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Socket Cells Mediate Spicule Morphogenesis
in Caenorhabditis elegans Males
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Caenorhabditis elegans male spicule morphogenesis requires the coordinated cellular behaviors of several types of cells. We
found that the spicule neurons and sheath cells, although important for spicule function, are dispensable for spicule
morphology. In contrast, the spicule socket cells are essential for both spicule elongation and formation of spicule cuticle.
The socket cells are not only necessary but also sufficient to produce spicule cuticle. This functional aspect of socket cells
is genetically separable from their function in mediating spicule elongation: elongated spicules with defective spicule
cuticle can be formed. During spicule morphogenesis, the expression of an egl-17::GFP reporter gene is found in the spicule
socket cells and its expression appears to be regulated in the socket cells. Mutants defective in TGF-b signaling display a
rumpled spicules phenotype as a result of failure of socket cell movement during spicule morphogenesis. These
bservations suggest that both the FGF and the TGF-b signaling pathways might be involved in spicule

elongation. © 1999 Academic Press
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INTRODUCTION

Organogenesis requires coordination of a population of
cells. To form a certain structure, specialized cells have to
be generated at the correct positions; possess specific mor-
phogenetic properties, including cell migration, contact
guidance, and cell adhesion; and exert specific functions.
This process involves the specification of terminal cell
fates, which in turn regulates cellular behaviors and cell
functions. Although cell fate specification is the initial and
the most important aspect of organogenesis, the subsequent
cellular behaviors and cell functions are also essential for
morphogenic events and organogenesis.

Morphogenesis of Caenorhabditis elegans male spicules
provides a good opportunity to study organogenesis. Spi-
cules are specialized copulatory structures in nematode
male tails. In C. elegans each male has a pair of spicules,

hich are used during the mating process to protrude into
he hermaphrodite vulva, anchor the male tail to the vulva,
nd facilitate sperm transfer. Each spicule is composed of
wo neurons, two sheath cells, and four socket cells (Sul-
ton et al., 1980; Fig. 1A). The two neurons, SPD and SPV,
1 To whom correspondence should be addressed. Fax: (626) 568-
8012. E-mail: PWS@cco.caltech.edu.
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end their processes through the spicule to a pore at the tip
f the spicule, which may allow the ciliated sensory end-
ngs of the two neurons to sense the environment (Sulston
t al., 1980). Therefore, they are thought to be chemosen-
ory neurons. The SPD and SPV neurons are involved in
ifferent steps in mating behavior: SPD is required for
picule insertion into the vulva while SPV is responsible for
roper sperm transfer (Liu and Sternberg, 1995). The two
heath cells fuse with each other and enwrap the processes
f the spicule neurons. The four socket cells also fuse
ogether and form the outer layer of the spicule. A layer of
clerotized refractile cuticle material, spicule cuticle, is laid
own outside of each spicule. Posterior–dorsal to the spi-
ules lies another structure covered with the sclerotized
efractile cuticle, called the gubernaculum. This structure
resumably serves to guide the tips of the spicules ventrally
hrough the cloaca during male mating (Sulston et al.,
980).
The whole spicule structure and the gubernaculum are

enerated from a single male-specific blast cell, the B cell.
t the end of the second larval (L2) stage, B.a generates eight
rogeny which assume six distinct fates, designated a, b, g,

d, e (2 each), and z (2 each) (Sulston et al., 1980; Chamberlin

and Sternberg, 1993; Fig. 1B). During the L3 stage, these
cells continue to divide to generate spicule neurons, sheath
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89Spicule Morphogenesis in Caenorhabditis elegans
FIG. 1. The composition of C. elegans male spicule and the spicule lineage. (A) Diagram of longitudinal section of a male spicule (adapted
rom Sulston et al., 1980). Each spicule is composed of two neurons, two sheath cells, and four socket cells. Only cell processes are shown
n this view. The sheath cells and the socket cells have begun to fuse. Solid line indicates neurons, slashed area indicates sheath cells, gray
rea indicates socket cells. (B) The male B lineage (Sulston et al., 1977; Chamberlin and Sternberg, 1993). The B cell generates 10 progeny
t the end of the L2 stage. The 10 cells continue to divide to generate spicule neurons, sheath cells, socket cells, and proctodeal cells. The

picule neurons and sheath cells are derived from the b and z lineages; the socket cells are generated by a, b, g, and z lineages. sh denotes

sheath cell, so denotes socket cell.

Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.



c
c
p
A
p
l

p
i
t

c
p
c
s
t
r
f
t
o
t
e
c
t
t

s
s
m
f
g
m
t

w

(
L
s
l
W

90 Jiang and Sternberg
cells, socket cells, and connective tissues. All the spicule
neurons and sheath cells are derived from the b and z
sublineages. The socket cells are generated by a, b, z, and g
sublineages, one socket cell from each lineage. Other sub-
lineages give rise to part of the proctodeum, the junction
between the spicules and the other structures in the tail
region (i.e., alimentary tract, genital tract, sex muscles,
etc.). The B.p cell generates the gubernaculum structure.

All the cells are born by the end of L3 stage, yet male tail
morphogenesis does not start until mid-L4 stage. During
mid-L4 stage to L4 molt, the male tail undergoes extensive
reshaping and morphological changes. The tip of the tail
retracts, cells in the tail region move anterodorsally, and
connections between the alimentary tract, the gonad, and
the spicules are made. Spicule morphogenesis occurs as
spicule retractor and protractor muscles connect to each
spicule and a layer of sclerotized refractile spicule cuticle is
laid down outside of each spicule. Gubernaculum morpho-
genesis presumably occurs in a similar way.

Studies by Sulston et al. (1980) have suggested that the
onnection between male sex muscles and the proctodeal
ells is essential for the anterodorsal elongation of the
roctodeum during male tail reshaping at the late L4 stage.
blation of muscle precursor cells results in a compressed
roctodeum containing crumpled spicules and gubernacu-
um (Sulston et al., 1980). Electron micrographs reveal that

the proctodeal cells B.a(l/r)appv form specialized contacts
with the dorsal spicule retractors and protractors (Sulston et
al., 1980). If these contacts are significant, the e(B.a(l/r)ap)
rogeny B.a(l/r)appv may contribute to proctodeum reshap-
ng. However, it is not clear which spicule cells are impor-
ant for spicule morphogenesis.

To study spicule morphogenesis, we first dissected the
ontributions of each type of spicule cell to spicule mor-
hogenesis. We found that the spicule neurons and sheath
ells are dispensable for spicule elongation, but the spicule
ocket cells are essential for spicule morphogenesis. Abla-
ion of all four socket cells in each spicule completely
emoves the spicule structure. The socket cells are required
or two aspects of spicule morphogenesis: spicule elonga-
ion and formation of spicule cuticle. The four socket cells
f each spicule are partially redundant for these two func-
ions. Seeking a socket cell marker, we found that
gl-17::GFP is expressed in the spicule socket cells specifi-
ally during spicule morphogenesis and its expression pat-
ern appears to be regulated between the socket cells. Using
his marker we analyzed three types of mutants. Our results

FIG. 2. The socket cells and the B.paa cell are responsible for
Wild-type male tail, dorsal view. (B) Elimination of all spicule neur
neurons and sheath cells were ablated in this animal, lateral view
structure. All four socket cells on the right side were ablated at ea
remained intact, and a wild-type spicule structure is formed (subdo

while the spicules remain intact (dorsal view, the left spicule is intact a
the gubernaculum structure. Scale bar indicates 20 mm.

Copyright © 1999 by Academic Press. All right
how that the socket cells are not only necessary but also
ufficient to secrete spicule cuticle. Spicules specifically
issing the spicule cuticle but otherwise wild type can be

ormed. Thus, the two functions of spicule socket cells are
enetically separable. Furthermore, failure of socket cell
ovement results in crumpled spicules in mutants defec-

ive in TGF-b signaling. Thus socket cell movement during
spicule morphogenesis requires the TGF-b signaling path-

ay.

