Prospects & Overviews

How exaptations facilitated
photosensory evolution: Seeing the light

by accident
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Exaptations are adaptations that have undergone a major
change in function. By recruiting genes from sources
originally unrelated to vision, exaptation has allowed for
sudden and critical photosensory innovations, such as
lenses, photopigments, and photoreceptors. Here we
review new or neglected findings, with an emphasis on
unicellular eukaryotes (protists), to illustrate how exapta-
tion has shaped photoreception across the tree of life.
Protist phylogeny attests to multiple origins of photore-
ception, as well as the extreme creativity of evolution. By
appropriating genes and even entire organelles from
foreign organisms via lateral gene transfer and endo-
symbiosis, protists have cobbled photoreceptors and
eyespots from a diverse set of ingredients. While refine-
ment through natural selection is paramount, exaptation
helps illustrate how novelties arise in the first place, and is
now shedding light on the origins of photoreception itself.
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Introduction

Light provides most of the energy in the biosphere, and also
information relevant to all organisms living in the photic
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zone, as well as dark ecosystems illuminated by biolumines-
cence [1, 2]. The selective advantages of exploiting this
information have resulted in a great diversity of photoreceptive
systems (Fig. 1). Eyes (or eyespots) in animals and some protists
are extraordinarily complex, and how this complexity evolved
has been a longstanding question [3]. It is clear that visual
systems have become superbly suited to their tasks through the
gradual refinement of pre-existing features such as photo-
receptors, photopigments, and lenses. But how did these
features acquire photosensory roles in the first place?

Gould and Vrba coined the term “exaptation” to describe
traits that became used for different functions than those for
which they had originally evolved [4]. This concept is useful
to explain the evolution of some important features. For
instance, the feathers of Archaeopteryx were originally
adapted for warmth, but through exaptation, they became
reconfigured for flight. Thus, exaptations are adaptations that
have undergone a major change in function.

In eye evolution, the force of exaptation became apparent
when researchers disentangled the phylogenetic history of
individual “crystallin” proteins that form the lens. Studies
ranging from birds to mollusks found that lens crystallins had
evolved numerous times independently, and were recruited
from disparate proteins involved in functions such as
glycolysis and stress responses [5]. These discoveries also
helped to illustrate the molecular mechanisms underpinning
exaptation. The first common mechanism is “co-option” (also
called “gene sharing”) where a single gene gains a new
function by being expressed in two different spatial or
temporal contexts [6]. A prime example is found in the lens of
birds and reptiles, where “delta crystallin” is produced in high
amounts, while the same gene product is found at lower
concentrations in other tissues, where it functions as
arginosuccinate lyase (probably its ancestral function) [7].
The second common mechanism of exaptation is “neo-
functionalization” in which a gene is duplicated, with the
copy acquiring a new and independent function.

Since the elucidation of lens crystallins, the conceptual
usefulness of exaptation has broadened further, and is now
a consideration in even more ancient features of
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photoreception [8]. This includes the Pax-6 master control
genes that initiate eye development [9], as well as diverse
phototransduction pathways in animals [10], and even the
origins of opsins in animals [11]. Here we expand on this
theme, mainly drawing on discoveries in microbial eukaryotes
(protists), such as phytoplankton and unicellular fungi.
Photoreception in several protists has originated not just
through co-option and neofunctionalization, but through the
acquisition of genes from other organisms via “lateral gene
transfer.” In some cases, foreign organelles have been
transferred laterally through endosymbiosis, which, in turn,
have been recruited for photosensory roles (e.g. as eyespots).
In the first section, we review how exaptation has produced
several photoreceptor proteins across different eukaryotic
groups. In the second section, we discuss how exaptation has
repurposed entire organelles for visual functions, namely
chloroplasts and mitochondria.

Eukaryotes evolved photoreceptors
multiple times from light-driven enzymes

Photoreceptors are the proteins and associated pigments
necessary to detect light, making them the foundation of
vision (the term “photoreceptor” is also used to refer to
photosensory cells such as rods and cones, but we use it here
strictly in reference to photosensory proteins). A few decades
ago, it was conceivable that photoreception had evolved only
once in the history of life [12], but it is now clear that
photoreceptors have evolved multiple times in eukaryotes
alone — sometimes more recently than expected [11, 13]. The
usefulness of these receptors is evident in the observation that
true phototaxis (i.e. tracking light in three dimensions),
evolved at least 10 times independently in eukaryotes (Fig. 2),
with two apparent origins in animals and eight in protists [13,
14]. Photoreception must have predated phototaxis and
enabled this diversification. While the number of times
photoreception itself evolved is still uncertain, its origins are
clearly manifold, based on the diversity of photoreceptor
proteins across eukaryotes.

