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There have been a growing number of studies into the visual evolution of vertebrates.

However, there remain few detailed integrative studies on the visual system of

amphibians using morphological, molecular and physiological methods outside of a

few model species. There are many examples of amphibian species that are closely

related phylogenetically, but occupy vastly different ecological niches and so provide a

substantial resource for the study of adaptive evolution. This review will examine the

published literature on the three living orders of amphibians, the Anurans, Caudata,

and Gymnophiona.
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INTRODUCTION

The amphibian ancestor that pioneered the vertebrate colonization of the terrestrial environment is
considered to be one of the most critical periods in vertebrate evolution (Herrick, 1948). This event
was mainly associated with the transformation of fins into five-digit appendages, thus transforming
locomotion from swimming to walking and initiating the diversification of land-based vertebrates
(Nilsson, 2017). It was suggested, however, that a dramatic change in sensory abilities preceded
the evolution of walking (MacIver et al., 2017). The move from aquatic to terrestrial life changed
general eye morphology and a shift in eye position dorsally during the evolution of the first
amphibious tetrapods from lobe-finned fishes. The Anura (frogs), the Caudata (salamanders) and
the Gymnophiona (caecilians) are the only three remaining living orders of Amphibia (Frost et al.,
2006). However, amphibians as a group display substantial morphological diversity and a wide
variety of parental care, as well as reproductive modes (Duellman and Trueb, 1994; Wake and
Dicke, 1998; San Mauro et al., 2014).

This review will discuss the physiological, morphological and molecular adaptations associated
with eye evolution in Amphibia.

GENERAL MORPHOLOGY OF A VISUALLY ORIENTATED
AMPHIBIAN EYE

Visually orientated amphibians have an eye with features typically found in the vertebrate eye: for
example, they possess amulti-layered retina, a crystalline lens, vitreous and aqueous humor, a tough
sclera for support and a choroid which contains blood vessels (Walls, 1942).

Despite these common features, the amphibians show a wide diversity of eye morphologies that
reflects their diverse life histories and habitats.
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Disregarding the size of the eye, the frog (Anura) eye and
the newt (Caudata) eye are similar in structure (Reyer, 1977).
Both eye types have been extensively described (Walls, 1942;
Rochon-Duvigneaud, 1943; Duke-Elder, 1958; Reyer, 1977) and
are generally thought to have well-developed eyes capable of
high-resolution, with vision being a dominant sense in these
species (Dawley, 1998). Conversely, chemosensory and tactile
sensory systems are mainly used in caecilians (Himstedt and
Simon, 1995). Frogs are typically visually oriented predators; with
a prey capture mechanism (i.e., projectile tongues) that depends
on visual cues. Although some salamanders have independently
evolved a projectile tongue, prey capture is more commonly
through jaw movement, with both vision and olfaction being
important when locating prey. Several salamanders are cave
dwelling (e.g., Proteus sp.) and some are aquatic throughout
their lives (e.g., Cryptobranchus sp.), often as neotenic forms with
relatively small eyes (Griisser-Cornehls and Himstedt, 1976).

When amphibians left the water for dry land and acquired
aerial vision they were met by two potential challenges: eye
dryness and corneal, rather than lens, focusing. Specifically, an
optical reorientation of the aquatic eye to suit the new medium
occurred, with the provision of lids that were equipped with
elaborate glandular structures as a protection against drying
(Reyer, 1977). Accommodation in amphibians differs somewhat
from fish due to the transition from water to air. Terrestrial
features are apparent in the flattened shape of the lens and a more
spherical shape of the eye. The cornea is the major refractive
structure, especially in terrestrial animals, due to the high
difference in density between the cornea and the surrounding air
(Roth et al., 1998). Accommodation occurs by moving the lens as
a whole rather than the shape of the lens being changed by ciliary
muscles (Walls, 1942). The lens is subsequently displaced in
terrestrial adult amphibians that allows for a deep anterior cavity
and becoming rather flattened in the antero-posterior direction
(Walls, 1942; Keller and Shilton, 2002); however, there are
exceptions. For example, adult Triturus sp. exhibit considerable
aquatic behaviors and possess a spherical lens (Himstedt, 1995).

The majority of amphibians that live their adult life on land
develop a short upper and lower lid during metamorphosis
(Walls, 1942). The retina and lens, structures related to
light detection, appear early in larval life, while terrestrial
elements do not develop until after metamorphosis (Volonteri
et al., 2017), with axolotls only having a dorsal eyelid
rudiment. Nictitating membranes, while present in frogs, are
absent in urodeles, but the reasons underlying this loss are
unclear (Cuny and Malacinski, 1986).

Eyelids and glands have adapted to protect eyes that are
exposed to air rather than water. The eyelids are folds of skin that
function in the cleaning and moistening of the cornea, whereas
glands lubricate the eye. The lachrymal gland produces tear fluid
and lies against the superior temporal quadrant of the eye in
the anterior part of the orbit. These tears are mixed with mucus
secreted by scattered cells in the conjunctiva. The Harderian
glands are hypertrophied and occupy the nasal half of the orbit
in caecilians (Walls, 1942).

