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Abstract Hox genes are known to control the identity of
serially repeated structures in arthropods and vertebrates.
We analyzed the expression pattern of the Hox genes De-
formed (Dfd), Sex combs reduced (Scr), Antennapedia
(Antp), and Ultrabithorax/abdominal-A (Ubx/abd-A)
from the honey bee Apis mellifera. We aso cloned a
cDNA with the complete coding region of the Anten-
napedia gene from Apis. Comparison with Antp proteins
from other insect species revealed several regions of ho-
mology. The expression patterns of the isolated Hox
genes from Apis showed that the original expression pat-
terns of Dfd, Scr, and Antp appear between late blasto-
derm and early germ band stage in atemporal and spatial
sequence. Each of them shows up as a belt, spanning ap-
proximately two segment anlagen, Dfd in the anterior
gnathal region, Scr in the posterior gnathal and anterior
thoracic region, and Antp in the thoracic region. Follow-
ing expansion of the Antp domain in the abdomen as a
gradient towards the posterior, Ubx/abd-A expression ap-
pears laterally in the abdomen. During gastrulation and
in the germ band stage the domains of strong expression
do not overlap any more, but touch each other. After gas-
trulation the borders of the expression domains partly
correlate with parasegment and partly with segment
boundaries. Laterally, gaps between the domain of each
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gene may show no expression of any of the genes exam-
ined.

Key words Dfd - Scr - Antp - Ubx - abd-A

Introduction

In insects as well as in vertebrates, pattern formation
processes are controlled by a class of regulatory genes,
the Hox genes. They exert their function by activating
different sets of downstream target genes responsible for
distinct body structures (McGinnis and Krumlauf 1992;
Carroll 1995). Hox gene functions have been studied
most intensively in Drosophila, where these genes are
located in two complexes, the Antennapedia complex
(Kaufman et a. 1980) and the Bithorax complex (Lewis
1978).

In the last few years, orthologues of Hox genes from
avariety of arthropod taxa have been identified and their
expression patterns analyzed. Among these are other
Diptera like Musca (Sommer and Tautz 1991), the beetle
Tribolium (Stuart et al. 1993), the grasshopper Schisto-
cerca (Tear et al. 1990; Kelsh et a. 1994; Hayward et al.
1995), the butterfly Precis (Warren et al. 1994), the moth
Bombyx mori (Nagata et a. 1996), the firebrat Therm-
obia (Peterson et al. 1999), the chelicerates Archegozetes
(Telford and Thomas 1998) and Cupiennius (Damen et
a. 1998) as well as the centipede Ethmostigmus and the
onychoporan Acanthokara (Grenier et a. 1997). A major
goal of al these analyses was to understand the role of
the Hox genes during evolution and the pathways of evo-
lution, but also to compare the molecular mechanisms of
pattern formation processes which created such a diver-
sity of species.

Some time ago, we cloned the first Hox genes from a
non-Drosophilid insect species, the honey bee Apis mel-
lifera (Fleig et al. 1988; Walldorf et a. 1989). A. mellif-
era is a member of another large insect order, the hy-
menoptera, and diverged from Drosophila about 250
million years ago (Riek 1979). Apis is a long germ de-
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veloper like Drosophila, but in contrast to the latter, the
embryogenesis of Apis offers several advantages when
studying expression patterns:

1. The blastoderm stage lasts about 24 h and the second
half is without any mitoses (Fleig and Sander 1986).
At this stage, one segment anlage is about 8 cells
wide.

2. During all of gastrulation, segmental boundaries can
be seen morphologically as grooves in the ectoderm,
as well as in the mesoderm. Segmental and paraseg-
mental boundaries can also be seen in this period us-
ing anti-En labelling (Fleig 1990).

3. The honey bee embryo does not perform germ band
elongation and retraction.

4. Apis embryos do not show head involution like Dro-
sophila. Therefore we expected to be able to follow
the temporal and spatial pattern of homeotic genes in
detail through all stages.

Comparison of Hox gene expression patterns from Apis
and other insects may help to distinguish between spe-
cial traits and general lines in insect development. A par-
tial sequence and the expression pattern of the Apis or-
thologue from the Drosophila Deformed (Dfd) gene have
been described previously (Fleig et al. 1988; Fleig et al.
1992). We extend our analysis now to the Hox genes Sex
combs reduced (Scr), Antennapedia (Antp) and Ultrabi-
thorax/abdominal-A (Ubx/abd-A) from the honey bee,
and compare the sequence of the Antennapedia gene
from Apis with orthologues from other species.

