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Animals are composed of cell types that are specialized
for functions as diverse as nutrient uptake, contraction,
light perception and hormone secretion. Although some
animals, such as sponges, have few cell types’, there are
hundreds of human cell types? and cell type number has
been used as an index of complexity®. How did cell type
diversity evolve? The identification of homologous cell
types between species (those cells that evolved from the
same precursor cell type in the last common ancestor),
and of related cell types within a given species, the so-
called sister cell types* (those that evolved from the same
precursor cell type in the stem line of that species), is key
to the study of cell type evolution (FIC. 1a).

Traditionally, cellular characteristics have been com-
pared by light and electron microscopy. These techniques
allowed the identification of homologous cell types
between closely related species, but were more ambigu-
ous across longer evolutionary distances, especially
between distinct animal phyla®S. It was often difficult
to decide whether shared cellular features, such as the
surface-enlarged photoreceptive cilium of a photorecep-
tor cell or the stripes of a striated muscle cell, reflected
common ancestry or independent evolution®. These
limitations can now be overcome by comparing cellular
characteristics at the molecular level. For example, it was
found that the surface-enlarged, light-sensitive cilia of
ciliary photoreceptors in humans and worms harbour
orthologous opsins’, and that the stripes of striated muscle
cells in various animals are composed of the same
cytoskeletal proteins®’, which is indicative of homology.
In addition, conserved, cell type-specific combinations

Abstract | Cell types are fundamental units of multicellular life but their evolution is
obscure. How did the first cell types emerge and become distinct in animal evolution?
What were the sets of cell types that existed at important evolutionary nodes that
represent eumetazoan or bilaterian ancestors? How did these ancient cell types diversify
further during the evolution of organ systems in the descending evolutionary lines? The
recent advent of cell type molecular fingerprinting has yielded initial insights into the
evolutionary interrelationships of cell types between remote animal phyla and has allowed
us to define some first principles of cell type diversification in animal evolution.

of transcription factors have been identified that turn
on cell type-specific differentiation genes. For the first
time, comparing molecular fingerprints'® allows us to
identify homologous cell types over long evolutionary
distances and thereby reconstruct systems such as the
urbilaterian brain, eyes and immune system. Molecular
fingerprinting also facilitates the identification of sister
cell types within tissues and organs, as exemplified by
the cell types of the vertebrate retina.

Now that cell type interrelationships have begun to
be elucidated, this conceptual Review attempts to infer
principles of cell type evolution. First, homologous cell
types conserved over long evolutionary distances tend
to exert multiple, distinct cellular functions, such as sen-
sory, epithelial and contractile functions (the cnidarian
epithelial muscle cell'!) or sensory and neurosecretory
functions (Vigh's protoneuron'?). I will argue that multi-
functionality has been a general feature of ancient cell
types. Second, with increasing specialization during
evolution, these multiple functions were then distrib-
uted in a complementary manner to sister cell types,
as happened with the epithelial, sensory, neuronal or
muscle cell type descendants of ancient epithelial muscle
cells or with the functionally diverse cell types of the
vertebrate retina. This principle, called segregation of
functions, elegantly explains the emergence of axonal
circuits in nervous-system evolution. At the regulatory
level, functional segregation involves the cell type-
specific loss of transcription factor expression. A third
principle is divergence of functions, in which cellular
functions are retained, but modified to different extents
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Figure 1| Cell typogenesis: homologous cell types and sister cell types. a | The interrelationship between the
phylogenetic tree and the typogenetic tree. On the left is a phylogenetic tree onto which the cell typogenetic tree
has been superimposed. This illustrates the evolution of sister cell types within a given species (indicated by square
brackets) and of homologous cell types between species (indicated by arrows). On the right is the same typogenetic
tree alone. Cell types are ordered in a cladistic system that reflects their genealogy at the species level'™*. This cell
type cladistic approach has been used in several pioneering studies?°®884121.122 b | The photoreceptor typogenetic
tree. Yellow, blue, red and grey represent the evolution of cell types in Ecdysozoa, Lophotrochozoa, Deuterostomia
and Cnidaria, respectively. Green represents evolution in the protostome stem line. Black represents evolution in the
metazoan and bilaterian stem lines. It must be stressed that, at this stage of analysis with incomplete data sets, the
precise order of branching in the typogenetic tree may still have to be refined at some positions, although the general
degree of relatedness is well documented. Also, the list of characters is stillincomplete. The photoreceptors from left
to right are the cnidarian rhabdomeric eye®, insect rhabdomeric compound eye, insect rhabdomeric larval eye'?,
polychaete rhabdomeric adult eye??, polychaete rhabdomeric larval eye®, amphioxus rhabdomeric Hesse eyecup
vertebrate retinal ganglion cell, vertebrate amacrine cell, vertebrate horizontal cell, cnidarian ciliary photoreceptor,
insect light-sensitive neurosecretory cell, annelid light-sensitive neurosecretory cell, vertebrate light-sensitive
neurosecretory cell, annelid brain ciliary photoreceptor, vertebrate bipolar cell, vertebrate long wavelength-sensitive
(LWS) cone, vertebrate short wavelength-sensitive 1 (SWS1) cone, vertebrate SWS2 cone and vertebrate rod. 1, opsin
storage in the surface-extended apical membrane (rhabdomeric photoreceptor) or in the membrane of the cilium
(ciliary photoreceptor); 2, deployment of the r-opsin of the c-opsin duplicate; 3, use of the Gg-a and phospholipase C
or of the Gi-a. and cGMP phototransduction cascade; 4, control of reproduction via neurosecretion; 5,6, locomotor
cilium; 7, assembly of rhabdomeric photoreceptor cells into an eye: visual function; 8, specialization into larval or
adult eye photoreceptors (for example, in arthropods); 9, specialization into larval or adult eye photoreceptors (for
example, in annelids); 10, rhabdomeric photoreceptor structure; 11, direct association with pigment cell;

12, light sensitivity; 13, axonal projection to brain; 14, specialization into horizontal or vertical interneuron;

15, surface-extended cilium; 16, control of reproduction via neurosecretion; 17, visual function; 18, axonal projection
or interneuron function; 19, light sensitivity via c-opsin; 20, deployment of the LWS or of the SWS1-2-rhodopsin
duplicate. 21 deployment of the SWS1 or of the SWS27-rhodopsin duplicate; 22, deployment of the SWS2 or of the
rhodopsin duplicate. ¢ | Evolution of the opsin family of G-protein coupled receptors. c-opsin, ciliary opsin; MWS,
medium wavelength-sensitive; Opn4, opsin4; r-opsin, rhabdomeric opsin; UV, ultra violet.
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Nematocyte

A venomous cell that evolved
for catching prey and for
predator defence by releasing
the nematocyst, which is a
miniature cellular weapon, in
one of the fastest movements
in the animal kingdom.