The ciliary apparatus, used for accommodation in order to
focus on an object, show differences between different amphibian

orders, with a more complex mechanism found in visually
orientated frogs and salamanders. Dorsally and ventrally, in
both frogs and newts, smaller bundles of smooth muscle, the
tensor choroideae, extend from the sclera and insert onto the
choroid close to the ora serrata. In frogs, there is typically
a dorsal and ventral protractor lentis muscle. In salamanders,
there is only a ventral protractor lentis muscle and a dorsal
suspensory ligament (Walls, 1942). Non-derived caecilians, such
as Ichthyophis sp. and Rhinatrema sp., seem to have rudimentary
elements of a ciliary body (e.g., underdeveloped zonule fibers
and a potential ventral musculus protractor lentis) that is
functionally associated with the presence of aqueous humor
(Himstedt, 1995; Mohun and Wilkinson, 2015). An absence
of iris muscles and accommodation muscles was reported
in caecilians, so accommodation was presumed not to occur
(Himstedt, 1995). However, zonule fibers connecting the iris to
the lens andmusculus protractor lentis are present in Rhinatrema
sp. continuing toward the cornea and the iris that may suggest
that some accommodation might occur (Mohun et al., 2010).
Compared with other amphibians, the structure of the iris ciliary
body complex appears to be weakly developed. There are no
ciliary processes on the iris and no pupillary nodule to raise the
iris from the lens and permit aqueous fluid to move to the back
of the lens during accommodation (Mohun et al., 2010).

In addition to the six extrinsic muscles that occur in the
vertebrate eye, most salamanders and frogs possess retractor
bulbi and levator bulbi muscles that move the eye as a whole.
The retractor bulbi muscle is probably derived from the external
rectus muscle, as well as the levator bulbi muscle from the
jaw musculature (Duke-Elder, 1958). If the eye is touched, the
retractor muscle retracts the eyeball while simultaneously pulling
the nictitating membrane over the cornea. The levator bulbi
muscle pulls the eyeball forward again and the lower lid falls back
to its normal position. Eye retraction accompanies feeding and is
likely an aid to swallowing food (Levine et al., 2004).

The sensory tentacle found in caecilians is believed to
have co-opted numerous elements of a typical vertebrate eye.
For example, the Harderian gland, the eyelids, the retractor
and levator bulbi muscles and their nerves are present in
caecilians (Billo and Wake, 1987). The presence of a tentacle
is associated with the vomeronasal organ and its glands is a
diagnostic characteristic of caecilians. Indeed, it is believed that
the tentacle is involved in tactile and chemoreceptive functional
tasks (Himstedt and Simon, 1995). In most caecilians, the
tentacle migrates anteriorly from the eye in ontogeny, whereas
in scolecomorphids, the eye remains attached to the tentacle and
migrates with it out of the orbital chamber (Nussbaum, 1977).

Amphibian retinae are unusual in having two types of rod
photoreceptor (red and green), in addition to single and double
cones. The outer segment of the red rod is unusually large and
the nucleus is in contact with the outer limiting membrane,
a level generally occupied by cone nuclei (Walls, 1942). The
green rod differs from the red rod in having a shorter outer
segment and an elongated inner segment. The single cone has a
much smaller tapering outer segment compared to the red rod,
as well as a plump inner segment containing both an ellipsoid
of mitochondria (less densely packed than in the rod) and a
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darkly staining oil or lipid droplet. The single cone possesses an
oil droplet, while it is missing in the red rod (Mariani, 1986).
Differences have been noted between newt and frog retinas with
respect to the presence of oil droplets, cytoplasmic extensions
from the accessory member which clasp the principal member
of the double cone to that of a rod, and more extensive areas of
cell-to-cell contact among the different photoreceptors in frogs
(Keefe, 1971). The proportions of the rods, cones and double
cones are correlated with the relative degree of diurnal and
nocturnal activity (Griisser-Cornehls and Himstedt, 1976).

MORPHOLOGICAL ADAPTATIONS OF
AMPHIBIANS TO THE DARK

Amphibian visual systems has been observed in caecilians and
salamanders to adapt in cave dwelling and fossorial habitats
(Himstedt, 1995). This can be seen by a reduction in absolute
size, disorganization of the retina, an absence of the lens
and co-option of structures to other sensory systems (i.e.,
tactile/chemosensory tentacle).

