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The ‘division of labour’ model of eye evolution is elaborated here. We propose that the evolution of
complex, multicellular animal eyes started from a single, multi-functional cell type that existed in metazoan
ancestors. This ancient cell type had at least three functions: light detection via a photoreceptive organelle,
light shading by means of pigment granules and steering through locomotor cilia. Located around the cir-
cumference of swimming ciliated zooplankton larvae, these ancient cells were able to mediate phototaxis in
the absence of a nervous system. This precursor then diversified, by cell-type functional segregation, into
sister cell types that specialized in different subfunctions, evolving into separate photoreceptor cells, shad-
ing pigment cells (SPCs) or ciliated locomotor cells. Photoreceptor sensory cells and ciliated locomotor
cells remained interconnected by newly evolving axons, giving rise to an early axonal circuit. In some
evolutionary lines, residual functions prevailed in the specialized cell types that mirror the ancient
multi-functionality, for instance, SPCs expressing an opsin as well as possessing rhabdomer-like microvilli,
vestigial cilia and an axon. Functional segregation of cell types in eye evolution also explains the emergence
of more elaborate photosensory—motor axonal circuits, with interneurons relaying the visual information.

Keywords: division of labour model; eye evolution; proto-eye

1. INTRODUCTION

This review puts forward the notion that ‘cell-type func-

tional segregation’, the differential distribution of cellular
functions between sister cell types (Arendt 2008), has
played a major role in eye evolution. This is evident if

one takes into account two simple observations: (i) that (i1)
the number of cell types has gone up concomitantly with

the increasing complexity of evolving eye types and (ii)

the number of protein-coding genes representing cellular
eye-related functions has not grown at a similar pace.

(1) The evolution of animal eyes is a story of a stunning
rise in complexity, from a very simple common
evolutionary precursor, the hypothetical ‘proto-eye’
(Gehring & Ikeo 1999)—a simple organ composed
of two functionally distinct cells, a light-sensitive
photoreceptor cell (PRC) and a shading pigment
cell (SPC)—to something as intricate as the human
eye or the cephalopod eye. As one simple measure
for complexity is the number of different parts of
which a given structure is composed (McShea
2000; Oakley & Rivera 2008), the more complex
organ should be the one harbouring more cell types
(McShea 2000; Oakley & Rivera 2008). Therefore,
as an organ, the human eye with seven major retinal
cell types and the Drosophila eye with 10 different
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ommatidial cell types are considerably more complex
than, for example, the Plaryneress larval eye that is
composed of two cell types only, a rhabdomeric
PRC and a SPC (Rhode 1992), thus resembling the
hypothesized proto-eye (Gehring & Ike01999).

If there has been a gain of complexity at the organ
level, how about complexity at the cellular level?
Here, contrary to what one would expect, it appears
that cell types have lost complexity during animal
evolution, at least on average. If one assumes that
the more complex cell type should be the one
having more proteins at its disposal (representing a
larger variety of cellular functions), ancient metazoan
cell types must have been, at least on average, more
complex than their modern descendants. This
notion follows from the fact that the overall number
of protein-coding genes of a human (with more than
400 cell types; Vickaryous & Hall 2006) is not much
higher than that of a sea anemone (with maybe a
dozen cell types; Carroll 2001), with two-thirds of
the human genes descendent from eumetazoan pro-
genitors (Technau ez al. 2005; Putnam et al. 2007).
Obviously, the increase in metazoan complexity,
and, thus, cell-type number, was not coupled to a
similar rise in the number of protein-coding genes.
In other words, the number of proteins expressed
per cell type necessarily decreased, at least on
average, unless diversifying cell types acquired a
disproportionately high number of new, cell-type
specific genes encoding novel functions. This idea
of ancestrally more complex cell types has been

This journal is © 2009 The Royal Society


mailto:arendt@embl.de

2810 D. Arendt et al. Review. Eye evolution by division of labour

(@)

LCC/PRC/SPC LCC/PRC/SPC

Figure 1. Simple multi-functional PRCs (LCC/PRC/SPC) with motile cilia, sensory microvilli and shading pigment granules.
(@) In the demosponge larva (Amphimedon), shading pigment prevents admittance of light to light-sensitive part of the cells
from several directions. The cilia is active in phototactic steering. Note the absence of microvilli. After Leys & Degnan
(2001) and Maldonado er al. (2003). (b) Rhabdomeric PRC in the planula larva of the cubozoan cnidarian Tripedalia;
rhabdomeric microvilli (mv) shaded from various directions (Nordstrom ez al. 2003).

