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The sidekick gene, a member of the immunoglobulin superfamily, is required

for pattern formation in the Drosophila eye
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In the Drosophila eye imaginal disc the photoreceptor cells
(R cells) differentiate according to a precise spatial and
temporal order. The sidekick (sdk) gene is necessary to
prevent extra R cells from differentiating during eye disc
development. The extra cell appears between R3 and R4
early in R cell clusters and is most likely the result of the
mystery cell inappropriately differentiating as an R cell.
Mosaic analysis shows that sdk is required neither in the R
cells nor in the extra cell, suggesting that sdk is necessary

in the surrounding undifferentiated cells. The sdk gene
codes for a protein that is a member of the immunoglobu-
lin superfamily, having six immunoglobulin domains,
thirteen fibronectin repeats and a transmembrane domain.
The protein structure is consistent with its participation in
cell-cell interaction during eye development. 
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SUMMARY
INTRODUCTION

The Drosophila eye comprises eight photoreceptor (R) cells,
four cone cells, three types of pigment cell and the nerve-bristle
group. All of the cells, with the exception of the nerve-bristle
group are dependent on cell-cell interaction for their develop-
ment in the eye-antennal imaginal disc (Lawrence and Green,
1979). The precise array of ommatidia begin development at
the posterior end of the disc and progress to the anterior,
allowing the examination of every stage of development of an
ommatidium in a single disc (Ready et al., 1976; Tomlinson
and Ready, 1987a; Wolf and Ready, 1991a). The R cells form
a precluster just posterior to the morphogenetic furrow which
demarcates the undifferentiated cells ahead of the furrow from
the differentiating cells posterior to the furrow. Differentiation
begins with R8, then the pairs R2 and R5, R3 and R4. The
precluster also contains one or two mystery cells, so-called
because their fate is unknown. They do not express neural
antigens and either return to the pool of undifferentiated cells
or undergo cell death (Tomlinson et al., 1987). All of the cells
that are not a part of the precluster undergo mitosis after which
R1 and R6, then R7 join the R cell cluster, making the final
complement of 8 R cells. The remaining cells differentiate as
either cone cells, three types of pigment cells, or as a member
of the nerve-bristle group (Ready et al., 1976). They may also
undergo cell death which eliminates any extra cells not needed
for ommatidial assembly (Wolff and Ready, 1991b). 

The R8 cell is established through a process of lateral inhi-
bition (Jarman et al., 1994; Baker et al., 1990; Ellis et al., 1994;
Baker et al., 1996) and presumably is instrumental in the
induction of R2 and R5. The only established inductive cue by
R8 is the exclusive expression in R8 of Bride of Sevenless
(Boss), the ligand for the Sevenless tyrosine kinase, which is
required in R7 for its development (reviewed by Zipursky and
Rubin, 1994). Another tyrosine kinase, the Drosophila EGF
receptor (EGFr) has been shown to be important for eye devel-
opment (Baker and Rubin, 1989, 1992; Zak and Shilo, 1992).
R1-6 cells (outer R cells) requires the EGFr (Xu and Rubin,
1993; Freeman, 1996), and expression of its ligand, Spitz, in
R8, R2 and R5 induces the remaining R cells to join the cluster
(Freeman, 1994b; Tio et al., 1994; Schweitzer et al., 1995a,b;
Freeman, 1996; Tio and Moses, 1997). Spitz’s activity is
restricted by the competitive inhibitor, Argos, whose
expression is dependent on EGFr activity, thus providing a reg-
ulatory feedback loop (Golembo et al., 1996). The cells that
are most sensitive to the loss of the inhibitor Argos, are the
mystery cells which differentiate as R cells in the absence of
Argos (Freeman et al., 1992). It is unclear why the R cells are
less sensitive to Argos than the mystery cells, but the effect of
Argos on the R cells is dosage dependent since overproduction
of argos causes a disruption of normal R cell development
(Freeman, 1994a). 

The mystery cells have been implicated as the source of
extra R cells in other mutations which cause a rough eye
phenotype. Of those, fat facets (faf) (Fischer-Vize et al., 1992a)
and groucho (gro) (Fischer-Vize et al., 1992b) are not needed
in the R cells nor in the mystery cells, suggesting a require-
ment in the surrounding undifferentiated cells. Faf is a de-
ubiquinating enzyme whose expression is necessary early in
eye disc development (Huang et al., 1995). Expression in the
R cells will not rescue the phenotype (Huang and Fischer-Vize,
1996). This implies that inhibitory cues can emanate from cells
outside the R cell cluster to restrict R cell development.

We describe the isolation and characterization of a mutation,
sidekick (sdk), that causes extra R cells to join the cluster. sdk
codes for a member of the immunoglobulin (Ig) superfamily.
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The superfamily is characterized by repeats that form a folded
β sheet structure typically, but not necessarily, stabilized by
cysteine bonds found at the ends of the repeats (Williams and
Barclay, 1988). In Drosophila, members of this family function
as tyrosine kinase receptors (Klambt et al., 1992), receptor-
linked tyrosine phosphatases (Streuli et al., 1989), cell adhesion
proteins (reviewed by Grenningloh et al., 1990), and regulators
of cell death (Wolff and Ready, 1991b; Ramos et al., 1993).
Drosophila fasciclin II (fas II) (Harrelson and Goodman, 1988),
fasciclin III (fas III) (Patel et al., 1987; Snow et al., 1989), neu-
roglian (Bieber et al., 1989; Hall and Bieber, 1997), and
irregular chiasm C-roughest (Ramos et al., 1993) are expressed
on neurons and may function with other adhesion proteins to
direct axon pathfinding; fas II is also required for proneural gene
expression in the ocellar region of the eye-disc (Garcia-Alonso
et al., 1995). Recently, another member of this family, klingon,
was shown to be required for R7 cell development (Butler et al.,
1997). Most of these proteins behave as homotypic adhesion
proteins in cell adhesion assays in vitro. However, it is unclear
whether they form functional heterotypic interactions with other
adhesion proteins in vivo. The presence of Ig domains in sdk
suggests that it functions in homotypic or heterotypic interac-
tions in the eye during pattern formation to prevent extra cells
from joining the precluster and differentiating as R cells. 

MATERIALS AND METHODS

Fly stocks
Stocks used for P-element mutagenesis, Birmingham 2; ry; y and
CyO/Sc; ry Sb P[ry+∆2-3]/TM6, have been described by Robertson et
al. (1988). Flies that were used to generate mosaic eyes were P[ry+;
hs-neo; FRT]18A; ry506 and MKRS, P{ry+, Hsp70: FLP=hsFLP}3/
TM6B. The deficiencies and duplications used to map sdk were
Dp(1;f)101, Dp(1:f)135, Df(1)A94, Df(1)S39, Df(1)sc8, Df(1)260-1,
Df(1)svr, Df(1)su(s)83. All of the above stocks were obtained from
the Bloomington Stock Center. The seven-up (svp) enhancer-trap line
AE127 was obtained from the Rubin laboratory.

Isolation of sdk alleles
The P-element allele, sdkP1, was isolated in a F1 screen for the X chro-
mosome using P-elements from the Birmingham 2; ry line as follows.
Birm2; ry; y virgin females were crossed to CyO/Sp; ry Sb P[∆2-3
ry+]/TM6 males and maintained at 16°C. The Sb male progeny were
crossed to C(1)DX, y w f virgin females at 25°C and, approximately,
1700 male progeny were screened for abnormal eye morphology and
for an irregular deep pseudopupil (Francheschini and Kirschfeld,
1971). Additional alleles were obtained using gamma ray mutagen-
esis by irradiating y males with 4000 rads and mating to sdkP1 females.

Reversion analysis
Reversion of the sdkP1 phenotype was carried out by mobilizing the
P-element. sdkP1 females were mated to ry Sb P[∆2-3 ry+]/TM6b male
flies. The Sb male progeny were crossed to C(1)DX, y w f females and
the male progeny were scored for a wild-type eye.

Mosaic analysis
Mosaic analysis was carried out using sdkP1w flies. Mitotic recombi-
nation was induced using the FRT/FLP system as described by Golic
and Lindquist (1989); Xu and Rubin (1993). The FRT from strain
P[ry+; hs-neo; FRT]18A; ry506 was recombined onto the w sdkP1 chro-
mosome. To generate larvae with the appropriate genotype for
inducing mitotic recombination, P[ry+; hs-neo; FRT]18A; ry506

females were crossed to males MKRS P{ry+, Hsp70: FLP=hsFLP}3/
TM6B. w sdkP1 FRT18A females were crossed to male progeny
carrying MKRS from the first cross above. The progeny from the
second cross were subjected to 38°C heat shock for 1 hour during late
embryo to early 1st instar stages. Adult mosaic patches were analyzed
by sectioning and microscopy. 

In situ hybridization to polytene chromosomes
The P-element in sdkP1 was mapped by in situ hybridization to
polytene chromosomes as described by Engels et al. (1986). The
probe was a 588 bp HindIII-EcoRI P-element fragment derived from
the pW8 vector (Klemenz et al., 1987) that was labeled with biotin-
14-dATP by nick translation (BRL BioNick Labeling System). The
signal was detected using the BRL DNA Detection System.

Histology and microscopy
Fixation and sectioning of adult eyes were carried out as described by
Reinke and Zipursky (1988) with the following modifications. Eyes
were fixed in 2% glutaraldehyde in PBS and subsequently, subjected
to the following steps: a standard ethanol dehydration series, incuba-
tion in propylene oxide for 10 minutes, two times; 4 hours to overnight
incubation in 1:1 epon araldite:propylene oxide solution, and incuba-
tion in 100% epon araldite for 4 hours. 

For scanning electron microscopy, adult heads were dehydrated
through a graded series of ethanol over 2 days followed by critical
point drying using liquid CO2 in a Tousimis Samdri 790 Critical Point
Drier (Rockville, MD). Samples are sputter coated with gold-
palladium in a Denton Vacuum Desk-1 Sputter Coater (Cherry Hill,
NJ) and examined in a JEOL JSM6400 SEM using an accelerating
voltage of 10 kV. 

