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ALEJANDRO V. ARZOLA7, AND GERMINAL COCHO1,3

1Departamento de Sistemas Complejos Instituto de Fı́sica, Universidad Nacional Autónoma de
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Pigment patterning in animals generally occurs during early developmental stages and has eco-
logical, physiological, ethological, and evolutionary significance. Despite the relative simplicity
of color patterns, their emergence depends upon multilevel complex processes. Thus, theoretical
models have become necessary tools to further understand how such patterns emerge. Recent
studies have reevaluated the importance of epigenetic, as well as genetic factors in developmen-
tal pattern formation. Yet epigenetic phenomena, specially those related to physical constraints
that might be involved in the emergence of color patterns, have not been fully studied. In this
article, we propose a model of color patterning in which epigenetic aspects such as cell migra-
tion, cell–tissue interactions, and physical and mechanical phenomena are central. This model
considers that motile cells embedded in a fibrous, viscoelastic matrix—mesenchyme—can deform
it in such a way that tension tracks are formed. We postulate that these tracks act, in turn, as
guides for subsequent cell migration and establishment, generating long-range phenomenolog-
ical interactions. We aim to describe some general aspects of this developmental phenomenon
with a rather simple mathematical model. Then we discuss our model in the context of available
experimental and morphological evidence for reptiles, amphibians, and fishes, and compare it
with other patterning models. We also put forward novel testable predictions derived from our
model, regarding, for instance, the localization of the postulated tension tracks, and we propose
new experiments. Finally, we discuss how the proposed mechanism could constitute a dynamic
patterning module accounting for pattern formation in many animal lineages. J. Exp. Zool. (Mol.
Dev. Evol.) 318:209–223, 2012. © 2012 Wiley Periodicals, Inc.
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Morphogenetic mechanisms and pattern formation have tradi-

tionally been central topics in developmental biology, and more

recently in the search of explanations for pattern formation and

evolution at the molecular genetic level (e.g., Parichy, 2006).

In this context, a valuable strategy for understanding the basic

phenomena involved in the emergence, maintenance, and evolu-

tion of developmental patterns is to look for potentially generic

mechanisms by using modeling or other theoretical approaches.

Color pattern formation has already been studied with generic

dynamic reaction–diffusion (RD) models (Turing ’52; Gierer and

Meinhardt ’72). However, such models generally do not take

into account the cellular and tissue environments in which color

patterns arise (see, however, Cocho et al., ’87a,b; Moreira and

Deutsch, 2005; Deutsch and Dormann, 2005). In this article, we

postulate a simple mathematical model that considers that long-

range forces can emerge from viscoelastic and tensile properties

of the mesenchymatic tissue, and that these forces, in conjunc-

tion with cell–cell interactions, may give rise to color patterns

like those observed in different animal lineages. We, neverthe-

less, do not argue that RD models and the model we postulate

here necessarily exclude each other.

Developmental biology recognizes that the emergence of new

patterns results from interactions among diverse molecular, cel-

lular, and environmental processes, and that epigenetic interac-

tions play an essential role in development (Newman and Müller

2000). It is important to note that in this work we use the term

epigenetic to refer to a wide range of mechanisms, and not only

to refer to heritable DNA modifications, such as methylation. We

regard as epigenetic mechanisms processes such as cell commu-

nication, cell–environment interactions, tensegrity, which gives

structural stability to a system by means of tension–compression

or attraction–repulsion mechanisms, and other physicochemi-

cal mechanisms (Waddington, ’62; Newman and Müller, 2000;

Ingber, 2000, 2006, 2010). According to van Speybroeck and

coauthors (2002) “epigenesis can be seen to approach the ques-
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tion of organic organization in terms of internal dynamics and

interaction, focusing on process and change” (Van Speybroeck

et al., 2002: p. 33). The related term epigenetics, which combines

epigenesis and genetics, was proposed by Waddington to rep-

resent “a true synthesis between developmental processes and

genetic action, which together bring the organism into being”

(Van Speybroeck et al., 2002: p. 33).

Based on this understanding of the epigenetic phenomena, we

analyze some physical mechanisms critical to the establishment

of color patterns in the skin of reptiles, fishes, and amphibians,

and postulate them as potentially generic processes across evo-

lutionary lineages. These generic mechanisms could explain, at

least partially, some of the repeated patterns observed in ver-

tebrates. In this case, we will consider the epigenetic processes

of pigment-cell migration and attraction, and the adhesive and

mechanical interactions between pigments cells and the mes-

enchyme.

Pigment pattern formation can be traced to early stages in

the development of fishes, amphibians, and reptiles, and like

many key developmental processes, it involves the arrangement

of epithelial sheets and cells in relation with the mesenchyme

(Schöck and Perrimon, 2002). It is important to mention that

the mesenchyme, the embryonic tissue on which pigment cells

(chromatophores) migrate during color patterning, is a fibrous

tissue with few cells. This makes the mesenchyme a matrix

that is biphasic (consisting of both solid and uid fractions) and

viscoelastic (exhibiting both viscous and elastic characteristics

when deformed), which can show heterogeneous compression or

tension patterns (Grinnell and Petroll, 2010). Given such prop-

erties of the mesenchymatic tissue, cells migrating and adhering

to it can reorient its fibers and deform the matrix in a way such

that tension lines are formed. This phenomenon has been ob-

served in both in vivo and in vitro experimental setups (Table 1).

Moreover, it has been shown that such lines become guides for

subsequent cell migration and accumulation (Weiss, ’59; Grin-

nell and Petroll, 2010; Fig. 1, Table 1).

