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Evolution of eyes
Russell D Fernald
Seeing is important for most species and it has been a key
selective advantage throughout evolution. Consequently, there
is a remarkable diversity among types of eyes. Animals have
converged on eight optical solutions for collecting and
focusing light; in contrast, all eyes share the same molecular
strategy for absorbing photons. Recent studies have identified
similarities in the genetic information that is used in the
development of eyes, leading to the hypothesis that distinctly
different eye types might have had a monophyletic origin.
Across many species, there is a remarkable continuity of the
developmental genes that participate in the construction of
similar — but not necessarily homologous — eyes.
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Introduction
Light has probably been the most profound selective force
to act during biological evolution. The 1015 sunrises and
sunsets that have taken place since life began have led to
the evolution of eyes which use light for vision and for
other purposes including navigation and timing. Although
eyes occur in a variety of shapes, sizes, optical designs and
locations on the body, they all provide similar information
about wavelength and intensity to their owners. How did
this happen?
Logically, eyes might be either monophyletic, having
evolved from a single progenitor, or polyphyletic, having
arisen more than once during evolution. In their seminal
paper of 1977, Salvini-Plawen and Mayr [1] compared
overall structure, photoreceptor types, developmental
origins of eye tissue, position of receptor axons and
other anatomical markers among eyes. Based on this
analysis, they concluded that eyes evolved not once but
at least 40 different times, and possibly many more
(reviewed in [2]). Recently, the ‘multiple-origins’
hypothesis based on morphological evidence has been
challenged by results from molecular experiments.
Specifically, Gehring and Ikeo [3•] propose that because
a single, well conserved ‘master’ gene, Pax-6 (paired
homeobox-6), can initiate eye construction in diverse
species, eyes must have arisen from a single ancestor.
Did eyes appear many times in the course of evolution
making them polyphyletic, as claimed by SalviniPlawen and Mayr [1], or have all eyes ‘descended’
directly from a common, primitive form, making them
monophyletic, as claimed by Gehring and Ikeo [3•]?
And why does this matter?

Here I will review current thinking and recent evidence
pertinent to the evolution of eyes. I will discuss the striking similarities and differences among eye types found in
diverse species and their evolutionary implications. The
striking conservation of opsins across phylogeny will be
contrasted with the equally striking non-conservation of
lens proteins. It appears that as eyes evolved, they always
used opsins to collect photons but whatever tissues were
at hand to refract light. The recent discovery that many of
the genes responsible for the development of the eye are
conserved across species will be discussed and the evidence for evolutionary continuity examined. Finally, the
question of whether eyes have evolved once or many
times will be discussed.

Similarities and differences among eye types
By the time of the Cambrian, eyes were present in the
form of very simple eyecups, useful for detecting light but
not for processing directional information [4]. Although the
causes are unknown, explosive speciation or the ‘Big Bang’
of animal evolution happened during the Cambrian [5].
Existing eye types improved radically, coincident with the
appearance of carnivory and predation. Parker [6] has proposed that eye evolution may have been accelerated by the
emergence of light as a behavioral signal. He has examined
species collected from the Burgess Shale, which is located
in Yoho National Park in the Canadian Rocky Mountains
and contains an exceptional collection of fossils from the
mid Cambrian age (approximately 550 million years ago).
Discovered in 1909, it contains a wide diversity of fossil
invertebrates that are beautifully preserved. Parker suggests that regularities on the rough body surfaces of some
Burgess Shale species (Wiwaxia corrugata, Canadia spinosa,
and Marrella splendens) could have acted as diffraction gratings. Under incident light, these tiny creatures would have
reflected an iridescent rainbow of metallic colors, just as
the back of a compact disc shimmers because its grooves
diffract light into its constituent colors. Parker speculates
that the iridescence, flashing from spiny appendages, may
have deterred predators, possibly becoming the first visual
signal among metazoans. The idea that rapid evolution in
eyes during the Cambrian was influenced by visual signals
is appealing. However, because many selective forces must
have been at work simultaneously [5,7•], the relative
importance of light as a behavioral signal is impossible to
assess directly.
Eyes collect light through an aperture and focus it with
a lens onto photoreceptor cells specialized to convert
photons into neural signals. Some eyes exist without
pupils and even without lenses (Nautilus), but, by definition, all eyes require specialized phototransducing
cells. Three phyla emerged from the Cambrian with
functional eyes: mollusks, arthropods and chordates.
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Figure 1
The likely evolution of single-chambered eyes.
Arrows indicate functional developments, not
specific evolutionary pathways. (a) Pit eye,
common throughout the lower phyla.
(b) Pinhole of Haliotis or Nautilus. (c) Eye
with a lens. (d) Eye with homogeneous lens,
showing failure to focus. (e) Eye with lens
having a gradient of refractive index.
(f) Multiple lens eye of male Pontella. (g) Twolens eye of Copilia; solid arrow shows image
position, open arrows show movement of the
second lens. (h) Terrestrial eye of Homo
sapiens with cornea and lens. Ic, image
formed by cornea alone; Ir, final image on the
retina. (i) Mirror eye of the scallop Pecten.
From [2].
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These lines produced essentially eight optical solutions
to seeing (Figure 1); two of these solutions appear in
chordates, and one solution, namely using a gradient of
refractive index to produce a lens, is shared with other
animals living underwater [2]. In many details of their
structure and function, eyes of these three phyletic
groups differ substantially. For example, photoreceptor
cells divide into two basic types, those with cilia and
those with microvilli, both of which provide large membrane surfaces to hold opsin, the phototransducing
molecule [1]. Microvillar photoreceptors predominate in
invertebrate animals whereas all vertebrate photoreceptors are ciliary. These photoreceptor types also differ in
their physiological responses. Microvillous receptors of
arthropods and mollusks depolarize in response to
light, meaning that photon absorptions open Na+ channels. Ciliary receptors of vertebrates, in contrast,

