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The Caenorhabditis elegans vulva has been a valuable paradigm
for defining components of signaling pathways and elucidating
how signaling events are coordinated to generate a developmental
pattern. Vulval precursor cells (VPCs) are induced to adopt vulval
fates in the third larval stage by LIN-3, an EGF-like signal produced
by the gonad. Competence to respond to the inductive signal
requires that the VPCs do not fuse to the major hypodermal
syncytium, hyp7. We found that two Wnt-encoding genes, cwn-1
and egl-20, play a major role in preventing fusion of VPCs with
hyp7 in the second larval stage. By using tissue-specific rescue of
mig-14/Wntless, which is required for the production of Wnt
ligands, we found that Wnt signal produced by multiple tissues,
including neurons and muscles, promotes or maintains VPC com-
petence before vulval induction. In addition, through laser ablation
and genetic analysis, we provide evidence that LIN-3 signal from
the gonad also plays a significant role in preventing VPCs from
fusing with hyp7. We propose that Wnt signaling plays a permis-
sive role in preventing VPCs from fusing with hyp7 and reevaluate
the roles of Wnt and LIN-3/EGF signaling in competence and
induction.

S ix ventral hypodermal cells named P3.p-P8.p are called vulval
precursor cells (VPCs) because each is competent to respond

to patterning signals that induce vulval development in the L3
stage. Previous work has suggested that competence is primarily
achieved by preventing VPCs from fusing with the major hypo-
dermal syncytium hyp7 (1–3). There appear to be points in the
L1 and L2 stages when VPCs decide whether to fuse with hyp7
and thereby lose competence, or to remain independent epithe-
lial cells and thereby maintain competence (Fig. 1).

The ‘‘Pn.p cells’’ are born in the L1 stage, and the VPCs
(P3.p-P8.p) are set apart from the other ventral hypodermal cells
when the anterior (P1.p and P2.p) and posterior (P9.p, P10.p,
and P11.p) cells fuse with hyp7. This fusion event appears to be
regulated by the activity of lin-39, which encodes a Hox protein.
LIN-39 blocks fusion by repressing transcription of the fusogen
eff-1 (4). The VPCs are the only Pn.p cells that express LIN-39/
Hox during the L1 stage (1). Loss of lin-39 activity leads to
derepression of eff-1 in P3.p-P8.p, promoting their fusion to hyp7
in the L1 stage and abrogating their competence as VPCs (4).
Transcription factors that affect the restriction of lin-39 expres-
sion to P3.p-P8.p have been identified (4–6), but there is no
evidence that intercellular signaling regulates lin-39 activity
during the L1 stage.

In contrast, intercellular signaling maintains lin-39 activity and
prevents VPCs from fusing with hyp7 during the L2 stage. In
mutants lacking bar-1/�-catenin, a positive effector of the ca-
nonical Wnt pathway, some VPCs fuse inappropriately with hyp7
in the L2 stage, and LIN-39 expression is reduced (7). Forced
expression of LIN-39 can overcome the bar-1 null fusion defect
(7), indicating that a Wnt signaling pathway prevents VPC fusion
with hyp7 through maintenance of lin-39 expression. However,
in bar-1 null mutants, P5.p, P6.p, and P7.p often remain unfused
with hyp7, raising the possibility that another �-catenin gene or

another signaling pathway may also promote lin-39 activity and
VPC competence.

Vulval induction occurs in the L3 stage when LIN-3, an
EGF-like signal produced by the anchor cell of the somatic
gonad, activates a canonical EGF receptor (EGFR)–Ras–
MAPK cascade in P6.p, and, to a lesser extent, in P5.p and P7.p
(8). Activation of the Ras cascade in P6.p leads to production of
a lateral signal that activates LIN-12/Notch in P5.p and P7.p. The
inductive and lateral signals pattern P5.p, P6.p, and P7.p to
produce the correct numbers and types of vulval cells. P3.p, P4.p,
and P8.p do not receive these patterning signals and produce
daughters that fuse with hyp7. lin-39 also appears to be involved
in induction and is a direct transcriptional target of the inductive
signaling pathway (9); it also appears to be involved in execution
of vulval fates (1, 2, 7). The multiple requirements for lin-39 in
vulval development complicate the interpretation of mutant
phenotypes of genes involved in regulating lin-39, and hence in
distinguishing between their potential roles in competence as
opposed to induction of vulval fates.

