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SUMMARY

Homeotic genes are known to be involved in patterning
morphological structures along the antero-posterior axis of
insects and vertebrates. Because of their important roles in
development, changes in the function and expression
patterns of homeotic genes may have played a major role
in the evolution of different body plans. For example, it has
been proposed that during the evolution of several

crustacean lineages, changes in the expression patterns of with

the homeotic genedJltrabithorax and abdominal-A have
played a role in transformation of the anterior thoracic
appendages into mouthparts termed maxillipeds. This
homeotic-like transformation is recapitulated at the late
stages of the direct embryonic development of the
crustacean Porcellio scaber (Oniscidea, Isopoda).
Interestingly, this morphological change is associated with
apparent novelties both in the transcriptional and post-

transcriptional regulation of the Porcellio scaberortholog
of the Drosophilahomeotic gene Sex combs reduce(Scr).
Specifically, we find thatScrmRNA is present in the second
maxillary segment and the first pair of thoracic legs (T1)
in early embryos, whereas protein accumulates only in the
second maxillae. In later stages, however, high levels of
SCR appear in the T1 legs, which correlates temporally
the transformation of these appendages into
maxillipeds. Our observations provide further insight into
the process of the homeotic leg-to-maxilliped
transformation in the evolution of crustaceans and suggest
a novel regulatory mechanism for this process in this group
of arthropods.

Key words: Homeotic gen&ex combs reduced, Porcellio scaber,
Isopoda, Crustacean, Maxilliped, Evolution

INTRODUCTION

of the ‘trunk’ genesUbx and abd-A in a homeotic-like

transformation of the anterior thoracic legs into maxillipeds
Homeotic (HOM-C/Hox) genes are known to specify theindependently in several crustacean lineages. In particular, the
identity of segments along the antero-posterior axis in insectabsence of UBX and ABD-A from anterior segments of certain
Genetic studies obBrosophila melanogasteand other insects derived malacostracan crustaceans correlates with the
have demonstrated that the products of the Hox genes contagppearance of maxillipeds on those segments in adults (Averof
the transcription of numerous downstream genes within theand Patel, 1997). However, a better understanding of this
expression domains (Carroll, 1995; Graba et al., 1997process requires further knowledge of homeotic gene
Comparative studies of various insect orders reveal that thexpression patterns, especially of the ‘head’ genes whose role
expression domains of HOM-C/Hox genes are relativelyn such a process can be expected. In this study we have
invariant within the Class Insecta, which is consistent with docused on the expression patternSef as it is an important
highly conserved basic body plan (Beeman et al., 1993%jomeotic gene defining the posterior boundary of the insect
Friedrich and Tautz, 1995; Warren and Carroll, 1995; Rogersead (Kaufman et al., 1990; Zeng et al., 1993). After studying
and Kaufman, 1997). Specifically, the gerlabial (lab), the distribution patterns &crmRNA and protein ifP. scaber
proboscipedia(pb), Deformed(Dfd) and Sex combs reduced embryos, we found that the appearance and accumulation of
(Scn have been shown to specify the segments of the headtimese products correlates well with the transformation of the
Drosophila (Kaufman et al., 1990) and are likely to perform dirst thoracic pair of limbs into mouthpart maxillipeds. We also
similar function in other insects (Rogers and Kaufman, 1997onclude thaScris post-transcriptionally regulated during the
Peterson et al., 1998). The extension of these studies inprocess. We suggest tHatris involved in this homeotic-like
Crustacea, a close sister group of insects (Ballard et al., 199ansformation, both in the ontogeny and phylogeny of the
Boore et al.,, 1995; reviewed in Gilbert and Raunio, 1997isopod malacostracans and likely other crustaceans as well.
Boore et al.,, 1998), has proved to be very useful ifFurther, a comparison of the expression pattern and function
understanding the evolution of Hox genes themselves and theif Scr between insects and crustaceans reveals likely and
role in arthropod evolution (Averof and Akam, 1995). A recentinteresting evolutionary changes in the role of this gene in these
study by Averof and Patel (1997) presented evidence for a rote/o groups.
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MATERIALS AND METHODS

