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Summary

The single-minded (sim) gene of Drosophila encodes
a nuclear protein that plays a critical role in the devel-
opment of the neurons, glia, and other nonneuronal
cells that lie along the midline of the embryonic CNS.
Using distinct cell fate markers, we observe thatin sim
mutant embryos the midline cells fail to differentiate
properly into their mature CNS cell types and do not
take thelr appropriate positions within the developing
CNS. We further present evidence that sim is required
for midline expression of a group of genes including
slit, Toll, rhombolid, engrailed, and a gene at 91F; that
the sim mutant CNS defect may be largely due to loss
of midline slit expression; and that the snall gene is
required to repress sim and other midline genes in the
presumptive mesoderm.

introduction

The Drosophila central nervous system (CNS) consists of
a diverse set of neuronal and glial cell types that arise
from an undifferentiated group of ectodermal cells. Re-
cent progress has been achieved in understanding the ini-
tial decision governing whether an ectodermal cell will en-
ter the neural or epidermal lineages (reviewed in Knust
and Campos-Ortega, 1989). In addition, several genes
have been identified that appear to play a later role in the
determination of neuroblast, ganglion mother cell, and
neuron identities (reviewed in Thomas and Crews, 1990).
Nevertheless, relatively little is understood about the mo-
lecular processes that regulate how nerve cells differenti-
ate and attain their unique cellular identities. The study of
these problems in Drosophila melanogaster is facilitated
by the relative simplicity of its CNS and the ability to use
powerful genetic and molecular techniques to identify and
analyze developmentally important genes.

We have focused our attention on the molecular and
cellular mechanisms that underlie the development of a
distinct group of cells that lie along the midline of the Dro-
sophila embryonic CNS. The small number of these spe-
cific neurons and glia (about 30 cells per ganglion) as well
as the ability to identify individual celis makes this an at-
tractive system in which to study CNS formation. The de-
velopment of these cells is portrayed schematically in Fig-
ure 1A. The cells that eventuaily occupy the midline, also
referred to as “mesectodermal cells,’ arise from a one
cell-wide strip on each side of the blastoderm embryo,
which lies at the boundary of cells that will give rise to the

mesoderm and those of the neurogenic region (Figure 1,
stage 5; Crews et al., 1988). (Cells of the neurogenic re-
gion give rise to the lateral cells of the CNS and ventral
and lateral epidermis.) During gastrulation, the midline
progenitor cells come together at the ventral midline of the
ectoderm (Figure 1, stage 6). The nuclei of the midline
cells then migrate just inside the epidermis but retain a
short cytoplasmic process that extends to the surface of
the embryo (Figure 1, stage 10). Later, these midline pro-
genitor cells divide and differentiate into a set of midiine
neurons, glia, and other nonneuronal cells that lie be-
tween the two larger lateral portions of the CNS (Figure
1, stage 15). (In this paper, we will refer to the mature neu-
ronal, glial, and nonneuronal cell types found along the
midline as the “CNS midline cells,” and the midline cells
that have not yet undergone differentiation into those cell
types as “midline progenitors”)

The identities of many of the Drosophila CNS midline
cells have been determined and are schematized in Fig-
ure 1B. There are six midline glia that ensheathe the com-
missural axon bundles and may play a role in guidance
of the axonal growth cones that pioneer those bundles
(Crews et al., 1988; Jacobs and Goodman, 1989a). There
is one neuroblast, the median neuroblast, that gives rise
to a group of neuronal progeny. Other midline neurons in-
clude the two midline precursor 1 cells (Thomas et al.,
1984) and the ventral unpaired median neurons (VUMSs)
{(Jacobs and Goodman, 1989b), which are thought to de-
rive not from a neuroblast but from the single division of
a small midline precursor cell (Bate and Grunewald, 1981).
Additionally, there are a small number of cells found along
the midline that are neither neuronal nor glial (Jacobs and
Goodman, 1989a). Thus, the midline cells comprise a
small group of neurons, glia, and nonneuronal cells that
have a distinct developmental origin and unique morphol-
ogy and position within the CNS.

The single-minded (sim) gene of Drosophila has been
shown to play an important role in the development of the
midline cells and the normal elaboration of the CNS
(Thomas et al., 1988). Mutations in sim result in a reces-
sive embryonic lethal phenotype characterized by a col-
lapse of the ventral nerve cord due to loss or misplace-
ment of the midline cells (Figures 2A and 2B; Thomas et
al., 1988). The gene has been identified, and antibody
staining of embryos using an antiserum raised against a
simllacZ fusion polypeptide (Crews et al., 1988) indicated
that sim is a nuclear protein. The sim protein shares se-
quence similarity with the period (per) locus gene product
(Crews et al., 1988), a protein that controls the periodicity
of biological rhythms in Drosophila and is found in the
nuclei of some cell types (Siwicki et al., 1988). Determina-
tion of the embryonic expression pattern of sim revealed
that transcripts are first observed in the midline progeni-
tors of the blastoderm embryo at cellularization (Figure 1,
stage 5), while protein is detected within nuclei following
gastrulation along the ventral midiine of the ectoderm at
stages 6-7 (Thomas et al., 1988; Crews et al., 1988). sim
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Figure 1. Summary of CNS Midiine Cells and Their Development

(A) Four schematic cross-sections of a Drosophila embryo illustrate the development of the midline cells of the CNS. The four stages shown each
represent a time period in development as defined by Campos-Ortega and Hartenstein (1985). All four stages are dorsal side up. (St5) This view
represents the cellular blastoderm. The dashed cells will give rise to the mesoderm, the two black regions to the midiine celis of the CNS, the white
cells to the lateral cells of the CNS and the ventral epidermis, and the stippled cslis to the dorsal epidermis and amnioserosa. In situ hybridization
experiments with a sim probe to Drosophila embryos have shown that the regions that give rise to the midline of the CNS are each one celi wide
and extend the iength of the embryo (Thomas et al., 1988). (St6) Gastrulation results in the invagination of the mesoderm and the migration around
the embryo of the other cellular regions. The two single cell-wide layers that give rise to the CNS midline join together at the ventral surface of
the ectoderm. (St10) The embryo has undergone germband extension and neuroblast segregation from the ventral ectoderm. The neuroblasts (NB)
form their own cel! layer internal to the epidermablasts (EB). The midline progenitors have their nuclei internal and extend a cytoplasmic process
to the surface of the embryo. (St15) The neuroblasts and midiine progenitors have divided and differentiated into the neurons, glia, and other non-
neuronal cells that form the mature embryonic ventral nerve cord (VNC). The VNC lies just above the ventral epidermis (EPI). The midline CNS
cells are flanked by the lateral cells of the CNS. St = stage.