We hypothesize that the migration of chromatophores on the

mesenchyme, which is mediated by different types of junctions,

such as the adherens junctions (Schöck and Perrimon 2002; Ya-

mada et al., 2005), deforms the mesenchyme and gives rise to

tension tracks to which chromatophores will tend to migrate and

where these cells will be more likely to establish. In a recent re-

view, Grinnell and Petroll (2010) offer a comprehensive account

of the mechanisms involved in the adhesion and migration of

cells embedded in a viscoelastic matrix, and mention that cell

traction and contraction can deform viscoelastic tissues by es-

tablishing adhesive interactions and locally contracting the ma-

trix. Importantly, this deformation results in long-range forces

regulating subsequent cell migration and establishment (Weiss,

’59; Fig. 1).

Almost 30 years ago, Oster and Murray (Oster et al., ’83; Mur-

ray et al., ’83; Murray et al., ’88) put forward what they called
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Table 1. Biological and physical evidence supporting the analogy with liquid drops and the mechanochemical model proposed.

Assumptions Supporting evidence

Analogy with

liquid drops

minimizing

surface

tension

Short-range attraction

(cohesion).

-“Wetting” interactions

with the medium

(adhesion).

-Developing tissues

behave, in some

aspects, like immiscible

liquids.

Short-range cell–cell attractive interactions among chromatophores (Streuli et al.,’91; Adams et

al., ’98; Nakagawa and Takeichi, ’98; Bhatia et al., ’99; Thiery, 2003a; Maderspacher and

Nüsslein-Volhard, 2003; Armstrong et al., 2006).

-There are adhesive interactions between epithelial cells (chromatophores) and mesenchyme

(Grainger and Wessells, ’74; Harris ’80; Hay ’81; Harris et al., ’84; Edelman ’88; Takeichi, ’88;

Bhatia et al., ’99; Schöck and Perrimon, 2002; Duguay et al., 2003; Thiery 2003b; Yamada et al.,

2005; Steinberg, 2007; Acloque et al., 2009; Grinnell and Petroll, 2010; Harris and Tepass, 2010 ).

-Embryonic tissues generated behave on long-time scales like immiscible fluids and when mixed

in culture, their cells segregate into discrete phases (Beysens et al., 2000; Armstrong et al., 2006;

Newman et al., 2006; Shötz et al., 2008).

Epigenetic

model for

pigment

patterning

Cells migrate on a

viscoelastic

medium.Motile cells

can generate large

forces on viscoelastic

substrata due to

traction and

contraction.

-Cell traction forces

deform the substratum

and generate tracks in

which other cells are

more likely to adhere

and establish.

-The presence of

tension tracks can give

rise to nontrivial

cellular arrangements

and long-range

mechanism to generate

and stabilize patterns.

Biological Chromatophores migrate on the mesenchyme during pigment pattern

formation (Epperlein et al., ’96; Epperlein and Löfberg, ’96, ’90; Parichy,

’96).

-The mesenchyme is a fibrous matrix with viscoelastic properties (Janmey

et al., ’91; Cañadas et al., 2002; Pan et al., 2005; Newman et al., 2006;

Grinnell and Petroll, 2010; Yu et al., 2010).

-Motile cells can generate large traction forces on viscoelastic substrata,

deforming the substratum (Weiss, ’59; Harris et al., ’80; Harris et al., ’81;

Oster et al., ’83; Harris et al.,’84; Oliver et al., ’94; Davis and Camarillo, ’95;

Grinnell and Petroll, 2010).

-Several experiments have shown that the migration and adhesion of cells

can be guided by the cues in a deformed substratum. Particularly, cells

tend to follow the alignment of a fibrous matrix (De Haan, ’64; Elsdale and

Bard, ’72; O’Hara and Buck, ’79; Beloussov, ’79, ’80; Overton, ’79; Beloussov

et al., ’75; Katz and Lasek, ’80; Goetz et al., 2011). Weiss (’59) called this

phenomena “contact guidance.”

Physical and

mathematical

A mathematical model for embryonic epithelia suggests that mechanical

forces could coordinate the shape changes of large cell sheets, without the

intervention of long-range chemical signaling (Odell et al., ’81).

-In a simplified version of the mechanochemical model put forward by

Oster and Murray, one that focuses on contact guidance and cell traction,

there is variety of solutions, including periodic patterns, corresponding to

different patterns of cell concentrations (Murray et al., ’88).

-Experiments of inanimate particles deforming a viscoelastic film show the

generation of tracks that guide their motion (Di Leonardo et al., 2008).

the mechanochemical approach to biological patterning and

development. This approach considered the mechanical forces

acting on cells and tissues as key aspects of biological pattern-

ing. In particular, these authors pointed out the importance of

random cell motion, haptotaxis (cell motion on an adhesive gra-

dient), contraction of the extracellular matrix through cell ad-

hesion and migration, and contact guidance (cells following ge-

ometrical cues in their substratum). Oster et al. (’83) put forward

a mathematical model of cell motion and aggregation based on

these mechanical forces and showed that, for a simplified version

of their system of equations, one that is analytically tractable

and focuses mostly on contact guidance and cell traction

(Murray et al., ’88), a variety of solutions corresponding to differ-

ent patterns of cell concentrations could be generated, including
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Figure 1. Deformation of a viscoelastic surface by adhering cells

can generate effective forces acting on cell migration and accumu-

lation. (A) Graphical and simplified representation of the cellular

stress exerted on a viscoelastic surface, in this case mesenchyme,

that yields a wrinkled field. (B) Cell bridges or tension tracks be-

tween tissue cultures (black masses) are established spontaneously

due to the deformation of a viscoelastic substrate. (Reprinted

figure with permission from Weiss, ’59. Cellular Dynamics. Rev.

