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Summary
It is presumed that the evolution of morphological
diversity in animals and plants is driven by changes in
the developmental processes that govern morphology,
hence basically by changes in the function and/or ex-
pression of a defined set of genes that control these
processes. A large body of evidence has suggested that
changes in developmental gene regulation are the pre-
dominantmechanisms that sustainmorphological evolu-
tion, beingmuchmore important than the evolution of the
primary sequences and functions of proteins. Recent
reports(1,2) challenge this idea by highlighting functional
evolution of Hox proteins during the evolutionary history
of arthropods. BioEssays 24:775–779, 2002.
� 2002 Wiley Periodicals, Inc.

Introduction

Hoxb6 (formerly Hox-2.2) and Hoxd4 (formerly Hox-4.2) are

mouse genes that are closely related to theDrosophila genes,

Antennapedia (Antp) and Deformed (Dfd), respectively. In

1990, McGinnis and co-workers showed that the ubiqui-

tous expression of these genes inDrosophila embryosmimics

the effects of the ubiquitous expression of their Drosophila

counterparts.(3,4) Since this pioneeringwork, a largenumber of

proteins from a large variety of species have been expressed

in Drosophila and, in many cases, the expression of these

proteins gives essentially identical phenotypical effects to those

induced by similar expression of theirDrosophila homologues.

The induction of ectopic eyes in Drosophila, following ectopic

expression of Pax6 genes from various species, is a striking

illustration of the outcomeof this type of experiment.(5) Inmany

cases, the non-Drosophila protein, if appropriately expressed,

can even compensate for a loss-of-function mutation in its

Drosophila homologue, reverting the phenotype due to the

mutation to the wild-type phenotype. This often occurs even

when the homologues obviously perform different develop-

mental functions in their respective species as in the following

example. The genes belonging to the Achaete–Scute (AS)

complex encode basic helix–loop–helix proteins that control

early events of neurogenesis in Drosophila.(6) Homologues of

these genes are known in a wide variety of species, including

hydra. The single hydra AS gene (known as CNASH) is

involved in the differentiation of cnidocytes but not in the for-

mation of neural cells.(7) Yet, the forced expression ofCNASH

inDrosophila rescues the neural phenotype due to the loss-of-

function of AS genes.(7)

These and other similar results led to the idea that the

‘‘molecular function’’ of the proteins (i.e. their biochemical

properties, as for example DNA-binding specificity or the

ability to interact with other proteins) does not vary much. The

main driving force of evolutionary changes would then lie in

changes in gene regulation (‘‘regulatory evolution’’), which

would result in well-conserved proteins functioning in different

cellular contexts, due to changes in the regulation of their own

expression and/or in that of the genes or proteins that they

interact with.(8) Two recent articles(1,2) show, on the contrary,

that evolutionary changes can also be induced by the func-

tional evolution of the proteins themselves. The authors

develop their analysis, almost ironically, on the prototype of

evolutionary conserved proteins, the Hox family.

The Ultrabithorax (Ubx) gene and the

formation of appendages in arthropods

The homeobox-containingHox genes control patterning along

theanteroposterior axis in awidevariety of organisms through-

out the animal kingdom. These genes are clustered in com-

plexes, highly conserved through evolution. Structurally related

Hox genes are located in equivalent positions within Hox com-

plexes of Drosophila and mouse, have equivalent functional

properties, and are expressed in equivalent positions along

the anteroposterior axis of these animals.(8) This suggested

that the present-day Hox complexes arose from a complex

already present in the last common ancestor of bothDrosophila

andmouse, i.e, given thewidelyacceptedanimal phylogeny,(9)

that of all animals with a bilateral symmetry. This ancestral

complex would have owned at least seven different Hox

genes,(10) already involved in somesort of patterning along the

anteroposterior axis.(8) Given the dramatic phenotypic con-

sequences of loss- or gain-of-functionmutations ofHox genes

(homeotic transformations), they are ideal candidates for

genes whose naturally occurring modifications may drive the

diversification of body plans.(8,11) This can be well exemplified
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by the Drosophila Hox gene Ultrabithorax (Ubx) and its

homologues in other arthropods.(8)

Among numerous functions, Ubx is responsible in Droso-

phila for the fact that the third thoracic segment (T3), in which

Ubx is expressed, develops a highly modified appendage

(the haltere) instead of the wing produced by the second

thoracic segment (T2), which lacksUbx expression. In addition,

in conjunction with another Hox gene, Abdominal-A (Abd-A),

Ubx results in the abdomen of the fly lacking limbs. These are

interesting functions in an evolutive perspective, as most in-

sects, unlikeDrosophila (and related flies, the dipterans), have

wings on both T2 and T3, and most non-insects arthropods

have appendages on most or even all segments (crustaceans

and myriapods are good examples of this). It is tempting to

think that the transition from four-winged to two-winged insects

and the restriction of appendage formation to head and thoracic

segments that has occurred at some point during arthropod

evolution may have involved some changes in Ubx function.

