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Abstract The homeobox gene Distal-less (DIl) is well
known for its participation in the development of arthro-
pod limbs and their derivatives. DIl activity has been de-
scribed for al groups of arthropods, but also for mol-
luscs, echinoderms and vertebrates. Generaly, DIl partic-
ipates in the establishment of the proximo-distal-axis and
differentiation along this axis. During our investigation of
the expression pattern in the silverfish Lepisma sacchar-
ina and the horseshoe crab Limulus polyphemus, we
found several expressions in late stages which cannot be
explained with the “normal” limb-specific function. The
antenna, cerci and termina filament of the silverfish
show a striped expression; single cells on the labrum,
mandibles, maxillary palps and ana vaves are aso
strongly stained by the DIl antibody. In addition to cell
groups in the developing ganglia of the CNS, in the coxal
endites and severa nerve cells in femur and the trochan-
ter of the prosomal limbs, the whole prosomal shield of
Limulus polyphemus is surrounded by DII-positive cell
clusters. Furthermore, the lateral processes of the opistho-
soma and the edges of the opisthosomal appendages are
DIl positive. To get an indication of the cell fate of these
regions, we examined hatched larvae and juvenile stages
of both species with the SEM. We found a striking corre-
lation of these Dll-positive areas and different sense or-
gans, especially mechanoreceptors. Since many sense or-
gans in arthropods are situated on the limbs, interpreta-
tion of the DIl expression in limbs is problematical. This
has critical implications for comparative anaysis of DIl
expression patterns between arthropods and for the claim
of homology between limb-like structures. Furthermore,
we discuss the possibility of convergent appendage evo-
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[ution in various bilaterian groups based on the improve-
ment of spatial sensory resolution.
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Introduction

The homeobox gene Distal-less (DII) has been found to
be expressed in representatives of all higher arthropod
groups:. in onychophorans, chelicerates, crustaceans,
myriapods and insects (Panganiban et al. 1994, 1995,
1997; Popadic et al. 1996, 1998; Williams and Nagy
1996; Grenier et al. 1997; Niwa et al. 1997; Scholtz et al.
1998; Williams 1998; Thomas and Telford 1999;
Mittmann 2000). DIl is a transcription factor that is acti-
vated several times during development and participates
in the differentiation of various organ systems. Its best
known and best investigated function lies in the devel op-
ment of the extremities and their derivatives, where it
acts in two ways: first as akind of genetic switch, which
enables particular cells to become precursor cells of ex-
tremities (Cohen and Jirgens 1989a, b), and second in
the establishment of the proximo-distal axis (pd-axis)
and differentiation along this axis (Sunkel and Whittle
1987; Cohen et al. 1989) by specifying the distal cell fate
(Cohen and Jirgens 1989ab; Gorfinkiel et al. 1997,
Campbell and Tomlinson 1998; Wu and Cohen 1999;
Dong et al. 2000). The former idea that DIl is expressed
in a gradient along the pd-axis with the main expression
at the tip (Cohen and Jirgens 1989a,b; Cohen et al.
1989) does not seem to be supported by more recent in-
vestigations (Panganiban 2000). Apart from its function
during the outgrowth of extremities, there is some evi-
dence that DIl also participates in the development
of sensory organs, such as the Keilin's organs and anten-
nal sense organs, together with that of the central ner-
vous system (Cohen et al. 1989; Vachon et al. 1992;
Kaphingst and Kunes 1994; Panganiban et al. 1997;



Mittmann 2000; Panganiban 2000), but this involvement
has not yet been well examined.

The largest domain of the early expression of DIl
shows a similar pattern in many arthropod species exam-
ined and is apparently related to the development of limb
buds and of the pd-axis during limb growth. However,
there are DIl expression patterns in limbs during later
stages of several arthropod species which are more diffi-
cult to explain in terms of axis formation. In the prolegs of
the butterfly Precis coenia, the expression of DIl after the
establishment of the pd-axis is restricted to a proximal
ring; the more distal expression is lacking or highly re-
duced in level (Panganiban et a. 1994). The imagina
discs of Drosophila melanogaster show a late expression
of DIl inthe proximal ring that corresponds to the trochan-
ter and a part of the femur (Gonzales-Crespo and Morata
1996). In the thoracic legs and the maxillary palps of the
cricket Gryllus bimaculatus, DIl is expressed in a
“striped” pattern: the distal region, which expresses DI, is
followed by a region without expression and a more prox-
imal area, where DIl again is active (Niwa et a. 1997). In
crustaceans with foliaceous limbs, DIl is expressed in the
anlagen of the lobe-like endites (Panganiban et al. 1995;
Williams 1998). A similar pattern has been found in the
endites of crustacean and insect maxillae (Niwa et al.
1997; Scholtz et al. 1998) and in the endites of arachnid
pedipalps (Thomas and Telford 1999). The proximal do-
main of al given examples could be caused by the DI
product being required for the expression of other genes
involved in the pd-patterning of appendages. It has fur-
thermore been suggested that DIl plays a general role in
the outgrowth of structures in animals (Panganiban et al.
1997); this could explain DIl expression in arthropod
endites. In the case of the Drosophila imaginal discs, the
DIl expression seems to be necessary to avoid a mixing
of proximal and medial cells (Wu and Cohen 1999).

