seminars in CELL & DEVELOPMENTAL BIOLOGY, Vol 7, 1996: pp 539-551

Diversification of arthropod Hox genes as a paradigm for
the evolution of gene functions

Michalis Averof, Rachel Dawes* and David Ferrier*

Hox genes are highly conserved throughout the metazoans in
both sequence, chromosomal arrangement, and function. Yet
within the arthropods these genes have undergone
considerable diversification. We examine ancestral and novel
functions of arthropod Hox genes in an attempt to
understand how these functions might evolve. We suggest
that functional diversification of Hox genes begins with the
acquisition of multiple distinct cis-regulatory elements
responsible for different aspects of their gene expression. Gene
duplication may serve to dissociate the functional-selective
constraints associated with each of these regulatory elements
and to allow divergence of the corresponding coding
sequences.
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THe Hox cene family is characterized by sequence
motifs in and around the homeobox, clustered
chromosomal organization, and a function in posi-
tional specification along the body axis. These fea-
tures, which reflect the common origin and con-
servative nature of the Hox genes, have been
extensively reviewed elsewhere.l? In this review we
examine the diversity of Hox gene functions in the
arthropods, and focus on how these genes may
acquire novel functions during evolution. As key
developmental regulators Hox genes are under rigor-
ous selective constraints. Yet their function as pro-
miscuous transcription factors, with loose target rec-
ognition and multiple interacting cofactors, offers
wide-ranging possibilities for the evolution of new
functions. Like the globins (an established model for
the study of gene duplication and diversification),
they comprise a family of genes where the history of
gene duplications can be traced by comparing the
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sequences and chromosomal arrangement of existing
genes.

The ‘canonical’ function of arthropod Hox genes

In all metazoans that have been investigated to date
(including nematodes, annelids, arthropods and
chordates) Hox genes are thought to play a role in
defining the positional identity of structures along the
anteroposterior body axis.®> Genetic and developmen-
tal evidence suggest that in the arthropods, Hox genes
operate within the segmental framework of the body
to confer regional identity to most segmental struc-
tures*® (Table 1). This identity is directly related to
the regionalized expression of these genes.

Evolutionary patterns and the origins of arthropod
Hox genes

Comparison of Hox genes between disparate animal
groups indicates that, although the Hox family as a
whole appears to be conserved, individual members of
the family need not be. Gene duplication and
diversification and/or gene loss appear to have
changed the structure of Hox clusters during the
evolution of different animal groups.® By comparing
the insect and vertebrate Hox clusters we can,
somewhat arbitrarily, divide Hox genes into four
groups which exemplify four different evolutionary
patterns (summarized in Figure 1).1

Anterior-acting ‘head’ genes (lab/Hox1, pb/Hox2,
Hox3, Dfd/Hox4) — conservation

Each of these distinct gene classes shows high
conservation of gene structure and function (with the

tHox clusters have undergone some large-scale structural
changes during evolution. In some higher insects the Hox cluster
(HOM-C) has been split in two parts, BX-C and ANT-C. Within the
vertebrate lineage, large-scale duplications have given rise to four
clusters with largely overlapping sets of genes.>” Corresponding
members of each cluster show extensive conservation in sequence,
expression and function, constituting sets of genes which are termed
paralogous groups. In this review, when referring to vertebrate Hox
genes we refer to entire paralogous groups.
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Table 1. Comparative data on canonical functions of arthropod Hox genes

