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Abstract 

The metameric organization of the Drosophila melunogaster tail is obscured by developmental events that partially suppress or fuse 
some of its regions. To better define the developmental origins and segmental identities in the tail of the Drosophila embryo, we 

documented expression patterns and mutant phenotypes of several genes that play important roles in its morphogenesis. We 
documented the domains of engrailed (en), Abdominal-B (Abd-B) and cuudul (cud) expression in the tail region. The staining pattern of 
cur (ct) was used to correlate the embryonic sense organs with their respective positions on the larval cuticle. The en patterns in 

different Bithorax-Complex (BX-C) Abd-B morphogenetic (m) and regulatory (r) mutants demonstrated that Abd-B functions to, among 

other things, suppress embryonic ventral epidermal structures on the posterior side of A8 to A9. Ventral epidermal structures were not 
added back into the en pattern in r- or BX-C- mutants, indicating that although the BX-C functions extend through AlO, other non- 

BX-C genes must be required for development of this segment. 

Keywords: Drosophila embryonic development; Tail segments; Homeotic genes 

1. Introduction 

Insects are comprised of metameres that are aligned in 
a repetitive arrangement along the anterior/posterior axis. 

In some regions, such as the thorax and the anterior ab- 
domen, regular spacing, well-delineated boundaries, and 
distinctive features clearly distinguish the number and 

identity of segments. However, the precise organization 

of the head and tail is obscured by more complex ar- 
rangements of the constituent parts. Indeed, despite much 
effort and analysis, the segmental identity of some of the 

structures and, remarkably, the number of segments in 
these regions is unresolved. Morphological comparisons 
between different insect groups have provided important 

clues, as have more recent molecular and genetic studies 
of Drosophila. 

Genetic and molecular studies have revealed how the 
set of maternal-effect, gap, pair-rule, and segment polarity 
genes pattern most of the Drosophila embryo (reviewed 
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by St. Johnston and Niisslein-Volhard, 1992). The con- 
certed action of these genes subdivides the embryo into 

metameres, and the repetitive use of the same combina- 
tions of some of the genes throughout most of the embryo 

underscores the fundamental similarity between the meta- 

meres. In the thorax and in much of the head and abdo- 
men, these genes function to place bands of wingless (wg) 
and engrailed (en) expression at either side of each para- 
segmental boundary. At the anterior and posterior tips, 

however, these roles do not persist, and the geometrically 
simple relationships between their domains of expression 
either do not form or they become obscured by complex 
morphogenetic movements. Even in Drosophila, the com- 

plexity of its developmental program has continued to 

frustrate efforts to understand the orgamzation of its ter- 
minal regions. 

Examples of the increased complexity in the tail region 
include the segment polarity genes gooseberry-p @b-P) 
and gooseberry (gsb-D) (Bopp et al., 1986; Gutjahr et al., 
1993). Within each trunk segment, these genes are ex- 
pressed in bands that coincide precisely with wg- 
expressing cells and overlap partially with en-expressing 
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cells (Gutjahr et al., 1993). The importance of these pat- 
terns of expression is revealed in gsb mutants, in which 
wg transcripts in the ventral regions at stage 11 disappear, 
and in wg mutants in which gsb-D transcripts in the trunk 
disappear (Baumgartner et al., 1987; Hidalao, 1991). In 

the embryonic tail, an additional gsb band forms in a re- 
gion with no wg or en expression (Baumgartner et al., 

1987). This gsb band is independent of wg function. 

In addition to the set of segmentation genes that de- 

lineate the metameres, a unique combination of homeotic 
genes function to establish an identity for each paraseg- 

ment (see reviews by McGinnis and Krumlauf, 1992; 
Lawrence and Morata, 1994). Genes of the Antennapedia 
Complex function in the head and anterior thorax, while 
the genes of the BX-C function from posterior thoracic 

segment 1 (pT1) at least through abdominal segment 9 
(PS4-PS14; Lewis 1978; Casanova et al., 1986). Of the 

three homeotic genes in the BX-C (Ubx, abd-A and Ab- 
B), the Abd-B gene provides identity to the posterior ab- 

domen. Abd-B has been subdivided into proximal mor- 

phogenetic (m) and distal regulatory (r) functions 

(Casanova et al., 1986). The m function is encoded by the 

class A transcript which is present from pA4 to aA 
(PSlO-PS 13), while r function is encoded by the class B 
and class C transcripts that accumulate from pA8 into 

A10 (PS14-PS15) (Boulet et al., 1991; Zavortink and 
Sakonju, 1989). r is thought to suppress m (Casanova et 
al., 1986). Epidermal Abd-B expression begins at the an- 

terior margin of PS 10 (Delorenzi and Bienz, 1990), while 
the distal limit of transcription and expression can be seen 

extending into PS15 (Celniker et al., 1989; Delorenzi and 

Bienz, 1990; Boulet et al., 1991). Since the above studies 

did not address the distal limits of Abd-B expression, one 
of the objectives of our study was to show that the distal- 
most transcription, expression and function for Abd-B 
encompass most of the tiny A10 segment. 