Figure 2. The axonal scaffold of the larval brain of P dumeriliz at 48 hpf. Rhabdomeric PRCs (red) projecting to the ciliary
girdle, where they locally alter the strength of ciliary beating (Jékely ez al. 2008). Grey colour indicates axons and cilia labelled
by an antibody directed against acetylated tubulin. Blue dots have been added following phalloidin stainings that specifically
label the actin filaments of microvilli making up the rhabdomeres. Photograph courtesy of G. Jékely.
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Figure 3. Evolution of two-celled rhabdomeric larval eyes mediating phototaxis, according to the division of labour model.
Multi-functional locomotor-photosensory precursor cells evolve into LCCs by cell-type functional segregation. (a) Precursor
LCC/PRC/SPC combining a locomotor cilium, photosensory rhabdomeric microvilli and shading pigment granules. (b) A
subset of cells loses photosensitivity and shading pigment to specialize on locomotion (LCC, light green). (¢) The LCCs
become multiciliated. A spatially separate ‘eye’ comprising two combined PRC/SPC remains connected to the multiciliated
cells via gradually extending cellular processes that evolve into axons. (d) Functional segregation of PRCs (green) and

SPCs (dark green). For further explanations, see text.

developed previously and has been referred to as
‘complexity drain on cells in the evolution of multi-
cellularity’ (McShea 2002).

With regard to the so-called ‘eye genes’, many of these
were already present in the last common ancestors of
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cnidarians and bilaterians (e.g. Koyanagi ez al. 2008).
This means that initially a surprisingly high number of
conserved metazoan protein-coding genes involved in
eye-related functions must have been active in only a
few ancient cell types that accordingly expressed a sub-
stantial fraction of the ancestral protein inventory,
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which implies that they were ‘multi-functional’ (Arendt
2008). We can also infer that the differential distribution
of various kinds of regulatory, structural and physiologi-
cal effector proteins to sister cell types must have
accompanied the subsequent cell-type diversification in
eye evolution, resulting in cell-type-specific, differential
gene expression and cell-type-specific functions, as
manifest, for example, in the Drosophila eye. This prin-
ciple of ‘division of labour’ between cell types has
recently been referred to as cell-type functional segre-
gation (Arendt 2008). It is fair to say that during eye
evolution (and animal evolution in general), cell types
became more specialized but not necessarily more
complex.

Here, the ‘division of labour’ concept is elaborated
for the evolution of rhabdomeric eyes and some of
their constituent cell types, such as rhabdomeric
PRCs and SPCs and, ultimately, visual interneurons.
We reason that early metazoans had eyes with few—if
not only one—multi-functional cell types, combining
photoreceptor, shading pigment and locomotor effec-
tor functions. Several examples are presented here
for highly complex multi-functional cell types in the
eyes of animals of relatively low tissue complexity.
We also discuss cases in which besides the major defin-
ing function of a cell type such as photosensitivity,
vestiges of other functions remain present, for
instance, a certain amount of shading pigment gran-
ules that may still contribute to the overall shielding
of the photoreceptive organelle and that we interpret
as a remnant of incomplete functional segregation
during cell-type evolution. Apparently, in many
cases, cell types retain functions at low levels, which
have otherwise become characteristic of their function-
ally segregated sister cell type. The rhabdomeric PRCs
are another example, exhibiting vestigial cilia reminis-
cent of the locomotor cilia of their presumed ancestor
cell types (discussed subsequently).

Finally, the presence of functional ‘remnants’ in
various extant cell types allows one to reconstruct the
complement of functions that were present in
the ancestral multi-functional cell types. This way,
the multi-functional cell types constituting early
metazoan eyes can be reconstructed in cellular detail.

