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Introduction
An enormous
diversity
in eye types and structures
is
found in the animal kingdom.
Phylogenetic
studies have
revealed that almost all animal phyla have evolved some
form of light-sensitive
organ [1,2], ranging from simple
eye-spots,
comprising
a small number
of photoreceptor
cells, to eyes with highly developed
optics. About
10
distinct
optical
systems
are distinguishable,
including
the pinhole
eye of nautilus,
eyes built like a reflecting
telescope,
two kinds of camera lens eyes and several
kinds of compound
eyes (reviewed
in [2-41). Because
an almost
complete
gradation
exists from the single
light-sensitive
cells to the more complex
organs, it has
actually become
difficult to define what an eye is. In this
review, we would like to apply the term ‘eye’ to a visual
system in which single or multiple
photoreceptive
cells
are linked by synapses to effector systems.
The three largest animal phyla have evolved
different
solutions
to the
problem
of obtaining
an optical
image. The eyes of vertebrates
and molluscs
contain
a single lens, whereas
arthropods
have a multifaceted
compound
eye (Fig. 1). These have been considered
to
be independent
evolutionary
innovations
for a number
of reasons.
On the one hand,
the morphologies
of
the compound
eye of a fly and the single-lens
eyes
of vertebrates
and molluscs
are so strikingly
different
(Fig. 1) that no structural
homology,
already present in a
common
ancestor,
can be claimed.
On the other hand,
clear differences
between
the mode of development
of
the single-lens
eye of vertebrates
and that of molluscs
imply that these systems have also evolved independently,
although
the eyes are strikingly
similar in their basic
design (Fig. 1). The fundamental
differences
in morphology,
development
and photoreceptor
ultrastructure
of the diverse eye types found in the animal kingdom
have led to the proposal that eyes evolved independently
as many as 40 times [l].
In contrast to the large differences
revealed by morphological studies, recent molecular
genetic evidence points
to a common
genetic program for eye morphogenesis
in
organisms as diverse as humans and flies. Strikingly, these
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data suggest homologies
not only between
structural
components
involved in light absorption
and phototranduction
[5], but also between
regulatory
genes of the
genetic cascades that ultimately
control the development
of the diverse eye types. The main body of evidence
for
such homologies
between
the genetic
cascades comes
from mutant analyses of the PUX-6 genes in mammals
and flies, showing
that in both
cases Pax-6
plays a
fundamental
role during eye development
[6-8,9”,10**].
Moreover,
recent experiments
have provided
compelling
evidence
that the fly Pax-6 gene, eyeless, acts as the
master
control
gene
of eye development
[l 1.01. In
this review,
we will focus on these parallels
in eye
morphogenesis
between
mammals and flies. We will also
discuss Pax-6 genes from other species and the recent
characterization
of other
conserved
genes
probably
involved
in eye development.
Finally, we shall discuss
how these new findings fit into current
models of eye
evolution
and which new evolutionary
perspectives
they
might open.

Photoreceptive

cells: a common ancestor?

The basic units of the eye, the photoreceptor
cells,
can be divided
into two main classes, a ciliary and a
rhabdomeric
(microvillar)
type, depending
on whether
or not the photoreceptive
membrane
forms
in association
with a cilium.
Early studies
suggested
that
the ciliary
type
is common
to deuterostomes
and
the rhabdomeric
type to protostomes
[12], but many
exceptions
to this rule have been found
(reviewed
in
[13]). Therefore,
none of these photoreceptor
cell types
can be correlated
with major phylogenetic
lineages,
suggesting
that various types of photoreceptor
cells have
originated
several times independently
[l]. However,
the
classic rhabdomeric
types of cephalopods
and arthropods
have been found to form cilia transiently
in their early
development,
suggesting
that they shared a common
ancestry with ciliary-type
photoreceptors
[14]. On the
basis of additional
evidence
from species with mixed
[14] or both types of photoreceptors
[15], it has been
argued that a primitive
ciliary-type
photoreceptor
gave
rise to the ciliary and rhabdomeric
types in the course
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of evolution.
Many authors
now suppose
that
photoreceptor
cell types derived
independently
ciliary precursor
(reviewed
in [13]).

