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Summary

All arthropods share the same basic set of Hox genes, suggests they may play a role in the generation of body
although the expression of these genes differs among segments (perhaps comparable with the role of gap and
divergent groups. In the brine shrimpArtemia franciscana  segmentation genes in insects), but not a direct role in
their expression is limited to the head, thoracic/trunk and defining the identity of post-genital segments. The

genital segments, but is excluded from more posterior parts
of the body which consist of six post-genital segments and
the telson (bearing the anus). Nothing is currently known
about the genes that specify the identity of these posterior
structures. We examine the expression patterns of four
candidate genes, Abdominal-B, caudal/Cdx even-
skipped/Evxand spalt, the homologues of which are known
to play an important role in the specification of posterior
structures in other animals. Abdominal-B is expressed in
the genital segments oArtemia, but not in the post-genital

segments at any developmental stage. The expression of

caudal even-skippedand spalt in the larval growth-zone

expression ofcaudal at later stages suggests a role in the
specification of anal structures. A PCR screen designed to
isolate Hox genes expressed specifically in the posterior
part of the body failed to identify any new Hox genes. We
conclude that the post-genital segments @rtemia are not
defined by any of the genes known to play a role in the
specification of posterior segments in other arthropods. We
argue that these segments constitute a unique body region
that bears no obvious homology to previously characterised
domains of Hox gene activity.
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Introduction

The differential expression of Hox genes along

anteroposterior axis of the body plays a central role in definin
the identity of different body regions in diverse animals

segments and a telson (Fig. 1B). Like many other crustaceans,
thf\rtemiahatches as a nauplius larva, which consists only of the

gnterior head segments, a growth-zone and the telson. Most

ody segments, including the thoracic, genital and post-genital
pegments, are generated sequentially from the growth zone

(McGinnis and Krumlauf, 1992). Comparing the expression o
Hox genes in different species has been used to study the origﬂ

and relationships of individual body regions and to understangre specified, we previously cloned a set of Hox genes from

the genetic changes that lie behind the evolution of body planﬁ\rtemia and analysed their expression patterns (Averof and

In arthropods, where the action of Hox genes is associated W'Hkam 1993; Averof and Akam, 1995Artemia appears to

the specification of distinct segmental identities, there are NOWave the same set of Hox genes that have been found in most
several examples where the expression of Hox genes h

. . X Athropods, including distinct homologues Afitennapedia
helped to identify homologous segments among diverse grou Bntp), Ultrabithorax (Ubx), Abdominal-A (Abd4 and
(Averof and Akam, 1995; Damen et al., 1998; Telford andapqdominal-B(AbdB (Averof and Akam, 1993; Grenier et al.,
Thomafs, 1998) and to explain changes in patterns of segmeni@97; Hughes and Kaufman, 2002b). The homologuAsigf
specialisation (Averof and Patel, 1997; Abzhanov anqjpxandAbdAare expressed in the eleven ‘thoracic’ segments,
Kaufman, 1999). In spite of this progress, however, very littligyhile the homologue oAbdBis expressed in the two genital
is known about how new bOdy regions can arise dUrlngegmentS, Suggesting that the ‘thorax’ Aotemia may be
evolution, about how these regions can acquire a nefWomologous to the entire trunk of other arthropods — to the
segmental identity and about the possible role of Hox genes tAoracic and abdominal segments of insects, to the pereon and
this process. We focus on the post-genital region of thgleon of malacostracan crustaceans, and to all the trunk
crustacearrtemia franciscanaa unique region that bears no segments of myriapods, which are all marked by the expression
obvious relationship to previously characterised body regionsf Antp, Ubx and AbdA (Averof and Akam, 1995; Abzhanov
of other arthropods. and Kaufman, 2000a; Hughes and Kaufman, 2002c). For
The adult body ofArtemia consists of a head, eleven clarity, these segments will be referred to as the thoracic/trunk
‘thoracic’ segments, two genital segments, six post-genitaegments ofArtemia The genital segments @frtemia and

Hring the course of larval development (Fig. 1A-D).
In order to understand how these distinct types of segments
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insects (which lie just posterior to these thoracic/trunkunction. Likely candidates are the homologues of the
segments) also appear to be related, and are characterisedhbyneobox-containing genesaudal (Cad/Cdy and even-
the expression oibdB (Averof and Akam, 1995). skipped(Eve/Ev), and of the zinc-finger transcription factor

In all arthropods that have been studied to date, with thgpalt (Sal), that are known to play an important role in the
exception ofArtemia(including insects, myriapods and spider) specification of posterior body regions Drosophila in C.
(Delorenzi and Bienz, 1990; Kelsh et al., 1993; Peterson et aklegansand/or in vertebrates. CHttx genes are closely
1999; Hughes and Kaufman, 2002c; Damen and Tautz, 1999lated to Hox genes and are involved in posterior patterning
the AbdB expression domain marks the most posterioiin diverse animals lik®rosophila C. elegansand chordates
segments of the body. Posterior to this domain lie only the anéllacdonald and Struhl, 1986; Moreno and Morata, 1999;
structures (thought to derive from the non-segmental telsoijunter and Kenyon, 1996; Edgar et al., 2001; Brooke et al.,
and the ectodermal cells that invaginate to give rise to th&#998; Meyer and Gruss, 1993; Subramanian et al., 1995;
hindgut. InArtemig the post-genital region lies between theChawengsaksophak et al., 1997; Marom et al., 1997; Epstein
AbdB-expressing genital segments and the anal structures, aetal., 1997; van den Akker et al., 2002).0rosophila Cad
consists of six well-formed segments with a characteristibas been shown to act like a homeotic gene to specify the
morphology that distinguishes them clearly from the otheidentity of the anal structures and hindgut of the adult (Moreno
segments. The post-genital segments are morphologicalgnd Morata, 1999). Similarlizve/Evxgenes are closely related
similar to each other; they have a relatively elongatedo the Hox genes and have been implicated in the development
cylindrical shape, characteristic musculature, lack all trace ajf posterior structures i@. elegansind in chordates (Ahringer,
appendages and do not contain any ganglia of the centré®96; Ferrier et al., 2001; Ruiz i Altaba and Melton, 1989;
nervous system (see Schrehardt, 1987; Criel, 1991) (Fig. 1Bastian and Gruss, 1990; Beck and Slack, 1999). In
Engrailed is expressed in the posterior part of these segmemgosophilg no clear role in posterior patterning has been found
(Fig. 1E). The observation that all the known Hox genes arfor Eve but the gene is expressed specifically in posterior parts
expressed anterior to these segments poses interestioigthe body and this expression is conserved among divergent
questions concerning their origin and identity. arthropods (Frasch et al., 1987; Moreno and Morata, 1999;

