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A clonal analysis has shown that the dorsal surface of the first abdominal segment of Drosophila melanogaster is 
subdivided into anterior and posterior compartments. Cells of the posterior compartment grow up to but not beyond 
the anterior-posterior compartment border within the first abdominal segment and the intersegmental border that 
defines the boundary between the first and second abdominal segments. Growing within these boundaries, a narrow 
band of tissue clonally isolated from the adjoining tissue is formed. When these posterior cells are deficient for the 
engruiled locus, however, neither the compartment nor the segment border is maintained. The implications, that 
compartmentalization is essential for segmentation, and that all insect segments are subdivided by anterior and 
posterior compartments, are discussed. 

INTRODUCTION 

The cells that form the insect epidermis grow without 
defined lineage programs but with prescribed spatial 
limitations. Boundaries, some coincident with obvious 
morphological subdivisions, others featureless, transect 
the insect to limit the growth of the epidermal cells. 
These boundaries are lines demarking where cells of 
one group fail to mix with cells of a neighboring group, 
and thus represent geographical limits to the growth 
of an individual cell group. 

In Drosophila and in the milkweed bug Oncopeltus, 
the individual segments have independent lineages 
from a very early stage: epidermal cells can grow up 
to and along a segment border, but can never cross it 
(Lawrence, 1973; Lawrence et al., 1978). Garcia-Bellido 
et al. (1973,1976) discovered that similar developmental 
restrictions can subdivide a single segment and termed 
the segmental subdivisions “compartments.” For ex- 
ample, cell clones marked by somatic recombinations 
are found to be confined to grow entirely within either 
the anterior or posterior compartment of a mesotho- 
racic (wing) segment, although the two compartments 
grow juxtaposted as a single imaginal disc throughout 
larval development; thus, the apparently homogenous 
sheet of imaginal disc cells which gives rise to the adult 
wing is in fact discontinuous. Subsequent work has 
shown that many of the other imaginal disc derivatives, 
the proboscis (Struhl, 1977), the antenna (Morata and 
Lawrence, 1979; Baker, 1978), the legs of all three tho- 
racic segments (Steiner, 1976; Wieschaus and Gehring, 
1976; Lawrence et al., 1979), and the terminalia (Du- 
bendorfer, 1977) are similarly subdivided into anterior 

and posterior compartments. Such restrictions limiting 
the fate of the epidermal cells are thought to reflect a 
developmental committment that may be genetically 
controlled. 

The functional significance of these developmental 
discontinuities is not understood. Garcia-Bellido (1975) 
has proposed that compartmental subdivisions reflect 
the mechanism that reduces the developmental poten- 
tial of groups of cells in a stepwise manner. This com- 
partment hypothesis proposes that a small number of 
controlling genes (selector genes) effect these devel- 
opmental switches by their expression in only one of 
a pair of compartments. Studies of mutations of the 
engrailed genes have supported this idea. Experiments 
with viable (Lawrence and Morata, 1976) and lethal 
alleles (Kornberg, 1981) indicate that the wild-type 
function of the engrailed gene is necessary for the nor- 
mal development of the cells of the posterior wing com- 
partment and for the maintenance of the boundary be- 
tween the anterior and posterior compartments of the 
wing blade; in contrast, anterior cells develop normally 
in the absence of a wild-type engrailed function. The 
phenotype of the engrailed mutants is thus consistent 
with control of the posterior developmental pathway 
by the engrailed locus. 

The importance of compartmental clonal restrictions 
as a general developmental mechanism must depend in 
part upon their ubiquity. A mechanism with broad sig- 
nificance should function in all of the adult segments 
in addition to the imaginal disc derivatives and should 
also function in the embryonic and larval tissues. To 
date, subsegmental compartments have been found only 
in the imaginal disc-derived structures of the adult epi- 
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FIG. 1. Morphology and clonal subdivisions of the dorsal abdomen. 
(A) Camera lucida drawings of the entire tergite I and anterior por- 
tion of tergite II. The pertinent morphological details (left) and the 
location of the clonal restriction boundaries (right) are indicated. 
First tergit (TI); second tergite (TII); anterior compartment (A); pos- 
terior compartment (P); macrochaete (M); microchaete (m); unpig- 
mented band (UPB); pigmented band (PB); compartment border (CB); 
segment border (SB). (B) The left figure depicts anterior clones in the 
first and second abdominal tergites that meet the compartment bor- 
ders and segment, respectively. The right figure illustrates two clones 
in the posterior compartment of the first abdominal tergite that meet 
the segment and compartment borders. (C) These figures illustrate 
the occurence of tergite I bristles within the engraiZed clones and the 
failure of these clones to respect the compartment or segment borders. 

