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Light detection not only forms the basis of vision (via visual retinal photoreceptors),
but can also occur in other parts of the body, including many non-rod/non-cone
ocular cells, the pineal complex, the deep brain, and the skin. Indeed, many of the
photopigments (an opsin linked to a light-sensitive 11-cis retinal chromophore) that
mediate color vision in the eyes of vertebrates are also present in the skin of animals such
as reptiles, amphibians, crustaceans and fishes (with related photoreceptive molecules
present in cephalopods), providing a localized mechanism for light detection across
the surface of the body. This form of non-visual photosensitivity may be particularly
important for animals that can change their coloration by altering the dispersion of
pigments within the chromatophores (pigment containing cells) of the skin. Thus, skin
coloration may be directly color matched or “tuned” to both the luminance and spectral
properties of the local background environment, thereby facilitating behavioral functions
such as camouflage, thermoregulation, and social signaling. This review examines
the diversity and sensitivity of opsin-based photopigments present in the skin and
considers their putative functional roles in mediating animal behavior. Furthermore,
it discusses the potential underlying biochemical and molecular pathways that link
shifts in environmental light to both photopigment expression and chromatophore
photoresponses. Although photoreception that occurs independently of image formation
remains poorly understood, this review highlights the important role of non-visual light
detection in facilitating the multiple functions of animal coloration.

Keywords: photosensitivity, skin, chromatophore, aggregation, dispersion, opsin, camouflage, background
matching

INTRODUCTION

Almost all taxa, ranging from simple single-celled organisms to vertebrates, have evolved to cope
with exposure to, or utilize photic stimuli derived from sunlight. As a result, many species exhibit
some form of light sensitivity (Wolken and Mogus, 1979). Fundamental responses to light are
particularly well known in marine invertebrates and include orientation of the body, localized
movement of appendages, withdrawal or “shadow reflexes” and locomotion (reviewed by Steven,
1963). For example, a change in light intensity stimulates tail withdrawal in annelid worms, as
well as the opening and closing of the siphon in sea squirts (reviewed by Wolken, 1988). The
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fundamental role of light in guiding non-visual animal behavior
is evident from the finding that photokinetic responses
(locomotory responses to light) are observed in ancestral taxa or
at very early life stages before the eyes are fully functional. For
example, zebrafish larvae that have been enucleated and had their
pineal gland ablated at 5 days post-fertilization display increased
locomotory activity on exposure to light (Fernandes et al., 2012).
Photosensitivity has also been reported in eyeless fishes such as
the Mexican cave tetra (Astyanax mexicanus) (Langecker, 1989),
the Arabian barb (Garra barreimiae) (Timmermann and Plath,
2009), and the Somalian blind cavefish (Phreatichthys andruzzii)
(Tarttelin et al., 2012). Despite the complete absence of eyes, optic
nerve and associated brain structures, the Somalian blind cavefish
displays photophobic behaviors that are mediated by light-
sensitive rod-like visual pigments present in the brain (Tarttelin
et al., 2012). Conversely, photoresponses, such as entrainment
of peripheral clocks by external light, appear to be absent in
P. andruzzii due to mutations identified in two non-visual
pigment genes, a melanopsin (opn4) and a teleost multiple tissue
(tmt) opsin, whereas both photoentrainment and these candidate
pigments remain intact in zebrafish (Danio rerio) (Cavallari
et al,, 2011). It is likely, however, that various species of cavefish
possess many more visual and non-visual opsin classes (Tobler
et al,, 2010; Tarttelin et al., 2012; Meng et al., 2013; Yang et al,,
2016), so the pigments that mediate the entrainment of tissue-
specific peripheral circadian clocks are yet to be determined.
Nonetheless, light plays a fundamental role in the behavior of
almost all organisms, with detection mechanisms that are likely to
be universally mediated by opsin-based photopigments and the
biochemical photocascades they activate.

In addition to visual processes, light also induces important
physiological responses in the majority of animals, such as pupil
constriction, pineal melatonin suppression, and the entrainment
of circadian rhythms (Freedman et al., 1999; Lucas et al., 2001;
Rea et al., 2002; Semo et al., 2003). Circadian rhythms, which
oscillate over ~24 h, allow animals to respond to temporal events
in the environment when it is generally most beneficial to do
so (e.g., synchronicity of the daily sleep/wake cycle to coincide
with the availability of food); however, biological rhythms may be
regulated over longer (and shorter) time periods (e.g., circannual

