
Kratochwil & Mallarino   |   March 14th, 2023   |   1

INTRODUCTION

Animal coloration has been a captivating area of research that has 
attracted attention from various disciplines, including biophysics, 
genetics, developmental biology, evolutionary biology, and 
ecology. Because it plays a fundamental role in mediating intra- 
and interspecific communication, coloration is a key trait that 
allows species to adapt and survive in different environments. 
While the ultimate causes driving coloration differences within 
and between species have been extensively studied for decades (4, 
5, 9), the proximate causes - in particular the underlying cellular 
and developmental mechanisms by which these processes occur - 
remain often poorly understood. 

In animals, color can be generated through deposition of pigments 
or by structural features that interfere with light. In this review, we 
use color as a generic term to refer to both structural and pigment-
based coloration (see Terms and Definitions). On a spatial scale, 
animals can vary in their overall body color or in the distribution 
of color across their body (i.e., color patterns). Genetic studies in 
natural populations of different vertebrate species have identified 
key genes responsible for promoting differences in overall body 
coloration (56, 58, 60, 62, 72). Largely due to decades of research 
in traditional laboratory model species (2, 59), we now have a 
comprehensive mechanistic understanding of how such genes 
generate differences in overall body color. For example, the 
melanistic color displayed by some populations of Rock pocket mice 
(Chaetodipus intermedius) inhabiting dark lava substrates is caused by 
coding changes in Melanocortin 1 receptor (Mc1r) (56), a G-protein 

coupled receptor that resides in the surface of pigment producing 
cells, or melanocytes, and binds paracrine factors to trigger a well-
characterized signaling cascade leading to pigment production (10). 

Less understood, however, are the molecular and developmental 
processes that mediate differences in color patterns among 
individuals of the same species and between members of different 
species. Because of their unparalleled diversity, visual accessibility, 
and widespread occurrence among species, color patterns have 
the potential of revealing critical insights into the mechanisms 
underlying biological organization. Recent advances in genomics 
and experimental approaches (12, 40), as well as the relative ease 
with which they can now be employed in wild-derived species 
(but also in domestic animals that have been artificially selected for 
color phenotypes), now offer the possibility of gaining mechanistic 
insights into the processes underlying the astonishing diversity of 
color patterns found in nature (Fig. 1). 

The focus of this review is to discuss the state of art of research 
on the natural mechanisms underlying color pattern formation 
in the different vertebrate groups by establishing the general 
principles that govern their development and evolution. Moreover, 
we integrate newer research directions that move towards more 
complex color patterns and how they can provide mechanistic 
insights of how these patterns are generated. We discuss open 
key questions in the field, such as the molecular basis of reaction-
diffusion patterns and how they might interact with prepatterns, 
and cover recent advances in experimental approaches that can be 
used to address these questions. On a broader evolutionary scale, 
we discuss the interrelationship between types of patterns, modes 
of pattern formation, and their evolvability. Overall, our intention 
is to provide a unifying framework among vertebrate systems 
that can be used as a starting point to characterize and obtain a 
comprehensive understanding of the complex processes underlying 
color pattern formation and evolution.

FEATURES AND VARIATION OF VERTEBRATE COLOR 
PATTERNS 

Color patterns can be defined as spatial variation in the pigment-based 
and structural properties of a tissue. The terms “color pattern” and 
“pigmentation pattern” are often used interchangeably, with pigmentation 
patterns (especially in mammals) mostly referring to melanic (i.e., 
eumelanin and pheomelanin based) patterns (see also Terms and 
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Definitions). Color patterns usually involve pigments other than melanin 
(e.g., carotenoids) or the structural coloration caused by light-interfering 
micro- and nanostructures. In this review we will use color pattern as a 
general term for spatial variation in both pigmentary and light-interfering 
tissue properties. 

Describing and characterizing animal color patterns is a difficult task due 
to the sheer diversity that exists (Fig. 1), and the fact the appearance of 
colors and color patterns can be influenced by various factors, such as 
environmental light conditions. Nevertheless, certain characteristics 
and features have been used to categorize patterns (Fig. 2). For example, 
color patterns can be periodic, like the banded patterns of snakes, or 
aperiodic, like the white head of a bald eagle (Fig. 2a). Other patterns can 
be gradual, like the countershading found in many species, or found in 
specific parts of the body, such as ornaments in birds. The orientation of 
patterns is another factor contributing to pattern diversity, with patterns 
often appearing in horizontal or vertical configurations (Fig. 2b). The 
complexity of color patterns can also vary widely, from simple patterns, 
like evenly spaced stripes, to the intricate and complex patterns found in 
many tropical reptiles and fish (Fig. 2c). Patterns can vary in their degree 
of heterogeneity, both across an individual’s body or between individuals, 
even in the absence of genetic variation (such as those seen in many 
domestic animals) (Fig. 2d). Patterns can also be modified, reorganized, or 
disappear throughout an organism’s life, but there can also be mechanisms 
in place to maintain their consistency (Fig. 2e). Additionally, color patterns 
can be observed at different scales. Small-scale variations in pigment 
distribution or structural elements within individual hairs, feathers, 
or scales create micropatterns. Micropatterns ultimately contribute to 
the appearance of macropatterns, which are those visible at a larger, 

macroscopic scale (i.e., along the body of an organism) (Fig. 2f). Often 
patterns can also co-occur with one pattern (e.g., spots or stripes) being 
superimposed on another pattern (e.g., dorso-ventral gradient) (6) or fade 
from one pattern (e.g., stripes) into another (e.g., spots). 

The remarkable variety of color patterns seen across animals raises 
intriguing questions about their developmental and evolutionary origins. 
Namely, how do genetic, molecular, and developmental factors generate 
this diversity, and how these factors might influence the evolvability and 
evolutionary dynamics of such patterns. 

