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T he centra1 probIem of the development of pattern 
and form is how genetic information can be translated 
in a reliable manner to give speciftc and complex multi- 
cellular organisms. Pattern formation is the process by 
which the spatial aspect of cellular differentiation is 
organized; how, for example, cartilage and muscle dii- 
ferentiate in just the tight place during the development 
of the limb. Pattern formation, thus, focuses Iess on cell 
differentiation itself. After all, the difference between 
our arm and that of a bat, seal, or ~p~~~rnus is not 
due to differences in muscle and cartilage diieren- 
tiation but to their spatial pattern and !ater growth. 

The idea that the behaviour of a cell is determined 
by its position in the embryo goes back to Hans Dtiesch 
at the end of the last centuryt. Driesch discovered regu- 
lation in sea urchin embryo% that is, that the embryo 
could still develop into a normal larva even when 
parts were removed. Driesch, by ignoring inconvenient 
results, concfuded that the embryo was an equipotential 
sysrem - a!1 cells were totipotent and there was a coor- 
dinate system that specified ceil position and so deter- 
mined its fate. He could not imagine that such a system 
could operate based on any known physical principles 
and invoked mystical forces. 

A very im~nt advance in und~n~ng how pat- 
terns might develop came from one of my heroes, 
Thomas Hunt Morgan, at the beginning of the century. It 
was Morgan who first appreciated the possibility of gm- 
dients ~n~~~rng pattern fotmation. Thif idea came from 
his studies on regenerationa. He clearly s&ted how a gra 
dient in some propetty could provide both polar&y in a 
regenemtmg system and how tesponscs at dierent 
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thresholds could pattern the system. But it was as if his 
nerve failed him and he periodically abandoned these 
ideas in favour of an impenetrable mechanical model. 
However, ideas on gmdients were taken up by C.M. Child 
(not one of my heroes), who found gradients of one sort 
or another in many systems and in metabolic in par- 
ticular. Gradients were fashionable in the 1930s (Ref. 3) 
and the Swedish schoo! of ~01~, which included 
Runnstrom and Horstadius, made great use of them to 
expfafm their results on e&y sea urchin heist. But 
htrle attention was given to how the gradients could be 
set up, maintained, or how they could generate pattern. 

By the 19&b, with the exception of the work on the 
insect epidermis by Stumpf, Locke, Lawrence and 
others (see Ref. 4), there had been little further progress 
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to develop as blue, 
white or red 

123456 

FIGURE 1. The French nlg mudrl for thinking ahout pattern formation. I’hr wtk in a tine can differentiate as blue, white or red. ‘ky 
c-m IW pnqgmmed to mike a French flag pxttem if they have their position spccikd and interpret this infomation. one meCh;lniSm 
tzn USC’ a mq$qcn gradient and thresh&k. The houndxy wlues are Crucial and the slope of the gtxdient gives the system itq 
@trir)‘. tRcpnJu& with prmission. from Rcf~ 26.) 

in studying pattern iormation. It was a mther neglected 
area. Gmdients became out of fashion. and develop- 
ment M;~S largely .seen as a sequential process involving 

the synthesis of a large number of different proteins; all 
that was needed was to work the.se out in detail. 

81~ own imxdvement with gadients cxmr from 

mpehence witi> sea urchin mo~ho~en~sisi and regen- 
cration of hydrah. I was convinced that there must be 
gencmf mwhanisms for patterning during development 
and regeneration: that there wts 3 get’IerJf set of prin- 
ciples underlying the tmnslation of genetic information 
into pllttem and form. 1 ~3s ah0 sure that one first had 
to understand the processes at the cellular level before 
one could ask the tight molecular questions. To focus 
my ideas. i fo~ukIted the French ilag prohfem (Fig. 1 f. 
What nl~c~tnisrn w~~tfd ensure that a fine of totipotent 
celfs. no matter how tong. would always h?ve 3 French 
nlg pattern - a third blue. a third white and a third red? 
Positional information provided a geneml solution-. 

