap
stage, the tip of this invagination stops growing and its cells
become more tightly packed. This structure is called the

' We emphasize that our limb example only pertains to the shaping of
the bud before the skeleton differentiates, a developmental episode in
every tetrapod embryo. The skeleton itself is, of course, a set of discrete
elements that emerge in a partly discontinuous fashion. Subtle changes
in limb bud shape, as well as in the functioning of molecules directly
involved in its formation, as described above, can have sharply diver-
gent effects on the skeletal pattern. Specifically, due to the properties of
its underlying Turing-type patterning mechanism (Turing 1952;
Newman and Frisch 1979), the skeleton undergoes discontinuous jumps
between numbers and sizes of elements in response to continuous
changes in the shape and other parameters of the developing limb bud
(Miura et al. 2006; Sheth et al. 2012).

J. Biosci. 39(2), April 2014

enamel knot (or simply, knot) and is characterized by the same,
or similar, molecular markers in all mammalian species stud-
ied. The epithelium grows more extensively at the periphery of
the knot, leading to the formation of two epithelial loops
(called the cervical loops) that invaginate deeper into the
underlying mesenchyme. In multi-cusped teeth, other knots
form at some distance from the primary knot. Over time, each
knot ends up in the tip of an elevation in the epithelium while
the intervening epithelium continues to proliferate and deepens
into the underlying mesenchyme. This process leads to epithe-
lial peaks and valleys, with each knot ultimately forming the
tip of a cusp. As differentiation into ameloblasts (epithelium)
and odontoblasts (mesenchyme) proceeds from the knots to
the cervical loops, a final tooth morphology is established that
corresponds to the configuration in 3D of the epithelial cusps
(reviewed in Salazar-Ciudad 2012) (figures 1B and 3).

The mechanism of tooth development can be modelled by a
version of a Turing-type local-activation-lateral-inhibition sys-
tem (Salazar-Ciudad and Jernvall 2010), also called the Gierer—
Meinhardt mechanism (Meinhardt and Gierer 2000). In such
systems, it is required that at least one diffusible molecule
promotes its own production, the activator, which also en-
hances the production of another diffusible molecule, the in-
hibitor, that curtails the activator’s production. Depending on
the strength of interaction between those molecules and their
diffusion rates, patterns of spots or stripes of activator and
inhibitor concentrations arise in space from initially homoge-
neous conditions (provided that there are small concentration
fluctuations). In the tooth developmental system there is good
evidence for an activatory role of both BMP2 and BMP4 in
establishing the enamel knots and, in the case of BMP2, the
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Figure 3. Schematic representation of tooth morphogenesis
according to the morphodynamic hypothesis. Knots are depicted in
red, the rest of the epithelium in brown and condensing mesenchyme
in pink. According to this hypothesis knots inhibit each other through
one or more diffusible molecules (including SHH) and also promote
condensation of the underlying mesenchyme. Proliferation in the
epithelium leads to the movement of cells along the plane of the
epithelium, depicted as continuous black arrows, from the knots
towards the cervical loops. A similar movement occurs in cells in
the mesenchyme (dashed black arrows). This promotes the formation
of valleys in the epithelium between knots. Since knots also promote
the growth of the underlying mesenchyme, the cusps formed by each
knot are pushed apart (gray horizontal arrows) while the epithelium
grows to engulf the surface of the condensed mesenchyme. (Redrawn,
with changes, from Salazar-Ciudad 2012.)

condensation of the underlying mesenchyme as well. BMP4,
moreover, promotes its own expression through its receptors
and the transcription factors Msx/ and Pax9 (reviewed in
Salazar-Ciudad 2012).

The proposed tooth developmental mechanism exhibits
some differences from the classically described reaction-

diffusion systems, however, which reflect specific features
of the biology (Salazar-Ciudad and Jernvall 2010). In typical
reaction-diffusion models, the activator and inhibitor func-
tion simultaneously in time and space, with no threshold for
the induction of either component. In the tooth model, it is
stipulated that there is no inhibitor secretion until knots arise,
and that it is only the knot cells that secrete the inhibitors.
The implication is that cells are in a self-amplifying loop of
BMP4 secretion until some of them attain sufficient levels of
the morphogen and differentiate into knots. The knots then
secrete inhibitors (a complex set of factors including SHH
and various indirectly acting BMP inhibitors) that preclude
nearby cells from reaching the same threshold.

