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Chemosensory Neurons Function in Parallel
to Mediate a Pheromone Response in C. elegans

Wendy S. Schackwitz, Takao Inoue, in the environment reflects population density. Other
environmental signals such as scarce food and highand James H. Thomas
temperature also encourage dauer formation (GoldenDepartment of Genetics
and Riddle, 1984b).University of Washington

Response to dauer pheromone requires a pair of bilat-Seattle, Washington 98195
erally symmetrical sensory organs called amphids (Al-
bert et al., 1981; Perkins et al., 1986; Shakir et al., 1993;
Vowels and Thomas, 1994). Each amphid is composedSummary
of twelve sensory neurons, eight of which are directly
exposed to the external environment through a pore inFormation of the C. elegans dauer larva is repressed
the cuticle (Perkins et al., 1986). These exposed endingsby the chemosensory neurons ADF, ASI, and ASG.
are ciliated, as are vertebrate olfactory neurons (Ache,Mutant analysis has defined two parallel genetic path-
1991). Three amphid neuron classes, ADF, ASI, and ASG,ways that control dauer formation. By killing neurons
repress dauer formation under non-dauer-inducing con-

in these mutants, we show that mutations in one of
ditions (Bargmann and Horvitz, 1991).

these genetic pathways disrupt dauer repression by Many genes that regulate dauer formation have been
ADF, ASI, and ASG. One gene in this pathway is daf-7, identified. Mutations in most of these genes result in one
which encodes a TGFb-related protein. We find that of two phenotypes: dauer formation–defective (Daf-d)
daf-7::GFP fusions are expressed specifically in ASI mutations cause failure to form dauers under dauer-
and that expression is regulated by dauer-inducing inducing conditions, and dauer formation–constitutive
sensory stimuli. We also show that a different chemo- (Daf-c) mutations cause dauers to form even under non-
sensory neuron, ASJ, functions in parallel to these inducing conditions. These genes have been ordered
neurons to induce dauer formation. Mutations in the in a complex genetic pathway based largely on gene
second genetic pathway activate dauer formation in interactions (Riddle et al., 1981; Vowels and Thomas,
an ASJ-dependent manner. Thus, the genetic redun- 1992; Thomas et al., 1993; Gottlieb and Ruvkun, 1994).
dancy in this process is reflected at the neuronal level. These genetic studies suggest that sensory transduc-

tion of dauer-inducing signals is mediated by two paral-
lel branches as shown in Figure 1 (Thomas et al., 1993;Introduction
Malone and Thomas, 1994). We refer to genes in the
upper branch of this genetic pathway as group 1 andNervous systems process complex sensory information
genes in the lower branch as group 2. One large classto generate appropriate responses to environmental
of genes, called cilium-structure genes, appear to func-stimuli.To acquire and integrate this information, several
tion in both the group 1 and group 2 branches of thesensory systems, including olfaction, taste, and vision,
pathway. Mutations in these genes cause the ciliateduse parallel neural circuitry. Since most such systems
sensory endings to be structurally abnormal, causing aare very complex, it has been difficult to identify specific
Daf-d phenotype (Perkins et al., 1986). The group 2sets of genes and corresponding neurons that mediate
branch of the pathway includes five Daf-c genes, at leastcomplex sensory functions. Chemosensory response to
three of which encode components of a transformingdauer-inducing stimuli in Caenorhabditis elegans pro-
growth factor b (TGFb)-related transduction pathway:vides an opportunity to gain a detailed understanding
daf-7 encodes a TGFb-related protein (Lim, 1993), and

of such neuronal processing at the genetic and cellular
daf-1 and daf-4 encode proteins similar to TGFb recep-

levels. This is possible because response to dauer-
tor subunits (Georgi et al., 1990; Estevez et al., 1993).

inducing stimuli is specific and easily assayed, there are
In this study, we address how the parallel genetic

many identified genes that mediate the process, and pathways relate to neuronal regulation of dauer forma-
specific neurons in which these genes function to regu- tion. To determine the neurons in which different parts
late dauer formation can be identified. of the genetic pathway function, we killed specific neu-

Environmental signals that influence C. elegans larval rons in the wild type and in various mutants to determine
development are sensed and interpreted by the nervous the effect on dauer formation. We find that one set of
system (reviewed by Thomas, 1993). Under favorable sensory neurons represses dauer formation, while a dis-
conditions, C. elegans progresses through four larval tinct set promotes dauer formation. We also find that
stages (L1–L4) to become an adult. Under less favorable daf-7 fusions to green fluorescent protein (GFP) are ex-
conditions, C. elegans forms a developmentally arrested pressed specifically in ASI, one of the dauer-repressing
third-stage larva called the dauer larva. The dauer larva neurons. Our data indicate that the two branches of
does not feed and is resistant to harsh conditions (Cas- the genetic pathway perturb sensory function differently
sada and Russell, 1975). When conditions improve, the and that they may function in parallel sets of sensory
dauer larva recovers and resumes its life cycle (Cassada neurons.
and Russell, 1975). The primary environmental signal
that induces dauer formation is a pheromone (Golden Results
and Riddle, 1984a), which is stable, nonvolatile, and
constitutively produced (Golden and Riddle, 1982). Our goal in this study was to define the sensory neuronal

pathways that regulate dauer formation and to relateThus, the concentration of dauer-inducing pheromone
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Figure 1. Parallel Branches in the Genetic
Pathway for Dauer Formation

Daf-c genes are shown in bold, and Daf-d
genes are shown in plain text. The Daf-c
genes in the upper branch are called group
1, and the Daf-c genes in the lower branch
are called group 2. Arrows indicate positive
regulatory interactions, and lines ending in
bars indicate negative interactions.