Available data

Gene Arthropod Inferred homeotic
name group expr. genetic function Refs
lab Insect Diptera + + Ic 5,57,70
pb Insect Diptera + + Mx1, Mx2 5, 56, 70
Coleoptera - + Mx1, Mx2 71,72
Dfd Insect Diptera + + Md, Mx1 5,70
Hymenoptera + - Md, Mx1 73,74
Scr Insect Diptera + + Mx2, T1 5,70
Coleoptera - + Mx2, T1 71,72
Orthoptera + - Mx2, T1 75
Antp Insect Diptera + + T1lp-T3a 5,55
Coleoptera - + T1p-T3a 71,72
Orthoptera + - T1-T3 76
Crustacean Anostraca + - Mx2, thorax 35
Ubx Insect Diptera + + T2p-A8 4,77
Lepidoptera - + T2p-A10? 78
Coleoptera - + T2p-A10? 71,72
Orthoptera + - T2p-A10? 79
Crustacean Anostraca + - Thorax 35
abdA Insect Diptera + + Alp-A8 4, 36
Lepidoptera + + Alp-Al0 15, 78, 80
Coleoptera + + Alp-A8, -A10? 71,72,81
Orthoptera + - Alp-A10 82
Crustacean Anostraca + - Thorax 35
AbdB Insect Diptera + + Adp-A8a, A8p-A9 4,16
Coleoptera - + Posterior abdomen? 72
Orthoptera + - A8p-All 19
Crustacean Anostraca + - Genital 35

Available genetic and expression data are presented for different arthropod groups (mainly insects). The inferred function of each gene is
indicated in terms of the segmental identity specified (Ic=intercalary, Md=mandibular, Mx1=first maxillar, Mx2=second maxillar or labial,
Tn=nth thoracic, An=nt" abdominal). Due to space limitations only selected references could be given forDrosophila genes

exception of the insect Hox3, see later). Their
sequence conservation and relative order along the
chromosome allows us to assign homology unambigu-
ously between individual insect and vertebrate ‘head’
genes.® This structural conservation is matched by
functional conservation in patterning the head
region, although the divergence of insect and verte-
brate morphology does not allow a more detailed
comparison of their gene functions in the head.

Middle-acting ‘trunk’ genes (Scr, Antp, Ubx, abdA and
Hox5,6,7,8) — independent diversification

Sequence comparisons identify these ‘trunk’ genes
as a closely related set of Antp-like genes (also closely
related to ftz, discussed below, and the ‘head’ genes
Dfd/Hox4%). However, sequence comparisons do not
allow unambiguous assignment of a one-to-one
homology between individual vertebrate and insect
‘trunk’ genes.® A minimal hypothesis would therefore
suggest that these genes originated from a single gene
precursor in the last common ancestor of vertebrates
and insects. While it remains possible that more than
one ‘trunk’ gene existed in the ancestral cluster (see
Figure 1), it is clear that these genes have acquired
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most of their specific sequence characteristics inde-
pendently, in the lineages leading to vertebrates and
insects. It has been suggested that this diversification
was associated with the evolution of segmental diver-
sity in the trunk region of the insects.*°

Posterior-acting ‘tail’ genes (AbdB and Hox9-13) —
gene duplication or loss

On the basis of their sequence, these genes form a
distinct and divergent class of Hox genes.® A single
gene of this class has been found in several arthropods
studied to date (Table 1), whereas at least five distinct
paralagous groups are found in vertebrates.® It is
usually assumed that the last common ancestor of
vertebrates and insects possessed a single Abd-B gene,
which subsequently duplicated in the lineage leading
to the vertebrates.® However, it is also plausible that
several AbdB genes were present in that common
ancestor and lost in the lineage leading to the
insects.

Divergent Hox genes (zen, bcd, ftz) — divergence (see
Table 2A)
Several homeobox-containing genes interspersed
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within the arthropod Hox clusters have diverged so
rapidly that their relationship to other Hox genes is
obscured. These genes appear to have acquired
radically new functions which are restricted to the
arthropods, and sometimes even to specific insect
groups (discussed later).

