Problems and paradigms

Does evolution in body
patterning genes drive
morphological change—
or vice versa?
Graham E. Budd
Summary

Increased understanding of the regulation of body patterning genes in development, especially the homeotic genes, has led to the revival of ideas suggesting
that ‘‘saltational’’ modes of evolution are important. However, such models are
problematic on the grounds of functional continuity and population genetics, and
the more dramatic scenarios rely on an overinterpretation of the taxonomic
hierarchy. This article proposes an alternative model for the evolution of Hox gene
expression, stressing the need for incremental functional integration. One surprising implication of the model would be that mutations in Hox genes and their
regulators have virtually no primary role in driving morphological evolution. Rather,
morphological change through microevolutionary adaptation comes first, with Hox
expression shifting only afterwards, presumably to make the building of the
new body pattern more efficient or more stable. Such a model has affinities to
Waddington’s ‘‘genetic assimilation’’ but invokes discrete rather than continuous
shifts in control of a particular morphology. BioEssays 21:326–332, 1999.
r 1999 John Wiley & Sons, Inc.
Introduction
The evolutionary emergence of the principal ‘‘body plans’’ of
the animal phyla has, after a period in the doldrums, regained
the central interest(1–3) it commanded at the end of the last
century.(4,5) Today, a battery of data—from paleontology to
developmental and cell biology—is being assembled to attack the problems it poses. Continued elucidation of the
developmental processes that lead to the adult form of a
metazoan has, in particular, led to a relatively common and
distinctive view of how such a form might have evolved.
Briefly, although gene interactions are actually highly complex, involving feedback and repeated gene expression at
different times, the process may be viewed as a hierarchical
cascade of transcriptional activation or silencing, which becomes more specific during the course of development.(6)

Correspondence to: Graham E. Budd, Department of Earth Sciences,
Historical Geology and Palaeontology, Uppsala University, Norbyvägen 22, Uppsala S-752 36, Sweden. E-mail: graham.budd@pal.uu.se
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Early genes set up domains that determine fundamental axes
such as the anteroposterior and dorsoventral, along which
broad body regions, segments, and specific segment identities are successively determined. The Hox genes have been
a focus of particular interest, which act as intermediaries
between the ‘‘higher’’ body-patterning genes and the downstream gene products that actually build structures such as
limbs and eyes.(7) In such a hierarchy, mutations at a
particular level necessarily affect processes that are initiated
later in development, but not before. Thus, the higher the
level of mutation, the more profound the effects one might
expect it to have on adult phenotype.(3) Whereas mutations in
downstream genes (and low-level Hox genes) might cause
subtle shifts in morphology, Hox gene mutations can also
cause wholesale reassignment of local identity (e.g., the
transformation of an arthropod segment into a different one).
Even higher mutations, at the level of the ‘‘segmentation’’
genes, for example, cause more or less grotesque malformations of the entire body pattern.(8)
Although these mutations and their effects are easily
demonstrated in the laboratory, have they had any effect on
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the actual evolution of body plans through time, from their
apparent establishment near the beginning of the Phanerozoic(1)? The literalist answer has been to invoke such massive
mutations as indeed providing the basis for new body
plans.(2,9,10) Given that differences in the homeotic gene
hierarchy broadly correspond to the taxonomic hierarchy,
there has been a temptation to equate the two.(2,10) It has also
been recently argued that changes in large-scale expression
of Hox genes—or even in numbers of Hox genes—were
causally effective in driving profound reorganization of the
body plan.(10) In such a view, ‘‘class’’ as well as ‘‘phylum’’ level
differences would be established first in an evolutionary
divergence, followed by differences at the ‘‘order,’’ ‘‘family,’’
and ‘‘genus’’ levels—shifts that become increasingly trivial.
Some support for such views has been gleaned from
studies demonstrating (for example) correlation between
identity of crustacean thoracic limbs and homeotic domain
boundaries,(11) evidence that has been taken to suggest that
changes in homeotic gene expression are causally correlated
with evolution of arthropod body plans. Certainly, the fossil
record strongly demonstrates a history of segment diversification in arthropods,(12,13) which could be read as documenting
the history of homeotic mutations.
