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H RESEARCH ARTICLE 

Genetic Control of Programmed 
Cell Death in Drosophila 

Kristin White,*? Megan E. Grether,* John M. Abrams,*$ 
Lynn Young,§ Kim Farrell, Hermann Stellerll 

A gene, reaper (rpr), that appears to play a central control function for the initiation of 
programmed cell death (apoptosis) in Drosophila was identified. Virtually all programmed 
cell death that normally occurs during Drosophila embryogenesis was blocked in embryos 
homozygous for a small deletion that includes the reapergene. Mutant embryos contained 
many extra cells and failed to hatch, but many other aspects of development appeared quite 
normal. Deletions that include reaper also protected embryos from apoptosis caused by 
x-irradiation and developmental defects. However, high doses of x-rays induced some 
apoptosis in mutant embryos, and the resulting corpses were phagocytosed by macro- 
phages. These data suggest that the basic cell death program is intact although it was not 
activated in mutant embryos. The DNA encompassed by the deletion was cloned and the 
reaper gene was identified on the basis of the ability of cloned DNA to restore apoptosis 
to cell death defective embryos in germ line transformation experiments. The reapergene 
appears to encode a small peptide that shows no homology to known proteins, and reaper 
messenger RNA is expressed in cells destined to undergo apoptosis. 

Development and homeostasis of most 
multicellular oreanisms are criticallv denen- - , . 
dent on mitosis, differentiation, and cell 
death. In manv oreanisms. a laree number , - - 
of cells die even in the absence of obvious 
external insults. For example, in verte- 
brates approximately half of the neurons 
generated during neurogenesis are eliminat- 
ed by cell death (1). This deliberate elimi- 
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nation of cells occurs in a morphologically 
distinct manner and is referred to as apop- 
tosis or programmed cell death; it is distinct 
from cell death provoked by external injury 
(2). Because apoptosis often requires RNA 
and protein synthesis, it is thought that it 
results from active, gene-directed processes 
(3). However, except in the nematode 
Camrhabditis elegans, no genes have been 
identified that are globally required for this 
process (4). 

The many genetic techniques available 
for studying Drosophila make it an ideal 
model system in which to dissect the genet- 
ic control of programmed cell death and its 
role in development. Cell death occurs 
during the course of Drosophila develop- 
ment by apoptosis (5, 6). The onset of 
death is dependent on hormonal cues in 
some cases and on cell-cell interactions in 
others (7, 8). These types of interactions 
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demonstrate that cell death in Drosobhila. - ,  

like that in vertebrates, is under epigenetic 
control. 

In order to identify genes that are re- 
quired for programmed cell death in Dro- 
sophila, we examined the pattern of cell 
death in embryos homozygous for chromo- 
somal deletions. Because more than 50 
percent of the Drosophila genome is repre- 
sented by such deletion strains, we were 
able to rapidly screen a substantial fraction 
of the genome for cell death genes (9). 
Although these deletions typically include 
genes essential for viability, the large ma- 
ternal supply of nutrients, protein, and 
RNA (10) permits development well be- 
yond the stage at which cell death begins. 

In the wild-type embryo, a substantial 
amount of apoptotic cell death occurs in a 
relatively predictable pattern (6). These 
deaths can be rapidly and reliably detected 
in live embryos by staining with vital dyes, 
such as acridine orange (AO). These prep- 
arations allow an assessment of the effect of 
mutations on cell death in many different 
tissues, and the subsequent identification of 
genes that are globally required for pro- 
grammed cell death. 

Amone the 129 deletion strains exam- - 
ined, the majority (83 strains, 65 percent) 
did not appreciably affect the extent to 
which cell death occurred in the embryo. 
Among the remaining deletion strains, ap- 
proximately 20 percent resulted in excessive 
cell death, and some (13 percent) showed 
a decrease in the number of A 0  staining 
cells. Of all the strains examined, only 
three overlapping deletions, Df(3L) WR4, 
Df(3L)WRlO, andDf(3L)CatDHlo4 (I 1, 12), 
produced embryos that lacked all A 0  staining 
(less than 1 percent of wild-type amounts) at 
all stages of development (Fig. 1, A and B). 
These deletions overlap in genomic region 
75C1,2 on the third chromosome. We subse- 
quently obtained another mutation in this 
region, hidH99 (H99) (13), that showed the 
same phenotype. Although this mutation 
appears cytologically normal, molecular 
analysis revealed that H99 is also a dele- 
tion that is internal to the overlap of the 
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deficiencies Df(3L)WR4, Df(3L)WR10, sections by transmission electron microsco- were detected in homozygous H99 embryos 
and Df(3L)CaPH'OQ (dam provided below). py (Fig. 1, C and D). In wild type, many at any developmental stage. We conclude 

