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Summary

Sensory organs are often composed of neuronal sen-
sory endings accommodated in a lumen formed by
ensheathing epithelia or glia. Here we show that lu-
men formation in the C. elegans amphid sensory or-
gan requires the gene daf-6. daf-6 encodes a Patched-
related protein that localizes to the luminal surfaces
of the amphid channel and other C. elegans tubes.
While daf-6 mutants display only amphid lumen de-
fects, animals defective for both daf-6 and the Dis-
patched gene che-14 exhibit defects in all tubular
structures that express daf-6. Furthermore, DAF-6
protein is mislocalized, and lumen morphogenesis is
abnormal, in mutants with defective sensory neuron
endings. We propose that amphid lumen morphogen-
esis is coordinated by neuron-derived cues and a DAF-
6/CHE-14 system that regulates vesicle dynamics dur-
ing tubulogenesis.

Introduction

Sensory structures in many organisms share a common
morphology in which sensory neuron endings extend
through a tubular channel formed by their associated
glia or epithelia (Ward et al., 1975; Burkitt et al., 1993;
Jan and Jan, 1993). The formation of all biological
tubes, both unicellular and multicellular, has been pro-
posed to occur by a common mechanism in which vesi-
cles within the tube-forming cells coalesce at a luminal
surface of apical character (Lubarsky and Krasnow,
2003). This process has been observed in cultured
Madin-Darby canine kidney (MDCK) cells (Montesano
et al., 1991), capillary-forming endothelial cells (Folk-
man and Haudenschild, 1980; Davis and Camarillo,
1996), Drosophila salivary glands (Myat and Andrew,
2002), and the C. elegans excretory canal cell (Berry et
al., 2003). Some of the molecular players controlling
tube outgrowth and branching are known (Ghabrial et
al., 2003); however, the initial steps of lumen formation
and morphogenesis are poorly understood. Glia that
ensheath sensory neuron endings or myelinate neu-
ronal projections must regulate their lumen dimensions
to accommodate precisely their resident neuronal pro-
cesses. Little is known about how this is accomplished
(Wegner, 2000), although it is reasonable to hypothesize
that neuronal processes induce aspects of glial lumen
formation.

To understand sensory organ morphogenesis and
specifically glial lumen formation, we have been study-
*Correspondence: shaham@rockefeller.edu
ing the C. elegans amphid sensory organ. C. elegans
possesses two bilaterally symmetric amphids at the an-
terior tip of the animal (Ward et al., 1975). Each amphid
consists of 12 sensory neurons and 2 ensheathing glial
cells, the sheath and socket cells. Amphid neurons
have two projections: an axon that extends into the
nerve ring and a dendrite that extends to the anterior
tip of the animal. Amphid sheath and socket glia also
extend anterior processes that contact amphid neuron
dendritic projections (Ward et al., 1975). At the tip of
the nose, all neuronal sensory endings are ensheathed
by the sheath glia (Figures 1A and 1B). Four of the am-
phid neurons, which mediate chemotaxis to volatile
chemicals and thermotaxis (Bargmann et al., 1993; Mori
and Ohshima, 1995), have dendritic endings that are
fully embedded within the amphid sheath glia. The re-
maining eight neurons end in sensory cilia that access
the outside environment by extending through a matrix-
filled amphid channel: a bipartite channel, formed ante-
riorly by the socket cell and continued posteriorly by
the sheath cell (Figure 1B; Ward et al., 1975). We will
henceforth refer to this channel as the amphid channel.
Amphid channel neurons are required for avoidance of
high osmolarity solutions, chemosensation of water-
soluble solutes, mechanosensation, and sensation of
dauer pheromone (Bargmann and Mori, 1997; Driscoll
and Kaplan, 1997; Riddle and Albert, 1997).

Animals defective in the daf-6 gene (daf, dauer for-
mation defective) were first isolated because of their
inability to enter an alternative developmental state
known as dauer (Riddle et al., 1981). Entry into dauer is
mediated by a continuously released pheromone (Rid-
dle and Albert, 1997). Four previous observations sug-
gest that daf-6 mutants have amphid channel defects.
First, daf-6 mutants are defective in sensory functions
that require direct exposure of channel neurons to the
outside environment (Albert et al., 1981; Perkins et al.,
1986) but respond normally to volatile odorants, tem-
perature changes, and mechanosensory stimuli (Albert
et al., 1981; Bargmann et al., 1993; Perkins et al., 1986)
that do not require direct access to the animal’s sur-
roundings. Second, in wild-type animals, channel neu-
rons can take up lipophilic dyes such as DiO from the
environment (Hedgecock et al., 1985); however, daf-6
mutants are dye-filling defective (Starich et al., 1995).
Third, Herman (1987) demonstrated by mosaic analysis
that daf-6 function is required in the amphid sheath glia
and not in the amphid neurons for dye uptake. Fourth,
using scanning electron microscopy, an open channel
could not be found in the anterior tip of the amphid in
daf-6 mutants (Albert et al., 1981).

Here we describe our studies of daf-6. We show that
the amphid channel fails to open anteriorly in daf-6 mu-
tants, consistent with a role for daf-6 in lumen forma-
tion. We also demonstrate that daf-6 function is re-
quired in the amphid around the time of lumen
formation. daf-6 encodes a conserved, sterol-sensing
domain (SSD)-containing protein related to the verte-
brate and Drosophila Hedgehog receptor Patched. A
rescuing DAF-6::GFP fusion protein localized to the lu-
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Figure 1. The Amphid Sheath Cell Lumen Fails to Open in daf-6 Mutants