The b&c idea of positional inform&n is that there is 
a cc!: jxmrmeter rpositional value) that is related to a cm’s 
ptaition in the developing systemH. It requires a ccxxdi- 
nate system with respect to u-hich &c wlls have their 
position specified. The crfls then interpret their ~~siti[)nal 
vakrt. hy differentiating in a panicuiar Wy. ?his differenti- 
ation may involve de\rk)ping as a particular cell tvpe or 
state’, or it might involve changes in growth or motif&. 

For a one-dimensional system like the French flag. 
all the necessary features can be provided try a mono- 
tonic deCrt_a~se it1 the concentration of ;t chrmiaf - 3 

morphogen (Fig. 1). The concentration of the mor- 
phogen :I! any point then provides a measure of 
dis:anre frr~rn the boc;;dary, and the slope of the con- 

centration gradient effectively provides the polarity. 
Positional information can also be established by 

other mechanisms, for example by measuring the 
time spent in 3 region, such 3s the progress zone in 
the developing limb““. It is not necessary that posi- 
tional information he specified by a gradient; the 
essential feature is tftat there is some cell parameter 
that retlecrs distance from :I boundary, Position could 

1~ specified hy the sequential activation of a string of 
genes. It is also interesting that most patterning occurs 
in two-dimensional sheets of cells and different mech- 
anisms are probably used for specifying position 
along the two axes. 

Among the potentially attmctive features of pos- 

itional information was that it could provide a unifying 
concept for understanding the development and regu- 

lation of various patterns. The only cell-to-cell inter- 
actions that are, in principle, required are those necess- 
ary to specify position. Furthermore. the same signals 
and positional vafues may be used to specify different 

patterns, the differences arising from devefopmentaf 
&tory and from genetic constitution. 

What should not be regarded as a system of pos- 
itional information? If each cell in a developing system 
has a unique specification, this does not necessarily 
mean that these specified states arose through positional 
information in the sense of a coordinate system. Thus. in 
the d~eIopment of the nematode Ca~nf~~a~~~jt~s 
&gctns, most cells have a unique s~ci~~ti~ and posi- 

tion by virtue of their lineage, but there are no bound- 
aries and no measurement of position with respect to 
them. Again, the development of the eight photo- 
rxxepiora in the ommatidia of the Drosophila eye depends 
on .seyucntiaf inductiowi. The cells’ positions with respect 
to their neighhours is somewhat fike that in folk dancing 
or a tugby .scrum tamer than in a coordinate system. 

When I ftxtked at the sizes of what were probably 
positional fields, 1 was surprised to find that ail pos- 
itional fields are small, none being more than about 
0.5mm in maximum linear dimension. For example, 
hydm is less than 60 cells long, the sea-urchin gastntla 
about 30, and the early chick limf? bud less than 100. 
‘Zte oi!rer chancteristic feature is that the times 
required to specify position appear to h on the order 
of hours. tt was these two features that lead Cricktr’ to 
propose the existence of a diffusible morphogen for 
setting up positional fields, One of the effects of think- 
ing in terms of positional information was that one was 
driven to become more mechanistic and quantitative. 

The major advances in our understanding of pos- 
itional information over the last 30 years have come 
from molecufar studies that have identified positional 
signals and the mofecular basis of positional values, and 
have demonstmted that cells can respond to threshold 
concentrations. 

Positional fields 
By far the clearest demonstration of positional sig- 

nals in a developing system - clear in the sense that 
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they can be directly visualized rather 
than being inferred from other prop- 
c;ties - is in the Drosophila embryo*. 
D~sop~iia, however, is 3 bit pecu- 
liar because in the early embryo 
there arc no ceil walls and the nuclei 
share a common cytoplasm. Along 
the antemposterior axis, Nusslein- 
Volhard and Driever showed that a 
gradient in the protein bicoid is set 
up and this provides positional infor- 
mation for early patterning. The gene 
hrrnchback is activated above a 
threshold concentration of bicoid 
and the gmdient of hunchback pro- 
vides further position4 signals for 
other genes. Along the dorsoventral 
axis, the protein product of the 
dorsal gene becomes graded in 
nuclei with the high point ventrally. 
Again, at particular thresholds, other 
genes are activated; for example 
misi and snail are activated at high 
nuclear concentrations of dorsal and 
they go on to specify the mesoderm. 