dermis but not in the epidermis of the adult abdominal 
segments or in internal organs. However, studies of le- 
thal engrailed alleles indicate that the normal function 
of this gene is necessary for the normal development 
of the embryo and larva. Embryos homozygous for le- 
thal engrailed alleles die late during embryonic devel- 
opmental, defective in the morphogenesis of the head, 
thoracic, and abdominal epidermis (Kornberg, 1981). 
Given the specificity of the engrailed locus for the de- 
velopment of only the posterior cells in the adult com- 
partments and the likelihood that the locus plays a sim- 
ilar role during different developmental periods, these 
results strongly suggest the existence of posterior com- 
partments requiring engrailed function in the body seg- 
ments where compartments have not yet been found- 
in the adult abdomen and in the segments of the embryo 
and larva. The experiments described here examine the 
cell lineage of the first segment of the adult abdomen 
and assess the requirement for the engrailed locus in 
this structure. 

MATERIALS AND METHODS 

Clonal analysis. Cells homozygous for the lethal enLA4 
allele were produced by X irradiation with a dose of 
1000 R. Clones produced by mitotic recombination were 
marked by the cell marker mutants straw (2-55.1; Lin- 

dsley and Grell, 1968) and pawn (Garcia-Bellido and 
Dapena, 1974). straw bristles and hairs are yellowish 
and pale; pawn bristles are short and pale at the tips; 
pawn abdominal hairs are very short. In combination, 
the hairs and bristles of the dorsal abdominal cuticle 
that are straw and pawn can be easily distinguished 
from the surrounding wild-type tissue (see Fig. 3). As 
diagrammed in Fig. 2, mitotic recombination between 
the locus of straw and the centromere results in clones 
of cells marked with straw and pawn; these clones grow 
more rapidly because they are homozygous for MCKAY+ 
(Morata and Ripoll, 1975). However, the relative growth 
advantage of the Minute+ cells in the abdominal epi- 
dermis is apparently not as great as the relative growth 
advantage of Minute+ imaginal disc cells, because the 
absolute size of the tergite clones is smaller than the 
clones that have been observed in the imaginal disc- 
derived structures. Two crosses were made: Cross 1, for 
the production of control straw pawn clones to describe 
the normal development of the abdominal histoblasts, 

0 stw pwn/SiW!i x 6 M(2)c33a/In (2LR)bwD, 

Cross 2, for the production of enLA4 clones marked with 
straw and pawn to describe the development of en- 
grailed abdominal histoblasts, 

P stw pwn enLA4/SM5 X d M(2)c33a/In (2LR)bw? 

Irradiation was at 72 + 2 hr after egg laying and 
adults of the following genotypes were collected: stw 
pwdM(2)P and stw pwn enLA4/M(2)cB”. After aging 
for several days, the flies were dissected in isopropanol 
and the anterior portion of the abdomen mounted in 
a mixture of Canada balsam and methyl salycilate 
(Lawrence et al., 1979). 

RESULTS 

Developmental Comqartments in the Abdominal 
Segments 

The morphology of the adult Drosophila abdomen has 
been described in detail (Roseland and Schneiderman, 
1979; Madhavan and Madhavan, 1980) and only the rel- 
evant features will be summarized here (see Fig. 1A). 
The dorsal surface, the tergite, of each of the seven 
anterior-most abdominal segments is constructed by 
nests of cells called histoblasts. The histoblast nests can 
be distinguished among the larval epidermal cells at 
the end of the embryonic period and they do not divide 
until the period of larval growth has concluded and 
metamorphosis has commenced. Dorsally in each seg- 
ment there are four histoblast nests. Pairs of histoblast 
nests are located symmetrically to the fly midline, one 
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pair of anterior histoblast nests, each with approxi- 
mately 15-17 cells, and one pair of posterior nests, each 
with approximately 5-7 cells. Approximately nine rapid 
cell divisions during the first 48 hr of pupal development 
produce in each segment the approximately 9000 cells 
that will secrete the adult cuticle of the tergite. 

