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A fundamental problem of develop- 
ment is how embryonic cells acquire 
their particular developmental fates as a 
result of their location within a develop- 
ing embryo. A model system for analyz- 
ing the elaboration of this positional in- 
formation during Drosophila develop- 
ment involves the morphogenesis of 
body segments. The adult fruit fly is 
composed of eight abdominal, three tho- 

dermal tissues of the affected segment as 
we11 (2,3, 7). For example, embryos that 
lack the Antennapedia (Antp) gene func- 
tion display a transformation of the 
meso- and metathorax (T2 + T3) into 
homologous tissues of the prothorax (TI) 
(8). 

Many homeotic genes appear within 
one of two clusters in the Drosophila 
genome, the bithorax complex (BX-C) 

Abstract. The sites of transcript accumulation for six different homeotic loci of the 
Antennapedia and bithorax gene complexes (ANT-C and BX-C) were identiJied 
within embryo tissue sections by in situ hybridization. These six loci belong to the 
Antennapedia class of the homeo box gene family. Transcripts encoded by each 
locus are detected primarily in discrete, nonoverlapping regions of the embryonic 
central nervous system (CNS). The regions of the CNS that contain transcripts 
encoded by each of these loci correspond to the embryonic segments that are 
disrupted in mutants for these genes. The maintenance of spatially restricted 
expression of each ANT-C and BX-C locus could involve hierarchical, cross- 
regulatory interactions that are mediated by the homeo box protein domains 
encoded by these genes. 

racic, and four to six head segments (1). 
Several of the constituent tissues of a 
given segment have morphological prop- 
erties specific for that segment. For ex- 
ample, the epidermis elaborates cuticu- 
lar structures, such as legs and antennae, 
that are distinct for a particular segment. 
In addition, the morphology of some of 
the mesodermal (2) and neural tissues (3, 
4) may be specific for a given segment. 

Homeotic genes are those that estab- 
lish the diverse pathways by which each 
embryonic segment primordium devel- 
ops a distinct adult phenotype (5, 6). 
Mutations of homeotic loci result in par- 
tial or complete transformations of the 
epidermal tissues of one segment into 
those of another. Homeotic transforma- 
tions may include the neural and meso- 
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(5, 9) or the Antennapedia complex 
(ANT-C) (10, l l ) .  Genes of the BX-C are 
required for the specification of seg- 
ments in the posterior regions of the fly 
(5, 12, 13). Lewis has identified a number 
of homeotic loci within the BX-C on the 
basis of embryonic and adult mutant 
phenotypes (5). Recently, a minimum of 
three essential domains of homeotic 
function within the BX-C have been 
identified by means of lethal complemen- 
tation analyses: Ultrabithorax (Ubx), 
Abdominal-A (abd-A), and Abdominal- 
B(Abd-B) (9). The ANT-C is required for 
the specification of anterior body seg- 
ments (8, 14). Several homeotic lethal 
complementation groups have been iden- 
tified for the ANT-C (8, 11, 14, 15). 
These include the Antp, Sex combs re- 
duced (Scr), and Deformed (Dfd) loci. 
Each ANT-C and BX-C homeotic lethal 
complementation group controls the de- 
velopment of a different subset of the 
embryonic segment primordia (Fig. la). 

A central problem in elucidating the 
genetic control of segment morphogen- 
esis is how the different ANT-C and BX- 
C loci come to function in primarily 
nonoverlapping domains along the body 
axis of the fly. The molecular cloning of 
ANT-C and BX-C loci has permitted a 
direct assessment of the spatial and tem- 
poral limits of homeotic gene expression. 
The previous demonstration that Ubx 
and Antp share direct nucleotide se- 
quence homology (16-19) facilitated the 
isolation of ANT-C and BX-C loci. This 
homology occurs within a conserved 
protein coding region designated the ho- 
meo box. A total of seven genomic DNA 
fragments cross-hybridizes strongly with 
the Antp and Ubx homeo boxes (20). 
These seven regions correspond to the 
Antennapedia class of the homeo box 
gene family, all of which are located 
within either the ANT-C or the BX-C 
(20). It appears that each of the six lethal 
complementation groups of the ANT-C 
and BX-C (Fig. 1) contains an Antenna- 
pedia class homeo box. However, there 
are additional homeotic loci within the 
BX-C that do not contain the homeo box 
(Fig. la) (21). 

