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Synopsis Many colors and patterns in nature are regulated by the packaging and processing of intracellular pigment-
containing organelles within cells. Spanning both molecular and tissue-level spatial scales with chemical and physical (struc-
tural) elements of coloration, pigment organelles represent an important but largely understudied feature of every biological
system capable of coloration. Although vertebrate melanosomes have historically been the best-known and most studied pig-
ment organelle, recent reports suggest a surge in studies focusing on other pigment organelles producing a variety of non-
melanic pigments, optic crystals and structural colors through their geometric arrangement. In this issue, we showcase the
importance of these integrative and comparative studies and discuss their results which aid in our understanding of organelle
form and function in their native environment. Specifically, we highlight how pigment organelles can be studied at different
scales of organization, across multiple species in biology, and with an interdisciplinary approach to better understand the bio-
logical and chemical mechanisms underlying color. This type of comparative approach provides evidence for a common origin
and identity of membrane-bound pigment organelles not only in vertebrates, as was originally postulated 40 years ago, but in all
animals. This indicates that we have much to gain by studying a variety of pigment organelles, as the specific biological context
may provide important and unique insights into various aspects of its life. We conclude by highlighting some barriers to this
research and discussing strategies to overcome them through a discussion of future directions for pigment organelle research.

Biological significance of colors and their
mechanisms
Biological significance of colors: An historical
overview

Visual features provide a strikingly diverse and influen-
tial platform in both animate and inanimate systems:
from evolutionary biology (Mayr 1999) to paintings
(Schenk 2009) and smart materials and technologies
(Caro et al. 2017a). In biology, the wide range of colors
displayed by animals, fungi, plants, and bacteria have
garnered the attention of scientists for over a century
(Wallace 1877; Poulton 1890). For instance, the study of
color polymorphism has led to a breath of discoveries
in many fields (Caro et al. 2017b) from genetics (e.g.,
pea and Drosophila eye colors) to evolutionary ecology
(e.g., the industrial melanism of peppered moths and
the mimicry of Heliconius butterflies). Thus, develop-
ing a better understanding of the origin and utility of

natural color is of paramount importance (Caro et al.
2017a; Cuthill et al. 2017).

The reasons invoked to explain coloration in ani-
mals has been a matter of strong debate among zool-
ogists, particularly after Charles Darwin exposed his
theory of evolution in 1859 (Kingsland 1978). Before
this, colors were mainly thought to be purely aesthetic,
created to please the human eye (Wallace 1877). Oth-
ers, convinced by Lamarck’s theory, argued that colors
were a simple byproduct produced by the direct action
of light and heat on tissues (Wallace 1877), providing
no function to its beholder (Wallace 1877; Kingsland
1978). From the moment Darwin published his fa-
mous book on natural selection, scientists alternated
between a fully adaptive view of coloration (Kingsland
1978), mostly related to visual effects, and a more nu-
anced approach developed during the 20th century,
which implicated that not all colors are significant per
se. As reported and developed by Needham in 1974,

Advance Access publication July 20, 2021
C© The Author(s) 2021. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/61/4/1481/6324576 by SIC

B M
em

ber Access user on 18 O
ctober 2021

https://orcid.org/0000-0002-6172-3865
https://orcid.org/0000-0003-3226-2470
https://orcid.org/0000-0003-1666-295X
mailto:florent.figon@univ-tours.fr
mailto:jerome.casas@univ-tours.fr
mailto:journals.permissions@oup.com


1482 F. Figon et al.

“integumental chromes do serve these and some other
useful biological purposes and most of the difficul-
ties which troubled earlier generations, because they
envisaged a more restricted number of functions, are
now resolved.” (Needham 1974) According to this ap-
proach, the intrinsic physical and chemical properties
of pigments and other colored structures play an im-
portant role in organismal function. They can impart
biochemical and physiological functions such as rigid-
ity or metabolic homeostasis that extend beyond col-
oration, which could be categorized as a mere byprod-
uct (Needham 1974).

It is also well recognized that colors and their mech-
anism of formation provide a myriad of interrelated
biological functions (Caro et al. 2017b; Cuthill et al.
2017; Figon and Casas 2018) that include mimicry,
camouflage, courtship, aposematism (e.g., warning col-
oration), and honest signaling (Théry and Casas 2002;
Cuthill et al. 2017). Colors also provide light screening
and photoprotection by absorbing certain wavelengths
of light before they reach internal tissues, as exemplified
by human tanning (Jablonski and Chaplin 2017). By col-
lecting sunlight energy through the absorption of ultra-
violet, visible, and near-infrared wavelengths, colored
structures provide a supplementary function for ther-
moregulation on the surface of organisms, especially ec-
totherms (Stuart-Fox et al. 2017). Pigments, the molec-
ular components of many biological colors, also pro-
vide a wide variety of functions that including serving as
redox cofactors, light harvesters (such as in photosyn-
thesis), electron transport (such as in respiratory chain),
oxidative stress buffers, hardeners, antidesiccants, ex-
cretory compounds, detoxifiers of metabolites and met-
als, antimicrobial agents, immunomodulators, as well
as intracellular signal modulators (Needham 1974; Fox
1976; Burtt 1981; Britton 1983; Hill and McGraw
2006). These pleiotropic effects of pigments further
underscore the need for a deeper understanding the
molecular and cellular mechanisms that regulate their
functions.