cycles oscillate over a year) and are critical for the timing of
major biological events such as maturation, reproduction and
migration (Foster and Hankins, 2002). Pioneering research with
house sparrows (Passer domesticus) in the 1960-1970s revealed
that development of the testes is under photoperiodic control
and is maintained even when the eyes and pineal gland are
removed (Menaker et al., 1970). With the general exception of
mammalian vertebrates, light detection is not only performed by
the eye, but by photoreceptive cells present in other regions of
the body, including the pineal complex, the deep brain and the
skin (reviewed by Vigh et al., 2002; Davies et al., 2010, 2014, 2015;
Hankins et al., 2014). This additional light sense is referred to as
“extraocular photoreception” (Millott, 1968), or more generally
as “non-visual photoreception” since the eye performs many
functions that do not involve classical image-formation. The skin
or dermis is a particularly important site of photoreception as it
is the first part of the body to receive light and typically presents a
large surface area for photon capture. Classic studies of dermal
light detection with a variety of organisms such as hydroids,
flatworms, anemones, lampreys, blind cave fish, and many others,
have revealed that the skin is not only sensitive to changes
in light intensity, but also to different wavelengths (Steven,
1963). Simple dermal photoreception was previously thought to
be limited to primitive animals, with more specialized organs
such as the eye considered the main sites for light detection in
complex organisms. However, it is becoming increasingly clear
that this is not the case, and the underlying mechanisms of
light detection by the skin are surprisingly sophisticated and
critical to animal behavior and survival. Recently it was shown
that isolated cnidarian tentacles (Hydra vulgaris) can distinguish
between, and respond to, various wavelengths (i.e., colors) across
the visible spectrum despite lacking structures that resemble
traditional photoreceptors (Guertin and Kass-Simon, 2015).
However, the photosensory pigments and pathways that are
involved in dermal non-visual light detection remain to be fully
determined.

In poikilothermic animals, non-visual photoreceptors
can occur in specialist pigment containing cells, known as
chromatophores (Table1). Chromatophores contain the
pigments that are responsible for generating the body coloration

TABLE 1 | Classification of chromatophores, including their color and absorbance properties.

Type Chromatophore Pigment/platelet Color Spectral peak of absorbance (Amax)
Pigmentary Melanophore Melanin Brown to black Approximately even across the visible spectrum (300-700 nm)
Erythrophore Carotenoids and pteridines Yellow to red Combination of three pigments with spectral maxima at 440,
467, and 477 nm
Xanthophores Carotentoids and pteridines Yellow to red Combination of three pigments with spectral maxima at 440,
467 and 477 nm
Structural Iridophore Primarily guanine platelets, also Iridescent/silvery 350-400 nm and 500-600 nm
hypoxanthine and uric acid
Structural Leucophore Cytoplasm, purines or colorless pteridines White 300-700 nm (especially in the UV range)

The wavelength of maximum absorbance (,Amax) of the xanthophores and erythrophores depends on the relative proportion of tunaxanthin (yellow, a carotenoid), astaxanthin (orange-red,
a keto-carotenoid) and drosopterin (red, a pteridine) (\max absorbance values are taken from Armstrong et al., 2000, Grether et al., 2004).
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of amphibians, reptiles, crustaceans, insects cephalopods, and
fishes, but also mediate changes in coloration observed in these
animals (Parker, 1948; Bagnara and Hadley, 1973; Umbers et al.,
2014). The notion that chromatophores might respond directly
to changes in ambient light is of particular relevance to behavioral
and evolutionary ecologists due to the important functional
role of coloration in thermoregulation, social communication,
sexual selection, and predator avoidance (Cott, 1940; Stevens
and Merilaita, 2009; Stuart-Fox and Moussalli, 2009; Stevens,
2016). Depending on the species, individuals respond to changes

in the light environment by either aggregating or dispersing the
pigments located in their chromatophores, causing a change in
the area of body coloration (Figure 1). Thus, the identification
of photoreceptors in the skin potentially provides a localized
mechanism of light detection for specific regions of the body
that is independent from image-forming visual processes.
Indeed, regulatory independence from ocular photoreception
is advantageous for rapid dermal changes in color, due to the
lack of requirement for complex neural or endocrine signaling
pathways involving the eye, brain, and skin (the exception being

A Reflectance depends on
thickness, spacing and orientation

Absorbance of
short (violet/blue)
wavelengths

Aggregated

Absorbance of short
wavelengths and
reflectance of
long wavelengths

__Epidermis
__Basal lamella

Xanthophores
(filtering)

~Iridophores
(scattering)

~ Melanophores [l
(absorbing)

Dispersed

melanin pigments
(animal appears pale)

P melanin pigments
(animal appears dark)

FIGURE 1 | The structure and function of chromatophores. (A) lllustration of a section of skin showing the dermal chromatophore unit (modified from Bagnara
et al., 1968; Bagnara and Hadley, 1973) and how the interaction of the chromatophores results in the observed reflectance spectrum of a color patch. The upper
layers of xanthophores and erythrophores act to filter light and preferentially absorb short wavelengths (violets and blues). The underlying iridophores may reflect all
incident light or partially scatter light depending on the thickness, spacing, and orientation of the platelets. Any remaining light is absorbed by the melanophores or
reflected back through the upper chromatophores by a basal layer of leucophores (if present). If the platelets of the iridophores are arranged to reflect light of all
wavelengths equally, the animal will appear silver, yellow, orange or red depending on the pigment composition of the xanthophores (Grether et al., 2004). If the
platelets are arranged so that light is partly reflected, long-wavelength light is absorbed by the melanophores, while short-wavelengths are reflected. This results in the
animal appearing blue if no xanthophores are present, or yellow-green, green or blue-green if xanthophores are present (Grether et al., 2004). In the context of color
change, note that the dendritic processes of the melanophores extend up and terminate above the iridophores. (B) During color change on dark backgrounds, the
iridophores may aggregate (leading to a reduction in the surface area of reflectance), while melanin pigments move into the dendritic processes to cover the
iridophores (Bagnara and Hadley, 1973). The overall effect is a change in the shape of the melanophore. Thus, melanin pigments are aggregated when the animal is
placed on a pale background, making the animal appear pale, while pigments are dispersed on a dark background, thereby darkening the skin of the animal.
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cephalopods as discussed below). In addition, direct dermal
photosensitivity could supplement any photic input received
by the retina and/or provide luminance information in regions
outside the field of view or outside the spectral range of the
visual photoreceptors. This is likely to be particularly important
when the head of the animal is hidden or buried, but other
parts of the body, such as the tail, are exposed to environmental
light. The ability to detect changes in environmental light also
provides animals with important temporal information about
their surroundings that can be used to regulate behavioral
activities, such as foraging and reproductive behaviors, as well
as regulating the cyclic changes in body coloration that are
commonly observed in poikilotherms (Caswell, 1950).