Overall, such ‘‘neo-Goldschmidtian’’ models are attractive,
in that they suggest that dramatic homeotic transformations
may play a crucial role in evolution. However, they create
severe difficulties from an adaptive point of view, as they run
foul of ‘‘Fisher’s principle’’(3,14) that macromutations are unlikely to convey adaptive advantage. For example, the feeding appendages of crustaceans typically form functionally
complex and integrated units,(15) and it would require modification to an entire set of appendages before a homeotically
transformed appendage could be functionally integrated into
them to advantage. Thus, even if single mutations in homeotic genes can provide a working and radically different
appendage morphology in a particular segment, this is only
half the story of evolutionary success. At least as important
would be integration of the new morphology into the functional complex that is an animal as a whole. Sudden acquisition of a new feeding appendage would be extremely unlikely
to be advantageous unless the other feeding appendages
were themselves adapted to incorporate it into their often
complex mode of operation, to say nothing of corresponding
changes to nerves and muscles that would be required.(16,17)
As a further example, ‘‘bithoracic’’ flies are incapable of flight,
not only because homeotic mutations that generate the extra
pair of wings do not also transform the appropriate musculature,(16) but also because the overall aerodynamic design of
the fly has evolved for one and not two pairs of wings.
The concatenation of simultaneous change required to
generate a successful saltationally evolved organism thus
seems to stretch to the limit the idea that, give enough time,
such a felicitious combination of mutations will occur. These

problems become even more acute at higher levels, where
the literalist reading of homeotic or segmentation gene
mutations or duplications would seem to imply dramatic new
body plans suddenly emerging and, at the extreme, scenarios
such as the development of, for example, a ‘‘proto-mollusk’’
from a nematode have been contemplated.(10)
Objections to saltational models
Apart from the difficulties posed by functional arguments
discussed above, saltational models also seem to rely on
certain important (but rarely discussed) conceptual misapprehensions, of which there are at least four. The first is that one
can doubt whether appeal to very rare combinations of events
should be counted as a scientific hypothesis at all. Clearly, the
logical possibility of a complex ‘‘body plan’’ suddenly appearing cannot be ruled out. Nevertheless, models that invoke
such events are in one sense only narrative and ad hoc: by
treating the origins of body plans as a ‘‘black box’’ of
extremely rare random change, they are not thereby offering
an explanation of these events, merely postulating that they
might occur— often in the face of what other evidence might
suggest. Worse, because they make no appeal to general
principles, such ‘‘explanations’’ cannot have any predictive
power. More satisfactory would be a model of body plan origin
that involves an appeal to more general evolutionary principles, such as population genetics and natural selection.
The second problem is the invalid application of explanations appropriate to population genetics to evolutionary patterns. If a fly with one pair of wings produces an offspring that
possesses two pairs, one very likely explanation is that one or
more homeotic mutations have occurred. However, consider
two families of flies, one characterized by one pair of wings,
the other with two wings: are we to say that a homeotic
mutation was responsible for the shift between the two
states? Without knowledge of the detailed evolutionary routes
by which each family came about, such a suggestion could be
ruled neither in nor out. In other words, mere documentation
of a homeotic pattern in a set of animals is not the same as
demonstrating homeotic mutations.
Third, these models place an over-reliance on the taxonomic hierarchy as a guide to evolution (Fig. 1), suggesting
that the origins of phyla involve ‘‘big’’ mutations, origins of
classes slighter ‘‘smaller’’ mutations, and so on.(3,10) Classifications by definition embody perceived differences (or, more
properly, shared similarities) between organisms. It is therefore no surprise that higher levels of a taxonomic hierarchy
embody relatively profound, and the lower levels, relatively
minor differences: by definition that is the job they are
required to perform. However, this purely classificatory scheme
cannot give any clues as to how these differences emerged
through time, and the fact that differences at the various
developmental levels can be broadly correlated with ‘‘classes,’’
and so on tells us nothing on this subject. In fact, it would be
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Figure 1. Differing perspectives of classification alter notions of how body-plans evolve. A: By considering the classification scheme as being all-encompassing, the essential
features of body plans are forced suddenly to accumulate at
the base of the new group, giving an emphasis to saltational
notions of evolution. Here, the postulated sudden appearance
of a phylum might imply a dramatic mechanism such as a
change in the number of Hox genes.(8) B: Crown- and
stem-group concepts. Although the extant phyla are still
defined as they are in A, here it is recognized that they each
have a stem group of entirely extinct taxa leading up to them,
from an initially identical ancestral form. The stem group
provides an ‘‘evolutionary space’’ in which major body-plan
differences can progressively accumulate without sudden
reorganizations.