Here, we focused specifically on the roles of Wnt and EGF
signaling in competence by scoring VPC fusion with hyp7 before
induction. We find that cwn-1 and egl-20 are the major Wnt
ligands that regulate this process, and that multiple tissues
redundantly contribute Wnt signal to promote competence.
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Fig. 1. Fusion events affecting VPC competence and patterning. Pn.p cells
are born during the mid-L1 stage; the anterior Pn.p cells (P1.p and P2.p) and
the posterior Pn.p cells (P9.p, P10.p, and P11.p) fuse to hyp7 by the late L1
stage. In 50% of hermaphrodites, P3.p fuses to hyp7 during the L2 stage; in the
other 50%, P3.p, along with P4.p and P8.p, divide after vulval induction in the
L3 stage. Their daughters (‘‘Pn.px’’) fuse to hyp7 soon after birth, whereas
P5.px, P6.px, and P7.px remain unfused and undergo further rounds of cell
division, generating vulval cells.
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Finally, we provide evidence that, in addition to initiating vulval
development, the EGF-like inductive signal LIN-3 also promotes
VPC competence. We also discuss the implications of our results
for the roles of Wnt and LIN-3/EGF signaling in promoting
competence and induction.

Results
The main criterion we use to assess competence is whether a
VPC has fused with hyp7 or not. Here, we use the term ‘‘F fate’’
(F for ‘‘fused’’) to indicate that a VPC had fused with hyp7 in the
L2 stage, as in its original usage (7). The term ‘‘3° fate’’ denotes
a VPC that divides in the L3 stage to produce two daughters that
fuse with hyp7, and ‘‘vulval fate’’ or ‘‘induced’’ denotes a VPC
that undergoes more than one round of cell division and
produces descendants that do not fuse with hyp7 (8). In all
experiments, we use dpy-7p::2nls::yfp [transgenes arIs99 and
arIs100] to assess cell fusion; these transgenes mark all hyp7
nuclei, including Pn.p and Pn.px nuclei that have become part of
hyp7 (10). dpy-7p::2nls::yfp expression correlates with loss of the
adherens junction marker AJM-1::GFP (11) (T.R.M., M.-S.
Choi, and I.G., unpublished observations), confirming its effi-
cacy as a fusion marker.

Compromised Wnt Gene Activity Causes VPCs to Fuse with hyp7 in the
L2 Stage. Mutations in bar-1/�-catenin implicated Wnt signaling
in promoting competence (7). To identify the relevant Wnt
ligand(s), we surveyed the five predicted Wnt-encoding genes in
Caenorhabditis elegans: cwn-1/Wnt4, cwn-2/Wnt5B, egl-20/
Wnt16, mom-2/Wnt5A, and lin-44/Wnt7B (12). We analyzed
predicted null mutations for cwn-1, cwn-2, and lin-44 at 20°C and
severe temperature-sensitive loss-of-function mutations for
egl-20 and mom-2 at 25°C, the restrictive temperature (13). We
found that some VPCs in cwn-1(ok546), egl-20(n585), and cwn-
2(ok895) single mutants inappropriately fuse with hyp7 in the L2
stage (Table 1) (14). Although P3.p and P4.p are both affected
in these single mutants, the phenotype is most evident for P4.p,
which never fuses with hyp7 in wild type, but fuses 87% of the
time in cwn-1, 55% in egl-20 (grown at the restrictive tempera-
ture, 25°C) and 6% in cwn-2 (Table 1). The frequency of P4.p
fusion is 100% in the cwn-1;egl-20 double mutant grown at 25°C
(Table 1); in this strain, P5.p, P7.p, and P8.p also show a
significant frequency of inappropriate fusion with hyp7. These
results suggest that cwn-1 and egl-20 are the main Wnt ligands

involved in preventing inappropriate fusion of P4.p with hyp7,
thereby maintaining VPC competence into the L3 stage.