The color of the integument ultimately results from the multi-layered 
organization of cells and extracellular components with different 
pigmentary properties and structural components. In vertebrates, these 
are mostly generated by specialized pigment-producing cells. Color 
patterns arise from spatial differences in the properties and arrangements 
of pigment producing cells. In mammals and birds, different forms of 
melanin (brown to black eumelanin and yellow to red pheomelanin) are 
produced by specialized pigment cells termed melanocytes (see Fig. 3a). 
Melanin is synthesized by melanocytes and is packaged into melanosomes, 
specialized organelles that are deposited into the skin, hair, or feathers. As 
we will discuss below, patterns can be generated at various stages of this 
process. Mammalian fur patterns, for instance, are commonly produced 
by spatiotemporal modulation of melanin deposition into growing hair (2, 
50). This process generates spatial variation in the overall pigmentation, 
resulting in the diverse coloration across different regions of the animal’s 
body. Both hairs and feathers often have micropatterns that shape the 
color pattern of the animal. For example, hair often has alternating bands 
of pheomelanin or eumelanin (Fig. 2f), while feathers can also differ in 

Figure 1 | Figure 1. Color pattern diversity in vertebrates. Vertebrates display a vast array of color patterns, as exemplified by patterns found in the panther chamaeleon, 
Furcifer pardalis (a), tiger, Panthera tigris (b), zebrafish, Danio rerio (c), red-tailed boa, Boa constrictor (d), Grévy’s zebra, Equus grevyi (e), orange blotch morph of the lake Victoria 
cichlid fish, Haplochromis chilotes (f), Eastern chipmunk, Tamias striatus (g), Nazca booby, Sula granti (h), red-and-blue poison dart frog, Dendrobates reticulatus (i), Indian 
peafowl, Pavo cristatus (j), emperor angelfish, Pomacanthus imperator (k), and fire salamander, Salamandra salamandra (l).   
Photo credits: (a) Teyssier et al. (71), (b) Mathias Appel, (c) Gur et al. (21)(d) Alex Popovkin, (e) Dan Rubenstein, (f) Nidal Karagic, (g) Ricardo Mallarino, (h) Cassie Stoddard, (i) 
Claudius Kratochwil, (j) Satdeep Gill, (k) Kevin Lino, (l) Stanislav Doronenko.
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the presence of nanostructures that can shape micropatterns through light 
interference (27).

In contrast to birds and mammals, coloration in reptiles, amphibians, 
and fish is determined by chromatophores. Color patterns result 
from the spatial variation in chromatophore types, properties and 
arrangements within their multilayered integument (see Fig. 3b) (25, 
57, 71). Chromatophore can store and sometimes also dynamically 
reposition the pigment-bearing organelles within the cells (45, 69). In 
reptiles, amphibians, and fish, dark chromatophores are referred to as 
melanophores (not melanocytes), and they lack the ability to produce 
pheomelanin (66). Yellow-to-red pigmentation is instead created by 
specialized cells referred to as xanthophores (with red pigment-producing 
cells often called erythrophores). Additionally, iridophores generate 
iridescent coloration through the synthesis of light scattering crystals. 
Other chromatophores, including white leucophores (34) and blue 
cyanophores (17), have also been described, with likely more cell types 
awaiting discovery. Color patterns in these clades are therefore rarely 
shaped by switches between the type of pigment produced and deposited, 
but rather by the three-dimensional distribution of the cells within the 
integument, as well as by the highly plastic cellular characteristics of the 
chromatophores.

THE ONTOGENETIC SEQUENCE OF COLOR PATTERN 
FORMATION

During the formation of a color pattern, spatial variation of some 
characteristics must be acquired. In general, as suggested by Kaelin and 
Barsh (31), the development of color patterns can be divided into two 
processes: pattern establishment and pattern implementation. Some 
patterns undergo these processes sequentially, with establishment 
occurring first being followed by implementation, while in others 
these can occur in a single, combined step (one-step establishment and 
implementation) (Fig. 4).

During pattern establishment, a prepattern is formed. These prepatterns 
lack any spatial variation in pigmentation or color but they serve 
as a blueprint for the eventual color pattern that will develop. The 
emergence of the color pattern from the prepattern is referred to as 
pattern implementation. Through the implementation phase, further 
reorganization of the pattern can occur. We refer to patterns without or 
with limited reorganization as predetermined patterns, and to patterns 
involving reorganization as prespecified patterns (Fig. 4, top). We use 
the terms “specified” and “determined”, similarly as how these have been 
used in cell differentiation to refer to the degree of flexibility or fixity 

Figure 2 | Classification of color patterns. (a) Color patterns can vary in their spatial arrangement, which includes periodic, aperiodic, and gradual patterns as well as those that 
are localized to specific body parts. (b) Periodic patterns can also differ in their orientation. (c) Patterns can be simple or complex, and this complexity is often measured using 
entropy as a proxy. (d) Another aspect of pattern complexity is pattern heterogeneity, which can be characterized by quantifying differences in body parts, left-right asymmetry, 
and interindividual variation (in genetically similar or identical individuals). (e) Some patterns also exhibit dynamic changes on different time scales, including changes during 
ontogeny, seasonal changes, or plastic changes that can occur at different speeds, ranging from milliseconds to seconds (physiological color change) and minutes to weeks 
(morphological color change). (f) Color patterns can be found at different scales. Micropatterns of hairs and feathers can contribute to macropatterns, but not all macropat-
terns are based on micropatterns. Achieving a comprehensive classification of color patterns is a major challenge that must be overcome to better understand the processes 
that shape the development and evolution of these patterns.
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in the formation of the color pattern. “Specified” refers to a stage where 
the color pattern is not yet fully fixed or determined, while “determined” 
refers to a stage where the color pattern has become fully fixed, with a 
one-to-one or almost one-to-one correspondence between the prepattern 
and the implemented pattern. The process of pattern implementation 
can involve spatial variation in chromatophore/melanocyte number, 
type, concentration, and localization, which ultimately leads to the 
appearance of a pattern with visible spatial variation in light interference 
or pigmentation. 

Patterns that are formed in a one-step establishment and implementation 
process are either fully self-organized (without any prepattern) or fully 
non-organized (Fig. 4, bottom). Self-organized patterns, such as those 
seen in leopards, tigers, and some tropical reef fish, emerge, for example, 
through paracrine factors or physical cell-cell interactions that follow 
Turing reaction diffusion models (35). Non-organized patterns are 
unpredictable due to stochastic events and can have different underlying 
causes, including genetic mosaicism (mostly described in domestic 
animals such as  tortoiseshell or calico cats (19), “Lemon Frost” leopard 
geckos (20) or migration defects (also mainly described in domestic and 
lab animals, including piebald patterns in horses, mice, and dogs, but also 
found in the wild, e.g., in the orange blotch phenotype in cichlid fishes, 
see Fig. 1f) (61, 70).

