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ABSTRACT

Each ommatidium of the Drosophila eye is constructed by precisely 19 specified precursor cells, generated
in part during a second mitotic wave of cell divisions that overlaps early stages of ommatidial cell specifica-
tion. Homozygotes for the pineapple eye mutation lack sufficient precursor cells due to apoptosis during
the period of fate specification. In addition development is delayed by apoptosis during earlier imaginal
disc growth. Null alleles are recessive lethal and allelic to [(2)31Ek; heteroallelic combinations can show
developmental delay, abnormal eye development, and reduced fertility. Mosaic clones autonomously show
extensive cell death. The pineapple eye gene was identified and predicted to encode a novel 582-amino-
acid protein. The protein contains a novel, cysteine-rich domain of 270 amino acids also found in predicted

proteins of unknown function from other animals.

N Drosophila as in other organisms, development
of the adult from the egg is associated with both
specification of diverse cell types and increased cell
number and body size. Differentiation and patterning
of many body regions have been intensively studied.
Mechanisms of growth and proliferation are a more
recent focus (OLDHAM et al. 2000; EDGAR et al. 2001;
JonnsTON and GALLANT 2002). Many adult fly struc-
tures derive from so-called imaginal discs, embryonic
cells that are set aside to proliferate and grow during
larval life without differentiating until metamorphosis,
when they replace the larva with adult structures within
the pupa. Larval life occurs largely independently of
imaginal discs, so that defects in imaginal disc growth
or patterning can be detected from their later effects
on adult structures. The compound eye is an adult struc-
ture for which cell number is particularly crucial, be-
cause the very regular eye structure depends on precise
numbers and arrangements of multiple specialized reti-
nal cell types. For this reason defects in compound eye
morphology can be an indication of altered cell prolifer-
ation or survival.

The compound eye of Drosophila is composed of
hundreds of nearly identical ommatidia or unit eyes
(Wovrrr and Reapy 1993). Both the number and the
type of cells in ommatidia are invariant. Each ommatid-
ium is constructed by 19 progenitor cells; 18 are speci-
fied postmitotically and 1 continues dividing to form a
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bristle organ. Ommatidial progenitor cells are specified
by cell-cell interactions in the eye imaginal disc, the
epithelium that gives rise to the eye and head. Cell fate
specification begins at the posterior margin of the eye
imaginal disc, progressing anteriorly as a “morpho-
genetic furrow” moves across the eye disc epithelium.
Anterior to the morphogenetic furrow, cells in the eye
imaginal disc proliferate. The cell cycle arrests in the
morphogenetic furrow, and the first 5 cells of each om-
matidium are specified. The remaining cells reenter the
cell cycle in the “second mitotic wave” posterior to the
morphogenetic furrow and later give rise to the other
14 precursor cell types. The second mitotic wave (SMW)
makes an important contribution to the number of cells
per ommatidium. The number of ommatidia is already
fixed by prior specification of the 5-cell preclusters, so
that if the SMW is prevented by targeted expression of
the cell cycle inhibitor p21"*/"*! then defective omma-
tidia are generated from the depauperate pool of pro-
genitor cells. By contrast, changes in growth and prolif-
eration anterior to the morphogenetic furrow are likely
to lead to changes in the number of ommatidial preclus-
ters and so to larger or smaller eyes containing more
or fewer ommatidia, each constructed from the normal
complement of precursor cells (DE Noolj and HARI-
HARAN 1995; BAKER 2001; NEUFELD and HARIHARAN
2002).

Ommatidia that assemble in the absence of sufficient
precursor cells lack some cells and are unable to stack
into the crystalline lattice typical of the normal eye.
Such eyes have a roughened, irregular eye surface (DE
Nooij and HARIHARAN 1995). The phenotype is associ-
ated with variable ommatidial defects. Often later om-
matidial cell fates cannot be specified, such as pigment
cells that normally function to separate ommatidia into
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individual facets. In this case multiple ommatidia, each
perhaps deficientin particular cell types, share oversized
facets (DE Noo1j and HARIHARAN 1995).

This phenotype of GMRp21"AF/"l resembles that of
mutations in an endogenous Drosophila gene, pineapple
eye. Ommatidia from pineapple eye (pie) mutants initiate
development normally, but become increasingly defec-
tive, and cell types that are specified later in the cascade
such as cone cells, pigment cells, and some photo-
receptor cells are often missing (BAKER et al. 1992). The
pie adults have roughened and irregular eyes with large
facets like those described for GMRp21"*/“™"! 'We have
characterized the pineapple eye gene and its mutants fur-
ther to understand how it contributes to proper eye cell
number.

MATERIALS AND METHODS

Fly strains: Isolation of the pie™ mutations was described

by BAKER et al. (1992). A similar allele, pie™, was obtained in
the same screen but is no longer extant. Other piealleles were
described by CLEGG et al. (1993). GMRp35 was described by
HAy et al. (1994); GMRp21 was described by pe Nooij and
HARIHARAN (1995); hid"™*" and hid”""* were described by
GRETHER el al. (1995); Df(2L)]2, Df(2L)]J27, Df(2L)]39,
Df(2L)]77, Df(2L)]J106, Df(2L)]J16, and Df(2L)]J17 were de-
scribed by CLEGG et al. (1993); [(2)54was described by SANDLER
(1977); and mat(2)QM47 was described by ScHUPBACH and
WeiscHAUS (1986).

