
Summary 
When two populations of cells within a tissue mass differ 
from one another in magnitude or type of intercellular 
adhesions, a boundary can form within the tissue, across 
which cells will fail to mix. This phenomenon may occur 
regardless of the identity of the molecules that mediate 
cell adhesion. If, in addition, a choice between the two 
adhesive states is regulated by a molecule the concentra- 
tion of which is periodic in space, or  in time, then alter- 
nating bands of non-mixing tissue, or segments, can form. 
But temporal or spatial periodicities in concentration will 
tend to arise for any molecule that is positively autoregu- 
latory. It is therefore proposed that segmentation is a 
‘generic’ property of metazoan organisms, and that 
metamerism would be expected to have emerged numer- 
ous times during evolution. A simple model of segmenta- 
tion, based solely on differential adhesion and periodic 
regulation of adhesion, can account for segment proper- 
ties as disparate as those seen in long and short germ 
baud insects, and for diverse experimental results on 
boundary regeneration in the chick hind brain and the 
insect cuticle. It is suggcsted that the complex, multicom- 
ponent segment-forming systems found in contemporary 
organisms (e.g., Drosophilu) are the products of evolu- 
tionary recruitment of molecular cues such as homeobox 
gene products, that increase the reliability and stability of 
metameric patterns originally templated by generic self- 
organizing properties of tissues. 

Introduction 
During the development of many animal species, tissue pri- 
mordia are demarcated into a linear arrangement of struc- 
turally similar domains. This is seen, for example, in the 
establishment of body segments in insects such as 
Dr-o.suphilcr(’ and the grasshopper(*), of the blocks of bone- 
and muscle-forming mesoderm, termed somites, along the 
embryonic axis of vertebrates‘”), and of the periodic 
swellings in the developing vertebrate hindbrain, termed 
rhombomeres(415). The development of digits in the embry- 
onic vertebrate limb exemplifies this process of tissue subdi- 
vision in two dimensions: first the fingers or toes are appor- 
tioned from the distal mesenchyme of the developing limb 
bud as a sequence of parallcl lozenge-shaped cell condensa- 
tions, and shortly thereafter the individual digital primordia 

further segment as they differentiate into chains of cartilage 

The evolutionary origins of segmental organization of 
body plans and organs have been the subject of much specu- 
lation. Willmer@) for example, lists several ‘functions and 
advantages’ of metamerism. including facilitation of undula- 
tory swimming or burrowing movements resulting from 
phased activity of a segmented nervous system, the mechani- 
cal benefits and versalility of pcriodic strengthening of the 
cuticlc in arthropods, the energetic efficiencies of localized 
inuscle contraction in annelids and chordates, and the pro- 
duction of larger body sizes with an economical use of 
genctic information. Rhombomeres have similarly been pro- 
posed to serve a function in the developmental organization 
of the vertebrate brain, although it is recognized that the seg- 
mental aspects of this organization are not evident in the 
m aturc organ i sm (-1). 

These discussions of segmentation follow the usual neo- 
Darwinian analysis of organismal morphologies in assuming 
that the organization of body plans and organs has evolved 
by incremental improvements in adaptation to fixed or 
changing environments. This ‘gradualist’ view would seem 
to imply that the evolution of segmentation in any lineage 
should occur segment by segment, with each intermediate 
morphology undergoing the rigors of natural selection. The 
well-accepted idea that segmentation has arisen several times 
during the course of evolutioni8,”) would be explained, in this 
view, by ‘convergence’ o f  forms as the result of sirnilar phy- 
logenetic histories, or by retention, in disparate lineages, of 
common primordial molecular mechanisms‘ lo) .  

Rut  an altcrnative hypothcsis is that the capacity to 
undergo segmentation may be ‘generic’ to tissues, in the 
sense of being an outcome of their most general physical and 
chemical properties. A generic property is dcfincd au one that 
is intrinsic to a kind of material, regardless of possible varia- 
tions in its molecular makeup, such as the ability of liquids lo 
flow, or strings to vibrate“’). If segmentation is indeed a 
generic property of tissues, i t  would be expected to have 
arisen numerous times during evolution, be present in many 
phylogenctic lineages regardlchs of their genealogical rela- 
tionships, and potentially be underlain by different molecular 
mechanisms in different taxai”’. Such an intrinsic capability 
would also provide a basis for the ‘global’ jrathcr than incre- 
mental) appearance of metamerism during the evolution of a 
lineage, and eliminate the need for implausible adaptationist 
scenarios for its emergence(‘3). 