Another study (15) concluded that cwn-1, egl-20, and all of the
other Wnt-encoding genes are functionally redundant for ‘‘VPC
specification’’ after detecting synergy between cwn-1 and mu-
tations in the four other genes. They reported that P5.p-P7.p
were ‘‘underinduced’’ (i.e., adopted either the F or the 3° fate,
as opposed to a vulval fate). However, they did not distinguish
between the F and 3° fates, and therefore did not distinguish
whether a VPC could have been induced or not. For example, if
P5.p had adopted the F fate, it would not have been available to
receive the inductive signal. Furthermore, 3° fate could reflect
reduced competence to respond to the inductive signal rather
than lack of induction per se (see Discussion).

Multiple Tissues Are Redundant Sources of Wnt Activity for Promoting
VPC Competence. Identifying the cellular source of the Wnt signals
that prevent VPC fusion is critical for understanding the cell–cell
interactions that underlie VPC fate specification. Transcrip-
tional reporters indicate that wnt genes, including cwn-1 and
egl-20, are expressed in many different tissues and at different
times during development (refs. 15–19; T.R.M. and I.G., unpub-
lished observations). However, expression patterns are not a
reliable indicator of the cellular focus of action, because tran-
scriptional reporters may not contain all sequences that direct
transcription of the endogenous genes, can only be visualized if
the expression levels are relatively high, and do not reveal
potential posttranscriptional regulation affecting production of
functional ligand.

To determine the cellular focus of Wnt signaling for prevent-
ing VPC fusion, we considered several approaches. Mosaic
analysis has severe limitations in this context: for example,
neurons, hyp7, and VPCs are all produced from the ABp lineage,
and losses in combinations of lineages would be difficult to
obtain. Rescue of cwn-1 or egl-20 single or double mutants using
tissue-specific promoters might provide misleading information,
because Wnt proteins are secreted ligands, and might function if
produced in nearby cells, even if they do not normally serve as
the source for promoting VPC competence.

Tissue-specific rescue of mutations affecting factors required
for Wnt production in the source cell circumvents these potential
problems, as well as the additional problem of genetic redun-
dancy of Wnt ligands. The first such factor identified was

Table 1. Wnt signaling maintains VPC competence in the L2 stage

Fused/tertiary/induced,* %

Mutants P3.p P4.p P5.p P6.p P7.p P8.p N

arIs99† 50/50/0 0/100/0 0/0/100 0/0/100 0/0/100 0/100/0 60
arIs100† 52/48/0 0/100/0 0/0/100 0/0/100 0/0/100 0/100/0 42
cwn-1(ok546) 98/2/0 87/11/0 11/0/89 0/0/100 0/8/92 2/98/0 110
egl-20(n585ts)‡ 96/4/0 54/45/0 3/0/97 0/0/100 0/3/97 1/99/0 75
cwn-2(ok895) 77/23/0 6/93/0 2/0/98 0/0/100 0/1/99 2/98/0 111
mom-2(ne874ts)§ 51/49/0 0/100/0 0/0/100 0/0/100 0/0/100 0/100/0 103
lin-44(n1792) 39/61/0 1/99/0 0/0/100 0/0/100 0/0/100 0/100/0 113
cwn-1(ok546); egl-20(n585ts)‡ 96/0/0 94/0/1 26/0/73 4/0/90 16/11/57 11/56/0 73
mig-14(ga62) 100/0/0 96/4/0 21/3/76 3/1/96 6/24/70 12/88/0 101

Wnt signaling appears to compromise the L2 fusion event: we staged mig-14(ga62) hermaphrodites by using a marker that is
expressed during molting events (mlt-10::gfp) (40), and found that VPCs fuse either before or during the L2 molt (data not shown). For
routine scoring of different genotypes, shown here, L3 hermaphrodites were scored for expression of GFP in P3.px-P8.px or their
descendants so that the 3° or induced fates could also be scored. However, spot-checks of L1 and L2 stage worms of all genotypes indicate
that fusion does not occur in the L1 stage and can occur in the L2 stage.
*The percentage occasionally does not equal 100%, because cells were missing or had other abnormalities.
†All wnt mutants, except for mom-2(ne874ts), carry the hypodermal marker arIs99�dpy-7::2Xnls::yfp�. mom-2(ne874ts) carries
arIs100�dpy-7::2Xnls::yfp�.