Materials and methods

Cloning of the Apis Antennapedia gene

An embryonic Apis cDNA library was constructed from 0-60 h old
embryos (complete embryogenesis). mMRNA was isolated using the
Quick Prep mRNA Purification Kit (Pharmacia), and cDNASs were
constructed using the ZAP cDNA synthesis Kit (Stratagene) and
cloned into the Uni ZAP XR vector (Stratagene). A 0.7 kb genomic
fragment from phage H90 (Walldorf et a. 1989) which includes
Antennapedia sequences was used to screen 1.5x105 plagues of the
embryonic cDNA library under high stringency conditions
(Sambrook et al. 1989). Severa positive phages were isolated and
cloned by in vivo excision from the Uni ZAP XR vector.

DNA sequencing and segquence analysis

DNA was sequenced by the dideoxynucleotide procedure of
Sanger et al. (1977). Sequencing was done on both strands of the
DNA with the Sequenase Version 2.0 DNA sequencing kit (USB).
Overlapping deletions were generated by using the exonuclease
111-S1 method as described by the supplier (Pharmacia). In addi-
tion, gene-specific primers deduced from previously determined
sequences were used. Sequences were analyzed by using the
HUSAR/GCG sequence analysis software package from the Uni-
versity of Heidelberg.

Embryo staining

Bee keeping, egg collection, incubation and treatment of the em-
bryos were as described earlier (Fleig and Sander 1986; Fleig

1990). Staining of MRNA was performed according to Tautz and
Pfeifle (1989), and preparation of antibodies and antibody staining
was performed according to Fleig et al. (1992). As probes for in
situ hybridization experiments, a 0.7 kb Bglll fragment from
phage H90 (bee Antp) and a 1.5 kb Xhol-EcoRI fragment from
phage H55 (bee Scr) (Walldorf et al. 1989) were used. For
Ubx/abd-A stainings, we used the antibody FP6.87 kindly provid-
ed by M. Akam.

Results
The Apis Antennapedia gene

In our initial screen for homeobox-containing genes of
the honey bee, we isolated genomic clones for seven
genes, among them clones for Apis orthologues of De-
formed, Sex combs reduced, Antennapedia and abdomi-
nal-A (Fleig et al. 1988; Walldorf et a. 1989). To charac-
terize the Antp gene, we constructed an embryonic
cDNA library and isolated several cDNA clones from
the Antp gene of honey bees. The longest cDNA clone,
of 2.1 kb, was further analyzed and sequenced.

An open reading frame, starting at position 118 and
ending at position 1176, encodes a protein of 352 amino
acids, including an Antp homeodomain. The protein has
a predicted molecular weight of 39.8 kD and an isoelec-
tric point of 9.85. A comparison of the homeobox se-
guence from the cDNA with the genomic sequence veri-
fied that the isolated clone corresponds to the Antp gene
of honey bees. Further sequence conservations outside
the homeodomain support this (Fig. 1).

A sequence comparison of the Apis Antp protein with
proteins from other insect species is shown in Fig. 1.
Here we used only species where the complete or almost
complete open reading frame is known. In the homeodo-
main only one position is not conserved between the spe-
cies analyzed, since in the honey bee a phenylalanine at
position 23 is replaced by atyrosine. Outside the homeo-
domain severa conserved regions were found. They all
agree with the regions 1-7 described by Hayward et al.
(1995). The Antp protein of honey bees shows the clos-
est relationship to the Bombyx Antp protein.