Many authors have noted the reduction of the gymnophionian
visual system (Norris and Hughes, 1918; Walls, 1942; Storch
and Welsh, 1973). The eyes of adult caecilians are comparatively
small, covered with skin and occasionally bone, with retinal cells
containing only one type of opsin (rod) and structures now
utilized for chemosensory and tactile functions (Billo and Wake,
1987). Some researchers have been prompted by the fossorial
and possible nocturnal habits to suggest that the caecilian eye is
non-functional (Norris and Hughes, 1918; Walls, 1942). Storch
and Welsh (1973) examined the choroid layer ultrastructure
and photoreceptor cells of Ichthyophis cf. kohtoensis, where they
found reduced organelle counts in photoreceptor cells, a choroid
layer with a smooth basal plasma membrane, as well as few apical
cellular processes that only allow loose contact with the outer
segments of photoreceptor cells. They interpreted these data as
indicating “markedly decreased functional activity” (Storch and
Welsh, 1973). There are further differences between caecilian and
other amphibian eyes, including a lack of the development of
components for accommodation and the fusion of the cornea
to the dermis, all of which correlate with reduced function
(Himstedt, 1995). Although caecilian eyes are considerably
smaller compared to those of most other amphibians, both
absolutely and in relation to head and body size (Himstedt,
1995), more recent research has provided anatomical, behavioral,
physiological, neurological and molecular biological evidence
that show that while caecilian eyes are reduced they persist to
be functional in many respects (Wake, 1980, 1985; Himstedt,
1995; Dünker, 1997, 1998; Mohun, 2008; Mohun et al., 2010;
Mohun and Wilkinson, 2015).

Wake (1985) examined 18 caecilian species, including seven
of the ten families presently recognized (Wilkinson et al., 2011;
Kamei et al., 2012). Morphological confirmation of a functioning
eye, such as an optic nerve and a complex retina, was identified in
all species. Wake (1985) also found that the eyes were relatively
well-developed in caecilians with less heavily solidified skulls,
such as Ichthyophis spp. Rhinatrema bivittatum appears to be

more plesiomorphic than the ichthyophiids, with eyes projecting
further out from the skull, with an incompletely adherent cornea
less tightly attached to the surrounding skin, and possessing
aqueous humor (Mohun and Wilkinson, 2015). Those with
substantial, stegokrotaphic skulls (e.g., Gegeneophis sp.), thought
to be a derived adaptation to a more obligate burrowing lifestyle
(e.g., Ducey et al., 1993; Gower et al., 2004), sometimes had only
a mass of relatively undifferentiated cells with more rudimentary
eyes. The more rudimentary eye in Gegeneophis sp. is covered by
opaque bone and glandular skin, while the Ichthyophis sp. eye is
covered by transparent skin (Wake, 1985).

An atrophied visual system is an adaptively beneficial response
to the unique underground (or cave dwelling) environment
where light in greatly reduced or absent altogether (Nevo, 2007).
The eye morphology of caecilians and cave dwelling salamanders
have features that are associated with nocturnality, such as a
rod-based retina, large lenses and a thick and dark pigment
epithelium. These changes suggest that the eye has adapted
to reflect as much light on to the retina with a reduction
of obscuring light signals that could potentially reflect within
the eyeball (Walls, 1942). Some commonalities are found with
nocturnal vertebrates, such as some geckos and deep-sea fishes
that have rod-based visual systems (Kojima et al., 1992). The
primary benefit of sensory atrophy is the metabolic economy
achieved by reducing visual structures that do not significantly
contribute to the fitness of the animal (Nevo, 1999, 2007).
However, the retention of a rudimentary visual system in those
caecilians that have a heavily ossified skull and appear to be the
most dedicated burrowers, as well as cave dwelling salamanders
(e.g., Proteus anguinus) shows a loss of cone photoreceptors and
their associated opsins while retaining the rod photopigment
(Kos et al., 2001). Together, these aspects suggest that the
rudimentary eye serves some function, perhaps with respect to
photoperiodic perception and circadian photoentrainment.

VERTEBRATE OPSINS AND
PHOTORECEPTORS

The photoreceptor cells of vertebrates are of two general
types, namely the rods and cones (Walls, 1942). The rods
are allied with dim light (scotopic) vision, while the cones
are used for daylight and colored vision. This is due to
specific visual photopigments (consisting of opsin proteins
conjugated to light-sensitive chromophores) (Figure 1) that
are associated with the rod and cone photoreceptors as well
as the morphological properties of the photoreceptor cells
themselves. However, these photoreceptor cells have essentially
the same principal parts, the outer and inner segments, nucleus,
and foot piece (Walls, 1942). The outer segment is a long
membrane-enclosed lamellae of disks, with about 80% of the
disk membrane protein complement consisting of a specific
visual photopigment.

Spectral sensitivities can be modified by variations in
the structure of the opsin protein by substitution of amino
acids (so called “tuning sites”) and/or by the use of either
vitamin A1 (rhodopsins) or vitamin A2 (porphyropsins)
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FIGURE 1 | The structure of vertebrate photopigments. (A) The initial step in phototransduction consists of photon (hv) absorption by 11-cis retinal, which

photoconverts to all-trans retinal. Vertebrate photopigments are broadly divided into rhodopsins that utilize a vitamin A1-derived chromophore (black line) or

porphyropsins that contain a vitamin A2-derived chromophore (3,4-didehydroretinal). In the latter case, the presence of a double (C=C) bond between C3 and C4 is

shown as a dotted red line. (B) A mid-membrane section of a typical (opsin) photopigment, showing the presence of seven transmembrane domains (yellow),

archetypal of the GPCR superfamily, and their arrangement around the retinal chromophore (orange) (modified from Davies et al., 2012). The retinal attachment site

(Lys296, black) and counterion (Glu113, pink) to the Schiff base are shown. Opsin residues that cluster either around the Schiff base or ionone ring of the retinal

chromophore are colored to highlight the amino acids involved in the spectral tuning of LWS (red), SWS1 (violet), SWS2 (blue) and RH2/RH1 (green) photopigments.