In the adult fly, the first abdominal tergite has in its 
anterior four-fifths a region populated with hairs and 
bristles (microchaetae). The posterior one-fifth of this 
tergite is covered by hairs but has no bristles. The por- 
tion of this posterior cuticle closest to the midline lacks 
pigmentation in an area that although sexually di- 
morphic, can be recognized in both sexes and is here 
called the unpigmented band. The second abdominal 
tergite is similar morphologically but differs in several 
respects. The anterior half has evenly distributed ap- 
proximately 70 bristles that are slightly larger than 
tergite I bristles; the most posterior row of bristles oc- 
cupies a pigmented band located in the midregion of 
the tergite and these bristles (macrochaetae) are larger 
still. The posterior half of the second tergite is lightly 
pigmented and in its more anterior portion is populated 
with hairs but no bristles. The most posterior region 
lacks pigmentation, hairs, or bristles and marks the 
intersegmental boundary. With some variation, the 
more posterior abdominal tergites are similarly con- 
structed. Histological observations (Madhavan and 
Madhavan, 1980) and ablation experiments (Roseland 
and Berns, cited in Roseland and Schneiderman, 1979) 
have indicated that the posterior histoblast nests pro- 
duce only the most posterior cells of the tergite, the 
intersegmental region (including both the interseg- 
mental membrane and acrotergite), and that the an- 
terior histoblast nests produce the remainder: the hairy 
and bristled regions and in the segments with macro- 
chaetae, the more posterior hairy region. 

In order to determine whether developmental seg- 
regations restrict the growth of the cells that construct 
the adult abdominal epidermis, mitotic recombination 
was used to induce marked cell clones during the larval 
period (see Fig. 2), and the position of the clonal de- 
scendants was recorded. The experiments described 
here have mapped the location of clones in the first 
abdominal tergite and in the anterior portion of the 
second tergite. (The absence of any hairs and bristles 
and its folded structure made scoring for clones in the 
posterior second tergite region impractical.) Two thou- 
sand abdomens from flies that had been irradiated as 
larvae were screened. On 287 of these abdomens, 301 
straw pawn Minute+ clones were found in the first and 
second tergites. 

When comparing the relative position of the clones 
found on different abdomens, it is necessary to be able 
to relate the clones to landmarks within the tergites. 
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FIG. 2. Somatic recombination generating straw pawn Minute+ 
clones. The second chromosome is diagrammed to show the results 
of crossing over between straw and the centromere. All straw clones 
are also homozygous for pawn, engrailed, and M(.)c~‘. 

Landmarks available include the bristles of the first 
and second tergites and the macrochaetae of the second 
tergite, the unpigmented band of the first tergite and 
the darkly pigmented band of the second tergite. While 
the bristles of both abdominal segments are not con- 
stant in number nor identically placed among different 
individuals, the unpigmented band of the first abdom- 
inal tergite can be used to indicate position with respect 
to the first and second abdominal tergites. Strikingly, 
all of the clones found respected the borders that define 
the unpigmented band (see Figs. 3A, B). Whereas clones 
within the bristled regions of the first and second ter- 
gites were quite irregular in shape, clones that met this 
band formed a straight border. Moreover, clones within 
the unpigmented band similarly defined these borders; 
some filled an area within the unpigmented band and 
defined both borders. Clones within the region were 
elongated in a lateral direction whereas most clones 
that did not meet these borders were more rounded in 
shape. In all, 88 straw pawn Minute+ clones met the 
boundaries defined by the unpigmented band and none 
crossed them. The behavior of the cells in the unpig- 
mented band suggests that its borders coincide with a 
developmental compartment and also define the region 
of a posterior compartment within the first abdominal 
segment. The posterior border of the posterior com- 
partment defines the segmental border between abdom- 
inal segments I and II. Figure 1A illustrates the position 
of these developmental subdivisions and several rep- 
resentative clones that meet their borders are dia- 
grammed in Fig. 1B. 