Immunocytochemistry and cobalt sulfide staining
Antibody staining was performed according to the method of Kimmel
et al. (1990). Third instar larvae eye discs were dissected in 1× PBS
and incubated in PEMP (0.1 M Pipes pH 7.0, 2 mM EGTA, 1 mM
MgSO4) for 45 minutes on ice. In some cases, the peripodial
membrane was removed during this incubation to aid antibody acces-
sibility. Discs were washed 4 times for 10 minutes in PBT (1× PBS,
0.2% BSA, 0.1% Triton X-100) and then incubated in a 1/20 dilution
of an anti-β-galactosidase monoclonal antibody (40-1a from Devel-
opmental Studies Hybridoma Bank) in PBTS (PBT + 10% normal
goat serum) overnight at 4°C, followed by four 10-minute washes in
PBT. Subsequent incubation with horseradish peroxidase-labeled goat
anti-mouse IgG (H&L) antibody (Jackson Laboratory) was performed
at 1/50 dilution for 4 hours at 4°C in PBTS. Discs were washed 4×
10 minutes with PBT, stained with diaminobenzidine (0.5 mg/ml
DAB, 1× PBS, 0.015% H2O2) and mounted in 80% glycerol in PBS. 

Cobalt sulfide staining of pupal eye discs was carried out according
to the method of Melamed and Trujillo-Cenoz (1975).

Isolation of the sdk genomic region and cDNA
Inverse PCR (Ochman et al., 1988) was performed to clone the
genomic sequences flanking the P-element insertion in sdkP1. sdkP1

genomic DNA (4 µg) was digested with NcoI to completion and, sub-
sequently, ligated in 1.2 ml using T4 DNA ligase (Promega) at 0.02
U/ml for 12 hours at 15°C, followed by an ethanol precipitation and
resuspension in 60 µl of H2O. A 100 µl standard PCR reaction was
performed using 1 µg of the ligated DNA for 30 cycles at 94°C (2
minutes), 55°C (2 minutes), 72°C (2 minutes, 30 seconds) and a final
extension of 10 minutes at 72°C. The primer was a 31 bp oligo made
to the P-element 31 bp direct repeat sequence, inverted to read
outward toward the flanking genomic DNA. The 2.7 kb PCR product
obtained was subcloned into pCRII T/A cloning vector (Invitrogen). 

5′′ RACE analysis
First strand cDNA synthesis was performed using 1 µg of third instar
larvae total RNA primed with a 20 bp oligo, 5′GTAAACCGAG-
GAGCCTGAAG3′, using the Gibco-BRL 5′ RACE kit. The subse-
quent PCR procedure was followed as recommended using the adapter
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primer provided and the oligo above. To ensure specificity, 2 µl of the
PCR reaction was subjected to a second round of PCR with the
adapter primer and a primer, 5′GCAGCTGTCGCAGTAGCAGAG3′,
which is 60 bp 5′ to the first oligo. The PCR products were electro-
eluted from an agarose gel and subcloned into the pCRII T/A cloning
vector (Invitrogen).

DNA sequencing and sequence analysis
Double strand DNA sequencing was done by the chain termination
method (Sanger et al., 1977) using Sequenase (United States Bio-
chemical Corp.) or by the Perkin Elmer ABI 373 automated DNA
sequencing system using either Sequenase or Taq DNA polymerase.
The cDNA clone was sequenced completely on both strands. The
sequence homology search was carried out using FASTA (Wisconsin
GCG) and NCBI BLAST programs.

RESULTS

Isolation of sdk
P-element mutagenesis was carried out employing the Bir-
mingham line to isolate mutations on the X chromosome which
affect eye development. F1 male flies were screened and sdk
was identified by its rough eye phenotype. Examination of
sdk/+ females indicated that it is a recessive gene. A multiply
marked X chromosome was used to map sdk to the tip of the
X chromosome, distal to the w gene. In situ hybridization to
polytene chromosomes using a P-element probe showed that
sdk is located at 1B14-1C1. Deficiencies [Df(1)svr and
Df(1)su(s)83] and a duplication [Dp (1;f)101] that cover this
region were used to confirm the P-element localization. 

To establish that the P-element is responsible for the
mutation, reversion analysis was carried out to obtain wild-type
revertants. sdk reverted to wild type approximately 2% of the
time in hemizygous males. Pcr experiments were performed on
sdk revertants to establish whether the P-element had been
removed. Two revertant lines were examined and sequence
analysis revealed that both retained some P-element sequence.
sdkrev104 retained 28 bp of the P-element and 8 bp of the direct
repeat that was generated when the P-element inserted.
sdkrev104 retained 46 bp of the P-element and the 8 bp repeat.
Those that reverted to wild type had multiples of three
nucleotides left, maintaining the open reading frame. Three
lines were examined that initially were thought to have a
Fig. 1. Extra R cells
differentiate in sdk eyes.
Sections of adult wild-type
(A) and sdk (B and C) eyes
show that sdk has extra R
cells in some ommatidia.
The arrow in B indicates an
extra inner R cell and the
arrowhead indicates an extra
outer R cell type. In C an
arrow indicates a missing
pigment cell between
ommatidia. In both A and B
some ommatidia are
misoriented. 
rougher phenotype than sdkP1. When established as lines these
flies displayed the same variability in roughness as sdkP1.
Those that did not revert retained P element sequence also, but
did not maintain an open reading frame. 

We performed a gamma ray mutagenesis to obtain additional
alleles of sdk, and isolated four new alleles, sdk7AX, sdkN23,
sdkN6 and sdkD14. One allele, sdkN23, shows a cytological
rearrangement in the 1C region and sdkD14 has a 5 bp deletion
in the coding region. sdkN23, sdk7AX and sdkD14 will be
discussed in more detail below. None of the new alleles has a
more severe phenotype than sdkP1, and no alleles of sdk over
deficiencies which uncover sdk are more severe. This and the
molecular analysis of sdk alleles presented below indicate that
sdkP1 most likely represents the null phenotype. 

sdk causes abnormalities in R cell development
The R cells were examined by light microscopy which shows
that sdk causes extra R cells to develop in approximately 10%
of the ommatidia. The extra R cell can be either an outer, R1-
6 type, or an inner, R7 type (Fig. 1). In more proximal sections
R8 is located in its normal position and is present in every
ommatidium (not shown). Although the position and type of the
extra outer R cell cannot be determined by examining the adult
R cells, the extra inner R cell is always located between R3 and
R4, the position the mystery cell occupies early in ommatidial
assembly. This suggests that the extra R cells that occur in sdk
are derived from an inappropriately recruited mystery cell.

sdk affects early ommatidial assembly
We were interested in finding the earliest stage of ommatidial
development that is affected by sdk. Since pigment cells are
missing, the extra R cells could be caused by misdirection of the
pigment cell fate to an R cell fate late in ommatidial assembly,
signifying that sdk is primarily involved in specifying cell fates
at late stages of eye development. To address this question we
employed a seven-up (svp) enhancer trap line, AE127, which
expresses lacZ in R1,6,3, and 4 early in eye disc development
(Mlodzik et al., 1990a). sdk;AE127/ + discs were examined for
lacZ expression. There is an extra staining cell between R3 and
R4 in sdk; AE127/ + discs just posterior to the morphogenetic
furrow (Fig. 2). No extra cells were observed near R1 or R6. We
also examined a line that stains only in R8, A2-6 (Mlodzik et al.,
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Fig. 2. Stained eye imaginal disc demonstrates early sdk phenotype.
A svp enhancer trap line, AE127, was stained with anti-β-
galactosidase. AE127/+ (A) shows the wild-type svp staining pattern.
svp stains R3 and R4 near the furrow, and R3, R4, R1 and R6 in
older ommatidia more posterior to the furrow. AE127/+; sdk discs
(B,C) show an extra β-galactosidase staining cell between R3 and R4
indicated by an asterisk. This is the position normally occupied by
the mystery cell. The ommatidium marked in B is mature, with
staining in R1, R6, R3, R4 and the mystery cell. The ommatidium in
C is closer to the morphogenetic furrow so only R3, R4 and the
mystery cell stain for svp. Anterior is to the left.
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Fig. 3. Scanning electron micrograph of adult eyes. (A,C) Wild type,
(B,D) sdk. C and D show an enlargement of A and B respectively. In B
the sdk eye is mildly rough, and in D sdk is missing some bristles; some
facets are fused and malformed.
1990b), and found no extra cells staining with this marker
(data not shown). These results indicate that sdk affects early
R cell development and that the extra outer R cell is most
likely a mystery cell that has remained with the R cell cluster,
differentiating as an R3 or R4.

sdk affects multiple stages of eye development
Scanning EM analysis shows that sdk causes pattern defects
at multiple stages of eye development. Ommatidia are often
fused and the bristle pattern is aberrant (Fig. 3). Some bristles
are missing and at other positions two bristles are observed
(not shown). This phenotype is very similar to the dominant
phenotype of Delta (Dl) /+, a neurogenic mutation also
affecting multiple stages of eye development (Dietrich and
Campos-Ortega, 1984; Parks et al., 1995). The scanning EM
also revealed defects that appear as holes in the lens (not
shown); this is most likely the result of cone cell defects.

We also observed missing secondary pigment cells
between ommatidia (Fig. 1); approximately o.4% of the
pigment cells are missing. Pigment cells are quite often
affected when there is a large overproduction of R cells and
cone cells. However, in sdk the number of extra R cells
observed is modest and the loss of pigment cells is not nec-
essarily associated with the same ommatidium that has an
extra R cell. The effect on the pigment cells is most likely
caused by an independent requirement for sdk in later eye
development.