(B) The identified CNS midline celis are illustrated in a horizontal view showing a single ganglion of the embryonic CNS. The anterior direction of
the embryo is pointed to the top of the page. The hatched regions represent axon bundles: LC, longitudinal axon bundles; AC, anterior commissural
bundles; PC, posterior commissural bundles. There are three pairs of midline glia (MG): MGA, anterior; MGM, median; and MGP, posterior. There
are three recognizable sets of midline neurons: the two midline precursor 1 cells, the six VUM celis, and the median neuroblast and its progeny.

continues to be expressed in all of the midline progenitors
until they differentiate into neurons, glia, and other non-
neuronal cells. At this point, detectable expression be-
comes restricted to the midline glia. Based on these
results, it was proposed that sim might regulate the ex-
pression of a battery of genes that act in the development
of the CNS midline cells.

We have addressed the nature of sim function by foliow-
ing the developmental fate of the midline ceils in sim mu-
tants by cytological marking of these celis and by identify-
ing genes whose expression requires sim gene function.
These experiments indicate that in sim mutants the mid-
line cells fail to differentiate properly into the midline neu-
rons, glia, and nonneuronal celis. We further show that
sim is required for the CNS midline expression of a set of
genes including slit (s), Toll (Tl), rhomboid (rho), engrailed
(en), and a gene at 91F, all of which may play a role in mid-
line cell development. Additional experiments indicate
that sii is required for the proper development of the mid-
line cells and that the sim collapsed CNS phenotype may
be largely due to loss of s/i midline expression. Finally, it
is shown that snail (sna) gene function is required to re-
press sim and other midline genes in the presumptive
mesoderm.

Results

Midline Cell Fate Markers

To examine the fate of the midline cells in sim or sli mutant
strains, three approaches for marking midline cells were
used: first, -galactosidase staining of strains containing
a P element transposon with sim regulatory sequences
fused to the p-galactosidase gene, (P[sim/lacZ}); second,
staining with a sim antiserum; and third, -galactosidase
staining of strains containing a P element enhancer trap
insertion into the rho locus. The P[sim/lacZ] insertion is
generally the most useful marker, because of its versatility
and specificity for the midline cells. The P[sim/lacZ] con-
struct was generated from a segment of DNA that includes
a set of regulatory elements contained internally within the
sim gene. The 7.8 kb fragment of Drosophila DNA used to
construct the P[sim/lacZ] vector is shown in Figure 3. It
contains 68% of the sim coding sequence and was fused
in frame to the B-galactosidase gene residing on the
cosPwhitep-gal P element vector.

The suitability of P[sim/lacZ) as a midiine marker de-
rives from its early expression of B-galactosidase in the
midline cells, similar to sim. The initial expression of $-ga-
lactosidase in the P[sim/lacZ] strain is observed in a stage
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Figure 2. CNS Phenotypes of sim and s/i Mutant Embryos

Embryonic CNS of (A) wild-type, (B) sim mutant (Df[3R]/26d), and (C) s/i mutant (s/i"é7°7). Whole-mount stage 15 embryos were stained with anti-
HRP antiserum, which reacts with all nerve cells and their axons. Ventral views are shown with anterior pointing to the top of the page. Cells along
the midline of the CNS are misplaced in sim (Thomas et al., 1988) and s/i (Rothberg et al., 1988) mutant embryos resulting in a collapse of the CNS

and a fusion of the longitudinal connectives (LC). Scale bar: 50 pm.

8 embryo around 3.5 hr postfertilization. Figure 4A shows
a ventral view of a stage 10 embryo of the P[sim/lacZ]
strain stained with an antibody against B-galactosidase.
Staining is observed along the midline of the embryo and
is localized to cell nuclei. The segment of sim coding se-
quence fused to B-galactosidase thus contains a nuclear
localization sequence. A sagittal view of a stage 10 em-
bryo (Figure 4C) shows the nuclei of the midline cells
migrating into the neuroblast layer between the mesoder-
mal and epidermal precursors and also shows staining in
the stomodeal opening, posterior midgut, and proctodeum.
The gut staining is also observed when embryos are
stained with a sim antiserum. Later, at stage 13 (Figure
4E), the midline cells begin to differentiate into the CNS

midline cells and migrate to their appropriate locations in
the developing CNS. At stage 15, when nerve cell forma-
tion and axonogenesis are essentially complete, f-galac-
tosidase is observed in the midline glia along the dorsal
surface of the CNS and in some of the midline neurons
and other nonneuronal cells found medial and ventral in
the CNS (data not shown). At this stage, endogenous sim
protein is normally observed only in the midline giia. This
difference probably reflects increased stability of f-galac-
tosidase mRNA and/or protein. However, it cannot be ex-
cluded that the P[sim/lacZ] gene has a slightly different
regulation than the sim gene. In summary, the pattern of
B-galactosidase expression in P[sim/lacZ] strains closely
resembles the pattern of endogenous sim expression.
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Figure 3. Structure of the sim Gene and the P[sim/lacZ] Construct

The structure of the sim gene (S. T. Crews, J. Thomas, G. de Feo, Y. Kasai, M. G. Muralidhar, and J. Nambu, unpublished data) as determined by
DNA sequence analysis is shown at the top. The gene consists of eight exons and they are numbered at the top of the figure. Clear boxes indicate
untransiated-sequences and the darkened boxes indicate coding sequences. Below is the segment of DNA used to construct the P[sim//acZ) transpo-
son. The relevant sequences of the P[sim/lacZ] vector are shown below the gene structure. A 7.8 kb sim genomic fragment was fused in frame to
the sequences encoding the fifth amino acid of the B-galactosidase gene. The probable initiator AUG is supplied by sequences from the second
sim exon and is indicated with an arrow, and an $V40 polyadenylation site is located 3’ to the B-galactosidase gene. At the bottom is a scale marked
in kilobases (kb).
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Midline Cell Fate in sim Mutants

The fate of the midline cells in sim mutants was examined
by crossing Psiml/lacZ] or P|rhollacZ] into mutant back-
grounds, or staining for sim protein. These experiments
used two ethylmethanesulfonate (EMS)-induced sim al-
leles, simB2™2 and sim"9, and two deficiencies, D(3R)ry®°
and Df(3R)/26d. simP?"-2 makes normal levels of a sim im-
munoreactive protein as detected by staining embryos
with a sim antiserum, whereas the two deficiencies and
sim*9 fail to make any detectable sim protein. The CNS
phenotypes of the four sim mutations are all severe with
each showing a fused connective phenotype when the
CNS is stained with anti-HRP. However, simB2"2 is proba-

