random individuals. The primer pair used for genomic

DNA amplification is 5-TCTCCCTGGATTCT-
CATTTA-3' (forward) and 5’-TCTTTGTCTTCTGT-
TCCACC-3' (reverse). Reactions were performed in
25 plusing 1 unit of Tag DNA polymerase with each
primer at 0.4 uM; 200 pM each dATP, dTTP, dGTP,
and dCTP; and PCR buffer [10 mM tris-HCl (pH 8.3),
50 mM KCl,,1.5 mM MgCl,] in a cycle condition of
94°C for 1 min and then 35 cycles of 94°C for 30 s,
56°C for 30 s, and 72°C for 30 s followed by 72°C for
6 min. PCR products were purified (Qiagen), digested
with Xmn |, and separated in a 2% agarose gel.

32. Anonsense mutation may affect mRNA stability and
result in degradation of the transcript [L. Maquat,
Am. J. Hum. Genet. 59, 279 (1996)].

33. Data not shown; a dot blot with poly (A)*™ RNA from
50 human tissues (The Human RNA Master Blot,
7770-1, Clontech Laboratories) was hybridized with
a probe from exons 29 to 47 of MYO15 using the
same condition as Northern blot analysis (73).

34. Smith-Magenis syndrome (SMS) is due to deletions
of 17p11.2 of various sizes, the smallest of which
includes MYO15 and perhaps 20 other genes [(6);
K-S Chen, L. Potocki, J. R. Lupski, MRDD Res. Rev.
2, 122 (1996)]. MYO15 expression is easily detected
in the pituitary gland (data not shown). Haploinsuffi-
ciency for MYO15 may explain a portion of the SMS

phenotype such as short stature. Moreover, a few
SMS patients have sensorineural hearing loss, pos-
sibly because of a point mutation in MYO75 in trans
to the SMS 17p11.2 deletion.

35. R. A Fridell, data not shown.

36. K. B. Avraham et al., Nature Genet. 11, 369 (1995),
X-Z. Liu et al., ibid. 17, 268 (1997); F. Gibson et al.,
Nature 374, 62 (1995); D. Well et al., ibid., p. 60.

37. RNA was extracted from cochlea (membranous lab-
yrinths) obtained from human fetuses at 18 to 22
weeks of development in accordance with guidelines
established by the Human Research Committee at
the Brigham and Women's Hospital. Only samples
without evidence of degradation were pooled for
poly (A)* selection over oligo(dT) columns. First-
strand cDNA was prepared using an Advantage RT-
for-PCR kit (Clontech Laboratories). A portion of the
first-strand cDNA (4%) was amplified by PCR with
Advantage cDNA polymerase mix (Clontech Labora-
tories) using human MYO15-specific cligonucleotide
primers (forward, 5'-GCATGACCTGCCGGCTAAT-
GGG-3'; reverse, 5'-CTCACGGCTTCTGCATGGT-
GCTCGGCTGGC-3'). Cycling conditions were 40 s
at 94°C; 40 s at 66°C (3 cycles), 60°C (5 cycles), and
55°C (29 cycles); and 45 s at 68°C. PCR products
were visualized by ethidium bromide staining after
fractionation in a 1% agarose gel. A 688-bp PCR

Continuity in Evolution: On the
Nature of Transitions

Walter Fontana and Peter Schuster

To distinguish continuous from discontinuous evolutionary change, arelation of nearness
between phenotypes is needed. Such a relation is based on the probability of one
phenotype being accessible from another through changes in the genotype. This near-
ness relation is exemplified by calculating the shape neighborhood of a transfer RNA
secondary structure and provides a characterization of discontinuous shape transfor-
mations in RNA. The simulation of replicating and mutating RNA populations under
selection shows that sudden adaptive progress coincides mostly, but not always, with
discontinuous shape transformations. The nature of these transformations illuminates
the key role of neutral genetic drift in their realization.

A much-debated issue in evolutionary bi-
ology concerns the extent to which the
history of life has proceeded gradually or has
been punctuated by discontinuous transi-
tions at the level of phenotypes (1). Our
goal is to make the notion of a discontinu-
ous transition more precise and to under-
stand how it arises in a model of evolution-
ary adaptation.

