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characterize many carnivorous non-mammalian synapsids24. The
molariform teeth at the back of the dentition of Repenomamus are
small with blunt crowns; they probably played a minor role in food
processing. Although mammals are considered definitive chewers
within amniotes25, the dental morphology and large pieces of prey
in the stomach of Repenomamus suggest that chewing as a derived
feature in mammals was probably not present in Repenomamus.
It is not easy to assess whether Repenomamus was a predator or
scavenger. Scavengers are relatively rare among mammals—among
extant carnivorous mammals, only two species of hyenas are
habitual scavengers12,26. Compared to their hunting cousins, these
hyenas have smaller second upper incisors and less jaw muscle
leverage, which probably reflect their inability to capture and handle
live prey. In contrast, the enlarged incisors and strong jaw muscles of
Repenomamus are well shaped for catching prey, favouring it as a
predator rather than a scavenger.
For fossil mammals, body size is one of the most important
factors influencing life history strategy27. Early mammals or their
close relatives, such as morganocodontids and kuehneotheriids in
the Late Triassic to Early Jurassic periods, were small and considered
to be nocturnal insectivores2,3; the same is true of most later
Mesozoic mammals28 (Fig. 4). The reason for the very small size of
Mesozoic mammals is uncertain5, but it has often been hypothesized that well-established larger (and presumably diurnal) reptilian carnivores and herbivores, particularly dinosaurs, prevented
mammals from invading those niches29. Repenomamus extend
significantly the upper limit of body size of Mesozoic mammals
(Fig. 4) and are actually larger than several small dinosaurs,
particularly dromaeosaurid dinosaurs, from the same fauna11.
Larger animals can live longer and move faster, but they also need
a larger food supply and broader home range30. Judging from their
body size, R. giganticus could feed on larger prey and forage a wider
area for food. These large Mesozoic mammals were probably
carnivores that competed with dinosaurs for food and territory. A
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Developmental processes are thought to be highly complex, but
there have been few attempts to measure and compare such
complexity across different groups of organisms1–5. Here we
introduce a measure of biological complexity based on the
similarity between developmental and computer programs6–9.
We define the algorithmic complexity of a cell lineage as the
length of the shortest description of the lineage based on its
constituent sublineages9–13. We then use this measure to estimate
the complexity of the embryonic lineages of four metazoan
species from two different phyla. We find that these cell lineages
are significantly simpler than would be expected by chance.
Furthermore, evolutionary simulations show that the complexity
of the embryonic lineages surveyed is near that of the simplest
lineages evolvable, assuming strong developmental constraints
on the spatial positions of cells and stabilizing selection on cell
number. We propose that selection for decreased complexity has
played a major role in moulding metazoan cell lineages.
Biological systems are obviously complex in both structure and
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composition. However, understanding how such complexity develops and evolves remains one of the great questions of biology1–6,8,14.
One obstacle is the lack of measures of the overall complexity of
biological systems that are also applicable across a wide range of
taxa2,5. In addition, most studies of biological complexity have
concentrated on the number of different parts in a system (for
example, genes, cell types, species), rather than on how they interact
or develop2,3,5–8. In fact, despite recurring claims that organismal
development is complex, attempts to quantify this complexity have
been rare1–6,14. For example, Sulston and colleagues concluded that
the most striking finding about the embryonic cell lineage of the
nematode Caenorhabditis elegans was its complexity13. Although the
authors did not explicitly define lineage complexity, they were
probably referring to the many ‘perverse’ cell-fate assignments
present in the lineage, whereby cells belonging to a given organ or
functional class arise from lineally unrelated cells13. In other words,
the C. elegans embryonic lineage does not appear to follow any
particular rules15. However, the assumption that the complexity of a
cell lineage can be inferred from that of the resulting pattern of cell
fates is questionable because simple developmental processes can
produce complex morphological patterns6,16. Indeed, casual examination of metazoan cell lineages suggests that they show a high
degree of modularity in which particular sublineages are used again
and again3,5,11–13,17.
How complex are animal cell lineages? Is lineage complexity
under selection? If so, what are the selective forces that shape it? To
answer these questions we propose a measure of cell lineage
complexity and apply it to the embryonic lineages of four metazoan
species. The complexity of a cell lineage is a function of three
properties: the number of cell divisions that it contains, the number
and distribution of cell fates that it gives rise to, and its topology or
pattern of cell divisions1,9,14. To capture these properties, we define
the complexity of a lineage as the length of its shortest algorithmic
description, by analogy with Kolmogorov complexity7–10,18.
We begin by coding the lineage as a series of unique ‘rules’, each
corresponding to a cell division (Fig. 1a). These rules take the form:
X ! {Y,Z} (‘cell X divides into cells Y and Z’), where X is an
undifferentiated cell, and Y and Z may be undifferentiated and/or
terminal cells of a particular fate (for example, neuronal). This
initial list of rules provides a complete description of the patterns of
cell division and cell fate specification in the lineage, ignoring planes
of cell division (Fig. 1a). We then compress the initial description by
successively collapsing equivalent rules until we obtain a set of
reduced rules encoding a complete, non-redundant description of