In the following section, we will describe the two different phases (pattern 
establishment and pattern implementation) and four different categories 
of color pattern formation (predetermined patterns, prespecified patterns, 
self-organized patterns, non-organized patterns) in more detail. We 
provide examples and speculate about the molecular processes that might 

constrain or facilitate their evolution.

THE ESTABLISHMENT PHASE OF COLOR PATTERNS

Pattern establishment is the phase in which the foundation for the later 
developing spatial variation in color is generated and is referred to as a 
prepattern. The formation of such prepatterns is instructed by positional 
information provided by non-cell autonomous mechanisms. This 
information can be provided by instructive paracrine factors released from 
other tissues or developing organs (Fig. 5a). For example the developing 
somites provide instructive information that lead to the formation of a 
prepattern in the integument of galliform birds (22). The position of the 
somites and the signal therefore establish a prepattern that determines the 
position of the longitudinal stripes. 

Morphological instructive factors that constrain or channel processes, such 
as the migration of cellular precursors, can also constitute a prepattern 
(Fig. 5b). A good example of morphological constraints shaping color 
patterns can be seen during stripe pattern formation in zebrafish. In 
zebrafish, the horizontal myoseptum that divides the dorsal and ventral 
muscle groups (myotomes) provides one of the main migrating routes for 
chromatophore precursors. The positioning of the myoseptum therefore 
determines both position and orientation of the forming stripes (14). 

Once a prepattern is established, the final pattern can be implemented in a 
way that faithfully recapitulates the blueprint provided by the prepattern 
(predetermined pattern). However, it is also possible that the initial 
blueprint is further modified and reorganized (prespecified patterns). In 
the case of a prespecified pattern, the final pattern may have additional 

Figure 3 | The physiological basis of color patterns differs across vertebrates. (a) Color patterns in mammals and birds are primarily determined by variations in the pigmen-
tation and micro- and nano-structures of their epidermal appendages, such as hairs and feathers. The deposition of pigments by melanocytes, including eumelanin and phe-
omelanin, occurs during the growth of hairs or feathers. The resulting macroscopic patterns are often generated by the micropatterns of the appendages, such as the size and 
distribution of pheomelanin-enriched portions of the hairs. In feathers, micropatterns and emerging macropatterns can result from complex morphological variations at the 
nano- and micro-scales of the feather barbs and barbules that extend from the central shaft of the feather. Some species also have melanocytes residing between hair follicles 
(so called interfollicular melanocytes), these however rarely contribute to color patterns. (b) In other vertebrates including amphibians, reptiles and fishes, color patterns are 
created by variations in the three-dimensional arrangement of pigments and light-interfering substances within the integument. Several types of cells, including brown-to-black 
melanophores, yellow-to-red xanthophores/erythrophores, and reflective iridophores, influence the color of the tissue. Additionally, there can be significant variation in the 
cellular characteristics of these cells, such as the intracellular localization of pigments. Although not pigmented itself, scales can also generate micropatterns that affect the 
coloration of animals through their structural properties as well as the distribution and presence of chromatophores in the surrounding epidermis.
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elements, such as extra stripes or random patterns that are added to or 
superimposed on the initial prepattern. As a result, the final pattern will 
resemble the prepattern but will not look exactly the same. There are 
several factors that can modify a pattern once a prepattern blueprint is 
established. These include, for example, cell autonomous mechanisms may 
act to promote differences in cellular behaviors (Fig. 5c). In a recent study, 
Inaba and colleagues demonstrated that melanocytes play an instructive 
role in producing the stripe patterns seen in Japanese quails. Specifically, 
the interplay between melanocyte cell autonomous mechanisms and 
paracrine signals emanating from the dermis seem to be determinant 
factors in patterning the stripes of these birds (28).

Differential signaling along a tissue, including cases in which morphogens 
gradients are present, can also act to organize and control formation of 
color patterns (Fig. 5d). Recent work in African striped mice showed that 
the Wnt modulator Sfrp2 can act as an orienting signaling mechanism 
guiding the establishment of the parallel stripes seen in the coats of 
these rodents. Specifically, during mid embryogenesis, a dorsoventral 
gradient of Sfrp2 regulates the distribution of developing hair follicles 
and establishes a prepattern that foreshadows the future pigmentation 
stripes. Upon disruption of Sfrp2, pigmentation stripes still form but their 
boundaries are altered (29).  

Figure 4 | The formation of color patterns. The mechanisms by which color patterns form can be divided into at least four different categories. Predetermined and preinstruct-
ed patterns develop in two steps. The first step, referred to as pattern establishment, leads to a prepattern. The prepattern can form through molecular instructive factors 
(e.g. paracrine factors) or morphological instructive events (e.g., constrained migratory pathways). The implemented pattern then forms through a process called pattern 
implementation, during which the pattern becomes visible (e.g., pigments are produced). If the prepattern is the direct blueprint of the adult implemented pattern, we refer to 
it as a predetermined pattern. When additional processes (e.g., reaction-diffusion processes or random processes) result in a reorganization of the pattern (e.g., the formation 
of additional stripes, or the only partial pigmentation of the stripe area), we refer to it as a prespecified pattern. Self-organized and non-organized patterns develop in a one-
step process (establishment and implementation) without any non-cell autonomous instructive factors. Self-organized patterns form autonomously, for example through the 
interaction of cells. The parameters of the genetically encoded reaction diffusion model define some characteristics of the pattern. Non-organized patterns are rare in natural 
populations (but common in domestic animals) and are usually caused by genetic mosaicism or migration defects. The patterns are non-organized because they are largely af-
fected by stochastic events (e.g., where chromatophores end up and how much they proliferate). Stochastic events might also affect prespecified and self-organized patterns.
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In some cases, late-acting reaction-diffusion systems may be present once 
an initial pattern has been established, causing it to be further modified 
(Fig. 5e). This is illustrated in the example discussed above, in which the 
positioning of the zebrafish myoseptum establishes an initial prepattern 
by guiding chromatophore migration, but the spacing and width of the 
resulting stripe pattern is determined by reaction-diffusion interactions 
occurring between the different chromatophores. Convincing evidence 
for this model comes from the choker mutation. In choker mutants, which 
lack the horizontal myoseptum, both the direction and positioning of 
stripes are disturbed, while the spacing and width of melanic stripes and 
yellow interstripes is comparable to wildtype zebrafish (14). 