Differential Adhesion and Segmentation 
We can consider whether segmentation fulfills the necessary 
criteria for being generic to tissues. In most instances, seg- 
mental organization appears to be based, in part, on the 
inability of otherwise similar tissues to exchange cells at 
their common boundaries or interfaces. This is the case, for 
example, for the half-somites of the chick embryo(14), the 
mesodermal compartments of DroqThilu metameres(15), 
and the rhomboineres of the vertebrate braids). Immiscibil- 
ity across tissue boundaries has been analyzed by Steiriberg 
and co-workers in terms of the differential adhesion hypothe- 



 is"^-.'^). In Ibis view, the ability of cells to change position 
with respect to one another, while remaining bound together 
in a tissue mass, is seen to contribute to the tissue’s ’liquid- 
like’ bchavior. And just as distinct liquids will be immiscible 
if the binding among like molecules is sufficiently stronger 
than the binding among unlike molecules, tissucs can also be 
immiscible if homotypic adhesive interactions are stronger 
than heterotypic interactions. There is a great deal of expcri- 
mental evidence in support of this hypo the~ id ’~ ) .  Moreover, 
as originally predicted(16! tissues need not use different sys- 
tems of adhesive molcculcs to establish immiscibility bound- 
aries. A recent study of forced expression of either L-CAM 
or N-cadherin in an originally nonadhesive cell type demon- 
strated that quantif~~tive differences in thc level of exprcssion 
of a coniinon adhesive molecule was sufficient to make two 
otherwise identical cell types sort out into non-mixing 
domaindlx). 

Boundaries of immiscibility may also occur in mesenchy- 
rizal tissues in which cells are not directly in contact with one 
another. Flank and limb bud mesenchyme in chick embryos 
do not mix with one another(19). and endocardial cushion 
mesenchyme can he induced to segregate from myocardium 
by stimulation of extracellular matrix deposition with trans- 
forming growth factor p (TGF-p)(”’). It has been suggcsted 
that quantitative differences in the density of networks of 
extraccllular matrix libers may contribute to mesenchymal 
itninisci bility@ I ) .  

Thc presencc of at least one type of intercellular adhesion 
system is a sine qua non of multicellularity. Because diSfer- 
ences in the level of expression of such a system in different 
regions of a cell aggregate can be achieved in many ways, 
immiscibility. and the boundaries that result from it, can be 
considered to be a generic tissue property. 

Spatial and Temporal Periodicities and 
Segmentation 
While immiscibility is a presumed hallmark of any ‘develop- 
mental cornpartmentaIization’(’”,?3), segmentation requires, 
in addition, the linear arrangement of several metameric 
units. Sequential organization is achieved in at least two dis- 
tinct ways. In long germ band insects such as Drosophilu, for 
example, a series of ‘chemical stripes,’ consisting of altemat- 
ing evenly spaced bands of the transcription factors specified 
by the ‘pair-rule’ genes even-skipped (eve) andfilshi taruzu 
(ftz}, arises early during d e v e l ~ p m e n t ( ~ ~ > ~ ~ j .  when the 
embryo is still a syncytium. The first evidence of physical 
segmentation occurs after cellularization, and is associated 
with the differential activation by eve and ftz proteins of 
‘segment polarity’ genes such as engruiled(26), which is 
believed to indirectly regulale cell-cell intcractions. The 
expression of engruiled occurs in a spatially periodic fash- 
ion, reflecting the prepatterns of the activators eve and ftz. 

In short germ band insects and crustaceans, no such 
prepattern is established prior to segmentation. Instead, seg- 
mental primordia are added caudally by production of new 
cells rrom a subterminal growth ~ o n e ( ~ 3 * ~ ) .  Interestingly, 
engmiled is produced in a portion of each of these segments 
in a pattern similar to that in Drosophilu What 

tnight the connection be between these two types of segment- 
generating mechanism? 