Figure 4. Fate of the Midline Cells in Wild-Type,
sim, and sii Mutant Embryos

Whole-mount embryos containing a P[sim/

lacZ] chromosome were coliected at different
. stages of development and stained with an an-
tibody against p-galactosidase to visualize the
midline cells. (A, C, and E) sim* embryos
(noted by the presence of a plus sign in the
right-hand corner). (B, D, and F) sim™~ embryos
(simB2"-2 allele, noted by the presence of a mi-
nus sign in the right-hand corner). The midline
progenitor staining duse to the P[sim/lacZ} ele-
ment is similar in both the sim* and sim™ stage
10 embryos: (A and B) stage 10 ventral view, (C
and D) stage 10 sagittal view. By stage 13, the
sim* embryos (E) (sagittal view) show orga-
nized CNS midline cells, primarily in the dorsal
haif of the CNS (arrowhead), whereas the mid-
line cells in the sim~ embryos (F) (sagittal
view) are disorganized and predominantly found
down at the ventral surface cf the embryo (ar-
rowhead). Similar results were obtained when
midline celi fate was followed in sim&2"-2 with-
out P[simllacZ] using a sim antiserum. The
midline cells in a s/i mutant stage 13 embryo
(G) (s allele), as identified by Plsim/lacZ]
expression, are found along the ventral surface
of the embryo out of the CNS similar to sim mu-
tant embryos (arrowhead), compare to (F). The
P[91F/lacZ])242 element is expressed at wild-
type levels in the midline CNS cells in s/ mu-
tant embryos (H) (stage 13, ventral view). The
P[TillacZ] element is expressed at wild-type
levels in s/i mutant embryos () (stage 13, sagit-
tal view). Notice the positively staining cells at
the ventral surface of the sii- embryo (arrow-
head). All frames have anterior to the left and
in the sagittal views, dorsal is up. eb, epider-
moblasts; mp, midline progenitors; mes, meso-
dermal precursors, vnc, ventral nerve cord.
Scale bar: 50 um.

bly a hypomorphic allele (see below). Stable lines, ho-
mozygous for X-linked copies of the P[sim/lacZ} chro-
mosome, were generated for each mutant strain. It was
important to be able to identify those embryos that were
sim~ homozygotes, and this was accomplished by main-
taining the sim mutant chromosome over a balancer that
contains a P{ftz/lacZ] insertion. When visualized for the
presence of B-galactosidase protein, the P{ftz/lacZ] inser-
tion displays intense fushi tarazu (ftz) pair-rule ectodermal
stripes and ftz CNS expression in both embryos that are
homozygous for the balancer chromosome and those that
possess a single balancer over the sim~ chromosome.
Thus, we could unambiguously identify the sim~ homozy-
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gous mutants, since they do not exhibit P[ftz/lacZ] expres-
sion. This was particularly important when examining
early-stage embryos since the sim defects were some-
what subtle. The presence of P[sim/lacZ] failed to rescue
lethality or the CNS fused connective phenotype of any of
the sim mutations, although weak rescuse of sim function
remains a possibility.

The fate of the midline cells in the P[sim/lacZ]; simB2*-2
allele is chronicled in Figure 4 (compare the mutants in
[B], [D}], and [F] with the wild-type embryos shown in [A],
[C], and [E]). Comparison of the mutant embryos with
wild-type indicates that p-galactosidase is expressed in
the midline cells of the sim mutants in normal amounts.
The midline progenitor cells appear relatively normal
through gastrulation, and the nuclei migrate into the neu-
roblast layer as in wild-type embryos (Figures 4B and 4D),
although they sometimes appear somewhat disorganized
compared with wild type.

During stages 11 and 12 the midline cells in wild-type
embryos begin to divide and differentiate into midline neu-
rons and glia. The exact lineage and cell movements of
midline cell development have not yet been resolved, but
characteristic, ordered cell migrations are apparent as the
mature cells take their specific positions in the CNS.
Generally, itis observed in stage 11 and 12 sim mutant em-
bryos that the distribution of midline cells in the CNS is
less organized than wild type, and this defect becomes
very apparent by stage 13 as the CNS is beginning to take
its mature shape (Figure 4F). This disorganization is con-
sistent with the previously published observation indicat-
ing that the midline cells were not in their proper position
in a stage 11 embryo (Thomas et al., 1988). At stage 13
the midline cells in sim mutants are very disordered and
tend to be clustered near the ventral surface of the em-
bryo. The same results are observed when the P[sim/lacZ)
element is introduced in the two EMS-induced sim mu-
tants and both deficiency strains. Additional confirmation
of these results comes from whole-mount antibody stain-
ing experiments with a sim antiserum on the sim821-2 g|-
lele and in situ hybridization using a sim cDNA probe.
These reagents both stain simB2’-2 homozygous sim~ em-
bryos in the midline cells and provide a marker for those
cells similar to the P[sim/lacZ] chromosome. These ex-
periments showed similar midline cell development as the
P[sim/lacZ]; sim™~ strains.

The important point of these experiments is that they in-
dicate that, minimally, sim is required for the proper differ-
entiation of the midline cells from their progenitors. These
results provide a rationale for the sim CNS phenotype.
The midline cells fail to differentiate properly and cluster
near the ventral surface of the embryo instead of their
usual location within the CNS. This leads to the collapse
of the two lateral CNS hemiganglia and fusion of the lon-
gitudinal connectives. Results described below indicate
that alterations in gene expression accompany the CNS
disorganization. These experiments do not address whether
sim plays an earlier function in the formation of the midline
progenitors since it is possible that sim82-2, which makes
an immunoreactive sim protein, is a hypomorphic allele

and that the P[sim/lacZ] construct may possess a weak
sim rescue activity.

Midline Cell Development in sli Mutants

sli is a gene originally identified as having a mutant larval
cuticular defect (Nisslein-Volhard et al., 1984) and later
shown to have sequence similarity to the Notch gene
product (Rothberg et al., 1988). The Notch and sli proteins
both display a series of repeats similar to those found in
epidermal growth factor and both are likely to be involved
in cell-cell interactions. s/i mutants have an embryonic
CNS phenotype similar to that of sim (Rothberg et al.,
1988; see Figures 2B and 2C); in both sim and sli mutants
the longitudinal connectives of the CNS are fused to-
gether. Given the similarity of their CNS phenotypes, we
decided to investigate further the fate of the midline cells
in s/i mutant embryos by using the P[sim/lacZ] chromo-
some as a midline cell marker. When the fate of the mid-
line cells are compared in sli- embryos and simB82-2 gm-
bryos, it is apparent that the midline cells behave in a
similar fashion (Figure 4G shows a P[sim/lacZ]; sl em-
bryo at stage 13; compare to Figure 4F). The midline pro-
genitors appear relatively normal, but the cells fail to
properly differentiate and take their normal positions
within the CNS. Ultimately, the cells end up along the ven-
tral surface of the embryo. Since the sli gene is expressed
in the midline cells subsequent to sim, sii expression may
require sim function, and the effect on CNS differentiation
observed in sim mutant embryos may be largely due to
loss of sli expression. This possibility was tested directly
as described below.