In addition to these genes are several others which,
although not presently associated with the insect Hox
clusters, are thought to derive from the same ancestral
type of homeobox gene. Their relationship to Hox
genes is inferred on the basis of their sequence and
conserved roles in specification of anterior and
posterior regions of the body in vertebrates, insects,
and possibly nematodes. These genes include otd, ems,
cad and eve (see Table 2B). Intriguingly, eve and ems
homologues are located near the Hox clusters in
vertebrates and nematodes respectively.1®!* A num-
ber of additional genes which are not Hox genes (as
they are not located in the Hox clusters) but whose
sequences place them within the Hox family, have
been identified in vertebrates.® These include gsh1'?
and Xlhbox8.1* Homologues of these genes are likely
to be present in diverse animal groups* but have not
so far been identified in arthropods.

'head’ genes

lab pb z2 2zl bcd Did Scr

'trunk’ genes

ftz Antp Ubx abdA

Such comparisons between divergent animal
groups indicate that the last common ancestor of all
arthropods already possessed an extensive comple-
ment of Hox genes: the ‘head’ genes, at least one
‘trunk’ gene and at least one ‘tail’ gene. Comparisons
between different arthropod subgroups identify how
this ancestral set of Hox genes has changed during
the subsequent evolution of the arthropods.

Hox gene function and evolution in arthropods
Variations of the ‘canonical’ function

Comparisons within insects

The conserved body plan of the insects is paralleled
by conservation of homeotic gene number, sequence,
and function in insect species studied to date (see
Table 1). Their domains of gene expression have also
been broadly conserved, although some interesting
variations in Hox gene regulation have been noted.
We consider briefly two examples.

The first concerns the development of abdominal
prolegs, rudimentary appendages that develop in
abdominal segments of some insect larvae. AbdA and

'tail' genes

AbdB

) emeema-

N -f-----

B8 = divergent Hox genes

Figure 1. Patterns of Hox gene diversification. Comparisons between insect (upper) and vertebrate
(lower) Hox clusters identify four patterns of Hox gene diversification, as described in the text:
conservation of ‘head’ genes; independent diversification of ‘trunk’ genes; duplication or loss of
‘tail’ genes and divergence of non-homeotic Hox genes. Putative relationships between individual
insect and vertebrate ‘trunk’ genes (based on limited sequence similarities and some data on
functional conservation®®) are indicated by dashed lines. Vertebrate genes are named by
paralagous group number and fly genes are named by gene symbol (z1 and 2 indicate zenl and

2).
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Table 2. Comparative data on (A) divergent Hox genes, and (B) non-Hox genes with Hox gene characteristics

Available data

Gene Animal In Hox Inferred
name group expr. genetic Hexapeptide cluster function Refs
A
zen-Hox3  Insect Diptera + - + Amnioserosa, optic lobe 5, 42, 44
Coleoptera + - - + Amnion, serosa 43
Orthoptera + - - + Amnion, serosa 43
Vertebrate + + + + Homeotic 84, 85
bcd Insect Diptera + + - + Early anterior 47-49,86-88
ftz Insect Diptera + + - + Segment, CNS 40,41,89-90
Coleoptera + - + + Segment? CNS, post. 54
Orthoptera + - + + CNS, posterior 53
®)
eve Insect Diptera + - - Segmentation, CNS 91-94
Coleoptera + - ? ? Segment., CNS, post. 54, 95
Grasshopper + - - ? CNS, posterior 96
Vertebrate + + - + CNS, posterior 10, 97
Nematode + + ? - Posterior 98
cad Insect Diptera + + + - Posterior, gut 99, 100
Lepidoptera + - + ? Posterior, gut 101
Vertebrate + + + - Posterior, gut 102-105
Nematode - + + - Posterior 8, 106
ems Insect Diptera + + + - Head 107, 108
Vertebrate + - + - Head 109, 110
otd Insect Diptera + + - - Head 108, 111
Vertebrate + + - - Head 109,110,112

Available genetic and expression data are presented for different animal groups. The inferred function of each gene is indicated in
processes like segmentation, neurogenesis (CNS), and regional specification in various parts of the body (brain, head, posterior). The
presence or absence of a conserved ‘hexapeptide motif® and known linkage to the Hox clusters are also noted. Due to space limitations only

selected references could be given for some genes

Ubx are co-expressed in the abdomen of insects, where
they usually repress the development of legs. It has
recently been shown that in butterflies abdA and Ubx
become down-regulated in specific parts of abdominal
segments, presumably to allow development of
prolegs.t®