A coniinon theme in both of the processes described (in 
addition to the formation of boundaries across which cells 
will not mix), is the phenomenon ofperiodicity: spatial peri- 
odicity in  the long gcrm band case, and tenzpoml periodicity 
in the short germ band case. In general terms, if a n~olecule 
which regiilates cell adhesion were to be distributed in a spa- 
tially periodic fashion acr a tissue, then adhesivity itself 
would come to vary in a similar fashion, and segmentation 
would ensue. Similarly, if a regulator of adhesivity were to 
wax and wane with time in any local region of the tissue in 
which cells were also multiplying, a series of bands of non- 
mixing tissue could arise. 

The consequences or temporally periodic regulation of 
adhesivity are less obvious than those of spatially periodic 
regulation. but an example will illustrate the point (Fig. I ) .  
Consider a synchronized population of cells which divide 
every three hours. Let us assume that the numbcr of adhcsivc 
molecules on the surfaces of these cells is set at the time of 
mitosis, as a function of the cellular concentration of a regu- 
latory molecule R, and that each cell retains its ’adhesive 
state‘ during its lifetime. Let us also assume that the cellular 
concentration of R oscillates with time. with a period of two 
hours. If the peak of R coincides with a mitotic event at time 
0, then, three hours later, when the next group of cells is gen- 
erated in the zone of proliferation, R will be in the middle of a 
cycle: it will return to its peak value only in time for the gen- 
cration ofthe third tier of cells, which will thus have identical 
adhesive properties to the first tier. The production of alter- 
nating, non-mixing bands of tissue is a general consequcnce 
of this type of mechanism (Fig. 1). 

Thc ‘temporal oscillation’ hypothesis provides a way of 
understanding how embryos with very different numbers of 
cells can generate sitnilar numbers of segments, a phenome- 
non referred to  as ‘scale adaptation’(2x). For example, if the 
concentration of the adhesivity regulator R traverses a fixed 
number of cycles in a given amount of time, it will mark out a 
certain numher of segments relatively independently of the 
number of cell cycles traversed during that time. The main 
effect o f  rcduccd embryo size would bc lo dccreasc the num- 
ber of cells per segment. 

Let us assume, for instance, that the pcriod of  R ’ h  concen- 
tration oscillation in the growth zone is longer than that of the 
cell cycle, and that a peak of R (the only value that can induce 
one of the two adhesive states, in this simple example) coin- 
cides with mitosis once every fourth cell division. If the cell 
cycle period was prolonged so that a peak of R now coin- 
cided with mitosis every second cell division. the number of 
segments generated in any given time period would be unaf- 
fected, although the number of cells per segment would be 
decreased. 

The case in which the ratio between the period of R and 
that of  the cell cycle is not an integer can have particularly 
interesting consequences. If the period of R was 9/7 (= 1.29) 
as long as the cell cycle. then a peak of R would coincide with 
mitosis once every seven cycles of R (assuming the oscilla- 
tions started in phase). After 35 R-cycles, live repeating units 
will have formed which. by the assumptions of Fig. 1, would 
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Fig. 1. Model for the generation o i  segments in a growth N J K ,  by 
the temporal oscillation of the concentration of a molecule that reg- 
ulates cell adhesion. The clock faces represent the phase of the cell 
cycle (C) and thal of the periodically varying regulatory niolecule 
(R). It is asbumed that the duration of the cell cycle is three hours, 
the period of the chemical oscillation is two hours, and that both 
cycles slat together. During the first cell cycle, newly formcd cells 
haw an adhesivc statc specified by the initial valuc of R (stippling). 
During thc second ccll cycle, R is in mid-cycle. and thc newly 
formed cclls have a different adhesivc state (hatching). During the 
third cell cycle, R is again at its initial concentration, and thc new 
cclls have the first adhesive state. 

correspond to ten segment\. If the cell cycle was now slowcd 
expenmentally so that the period o f R  was 6/5 (=1.2) as long 
as the cell cycle. then seven repeating units. or 14 segments. 
would form during the same period. This could possibly 
account for the result reported by I t o ~ ( ' ~ , .  in which horse- 
shoe crab embryos that were exposed to agents that slowed 
the cell cycle unexpectedly developed extra segments. 