Requirement of sim for Midline Gene Expression
The nuclear localization of the sim protein, its restricted
expression in the midline cells, and the dramatic effect of
sim mutations on midline cell development suggest that
sim is required for the expression of a set of genes that
play a crucial role in the normal development of these
cells. Several genes have been identified that are ex-
pressed in midline cells and are potential candidates for
requiring sim function for their expression. We tested
whether the expression of these genes requires sim by ex-
amining their expression in a sim mutant background.
Lack of expression of a putative downstream gene in the
midline cells in stage 9-11 sim~ embryos, when the cells
still reside along the midline, can be interpreted as requir-
ing sim gene function. Below, we describe the effects of
sim mutations on midline gene expression of five different
genes: sli, Tl, en, rho, and a gene at 91F associated with
an enhancer trap insertion.

sli

The sli gene is expressed in most cells of the embryo;
however, it exhibits particularly high levels of expression
in the midline progenitor cells and later in the midline glia
(Rothberg st al., 1988). We have examined s/i expression
using a P[/acZ] insertion into the sii locus provided by A.
Kolodkin and C. Goodman. The insertion, E-158, is lethal,
but does not show the s/i mutant CNS defect at 25°C.
B-galactosidase expression along the midline due to the
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Figure 5. Requirement of sim for Midline Gene Expression

Absence of midline staining of a group of midiine genes is observed in mutant embryos homozygous for sim deficiencies, and hypomorphic alleles
of sim also generally show reduced or absent midiine expression.
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P[slillacZ)E-158 insertion is first observed above the uni-
formly staining background in stage 10 embryos about
40-60 min after sim protein is detected in cell nuclei. Be-
cause of the occurrence of s/i expression throughout the
embryo, we focused on stage 11 embryos, when s/i mid-
line staining is high relative to other cells.

The results indicate that s/i midline expression is absent
or diminished in sim mutants (Figures 5A and 5B). No ex-
pression of P[sli/lacZ]E-158 is observed along the midline
in the sim deficiency Df(3R)/26d, although the nonmidline
expression is similar to wild type. Reduced expression in
a small number of midline cells is usually observed in the
simB21-2 EMS-induced allele (data not shown), suggesting
that this is a hypomorphic allele. Staining of sim82"-2 mu-
tant embryos with a sim antiserum indicated that the mid-
line progenitors were present in approximately the same
number as wild type in stages 9-11 when these observa-
tions were generally made. Thus, normal s/i midline ex-
pression requires sim function. These results suggest not
only that s/i expression requires sim function, but also that
in sim mutants the collapsed CNS phenotype may be
largely due to the absence of s/i expression in the midline
cells.

Tl

The 7/ gene is expressed both maternally and zygotically
and probably plays multiple roles during embryogenesis
(Gerttula et al., 1988). The sequence of the T/ protein sug-
gests that it may act as a transmembrane receptor and
signal transduction molecule (Hashimoto et al., 1988).
Maternally, it is required for establishing the dorsal-ven-
tral axis of the embryo (Anderson et al., 1985). However,
T1 also exhibits a complex zygotic expression pattern, and
this expression appears to be required for larval viability.
The pattern of 7/ zygotic expression includes cells of the
anterior and posterior midguts, trachael and salivary gland
placodes, and the midline progenitors (Gerttula et al.,
1988). T/ is first expressed in the midline progenitors of
wild-type embryos around stage 9 about 30-60 min after
sim nuclear protein is detected and persists in these cells
and their progeny throughout embryogenesis.

We have used a P[/acZ] insertion into the T/ gene (F336;
provided by Yasushi Hiromi and Corey Goodman) to ex-
amine its midline expression in sim mutant and wild-type
embryos. The P[Ti/lacZ]F336 element was recombined
onto the sim deficiency Df3R)ry®"™ and balanced over
TM3 P[ftz/lacZ] to enable the identification of the homozy-
gous T/ mutant embryos. Analysis of P[Tl/lacZ)F336 ex-

pression in sim mutant embryos indicates that 7/ expres-
sion is absent along the midline in the sim deficiency
strain (Figures 5C and 5D). Expression is also absent
along those sections of the gut in which both sim and 7/
are expressed.

en

Expression studies have shown that the en segment
polarity gene product is localized to a set of segmentally
repeated ectodermal stripes early in embryonic develop-
ment (DiNardo et al., 1985). These cells give rise to neu-
ronal precursor cells in the posterior region of each CNS
ganglion, and en continues to be expressed in the prog-
eny of these precursors. These cells include subsets of
the median neuroblast progeny and VUM celis (Patel et
al., 1989b). Similar to the effects of several other segmen-
tation genes on CNS development (Doe et al., 1988; Patel
et al., 1989b), en may contribute to the specification of
nerve cell identity.

Since there exists a sustained level of en expression in
the posterior CNS midline cells from the blastoderm to the
mature CNS, it is relatively easy to see if there is an effect
of sim on en expression. When sim point mutants or defi-
ciencies are stained with a monoclonal antibody reactive
with en, staining along the midline is normal until approxi-
mately stage 9-10. At this time and later, expression in the
midline progenitors is absent. This can be seen in Figures
5G and 5H, showing that there are no cells along the mid-
line that express en in sim mutant embryos.
91F Gene
Enhancer trap screens have provided a number of in-
teresting candidate genes that may require sim function
for their expression. One of them is a gene that maps to
the region 91F, on the third chromosome, and was first
identified by two insertions, 87 and 242, found by Yasushi
Hiromi and Corey Goodman. We have also identified an-
other insertion into this region, BAO7, that has midline ex-
pression (S. Hu, B. Matthews, and S. T. Crews, unpub-
lished data). These lines all show staining in the midline
progenitors (Figure SE) and are expressed in all or most
of the CNS midline cells. Initial expression is observed at
the end of stage 9, about 30-60 min after the first observa-
tion of sim nuclear expression. All three inserts display the
same midline staining pattern, but differ with respect to
other cells in the embryo that do or do not stain. The DNA
at this region has been cloned and a gene has been identi-
fied with similar midline expression to the enhancer trap
lines as determined by whole-mount in situ hybridization

(A and B) Staining of stage 11 whole-mount embryos containing a P|sliflacZ]E-158 chromosome with anti-B-galactosidase. Ventral views of sim™ (A}
and sim~ (DfI3R)I264) (B) embryos are in similar focal planes and show the lack of midline staining in sim mutant embryos compared with sim*

embryos.