2. ANCIENT MULTI-FUNCTIONAL
PHOTORECEPTOR CELLS MEDIATING
PHOTOTAXIS

We can envisage two fundamentally different functions
of light sensitivity in early metazoans: (i) mediating
photoperiodic activities such as diel vertical migration,
feeding or reproduction and (ii) phototaxis, the move-
ment towards or away from light. Very likely, these
two functions were separated early in metazoan evol-
ution and this might have triggered the diversification
of PRC types among Metazoa, characterized by distinct
morphologies and molecular fingerprints (Arendt &
Wittbrodt 2001; Arendt 2003). Whereas the former
function only requires a PRC to measure light
intensity, the latter needs an eye, a system allowing
tracking sources of light (Foster 2009). In unicellular
eukaryotes and in the swimming planktonic larvae of
invertebrate animals, phototaxis is driven by locomotor
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flagella or cilia (Jékely 2009). In these metazoan larvae,
there are no muscular systems involved.

For phototactic steering to evolve, several basic func-
tions have to be directly coupled: photoreception
mediated by locally concentrated photopigment, a shad-
ing ‘eyespot’ for directional sensing of light and the local
alteration of ciliary beating (Jékely 2009). This has
happened several times independently in unicellular
eukaryotes (Jékely 2009). For a new functional photo-
tactic system to evolve in an early metazoan organism,
it is plausible that these functions were also initially
localized in one cell, because multi-functional PRCs
with pigment granules and locomotor cilia can mediate
phototaxis even in the absence of a nervous system or
any other intercellular information exchange (Nordstrom
et al. 2003). Given the absence of eyes and phototaxis in
choanoflagellates, the sister group of animals (Jékely
2009), such multi-functional PRC, must have evolved
at least once at the base of the Metazoa.

In the sponge larva, multi-functional photosensitive
steering rudder cells have been described that must har-
bour some (unknown) photopigment and also contain
shading pigment granules and employ a locomotor
cilium as a steering rudder (figure la; Leys & Degnan
2001). Cnidarian cubozoan larvae have very similar
multi-functional cells comprising photoreceptor, shad-
ing pigment and a locomotor cilium (Nordstrom ez al.
2003). These cells employ a transmembrane photopig-
ment, as extrapolated from the presence of a rhabdom,
a strongly enlarged membranous surface ideally suited
to harbour massive amounts of protein (figure 15).
This is most probably an animal opsin, because several
opsins have been detected in cnidarian genomes, while
bacteriorhodopsins (mediating phototaxis in Chlamydo-
monas, for example) have not yet been detected in
Metazoa. A large variety of cnidarian opsins have
meanwhile been identified with different affinities to
bilaterian opsin subfamilies (Plachetzki ez al. 2007;
Koyanagi et al. 2008; Suga et al. 2008), but the identity
of the opsin mediating larval phototaxis in the cubozoan
Tripedalia remains unknown. Similar pigmented spots
on the swimming planulae of the cubozoan Carybdea
rastonii and Carybdea alata have been reported earlier
(Okada 1927; Arneson & Cutress 1976), indicating
that similar rhabdomeric photoreceptors are probably
present in other cubozoans. However, they have not
been reported for any other cnidarians, leaving it open
whether they are homologous to bilaterian rhabdomeric
photoreceptors. Molecular fingerprinting of the
cubozoan rhabdomeric photoreceptors and a broader
taxonomic search for possible counterparts in other
cnidarian groups will be needed to settle this issue.

3. EVOLUTION OF THE FIRST PHOTOSENSORY -
MOTOR AXONAL CIRCUIT

Eyespots mediating phototaxis have also been
described in the zooplankton larvae of various
bilaterian groups, annelids (Brandenburger & Eakin
1981; Verger-Bocquet 1983; Marsden & Hsieh 1987;
Sensenbaugh & Franzén 1987; Bartolomaeus
19924a), molluscs (Chia & Koss 1978; Bartolomaeus
1992p; Blumer 1994, 1995, 1996, 1998), echinoderms
and hemichordates (Brandenburger ez al. 1973). These
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groups exhibit helical swimming in three dimensions,
and thus the overall mechanism of phototaxis may be
very similar to unicellular eukaryotes and to the
sponge or cnidarian larvae that show a similar swim-
ming pattern (Jékely ez al. 2008; Jékely 2009). However,
there is a major difference: these eyespots are composed
of more than one cell and they are connected via axons
to separate locomotor ciliated cells (LCCs). We have
recently unravelled cellular composition, transmitter
usage and axonal connectivity of a very simple nervous
system mediating phototaxis in the marine annelid
Plarynereis dumerilii (Jékely et al. 2008). In this system,
a simple two-celled eye is composed of one rhabdomeric
PRC and one SPC. The rhabdomeric photoreceptor
functions not only as a sensory neuron receiving light
but also as a motor neuron directly innervating ciliated
cells of the equatorial ciliary girdle by direct innervation
(figure 2).

