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ABSTRACT We report the isolation of seven homeobox-
containing genes from the honeybee (Apis mellifera). Sequence
analysis of all homeoboxes and some flanking sequences showed
that six of seven genes are more than 90% identical to their
corresponding Drosophila homologues within the homeobox
and, with one exception, also in the flanking sequences. The
homologues that were identified include three homeotic selector
genes [Sex combs reduced (Scr), Antennapedia (Antp), and
abdominal-A (abd-A); the two engrailed (en) genes; and the
muscle segment homeobox (msh)]. Surprisingly, no homologue
of the segmentation gene fushi tarazu was found in the hon-
eybee. For the remaining bee gene, a Drosophila homologue is
not known. This indicates that, with some exceptions, struc-
turally homologous genes are involved in the control of bee and
Drosophila development, although Hymenoptera differ signif-
icantly in their embryogenesis from Diptera and have evolved
separately for some 250 million years.

Bodies of insects consist of a series of segments, each of
which gives rise to different and often highly specialized
structures. In Drosophila, early embryonic events leading to
this segmentation pattern have been found to require two
classes of zygotic genes. Segmentation genes establish the
basic metameric unit, and homeotic genes determine the
identity and sequence of the individual segments (1, 2). Many
of these genes include a short region of sequence similarity,
the homeobox (3-5), which encodes a DNA-binding protein
domain (6) and which has been found in a number of
organisms (see refs. 7 and 8 for review). In the fruit fly,
homeotic genes are organized in two major clusters, the
Antennapedia complex (ANT-C) and the Bithorax complex
(BX-C). ANT-C genes are involved in controlling the differ-
entiation of more anterior segments (head and thorax) (9),
whereas BX-C genes are required for more posterior ones
(thorax and abdomen) (10). Since the Diptera are highly
specialized insects, it cannot be assumed that the character-
istics of these Drosophila genes are necessarily similar in
other insects. To address this question, we isolated ho-
meobox-containing genes from the honeybee (Apis mel-
lifera), which belongs to the order of Hymenoptera. This
organism has the same type of genomic organization as
Drosophila—i.e., the long interspersed repeated DNA type
(11)—but diverged about 250 x 10° years ago (12). It is also
a “‘long-germ’’ insect in which the entire germ band becomes
segmented more or less simultaneously but does not show
germ band elongation and retraction as it does in Drosophila.
Development of Drosophila and other Diptera is character-
ized by head involution and the reduction of the last two
abdominal segments. In this respect the honeybee represents
an insect with a less specialized developmental pattern than
Drosophila.
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Our aim is to compare in detail the homeobox genes of
these two representatives of developmentally distinct insect
orders. Earlier we identified a homologue of the Drosophila
gene Deformed (Dfd) (13). Here we report the isolation of
seven homeobox-containing genes of the honeybee. These
genes belong to at least three different classes of ho-
meoboxes; six of them can be identified as homologues of
known Drosophila genes on the basis of their DNA sequence.

MATERIALS AND METHODS

Materials. Honeybees (Apis mellifera) were collected from
bee colonies of the University of Freiburg, Germany. Radi-
onucleotides were purchased from Amersham, and enzymes
were from Biofinex, Boehringer Mannheim, and Amersham.
DNA fragments used as probes for hybridization were de-
rived from the following plasmids: Antp p903 (3); Dfd Hp0.25
(13); ftzpGEMF1 (14); Scr cY20 (15); Ubx p96 (3); en pS799-7
(16); cad cDNA 335 (17); msh pS135-4 (B. Jacq and W.J.G.,
unpublished data); W13 Sa0.3 (U.W., unpublished data).

General Methods. Preparation of genomic Drosophila and
honeybee DNA was as described (18). Restriction endonu-
clease digestions, gel electrophoresis of DNA fragments,
screening of libraries, isolation of phage and plasmid DNA,
and buffers were as described by Maniatis et al. (19).

