
Chapter 1

The Common Developmental Origin

of Eyespots and Parafocal Elements and a New

Model Mechanism for Color Pattern

Formation

H. Frederik Nijhout

Abstract The border ocelli and adjacent parafocal elements are among the most

diverse and finely detailed features of butterfly wing patterns. The border ocelli can

be circular, elliptical, and heart-shaped or can develop as dots, arcs, or short lines.

Parafocal elements are typically shaped like smooth arcs but are also often “V,”

“W,” and “M” shaped. The fusion of a border ocellus with its adjacent parafocal

element is a common response to temperature shock and treatment with chemicals

such as heparin and tungstate ions. Here I develop a new mathematical model for

the formation of border ocelli and parafocal elements. The models are a reaction-

diffusion model based on the well-established gradient-threshold mechanisms in

embryonic development. The model uses a simple biochemical reaction sequence

that is initiated at the wing veins and from there spreads across the field in the

manner of a grass-fire. Unlike Turing-style models, this model is insensitive to the

size of the field. Like real developmental systems, the model does not have a steady

state, but the pattern is “read out” at a point in development, in response to an

independent developmental signal such as a pulse of ecdysone secretion, which is

known to regulate color pattern in butterflies. The grass-fire model reproduces the

sequence of Distal-less expression that determines the position of eyespot foci and

also shows how a border ocellus and its neighboring parafocal element can arise

from such a single focus. The grass-fire model shows that the apparent fusion of

ocellus and parafocal element is probably due to a premature termination of the

normal process that separates the two and supports the hypothesis that the parafocal

element is the distal band of the border symmetry system.
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1.1 Introduction

The color patterns of butterflies are extremely diverse, and almost all of the

14,000 or so species can be identified on the basis of their color patterns alone.

Adding to this diversity is the fact that dorsal and ventral color patterns are usually

entirely different and that many species have polymorphic, sexually dimorphic,

and seasonally plastic color patterns. The development and evolution of this

diversity of patterns has been of considerable interest, particularly in relation

to the genetics and evolution of mimicry (Reed et al. 2011; Nadeau 2016; Baxter

et al. 2008; Joron et al. 2006), and the development and evolution of eyespot

patterns (Brakefield et al. 1996; Monteiro et al. 1997, 2003; Monteiro 2015;

Nijhout 1980).

The organizing principles of color patterns are coming to be increasingly well

understood. The diversity of mimicry patterns in Heliconius butterflies is due to the
variation in only a handful of genes (Nadeau 2016; Kapan et al. 2006), and the

specification of color and pattern is now known to be due to a redeployment of

many of the genes involved in early embryonic development (Carroll et al. 1994;

Martin and Reed 2014; Reed and Serfas 2004; Brunetti et al. 2001).

The developmental mechanism that produces the spatial pattern of pigments

that characterizes color patterns is less well understood. It is clear, however, that

the wing veins and the wing margin play critical roles in organizing the pattern.

This evidence comes, among others, from observations of the color patterns

of mutants that lack wing veins and from experimental manipulations that alter

the wing margin (e.g., Fig. 1.1 and (Nijhout and Grunert 1988; Koch and Nijhout

2002)).

Fig. 1.1 Color pattern

modification in the veinless

mutant of Papilio xuthus
(right), compared with the

normal pattern (left). The
longitudinal veins are

missing and so are the

venous patterns. The

submarginal bands are

smoothly continuous and

parallel to the wing margin,

suggesting that the wing

margin also plays an

important role in color

pattern determination
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1.2 Eyespots and Parafocal Elements

The color patterns of butterflies are organized as a set of three-symmetry systems

(Süffert 1929; Schwanwitsch 1924, 1929; Nijhout 1991). The basal symmetry
system is often absent or represented only by its distal band. The central symmetry
system runs in the middle region of the wing and is centered on the discal spot. The

border symmetry system runs along the distal region of the wing usually paralleling

the wing margin (Fig. 1.2). The most complex patterns are typically found in the

border symmetry system. The principal elements of the border symmetry system

are the border ocelli or eyespots. Although the canonical morphology of an ocellus

is a set of concentric circles of contrasting pigments with a well-defined central spot

called the focus (Nijhout 1980), circular elements are actually quite uncommon

within the larger diversity of butterfly color patterns. More often the shape of the

“ocellus” deviates significantly from the circular (heart shaped, dagger shaped, bar

shaped) and is often hardly recognizable as homologous to a circular element

(Nijhout 1990, 1991).