Expression of Hox genes from Apis
Deformed (Dfd)

The Dfd pattern has already been published (Fleig et al.
1992) except for the following details. However we de-

Fig. 1 Comparison of the Antennapedia protein of honey bees with
other insect species. The deduced amino acid sequence of the An-
tennapedia protein of Apis mellifera (Genbank Accession No
AJ276511) is compared to homologous sequences from Schistoce-
rca americana (Genbank Accession No U32943), Drosophila mel-
anogaster (Genbank Accession No M20704) and Bombyx mori
(Genbank Accession No D16684). Amino acid sequences are
shown in one letter code. Conserved regions (1-7) are indicated by
black bars below the sequences. Amino acids which are conserved
in at least one other species compared to Apis are shown in bold
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scribe these data briefly for completeness. In 27-h-old
embryos, which is an intermediate stage of the cellular
blastoderm (Fig. 2A), a belt of nuclei can be seen la-
belled with anti-Dfd antibodies (Fleig et a. 1992). Its
position is between 65-78% embryo length (posterior

Fig. 2A-C SEM view of hon-
ey bee embryos, ventral to the
|eft. A Blastoderm formation;
mitotic wave, compare the size
of the blastoderm cells anterior
(top) and posterior (bottom).

B Early gastrulation: anterior
endoderm (en), ectoderm (ec),
mesoderm (me), gastrulation
folds (arrows), intersegmental
grooves (arrowheads).

C Young germ band: labrum
(Ir), antenna (an), intercalary
rudiment (in), mandible (md),
maxilla (mx), labium (li), sali-
vary gland opening (arrows),
and ten tracheal openings. Total
length of the embryos: 1.6 mm

Fig. 3. Expression of Dfd (A), Sr (B-C), Antp (D-H) and
Ubx/abd-A (1-J) in honey bee embryos. A Dfd expression. Germ
band stage, 45 h old, anterior half, ventral view. Dfd is ventrally in
the posterior compartment of the intercalary segment rudiment, in
the complete mandibular segment, laterally complete and ventrally
only in the anterior compartment of the maxillary segment, and in
the most ventral part of the labial segment only below the surface
(arrow). B Scr expression. Gastrulation stege, 31 h old, lateral
view. A faint belt of Scr transcripts appears in the posterior head
anlage (arrow). C Scr expression. Germ band stage, 45 h old, ante-
rior half, ventral view. Strong Scr is seen ventrally between the
mouth part buds in the posterior compartment of the maxillary seg-
ment, and in the labial segment except for the area of the tentorium
invagination (arrow), an unknown spot lateraly in the middlie of
the labelled area (arrowhead), and the ventral part of the posterior
compartment. Weak label is seen ventrally in the posterior com-
partment of the labial segment and in the first thoracic segment
(T1) ventrally and ventrolaterally. D Antp expression. Blastoderm
stage, 32 h old, anterior detail, lateral view. Antp transcripts can be
detected in a belt between 55 and 68% embryo length. The belt is
much wider ventrally than dorsally. E Antp expression. Gastrula-
tion stage, 34 h old, anterior detail, lateral view. The Antp belt is
now wider, especially on the lateral side, and it is subdivided into
three stripes. Arrowheads indicate lateral margin of the germ band;
arrows indicate gastrulation fold. F Antp expression. Young germ
band stage, 40 h old, ventral view. Antp is found weakly in the ven-

pole is 0%). The belt is about 16 cells wide dorsally, in
tissue of the future serosa, but it is about 22 cells wide
ventrally in embryonic parts of the blastoderm. This is
ventrally equivalent to almost three segment anlagen.
Labelling is strongest in the middle of the belt and be-

tral part of the posterior compartment of the labial segment and in »

