
INTRODUCTION

One of the more surprising findings to come from the last
twenty years of research is that only a relatively small number
of highly conserved signaling molecules are used during
animal development. This contrasts dramatically with the
myriad of different cell types that are known to require
induction by intercellular signals. Part of the explanation for
this apparent discrepancy is that signaling pathways are
multiply reused, each time producing a different outcome.
Thus, one of the challenges for the future is to understand the
context-dependent molecular mechanisms that link canonical
signal transduction pathways to the induction of distinct cell
fates. 

Signaling via the epidermal growth factor receptor (EGFR)
provides an impressive illustration of the wide range of cell
types that can be induced by one highly conserved signaling
pathway (reviewed by Perrimon and Perkins, 1997; Schweitzer
and Shilo, 1997). For example, in the context of the developing
Drosophilaeye, the differentiation of at least seven distinct cell
types is triggered by the reiterative use of the EGFR (Freeman,
1996). To account for at least part of this response diversity, it
has been proposed that cell-type specificity is encoded in
molecular differences that are generated prior to signaling (a
prepattern; Dickson et al., 1992). Very recent work has
identified the runt-domain transcription factor Lozenge as a

component of such an EGFR prepattern (Flores et al., 2000;
Xu et al., 2000). The emerging picture is that specific outputs
from receptors such as the EGFR are generated in a
combinatorial manner involving integration with other
signaling inputs as well as transcription factor prepatterns
(Halfon et al., 2000; Simon, 2000). 

The EGFR also plays a critical role during the formation of
a proprioceptive component of the Drosophila peripheral
nervous system (PNS), the chordotonal organ. Indeed, the
parallel between the formation of these sensory structures and
photoreceptors extends way beyond the shared deployment of
the EGFR. In both developmental contexts, the proneural gene
atonal (ato) is expressed and required in the founding sensory
cell (Jarman et al., 1993; Jarman et al., 1994). In the eye, the
founder for each ommatidial cluster is the R8 photoreceptor
whereas for the proprioceptors, the sensory mother cell is
known as a primary chordotonal organ precursor (primary
COP). ato-positive founder cells of both types produce SPITZ
(SPI) ligand, a TGFα-like molecule that activates the
Drosophila EGF receptor (EGFR) in neighboring cells
(Freeman, 1994; Tio et al., 1994; Okabe and Okano, 1997; zur
Lage et al., 1997). This induction results in the recruitment of
additional sensory cells: the secondary chordotonal organ
precursors (secondary COPs), which contribute to
proprioceptor arrays, and the majority of photoreceptor types
in the eye ommatidium. In the case of chordotonal
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Signaling from the EGF receptor (EGFR) can trigger the
differentiation of a wide variety of cell types in many
animal species. We have explored the mechanisms that
generate this diversity using the Drosophila peripheral
nervous system. In this context, Spitz (SPI) ligand can
induce two alternative cell fates from the dorsolateral
ectoderm: chordotonal sensory organs and non-neural
oenocytes. We show that the overall number of both cell
types that are induced is controlled by the degree of EGFR
signaling. In addition, the spalt (sal) gene is identified as a
critical component of the oenocyte/chordotonal fate switch.
Genetic and expression analyses indicate that the SAL zinc-
finger protein promotes oenocyte formation and supresses
chordotonal organ induction by acting both downstream
and in parallel to the EGFR. To explain these findings, we

propose a prime-and-respond model. Here, sal functions
prior to signaling as a necessary but not sufficient
component of the oenocyte prepattern that also serves to
raise the apparent threshold for induction by SPI.
Subsequently, sal-dependent SAL upregulation is triggered
as part of the oenocyte-specific EGFR response. Thus, a
combination of SAL in the responding nucleus and
increased SPI ligand production sets the binary cell-fate
switch in favour of oenocytes. Together, these studies help
to explain how one generic signaling pathway can trigger
the differentiation of two distinct cell types.
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development, primary COPs express the transmembrane
product of the rhomboid(rho) gene, which is required for the
correct presentation of active SPI to the EGFR (Bang and
Kintner, 2000). Recent results suggest that rhomboid family
members also play a similar role in the eye (Wasserman et al.,
2000). One important component of the response of recruited
cells to the EGF signal is the production of the secreted EGFR
inhibitor Argos (Golembo et al., 1996). Negative feedback by
Argos spatially limits the activation of EGFR and thus provides
a restriction on the number of cells recruited into each
ommatidial or chordotonal cluster (Freeman, 1996; Okabe and
Okano, 1997).

We have addressed the issue of how output specificity is
achieved during EGFR signaling using a new model system, in
which there is a choice between just two cell fates: the
chordotonal organ and the oenocyte, a non-neural secretory
cell. Genetic analysis indicates that, like secondary COPs,
oenocytes require the functions of ato, rho and spi. We show
that oenocyte precursors are induced as a single whorl of cells
surrounding the most dorsal primary COP. In contrast, primary
precursors that are more ventrally located recruit additional
chordotonal precursors but not oenocytes. Manipulating EGFR
signaling in a variety of ways can concomitantly increase or
decrease the number of oenocytes and chordotonal organs but
it is not sufficient to switch the qualitative nature of the EGFR
response. In contrast, mutations in the spalt (sal) gene alter
output specificity and lead to excess chordotonal recruitment
at the expense of oenocyte formation. Epistasis tests and
expression analysis reveal that sal acts both downstream and
in a parallel pathway to EGFR signaling. To account for this,
we present a prime-and-respond mechanism where the SAL
protein is a critical component of an oenocyte nuclear
prepattern and is also upregulated as part of the oenocyte-
specific EGFR response.

