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SUMMARY

We present a classification of developmental mechanisms to modify each other’'s dynamics. We propose that this
that have been shown experimentally to generate pattern previously unexplored distinction in the operation of
and form in metazoan organisms. We propose that all such composite developmental mechanisms provides insight into
mechanisms can be organized into three basic categories the dynamics of many developmental processes. In
and that two of these may act as composite mechanisms in particular, morphostatic and morphodynamic mechanisms
two different ways. The simple categories arecell respond to small changes in their genetic and
autonomousmechanisms in which cells enter into specific microenvironmental components in dramatically different
arrangements (‘patterns’) without interacting, inductive  ways. We suggest that these differences in ‘variational
mechanisms in which cell communication leads to changes properties’ lead to morphostatic and morphodynamic
in pattern by reciprocal or hierarchical alteration of cell mechanisms being represented to different extents in early
phenotypes (‘states’) andmorphogeneticmechanisms in  and late stages of development and to their contributing in
which pattern changes by means of cell interactions that do distinct ways to morphological transitions in evolution.

not change cell states. The latter two types of mechanism

can be combined eithermorphostatically in which case

inductive mechanisms act first, followed by the Keywords: Induction, Pattern formation, Morphodynamic
morphogenetic mechanism, or morphodynamically in  development, Morphostatic development, Morphogenesis, Tooth,
which case both types of mechanisms interact continuously Brain, Limb, Evolution, Genetic networks

INTRODUCTION arrangement of cell states in three-dimensional space (i.e., a
‘pattern’; we reserve the word ‘form’ for the spatial
Evolution of metazoan organisms has produced, over hundredgrangement of cells without considering their state). In formal
of millions of years, both phenotypic complexity and theterms the development of an organism can be described as
developmental mechanisms by which such complexity i¢ransformation from one set of patterns to another set of
generated. During development a single cell becomes gratterns and here we aim to highlight the basic logic of the
organism composed of multiple cell types arranged in spatiglevelopmental mechanisms underlying these pattern
distributions that can be both architecturally complex andransformations.
functionally coherent. How this distribution of cellular Causal explanations of pattern formation in an embryonic
phenotypes (‘cell states’) is attained through spatiotemporgirimordium require knowledge of all the genes, epigenetic
regulation of gene interactions and cell behaviors is one of thdeterminants (that is, surrounding cell arrangements and other
main questions of developmental biology. To this endmicroenvironmental conditions in the embryo), and their
considerable knowledge has been acquired during the last fémteractions necessary for generating such a pattern from a
decades about the genetic composition of multicellulaprevious pattern. In practice, causality can be inferred by
organisms, how various genes and gene products interatgsting how well a developmental mechanism predicts the
where are they expressed, and in which developmentélariational’ properties — the range of potential morphological
processes are they involved. outcomes.

Organismal development is enabled bigvelopmental It is common in theoretical discussions of development to
mechanismsA developmental mechanism is understood in thiglistinguish two components of pattern formation (Wilkins,
paper as gene product interactions and changes in cellul2901). First, pattern formation through cell-cell signaling
behaviors (such as mitosis, apoptosis, secretion of moleculerechanisms (we will refer to theseiaductive mechanismis
signals, cellular adhesion, differentiation, and so forth) that arestablishes cells with different states and different spatial
required for and cause the formation of a particularelationships by signaling in two and three dimensions in
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developing planar and solid tissues, respectively. Secon@ivision of a heterogeneous egg

mechanisms that use cell behaviors other than signaling (Wgith few exceptions (mammalian and some turbellarian

will refer to these asnorphogenetic mechanisjnact on the clades) different parts of the egg contain different protein or

previously established pattern to cause the formation of threeaRNA gene products. Non-uniformities in the egg may result

dimensional tissues and organs. As described in detail belofjom asymmetric assembly of materials from follicle or nurse

morphogenetic mechanisms change the spatial distribution @&lls during the course of oogenesis, or non-uniformities

cells without changing cell states. inherent to all cells (Gilbert, 2000; Muller, 2001). In some
Morphogenetic and inductive mechanism act at all stages ehses, as irosophila (Riechman and Ephrussi, 2001), the

development. Inductive mechanisms are generally implicategocyte is patterned by inductive interactions with the cells in

in developmental changes that produce new patterns. Becauge gonads.

induction is a prerequisite for development to proceed n

particular attention is normally paid to the order in which

inductive and morphogenetic mechanisms function. Wk Cell autonomous mechanisms

suggest, however, that the relative timing, including possibl ... Asymmetric mitosis Temporal dynamics
coincidence, of inductive and morphogenetic mechanisms Céheterogeneous egg with mitosis
have major consequences for developmental dynamics and t 0 >
range of potential morphological outcomes, and is therefore « @)Q O)O). O>8>§

central importance for the understanding of both developmel
and morphological evolution. In fact the terms ‘pattern’,

‘pattern formation’ and ‘morphogenesis’ are often used ir Inductive mechanisms
different and not always explicit ways. In this article, we define Hierarchic Emergent
these terms in a way that does not make assumptions about h

inductive and morphogenetic mechanisms interrelate il dﬁ @@

producing developmental change.
A key aspect of our treatment is the introduction (or rathe _ )

appropriation) of the term ‘morphodynamic’ (distinguished from Morphogenetic mechanisms

‘morphostatic’) to characterize complex developmenta Directed mitosis Differential growth

mechanisms in which inductive and morphogenetic mechanisn

interact with one another in a reciprocal fashion. The need fc )%@ >

new concepts to bring order to the complexities ol

morphogenesis was anticipated by earlier investigators such

the cell biologist Paul Weiss, whose influential textbook ol  Apoptosis Migration Differential adhesion

developmental biology was first published under the Germa )0

tite Morphodynamik (Weiss, 1926) and later published in > % > @ > %

English asPrinciples of Developmenf{Weiss, 1939). The

mathematician René Thom used the allied phrase “dynamics

forms” in his topological treatment of embryogenesis and huma Contraction Matrix modification

biology Structural Stability and MorphogenegiBhom, 1975). I

In the following sections we briefly review and classify the W

main types of developmental mechanisms for which there i >

experimental evidence. As noted, these can be characterized

basic mechanisms that employ only one or few cell behaviorFig. 1. Schematic examples of the basic developmental mechanisms.