Cnidarian

Radially symmetrical animal
that has a sac-like body with
only one opening. The group
includes jellyfish, corals, hydra
and anemones

Amphioxus

The common name

for the cephalochordate
Branchiostoma lanceolatus,
the most basal living
invertebrate that is related
to vertebrates.

Ascidian

A group of sessile animals with
swimming larvae that are the
closest living invertebrate
relatives of the vertebrates.

in the descendant sister cell types, as occurred during
the development of light sensitivity of retinal rods and
cones. In many cases, functional divergence is driven
by gene duplication. Finally, evolving cell types can also
acquire new functions. This involves either the expres-
sion of novel genes, for example, those that encode the
structural proteins of the nematocyte in cnidarians, or the
co-option of genes (or entire gene cascades) from other
cell types. This mechanism of gene co-option explains
the evolution of wing spots or the de novo evolution of
ectopic eyes.

The expanding field of comparative molecular cell
biology will elucidate the evolution of organ systems,
such as the central nervous system, sensory organs,
musculature and gut, thus revealing the emergence of
the bilaterian body plan.

Cell type comparison via molecular fingerprints
What is a cell type and how can cell types be compared?
By definition, any cell type has special physiological
or structural characteristics. The aim of comparative
study of cell type characteristics is to elucidate the evo-
lutionary diversification of cell types (cell typogenesis)
by detecting the similarities and differences between
them. Physiological and structural characteristics will be
reflected by cell type-specific gene expression at some
point, and therefore comparisons can be based on dif-
ferential expression profiling data. It is evident that these
comparisons benefit from the increased availability of
metazoan gene inventories®.

The specific set of differentiation genes that imple-
ments cell type-specific physiology or structure makes up
the differentiation signature of the cell type, defined here
as any combination of active differentiation genes that is
unique to a particular cell type. At the regulatory level,
these differentiation genes are turned on by a unique
combination of differentially expressed transcription
factors™, which could be refined post-transcriptionally
by the action of specific microRNAs". This is the regula-
tory signature of the cell type. Together, the differentia-
tion and regulatory signatures constitute the molecular
fingerprint of a cell type'®'?. Molecular fingerprinting is
most easily accomplished at early differentiation stages,
when the regulatory and differentiation genes are largely
co-expressed and cell numbers are still low. We can iden-
tify homologous and sister cell types through their simi-
lar, or identical, molecular fingerprints (80X 1). Together,
morphological, physiological and developmental
comparisons can unveil cell type interrelationships.

Comparative genomics recently pinpointed some
limitations of the cell type comparative approach'*'¢%,
revealing that important cell type-specific marker genes
are often absent or strongly modified in fast-evolving
species. In such cases, it is advantageous to include
slow-evolving species that have retained these genes in
the comparison. For example, Drosophila melanogaster
and Caenorhabditis elegans must have lost (or modified
beyond recognition) a number of ancient opsins, multi-
ple hormones of the neurosecretory system and proteins
involved in innate immunity, which are preserved in
slower-evolving vertebrates and annelids”'>'®'.

Reconstructing ancient cell type inventories

The identification of homologous cell types between
species implies that a similar precursor type existed
in the last common ancestor of these species. We can
therefore identify sets of cell types that existed at impor-
tant evolutionary nodes, such as the node that separates
the protostomes (insects, nematodes, annelids and
molluscs) from the deuterostomes (starfish, amphioxus,
ascidians and vertebrates). Pioneering studies revealed
the homology of somatic motor neurons*** between
vertebrates, insects (Drosophila spp.) and nematodes
(Caenorhabditis spp.) (FIC. 2a), and of peripheral sen-
sory neurons between Drosophila spp. and vertebrates®.
Accordingly, these cell types existed in the last common
ancestor of the protostomes and the deuterostomes.
Another more recent study revealed the homology of
branchiomotor neurons between ascidians and verte-
brates® (FIG. 2b). Below, I outline some examples that
have been used to reconstruct ancient cell type invento-
ries. In each case, the inclusion of slow-evolving species
has been crucial for the comparisons.

Lines of photoreceptor evolution. In the past, the com-
parison of cell type molecular fingerprints has pro-
foundly changed our view of photoreceptor evolution in
the animal kingdom*”****”. Morphologists had assumed
that photoreceptor cells had independently evolved up
to 50 times®. In striking contrast, an ancient evolution-
ary origin of two distinct types of photoreceptor cells,
the ciliary and rhabdomeric cells (FIC. 1b), is now sup-
ported by the conserved deployment in protostomes and
deuterostomes of two distinct opsin paralogues, ciliary
opsin (c-opsin) versus rhabdomeric opsin (r-opsin),
and of two distinct downstream phototransductory cas-
cades, transducin—-cGMP versus Gq-a—phospholipase C
signalling. Accordingly, ciliary and rhabdomeric
photoreceptors existed in urbilaterians”?. The ciliary
line of photoreceptor evolution seems to even date
back to early metazoans, as indicated by the presence of
c-opsin-related photopigment in the ciliary photorecep-
tors of jellyfish eyes?**. In the bilaterians, an ancestral
population of ciliary photoreceptors resides in the brain.
This c-opsin-related photopigment was recently molecu-
larly characterized in the marine annelid Platynereis
dumerilii™'?, but it also exists in mosquitoes® and in
the vertebrate forebrain® (FIC. 2a). Because no shading
pigment is associated with these cells, they have a non-
visual function. Intriguingly, the molecular fingerprint
comparison indicates that the vertebrate rods and cones
have emerged from this ancient population of brain cili-
ary photoreceptors, which involved a change from non-
visual to visual photoreceptor function’ (number 17 in
FIG. 1b). This observation strengthens the view that the
vertebrate retina evolved as an outfolding from the brain,
as recapitulated during the development of the present
day vertebrate eye*>*.

In contrast to vertebrate and jellyfish eyes, most
animal eyes have rhabdomeric photoreceptors that use
r-opsins. This holds true not only for the insect larval
and compound eyes, but also for planarian eyes®,
larval and adult annelid eyes®, and for the dorsal ocelli
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Box 1 | Principles of the molecular fingerprint approach

The candidate gene approach
The candidate gene approach relies on comparative analysis of the expression of transcription factors and
differentiation genes known to be important or specific for the specification of cell types.