The present paper deals with aspects of the spatial and
tempora expression patterns of DIl in embryos of the
horseshoe crab Limulus polyphemus and the apterygote
insect Lepisma saccharina using a polyclona antibody
against the DIl protein (Panganiban et al. 1995). We focus
our examinations on the later embryogenesis. To get an
indication of the fate of the areas expressing DIl in ad-
vanced stages, we also investigated freshly hatched larvae
and later larval stages of both species by combining anti-
body staining and scanning electron microscopy. We
show that there is a general correlation of DIl expression
and the development of various sense organs and the
CNS in arthropods. This suggests arole for DIl in the for-
mation of these structures in arthropods. Since in arthro-
pods many sense organs are situated on the limbs and
their derivatives, the interpretation of the DIl expression
patterns in limbs is problematical. Is a specific pattern of
DIl expression related to limb growth and specification
or, rather, does it reflect the differentiation of sensory
structures? This has critical implications for comparative
analyses of DIl expression patterns between arthropods
and, in particular, for the claim of homology between
limb-like structures. We discuss the possibility of conver-
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gent appendage evolution in various bilaterian groups
based on the improvement of spatial sensory resolution.

Materials and methods

Lepisma saccharina is one of our breeding animals in Berlin (de-
tailed description on request), whereas the eggs of Limulus polyphe-
mus were collected in Woods Hole (Massachusetts). In the eggs of
both species, the chorion and yolk were removed with insect pins
and tweezers. Immunostaining with some maodifications followed
the description of Panganiban (personal communication). The em-
bryos were transferred to the fixative [Lepisma saccharina: PEM-
FA: 01 M PIPES (pH 7.4), 2.0 mM EGTA, 0.1 mM MgSO,, 3.7%
formaldehyde for 30-60 min; Limulus: PBS-FA: PBS, 3.7% formal-
dehyde for 4-12 h). After fixation, the embryos were washed sever-
al timesin PBS and PBT (PBS, 0.2% BSA, 0.1% Triton X-100) and
kept for at least 30 min in PBT. Very late stages were sonicated 3
times for 10 s before incubating in PBT and polyclonal antiDIl (di-
lution 200:1) for at least overnight at 4°C. After incubation, they
were washed severa times for 10 min and at least 4 times for
30 min in PBT; then they were incubated overnight at 4°C in PBT
and peroxidase-conjugated goat antirabbit 1gG (Jackson Immunore-
search, 800:1). After this incubation, the embryos were washed for
several hoursin PBT and transferred to a solution of 1 mg/ml DAB
(diaminobenzidine) in PBT (dilution 2:1) for 10 min (Lepisma) or
20 min (Limulus). H,O, was added to a dilution of 100:1 and the re-
action was alowed to proceed for about 10-30 min. The stained
embryos were transferred to PBS and counterstained with fluores-
cent dye (0.1% to 1% bisbenzimid H33258) for 10 min (Lepisma)
or about 2 h (Limulus). Further analyses were performed with
brightfield, differential interference contrast (Nomarski optics) and
fluorescence microscopy (Zeiss Axiophot).

For scanning electron microscopy, embryos and larvae were fixed
in Bouin (Romeis 1989) for at least 12 h, washed several times in
EtOH (70%) and dehydrated through an acohol series. Afterwards,
they were critical point dried in CO, (CPD BAT-TEC 030), mounted
and sputter coated (SCD BAL-TEC 005) with alayer of gold. All im-
ages were produced with a L eica scanning electron microscope.

Results

General pattern

In early stages, the extremities and their derivatives of
Lepisma saccharina and Limulus polyphemus show the
“typical” DIl expression, which is well known from other
arthropods. In Lepisma saccharina, we found a premor-
phogenetic expression, followed by an expression in the
distal domain of the outgrowing buds, in al segments
bearing appendages except that of the mandible (Fig. 1A;
Scholtz et al. 1998; Mittmann 2000). In the earliest Li-
mulus embryos examined, the prosomal appendages had
aready started to bud and expressed DIl at their tips
(Fig. 3A, B). In both species the labrum is also DIl posi-
tive. In later stages, this “normal” expression of the ap-
pendages mentioned is replaced by a different pattern.

