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ABSTRACT 
Caawhabditis ebgans uses chemosensation to determine its course of development. Young  larvae can 

arrest as dauer larvae  in response to increasing population density,  which  they measure by a nematode- 
excreted pheromone, and decreasing food supply. Dauer larvae  can resume development in response 
to a decrease in  pheromone and increase in food concentration. We  show here  that two novel G protein 
alpha subunits (GPA-2 and GPA-3)  show promoter activity  in  subsets  of chemosensory neurons  and  are 
involved  in the decision to form dauer larvae  primarily through  the response to dauer  pheromone. 
Dominant activating mutations in these G proteins result in constitutive, pheromone-independent  dauer 
formation, whereas inactivation results  in reduced sensitivity  to pheromone, and,  under certain condi- 
tions, an alteration in the response to food. Interactions between @a-2,  @a-3 and  other genes controlling 
dauer formation suggest that these G proteins may act in parallel to regulate the  neuronal decision 
making that precedes dauer formation. 

H ETEROTRIMERIC guanine nucleotide-binding 
proteins (G proteins)  act as molecular switches  in 

the transduction of  signals, functioning between seven 
transmembrane receptors and intracellular second 
messenger pathways. G proteins  are involved in many 
cellular functions including  the  reception of sensory 
stimuli such as light, tastes, and odors (e.g., STRYER 1986; 
BUCK and AXEL 1991; MARGOLSKEE 1993). Although the 
biochemical pathways for certain sensory transductions 
have been described, the ways in which multiple sensory 
pathways are  integrated and regulated have  yet to be 
understood. Such understanding can be  enhanced 
through genetic studies in a relatively simple organism. 
In this paper we describe two G proteins that  are in- 
volved in responding  to environmental signals that reg- 
ulate the formation of dauer larvae in Cuenorhubditis 
ekguns. 

Under conditions that favor growth, C. ekguns devel- 
ops through  four larval  stages to become a reproductive 
adult. Formation of the  dauer stage, an alternative third 
larval stage, is induced under circumstances of high 
population density and insufficient food (for review, 
see RIDDLE 1988; THOMAS 1993).  The  dauer larva,  spe- 
cialized to survive harsh environmental conditions 
(CASSADA and RUSSELL 1975), is arrested in develop- 
ment as  well  as aging, does not feed,  and has an  altered 
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energy metabolism. Dauer larvae can be distinguished 
from other larvae by both morphology and behavior 
(CASSADA and RUSSELL 1975; RIDDLE 1988). 

The presence of a  dauer-inducing  pheromone is both 
necessary and sufficient for initiation of dauer develop- 
ment. The  pheromone,  a mixture of closely related, 
hydroxylated, shortchain fatty-acid-like compounds, is 
continuously excreted by the nematodes (GOLDEN and 
RIDDLE 1982, 1984b) and thus can serve  as a measure 
of population density. Other environmental cues atten- 
uate the efficiency  of pheromone-induced  dauer larva 
formation. A food signal  favors  growth and suppresses 
dauer formation and thus counteracts the effect of 
pheromone. Also, animals are more prone to forming 
dauer larvae at higher  temperature (GOLDEN and RID- 
DLE 1984a,b). Dauer formation therefore represents the 
end result of the integration of multiple chemosensory 
pathways  as  well as thermosensation, and  the ability  of 
an animal to undergo  dauer formation can be used as 
a means of scoring its  ability to sense the different types 
of  signals  involved. 

The signals for dauer formation are recognized by 
and transduced through  the ciliated chemosensory neu- 
rons of the amphids, which are also  involved  in recogni- 
tion of soluble attractants and repellents, and of regions 
of high osmotic strength (WARD 1973; CULOTTI and 
RUSSELL 1978). Mutants in  which these neurons do not 
contact the  environment  are  not capable of forming 
dauer larvae because they are not able to transduce 
the  proper  inducing signals (LEWIS and HODGKIN 1977; 
ALBERT et ul. 1981; PERKINS et ul. 1986).  The individual 
amphid  neurons ADF and As1 produce  a signal that 
represses dauer formation under growth promoting 
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conditions (BARGMANN and HORVITZ 1991b). Presence 
of pheromone could repress this signal, derepressing 
the dauer pathway. 