MATERIALS AND METHODS

Fly stocks
The following loss-of-function mutations were used: argos∆7

(Freeman et al., 1992b), ato1 and Df(3R)p13 (Jarman et al., 1993;
Jarman et al., 1994), spi1 (Nusslein-Volhard et al., 1984), rhoP∆5

(Freeman et al., 1992b) and a rho7M43 chromosome that also harbors
a roughoid/rhomboid-3mutation (Jurgens et al., 1984; Wasserman et
al., 2000). The apparent null alleles sal445 and sal16 (Jurgens, 1988;
Kuhnlein et al., 1994) were used. Similar results were also obtained
with sal1 (Nusslein-Volhard et al., 1984) except that the lateral
chordotonal migration/orientation phenotype was not observed with
this allele. 

For misexpression, sal-GAL4 (Boube et al., 2000) and en-GAL4
(A. Brand, Wellcome/CRC Institute, Cambridge, UK) were used in
combination with UAS-rho (de Celis et al., 1997; Wasserman et al.,
2000), UAS-sspi (Schweitzer et al., 1995) and UAS-EGFRDN

(O’Keefe et al., 1997). Three independent insertions of UAS-sal
(Kuhnlein and Schuh, 1996) were used (RS85, RS90 and RS91), each
giving a qualitatively similar phenotype. BO-lacZ is an oenocyte-
specific reporter line containing an enhancer from the sal complex
(Barrio et al., 1999) and svp-lacZrefers to the svpdon1 enhancer trap
(FlyBase, 1999). rho-lacZ refers to the X81 line (Freeman et al.,
1992b), an enhancer trap insertion about 100 nucleotides from the
rholac1 insert that is already known to be C1 specific (Freeman et al.,
1992a; zur Lage et al., 1997). pnt-lacZrefers to the pnt1277 enhancer
trap into exon 1 of the pntP2transcription unit (Scholz et al., 1993).

Immunolabelling
Embryo immunostaining was according to standard protocols using
HRP or Alexa fluorescent conjugates (Molecular Probes). All
fluorescent images were collected using confocal microscopy with a
pinhole of 1. They are projections of several sections except Figs 1F,
2B, 2F and 3B where single sections are shown. Primary antibodies
used were: rabbit anti-β-galactosidase (Cappell) at 1:6000, mouse
anti-β-galactosidase (Promega) at 1:1000, 22C10/anti-FUTSCH at
1:50 (Fujita et al., 1982; Hummel et al., 2000), anti-RHO (Sturtevant
et al., 1996) at 1:600, anti-VVL (Anderson et al., 1995) at 1:1500,
anti-SAL (Kuhnlein et al., 1994) at 1:30 or anti-SAL (Barrio et al.,
1999) at 1:500.

RESULTS

The larval oenocytes of Drosophilaare conspicuous secretory
cells of ectodermal origin (Bodenstein, 1950; Hartenstein et
al., 1992). They are arranged in clusters of, on average, 6 cells
per abdominal hemisegment, occupying a characteristic
lateral and subepidermal location. In contrast to the invariant
peripheral nervous system, the number of cells in each larval
oenocyte cluster can vary between 4 and 9. Using many
different molecular markers, we have traced the development
of larval oenocytes (hereafter called oenocytes) from the
third larval instar back to the extended germ band stage of
embryogenesis (P. E. and A. G., unpublished). In brief, we
have found that developing oenocytes express four genes
from very early stages, all of which encode DNA-binding
proteins. These are seven up(svp), pointed(pnt), spalt (sal)
and ventral veins lacking (vvl) which produce proteins of
the nuclear receptor, ETS-domain, zinc-finger and POU-
homeodomain class, respectively (Mlodzik et al., 1990;
Scholz et al., 1993; Kuhnlein et al., 1994; Anderson et al.,
1995).

Oenocytes form around the most dorsal chordotonal
precursor and require ato
In the late embryo, immunolabelling experiments were carried
out with two independent oenocyte markers: svp-lacZ, an
enhancer trap into the svp gene and BO-lacZ, a regulatory
construct containing an oenocyte-specific enhancer from the
salcomplex (see Materials and Methods). Using these markers,
in conjunction with the sensory neuronal marker anti-
FUTSCH/22C10 (Fujita et al., 1982; Hummel et al., 2000), it
can be seen that each cluster of oenocytes is closely associated
with an array of five lateral chordotonal organs, termed an Lch5
(Figs 1A,B, 6A). In each abdominal hemisegment, there are
eight chordotonal organs that are partitioned into arrays
consisting of one dorsolateral (V′ch1), five lateral (Lch5) and
two ventral (VchAB) organs (Brewster and Bodmer, 1995).
The close apposition of mature oenocyte clusters and Lch5
arrays in late embryos suggested that their formation might be
linked in some way. In order to investigate this possibility, we
examined the spatial relationship between the precursors of
both cell types in early embryos.