We focus on the narrow domain of RNA
secondary structure, which is currently the
simplest computationally tractable, yet re-
alistic phenotype (2). This choice enables
the definition and exploration of concepts
that may prove useful in a wider context.
RNA secondary structures represent a
coarse level of analysis compared with the
three-dimensional structure at atomic reso-
lution. Yet, secondary structures are empir-
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ically well defined and obtain their biophys-
ical and biochemical importance from be-
ing a scaffold for the tertiary structure. For
the sake of brevity, we shall refer to second-
ary structures as “shapes.” RNA combines
in a single molecule both genotype (repli-
catable sequence) and phenotype (select-
able shape), making it ideally suited for in
vitro evolution experiments (3, 4).

To generate evolutionary histories, we
used a stochastic continuous time model of
an RNA population replicating and mutat-
ing in a capacity-constrained flow reactor
under selection (5, 6). In the laboratory, a
goal might be to find an RNA aptamer
binding specifically to a molecule (4). Al-
though in the experiment the evolutionary
end product was unknown, we thought of
its shape as being specified implicitly by the
imposed selection criterion. Because our in-
tent is to study evolutionary histories rather
than end products, we defined a target
shape in advance and assumed the replica-
tion rate of a sequence to be a function of

product is expected from amplification of the human
MYO15 cDNA. Amplification of human genomic
DNA with this primer pair would result in a 2903-bp
fragment.
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the similarity between its shape and the
target. An actual situation may involve
more than one best shape, but this does not
affect our conclusions.

An instance representing in its qualita-
tive features all the simulations we per-
formed is shown in Fig. 1A. Starting with
identical sequences folding into a random
shape, the simulation was stopped when the
population became dominated by the tar-
get, here a canonical tRNA shape. The
black curve traces the average distance to
the target (inversely related to fitness) in
the population against time. Aside from a
short initial phase, the entire history is
dominated by steps, that is, flat periods of
no appatent adaptive progress, interrupted
by sudden approaches toward the target
structure (7). However, the dominant
shapes in the population not only change at
these marked events but undergo several
fitness-neutral transformations during the
periods of no apparent progress. Although
discontinuities in the fitness trace are evi-
dent, it is entirely unclear when and on the
basis of what the series of successive phe-
notypes itself can be called continuous or
discontinuous.

A set of entities is organized into a (to-
pological) space by assigning to each entity
a system of neighborhoods. In the present
case, there are two kinds of entities: se-
quences and shapes, which are related by a
thermodynamic folding procedure. The set
of possible sequences (of fixed length) is
naturally organized into a space because
point mutations induce a canonical neigh-
borhood. The neighborhood of a sequence
consists of all its one-error mutants. The
problem is how to organize the set of pos-
sible shapes into a space. The issue arises
because, in contrast to sequences, there are
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no physical processes that directly (and
inheritably) modify shapes. Rather, trans-
formations of a shape are a complicated
consequence of changes in its underlying
sequence. To properly frame continuity in
the spirit of topology, we must understand
how one shape can be considered to be
“near” some other. We may then call a
temporal succession of sequence-shape
pairs (an evolutionary path) continuous, if
successive sequences are neighbors in se-
quence space and their corresponding
shapes are neighbors in shape space. A
topology is weaker than a metric because
the relation of nearness does not quantify
distance (or similarity). We note this to
emphasize that continuity does not hinge
on the similarity of successive shapes in
time. We next define and explore an ap-
propriate relation of nearness for RNA
shapes and then return to the discussion of
Fig. 1.

For a shape B to succeed a shape a, B
must obviously be accessible from a. Ac-

cessibility means that a sequence whose
shape is B arises by mutation from a se-
quence whose shape is a. The issue of
accessibility logically precedes any reason-
ing about the fitness of B, although fitness
will strongly affect the fate of the mutant
in a population under selection. We shall
call a shape B “near” a shape « if B is very
likely to be accessible from «. The issue
then becomes one of estimating the statis-
tical frequency with which a mutation in
a’s sequence yields the mutant shape B. It
is here that neutrality comes crucially into
play (8). When a shape « is realized by a
large class of sequences, “nearness” of B to
a comes to mean that B must arise from a
with a high probability when averaged
over all sequences folding into a. Only
then is the neighborhood of a a robust
property of a itself, independent of a par-
ticular sequence.