various
from a

The hypothesis
of a monophyletic
origin
for photoreceptor
cells is supported
by the finding
that light
absorption
and phototransduction
in various
eyes is
mediated
by a common
underlying
mechanism.
All
visual
systems
analyzed
so far, including
those
of
vertebrates,
cephalopods
and insects, share homologous
proteins
called
opsins
which
comprise
the protein
component
of their visual pigments.
Opsins are members
of the seven-transmembrane
receptor
family and are
covalently
linked to a vitamin-A-derived
chromophore

responsible
for absorbing
photons.
In all cases analyzed,
this complex
triggers
a G-protein-mediated
signalling
cascade when
activated
by light (reviewed
in [16*]).
Thus, the presence of opsins in divergent
species and the
conservation
of their use in light absorption
points to a
common
ancestry
and indicates a monophyletic
origin
of photoreceptor
cells in evolution.

Pax-6: functional

conservation

of a regulatory

switch?
Unexpectedly,
light detection

it is not only
components
that are conserved
between

used in
different
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systems. Pax-f), a highly conserved
transcription
factor,
has recently
been shown
to play a flmdamental
role
in eye development
in a number
of vertebrates
and
invertebrates.
The Pax-6 genes are members
of the
Pax family of developniental
regulatory
genes encoding transcription
factors containing
two DNA-binding
motifs:
a paired-domain
and a honleodonlain
(see
[ 17,18,19*,20*]
for reviews).
Pax-6 genes were first
isolated from human
[6], mouse
[21,22] and zebrafish
[23,24] and have subsequently
been cloned
from rat
[8], quail [25], chicken
[26], Drorqhila
[lO”] and sea
urchin
[27]. The vertebrate
genes show an unusually
high conservation
of both overall sequence
identity and
location of introns. The human and mouse proteins are
identical
over their entire length
of 422 amino acids.
The proteins
encoded
by the mouse
and fly genes
share >90% sequence
identity
in both DNA-binding
domains.
Furthermore,
three splice’ sites affecting
the
two domains
are conserved,
indicating
that these genes
are orthologues
[ lO**].

Pax-6 is required

for eye development

in mammals

and

flies

In n~anunals,
heterozygous
disruptions
of the Pax-6
gene are responsible
for the human congenital
disorders
aniridin [28-301 and Peter’s anomaly
[31”] and for the
mouse and rat Small eye phenotypes
[7,8]. Aniridia and
Peter’s anomaly patients have variable eye malformations.
Aniridia
is typically
characterized
by a reduction
or
complete
absence of the iris and is often accompanied
by further
defects
in the cornea,
lens, retina
and
the optic nerve.
Peter’s anomaly
is most frequently
associated
with malformations
of the anterior
chamber
of the eye. A similar range of eye defects as seen in
humans heterozygous
for i&~-6 loss-of-function
alleles
is observed
in mice and rats heterozygous
for Snail eye.
One possible human homozygote
has been described,
a stillborn
fetus with severe craniohcial
abnormalities
lacking
eyes completely
[32]. Honlozygous
Snm// eye
mouse
embryos
are born without
eyes and nose and
die soon after birth [33,34]. In homozygous
%a// eye
embryos,
the optic vesicles
start to grow
out, but
subsequent
development
leads to an abnormally
shaped
optic cup that does not develop
further
[9**,35]. Also,
the lens plncodes
fail to form, resulting
in an absence
of lens and cornea.
As a consequence,
homozygous
Sm//
eye embryos
completely
lack all eye structures
[8,9”,30,34].
Furthermore,
the nasal cavities and the
olfactory
bulbs fail to develop and additional
defects in
the brain are observed
[35].
Pm-6
is nornially
expressed
in those tissues that are
affected
in the mutant
embryos
[h,9**,22].
In the
neural ectoderm,
Pm-6 transcripts
are detected
in the
developing
eye (Fig. 2), first in the optic sulcus and
later in the optic
vesicle
and differentiating
retina.
Furthermore,
Pax-6 is expressed
in the developing
olfactory
bulbs and in other specific
domains
of the
brain and spinal cord. In the overlying
surface ectoderm,
expression
is first observed
in a broad
domain
that