Mod. Phys. 31:11–20. C© 1959 by the American Physical Society,

http://rmp.aps.org/abstract/RMP/v31/i1/p11_1).

periodic patterns of dots and stripes. This mathematical model

and its analytical solutions suggest that pattern formation can

indeed take place in the viscoelastic medium in which pigment

cells migrate, and hence provide a solid mathematical basis to

further study pattern formation during development. Oster and

collaborators applied these ideas mainly to two animal model

systems: that of skin-organ primordia, especially feather germ

formation, and that of chondorgenesis in the developing verte-

brate limb (Oster et al., ’83).

Although Murray and coworkers mention that the Oster–

Murray mechanochemical approach (Murray et al., ’88) could be

useful to understand the formation of animal coat patterns, pig-

ment patterning in animals has not been studied from this point

of view. Also, in this study, we put forward a phenomenologi-

cal model that recovers the main features of our study system

and that can be specified by means of a simple energy balance

equation (Box 1).

Box 1

Mathematical description of the drop shaping formalism.

The shape of liquid drops can be understood in terms

of energy minimization (De Genes et al., 2010; Seul and

Andelman, ’95). In our case, we assume large wetting in-

teractions between the drops and the substrate, modeling

planar drops with constant thickness. The resulting bal-

ance of energy can be expressed as:

E =−λ

∫ L

0

dy f (y) +
∫ L

0

dy f (y)V (y) + β

∫ L

0

dy

√

√

√

√1 +

(

∂ f

∂y

)2

(1)

where the first term is associated with the cohesive forces

among liquid molecules, the second one with the adhe-

sive or wetting interactions between liquid molecules and

the background, and the third one with the linear tension.

The shape of the drop is represented by f (y), and L is the

size of the drop along y. λ and β are proportionality con-

stants. In the analogy with pigment patterns, the first term

is associated with cell–cell attractive interactions among

chromatophores, the second with cell–tissue interactions

between chromatophores and the mesenchyme, and the

third with the linear tension of the pigment patterns. V (y)

corresponds to the potential that will define the zones of

preferential adhesion and accumulation of the molecules

(or chromatophores) and, therefore, will define the devi-

ations from circular shapes, if any. We consider that this

potential varies only on the direction of y. The square root

in the linear tension term corresponds to the differential

of the arc length of a given curve, in this case, of the

perimeter of a pigment pattern.

The shape of the pattern is defined at the equilibrium

state, when all the forces are balanced. It means δE = 0.

Applying the formalism of calculus of variations, partic-

ularly the Euler–Lagrange equation, it can be shown that

δE = 0, implies:

− λ + V (y) −
β

2

f ′′

(1 + f ′2)
3
2

= 0, (2)

where d f

dy
≡ f ′.

Note that f ′′

(1+ f ′2 )
3
2

is the definition of the local curvature,

k(y) (De Genes et al., 2010). Then

k(y) =
2

β
(V (y) − λ). (3)

To conclude, the potential is proportional to the curvature

plus a constant, it means k(y) ∝ V (y). Then, the potential

underlying the shape of a pigment pattern can be ap-

proximated by calculating its curvature (see Model and

Results section). Note that if the potential is constant, the

curvature is constant too, which renders circular shapes.
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In this contribution, we first show that the cellular affinity

giving rise to attraction between similar chromatophores can

explain the formation of circular spots and ring-like pigment

patterns, but not other types of patterns. Then we postulate that

cell traction and mesenchyme deformation could explain the

formation of the rest of the observed patterns. We then present

a simple, formal, and experimentally testable approach to predict

the position of cell accumulation zones generated by substrate

deformation in certain animals.

To study color pattern formation and validate our model, we

considered embryological information provided by studies in

amphibians, specifically urodela, (Epperlein et al., ’96; Epperlein

and Lofberg, ’96, ’90; Parichy, ’96), as well as evidence for di-

verse color patterns in snakes, and some genetic data and models

regarding zebrafish patterning. Urodela and snakes share body

characteristics that make them appropriate systems to study for

our aim: their bodies are long and almost cylindrical, at least

in certain regions, their basal zone is quite small, and the color

patterns are geometrically well defined. These animals also pos-

sess pigment-cell migration and differentiation patterns that

are analogous to those occurring in the neural crest of other

vertebrates.

The neural crest is a specific transitional structure in ver-

tebrates, from which many cellular types are derived, in-

cluding chromatophores (Epperlein et al., ’96; Henderson and

Copp, ’97; Dupin and Le Douarin, 2003; Schmidt and Patel,

2005). In the case of amphibians, four pigment cells have been

identified: melanophores (black), xanthophores (yellow), ery-

throphores (red), and iridiophores (silver). They generate dif-

ferent patterns, depending on the species and embryological

stage. The patterns can include horizontal or vertical stripes,

circular spots or uniform pigmentation (Epperlein and Löfberg,

’90, Fig. 2). Patterns in the skin of snakes have similar embry-

ological dynamics, where chromatophores of two or more colors

migrate between the basal membrane of the epithelium, and

the mesenchyme of the embryo (Alibardi, 2011). Hence, during

pigment pattern formation, chromatophores physically interact

with other chromatophores and with the mesenchyme.

Other explanations for pigment pattern formation include

the proposal that pigment bands could be generated by prepat-

terns that guide cell migration and establishment. Moreover,

it was proposed that the lateral line sensory system could be

part of these prepatterns (mentioned in Parichy, ’96), consti-

tuting a “melanophore free region.” However, Parichy’s work

(’96) demonstrated in salamanders that the lateral line is not

determinant for the emergence of color pattern, suggesting that

the existence of the lateral line is not a sufficient prepattern

for the establishment of horizontal bands in these groups. From

our perspective, the regions at which chromatophores are more

likely to adhere do not precede pigment patterning, but rather

emerge throughout pigment arrangement itself. Another hypoth-

esis is that pigmentation patterns arise from lineage-specific bio-

chemical and genetic regulatory mechanisms, as well as from

particular short-range interactions among chromatophores (e.g.,

Maderspacher and Nüsslein-Volhard, 2003). However, as we dis-

cuss later, the emergence of the observed pigmentation patterns

requires interactions not only among the different types of chro-

matophores, but also with a heterogeneous background field.