The irreversibility of this kind of differentiation ensures
that the positions of the activator peaks (i.e. the knots) do not
change in space or time once they are formed. This contrasts
with the behaviour of classic reaction-diffusion models in
which concentration peaks continually readjust in space so
that a regular spacing between them is ultimately attained.
While adjacent knots are subject to lateral displacement due
to growth and can lose mass due to apoptosis, knots remain
stable and retain their relative heights throughout the devel-
opmental process (figure 3).

Referring back to the description of the shaping of the limb
bud (section 2), we can see that the development of the tooth
presents some important differences. A reaction-diffusion
mechanism also underlies the process of skeletal patterning in
the limb bud (Hentschel et al. 2004; Sheth et al. 2012; see
footnote 1). In the limb, however, skeletal patterning is distinct
from limb bud shaping, whereas in the case of the tooth the
reaction-diffusion mechanism governs a process in which shap-
ing and skeletogenesis are inextricably intertwined. This mech-
anism gives to the single tooth primordium the capacity to
develop several independently growing signalling centres that
interact with one another simultaneously to determine the tooth
shape, a property that makes its development inherently
morphodynamic (Salazar-Ciudad et al. 2003).

Computational simulation of the tooth model successfully
predicts the range of morphological variation seen in a
natural population of seals (Salazar-Ciudad and Jernvall
2010). The variational properties of the system under simu-
lated genetic change demonstrate that continuous or incre-
mental underlying changes can lead to qualitatively different
tooth morphologies (figure 1B).

4. Formation of the bird beak: A multiprimordium
morphogenetic system

Like the limbs, the beak develops from evaginations of the
epithelium filled with mesenchymal cells. In contrast to both
the limbs and the teeth, the beak is formed by more than one
primordium. A total of five buds form the upper beak: one
medial frontonasal mass (FNM), two lateral nasal
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prominences (LN) and two maxillary prominences (MX).
The lower beak is formed by the fusion of two mandibular
prominences (MD) (figure 1C). At early stages of develop-
ment, the skeleton of the beak consists of rods of cartilage.
There is one central rod in the upper beak (the nasal cartilage)
and two lateral rods in the lower beak (Meckel’s cartilages).
These rods represent the scaffolding of the beak; the mesen-
chymal cells surrounding this cartilaginous scaffold will de-
velop into membrane bone, with the exception of the articular
element of the lower jaw, which is an endochondral bone that
forms by replacement of cartilage (Zusi 1993).

Like the teeth, and in contrast to the limb bud, the beak
primordia undergo complex, qualitative shape transforma-
tions during morphogenesis (figure 1C). Alterations of this
process have led to beaks of different types (such as the
beaks of chickens, parrots, or finches) or quantitative varia-
tions of the same basic beak type (e.g. the beaks of Darwin’s
finches) (Campas et al. 2010) (figure 1C). Thus, this devel-
opmental system has produced both qualitative and quanti-
tative shape variation in the course of evolution.

One of the most widely discussed developmental models
for the bird beak is based on the patterning of facial cartilage
and bone in Galapagos finches (species of the genus Geospiza)
(Abzhanov et al. 2004, 2006; Mallarino et al. 2011).
According to this model, BMP4 and calmodulin (CaM) con-
trol beak dimensions by regulating, independently, the pattern-
ing of the prenasal cartilage. These two molecules affect
different dimensions of the beak: BMP4, its depth and width,
and CaM, its length. In addition, TGFPBRII, B-catenin and
Dickopf 3 (Dkk3) act in a coordinate fashion to further mod-
ulate the depth and length of the upper beak through their
effects on the patterning of the premaxilla bone. These two
sets of molecules — one acting on chondrogenesis and the other
on osteogenesis — represent, in this view, two independent
developmental modules that conjointly explain the size differ-
ences of the beaks observed in the genus Geospiza, which all
have the same upper beak shape (Campas et al. 2010).

A recent study of another group of finches, the genus
Loxigilla, has shown that the species L. noctis, which shares
the same regulatory network of tissue patterning described for
the genus Geospiza, exhibits a different upper beak shape.
Furthermore, L. portoricensis and L. violacea, which exhibit
the same beak shape as L. noctis, utilize a different regulatory
network (one formed by Bmp4 and Ihh, whose products syn-
ergistically alter the dimensions of the premaxilla bone)
(Mallarino et al. 2012). These observations indicate a lack of
correspondence between beak morphology and the presumed
underlying gene-expression-based developmental programs for
tissue patterning. This implies that the evolutionary conservation
of beak shape among the Loxigilla species, whatever assump-
tions are made about its presumed adaptive basis, is consistent
with dramatic ‘rewiring’ of the skeletal patterning network. A
plausible explanation for this is that beak shape may be
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generated not during skeletogenesis, as proposed by Mallarino
et al. (2011), but at earlier stages of budding outgrowth (see
below).