Lepisma saccharina
Antibody staining

The first segment of the antenna is nearly al DIl nega-
tive with the exception of a few cells, while the second



Fig. 1A-D Distal-less (Dll) expression in different stages of Lepisma sacchar-
ina. A Early embryo (photographed with differentia interference contrast). All
outgrowing buds except that of the mandible (m) show the typical distal expres-
sion. In the third thoracic leg (th3), the premorphogenetic expression, which pre-
cedes the outgrowth, is still visible. All three [obes of the developing brain (stars)
are DIl positive. B Front view of the head. In the maxillary and labial palps (mxp,
Ibp), Dll-positive and -negative areas are aternating; the four endites of the max-
illae show adistinct DIl expression. The antenna (a) has regular DIl-positive
stripes; the arrows mark three of the six cells of the front. Single cells of the top
of the head (star) and the mandible (m, arrowheads) show antibody staining.

C The maxillae and labium. All four maxillary lobes are DIl positive [the expres-
sion in the paraglossa (pgl) is out of focus]. The palpal segments are numbered
consecutively. The most distal segments of both palps show a strong staining,
while in each adjointed segment acircle or a cluster of cells expresses DIl (stars).
Furthermore, the transition between the second and third segment is DIl positive
in both palps (white arrows; out of focusin the labia palp), but this expression
seems to be weaker. The arrowheads mark single DIl-positive cells of the mandi-
ble. D Posterior end. The cerci (ce) and terminal filament (tf) show a striped ex-
pression pattern, similar to that of the antenna. One cell row and afew single
cells of the anal valves (av, star) show aclear DIl expression. The arrowheads
mark the DIl-positive cells of the ventral and lateral plates. g Galea, gl glossa,

| labrum, Ic lacinia, mx1 mx2 first and second maxilla

segment shows a strong staining. The rest of the antenna  positive, and near the transition to the DII-negative prox-

expresses DIl in regular stripes, but over and above that
there are single cells with a very strong staining in each
annulus (Fig. 1B). The distal part of the labrum is DIl

imal area, several cells seem to show a stronger expres-
sion. Furthermore, six isolated cells at the front of the
head and two cells near the top of the head show a dis-



Fig. 2A—E SEM of postembryonic stages of Lepisma saccharina.
A Middle part of the antenna. Each annulus of the antenna bears a
circle of setae. The sensilla basiconica (arrows) occur in this stage
at least in every second segment. B Frontal view of the head. The
labrum (1) shows six setae at the tip and four single setae (arrows) in
the proximal area. The arrowheads mark three of the six setae on
the front; just one of the two setae at the top of the head is visible
(asterisk). Beside the star, there are two of the three mandibular
setae. C The maxillary palp. While the distal area of the fifth seg-
ment is covered with setae, there is only a circle of setae in the dis-
tal part of the fourth, third and second segments. D The labial palp.
The distal part of the fourth segment is covered with different sense
organs. The biggest ones are the five complex sensilla (star). The
second and third segment bear one circle of setae; near the ring of
setae of the third segment, thereisasingle seta. E The posterior end
of the first instar. The cerci (ce) and the termina filament (tf) bear
circles of setae, while there is one row of setae on each anal valve
(av). The arrows mark the setae of the ventral plates, the stars those
of the lateral plates. a Antenna, m mandible, mx1 first maxilla

tinct gene expression (Fig. 1B). Even though the mandi-
bleis DIl negative in al earlier stages examined (Scholtz
et a. 1998; Mittmann 2000), we found three isolated
cells showing DIl activity in the very late stages
(Fig. 1B, C). The first maxillary palp consists of five
segments. We found DIl expression in the distal region
of the fifth segment, in a circle of cellsin the fourth seg-
ment, in afew distally situated cells of the third segment,
and in an area around the transition between the third
and second segment (Fig. 1C). The lacinia and the galea
as well as the glossa and the paraglossa of the second
maxillae (labium) also express DIl (Fig. 1B, C). Thisis
the first evidence for DIl expression in the paraglossa of
an insect. The labial palp consists of four segments, if
the so-called palpiger is regarded as the first segment
and not as part of the praementum. Nearly the whole dis-
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tal part of the fourth segment is DIl positive, followed by
anarrow proximal area without DIl activity (Fig. 1C). In
the third segment, only a few cells express the gene.
Similar to the first maxillary palp, there is an expression
domain near the transition of the second and third seg-
ment. In both palps, this expression seems to be weaker
than that of the single cells. The first segment shows no
DIl expression or just a very reduced one. The cerci and
the terminal filament also show regular stripes of DII-ex-
pressing cells across the whole length except for the
most proximal part (Fig. 1D). Furthermore, one cell row
and a few single cells on each anal valve and some sin-
gle cells on both sides of each abdominal segment show
adistinct expression of the gene (Fig. 1D).