Many genes involved in the  induction  of  dauer forma- 
tion have been  identified, with mutants falling into two 
classes: those that form dauer larvae  even in  the absence 
of inducing  conditions (Daf-c for dauer-formation con- 
stitutive) and those that fail to form dauer larvae in 
response to dauer  pheromone (Daf-d for dauer-forma- 
tion defective) (RIDDLE et al. 1981; SWANSON and RID- 

DLE 1981).  The  properties of double  mutant  pheno- 
types are consistent with either  a  linear (RIDDLE et al. 
1981; VOWELS and THOMAS 1992) or a parallel (THOMAS 
et al. 1993) pathway  of signal processing. One  branch 
of the pathway  has been shown to involve homologs of 
TGF-0 regulated signaling proteins  (GEORGI et al. 1990; 
ESTEVEZ et al. 1993). 

The  dauer stage is completely reversible; animals re- 
cover and resume development when circumstances be- 
come beneficial (CASSADA and RUSSELL 1975; KLASs and 
HIRSH 1976).  The same environmental cues that con- 
trol dauer  formation also influence  the recovery pro- 
cess: pheromone inhibits recovery, whereas food and 
low temperature  promote recovery (GOLDEN and RID- 

DLE 1982, 1984a,b). Recovery from the  dauer stage is 
mediated,  at least in part, by the ciliated amphid  neu- 
ron ASJ (BARGMANN and HORVITZ  1991b). The cilium- 
structure  mutants  that block entry into  the  dauer stage 
also prevent recovery  of Daf-c dauer larvae, presumably 
by blocking the  nematode’s ability to sense the  food 
signal (ALBERT et al. 1981). 

We provide evidence that  the entry of young larvae 
into  and  the recovery of dauer larvae from the dauer 
stage is under  Gprotein control. Two G  protein (Y sub- 
units, encoded by @a-2 and @a-3 (FINO SILVA and PLAS- 
TERK 1990; LOCHRIE et al. 1991),  are necessary for full 
response to dauer  pheromone. Activated forms of  ei- 
ther of these genes result in a Daf-c phenotype. Both 
genes are  apparently expressed in chemosensory and 
possibly interneurons,  and  both  interact genetically 
with  previously identified mutations known to affect 
dauer formation. Since, under strong  inducing condi- 
tions (less food  or  more pheromone), @a-2 and @a-3 
loss-of-function mutants form dauer larvae up to  wild- 
type  levels, we conclude  that GPA-2 and GPA-3 are in- 
volved in sensation or integration of signals regulating 
dauer  formation,  thus  altering  the balanced decision 
to initiate dauer  differentiation. 

MATERIALS  AND METHODS 

Strains: Nematodes were cultured as described by WOOD 
(1988). syls refers to integrated  transgenes. Strains used  in 
this work are Bristol N2,  CB1362 (dpy-ZO(e1362) N ) ,  PS2105 
(dPy-20( e1362) ; s ~ l s l 3 [ p J M G 2 Q L , p ~ 8 ~  N ) ,  PS2022 (dpy-  
20( eZ362) ; syts3O[p$VfG2QL,pW8q X), PS1922 (dfi-20( eZ362) ; 
syZs24[pJMG3~L,pMH86] IV), PS1926 (dpy-20(  e1362) ; 
syls25[PJMG3eL,pMH86] X ) ,  MT3126 (mut-Z(r459) I ) ,  

CB1489 (him-8(e1489) IV), PS1455 (dpy-ZO(e1362); him- 
5 ( e I 4 9 0 ) ;  syls7[pFGZBV28,pMH86l), PS1939 (d@-20(eI362); 
him”YeI490); syls28[p~G3BP.lZ,pMH86]), DR47 (daflZ(m47) 
V), DR183 (dpy-II(e224)  dafZZ(m47) V), JT6130 (daf 
21(p673) V), DR40 ( d a f l ( m 4 0 )  IV), CB1393 (daf8(e1393) 
I ) ,  CB1124 (che-3(eI124) I), CB1386 (daf5(eZ386) 11), NL334 

@a-3(pk35) V). Strains are described by BRENNER (1974), Cu- 
LOTTI and RUSSELL (1978), HODGIUN et al. (1979), HODGKIN 
(19851, THOMAS et al. (1993), ZWAAL et al. (1993),  and this 
work. 