The proximal and distal bands of the border symmetry system have very

different characters. The proximal band, when present, is typically arc shaped, or

nearly straight. The distal bands are almost always present and have an exception-

ally diverse array of shapes. Because its development and evolution are quite

independent of that of the border ocelli, this element has been given a special

name: the parafocal element (Nijhout 1990). Süffert (1929) recognized this as the

distal band of the border symmetry system but did not give it a special name, and

Schwanwitsch (1924) thought it was actually part of the submarginal band system.

The results given below in this paper support Süffert’s interpretation, as does the
recent work of Otaki and colleagues (Dhungel and Otaki 2009; Otaki 2009, 2011).

Fig. 1.2 The nymphalid

ground plan showing three

symmetry systems: basal,

central, and border. The

border symmetry system

has border ocelli (bo) on the

compartment midlines.

These border ocelli can

develop into elaborate

eyespots but also into many

other shapes. The shape of

the distal band of the border

symmetry system can also

be very diverse, and this

band is recognized as the

parafocal element
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The parafocal elements are developmentally closely related to the border ocelli.

Indeed the two are developmentally interdependent in that they appear to arise from

a common determination mechanism, although the determinants of their shape are

quite different.

1.3 Puzzling Results of Temperature Shock Experiments

A number of investigators have observed that when color pattern aberrations are

induced by temperature shock and various chemicals, one of the commonly

observed features is a partial or complete fusion of the ocellus and the parafocal

element (Otaki 2008; Nijhout 1985, 1991; Nijhout and Grunert 1988). The smooth

fusion of these two pattern elements (Fig. 1.3) suggests that that must share a

common developmental mechanism. If we interpret the series shown in Fig. 1.3 in

reverse order, then it would seem that a single pattern element breaks into two, with

the distal one forming the parafocal element and the proximal one the ocellus. None

of the current models of color pattern formation can account for this.

Fig. 1.3 Fusion of ocelli and parafocal elements after temperature shock in Vanessa cardui. Top
row, dorsal surface. Bottom row, ventral surface. Normal patterns are on the left in each row.

Bottom row shows a moderately affected pattern in the middle, and a severely affected pattern in

which both pattern elements are completely fused is on the right

6 H.F. Nijhout



1.4 Models of Color Pattern Formation

Previous models for color pattern formation in butterflies have shown that it must

be a two-step process. The first step is the establishment of organizing centers, and

the second step is the organization of patterns of pigment synthesis by signals

produced by these organizing centers. The best known of these organizing centers is

the focus, a group of cells that occurs at the center of a canonical eyespot. The foci

express both notch and Distal-less, in succession (Carroll et al. 1994; Reed and

Serfas 2004), followed by the expression of Spalt and Engrailed in their surround-

ing, corresponding to the presumptive colored regions of the eyespot (Zhang and

Reed 2016; Brunetti et al. 2001).

The mechanism that determines the placement of foci on the wing is still

unknown. Foci always occur exactly on the midline of wing compartments delin-

eated by wing veins (i.e., equidistant from the veins). Intervenous stripe patterns

(e.g., Fig. 1.6) also occur exactly along the midlines of wing compartments, and in

certain papilionids, these stripes break up into spot-like patterns (Nijhout 1991),

suggesting a common developmental origin of stripes and spots.

Color pattern determination begins in the wing imaginal disk shortly after the

wing venation system is established. The wing imaginal disk is composed of two

cell layers, for the dorsal and ventral wing surfaces, respectively. The two cell

layers are tightly adhered to each other via a basement membrane. Wing veins

develop as tube-like separations between the two layers. The veins are continuous

with the hemocoel and allow entry of hemolymph into the developing and growing

wing. A special vein called the bordering lacuna (Nijhout 1991) develops around

the periphery of the wing imaginal disk and connects the end points of the wing

veins (Fig. 1.4).