Regionally expressed transcription factors respond to early signalling cascades that are involved in regional
patterning. The signalling cascades subdivide the early embryonic or larval body into regions along the
anterior—posterior and dorsal-ventral body axes, and often have a later role in the control of batteries of
differentiation genes, as implied in the intercalary evolution scenario’®. For example, the transcription factor sine
oculis homeobox homologue 3 (Six3) has an early function in establishing regions'”’, and has recently been identified
as a putative direct stimulator of rhodopsin expression in rods and cones'®.

Downstream of the regional specification genes, additional transcription factors contribute to the specification
of the outline, architecture and physiology of post-mitotic cells. In the developing nervous system, transcription
factors specify transmitter phenotype, axonal outgrowth, dendritic arborization and other aspects of neuronal
identity'®. Given the combinatorial action of transcription factors, one factor is often active in different cell types,
such as the LIM and POU homeodomain transcription factors, which show a widespread ‘salt-and-pepper’ pattern
of expression.

Most useful for the candidate gene approach are the cell type-specific transcription factors that control a broad
range of phenotypic traits in a given cell type'®. For example, motor neuron and pancreas homeobox proteins (Hb9
and mnx, respectively) control various aspects of somatic motor-neuron identity, including cholinergic transmitter
type and axonal projection?’, and the paired-like homeobox 2 (Phox2) genes have a conserved role in the broader
control of chordate branchiovisceral motor-neuron fate?**''. The nocireceptor-specific runt-related transcription
factor 1 (Runx1) coordinates neurotrophin receptor, ion channel and neuropeptide expression, as well as axonal
target selection'?*. Typically, these cell type-specific transcription factors show highly restricted patterns of
expression. Finally, the regulatory activity of transcription factors is complemented by the channelling activity'*® of
microRNAs, which also show tissue and cell type-restricted activity®®.

The microarray approach

The microarray approach differs from the candidate gene approach in that it is more complete and unbiased. In
microarray studies, the entire expression profile can be used to determine the regulatory and differentiation signature
of the cell type under study, and no prior knowledge about the candidate genes expressed in this cell type is required.
However, in many cases microarray studies require RNA sampling from single differentiating cells, which is demanding
technically. Pioneering studies have succeeded in sampling RNA from GABA-containing and glutamate-containing
neurons in the mammalian cortex®®, and for rods in the vertebrate retina®’, as well as for sensory and motor neurons of
the gill-withdrawal reflex and serotonergic neurons in adult Aplysia californica (California sea slug)**®.

Putting molecular signatures to use

Once reqgulatory and differentiation signatures are determined for a given cell type, it is possible to identify sister cell
types in the same species and homologous cell types in other species. Within a given species, sister cell types should
present the most similar molecular fingerprint®®*’. Between species, the fingerprint comparison is necessarily limited
to orthologous genes. Putative homologous cell types are also identified by molecular fingerprint similarity. Note that
as long as the fingerprint information is incomplete for the organism under study, the possibility remains that other
cell types will be discovered that are even more similar. This would imply a change in the branching pattern of the
typogenetic tree.

of the chordate amphioxus*. What happened to the
rhabdomeric photoreceptor cell lineage during verte-
brate evolution? Unexpectedly, molecular fingerprint
comparisons indicate the existence of homology between
invertebrate rhabdomeric photoreceptors and the gan-
glion cells of the vertebrate retina***?. Despite their dif-
ferent morphological appearance, subsets of vertebrate
ganglion cells have proved to be photosensitive and to
use a phototransductory cascade that involves r-opsin,
Gq-a and phospholipase C (FIG. 1b). This indicates that
the retinal ganglion cells descended from a rhabdomeric
type of photoreceptor that specialized in non-visual
functions, such as circadian entrainment. The evolution
of the vertebrate eye thus presents a puzzle: it seems that
the previously non-visual brain ciliary photoreceptors
evolved into the visual rods and cones, whereas the
previously visual rhabdomeric photoreceptors per-
sisted but perform non-visual functions. Therefore,
any concept that explains vertebrate eye evolution
will have to account for this apparent paradox.

Ancient origin of the hypothalamus and pituitary. The
origin of the vertebrate endocrine system was previ-
ously obscure. Molecular studies now allow hormone
and neuropeptide-secreting cell types of the hypotha-
lamus and pituitary to be tracked from vertebrates to
protochordates®, annelids'? and insects®".

Hormones and neuropeptides released from the ver-
tebrate hypothalamus were long considered to be verte-
brate innovations; but recent genome and transcriptome
comparisons indicate that several hormones and neu-
ropeptides (pro-opiomelanocortin (POMC), gonado-
tropin, pituitary adenylate cyclase-activating polypeptide
(PACAP), vasopressin and oxytocin) are shared with
marine protostomes, and thus these molecules are
representative of ancient bilaterian heritage®. Starting
from these observations, cells have been identified in
the annelid brain that, as supported by their regulatory
signature and by the specific expression of vasotocin
(the annelid orthologue of the vasopressin and oxytocin
molecules) or FMRFamide, are related to cell types
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Figure 2 | Homologous cell types identified by molecular fingerprints. a| Somatic motor neurons in Drosophila
melanogaster (Aa) and in fish (Ab). b | Branchiovisceral motor neurons (BVM) in the human hindbrain (Ba) and motor
neurons in the ascidian cerebral ganglion (Bb). c | Forebrain cell types in vertebrates (Ca) and annelids (Cb). d | Early
differentiating pre-oral pit cells (PPC), the later Hatschek’s pit cells in amphioxus (Da) and adenohypophyseal cells in
direct contact with the neurohypophysis in fish (Db). Regulatory and differentiation signatures are in the same colour as
the corresponding cell type. Similar colours denote homologous cell types. ath, atonal homeobox; BarH1, Bar homeobox 1;
CaP, caudal primary motor neuron; cPRC, ciliary photoreceptor cell; eve, even-skipped; FMRF, FMRFamide; Hb9, homeobox 9;
isl, islet; ISN, intersegmental nerve; LBN, lateral bipolar neuron; lim3, LIM-domain 3; MiP, medial primary motor neuron;
nk2.1, NK homeodomain protein 2.1; nsc, nucleus suprachiasmaticus; otp, orthopedia; Pax6, paired-box 6; PHOX2,
paired-like homeobox 2; pin, pineal; pit1, pituitary-specific positive transcription factor 1; ptx, pituitary homeobox;

Ret, retina; RGC, retinal ganglion cells; RoP, rostral primary motor neuron; rPRC, rhabdomeric photoreceptor cell; rx,
retinal homeobox; SN, segmental nerve; TBX20, T-box 20; TN, transverse nerve; VaP, variable primary motor neuron. Part A
is modified, with permission, from REF. 20 © (2002) Elsevier. Part B is reproduced, with permission, from REF. 23 © (2006)
National Academy of Sciences USA. Part C is reproduced, with permission, from REF. 7 © (2004) American Association for
the Advancement of Science. Part Da is modified, with permission, from REF. 39 © (2008) Blackwell Publishing.
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in the vertebrate hypothalamus'?, which is indicative of
cross-phylum homology (FIC. 2¢). These conserved cell
types apparently formed part of an ancient urbilaterian
brain and allow first insights into its functionality. For
example, the co-expression of vasotocin with c-opsin'?
indicates that vasotocin was secreted in direct response
to changes in light conditions.