Each chordotonal organ is formed by a single chordotonal
organ precursor (COP) that divides asymmetrically to produce
a sensory neuron, scolopale, ligament and cap cell (Fig. 6A,
reviewed in Brewster and Bodmer, 1996). Previous studies
using the rholac1 reporter line (zur Lage et al., 1997) have
determined that the progeny of the most dorsal COP (C1)
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constitute the most anterior chordotonal organ of the lateral
cluster (Lch5a, Fig. 6A). We have used a similar rho-lacZ
insertion that is also specific for Lch5a and its precursor COP
(Fig. 1C-E and materials and methods), together with anti-
SAL, to follow the development of C1 and oenocytes
simultaneously. By stage 10, C1 has delaminated and does not
express SAL, despite lying directly underneath a dorsal domain
of SAL-positive ectoderm (termed the dorsal SAL domain,
Figs 1D, 2B). By stage 11, C1 has already divided (zur Lage
et al., 1997) and its progeny are surrounded by a whorl of
sickle-shaped nuclei expressing higher levels of SAL than
surrounding cells (Figs 1E,G, 2B). The whorl structure always
appears in a dorsal and posterior segmental position, close to
the ventral limit of the SAL domain, and corresponds to
oenocyte precursors in the process of delamination (P. E. and
A. G., unpublished). In addition to high levels of SAL, the
oenocyte precursor whorl also expresses svp-lacZand vvl (Fig.
1F and data not shown). As we only observe one oenocyte
precursor whorl per hemisegment and this surrounds C1, we
conclude that more ventral COPs (Okabe and Okano, 1997; zur
Lage et al., 1997) are not associated with the formation of
oenocytes (also see Discussion).

To test the idea that the C1 cell might have an influence on
oenocyte development, ato mutants were examined. Embryos
carrying ato1, a strong hypomorph, in trans with a deficiency,
have hemisegments in which the Lch5 array is either completely
missing or reduced to a single lateral chordotonal organ, termed
Lch0 and Lch1 phenotypes respectively (Jarman et al., 1995).
Where an Lch1 is produced, this single organ is known to derive
from a residual C1 precursor (zur Lage et al., 1997). We observe
that oenocyte formation is completely abolished in those
segments lacking all lateral chordotonal organs (Fig. 2A).
Interestingly, in the majority of cases where an Lch1 is formed,
it is associated with an oenocyte cluster of normal or somewhat
reduced cell number. Similar results were obtained with ato1

homozygotes although the missing chordotonal/oenocyte
phenotype is less penetrant (data not shown). Thus ato is required
for oenocyte formation and there is a correlation between the
presence of C1 and the ability to form an oenocyte cluster.

The above results do not rule out a scenario where ato is
directly required in oenocyte precursors. However, given the
correlation between the presence of C1 progeny and the
formation of an oenocyte cluster in ato mutants, we think it
more likely that ato functions in the C1 cell to facilitate
oenocyte development in an indirect manner. This raises the
possibility that an ato-dependent signal from C1 is involved in
the induction of oenocyte precursors. 

Oenocyte induction requires rho , spi and EGFR
activity 
C1 is one of a set of five primary COPs per hemisegment (C1-
5, Fig. 6B) that delaminate from ato-positive proneural
clusters. The continued expression of ato in these primary
COPs switches on rho and thus activates SPI. In turn, this
induces three secondary COPs via EGFR signaling, giving the
full complement of eight COPs per hemisegment (Okabe and
Okano, 1997; zur Lage et al., 1997). In rho mutants, where
active SPI ligand is absent, the two lateral chordotonal organs
that are descended from secondary COPs are missing, so
producing an Lch3 phenotype (Bier et al., 1990). As C1
expresses rho and lies at the center of the whorl (Fig. 1E,F),

oenocyte precursors are likely to be exposed to EGFR ligand.
In addition, they express a reporter for pnt (Fig. 1G), a
transcription factor target of the ras/MAP kinase pathway that
is known to act downstream of the EGFR (O’Neill et al., 1994).
For these reasons, we investigated the possibility that the
EGFR pathway might be used to induce oenocytes. 

Embryos homozygous for rho7M43or rhoP∆5 display an Lch3
phenotype and a complete lack of oenocytes at stage 16 (Fig.
2E and data not shown). This is consistent with data presented
in a previous analysis of rho function (see Fig. 3 from Wappner
et al., 1997). Embryos lacking the EGFR ligand, Spi, also
present an Lch3 phenotype (Rutledge et al., 1992) and again
lack all oenocytes (Fig. 2F). The absence of mature oenocytes
in spi and rho mutants can be traced back to stage 11 where
the oenocyte precursor whorls are missing (Fig. 2B-D).
Importantly, although SAL upregulation in oenocyte precursor
cells is a response to EGFR signaling, the dorsal SAL domain
remains in rho and spimutants and therefore is independent of
SPI ligand (Fig. 2C,D). 

In order to test the role of the EGFR itself, we used en-GAL4
(Brand and Perrimon, 1993) to misexpress a dominant-negative
form of this receptor that lacks the cytoplasmic kinase domain
(EGFRDN, Freeman, 1996; O’Keefe et al., 1997). The en-GAL4
driver expresses in a domain containing all of the Lch5 and
oenocyte precursors but not the founding COPs for V’ch1 or
VchAB (P. E. and A. G., unpublished). Like rho and spi loss of
function, misexpression of EGFRDN at both 25°C and 29°C
resulted in a complete loss of oenocytes (Fig. 2G). In contrast,
the lateral chordotonal organ array was only reduced by one at
25°C with the rho/spi Lch3 phenotype appearing only at the
higher temperature (Fig. 2G). Thus, a reduction in EGFR activity
can completely suppress oenocyte formation but only partially
blocks secondary COP induction. This unexpected result suggests
that the threshold for EGFR activation required to induce
oenocytes may be higher than that for chordotonal precursors. 

