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Punctuated Evolution of Embryos
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Development must do more than simply
convert an egg into an adult: It must do so
in a way that ensures survival to a repro-
ductive age. For animals that bear live
young, such as most mammals, the mater-
nal parent assumes much of this responsi-
bility. But for the vast majority of animals,
including most insects, fishes, amphibians,
and marine invertebrates, embryos and lar-
vae are left to their own resources. Com-
parative embryologists have long recog-

bambae are quite different from those of
other frogs. These are modifications in de-
velopmental processes that have tradition-
ally been viewed as invariant within par-
ticular classes or phyla.

Surprisingly, these evolutionary modifi-
cations in development are not correlated
with changes in adult morphology but in-
stead vary with changes in life history strat-
egy. In each case, the species with unusual
developmental mechanisms have larvae

Third, and perhaps most convincing,
parallel developmental changes have evolved
during “replicate” shifts in life history strat-
egy. In sea urchins, larval feeding has been
lost at least 20 times. In all species with
nonfeeding larvae examined thus far, paral-
lel changes have evolved to increase egg
size, alter cleavage geometry, truncate lar-
val morphogenesis, accelerate the forma-
tion of the adult rudiment, decrease the
time to metamorphosis, and change the ex-
pression of a variety of genes (7). These as-
sociations are highly significant by the con-
centrated changes test (7), which calcu-
lates the likelihood that such correlations
could arise by chance (8). A similar situa-
tion exists in amphibians, where nonfeed-
ing larvae have also evolved on multiple
occasions, often accompanied by loss of lar-

nized the importance of special ad-
aptations in assisting survival dur-
ing early development in these
groups (1): Caterpillars store tox-
ins that predators find distasteful,
starfish larvae carry prominent at-
tachment structures needed for
settlement on the ocean floor, and
tadpoles gather and digest food dif-
ferently from adult frogs. New re-
search has begun to document the
evolutionary changes that underlie
the unique developmental strate-
gies of these embryos and larvae.
The results challenge traditional

val feeding structures, precocious
development of limbs, and reduced
time to metamorphosis (9).
Additional evidence for the as-
sociation between changes in life
history strategy and developmental
mechanisms is beginning to emerge
from other taxa. Axis formation
and early cell lineages are substan-
tially modified in a nemertean with
nonfeeding larvae, and highly de-
rived modes of gastrulation and
coelom formation have evolved in
a starfish with nonfeeding larvae
(10). In insects, some gene prod-

explanations for why development
evolves and provide intriguing
glimpses of how developmental
mechanisms may change over geo-
logical time.

Divergence in developmental mecha-
nisms among closely related species has
been studied most intensively in the genera
Heliocidaris (sea urchins), Eleutherodactylus
and Gastrotheca (frogs), and Molgula (ascid-
ians) (2). In each case, comparisons among
similar species have uncovered modifica-
tions in a variety of crucial developmental
processes: the expression of regulatory and
structural gene products during oogenesis
and embryogenesis (3); the timing, loca-
tion, and mechanisms of cell fate specifica-
tion (4); and the movements of cells during
gastrulation and later morphogenesis (5).
These modifications are as large as any
known within the wider groups to which
these genera belong. For example, the dor-
soventral axis is committed earlier in Helio-
cidaris erythrogramma than in H. tuberculata
and other urchins; fewer muscle cell precur-
sors are specified in Molgula occulta than in
M. occulata and other ascidians; and gastru-
lation cell movements in Gastrotheca rio-
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Fig. 1. Uncoupled evolution of sea urchin larvae. Feeding pluteus
larva of Heliocidaris tuberculata (left) and nonfeeding schmoo larva
of Heliocidaris erythrogramma (right), both at 3 days after fertilization.
The adults to which these larvae give rise are morphologically very
similar.

that are morphologically not characteristic
of the group (Fig. 1) and have lost the abil-
ity to either feed (urchins and frogs) or dis-
perse (ascidians). These are functionally
significant changes for the organism: The
loss of larval feeding or dispersal can have a
significant impact on the survivorship of
offspring, on local population structure,
and perhaps on probabilities of speciation
and extinction (6).