To  demonstrate that the lack of A 0  apoptotic cells were visible in all sections that programmed cell death does not occur 
staining in H99 embryos reflected the a b  from embryos older than stage 12. In con- in these mutants. 
sence of cell death, we analyzed tissue trast, no features characteristic of apoptosis We considered the possibility that the 

lack of cell death in H99 e m b m  was the 

Fig. 1. Embryos deleted at 75C1,2 lack almost all apoptotic cell death. Deletion stocks were 
screened for cell death by A0 staining (9). (A) Wild-type embryo stained with AO. (B) Homozygous 
Df(3L)WR4 embryo of the same age stained with AO. Scale bars in (A) and (B) are 50 pm. (C) 
Electron micrograph of the clypeolabrum of a wild-type embryo. Electron dense cell corpses that 
have been enaulfed bv macro~haaes are indicated bv the arrow. Embrvos were fixed and 
sectioned for electron m~croswp~ as2escribed (6). (D) ~lipeolabrum of homckygous H99embryo. 
Mutant embrvos were identified on the basis of their A0 Dhenotv~e ~ r io r  to fixation. The circulatina 
cells within h e  subepidermal spaces of both wild-type' and mutant embryos (arrow) are macro- 
phages; they express macrophage-specific markers (6). In mutant embryos, these cells are smaller 
than in wild type because they lack apoptotic corpses. Scale bars in (C) and (D) are 10 pm. 

Fig. 2. Embryos that lack cell death have extra cells. (A) 
Central nervous system of wild-type embryo stained with 
antibody to elf-1 (36). The antibody staining was imaged on 
a confocal microscope, and a series of images were 
summed to give a complete picture of the staining through- 
out the ventral cord. The arrows in (A) and (B) mark the 
approximate boundary between the thoracic and abdominal 
neuromeres. Approximately six cells stain in each abdominal 
neuromere. (B) Central nervous system of a fully developed 
H99 homozygous embryo. These embryos are easily distin- 

result of a general block in develhpment that 
was caused bv the absence of functionallv 
unrelated gen;lS. Several observations led uk 
to conclude that this is unlikely. (i) Mutant 
embryos reached advanced developmental 
stages. They formed a segmented cuticle and 
began to move, but failed to hatch. In 
addition, mutant embryos expressed markers 
that are only present in ditrerentiated cells. 
(ii) In a survey of more than 129 deletions 
(approximately 50 percent of  the genome), 
only those in chromosomal region 75C1,2 
resulted in the complete absence of all pro- 
grammed cell deaths. Many other deletions 
caused severe developmental defects, yet 
none completely blocked programmed cell 
death. (iii) Furthermore, mitotic clones of 
H99 in the eye contained fully differentiated 
and morphologically normal photoreceptor 
neurons (14). This demonstrates that the 
H99 deletion does not have adverse effects 
on cell division, differentiation, or survival. 
(iv) Finally, as shown below, apoptosis could 
be induced in H99 embryos upon x-irradia- 
tion. These results suggest that a general, 
nonspecific cellular defect, for example, in 
energy metabolism or protein synthesis, is 
not the underlying cause for the observed 
phenotype. 

Developmental defects in cell death de- 
fective embryos. The absence of cell death 

guished from their heterozygous siblings by the abnormal 
cephalopharyngeal skeleton (13). Mutant embryos wntain 
more than 20 cells in some of the abdominal neuromeres. 
Scale bars in (A) and (B) are 10 pm. (C) Staining of antibody 
to Kr (anti-Kr) of a stage 16 wild-type embryo (37). At this 
stage, the anti-Kr stalns a subset of cells in the central 
nervous system, as well as cells in the larval photoreceptor 
organ (arrow) (18). (D) Anti-Kr staining of a stage 16 
homozygous H99 embryo. There are many more Kr-positive C 
cells in the central nervous system of mutant embryos. There T-- - . - 
also appear to be more cells in the larval photoreceptor 
organ (arrow). Scale bars in (C) and (D) are 50 pm. (E) 
Higher magnification of the ventral cord of a wild-type 
embryo stained with the Kr antibody. (F) Kr antibody staining 
of the ventral wrd of a hornozygous H99 embryo of a similar 
age. An increased number of cells stain with the Kr antibody 
in the H99 embryo. Scale bars in (E) and (F) are 20 pm. 
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Fig. 3. Cell death defective deletions protect against ectopic cell 
death. Cell death was visualized in these experiments by A 0  
staining. (A) Embryos homozygous for the mutation crumbs 
display massive amounts of ectopic cell death. (6) Mutant 
embryo that is hornozygous for both crumbs and Df(3L)WRlO. 
The deletion completely blocks cell death in most double mutant 
embryos. X-irradiation also induces ectopic apoptosis in Dro- 
sophila embryos. (C) Wild-type embryo irradiated with 4000 rad 
and aged for 10 hours (38). (D) Df(3L)WR4/Df(3L)WR10embryo 
treated in the same manner. The mutant embryo has many fewer 
staining cells than the wild-type embryo. At-lower doses of 
radiation (-500 rad) excess staining was induced in wild-type 
embryos, but only very little or none in mutant embryos. Scale 
bar is 50 pm. 