Fig. 1.4 Wing imaginal

disk of Junonia coenia at

the time of color pattern

determination. V veins, BL
bordering lacuna. The veins

delineate the compartments

for pattern formation
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The wing veins are bordering lacunae and are the only structural elements in the

wing disk when pattern formation begins, and theoretical models of pattern forma-

tion assume that these structural elements are the first initiators or organizers for

pattern development because they are the only way in which developmental signals

can enter the wing (an idea supported by pattern aberrations in veinless mutants

(Fig. 1.1). Pattern development including placement of the organizing centers must

somehow depend on signals arising from the wing veins and bordering lacuna.

A successful theoretical model for the placement of foci was based on Turing-

like reaction diffusion (Turing 1952) using kinetics developed by Meinhardt

(1982). The model assumes that a pattern is produced by two chemicals, an

autocatalytic activator and an inhibitor, which control each other’s synthesis,

which can diffuse freely from cell to cell, and in which the inhibitor acts over a

larger distance than the activator. Starting with a system at steady state, introducing

a small amount of activator from the wing veins, results in a spatial pattern of

activator production that rises first as a stripe along the midline between two wing

veins in the distal portion of the wing compartment. The end of this midline stripe

becomes a particularly strong source of activator production and gradually

represses the rest of the stripe, resulting in a stable point-like pattern on the midline

resembling the position of a focus. The exact position of the focus as well as the

number of foci produced depends on boundary conditions, size of the field, and

parameter values of the reaction scheme. This model gained support from the

finding that it predicted the spatial sequence of expression of the gene Distal-less,

one of the early determinants of color pattern, almost precisely (Fig. 1.5) (Nijhout

1990, 2010).

The spatial pattern of point-like foci and various line-like distributions of the

presumptive activator is then used in the second stage of pattern formation to induce

the synthesis of specific pigments. A simple diffusion-threshold mechanism using

these activator distributions as the origins of new diffusible morphogens proved

sufficient to explain almost the entire diversity of color patterns found in the

butterflies (Nijhout 1990).

There is, however, a significant problem with this model and, in particular, with

the reaction-diffusion mechanism that sets up the initial prepattern of activator

distributions. Reaction-diffusion mechanisms are notoriously sensitive to field size

and to the exact choice of parameter values and boundary conditions. Even small

changes in any of these factors can produce extremely different spatial patterns of

activator distribution. Reaction-diffusion mechanisms are particularly sensitive to

the size of the field and produce wildly different patterns in fields of different sizes.

This seems biologically unrealistic. Biological systems tend to be quite robust to

parameter variation and size variation, such as produced by the abundant and often

severe genetic and environmental variation to which organisms are subject (Nijhout

2002). In particular, in butterflies, identical patterns often develop in adjoining wing

compartments of very different dimensions. Finally, although Turing-style reac-

tion-diffusion mechanisms can be made to produce a wide diversity of realistic

patterns, there are, with the possible exception of some fish pigment patterns, no
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instances in which they have been experimentally proven to operate during devel-

opment and in which the activator and inhibitor have been identified (Kondo and

Miura 2010).

This has led me to search for a simpler and more robust mechanism that could

produce the diversity of color patterns observed. Developmental genetic studies of

embryonic development have revealed a broad array of gene regulatory networks

that produce dynamically changing spatial patterns of gene expression, in which the

product of one gene acts as a transcriptional regulator of one or more other genes.

The effect of a gene spreads either by diffusion of the gene product to adjoining

cells or by cell-surface signaling interaction among neighboring cells.

These mechanisms for pattern formation are conceptually and physically simple.

They are in effect diffusion-threshold mechanisms, in which a substance diffuses

away from the cells where it is produced and exerts its effect when it rises above a

Fig. 1.5 Time series of the development of the expression pattern of Distal-less in the imaginal

wing disk of Junonia coenia. Black arrows indicate the position of wing veins.White arrows point
to the developing stalks and spots of the Distal-less. Initially Distal-less is expressed along the

wing veins and wing margin (Plate 1), but then the expression becomes gradually concentrated to

the wing compartment midline (Plates 2–5). A spot develops at the tip of the midline bar in wing

compartment that will develop an ocellus, and the midline bar gradually disappears (Plates 6–7)
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threshold in surrounding cells. These diffusion-threshold mechanisms can be gen-

eralized into what I’ll call a grass-fire model.