Without denying the presence and relevance of lineage-specific

mechanisms or of certain chemical cues, we propose a model

for a potentially generic mechanism that relies on cell–cell and

cell–tissue interactions, and on characteristic physical properties

of the developing tissues. Nevertheless, in spite of the unifying

aim of our model, we acknowledge that some groups may have

specific patterns and underlying mechanisms that depend on

particular cellular interactions and migration processes during

development.

MODEL AND RESULTS
Our model is largely based on the postulation of tension tracks

that can be formed in the mesenchyme due to its high fiber con-

tent and flexibility (Buxboim et al., 2010). Different experiments

have shown that cells indeed follow mechanical tracks in their

substratum (see Harris et al., ’81; Oster et al., ’83; Grinnell and

Petroll, 2010 and references therein; Table 1), Weiss (’59) called

this phenomenon “contact guidance.” “A spreading or migrat-

ing cell adheres to the matrix material at various points on its

surface, and exerts a contractile force, or traction on these ad-

hesions. If this contractile force is stronger than the adhesions

elsewhere on the cell, the cell will pull itself in the direction of

the net force vector exerted by these appendages. If the matrix

material is deformable, these contracting appendages will also

draw the matrix in towards the cell, compressing and aligning

it” (Oster et al., ’83).

Studies of cell dynamics in silicon rubber (Lee et al., ’94;

Oliver et al., ’94, ’95; Burton and Taylor, ’97) have shown how

cells may modify the viscoelastic substrate where they are grown

and generate tension maps that provide a guide to the formation

of cell arrangements, thus acting in the migration, accumulation,

and adhesion of the cells in question (Maskarinec et al., 2009,

Table 1). The pioneering work of Weiss (’59; Fig. 1) also showed

how cell migration takes place along tension lines connecting

three tissue fragments in a brin matrix, and hence, these tension

lines become preferential zones of cell accumulation (Fig. 1,

Table 1).

As mentioned above, the chromatophores interact with the

mesenchymal tissue during development and even establish ad-

hesive junctions that can result in the deformation of the mes-

enchyme (Weiss, ’59; Grinnell and Petroll, 2010; Hakkinen et

al., 2010). This has led us to postulate that contact guidance

can have an important role during the migration and arrange-

ment of chromatophores (Table 1). An example of the physical

mechanism underlying these long-range forces is given by an

experiment carried out by Di Leonardo and collaborators (2008).
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Figure 2. Pigment patterning in Triturus alpestris and Ambystoma mexicanum. (A) Schematic representation of T. alpestris pigment-cell

migration. Black dots represent melanophores and gray dots xanthophores at stage 28 (NC, neural crest; NT, neural tube). In Triturus

embryos, melanophores and xanthophores start migrating at the same time and then form horizontal bands. (B) Schematic representation

of T. alpestris pigment-cell migration at stage 28/29. Triturus embryos avoid cellular aggregation in the neural crest as they form a single

cell layer. (C) Schematic representation of T. alpestris pigment-cell pattern migration at stage 34. (DF, dorsal fin). (Based on Epperlein and

Löfberg, ’90). (D) Longitudinal bands of pigment cells in the larvae of Triturus, as is shown within the box in D. (E) Schematic representation

of pigment patterning process of A. mexicanum stage 30/31. Black circles represent melanophores and gray circles xanthophores. (NC,

neural crest; NT, neural tube). In Ambystoma the pigment cells are visible as differentiated cells in the premigratory crest, with melanophores

appearing several days before xanthophores. Some melanophores leave the crest, and are distributed to the sides, while others remain in

the premigratory crest position. (F) Schematic representation of pigment pattern development of A. mexicanum stage 35/36. (NC, neural

crest; NT, neural tube; DF, dorsal fin). In contrast with Triturus, Ambystoma forms a multilayer, thus facilitating an arrangement of groups

of cells in the neural crest. Xanthophores can be mixed with melanophores in chromatophore groups. (G) Schematic representation of the

patterning process in A. mexicanum stage 41. (DF, dorsal fin). (Based on Epperlein and Löfberg, ’90). (H) Vertical bands of pigment cells in

the larvae of Ambystoma, as is shown within the box in H.

These authors show that when microscopic particles are placed

on a thin liquid film, these modify the surface and, owing to the

surface tension, a long-range attractive capillarity force among

the particles emerges.

To further illustrate some of these ideas, let us consider

the case of the urodeles Ambystoma mexicanum and Tritu-

rus alppestris, which have transversal or longitudinal alter-

nating pigment stripes, respectively, of melanophores and xan-

thophores (Fig. 2). These arrangements are not the same in the

two species because important differences in the melanophore

and xanthophore interactions occur during early neural crest

cell migration in embryos of the two species. Figure 2 (based

on cell migration experiments by Epperlein and Löfberg (’90))

provides a schematic representation of cell migration processes
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of A. mexicanum and T. alppestris larvae at different develop-

mental stages.

Importantly, one of the conditions for directed migration and

the formation of pigment patterns in Triturus is the presence of

specific patterns in a subepidermal extracellular matrix (Epper-

lein and Löfberg, ’90). In the Triturus larvae, melanophores that

initially remained dispersed are later brought together longitu-

dinally. However, in Ambystoma, the subepidermal patterns are

not observed and pigment cells are arranged in vertical bands.