For the mutagenesis, adult males of the genotype w;
I(2)k08229/1(2)k10307were exposed to y-radiation (4000 rads)
and mated with w;pie™/In(2LR)Gla females. F; flies with
rough eyes or lacking eye pigmentation were bred where possi-
ble to establish stocks putatively mutant for pie or deleted
for nearby genes. (2)k08229 and [(2)k10307 correspond to
Pelement insertions carrying the [w*] gene inserted in chro-
mosome bands 31F1-3 or 31F4-5, respectively (TOROK et al.
1993).

Histology: Immunochemistry using ELAV, CM1, anti-cyclin
B, and anti-cut antibodies was performed as described (GAuL
et al. 1992; Fu and NoLL 1997; LEE et al. 2000; BAKER and YU
2001; Yu et al. 2002). Sectioned material was prepared as
described by BAKER et al. (1992).

Molecular biology: Growth and selection of bacterial plas-
mids, cosmids, and bacteriophage were performed according
to standard methods (SAMBROOK et al. 1989). For the sequenc-
ing of mutant DNA, genomic DNA was prepared from larvae
of homozygous pie™’ adults or from pie™°/Df(2L)J77 third
instar larvae selected by absence of the dominant marker
Tubby present in pie™5/T(2;3)SM5TM6B and Df(2L)]77/
T(2;3)SM5TME6B siblings.

RESULTS

The pie mutant affects imaginal disc cell survival:
As described previously, flies homozygous for the pie™™
mutation had rough eyes. Facet size varied from smaller
than normal to enlarged, apparently fused facets (Fig-
ure 1, Aand B). Sections confirmed absence of pigment,
cone, and photoreceptor cells (Figure 1, Cand D). The
pattern of missing cells varied, many ommatidia being
normal and no specific cell type being exclusively af-

fected (BAKER et al. 1992). The adult sections of pie™
homozygotes were essentially indistinguishable from
those described for GMRp21, in which arrest of the
SMW leads to shortfall of unspecified precursor cells
and frequentinability to specify later cell fates (pDE Noorjy
and HARIHARAN 1995).

If pie™ caused arrest of the SMW, we would expect
that cyclin B would not accumulate and that mitotic
figures would be absent posterior to the morphogenetic
furrow, as reported for GMRp21 (Figure 2, A-F). To
test this notion, eye discs from pie™ homozygotes were
labeled with anti-cyclin B or with basic fuchsin, a stain
that reveals mitotic figures. Cyclin B protein accumu-
lates in cells that have progressed through G, but not
through mitosis. In wild type, 80% of SMW cells divide,
mostly in the column 3-5 region posterior to the mor-
phogenetic furrow (BAKERr and Yu 2001). These cells
degrade their cyclin B at mitosis (EVANS el al. 1983;
KnosLicH and LEHNER 1993). Contrary to the predic-
tion that pie™” arrested the SMW, cyclin B protein was
seen to accumulate in a second mitotic wave posterior
to the morphogenetic furrow, and mitotic figures were
observed in fuchsin-stained preparations (Figure 2, A-F).
Fuchsin-stained preparations did reveal a difference in
cell death between pie"® and wild-type eye discs, how-
ever. Although cell death is rare in wild-type eye discs
(Worrr and ReaDY 1991), abundant apoptotic bodies
were evident in pie™ eye discs, both anterior and poste-
rior to the morphogenetic furrow (Figure 2, B and F).
Since the rough eye phenotype seen in GMRp21 is
thought to be due to a shortfall in the number of cells
produced by the SMW, it seemed possible that a similar
outcome could result from elevated cell death.

If the pie™ phenotype was caused by excess cell death
posterior to the morphogenetic furrow, we predicted
that preventing cell death posterior to the morphoge-
netic furrow would suppress the pieEEB3 phenotype. The
GMRp35 transgene was used to suppress cell death.
GMRp35 expresses the caspase inhibitor protein bacu-
lovirus p35 posterior to the morphogenetic furrow (HAy
et al. 1994). Basic fuchsin staining confirmed the ab-
sence of apoptotic bodies posterior to the morpho-
genetic furrow in pie™ GMRp35 eye discs, although
apoptosis was abundant anterior to the morphogenetic
furrow where no p35 protein was expressed (not
shown). Adult pie”™ GMRp35 flies showed more normal
eye morphology than did pie®™ homozygotes, although
the eyes were still slightly rough and contained some
facets of abnormal size (Figure 2, G and H).

