Problems and paradigms

The evolution of arthropod
segmentation mechanisms

Andrew Peel

Summary

The fruit fly, Drosophila melanogaster, patterns its
segments rapidly and simultaneously, via a mechanism
that relies on the ability of transcription factors to diffuse
between blastoderm nuclei. Ancestral arthropods pat-
terned posterior segments sequentially in a cellular
environment, where free diffusion was likely to have been
inhibited by the presence of cell membranes. Under-
standing how the Drosophila paradigm evolved is a
problem that has interested evolutionary developmental
biologists for some time. In this article, | review what is
known about arthropod segmentation mechanisms, and
present a model for the evolution of the Drosophila
paradigm. The model predicts that the primary pair-rule
genes of Drosophila ancestrally functioned within and/
or downstream of a Notch-dependent segmentation
clock, their striped expression gradually coming under
the control of gap genes as the number of segments
patterned simultaneously in the anterior increased
and the number patterned sequentially via a segmenta-
tion clock mechanism in the posterior correspondingly
decreased. BioEssays 26:1108—-1116, 2004.
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Introduction

Overt segmentation is a defining arthropod characteristic.
That the common ancestor of arthropods was segmented is
not in question. It is clear, however, that extant arthropods
exhibit divergent modes of developing a segmented body plan.
Classical embryological studies reveal significant differences
both within and between the four arthropod clades: Hexapoda,
Crustacea, Myriapoda and Chelicerata. Segmentation me-
chanisms operating in the common ancestor must have been
modified independently in different lineages during the
arthropod radiation, in order that homologous segments could
arise in these different embryological contexts.

By studying segmentation in a diverse range of
arthropods,” and by using our good, if far from perfect,
understanding of arthropod relationships,® evolutionary
developmental biologists are attempting to piece together
how ancestral arthropods segmented themselves, and how
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and when changes in segmentation mechanisms occurred.
This effort has been strongly influenced by the immense
amount of attention lavished on one model arthropod species,
the fruit fly Drosophila melanogaster. Powerful Drosophila
genetics have allowed genes controlling segmentation to be
identified and their regulatory relationships thoroughly deci-
phered, providing a stable paradigm for comparison with other
arthropod species. However, Drosophila is far from being a
‘model’ arthropod. It belongs to the most recently evolved
order of hexapods, the Diptera, and exhibits a highly derived
mechanism of segmentation. Despite this, and because until
recently any form of genetic manipulation in non-dipteran
arthropods was difficult, attention has focused on whether
segmentation genes are expressed in a ‘Drosophila-like’ way
in other arthropods. The volume of expression data accumu-
lated from non-dipteran and non-hexapod species, and the
potential of RNA interference® (RNAi) to provide us with
functional data, heralds the beginning of a different intel-
lectual approach to understanding the evolution of arthropod
segmentation.

We can now begin to ask what changes in ancestral gene
expression and function lead to the evolution of the Drosophila
paradigm. We can ask why genes controlling segmentation in
arthropods exhibiting more ancestral modes of development
have become dispensable for Drosophila segmentation, and
why other genes have been recruited. This is what | attemptin
this article.