Residues important for stabilizing the tertiary structure (e.g., disulphide bridge, amino-terminal (N) glycosylation sites) and the activation/deactivation of photopigments

(e.g., carboxyl-terminal (C) phosphorylation sites), as well as membrane anchorage (e.g., palmitoylation sites), are also shown. TM, transmembrane; CL, cytoplasmic

loop; EC, extracellular loop. The numbering is based on the bovine rod opsin (RH1) sequence.

based chromophores (Crescitelli, 1972; Yokoyama, 2000;
Bowmaker and Hunt, 2006; Palczewski, 2006; Hart and Hunt,
2007; Davies et al., 2012) (Figure 1). Rods typically express
RH1 photopigments and rod-specific components of the

phototransduction cascade. By contrast, vertebrate color vision
utilzes up to four classes of cone opsin genes (Hunt et al., 2001;
Bowmaker and Hunt, 2006; Davies et al., 2012). In addition
to a rod photopigment that is maximally sensitive to around
500 nm, the λmax values of the cone opsin-based photopigments
(based on a vitamin A1 chromophore) are between about 500–
570 nm for the “red” (long-wavelength-sensitive; encoded by the
LWS gene), 470–520 nm for the “green” (middle-wavelength-
sensitive; encoded by the RH2 gene), 440–470 nm for the “blue”
(short-wavelength-sensitive 2; encoded by the SWS2 gene) and
360–440 nm for the “ultraviolet” or “violet” (short-wavelength-
sensitive 1; encoded by the SWS1 gene) (Yokoyama, 2000;
Shichida and Matsuyama, 2009; Davies et al., 2012).

AMPHIBIAN OPSINS AND
PHOTORECEPTORS

As mentioned earlier, amphibians have four types of
photoreceptor. A common class (90–95%) of photoreceptors
(i.e., the “red” rods) expressing a rod RH1 pigment with an
average spectral maximum of 500 nm is found in all amphibian
orders (Table 1). In addition, a marginal rod photoreceptor
class expressing an SWS2 cone pigment gene in “green” rods
is found in salamanders and frogs (Hisatomi et al., 1998; Ma
et al., 2001a; Darden et al., 2003). Frogs and salamanders
also have a double-cone LWS photopigment (Sherry et al.,
1998; Makino et al., 1999; Röhlich and Szél, 2000; Korenyak
and Govardovskii, 2013), coupled with either a UV-sensitive
(SWS1) photopigment or a blue-sensitive (SWS2) photopigment
expressed in single cones. Note that the latter photopigment is
identical to the one expressed in the “green” rods of some species
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TABLE 1 | Spectral absorbance peaks (λmax) and methodologies used for an array of different amphibian rods (red- and green-sensitive) and cones (blue- and

UV-sensitive), with expressed photopigments and their chromophore usage indicated).

Species

(common name)

Photoreceptor/Photopigment Spectral peak (λmax; nm) Methodology References

Pleurodeles waltl

(Iberian ribbed newt)

Long-wavelength-sensitive

(red) cone/LWS

611 (A2) MSP Korenyak and Govardovskii,

2013

Lissotriton vulgaris

(Common newt)

Long-wavelength-sensitive

(red) cone/LWS

609 (A2) MSP Korenyak and Govardovskii,

2013

Cynops orientalis

(Chinese fire belly newt)

Long-wavelength-sensitive

(red) cone/LWS

547/601

(A1/A2,

ratio 0.09/0.91)

MSP Korenyak and Govardovskii,

2013

Rana temporaria

(Common frog)

Long-wavelength-sensitive

(red) cone/LWS

562 MSP Koskelainen et al., 1994

Xenopus laevis

(African clawed frog)

Long-wavelength-sensitive

(red) cone/LWS

611 ± 4 MSP Witkovsky et al., 1981

R. pipiens

(Northern leopard frog)

Long-wavelength-sensitive

(red) cone/LWS

575 (both in principle and

single cones)

MSP Liebman and Entine, 1968

Ambystoma tigrinum

(Tiger salamander)

Long-wavelength-sensitive

(red) cone/LWS

610 MSP Perry and McNaughton,

1991

A. tigrinum

(Tiger salamander)

Short-wavelength-sensitive

(UV) cone/SWS1

367/below 400

(larvae)

MSP/

suction electrode

Hárosi, 1975; Perry and

McNaughton, 1991

P. waltl (Iberian ribbed newt) Short-wavelength-sensitive

(UV) cone/SWS1

360/377

(A1/A2), ratio 0.92/0.08

MSP Korenyak and Govardovskii,

2013

L. vulgaris

(Common newt)

