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PERSPECTIVES

The central problem of the development of pattern
and form is how genetic information can be translated
in a reliable manner to give specific 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 dif-
ferentiate in just the right place during the development
of the limb. Pattern formation, thus, focuses less on cell
differentiation itself. After all, the difference between
our arm and that of a bat, seal, or hippopotamus is not
due to differences in muscle and cartilage differen-

"

tiation but to their spatial pattem and later growih.

History

The idea that the behaviour of a cell is determined
by its position in the embryo goes back to Hans Driesch
at the end of the last century!. Driesch discovered regu-
lation in sea urchin embryos; that is, that the embryo
could still develop into a normal larva even when
parts were removed. Driesch, by ignoring inconvenient
results, concluded that the embryo was an equipotential
system — all cells were totipotent and there was a coor-
dinate system that specified cell 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 important advance in understanding how pat-
tems 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 gra-
dients controlling pattern formation. This idea came from
his studies on regeneration?. He clearly stated how a gra-
dient in some property could provide both polarity in a
regenerating systlem and how responses at different

One hundred years of
positional information

LEWIS WOLPERT

One mechanism by which spatial patterns of cell
differentiation could be specified during embryonic
development and regeneration is based on positional
information. Cells acquire a positional value with respect
to boundaries and theis tiierpret this in terms of a
programme determined by their genetic constitution and
developmental bistory. The signals and the molecular basis
of such a system bave both been rather well conserved.
Recent work bas shown that cells can respond to quite
small differences in the concentrations of molecules wi-ose
concentration could provide positional information.

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 gradients were tzken up by CM. Child
(not one of my heroes), who found gradients of one sort
or another in many systems and in metabolism in par-
ticular. Gradients were fashionable in the 1930s (Ref. 3)
and the Swedish school of embryologists, which included
Runnstrom and Horstadius, made great use of them to
explain their results on early sea urchin development. But
lile attention was given to how the gradients could be
set up, maintained, or how they could generate pattern,
By the 1960s, 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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Each ceii Iigs the potential
to develop as blue,
white or red

Position of each cell is defined
by the concentration by the celle, which differentiate

of morphogen

Positional value is interpreted

to form a pattern

I~

Concentration
of morphogen

Thresholds

Concentration
of morphogen

CTzle s

L]

Fi6ure 1. The French flag model for thinking about pattemn formation. The cells in a line can differentiate as blue, white or red. They
can he programmed to make a French flag pattem if they have their position specified and interpret this infomation. One mechanism
can use 2 morphogen gradient and thresholds. The boundary values are crucial and the slope of the gradient gives the system its

polarity. (Reproduced, with permission. from Ref. 26.)

in studying pattern formation. It was a rather neglected
area. Gradients became out of fashion. and develop-
ment was lirgely seen as a sequential process involving
the synthesis of a large number of different proteins; all
that was needed was to work these out in detail.

My own involvement with gradients came from
experience with sea urchin morphogenesis’ and regen-
eration of hydra®. 1 was convinced that there must be
general mechanisms for patterning during development
and regeneration: that there was a general set of prin-
ciples underlying the translation of genetic information
into pattemn and form. 1 was also sure that one first had
to understand the processes at the cellular level before
one could ask the right molecular questions. To focus
my ideas. I formulated the French flag problem (Fig. .
What mechanism would ensure that a line of totipotent
cells. no matter how long, would always have a French
flag patiern ~ a third blue, a third white and a third red?
Positional information provided a general solution™.

The hasic idea of positional information is that there is
a coll purmeter (positional value) that is related to a cell's
position in the developing system®. It requires a coordi-
nate systern with respect to which the cells have their
position specified. The cells then interpret their positional
value by differentiating in a particular way. This differenti-
ation may involve developing as a particular cell type or
state, or it might involve changes in growth or motility.

For a one-dimensional system like the French flag,
all the necessary features can be provided by a mono-
tonic deerease i the concentration of a chemical — a
morphogen (Fig. 1). The concentration of the mor-
phogen at any point then provides a measure of
distance from the bousdary, 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 a region, such as the progress zone in
the developing [imbY. It is not necessary that posi-
tivnal information be specified by a gradient; the
essential feature is thut there is some cell parameter
that reflects distance from a boundary. Position could
be specified by 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 attractive 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 values may be used to specify different
patterns, the differences arising from developmental
history 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 development of the nematode Caenorbabditis
elegans, most cells have a unique specification 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-
roceptons in the ommatidia of the Drosophila eye depends
on sequential induction®. The cells” positions with respect
to their neighbours is somewhat like that in folk dancing
or a rughy scrum rather than in a coordinate system.