(A) A schematic of the head region of C. elegans depicting the three cell types of an amphid. Boxed region is area seen in (B)–(N).
(B) A schematic of the anterior end of an amphid (after Perkins et al., 1986). Cilia of ASE and ADF neurons extend through the amphid
channel. Green, channel matrix.
(C and D) Fluorescence image (C) and DIC image (D) of a wild-type adult containing Pgcy-5GFP (ASER) and Pvap-1DsRed (sheath) reporter
transgenes. ASE cilium (arrow) extends through sheath cell lumen.
(E and F) Same as (C) and (D), respectively, except that a daf-6(e1377) adult is shown. ASE cilium (arrow) fails to extend through the sheath
cell. Asterisks, vacuoles.
(G and H) Fluorescence image (G) and DIC image (H) of a wild-type L2 containing PT08G3.3DsRed (ADF) and Pdaf-6GFP transgenes (socket
[arrowhead] and sheath). ADF double cilium (arrow) extends through the sheath channel into the socket channel.
(I and J) Same as (G) and (H), respectively, except that a daf-6(e1377) L2 is shown. ADF cilium (arrow) does not extend through the sheath
channel into the socket channel (arrowhead). Asterisk, vacuole.
(K and L) Merged DIC and fluorescence image (K) and DIC image (L) of a wild-type adult expressing Pvap-1vap-1::GFP.
(M and N) Merged DIC and fluorescence image (M) and DIC image (N) of a daf-6(e1377) adult expressing Pvap-1vap-1::GFP. Arrows, sheath
cell vacuoles.
(O) Electron micrograph of a section through the amphid of a daf-6(e1377) L1. Neuronal cilia, which curve laterally, reside within a sheath
pocket containing matrix material.
(A–N) Anterior is left, dorsal is up. Scale bars equal 5 �m.
(O) Scale bar equals 1 �m.
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minal surfaces of several tubular structures, including
those of the amphid sheath glia. daf-6 interacted genet-
ically with the Dispatched gene che-14, suggesting that
both genes function in concert in the same cells to reg-
ulate lumen formation in multiple C. elegans tubes. Fi-
nally, we uncovered a requirement for ciliated endings
of amphid sensory neurons in regulating DAF-6 local-
ization and morphogenesis of the amphid channel. Our
results provide insights into the genetic basis of tube
morphogenesis during sensory organ formation and
during tubulogenesis in general. Furthermore, our re-
sults demonstrate a dedicated role for a member of a
previously uncharacterized subfamily of SSD-contain-
ing proteins in lumen formation.

Results

daf-6 Mutants Contain Abnormal Amphid Channels
To understand the cause of the sensory deficits in daf-6
mutants, we examined the structure of the amphids in
these animals. Specifically, we examined animals ho-
mozygous for the strong loss-of-function allele daf-
6(e1377) that harbored a Pvap-1DsRed transgene, ex-
pressing DsRed fluorescent protein in amphid sheath
glia under control of the vap-1 gene promoter (vap,
venom allergen protein; Sutherlin et al., 2001); and a
Pgcy-5GFP transgene, expressing green fluorescent pro-
tein (GFP) in the right ASE (ASER) amphid channel neu-
ron (Yu et al., 1997). We identified three defects in these
animals, all consistent with a failure of the amphid
channel to open anteriorly.

First, whereas the sheath channel was open in wild-
type animals (Figures 1C and 1D), this portion of the
channel was not open in daf-6(e1377) animals (Figures
1E and 1F). Consistent with this observation, the ASER
neuronal cilia of wild-type animals extended through
the sheath channel (Figures 1C and 1D), but the ASER
cilia of daf-6(e1377) animals did not penetrate the
sheath channel (Figures 1E and 1F). A similar defect
was observed for the ADF neurons in daf-6(e1377) ani-
mals (Figures 1G–1J).

Second, whereas wild-type cilia were straight (Fig-
ures 1C and 1G), the cilia in daf-6(e1377) animals
tended to curve near the tip of the nose (Figures 1E and
1I), seemingly in response to the physical constraint of
being embedded within the sheath cell.

Third, daf-6(e1377) adults contained vacuolar struc-
tures within the sheath cell (Figures 1E and 1F) that
were not seen in wild-type adults (Figures 1C and 1D).
These structures may correspond to the vacuoles seen
previously in electron microscope (EM) sections of
adult daf-6(e1377) animals (Albert et al., 1981). To de-
termine the contents of these abnormal vacuoles, we
examined daf-6(e1377) animals expressing the VAP-1::
GFP protein in the sheath glia. VAP-1 is a component
of the sheath glia matrix: an undefined matrix encased
in large secretory vesicles that is secreted from the am-
phid sheath glia into the channel surrounding the sen-
sory cilia (M. Heiman and S.S., unpublished results; Fig-
ures 1B, 1K, and 1L; Ward et al., 1975). VAP-1 can be
released from animals to their surroundings (Sutherlin
et al., 2001), presumably through the amphid channel.
As shown in Figures 1M and 1N, VAP-1::GFP accumu-
lated within sheath cell vacuolar structures, suggesting
that these vacuoles contained matrix material. Consis-
tent with this observation, EM cross-sections of daf-
6(e1377) animals revealed that amphid cilia resided
within a sheath cell pocket containing material similar
in electron density to matrix material (Figure 1O). These
findings are also consistent with a failure to open the
sheath glia channel: failure in channel opening prevents
matrix material from exiting the animal, causing this
material to accumulate at the anterior tip of the
sheath glia.

Vacuole accumulation and bending of ciliated sen-
sory endings may both be secondary manifestations of
the closure of the sheath cell channel in daf-6(e1377)
animals. If this were true, these defects might not be
present early during channel development. Indeed,
young daf-6(e1377) larvae did not frequently contain
bent cilia or vacuolar structures. However, dye uptake
was completely blocked at all stages, indicating that
channel neurons always lacked access to the outside
environment. Furthermore, animals at all stages ob-
served also exhibited fully penetrant defects in cilia ex-
tension through the sheath channel into the socket
channel (see Supplemental Table S1 available with this
article online; Figures 1C–1J).

These studies suggest that failure to generate an
open sheath cell channel, and the resulting failure of
the amphid cilia to gain exposure to the external envi-
ronment, are the primary causes of the sensory deficits
of daf-6 mutants.

Sensory defects in daf-6 mutants could be due not
only to structural defects in the amphid channel, but
also to defects in the sensory cilia themselves. To de-
termine whether cilia components were misexpressed
or mislocalized in daf-6(e1377) animals, we examined
localization of the cilia resident protein CHE-2 (Fujiwara
et al., 1999). Functional CHE-2::GFP protein was local-
ized to amphid cilia in 20/20 daf-6(e1377) animals ex-
amined, suggesting that at least one cilia component
was properly localized in these mutants.

daf-6 Encodes a Patched-Related Protein
To understand how daf-6 controls amphid channel
opening, we cloned the gene. daf-6 was previously
mapped between the unc-3 and unc-7 genes on link-
age group X (Herman, 1984). We established strains ho-
mozygous for the daf-6(e1377) allele and containing ex-
trachromosomal arrays of candidate cosmids from the
genetic interval described above. The dye-filling defect
of daf-6(e1377) animals was fully rescued by two extra-
chromosomal arrays containing cosmid F31F6 (data
not shown). A predicted gene in this region, F31F6.5
(also named ptr-7; Kuwabara et al., 2000), encodes a
protein related to the sterol-sensing domain (SSD)-con-
taining protein Patched. To determine whether daf-6 is
F31F6.5/ptr-7, we generated a 9 kb subclone of F31F6
that included 3 kb of sequence upstream of the pre-
dicted ptr-7 ATG, and the full ptr-7 genomic coding re-
gion fused to GFP. Four transmitted lines containing
this subclone rescued the dye uptake defect of daf-
6(e1377) animals as efficiently as the cosmid (data not
shown; see below).