Displaying colors: Interplay between structural
and pigmentary processes

Processes that lead to coloration are classically divided
into two main categories: structural (i.e., physical) and
pigmentary (i.e., molecular) mechanisms (Figon and
Casas 2018). The former leads to a variety of colors,
from white to iridescence, by scattering or diffusing
light using a diversity of organized nanostructures (e.g.,
intracellular crystals, ordered pigment organelles, tis-
sue geometry, and so on). The latter results from the se-
lective absorption of visible light (i.e., from 400 to 700
nm) by compounds whose electrons can be excited by

their low energy-carrying photons (Zollinger 2003). In
the past decades, it has appeared that this dichotomy
does not fully capture the complexity of colors har-
bored by organisms. Indeed, coloration is most likely al-
ways the result of a combination of both structural and
pigmentary processes (Shawkey and D’Alba 2017). Be-
cause pigments do not directly reflect light, their col-
ors would appear transparent unless viewed against a
primary light source (Johnsen 2012). Many animals act
as a secondary light source themselves; insomuch as
their naturally opaque tissues can facilitate light reflec-
tion and diffusion to enable viewing at all angles. In
some cases, intense light reflection from select tissues
can even increase the brightness of pigmentary colors
(Gawryszewski et al. 2015). The inverse relationship is
also true: pigment-containing tissues can also enable
the absorption of unscattered light, rendering iridescent
colors more vivid (Saranathan and Finet 2021). In all
cases, pigmentary colors leverage structural features to
generate, enhance, or diminish reflected colors.

The intimate link between structural and pigmen-
tary processes is even more relevant at the pigment or-
ganelle level: an intermediary level of organization be-
tween molecules and tissues. Organelles are common
sites for pigment deposition and even photonic crys-
tal formation (Bagnara and Matsumoto 2006), where
specific shapes, sub-micrometric sizes, and intracellu-
lar organization profiles collectively contribute to op-
tical activity by enhancing light absorption or scatter-
ing (Shawkey and D’Alba 2017; Saranathan and Finet
2021). Many distantly-related organisms have evolved
similar types of pigment organelles to perform identi-
cal biological functions, even though they may contain
different compounds, structures, or intra-organelle ar-
rangements. In the following report, we attempt a uni-
fied definition of pigment organelles despite their diver-
sity in structures and compositions and highlight their
importance through discussions of the proximate and
ultimate causes of colors.

Pigment organelles: What’s in a name?
Pigment in their intracellular environment

Typology of pigment cells has been a matter of de-
bate, especially because pigment cells and organelles are
various in terms of species, functions, pigments, etc.
(Needham 1974; Fox 1976; Bagnara and Matsumoto
2006; Schartl et al. 2016). For the sake of simplicity, we
will use the term pigment cell in a broad sense, compris-
ing all types of pigment-bearing cells. Note that those
cells are usually classified into two categories: pigment
cells sensu stricto, which are primarily pigmented be-
cause they produce pigments within membrane-bound
organelles, and secondarily-pigmented cells, which
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Pigment organelle field 1483

obtain pigments through the acquisition of pigments se-
creted by pigment cells (Schartl et al. 2016).

Within pigment cells, the state of pigments and thus
the type of pigment organelles are partially dictated
by their chemistry. For example, carotenoids and some
quinones are lipophilic substances, thus they are found
either within membranes or in lipid globules (Hill and
McGraw 2006). Other pigments are classified as poorly
hydrophilic and are found in combination with proteins
(Needham 1974). More rarely, pigments are found as
crystal inclusions in the cytoplasm (e.g., hemoglobin
of polychaetes; Needham 1974). In some cases, a large
fraction of pigments involved in body coloration can be
deposited within membrane-bound organelles, such as
melanosomes, pterinosomes, ommochromasomes, and
riboflavin granules (Needham 1974; Zhang et al. 2018).
The latter types of pigment organelles are the main fo-
cus of this issue.

