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ABSTRACT  The region-specific homeotic gene spalt (sal)
acts in two separate domains in the head and tail region of the
Drosophila melanogaster embryo. Based on comparative mor-
phology, sal is likely to be involved in the establishment of the
head during the evolution of invertebrates and thus, it should
be conserved. We have analyzed the conservation of the
segmentation genes Kriippel (Kr) and even-skipped (eve) in
parallel with sal coding sequences in several Drosophila species
that are evolutionarily separated by up to 60 million years. To
our surprise, sal sequences appear to be conserved in the
Sophophora subgenus of the Drosophila genus but not in the
Drosophila subgenus. On the other hand, the segmentation and
other homeotic genes are conserved in the Drosophila subgroup
as well. Our data suggest that sal encodes an accessory function
that evolved relatively late during Drosophila speciation rather
than playing a fundamental evolutionary role similar to that of
other homeotic genes.

Homeosis in Drosophila results in a diversity of phenotypic
effects that have in common a transformation of segments or
parts of them. Studies of homeotic mutations have revealed
a limited number of selector genes that determine the unique
identity of particular segments (1). Mutations in these genes
result in transformations between segments or parts of them
that include the conversion of antennae into legs, halteres
into wings, or proboscis into antennae (2-4). In Drosophila
melanogaster (D.m.), most of these mutations correspond to
genes that are included in two gene complexes, the Anten-
napedia complex (ANT-C) and the bithorax complex (BX-C)
(for review see refs. 5 and 6). Their activity is essential to
form the normal segment pattern in the trunk region of the
embryo (5, 6). Recently, two unique homeotic genes, spalt
(sal) and fork head (fkh), have been identified (7, 8). In
contrast to the genes of the ANT-C and BX-C, both sal and
Jkh are required in the head and in the tail. Furthermore, sal
and fkh are not included in the network of hierarchical
regulatory interactions of the ANT-C and BX-C genes, and
they act independently of genes that regulate the BX-C and
ANT-C genes (7, 8).

Several of the segmentation genes that are required to set
up the spatial patterns of the ANT-C and BX-C genes, as well
as the homeotic selector genes, encode a 60-amino acid
DNA-binding helix-turn-helix motif, the homeodomain (9).
The members of the gap class of segmentation genes encode
zink fingers, which are indicative of DN A-binding properties
as well (for review see ref. 6). In addition, protein motifs
observed in other segmentation genes (for review see ref. 6)
and genes involved in specifying the dorso-ventral axis or
neurogenesis are highly conserved during insect evolution
and in vertebrates (for review see ref. 6).

sal encodes a protein with previously unknown features
(10). In view of the conservation of most genes required for
the establishment of Drosophila segmentation, we expected
sal sequences or a portion of the sal sequence to be conserved
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as well. Here we report that the protein products of the
Kriippel (Kr) and even-skipped (eve) genes and their spatial
distributions have been conserved during Drosophila evolu-
tion. By contrast, sal coding sequences seem to be restricted
to species that are closely related to D.m. Our data suggest
that sal encodes a function acquired during Drosophila
speciation.*

MATERIALS AND METHODS

Stock Maintenance and Embryos. The different Drosophila
stocks were maintained on standard food supplemented with
fresh yeast, and embryos were collected on apple juice agar
plates as described (11).

DNA Techniques. DNA preparations from flies and phages,
Southern hybridization, and cloning procedures were as
described (10) using lambda ZAP as a vector (Stratagene).
Hybridization was carried out as described (12); low strin-
gency hybridization was at 55°C under otherwise identical
conditions. After hybridization, filters were washed at 65°C
with 0.5x SSPE (1x SSPE = 0.18 M NaCl/10 mM sodium
phosphate, pH 7.4/1 mM EDTA) (high stringency), at 65°C
with 1xX SSPE (moderate stringency), or at 65°C with 4x
SSPE (low stringency) following a protocol published earlier
(12). After cloning, subfragments that hybridized to the sal
c¢DNA clone (10) were subcloned and sequenced using the
dideoxynucleotide sequencing method as described (12).

Antibody Staining. Antibodies directed against the sal
protein were prepared as described for the Kr protein (11).
Specificity of the antibodies was shown by the lack of the sal
protein band on Western blots loaded with protein extracts
from homozygous sal embryos (which carry a lack of func-
tion allele) that were allowed to react with the affinity-
purified antibodies (11). Whole-mount staining and Western
blotting were carried out as described (11).