in mutant embryos is expected to result in 
the presence of extra cells. This prediction 
was tested by counting specific cells in the 
central nervous system, a tissue subject to 
extensive cell death during wild-type de- 
velopment (6). One cell type that normal- 
ly undergoes programmed death in insects 
is the aMomina1 neuroblast (15). In Dro- 
sophila, approximately 25 cells are born in 
each abdominal neuromere, but only six 
cells persist to eventually produce neurons 
in the imaginal ganglia (16). Using the 
elf-1 antibody to visualize these cells (1 7), 
we found that their number was greatly 
increased in mutant embryos (Fig. 2, A 
and B). Whereas approximately six cells 
stain in each abdominal neuromere in the 
wild-type nervous system (Fig. 2A), 20 or 
more cells stain in some of the abdominal 
segments of the mutant nervous system 
(Fig. 2B). This result demonstrates that 
supernumerary neuroblasts are present in 
fully developed H99 embryos, and con- 
fums our expectations that a block of cell 
death should lead to an increase in the 
number of these cells. 

We also used an antibody to the Kriippel 
(Kr) protein to label a subset of cells in the 
late embryonic central nervous system (1 8). 
In mutant embryos, the overall size of the 
central nervous system was substantially 
increased (Fig. 2, C and D). Cell counts 
revealed that this antibody stained two to 
three times as many cells in the ventral 
nerve cord of mutant embryos of identical 
age. For example, the number of Kr-posi- 
tive cells in three neuromeres ranged from 
159 to 189 in wild-type embryos, as op- 
posed to 364 to 445 in the same neuromeres 
of homozygous H99 embryos (compare Fig. 
2, C and E to D and F). Finally, there 
-appeared to be a similar increase in the 
number of cells in the larval photoreceptor 
organ (Fig. 2, C and D) . These experiments 
demonstrate that many extra cells are pres- 
ent in the nervous system of mutant em- 
bryos and suggest that at least half of 
the cells in the wild-type nervous system 
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phenotype. By Northern analysis, only a single transcription unit, reaper, has been detected in this 
region. The cosmid NTlB1, which encompasses this transcription unit, was used to generate 
transgenic flies. 
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are eliminated by programmed cell death. 
A large number of developmental muta- 

tions in Drosophila lead to ectopic cell death 
(6, 19-22). We were interested in deter- 
mining whether the cell death function in 
the 75C1,2 interval was required for such 
ectopic deaths. The numbs mutation leads 
to widespread defects in the development of 
the epithelial tissues, followed by massive 
cell death during embryogenesis (2 1) (Fig. 
3A). We found that Df(3L) WRIO blocks 
the massive ectopic death seen in crumbs 
mutant embryos. Virtually no A 0  staining 
was observed in most double mutant embry- 
os (Fig. 3B), indicating that normal and 
ectopic cell deaths involve a common path- 
way. The gross morphological defects 
caused by the c d s  mutation are not 
rescued by the block in cell death. These 
data indicate that deletions in 75C1,2 can 
be used as a general tool for blocking cell 
death. Therefore, it should now be possible 
to critically assess the role of cell death in 
the context of both normal and mutant 
development. 