We show that each of the ANT-C and 
BX-C homeotic loci that contains a ho- 
meo box specifies transcripts that accu- 
mulate in discrete regions of the embry- 
onic central nervous system (CNS). To a 
close approximation, the regions of the 
CNS that contain transcripts encoded by 
each of these loci correspond to the 
embryonic segments that are disrupted 
in mutants for these genes. We propose 
that spatially restricted expression of 
each ANT-C and BX-C locus involves 
hierarchical, cross-regulatory interac- 
tions that are mediated by the homeo 
box protein domains encoded by these 
genes. Support for this model is based on 
analysis of the distribution patterns of 
Antp transcripts in mutant embryos that 
lack BX-C loci. 

Isolation of a new ANT-C homeo box 
locus. Molecular clones for the Dfd, 
Antp, Ubx, iab-2, and iab-7 loci have 
been previously isolated (16, 20, 22-25). 
In order to determine the spatial limits of 
expression for each homeotic lethal com- 
plementation group within the ANT-C 
and BX-C by in situ hybridization, it was 
necessary to obtain a molecular probe 
for the Scr locus. A genomic DNA frag- 
ment that appears to derive from Scr was 
isolated on the basis of homeo box se- 
quence homology as described below. 

A total of 6 x lo4 recombinants from a 
Drosophila-Charon 4 DNA library (ap- 
proximately six genome equivalents) 
were screened with the homeo box se- 
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quence as described (16). Approximately 
50 cross-hybridizing recombinant phage 
were isolated. By in situ hybridization to 
polytene chromosomes, clone A40 was 
found to reside within the 84NB cytoge- 
netic region of chromosome 3. Previous 
cytogenetic analyses have demonstrated 
that this corresponds to the location of 
the ANT-C (11). As judged by high strin- 
gency cross-hybridization tests, A40 
does not correspond to the previously 
isolated Dfd, fushi tarazu (ftz), and Antp 
loci. 

The Scr locus has been mapped to a 
region of the ANT-C that lies between 
the Dfd and Antp loci (14, 15, 24). Mu- 
tant embryos that lack Scr function show 
homeotic transformations of the posteri- 
or-most head regions (the labium) and 
the prothorax (8, 14). Since Dfd and 
Antp transcripts principally accumulate 
in the regions of the CNS corresponding 
to the embryonic segments that are most 
disrupted in Dfd- and Antp- mutants 
(16, 26, 27, see below), we anticipated 
that Scr transcripts would be detected in 
the embryonic subesophageal ganglion. 

To determine the time during embry- 
onic development when A40 is tran- 
scribed, we hybridized Northern blots 
containing polyadenylated [poly(A)+l 
RNA from successive embryonic stages 
with the homeo box region of the A40 
clone. Multiple RNA species homolo- 
gous to pA40 are found during embryon- 
ic development, especially in 6- to 12- 
hour embryos (Fig. 2). The largest tran- 
script is 4.0 kb in length. In situ hybrid- 
ization analyses (see below) confirm that 
mid-stage embryos contain the highest 
levels of A40 transcript. In addition, A40 
transcripts are primarily detected within 
tissues of the labial head segment. Since 
A40 maps within the 84NB cytogenetic 
interval, contains homeo box cross-ho- 
mology, and is expressed in the embry- 
onic segment most disrupted in Scr- 
mutants (8, 14), it is likely that A40 
derives from the Scr locus of the ANT-C 
(28). 
ANT-C and BX-C gene expression in 

wild-type embryos. The regions of devel- 
oping embryos that accumulate tran- 
scripts specified by Antp and Ubx have 
been identified by in situ hybridization to 
tissue sections (26,27, 29). The principal 
sites of Antp+ and Ubx+ expression ap- 
pear to correspond to the embryonic 
segments that are most severely disrupt- 
ed in Antp- and Ubx- mutants. For the 
most part, Antp transcripts accumulate 
in the T l n 2  portion of the embryonic 
CNS (26, 27, 30). Ubx transcripts are 
detected principally in T3IA1 (29). 