The topic of pigment compartmentalization and con-
centration remains of great interest to the commu-
nity, as it represents an avenue for first sequestering
then synthesizing a large quantity of sometimes very
large polymers, like eumelanins, and pigments within
an enclosed space without altering the rest of the cell
(Needham 1974; Borovanský and Riley 2011). Further-
more, compartmentalization provides a vehicle for reg-
ulating pigment metabolism through the biogenesis, se-
cretion and possibly degradation of the pigment or-
ganelles (Borovanský and Elleder 2003; Borovanský and
Riley 2011). Thus, the question of how pigment or-
ganelles are produced from the endomembrane system
is central to understand their functions and working.

Pigment organelle models

In a seminal paper, Bagnara and colleagues proposed
that all pigment organelles of vertebrates, irrespective of
their final composition, derive from a common cellular
precursor in the form of a primordial vesicle (Bagnara
et al. 1979). They describe that despite the diversity
in pigment structures in nature, mechanistic insights
from only a few classes of pigment organelles could
be sufficient to understand biological coloration as a
whole (Bagnara and Matsumoto 2006). In fact, most
of our knowledge on pigment organelles stems from
the study of melanosomes in mammals (Borovanský
and Riley 2011), although classical studies of insect om-
mochromasomes and pterinosomes have also brought
important insights into organelle biogenesis (Lloyd et
al. 1998; Figon and Casas 2019). Still, the hegemony
and the higher degree of maturation of melanosome
research, as exemplified in this issue by the three pa-
pers from Benito-Martinez et al. (2021), Le et al. (2021),
and D’Alba et al. (2021) can also be explained by the

ubiquity of melanins (Cordero and Casadevall 2020),
the pathological significance of melanosome biology
(Borovanský and Riley 2011), and the availability of
genetic, molecular, and cellular tools that have been
optimized to interrogate them (Benito-Martínez et al.
2020), among others. However, we have also seen a re-
newed interest in other pigment organelle types, includ-
ing outside mammals and vertebrates, being explored to
either validate melanosome-based models or to provide
insights into new pathways and processes that regulate
coloration.

Functioning and functions of pigment
organelles
Pigment organelles today

Building from the work of Bagnara and colleagues,
studies of pigment organelles in a wide variety of an-
imals (from mammals to fish and insects) have re-
vealed the commonalities in their biogenesis, ultra-
structure, and relations to other cell components (Fig.
1 and Table 1). The main hypothesis today is that pig-
ment organelles derive from endosomal compartments
(Fig. 1) and that they belong to the lysosome-related or-
ganelle (LRO) family (Delevoye et al. 2019; Figon and
Casas 2019; Ullate-Agote et al. 2020; Figon et al. Forth-
coming 2021). The endosome is a ubiquitous organelle
in eukaryotic cells with multiple functions in both en-
docytic and secretory pathways (Klumperman and Ra-
poso 2014). LROs are defined as a family of organelles
with a set of common characteristics shared with lyso-
somes, the endosome-derived degradative organelle of
eumetazoan cells (Bowman et al. 2019; Delevoye et al.
2019). A body of evidence has accumulated over the
years supporting the endosomal origin and LRO iden-
tity of pigment organelles, effectively validating and
even expanding Bagnara’s postulate, as we will discuss
later. Since the term pigment organelle can be broadly
applied to any color-containing membrane-bound or-
ganelle or pigment droplet, we may soon need to find
a term encompassing only endosomal pigment or-
ganelles. The term of “chromasome” coined by Need-
ham (Needham 1974) might well fit this purpose, as
it provides a common etymology for both endosome
and already well-known pigment organelles such as
melanosomes, ommochromasones, and pterinosomes.
However, since this term has yet to be adopted by our
community, we use it and pigment organelles inter-
changeably for now.

The current state of the pigment organelle
research field

Over the past decade, the bio-optics and biological
color field has gathered a lot of interest, resulting in
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1484 F. Figon et al.

Fig. 1 Diversity of pigment organelles in animals and their hypothetical common endosomal origin. In some instances (dashed arrows), the
endosomal origin of pigment organelles has been less investigated than in others (continuous arrows) and therefore requires further
evidence to be confirmed. All these pigment organelles, as well as variants, can be found in many kinds of animals. Main colors of pigment
organelles are depicted by their background. Iridescence is represented by gradients of rainbow colors.

workshops (Cuthill et al. 2017), special issues (Caro et
al. 2017b), and books (Hashimoto et al. 2021). How-
ever, advancements within the pigment organelle re-
search field has remained scattered or—in some cases—
centered only on very specific sets of chromasomes,
such as melanosomes (Bagnara and Matsumoto 2006;
Borovanský and Riley 2011). Although studies on
non-model pigment organelles are numerous (Table 1;
Bagnara and Matsumoto 2006), it is only very recently
that they started to build upon a common framework
(Fig. 1; Ullate-Agote et al. 2020; Figon et al. Forthcom-
ing 2021). Hence, the SICB happened in a timely fash-
ion, providing both a snapshot of today’s interest in pig-
ment organelle research, as well as a starting point to
foster research on chromasomes and, perhaps most im-

portantly, the opportunity to define them as preeminent
object of study to better understand coloration. This
special issue therefore aims at introducing this excit-
ing field of research, from the foundational research on
pigments and their structure and cellular involvement,
up to important implications and applications of this
field for physiology, sensory ecology, evolutionary biol-
ogy, as well as medical biology and applied physics and
chemistry.