Short-wavelength-sensitive

(UV) cone/SWS1

340 (A2) MSP Korenyak and Govardovskii,

2013

C. orientalis

(Chinese fire belly newt)

Short-wavelength-sensitive

(UV) cone/SWS1

350 (A2) MSP Korenyak and Govardovskii,

2013

P. waltl

(Iberian ribbed newt)

Short-wavelength-sensitive

(blue) cone/SWS2

489 (A2) MSP Korenyak and Govardovskii,

2013

L. vulgaris

(Common newt)

Short-wavelength-sensitive

(blue) cone/SWS2

470 (A2) MSP Korenyak and Govardovskii,

2013

C. orientalis

(Chinese fire belly newt)

Short-wavelength-sensitive

(blue) cone/SWS2

466/477

(A1/A2, ratio 0.3/0.7)

MSP Korenyak and Govardovskii,

2013

A. tigrinum

(Tiger salamander)

Short-wavelength-sensitive

(blue) cone/SWS2

430 ± 1/

444 (larvae)

MSP/

suction electrode

Perry and McNaughton,

1991; Ma et al., 2001a

R. pipiens

(Northern leopard frog)

Short-wavelength-sensitive

(green) rod/SWS2

432 MSP Liebman and Entine, 1968

R. catesbeiana

(American bullfrog)

Short-wavelength-sensitive

(green) rod/SWS2

430 Immunochromatography

and reconstitution with

11-cis retinal (regeneration)

Makino-Tasaka and Suzuki,

1984

A. tigrinum

(Tiger salamander)

Short-wavelength-sensitive

(green) rod/SWS2

433 ± 4

(aquatic phase) and 433 ±

2 (land phase)/

429 ± 0.5

MSP Hárosi, 1975 (aquatic and

land phases)/Ma et al.,

2001a

Bufo marinus

(Cane toad)

Short-wavelength-sensitive

(green) rod/SWS2

432.6/

433 ± 2/433

MSP/nomogram Hárosi, 1975; Matthews,

1983; Ala-Laurila et al.,

2002

R. temporaria

(Common frog)

Short-wavelength-sensitive

(green) rod/SWS2

431 MSP Koskelainen et al., 1994

X. laevis

(African clawed frog)

Short-wavelength-sensitive

(green) rod/SWS2

434/4

45 ± 6

Immunochromatography

and reconstitution with

11-cis retinal (regeneration)/

MSP

Witkovsky et al., 1981;

Darden et al., 2003

R. cancrivora Gravenhorst

(Crab-eating frog)

Short-wavelength-sensitive

(green) rod/SWS2

433 ± 2/

433

Nomogram/

chromatic adaptation

Donner and Reuter, 1962;

Dartnall, 1967

C. pyrrhogaster

(Japanese fire belly newt)

Short-wavelength-sensitive

(green) rod/SWS2

474 MSP Takahashi and Ebrey, 2003

R. pipiens

(Northern leopard frog)

Rod (red rod)/RH1 502/502 (accessory

cone—attributed to RH2,

but there is no genetic

evidence for this)

MSP Crescitelli, 1958; Liebman

and Entine, 1968

(Continued)
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TABLE 1 | Continued

Species

(common name)

Photoreceptor/Photopigment Spectral peak (λmax; nm) Methodology References

Typhlonectes natans

(Rubber eel)

Rod (red rod)/RH1 489 ± 0.9/

493

MSP/immunochromatography

and reconstitution with

11-cis retinal (regeneration)

Mohun et al., 2010

Rhinatrema bivittatum

(Two-lined caecilian)

Rod (red rod)/RH1 488 ± 1.0 MSP Mohun et al., 2010

Geotrypetes seraphini

(Gaboon caecilian)

Rod (red rod)/RH1 487 ± 2.2 MSP Mohun et al., 2010

Ichthyophis cf. kohtaoensis

(Koh Tao caecilian)

Rod (red rod)/RH1 493 Immunochromatography

and reconstitution with

11-cis retinal (regeneration)/

Mohun et al., 2010

A. tigrinum (Tiger

salamander)

Rod (red rod)/RH1 506/502 ± 1 (land

phase)/516 ± 2 (aquatic

phase)

MSP Hárosi, 1975; Chen et al.,

1996

Necturus maculosus

(Common mudpuppy)

Rod (red rod)/RH1 523 ± 1 (A2) MSP Hárosi, 1975

B. bufo

(Common toad)

Rod (red rod)/RH1 502 MSP Fyhrquist et al., 1998;

Ala-Laurila et al., 2002

B. marinus

(Cane toad)

Rod (red rod)/RH1 504/502 ± 1 MSP Hárosi, 1975; Ala-Laurila

et al., 2002

R. catesbeiana

(American bullfrog)

Rod (red rod)/RH1 516 (larvae)/502 (adult)

(A1)/523 (adult) (A2;

70–88% mixture)

MSP Wald, 1946; Crescitelli,

1958, 1972; Donner et al.,

1990

R. temporaria

(Common frog)