The vertebrate pituitary consists of two parts, the
neurohypophysis, which is the neurosecretory release
site of hypothalamal neurons, and the adenohypophysis,
which is an independent endocrine gland. To eluci-
date the evolutionary origin of the adenohypophysis,
comparative anatomists had long sought an adeno-
hypophysis homologue in the protochordate amphi-
oxus. From a long list of candidate structures, only one
structure, the pre-oral organ (called HatscheK’s pit after
metamorphosis), has now been shown to be a possible
homologue through molecular studies®*-*' (FIC. 2d).
Pituitary-specific positive transcription factorl (Pitl),
a POU domain transcription factor that specifies the
vertebrate adenohypophysis, is expressed exclusively
in the pit cells of the pre-oral organ®. Pitl, together
with the pituitary markers pituitary homeobox (Ptx)*
and paired box protein 6 (Pax6)* constitute a unique
regulatory signature. In addition, HatscheK’s pit is also
immunopositive for the hormones gonadotropin and
luteinizing hormone, and HatscheK’s pit extracts have a
gonad-stimulating function in amphioxus and in toads
(reviewed in REF 43).

Haemocytes and innate immunity. Cell type molecular
fingerprint comparisons suggest an early bilaterian
origin of the immune system. The body cavity of many
invertebrates harbours freely floating cell types, the
so-called blood cells or ‘haemocytes’. Of these, two
types of haemocyte have a role in innate immunity: the
‘plasmatocytes, which are named after their transpar-
ent cytoplasm and are generally recognized as macro-
phages, and the ‘granulocytes, which are cells with
densely packed, electron-dense lysosomes*. Classical
cytological comparisons were unable to reveal whether
these cell types were homologous between phyla and, if
they were, how they related to the specialized cell types
of the Drosophila*® and vertebrate*® immune systems.
Molecular fingerprint comparisons have now partially
solved this issue, indicating that at least one type of
blood cell already existed in urbilaterians. This ancient
cell type was macrophage-like and conveyed multiple
steps of an ancient innate immune response**. It also
expressed conserved molecules that were involved in
apoptotic cell recognition*~*, a surprisingly large rep-
ertoire of surface receptors, such as scavenger receptor
cysteine-rich®**!, and components of the complement
system'>*>%. Conserved transcription factors related to
GATA-binding factors 1-3, friend of GATA protein 1
(Fogl) and acute myeloid leukaemia (Aml) protein
were involved in the specification of these urbilaterian
haemocytes*. The urbilaterian immune system possibly
also included an additional, macrophage-responsive cell
type, specified by a member of the conserved Collier,
olfactory 1 and early B cell factor (COE) family of

REVIEWS

transcription factors™, which might have evolved into
the specific cell types that are responsible for the adap-
tive immune response in vertebrates. It is not yet clear
whether granulocytes already existed as a separate cell
type, or whether they repeatedly diversified from the
macrophage-like cells in independent evolutionary
lines. Differential expression profiling of granulocytes
and plasmatocytes in different animal groups should
resolve this issue.

Evolution of tissues and organ systems

Once ancient cell type inventories are reconstructed
for important evolutionary nodes, the next step is to
unravel how these ancient cell types diversified into
the many extant cell types that make up the tissues and
organ systems of living animals. There are many ques-
tions that relate to the case studies discussed above.
What was the contribution of cell types that diversified
from the ancient ciliary and rhabdomeric photorecep-
tor precursors to the insect and vertebrate retinae?
What cell types are derived from the hormone- and
neuropeptide-secreting ‘founder cells’ of the urbilat-
erian brain in the vertebrate hypothalamus or insect
neuroendocrine system? Finally, assuming that the
three cell types of the D. melanogaster innate immune
system (the phagocytic plasmatocytes, the highly spe-
cialized lamellocytes and the crystal cells) and most
(if not all) of the vertebrate immune cell types evolved
from one or two urbilaterian phagocyte-like cell types
as recently speculated***>**, how did this diversifica-
tion arise? The way to trace this diversification is to
resolve sister cell type relationships within tissues and
organ systems. This is an ambitious task that requires
expression profiling at a cellular resolution for all the
cell types involved, which is only starting to be pos-
sible (BOX 1). Regarding the vertebrate immune system,
a recent microarray survey* revealed that many genes
are specifically shared between B- and T-lymphocytes,
supporting their status as sister cell types (as compared
with other cell types of the vertebrate immune system),
but did not resolve the molecular fingerprints of the
individual cell types of the myeloid lineage. Likewise,
cell type-specific expression profiling data are not yet
available for vertebrate and insect brains, with a few
exceptions®, leaving the sister cell type relationships
of neuron types largely unresolved.