Biological, ecological, and evolutionary
implications of pigment organelles

Starting from the fundamentals of quantum chem-
istry, Figon and Casas (2021) show how pigment
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Table 1 Comparisons between vertebrate eumelanosomes, the best-known pigment organelles closely followed by invertebrate
ommochromasomes, and other pigment organelles reveal their commonalities at the intracellular level, as well as gaps in our knowledgea

Eu-
melanosome

Pheo-
melanosome Melanocores

Ommo-
chromasome Pterinosome

Iridosome
Leucosome

Riboflavin
granule

Ultrastructure

Intraluminal
vesicles

Yes [1] Yes [6] Yes [9]

Limiting
membrane

Yes [2] Yes [6] Yes [7] Yes [9] Yes [13] Yes [13]

Fibrils Yes [1] Yes [6] Yes [9] Yes [13]

Tubules Yes [3] Maybe [7] Yes [9]

Chemical composition

Proteins Yes [2] Partly [10]

Metabolites Yes [2] Partly [10, 11]

Acidic pH Yes [1] No [7, 8]

Metals Yes [2] Yes [9, 12]

Endo-lysosomal pathway

Biogenesis

LYST Yes [1, 4] Yes [12] Yes [4] Yes [4]

HOPS/CORVET Yes [1] Yes [12] Yes [14] Yes [15]

AP Yes [1] Yes [12] Yes [14] Yes [15, 16]

Rab28/32 Yes [1] Yes [12] Yes [14] Yes [15]

BLOC Yes [1] Yes [12] Yes [14] Yes [15, 16]

Transporters

MFS Maybe [5] Yes [12]

ABC Yes [1] Yes [12] Yes [14] Yes [15, 16]

Molecular markers

CD63 Yes [1] Yes [7, 8]

LAMP Yes [1] Yes [7 ,8]

aReferences are in brackets and correspond to experimental papers when they were published recently (< 5 years), except for a few exceptions,
otherwise reviews are indicated.
[1] Delevoye et al. (2019)
[2] Borovanský and Riley (2011)
[3] Ripoll et al. (2018)
[4] Ullate-Agote et al. (2020)
[5] Adelmann et al. (2020)
[6] Jimbow et al. (1983)
[7] Hurbain et al. (2018)
[8] Correia et al. (2018)
[9] Figon et al. (Forthcoming 2021 )
[10 Williams et al. (2019)
[11] Figon et al. (2020)
[12] Figon and Casas (2019)
[13] Needham (1974)
[14] Lloyd et al. (1998)
[15] Tejeda-Guzmán et al. (2018)
[16] Zhang et al. (2018)

organelle studies would benefit from interdisciplinary
approaches, especially using methods imported from
chemistry. They provide a critical introduction to quan-
tum chemistry, a computational technique that models
color at various levels of organization. They show how
quantum chemistry could pave the way toward an un-
derstanding of coloration as a result of pigment ecol-
ogy, i.e., how colors and other physiological functions

of pigment result from their interactions with the or-
ganellar environment. Similar to other methods, quan-
tum chemistry is not exempt from drawbacks and thus
calculations and conclusions should be crafted only af-
ter careful considerations of the intrinsic limitations of
the specified modeling approach. Furthermore, these
methods must also be used in combination with other
computational and experimental approaches to provide
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meaningful contributions to testable hypotheses, as well
as foundational advancements for new ones.

Moving up into statistical physics, D’Alba et al.
(2021) describe principles including self-organization
and spatial orientation of many granules that are used
to describe how both pigmentary and structural fea-
tures produce the astonishing iridescence of humming
birds. They reveal how biogenesis, shape, and spa-
tial ordering of melanosomes can lead to a rainbow
of tints, despite the fact that melanosomes are natu-
rally black organelles. The authors also provide evi-
dence that describes how the application of intracel-
lular forces via the auto-organization of keratin pro-
teins constrains melanosome positioning and leads to
angle-dependent scattering of light. They also investi-
gate the ontogeny of atypical melanosomes present in
bird feathers, which contain air bubbles that participate
to generation of structural-based colors. Overall, this
study stresses the importance of investigating pigment
organelle mechanobiology, both for their positioning
and packing as well as their ontogeny.