To confirm that daf-6 is F31F6.5/ptr-7 and to deter-
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mine the location and nature of molecular lesions asso- S
pciated with each of the seven known daf-6 alleles, we

determined the sequences of all exons and exon/intron l
aboundaries of ptr-7 in each daf-6 allele (Figure 2A). Am-

phid neurons in animals homozygous for either the
(e1377, n1543, or m506 alleles were completely de-

fective in dye uptake, and the remaining four alleles still p
rconferred some ability to take up dye from the environ-

ment (Figures 2A and 2B). (
tA 2968 bp full-length daf-6 cDNA clone was obtained

from Yuji Kohara (DNA Data Bank of Japan). The daf-6 s
intron/exon organization was determined by comparing
the cDNA and genomic sequences (Figure 2A). Con- d

Tceptual translation of the daf-6 cDNA suggested that
daf-6 encodes a 913 amino acid protein similar to the m

fHedgehog receptor Patched and is one of 24 such ptr
(patched related) genes in the C. elegans genome (Ku- t

awabara et al., 2000; Kuwabara and Labouesse, 2002).
All PTR proteins contain a sterol-sensing domain (SSD), i

ca conserved 180 amino acid sequence predicted to
form five transmembrane domains (Kuwabara and La- s

bbouesse, 2002). While other SSD-containing proteins
are important regulators of development or metabolic d

dhomeostasis, no function has been assigned to PTR
proteins. e

gDAF-6 and other PTR proteins are most closely re-
lated to the Patched, Dispatched, and NPC1 SSD-con- d

mtaining proteins, and the similarity to these proteins is
greatest within the putative SSDs (Supplemental Figure f
Figure 2. daf-6 Encodes a Patched-Related Protein

(A) daf-6 gene structure. Boxes, exons; V-shaped lines, introns. Mutation sites and nucleotide and mRNA/protein alterations are indicated.
Putative null and hypomorphic mutations are below and above the gene schematic, respectively. The putative null allele daf-6(m506) lacks
most of the 5# end of the gene and is not shown.
(B) Dye-filling defects (Dyf) per animal and molecular lesions of daf-6 alleles. 200 animals were scored for each allele. NA, not applicable.
(C) Dendogram showing sequence relationships of DAF-6 SSD to SSDs of related C. elegans, Drosophila, and human PTRs, Patched, Dis-
patched, and NPC1.
(D) Heat shock rescue of daf-6 dye-filling defect by daf-6 cDNA. Horizontal axis, time of heat shock; vertical axis, % animals with amphid
neuron dye filling assayed 4 days after heat shock; error bars, standard error of the mean (SEM). Numbers of animals observed for each time
point are indicated.
1). Like Patched and Dispatched, DAF-6 contains 12
redicted transmembrane domains with large extracel-

ular loops between transmembrane segments 1 and 2,
nd 7 and 8 (Kuwabara et al., 2000).
DAF-6 has potential Drosophila and human orthologs

Figure 2C; Supplemental Figure S1). Sequence com-
arisons suggest that these proteins are more closely

elated to DAF-6 than to other SSD-containing proteins
Figure 2C; Kuwabara et al., 2000). Thus, DAF-6 seems
o belong to a conserved, previously uncharacterized,
ubfamily of SSD-containing proteins.

af-6 Is Required during Amphid Lumen Formation
o further characterize the role of daf-6 in amphid lu-
en formation, we sought to determine when daf-6

unction was required during development. We attempted
o rescue the dye uptake defect of daf-6(e1377) animals
t specific stages of development using a heat-induc-

ble promoter (PHS) to drive expression of the daf-6
DNA. daf-6(e1377) animals harboring an extrachromo-
omal array bearing the PHSdaf-6 transgene were incu-
ated at 35°C for 30 min and assayed for dye uptake 4
ays later. As shown in Figure 2D, expression of the
af-6 cDNA at either the comma or 1.5-fold stages of
mbryogenesis corrected the dye uptake defect. Trans-
enic animals kept at 20°C, as well as nontransgenic
af-6(e1377) animals subjected to a heat shock, re-
ained dye-filling defective (Figure 2D). Thus, daf-6

unctions around the comma and 1.5-fold stages of
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Figure 3. DAF-6 Lines the Luminal Surfaces of Tubes

All images are of wild-type animals expressing Pdaf-6daf-6::GFP.
(A and B) Fluorescence (A) and DIC (B) images of DAF-6::GFP local-
ized to the amphid channel in an L2. White arrow, luminal surfaces
of amphid sheath cell; arrowhead, amphid socket lumen; red arrow,
sheath cell lumen.
(C) Merged fluorescence and DIC image. DAF-6::GFP localized to
phasmid sheath and socket cell channels (straight arrow).
(D) Merged ventral fluorescence and DIC images of DAF-6::GFP in
the vulva. GFP lines the lumen (red arrow) and localizes to puncta
(arrowheads).
supporting a role for DAF-6 in tube formation. DAF-

(E) Fluorescence image (dorsal view). DAF-6::GFP lines lumen sur-
faces of the excretory canal cell (arrow), duct and pore cells (aster-
isk), gland cells (arrowhead).
(F) Fluorescence image. DAF-6::GFP lines the excretory canal lu-
men (red arrow) and is seen in puncta (arrowheads).
(G and H) Fluorescence (G) and DIC (H) images. DAF-6::GFP lines
luminal surface of posterior intestine. Red arrow, lumen.
(I) Merged fluorescence and DIC image. DAF-6::GFP localized to
the luminal surface of K, K#, F, and U cells. Red arrow, rectal lumen.
In all images, except (D) and (E), anterior is left, dorsal is up. Scale
bars equal 1 �m (except [E], 5 �m).
embryogenesis to promote amphid lumen formation.
Embryos of similar stages (330 and 430 min postfertil-
ization) were previously sectioned for EM and photo-
graphed by N. Thompson, J. White, and J. Sulston (Sul-
ston et al., 1983). In these sections, the amphid sheath
glia channel was not present at 330 min but was fully
formed by 430 min (M. Heiman and S.S., unpublished
results). Therefore, daf-6 functions in the amphid at the
time of amphid lumen formation.