As verified by experiments in which pigment cells taken from

Triturus form longitudinal bands in Ambystoma (Epperlein and

Löfberg, ’90), background horizontal lines can be formed in both

organisms, but the contrasting patterns in these two species may

result from different levels of interaction between melanophores,

xanthophores, and their background.

Physical Specification of the Model

In this section, we present a simple, phenomenological model

that shows that a heterogeneous background field, correspond-

ing to a mesenchyme with tension tracks in our proposal, can

account for the generation of the diverse pigmentation patterns

observed in different animal lineages and even within one in-

dividual. This model has the same mathematical representation

as the physical model that corresponds to the behavior of liq-

uid drops in a wetting background (Figs. 3, 4 ). We provide

a qualitative account of our proposal throughout this section

and refer the reader to Box 1 for a more detailed mathematical

presentation.

We will now describe how the size and form of liquid drops in

a uniform wetting background is determined and we will use this

model as an analogy to understand the formation of different

types of pigment patterns. Within this formalism, the shape and

size of drops, and by analogy of pigment patterns, is given by

three main components (see Box 1 for a mathematical definition

of the drop model):

Cohesion. There are short-range, attractive interactions among

the molecules within liquid drops (Box 1, Eq. 1, first term). Con-

sider the simple example of a water drop. In this case, cohesive

attraction is caused by the electric polarization of the water

molecules. Given these forces, each molecule in the interior of a

water drop is pulled equally in every direction by neighboring

liquid molecules, which results in a net force of zero. However,

the molecules at the surface of the drop do not have neigh-

boring molecules on all sides and therefore are pulled inwards,

which creates forces that make liquid surfaces to contract to the

minimal area. Thus, droplets of water tend to be pulled into a

spherical shape, which is the shape that minimizes the surface

area. In a two-dimensional layout, the shape that minimizes the

perimeter is the circle.

Drop shaping can also be understood in terms of energy.

Given the existence of attractive cohesive forces, molecules sur-

Figure 3. Cellular interactions yielding dotted patterns. (A) This

figure depicts two basic types of interactions: (i) the attraction

between cells of the same color, represented with green lines, and

(ii) the repulsion, represented by the red arrows, between black and

white cells corresponding to 1 and 2, respectively. Given only these

interactions, the cell number within each spot is proportional to

the spot perimeter because of the linear tension that we represent

as (C). (B) In this example on a snake’s skin, letter A represents the

attractive interactions between the cells that form the spot, and

R the repulsive interactions between the spot and the background

of another color, thereby generating the dotted or banded pattern.

(C) In agreement with this basic scheme, patterns tend to be dotted

when the body diameter is larger, and banded when it becomes

smaller. On a cylinder, depending on the radius, the pattern will be

circles for large cylinders radius or rings for small cylinder radius.

rounded by other molecules are in the lowest state of energy

(no extra force needs to be exerted to reach that configuration),

while molecules surrounded by few or no molecules are in a

higher state of energy (an extra force has to be applied to sep-

arate them from the rest). Thus, the molecules in the interior of

a drop have as many neighbors as possible, but the boundary

molecules have fewer neighbors compared to the molecules in

the interior and therefore have a higher energy. For the liquid to

minimize its energy state and thus reach the equilibrium state,
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Figure 4. Hypothetical potentials associated to the interaction between drops and wetting background, cells and mesenchyme. (A) Planar

(two-dimensional) liquid drop in a homogeneus background, and secondly a charged-liquid molecules interactions within the liquid

drop, represented as a circular red dots: molecule–molecule short-range attractive interaction, repulsive long-range interaction, “linear”

tension and wetting with, in general, heterogeneous background. (B) Graphical representations of the different basic drop-spot type and

the potentials associated with the background interaction. (B) The wetting potential is represented by the red lines, depending on the

interaction of the spots with the background we get different potentials and thus different forms of drops. A region of large curvature is

associated to a band of large cell–mesenchyme interaction.

the number of boundary molecules must be minimized. The min-

imized quantity of boundary molecules results in a minimized

surface area. Since any curvature in the surface shape results in

greater area, spheres with constant curvature in all their points

are formed. Analogous to cohesive forces, pigment cells of the

same type attract and tend to stay close to each other (Fig. 3,

Table 1).

Uniform Wetting Interactions with the Background. Molecules

in a liquid drop adhere to the substratum, or as is often said,

molecules wet the substratum (Box 1, Eq. 1, second term). This

wetting effect opposes the cohesive forces and this is the main

cause why drops break up into smaller ones after reaching a

certain size. In the liquid drop scenario, this wetting occurs on

a homogeneous background and, therefore, even if drops break,

they will form smaller drops that also have a circular shape. This

wetting effect tends to increase the energy of the system; while

cohesion tends to attract cells together and take them closer to

and equilibrium state of less energy, the adhesion of molecules

to the background opposes these forces (thus the second term in

Box 1, Eq. 1 has a sign opposite to the term associated with co-

hesion). Just like the molecules in liquid drops, chromatophores

also adhere to their background, the mesenchyme. In the sim-

plest case, the mesenchyme is homogeneous, and thus the joint

action of the attraction between chromatophores (cohesion) and

their adhesion to the background renders circular spots. Due to

the adhesion to the mesenchyme, long-range forces emerge and

it is then expected that large pigment spots (how large depends

on the specific strengths of cell cohesion and adhesion) will

fragment into smaller spots that minimize the total perimeter.

Phenomenologically, this can be seen as a repulsive force sepa-

rating spots from each other. At this point, considering a uniform

background, as well as the cohesion and adhesion forces, only

circular spots and rings are expected.