‡Grown at the nonpermissive temperature, 25°C.
§mom-2(ne874ts) was grown at 15°C, and bleached mixed-stage eggs were transferred to the nonpermissive temperature.
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MOM-1/Porcupine (20); however, we could not assess the focus
of mom-1, because a null allele is maternal effect lethal (21), and
homozygotes segregating from heterozygous mothers do not
have a vulval defect (data not shown). Another factor is Wntless/
Evi (mig-14 in C. elegans), which was demonstrated to be
required in Wnt-producing cells for proper secretion of Wnt
ligands (22, 23). mig-14(ga62), a viable partial loss-of-function
allele, affects VPC fate (24), causing a highly penetrant fusion
defect for P3.p and P4.p and a lower penetrance defect for some
other VPCs (Table 1).

We analyzed transgenes expressing MIG-14(�) in specific
tissues for their ability to rescue the inappropriate fusion of P4.p
to hyp7 in a mig-14(ga62);arIs99 background (Fig. 2). We used
well characterized tissue-specific promoters that are expressed
continuously in muscles, neurons, hypodermis, or intestine from
the L1 stage through the time of vulval induction to drive
MIG-14(�) expression. At least one wnt is expressed in each of
these tissues (refs. 15–19; T.R.M. and I.G., unpublished obser-
vations). Our results demonstrate that expression of MIG-14 in
muscles, neurons, or hypodermis can partially rescue the P4.p
defect (Fig. 2), suggesting that Wnt signaling from all of these
sources contributes to VPC competence.

We could not assess whether the gonad might produce a Wnt
ligand that promotes competence because of the lack of a
somatic gonad-specific promoter. Although there are no re-
ported cases of gonadal expression of Wnt genes during the L1
or L2 stages, conclusions based on reporter gene analysis have
the caveats enumerated above. As described in the next section,
we believe that the somatic gonad serves as the source of a
different competence-promoting signal, LIN-3.

lin-3/EGF Signaling and the Gonad Contribute to Preventing P5.p, P6.p,
and P7.p Fusion with hyp7. In cwn-1;egl-20 hermaphrodites grown
at 25°C, P6.p almost never fuses with hyp7, and P5.p and P7.p
sometimes fuse, although less frequently than P4.p. Although the
increased susceptibility of more anterior Pn.p cells to adopt the
F fate when Wnt signaling is reduced has been attributed to a
lower level of a graded Wnt signal emanating from the posterior
region (15), we hypothesized that this pattern might reflect a
graded signal produced by the gonad before induction. Even
though vulval induction does not occur until the L3 stage, lin-3
is transcribed in the presumptive anchor cell as well as other cells
in the central region of the gonad in the L2 stage (25), making
it a good candidate for such a signal. Interestingly, reducing let-23
activity in a bar-1 mutant background also causes P5.p, P6.p, and
P7.p to fuse more frequently (7), an observation that could be
consistent with our hypothesis or with alternative possibilities of
constitutive let-23 basal activity or an external signaling input
other than lin-3 (26).

To test this hypothesis, we assessed the potential contributions
of the gonad and of lin-3 activity to competence. We ablated the
gonad in L1 cwn-1;egl-20;arIs99 hermaphrodites and found that
P5.p, P6.p, and P7.p adopted the F fate more frequently: P5.p
adopted the F fate in four of five individuals, P6.p adopted the
F fate in three of five individuals, and P7.p adopted the F fate
in one of five individuals, as opposed to mock-operated animals
in which these VPCs did not adopt the F fate (zero of five).
Furthermore, P5.p adopted the F fate when we ablated the
gonads in L1 egl-20;arIs99 single mutants (three of four). Thus,
ablation of the gonad promotes fusion of these VPCs with hyp7,
implying a role for the gonad in promoting VPC competence.
The relative resistance of P7.p to fusion may reflect the presence
of mab-5/Hox activity (1).