Heat shock-induced daf-6 expression during comma
stage still rescued the dye uptake defect of daf-
6(e1377) animals 8 days after induction (data not
shown), suggesting that daf-6 is not required for lumen
maintenance. Two additional results support this con-
clusion. First, heat-induced expression of daf-6 at the
ball stage of embryogenesis (Figure 2D) did not rescue
daf-6(e1377) animals, even though expression induced
at comma stage, approximately 3 hr later, could rescue
the defect. This experiment suggests that DAF-6 pro-
tein may be unstable. Second, as described below, ex-
pression of a rescuing DAF-6::GFP fusion protein was
rarely observed in the amphid beyond the L1 larval
stage. Thus, daf-6 is probably required for lumen for-
mation, and not maintenance.

DAF-6 Lines the Luminal Surfaces of Tubes
To determine in which cells daf-6 was expressed, we
examined wild-type animals containing a transgene ex-
pressing GFP under the control of a 3 kb daf-6 pro-
moter fragment. Pdaf-6GFP was expressed in the am-
phid sheath glia (Figures 1G and 1I), consistent with
previous mosaic analysis studies suggesting that daf-6
functions cell autonomously in these cells (Herman,
1987). Expression was also seen in amphid socket cells
(Figures 1G and 1I), the phasmid sensory organ sheath
and socket cells, cells of the excretory system (the ex-
cretory canal, duct, pore, and gland cells), the vulval E
and F cells, the K, K#, F, and U rectal epithelial cells,
and less frequently in posterior intestinal cells. These
cells all form tubes, suggesting that daf-6 might func-
tion not only in amphid channel opening, but also in
lumen morphogenesis of a variety of different tubes.

We also determined the expression pattern and sub-
cellular localization of a DAF-6::GFP fusion protein pro-
duced from a Pdaf-6daf-6::GFP transgene able to rescue
the dye uptake defects of daf-6(e1377) mutants. In the
amphid, DAF-6::GFP fusion protein expression usually
persisted only up to the L1 larval stage, and the protein
localized to the region of the amphid channel formed
by the sheath and socket cells (Figures 3A and 3B),
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6::GFP also localized to the luminal surfaces of tubes a
dgenerated by other cells expressing daf-6 (Figures 3C–

3I). As in the amphid, expression in the phasmid sheath f
Sand socket cells usually did not persist beyond the L1

larval stage. Expression in vulval cells was usually re- a
fstricted to the L4 larval stage, after the cells were gen-

erated and during or shortly after the vulval lumen was f
tgenerated. Expression in the rectum and excretory sys-

tem was observed throughout embryogenesis and lar-
tval development, but usually not during adulthood.

Several SSD-containing proteins have been shown to t
cassociate with intracellular vesicles (Kuwabara and La-

bouesse, 2002). Interestingly, DAF-6::GFP protein was t
Pdetected in punctate structures within the cytoplasm of

expressing cells. This localization was best seen in the a
lvulva and in the excretory canal cell (Figures 3D and

3F). Thus, DAF-6 may localize to vesicles as well. g
e
GDAF-6 Mutations Affect Function
tand Subcellular Localization
GTo define regions important for DAF-6 function and
fsubcellular localization, we established transgenic lines
4expressing different mutant versions of the DAF-6::GFP
Drescuing protein. Patched, Dispatched, and NPC1 pro-
rteins share sequence features with members of the re-
ssistance nodulation division (RND) family of prokaryotic
mpermeases, which function as antiporters that confer
mresistance to drugs or heavy metals (Nies, 1995; Tseng

et al., 1999). These proteins share an overall similarity
sin membrane topology and contain a GxxxD motif pre-
pdicted to be important in permease function within their
pfourth and tenth transmembrane domains (Guan and
pNakae, 2001; Ma et al., 2002; Taipale et al., 2002). Unlike
aPatched and Dispatched, DAF-6 protein contains only a
dsingle GxxxD motif in its putative tenth transmembrane
fregion. Altering the conserved aspartate residue of this
gmotif to either asparagine or alanine, as done pre-
nviously for Dispatched (Ma et al., 2002), reduced but

did not eliminate rescue. Intriguingly, localization of a
vfraction of these mutant DAF-6 proteins was perturbed
t(most easily assessed in vulval cells; Figures 4B and
r4C). These results suggest that DAF-6, and perhaps
aPatched and Dispatched as well, is not likely to func-
ltion as an RND permease, but that the GxxxD motif
Dmay contribute to the regulation of DAF-6 protein local-

ization.
The SSD has also been suggested to regulate protein d

Llocalization. For example, point mutations in the SSD
disrupt the subcellular localization and function of d

gmammalian SCAP and the function of Drosophila
Patched (Hua et al., 1996; Martin et al., 2001; Strutt et t

aal., 2001). To examine the role, if any, of the DAF-6 SSD,
we established transgenic animals expressing DAF-6:: d

aGFP proteins containing mutations similar to those
used to study the SCAP and Patched SSD. Surprisingly, c

tthese mutant proteins were still functional; however, the
Gly321Arg mutation disrupted the subcellular localiza- e

ition of a fraction of the DAF-6::GFP proteins (Figures
4D and 4E). We had also identified a mutation near the s

rputative signal sequence of DAF-6 that similarly dis-
rupted subcellular localization without disrupting func- c
tion (Figure 4F). We determined whether the combina-
tion of this mutation with the SSD mutations would s
bolish function. As shown in Figures 4G and 4H, these
ouble mutant proteins failed to rescue the daf-6 dye-

illing defect, confirming a functional role for the DAF-6
SD in protein localization. Interestingly, DAF-6 SSD
lone was not sufficient to confer appropriate DAF-6
unction or subcellular localization, suggesting that
unction and localization are not determined entirely by
his domain (Figure 4I).