MATERIAL AND METHODS

Strains and Alleles

Routine culturing, maintenance, and genetic manipulations of
C. elegans strains were performed according to standard procedures
(Brenner, 1974). N2 (Bristol) strain was used as wild type (Brenner,
1974). The following strains were used and are referenced in Riddle
et al. (1997) or as indicated. LG I: ayIs4[egl-17::GFP1dpy-20(1)]
(Burdine et al., 1998). LG II: sma-6(e1482). LG III: lin-48(sy548)
this study), sma-2(e502), sma-3(e491), sma-4(e729), dpy-17(e164).
G IV: dpy-20(e1282), dpy-20(e1362). LG V: him-5(e1490),
yIs20[gpa-1::lacZ1dpy-20(1)] (J. Mendel and P.W.S., unpub-
ished). LG X: sy170 (K. Liu, Y. Hajdu-Cronin, H. M. Chamberlin,

. Boorstein, and P.W.S., unpublished).

Anatomy and Cell Ablation
Animal anatomy and cell division patterns were examined under

Nomarski optics at 20°C as described by Sulston and Horvitz
(1977). For laser ablation, L3 males were mounted on a 5% agar pad
and anesthetized with 1–3% sodium azide. Laser killing of cells
was performed as described (Sulston and White, 1980; Avery and
Horvitz, 1987, 1989). Worms were then recovered from the agar pad
and allowed to grow to adulthood.

GFP Expression and Photographs
GFP expression was examined using Chroma High Q GFP LP

filter set (450-nm excitation/505-nm emission). Photographs were
taken with Fuji Provia ASA 400 film.

RESULTS

Socket Cells Are Essential for Spicule
Morphogenesis

Each C. elegans male has a pair of spicules; each spicule
is composed of two neurons, two sheath cells, and four

le morphology and gubernaculum morphology, respectively. (A)
nd sheath cells does not affect spicule morphology. All the spicule
ing the left spicule. (C) Ablation of socket cells eliminates spicule

stage, and the right spicule structure is not formed. The left side
view). (D) Ablation of the B.paa cell eliminates the gubernaculum
spicu
ons a
show
rly L4
rsal
nd is out of focus). Arrow indicates spicules, arrowhead indicates
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92 Jiang and Sternberg
socket cells (Fig. 2A). Previous studies have shown that
each spicule neuron has a specific function during male
mating behavior (Liu and Sternberg, 1995). However, we
found that elimination of all spicule neurons and spicule
sheath cells by cell ablation does not affect spicule mor-
phology (Fig. 2B). Since the male sex muscles have to attach
to spicules to mediate spicule protraction and retraction
during male mating behavior, and the socket cells form the
outer layer of the spicules, we hypothesized that the socket
cells might be essential for spicule morphology. We tested
this hypothesis by a series of cell ablation experiments.

We ablated the four socket cells on one side at the end of
L3 lethargus while leaving the other side intact. When the
males grew to adulthood, we found that only one elongated
spicule is formed on the intact side (left) and no spicule
structure or spicule cuticle material is formed on the socket
cell-ablated side (right) (n 5 4, Fig. 2C). Therefore, the
ocket cells are essential for spicule morphology including
oth formation of spicule cuticle and spicule elongation.
e noticed that on the socket cell-ablated side the proc-

odeal cells are apparently posterior to their normal posi-
ions. Elimination of the socket cells thus also affects the
verall proctodeum elongation to some extent. Sulston et
l. (1980) suggested that the contact between the B.a(l/
)appv cells and sex muscles might be important for spicule
longation. When we ablated the precursors of B.a(l/r)appv,
he B.a(l/r)ap cells, in the early L3 stage, we found that the
picule structure formed might be slightly shorter than wild
ype but is otherwise wild type (n 5 5). Ablation of the d

cells does not affect the spicule morphology (n 5 5).
Each of the four socket cells is derived from one of four

different sublineages: a, b, g, and z. Elimination of a single
precursor at the late 10-cell stage does not affect overall
spicule morphology. We conclude that the four socket cells
have redundant functions. To further address this question,
we ablated two or three socket cells for each spicule.
Elimination of two or more socket cells results in short and
crumpled spicules. However, as long as a single socket cell
is present, the sclerotized refractile cuticle material can be
generated. Therefore, the four socket cells of each spicule
appear to have overlapping and partially redundant func-
tions for spicule elongation and formation of spicule cu-
ticle. In intact animals, all socket cells fuse together and
thus all contribute to spicule morphology.