(C and D) Staining of stage 11 sim* (C) and sim~ (Df[3R]ry®") (D) embryos containing a P[Tl/lacZ]F336 chromosome with anti-B-galactosidase.

Staining along the midline is absent in sim mutant embryos.

(E and F) Staining of stage 11 embryos containing the P[91F/lacZ)242 chromosome. The ventral views of sim* (E) and sim™ embryos (Df[3R]ry®'®)
(F) show absence of staining along the midline in sim mutant embryos. Staining is observed in both sim* and sim~ embryos in longitudinal glioblasts
(arrowheads), which are cells not derived from the midline progenitor cells (Jacobs et al., 1989).

(G and H) Staining of stage 11 embryos with an anti-en monoclonal antibody. Ventral views of sim* (G) and sim~ (Dfi3R)/26d) (H) embryos are both
in the same focal plane. Notice the absence of staining along the midline in sim mutant embryos in contrast to the staining observed in the sim*

embryos (arrowheads).
Scale bars: (A-F) 50 pm, (G-H) 20 um.
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Figure 6. Midline Expression of P[rhollacZ] Requires sim

(A) Staining of a stage 11 wild-type embryo containing two copies of
PlrholiacZ] with anti--galactosidase shows strong midline staining.
(B) Anti-B-galactosidase staining of a stage 11 embryo containing a sin-
gle copy of Plrho/lacZ] that is a sim transheterozygote with the geno-
type Dfi3R)ry$"9/simB21-2, Notice the presence of the midline cells at
this stage and the low level of midline staining.

(C) Anti-p-galactosidase midline staining of P[97F/lacZ])242 is absent in
DR3R)ry®"/simB?"-2 stage 11 embryos, even though the midline cells
are present at this time; see (B). The few staining ceils lateral to the
midline are longitudinal glioblasts (see Figures 5E and 5F). All views
are ventral except (B). Scale bar: 50 um.

(B. Matthews, Y. Hiromi, C. Goodman, and S. T. Crews, un-
published data).

The P[97FllacZ]242 insertion was recombined onto a
sim deficiency, D3R)ry5'®, and balanced over TM3 P|ftz/
lacZ). Examination of these embryos for -galactosidase
expression reveals that 91F expression is completely aboi-

ished along the midline (Figures 5E and 5F). The only
staining present is found in a set of longitudinal glial pre-
cursors whose expression is due to the ftz promoter used
in this enhancer trap line (Jacobs et al., 1989). Transhet-
erozygotes of sim deficiency and sim EMS-induced alleles
(DA3R)ry®"9IsimB2-2) aiso show no midline exprassion of
P{91FllacZ]242 (Figure 6C). Similar results were obtained
for another insertion in the 91F locus, P[97F/lacZ]87, that
was recombined onto DA3R)ry®; the midline staining
was absent in the sim homozygous mutant embryos, and
the nonmidline staining was unaffected.
rho
rho mutants display a number of alterations in the larval
cuticle, peripheral nervous system, and CNS (Mayer and
Nusslein-Volhard, 1988). The CNS defect has not been
carefully analyzed, but shows a collapsed commissure
defect similar to sim but less severe. Whether this defect
is due to alterations in midline cell development is un-
known. The gene has been cloned and is expressed
prominently in the CNS midline progenitors and their
progeny (Bier et al., 1990). The eartiest expression of rho
closely parallels sim and precedes the expression of sli,
Tl, and the 91F gene. We have used an enhancer trap in-
sertion in the rho locus, which closely resembles rho gene
expression (Figure 6A), to assess whether sim is required
for rho expression. Midline expression of P[rhollacZ] in a
simB21-2|DK3R)ry619 transheterozygote is present but
greatly reduced (Figure 6B) compared with wild type (Fig-
ure 6A). The residual Plrho/lacZ]} midline staining indi-
cates that the midline cells are present in the trans-
heterozygote at stages 10-11. Expression of PrhoflacZ]
was detectable, but even further reduced, in homozygous
deficiency backgrounds. Thus, sim is required for high lev-
els of rho midline expression through embryogenesis.
In summary, we have shown that sim function is re-
quired for the normal exprassion of five genes. Four of the
genes reveal no detectable expression in sim deficiency
strains, with P[rho/lacZ] being the exception in showing
strongly reduced expression. The data presented in this
paper usually compare expression of the midline genses in
late germband extended wild-type and sim mutant em-
bryos when the difference in expression is most dramatic.
However, it is worth mentioning that at no earlier or later
time of development in sim deficiency strains is there any
detectable midline expression of genes such as s/i, T/, and
the 91F gene. Additionally, four of the genes were shown
to have low or undetectable expression in hypmorphic
genetic backgrounds in which cell fate analysis has re-
vealed the presence of the midline cells at the same time
of development. Thus, the effect on expression of these
genes observed in sim mutants is not due simply to the
absence of the midline cells.
Expression of Tl and the 91F Gene in sli Mutants
To understand further the hierarchy of events involved in
midline development and gene expression, we looked at
the expression of T/ and the 91F gene in s/i mutant em-
bryos to see if sli played a role in their expression. The
results indicate that P[97F/lacZ]242 and P[Tl/lacZ] are ex-
pressed in s/i mutants throughout development (Figures
4H and 4|, stage 13 is shown). The stained midline celis
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Figure 7. Altered Expression of sim in sna Mutants Results in a Similar Altered Expression of Other Midiine Genes

Whole-mount sna mutant embryo (A) (sna%2¢ allele) carrying P{sim/lacZ] shows expression of B-galactosidase in an expanded region correspond-
ing to the cells that in wild-type give rise to the mesoderm. sna~ embryos containing the P[7l/lacZ]F336 (B), P[97F/lacZ)242 (C), and P[sii/lacZ]E-158
(D) elements showing expanded p-galactosidase expression similar to P[sim/lacZ). No expression of P{91F/lacZ]242 along the ventral surface is
seen in a sna; sim double mutant embryo (E), indicating that the expanded expression of P[97F/lacZ]242 observed in sna mutant embryos is depen-
dent on sim function. The ventral surfaces of the embryos are shown. Scale bar: 50 pm.

can be observed along the ventral surface of a stage 13
or older sli- embryo (Figure 4l) similar to cells stained in
a P[sim/lacZ); slii- embryo (Figure 4F). These results show
that while s/i activity is required for normal midline cell de-
velopment, it is not required to initiate or maintain P[97F/
lacZ)242 or P[Tl/lacZ] expression.