The identities of tissues that contain 
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opment of the posterior compartment of the mesothorax (T2p) (39) through the anterior 
compartment of the first abdominal segment (Ala). The abd-A function is required for 
morphogenesis of Alp through A4, and Abd-B is required for AS, through A8. The relationship 
between the Lewis (5) and Sanchez-Herrero et al. (9) genetic maps is uncertain. An 
approximate correlation is indicated by the horizontal arrows associated with each lethal 
complementation group. At least three essential homeotic functions have been assigned to the 
ANT-C: Dfd, Scr, and Antp. These are shown on the genetic map below the schematic of the 
fly. The primary domains of ANT-C function are indicated. Antp function is required for proper 
segment morphogenesis of the thorax (8,33,44). Analyses of Scr- and Dfd- mutant embryos 
suggest that these genes are required for the differentiation of the prothorax and posterior head 
regions (8, 14). (b) Molecular maps of the BX-C and the ANT-C. The horizontal lines 
correspond to overlapping cloned genomic DNA's that span the two complexes [for details see 
(20, 22-24, 38); units are kilobase pairs]. Arrowheads indicate the positions of homw box 
copies within the two complexes. Homeo box-containing cloned genomic DNA's used as 
probes for in situ hybridizations are indicated below the horizontal lines; the positions within 
the chromosome walk from which these cloned DNA's are derived are indicated by the 
connecting dashed lines. The open boxes within each cloned DNA used as a probe correspond 
to the position of the homeo box within each fragment. Theftz homeo box region was not used 
in this analysis. The probe p99-5.0 is a 5-kb Eco RI genomic DNA fragment that derives from 
the Dfd locus; pA40 is a 1.4-kb Hpa I-Xho I genomic fragment that appears to derive from the 
homeo box region of the Scr locus (the exact position of the homeo box within the fragment has 
not been determined); p903 is a 2.3-kb Antp cDNA; p96-3.2 is a 3.2-kb Barn HI genomic 
fragment with homology to Ubx transcripts; p93-5.8 is a 5.8-kb Barn HI-Eco RI genomic 
fragment with homology to iab-2 transcripts; pM7-3.8 is a 3.8-kb Barn HI genomic fragment 
with homology to iab-7 transcripts (20, 38). Fig. 2 (right). Transcripts homologous to the 
putative Scr probe. Poly(A)+ RNA was extracted from wild-type embryos, and 10-pg aliquots 
were fractionated on an agarose-formaldehyde gel and transferred to nitrocellulose (20). The 
lanes in each panel correspond to embryonic stages 1 (0 to 6 hours), 2 (6 to 12 hours), and 3 (12 
to 24 hours). The blot was hybridized with the pA40 DNA fragment (Fig. lb) after labeling with 
32P by nick-translation; nonspecifically bound probe was removed by stringent washing. The 
strongest hybridization signal (arrow) corresponds to a poly(A)+ RNA species 4.0 kb in length. 
Autoradiographic exposure was for 10 days. 
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Fig. 3. Localization of Dfd, Scr, iab-2, and iab-7 transcripts in 12- to 14-hour embryos. All 
sections are sapittal and are oriented such that anterior is to the riaht and dorsal is UD. Because 
of this orientalon, the left-to-right order of the body segments shown in each photomicrograph 
is opposite to the order in which the labels are read. For example, in a region labeled TlfT2, T1 
is actually to the right (more anterior) of T2 in the tissue autoradiogram. The luminescence of 
the chorion in darkfield photomicrographs is due to refraction of light and does not indicate 
nonspecific or specific hybridization. The bar in (a) represents 0.1 mm. (a) Localization of 
transcripts homologous to the Dfd probe (p99-5.0). Hybridization signals are seen over the cells 
of the SllS2 region of the subesophageal ganglion (arrow). No signals over background are 
detected in regions either anterior or posterior to SllS2. (b) Dark-field photomicrograph of the 
same section as in (a). (c) Localization of transcripts homologous to the putative Scr probe, 
pA40. Hybridization signals are seen over the SYS3 region of the subesophageal ganglion 
(arrow); hybridization is also seen to labial tissues (arrowhead). No other sites of hybridization 
are detected. (d) Dark-field photomicrograph of the same section as in (c). (e) Localization of 
transcripts homologous to the iab-2 probe. The strongest hybridization signals occur over All 
A2 through A6lA7 ventral ganglia. Weaker signals are observed in the A8 ganglion (arrow) as 
well as in the hypodermal and mesodermal regions of segments A2 through A6lA7 (arrow- 
heads). (f) Dark-field photomicrograph of the same section as in (e). (g) Localization of 
transcripts homologous to the iab-7 probe. The strongest hybridization signals are seen in the 
A6lA7 and A8lA9 ventral ganglia (large arrow); weaker hybridization is observed in ASIA6 
(small arrow) and in hindgut tissues (arrowhead). (h) Dark-field photomicrograph of the same 
section as in (g). Abbreviations: A, abdominal region of the ventral cord; Br, brain; S, 
subesophageal ganglion; T, thoracic region of the ventral cord; v.c., ventral cord. 