these neuronal pathways to the described genetic path- daf-5 partially suppress group 1 Daf-c mutations (Vow-
els and Thomas, 1992; Thomas et al., 1993), making theway for dauer formation. Sensory neurons could regu-

late dauer formation either by repressing or by promot- assignment of ADF, ASI, and ASG to the group 2 branch
of the pathway inconclusive.ing dauer formation. Dauer-repressing neurons would

actively repress dauer formation under noninducing
conditions and derepress in response to dauer-inducing Group 2 Daf-c Mutations Disrupt Dauer

Repression by ADF, ASI, and ASGenvironmental conditions. Dauer-promoting neurons
would be inactive under noninducing conditions and To relate the function of ADF, ASI, and ASG to the ge-

netic pathway, we tested whether group 1 or group 2activate dauer formation in response to dauer-inducing
conditions. Killing a dauer-repressing neuron would re- Daf-c mutations could disrupt dauer repression by these

neurons. To perform this test, we conducted a seriessult in inappropriate derepression of dauer formation
(Daf-c), whereaskilling a dauer-promoting neuron would of neuron isolation experiments, in which all exposed

amphid neurons except ADF, ASI, and ASG were killedinhibit dauer formation (Daf-d).
Bargmann and Horvitz (1991) have shown that ADF, in the wild type and in Daf-c mutants. We reasoned

that some Daf-c mutations might disrupt the capacityASI, and ASG are dauer-repressing neurons. When ADF
and ASI were killed together, a Daf-c phenotype re- of these neurons to repress dauer formation, while other

Daf-c mutations might not. We killed AFD and all ex-sulted. (Because the amphids are bilaterally symmetri-
cal, in their study and throughout this study, the corre- posed amphid neurons except for ADF, ASI, and ASG

in the wild type and in Daf-c mutants and determinedsponding neurons in both amphids were killed, except
where noted.) When ASG was killed in addition to ADF whether dauer formation was still repressed (Table 1).

Though not exposed to the environment, AFD was in-and ASI, the penetrance of the Daf-c phenotype in-
creased. No effect on dauer formation was seen when cluded because it regulates response to temperature

(Mori and Ohshima, 1995), an important modulator ofeither ADF or ASI remained intact. The Daf-c phenotype
caused by killing ADF, ASI, and ASG was suppressed dauer formation (Golden and Riddle, 1984a). As pre-

viously reported (Bargmann and Horvitz, 1991), weby group 2 Daf-d mutations in daf-3 and daf-5, but was
not suppressed by mutations in the cilium-structure found that isolated ADF, ASI, and ASG neurons were

sufficient to prevent dauer formation in the wild type.genes. These data are consistent with ADF, ASI, and
ASG mediating the group 2 branch of the genetic path- These neurons were also sufficient to prevent dauer

formation in two daf-11 mutants, suggesting that daf-11way (see Figure 1). However, mutations in daf-3 and

Table 1. Isolation of ADF, ASI, and ASG Neurons in the Wild-Type and Mutants

Strain Amphid Neurons Killed Exposed Amphid Neurons Left Intact Number of Dauers/Total

Wild type None All (ASE, ADF, ASG, ASH, ASI, ASJ, ASK, ADL) 0/(.100)
Wild type AFD, ASE, ASH, ASJ, ASK, ADL ADF, ASI, ASG 0/5

daf-7(e1372) None All 45/45
daf-7(e1372) AFD, ASE, ASH, ASJ, ASK, ADL ADF, ASI, ASG 6/6
daf-7(e1372) AWA, AWB, AWC, AFD, ASE, ADF, ASI, ASG 2/2

ASH, ASJ, ASK, ADL

daf-1(sa184) None All 23/23
daf-1(sa184) AFD, ASE, ASH, ASJ, ASK, ADL ADF, ASI, ASG 4/4

daf-11(sa195) None All 121/126
daf-11(sa195) AFD, ASE, ASH, ASJ, ASK, ADL ADF, ASI, ASG 0/5

daf-11(m87) None All 14/15
daf-11(m87) AFD, ASE, ASH, ASJ, ASK, ADL ADF, ASI, ASG 1/6

daf-21(p673) None All 71/76
daf-21(p673) AFD, ASE, ASH, ASJ, ASK, ADL ADF, ASI, ASG 4/6

Experiments were done at 258C. Controls in which no cells were killed were otherwise treated identically to the kills (see Experimental
Procedures). Exposed amphid sensory neurons: ASE, ADF, ASG, ASH, ASI, ASJ, ASK, and ADL. Unexposed amphid sensory neurons: AFD,
AWA, AWB, and AWC.
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does not disrupt ADF, ASI, or ASG function. In contrast,
these neurons were not sufficient to prevent dauer for-
mation in daf-1 or daf-7 mutants (Table 1), indicating
that daf-1 and daf-7 are required for dauer repression
by ADF, ASI, and ASG. All evidence to date suggests
that only exposed amphid neurons mediate response
to dauer-inducing conditions (Bargmann and Horvitz,
1991; Vowels and Thomas, 1992, 1994). However, to test
further whether group 2 Daf-c mutations might affect
dauer formation through unexposed amphid neurons,
all exposed and unexposed amphid neurons except

Figure 2. GFP Fluorescence in a daf-7::GFP Strain
ADF, ASI, and ASG were killed in a daf-7 mutant (Table

Combined epifluorescence and Nomarski photograph of the strain
1). These animals still formed dauers, ruling out the pos- JT8459 lin-15(n765ts); saIs8, which carries an integrated daf-7::GFP
sibility that daf-7 mutations require unexposed amphid fusion. The view is of the lateral ganglion of an L2 animal in the
neurons to promote dauer formation. We conclude that focal plane of ASI on the right side (ASIR). The positions of ASKR,