These results indicate that the pie™ mutation causes
cell death in the eye imaginal disc and that cell death
posterior to the morphogenetic furrow contributes to
the shortfall of ommatidial cells and to the roughened
eye. Because GMRp35 did not suppress the rough eye
phenotype completely, it cannot be excluded that pie™’
may affect other processes in addition to cell survival.
It is also possible, however, that the residual eye rough-
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FiGure 1.—The pie mutant phenotype. (A)
Scanning electron microscopy shows the regular
structure of the wild-type fly eye (anterior to the
left). (B) Eyes from pie"” homozygotes are rough
and irregular with variable facet size. Some facets
are larger than normal. (C) Section through wild-
type eye. The section extends from more distal
levels above to more basal levels below. Each om-
matidium is similar and surrounded by reddish
pigment cells. (D) Section through pie™ homozy-
gote showing the variable composition of omma-
tidia. Many ommatidia have too few photorecep-
tor cells missing. Missing pigment cells result in
clusters of photoreceptor cells sharing single en-
larged facets. Some ommatidia appear abnor-
mally rotated.

ness is due to cell death triggered within the morpho- eye roughening by itself, due to activity of the p35-
genetic furrow prior to GMR-driven p35 expression. In insensitive caspase Dronc (YU et al. 2002). An attempt
addition it should be noted that GMRp35 causes mild was made to assess the effect of earlier blockade of all

Ficure 2.—Cell cycle and survival in pie. A-F
show portions of eye imaginal discs (anterior to
the left), labeled either for differentiating photo-
receptor cells (ELAV antigen in magenta; A, C,
and E) and cyclin B (green; A, C, and E) or with
basic fuchsin (B, D, and E). Vertical arrowheads
in A-F show the position of column 0. A and B
show wild type. Cyclin B labels cells that reenter
the cell cycle in the second mitotic wave posterior
El ~ . to the morphogenetic furrow (A). Basic fuchsin

4
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labels mitotic figures in the second mitotic wave.
(C, D, and F) pie” homozygotes. Cyclin B (C)
and basic fuchsin (D) identify a second mitotic
wave similar to that of wild type. Patterning of
ommatidia becomes progressively more abnormal
posterior to the morphogenetic furrow, as de-
scribed previously (BAKER et al 1992). (E)
GMRp21. Cyclin B reveals normal proliferation
: anterior to the morphogenetic furrow, but no
second mitotic wave posterior to the morphogenetic furrow, quite unlike either wild type or pie*™ (A and C). (F) A more basal
focal plane of the same fuchsin-stained pie™ preparation shown in D reveals many apoptotic bodies (arrows). By contrast dying
cells are almost undetectable in wild-type eye discs (not shown). (G) Scanning electron microscopy shows that the adult eye of
pie™ GMRp35 is much less abnormal than that of pie™ homozygote (compare Figure 1B). (H) Eyes from GMRp35 strains are
also slightly rough.
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Ficure 3.—Developmental delay in pie. Adult emergence
of pie”™ homozygotes and heterozygous pie™’/ + siblings from
the same cultures is shown. Flies were reared under un-
crowded conditions on rich yeast-glucose food medium to
minimize competition for food and resources. The adult pie*®
homozygotes typically emerged 3 days later than controls and
comprised 23% of the adult population instead of the ex-
pected 50%.

caspases through mutation of head involution defective
(hid),a gene required for all caspase activity and apopto-
sis during eye development (KUrRADA and WHITE 1998;
YU et al. 2002). Since even transheterozygous pie™/+;
hid/ + flies proved inviable, however, the pie hid double
mutant phenotype could not be examined.

Other imaginal discs were examined to see whether
piewas required only in eye discs. Basic fuchsin staining
identified abnormal excess cell death in wing and leg
imaginal discs (not shown but see also Figure 4). In
addition, it was noted that pie"” homozygotes were de-
layed developmentally (Figure 3). The average (mean)
pie™ homozygote emerged after 13.5 days, 2.5 days later
than the average for pie"/+ controls. In addition, fewer
pie™ homozygotes than predicted were obtained from
Mendelian ratios. The pie™ homozygotes had normal
bristle size and morphology (not shown), unlike Minute
flies that are developmentally delayed due to reduced
translation (MORATA and RrroLL 1975; LAMBERTSSON
1998) or diminutive flies that show reduced cellular
growth (JOHNSTON et al. 1999). This difference suggests
that the delay in pie"” homozygotes might not be due
to deficient translation or growth.

pie null alleles are homozygous lethal: Deficiency
chromosomes were used to map the pielocus precisely.
In a previous study pie had been mapped to chromo-

some interval 32A (BAKER et al. 1992), but this proved
to be an error. Instead we found that pie”” failed to
complement deficiencies in the 31E region. Specifically,
pie™ failed to complement Df(2L)]2, Df(2L)]J27, Df(2L)
J39, Df(2L)]J77, and Df(2L)]J106, but complemented
Df(2L)]J16 and Df(2L)J17, consistent with location of
pie in 31E [see CLEGG et al. (1993) for details of these
deficiencies].

A total of 66,500 flies derived from X-irradiated germ
cells (4000 rads) were screened for failure to comple-
ment pie™ to isolate new alleles. Several individuals
appearing to carry newly induced pie mutations were
identified, but in no case did such individuals breed
successfully, and the putative new mutations could not
be recovered. In addition the pie™’/deficiency pheno-
type was semilethal. Those adults that do survive are
extremely sickly; the females were invariably sterile and
the males bred very poorly. These findings suggested
that the pie™ mutation was hypomorphic and that the
pienull phenotype might include lethality and/or steril-
ity. To explore this, complementation was tested be-
tween pie™ and representatives of eight lethal comple-
mentation groups in the 31E region that, like pie™”,
complemented Df(2L)]J16 but not Df(2L)]77 (CLEGG
et al. 1993). All of these complemented pie™ except
(2)31Ek, indicating that pie™™ was a viable allele of this
locus.