RESULTS AND DISCUSSION

Conservation of Proteins Controlling Embryonic Pattern
Formation in Different Drosophila Species. Embryogenesis of
the different Drosophila species (Fig. 1) varies in duration,
but no significant morphological differences can be observed
between the embryos of different members of the Sopho-
phora and Drosophila subgenera except for their final size.
The lack of morphological differences suggests that the
genetic basis for pattern formation of Drosophila is highly
conserved, which implies that the underlying molecular
mechanism are conserved as well.

Drosophila hydei (D.h.) and Drosophila virilis (D.v.) rep-
resent two species groups belonging to the subgenus Dro-
sophila. Both species are separated from D.m. by 60 million

Abbreviations: D.m., D.h., D.v., D.s., D.o., and D.p., Drosophila

melanogaster, D. hydei, D. virilis, D. simulans, D. orena, and D.

pseudobscura, respectively; ANT-C, Antennapedia complex; BX-C,

bithorax complex.

*The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. S00262 for D. melanogaster,
M21227 for D. simulans, and M21579 for D. orena).
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FiG. 1. Evolutionary separation of Drosophila species: The
evolutionary distances of different Drosophila species that are sep-
arated into the Sophophora and Drosophila subgroups. The dis-
tances refer to million years of separation (ordinate). For details see
ref. 13.

years of evolution (Fig. 1). The homeotic gene Ultrabithorax
(Ubx) and the segment polarity gene engrailed (en) of D.m.
are conserved in D.v. The degree of amino acid conservation
is more than 70% and 85%, respectively (13, 14). To examine
whether other segmentation gene products and their spatial
domains of action are conserved in Drosophila evolution as
well, we used antibodies directed against other segmentation
gene products, the proteins encoded by the gap gene Kriippel
(Kr) and by the pair rule gene even-skipped (eve) of D.m. In
D.h. embryos (Fig. 2 A and B), the staining patterns of Kr and
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FiG. 2. Conservation of D.m. segmentation gene products in
other Drosophila species. (A) D.h. embryo at blastoderm stage
stained with eve antibodies prepared from the D.m. protein. Num-
bers at the dorsal side (posterior is left) refer to the stripes 1-7. Note
that the width and position of stripes are identical to those observed
in D.m. embryos at the same stage of development. (B) D.h. embryo
at early blastoderm stage stained with Kr antibodies prepared against
the D.m. protein (orientation of the embryo as in A). Note that the
Kr domain is identical to the corresponding domain in D.m. embryos
at the same stage. (C) Western blot stained with sal-specific anti-
bodies. Note a 17-kDa protein band in D.m. (lane 1), a 16.5-kDa band
in Drosophila simulans (D.s.) (lane 2) and in Drosophila pseudob-
scura (D.p.) (lane 3), but no band in D.h. (lane 4). The differences in
molecular mass between the sal proteins D.m., D.s., and D.p. may
be due to differences in protein loading and/or migration artifacts
caused by the predominant yolk material. Numbers refer to the
molecular masses of standard proteins (given in kDa) used as
markers.
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eve antibodies were similar, if not identical, to those of D.m.
(6, 11). Thus, the protein products of these two genes, and
their domains of action, have been conserved during the 60
million years of evolution that separate the two species (Fig.
1). Similarly, antibodies against the D.m. gap gene hunch-
back (hb) and the pair rule gene fushi tarazu (fz) recognize
the corresponding proteins in D.v. They also show appropri-
ate spatial regulation in D.v. (15).

In contrast to these antibodies, the antibodies directed
against the sal protein of D.m. fail to detect the sal protein in
whole-mount embryos (R.S., unpublished observation).
However, the antibodies recognize a single protein band of 17
kDa (molecular mass) on Western blots prepared from de-
natured proteins of D.m. embryos (Fig. 2C). This is in good
agreement with the molecular mass of the sal protein deduced
from the DNA sequence (10). As shown in Fig. 2C, the sal
antibodies also recognize the corresponding protein band of
D.s. and D.o.: all of them members of the Sophophora
subgenus, but they fail to detect sal protein in D.A., a member
of the Drosophila subgenus (Fig. 1). This observation sug-
gests that sal epitopes are only conserved in Sophophora.
Alternatively, sal antibodies may recognize only epitopes
that are subject to evolutionary changes. To address this
issue, we examined the conservation of sal coding sequences
in different species of the Drosophila genus.