ADLR, and ASIR (from left to right) are indicated by arrowheads.Daf-c mutations in the group 2 branch of the genetic
The epifluorescence and Nomarski images were photographed sep-pathway disrupt dauer repression by ADF, ASI, and ASG.
arately and were superimposed using Adobe Photoshop.Since mutations in daf-11 did not perturb dauer repres-

sion by ADF, ASI, and ASG, we hypothesize that the
daf-11 branch of the genetic pathway functions through

L1 and L2, and the fifth animal weakly expressed GFP
other neurons. The group 1 mutation daf-21(p673) par-

in one unidentified cell in the lateral ganglion (not in the
tially disrupted dauer repression by ADF, ASI, and ASG, position of ASI). These results indicate that ASI is the
suggesting that daf-21 may function both in ADF, ASI, only cell that consistently expresses daf-7::GFP at de-
and ASG and in additional neurons (see below and Dis- tectable levels in larvae. The occasional expression in
cussion). other neurons may be due to an incomplete promoter

or from transcriptional influences at the site of integra-
tion of the transgene. Interestingly, the strain with thedaf-7::GFP Is Expressed in ASI
highest GFP expression (carrying saIs8) has a Daf-cTo test molecularly whether the group 2 genes mediate
phenotype (49% dauers at 258C; n 5 169). One possibil-the function of ADF, ASI, and ASG, we determined where
ity is that this phenotype is due to competition for ex-daf-7::GFP fusions are expressed (Chalfie et al., 1994).
pression or secretion of the wild-type daf-7 gene prod-Of the genes in this branch of the pathway, daf-7 seemed
uct. The saIs7 strain produced less than 1% dauers atmost likely to be expressed in the sensory neurons be-
any temperature.cause it encodes a TGFb-related protein (Lim, 1993),

Dauer formation is induced by high levels of dauerwhich could function as a dauer-repressing signal. We
pheromone. To test whether this induction might resultgenerated two constructs in which GFP was fused in
in part from regulation of the expression of daf-7 protein,frame at amino acid 197 of daf-7 (see Experimental Pro-
we observed expression of the daf-7::GFP fusion in ani-cedures). Each fusion contained 4.8 kb of DNA upstream
mals exposed to various pheromone levels. When ex-and 1.3 kb downstream of the daf-7 start codon. One
posed to even low concentrations of pheromone, daf-7::fusion had a nuclear localization signal, and the other
GFP was undetectable throughout the L1 and L2 stagesdid not. We generated transgenic strains with fusions
(Table 2). This result suggests that the activity stateintegrated into the chromosome (Mello et al., 1991). Ani-
of the ASI neurons regulates daf-7 expression. Suchmals with either construct expressed daf-7::GFP in the
regulation could account for the action of dauer phero-cell body of one pair of bilaterally symmetric neurons
mone through this branch of the dauer pathway. Similarin the lateral ganglia. Based on their positions in the L1
results on the expression of daf-7::GFP in ASI and its(Sulston et al., 1983), we identified these as the two

ASI neurons (Figure 2). GFP was consistently expressed
starting in the L1, and expression became stronger in Table 2. Fraction of ASI Neurons Expressing daf-7::GFP When
the L2, the stages during which dauer formation is con- Exposed to Pheromone
trolled (Swanson and Riddle, 1981). Since GFP acquires

Units of Pheromone
Larvalits fluorescence slowly (Heim et al., 1994), this pattern

Strain Stage 0 0.5 1 2is consistent with the report that levels of daf-7 mRNA
peak in the L1 (Lim, 1993). After theL2, GFP fluorescence sals8 L1 17/24 0/24 0/22 2/28a

L2 28/34 0/34 0/46 0/36became progressively weaker and, by adulthood, was
nearly undetectable. Since the fusion protein may per- sals7 L1 18/66 0/20 0/22 0/52
sist after mRNA degradation, these results are consis- L2 26/40 2/28 0/32 0/42
tent with the absence of daf-7 mRNA after the L2 stage Assays were performed at 158C. Similar assays of sals8 at 208C
(Lim, 1993). Rarely, other cells showed weak daf-7::GFP gave similar results (data not shown). As a control, edls1, an inte-
expression. When seen, there was only one such cell, grated unc-119::GFP fusion that is expressed in many neurons, was

tested, and the pattern and level of expression were not detectablyand its identity varied from animal to animal. To corrobo-
affected by pheromone (data not shown).rate that the fusion is expressed predominantly in ASI,
a These two cells were very faint and were probably not ASI, butwe killed both ASI neurons in daf-7::GFP-containing ani-
the animal was twisted, making positive identification difficult.

mals. In four of five animals, we detected no GFP in the
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tion to ASJ (Figure 3B). Suppression of daf-11 was prob-Table 3. Strength of daf-7::GFP Fluorescence at Different
Temperatures ably stronger when ASJ and ASK (p 5 0.03) or ASJ and

ADL (p 5 0.01) were killed together. Killing the thermo-daf-7::GFP Fluorescence
Larval sensory neuron AFD may also enhance the ASJ kill,

Temperature Stage None Weak Strong though the change was marginally significant (p 5 0.07).
158C L1 82 13 11 All other amphid neurons werekilled in combination with

L2 10 8 24 ASJ and none enhanced (ASH and ASE data are shown
as an example in Figure 3B). These results indicate that208C L1 48 3 1