The second example concerns changes in AbdB
expression. In Drosophila the AbdB gene is active in two
domains of the abdomen (A4p-—A8a and A8a-back-
wards), each under the control of distinct cis-reg-
ulatory elements.2¢1® Expression in the most poste-
rior domain is conserved in locusts, but the more
anterior expression appears to be absent. It seems
likely that the regulatory elements associated with the
anterior function were acquired by Abd-B during the
evolution of specific insect groups and may be
associated with subtle changes in abdominal
morphology.t®

Further understanding of homeotic gene function
will surely lead to new questions, to be addressed by
comparison of closely related insect species. Recent
studies in Drosophila, for example, highlight the
importance of precise spatial and temporal regulation
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of Hox genes within their domains of gene expres-
sion.2%21 Regulatory changes at such a fine level may
indeed be relevant to morphological variations within
the insect lineage.

Comparisons between crustaceans and insects

In spite of past controversy, crustaceans are now
thought to be close relatives of insects,???* and
segmentation is almost certainly homologous in these
two groups.?®> Apart from a shared organization of
head segments, however, insect and crustacean body
plans are quite divergent. Various regions of the trunk
appear to have diversified independently during the
evolution of insects and different crustacean sub-
groups; terms like ‘thorax’ and ‘abdomen’ are used in
a descriptive sense, rather than to designate homolo-
gous parts.?® Thus, the study of ‘trunk’ Hox genes is
interesting, to determine the extent to which segment
diversification in the arthropod trunk has been
associated with the evolution of Hox genes.

The isolation of distinct and unambiguously-identi-
fied homologues of all known insect ‘trunk’ genes
(Scr, Antp, Ubx, abdA) from a branchiopod crustacean
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(Artemia franciscana)?’ suggests that ‘trunk’ gene
duplications pre-date segment specialization within
the insect and crustacean trunk. Preliminary data
from a horseshoe crab (Limulus polyphemus)?® indicate
that distinct ‘trunk’ genes probably evolved even
before the divergence of chelicerates, crustaceans and
insects. Moreover, extensive work on leech Hox (Lox)
genes has shown that at least one of the ‘trunk’ gene
duplications, between Antp/Scr-like (leech homo-
logues Lox1, Lox5) and Ubx/abdA-like (leech homo-
logues Lox2, Lox4) genes, occurred before the diver-
gence of the annelids and arthropods.?®3? Limited
data from other annelids, a polychaete (Ctenodrilus
serratus)®® and an oligochaete (Stylaria lacustris),* are
consistent with these observations. From these data it
is clear that the gene duplications which gave rise to
the insect ‘trunk’ genes occurred long before, and
cannot be directly associated with the diversification
of segments in the insect trunk.

Knowing that an extensive complement of Hox
genes is shared between crustaceans and insects raises
questions about the function of these genes in the
ancestors and relatives of the insects: Were they always
involved in specifying distinct segmental types, and
how did their function change during segment
diversification in the insect trunk? The most relevant
comparative data come from Artemia.® In Artemia,
Hox genes Antp, Ubx and abdA are co-expressed in the
thoracic region, unlike in insects where these genes
are expressed in distinct regional domains within the
trunk. Since there are no obvious differences in
segmental morphology within the thorax of Artemia
(the thorax is a ‘homonomous’ region of the body),
these genes may collectively specify a common tho-
racic segmental identity. This implies that related Hox
genes, like Antp, Ubx and abdA, may not always be used
to specify distinct segmental identities.