This notion of neighborhood is illustrat-
ed by considering a tRNA-like shape of
length 76 (9) (inset in Fig. 2A). A sample

el

of the many sequences folding into this
shape was obtained by an inverse folding
procedure (10, 11). For every sequence in
the sample, we computed all shapes realized
by its 228 one-error mutants (the sequence
neighborhood). From these data, we deter-
mined the fraction of sequence neighbor-
hoods in which a mutant shape appeared at
least once. The totality of these mutant
shapes, irrespective of how often they oc-
curred, is termed the (shape space) bound-
ary of the tRNA.

When rank-ordering the boundary
shapes with decreasing frequency, we ob-
tained Fig. 2A. The most salient feature is
a marked change in the scaling exponent,
suggesting a natural cutoff point for the
definition of neighborhood. In the present
case, the high-frequency range comprises
some 20 shapes, which we define to be
near the tRNA shape (12). These shapes
constitute the characteristic set of the
tRNA, that is, its most specific neighbor-
hood. The topmost 12 shapes are listed in
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Fig. 1. (A) Simulation of an RNA population evolving toward a tRNA target
shape (inset of Fig. 2A) in a flow reactor logistically constrained to a capacity
of 1000 sequences on average. The replication accuracy per position is
0.999. The replication rate (=fitness) of a sequence whose shape is a is given
by [0.01 + d(e, tRNA)/]~7, where! = 76 is the sequence length and d is the
distance between « and the target. Linear or exponential functions did not
affect the character of the dynamics. The initial population consisted of 1000
identical sequences folding into a random shape. The target was reached
after about 11 X 108 replications. The black trace shows the average struc-
ture distance of the shapes in the population to the target. The chain of shape
innovations linking the initial shape to the target (evolutionary path) comprises
43 shapes (77). To each of these corresponds one horizontal level placed
above the black curve. The topmost level belongs to the initial shape and the
bottom level to the target shape. For these levels, only the time axis has a
meaning. At each level, a series of red intervals represents the time periods
during which the corresponding shape was present in the population. The
green step curve indicates the transitions between shapes and hence the
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time spent by each shape on the evolutionary path. Each transition was
caused by single point mutation in the underlying sequences. The vertical
dotted lines and the labels mark transitions referred to in the text. (B)
Enlargement of the evolutionary path around event e of (A). The transition
indicated on the left (& to B) is continuous. This is shown by the fact that
is present (intermittently) in the population well before becoming a link in
the evolutionary path (green trace). In other words, B’s presence is sto-
chastically correlated with that of a, because it is near « in shape space.
The intersecting neighborhood disks (see Fig. 3) illustrate schematically
that the continuous transition from « to B stays within the neighborhood of
a. In contrast, the transition from B to vy is discontinuous, as shown by the
fact that y's presence does not correlate with B’s (mutants of sequences
folding into B do not typically fold into vy). Here, vy has a fitness advantage
and almost immediately becomes the next link in the evolutionary path. g
remains intermittently present after y's takeover. This is because B is near
v, despite the fact that vy is not near . The topological relation of nearness
need not be symmetric.
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Fig. 2B and exhibit two properties we
found to hold for all shapes whose neigh-
borhoods we studied. First, most shapes in
the characteristic set of a shape a are
highly similar to a, typically differing in a
stack size by single base pairs (13). Sec-
ond, some shapes, such as tRNAg (the
shape ranked eighth in Fig. 2B), differ by

the loss of an entire stack. The latter
finding illustrates that nearness does not
imply similarity. More importantly, it il-
lustrates that nearness is not a symmetric
relation. In fact, the tRNA shape was not