Taking into account that the adult beaks of Galapagos
finches do not depart substantially from a triangular shape
(Campas et al. 2010), developmental models based on these
species would be primary concerned with quantitative shape
changes and, therefore, would not address the origin of other
divergent and common shapes in birds, such as the curved
beak of parrots and hawks.

Experiments based on BrdU staining (used for the detec-
tion of proliferating cells) have shown the existence of
localized zones in the FNM mesenchyme with a higher
proliferative rate. These areas have been called localized
growth zones (LoGZs) (Wu et al. 2004, 2006). A comparative
analysis showed differences in the distribution of the LoGZs
between the chicken, the duck and the cockatiel. The distri-
bution of these LoGZs, moreover, was correlated with the
expression pattern of Bmp4. It has been suggested that the
morphological diversity of the beak could be due to evolu-
tionary changes in the spatiotemporal regulation of these
LoGZs, possibly due to alterations in regulation of Bmp4.
SHH secreted by the frontonasal ectodermal zone (FEZ), a
signalling centre localized in the epithelium of the FNM, could
act as an upstream molecule that regulates the pattern of
LoGZs in the FNM mesenchyme (Hu and Marcucio 2009;
Young et al. 2010). In contrast to the model described above,
this would mean that the shape of the beak could be specified
at early stages of budding outgrowth, prior to significant
differentiation of cartilage and bone. Furthermore, based on
divergent beak morphologies, this growth-based develop-
mental model would explain the origination of both quanti-
tative and qualitative shape changes at the adult stage.

The model relies principally on the observation that the
chicken and the duck embryos possess two lateral LoGZs in
the FNM (one on each of the globular processes), which at
later stages of development collide at the midline to form a
unique growth zone (Wu ef al. 20006). In the duck, the two
LoGZs remain independent of each other for a major period of
time, leading to a broader primordium. It has been suggested,
therefore, that the differences in the width of the FNM, pro-
duced by this delay in the fusion of the LoGZs, would explain
the differences between the conical and the paddle-like beak of
chickens and ducks, respectively (Wu ef al. 2006). According
to the model, changes in the growth rates of LN and MX
primordia — which are located at the lateral sides of the FNM
— would also alter the beak width, with higher growth rates
leading to wider beaks and vice versa (figure 1C).

Sagittal sections of the FNM of the chicken, duck and
cockatiel showed that the latter species has the LoGZ in a
more dorsal position than the other ones (Wu et al. 2006).
Based on this observation, the model states that beak curva-
ture is determined by the position of the LoGZ along the
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dorsoventral axis: a LoGZ located in a ventral position
would lead to the formation of a straight beak, whereas in
a dorsal position it would lead to a curved beak, intermediate
positions leading to intermediate beak curvatures (Wu et al.
2006; see figure 3D—F therein).

However, this model cannot explain how a curved beak,
such as the one observed in the cockatiel, can be induced in
the chicken embryo (figure 4). The FEZ, a signalling centre
defined by the boundary between Fgf8 and Shh expression in
the epithelium of the FNM, correlates with the localization
of the LoGZ along the dorsoventral axis (Wu et al. 2006).
The boundary of the Sh# domain extends more ventrally in
ducks and chickens than in the cockatiel (Wu et al. 2006).
Thus, it has been suggested that FEZ may regulate the
growth of the FNM by specifying the position of the
LoGZs in the mesenchyme (Wu et al. 2006). Teratogens
induce curved beaks in the chicken embryos when adminis-
trated at stage 23, after the FEZ and its signalling activity
have been established (stage 20) (Hu et al. 2003). This
indicates that factors other than the position of the LoGZs
are involved in the generation of curved beaks.