Absence of sal Homologous DNA in D.h. We hybridized the
sal cDNA clone of D.m. to Southern blots loaded with
genomic DNA of various Drosophila species under different
stringency conditions (Fig. 3). Under moderate stringency,
sal cDNA hybridized to a single DNA fragment of D.o. and
D.s., the two Sophophora species analyzed (Fig. 3). In
contrast, no hybridization signal could be observed with the
more distantly related species D.v. and D.h. (example shown
in Fig. 3). At low stringency hybridization conditions a series
of weakly hybridizing DNA fragments could be observed
with all five Drosophila species examined, including D.h.
(Fig. 3). However, DNA sequence analysis showed that the
hybridization signals obtained under the low stringency con-
ditions derived from short stretches of sequence identity of
20-30 bp in length (data not shown). Thus, significant se-
quence homology between the sal cDNA and D.h. DNA
could not be observed. This observation is consistent with
the results obtained by antibody staining (see above), and it
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F1G.3. Southern blots hybridized with the sal cDNA probe under
high and low stringency conditions. Numbers to the left refer to size
markers (given in kb). Note the lack of hybridization signals in D.h.
DNA (lane 1) (except for a smear after about 10-fold overexposure;
data not shown) and two distinct bands in Drosophila orena (D.o.)
(lane 2) and D.s. (lane 3). Lane 4 shows D.h. DNA hybridized and
washed under low stringency conditions. Note a number of bands not
seen under higher stringency (lane 1). The corresponding DNA
fragments were cloned and sequenced. Sequence identity with sal
cDNA was 30 base pairs (bp) maximum.
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implies that the sal corresponding gene of D.h. is not coded
by sal similar DNA sequences.

sal Sequence Diversity in Sibling Species. The sal coding
sequences of D.m. are conserved in D.s. and D.o., two
members of the Sophophora subgenus (Fig. 4). Cloning of the
sal homologous genes followed by sequence analysis re-
vealed that 92% of the nucleotide sequence and 94% of the
amino acids are conserved in D.s. (Fig. 5). D.o. sal sequences
are conserved to 87% both at the nucleotide and the amino
acid levels. In all three species, the position of the small (57
bp) sal intron after the fourth amino acid is conserved (Fig.
4). The nucleotide replacements within the intron are more
pronounced than in the coding region—i.e., 23% and 46% of
the nucleotides in the intron of D.s. and D.o. are different
from the D.m. intron sequence.

For Drosophila, the rate of silent nucleotide replacements
(“‘synonymous replacements’’) in the coding region is 1 X
10~® nucleotides per site per year of separation (16). Based on
this value, the comparison of sal sequences from D.m., D.s.,
and D.o. revealed an evolutionary distance of 9.8 million
years for D.m. and D.s. and 21 million years for D.m. and
D.o. These values are more than three times the value
obtained with the sequences of the alcohol dehydrogenase
gene and a heat shock gene. The latter values of 3.1 and 13
million years are in agreement with the evolutionary distance
calculated from protein polymorphisms (17, 18). This indi-
cates that the sal sequences diverge more rapidly during
Drosophila evolution than the other genes or gene products
analyzed so far.

NH2****xkk*kkkkxkx*xTntron:
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CONCLUSIONS

Homeotic mutations have been observed in other insects,
including Musca, Aedes, Anopheles, and Blattella (for re-
view see ref. 19). In addition, there is genetic evidence that
the homeotic genes that specify the trunk region are con-
served among the insects. A homeotic gene cluster in the
flour beetle Tribolium contains the genetic elements of both
gene complexes of D.m. and shows sequence similarity with
the Drosophila Antennapedia homeobox (19). A tightly
linked series of homeotic mutations affecting thorax and
abdominal segments has been described in the silkworm
Bombyx mori (20). Furthermore, all of the segmentation and
homeotic genes of D.m. that have been analyzed so far—with
the exception of sal—appear to be conserved at the molecular
level. These observations are consistent with the hypothesis
that the molecular principles that establish the Drosophila
body are conserved during insect evolution.