hyperpolarize in response to light by closing Na+ channels. Vertebrates and invertebrates also differ in their
mechanisms of phototransduction. Vertebrate photoreceptors use cyclic GMP as a second messenger system,
whereas invertebrates use inositol trisphosphate. The
reisomerization of the photopigment is also different in
these eye types. Finally, the structures of the two major
chambered eyes, those of vertebrates and cephalopods,
arise from distinctly different parts of the embryo. The
cephalopod eye forms from an epidermal placode
through successive infoldings, whereas the vertebrate
eye emerges from the neural plate and induces the overlying epidermis to form the lens (Figure 2). The
cephalopod eye also lacks a cornea, which is present in
all vertebrates. The striking diversity in structure, function and development of extant eyes supports their
polyphyletic origin [8].
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Building plans of four types of eye. (a) A vertebrate eye. (b) An
arthropod compound eye. (c) A cephalopod lens-eye. (d) A compound
eye in polychaete tube-worms and arcoid clams. Note that the
construction of eyes varies considerably. For example, in chordates,
photoreceptor cells differentiate from the central nervous system,

whereas cephalopod and arthropod eyes differentiate from the
epidermis. In addition, the retina is inverse (e.g. photoreceptors are at
the back of the eye) in vertebrates and everse (e.g. photoreceptors are
at the front of the eye) in cephalopods [31].

Opsins are homologous across phylogeny

opsin/chromophore combination. Recently, Wang et al.
[13••] discovered how the locus control region ensures that
particular opsins are expressed in particular cone types —
a prerequisite for the evolution of trichromatic vision [14].

All existing eyes use a vitamin-A-based visual pigment
comprising a chromophore and an apoprotein, opsin, that
has a history even more ancient than eyes. Genetic analysis
has shown that all opsins are homologous, derived from a
common ancestor. Even though this is not the only way to
detect light, as is evident from the ubiquitous distribution
of cryptochromes in plants and animals [9], it has proven
irresistible for use in eyes. Is this not support for a monophyletic origin of eyes? Possibly, but consider that opsin is
homologous with numerous other seven-transmembranedomain G-protein-coupled receptors — most famously
those responsible for olfaction [10] — yet there is no claim
that organs for vision and olfaction are homologous.
The ancestral light-absorbing opsin molecule diverged
350–400 million years ago into four cone families, providing chromatic distinctions. Later, a rod opsin family
emerged, subserving vision in low light [11]. This is evident from analysis of the opsins in teleost fish, reptiles and
birds. Mammals, on the other hand, have rod-dominated
vision and only recently (35 million years ago) re-evolved
color vision based on three visual pigments through gene
duplication [12••].
In animals today, the number of different opsins expressed
in an eye ranges from 2 to 12, governing, in principle, the
number of different wavelengths that can be discriminated.
Teleost fish, reptiles and birds all have genera with rods and
four spectral classes of cone, enabling trichromatic vision.
The ability to distinguish different wavelengths requires
that each type of photoreceptor contain a particular

The peak sensitivity of cone photoreceptors in most species
is tuned to environmentally important wavelengths reflecting the chromatic landscape. This principle was recently
demonstrated for the coelacanth (lobe finned fish) Latimeria
chalumnae [15]. Even the visually blind subterranean mole
rat appears to have evolved an opsin with a wavelength sensitivity that is ideal for setting its circadian rhythm [16].