P. scaber cultures and embryo collection

Colonies of the common woodloudeorcellio scaber (Isopoda,
Oniscidae) were originally established from animals collected aroun
Bloomington, IN, USA. Breeding colonies of about 1000 animals
were maintained in large plastic boxes at 22°C with a constant ligt
source. Females dforcellio scaberbrood about 50 embryos in a
marsupium formed by large oostegite plates of the walking legs o
the ventral side of the thorax. The transparency of the oostegite plat
allows determination of the developmental stage of the embryos. Tt
developmental stages based on the appearance and change of
external morphological features are described by Whitington et a
(1993). Embryogenesis Porcellio scabelasts about 3 weeks, with
manca larvae remaining in the marsupium for several days aft
hatching. We estimate that it takes embryos about 3 days to devel
from the 45-50% stage to the 75-80% stage at 22°C. The embry:
were dissected from the marsupium using a pair of dissecting needl|
and washed in 0.01 M phosphate-buffered saline (PBS) before fixatic
for in situ hybridization and antibody staining.

Cloning partial cDONAs of  Sex combs reduced

Total mRNA was isolated from about 50 embryos with
TRIzol®Reagent (Life Technologies) following the RNA isolation
protocol provided by the manufacturer. RT-PCR and detailed cDN/
cloning procedures have been described previously (Rogers et ¢
1997). Based on a PCR survey with degenerate homeobox primers u:
on both cDNA and genomic woodlouse DNA, we have concluded the
only a singleScrhomolog (ortholog) is present Rorcellio scabelA.

A. and T. C. K., unpublished). The degenerate primers used to clone
partial ScrcDNA containing the homeobox and the upstream variable
region were designed from the conserved regions PQIYPWM an
WFQNRR, as previously described (Rogers et al., 1997). cDNA clone
were sequenced using the ABI PRIZ¥ Dye Terminator Cycle
Sequencing Ready Reaction Kit (Perkin Elmer). The accession nhumkb
for the Porcellio scaber Scsequence in GenBank is AF101431.

Al

A2

Mx1
Mx2

Sequence analysis

The cDNA sequences obtained were compared with the NCE
sequence database using BLAST and with unpublished sequences
cDNAs from various arthropods cloned in this laboratory. All
sequences were analysed using MacVéMr0.1 (Kodak) software.

T1-T8

Al-A6
Fixation of embryos, in situ hybridization and antibody

staining

Distribution of ScrmRNA was analysed using the in situ hybridization
protocol described by Panganiban et al. (1994) with modifications fror
Rogers et al. (1997), except that protease incubation was decreased fi
1 hour to 10-12 minutes. The monoclonal antibody against DLL wagig. 1. The isopod body plan and development. (A) Schematic
described by Panganiban et al. (1994); the monoclonal antibody, MAfapresentation of isopod external morphology. Three tagma can be
4D9 against EN was described in Patel et al. (1989a); the monoclongiktinguished in the adult isopod: cephalon (mandibulate head plus
antibody FP6.87 against UBX and ABD-A is described by Kelsh et a|T_']_ segment with maxillipeds), pereon with seven segments, and
(1994); and the polyclonal rat antibody against amino acids 240-417 gfeon with six segments. Pereopods are uniramous walking legs in
DrosophilaSCR (containing the YPWM-motif, the homeobox and theaquit isopods. Pleopods are small biramous appendages used for

C terminus) was a kind gift from D. J. Andrew, Johns Hopkins Universityespiration. P1 is the first adult pereonic segment. (B) Schematic
School of Medicine. The immunochemical staining procedure igaieral representation of the isopod cephalon (after Manton, 1977).
described by Kelsh et al. (1994) and Averof and Patel (1997). Labels indicate appendages rather than segments. The cartoon shows
Microscopy and photography the first antennae (A1), the second antennae (A2), mandibles (Mn),

All mounting, photographing and scanning electron micrograp he first maxillae (Mx1), the second maxillae (Mx2) and maxillipeds

procedures have been described previously (Gorman and Kaufm ’xp). _(C_:,D) Porcellio scabeembryo stained with an_tibody
1995: Rogers et al., 1997). recognising EN to reveal the segments and the outline of the embryo.