| propose that striped expression of the primary pair-rule
genes of Drosophila was once regulated by components of
a Notch signalling-dependent segmentation clock, similar,
though not necessarily homologous, to that observed in
vertebrates¥—it is possible that some pair-rule genes, and
in particular hairy, ancestrally functioned within the clock
mechanism itself. Furthermore, | propose that gap genes were
recruited to regulate the expression of successively more-
posterior primary pair-rule stripes within the lineage leading to
Drosophila, and that this process of gap gene recruitment led
to an increase in the number of segments patterned
simultaneously in the anterior, and a corresponding decrease
in the number patterned sequentially by the clock in the
posterior. This transition can be viewed as having gone to
completion in Drosophila, where the Notch-dependent seg-
mentation clock is no longer in evidence, and all segments are
now patterned simultaneously using gap genes.
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The Drosophila paradigm
Segmentation in Drosophila melanogaster is unrepresent-
ative of arthropods generally for two main reasons. First,
Drosophila forms all of its segments more or less simulta-
neously from a pre-existing population of cells. As a result, it
has been labelled a long-germband insect. Historically, this
term referred to the observation that the embryonic primor-
dium occupied the entire length of the egg at the blastoderm
stage, although it is probably better used as a term to describe
insects that pattern all of their segments prior to gastrulation.®
The second oddity is the patterning of segments in a syncytial
blastoderm in which nuclei are not separated by cell memb-
ranes. This allows transcription factors to diffuse between
nuclei and modify gene expression over large distances
without a need for cell membrane receptors, their ligands and
associated signal transduction cascades. Drosophila, in short,
is an insect that has evolved for very rapid segmentation.
Two different mechanisms are known to control Drosophila
segmentation. The mechanism patterning posterior head
(gnathal), thoracic and abdominal segments has received by
far the most attention—from now on | will refer to it as ‘trunk’
segmentation (Fig. 1). During trunk segmentation, a cascade
of transcription factors steadily subdivide the embryo into

progressively smaller domains.®® Maternally derived gradi-
ents emanating from the anterior and posterior establish
domains of gap gene expression.!” The gap genes (including
hunchback, Krippel, knirps and giant) in turn control the
expression of the primary pair-rule genes hairy, even-skipped
and runt. Distinct enhancers act additively to drive striped
expression of these genes, with an alternate segment
periodicity.® The primary pair-rule genes in turn promote the
expression of secondary pair-rule genes such as fushi tarazu
and paired, acting with them to control the expression of the
segment-polarity genes (engrailed, wingless and hedge-
hog).®® Segment-polarity genes are expressed in a striped
pattern of single-segment periodicity. They directly or indir-
ectly control segment boundary formation and anterior—
posterior patterning within each segment.

The mechanism controlling segmentation of the anterior
head—the ocular, antennal, intercalary and mandibular
segments (Fig. 1)—has been viewed as distinct from that just
described."® A different suite of gap genes under maternal
control, including orthodenticle, empty spiracles and button-
head, was thought to cooperate in directly driving a pattern of
segment-polarity gene expression similar, but not identical, to
that seen in the trunk."®' There was no evidence of genes
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Figure 1. Head versus trunk segmentation in Drosophila. Head and trunk segments are patterned by different segmentation gene
cascades during Drosophila development—the two cascades involve different gap genes, pair-rule expression is a unique feature of trunk
segmentation and segment-polarity gene expression appears later in the head. However, the discovery of collier suggests that there is at
least one gene acting at a level similar to the trunk pair-rule genes within the head segmentation cascade.'” The two cascades overlap and
interact within the mandibular segment. Curiously, the mandibular engrailed stripe is still expressed when the first stripes of the pair-rule
genes hairy and even-skipped are missing.!"®>'¥ Instead, buttonhead is required for engrailed expression, although it is unclear whether
this regulation is direct."® buttonhead is known to regulate even-skipped during cephalic furrow formation,'® and even-skipped stripe 1
positions the posterior border of collier expression.\'” The red dashed line marks the parasegment boundary that is homologous to the
border between naupliar and post-naupliar regions in the crustacean Orchestia cavimana.

(20)
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acting at an intermediate level in the head segmentation gene
cascade—downstream of head gap genes but upstream of the
segment-polarity genes.?)