L2 54 8 10 extraneous laser-induced damage is not the cause of
enhanced suppression by ASK and ADL and that no258C L1 32 0 0
other amphid neuron contributes significantly to the daf-L2 12 0 0
11 Daf-c phenotype. We conclude that the Daf-c pheno-Assays were with sals7 on uncrowded standard NG agar plates
type of daf-11 is dependent on ASJ, with ASK and ADL(non-dauer-inducing conditions). Cells were qualitatively divided
probably also playing a minor role.into those in which no fluorescence was observed, those with fluo-

rescence comparable to the typical strong expression, and those To test whether ASJ alone could mediate the Daf-c
with detectable but clearly less intense fluorescence (weak). An phenotype of a daf-11 mutant, we killed all exposed and
integrated unc-119::GFP fusion (edls1, provided by D. Pilgrim) and unexposed amphid neurons except for ASJ and ASI in
an extrachromosomal array of sra-6::GFP (saEx163, fusion DNA pro-

one experiment, and all but ASJ and ADF in a secondvided by C. Bargmann) were observedas controls, and no difference
experiment. It is not possible to interpret an experimentin frequency, pattern, or intensity of fluorescence was observed (at
in which only ASJ is left intact, because killing ADF andleast 15 animals for each fusion at each temperature).
ASI causes a Daf-c phenotype (Bargmann and Horvitz,
1991). In both experiments, the Daf-c phenotype of daf-
11 was not suppressed (Figure 3C). As a control, the

regulation by pheromone have been obtained by P. Ren same kills were performed in the wild type, and 0 out
and D. Riddle (personal communication). of 2 dauers were formed in each case. These data sug-

High growth temperature also promotes dauer forma- gest that ASJ is sufficient among exposed amphid neu-
tion (Golden and Riddle, 1984b). To test whether this rons to mediate the Daf-c phenotype of daf-11(sa195).
temperature effect might also reflect regulation of daf-7 To determine whether function of both the left and
expression, we observed daf-7::GFP expression in ani- right ASJ neurons is required to induce dauer formation
mals grown at various temperatures. We found that ex- in daf-11 mutants, we killed ASJ in only one amphid
pression was strongest in animals grown at 158C, inter- (Figure 3C). This unilateral kill reduced dauer formation
mediate at 208C, and weakest at 258C (Table 3). of a daf-11 mutant regardless of whether the right or
Expression of two control GFP fusions was not de- left neuron was killed (side not shown), suggesting that
tectably affected by temperature. These results suggest the ASJ neurons from bothsides of theanimal contribute
that part of the temperature sensitivity of dauer forma- to dauer formation. Similar results were obtained when
tion is accounted for by changes in daf-7 expression. ASJ, ASK, and ADL were killed together in only one
daf-7 expression is unlikely to account fully for this tem- amphid (Figure 3C).
perature sensitivity, since dauer formation remains tem-
perature sensitive in all group 2 Daf-c single and double ASJ Is Required for the Group 1 but Not
mutants (Golden and Riddle, 1984a; Vowels and the Group 2 Daf-c Phenotype
Thomas, 1992; Thomas et al., 1994). The experiments in theprevious section were performed

with one daf-11 mutation. To determine whether sup-
ASJ Is Required for the Daf-c Phenotype pression of the Daf-c phenotype was specific to daf-
of a daf-11 Mutant 11(sa195), we tested whether killing ASJ alone or killing
Since no amphid neurons other than ADF, ASI, and ASG ASJ, ASK, and ADL together suppresses other Daf-c
are required to repress dauer formation, we hypothe- mutations. Killing ASJ suppressed dauer formation for
sized that the Daf-c phenotype of daf-11 results from two additional alleles of daf-11 (m84 and m87), as well
the activity of dauer-promoting neurons and that loss of as for daf-21(p673), another group 1 Daf-c mutation
daf-11 function inappropriately activates these neurons, (Figure 4A). In contrast, even weak group 2 Daf-c muta-
causing constitutive dauer formation. This hypothesis tions such as daf-8(sa234) and daf-14(m77) were not
predicts that killing these dauer-promoting neurons significantly suppressed by killing ASJ (Figure 4B). In
would suppress the Daf-c phenotype of daf-11 mutants. addition, a Daf-c mutation in daf-2, a gene implicated
The experiments in Table 1 showed that killing all of the in a downstream step of the pathway (Figure 1), was
exposed amphid neurons and AFD suppresses dauer not suppressed by killing ASJ (Figure 4B). Similar results
formation in daf-11, suggesting that daf-11 functions in were obtained when ASJ, ASK, and ADL were killed
a subset of these neurons. To determine which amphid together (Figures 4A and 4B). These results show that
neurons were responsible for the suppression of daf-11, killing ASJ specifically suppresses group 1 Daf-c muta-
each neuron class was killed individually in a daf-11 tions.
mutant (Figure 3A). Only killing ASJ resulted in statisti-
cally significant suppression of the daf-11 Daf-c pheno- Killing ADF and ASI Enhances Group 1
type (p < 0.0001). Since killing ASJ did not completely Daf-c Mutations
suppress daf-11, we tested whether the suppression Genetic analysis has shown that Daf-c mutations in the