We performed lin-3(RNAi) in cwn-1;egl-20;arIs99 and control
arIs99 hermaphrodites. lin-3(RNAi) in control hermaphrodites
caused VPCs to adopt the 3° fate, as expected for loss of
inductive signal, but did not cause fusion to hyp7 (data not
shown). lin-3(RNAi) enhanced the phenotype of the Wnt double
mutant so that P5.p, P6.p, and P7.p fused to hyp7 more fre-
quently relative to the control (Fig. 3). Reducing lin-3 activity
appears to have the greatest effect on the competence of P6.p,
which almost always remains unfused otherwise, consistent with
higher lin-3 signaling to P6.p (see below).

The results of the gonad ablation and lin-3(RNAi) experiments
taken together suggest that lin-3 signaling from the gonad helps
to maintain competence of P5.p, P6.p, and P7.p by preventing
them from fusing with hyp7. In this context, the synergy between
bar-1 and let-23 is consistent with the ‘‘inductive signaling
pathway’’ operating in the L2 stage to promote competence.
Furthermore, we find that a reporter for inductive signaling
activity, arIs92[egl-17p::cfp-lacZ], is expressed in L2 hermaph-
rodites, strongly in P6.p and more weakly in flanking VPCs. This
expression depends on the presence of the gonad: in intact
hermaphrodites, 13 of 13 express CFP-LacZ in P6.p, whereas
zero of four express CFP-LacZ in P6.p after the gonad has been
ablated. Taken together, the results suggest that LIN-3 activity
in the L2 stage activates the canonical RTK–Ras–MAPK cas-
cade that underlies vulval induction to promote competence.

Discussion
To be competent to adopt a vulval fate, a VPC must remain
unfused with hyp7, be able to progress through the cell cycle and
divide, and be able to respond to the inductive signal. lin-39
activity is important for all three of these features, as well as in
execution of vulval fates (reviewed in ref. 8). Another aspect of
competence is the availability of the receptors for the inductive
and lateral signals and other factors needed for signal transduc-
tion: these components must be transcribed, translated, modi-
fied, and localized appropriately to the apical or basolateral

Fig. 2. mig-14 acts in multiple tissues to regulate VPC fusion with hyp7.
Rescue experiments were performed in a mig-14;arIs99 background. The
transgenic marker used for all lines was myo-3p::mCherry. Each bar represents
a single transgenic line. The black bars represent negative control lines in
which a promoter drives expression of a mutated mig-14 cDNA that does not
make functional protein. The gray bars represent experimental lines in which
a promoter drives a wild-type mig-14 cDNA that encodes a functional protein.
dpy-7p::mig-14cDNA was injected at 5 �g/ml (the first two gray bars) and 10
�g/ml (the third gray bar). Animals were scored for whether P4.p fuses directly
with hyp7, and the results for each line were compared against the P4.p defect
observed in mig-14;arIs99, which is represented by the horizontal black line.
P values were calculated by using a z test to compare the proportion of ab-
normal animals in each group. ***, P � 0.001; **, P � 0.01. n � 50 for all lines.
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domain so that activating ligands elicit signal transduction.
Whether lin-39 modulates this aspect of competence for vulval
induction is not known, although it has been implicated in the
expression of lin-12 and therefore for competence to respond to
the lateral signal (27). Here, we discuss our results in terms of
whether and how Wnt and LIN-3 signaling promote competence
and induction. The central role of lin-39 for different aspects of
competence, and its position as a target of both the Wnt and
LIN-3 signaling pathways, must be borne in mind when consid-
ering the roles of LIN-3/EGF and Wnt signaling in maintaining
competence and initiating induction.

Wnt Signaling and VPC Competence. Several previous studies indi-
cated that loss of the canonical Wnt signal transduction pathway
in the VPCs causes inappropriate fusion with hyp7 (1, 2, 7, 15,

28). We have shown that the Wnt ligands encoded by cwn-1 and
egl-20 are functionally semiredundant and are the major Wnts for
maintaining VPC competence in the L2 stage; our findings are
consistent with data for cwn-1 and egl-20 presented in another
study, which also suggested that other Wnt ligands have addi-
tional, but minor roles in maintaining competence (15). In
addition, we have demonstrated that several tissues provide
functionally relevant sources of Wnt signaling activity to pro-
mote VPC competence. These observations contrast with many
other systems in which precise spatial control of specific Wnt
proteins is critical for patterning (29). We suggest that the
multifocal origin and high degree of functional redundancy
among Wnt signals indicates that Wnt signaling functions as a
permissive or trophic factor, rather than as a patterning agent,
in maintaining VPC competence.