Recent evidence, however, suggests that there could also
be an intermediate level to the head segmentation cascade,
and that the boundary between head and trunk segmentation
might not be so marked. It has long been known that the head
and trunk segmentation cascades overlap within the mandib-
ular segment. The first stripes of the hairy and even-skipped
pair-rule genes are expressed within the mandibular segment
but this expression is dispensable for segmentation.(®14)
Instead the head gap gene buttonhead is critical for the
development of this segment.('>' It is now known that the
two segmentation cascades interact in this region (Fig. 1).
Recently, a gene has been discovered that is crucial to the
development of the intercalary segment.('”) Collieris expres-
sed in a parasegmental stripe, and functions downstream
of buttonhead and empty spiracles, but upstream of the
segment-polarity genes. This suggests that there is at least
one gene involved in anterior head segmentation that acts at
an intermediate level in the cascade. However, it would be a
misnomer to call it a pair-rule gene given expression is limited
to a single stripe. The posterior border of collier expression is
regulated by the first even-skipped stripe, and buttonhead is
known to regulate even-skipped in the mandibular segment
during cephalic furrow formation.'®

Evolutionary transitions in segmentation
mechanisms

If Drosophila melanogaster development is atypical, how do
other insects and arthropods develop? The majority of insect
orders and all other arthropod classes contain species that
exhibit short or intermediate-germband development. A few
segments are patterned near simultaneously in the anterior,
the remaining segments forming one by one in an anterior-to-
posterior sequence from a growing posterior domain. Here-
after | will simply refer to this pattern as ‘short-germband’
development.

It has been proposed that the anterior head segments are
patterned by a highly conserved mechanism, independent of
that acting in the trunk."® Minelli'® calls these the naupliar
segments, in reference to the segments of crustacean naupliar
larvae. Some crustaceans, such as the terrestrial amphipod
Orchestia cavimana, undergo total cleavage. Cell lineage
analysis in this crustacean has revealed a lineage restriction
between the cells contributing to the naupliar and post-
naupliar regions that occurs as early as the 16-cell stage of
development.®? It is interesting that the boundary between
these regions falls within the segment of the first maxilla—if itis
assumed that the maxillary segment of insects is homologous
to the first maxillary segment of crustaceans,®" the first
engrailed stripe known to be under the control of pair-rule
genes in Drosophila lies immediately posterior to this

boundary (Fig. 1). Unfortunately head segmentation has
received very little attention beyond Drosophila, and so the
extent to which anterior patterning is conserved in arthropods
remains unknown, as does the precise ancestral border
between distinct head and trunk segmentation mechanisms.

What is clear, however, is that there has been a transition
from short- to long-germband development in the lineage
leading to Drosophila, and that this transition has involved
changes in the timing of trunk segmentation. Trunk segments
that were ancestrally patterned sequentially are now patterned
simultaneously in Drosophila.

The shift to patterning in a syncytial blastoderm, on the
contrary, has affected both head and trunk segmentation. In
the short-germband grasshopper, Schistocerca gregaria,
cellularisation occurs before blastoderm formation.®? Under
cellularised conditions, transcription factors alone would not
be able to influence gene expression in neighbouring nuclei. It
seems particularly unlikely that Drosophila-like gradients of
maternal and gap gene products could account for the
patterning of posterior segments that appear de novo from
an already cellularised population of cells.

Understanding the evolution of Drosophila segmentation
will therefore require an explanation of how the sequential
allocation of cells to segments could have evolved into the
simultaneous allocation of cell-membrane-free nuclei to
segments. The answer to this may lie in an understanding of
how primary pair-rule gene regulation has evolved.

Pair-rule genes and arthropod segmentation
Few would argue against a conserved role for the segment-
polarity genes engrailed and wingless in arthropod segmenta-
tion. They are expressed in adjacent segmental stripes in a
wide array of arthropods, representing every arthropod
class.(®3-20)