Nothing is currently known about the genes that specify th@atel et al., 1994; Hughes and Kaufman, 2002a). Firtdll,
identity of the post-genital segments Artemia Already is a conserved zinc-finger transcription factor that is required
known developmental genes could play a role, or new gendsr the specification of anterior and posterior structures during
(perhaps new Hox genes) may have evolved to fulfil thigarly embryogenesis Drosophilg in particularSalis thought

B
head
thoracicirunk Fig. 1.Larval dev_elopme_nt and establis_hment
segments of the body plan irArtemia (A) Schematic
representation of the early stages of larval
development in an anostracan crustacean,
genital corresponding roughly to stages L1, L2, L4,
segments L6 and L8 ofArtemladeveIopment_. Body
segments are generated sequentially from the
growth zone (in grey) during larval
post-genital development. (B) The adult body plan of
segments Artemiaconsists of the head, 11
thoracic/trunk segments, two genital

segments, six post-genital segments and the
telson. (C,D) Scanning electron micrographs
of theArtemiagrowth zone showing the
outline of individual ectodermal cells, shortly
before hatching (C) and during stage L3 (D).
The growth zone is characterised by the
regular arrangement of these undifferentiated
ectodermal cells into columns. (E) Engrailed
expression in the post-genital segments;
Engrailed protein can be detected in a narrow
stripe at the posterior of each segment.

(F) The musculature of a fully segmented
Artemia seen using polarised light
microscopy. The post-genital segments
(labelled PG) have a characteristic pattern of
muscles that is distinguishable from that of
other trunk segments.

telson/anus
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to cooperate with Hox genes to define the identity of théorward primers were designed and used for nest&RBGE carried
posterior genital and anal regions (Jurgens, 1988; Kuhnlein etit on the same cDNA pool. A ~710 bp fragment was recovered,
al., 1994).Cad Eveand Sal are the only genes with a well- corresponding to the' art of theAfEvecDNA.

described role in defining the identity of posterior structures, (o,

besides Hox genes. generate primers were designed to target conserved parts of the
We take the first steps towards characterising the post—gen%ifc_ﬁnger 2 region of Sal:

region of Artemig by examining the expression of genes tha SalF3(HTGERPF), GGAATTCA(T/C)ACIGGIGA(A/G)(C/A)G-
could play an important role in specifying the identity of|cciTT: salR3(CPICQKK), GCTCTAGATT(T/C)T(G/T)I TG(A/G)-
posterior parts of the body. First, we examine in detail thealA(T/C)IGG(A/G)CA.

expression oAAbdB the most posterior-acting of known Hox  These primers were used for PCR Amemiagenomic DNA and
genes, to see whether its expression extends into the postshort fragment oAfSalwas recovered. Based on the sequence of
genital region at any developmental stage. Second, we atiks fragment, specific primers were designed for nested inverse PCR.
whether the post-genital segments could be related to tife~390 bp fragment was obtained corresponding to the zinc-finger 2
posterior genital or anal structures that exp@ad Eveand  egion ofAfSal

Sal in Drosophila and in other species. We describe the ., hybridisation

isolation of homologues of these genes frémemia and IG-labeled antisense RNA probes were prepared using the

éxamine the_lr expression. .I.:mally, we describe a screen egascript T3 or T7 kits (Ambion). In situ hybridisation was carried
isolate previously unidentified Hox genes that could &y on stage L1-Lartemialarvae, as described previously (Gibert et
expressed in these segments. al., 2000; Mitchell and Crews, 2002).

Production of cross-reacting antibody against AbdB

Materials and methods A polypeptide containing 61 amino acids of theosophila AbdB

. . homeodomain and 10 additional C-terminal residues, was expressed
Artemia_cultures and staging and purified fronE. coli, using the expression vector pABD-B HD72
Artemia franciscanaliapause cysts from the Great Salt Lake were(Ekker et al., 1994). A mouse was immunised intraperitoneally with
hydrated, and larvae were raised in well-aerated 3% atrtificial seawatei-60pg of protein in complete Ribi adjuvant, six times over a period
supplemented with brine shrimp food from NT Laboratories. Larvabf 10 weeks. The serum was tested for crossreactivity in a number of
stages were determined according to existing schemes (Schrehaigfiecies, includingdrosophila virilis, Schistocerca americanand

1987). Artemia franciscanaand was found to recognise AbdB proteins in

. . . ) these species. The serum was used for immunochemical stainings at
Preparation of Artemia genomic DNA and first strand 1:1000 dilution
cDNA ' '

Genomic DNA was isolated as described previously (Averof andProduction of antibodies against AfCad and AfEve

