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Abstract

Visual opsin genes expressed in the rod and cone photoreceptor cells of the retina are core
components of the visual sensory system of vertebrates. Here, we provide an overview of the
dynamic evolution of visual opsin genes in the most species-rich group of vertebrates, teleost
fishes. The examination of the rich genomic resources now available for this group reveal that
fish genomes contain more copies of visual opsin genes than are present in the genomes of
amphibians, reptiles, birds, and mammals. The expansion of opsin genes in fishes is due
primarily to a combination of ancestral and lineage-specific gene duplications. Following their
duplication, the visual opsin genes of fishes repeatedly diversified at the same key spectral
tuning sites, generating arrays of visual pigments sensitive from the ultraviolet to the red
spectrum of the light. Species-specific opsin gene repertoires correlate strongly with underwater

light habitats, ecology, and color-based sexual selection.
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1. INTRODUCTION

Many animals rely upon vision — that is, the ability to perceive a narrow waveband of
electromagnetic radiation flanking the peak of the solar emission spectrum in the range of 350-
700 nm — for a number of essential tasks. Among other things, their ability to perceive light and
see permits animals to adjust their circadian rhythm; to obtain a real-time overview of their
immediate surroundings; to navigate through their environments; to track down edible items; to
recognize predators and flee and/or hide from them; and to seek for potential mating partners
(Cronin et al. 2014; Land & Nilsson 2012). The various tasks and demands that vision has to
fulfill in different animals, together with the varying light environments that the different species
are exposed to, are manifested in a diverse array of adaptations and modifications concerning the
visual sensory system (Cronin et al. 2014). This becomes apparent in the great structural and
morphological diversity of animal eyes and the associated parts of the central nervous system
including the retina and the visual cortex (Land & Nilsson 2012).

Visual opsin genes expressed in the photoreceptor cells of the retina constitute a core
component of vision at the molecular level (Lamb 2020; Yokoyama 2008). Numerous
adaptations in visual opsin genes and their regulation have recently been documented, which is
not least because of advances in next-generation sequencing technologies and a broader
taxonomic sampling. In this review, we focus on the visual opsin genes of teleost fishes. With
currently more than 34’000 species catalogued, the infraclass Teleostei within the class
Actinopterygii (the ray-finned fishes) represents the by far most species-rich clade of vertebrates,
with over half of all vertebrate species included in it. We provide an overview of the general
trends in visual opsin evolution in teleosts and delve deeper into some specific cases of opsin
gene proliferation in places such as the deep sea. We then take a closer look at attempts to

explain, at least in part, the enormous diversity of visual opsin genes found in fishes.

2. THE VISUAL SENSORY SYSTEM OF TELEOST FISHES

In this section, we give a short introduction to the visual sensory system of vertebrates and some
of its main components such as the eye, the retina, and the visual opsin genes, highlighting
features that are specific to teleost fishes.

2.1. The Vertebrate Eye

Eyes are organs of the visual sensory system and present in almost all animal phyla (Land &
Nilsson 2012). However, the eyes in most phyla are rather simple and permit only directional

photoreception or low-resolution vision, whereas high-resolution image-forming eyes are



restricted to arthropods (compound eyes in insects and crustaceans), mollusks (camera-style eye
in cephalopods), and chordates (camera-style eye in vertebrates) — and perhaps annelids (alciopid
polychaetes) (Land & Nilsson 2012; Nilsson 2013; Randel & Jékely 2016).

The vertebrate eye (Figure 1a) is almost entirely surrounded by a light-impermeable and
protective sclera on the outside and a choroid coat on the inside, discontinued only in the areas
where light enters and where the optic nerve exits the eye. The point of entry, consisting of the
pupil surrounded by an iris, is shielded from the ambient medium by the cornea, which the
incoming light has to penetrate before entering the eye. While pupil and iris control the amount
of light that enters the eye, cornea and lens are responsible for focus adjustment, which may be
achieved by moving the lens forward and backwards (as in teleost fishes and amphibians), or by
dynamically changing the shape of the lens or the cornea using specific muscles and ligaments
(as in mammals, reptiles and birds) (Ott 2006). The inner surface of the vertebrate eye, especially
in the sphere vis-a-vis the lens, is lined with the retina, a membrane consisting of multiple layers
of neurons including the photoreceptor cells through which the inverted mirror image projected
by the lens is perceived (Cronin et al. 2014; Land & Nilsson 2012). This basic blueprint of a
camera-style eye is common to the jawless lampreys and all jawed vertebrates (therefore also to
teleost fishes), suggesting that this feature was already present in the last common vertebrate
ancestor (Fain 2020; Lamb et al. 2007).

The eyes of fishes are similar in structure to those of other vertebrates, except that the
diameter of the pupil is fixed in lampreys and almost all teleosts, whereas rays and sharks do
possess a muscular iris to regulate aperture (Helfman et al. 2009). There are nevertheless a
number of adaptations and constraints in the fishes’ eyes in response to their waterborne
lifestyles. For example, because the refraction index of water is similar to that of the cornea, the
light is refracted at the lens, favoring spherical lenses with a relatively short radius (Collin 2009).
Such lenses are, in turn, susceptible to spherical aberration, where light passing through the lens
is focused at different points, which is compensated by a graded refraction index from the center
to the outside of the lens (Collin 2009). To minimize chromatic aberration, where different
wavelengths are focused at different focal planes or at different points of the same focal plane,
fishes have multifocal lenses (Kroger et al. 1999). Moreover, many fishes have pigmented
corneas and lenses that contain mycosporine-like amino acids or yellow pigments to filter out
shorter, ultraviolet (UV), wavelengths (<400 nm) and to shift the spectral sensitivity towards
longer wavelengths (Muntz 1973; Siebeck & Marshall 2001; Thorpe et al. 1993). Some fishes,
especially nocturnal and deep-sea species, have a reflective tapeta at the back of their retina,
which reflect unabsorbed photons back to the photoreceptors to increase sensitivity [reviewed in
(de Busserolles et al. 2020)].



2.2. The Vertebrate Retina

The retina of vertebrates is a multi-layered neural tissue that, depending on the species, may
contain more than one hundred types of neurons, broadly classified into amacrine, bipolar,
ganglion, horizontal, and photoreceptor cells (Baden et al. 2020; Masland 2012; Sanes &
Masland 2015). Amacrine, bipolar, and horizontal cells are interneurons that process the output
of the light-detecting photoreceptors, while the axons of retinal ganglion cells transmit visual
information to the brain via the optic nerve (Sanes & Masland 2015). The basic makeup of the
retina is such that its boundary layer towards the vitreous humour inside the eye is composed of
retinal ganglion cells followed by a stratum containing a mosaic of amacrine, bipolar, and
horizontal cells, whereas the light-detecting photoreceptors are located at its outside, that is,
towards the choroid-coated sclera (Land & Nilsson 2012) (Figure 1b). This means that the
vertebrate retina is “inverted” or — in other words — that photons have to pass through several

layers of retinal neurons before reaching the photoreceptors (Cronin et al. 2014; Lythgoe 1979).

There are two basic types of photoreceptor cells in the vertebrate retina, cones and rods
(Schultze 1866) (Figure 1c¢). Cones typically have shorter, but relatively wide cone-shaped outer
segments and operate in bright-light (photopic) conditions where they convey colour vision,
while the longer and thinner outer segments of rods maximize photon capture in dim-light
(scotopic) conditions (Land & Nilsson 2012; Yokoyama 2008). Cones can further be subdivided
into single and double cones (i.e., two single cones that are joined together and may be optically
coupled or that may still work as independent units; Pignatelli et al. 2010). In teleost fishes,
single cones usually express short-wavelength-sensitive opsins, while double cones express
medium- and long-wavelength-sensitive opsins (Carleton et al. 2020). In teleosts, single and
double cones often form regular mosaics, either in a row (e.g. zebrafish, cods and herrings), a
triangular (e.g. pike), or a square arrangement (e.g. medaka, tilapia and many percomorph fishes)
[see (Ali & Anctil 1976)] (Figure 1b). In rare cases, fishes can have triple and quadruple cones,

but their functions remain unknown (Bowmaker 1995; de Busserolles et al. 2021).

2.3. The Vertebrate Phototransduction Cascade

The biochemical process by which a stimulus in the form of photons of light is converted into a
neuronal — that is, electro-chemical — signal is referred to as phototransduction (Arshavsky et al.
2002; Hunt et al. 2014; Lamb 2020). The phototransduction cascade is initiated by the absorption
of photons through visual pigments, which are located in the membranes of the outer segments of
photoreceptors cells (Figure 1¢). Visual pigments consist of a Vitamin A1 (11-cis-retinal) or
Vitamin A2-based chromophore (11-cis-3,4-dehydroretinal) that is covalently bound to the

visual opsin protein via a Schiff base linkage to a conserved lysine residue at amino-acid position



296 (Wald 1968) [note that by convention, the alignment positions in visual opsins are
referenced to the bovine rhodopsin (Palczewski 2000)]. Visual pigments have a bell-shaped
absorption profile with varying peak spectral sensitivities (Amax), depending on the chromophore
type (A2 is longer wavelength-shifted compared to A1) and the opsin protein it is bound to (Hunt
et al. 2014; Wald 1968) (Figure 1d).

Visual opsins are G protein-coupled receptors that — through a conformational change in
response to the photon-induced isomerization of the chromophore — activate a heterotrimeric G
protein signalling cascade involving transducin and a number of other phototransduction proteins
(Arshavsky et al. 2002; Lamb 2020) (Figure 1c¢). Differences in the structure of the rod and cone
opsins and the transduction cascade proteins are responsible for the variation in activation, shut-
off, and recovery speed of the opsin pigment. Rods are highly sensitive, but take longer to
recover compared to the cones, which are tolerant to higher light intensities and show faster
recovery rates (Cronin et al. 2014; Hunt et al. 2014).

2.4. The Visual Opsin Genes of Vertebrates

Visual opsins are part of a much larger family of opsin proteins that, when bound to a
chromophore, are involved in light sensation (Bowmaker 2008). Vertebrates possess five basic
types of visual opsins, the rod opsin (RH1) expressed in rod photoreceptors and four cone opsins
expressed in the various cone photoreceptors. These visual pigments can be classified according
to photoreceptor specificity, phylogeny, and their range of Amax: RHI typically operates in the
blue-green part of the light spectrum (teleost Amax= 447 - 525 nm), while for the cone opsins, the
short-wavelength sensitive opsins absorb in the UV (SWS1: teleost Amax= 347 - 383 nm) and
violet-blue (SWS2: teleost Amax= 397 - 482 nm) wavebands, rhodopsin-like 2 (RH2) is most
sensitive in the green fraction of the spectrum (teleost Amax= 452 - 537 nm), and the long-
wavelength-sensitive opsin (LWS) covers the red part (teleost Amax= 501 - 573 nm) (Carleton et
al. 2020) (Figure 1d,e). In some species, only a subset of these photopigment types is present,
while in others certain types may occur in more than one copy. Note that a single photoreceptor
containing only one visual pigment cannot distinguish differences in intensity or luminance
(achromatic vision) from a shift in wavelength (chromatic vision). Therefore, to distinguish
color, the relative excitation ratios from at least two differently tuned photoreceptors are required
(Kraukopf et al. 1982). Teleost fishes use between two to four differently tuned cone
photoreceptors (dichromatic to tetrachromatic vision) to distinguish colors during the day
(Marshall et al. 2018; Carleton et al. 2020). Whether higher chromacy exists in fishes and if
some species can also see color using their rod photoreceptors (Musilova et al 2019a) remains to
be investigated.



3. EVOLUTION OF VISUAL OPSIN GENES IN TELEOST FISHES

While in most vertebrate lineages the ancestral number of visual opsin genes has been
maintained (e.g., in birds and diurnal lizards) or became smaller (e.g., in mammals and snakes),
the visual opsin genes of teleosts have continued to proliferate (Hunt et al. 2014) (Figure 2).
This is likely a response to the various light environments that fishes inhabit — ranging from clear
mountain streams to the deep sea — as well as to the varied ecologies and lifestyles they exhibit.
In this section, we will dive into the evolutionary history of visual opsin genes in teleosts in an
attempt to synthesize the large body of literature that has emerged on this topic since the dawn of
the genomic era. The picture that emerges is that of teleosts varying greatly in their numbers and
types of visual opsin genes. Also, the molecular processes causing this variability differ between
lineages and species. Predicting the number and types of visual opsin genes in a given fish

species, and what this species can see by virtue of these genes, is thus a precarious endeavor.