Library Construction. Genomic Apis mellifera DNA iso-
lated from adult worker bees was partially digested with
Sau3A. After size selection on NaCl gradients, DNA of 15-20
kilobases (kb) was cloned into the BamHI site of the EMBL-4
phage A vector (20).

Screening and Hybridization Conditions. Usually, 1.5 x 10°
phages (5 genome equivalents; see ref. 11) were screened
under low-stringency conditions as described earlier (13).

DNA Sequencing. DNA sequencing procedures were carried
out by using phage M13 cloning (21) and chain-termination
sequencing (22). Both strands of the DNA were sequenced.

" RESULTS AND DISCUSSION

Using Southern blot analysis, we tried to identify DNA
fragments of honeybee DNA that hybridize with different
Drosophila homeobox probes under low-stringency condi-
tions. Nine different probes showed essentially five different
patterns (Fig. 1). Homeobox probes of the Antennapedia
class (Dfd, ftz, Antp, Scr, Ubx) always detected the same
strong bands 0f9.0, 5.5, 4.2, and 1.5 kb. Some other relatively
strong bands were only revealed by the Ubx probe; additional
bands seen with ftz, Antp, and Scr probes were much weaker.
All the other probes used gave rise to unique patterns with
only two bands (en), three bands (WI13), or multiple bands
with two being stronger than the rest (msh) or with only very
weak ones (cad).
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In an attempt to analyze some of these homeobox frag-
ments of the honeybee, we constructed a genomic library of
Apis mellifera and screened the library with Antp, en, msh,
and W13 probes. During this screen we focused only on very
strong positive signals to start isolating clones with the
highest degree of conservation. However, when we used the
en probe, we also wanted to isolate the weakly hybridizing
fragment to test whether the honeybee, like Drosophila, has
two engrailed-like genes. Restriction analysis of all isolated
clones showed that they belong to eight different types.
These include the four bands seen with the Antennapedia-
class probes, the two bands seen with en, the two strong
bands seen with msh, and one band seen with W13. These are
indicated in Fig. 1 and named according to their size. Frag-
ments H17 and H10 are located in the same phage and belong
to the same gene. Fragments of each type that cross-
hybridize to homeobox probes were subcloned in plasmid
vectors as EcoRI fragments except for the 9.0-kb fragment
H90, of which a smaller Bgl Il fragment was subcloned.
Restriction maps were established for all fragments (Fig. 2),
the regions of similarity were narrowed down by hybridiza-
tion, and finally the relevant fragments were sequenced.

On the basis of its sequence, HSS is clearly homologous to
Scr of Drosophila, since within a region of 86 amino acids of
its derived protein sequence, only two amino acid differences
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are present—one within the homeobox and one within a region
of 19 amino acids 3’ of the homeobox (Fig. 3). Also, the 7
amino acids 5’ of the homeobox up to a 3’ splice site of Scrare
conserved. A Scr homologue was also found in the locust
Schistocerca gregaria (23). This gene has an identical ho-
meobox as that of Scr in Drosophila, but sequence conserva-
tion 3’ of the homeobox is less pronounced than in the bee HSS
clone. Previously, we found an even better sequence conser-
vation in clone H42, a homologue of Dfd (Deformed), in which
78 amino acids of the derived protein sequence including the
homeobox are conserved as compared with Dfd in Drosophila
(13). Furthermore, in situ hybridization experiments show that
the bee gene H42 is expressed in the corresponding region of
the embryo as Dfd in Drosophila (13).

Comparison of the homeobox sequence of H1S (Fig. 4)
with that of abd-A (abdominal-A) (F. Karch, personal com-
munication; ref. 23) revealed that it is the homologue of
abd-A. Its product differs from the Drosophila gene product
by one amino acid within the homeobox and two in a region
of 22 amino acids 3’ of the homeobox. Beyond the 5’ end of
the homeobox, six of seven amino acids are conserved.