Akam, 1993). For the production of first strand cDNA, ~1@00f  The full length of the availabl&fCad and AfEvecDNA fragments
material were homogenised and poly-A mRNA was purified usingvas cloned into theBanHI/EcaRl and BamHI/Xhd sites of the
Dynabeads (Dynal). The eluted mRNA was treated with DNase hRSETA vector (Invitrogen), respectively, to generate His-tagged
(DNA free kit, Ambion) to remove traces of genomic DNA. The protein fusions. AfCad and AfEve proteins were produced by
RACE-polyT primer (GACTCGAGTCGACATCGATTTTTTTTT-  transforming these constructs into BL21(pLys) cells, inducing with
TTTTTTTT) was used for first strand cDNA SyntheSiS USing the|PTG’ and purifying the His-tagged proteins on a Ni-NTA column
Superscript Il kit (GibcoBRL), following the manufacturer’s instruc- (QIAGEN), as described in the manufacturers manual. Antibodies
tions. First strand cDNAs were then treated with 2 units RNaseH fajere raised against these bacterially expressed and purified proteins
30 minutes at 37°C, followed by inactivation of the enzyme for 1&)y repeated immunisations in rabbits; mof each protein were
minutes at 75°C. used to carry out eight immunisations over a period of 8 months
. . (carried out by Davids Biotechnologie).
Cloning of Artemia Cad , Eve and Sal homologues The anti-AfCad serum obtained was affinity purified on an Affigel-
AfCad 10 column (Biorad) carrying bacterially expressed and purified AfCad
Specific primers were designed based on a short fragment of tifielarlow and Lane, 1988); the affinity purified serum was used for
AfCadhomeobox isolated by PCR (details available on request) andhmunochemical stainings at 1:100 dilution. The anti-AfEve serum
on a similar short sequence kindly provided by G. Balavoine and Mvas pre-absorbed overnight on acetone powder prepared from
Akam. These primers were used to recover large fragments of AfCaftemialarvae (Harlow and Lane, 1988) and used at 1:1000 dilution.
cDNAs by nested'3and 5 RACE, and by PCR on a phage cDNA o ) ) o
library. A radioactive probe prepared from one of these largefntibodies and immunochemical stainings
fragments was used to screen a cDNA library prepared frorProduction of antibodies against AbdB, AfCad and AfEve are
unhatched cysts (Escalante and Sastre, 1993). Three independdescribed above. Other antibodies used: rabbit anti-DIl (Panganiban
phage clones were recovered, containing full-length cDNAS©@ad et al., 1995), mouse monoclonal FP6.87 (Ubx/AbdA) (Kelsh et al.,
1994), mouse monoclonal 4F11 (En) (Patel et al., 1989).

AfEve Whole-mount immunochemical staining was carried out following
Degenerate primers were designed to target conserved parts of the Bt@ndard protocols (Patel, 1994), using sonication to break the
homeodomain: exoskeleton of the larvae and long8® minute) washes to reduce

EveF1(TAFTREQ), CGGGATCCACIGCITT(T/C)ACI(A/C)GIG- non-specific signals. All reported stainings had nuclear localisation
A(A/G)CA; EveR1(MKDKRQR), GGAATTCC(T/G)(T/C)TGIC- and were observed reproducibly in a significant number of larvae.
(T/IG)(T/C)TT(A/G)TC(T/C)TTCAT. ) ]

These primers were used for PCR on first strand cDNA preparegcanning electron microscopy
from posterior regions ofrtemia larvae, and a short fragment of Scanning electron microscopy (SEM) was carried out by adapting
AfEvewas recovered. Based on the sequence of this fragment, speciéigisting protocols (Felgenhauer, 1987). Specimens were fixed and
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kept in 4% neutralised paraformaldehyde. The samples were 1
dehydrated in a graded series of alcohol and in amyl acetate be
critical-point drying. Specimens were mounted on copper stubs v
silver paint, coated with 300 A of gold in a Polaron sputteril
apparatus, and examined on a JEOL JSM 6100 scanning elet
microscope at 15 kV.

Drosophila experiments

The UAS-AfCad construct was prepared by cloning the full-leng
AfCadcDNA into Xhd/EcaRl sites of the pUAST vector (Brand anc
Perrimon, 1993). The construct was transformed into flies and se\
independent transgenic lines were obtained. Crossing these line
MS-248 GAL4 drives expression @éffCad broadly in eye-antennal
and wing discs, causing malformations in the head and thorax of
adults. Strongest phenotypes, including the appearance of ectopic
plates, were obtained when the progeny of these crosses were r
at 30°C, using at least three independent UAS-AfCad lines. -
effects of AfCad mis-expression were also analysed in flies carryi
Dll-lacZ (Moreno and Morata, 1999) or ByaeZ (Murakami et al.,
1995) reporters, using the MS-248 or the apterous-GAL4 drivers.
To test whether mis-expressionAfiCadactivates the endogenou:
Cad gene, immunochemical stainings were carried out using
antibody againsbrosophilaCad (kindly provided by Gary Struhl).

Research article
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Fig. 2. Expression of AbdB iirtemia (A) Early AbdB expression

in the two genital segments, shortly after these segments have formed
(stage L9). (B) Later, stronger AbdB expression restricted to the two
genital segments (stage L11). (C) Late expression of AbdB (after
stage L13) persists in the differentiated genital segments and also
extends anteriorly to cells of posterior thoracic/trunk segments.

AbdB expression is never seen posterior to the genital segments.
Anterior is upwards.

No DrosophilaCad could be detected in imaginal discs expressing
AfCad although significant expression could be seen in discs mis-

expressingDrosophila Cad We should note, however, that the

sensitivity of these stainings was low (the normal expressi@adf
in the genital disc was barely detectable).

PCR screen for posteriorly expressed Hox genes

The posterior part of the body, including the developing genital an

post-genital regions, was dissected frAntemialarvae at stage L9-

is never observed to extend posteriorly, into the segments of
the post-genital region. These results argue against a direct role
of AbdBin specifying the identity of the post-genital segments.

loning and expression of  Artemia Cad , Eve and Sal

omologues

L10 and snap-frozen in dry ice. First-strand cDNA was prepared fronio examine the possible role @fad/Cdx Eve/Evxand Sal
this material, as described earlier. The ‘universal’ Hox primergenes in defining the identity of the post-genital segments, we

HOXF1(ELEKEF) [GGAATTCGA(A/G)CTIGA(A/G)AA(A/G)GA-
(A/G)TT] and ~HoxR1(WFQNRR) [GCTCTAGACGICG(A/G)-

TTTTG(A/G)AACCA] (Averof and Akam, 1993) were used for PCR
on the first-strand cDNA prepared from posterior regions, with a
early annealing temperature of 40°C. The ~130 bp products of thé
reaction were cloned into the pGEMT-easy vector (Promega). Sixt

independent clones were analysed by PCR using spécifitnia
AbdBandAfCadprimers and/or by sequencing.