The basic cell death program is intact in 
H99 embryos. We also examined the pos- 
sible induction of cell death in H99 embry- 
os by x-irradiation. Ionizing radiation in- 
duces apoptosis in both mammalian cells 
(23, 24) and Draw wild-type embryos 
(6), but appears to involve a signaling 
mechanism that is distinct from those con- 
trolling developmental cell deaths (24). At 
low doses of x-irradiation (-500 rad), H99 
embryos were resistant to x-ray induced cell 
death. However, higher doses were capable 
of inducing some apoptosis in H99 embry- 
os. Even under these conditions, fewer 
apoptotic cells were observed in mutant 
embryos than in wild type (Fig. 3, C and 
D). Therefore, this mutation provides some 
protection against radiation-induced cell 
death. However, the morphology of apop- 
totic cells in irradiated H99 embryos was 
indistinguishable from that in the wild type 
(Fig. 4, A and B). Cells in mutant embryos 
thus can undergo apoptosis, even though 
they do not do so during normal develop- 
ment. Furthermore, apoptotic cells in mu- 
tant embryos become targets for engulfment 
by macrophages (Fig. 4C). We conclude 
that the defect in H99 embryos lies upstream 
of the terminal cellular events of apoptosis. 
Once induced, the cell death program can 
apparently be executed in mutant embryos 
and, as in the wild type, apoptotic corpses 
can be recognized and phagocytosed by mac- 
rophages. Taken together, our results indi- 
cate that H99 deletes a function of central 
importance for the initiation of programmed 
cell death in Dr&. 

The function deleted by H99 could ei- 
ther affect the process by which cells are 
selected to die, or the initiation of the cell 
death program within selected cells. The 

former possibility appears to be less likely 
because it would require that cells be select: 
ed to die with a single ubiquitous signal. A 
large number of cells undergo apoptosis 
during DrosophJa embryogenesis, and these 
cells are localized in a variety of d8erent 
places and they die at multiple develop- 
mental stages. The onset of some cell 
deaths appears to be dependent on cell-cell 
interactions, whereas other cell deaths may 
be determined by cell lineage (6, 15, 22, 
25). Because of the different circumstances 
under which cell death can occur, it seems 

unlikely that all such deaths could be 
induced by a common signal. Indeed, a 
number of mutations have been identified 
in Drosophila that affect cell death in 
particular tissues (7, 8, 19-22). These 
mutations may influence cell death by 
affecting a tissue-specific signaling event, 
or by more generally altering the cellular 
environment. In contrast, the H99 mu- 
tant appears to globally block the initia- 
tion of apoptosis. In this regard, it is 
similar to the ced-3 and ced-4 mutations 
that prevent the onset of all programmed 

Flg. 6. Restoration of apoptosis by cosmid transformation. Cosmid clone NT1 B1, which contains the 
rpr transcription unit (Fig. 5) was used to generate transgenic flies (41). This transgene restored 
significant levels of cell death to H99 embryos, as assayed by A 0  and TUNEL, shown here. (A) 
Wild-type embryo labeled with the TUNEL technique (42). Each of the bright spots represents the 
nuclear material of a dying cell. (B) An H99 mutant embryo labeled with TUNEL. There is virtually 
no staining in H99 embryos, confirming that even early events in apoptosis, such as DNA 
degradation, do not occur. (C) An H99mutant embryo that carries four copies of the NT1 B1 cosmid 
transgene. This construct restored significant amount of cell death to H99 embryos, although not to 
that in wild-type. Scale bars are 50 km for (A), (B), and (C). Electron microscopy (6) was used to 
confin the apoptotic nature of cell deaths in transgenic embryos. (D) An apoptotic cell in an ,499 
embryo containing two copies of the NTlB1 transgene. The scale bar is 0.4 km. (E) A macrophage 
in the same embryo that has engulfed several apoptotic corpses (black arrows). The open arrow 
indicates the macrophage nucleus. The scale bar is 1.4 km. 

Fig. 7. Predicted amino acid se- 
quence of r e p r .  The nucleotide 
sequence of the longest open 
reading frame found in the rpr 
cDNA is shown on the top line. 
The full cDNA sequence can be 
accessed from Genbank (acces- 
sion number L31631). On the sec- 
ond line is the homologous se- 
quence from 0. simulans (43). 
We found 5,base changes within 
94 base pairs of reliable se- 
quence, none of which change 
the amino acid translation of this 

10 30 50 
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I I I I I I I I I I I I I I I I I I  
CGGGAGGCGGAGCAGAAG 
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GAAACCeM;CGCCAGTACACTTCA%NAWff iAAGAC~MGNCGGCAAATAT 
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GAAACGCTGCGCCACT 