Five alleles of [(2)31Ek were obtained from existing
strains, and all #rans combinations of these alleles with
one another, with pie’, and with Df(2L)]77 were exam-
ined to identify putative null alleles of the pie locus. As
noted previously, combinations of [(2)31Ek mutations
show complex complementation and diverse pheno-
types (CLEGG et al. 1993). The results are summarized
in Table 1. pie™ is the only homozygous viable allele
with an abnormal eye. Multiple trans-allelic combina-
tions between lethal alleles are viable with similar rough
eyes, however, and the homozygous viable, female sterile
allele pie®"” has a rough eye in trans to certain other
pie alleles. Several genotypes, including pie®*/1(2)54
and pief76/1(2)54, also exhibit held-up wings and loss
of wing margin material.

The complex complementation pattern reported in
Table 1 precluded a simple allelic series for pie alleles.
Two of the alleles behaved most like deficiencies and
were studied further. These were pie"'%, induced by EMS
mutagenesis, and pie®*’, induced by gamma-irradiation.

pie null mutations affect cell survival autonomously:
Since both pie**% and pie“* were homozygous lethal,
mosaics were studied to determine the effects of pieloss
of function on imaginal development. Clones of pie"'®
homozygous cells appeared rougher in adult eyes than
clones of pie™ did (Figure 4, A and B). Imaginal disc
clones were examined by confocal microscopy after la-
beling with antibodies against Elav, to detect differenti-
ating photoreceptor cells, or against Cut, to detect non-
neuronal cone cells (Figure 4, C-F). Whereas clones of
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TABLE 1

Heteroallelic combinations of pie mutations

J77 E1-16 G2-4 E12 EB3 QM47 H113 1(2)54
177 L L L L R, D, 1 I L mR, I
E1-16 L L L R, D, I R, D L R
G2-4 L L R, D, 1 R,D,I L R
E1-2 L R R, I L R
EB3 R, D, I mR, I R wt
QM47 L mR R
H113 L L
1(2)54 L

L, lethal; R, roughened eye; mR, mildly roughened eye; D, developmental delay; I, infertile (or nearly so);
F, fertile; wt, wild type. Fertility was not examined for some viable combinations.

pie™ developed almost normally (Figure 4, C and E),
piet 'S clones contained smaller ommatidial clusters
showing a variable shortfall in photoreceptor and cone
cell differentiation (Figure 4, D and F).

The development of pie'¢ clones resembled that of
pie™ homozygotes, suggesting that pie” ' also caused
imaginal disc cell death. To test this, pie®""° clones were
labeled with an antibody that recognizes activated cas-
pases. Caspases were activated in many pie"”’* homozy-
gous cells in eye disc and wing disc clones and the
morphology of the labeled cells supported the hypothe-
sis that they were apoptotic (Figure 4, H and J). Not all
homozygous pie™® cells label for activated caspase at
any given time. Apoptotic cells were evenly distributed
through the clones, not obviously correlated with distance
to wild-type cells outside the clone, consistent with an
autonomous effect on cell survival (Figure 4, H and J).

The development of pie™ clones was less abnormal
than that of pie®™ homozygotes, suggesting that the pie™
mutation might act nonautonomously. To test this, pie
clones were labeled with an antibody that recognizes
activated caspases. pie” clones showed abundant cell
death, similar to pie™ homozygotes, suggesting that
pie™ affects cell survival autonomously (Figure 4, G
and I). As for pie'%, apoptotic cells were distributed
evenly through pie"” clones. We suggest that in mosaics,
normal cells from outside pie™” clones are recruited to
cell fates in place of pie™ homozygous cells that have
died, permitting more normal development of pie™’
clones than is possible for pie™ homozygotes.

Molecular identification of the pie gene: As a first step
toward locating the pie gene, genomic cosmid clones
from the 31E region were obtained (SIDEN-KiaMoOSs et
al. 1990) and restriction mapping and Southern blotting
were used to prepare a map of the 31E region (Figure
5A). PCR primers were based on the sequence of the
da gene (which maps left of pie genetically) within clone
100A9. Reduced Southern blot signals in heterozygotes
located the proximal break of Df(2L)]77 within clone
192F1. Df(2L)J77 is null for pie, placing the pie gene
within a genomic region of ~70 kb (Figure 5A).

El-16

EB3

Since radiation-induced mutations are often associ-
ated with DNA lesions detectable by Southern blotting,
DNA from the gamma-induced mutation pie“*?was com-
pared with control DNA across the critical region. A
single polymorphism was detected 29 kb to the right of
da. Southern blots with multiple enzymes mapped a
breakpoint that was not present in the unmutagenized
progenitor strain to a 300-bp segment defined by EcoRI
and BamHI restriction sites (Figure 5, A and B). Since
no deletion or duplication was indicated, the Southern
analysis predicted that pie®* was associated with an in-
version. Polytene chromosomes were examined to test
this. The pie“*’ chromosome was found to contain a
cytologically visible inversion between chromosome re-
gions 31E and 32A (not shown). These findings were
consistent with the model that gamma-irradiation in-
duced a chromosome inversion breaking within the pie
gene to generate the pie®? allele.