Results
Artemia AbdB is not expressed in the post-genital
segments

We have previously shown by in situ hybridisation thatB
is expressed specifically in the genital segmentértémia

used PCR with degenerate primers, followed by RACE, inverse
PCR and/or screening of cDNA libraries, to isolate
homologues of these genes frémiemia We then studied the

réxpression of these genes and found that they are all expressed

the posterior growth zone, from which the thoracic/trunk,

enital and post-genital segments are generated. This is
consistent with a role of these genes in the process of segment
formation. However, we could not detect any segment-specific
expression patterns in the post-genital segments, indicating that
these genes are unlikely to play a direct role in defining the
identity of these segments.

Caudal (AfCad)
We isolated three full-length cDNAs and a number of smaller

(Averof and Akam, 1995). Technical difficulties, however, hadfragments, which correspond to a singlgemia Cadgene

not allowed us to study its expression during late larval stagesequence

leaving open the possibility that laf&dB expression may

Accession Number AJ567452). Sequence
comparisons with other members of the Cad/Cdx family

extend into the post-genital region. We have now raised asuggest that this gene is orthologou®tosophila Cadand to
antibody that recognises AbdB proteins in diverse arthropodertebrateCdxgenes (Fig. 3A).

species, includindrtemia Using this antibody, we are able to
study the expression @tbdBthroughout larval development,

by immunochemical stainings.

We used whole-mount in situ hybridisation to study the
expression ofAfCad during early larval development. Owing
to technical difficulties we were not able to use in situ

AbdB protein is first detected during mid-late larval stagesdybridisation in later stages, but we generated an antibody that
(stage L8) and is restricted to the newly formed genitatecognises the AfCad protein, which enabled us to study

segments (Fig. 2A); this is consistent with the previouslyts distribution

reported patterns oAbdB mRNA distribution (Averof and

throughout larval development using
immunochemical staining. From the earliest stages of larval

Akam, 1995). Expression becomes stronger in the genitalevelopmentAfCadis expressed in a domain that lies posterior
segments as larval development proceeds (Fig. 2B), and the differentiated segments of the body and anterior to the
expands anteriorly to become expressed in some cells tdlson, and corresponds to the growth zone (Fig. ARGad

posterior thoracic/trunk segments (Fig. 28»dB expression

expression persists in the growth zone throughout the early-
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mid stages of larval development (stages L1-L9), while thgrowth zone (Fig. 4E). This is likely to represent the transient
thoracic/trunk, genital and post-genital segments are beirgattern, seen when cells exit the growth zone and switch
formed. Double immunochemical stainings show that the Hoeff AfCad expression. The early patterns observed by in
genesUbx and AbdA which are expressed in thoracic/trunk situ  hybridisation and immunochemical stainings are
segments, are transiently co-expressed wifEad in the indistinguishable (Fig. 4C,D), suggesting that no significant
anterior part of the growth zone (Fig. 4G). This confirms thapost-transcriptional regulation éffCadtakes place during the
AfCad is expressed in the progenitors of thoracic/trunkearly stages of trunk segmentation.

segments. The growth zone expression domain becomes less sharp and

The domain ofAfCad expression in the growth zone has eventually fades away at around the time when all the segments
sharp anterior and posterior borders. Expression within thesmve been generated (stage L10). During later stAf@adis
borders is relatively uniform in most stages, althoughalso expressed in a small number of mesodermal and
occasionally two different levels of expression can bectodermal cells (data not shown) and in developing anal
discerned: high levels in most of the growth zone and lowestructures of the adult (see later).
levels in a band of cells that lie at the anterior edge of the
Even-skipped (AfEve)

We cloned partial cDNA fragments ofrtemia Eve
corresponding to part of the homeobox and then8 of the
coding sequence (sequence Accession Number AJ567453).
Sequence comparisons indicate that this gene is orthologous to
the Drosophila Eveand to the vertebratévx genes (Fig. 3B).

We used whole-mount in situ hybridisation to study the
expression oAfEveduring early larval development (data not
shown), and generated an antibody that recognises the AfEve
protein to examine its expression pattern in detail, throughout

2 larval developmentAfEveis expressed in the growth zone of

AfCad v AfEve Artemiaduring early-mid larval stages, in a pattern that largely
overlaps with the expression AfCad(Fig. 4B). Additionally,
AfEveexpression is occasionally detected in narrow (single- or
few-cell wide) stripes that appear to ‘split’ from the anterior
edge of the growth zone domainAf&veis switched off in the
intervening (‘inter-stripe’) cells (Fig. 4B,F). These stripes
appear to be very transient and are visible only one at a time,
as new segments are being generated from the growth zone.