G C 

ORF. The conceptual translation, Q 

shown below the DNA sequence, 190 

gives rise to a peptide of 65 ami- CGCAAGCCATCGCAATGA 

no acids. R K P S Q *  
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cell deaths in the nematode C. elegm (26). bryonic cell death (27). The cell death 

Isolation and molecular characteriza- gene may be relatively resistant to chemical 
tion of  reaper. In spite of considerable mutagens, or the cell death function may be 
effort, we have been unable to generate any encoded by two or more functionally redun- 
single gene mutations in the H99 interval dant genes within the H99 interval. 
that substantially afTect the pattern of em- To  identify a cell death gene within the 

Fig. 8. Expression of the reapergene corresponds to the pattem of programm'ed cell death in the 
Drosophila embryo. Single-stranded RNA probes for rprwere used for in situ hybridization to whole 
mount embryos (A and 8) (44). Panels (C) and (D) show corresponding patterns of A0  staining in 
slightly older embryos. The rprtranscript is present in precisely the same regions of the embryo in 
which cell death will later occur, for example in the dorsal head, gnathal segments, and scattered 
cells in the abdominal segments of the stage 13 to 14 embryos (A and C). The diffuse staining is the 
result of autofluorescence of the yolk. In older embryos both rpr transcription and A0 staining are 
almost entirely restricted to cells in the central nervous system (6 and D). Because rpr expression 
precedes apoptosis by 1 to 2 hours, A0 stained embryos are shown here at slightly more advanced 
developmental stages. For example, the CNS of the embryo in (D) is more condensed than that 
shown in (6). Scale bars are 45 pm. 

Flg. 9. Expression of reaper in dying cells. Double labeling for p r  and TUNEL was used to 
determine whether rpr is expressed in dying cells or their neighbors. Visualization of cell death by 
TUNEL was with either fluorescent or histochemical detection methods, and expression of rprwas 
detected by in situ hybridization (45). These experiments demonstrate that, for a given timepoint, 
TUNEL and rpr label an overlapping but not identical set of cells. Expression of rpr precedes cell 
death as assayed by TUNEL, and TUNEL appears to persist longer in the dying cells. (A) Several 
cells that are double labeled with TUNEL (red) and rpr (green). Expression of rproften appears as 
a small crescent around the TUNEL stained nucleus, perhaps as a result of the condensation of the 
cytoplasm in the dying cell. Scale bar is 5 pm. (B) The nucleus of a single large apoptotic cell (green 
TUNEL staining) is surrounded by rprlabeled cytoplasm, demonstrating that rpr is expressed in the 
dying cell itself. Scale bar is 2.5 pm. (C) A macrophage contains a cell that is double-labeled for rpr 
and TUNEL, demonstrating that rpr is expressed in cells that die and become engulfed by 
macrophages. In this experiment, rpr expression produced black staining and TUNEL, brawn 
staining. The rpr labeled cell within the macrophage is marked by black arrows. Examination at 
different focal planes revealed that the nucleus of this cell was TUNEL-positive, even though this is 
difficult to appreciate in this picture. Two other cells visible in this photograph are positive only for rpr 
(open arrow) or TUNEL (black arrowhead). We believe that these represent very early (rpr-positive) 
and very late (TUNEL-positive) stages of apoptosis, respectively. Scale bar in C is 2 pm. 

H99 deletion, we cloned all of the DNA 
within this interval. By generating addition- 
al breakpoints with x-ray mutagenesis we 
were able to map at least a portion of a cell 
death gene to an 85-kb interval (Fig. 5). 
Next, we tested the ability of cosmid clones 
from this region to restore apoptosis to H99 
embryos. Cosmid NTlBl was capable of 
restoring apoptosis to transgenic H99 embry- 
os, although not to wild-type levels (Fig. 6). 
In contrast, other transgenes failed to restore 
apoptosis to H99 embryos (28). These re- 
sults suggest that a cell death gene is local- 
ized within NTlB1. This clone appears to 
contain only a single nansuiption unit, 
which we have named reaper (rpr). In s i t u  
hybridization analysis indicates that rpr ex- 
pression from the transgene is indistinguish- 
able from expression of the endogenous 
gene. However, we cannot rule out defects 
in posttranscriptional expression or in the 
activity of  the product as the cause of the 
partial rescue. Expression of a reaper comple- 
mentary DNA (cDNA) (described below) 
under the heat-inducible hsp70 promoter is 
sufficient to induce extensive apoptosis in 
transgenic H99 embryos (14), codinning 
that reaper is indeed responsible for the 
activity of  the cosrnid transgene. 