Contributing also to the development of the posterior 
abdomen are spiilt (sal), fork head (fkh) and caudal (cad, 
which have homeotic phenotypes (Jtirgens and Weigel, 

1988). sal and fkh mutant embryos have their terminal 
abdominal region transformed to structures with more 
anterior abdominal character, suggesting that sal andfkh 
function independently of the BX-C genes to promote 

terminal development from a parasegmental ground state 
(Jtirgens and Weigel, 1988). fkh mutants also broaden the 

most posterior fushi tarazu (ftz) stripe (Casanova, 1990), 
indicating that fkh has an additional earlier function. cad 
also has an early function that precedes metamerization of 
the embryo, since it has both a zygotic function that is 
required for the posterior terminalia and a maternal con- 
tribution that has a graded distribution (Macdonald and 
Struhl, 1986). 

To sort out the roles of the many genes involved in the 
development of the tail segments, it is essential to be able 
to establish both the precise realm of action and exact 
domain of expression for each gene. Unfortunately, the 

paucity of identified cuticular markers in the tail region of 

the Drosophila embryo, as well as complex morphoge- 
netic movements have hampered previous attempts. In the 

work described here, we have used several different mo- 
lecular probes in wild-type and homeotic mutant embryos 
to further document the organization of the Drosophila 
tail region. This has enabled a more direct comparison 

between homologous structures on the embryo and larval 

cuticle. 

2. Results 

2.1. Abd-B expression extends through aAl 
In order to provide epidermal landmarks for accurate 

assessment of mutant phenotypes and expression patterns 

of relevant genes, we first documented the expression 

patterns of en and cut in the embryonic tail. Depicted in 
the drawing in Fig. 1A and shown in Fig. 2A are the re- 
gions with en expression in the tail of stage 15 embryos. 

In a wild-type stage 15 embryo, stripes of epidermal cells 

with engrailed protein (EN) encircle the embryonic ab- 

dominal segments from pA1 to pA7, but in pA8, gaps 

occur between groups of epidermal cells stained with 
anti-engrailed antibody. Noteworthy features of the pat- 

tern of cells that contain EN in the tail region are: (1) 

pA8, which has a gap between the dorsal and lateral ex- 
tensions, plus a small ventral component; (2) the dorsal- 

ized pA9 band which has no ventral component; (3) the 
hindgut; and (4) sets of neuromeres in the ventral nervous 

system (VNS), stained through pA9. In stage 15 embryos, 
no EN-containing cells were present in the lobe that sepa- 

rates pA9 from the anal pads, a region that is presumably 
AlO. 

Although our previous studies established the segmen- 
tal identities of these regions in 3rd instar larvae (Kuhn et 
al., 1992) and had correlated these regions with the do- 

mains of en expression on the larval cuticle, we were not 
able to unequivocally identify the sense organs in the em- 
bryo. Since there are few other distinguishing features in 
the tail region, our ability to assess embryonic phenotypes 
in the tail has been poor. To overcome this limitation, we 
stained embryos with an antibody directed against the 
CUT protein. cut is expressed in all cells of each external 

sense organ (Blochlinger et al., 1990), and by comparing 
the distribution of EN and CUT in the tail of embryos and 

larvae, we propose that the embryonic sense organs are 
located as shown in Figs. 1A and 2B. All of the sense 
organs are in regions that do not express en, and are in 
anterior compartments. 

2.2. Abd-B function extends through aAl 
To correlate the domain of Abd-B expression with 

identified landmarks in the tail, the distribution of Abd-B 
RNA in stage 14 embryos was determined by in situ hy- 
bridization with a probe that detects both m and r tran- 
scripts. Abd-B RNA was prominent in the tail and abutted 



D.T. Kuhn et al. I Mechanisms of Development 53 (1995) 3-13 5 

-PS12- PS13- 

,‘.. ,, 

.,,, : I. . . ..,.. 
‘.,. : ., .,.. 

” .,, ‘: , 

Fig. 1. Cuticular features and distribution of engrailed protein in a stage 15 embryo and a 1st instar lava. The positions of the sense organs Sol-SO3 

and of engrailed-containing cells in the embryo (A) were determined after appropriate antibody staining. The distribution of engrailed-containing cells 

and of the sense organs in the larva (B) were as described previously for the 3rd instar larva (Kuhn et al., 1992). AP, anal pad; aA7-aAl0, anterior 

abdominal segment 7-10; F, Fell organ; PS, posterior spiracles; PS12-PS15, pamsegment 12-15; pA6-pA9, posterior abdominal segment 6-9; SOI- 

SO7 sense organ 1-7; T, tuft. 