The AfEvestripes appear before any morphological signs of
segmentation become apparent. To examine the relationship
between these stripes and the process of segmentation, we

Fig. 4. Expression patterns of Cad and Eve homologudstamia

(A,B) Immunochemical stainings with antibodies against AfCad and
AfEve in newly hatched nauplii, showing expression of both genes in
the posterior growth zone that will generate most body segments.
AfEve shows additional expression in a single-cell wide segmental
stripe (large arrowhead) and in the hindgut (small arrowhead). (C)
Distribution of AfCadmRNA in an early larva (stage L2), visualised
by in situ hybridisation. (D) Distribution of AfCad protein during the
same stage, visualised by immunochemical staifif@admRNA

and protein distributions appear the same. (E) Magnification of the
anterior boundary of expression of AfCad in the growth zone,
showing two zones expressing different levels of AfCad protein. The
zone with lower levels of AfCad is seen only in some individuals and
is presumed to be a transient feature. (F) Magnification of the
anterior boundary of expression of AfEve, including a single
segmental stripe that has separated from the growth zone. This stripe
is only seen in some individuals, and is thought to appear very
transiently. (G) Double immunochemical staining with antibodies
against Ubx and AbdA (in purple), and AfCad (in dark red), showing
overlap of their expression domains over one or two segments
(bracket). (H) Double immunochemical staining with antibodies
against Engrailed (in blue) and AfEve (in red). The stripe of AfEve
expression disappears before the onset of Engrailed expression.
Expression of AfEve can be seen in the growth zone, in a transient
segmental stripe (large arrowhead) and in specific cells in the CNS
(small arrowheads). Ventral views, anterior towards the top.
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compared the expression éffEve with the expression of Late AfCad expression marks the differentiation of
the segmentation geneengrailed (en), using double the adult anal appendages
immunochemical stainings. Th&fEve stripes appear earlier puring mid-late stages of larval developmexfCadgradually
than engrailed (i.e. several cell diameters posterior to theceases to be expressed in the growth zone (which presumably
youngestengrailedstripe) and have disappeared by the timedisappears after the formation of all body segments) and starts
engrailedis turned on in any particular segment (Fig. 4H). Wexo be expressed in the posterior part of the telson, in the region
are therefore not able to determine the precise position argrrounding the anus (Fig. 5C). This expression begins at stage
segmental register of these stripes. S L6 and coincides with the beginning distal-less (DIl)
AfEveis also expressed in cells of the developing hindgugxpression in the same part of the telson (Fig. 5A); it is
(Fig. 4B), in mesodermal cells that give rise to the dorsahssociated with the development of a pair of appendage-like
vessel/heart (not shown), and in a small set of segmentalitryctures, the caudal furca, that surround the anus in the adults
repeated cells in the central nervous system (Fig. 4H). Similgrig. 5D-F). Unlike the dynamic expression AfCadin the
patterns in the central nervous system and heart have begiwth zone, expression in the posterior telson is relatively
documented in other arthropods (Frasch et al., 1987; Patel &hble throughout mid-late larval stages. This is reminiscent of
al., 1992; Patel et al., 1994; Duman-Scheel and Patel, 199 homeotic function oDrosophila Cadin the primordia
Hughes and Kaufman, 2002a), suggesting that these aspectpfthe adult anal structures, whe@ad expression is also
Eveexpression are evolutionarily conserved. associated with the expressionlif (Gorfinkiel et al., 1999;
Spalt (AfSal) Moreno and Morata, 1999Qll expression is not observed in

’ ) o the post-genital segments Aftemia
We isolated several genomic fragments containing the second

zinc finger ofSalfrom Artemia(sequence Accession Number Homeotic transformations induced by expression of
AJ567454). Sequence comparisons suggest that this AfCad in Drosophila
orthologous tdrosophila Saland Salr, and to the vertebrate In order to test the relatedness of AréemiaandDrosophila
Salgenes (Fig. 3C). Cad proteins at the functional level, we decided to compare the
We used in situ hybridisation, to examine the expression dadffects of mis-expressing these proteindDimsophila Mis-
AfSalin early larvae (stage L1). EarlfSal expression is expressingDrosophila Cadin the eye-antennal and wing
restricted to the posterior growth zone and is very similaimaginal discs during larval development, using the
to the expression ofAfCad (data not shown). Technical UAS/GAL4 system, is known to produce striking homeotic
difficulties with in situ hybridisation did not allow us to transformations of head cuticle and notum towards anal plates,
examine the expression AfSalduring later stages. and to induce the ectopic expression of its target geistal-

DIl

Fig. 5. Expression of AfCad and development of the anal appendagdetemia (A) Immunochemical staining with an antibody against DlI,
showing the early expression of DIl in the anal structures (arrowhead), in stage L6. DIl expression is also seen imthiediestife
appendages that have formed at this stage. (B) Scanning electron micrograph of the anal region in stage L6-7. (C) Immstaictiegnica
showing the earliest expression of AfCad in the anal structures (arrowhead) at stage L6. Expression is still seen inzbeey(breitket).
(D) Immunochemical staining for DIl in a fully-segmented larva (around stage L11). DIl expression is seen in the caudabfuhead), in
the thoracic appendages and in the two genital segments (bracket). No DIl expression is seen in the post-genital s&paantag(E)
electron micrograph of the anal region in stage L11. (F) Immunochemical staining showing the late expression of AfCadial thecaa
(around stage L11).
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less (DIlI) and Brachyenteron(Byn) (Moreno and Morata, genesAbdB Cad Eveand Sal are unlikely to play a direct
1999). role in defining the identity of post-genital segments. We
We prepared a UAS-AfCad construct and carried out théherefore wondered whether previously unidentified Hox
same experiments, expressiigemia Cadn the eye-antennal genes might be responsible for this function, and set out to
and wing imaginal discs using the same GAL4 drivers. Theearch for new Hox genes specifically expressed in this
results we obtained are strikingly similar to those observed byegion.
mis-expressing obrosophila Cad appearance of ectopic anal  Previous screens to isolate Hox genes frantemiarelied
plates in the head and notum (Fig. 6A) and ectopic expressiam genomic DNA as a template for PCR using degenerate
of DIl andByn(Fig. 6B,C). The penetrance of these phenotypeprimers (Averof and Akam, 1993). We reasoned that such
was higher than that observed usbrgsophila Cadalthough  screens could be strongly enriched for posteriorly-expressed
this may depend on the particular transgenic lines that wegenes if, instead of genomic DNA, the starting material was
used) and no significant activation Dfosophila Cadwas mRNA derived specifically from posterior parts of the body.
detected in imaginal discs mis-expresskfgcad suggesting We therefore obtained larvae at around the time when the post-
that these effects are mediated directlyAiZad expression. genital segments are being formed (stage L9-L10), dissected
We conclude that th®rosophila and Artemia Cad proteins the posterior part of their body (including part of the genital
behave very similarly in this in vivo assay, indicating that theseegion, the post-genital region and telson), and prepared first-
proteins have inherited similar biochemical properties fronstrand cDNA from this material. We then carried out a PCR
their common ancestor, in their ability to bind and regulate thecreen on this cDNA, using degenerate primers that are

relevant downstream targets. expected to recover homeobox fragments from all classes of
) ) ) Hox genes and Cad (including some divergent Hox genes) (see