To test whether the EGFR is required directly in oenocyte
precursors or more indirectly in C1, a sal-GAL4 driver was
used (Boube et al., 2000). In contrast to en-GAL4, this
particular driver line directs dorsal expression in a subset of
oenocyte precursors but not in C1 (data not shown). Expressing
the EGFRDN using sal-GAL4 at 29°C had no effect on
chordotonal organ number but did produce a significant
reduction in the number of oenocytes per cluster (2.73±1.14
(mean±s.d.) n=25) relative to controls from the same
experiment (5.76±0.83 n=21). Thus, oenocyte precursors
autonomously require EGFR function. This is consistent with
the previous data indicating that they express a reporter for pnt,
an EGFR and MAPK target gene that is essential for oenocyte
production (Fig. 1G and data not shown).

These studies show that EGF pathway components are
required for the formation of oenocytes, in addition to their
previously characterized role in chordotonal organ recruitment.
Together with the preceding results, we conclude that SPI
ligand, secreted from C1, is required to activate the EGFR in
the neighbouring ectoderm, in turn leading to oenocyte
induction.

Excess EGFR signaling increases the number of
oenocytes and chordotonal organs
Why does an oenocyte whorl form around C1 and not around
more ventrally located primary COPs? Previous studies have
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shown that rho and thus active SPI ligand is expressed in C2-
C5 (Okabe and Okano, 1997; zur Lage et al., 1997) yet these
cells only recruit chordotonal organs and not oenocytes. In
light of the EGFRDN results, a greater degree of signaling is
likely to be required to trigger oenocyte induction than
secondary COP recruitment. Consistent with this, C1 is known
to express rho more strongly than other COPs (zur Lage et al.,
1997) and this could provide the trigger for the induction of
oenocytes rather than COPs. To test this possibility, we
examined argos mutants where the degree of EGFR signaling
should be increased in the vicinity of all primary COPs.
Removing argos function resulted in one extra lateral

chordotonal organ (Fig. 3C) as previously described (Okabe et
al., 1996). In addition, we observed that in argos mutants, a
single oenocyte precursor whorl is present but it is expanded
in diameter from one to two concentric rings of cells and thus
gives rise to a large oenocyte cluster of 15-27 cells (Fig. 3A,B).
Hence, removal of an EGFR inhibitor leads to an increase in
oenocyte number but not to the induction of ectopic oenocyte
whorls.

A second way of increasing EGFR activation is to
misexpress rho using en-GAL4. As rho is rate limiting for spi
activation, this should produce high levels of EGFR ligand in
ectodermal cells throughout the dorsoventral axis. An Lch6
phenotype and an enlarged whorl producing a cluster of 17-27
oenocytes were observed (Fig. 3D-F) as in argos mutants. A
more direct way of generating constitutively active EGFR
ligand is to use a secreted form of the spi gene, sspi(Schweitzer
et al., 1995). Driving sspi using en-GAL4 results in EGFR
activation in the responding ectoderm that is COP independent.
As with rho misexpression, an enlarged oenocyte precursor
whorl results, giving rise to a giant cluster of 21-39 oenocytes
(Fig. 3G,H). In these embryos, the PNS is highly disorganized
but it is possible to ascertain that excess lateral chordotonal
organs are formed, frequently giving an Lch6-7 phenotype
(Fig. 3I). Interestingly, in UAS-sspibut not argosembryos, sal
is upregulated dorsal to the whorl of sickle-shaped nuclei.
However, neither sal upregulation nor the production of
oenocyte precursors is ever observed outside the dorsal SAL
domain. Thus, while excess EGFR ligand can dramatically
increase the number of oenocytes that are recruited around C1,
it is not sufficient to induce ectopic oenocyte precursors around
other primary COPs. We surmise that factor(s) other than SPI
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Fig. 1. Oenocytes are associated with the Lch5 array and form
around the C1 primary precursor. Anterior is to the left and dorsal is
to the top in this and all subsequent figures. (A) Three abdominal
segments of a stage 16 embryo showing clusters of oenocytes
expressing svp-lacZ(black) that are closely associated with lateral
chordotonal organs. Lch5 neurons are labeled with the neuronal
marker anti-FUTSCH/22C10 (brown). Arrowheads indicate the five
dendrites of the Lch5 neurons (see Fig. 6A). (B) SAL labels
oenocytes and non-neuronal cells of the Lch5 at stage 16. Anti-SAL
overlaps with BO-lacZ(see Materials and Methods) in large
oenocyte nuclei but SAL also uniquely labels the smaller, more
internally located, nuclei of the Lch5 non-neuronal cells. (C)rho-
lacZ labels the most anterior lateral chordotonal organ, Lch5a. The
ligament (l), scolopale (s), and cap cell (c) express both SAL and
rho-lacZ. In addition, rho-lacZ labels the Lch5a neuron (n) and one
extra cell (open arrowhead) that probably corresponds to an
attachment cell (Brewster and Bodmer, 1995). Note that rho-lacZ
expression does not overlap with SAL expression in the Lch5b-e, the
V′ch1 (V′, indicates scolopale cell), or the oenocytes (asterisks).
(D-F) C1 daughter cells that express RHO lie at the center of the
oenocyte precursor whorl. (D) Weak rho-lacZexpression is first
observed in the C1 precursor at late stage 10 underlying a domain of
SAL expression in the dorsal ectoderm. (E) During stage 11, C1
divides and SAL upregulation is now seen in large sickle-shaped
nuclei surrounding three C1 daughter cells. (F) Nuclei of the
oenocyte precursor whorl, marked with svp-lacZ, surround cells
expressing RHO that is localized in membrane plaques.
(G) Oenocyte precursors and C1 daughter cells express the MAPK
target, pnt-lacZ. Anti-SAL overlaps with pnt-lacZexpression in the
oenocyte precursor whorl at stage 11. The progeny of C1 at the
centre of the whorl also express pnt-lacZbut not SAL.
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ligand must limit the oenocyte response to the dorsal SAL
domain. 