The reaper gene appears to encode a 
single polyadenylated transcript of  approxi- 
mately 1300 bp (29). We have isolated and 
sequenced two independent cDNA clones 
from a Agt-10 eye disc library (30). Both 
cDNAs appear to be truncated at the 5' end, 
but the longer clone (13B2) is biologically 
active, as demonstrated by its ability to 
restore cell death in H99 embryos. The 5' 
most ATG in these cDNAs is followed by an 
open reading frame (ORF) of 65 amino acids 
(Fig. 7). The sequence precedmg this ATG 
is in good agreement with the consensus for 
translation initiation (31), and the codon 
usage of this ORF is typical for Drosophila 
proteins. The deduced reaper peptide se- 
quence does not show any large degree of 
similarity to other protein sequences pres- 
ently in the database. Although this ORF is 
extremely small, it appears to be biologically 
relevant. We have used polymerase chain 
reaction to isolate homologous DNA seg- 
ments from other Draw species. Com- 
parison of a 94-bp segment of  the rpr ORF 
from DrosojMa melanogaster and Drosophila 
sknulrms revealed five nucleotide changes. 
All of these changes were in the third codon 
position and did not alter the predicted 
amino acid sequence of the protein (Fig. 7). 
This suggests that there is selective pressure 
to conserve this sequence as a protein coding 
region. The small size of this ORF might 
explain our daculty in generating a point 
mutation that eliminated cell death. How- 
ever, these data do not rule out the possible 
existence of another cell death gene within 
the H99 interval. 
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Fig. 10. Model for the role of Cell-cell 
reaper in programmed cell interactions 
death. We propose that the ex- 
pression of the rpr gene serves 
as a global and central switch 
point between life and death. 

\ 
Lineage 1 

Cell death in Drosophila is con- reaper + i5zes + Apoptosis 

trolled by a number of distinct X-rays 

signals, including various extra- 
cellular signals (7, 8, 22), inter- Block "/ of cell 
nal signals such as lineage (15, differentiation 
25), the arrest of cellular differ- 
entiation (6, 20, 21), and x-ray-induced damage (6, 23, 24). The H99deletion protects against 
apoptosis induced by these diverse types of signals, indicating that the initiation of all these 
deaths involves a common pathway in which reaper is of pivotal importance. Further support for 
this idea comes from the observation that ectopic rprexpression is induced upon treatments that 
cause ectopic cell death, such as x-irradiation (46). Our model also predicts that rpr acts 
upstream of cell death effectors to initiate apoptosis. 

In the Drosophila embryo, reaper RNA is into the molecular basis of programmed 
expressed in a pattern that is very similar to cell death in Drosophila, and possibly in 
the pattern of programmed cell death (Fig. other organisms as well. 
8). The onset of rpr expression typically 
 recedes A 0  staining by 1 to 2 hours. In 
houble labeling experiments the TUNEL 
technique (32) was used to mark dying cells. 
This method utilizes terminal transferase to 
incorporate biotinylated nucleotides at the 
end of DNA double-strand breaks, thereby 
permitting the in situ detection of apoptotic 
nuclei that contain fragmented DNA. These 
experiments demonstrate that the rpr tran- 
script is expressed in the dying cells them- 
selves (Fig. 9). This is also supported by the 
presence of rpr RNA in phagocytosed corps- 
es within macrophages (Fig. 9C). Because 
this transcript appears to be specifically ex- 
pressed in cells that will later die, it should 
be a useful marker for the identification of 
doomed cells before there is any morpholog- 
ical manifestation of apoptosis. 

Our results demonstrate that virtually 
all programmed cell deaths that occur 
during Drosophila embryogenesis are under 
genetic control. In spite of the consider- 
able morphological and developmental di- 
versity of cell deaths seen in this organism, 
the initiation of all these deaths appears to 
involve a common pathway. We propose 
that reaper plays a central and global regula- 
tory function for the initiation of apoptosis 
(Fig. 10). We believe that reaper is not part 
of the cell death effector machinery itself, 
because the few cells that die upon x-irradi- 
ation in mutant embryos display all the 
morphological characteristics of apoptosis, 
indicating that the basic cell death program 
is still in place. According to our model, 
reaper would activate cell death effectors that 
may be present in most, if not all cells 
(33). This could occur bv either directlv . , 

activating cell death effector molecules, or 
by inhibiting negative regulators of cell 
death, such as bcl-2 (34). We expect that 
the biochemical characterization of rpr, 
and the identification of genes with which 
it interacts, should provide further insight 
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