Lens proteins are not homologous, but the
strategy for making lenses is
Does the composition of lenses yield insight about how
eyes evolved? In vertebrates, lenses are formed from modified epithelial cells and contain high concentrations of
soluble proteins, known as ‘crystallins’ because of their
organized packing. In contrast, in invertebrates, the lens
proteins are secreted by specialized cells of the eye.
Recently, lenses of mitochondrial origin have been found
in the two pairs of eyes of the parasite Neoheterocotyle rhinobatidis [17]. Despite their distinct cellular origins, for a lens
to function optically its constituent proteins must be distributed to produce a radial gradient of refractive index
that is low at the edge of the lens and high in the center
(see [2,18]). This gradient of refractive index is essential
for vision in animals living in water and has been adopted
by vertebrates and invertebrates alike. Most remarkably,
cephalopods assemble their spherical lens from two distinct embryological sources, yet manage to produce the
required gradient of refractive index [19].
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Figure 3
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A possible landscape of eye evolution created by Mike Land. Height represents optical quality and the ground plane evolutionary distance. Land
writes that “Climbing the hills is straightforward but going from one hill top to another is near impossible.” From [42].

The ten or so crystallin proteins were thought until recently to be unique to lens tissue and hence to have evolved for
this function. Alpha and beta–gamma crystallins are specialized lens proteins in vertebrates, related to heat-shock
protein and schistosome egg antigen, respectively.
However, the remaining vertebrate lens proteins are a nonconserved, diverse group used as enzymes elsewhere in
the body. Surprisingly, most of these taxon-specific lens
proteins are actually products of the same genes that produce the enzymes. For example, in crocodiles and some
bird species, the glycolytic enzyme lactate dehydrogenase
B is a major protein in the lens [20]. One gene coding for a
protein with two entirely different functions has been
termed ‘gene sharing’ [21] and may be a prelude to gene
duplication. This molecular opportunism is so effective
that it has also been used both in cephalopods [22] and in
Drosophila [23].
The evolution of lenses depended on generating a relatively large amount of refractile protein at the front of the
eye, assembled to produce a specific gradient of concentration so that the lens can focus light. The common
cellular strategy of constructing lenses from a variety of

different proteins seems to be a convergent evolutionary
solution for which proteins whose synthesis proved easy to
regulate may have been selected. The exquisite gradient
of the refractive index, corresponding to a gradient of protein concentration that evolved convergently in
vertebrates and invertebrates alike, resulted because it is
the only way to making an optically useful lens.