Ectopic Expression of sim in sna Mutants Results
in Ectopic Expression of Downstream Genes
We have examined the expression of sim in the back-

ground of a number of genes that affect the dorsal-ventral
axis. One of the most interesting results was the effect on
sim by the sna gene. Mutations in sna result in a lack of
ventral furrow formation, and analysis of larval cuticles im-
plies that the gene affects only the formation of the
mesodermal cells (NiissleinVolhard et al., 1984). Whole-
mount in situ hybridization to Drosophila embryos using
a sna cDNA probe indicates that before gastrulation sna
is expressed specifically in the cells that give rise to meso-
derm (data not shown). The expression of sna precedes
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that of sim, and experiments were initially performed to
determine whether sna regulates the expression of the
sim gene. In situ hybridization experiments using a sim
cDNA probe indicate that sim expression occurs over the
ventral region of the blastoderm embryo in sna mutant
embryos. Ectopic expression of f-galactosidase along the
ventral surface of sna mutant embryos harboring the
P[simllacZ] chromosome is also observed (Figure 7A).
Thus, sna is normally required to repress sim expression
in the cells that give rise to mesoderm.

One prediction of a model in which sim is required for
the expression of downstream midline genes is that ec-
topic expression of sim should result in a parallel ectopic
expression of the downstream genes. We have tested this
by examining the expression of the T/, sli, and 91F genes
in sna mutants. The results shown in Figure 7B indicate
that P[TlllacZ])F336 is ectopically expressed as a broad
strip of cells in the ventral section of sna- embryos. Ex-
amination of P[97F/lacZ]242 in a mutant background re-
vealed that the 91F gene is also expressed as a broad ven-
tral stripe (Figure 7C); similar resuits have been obtained
by examining the expression of an independent P[/acZ] in-
sertion into the 91F gene (P[97F/lacZ)87) in sna mutants
(Y. Hiromi and C. Goodman, personal communication).
Similarly, P[slillacZ)E-158 was also expressed at high lev-
els, consistent with midline cell expression, as a broad
ventral strip of cells in sna mutant embryos (Figure 7D).
The requirement of sim for the ectopic expression of the
downstream genes in sna mutants was shown by measur-
ing the expression of P[97F/lacZ}242 in sna; sim double
mutants. The result shown in Figure 7E indicates that
P[97FilacZ]242 expression is absent in the double mutant,
confirming that the midline expression of the 91F gene re-
quires sim function.

Discussion

sim Is Required for CNS Midline Cell Differentiation
Previously, it was shown in sim mutants that the longitudi-
nal axon bundles of the mature embryonic CNS (stage 15
or later) become juxtaposed and that the CNS midline
cells that normally separate them are absent or misplaced
(Thomas et al., 1988). This defect could be observed ear-
lier in development in a late stage 11 embryo. However,
the exact fate of these cells was unknown. We find that the
midline cells clearly fail to differentiate properly and take
their proper position within the CNS in sim mutants. Even
in potential hypomorphs, such as simB22 and Pfsim/lacZ];
sim~, the midline neurons and glia fail to form properly
from their progenitors. These cells are eliminated from the
CNS and reside near the ventral surface of the embryo.
Null alleles of sim may reveal more severe phenotypes,
but this has been difficult to analyze with the cell-marking
reagents available.

Around the time when morphological defects appear in
sim mutants, defects in gene expression occur in a set of
genes normally expressed in the midline cells. Loss of ex-
pression of genes such as sfi, T/, en, rho, and 91F in sim
mutants is consistent with the idea that these cells have
not adopted their usual cell fate. Although the CNS mid-

line cells in sim mutants acquire neither their proper fate
nor their normal positions within the mature CNS, we do
not know whether they adopt an alternative fate. They do
not express any known genes that correlate with differen-
tiated midline cells (i.e., sfi, 91F gens, etc.) with the excep-
tion of sim and perhaps rho. The celis are possibly blocked
as a type of midline progenitor or differentiate into another
cell type.

sim |Is Required for the Transcription

of Midline Genes

We have shown that sim is required for the expression of
five genes expressed in the midline cells: sii, T/, en, rho,
and the 91F gene. These experiments do not indicate how
sim functions; it may act directly to control expression of
these genes or it may play an indirect role. It was shown
that the expression of sfi, rho, en, and the 91F gene is
absent in deficiencies of sim, and absent or reduced in
hypomorphic alleles such as sim82'2 and the transhetero-
zygote simB2-2[DR(3R)ry®’S. Cell fate analysis of sim521-2
using a sim antiserum and the transheterozygote using
PlrhollacZ] indicates that the midline cells are present
during the time (stage 9-11) when gene expression was
assayed. Thus, reduced expression in these mutant em-
bryos is due to a loss or reduction of gene expression and
not simply due to rapid cell death.

Because sim nuclear expression precedes that of s/, T/,
and the 91F gene by a short time period, about 30-60 min,
it is possible that sim is acting on the midline expression
of these genes in a direct fashion. However, whether it acts
directly or indirectly, sim does appear to be required for
the transcription of these genes. The P[Tl/lacZ] insert,
whose expression requires sim function, has been shown
to lie upstream of the normal 7/transcriptional start site (H.
Clark, K. Anderson, Y. Hiromi, and C. Goodman, personal
communication), suggesting that 7/ transcription requires
sim activity. Similarly, the P[slillacZ]E-158 insertion, whose
expression requires sim activity, has also been mapped to
either the 5-flanking or 5’ untranslated region of the gene
(J. Rothberg and S. ArtavanisTsakonas, personal commu-
nication). The sim requirement for en and rho expression
is less clear since these genes are expressed in the mid-
line progenitors at the same time as sim. Their expression
is then extinguished or reduced only later in the develop-
ment of these cells in the absence of sim. Our results sug-
gest that maintenance of high level en and rho expression
in the midline cells is dependent on sim. This mode of en
regulation is similar to the multi-tiered regulation required
for the maintenance of en expression in the epidermal
stripes (DiNardo et al., 1988).