PCR screen for the isolation of posteriorly- de Rosa et al., 1999; Averof and Akam, 1993), aiming to isolate

expressed Hox genes any posteriorly expressed Hox genes that were missed by our

Our study of expression patterns suggests that the candidgtevious screens. Out of the 60 independent clones that we
analysed, 59 turned out to BéCadand one wa#\bdB This
result confirms that the PCR screen is highly selective for
posteriorly expressed genes, and shows that our general Hox
primers are not able to detect any new Hox genes expressed in
this region.

Similarly, PCR screens using primers that target specifically
AbdB/posterior class Hox genes did not yield any new genes
(T.C. and M.A., unpublished). The failure to identify new
posteriorly expressed Hox genes may be due to a number of
reasons: such genes may not exishitemia or they may be
too divergent to be amplified by our Hox primers.

Discussion

AbdB expression in the genital and posterior
thoracic/trunk segments

Our observations oAbdB expression support the idea that
this gene is involved in defining the identity of the two genital
segments inArtemia where it is specifically expressed
from early stages of their formation until their final
differentiation (Fig. 2A-C). This is consistent with previous
observations using in situ hybridisation (Averof and Akam,
1995). Apart from its stable expression in the genital
segments, during late stages AbdB is also observed in cells
of the most posterior thoracic/trunk segments (Fig. 2C). This
anterior expansion of AbdB is reminiscent of the distribution
of the AbdB-m (otherwise known as AbdB-l) isoform

in Drosophila which extends into several posterior
Fig. 6. Mis-expression of AfCad iDrosophila (A) Ectopic anal abdominal segments (Celniker et al., 1990; Delorenzi and
plates in the dorsal head cuticle of a fly caused by mis-expression oBjenz, 1990). This expansion has not been observed in other
AfCad using the MS-248 GAL4 driver. The anal plates are insects, such as the locuSchistocerca gragariaor the
characterised by being darkly pigmented, having no trichomes and o atThermobia domesticékelsh et al., 1993; Peterson et
carrying long wavy bristles. (B) Ectopic activation of BitZ al., 1999), suggesting that it may be a convergent similarity

following mis-expression of AfCad using the MS248 driver. DIl is ? X .
activated in an ectopic patch of cells (arrowhead) close to the normepetween Artemia and Drosophila AbdB expression. In

domain of DIl expression in the antennal primordium. (C) Ectopic Artemia AbdB expression does not extend into the post-

activation of BynlacZin the wing disc, following mis-expression of ~ genital region at any developmental stage, indicating that
AfCad using the apterous-GAL4 driver. Byn is induced in two AbdBhas no direct role in the specification of the post-genital
patches of cells at the lateral edges of the wing pouch. segmental identity.
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Possible roles of Cad and Eve in the sequential throughout the embryo, with different concentrations of Cad
generation of body segments eliciting different responses on different targets along the
The expression pattern AfCadandAfEvein the growth zone anteroposterior axis of the embryo. In ‘short-germ’ arthropods,
does not suggest a specific, homeotic-like role of these genldes Artemig the regulation of these targets would have to
in defining the identity of the post-genital segments. Unlikeoccur in a temporal sequence, as individual segments exit from
homeotic genes, the expression of these genes is not restricted growth zone, but it is conceivable that a ‘temporal gradient’
to regions with a particular segmental identity, it appears beforef Cad activity in these organisms could function in an
segmentation, and it is hot maintained during the subsequesmalogous manner to the spatial concentration gradient of Cad
development and differentiation of segments. Furthermoren Drosophila the progenitor cells that give rise to posterior
there is no indication that these genes are expressed gogrts of the body spend more time in the growth zone, and thus
differently in the growth zone when the post-genital region i€xperienceCad expression for longer periods than the anterior
being formed (compared with when other regions are formingprogenitor cells. If target enhancers are capable of integrating
so there is no evidence that they could play a specific role i@ad activity over time, the effect of this ‘temporal gradient’
distinguishing this region from other parts of the body. Theseould be similar to that of a Cad concentration gradient. Thus,
expression patterns, however, suggest that these genes couldarthropods likeArtemig expression ofCad in the growth

play a role in segmentation that is comparable with the earlyone may help to define the spatial limits for the activation of
functions of Cad and Eve in Drosophila and in other segmentation genes, in an analogous manner to the spatial
arthropods. gradient of Cad protein operating in edbiosophilaembryos.

The expression oAfCadin the growth zone ofrtemiais  In addition, it may help to set temporal limits required for the
very similar to expression patterns ©&d observed in other sequential activation of segmentation genes and Hox genes, as
arthropods that generate their trunk segments sequentially frosegments exit from the growth zone.