two parallel branches of the dauer pathway are syner-could be strengthened by killing other neurons in addi-
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Figure 3. Effects of Killing Amphid Neurons in a daf-11(sa195)
Mutant Figure 4. Effects of Killing ASJ, ASK, and ADL in Other Daf-c Mu-
Experiments were conductedat 258C. The number of animals tested tants and of Killing ADF and ASI in Group 1 Daf-c Mutants
is indicated in each bar. An asterisk indicates a highly significant Experiments in (A) and (B) were at 258C, and experiments in (C) were
difference from the mock-kill control (p < 0.0001). The error bars at 208C. An asterisk indicates that a result is significantly different
show the standard error of the mean. For cases in which all animals from mock-kill controls. The number of animals tested is indicated
formed dauers, the standard error cannot be meaningfully calcu- for each bar. Error bars show the standard error of the mean.
lated. (A) Kills in other daf-11 mutants and in daf-21(p673). For each strain,
(A) Kills of single neuron pairs. Only killing ASJ strongly affected killing ASJ significantly suppressed the Daf-c phenotype (p < 0.001)
dauer formation. Killing ASK or AFD resulted in moderately signifi- and killing ASJ, ASK, and ADL together significantly suppressed the
cant suppression (p 5 0.008 and 0.02, respectively). Daf-c phenotype (p < 0.002).
(B) Kills of multiple neuron pairs. Killing certain other neurons in (B) Kills in group 2 and daf-2 Daf-c mutants. Killing ASJ or ASJ, ASK,
addition to ASJ may have increased suppression compared with and ADL together did not significantly alter the Daf-c phenotype of
killing ASJ alone, as follows: ADL (p 5 0.01), ASK (p 5 0.03), ASK these mutants (daf-14(m77), J kill, p 5 0.10; daf-8(sa234), J kill, p 5
and ADL (p 5 0.03), and AFD (p 5 0.07). Each other amphid neuron 0.24; all other p values were larger).
was killed together with ASJ, and none showed significantly en- (C) Kills of ADF and ASI in group 1 Daf-c mutants. P values for the
hanced suppression (data not shown). kills compared with the mock kills in each strain are as follows: daf-
(C) Isolation experiments and kills of neurons on one side only. In 11(sa195) p < 0.0001, daf-11(m87) p 5 0.0016, daf-11(m47) p 5
the animals for the second and third bars (isolation experiments), 0.021, and daf-21(p673) p 5 0.0006.
all of the exposed and unexposed amphid neurons were killed ex-
cept for the two noted. The same two isolation experiments were
performed on wild-type animals to testwhether killing these neurons gistic, since double mutants between genes in each
would generate a Daf-c phenotype. In each case, 4 out of 4 animals branch of the pathway are more strongly Daf-c than any
formed a non-dauer.

of the single mutants or double mutants within the same
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Discussion

Our results suggest that two parallel genetic pathways
function in different sets of amphid sensory neurons to
control dauer formation. We showed that group 2 but
not daf-11 Daf-c mutations disrupt the repression of
dauer formation by ADF, ASI, and ASG, suggesting that
ADF, ASI, and ASG mediate the function of the group 2
genetic pathway. We also showed that daf-7, one of the
group 2 Daf-c genes, is specifically expressed in ASI,
consistent with the group 2 genetic pathway functioning
as part of the ADF, ASI, and ASG neuronal pathway. We
propose that the TGFb-related protein encoded by daf-7
is produced and secreted by ASI to inhibit dauer forma-
tion. We also identified a dauer-promoting neuron, ASJ,
that is required for the Daf-c phenotype of daf-11 andFigure 5. Killing ASJ in the Wild Type Impairs Pheromone Response
daf-21 but not group 2 Daf-c mutations, indicating thatExperiments were conducted at 258C. Error bars show the standard

error of the mean. Units of pheromone are as defined by Thomas ASJ is required for the function of the daf-11 and daf-21
et al. (1993). Numbers in parentheses are the number of animals genetic pathway. We also showed that ASJ is required in
tested for each condition. P values for the comparison of mock and the wild type for full dauer–pheromone response.
ASJ kills at each pheromone concentration were p < 0.001, except
for the four unit point (p 5 0.004).

The Parallel Genetic Pathways That Mediate
Dauer Formation Are Reflectedpathway (Thomas et al., 1993). If ADF, ASI, and ASG are

specific to the group 2 branch of the pathway, as our in Parallel Neuronal Pathways
Based on our results, we present a model for sensoryresults suggest, then the Daf-c phenotype that is gener-

ated by killing these neurons should enhance the Daf-c regulation of dauer formation (Figure 6). The dauer-
repressing neurons ADF and ASI mediate the group 2phenotype of mutations in the group 1 branch of the

pathway. To make this potential enhancement more ap- genetic pathway, whereas the dauer-promoting neuron
ASJ is required for activation of dauer formation by daf-parent, we wanted to test conditions under which the

group 1 mutation and the dauer-repressing neurons 11 and daf-21. Additional neurons ASG, ASK, and ADL
may make smaller contributions to dauer regulation (noteach make weak contributions to the Daf-c phenotype.

Because dauer formation is a temperature-sensitive shown in figure). In the absence of dauer pheromone,
the dauer-repressing neurons ADF and ASI are activeprocess, mutations that cause a Daf-c phenotype are

more penetrant at higher temperatures (Golden and Rid- and repress dauer formation, and the dauer-promoting
neuron ASJ is inactive. When pheromone is present atdle, 1984a). Therefore, a weak Daf-c phenotype from

group 1 mutations was achieved by growing the animals levels sufficient to promote dauer formation, the dauer-
repressing neurons ADF and ASI are inactivated andat a low temperature (158C). A weak Daf-c contribution

from the dauer-repressing neurons was accomplished ASJ is activated. We have arbitrarily described these
neuronal activities as regulating dauer formation, butby killing only ADF and ASI (Bargmann and Horvitz,