This appears not only to be tempting but also to be true.

Let’s first summarize the action of Ubx in Drosophila. Ubx

encodes a transcription factor whose function is basically to

regulate gene expression. In order to understand how Ubx

functions, statement such as Ubx promotes haltere formation

or represses limb development should hence be translated

into statements such as Ubx when present in particular cells

activates this set of target genes and repressed that other set

of genes. Fortunately, this translation has been partially made

and the effects of Ubx appear to be mainly negative in the

concerned processes, i.e. through the repression of the ex-

pression of several genes.(12,13) In particular, the effect on

abdominal limb development seems to be mainly mediated

through the repression of the expression of theDistal-less (Dll)

homeobox gene. This repression is induced through binding

of Ubx and Abd-A on the enhancer ofDll that drives its expres-

sion in the appendages primordia of early embryos.(12) In the

absence of Ubx and Abd-A, such as in the thoracic segments

of wild-type flies or in the abdomen ofUbx andAbd-Amutants,

Dll is expressed, allowing the formation of primordia and even-

tually the development of limbs. In the presence of Ubx and/or

Abd-A, suchas in theabdomenofwild-type fliesor in the thorax

of flieswhereUbxorAbd-Aare ubiquitous expressed,Dll is not

expressed, theprimordia donot formand the limbsare lacking.

Similarly but in a more-complex manner, the presence of Ubx

in thedevelopingprimordia of theT3segment ofwild-type flies,

or inT2segments following forcedexpressionofUbx, prevents

or modifies the expression of several patterning genes re-

quired for proper wing development (such aswingless, D-SRF

andachaete), therefore giving rise to ahighly reducedappend-

age, the haltere.(13) In the wild-type T2 segment (or in a T3

segment from an Ubx mutant fly), these genes are not

repressed and a true wing forms.

What is the situation in four-winged insects and arthropods

with abdominal legs? AnUbx gene has been found in all tested

arthropods to date and appears to be expressed in a very

similar pattern to theirDrosophilacounterpart.(14–19)However,

Ubx is co-expressed with Dll in embryos of several arth-

ropod species, such as custaceans,(15) myriapods,(16) ‘‘lower’’

insects (collembolans) ,(17) and even in ‘‘higher’’ insects such

as the coleopteran Tribolium castaneum.(17,18) As a conse-

quence, in these different species, some appendages form

from the Ubx-expressing part of the body. In butterflies, which

are quite closely related to dipterans, yet are four-winged

insects, a true hindwing develops from a primordium that

continuously expresses Ubx.(14) In the butterfly hindwing

primordium, Ubx appears to be unable to repress the expres-

sion of genes such aswingless, D-SRF, and achaete, unlike it

does inDrosophila.(20) As the evolution transitions are likely to

be from four- to two-winged insects and from limbs on every

trunk segments to limbless abdomen, it appears that, during

the evolution of arthropods, Ubx has gained the ability to re-

press the aforesaid target genes.

Functional evolution of Ubx in arthropods

How did this acquisition occur? In theory, this can be achieved

by changes in the cis-regulatory elements of the target genes

and/or in the functional properties of the trans-acting regula-

tory protein (in this case,Ubx itself). The secondpossibility can

be quite easily tested by expressingUbx from various species

in Drosophila and monitoring whether it induces the same

effects as Drosophila Ubx. Three different Ubx proteins have

been used in such tests, from the onychophoran species,

Akanthokara kaputensis (the onychophora is a sister phylum

of arthropods with a simple body plan, in particular with simple

unjointed limbs on every segments),(1,21) from the crustacean

Artemia franciscana,(2) and from the coleopteran Tribolium

castaneum.(1) The latter mimics all the effects of Drosophila

Ubx during embryogenesis, in particular the ability to repress

Dll expression and therefore limb formation (Fig. 1A).(1) On the

contrary, the onychophoran and crustacean Ubx are unable

to repress Dll expression and to prevent limb formation,

although theydiffer in their ability topromote the transformation

of thoracic segments to an abdominal fate(1,2,21) (Fig. 1G,H).