There are 20 visible EN stripes corresponding to the six head
segments labelled as in B, eight embryonic thoracic segments (T1-

RESULTS T8) and six abdominal segments (A1-A6). Note that the thorax of the
) embryo does not directly correspond to the pereon of the adult
Early development of the  Porcellio scaber embryo isopod. Additionally, the adult cephalon is derived from the

Porcellio scaberthe common woodlouse (order Isopoda), is @&mbryonic head and the anterior thoracic T1/Mxp segment.
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Peracarida,
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subclasentinue development as legs and the resulting adult

Malacostraca, the largest group of living crustaceans. Theorphologies of maxillipeds and pereonic legs are quite
development ofPorcellio scaberis direct (epimorphic) and distinct (see Fig. 2H).

results in the hatching of a larva that posse
all the morphological features of the ai
isopod except that it lacks a seventh pa
thoracic (pereonic) appendages (Kaes
1970; Beklemishev, 1964). The archetypal ¢
malacostracan has three tagma: the mandit
head of six segments, the ‘thorax’ (pereon)
eight pairs of uniramous legs and the ‘abdor
(pleon) with five pairs of appendages usec
locomotion and/or breathing and one pai
terminal appendages called uropods (See
1A). In the lineage leading to the isopods,
first pair of thoracic limbs have apparently b
transformed into maxillipeds (Schram, 19!
In adult isopods these appendages often
flat proximal articles (basipodites) t
posteriorly and ventrally enclose the mandi
and the two pairs of maxillae and serv
function analogous to that of the insect lab
(Brusca and Brusca, 1990; a schematic is
head is shown in Fig. 1B).

To better understand the leg-to-maxilli|
transformation, we examined scanning elec
micrographs (SEM) taken at differ
developmental stages. The tagma bound
are established very shortly after germt
elongation with the three tagma clei
discernible (shown in Fig. 1C). Initially, t
thorax consists of eight post-gnathal segmr
with the first pair of thoracic appenda
developing as large uniramous legs reminis
of the above mentioned ancestral state
1D). The latter continue to develop as legs
the 60-70% developmental stage (stages ¢
in Whitington et al., 1993). At about the 7
stage, a series of morphological changes re
in a transformation of the T1 legs i
maxillipeds (Mxp) and fusion of the T1/M
segment with the head capsule (see ele
micrographs in Fig. 2A-C). As a result
tagma that begins as the embryonic thorax
T8 with the T8 segment initially lackii
appendages) subsequently transforms tc
posterior adult head (T1/Mxp) and the a
pereon (P1-P7, all bearing uniramous wal
legs). Therefore, the originally establis
tagma boundary between the second me
and the first thoracic segment is shi
posteriorly behind the T1/Mxp and anterio
the first pereonic segment (T2/P1). 1
ontogenic shift mirrors the phylogenetic cha
that is thought to have occurred in the evolt
of this group of isopods. As late developn
progresses, the maxillipeds grow a long, sp
like exopod and a short 3-jointed branch,
endopod, next to the endite on the tip of
large flat basipodites. The appendages o
more posterior thoracic or pereonic segm

Fig. 2. Development of maxillipeds from leg-like appendages. (A-C) Scanning electron
micrographs of the 45-50% stage (middle), 75-80% stage (late) and manca larva
developmental stages, respectively. The maxillipeds are false-coloured in red and the
second thoracic appendages/ first pereopods are false-coloured in green. The first thoracic
limbs (A) can be seen in their transformation to maxillipeds (B,C). (D,E) 25-30% and 75-
80% stage embryos stained with a polyclonal antibody (brown) to DLL. The
development of the second maxillary appendage, maxilliped and first pereopod (P1) is
revealed. Embryonic head, thorax and abdomen are indicated. (F,G) Staining with
antibody FP6.87 (black) recognizing UBX and ABD-A in 45-50% and 75-80% stage
embryos. UBX and ABD-A are expressed in the developing trunk (thorax and abdomen)
of the embryo with the anterior boundary in the posterior ventral part of the T1/Mxp
segment in accordance with previous observations (Averof and Patel, 1997). Mxp
appendages do not expréfisx-abdA (H) A diagram representing the adult morphology

of T1/Mxp and T2/P1 appendages. The Mxp develops an outer narrow, spoon-like
branch (exopod) and a small 3-jointed endopod on the tip of large flat basipodite after
about the 75% stage. Bars, 10@ (A-C). In D-G the labels indicate appendages rather
than segments.
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Segmental expression of EN segments. EN is expressed in each of the six appendage-