The gubernaculum structure, which lies posterior to the
spicules and is thought to play a guidance role for spicule
movement during mating behavior, is also covered by a

FIG. 3. egl-17::GFP expression pattern in the male tail. (A) At the
B.paa cell, and B.pppa cell. so denotes socket cells; here it points t
everal socket cells that are clustered together. (C) In adult males,
nd gubernaculum, respectively. These structures show autofluores
ell position at early L4 stage. (F and G) Socket cell position at the
stage, egl-17::GFP expression is similar to that of intact animals. (I) Whe
cells derived from b lineage, b(l/r)v. (D–I) Arrowhead indicates socket c

Copyright © 1999 by Academic Press. All right
layer of sclerotized cuticle. Transverse section of the male
tail region revealed by electron micrographs suggests that
the B.paa cell may be responsible for secreting the guber-
naculum cuticle (Sulston et al., 1980). We confirmed this by
a cell ablation experiment. Ablation of the B.paa cell is able
to remove the gubernaculum structure while the spicules
remain intact (n 5 5, Fig. 2D).

egl-17::GFP Is Expressed in Socket Cells

During the mid-L4 to L4 lethargus stage, the male tail
undergoes extensive reshaping and cells in the male tail
region move extensively and change their morphologies. It
is difficult to follow the cell movement and to judge cell
fate based on their relative nuclear positions and morpholo-
gies of spicule cells. We therefore sought cell fate-specific
markers expressed in the male tail region. We have found
that egl-17::GFP is a marker for the spicule socket cells.
gl-17 encodes a fibroblast growth factor (FGF) and plays an
mportant role for sex myoblast migration in both hermaph-
odites and males (Stern and Horvitz, 1991; Burdine et al.,
997, 1998) although no spicule defect is present in egl-17
utant males. In males, we found that egl-17::GFP expres-

ion is turned on in several cells of the B lineage and the Y.p
rogeny Y.p(l/r)aa during L3 lethargus. The cells from the B
ineage appear to be two of the socket cells, one on each side
likely a(l/r)d), B.paa, and B.pppa) (Fig. 3A). These
gl-17::GFP-expressing cells move anterodorsally during
ale tail reshaping. The movement of the socket cells is

specially dramatic and the distance traveled is about
0–25 mm. At the end of L4 lethargus, egl-17::GFP expres-

sion can be detected in a cluster of socket cells per spicule
(Fig. 3B). At this stage the socket cells have begun to fuse
with each other. Shortly after the male reaches adulthood,
egl-17::GFP expression remains on only in the B.paa cell
(Fig. 3C).

To confirm this expression pattern, we performed cell
ablation experiments. Ablation of the B.pa or B.paa cell
eliminates the expression in the B.paa cell (n 5 5). When b
and z cells are ablated in the early L3 stage, which elimi-

ates the inner socket cells, the expression pattern is
imilar to that of an intact animal (n 5 10; Fig. 3D).

Interestingly, when a and g cells are ablated, thereby
liminating the outer socket cells, egl-17::GFP is still ex-
ressed in two cells in the spicule region (n 5 10; Fig. 3E).
he position of the cells is ventral to that of those in intact
nimals, and we infer that those cells are the socket cells

y L4 stage, egl-17::GFP is expressed in a(l/r)d cells, Y.p(l/r)aa cells,
a(l/r)d cell. (B) At the end of L4 stage, egl-17::GFP is expressed in
7::GFP remains on in the B.paa cell. spic and gub denote spicules

e associated with the sclerotized refractile cuticle. (D and E) Socket
f L4 stage. (H) When b and z cells were ablated at B lineage 10-cell
earl
o an
egl-1
cenc
end o
n a and g cells were ablated, egl-17::GFP is expressed in the socket
ell. Scale bar indicates 20 mm.
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94 Jiang and Sternberg
derived from the b lineage. If a, g, and b cells are ablated in
the early L3 stage, two cells in the spicule region are still
able to express the egl-17::GFP marker although the expres-
sion is less intense (n 5 8). Based on the cell positions and
nuclear morphologies, we think those cells are the socket
cells derived from the z lineages. Only when all the socket
ells are ablated is the expression eliminated (n 5 6). Thus,

the socket cells seem to be able to communicate with each
other to regulate egl-17::GFP expression. egl-17::GFP ap-
ears to be usually expressed in the most anterior socket
ell while inhibited in the more posterior socket cells.
hen the most anterior socket cell is eliminated, its

xpression can be turned on in the next most anterior
ocket cell. The regulation of egl-17::GFP expression is
onsistent with our observation that the socket cells have
artially redundant function.