The aim of this review is to provide a brief overview
of the structure and classification of chromatophores, before
considering the evidence for light-mediated changes in skin
coloration that occur independently of the eyes. In this review,
different classes of chromatophores will be examined within the
context of whether they contain different types of opsin-based
photoreceptor, before considering the molecular mechanisms
that underpin and regulate dermal light detection. Finally,
the types of information that light detection by the skin
can potentially provide will be discussed, as well as how
dermal photoreception may guide a variety of behavioral and
physiological responses in animals. Although there are a number
of molecules that are responsible for photoreception in animals,
such as the blue light-sensitive cryptochromes that play a major
role in the circadian clock, this review focuses on opsins.
Being functionally diverse, having a broad spectral range with
absorbance maxima ~360-625 nm (depending on chromophore
usage), as well as being expressed in peripheral tissues such
as the skin, opsin pigments (especially visual opsins) are ideal
candidates for the molecular basis of dermal photosensitivity;
however, their light detection mechanisms are poorly understood
outside of their roles in image-forming vision. This review finds
that in many studies, the cell types in which the opsins are
expressed have not been identified; thus, the general phrase “light
detection by the skin” is used to encompass a range of potential
photoreceptive sites located within the dermal area.

STRUCTURE AND CLASSIFICATION OF
CHROMATOPHORES

The body color patterns of animals such as amphibians, fishes,
reptiles, and cephalopods are generated and altered using
specialist pigment-containing chromatophores that absorb or
reflect light (Fujii, 1993; Skold et al., 2016). These cells are
generally classified as follows based on their color, which in turn
reflects the pigments they contain (Table 1): (1) brown/black
melanophores that contain melanin; (2) erythrophores (red)
colored by various carotenoids; and (3) xanthophores, which
are colored yellow by the presence of pteridine pigments.
Two further chromatophore classes exist that generate color
due to the light-reflecting structural properties of the purine
platelets they contain, namely iridophores (silvery and iridescent)
and leucophores (white). In poikilothermic vertebrates, the

basic dermal chromatophore comprises three layers: basal
melanophores that absorb light of all wavelengths, an iridophore
layer that reflects light, and an outer layer of xanthophores
and erythrophores that absorb short-wavelength light (Bagnara
and Hadley, 1973; Grether et al., 2004; Figure 1). The relative
amounts of each chromatophore type, their density and state of
dispersion or aggregation determine the color of a particular skin
patch (Bagnara and Hadley, 1973; Grether et al., 2004).

The chromatophores of cephalopods differ from those of
other animals in their morphology; the pigment granules are
contained in an elastic sac that is controlled by radial muscles
and nerves connected directly to the brain (Messenger, 2001). In
fishes, reptiles, and amphibians, color changes have historically
been categorized as rapid “physiological color change” that
is mediated by the motile activity of the chromatophores, or
“morphological color change,” which refers to color change that
occurs more slowly and involves the production or absence of
pigments (Bagnara and Hadley, 1973; Fujii and Oshima, 1986;
Fujii, 1993). In practice, this distinction is not based on distinct
mechanisms and is, thus, somewhat arbitrary. The underlying
mechanisms of physiological color change are best understood
for the melanophores of fishes, where chromatophores were
initially considered to respond primarily to the intensity of
light and secondarily, or indirectly via melanocyte stimulating
hormone (MSH) produced by the pituitary gland and melatonin
secreted by the pineal complex (Bagnara and Hadley, 1973).
Nonetheless, several studies have re-examined photoreception in
chromatophores (melanophores in particular) and demonstrated
that they are also sensitive to particular wavelengths of light.

MELANOPHORE RESPONSES TO
ENVIRONMENTAL LIGHT

The possibility of non-visual photosensitivity was first suggested
by Karl von Frisch in 1911, when it was noted that common
minnows (Phoxinus phoxinus) change their skin coloration in
response to light, even when the eyes and pineal organs had
been removed, leading to the suggestion that light detection
occurred in the deep regions of the brain (von Frisch, 1911).
This was followed by work with mosquitofish in the 1940s, which
demonstrated that fish placed on a dark background for several
weeks disperse melanin in the skin to darken their coloration,
while those placed on a white background aggregate melanin and
appear pale (Sumner, 1935a). Furthermore, experiments with
both bird and fish predators revealed the protective value of this
color change, as fish that matched their background were less
likely to be attacked than mismatched fish (Sumner, 1935a,b).
Such camouflage strategies are not limited to vertebrates; indeed,
a number of studies in invertebrates have also demonstrated body
color changes that serve to match the local background [e.g.,
shore crab (Carcinus maenas) juveniles (Stevens et al., 2014a,b)].