The boundaries for the expression domains oBttreUbxand ~ bearing abdominal segments and appendages.
abd-A products were defined using the pattern of Engrailed . o ,
(EN) as revealed by the monoclonal antibody mAb 4D9 (Patdpistalless (DLL) as an indicator of limb morphology
et al., 1989a). This antibody recognizes a conserved epitope Tine polyclonal antiserum against Distalless (DLL), which we
EN and INV. Partial cDNAs of twengrailedclass genes have used for this study, is known to specifically recognise DLL in a
been cloned fron®. scaberpoth of them contain the epitope wide range of taxa (Panganiban, 1998). In conjunction with the
and are expressed in coinciding patterns (A. A. and T. C. KSEM analysis it serves as an important indicator of appendage
unpublished). The EN expression pattern is similar to thamorphology (Fig. 2D,E). Distribution of DLL in the head Pf
observed in insects and other crustaceans at the segmented geeaberreveals a horseshoe-shaped labrum, a pair of small first
band and later stages (Patel et al., 1989a,b; Rogers aadtennae (antenullag), large uniramous second antennae,
Kaufman, 1996). EN is accumulated in the posterior portion dpranched Mx1 and uniramous Mx2 appendages. There is no
each developing segment. The stripes of EN are observed at gigeumulation of DLL in the mandibular ectoderm. Fig. 2D
earliest recognisable germ band stage and appear sequentiggymonstrates that until the 50-60% developmental stage the
as posterior segments are added during development (a mdr&/Mxp pair of appendages develop indistinguishably from the
detailed study will be published elsewhere). T2/P1-T7/P6 legs. However, both the SEM observations (Fig.
There are six EN-accumulating segments in the head: twéB) and DLL expression (Fig. 2E) clearly show the
preoral and four postoral corresponding to the ocular, firdransformation of the initially leg-like T1 appendages into
antennal (A1), second antennal (A2), mandibular (Mn), firsmaxillipeds at the 60-75% stages. In particular, DLL is expressed
maxillary (Mx1) and second maxillary (Mx2) segments (Fig.in and is probably involved in development of the maxilliped
1C). As shown in Fig. 1C, the ocular, A1 and A2 stripes ardranches (exopods and endopods). In contrast, it is apparent from
relatively narrow (1-2 cells) except in the posterior part of théhe same figures that the T2/P1 through T7/P6 appendages
A2 appendage. In contrast, the Mn, Mx1 and Mx2 stripes areontinue to develop as uniramous walking legs. Interestingly,
at least 4-5 cells wide. Later in development the EN-expressirgjthough no appendages develop on the T8/P7 segment before
dorsal part of the Mn segment and some of the A2 segmentie end of embryogenesis, DLL is weakly expressed in a few cells
dorsalmost material form a ‘dorsal ridge’ for the more anteriothat form a small island in the posterior part of the T8/P7 segment
segments. The posterior part of this structure, together with (&ig. 2E; A.A. and T.C K., unpublished). This suggests that the
similar ‘dorsal ridge’ formed by the dorsal T2/P1 segment, willarrest of formation and growth of the T8/P7 legs (the last pair of
enclose both the maxillary and the T1/Mxp segments (nqeereonic walking legs) is downstream of DLL function. There are
shown). Note that there is no lateral/dorsal expression of ERix biramous appendages in the abdomen — five pairs of pleopods
in the T1/ Mxp segment (Fig. 1C), which serves to distinguisiand a single pair of uropods. The Al pair of appendages appears
it from the more posterior thoracic/pereonic segments. Each &9 develop somewhat more slowly than the rest of the abdominal
the eight thoracic segments and all pereopods accumulate EIgpendages (not shown). At the late developmental stages DLL
in their posterior portion. The T8/P7 stripe remains relativelyexpression is also established in a number of small outgrowths
thin (2-3 cells wide) after the 45% stage as the growth of then the head and trunk of the embryo (Fig. 2E).
T8/P7 segment is not comparable to the other more anterior )
T/P segments. Additionally, T8/P7 does not developltunk expressionof Ubx and abd-A
appendages until after hatching. Throughout most ofnh agreement with previous studies by Averof and Patel (1997)
embryonic development, the width and size of the T8/P7 ENMn other crustacean species and as shown in Fig. 2FG,
stripe resembles that of the more posterior abdomindlltrabithorax (UBX) and Abdominal-A (ABD-A) are not