Positive Autoregulation and the Biochemical 
Bases of Temporal and Spatial Periodicities 
Is it reasonable to suppose that the temporally and spatially 
periodic signalling systems discussed here are generic to tis- 
sues? Temporal oscillations in metabolites and regulatory 
molecules. including. but not limited Lo events of the cell 

cycle. arc ~ c l l - k n o w n ( ~ ~ - ~ ~ ' ~ .  Plausible mechanisms for a 
number of these oscillations have been p r ~ p o s e d ( ~ ~ - ~ ~ )  and 
what they have in common is the presence of positive 
autoregulation ('autocatalysis'), in the context of otherwise 
self-limiting kinetics. Biochemical oscillations can thus arise 
simply from a formal set of regulatory interactions among 
reacting componcnts; thcy arc not a function of any specific 
class of molecules. Such oscillations can therefore be consid- 
ered generic to cells and tissues, in the sense defined earlier. 

demon- 
strated mathematically that if a positively autoregulatory 
molcculc is capable of diffusing away from its source, and its 
production is inhibited by another diffusible molecule, 
chemical stripes, spots, and other spatially periodic patterns 
can arise when certain ratios among the reaction and diffii- 
sion coefficients obtain. Chemical systems having these 
characteristics, that were allowed to react in semi-solid 
matrices. indeed exhibited such  pattern^(^^,^'). 

Scveral molcculcs that rcgulatc cell adhesivity and exh-a- 
cellular matrix production are positively autoregulatory : eve 
and Ttz proteins(3x,39), which regulate engraileti in 
Drusophiln. and members of the TGF-P family("), which 
regulate fibronectin and collagcn production in vertcbratcs, 
are two cases in point. As a result of positive autoregulation 
there would be a certain range of kinetic constants for which 
the concentrations of these regulatory molecules would 
incvitably be periodic in timc. Furlhctmorc, eve and ftz, and 
TGF-Ps, are capable of diffusing away from their points o F  
origin - the foniier, the Drosophilu transcription factors, 
because they are produced in a syncytium, and the growth 
factors because they are secreted. Assuming diffusible 
inhibitors are also present, an appropriate balance of produc- 
tion and diffusion rates can lead to spatially periodic distribu- 
tions of these regulatory molecules. 

Adhcsion, and temporal and spatial periodicities in the 
concentrations of molecules which regulate adhebiun, are 
thcreforc cssential or characteristic properties of embryonic 
tissues that are not tied to any particular class of molecules. 
For this reason segmentation may reasonably be considered 
to be a feature that would have eincrged in a variety of differ- 
ent settings. If this view has merit, certain developmental and 
evolutionary conscquenccs should rollow. 

With regard to spalial pcriodicities, 

Modes of Segmental Organization 
Two distinct types of segmental organisation could arise by 
the combined action of periodic signalling and differential 
adhesion. regardless of whether the signalling system is spa- 
tially or temporally periodic. If cells produced one amount or 
type of adhesion molecule during a portion of a cycle, and 
another during thc complemcntary portion ('square wave' 
mode: Fig. 2a), a series of metanierer would form which 
would have the predicted property that juxtaposition of tissue 
from any position within adjacent units would regenerate a 
physical boundary (i.e., a barrier to mixing), but juxtaposi- 
tion of tissuc from alternate units would not. This result has 
indeed been observed in grafting experiments with the devel- 
oping chick hindbraid5J. Altcrnatively, if cells produced lit- 
tle or no adhesion molecule at the start of a cycle, and 
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Fig. 2. Schematic represcntation of two modes of scgment genera- 
tion hascd 011 a periodically varying regulatory molecule. In the 
’square wave’ mode (a), adhesion inolecule x (stippling) is synthe- 
sized in response to arange of concentrations of the regulatory niol- 
ecule, and adhesion molecule y (oblique lines) is synthesized in 
response to the complementary range. (The designations x and y 
may also represent greater and lesser amounts of the same adhesion 
molecule). In the ’saw tooth’ mode (h), adhesion molecule 7, (stip- 
pling) is syiithesized in increasing amounts over the full ranFe o f  
concentrations of the regulatory molecule, and its synthesis is reset 
to baseline levels at the beginning of a new cycle. The variable @ i n  
(c) is the ‘phase’ of the regulatory cycle, and reflects the concentra- 
tion of thc temporally or spatially varying regulatory molecule. 