3.1. Molecular Mechanisms involved in Opsin Gene Evolution in Fishes

It has long been recognized that gene (and genome) duplications and the subsequent
diversification of the newly emerged gene copies can provide the substrate for functional novelty
(Ohno 1970). This is also the case for visual opsins, in which arguably the most crucial
functional modifications relate to shifts in Amax. Teleosts feature an extended set of functionally
distinct visual opsins compared to other vertebrates (Carleton et al. 2020; Cortesi et al. 2020;
Musilova et al. 2019a). That opsin gene evolution is more dynamic in teleosts than in other
vertebrates is further illustrated by the fact that they possess the largest numbers of visual opsin
gene copies for all vertebrate opsin types: 38 copies of RH/ in the silver spinyfin, Diretmus
argenteus (Diretmidae) (Musilova et al. 2019a); three SWS1 copies in anemonefish
(Amphiprioninae; Pomacentridae) [two functional copies and one pseudogene (Mitchell et al.
2020)]; four copies of SWS2 in the Humphead wrasse, Cheilinus undulatus (Labridae) (Dong et
al. 2020); eight copies of RH2 in soldierfish (Myripristinae) (Musilova et al. 2019a); and five
copies of LWS in wrasses (Labridae), fighting fish (Osphronemidae) and Brown trout
(Salmonidae) (Cortesi et al. unpublished; Dong et al. 2020) (Figure 2¢). In the following, we

outline the main molecular mechanisms that are responsible for this diversity.

3.1.1. Whole-Genome and Tandem Gene Duplications

Already the five basic types of visual opsin genes of vertebrates — that is, the four cone opsins
and the rod opsin — are the product of two rounds of whole genome duplications (2R), likely
starting from an initial set of two opsin genes (LS and SWS) in their common ancestor (Lamb
2020; Larhammar et al. 2009). The evolutionary lineage leading to modern teleosts underwent an



additional (third) round of genome duplication (Meyer & Van de Peer 2005). This teleost-
specific genome duplication is also traceable in the visual opsin genes of some fishes. For
example, Elopomorpha (eels) and Osteoglossomorpha have retained their two ancestral rod
opsins (RH1s) (Chen et al. 2018), and characins, bony tongues, and gobies have two ancestral
types of the red-sensitive LWS opsin (Adrian-Kalchhauser et al. 2020; Cortesi et al. unpublished;
Escobar-Camacho et al. 2020; Liu et al. 2019) (Figure 2).

Apart from the expansion through three rounds of whole-genome duplications, several
additional ancestral and numerous lineage-specific opsin gene duplications have occurred in
fishes (Cortesi et al. 2015; Lin et al. 2017; Liu et al. 2019; Musilova & Cortesi unpublished;
Musilova et al. 2019a) (Figure 2a,b). The most common way of opsin gene expansion in fishes
is via tandem duplication, whereby the resultant sister copies (paralogs) end up being located
next to each other on the same chromosome, as exemplified by the RH2 gene arrays found in
many species (Lin et al. 2017; Musilova & Cortesi unpublished). Interestingly, while tandem
duplications prevail in the cone opsins [all SWS2 duplicates, most SWS1I and LWS duplicates, and
many of the RH2 duplicates derive from tandem duplications (Lin et al. 2017)], this is usually
not the case for RHI (Musilova et al. 2019a), probably because of the somewhat unique

evolutionary history of the teleost RH/ (see next section).

3.1.2. Duplication by Retrotransposition

Gene duplication may also occur via retrotransposition, whereby mature messenger RNA post
splicing is retrotranscribed and re-inserted into the genome. Two such cases have been
documented in fish: The first involves RH 1, which is a single-exon gene in all ray-finned fishes
but bichirs (Fujiyabu et al. 2019) and has originated from the retrotransposition of its common
ancestor with the extraocular rhodopsin (exo-rhodopsin) (Bellingham et al. 2003) (Figure 2a).
While the new intron-less copy retained the ancestral function in vision, exo-rhodopsin
expression mainly became restricted to the pineal gland in extant fishes, where it is involved in
circadian regulation (Mano et al. 1999; Pierce et al. 2008). The second case occurred in
Cyprinodontiformes (guppies, killifish and others), where three LWS copies emerged through
tandem duplication and a fourth, intron-less copy through retrotransposition (Sandkam et al.
2017; Ward et al. 2008).

3.1.3. Pseudogenization, Gene Loss and Gene Conversion

The evolution of opsin genes in fishes is also characterized by the frequent occurrence of gene
losses and pseudogenization, often in connection to a peculiar light environment (see Chapter 4).

Gene conversion, that is, the unidirectional exchange of information between sequences, is yet



another mechanism to reduce opsin diversity due to its homogenizing effect on paralogs (Cortesi
et al. 2015; Sandkam et al. 2017). This can even lead to the “resurrection” of a no longer
functional gene copy, as found in the SWS2 genes of the Asian swamp eel (Monopterus albus)
and the Roughhead grenadier (Macrourus berglax). In both species a segment of a functional
gene was replaced by a homologous sequence derived from a pseudogene (Cortesi et al. 2015).
Ultimately, it is the interplay between gene duplications, gene loss, pseudogenization, and gene

conversion that determines the number of visual opsin genes in a given teleost genome.

3.1.4. Point Mutations and Adaptations of Teleost Visual Opsins

Bovine RH1 was the first G-coupled protein to have its crystal structure fully resolved
(Palczewski 2000). Even before this feat, there has been a plethora of studies looking into how
changes in gene sequence affect amino acid composition and, thus, the function of visual opsin
genes. Some point mutations affecting so called “key-spectral tuning sites” have directly been
implicated with shifts in Amax (Yokoyama 2008) (Figure 1d). These sites are usually inside or
close by the retinal binding pocket and have traditionally been identified on the basis of
phylogenetic comparisons, that is, by correlating amino acid sequences with the spectral
sensitivity a visual pigment conveys (Yokoyama 2008; Chang & Donogue 2000). In vitro opsin
protein regenerations (Yokoyama 2008) and — as of late — atomistic molecular simulations (e.g.,
Patel et al. 2018) have also been used to infer the contribution to shifts in Amax of specific amino
acid substitutions if in situ spectral absorbance measurements using microspectrophotometry or
similar techniques are not feasible [e.g., for deep-sea fishes (de Busserolles et al. 2017)].
Although a number of key-tuning sites have been identified so far [e.g., RH2 (Yokoyama & Jia
2020); RH1 (Musilova et al., 2019a)], ongoing research on reconstituted opsin proteins and
increasing phylogenetic coverage are likely to keep adding to this list. Notably, in some cases,
sites found to be involved in the spectral tuning of one type of visual opsin are also relevant in
others (Yokoyama & Jia 2020). For example, mutations in amino acid site 292 lead to shifts in
Amax in RH1, RH2, LWS and SWS2 (Yokoyama 2008; Musilova et al., 2019a; Yokoyama & Jia
2020). The question remains as to which extent at least some key-tuning sites may be able to

universally tune any type of visual opsin gene.

The contribution of amino acids other than the classical key-tuning sites to functional
shifts in Amax 18 not very well understood. One reason is that multiple amino acid sites — be these
key-tuning or not — may interact in determining Amax (Yokoyama 2008). For example, atomistic
molecular simulations have recently uncovered a disulfide bridge between two amino-acid sites
of RH1 (111, 188) that cause a substantial blue-shift in rod opsins of the deep-sea spinyfins
(Musilova et al. 2019a). Also, the general background of the coding sequence may impact the



function of visual opsins, as suggested by signatures of positive selection in nucleotide

substitutions that do not affect key-tuning sites (Nozawa et al. 2009).

Mutations at sites that do not alter Amax may also concern functions unrelated to spectral
sensitivity. For example, in Andean/Amazonian catfishes a variant of RH1 (L59Q, M288L) has
been identified that is specific to populations living at high altitudes and shows accelerated
protein kinetics (Castiglione et al. 2017). And in several deep-sea fishes, four amino-acid sites
(159, 196, 213, 275) have been implicated with lower opsin dimer compressibility and, hence, a
greater stability under high hydrostatic pressure (Porter et al. 2016).

3.2. The Specifics of Rod and Cone Opsin Evolution in Fishes

As detailed above, visual opsin genes in teleost fishes have diversified along multiple axis and
involving a variety of mechanisms. The median number of visual opsins in teleost fish genomes
has been estimated at seven [six cones and one rod opsin (Musilova et al. 2019a)]. Despite this
higher number compared to other vertebrates, there is no substantial overlap in the Amax-range of
the cone opsin types in fishes (Carleton et al. 2020). It therefore appears that processes such as
gene conversion and the convergent evolution of key-tuning sites are keeping different cone
opsins constrained to specific spectral ranges. However, these constraints might be released once
an opsin type is lost. For example, analog to what has happened in primates including human,
osteoglossomorph fishes have lost the green-sensitive RH2 gene and instead use a second LIS
copy that has shifted its spectral sensitivity from red to green (Liu et al. 2019). It is also of note
that the cone opsins that are sensitive to the edges of the light spectrum (UV sensitive, SWSI;
and red-sensitive, LWS) are more variable compared to the ones sensitive to the middle, blue-
green part of the spectrum [SWS2 and RH2; (Carleton et al. 2020)]. This is likely a consequence
of the optical proprieties of water, in which the short and the long wavelengths are first absorbed

and scattered as a function of water depth (or of distance from the light source).

3.2.1. Rod Opsin Evolution

Rods are active during dim light and, in the majority of vertebrates, contain only a single RH1-
based visual pigment used to tell apart differences in brightness (Hunt et al., 2014). However,
some teleost lineages possess two or more copies of RH that have functionally diversified and
are expressed, for example, during different developmental stages (Zhang et al. 2000), or in
different areas of the retina (Morrow et al. 2017). Most Otomorpha contain two RH1 genes that
are likely derived from a duplication event in the clupeocephalan ancestor (Chen et al. 20218;
Musilova et al. 2019a) (Figure 2). Cyprinids have up to four RH! copies, associated with an

additional round of genome duplication in this group. A special case of convergent RHI gene



proliferation has occurred in three deep-sea fish lineages that possess between five and 38 RH1
copies due to lineage- or species-specific gene duplications (Musilova et al. 2019a). Since these
RH] copies do not all occur in tandem, it is possible that they are the product of repeated

(retro)transposition events.

3.2.2. Cone Opsin Evolution

Teleosts, on average, have two to three RH2 copies within their genomes (Musilova et al.
2019a). The spectral sensitivity of RH?2 in the blue-green light overlaps largely with that of RH1.
Note that RH (and the teleost exo-rhodopsin) and RH2 share a common ancestry (Figure 1e)
but are active during different light intensities and have evolved functional independence.
Expansions of RH2 primarily occurred in fish living in blue-green dominated marine habitats,
with species with five and more RH?2 copies either inhabiting the deep-sea or the pelagic open
ocean, or showing nocturnal activities on coral reefs (de Busserolles et al. 2020; Musilova et al.
2019a).

The largest numbers of the red-sensitive LS copies have been found in species
inhabiting shallow aquatic environments rich in long-wavelength light, such as rivers and lakes
or shallow coral reefs [tropical fighting fish and temperate Brown trout (Cortesi et al.
unpublished), wrasses (Dong et al. 2020)]. Some freshwater lineages (salmonids, pike, percids,
livebearers) also expanded their LIS gene repertoire (Cortesi et al. unpublished). On the
contrary, LIS tends to be lost in deeper-living species (Musilova et al. 2019a).

Fishes generally have fewer copies of the shorter-wavelength-sensitive opsins (SWS/ and
SWS2) compared to the longer-wavelength-sensitive opsin genes. Only a handful of species, such
as damselfishes, smelts, and salmonids, have been found to have two UV-sensitive SWS1 copies
(Mitchell et al. 2020; Musilova et al. 2019a). These copies are derived from tandem duplications
or from lineage-specific whole-genome duplications, and there is no evidence for ancestral
duplications of SWS1I within teleosts. Moreover, many species in the deep-sea and in the shallows
have lost this gene altogether (see Chapter 4). Most teleosts possess between one and three copies
of the violet-blue sensitive SWS2, which is largely due to two ancestral duplications, one specific
to neoteleosts, and the other one to percomorphs, the most species-rich crown group of teleosts
(Cortesi et al. 2015). Up to three copies (SWS24a, SWS2Ap and SWS2B) can be found in the
genomes of several coral-reef or pelagic species (Cortesi et al. 2015), and the Humphead wrasse
has four copies of SWS2B (Dong et al. 2020) (Figure 2).



3.3. Visual Opsin Gene Expression and its Regulation

Besides mutating the amino acid sequence shifting Amax, visual adaptations may also be achieved
by changing the type or amount of visual opsin expressed or co-expressed within a given
photoreceptor. Alterations in gene expression are very common and rather straight-forward to
assess, but their genetic underpinnings remain difficult to uncover. It is also possible that
changes in gene expression are plastic and under the control of epigenetic rather than genetic
mechanisms. Either way, changing the type of opsin that is expressed, or co-expressing multiple
opsins within a single photoreceptor type, appear to be quick ways by which fishes are able to

adapt their vision to changes in the light environment (Carleton et al. 2020).

3.3.1. Variation in Opsin Gene Expression

A common observation in teleosts is that only a subset of their visual opsin genes is expressed at
any one time. Opsin gene expression often differs between closely related species. For example,
alternative gene expression profiles (referred to as “opsin palettes”) are common between closely
related cichlid species that differ in ecology and/or the light environment they inhabit (Hofmann
et al. 2009; Musilova et al. 2019b; O’Quin et al. 2010). Visual opsin palettes may also differ
within an individual, e.g., along a development axis. Cone opsins are typically the first visual
opsins to be expressed during ontogeny, with rod opsin being switched on only later (e.g., LupSe
et al. 2020). Within the cone opsins there are species that first express the shorter wavelength
sensitive (SWS1 and SWS2) opsins [e.g., groupers (Kim et al. 2019), salmonids (Cheng et al.
2007)], while others start their lives expressing the longer-wavelength sensitive (RH2 or LWYS)
opsins [e.g., zebrafish, goldfish (Cheng et al. 2007)].