We also examined the cone cells in sdk since the results
from the scanning EM indicated that there might be
problems either in their function or development. Cobalt sulfide
staining of pupal cone cells revealed that 2.9% of the ommatidia
have extra cone cells and 0.74% have too few cone cells (Fig.
4). It is not clear whether this is an indirect effect caused by the
R cell defect, or whether this represents a separate function for
sdk. We have not determined if an ommatidium that has an extra
R7 cell is the same ommatidium that is missing a cone cell. The
cone cell fate is closely related to the R7 cell fate (Tomlinson
and Ready, 1987b). However, the percentage of extra R cells is
much greater than the percentage of missing cone cells.

sdk behaves nonautonomously in R cell
development
R cell development is dependent on both inductive and
inhibitory mechanisms that result in the invariant number of
eight R cells per ommatidium. It is crucial to know which cells
require sdk to begin to understand the mechanism by which
this gene acts. Mosaic analysis of a null allele of sdk, sdkP1,
was carried out using the FLP/FRT method of generating
somatic clones in the eye (Xu and Rubin, 1993). Only mutant
ommatidia could be scored because sdk does not affect all
ommatidia. The results from 55 mosaic eyes are shown in Table
1. The extra R7 cells can be mutant or wild type for sdk, indi-
cating that sdk is non-autonomous. Although we cannot defin-
itively identify and score the extra outer R cell type, two mutant
ommatidia were found in which all of the R cells, including
the extra cell were wild type. Thus, sdk is non-autonomous and
is not required in the R cells or in the extra R cell. We have
also noted that a phenotypically mutant ommatidium is quite
often surrounded by wild-type ommatidia. This suggests that
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Fig. 4. Cone cell phenotype of sdk. Cobalt sulfide staining of a sdk
pupal eye shows that sdk is missing a cone cell in some ommatidia
(arrow). Arrowhead points to a typical wild-type facet with four cone
cells. Some facets have an additional cone cell (not shown).

S
K

K K S S K

N23 T(1;3) 7AX Prox. Brkpt.

K S K KS

D14 Deletion

d cDNA. (A) A restriction enzyme map of the sdk genomic locus is
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Table 1. Mosaic analysis of sdk
Cell w+ sdk+ w− sdk−

R1 37 32
R2 17 52
R3 18 51
R4 32 37
R5 27 42
R6 35 34
R7* 35 32
R8* 27 27

Extra†
outer R 35 32
inner R 2 0

*69 mutant ommatidia were scored, but because of the difficulty in scoring
R7 and R8 for the presence of pigment granules, the genotypes of these cells
in some ommatidia are not reported.

†The extra R7 can be identified as opposite that of the endogenous R7. The
position of the extra outer R cells is assumbed to be between R3 and R4,
based on the eye disc staining pattern of extra R cells in sdk mutants.
sdk cannot act over long distances, and if sdk is secreted, it
cannot diffuse over a distance of more than a few cells.

Genetic interactions with sdk
Three other genes, faf, gro and argos affect the same stage of
development and have a phenotype similar to sdk. Since sdk is
not fully penetrant, we tested these genes for dominant genetic
interactions with sdk to observe whether they would increase
the penetrance of the sdk phenotype. These genes were tested
for dominant genetic interactions with sdk as heterozygotes in
sdk males. No change in the sdk phenotype was observed. We
also analyzed members of the sev pathway for interactions with
sdk. sos, gap, ras, raf, and yan showed no effect on sdk when
heterozygous in sdk males. Both Ellipse and torpedo, alleles
of the Drosophila EGF receptor, were examined as hetero-
zygotes in sdk males, and
were found to have no effect
on sdk.

Since extra R7s appear in
sdk, we generated flies that are
boss;sdk to test the dependence
of the extra R7s on the sev-
boss interaction. The extra R7s
formed in sdk are independent
of boss (data not shown), indi-
cating that sdk does not act by
increasing the activity of the
Ras pathway through the
Boss-Sevenless interaction.

Isolation of sdk genomic
region and cDNA
sdkP1 genomic DNA flanking
the P-element insertion site
was isolated by inverse PCR
(see materials and methods)
using oligos complementary to
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Fig. 5. Structure of the sdk gene an
shown, spanning 62 kb. The site of
is marked. The position of the brea
position of the 5 bp deficiency in ex
below the restriction enzyme map o
and is based on restriction map diff
boundaries were determined by DN
exon 2 showing alternate splicing i
the ends of the P-element. A 2.7 kb genomic fragment was
subcloned and used as a probe to isolate phage and cosmid clones
from Drosophila genomic DNA libraries. Overlapping phage
DNA fragments were isolated that cover 80 kb of genomic DNA
and a cosmid clone was isolated that includes much of the region
proximal to the P-element (Fig. 5A).

The cosmid clone was used as a probe to screen an eye disc
cDNA library and four cDNAs were obtained from 1×106

plaques. The full-length cDNA was isolated by walking 3′ from
the original cDNAs, using both eye disc and pupal cDNA
libraries. RACE analysis of the 5′ end of the cDNA revealed
the presence of three species of mRNA. Sequence analysis of
these mRNAs indicate that there is alternate splicing between
exon 1 and exon 2. There are three donor sites in exon 1 and
one acceptor site in exon 2 (Fig. 5B). This occurs in the 5′
untranslated region and does not change the amino acid
sequence of the open reading frame. 

The P-element insertion is at the 3′ border of exon 2, just
preceding the intron. Molecular analysis of sdkN23 revealed a
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-136  ACAGCTCGCGGTTGCGCCACCCACTTCTGTTGACCAGACAACGCGGTCCACTGTGCCAGTCGTCGCAGAGGCCGAAGCAGCGGAGACGAGAAAGAAGAAG

 -36  CAGCGCAGCGCAGCAGCGACTGTGACGGGGCAGCGCAGTTCGTTTTGTGCGCGCGTAGTGAACGGTTGTCTTTCGGTCGCTCGTCGGGGAGTTGCAAATT

  65  CAGCGACACGAGCAACTACAAATGGCGACTTGTGCCTGTCGGACCCTCGAGTTCATTGTTAATTGTTAATCGTTGTGGTGCTAAGCGTTGGCCGAACGGT

 165  TTATGGGTATATGGTAACCCTGGTGGCAGAAAGAAGAACATACTTGTGTCCAGAAGGAAGGAGGAAAAGCAGTAAGCGCGCACCTTTCGCGTTTCTTTCG

 265  CACCGCACCGATCGCGTTTTTTTgttggtttttgttctgttttattactgatgttttgtgtgaagcaatgccgccaaagagcaaggcaatgtgaaataag
 365  catttgtttatttcaaaaatttgatcaatgtttcttagccacgaatatgccagtctgtgtctgtgtgcaagaattgcatgtgaaaacaagttggaaaacc
 465  ggtcttaaagcctcaaatgaaacaagggttcaaaacagtgagagcgaaagagagaggtggtttttttttgggttttggctttgggattcttattttctct
 565  cccccgattcgttttggatcgctccctctctctcgctcgctgactcgctctttaacctgtggcaggtgtgcctgtgtgagtgttgtgtgtgcgcgaatgg
 665  ctggcacaaagaaaactgaaaaagtgacgtttaaaatttcattcgctcttgtatattttatattttagCCAAAAAAGATGTGAGCGATGTGTAATTAAAA

 765  CTAGACTTTTCACTAAAAACTAGAAGAGCGAAGGAAGGCCGCTAAGAAAACAAAGCGAAATCCCAGAAATACGAATACCGAAAGGCAACAACAAATGCTC
   1                                                                                                M  L
 865  AAATCTGCGGCGTCGTCGCTGCGTCGACGTCGTCCAAAAACAACAATAACAGCAACATTAGCCATCGAGATGCCGTCGCAGCCGAAGTTGGCGTCTCTGC
   3  K  S  A  A  S  S  L  R  R  R  R  P  K  T  T  I  T  A  T  L  A  I  E  M  P  S  Q  P  K  L  A  S  L  L