This correlation between modifications
in developmental mechanism and life his-
tory is unlikely to be coincidental. First, the
developmental changes seem to occur only
in species with modified life history strate-
gies. In all three phyla, enough species have
been examined now to make a chance asso-
ciation unlikely. Second, many of the
changes make functional sense as adapta-
tions for the derived life history strategy.
For example, where larval feeding has been
lost, genes with products that are involved
in feeding are sometimes no longer ex-
pressed, and in species where predation on
larvae is intense, some genes involved in
building adult structures are expressed ear-

lier (3, 7).
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ucts with roles in pattern forma-
tion are expressed in spatial and
temporal patterns that are better
correlated with germ band length,
a life history trait, than with adult
morphology (11).

A few species with modified life histo-
ries exhibit only some of the changes in lar-
val morphology and developmental mecha-
nism, suggesting that it is larval ecology
that drives changes in development and not
vice versa. If these evolutionary changes in
developmental mechanism are truly driven
by changes in life history rather than adult
morphology (7, 9), then selection can act
on developmental mechanisms to alter lar-
val phenotypes directly, independent of
changes in adult phenotype.

An unexpected finding of this recent re-
search concerns the tempo and mode of
evolutionary changes in development. Clas-
sical and modern developmental studies
provide many examples of exceptionally
conservative developmental processes—
such as spiral cleavage in annelids and mol-
lusks and positional specification along the
anteroposterior body axis by the HoxyHOM
gene complex in arthropods and chordates.
In both cases, the structural and functional
similarities between the two groups are so
extensive that a single common origin is
the only reasonable interpretation (12). Be-
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Fig. 2. Punctuated evolution of sea urchin development. Sea urchins
have switched from feeding to nonfeeding larval development on several
occasions (colored boxes). In each case, several parallel, functionally sig-
nificant changes have evolved in underlying developmental mechanisms,

cause the phyla that contain these features
had diverged by the early Cambrian (over
half a billion years ago), spiral cleavage and
the Hox/HOM complex are probably very
ancient. These cases, and others like them,
are often cited as evidence that early devel-
opment evolves very slowly (13).

But sea urchins, ascidians, and frogs do
not fit this hypothesis of slow developmen-
tal evolution. Instead, molecular compari-
sons and fossil evidence suggest that func-
tionally profound changes in developmen-
tal mechanisms can evolve quite rapidly.
Within the sea urchin genus Heliocidaris,
divergence times between species with very
different developmental mechanisms are
less than 10 million years (14). In contrast,
the ancestral developmental mechanisms
have persisted for nearly half a billion
years, a conclusion that is based on the
shared presence of these mechanisms in
species that diverged from urchins just after
the Cambrian (15). A similar situation may
exist in ascidians, although the divergence
times are not as well resolved (16).

Long periods of little net change, with
functionally minor modifications in devel-
opmental mechanisms and larvae, seem to
be the normal mode of evolution (Fig. 2).
This near stasis is interrupted on occasion
by rapid, extensive, and mechanistically
significant changes that coincide with
switches in life history strategy. Evaluating
whether this evolutionary dynamic corre-
sponds to the concept of punctuated equi-
librium as originally articulated (17) will
require better estimates of divergence times
that closely bracket evolutionary changes
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in developmental mechanisms (15). It is al-
ready clear, however, that rapid modifica-
tions can arise in developmental mecha-
nisms that have been conserved for hun-
dreds of millions of years.

These notions contrast with the tradi-
tional view of developmental evolution,
which regards early development as highly
conservative and predicts that modifica-
tions in embryogenesis will cause major
changes in adult morphology (13). The
new evidence does not completely falsify
the traditional interpretation, but it does
require its modification. Some develop-
mental mechanisms are directly required to
build particular adult morphologies and
therefore must be evolutionarily conserved.
However, other developmental mecha-
nisms may change extensively, such as ad-

" aptations to particular life history strate-

gies. Over the next several years, it will be
interesting to see whether uncoupled and
punctuated modes of developmental evolu-
tion are found in other taxa or in associa-
tion with other common life history trans-
formations such as the origin of parasitism,
coloniality, and brooding.
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