Although our main objective is to explore the ramifications ofDivision of an heterogeneous egfifferent parts of the egg bind

the heretofore overlooked morphostatic/morphodynamidifferent molecules (indicated by different shading) resulting

distinction, we also emphasize that efforts to formulate useflg‘rg'giif;er’:ntt’i':”S;c;gﬁggﬁgﬁﬁ%ggﬁgfew;tgg:gglfe;zf”sresumng N

computational model_s of dev_elopmental and .evomtlonarydifferent daughter celldnternal temporal dynamics coupled to

developmental scenarios (Hunding et al., 1990; Mjolsness et &yiogis cells that have oscillating levels of molecules before their

1991; Drasdo and Forgacs, 2000; von Dassow et al., 2000; S@ifision can produce spatial patterhiierarchic induction inducing

etal., 2000; Salazar-Ciudad et al., 2001a; Salazar-Ciudad et &kl (gray) affects neighboring cells but the induced cells (white) do

2001b) will benefit from an accurate schematization of the fulhot affect the production of the inducing sigriahergent induction

range of experimentally confirmed developmental mechanismiducing cell affects neighboring cells, which in turn signal back
affecting the production of the inducing sigriaitected mitosis
consistently oriented mitotic spindles may direct tissue growth.

A REPERTORY OF BASIC DEVELOPMENTAL I_Differential growth ce_lls dividing ata higher rate (gray) can alter_

MECHANISMS tissue shapeApoptOS|stransformatlon of an estab.lllshed pattern into
another can result from apoptosis affecting specific cells (gray).

. Migration: cells can migrate to a new locatigkdhesiona change in

Cell autonomous mechanisms pattern can result if a set of cells have differential adhesion properties

Cell autonomous developmental mechanisms all involve ongtrong adhesion among gray cel8hntraction differential

cellular behavior: mitosis. Thus, cells do not interactCOﬂtFaCtion of cells can cause buckling of a tisdlerix swelling,

mechanically or by signaling. See Fig. 1. deposition, and lossnatrix swelling can cause budding.
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Asymmetric mitosis focus initially on the simple case without immediate
Nearly all cells exhibit some kind of internal polarity causingmorphological consequences. _

gene products or mMRNASs to be distributed into different parts Examples of simple inductive mechanism are mesendoderm
of a cell and become incorporated into different daughter celllduction in amphibians by maternal factors produced by the
The difference with the previous mechanism is that here ged#ieuwkoop center (Harland and Gerhart, 1997), and the short-
products or mRNAs are asymmetrically transported to th&nge signaling hierarchy in the echinoid blastula, in which the
future daughter cells while the mother cell is dividing, whereag'al-aboral axis is established by signaling from the micromere
in the previous case no transport occurs during cleavage. J€" to the macromeres, which, in turn, signal the mesomeres
non-random pattern results from asymmetric mitosis if cell§Pavidson etal., 2002). Other examples include generation of
take invariable positions after division. Asymmetric mitosis isth€ gradient patterns of gap gene products inDitesophila
found in the early cleavage divisions of many groups such syncytial blastula induced by t_he patterns of_maternal gene
nematodes (Bowerman and Shelton, 1999), mollusks (CollieProducts, and the subsequent induction of striped patterns of
1997), ctenophores (Freeman, 1976) and annelids (Bisse?f?'r'rme gene products, based on these gap patterns (Rivera-
1999), but also in later processes such as the formation of the@mar and Jackle, 1996). .

central nervous system @rosophila (Doe and Bowerman, Many basic inductive mechanisms appear to be based on

2001). In some cases, cell signaling may also determine whidpierarchic genetic ne_tworks (Sal_azar-Ciudad et "_il" 2000). In
daughter cell will receive which set of factors (Doe and°UCh nétworks aterritory (or a single cell) may signal another,
Bowerman, 2001) and this second may respond to such signaling by sending a

signal back. This back-signal, however, does not affect the
Internal temporal dynamics coupled to mitosis signaling rate or capacity of the first territory. Inductive

Temporally cyclical expression of genes can produce a patte[jécnanisms can also be basedearergengenetic networks
if oscillation becomes decoupled from cell division. Cyclicalm which cells or territories send signals in a way that is affected

. . neighboring cells’ responses to such signals (Salazar-
gene expression can result from closed chains of molecul%/ . .
events that trigger each other in a sequential fashio udad et al., 2000). Emergent genetic networks, which

. ; , ) L . comprise reaction-diffusion mechanisms (Turing, 1952;
(‘dominoes’) or by genetic networks with inherent OSCIIIatOryMeinphardt and Gierer, 2000; Salazar-Ciudad <(et al., %001a) but

gglrllgr(?is:izle( c(:)lggk;f)trf'ewgguayh{ae?ciel<||lr:t((:)hge(;'r rle?segest)g.itg’tévmhegral 0 include other mechanisms in which cells affect one
K 9 P P other in reciprocal ways, such as those used in the Notch-

dyna}mics, ther_1 ce.IIs can acquire different states depen('jing. Blita signaling system (for details, see Salazar-Ciudad et al.,
the time .Of their MItosis. As in the case of asymmetric mItOSIS2000), have been suggested to underlie limb skeletal patterning
an invariable positioning of cells is required in order to Newman and Frisch. 1979: Miura and Shiota. 2000a: Miura
generated n?n-rarkdom patterns. This fmehc.ha:jnlsm r|1as r?e fid Shiota, 2000b), pigment patterning in the butterfly wing
proposed for the ~segmentation of hirudean leechesgyinoyt, 2001), feather bud spacing in avian skin (Jiang et al.,
oligochaetes (Weisblat et al., 1994), short germ-band inseC{ggg. prym and Williamson, 2002) and fish colour patterns
(Newman, 1993; Salazar-Ciudad et al., 2001b), theondo and Asai, 1995). Theoretical studies have indicated
somitogenesis of vertebrates (Newman, 1993) and in gt hierarchical and emergent mechanisms together exhaust
formation of morphological structures, such as the limb and thg,o possibilities for simple inductive mechanisms (Salazar-