Numerous studies have explored how the spacing and width of 
stripe patterns are formed in zebrafish. Research on mutant lines has 
indicated that the characteristics of the pattern are largely determined 
by interactions between three types of chromatophores: melanophores, 
xanthophores, and iridophores (75). Specifically, it has been observed that 
the interactions between melanophores and xanthophores are sufficient 
to generate stripe patterns, at least in certain parts of the body (36).

A recent study on a monogenic color pattern trait in anole lizards 
also demonstrates how modulation of the migratory behavior of 
chromatophore progenitors might trigger transitions between patterns, 
in this case from a diamond-like pattern to a chevron-like pattern. 
Specifically, this might be realized by molecular changes that alter the 
parameters within this reaction-diffusion-like pattern formation process. 
This study illustrates how different phenotypes arise from a prespecified 
pattern (Fig.4) through molecular tinkering of a single gene affecting self-

organization parameters (13). 

Interestingly, there are also examples that suggest the existence of non-
implemented prepatterns. In African cichlid fishes, horizontal stripes are 
formed in a similar fashion via migration of chromatophore progenitors 
along myosepta (23). Variation in presence or absence of stripes seems to be 
mainly driven by adult (and not embryonic) variation in the melanocortin 
signaling antogonist agrp2/asip2b (38). The antagonist has no effect on 
the positioning of the stripes but acts to block the implementation of the 
pattern. This explains the frequent repeated evolution of the trait (39) and 
suggests that preexisting prepatterns may facilitate the rapid and repeated 
(re)evolution of color patterns, even if they appear quite complex. A 
more recent study in frogs, where the paralog asip1 is also associated with 
stripes in frogs, might support the notion that this mechanism is indeed 
more prevalent (18).

THE IMPLEMENTATION OF COLOR PATTERNS

The implementation of color patterns involves multiple mechanisms that 
ultimately lead to the appearance of spatial variation in coloration. These 
mechanisms include, for example, changes in the relative abundance of 
pigments, in cellular and subcellular features, in deposition, and in the 
morphology of the integument. Generally, due to the differences in 
pigment cell and appendage characteristics, the mechanisms of color 
pattern implementation differ substantially among vertebrates. In 
mammals and birds, pigmentation is mainly generated through deposition 
of pigments into epidermal cells (i.e., keratinocytes) or into feathers and 
hairs (15, 73). Spatial variation in pigmentation of a tissue can therefore 

Figure 5 | Color pattern establishment. Several processes can influence the establishment and self-organization of patterns during pattern implementation (or one-step-es-
tablishment and implementation). (a) Localized paracrine signals can provide spatial information that leads to the formation of a prepattern. (b) Morphological structures 
can similarly constrain developmental processes, such as cell migration, to lead to a prepattern. (c) Cell-cell variation can control cell behavior in a cell-autonomous manner, 
resulting in the formation of non-organized patterns like blotches or piebald patterns. (d) Morphogen gradients can provide positional information that leads to prepatterns 
or can reorganize prepatterns. (e) Reaction-diffusion systems can directly generate color patterns without a pre-existing prepattern, or reorganize a prepattern, resulting in an 
implemented pattern that is a modified version of the prepattern.
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be modified by changing pigment synthesis, deposition, or decay. For 
example, the rate at which pigment is produced can vary between cells 
and regions of the skin. Changes in pigment production results in changes 
in pigmentation intensity, which can change the different properties of 
the color (Fig. 6a). In the case of (eu)melanin, the resulting color can range 
from black (high eumelanin density) to brown (low eumelanin density) 
or white (no eumelanin). In addition to this, the rate at which pigments 
are deposited (or how quickly they are degraded) can cause variation in 
pigmentation (Fig. 6b). An additional mechanism, which is commonly 
found in mammals and birds, involves molecular switches in the type 
of pigment that is synthesized (Fig. 6c). Specifically, melanocytes can 
switch between the production of eumelanin or pheomelanin, with the 
type of pigment produced being primarily determined by the interactions 
between Mc1r and its antagonist Agouti (2, 7). When Agouti is not present, 
alpha-Melanocyte-stimulating hormone (alpha-MSH) can readily bind to 
Mc1r, leading to activation of cAMP signaling and synthesis of eumelanin. 
However, when Agouti is present, which typically occurs for a short 
period of time during hair/feather growth, it preferentially binds to Mc1r 
and this causes a switch to light (yellow-red) pheomelanin production 
(2). Other vertebrates, including amphibians, reptiles, and fish have 
additional mechanisms that can change the intracellular positioning of 
pigment-bearing organelles or the size of the cells (Fig. 6d). For example, 
aggregation of melanin at the center of cells makes the skin appear lighter 
or reveal colors beneath the cells, while dispersal of melanin can result in a 
darker skin (68). If melanophores are unevenly distributed across the skin 
or differ in their ability to aggregate or disperse melanin, a color pattern 

will emerge (or this process will contribute to an existing pattern) (43). In 
chameleons, it also has been shown that an active compression of cells can 
result in the color changes often observed in these animals (71). In other 
animals, such as neon tetra, differences in color patterns can be generated 
by changes in the orientation of light-interfering guanine platelets or 
their spacing (26).

At the cellular level, changes in color can also be the consequence of 
variation in chromatophore number or type. Chromatophore numbers 
can vary due to differences in the quantity of chromatophore progenitors 
or in their proliferation and rate of differentiation (Fig. 6e). Reptiles, 
amphibians and fish have a diverse set of chromatophore cell types (66), 
with independent cell types contributing to specific colors (e.g., yellow to 
red xanthophores and erythrophores as well as silver-blue iridophores). 
Spatial variation in the distribution of each of these different cell types 
results in a wide range of color pattern diversity (Fig. 6f).