It seems increasingly clear that pair-rule gene homologues
play arole in trunk segmentation in a wide range of arthropods,
although whether this role is conserved is less clear. Striped
expression of pair-rule homologues has been observed in the
posterior regions of arthropod embryos where segments are
added sequentially in an anterior-to-posterior progression. In
the majority of cases, it has not yet been possible to establish
whether expression is truly pair-rule—stripes in alternate
segments—or simply segmental as for segment-polarity
genes. Studies have revealed that runt and a homologue of
Drosophila paired in the spider mite Tetranychus urticae,
and hairy, even-skipped and runt in the spider Cupiennius
salei, exhibit expression patterns in the posterior tagma—
the opisthosoma—that are consistent with a role in segmenta-
tion.?”28) Chelicerate opisthosomal segments are added
sequentially in an anterior-to-posterior progression. Similar
observations have been made for even-skipped and fushi
tarazu in the myriapod, Lithobius atkinsoni, where trunk
segments are also added sequentially in an anterior-to-
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posterior progression.@®2% Relatively little is known about
pair-rule gene expression in crustaceans however. In hex-
apods, the beetle Tribolium is known to possess genes
that are expressed and function in a pair-rule fashion.°=3%
The grasshopper Schistocerca exhibits pair-rule expression of
a Drosophila paired homologue, called pairberry-1,%% how-
ever even-skipped and fushi tarazu are not expressed in a
pair-rule pattern, instead being expressed in broad posterior
domains. (3536

There is still insufficient data to make confident predictions
about the evolutionary histories of specific pair-rule genes, and
whether just a few, or the majority, had a role in segmenting the
arthropod common ancestor. However, it seems that wher-
ever segments are being added in an anterior-to-posterior
progression, atleast some homologues of the Drosophila pair-
rule genes are expressed in stripes that appear sequentially,
presumably in tandem with the patterning of each, or every
other, segment. Exactly what controls this reiterated expres-
sion is currently not known.

Gap genes

Is the reiterated expression of pair-rule homologues driven by
the same suite of gap genes that controls the expression of
pair-rule stripes in Drosophila? The anterior and posterior
domains of the gap gene hunchback do appear to be con-
served in Tribolium®” and Schistocerca.®® Knockdown of
hunchback by RNAI in Tribolium results in embryos lacking
gnathal and thoracic segments, suggesting its anterior gap
gene function is conserved.®® Gap gene mutants have also
been reported for this insect.®*® However, in Tribolium, at least
two anterior hairy stripes appear under syncytial conditions, ®
so it is not surprising to find gap genes involved in the
patterning of gnathal and anterior thoracic segments. hunch-
back, Krippel and orthodenticle homologues could all be
involved in the regulation of these stripes.®>3% The posterior
hunchback domain is in a region that develops in a cellular
environment, but it is not clear whether RNAI results in a true
gap phenotype, although segment defects are reported.®? It
is important to remember that in Drosophila gap genes are not
only involved in segmentation. They also pattern the nervous
system®“® and position the domains of Hox gene expression
that assign segment identity.“") Indeed, in contrast to hunch-
back, a homologue of Drosophila giant does not appear to
function as a true gap gene in Tribolium.“? Although the
anterior domain of giantexpression is conserved, RNAi results
in changes of segment identity and a reduction in the ex-
pression of the Hox gene maxillopedia. Conversely, the
position of the posterior giant expression domain is shifted
anteriorly relative to Drosophila, and RNAi results in segment
defects that extend outside of this domain, in all thoracic and
abdominal segments. Somewhat similar observations have
been made following RNAI targeted against hunchback in
the hemipteran insect Oncopeltus fasciatus.“® Initial results

therefore suggest that the function of some gap gene ortho-
logues differs in short-germband insects, particularly in the
posterior where segments develop sequentially.

It remains possible that a posterior gradient of an, as yet
unidentified, intercellular signaling molecule positions poster-
ior gap gene domains. In fact, Dubrulle and Pourquié have
recently shown that a gradient of the signaling molecule FGF8
is established in the posterior of cellularized mouse embryos
via a mechanism that does not depend on intercellular
signalling.“¥ This gradient does indeed play an important
role in the sequential segmentation of mouse embryos.*®
However, it forms a crucial part of a segmentation mechanism
that, | believe, offers an alternative explanation for how the
reiterated expression of pair-rule homologues is regulated in
short-germband insects.

A segmentation clock

In vertebrates, metameric pattern is established by the seg-
mentation of embryonic paraxial mesoderm into transient
structures known as somites.” Somites later mature and give
rise to the reiterated structures of the trunk such as vertebrae
and associated muscle. As the presomitic mesoderm (PSM)
extends at the posterior, somites arise at the anterior. Somi-
togenesis thus mirrors posterior segmentation in short-germ-
band arthropods in that somites, like posterior segments,
appear sequentially in an anterior-to-posterior progression.