becomes
progressively
more restricted
to the lens and
nasal placodes.
Eventually,
Pas-6 is expressed
in the
developing
lens and cornea (Fig. 2), as well as in the nasal
epithelium.
Surprisingly,
the Droso~~l~ila Pus-6 homologue
eyeless also
plays a fundamental
role in eye development
and has an
expression
pattern
similar to its vertebrate
counterpart
[lo”].
Th e t‘ye IESS g ene is first expressed
in the ventral
nerve cord and in discrete regions of the brain. Later in
embryogenesis,
it is expressed in the aulagen of the eye as
early as they can be detected
(Fig. 2). In subsequent
larval
stages, eye& continues
to be expressed in the prinlordia
of the adult compound
eyes, the eye inlaginal discs [ 10”]
(Fig. 2).
The existing Drosophila eye/ess mutations
arose through
the insertion
of transposable
elements
into an eyespecific
enhancer
[l O**]. This
results
in a strong
reduction
of cyclers expression
in the eye anlagen without
dramatically
affecting
expression
in the CNS.
Flies
homozygous
for these hypomorphic
eyeless alleles show
a reduction
or complete
absence of the eyes. In these
mutants,
the eye imaginal
discs form normally
in the
embryo,
but during
larval stages, increased
cell death
reduces the size of the eye discs giving rise to a head
with reduced
or missing eyes. Apparent
null alleles are
homozygous
lethal, suggesting
that cyclcss has a vital
function
in the developing
CNS
in addition
to its
function
in eye developnlcnt
[36].

In summary,
the vertebrate
and fly Pax-6 genes are
expressed
at least transiently
in all tissues
of the
developing
eye (Fig. 2). Mutations
in Pm-6 genes lead to
a loss of eye structures
in both cases and the phenotypes
suggest early requirements
for Pas-6 in eye formation.

fax-f?

a master control

gene of eye development

in flies

and vertebrates?
111 Drcm~l~ilu,
the early expression
of eye/m in the
eye prinlordia,
and the observation
that mutations
in other
genes
involved
in early eye development
(including
sir/e oarlis, eyes abserrt, eye prtc and ryclisll)
do not affect the expression
of eye/m, suggested
an
early determinative
role for this gene [ lO”,l l**]. The
potential
of eyeless to act as a regulatory
switch was
tested by targeted
misexpression
of an cyelm+ cDNA
in inlaginal
discs that do not normally
express cycless,
such as the leg, wing and antenna1 imaginal discs. The
ectopic expression
of cyclers resulted in the fornlation
of
supernumerary
eyes on legs, wings and antennae,
that
is at those positions
corresponding
to ectopic
eyeless
expression
[l loo]. The finding
that eyrlcss can switch
on the eye developmental
pathway
and induce
the
formation
of ectopic
eyes in the imaginal
discs of
the head and thoracic
segments
indicates
that it is a
master control
gene of eye development,
acting high
up in the regulatory
cascade. The decision
of a tissue
to form eye structures
does not solely depend
upon
Pax- 6 expression,
however,
but also on the cellular
context,
since in vertebrates
and Drosophila, Pas-6 is
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Fig. 2. Pax-6 expression during mouse and Drosophila eye development. The mouse eye develops from two principal components, the neural
ectoderm of the optic vesicle whirh forms the retina, and the overlaying surface cctoderm (schematic cells indicated) which forms the lens
and cornea. A protrusion from the lateral forebrain evaginates and gives rise to the optic vesicle (a). The optic vesicle then contacts the
overlaying ectoderm and induces it to form the lens placode, which in turn causes the optic vesicle to fold back on itself giving rise to
the bilayered optic cup (b). The inner layer will differentiate into the multilayered neural retina, whereas the cells of the outer layer will
produce the pigmented retina. The lens placode rounds up and detaches from the surface forming the lens vesicle. The lens vesicle, in turn,
induces the overlaying ectoderm to form the cornea and eventually differentiates into the lens. PJX-6 expression is observed in all tissues of
the developing eye (shaded regions) 1221, i.e. in the optic vesicle and the overlaying surface ectoderm (a). Later strong expression is seen
in the developing retina, lens and cornea (b). (c,d) The compound eye of Drosophila,
in contrast, develops from a monolayered epithelium
originating from a small domain of dorsolateral ectoderm of the early embryo. A simple epithelial sac is formed by invagination of this region
and becomes internalized during the complex morphogenetic movements of the head region. This epithelial sac, the so-called eye-antenna1
imaginal disc, is the primordium of the adult eye, the antenna and surrounding head cuticle. Cc)The anterior end of a late Drosophila embryo.
The Drosophila
Pax-6 homologue eyeless is expressed in a dorsolateral domain corresponding to the eye-antenna1 imaginal disc anlagen
(shaded area) [lO**l and in the brain and ventral nerve cord (expression not indicated in the figure). During larval stages, the unpatterned
imaginal disc proliferates and eyeless transcripts are continuously detected in the eye portion of the eye-antenna1 disc Cd; an eye-antenna1
imaginal disc oi the third and last larval stage is shown). The antenna1 portion of the disc will give rise to the antenna and head cuticle,
whereas the eye portion develops into the adult eye and surrounding cuticle. During morphogenesis,
a wave of pattern formation, marked
by the morphogenetic furrow, moves across the eye disc in a posterior-tanterior
direction. In this process, cells are sequentially recruited
into ommatidial clusters, which will give rise to individual facets. Ahead of the morphogenetic furrow, cells are undifferentiated and strongly
express eyeless [l O**]; behind the furrow, cells start to difierentiate and eyeless expression drops. (Modified after 165,681.)