One of the newest debates — and the one most pertinent to
vision in humans - is whether the opsins of animals were
exapted from melatonin receptors [11, 15, 16]. Despite the
intriguing possibility that a hormone receptor gained the
ability sense light, we will not discuss this here, as opsin
evolution has been thoroughly reviewed elsewhere [10, 17].
Microbial photoreceptors, meanwhile, are rarely included in
reviews of eye evolution, yet they have much to teach us about
photosensory evolution.

Microbial rhodopsins display functional plasticity
that spans metabolic and sensory roles

Like opsins, microbial rhodopsins have seven transmembrane
helices and bind to retinal — a derivative of vitamin A. These
ancient photoreceptors have a scattered distribution across all
three domains of life [18]. Their phylogeny differs greatly from
that of their “host” organisms, indicating a history of rampant
lateral gene transfer [19]. Rhodopsins are particularly
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amenable to lateral gene transfer due to their self-contained
organization — the retinal-binding region and its effector (a
transmembrane channel or pump) are on the same pro-
tein [18]. Therefore, their light-driven mechanisms are likely to
survive lateral gene transfer, while delivery to new hosts with
new cellular contexts creates opportunities for exaptation.
The phylogenetic distribution of microbial rhodopsins
suggests several transitions from metabolic roles (as light-
driven pumps) to photosensory molecules (as light-gated ion
channels), and vice versa [18]. Some major protist groups rely
on sensory rhodopsins for phototaxis, such as green algae
(e.g. Chlamydomonas and Volvox), cryptophytes [20-22] and
probably dinoflagellates [22-24]. Other protists evidently use
rhodopsins for metabolic functions, such as diatoms, which
are thought to use these light driven pumps to take up
dissolved iron across the plasma membrane (which is the
main growth-limiting mineral in much of the open ocean) [25].
In the predatory dinoflagellate Oxyrrhis marina, bacteriorho-
dopsins are clustered around vesicles in the cytoplasm,
perhaps to acidify digestive vacuoles via light-driven proton
pumping [26], while bacteriorhodopsins in the dinoflagellate
Pyrocystis lunula are co-expressed with genes involved in a
circadian clock [27]. Even the giant viruses of algae have been
found to encode rhodopsins (predicted as sensory proton
channels), which they could potentially use to manipulate
host behavior [28]. With the manifold functions of microbial
rhodopsins coming to light, the emerging picture is one of
promiscuous lateral gene transfer and neofunctionalization.

A novel photoreceptor was produced by gene
fusion

A new photoreceptor protein has originated relatively recently
in the blastomycotes: fungi with flagellated zoospores that are
attracted to green light. By sequencing the genome of
Blastocladiella emersonii, and through subsequent experi-
mentation, Avelar et al. identified the molecular basis for this
positive phototaxis: a surprising gene fusion of a microbial
rhodopsin to a guanalyl cyclase catalytic domain [14]. The
product is a photosensory protein that transmits its signal to
cytosolic G proteins, rather than to membrane-bound
channels as in microbial rhodopsins. Inhibition studies
indicate that the protein is necessary for phototaxis [14].

Phototaxis specifically tuned to green light has also been
observed in Ulkenia, a member of the Thraustochytrida: a
group of protists that has independently evolved a fungus-like
saprotrophic lifestyle [29]. Amon and French found this
attraction to target the bioluminescence of the bacterium
Vibrio fischeri, on which Ulkenia zoospores feed. The concept
that cells could use phototaxis to track bioluminescent prey is
intriguing, though the photoreceptors in this group await
identification.