Two of the mutants we examined demonstrated that
he extracellular loops of DAF-6 protein are also essen-
ial for its function. First, deletion of the second extra-
ellular loop (Figure 4J) abolished both DAF-6 func-
ion and localization. A similar deletion in Drosophila
atched resulted in a dominant, Hedgehog-insensitive
llele (Briscoe et al., 2001). Second, the daf-6(m176) al-

ele results in a missense mutation, converting aspara-
ine 96 to lysine in the first extracellular loop. We
stablished transgenic animals expressing a DAF-6::
FP protein containing the identical mutation. As with

he endogenous mutant protein, the mutant DAF-6::
FP protein was only able to rescue the dye-filling de-

ect in a small percentage of expressing animals (Figure
K). Surprisingly, however, subcellular localization of
AF-6::GFP was not disrupted by this mutation. This

esult suggests that proper DAF-6 localization is not
ufficient for DAF-6 function and that DAF-6 activity
ay be regulated by interaction with other proteins
aking contact with the first extracellular loop.
Our studies also suggest that DAF-6 protein makes

pecific contact with other proteins as it transits to the
lasma membrane. Specifically, a DAF-6::DsRed fusion
rotein, which was restricted to a perinuclear structure,
erhaps the Golgi, blocked amphid neuron dye-filling
nd caused amphid vacuole accumulation, as seen in
af-6 mutants (Figure 4L, data not shown). These de-

ects may have been caused by DsRed-induced aggre-
ation of DAF-6, titrating factors with which the protein
ormally interacts.
Taken together, our mutagenesis studies have re-

ealed important domains required for DAF-6 localiza-
ion and function, have provided evidence against a
ole for this protein (and perhaps other family members)
s a permease, and have defined a specific extracellu-

ar residue that may contact other proteins required for
AF-6 activity.

af-6 Functions with che-14 to Regulate
umen Formation
af-6 has several features in common with the C. ele-
ans Dispatched gene che-14. daf-6 and che-14 mu-
ants display similar amphid defects: che-14 mutants
re dye-filling defective, dauer defective, chemotaxis
efective, and osmotic avoidance defective (Perkins et
l., 1986). che-14 mutants also appear to have amphid
hannel defects, and amphid sheath cells in these mu-
ants accumulate matrix-containing vacuoles (Perkins
t al., 1986; Michaux et al., 2000). Furthermore, che-14

s expressed in the amphid and phasmid sheath and
ocket cells, the excretory system, the vulva, and the
ectum (Michaux et al., 2000). Finally, CHE-14 is a SSD-
ontaining protein.
Because of these similarities, and despite previous

tudies showing that Dispatched and Patched proteins
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Figure 4. Mutations in DAF-6 Affect Function and Subcellular Localization

Indicated transgenes were injected into daf-6(e1377) or wild-type animals to establish transgenic lines. Independent lines of the same
transgene are indicated by “A:”, “B:”, “C:”. Animals were assayed for amphid dye-filling defects (Dyf) per amphid to assess rescue and
dominant effects of the transgenes. Subcellular locaization of transgenic proteins was assayed in vulvae of L4 animals where visualization
was easiest, except in (L), where localization in amphids is shown at the sheath and socket cell bodies (black arrows). Green arrow, region
of DAF-6::GFP localization in wild-type animals. N.D., not determined. Scale bars equal 1 �m (except [L], 5 �m).
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function in different cell types, we surmised that daf-6
and che-14 might interact genetically within the same
cells. To examine this possibility, we generated che-
14(e1960); daf-6(e1377), che-14(ok193); daf-6(e1377),
and che-14(e1960); daf-6(m176) double mutant ani-
mals. che-14(ok193) is a large deletion that, like daf-
6(e1377), is likely to be a molecular null. che-14(e1960)
is a splice-site mutant that is phenotypically indistin-
guishable from che-14(ok193). Double mutant animals
were severely egg-laying defective, often forming “bags
of worms” as the embryos hatched inside the mother.
For example, whereas 0/51 daf-6(e1377) and 0/64 che-
14(e1960) adults were egg-laying defective, 96/98
che-14(e1960); daf-6(e1377) adults were egg-laying
defective (Figure 5A). Consistent with our dye-filling
studies, the egg-laying defect of che-14(e1960); daf-
6(e1377) animals was more severe than that of che-
14(e1960); daf-6(m176) animals (Figure 5A).

che-14; daf-6 double mutants were also severely de-
fective in excretory system function, exhibiting either a
characteristic rod-like L1 larval lethal phenotype (Rod)
or a distinctive clear (Clr) phenotype. These pheno-
types are caused by an accumulation of fluid in the ani-
mal, giving it a translucent appearance. For example,
whereas 3/143 daf-6(e1377) and 9/57 che-14(e1960)
animals displayed excretory defects, 78/86 che-
14(e1960); daf-6(e1377) animals displayed such defects
(Figure 5B). che-14; daf-6 animals were also slightly
more defecation defective than either single mutant
alone, consistent with defects in the posterior intestine
and in rectal cells (data not shown).

Taken together, these experiments suggest that daf-6
and che-14 interact genetically, perhaps functioning in
concert to regulate lumen formation in a variety of tubu-

Flar structures throughout the animal.
g

To examine lumen formation directly in double mu-
(

tant animals, we examined the morphology of the ex- i
cretory canal cell lumen in che-14(e1960); daf-6(e1377) (
animals containing a Pvha-1GFP reporter transgene. t

(vha-1 is expressed in the excretory canal cell (Oka et
(al., 1997). In wild-type animals, a continuous and uni-
pform lumen extended within the two canal cell pro-
(cesses to the posterior tip of the animal (Figures 5C
(

and 5D). che-14(e1960); daf-6(e1377) double mutants, p
however, had obvious lumen defects. While the canal t
cell extended two processes to the posterior tip of the (

tanimal, the lumen often extended only part way through
(these processes (Figures 5E–5G). Thus, in these double
pmutants, it appeared as though formation of the lumen
chad been initiated, but not completed. In some animals,
s

regions containing vesicles were observed within the a
canal processes. Anterior to these pockets, the lumen
was generally intact; however, posterior to the pockets,

sregions lacking lumen were present. These results sug-
lgest that the abnormal vesicle accumulation may repre-
dsent a lumen formation intermediate (Figure 5G).
tIn addition to lumen extension defects, excretory ca-
snals in some animals displayed regions with cystic fea-

tures, reminiscent of exc (excretory canal abnormal)
dmutants (Buechner et al., 1999; Berry et al., 2003) and
Serm-1 mutants (Gobel et al., 2004). Unlike exc and erm-1
fmutants, however, daf-6; che-14 mutants predomi-
pnantly exhibited lumen formation defects rather than

cystic features. Thus, as in the amphid, where the sen- h
igure 5. daf-6 and che-14 Interact to Regulate Lumen Morpho-
enesis

A) Histogram depicting egg-laying defects (Egl) of strains of the
ndicated genotype. Error bars, SEM.
B) Histogram depicting Rod and Clr defects (see text) of strains of
he indicated genotype. Error bars, SEM.
C–G) Fluorescence images of animals expressing Pvha-1GFP.
C) Wild-type animal. Excretory cell lumen (arrow) extends toward
osterior end of the animal (asterisk).