Members of the Hairy/Enhancer of split related (HER) gene
family are known to play a central role in somitogenesis in all
four vertebrate model systems.® In mouse, chick, zebrafish
and Xenopus, HER genes are expressed in dynamic stripes
that appear to move anteriorly across the PSM in tandem with
the formation of each somite. This dynamic expression is
thought to reflect oscillations in HER gene expression within
individual cells, and not cell movement.“® Oscillatory expres-
sion could result from HER genes repressing their own
transcription, the period of oscillation dependent on rates of
transcription, translation and/or protein degradation. This idea
is supported by both computational models“” and in vitro
experiments.“®)

The Notch signalling pathway, however, is also involved in
somitogenesis. Some Notch pathway genes also exhibit
dynamic striped expression.® Many studies have shown that
the knockdown, knockout or overexpression of Notch pathway
genes results in defective somitogenesis.”” These studies
have also revealed HER genes to be both the target of Notch
signalling and to repress Notch pathway genes.® In their
“clock and wavefront” model, Cooke and Zeeman® predict
that a molecular clock could pattern repeated structures, such
as somites. Some authors have proposed models that view
HER and Notch pathway genes as the components of such a
molecular clock.*5%5" |t has also been suggested that Notch
signalling might act to synchronize HER gene oscillations in
neighbouring cells.®%%? In Notch pathway mutants, genes
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that usually exhibit dynamic striped expression often show a
“salt and pepper”’ pattern of expression.®” A speckled
pattern of expression is what one might expect to see following
a loss of synchrony. However, the precise role of Notch
signalling during somitogenesis remains unclear, and it is
possible that the dynamic expression of HER and Notch
pathway genes represent outputs of an upstream Wnt-
dependent segmentation clock.®®

The pair-rule gene hairy, a HER gene, and the Notch
receptor ligand delta-1, are now known to be expressed in the
opisthosoma of the spider, in a dynamic fashion remarkably
similar to their zebrafish homologues.@854%% Knockdown by
RNA,; resulted in segments of abnormal shape and size, with
irregular and poorly defined segment borders.®®¥ Perhaps
significantly, the knockdown of notch and delta-1 resulted in a
‘salt and pepper’ pattern of hairy expression.®* This led
Stollewerk et al.®®* to propose that hairy and delta-1 could be
operating within a segmentation clock in this arthropod. If true,
could hairy homologues operate within a segmentation clock
in short-germband insects? A definitive answer to this question
will require further studies. However, the possibility is exciting
for a number of reasons:

Segmentation clocks operate in cellular conditions

HER gene oscillations are intracellular and Notch signalling
acts intercellularly. There appears to be no a priori reason why
a segmentation clock could not function in the cellular
environment of short-germband arthropods, as in vertebrates.

An explanation for the evolution of hairy

pair-rule enhancers

In Drosophila, hairy stripes are regulated by distinct enhan-
cers.('¥ It has previously been suggested that pair-rule genes
were recruited to function between gap and segment-polarity
genes in the trunk,? but it is difficult to envisage how their
complex cis-regulation could have evolved de novo. However,
it is easy to imagine the enhancers evolving one by one, as the
number of segments patterned by a segmentation clock was
reduced and hairy expression came under the control of gap
genes.®®

A segmentation clock could operate in different
cellular contexts

Posterior extension of the germband occurs by very different
mechanisms in different short-germband arthropods. In some
crustaceans, for example, extension occurs as a result of cell
division in a posterior ‘growth zone’.*® In most malacostracan
crustaceans, stemcells, known asteloblasts, repeatedly divide
givingrise to blast cell rows—the descendents of each blast cell
row give rise to one parasegment worth of tissue.®® In other
arthropod species, however, including some hexapods and
myriapods, germband extension is likely to result in large part
from the rearrangement of an existing population of cells.®5”

A closer examination of vertebrate somitogenesis suggests
that variation in how germbands extend is not a problem for a
model predicting the existence of a segmentation clock. The
PSM of chick and mouse appears to extend primarily by cell
division in a posterior region,*85% whereas extension in
zebrafish and Xenopus relies much more, if not entirely, on
convergent extension and/or other cell movements. €61

Is pair-rule expression primitive?