increasing amounts as thc cycle progrcssed (‘saw tooth’ 
mode; Fig. 2b), the resulting metameres would be predicted 
to have the property that nearby tissues from opposite sides 
of a boundary would regenerate the boundary when juxta- 
posed, but tissues from corrt.sporzdirzg positions in  adjacent 
segments would fail to regenerate a physical boundary. This 
result was seen in  boundary extirpation experiments in the 
insect On~opeltus(~‘).  Whereas the removal of the segment 
boundary resulted in regeneration of a new boundary. 
removal of an entire segment length from halfway down one 
segment to halfway down the next did not lead to new bound- 
ary formation. 

The model represented in Fig. 2 attributes segmentation 
solely to differential adhesion and periodic regulation of 
adbesivity. It provides a framework, however. for accounting 
for segmental properties as disparate as those seen in long 
and shorl germ band insects, and for differences between the 
results of boundary regeneration experiments in the chick 
hind brain and the insect cuticle. 

This framework can help explain even more complicated 
experimental oulcomes. In lineage marking experiments 
with chick somites it was found, unexpectedly, that the prog- 
eny of a single cell was able to cross the intrasegmental 
boundary within a given somite, or the intersegmental 
boundary between two somites, but not both boundaries(’). 
This result can be accounted for by the model shown in Fig. 2 

by assuming that somites consist of at least two different cell 
populations(14),, utili7ing distinct adhesion systems. If each 
set of adhesion molecules is regulated according to the 
square wave mode. with a yuarter pcriod offset in the respec- 
tive (spatially or temporally) periodic regulatory signals, 
then boundaries of iminibcibility would be creatcd tor one 
cell population at the segmental border. and for the other 
population wizthiiz each scgmenl. Any given marked cell, 
however, would only abide by one of thme boundaries. 

Stabilization of Generically-Templated Segmental 
Patterns 
Pattern-forming mechanisms based on chemical kinetics, 
with or without diffusion, are inherently tcmperalurc-scnsi- 
tive. In the case of reaction-diffusion mechanisms they 
would also be sensitive to the spatial scale of the system. If 
the view prcsentcd here is valid, therefore. it would be 
expected that the number of metameres in the earliest seg- 
mented lhrms would have been developmentally variablc. 
Any forms that were physiologica!ly and ecologically viable 
would have been undcr sclcctive pressure to evolve addi- 
tional mechanisms to ensure that development ‘bred true’. 
Evolution [hat reinforces a particular outcome. rather than 
leading to phenotypic change, has been called ‘stabiliz- 
ing’(“) or ‘canalizing’(”) evolution. 

Assuming, for example. that a striped concentration pat- 
tern of a positively autoregulatory transcription factor had 
arisen by a reaction-difTLision process, the pattern could have 
been stabilized and reinforced by mechanisms that ticd the 
production of the stripes to other molecular cues present in 
the system. The rcgulation o f  civ andft,- in Dro.sopliila may 
represent such a situation, for these factors, in addition to 
being positively autoregirlatory, are also rcgulalcd by 
nonuniformly distributed maternally deposited factors, as 
well as products of the ‘gap’ genes, expressed from the 
zygotic genome, in a concentration-dependent fash- 
ion(1.44,45). I suggest that these regulatory circuits may have 
been cvolulionarily sclccted Tor their capacity to  increasc the 
reliability of production of viable striped patterns originally 
ternplated by thc coupling of diffusion with positivc autoreg- 
ulation. The alternative notion seems less likely: that the 
identical-appearing, uniformly spaced, eve or ftz stripes 
arose one by one during evolution, by the gradual acquisition 
of the dedicated promoters, sensitive 10 unique complcxcs of 
trans-acting factors. seen in modern Drosuphila. 

Similarly. the overall organimtion of the vertebrate limb, 
with ils two-fold scgmcntation of skeletal tissues, may have 
been templated during tetrapod evolution by a generic mech- 
anism, such as a reaction diffusion process involving TGF- 
p(46-4x). But the reliable control of the size and numbcr (and 
identity, see below) of skeletal elements in the limbs of inod- 
ern vertebrates may be the result of a subsequently evolved 
link between the action of the ‘core’ patterning mecha- 
i i i ~ r n ( ~ ~ )  with hoineobox gene products(”,”) that were 
nonuniformly distributed in the limb-forming tissues for 
incidental reasons. 