1991). We tested whether killing ADF and ASI enhanced they can also be described as regulating L3 formation.
For example, we have described ASJ as promotingthe Daf-c phenotype of three different daf-11 mutations

and the one existing daf-21 mutation. A stronger Daf-c dauer formation, but we are currently unable to distin-
guish this from ASJ repressing L3 formation. The keyphenotype was observed when the kill and mutation

were combined than in either single condition (Figure distinction between ASJ and the ADF and ASI group
is whether the neurons are active in the presence of4C). We conclude that the genetically defined enhance-

ment of daf-11 and daf-21 by group 2 Daf-c mutations pheromone (ASJ, inducing dauer or repressing L3) or in
the absence of pheromone (ADF and ASI, repressingresults from their effects on the ADF or ASI neuronal

pathway. dauer or inducing L3).
Interesting parallels with the sensory regulation of

dauer formation are found in vertebrate retinal bipolarASJ Contributes to Pheromone Response
in the Wild Type cells (Tessier-Lavigne, 1991). There are two classes of

bipolar cells, called on-center and off-center. In re-It remained possible that daf-11 and daf-21 mutations
generate a state not reflected in wild-type regulation sponse to an on-center light stimulus to their receptive

field, on-center bipolar cells are excited and off-centerof dauer formation. If ASJ is involved in transducing
pheromone response in the wild type, then killing ASJ bipolar cells are inhibited. In response to the opposite

sensory stimulus (off-center light), on-center bipolarmight impair response to pheromone. We killed ASJ in
the wild type and exposed the animals to several differ- cells are inhibited and off-center bipolar cells are ex-

cited. The resulting changes in bipolar cell synaptic ac-ent concentrations of pheromone. At each pheromone
concentration, killing ASJ significantly impaired the abil- tivity are passed on to the brain by ganglion cells. Stud-

ies with selective inhibitors of on-center bipolar cellity of wild-type animals to form dauers (Figure 5). We
conclude that the activity of ASJ contributes to the acti- activity suggest that most aspects of visual function are

redundantly encoded by these two parallel classes ofvation of dauer formation in the wild type.
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Figure 6. Combined Cellular and Genetic
Model for Dauer Formation

Triangles represent amphid neurons. Arrows
indicate dauer-promoting signals, and lines
ending in bars indicate dauer-repressing
signals.
(A) The effects of non-dauer-inducing and
dauer-inducing conditions on the activity of
dauer-inducing and dauer-repressing neu-
rons. Dauer-inducing conditions activate the
dauer-promoting neuron ASJ and inactivate
the dauer-repressing neurons ADF and ASI.
There may be minor involvement of ASK and
ADL (dauer inducing) and ASG (dauer re-
pressing).
(B) The effects on dauer formation of killing
dauer-repressing or dauer-inducing neurons.
The effect of killing ADF and ASI is apparent
under non-dauer-inducing conditions be-
cause they normally repress dauer formation
under these conditions. Dauer formation is
only partially activated because the dauer-
regulating functions of other neurons (includ-
ing ASJ) remain intact. The effect of killing
ASJ is apparent only under inducing condi-
tions because ASJ is active only under these
conditions. Dauer formation in response to
pheromone is only partially blocked by killing
ASJ because the dauer-regulating functions
of other neurons (including ADF and ASI) re-
main intact.
(C) The effects of daf-11 or group 2 Daf-c
mutations on the activity of dauer-repressing
and dauer-inducing neurons under non-
dauer-inducing conditions. Group 2 Daf-c

mutations block the capacity of ADF or ASI to repress dauer formation, but ASJ remains unactivated. In daf-11 mutants, ASJ inappropriately
promotes dauer formation, but ADF and ASI remain activated to repress dauer formation. The result in each case is partial activation of dauer
formation. The defect in the other group 1 mutant, daf-21, is probably quite similar to daf-11, but genetic analysis and the experiments in
Table 1 suggest that daf-21 interpretation is less clear.

bipolar cell (Schiller, 1982). It is thought that parallel killing ASI did eliminate detectable daf-7::GFP expres-
sion). An alternative model for the function of the grouppathways function primarily to enhance contrast sensi-

tivity and to respond rapidly to light changes (Schiller 2 Daf-c genes is that they regulate neuronal develop-
ment. In this model, mutations in the group 2 Daf-cet al., 1986).

Molecular cloning of group 2 Daf-c genes has sug- genes result in failure of ADF, ASI, and ASG to develop
into dauer-repressing neurons, thus causing a Daf-cgested that they affect dauer formation by altering either

neuronal development or neuronal signal transduction. phenotype. Expression of daf-7 only in ASI is difficult
to reconcile with this model.In accord with the identity of daf-7, the products of daf-1

and daf-4 are members of the TGFb receptor family The specifics of gene function in the group 1 branch
of the pathway await the molecular characterization of(Georgi et al., 1990; Estevez et al., 1993). These identities

indicated that the daf-7 gene product might be a ligand daf-11 and daf-21. Because mutations that affect the
structure of the amphid sensory endings suppress thethat is released by ADF, ASI, and ASG in the absence

of pheromone and that acts on the gene products of Daf-c phenotype of daf-11 and daf-21 mutants, it has
been inferred that the daf-11 and daf-21 gene productsdaf-1 and daf-4 to repress dauer formation. In this

model, when daf-7 or its receptor are mutated, this re- function in these sensory endings (Vowels and Thomas,
1992; Thomas et al., 1993). It seems likely that the daf-pression would fail, resulting in a Daf-c phenotype (Fig-

ure 6). Our expression data suggest that daf-7 is ex- 11 gene product functions in the sensory ending of the
dauer-promoting neuron ASJ to keep ASJ inactive.pressed only in ASI. This may indicate that an additional

pathway functions in ADF and ASG, or it may reflect When daf-11 is mutant, ASJ is inappropriately activated,
causing a Daf-c phenotype. It is also possible that thean incomplete expression pattern from the daf-7::GFP

fusion gene. Expression of a Daf-c gene only in ASI is activity of ASJ is indirectly required for activation of
dauer formation by daf-11. For example, daf-11 mightsurprising, because killing only ASI does not cause a

Daf-c phenotype (Bargmann and Horvitz, 1991; our data function in a different neuron whose dauer-regulating
function depends on the presence of ASJ. The resultsnot shown). It is possible that mutating daf-7 leaves ASI

in a state that promotes dauer formation, for example in Table 1 and genetic analysis (Thomas et al., 1993;
E. A. Malone, personal communication) suggest thatby releasing a different transmitter. Alternatively, killing

ASI in the early L1 may not fully eliminate neuronal func- daf-21(p673) does not fully activate the group 1 genetic
pathway and that it may also affect other pathways thattion by the time of dauer formation is regulated (though



Neuron
726

are relatively ASJ independent. In addition, daf-21(p673) two pheromones might carry distinct environmental in-
formation (Solomon et al., 1995). Another possibility ismay not cause a simple loss of gene function (E. A.