It has sometimes been assumed that the color change
response is mediated by the eye, based on the ratio of light
coming from above relative to that reflected off the substrate
below (Sugimoto, 2002). However, a number of studies has
revealed that chromatophore responses to light are maintained
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in denervated tissue preparations (Fujii, 2000). For example, in
the cryprinid fish Zacco temmincki, the melanophores in excised
scales aggregate when exposed to the dark and disperse on
exposure to light, where the level of aggregation depends on the
light intensity (Iga and Takabatake, 1983). Other studies have
examined the spectral sensitivity of fish melanophores, showing
for example, that the optimum wavelength for melanosome
dispersion in Z. temmincki is 525nm (Hiroyuki et al., 1988).
Studies with reptiles have also revealed that blinded animals can
change color for background matching. One such investigation
showed that Moorish geckos (Tarentola mauritanica) exhibit
the same skin darkening response when placed on a black
background, irrespective of whether the eyes were covered or not.
By contrast, no color change was observed when the thorax was
obscured, suggesting that light detection occurs in this region
(Fulgione et al., 2014). Subsequent molecular and histological
analyzes revealed that a light sensitive visual pigment was present
in the skin tissues of T. mauritanica and showed higher levels
of expression in the flanks than on the back or belly (Fulgione
etal., 2014). In this case, the pigment was identified as the short-
wavelength-sensitive-1 (SWS1, but also known as OPN1SW)
opsin (Figure 2), although it is currently unknown if this pigment
is sensitive to ultraviolet (UV) or violet wavelengths.

A number of studies have shown that blind or eyeless
Xenopus laevis (Imai and Takahashi, 1971), the Mexican axolotl

Ambystoma mexicanum (Epp, 1972), and hybrids of Astyanax
mexicanus generated by crossing surface and Pachén cavefish
pleiotropic forms (Gross et al., 2016), display a permanently
darker phenotype. This suggests that there is an association
between light detection by the eye and the production of body
pigmentation; however, by contrast, many species that dwell in
light restricted environments (e.g., cave animals) are often blind
or visually impaired and present with a loss of pigmentation
or an albino phenotype (e.g., many A. mexicanus populations)
(Culver, 1982; Jeffery, 2009a,b), so the underlying mechanisms
that are currently debated are likely to be very complex. For
example, a zebrafish mutant (i.e., “lakritz” or “lak”) that lacks
the ath5 gene [which is present in retinal ganglion cells (RGCs)]
is unable to distribute melanin pigment, remains permanently
darkened, and is unable to exhibit background matching (Kay
et al., 2001), suggesting a central role of the eyes (or at least
this gene) in pigment aggregation. By contrast, further evidence
from zebrafish suggests pigment dispersion (i.e., skin darkening)
occurs independently of the eyes (Shiraki et al., 2010). Dermal
melanophores in zebrafish larvae, which naturally develop a
characteristic horizontal banding body pattern and are thought
to protect again UV damage, responded to illumination from
2 days post-fertilization by rapidly dispersing melanin granules,
whereas delayed pigment aggregation occurred at 3 days post-
fertilization (Shiraki et al., 2010). Furthermore, enucleation

>
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FIGURE 2 | Opsin diversity and expression in the skin of a model vertebrate. (A) A representative phylogenetic tree of vertebrate visual (green) and non-visual
(blue) pigment genes, showing the presence of 42 opsin sequences in the model teleost species, zebrafish (Danio rerio), including pinopsin (absent in teleosts, but
found in other non-mammalian lineages). Opsin gene classes are divided into extra-ocular rhodopsin (exorh), rhodopsin-like-1 (rh7) rod opsins (rh7.7 and rh1.2),
rhodopsin-like-2 (rh2) cone opsins (rh2.7, rh2.2, rh2.3, and rh2.4), short-wavelength-sensitive-2 (sws2) cone opsin, short-wavelength-sensitive-1 (sws7) cone opsin,
long-wavelength-sensitive (lws) cone opsins (ws7 and lws2), vertebrate ancient (va) opsins (val and va2), parapinopsins (parapinopsin a and parapinopsin b),
parietopsin, encephalopsin/panopsin (opn3), teleost multiple tissue (tmt) opsins (tmt1a, tmt1b, tmt2a, tmt2b, tmt3a, and tmt3b), neuropsin (opnb), novel opsins (opn6,
opn7, opn8, and opn9), retinal pigment epithelium-derived rhodopsin homolog (rrh; also known as peropsin), retinal pigment epithelium (RPE) retinal G protein
receptors (rgr) (rgr1 and rgr2), mammalian-like melanopsins (opn4m) (opn4m1, opn4m2, and opn4m3), and Xenopus-like melanopsins (opn4x) (opn4x1 and opn4x2).
(B) Gene expression profiling of adult zebrafish opsin transcripts in the skin using the NanoString nCounter assay. Relative opsin gene expression is presented as bar
charts on a logyg scale. Each column represents a different opsin, which is color-coded as described above. Modified from Davies et al. (2015).
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abolished pigment aggregation, but not granule dispersal. These
data suggest, at least in zebrafish, that pigment dispersion and
aggregation are eye-independent and eye-dependent, respectively
(Shiraki et al., 2010). The authors stated a number of possible
candidate pigments; however, they did not provide any evidence
for their expression in skin tissues except for two out of the five
melanopsin (opn4) genes (Davies et al., 2011), a pigment class
first identified from dermal melanophores of the African clawed
frog, Xenopus laevis (Provencio et al,, 1998). More recently,
a critical study demonstrated that zebrafish possess 42 opsin
genes in their genome, including many previously unpublished
novel pigments (Figure 2; Davies et al., 2015). Surprisingly, the
authors demonstrated that 38 of these genes, encompassing all
the known visual pigments and most non-visual opsins, were
expressed in the skin (Figure 2; Davies et al., 2015). It is likely
that many of these pigments are involved in multiple non-visual
tasks (e.g., modulation of peripheral clocks, photoisomerization,
UV detection, and DNA repair); nonetheless, it would not be
unexpected if many of these light-activated proteins also played
a photosensory role in localized pigment dispersion, a hypothesis
that warrants further investigation. Of particular interest is the
observation that ~40% of non-mammalian opsin gene classes
are conserved in the mammalian lineage (Davies et al., 2015),
some of which (e.g., OPNISW; rhodopsin-1, RHI; panopsin,
OPN3, and neuropsin, OPN5) are expressed in dermal tissue of
mice (Kojima et al., 2011; de Assis et al.,, 2016) and humans
(Tsutsumi et al., 2009; Kim et al., 2013; Haltaufderhyde et al,
2015). Their functional roles are currently unknown; however, it
has been suggested that they might be involved in the detection
of solar radiation and may induce photo-protective cellular and
behavioral mechanisms.