D) Wild-type, note continuous lumen.
E) che-14(e1960); daf-6(e1377) mutant. Lumen fails to extend to
osterior end of animal (arrow), but process does (arrowhead). As-

erisk, posterior tip.
F) che-14(e1960); daf-6(e1377) mutant. Note lack of lumen in pos-
erior region (arrowhead).
G) che-14(e1960); daf-6(e1377) mutant. Note lack of a lumen in
osterior region (white arrowhead). Red arrowhead, numerous ac-
umulated vesicles. In images (D), (F), and (G), anterior is left, dor-
al is up. Scale bars equal 10 �m in (C) and (E) and 1 �m in (D), (F),
nd (G).
ory defects of daf-6 mutants seemed to be due to a
umen formation defect in the sheath glia, the excretory
ysfunction in daf-6; che-14 double mutants appeared
o result from a lumen formation defect in excretory
ystem cells.
What is the nature of the genetic interaction between

af-6 and che-14? Since both DAF-6 and CHE-14 are
SD-containing proteins, it is possible that both per-

orm identical functions. If this were the case, overex-
ression of daf-6 should rescue the defects of animals
omozygous for a loss-of-function mutation in che-14.
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To test this, we asked whether che-14(1960) animals
carrying a PHSdaf-6 transgene and subjected to a heat
shock would remain defective for dye uptake. We found
that overexpression of daf-6 did not increase the fre-
quency of amphid neuron dye filling. Specifically, 39/43
che-14(e1960); PHSdaf-6 animals heat-exposed at comma
or 1.5-fold stages were dye-filling defective, and 69/91
che-14(e1960) nontransgenic heat-exposed comma or
1.5-fold embryos were defective in dye uptake. Animals
heat-shocked at other stages of development also
remained dye-filling defective. Conversely, overexpres-
sion of che-14 using a PHSche-14 transgene able to
rescue che-14(e1960) mutants did not rescue the dye-
filling defect of daf-6(e1377) animals. Specifically,
66/66 daf-6(e1377); PHSche-14 animals heat-exposed
at comma or 1.5-fold stages were dye-filling defective.
These results suggest that daf-6 and che-14 do not
perform identical functions in the amphid.

We also examined whether DAF-6 was required for
CHE-14 localization, and vice versa. We examined the
subcellular localization of the proteins in the phasmid,
because both daf-6(e1377) and che-14(e1960) were
completely defective in dye uptake in this organ
(Michaux et al., 2000). We found that DAF-6::GFP was
still localized to the phasmid channel in che-14(e1960)
mutants and that CHE-14::GFP was properly localized
in daf-6(e1377) mutants (data not shown). Thus, local-
ization of either protein was independent of the other.

Neuronal Cilia Are Important for Amphid
Channel Morphogenesis
Since DAF-6 protein localizes to the amphid channel
lumen, we reasoned that neuronal cilia residing in this
lumen might directly or indirectly regulate DAF-6 func-
tion or localization. To test this idea, we examined the
amphid channels of L1 animals homozygous for muta-
tions in the daf-19 gene and in which neuronal sensory
cilia fail to form (Perkins et al., 1986; Swoboda et al.,
2000). As with daf-6 mutants, daf-19 mutants accumu-
lated vacuoles containing VAP-1::GFP within the sheath
glia (Figures 6A and 6B). Matrix-filled vacuoles were
also previously seen in EM cross-sections of daf-19
mutants (Perkins et al., 1986). These results suggested
that daf-19 animals might harbor amphid channel de-
fects that could, in part, be caused by abnormal DAF-6
function. To test this, we examined DAF-6::GFP local-
ization in daf-19 mutants. In wild-type animals, DAF-6::
GFP localized to the lumen of the channel (Figures 6C,
6D, and 6G). In daf-19(m86) and daf-19(m334) mutants,
however, DAF-6::GFP localized only to a punctate
structure (Figures 6E–6G), approximately at the location
of the junction between the sheath and socket chan-
nels. These defects were not due to a change in
daf-6 transcription within the sheath or socket glia
(data not shown).

To confirm that altered DAF-6::GFP localization in
daf-19 mutants was indeed due to cilia defects, we also
examined localization of this reporter protein in other
cilia-defective mutants (Figure 6G). As in daf-19 mu-
tants, DAF-6::GFP in the amphid localized to a punctate
structure in the cilia-defective mutants che-3, che-11,
che-13, daf-10, and osm-6. Taken together, these re-
sults suggest that neuronal cilia regulate DAF-6::GFP
localization in the amphid.
DAF-6::GFP appearance could be altered in cilia mu-
tants either because cilia regulate DAF-6 localization or
because cilia regulate sheath cell channel morphology.
Previous EM analysis revealed no gross amphid chan-
nel defects in mutants with cilia defects (Perkins et al.,
1986). Nevertheless, because DAF-6 localization was
disrupted in these mutants, minor channel abnormali-
ties might exist. To address this issue more rigorously,
we examined the morphology of the channel in daf-19
mutants. We examined serial cross-sections of two daf-
19(m86) and three wild-type animals by EM. In 2/2 daf-
19(m86) animals, we found a continuous lumen be-
tween the sheath and socket channels (four channels
observed), and channel length was only mildly affected,
if at all. Strikingly, however, the sheath channel lumen
was irregular in shape, with branching outpockets (Fig-
ures 6H–6J). In addition, the distance from the anterior
end of the dendrite to the anterior end of the sheath
glia lumen was reduced in daf-19(m86) mutants (Figure
6J). Thus, altered DAF-6 localization in cilia-defective
mutants may indeed lead to channel alterations. Alter-
natively, the absence of cilia in daf-19 mutants may
cause channel morphology defects independently of
the DAF-6 localization defects.

Discussion

daf-6 Is Required for Lumen Morphogenesis
Several lines of evidence suggest that daf-6 is required
for lumen morphogenesis. Scanning EM (Albert et al.,
1981), transmission EM, and fluorescent microscopy all
revealed that daf-6 sensory defects are due to a failure
to generate a normal channel within the amphid sheath
glia. In addition, daf-6 functions cell autonomously in
the sheath glia (Herman, 1987) and is required in the
amphid during a narrow window of embryogenesis
when the amphid sheath lumen forms. DAF-6::GFP lo-
calizes to the luminal surfaces of many tube-forming
cells in C. elegans, including the amphid and phasmid
sheath and socket cells, the excretory system, the
vulva, the rectum, and the posterior intestine. Finally, all
tubes containing DAF-6 protein are disrupted in daf-6;
che-14 double mutants.