A feature of some positional 
fields is that the same pattern devel- 
ops even when the field varies 
considerably in size. The classical 
case is Dries&s demonstration that each of the two 
cells that result from the first cleavage in the sea urchin 
will develop into small but normal larvae. Twinning is 
quite common in mammals, and in humans splitting 
can occur even when there are many hundreds of cells 
in the embryo. The pa~eming of such regulative fields 
requires that both ends should act as boundaries and 
p:ovide signais. There are signalling boundary regions 
at both ends of the anteroposterior axis of the 
Drosophila embryo and also two at opposite ends of 
the dorsoventral axis. Funher good examples are the 
pattemin~ of the early Xenoprrs embryo” and the vette- 
brate neural tube where there are ventral and dorsal 
signal@. Also, the classical work on sea urchins was 
based on two gradients, one animal, the other vegetal. 

There is very good evidence for positional signals in 
the development of the vertebmte limb*3 and the insect 
wing’“. Moreover, they share some remarkable siml- 
larities (Fig. 2). Patterning along the anteropostetior axis 
of the chick limb bud involves a positional signal from the 
polarizing region at the posterior margin. This signal can 
specify the pattern of cartilage and muscle differentiation. 
For example, when the polarking region (PI is graftej to 
the anterior margin, a complete set of additional digits can 
be specified to give (P)4322%, while when placed in the 
middle, the pattern is ZWPI434. Sonic hedgehog is an 
excellent candidate for such a signal: it is expre.wd in the 
polarizing region and increasing concentrations appiied 
locally to the anterior margin result successively in the 
s~ci~~tion of digits 2, 3 and 4 CA. Mc~hon and 
C. Tickle, pet-s. commun.). Such experiments can be 
understcxxl in terms of a model in which the signal 
provides a concentration gmdient of a morphogenti 

In the development of the insect wing, patterning 
along the anteroposterior axis rest&c from signals at the 

* 
Concentration 

F~Gu~~E 2. The chick wing srtd the insect wing bath seem to USC a positionat signal - n 
morphoRen to pattern the structure akmg rhe anteroposterior axis. In the chick the s&n4 
comes from the polaizinR region. The signal in the insect is fmm the compartment 
l~oundaty and is interpreted differently in the anterior and posterior compnrtments. 
(Reproduced. with permission. from Ref. 26.) 

boundary that divide the wing imaginal disc into an- 
terior and posterior compartments, as predicted by 
Meinhardtts. Along this boundary the gene decapenfa- 
plegic (dpp) is expressed. The formation of a boundary 
expressing dpp is dependent on hedgehg, which is 
expressed throughout the posterior companment inter- 
acting, ;ii the boundary, with cells in the anterior com- 
partment. The veins - like the digits of the vettebrate 
limb - provide good markers for anteroposterior pat- 
terning: vein I being most anterior and vein 5 most pos- 
terior. The pattern of the veins is under the r-ntrol of 
DPP protein in a con~ntmtion~ependent ~nnert6.t-. 
The results of ectopic expression of dpp can be inter- 
preted in terms of a symmetrical DPP gradient with its 
high point at the compartment boundary. While the 
concentration profile will be similar in anterior and 
posterior compattments, they will be interpreted differ- 
ently. So, when a new source of DPP (Df is expressed 
in an anterior position, the pattern of the veins could 
now be 123W345. 

Another system where these same positional signals 
have heen shown to pattern the structure is the ver- 
tebrate neural tub&. On the ventml side. Sonic hedge- 
hog most likely acts as a positional signal in a concen- 
tration-dependent manner, while on the dorsal side, 
relatives of DPP (members of the TGF-P family) provide 
the signal. 