found in the characteristic set of the
tRNAg, and it did not even occur in its
boundary sample. Not surprisingly, the de-
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Fig. 2. (A) Rank-ordered frequency distribution of shapes in the tRNA boundary. A sample of 2199
sequences whose minimum free energy secondary structure is a tRNA cloverleaf (inset) was generated.
All their one-error mutants (501,372 sequences) were folded. Twenty-eight percent of the mutants
retained the original structure (that is, were neutral). The remaining 358,525 sequences realized 141,907
distinct shapes. The frequency f (a) is the number of one-error neighborhoods in which a appeared at
least once, divided by the number of sequences in the sample. The logarithm-logarithm plot shows the
rank of a versus f (a). Rank n means the nth most frequent shape. The dotted line indicates a change in
the slope that we take to naturally delimit the high-frequency domain (to the left) whose shapes form the
characteristic set of the tRNA. (B) The 12 highest ranked shapes (left to right, top to bottom) in the
characteristic set.
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struction of a structural element through a
single point mutation is easier than its
creation. Although the high frequency of
the event is surprising, it is ultimately a
consequence of the average base pair com-
position of stacks and the markedly differ-
ent stacking energies of AU and GC base
pairs (12).

The tRNA boundary has an intriguing
property. Intersections with large samples of
coarse-grained random shapes of the same
length support the conjecture that all com-
mon coarse-grained shapes occur in the
boundary of any common shape (9, 14).
This conjecture was verified in the case of
the exhaustively folded binary (GC-only)
sequence space of length 25.

We may visualize the neighborhood
structure (the topology) on the set of all
shapes as a directed graph. Each shape is
represented by a node. Directed edges fan
out from a node a to the nodes in its
characteristic set. We can think of a con-
tinuous transformation of shape a into
shape B as a connected path in the graph
that follows the direction of the edges.
Discontinuous transformations are transi-
tions between disconnected components
of the graph.

The preceding data enable us to char-
acterize continuous transformations as
those structural rearrangements that fine-
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Three groups of transformations are shown. (A) The loss and formation of
a base pair adjacent to a stack are both continuous. (B) The opening of a
constrained stack (for example, closing a multiloop) is continuous, where-
as its creation is discontinuous. This result reflects the fact that the forma-
tion of a long helix between two unpaired random segments upon mutation
of a single position is a highly improbable event, whereas the unzipping of
a random helix is likely to occur as soon as a mutation blocks one of its
base pairs. (C) Generalized shifts are discontinucus transformations in
which one strand of a helix slides past the other. After the shift, the two
strand segments may or may not overlap. Accordingly, we partition gen-
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eralized shifts into the four classes shown. The intersecting disks are a
schematic representation of continuous and discontinuous transitions
between two shapes « and B. The disk with center a stands for the set
of shapes that are near a, and the disk with center B stands for the set
of shapes that are near B. If B is @ member of a’s disk (neighborhood), a
transition from a to B is continuous (solid arrow). A discontinuous transi-
tion leaves the neighborhood of a (dashed arrow). Even if a and B are
highly dissimilar, o might nonetheless be transformed continuously into
B through intermediate shapes whose neighborhoods have sufficient
overlap.
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tune a shape architecture in a sequential
fashion by lengthening or shortening
stacks or that destroy a stack element and
the loop implied by it (Fig. 3). Discontin-
uous transformations are characterized by
the two remaining possible structural
changes: (i) the creation of a long stack in
a single step and (ii) generalized shifts
(Fig. 3). For example, one strand of a
stacked region slides past the other by a
few positions (simple shift). Notice here
that structural similarity does not imply
nearness. Both types of discontinuous
transformations require the synchronous
participation of several bases (or base
pairs) in a fashion that cannot be sequen-
tialized on thermodynamic grounds (15).

A pertinent issue is whether the folding
map from sequences to shapes is continuous
in our topology, that is, whether the shapes
realized in the sequence neighborhood of a
particular sequence folding into « are in the
neighborhood of «. It turns out that the
folding map is almost nowhere continuous.
Many of the frequent shapes assumed by the
one-error mutants of a sequence folding
into a are not members of the characteristic
set of a, and those that are do not always
occur with high frequency. Each sequence
folding into « has, therefore, its own spe-
cific set of accessible shapes. Yet, the local
peculiarities disappear and a shape-specific
neighborhood is obtained when averaging
over a sufficiently large sample of sequences
folding into a.