What might be the role of daf-6 in lumen formation?
Vesicle fusion has been proposed to be a key step in
lumen formation (Lubarsky and Krasnow, 2003). Lumi-
nal membrane surface is thought to be elaborated
when vesicles fuse with this membrane. DAF-6::GFP
was seen in punctate, vesicle-like structures (Figures
3D and 3F). Furthermore, che-14; daf-6 double mutants
accumulated unfused vesicles, instead of a lumen, in
certain regions of the excretory canal (Figure 5G). Thus,
DAF-6 may be involved in vesicle trafficking and may
be specifically utilized to shuttle vesicles to or from
growing lumina. Interestingly, lumen formation is topo-
logically similar to cleavage furrow formation during cy-
tokinesis. Specifically, generation and elongation of the
cleavage furrow requires vesicle fusion with the plasma
membrane (Straight and Field, 2000). The C. elegans
Patched ortholog PTC-1, which is similar in sequence
to DAF-6, may be required for vesicle transport during
germ cell cytokinesis (Kuwabara et al., 2000). Thus,
DAF-6, like PTC-1, may regulate vesicle dynamics dur-
ing plasma membrane growth.
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Figure 6. Defective Sheath Cell Lumen Morphogenesis in daf-19 Mutants

(A and B) DIC (A) and merged fluorescence and DIC (B) images of a daf-19(m86) L1 expressing Pvap-1vap-1::GFP. Arrows, matrix-filled vacuoles.
(C and D) Fluorescence (C) and DIC (D) images of a wild-type L1 expressing Pdaf-6daf-6::GFP.
(E and F) Fluorescence (E) and DIC (F) images of a daf-19(m334) L1 expressing Pdaf-6daf-6::GFP.
(G) Table charting DAF-6::GFP localization in strains of the indicated genotype. Each extrachromosomal array (nsEx85, nsEx164, nsEx110) is
an independently generated Pdaf-6daf-6::GFP transgene.
(H and I) Electron micrographs of the amphid sheath-socket junction (arrow) of a wild-type or daf-19(m86) L1, respectively. In (I), the junction
is misshapen, and matrix-filled sheath pockets (arrowheads) are seen. so, socket; sh, sheath. Asterisks, amphid channel filled with cilia (H)
or empty (I).
(J) Cartoons of amphid sheath channel in wild-type and daf-19(m86) animals based on electron micrographs of serially sectioned L1s. Only
one dendrite is shown. In daf-19(m86) animals, the sheath-socket junction is misshapen, the amphid sheath channel is malformed, and the
anterior end of the sensory dendrites are closer to the sheath-socket junction. (A)–(F) Dorsal images, anterior is left. Scale bars equal 1 �m.
DAF-6 Is a Sterol-Sensing t
pDomain-Containing Protein

Sequence comparisons suggest that DAF-6 is a mem-
aber of a previously uncharacterized group of sterol-

sensing domain (SSD)-containing proteins. How might f
his observation explain the role of DAF-6 in lumen mor-
hogenesis?
Seven protein subfamilies harbor SSDs (Kuwabara

nd Labouesse, 2002). Representatives of each sub-
amily include 7-Dehydrocholesterol reductase (Fitzky
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et al., 1998), HMG CoA reductase (HMGCR) (Gil et al.,
1985), SREBP cleavage activating protein (SCAP) (Hua
et al., 1996), Neimann-Pick type C1 disease protein
(NPC1) (Carstea et al., 1997), Dispatched (Burke et al.,
1999), Patched (Hooper and Scott, 1989), and Patched-
related (PTR) (Kuwabara et al., 2000) proteins. While
these proteins have different activities, they can all be
associated with vesicles, and the subcellular localiza-
tions of some, and perhaps all, are regulated through
the SSD by sterol levels or by sterol-conjugated pro-
teins (e.g., Hua et al., 1996; Nohturfft et al., 1999). Thus,
the possible association of DAF-6 with vesicles is con-
sistent with the localization of other SSD-containing
proteins. Furthermore, our mutagenesis studies sug-
gest that the DAF-6 SSD may help determine preferen-
tial DAF-6 localization to the plasma membrane.

Since PTR proteins are most closely related to
Patched, could DAF-6, like Patched, function in a
Hedgehog signal transduction pathway to generate
tubes? In this pathway, Hedgehog protein inhibits the
function of its receptor, Patched, resulting in activation
of the membrane protein Smoothened. Smoothened
activation allows nuclear entry of and transcription by
the Gli/Ci transcription factor (Nybakken and Perrimon,
2002). It has been assumed that the Hedgehog signal
transduction pathway does not exist in C. elegans (Ku-
wabara et al., 2000), because proteins similar in se-
quence to Smoothened have not been identified and
because the C. elegans single Gli/Ci ortholog, tra-1,
seems only to be involved in sex determination (Zar-
kower and Hodgkin, 1992). Furthermore, the C. elegans
Patched homolog, ptc-1, functions in germline cytoki-
nesis and probably does not function in a Hedgehog
signal transduction pathway (Kuwabara et al., 2000).
Nonetheless, our mutagenesis studies suggest that
aspartate 96 of DAF-6, located in the first extracellular
loop of the protein, is critical for DAF-6 function but
not for localization, suggesting that this residue may
interact with an extracellular protein to regulate lumen
morphogenesis. There are several Hedgehog-like pro-
teins encoded in the genome (Aspock et al., 1999). In-
triguingly, some of these are expressed in tube-forming
cells (Aspock et al., 1999). Thus, a rudimentary Hedge-
hog pathway might exist in C. elegans to control tube
morphogenesis.

Our studies do not support the notion that DAF-6
acts as a permease for two reasons. First, DAF-6 har-
bors only a single GxxxD motif, unlike the two motifs
present in the RND permeases. Second, mutations of
this single GxxxD motif in DAF-6 did not fully block
DAF-6 function, but did slightly affect protein localiza-
tion, suggesting that reduced activity of these mutant
proteins was due to mislocalization.