tail, involving ‘progress zone’ growth (Duboule, 1995). cjydad et al., 2000), and have explored their variational
Experimental evidence for this mechanism is still limited, bubroperties (Salazar-Ciudad et al., 2001a).
S

in vertebrates it has been shown that expression of gene
involved in somitogenesis exhibit oscillatory behavior (MarotoMorphogenetic mechanisms

and Pourquiée, 2001). A number of patterning mechanisms use cellular behaviors
Inducti hani other than signaling (although signaling may have been active
hductive mechanisms o at a prior stage). These mechanisms alter pattern by affecting
Cells can affect each other by SeCI’etIng diffusible molecule%rm_ Th|s can be defined as a mechanism that Changes the

by means of membrane-bound molecules or by chemicalative arrangement of cells over space without affecting their
coupling through gap junctions. A large number ofstates.

mechanisms which use only these developmental functions are
capable of pattern formation. In inductive mechanisms tissuBirected mitosis

pattern changes as a direct consequence of changes in cell stgigacellular or extracellular signals can affect the direction of
This, in turn, is due to the processing or interpretation ofhe mitotic spindle. Once the mitotic spindle assumes a set
signals sent by other cells. In certain cases, inductive pattegiirection, new cells are forced to be positioned at specific
formation assumes a simple form, that is, one cell or tissue tyggaces. The central nervous systerafsophila for example,

will change the state of another cell or tissue type from whabrms by the dorsally directed budding of presumptive
it would have been without the interaction, with noneuroblasts from the ectoderm (Broadus and Spana, 1999).
morphological consequence following directly from this. InThis produces two cordons of neuroblasts that extend
other cases a morphological consequence accompanies, lomgitudinally in the ventral part of the embryo. Asymmetric
follows closely upon, the change in state of the induced targetitosis and inductive signals are involved in determining
cells. Since our aim here is to show how swomposite which cells will become neuroblasts, but their localization is
inductive-morphogenetic mechanisms comprise  highlultimately determined by the control of mitotic spindle
divergent categories of developmental mechanisms, we witirientation. External inductive signals have been shown to
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direct the mitotic spindle in the first divisions 6f elegans subpopulations of cells to sort out into distinct groups. In a
(Goldstein, 2000) and in the leech (Bissen, 1999). Irsolid epithelioid tissue compartments may have straight or
ctenophores the form of the whole blastula is attained througturved boundaries, or engulf or be engulfed by each other,
precise regulation of the orientation of the mitotic spindledepending on the magnitude of the adhesive differences

(Freeman, 1976). (Steinberg, 1996). If adhesion is expressed nonuniformly on
) ) the surfaces of individual polarized cells, interior spaces or
Differential growth lumens can form in solid tissues (Newman and Tomasek,

A change in a pattern can be produced if, in a previousl§996). In planar epithelia, polar expression of adhesion along
existing pattern, cells with different states divide at differenwith differential adhesion of subpopulations can produce
rates. The new pattern depends on the previous pattern, timgaginations, evagination, placodes and the formation of cysts
relative rates and directions of mitosis and on other epigenet{blewman, 1998). Convergent extension, a reshaping of tissue
factors such as the adhesion between cells and the influeneeasses during gastrulation which involves cell intercalation
of surrounding matrices. One such example is thé€Keller et al., 2000) can also be accounted for by energy
establishment, maintenance, and waning of the growth plateinimization in populations of anisotropic cells (Zajac et al.,
during the formation of long bones in vertebrates (Sandell an2000), particularly those that exhibit ‘planar cell polarity’

Adler, 1999). (Mlodzik, 2002). In well-studied cases some of these processes
) also involve mitosis or cell contraction, but this is not strictly
Apoptosis required. Differential adhesion and cell polarity or anisotropy

A pattern can be transformed into another if some of the cellsre in principle sufficient to achieve these morphological
undergo apoptosis. Apoptosis can be strictly dependent onoaitcomes. Altered adhesion is also the final step in the set of
cell's lineage, or triggered by interaction, or abrogation ofransformations known as epithelial-mesenchymal and
interaction, with surrounding cells (Meier et al., 2000).mesenchymal-epithelial conversions. An example of the first
Although apoptosis, in the first instance, is a cell autonomousccurs during development of the neural crest (Le Douarin and
function, the patterning consequences depend on the existeri¢alcheim, 1999) and the second occurs during the formation
and arrangement of surrounding cells. The associateaf the kidney tubules (Davies and Bard, 1998).

developmental mechanisi: thus morphogenetic rather than )

cell autonomous. A wide range of developmental processes de@ntraction

dependent on apoptosis, including the outflow tract and valvdadividual cell contraction mediated by actin-myosin
of the heart (Poelman et al.,, 2000), development of neuralomplexes can have morphogenetic effects on neighboring
circuitry in the brain (Kuan et al., 2000), and freeing up of thecells and the tissue as a whole. Contraction of tissues during
digits during vertebrate limb development (Chen and Zhaajevelopment is thought to trigger shape change and determine
1998). In particular, it has been shown that the final shape tiie character of the morphological outcomes (Beloussov,
the interdigital membranes depends on the amount of apoptodi898). Contraction is propagated in epithelial tissues by direct

in such membranes (Gafian at al., 1998). physical attachment and in mesenchymal tissues by the
o extracellular matrix. In a planar epithelium contraction can also
Migration lead to buckling, and thus invagination or evagination

Cells can rearrange their relative positions without changinfNewman, 1998). A recent study considered the role of
their states simply by migrating. Migration can be directionallymyocardial contraction in trabeculation in the developing heart
random, random but speeded up by an ambient chemical sigrfdabber and Zahalak, 2001).