To explore the developmental cause underlying beak cur-
vature, we studied, by landmark-based geometric morpho-
metrics (Rohlf and Marcus 1993), the transformations of the
face during beak morphogenesis under normal and terato-
genic (valproic acid exposure) conditions in the chicken
embryo. Valproic acid (VPA) is a teratogen capable of
interfering with the Wnt/B-catenin pathway (Wang et al.
2010), which promotes budding outgrowth of the facial
prominences (Medio ef al. 2012); it can also decrease em-
bryonic growth by increasing apoptosis (Tung and Winn
2011). The treatment produced a decrease of the extension
of the facial buds between embryonic days 5 to 7. Between
day 8 and 9, the beak was less protruding in VPA-treated
than control embryos. At later stages, VPA-treated embryos
developed a curved beak similar to those observed in other
bird genera (figure 5).

These results raise the question of how a reduction in bud-
ding outgrowth can generate a hooked beak. The external
morphology of the embryos suggests an answer to this question.
The egg tooth primordium localized in the FNM is in a vertical

Control

Figure 4. A control and a VPA-treated chicken embryo at em-
bryonic day 10. Note the curved beak induced by exposure of the
embryo to the teratogen.
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position at early stages of development, when the FNM is
pointing downwards, but it assumes a horizontal position at
later stages, when the recently formed upper beak begins to
grow forward (figure 6). This indicates that the FNM does not
grow forward by itself like Pinocchio’s nose, but is by some
means lifted. Thus, for the beak to grow forward, a mechanism
capable of straightening the frontonasal mass might be at work,
with the failure of such a mechanism leading to a curved beak.
The fact that the maxillary buds are the most affected by the gain
of function of Mxsl, via up-regulation of Wnt/B-catenin path-
way, which leads to a curved beak (Medio ef al. 2012), indicates
that these buds may play an important role in the generation of
the beak shape. (The hypothesis that the upper beak is straight-
ened by the lower beak was ruled out by Silver 1962.)

Taking into account that the maxillary buds, in contrast to
the FNM, extend principally along a proximodistal axis
(McGonnell et al. 1998), we propose that the FNM is lifted
by the maxillary buds when at embryonic day 8 these buds
collide and fuse to form the upper beak. The answer to how
the reduction in budding outgrowth observed in VPA-treated
embryos can lead to the formation of a hooked beak is that
the maxillary buds in this case do not extend far enough to
lift the frontonasal mass.

In collaboration with computational biologist colleagues,
we have devised a 2D in silico model, based on the visco-
elastic properties of the mesenchyme, which simulates the
extension of the FNM and the maxillary buds at the stage in
which they collide and fuse to form the upper beak (Linde-
Medina et al., in preparation). According to our shape anal-
ysis of the face, treatment with VPA resulted in reduced bud
expansion. Therefore, we simulated the growth of VPA-
treated embryos by decreasing the extension rate of the
maxillary buds. Under this situation, the MXs do not extend
enough to support from below the extending FNM, causing
the FNM to overgrow the MXs and move downward,
resulting in a curved appearance. Simulations for high and
moderate extension rates lead to the generation of a straight
beak like those observed in normal chicken development; only
when a threshold was surpassed did the new beak shape
appear. The simulations showed how changes in the extension
rate of the maxillary buds could abruptly lead to the generation
of beaks of different types (i.e. qualitative shape changes in
response to a continuous change in the extension rate param-
eter), indicating the importance of mechanical interactions
between the facial primordia in the process of beak morpho-
genesis, a feature not considered in previous models.”

2 Note that the model of Mallarino ez al. (2011) is based on a single
primordium, the frontonasal mass, whereas the model of Wu et al.
(2006) takes into account the multiprimordium nature of the bird beak.
However, the latter model is exclusively based on intrinsic growth
patterns of the facial primordia, with no mention of the extrinsic
budding interactions in the generation of the beak form.
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Figure 5. Mean shape of the face of a control (light blue) and a VPA-treated embryo (dark blue) from a Discriminate Analysis (embryonic

day 5 to 7) (A). The differences between the mean shapes indicate

the shape alterations induced by VPA. Shape configuration for the

minimum and maximum values of the first axis of a canonical variate analysis (CV1) of control and VPA-treated embryos which
summarizes the main shape differences induced by VPA at embryonic days from 8 to 9 (B) and 10 to 12 (C). The control and VPA-
treated embryos presented maximum and minimum values of the first canonical axis, respectively. The panels show the localization of the
landmarks (red points) that were used for the shape analysis (Linde-Medina et al., in preparation).