In the central nervous system, DIl can be found in all
three lobes of the developing brain (Fig. 1A).

Scanning electron microscopy

To determine the post-hatching fate of DIl-positive do-
mains of late embryogenesis, we used scanning electron
microscopy and found a striking correspondence be-
tween the position of different receptors and the position
of DIl-expressing cells. The sense organs on the antenna
show a great variety; Adel (1984) described nine differ-
ent types of receptors. Because their names differ from
author to author and some mechanoreceptors change into
different types during postembryonic development, in
some cases we use common names, otherwise, we fol-
low the naming of Larink (1982, 1983).

In the antenna of Lepisma saccharina, the second seg-
ment and all annuli except the third and the fifth bear a
ring of setae. In addition, there are egg-shaped sense or-
gansin at least every second annulus (Fig. 2A). Accord-
ing to Larink (1982) these are setae, sensilla trich-
obothria, and sensilla basiconica; the latter are chemore-
ceptors. In later stages, the first and the third annulus
also bear rings of setae. In the hatching stage, we found
four setae on the labrum in a proximal position and an-
other cluster of six setae near the tip. Furthermore, the
head bears three pairs of setae on the front and two pairs
of different-sized setae on the top (Fig. 2B). All these
setae increase in number during further development. On
the lateral basal part of the mandibles, there are three
bristles (Fig. 2B). The distal region of the fifth segment
of the first maxillary palp is covered with different sense
organs (mechanoreceptors, chemoreceptors, glandular
hairs), while there is just one circle of setae in the fourth,
third and second segment (Fig. 2C). The investigation of
the labial palp provided a similar result. Again the distal
part of the last segment is covered with different types of
sensilla (Fig. 2D); most of them are sensilla trichodea,
i.e. sharp, flexed bristles. In addition, there are severa
types of sensilla basiconica (Larink 1978). Furthermore,
there are five so-called complex sensilla (Larink 1978,
1982, 1983) at the tip (Fig. 2D) which are probably che-
moreceptors (Larink 1978). On the third segment we
found just a few setae, while there exists a ring of setae

on the second segment, but only one bristle on the first
segment (Fig. 2D). The number of the palpal sensillain-
creases during postembryonic development (Larink
1978). The cerci and the terminal filament, except in
their most proximal areas, are covered with rings of
movable jointed setae in the distal part of each segment
that differ noticeably in size (Fig. 2E). The two laminae
subanales show arow of setae (Fig. 2E). In each abdomi-
nal segment, we found several setae on each side of the
ventral and lateral plates (Fig. 2E).

All these various sensory structures correspond al-
most exactly with areas of DIl expression described in
the previous section.

Limulus polyphemus
Antibody staining

The embryos of Limulus polyphemus show a DIl-stain-
ing pattern that has not been described in other arthro-