RESPONSES OF OTHER
CHROMATOPHORES TO LIGHT

In addition to melanophores, there is evidence that other types of
chromatophore exist that may display a direct response to light
that is independent from ocular photoreception (Oshima, 2001).
For example, the reflectance of the iridophores that form the
iridescent “neon” lateral stripe of neon tetras (e.g., Paracheirodon
innesi) changes from a blue-green coloration during the day to
a violet-blue color at night, even in decapitated tetras (Lythgoe
and Shand, 1982). This color change occurs by altering the
thickness of the cytoplasmic layer between the guanine platelets
and commences a few minutes after the experimental lighting is
switched on, with the full transition from blue-green to violet-
blue being complete within 25-35 min. Immunofluorescence
staining revealed that light detection by the iridophores is
regulated by opsin-based visual pigments (Lythgoe et al., 1984);
however, which pigment classes might be involved remained
undetermined until a 2006 study identified the dermal expression
of a rod opsin (rhodopsin-1; rhl) gene and two cone opsin
(i.e., rhodopsin-like-2 (rh2) class) genes in iridophores most
photosensitive to 500 nm (Kasai and Oshima, 2006).

In Nile tilapia (Oreochromis niloticus), erythrophore pigments
in denervated caudal tissue aggregated when exposed to light

within two wavelength ranges, 400-440 nm and 550-600 nm,
and dispersed when exposed to wavelengths between 470 and
530 nm (Oshima and Yokozeki, 1999), a spectrally antagonistic
photosensitive mechanism that was subsequently confirmed
and functionally characterized (Chen et al., 2015) and shown
to be influenced by different chromatic backgrounds (Chen
et al, 2014). The authors of the earlier study suggested that
the wavelength range for optimum dispersion coincides with
the wavelength of maximum sunlight intensity (i.e., 500 nm)
during peak reproductive activity for this species in spring
and summer (Oshima and Yokozeki, 1999). Nonetheless, such
changes could also occur due to seasonal variation in the intensity
and wavelength of light in the aquatic environment (e.g., due
to changes in the humic (organic matter) content of the water).
Molecular analyzes have shown some consistency between these
studies as both medium-wavelength-sensitive (rh2) and long-
wavelength-sensitive (Iws) opsin genes were identified (Ban et al.,
2005). More recently, a greater number of opsins were found in
Nile tilapia fin erythrophores (as well as melanophores), where
single-cell analyzes revealed diverse expression patterns: some
cells expressed single opsins (e.g., swsl or rh2b in melanophores;
swsl or one of the three rh2 subclasses in erythrophores), while
others appeared to co-express multiple pigment genes (Chen
et al., 2013). Xanthophores from medaka (Oryzias latipes) also
showed a direct and rapid (within 30 s) aggregation response
to light that was higher in the summer compared to the winter,
which maximally responded to wavelengths of 410-420 nm
(Oshima et al., 1998).