Ectopic Socket Cells Produce Ectopic Spicule
Cuticle Material in lin-48 Mutants

In a genetic screen for males with abnormal spicules, we
recovered a mutant with an ectopic spicule phenotype. This
mutation, sy548, is an allele of lin-48 (Chamberlin, 1994;

. M. Chamberlin, K. B. Brown, P. W. Sternberg, and J. H.
homas, in preparation). In lin-48(sy548) mutant males, a
air of crumpled spicules is formed at the normal position.
n addition, an ectopic spicule-like structure is formed
nterior–ventral to the crumpled spicules (Fig. 4A). The
ineage defect of this mutant will be described elsewhere
H. M. Chamberlin, K. B. Brown, P. W. Sternberg, and J. H.
homas, in preparation). To determine the composition of

his ectopic spicule structure, we examined the expression
atterns of markers for two different cell types. We first
xamined the expression pattern of the socket marker
gl-17::GFP in lin-48(sy548) mutant animals. Ectopic
arker-expressing cells are observed in the preanal region

Fig. 4B). Ablation of the left/right pair of Ul/r cells in the
arly L3 stage is able to eliminate the ectopic marker-
xpressing cells and the ectopically formed spicule struc-
ure (n 5 5). We also examined the expression pattern of a
picule neuron-specific marker, gpa-1::lacZ (J. Mendel and
.W.S., unpublished; Jiang and Sternberg, 1999). The
pa-1::lacZ marker is normally expressed in the spicule
PD neurons and phasmid neurons in the tail region. In
in-48 mutant males, the marker expression is not observed
n the ectopic spicule region (Fig. 4A, n 5 20). The lin-48

utant also has defect in B cell progeny. In ;50% of the
nimals the gpa-1::lacZ marker fails to be expressed in SPD
f the normally positioned crumpled spicules (n 5 50).
hese results suggest that ectopic spicule socket cells are
ufficient to produce spicule cuticle and result in a spicule-
ike structure.

sy170 Mutant Males Lack Spicule Cuticle but Have
Elongated Wild-Type Spicules
sy170 was originally recovered from a screen for
opulation-defective mutants (K. Liu, Y. Hajdu-Cronin,

Copyright © 1999 by Academic Press. All right
. M. Chamberlin, W. Boorstein, and P.W.S., unpublished).
his mutant has normally elongated spicules but the scle-

otized refractile cuticle material appears to be missing (Fig.
C). The mutant spicules are transparent and flaccid. Mu-
ant males cannot mate. The gubernaculum structure also
acks the sclerotized cuticle in sy170 mutant males. But
y170 mutant animals do have wild-type larval and adult
uticle. All-lineage analysis does not reveal any cell divi-
ion abnormality (H. M. Chamberlin, L.I.J., and P.W.S.,
npublished). We examined both neuronal marker and
ocket marker expression in this mutant. The neuronal
arker, gpa-1::lacZ, is detected in both the cell bodies and

he neuronal dendrites through the spicules, indicating that
he spicule neurons are fully differentiated (Fig. 4C). Thus,
he lack of spicule cuticle in sy170 mutants is not due to
he cells lacking adulthood characteristics. Expression of
he socket marker egl-17::GFP is normal in sy170 mutant

males (Fig. 4D). The presence of socket cells would explain
the wild-type-shaped spicule structure. Taken together, we
conclude that the sy170 mutant is specifically defective in
making the sclerotized refractile cuticle material, including
both the spicule cuticle and the gubernaculum cuticle. As
socket cells are responsible for formation of spicule cuticle,
and sy170 mutant males do have socket cells and elongated
spicules, the socket cell function for formation of spicule
cuticle is uncoupled from socket cell fate specification as
well as from its function for mediating spicule elongation.