If the evolution of phototaxis started with a single
cell system, as postulated earlier, how can we imagine
the transition to a simple multicellular system com-
prising distinct rhabdomeric PRCs, SPCs and ciliary
motor cells? This is not trivial because this process
has to be highly coordinated with the evolution of
one component crucially depending on the evolution
of the other. The SPC and the rhabdomeric
photoreceptor must coevolve because either of them
is useless alone. Moreover, both cells can function
properly only if the PRC connects to the ciliated
locomotor cells from the very beginning.

Figure 3 depicts a possible scenario for the
evolution of a simple photosensory—motor circuit
interconnecting a two-celled eye and LCCs. As a start-
ing point, this scenario envisages a small population of
multi-functional PRCs located around the equator of
the swimming larvae, conceptually similar to the situ-
ation in sponge or cubozoan larvae. It assumes that all
cells are initially equal but mutually interconnected to
locally spread and thus enhance the light signal
(figure 3a). If we now assume that a subpopulation
of these cells loses light sensitivity (e.g. by turning
off opsin expression), these cells could still be func-
tional as steering cells because they still receive the
information on directional light detection from neigh-
bouring cells (figure 3b). If, as the next step, the newly
evolved sister cell types (locomotor steering cells
versus rhabdomeric PRC/SPC) move away from each
other but retain cellular contact, a simple axonal con-
nection and thus nervous system would have evolved
(figure 3c¢). Finally, one can envisage that the photo-
receptor function and the shading pigment function
equally segregate into two sister cell types, one specia-
lizing as rhabdomeric photoreceptor and the other as
SPC (figure 3d).

This scenario resembles other scenarios put forward
for the evolution of the first mechanosensory—motor
circuit in cnidarians (Seipel ez al. 2004) and, more
recently, for the evolution of the chemosensory—
neurosecretory brain circuit in bilaterians (olfactory—
hypothalamal—adenohypophyseal circuit; Arendt
2008). Initially, the functional segregation may be a
neutral evolutionary event. Once functions are segre-
gated, however, it is plausible that the division of
labour reduces the pleiotropy of individual cell types
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and thus allows more efficient functional specialization
(Arendt 2008).

In our evolutionary scenario, we envisage a monoci-
liated cell as the ancestral multi-functional PRC
(figure 3a). However, it cannot be determined with
certainty whether this cell type was mono- or
multiciliated. An accessory cilium or vestiges thereof
are rather common in PRCs, at least in annelids
(Purschke 2005; Purschke er al. 2006). Such vestigial
cilia occur in larval eyes, e.g. Polygordius sp.
(Brandenburger & Eakin 1981) as well as in multi-
cellular adult eyes (Purschke er al. 2006; Suschenko &
Purschke 2009). However, there are a few known
examples of rhabdomeric PRCs in annelids possessing
more than one cilium (e.g. in Polygordius appendiculatus
and Scoloplos armiger; Wilkens & Purschke 2009,
in press), which might be indicative of a multiciliary
origin.

4. EVOLUTIONARY REMNANTS OF CELLULAR
MULTI-FUNCTIONALITY

Our evolutionary model can be tested both morpho-
logically and molecularly. It predicts that despite
their different, segregated functions, the distinct cell
types making up the multicellular metazoan phototaxis
system should show morphological resemblances and
vestiges reflecting their common evolutionary ancestry.
We can envisage that in some cases, the functionally
segregated sister cell types should show residual func-
tions (which they had otherwise lost), reflecting the
ancient multicellular state. A literature survey reveals
that such cell types indeed exist in the eyespots of
invertebrate larvae and adults, both in the form of
PRCs retaining some shading pigment and SPCs
retaining small sensory organelles.