also expressed
in the developing
nervous
system. The
miscxpression
of the mouse
1%~~-6 gene in Droso$ila
also leads to the formation
of ectopic
eyes, similar
to the results obtained
with the Droso@ila gene itself
[l l”].
This argues that the mouse
gene can activate
the target genes of cyclrss. Whether
the mouse
gene
does so directly, or indirectly
by activating
eyeless, awaits
further
analysis.
Nevertheless,
these
findings
suggest
that besides the sequence
of the Pax-h proteins,
their
biochemical
activity and presumably
the sequence
of the
DNA-binding
sites is also conserved.
The place of the vertebrate
PLY-~ genes in the genetic
hierarchy
of eye devcloprnent
is not yet known.
However,
the early expression
of Pm-6 in the surface

ectoderm
and the failure
of the lens placodes
to
form in homozygous
Srrall cyc embryos
are consistent
with
a role for PUX-6 in lens determination
p**].
Furthermore,
an important
function
of Pax-6 in optic
vesicle development
is suggested by the early expression
and the defects observed
in mutant embryos
[Y*].

Apparently,
not only are the most downstream
genes
encoding
the basic components
of the phototransduction
process conserved,
but also regulatory
genes acting high
up in the genetic hierarchies.
Thus, the development
of
the vertebrate
and insect eyes seems to be controlled
by
conserved
regulatory
genes despite the huge morphological differences
between
the two.
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Pax-6 in other phyla

The apparent
conservation
of Pax-6 function
in eye
development
in mammals
and flies raises the issue of
how widely distributed
Pax-6 and its function
in eye
development
is in the animal kingdom.
Recently,
a
Pax-6 homologue
from squid has been identified
and,
strikingly,
it is also expressed
in the developing
eye
(S Tomarev, WJ Gehring,
unpublished
data). Therefore,
in vertebrates,
n~olluscs and arthropods,
the same regulatory gene seems to be essential for the development
of morphologically
diverged
eyes. Furthermore,
Pax-6
genes
have recently
been
cloned
from
nemertines
(F Loo&, WJ Gehring,
unpublished
data), nematodes
(A Chisholm,
B Horvitz,
personal
communication;
Y Zhang,
S Emmons,
personal
communication)
and
ascidians (S Glardon, WJ Gehring,
unpublished
data) and
it will be exciting to find out whether
or not these genes
play a role in eye development.
The presence
of Pax-6
in species from several phyla suggests that this gene and
its role in eye development
is universal among metazoa.