Socket Cells Fail to Move Anterodorsally in
Mutants Defective in TGF-b Signaling

The sma class mutants were isolated based on their small
ody size (Brenner, 1974). This class of mutants also has
efects in patterning of the rays of the male tail (Baird et al.,
991). Molecular and genetic studies have shown that
everal sma mutants define components of the TGF-b

signaling pathway. sma-2, sma-3, and sma-4 encode SMAD
family proteins (Savage et al., 1996). sma-6 encodes a type I
TGF-b receptor (Krishna et al., 1999). In addition to the
mall body size and ray defects, these sma mutants also
hare a crumpled spicule phenotype (Savage et al., 1996;
rishna et al., 1999). We wondered if the crumpled spicule
henotype is a result of failure of socket cell movement
uring male tail reshaping.
Using the egl-17::GFP marker we examined socket cell

ositions in several sma mutants. As a control, we first
xamined marker expression in dpy-17(e164) mutant
ales. dpy-17 mutants have a small body size that is

omparable to that of the sma mutants. However, in
ontrast to the sma mutants, dpy-17 mutant males have
ild-type spicules. As shown in Figs. 5A–5D, socket cells in
py-17 mutant males travel anterodorsally through a sub-
tantial distance during male tail reshaping at the end of L4
tage (D ' 20–25 mm, comparable to wild type). In sma-3

and sma-4 mutants, the socket cells fail to move anterodor-

sally even though they still express the egl-17::GFP marker
(Figs. 5E–5L). At the end of L4 stage, the socket cells still

s of reproduction in any form reserved.
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97Spicule Morphogenesis in Caenorhabditis elegans
remain at the same positions as at early L4 stage (D , 5 mm).
sma-2 and sma-6 mutants display a similar defect. We
elieve that the failure of socket cell movement is the cause
f the crumpled spicule phenotype observed in the sma
utants. As the sma genes represent components of a
GF-b signaling pathway, we speculate that the TGF-b

signaling pathway is involved in spicule elongation during
spicule morphogenesis.

DISCUSSION

The Socket Cells Are Essential for Formation of
Spicule Cuticle and Spicule Elongation during
Spicule Morphogenesis

The male tail reshaping at the L4 stage is one of the most
complex morphogenic events that occurs during C. elegans
evelopment. Similar to morphogenesis and organogenesis
n other organisms, extensive cellular behaviors occur,
ncluding cell movement, cell contact, cell fusion, and cell
eshaping (Sulston et al., 1980; Baird et al., 1991). Using cell
blation techniques, molecular markers specific for cell
ates, and genetic mutants, we have begun to elucidate the
rocess of spicule morphogenesis in C. elegans males. We
ound that the socket cells are essential for two aspects of
picule morphogenesis: formation of spicule cuticle and
picule elongation. The four socket cells of each spicule are
artially redundant for these functions. In contrast, the
picule neurons and sheath cells are dispensable for spicule
orphogenesis. Similar results have been obtained for the

eneration of other sensory structures. In Drosophila bristle
development, the shaft cell is both necessary and sufficient
to generate the bristle structure (reviewed in Jan and Jan,
1994). Loss of shaft cells results in loss of bristles pheno-
type, while excessive shaft cells at the expense of neurons
are able to generate more bristles. In C. elegans male
ensory ray development, elimination of a ray structural
ell eliminates the corresponding ray structure (Sulston and
orvitz, 1977). Therefore, generation of a sensory structure

equires the structural cells rather than the neurons.
For the formation of spicule cuticle, the socket cells are

oth necessary and sufficient. We think the socket cells act
ell-autonomously to produce spicule cuticle. First, ectopic
ocket cells result in ectopic deposition of spicule cuticle
aterial in lin-48 mutants. Second, only ablation of all the

picule socket cells is able to eliminate the spicule cuticle.
blation of combinations of other cells cannot eliminate

he sclerotized refractile cuticle material. Moreover, the

FIG. 5. egl-17::GFP expression in sma mutants. (A–D) dpy-17(e16
ight is Nomarski image of the same animal. For each mutant, t
xpression pattern at late L4 stage. The distance traveled by the so

ocket cells and the Y.plaa cell at the early and late L4 stages. As the bo
ocket cells are compared directly. Arrowhead indicates socket cells. S
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xistence of the sy170 mutant suggests that formation of
omplete spicule cuticle is genetically separable from spi-
ule elongation. Elongated spicules that lack detectable
picule cuticle are formed in sy170 mutant males. The

sy170 mutant may define a component for spicule cuticle
synthesis that is regulated by socket fate-specific genes.