Fig. 3A-J DIl expression in different stages of Limulus polyphe-
mus. A Early embryo. All prosomal appendages express DI at their
tips. The black arrowheads mark the transient expressions, which
are situated serialy in a similar position as the Dll-positive flab-
ellum (f) of the fourth walking leg. Many cells of the developing
brain (star) are DIl positive. We use the term “pedipalp” for the
second appendage of the horseshoe crab, because it only has the
function and the shape of a normal walking leg in females; in adult
males, these appendages are differentiated as claspers, which are
used to grab the females at the opisthosoma for mating. The first
pair of opisthosomal appendages, the chilaria (see J), appears later
in development. B Overall view of a late embryonic stage. The
whole prosomal part of the embryo is surrounded by two rows of
Dll-expressing cell clusters (arrows, black arrowheads). On each
side of the opisthosomal shield, there are six Dll-positive buds
(white arrowheads). The distal part of all prosomal appendages and
the edges and median processes of the opisthosomal appendages
(oal, 0a2) express DII. The flabellum shows a strong antibody
staining. C Detail of the edge of the prosomal shield. The bigger
Dll-positive cell clusters consists of 8-12 cells (arrow), the smaller
ones of approximately 5 cells (arrowheads). D The four walking
legs. Two cell clusters of the basal part of the limbs and pedipalps
(not shown) express DII: one in the coxa (arrows) and one in the
adjointed trochanter (arrowheads).The coxal expression of the
fourth walking leg (Wl4) seems to be weaker than the other ones.
E Limb bases of a later embryo. In the gnathobases of the pedip-
aps and al walking legs (Wi1-wi4) extensive areas express DI|
(arrows). Furthermore, one cluster of nerve cells of the trochanter
(stars) is DIl positive. The arrowhead marks DIl-expressing cells,
which accompany the nerve fibers inside the appendages; the nerve
fibers of the remaining appendages are out of focus. F Dll-positive
nerve cells in the trochanter. DIl-positive nerve cells (arrows) ac-
company the nerve fibers that connect the Dll-expressing nerve
cells of the trochanter and the cell cluster of the coxa. G Opisthoso-
mal appendages. The edge of the second opisthosomal appendage
(oa2, the later operculum), the first gill-bearing opisthosomal ap-
pendage (0a3) and the median process of the latter show a distinct
DIl expression. Furthermore, the four tarsal processes of the later
“ski stick” of the fourth walking leg are DIl positive. H Developing
brain. In the developing brain, several nerve cells in the optical
lobe (ol) and the adjointed “cerebral” lobe (cl, out of focus) express
DIl. I Dll-positive nerve cells of the cerebral lobe. J Central ner-
vous system. Several cells of the developing ganglia show a dis-
tinct iterated DIl staining pattern (arrows). ch Chelicera, chi chil-
aria, d dorsal, plp pedipalp, s stomodaeum, v ventral
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pods. The whole embryo is surrounded by cell clusters
expressing DIl (Fig. 3A). On the edge surrounding the
prosoma, there are two rows of regularly arranged DII-
positive cell clusters. Each of the smaller clusters con-
sists of approximately 5 cells, the large ones of 8-12
cells (Fig. 3C). In late embryonic stages, the whole area
of the later dorsal side of the embryo is spotted by sin-
gle cells showing distinct DIl expression (data not
shown). On the edge surrounding the opisthosoma, there
are six smaller buds on each side that express DIl at
their tips (Fig. 3B). Apart from the chilaria, where we
found several Dll-positive cells only in late stages, all
prosomal appendages express DIl in a distal domain,
which seems to begin at the femur. During further de-
velopment, the chelae of the tarsi and the chelicera show
a distinct staining in all prosomal appendages. Further-
more, the four tarsal processes of the fourth walking leg,
which can be used by the animals while walking on the
sand like a ski stick in the snow, are strongly expressing
DIl (Fig. 3G). In addition, above this distal area, there
are two more regions where the gene is active. In the
most proximal part of the prosomal appendages, the ba-
sis, we found one cluster of cells expressing DIl that
reaches a considerable extension in later stages
(Fig. 3D, E). This expression seems to be weaker in the
fourth walking leg. Furthermore, one group of nerve
cells in the distal part of the adjointed trochanter ex-
presses DIl (Fig. 3D—F). These groups of DIl-expressing
cells are both connected by nerve fibers, that are accom-
panied by DIl-positive cells (Fig. 3E, F). The flabellum,
probably a chemoreceptor which evolved from an epi-
podite of the fourth walking leg, also expresses DIl
throughout its whole development. Interestingly, we
found transient DIl expression without any outgrowth in
the remaining prosomal appendages (except the cheli-
cera) at the same position (Fig. 3A). This expression can
be interpreted as remnants of former epipodites, that oc-
cur, for instance, in trilobites.

The outgrowth of the opisthosomal appendages (ex-
cept the chilaria) is preceded by DIl expression in the
shape of several pairs of narrow horizontal stripes with a
width of a few cells (Fig. 3A). The slim edges of the
semicircular buds of the later stages also show DIl ex-
pression (Fig. 3G). In addition, the tips of the paired me-
dian processes are DIl positive (Fig. 3G). It has been
suggested that these processes are homologous to the en-
dopods of stenopodous limbs (Walossek and Muller
1998). The median processes of the third opisthosomal
appendage, the first appendage with book gills, develop
earlier and reach a larger size than those of the opercu-
lum. Over along period, a stronger DIl expression is vis-
ible on the median edge of the operculum and the poste-
rior buds.

During the development of the central nervous system,
there is also some evidence for participation of DII. We
found severa Dll-positive nerve cellsin the lateral optical
lobes (Fig. 3A, H) and in the more medially situated “ce-
rebral” lobes (Fig. 3J). In addition, some cells of the seg-
mental ganglia show a distinct staining pattern (Fig. 3I).

Scanning electron microscopy

The hatching stage of Limulus polyphemus is called the
trilobite stage because of its superficial similarities with
this extinct arthropod group. Examinations of the trilo-
bite stage with scanning electron microscopy provided a
correspondence between the position of different sense
organs, especially mechanoreceptors, and that of DIl-ex-
pressing cells in earlier stages just as in the silverfish.
The whole prosoma of the trilobite stage is covered with
small bristles. Along the edge of the shield surrounding
the prosoma, there are two rows of different mechanore-
ceptors which are regularly arranged: on the dorsal side
of the edge, there is a row of movable jointed bristles
(Fig. 4A), while the ventrally located mechanoreceptors
are peg sensilla(Fig. 4A, B). The cuticular peg sensillum
consists of a hard peg with a small pore at the tip and is
located on a cone of flexible cuticle. This flexible cuticle
merges into the surrounding shield. The peg sensillum is
the most ubiquitous mechanoreceptor of the horseshoe
crab (Kaplan et a. 1976) and is distributed with variable
density over the whole surface of the animal, in particu-
lar, along edges, ridges and spines (Fahrenbach 1999). It
varies remarkably in size.