Reaction-diffusion mechanisms are notoriously poor at 
producing the same pattern over a range of spatial scales: 



segment number, for example, would tcnd to increase with 
increase in tissue length. Any organism that originally 
depended on such a process for the generation of rnetanieres 
would have been under intense selective pressure to evolve 
to a state in which segment number came to depend on land- 
marks other than ratios of reaction and diffusion rates. Sim- 
ple gradients, which can span the same concentration range 
over different distances. are ideal landmarks for building 
scale adaptation into a developing system. They are poor 
candidatcs, however, for thc primordial initiators of scgmcn- 
tation, because a sequence of tinely-tuned thresholds of gene 
response is required in order to generate a regularly-spaced. 
alternating series oron and off states using a gradient. Hybrid 
gradientheaction-diffusion mechanisms have been consid- 
ered previously in connection with the sequence of segmen- 
tation-related gene aclivalion events in the early embryos of 
modern Dros~philu‘~~)’ .  But the order in which inolecular 
components were recruited during phylogeny need not 
reflect the order in which they are used during ontogeny. The 
possibility suggested above, that gradients werc co-opted to 
reinforce and stabilize particular segmental patterns that 
were originally ternplated by a gencric process, provides a 
scenario for how the biologically useful properties of these 
systems could have become integrated during evolution. 

These ideas may be tested experimentally by producing 
null mutations in genes hypothesized to play a ’reinforcing’ 
rather than ‘core’ role in segmcntation. The prediction would 
be that for many such cases, the segmental pattern would bc 
relatively unaffected, but its sensitivity to external factors, 
such as temperaturc. might be enhanced. Caution must be 
observed in interpreting such knock-out experiments, how- 
ever, since a ‘reinforcing circuit’ might actually depend on a 
balance between two gene products. The interaction between 
nnnos and hunchback in the Dmsophila embryo inay provide 
a relevant example. The gene product of minos apparently 
serves only to repress the translation of mRNA specified by 
the maternal hiirzchback gene(’?). Embryos that lack both 
maternal hunchback gene product and a functional i iano~ 
gene develop normally, but if nanos alone is knocked out 
posterior segments fail to form and the cmbryos die(j4). 

Segment Identity 
If ‘incidental’, nonuniformly distributed transcription factors 
can plausibly have been recruited for the stabilization and 
reinforcement of segment number, such factors can equally 
well be used to create individual identities for originally 
equivalent segments. Thus. homeobox-containing genes of 
the Antennapedia and Bithorax complexes, believed to be 
evolved from a single hoineotic complex (HOM-C), are 
expressed in partially overlapping domains along the antero- 
posterior axis of the Drosophiln blastodermcs5). and their 
homologues are analogously expressed along the rostrocau- 
dal axis of the vertebrate and within the develop- 
ing vertebrate limbs~so~s’). The regulatory basis for the spatial 
arrangement of these expression domains may depend on 
their unusual, evolutionarily conserved gcnomic oi-ganiza- 
tion(”), but it is apparently not specifically tied to segmenta- 
tion, since a similar gcnomic arrangement of HOM-C-related 

genes occurs in the nematode, C. elegaitd”j, which is not 
segmented and is not thought to have a segmented ances- 
tor@!. 

What docs unify all known cases, including C. e l e g a r ~ d ~ ~ ) ,  
is that differential expression of HOM-C-related genes, 
which encode transcription factors, endow cells with distinct 
properties. These variable properties can be based on ordi- 
nary cell functions, such as regulation of amounts of cell 
adhesion moleculeschO). When expression boundaries of such 
genes coincide with segmental boundaries, as is the case in 
some Di-osophila segments(ssj, and in the rhombomeres of 
the vertebrate hindbrain(h’). segments will seem to be 
‘defined‘ by this expression, even if the ‘segment identity’ 
genes had nothing to do with the mechanism by which 
rnetamercs were generated. The independence of initial seg- 
ment formation from segment diversification seems to be the 
case during Drosopldu embryogenesis“,6’,6’), where the 
expression of the HOM-C genes is superimposed upon an 
earlier established prepattern of pair-rule (i.e.. eve and .ftz) 
stripes and the alternating bands of engrailed protein induced 
by the pair-rule pattern. Analogously, the identity, or at least 
the physical appearance, of digits in the developing chick 
limb can be modulated by misexpression of Hox-4.6 (HoxD- 
111, a member of a family of avian HOM-C homoIogues(@‘). 
Tt is significant that despite the transformations, the limbs 
still contain discrete, evenly spaced digits. This suggests that 
digit number is controlled by a process different from that 
regulating digit identity(7x46). 