In vertebrates, each oscillation of HER gene expression
results in the formation of one somite. Within the somite,
anterior and posterior cells differin whether or not they express
HER genes, reflecting which phase in the cycle they were at
when oscillations ceased.” Assuming an ancestral segmen-
tation clock in arthropods, it is difficult to explain the evolution
of pair-rule stripes of expression in Drosophila, without
assuming that each cycle of hairy expression in the ancestral
clock patterned two segments’ worth of tissue (Fig. 2). This
idea would imply that the remaining pair-rule genes, or at least
a subset, were recruited in an arthropod common ancestor to
control the formation of two segments from a region patterned
by one oscillation of a segmentation clock. Note that, in
achieving this, their expression need not necessarily appear
pair-rule. The expression patterns of even-skipped and runtin
the opisthosoma of the spider do appear distinct to that of
hairy—thinner stripes expressed much more transiently.®

Evidence for primitive pair-rule expression

The class Myriapoda branches basally within the arthro-
pods, possibly as a sister group to the chelicerates.
Segment number varies between species of the myriapod
order Chilopoda, more commonly known as centipedes.('®)
Centipedes, however, always possess an odd number of leg-
bearing segments. In some centipede species, there is intra-
population variation in segment number.®® Even in these
cases, individuals within a population always possess an
odd number of leg-bearing segments: between 43 and 53 in
populations of the geophilomorph centipede, Strigamia
maritima.®® Could genetic or environmental factors be in-
fluencing the number of oscillations of a segmentation clock
that patterns pairs of segments in these species? Further
studies, and a much closer examination of the dynamics of
pair-rule gene expression, will be required to determine
whether truly pair-rule expression is primitive to arthropods,
or a feature of segmentation gene expression that evolved
independently within specific arthropod lineages.

Conclusions

| have presented a model for the evolution of segmentation in
the lineage leading to Drosophila that predicts that primary
pair-rule genes functioning within and/or downstream of a
segmentation clock gradually came under the control of gap
genes. If true, this transition might have been underway in
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Figure 2. Vertebrate clock versus a putative
arthropod segmentation clock. Az Each oscillation
of hairy/enhancer of split related gene expression
in vertebrates gives rise to one somite. The
horizontal bars represent paraxial mesoderm
separated in time by one full cycle of HER gene
oscillation. Bz If hairy once functioned as an
oscillator within an arthropod segmentation clock
mechanism, the evolution of its pair-rule expres-
sion in Drosophila can most easily be explained if
one oscillation of the ancestral clock patterned two
segments worth of tissue. The horizontal bars
represent an arthropod germband separated in
time by half a cycle of hairy oscillation. HER/hairy-
expressing tissue is shaded. Note that hairy
pair-rule stripes of expression in Drosophila do
not correspond exactly to future segmental
borders,"® and so may not have done so in
ancestral arthropods, as implied by the figure.
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the common ancestor of Schistocerca and Drosophila. The
anterior expression patterns of hunchback and pairberry-1/
paired (gnathal arc) appear strikingly similar in the two
insects.®*3® If a clock is operating in Schistocerca, it probably
patterns the posterior region where pairberry-1 expression
appears as reiterated stripes of double segment periodi-
city®¥—from the second thoracic segment back. In another
orthopteran, the cricke Gryllus bimaculatus, this region does
indeed appear to be patterned by a distinct mechanism that
utilizes intercellular wingless signalling.®® It is curious that
only the development of thoracic and abdominal segments is
sensitive to heat shock in Schistocerca.®¥

A move to syncytial patterning presumably began later in
the lineage, but prior to the common ancestor of Tribolium
and Drosophila, and was probably associated with the evolu-
tion of an anterior gradient that positioned anterior gap
gene domains—initially Orthodenticle/Hunchback and later
Bicoid.®®® The evolution of an anterior gradient was possibly
essential for the evolution of long-germband embryogenesis,
where gap gene domains must be positioned simultaneously
along the entire length of the future embryo.