the prothorax, very strongly in the mesothorax (arrowhead), and
gradually more weskly in the metathorax and the abdominal seg-
ments. The bars indicate the position of the borders of pro- and
mesothorax. G Antp expression. Intermediate germ band stage,
45 h old, anterior half, ventrolateral. Antp is weak ventrally in the
posterior compartment of the labial segment, strong in the ventral
and ventrolateral part of the prothorax, strong in the mesothorax,
intermediate in the metathorax, and gradually weaker in the abdo-
men. In the abdomen it is confined to the ventral nerve cord and
around the tracheal pits (arrows). H Antp expression. Old germ
band stage, 55 h old, anterior half, ventral view. No Antp tran-
scripts are in the head region, label is in the whole trunk, strongest
in the ventral nerve cord. | Ubx/abd-A expression. Intermediate
germ band stage, 42 h old, lateral view of thoracic and and first ab-
dominal segments. Border between thorax and abdomen (arrow),
thoracic tracheal pits (black arrowheads), abdominal trachea pits
(white arrowheads). Strong label is found in the first abdominal
segment and gradually weaker towards the fourth abdominal seg-
ment. J Ubx/abd-A expression. Intermediate germ band stage, 45 h
old, gnathal, thoracic and abdominal region, ventral view. Label is
seen in the lateral parts of the abdomina segment Al (bar on the
left) to A7 (bar on the right), strongest around the tracheal pits,
weak in the segmental grooves, and not present in the ventral parts
of the segments. Black arrowhead denotes the tracheal pit of T1,
white arrowhead denotes the tracheal pit of A7
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comes gradually weaker towards both sides. After the
beginning of gastrulation (Fig. 2B), 33 h after egg depo-
sition, the weak label on the anterior and posterior side
of the belt disappears, resulting in sharp borders between
labelled and non-labelled cells (Fleig et al. 1992). The
label also disappears in the mesoderm part of the belt
ventrally between the two lateral parts of the ectoderm,
and dorsally in the developing serosa. The remaining la-
belled area in the two halves of the ectoderm now covers
the posterior compartment of the intercalary, the mandib-
ular and the maxillary segment anlagen, as can be shown
by double labelling with antibodies against Dfd and En
(Fleig et al. 1992). During gastrulation, when both lateral
halves of the ectoderm start fusing ventrally, the fina
pattern of Dfd is established when Dfd protein disap-
pears in the ventral part of the posterior compartment of
the maxillary segment. The resulting pattern of label in
the posterior compartment, the ventral part of the inter-
calary rudiment, the mandibular segment, and the maxil-
lary segment except the ventral part of the posterior
compartment, remains stable in the epidermis and the
central nervous system during the germ band stage (Fig.
2C) until the larval cuticle prevents labelling; it is only
in the central nervous system of the germ band, where
additional anti-Dfd labelling appears in the labial seg-
ment (Fig. 3A).

Sex combs reduced (Scr)

In 31-h-old blastoderm stages, shortly before the begin-
ning of gastrulation, a belt of cells is found containing
MRNA of Scr in the region of the labial segment anlage
(Fig. 3B). Its position is between 62% and 75% embryo
length. The labelled belt is approximately twice as wide
on the ventral side as on the lateral. In the germ band
stage the pattern of Scr is more complicated (Fig. 3C).
Ventrally, between the mouth part buds, an area is
strongly labelled. It corresponds to the posterior com-
partment of the maxillary segment and the anterior com-
partment of the labial segment. Only weak label can be
found in the ventral parts of the posterior compartment
of the labial segment and in the prothorax. Ventrolateral-
ly strong label is found only in the labia mouth parts,
i.e. in both compartments of the labial segment. Weak la-
bel is seen posterior to the labial mouth parts in the pro-
thoracic segment. Laterally, between the mouth parts and
the lateral border of the germ band, Scr expression can
be seen in the posterior compartment of the labial seg-
ment and in the anterior compartment of the prothoracic
segment. The cells around the invagination of the poste-
rior part of the tentorium show no label. In the middle of
the labelled prothorax area on both sides there is a pecu-
liar spot of cells of unknown fate which are always de-
void of Scr label. Weak label is also present in the sto-
modeum. Scr label is restricted to the ectoderm through-
out. In the germ band stage, the strong Scr expression
domain crosses two different segment borders, maxilla-
ry-labial (ventrally), and labial-prothoracic (laterally).

The strong expression domain is only segmental in the
mouth parts, whereas ventrally and laterally it is paraseg-
mental.

Antennapedia (Antp)

In 32-h-old embryos, just before the beginning of gastru-
lation, an initial pattern of Antp MRNA can be detected
in a belt between 55% and 68% embryo length (Fig. 3D).
The labelled area is about three times wider ventrally
than it is dorsolaterally, and no label can be found in the
most dorsal extraembryonic serosa tissue. The anterior
and the posterior borders of the labelled area are very
sharp. The labelled areais ventrally approximately iden-
tical with the pro- and mesothorax anlage.

During gastrulation a second pattern develops (Fig.
3E). The origina belt widens during gastrulation, when
its posterior border shifts to 50% embryo length. It is
now almost as wide dorsolaterally as ventrally and cov-
ers the complete thorax anlage. This wide belt is subdi-
vided into three stripes which are strongly labelled and
separated by two stripes showing only weak label. All
parts of the embryo posterior to this belt at this stage
show weak label. In contrast, in the head anlage we have
not found any sign of Antp mRNA at this stage.