Cryptochromes originated from DNA repair
enzymes

A blue-light response is found in a diverse family of proteins:
the cryptochromes and photolyases. Each protein forms a
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complex with a flavonoid pigment that becomes chemically
altered by exposure to blue light [30]. In photolyases, light-
activated flavins restore specific bonds in damaged nucleo-
tides, thereby repairing UV damage to DNA. Photolyases are
widespread throughout archaea, bacteria, and eukaryotes,
while cryptochromes have a more scattered distribution [31].
Phylogenetic studies indicate that cryptochromes arose
independently in animals and plants (and probably several
other groups) by gene duplication from photolyases, followed
by loss of their original function in DNA repair [32]. This
neofunctionalization allowed cryptochromes to take on roles
regulating blue light-dependent transcription in plants and
algae and to entrain circadian rhythms in animals [33-35].

Cryptochromes have no known visual roles, though the
ciliated larvae of sponges appear to employ them in
phototaxis [36]. Phototaxis has only been investigated in a
few sponge taxa, so this innovation might be specific to
demosponges [37, 38]. Alternately, cryptochromes could have
lent the ancestral form of photoreception in animals, only to
be replaced in eumetazoans by the evolution of opsins. Many
eumetazoans still upregulate cryptochromes in their primary
or pineal eyes for circadian entrainment [39]; and this might
be a relic of a more ancient visual role. Testing these
hypotheses will require an exploration of cryptochrome
activity in deep-branching animals and their larvae. This
would provide a glimpse into the early evolution of
phototactic processes in animals [31].

Cryptochromes perform roles beyond phototaxis and
circadian clocks; they are necessary for magnetoreception
in butterflies and Drosophila [40] and possibly birds [41, 42].
The mechanism by which cryptochromes detect magnetic
fields is currently debated, but in insects, magnetotaxis
requires photoactivation by blue light. Upon activation, the
flavin chromophore becomes photoreduced by electron
transfers, potentially producing radical pairs that orient in
a magnetic field [31]. While the particulars of this mechanism
are unclear, the centrality of cryptochromes in insect
phototaxis has been demonstrated [40]. Thus, cryptochromes
illustrate the meandering path of evolution, as they originated
from DNA-repair enzymes, were then neofunctionalized as
photoreceptors, and lastly, in insects, underwent a third
round of exaptation, as makeshift compasses in the brain.

How chloroplasts and mitochondria
contributed to photosensory structures
in microbes

On the size spectrum between photoreceptor proteins and
multicellular eyes is a realm of photoreceptive organelles, as
found in several groups of protists. These generally consist of
a photoreceptor combined with a shading structure (or
“eyespot”) to shield light from one side and thereby ensure the
photoreceptor is only monitoring light from one direction.
Most protist eyespots are plastid-derived. This is illustrated by
the model organism Chlamydomonas, a flagellated green alga:
its red/orange eyespot is found in the chloroplast, and is
formed from several lipid droplets pigmented with carote-
noids [43, 44] (carotenoids are the principle shading pigment
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of protist eyespots — not to be confused with photoreceptor
pigments).

In green algae, both plastids and carotenoid biosynthesis
genes [45] were derived from the “primary endosymbiosis”
between an early eukaryote and a cyanobacterium — which
is now the plastid in green algae, red algae, and
glaucophytes [46]. Since then, photosynthesis has spread
through several “secondary endosymbiotic” events, where
plastids of red and green algae have been acquired by other
groups, such as kelps, dinoflagellates, cryptophytes, and
haptophytes (Fig. 3). Many of these diverse algal lineages have
independently retailored photosynthetic plastids into eye-
spots [47, 48]. Some algal groups have eyespots in the
cytoplasm rather than the plastid (e.g. euglenids and
eustigmatophytes), but might still rely on symbiotically
derived carotenoids to pigment the eyespot [45].

Plastid endosymbioses can also serve as vehicles for genes
that can eventually be neofunctionalized in the same way that
carotenoid pigments have. Euglenids perform phototaxis with
light-activated adenylyl cyclase [49]. Based on its high
sequence similarity to a protein in cyanobacteria, Jekely
suggested that this unusual photoreceptor spread to eugle-
nids via lateral gene transfer from their green-alga derived
plastids. He also proposed a similar scenario for the origin of a
photoreceptive flavoprotein in heterokonts, but in this case
from a red alga [13].