the anal pads (Fig. 2C). ABD-B protein in stage 15 em- 
bryos was revealed with anti-Abd-B antisera and was 
found to clearly extend through AlO, which lies between 

the arrow and the anal pads (Fig. 2D). The anal pads do 

not express ABD-B protein. ABD-B protein encircles the 
anal pads and was present in the small aAl region 

(posterior to the arrow in Fig. 2D) where SO1 is located. 
We conclude that BX-C function includes at its distal 

limits the larval SO1 in aAl and possibly the presump- 
tive anal tuft region which is located between the SOls 
(Fig. lA,B). At least part of the anal tuft is influenced by 
Abd-B since in BX-C- larvae, the tuft is duplicated (not 

pictured). 
Embryonic transformations caused by Abd-B m-r+, 

m+r-, nz-(+)r-(+) and m-r- mutants were evaluated by ana- 

lyzing the distribution of EN and by analyzing embryo 
morphology (Fig. 3). M3 and 014 are m-r+ Abd-B mu- 

tants that lack all m function, but retain r function (Kuhn 

et al., 1993). Adult M3 females have eight abdominal 
segments, lack genitalia and (occasionally) analia, while 

males have eight abdominal segments and retain genitalia 
and analia (data not shown). In these flies, PS13 was 
transformed towards PSIO, while PS14 was not affected. 

M3 stage 14 embryos lacked posterior spiracles that de- 
rive principally from aA of PS13 (Figs. 3B and 5B). In 
these mutants, the PS14 pA8 en band dorsalizes, leaving a 
lateral gap, as in wild-type (Figs. IA, 3A and 5A). Since 
there are no posterior spiracles in these embryos, the pA8 
cells apparently cannot encircle, and they remain thick 
and straight, and retam a robust staining that is more 

characteristic of pA9 than of the more anterior bands. 

pA9 was not affected in the mutant. Similar phenotypes 

were noted for the m-r+ 014 mutant (not shown, Fig. 5B) 
and for the m-(+)r-(+) mutant SZI/Sll (Fig. 3C). The re- 
duced r function of SII was not reflected in the shape of 

the pA9 band nor in the epidermal staining of ventral 

pA8. 
Two rn+r- mutants were examined to evaluate the ef- 

fect of reduction or elimination of r function on the EN 
pattern. Both Uab’lllab’ and FMA3 y2; tuh-3/tub-3 flies 

had normal abdominal segments but males and females 
lacked genitalia and analia (Kuhn et al., 1993). Their most 
profound effect was in PS14. The stage 13 homozygous 
Uab’ embryo (Fig. 3D) has a pA8 EN band that was un- 
characteristically straight and extended without interrup- 
tion from the ventral to the dorsal surfaces (Fig. 5C). The 

pA9 EN band remained wild-type in that it lacked lateral 

and ventral extension, although a subtle lateral expansion 
may be present (Figs. 3D and 5C). The same results were 

found in FMA3, y2; tuh-3ltuh-3 embryos (not shown). 
The 48 mutant is m-(+)r and is quite unusual (Kuhn et 

al., 1993). 48 3rd instar larvae have a large naked cuticle 

region posterior to the 8th denticle band and a rather 
complete 9th denticle belt, suggesting that most m func- 

tion had been lost (Kuhn et al., 1992). Stage 16 48 em- 
bryos lacked posterior spiracles and have a pA8 EN band 
that fully extends from the ventral to the dorsal surface 
(Fig. 3E). The pA9 band was dorsal with a few EN- 
containing cells extending laterally. 

The Abd-B mutants S7, S4 and 016 die as late em- 
bryos or early 1st instar larvae and lack m and r function 

(Kuhn et al., 1993). They all have similar effects on tail 
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Fig. 2. Domains of en, Abd-B and cut expression in the embryonic tail. Stages of embryonic development follow those of Campos-Ortega and Hartenstein 

(1985). (A) Canton-S stage 15 embryo stained with anti-engrailed antibody. The arrow indicates where aAl and the anal pads abut, (B) Canton-S stage 

15 cut stained embryo. The posterior spiracles (PS) stain along with the miphigian tubules (MT). Arrowheads show positions of cut stained sense organs 

2,3 in aA and 1 in aAl0, which flank pA9 as seen in (A). The anal pads lack stain. (C) Canton-S stage 14 embryo in situ hybridized with the Abd-B 
common probe. Stain extends to the anal pads. (D) Stage 15 Abd-B stained embryo. Abd-B stain extends to the anal pads. Arrow shows position of the 

small dorsal Abd-B stained aAl0. We follow the sense organ nomenclature provided in Kuhn et al. (1992) rather than that of Jtirgens (1987) where SO1 is 

referred to as the anal sense organ. AP, anal pad; HG, hindgut MT, malphigian tubules; pA8-pA9, posterior abdominal segments 8 and 9; PS, posterior 

spiracles; 1-3, sense organs l-3. 