Equipped with this fitness-independent
notion of (dis)continuous shape transfor-
mations, we resume the discussion of Fig. 1.
To obtain an evolutionary path in shape
space, we recorded during a simulation all
mutation events that produced a new shape.
“New” means here that the shape is not
present in the population at the time it is
produced, although it may have been
present in the past. For each shape ever
seen, we obtained a series of presence inter-
vals delimited by the shape’s entrance and
exit times in the population. We define an
evolutionary path, oo, _jo,_5 ... 0y
... @, retrospectively by searching in the
history log for the shape a,_,, which first
gave rise to the target shape o, and next
obtaining the shape «,_,, which started
that presence interval of o _; during which
o, was produced, and so on until an initial
shape a is reached. This back track recon-
structs the unique uninterrupted chain of
shape innovations that led from an initial
shape to the evolutionary end product. This
chain is defined without regard to fitness or
to the frequency of a shape in the popula-
tion (16). The path is continuous at the ith
succession, if the sequences underlying the
ith shape innovation differ by a single point
mutation (which they typically do at high
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replication accuracy) and if shape o, is
near o, in the sense defined above.

The evolutionary path (green trace) of
Fig. 1A comprises 43 shapes (17). Their
presence intervals during the entire history
are shown in red, with one horizontal level
for each shape. The patterns of presence
intervals confirm and nicely visualize the
nearness relation just developed. When a
shape « is succeeded by a shape B that is
near o, f is present intermittently in the
population well before becoming part of the
path (Fig. 1B). That is, once « is present,
is unavoidable, and a transition to B is
continuous. Conversely, at a discontinuous
transition, when a is succeeded by a shape
B that is not near «,  almost always has its
first ever appearance just before that tran-
sition (Fig. 1B). Seen together, the presence
intervals of successive shapes on the path
form blocks of continuous (within-neigh-
borhood) transitions, separated by discon-
tinuous transitions (neighborhood escapes).

In all computer simulations, we ob-
served a few basic patterns of events that
combine to form particular histories.
When starting with a random shape, there
is a short initial phase of a few discontin-
uous transitions rapidly decreasing the dis-
tance to the target. This is understood by
noting that many modifications of a ran-
dom shape increase its similarity to a (ran-
dom) target and by recalling that such
modifications are accessible in the local
neighborhood of any random sequence
(discontinuity of the folding map). Both
properties effectively establish a funnel in
shape space enabling fast relaxation to a
level of similarity beyond which adapta-
tion becomes harder. Then the character
of evolutionary dynamics changes.

In the second phase, the population lev-
el (as monitored by distance to rarget) is
entirely dominated by punctuation events.
The point is that these events do mostly,
but not always, line up with discontinuous
transitions on the evolutionary path. In Fig.
1A, events a and b are rapid (18) succes-
sions of continuous transitions shortening
and elongating stacks by single base pairs.
This shows that sudden changes in fitness
do not imply discontinuous phenotypic
transformations. The reverse is not true ei-
ther, as shown by the discontinuous shift
event ¢, which is silent in terms of fitness.
All remaining fitness changes do, however,
coincide with discontinuous transitions in
shape space. These discontinuous transi-
tions are the simple shift events e, g, h, i,
the double flip (d), and the flip (f) (19). An
ancestral shape that has been on the path in
the distant past is reoccurring (but not on
the path) several discontinuous transitions
thereafter (event j in Fig. 1A), arising by a
single point mutation from shapes currently

on the path. This is a molecular version of
atavism.

Given its nature, a discontinuous trans-
formation can be triggered by a single point
mutation only if the rest of the sequence
provides the appropriate context. Such se-
quences are severely constrained and hence
rare. When a phenotype is under strong
selection, neutral drift is the only means for
producing the required genotypic context
(6, 20). This is why discontinuous transi-
tions are preceded by extended periods of
neutral drift in Fig. 1A.

The concept of evolutionary continuity
cannot be separated from an understanding
of the relation between genotype and phe-
notype. It is indeed defined by it. A neces-
sary step toward formalizing the concept of
punctuated equilibrium is the study of the
fitness-independent topological structure of
phenotype space induced by the genotype-
phenotype map. In a final analysis, punctu-
ation may turn out to be a phenomenon
intrinsic to an evolving entity and less de-
pendent on external contingencies than
hitherto assumed.
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about 4300 replications occurred per time unit,
whereas during the latter this number rose to
10,800.