the lineage equivalent to the initial one9 (Fig. 1b and Supplementary
Methods). Lineage complexity (C) is then defined as the number of
reduced rules in the shortest description of the lineage expressed as a
proportion of the total number of cell divisions (that is, the
maximum possible number of reduced rules for a lineage of the
same size).
The reduced rules predicted by our algorithm estimate the
minimum number of intermediate cell states required to generate
a given distribution of terminal cell fates. We propose that these
intermediate cell states correspond to discrete, stable patterns of
gene expression, much like those of terminal cells17,19,20. Nested
sequences of reduced rules constitute sublineages11–13. We expect
that reduced rules, like sublineages, can be used in different
developmental contexts, and may be deployed in new contexts as
a result of simple genetic changes; therefore, reduced rules are
examples of ‘genetic process’ developmental modules17,21.
We next estimate C for the embryonic lineages of four metazoan
species13,22,23: the free-living nematodes C. elegans (671 terminal
cells), Pellioditis marina (638) and Halicephalobus gingivalis (175),
and the ascidian Halocynthia roretzi (110) (Supplementary
Methods). These lineages show complexities of 35%, 38%, 33%
and 32%, respectively (Figs 2 and 3a). We then compared each real
lineage to lineages with the same cell number and distribution of
terminal cell fates but generated by random bifurcation9 (Figs 2 and
3b). We found that real lineages were 26–45% simpler than the
corresponding random lineages (P , 0.0001 for all species; Fig. 2
and Supplementary Fig. 1a).
Animal cell lineages might have evolved towards simpler forms in
order to minimize the duration of development or the amount of
genetic information required to specify them13,23. If so, are metazoan
embryonic lineages as simple as they might be? To answer this
question we used evolutionary simulations to search for lineages
that had the same terminal cell number and fate distribution as the
actual lineages but were simpler. At each generation, a population of
100 variant lineages was produced from a parent lineage and the
simplest daughter lineage was allowed to found the next generation
(Fig. 4 and Supplementary Fig. 2a). We observed that we could
evolve lineages that were 10–18% simpler than the ancestral, real
lineages within 20,000–50,000 generations (Figs 3c and 4 and
Supplementary Fig. 1b). Thus, although metazoan lineages are
simple, they are not as simple as they might be given the requirements of producing a certain number of cells with a particular
distribution of fates.
Why is this? One possibility is that the complexity of real cell

Figure 1 Example of the calculation of cell lineage complexity. a, The C. elegans ABarapp
sublineage gives rise to 18 terminal cells of four different types (open circles): epidermal
(Epi), neuron (Neu), structural (Str), and death (X). We begin by describing the cell lineage
as a series of 17 rules, one for each cell division (solid circles): R0 ! {R1,R2},
R1 ! {R3,R4}, …, R16 ! {Neu,X}. Solid circles of the same colour indicate equivalent
rules, ignoring planes of cell division (for example, R7, R15 and R16). b, The minimum

algorithmic description of the ABarapp sublineage consists of 11 reduced rules. Each
reduced rule is represented by a solid circle labelled RR0–RR10, with a unique colour
matching that of equivalent cell divisions (for example, RR7 ! {Neu,X} corresponds to the
initial rules R7, R15 and R16). The lineage complexity of ABarapp is calculated as the
number of reduced rules divided by the total number of cell divisions: C ¼ 11/17 ¼ 65%.
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Figure 2 Metazoan embryonic cell lineages are simpler than expected by chance.
a, C. elegans (complete embryonic lineage). b, P. marina (muscle-contraction stage
lineage). c, H. gingivalis (muscle-contraction stage P 1 sublineage). d, H. roretzi (tissuerestricted stage lineage). Bold lines mark the lineage complexities (C) of the real lineages.
Histograms show the distributions of C for 10,000 matching random lineages (a random
bifurcation lineage with n cells was generated using ALES9 by subjecting a founder cell to
n 2 1 rounds of cell division such that at each round all terminal cells have the same
probability of dividing; cell states were randomly assigned to the terminal cells of the
resulting lineage). Qualitatively similar results were obtained using other null models9 (not
shown).