more surprising if systematic developmental differences were
not broadly correlated with the taxonomic hierarchy. There is
a logical flaw in attempts to talk about ‘‘phylum level evolution’’(e.g., refs. (3) and (10)). If the taxonomic hierarchy truly
reflected a ‘‘top-down’’ pattern of evolution, so that ‘‘body
plans’’ were suddenly generated, one would be entitled to ask
what sorts of animals were being thus generated. If a
proto-mollusk suddenly emerged, one might want to inquire
as to what the details of its morphology were—where it had
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sensory papillae or a shell, what shape its gills were, and so
on. In this scenario, there could be no answer to these
questions, because these would be ‘‘order’’ or ‘‘family’’ features, yet to emerge. Even so, such a model of evolution
might be the only one available if the modern classificatory
system were all-encompassing, so that all organisms could
be placed in a particular extant phylum, or a particular class.
However, it must be stressed that many fossil organisms do
not lie in these groupings, instead forming ‘‘stem groups’’ to
the extant ‘‘crown groups,’’ which consist of the last common
ancestor of all the living forms plus all its descendants.(18)
Unlike the static concept of a phylum, stem groups can be
shown to demonstrate successive evolutionary divergence
from a last common ancestor.(19–21) Thus they offer an
‘‘evolutionary space’’ in which major body-plan differences
may accumulate without postulating dramatic morphological
shifts suddenly occurring at the bases of the phyla or classes
(Fig. 1).
The fourth flaw in such saltational models—and the
potential key to their replacement—is that they assume that
the effects of mutations at a particular level in the developmental hierarchy have always been the same. The very nature of
regulatory genes, however, means that their mutations do not
have direct morphological effects, but only affect the expression of genes that are regulated by them. If these lower genes
have themselves evolved, the effects of mutations in the
regulatory framework will also have shifted through time. For
example, demonstration of dramatic morphological effects of
a particular mutation such as Haltere mimic, which converts
the wing of Drosophila into a haltere(22) does not mean that a
mutation at this locus has always had this effect. Before
halteres originally evolved, it would clearly have caused a
different morphological change. As will be proposed below,
not only can scenarios be imagined in which, for example,
homeotic mutations have little or no morphological effect,
these situations might arise through selective pressures.
Even if homeotic genes have always played a role in setting
up a positional grid within which morphogenesis takes place,
their ‘‘homeotic’’ nature (in the sense that their mutations
cause large-scale ectopic expression of morphology) is not
something essential to the genes themselves but is rather a
matter of contingency. This in turn suggests that the ‘‘homeotic’’ character of homeotic genes could be a derived feature in
particular lineages.
The idea that quantum large-scale changes in Hox gene
expression are causally effective for morphological change is
therefore at best problematic. It invokes implausible simultaneous shifts in form and function (of which the homeotic
transformation itself might be only one among many), and it
embodies the fallacy that mutations in regulative genes and
their enhancers had the same morphological effect in the past
as they do now, whereas in fact their effect really relies on the
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role of the genes they regulate, a role that is sure to have
shifted.
Gradual modification of homeotic domains?
There are two broad alternatives to this scenario. The first is
that Hox spatiotemporal expression has shifted gradually in
the evolution of development, suggesting that the apparently
distinct and well-defined domains of gene expression in
extant animals have in previously been much more
blurred,(11,23) a model supported by of the low degree of
penetrance of many homeotic mutations. In other words, the
traditional ‘‘selector gene’’ model of homeotic gene function is
to a certain extent illusory (see discussion in ref. (21)), and a
model of more fluid homeotic gene evolution involving changes
in both region of expression and degree of penetrance should
be contemplated.