Dfd, Scr, iab-2, and iab-7 RNA's were 
determined by an in situ hybridization 
technique (26). Serial tissue sections of 
wild-type embryos at various stages of 
development were separately hybridized 
to tritium-labeled genomic DNA frag- 
ments that contain a homeo box (Fig. 
Ib). A primary site of hybridization for 
each of these probes corresponds to neu- 
ral tissues. 

The embryonic CNS is composed of 
the dorsally located brain, which is con- 
nected to a ventral nerve cord by a 
subesophageal ganglion. The ventral 
cord is a composite of 11 repeating gan- 
glia each of which contains approximate- 
ly 300 nerve cells (31). The epidermal 
portions of each of the three thoracic and 
eight abdominal segments are innervated 
by a corresponding ganglion of the ven- 
tral cord. 

At mid-embryonic stages, Dfd tran- 
scripts are detected in a central portion 
of the subesophageal ganglion, SllS2 
(Fig. 3, a and b). Transcripts homolo- 
gous to the putative Scr probe, pA40, are 
detected in the S2lS3 region of the sub- 
esophageal ganglion of mid-stage embry- 
os. A second focus of embryonic hybrid- 
ization is observed over epidermal and 
mesodermal tissues of a posterior head 
segment, probably the labium (Fig. 3, c 
and d). 

Strong iab-2 hybridization signals are 
detected in the A11A2 through the A61A7 
ventral ganglia of mid-stage embryos. 
Less labeling is observed in the posteri- 
or-most ventral ganglia (Fig. 3, e and f). 
RNA's homologous to the iab-7 hybrid- 
ization probe are detected primarily in 
the posterior-most ventral ganglia, in- 
cluding at least a posterior portion of the 
A7 ganglion and all of the composite A81 
A9 ganglion. Less intense hybridization 
signals are observed over the A5 and A6 
ventral ganglia (Fig. 3, g and h). 

Germ band extension occurs approxi- 
mately 5 hours after fertilization (31). 
During this time, the ectodermal and 
mesodermal cell layers that lie along the 
ventral aspect of the embryo expand 
posteriorly. About 7 to 8 hours after 
fertilization the germ band begins to re- 
tract to its original site of formation. It is 
during germ band extension and retrac- 
tion when the ectodermally derived neu- 
roblasts differentiate and subsequently 
elaborate ganglion cells by undergoing 
unequal mitotic divisions (31). 