Of the 301 control straw pawn clones detected, 117 
were in the anterior compartment of tergite I, 28 in the 
posterior compartment of tergite I, and 156 in the an- 
terior portion of tergite II. The small percentage of 
posterior clones is due in part to the difficulty in de- 
tecting clones anywhere but in its unpigmented medial 
region. Clones were observed to extend laterally beyond 
the unpigmented area but clones entirely outside this 
region were located in cuticle that frequently folded out 
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FIG. 3. Portions of the first and second tergites bearing clones marked with straw and pawn. The unpigmented band (UPB), wild-type 
bristles (B), stw pwn bristles (b), area of mottled pigmentation (mp), compartment border (Q), segment border (b), and clonal boundary 
(---) are indicated. (A) Second tergite stw pwn clone defining segment border. (B,C) First tergite stw pwn (B) and stw pwn enLA4 (C) clones 
in the anterior compartment defining anterior-posterior compartment border. Note presence of both wild-type and mutant bristles in these 
clones. (D) First tergite stw pwn en LA4 clone in the posterior compartment. Note presence of wild-type bristles, mottled pigmentation, and 
abnormal shape of unpigmented band. (E,F) stw pm en LA4 clones that cross the segment border. 

of the primary plane of focus in these preparations and clone induction, a proportion that approximates the 
so could not be scored reliably. Since straw pawn bris- relative number of cells in the posterior (5-7 cells) and 
tles in these regions could be recognized, lateral clones anterior (15-17 cells) histoblast nests. Given the dem- 
in the bristled regions were scored. Comparing only onstration that only the most posterior band of the ter- 
those clones within the medial region of tergit I, the gites is produced by the posterior histoblast nests and 
incidence of posterior clones (28) was approximately that this posterior band is the position of the posterior 
one-third that of anterior clones (87). This proportion compartment in tergite I, these correlations suggest an 
suggests that the posterior compartment is one-third identity relationship between the posterior compart- 
the size of the anterior compartment at the time of ment and the posterior dorsal histoblast nest. 
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FIG. 4. Composite drawings of straw pawn Minute+ clones. (A) 30 randomly selected tergite I clones. All clones that were found in the 
tergite I anterior compartment (B), the tergite I posterior compartment (C), and tergite II (D). Note that these clones respect the compartment 
and segment borders. This computer montage was generated with the UCSF Computer Graphics Facility. 

Clones within the second abdominal tergite were ob- 
served in some cases to extend posteriorly beyond the 
pigmented band. This indicates that if an anterior-pos- 
terior compartment border exists within the second 
abdominal tergite, it does not coincide with the row of 
macrochaetae or the pigmented band. If the anterior 
histoblast nest represents the anterior compartment 
primordium, then these clonal data are consistent with 
the observation that the anterior nest in tergite II pro- 
duces tissue posterior to the row of macrochaetae (Mad- 
haven and Madhaven, 1980). 

Figure 4 illustrates computer-generated images in 
which the position and shape of the straw pawn Minute+ 
clones have been recorded with a graphics display sys- 
tem. Composite images depicting several clones from 
different abdomens were generated. In Fig. 4A, 30 ran- 
domly selected clones within the anterior compartment 
of tergite I are shown to illustrate how regions of over- 
lapping clones are toned proportionally darker in these 
computer montages. In Figs. 4B-D are shown all clones 
within the anterior first tergite, posterior first tergite, 
and anterior second tergite, respectively. It can be 
clearly seen that the clones do not cross the compart- 
ment or segment borders. 

The Requirement for the engrailed Gene 

Although the homozygous viable en’ allele perturbs 
the normal development of all three thoracic segments, 

the development of the abdominal segments in en’/en’ 
individuals is normal. Abdominal development is also 
normal in individuals heterozygous for en’ or for any 
of the 58 enlethal alleles that have been isolated 
to date. 

The lethal alleles of engrailed cause development to 
arrest during embryogenesis (Kornberg, 1981) and they 
are therefore thought to be more severely deficient for 
engrailed function than en’. In order to test whether 
abdominal development is affected when engrailed 
function is blocked in such lethal homozygotes, mitotic 
recombination was used to induce clones of a lethal 
allele of engrailed, enLA4. (enLA4 was recovered after 
EMS mutagenesis, has no apparent chromosome breaks, 
and was cleansed of possible second site mutations by 
four separate recombinations.) These clones were 
marked with straw, pawn, and M(.)c~” using a protocol 
identical to that described above except that enLA4 was 
cis to straw and pawn and trans to the Minute. Two 
thousand two hundred sixty-five abdomens were ex- 
amined and 427 clones were found in the storable tergite 
regions of abdominal segments I and II. Clones within 
the anterior compartment of the first tergite or within 
the anterior region of the second tergite developed nor- 
mally. Thirty-four tergite I and thirty-nine tergite II 
clones defined the anterior-posterior compartment bor- 
der and intersegmental border, respectively. The posi- 
tion of these borders was indistinguishable from those 

defined by engrailed+ clones. 
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In contrast, engrailed clones in the posterior com- 
partment were abnormal in these respects: First, the 
unpigmented band was frequently enlarged and its bor- 
ders less well defined when containing engrailed cells 
but no apparent pattern duplication or mirror image 
symmetry was associated with the engrailed clones. 