Rod (red rod)/RH1 501 MSP Koskelainen et al., 1994

P. waltl

(Iberian ribbed newt)

Rod (red rod)/RH1 503/529

(A1/A2, ratio 0.15/0.85)

MSP Korenyak and Govardovskii,

2013

L. vulgaris

(Common newt)

Rod (red rod)/RH1 499/523

(A1/A2, ratio 0.13/0.87)

MSP Korenyak and Govardovskii,

2013

C. orientalis

(Chinese fire belly newt)

Rod (red rod)/RH1 496/519

(A1/A2 mixture)

MSP Korenyak and Govardovskii,

2013

X. laevis

(African clawed frog)

Rod (red rod)/RH1 524 ± 2 MSP Witkovsky et al., 1981

N. maculosus

(Common mudpuppy)

Rod (red rod)/RH1 525 (A2)

/522

/523 ± 1/527

MSP Crescitelli, 1958; Brown

et al., 1963; Liebman, 1972;

Hárosi, 1975

A1 refers to a rhodopsin containing a chromophore based on vitamin A1, whereas A2 indicates a porphyropsin containing a vitamin A2-based chromophore.

(Hárosi, 1975; Deutschlander and Phillips, 1995; Hisatomi et al.,
1998; Ma et al., 2001a,b; Takahashi et al., 2001; Korenyak and
Govardovskii, 2013), where it interacts with the rod-specific
G-protein transducin isoform instead of the cone isoform found
in blue short-wavelength-sensitive (SWS2) cones (Hisatomi
et al., 1998).

Opsin sequences have been isolated from every amphibian
order. Full-length cone opsin sequences from the SWS2, SWS1
and LWS opsin classes (Figure 2) have been isolated from
ranid frogs (Liebman and Entine, 1968), Xenopus laevis (Hárosi
and Hashimoto, 1983; Batni et al., 1996), and the salamanders
Ambystoma tigrinum (Hárosi, 1975) and Cynops pyrrhogaster
(Takahashi et al., 2001; Sakakibara et al., 2002). The middle-
wavelength-sensitive opsin (encoded by the RH2 gene) appears to
have been missing in all amphibians studied thus far (Figure 2),
but a visual pigment was identified by microspectrophotometry
(MSP) with a maximal absorbance value at 502 nm in a cone

(Liebman and Entine, 1968) (Table 1); however, the underlying
photopigment gene has not been identified. It should be noted
that no further evidence of the presence of RH2 in subsequent
research on amphibian visual pigments has been found. In most
cases, the rod opsin is found within “red” rods, which are also
known as “principal” rods. The SWS2 opsin is associated with
smaller “green” rods, whereas SWS1 and LWS are contained
within small and large single cones, respectively (Röhlich and
Szél, 2000). Nonetheless, exceptions do occur. No “green” rods
are apparent in the Japanese common newt, Cynops pyrrhogaster,
but the SWS2 gene has been identified in this species (Takahashi
et al., 2001). Also, a violet-sensitive SWS1 photopigment has been
identified in Xenopus laevis (Hunt et al., 2007). The proportions
of each class of opsin and their photoreceptors vary in the
retinas as measured in X. laevis (Röhlich and Szél, 2000). The
greatest percentage (up to 53% in X. laevis.) of the retina is
made up of rods, with 97–98% being “red” rods and a much
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FIGURE 2 | Molecular phylogenetic analysis by Maximum Likelihood (ML) method. The evolutionary history was inferred by using the ML method based on the

General Time Reversible (GTR) model (Nei and Kumar, 2000). The tree with the highest log likelihood (-35193.70) is shown. The percentage of trees in which the

associated taxa clustered together is shown next to the branches. Initial trees for the heuristic search were obtained automatically by applying Neighbor-Join and

BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach, and then selecting the topology with

superior log likelihood value. A discrete Gamma distribution was used to model evolutionary rate differences among sites [5 categories (+G, parameter = 0.9332)].

The rate variation model allowed for some sites to be evolutionarily invariable ([+I], 11.19% sites). The tree is drawn to scale, with branch lengths measured in the

number of substitutions per site. The analysis involved 69 nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding. All positions with less

than 95% site coverage were eliminated. That is, fewer than 5% alignment gaps, missing data, and ambiguous bases were allowed at any position. There were a total

of 942 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 (Kumar et al., 2016).

lower proportion of “green” rods. The proportion of LWS
single and double cone photoreceptors is greater than SWS2
“green” rods and individual SWS1 single cones being the fewest
found (Röhlich and Szél, 2000).

Rods are more sensitive to light compared to cones, but a
higher visual acuity is achieved with cones (de Vries, 1943). Rods
are thought to be younger in an evolutionary sense than cones
(Collin et al., 2003; Pisani et al., 2006; Larhammar et al., 2009)
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with a possible intermediate type or a cone photoreceptor cell
being the ancestral type (Collin et al., 2003). Thus, rods evolved
later as a means of extending the daily activity of vertebrates into
twilight and/or the night. This transition of a cone into a rod (the
so-called “transmutation hypothesis”), first developed by Walls
in 1943, is supported by studies on nocturnal geckoes with rod-
based retinas that identified two types of opsin genes expressed
(Kojima et al., 1992).