 965  TTGCAGTGCTGGTTTTGCTCTGCTACTGCGACAGCTGCTTTTTTTGTTACGCGGATGCCAATCTACAGCAGCAGAATTCAATCGTTCAACAGCAGCAACT
  37    A  V  L  V  L  L  C  Y  C  D  S  C  F  F  C  Y  A  D  A  N  L  Q  Q  Q  N  S  I  V  Q  Q  Q  Q  L
1065  TCAGGCTCCTCGGTTTACCACACATCCATCGTCATCGGGATCGATTGTCAGCGAGGGCAGCACCAAGATACTTCAGTGTCATGCGCTGGGATACCCGCAA
  70   Q  A  P  R  F  T  T  H  P  S  S  S  G  S  I  V  S  E  G  S  T  K  I  L  Q  C  H  A  L  G  Y  P  Q
1165  CCCACATATCGATGGCTAAAGGACGGCGTCCCCGTGGGCGACTTCTCATCCAGCCAGTTCTACCGATTCCACAGCACCCGGCGCGAGGATGCGGGCAGCT
 103  P  T  Y  R  W  L  K  D  G  V  P  V  G  D  F  S  S  S  Q  F  Y  R  F  H  S  T  R  R  E  D  A  G  S  Y
1265  ATCAGTGCATCGCCAGAAATGATGCCGGATCCATATTCAGCGAAAAGAGCGACGTCGTCGTGGCCTACATGGGCATCTTTGAGAACACCACAGAGGGTCG
 137    Q  C  I  A  R  N  D  A  G  S  I  F  S  E  K  S  D  V  V  V  A  Y  M  G  I  F  E  N  T  T  E  G  R
1365  TCTGACGGTGATCAGTGGTCACCCTGCGATATTCGATATGCCCCCCATTGAATCCATACCCGTGCCGTCGGTTATGTGGCAATCGGAGGATGGACCTCTG
 170   L  T  V  I  S  G  H  P  A  I  F  D  M  P  P  I  E  S  I  P  V  P  S  V  M  W  Q  S  E  D  G  P  L
1465  AATTACGACATCAAGTACGCCTTCACCCACGCCAACCAGTTAATTATTTTAAGTGCTGACGAAAACGATCGCAAGGGATACCGGGCTAAGGCCATTAACA
 203  N  Y  D  I  K  Y  A  F  T  H  A  N  Q  L  I  I  L  S  A  D  E  N  D  R  K  G  Y  R  A  K  A  I  N  T
1565  CGCAGTTGGGCAAAGAGGAGAGCAGCGCCTTTGTGCACCTGAACGTCAGTGGAGATCCGTACATCGAGGTGGCGCCCGAAATCATAGTGCGCCCGCAGGA
 236    Q  L  G  K  E  E  S  S  A  F  V  H  L  N  V  S  G  D  P  Y  I  E  V  A  P  E  I  I  V  R  P  Q  D
1665  CGTTAAGGTCAAAGTTGGTACCGGAGTGGTTGAGCTGCAGTGCATTGCGAATGCCAGGCCCTTGCACGAACTGGAGACGCTTTGGCTGAAAGACGGTCTC
 270   V  K  V  K  V  G  T  G  V  V  E  L  Q  C  I  A  N  A  R  P  L  H  E  L  E  T  L  W  L  K  D  G  L
1765  GCCGTAGAAACTGCCGGAGTGAGGCACACTCTCAACGATCCATGGAATCGAACGTTGGCCCTGCTGCAGGCGAACAGCTCACATTCCGGGGAATACACCT
 303  A  V  E  T  A  G  V  R  H  T  L  N  D  P  W  N  R  T  L  A  L  L  Q  A  N  S  S  H  S  G  E  Y  T  C
1865  GCCAGGTGCGATTGCGCAGTGGTGGCTACCCAGCCGTCAGTGCTTCGGCTCGCCTCCAAATCCTCGAGCCGCCGCTCTTTTTTACACCCATGCGGGCGGA
 337    Q  V  R  L  R  S  G  G  Y  P  A  V  S  A  S  A  R  L  Q  I  L  E  P  P  L  F  F  T  P  M  R  A  E
1965  AACCTTTGGCGAATTCGGAGGACAGGTGCAGCTAACCTGCGATGTGGTCGGCGAACCCACGCCCCAGGTCAAGTGGTTCAGGAACGCAGAATCGGTGGAT
 370   T  F  G  E  F  G  G  Q  V  Q  L  T  C  D  V  V  G  E  P  T  P  Q  V  K  W  F  R  N  A  E  S  V  D
2065  GCACACATTGAGAGTGGAAGATACACGTTGAACACGGATAATACGCTGGTAATTAAGAAACTAATCCTGGATGATGCTGCCATGTTTCAGTGTTTGGCCA
 403  A  H  I  E  S  G  R  Y  T  L  N  T  D  N  T  L  V  I  K  K  L  I  L  D  D  A  A  M  F  Q  C  L  A  I
2165  TCAACGAAGCGGGGGAGAATTCGGCGAGCACCTGGCTGCGCGTAAAAACATCGGCTCCAATTATGGAGCTGCCGCCCCAAAATGTGACCGCCTTGGATGG
 437    N  E  A  G  E  N  S  A  S  T  W  L  R  V  K  T  S  A  P  I  M  E  L  P  P  Q  N  V  T  A  L  D  G
2265  CAAGGACGCAACTATTTCCTGCCGGGCAGTTGGATCGCCCAATCCCAACATAACCTGGATATACAATGAGACACAACTGGTAGATATATCCAGCCGGGTG
 469   K  D  A  T  I  S  C  R  A  V  G  S  P  N  P  N  I  T  W  I  Y  N  E  T  Q  L  V  D  I  S  S  R  V
2365  CAGATACTTGAGTCGGGTGACCTGCTCATCTCGAACATCCGATCTGTGGACGCCCCCCTGTATATCTGCGTACGAGCCAACGAGGCGGGCAGCGTCAAGG
 503  Q  I  L  E  S  G  D  L  L  I  S  N  I  R  S  V  D  A  P  L  Y  I  C  V  R  A  N  E  A  G  S  V  K  A
2465  CCGAGGCCTATTTGAGTGTTTTGGTGCGGACGCAAATCATCCAACCGCCTGTGGACACAACGGTGCTACTTGGCTTAACGGCCACCCTGCAGTGCAAGGT
 537    E  A  Y  L  S  V  L  V  R  T  Q  I  I  Q  P  P  V  D  T  T  V  L  L  G  L  T  A  T  L  Q  C  K  V
2565  GTCCAGTGATCCCAGTGTCCCGTACAACATCGACTGGTATCGCGAGGGTCAGTCGTCGACGCCCATCAGTAATTCGCAGCGCATTGGTGTCCAGGCGGAC
 570   S  S  D  P  S  V  P  Y  N  I  D  W  Y  R  E  G  Q  S  S  T  P  I  S  N  S  Q  R  I  G  V  Q  A  D
2665  GGTCAGCTAGAGATCCAAGCGGTGCGTGCGAGCGACGTCGGGAGTTATGCCTGTGTGGTCACTTCTCCCGGGGGAAATGAGACGCGAGCCGCCCGCCTCA
 603  G  Q  L  E  I  Q  A  V  R  A  S  D  V  G  S  Y  A  C  V  V  T  S  P  G  G  N  E  T  R  A  A  R  L  S
2765  GTGTCATCGAACTCCCGTTCCCACCCAGCAATGTGAAGGTGGAACGACTGCCGGAACCGCAACAGGCCAGCATCAACGTGTCCTGGACTCCGGGATTCGA
 637    V  I  E  L  P  F  P  P  S  N  V  K  V  E  R  L  P  E  P  Q  Q  A  S  I  N  V  S  W  T  P  G  F  D
2865  TGGCAACAGTCCAATATCCAAATTTATTATCCAGCGACGTGAGGTCTCAGAATTGGAAAAATTCGTAGGTCCAGTTCCAGACCCTCTGCTCAACTGGATT
 670   G  N  S  P  I  S  K  F  I  I  Q  R  R  E  V  S  E  L  E  K  F  V  G  P  V  P  D  P  L  L  N  W  I
2965  ACCGAGCTGAGCAATGTCTCGGCGGACCAACGTTGGATCCTGCTCGAAAATCTCAAGGCGGCCACCGTTTATCAGTTTAGGGTTAGTGCTGTCAATCGGG
 703  T  E  L  S  N  V  S  A  D  Q  R  W  I  L  L  E  N  L  K  A  A  T  V  Y  Q  F  R  V  S  A  V  N  R  V
3065  TGGGCGAGGGTTCGCCATCGGAACCCAGTAACGTCGTCGAGCTGCCCCAGGAAGCTCATTCGGGTCCACCGGTGGGATTTGTTGGATCCGCCCGCTCGAT
 737    G  E  G  S  P  S  E  P  S  N  V  V  E  L  P  Q  E  A  H  S  G  P  P  V  G  F  V  G  S  A  R  S  M
3165  GTCAGAGATCATCACGCAATGGCAGCCACCGTTGGAGGAGCATCGCAATGGCCAGATCCTGGGATACATTCTGCGGTACCGCCTATTCGGTTACAACAAT
 770   S  E  I  I  T  Q  W  Q  P  P  L  E  E  H  R  N  G  Q  I  L  G  Y  I  L  R  Y  R  L  F  G  Y  N  N
3265  GTGCCTTGGTCCTACCAGAATATTACAAACGAAGCGCAGCGCAACTTCCTGATTCAAGAACTGATCACCTGGAAGGATTACATCGTGCAGATCGCAGCAT
 803  V  P  W  S  Y  Q  N  I  T  N  E  A  Q  R  N  F  L  I  Q  E  L  I  T  W  K  D  Y  I  V  Q  I  A  A  Y
3365  ACAACAACATGGGCGTGGGTGTCTACACCGAGGGCTCCAAAATTAAAACCAAGGAAGGAGTTCCAGAAGCACCCCCCACAAATGTAAAAGTAGAAGCTAT
 837    N  N  M  G  V  G  V  Y  T  E  G  S  K  I  K  T  K  E  G  V  P  E  A  P  P  T  N  V  K  V  E  A  I
3465  AAACTCGACGGCAGCCAGGTGCCGGTGGACTCCACCCAATCCGCAGCAGATTAACGGCATCAACCAGGGCTATAAGATCCAGGCATGGCAACGTCGGTTG
 870   N  S  T  A  A  R  C  R  W  T  P  P  N  P  Q  Q  I  N  G  I  N  Q  G  Y  K  I  Q  A  W  Q  R  R  L
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3565  ATAGATGGCGAGTGGAGGGACATTGAGCGACGAATGAAGACAGTGCCACCTAGTCTGATTGATCCACTGGCGGAACAGACAGCTATCCTCGGAGGACTTG
 903  I  D  G  E  W  R  D  I  E  R  R  M  K  T  V  P  P  S  L  I  D  P  L  A  E  Q  T  A  I  L  G  G  L  E
3665  AAAAATTTACCGAGTACAATATTAGTGTGCTCTGCTTCACGGACCCTGGCGATGGTGTGGCCAGTAGTCAAGTGGCAGTTATGACCATGGATGACGTACC
 937    K  F  T  E  Y  N  I  S  V  L  C  F  T  D  P  G  D  G  V  A  S  S  Q  V  A  V  M  T  M  D  D  V  P
3765  CGACGAGGTGACTGGATTGCATTTCGATGACGTCTCCGATAGATCCGTAAAAGTTCTATGGGGCACCGCGCGCTTCGAACGGTATCTAACGGGCTATACG
 970   D  E  V  T  G  L  H  F  D  D  V  S  D  R  S  V  K  V  L  W  G  T  A  R  F  E  R  Y  L  T  G  Y  T
3865  GTTCGCTACCAAGTCAAGGATCGTCCAGATACCCTGAAATCCTTTAATCTGACAGCGGATGATACAGAGTTGACAGTGAACCAATTGCAGGCTACCACGC
1003  V  R  Y  Q  V  K  D  R  P  D  T  L  K  S  F  N  L  T  A  D  D  T  E  L  T  V  N  Q  L  Q  A  T  T  H
3965  ACTATTGGTTTGAGATCGTCGCGTGGACGGCTGTGGGCAGTGGAATTCCGAAAACAGCCACCATTCAGTCTGGCGTAGAGCCAGTTCTGCCGCACGCACC
1037    Y  W  F  E  I  V  A  W  T  A  V  G  S  G  I  P  K  T  A  T  I  Q  S  G  V  E  P  V  L  P  H  A  P
4065  CACTGCTCTGGCATTATCCAATATCGAAGCCTTCTCTGTTGTTCTGCAGTTCACTCCGGGCTTTGATGGCAACTCCAGCATTACCAAATGGAAAGTGGAG
1070   T  A  L  A  L  S  N  I  E  A  F  S  V  V  L  Q  F  T  P  G  F  D  G  N  S  S  I  T  K  W  K  V  E
4165  GGACAAACGGCCAGAAATATGACATGGTTTACCATTTGCGAGATTAATGATCCCGATGCAGAGACCTTGACCGTCACTGGCTTGGTGCCGTTTACCCAGT
1103  G  Q  T  A  R  N  M  T  W  F  T  I  C  E  I  N  D  P  D  A  E  T  L  T  V  T  G  L  V  P  F  T  Q  Y
4265  ACAGACTGAGATTGAGTGCTAGTAATGTGGTTGGTAGCTCGAAGCCCTCGGAGGCAACCAAGGATTTCCAGACGATCCAAGCCAGGCCCAAACATCCACC
1137    R  L  R  L  S  A  S  N  V  V  G  S  S  K  P  S  E  A  T  K  D  F  Q  T  I  Q  A  R  P  K  H  P  P
4365  GTTTAACGTAACCGAGCGGGCAATGAGTGCTCAACAACTGCGTGTTCGCTGGATTCCACTGCAACAAACTGAATGGATGGAAATCCAGGGCTATAATATA
1170   F  N  V  T  E  R  A  M  S  A  Q  Q  L  R  V  R  W  I  P  L  Q  Q  T  E  W  M  E  I  Q  G  Y  N  I
4465  TCCTACAAGCAGCTGGTCAAAACTCCCGGGACCATTAAATACGTACCCCGGTCGGTGGTAATCGAAGATCACACCGCCAACTCCCACGTGTTAGATAGCC
1203  S  Y  K  Q  L  V  K  T  P  G  T  I  K  Y  V  P  R  S  V  V  I  E  D  H  T  A  N  S  H  V  L  D  S  L
4565  TGGAGGAGTGGACACTGTATGAGGTGAAAATGAATGCCTGCAACGATGTGGGATGTTCTAAAGAGAGTGACACTGCCGTGGAGAGAACTCGCGAACGTGT
1237    E  E  W  T  L  Y  E  V  K  M  N  A  C  N  D  V  G  C  S  K  E  S  D  T  A  V  E  R  T  R  E  R  V
4665  TCCTAGCTATGGACCCCTGGATGTCCAGGCTAATGCCACATCATCCACCACAGTGGTTGTGCAATGGGGTGAGGTGCCCCGACAACACAGAAATGGTCAG