LIN-3/EGF Signaling and VPC Competence. We have shown that lin-3,
the inductive signal that specifies VPCs to adopt vulval fates in
the L3 stage, also promotes competence, as lin-3(RNAi) or gonad
ablation performed in the egl-20 single mutant or cwn-1;egl-20
double mutant background caused more VPCs to fuse with hyp7
before induction. Synergy between let-23 and bar-1 (7) and
gonad-dependent expression of a canonical inductive pathway
target gene, egl-17, in the VPCs in the L2 stage (see Results)
together suggest that the canonical RTK–Ras–MAPK cascade
that underlies vulval induction also underlies competence, per-
haps by promoting lin-39 expression.

At the time of vulval induction, egl-17 transcription in response
to the inductive signal is strongly and consistently visualized in
P6.p (30), and transiently visualized in P5.p and P7.p but then
lost after lateral signaling (31). It may be that the graded
expression of egl-17::gfp observed at the beginning of the L3
stage is the residue of LIN-3 activity during the L2 stage.
However, continued lin-3 activity in the L3 stage may also
contribute to competence at the time of vulval induction,
perhaps by ‘‘taking over’’ the role of Wnt signaling in promoting
lin-39 expression. Indeed, lin-3 may function in both the L2 and
early L3 stages to promote competence. We cannot assess these
possibilities at this time.

LIN-3/EGF Signaling: Maintaining Competence Versus Initiating Vulval
Induction. There is abundant evidence indicating that lin-3 in-
duces vulval fates (8). Alterations in the activity of lin-3 or
components of the EGFR–Ras–MAPK signal transduction
pathway affect vulval induction: loss of activity causes VPCs that
normally adopt vulval fates to instead adopt the 3° fate, whereas
excess activity causes VPCs that normally adopt the 3° fate to
instead adopt vulval fates. Furthermore, lin-3 is expressed in the
anchor cell of the gonad, which in a wild-type background is
necessary and sufficient for vulval induction in the L3 stage.

In an otherwise wild-type background, loss of lin-3 or the
gonad does not cause VPCs to fuse with hyp7, indicating that the
major role of lin-3 and the gonad is vulval induction rather than
promoting competence. However, we have shown that, under
conditions of limited wnt signaling, loss of lin-3 activity or
ablation of the gonad causes VPCs to fuse with hyp7. Our
observations suggest that lin-3 signal from the gonad promotes
VPC competence in addition to inducing vulval development
(Fig. 4).

A dual role for lin-3 in promoting competence as well as
induction raises the questions of whether and how competence
and induction differ on the molecular level. Competence may
differ from induction simply in the absolute level of lin-39
activity; however, expression of LIN-39 under the control of a
heat-shock promoter is not sufficient to cause vulval induction
and cannot bypass the need for the inductive signal (2). Instead,
we favor the view that, in the L3 stage, increased production or
secretion of LIN-3 from the anchor cell, increased sensitivity of