sal promotes oenocyte induction and limits the
number of lateral chordotonal organs
Given that manipulating EGFR activation does not switch the
choice of recruited cell from COP to oenocyte, there could
be a dorsoventral difference in the competence of the
ectoderm to respond to EGFR ligand. As oenocytes can only
be induced within SAL territory, even in the presence of
excess EGFR signaling, it could be that sal itself is involved
in the dorsal restriction process. To test this, we examined
embryos carrying the null alleles sal16 and sal445 (Kuhnlein
et al., 1994). Using both svp-lacZand anti-VVL markers,
almost no oenocytes were seen (Fig. 4A,B and data not
shown) and with svp-lacZwe observed that this deficit is
manifest as early as the whorl stage (data not shown). This
provides a clear demonstration that oenocyte induction

requires sal and also reveals that svp lies downstream of sal
in the oenocyte response cascade.

In addition to the lack of oenocytes, sal mutants display a
highly penetrant Lch6-7 phenotype (Fig. 4C,D). In contrast to
argos mutants, extra chordotonal organs are restricted to the
lateral cluster with the other abdominal chordotonal organs
(V′ch1, VchAB) remaining wild type in number (data not
shown). This is consistent with the finding that the primary
precursors for these more ventral chordotonal organs are C4

Fig. 2.Oenocyte formation requires the functions of ato, rho, spiand
the EGFR. In all panels SAL and FUTSCH/22C10 expression are
shown in red and green, respectively. White arrowheads indicate the
position of each lateral chordotonal organ in this and subsequent
figures. (A)ato1/Df(3R)p13 embryo at stage 16. The anterior
segment contains four oenocytes (asterisks) together with a single
lateral chordotonal organ with the neuron (n) expressing
FUTSCH/22C10 and the ligament (l) and scolopale (s) cells
expressing SAL. The posterior segment contains no oenocytes and
no lateral chordotonal organs, although other FUTSCH-expressing
sensory neurons do remain. This represents the phenotype displayed
in approximately 25% of hemisegments. The mixture of Lch0 and
Lch1 seen at stage 16 in ato1/Df(3R)p13 correlates with the stage 11
phenotype where some segments contain oenocyte precursor whorls
but others contain no recognizable whorl (data not shown). (B-D) At
stage 11, oenocyte precursor whorls of large sickle-shaped nuclei
expressing high levels of SAL are seen in wild type (B) but not in
rho7M43 (C) or spi (D) homozygotes. However, the dorsal domain of
moderate SAL expression is still present in these two mutants.
Within this domain, some rings of nuclei expressing moderate but
not high levels of SAL are observed but these lie in the wrong
anteroposterior position to correspond to oenocyte precursors. Open
arrowheads indicate whorls. (E,F) At stage 16, rhoP∆5 (E) and spi (F)
embryos display a fully penetrant Lch3 phenotype and lack all
oenocytes. (G) A stage 15 embryo carrying UAS- EGFRDN and en-
GAL4 at 25°C. At this temperature, a partial block in EGFR activity
is observed, producing an Lch4 phenotype. In addition, no oenocytes
are formed.

Fig. 3.Loss of argosor excess rho or spi lead to recruitment of
supernumerary oenocytes and chordotonal organs. (A-C) In argos
mutants at stage 11, the precursor whorl is enlarged and contains
many extra cells (A) and by stage 16 oenocyte clusters containing
15-27 cells (20±4.2, n=10) are present (B). Loss of argosfunction
also results in one extra lateral chordotonal organ, giving an Lch6
phenotype (C). (D-I) Overexpression of UAS-rho (D-F) or UAS-sspi
(G-I) using en-GAL4 produces an enlarged whorl at stage 11 (D,G)
similar to those seen in argosmutants. By stage 16, giant clusters of
17-27 (23±2.7, n=9; E) or 21-39 (29±4.6, n=21; H) oenocytes are
observed that are associated with disorganized Lch6-7 arrays (F,I).
UAS-sspiproduces SAL upregulation throughout the dorsal sal
domain but sickle-shaped nuclei are restricted to the normal whorl
position (G). Asterisk indicates a sensory neuron of uncertain
identity.
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and C5 (zur Lage et al., 1997), which both lie outside the dorsal
SAL domain. In sal445 mutants, we also observed that some of
the lateral chordotonal organ arrays are displaced dorsally and
frequently point ventrally (data not shown). 

The phenotypic analysis above demonstrates that sal plays
a positive role in oenocyte induction and a negative role in
chordotonal organ formation. However, further studies are
required to determine whether sal functions in the induced cells

themselves or alternatively in the primary precursor producing
the SPI signal.

sal acts downstream or in parallel to the EGFR
To investigate the regulatory relationship between the EGFR
pathway and the functions of sal, the expression of RHO was
examined in a sal16 background. The pattern and level of
membrane-plaque associated RHO in salmutant COPs appears
indistinguishable from wild type (Fig. 4E and data not shown).
As rho expression is rate limiting for active SPI production,
this observation suggests that EGFR ligand synthesised in
primary COPs is independent of sal. This is consistent with the
observation that SAL is not detected in delaminated COPs at
stage 11 (Fig. 1D,E and data not shown).