1.5 The Grass-Fire Model

The model consists of the simplest possible set of reactions. A molecule we will call

fuel is initially distributed across the field and serves as substrate for the first

reaction to produce the product P1. P1 in turn serves as the substrate for the

production of P2 and so forth. The model is given by:

∂fuel=∂t ¼ �k1∗fuel∗P1þ Dfuel∗∇2fuel

∂P1=∂t ¼ k1∗fuel∗P1� k2∗P1þ DP1∗∇2P1

∂P2=∂t ¼ k2∗P1� k3∗P2þ DP2∗∇2P2

Initially there is only fuel, and the patterning mechanism is initiated when P1 is

introduced at some point in the field, for instance, along the margins of the field.

The model resembles a grass-fire with a fire front, initiated at the ignition point

where P1 is introduced, that consumes fuel and leaves combustion products behind,

some of which can be used in other reactions. In addition to these reactions, we

assume that all chemicals can diffuse from areas of high concentration to low

concentration. We assume for the present that all reactions are mass action. Thus

we have an exceptionally simple reaction-diffusion system.

In the course of time fuel is depleted, as are all subsequent metabolites. This

system does not produce a stable end pattern but rather a slowly changing spatial

pattern of values of the three variables. In this respect it resembles the early gene

expression patterning events in the Drosophila embryo in which a successive series

of diffusion gradient-threshold events produce a dynamically progressing spatial

pattern of gene expression (Tomancak et al. 2002). We assume that an independent

event “reads” the spatial pattern of chemicals at some time point in the develop-

ment. In butterflies this could be the ecdysone signals that initiate a molt or the

wandering stage, both of which occur during the period of color pattern formation

and also control growth and morphogenesis of the wing imaginal disk.

The nature of fuel, P1 and P2, is undetermined. Any system with mass action

kinetics will do, nor are the kinds of kinetics restricted to mass action. Saturation

kinetics like Michaelis-Menten and Hill produce the same patterns as mass-action

kinetics over a range of parameter values. The reactions could therefore represent a

biochemical reaction sequence, a gene activation sequence, a successive activation

of signaling cascades, or a combination of these.
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1.6 Basic Patterns

We assume the field is a rectangle that represents a compartment in the wing

imaginal disk, where the top and long sides are wing veins and the bottom short

side is the bordering lacuna. The reactions can be initiated only along these edges.

Variation in pattern can come about by a variation in the position of the initiation

points (along the entire margin or only near the proximal, middle, or distal ends),

the initial distribution of fuel (homogeneous, proximodistal gradient, vein to mid-

line gradient), and the distribution of the enzymes or rate constants, that run the

reactions (homogeneous, proximodistal gradient, vein-to-midline gradient).

1.7 Venous and Intervenous Patterns

Some of the simplest and most widespread patterns are stripes that run along the

midline of a compartment and patterns that run parallel to the wing veins. Figure 1.6

illustrates several examples. The patterns show that the veins do not induce pattern

along their entire length. In Fig. 1.6a the pattern is only induced in the mid-region of

the vein but not near the proximal and distal ends. There is often a proximodistally

graded width of the venous bands suggesting (e.g., Fig. 1.6d–e) that the strength of

induction, or the propagation rate of the inductive signal, is graded. These patterns

are readily produced by the grass-fire model, as illustrated in Fig. 1.7. A

proximodistal gradient of reaction rate constants produces venous bands that

taper along the length of the vein (Fig. 1.7c). Intervenous stripes (Fig. 1.7a) can

be made if the entire wing vein induces the pattern and both the fuel and reaction

rates are homogeneously distributed. Reed and Serfas (2004) have shown that in

butterflies without eyespots, but with intervenous stripes, there is a long central

midline stripe of notch and Distal-less expression. Notch and Distal-less also

specify the position of eyespot foci (see below), thus the patterns of P1 and P2

may simulate the expression of these two peptides.