Some protists “steal” eyespots from their prey

Early stages in the symbiotic acquisition of an eyespot are
reflected in Hatena arenicola, a relative of cryptophytes.
Okamoto and Inouye described this heterotrophic genus from
marine sand, as well as its peculiar interaction with a species
of Nephroselmis, the flagellated green alga that is its preferred
prey [50, 51]. Following engulfment, Nephroselmis is not
digested, but grows tenfold to fill most of Hatena’s cytoplasm,
with considerable modification to both itself and its host.
Specifically, Hatena resorbs its feeding apparatus (evidently
becoming a phototroph) and this region becomes occupied by
the symbiont. Remarkably, the symbiont enlarges and aligns
its eyespot with the most anterior part of Hatena’s plasma
membrane. When Hatena divides, only one daughter cell
inherits the symbiont (and its eyespot), while the other
assembles a feeding apparatus, evidently resuming heterotro-
phy. Okamoto and Inouye interpreted this as a transitional
phase between an opportunistic and an obligate endosymbi-
osis. The modification of the eyespot suggests that Hatena is
phototactic during the symbiosis, raising the intriguing
possibility that Hatena relies on photoreceptors housed in
its endosymbiont communicating with host machinery for
motility.

An even more transient acquisition is found in the ciliate
Strombidium oculatum. It grazes on algae but delays digestion
of their plastids, presumably to harvest their photosynthate.
McManus et al. observed a strain of S. oculatum feeding on
Ulva zoospores in its tidepool habitat [52]. In addition to
sequestering their plastids, S. oculatum collected eyespots
“stolen” from its prey and assembled them into a larger
eyespot at the anterior end of the cell. Both Strombidium and
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Figure 1. Examples of eyes and eyespots. Vertebrates (A: a
housecat) and cephalopods (B: a firefly squid) have converged on
similar camera-type eyes for high acuity vision. In comparison,
arthropod eyes have much lower resolution, with most taxa
possessing multi-lensed “compound” eyes (C: Evadne, a waterflea).
Other arthropods have more bizarre arrangements, such as D:
Coryceaus, a copepod in which each eye resembles a telescope,
with two lenses aligned serially before the retina. The smallest lensed
eyes among animals are found in rhabdocoel flatworms (E:
Ceratopera axi), which form tiny lenses within mitochondria. Beyond
animals, many single cells use eyelike structures for directional
phototaxis, such as dinoflagellates, some of which have chloroplast-
derived “eyespots” (F: Kryptoperidinium, arrow denotes eyespot).
One group, the warnowiid dinoflagellates, has surprisingly complex
“ocelloids” that resemble camera-type eyes, and are comprised of
both chloroplasts and mitochondria. G: Side view of the ocelloid of
Nematodinium, denoted by arrow. H: The frontal view of the ocelloid
in Warnowia, where some red eyeshine is visible. Photographs by
Emma Gavelis (A), Jonas Gavelis (B), Niels Van Steenkiste (E), Franz
Nied! (H), and GSG (C, D, F, and G).

Hatena demonstrate the benefits of retaining the eyespots of
their prey or symbionts (i.e., for phototaxis), rather than
metabolizing these oil-rich droplets. The same is true for the
several phytoplankton lineages that have lost photosynthesis
but retain pigmented eyespots, some of which are formed from
relict plastids [53, 54].

Rare dinoflagellates sculpted organelles into
eyelike “ocelloids”

The most famous eyespot was described by Hertwig in 1884
from a single planktonic cell isolated from the Mediterranean
Sea [55]. The cell bore an eyelike structure, or “ocelloid,”
with a lens, iris-like rings, and pigmented retinal body that
were similar to the camera-type eyes of animals, but at a
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subcellular scale. Hertwig’s description was met with harsh
criticism from the zoologist Karl Vogt, who argued that the
cell had scavenged the eye from a cnidarian [56]. Hertwig
was ultimately vindicated: the cell is now known to be a
warnowiid dinoflagellate, specifically Erythropsidinium,
which is a heterotrophic relative of many plastid-bearing
groups [57, 58]. Moreover, its eyespot is clearly a sub-cellular
structure [59]. Early ultrastructural studies suggested that the
pigmented component of the ocelloid might be a modified
plastid. Namely, this “retinal body” divides by binary fission
shortly before the rest of the cell and has internal waveform
membranes that take on a thylakoid-like appearance during
division [59]. Using high resolution microscopy and single cell
genomics, it was recently demonstrated that the retinal body
is a peridinin-type plastid [53]. This suggests that the retinal
body is homologous to the plastid-derived eyespots found in
some other dinoflagellates [53, 54, 60]. Moreover, the lens is
surrounded by a cornea-like layer comprised of mitochondria,
and even a reflective crystalline layer reminiscent of the
tapetum lucidum in many nocturnal animals [53, 61].
Compared to other eyespots and even some eyes in
animals — the ocelloid is extremely complex.