I suggest that the linking of segmentation mechanisms to 
nonuniformly distributed modulators of cell phenotype 
occurred several times throughout evolution. The modula- 
tory gradients may have been phylogcnetically conserved for 
reasons having nothing to do with segmentation. In particu- 
lar, the HOM-C genes in insects, and their homologues in 
other taxa, may have been under common evolutionary pres- 
sure to maintain their general spatiotemporal order of expres- 
sion because of their integration into a varicty of systems 
requiring spatial diversity. If, as proposed above, segmenta- 
tion is generic to tissues, with many possible underlying mol- 
ecular mechanisms, the involvement of HOM-C-related 
gene products in the generation of mctamcres in widely dis- 
parate taxa (such as BX-C in Drosophiln body segmendS3) 
and the Hox-2 family in mouse hindbrain rho mob om ere^(^^)) 
need not represent evidence for the origin of this patterning 
process in a common ancestor. (Indeed, the common ances- 
tor of vertebratcs and arthropods is believed to have been 
unsegmented(9.’ O’.) An alternative possibility must also be 
considered: that such molecules may have proved suitable 
for repeated recruitment into mechanistically. rather than 
genealogically; homologous segmentation processes. 

Conclusions 
Because an appropriate causal link between any periodically 
varying signal molecule and the synthesis of any molecule 
affecting intercellular adhesion is sufficient to produce seg- 
mentation, it is not surprising that the mctamcric theme and 
its variations are so prevalent over the course of evolution. It 
is generally acccpted that segmentation arose independently 



in at least five lineagcs(8-10); if segmentation is indced a 
generic property of tissues it becomes unnecessary to postu- 
late gradualist scenarios for its evolution. Disparate seg- 
mented body plans and organs could have typified many 
early lineages, with natural selection culling them out, rather 
than generating them by increments. 

Both temporal and spatial periodicities in the concentra- 
tions of tissue molecules can readily emerge when one or 
more of thc molecules are positively autoregulatory. The 
possibility of a common generic component to what would 
othenvisc appcar LO be two distinct mechanisms for segmen- 
t a t i o ~ d ~ ~ ) ,  helps account for why apparently dissimilar seg- 
mentation pmcesses occur in differcnt kinds of insect, and 
even within different regions of the vertebrate axis(28). 

Previous work has suggested that, depending on the case, 
adjacent segments can be ‘nonequivalent’ , differing from 
each other in uniformly expresscd scgment-specific proper- 
tied5), or they can be ‘equivalent’, but internally differenti- 
ated by a spatially graded property(41). The discussion pre- 
sented herc suggests that the explanation for this difference 
in segmentation modes need not lie in the periodicity-gener- 
ating mechanism, or in the adhesive mechanism, per se, but 
in the relationship between the two (see Fig. 2). 

The individual gene products that would typically be 
involved in scgmcntation processes, either as part of generic 
adhesive or periodic signalling functions, or as nonuniformly 
distributed modulators of cell phenotypc, would not be 
cxpected to be intrinsically segmentation-related, but would 
have other roles in other contexts. The view presented herc 
suggests criteria for decomposing complex genetic net- 
works, such as those involved in cstablishing thc segmental 
pattern of the insect body, or the skeleton of the vertebrate 
limb, into subsets of circuits with spccific rolcs: cstablish- 
ment of chemical periodicities, regulation of adhesivity, rein- 
forcement and stdbilizalion of paltern, and diversification of 
cell and segment function. These generic functions may be 
served by different or similar sets of molecules in various lin- 
cages, and taken together, may constitute a portion of the 
‘grammar’ of metazoan organization. 
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