3.3.2. Opsin Gene Regulation

We are just beginning to understand how opsin gene expression is regulated, and what we have
learned so far is limited to a few species such as zebrafish and some cichlids. Generally, both cis-
and frans-regulatory processes are thought to drive the expression of cone opsins, while rod
opsin regulation seems to rely more on cis-regulation (Tsujimura 2020). A number of candidate
gene regulatory elements as well as the locus control regions for some of the visual opsins in
fishes have been described. For instance, the thyroid hormone receptor beta (THRp), also known
to play a role in the expression of mammalian cone opsins (Roberts et al. 2006), has been shown
to be essential for the expression of LWS (Suzuki et al. 2013) and SWS1 (Alvarez-Delfin et al.
2009) in zebrafish. The transcription factor Tbx2a has been shown to simultaneously regulate the
expression of LWS and RH2 in cichlids (Sandkam et al. 2020), and its paralog Tbx2b has been



shown to regulate SWS! in trout (Raine & Hawryshyn 2009). Also, transcription factors Six6b
and Six7 have been shown to regulate the expression of SWS2 and RH2 in zebrafish (Ogawa et
al. 2019). However, while their binding sites have been identified in the promoter regions of RH?2
and LWS, the complete regulatory machinery remains elusive. Clearly, more work is needed to
establish the link between changes in opsin gene expression and habitat, ecology, and behavior in

the tens of thousands of teleost species.

4. VISUAL OPSIN DIVERSITY IN FISHES: ENVIRONMENT, ECOLOGY,
FUNCTION

As shown above, recent advances in sequencing technology have made it possible to reconstruct
the evolution of teleost visual opsins across a large number of species. At a first glance, it
emerges that fishes possess many more opsin genes than necessary to perform a given visual
task. In the following section, we will review some general trends in visual opsin evolution in
fishes and highlight, in more detail, some specific cases of environmental factors driving the
opsin gene diversity in this group. Caution must be taken, however, in interpreting such trends,
as the adaptive advantage often remains correlative rather than causative. Hence, understanding
whether the diversity of opsin genes in fishes and the resulting spectral sensitivities are tightly
linked to specific functions or whether fish vision evolved to be “good enough to serve multiple

purposes” remains a challenge (Marshall et al. 2015).

4.1. Visual Opsin Genes and the Light Environment

It has long been established that the spectral sensitivities of photoreceptors of aquatic animals
tend to correlate with — albeit not always exactly match (Munz & McFarland 1977) — the light
environment of their respective habitats [e.g., crustaceans (Cronin et al. 2001; Marshall et al.
1999), cetaceans and pinnipeds (Dungan et al. 2016; Fasick & Robinson 2000; Meredith et al.
2013), squamates (Seiko et al. 2020; Simdes et al. 2020), and teleosts (reviewed in (Bowmaker
1995; Munz & McFarland 1977; Schweikert et al. 2018)]. In the most extreme cases of fishes
that live in constant darkness such as in caves, the deepest depths of the ocean (Box 1), or in
deep rivers and lakes, there is a trend towards the loss or reduction of eye structures, which is
often accompanied by change in the regulation and/or the loss of genes relevant for vision
(Aardema et al. 2020; Gore et al. 2018; Jeffery 2009; McGaugh et al. 2014; Musilova et al.
2019a).



4.1.1. Vision and Depth

Due to the absorbing properties of water and the scattering effect of particles in the water
column, the light intensity decreases and the light spectrum becomes narrower (blue-light
shifted) with increasing depth (Jerlov 1976) (Figure 4a). Consequently, fishes that inhabit
shallow and clear waters tend to rely on cone-based visual systems during the day that are
sensitive to a broad spectrum of light. Deeper-living species, on the other hand, feature visual
systems that rely on cones and/or rods tuned towards the blue-green spectrum of the light. At
water depths below 200m, the remaining downwelling light is dim and spectrally narrow, as is
bioluminescence emitted by deep-sea organisms. Accordingly, most deep-sea fishes utilize
purely rod-based visual systems sensitive to blue wavelengths (~480 nm) [reviewed in (Carleton
et al. 2020; de Busserolles et al. 2020; Munz & McFarland 1977)]. This correlation between
water depth, light environment, and visual phenotype has been reported from a great number of
fish species inhabiting both freshwater [e.g., sculpins (Hunt et al. 1996; Luk et al. 2016),
salmonids (Eaton et al. 2020), cichlids (Hofmann et al. 2009; Musilova et al. 2019b; Sugawara et
al. 2005; Terai et al. 2006, 2017)] and marine habitats [e.g., damselfishes (Stieb et al. 2016),
holocentrids (Munz & McFarland 1973; Yokoyama & Takenaka 2004), deep-sea fishes (de
Busserolles et al. 2020; Douglas et al. 1998)].

Recent studies based on whole-genome sequencing data revealed that the water depth at
which a species lives is not only reflected in repeated changes in the same key-tuning sites, but is
also a robust predictor of the opsin gene repertoire (Lin et al. 2017; Musilova et al. 2019a)
(Figure 4a). Shallow-living species have opsin complements rich in SWS2, RH2 and particularly
LWS, conferring sensitivity across the visible light spectrum. Notably, although the UV-sensitive
SWSI is more prevalent in fishes experiencing UV-illuminated environments, not all shallow-
living species possess this gene (Musilova et al. 2019a). UV light may damage the eye (Ivanov et
al. 2018) and is also scattered quickly in clear water (Rayleigh scattering), causing unwanted
visual noise, which limits contrast detection over distance (Muntz 1973). Hence, both of these
properties are likely to have driven the evolution of UV-absorbing lenses and similar structures,
which in turn might have facilitated the loss of SWS! (Escobar-Camacho et al. 2017; Hofmann et
al. 2009; Losey et al. 2003; Siebeck & Marshall 2001).

The genomes of deeper-living fishes, on the other hand, tend to be rich in SWS2 and RH2,
conferring sensitivities to the more central blue-green part of the light spectrum, while having
reduced numbers of SWS1 and LWS genes (Lin et al. 2017; Musilova et al. 2019a) (Figure 4a).
In the deep sea, where dim light and bioluminescence prevails, another phenomenon has been
observed: Together with colleagues, we have recently shown that at least three deep-sea fish
lineages have independently expanded and functionally diversified their rod opsin repertoires



(Musilova et al. 2019a). Why some deep-sea fishes have more copies of RH is not entirely clear
yet. One possible explanation is that they use them for a broader spectral absorbance to maximise
photon capture; alternatively, the spectrally different rod opsins might be used to distinguish
differently colored bioluminescent signals. In the silver spinyfin, there is also a difference in the
expression of the various RH1 copies in different developmental stages (Musilova et al. 2019a),
which might likewise be the case for other species with multiple RHs. Interestingly, in common
with other deep-sea fishes, spinyfins start their larval lives in the shallow, nutrient-rich layers of
the pelagic zone, at which point their vision mostly relies on the green-sensitive RH2 (LupSe et
al. 2020; Musilova et al. 2019a). Being exposed to a well-lit environment early on in life might
explain why species that rely on pure rod retinas as adults still retain cone opsin genes in their

genomes.

4.1.2. Vision during Twilight and at Night

In shallow and clear waters, the light spectrum changes considerably with the time of the day:
Daylight is characterized by a broad spectrum of high-intensity light; during crepuscular hours,
the intensity decreases and the light environment is mostly blue-wavelength dominated; and at
night, the moon and the stars are the main sources of light, whereby the light intensity is 8-9x
lower than during the day and longer wavelengths predominate despite a fairly broad light
spectrum (Mcfarland 1986). Consequently, nocturnal fishes show visual adaptations that are
similar to those of deep-sea fishes, including large eyes and rod-dominated retinas to maximise
sensitivity [reviewed in (Cortesi et al. 2020; Munz & McFarland 1977)]. However, because
green light prevails at night, the rod spectral sensitivities of nocturnal shallow-water fishes are
shifted towards longer wavelengths (~490 - 520 nm Amax) compared to deep-sea fishes [reviewed
(Munz & McFarland 1977; Schweikert et al. 2019)].

The twilight period (also referred to as quiet period) is of special interest, because the
intensity of light during the crepuscular hours leads to the simultaneous activity of both cones
and rods, albeit neither of them work at their optimum (Munz & McFarland 1973; Stockman &
Sharpe 2006). While many animals avoid being active during this time of the day, one group of
fishes stands out by taking advantage of this “antipredation window” (Clark & Levy 1988). The
pearlsides (Maurolicus spp.) are deep-sea fishes found in water depths of ~200 m during the day.
However, in contrast to other mesopelagic fishes that venture to the surface at night to find food,
pearlsides migrate to the surface during crepuscular hours (Giske et al. 1990). Accordingly, their
visual system shows unique adaptations to twilight conditions (de Busserolles et al. 2017)
(Figure 4b). For example, they rely mainly on rod-looking cone cells that express RH2 and

genes belonging to the cone-photoreceptor cascade. Also, the spectral sensitivities of their



transmuted photoreceptors are shifted towards blue wavelengths (~430 - 440 nm Amax). It thus
appears that pearlsides have combined the properties of rod photoreceptors (high sensitivity) and
cone photopigments (tolerance to higher light intensities and rapid pigment recovery) to optimize

vision during twilight hours (de Busserolles et al. 2017).

Nocturnal fishes often show reduced activity during the day (Helfman 1986). Their visual
systems may therefore be adapted to both dim- and bright-light conditions, as is the case for two
reef-dwelling nocturnal families, the cardinalfishes (Luehrmann et al. 2019) and the holocentrids
(de Busserolles et al. 2021). Holocentrids have large eyes, and their single RH1 is expressed in
rods that are arranged in multiple banks stacked on top of one another — an adaptation usually
found in deep-sea fishes (de Busserolles et al. 2020, 2021). Depending on the water depth at
which they occur, the different holocentrid species have rod pigments with different spectral
sensitivities: shallow-dwelling species have rods tuned to green wavelengths (~500 - 507 nm
Amax), While the photoreceptors of deeper living holocentrids are tuned to blue wavelengths (~480
- 485 nm Amax); species living at intermediate depths have rods with intermediate sensitivities
(~490 - 495 nm Amax) (Munz & McFarland 1973; Yokoyama & Takenaka 2004). In addition,
holocentrids retain few but large cones, which express a single blue-sensitive SWS24 and up to
two copies of the green-sensitive RH2 (de Busserolles et al. 2021; Musilova et al. 2019a).
Having large cones and a multibank retina seems especially favorable for vision during twilight
hours and at night, presumably to increase sensitivity and/or to allow colour discrimination in
dim-light (de Busserolles et al. 2021).

4.1.3. Vision in Turbid Waters

The colour of fresh and brackish waters, but also that of marine water in inshore and outer reef
habitats, may differ substantially between locations and seasons due to changes in solar angle
and irradiance as well as varying levels of phytoplankton (chlorophyll), dissolved organic matter,
and silt in the water column (Jerlov 1976; Munz & McFarland 1977). An increasing number of
fishes have been found to have adapted their visual systems to such differences in photic
environments [e.g., snappers (Lythgoe et al. 1994), cichlids (Carleton & Yourick 2020),
stickleback (Marques et al. 2017; Novales Flamarique 2013), killifish (Fuller et al. 2003), herring
(Hill et al. 2019), Atlantic tarpon (Schweikert & Grace 2018; Taylor et al. 2011), tuna (Loew et
al. 2002), and cardinalfish (Luehrmann et al. 2020)]. Cone opsin losses and red-shifted spectral
sensitivities (Escobar-Camacho et al. 2017; Liu et al. 2016; Weadick et al. 2012) are common in
species that live in turbid waters, presumably due to the reduced levels of UV light and shifts
towards longer wavelengths, respectively. For example, amino acid site 261 of RH1 has
converged to a red-shifted phenotype (Phe261Tyr) at least 20 times independently as teleosts



transitioned from blue-shifted marine environments to red-shifted brackish or freshwater habitats
(Hill et al. 2019; Musilova et al. 2019a), and the same switch has also been found between
closely related freshwater species (Eaton et al. 2020). Similar scenarios involving repeated
changes in tuning sites when transitioning between differently colored waters are also common
in cone opsins (Lin et al. 2017; Musilova et al. 2019a; Yokoyama 2008). This illustrates the
somewhat limited scope under which opsins can operate as the light environment exerts strong

selective pressures, leading to convergent visual phenotypes.

Adaptations to turbid waters can also occur at the chromophore level: Cichlids that live in
the relatively clear Lake Malawi and in some crater lakes of Nicaragua use more of the shorter-
shifted Al-derived chromophore, while those that live in the murky large lakes of Nicaragua use
increased amounts of the longer-shifted A2-derived chromophore (Hérer et al. 2018; Muntz
1976; Torres-Dowdall et al. 2017). This shift is likely catalyzed by Cyp27cl (Enright et al. 2015;
Torres-Dowdall et al. 2017). As shown recently in fishes that inhabit the Panama Canal, changes
in chromophores can be dynamic and occur over short periods of time (Escobar-Camacho et al.
2019). Chromophore switches might sometimes also be tied to ontogeny such as in eels that
migrate between fresh and marine waters (eels also switch the rod opsin they use; Figure 4c¢)
(Archer et al. 1995; Wood & Partridge 1993). Arguably the fastest way to adapt to differences in

light environments, though, is by changing opsin gene expression itself (Carleton et al. 2020).