lineages is a reflection of developmental constraints imposed by the
spatial organization of cells in the embryo. Such constraints could
occur if certain changes to the lineage topology or patterns of cell
fate specification result in incorrect cell localization, and this in turn
reduces the fitness of the organism. For example, in the four-cell

Figure 3 The simplicity of the ascidian cell lineage. Shortest algorithmic descriptions of
three lineages capable of generating the cells in the H. roretzi tissue-restricted stage
embryo. a, The real lineage has a complexity of C ¼ 32%. b, A random bifurcation
lineage with over twice the complexity of the real one (C ¼ 76%; Fig. 2d). c, The simplest
lineage evolved from the H. roretzi lineage by selection for low complexity is approximately
154

stage C. elegans embryo the EMS blastomere must be exposed to a
signal from its neighbouring sister cell P2 in order to divide
asymmetrically into MS and E, which give rise to mesoderm and
gut, respectively24. However, if cell positions are altered such that the
P2 cell is in contact with the ABa and ABp blastomeres, but not with
the EMS cell, then the gut does not form and the embryo dies24. In
the species considered here, the spatial position of a cell in
the embryo is largely determined by its position in the lineage
diagram13,15,22,23 (Supplementary Fig. 3 and Supplementary Movie).
We simulated the effect of a spatial constraint on the evolution of
lineage complexity by selecting the metazoan lineages for decreased
complexity, while constraining the lineage positions of terminal
cells (Fig. 4 and Supplementary Fig. 2b). We found that imposing a
negligible selective constraint25 on cell positions eliminated
neutral drift26, and that this reduced the selection response of C
by 1.9–2.4%. In addition, as the strength of the constraint on cell
positions increased, the magnitude of the selection response in cell
lineage complexity decreased by a further 3.6–5.7% (Fig. 4 and
Supplementary Fig. 1b). These results suggest that the metazoan
lineages studied here are almost as simple as the simplest evolvable
under strong constraints on the spatial positions of cells. Changes in
patterns of cell migration might alleviate the effects of the spatial
constraint. This might explain why the H. gingivalis lineage is 5.6%
and 7.9% simpler than comparable C. elegans and P. marina musclecontraction P1 sublineages (Supplementary Methods), respectively,
and shows greater levels of cell migration than either of these
species23,27.
The existence of spatial constraints is not, however, the only
reason that cell lineages do not evolve towards even greater
simplicity. The selection responses of populations of lineages
selected for increased simplicity repeatedly formed plateaus (Fig. 4
and Supplementary Fig. 1b). In no case were the plateaus caused by
convergence on the simplest possible cell lineages because it is easy
to construct lineages with the same cellular composition as the real
ones, but that are far simpler than the simplest lineages achieved
in our simulations. For example, we have derived an artificial
C. elegans lineage with C ¼ 4.6% (Supplementary Fig. 4), compared
with 35% for the real lineage, and 21–23% for the simplest evolved
lineages (Fig. 4a). Prolonging our simulation runs should lead to a
further reduction in the complexity of the artificial C. elegans

half as complex as the real one (C ¼ 17%; Fig. 4d). Solid circles represent the reduced
rules required to generate the different terminal cell states (open circles): endoderm (End),
epidermis (Epi), mesenchyme (Mes), muscle (Mus), nervous system (Ner), notochord (Not)
and undifferentiated (Und).
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lineage, but it is highly unlikely ever to reach 4.6% because the
evolvability at the end of the evolutionary simulations is extremely
low (Fig. 4a). Before selection, the probability that a ‘mutation’ will
simplify the C. elegans lineage is 0.76% (Supplementary Fig. 5), but
it declines to 0.00012 ^ 0.00015% after 50,000 generations of
selection for low complexity without constraints on cell position
(1,000,000 offspring; mean and 95% confidence intervals based on
ten replicates). These results suggest that the simplest lineages are
mutationally inaccessible in our simulations28. Furthermore, cell
lineages evolved under the spatial constraint appear to be driven
into regions of lineage space from which simpler lineages are even
less accessible (Supplementary Fig. 6). Results from more elaborate
models of lineage evolution (M.U., R.L. & R.B.R.A., unpublished
results) suggest that these generative constraints25 on the evolution
of lineage complexity are caused by the restriction of the lineage
‘search space’ to cell lineages with the same size and cell fate
distribution as the ancestral lineage (Supplementary Fig. 2). This
simplification, although unrealistic12,23,29, seems nevertheless to
provide a reasonable approximation to evolutionary models with