The greatest similarity to Antp was found within the
homeobox of H90 (Fig. 4). Only phenylalanine-22 in the Antp
homeobox is changed to tyrosine. Outside the homeobox, the
similarity is not very striking; here only four positions 3’ of
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Fic. 1. Hybridization of Drosophila ho-
meobox probes to genomic DNA from Droso-
phila and Apis. Genomic Southern blots with 2.5
ug of DNA digested with EcoRI from Droso-
phila melanogaster (lanes D) or 7.5 ug of such
DNA from A. mellifera (lanes B) were hybrid-
ized under reduced-stringency conditions with
different Drosophila gene probes. The probes
are indicated at the bottom; the black bars show
the localization and extent of the homeobox
within each probe. A, Ava I; B, BamHI; Bg, Bgl
II; C, Cla 1, E, EcoRI; EV, EcoRV; Hi, Hincll;
Hp, Hpall; S, Sall; Sa, Sac 1; Sc, Sca 1; T, Tag
I; and X, Xho 1.
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FiG. 2. Restriction maps of isolated homeobox
fllig 10 )I( Blsf )I( Bli( >|< ’ﬁs EI fragments from Apis mellifera. DNA maps of seven
H55  Apis fragments that cross-hybridize with Drosophila
- homeobox probes were shown. The location of the
homeobox within these fragments is shown by the
£ XBaP & H1s  black box. The 5'-3' orientation is always from left to
right. The fragments are named according to their size,
- except for H90, where the map of a 0.7-kb Bgl/ 11
B X Bg fragment derived from the original 9.0-kb EcoRI frag-
11 Hoo ment is shown. The homeobox of clone H17 includes
- an intron, and each homeobox exon is located on a
different EcoRI fragment. Both are separated by 5.4 kb
E SX Bg BoXX S 3 of intron sequences indicated by the thin line. B,
| I 1 J H40 BamHI; Bg, Bgl 11; E, EcoRl; H, Hindlll; P, Pst 1; S,

the box are conserved, while in the 5’ direction, no similar-
ities were found. From the sequence comparison it is not
clear whether H90 is the Antp homologue, but its hybridiza-
tion pattern in tissue sections greatly resembles that of Antp
(R.F., unpublished data), which suggests that it is indeed a
homologue. Since we analyzed only the homeobox-
containing genomic exon in our experiments, we did not
identify possible sequence conservation in other exons.
Because our probes for Dfd, fiz, Antp, Scr, and Ubx all
hybridized strongly with the same four fragments, and since
all of these were identified, there appears to be no fiz
homologue with the same level of sequence conservation in
the honeybee genome. Another screening of the genomic
library with a ftz probe only ended with the reisolation of
clones already isolated with the Antp probe. Since it is
possible that an EcoRlI site within the homeobox of a putative
ftz homologue might lead to a signal reduction from the
resulting two EcoRI fragments when these were hybridized
with the ftz probe, Southern blots of genomic DNA digested
with different enzymes were performed. All four enzymes
tested consistently yielded a pattern of four strong bands
(data not shown). There was no sign of a split signal. If there

Thr
ACG
ACT
Thr

H55
Scr

HSS
Scr

H55
scr

H55
scr

val
GTG
GTG
val

Sal 1; X, Xho 1; and Xb, Xba 1.

is a ftz homologue, the homeobox-containing exon of this
gene must have diverged considerably from the other genes
of the Antennapedia class. This could mean that a segmen-
tation gene like fz has diverged much more during evolution
than the homeotic genes analyzed or that the ftz function is
performed by another gene. We do not know if the other
segmentation genes behave similarly. Individual components
of the developmental program in the two species might be
different, which could prevent identification of such compo-
nents by homology studies.