4.1.4. Vision in Variable Light Environments

Plasticity in the expression of visual opsin genes is remarkably widespread in teleosts and can
occur over different timescales (Carleton et al. 2020). In many species, opsin gene expression is
plastic during development [e.g., flounder (Savelli et al. 2018), cichlids (Carleton et al. 2008;
Dalton et al. 2015; Harer et al. 2017), killifish (Fuller et al. 2005, 2010), black bream (Shand et
al. 2008)]. These changes are often associated with ontogenetic habitat transitions such as for
example in dottybacks, which change opsin gene expression between pelagic larvae and juvenile
and adult stages on the reef (Cortesi et al. 2016). However, in some species, opsin gene
expression might be more hardwired showing barely any changes with development [e.g., cod
(Valen et al. 2018), salmon (Novales Flamarique 2018), surgeonfishes (Tettamanti et al. 2019)].
Shifts in the photic environment, for example from clearer waters in winter to greener algae- and
phytoplankton-dominated waters during summer [damselfishes (Stieb et al. 2016)], or due to
seasonal changes in temperature and daylength [medaka (Shimmura et al. 2017)], may also cause
adult fishes to change gene expression. In some species, adults are even able to change opsin
gene expression within weeks or days when exposed to different light conditions in laboratory
experiments [e.g., damselfishes and cardinalfishes (Luehrmann et al. 2018; Stieb et al. 2016),



cichlids (Nandamuri et al. 2017), killifish (Fuller & Claricoates 2011)]. Other ways to adapt to
variable photic environments are by expressing different opsin complements in different parts of
the retina, or by co-expressing multiple opsins within the same photoreceptor cell [e.g.,
archerfish (Temple et al. 2010), cichlids (Dalton et al. 2014; Torres-Dowdall et al. 2017), flatfish
(Iwanicki et al. 2017), salmon (Cheng & Novales Flamarique 2004)]. For example, the eyes of
the four-eyed fish (4Anableps anableps) are adapted for simultaneous vision above and below the
water, whereby the upper part of the eye that looks down into the turbid water expresses a longer

wavelength-shifted opsin complement compared to the lower part that looks into air (Owens et
al. 2012).

All the examples mentioned above testify that the light environment determines what fish
can see. Therefore, it may come as a surprise that, within a given envelope of light, the spectral
sensitivities can vary substantially in fish, even between closely related species (Carleton et al.
2020; Marshall et al. 2015, 2018; Schweikert et al. 2018). In the next section, we will discuss

different aspects of the biology of fishes that might, at least in part, explain this variation.

4.2. Visual Opsin Genes and Life History
4.2.1. Vision and Feeding Ecology

Intra- and inter-specific differences in visual opsin gene expression and — by extension — spectral
sensitivity may arise in response to different feeding habits, which is especially evident for the
shortest- and the longest-tuned photoreceptors expressing SWS1 and LWS, respectively. For
example, the contrast of zooplankton against the background light is increased via the absorption
or reflection of short wavelengths of light, which is thought to confer a benefit to species with
UV sensitivity [e.g., cichlids (Hofmann et al. 2009; Jordan et al. 2004; O’Quin et al. 2010),
damselfish (Stieb et al. 2017), zebrafish (Novales Flamarique 2016; Yoshimatsu et al. 2020),
perch (Loew et al. 1993), stickleback (Rick et al. 2012)]. Changes in UV sensitivity may also
occur during development and, often, fishes are sensitive to UV light during the planktonic larval
stage but shift their sensitivities to longer wavelengths later in life when settling and changing
diet (Job & Bellwood 2007; Siebeck & Marshall 2007; Thorpe & Douglas 1993). The rainbow
trout (Oncorhynchus mykiss), for example, undergoes such an ontogenetic switch from UV
sensitivity (when being zooplanktivorous) to blue sensitivity (when starting to feed on
invertebrates and small fishes) (Browman et al. 1994; Hawryshyn et al. 1989). Expression of
LWS, on the other hand, may benefit herbivorous fishes such as some damselfishes (Stieb et al.
2017) and blennies (Cortesi et al. 2018), as the (far-)red reflectance of chlorophyll sharply
contrasts with the grey to brown colour of a rubble or sandy background (Marshall et al. 2003).



4.2.2. Vision, Colour and Sex

Interestingly, both UV and red sensitivity have also been associated with colour signalling,
communication, and sexual selection in both freshwater and marine fishes [reviewed in (Carleton
et al. 2020; Marshall et al. 2018)]. UV vision is common in smaller teleosts that live in clear
waters, while bigger fishes tend to be insensitive to shorter wavelengths of light (Marshall et al.
2018; Siebeck et al. 2006). UV-reflecting body patterns are common in these smaller species and
are thought to be used to “secretly” communicate with one another, hidden away from the UV-
blind predatory fish [e.g., damselfish (Siebeck et al. 2010; Stieb et al. 2017), swordtails
(Cummings et al. 2003), guppies (Smith et al. 2002)]. For example, it has been shown that the
Ambon damselfish (Pomacentrus amboinensis) uses its UV-reflecting facial markings to
distinguish conspecifics from heterospecific intruders (Siebeck et al. 2010). The white stripes in
the iconic anemonefishes strongly reflect in the UV (Marshall et al. 2006); and in the Barrier
Reef anemonefish (Amphiprion akindynos), single cone photoreceptors located in a small, highly
acute area of the forward looking part of the retina co-express SWSI and SWS2B, which might
help in discerning a conspecific intruder from a member of their own group (Stieb et al. 2019).

Vision at longer wavelengths of light — and with it functional diversification of LWS —
has been associated with colour-selective mating in freshwater fishes such as cichlids (Seehausen
et al. 2008), guppies (Sandkam et al. 2018), and sticklebacks (Boughman 2001). Similarly, a
strong association between LWS expression and red coloration has also been reported from
marine fishes such as the wrasses (Marshall et al. 2003; Michiels et al. 2008; Phillips et al.
2016). The idea behind this “sensory drive” is that the visual system is initially shaped by a
species ecology and the light environment, which in turn drives the co-evolution of colorful
signals ultimately leading to the formation of new species (Cummings & Endler 2018; Endler
1992). Support for this scenario comes from cichlids from Lake Victoria (Miyagi et al. 2012;
Terai et al. 2006). In the genus Pundamilia, for example, a shallow living species (P.
pundamilia) expresses a blue-shifted LS opsin and the males are blue-colored, while a deeper
living species (P. nyererei) has red-colored males and females express a red-shifted LWS copy,
facilitating color-assortative mating (Seehausen et al. 2008). However, even in these cichlids,

unambiguous evidence for sensory drive remains difficult to establish (Wright et al. 2020).

It is notable that in long-wavelength-sensitive species that prominently feature orange or
red colors, such as the wrasses and guppies, the LIS genes have expanded substantially
(Sandkam et al. 2018; Cortesi et al. 2020). Similarly, in damselfishes and salmonids, which rely
on UV vision for feeding and communication, SWS1 has been duplicated (Mitchell et al. 2020;
Musilova et al. 2019a).



5. CONCLUSION

Visual pigments — composed of an opsin protein and a retinal chromophore — are at the core of
animal vision. Phylogenetic comparative approaches and in vitro protein reconstructions have
revealed that changes in key spectral-tuning sites of the opsin protein lead to shifts in their spectral
sensitivity, permitting a direct link between opsin genotypes and visual phenotypes. The vertebrate
ancestor already possessed five types of visual opsin genes (four cone opsins and a rod opsin) that
were sensitive from the ultraviolet to the red light. In the most species-rich clade of vertebrates,
teleost fishes, the visual opsin genes continued to proliferate and to functionally diversify. This
has primarily happened through ancestral as well as many lineage-specific gene duplications. Why
fishes have so many visual opsin genes is not entirely clear, but correlations can be drawn with the
respective light environment, the ecology, and the coloration of a species. Based on the work from
previous generations of scientists and aided by the technological advancements of the last decade,
contemporary vision researchers are now at a point where they are able to move beyond
correlations in their attempts to unravel the mechanistic links causing the astonishing diversity in

visual opsin genes in fishes.

SUMMARY POINTS

1. The vertebrate ancestor already possessed five types of visual opsin genes, one rod opsin
(RH1) and four cone opsins (SWS1, SWS2, RH2 and LWS). In teleost fishes, visual opsin
gene copy numbers continued to expand, like in no other vertebrate lineage.

2. The evolution of visual opsin genes in teleosts is primarily driven by differences in the
light environment that the various species inhabit. Differences in (feeding) ecology and

coloration may also play a role in the fine-tuning of the visual sensory system.

3. Shallow-living species have opsin gene repertoires that may contain all four cone opsin
types with photoreceptor peak spectral sensitivities that range from the ultraviolet (UV)
to the red spectrum (350 - 600 nm Amax).

4. Many deeper-living species have lost the UV- and red-sensitive cone opsins (SWS!I and
LWS) and their photoreceptors are sensitive to the center, blue-green part of the light
spectrum (~440 - 520 nm Amax).

5. The green-sensitive RH2 cone opsins have by far the most dynamic evolutionary history
in teleost fishes with many ancestral, lineage-, and species-specific gene duplications and

losses.



6. LWS paralogs in characins and mormyrids are remnants of the teleost specific whole-

genome duplication. A more distinct LIS paralog in gobies suggests that an even earlier
gene duplication event had taken place.

An unusual example of opsin gene proliferation exists in deep-sea fishes, where RH1
independently duplicated in at least three different lineages. The most extreme case is that

of the silver spinyfin, Diretmus argenteus, with 38 functionally diversified RH1 copies.

Many fishes seem to have more visual opsins than necessary to complete a given visual
task. These “extra” visual opsins may be used at different developmental stages, different
seasons (or shorter timeframes), or in different parts of the retina. They may also be the

result of phylogenetic inertia or drift.

FUTURE ISSUES

1.

While some vision-related genes (especially the visual opsins) are well studied, others are
not. Future research should focus on the entire network of genes underlying vision
(Mehta et al. 2021).

With the exception of the zebrafish model system, little is known about the neuronal
circuits that mediate visually guided behavior and light responses in teleosts beyond the
photoreceptors (Baden et al. 2020). Recent technological advances such as in vivo
calcium imaging and reverse-genetic approaches in non-model teleosts as well as
sophisticated behavioral experiments will greatly facilitate comparative studies in the

future.

How opsin gene expression is controlled remains for the most part an unknown. Single-
cell RNA sequencing coupled with functional (epi)genomics and reverse genetics will

provide the opportunity to elucidate these pathways going forward.

Visual opsins may also function as light receptors outside the eyes and this is an area that

we expect will receive increased attention in the future.
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Highlight Box 1:

THE DEEP SEA: EXTREME VISUAL ADAPTATIONS TO EXTREME
CONDITIONS

Visual adaptations in the deep sea have mostly one aim: to catch more photons. Having larger
eyes is only one way to do so. Some deep-sea fishes have peculiar eye morphologies including
upward-looking tubular-shaped eyes that may contain accessory, sideward-looking mirror eyes
without lenses. Other deep-sea fishes possess thick multibank retinae with rod cells stacked in
layers, or they may have a single layer containing modified, exceptionally long rod
photoreceptors. The longer the rod outer segments, the more efficient they are at capturing
photons. No wonder then that the longest rods amongst fishes are found in the deep sea. Other
adaptations include the photopigments themselves. The silver spinyfin’s 38 rod opsin genes,
which produce a plethora of differentially tuned proteins, represents one more record among
vertebrates. Yet another unique visual adaptation is present in some deep-sea dragonfishes that
use red photophores under their eyes. Using a bacteriochlorophyll-derived photosensitizer inside
their photoreceptors, they are able to heavily shift the spectral sensitivity of their rod
photoreceptors to the far red. Since red wavelengths and red vision are extremely rare in the deep
sea, red bioluminescence might serve as a private communication channel or to illuminate red-

blind prey. For an in-depth review on the topic see (de Busserolles et al. 2020).