Malone, personal communication), making further inter- that the two pathways might respond to signals other
than pheromone. Though both pathways appear to me-pretation of daf-21 difficult at this time.

Killing ASJ did not completely suppress daf-11 or daf- diate pheromone response, they may also integrate re-
sponse to food, temperature, or other unknown sensory21 mutations. This may indicate that activity of ASJ is

not fully required for dauer activation by daf-11 and daf- factors. Having two pathways might enrich the sophisti-
cation with which these multiple cues can be effectively21 function. For example, daf-11 might be expressed in

both ASJ and other neurons, perhaps ASK and ADL. integrated.
Alternatively, laser-damaged ASJ neurons may not lose
function immediately. This explanation is particularly Experimental Procedures
plausible in this case because the critical time period

Strainsfor dauer formation starts about 10 hr after the neurons
C. elegans strains were maintained as described by Brenner (1974).are killed (Swanson and Riddle, 1981; Golden and Rid-
The following strains were used: wild-type strain N2, JT195 daf-11dle, 1984b).
(sa195), DR87 daf-11(m87), JT5936 daf-11(m84), DR47 daf-11(m47),
JT6130 daf-21(p673), JT184 daf-1(sa184), JT6918 daf-7(e1372),
JT6919 daf-14(m77), JT234 daf-8(sa234), CB1370 daf-2(e1370),

ASJ Mediates Dauer Formation JT6273 daf-21(p673); daf-3(e1376), JT6556 daf-5(e1385); daf-11
(sa195), JT6640 daf-5(e1385); daf-21(p673), JT6548 daf-11(sa195);and Dauer Recovery
daf-3(e1376), JT5852 daf-5(e1385); daf-11(m87), JT5877 daf-11In addition to playing a role in dauer formation, ASJ
(m87); daf-3(e1376), JT8458 lin-15(n765ts); saIs7, JT8459 lin-15promotes dauer recovery (Bargmann and Horvitz, 1991).
(n765ts); saIs8, and JT8454 lin-15(n765ts); saEx128.Interestingly, most daf-11 mutations and daf-21(p673)

also cause severe dauer recovery defects (Vowels and
Laser Kills and Pheromone Assays

Thomas, 1994), suggesting that these genes are key All 2 3 2 contingency table statistics were performed using Fisher’s
regulators of dauer recovery as well as dauer formation. exact test, run using Instat 2.01 for the Macintosh. Neurons were
However, inappropriate activation of ASJ by mutations killed as described by Avery and Horvitz (1989), except that kills

were confirmed 2–5 hr after operation. Control animals, referred toin daf-11 and daf-21 during dauer recovery would be
as “mock,” were treated identically to operated animals, but noexpected to promote, rather than inhibit, recovery. One
neurons were killed. For tests at 258C, parent animals were trans-possible explanation of this contradiction is that a devel-
ferred from 158C to 258C 2 days prior to the experiment to ensure

opmental change occurs in ASJ in the dauer larva, such that larvae were exposed to this temperature before fertilization.
that daf-11 and daf-21 mutations now inactivate the This was not possible for daf-21(p673), which is nearly sterile at
neuron. Alternatively, daf-11 and daf-21 might not func- 258C; this strain was shifted to 238C 1 day prior to experiments.

Eggs were picked, and larvae that hatched less than 2 hr beforetion in ASJ during dauer recovery.
the experiment were used. After the neurons had been killed, ani-
mals were placed at the experimental temperature for 2–5 hr, after
which time they were removed for confirmation of the kills. AfterWhy Is There More Than One Pathway?
confirmation, the animals were again placed at the experimental

Our results indicate that two sets of molecularly distinct temperature. Mock controls were treated identically, but no cells
amphid neurons function in parallel to regulate dauer were killed. Developing animals were observed at a minimum at 9

AM, 1 PM, 5 PM, and 11 PM daily until they had developed into eitherformation. In an animal with so few neurons at its dis-
a dauer or an adult. The times at which the kills were performed andposal, why would C. elegans devote two sets of amphid
scored were chosen such that the dauer/L3 choice was made byneurons to this purpose? One possibility is that two
each animal during the period from 9 AM to 11 PM. These precau-pathways allow refined precision or fidelity of response
tions were taken to ensure that animals that formed a transient

to unpredictable environmental conditions, in a manner dauer would be appropriately scored (Bargmann and Horvitz, 1991;
similar to the function of parallel pathways in retinal Malone et al., 1996). Tests at 208C were treated identically to those

at 258C, except that parent animals were grownat 158C and operatedbipolar cells. The decision of whether to become a dauer
larvae were grown at 208C. For tests of the role of ASJ in pheromoneis critical. If an animal fails to form a dauer appropriately,
response in the wild type, larvae that had hatched from eggs lessthe result may be starvation and death. On the other
than 1 hr previous to the experiment were mounted for operation.hand, dauer formation and recovery are time-consuming
After neurons were killed, the animals were placed immediately on

and presumably energy-consuming processes, so form- plates containing dauer pheromone. Pheromone plates were made
ing a dauer inappropriately will confer a reproductive as described (Thomas et al., 1993). Plates were placed at 258C, and

dauer formation was assessed 20 hr, 28 hr, and 44 hr later.disadvantage. Thus, there should be strong selective
To test pheromone response of daf-7::GFP strains JT8458 lin-pressure to perfect the decision to form a dauer. Inte-