Linear Tension. This is a force that arises from the cohesive

forces acting on the border of the drop (Box 1, Eq. 1, third term).

In order to reach the equilibrium state, the system compensates

this force by minimizing the perimeter of the drop (Fig. 4).
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Figure 5. Variety of pigmentation patterns in the snake’s skin. These examples of snake’s color patterns show that not only dots and rings

are observed, suggesting that not only attractive and repulsive interactions among similar and dissimilar cells are at play. (A) Circular

dots; (B) semicircular dots; (C and D) complete rings along the entire body; (E, G) polygonal dots; (F) horizontal longitudinal lines; and (H)

triangular pattern.

On the basis of this analogy with the formation of liquid

drops, we argue that like charged drops in a uniform medium,

pigment cells migrating in a uniform medium will also be ar-

ranged in circular spots. This simple model can also explain

the generation of pigment patterns with the shape of rings. The

formation of rings or stripes can be seen as the formation of a

circle with a very long radius in comparison with the radius of

the body of an organism, such that the cells in one point get

close to the cells diametrically opposed and are attracted to each

other, forming a ring of pigment cells. Ring-like patterns also
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satisfy the equilibrium conditions because they have straight

lines as borders, and straight lines have a constant curvature

of zero. Circular spots and pigment rings are indeed observed

in many animals (e.g., Fig. 5A). Moreover, Figures 5 and 3B,

C show that patterns may vary depending on the radius and

the anatomical characteristics of the body, which supports the

idea that the same mechanisms underlying circular spots can

generate rings when the size of the body, or other geometrical

attributes, vary.

However, the diversity of patterns observed in vertebrates,

and even in different regions of one organism, exceeds these

two basic patterns. As shown in Figure 6, the color patterns

observed in snakes include circular dots, triangles, and horizon-

tal and vertical stripes. In the drop model described above, we

have assumed that the interaction with the mesenchyme (wet-

ting background) is constant and independent of the position,

but in order to account for the diverse pigment patterns ob-

served among vertebrates, it is necessary to assume a heteroge-

neous background. We postulate that such heterogeneities in the

background correspond to the tension tracks that are formed in

the fibrous mesenchyme while chromatophores migrate. In this

case, the deformation of the mesenchyme gives rise to regions

with different attractive potentials (V(y) throughout Box 1), or

in other words, generates regions of preferential adhesion and

accumulation of the pigment cells.

Under the latter scenario, the interaction between chro-

matophores and the background varies with position along the

body, and the cells tend to occupy the region where stimulation

is greatest. If this stimulation is larger in certain zones, it will

be translated into modified rings or spots, or even into hori-

zontal bands (Fig. 5, and recall the urodeles example depicted

in Fig. 2). The particular form of these patterns will depend

on the details of the interaction with the bottom layers, given,

for example, by the characteristic affinity of each pigment-cell

type.

We expect that the cells will tend to move in the direction

of preferential adhesion and accumulation regions, increasing

the local curvature of the spot perimeter in such regions. Then,

we will consider the curvature of the border of a given pigment

pattern (K in Box 1) as an indicator of the potential (V in Box 1)

underlying the pattern. If the pattern is a circular spot or a ring,

then the curvature is a constant straight line (Fig. 4B), but if there

are heterogeneities in the background, these will be reflected in

the curvature of the pigment pattern and the curvature will

no longer be constant. When the perimeter changes direction

abruptly, there is a large curvature reflecting strong attraction

toward a certain region.

For the general case in which we consider liquid drops or

chromatophores in a heterogeneous wetting background (Box 1,

Figs. 3, 4), the shape of the drop or of the pigment pattern will

be given by:

Figure 6. Prediction of zones of preferential accumulation for dif-

ferent pigmentation patterns. Different computer-generated pat-

terns are shown together with the predicted preferential accu-

mulation zone, also potential, depicted in red under each of the

selected spots. In order to clarify where the potential maxima

falls, the shadow of the selected spot was plotted in the same

space. The shapes were generated with a given function f (t) that

resembles a pattern observed in nature (circle, square, triangle,

rhombus, truncated rhombus, and ellipse which can observed in

the skin of certain snakes) and the curvature was obtained with

the expression stated in 2. In the case of the semicircle (A), the

function used to generate the surface was y =
√

1 − x2 and as

expected, the predicted potential is constant throughout all the

shape, meaning that there is a homogeneous interaction with the

background. The triangle (C), generated with y = sin(t)4, shows a

peak in the curvature in the middle corresponding to the observed

peak of the triangle. The rhomboidal pattern (D) was generated

with the function y = sin(t)2 and reflected over a symmetry axis,

the curvature shows three preferential acumulation zones. The

truncated rhombus (E) is almost the same case as the rhomboidal

pattern only changing the domain where the function sin takes its

values. The last shape and (F) correspondent curvature shown is

the ellipse. (Images courtesy of Jeff LeClare).

(1) Cohesion in the liquid drops, analogous to cell attraction

between similar chromatophores in the pigment-patterning

system (Table 1).

(2) Uniform wetting interactions with the background, analo-

gous to adhesion of the chromatophores to the mesenchyma

(Table 1).
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(3) A linear tension that is associated to the minimization of the

perimeter of the drop or the pigment pattern (Table 1).

(4) Heterogeneous attractive interactions with the background

corresponding to the tension tracks in the deformed mes-

enchyma (Table 1).

RESULTS
In order to explain the emergence of pigment patterns among

vertebrates, we propose to use the physical model presented

above, implying that there are tension tracks caused directly

by the pigment cells adhering and moving on the mesenchy-

mal tissue. Some of the predicted patterns and their rela-

tion to the animal body geometry or domain size are vali-

dated by the patterns found among snakes. In these organ-

isms, spots or rings are found depending largely on the ra-

dius of the body cylinder (Fig. 3C). Also, if a zone of pref-

erential accumulation is also considered, we would expect

“stretched” or modified rings and circles, such as those seen in

Figure 5.