a posterior growth zone (‘short-germ’ arthropods), most AfEve expression is also observed in the growth zone of
notably in the beetl@ribolium castaneunand in the locust Artemig with transient stripes of expression emerging from
Schistocerca gregarigschulz et al., 1998; Dearden and Akam, this posterior domain. This is highly reminiscentEnfe/Evx
2001).Cadexpression is also localised to the growth zone, irexpression in short germ arthropods, like the béettolium

these species, and the most obvious difference Ardemiais  castaneunand the centipedeithobius atkinson{Patel et al.,

that this expression is not excluded from the posterior-most tip994; Hughes and Kaufman, 2002a). The main difference
of the body during the early stages of segmentation. Expressitietween these species appears to be in the stability of these
of AfCadin the growth zone is also similar to the expressiorstripes: theEvestripes ofArtemiaappear to be very transient,

of vertebrate Cdx genes in posterior parts of the primitivevhile the stripes irLithobiusandTribolium persist for longer,
streak, prior to the formation of somites (Meyer and Grussand consequently a number of stripes can be detected at any
1993; Marom et al., 1997). These similarities may reflect anne time. Another issue concerns the segmental periodicity
ancestral role ofCadCdx genes during the progressive of Eve stripes. InDrosophila Eveis expressed in alternate
generation of body parts (segments) from a posterior growtbegments and is well known for its role as a pair-rule
zone. segmentation gene (Frasch et al., 1987), but expression with

Somewhat different patterns of expression are observed @ouble-segment periodicity has not been observed beyond
Drosophila where segments are not generated sequentiallyigher insects. Ifribolium, the stripes that have just emerged
from a growth zone (Macdonald and Struhl, 1986). Maternalrom the growth zone are broad and have a double-segment
Cad mRNA is uniformly distributed in earlyDrosophila  periodicity, but subsequently each of these stripes splits into
embryos, but translational repression mediated by the anteritwo narrower stripes with single-segment periodicity (Patel et
morphogen Bicoid transforms this uniform distribution into aal., 1994). In the centipede, thgestripes have single-segment
gradient, with highest levels of Cad protein at the posterior engeriodicity (Hughes and Kaufman, 2002a). Antemia the
of the embryo (Macdonald and Struhl, 1986; Rivera-Pomar dtansient appearance AfEvestripes, prior to the appearance
al., 1996). The zygotic expression ©&d is transcriptionally of any morphological signs of segmentation engrailed
regulated and is also restricted to posterior parts of the embryexpression (Fig. 4H), does not allow us to determine whether
The combined zygotic and maternal patternGadare known these stripes have single- or double-segment periodicity. In
to regulate a number of early segmentation and gap gensgite of differences in the segmental periodicitfEwéstripes,
(Macdonald and Struhl, 1986; Rivera-Pomar et al., 1995)Yhe observation thaEve is expressed in stripes associated
Cad/Cdx genes are also known to directly regulate Hox genesith segmentation in diverse arthropods (including insects,
in C. elegansand in vertebrates (Hunter et al., 1999;crustaceans, myriapods and chelicerates) (Patel et al., 1994;
Subramanian et al., 1995; Epstein et al., 1997; van den Akk&amen et al., 2000; Hughes and Kaufman, 2002a) provides
et al.,, 2002), and may also have a similar function in somstrong evidence for a conserved role of this gene in the process
arthropods. of segment formation.

In Artemia we have found no evidence for translational Beyond arthropod&veEvx genes appear not to be involved
repression oAfCadmRNA or for a graded distribution of the in segmentation, but instead play a role in the development of
AfCad protein (Fig. 4A,C,D), indicating that the mechanismsposterior structures (Ahringer, 1996; Ferrier et al., 2001; Ruiz
regulating Cad expression during segmentation arei Altaba and Melton, 1989; Bastian and Gruss, 1990; Beck and
substantially  different in Drosophila and Artemia  Slack, 1999). A role in posterior development may also exist
NeverthelessCadcould have equivalent roles in regulating thein arthropods, where posterior expression is a prominent
expression of segmentation genes and Hox genes in the®ature of Eve expression. Although no function has been
species. InDrosophilathis regulation occurs simultaneously assigned tdEve expression in the anal plates and hindgut of
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Drosophila conservation of this posterior expression inbeyond the posterior boundary AbdB expression (Hughes

Artemia and in insects (Frasch et al., 1987; Moreno andind Kaufman, 2002bAbdBis not expressed — even transiently

Morata, 1999; Patel et al., 1994) suggests that it is likely in the post-genital segments, suggesting that these segments

to play a conserved role in the development of posteriobear no direct relationship to the genital segments.

structures. Other aspects Bfe function, in the heart and in  The expression oAfCad and AfEvein the growth zone

the CNS, are also likely to be conserved (Frasch et al., 198@pints to a role of these genes in the generation of body

Patel et al., 1992; Patel et al., 1994; Duman-Scheel and Pateégments, but it does not suggest a direct, homeotic-like role

1999; Hughes and Kaufman, 2002a). of these genes in specifying the identity of post-genital
Finally, the early expression éffSalis very similar to the segments. More relevant is the expression patteAf@ddin

early expression oAfCad encompassing the growth zone atthe anal region, which is comparable with the expression of

least during the time when thoracic/trunk segments are beir@adin the anal structures of other arthropods (Macdonald and

generated. This suggests that, W{€adandAfEve AfSalmay

have a role in the process of segment formation, but is unlike

to have a direct role in defining the identity of the post-genita centipedes

Conserved role of Cad in the specification of anal
structures

Besides the dynamic expressionAdCadin the growth zone, gﬂgggzgﬁgan iWﬁib
during later stages this gene is also expressed in the poster ?
part of the telson. This expression pattern appears short
before the anal appendages of the adult begin to differentia
in this region, and remains relatively stable during the
development of these structures (Fig. 5). This aspe&f@dd insects O
expression also coincides with the onseDbfexpression in

precisely the same part of the telson, in striking parallel t

Drosophila whereCadis associated with the expressiorDdif

in the anal plates (Gorfinkiel et al., 1999; Moreno and Morate

1999). Drosophila Cadis known to have an important

homeotic-like function in defining the identity of anal glu%stg?ggﬂs d
structures (Moreno and Morata, 1999). These similarities (e.g. Artemia)
therefore, suggest thatfCad could play a similar role in

defining the identity of anal structures Artemia Similar

expression patterns have also been observed in oth

arthropods (insects, crustaceans and chelicerates) (Xu et

1994; Schroder et al., 2000; Dearden and Akam, 200: cephalocarid
Abzhanov and Kaufman, 2000b; Akiyama-Oda and Oda Crustaceans
2003), suggesting that this role is likely to be ancient an
phylogenetically conserved among arthropods. The effects «
mis-expressing\fCadin Drosophila(Fig. 6) also suggest that

the functional properties of Cad proteins are likely to be widel Ll
conserved copepod
' crustaceans