In several species of the polychaete Saccocirrus,
the SPC exhibits an apical extension with some
rhabdom-like microvilli and vestigial cilia (figure 4a;
Eakin er al. 1977; Purschke 1992, 2005; Purschke
et al. 2006). In these species, both SPC and PRC are
part of the epidermal layer and the eye cup opens to
the exterior. Both cells form axon-like processes that
are closely aligned and enter the neuropil of the
brain. A similar observation has been made regarding
the adult eyes of the annelid S. armiger, which possess
an SPC with a dense array of microvilli presumed to be
sensory (Wilkens & Purschke in press). Adding to this,
the SPC of the larval eye in Platynereis and in the
sedentary Cirratulidae, as well as of the bicellular
ocelli of Saccocirrus, send out sensory axons at later
developmental stages (G. Purschke, H. Hausen &
D. Arendt 2009, unpublished data), corroborating the
(hidden) sensory nature of these cells.

It is well established that PRCs show characteristics
of SPCs to various extents. For example, pigment ves-
icles have been found in cephalopod (Yamamoto ez al.
1965; Budelmann er al. 1997) and gastropod eyes
(Blumer 1999; Zhukov et al. 2006) and appear to be
a common feature of annelids with multicellular
adult eyes, as observed in the Plarynereis adult eye
PRCs (Rhode 1992); at least in Phyllodocida and
Eunicida, this very likely belongs to the ground pattern
of eyes, and in these taxa, the absence of pigment
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Figure 4. (a) Two-celled eye of Saccocirrus papillocercus after transmission electron microscopy observations. PRC and SPC are
embedded in the layer of epidermal cells (EPCs); both cells with microvilli (mv) in rhabdomeric arrangement, vestigial cilia
(arrowheads) and axonal processes; a few scattered electron-dense vesicles in PRC may comprise shading pigment. Note
additional sensory cell (SC) adjacent to pigment cell. cu, cuticle. (b) Adult eye retina cells of Patella exclusively composed
of combined PRC/SPC. Note that each cell possesses a cilium (arrowhead) and sends out an axon. mv, microvilli (adapted

from Marshall & Hodgson 1990).

vesicles may be interpreted as a secondary character
state (Suschenko & Purschke 2009). In line with a
general affinity of PRC and SPC, the retina of the
Patella eye is exclusively composed of pigmented
PRCs (figure 4b).

Finally, the more or less reduced accessory cilium
that is usually present in annelid rhabdomeric PRCs
of adult eyes (see, for example, Purschke 2005)
can be interpreted as the remnants of a former loco-
motor function. Unfortunately, up to now, nothing is
known about the function of any of these accessory
cilia.

Corroborating the affinity of PRCs and SPCs, we
have determined the molecular fingerprint of cell
types making up the larval and adult eyes of Platynereis
(Guy er al. submitted) and found that the rhabdomeric
PRC and the SPC of the larval eyes are more closely
related to each other than they are to their functional
counterparts in the adult eye or to any other cell of
the developing larval episphere. Both cell types specifi-
cally express the combination of the transcription fac-
tors pax6, lhx2, sim and chx10, as their regulatory
signature, and the acetylcholine receptor AChR7/8,
which confer a unique molecular fingerprint to these
cells (Arendt 2008). None of these genes is expressed
in the PRCs or SPCs of the adult eyes. The latter, in
turn, express the transcription factors six1/2, eyes
absent, dachshund and Distalless, plus the sepiapterin
synthase A, a key enzyme in the synthesis of the shading
pigment. Again, none of these genes is active in the
larval eyes. These data suggest that the PRCs and
SPCs of the larval eyes and those of the adult eyes
have evolved by cell-type functional segregation in
two independent evolutionary events.
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5. THE EVOLUTION OF VISUAL EYES AND
BIPOLAR INTERNEURONS

Another important transition in eye evolution has been
the transition from simple eyes sensing the direction of
light only, involved in phototaxis, to the more complex
visual eyes. This transition appears to be paralleled by
the change from using ciliary bands in locomotion such
as those present in planktotrophic metazoan larvae to
muscular systems. In such systems, integrative neuronal
processes coordinate the activity of several longitudinal
and circular or transverse muscle fibres (see, for example,
Tzetlin & Filippova 2005; Purschke & Miiller 2006). This
larva-to-adult transition involves the development of two
different sets of eyes in many invertebrates: larval eyes
directly associated with the ciliated cells such as those
recently described by Jékely er al. (2008) and adult eyes
with neuronal projections into the central nervous
system (as is present, for example, in Platynereis; see
Jékely ez al. 2008 and references therein).