To identify genes affected by the pie®’ inversion
breakpoint in 31E, genomic BamHI fragments around
the breakpoint (8.3 kb in total) were used to probe a
c¢DNA library derived from imaginal disc RNA (gift of
A. Cowman and G. M. Rubin). Inserts from positive
clones were characterized by restriction map and cross-
hybridization and fell into three discrete classes, indicat-
ing three transcription units in the pie® region (Figure
5B). The largest clone was sequenced for each of the
three cDNA classes, and corresponding genomic DNA
was also sequenced to establish the intron-exon struc-
ture. The leftmost clone contained a 3242-bp cDNA
predicted to encode a novel kinesin-like protein (Gen-
Bank accession no. AF247500). The second clone con-
tained an 1148-bp cDNA predicted to encode a replica-
tion factor C protein (GenBank accession no. AF247499).
The most centromeric clone contained an 1852-bp
cDNA encoding a novel protein (GenBank accession
no. AF247501). The G2-4 breakpoint mapped toward
the 3’ end of this transcript (Figure 5B).

We predicted that if the centromeric 1852-bp cDNA
corresponded to the pie gene, the open reading frame
might be altered in point mutants. Genomic DNA was
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EBS3 clones

E1-16 clones

F1GURE 4.—Cell death in pie mutant clones. (A) Head containing pie™ homozygous clones (unpigmented) generated by eyFlp-
mediated mitotic recombination. Homozygous mutant tissue occupies as much of the eye as the darkly pigmented twin spots
and shows almost normal morphology, unlike the rough appearance of entirely mutant pie” eyes (compare Figure 1B). (B)
Head containing pie"® homozygous clones (unpigmented) generated by eyFlp-mediated mitotic recombination. Homozygous
clones occupy little of the adult eye, which has a roughened appearance. C-F show differentiation in eye discs containing clones
of cells homozygous for pie™ (C and E) or pie"'® (D and F) mutations. ELAV labeling of differentiating photoreceptor cells in
C and D shows neighboring ommatidial clusters touching due to lack of intervening nonneural cells (arrows). The defect is less
extreme in pie™ clones than in pie™ homozygotes, however (compare C with Figure 2C). Cone cells detected by cut expression
are also abnormally arranged within mutant clones (E, pie™; F, pie"'?). G-] show imaginal discs labeled for apoptotic cells
containing activated caspases. G and H show eye imaginal discs containing clones of cells homozygous for pie™ (G) or pie*™'
(H). I and J show wing imaginal discs containing clones of cells homozygous for pie™ (I) or pie"° (J). Apoptotic cells are seen
within mutant clones both anterior and posterior to the morphogenetic furrow in the eye disc and in wing discs. Cell death is
less abundant in pie™ clones than in pie™® clones. pie™ clones are also larger than pie"’® clones. Note that cell death occurs
fairly evenly through mutant clones, does not seem concentrated in particular disc regions, and is neither more nor less prevalent
near clonal boundaries with wild-type cells.

sequenced from the EMS-induced pie™™ and piet" like gene nor the RFC gene was altered in these muta-
alleles and compared with the unmutagenized control tions, the third gene was altered in both. The pie™”
chromosomes to assess this. Whereas neither the kinesin- chromosome contained a C-to-T transition at position
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1213 compared to the cDNA sequence, substituting a
TAG stop codon for the CAG codon for GIn391 of the
predicted protein (Figure 5C). The pie"'* chromosome
contained a 13-bp deletion corresponding to nucleo-
tides 644-656 of the cDNA, predicting the substitution
of a novel sequence of 16 amino acids followed by a
termination codon for Asp203 (Figure 5C). Taken to-
gether with the rearranged transcription unit in the
pie®* allele, these results confirm the identity of this
novel open reading frame with the pie gene. Truncation
of the pie"™'* product earlier than that of pie”™” may
explain why pie is hypomorphic compared to pie"" ¢
and pie®*.

The piegene sequence predicts a protein of 582 amino
acids that lacks apparent secretory signal sequences,
potential transmembrane domains, or recognized con-
served domains (Figure 5C). Since it also lacks apparent

script. Coding regions are
indicated by solid shading
of the exon bars. (C) Amino
acid sequence predicted by
the pie open reading frame.
The allele pie"" is frame-
shifted at Asp203 (boldface,
underlined). The allele pie™”
replaces GIn391 with a stop
codon (boldface, under-
lined). A consensus defined
for molybdopterin binding,
[GA]-X(3)-[KRNQHT]-
X(11,14)-[LIVMFYWS]-X
(8)-[LIVMF]-X-C-X(2)-
[DEN]-R-X(2)-[DE] (Woo-
TON el al. 1991), is matched
by amino acids Glyl56, Arg-
160, Leul74, 1le183, Cys-
185, Glul88, Argl89, and
Asp192 of the predicted PIE
protein.