Fig. 3. Distribution of EN protein in wild-type and BX-C mutant embryos, (A) A wild-type stage 15 embryo stained with MAb 4D9 ant-EN antibody. 

Not visible in this embryo is the small lateral pA8 band that is depicted in Fig. 1A. (B) A stage 14 M3 m-r+ homozygote showing a pA8 EN protein 

band that has dorsalized as in wild-type but in the absence of any PS, has not formed a circle. Similar effects were observed in 014 mutant embryos. 

Like M3, 014 retains r function but lacks m function (Kuhn et al., 1993). (C) SI I m-(+)r-(+) stage 13 embryo showing a straight pA8 band of cells, 

lacking lateral staining except for a small pA8 band. (D) A stage 13 homozygous Uab’ m+r- embryo showing an uninterrupted pA8 band extending 

from ventral to dorsal and a slight lateral extension of pA9. (E) A stage 16 48 homozygous m -(+)r- embryo showing a complete pA8 band ventral to 

dorsal with no vestige of PS and a dorsalized pA9 band with some lateral extension. (F) A stage 14 homozygous m-r- 57 embryo showing a com- 

pletely transformed pA8 en stripe encircling the embryo, with an extended pA9 band. pA8 and pA9 stain more intensely than other en bands and pA9 

shows some limited ventral epidermal en staining. (C) A stage 14 S# homozygous m-r- embryo showing features similar to 57 with an expanded Iat- 

era1 pA9. (H) A stage 14 homozygous Df-RK7 Abd-B- embryo showing a narrow pA8 band and prominent dorsalized pA9 band. (I) The stage 15 em- 

bryo homozygous Df-P9 BX-C- embryo shows a transformation of pT2-pA7 back to pT1 as noted by the gap in lateral en staining. The PS do not 

form. (J) The Df-P9 homozygous embryo shows that pA9 en stained cells retain their normal function of migrating to the dorsal side and retain their 

characteristic dark stain. (K) This dorsal optical view of a Df-P9 homozygote shows a darkly stained en pA9 that appears to be part of a dorsal/lateral 

A9 component. The shape of A8 is like the segments preceding it, while the arrow identifies the junction between the small Al0 and the anal pads. AP, 

anal pads; AS, anterior spiracles; HG, hindgut; pA8-pA9, posterior abdominal segment 8 and 9; PS, posterior spiracles; VNS, ventral nervous system. 
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development (see drawing in Fig. 5D). The pA8 EN band 
of S7 stage 14 embryos was transformed towards a more 
anterior character encircling the embryo in an uninter- 

rupted manner (Figs. 3F and 5D). In aA8, no posterior 
spiracles formed, and a single EN-containing cell that is 

normally present in aA through aA was found on the 
lateral surface of aA (drawn in Fig. 5D). The pA9 band 

retained its basic pattern, with some lateral extension and 
a small ventral presence, although both the pA8 and pA9 
bands were more intense than normal. EN protein in the 
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Fig. 4. Distribution of EN in salza, cud* and@zXT6 mutants. (A) A stage I4 ~~11~~ embryo with reduced staining in pA8 and pA9. (B) This stage 15 
fihXT6 embryo has a wild-type pattern of EN in pA8 and pA9 and lacks hindgut and the anal pads. (C) This stage 12 cad* embryo stained for both EN 

and CAD proteins has a wild-type EN pattern in pA8 and a lighter stained band in pA9. 

hindgut appeared not to have been affected by lack of 
Abd-B function. The S4 stage 14 embryo pictured in Fig. 

3G was similar to S7, with its pA8 band extending com- 

pletely around the embryo. Its pA9 band was extended- 
more laterally. The EN patterns in 016 embryos (not 

shown) were basically the same as S7 and S4. The general 
epidermal staining pattern for m-r- mutants is shown in 

Fig. 5D. 
Df-RK7 is a deletion that removes the entire Abd-B 

coding region (Duncan, pets. commun.). Stage 14 Df-RK7 
embryos had a narrow pA8 EN band reflecting the pA8 

transformation towards pA4 (Figs. 3H and 5E). The pA9 
EN lateral bands fused dorsally and were more prominent 

than the other abdominal bands in thickness and intensity. 

Patterns of EN protein in embryos deficient for the en- 
tire BX-C (Df-P9) are shown in Figs. 31, 3J and 3K, 

summarized in Fig. SF. Absence of BX-C function results 
in transformation of thoracic and abdominal segments to 
pTl/aT2 (PS4). This transformation is manifested in the 
shape of the EN bands, which in normal embryos are 
continuous except in pT1. In pT1, a gap in the band is left 