Addressing the question of whether the extra lateral
chordotonal organs observed in sal mutants derive from
primary or secondary COPs, we generated embryos mutant for
both sal445 and rho. These sal; rho double mutants lack all
oenocytes and display an Lch3 phenotype that is identical to
rho or spi single mutants (Fig. 4F). As the rho mutation
abolishes secondary but not primary COP formation, the 1-2
extra lateral chordotonal organs formed in salmutants must be
derived from supernumerary secondary COPs. Furthermore,
the sal; rho chordotonal phenotype indicates that rho loss of
function is epistatic to sal loss of function. Together with the
observation that RHO expression is normal in a sal
background, we conclude that sal functions downstream or in
a parallel pathway to the EGFR signal to repress chordotonal
recruitment. 

To explore further the relationship between sal and the EGF
pathway, sal445; argosdouble mutants were produced. These
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Fig. 4.salacts downstream or in parallel to the EGFR to promote
oenocyte and repress COP fates. The expression of VVL (red) marks
oenocytes and FUTSCH/22C10 (green) labels chordotonal organs in
all panels except E. (A,B) VVL expression indicates that, compared
to wild type (A), sal445 mutants lack oenocytes (B). (C,D) Both sal1

(C) and sal445 (D) mutants display extra lateral chordotonal organs.
Examples of an Lch6 and an Lch7 phenotype are shown. Asterisk
indicates a sensory neuron of uncertain identity. (E) The expression
of RHO in membrane plaques of the primary COPs (numbered) at
late stage 10/early stage 11 appears normal in sal16 mutants. T
indicates the position of the tracheal placode/pit, a site of strong
RHO expression. At later stages, high levels of RHO persist in C1
but not other COPs (data not shown). (F) In sal; rho double mutants,
oenocytes are completely missing and a fully penetrant Lch3
phenotype is observed. (G,H) sal; argosdouble mutants display a
dramatic increase in lateral chordotonal organs, an example of a
disorganized Lch11 is shown (G). In addition, these double mutants
lack all oenocytes (H).

Fig. 5.sal is sufficient for COP repression but not oenocyte induction.
Expression of svp-lacZis shown in red and FUTSCH/22C10 is in
green. (A,B) Misexpression of salusing en-GAL4 with the UAS-sal
(RS90) insertion at 25°C produces a modest reduction in oenocyte
number (A) with a mean of 4.6 cells per cluster (±1.2, n=25) and a
mixed Lch3/4 phenotype (B). An example of a 6-cell and 4-cell
oenocyte cluster is shown in A and an Lch3 in B. (C,D) Combined
misexpression of UAS-sal(RS85) and UAS-sspiusing en-GAL4 at
25°C results in giant oenocyte clusters of 21-35 cells (28±4.7, n=14).
A highly penetrant Lch3 phenotype is also seen (D).
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have a dramatic chordotonal overproduction phenotype that is
more severe than that seen in either single mutant. Frequently
there are 9 or more lateral chordotonal organs per hemisegment
that, as in sal mutants, are often scattered in lateral and dorsal
positions (Fig. 4G and data not shown). This implies that the
EGFR pathway is hyperactivated within the dorsal territory
surrounding C1, where sal would normally repress secondary
COPs and promote oenocytes. Importantly, the sal; argos
genotype also abolishes oenocyte formation (Fig. 4H). This
demonstrates that, for oenocyte induction, sal loss of function
is epistatic to argos loss of function. Hence, despite the high
levels of EGFR signaling around C1 that lead to
excess secondary COP production, no oenocytes are
recruited. These results strongly suggest that sal is
required in the responding cell, either downstream or
in parallel to the EGFR, for the induction of the
oenocyte fate.

SAL raises the apparent threshold for
induction by SPI
To test further the idea that sal biases the choice of
EGFR recruited fate from COP to oenocyte, sal was
misexpressed in the ectoderm overlying more ventral
COPs using en-GAL4. At 25°C, this results in a high
frequency of Lch3-4 arrays (Fig. 5B) and at 29°C
these become predominantly of the Lch3 type (data
not shown). The Lch3 phenotype is identical to that
seen with rho and spiand is therefore consistent with
a loss of secondary COP recruitment. This is opposite

to the phenotype of sal loss-of-function mutants, and implies
that during normal development sal plays a role in repressing
COP recruitment around C1. In addition to the Lch3
phenotype, sal misexpression is also associated with a
moderate reduction in oenocyte number (Fig. 5A).
Examination of stage 11 embryos indicates that the oenocyte
deficit can be traced back to the precursor whorl stage (data
not shown). To confirm that this effect is not insertion-site
specific, three different UAS-sal lines of varying strengths
were tested at 25°C and gave a range of mean oenocyte cluster
sizes that were all less than wild type (data not shown). One
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Fig. 6.Summary and prime-and-respond model for
oenocyte and chordotonal induction. (A) Summary of the
mean number of oenocytes (red) and lateral chordotonal
organs (green) present in each abdominal hemisegment in
the wild-type (WT) and mutant backgrounds indicated. In
the wild-type panel the relative positions of the cap(c),
scolopale (s), neuron (n) and ligament (l) cells that
constitute each of the five organs (a-e) of the Lch5 are
shown. Missing lateral chordotonal organs and oenocytes
are indicated by unfilled outlines and the UAS results
shown are with the en-GAL4 driver. (B) The prime-and-
respond model. The central panel indicates the position of
the five ATO-expressing primary COPs (C1-C5) relative to
the dorsal oenocyte prepattern of low SAL expression. C2
is shown half obscured as it is not clear if it lies within or
just ventral to the SAL domain. Either way, C2 does not
express rho strongly (zur Lage et al., 1997) and therefore
is unlikely to induce oenocytes. C1-3 contribute to the
Lch5 but C4 and C5 (dashed circles) do not. The left panel
shows the induction of oenocytes (O) via strong and
persistent SPI signaling (large blue arrows) from C1 to the
EGFR in overlying ectodermal cells. The oenocyte
prepattern of low SAL raises the apparent threshold for
induction by SPI. Low SAL also serves to prime the
responding cell so that salcan be subsequently
upregulated as part of the response to EGFR activation. In
turn, this stimulates the expression of the sal target gene,
svp(not shown). The right panel shows the induction of
secondary COPs (2°) by moderate SPI signaling (small
blue arrows) from C3 to ectodermal cells that are SAL-
negative. In this case, EGFR stimulation does not lead to
the activation of salor svp. Instead, sensory organ
precursors that divide and differentiate into lateral
chordotonal organs are produced.
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explanation for the reduction in precursor number is that
increasing the SAL concentration in responding cells reduces
their sensitivity to the EGFR ligand produced by C1. The
main conclusion from this experiment, however, is that
misexpression of sal in the vicinity of ventrally located COPs
is sufficient to suppress chordotonal recruitment but not to
promote ectopic oenocyte induction.