Second, 10 of the 44 posterior clones were associated 
with cuticle with mottled pigmentation in the normally 
unpigmented band and contained bristles (1-5 bristles/ 
clone) of a size characteristic of the first tergite anterior 
compartment. These bristles were straw+ and pawn+ 
and therfore not constituents of the straw pawn en- 
grailed clone; the anterior areas immediately adjacent 
to these clones were depleted of bristles (see Figs. 1C 
and 3D). The abnormally placed bristles were associ- 
ated only with posterior engrailed clones that grew 
along the anterior-posterior compartment border and 
no other bristles in the posterior compartment were 
observed in the more than 5000 abdomens that were 
examined in this study. The location of bristles within 
the posterior engrailed clones suggests that these 
straw+ pawn+ bristles were formed by cells of the an- 
terior compartment that migrated into the engrailed 
posterior compartment. Movement of bristle-forming 
cells has been documented as a general mechanism of 
pattern formation in insects (Wigglesworth, 1940; To- 
kunaga, 1962; Garcia-Bellido and Merriam, 1971a,b; 
Lawrence et al., 1979). Figure 3C illustrates this greater 
movement of bristle-forming cells relative to hair- 
forming cells in the anterior compartment of the first 
tergite: characteristically the marked hair-producing 
cells generate a coherent patch but the bristles within 
the patch may be of either mutant or wild-type geno- 
type. In the case of the engrailed posterior clones (Fig. 
3D), such movement of anterior compartment bristles 
into the posterior compartment is abnormal, and occurs 
as a nonautonomous consequence of having engrailed 
cells in the posterior compartment. 

Third, some of the engrailed clones failed to respect 
the compartment or segment borders. Seven clones 
were found that crossed these borders a significant dis- 
tance and Fig. lC, 3E, and F illustrate several examples. 
Twenty-two clones were found that met but did not 
cross these borders. Three clones were found that were 
mostly within the anterior tergite II but included some 
tergite I territory. 

These results suggest that the function of the en- 
grailed locus is required in the cells of the posterior 
compartment of the first tergite, but not in the anterior 
compartments that it abuts. Failure of these posterior 
cells to express the engrailed function results in the 
inability to maintain either the compartmental or seg- 
mental borders, and this failure results in the abnormal 
morphogenesis of the posterior compartment, the ab- 
normal movement of tergite I anterior cells into the 

posterior compartment of the first tergite, and the 
crossing of posterior compartment cells into the ad- 
joining segment. 

DISCUSSION 

Compartments in the Adult Abdomen 

Cell lineage analysis and studies of histological prep- 
arations have established that the cells that secrete the 
cuticle of the adult cephalic (Becker, 1957; Postlethwait 
and Schneiderman, 1971; Struhl, 1977; Baker, 1978; Mor- 
ata and Lawrence, 1979), thoracic (Garcia-Bellido, 1968; 
Bryant, 1970; Garcia-Bellido and Merriam, 1971a; Stei- 
ner, 1976; Wieschaus and Gehring, 1976; Lawrence and 
Morata, 1977; Morata and Lawrence, 1979; Lawrence et 
al., 1979), and genital (Dubendorfer, 1977) structures 
grow logarithmically throughout the larval periods, 
segregated as individual imaginal discs. In contrast, the 
abdominal segments are formed from histoblast nests 
that neither separate physically from the larval epi- 
dermis nor divide during the larval period. The cells of 
these nests can be distinguished because they are 
smaller than the neighboring larval cells and begin a 
rapid period of cell division only upon pupariation 
(Garcia-Bellido and Merriam, 1971b; Guerra et al., 1973; 
Madhavan and Schneiderman, 1977; Roseland and 
Schneiderman, 1979; Madhavan and Madhavan, 1980). 
The results presented here indicate that despite their 
very different programs of development, the histoblast 
and imaginal disc cells share a striking similarity: both 
are developmentally segregated into anterior or pos- 
terior compartments. 