where the anterior spiracles form. In Df-P9 embryos, the 
EN stripes from pT1 to at least pA7 all had a lateral gap 
in the same location (Figs. 31 and 5F). In addition, the 
posterior spiracles which principally derive from aA 
were absent because this region is also transformed to- 
wards thorax. In pA8, a thin band of EN-containing cells, 
with no obvious gap, appeared as normally found on 
more anterior segments (Figs. 35 and 5F). Unfortunately 
for reasons that are not clear, staining was always light, 
making it difficult to visualize pA8. Unexpectedly, the 
pA9 band remained as intense as in the wild-type em- 
bryos, although pA9 VNS staining was reduced. The dor- 
sal view in Fig. 3K clearly shows the dark pA9 dorsal 
band and the stained hindgut. The shape of A9 appears to 

show a lateral/dorsal component only, while distal to pA9 
the region is clearly separated (see arrow) into aAl and 

anal pads. Because of the EN bands and embryo mor- 
phology we conclude that the role of the BX-C as the 

primary purveyor of segmental identity extends through 
A8, but that the more posterior regions require additional 

input from other genes. 

2.3. Effect of sal, cad, andJkh on EN patterns 
The non-BX-C mutants with homeotic phenotypes 

sapa, cad2 and jkh XX have been shown to affect the 
identity of posterior segments (Jiirgens, 1987, 1988; Jiir- 
gens and Weigel, 1988; Macdonald and Struhl, 1986). To 

map their effects more precisely, patterns of EN were 

documented in mutant embryos. The sa12a stage 14 em- 
bryo in Fig. 4A has defects in pA8 and pA9. The pA8 
EN-containing cells that should encircle the posterior 
spiracles are confined to an irregular and reduced cluster 

of cells localized to the posterior side of the spiracular 
region (Fig. 4A, Fig. 5G). The majority of the salza ho- 
mozygous embryos do not form distinct posterior spira- 
cles (data not shown). pA9 staining in these mutants was 
variable and was frequently reduced (Fig. 5G). We can 
distinguish the sapa homozygotes from their sibs because 
sa12a is balanced with a second chromosome carrying a 
Ubx-1acZ insert. Thus, embryos lacking the Ubx pattern 
are homozygous for the mutant gene. These embryos re- 
tained EN in the hindgut. In fkhxT6 mutants where anal 
pads and hindgut are missing in both larvae (Jiirgens, 
1987) and embryos (Fig. 4B), the EN bands in pA8 and 
pA9 were wild-type (Figs. 4B and 5H). EN patterns in 
stage 12 cad2 en-cad2 double stained mutant embryos 
were essentially normal in pA8 and pA9 (Figs. 4C and 
51). However by stage 15, ca& embryos lacked a com- 
plete pA9 EN band in the double stained embryos (not 
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Fig. 5. Schematic presentation of embryonic epidermal en expression in 

pA7-pA9 for 6X-C mutants and for mutants with homeotic pheno- 

types. The en pattern alterations caused by the BX-C mutants and by 

the other mutants with homeotic phenotypes were not always obvious 

in the tail segments because the photographs reflect one focal plane. 

Figs. 3 and 4 picture embryos, while Fig. 5 summarizes relevant en 

patterns from pA7 to pA9. Circles represent posterior spiracles with en 

cells within. Bands and partial bands show expression patterns from 

dorsal to ventral. (A) m+r+ wild-type en pattern with complete band in 

pA7, interrupted band in pA8 and dorsal-lateral band in pA9. (B) m-r+ 
en pattern for M3 and 014 shows lack of posterior spiracles and 

straight pA8 band with gaps. (C) m+r- en patterns for Dab’ and tub-3 
show the uninterrupted pA8 band. (D) m-r- en pattern for the S4, S7 

and 016 mutants showing uninterrupted pA8 band with the single aA 

en cell and the lengthened pA9 lateral band with some en expression 

ventrally in pA9. (E) m-r- Abd-B- en pattern for Dj-RK7 with complete 

pA8 band. (F) BX-C- en pattern of DfP9 homozygotes showing inter- 

ruption in pA7 band, uninterrupted pA8 band and dorsal-lateral pA9 

band. (G) .y(112a en pattern with reduced pA8 and pA9 en expression. 

(H) jkhXT6 en pattern which is normal for pA7-pA9. (I) cad2a pattern 

showing reduced pA9 en expression. D, dorsal; L, lateral; V, ventral. 

shown). This result is consistent with the report that cad2 
affects much of pA9 and aAl (PS15) (Macdonald and 
Struhl, 1986). 