One of the atttaaive features of positional infor- 
mation is that it suggest% the ~&hi&y of universality. 
That is. in principle. the same c~~inate system and 
the same signals could be used again and again. even in 
the same embryo. As just pointed out, the anterior and 
posterior compartments of the insrct wing may interpret 
the same Signal in different ways. Again. the silfnafs 
in the forelimb and hindlimb of vettebrates are the 
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z’rann 3. cells cao interpret tbeit p0sitkmaI values according to 
their genetic c0nstimrlon. So, if a small group Of cells horn a 

Union Jack are placed in a developing French flag they will make 
a Linion_iack p11rm corresponding to their ne?.’ position. Siiar 

results have been obtained with the leg and antenna of 
Dmsopbila. (Reproduced, with permission, from Ref. 26.1 

same, as they are in the developing and regenerating 
amphibian iiimb’a. 

Thresholds 
One of the major difficukies that was consistently 

nised against gradients underlying pattern formation 
was how they could be interpreted. The interpretation 
of a gmdient so as to give discrete regions required the 
cells to accurately and reliably recognize particular con- 
centrations of some morphogen. For the great embry- 
ologist Hans Spemann’9 this seemed to pose an almost 
insuperable problem. 

There is now excellent evidence that cells are very 
good at recognizing thresholds. A good example 
comes from studies on the development of the 
mesoderm in Xenopus. One of the factors that can 
induce mesoderm in presumptive ectoderm is activin. 
Treating presumptive ectoderm with increasing 
concen~~o~ of activin results in a succession of 
mesoderma1 tissues being induceda,ZI. At the lowest 
concentration. haemopoietic tissue is induced, while at 
the highest concentmtions notochord is induced. Small 
increases in activin concentration can change the cell’s 
response. Similarly, the concentration of DPP in the 
insect imaginal disc can activate specific genes at 
threshold concentrations16,17. 

Positiod vahxes and differendaton 
A central feature of positional information is that the 

positional vatues of the cells are inde~d~t of how 
the ceils wiII differentiate. Differentiation and positional 
value are dissociated. In principle, in insects, any epi- 
derma! stmcture, such as a sensory bristle, couid develop 
at any position in the epidermis. There is, thus, no 
absolute relationship between the observed pattern and 
the underlying positional values; the same set of pos- 
itional values can specify many different patterns. 

The unconstrained relationship between positional 
value and differentiation is fundamental to the concept 
of positional information and is seen particularly clearly 
in genetic mosaics in insect&. Numerous other studies 
also show that the cells interpret their position accord- 
ing to their genotype and developmental history. It is as 
if cefis programmed :o develop into the Union Jack 
were placed in a developing French flag - they still 
develop into a part of the Union Jack but according to 
their new position (Fig. 31. A good example is the 
development of mesoderm taken from the presumptive 
thigh region of the chick leg bud and grafted to the tilt 
of the wing bud. The tissue acquires a more distal pos- 
itional value but interprets this with respect to the leg 
programme and so toes develop. Such mosaics also 
illustrate the identity of the positional values in different 
parts of the embryo. The same is true for the imaginal 
disks of inseas; for example, the positional values are 
the same in the antenna and the leg. 

In systems that use positional information, that 
information has to be recorded and interpreted. A major 
discovery has been the Hoxgene complexes. l’%ese are 
prime candidates for recording positional value in al1 
animalsz2. In Drusopphila, along the anteroposterior axis, 
expression of the Hox gene complex provides each 
segment with a unique identity. Related genes in many 
other animals have been identified and they, too, seem 
to provide regions along the anteroposterior axis with a 
positional value (Fig. 4). Consistent with the idea that 
HW genes provide positional values, mutations in these 
genes can cause localized abnormalities or even 
homeotic t~nsfo~ations, where one region (e.g. a ver- 
tebra) acquires the identiry of a neighhouring region. 
While many Hex genes are also expressed in the devel- 
oping limb, their role is much fess easily understood. 
Induced mutations and knockouts can have varying 