Figure Legends:

Figure 1
Visual sensory system of teleost fishes. (a) The majority of teleost fishes have a camera-style eye
typical for vertebrates [images with permission of Valerio Tettamanti (3x) and Zuzana Musilova

(2x)]. (b) The retina of vertebrates is “inverted”, that is, the photoreceptor cells are located at its

outside. In fishes, photoreceptors are often arranged in regular patterns such as rows (as shown
for zebrafish) or square mosaics with (as shown for medaka) and without the corner cones (as
shown for the Nile tilapia, a main model species among cichlids). The photos show the
single/double cone retinal mosaic of the shallow-water cichlid fish Konia eisentrauti (left) and
the stand-alone double cones of the deep-water species K. dikume (right), in which the mosaic
pattern has been lost; both species are native to crater lake Barombi Mbo, Cameroon [photos
taken from (Musilova et al. 2019b)]. (¢) Rod photoreceptor cells have longer and slimmer outer
segments compared to cone cells, resulting in a longer pathway for the light to travel through,
thus increasing sensitivity. Upon the light-induced activation of the chromophore, opsin proteins
undergo a conformational change and initiate the phototransduction cascade, which converts the
light impulse into a neuronal signal. The main components of the vertebrate phototransduction
cascade are shown. (d) Top: The absorption spectra of the visual rod (dashed) and cone (solid)
opsins of the Nile tilapia and their corresponding peak spectral sensitivities (Amax) [adapted from
(Spady et al. 2006)]. Bottom: Schematic representation of the bovine rhodopsin. The key
spectral-tuning sites that are known to shift Amax in RH1 are highlighted in yellow (according to
Musilova et al. 2019a). (e) Phylogeny of the vertebrate visual opsin genes. Lamprey = Geotria
australis, shark = Callorhinchus milii, teleosts = five to eight representative opsin genes

included. The five basic types of visual opsins were already present in the vertebrate ancestor.

Figure 2

The visual opsin gene repertoire of teleost fishes. (@) Gene duplication history of visual opsin
genes from the vertebrate ancestor to the percomorph fish, the most species-rich crown group of
teleosts. (b) Phylogenetic hypothesis of teleost fishes at the level of orders [modified from
(Betancur-R et al. 2017; Musilova et al. 2019a)], illustrating ancestral duplications in visual
opsin genes. The numerous lineage-specific duplications are not shown. (¢) Diversity of the rod

and cone opsin genes across teleost fishes. Filled rectangles indicate the presence of a particular



visual opsin gene in a given genome (and the number of copies), while rectangles crossed out
indicate absence (based on data from Chen et al. 2018; Cortesi et al. unpublished, 2015; Liu et al.
2019; Musilova & Cortesi unpublished; Musilova et al. 2019a, complemented by additional data

from GenBank examined for the purpose of this review).

Figure 3

Functional diversification of visual opsin genes in teleost fishes. (a) List of 32 key spectral-
tuning amino acid sites based on Musilova et al. (2019a), Yokoyama (2008), Yokoyama & Jia
(2020). Amino acid alignment positions are referenced to the bovine rhodopsin (Palczewski
2000). (b) Individual gene trees (simplified) of the teleost visual opsin genes (rod RH1 and cone
SWSI1, SWS2, RH2 and LWS). Changes in key-tuning sites characteristic for a particular visual
opsin gene or larger subclades of teleosts are mapped on the respective branches (and are color-
coded according to (@)), based on an analysis of several hundred fish genomes reported in
Cortesi et al. (unpublished, 2015), Musilova & Cortesi (unpublished), and Musilova et al.
(2019a) and complemented by additional data from GenBank examined for the purpose of this

review.

Figure 4

Environmental drivers of visual opsin evolution in teleost fishes. (a) Water depth, and the
associated light environment, are a main predictor of the visual opsin gene repertoire of teleosts.
Shallow-living species exposed to the entire light spectrum typically exhibit the full range of
visual opsins including the UV-sensitive SWS! (shown here for the Nile tilapia), while species
living in the depth, where blue light prevails, often lack the shortest- (SWS1) and longest-tuned
(LWS) visual opsins but show expansions of RH2 and RH1 (as illustrated for cod, lanternfish,
fangtooth and dragonfish) [data from (Musilova et al. 2019a)]. () The time of the day when a
species is active is reflected in the expression patterns of visual opsin genes. The visual system
of nocturnal fishes is based mostly on rods and these fishes express comparatively lower
quantities of cone opsins than diurnal species (as shown here for coral fish; based on data from
De Busserolles et al. 2021; Luehrmann et al. 2019; Stieb et al. 2017). Deep-sea pearlsides feature
transmuted cones with a rod-like appearance but a molecular machinery of cones (as shown here

for Maurolicus muelleri; based on data from De Busserolles et al. 2017). (c¢) Turbidity and the



associated shifts in the light spectrum impact the visual system of fishes. Migratory eels
(Anguilla sp.) exhibit an ontogenetic shift in the expression of their two RHI copies (RHIdso =
deep sea opsin; RHIfwo = freshwater opsin), whereby juveniles living in turbid freshwater
habitats primarily express the longer-wavelength shifted RHIfwo (Zhang et al. 2000). (d)
Trophic ecology determines visual opsin expression in fishes. Planktivorous and algivorous
cichlids from Malawi Lake exhibit higher expression levels of the UV-sensitive opsin SWS1
compared to benthos-feeders or fish-eaters (data from Hofmann et al. 2009), and herbivorous
damselfishes (Pomacentridae) express higher levels of LIS than their planktivorous relatives

(data from Stieb et al. 2017).



References:

Aardema ML, Stiassny MLJ, Alter SE. 2020. Genomic Analysis of the Only Blind Cichlid
Reveals Extensive Inactivation in Eye and Pigment Formation Genes. Genome Biol. Evol.
12(8):1392-1406

Adrian-Kalchhauser I, Blomberg A, Larsson T, Musilova Z, Peart CR, et al. 2020. The round
goby genome provides insights into mechanisms that may facilitate biological invasions.
BMC Biol. 18(1):11

Ali M-A, Anctil M. 1976. Retinas of Fishes: An Atlas. Berlin, Heidelberg: Springer Berlin
Heidelberg

Alvarez-Delfin K, Morris AC, Snelson CD, Gamse JT, Gupta T, et al. 2009. Tbx2b is required
for ultraviolet photoreceptor cell specification during zebrafish retinal development.
Proc. Natl. Acad. Sci. 106(6):2023-28

Archer S, Hope A, Partridge JC. 1995. The molecular basis for the green-blue sensitivity shift in
the rod visual pigments of the European eel. Proc. R. Soc. Lond. B Biol. Sci.
262(1365):289-95

Arshavsky VY, Lamb TD, Pugh EN. 2002. G Proteins and Phototransduction. Annu. Rev.
Physiol. 64(1):153-87

Baden T, Euler T, Berens P. 2020. Understanding the retinal basis of vision across species. Nat.
Rev. Neurosci. 21(1):5-20

Bellingham J, Tarttelin EE, Foster RG, Wells DJ. 2003. Structure and evolution of the Teleost
extraretinal rod-like opsin (errlo) and ocular rod opsin (rho) genes: Is teleost rho a
retrogene? J. Exp. Zool. B: Mol. Dev. Evol. 297(1):1-10

Betancur-R R, Wiley EO, Arratia G, Acero A, Bailly N, et al. 2017. Phylogenetic classification
of bony fishes. BMC Evol. Biol. 17(1):162

Boughman JW. 2001. Divergent sexual selection enhances reproductive isolation in sticklebacks.
Nature. 411(6840):944-48

Bowmaker JK. 1995. The visual pigments of fish. Prog. Retin. Eye Res. 15(1):1-31

Bowmaker JK. 2008. Evolution of vertebrate visual pigments. Vision Res. 48(20):2022-41

Browman HI, Novales Flamarique H, Hawryshyn C. 1994. Ultraviolet photoreception
contributes to prey search behaviour in two species of zooplanktivorous fishes. J. Exp.
Biol. 186(1):187-98

Carleton KL, Escobar-Camacho D, Stieb SM, Cortesi F, Marshall NJ. 2020. Seeing the rainbow:
mechanisms underlying spectral sensitivity in teleost fishes. J. Exp. Biol.
223(8):jeb193334

Carleton KL, Spady TC, Streelman JT, Kidd MR, McFarland WN, Loew ER. 2008. Visual
sensitivities tuned by heterochronic shifts in opsin gene expression. BMC Biol. 6(1):22

Carleton KL, Yourick MR. 2020. Axes of visual adaptation in the ecologically diverse family
Cichlidae. Semin. Cell Dev. Biol. 106:43-52

Castiglione GM, Hauser FE, Liao BS, Lujan NK, Van Nynatten A, et al. 2017. Evolution of
nonspectral rhodopsin function at high altitudes. Proc. Natl. Acad. Sci. 114(28):7385-90

Chang BS, Donoghue MJ. 2000. Recreating ancestral proteins. Trends Ecol. Evol. 15(3):109-114

Chen J-N, Samadi S, Chen W-J. 2018. Rhodopsin gene evolution in early teleost fishes. PLOS



ONE. 13(11):e0206918

Cheng CL, Gan KJ, Flamarique IN. 2007. The Ultraviolet Opsin Is the First Opsin Expressed
during Retinal Development of Salmonid Fishes. Investig. Opthalmology Vis. Sci.
48(2):866

Cheng CL, Novales Flamarique 1. 2004. New mechanism for modulating colour vision. Nature.
428(6980):279-279

Clark CW, Levy DA. 1988. Diel Vertical Migrations by Juvenile Sockeye Salmon and the
Antipredation Window. Am. Nat. 131(2):271-90

Collin SP. 2009. Evolution of the Visual System in Fishes. In Encyclopedia of Neuroscience,
eds. MD Binder, N Hirokawa, U Windhorst, pp. 1459-66. Berlin, Heidelberg: Springer
Berlin Heidelberg

Cortesi F, Cheney KM, Cooke GM, Ord T. 2018. Opsin gene evolution in amphibious and
terrestrial combtooth blennies (Blenniidae). Evolutionary Biology

Cortesi F, Escobar-Camacho D, Carleton KL, Sommer GM, Musilova Z. unpublished. A third
long-wavelength-sensitive opsin provides evidence for 3R of genome duplications in
teleost fishes and a functional switch to the ancestral LWS in gobies

Cortesi F, Mitchell LJ, Tettamanti V, Fogg LG, de Busserolles F, et al. 2020. Visual system
diversity in coral reef fishes. Semin. Cell Dev. Biol. 106:31-42

Cortesi F, Musilova Z, Stieb SM, Hart NS, Siebeck UE, et al. 2015. Ancestral duplications and
highly dynamic opsin gene evolution in percomorph fishes. Proc. Natl. Acad. Sci.
112(5):1493-98

Cortesi F, Musilova Z, Stieb SM, Hart NS, Siebeck UE, et al. 2016. From crypsis to mimicry:
changes in colour and the configuration of the visual system during ontogenetic habitat
transitions in a coral reef fish. J. Exp. Biol. 219(16):2545-58

Cronin TW, Caldwell RL, Marshall J. 2001. Tunable colour vision in a mantis shrimp. Nature.
411(6837):547-48

Cronin TW, Johnsen S, Marshall J, Warrant EJ. 2014. Visual Ecology. Princeton: Princeton
University Press

Cummings ME, Endler JA. 2018. 25 Years of sensory drive: the evidence and its watery bias.
Curr. Zool. 64(4):471-84

Cummings ME, Rosenthal GG, Ryan MJ. 2003. A private ultraviolet channel in visual
communication. Proc. R. Soc. Lond. B Biol. Sci. 270(1518):897-904

Dalton BE, Loew ER, Cronin TW, Carleton KL. 2014. Spectral tuning by opsin coexpression in
retinal regions that view different parts of the visual field. Proc. R. Soc. B Biol. Sci.
281(1797):20141980

Dalton BE, Lu J, Leips J, Cronin TW, Carleton KL. 2015. Variable light environments induce
plastic spectral tuning by regional opsin coexpression in the African cichlid fish,
Metriaclima zebra. Mol. Ecol. 24(16):4193—-4204

de Busserolles F, Cortesi F, Fogg L, Stieb SM, Luehrmann M, Marshall NJ. 2021. The visual
ecology of Holocentridae, a nocturnal coral reef fish family with a deep-sea-like
multibank retina. J. Exp. Biol. 224(1):jeb233098

de Busserolles F, Cortesi F, Helvik JV, Davies WIL, Templin RM, et al. 2017. Pushing the limits
of photoreception in twilight conditions: The rod-like cone retina of the deep-sea



pearlsides. Sci. Adv. 3(11):eaa04709

de Busserolles F, Fogg L, Cortesi F, Marshall J. 2020. The exceptional diversity of visual
adaptations in deep-sea teleost fishes. Semin. Cell Dev. Biol. 106:20-30

Dong L, Wang X, Guo H, Zhang X, Zhang M, Tang W. 2020. Chromosome-level genome
assembly of the endangered humphead wrasse Cheilinus undulates insight into
unexpected expansion of opsin genes in fishes. Preprints

Douglas RH, Partridge JC, Marshall NJ. 1998. The eyes of deep-sea fish I: Lens pigmentation,
tapeta and visual pigments. Prog. Retin. Eye Res. 17(4):597-636

Dungan SZ, Kosyakov A, Chang BSW. 2016. Spectral Tuning of Killer Whale ( Orcinus orca )
Rhodopsin: Evidence for Positive Selection and Functional Adaptation in a Cetacean
Visual Pigment. Mol. Biol. Evol. 33(2):323-36

Eaton KM, Bernal MA, Backenstose NJC, Yule DL, Krabbenhoft TJ. 2020. Nanopore amplicon
sequencing reveals molecular convergence and local adaptation of rhodopsin in Great
Lakes salmonids. Genome Biol. Evol. evaa237

Endler JA. 1992. Signals, Signal Conditions, and the Direction of Evolution. Am. Nat. 139:S125—
53