When [ looked at the sizes of what were probably
positional fields, 1 was surprised to find that all pos-
itional fields are small, none being more than about
0.5mm in maximum linear dimension. For example,
hydra is less than 60 cells long, the sea-urchin gastrula
ahout 30, and the early chick limb bud less than 100.
The wother characteristic feature is that the times
required to specify position appear to e on the order
of hours. It was these two features that lead Crick!® 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 molecular studies that have identified positional
signals and the molecular basis of positional values, and
have demonstrated 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-
erties — is in the Drosophila embryol.
Drosophila, however, is a bit pecu-
liar because in the eardy embryo
there arc no cell walls and the nuclei
share a common cytoplasm. Along
the anteroposterior axis, Nusslein-
Vothard and Driever showed that a
gradient in the protein bicoid is set
up and this provides positional infor-

Concentration

mation for early patterning. The gene
hunchback is activated above a
threshold concentration of bicoid
and the gradient of hunchback pro-
vides further positional 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 particufar thresholds, other
genes are activated; for example

Concentration

fwist and snaif 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 Driesch’s demonstration that each of the two
cells that resuli 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 patterning of such regulative fields
requires that both ends should act as boundaries and
provide 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. Further good examples are the
patterning of the early Xenopus embryo!! and the verte-
brate neural tube where there are ventral and dorsal
signalsi2. 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 vertebrate limb!3 and the insect
wingH, Moreover, they share some remarkable simi-
larities (Fig. 2). Patterning along the anteroposterior axis
of the chick limb bud involves a positional signal from the
polarizing region at the postericr margin. This signal can
specify the pattern of cartilage and muscle differentiation.
For example, when the polarizing region (P) is grafted to
the anterior margin, a complete set of additional digits can
be specified to give (P)432234, while when placed in the
middle, the pattern is 234(P)434. Sonic hedgehog is an
excellent candidate for such a signal: it is expressed in the
polarizing region and increasing concentrations appiied
locally to the anterior margin result successively in the
specification of digits 2, 3 and 4 (A, McMahon and
C. Tickle, pers. commun.). Such experiments can be
understood in terms of a model in which the signal
provides a concentration gradient of a morphogen!’.

In the development of the insect wing, patterning
along the anteroposterior axis results from signals at the

FiGURe 2. The chick wing and the insect wing both seem to use a positional signal - a
morphogen to pattern the structure along the anteroposterior axis. In the chick the signal
comes from the polarizing region. The signal in the insect is from the compartment
boundary and is interpreted differently in the anterior and posterior compartments,
(Reproduced, with permission. from Ref. 26.)

boundary that divide the wing imaginal disc into an-
terior and posterior compartments, as predicted by
Meinhardt!5. Along this boundary the gene decapenta-
DPlegic (dpp) is expressed. The formation of a boundary
expressing dpp is dependent on hedgebog, which is
expressed throughout the posterior compartment inter-
acting, ai the boundary, with cells in the anterior com-
partment. The veins — like the digits of the vertebrate
limb - provide good markers for anteroposterior pat-
terning: vein 1 being most anterior and vein 5 most pos-
terior. The pattern of the veins is under the control of
DPP protein in a concentration-dependent manner!6-1°,
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 compartments, they will be interpreted differ-
ently. So, when a new source of DPP (D) is expressed
in an anterior position, the pattem of the veins could
now be 123(D)345.

Another system where these same positional signals
have been shown to pattern the structure is the ver-
tebrate neural tube!2. On the ventral 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- family) provide
the signal.

One of the attractive features of positional infor-
mation is that it suggests the possibility of universality.
That is. in principle, the same coordinate system and
the same signals could be used again and again, even in
the same embryo. As just pointed out, the anterior and
posterior companments of the insect wing may interpret
the same signal in different ways. Again, the signals
in the forelimb and hindlimb of venebrates are the

TIG SepTEMBER 1996 Vor. 12 No. 9
361




PERS»ECTIVES

Ficure 3. Cells can interpret their positional values according to
their genetic constiution. So, if a small group of cells from a
Union Jack are placed in a developing French flag they will make
a Union jack patiem corresponding to their new position. Similar
results have been obtained with the leg and antenna of
Drosophila. (Reproduced, with permission, from Ref. 26.)

same, as they are in the developing and regenerating
amphibian imbig,

Thresholds

One of the major difficulties that was consistently
raised against gradients underlying pattern formation
was how they could be interpreted. The interpretation
of a gradient 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!? 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
concentrations of activin results in a succession of
mesodermal tissues being induced?0:2!, At the lowest
concentration, haemopoietic tissue is induced, while at
the highest concentrations 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 concentrations!6:17.