In the young germ band stage, 40 h after egg deposi-
tion, a third pattern shows segmental and parasegmental
traits (Fig. 3F). Very strong label is seen in the complete
second thoracic segment. From there to the posterior
pole the label gradually weakens. In the first thoracic
segment, the ventral part is labelled to an intermediate
level, whereas the lateral parts as well as the ventral part
of the posterior compartment of the labial segment ex-
hibit low level of Antp mRNA. Anterior to that, no label
is found in the head segments.

During the germ band stage a fourth pattern of Antp
expression evolves (Fig. 3G). Weak label is still seen
ventrally in the posterior compartment of the labial seg-
ment and strong label in the ventral and ventrolateral
parts of the three thoracic segments. Gradually weaker
label is seen in the ventral part of the abdominal seg-
ments, strong label in the lateral parts of the second tho-
racic segment, and intermediate label around the tracheal
pits from T3 to A8. Transiently Antp completely disap-
pears in the lateral parts of the first thoracic segment. It
is only in the oldest stages during dorsal closure when
Antp transcripts appear again in this area but they are not
seen any more in the labial segment (Fig. 3H). In the
second thoracic segment label remains strongest. In the
third thoracic and abdominal segments it remains visible
in an anterior-posterior gradient until dorsal closure
about 55 h after egg deposition. In this late stage, a few
hours before hatching, intermediate expression is found
only in the ventral nerve cord and in domains close to
the tracheal pits, whereas in the epidermis, only weak
expression remains until staining becomes impossible
when the larval cuticle seals off the surface of the em-
bryo.
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Ultrabithorax (Ubx) and abdominal-A (abd-A)

The antibody FP6.87 used here recognizes the products
of the Ubx and abd-A genes via an epitope common to
the carboxy-terminal region of the two proteins (Kelsh et
al. 1994). Therefore we cannot distinguish between Ubx
and Abd-A proteins. Whenever we use the term
Ubx/abd-A expression, we mean the combined expres-
sion patterns of both genes. The antibody recognizes an-
tigen in the first seven abdomina segments of the honey
bee embryo. Staining is first detected in 45-h-old inter-
mediate germ band stage embryos. In this stage label is
found only in the first four abdomina segments, strong-
est in the first and weaker towards the posterior (Fig. 31).
In older germ band stages the expression domain was
found to be expanded towards the posterior up to the
seventh abdominal segment, inclusive (Fig. 3J). Expres-
sion intensity is now equal in the abdomina segments
A1-A6 and weaker only in the abdominal segment A7.
Label is only in the nuclei of the lateral epidermis. Nu-
clei of cellsin the segmental grooves are only weakly la-
belled, whereas cells around the tracheal pits show the
strongest labelling. The ventral parts of the abdominal
epidermis, which cover the ventral nerve cord (where
Antp is found), are never labelled by the antibody. Ante-
rior to the first abdominal segment no label can be de-
tected in any stage. This is aso true for the abdominal
segments A8-A10.

Discussion
Antennapedia sequence

We have cloned a cDNA from the Antp gene of the hon-
ey bee A. mellifera. The translation start site is in agree-
ment with that from Schistocerca and not further up-
stream as predicted by Hooper et al. (1992) for Drosoph-
ila. Several conserved domains within the Antp proteins
were aready mentioned by Hayward et al. (1995) and
verified by our analysis. For most of these domains no
functions are known yet, except for the YPWM domain
and of course the homeodomain. The YPWM motif is
present in several homeotic proteins and mediates inter-
actions with a cofactor encoded by the extradenticle
(exd) gene (Rauskolb and Wieschaus 1994). Since resi-
dues flanking the Y PWM motif of the vertebrate HoxD4
gene contribute to cooperative interactions with the ver-
tebrate exd homologue PBX (Shanmugam et al. 1997), it
is not surprising that residues flanking YPWM are con-
served as well in different Antp proteins. The homeodo-
main represents the most highly conserved domain of the
protein with only one alteration in the honey bee at posi-
tion 23 (F to Y). The C-terminus shows conservations as
well whereas the 3' untranslated region is, like in Schis-
tocerca, not conserved in honey bees compared to Dro-
sophila.
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Borders of expression domains, parasegments,
and segments