Genetic analysis of the sal function in D.m. revealed that
the sal gene product is required for head development as
opposed to trunk development (7). The other homeotic
selector genes are thought to be involved in the evolution of
insects from myriapod-like ancestors (1-3). By analogy, sal
would fit the hypothesis that insects arose from annelid-like
ancestors that reached the organizational level of myriapods
by integrating the anterior trunk region into a primitive head
(7). This hypothesis, advanced by comparative morpholo-
gists, would imply that the sal gene or a sal-related gene is
evolutionarily older than the BX-C and the ANT-C genes.
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ATGAAACTACTGGTGCGTCTTCTAACTTAGAAATCCTTAAAT .AA. ..... TAATAATACAATTTTAT. . . . AACTACAGATTGCTCTGTTTGCGCTGGT
FH e + HHHE .
ATGAAACTACTGGTGCGTCTTCTAACTTAGAAATCCTTATTTTAA. ... .. TTATAATAATTTTAATTTTATAACTATAGATTGCTCTGCTTGCGCTGGT
T o o o o = T o S o nAdR A ans 4+ + + 4+ 4 A
ATGAAACTACTGGT . CGCTTTCTAGCCAAGGAGTCCTTCATTTCGAGTCTAATTCCATA . AGTGT . AT . . . . AATTATAGATTGCTCTTTTCGTGCTGGT

Ak Ak AR A AKRRKRKKAK KRR ARAKAARAK KA R KA KRR KRR RAR KRR R AR KRR AR AR AR AR AR KRRk A Ak kA hhkhkkkhhhkhkhhhhhkhhkk

GACCGCTGTGATCGCTCAGAATGGATTCGGCCAAGTTGGACAAGGAGGATATGGAGGGCAAGGAGGATTTGGAGGATTCGGAGGAATCGGCGGGCARGCA
4 R A FHHHH R e R
AACTGCTGCTATCGCTCAGAATGGATTT......... GGACAAGGAGGATATGGAGGACAAGGCGGTTTTGGAGGATTCGGAGGACTCGGCGGGCAAGCA
T ek m o b b n e m R o o o o e e i e o i o o o e o o R s
GAACGCTGTTATCGCCCAGAATGGATACGGCCAAGGTGGACAAGGACCATATGGAGGACAAGGAGGCTTCGGAGGATACGGAGGTCTCGGCGGGCAAGCA

Ak Ak KARKRRR KK RRKIARKRRI KRR KA AR KA KRR KRR IR KRR KRNI A AR ARR ARk kA Ak kA kk kA kkkhhkhhkkhhkhhhhkhkhhhkkkkkhkkk

GGTTTTGGTGGACAAATAGGATTCACTGGACAGGGTGGAGTTAGTGGCCAGGTGGGAATTGGTCAAGGAGGAGTCCACCCGGGTCAAGGAGGATTCGCTG
S B i o e R e e
GGTTTTGGTGGACAAATAGGATTCAACGGACAGGGTGGAGTTGGTGGACAGGTGGGAATTGGCCAGGGAGGAGTCCACCCGGGTCAAGGAGGATTCGCTG
B B R nmma e o o e FHtt b+
GGTTTTGGTGGACAAATAGGATTCAATGGTCAAGGTGGAGT TGGTGGCCAGT TAGGAGTTGGTCAGGGTGGAGTAAGTCCGGGACAAGGAGGATTCGCCG

KAk KA KRR RAKKAI KKK A AR KRR K ARKR KRR RRR KRR RRRA KRR R AR KRR KRR AR AR KRR AR AR R AR KR AR AR Ak kkkkkhhhhhkkhkhhkkhk

GACAAGGTTCTCCAAACCAATATCAGCCTGGTTACGGAAGTCCTGTCGGATCTGGTCATTTCCATGGAGCTAATCCAGTTGAGTCCGGTCATTTTCACGA
SRR R R R R S
GACAAGGTTCTCCAAACCAATATCAGCCCGGTTACGGAAATCCTGTAGGATCTGGTCATT TCCATGGAGGTAATCCAGTTGAGTCCGGCCATTTTCATGG