Pie 5

nuclear localization or mitochondrial import sequences,
it is possible that pie encodes a cytoplasmic protein.
Inspection of the sequence suggests that the PIE protein
can be viewed as containing two domains (Figure 5C).
Cysteine is unusually common among amino acids
9-281 (27 of these 273 codons encoded cysteine). Pro-
line is unusually common among amino acids 291-505
(31 of these 215 codons encoded proline).

Database searches identified several predicted genes
of unknown function from human, mice, and mosqui-
toes that contained regions highly similar to the Cys-
rich region of PIE. Figure 6 shows an alignment of seven
related sequences and the Cys-rich domain from PIE.
All but one of these domains show 30-35% amino acid
identity with PIE and ~50% similarity. This very high
degree of similarity speaks to a highly conserved struc-
ture and molecular function. No one of these seven
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AF247501 (PIE)
EAA07617

NM134530

AB037554

XM_ 126910

BC02202 MKTVKEKKEC
NM027949 MKTLKEKNKH
T46480

AF151060

EAA00707

AF247501 SSGILGFLLR
EAA07617 TVGIFGFLEQ
NM1345030 KLSIMNFLKE
ABO37554 E-GVYGFLIE
XH_126910 E-GVYGFLIE
BC02202 R-GFHGFLPE
NM027949 R-GLHGFMPE
T46480

AF151060 FLPE
EAAQ0707 PAGIAGFEKIS
AF247501 QSKPPRNATC
EARAQ07617 QPHTAEE-PC
NM1345030 PVFKNDE-EC
ABO37554 SNNYRESLPC
XM_126910 SNKYSSSLPC
BC02202 HGHVGEE-~-SC
NM027949 QGSLGEE-5C
T46480 HGHVGEE-SC
AF151060 HGHVGEE-SC
EAAQ0707 VEPVTTEGRRC
AF247501 SVFVPDRDAT
EAA07617 GVFVPERDAA
NM1345030 GIAVLDQDAS
AB037554 GIHIPEEDAS
XH_126910 GIHIPEEKDAS
BC02202 GIHIPDRDAA
NM027949 GIHIPDRDAA
T46480 GIHIPDR
AF151060

EAAQ0707 GIFIPQRESA
AF247501 EKRERTDFECS
ERAQ07617 A-—-——- YVCQ
NM1345030 N-———- YVCK
ABO37554 N-———- WECL
BC02202 K-————- WECE
NM027949 K-———n WECN

Ficure 6.—Comparison

sequences appears significantly more closely related to
PIE, and which if any of the vertebrate sequences might
be a pie ortholog is not apparent. Although the arrange-
ment of cysteines is strongly conserved, there are several
examples of nonconserved cysteines, and Cys118 from
PIE is replaced by histidine in all the other sequences.
This observation, along with the lack of apparent trans-
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LQCLICEKYSD
KVCFLCKSSE
QICVLCLSGE
LACVFCRKHD
LACVFCREND
PVCWLCLREP
PVCLLCLQEP

CLLALREP
CDICLLNE

GASLQC--DR
HANVSCCSKE
GANIWCCKSG
GASIGCVAPR
GASIGCVVPT
GAATINCQKDQ
GAATRCQNDQ
GAAINCQEKDQ
GAATINCQKDQ
SAPVECAQAG

VYGDC---CR
IRAPC---CR
LYAPC---CR
LRSPC---CK
LOSPC---CK
SO8PC=-=Cs
-QSPC---CS
-QSPC---CS
-QSPC---CS
VRTHCDSECP

PNCLCPSGRT
EDCEKCEQGRS
ALCVAVSGRA
RRCRCKEGRD
RRCHCKEGRD
PICLYEQGRD
PICLYEQGRD

VDCKVGNGRN

TDDLVFG=~~
DDELLFG===
RDELIFG===
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DCPNKYG=—=
GDPEKLG---
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NNPLRYGEFV

CRSLFHLKCG
CLRTFHTVCG
CRRTFHTKCG
CKRSYHFPCG
CKRSYHLPCG
CLRNFHLPCG
CVQNFHLPCG
CLRNFHLPCG
CLRNFHLPCG
CGRRYHYICG

LGFAHKKCMR
NGWFHQRCVA
NGWFHRRCLQ
NAWFHRDCLQ
HAWFHRDCLQ
QAIYHRKCIQ
QAIYHRECIQ
QAIYHRECIQ
QAIYHRECIQ
PGLLHRECVQ

ARNQLVGCEV

EWMIVR--NL QVHYFCLLLS THLPQRG-GD
--KFYTKWRL SVHYYCLLLS SNLVQNGVND
-=TVHVEGNM MVHRNCLYLS SNLIQRG-EK
EEKTKEKWNL TVHYYCLLMS SGIWQRGKEE
EKKTYEKWNF SVHYYCLLMS SGIWQRGKEE
E--FLOKDNI SVHYFCLILS SEKLPQRGQSN
E--FLQKDNL CVHYFCLILS SRLPQEGQPN