Fig. 3. The gonad and lin-3/EGF promote the competence of P5.p, P6.p, and
P7.p. (A) An L3 ‘‘Pn.pxx-stage’’ cwn-1;egl-20;arIs99 hermaphrodite; lines point
to VPC nuclei labeled with GFP, indicating that they have fused with hyp7
(here, P3.p, P4.p, and P5.p fused with hyp7; P6.p and P7.p adopted vulval fates;
and P8.p adopted the 3° fate). (B) Individual cwn-1;egl-20;arIs99 hermaphro-
dite in which gonad ablation caused P5.p-P7.p to fuse with hyp7 (see text). (C)
lin-3(RNAi) reduced the competence of P5.p-P7.p when wnt activity is com-
promised. The gray bars represent lin-3(RNAi), and the black bars represent
mCherry(RNAi) in a cwn-1;egl-20;arIs99 background. Each set represents a
separate RNAi experiment. A t test was used to determine the P values and
standard deviation of the P5.p, P6.p, and P7.p cells that adopt the F fate
compared with the negative control. ***, P � 0.001; **, P � 0.01; and *, P �
0.05. n � 60 for all experiments.
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VPCs to LIN-3, or other differences in VPCs, activates addi-
tional targets that drive or constitute induction. It is also possible
that there are unique target genes of the EGFR–Ras–MAPK
pathway in the L2 stage. An analysis of the contribution of
different target genes of the EGFR–Ras–MAPK pathway to
competence and induction should help clarify this issue.

Wnt Signaling: Maintaining Competence Versus Promoting Vulval
Induction. A major role for Wnt signaling in maintaining or
promoting competence is clear: reducing Wnt signaling activ-
ity causes VPCs to fuse directly with hyp7. In addition,
preliminary results indicate that posterior Pn.p cells fail to fuse
with hyp7 in pry-1/Axin mutants: for example, P9.p and P10.p
always fuse in a wild-type background, but fail to fuse �35%
of the time in pry-1(mu38). These results suggest that consti-
tutive activation of Wnt signaling generally acts as a block to
Pn.p fusion with hyp7.

In analyzing mutants with reduced wnt activity, the major
role of Wnt signaling in competence masks any putative later
role in vulval induction. In our analysis, the failure of P5.p,
P6.p, or P7.p to adopt a vulval fate generally did not ref lect a
failure of induction per se. Instead, in most cases, when P5.p,
P6.p, and/or P7.p was not induced, it had adopted the F fate
and therefore was no longer present to be induced; given the
strong and documented effect of Wnt activity on competence,
the cases in which P5.p, P6.p, or P7.p adopted the 3° fate may
indicate a reduced ability to respond to the inductive signal
because of reduced competence rather than lack of induction.
The high degree of functional redundancy among Wnt genes
and pathway components, their essential roles in other aspects
of development, and the multifocal nature of Wnt signal
production make it essentially impossible to achieve a truly
null situation, further complicating inferences based on loss-
of-function phenotypes.

Gain-of-function situations are also problematic. Constitu-
tively active Wnt signal transduction causes VPCs that nor-
mally adopt the 3° fate to be ‘‘overinduced’’ (as assessed by
ectopic invaginations), even when EGFR–Ras–MAPK activity
is reduced (28). However, a situation in which Wnt signaling
is artificially activated may be misleading as an indication of its
normal role; a cautionary tale is afforded by the effect of
removing SynMuv gene activity, which creates an artificial
signaling event (32). In addition, lin-39 activity both prevents
fusion and promotes division (4); thus, it is conceivable that
abnormally high lin-39 levels in pry-1 mutants (perhaps in
combination with other ectopically elevated factors) could
cause spurious division so that P4.p or P8.p may divide
ectopically without having responded to normal patterning
signals.

For these reasons, it is not clear whether and how Wnt
signaling contributes to vulval induction as opposed to com-
petence. One way to distinguish between these roles would be
to identify targets of Wnt signaling that differentially affect

only competence or only induction. At this time, however, the
only known Wnt target is lin-39, which is also a target of
LIN-3/EGF. Therefore, we believe that, currently, the only
well substantiated role for Wnt signaling is to maintain VPC
competence (Fig. 4).

Materials and Methods
Strains and Genetic Analysis. C. elegans var. Bristol strain N2 (33) was the
wild-type parent strain of all mutants and markers used. The mutations
used for analysis include the following: LGI: lin-44(n1792) (34); LGII:
arIs100[dpy-7::yfp;ceh-22::gfp] (10), cwn-1(ok546), mig-14(ga62) (24);
LGIV: egl-20(n585ts) (35), cwn-2(ok895); LGV: mom-2(ne874ts) (13); LGX:
arIs99[dpy-7::yfp;ceh-22::gfp] (10). The recipient used for creating trans-
genes was GS4441 mig-14(ga62);arIs99. All strains were grown by using
standard procedures at 20°C (33), except for mom-2(ne874ts), which was
grown at 15°C and egl-20(n585), which was grown at 25°C. cwn-1(ok546)
was backcrossed three times.