From this set of experiments, one can conclude that the Ubx

protein has gained, both in crustaceans and insects but not

onychophorans, molecular functions that allow it to promote

abdominal fate, and that Ubx protein has gained molecular

functions to repress limb formation in insects only. In contrast,

the ability of Drosophila Ubx to repress some wing-patterning

genes, hence leading to haltere formation, appears not to be

related to modifications in the function of the Ubx protein;

indeed, the onychophoranUbx protein, when expressed in the

developing wing primordium, is able to repress D-SRF and to

promote a wing-to-haltere transformation.(21) Therefore, the

ability to repress wing development is not related to modifica-

tions of Ubx but most probably to changes in the regulatory
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region of target genes such as D-SRF. This hypothesis has,

however, still to be experimentally tested.

Let’s now focus on the evolution of the Ubx protein.

Truncated, mutant and hydrid proteins have been used to

investigate the differences between insect, crustacean, and

onychophoran Ubx proteins.(1,2,21) Similar analyses were

conducted in the early 1990s into the functional differences

between two related Hox proteins from Drosophila, Ubx and

Antp (unlike Ubx, Antp is unable to repress limb formation

and to promote thoracic-to-abdominal fate transforma-

tions; Fig. 1A,B).(22–24) The more relevant data from these

experiments are depicted in Fig. 1 and lead to the following

conclusions.

(1) The ability ofDrosophilaUbx to promote abdominal fate is a

specific function of Ubx (and Abd-A) proteins. The specifi-

city lies in its homeodomain and a few aminoacids directly

C-terminal to thehomeodomain, theso-calledUbdApeptide

(present in Ubx, Abd-A and their homologues in various

protostome species but not in other Hox proteins).(10)

(2) In contrast, the ability to repress Dll expression and limb

formation appears to be related tomore general properties

of Hox proteins such as Ubx and Antp. Antp is unable to

repress limb formation but this is due to its phosphoryla-

tion, in particular by Casein Kinase II (CKII). Mutations in

the prospective CKII phosphorylation sites of Antp is

sufficient to transform this protein into a limb-repressive

proteins; however, it is less efficient than Ubx (Fig. 1C).

These sites are absent in Drosophila Ubx but several

serine (Ser) and threonine (Thr) aminoacids aswell as two

putative CKII consensus sites are present in the C-

terminal part of Artemia Ubx. Suppressing this C-terminal

part (Fig. 1K), replacing it with the corresponding domain

from Drosophila (Fig. 1L), or even simply converting the

Ser and Thr aminoacids into alanine (Ala) (Fig. 1M) is suf-

ficient to confer a limb-repressive activity to Artemia Ubx.

Figure 1. Effects of natural, mutated, and hybrid Ubx

proteins upon ubiquitous expression in Drosophila em-
bryos. The ability to repress limb formation in the thorax

and to transform thoracic segments into abdominal ones

is shown. ‘‘þþþ’’ denotes a very efficient effect
(high penetrance and high expressivity), even with only

one copy of the transgene used for the ubiquitous

expression, as observed with Drosophila Ubx. The other

used constructs usually give weaker effects (‘‘ þþ’’; in
most cases, two copies of the transgene are required to

have strong effects) or no effect at all (‘‘���’’, even with

multiple copies of the transgene). ‘‘þ/�’’ denotes a very

weak effect only observed with more than two copies of
the transgene.Only some of the characteristic domains of

the Ubx and Antp proteins are depicted, such as the

homeodomain (HD), the ‘‘UbdA’’ peptide, the Ala-rich tail
(AAAA), the presence of Ser/Thr aminoacids (S/T), and

the four putative CKII phosphorylation sites found in Antp

(S/Twith a black line). N terminus is on the left, C terminus

on the right. D,Drosophila; A, Artemia; O, Onychophoran
(Akanthokara).
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(3) The C-terminal part of Drosophila Ubx, which contains

many Ala residues, helps in the repression of limb deve-

lopment. Indeed, the replacement of the C-terminal part of

Akanthokara Ubx by that of Drosophila is sufficient to

produce a potent limb-repressive protein (Fig. 1J). Cell

culture analysis indicates that this Ala-rich C-terminal

domain can act as a repression domain.(1) It is, however,

not strictly required, forDll repression, asaDrosophilaUbx

protein lacking this domain still has a limb-repressive

activity, albeit reduced in efficiency (Fig. 1E).

(4) In addition to the presence of the Ala-rich C-terminal tail

and the absence of phosphorylation sites, specificities in

the homeodomain also has some importance in the limb-

repressing activity of Drosophila Ubx. Indeed, a hybrid

protein made of the N-terminal part of Ubx followed by the

homeodomain and the C-terminal domain of Antp is a very

poor repressor of limb development (Fig. 1D). This can be

best explained by the phosphorylation of the proteins due

to the presence of CKII consensus sites in the C-terminal

part of Antp. However, a hybrid protein made of the

N-terminal part and homeodomain of Ubx followed by the

C-terminal domain of Antp represses limb formationmuch

more efficiently; in fact, the repression is comparable

to a truncated Ubx that lacks any C-terminal domain

(Fig. 1E,F).