Although attractive, this model nevertheless presents
some problems. First, it implies that the relatively clear-cut
nature of homeotic domains in living organisms is a feature
that has been separately derived every time a segment has
changed identity, and it is unclear, under this scheme, what
the benefits of such sharpness of segment definition would
be. Indeed, if the evolution of segment identity has occurred
only by this gradual process, why is it possible to recognise
distinct body region boundaries at all? Second, it is unclear
how such a model could, in principle, be applied to the
evolution of other body-patterning genes such as the ‘‘segmentation’’ genes,(8) which present essentially the same problems. Third, the very existence of homeotic mutations that do
decide the identities of entire regions, coupled with this
generally distinct nature of homeotic domains, suggests that
a real level of regulation exists that is independent of minor
ectopic gene expression,(10) and apparent evolution at this
level requires explanation. Even in this case, though, there is
still no need to invoke implausible macromutation. It is
possible to maintain the precision of homeotic domains while
only allowing adaptive microevolution. In the following model,
rather than changes in regulation of homeotic genes causing
segment identity shift, they are enabled by them, so that the
morphology changes before the underpinning genetic mechanism does.
‘‘Homeotic takeover’’
The key to such a model is the recognition that although
morphology is determined hierarchically, each level of the
hierarchy has a certain degree of flexibility built into it. This
flexibility arises both because of varying degrees of gene
penetrance(23) and because of changes that might occur at
lower levels in the developmental hierarchy. If as a result of
this flexibility, a particular level is able to mimic the morphological effects normally produced by a level above it, the function
of effective cause of the morphology may be transferred from
the lower level to the higher, which here is referred to as

‘‘homeotic takeover.’’ For example, in the case of the crustacean data previously discussed,(11) adaptive modification of a
combination of more localized homeotic gene regulators and
downstream gene expression, which are known to be able to
produce variations in segment and limb morphology,(24) could
lead to a thoracic appendage adaptively evolving to mimic a
more anterior feeding appendage, while maintaining a broader
homeotic identity in common with other, unmodified, thoracic
limbs (Fig. 2). Crucially, during this transformation, the preexisting feeding appendages, neural structure, and other
relevant morphological features could also progressively be
modified in order to accommodate the new feeding appendage. At such a point when the transforming appendage is
functionally and morphologically virtually identical to the
original feeding appendages, the shift in overall homeotic
domain may occur, with minimal morphological and functional
disruption (Fig. 2).
Some concrete data supporting this view come from the
experimental work of Waddington and colleagues (see ref.
(25) and references therein). This work stresses that the
same phenotype can be produced by different genetic mechanisms, as well as environmentally. For example, his work on
genetic assimilation of Bithorax suggests that two wing-pair
flies can be progresssively produced by polygenic changes
spread across three chromosomes, as well as by the more
familiar route of loss-of-function mutations at the Ultrabithorax locus. In evolutionary terms, one can envisage the first
process occurring over several generations, involving many
minor mutations (or the bringing to light of hitherto unexpressed genetic variation(25)), with the accumulated changes
fixed in the population either by slight action of natural
selection or, if they are more neutral in effect, by drift. When
phenocopies of extreme bithoracic flies have been formed in
this way, control of the phenotype could then shift to the Ubx
locus by the appropriate mutations, without any dramatic
morphological shifts.
Such a hypothesis allows the quantized shifts in homeotic
gene expression known from mutation studies in the extant
fauna to be integrated into a microveolutionary model of
evolution that requires major regulatory reorganization to be
anticipated by adaptive changes. When homeotic mutations
occur, their morphological effects are minimized. These shifts
in regulatory organization might themselves be selectively
favored, not because of their (minimal) morphological consequences, but because they would represent the most efficient, stable and simple way of building a particular body plan.