Under this model, similar, independent transitions could
have occurred in other hexapod and arthropod lineages

(Fig. 3). For example, the leg-bearing segments of chelice-
rates are thought to be homologous to the gnathal and first
thoracic segments of hexapods.®” If a segmentation clock
does function in the opisthosoma of extant chelicerates, 4
it seems possible that this clock also once patterned the more-
anterior leg-bearing segments of the prosoma, where pair-rule
expression of a Drosophila paired homologue has been
observed.®”

If a clock mechanism does exist in short-germband
arthropods, it will be interesting to see whether oscillations in
gene expression are a feature of the mesoderm, as in
vertebrates.”” The posterior segments in which a clock
mechanism is proposed to act do form after gastrulation,
making this a distinct possibility.

The model makes some clear predictions that can be
tested. Obviously it predicts the existence of a segmentation
clock in short-germband arthropods. One would expect to find
Notch pathway genes dynamically expressed in the posterior
of short-germband embryos, and RNA interference targeted
against these genes to result in segment defects.

A wavefront is critical for somitogenesis in vertebrate
A gradient emanating from the posterior is thought to set a
threshold below which oscillations cease and somitogenesis

S.(4’45)
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in segment number observed in the myriapods (4).

Figure 3. Transitionsinarthropod segmentation mechanisms. An arthropod phylogeny with unresolved branches represented by dashed
lines. It is currently not known whether the chelicerates are a sister group to the myriapods, and it is possible that the crustaceans are
paraphyletic with respect to the hexapods.(2) | propose a model in which the primary pair-rule genes of Drosophila once functioned within
and/or downstream of a segmentation clock, and came under the control of gap genes during the transition from short-germband to long-
germband development. Under this model, the patterning of the gnathal and first thoracic segments of hexapods probably came under the
control of gap genes prior to the common ancestor of Schistocerca and Drosophila (1), although it remains possible that this occurred
independently in different lineages. The move to syncytial patterning began prior to the common ancestor of Tribolium and Drosophila (2).
The model predicts that a similar, independent, transition occurred in the chelicerate lineage, with the leg-bearing segments of the prosoma
no longer patterned by a clock mechanism (3). Variation in the putative clock mechanism itself may account for at least some of the variation

/ Chelicerates
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Myriapods
P Other Crustaceans
Crustaceans
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Hexapods

Drosophila

begins. As the PSM extends and the source of the gradient
moves further away, cells progressively fall under the thresh-
old—a somites worth in each cycle of HER gene expression.
Assuming a segmentation clock, one would expect that
an equivalent gradient exists in short-germband embryos,
with FGF and Wnt signalling molecules obvious candidates
because of their involvement in the vertebrate wavefront.4%
There is already evidence for a role for wingless signalling
in posterior sequential segmentation of the cricket, Gryllus
bimaculatus.®®

The model predicts that gap genes do not regulate pair-rule
gene homologues in regions where segments are being added
sequentially in an anterior-to-posterior progression. If the
model is correct, RNA interference of gap gene homologues
should not result in gap gene phenotypes in these regions.
Obtaining functional data is crucial because gap gene
domains may already have been in place to carry out ancestral
roles unrelated to segmentation.

Finally, under this model, one would expect the regulatory
regions of primary pair-rule gene homologues to be vastly
different in short- versus long-germband insects. Instead of
stripe enhancers, one might expect to find a clock enhancer
containing CSL (CBF1, Suppressor of Hairless, LAG1)

protein-binding sites, which would indicate that the genes
were being regulated by Notch signalling.®
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