Building up in spatial scale, Deravi (2021) reviews
the multiple levels of organization that operate dur-
ing dynamic color changes in soft-bodied cephalopods.
She describes how chromatophore pigment organs and
their organelles are integrated through biochemical,
muscular, and neuronal components. This integrated,
multi-structural communication enables cephalopods
to achieve their fast camouflaging performance, mak-
ing them one of the best known living photonic sys-
tems. Deravi also describes how cephalopods change
colors through the manipulation of a complex network
of biomolecules confined within organelles that are or-
ganized as multi-cellular structures within dermal tis-
sue and points to the importance of signaling pathways
that trigger and communicate color change in the ani-
mal that are mediated in particular by electricity. This
study therefore emphasizes the need to consider pig-
ments and chromosomes as being part of a completed
system and calls for more integrative studies of pig-
ment organelles to fully comprehend their role in col-
oration and other biological functions. The futuristic
hypothesis she lays forward of electron transfer within
and among granules bears great expectations, if proven
true, for understanding the amazing color control in
cephalopods and represents also untapped potential for
technology.

These important computational and experimental
advancements that span multiple spatial scales and
structures provide excellent support to position pig-
ment organelle research as a field that warrants contin-
ued exploration. Le et al. (2021) and Benito-Martinez
et al. (2021) expand on this and propose in this issue
two comprehensive overviews of melanosome biology

in the context of human skin. They show how melanin-
containing organelles result from multiple and complex
cellular pathways that are rooted into the endosomal
system of pigment cells, be they melanin-producers like
melanocytes or melanin-receivers like keratinocytes.
Through these reports, we understand that all aspects
of melanosome life, from biogenesis and exocytosis to
endocytosis and intracellular positioning are critical for
the functioning and functions of pigment organelles.
Every time a single step on this pathway is disrupted,
specific pathological consequences emerge. This focus
on aberrant, pathological cases shows how far the un-
derstanding of the “normal,” classical biogenesis has
come, which has no counterpart for any other pigment
granules. When taken together, these findings highlight
the importance to continue to unravel both normal and
pathological paths of melanosomes, and more generally
of chromasomes, using integrative approaches across
multiple disciplines of science and medicine.

Current barriers and future perspectives
An integrative and comparative approach of pigment
organelle research relies on knowing their fundamen-
tal components (e.g., structure, composition, and func-
tion). Hence, rigorous biochemical characterizations
are needed to clearly define what a pigment organelle
is and how each component contributes to its over-
all function and stability. However, numerous studies
on the coloration of animals have avoided such de-
tailed chemical investigations of pigments, despite their
biological relevance, because of challenges associated
with complex mechanisms for sample collection and
harvesting, material extraction and purification, and
validation and characterization using high resolution
spectrometric platforms. In this regard, we advocate for
a renewed interest and investment in the fundamen-
tal bioanalytical chemistry of natural pigments within
these organelles to piece together the mystery of their
function (Williams et al. 2016; Figon et al. 2020) and to
ascertain their identity in species for which only absorp-
tion spectra and basic biochemical analysis have been
reported decades ago.

Similarly, it appears more and more important to
begin to target, track, and analyze the environment
in which pigments are produced and stored, i.e., the
pigment organelle itself. However, this is not a triv-
ial undertaking. Unravelling pigment ecology (Figon
and Casas 2021) requires (1) the identification and
decoupling of pigment organelle location within the
natural system, (2) their systematic isolation, and
(3) their spectrometric, optical, and/or morphological
analyses. With this information, scientists can lever-
age the advent of new genetic tools and markers that
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facilitate unique knock-in or knock-out studies to se-
lectively track the origin, development, and matura-
tion of pigment organelles. While similar experiments
have been performed or discussed in the context of
melanosomes (Benito-Martínez et al. 2020), it is only
very recently that other chromosomes have been iso-
lated and studied, especially ommochromasomes of in-
sects and cephalopods (Williams et al. 2016; Figon et
al. 2020). Still, it is important to note that ex vivo in-
vestigations should not replace in situ characterization
of pigment organelles; instead, we argue that they are
a necessary first step for understanding compositional
and constituent features to build tangible hypotheses
on. It is only with an accurate description of each ac-
tor of the pigment ecology that it is then possible to
reconstruct their complex interaction within a network
of pigments, proteins, metals, membranes, cells, and
tissues.

We foresee that investigation of non-melanosomal
pigment organelles in non-model organisms will move
our understanding of colorations forward (Table 1).
One such example is the recent description of a
catabolic pathway of pigment organelles that sustains
reversible color changes in crab spiders (Figon et al.
Forthcoming 2021 ). Whether melanin degradation can
occur as a similar type of physiological process has in-
deed been debated for several decades. In this regard,
non-polymerized pigments, such as ommochromes,
might be better system to tackle the fate of pigment
organelles beyond secretion and transfer to other cell-
types.