This fundamental transition towards visual eyes
requires the evolution of a more elaborate axonal cir-
cuit, with one or more serially connected interneurons,
between the PRCs of the eye and the effector system
(figure 5). Much of this circuit will eventually
become part of a more and more elaborate brain.

As a first step in the evolution of vision, we can
envisage an increase in the number of PRCs. To per-
ceive an image, these cells must communicate and
integrate information on their individual state of illu-
mination via axonal connections (figure 5a). We can
then assume that some cells specialize in information
processing and others in light perception, giving birth
to first populations of interneurons that remain inter-
connected by axon collaterals (figure 5b). This way
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Figure 5. Evolution of visual interneurons according to the division of labour model. (a) Pigment cup eye composed of par-
tially segregated photoreceptor (green) and SPCs (dark green). Note that both cell types bear sensory microvilli and shading
pigment granules, but in different quantity. Together, the pigment granules of both cell types form the eye cup. Both cell types
also send out axons. (b) A subset of cells loses photosensitivity and shading pigment to specialize on information integration
(light green). The pigment cells lose the cilia. (¢) Evolution of fully developed unipolar visual interneurons (VIN) that retain
axonal connections to multiple PRC. The SPCs (dark green) have specialized on their shading function and lost the sensory
microvilli as well as basal axons. Note that PRCs axons connect to VIN exclusively. For further explanations, see text.

we can explain the evolution of first processing
circuits to perform tasks such as lateral inhibition or
integration across several photoreceptors (Nilsson &
Arendt 2008). For further refinement of visual
information processing, interneurons will specialize
into first- and second-order interneurons and assem-
ble into optic ganglia (figure 5¢). While primitive
vision with elaborate optics is not necessarily coupled
to the existence of a brain, visual systems that allow
detection of more complex stimuli such as
visualization of form or movement require a central
nervous system enabling the organisms to respond
differentially.

The vertebrate retina represents a prominent
example for the evolution of visual circuits by func-
tional segregation of sister cell types, as recently
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hypothesized (Arendt 2008) based on resemblances
of rods, cones and bipolar cells in molecular finger-
prints (Lamb er al. 2007; Arendt 2008). Consistent
with this scenario is the situation in the most primitive
chordates, the hagfish, in which ciliary PRCs connect
directly to ganglion cells, and bipolar cells appear to be
absent (Holmberg 1977). The neural connectivity of
pineal photoreceptors in non-mammalian vertebrates
also suggests that bipolar cells are late additions
specific to vertebrate lateral eyes (Lamb ez al. 2007;
Nilsson & Arendt 2008). A functional segregation
scenario would also account for the molecular
similarity of both Drosophila rhabdomeric PRCs and
second-order interneurons that express the atonal
gene (Jarman er al. 1994), indicative of a possible
sister cell-type relationship.



2816 D. Arendt et al.

Review. Eye evolution by division of labour

Based on the common expression of Chx10/Vsx,
Math5/ATO and Brn3b/ACT6 in visual interneurons in
mice and flies, it has recently been speculated that the
evolution of interneurons might have predated
urbilaterians (Erclik ez al. 2008). Alternatively, visual
interneurons might have evolved independently in
insects and vertebrates, as would be suggested by the
absence of bipolar cells in the hagfish (discussed ear-
lier). Extensive expression profiling of the cell types
will be required to elucidate cell-type interrelationships
between and within species and will ultimately allow us
to trace back the diversification of cell types during eye
evolution from very primitive precursors to the complex
visual eyes found in insects, vertebrates and chordates.

6. CONCLUSION

The evolution of highly complex metazoan eyes as
found in vertebrates, insects and cephalopods is an
excellent showcase for the evolution of metazoan
complexity. We reason here that this process may
have relied more on cell-type functional segregation
and less on the acquisition of entirely new cellular
functions than one might expect at first glance. We
propose that one major evolutionary trend in Metazoa
has been the specialization of cells into distinct and
diverse cell types, each with a limited number or
even with only one specific function rather than the
evolution of new functions, especially with regard to
the molecular toolbox of light perception.
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