The failure of previous studies to detect compart- 
mental subdivisions in the abdominal tergites (Garcia- 
Bellido and Merriam, 1971b; Lawrence et al., 1978; Rose- 
land and Schneiderman, 1979) can most likely be at- 
tributed to technical reasons. The cell marker mutants 
used in these studies, yellow, forked, and multiple wing 
hair, do not unambiguously mark the very small cell 
hairs of the tergite. As shown here, the clones of hair 
producing cells marked with straw and pawn clearly 
demonstrate the location of a restriction to growth 
within the first tergite. Because the posterior compart- 
ment produces no bristles, this compartment would not 
be revealed by the boundaries of clones delineated by 
marked bristles only. 

Unfortunately, the methods used in this study to 
mark the epidermal cells of the first tergite cannot be 
applied to a clonal analysis of the more posterior ab- 
dominal segments, since the most posterior region of 
each of these segments (the region homologous to the 
posterior compartment of tergite I) produces no hairs 
or bristles that could serve to mark clonal borders. Sev- 
eral observations do however suggest that all of the 
other abdominal segments are likely to be subdivided 
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into compartments as well. First, Lawrence observed 
that each of the abdominal segments of hxpeltus ap- 
peared to be subdivided into two unequal parts, a pre- 
dominant anterior portion and a small posterior band, 
that from early embryogenesis have independent lin- 
eages (Lawrence, 1973). This is consistent with the dem- 
onstration of compartmental subdivisions of the Dro- 
sophia tergite I and suggests that all of the abdominal 
segments are subdivided into compartments in &co- 
peltus and in Drosophila. Second, all of the abdominal 
tergites follow a similar developmental program-each 
develops from paired nests of cells-one anterior and 
one posterior. Given the indication that in tergite I, the 
anterior nest gives rise to the anterior compartment and 
the posterior nest to the posterior compartment, it 
would seem plausible that this correlation would also 
apply to the other abdominal segments. Third, some of 
the homeotic transformations of the bithorax complex 
effect intersegmental transformations between the 
other abdominal segments and the first abdominal seg- 
ment (Lewis, 1978). Since the homeotic transformations 
are thought to occur between homologous groups of 
cells, the existence of compartments in the first abdom- 
inal segment implies that the other segments are sim- 
ilarly subdivided. This is not to suggest the restriction 
of the bithorax alleles to anterior or posterior com- 
partments in the abdominal segments, but to point to 
the inherent homology that the transformations imply. 

Demarcation of Segments 

Several different methods have previously indicated 
that segment boundaries restrict the growth of clones. 
The induction of clonal patches by X irradiation in early 
Oncopeltus embryos (Lawrence, 1973) and in early Dro- 
sophila embryos (Lawrence et al., 1978) indicated that 
cells are restricted to grow within their respective seg- 
ment from a period at or shortly after blastoderm for- 
mation. Similarly, analyses of gynandromorph mosaic 
larvae of Drosophila have found an increase in sturt 
values at the segment borders. This indicates that the 
separate segments have independent lineages from 
about the time of the cellular blastoderm and that the 
larval epidermal cells from separate segments do not 
mix (Szabad et al., 1979). The clonal analysis described 
here reaffirms the observation that segment borders 
restrict the growth of clones and this study positions 
the segmental border of the adult first and second ab- 
dominal segments with a precision that the morpho- 
logical features alone did not permit. Madhavan and 
Madhavan (1980), in their elegant study of abdominal 
tergite development, found that the larval dorsal lon- 
gitudinal muscles that persist for the first several days 
of adult life attach to the adult cuticle at the segment 
borders. Although the boundaries of some of the clones 

observed in this study coincided with the points of mus- 
cle attachment (not shown), this correlation, possibly 
due to the distortion of the abdominal structures in our 
preparations, was not consistent. The segment border 
defined by this study is therefore recognized solely by 
functional criteria-the inhibition of cell mixing at the 
segment border. 

The mechanism that maintains the clonal separation 
of the different metameric segments is not understood. 
In the cuticle of the adult abdomen, the cells of neigh- 
boring segments join to produce a continuous sheet well 
before the mitotic divisions of these cells have ceased 
(Madhavan and Madhavan, 1980). As demonstrated 
here, clones of epidermal cells were observed to grow 
up to and along a segment border, but not to cross; the 
crossing of the segment borders was observed only in 
the absence of the engrailed function. 