Conservation of developmental programs for
making eyes
It is becoming increasingly clear that analogous developmental processes in very different species are controlled
by homologous genes, particularly the homeotic genes. In
an important set of experiments, Gehring and co-workers
showed first that eyeless, a gene known to be important for
eye development in Drosophila, was a homolog of Small
eye (Sey or Pax-6) in the mouse and of Aniridia in humans
[24]. These homologous genes encode a transcription factor with both a paired domain and a homeodomain.
Subsequently, Halder et al. [25] demonstrated that targeted expression of eyeless could induce ectopic eyes in
Drosophila, as could targeted expression of mouse Pax-6.
This remarkable finding led Halder et al. to anoint Pax-6
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a ‘master control gene’ for eye development. The concept of master control genes [26] implies a linear
hierarchy of genes whose expression specifies construction of an organ system. That a single gene could trigger
construction of an animal’s eye led to the recent proposal
that eyes are monophyletic [3•]. Clearly, all evidence
points to strong conservation of Pax-6 (and its promoters;
[27]) over evolutionary time. However, the contention
that this confirms a monophyletic origin of eyes warrants
closer examination.
First, there is a strong suggestion that Pax-6 is autoregulatory, as are many transcription factors. Given this, do
experimentally expressed Pax-6 genes from other species
act directly to produce an eye in Drosophila or do they
instead activate the native ey genes to produce eyes? Could
insertion of a mouse Pax-6 gene rescue eye development
in Drosophilia with an ey-null background? If so, then a
necessary role for Pax-6 in eye ontogeny would seem more
likely. Second, several additional genes have been shown
to induce ectopic eyes in Drosophila, including sine oculus
(so), dachshund (dac), and teashirt (tsh) [28] as well as the second Pax-6 gene, toy [29]. As the complete suite of
homologous genes has been reported in mouse [30], it will
be interesting to see if other homeotic genes can generate
eyes. Is only one of these genes in charge of making eyes
or can they serve as substitutes for one another? Third,
there are many animals with no eyes that nevertheless
express Pax-6 or its homologues (cnidarian corals, C. elegans; [31]). Clearly Pax-6 plays other roles in these species,
primarily in head formation. Fourth, Pax-6 does not just
organize eye development, but appears at numerous other
expression sites. It is expressed during neural tube development, in the olfactory epithelium, and in several other
brain sites including the spinal cord, cerebellum [32] and
cerebral cortex [33]. Moreover, it has been found to be
essential for activation of proglucagon gene transcription in
both the pancreas and intestine [34,35]. Consistent with
the role of Pax-6 in anterior body axis determination, misexpression of Pax-6 has been shown to produce axial
defects but no ocular phenotype in Xenopus [36]. Recently,
however, Chow et al. [37] have reported success in generating ectopic Xenopus eyes through Pax-6 misexpression.
Finally, other genes in vertebrates are clearly upstream in
the controlling pathways for eye development, making it
difficult to label a single gene as the ‘master’. For example,
Fang et al. [38] found in a direct developing amphibian
Eleutherodactylus coqui that Xenopus laevis noggin RNA can
induce ectopic heads with eyes.
Taken together, these data suggest that neither Pax-6 nor
any other gene exerts a master control of eye development
across phylogeny. Genetic control of eye construction is
staggeringly complex and it seems more likely that an
interactive ‘gene network’ regulates development of all
complex organs, including the eye [28]. Indeed, at least
one genetic network implicated in eye development also
controls myogenesis using an expanded collection of genes

[39]. Because Pax-6 existed before eyes [31], like other
developmentally important genes, it may have been
recruited for the formation of eyes, just as was opsin and
possibly some of the specific lens constituents as the selective pressure demanded.

Are all eyes homologous?
Not unexpectedly, the parallels in the developmental
genetics of several structures including hearts, body segments and appendages raise the same set of issues about
homology between structures separated by significant evolutionary distances. Tabin et al. [40•] in an insightful
analysis conclude that, for appendages, there has been continuity of the genetic information that regulates the
development of similar but nonhomologous structures.
Homology implies an hypothesis about the evolutionary
origins of a trait or structure. Many kinds of evidence,
including the expression of genes, can provide useful evidence. But it is not possible to infer the phylogeny of a
structure such as the eye from a single character whether it
is an optical system [41] or a gene sequence.
Understanding the origins of eyes will require more data
from the fossil record and a more complete analysis of the
genetic regulatory circuits that control the development
and function of eyes (Figure 3).
While the similarity of eye structures is a fascinating topic,
a deeper question is not how similar developmental programs of eye structures are, but rather what causes their
remarkable differences. What distinguishes the ontogenesis of apposition and superposition compound eyes? What
regulates the construction of eyes with mirror optics as
compared to those with lens optics? How are receptor
axons instructed to emerge from the front of the eyecup
(inverse) in vertebrates as opposed to the back of the eyecup (everse) in cephalopods? As we learn about
fundamental similarities among eyes, we also need to discover the developmental programs responsible for
producing profoundly different eye phenotypes. We need
to learn how many genes, including Pax-6, it takes to make
an eye and why, if they use many of the same developmental genes, the eyes of Drosophila, mouse and
cephalopod are so different.

Conclusions
Clearly different tissues have been recruited to build
lenses and retinas across the phyla. The inexorable physical constraints imposed by the properties of light have
led to the repeated use of gradients of refractive index to
make lenses, even though the lenses themselves are
made from very different proteins in different species. In
the case of lenses, as eyes evolved, they used the proteins
available in the organism to produce lenses. In contrast,
the mechanism for absorbing photons, the opsin–chromophore combination, has been conserved across
phylogeny. So, one part of the eye relies on homologous
proteins and another does not. Recently, the discovery of
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conservation of many of the genes used during ontogeny
of the eye, particularly Pax-6, has led to the proposal that
all eyes are monophyletic — that is, they arose from an
‘Ur’ eye. However, our current level of understanding of
the genetic control of eye development does not support
this conclusion. Instead, there appears to be a continuity
of genetic information that regulates the development of
similar but nonhomologous eyes. How similar developmental programs produce such radically different eyes
remains unknown.
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