Francis calculated that the lens dimensions of the ocelloid
in Nematodinium were sufficient to focus light on the retinal
body [62]. But contrary to frequent speculation [63], warno-
wiids probably cannot “see” images, simply as a matter of
scale. The diameter of the retinal surface is only slightly larger
than a light wave’s amplitude (~2 um), and as such, could not
fit an image of much more than one “pixel.” This would seem
to limit the ocelloid to a mere directional photodetector. But
why would warnowiids invest in a lens, iris-like structures,
and retinal body, to achieve what other algae accomplish with
far simpler eyespots? The answer may lie in a landmark
treatise on optics in algae, by Foster and Smyth, in which they
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Figure 2. Diversity of photoreceptors in eukaryotes. A: Eight major
eukaryotic groups are capable of phototaxis. Basic details of these
systems are summarized from ref. [13] and citations therein. B:
Phototactic groups (highlighted branches) are shown within a
phylogenetic context (tree based on ref. [80]). Proteorhodopsin
genes were acquired from bacteria multiple times (asterisks), though
they are not necessarily used in phototaxis. Photoreception in algae
was influenced by multiple acquisitions of photosynthesis (shown as
black circles), via other eukaryotes such as haptophytes (H),
stramenopiles (S), cryptophytes (C), green algae (G), red algae (R),
as well as the initial “primary plastid” (P) from a cyanobacterium [46].

figured that eyespots could, in principle, track qualities
beyond the mere intensity of light, such as color and
polarization [64]. Stacked, waveform membranes in the
retinal body have invited comparison to a polarization-
filter [65], and it was recently discovered that Nematodinium
hunts other dinoflagellates [53], which have chromosomes
that circularly polarize light [66]. These fragments of evidence
suggest that the ocelloid facilitates the tracking of prey via
polarotaxis. The lens, in this scenario, would serve simply to
concentrate light on the photoreceptors.

These considerations will remain speculative until basic
aspects of warnowiid life history are uncovered: a difficult
undertaking given that warnowiid cells are rare, fragile, and
resistant to culture. Two further warnowiid genera (Warnowia
and Erythropsidinium) were recently found to eat copepod
eggs [67]; thus warnowiids are not strictly predators of other
dinoflagellates. Remarkably, Gomez noticed that — during
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pauses in flagellar swimming — Erythropsidinium pivots its
ocelloid independently of the cell body, akin to a vertebrate
eye rotating in its socket [67]. Perhaps this motion assists in
scanning the environment. Much about the ocelloid remains
uncertain, such as what spectral signal the cell is “looking”
for, and how it transmits this information into useful behavior.

Hayakawa et al. purportedly localized bacteriorhodopsin
mRNAs to the retinal body in Erythropsidinium [68]. But these
results should be taken with some caution, since rhodopsin
was found to be nuclear-encoded in most if not all other
eukaryotic studies (making it unlikely to reside in the retinal
body plastome). Nevertheless, rhodopsin is the most likely
phototactic pigment in dinoflagellates, based on other
experimental studies [24, 64]. In order to understand the
ocelloid, a logical next step would be to determine in which
membranes rhodopsin (if present) is embedded, ideally
through immunolocalization and electron microscopy. This
could help elucidate ocelloid function. For instance, if
rhodopsin lies inside the retinal body, this would substantiate
the idea that its convoluted membranes serve to increase
surface area for rhodopsin molecules, i.e. the same way that
ciliary and microvillar photoreceptor cells in animals maxi-
mize photosensitivity. An alternate, undiscussed scenario is
that rhodopsin is embedded in the plasma membrane. This is
the case in other algae with channelrhodopsins (e.g. green
algae and cryptophytes). In warnowiids, an invagination of
the plasma membrane reaches into the center of the ocelloid,
forming an “ocellar chamber” between the lens and the retinal
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Figure 3. The size spectrum of nature’s lenses. A great diversity of
lenses exist across eukaryotes, many of which are too small for
spatial resolution, and might simply serve to concentrate light.
Lenses are drawn to logarithmic scale.