Enright JM, Toomey MB, Sato S, Temple SE, Allen JR, et al. 2015. Cyp27c1 Red-Shifts the
Spectral Sensitivity of Photoreceptors by Converting Vitamin Al into A2. Curr. Biol.
25(23):3048-57

Escobar-Camacho D, Carleton KL, Narain DW, Pierotti MER. 2020. Visual pigment evolution
in Characiformes: The dynamic interplay of teleost whole-genome duplication, surviving
opsins and spectral tuning. Mol. Ecol. 29(12):2234-53

Escobar-Camacho D, Pierotti MER, Ferenc V, Sharpe DMT, Ramos E, et al. 2019. Variable
vision in variable environments: the visual system of an invasive cichlid ( Cichla
monoculus ) in Lake Gatun, Panama. J. Exp. Biol. 222(6):jeb188300

Escobar-Camacho D, Ramos E, Martins C, Carleton KL. 2017. The opsin genes of amazonian
cichlids. Mol. Ecol. 26(5):1343-56

Fain GL. 2020. Lamprey vision: Photoreceptors and organization of the retina. Semin. Cell Dev.
Biol. 106:5-11

Fasick JI, Robinson PR. 2000. Spectral-tuning mechanisms of marine mammal rhodopsins and
correlations with foraging depth. Vis. Neurosci. 17(5):781-88

Fujiyabu C, Sato K, Utari NML, Ohuchi H, Shichida Y, Yamashita T. 2019. Evolutionary
history of teleost intron-containing and intron-less rhodopsin genes. Sci. Rep. 9(1):10653

Fuller RC, Carleton KL, Fadool JM, Spady TC, Travis J. 2005. Genetic and environmental
variation in the visual properties of bluefin killifish, Lucania goodei: Evolvable sensory
systems. J. Evol. Biol. 18(3):516-23

Fuller RC, Claricoates KM. 2011. Rapid light-induced shifts in opsin expression: finding new
opsins, discerning mechanisms of change, and implications for visual sensitivity: RAPID
LIGHT-INDUCED SHIFTS IN OPSIN EXPRESSION. Mol. Ecol. 20(16):3321-35

Fuller RC, Fleishman LJ, Leal M, Travis J, Loew E. 2003. Intraspecific variation in retinal cone
distribution in the bluefin killifish, Lucania goodei. J. Comp. Physiol. [A]. 189(8):609—16

Fuller RC, Noa LA, Strellner RS. 2010. Teasing Apart the Many Effects of Lighting
Environment on Opsin Expression and Foraging Preference in Bluefin Killifish. Am. Nat.



176(1):1-13

Giske J, Aksnes DL, Balino BM, Kaartvedt S, Lie U, et al. 1990. Vertical distribution and
trophic interactions of zooplankton and fish in Masfjorden, Norway. Sarsia. 75(1):65-81

Gore AV, Tomins KA, Iben J, Ma L, Castranova D, et al. 2018. An epigenetic mechanism for
cavefish eye degeneration. Nat. Ecol. Evol. 2(7):1155-60

Hirer A, Meyer A, Torres-Dowdall J. 2018. Convergent phenotypic evolution of the visual
system via different molecular routes: How Neotropical cichlid fishes adapt to novel light
environments. Evol. Lett. 2(4):341-54

Hirer A, Torres-Dowdall J, Meyer A. 2017. Rapid adaptation to a novel light environment: The
importance of ontogeny and phenotypic plasticity in shaping the visual system of
Nicaraguan Midas cichlid fish ( Amphilophus citrinellus spp.). Mol. Ecol. 26(20):5582—
93

Hawryshyn CW, Arnold MG, Chaisson DJ, Martin PC. 1989. The ontogeny of ultraviolet
photosensitivity in rainbow trout ( Salmo gairdneri ). Vis. Neurosci. 2(3):247-54

Helfman GS. 1986. Fish Behaviour by Day, Night and Twilight. In The Behaviour of Teleost
Fishes, ed. TJ Pitcher, pp. 366—87. Boston, MA: Springer US

Helfman GS, Collette BB, Facey DE, Bowen BW, eds. 2009. The Diversity of Fishes: Biology,
Evolution, and Ecology. Oxford: Wiley-Blackwell. 2. ed ed.

Hill J, Enbody ED, Pettersson ME, Sprehn CG, Bekkevold D, et al. 2019. Recurrent convergent
evolution at amino acid residue 261 in fish rhodopsin. Proc. Natl. Acad. Sci.
116(37):18473-78

Hofmann CM, O’Quin KE, Marshall NJ, Cronin TW, Seehausen O, Carleton KL. 2009. The
Eyes Have It: Regulatory and Structural Changes Both Underlie Cichlid Visual Pigment
Diversity. PLoS Biol. 7(12):¢1000266

Hunt DM, Fitzgibbon J, Slobodyanyuk SJ, Bowmakers JK. 1996. Spectral tuning and molecular
evolution of rod visual pigments in the species flock of cottoid fish in Lake Baikal. Vision
Res. 36(9):1217-24

Hunt DM, Hankins MW, Collin SP, Marshall NJ. 2014. Evolution of Visual and Non-Visual
Pigments. Boston, MA: Springer US

Ivanov IV, Mappes T, Schaupp P, Lappe C, Wahl S. 2018. Ultraviolet radiation oxidative stress
affects eye health. J. Biophotonics. 11(7):¢201700377

Iwanicki TW, Novales Flamarique I, Ausio J, Morris E, Taylor JS. 2017. Fine-tuning light
sensitivity in the starry flounder ( Platichthys stellatus ) retina: Regional variation in
photoreceptor cell morphology and opsin gene expression: IWANICKI et al. J. Comp.
Neurol. 525(10):2328-42

Jeffery WR. 2009. Regressive Evolution in Astyanax Cavefish. Annu. Rev. Genet. 43(1):25-47

Jerlov NG. 1976. Marine Optics. Amsterdam: Elsevier. 2. rev. and enl. ed ed.

Job S, Bellwood DR. 2007. Ultraviolet photosensitivity and feeding in larval and juvenile coral
reef fishes. Mar. Biol. 151(2):495-503

Jordan R, Howe D, Juanes F, Stauffer J, Loew E. 2004. Ultraviolet radiation enhances
zooplanktivory rate in ultraviolet sensitive cichlids. Afr. J. Ecol. 42(3):228-31

Kim E-S, Lee C-H, Lee Y-D. 2019. Retinal development and opsin gene expression during the
juvenile development in red spotted grouper (Epinephelus akaara). Dev. Reprod.



23(2):171-81

Krauskopf J, Williams DR, Heeley DW. 1982. Cardinal directions of color space. Vision Res.
22(9):1123-1131

Kroger RHH, Campbell MCW, Fernald RD, Wagner H-J. 1999. Multifocal lenses compensate
for chromatic defocus in vertebrate eyes. J. Comp. Physiol. [A]. 184(4):361-69

Lamb TD. 2020. Evolution of the genes mediating phototransduction in rod and cone
photoreceptors. Prog. Retin. Eye Res. 76:100823

Lamb TD, Collin SP, Pugh EN. 2007. Evolution of the vertebrate eye: opsins, photoreceptors,
retina and eye cup. Nat. Rev. Neurosci. 8(12):960-76

Land MF, Nilsson D-E. 2012. Animal Eyes. Oxford ; New York: Oxford University Press. 2nd
ed ed.

Larhammar D, Nordstrom K, Larsson TA. 2009. Evolution of vertebrate rod and cone
phototransduction genes. Philos. Trans. R. Soc. B Biol. Sci. 364(1531):2867—-80

Lin J-J, Wang F-Y, Li W-H, Wang T-Y. 2017. The rises and falls of opsin genes in 59 ray-finned
fish genomes and their implications for environmental adaptation. Sci. Rep. 7(1):15568

Liu D-W, Lu Y, Yan HY, Zakon HH. 2016. South American Weakly Electric Fish
(Gymnotiformes) Are Long-Wavelength-Sensitive Cone Monochromats. Brain. Behav.
Evol. 88(3—4):204—12

Liu D-W, Wang F-Y, Lin J-J, Thompson A, Lu Y, et al. 2019. The Cone Opsin Repertoire of
Osteoglossomorph Fishes: Gene Loss in Mormyrid Electric Fish and a Long Wavelength-
Sensitive Cone Opsin That Survived 3R. Mol. Biol. Evol. 36(3):447-57

Loew ER, McFarland WN, Margulies D. 2002. Developmental Changes in the Visual Pigments
of the Yellowfin Tuna, Thunnus Albacares. Mar. Freshw. Behav. Physiol. 35(4):235-46

Loew ER, McFarland WN, Mills EL, Hunter D. 1993. A chromatic action spectrum for
planktonic predation by juvenile yellow perch, Perca flavescens. Can. J. Zool.
71(2):384-86

Losey GS, McFarland WN, Loew ER, Zamzow JP, Nelson PA, Marshall NJ. 2003. Visual
Biology of Hawaiian Coral Reef Fishes. I. Ocular Transmission and Visual Pigments.
Copeia. 2003(3):433-54

Luehrmann M, Carleton KL, Cortesi F, Cheney KL, Marshall NJ. 2019. Cardinalfishes
(Apogonidae) show visual system adaptations typical of nocturnally and diurnally active
fish. Mol. Ecol. 28(12):3025-41

Luehrmann M, Cortesi F, Cheney KL, Busserolles F, Marshall NJ. 2020. Microhabitat
partitioning correlates with opsin gene expression in coral reef cardinalfishes
(Apogonidae). Funct. Ecol. 34(5):1041-52

Luehrmann M, Stieb SM, Carleton KL, Pietzker A, Cheney KL, Marshall NJ. 2018. Short-term
colour vision plasticity on the reef: changes in opsin expression under varying light
conditions differ between ecologically distinct fish species. J. Exp. Biol.
221(22):jeb175281

Luk HL, Bhattacharyya N, Montisci F, Morrow JM, Melaccio F, et al. 2016. Modulation of
thermal noise and spectral sensitivity in Lake Baikal cottoid fish rhodopsins. Sci. Rep.
6(1):38425

Lupse N, Cortesi F, Freese M, Marohn L, Pohlman J-D, et al. 2020. Opsin gene expression in



larval and adult deep-sea fishes supports a conserved cone-to-rod pathway in teleost
visual development. bioRxiv 2020.05.25.114991 doi:
https://doi.org/10.1101/2020.05.25.114991

Lythgoe JN. 1979. The Ecology of Vision. Oxford : New York: Clarendon Press ; Oxford
University Press

Lythgoe JN, Muntz WRA, Partridge JC, Shand J, Williams DMcB. 1994. The ecology of the
visual pigments of snappers (Lutjanidae) on the Great Barrier Reef. J. Comp. Physiol. A.
174(4):

Mano H, Kojima D, Fukada Y. 1999. Exo-rhodopsin: a novel rhodopsin expressed in the
zebrafish pineal gland. Mol. Brain Res. 73(1-2):110-18

Marques DA, Taylor JS, Jones FC, Di Palma F, Kingsley DM, Reimchen TE. 2017. Convergent
evolution of SWS2 opsin facilitates adaptive radiation of threespine stickleback into
different light environments. PLOS Biol. 15(4):¢2001627

Marshall J, Carleton KL, Cronin T. 2015. Colour vision in marine organisms. Curr. Opin.
Neurobiol. 34:86-94

Marshall J, Kent J, Cronin T. 1999. Visual adaptations in crustaceans: Spectral sensitivity in
diverse habitats. In Adaptive Mechanisms in the Ecology of Vision, eds. SN Archer, MBA
Djamgoz, ER Loew, JC Partridge, S Vallerga, pp. 285-327. Dordrecht: Springer
Netherlands

Marshall J, Vorobiev M, Siebeck UE. 2006. What does a reef fish see when sees a reef fish? In
Communication in Fishes, pp. 393—422. Enfield, NH: Science Publisher Inc

Marshall NJ, Cortesi F, de Busserolles F, Siebeck UE, Cheney KL. 2018. Colours and colour
vision in reef fishes: Past, present and future research directions. J. Fish Biol. jfb.13849

Marshall NJ, Jennings K, McFarland WN, Loew ER, Losey GS. 2003. Visual Biology of
Hawaiian Coral Reef Fishes. III. Environmental Light and an Integrated Approach to the
Ecology of Reef Fish Vision. Copeia. 2003(3):467-80

Masland RH. 2012. The Neuronal Organization of the Retina. Neuron. 76(2):266—80

Mcfarland WN. 1986. Light in the Sea—Correlations with Behaviors of Fishes and
Invertebrates. Am. Zool. 26(2):389—-401

McGaugh SE, Gross JB, Aken B, Blin M, Borowsky R, et al. 2014. The cavefish genome reveals
candidate genes for eye loss. Nat. Commun. 5(1):5307

Mehta TK, Koch C, Nash W, Knaack SA, Sudhakar P, et al. 2021. Evolution of regulatory
networks associated with traits under selection in cichlids. Genome Biol. 22(1):25

Meredith RW, Gatesy J, Emerling CA, York VM, Springer MS. 2013. Rod Monochromacy and
the Coevolution of Cetacean Retinal Opsins. PLoS Genet. 9(4):¢1003432

Meyer A, Van de Peer Y. 2005. From 2R to 3R: evidence for a fish-specific genome duplication
(FSGD). Bioessays 27:937-945