Fig. 3. Alignment of the YPWM ot i f - and ] )

deduced amino-acid vari abl e regi on N-term nal arm Honeodonai n

sequences fdBcrhomologs  py scR  PQI YPWWKRVHLGT STVNANG ETKRQRTSYTRYQTLELEKEFHFNRYL TRRRRI El AHALCLTERQ KI WEQDRR

from Drosophila OF SCR  PQ YPW#----- QRR------ 0 S S WEQNRR

melanogaste(DM), the ?B ggg _Q__E igm ----- 8 ------------------------------------------------------- \/\V\Fﬁq\ﬁg

milkweed bugOncopeltus PQYPWAK-----Q ------- mmmommsomms s WEQNRR

fasciatus(OF), the cricket o2 8GR o T R e T e

Acheta domestic@AD), the

firebratThermobia domesticaDM DFD - ----- Kl - VAGVA NGSYQPGM - P- - - - - Y | 2R T-V-S----- WEQNRR

(TD), the woodlouse AF DFD  ----- KI - VAGAGAVAHFQPGM - P- - - - - A--Hl--mmmei e S---S----- WFONRR
il DM ANTP  PL- - - - RSQFGKCQ SR -G QT WFONRR

Porcellio scabe(PS) and the AE ANTP A VEQNRR

brine shrimpArtemia

franciscana(AF). For comparison, amino acid sequences of homoloB$ddndAntpfrom DrosophilaandArtemiaare included in the

alignment. Underlined sequences indicate the amino acid sequences used for designing degenerate PCR primers for clomack thashes
amino acids identical with Drosophicr. The YPWM motif is a highly conserved protein-protein interaction domain located upstream of the
homeodomain in all HOM-C/Hox genes. Note that the gene-specific variable region that is important in determination of rolocdoedy i
between the YPWM motif and the N-terminal arm of the homeobox. The N-terminal arm of the homeobox and the homeodomaivitizelf ar
in HOM-C/Hox functional gene specificity and are also very conserved (Zeng et al., 1993). As the alignment shows, the B&sequenc
identical to the inse@crsequences over the N-terminal arm and homeodomain sequences. In the variable region, the PS sequence is most
similar to the AD and TBcrsequences. In comparison, the sequencBsddndAntphave a different set of gene-specific amino acids in the
aligned regions. The sequence of theH variable region was not previously cloned and will be described elsewhere.
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detected in the maxillipeds at any point in development. Thantibody can specifically detect nuclear-localized SCR in
antibody does, however, recognise the proteins in a majority &rosophila embryos (Fig. 4F) and other arthropods
the more posterior limb-bearing segments of the pereon arfdnpublished). InP. scaberearly embryos this antibody
pleon. The fact that the early development of the limbs on theevealed SCR only in the nuclei of cells of the second maxillary
T1/Mxp and the pereonic segments is indistinguishablappendages (Fig. 4C-E), which constitute only a subset of
suggests that UBX and ABD-A do not play an instructive rolehose cells wher8crmRNA is detected. The leg-like T1/Mxp

in early thoracic leg morphogenesis. and T2/P1-T7/P6 thoracic appendages at this stage do not
] accumulate SCR at detectable levels. The Mx1 appendages and
The Scr ortholog of  Porcellio scaber the Mx2 ventral ectoderm also appear to be devoid of SCR. It