(‘chemokinesis’), or have a preferred direction in relationto a ) N

chemical gradient (‘chemotaxis’) or an insoluble substraté/latrix swelling, deposition and loss

gradient (‘haptotaxis’). While mesencephalic neural crest cellhe cells of mesenchymal and connective tissues are
migration in the mouse appears to be controlled in part by surrounded and separated by semi-solid or solid extracellular
chemotactic response to members of the FGF family of growtimatrices. Changes in pattern may be accomplished by
factors (Kubota and Ito, 2000), migration of trunk neural cresincreased hydration or swelling of a preexisting matrix,
cells in the chicken appears to depend on more randomcrease in the amount of matrix separating the cells, or matrix
dispersal mechanisms (Erickson, 1988). The migration oflegradation. During development of the avian eye, the primary
premuscle cells into the developing vertebrate limb is regulatecbrneal stroma swells in anticipation of its invasion by
by both chemokinetic and chemotactic responses to hepatocyteesenchymal cells from the periphery (Hay, 1980). This
growth factor (Lee et al., 1999). Regardless of the migratorgwelling has been found to be controlled by tissue-specific,
mechanism, specificity of outcome will also, in general, balevelopmentally regulated proteolysis of collagen IX (Fitch et
controlled by the adhesive environment of the destination sited., 1998). Vertebrate limb chondrogenesis is an example of a

(Lallier et al., 1994). developmental process in which cellular rearrangement occurs
) ) ) as a result of matrix deposition. Here there is dispersal of newly
Differential adhesion differentiated chondrocytes within compact precartilage

Cell adhesion is the defining property of multicellularmesenchymal condensations and consequent flattening of more
organisms. It is an indispensable requirement for cell shapperipheral mesenchyme into a perichondrion (Hall and
differentiation and migration. A large, but limited number of Miyake, 2000). Developmentally regulated matrix degradation,
pattern changes can be produced in tissues by constituent cediticularly of basement membrane components, has the
expressing different adhesion molecules or the same moleculeapacity to alter cell positional relationships. Such changes are
at different levels. Hence, differential adhesion can causknportant in triggering new developmental events, for example
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during sea urchin gastrulation (Vafa et al., 1996) and mammangevelopment is aompositef temporally and spatially ordered
gland morphogenesis (Werb at al., 1996). inductive and morphogenetic mechanisms. Below we discuss
how the degree and sequence by which inductive and
morphogenetic mechanisms are combined has dramatic
VARIATIONAL PROPERTIES OF THE BASIC implications for the variational properties, and evolution of
DEVELOPMENTAL MECHANISMS development. Inductive and morphogenetic mechanisms can be
combined into composite developmental mechanisms in two
The three categories of basic developmental mechanisnddferent ways. Usually it is assumed that inductive
described above each have their characterigticational = mechanisms act first to establish groups of cells with equivalent
properties, that is, capability of generating novel states of gene expression, for example, expressing the same
morphological outcomes if an element of the mechanism iganscription factors. Then this set of cells, which we will refer
changed. Autonomous mechanisms are implicated mainly ito as a ‘gene expression territory’ or, for brevity, ‘genetic
early development and are incapable of producing manterritory’, employs one or more morphogenetic mechanisms.
pattern variations. This is because the extent to which internfiilere we purposely avoid terms already in use such as
cellular spatial asymmetries can be used to found distin¢éiorphogenetic field’ (Sander, 1994) or ‘equivalence group’
lineages is limited. Similarly, the coupling of internal temporal(Stent, 1985) which, unlike gene expression territory,
dynamics to mitosis is restricted in the number andgresuppose some notion of prospective cell fate.] We call this
arrangement of cell types that can be generated by constraitass of composite mechanisms, in which a pattern of genetic
on the intrinsic length of the cell cycle relative to that of anyterritories is first established and the resulting tissue undergoes
internal cell state clock (Newman, 1993; Salazar-Ciudad et alg, consequent change in formorphostatiqFig. 2).
2001b). Morphodynamic mechanisms, in contrast, make use of
The variational properties of inductive mechanisms arénductive and morphogenetic mechanisms simultaneously
discussed in previous work (Salazar-Ciudad et al., 200qFig. 2). Thus, the forms of genetic territories are changing (via
Salazar-Ciudad et al., 2001a). In essence, for the same amourdrphogenetic mechanisms) at the same time as some of the
of molecular variation inductive mechanisms that contain genetic territories are participating in inductive interactions by
self-organizing component (‘emergent’) typically producesending and receiving molecular signals. This results in
more, and more complex, patterns than those that are organizsmhtinual change in the set of cells (and their spatial
in a hierarchic fashion. In contrast to emergent mechanisms, distribution) receiving a given concentration of a signal. The
which similarly constructed networks can generate veryorms of these receiving territories depend on the form of the
different patterns, hierarchic mechanisms based on similaending territories, as well as the form of the territories
gene networks tend to generate patterns that are similar to oeepressing the relevant receptor and the distances and relative
another. Furthermore, complex patterns are difficult to attaiorientations of both types of territories (Fig. 3).
by hierarchic networks: in general, a hierarchic network
capable of producing a particular complex pattern would hav

to contain many more genes and many more connectiol Morphostatic
among them than an emergent network capable of producit
that pattern. These characteristics entail a more comple £
relationship between phenotype and genotype in emerge
mechanisms than in hierarchic ones. -
The variational properties of morphogenetic mechanism :
have also been widely discussed (Newman and Midiller, 200 — N
Beloussov, 1998; Alberch, 1982; Oster and Alberch, 1981 Developmental time '

Morphogenetic mechanisms have a strong dependence on |
epigenetic context and changes in their molecular componer

or microenvironments can have dramatic phenotypic effect: Morphodynamic
Morphogenetic mechanisms, furthermore, often involve '

mechanical interactions between cells and extracellular matri: L4

This implies that their outcomes depend on such aspects of t '
developing system as the material (e.g., viscoelastic, cohesiv

properties of cells and extracellular matrix or their spatia ’
distribution (Newman and Muller, 2000). In particular, tissues VT Y
and extracellular matrices may respond very differently tc Developmental time

stresses depending on their form and the relative orientation

the stresses to which they are subjected (Beloussov, 1998). [l inductive mechanisms [ ] Morphogenetic mechanisms

Fig. 2. Combining signaling and morphogenesis. Inductive

(signaling) and morphogenetic mechanism can be combined to
COMBINING INDUCTIVE AND MORPHOGENETIC generatenorphostatianechanisms where induction (in red)
MECHANISMS temporally precedes growth, producing the final forms.