Although sim encodes a nuclear protein, sequence
analysis of its protein coding region does not provide
strong evidence that it is a transcriptional regulatory fac-
tor. It has partial similarity to the per gene product of Dro-
sophila, which is found in the nuclei of some cell types
(Siwicki et al., 1988). However, since it is unknown how per
functions within the nucleus, we are still uncertain as to
the precise biochemical function of sim. There exists a
polyglutamine tract at the carboxyi terminus of sim. Simi-
lar regions in other nuclear proteins have been shown to
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be transcription activation domains (Courey and Tjian,
1988), but a similar role in sim requires experimental anal-
ysis. Our identification of potential target genes for sim
regulation should ultimately allow us to determine the
mode of action of a novel type of nuclear protein.

sna Is Required for the Repression of CNS

Midline Genes in the Mesodermal Anlage

Genes such as sim, Tl, and P[91F/lacZ]242 are normally
not expressed at high levels in the ventral mesodermal an-
lage. However, mutations in the sna gene result in the acti-
vation of sim and genes downstream of sim, such as 7/,
sli, and the gene at 91F, in these cells. The observation
that the 7/, s/i, and 91F genes are activated ectopically in
sna mutants is consistent with the idea that sim is required
for their midiine expression. Lack of expression of P[97F/
lacZ)242 in sna; sim double mutants confirms that the
ventral expression requires sim and is not simply due to
loss of a direct regulation by sna. These results imply that
sna acts as a ventral repressor of midline gene expres-
sion. sna mutants result in a lack of ventral furrow forma-
tion, and this may be due to a conversion of mesodermal
cells to CNS midline cells. Consistent with this view is the
observation that in sna mutants the ventral cells express
all of the genes examined so far {(sim, Tl, sli, and 91F) that
are characteristic of midline cells. The predicted protein
sequence of sna contains a zinc finger motif characteristic
of DNA binding proteins (Boulay et al., 1987), and it is rea-
sonable to predict that sna may directly repress the tran-
scription of the sim gene in the mesodermal anlage.

It will be interesting to see whether genes such as sim
and sna that act early in embryogenesis to control the de-
velopment of the midline cells in Drosophila will have ver-
tebrate homologs that perform a similar function. Homolo-
gous genes would most likely control the development of
the floor plate cells, a group of specialized cells that lie at
the base of the vertebrate spinal cord. It appears that the
floor plate cells may share similar developmental and
functional properties with the insect CNS midline cells
(Dodd et al., 1988; Jacobs and Goodman, 1989a).

Midline Cell Development and the Function of sim
One model of sim function is that it acts as a master
regulatory gene that directs the transcription of a battery
of genes invoived in the development of a specific group
of CNS cells—those that lie along the midline. sim may
thus function like the twist gene (Thisse et al., 1988),
which is a transcription factor thought to act early in devel-
opment to specify the mesodermal lineage in Drosophila.
twist is first expressed in those blastoderm cells destined
to give rise to mesoderm and continues to be expressed
in those cells throughout mesodermal development. Simi-
larly, sim is initially expressed in the blastoderm midline
progenitors and continues to be expressed throughout the
development of this cell lineage.

A model can also be proposed that describes the hierar-
chy of events involved in the development of the midline
cells of the CNS. The early maternal-effect and zygotically
expressed genes that set up the dorsal-ventral axis of the
embryo result in the expression of sim in the blastoderm

at its single cell-wide coordinates between the presump-
tive mesodermal cells and the cells that will give rise to
the lateral cells of the CNS. In a similar fashion, genes that
set up the termini and anterior—posterior axis of the em-
bryo restrict the formation of the midline CNS cells to a
subset of the blastoderm cells. sim, and perhaps other
genes, is required for the expression of a group of down-
stream genes, such as s, T/, rho, and the 91F gene. These
genes continue the developmental program of midline
CNS development, which includes neuronai and glial cell
formation, axon guidance, and functional differentiation.

It is interesting that sfi, rho, and 77 all have protein se-
quence motifs indicating that they may be involved in cel-
lular adhesion, communication, or signal transduction.
The sli protein contains a set of repeats similar to those
found in epidermal growth factor, Notch, and lin-12 (Roth-
berg et al., 1988); T/ contains a set of leucine-rich repeats
found in several proteins implicated in protein—protein in-
teractions (Hashimoto et al., 1988), and rho encodes a
putative transmembrane protein (Bier et al., 1990). A
prominent role of sim in specifying midline cell identities
may be its requirement for the activation of a set of specific
celi-cell interaction gene products in the midline progeni-
tors. These interactions would participate in the differenti-
ation of the progenitor cells into CNS midline cells. Thus,
midline cell development may require cell-cell interac-
tions, just as cell-cell interactions are important for the de-
velopment of the Drosophila visual system (Cagan and
Ready, 1989; Rubin, 1989; Zipursky, 1989) and the deci-
sion of an ectodermal cell to become either a neuroblast
or an epidermoblast (Knust and Campos-Ortega, 1989).
Our results directly demonstrate that s/ is involved in the
formation of the CNS midline cells. Since s/ has a severe
midline phenotype similar to sim, it could play a particu-
larly important role in the development of these cells. Pre-
sumably, it is predominantly the absence of midline s/i ex-
pression in sim mutant embryos that results in the
collapsed CNS phenotype. The effects of mutations of 7/,
rho, and the 91F gene on midline CNS development are
presently unknown.

en is a homeobox-containing transcription factor (Fjose
et al., 1985; Poole et al., 1985); it thus may regulate the
transcription of genes involved in midline CNS develop-
ment. it is restricted to a subset of midline cells and their
progenitors that lie in the posterior region of each gan-
glion. These cells include a subset of the VUM cells and
median neuroblast progeny. The effects of en mutations
on CNS midline development are unknown, but it may be
involved in specifying the identity of the midline progeni-
tors that lie in the posterior of the segmental neuroepi-
thelium, analogous to its role in establishing cell identity
in the blastoderm. Later in midline cell development, en
may also play a role in the differentiation of their neuronal
progeny.

sim is expressed throughout the embryonic develop-
ment of the midline cells. Initially, it is expressed in all of
the midline progenitors; these cells will give rise to midline
neurons, glia, and other nonneuronal cells. This early
function appears necessary for the expression of many or
all of the genes involved in differentiation of the progenitor
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cells. Later, sim expression is restricted to the midline giia.
This later expression of sim may be required for the main-
tenance of expression of one or more of the genes in-
volved in midline cell differentiation. Alternatively, it may
be required for the expression of a set of genes that act
specifically in the function of the midline glia. Future prog-
ress in understanding the role of sim in regulating the ex-
pression of midline genes and in directing the develop-
ment of midline cells will come from detailed biochemical,
cell culture, and germline transformation experiments.