These results suggest that the ability of Drosophila Ubx to

repressDllexpression and limb formation is not directly related

to one particular domain of the protein but rather involves

several propertiesof theproteins, suchas theabsenceofsome

phosphorylation sites, the presence of an Ala-rich repression

domain and some specificities in the homeodomain.

Conclusions

Howwas the ability to repress limb development gained during

arthropod evolution? My belief is that there was not really an

‘‘invention’’ of a limb-repressive domain that would have been

first conditional (in non-insect arthropods) and then become

constitutive (in insects), as it has been proposed.(1,2,25,26) I

would rather suggest that the ability of Ubx to repress limb

development in insect is related to a property of Ubx proteins

that was originally devoted to functions unrelated to limb

development and subject to negative regulation through phos-

phorylation (Fig. 2). This regulationmay have been involved in

modulating Ubx functions in relation to levels of particular

kinases such as CKII and even in inhibiting Ubx activity in

cellular contexts characterized by high levels of those kinases.

Mutations that would have reduced this regulation may have

been selected as giving rise to a more efficient Ubx in those

original functions or anUbxwith newabilities (such as acting in

previously ‘‘forbidden’’ cellular contexts). I would suggest that

the acquisition of the ability to promote an abdominal fate has

been acquired by such mutations that partially free the Ubx

protein fromnegative regulation. Thismay have occurred after

the divergence between onychophorans and arthropods.

Indeed, the Akanthokara Ubx when expressed in Drosophila

is not able to promote abdominal fate, in contrast toDrosophila

and Artemia Ubx.(1,2)AkanthokaraUbx has many Ser and Thr

aminoacids not only in its C-terminal domain (as other non-

insect Ubx) but also throughout its sequence (unlike arthropod

Ubx). These sites may prevent Akanthokara Ubx functioning

as its arthropod counterparts.

Later in the evolution of arthropods (Fig. 2), after the

divergence between insects and other arthropods, further

mutations of the phosphorylation sites may have completely

abolished the negative regulation, giving rise to anUbx protein

now able to repress Dll expression and limb formation. In my

view, this means that Hox response elements were present in

the regulatory region of Dll and some other genes involved in

limbdevelopment, well before thesegenes becameunderUbx

regulation. These elements may have been the target of other

Hox proteins (such as Antp) and/or involved in regulating

expression in tissues other than the limbs (such as the brain).

These elements would not have mediated, however, a regu-

lation by Ubx in the limb primodia, due to the posphorylation of

Ubx in this particular cell context. The loss of this negative

Figure 2. A possible scenario for the evolution of Ubx

proteins. The phylogenetic tree is as in Refs 8 and 19 (and
see references therein). See text for details. It should be

mentioned that, immediately C-terminal to the ‘UbdA’

peptide, in most arthropods Ubx (but not that of Artemia
and Akanthokara) there is a QAQA peptide, sometimes

followed by one or a few additional Ala.(1) As its

significance is not known,(1) I do not discuss it but the

evolution of this peptide may have had complementary
roles to the loss of S/T sites.
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regulation may have therefore led to a limb-repressive Ubx.

The subsequent or concomitant addition of Ala aminoacids in

the C-terminal part of Ubx may then have led to the very

efficient repressor of present-day insects.

Obviously, this scenario is very hypothetical and several

aspects remain to be adressed in more detail. The use of Ubx

from other arthropod species (myriapods for example) would

be important to confirm (or refute) some of the ideas raised by

the data reviewed here. There are also still some problems

about Ubx function in limb development in insects. As an

example,TriboliumUbxwhenexpressed inDrosophilamimics

well the effects of its Drosophila homologues, including the

repression of limb.(1) Yet, in Tribolium, Ubx does not repress

limb formation, as cells that strongly expressUbx also express

Dll and give rise to an appendage.(18) Ectopic expression of

Ubx proteins in Triboliummay help to better understand what

happens in this situation. This can now be done, as ways of

artificially expressing genes in arthropods other than Droso-

phila have been developed.(27,28)

It is widely believed that changes in developmental gene

regulation have played a primary role in the evolution of mor-

phological diversity in animals.(8) The two articles reviewed

here give a striking demonstration that changes in protein

functionmayalso be important andmay bemore frequent than

previously believed, although few other examples have been

described.(29–32) The two reviewed articles,(1,2) however, not

only demonstrate an evolution of the protein but also identify

the possible molecular modifications that may have occurred,

hence providing a possible connection between defined

genetic modifications and the evolution of body plans.
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