Only a single spectral class of photoreceptor, rods expressing
the RH1 gene, have been found across the Gymnophiona,
with no porphyropsins detected. Full-length RH1 sequences
from three caecilian species, namely Geotrypetes seraphini,
Typhlonectes natans, and Rhinatrema bivittatum, were isolated
with mean maximum absorbances between 487 and 489 nm
(Mohun et al., 2010) (Table 1). Typically, the spectral peak
values of RH1-based visual photopigments from the rods of
Amphibia ranges from 502 to 506 nm (Liebman and Entine,
1968; Hárosi, 1975; Partridge et al., 1992; Chen et al., 1996;
Fyhrquist et al., 1998; Ala-Laurila et al., 2002) (Table 1). This
obvious spectral shift to shorter wavelengths has been linked
to shade in tropical forests and possibly twilight activity.
To date, no cone opsin classes or cone photoreceptors have
been found in caecilians (Mohun et al., 2010), thus is it
proposed that these species have a rod-only retina, a conclusion
that agrees with earlier work (Wake, 1985; Himstedt, 1995;
Mohun et al., 2010; Mohun and Wilkinson, 2015). As such,
the caecilian rod visual photopigment may be blue-shifted
to match light levels during twilight (with a subsequent loss
of cone types) and/or for the reduction of noise at low
light levels.

COLOR VISION AND SENSITIVITY

Kojima et al. (2017) and Yovanovich et al. (2017) recently
hypothesized that the SWS2 cone opsin found in “green” rods
may be used for scotopic vision. In the frogs investigated,
the SWS2-expressing rods were likely to be used in scotopic
vision, whereas in salamanders they exhibit a higher thermal
isomerization similar to other vertebrate cone pigments, so were
not likely to be used for scotopic vision (Kojima et al., 2017).
Further elucidation of rod and cone associations has shown frogs
to have an absence of improved color vision in dim light, but may
help provide mesopic color vision in these species. Yovanovich
et al. (2017) conducted behavioral experiments with two species
of frog, Rana temporaria and Bufo bufo, from the Ranidae and
Bufoidae families, respectively, at different light intensities to
determine their color discrimination thresholds. The authors
found that the ranid frogs could distinguish blue from green light
down to the absolute visual threshold, whereas vision relied solely
on signals from rod photoreceptors. The maximum sensitivities
measured in B. bufo differed according to mate choice or prey-
catching tasks, suggesting that in these behavioral contexts the
differential sensitivities of spectrally distinct cone types, as well as
task-specific factors, set limitations for the use of color. Thus in B.
bufo there was no indication of rod-based color discrimination.
This suggested the involvement of different pathways in the

analysis of color vision for each task depending on ecological
relevance (Yovanovich et al., 2017).

de Vries (1943) proposed that the shift inmaximum sensitivity
of the eye toward the shorter wavelengths of the visual spectrum
and at low levels of illumination may have evolved as a means
of obtaining a more favorable signal-to-noise ratio, thereby
greatly increasing sensitivity of the eye to light. Such a shift
should be accompanied by decreased thermal instability of the
photochemical, thus producing the more favorable ratio. The
noise hypothesis is based on the fact that, due to thermally
induced isomerizations, visual pigments produce a “dark”
noise signal (Archer, 1999). These random occurrences set a
lower photon sensitivity limit below which the “light” signal
cannot be distinguished from “dark” noise. Visual pigments
that absorb at shorter wavelengths are predicted to be less
disposed toward thermal noise and may form the basis for
increasing sensitivity at lower light and higher temperatures
(Shichida and Matsuyama, 2009).

Thermally induced noise was shown to decrease with
shorter wavelengths, whilst porphyropsins were also noisier than
rhodopsins (Donner et al., 1990). Porphyropsins, which have
λmax values shifted toward longer wavelengths compared to
rhodopsins for any given opsin class (Crescitelli, 1972), can occur
in amphibians, which appears to vary in proportion depending
on ontogeny. Larger proportions of porphyropsins are found
in larval stages (Crescitelli, 1958; Wilt, 1959; Reuter, 1969).
However, during metamorphosis in Rana temporaria the relative
amount of porphyropsins decreases until the photoreceptors
contained mostly rhodopsins (Reuter, 1969). By contrast, the
paedomorphic mudpuppy, Necturus sp., which reaches sexual
maturity whilst retaining larval characteristics, expresses mainly
porphyropsins in the retina (Brown et al., 1963). There were
contradicting reports over whether Xenopus laevis possess
porphyropsins throughout the lifecycle or whether rhodopsins
are present in the larval forms (Wald, 1960; Crescitelli, 1973);
however, the consensus is that only porphyropsins are present
(Bridges et al., 1977; Witkovsky, 2000). Bufo bufo, by contrast,
expresses mostly rhodopsins in the larval tadpole phase, which
are retained into adulthood (Muntz and Reuter, 1966).