More genes in common?
Early-acting

genes

The
genetic
parallels
at the top (e.g. Pax-h)
and
bottom
(e.g. opsins)
of the hierarchies
active in the
determination
and differentiation
of eye structures
in
divergent
species prompt
the question:
are other genes
acting in these cascades conserved?
A first indication
for
further similarities
comes from the isolation of sine o&is
homologues
from mice [37] and Drosophila
[38*,39’].
In Drosophila, the homeobox
gene sirlc ocrrlis is required
early in eye imaginal discs [38’,39*], but acts downstream
of cyclers (P Callaerts,
G Halder, WJ Gehring,
unpublished data). Recently,
four mouse homologues
of sine
oculis have been isolated and, remarkably,
one of those
is also expressed
in the developing
eye ([37]; G Oliver,
P Gruss, personal
communication).
This expands
the
genetic
parallels
beyond
a single transcription
factor
and thereby strengthens
the idea that the development
of
these different eyes could be under the control of similar
genetic cascades.

Lenses: homology

or curiosity?

An unexpected
homology
between
len-forming
cells
in vertebrates
and Drosophila may be revealed
by the
Drosopkila prospero gene [40,41] and its mouse homologue Prox- 1 [42], both encoding
putative transcription
factors
with
a homeodomain
[41].
The two genes
are expressed
in similar tissues in both species.
The
Drosopkila prosper0 gene is transcribed
in the developing
CNS [40,41], in the lens-secreting
cone cells of the eye
and in the midgut [42]. Prox- 1 is active in the developing
lens of the mouse embryo
as well as in the CNS and
other tissues [42]. The expression
in the CNS of both
organisms
may reflect a homologous
function
for these
genes [42].
Whether
the expression
in the lens-forming
reflects a homologous
function
is not clear.

cells also
The lenses

in these two species are thought
to be polyphyletic
in origin
because
of their different
morpholob9
and
development
[1,2]. The vertebrate
lens is formed
by
an intracellular
accumulation
of lens crystallins
1431,
whereas
the cornea1
lens and the pseudocone,
the
two lens elements
of Droropkila, are cellular secretions
(reviewed
in [44]). Interestingly,
the lens vesicle cells of
vertebrates
(reviewed in [45]) and the lens-secreting
cone
cells of Drosopkila [46] both require
interaction
with
neuronal
cells for their development.
Although
highly
speculative,
the expression
of Pros- 1 and proycro
in
lens-forming
cells may point to a conserved
molecular
mechanism
involved
in the different
developmental
programs
for building
a lens. The characterization
of
prospero homologues
from other species,
in particular
molluscs,
in which the single lens is formed by cellular
fusions
[47], may yield more essential information
to
elucidate
whether
or not this is indeed the case.

The connection

to the brain

Another
hint at a possible
conservation
of molecular
mechanisms
involved
in visual system
development
comes from a recently characterized
family of homeobox
genes.
This family so far comprises
the ceh- 10 gene
from Caenorkabditis
clqarzs [48,49*] and the vertebrate
homologues
Ckx- 10 from mouse [SO*] and Vsx- 1 from
goldfish
[51]. The vertebrate
genes are predominantly
expressed
in the presumptive
neural
retina
of the
developing
eye. In the mature
retina,
expression
is
restricted
to cells of the inner
nuclear
layer, most
probably to bipolar cells [50*,51]; these are interneurons
that receive input from photoreceptor
cells and signal to
ganglionic
neurons which then connect
to the brain.
In C. c&ar:arzs, a small number
of neurons,
including
the so-called
AIY interneurons,
express ceh- 10 [49*].
These
interneurons
receive
synaptic
input
from
a
thermosensory
cell. Whether
this sensory
cell is also
photosensitive
is not known,
but structural
analysis has
shown
that it possesses
numerous
microvilli,
similar
to rhabdomeric
photoreceptor
cells [52]. Furthermore,
single photoreceptor
cells are located in corresponding
positions
in other nematodes
[53]. Thus, it has been
proposed
that the nematode
& 10 expressing
AIY
interneurons
are homologous
to the C/lx- 10/ Vsx- 1
expressing
bipolar
cells of the vertebrate
retina 149.1.
a conserved
molecular
mechanism
Taken
together,
might be involved in the development
of interneurons
connected
to photoreceptor
cells in both vertebrates
and nematodes.
It will be interesting
to characterize
homologues
from other species, such as Drosopkila, and
to see whether
these too are expressed
in interneurons
coupled
to photoreceptor
cells.