The basal parts of the prosoma appendages of
Limulus polyphemus form gnathobases, which are used
to process and transport food. Each gnathobase is
equipped with numerous movable spines (Fig. 4C) and
chemoreceptors (Barber 1956;Hayes and Barber 1967).
The mouth of the horseshoe crab lies directly between
the legs. If food touches this area, the horseshoe crab
immediately starts to grab it with the legs and stuff it in-
to its mouth; the stuffing is supported by alternating
movements of the gnathobases, while the spines are also
working as barbs (unpublished observation). The
gnathobase of the fourth walking leg has only a small
number of spines, approximately two to five. In the tri-
lobite stage, these gnathobasic movable spines are not
very numerous, because horseshoe crabs start feeding
only after the following moult. In this advanced stage,
the number of spines has increased remarkably and the
spines are much larger. There are two or three movable
jointed spikes in the distal area of the trochanter. During
postembryonic development, they increase their number
to four, and sometimes seven, spikes along the whole
trochanter. On the edge of the opisthosoma, the six lat-
eral spines are highly innervated. These spines are
mechanoreceptors and each of them contains about 300
peg sensilla (Fig. 4D; Fahrenbach 1999). The edges of
the semicircular gill bearing opisthosomal appendages
and the operculum are densely covered with bristles
(Fig. 4E, F).

Discussion

Our data show once again that DIl has additional func-
tions beside participation in the development of ex-
tremities and their derivatives. Considering the invari-



Fig. 4A—F SEM of larvee of Limulus polyphemus. A The edge of
the prosomal shield. One row of setae () is situated along the dorsal
side (d) of the prosoma shield edge, one row of peg sensilla (ps)
dong the ventral side (v). B Peg sensillum. C Stereomicroscopic im-
age of the gnathobases of a severa-years-old horseshoe crab. The
whole coxa gnathobases of the pedipalps (plp) and the walking legs
(W), except the fourth one, are covered with movable jointed spines.

Also, the chilaria (chi) show numerous spines. D Dorsal view of the
opisthosoma of the trilobite stage. On each side of the opisthosomal
shield, there are six movable spikes (stars). E Operculum of the tri-
|obite stage. The whole edge of the operculum (op) is covered with
long bristles. On the | eft side, the small median processes are visible.
F Detail of the edge of the operculum
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able and distinct DIl expression of particular cells in
Lepisma saccharina and Limulus polyphemus, it is ex-
tremely improbable that these expressions are nothing
more than accidental remnants of an earlier gene activi-
ty. One exception could be the proximal expression of
the maxillary and labial palps: this ring-like expression
near the transition of the second and third segment
seems to be weaker than the distinct stainings in the
other DlI-positive cells and shows some similarities to
proximal expression in the legs of Gryllus bimaculatus
(Niwa et al. 1997), Lepisma saccharina and several
species of the Collembola (Mittmann, unpublished da-
ta). This expression could be caused by a requirement
of the DIl product for the expression of other append-
age-specific genes like dachshund (dac), spalt (sal),
aristaless (al) or others (Panganiban 2000) or by the
role of DIl in preventing cell mixing (Wu and Cohen
1999). The comparison of the antibody staining and the
SEM observations in the remaining structures, howev-
er, provided remarkable correspondence between the
position of mechanoreceptors or other sense organs and
Dll-expressing cells. In addition to the DIl expression
in nerve cells of the developing brain, the ganglia and
prosomal legs, this correlation leads to the conclusion
that this late expression demonstrates a requirement for
the gene product during the development of particular
structures of the nervous system and of sense organs. In
the adult legs of D. melanogaster, DIl expression is re-
stricted to bristles (Gorfinkiel et al. 1997) and the tissue
fails to differentiate bristles in particular DIl mutants
(Campbell and Tomlinson 1998). In the lethal null mu-
tation of D. melanogaster, moreover, the larval periph-
eral sensory structures such as the antennal, maxillary
or labial sense organs are missing (Cohen and Jiirgens
1989a). We therefore conclude that the correspondence
between DIl expression mentioned above and the posi-
tion of setae or other sense organs in the labrum, man-
dibles, antennae, cerci and termina filament, anal
valves, lateral and ventral plates, etc. are caused by the
differentiation of neurons or glia cells. Differences in
the exact position of the setae and DllI-positive cells
could be caused by cell migration, which has been pre-
sumed for several Dll-positive cells in the mite Arche-
gozetes longisetosus (Thomas and Telford 1999), or by
cell number increase.