Positional values 2nd differentiation

A central feature of positional information is that the
positional values of the cells are independent of how
the cells will differentiate. Differentiation and positional
value are dissociated. In principle, in insects, any epi-
dermal structure, such as a sensory bristle, could develop
at any position in the epidermis. There is, thus, no
absolute relationship between the observed pattem 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 insects®. Numerous other studies
also show that the cells interpret their position accord-
ing to their genotype and developmental history. It is as
if cels programmed to 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. 3). A good example is the
development of mesoderm taken from the presumptive
thigh region of the chick leg bud and grafted to the tip
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 insects; 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 Hox gene complexes. These are
prime candidates for recording positional value in all
animals?Z, In Drosophila, 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
Hox genes provide positional values, mutations in these
genes can cause localized abnommalities or even
homeotic transformations, where one region (e.g. a ver-
tebra) acquires the identity of a neighbouring region.
While many Hox genes are also expressed in the devel-
oping limb, their role is much less easily understood.
Induced mutations and knockouts can have varying

Drosophlia Mouse
Paracegmenis . . 5 12 35
e 8 BN T s TR , ’ 5 Somites
> ODOENOODEEgSEENNSIRESEDRREEaNNANEANAn Vertebrae
- Cervical Thoracle Lumbar Sacral Caudal
a2 A3 Aa A5AS A7 c4
[~
& Paraxial
mesoderm

c9

FIGURE 4, Hox genes provide positional values. In Drosophila, the three genes shown (Abdominal-A and -B, and Ultrabithorax) specify

thoracic and abdominal’segments. In the mouse, four gene comple
here?. Together, the four gene complexes specify positional value:
anterior borders of gene expression are sharp, but the posterior

posterior end. (Reproduced, with permission, from Ref. 26.)

xes provide positional values, but only the Hoxc complex is shown
s and so the pattern of development of the different ventebrae. The
borders are much less well defined and extend some way to the
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effects suggesting a quite complex dynamic relation
between Hox gene expression and the limb pattern.

Regeneration and intercalation

Regeneration can also be viewed in terms of pos-
itional value. 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 first 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 sets of positional values along the
main axis as well as circumferentially?3. 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 values?d. 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.

Prospects

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 Hox genes result in the
emergence of pattern. This is particularly striking in the
vertebrate limb:; what are the downstream targets of the
genes, and which cellular activities are being controlled?
For example, with the cartilaginous elements is there a
fundamental prepattern specified by a quite different
mechanism that is being modified by Hox genes® Is
cartilage 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
alter the development of an antenna into 2 leg?

Tn spite of an enormous amount of work and persua-
sive evidence for signals acting over 10-20 cell diam-
eters, the details of this process remain unknown. It is not
easy to believe that if morphogen gradients do indeed
control patten 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 French flag system
.
Positional X
value
Cut
~ = _ — =
Morphallaxis Epimorphosis
BE |
X X
v\
1

FIGURE 5. Regeneration by morphallaxis and epimorphosis.
Morphallaxis involves the specification of a new boundary at the
cut end (X) and then the alteration of intermediate positional
values. With epimorphosis, there is the generation of new
positional values from the cut end finked to growth.
(Reproduced, with permission, from Ref. 26.)

Finally, we need to understand how developmental
processes evolved?S, 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 asym-
metsic cell divisions, and patterning, as in the nema-
tode, which seems to develop on a cell-by-cell basis?
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The coevolution of gene
family trees

KARL J. FRYXELL

Gene duplication mutants arise spontaneously at a bigh
rate in bacteria, bacteriopbages, insects and mammalian
cells, and are generally viable. Thus, the rate-limiting step
in the evolutionary process of gene duplication and
divergence was probably not gene duplication per se.
Ratber, it is likely that only a small fraction of all
duplicated genes were retained, and were able to diverge
into new specificities. Furthermore, gene duplications and
JSunctionally related gene families often show similarities in
divergence dates, functional specificities, and phylogenetic
tree topologies. These correlations suggest that the family
trees of functionally related gene families coevolved
because functionally complementary gene duplication

and divergence events tended to be retained by

natural selection.

~fier duplication. That is, the duplicated gene is likely to
be lost unless it acquires a nove! 2nd usaful function,

A hypothesis

The acquisition of a novel function by a duplicated
gene could be facilitated by 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
interacting genes. The interacting genes could be dupli-
cated through a tandem or nontandem mechanism, and
could originate simultaneously, sequentially, or millions
of years later. Regardless, the duplicated genes would
tend to be lost (or mutated into pseudogenes) unless
stabilized by natural selection, which would require
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