To mimic the conditions around C1 in a wild-type embryo,
we tested whether a combination of increased EGFR signaling
and the presence of SAL might be sufficient to induce ectopic
oenocyte formation in regions outside the dorsal SAL domain.
We used the en-GAL4 driver to coexpress sspi and sal
(Fig. 5C,D). The effect of this coexpression on the lateral
chordotonal organs is to produce Lch3 arrays at high
penetrance (Fig. 5D). This represents a suppression of the
Lch6-7 forms seen with UAS-sspi and is identical to the
phenotype obtained with UAS-sal alone. Hence, with respect
to COP induction, overexpression of sal is epistatic to
constitutive sspi. This is consistent with the findings in sal; rho
and sal; argos double mutants and further supports the
conclusion that salacts downstream or in parallel to SPI ligand
production during oenocyte induction and COP repression. 

Combined misexpression of sspiand sal does not produce
ectopic oenocyte induction in ventral regions. Instead, this
results in giant oenocyte clusters (21-35 cells) that are induced
dorsally, as seen with excess sspialone (Fig. 5C and data not
shown). Importantly, the reduction in oenocyte numbers seen
with sal overexpression can be completely abrogated by
simultaneously providing excess SSPI. This strongly suggests
that raising the concentration of SAL in oenocyte precursors
leads to a reduced sensitivity to induction by SSPI. Such an
effect is consistent with the previous results of EGFRDN

misexpression, where a partial block of receptor activation
completely abolished SAL-positive oenocyte induction but not
SAL-negative COP recruitment. Such preferential blocking of
oenocyte induction by EGFRDN can not be explained by
reduced SPI ligand production as C1 expresses RHO more
strongly than the other primary COPs. Taken together, these
experiments suggest, but do not prove, that the presence of
SAL in the nucleus of the responding cell raises the threshold
for induction by SPI.

DISCUSSION

Little is known about the molecular linkage between the
canonical EGFR pathway and the induction of different cell
fates. Here we have addressed this issue with a new and
relatively simple model system where receipt of SPI signal can
only be interpreted in two qualitatively different ways (Fig. 6).
We have dissected the mechanism underlying this binary fate
switch and find that sal encodes a critical component that
functions downstream or in parallel to the EGFR. We discuss
the qualitative and quantitative contributions of sal and the
EGF pathway and propose a prime-and-respond model that
explains how one signaling pathway can trigger the
differentiation of two alternative cell fates. 

Induction of oenocytes by the PNS
We have shown that oenocytes are induced from the ectoderm
by an inductive signal that is generated in the developing PNS.

The production of active SPI by the C1 precursor cell, under
the control of ato and rho, triggers EGFR activation and thus
oenocyte induction in adjacent ectoderm. Oenocyte induction
by the PNS appears to be a short-range event with only the
cells immediately surrounding C1 switching on oenocyte
markers. In argosmutants, however, the range of the response
is increased from one to two concentric rings of cells. Hence,
as in photoreceptor recruitment, SPI ligand is not intrinsically
limited to immediate neighbors but the response is nevertheless
kept short-range by argos-mediated feedback inhibition of the
receptor.

In wild-type embryos and in all of the mutant backgrounds
that we have examined, the number of cells in the whorl at any
one time is less than the final number of mature oenocytes. For
example, a wild-type whorl contains 3-4 cells with sickle-
shaped nuclei but the final oenocyte cluster contains on average
6 cells. We do not yet understand the basis for this difference
but note that it might be explained by cell division or by
sequential delamination of oenocyte precursors.

Control of cell number by the EGF pathway
The specification of secondary COP and oenocyte fates
requires the EGF pathway. In ato, rho, spi and EGFRDN

backgrounds, where signaling is compromised, the induction
of both cell types is blocked (Fig. 6A). Conversely, when the
EGFR is hyperactivated, both cell types become more
numerous. These results indicate that the number of recruited
cells is controlled by the amount of EGF pathway signal. It is
important to realize, however, that the level, duration and
spatial extent of ligand production are all being altered in our
experiments. More sophisticated methods would be needed to
clearly distinguish which of these three signaling parameters
is critical for controlling cell number. 

Surprisingly, there is no parity between the numbers of
excess oenocytes and lateral chordotonal organs that are
produced by EGFR hyperactivation. Thus for a given increase
in ligand, more oenocyte precursors than COPs are recruited
(Fig. 6A). This implies the existence of an additional tier of
control that restricts neural but not oenocyte induction. Such a
selective inhibition process would ensure that the number of
chordotonal organs is more tightly controlled than that of
oenocytes, as is observed in wild-type embryos.