Assuming that there is no spatial and only a short tempo-
ral difference between the patterns of mRNA and protein,
the gene products of all four genes discussed here appear
in an anteroposterior sequence in the last hours of the
blastoderm stage. This is also the case for the formation
of the blastoderm, the waves of blastoderm mitoses, the
pattern of gastrulation (Nelson 1915; Schnetter 1935;
Fleig and Sander 1986) and Engrailed expression (Fleig
1990). In contrast to Dfd and Scr, the patterns of Antp and
later also Ubx/abd-A secondarily expand towards the pos-
terior. Comparing the stable patterns of the two anterior
genes with the expansion of Antp during gastrulation, and
the expansion of Ubx/abd-A during early germ band
stage, one might think of short germ developers like
grasshoppers and crayfish, where at first only the anterior
part of the body is established and the abdominal seg-
ments only appear later (Patel et al. 1989; Patel 1994).

The early expression domains of the homeotic genes
Dfd, Scr, and Antp show a simple pattern of belts cover-
ing about two segment anlagen each; the domains over-
lap, especially on the ventral side of the embryo where
they are broader than dorsally (Fig. 4A). The original do-
main borders may partly be consistent with parasegmen-
tal or segmental boundaries, but at |east those of Antp are
oblique to these boundaries, which become visible at this
stage (Fleig 1990).

In the blastoderm stage the expression domains of all
four genes are similar in fruit fly and honey bee embry-
os. Certainly these genes play very similar roles in estab-
lishing the general character of that part of the insect
body where they have their main expression domain.
Even in Chelicerata the orthologues show comparable
patterns (Damen et al. 1998; Telford and Thomas 1998).
However, some differences should be mentioned. In the
fly, the borders of the Dfd domain are segmental
(Chadwick and McGinnis 1987; Regulski et al. 1987). In
the bee, the anterior expression border is initially para-
segmental in the rudiment of the intercalary segment,
and changes from segmental to parasegmental during
gastrulation in the ventral part of the maxillary segment
(Fleig et al. 1992). The steady Engrailed pattern shows
that this change is not aresult of cell movement (Fleig et
al. 1992). The same development of that pattern is re-
ported for Tribolium (Brown et a. 1999). This is most
clearly seen ventrally in the parasegmental Scr pattern in
the germ band of the bee, corresponding to segmental in
that area in the fly (Mahaffey and Kaufman 1987,
LeMotte et al. 1989; Mahaffey et al. 1989; Rogers €t al.
1997). While some differences in the Dfd pattern are
consistently observed between the bee and the fly, the
complicated posterior borders of the Scr and the Antp
patterns of young and old embryos of flies (Levine et al.
1983; Hafen et al. 1984; Carroll et al. 1986; Martinez-
Arias 1986; Wirz et al. 1986; Riley et al. 1987; LeMotte
et a. 1989; Bermingham et al. 1990; Hayward et al.
1995; Rogers et al. 1997) and bees are identical. The
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Fig. 4A, B Schematic draw-
ings of expression domains of
Dfd (orange), Scr (yellow),
Antp (green) and Ubx/abd-A
(blue). A Blastoderm stage,

32 hold, lateral view; interme-
diate colours show overlapping
zones. B Germ band stage, 45 h
old, ventral view. The anterior
part of the blastoderm moves
during gastrulation around the
pole towards the dorsal side
and is therefore not seen in the
ventral view of the germ band
(seeFig. 2)
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same Antp pattern is also found in Thermobia domestica
(Peterson et al. 1999). However, in Manduca sexta the
anterior border of Antp is the compartment border of T1
(Zheng et al. 1999). It may be that some of these differ-
ences are only the result of different sensitivity levels of
the stainings. Probably the ventral switch from segmen-
tal to parasegmental is more general in insects but is not
seen very clearly in some cases, such as in the anterior
part of the fruit fly head, due to the subsequent head in-
volution. The resulting ventrolateral corners of the ex-
pression borders of Dfd, Scr, and Antp correlate fairly
well with the position of the appendage anlagen and may
help to pin down their position.