Patterns are often generated by a combination of these mechanisms. For 
example, vertical bar patterns in cichlid fishes are shaped by variation 
in chromatophore types, intracellular pigment localization and pigment 
production (43). In Peromyscus mice, variation in color pattern between 
populations living in different substrates is produced both by changes in 
the position of the dorsoventral pigmentation boundary and the amount 
of pigment that is deposited into individual hairs (1, 46, 47). Both processes 
are controlled by isoform-specific differences in Agouti expression: during 
development, a ventral specific Agouti isoform establishes an embryonic 

Figure 6 | Color pattern implementation. Different cellular and intracellular processes can underlie color patterns. (a-b) Variation in the pigment produced (a) or deposited/
transferred to other cells (b) can drive differences in pigmentation and the formation of patterns. (c) A molecular switch in pigment production from one pigment to another can 
also underlie the formation of a color pattern. (d) In some species chromatophores can change the intracellular distribution of melanin through aggregation (left) and dispersal 
(right) of melanosomes. (e) Differences in proliferation or differentiation of chromatophores can cause spatial variation in the number of chromatophores. (f) Differences in 
the type of chromatophores produced can also cause a color pattern.
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prepattern that sets the dorsoventral pigmentation boundary. During 
postnatal stages, a hair cycle-specific isoform regulates the amount of 
pheomelanin deposited into each hair (76). Remarkably, natural selection 
can promote independent changes in either of these traits by targeting 
different regions in the Agouti locus, both in coding and noncoding 
regions, underscoring the modular nature of color producing mechanisms 
(1, 47, 49, 51).

THE MAINTENANCE OR MODIFICATION OF COLOR 
PATTERNS

As discussed so far, most processes that operate to establish and 
implement color patterns take place during embryonic development and 
initial postnatal days. As such, most studies have focused on studying 
the processes occurring at these critical stages. However, a key topic that 
remains largely unexplored concerns the set of mechanisms by which color 
patterns are maintained (or modified) throughout the life of an organism. 
In some species, the color pattern seen during early postnatal stages 
remains consistent across life, regardless of the number of times hairs/
feathers/scales cycle or are lost. This contrasts with what is seen in other 
species, in which embryonic/juvenile patterns are drastically different 
from adult ones. While the mechanisms responsible for promoting the 
maintenance of color patterns haven’t been studied, key insights into what 
causes temporal dynamics of coloration (Fig. 2e) in the different groups of 
vertebrates have come from studies in snowshoe hares, fish, and lizards.  

Snowshoe hares undergo seasonal changes in hair color. During Spring, 
the entire hare’s white coat is replaced by a shorter coat that ranges from 
tan to brown. In late Autumn, the reverse process takes place, and the 
tan/brown coat is replaced by the characteristic Winter white coat. This 
transition is regulated by seasonal expression of the pigmentation gene 
Agouti. Specifically, differences in Agouti regulation underlie the loss of 
pigmentation in hairs that grow after the Autumn molt (30). Although 
the seasonal changes seen in Snowshoe hares occur throughout the entire 
body and, as such, do not constitute what we define as a color pattern 
(see Terms and Definitions), these findings are interesting because they 
suggest that temporal variation in the transcription of pigmentation genes 
may be a common mechanism by which melanocyte behavior is modified 
throughout multiple hair/feather cycles. For example, it is likely that the 
keratinocytes and/or melanocytes in mammalian/avian species displaying 
marked differences between embryonic/juvenile and adult patterns (e.g., 
tapirs or quails) undergo drastic changes in their epigenetic and signaling 
environment throughout the life of the organism. This contrasts with 
other species in which the color pattern seen during early postnatal stages 
remains consistent across the life of an animal, regardless of the number of 
times hairs/feathers cycle or are lost (e.g., African striped mice or estrilid 
finches). This implies that skin cells in these species acquire epigenetic 
changes during pattern establishment that are permanently incorporated 
into the signaling centers controlling pigment production, leading to 
predictable transcriptional patterns that are sustained throughout life. 

Since fish and reptiles have multiple cell types involved in color pattern 
establishment, factors other than or in addition to transcriptional changes 
may be responsible for color pattern maintenance or changes. For 
example, in a recent study, Liang et al found that the ontogenetic, sex-
linked color change in the African cichlid fish Melanochromis auratus can 
be attributed to  changes across multiple levels of biological organization, 
including chromatophore number, intracellular dispersal of pigments, and 
tilting of reflective guanine platelets (44). A role of neural innervation has 
been suggested to trigger the color pattern dynamics. In another teleost 
fish, the anemone fish, a role of the thyroid hormone has been suggested 
to play a role for the formation and plasticity of their iconic white-orange 
bar pattern (63). In reptiles, Zhang and colleagues examined ontogenetic 

changes in the coloration of lizard tails and found that light scattering 
in juveniles is caused by premature guanine crystals in underdeveloped 
iridophore cells. As individuals become adults, different tail coloration 
patterns emerge as a result of   the reorganization of these guanine crystals 
during chromatophore maturation (79). 

While the examples from discussed above exemplify the marked plasticity 
that color patterns in fish and reptiles can experience, several studies 
also point to the existence of mechanisms that actively control pattern 
stasis. For example, ablating different regions of zebrafish skin with laser 
irradiation led to the regeneration of color patterns, demonstrating that 
pattern regeneration occurs through autonomous mechanisms (78). In the 
case of cichlids, agrp2 may act throughout the life of the fish to actively 
and permanently repress the implementation of one pattern (horizontal 
stripes) but not other patterns (vertical bars and dorso-ventral patterning) 
(38). It is possible that the same factors that contribute to the maintenance 
of patterns may, when deregulated, also be responsible for triggering 
morphological color change (i.e., temporal dynamics on longer time scales 
ranging from days to weeks). Moreover, on an evolutionary scale and as 
speculated for the cichlid fish stripe example they might be evolutionary 
hotspots that drive the diversification and repeated evolution of these 
patterns (37).

OUTSTANDING QUESTIONS AND HOW THEY CAN BE 
ADDRESSED

Despite key insights into the mechanistic basis of color pattern formation 
obtained from several recent groundbreaking studies, many of them 
covered here, there are questions and topics that remain elusive. We 
argue that breaking down the formation of color patterns into pattern 
establishment and pattern implementation is not only helpful in 
dissecting the individual steps involved in their development but also 
in comprehending the processes that contribute to their robustness, 
variability, and evolvability. Below, we highlight four key outstanding 
questions that we identified and discuss how different models and novel 
methodological approaches can be used to address them. 

What provides positional information during prepattern 
establishment?