To further understand crustacean body plan evolution and tleannot be ruled out that SCR is present in these appendages at
leg-to-maxilliped transformation, we studied the mRNAvery low levels and is not detected by the polyclonal SCR
expression patterns of the ‘head’ Hox geneBdrcellio scaber  antibody. However, no such drastic difference is observed in
using in situ hybridization. RNA probes were generated fronScr mRNA distribution.
partial cDNAs cloned from embryos via RT-PCR. Cloned cDNA S
fragments were compared to the known amino acid sequenc€§” MRNA and protein distribution in the 75-80%
of Scrand other HOM-C genes from various insects and thétage shows identical patterns in the head and
brine shrimpArtemia franciscanaFig. 3 shows the alignment Maxilliped appendages
of the Scr homologs fromDrosophila melanogastefDiptera, The discrepancy between mRNA and protein accumulation
Insecta), the milkweed-bu@ncopeltus fasciatugHemiptera, persists until about the 50-75% developmental stage. At around
Insecta), the crickekcheta domesticOrthoptera, Insecta), the the 50-75% stages the T1/Mxp appendages follow a different
firebrat Thermobia domestica(Thysanura, Insecta), the developmental path from the rest of the thoracic/pereonic
woodlousePorcellio scabel(lsopoda, Crustacea), and the brineappendages and transform into maxilliped mouthparts (Fig.
shrimp Artemia franciscandAnostraca, Crustacea) (sequences2B,E). In situ hybridization reveals tratrmRNA is expressed
are derived from Averof and Akam, 1995; Rogers at al., 1997n a pattern similar to that in the earlier stages. This includes
this work). On the basis of the encoded amino acids of théhe outer branches of the first maxillae and all of the uniramous
homeobox and the variable regions located downstream of tlsecond maxillae, the Mx2 segment ventral ectoderm and the
YPWM motif (Rogers et al., 1997) that are shared \@tn  distal portions of the T1 limbs/maxillipeds (Fig. 5A-C). During
sequences of related organisms, the alignment demonstrates tise late stages of development very high levels of SCR protein
the Porcellio scaberpartial cDNA sequence presented mostare detected throughout the Mx2 segment including the limbs
closely resembleScrand not other HOM-C genes (Fig. 3).  and, importantly, in the distal part of the maxillipeds (Fig.
o 5D,E,H). The domain of SCR distribution also expands into the
Scr mRNA and protein in 45-50% stage embryos outer branches of the Mx1 appendages and, at a somewhat
display distinct patterns of accumulation lower level, parasegmentally into the posterior part of the Mx1
A partial cDNA of a singlé&scrhomolog fromPorcellio scaber  segment ventral ectoderm (Fig. 5F,G). High levels of ISath
and an antibody that detects SCR were used to studgycthe mRNA and protein product are seen in the distal part of the
MRNA and protein expression patterns in young (45-50%arge basipodite, expanding into the endopod and at lower levels
stage) and older (75-80% stage) embryoBartellio scaber in the small endite of the maxilliped (Fig. 5B,C,G; expression
Isopoda. The resulting expression patterns were compared withthe endite is not shown).
previously published results fromrosophila melanogaster
(Diptera) and other insects (Carroll et al., 1988; Pattatuci andISCUSSION
Kaufman, 1991; Gorman and Kaufman, 1995; Rogers et al.,
1997; Peterson et al., 1998). Differences and similarities in the ~ Scr mRNA
At early stages of development the embryoPofcellio expr_ession patterns in crustacean  Porcellio scaber
scaberhas T1/Mxp appendages identical to the rest of th@nd insects
thoracic legs and different from the mouthparts (Fig. 2A,D)The monophyly and close phylogenetic relationship between
We found that beginning early in developm&utr mRNA is  members of Mandibulata (classes Myriapoda, Crustacea and
accumulated in the Mx2 segment and appendages (Fig. 4A,Bhsecta) is strongly supported by both morphological and
Expression is also observed in the posterior Mx1 segment amaolecular data (Friedrich and Tautz, 1995; Osorio et al., 1995;
the T1/Mxp appendages and more weakly in the outer branchesviewed in Gilbert and Raunio, 1997). This allows for the
of the first pair of maxillae (Mx1). Cells of the ventral relatively accurate determination of homology amongst
posteriormost part of the Mx2 segment do not accumulateegments, particularly in the head. For example, the expression
detectable levels oBcr transcript, implying that expression of EN reveals that both the insect and crustacean head consist
may be parasegmental in this portion of the ectoderm. It isfthe most anterior ocular segment and five appendage-bearing
more difficult to determine the anterior boundary of 8&  segments: two preoral (first and second antennal in
expression domain becauSerexpression, if any, is very weak crustaceans; antennal and intercalary in insects) and three
in the Mx1 segment. The strong expressiorsof MRNA in postoral segments with mouthparts (mandibular, first maxillary
the T1/Mxp appendages is not uniform and is restrictedmaxillary in insects) and second maxillary (labial in insects);
principally to the distal half (Fig. 4B). Manzanares et al., 1993; Rogers and Kaufman, 1996; reviewed
The distribution of SCR was determined using a polyclonain Popadic et al., 1998).
antibody (kindly provided by D. J. Andrew) raised against the This work benefits greatly from the genetic and biochemical
homeobox-containing C terminus 8frosophila SCR. This  comparative studies on many developmental ger@ssophila
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45-50% stage of Screxpression in all four groups (Rogers et al., 1997). It was
inferred that the last common ancestor of these insects expressed
Scrin the posterior lacinia (a branch of the maxilla), all of the
labial segment including appendages, and in the dorsal part of the
prothoracic (T1) segment (Rogers et al., 1997; Rogers and
Kaufman, 1997). The expression 8tr in the insect labial
segment parallels the second maxillary expressidPoiellio
scaberand is consistent with the conclusion that these two
segments are homologous. Expression in the lacinia of insects
(derived from the posterior maxillary segment) may correspond
to the Screxpression in the outer branch of the crustacean first
maxillary segment. However, it is not clear at this point if these
maxillary branches are themselves homologous. We suggest that
both first maxillary and labial (second maxillary) domains