Constructs. mig-14(�) cDNA was synthesized (DNA 2.0, Menlo Park, CA), based
on the sequence given for R06B9.6 (www.wormbase.org), with 5� and 3� BglII
sites. The cDNA was cloned into pDONR221. All constructs for tissue-specific
rescue [see supporting information (SI)] were constructed in the form of
tissue-specific promoter::mig-14(�) cDNA::unc-54 3�-UTR. The promoters used
drive expression continuously from the L1 stage in the following tissues: dpy-7,
hyp7 (10); myo-3, body wall muscle (Fire Vector kit 1999); F25B3.3, most
neurons (36); vha-6, intestine (37). lin-31p drives expression in the VPCs (10),
but with a more sensitive reporter, mCherry, it also appears to drive expression
in the ventral nerve cord and hence is not strictly VPC-specific (N. deSouza,
T.R.M., and I.G., unpublished observations).

Transgenic Lines. The recipient strain for mig-14 tissue-specific promoter
rescue experiments was GS4441 [mig-14(ga62);arIs99]. myo-3p::mCherry
(20 �g/ml) was used as the coinjection marker for all transgenic lines
created. All injection mixes contain pBluescript to make a total DNA
concentration of 100 �g/ml. dpy-7p::mig-14 was microinjected at a con-
centration of 5 �g/ml. myo-3p constructs were microinjected at a concen-
tration of 20 �g/ml. lin-31p::mig-14 was microinjected at a concentration
of 30 �g/ml. F25B3.3p constructs were microinjected at a concentration of
50 �g/ml. vha-6p::mig-14 was microinjected at a concentration of 20 �g/ml.
Individual F1 worms were selected for the presence of mCherry expression
in body wall muscles to establish independent extrachromosomal lines.

VPC Fate Determination. Worms were scored from L3 Pn.px to Pn.pxx stage to
ensure that competent VPCs could have been induced. All strains also con-
tained arIs99, and VPCs or Pn.px cells were considered fused when nuclei
displayed YFP.

We note that there are additional morphological abnormalities in cwn-
1;egl-20;arIs99 worms. Nuclei of Pn.p cells were often mislocated or occasion-
ally missing. The use of arIs99 made it much easier to score the VPC fates given
these abnormalities.

We performed experiments with egl-20(n585ts) at 25°C, the restrictive
temperature. The P4.p fusion defect is greatest at this temperature as well.
However, surprisingly, cwn-1;egl-20(n585);arIs99 hermaphrodites and mig-14
hermaphrodites have a more severe VPC fusion defect at 15°C than at 25°C or
20°C, respectively, suggesting that competence may be inherently cold-
sensitive.

Gonad Ablations. Cell ablations were performed on worms grown at 25°C.
Newly hatched L1 larvae were placed on 2% agarose pads in M9 with 10 mM
sodium azide, and gonadal nuclei were ablated with a laser microbeam. The
absence of a gonad was confirmed at the time the effect was scored. For
cwn-1;egl-20;arIs99, fusion defects were assayed during the L4 stage; for
arIs92[egl-17p::cfp-lacZ] hermaphrodites, expression in P6.p was scored in the
L2 stage.

RNAi Analysis. cwn-1;egl-20;arIs99 worms grown at 25°C were fed bacteria
expressing dsRNA (38). lin-3 dsRNA (39) or control mCherry dsRNA bacteria
was applied to plates containing isopropyl �-D-thiogalactoside and ampicillin.
After 5 h, several L4 worms were put onto the plates. F1 progeny were scored
for fusion defects between the Pn.px and L4 stages. The experiment was
performed on two separate days, and three individual plates were scored for
each variable.

Fig. 4. Inferred roles for Wnt and LIN-3/EGF signaling in VPC competence and
induction. At this time, we believe that roles for Wnt and LIN-3 in competence
and for LIN-3 in induction have been substantiated, but a role for Wnt
signaling in induction remains an open question (see Discussion).
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