an unrestricted search space that incorporate strong stabilizing
selection on terminal cell number and fate distribution.
It is widely believed that morphological complexity tends to
increase in evolution1–4,14. For example, Valentine and co-workers30
have estimated that the maximum in one correlate of cell lineage
complexity (Supplementary Fig. 1)—the number of terminal cell
types—has increased at an average rate of 0.3 per million years in
metazoans. Our results, however, suggest that certain animals
generate morphological complexity while actively maintaining
simple, highly modular cell lineages. There may be several reasons
for this. Simpler lineages might develop faster. For example, the
P. marina lineage is 28% slower and 4.4% more complex than a
comparable C. elegans muscle-contraction lineage23 (Supplementary Methods). Indeed, developmental rate could be viewed as the
biological analogue of another measure of algorithmic complexity—logical depth or execution time18. In addition, the quantity 1/C
measures the average number of times a reduced rule is used during
development, suggesting that the specification of simpler cell
lineages might require less genetic information, and thus be more
efficient1,13.
Thus, although we do not yet fully understand the selective forces
that influence the evolution of cell lineages, we provide here a
method for estimating and comparing cell lineage complexity in
different organisms. We furthermore demonstrate that some
metazoan embryonic lineages are simpler than they appear. Finally,
we suggest that these metazoan cell lineages could not be much
simpler than they are, given the necessity of placing precise numbers
of cells in particular positions in developing embryos.
A
Received 6 August; accepted 9 November 2004; doi:10.1038/nature03178.

Figure 4 Metazoan cell lineages are not as simple as they could be. a–d, Responses to
selection for decreased lineage complexity (C) of the lineages listed in Fig. 2. Each
generation, 100 variant lineages were generated by allowing the exchange of a pair of
randomly selected sublineages or terminal cells (Supplementary Fig. 2). The fitness of a
lineage was defined as W ¼ 1/[C(D þ 1)k], where C is the complexity of the current
lineage, k is the strength of the selective constraint on the lineage positions of cells,
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is a measure of the deviation in lineage positions relative to the parent lineage, L i and L i 0
are the lineage positions of the ith cell in the parent and current lineages, respectively, and
n is the total number of terminal cells. The offspring lineage with the highest value of W (or
the parent lineage, if no offspring had a fitness equal to or higher than that of the parent)
was selected to found the next generation. This procedure was iterated for 20,000 or
50,000 generations. Plots show the mean selection responses of C (and 95% confidence
intervals) in ten replicate experiments, taken every 2,000 or 5,000 generations. Each
lineage was subject to directional selection to reduce C, either without (k ¼ 0, blue closed
circles) or with (k . 0, open circles) a selective constraint on the lineage positions of cells.
Spatial constraints of varying strengths were simulated: negligible (k ¼ 10210, open
blue), weak (k ¼ 1, green), moderate (k ¼ 10, orange) and strong constraints (k ¼ 100,
red). The ascidian lineage (d) was only evolved on one side (55 cells), so as not to break
the bilateral symmetry22. The simulations were carried out using LES (Lineage Evolution
System; Supplementary Methods).
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The Wnt gene family encodes secreted signalling molecules that
control cell fate in animal development and human diseases1.
Despite its significance, the evolution of this metazoan-specific
protein family is unclear. In vertebrates, twelve Wnt subfamilies
were defined, of which only six have counterparts in Ecdysozoa
(for example, Drosophila and Caenorhabditis)2. Here, we report
the isolation of twelve Wnt genes from the sea anemone Nematostella vectensis3, a species representing the basal group4 within
cnidarians. Cnidarians are diploblastic animals and the sistergroup to bilaterian metazoans5 . Phylogenetic analyses of
N. vectensis Wnt genes reveal a thus far unpredicted ancestral
diversity within the Wnt family2,6,7. Cnidarians and bilaterians
have at least eleven of the twelve known Wnt gene subfamilies in
common; five subfamilies appear to be lost in the protostome
lineage. Expression patterns of Wnt genes during N. vectensis
embryogenesis indicate distinct roles of Wnts in gastrulation,
resulting in serial overlapping expression domains along the
primary axis of the planula larva. This unexpectedly complex
inventory of Wnt family signalling factors evolved in early multicellular animals about 650 million years (Myr) ago, predating
the Cambrian explosion by at least 100 Myr (refs 5, 8). It
156