15(n765ts); saIs7 and JT8459 lin-15(n765ts); saIs8, five to ten adultgrating signals from two independent pathways might
animals were placed on pheromone assay plates with either nocontribute to a precise and robust decision. For exam-
pheromone or the indicated amount of pheromone (assay and units

ple, there might be two pheromones, each of which can were as described by Thomas et al., 1993) and were allowed to lay
partially induce dauer formation and both of which are 40–60 eggs, and then the parents were removed. The plates were

incubated at the experimental temperature until observation. A sub-present in our crude preparations of pheromone. An
set of the animals on each plate were mounted on a slide for obser-example of such a system exists in Bacillus subtilis, in
vation of GFP fluorescence. All mounted animals on each slide werewhich two convergent pathways mediate the response
observed to ensure objectivity and were then discarded. Animalsto two pheromones that induce genetic competence
remaining on each plate after completing GFP observations were

(Solomon et al., 1995). Two pheromones acting syner- scored for dauer formation. An integrated unc-119::GFP fusion
gistically might reduce problems of noise that are inevi- (edIs1, provided by D. Pilgrim) was used as a control for GFP expres-

sion and dauer formation. Response of experimental and controltable in high gain sensory transduction. Alternatively,
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strains to pheromone was similar and approximately that expected R10GM48700. W. S. S. was supported by National Institutes of
Health training grant T32GM07735.for the amount of pheromone and temperature used (Thomas et al.,

1993). Tests on the effects of temperature were similar except that The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be herebystandard NG agar plates were used and an extrachromosomal array

of sra-6::GFP was included as an additional control (saEx163, fusion marked “advertisement” in accordance with 18 USC Section 1734
solely to indicate this fact.DNA provided by C. Bargmann).
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A DNA fragment including 4.8 kb upstream and 1.3 kb downstream

Referencesof the predicted daf-7 ATG (Lim, 1993; Wilson et al., 1994; R. Wa-
terston, A. Coulson, and J. Sulston, personal communication) was

Ache, B.W. (1991). Phylogeny of taste and smell. In Smell and Tasteamplified by PCR with the followingprimers: 59-CCGGCATGCGCCG
in Health and Disease, T.V. Getchell, R.L. Doty, L.M. Bartoshuk, andCACACACCTGCAGCATACGG-39 (upstream) and 59-CGGCCCGGG
J.B. Snow, Jr., eds. (New York: Raven Press), pp. 3–18.CTTGACGAAGATACCTTGGATCGG-39 (downstream). Amplification
Albert, P.S., Brown, S.J., and Riddle, D.L. (1981). Sensory controlwas performed with a mixture of Taq polymerase anda small amount
of dauer larva formation in Caenorhabditis elegans. J. Comp. Neurol.of Pfu polymerase to achieve robust amplification with a low error
198, 435–451.rate (Barnes, 1994). Starting material was 20 ng of plasmid carrying

the daf-7 region, and the target was amplified only z1000-fold, also Avery, L., and Horvitz, H.R. (1989). Pharyngeal pumping continues
to minimize errors. The fusions contain the first three introns of after laser killing of the pharyngeal nervous system of Caenorhab-
daf-7 and the coding sequence up to amino acid 197, which is 37 ditis elegans. Neuron 3, 473–485.
amino acids upstream of the putative propeptide cleavage site that Bargmann, C.I., and Horvitz, H.R. (1991). Control of larval develop-
results in mature TGFb ligands (Lim, 1993). The primers introduced ment by chemosensory neurons in Caenorhabditis elegans. Science
unique SphI and XmaI sites, which were used to clone the PCR 251, 1243–1246.
product into those sites in pPD95.70 and pPD95.79 (Chalfie et al.,

Barnes, W.M. (1994). PCR amplification of up to 35-kb with high1994; A. Fire, S. Xu, J. Aynn, and G. Seydoux, personal communica-
fidelity and high yield from lambda bacteriophage templates. Proc.tion). These vectors carry the S65C mutation in GFP. Fusion junc-
Nat. Acad. Sci. USA 91, 2216–2220.tions were sequenced to confirm the identity and frame of each
Brenner, S. (1974). The genetics of Caenorhabditis elegans. Geneticsfusion (Fire et al., 1990). Two independent clones were coinjected
77, 71–94.with a lin-15(1) carrying plasmid (Huang et al., 1994) into a lin-15

mutant to generate heritable transgenic arrays (Mello et al., 1991). Cassada, R., and Russell, R.L. (1975). The dauer larva, a post-embry-
Two independent arrays from one of the clones were integrated into onic developmental variant of the nematode Caenorhabditis eleg-
the chromosome as described (Mello et al., 1991). Expression was ans. Dev. Biol. 46, 326–342.
analyzed indetail from two integrated transgenic strains with nuclear Chalfie, M., Tu., Y., Euskirchen, G., Ward, W.W., and Prasher, D.C.
localization sequences (JT8458 lin-15(n765ts); saIs7 and JT8459 lin- (1994). Green fluorescent protein as a marker for gene expression.
15(n765ts); saIs8), and in less detail from an unintegrated transgenic Science 263, 802–805.
strain without a nuclear localization signal (JT8454 lin-15(n765ts);

Estevez, M., Attisano, L., Wrana, J.L., Alberts, P.S., Massagué, J.,
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