Michiels NK, Anthes N, Hart NS, Herler J, Meixner AJ, et al. 2008. Red fluorescence in reef
fish: A novel signalling mechanism? BMC Ecol. 8(1):16

Mitchell LJ, Cheney KL, Chung W-S, Marshall NJ, Michie K, Cortesi F. 2020. Seeing Nemo:
molecular evolution of ultraviolet visual opsins and spectral tuning of photoreceptors in
anemonefishes (Amphiprioninae). bioRxiv 2020.06.09.139766; doi:
https://doi.org/10.1101/2020.06.09.139766



Miyagi R, Terai Y, Aibara M, Sugawara T, Imai H, et al. 2012. Correlation between Nuptial
Colors and Visual Sensitivities Tuned by Opsins Leads to Species Richness in Sympatric
Lake Victoria Cichlid Fishes. Mol. Biol. Evol. 29(11):3281-96

Morrow JM, Lazic S, Dixon Fox M, Kuo C, Schott RK, et al. 2017. A second visual rhodopsin
gene, rhl-2 , is expressed in zebrafish photoreceptors and found in other ray-finned
fishes. J. Exp. Biol. 220(2):294-303

Muntz WRA. 1973. Yellow filters and the absorption of light by the visual pigments of some
amazonian fishes. Vision Res. 13(12):2235-54

Muntz WRA. 1976. Visual pigments of cichlid fishes from Malawi. Vision Res. 16(9):897-903

Munz FW, McFarland WN. 1973. The significance of spectral position in the rhodopsins of
tropical marine fishes. Vision Res. 13(10):1829-IN1

Munz FW, McFarland WN. 1977. Evolutionary Adaptations of Fishes to the Photic
Environment. In The Visual System in Vertebrates, eds. F Crescitelli, CA Dvorak, DJ
Eder, AM Granda, D Hamasaki, et al., pp. 193-274. Berlin, Heidelberg: Springer Berlin
Heidelberg

Musilova Z, Cortesi F. unpublished. Multiple ancestral and a plethora of recent gene duplications
shape the evolution of the green-sensitive opsin genes (RH2) in teleost fishes.

Musilova Z, Cortesi F, Matschiner M, Davies WIL, Patel JS, et al. 2019a. Vision using multiple
distinct rod opsins in deep-sea fishes. Science. 364(6440):588-92

Musilova Z, Indermaur A, Bitja-Nyom AR, Omelchenko D, Ktodawska M, et al. 2019b.
Evolution of the visual sensory system in cichlid fishes from crater lake Barombi Mbo in
Cameroon. Mol. Ecol. 28(23):5010-31

Nandamuri SP, Yourick MR, Carleton KL. 2017. Adult plasticity in African cichlids: Rapid
changes in opsin expression in response to environmental light differences. Mol. Ecol.
26(21):6036-52

Nilsson D-E. 2013. Eye evolution and its functional basis. Vis. Neurosci. 30(1-2):5-20

Novales Flamarique 1. 2013. Opsin switch reveals function of the ultraviolet cone in fish
foraging. Proc. R. Soc. B Biol. Sci. 280(1752):20122490

Novales Flamarique 1. 2016. Diminished foraging performance of a mutant zebrafish with
reduced population of ultraviolet cones. Proc. R. Soc. B Biol. Sci. 283(1826):20160058

Novales Flamarique 1. 2018. Light exposure during embryonic and yolk-sac alevin development
of Chinook salmon Oncorhynchus tshawytscha does not alter the spectral phenotype of
photoreceptors. J. Fish Biol. jtb.13850

Nozawa M, Suzuki Y, Nei M. 2009. Reliabilities of identifying positive selection by the branch-
site and the site-prediction methods. Proc. Natl. Acad. Sci. 106(16):6700—6705

Ogawa Y, Shiraki T, Asano Y, Muto A, Kawakami K, et al. 2019. Six6 and Six7 coordinately
regulate expression of middle-wavelength opsins in zebrafish. Proc. Natl. Acad. Sci.
116(10):4651-60

Ohno S. 1970. Evolution by Gene Duplication. Berlin, Heidelberg: Springer Berlin / Heidelberg

O’Quin KE, Hofmann CM, Hofmann HA, Carleton KL. 2010. Parallel Evolution of Opsin Gene
Expression in African Cichlid Fishes. Mol. Biol. Evol. 27(12):2839-54

Ott M. 2006. Visual accommodation in vertebrates: mechanisms, physiological response and
stimuli. J. Comp. Physiol. A. 192(2):97-111



Owens GL, Rennison DJ, Allison WT, Taylor JS. 2012. In the four-eyed fish ( Anableps
anableps ), the regions of the retina exposed to aquatic and aerial light do not express the
same set of opsin genes. Biol. Lett. 8(1):86—89

Palczewski K. 2000. Crystal Structure of Rhodopsin: A G Protein-Coupled Receptor. Science.
289(5480):739-45

Patel JS, Brown CJ, Ytreberg FM, Stenkamp DL. 2018. Predicting peak spectral sensitivities of
vertebrate cone visual pigments using atomistic molecular simulations. PLOS Comp.
Biol. 14(1):e1005974

Phillips GAC, Carleton KL, Marshall NJ. 2016. Multiple Genetic Mechanisms Contribute to
Visual Sensitivity Variation in the Labridae. Mol. Biol. Evol. 33(1):201-15

Pierce LX, Noche RR, Ponomareva O, Chang C, Liang JO. 2008. Novel functions for Period 3
and Exo-rhodopsin in rhythmic transcription and melatonin biosynthesis within the
zebrafish pineal organ. Brain Res. 1223:11-24

Pignatelli V, Champ C, Marshall J, Vorobyev M. 2010. Double cones are used for colour
discrimination in the reef fish, Rhinecanthus aculeatus. Biol. Lett. 6(4):537-39

Porter ML, Roberts NW, Partridge JC. 2016. Evolution under pressure and the adaptation of
visual pigment compressibility in deep-sea environments. Mol. Phylogenet. Evol.
105:160-65

Raine JC, Hawryshyn CW. 2009. Changes in thyroid hormone reception precede SWS1 opsin
downregulation in trout retina. J. Exp. Biol. 212(17):2781-88

Randel N, Jékely G. 2016. Phototaxis and the origin of visual eyes. Philos. Trans. R. Soc. B Biol.
Sci. 371(1685):20150042

Rick IP, Bloemker D, Bakker TCM. 2012. Spectral composition and visual foraging in the three-
spined stickleback (Gasterosteidae: Gasterosteus aculeatus L.): elucidating the role of
ultraviolet wavelengths: LIGHT ENVIRONMENT AND STICKLEBACK FORAGING.
Biol. J. Linn. Soc. 105(2):359-68

Roberts MR, Srinivas M, Forrest D, Morreale de Escobar G, Reh TA. 2006. Making the
gradient: Thyroid hormone regulates cone opsin expression in the developing mouse
retina. Proc. Natl. Acad. Sci. 103(6):6218-6223.

Sandkam B, Dalton B, Breden F, Carleton K. 2018. Reviewing guppy color vision: integrating
the molecular and physiological variation in visual tuning of a classic system for sensory
drive. Curr. Zool. 64(4):535-45

Sandkam BA, Campello L, O’'Brien C, Nandamuri SP, Gammerdinger WJ, et al. 2020. Tbx2a
Modulates Switching of RH2 and LWS Opsin Gene Expression. Mol. Biol. Evol.
37(7):2002—-14

Sandkam BA, Joy JB, Watson CT, Breden F. 2017. Genomic Environment Impacts Color Vision
Evolution in a Family with Visually Based Sexual Selection. Genome Biol. Evol.
9(11):3100-3107

Sanes JR, Masland RH. 2015. The Types of Retinal Ganglion Cells: Current Status and
Implications for Neuronal Classification. Annu. Rev. Neurosci. 38(1):221-46

Savelli I, Novales Flamarique I, Iwanicki T, Taylor JS. 2018. Parallel opsin switches in multiple
cone types of the starry flounder retina: tuning visual pigment composition for a demersal
life style. Sci. Rep. 8(1):4763



Schultze M. 1866. Zur Anatomie und Physiologie der Retina. Arch. Fiir Mikrosk. Anat.
2(1):175-286

Schweikert LE, Fitak RR, Caves EM, Sutton TT, Johnsen S. 2018. Spectral sensitivity in ray-
finned fishes: diversity, ecology and shared descent. J. Exp. Biol. 221(23):jeb189761

Schweikert LE, Grace MS. 2018. Altered environmental light drives retinal change in the
Atlantic Tarpon (Megalops atlanticus) over timescales relevant to marine environmental
disturbance. BMC Ecol. 18(1):1

Seehausen O, Terai Y, Magalhaes IS, Carleton KL, Mrosso HDJ, et al. 2008. Speciation through
sensory drive in cichlid fish. Nature. 455(7213):620-26

Seiko T, Kishida T, Toyama M, Hariyama T, Okitsu T, et al. 2020. Visual adaptation of opsin
genes to the aquatic environment in sea snakes. BMC Evol. Biol. 20(1):158

Shand J, Davies WL, Thomas N, Balmer L, Cowing JA, et al. 2008. The influence of ontogeny
and light environment on the expression of visual pigment opsins in the retina of the
black bream, Acanthopagrus butcheri. J. Exp. Biol. 211(9):1495-1503

Shimmura T, Nakayama T, Shinomiya A, Fukamachi S, Yasugi M, et al. 2017. Dynamic
plasticity in phototransduction regulates seasonal changes in color perception. Nat.
Commun. 8(1):412

Siebeck UE, Losey GS, Marshall J. 2006. UV communication in fish. In Communication in
Fishes, pp. 423-56. Enfield, NH: Science Publisher Inc

Siebeck UE, Marshall NJ. 2001. Ocular media transmission of coral reef fish — can coral reef
fish see ultraviolet light? Vision Res. 41(2):133-49

Siebeck UE, Marshall NJ. 2007. Potential ultraviolet vision in pre-settlement larvae and settled
reef fish—A comparison across 23 families. Vision Res. 47(17):2337-52

Siebeck UE, Parker AN, Sprenger D, Mithger LM, Wallis G. 2010. A Species of Reef Fish that
Uses Ultraviolet Patterns for Covert Face Recognition. Curr. Biol. 20(5):407-10

Simdes BF, Gower DJ, Rasmussen AR, Sarker MAR, Fry GC, et al. 2020. Spectral
Diversification and Trans-Species Allelic Polymorphism during the Land-to-Sea
Transition in Snakes. Curr. Biol. 30(13):2608-2615.¢4

Smith EJ, Partridge JC, Parsons KN, White EM, Cuthill IC, et al. 2002. Ultraviolet vision and
mate choice in the guppy (Poecilia reticulata). Behav. Ecol. 13(1):11-19

Spady TC, Parry JWL, Robinson PR, Hunt DM, Bowmaker JK, Carleton KL. 2006. Evolution of
the Cichlid Visual Palette through Ontogenetic Subfunctionalization of the Opsin Gene
Arrays. Mol. Biol. Evol. 23(8):1538-47

Stieb SM, Carleton KL, Cortesi F, Marshall NJ, Salzburger W. 2016. Depth-dependent plasticity
in opsin gene expression varies between damselfish (Pomacentridae) species. Mol. Ecol.
25(15):3645-61

Stieb SM, Cortesi F, Sueess L, Carleton KL, Salzburger W, Marshall NJ. 2017. Why UV vision
and red vision are important for damselfish (Pomacentridae): structural and expression
variation in opsin genes. Mol. Ecol. 26(5):1323-42

Stieb SM, de Busserolles F, Carleton KL, Cortesi F, Chung W-S, et al. 2019. A detailed
investigation of the visual system and visual ecology of the Barrier Reef anemonefish,
Amphiprion akindynos. Sci. Rep. 9(1):16459

Stockman A, Sharpe LT. 2006. Into the twilight zone: the complexities of mesopic vision and



luminous efficiency. Ophthalmic Physiol. Opt. 26(3):225-39

Sugawara T, Terai Y, Imai H, Turner GF, Koblmuller S, et al. 2005. Parallelism of amino acid
changes at the RH1 affecting spectral sensitivity among deep-water cichlids from Lakes
Tanganyika and Malawi. Proc. Natl. Acad. Sci. 102(15):5448-53

Suzuki SC, Bleckert A, Williams PR, Takechi M, Kawamura S, Wong ROL. 2013. Cone
photoreceptor types in zebrafish are generated by symmetric terminal divisions of
dedicated precursors. Proc. Natl. Acad. Sci. 110(37):15109—-14

Taylor SM, Loew EllisR, Grace MS. 2011. Developmental shifts in functional morphology of
the retina in Atlantic tarpon, Megalops atlanticus (Elopomorpha: Teleostei) between four
ecologically distinct life-history stages. Vis. Neurosci. 28(4):309-23

Temple S, Hart NS, Marshall NJ, Collin SP. 2010. A spitting image: specializations in archerfish
eyes for vision at the interface between air and water. Proc. R. Soc. B Biol. Sci.
277(1694):2607-15

Terai Y, Miyagi R, Aibara M, Mizoiri S, Imai H, et al. 2017. Visual adaptation in Lake Victoria
cichlid fishes: depth-related variation of color and scotopic opsins in species from
sand/mud bottoms. BMC Evol. Biol. 17(1):200