Indeed, this selection pressure may in principle explain both
the initial assembly and subsequent maintainance of Hox
gene clusters and their cis-regulation.(3,26)
One difficulty with this model is that the original differentiation of segments within a broad homeotic domain relies on
there being some sort of initial developmental difference
existing between segments (selective pressures could other-
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Figure 2. ‘‘Homeotic takeover.’’ Morphological anticipation
of homeotic transformation in the evolution of arthropod trunk
segments. Schematic diagrams represent trunks with appendages, divided into two homeotic domains. Graphs depict level
of functional integration: pink–red, functional affinity of different segments. Modulation of local homeotic gene regulation
and downstream genes enables gradualistic adaptive modification of segment O while also allowing it to be functionally
integrated with other appendages. Shift in large-scale homeotic domains (caused by mutations in high-level regulation) can
then occur and be selected for on efficiency grounds without
morphological or functional disruption.

wise only act on all the segments at once, and no differentiation could occur). This additional information could conceivably come from three sources: nonhomeotic, cues from other
morphological structures such as the gut(27); by genetic
assimilation of original developmental plasticity; or by use of a
simple anteroposterior gradient along the animal. In many
basal arthropods, such as the trilobites, although the trunk
segments are all essentially identical (and plausibly belong in
the same homeotic domain), they nevertheless show a
distinct anteroposterior size gradient.
The ‘‘homeotic takeover’’ model could be tested in two
ways. First, it is important to discover whether or not the
regulatory roles of Hox genes are organized in a genuinely
hierarchical manner, as has been suggested.(10) This is an
important empirical question, and answering it would allow
the question of whether minor changes at the boundaries of
homeotic domains are variations within a particular domain
(but at a lower level in the hierarchy), or modifications of it to
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be addressed.(23) For example, arthropod segments of intermediate morphology, such as that bearing the second thoracic limb of the mysid Mysidium colombiae(11), require
investigation to see what homeotic identity they possess. The
report of weak Ubx-abdA expression in this limb(11) implies
that a quantum change in identity in this case may be ruled
out. What remains to be seen is whether such intermediate
Hox gene expression should be seen as the result of blurring
between two homeotic domains (perhaps by a mosaic of
expression patterns (23)) or whether it indicates gene expression shifts at lower homeotic levels, whilst still retaining a
broader thoracic identity determined at a higher level in the
homeotic hierarchy.(10) A clearer cases is provided by the hind
limbs of grasshoppers, which belong to segments that clearly
retain an overall thoracic identity while exhibiting a subset of
morphology that cannot be easily regarded as the result of a
mosaic expression of different homeotic domains. If, instead
of enlargement and specialization, these limbs had been
progressively modified to become smaller, and eventually to
disappear, would this process be seen as identical to the one
that made them larger, or would it be seen as progressive
mosaic mixing between the thoracic and abdominal domains? In the first case, the segment would still have a
thoracic identity; in the second an abdominal one. These
examples suggest that the interaction between homeotic
genes and the downstream genes they regulate is complex,
and may be the important determining factor that would allow
large-scale homeotic mutations to be anticipated morphologically. A second test of this model, then, would be to look for
cases of ‘‘homeotic mimicry’’ in which segments mimicked a
new homeotic domain while retaining their own homeotic
identity. Such cases may be difficult to find, because selective
pressures may make such a state inherently unstable. The
change to a more efficient manner of building that body plan
would be adaptively advantageous.
Finally, this model predicts that evolutionarily significant
homeosis should only take place at the boundaries between
homeotic domains where segments can be transferred between functional complexes (mutations such as Antennapedia could not take place by this route). Homeotic identity
should be continuous and not split up among many segments. The rare exceptions to this rule (e.g., modification of
the seventh trunk limb pairs of diplopods into gonopods,
between two presumably different homeotic domains, which
nevertheless share an identical morphology (e.g., 28, fig.1)
provide cases to test whether different homeotic domains can
nevertheless support identical morphologies.
Discussion and conclusions
Evolution of complex biological systems, of which animals are
an excellent example, presents two related problems. The
first is how function of a particular component may shift while
its old function is still maintained in the system as a whole.