2.4, Expression of cad, Abd-B and en in pA9 and aAI0 
Expression of cad, Abd-B. and en in pA9 and aAl 

(PS15) reflects the actively changing nature of this re- 
gion. In stage 12 germband extended embryos, cud distri- 
bution appeared limited to aAl of PS15, and surrounds 
much of the presumptive anal pads (Fig. 6A). The CAD- 

containing cells do not appear to contain EN and there is 

little evidence of cud expression on the posterior side of 

the presumptive anal pad in the double stained embryo 

(Fig. 6A). Slightly later in stage 12, there was a distinct 

band of CAD-containing cells that complete the circle 
around the posterior side of the anal pads (Fig. 6B). As 
germband retraction continues, the pA9 EN-containing 
cells and CAD containing cells progressively dorsalize 

(Fig. 6C), and some cells appeared to contain both CAD 
and EN. Next, two pads of CAD expressing cells appear 
posterior to the anal pads (Fig. 6D). The late stage 12 

embryo in Fig. 6E shows two large groups of CAD- 
containing cells with their outer rim of EN-containing 

cells, which have essentially completed dorsalization. At 
stage 16, CAD-containing cells resolve to two lines of 
cells encircling the anal pads, one outside the anal pad 
border and the other just inside the anal pads (Fig. 6F). 
These patterns share some features with the domains of 
Abd-B-containing cells, which overlap on the ventral and 

lateral sides in stage 12 embryos and dorsalize to sur- 
round the anal pads in later stages (Fig. 6G,H). Compari- 
sons between Fig. 6B,C and Fig. 6G clearly show that 

Abd-B is not expressed posterior to the anal pads where 
CAD-containing cells stain. These data show that Abd-B 
function may not include all of the cud domain. The stage 

15 embryo in Fig. 61 shows that a pA9 band of EN- 
containing cells projects from the midpoint of the fused 
pA9 band distally toward the anal pads. This projection 
occurs after dorsally migrating pA9 bands on each side of 

the embryo fuse. It is the last element of the EN pattern to 
develop. This perpendicular extension of the EN cells 

terminates beneath the larval anal tuft (see drawing in Fig. 
1B). 

3. Discussion 

3.1. Identifying tail segments 
This analysis of the embryonic tail as well as previous 

studies of 1st (Jiirgens, 1987) and 3rd instar larvae (Kuhn 
et al., 1992), demonstrate that the tail segments are highly 
modified and predominantly comprised of lateral and 
dorsal tissue. Progenitor cells for ventral regions between 
the 8th denticle belt and aAl are not present after germ- 

band retraction. In addition to the apparent deletion of 

these ventral regions, dorsal migration during the final 
stages of germband retraction and further movements 
during later embryonic stages rearranges the progenitor 
cells of the tail. As a consequence, establishing the seg- 
mental origins of the tail has been problematic. We focus 

here on the organization of the tail, using patterns of ex- 
pression of several segmentation and homeotic genes in 
both wild-type and mutant embryos to infer both the his- 

tory and relationships of various tail structures. 
The identity and origins of pA8, aA and pA9 were 

determined by documenting the history of EN-containing 
cells. Adjacent and posterior to pA9 in the 1st instar larva 

is cuticle with SOls, the anal tuft and the anal pads. The 
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SOls, the anal tuft, and the cuticle posterior to the A8 

denticle belt are abnormal in Abd-B mutant larvae, and in 
stage 14-15 embryos the SO1 anlage is in a region in 

which Abd-B is expressed. Since the genes of the BX-C 
are expressed in a parasegmental manner, and since Abd- 
B expression and function extends beyond pA9, we con- 
clude that cuticle distal to pA9, probably including the 
anal tuft, are partially controlled by Abd-B and are pri- 

marily produced by aAl0. Supporting this conjecture are 

the observations that the most posterior stripe of FZZ ex- 
pressing cells extends beyond pA9, coincides with the 
distribution pattern of the Abd-B class-B transcript (data 

not shown), and the number of tuft denticles is reduced to 
about two inftz mutant embryos (Jiirgens, 1987). 

The origin of the anal tuft is problematic. In 1st and 
3rd instar larvae (Kuhn et al., 1992), a band of EN- 
containing cells extends from pA9 between the SOls to 
the denticles of the anal tuft and the anal pad (Fig. 1B). 
This band forms during stage 15 (Fig. 61), apparently by 

budding from pA9 as the pA9 bands dorsalize. Since 
some cells beneath the tuft stain with anti-EN antibody 
and since the number of tuft denticles is reduced from an 

average of 12 to 8 in en mutants (Jiirgens, 1987), it ap- 
pears that the anal tuft is partially of posterior compart- 

ment origin. In light of the oblique movements of the pA9 
cells, it is conceivable that the posterior tuft-producing 

cells are of pA9 origin, with the remainder from aAl0. 

However, it is also possible that the EN-containing cells 
beneath the tuft denticles are from a tiny pAlO. The ex- 

tended pA9 and proposed pAl0 could become juxtaposed 
during embryogenesis when pA9 dorsalizes (see Fig. 6), 
leaving the A10 CAD-containing cells between them and 
the anal pads. This would put pA9 cells next to pAl0 
cells if they exist. The difficulty of the tuft denticles de- 

riving from cells extending from the pA9 band is that tuft 

denticles are presumably ventral structures, whereas the 
extended en band comes from the dorsal-most pA9 cells. 
It would seem unlikely that these cells would secrete 

ventral denticles. 