19. Discontinuous transitions may trigger a cascade of
continuous events. On a few occasions, continuous
transitions hitchhike on discontinuous ones. For ex-

Noggin, Cartilage Morphogenesis, and
Joint Formation in the Mammalian Skeleton
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Noggin is a bone morphogenetic protein (BMP) antagonist expressed in Spemann’s
organizer. Murine Noggin is expressed in condensing cartilage and immature chondro-
cytes, as are many BMPs. In mice lacking Noggin, cartilage condensations initiated
normally but developed hyperplasia, and initiation of joint development failed as mea-
sured by the expression of growth and differentiation factor-5. The maturation of car-
tilage and Hoxd expression were unaffected. Excess BMP activity in the absence of
Noggin antagonism may enhance the recruitment of cells into cartilage, resulting in
oversized growth plates; chondrocytes are also refractory to joint-inducing positional

cues.

The bones of the developing limb bud are
formed by condensations of chondrocytes
followed by endochondral ossification.
Postembryonic growth continues at the
growth plates, at the ends of the bones (1).
A series of inductive events determines the
sizes and shapes of individual limb skeletal
elements (2). Many growth factors of the
BMP family have been implicated in limb
growth and patterning (3). BMP2Z and
BMP4, for example, when overexpressed
during chick limb development alter the
size and shape of the long bones, probably
by increasing recruitment of nondifferenti-
ated limb mesenchyme into the chondro-
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genic pathway (4, 5). The joints are formed
after the initial cartilage condensation and
are first recognized histologically by an in-
crease in cell density. Cell death and cavi-
tation follows (I1). The location of the
joints defines the layout of the skeleton.
Growth and differentiation factor-5 (GDEF-
5), a divergent member of the BMP family,
is implicated in joint specification through
its expression in prospective joints and its
disruption in the brachypodism mouse muta-
tion (6).

BMP activities may be modulated not
only through gene expression and protein
processing, but also by interaction with an-
tagonists such as Noggin and Chordin (7).
Here we show that Noggin expression is
essential for proper skeletal development;
excess BMP activity in the Noggin null

“ mutant resulted in excess cartilage and fail-

ure to initiate joint formation.
A null mutation was made in the mouse
gene Noggin by replacing the coding se-

ample, a major rearrangement, such as a double flip,
may involve the simultaneous elongation of a stack
formed in the event.
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quence with the lacZ gene, deleting all but
10 NH,-terminal residues of Noggin. The
effect of this mutation on the central ner-
vous system and somite patterning is dis-
cussed elsewhere (8). This null mutation
should cause overactivity of BMP proteins,
because the BMP antagonist, Noggin, has
been removed.

Although heterozygous embryos are nor-
mal, all skeletal structures are abnormal in
the homozygous mutant, with striking de-
fects in the vertebrae, ribs, and limbs (Fig.
1). The severity of the axial defects increas-
es caudally. The skull and cervical vertebrae
are nearly normal, but the thoracic verte-
brae are fused, fail to close dorsally, and do
not develop a neural arch, and the lumbar
and tail vertebrae are missing. The ribs are
abnormally few and branched, and sternal
bands fail to fuse completely (9). Alizarin
red staining of bone shows that the sched-
ule of ossification for both axial and limb
skeleton in the homozygous mutant appears

- normal. Although defects in the axial skel-

eton suggest that Noggin affects cartilage
development, the early action of Noggin in
midline patterning complicates interpreta-
tion of the phenotype (8). Consequently,
we focused our analysis on the limb.

The mutant limbs are shorter than those
of the wild type and broadened along the
anterior-posterior axis (Fig. 1D). Fusion of
the joints is particularly evident at the el-
bow, where the radius and humerus are
joined by a continuous ossification. The
digits have secondary fusions and occasion-
al cartilaginous spurs, and they lack joints.

We analyzed normal Noggin expression
in heterozygous embryos using the lacZ
transgene (Fig. 2A) (10). In situ hybridiza-
tion (11) of a Noggin antisense probe to
whole embryos or sectioned limbs con-
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