In contrast to the Antennapedia class genes, the two Droso-
phila-genes of the engrailed class [engrailed (en) and invected
(inv)] show a much_stronger conservation during evolution.
Homologues of these genes have been identified in the mouse
(24) and in the sea urchin Tripneustes gratilla (25). By using the
Drosophila en probe, clones E60 and E30 were isolated from
the honeybee library. Comparison of the derived amino acid
sequences of these two clones reveals strong conservation at
the amino acid level in the homeobox (97%) and in a region of
22 amino acids 3’ of the box (100%) (Fig. 5). In contrast to this,
similarity 5’ of the putative homeodomain within a region of 19
amino acids is less distinct but still significant (69%). The DNA
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Fic. 3. Comparison of H55 and
Drosophila Scr sequences. DNA and
putative amino acid sequences of the
homeobox regions in H55 are aligned
with homologous regions from Droso-

Lys Met Ala Ser Met Asn Ile Val Pro Tyr His Met Pro Tyr Gly His Pro Tyr phila Scr. The homeobox is boxed;
HSS AAG ATG GCG AGC ATG AAC ATT GTA CCG TAC CAC ATG TCG CCT TAC GGC CAC CCT TAC amino acids of HS5 that differ from
Scr AAG ATG GCC TCG ATG AAC ATC GTA CCC TAC CAC ATG GGT CCA TAT GGC CAC CCG TAC those derived from Scr are shown by
Lys Met Ala Ser Met Asn Ile Val Pro Tyr His Met Gly Pro Tyr Gly His Pro Tyr small boxes
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H1S CCA GGG CCG AAC GGG TGT CCG
H40 CGG CGG TGG GAC AGG CGG GAA
H90 CTC TCG CAT TGT GTT CCA GAG

H1S5
H40
H90

H1S
H40
H90

H1S
H40
H90

H1S AGG GCG GTG AAA GAG ATA AAC
H40 CCG GGC CTC GAC GTG ATC AGC
H90 GCT CGG GCG ACG GGG ACA CCG

H1S Asn Gly Pro Asn Gly Cys Pro
H40 Arg Arg Trp Asp Arg Arg Glu
H90 Leu Ser His Cys Val Pro Glu

H1S
H40
H90

H1S
H40
H90

Fic. 4. H15, H40, and H90
homeobox sequences. (Upper)
DNA sequences from the ho-
meobox regions of H15, H40, and
H90 are aligned. Sequences are
shown from —21 to +201. Codons
of the common open reading
frame are aligned. (Lower) A con-

H1S
H40
H90

H15 Arg Ala Val Lys Glu Ile Asn ceptual translation of the regions

H40 Pro Gly Leu Asp Val Ile Ser in Upper is shown from amino

H90 Lys Ser Lys Gly Ala Pro Ala acid residues —7 through +67.

sequences of E30 and E60 do not allow us to identify them as urchin in the comparison, the degree of conservation declines

homologues of either en or inv since the sequences of these in the order Drosophila, honeybee, sea urchin, and mouse,

two pairs of genes are more similar within either species than reflecting an increasing divergence of these species from a

they are between species (see Fig. 5). If one includes the genes common ancestor.

Enl and En2 from mouse and an engrailed-like gene from a sea Since like Drosophila and mouse, the honeybee has two
GGT CCG CGG ACG AGG CGG GTG AAG CGA TCG CAC AAC - GGG AAG AAT GGC TCG CCG GAG