Evolution

of the eye: a model

As outlined
above,
Pax-6 genes are key players
in
mammalian
as well as fly eye development.
This suggests
that in addition
to the sequence
conservation,
the
function
of Pax-6 in eye development
is also conserved.
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Therefore,
an ancestral Pax-6 gene might have been
involved in the development
of a primitive
eye in a
common ancestor. Alternatively, the use of Pux-6 in the
development
of different eye types may be explained by
an independent
recruitment
of these conserved genes
into separately evolving eye developmental
pathways.
However, this hypothesis would have to explain why the
Pax-6 gene in particular was adopted in both cases. The
observation that the mollusc Pax-6 gene is also expressed
in the developing eye corroborates the hypothesis of a
functional homology. The finding that the mouse Pax-6
gene can function in Drosophila indicates that the mouse
and the fly genes have retained a similar biochemical
activity in the course of evolution. Taken as a whole, the
evidence favours the idea of a functional homology. This
implies that in a common ancestor of vertebrates, insects
and molluscs, an antecedent
of Pax-6 was involved in
the formation of an ancestral eye. Thus, these three very
different eye types seem to have a common evolutionary
origin.
The development of the hypothetical ancestral eye could
have been controlled by a genetic cascade of Pax-6
and additional regulatory genes. Whether this ancestral
organ consisted of a single or multiple photoreceptive
cells remains
speculative,
but it might have been
linked to a specialized type of interneuron
connecting
the photoreceptive
cells with effector cells such as
neurons of an ancestral CNS. It seems that once a
functional photoreceptive
organ had evolved, its optical
performance
could be improved by selection in various
ways and this has resulted in the enormous
variety of
eyes observed today.
In this evolutionary
process, new genes and genes not
yet functioning
in eye development
might have been
recruited into the already existing eye developmental
pathways.
Acquisition
of regulatory
sequences,
for
example
Pax-6 response elements,
would result in
additional
expression of a gene in the eye allowing
modifications of the eye. A glimpse at such evolutionary
tinkering is offered by the lens crystallin genes (reviewed
in [54-56]), encoding the structural proteins of the lens.
These proteins are not specialized lens proteins, but
derive horn various enzymes (e.g. lactate dehydrogenase
in some vertebrates)
or small heat-shock
proteins.
During evolution, these proteins were adopted to build
the lens besides their other activity, a phenomenon
called gene sharing [54]. Recent reports suggest that a
number of crystallin genes are direct targets of Pax-6
in the lens [57’,58,59*,60] and that their recruitment
to the lens may indeed have occurred
through the
acquisition of Pax-6 response elements [57*]. The key
regulatory genes, on the other hand, were locked into
their developmental
function, unable to change without
disruption
of the developmental
pathways. Therefore,
these genes were conserved and are still used today in
the development
of the modern eye types, although
these eyes diverged almost completely
in morphology
and development
in the course of evolution.
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Conclusions
The identification
of conserved regulatory and structural
genes involved in the ontogeny of the eye in various
species has revealed striking parallels between different
eyes previously
thought
to have little in common.
The presence of additional
conserved genes involved
in the morphogenesis
of different types of eyes seems
likely. Several genes playing a role in either vertebrate
(reviewed in [61,62]) or Drosophila (reviewed in [63,64])
eye development
are known and it will be exciting to
see how many of these have homologous
counterparts
with a similar role. Analysis of their distribution
in
phylogenetically
highly diverged organisms will give
more essential insights into the evolutionary relationship
of the diverse eye types. It will be most interesting to
learn whether animals of lower phyla have homologues
of the genes discussed in this review and whether or
not these genes are involved in eye development in these
organisms.
The discovery of conserved genes playing a role in the
development
of diverse eyes raises the issue of how the
action of homologous regulators is interpreted differently
to build the distinct eyes. It will be informative
to
compare the regulatory
cascade required to form a
Drosophila compound
eye with that of a mouse eye,
to determine
how much is conserved and how many
new genes have been recruited into these developmental
pathways, obviously leading to the formation of different
types of eyes.
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