A Model for Amphid Lumen Formation
Our studies suggest that daf-6 and che-14 act in con-
cert to regulate lumen formation in C. elegans. che-14
is most similar to Dispatched, a protein required for the
secretion of Hedgehog (Burke et al., 1999). Further-
more, previous studies suggested a role for CHE-14 in
exocytosis (Michaux et al., 2000). che-14 may, there-
fore, promote exocytosis during lumen formation. daf-6
is similar to Drosophila and vertebrate Patched, and
binding of the Hedgehog ligand to Patched triggers en-
docytosis of the complex (Denef et al., 2000; Incardona
et al., 2000; Martin et al., 2001; Strutt et al., 2001), an
observation that led Michaux et al. (2000) to speculate
that Patched-like proteins may be involved in endocy-
tosis. One possible, although nonconventional, inter-
pretation of this result is that the normal function of
Patched is to inhibit endocytosis rather than promote it.
Binding of Hedgehog to Patched would inhibit Patched
activity, allowing endocytosis to occur. By analogy, we
hypothesize that DAF-6 might function to inhibit endo-
cytosis during lumen growth. Thus, we speculate that
during lumen growth, more membrane is added to the
growing lumen than is removed, by both promotion of
exocytosis (using CHE-14) and inhibition of endocyto-
sis (using DAF-6) (Figure 7).

Why do the posterior amphid channel and the excre-
tory canal lumen still form in daf-6 mutants? One possi-
bility is that loss of DAF-6 would reduce inhibition of
endocytosis; however, exocytosis by CHE-14 would still
allow a channel to be generated. Loss of both DAF-6 and
CHE-14 would, however, be predicted to result in a se-
verely diminished ability to extend a lumen, as ob-
served in the excretory canal. The variable expressivity
of the excretory canal defect in che-14(null); daf-6(null)
mutants suggests that even in this genetic background,
lumen formation can take place. There are 23 additional
Patched-related genes, as well as two Dispatched and
three Patched genes in the C. elegans genome (Kuwa-
bara et al., 2000). Some or all of these may also function
in lumen formation. Thus, redundancy in both the inhi-
bition of endocytosis and the promotion of exocytosis
may lead to the relatively mild lumen morphogenesis
defects in daf-6 and che-14 mutants.

The situation may be different during amphid channel
opening. This process is topologically different from in-
tracellular lumen formation (as in the excretory canal or
the posterior amphid channel) or the generation of a
lumen between two cells (as in the vulva and rectum).
Amphid channel opening may require the generation of
Figure 7. A Possible Model for Amphid Lumen Formation

A hypothetical developmental intermediate is shown. To generate
the lumen and open the sheath glia channel, DAF-6 may inhibit
endocytosis, while CHE-14 may promote exocytosis. DAF-6 and
CHE-14 may act similarly in other tubes, such as the excretory ca-
nal. A signal from neuronal cilia (dashed arrow) may determine the
shape of the amphid channel and DAF-6 localization.
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Ma hole within a cell, and this process may be more sen-
Asitive to disruption of vesicle dynamics. We would pro-
cpose, therefore, that since both daf-6 and che-14 single
m

mutants manifest defects in amphid channel opening, c
both exocytosis and a lack of endocytosis may be nec-
essary for this event to take place. Furthermore, little E

Agenetic redundancy must exist in this process. The fu-
csion of lumina of different tracheal branches in Dro-
0sophila may occur by generating a hole through the
a

cells, and this process may also involve vesicle traffick- T
ing (Samakovlis et al., 1996). Thus, proteins similar to t
DAF-6 and CHE-14 may also function in this and sim- w
ilar processes.

Finally, how is amphid channel morphogenesis coor-
Sdinated to accommodate the neuronal cilia it en-

sheaths? Our studies of channel defects in animals with
S

mutant neuronal cilia revealed two interesting findings. p
First, DAF-6::GFP was confined to a punctate structure h
near the sheath-socket junction. Second, the sheath

Aglia portion of the channel was present but was mis-
shapen in daf-19 mutants. These results support a

Wmodel in which cilia signal to the sheath glia to regulate
wthe localization of DAF-6::GFP, which, in turn, regulates
B

channel morphology (Figure 7). We envision a carefully d
controlled interplay between the neuronal endings and s

ftheir associated glia, resulting in a well-patterned chan-
Mnel of appropriate dimensions. These results suggest
Mthat the amphid of C. elegans could be used as an ex-
cciting system in which to study glia-neuron interactions
f

during nervous system development. G

Experimental Procedures R
R

General Methods and Strains A
See Supplemental Data. P

RDye Uptake and Heat Shock Assays
Dye Uptake

AAnimals were washed off NGM plates with M9 medium (Sulston
dand Hodgkin, 1988) and spun down briefly in a picofuge. The super-
1natant was removed, and the lipophilic dye 1, 1‘-dioctadecyl-3,

methylindodicarbocyanine, 4-chlorobenzenesulfonate salt (“DiD” A
solid; DiIC18(5) solid) (Molecular Probes) was added at 10 �g/ml in C
M9. Animals were then soaked in dye for 2 hr in the dark and at q
room temperature. Animals were next placed on NGM plates B
seeded with E. coli strain OP50 and scored using a fluorescence I
dissecting microscope. S
Heat Shock Studies 7
Animals were placed at 35°C for 30 min, allowed to recover at 20°C,

Band scored for dye uptake 4 or 8 days later.
s
7

Allele Sequence Determination B
Coding region and intron/exon boundaries of daf-6 were amplified g
by the polymerase chain reaction (PCR) from mutant animals using m
Amplitaq DNA polymerase (Roche) and appropriate primers. Ampli-

Bcons were sequenced using an ABI sequencer.
h
r

Plasmid Constructions M
See Supplemental Data. B

C
aGermline Transformation
2Germline transformations were carried out using standard proto-

cols (Mello and Fire, 1995). Constructs were injected together with B
Beither plasmid pRF4, containing the dominant marker rol-6(su1006)

(Mello et al., 1991), or plasmid pJM23, containing wild-type lin-15 m
h(Huang et al., 1994).
icroscopy
nimals were examined by epifluorescence using either a fluores-
ence dissecting microscope (Leica) or an Axioplan II compound
icroscope (Zeiss). Images were captured using an AxioCam CCD

amera (Zeiss) and analyzed using the Axiovision software (Zeiss).

lectron Microscopy
nimals were fixed in 0.8% glutaraldehyde, 0.7% OsO4, 0.1 M ca-
odylate buffer for 1 hr on ice. Samples were postfixed in 2% OsO4,
.1 M cacodylate buffer, mounted into agar blocks, dehydrated in
series of alcohols, and embedded in a mixture of Epon-Araldite.

hin sections (50 nm) were cut on an Ultracut E microtome, con-
rasted with 2% Uranyl Acetate and 1% Lead Citrate, and pictures
ere taken with a JEOL100 CX TEM at 80 kV.

upplemental Data

upplemental Data include a figure, a table, and Supplemental Ex-
erimental Procedures and can be found with this article online at
ttp://www.developmentalcell.com/cgi/content/full/8/6/893/DC1/.
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