The engrailed Gene 

Although a firm understanding of the role of the en- 
grailed gene in the formation and the maintenance of 
compartments and of the role of compartments in de- 
velopment is not yet available, this study establishes 
a correlation between apparantly disparate aspects of 
the pleitropic engrailed phenotype. The engrailed phe- 
notype, as expressed in en1 homozygotes and in somatic 
clones of of en homozygous cells, has two principal fea- 
tures: the failure of posterior engruiled cells of the adult 
wing blade to respect the anterior-posterior compart- 
ment border, and, to a limited extent, the partial trans- 
formation of these posterior cells into patterns and 
structures characteristic of the wing blade anterior 
compartment (Lawrence and Morata, 1976; Kornberg, 
1981). In embryos homozygous for engruiled-lethal mu- 
tations, a large number of abnormalities are evident, 
the most striking of which is the fusion of adjacent 
segments (Kornberg, 1981; Nusslein-Volhard and Wies- 
chaus, 1980). In gastrulating engrailed embryos, the 
deep grooves that normally mark each of the segment 
boundaries are absent in an alternating pattern. enLA4 
embryos, for instance, lack clear segmental grooves at 
the borders of the pro- and mesothoracic, metathoracic, 
and first, second, and third, fourth and fifth, and sixth 
and seventh abdominal segments. When later during 
embryonic development a cuticle is secreted, the belts 
of denticle hairs that normally mark each of the seg- 
ments reflect the segmental fusion seen in the younger, 
gastrulating embryos. Figures 5A and B compare the 
denticle belts of wild-type and engrailed embryos and 
demonstrate the segment fusion of the engrailed mu- 
tant. 

This study has analyzed the behavior of the engrailed 
cells in the posterior compartment of the tergite I where 
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FIG. 5. Ventral external morphology of 1%hr embryos. (A) Wild-type embryo with denticle belts marking each of the metameric segments. 
(B) An engrailed embryo with fused denticle belts reflecting the fusion of adjacent segments. (C) Diagram of the segmented embryo with 
the postulated anterior (A, open areas) and posterior (P, crosshatched areas) compartments alternating in a “zebra-like” fashion; compartment 
border (CB); segment border (SB). 

the effects of deficiency for engrailed on segment and 
compartment borders could both be examined. The find- 
ing that the anterior-posterior compartment border 
within the first tergite and the segment border between 
the first and second tergites are not maintained when 
confronted by engrailed posterior cells indicates a prop- 
erty shared with other aspects of the engrailed phe- 
notype. As with the defective segmentation of engrailed 
embryos and the behavior of engrailed wing blade cells, 
there is a failure to maintain clonal restriction bound- 
aries. During development, anterior and posterior cells 
normally confront each other at compartment and at 
segment borders. This apposition of two different cell 
types, a difference dependent upon the expression of 
the engrailed locus in posterior cells, appears to be es- 
sential for the maintenance of these borders; deficiency 
for the engrailed locus results in the dissolution of com- 
partment and segment borders wherever they have 
been examined. A general application of this conclusion 

to all such clonal restriction boundaries leads to several 
predictions: If the retention of segment borders re- 
quires the confrontation of anterior and posterior cells, 
then anterior and posterior compartments should exist 
during all the stages when segmentation subdivides the 
developing organism, during embryonic and larval, as 
well as adult development. This would predict that pre- 
viously unrecognized posterior compartments subdivide 
the embryonic and larval segments. The presence of 
posterior compartments in the embryonic and larval 
segments would account for the effects of the engrailed 
deficiency-the fusion of adjacent segments due to the 
failure to maintain the segment borders. The presence 
of anterior and posterior compartments in each of the 
embryonic and larval segments would result in an al- 
ternating “zebra-like” pattern of anterior and posterior 
compartments. A schematic representation of this 
model of compartments in the embryo is shown in 
Fig. 5. 
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cient to define and maintain a segment border or to 

Garcia-Bellido (1975) has proposed that compart- 
ments are the units in which determination decisions, 

differentiate between segment borders and compart- 

under the control of selector genes, are expressed. The 
results reported here suggest an alternative, that com- 

ment borders. The engrailed locus is necessary for the 

partments function to maintain segmentation. These 
results bear on the question of the relationship between 

border maintenance and its absence illustrates prop- 

compartments and segments as developmental units in 
two respects. (1) A segment border should be considered 
to be a compartment border as a boundary limiting the 
growth of cells and as a boundary limiting the expres- 
sion of the engrailed gene. This is not meant to imply 
that the function of the enmailed locus is itself suffi- 
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