Identification of a unique body region that
expresses no known Hox genes [] = Antp/Ubx/AbdA

In this work, we set out to investigate the nature of the pos [l = AbdB
genital segments @&rtemia asking whether any of the known I = Cad
Hox genes or related candidate genes could play a role
defining the identity of these segments. The expressioFig. 7.Regional homologies among diverse arthropod body plans.
patterns ofAbdB Cad Eveand Salhomologues suggest that The proposed relationships between insects, myriapods, anostracans
none of these genes are likely to have such function. Ttand malacostracan crustaceans are based on patterns of Hox gene
expression patterns okbdB and AfCad however, provide expression, indicated by colours: Antp, Ubx and AbdA in yellow;
useful landmarks that allow us to place the post-geniteAbdB in red; Cad in purple (Averof and Akam, 1995; Abzhanov and
segments in the context of other regions within the body plakaufman, 2000a; Abzhanov and Kaufman, 2000b; Hughes and

of Artemia Kaufman, 2002c). The post-genital region appears to be a unique

. . region arising between the AbdB- and Cad-expressing domains in
AbdB the most posterior acting of all Hox genes that haV'anostracan crustaceans, with no obvious counterpart in insects,

been |de_nt|f|ed in arthropods,_ is expres_sed speufl(_:ally in tWﬁyriapods and malacostracan crustaceans. The proposed

two genital segments cirtemia supporting the notion that (gjationships with body regions of cephalocarids and copepods are
these segments may be related toAbeB-expressing genital hypothetical (broken lines), based on similarities in the overall
segments of insects (Fig. 7). Consistently, all the other Hopatterns of tagmosis and segmental specialisation among these
genes are expressed anterior to this region and never extegrdups (Averof and Akam, 1995; Walossek and Muller, 1997).
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Struhl, 1986; Moreno and Morata, 1999; Xu et al., 1994Hou and Bergstrom, 1997; Walossek and Muller, 1998), have

Schroder et al., 2000; Dearden and Akam, 2001; Abzhanov arrd segmental organisation that is comparable with that of

Kaufman, 2000b; Akiyama-Oda and Oda, 2003), suggestinganostracans, showing differences mainly in the number of

direct relationship of these structures among diverse arthropag@gments found in their thoracic/trunk, genital and post-genital

groups (Fig. 7). Again, the absenceAd€Cadstaining from the regions (Fig. 7). These similarities raise the possibility that the

post-genital segments suggests that these segments hneb-less post-genital region may be an ancient feature shared
probably not directly related to the anal region. by a number of divergent arthropod groups.

In all arthropods where the expression of the relevant genesOur study is the first to propose the existence of a distinct
is known, AbdB and Cad are expressed in abutting domains segmental identity, that is not dependent on any of the known
that define the most posterior parts of the body (Fig. 7)Hox genes, between the domainAbiBandCad expression
Uniquely, inArtemia a series of six post-genital segments haven Artemia Similar studies of Hox gene expression in other
become intercalated between theéd®dB and Cad domains. arthropods have not identified a comparable body region in
These segments do not express either of these genes or amgjor groups like the insects, myriapods, chelicerates and
other known Hox-related gene. Thus, we consider that the postalacostracan crustaceans (Damen et al., 1998; Telford and
genital segments dkrtemia constitute a unique body region Thomas, 1998; Abzhanov and Kaufman, 2000a; Hughes and
that bears no relationship with any of the regions that have be&aufman, 2002c; Hughes and Kaufman, 2002b), but a number
previously characterised by Hox gene expression in othaf phylogenetically interesting groups, like copepods and
arthropods (Fig. 7). Certainly, we can find no counterpart focephalocarids, have not yet been examined. Extending studies
this region in insects, where the role of Hox genes has be@f developmental gene expression to diverse groups may be a

studied in most detail. key to understanding the origin of evolutionary innovations,
o o ] ] like the post-genital segments, which contribute to the
Origin and affinities of the post-genital region enormous morphological diversity of arthropod body plans.

The identification of the post-genital segments as a unique

body region that is not specified by any of the known Hox We are grateful to Michael Akam in whose laboratory this work

genes, raises a number of questions. First, we know nothii¢fs initiated, and to Eduardo Moreno for his active involvement in
about how the identity of these segments is specified. Are thefd €arlier phase of this project. We also thank Guillaume Balavoine,
new, yet unidentified, Hox genes that have adopted this rol ichael Akam and Nipam Patel for communicating unpublished
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or are these segments able 10 develop without any INput 1ro ade; Barry Condron and Nipam Patel for help in testing that

Hox genes? A precedent for the latter is the specification of thginody: Habib Boulekbache and David Montero for help with SEM
antennal segment of insects, where no Hox genes appeardigservations; Jean Deutsch and Maryline Blin for hospitality and
have a direct role (Struhl, 1982; Stuart et al., 1991). advice on in situ hybridisations; Tassos Pavlopoulos for help with
Another question relates to the origin of this region. Is it dmmunisations; Yiannis Livadaras for injection dbrosophila
novelty that appeared iArtemiaand its closest relatives, or embryos; Leandro Sastre and Clive Trotman for cDNA libraries;
could it be an ancient feature that is shared with other arthropdtpam Patel, Rob White, Grace Panganiban and Gary Struhl for
groups? Anostracan crustaceans, to whidemiabelongs, all ~ antibodies; Eduardo Moreno, Gines Morata and Ryutaro Murakami
share the same general body plan consisting of the headfo fly stocks; and Stephen Ekker for the AbdB homeodomain
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