If the ‘canonical’ function of specifying thorax or
trunk is shared between the Antp, Ubx and abdA genes
in Artemia, we must ask whether the functions of these
genes are likely to be truly redundant. It is unclear
whether the products of these genes have acquired
different properties in Artemia. Preliminary observa-
tions, however, suggest that they are expressed in
somewhat different subsets of cells within the thorax
(for example, unlike Antp, abdA is predominantly
expressed within the nervous system). Thus these
genes may have acquired distinct functions due to
differential intra-segmental regulation, even if their
coding sequences retain similar properties. A similar
conclusion can be reached for aspects of abdA and Ubx
function in the Drosophila abdomen,?°%¢ and for
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paralogous groups of Hox genes in the vertebrate
hindbrain.3"2°

How then, do we explain the evolution of distinct
segment types within the insect trunk? The differ-
ences in gene expression observed between the insect
and Artemia ‘trunk’ genes suggests that this event may
be associated with the resolution of expression pat-
terns of ‘trunk’ genes into distinct regional domains,
and with changes in the way these genes regulate their
downstream targets.3®

Divergent Hox genes with novel functions

A number of Hox genes appear to have lost their
ancestral homeotic function and acquired entirely
new functions within the arthropod lineage. In this
section we present three examples. We examine the
origin of these ‘runaway’ Hox genes and speculate on
how such novel functions might arise.

Specific examples

Fushi tarazu (ftz) provides the best studied example
of a divergent Hox gene within the arthropod lineage.
Two major functions have been identified for ftz in
Drosophila, one in establishing the pattern of segments
in the early embryo (a pair-rule function) and a later
one in specifying neuronal types within the central
nervous system (CNS).*%#! The gene is located in the
Hox cluster between Antp and Scr, and its sequence is
divergent, although clearly related to the Antp class of
‘trunk’ genes.®

Ftz homologues have been identified in flies, a
beetle and a locust (Table 2A). These homologues
share certain loosely conserved sequence motifs and a
strikingly similar pattern of expression in the CNS,
which suggest that a distinct ftz gene with the
characteristic neural expression must have arisen
before the divergence of major insect groups. The
early expression and associated function in segmenta-
tion, however, appear to have changed significantly
during insect evolution: a modified pair-rule expres-
sion is still observable in the beetle but absent in the
locust. In both species early expression is restricted to
a posterior portion of the embryonic primordium
which corresponds roughly to the prospective trunk.
Intriguingly, the early and late expression patterns of
ftz, which show different degrees of conservation, are
controlled by separable regulatory elements in Droso-
phila (see Figure 2).

Putative ftz homologues have also been identified in
a crustacean (AfHx1)?" and a leech (Lox1).%° The Lox1
gene shows closest sequence similarity to Hox6, ftz
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and Scr, and its domain and pattern of expression in ancestral Scr- or Hox6-like ‘trunk’ gene which already
the CNS shows some similarities to ftz. These observa- had a specific function in the CNS before the
tions suggest that ftz and Lox1 may derive from an arthropod-annelid divergence.
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Zerknullt (zen) is a locus involved in specifying
dorsally-derived structures of the early Drosophila
embryo (extra-embryonic membranes and optic
lobes).*? Its chromosomal location, between pb and
Dfd, and sequence provide some hint of a relationship
with vertebrate Hox3.

Homologues of Drosophila zen have recently been
identified in a locust and a beetle (ref 43, Table 2A);
these genes share some sequence features with
Drosophila zen and, like zen, are expressed in extra-
embryonic membranes. Interestingly, their homeodo-
mains show striking sequence similarity to vertebrate
Hox3 genes. This observation suggests that zen genes
derive from an ancestral Hox3 gene. It remains
unclear when and how zen genes diverged from more
canonical Hox3 genes, acquiring new functions in the
extra-embyronic membranes. A putative zen-Hox3
homologue, with unknown function, has also been
identified in a chelicerate.?®

The Drosophila melanogaster zen locus comprises two
adjacent and closely related genes, zenl and zen2. The

two genes are expressed in a very similar pattern, but
all known functions of the zen locus are effectively
mediated by zen1.** Sequence comparisons and the
absence of zen2 from closely related species (D.
pseudobscura, D. subobscura) suggest that zen2 has arisen
by a very recent gene duplication and has diverged
rapidly ever since.**4® Although no known function
has been associated with zen2, the integrity of its
coding sequence and homeobox motif, despite rapid
sequence divergence, are consistent with it being
functional.