body [69], which could house plasma-membrane bound
rhodopsins. However, this scenario would place the retinal
body beneath them, meaning that it could not filter incoming
light (as in the polarotaxis hypothesis). Clearly, there is no
shortage of hypotheses about ocelloid function, only a lack of
warnowiid cells to study. This should be remedied by
collecting them in the tropical pacific waters where they
are most abundant [68].

Lenses abound in eyes too small for spatial
vision

Organellar lenses are found in other groups as well. A refractile
“watchglass organelle” is present in some ciliates, such as
Ichthyophthirius [70] — a common pathogen of fish — as well as in
Ophryoglena, which loses phototaxis if its lens is removed by
microdissection [71]. Several animals also possess subcellular
lenses. Acoelomorph flatworms and the larvae of monogenean
flatworms (Fig. 1E) form tiny crystalline lenses within
mitochondria overlying the retina [72, 73] (Fig. 1E). These
crystals measure as few as two microns in diameter, making
them - to the best of our knowledge — the smallest lenses in a
eukaryote (Fig. 3A). Due to the optical constraints that we
mentioned in warnowiids, all of these lenses are too small to
form images. Nevertheless, small lenses are widespread in
nature (Fig. 3), including among the larval stages of several
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A: Pogaina (flatworm)

B: Entobdella (parasitic worm)
C: Nematodinium (dinoflagellate)
E: Ichthyophthirius (ciliate)

E: Platyscutellum (trilobite)

F: Apis (bee)

G: Inachis (butterfly)

H: Onitis (scarab beetle)

I: Notonecta (aquatic insect)

J: Limulus (horseshoe crab)

K: Tripedalia (box jelly)

L: Phronima (deep-sea amphipod)
M: Phacops (trilobite)

N: Hasarius(jumping spider)

O: Locusta (locus)

P: Perga (sawfly larva)

Q: Deinopis (Ogre-faced spider)

Giant Squid >

invertebrate phyla. These animals have simple lensed eyes with
neither the optics nor innervation to interpret spatial
images [74]. Thus, it seems that lenses generally did not
initially evolve for spatial resolution, but simply to concentrate
light on the photoreceptors and thereby increase sensitivity.

Conclusions and outlook

In sum, exaptation allowed not only for the evolution of lenses,
but also eyespots and photoreceptor proteins — the latter being
necessary for any form of photoreception at all. It seems that
blind lineages can acquire “vision” in one of two ways: (i)
evolving photoreceptors through exaptation (which is how the
very first photoreceptor protein must have evolved) or (ii)
appropriating a photoreceptor gene from another lineage.
Protists in particular seem to have benefited from lateral gene
transfer (This is not surprising, given that any foreign gene
inserted into the nuclear genome of a unicellular organism will
be inherited by one of its offspring. By contrast, animals and
plants will only pass on genes inserted directly into eggs, sperm
or other germline cells.). In practice so far, photoreceptors that
have undergone lateral gene transfer in nature have also proven
amenable to directed gene transfer in the lab.

In the past decade, microbial photoreceptors have been
harnessed for use in optogenetics: a new field that uses
light-gated ion channels to control processes in living
tissues [20, 21, 75]. By implanting transgenic photoreceptors,
membrane potential can be controlled from a distance, using light
alone. For instance, bio-robots can be made to swim using light-
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stimulated muscle tissues, the reactivity of which stems from
Channelrhodopsin-2 (ChR2) [76]. While optogenetics began with
the use of ChR2 from Chlamydomonas, it is employing new protist
photoreceptors at an increasing rate, from channelrhodopsins in
cryptophytes to the rhodopsin-fusion protein in Blastocla-
diella [21, 77, 78]. Algal photoreceptors also have therapeutic
potential. As of this writing, the first human trial has commenced
in the effort to restore monochromatic vision using ChR2 from
green algae [79]. Thus, exploring the evolution of photoreceptor
proteins does more than foster an appreciation of nature’s
creativity: it illuminates the path to technologies that may lay
ahead.
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