1270   P  S  Y  G  P  L  D  V  Q  A  N  A  T  S  S  T  T  V  V  V  Q  W  G  E  V  P  R  Q  H  R  N  G  Q
4765  ATAGATGGCTACAAGGTGTTCTATGCCGCTGCAGATCGGGGACAACAGGTGCTGCACAAGACGATACCCAATAACGCCACATTTACCACAACCTTGACGG
1303  I  D  G  Y  K  V  F  Y  A  A  A  D  R  G  Q  Q  V  L  H  K  T  I  P  N  N  A  T  F  T  T  T  L  T  E
4865  AACTGAAAAAATATGTGGTTTACCATGTTCAGGTTCTGGCCTACACCAGATTGGGTAATGGTGCTCTAAGCACCCCACCCATTCGAGTTCAGACCTTTGA
1337    L  K  K  Y  V  V  Y  H  V  Q  V  L  A  Y  T  R  L  G  N  G  A  L  S  T  P  P  I  R  V  Q  T  F  E
4965  GGATACCCCTGGAGTGCCATCGAACGTTAGTTTTCCGGATGTCTCCTTGACCATGGCTCGCATAATTTGGGATGTGCCTGTGGATCCTAATGGCAAGATC
1370   D  T  P  G  V  P  S  N  V  S  F  P  D  V  S  L  T  M  A  R  I  I  W  D  V  P  V  D  P  N  G  K  I
5065  TTGGCTTATCAGGTCACGTACACATTAAATGGTAGTGCCATGCTGAACCTACAGCCGAGAGTTTACGCCTTACGATCGCACATTCCGGGCGACGAATTAC
1403  L  A  Y  Q  V  T  Y  T  L  N  G  S  A  M  L  N  L  Q  P  R  V  Y  A  L  R  S  H  I  P  G  D  E  L  L
5165  TTCCCGGAAAGTATTACAGCTTTAGTTGTACGGCTCAAACGCGACTGGGATGGGGAAAAATAGCTACTGCTCTCGTGTACACTACAAACAACAGGGAGAG
1437    P  G  K  Y  Y  S  F  S  C  T  A  Q  T  R  L  G  W  G  K  I  A  T  A  L  V  Y  T  T  N  N  R  E  R
5265  ACCTCAGGCACCTTCGGTTCCGCAAATATCACGCAGTCAGATTCAGGCCCATCAAATCACCTTCAGTTGGACACCAGGAAGAGATGGCTTTGCGCCACTT
1470   P  Q  A  P  S  V  P  Q  I  S  R  S  Q  I  Q  A  H  Q  I  T  F  S  W  T  P  G  R  D  G  F  A  P  L
5365  CGCTACTACACAGTGGAAATGCGTGAAAACGAGGGCAGGTGGCAACCACTTCCAGAGAGGGTGGATCCATCTCTTAGTTCCTTTACAGCAGTTGGTCTGA
1503  R  Y  Y  T  V  E  M  R  E  N  E  G  R  W  Q  P  L  P  E  R  V  D  P  S  L  S  S  F  T  A  V  G  L  R
5465  GACCCTATATGACATATCAATTCCGCATACAGGCCACCAATGACTTGGGACCATCCGCCTTTAGTCGGGAAAGTGTGATCGTGAGAACTTTACCCGCTGC
1537    P  Y  M  T  Y  Q  F  R  I  Q  A  T  N  D  L  G  P  S  A  F  S  R  E  S  V  I  V  R  T  L  P  A  A
5565  TCCGGCAGTGGGAGTTGGAGGTCTCAAGGTAGTTCCCATAACCACAACTTCGGTGAGGGTGCAATGGAGTGCTCTGGAGACTGCATTGTGGAATGGTGAT
1570   P  A  V  G  V  G  G  L  K  V  V  P  I  T  T  T  S  V  R  V  Q  W  S  A  L  E  T  A  L  W  N  G  D
5665  GCCTCAACTGGTGGCTACAGGATTTTATATCAACAACTTTCCGATTTCCCCACCGCCCTGCAGTCTACACCCAAAACGGATGTGCACGGCATCAATGAGA
1603  A  S  T  G  G  Y  R  I  L  Y  Q  Q  L  S  D  F  P  T  A  L  Q  S  T  P  K  T  D  V  H  G  I  N  E  N
5765  ACAGTGTGGTTCTGTCGGATCTTCAACAGGATCGCAACTATGAAATTGTGGTGCTACCATTTAATTCCCAGGGCCCTGGGCCAGCCACACCCCCAGCAGC
1637    S  V  V  L  S  D  L  Q  Q  D  R  N  Y  E  I  V  V  L  P  F  N  S  Q  G  P  G  P  A  T  P  P  A  A
5865  GGTCTATGTGGGCGAAGCGGTGCCGACTGGGGAACCGAGAGCCGTAGATGCAGCACCCATTTCCAGCACAGAAGTCGATCTACTGTGGAAGCCACCAAAG
1670   V  Y  V  G  E  A  V  P  T  G  E  P  R  A  V  D  A  A  P  I  S  S  T  E  V  D  L  L  W  K  P  P  K
5965  CAGAGCATGCAGAATGGAGATATTTTAGGATATAAGATCTACTACCTGGTTACTTATTCACCGCAAGCGTTGGAACCAGGTCGCAAATGGGAGGAGGAAA
1703  Q  S  M  Q  N  G  D  I  L  G  Y  K  I  Y  Y  L  V  T  Y  S  P  Q  A  L  E  P  G  R  K  W  E  E  E  I
6065  TCGAGGTTGTTTCGGCCACGGCAACTTCGCACAGTCTCGTGTTCCTTGATAAGTTCACCGAGTATCGCATCCAACTGCTGGCCTTCAATCCGGCGGGAGA
1737    E  V  V  S  A  T  A  T  S  H  S  L  V  F  L  D  K  F  T  E  Y  R  I  Q  L  L  A  F  N  P  A  G  D
6165  TGGACCACGATCCGCCCCAATTACCGTGAAAACACTGCCAGGTGTACCAAGTGCTCCACTTCACCTTAGATTTTCAGATATCACTATGCAGAGTTTGGAG
1770   G  P  R  S  A  P  I  T  V  K  T  L  P  G  V  P  S  A  P  L  H  L  R  F  S  D  I  T  M  Q  S  L  E
6265  GTTACCTGGGATCCACCAAAGTTCCTCAACGGTGAAATCAAGGGGTACTTAGTCACGTACGAAACCACCGAGGAGAATGAAAAGTTCAGCAAGCAAGTGA
1803  V  T  W  D  P  P  K  F  L  N  G  E  I  K  G  Y  L  V  T  Y  E  T  T  E  E  N  E  K  F  S  K  Q  V  K
6365  AACAAAAGGTATCTAATACAACACTGCGTGTTCAAAATCTCGAGGAAGAGGTCACCTACACATTCACTGTCCGTGCTCAAACGTCCGTCGATTACGGCCC
1837    Q  K  V  S  N  T  T  L  R  V  Q  N  L  E  E  E  V  T  Y  T  F  T  V  R  A  Q  T  S  V  D  Y  G  P
6465  GGGTATAAGTGAGAATGTGACGACAGGACCCCAAGATGGATCCCCAGTTGCGCCGCGTGATCTCATCCTGACCAAGAGCCTATCCAGCGTGGAAATGCAT
1870   G  I  S  E  N  V  T  T  G  P  Q  D  G  S  P  V  A  P  R  D  L  I  L  T  K  S  L  S  S  V  E  M  H
6565  TGGATAAATGGTCCTTCTGGGCGGGGACCCATTTTGGGCTATCTTATCGAGGCAAAGAAGCGAGACGACTCACGCTGGACAAAAATCGAGCAGACCAGAA
1903  W  I  N  G  P  S  G  R  G  P  I  L  G  Y  L  I  E  A  K  K  R  D  D  S   R  W  T  K  I  E  Q  T  R  K
6665  AGGGCATGATGCAGGATTTTACGGTCAGCTATCACATACTGATGCCCTCCACTGCGTACACTTTTCGTGTGATTGCCTATAACCGTTACGGCATTTCGTT
1937    G  M  M  Q  D  F  T  V  S  Y  H  I  L  M  P  S  T  A  Y  T  F  R  V  I  A  Y  N  R  Y  G  I  S  F
6765  TCCCGTGTACTCCAAGGACTCGATCCTGACACCCTCCAAACTCCATCTGGAATATGGTTACCTGCAGCACAAGCCCTTTTATCGGCAAACCTGGTTTATG
1970   P  V  Y  S  K  D  S  I  L  T  P  S  K  L  H  L  E  Y  G  Y  L  Q  H  K  P  F  Y  R  Q  T  W  F  M
6865  GTTTCGCTGGCGGCGACTTCGATTGTGATCATCGTGATGGTTATTGCTGTGTTGTGTGTCAAGAGCAAGAGCTATAAATATAAACAGGAGGCACAAAAGA
2003  V  S  L  A  A  T  S  I  V  I  I  V  M  V  I  A  V  L  C  V  K  S  K  S  Y  K  Y  K  Q  E  A  Q  K  T
6965  CTCTAGAGGAATCTATGGCCATGTCAATTGACGAGCGACAAGAGTTGGCTCTGGAGTTGTATCGCTCTCGTCACGGAGTTGGAACTGGTACCTTGAACAG
2037    L  E  E  S  M  A  M  S  I  D  E  R  Q  E  L  A  L  E  L  Y  R  S  R  H  G  V  G  T  G  T  L  N  S
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7065  TGTAGGCACACTGCGAAGCGGTACCTTGGGGACTCTGGGCAGAAAGTCTACCAGTCGACCGCCGCCGGGTGTCCATCTCGGCAAGAGTCCGCCACGCCCA
2070   V  G  T  L  R  S  G  T  L  G  T  L  G  R  K  S  T  S  R  P  P  P  G  V  H  L  G  K  S  P  P  R  P
7165  TCGCCCGCTTCGGTGGCGTATCACAGCGACGAGGAGAGCTTGAAGTGCTACGACGAAAATCCAGACGACAGCAGCGTGACCGAGAAGCCCTCGGAGGTCA
2103  S  P  A  S  V  A  Y  H  S  D  E  E  S  L  K  C  Y  D  E  N  P  D  D  S  S  V  T  E  K  P  S  E  V  S
7265  GCAGCTCGGAGGCATCGCAGCATTCGGAGAGCGAAAACGAGAGCGTGCGCAGCGACCCCCACTCCTTTGTGAATCACTATGCCAACGTGAATGACTCACT
2137    S  S  E  A  S  Q  H  S  E  S  E  N  E  S  V  R  S  D  P  H  S  F  V  N  H  Y  A  N  V  N  D  S  L
7365  GCGACAGTCGTGGAAGAAGACCAAGCCGGTGCGAAACTACTCCAGCTACACCGATTCGGAGCCGGAGGGCAGTGCCGTGATGAGCCTCAATGGTGGCCAG
2170   R  Q  S  W  K  K  T  K  P  V  R  N  Y  S  S  Y  T  D  S  E  P  E  G  S  A  V  M  S  L  N  G  G  Q
7465  ATTATCGTCAATAATATGGCCAGGTCGAGGGCACCACTGCCCGGCTTCTCGTCATTCGTCTGACAATCAACTGAGTTCTAAGATCTAAGCACCAGTAGCA
2203  I  I  V  N  N  M  A  R  S  R  A  P  L  P  G  F  S  S  F  V  *
7565  ACGGCACCGTCATCCGCGAGACCTTCGTCTAGGCTGAGAACGAGGAGGGTCCGAAGAAGGAACCCGGAGCTGGGGGGTTGGCTGGGGCCACTCGAACCCG
7665  TTGGAGGACGACACACACACCCACATATCAGACAGGCCCTCCTGCCCTCAGCCCCTCCACCTTCACGACGATACGCTGCTACAGGGATATACATATTACT
7765  TAATACCAGACATTCAGTAAGATTATCTTGTATGCATTTAGTTTGAGTTCTTAATTATGTGCTTTTTACGTTGGGTTGTGCACTTCCGCGTCTTAACGTT
7865  ATCCTTTTAACTAAAAATGTTTGTATGCCCAGTACTTCCCATACTCGTAAAACGTATAAATTTGACCAACAGGCATTAATTGAAGTAATATTTTTAAATA
7965  TGCATAACCTAGTGTAAGGAGCACATTATTTTCAGCGTCAGTTTCCCAGCATGACTCTGCTCCTATTTTATAGTATTTATTTTTGGATGTACAGTGTGAG
8065  TGCGATGCTGCCTGCCACGCCTCCAGATGTGGCATTTATGGAATAGGGCGCGACAAATCGAATCCGAATCCTGTGATAAAACGATTTCCTTGTGCCCTAA
8165  TAAGTTTTTCCAATGATTTCCAAGTGTGTTCAGCGCGTGGCAGGTAGTCTGGTCTTTTAAGTGACTGTGAGTGTGAGTGACGTACGCGCTTCGTCTGCGC
8265  AATCTCATTATATATAAAATGACAAAAGGTTATGTTTTATGTTTAGTTTTTTGTGCGAGTAAATCTAGAAAATCTACAAGTACGAAGACAAGGACAAAAC
8365  ACCGATGCAATCGGTGGCCTAATAAGAAATGAAGAAAACGAGTTCATGAAACACGCGAAAGAAATCATACGCAGTAAACGAAAGTCTTTCTCTTATAAGA
8465  AAGGATAAGTGTATTTTTTTGGAAAGGCATCGAAGAAAGGCTATAGCCATGAGCATGAGAAGAATATCTAAGAAAGATGGCTTAGGTAATATTGATAGGC
8565  CATATTATTGCAATTTCCCTACCACATAAGTTCACAAACGCAAGCAAAAGTAACACAAAGCAAACAAACAAACAAACGTAGCAAACATGCAAGCATTCAA
8665  AAGCTGCATAGCACACAAACAATCGAAGAATCGATTCGTTCAGAGCGCATGCGTAGCAGATTTAGCATTAAGTACGATCTTCTAGAGGTAAGATGCATTT
8765  TTTTTTGTTAGTTGGGGGCCAGTCTCTACGGGGAGACTTTGCCCTGATACTCTAGATACGTAATTTTCGATTGTTTAATCCCCGAAGCTTAGAGATAATT
8865  GTACTCGTGTTTGTATTTGAATGCGGTTTATATTTATGACTATATTTATATATCGATGTATACATGTATATCTAAAAACTTAAACGACTGATTATATATT
8965  TTCCCCTGATTAGTTGTATACTTAACTCCTTTTTTGTAATACCTATGCATTAACTATGCTAAGACCACTTTGGCACTTTGGCGACCGTTGAAATGAAAAC
9065  GGAGTGGATAACTTTCTGCGTTTTCCCCAAATCGCAAGCTAATTTCAACTTCAAAGACTCAAAGCACAAGTTCATCTAGTTAAGTAAATGTATTTGTAAT
9165  TGTTGAATTGATGATTAAAGGATAGTTCTCCACTAATTGAGGAGGCACGTTTGATGTGGAGGAACTATGGAGATGAAAAAGGTGGAGCTTAGGGATCTTT
9265  CGCTCGTTGCTAGTTGAAATTCGTGCAACAAGCGCAAAGTATTAAAATATTGATAAATACAATTTAAATGTGTAAATGTAATTGATCGAGCATCCGAATA
9365  TGAATCAATAAAAGAACATGAAATCAATGGAAAAAAAAAAAAAAAAAA   9412