E--FLOKDNI SVHYFCLILS SEKLPQR
EKVYKTQRKI RAHYFCLLSG TNIPQNG-ST

LENRAVFEFC GQYKSYCYKC RPMDDYKRQL
IKNRCLSHYT DTFQSWCASH IPVERDA---
VDNLAQNQFC DTYNSFCHQH VLVPRNR---
LORECIFQFT GNFASFCWDH RPVQIIT---
LOQEKECIFQFT DNFASFCWKH RPVQAIT---
QERGCLSQFF GEYKSFCDKH RPTQNIQ---
QERGCLSQFF GEYKSYCRKH RPTQNIH---
QERGCLSQFF GEYKSFCDKH RPTQNIQ---
QERGCLSQFF GEYKSFCDKH RPTQNIQ---
YNNSCVTQFV GEFRSYCDQH LP----EGCR

QYALTSG-YY LRCIWCRS-E RF-RDSIRLQ
QYAQSAG-YF FKCPLCNNED TFLPEIPRR-
RYANSSG-YF FKCPLCNNTD VF-RRVAYM-
VQAINAGVFF FRCTICNNSD IFQKEMLRM-
VQAINAGVFF FRCTLCNNTD IFQEEMLRM-
KYAHTSAKHF FECPQCNNRK EFPQEMLRM-
KYAHTSAKHF FKCPQCNNRE EFPQEMLRM-
KYAHTSAKHF FKCPQCNNRK EFPQEMLRM-
KYAHTSAKHF FKCPQCNNRK SFLEKC

RFAYTSG-YN FKCPLCWN-K AFRVHAAEV-

--WVILCCSS CA-ATSAHLK CLVGALRLPK
HEWRLVICGS CG-STCRHRQ CMEATPELTR
A--MLLYCTS CG-ANPSHYL C---TLKTLQ
SKWEIKRCQC CG-SSGTHLA CSSLRSW-EQ
PQTPISQLY

GRWCLILCAT CG-SHGTHRD CSSLRPN-SK
GRWRLILCAT CG-SHGTHRD CSSLRPN-SK

CGGQLMHRQC CGVSDADDYL CSGC

of PIE to other genes. BLAST searches detect a number of other predicted genes sharing cysteine-
rich domains to the amino-terminal portion of the predicted PIE protein (AF247501). Shown are alignments between amino
acids 1-281 from PIE and portions of predicted proteins from Anopheles gambiae (EAA07617 and EAA00707), D. melanogaster
(NM1345030 corresponding to CG9576), Mus musculus (XM_126910 and NM027949), and Homo sapiens (AB037554, BC02202,
and T46480). Amino acids identical with the corresponding PIE amino acid are shown in magenta; conservative substitutions
are shown in green. AB037554 and XM_126910 are likely human and mouse orthologs of one another, as are BC02202 and
NMO027949, but evolutionary relationships among the other sequences are less clear (not shown).

membrane or signal sequences and the presence of
several perfectly conserved histidines, suggests the PIE
protein might be involved in metal binding. In addition,
the PIE sequence contains the consensus for molybdop-
terin binding (Figure 5C; Interpro IPR000572; Prosite
PS00559). Molybdopterin is the molybdenum cofactor

for all molybdenum-containing enzymes except one
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(WootTtoN et al. 1991). None of the other proteins
match the molybdopterin-binding consensus, and we
therefore suspect that the consensus in PIE may be
fortuitous.

Many Pro-rich protein sequences were found by simi-
larity searches with the Pro-rich domain of PIE but none
appeared to resemble PIE specifically or also to contain
the Cys-rich PIE domain. However, the second Drosoph-
ila gene identified as sharing the PIE Cys-rich domain
(Figure 6), which corresponds to predicted gene CG9576
(Apams et al. 2000), resembles PIE in also containing
a carboxyl region rich in Pro, Ser, and acidic residues,
although these regions from PIE and CG9576 cannot
be satisfactorily aligned (not shown).

Attempts to express portions of the PIE protein as
bacterial fusion proteins were largely unsuccessful; only
a fusion of the carboxy-terminal 67 amino acids fused
to the carboxyl terminus of glutathione S-transferase
has been obtained. Immunization with this protein pro-
duced mouse antisera that were specific for the PIE-
specific portion of the fusion protein on Western blots,
but could not detect endogenous PIE protein products
by Western blotting or immunostaining of Drosophila
tissues or cells. The piegene must be expressed in imagi-
nal disc cells, however, since it was required there cell
autonomously.

DISCUSSION

In this article we used the adult eye phenotype associ-
ated with defective cell number to identify a candidate
gene for cell number regulation and have shown that
this pineapple eye gene encodes a putative cytoplasmic
protein required for proper cell survival. Unlike some
cell lethal mutations, pie mutations are not absolutely
inviable, but instead predispose cells in imaginal discs
to a high rate of apoptosis. Apoptosis is identifiable by
activation of endogenous caspases and preventable by
retinal expression of the caspase inhibitor p35. Within
imaginal discs of pie mutants, apoptosis occurred indis-
criminately at many locations, and no obvious spatial
pattern of sensitivity was observed. We focused on eye
and wing imaginal discs but noticed cell death in other
imaginal discs also (data not shown). It is intriguing
that the main function of pieshould seem to be reducing
the rate of apoptosis, but as yet we have no clue about
the molecular or biochemical function of the protein
product. Nevertheless, the pie gene contains a domain
of ~270 amino acids with striking homology throughout
the animal kingdom. So far all these genes are of un-
known biochemical function, although we suspect that
this may be a metal-binding domain.