By contrast, expression profiling data are available
on a large scale and at a cellular resolution for almost
all cell types of the vertebrate retina. These data suggest
that the vertebrate retina harbours two separate sets of
sister cell types that have diversified from an ancient
rhabdomeric and ciliary photoreceptor precursor type,
respectively* (FIG. 1b). The set of cell types derived from
ciliary photoreceptor precursors would comprise the
non-visual bipolar cells as the sister cell type of the
visual rods and cones*¥, as indicated by their similar
regulatory (Otx2, Crx and Rx) and differentiation sig-
natures (for example, recoverin and potassium chan-
nels)*, as well as from the large overlap in their gene
expression profiles in microarray studies”. A sister cell
type relationship of bipolar cells, rods and cones is also
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Figure 3 | Ancient multifunctional cell types. a | The central spinal fluid-contacting ‘protoneuron’ sends flask-shaped
dendritic processes (D) into the brain vesicles, where they form terminal processes (T) bearing sensory cilia (C) of diverse
modality. These neurons also release various hormones and neuropeptides from secretory vesicles (yellow). b | The
one-celled ocellus of the cnidarian planula larva has a fully developed motile cilium (C), photoreceptive microvilli (MV)
and a pigment cup (PC), all combined in the same cell. The striated ciliary rootlet, the nucleus and mitochondria are also

indicated in the ocellus. Each cell operates as an independent sensory motor unit. ¢ | The contractile myoepithelial
(epithelial muscle) cellin cnidarian larvae, with myofibres (MF) and cilium (C). This cell also contains secretory vesicles
(yellow) and exerts glandular functions. d | The choanoflagellate is a unicellular eukaryote characterized by a collar (CO)
composed of microvilli and by a flagellum (F) and was a multifunctional cell type at the beginning of the Metazoa. A,
axons; E, epithelial cell; N, nucleus; S, synapse. Part b is modified, with permission, from REF. 60 © (2003) Royal Society
London. Part c is modified, with permission, from REF. 126 © (2006) UBC Press.

reflected by the common deployment of unique ribbon
synapses, by the presence of a phototransduction-like
G-protein cascade and an outer segment-like inflated
cilium, Landolt’s club, in bipolar cells, and also by the
similar morphology of bipolar cells, rods and cones at
early differentiation stages®. Therefore, bipolar cells,
rods and cones exemplify how molecular fingerprint-
ing, as well as complementary structural, functional,
morphological and developmental evidence can be
combined to unravel sister cell type relationships in
tissue evolution.

Ancestral metazoan cell types are multifunctional
It is clear from the studies discussed above that the
overall picture of cell type evolution in animals is only
beginning to emerge. Yet from the limited insights
gained so far, some first principles of cell type diversifi-
cation are apparent. One first important observation is
that ancient cell types tend to have multiple functions,
as outlined above for the light-sensitive vasotocinergic
cells (which resemble the multifunctional sensory and
neurosecretory ‘protoneurons’ that are considered to be
ancestral for the vertebrate brain)®® (FIC. 3a) and for the
presumed macrophage-like haemocytes in the urbilat-
erian blood that conveyed various aspects of an ancient
innate immune response.

Multifunctionality also seems to be a characteristic of
cell types that pre-date bilaterians. This is most evident
from the recent sequencing of the cnidarian Nematostella
vectensis genome® that revealed a surprisingly complex
gene inventory, a large part of which was shared with
the bilaterians, including genes encoding neuromus-
cular functions, such as enzymes important in synaptic
transmission or vesicular trafficking, and various ion
channels'. Given the apparent paucity of cell types in
cnidarians and in other basal metazoans, this implies
that the last common ancestor of cnidarians and bilateri-
ans, the so-called eumetazoan, possessed few cell types
that had many diverse functions. One example is the
multifunctional, light-sensitive steering rudder cell that
was recently described in ciliated sponge larvae and that
functions as a photoreceptor, shading pigment and effec-
tor cell at the same time™*. This cell type could be evolu-
tionarily ancient because a similar cell exists in cnidarian
larvae® (FIC. 3b). Another prominent example is the
cnidarian epithelial muscle cell that functions as an epi-
dermal cell, is capable of mechanosensory reception and
transmission, and contracts like a muscle cell'*¢! (FIC. 3¢).
The multifunctionality of ancient cell types is even more
obvious if we consider the first metazoan cell type, which
most probably resembled a choanoflagellate®®-%* (FIG. 3d)
and possessed, and most likely expressed, at least all
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Eumetazoa
All animals (metazoa) except
sponges.

the genes and functions shared between the recently
sequenced choanoflagellate Monosiga brevicollis®
and any of the metazoans.

Consequently, we can rule out any scenario of cell
typogenesis that views simple cell types at the beginning
of animal evolution, with new functions being added
continuously to newly emerging cell types, which would
imply a constant rise in cell type complexity. Instead,
from a cell type perspective, it is clear that a high degree
of complexity was already in place at the beginning of
metazoan evolution. As outlined below, cell type diver-
sification did not necessarily increase the complexity of
individual cell types, but rather triggered their stepwise
specialization by functional segregation, functional
divergence or the acquisition of new functions.

Segregation of functions in sister cell types
Starting from a few cell types with multiple functions at
the beginning of metazoan evolution, subsequent cell
type diversification involved a distribution of functions
among emergent sister cell types, resulting in increas-
ingly specialized descendants. This is referred to here
as segregation of functions. It implies that one sister cell
type specifically loses a function that is retained in the
other (FIG. 4a). At the level of genes, functional segrega-
tion is reflected by the selective loss of expression of the
corresponding effector genes encoding this function
and of (at least some) upstream transcription factors
(FIC. 4a). I reason here that functional segregation has
been a major theme in cell type evolution.

An early functional segregation event in metazoan
history was the split between the germ line and the
soma, with the soma cell type retaining most of
the functions of the initial choanoflagellate-like cell
(except the function that leads to differentiation into
germ cells). The subsequent segregation of functions
produced more specialized cell types, such as external
epithelial cells and primitive gut cells that retained
and optimized protective and nutritive functions,
respectively, and the above mentioned light-sensitive
steering rudder cells that retained components of an
ancient phototaxis system. Later in evolution, the rud-
der cells would have diversified further into separate,
even more specialized cell types, such as photorecep-
tor, shading pigment and ciliated locomotor cells, as
found in extant bilaterians. Likewise, the myoepithelial
cells (which are still present in present-day cnidarians)
would have given rise to separate epithelial, sensory
neuronal and contractile muscle cell types, as proposed
by Mackie®' (FIC. 5a). Consistent with this scenario,
Seipel and colleagues'! have recently shown that jelly-
fish neurons and muscle cells share the specific expres-
sion of an atonal-like gene, At/I, and of an RFamide
neuropeptide, which is indicative of a sister cell type
relationship. Also, the recent sequencing of the cnidar-
ian N. vectensis revealed that ion channels involved
in neuromuscular function and components of the
dystrophin-associated protein complex in the sarco-
lemma are of a eumetazoan heritage', supporting the
homology of cnidarian and bilaterian neuromuscular
cell types.
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The vertebrate retina is a valuable case study for the
segregation of functions between emerging sister cell
types, which are traceable both at the cellular and at the
molecular level. I propose here that in the retina, func-
tional segregation occurred when the ancient urbilat-
erian rhabdomeric and ciliary photoreceptor precursors
diversified into cell types that retained light sensitivity
(ganglion cells, rods and cones) and interneuron types
that have specialized to transmit and integrate the light
signal (amacrine, horizontal and bipolar cells) (FIC. 1b).
The comparative data suggest that the common evolu-
tionary precursor of rods, cones and bipolar cells had
a bipolar morphology, with dendrites that possessed a
photosensitive cilium and with an axon that established
direct synaptic contact to the ganglion cells (FIG. 5b), as
can be deduced from the similar morphology of rods,
cones and bipolar cells at early differentiation stages®.
This precursor then gave rise to two sister cell types;
one that retained the photoreceptor and lost the axonal
connection to ganglion cells (rods and cones), and one
that retained the interneuron function but lost the light-
sensitive cilium (bipolar cells) (FIG. 5b). At the gene level,
this is likely to have involved the selective loss of expres-
sion of ceh10 homeobox-containing homologue (Chx10)
and visual system homeobox (Vsx), which encode two
paralogous paired-type homeodomain transcription
factors that are active in bipolar cells but not in rods and
cones*®. Chx10 promotes bipolar-cell differentiation at
the expense of photoreceptor cell fate®, which is at least
partly achieved by directly targeting and silencing the
expression of photoreceptor-specific genes®. Because
a Chx10 and Vsx orthologue is expressed in annelid
photoreceptors (G. Jekely, R. Tomer and D.A., unpub-
lished observations), it seems plausible that Chx10 and
Vsx expression was selectively turned off in rods
and cones when these became functionally segregated
from the bipolar cells.