5 12 31 35 
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F~cuae 4. Hoxgenes provide positional values. In Dmsopbih, the three genes shown (Abdominal-A and -8, and Ullmbifbomr) specify 
tftoracic and a~omina~~~en~. In the mouse, four gene complexes provide positional values, but only the HOXC complex is shown 
here? Together, the four gene complexes specify positional values and so the pnttern of development of the diierent vertebne. The 
anterior borders of gene expression arc sharp, but the posterior borders are much less well defined and extend some way to the 
posterior end. (Reproduced, with permission, from Ref. 26.) 
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effects suggesting a quite complex dynamic relation 
between Hoxgene expression and the limb pattern. 

Regeneration and in-on 
Regeneration can also be viewed in terms of pos- 

itional v&e. For example, morphallaxis (regeneration 
without growth) and epimorphosis (regeneration linked 
with growth) can be formally distinguished within this 
framework (Fig. 5). Regeneration by morphallaxis 
would fmt require specifying new boundary regions at 
the cut edges and new positional values would be 
specified with respect to the new boundaries. With 
epimorphosis, new positional values would be linked 
to growth from the cut surface. 

Studies on regeneration also provide good evidence 
that cells have positional values that can be changed. A 
wide variety of experiments strongly suggest that in; for 
example, the limbs of insects and vertebrates that can 
regenerate, there are set5 of positional values along the 
main axis as well as circumferentially23. Intercalation 
of intermediate values occurs when noncontiguous 
regions are placed next to each other to smooth out 
those disparities. 

That cells have positional values unrelated to their 
differentiated state is again shown by regeneration of 
vertebrate limbs and of hydra. Not only do urodele ver- 
tebrate limbs show intercalation of the type just 
described, but regeneration can best be understood in 
terms of generating a new set of positional values con- 
tinuous with the level of the cut. Retinoic acid can 
cause cells to alter their positional values so that they 
acquire more proximal vaIuesz4. So, in an animal 
treated with retinoic acid, regeneration from the level of 
the wrist can give rise to a whole new limb. Moreover, 
single marked cells that have acquired a more proximal 
positional value actually end up in more proximal 
regions. In hydra, too, regeneration is best understood 
in terms of establishing positional values corresponding 
to boundaries at the cut surfaces. 

PrOSpCtS 
There are many details relating to pattern formation 

involving positional information that remain to be worked 
out. The most notable relates to interpretation. We still 
have a rather poor appreciation of the processes whereby 
positional values as specified by Hex genes result in the 
emergence of pattern. This is particuIarly striking in the 
vertebrate limb: what are the downstream targets of the 
genes, and which celIular activities are beiig controIled? 
For example, with the cartiiagirious elements is there a 
iirndamental prepattem speciiied by a quite dIerent 
mechanism that Is being mod&d by Hax gene.@? I5 
cartRage differentiation affected or only growth? Similar 
problems also exist with respect to imaginal disc devel- 
opment in insects. How does a mutation in just one gene 
akcr the development of an antenna into a leg? 

In spite of an enormous amount of work and persua- 
sive evidence for signals acting over 10-U) cell diam- 
eters, the details of this process remain unknown. It Is not 
easy to believe that if morphogen gradient5 do indeed 
control pattern formation, they should rely on simple 
diffusion through the extracellular space. Such a mecha- 
nism seems just too unreliable and a more sophisticated 
mechanism would surely have been ‘invented’. 

Intact Frenbliflag &em 

I I I 

Ptcuna 5. Regeneration by morpballaxis and epimorpbosis. 
Morphallaxis involves the specification of a new boundary at the 
cut end 0 and then the alteration of intermediate positional 
values. With epimorphosis, there is the generation of new 
positional values from the cut end lied to prowth. 
(Reproduced, with permission, from Ref. 26.) 