Morphodynamianechanisms, in contrast, integrate inductive and
Apart from the earliest stages of development when, amormorphogenetic mechanisms and can often be difficult to separate as
very few cells, autonomous mechanisms are frequeninduction and final development of the shape are concurrent.



2032 |. Salazar-Ciudad, J. Jernvall and S. A. Newman

Form of Besiie wirtionos alects description, and the distinction is useful in the analysis of both
induced patterns morphological development and evolution.

Implications at the cellular level
. ' How cells respond internally to received signals in order to
coordinate their behaviors and produce the coherent pattern
transformations discussed above is a current area of interest in
developmental biology. It is therefore significant that
B Distance of tissue territories affects morphodynamic and morphostatic mechanisms have different

induced patterns implications for the internal logic used by cells to produce

patterns. During development cells are constantly sending and
receiving molecular signals. The network of transcription
. ' ' factors and transduction molecules within a cell integrates the

Curved Straighter Straight

cell's previous history with received signals and then alters cell
behaviors. The transduction of received molecular signals

Closer Close elicit, in target cells, the production of signaling, structural or
catabolic molecules (Montross et al., 2000; Carnac at al.,
Induced patterns have complex three 1996), apoptosis (Su et al., 2001; Barlow et al., 1999; Ferrari
dimensional shapes etal., 1998), mitosis (Hu et al., 2001; Cecchi et al., 2000; Salser
and Kenyon, 1996) expression or repression of cellular
receptors (Panchision et al., 2001; McPherson et al., 2000)
and/or changes in the contractility or adhesivity of cells
(Wacker et al., 2000; Lincecum, 1998; Packer et al., 1997;
Jones et al., 1992).
Closer Close In morphostatic mechanisms once a cell has attained a new
—— Uninduced target tissue territory cell state through signaling (a state that depends on the received
mmmm Induced target tissue territory signal and on the cell’s previous developmental history) it
™ Inductive tissue and diffusing molecule follows an autonomous, temporal program of behavioral

changes that is specified, mainly, by the transcriptional factors

Fig. 3. Morphodynamic interactions can result in complex patterns. It now EXPresses. Since the spatial conflgu'ratlon c.)f S|gnals can
(A) Forms of interacting territories can affect induced patterns. In be established by emergent as well as hierarchical inductive
this example, curvature of the target tissue affects whether one smamechanlsms the hallmark of the morphostatlc mechanism is
two small or one large territory is induced (black). (B) Distance of not the absence of reciprocal cell interactions in generating this
interacting territories can also affect the number and size of inducedconfiguration, but rather the causal separation between setting
territories. Note that beyond a certain distance between territories, rigp the signals and the cell behavioral response to such signals.
pattern changes will occur. (C) Actual spatial patterns of induced The positional information metaphor (Wolpert, 1969;
territories can be complex with large changes produced by small  Wolpert, 1989), in which cells acquire their fates as a result of
changes in interacting territories. The actual patterns may also be  exposure to different concentrations of a signaling molecule, is
difficult to infer from histological sections (e.g., vertical line in C one example of a morphostatic mechanism. Different
represents location of corresponding sections in B). developmental outcomes arise not from differences in the
mechanisms by which genetic territories attain their forms, but
in the different interpretation of this positional information.
The nature of this interpretation is unspecified, but, as Wolpert
The logic of these two types of composite mechanism isxplicitly proposes morphogenetic mechanisms act after and
completely different. In morphodynamic mechanisms thesubordinately to inductive mechanisms (Wolpert, 1989), it is
functioning of the morphogenetic mechanisms and thelear that interpretation implies the following of some sort of
inductive mechanisms is causally interdependent, so thauitonomous genetic program. The spatiotemporal coordination
changes in a genetic component of the morphogenetaf cell behaviors required in development is assumed to be the
mechanism (or in microenvironmental determinants of th@utcome of the autonomous use, by each cell, of its own
developing form) can affect the locations and forms of thgenetic program specified though an inductive signaling
territories sending and receiving signals and thus produce largavironment, in this case, the local concentration of a chemical
changes in the final pattern. In morphostatic mechanisms sugnadient.
interdependence does not exist; genetic changes in theMorphodynamic mechanisms do not require a precise
morphogenetic mechanism or environmentally driven forminterpretation of signal concentrations or a temporal genetic
changes would, in general, have only limited effect on the finglrogram for every cell. Instead complex patterns arise through
form. The extent to which morphogenetic mechanisms adhe collective spatiotemporal co-ordination of cell behaviors in
synchronously with inductive mechanisms will determinethe course of simultaneous cell signaling and form changes.
whether a composite developmental mechanism i€ells cannot be said to follow a program, but are rather moved
morphostatic or morphodynamic. While gradations betweealong a developmental trajectory by continual interaction with
the two categories exist, many developmental outcomes agechanging molecular-geometric microenvironment. At each
produced by mechanisms that clearly fit one or the othanoment the cell computes the behavioral changes it will
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undergo based on the network of transcriptional factors andammalian tooth development