3.2. en embryonic patterns reveal BX-C functions 
en staining patterns in Df-P9 embryos revealed a trans- 

formation of the entire embryo between PS5 (pT2-aT3) 
and PS14 (pA8-aA9) to PS4 (pTl-aT2) (see review by 
Duncan, 1987). The spiracles that form in pT1 create a 
gap in the en stripe, and whereas the en stripes of wild- 

type embryos have the spiracular gap in only pT1, ten of 
the stripes of Df-P9 embryos (pTl-pA7) were gapped. 

Importantly, although pA8 was mostly transformed, it did 
not have an obvious gap, and pA9 did not significantly 
deviate from wild-type. We interpret these observations to 
mean that the BX-C alone provides segmental identity to 
PS5 to PS13, but other genes in addition to the BX-C af- 
fect the level of development of PSI4 and PS15. This is 
in agreement with Jiirgens (1988), who interpreted the 
phenotype of BX-C- embryos as PS5 to PS 12 trans- 

formed to PS4, PS13 changed to a modified PS4, and 

PS14 and PS15 transformed to a hybrid between head and 
thorax. 

en patterns in Abd-B mutants reveal how the m and r 
functions affect different parts of the tail. In m-r+ mu- 
tants, no posterior spiracles form and pA8 does not sur- 
round the spiracles as it normally would. Instead, pA8 

remains straight and the gap in lateral staining is retained. 
pA8 also remains straight in m+r- embryos and has a 
shape similar to the posterior stripes of the more anterior 

abdominal segments, showing that the gap requires r 

function. pA9 is not markedly changed in these embryos, 

although both the transformed en bands in pA8 and the 
band in pA9 are more intensely stained than en bands in 
more anterior abdominal segments. Complete transfor- 
mation of both pA8 and pA9, to more anterior character 
yield pA8 and pA9 bands that extend completely around 
the ventral surface in some m-r- embryos. Thus, one 
function of m and r apparently involves suppression of 
ventral structures in pA8 and A9. Curiously, m-r- larvae 

did not differentiate ventral A9 epidermal structures. We 
do not know whether ventral A9 cells do not secrete cuti- 
cle, suffer apoptosis, or whether they contribute to inter- 

nal rather than epidermal tissues. Due to the ambiguous 

and inconclusive nature of the putative pAl0 en cells, we 
could not evaluate possible transformations of pAl0 in 

BX-C mutants. 

3.3. Non-BX-C homeotic genes influence the identity of 
the tail segments 

In addition to Abd-B, the empty spiracles (ems) gene is 

required for normal development of the larval Filzkorper 
and is transcriptionally regulated by Abd-B (Jones and 

McGinnis, 1993). A third gene required in A8 is saf, mu- 
tants of which cause transformations in terminal segments 

(Jiirgens, 1988; Kiihnlein et al., 1994). Disorganization 
occurs in A8, while A9 and A10 incompletely transform 

toward A8. Lack of sal function results in transformations 
confined to lateral and dorsal structures (Kuhn, unpub- 
lished). However, saf ; Abd-B double mutants have a 
complete thoracic A9 segment and a rudimentary dorsal 
A10 that has been transformed to thorax as well (see Jiir- 
gens, 1988). The addition of the transformed ventral A9 

in the double mutant suggests that Abd-B, not sal, sup- 
presses ventral structures. A different gene is envisioned 

to suppress ventral AlO, since this pattern element was 
not added back in the double mutant. One candidate for 
such a gene could be cad, a homeotic gene with both 

maternal and zygotic functions (Macdonald and Struhl, 
1986; Mlodzik and Gehring, 1987). cad mutants lacking 
zygotic function are deficient for Sol, the tuft and por- 
tions of the anal pads (Macdonald and Struhl, 1986). 
When the cad maternal component was also missing, then 
deletions were observed in even numbered segments with 
most of A8 and A10 deleted and replaced by small scle- 
rotized tissue resembling mouth hooks (Macdonald and 
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Struhl, 1986). The presence of sclerotized tissue in the tail 
region of cad mutant larvae can be interpreted to mean 
that cad is required for Abd-B function. Sclerotized plates 
appear in the Df-P9 tail, forming on the ventral surface. 
In cad mutant larvae, plates are expressed between 

A7 and the modified anal pads. These larvae were quite 
deformed (see Macdonald and Struhl, 1986), so it is diffi- 

cult to know if the pA9-aAl region has acquired a ven- 

tral component. However, since the pA9 EN band does 

not extend around the ventral surface in zygotic loss of 

function cad embryos (Fig. 3B), then either maternal ex- 
pression of cad is sufficient for ventral suppression, or 

ventral suppression is a function of a yet to be identified 
gene. 

et al., 1989). We assume here that all cells stained by 4D9 
belong exclusively to the posterior compartment of each 
segment and that unstained cells are located in anterior 
compartments. Details of the staining procedure are pro- 
vided in Karr et al. (1989) and Pate1 et al. (1989). The 

general procedure for MAb 4D9 antibody staining of 
whole mount embryos was also used for the other anti- 

bodies employed in this study, except where noted. 