The Dynamic Expression Pattern of egl-17::GFP
Implicates the egl-17/FGF Signaling Pathway in
Spicule Morphogenesis

Spicule elongation requires coordinated behavior of sev-
eral cell types. The sex-specific muscles, the spicule socket
cells, and the proctodeal cells all contribute to spicule
elongation and proctodeum elongation during male tail
reshaping. Communication between the sex muscles and
the spicule socket cells is important to mediate the connec-
tion of these two cell types which leads to spicule elonga-
tion.

We observed a dynamic expression pattern of egl-17::GFP
during male spicule morphogenesis. This dynamic expres-
sion pattern might suggest that the egl-17-mediated FGF
signaling pathway plays a role in mediating sex muscle
connection to the spicules. First, egl-17::GFP is expressed at
he right time during male tail reshaping. Its expression in
he male tail region is turned on right before male tail
eshaping and turned off shortly after males reach adult-
ood. Second, egl-17::GFP is expressed in the right cells to
ediate sex muscle connection to the proctodeum. The

ocket cells and B.paa cell are essential for the morphogen-
sis of the spicules and the gubernaculum, respectively.
gl-17::GFP is expressed in both cell types. As the contact
etween male sex muscles and socket cells is important for
roctodeum morphogenesis, it is possible that the socket
ells use the FGF signal EGL-17 to attract male sex muscle
ositioning and attachment to the proctodeum. However,
gl-17 mutant males have wild-type spicules and can mate
ell. Therefore redundant signaling pathways must be used

o control male tail morphogenesis.
In hermaphrodites, egl-17::GFP is found to be expressed

n vulval cells and this expression pattern has suggested a
ole of the egl-17-mediated FGF signaling pathway in me-
iating the precise positioning of sex myoblasts and coor-
inating sex muscle attachment to vulval cells in the
evelopment of a functional egg-laying system (Burdine et
l., 1997, 1998). The expression pattern of egl-17::GFP in
ales suggests a similar function of the FGF signaling

athway and supports this hypothesis.

–H) sma-3(e491). (I–L) sma-4(e729). Left is GFP expression image,
ows the expression pattern at early L4 stage, bottom shows the
cells was measured as the difference in the distances between the
4). (E
op sh
cket
dy size of these mutants is comparable, the travel distances of the
cale bar indicates 20 mm.
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The TGF-b Pathway Is Involved in Spicule
longation

Mutants that disrupt the TGF-b signaling display a
crumpled spicule phenotype. Examination of egl-17::GFP
expression pattern revealed that the spicule socket cells fail
to move anterodorsally during male tail reshaping in those
mutants. Therefore, the TGF-b signaling pathway may

ediate socket cell movement during spicule elongation.
oth the sex muscles and the spicule socket cells are
equired for spicule elongation. However, we do not know
hether the connection between the sex muscles and the

ocket cells occurs before or after the anterodorsal move-
ent of the socket cells. Analyses of the expression pat-

erns of the TGF-b pathway components and mosaic anal-
ses would be necessary to address the site of action of the
GF-b pathway and how it functions in spicule morpho-

genesis.

Developmental Pathway for Spicule Morphogenesis

We propose the following developmental pathway for
spicule morphogenesis in C. elegans males (Fig. 6). Specifi-
ation of socket cell fate turns on socket cell-specific genes.
he socket cell-specific genes activate two morphogenetic
athways. One pathway regulates the formation of spicule
uticle. The gene defined by the sy170 locus is involved in
his pathway. The other pathway controls the anterodorsal
ovement of the socket cells and the connection between

ex muscles and the socket cells which leads to spicule
longation. The EGL-17/FGF and SMA/TGF-b signaling

pathways may be involved in this process. The same

FIG. 6. Developmental pathway of spicule morphogenesis. Spec
pathways. One pathway controls the formation of spicule cuticl
anterodorsal movement of the socket cells and the connection betw
locus is involved in the former pathway. The FGF and TGF-b sign
developmental pathway applies to the formation of the
gubernaculum structure.

Copyright © 1999 by Academic Press. All right
ACKNOWLEDGMENTS

We thank Jane Mendel for the syIs20 strain, Michael Stern for
the ayIs4 strain, Katherine Liu and Yvonne Hajdu-Cronin for the
sy170 allele, Helen Chamberlin for discussion on lin-48 mutants
prior to publication and critical comments on the manuscript, and
members of our lab for discussion and comments on the manu-
script. This work was supported by the Howard Hughes Medical
Institute, with which P.W.S. is an investigator.