Bicoid (bcd) is involved in patterning the anterior of
the early Drosophila embryo.*48 The gene is located in
the Hox cluster between Dfd and the zen genes, but its
sequence and function have diverged so extensively
from those of other Hox genes that its origin and
relationships remain unclear.® We can only speculate
that it derives from duplication of adjacent Hox genes
followed by rapid diversification. Divergent bcd homo-
logues have been found in other Diptera but not in
any other insects (Table 2A), and functional assays

1.PBX (PS6,8,10 & 12 ectoderm
and weak mesoderm).

2.Imaginal discs.

3.Weak PS6,8,10 & 12.

4.PRE (Polycomb Response

(B) Key: MM=silencer B& =positive autoregulation
EA=gspatial restriction
Ultrabithorax 2k 3ke (O R0 SO
5 Ve ¥

1 3 5
TASSSLSLSLD 7] w 254
2 || 6 7

abdominal-A and Abdominal-B

iabg,9 iab7

iabb ,

Element).

5.Weak PS6,8,10 & 12.

6.BXD (late embryonic enhancer,
positive autoregulation in CNS,
silencer with PBX +/or ABX).

7.Positive autoregulation (in
visceral mesoderm).

8.BRE/BX (PS6,8,10 & 12,
anterior repression).

9.ABX (PS5,7,9,11 & 13).

—t—, 3
g @
g8 9

iab5 | iab4

Jrevee 3 ¥ i ¥
0 Abd-B 120

ki b b

. , iab3 |
"100 '

3 | 5] LI}

1.FAB silencer.

2.JAB5 (PS10,12 & 14, and silencer).

3.MCP silencer.

4.IAB3 (PS8 anterior boundary, and silencer).
5.IAB2 (PS7,9 & 11, and silencer).

H | AL AL
3
4

Figure 2. The Hox genes of D. melanogaster, indicating the position and modular nature of
regulatory elements, as characterized by lacZ reporter constructs. Open boxes represent exons.
The shaded boxes beneath the genes represent fragments with the specified activities in lacZ
reporter constructs. (A) Regulatory elements of the Antennapedia complex (ANT-C). (B)
Regulatory elements of the Bithorax complex (BX-C). The iab regions depicted above the abd-A
and Abd-B genes are genetically defined regulatory regions, producing parasegment-specific
expression. Note that the scale of abd-A/Abd-B diagram is different from the scale of the others.
(References; labial,'*® proboscipedia,*'* Deformed,*® Sex combs reduced,®® fushi tarazu,®2® Antennape-
dia, 7118 Ultrabithorax, %24 abdominal-A 50125 and Abdominal-B,25:127),
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have failed to reveal any bcd-like activity in the anterior
cytoplasm of non-dipteran and even divergent dip-
teran species.*® There is therefore no evidence that
bed function, as has been described in Drosophila, exists
at all outside the Diptera.

Relating canonical and divergent functions of Hox genes

If new Hox gene functions have evolved without
major disruption to developmental processes they
must have been acquired in parallel and in addition to
ancestral homeotic functions. A possible exception,
the origin of zen from an ancestral Hox3 gene (which
it appears to have totally replaced in insects), repre-
sents an interesting puzzle.