The investigation of the earlier steps of color pattern formation - when 
prepatterns are formed - requires a precise molecular dissection of the 
processes operating during pattern establishment. To do so, it is necessary 
to identify the tissues/organs responsible for providing positional 
information. Critical first steps into this direction have been taken 
in a few species. For example, as discussed above, zebrafish myosepta 
guiding the migration of chromatophore progenitors provide positional 
information for stripe formation (14). However, it remains unclear how 
the migratory patterns of chromatophores vary within vertebrates and 
how this influences adult patterns. In addition, it is possible that there 
are differences in the timing of migration events, as well as the guiding 
cues that affect pigment progenitor migration. To obtain insights into 
this, one can take a comparative approach. Specifically, lineage tracing 
experiments using Cre/loxP-mediated recombination in neural crest-
derived progenitors, such as those used in zebrafish (67), could be used in 
phenotypically different but closely related species.

The choker zebrafish mutant is an interesting example in which only 
the establishment of the pattern but not its implementation is affected. 
Searching for more mutants affecting pattern establishment, either 
in laboratory mutants or in species displaying naturally occurring 
variation in pattern establishment, could provide valuable information 
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on the mechanisms by which prepattern formation leads to color pattern 
diversity. For example, the recent work by Haupaix et al. represents an 
interesting example of a tissue (i.e., the developing somitic mesoderm), 
providing positional information (22). The molecular identity of the 
instructive factor from the somitic mesoderm remains elusive, making 
this a logical next step to pursue. Moreover, on an evolutionary scale, it 
would be fascinating to study how well this instructive factor is conserved 
across species, or how changes may contribute to color pattern variation.
 
In many cases, such as in the examples of zebrafish and galliform birds 
discussed above, there is a clear existence of a prepattern conveying 
positional information. In other cases, however, similar prepatterns have 
not been identified. For example, it is unclear whether the ‘vertical’ pattern 
(often also referred to as vertical bars) commonly found in different 
vertebrate groups, particularly in different snake and fish species, involves 
the existence of a prepattern. Studies in zebrafish demonstrate that clones 
from the same pigment-cell progenitors are restricted to specific anterior-
posterior regions, suggesting the existence of a constraint limiting the 
anterior-posterior spread of cells (67). The zebrafish, Danio rerio, does 
not have vertical patterns, but it is possible that this feature provides 
instructive information in species, including some of the relatives of the 
zebrafish that do have them. Mechanistically, it remains unclear whether 
this occurs through restricted migration (Fig. 5b) or if it is simply due to 
self-organization or random clustering of the clones (Fig. 5c).

On an evolutionary scale, it would be interesting to study how variation 
and loss of prepatterns during evolution influences color pattern 
characteristics, such as their complexity and heterogeneity. In many 
species (e.g., tigers or zebras), color patterns show a high degree of inter-
individual variation, such that they are used to recognize individuals of 
the same species, in an analogous way that fingerprints are used to identify 
humans. That is, although all tigers and zebras have stripes organized in 
a similar dorsoventral fashion, such patterns vary substantially among 
individuals, and even among littermates. In stark contrast, other species 
(e.g., chipmunks or African striped mice) show remarkable inter-
individual consistency in their color patterns, making it very difficult to 
distinguish individuals based on this trait. Even though similar genes may 
operate in implementing the patterns seen in zebras/tigers and rodents, 
the marked differences in the spatial organization suggest that the 
upstream mechanisms controlling the establishment of these patterns are 
fundamentally different. For example, in recent work in African striped 
mice described above, the Sfrp2 modulatory signal is always highest in the 
dorsalmost region of the embryo and decreases ventrally (29). This likely 
acts to constrain the prepattern, leading to reduced coat variation among 
individuals. In domestic cats, in contrast, while a Wnt modulator (Dkk4) 
is also responsible for establishing the prepattern, the expression of this 
gene does not occur in a predictable (i.e., constraining) spatial pattern 
(32), likely explaining why there is higher inter-individual color pattern 
variation.

In summary, we believe that future research should focus on identifying 
the tissues, molecular agents, and developmental mechanisms that provide 
positional information during prepattern establishment. Doing so, will 
provide a better understanding of how changes in these prepatterns 
underlie and facilitate within- and between species variation in nature.

How do prepatterns become implemented patterns?

Pigment pattern implementation is ultimately driven by processes 
that cause variation in cell identities, states, and their respective gene 
expression profiles. As such, a fundamental question that remains largely 
unanswered is how genes involved in implementing color patterns 
achieve spatially restricted expression patterns. Key insights into this 

can be obtained by comparing gene expression profiles across anatomical 
regions differing in coloration. For example, transcriptomic comparisons 
between yellow and black regions in cheetahs identified the paracrine 
signaling molecule Edn3 as a key factor controlling differences in hair 
color (33). In rodents, Alx3 has repeatedly evolved in distantly related 
striped species to regulate differences between dark and light hair (48). 
Recent developments in single-cell RNA sequences technologies now 
allow the study of these questions at higher resolution. In mammals, for 
example, dermal papilla cells are responsible for controlling the secretion 
of key paracrine signaling factors that regulate melanocyte behavior, such 
as Edn3 and Agouti. Because dermal papilla cells represent a small fraction 
of the cells that constitute the dermis, bulk RNA analyses may not provide 
adequate resolution for detecting subtle expression differences (see e.g., 
(38)).  

Once candidate genes mediating pattern implementation are identified, 
a possible next step is to uncover the regulatory mechanisms controlling 
the spatially restricted expression of such genes. Over the past years, 
several experimental strategies have been devised to identify genomic 
regions displaying hallmark signatures of active cis-regulatory elements 
(e.g., ChIP-seq, ATAC-seq, DNAse, CUT&TAG, etc), regions of the 
genome that mediate differences in spatiotemporal gene expression 
patterns. Due to its relative technical simplicity and low input sample 
requirements, ATAC-seq has emerged as one of the most widely used 
methods, particularly for research in non-traditional model organisms. 
In the context of studying pigment pattern formation, this technique 
has already proven to be tremendously useful in understanding pigment 
gene regulation in various butterfly species (41, 42, 53), as it allows to 
profile chromatin states from tissues collected from different regions of 
the body, from the same tissue at different developmental time points, 
or from the same tissue in organisms differing in their phenotype. 
We anticipate this strategy to become widely used in future studies of 
vertebrate pigmentation. For example, as discussed in previous sections, 
a variety of pigmentation phenotypes across different taxa – from the 
dorsoventral pigmentation boundary in many vertebrates to the stripe 
patterns present in juvenile galliform birds– result from spatial-specific 
differences in Agouti expression (22, 51). By interrogating chromatin 
states from different skin regions, it is possible to uncover the upstream 
molecular factors binding to Agouti cis-regulatory elements and establish 
the mechanisms responsible for achieving spatial-specific expression of 
this gene. As is the case with transcriptomic approaches, methods for 
profiling chromatin states at the single-cell level are increasingly being 
used, providing the ability to study the questions outlined here at much 
higher cellular resolution.