Embryos undergoing elongation of the 
germ band were hybridized with the 
cloned Dfd, A40, and Antp homeo box 
regions of the ANT-C. The Dfd probe 
principally hybridizes to the mesoder- 
mal, neural, and epidermal progenitors 
of a posterior head segment-possibly 
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Fig. 4 (upper right). Localization of Dfd, A40, 
and Antp transcripts during germ band exten- 
sion. The orientation of the sections and other 
features of presentation are as described in 
the legend of Fig. 3. The bar in (a) corre- 
sponds to 0.1 mm. (a) Localization of tran- 
scripts homologous to the Dfd probe. The 
strongest hybridization signals are seen in the 
region that gives rise to the SllS2 region of the 
subesophageal ganglion and portions of the 
maxilla (arrow); signals are also detected in 
cells which appear to correspond to a more 
anterior region of the presumptive head (ar- 
rowheads). (b) Dark-field ~hotomicroara~h of 
the same section as in (a): (c) ~ocalizitibn of 
transcripts homologous to the putative Scr 
probe, pA40. Hybridization signals are de- 
tected in two regions of the presumptive ven- 
tral cord, one of which gives rise to SUS3 
(arrows). (d) Dark-Aeld photomicrograph of 
the same section as in (c). (e) Localization of 
transcripts homologous to the Antp probe 
(p903). Strong hybridization signals are seen 
over the regions giving rise to S3/T1, TlR2, 
and TuT3; weaker hybridization signals are 
seen more posteriorly through A8. (0 Dark- 
field photomicrograph of the same section as 
in (e). Abbreviations: AMG, anterior midgut 
invagination; gb, germ band; PMG, posterior 
midgut invagination; St, stomadeum. Fig. 
5 (lower right). Localization of Ubx, iab-2, 
and iab-7 transcripts during germ band exten- 
sion and retraction. The orientation of the 
sections and other features are as described in 
the legend to Fig. 3. The bar in (a) represents 
0.1 mm. (a) Localization of transcripts ho- 
mologous to the Ubx probe in an embryo 
undergoing germ band extension. Hybridiza- 
tion signals are detected over regions corre- 
sponding to the presumptive T2R3 + A7lA8 
segments. (b) Dark-field photomicrograph of 
the same tissue section as in (a). Arrows 
demarcate TZT3 + A7lA8. (c) Localization 
of transcripts homologous to the iab-2 probe 
in an embryo undergoing germ band retrac- 
tion. Intense hybridization signals are seen in 
regions corresponding to AlIA2 + A6lA7 
with slightly weaker signals seen in A7lA8. (d) 
Dark-field photomicrograph of the same sec- 
tion as in (c); arrows bracket AllA2 + A71 
AS. (e) Localization of transcripts homolo- 
gous to the iab-7 probe in an embryo with a 
fully extended germ band. Strong hybridiza- 
tion signals are detected in the regions corre- 
sponding to A7 and A8. Weaker hybridization 
signals are detected in regions anterior to A7 
in a graded fashion with A7lA8 showing the 
strongest intensity of hybridization and ASIA6 
the weakest. Weak hybridization is also de- 
tected in a region posterior to A8; this region 
might correspond to future hindgut struc- 
tures. (0 Dark-field photomicrograph of the 
same section as in (e). Thick arrow indicates 
A8; thin arrow indicates ASlA6; arrowhead 
indicates possible hindgut Labeling. Abbrevia- 
tions: AMG, anterior midgut invagination; gb, 
germ band; PMG, posterior midgut invagina- 
tion; Pr, proctodeum; St, stomadeum. 



the maxilla (Fig. 4, a and b, arrows). The 
neural tissues of this segment primordi- 
um appear to give rise to the SllS2 
region of the subesophageal ganglion. 
Weaker labeling is also observed at what 
might be the epidermal portions of a 
more anterior region of the head (Fig. 4, 
a and b, arrowheads). 

A40 transcripts appear to be distribut- 
ed over a broader portion of the pre- 
sumptive CNS during germ band exten- 
sion as compared with more advanced 
stages of neurogenesis. Transcripts are 
present in two distinct segment primor- 
dia (Fig. 4, c and d); however, at the 
conclusion of germ band retraction, only 

the S2lS3 region contains detectable lev- 
els of A40 transcripts. As has been 
shown, Antp transcripts are detected at 
the highest steady-state levels in the tho- 
racic regions of the germ band and accu- 
mulate at high levels only transiently in 
the presumptive abdominal ganglia dur- 
ing germ band extension and retraction 
(27) (Fig. 4, e and f). 

During germ band extension and re- 
traction, transcripts homologous to the 
Ubx homeo box region accumulate in a 
broad portion of the germ band which 
includes the progenitors of T2 and at 
least the first seven abdominal segments 
(Fig. 5, a and b). At similar embryonic 

Fig. 6. Localization of Antp transcripts in BX-C- embryos. The orientation of the sections and 
other features are described in the legend to Fig. 3. Parallel sections through the same embryos 
did not show hybridization to either the Ubx or jab-2 probes. (a) High magnification of a section 
through a BX-C- embryo at the cellular blastoderm stage; the bar represents 0.025 mm. 
Hybridization signals are seen over cells in the regions of the embryo which give rise to T11T2 
(arrow) and m 3  (arrowhead). (b) Dark-field photomicrograph of the same section as in (a). (c) 
A section through a gastrulating BX-C- embryo; bar indicates 0.1 mm. Hybridization signals 
are detected in regions giving rise to T1R2 (arrow) and T2R3 (arrowhead). (d) Dark-field 
photomicrograph of the same section as in (c). (e) A section through a BX-C- embryo 
undergoing germ band retraction. Uniformly intense signals are detected in TlR2 through A8. 
Weaker signals are detected in cells of S3R1. (f) Dark-field photomicrograph of the same 
section as in (e). Arrows demarcate TIm2 to A8; the arrowhead indicates S3R1 labeling. 
Abbreviations: A, abdominal region of the germ band; AMG, anterior midgut invagination; bl, 
blastoderm; hg, hindgut; PMG, posterior midgut invagination; T, thoracic region of the germ 
band. 
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stages, iab-2 transcripts are detected in 
the AllA2 through A7lA8 regions of the 
germ band (Fig. 5, c and d). During germ 
band extension, iab-7 transcripts are de- 
tected primarily in the A6lA7, A7IA8, 
and ASIA9 segments. In addition, weak 
hybridization is observed to more anteri- 
or segments, including A4lA5. Weak hy- 
bridization is also observed to a region 
posterior to the ASIA9 segments, possi- 
bly including presumptive hindgut struc- 
tures (Fig. 5, e and f). 