Finally, there are questions that remain poorly tack-
led since Bagnara’s initial work. Particularly, the ques-
tion of the formation of hybrid organelles, chroma-
somes producing multiple pigments, is still a poorly
known phenomenon (Bagnara and Matsumoto 2006;
Schartl et al. 2016). There have been some advances,
such as evidence for a casing model of pheomelanin and
eumelanin within melanosomes (Gorniak et al. 2014)
or the discovery that some pigment cell lineages in
fish can produce various pigments alternatively (Lewis
et al. 2019). The hypothesis of an endosomal origin
for all pigment organelles (Fig. 1) raises the interest-
ing possibility that the intrinsic plasticity of endosomes
(Klumperman and Raposo 2014) has helped evolving
the production of multiple pigments within the same or-
ganelle. But overall, we are still unable to answer what
the metabolic and genetic mechanisms behind hybrid
organelle formation are and why they are of biologi-
cal relevance. Such questions are important to better
understand pigments, pigment organelles, and pigment
cell evolution. We therefore hope that they will be in-
cluded in future research programs tackling the how
and why of coloration.

Acknowledgments
The authors thank all participants of “The integrative
biology of pigment organelles” symposium and its com-
plementary session for their contributions. This work
formed part of the doctoral dissertation of F.F. under the
supervision of J.C.

Funding
This work was supported by the Division of Ecol-
ogy and Evolution, Division of Comparative Physiology
and Biochemistry, Division of Evolutionary Develop-
mental Biology, Division of Invertebrate Zoology, Di-
vision of Ecoimmunology and Disease Ecology, Divi-
sion of Vertebrate Morphology and Division of Neu-
robiology, Neuroethology and Sensory Biology, as well
as the American Microscopical Society and the Com-
pany of Biologists (scientific meeting grant EA380) for
financially supporting the symposium. The ENS Lyon
and the Project “PHEROEARO” of the Région Cen-
tre supported the work of F.F. L.F.D. would like to ac-
knowledge support from the National Science Founda-
tion (Award DMR-1712345) and the Office of Naval Re-
search (Award N00014-19-1–2137).

Data availability
No new data were generated or analyzed in support of
this research.

References
Adelmann CH, Traunbauer AK, Chen B, Condon KJ, Chan SH,

Kunchok T, Lewis CA, Sabatini DM. 2020. MFSD12 mediates
the import of cysteine into melanosomes and lysosomes. Na-
ture 588:699–704.

Bagnara J, Matsumoto J, Ferris W, Frost S, Turner W, Tchen
T, Taylor J. 1979. Common origin of pigment cells. Science
203:410–5.

Bagnara JT, Matsumoto J. 2006. Comparative anatomy and phys-
iology of pigment cells in nonmammalian tissues. In: Nord-
lund JJ, Boissy RE, Hearing VJ, King RA, Oetting WS, Ortonne
J-P, editors. The Pigmentary System, Oxford: Blackwell Pub-
lishing Ltd. p. 11–59.

Benito-Martínez S, Zhu Y, Jani RA, Harper DC, Marks MS,
Delevoye C. 2020. Research techniques made simple: cell bi-
ology methods for the analysis of pigmentation. J Invest Der-
matol 140:257–268.

Benito-Martinez S, Salavessa L, Raposo G, Marks MS, Delevoye
C. 2021. Melanin transfer and fate within keratinocytes in hu-
man skin pigmentation. Integr Comp Biol. https://doi.org/10
.1093/icb/icab164

Borovanský J, Elleder M. 2003. Melanosome degradation: fact or
fiction. Pigm Cell Res 16:280–6.

Borovanský J, Riley PA. 2011. Melanins and melanosomes:
biosynthesis, structure, physiological and pathological func-
tions. Weinheim: John Wiley & Sons.

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/61/4/1481/6324576 by SIC

B M
em

ber Access user on 18 O
ctober 2021

https://doi.org/10.1093/icb/icab164


1488 F. Figon et al.

Bowman SL, Bi-Karchin J, Le L, Marks MS. 2019. The road
to lysosome-related organelles: Insights from Hermansky-
Pudlak syndrome and other rare diseases. Traffic 20:404–35.

Britton G. 1983. The biochemistry of natural pigments, Cam-
bridge texts in chemistry and biochemistry. New York (NY):
Cambridge University Press.

Burtt EH. 1981. The adaptiveness of animal colors. Bioscience
31:723–9.

Caro T, Stoddard MC, Stuart-Fox D. 2017. Animal coloration
research: why it matters. Philos Trans R Soc B Biolog Sci
372:20160333.

Caro T, Stoddard MC, Stuart-Fox D. 2017. Animal coloration:
production, perception, function and application. Philos Trans
R Soc B Biol Sci 372:20170047.