) i represent th&crexpression pattern in the last common ancestor
3 of insects and the isopod crustac®amcellio scaberThe first
thoracic expression pattern observed in the insect lineage is rather
more variable than that seen in labial segment and we have
concluded previously that expression in this segment, especially
in the limbs, is a derived character (Rogers et al., 1997; Rogers
and Kaufman, 1997). This would also suggests that the T1/Mxp
expression ofScr in Porcellio scaberis derived and may be
directly associated with the evolution of T1 appendages into
maxillipeds in isopods. It is possible that T1/Mxp expression of
Scris related to the retraction dJbx and abd-A from that
segment and thaScr transcription is normally negatively
regulated byUbx and/orabd-Ain the rest of the thorax. We
should note that this transformation is reminiscent of homeotic
mutations inDrosophilaassociated with the ectopic expression
of the anterior genes in segments posterior to their normal
expression domains (Zeng et al., 1993). If correct, this
recruitment of thoracic appendages to mouthparts provides the
first example of a true homeotic-like morphological
transformation of this kind occurring during the evolution of
animals. To test this hypothesis it will be necessary to sample
other crustacean orders, particularly primitive Malacostraca such
as the order Leptostraca, superorder Phyllocarida, which do not
develop maxillipeds but only thoracic legs, and more derived
malacostracan orders that evolved more than one pair of
maxillipeds (Schram, 1986).
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Lb

T1

Post-transcriptional control of ~ Scr in Porcellio

Fig. 4.Different patterns in localization &rmRNA and protein in scaber er.nbryom(': development ) .
45-50% stage embryos. Al labels as in Fig. 1. (A) In situ hybridization COmparative studies of the expression patterns of Hox genes in

with DIG-labeled RNA probe foBcrreveals strong expression inthe  arthropods have led to the conclusion that morphological
Mx2 segment and appendages as well as the Mx1 and Mxp limbs. ~ evolution is largely generated by regulatory changes in these
(B) Higher magnification view of the embryo from A. (C) Distribution genes (Carroll, 1994; Warren et al., 1994). The mechanism is
of SCR as detected with polyclonal rat SCR antibody. SCR can be se&ften shown to take place at the level of transcriptional
in the nuclei of the second maxillary appendages only. The spot in thEregu|ation1 primarily via changes itistegulatory elements
anterior part of the head is non-specific staining and is not nuclear.  (cavener, 1992; Li and Noll, 1994; Arnone and Davidson,
(D) Magnification of the anterior part of the h.ead. No expression is se 97). Because of their crucial role in early development
in the second antennal segment (A2), mandible, Mx1 limb and Mx2 Chang;es in the function and expression patte¥n of Hog genés

ventral ectoderm. (E) Magnification of the posterior head and thorax. Id It in sianificant hological diff betw
There is no staining above background in the pereopod limbs. (F) scigould result in signincant morphological diirerences between

distribution in 2Drosophilaembryo as detected with this antibody. Lb, classes or even orders of organisms (Gellon and McGinnis,
labial segment (corresponds to Mx2 in crustaceans according to Bruséa?98; McGinnis and Krumlauf, 1992). We found that the
and Brusca, 1990 and others); T1, the first thoracic segment. accumulation patterns ddcr mRNA and protein are quite
dissimilar in the early development of the crustadeancellio

melanogasteand other insects (McGinnis and Krumlauf, 1992;scaberand that appearance of SCR in the T1/Mxp appendages
Carroll, 1994, 1995; Lawrence and Morata, 1994; Graba et atprrelates both in time and space with a transformation of these
1997). For example, studies of the insect orders Thysanudémbs into mouthparts. Crustacean development often includes
Hemiptera, Orthoptera and Diptera have revealed similar patternsultiple morphologically distinct larval stages which require




Crustacean Scrregulation 1127

75-80% stage

Fig. 5. Similar pattern in localization &crmRNA

and protein in 75-80% stage embryos. All labels as
in Fig. 2. (A)Scrcontinues to be expressed at high
levels in the Mx1, Mx2 and Mxp appendages and
the ventral ectoderm of the Mx2 segment.