Expression patterns in the germ band

During germ band development the expression patterns
of the four genes examined here become more complicat-
ed and presage specific body structures (Fig. 4B). No
overlapping of strong expression domains can be found
any more, except in the areas around the abdomina tra-
cheal pits, where both Antp and Ubx/abd-A can be detect-
ed. The borders of each domain touch each other amost
everywhere. A gap remains only laterally between Dfd
and Scr in the anterior compartment of the labial seg-
ment. Most of this non-labelling tissue invaginates to
form the posterior part of the tentorium. The anterior part
of that head skeleton is from the anterior part of the inter-
calary segment anterior of the Dfd domain (Nelson 1915;
Fleig et a. 1988; Fleig et a. 1992). A transient expres-
sion gap is aso seen laterally during early germ band
stage between the Scr and the Antp domains, where no
tracheal invaginations form in the prothorax. Here Antp
disappears during the period when the tracheal system in-
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vaginates in the other two thoracic segments and in the
abdomen. In al other instances the strongly labelled do-
mains fit perfectly together. This is seen most convinc-
ingly ventrally and in the areas of the mouth parts, where
the borders of the strong expression domains jump from
segmental to parasegmental boundaries.

The lateral expression of Scr in the prothorax of the
bee may cause wing suppression as in fly, cricket and
bug (Rogers et al. 1997). In the prothoracic segment the
relationship between Scr and Antp seems to be essential
for the differentiation of middle (Antp) or anterior (Scr)
thorax characters. The overlapping presence of different
levels of MRNA of both genes in the germ band of the
honey bee may show that the decision is made late and
can easily switch from one to the other, as has been
shown for crustaceans (Abzhanov and Kaufman 1999).

The differences in the details of the expression pat-
terns of the four genes examined here may be the result
of secondary roles of the genes. They may be needed
again for the development of special segmental parts of
the embryos such as mouth parts, silk/salivary gland,
legs, wings, and the tracheal system. Functions of home-
otic genes different from those in Drosophila are report-
ed for the beetle Tribolium castaneum (Beeman et al.
1989). Using such fine-tuning mechanisms, the numer-
ous insect species do not need many genes to generate
the enormous variety of morphological differences of
homologous segments. The significance of spatial and
temporal regulation has been shown in Drosophila
(Castelli-Gair and Akam 1995).

The coexpression of Antp and Ubx/abd-A in the cells
around the tracheal pits may demonstrate a role of Antp
in the development of the tracheal system in the thoracic
segments T2, T3 and the abdominal segments A1-A8.
Consistent with that assumption is the disappearance of
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Antp in the lateral area of the first thoracic segment dur-
ing the stage when the tracheal pits develop; no insect
has tracheal pits there. In Manduca sexta, Antp is also
seen around the tracheal pits, and it is missing in that ar-
ea in the third thoracic segment, where no tracheal open-
ings develop (Zheng et al. 1999). This is different in
Drosophila, where the expression of Antp in the lateral
parts of the abdomen is missing and the development of
spiracles is suppressed (Martinez-Arias 1986; Castelli-
Gair et a. 1994). The expression patterns of Ubx/abd-A
in the Apis abdomen are essentially the same as in Dro-
sophila (Karch et al. 1990; Macias et al. 1990; Kelsh et
al. 1994), Manduca sexta (Nagy et al. 1991; Zheng et al.
1999), Tribolium (Stuart et a. 1993), Schistocerca (Tear
et a. 1990), Precis coenia (Warren et al. 1994), and
Thermobia domestica (Peterson et al. 1999). Therefore a
similar role in abdomen specification is very likely, as
has been worked out originally for Drosophila (Lewis
1978; Tiong et al. 1985; Duncan 1987; Mathog 1991,
Vachon et a. 1992; Warren et a. 1994; Carroll 1995;
Castelli-Gair and Akam 1995). In the honey bee embry-
os we found Ubx/abd-A in the whole first abdominal
segment, but not in the thorax. This does not coincide
completely with other insects. In Schistocerca and Dro-
sophila Ubx is also found in meso- and metathorax (Tear
et al. 1990; Kelsh et al. 1994) whereas in Thermobia
abd-A is found only from the posterior compartment of
the first abdominal segment on towards the posterior
(Peterson et al. 1999). We have no convincing explana-
tion for these differences; with the antibody we used, we
could not distinguish between Ubx and abd-A. Neurula-
tion and tracheal system invagination show no differ-
ences in thorax and abdomen in the honey bee embryo
except the time gradient (Fig. 2).
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