Finally, we need to understand how developmental 
processes evoIveda5. There is increasing evidence that 
evolution has been rather lazy. It seems as if once the 
basic mechanism for patterning a small region, such as a 
segment or an appendage, was found the main compo- 
nents, or at least principles, were used, with minor vari- 
ations, again and again. But how primitive were gradi- 
ents and positional values? And what was their origin 
and their relationship to mechanisms based on a5ym- 
metric cell divisions, and patterning, as in the nema- 
tode, which seems to develop on a cell-by-cell basis? 
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G ene fJmlhes nro\e dunng evolutionary history ;.. __ 
through a proc~ of duplication of the ancestnl gene 
followed hy functional and structurJl specialization 
(divergtmce) of hoth copiest-‘. Gene families are 
widely accepted 3s a hasis for classifying proteins. hut 
their broader biological significance is less clear. 
Indeed. the existence of evolutionary homology 
hemeen genes having dmmatically different functional 
specificities is often dismissed ns ;L curious hut somc- 
what mysterious fact of life. Our knowledge of molecu- 
lar genetics has now broadened so that it may he 
appmpriate to re-examine this question and attempt to 
reach .some generJl conclusions about the evolution of 
multigene families. 

Gene duplication 
Tandem genetic duplications in h;tcteria and hac- 

terioph;lges occur spontaneously at 3 fnrquency of 1W 
to lO-’ per locus per generation, and can Ix of unlim- 
ited size”. Studies of the genetic hasis of insecticide 
resistance suggest that spontaneous gene duplications 

occur in itxsects at 3 similar mte-,H. Xmdem duplications 
also occur freq”er%lv in mammalian cc.%, ant! <an he 

rcproducihly recovered hy selection for resistance to 
cytr ,to:.ic drugss”. :s welt 3s during &ease progression 
ir: untre.lted hum;tn ~~:::i~r$“, in generJl. remov:tl of 

.s=.icction results in the rapid loss of the duplicated 
genes”-“. Spontaneous duplications can also occur 

hy nontandem mechanisms. including chrotnosom;tl 
tmnslocation. nondisjunction. polyploidization and 
rctrotrJnspositiont.5. However. gene duplication and 

clivrrgence within :I gene family typically occur at :I 
much slower cute (of the order of IO-100 million years 

or more per gene divergence event in any particular lin- 
eilg3z of ;I gene family)i~tt. Thus, spontaneous gene 
duplications occur much too frequently to he the nte- 
limiting step in the evolutionary process of geFe dupli- 
cation and divergence. The rate-limiting step probably 
occurs :II the level of natural selection (or genetic drift) 
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Gene dup/ication mntants arise spontaneously at a bigb 
rate in bacterta, bacteriophages, tnsects and mammalian 
cells, and aregenerally viable Thus, tbe rate-limiting step 
in tbe evolrrtionary process of gene duplication and 
divergence was probably not gene dupUcation per se. 
Ratber, it is likelv tbat onlv a small fraction of aU 
dapticatedgenei were ret&e4 ani were abL to diverge 
into new spect$icities. Furthermore, gene duplications and 
functionally relatedgenefamilies o&n sbow similarities in 
divergence dates&nctional spec@ities, andpbylogenetic 
tree topologies. These correlations strggest tbat tbefandly 
trees offtmctionafiy relntedgene families coevolved 
beca~tsejhctionatly complementary gene duplication 
and divergence events tended to be retained ky 
natural selection 

:*fter duplication. That is, the duplicated gene is likely tc 
he lost unless it acquires a nove! :md ustftrl function. 

A hypothesis 
The acquisition of ;I novel function hy ;I duplicated 

gene could IX facilitated hy pre-existing heterogeneity 
in proteins that interact directly with the product of the 
duplicated gene. Thus, the successful duplication and 

divergence of one gene would provide an altered selec- 
tive environment, which could facilitate the retention 

and divergence of duplicated copies of functionally 
intemcting genes. The interacting genes could he dupli- 
cated through 3 tandem or nontandem mechanism, and 
could originate simultaneously, sequentially, or millions 
of years later. Regarclless, the duplicated genes would 

tend to he lost (or mutated into pseudogenes) unless 
stabilized hy natural selection. which would require 