Evolution of neuronal circuits. The principle of cell type
functional segregation elegantly explains the evolu-
tion of neuronal circuits and could therefore allow us
to understand nervous system evolution. If we assume
that emergent (functionally segregating) neuron types
are likely to move apart from each other according to
the specializations they acquire, and if we further assume
that, at the same time, these cell types maintain cellular
contact for functional coordination, the evolution of
axonal and dendritic extensions interconnecting these
cells would be triggered. Such a scenario can explain
how the evolutionary emergence of the first simple
sensory-motor neuronal circuit took place, as originally
proposed by Mackie® (FIC. 5a). This scenario would also
explain the evolution of a retinal circuit, such that the
newly evolving bipolar cells came to lie between
the photoreceptor cells and the ganglion cells, maintain-
ing dendritic contact with the photoreceptor cells and
axonal contact with the ganglion cells* (FIG. 5b). Finally,
we can envisage a scenario that explains the evolution of
the axon tracts that interconnect the vertebrate pituitary,
hypothalamus and nose (FIC. 5¢). This scenario assumes
that some endocrine cells of the vertebrate pituitary,
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Figure 4 | Modes of cell type diversification. Ancient cell types diversify into sister cell type descendants
(diversification is indicated from top to bottom). Cellular functions of evolving cell types are represented by boxes in
different colours. Transcription factors (TFs) and differentiation genes (DIFs) that encode these functions are drawn in
the boxes. Gene regulatory networks are indicated by lines. a | Functional segregation. Two functions (F1, blue box; F2,
yellow box) are present in the multifunctional precursor but are segregated between the two descendant sister cell
types. The schematic shows the loss of F2 in one cell type and of F1 in the other. b | Functional divergence. The initial
cellular function (F1, blue box) diverges by gene duplication. Different paralogues (DIF1a or 1b and DIF2a or 2b) are
expressed in the two descendant sister cell types that retain the modified functions F1a and F1b. This is achieved
through the cell type-specific activity of a repressor (R1) in Fla. In F1b, DIF1b and DIF2b no longer depend on TFB
activity (which is not expressed in the corresponding cell type). DIF1a and DIF2a are turned off because they still
depend on TFB. ¢ | Acquisition of new cellular functions. One ancient function (F1, blue box) is modified towards a
new function F1* through the recruitment of novel differentiation genes into the network (DIF3). The descendant
sister cell type on the right has acquired a new function F2, which was previously active in another unrelated cell type.
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Ostracod

The ostracoda are a group of
crustaceans known as seed
shrimps.

Subfunctionalization

The process whereby a pair of
duplicated genes becomes
permanently preserved
because the two gene copies
have reciprocally lost essential
subfunctions by acquiring
complementary degenerative
mutations.

Horizontal gene transfer
The transfer of genetic material
between the genomes of two
organisms that does not

occur through parent—progeny
transmission.

some neurons of the hypothalamus and the olfactory
sensory neurons of the nose evolved by functional
segregation of sister cell types, which emerged from a
chemosensory-neurosecretory organ that was similar to
HatscheK’s pit in extant amphioxus (discussed above).
These sister cells would then move away from each
other according to their specialized functions, but would
remain functionally interconnected, both by axons from
the nose to the hypothalamus and by endocrine proc-
esses from the hypothalamus into the pituitary. The
molecular and developmental evidence in favour of this
scenario is summarized in BOX 2.

Divergence of functions in sister cell types
Another key principle of cell type evolution is the diver-
gence of functions that acts in parallel to functional
segregation, and likewise contributes to the specializa-
tion of cell types. During this process, in contrast to
functional segregation, functions are retained in both
sister cell types but are modified in different directions.
For example, both rods and cones have retained light
sensitivity but have been optimized for sensitivity to
light of different wavelengths. Such functional divergence
of cell types is mirrored by the functional divergence of
duplicate genes, with complementary expression in the
descendant sister cell types (FIC. 4b).

The resulting link between cell type functional diver-
gence and gene duplication apparently played a pivotal
part in cell type evolution. For example, teleost fishes
possess more pigment cell types and a greater reper-
toire of duplicated pigment synthesis genes than any
other group of vertebrates, which indicates that there
is alink between cell type divergence and gene duplica-
tion”. In a similar manner, cellular diversification of
the immune system in different animal groups seems
to correlate with the duplication of genes involved in
innate immunity, as shown by the expansion of Toll-
like receptors in sea urchins, of leucine-rich repeat pro-
teins in amphioxus® and of various genes of the major
histocompatibility complex (MHC) in vertebrates™72.
Another example is the evolution of olfactory recep-
tor sister cell types, which has been driven by the vast
expansion of the olfactory G-protein-coupled receptor
(GPCR) family”. From a more general perspective, up
to 200 gene superfamilies have been identified, the size
of which strongly correlates with the number of cell
types in 38 species™. Among these superfamilies are
families involved in cell adhesion (such as immunoglob-
ulins, fibronectins, epidermal growth factors, laminins,
cadherins and integrins) and immune responses (such
as SCR domain-containing proteins, tumour necrosis
factor (TNF)-like proteins, MHC domain-containing
proteins, interleukins and cytokines)’. Moreover, a
strong correlation between the rate of gene duplication
and the rate of overall macroevolutionary change has
been reported”.