Another indication of the supposed correlation is giv-
en by the second segment of the antenna, the pedicellus,
which shows a clearer staining than the remaining seg-
ments; the pedicellus contains the Johnston’s organ, a
specific mechanoreceptor (chordotona organ), that mea-
sures the position of the antenna. In the maxillary palps,
Dll-expressing cells and receptors are found in similar
areas, but we cannot determine with the methods used
here whether the Dll-positive cells share their positions
with later developed mechanoreceptors or chemorecep-
tors.

Apart from these rather obvious correspondences,
several of our results give rise to some difficulties in the
interpretation. An example is the expression pattern in

the four lobes of both pairs of maxillae (glossa, paraglos-
sa, galea, lacinia). These lobes are regarded as gnathoba-
sic endites (Heymons 1897; Boudreaux 1987). They are
thus parts of the coxopodites, which, together with the
DIl expression in the endites of crustaceans and insects
(Panganiban et a. 1995; Niwa et a. 1997; Rogers and
Kaufman 1997; Scholtz et al. 1998; Williams 1998), dis-
proves that only the telopodite expresses DIl (Gonzales-
Crespo and Morata 1996; Niwa et a. 1997). However,
the function of this particular gene activity is not obvi-
ous. On one hand, the budding itself could be the reason
for the expression, consistent with the idea that the ex-
pression of DIl is possibly required for most budding
events, whether they take place in appendages and relat-
ed structures or not (Panganiban et a. 1997). On the oth-
er hand, DIl activity could be related to the development
of the numerous sensilla trichodea which are found on
both processes of the first and second maxillae (Larink
1978). We will be faced with the same problem when in-
terpreting the expression pattern of several structures of
the horseshoe crab.

Generally, the data from the horseshoe crab Limulus
polyphemus support our idea that particular DIl expres-
sion is caused by a participation of the gene in the devel-
opment of several mechano- or chemoreceptors. Most
striking is the DIl expression in the prosomal legs, where
nerve cells in the trochanter and cells along the nerve fi-
bers that connect both clusters, show a distinct gene ac-
tivity. In these cases, a neuronal function of DIl is obvi-
ous. Different interpretations are possible for the expres-
sion pattern in the gnathobases of the prosomal limbs.
According to Snodgrass (1952) and severa other au-
thors, the part of the gnathobase bearing the spines is a
coxal endite. We are thus faced with the same question,
whether the budding itself or the development of neuro-
nal structures (required for the innervation of the numer-
ous movable spines) is responsible for the DIl expres-
sion. However, in the case of Limulus, the neuronal in-
terpretation seems to be more obvious, because of a sim-
ilar, strong innervation of the spines in the gnathobases
and in the trochanter (Hayes and Barber 1967). Over and
above that, the expression in the gnathobases of the
fourth walking leg is somewhat weaker than in the other
ones,; this gnathobase is the only one which bears just a
few spines in the larvae as well as in the adults. Further-
more, the chilaria, which are also covered with spines,
show the first DIl expression some time after the bud-
ding event, so this expression pattern is rather like that of
the silverfish mandible.

The bristles on the prosoma and especialy the peg
sensilla near the edge of the shield provide a striking
correlation not only between the positions of DIl-ex-
pressing cell clusters and later appearing peg sensilla but
also between the number of Dll-positive cells in each
cluster and the number of neurons which contribute to a
peg sensillum. Each sensillum consists of 8-10 neurons
(Kaplan et al. 1976), and each cell cluster contains 8-12
Dll-expressing cells. However, in the case of the opistho-
somal spines, operculum, and bookgill-bearing opistho-



somal limbs, the relation between DIl expression and
sense organs is not as obvious as in the structures men-
tioned above. Anterior of each opisthosomal spine, there
isaprocess which is part of the shield. Therefore, the ex-
pression could be caused by the outgrowth of this bud.
On the other hand, it is also possible that the develop-
ment of the spines themselves, which are highly inner-
vated mechanoreceptors and covered by about 300 peg
sensilla (Fahrenbach 1999), is correlated with DIl ex-
pression. To decide this question, further investigations
are required, especially of sections of DIl-stained embry-
os and larvae. In the gill-bearing opisthosomal append-
ages, moreover, the early premorphogenetic expression
in the shape of narrow stripes could be required for out-
growth of the semicircular buds or could be caused by
the development of the numerous long bristles at the
edge of the limbs. Interestingly enough, Popadic et al.
(1998) and Abzhanov et al. (1999) could not find DII ex-
pression in the booklungs and the lung covers of spider
embryos until a late embryonic stage, even though they
are thought to be homologous structures to the bookgills
of merostomes, which show a very early expression in
the horseshoe crab.