E30 Pro Arg Thr Arq Arg Val Lys Arq Serffs:-Asii ] clylive: Astijcly eri

inv Pro Arg|AlajArg [Lys] Prof Lys [Lys Pro Ala Thr Ser - - 22AA -

E60 Pro Arq r Arg Arg Val Lys Arq Ser Asp Gly Arg Gly Asn Gly Gly T Pro Glu

GGT CCG CGG ACG AGA AGG GTG AAG AGG TCG GAT GGC CGT GGC AAT GGC GGC ACC CCG GAG

GAG AAG CGG CCA AGG ACC GCG TTC AGC GCG GAA CAA CTG GCA AGA TTG AAG AGG GAA TTC
E30 | Glu Lys Arg Pro Arg Thr Ala Phe Ser B¥a]Glu Gln Leu Ala Arg Leu Lys Arg Glu Phe
en Glu Lys Arg Pro Arg Thr Ala Phe Ser [er]Glu Gln Leu Ala Arg Leu Lys Arqg Glu Phe
inv Lys Arg Pro Arg Thr Ala Phe Ser Gly|Thr] Gln Leu Ala Arg Leu Lys 1lu Phe
E60 Glu Lys Arg Pro Arg Thr Ala Phe Ser Gly Glu Gln Leu Ala Arg Leu Lys Arg Glu Phe
GAG AAA CGT CCG AGG ACG GCA TTT AGC GGG GAG CAA CTG GCC AGG CTG AAG AGG GAG TTC

GCG GAA AAT CGA TAT CTG ACT GAG AGA AGG AGG CAA CAA CTC TCG AGA GAT CTG GGA TTG
E30 A Glu Asn Arg Tyr Leu Thr Glu Arg Arg Arg Gln Gln Leu Ser g Asp Leu Gly Leu
en E Glu Asn Arg Tyr Leu Thr Glu Arg Arg Arg Gln Gln Leu Ser Leu Gly Leu
inv Glu Asn Arg Tyr Leu Thr Glu @Arq Arg Gln Gln Leu Ser |Gly Glu|Leu Gly Leu
E60 Ala Glu Asn Arg Tyr Leu Thr Glu Arg Arg Arg Gln Gln Leu Ser Arg Asp Leu Gly Leu
GCG GAG AAT CGA TAC CTG ACG GAG CGG AGG AGG CAG CAG CTC TCG AGG GAT CTG GGC CTG

A GAG GCG CAG ATC AAG ATC TGG TTC CAA AAT AAA AGA GCG AAG ATC AAA AAG GCG AGC

E30 § [Ths] clu Ala Gln Ile Lys Ile Trp Phe Gln Asn Lys Arg Ala Lys Ile Lys Lys Ala Sg

en Asn Glu Ala Gln Ile Lys Ile Trp Phe Gln Asn Lys Arg Ala Lys Ile Lys Lys

inv Asn Glu Ala Gln Ile Lys Ile Trp Phe Gln Asn Lys Arg Ala Lys Lys Lyl Ser
a Ser

E60 § Asn Glu Ala Gln Ile Lys Ile Trp Phe Gln Asn Lys Arg Ala Lys Ile Lys Lys
AAC GAG GCG CAA ATC AAG ATC TGG TTT CAG AAC AAG AGG GCG AAG ATC AAG AAG GCG AGC

GGG CAG AAA AAT CCG CTC GCT CTT CAA TTG ATG GCC CAA GGC CTG TAC AAT CAC TCG ACG
E30 Gly Gln Lys Asn Pro Leu Ala Leu Gln Leu Met Ala Gln Gly Leu Tyr Asn His Thr
en Gly|Ser|Lys Asn Pro Leu Ala Leu Gln Leu Met Ala Gln Gly Leu Tyr Asn Hh@ Thr
inv Gly |Thr| Lys Asn Pro Leu Ala Leu Gln Leu Met Ala Gln Gly Leu Tyr Asn His Ser Thr
E60 Gly n Lys Asn Pro Leu Ala Leu Gln Leu Met Ala Gln Gly Leu Tyr Asn His Ser Thr

FiG. 5. Comparison of E30 and E60 sequences with

GGG CAG AAG AAT CCG CTC GCC CTT CAG CTG ATG GCC CAG GGT CTT TAC AAT CAT TCG ACG Drosophila en and inv sequences. Putative amino acid
sequences of the homeobox region in E30 and E60 are
GTC CcCC GAA A . . . 0 .
E30  val Prol¢ g Y1v clu Big] aligned with homologous regions derived from en and inv
e Pro Leu Thr @ Glu Glu Glu Glu ﬂ of Drosophila. The homeobox is boxed; amino acids not
nv lIle] Pro Leu Thr Glu Glu Glu Glu H . . . H H :
E60 Val Pro Leu Thr Lys Glu Clu Glu Glu Gln identical with the amino acids found in the corresponding