Altered distribution of An@+ tran- 
scripts in BX-C- embryos. BX-C- em- 
bryos [Df(3R)P9 homozygotes] die dur- 
ing the terminal stages of embryogenesis 
(5). Lewis has shown that the epidermal 
tissues of embryonic segments T3 
through A7 acquire features characteris- 
tic of the mesothorax (T2). More recent- 
ly, it has been suggested that each of the 
transformed segments might acquire a 
composite pro- and mesothoracic (Tll 
T2) identity (32, 33). In advanced stage 
BX-C- embryos, Antp' transcripts per- 
sist at high steady-state levels in the 
region of the ventral cord that encom- 
passes the TlR2, T3, and first seven 
abdominal gapglia (34). 

Antp transcripts are detected in the 
T1R2 and T2R3 segment primordia of 
BX-C- embryos at the cellular blasto- 
derm stage (Fig. 6, a and b). Similar 
discrete T 1 m  and T2R3 hybridization 
signals are detected in gastrulating P9/P9 
embryos (Fig. 6, c and d). 

In wild-type embryos undergoing re- 
traction of the germ band, Antp tran- 
scripts are broadly distributed over the 
progenitors of the ventral cord. Howev- 
er, labeling of the presumptive abdomi- 
nal ganglia is less intense as compared 
with future thoracic ganglia (Fig. 4, e and 
f). In confrast, P9/P9 embryos of this 
developmental stage show uniformly in- 
tense Antp hybridization signals from the 
future T 1 m  primordium posteriorly 
through A8 (Fig. 6, e and 0. 

Patterns of ANT-C and BX-C gene 
expression in the CNS. By mid-embryon- 
ic periods of development, each of the 
homeo box-containing homeotic genes 
of the ANT-C and BX-C comes to speci- 
fy transcripts that appear to accumulate 
in largely discrete, nonoverlapping re- 
gions of the mature embryonic CNS 
(Fig. 7). The foci of transcript accumula- 
tion within the CNS seem to correspond 
to the embryonic segments that are most 
severely disrupted in mutants for the 
corresponding genes. During gastrula- 
tion and germ band extension, strong 
expression is also detected in epidermal 
and mesodermal tissues (Figs. 4, 5, and 
6) (27,29). By advanced stages of embry- 
onic development, however, much of the 
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labeling over the hypodermal and meso- 
dermal tissues is no longer detectable. 
Because expression is seen to persist in 
the CNS over the course of embryonic 
and larval development, it serves as a 
convenient model for analyzing the spa- 
tial regulation of homeotic gene expres- 
sion. 

A striking feature of ANT-C and BX-C 
homeo box expression is the colinearity 
between the physical order of the genes 
within the chromosome and the embry- 
onic segments where they are expressed 
along the body axis. Lewis first demon- 
strated such colinearity for the BX-C loci 
and their corresponding domains of func- 
tion (5). The proximal-most (closest to 
the centromere) locus of the ANT-C that 
we have analyzed is Dfd (15). By mid- 
embryogenesis Dfd transcripts are prin- 
cipally detected in the anterior-most por- 
tion of the CNS that has been thus far 
shown to accumulate homeo box-con- 
taining transcripts (see Fig. 3). The Scr 
locus is distal to Dfd and transcripts 
homologous to the A40 clone accumulate 
in a region of the mature embryonic CNS 
that is just posterior to the Dfd domain. 
Antp transcripts are mostly confined to 
the TlIT2 region of the ventral cord. 
Similarly, the proximal-most BX-C ho- 
meo box region (Ubx) specifies the most 
anteriorly localized BX-C products with- 
in the CNS (T3IA1) (29). The more distal 
iab-2 and iab-7 loci specify transcripts 
that are detected primarily in ventral 
ganglia AlIA2 through A6lA7 and A6lA7 
through A8lA9, respectively. 