1.8 Simulation of Notch and Distal-Less Progression

The progression of Distal-less expression (Fig. 1.5), beginning with a short midline

stripe of the emerging from the margin, followed by the development of a spot at

the apex of the stripe, followed by a regression of the stripe, leaving a spot of Distal-

less expression behind, was accurately reproduced by a Turing-style reaction

diffusion program (Nijhout 1990). Indeed, it provided strong, albeit circumstantial,

support for reaction diffusion as the underlying mechanism of focus formation.
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Reed and Serfas (2004) and Zhang and Reed (2016) have shown that this pattern

of Distal-less expression is preceded by an almost identical pattern of notch

expression.

The grass-fire model produces both pattern sequences (Fig. 1.8), simply by

assuming that only the distal portion of the wing veins acts as initiation sources

and that the fuel is distributed in a shallow gradient that is higher near the midline

than near the veins. The shape of the focal spot is slightly elongated across the long

axis of the wing compartment, just as the expression of notch and Distal-less

described by Reed and Serfas (2004) and Zhang and Reed (2016). The pattern of

P2 is identical to that of P1 but lags behind a little, and P2 still has a stalk when P1 is

already resolved into a spot (Fig. 1.8). Thus the progression of P1 and P2 resemble

those of notch and Distal-less, respectively.

Fig. 1.6 Vein-dependent patterns. Top row shows venous patterns of Anaxita decorata (a) and

intervenous patterns of Pseudacraea lucretia (b) and Eteone eupolis (c). Bottom row (d–f) shows

individual variation in Danaus affinis. In Danaus the white venous pattern varies in the extent to

which it expands from the wing veins
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Fig. 1.7 Model simulation for venous and intervenous patterns. In each case the wing veins were

used as the initiation points and the “fuel” was either homogeneously distributed or graded slightly

from top to bottom (proximal to distal)

Fig. 1.8 Model simulations of focus formation. Two runs are shown with slightly different initial

distributions of “fuel.” The distributions of P1 and P2 are shown, which could correspond to the

notch and Distal-less, respectively. The two patterns differ in the shape of the lateral gradient of

the “stalk,” which affects the shape of the parafocal element that will develop



1.9 Shape of the Parafocal Elements

As noted above, once the foci are established, the second step in color pattern

formation is a signal that originates from the foci and that specifies a pattern of

pigment biosynthesis in their surroundings. We use the grass-fire model for this

second step as well, using the focus as the initiation point.

If the grass-fire model is started from a single point source, the pattern produced

naturally breaks into two fronts, moving distally and proximally, respectively. If the

initial substrate that is used is homogeneously distributed, a circular pattern will

form that breaks into two semicircular arcs that move away from the initiation

point.

A characteristic feature of the parafocal elements is that they are always sym-

metrical around the wing compartment midline and are often Λ, V, W, or M shaped

(e.g. Fig. 1.9), suggesting a special function of the midline in shaping this element.

If the parafocal element is formed by a moving reaction front, then movement near

Fig. 1.9 Variation and diversity of parafocal element shapes. Top row, individual variation in

Junonia coenia. Bottom two rows, diversity of parafocal elements in selected Junoniini (middle
row J. atlites, J. villida, J. villida, J. oenone. Bottom row J. genoveva, J. almana, Yoma algina,
Precis ceryne)
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the midline and/or the veins must be either more rapid or slower than movement

elsewhere. One way to accomplish this is by having a required metabolite or

precursor to the reaction distributed in a pattern that is symmetrical to the midline.

A clear candidate for this is the gradient left behind by the midline pattern that

preceded the formation of the focal spot (Fig. 1.8). This midline concentration

gradient decays only gradually, and its profile depends on the parameter values and

initial fuel distribution.

The hypothesis then is that the shape of the parafocal elements is determined by

a gradient left behind by the process that formed the focus. This idea can be tested

computationally. Figures 1.10a and 1.11 show a sample of the diversity of parafocal

element shapes that can be produced by this model. Although these shapes closely

mimic those of real parafocal elements (e.g., Fig. 1.9), the shape of the ocellus is not

circular, as would typically be the case.