signal transduction molecules it expresses and signals NMultiple lines of evidence indicate that tooth development
receives. The cell's responses at any moment may be relativedyhploys morphodynamic mechanisms. Mammalian cheek
simple (although in the long run they may have compleXeeth, in particular, possess complex morphologies consisting
consequences). In morphodynamic mechanisms it is not onpf different arrangements and shapes of cusps. Tooth crowns
what happens inside responding cells that is significant. Theonsist of overlying enamel, produced by inner enamel
‘intermediate phenotype’ at each moment is also causallgpithelium, and underlying dentine, produced by dental
determinative: that is, the shapes of, and relative distances apfésenchyme. During development, before the formation of
orientations among inducing and induced territories. Thugnamel and dentine, tooth shapes are formed by unequal
when an inductive interaction takes place between twgrowth and folding of the inner enamel epithelial-
territories it is not only important to know how this signal ismesenchymal interface (Butler, 1956; Jernvall and Thesleff,
interpreted by the receptive cells but also what are the fOI’ITﬁ)OO)_ The formation of cusps begins from their tips and is
of the inductive and receiving territories, and how are theynediated by epithelial signaling centers, the enamel knots.
changing in three-dimensional space as a result of the acti@glls of the enamel knots are non-proliferative although they
of the morphogenetic mechanisms. Several experimentakpress signaling molecules, such as FGFs and Shh (Jernvall
examples illustrate these points. and Thesleff, 2000) that stimulate proliferation and survival of

. the areas surrounding the enamel knots. The formation of
Developmental evidence enamel knots and cusps is roughly sequential and takes place
Brain development simultaneously with signaling linked to enamel knot formation
The developing vertebrate brain is subdivided into territoriegJernvall et al., 1998) and cusp growth (Jernvall et al., 1994;
expressing specific adhesion molecules and transcriptionikettunen et al., 2000). Thus, the relative locations of knots are
factors (Rubenstein et al., 1998). Specific signaling moleculeshanging while they are sending signals.

expressed in the territory boundaries are involved in patterning Teeth most probably develop in a morphodynamic fashion
the brain. Pax6 is a transcription factor known to affect thaince induction and morphogenesis take place at the same time
expression of adhesion molecules and in the mouse braiand interdependently. Furthermore, to date no molecular
during stages E9.0-E12.5 (Stoykova et al., 2000), this proteiprepatterns manifesting the final tooth cusp patterns, or unique
is expressed at territory boundaries where the neuroepitheliugenes or combinatorial code for individual cusps has been
is folding (Grindley et al., 1997)Pax6 mutants exhibit reported (Jernvall and Thesleff, 2000). These kinds of evidence
morphological abnormalities originating at these stagesyould be indicative of morphostatic mechanisms and would
involving partial failure of such folding, enlargement of thealso suggest that individual cusps would be relatively free to
boundary between two of the prosomeric segments of theary in size independently of one another. However, the
diencephalon, and changes in the relative sizes of theriational properties of cusps within a tooth show that the
prosomeres (Grindley et al., 1997; Warren and Price, 1997presence and size of later forming cusps depend on the position
This abnormal folding both results from and changes thand size of earlier developing cusps (Jernvall, 2000). This again
relative spatial position of the territory boundaries and thus cfuggests that formation of new enamel knots and molecular
the genes expressed in them. It is this reciprocity betweesignaling depend on, and is reciprocally linked with, the
changing shape and changing patterns of gene expression thegceding morphology, which is consistent  with
marks this process as morphodynamic (Grindley et al., 1997norphodynamic mechanisms.

The diffusible signaling molecules Shh and Wnt7b are Reciprocity of molecular patterning and morphogenesis is
expressed in regions of the developing brain altered by thelso implicated infabbymouse mutants by affecting the size
Pax6 mutation (Epstein et al., 1999; Grindley et al., 1997;and overall degree of enamel knot signaling (Pispa et al., 1999),
Warren and Price, 1997). Both affect proliferation and Wnt7lesulting not only in smaller teeth but also in globally altered
also affects adhesion (Brault et al., 2001). By virtue of theshapes. An empirically derived morphodynamic mechanism
effects of Wnt7b and Shh on proliferation and adhesion, thior tooth formation has been recently tested using
territories affected by these factors undergo continual alteratiamathematical modeling (Salazar-Ciudad and Jernvall, 2002).
in form. But in certain cases the territories affected by Shh anthis morphodynamic model, while only containing essential
Wnt7b are also territories that express the factors. Theomponents of known molecular interactions and their effects
consequence is that thBax6 mutant exhibits nontrivial on growth, was able to predict both the course of tooth shape
changes in the spatial patterns of expression of signaling gendsvelopment and dynamics of gene expression patterns.
coordinated with, and inextricable from, the morphologicalFurthermore, simple changes in model parameters are able to
effect represented by misfolding. The three-dimensionaleproduce well known evolutionary changes in tooth shapes,
context (i.e., form) within which morphogenetic mechanismsuggesting that morphodynamic mechanisms may promote
are deployed at one stage in Bax6mutant and, presumably, evolutionary versatility (Salazar-Ciudad and Jernvall, 2002).
the normal brain, thus have a causal role in determininghe intricate manner by which developing tooth shape alters
patterning in later stages. Unlike developmental outcomes difie diffusion and local concentration of molecular signals in
morphostatic mechanisms, which can be schematized as twibis morphodynamic models suggests that predicting
step processes in which the establishment of a new cell pattgshenotypic effects of molecular manipulations may be very
leads subsequently to a new form, during brain developmenifficult without mathematical approaches and knowledge
changes in form and pattern reciprocally bring one anotheabout developing morphology.
about in a morphodynamic fashion. The preceding examples should not be taken to imply that
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all developmental processes employ morphodynamiemploy morphodynamic mechanisms to generate more
mechanisms. In the developing vertebrate limb, for examplehenotypic variation for less molecular variation than
the pattern of skeletal elements is specified by inductivenorphostatic mechanisms. In addition to the intermediate
mechanisms well before the occurrence of precartilagphenotype of the forming pattern, patterns in the rest of the
mesenchymal condensation (Wolpert and Hornbruch, 199@mbryo may also influence morphodynamic mechanisms. Thus
Dudley et al., 2002), the latter being the first morphologicamorphodynamic mechanisms acting in the context of more
change distinguishing skeletal tissue from adjacent nonskeletebmplex phenotypes may facilitate morphological innovation.
tissue and the result of a morphogenetic mechanism (Newmdiis can be exhibited ontogenetically, where a wide variety of
and Tomasek, 1996). Although inductive and morphogenetiforms (for example teeth, or convolutions of the neocortex) can
mechanisms acting earlier and later set the shape of the linble generated by the use of the same set of mechanisms in
bud and refine the shapes of individual elements, thslightly different developmental contexts, or phylogenetically,
developmental mechanism that generates the basic skeletdtere small genetic changes can lead to significant
pattern from a homogeneous distribution of mesenchymal cel/olutionary changes.
is morphostatic. The integrated nature of signaling and morphogenetic
aspects of development causes morphodynamic mechanisms to
prescribe a more complex relationship between genotype and
EVOLUTIONARY IMPLICATIONS phenotype. The dependency of developmental outcome on the
intermediate phenotype in such mechanisms makes it possible
The different modes of functioning of morphodynamic andfor small molecular changes to give rise to relatively large
morphostatic mechanisms produce dramatir="™"-
different ranges of potential morphologi Morphostatic