NON-VISUAL LIGHT DETECTION IN
CEPHALOPODS

In cephalopods, expansion of the chromatophores causes the
pigment sac to stretch and decrease in thickness, thereby
increasing the surface area of pigmentation and causing the
skin to change color (Cloney and Florey, 1968). Expansion
and contraction of the chromatophores in cephalopods is
primarily controlled by visual input and information from
the central nervous system (CNS) (Messenger, 2001), yet
early studies suggested that dermal chromatophores could be
stimulated directly by light. Chromatophores in isolated skin
preparations of the opalescent inshore squid (Loligo opalescens,
now renamed as Doryteuthis opalescens) undergo spontaneous
pigment expansions that are enhanced by light when tissue
samples have been kept in the dark for several hours (Florey,
1966). Similarly, the common octopus (Octopus vulgaris), can
develop a mottled skin pattern within 1s after exposure to a
light pulse, following the removal of the supraoesophageal brain
and in the absence of any optic input (Packard and Brancato,
1993). More recently, studies with isolated mantle sections of
the California two-spot octopus (Octopus bimaculoides) have
revealed that bright light initiates rapid expansion of the
chromatophores, causing these organs to become fully expanded
within 5s of the onset of the light stimulus (Ramirez and
Oakley, 2015). Furthermore, this “light-activated chromatophore
expansion” response occurred most rapidly when blue light
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(470-480nm) was used as the stimulus, when testing a
wavelength range of 400-660 nm. The spectral sensitivity of the
photopigment present in the eyes of O. vulgaris is maximally
sensitive to 474 nm, which suggests that activation of the same
opsin, and induction of a suitable phototransduction cascade in
the skin, is a likely mechanism for localized light detection in this
species (Ramirez and Oakley, 2015).

MECHANISMS OF NON-VISUAL LIGHT
DETECTION

Biologists have long noted that spectral sensitivities of multiple
dermal light responses match that of the visual pigments
utilized in the same organism, thus suggesting that the same
photopigment/s might be involved (Steven, 1963). Such are the
cases where both rod and cone pigments have been identified
in dermal chromatophores in multiple species, as discussed
above. Only relatively recently, however, have researchers
begun to investigate the specific mechanisms of extraretinal
photoreception, which is probably due to the apparent
complexity of the underlying molecular pathways. In some
cases, novel light transduction pathways have been elucidated;
in Drosophila melanogaster larvae for example, a distinct class
of sensory neurons (class IV dendritic aborization neurons)
that cover almost the entire body wall are photosensitive,
facilitating a unique mechanism of light detection (based on
a gustatory G-protein coupled receptor, Gr28b) that mediates
light avoidance behaviors (Xiang et al., 2010). In larval sponges
such as Amphimedon queenslandica that do not possess opsins
or a nervous system, phototactic swimming behavior may be
mediated by cryptochromes, such as Aq-Cry2 that is expressed
in the pigment ring eyes and has an absorption spectrum that is
similar to that of phototactic behaviors (i.e., ~450 nm) (Rivera
et al, 2012). Whether these non-opsin-based photosensory
mechanisms function in ways that are unique to these organisms
or are more widespread in the animal kingdom remains to be
determined.

In marine annelids such as Nereis diversicolor and Platynereis
dumerilii, dermal photoreceptors are present on the parapodia
and can control the shadow reflex when the head is removed
(Gwilliam, 1969). More recently, it has been shown that
P. dumerilii possess non-cephalic photoreceptive cells that
express “rhabdomeric-type” opsins (see below) that are
orthologous to two pigment genes expressed in the teleost eye
and other peripheral tissues (i.e., mammalian-like melanopsin
opn4m2 and Xenopus-like melanopsin opn4x2), suggesting
that non-cephalic photoreception may be more common
than previously thought (Backfisch et al, 2013). In Xenopus
laevis larvae, which have been well studied with respect to
melanophore responses to environmental light, variation in
skin pigmentation for background adaptation is regulated by
light-dependent changes in the number of neurons in the deep
brain that express the neurotransmitter dopamine (Dulcis
and Spitzer, 2008). Recent work suggests that non-ocular
photoreception may utilize both opsins and/or cryptochromes as
photosensitive molecules; the isolated nervous system of X. laevis

tadpoles produces swimming activity when stimulated by short-
wavelength (400 nm) light; a motor response that appears to be
mediated by neuropsin (opn5) and/or cryptochrome 1 (cry 1)
in the caudal diencephalon (Currie et al., 2016). It is likely that
a number of interacting photoreceptive molecules, combined
with their respective underlying neural and hormonal pathways,
contribute both to changes in animal coloration and diverse
photosensitive behaviors.

An increasing number of studies suggest that non-visual light
detection can be mediated by closely related opsin classes to
those responsible for photoreception in the retina. For example,
non-classical visual opsin-like pigments (sometimes referred to
as “ciliary-type” or “c-opsins,” as opposed to “rhabdomeric-type”
or “r-opsins”) are expressed in photoreceptor cells found in the
tube feet, spines, and epidermis of sea urchins, and in the spines
of brittle stars and starfish (Burke et al., 2006; Raible et al., 2006;
Sodergren et al., 2006; Ullrich-Liiter et al., 2013; Delroisse et al.,
2014, 2016), as well as classical non-visual opsin-like pigments
(“rhabdomeric-like” or “r-opsins”) in sea urchin tube feet (Burke
et al., 2006; Raible et al., 2006; Sodergren et al., 2006; Lesser et al.,
2011). Several species of Hydra (members of Cnidaria, which
contain sea anemones, corals, and jellyfish) lack eyes or ocelli,
but possess a “rhodopsin-like” protein in the ectodermal layer
(Musio et al., 2001). Specifically, the presence of opsins appears to
induce a phototransduction cascade that regulates the discharge
of the cnidocyte or “stinging cell,” where secretions are ejected
for prey capture, defense, and locomotion (Kass-Simon and
Scappaticci, 2002). Subsequent behavioral studies have revealed
that cnidocyte discharge rates were significantly higher under
dim light conditions than under bright light, suggesting that
their function might be related to diurnal feeding cycles, the
detection of shadows caused by prey, or phototaxis (Plachetzki
etal, 2012).