Terai Y, Seehausen O, Sasaki T, Takahashi K, Mizoiri S, et al. 2006. Divergent Selection on
Opsins Drives Incipient Speciation in Lake Victoria Cichlids. PLoS Biol. 4(12):e433

Tettamanti V, de Busserolles F, Lecchini D, Marshall NJ, Cortesi F. 2019. Visual system
development of the spotted unicornfish, Naso brevirostris (Acanthuridae). J. Exp. Biol.
222(24):5eb209916

Thorpe A, Douglas RH. 1993. Spectral transmission and short-wave absorbing pigments in the
fish lens—II. Effects of age. Vision Res. 33(3):301-7

Thorpe A, Douglas RH, Truscott RIW. 1993. Spectral transmission and short-wave absorbing
pigments in the fish lens—I. Phylogenetic distribution and identity. Vision Res.
33(3):289-300

Torres-Dowdall J, Pierotti MER, Hirer A, Karagic N, Woltering JM, et al. 2017. Rapid and
Parallel Adaptive Evolution of the Visual System of Neotropical Midas Cichlid Fishes.
Mol. Biol. Evol. 34(10):2469-85

Tsujimura T. 2020. Mechanistic insights into the evolution of the differential expression of
tandemly arrayed cone opsin genes in zebrafish. Dev. Growth Differ. 62(7-8):465-75

Valen R, Karlsen R, Helvik JV. 2018. Environmental, population and life-stage plasticity in the
visual system of Atlantic cod. J. Exp. Biol. 221(1):jeb165191

Wald G. 1968. Molecular Basis of Visual Excitation. Science 162(3850):230-39

Ward MN, Churcher AM, Dick KJ, Laver CR, Owens GL, et al. 2008. The molecular basis of
color vision in colorful fish: Four Long Wave-Sensitive (LWS) opsins in guppies
(Poecilia reticulata) are defined by amino acid substitutions at key functional sites. BMC
Evol. Biol. 8(1):210

Weadick CJ, Loew ER, Rodd FH, Chang BSW. 2012. Visual Pigment Molecular Evolution in
the Trinidadian Pike Cichlid (Crenicichla frenata): A Less Colorful World for
Neotropical Cichlids? Mol. Biol. Evol. 29(10):3045-60

Wood P, Partridge JC. 1993. Opsin substitution induced in retinal rods of the eel ( Anguilla
anguilla ( L.)): a model for G -protein-linked receptors. Proc. R. Soc. Lond. B Biol. Sci.



254(1341):227-32

Wright DS, Eijk R, Schuart L, Seehausen O, Groothuis TGG, Maan ME. 2020. Testing sensory
drive speciation in cichlid fish: Linking light conditions to opsin expression, opsin
genotype and female mate preference. J. Evol. Biol. 33(4):422-34

Yokoyama S. 2008. Evolution of Dim-Light and Color Vision Pigments. Annu. Rev. Genomics
Hum. Genet. 9(1):259-82

Yokoyama S, Jia H. 2020. Origin and adaptation of green-sensitive (RH2) pigments in
vertebrates. FEBS Open Bio. 10(5):873-82

Yokoyama S, Takenaka N. 2004. The Molecular Basis of Adaptive Evolution of Squirrelfish
Rhodopsins. Mol. Biol. Evol. 21(11):2071-78

Yoshimatsu T, Schroder C, Nevala NE, Berens P, Baden T. 2020. Fovea-like Photoreceptor
Specializations Underlie Single UV Cone Driven Prey-Capture Behavior in Zebrafish.
Neuron 107(2):320-337

Zhang H, Futami K, Horie N, Okamura A, Utoh T, et al. 2000. Molecular cloning of fresh water
and deep-sea rod opsin genes from Japanese eel Anguilla japonica and expressional
analyses during sexual maturation. FEBS Lett. 469(1):39-43



ler
cornea Sclera

pupil retina

light

iris vitreous body

ligament

choroid

b)
RETINA:
horizontal cell "*‘;';&Q" A\
a0
bipolar ge% £ ‘Ep@ -\)
ganglion "\ c2° N
cell \ \'geéjé\-
C'met.
\-‘g\‘\\ L.san.

P.mac
P.sch
S . his.

B.pec

amacrine cell

retina mosaic:
zebrafish

F—

medaka cichlid

(cichlid mosaic) (deep-water cichlid - mosaic lost)

c) d)
PHOTORECEPTOR.CE i'l&b @ T o OPSIN PROTEIN:
co;eegelﬁ AUCUR &l spectral sensitivities of opsins (tilapia):

\ outer segment with photopignlen_t
YT&pH8¥oreceptor protein (3F§J§:ir iﬂgvfetinal]
rod cell: / !

egl

vra\i ‘-’Icsl|pigment

Ganglion Cell
membrane discs
A __________

photopigment <|

phototranduction cascade:
photopigment (opsin + retinal)

OOOOOOOOOOOOOOOOOOO - OO0 DO
L
PDOOOA OO

OOQ OO0 )OOO0O0

‘ GC CNG

GRK arrestin (phosphodiesterase)
‘ (guanylate cyclase)

(cyclic nucleotide-
gated channel)

4
o

i
duld

U
transducin PDE

(G-protein coupled receptor kinase)

Amax: 360 425456 472 516517 528 560

-
o

relative absorption
o
P

300 400 500 600 700
wavelength (nm)

rhodopsin spectral key-tuning sites:

347

30

e)

VERTEBRATE OPSIN GENES:

vertebrate ancestor opsin genes:

rods:

cones:

vertebrate opsin diversity:

pinopsin
shark
lamprey
chicken
LWS clawed frog
human LWS
human MWS

teleosts

lamprey

SWsS1 clawed frog

chicken
] — human SWS

4 teleosts

lamprey
SWS2 clawed frog
chicken

teleosts

chicken

shark

teleosts

RH1
lamprey

clawed frog
human

shark
exo-rhodopsin

teleosts



ANCESTOR OF:

VERTEBRATES RH1 B> sws1 D> sws2 B rH2 B wws

~ _retroduplication

ACTINOPTERYGII / S

exoRHI _ » RH1
(change of function)

> > B

>
TELEOSTEI RH1dso RH1fwo
)\ wsz[ > [ Lwst
CLUPEOCEPHALA X - . RH1B . - RH2-1I RH2-1I - - I:> -
RH1A /\
‘ > rH21 [ RH2

! N : : :

NEOTELEOSTEI B X 3 sws2a D> [ swszs X X B> IRHZ B .
RH2A
ACANTHOPTERYGII [ > w D> B D B B RH2C [ 4 . 4
RH2B
N :
PERCOMORPHA > 4 sws2a« [T [ B> X B D [ >
SWS2AB
b) c)
- non-teleosts: b/ch/r gar, bowfin, sturgeon RH1 - SWS2 RH2 LWS
TELEOSTEI | RH1fwio | RH1dso SWS1 SWS2 RH2 LWS1 LWS2 LWS3
ELOPOMORPHﬁ ELOPOMORPHA < Elopiformes Atlantic tarpon (Megalops atlanticus) N I II I I
|
ok B.SRe Anguillif
X <L nguilliformes ———————— Japanese eel (Anguilla japon/cela) I I I I }X{ N
OSTEOGLOSSOMORPHA |
OSTEOGLOSSOMOF Hiodontiformes —————————— Goldeye (Hiodon alosoides) L X |complete loss of RH2 | ]
OsteogIOSSIformes —— Arapaima (Arapaima gigas) I N complete loss of RH2 “I
TELEOSTEI || RHTA |RH1B H2-Il RHZ1 | RH2

CLlellol bl Clupelformes —————— Atlantic herring (Clupea harengus) I N I I I I II

— Gonorynchiformes ——————— Milkfish (Chanos chanos) I (1] II

Zebrafish (Danio rerio) II

]
=y |
|

Il X
X N N
Il 1 X
LN 5N
H1 RH
O 1l (X T
itz 4 [ 1
|
< L OTOMORPHA Cyp ) _< Cypriniformes Goldfish (Carassius auratus) I I I i I I % %
;:Leeo%%\ﬁégejsz Gymnotiformes Electric eel (Electrophorus electricus) I ! M M N N N
A reoceerALn Siluriformes ————————European catfish (Silurus glanis) I : N I N I N N
Ist < Ri1ifo characiformes ™ ca.v.eflsh (‘Astya.nax mexicanu‘s) | | M B X 0 |
- / < Pencilfish (Piabucina panamens;sl) I | M ] X I I ] N
< : :::: . o e European pike (Esox lucius)| || | B X . || ] ]| X
oo 0|11 | [H B T T
{)2: zlllll mw) Atlantic salmon (Salmo salar) I | I I N I I I I I I I I N N
Osmeriformes European smelt (Osmerus eperlanus) I | I I N o I I I Py I I I I N N
o NEOTELEOSTEL | | - | SWS2B | SWS2A RH2A|  RH2

Aulopiformes Diamond lizardfish (Synodus synodus) I | I I I N I I I I N N N
/ Myctophiformes —— Glaier lanterfish (8enthosema glaciale) | || [l I | B X X N 1IN (HHERERR X X X
FUTELEOSTH Gadiformes Atantic cod (Gadus morhua) [} | | | [] ! | | /\ X X
zxvvggg ACANTHOPTERYST: Trachichthyiformes Silver spinyfin (Diretmus argenteus) | XN B X N I N e %Hzc X NN
/ —— Holocentriformes ——Blackbar soldierfish (Myripristis jacobus) I i I I [] [ I I I I I I I N I X N

NEOTELEOSTE| < RH2A PERCOMORPHA(CAE): WsbAR SWS2d
J Gobiiformes mudskipper (Periophthalmus magnuspinatus) I l N I I N N I I I I N I
GENE DUPLICATION: . RH2B Anabantiformes ——————rFighting fish (Betta splendens) I N M I N I N I I I N N IIIII N N
RH2C Cichliformes —————————Nile tilapia (Or@ I M I I N I N I I I N I N N
S A S Labriformes Humphead wrasse (Cheilinus undlfatus) I N I I I I I N N N I I I I I I I I I I N N
I - opsin gone precen ST Atherinomorpha Medaka (Oryzias latipes) I N I I N I N I I I N II N N
. SWS2AB Tetraodontiformes ——Japanese pufferfish (Takifugu rubripes) I N N I N N N I I N I M N
M - opsin gene lost EUTELEOSTEI Perciformes—Three-spined stickleback (Gasterosteus aculeatus) I N I N I N N I I M N I N N




a)

b)

KEY-TUNING LWS:

SITES:

195

265

289
292
295
299
300
317

Sh ag:kteleo

— lamprey

S164A

sw

i

L

ugiare

X93Q
X116M o
F208M/1

SWsS2:

a
tilapia
dottyback

WRHM
S|

oS

non-teleosts
—— hiodon

eel
— tarpon

eel

hiodon

bony tongues
herring

characins
zebrafish
milkfish
zebrafish
characins
herring
salmon

spinyfin
fugu
tilapia
medaka

3 R

S5
S Pis
M194L

non-teleosts
eel - 3x

milkfish
characins
catfish

milkfish

(T259A ]

characins pseu
zebrafish3+4
soldierfish
milkfish
zebrafish1+2

salmon1

salmon2
pike
salmon3+4
lanternfish

tuna - 2x
wrasse
sunfish

soldierfish

wrasse 2x
sunfish
soldierfish
tilapia (a+B)
tuna
wrasse 2x
sunfish 2x

RH1-dso

RH1-fwo

milkfish RH1B

pike RH1A
cod

RH2-Il

RH2-11I

RH2-1

RH2C

RH2B

RH2A



DEPTH

rod anfd cene-opsin ggnqs.imthe.ge_nome:

il

n

deptt

400 500

600
wavelength (nm)
available ambient light

b) c) d)
DAY TIME ACTIVITY a5 TURBIDITY TROPHIC ECOLOGY
Coral reef fishes: hnguilla eels - rhodopsink: Lake Mglawi cichlids:
Myripristinae (soldier] — T -
< RH1dso rilivoe 3 D31
l ¢ Amax = 482 =523 x5
20
| ool
1 525 15
= by =Ghvominae © % -
m) : t t t = 510 = zooplankton
B00 400 500 60§ g 700 5 |benflos @ phytoplankion
RH1 max. spectral sensitivityli\max in nm) «sC» g 5
0-500 ) confs } } rods% } ?
ters ﬂruf!%g&%’g% 40 | ggggx?)?essigrqo (& /eén trophic preference (54 specie|
B ewrysiormas
i i it
ir '?)éﬁrﬂé_iéé%urqllcw muélleri: : RH1TSS
m) scotopic mesopic photopic
rod cells y
C* cone cells o Coral reff damselfishes:
@i ;@wiligm activity) lrt fwo
4 /set light ji
sdhrise/set  sunligl :
silver .20
" L el £
c s .
luminance (lofedim=2) ear open sea) S 15 enhanced V|S|on.|n red-spedirum
i 2 herbivores
é 10
¥ ) "
s 'g 5 Iplanktlvores *
20 - | 540 4 ! 580
trophic preference (31 species)
rod cells transmuted cone cells
RH2 cone cells