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The second is how new integrated complexes evolve without
the sudden appearance of their interdependent parts. Evolution of the genetic hierarchy poses one further problem, that
changes within it appear to be at least partially quantized,
suggesting that the morphological changes associated with
them are similarly modular (and thus an aspect of the second
problem). The key to resolution of these problems in general
is the recognition of the importance of redundancy,(29,30)
typically developing by gene duplication, or by the evolution
of repeated expression domains without loss of previous
function. These scenarios solve the first problem because the
old function of a gene complex may by maintained by a
duplicate, or by the same gene with a multiple spatiotemporal
expresssion pattern. However, they do not solve the second
problem, of how the subsequent evolution occurs adaptively if
genetic change is modular. The answer that is often given—
that lower levels in the morphogenetic hierarchy shift after
high-level mutations to accommodate them(3,10)—seems to
rely on a degree of teleological foresight on the part of the
organism. Being en route to a highly effective morphology in
the future does not count against being extremely maladaptive in the present.
The model proposed here attempts to obviate this difficulty
by extending the concept of redundancy, not within the same
level of the developmental hierarchy (as would a gene
duplication model), but between levels. Mutations that would
in an ancestral form have a large morphological effect can in
this case be ameliorated by their effects progressively evolving to resemble closely the normal morphology. This shift
comes about by mutations at lower levels in the hierarchy that
are more likely to be adaptively advantageous.
Given that the broad hierarchy of homeotic gene expression at least crudely corresponds to the traditional taxonomic
system of phyla, orders and classes, this mechanism also
offers a route by which microevolutionary changes may be
passed up through the taxonomic hierarchy. In each case, the
morphological effects of a particular high-level mutation could
be mimicked by adaptive change in downstream genes, thus
minimising the morphological effect of such a mutation. This
resolves the paradox that the broadest divisions of animals
are often distinguished by differences at high levels in the
developmental hierarchy,(3,10) even though it would seem that
changes in the responsible genes should cause calamitously
maladaptive change, without having effectively to deny that
such a hierarchy exists.(23) Thus, although the model discussed herein has been developed primarily with reference to
the homeotic genes, it is also broadly applicable at all levels
of the developmental hierarchy. One further point of interest is
that an unusual form of constraint may be implied by this
model. It is possible that only those high-level mutations
whose effects can be mimicked by changes below them in the
hierarchy do actually occur in evolution, and that some forms
of high-level mutation are in effect only achievable by the

production of ‘‘monsters’’—and thus impossible. However, it
is unclear whether in fact any mutations do fall into this
catagory. Nevertheless, investigation of the differing effects of
high-level mutations—from vertebrate limbs (31) to early insect(32) and echinoderm (33) development—may elucidate the
ways in which such mutations can occur without undue
morphological disruption. As a corollary, the commonly expressed view that a ‘‘selector gene’’ view of the developmental hierarchy implies that once the hierarchy was set up,
animal development was effectively frozen(3,30) appears to be
incorrect. Although the hierarchy poses a short-term constraint on the sorts of evolution of allowed (hopeful monsters
would be banned), the model suggests how in the long-term
this barrier could be surmounted (microevolutionary changes
can pass up through the hierarchy).
The model of ‘‘homeotic takeover’’ proposed here offers
some interesting parallels to Waddington’s ‘‘genetic assimilation’’ whereby environmentally enduced morphology can be
assimilated into the genome (through selection) by progressive shifting of the causal basis of the morphology from
environmental triggers to downstream genes.(25) However,
whereas genetic assimilation models envisage a gradual shift
of control toward the genome, homeotic takeover suggests a
quantized step of control from downstream up to homeotic
and other genes. It nevertheless offers a route by which
recently genetically assimilated characters can become further stabilized within the genome, and may thus plausibly be
seen as the ‘‘end result’’ of the genetic control of once
environmentally controlled characters.
Macromutations may be inducible in laboratory animals,
but in this scenario, there is no need to consider them as the
mechanism behind a neo-Goldschmidtian ‘‘hopeful monster’’
style of evolution. Rather than ‘‘[driving] deep reorganizations
of the body plan’’, or ‘‘diversity [being] dependent on a
spectacularly successful evolutionary experiment with Hox
domains of expression,’’(10) homeotic transformations (and,
by implication, other changes in the developmental hierarchy)
may evolutionarily have had very little to do with causing
morphological change. Rather, mutations in regulatory architecture may have been selected for because they increased
the efficiency of building a particular body plan, after morphological innovation and reorganization has already occurred.
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