Fig. 6. DNA sequence and predicted amino acid sequence of sdk cDNA. The sites for alternate splicing in the 5′ non-coding region are
indicated with solid arrowheads; downward pointing for the three 5′ sites and pointing up for the single 3′ site. The hydrophobic potential
internal signal sequence and transmembrane domains are boxed. The P-element insertion site is indicated with an open arrowhead. The six Ig
repeats are underlined with solid lines and the thirteen fibronectin repeats with broken lines. The five bp deficiency in sdkD14 is indicated by a
shaded box. In the last fibronectin repeat a mini exon is inserted between amino acids 1923 and 1925. Instead of reading RDDS (shown in
bold), the second D is replaced by EKGEPSFVY. Potential glycosylation sites are indicated by bold type. The putative polyadenylation site is
doubly underlined. The GenBank accession number is BankIt 95112 U88578.
breakpoint in the second intron, and cytological analysis
indicates that this breakpoint is caused by a translocation of the
tip of the X chromosome to the third chromosome. sdk7AX is
caused by a small inversion from the second intron into the 5′
flanking region of the gene. The sdkD14 allele has a 5bp deletion
in exon eight that interrupts the open reading frame (Fig. 5A).

sdk is a member of the Immunoglobulin superfamily
The sequence and conceptual open reading frame of sdk is
shown in Fig. 6. sdk is a 240 kDa member of the immunoglob-
ulin superfamily. It contains six Ig repeats, thirteen fibronectin
type III repeats, a transmembrane domain and a 200 amino acid
intracellular domain. The intracellular domain contains no
homology to any known proteins. There is a hydrophobic region
near the N terminus which may function as an internal signal
sequence. Alternate splicing in intron 9 results in the insertion
of nine amino acid in the thirteenth fibronectin repeat. We do
not know what percentage of the mRNAs have the micro exon.
Of the 3 cDNAs isolated that cover this region only one has it.