5. Discussion

Evolutionary developmental biology, at least in its internalist
version (Linde-Medina 2010b), departs from evolutionary
theory in the classic neo-Darwinian and Modern Synthesis
modes by its focus on laws of biological form. Earlier forays
in this direction, whether by Goethe, Geoffroy Saint-Hilaire,
Owen, Bateson or Thompson (Russell 1916; Webster and
Goodwin 1982; Lenoir 1987; Amundson 2007; Newman
2007), were all written out of the standard evolutionary
theory in favour of the view that biological form has been
shaped by natural selection. Consistent with this suppressed
‘laws of form’ tradition, however, it is now understood that
the forms that organisms can assume over the course of
evolution are neither arbitrary, nor produced exclusively by
opportunistic competition for marginal advantage. They are
instead generated by a limited set of physico-genetic pro-
cesses inherent to developing tissues, which in turn give rise
to finite arrays of kingdom- and phylum-characteristic mor-
phological motifs (Forgacs and Newman 2005; Newman
2012; Hernandez-Hernandez et al. 2012; Heisenberg and
Bellaiche 2013).

We have seen that the role of material properties in the
generation of biological form is omitted in existing develop-
mental models for the bird beak (Wu et al. 2006; Mallarino
et al. 2011). However, the complex qualitative shape trans-
formations that the facial buds undergo to generate the beak
(figure 1C) cannot be understood when the physical forces
that drive morphogenesis are excluded. As a consequence,
the upper beak has been explicitly or implicitly conceived as

J. Biosci. 39(2), April 2014

Figure 6. View of the head of a chicken embryo at day 7 (top
right) and day 12 (bottom left). The arrow shows the position of the
egg tooth primordium. Note that the egg tooth is in a vertical
position at day 7, whereas it assumes a horizontal position at later
stages. This indicates that the FNM has been lifted during the
morphogenesis of the beak.
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a morphostatic single-primordium organ like the limb bud.
In such an idealized framework, beak shape changes are the
direct consequence of quantitative changes at the primordi-
um. In the model of Wu ef al. (2006), for example, curved,
longer, larger, smaller, narrowed and widened upper beaks
would be the direct consequence of a curved, longer, larger,
smaller, narrower and wider FNM, respectively (with wider
LNs and MXs also contributing in the latter case). In the
model of Mallarino et al. (2011), the correspondence is
between upper beak morphology and the proportions of the
skeletal elements; thus, a wider beak would be the conse-
quence of a wider nasal cartilage; a larger beak, the conse-
quence of a larger nasal cartilage and/or a larger premaxilla
bone, and a deeper beak, the consequence of a deeper nasal
cartilage and/or a deeper premaxilla bone (a curved beak is
not contemplated in this model). Correspondingly, it was
suggested that incremental changes in the expression of the
regulatory genes involved in growth (Wu et al. 2006) or
tissue patterning of the facial buds (Mallarino et al. 2011)
would generate incremental and quantitative morphological
variation along the three main growth axes of the beak,
fulfilling the bases for a continuous and gradual moulding
process, as required by the standard evolutionary framework.

But the mechanical lifting of the FNM that takes place
during beak morphogenesis cannot be understood solely in
terms of gene expression patterns. Developmental genes will
contribute to this process by regulating the extension rate of
the facial primordia (a system parameter), but the resulting
beak shape would be ultimately due to the physical forces
generated during morphogenesis. The incorporation of bud-
ding interactions in a model of beak morphogenesis reveals
novel variational properties of this developmental system,
which are not seen in a morphostatic single-primordium
organ. Simulations of beak morphogenesis, which incorpo-
rate physical interactions, show that the lifting of the FNM
would not be a gradual and continuous process, but that the
system would respond abruptly to continuous alterations of
its constituent parameters, generating a straight or a curved
beak with apparently no intermediate beak shapes. Like the
morphodynamic tooth system, this physically interactive
multiprimordium system is capable of generating qualitative
shape change in response to continuous variations of the
system parameters.

An earlier-studied example of an incremental change in the
parameters of a developmental system leading to an abrupt
morphological transition is provided by the ontogeny of cheek
pouches in rodents (Brylski and Hall 1988a,b). In some spe-
cies, cheek pouches open internal to the mouth cavity, while in
some other species they open externally, with no connection to
the mouth cavity. Both types of cheek pouches develop from
an invagination of the buccal epithelium close to the corner of
the mouth, with only a minimal anterior shift of the invagina-
tion site (associated with elongation of the snout in later-
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evolving species) resulting in the externalization of the cheek
pouches (Brylski and Hall 1988a). The investigators suggested
that this morphological transition took place with no interme-
diate phenotypes (Brylski and Hall 1988b; see the discussion
in Miiller 1990 p 107).