The evolution of divergent functions has involved
changes at the level of gene regulation, interactions
with putative co-factors, and specificity for downstream
promoters. This is evident from differences in gene
expression, altered constraints on protein sequences,
differences in target specificities, etc. (Table 2 and refs
50-52). Despite such differences in ‘runaway’ Hox
genes, however, some aspects of their function and
expression may be directly related to those of canoni-
cal Hox genes. The early function of ftz in locust and
beetle, for example, showing a sharp anterior bound-
ary of expression,>>®* may have been inherited from
an ancestral gene with homeotic functions. Moreover,
there is evidence to suggest that some non-homeotic
functions are carried out by bona fide homeotic genes.
For example, the expression of Antp, lab and pb in
specific cells within the CNS, throughout the body
axis,®®> is strongly reminiscent of the ftz expression
within the CNS. These expression patterns are often
controlled by separable enhancers (See Figure 2),
which could therefore be recruited for the regulation
of new genes (Drosophila ftz is actually embedded
within the regulatory elements of Scr°®). Another
example is the function of lab in specifying a particular
cell type within a particular region of the gut>®

The canonical function of Hox genes has been
defined as the specification of regional identity, rather
than specification of particular structures or cell types;
yet it is certainly the case that Hox genes participate in
developmental pathways which ultimately lead to
decisions on cell fate. A better understanding of Hox
gene functions at the cellular level may clarify the
extent to which ‘canonical’ and these so-called ‘diver-
gent’ functions are related.

Chromosomal arrangement and gene regulation

The insect Hox clusters are very large: 650kb in
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Drosophila, and a similar size in Bombyx and Schisto-
cerca®®0 (Y. Suzuki pers. comm.; D. Ferrier, in prep.).
Coding sequences occupy only a small fraction of that
size, and the extensive stretches of non-coding DNA
contain sequence elements important for gene
regulation.

Figure 2 summarizes our current knowledge on the
organisation of regulatory elements of the Drosophila
Hox genes. These elements (like those of other
genes) can be dissociated into independent modules
controlling different aspects of the gene’s expression:
parasegmental expression, autoregulation, silencing,
and germ layer and tissue specificity. The individual
modules appear to be relatively flexible, since they
produce the same expression patterns in various
genomic contexts and with different promoters,8:61:62
Moreover, they can be associated combinatorially to
regulate complex patterns of expression from individ-
ual promoters. Thus, the modular nature and flex-
ibility of these elements provide extensive opportunity
for regulatory evolution, particularly since this allows
different aspects of gene regulation to evolve
independently.

In the Drosophila BX-C genes, expression in individ-
ual abdominal parasegments is driven by separate
regulatory elements which behave genetically as
separate genes (this, in fact, was the original sugges-
tion made by Lewis*). Acquisition of such independ-
ent and dissociable elements provides a way of
increasing functional diversity at the level of gene
regulation, a mechanism which closely parallels the
evolution and diversification of entire genes. This
parallel can be illustrated by the evolution of Abd-B
genes: In chordates functional diversity of the Abd-B
genes is reflected by increasing gene number (Figure
1), whereas in Drosophila functional diversity has been
achieved by the acquisition of independent region-
specific regulatory elements associated with a single
Abd-B coding sequence (Figure 2).%3

The evolution of gene functions: the role of
modular regulatory elements and gene
duplication

In this section we consider the nature of gene
duplications, the selective and mutational forces that
determine their early fate, and the immediate and
long-term consequences for the evolution of gene
functions. Our discussion is based primarily on
thoughts about the evolution of arthropod Hox
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genes, but should be relevant to the evolution of any
gene family over long evolutionary timescales.

Our idealized gene consists of a coding sequence
with its associated regulatory elements. We envisage
this coding sequence as a discrete and indivisible unit
giving rise to a specific gene product (for the
purposes of this discussion we temporarily ignore
alternate isoforms and the multi-domain constitution
of some proteins). In contrast, we expect that multiple
regulatory elements with diverse and dissociable
activities (tissue- or cell-specific, temporally-restricted,
silencing or activating) are interspersed over long
distances in and around this coding sequence. This
resembles the organization of Hox genes (Figure 2)
and other genes whose regulation has been studied in
some detail (e.g. beta-1 tubulin and string (cdc25) in
Drosophila®+©%).