NON-VISUAL LIGHT DETECTION

Other structures than the visual apparatus of the eye are used
for light detection. As well as the eye (e.g., in the retinal
ganglion cells expressing melanopsin), the pineal complex, the
deep brain, the Harderian gland and the skin participate in
photoperiodic perception (Avivi et al., 2004). Indeed, melanopsin
[one of the first non-visual pigments identified and known to
mediate photoentrainment (Davies et al., 2010, 2014; Hankins
et al., 2014)] was first identified in the melanophores of the skin
in Xenopus laevis (Provencio et al., 1998). The pineal gland of
adult caecilians is described to be similar to that of a juvenile
salamander (Leclercq et al., 1996). Furthermore, there is some
behavioral evidence of light detection in the skin of caecilians
(Ross, 1959). Ichthyophis glutinosus show negative phototaxis
when light is shone on the tail: in a typical photoresponse,
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after several seconds of latency, skin illumination is followed
by locomotive action. In addition, early behavioral studies show
that some lower vertebrates, including amphibians, respond to
skin illumination (Steven, 1963; Ronan and Bodznick, 1991).
For example, dermal melanophores of the frog Xenopus laevis,
like retinal photoreceptors, are photosensitive (Provencio et al.,
1998), where the melanosomes move in response to illumination
to the cell margin in vitro (Provencio et al., 1998), a phenomenon
reviewed recently in Kelley and Davies (2016).

The opsins associated with non-visual photoreception include
melanopsin (encoded by the OPN4 gene), vertebrate ancient
(VA) opsin, pineal or pinopsin, parapineal opsin, teleost multiple
tissue (TMT) opsin, neuropsin (encoded by the OPN5 gene)
and panopsin (encephalopsin) amongst others (Kusakabe et al.,
2001; Terakita, 2005; Davies et al., 2015). These opsins play
a role in non-spatial directional (non-image-forming) vision
(Land and Nilsson, 2002) or in non-visual photoreception
(e.g., circadian photoentrainment) (Davies et al., 2010, 2014;
Hankins et al., 2014). As well as the discovery of OPN4
expression in the skin of frogs (Provencio et al., 1998), including
two different isoforms (Xenopus-like melanopsin, OPN4X, and
mammalian-like melanopsin, OPN4M, Bellingham et al., 2006),
OPN5 has been found in the deep brain of the Xenopus
laevis tadpole (Currie et al., 2016). More recently, a number
of novel atypical non-visual opsins, namely OPN6, OPN7 and
OPN8 (as well as the more typical visual and non-visual
opsin genes) were also discovered in the genome of Xenopus
tropicalis (Davies et al., 2015).

Recently, it has been suggested that the lateral line of
amphibians (in Xenopus laevis) may be light sensitive as
cells surrounding the central pore of the lateral line express
melanopsin (Baker et al., 2015). As such, the authors suggest
that the predominantly mechanoreceptive lateral line may
also detect light. Lateral line systems have been observed
in all three amphibian orders. For example, salamanders
have electroreceptive ampullary organs and double or triple
rows of mechanoreceptive neuromast organs; caecilians have
ampullary and single rows of neuromasts; frogs have been
described as having single rows of neuromasts dividing
into transverse planes to form secondary neuromasts, but
they do not possess ampullary organs; (Lannoo, 2009).
However, there is no evidence of a lateral line system in
viviparous caecilians within the Caeciliidae, Scolecomorphidae
and Typhlonectidae (Himstedt and Simon, 1995). Thus far,
only a single publication has linked light detection to the

lateral line system in amphibians (Baker et al., 2015), but such
associations have been discovered in lower vertebrates such as
lampreys (Ronan and Bodznick, 1991; Deliagina et al., 1995).
As such, this is an interesting area that requires far more
scientific attention.

CONCLUDING REMARKS

In amphibians, diversity in the visual system appears to reflect
the various habitats, behaviors, life-cycles and animal coloration
(Rudh and Qvarnström, 2013). However, a possible limitation in
these herpetological studies is the availability of diverse material,
which if addressed could lead to an improvement in amphibian
husbandry and the understanding of how light plays a critical role
in survival.

To appreciate the evolution of eye degeneration in
amphibians, and in particular the caecilians and cave
salamanders, it is critical that the cellular and molecular
mechanisms of the rudimentation process are studied in these
species. It would be interesting to discover if visual, non-visual
and developmental genes, as well as the mechanisms involved
in vision degeneration as found in other organisms are broadly
similar in all three amphibian orders. Such gene losses and
rudimentation mechanisms have been previously studied
extensively in Astyanax sp. (Yamamoto and Jeffery, 2000; Jeffery,
2001) and Phreatichthys andruzzii cavefishes (Friedrich, 2013;
Rohner, 2018), and the blind mole rat Spalax ehlenbergi using
behavioral, molecular and physiological methods (Peichl, 2005).
As such, they pose as potential candidate genes to continue these
studies in Amphibia.
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