DISCUSSION

It is unclear how the mystery cells are excluded from becoming
R cells. They are a part of the precluster that forms in the mor-
phogenetic furrow, and although they do not express neuronal
antigens, they express Sevenless which is also expressed in a
subset of R cells and the cone cells (Tomlinson et al., 1987).
The expression of Sevenless in the mystery cells is transitory,
but indicates that the association with the precluster is more than
just a physical association and that expression of this marker
may suggest a propensity for the mystery cells to differentiate
as R cells. No genes have been identified that are required in
the mystery cells to cause their exclusion. An inhibitory cue
from R3 and R4, the two R cells in closest contact with the
mystery cells, has been implicated via the svp gene (Mlodzik et
al., 1990a). However, svp is a transcription factor required for
the differentiation of R3 and R4 and is unlikely to be directly
involved with a signal from R3 and R4 to the mystery cells.

The mystery cells are also different from other cells in the
precluster with respect to their sensitivity to Argos. Argos is a
secreted protein expressed in all cells posterior to the morpho-
genetic furrow and is required to prevent the mystery cells from
differentiating as R cells (Freeman et al., 1992). Argos acts by
interfering with the EGFr pathway which is required for R cell
differentiation (Xu and Rubin, 1993; Tio et al., 1994;
Schweitzer et al., 1995a; Freeman, 1996; Tio and Moses,
1997). Although all the cells in the precluster are exposed to
Argos, the mystery cells must be more sensitive to Argos
action, possibly because of lower EGFr activity in these cells.
It is possible that the position of the mystery cells causes a
lowered initial induction of this pathway because of a restricted
access to Spitz (Freeman, 1996) or that its position makes it
more susceptible to cues from the surrounding pool of undif-
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ferentiated cells. Thus, the undifferentiated cells may play a
more active role than previously assumed in determining the
fate of cells in the precluster.

sdk, a member of the Ig superfamily, affects the fate of the
mystery cell during early pattern formation in the eye disc. It
is also needed for cone cell and accessory cell differentiation
at later stages of development. Sdk contains six C2-type Ig
repeats and thirteen fibronectin type III repeats. A potential
transmembrane domain separates the extracellular region from
a 200 amino acid intracellular domain. The intracellular
domain has no homology to any known proteins. sdk is not
required in the R cells nor in the mystery cell and is, therefore,
presumably necessary in the surrounding undifferentiated cells
to prevent the conversion of the mystery cell to an R cell.

We have shown that sdk is needed at the precluster stage of
development when R2, 3, 4 and 5 are determined. At this time
one or two mystery cells are present in the precluster between
R3 and R4. The mystery cells do not express neural antigens
and normally leave the precluster. In sdk eye discs an extra cell
stains with svp, an R1, R3, R4, and R6 marker, and most likely
represents the conversion of a mystery cell into an extra R cell.
We never saw more than one Sca-expressing cell (R8 marker)
nor an extra cell appearing later near R1 and R6.

Two other mutations, faf (Fischer-Vize et al., 1992a) and
groucho (Fischer-Vize et al., 1992b), also behave non-
autonomously and are also not required in the R cells nor the
mystery cells. It is unclear how Faf, a deubiquinating enzyme
(Huang et al., 1995), acts in preventing the mystery cells from
joining the R cell cluster. Groucho, a nuclear protein that neg-
atively regulates hairy-related bHLH proteins (Paroush et al.,
1994), may act by interfering with neuronal differentiation, but
it is not required in the mystery cells so its action must be
indirect. Thus, no obvious common pathway emerges from an
examination of the potential functions of these three proteins.

The Ig superfamily contains functionally diverse members
ranging from putative cell adhesion proteins such as Neuroglian,
Fas II, and Fas III in Drosophila and NCAM and L1 in vertebrates
to tyrosine kinase receptors and receptor-linked tyrosine phos-
phatases (Grenningloh et al., 1990). One member of this family
in Drosophila, Amalgam, is secreted and has no known function
(Seeger et al., 1988). Members of the so-called cell adhesion
family function as homophilic adhesion molecules in cell aggre-
gation assays in vitro, suggesting a role in cell-cell interaction and
recognition. Many members of this family, including Fas II, Fas
III, Neuroglian, and NCAM express two forms of protein, one
form with an intracellular domain and another that is linked to
the membrane with a PI-anchor or has a minimal intracellular
domain (Grenningloh et al., 1990). It has been shown that neu-
roglian, can function as an adhesion molecule in vitro with or
without its intracellular domain (Hortsch et al., 1995). It is not
clear how these proteins function during axon pathfinding and
generally mutations in the genes that code for them cause subtle
phenotypes (Bieber et al., 1989; Elkins et al., 1990; Grenningloh
et al., 1991). The subfamily of Ig adhesion proteins may be
redundant, with many members contributing to the same activity.
sdk does not affect all ommatidia and this may reflect a similar
redundancy of function in the eye.

Fas II had previously been shown to be needed in axon
pathfinding in the MP1 pathway (Grenningloh et al., 1991) and
recently was demonstrated to be required for proneural gene
expression in the developing ocelli (Garcia-Alonso et al.,
1995). It is unclear whether Fas II is functioning in signal trans-
duction in both situations or only during proneural gene
induction. A striking example of the separation of function
between the extracellular domain and the intracellular domain
is the irregular chiasm C-roughest locus. It is needed for
correct axon pathfinding and for the control of cell death in the
eye. Deletion of the intracellular domain affects its role in
apoptosis without affecting its role in axon pathfinding (Ramos
et al., 1993; Reiter et al., 1996).

We have found no evidence that sdk expresses different
forms of the protein similar to that observed with other
members of this family that act as adhesion proteins, since we
have not seen any evidence of alternate splicing in the region
that includes the transmembrane domain. Also, if there is a
secreted form, it acts over a very short range since neighbor-
ing wild-type cells at the edge of a mutant patch cannot rescue
an ommatidium with a sdk phenotype in mosaic eyes. The
presence of a long intracellular domain is intriguing and may
indicate a potential role in signal transduction. However, the
lack of homology with any known functional domain will
require further investigation into the role of the intracellular
amino acids. Sdk may function as an adhesion molecule either
through heterotypic interactions with another adhesion
molecule expressed on the mystery cell, or indirectly through
homotypic interactions with the undifferentiated cells.

We thank Frank Macaluso for help in preparing the SEMs at the
Analytical Imaging Facility, AECOM. We also thank Gerald Rubin,
Janice Fischer-Vize and Kathy Matthews (Bloomington Stock Center)
for flies stocks and Ron Blackman, John Tamkun and Tom Kornberg
for cDNA and genomic libraries. We would like to thank Nick Baker
for helpful discussions and a critical review of the manuscript. This
research was funded by NIH Grant EY08396, Albert Einstein Core
Center Grant P30-CA13330; D. N. T. N. is supported by NIH Training
Grant GM07128.

REFERENCES

Baker, N. E. and Rubin, G. M. (1989). Effect on eye development of dominant
mutations in Drosophila homologue of the EGF receptor. Nature 340, 150-
153. 

Baker, N. E. and Rubin, G. M. (1992). Ellipse mutations in the Drosophila
homologue of the EGF receptor affect pattern formation, cell division, and
cell death in the eye imaginal discs. Dev. Biol. 150, 381-396. 

Baker, N. E., Mlodzik, M. and Rubin, G. M. (1990). Spacing differentiation
in the developing Drosophila eye: a fibrinogen-related lateral inhibitor
encoded by scabrous. Science 250, 1370-1377. 

Baker, N. E., Yu, S. and Han, D. (1996). Evolution of proneural atonal
expression during distinct regulatory phases in the developing Drosophila
eye. Curr. Biol. 6, 1290-1301. 

Bieber, A. J., Snow, P. M., Hortsch, M., Patel, N. H., Jacobs, R. J., Traquina,
Z. R., Schilling, J. and Goodman, C. S. (1989). Drosophila neuroglian: a
member of the immunoglobulin superfamily with extensive homology to the
vertebrate neural adhesion molecule L1. Cell 59, 447-460. 

Butler, S. J., Ray, S. and Hiromi, Y. (1997). klingon, a novel member of the
Drosophila immunoglobulin superfamily, is required for the development of
the R7 photoreceptor neuron. Development 124, 781-792. 

Dietrich, U. and Campos-Ortega, J. A. (1984). The expression of neurogenic
loci in the imaginal epidermal cells of Drosophila melanogaster. J.
Neurogenet. 1, 315-332. 

Elkins, T., Zinn, K., McAllister, L., Hoffman, F. M. and Goodman, C. S.
(1990). Genetic analysis of a Drosophila neural cell adhesion molecule:
interaction of Fasciclin I and Abelson tyrosine kinase mutations. Cell 60,
565-575. 

Ellis, M. C., Weber, U., Wiersdorff, V. and Mlodzik, M. (1994).
Confrontation of scabrous expressing and non-expressing cells is essential



3312 D. N. T. Nguyen and others
for normal ommatidial spacing in the Drosophila eye. Development 120,
1959-1969. 

Engels, W. R., Preston, C. R., Thompson, P. and Eggleston, W. B. (1986). in
situ hybridization to Drosophila salivary chromosomes with biotinylated
DNA probes and alkaline phosphatase. Focus 8(1), 6-8. 

Fischer-Vize, J. A., Rubin, G. M. and Lehmann, R. (1992a). The fat facets
gene is required for Drosophila eye and embryo development. Development
116, 985-1000. 

Fischer-Vize, J. A., Vize, P. D. and Rubin, G. M. (1992b). A unique mutation
in the enhancer of split gene complex affects the fates of the mystery cells in
the developing Drosophila eye. Development 115, 89-101. 

Franceschini, N. and Kirschfeld, K. (1971). Les phenomenes des pseudopille
dans l’oeil compose de Drosophila. Kybernetik 9, 150-182. 

Freeman, M. (1994a). Misexpression of the Drosophila argos gene, a secreted
regulator of cell determination. Development 120, 2297-2304. 