In retinal evolution, there is a particularly tight cor-
relation between gene duplication and cell type diversifi-
cation, and several rounds of opsin duplication triggered
the diversification of an ancient cone-like photo-
receptor into several subtypes that detected different
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wavelengths (short, medium and long), thereby trig-
gering the evolution of colour vision in early verte-
brates’". As a result, the typogenetic tree of vertebrate
ciliary photoreceptor cells (numbers 20, 21 and 22 in
FIG. 1b) is congruent with the vertebrate ciliary opsin
family tree (duplication of long wavelength sensitive
(LWS), short wavelength-sensitive 1 (SWS1), SWS2 and
rhodopsin; FIC. 1¢). For rod and cone evolution, other
components of the phototransductory cascade, such
as the G protein a-subunit, phosphodiesterase, cyclic
nucleotide-gated ion channels and arrestin, appar-
ently co-duplicated with the opsins’*®. However, gene
duplication and the birth of sister cell types are not
necessarily coupled, as has recently been argued for the
duplication of rhabdomeric opsin and the emergence of
separate larval and adult rhabdomeric photoreceptors
in ostracods®. In this case study, gene duplication with
subsequent complementary expression took place long
after the birth of sister cell types, allowing their further
functional divergence®..

Gene subfunctionalization drives cell type functional
divergence. A close link between gene duplication and
cell type functional divergence is consistent with the
duplication-degeneration-complementation model
of gene subfunctionalization by Lynch and Force®.
According to this model, duplicated gene pairs are
evolutionarily stabilized by the complementary loss of
regulatory elements that drive their spatially (or tempo-
rally) differential expression. Being a near-neutral event
at first, this stabilization subsequently allows duplicate
genes to become functionally optimized in different
directions® (as occurred with opsins). At the cell type
level, spatial gene subfunctionalization would therefore be
equivalent to the birth of new sister cell types.

Acquisition of new cellular functions

Cell type functional segregation and divergence trigger
specialization by the partitioning and modification of
existing cellular functions. In addition, cell type evo-
lution also involves the acquisition of new functions
(FIG. 4c). This can occur via the extreme modification of
existing functions beyond recognition or via the acqui-
sition of entirely novel genes that start to be expressed
in a given cell type (acquisition of F1* in FIG. 4c).
Alternatively, cell types can turn on pre-existing regu-
latory modules and batteries of differentiation genes
that were previously active only in other cell types
(co-option) (F2 in FIG. 4c). The consequences of such
lateral transfer of cell type characteristics (analogous to
horizontal gene transfer) for cell typogenetic trees have
recently been discussed®.

The prototype for a highly specialized cell type that
has acquired a novel function by the acquisition of novel
genes is the cnidarian nematocyte®. Genes specific for
nematocyte cell types have recently been identified.
These encode: structural proteins essential for assem-
bling the rigid capsule wall, the internal tubule and the
spines; nematocyst toxins; poly-y-glutamate, which is
required for the explosive extrusion of the nematocyst;
and proteins that make up the cnidocil, the sensory
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apparatus of the nematocyte®. Less than 20% of these ~ completely de novo but by extreme modification of a
genes have orthologues in other species, indicating that ~ pre-existing cell type. The resemblance of the cnidocil
the emergence of nematocytes was accompanied by  to a sensory cilium may suggest that a sensory neuron
the evolution of various novel structural proteins. Yet ~ with some degree of exocrine ability was present at the
it seems plausible that the nematocyte did not evolve  outset of nematocyte evolution®.
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Figure 5| The evolution of neuronal circuits by functional segregation. a | Diversification of the cnidarian
myoepithelial cell into the sensory cell, motor neuron and muscle cell. b | Segregation of function in the evolution of
rods, cones and bipolar cells. Individual neurons are interconnected by axon collaterals. In the middle panel, the bipolar
precursor gradually loses the photoreceptor function. In the right panel, rods, cones and bipolar cells are fully
segregated. c | Segregation of olfactory, integrative and neurosecretory functions during the diversification of the
olfactory—hypothalamal-pituitary axis. Functionally segregating cell types retain axonal contact and this contact evolves
into a neuronal circuit that interconnects the nose, hypothalamus and pituitary. The most downstream endocrine cells
relocate to the pituitary, where they directly release gonadotropin into the blood. The gonadotropin-releasing hormone
(GnRH)-releasing cells that are located more upstream come to lie in the hypothalamus, where they integrate
information from other neurons, and the most upstream olfactory sensory neurons form part of the peripheral sensory
organ, the nose, which must be in direct contact with the environment. B, bipolar cell; C, cone cell; G, ganglion; R, rod
cell; RC, rod and cone precursor cell; RCB, rod, cone and bipolar evolutionary precursor cell with both photoreceptor
and interneuron functions. Part a is modified, with permission, from REF. 61 © (1970) University of Chicago Press.
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Notochord

A rod-shaped structure that
runs along the dorsal axis of
the embryo, separating the
muscle blocks. The notochord
is one of the defining features
of the phylum Chordata, which
vertebrates belong to.

Neural crest

A migratory cell population
that arises at the lateral
extremities of the embryonic
neural plate, and which
differentiates into various cell
types, depending on the
location. These cells include
endothelial cells, smooth and
skeletal muscle cells, bone,
adrenal medulla, and cells of
the sensory and autonomic
nervous systems.

Microevolutionary studies have unravelled repeated
cis-regulatory changes in the yellow gene that trigger the
gain or loss of pigmentation spots in wing epithelial cells
in different Drosophila species®. Given that the wing of
the Drosophila common ancestor was unspotted®, this is
a case in which a pre-existing cell type, the wing epithelial
cell, acquired a new cellular function, pigmentation, by
co-option. More profound changes in cellular identity
can arise when an upstream transcription factor that
positively regulates whole batteries of genes is turned
on in a given cell type. We are currently exploring cases
of ‘ectopic’ eyes, such as the tentacular crown eyes or
pygidial eyes of sedentary polychaetes®, in which batter-
ies of phototransduction genes, including opsin, seem to
be turned on in former epithelial cells that lie far away
from their ‘normal’ site of activity, possibly by the ectopic
activity of key transcription factors.

Cell type development: recapitulating evolution?