B L e m o e o o T o o o  a AAaas
CTCAAGGCCCACCAAACCAGTATCAGCCTGGTTACGGAAGTCCCGTGGGATCTGGCCATTTCCATGGAGGTAATCCTGTCGAGTCTGGCTATATTCACGG

KRR A KRR AR AK K KA R KA KKK KR KA KRR KK AR AR R IR KRR KA KRR RAR KR AARA KRR AR AR ARk kR ARk Ak kkhkkkkhkkkkkkkkkkkx*x**COOH

AAATCCTCATGAATATCCGGAACATCATGGCGATCATCACCGTGAACATCATGAGCACCATGGACACCACGAACATCATGGACATCATAGACATTAG
B SR e e e m o o o o o o o o o o o o B o AR n s
AAATCCTCATGAATATCCGGAACATCATGGOGAGCATCACCGTGAACATCATGAGCACCATGGACACCACGAGCATCATGGACATCATAGACATTAG
o s e o m o o i e o i o e e o i o

.0 AAATCATCATGAATATCCGGAACATCATGGCGATCATCACCGGGAACATCATGAGCACCACGGACACCATGAGCATCACGGACATCATAGGCACTAG

FiG. 4. Comparison of the genomic sal DNA sequences of D.m., D.s., and D.o. Sequences include the coding region (asterisks) and the
intron, starting at nucleotide position 733 of the published sal sequence (10). Identity of nucleotides is indicated by crosses. For the corresponding

amino acid sequence see Fig. 5.



w

486

D.m

bLE

bLE FEE EEE EEE EEE BEE PEE EEE bEE

Genetics: Reuter et al.

15
MetLysLeuLeuIleAlaLeuPheAlaLeuVa1ThrAlaValIle

* * * * * * * Leu * * * * * Ala *

* * * * * * * * Val * * Asn * * *

16 20 25 30
AlaGlnAsnGlyPheGlyGlnValGlyGlnGlyGlyTyrGlyGly

* * * * * - - - * * * * * * *

* * * * Tyr * * Gly * * * Pro * * *

31 35 40 45
GlnGlyGlyPheGlyGlyPheGlyGlyIleGlyGlyGlnAlaGly

* *

* Leu * *

* * * * * * Leu * * * * *

* Tyr *

46 50 55
PheGlyGlyGlnIleGlyPheThrGlyGlnGlyGlyValSerGly

* X x X % Asn x * *x *x % Gly *
* * * * * * * Asn * * * * * Gly *
61 65 70 s

GlnValGlyIleGlyGlnGlyGlyValHisProGlyGlnGlyGly
* * * *

* * * * * * * * * * *

*Leu*Val* * * * *Ser* * * * *

76 80 85
PheAlaGlyGlnGlySerProAsnGlnTyrGlnProGlyTyrGly
* * * * * * * *

* *Ala* *Pro* * * * * * * * *

91 95 100 105

SerProValGlySerGlyHlsPheﬂlsGlyAlaAsnProValGlu

Asn * * * * * * * * Gly * * * *
* * * * * * * * * * Gly * * * *

106 110 115 120
SerGlyHisPheHisGluAsnProHisGluTyrProGluHisHis
* * * * * Gly * * * * * * * * *

* * TyrIle * Gly * His * * * * * * *

121 125 130 135

GlyAspHisHisArgGluHisHisGluHisHisGlyHisHisGlu
*Glu* * * * * * * * * * * * *

* * * * * * * * * * * * * * *

136 140
HisHisGlyHisHisArgHisEND
* * * * * * *
* * * * * * *

F1G. 5. Comparison of putative sal protein sequences of D.m.,
D.s., and D.o. Amino acid identities are indicated by asterisks. Note
the lack of three amino acids (dashes) in D.s. protein.

However, sal sequences, in contrast to those of other seg-
mentation and homeotic genes analyzed (see above), appear

Proc. Natl. Acad. Sci. USA 86 (1989)

to be restricted to the melanogaster group of the subgenus
Sophophora. This suggests that the formation of normal head
and tail structures is independent of sal function in the
Drosophila subgenus. Therefore, sal is likely to serve an
accessory or modulating function that acts in combination
with another older gene that may have the evolutionary traits
to myriapod-like ancestors. This proposed gene could have
escaped the mutant screens in D.m. that were designed to
identify segmentation genes or genes that act in the trunk
region.
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