emphasizes the crucial function of Wnt genes in the diversification of eumetazoan body plans9.
We isolated twelve Wnt genes from N. vectensis, yet only one
orthologue (Wnt3) was identified from the freshwater polyp Hydra
magnipapillata6. Alignments of these cnidarian sequences were
made using representatives in known databases from all three
major metazoan clades: that is, deuterostomes (including all
human sequences), ecdysozoans, and lophotrochozoans (Supplementary Tables S1 and S2). Phylogenetic analyses were based
on three different phylogenetic methods: that is, the maximum
parsimony (MP) and maximum likelihood (ML, TREE-PUZZLE
and IQPNNI) approaches (Supplementary Figs S1–S3) and bayesian phylogenetic inference (Fig. 1). All approaches generated twelve
Wnt gene subfamilies identified as WntA and Wnt1–11. Cnidarians
possess orthologues of eleven of the twelve Wnt subfamilies, WntA,
Wnt1–8, and Wnt10–11 (Table 1). Only Wnt9 was not found in
cnidarians. It remains unclear whether we failed to identify this gene
in N. vectensis or whether Wnt9 has been lost in cnidarian evolution.
The sea anemone NvWnt subfamilies NvWnt7 and NvWnt8 exhibit
two paralogous genes which share no orthology with the same Wnt
subfamilies in mammalians (Fig. 1). Therefore, they represent
cnidarian or anthozoan specific duplications.
Thus at least eleven of twelve Wnt gene subfamilies must have
already been present before the divergence of bilaterians and
cnidarians. They constituted the Wnt repertoire of the last common
ancestor of bilaterians and cnidarians, the Ur-Eumetazoa (see
Table 1). Our comparison also indicates the existence of only
seven Wnt gene subfamilies (WntA, -1, -5–7 and -9–10) in insects
and only five Wnt genes in Caenorhabditis elegans (Table 1). Full
genome sequences are available from these three species (C. elegans,
Drosophila melanogaster and Anopheles gambiae) so it is highly
unlikely that we missed Wnt orthologues from ecdysozoans in our
analysis. In lophotrochozoans, the second major protostomian
clade, Wnt gene subfamilies Wnt3, -6, -8, and -11 have not been
reported yet2,10. Thus it remains to be clarified which Wnt gene
subfamilies existed at the protostome–deuterostome divergence. In
turn, our data reveal that only one Wnt gene subfamily (WntA) was
lost during the evolution of deuterostomes (Table 1).
Although the Wnt gene subfamilies are statistically well supported, there is not enough phylogenetic resolution to distinguish
reliable relationships among all Wnt subfamilies. Nonetheless, there
is a clustering of the Wnt1, -6, -10, -9 and -3 subfamilies in the
phylogenetic data (Fig. 1), which is also supported by human and fly
genome data11. In the D. melanogaster genome, DmWnt1 (Wg),
DmWnt6 and DmWnt10 are positioned immediately adjacent to
each other on the second chromosome and transcribed in the same
orientation. This order is conserved in the mammalian genome,
where also Wnt3A and -9A and Wnt3 and -9B are closely linked11.
Thus, Wnt genes Wnt1, -6, -10, -9 and -3 might represent an
ancestral cluster of Wnt genes that originated in the evolution of
the common ancestor of cnidarians and bilaterians. No Wnt genes
have been described so far from unicellular eukaryotes, from cellular
slime moulds (Dictyostelium discoideum) or from choanoflagellates12, unicellular and colonial Protozoa that are closely related to
Metazoa. At present no data are available from sponges, which
probably diverged before the origin of the eumetazoan ancestor, but
we presume that the appearance of Wnt genes itself was linked to the
origin and evolution of multi-cellular animals from single-cell
(protozoan) ancestors.
To analyse the possible function of different Wnt genes in
N. vectensis embryogenesis, Wnt gene expression for ten genes was
assayed by in situ hybridization from the early blastula through to
newly settled polyps forming their first tentacles (Fig. 2). Each Wnt
gene displayed a distinct expression pattern during early embryogenesis. Most of the N. vectensis Wnt genes are expressed along the
primary body axis, where they are restricted to the blastopore
during gastrulation and to the oral region of planula or polyps
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