Functional segregation, divergence and the acquisition of
new functions (as outlined above) are evolutionary proc-
esses. However, it is evident that similar processes occur
during cell type development. Here, I give a brief account
of the interrelationship between cell type evolution and
development. As discussed in the above case studies,
developmental evidence often facilitates the identifica-
tion of sister cell types and corroborates the molecular
fingerprinting data. Examples that underscore sister cell
type relationships include: the resemblances in cell shape
and projection pattern between bipolar cells, rods and
cones at early differentiation stages; the common origin
of olfactory, hypothalamal and adenohyophyseal cells
from a common placode; and the emergence of B and
T cells from a common lymphoid progenitor. Hence, in
some cases, cell type development seems to recapitulate
cell type evolution (as defined by Haeckel®’) and some-
times developmental peculiarities can only be under-
stood from an evolutionary viewpoint; for example, the
migration of hypothalamal gonadatropin-releasing hor-
mone (GnRH)-positive cells along the olfactory nerve
into the hypothalamus. Considering the principles of cell
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type diversification outlined above, this recapitulation is
not surprising. Immediately after an evolutionary diver-
sification event, the two nascent sister cell types should
follow an almost identical course of development, except
for the differential use of at least one effector gene that
makes the cell types distinct.

However, as on the organismal level, the resemblance
between development and evolution can be blurred
or disappear completely®, owing to modifications in
cell type development with evolutionary time. Indeed,
numerous developmental pathways have been altered by
co-option of signalling pathways and of entire regulatory
modules even though the identities of the resulting dif-
ferentiating cell types have not been affected. For exam-
ple, comparative studies indicate that in nematodes the
developmental mechanisms that give rise to similar vulval
cell types have changed rapidly during evolution®. Also,
Hudson and Yasuo have shown that in ascidian notochord
development, remarkably different upstream strategies
can converge on the same regulatory sequences to gener-
ate the same cell type®>*. The different ways of producing
homologous somatic motor neurons in insects, nema-
todes, vertebrates and annelids, as mentioned above, is
another example. In addition, the mesoderm specification
network differs substantially between vertebrates®** and
D. melanogaster®, whereas the heart specification net-
work that occurs later in development and directly turns
on muscular differentiation genes is highly conserved”,
as are the somatic muscle cells*. In all these examples,
the differentiating cell types seem to be islands in a sea of
developmental change. Modification of cell type devel-
opment may be either neutral, or driven by a selective
advantage, such as the faster development of ephemeric
substrates that occurred in flies and nematodes.

The most prominent example of profound changes in
cell type development is the evolution of the neural crest,
which represents a key novel feature of the vertebrate lin-
eage®'®. Neural crest cells migrate from the neural-plate
border to various locations in the developing vertebrate
body, where they give rise to many different cell types,
which compose over 10% of approximately 400 human

Box 2 | The enigmatic evolutionary link between the hypophysis, hypothalamus and nose

It has been argued that the cells that compose Hatschek’s pit in amphioxus resemble the multifunctional precursors of
the olfactory, hypothalamal and adenohypophyseal sister cell types that evolved into an ‘olfacto-hypothalamo-adeno-
hypophyseal’ circuit in vertebrates. Hatschek’s pit cells are open and exposed to environmental water, and secrete mucus
to facilitate food uptake®’. At the same time, they are considered to be chemosensory and neuroendocrine cells*, with
basal contact to blood spaces!". In addition to gonadotropin and luteinizing hormone, another hormone secreted by
these pit cells may be related to vertebrate gonadotropin-releasing hormone (GnRH), as shown by immunocytochemistry
(reviewed in REF. 43). Therefore, from the vertebrate perspective, Hatschek’s pit cells seem to combine olfactory,
hypothalamal (GnRH-secreting) and adenohypophyseal (gonadotropin- and luteinizing hormone-secreting) functions.
Asister cell relationship of vertebrate olfactory, hypothalamal and adenohypophyseal cells is further supported by some
intriguing observations. First, the adenohypophysial and olfactory placodes are initially congruent''é, and the olfactory

organs and adenohypophysis co-develop for a long period of time and remain connected in the lamprey

117 consistent

with a common evolutionary origin of the adenohypophyseal and olfactory cell types. In addition, the hypothalamal
GnRH-secreting cells originate from the olfactory placode, which has provoked the view that they originated from a
peripheral endocrine organ that was associated with the olfactory system!*°. Furthermore, immunoreactive GnRH has
been detected in the olfactory placode, olfactory organ, olfactory tract, nervus terminalis and in axons projecting from
these regions to the hypothalamus®, adding to the similarities in the differentiation signatures. Finally, direct olfactory
projection pathways from a discrete population of olfactory neurons to the GnRH neurons in the hypothalamus that
control reproduction and fertility have recently been identified?.
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cell types. These include melanocytes, sensory neurons,
sympathetic and parasympathetic neurons, various endo-
crine cells, pharyngial cartilage and bone?. From the cell
type-evolution perspective, the multipotent neural crest
cells are unique, as they have proved to be incredibly
adept in ‘taking over’ the development of pre-existing
cell types (that previously originated from other sources),
reflecting an enormous developmental plasticity'®. The
best evidence for this comes from the mixed embryonic
origin of cell types, such as dermal bones, gland cells,
oligodendroglia or epithelial cells?, as the developmental
‘takeover’ of these cells by the neural crest apparently
remained incomplete. Other cell types experienced a
total developmental takeover by the neural crest, which
was coupled to the acquisition of evolutionary novelty.
For example, the vertebrate pharyngeal skeleton is older
than the neural crest'®, and thus its neural crest origin in
extant vertebrates must have been a secondary event'*®-'%,
However, the neural crest-derived cartilage differs sub-
stantially from its evolutionary predecessor owing to the
acquisition of novel cartilage-specific genes'®.

Conclusions and perspectives

The segregation, divergence and subsequent modifica-
tion of functions may account for a large part of the cell
typogenesis that has occurred in animal evolution. To
elucidate the full story of cell type specialization, we will
need an almost complete molecular account of the cell
type inventory in conventional developmental models,
and in a handful of slow-evolving evolutionary model
species, such as amphioxus, or Saccoglossus, Platynereis
and Nematostella. This will require cell type-specific
expression profiling on a large scale for as many con-
served genes as possible. Once the molecular finger-
print is established for a number of cell types in various
organisms, sister cell types within species and homolo-
gous cell types between species can be unravelled on
a larger scale. When the resulting typogenetic tree of
homologous cell types is congruent between species,
we will be able to infer the evolutionary history of cell
type diversification for entire organ systems, such as the
central nervous system, the musculature, the immune
system and finally the entire animal body.
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