outcomes. The forms of territories t
J j ’ >Unatered pattern

separately by inductive and morphoger b chaee
mechanisms or by morphogent e a mECHARGIN

morphostatic mechanisms are capable
producing are confined to those gener

Small differences
in final shape

transformation of territories formed by induct Changes in

mechanisms.  Additionally, morphodynar morphogenetic mechanism
mechanisms can be expected to produce a (&9 differential growth)
forms of territories resulting from all possi
spatial interactions of all the possible fo
produced by morphostatic and induc

mechanisms (Fig. 3). The reason for this is

whereas release of signals can take plac Developmental time
either case, from territories of given shape .
size, both the dependence on distance Morphodynamic
diffusion from such territories and the thr
dimensional forms of territories can ca
extensive variation in the spatial pattern of
cells receiving these signals. No changes in
It is important to note that the differer inductive mechanism Altered pattern
between morphodynamic and morphosi Changes in Large differences
in final shape

composite mechanisms relates to how k rﬂgrghocﬁﬁzfé'ﬁt,r;a;%ﬂﬁ}
inductive and morphogenetic mechanisms
combined (Fig. 2). Indeed, a morphodyna
and morphostatic mechanism can involve

same basic inductive and morphoger
mechanisms and thus the same ge "ﬂ;@nﬁﬁf"'

information. From what we have said in
previous  paragraph it follows tt
morphodynamic mechanisms can proc Fig. 4. A schematic illustration of how morphostatic and morphodynamic
additional forms without additional gene mechanisms have different variational properties. A simple change in tissue growth
information. does not affect induction (red) and the resulting pattern in a morphostatic system

Because morphodynamic mechanisms cai  because only growth of initially induced territories is affected, resulting in slightly
the spatial epigenetic information (i.e., the f blunteltr or sgar?.er fe?turest. In.tm(.)rph(('):(.jyné";l)mlc mﬁFha”'Sth Isnjaltl)lchf:mges IE growth

: ; . P can alter induction of new territories (Fig. 3), resulting not only in blunter or sharper

and relatlye_ 0r|e_ntat|0ns of the te_rrltorles Sen features, but completely altered patterns. Morphostatic mechanisms would require
and receiving 5|gnals)_ pr_esent in the emer large changes in induction of territories in order to produce comparable change,
phenotype at each point in developmentto  harticylarly in the case of positional information systems where each new territory
later development, such mechanisms ex  would require a unique signal or signal concentration. In general, morphodynamic
dependency on the ‘intermediate phenoty mechanisms can be hypothesized to produce more disparate morphological outcomes
This property permits developing systems  than morphostatic mechanisms.

. Inductive mechanisms |—| Morphogenetic mechanisms
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phenotypic effects in some cases and no effects in others (Fig3ne thank Gerd B. Mdiller, Ricard V. Solé, Irma Thesleff and Patricia
3, 4). While a typical morphodynamic mechanism will notC. Wright for helpful comments. This work was supported, in part,
necessarily be more prolific in generating patterns than Ry grants from the National Science Foundation (IBN-0083653 and
typical morphostatic mechanism, the range (i.e., disparity) dBN-0090499) to S.A.N., Marie Curie Fellowship to I.S.-C. (HPFM-
different patterns potentially produced by a givenCT'2002'01720) and the Academy of Finland to J.J.
morphodynamic mechanism will usually be wider (Fig. 4).
Conversely, in many cases genetic changes would have n
phenotypic effects in morphodynamic mechanisms (Fig. 3B).

One reason for this is that patterns produced b)/A L .

hodvhamic mechanisms will often var in a Iberch,_P. (1982). Developmental constraints in evolutionary processes. In
mprp O_ y ) . . . y Evolutionand Development. Dahlem Konferented. J. T. Bonner), pp.
discontinuous’ fashion with small genetic changes, and the 313-332. Berlin, Heidelberg, New York: Springer-Verlag.

intermediate patterns would not be possible (Fig. 3) (searlow, A. J., Bogardi, J. P., Ladher, R. and Francis-West, P. H1999).
Salazar-Ciudad and Jernvall, 2002). In this sense Expression of chick Barx-1 and its differential regulation by FGF-8 and

. . BMP signaling in the maxillary primordi@ev. Dyn 214, 291-302.
morphOdynamIC mechanisms are both protean angeloussov, L. V(1998).The Dynamic Architecture of a Developing Organism:

developmentally Constra_ined. In contrast, for morphostatig An Interdisciplinary Approach to the Development of Organidutsetcht:
mechanisms most genetic changes will have small phenotypickluwer Acadaemic Publishers.

effects (Fig. 4), and patterns intermediate between any twejssen, S. T(1999). Spatial and temporal control of cell division during leech
distinct ones would often be found development. IrCell Lineage and Fate Determinatigad. S. A. Moody).