In cephalopods, with probably the most mesmerizing displays
of rapid color change mediated by chromatophores, several
studies have revealed that opsins that are more related to
craniate melanopsin (Davies et al, 2010, 2014) [which are
also responsible for vision in molluscs and arthropods and
confusingly labeled as “rhodopsins” (Davies et al, 2012a)],
are also present in the skin of cuttlefish Sepia officinalis and
O. bimaculoides, and the longfin squid (D. pealeii) (Kingston
et al, 2015a; Kingston and Cronin, 2016). In S. officinalis,
opsin transcripts detected in the dorsal fin are molecularly and
functionally identical to invertebrate-type rhodopsins identified
in the retina (Mathger et al., 2010). Similarly, opsins present
in the skin of the dorsal mantle of O. bimaculoides are almost
identical to those expressed in the eyes of the animal (Ramirez
and Oakley, 2015). However, to demonstrate that extraocular
opsins function in photoreception, it is not only necessary to
confirm the expression of these photosensitive molecules in other
body regions, but to determine the presence of other components
that are involved in the phototransduction signaling pathway.
Unlike vertebrate visual phototransduction that comprises
pigment activation of transducin (a G protein trimer), which
in turn induces the activity of phosphodiesterase (PDE) and
hyperpolarization of photoreceptors through closure of cyclic
nucleotide-gated (CNG) ion channels (Fain et al., 2010; Lamb,
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2013), the invertebrate visual signaling cascade involves Gq-
type activation, phospholipase C (PLC), the messengers inositol
1,4,5-triphosphate (IP3), and diacylglycerol (DAG), which results
in cellular depolarization mediated by the opening of transient
receptor potential (TRP) channels (Montell, 2012). A recent
study with several species of cuttlefish (S. officinalis, S. latimanus)
and squid (D. pealeii) revealed that a number of these latter
components were present in dermal chromatophores, including
retinochrome (an invertebrate opsin-like protein that catalyzes
the conversion of the chromophore from all-trans retinal to 11-
cis retinal), G proteins, and TRP channels, with each mRNA
transcript being identical to those found in the retina of these
species (Kingston et al., 2015b). Similarly, G proteins and PLC
have been identified in the skin of the octopus, O. bimaculoides
(Speiser et al., 2014). Collectively, these studies provide good
evidence that dermal opsins in invertebrate chromatophores
respond to light independently of the CNS and use the same
visual phototransduction cascade present in the retina. It is
unclear, however, whether these same visual phototransduction
pathways operate in the chromatophores of other animals that
can change their coloration.

If light detection by the skin is mediated by the same visual
opsins and phototransduction pathways that occur in the retina,
the sensitivity of dermal photoreceptors to changes in light
intensity will generally be quite limited, when compared to
the vast natural variation in illumination that occurs during
the diel light cycle. Indeed, natural light varies over 8 log
units between sunlight and starlight (Land and Nilsson, 2012),
and the photosensitivity of visual pigments is highly restricted
by comparison to non-visual pigments (Figure 3). Specifically,
simple non-directional photoreceptors, such as those present in
the skin, are predicted to be sensitive to the entire intensity
range of natural luminance. This suggests that there are other
photosensitive pigments involved in irradiance detection, besides
the visual opsins. Melanopsin, which is a light-sensitive pigment
restricted to the RGCs of mammals (Provencio et al., 2000,
2002; Pires et al., 2007, 2009; Davies et al., 2010, 2012c, 2014;
Hankins et al., 2014), but expressed in a multitude of tissues in
most, if not all, non-mammalian taxa (Provencio et al., 1998;
Bellingham et al., 2002, 2006; Drivenes et al., 2003; Jenkins
et al., 2003; Chaurasia et al., 2005; Koyanagi et al., 2005; Frigato
et al,, 2006; Grone et al., 2007; Cheng et al., 2009; Davies et al.,
2010, 2011, 2012b, 2014, 2015; Hankins et al., 2014), is a likely
candidate as it was initially identified in amphibian dermal
melanophores (Provencio et al., 1998). Indeed, the vertebrate
melanopsin signaling pathway is very similar to that utilized
by invertebrate retinal and dermal opsins (Isoldi et al., 2005;
Contin et al., 2006; Graham et al., 2008), although there are
notable differences (Panda et al., 2005; Peirson and Foster, 2006;
Hughes et al., 2012; Davies et al,, 2014). In X. laevis, light
activates melanopsin and causes the dispersion of melanin within
the melanophores (Isoldi et al., 2005). Melanopsin is known
to regulate circadian rhythms by photoentrainment (Freedman
et al., 1999; Semo et al.,, 2003) and may be present in the dermis
in conjunction with visual opsins, thereby providing parallel
light detection pathways to allow animals to discriminate among
changes in irradiance associated with the time of day and those

related to the local external environment (e.g., water depth,
where both the intensity and spectral range of downwelling light
diminish from the surface to the mesopelagic zone, Jerlov, 1976;
Denton, 1990). This would also facilitate changes in coloration
associated with photoperiod, which are relatively well known in
lizards (Underwood, 1985; Binkley et al., 1987). Bearded dragons
(Pogona vitticipe), for example, maintain a cyclic rhythm of skin
color change that is maintained when the animals are held in
constant darkness (Fan et al., 2014).