The pie mutant phenotype illustrates the distinct con-
sequences of cell death at different developmental
stages. Retinal cell death posterior to the morphoge-
netic furrow leads to a shortfall in retinal precursor cells
and so to defects in the ommatidial structure of the

mature retina. These defects resemble those seen when
the second mitotic wave is blocked. This emphasizes the
importance of adequate cell number for retinal develop-
ment and confirms that the second mitotic wave is im-
portant for providing adequate precursor cells (DE
Nooi1j and HARIHARAN 1995). The pie phenotype fur-
ther indicates that retinal cells cannot be replaced after
the second mitotic wave. Even though pie mutants have
seemingly normal cell proliferation, cells lost posterior
to the morphogenetic furrow are not replaced by com-
pensatory cell divisions. An indication of this fact also
came from previous findings that X-ray damage inciden-
tal to induction of mitotic recombination was associated
with defects in ommatidial structure among cells poste-
rior to the morphogenetic furrow at the time of irradia-
tion, but irradiation earlier had little effect on retinal
structure (BECKER 1957).

Remarkably, the retina is the exception in exhibiting
morphological defects as a consequence of high rates
of cell death (along with the wing margin, which is also
abnormal in certain allelic combinations). Develop-
mental delay seems to be the main effect of cell death
in other tissues, without obvious morphological conse-
quences. Previous studies of imaginal disc damage indi-
cate that imaginal discs need to attain a critical size to
trigger metamorphosis (RUusseLL 1974; SimpsoN and
SCHNEIDERMAN 1975). More accurately, since removing
entire imaginal discs has no effect on developmental
timing, presence of immature or growing imaginal discs
must inhibit metamorphosis (SIMPSON et al. 1980; SzaA-
BAD and BRYANT 1982). The pie phenotype suggests that
the critical threshold beyond which imaginal discs cease
preventing metamorphosis must be cell number or a
property dependent on cell number, such as tissue mass
or range of pattern.

The lack of morphological consequences of cell death
in the pie mutant also contrasts with two other phenom-
ena associated with cell death, namely pattern duplica-
tion and cell competition. Pattern anomalies such as
leg duplications and triplications have not been seen
in pie mutants although they are commonplace when
clones of conditionally lethal cells die [reviewed in
MEINHARDT (1983)]. Such duplications are thought to
result from inappropriate apposition of distinct cell pop-
ulations on death of intervening cells, if the distinct cell
populations interact to induce a new organizing region
in the imaginal disc (MEINHARDT 1983). One possibility
is that apoptotic cell death in pie removes cells in a
different way from the uncharacterized death mecha-
nisms of conditional-lethal cells. Alternatively, we specu-
late that stochastic apoptosis in pie mutants occurs in a
salt-and-pepper fashion so that sufficient cells always
survive to buffer spatially distinct cell populations.

Cell competition is another phenomenon associated
with cell death. Cell competition occurs when cell popu-
lations with different growth rates are apposed within
the same compartment, such as occurs when clones of
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genetically wild-type cells are induced by mitotic recom-
bination in a Minute heterozygous background (MoRr-
ATA and RrpoLrL 1975). Doubling of the faster growing
cells is accelerated at the expense of the slower geno-
type, which can actually be eliminated from the com-
partment where it would have flourished had wild-type
cells not been introduced. Recently several studies have
indicated that apoptosis plays a significant role in elimi-
nating the slower growing, competed cells (NEUFELD et
al. 1998; MORENO et al. 2002). By contrast, clones of cells
homozygous for piemutations survive late into larval and
even adult life, despite exhibiting much higher rates of
apoptosis than surrounding cells. The apparent failure
of piehomozygous clones to suffer from cell competition
raises the possibility that apoptosis is not sufficient for
cell competition to occur or that apoptosis in cell com-
petition has particular spatial or biochemical properties
that are not shared by apoptosis due to other causes.

In summary, we interpret two aspects of the piepheno-
type to represent distinct consequences of the underly-
ing cell death and to reflect changing importance of
proper cell number during imaginal disc development.
During the bulk of larval life the main role of increasing
imaginal disc cell number is to provide adequate mate-
rial for adult tissues. Once this is attained and adult
differentiation begins, organs such as the adult retina
must maintain precise cell numbers because almost ev-
ery cell is specified for a particular fate and cannot be
replaced if lost. In other organs, such as legs or wings,
the most cells take relatively uniform epidermal fates
and can substitute for one another with little conse-
quence. These changing roles may in part justify tempo-
ral differences in cell cycle control, in which signals
such as EGFR and Hh play essential cell cycle and sur-
vival roles in differentiating eye discs that differ from
their roles during prior imaginal disc growth (BAKER
and YU 2001; DUMAN-SCHEEL et al. 2002).
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