GTT CCG TTG ACG AAG GAG GAG GAG GAA CAA region of E60 are boxed (en and inv) or shaded (E30).
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H17
msh

Lys Pro Arg Thr Pro Phe

H17 CCG AGG ACA CCG TTC
msh CCC CGC ACC CCC TTC
Pro Arg Thr Pro Phe

Gln Tyr Leu Ile
H1? CAG TAC CTA ACC ATC
msh CAG TAC CTG AGC ATC
Gln Tyr Leu Ser Ile
Glanal Lys Ile Trp
H17 CAG GTG AAA ATT TGG
msh CAG GTG AAG ATC TGG
Gln Val Lys Trp

Glu Ala Glu Ile Glu Lys |

H17 GAG GCG GAA ATC GAG AAG . T ' GCG
msh GAG GCC GAG ATC GAG AAG GCG
Glu Ala Glu Ile Glu Lys Ile Lys Met Ala

engrailed-like genes, the sea urchin is the only known orga-
nism with only one such gene. If this reflects the primary
situation, this single gene would have to have undergone
duplication on three separate occasions during evolution. The
first must have taken place after the separation of echinoderms
and vertebrates (25), the second and third after the separation
of Hymenoptera and Diptera, since the honeybee genes have
no introns, whereas the Drosophila genes have an intron in an
identical position (26).

With a muscle segment homeobox (msh) probe belonging
to yet a different class of homeobox sequences, it was
possible to isolate a phage (H17) showing hybridization to
two EcoRlI fragments of 1.7 kb and 1.0 kb. Detailed analysis
of H17 revealed the existence of an intron in the homeobox
at position 44 (Fig. 6) as in the Drosophila genes labial (lab)
(27) and Distal-less (DIl) (28). Due to high sequence conser-
vation, both EcoRI fragments gave relatively strong signals in
Southern blots (Fig. 1). Since within the putative homeo-
domain only one amino acid differs and in the 5’ and 3’
regions, the conservation is significant, H17 seems to be a
homologue of the Drosophila msh gene. Although there is no
mutant known for this gene and it therefore has not been
classified, a homologue has been reported in the mouse (29,
30). Like the Drosophila msh gene and in contrast to H17, the
mouse gene has no intron in the homeobox.

The sequence of the homeobox region of the recently
isolated new homeobox gene WI3 of Drosophila, which
corresponds to the empty spiracle (ems) gene (U.W., unpub-
lished data), has strongly diverged from all other known
Drosophila homeobox genes. By using a homeobox probe
from W13, the honeybee clone H40 was isolated (Fig. 4). This
clone has only 52% similarity with the W13 probe. A Droso-
phila homologue of H40 has not yet been identified.

Our results show that the homeobox sequences of various
genes of Drosophila show different degrees of conservation
in the honeybee. Genes with Antennapedia-like homeoboxes
have highly conserved homologues in the honeybee, while for
the segmentation gene ftz, such a highly conserved homo-
logue could not be identified. In general, we can now begin
to make a case for a relatively high degree of conservation of
genes involved in embryonic development of holometabolous
insects. Whether some of the differences reflect specific
alterations of parts of the developmental program and to what
extent homologues identified by sequence perform the same
function in the two species remain to be analyzed.

We thank Klaus Sander for his continued interest in this project
and Paul Schroeder, Ken Cadigan, and Greg Gibson for critical
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His Lys Pro
CAC AAG CCG
CAC AAG CCC

Asn Leu Arg Lys His Lys Pro

Fic. 6. Comparison of
H17 and Drosophila msh se-
quences. DNA and putative
amino acid sequences of the
homeobox regions in H17 are
aligned with homologous re-
gions from Drosophila msh.
The homeobox is boxed, noni-
dentical amino acids of H17
compared to msh are shown
by small boxes, and the posi-
tion of the intron in H17 is
indicated by an arrowhead.
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