Cordero RJB, Casadevall A. 2020. Melanin. Curr Biol 30:R142–3.
Correia MS, Moreiras H, Pereira FJC, Neto MV, Festas TC,

Tarafder AK, Ramalho JS, Seabra MC, Barral DC. 2018.
Melanin transferred to keratinocytes resides in nondegrada-
tive endocytic compartments. J Invest Dermatol 138:637–46.

Cuthill IC, Allen WL, Arbuckle K, Caspers B, Chaplin G, Hauber
ME, Hill GE, Jablonski NG, Jiggins CD, Kelber A, et al. 2017.
The biology of color. Science 357:eaan0221.

D’Alba L, Meadows M, Maia R, Jong-Souk Y, Manceau M,
Shawkey M. 2021. Morphogenesis of iridescent feathers in
Anna’s hummingbird Calypte anna. Integr Comp Biol. https:
//doi.org/10.1093/icb/icab123

Delevoye C, Marks MS, Raposo G. 2019. Lysosome-related or-
ganelles as functional adaptations of the endolysosomal sys-
tem. Curr Opin Cell Biol 59:147–58.

Deravi LF. 2021. Compositional similarities that link the eyes and
skin of cephalopods: Implications in optical sensing and sig-
naling during camouflage. Integr Comp Biol. https://doi.org/
10.1093/icb/icab143

Figon F, Casas J. 2018. Morphological and physiological colour
changes in the animal kingdom. In: ELS. Chichester: John Wi-
ley & Sons, Ltd. p. 1–11.

Figon F, Casas J. 2019. Ommochromes in invertebrates: bio-
chemistry and cell biology. Biol Rev 94:156–83.

Figon F, Casas J. 2021. The integrative biology of pigment or-
ganelles, a quantum chemical approach. Integr Comp Biol.
https://doi.org/10.1093/icb/icab145

Figon F, Hurbain I, Heiligenstein X, Trépout S, Lanoue A, Med-
joubi K, Somogyi A, Delevoye C, Raposo G, Casas J. Forth-
coming 2021. Catabolism of lysosome-related organelles in
color-changing spiders supports intracellular turnover of pig-
ments. Proc Natl Acad Sci. doi: 10.1073/pnas.2103020118

Figon F, Munsch T, Croix C, Viaud-Massuard M-C, Lanoue
A, Casas J. 2020. Uncyclized xanthommatin is a key om-
mochrome intermediate in invertebrate coloration. Insect
Biochem Mol Biol 124:103403.

Fox DL. 1976. Animal biochromes and structural colours:
physical, chemical, distributional & physiological features of
coloured bodies in the animal world. 2d ed. Berkeley (CA):
University of California Press.

Gawryszewski FM, Birch D, Kemp DJ, Herberstein ME. 2015.
Dissecting the variation of a visual trait: the proximate basis
of UV-Visible reflectance in crab spiders (Thomisidae). Funct
Ecol 29:44–54.

Gorniak T, Haraszti T, Suhonen H, Yang Y, Hedberg-Buenz
A, Koehn D, Heine R, Grunze M, Rosenhahn A, Anderson
MG. 2014. Support and challenges to the melanosomal cas-

ing model based on nanoscale distribution of metals within
iris melanosomes detected by X-ray fluorescence analysis. Pig-
ment Cell Melanoma Res 27:831–4.

Hashimoto H, Goda M, Futahashi R, Kelsh R, Akiyama T (Eds.).
2021. Pigments, pigment cells and pigment patterns. Springer,
Singapore.

Hill GE, McGraw KJ (Eds.). 2006. Bird coloration. Cambridge
(MA): Harvard University Press.

Hurbain I, Romao M, Sextius P, Bourreau E, Marchal C, Bernerd
F, Duval C, Raposo G. 2018. Melanosome distribution in ker-
atinocytes in different skin types: melanosome clusters are not
degradative organelles. J Invest Dermatol 138:647–56.

Jablonski NG, Chaplin G. 2017. The colours of humanity: the
evolution of pigmentation in the human lineage. Philos Trans
R Soc B Biol Sci 372:20160349.

Jimbow K, Ishida O, Ito S, Hori Y, Witkop CJ, King RA.
1983. Combined chemical and electron microscopic studies
of pheomelanosomes in human red hair. J Invest Dermatol
81:506–11.

Johnsen S. 2012. The optics of life: a biologist’s guide to light in
nature. Princeton (NJ): Princeton University Press.

Kingsland S. 1978. Abbott thayer and the protective coloration
debate. J Hist Biol 11:223–44.

Klumperman J, Raposo G. 2014. The complex ultrastructure of
the endolysosomal system. Cold Spring Harb Perspect Biol
6:a016857.

Le L, Sirés-Campos J, Raposo G, Delevoye C, Marks MS. 2021.
Melanosome biogenesis in the pigmentation of mammalian
skin. Integr Comp Biol. https://doi.org/10.1093/icb/icab078

Lewis VM, Saunders LM, Larson TA, Bain EJ, Sturiale SL, Gur
D, Chowdhury S, Flynn JD, Allen MC, Deheyn DD, et al.
2019. Fate plasticity and reprogramming in genetically distinct
populations of Danio leucophores. Proc Natl Acad Sci USA
116:11806–11.