It has been suggested that diverse 
pathways of segment morphogenesis are 
established by different combinations of 
homeotic gene products (5, 35-37). In 
particular, Lewis has proposed that each 
embryonic segment primordium in the 
posterior half of the embryo contains a 
different combination of BX-C gene 
products (5, 38). According to the Lewis 
model there is a sequential activation of 
BX-C gene expression along the anteri- 
or-posterior axis of the embryo. Thus, 
the anterior-most segment anlage that is 
acted upon by the BX-C (T2p)(39) would 
contain products encoded by only one 
BX-C locus (Ubx), whereas the posteri- 
or-most segment primordium (A8) is ex- 
pected to contain all BX-C gene products 
(Ubx, iab-2, and iab-7) (21). 

During extension and retraction of the 
germ band, the transcript distribution 
patterns for the Ubx, iab-2, and iab-7 
loci are consistent with the Lewis model 
(see Fig. 5). Progenitors of the metatho- 
rax and first abdominal segment contain 
Ubx transcripts, but do not display de- 
tectable levels of either iab-2 or iab-7 
transcripts. In contrast, progenitors of 
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the seventh (and possibly eighth) abdom- 
inal segment contain levels encoded by 
each of the homeo box-containing BX-C 
loci. 

Over the course of embryonic devel- 
opment, there is a successive restriction 
in the spatial limits of transcript accumu- 
lation for at least some of the ANT-C 
and BX-C homeo box-containing loci. 
As compared with earlier periods of em- 
bryogenesis, advanced stage embryos 
show relatively discrete transcript ac- 
cumulation patterns for each ANT-C and 
BX-C gene that contains a homeo box 
(compare Figs. 4 and 5 with Fig. 
3). 

While not specifically predicted by the 
Lewis model, this observation is consist- 
ent with the demonstration that each 
ANT-C and BX-C homeotic locus has a 
discrete primary domain of function (see 
Fig. la). For example, during germ band 

extension, Antp transcripts are detected 
at almost uniform levels in the neural 
progenitors of segment primordia S3IT1 
through A7lA8. In contrast, by late 
stages of embryogenesis, the TlIT2 gan- 
glion cells display substantially stronger 
hybridization as compared with the gan- 
glion cells of other segments. Thus, as 
embryogenesis proceeds, Antp becomes 
localized to the segments which are most 
disrupted by lethal mutations of the 
gene. It is therefore possible that the 
primary domain of function for a given 
homeotic gene is deterdined by the em- 
bryonic regions where its expression is 
sustained. 

Cross-regulatory interactions among 
homeo box genes. It has been previously 
suggested that hierarchical interactions 
among homeotic genes might influence 
their spatially restricted domains of 
expression (35, 40). More recent evi- 

A8/A9 A7 A6 A5 A 4  A 3  A2 A1 T 3  T2  T1 A B / A ~  A7 A6 A5 A4 A3 A 2  A1 T 3  T2 T I  

Fig. 7. Sites of ANT-C and BX-C expression in the embryonic CNS. The diagrams represent the 
CNS of a 14-hour embryo. The sites of Dfd,  Scr, Antp, Ubx, iab-2, and iab-7 transcript 
accumulation are indicated. Solid shading represents the strongest sites of hybridization for 
each probe. Stippled areas correspond to weaker levels of hybridization; the intensity of 
stippling represents qualitative but not quantitative differences in the extent of hybridization. 
Anterior is to the right, and dorsal is up. (a) Dfd transcripts appear to be localized to SlIS2. This 
assignment could be In error by half a segment; that is, the transcripts may be localized to S2. 
(b) Transcripts homologous to pA40 (Scr) are localized to S2lS3. Again, this assignment could 
be in error by half a segment; the transcripts could be localized to S3. (c) Antp transcripts 
accumulate most strongly in the posterior compartment of T1 (Tlp) and the anterior compart- 
ment of T7. (T2a). Lower levels are detected, as indicated, through the anterior commissure of 
A7. (d) Ubx transcripts accumulate most strongly in T3pIAla (29). Lower levels are seen 
posteriorly through the anterior commissure of A7. More transcripts are detected in ganglion 
cells associated with the anterior commissure of each of the A2 through A7 ganglia as compared 
with the posterior commissures (29, 42, 43). (e) iab-2 transcripts accumulate strongly in Alp 
through A7a. There are probably more transcripts in the posterior compartment of each of the 
A2 through A6 ganglia than in the anterior compartment. Fewer transcripts are seen in A7p 
through A8lA9. (0 Transcripts homologous to iab-7 accumulate strongly in A6p through ASIA9. 
However, labeling in this region is not uniform in that the A6plA7a and A8plA9 show higher 
levels of transcript than A7plA8a. Fewer transcripts are seen anteriorly through at least A5a and 
possibly A4p. Abbreviations: Br, brain; S l ,  S2, S3, anterior, central, and posterior regions of 
the subesophageal ganglion, respectively; TI ,  prothoracic ganglion; T2, mesothoracic ganglion; 
T3, metathoracic ganglion; A1-A8, the first through eighth abdominal ganglia. 
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dence for such homeotic cross-regula- 
tory interactions has been obtained by 
analysis of homeo box transcript distri- 
bution patterns in homeotic mutant em- 
bryos. Antp transcripts have been shown 
to stably accumulate in the posterior 
ventral ganglia of advanced stage embry- 
os that lack all known genes of the BX- 
C. On this basis it was suggested that one 
or more BX-C gene products either di- 
rectly or indirectly inhibit Antp expres- 
sion (34). Here we present further sup- 
port for this proposal. 