REFERENCES

Avery, L., and Horvitz, H. R. (1987). A cell that dies during
wild-type C. elegans development can function as a neuron in a
ced-3 mutant. Cell 51, 1071–1078.

Avery, L., and Horvitz, H. R. (1989). Pharyngeal pumping continues
after laser killing of the pharyngeal nervous-system of C. elegans.
Neuron 3, 473–485.

Baird, S. E., Fitch, D. H. A., Kassem, I. A. A., and Emmons, S. W.
(1991). Pattern-formation in the nematode epidermis—
Determination of the arrangement of peripheral sense-organs in
the C. elegans male tail. Development 113, 515–526.

Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genet-
ics 77, 71–94.

Burdine, R. D., Chen, E. B., Kwok, S. F., and Stern, M. J. (1997).
egl-17 encodes an invertebrate fibroblast growth-factor family
member required specifically for sex myoblast migration in
Caenorhabditis elegans. Proc. Natl. Acad. Sci. USA 94, 2433–
2437.

Burdine, R. D., Branda, C. S., and Stern, M. J. (1998). egl-17(fgf)
expression coordinates the attraction of the migrating sex myo-
blasts with vulval induction in C. elegans. Development 125,
1083–1093.

Chamberlin, H. M. (1994). “Cell Fate Specification during Caeno-

tion of the socket cell fate activates two parallel developmental
e other pathway mediates spicule elongation by regulating the

he sex muscles and the socket cells. The gene defined by the sy170
pathways are involved in the latter pathway.
ifica
e. Th
rhabditis elegans Male Tail Development.” Ph.D. thesis. Cali-
fornia Institute of Technology, Pasadena.

s of reproduction in any form reserved.



S

S

S

99Spicule Morphogenesis in Caenorhabditis elegans
Jan, Y. N., and Jan, L. Y. (1994). Genetic control of cell fate
specification in Drosophila peripheral nervous system. Annu.
Rev. Genet. 28, 373–393.

Jiang, L. I., and Sternberg, P. W. (1999). An HMG1-like protein
facilitates Wnt signaling in C. elegans. Gene Dev. 13, 877–889.

Krishna, S., Maduzia, L. L., and Padgett, R. W. (1999). Specificity of
TGF-b signaling is conferred by distinct type I receptors and their
associated SMA proteins in Caenorhabditis elegans. Develop-
ment 126, 251–260.

Liu, K. S., and Sternberg, P. W. (1995). Sensory regulation of male
mating behavior in Caenorhabditis elegans. Neuron 14, 79–89.

Riddle, D. L., Blumenthal, T., Meyer, B. J., and Priess, J. R., Eds.
(1997). “C. elegans II.” Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY.
Savage, C., Das, P., Fimelli, A. L., Townsend, S. R., Sun, C. Y.,
Baird, S. E., and Padgett, R. W. (1996). Caenorhabditis elegans

Copyright © 1999 by Academic Press. All right
genes sma-2, sma-3, and sma-4 define a conserved family of
transforming growth factor b pathway components. Proc. Natl.
Acad. Sci. USA 93, 790–794.

ulston, J. E., and Horvitz, H. R. (1977). Post-embryonic cell
lineages of the nematode Caenorhabditis elegans. Dev. Biol. 56,
110–156.

ulston, J. E., Albertson, D. G., and Thomson, J. N. (1980). The
Caenorhabditis elegans male: Postembryonic development of
nongonadal structures. Dev. Biol. 78, 542–576.

ulston, J. E., and White, J. G. (1980). Regulation and cell autonomy
during postembryonic development of Caenorhabditis elegans.
Dev. Biol. 78, 577–597.

Received for publication December 22, 1998

Revised March 24, 1999

Accepted March 26, 1999

s of reproduction in any form reserved.


	INTRODUCTION
	FIG. 1

	MATERIAL AND METHODS
	RESULTS
	FIG. 2
	FIG. 3
	FIG. 4
	FIG. 5

	DISCUSSION
	FIG. 6

	ACKNOWLEDGMENTS
	REFERENCES