FUNCTIONS OF NON-VISUAL LIGHT
DETECTION BY THE SKIN

Photoreceptors that are not involved with image-forming vision
have the potential to provide critical information about the
spectral characteristic of any habitat within which an organism
lives. At a fundamental level, the ability to detect changes in
the intensity and wavelength of light can instruct a species
with temporal information about the time of day, the weather
(e.g., presence of cloud cover), the time of year, and the lunar
cycle. In addition, the level of ambient light provides important
cues regarding local surroundings, such as water depth and
the presence of shading from nearby objects or other animals
(e.g., predators or prey) (Shand and Foster, 1999; Nilsson,
2009). These essential cues allow animals to time their daily
or seasonal activities: for example, to forage when diurnally
migrating plankton are present, to stay hidden during the times
of day when predators are active, or to remain buried or move
to deeper waters at the time of day when the intensity of UV
light reaches a peak (Nilsson, 2009). These simple sensory tasks
require non-directional sensitivity to light and represent the
simplest form of irradiance detection (Nilsson, 2009). Sensitivity
to directional light is the next evolutionary step, serving as
the basis for phototactic responses and the control of light-
dependent body orientation (Nilsson, 2009). The advantages of
phototactic responses include an better chance of encountering
photosynthetic prey, increased probability of gamete encounters,
and enhanced larval dispersal in marine invertebrates (reviewed
by Jékely, 2009).

In complex organisms such as cephalopods, dermal
photosensitivity may provide an explanation for how animals
can rapidly adjust their coloration for both social signaling and
camouflage, thereby providing optimal patterning despite not
possessing classical ocular color vision (Mithger et al., 2010).
In the neon tetra, changes in the spectral properties of the
iridocytes may allow fish to appear conspicuous during the day
and cryptic at night (Lythgoe and Shand, 1982). Light detection
by photoreceptors present in particularly vulnerable body parts,
such as the tails of sea snakes, may aid their ability to detect dark
crevices to remain concealed from predators (Zimmerman and
Heatwole, 1990). Whichever behaviors are exhibited, individual
chromatophores may function and sense light independently,
or operate in conjunction with nearby receptors to provide
regionalized light detection, thereby providing supplementary
information to that received by the retina (Kingston et al,
2015b).
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FIGURE 3 | Photoreceptor sensitivity and environmental luminance. A diagram showing the range of light intensities present during the diel light cycle, with
luminance plotted on a logarithmic scale over 10 log units (modified from Nilsson, 2009). In the upper part of the figure, changes in light levels are indicated at different
time points (e.g., midday vs. midnight) and under diverse environmental conditions [e.g., from starlight (1012 photons m—2s1 srq) to sunlight (1020 photons m—2
s~ g1 ]). The lower part of the figure demonstrates how downwelling light becomes less intense, with a more restricted spectral range, as water depth increases
(Jerlov, 1976; Denton, 1990) in oceanic and coastal regions (modified from Speight and Henderson, 2010; Davies et al., 2012a). Equivalent luminance levels of light
above water compared to below sea level are shown by dotted lines (modified from Nilsson, 2009). The functional range of different photoreceptor types are indicted
in the middle of the figure, such that non-directional photoreceptors (e.g., those expressing melanopsin pigments) are operational over a broad range of light
intensities compared to rods and cones that express visual pigments. Directional and image-forming photoreceptor membranes (i.e., outer segments) are arranged in
stacked structures that permit an increase in photosensitivity (dark blue) compared to unstacked structures (light blue) (modified from Nilsson, 2009). Differences
between photoreceptor sensitivities suggest that dermal chromatophores that contain (or co-express) visual and non-visual pigments might be able to detect a wide
range of wavelengths and light intensities, thereby providing the molecular basis for body color changes as discussed in the main text.

CONCLUSIONS

Non-visual light detection is likely to play an important role
in the behavior of animals, yet information regarding function,

as well as the pigments and phototransduction components
involved, is generally lacking. While a great deal of work has
highlighted the role of melanopsin in photoentrainment (e.g.,
the regulation of the sleep/wake cycle and the timing of seasonal
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reproductive events), there is a paucity of studies examining
the function and regulation of other light-sensitive pigments.
Although a number of investigations propose the involvement
of some visual pigments in dermal photoreception, most of the
non-visual opsin classes have been largely ignored.

Dermal light sensitivity is of particular importance as the skin
is the primary surface encountered by photons. Additionally, the
pigment cells that are sensitive to light (i.e., chromatophores)
are not only responsible for generating animal coloration, but
can be used to directly control changes in skin pigmentation.
Thus, dermal light detection provides a direct link between
the ambient light environment and the use of color patterns
for functional roles such as thermoregulation, social signaling,
and camouflage. The presence of spectrally distinct classes of
photopigment in the chromatophores of some animals suggests
that they may function to detect intensity and wavelength
shifts in irradiance associated with the diurnal period, or at
specific times of the day (e.g., dawn and dusk). This would
allow animals to optimize changes in coloration according to
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to investigate the function and regulation of chromatophores,
both in varying light environments and in different behavioral
scenarios.
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