Experimental Procedures

Drosophila Strains
The sim strains used were obtained from the Chovnick laboratory. The
simB22 and sim"? alleles were both EMS induced. The Df(3R)rys"?
and D3R)/26d chromosomes are mutant for the sim gene and genes
flanking sim on both sides (Hilliker et al., 1980), and thus are likely to
be null alleles. All sim strains were kept as balanced stocks over TM3,
TM6B, or MKRS balancer chromosomes. The sna allele, sna*?¢, is a
strong allele derived from an X-ray mutagenesis (Nisslein-Volhard et
al., 1984). The s/ allele, s/i'6™7, was EMS induced (Nisslein-Volhard
et al., 1984) and does not make detectable sii protein (Rothberg et al.,
1988). Both strains were obtained from the Bowling Green stock center.
The P[ftz/lacZ)/TM3 balancer was created by genetically transpos-
ing an X chromosome P{ftz/lacZ] element (Hiromi et al., 1985) onto
TM3 Sb e pp ry. The source of P element transposase was the
Plry*(A2-3)] chromosome (Robertson et al., 1988). f-galactosidase
expression from the P{ftz/lacZ] TM3 strain can be reliably detected be-
ginning in the syncytial blastoderm through stage 15 of embryo-
genesis.

Construction of P[sim/facZ] and Germiine Transformation
A 7.8 kb BamHI fragment of the sim gene was cloned into the BamHI
site of cosPwhiteB-gal. This vector contains a mini-white gene (Pirrotta,
1988), sequences for P element transposition, and the /acZ gene with
an SV40 polyadenylation site at its 3' end. Insertion of the sim DNA
fragment results in a predicted fusion protein of the 482 N'-terminal
amino acids of sim coupled to B-galactosidase starting at amino acid 7.
P{similacZ] DNA was injected (Rubin and Spradiing, 1982) into
w1 fligs with p25.7wc helper P element DNA (Karess and Rubin,
1984), and four independent transformants were obtained. One inser-
tion was on the X chromosome and the other three were autosomal.
Three of the four lines are homozygous viable, and they all showed the
same spatial, temporal, and guantitative expression pattern when ana-
lyzed for B-galactosidase expression by X-Gal histochemistry. Staining
is localized to the nuclei of cells presumably due to the presence of
a nuclear localization sequence on the sim coding sequence fused to
B-galactosidase.

Cell Fate Analysis of sim Mutant Strains Using P[sim/lacZ]

Cell fate analysis of sim mutants was carried out by crossing the
P{sim/lacZ] X chromosome onto sim mutant backgrounds. This was
done with the EMS-induced sim alleles sim82*2 and sim'9, and the
deficiencies D3R)ry®™ and Df(3R)/26d. All of the sim alleles were
balanced over P[ftz/lacZ] TM3 except D(3R)/26d, which was kept over
MKRS. Each strain was stained with anti-HRP to confirm that about
one-fourth of the embryos had a sim mutant CNS phenotype.

Enhancer Trap Lines

The 242 and 87 P element insertion lines were isolated and generously
donated by Yasushi Hiromi. Both inserts were mapped to 91F. The 242
line was created by an insertion using a P element with a ftz promoter
fused to /acZ. The presence of the ftz promoter in this line probably
resuits in the expression of -galactosidase observed in the lateral
glioblasts (Figure 5E; Jacobs et al., 1989). The 87 line was derived from
a screen using a P element promoter. Both lines were recombined onto
DFR(3R)ry%™ to observe the effect on midline B-galactosidase expres-
sion in a sim mutant background. This recombinant chromosome was
balanced over P[ftz/lacZ} TM3. Crosses between simB2"-2/P[ftz/lacZ)
TM3 and P{91F/lacZ) DR3R)ry®"IP|ftz/lacZ) TM3 to generate a sim

transheterozygote indicated that the observed loss of midline staining
in embryos without the balancer was due solety to the absence of sim.

The enhancer trap insertion into the s/ locus, slif758, was gener-
ously provided by Alex Kolodkin and Corey Goodman. Homozygotes
of slif158 are lethal at 25°C, and the insertion chromosome fails to
complement sli'6107_ However, it does not show a sfi mutant CNS
phenotype at 25°C. The insertion maps within about 500 bp 5’ to the
start site of translation in either the sii 5’ untranslated or flanking re-
gion. The effect of a sim mutant background on P|slillacZ] E-158
expression was determined using the following strains: P[sfillacZ)E-
158/CyQ; simB2"2/MKRS and P[slillacZ|E-158/CyQ; DA3RV26dMKRS.
The sim homozygous mutant embryos could not be directly observed.
However, midiine staining was observed in all stage 11-13 P{sii/lacZ|E-
158/CyO embryos allowed to develop at 25°C, whereas loss of midiine
staining was observed in about one-fourth of the embryos resulting
from the P[sliflacZ]E-1568/CyQ;D(3R)I260/MKRS stock and was re-
duced or absent in about one-fourth of the embryos from the P[sli/
lacZ)E-158/CyO; simB22IMKRS stock.

A P element insertion into the T/ locus, F336, was provided by
Yasushi Hiromi and was generated using his enhancer trap vector with
the ftz promoter. This insertion, which resides at 97D, was recombined
onto a chromosome with D3Ayy™ and balanced over Piftz/iacZ] TM3.

A P element enhancer trap insertion likely to reside in the rho locus
was isolated in our laboratory using a P element promoter vector (S.
Hu, B. Matthews, and S. T. Crews). The P element is assumed to reflect
rho gene expression because the insertion maps to 62A, the location
of rho, and expresses f-galactosidase in a pattern simitar to the rho
gene and another enhancer trap insertion known to reside in the rho
locus (Bier et al., 1990). The PjrhoflacZ) insertion was recombined
onto a Df(3R)ry5" chromosome balanced over Plftz/lacZ] TM3, and
its expression was assessed in homozygous deficiency and DA(3R)ryS"/
simB2"2 transheterozygote backgrounds.

Antibodies and Histochemistry

Embryos containing a P{lacZ) element were stained for B-galactosi-
dase expression using a monoclonal antibody against f-galactosidase
(1:500 dilution; Promega). en expression was assayed using a mono-
clonal antibody that recognizes en (4D9) kindly provided by Nipam
Patel, Tom Kornberg, and Corey Goodman (Patel et al., 1989a). The
whole-mount antibody staining procedure was essentially that of Patel
et al. (1989a), and antibody reactivity was visualized using a peroxi-
dase mouse IgG Vectastain ABC kit (Vector) and diaminobenzidine.
Experiments using sim antiserum were performed in a similar fashion
using a peroxidase rabbit Vectastain ABC kit. Embryos were cleared
in methyl salicylate and either mounted in Permount or in methyl salicy-
late beneath a bridged coverslip. The embryos were examined and
photographed using a Zeiss Axiophot microscope and Nomarski
optics.
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