The altered distribution of Antp tran- 
scripts in advanced stage BX-C- embry- 
os could be either a direct or indirect 
consequence of deleting the BX-C. An 
example of an indirect effect is that the 
absence of the BX-C allows for the acti- 
vation of Antp expression by a common 
trans-regulatory component that in wild- 
type embryos preferentially initiates BX- 
C gene expression. The data presented in 
Fig. 6 are not obviously consistent with 
this explanation. BX-C- embryos dis- 
play a wild-type Antp+ transcript distri- 
bution pattern during early developmen- 
tal stages. Only after the sixth hour of 
embryogenesis do BX-C- individuals 
show a striking deviation from wild type 
in the Antp+ transcript pattern. It is 
therefore unlikely that initiation of Antp 
expression is altered in BX-C- embryos. 
Thus, the altered Antp' pattern ob- 
served in Fig. 6, e and f, might result 
from the absence of products encoded by 
the BX-C rather than from the physical 
removal of the complex per se. 

The molecular basis for possible cross- 
regulatory interactions among Drosophi- 
la homeotic loci is not known. Such 
interactions might be mediated by the 
different homeo box protein domains en- 
coded by the various ANT-C and BX-C 
loci. There appears to be weak structural 
homology between the homeo domain 
and known (or suggested) DNA binding 
proteins (19, 41). It is possible that each 
homeo box-containing locus autoregu- 
lates its own expression, thereby permit- 
ting relatively high steady-state levels of 
product to accumulate within its primary 
domain of function. In contrast, homeo 
box-containing protein products might 
repress the expression of other homeo 
box-containing transcription units in a 
hierarchical manner. For example, per- 
haps Antp protein products act as posi- 
tive regulators of Antp expression. This 
results in the maintenance of high levels 

of Antp product within the primary do- 
main of Antp function (that is, TIIT2 
ventral ganglion cells). In embryonic 
ventral ganglia posterior to TlIT2, Antp 
product accumulation might be hindered 
by high affinity binding of BX-C homeo 
box-containing proteins to the Antp pro- 
moter. As a result, Antp products are 
observed to only transiently accumulate 
at high levels in the posterior ventral 
ganglia of wild-type embryos. 

Consistent with this proposal is the 
demonstration that Antp RNA's stably 
accumulate in posterior portions of the 
developing ventral cord in embryos that 
lack all genes of the BX-C (34). More- 
over, we have shown that the altered 
distribution of Antp transcript accumula- 
tion in BX-C- embryos probably does 
not result from initiation of Antp expres- 
sion within inappropriate segment pri- 
mordia (see Fig. 6). Rather, the absence 
of products encoded by one or more BX- 
C loci appears to be either directly or 
indirectly responsible for the stable ac- 
cumulation of Antp transcripts in poste- 
rior ventral ganglia. 

At present, there appears to be no 
direct evidence to support or reject this 
model of "homeo box competition" be- 
tween different homeotic genes of the 
Antennapedia class. The availability of 
cloned homeotic DNA sequences and 
the isolation of proteins encoded by ho- 
meotic loci (42, 43) should furnish direct 
information regarding the spatial local- 
ization of homeotic gene products to 
discrete regions of developing embryos. 
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