An interesting aspect of this proposal is that the exis-

tence and position of band-like regions of preferential accu-

mulation can, in principle, be inferred by approximating the

potential—the zones where pigment cells will tend to estab-

lish (V in Box 1)—with the local curvature (K in Box 1) of

an arbitrary pigment pattern. Consider, for example, the pat-

terns shown in Figure 6. As we would expect based on our

model, the curvature for a circular pattern is constant (Fig 6A).

In this case, we would not expect a heterogeneous interaction

with the background. In contrast, patterns depicted in Figure

6 B–E have regions of large curvature, and from these pat-

terns, we can predict the existence of the preferential accumu-

lation zones presented in Figure 6 B–E (red lines in the bot-

tom graph from Fig. 5B–E). The exercise of predicting zones of

preferential accumulation from pigmentation patterns becomes

more difficult as we consider more complicated patterns. Yet

it would be possible to adjust a function to a given curve and

perform more detailed computational simulations for specific

cases.

Overall, two of the basic observed patterns and underly-

ing structural characteristics of the corresponding animals, with

which our model is consistent, are:

(a) In many animals with a more or less flat skin surface, one

observes equal-sized, spaced-out, spots (Fig. 3).

(b) If the surface is cylindrical with a large radius, we observe

again circular spots. However, if the radius of the spot is

larger in comparison with the diameter of the cylinder, one

observes rings (Fig. 3B, C).

(c) Many of the pigment patterns that are not circular dots or

rings seem to be slightly deformed dots or rings (Fig. 5).

DISCUSSION
The model that we present implies an epigenetic mechanism

that could be generic for epidermal color patterning in different

vertebrate lineages. Our model considers tension forces derived

from the cell and tissue interactions, and can be specified by

means of a simple formalism inspired by a physical model of

liquid drop formation (Box 1). Such a simple model is suffi-

cient to account for the observed color patterns in animals such

as snakes, and makes specific predictions that can be experi-

mentally tested. For example, if the mesenchymal fibers were

experimentally modified in a way such that the tension field

was altered (for instance, by exerting an external force on the

tissue), we would expect a deformation of the pigment patterns

in the direction of the force being applied. Or if the geometry of

the surface could be systematically modified in size or shape, we

could expect patterns to change from spots to rings or vice versa.

Also, it has been reported that mutations affecting the formation

of the cytoeskeleton affect the nature and degree of contraction

experienced by an extracellular matrix on which cells migrate

(Grinnell and Petroll, 2010). Hence, our model predicts that in

animals with such a kind of mutation, altered pigment patterns

would be expected.

A future challenge is to couple such a generic physical model

with a regulatory network model incorporating the genes, pro-

teins, signals, etc., that are also involved in color patterning in

different species of vertebrate animals. Such endeavor should

be attainable in model systems in which the molecular basis of

such morphogenetic processes has started to be characterized.

Such is the case of the zebrafish, in which detailed experimen-

tal studies have uncovered some of the key genetic components

underlying color patterning (see reviews in Rawls et al., 2001;

Parichy, 2006; Kelsh et al., 2009).

The precise manner by which these genes and their associ-

ated proteins contribute, along with other molecular entities, to

pigment patterning is still unclear. Yet some of these genes (e.g.,

Wnt, Sox, Mit, and Kit genes, see review in Rawls et al., 2001)

seem to have functionally conserved orthologues in other lin-

eages of fishes and vertebrate, in which they also appear to play

a role in skin patterning, or in feather and follicle patterning in

chicks and mice, respectively (Kelsh et al., 2009). This suggests

that the epidermal patterning molecular mechanism is largely

conserved and that, therefore, these genes could be enabling the

generic mechanism we put forward. Interestingly, some compar-

ative analyses of the overall patterning mechanisms are starting

to become available (Cadigan and Nusse, ’97; Quigley et al.,

2005; Parichy, 2006; Kelsh et al., 2009).

From a modeling point of view, studies based on the pio-

neering work of Turing (’52) and his RD model have also been

developed for pigment patterning. The RD model describes the

concentration in time and space of chemicals (morphogenes) that

diffuse and react at different rates and that, by so doing, give

rise to nontrivial patterns of morphogene concentration, such as
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spaced-out dots, parallel bands, labyrinths, and spirals. Kondo

(2009, see also Yamaguchi et al., 2007) has postulated that a

particular type of RD system, one given by the combination of

local activation and long-range inhibition, could underlie the

de novo formation of pigment patterns in animals. This partic-

ular kind of RD system, also known as the activator–inhibitor

(AI) system (Gierer and Meinhardt, ’72) consists of a couple of

morphogenes: the activator that self-activates in a nonlinear

manner, and the inhibitor, which is upregulated by the activa-

tor and has a long-range inhibitory effect on the activator. In

agreement with empirical evidence, this model is able to account

for patterns that may be regenerated and that are robust in the

face of transient perturbations (Kondo, 2009).