Choice of fate induced by EGF signaling depends on
a SAL switch
As we have described, the expression pattern and mutant
phenotype of sal can account for the restriction of oenocyte
induction to a single whorl surrounding C1, the most dorsal
primary COP. Previously it was suggested that C1 and C3 each
induce one secondary COP (zur Lage et al., 1997). However,
the results presented here argue that the presence of SAL is
incompatible with chordotonal recruitment. Therefore, we
favor the idea that C3 recruits both of the secondary COPs that
contribute to the Lch5 array.

The sal gene plays opposite roles in oenocyte and
chordotonal induction. It is both necessary and sufficient for
repressing secondary COP induction and it is necessary but not
sufficient for promoting oenocyte formation. The lack of
sufficiency for oenocyte induction is revealed when sal is
misexpressed using the en-GAL4 driver. Oenocytes are not
ectopically induced in ventral regions, even in the presence of
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excess sspi(Figs 3, 5 and data not shown). It is likely that other
factors are required, together with SAL, to promote the
oenocyte induction process.

Using epistasis tests and gene expression analysis we have
elucidated the regulatory relationship between saland the EGF
pathway in oenocyte and COP formation. These data allow us
firmly to exclude the possibility that sal acts upstream of spi
in the signaling cell. Importantly, our results indicate that sal
functions in the responding ectoderm, either downstream of the
EGFR or in a parallel pathway leading to oenocyte induction
and secondary COP repression.

In fact, it is probable that sal plays a dual role that is
downstream and also in parallel to the EGFR. In rho and spi
mutants, the normal upregulation of SAL in the vicinity of C1
is abolished. Conversely, sspimisexpression produces ectopic
SAL upregulation in dorsal locations. Both results indicate that
sal lies downstream of the EGFR and that SAL protein levels
are controlled by receptor activation. However, SAL is also
expressed at moderate levels in presumptive oenocyte
precursors prior to EGF pathway activation and this expression
remains normal in rho and spi mutants. For these reasons, it is
likely that at least part of the function of sal lies in a parallel
pathway that, in conjunction with the EGF signal, promotes
oenocyte induction and inhibits COP recruitment. 

A prime-and-respond model 
To integrate the dual roles of sal downstream and also in
parallel to the EGFR, we propose a prime-and-respond model
(Fig. 6B). In this model, sal functions in the parallel pathway
as a competence switch. Thus, SAL prepatterns the dorsal
ectoderm so that, on receipt of the EGF signal, oenocytes rather
than COPs are induced. As we have argued, one consequence
of the SAL oenocyte prepattern is to increase the apparent
induction threshold in responding cells. This makes the
prediction that the signaling cell inducing oenocytes needs to
express more ligand than those that recruit secondary COPs,
and this is indeed the case. C1 is known to express high levels
of rho for longer than any of the other primary COPs (zur Lage
et al., 1997). Thus, the EGF pathway does contribute to the
cell-type specificity of the induction event in the sense that
more SPI ligand is required to induce oenocytes than to recruit
chordotonal organs. 

One of the early oenocyte-specific responses to the SAL
prepattern is the subsequent upregulation of SAL itself. This,
in turn, stimulates the expression of the sal target gene svp, one
member of the repertoire of oenocyte early differentiation
genes (P. E., V. B. and A. G., unpublished). A key feature of
the prime-and-respond model is that moderate levels of sal
expression serve to prime the responding cells to further
upregulate SAL when they receive SPI ligand. In support of
this priming mechanism, we have demonstrated that
upregulation in response to constitutive sspi expression is
restricted to those cells that have already expressed sal. Hence,
SAL proteins provide a molecular link between the prepattern
and the EGFR response.

In the prime-and-respond model, it is implicit that the early
and late phases of sal expression produce distinct effects on
the responding cell. As the levels of SAL are different in the
two phases, it may be that there are at least two different
concentration-dependent effects for this transcription factor. In
agreement with this, we have shown that strong expression of

the sal target gene, svp, correlates with the domain of sal
upregulation and not with the lower-level prepattern. In another
system, wing vein development, there is a very extreme
example of a concentration difference, with low and high levels
of SAL producing completely opposite transcriptional effects
on the knirps target gene (de Celis and Barrio, 2000).

PERSPECTIVES

As the EGF pathway and sal play essential roles in the
development of many different tissues, the prime-and-respond
mechanism described here may well be deployed in other
contexts. For example, in the developing Drosophila tracheal
system, it has been suggested that the initial phase of sal
expression during primary branch formation is EGFR
independent but that later expression in the dorsal trunk is
maintained by the EGF pathway (Chen et al., 1998). Furthermore,
as has been already stated, there are striking parallels between the
oenocyte/chordotonal system and the developing Drosophilaeye.
In this regard, we note that sal is expressed in the eye imaginal
disc in a subset of developing photoreceptor and accessory cells
(Barrio et al., 1999). It remains to be seen whether salor its sister
gene, spalt related, also switch the outcome of EGF signaling in
this developmental context.

Orthologs of sal have been identified in many animals other
than Drosophila. In humans, it has been shown that one sal
ortholog is associated with Townes-Brocks syndrome, an
autosomal dominant condition affecting numerous structures
including the limb (Kohlhase et al., 1998). Moreover, recent
studies of the developing chick limb have revealed that a sal
ortholog can be regulated by sonic hedgehog, BMP, FGF and
Wnt signals (Farrell and Munsterberg, 2000). This raises the
possibility that vertebrate sal family genes may be involved in
modulating the responses to a wide range of signals and not
just EGFR ligands.
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