By integrating multiple experimental strategies, such as those discussed 
above, it is possible to identify the genes and pathways associated 
with pigment pattern establishment and implementation. However, 
to distinguish correlation from causation and gain a mechanistic 
understanding of how such genes and molecular pathways act to promote 
differences in pigmentation, it is critical to incorporate functional 
experiments aimed at testing gene function. In recent years, studies 
in pigment pattern formation have employed a variety of functional 
approaches to directly test hypotheses about gene function, ranging from 
transgenic in vivo manipulations to in vitro cellular assays to grafting 
experiments. For example, because they allow for the delivery of viruses 
carrying genes of interest into developing mammalian embryos, in utero 
lentiviral injections have proven to be a powerful approach to test the 
function in non-traditional rodents. Using this technique, Manceau et 
al established that ectopic expression of Agouti leads to differences in 
melanocyte maturation, indicating this gene is responsible for promoting 
dorsoventral differences in pigmentation seen in deer mice (51). More 
recently, Mallarino et al used this same approach, coupled to in vitro 
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assays in melanocytes, to show that Alx3 acts to repress melanocyte 
differentiation, explaining why hair follicles of the light stripes in African 
striped mice fail to differentiate and produce melanin (48). Unlike 
mammals, avian embryos are readily accessible, allowing researchers to 
use different approaches that are difficult to implement in other groups. 
Recently, Haupaix et al used heterospecific grafting experiments between 
different galliform species to show that the somitic mesoderm can 
autonomously instruct agouti expression and control the position and 
width of yellow stripes (22). Lastly, as in almost every area of biology, 
CRISPR/Cas9 genome editing has revolutionized pigmentation research 
in non-model organism by allowing scientists to manipulate genomes 
and understand gene function in an unprecedented way (52). These tools 
allow for experimental testing of hypotheses related to the genes and 
mutations identified from association mapping and transcriptomics. They 
therefore provide new avenues for investigating not only the relationship 
between genotype and phenotype, but also the cellular and developmental 
mechanisms that connect them. For example, by knocking out agrp2 in 
African cichlid fishes, it was recently demonstrated that losses and gains 
of horizontal stripe color patterns are driven by recurring regulatory 
changes of a single gene (39). The study demonstrates that stripe patterns 
reemerge, when agrp2 is knocked out in a stripeless species and provides 
convincing evidence that agrp2 is required for striped pattern repression. 
CRISPR approaches have also been recently adopted in wild-derived 
mammal species to address questions related to color pattern formation. 
In a recent preprint, Johnson et al developed and employed in vivo gene 
editing methods in African striped mice, representing the first this has 
been achieved in a wild-derived mammal (29). Because this approach 
uses viruses to deliver genome editing reagents directly into the pregnant 
uterus, bypassing the common drawbacks associated with traditional 
ex vivo transgenic approaches used in laboratory mice, this work may 
open the door to performing functional studies in other non-traditional 
mammal species.

What factors shape the characteristics of self-organized 
and non-organized patterns?

Even though theoretical simulations involving Turing reaction-diffusion 
systems closely recapitulate many animal patterns seen in nature, the 
molecules mediating such interactions remain largely elusive. The most 
detailed cellular and molecular insights come from the stripes of the 
zebrafish model. However, it is unclear how patterns in other species 
form. In many cases, such as in African cichlid fishes, the distribution 
of chromatophores does not exhibit such a strict spatial organization as 
in zebrafish because the different cell types tend to co-occur in the same 
regions. This suggests that the formation of these patterns is not driven by 
cell-cell interactions, or that the mechanisms involved are fundamentally 
different from those observed in zebrafish. Their stripe patterns, but 
also self-organized patterns as the egg spots (64), colorful markings on 
the fins of males, might constitute interesting case-studies to investigate 
the molecular mechanisms of self-organized patterns. Consequently, the 
precise processes underlying pattern formation and implementation in 
these organisms remain unclear and should be comparatively investigated 
(44). Since transgenic and knockout approaches are being developed 
in a growing number of non-traditional fish species, this avenue may 
constitute a powerful strategy for performing comparative analysis of self-
organizing patterns (65).

Non-organized patterns (i.e., patterns that are largely formed by stochastic 
events) are rare in nature but do occur. For example, the pax7a mutation 
in cichlid fishes leads to irregular melanophore blotches (61), a phenotype 
that resembles the piebald patterns seen in many domestic animals (3, 31). 
Similarly, rare mutations in the gene Taqpep are responsible for causing 
the coat patterns in cheetahs to go from spotty (spotted cheetah) to striped 

(king cheetah) (33). Studying these natural mutants may reveal insights 
into what factors influence the phenotype of the pattern. For example, it 
remains unknown what determines the proportion and size of melanic 
regions or if there are certain regions that are always pigmented or always 
devoid of pigmentation.

How does color pattern development constrain or facilitate 
pattern variation and evolutionary diversification?

As we have discussed in this review, color patterns have evolved in different 
species within each of the major vertebrate clades. Among each group, 
color patterns vary considerably in complexity and design, ranging from 
simple markings to more elaborate reticulate designs. However, despite 
this variation, some of the patterns seen among members of the same 
taxonomic group show certain features that seem to be fixed, implying 
that variation is constrained by processes controlling their development. 
In an effort to gain insights into this, Hidalgo et al (24) surveyed plumage 
color patterns in a large variety of passerine birds and found that, 
despite extensive phenotypic variation in adults, these differences could 
be traced back to a limited set of regions in the embryos. Moreover, a 
defined set of molecules varied in expression within such regions and 
correlated with differences in adult coloration. Thus, between-species 
color pattern differences result from differential regulation of pigment 
production within a limited set of skin regions. This result suggests 
that, despite the vast diversity of color patterns seen in passerine birds, 
embryonic development constrains the set of possible phenotypes that 
can be generated. As shown by Hidalgo et al, detailed pattern cataloging 
coupled to developmental characterization can reveal key insights into the 
developmental constraints underlying pattern diversity. It remains to be 
shown whether this same pattern holds for other vertebrate groups. More 
generally, studies and meta-analyses that compare color pattern formation 
and implicated genes across organisms might improve our understanding 
of color pattern evolution. A newly developed database, Gephebase (8), 
could be mined to establish whether color pattern evolution (in contrast 
to overall changes in color) is more frequently associated with cis-
regulatory changes (11). In addition, it would be valuable to expand such 
meta-analyses to the specific developmental processes and types of color 
pattern formation that we discuss here.