Even though the prosomal legs of Limulus polyphe-
mus show two expression domains of DII, there are ill
differences from the late expression patterns in the legs
of D. melanogaster, Gryllus bimaculatus and apterygote
insects (Panganiban et al. 1994; Gonzées-Crespo and
Morata 1996; Niwa et al. 1997; Mittmann, unpublished
observations). All arthropods studied so far, including
the horseshoe crab, share a distal expression of DIl in
their legs. However, we never observed a ring-like ex-
pression in the trochanter and parts of the femur of
Limulus polyphemus, but an extended DIl-positive area
in the gnathobases; in the trochanter, just one distally
situated cluster of nerve cells showed expression of
the gene. Because a comparable striped pattern was nev-
er observed in other chelicerates, crustaceans or myria-
pods (Grenier et a. 1997; Popadic et al. 1998; Abzhanov
et a. 1999; Thomas and Telford 1999; Abzhanov and
Kaufman 2000), this expression pattern seems to be a
specific character of insects.

Beside the direct activity of DIl in the brain develop-
ment of representatives of insects and chelicerates and
the developing central nervous system and nerve cell
clusters in the prosomal legs of the horseshoe crab, our
data show a striking correlation between the position of
Dll-expressing cells in the embryos and the existence of
several receptors, first and foremost mechanoreceptors,
in the larvae and adult animals. They can be regarded as
strong evidence that DIl participates in the differentiation
of sense organs in arthropods in general. In future, we
should control any DIl expression, which is not obvious-
ly required for the “classical” appendage development,
to find whether it could be caused by a neurospecific
function of that multifunctional gene.
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Some specul ations concerning the evolution
of locomotory limbs

Over the course of the last few years, DIl has been de-
tected in more and more representatives of the animal
kingdom, from the nematode Caenorhabditis elegans
and a polychaete annelid to several arthropods and verte-
brates (Panganiban et al. 1995, 1997; Lowe and Wray
1997). The expression of the orthologue DII/DIx genesin
the annelid parapodia, the lobopodia of onychophorans,
the extremities of arthropods, the echinoderm tube feet,
the fins of the zebrafish or the limb buds of mice is
amazing; nevertheless these organs are not homologous
structures (see also Tabin et a. 1999). From the expres-
sion patterns we can draw the conclusion that DIl must
be an evolutionarily old gene, which evolved during an
early period of the long history of animals. But this idea
gives no satisfying explanation for the evolution of the
function of the gene. Considering the expression pattern
in detail, we find at least three separate processes in
which DII is involved: the specification of the animal
pole during egg cleavage (Lee and Jacobs 2000); the de-
velopment of extremities and their derivatives; and the
development of the nervous system. Because all animals
examined express DII/DIx in the nervous system, it has
been speculated that one ancestral function of DIl could
be its participation in the developing nervous system
(Panganiban et al. 1997). As our data show, DIl function
might not have been restricted to the CNS but might also
have played an important role in differentiating sense or-
gans. This ancestral neurogenetic function has been sug-
gested for several other developmental genesinvolved in
morphogenesis, including the Hox genes, which led to
the hypothesis of a neuronal zootype (Deutsch and Le
Guyader 1998). There is good reason to assume that the
bilaterian stem species used most developmental genes
primarily for the establishment of a proper central and
peripheral nervous system. The problem is, however,
how to explain the functional shift of genes or even gene
complexes. There is little evidence to assume that the bi-
laterian stem species was equipped with any sort of loco-
motory or sensory appendage (Ax 1995). This makes it
unlikely that DIl was aready involved in the formation
of body outgrowth of any kind in the urbilaterian. If,
however, DIl was originaly used to differentiate sense
organs, the starting point for the formation of appendag-
es in the various bilaterian lineages could have been the
need for a higher spatial sensory resolution which can be
achieved by outgrowths containing groups of sense or-
gans. These outgrowths developed without DIl being in-
volved in the budding process itself. Since there are
body outgrowths which are formed without DIl activity
this scenario seems plausible (Scholtz et al. 1998; see
also Budd 1999 for a general discussion of the correla-
tion between gene expression and evolution of morpho-
genesis). Later, the DIl gene was employed in appendage
formation in several bilaterian lineages independently.
The likeliness for this is even higher if one considers the
putative DIl function in defining the animal-vegetal axis
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in bilaterian eggs which requires similar mechanisms as
defining the proximo-distal axis of limbs (Minelli 2000)
and which also might have already occurred in the an-
cestor of recent Bilateria (Lee and Jacobs 2000). In sum-
mary, it seems plausible that locomotory limbs evolved
as sensory outgrowths that became secondarily involved
in locomotion of bilaterians. The combined function of
differentiating sensory structures and the body axis made
DIl a good candidate to be employed independently in
l[imb formation in several bilaterian lineages.
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