4. Materials and methods 

@-Galactosidase protein was detected by incubation 
in a 1: 1000 dilution of a rabbit anti-fi-galactosidase IgG 

for 45 min. Incubation was with alkaline phosphatase- 

coupled secondary goat antibody diluted 1:500. Final 
washes were in a high pH buffer (100 mM NaCl, 50 mM 
MgCl,, 100 mM Tris (pH 9.5), 0.1% Tween-20). The 
color reaction was monitored in 1 ml of the high pH 
buffer with 4.5 ~1 NBT + 3.5 ,ul BCIP. 

4. I. Drosophila stocks 
(1) Canton-S is an m+r+ wild-type laboratory strain. (2) 

ryXho2.5 is a strain in which the E. coli 1acZ gene is ex- 

pressed under the control of the engrailed promoter 

(Hama et al., 1990). (3 and 4) 57 and S4 are BX-C Abd-B 
m-r- mutants (Tiong et al., 1988). (5) Df-RK7 is a BX-C 
Abd-B m-r- deficiency, Df(89E-90) (Duncan, pers. com- 
mun.). (6) D16 is a BX-C Abd-B m-r- mutation (Boulet et 
al., 1991) (7) M3 is a BX-C Abd-B m-r+ mutation 

(Sanchez-Herrero, 1991). (8) DI4 is a BX-C Abd-B m-r+ 
mutant (Karch et al., 1985). (9) SIl is a BX-C Abd-B 
m-(+W+) spontaneous mutation reducing both m and r 
function (Kuhn et al., 1993; Tiong et al., 1988). (10) 48 is 

a BX-C Abd-B-(+)r mutation in In(89E-100C) that shows 

reduced m function (Kuhn et al., 1993). (11) 6.5 is a BX-C 
Abd-B m+r- mutation associated with T(2;3)89E/41 

(Karch et al., 1985). (12) Uab’ is a BX-C Abd-B m+r- 
mutation associated with a tiny BX-C inversion (Karch et 
al., 1985). (13) tuh-3 is a BX-C Abd-B m+r- spontaneous 

mutation (Karch et al., 1985; Kuhn et al., 1993). (14) 
J&XT6 is a mutation affecting embryonic larval terminal 

regions (Jiirgens and Weigel, 1988; Lindsley and Zimm, 

1992). (15) sa12a is also a mutation causing homeotic 
transformations to terminal structures (Jtirgens, 1988; 

Lindsley and Zimm, 1992). (16) cad2 is a maternal and 
zygotic homeobox mutant affecting distal structures 

(Macdonald and Struhl, 1986; Lindsley and Zimm, 1992). 

CAD (caudal) protein was detected in ryXho2.5 em- 

bryos that were also stained for P-galactosidase protein by 
incubating both primary antibodies together. Rat a-anti- 

CAD ~312 antibody was diluted in PBT 1:50 and was 

preadsorbed against a large volume of embryos at 4°C 
overnight to reduce background. Rabbit anti-p- 

galactosidase was used at a 1:200 dilution. After block- 
ing, secondary antibodies were added, using as a tertiary 

reagent the ABC reagent from the Vectastain elite kit to 
enhance the peroxidase detection of CAD, followed by 
the alkaline phosphatase reaction to detect /3-galacto- 
sidase. Biotinylated goat anti-rat IgG was used at a 1: 125 
dilution and alkaline phosphatase conjugated goat anti- 

rabbit IgG was used at a 1:200 dilution. 

CT (cut) protein was detected in Canton-S embryos, 

with cobalt chloride and nickel sulfate added to enhance 
the signal. Anti-CT F2 rat polyclonal antibody was di- 

luted 1:500 in PBT, and bovine serum albumin was in- 

cluded with the primary and secondary antibodies to re- 

duce background staining. 
ABD-B protein was detected with mouse MAb lA2E9 

(Celniker et al., 1989) and a peroxidase-coupled secon- 
dary antibody. In situ hybridization with the Abd-B com- 
mon probe followed published procedures (Boulet et al., 
1991; Kuhn et al., 1993). The digoxigenin-labeled probe 

was prepared by asymmetric PCR amplification. The 

common probe recognizes all Abd-B transcripts for m and 

r functions. 

4.2. Stock maintenance Acknowledgments 
All Drosophila stocks were maintained at room tem- 

perature, approximately 24°C on a standard medium 
consisting of cornmeal, agar, dextrose, sucrose, dried 
yeast extract, propionic acid and phosphoric acid. Tego- 
sept was added to the surface of the dried medium just 
prior to use to further suppress mold growth. 

4.3. Antibody staining of embryos 
EN (engrailed) protein was detected with MAb 4D9, 

which detects both EN and INV (invected) proteins (Pate1 
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