(B) Higher magnification of the head of a similar
embryo.Scris expressed in the appendages of the
posterior head but not in the pereopod legs. The
T4/P3 leg was lost during processing. (C) This
image focuses on the ventral ectoderm of the Mx1
and Mx2 segments rather then appendages.

mMRNA is seen in 3-4 rows of cells in the posterior
part of the ventral ectoderm of the Mx1 segment and
outer branch of the first maxillae, all of the Mx2
segment including second maxillae and most of the
flat maxilliped. There is non-specific cuticular
staining on the ventral ectoderm of the segment
bearing the Mxp appendages. (D) In late embryos
SCR is present in the Mx1, Mx2, maxilliped limbs
and in the Mx2 ventral ectoderm (as detected with
the polyclonal antibody against SCR). (E) Higher
magnification of the same embryo. (F) Antibody
staining of an embryo at the same stage as D. Most
of the head and anterior thorax is shown. SCR is not
detected in T2/P1 or other pereopods, but high levels
are seen in the Mxp. (G) SCR is detected in the
posterior part of the Mx1 segment and in the first
maxillae, throughout Mx2 segment and appendages,
and in the maxillipeds. This pattern is identical to C.
The appendages of this embryo are out of focus but
animals at this stage display very high levels of SCR
in the maxillipeds (H).

In situ hybridization

o = Scr antibody

intermediate metamorphoses, and in many crustacean taxanarphogenesis seen in the case of the T1 leg to maxilliped
similar transformation of one or more pairs of the anteriotransformation documented here. The exact mechanism for
thoracic appendages into maxillipeds occurs at various larvglost-transcriptional regulation 8crremains unclear but might
stages as a part of metamorphosis (Kaestner, 1970). We suggesblve control via regulatory sequences within untranslated
that the post-transcriptional regulation®xér during P. scaber regions of the mRNA (Chan and Struhl, 1997; Wilde and Akam,
embryogenesis may reflect a possible mechanism throudt®87). A detailed genetic and molecular analysis of this kind of
which these swift and drastic changes can take place. The exaetjulation inDrosophilaand other ‘model’ organisms would be
timing in appearance of high levels of SCR may be importarttelpful in determining the possible mechanism(s). Minimally,

in activation of distinctive developmental programs inthe observations reported here should serve as a caveat
maxilliped morphogenesis. For example, the homeotiindicating that we should not derive too far-reaching
functions of Ubx and Antp depend on timing and dosage of phylogenetic conclusions based on patterns of gene expression
expression inDrosophila development (Castelli-Gair et al., obtained solely from the accumulation of mMRNA.

1994; Scanga et al, 1995). Although post-transcriptional Despite the lack of genetic tools, the studies on HOM-C/Hox
regulation has been reported for the vertebrate Hoxc-6 gemenes in non-insect arthropods are important as they may
(Nelson et al., 1996) and other developmental genes (Dubnauovide some insights into mechanisms of evolution that are
and Struhl, 1996), it is a novel mode of regulation for HOM-otherwise impossible to attain. The representatives of the four
C/Hox genes in arthropods. We should note that a delay iextant classes of arthropods are among the most successful and
protein appearance has been previously reported for thiverse animals on the planet. As the fossil record shows, the
Drosophila homeotic gendabial, Scr, AntpandUbx, and post-  morphological diversity on the basic level was even greater in
transcriptional controls have been suggested (Mahaffey antle past when many groups of arthropods, most of them now
Kaufman, 1987; Riley et al., 1987; Wilde and Akam, 1987). Itextinct, displayed truly phenomenal combinations of

is possible that a homologous and widespread moleculanorphological features. Crustaceans demonstrate extensive
mechanism is at work in arthropods as distant as isopods ambdifications of their basic body plan including independent
dipterans. However, the apparent post-transcriptional regulatidagmatization and numerous specializations of body segments
of Scrin Drosophila and of Hoxc-6 in chick limbs (Nelson etand appendages, more so than any other group of animals
al,, 1996) is not associated with the obvious alteration ifSchram, 1986). It is tempting to hypothesize that post-
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transcriptional regulation of Hox genes, if widespread, could organization of the Antennapedia gene complex Bfosophila
account for some of this diversity. melanogaster. Adv. Gené7, 309-362.
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