To produce both perfectly circular eyespots and the right diversity of parafocal

element shapes, it is necessary to assume that the focus could be the source of two

different signals (one perhaps initiated by notch and the other by Distal-less) that

use different substrates. If one signal uses a homogeneously distributed substrate, it

will produce a circular eyespot (Fig. 1.10b), and if the other uses the gradient left

behind by the focus-forming process, it produces the parafocal element. Interest-

ingly, this second source also produces an arc-shaped pattern on the proximal side

of the eyespot (Fig. 1.10c–g). This finding is consistent with Süffert’s idea that the
parafocal element is the distal band of the border symmetry system: the parafocal

element and the proximal arc produced by the second source make up paired bands

of the border symmetry system. These model results also support the ideas about the

nature of parafocal elements and border symmetry systems proposed by Otaki

(Dhungel and Otaki 2009; Otaki 2009, 2011).

Fig. 1.10 Simulations of pattern generated by focal sources. (a) A single source breaks up into an

ocellus and a parafocal element, but the ocellus is not circular. (b–g) A double source at the focus,

one producing the eyespot (b) and the other producing the parafocal element and the proximal

arc-shaped band of the border symmetry system (c–g)
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1.10 Fusion and Separation of Ocelli and Parafocal

Elements

When the pupae of butterflies are exposed to a temperature shock, many individuals

exhibit a fusion between the ocellus and the parafocal element. The degree of fusion

is quite variable from individual to individual, and in extreme cases the two fuse

into a single pattern element (Fig. 1.3). A possible reason for this effect is that

temperature shock freezes the progression of pattern determination, possibly by

activating heat shock or stress proteins that stop biosynthetic or transcriptional

activity (Mitchell and Lipps 1978; Crews et al. 2016; Welte et al. 1995). The grass-

fire model shows that a single pattern element can split into two and that both ocelli

and parafocal elements can be produced from a common source.

1.11 Modes of Pattern Evolution

The developing pattern depends on only a few variables: the kinetic parameters of

the reactions and the initial gradients of fuel. For all models explored here, these

gradients are simple. Beside homogeneous distributions, we used smooth

proximodistal gradients or smooth gradients symmetrical to the wing compartment

midline, parallel to the wing veins. The latter could be readily set up by diffusion

from, or absorption by, the wing veins. Thus the anatomical features of the wing,

the wing veins and bordering lacunae, are the only features used to initiate pattern

formation.

A significant way in which the proposed patterning mechanism differs from the

assumptions of a typical Turing-style reaction-diffusion mechanism is that the

system is never at steady state, but the pattern slowly changes over time. The

developing pattern becomes fixed, so to speak, by an event such as a pulse of

hormone secretion that begins or ends a developmental period, as occurs at several

Fig. 1.11 Simulations of patterns that can be generated with a single focal source resembling

those of Vanessa tameamea (a) and Euryphura concordia (b)
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points during insect metamorphosis (Nijhout 1994, 1999; Nijhout et al. 2014). This

property is consistent also with the progressive time-varying patterns of gene

expression during embryonic development (Tomancak et al. 2002).

This feature also adds a mode of pattern evolution. Pattern evolution could

typically occur due to changes in parameter value reaction rates and gradient

shapes. But it is also possible that evolutionary changes in the time when a

developing pattern is frozen can lead to changes in the final color pattern. This

adds a flexible mode of heterochromic evolution.

Moreover, if, as suggested above, the fixation of pattern depends on the timing of

hormone secretion, this mechanism could also account for seasonal polyphenisms

of butterfly color patterns. Seasonal polyphenisms in color patterns come about

through changes in the timing of ecdysone secretion (Rountree and Nijhout 1995;

Brakefield et al. 1998; Koch et al. 1996; Koch and Bückmann 1987) and thus may

fix the progression of pattern at different stages. On this view, seasonally

polyphenic patterns can be thought of as an expression of plastic heterochrony.

Once a plastic pattern switch is established, additional adaptive changes in the

patterning system can evolve to refine or further alter the pattern.
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