Turing’s model was especially powerful because it could in-

tegrate the epigenetic framework of Waddington, which has be-

come central for the Biology of epigenesis today, by suggest-

ing that Waddington’s evocators could indeed be morphogenes

(Waddington ’40; Turing, ’52). Our model is compatible with RD

models, but we specifically propose that long- and short-range

interactions could be the result of tension patterns and cell–

cell affinities instead of morphogene action, integrating some

of the mechanical forces that seem to play a relevant role in

morphogenesis and pattern formation (Ingber, 2004; Hamant et

al., 2008; Schötz et al., 2008). In this way, our model considers

epigenetic aspects of development within a broad framework

that does not exclude Turing’s proposal. In the same direction,

Oster and coworkers (’88) have stated that the mechanochemical

model they postulated could in a way be conceptualized as an

RD system. Also Kondo and Miura (2010) have pointed out that

Turing’s patterning systems could be taken as a model mech-

anism for generic processes in which inhibition and activation

among patterning elements take place, even if these interactions

are not mediated by diffusion or chemical reactions, as orig-

inally proposed by Turing. In such a case, sets of molecules,

mechanical forces, or other factors exerting long-range inhi-

bition or short-range activation could be conceptualized as

morphogenes.

Nakamasu and collaborators (2009, also see review in Kondo

and Miura, 2010) performed a series of experiments in zebrafish

embryos and showed that the regeneration and survival of pig-

ment cells (xantophores and melanophores) can be affected by

cells in neighboring pigment stripes, be it by short- or long-

range interactions. As discussed by Nakamasu et al. (2009), this

mutual regulation of cell regeneration and survival could in

principle suffice for the generation of Turing patterns. The pre-

cise mechanisms underlying the cellular interactions between

these two types of chromatophores are, however, not yet under-

stood. It is noteworthy that besides cell death and regeneration,

migration is a key process during pigment pattern formation

in zebrafish embryos (review in Rawls et al., 2001). Moreover,

specification of neural crest cell fate in zebrafish usually oc-

curs prior to migration (Raible and Eisen, ’94), and presumptive

melanocyte precursors often express melanin before completing

migration (Raible et al., ’92). Therefore, at least in some stages

of pigment pattern formation, patterning seems to depend on

the regulated migration of the already differentiated pigment

cells, in addition to the regulation of their regeneration and

survival. We postulate that mechanical forces due to the defor-

mation of the mesenchymal tissue on which cells migrate could

give rise to preferential directions of cell migration and estab-

lishment. One possible scenario is that both mechanisms, the

Turing-like mechanism proposed by Nakamasu and coworkers

(2009) and that depending on mechanical forces could redun-

dantly act during pattern formation. Coexistence of redundant

mechanisms has indeed been postulated for other patterning

systems (e.g., Benı́tez and Alvarez-Buylla, 2010).

A fundamental problem in morphogenesis is how the size

of organs and anatomical structures is controlled during ani-

mal development. Yet local cell–cell interactions and unbounded

morphogene diffusion are not sufficient to explain this type of

controls and, moreover, morphogenes that could account for size

control have remained elusive. The mechanism we put forward

gives rise to long-range forces that are bounded by the size of

the potential itself (V in Box 1). The fact that these forces are

bounded or have a delimited range of action is evidenced by the

periodicity of patterns in the bodies of snakes (Fig. 5); the end

of one pattern period and the beginning of another indicates the

characteristic length of the long-range forces. Thus, we hypoth-

esize that the mechanism that we postulate could be relevant to

further understand not only pigment patterning but also other

key developmental processes.

Models of development like the one presented here may be in-

strumental to test current hypotheses in evo-devo. For instance,

the dynamical patterning modules put forward by Newman and

Bhat (2009) are suggested as constituting a set of mechanisms

that appeared early in animal evolution and involve a small set

of genes associated with physical processes (e.g., cohesion, vis-

coelasticity, diffusion, AI interaction, and multistable and oscil-

latory dynamics). Newman and Bhat (2009) postulate that these

are key for the origin of all existing animal forms and that the

relatively stable developmental trajectories of modern organisms

are the product of genetic canalization (sensu Waddington, ’57).

Based on our model, we postulate that alterations in the body

shape and tension patterns underlie the different pigment-cell

arrangements, independently of the genetic traits that do not

alter the parameters of the proposed model. In other words, we

are postulating that the interactions among cells and viscoelastic

tissues could constitute a dynamic patterning module (sensu

Newman and Bhat, 2009), such that with few “enabling” genes,

a wide catalog of patterns may arise. As Harris and collaborators

state “It would be unlike evolution not to make use of these

fields to guide morphogenesis” (Harris et al., ’80). This study

resonates with other recent studies pointing to the importance

of mechanical forces in other developmental processes (Peyton
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et al., 2007; Hamant et al., 2008; Schötz et al., 2008; Mammoto

and Ingber 2010).

The study of the dynamics of patterning modules operating

during development, such as those associated with the emer-

gence of epidermal color patterns, may offer hypotheses regard-

ing the parameters, elements, or interactions that are key to phe-

notypic conservation and transformation. Indeed, these models

allow hypotheses to be tested and provide predictions that are

otherwise difficult to derive. Further in silico experiments could

also include systematic simulations that point at precise pa-

rameter values and conditions in which different patterns are

expected to arise. Such analyses could also be instrumental in

order to test whether changes in domain size and geometry may

account for pattern variation among lineages.

One conclusion that emerges from the analysis of color pat-

terns presented here is that there is not an infinite set of possible

pigment patterns. Researchers have recently focused on the im-

portance of this type of structural and dynamic restrictions. Our

model offers an instance in which these restrictions are deter-

mined by an epigenetic system based on physical mechanisms

and enabled by a relatively small set of genetic elements. This

allows us to hypothesize that, as in pigment patterning, only a

small number of genes may have been involved in the origin of

morphogenetic processes, and that therefore it is necessary to

look for a much wider range of possible epigenetic mechanisms

in order to fully understand the origin and evolution of devel-

opmental processes. Our proposed model can be considered a

contribution in this direction.
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Epperlein H-H, Löfberg J. 1990. The development of the larval pigment

patterns in Triturus alpestris and Ambystoma mexicanum. Adv Anat

Embryol Cell Biol 118:1–99.
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