. . _San Diego: Academic Press.
We suggest, therefore, that compared with morphOStat|§owerman, B. and Shelton, C. A.(1999). Cell polarity in the early

mechanisms, morphodynamic mechanisms are more oftencaenorhabditis elegans embrurr. Opin. Genet. Dew, 390-395.
involved in the generation of morphological innovations duringBrault, V., Moore, R., Kutsch, S., Ishibashi, M., Rowitch, D. H., McMahon,
evolution because the range of forms they can attain for thef: %, FHE - JOs i, B A C e o fesclte in chamatic
same amount of mOIecmar Va“at.lon I.S Iarger. Fo.r most brain malformation and failure of craniofacial developm&wevelopment
patterns, the genetically most parsimonious mechanisms arej2g 1253-1264.
morphodynamic. In morphodynamic mechanisms, smalrodaus, J. and Spana, E. P(1999). Asymmetric cell division and fate
changes in a gene product can result in highly non-linear specification in the drosophila central nervous systenCél Lineage
effects that can produce new morphological structures. and Fate Determinatiofed. S. A. Moody). San Diego, USA: Academic
. . Press.

Earlier work has suggested that over the course of evolutiaf)je, p. m. (1956). The ontogeny of molar patteBiol. Rev 31, 30-70.
a developmental pattern produced by an emergertamac, G., Kodjabachian, L., Gurdon, J. B. and Lemaire, P(1996). The
morphostatic mechanism may persist, while the mechanismhomeobox gene Siamois is a target of the Wnt dorsalisation pathway and
by which the pattern is generated evolves into a hierarchical f99ers organiser activity in the absence of mesodemelopment 22
One (Newman’ 1993; Salazar-Ciudad et al,, .2001a; Salaz_egécchi, C., .Mallamaci, A. and Boncinelli, E.(2000). Otx and Emx
Ciudad et al., 2001b). In an analogous fashion, progressivenomeobox genes in brain developmént. J. Dev. Biol 44, 663-668.
partial substitution during evolution of morphodynamic Chen, Y. and Zhao, X(1998). Shaping limbs by apoptosisExp. Zool282,
mechanisms by morphostatic mechanisms producing the samé&91-702.

e i llier, J. R. (1997). Gastropods, the SnailsHmbryology: Constructing the
pattern can be expected. This is because, compared C(\E%)rganism(ed. Gilbert, S. F. and Raunio A. M.) Massachussets. Sinauer

morphodynamic mechanisms morphostatic mechanisms cangsociates, Sunderland.

produce more finely-tuned phenotypic variations. In othepavidson, E. H., Rast, J. P., Oliveri, P., Ransick, A., Calestani, C., Yuh, C.
words, more continuous phenotypic variation can be H., Minokawa, T., Amore, G., Hinman, V., Arenas-Mena, C., Otim, O.,
produced. In addition a simpler relationship between BECI?]\?IIQtYre(I:-I\;II—.’JLNCIZ,IaCI:’i(E.YPLge,:r-nz.r;eR?\XI”I& sgwilrj]StLAbth;?: é"
phenotype and genotype allows them to produce such changeg "\ icciay b, R.. Hood, L. and Bolouri, H.(2002). A genomic regulatory
relatively rapidly. These two properties are probat_)ly adaptive network for developmenBcience295, 1669-1678.

for patterns under strong stabilizing selection. Suclbavies, J. A. and Bard, J. B(1998). The development of the kidn&urr.
substitution of morphodynamic by morphostatic mechanisms Top. Dev. Biol39, 245-301. _ o
would Iikely require many generations and may, in generaE)oe, C. Q. and Bowerman, B.(2001). Asymmetnc cell division: fly
not go to completion since in manv cases it mav b neuroblast meets worm zygoteurr. Opln._ Cell B|(_)|.13, 68-75. _

g, . p . y ¢ y %rasdo, D. and Forgacs, G(2000). Modeling the interplay of generic and
eyolutlonarlly adaptlve to produ_ce th.F.' same pattern Wlth tWO genetic mechanisms in cleavage, blastulation, and gastrulBtan.Dyn.
different mechanisms [especially if they have different 219 182-191.
variational properties (Nowak et al. 1997)]_ Duboule, D. (1995). Vertebrate Hox genes and proliferation: an alternative

. . . pathway to homeosisCurr. Opin. Genet. Deb, 525-528.
Generally, morphological innovations have been proposed tlgudley, A T. Ros. M. A. and Tabin, C. J.(2002). A re-examination of

appear more often in later development because they are |eSgroximodistal patterning during vertebrate limb developmisature 418

likely to disrupt global developmental processes at those stage$39-544.

(Riedl, 1978). This suggests, in turn, that morphodynami&pstein, D. J., McMahon, A. P. and Joyner, A. L(1999). Regionalization

mechanisms would be found more often in later developmentOf Sonic hedgehog transcription along the anteroposterior axis o_f the mouse
. g . . . central nervous system is regulated by Hnf3-dependent and -independent

where, in addition, already existing complex intermediate qchanismsDevelopment26 281-292.

phenotypes would allow them to produce variation, and thusrickson, C. A. (1988). Control of pathfinding by the avian trunk neural crest.

respond to selective pressures more easily. Conversely, abevelopment03 63-80.

carlier developmental stages, which would have had mofeet, o ol G o 2 K o s i posterior imb bud

evolutionary time tO_ change, morphO.StatIC mechanisms rT]aymesoderm impairs limb morphogenesis while inducing BMP-4 expression,

have become superimposed on, and in some cases, substitutgghibiting cell proliferation, and promoting apoptosBev. Biol. 197,

for, morphodynamic mechanisms. 12-24.
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