Some of the variants produced by such developmental sys-
tems are dissimilar from the incremental and arbitrary morpho-
logical variants of the morphostatic system; they appear
suddenly and fully formed. These qualitative transformations
(e.g. from a straight to a curved beak) would not result from a
gradual evolutionary moulding process to meet functional de-
mands, but from the properties of the underlying generative
mechanisms, which may have nonlinear properties. In particu-
lar, a curved beak need not have originated by an evolutionary
reshaping, through intermediate steps, of a single-primordium
organ to meet some functional demands; it can instead have
arisen suddenly, by a slight alteration of the physical processes
involved in beak morphogenesis: it is a potential discrete mor-
phological outcome of this developmental system. The colli-
sion and fusion of the facial buds to form the upper beak will
(when certain parameters are altered) abruptly give rise to a
novel form (e.g. the curved beak), the basis of which is intrinsic
to the material properties of the embryonic tissues and quite
independent of any subsequent functional role.?

By the principles of niche construction, morphological
novelties, in cases like the tooth or beak, could enable new
food choices and exploration of new habitats (Laland et al.
2008). Such examples of function following form do not
conform to the notion of adaptive, gradualist natural selec-
tion as the driving force of morphological evolution.

The contrasting views of beak morphogenesis suggest
that natural selection can only be imagined to be an evolu-
tionary shaping mechanism if the complex morphological
transformations of the face during beak morphogenesis are
side-stepped. Therefore, although embryonic development is
not explicitly considered by the neo-Darwinian synthesis, we
suggest that the morphostatic, single-primordium paradigm,
exemplified by limb bud shaping, is what is implicitly as-
sumed in that model of evolution. Incorporating physics in
the causal analysis of beak morphogenesis, permitting, in
principle, the explanation of this complex morphogenetic
process, concomitantly undermines the importance of natural
selection in the shaping of the beak. In this view, natural
selection may preserve, and thus enable, the propagation of
morphological novelties which, however, are originated by a
dynamic multiprimordium system. This exemplifies the

> While the early developmental events would determine the general
shape of the upper beak, its adult form will also depend on processes
that take place at later ontogenetic stages (patterning and growth of
skeletal tissues) or during the juvenile phase (by the active use of the
jaw muscles) (Genbrugge et al. 2011). The growth of the rhamphotheca,
the sheet of cornified epithelium covering the beak, also influences the
adult beak shape (Genbrugge et al. 2012).
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assertion that when accounting for biological form ‘one must
not confuse the fact that a structure is used in some way...
with the primary evolutionary reason for its existence and
conformation’ (Gould and Lewontin 1979 p 153).

An unavoidable question is: how many organs, or
features of an organ, conform to the single-primordium,
morphostatic paradigm which enables the Darwinian
mode of evolution? The answer is that for the origina-
tion of morphological novelties and the elaboration of
complex organs, they may be more of an exception than
the rule. Note that while we used the limb bud as a
known example of a morphostatic single-primordium
system, the morphology of the limb skelefon is specified
by a Turing-type mechanism (Hentschel et al. 2004;
Sheth et al. 2012) that can generate abrupt, qualitative
change in the number and arrangement of elements in
response to, among other things, continuous variation in
limb bud shape (Zhu et al. 2010).

We conclude with some comments about the role of
mechanisms of abrupt (saltational) change in evolution-
ary theory. It might be claimed that this issue is a straw
man: for evolutionists, the criticism goes, it does not
matter how a phenotypic alteration arises; the only mat-
ter of importance is the contribution of its heritable
determinants (typically gene variants) to the next gener-
ation. The late Stephen Jay Gould, considering the
unique contribution of Darwin to the Modern
Synthesis, had a different view of the role of selection
in this theory:

Darwin’s theory...cannot be equated with the sim-
ple claim that natural selection operates. Nearly all
his colleagues and predecessors accepted this pos-
tulate. Darwin, in his characteristic and radical
way, grasped that this standard mechanism for pre-
serving the type could be inverted, and then
converted into the primary cause of evolutionary
change. Natural selection obviously lies at the cen-
ter of Darwin’s theory, but we must recognize, as
Darwin’s second key postulate, the claim that nat-
ural selection acts as the creative force of evolu-
tionary change...as long as change accretes in an
insensibly gradual manner; and as long as the re-
productive advantages of certain individuals pro-
vide the statistical source of change; then natural
selection must be construed as the directional cause
of evolutionary modification (Gould 2002 pp 139,
141).