A major challenge to study the evolutionary dynamics and interindividual 
variation of color patterns is the phenotypic characterization of the 
patterns themselves. Recently, a wide range of tools have been developed 
to comprehensively compare color patterns across species (74, 77). 
The heterogeneity of patterns, both within an individual and between 
individuals, poses a challenge in distinguishing the characteristics that 
are predetermined by prepatterns from those that are influenced by 
stochastic, or reaction-diffusion model dynamics occurring independently 
or superimposed on prepatterns. For example, if random factors drive the 
variation of the position or orientation of a stripe pattern with respect 
to homologous landmarks, but genetic factors determine the thickness 
and spacing of the stripes, extracting measures of those elements that 
are genetically determined might be challenging without any prior 
information. Using measures of pattern complexity (55) or combination 
of various measures to create high-dimensional morphospaces (54) 
already have been demonstrated to be suitable strategies for identifying 
the characteristics that are modified during evolutionary diversification. 
However, these comparisons become even more challenging when 
comparing species that differ markedly in their morphology or have 
complex patterns that are driven by micropattern variation (22) or by 
independent, superimposed color patterns (e.g., stripe and dorsoventral 
pattern variation in zebrafish (6) or horizontal and vertical patterns 
in cichlids (16, 38)). As methods for color pattern cataloging improve 
and become automated, we anticipate these approaches will increase 
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in precision and expand to a broader taxonomic sampling, providing 
key insights into the interplay between developmental constraints and 
pattern diversity. Ultimately, it might be possible to link features such 
as heterogeneity and complexity of color patterns to developmental or 
genetic characteristics.

CONCLUSION

Although numerous groundbreaking studies have shed light on the genetic 
and developmental mechanisms that underlie animal color patterns, our 
understanding of these processes is far from complete. To provide a more 
comprehensive framework, we propose a classification of the development 
of color patterns into two distinct stages: pattern establishment and pattern 
implementation, and four mechanistic trajectories: predetermined, 
prespecified, self-organized, and non-organized patterns. Moreover, we 
discuss the various mechanisms that operate throughout development 
and postnatal stages to establish, implement, maintain, and modify color 
patterns. Lastly, we suggest a set of outstanding questions that can serve to 
guide future studies in the field. We anticipate that this conceptualization 
will aid in comprehending the underlying processes that contribute to the 
diversity and features of animal color patterns and inspire new research 
directions.

TERMS AND DEFINITIONS

Color: Refers to the visual perception of different wavelengths of light, 
which can be seen as different hues, such as red, blue, or green. In the 
context of animal coloration, color refers to the hue of an animal’s 
integument (e.g., fur, feathers, scales, skin layers) and can include 
pigment-based and/or structural coloration.

Pigment: A molecule that absorbs specific wavelengths of light and gives 
a cell, tissue, or organism its color. Pigmentation refers to the presence, 
amount, and distribution of pigments in the body of an organism. Some 
of the pigments found in vertebrates are brown to black eumelanin (often 
also only referred to as melanin), yellow to orange pheomelanin (in 
mammals and birds) as well as carotenoids, luteins, and zeaxanthins, red 
to purple anthocyanins, porphyrins, and turacins. The guanine crystals 
that underlie the metallic blue structural color of many vertebrates do not 
involve pigments but are often referred to as such.

Coloration: Coloration is the general appearance of an animal’s 
integument. It can encompass aspects of hue, saturation, and brightness, 
as well as patterns and textures. 

Color/Pigmentation pattern: Refers to spatial variation in the color of 
an animal’s integument. Pigmentation pattern and color pattern are often 
used interchangeably (with pigmentation pattern more commonly used 
in mammals) but refers specifically to the arrangement or distribution 
of pigments. Spatial variation in coloration can also be created by spatial 
variation in light interfering structures or in the texture and morphology 
of the integument and its appendages (e.g., feather or scale characteristics).

Prepattern: In the context of color pattern formation, a prepattern 
refers to an initial arrangement of cells with different properties, such 
as gene expression or cell distributions, that acts as a blueprint for the 
formation of the later emerging color pattern. Prepatterns can be created 
through various mechanisms but necessarily need some kind of non-cell 
autonomous channeling of positional information.

Positional information: Refers to the distribution of the different 
molecular or biochemical signals providing cells with information about 
their position within a developing tissue. It can be established in a number 

of ways, including the release of morphogens (signaling molecules that 
diffuse through a tissue and create a gradient) or by physical means.

SUMMARY POINTS

• The classification of animal color patterns is challenging, as they 
vary in spatial arrangement, orientation, complexity, heterogeneity, 
temporal dynamics, and scale.

• Many color patterns form in two steps: The first one, referred to 
as pattern establishment, leads to the formation of a prepattern, 
or blueprint; the second one, known as pattern implementation, 
interprets the information laid out by the blueprint and executes the 
pigmented pattern. Both processes can also occur in a single step, 
without the formation of a prepattern.

• Prepatterns are instructed by spatial information, which can be 
provided by morphological (e.g., migratory corridors) and/or 
molecular (e.g., paracrine factors) cues.

• The implementation of a pattern can be further or solely influenced 
by stochastic and reaction-diffusion model parameters.

• Pattern implementation takes place through multiple mechanisms 
leading to the appearance of spatial variation in coloration, such 
as changes in the relative abundance of pigments, in cellular and 
subcellular features, in deposition, and changes in the morphology 
of the integument.

• While color pattern establishment and implementation typically 
occur during embryogenesis/early postnatal stages, there are several 
processes that act throughout an animal’s life to either modify or 
consistently maintain color patterns.  

FUTURE ISSUES

• What are the mechanisms by which prepatterns are established? 

• How do prepatterns become translated and reorganized into the 
implemented pattern? 

• What factors influence the characteristics of self-organized and non-
organized patterns?

• How do different mechanisms of color pattern formation either limit 
or enable interspecies variation and evolutionary diversification?
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