Processes like unequal recombination can dupli-
cate large contiguous pieces of DNA. The nature of
such processes suggest that the boundaries of dupli-
cated regions should be arbitrary with respect to
underlying regulatory and coding information, and
that the duplicated fragments will be accurate copies
of each other. Some of these duplications will there-
fore include perfect copies of entire genes (including
coding sequence and all the associated regulatory
elements), whereas others will include accurate but
partial copies, possibly missing some of the regulatory
elements associated with the gene (Figure 3). In
either case, it is unlikely that the gene duplication
event itself would qualitatively affect the coding
sequence; a pair of newly-duplicated genes should
encode identical amino acid sequences, with identical
biochemical properties.

The immediate evolutionary fate of duplicated
genes will depend on the relative forces of selection
and mutation. In the absence of selective pressure to
maintain both copies (if their functions remain truly
redundant), one will inevitably accumulate delete-
rious mutations and degenerate into a pseudogene. In
some cases a selective advantage associated with
increased gene dosage may be sufficient to maintain
two copies of the gene; we consider this to be unlikely
for genes whose products are not required in bulk
(unlike so-called ‘housekeeping’ or structural pro-
teins or RNAs). There are two additional ways in
which newly-duplicated copies of a gene can be
individually selected and maintained; these depend
on the acquisition of distinct, non-overlapping func-
tions. The first involves diversification of their coding
sequences, and the second involves differences in
gene expression. The first possibility seems highly
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improbable if we consider that random mutations are
far more likely to be deleterious than to confer a novel
function. The second appears plausible, since we
already know that the gene duplication event itself
can lead to differential partitioning of regulatory
elements (Figure 3). Thus, we expect those newly-
duplicated genes which are selectively maintained to
have almost identical gene products expressed in at
least partially non-overlapping patterns.

In the long-term these genes should now be free to
evolve as independent units. If the functions of both
copies happen to be under the same selective pres-
sures as their progenitor we expect their sequences to

AL

duplicated region

duplicate 1 duplicate 2

Figure 3. Gene duplication dissociates regulatory elements
and functions. In our example, gene X is expressed in a
complex metameric pattern controlled by several distinct
regulatory elements (a, b, ¢, etc.). A tandem duplication
creates two identical coding sequences, each of which
comes under the influence of different subsets of nearby
regulatory elements. The overall expression and function of
gene X remains unchanged, but each of the duplicate
coding sequences acquires unique non-overlapping func-
tions by virtue of its expression in different populations of
cells (marked + and*), for which they are selectively main-
tained. Dissociation of these functions into different genes
allows their subsequent independent evolution.
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be constrained in the same manner and to evolve by
slow accumulation of mostly neutral mutations. The
products of this process may be exemplified by pairs
or small groups of genes whose sequence divergence
appears not to be functionally important and whose
distinct functions are defined primarily by differential
expression (e.g. mouse HoxA4, B4 and D4,%” En-1 and
En-2;%8 C. elegans APX-1 and LAG-2;57 Drosophila prd, gsb
and gsbn,®® kni and knr.?%) In other cases, however,
gene duplication may dissociate functions that were
previously constrained by having to act through a
single coding sequence, and thus create new opportu-
nities for change. In these cases, gene duplication may
be followed by rapid sequence divergence and the
evolution of new functions (as described for ftz, zen
and hcd).

Conclusions

We have discussed possible routes and constraints for
the evolution of new functions on the basis of
comparative data from arthropod Hox genes. We have
suggested that gene duplications are not directly
associated with the evolution of new genetic functions
and therefore need not be associated with dis-
continous jumps in morphology (‘hopeful mon-
sters’). We believe, however, that gene duplications
create a potential for the evolution of gene functions
by dissociating different functional constraints. Thus,
they allow functions driven by different regulatory
elements to evolve independently and to diversify. We
consider the modular organization of regulatory
regions and dissociability of these modules to be of
primary importance in allowing this dissociation of
constraints.
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