Given the insistence on gradualism by both Darwin and
Wallace, and the rejection by the architects and present-day
advocates of the Modern Synthesis of an evolutionary role
for genes of large effect (creating hopeful monsters) and of
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the reality (as opposed to the artifactual appearance) of
punctuated equilibria in the fossil record,* we must give
credence to Gould’s characterization of the structure of the
Darwinian framework. The Darwin—Wallace theory and the
subsequent Synthesis have purported to explain the origin
and reshaping of biological features — morphological motifs
and other phenotypic characters — by incremental adaptive
changes. If the effect of selection is simply to retain or
discard possibilities due to inherent tissue properties, the
‘creativity’ lies in the laws of morphological and physiolog-
ical development, not in selection itself.

Where the underlying mechanisms of phenotypic change
are clear, and the presumption of gradualism is untenable,
saltational change has been uncontroversial in evolutionary
theory. Mutations associated with utilization of novel carbon
sources in bacteria (van der Meer 1997), or with ethanol
(Agarwal 2001) or lactose tolerance (Campbell et al. 2005),
or with alterations of red blood cell morphology in humans
(Mozzarelli et al. 1987), may lead to large phenotypic effects
which are explicable on the basis of the discrete outcomes of
enzyme chemistry or protein folding. These sudden alter-
ations may be retained or not as a result of selection, but in
such cases no one would claim that natural selection is the
‘creative force’ behind them. It is only in the case of mor-
phological characters, where (until recent years) there has
been no analogous physicochemical understanding of their
generation, that consideration of saltational mechanisms has
been anathema to the conventional theory.

We have argued elsewhere that the resistance to saltational
interpretations of morphological evolution is a remnant of
early 19th century concepts of the physics of materials
(Linde-Medina 2010a; Newman and Bhat 2011; Newman
and Linde-Medina 2013; see also Depew and Weber 1996).
If living matter was not considered to be capable of organizing
itself by its intrinsic physicochemical properties, it had to be
moulded from without, by adaptive solutions to externally
given problems. The domination of Newton’s and even
Aristotle’s ideas, uninformed by later developments in ther-
modynamics, dynamical systems theory, reaction-diffusion
instabilities, and so forth (which eventually incorporated
abrupt transformations of organic form into the naturalistic
explanatory framework), led Darwin and Wallace towards a
notion of the transformation of body plans and organ forms

* There have been exceptions. The late John Maynard Smith, for in-
stance, described himself as ‘open-minded about the possibility that
development may impose discontinuous constraints on the pattern of
phenotypic variation’, concluding that ‘[i]f so, mutations of large phe-
notypic effect may sometimes initiate new evolutionary departures’
(Maynard Smith 1983 p 19). Although advanced three decades ago by
one of the most highly regarded theorists of the Modern Synthesis, this
notion, which may have even greater relevance to the less canalized forms
of earlier periods of evolution than to present-day organisms (Newman
2012), has remained marginal to mainstream evolutionary theory.
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that allowed for no sudden transitions: to get from ‘here’ (e.g. a
simple form) to ‘there’ (a more complex one) could only be
accomplished by a series of gradual changes.

We now know better. Embryogenesis clearly utilizes phys-
ical processes consistent with abrupt self-organization change,
including phase separation (in gastrulation; Krieg ef al. 2008),
oscillation (in segmentation; Oates et al. 2012), and reaction-
diffusion instability (in limb skeletal development; Sheth et al.
2012). The examples presented here, of limb bud shaping,
tooth formation and beak development, show that ostensibly
similar processes of tissue morphogenesis occur by a multi-
plicity of effects in one or more than one primordium, that in
only some, possibly exceptional cases, does this result in
gradual deformation. There is no reason for the novelties
produced by saltational mechanisms, such as those described
here, not to have contributed to organismal changes in natural
populations.’ Because of its supposedly paradigmatic status in
the genesis of Darwin’s theory (van Wyhe 2011) the morpho-
logical variation of the bird’s beak has particularly succumbed
to gradualistic interpretations that are inconsistent with the
embryological reality. With our increased knowledge of the
protean dynamics of development, we can progress toward an
evolutionary framework that is not tied to an obsolete concept
of living matter.
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