Lloyd V, Ramaswami M, Krämer H. 1998. Not just pretty
eyes: Drosophila eye-colour mutations and lysosomal delivery.
Trends Cell Biol 8:257–9.

Mayr E. 1999. Systematics and the origin of species, from the
viewpoint of a zoologist. 1st Harvard University Press pbk.
Cambridge (MA): Harvard University Press.

Needham AE. 1974. The significance of zoochromes, Zoophys-
iology and ecology. Berlin, Heidelberg, New York (NY):
Springer-Verlag.

Poulton EB. 1890. The colours of animals, their meaning and use,
especially considered in the case of insects. New York (NY): D.
Appleton and Company.

Ripoll L, Heiligenstein X, Hurbain I, Domingues L, Figon F, Pe-
tersen KJ, Dennis MK, Houdusse A, Marks MS, Raposo G,
et al. 2018. Myosin VI and branched actin filaments mediate
membrane constriction and fission of melanosomal tubule car-
riers. J Cell Biol 217:2709–26.

Saranathan V, Finet C. 2021. Cellular and developmental basis of
avian structural coloration. Curr Opin Genet Dev 69:56–64.

Schartl M, Larue L, Goda M, Bosenberg MW, Hashimoto H,
Kelsh RN. 2016. What is a vertebrate pigment cell? Pigment
Cell Melanoma Res 29:8–14.

Schenk F. 2009. Nature’s fluctuating colour captured on canvas?
Int J Des Nat Ecodyn 4:274–84.

Shawkey MD, D’Alba L. 2017. Interactions between colour-
producing mechanisms and their effects on the integumentary
colour palette. Philos Trans R Soc B Biol Sci 372:20160536.

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/61/4/1481/6324576 by SIC

B M
em

ber Access user on 18 O
ctober 2021

https://doi.org/10.1093/icb/icab123
https://doi.org/10.1093/icb/icab143
https://doi.org/10.1093/icb/icab145
https://doi.org/10.1093/icb/icab078


Pigment organelle field 1489

Stuart-Fox D, Newton E, Clusella-Trullas S. 2017. Thermal
consequences of colour and near-infrared reflectance. Philos
Trans R Soc B Bio Sci 372:20160345.

Tejeda-Guzmán C, Rosas-Arellano A, Kroll T, Webb SM,
Barajas-Aceves M, Osorio B, Missirlis F. 2018. Biogenesis of
zinc storage granules in Drosophila melanogaster. J Exp Biol
221:jeb168419

Théry M, Casas J. 2002. Predator and prey views of spider cam-
ouflage. Nature 415:133.

Ullate-Agote A, Burgelin I, Debry A, Langrez C, Montange F,
Peraldi R, Daraspe J, Kaessmann H, Milinkovitch MC, Tzika
AC. 2020. Genome mapping of a LYST mutation in corn snakes
indicates that vertebrate chromatophore vesicles are lysosome-
related organelles. Proc Natl Acad Sci 117:26307–17.

Wallace AR. 1877. The Colors of Animals and Plants. Am Nat
11:641–62.

Williams TL, DiBona CW, Dinneen SR, Jones Labadie SF, Chu
F, Deravi LF. 2016. Contributions of phenoxazone-based pig-

ments to the structure and function of nanostructured gran-
ules in squid chromatophores. Langmuir 32:3754–9.

Williams TL, Senft SL, Yeo J, Martín-Martínez FJ, Kuzirian AM,
Martin CA, DiBona CW, Chen C-T, Dinneen SR, Nguyen
HT, et al. 2019. Dynamic pigmentary and structural col-
oration within cephalopod chromatophore organs. Nat Com-
mun 10:1004.

Zhang H, Kiuchi T, Hirayama C, Banno Y, Katsuma S, Shimada
T. 2018. A reexamination on the deficiency of riboflavin accu-
mulation in Malpighian tubules in larval translucent mutants
of the silkworm, Bombyx mori. Genetica 146:425–31.

Zhang H, Kiuchi T, Hirayama C, Katsuma S, Shimada T. 2018.
Bombyx ortholog of the Drosophila eye color gene brown
controls riboflavin transport in malpighian tubules. Insect
Biochem Mol Biol 92:65–72.

Zollinger H. 2003. Color chemistry: syntheses, properties, and
applications of organic dyes and pigments. 3rd ed. Zürich:
Weinheim: Verlag Helvetica Chimica Acta; Wiley-VCH.

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/61/4/1481/6324576 by SIC

B M
em

ber Access user on 18 O
ctober 2021