Freeman, M. (1994b). The spitz gene is required for photoreceptor
determination in the Drosophila eye where it interacts with the EGF receptor.
Mech. Dev. 48, 25-33. 

Freeman, M. (1996). Reiterative use of the EGF receptor triggers
differentiation of all cell types in the Drosophila eye. Cell 87, 651-660

Freeman, M., Klambt, C., Goodman, C. S. and Rubin, G. M. (1992). The
argos gene encodes a diffusible factor that regulates cell fate decisions in the
Drosophila eye. Cell 69, 963-975. 

Garcia-Alonso, L., VanBerkum, M. F. A., Grenningloh, G. Schuster, C. and
Goodman, C. S. (1995). Fasciclin II controls proneural gene expression in
Drosophila. Proc. Natl. Acad. Sci. USA 92, 10501-10505. 

Golembo, M., Schweitzer, R., Freeman, M. and Shilo, B. -Z. (1996). argos
transcription is induced by the Drosophila EGF receptor pathway to form an
inhibitory feedback loop. Development 122, 223-230. 

Golic, K. G. and Lindquist, S. (1989). The FLP recombinase of yeast catalyzes
site-specific recombination in the Drosophila genome. Cell 59, 499-509. 

Grenningloh, G., Bieber, A. J., Rehm, E. J., Snow, P. M., Traquina, Z. R.,
Hortsch, M., Patel, N. H. and Goodman, C. S. (1990). Molecular Genetics
of neuronal recognition in Drosophila: evolution and function of
immunoglobulin superfamily cell adhesion molecules. Cold Spring Harbor
Symp. Quant. Biol. 55, 327-340. 

Grenningloh, G., Rehm, E. J. and Goodman, C. S. (1991). Genetic analysis
of growth cone guidance in Drosophila: fasciclin II functions as a neuronal
recognition molecule. Cell 67, 45-57. 

Hall, S. G. and Bieber, A. J. (1997). Mutations in the Drosophila neuroglian
cell adhesion molecule affect motor neuron pathfinding and peripheral
nervous system patterning. J. Neurobiol. 32, 325-340. 

Harrelson, A. and Goodman, C. S. (1988). Growth cone guidance in insects:
Fasciclin II is a member of the immunoglobulin superfamily. Science 242,
700-708. 

Hortsch, M., Wang, Y. E., Matikar, Y. and Bieber, A. J. (1995). The
cytoplasmic domain of the Drosophila cell adhesion molecule neuroglian is
not essential for its homophilic adhesive properties in S2 cells. J. B. C. 270,
18809-18817. 

Huang, Y., Baker, R. T. and Fischer-Vize, J. A. (1995). Control of cell fate by
a deubiquitinating enzyme encoded by the fat facets gene. Science 270, 1828-
1831. 

Huang, Y. and Fischer-Vize, J. A. (1996). Undifferentiated cells in the
developing Drosophila eye influence facet assembly and require the Fat
facets ubiquitin-specific protease. Development 122, 3207-3216. 

Jarman, A. P., Grell, E. H., Ackerman, L., Jan, L. Y. and Jan, Y. N. (1994).
atonal is the proneural gene for Drosophila photoreceptors. Nature 369, 398-
400. 

Kimmel, B. E., Heberlein, U. and Rubin, G. M. (1990) The homeo domain
protein rough is expressed in a subset of cells in the developing Drosophila
eye where it can specify photoreceptor cell subtype. Genes Dev. 4, 712-727. 

Klambt, C., Glazer, L. and Shilo, B. -Z. (1992). breathless, a Drosophila FGF
receptor homologue, is essential for migration of tracheal and specific
midline glial cells. Genes Dev. 6, 1668-1678. 

Klemenz, R., Weber, U. and Gehring, W. J. (1987). The white gene as a
marker in a new P-element vector for gene transfer in Drosophila. Nucl.
Acids Res. 15, 3947-3959. 

Lawrence, P. A. and Green, S. M. (1979). Cell lineage in the developing retina
of Drosophila. Dev. Biol. 71, 142-152. 

Melamed, J. and Trujillo-Cenoz, O. (1975). The fine structure of the eye
imaginal disc in muscoid flies. J. Ultrastruct. Res. 51, 79-93. 

Mlodzik, M., Hiromi, Y., Weber, U., Goodman, C. S. and Rubin, G. M.
(1990a). The Drosophila seven-up gene, a member of the steroid receptor
gene superfamily, controls photoreceptor cell fates. Cell 60, 211-224. 
Mlodzik, M., Baker, N. E. and Rubin, G. M. (1990b). Isolation and
expression of scabrous, a gene regulating neurogenesis in Drosophila. Genes
Dev. 4, 1848-1861. 

Ochman,H., Gerber, A. S. and Hartl, D. L. (1988). Genetic applications of an
inverse polymerase chain reaction. Genetics 120, 621-623. 

Parks, A. L., Turner, F. R. and Musksvitch, M. A. T. (1995). Relationships
between complex Delta expression and the specification of retinal cell fates
during Drosophila eye development. Mech. Dev. 50, 201-216. 

Paroush, Z., Finley, R. L.,Jr., Kidd, T., Wainright, S. M., Ingham, P. W.,
Brent, R. and Ish-Horowicz, D. (1994). groucho is required for Drosophila
neurogenesis, segmentation, and sex determination and interacts directly
with hairy-related bHLH proteins. Cell 79, 805-815. 

Patel, N. H., Snow, P. M. and Goodman, C. S. (1987). Characterization and
cloning of fasciclin III: a glycoprotein expressed on a subset of neurons and
axon pathways in Drosophila. Cell 48, 975-988. 

Ramos, R. G. P., Igloi, G. L., Lichte, B., Baumann, U., Maier, D., Schneider,
T., Brandstatter, J. H., Frohlich, A. and Fischbach, K-F. (1993). The
irregular chiasm C-roughest locus of Drosophila, which affects axonal
projections and programmed cell death, encodes a novel immunoglobulin-
like protein. Genes Dev. 7, 2533-2547. 

Ready, D. F., Hanson, T. E. and Benzer, S. (1976). Development of the
Drosophila retina, a neurocrystalline lattice. Dev. Biol. 53, 217-240. 

Reinke, R. and Zipursky, S. L. (1988). Cell-cell interaction in the Drosophila
retina: the bride of sevenless gene is required in photoreceptor cell R8 for R7
cell development. Cell 55, 321-330. 

Reiter, C., Schimansky, T., Nie, Z. and Fischbach, K-F. (1996).
Reorganization of membrane contacts prior to apoptosis in the Drosophila
retina: the role of the IrreC-rst protein. Development 122, 1931-1940. 

Robertson, H. M., Prestion, C. R., Phillis, R. W., Johnson-Schlitz, D. M.,
Benz, W. K. and Engels, W. R. (1988). A stable source of P element
transposase in Drosophila melanogaster. Genetics 118, 461-470. 

Sanger, F., Nicklen, S. and Coulson, A. (1977). DNA sequencing with chain-
terminating inhibitors. Proc. Natl. Acad. Sci. USA 74, 5463-5467. 

Schweitzer, R., Howes, R., Smith, R., Shilo, B-Z. and Freeman, M. (1995a).
Inhibition of Drosophila EGF receptor activation by the secreted protein
Argos. Nature 376, 699-702. 

Schweitzer, R. Shaharabany, M., Seger, R. and Shilo, B. -Z. (1995b). Secreted
Spitz triggers the Der signaling pathway and is a limiting component in
embryonic ventral ectoderm determination. Genes Dev. 9, 1518-1529. 

Seeger, M., Haffley, L. and Kaufman, T. C. (1988). Characterization of
amalgam: a member of the immunoglobulin superfamily from Drosophila.
Cell 55, 589-600. 

Snow, P. M., Bieber, A. J. and Goodman, C. S. (1989). Fasciculin III: a novel
homophilic adhesion molecule in Drosophila. Cell 59, 313-323. 

Streuli, M., Krueger, N. X., Tsai, A. Y. M. and Saito, H. (1989). A family of
receptor-linked protein tyrosine phosphatases in humans and Drosophila.
Proc. Natl. Acad. Sci. USA 86, 8698-8702. 

Tio, M., Ma, C. and Moses, K. (1994). spitz, a Drosophila homologue of
transforming growth factor-α, is required in the founding photoreceptor cells
of the compound eye facets. Mech. Dev. 48, 13-23. 

Tio, M. and Moses, K. (1997). The Drosophila TGF alpha homolog Spitz acts in
photoreceptor recruitment in the developing retina. Development 124, 343-351. 

Tomlinson, A., Bowtell, D., Hafen, E. and Rubin, G. M. (1987). Localization
of the sevenless protein, a putative receptor for positional information in the
eye imaginal disc of Drosophila. Cell 51, 143-150. 

Tomlinson, A. and Ready, D. F. (1987a). Neuronal differentiation in the
Drosophila ommatidium. Dev. Biol. 120, 366-376. 

Tomlinson, A. and Ready, D. F. (1987b). Cell fate in the Drosophila
ommatidium. Devl Biol. 123, 264-275.

Williams, A. F. and Barclay, A. N. (1988). The immunoglobulin superfamily-
domains for cell surface recognition. Ann. Rev. Immunol. 6, 381-405. 

Wolff, T. and Ready, D. F. (1991a). The beginning of pattern formation in the
Drosophila compound eye: the morphogenetic furrow and the second mitotic
wave. Development 113, 841-850. 

Wolff, T. and Ready, D. F. (1991b). Cell death in normal and rough eye mutants
of Drosophila. Development 113, 625-839. 

Xu, T. and Rubin, G. M. (1993). Analysis of genetic mosaics in developing
and adult Drosophila tissues. Development 117, 1223-1237. 

Zak, N. B. and Shilo, B. -Z. (1992). Localization of DER and the pattern of cell
divisions in wild-type and Ellipse eye imaginal discs. Dev. Biol. 149, 448-456. 

Zipursky, S. L. and Rubin, G. M. (1994). Determination of neuronal cell fate:
lessons from the R7 neuron of Drosophila. Annu. Rev. Neurosci. 17, 373-97. 

(Accepted 25 June 1997)