Activated  constructs: The plasmid pJMG‘2, derived from 
cosmid PS#OlC2 (LOCHME et al. 1991), has an 8.0-kb insert 
in pBSK+ (Stratagene)  containing the @a-2 coding sequence 
(FINO SILVA and PLi\STERK 1990) flanked by 2.3 kb of DNA 
at  the 5’ end  and 2.6 kb at  the 3’ end. pJMG2  was used as a 
substrate for mutagenesis in vitro (MutaGene  phagemid kit, 
Bio-Rad) using the  primer 5’-TATCTCCGACCGGAGACC- 
TCCTACGTC-3’, corresponding to nucleotides 2000-2027 in 
gpa-2. The mutation was confirmed by limited sequencing of 
the resulting plasmid, pJMG2QL. The plasmid pJMG3, de- 
rived from cosmid PS#14A3 (LOCHRIE et al. 1991), has a 10.0- 
kb insert  in pBSK+ containing  the @a-3 coding sequence 
flanked by 5.9 kb of  DNA at the 5‘ end  and 2.4  kb at the 3‘ 
end. pJMG3  was used as a  substrate for mutagenesis in vitro 
using the  primer 5’-TCTCTCTGATCGAAGACCTCCAC- 
GTC-3‘, corresponding to nucleotides 2205-2031 in gpa-3. 
The mutation was confirmed by limited sequencing of the 
resulting plasmid, pJMG3QL. 

Generation of transgenic  strains: Transgenic C. ekgans 
were generated by injection of  DNA into  adult  hermaphro- 
dites (MELLO et al. 1991). Test DNA  was injected into dpy- 
20(el362) along with pMH86, a plasmid containing wild-type 
dpy-20 DNA (HAN  and STERNBERG  1991). In all  cases, similar 
phenotypes were observed for multiple stable transgenic lines. 
Transgenic arrays were chromosomally integrated as de- 
scribed by MENDEL et al. (1995). Chromosomally integrated 
transgenic  strains were outcrossed three times to dpy- 
20( el282); him-5(e1490), and  the transgene reisolated in a 
dpy-ZO(eZ362) background.  Chromosomal  integration of 
transgenic arrays stabilized but  did  not alter the observed 
phenotypes. For each  transgene, two independent chromo- 
some  insertions were analyzed to distinguish transgene-medi- 
ated from random background effects. To establish sylsZ3 and 
syls30, pJMG2QL was injected  at 200 ng/p1  along with pMH86 
at 10 ng/pl.  To establish syls24 and syk25, pJMG3QL  was 
injected at 200 ng/P,l along with pMH86 at 10 ng/pl.  TO 
establish syls7, pJMG2BV.28 (see below) was injected at 50 
ng/pl along with pMH86 at 10 ng/pl  and pBSK’ at 50 ng/ 
pl. To establish s$.s28, pJMG3BP.11 (see below) was injected 
at 50 ng/pl along with pMH86 at 10 ng/pI  and pBSK’ at 50 

Deletion mutants: The isolation of Tcl insertion mutants 
and deletion derivatives has been described previously 
(ZWAAL et al. 1993). Primers used to identify  a Tcl insertion  in 
@a-2 were  2384 5‘-CTAATTCTCGTTATCGCGAAGC-3’ and 
3357 5’-AAGTCGTGCAATTGATAAGGAG3’ at  the 5’ end of 
@a-2 and left 1 and left  2 (ZWAAL et al. 1993)  in Tcl. Deletions 
were scored  using 2384 and 3357 at  the 5’ end  and 5623 5’- 
GTGCTAGTTTCAATCCAAGATC-3’ and 3550 5’-GCAACT- 
GCTCGAAACCTCCGCAAC-3‘ at  the 3‘ end. Primers used to 
identify a Tcl insertion  in @a-3 were 1511 5”TATGGGATT- 
ATGCCAATCTGC-3’ and 2519  5“TGCAGAACCATATGT- 
CACAGC-3’ at  the 5’ end of @a-3 and left 1 and left 2 in Tcl. 
Deletions were scored with 1511 and 2519 at the 5’ end  and 
1512 5’-ACCGCATCCTTGCAAGTTGGG3’ and 1870 5‘-GAT- 
CTGTATCTGTTGCACACG-3‘ at the 3’ end.  The deletion 
mutants were backcrossed seven times to N2 before  character- 

( @ ~ - 2 ( p k l 6 )  V), NL335 (@~-3(pk35)  V), NL348 (@~-2(pkZ6) 

ng/pl. 
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ization of the phenotypes. gba-Z(pkl6) @~-3(pk35)  double 
mutants were obtained by analyzing progeny of @a-2 +/+ 
@a-3 animals by  PCR for homozygosity for  one of the dele- 
tions linked to heterozygosity of the  other  one. 

Expression constructs A 3.7-kb BamHI-huII  fragment 
from cosmid PS#OlCP (see above),  extending 2.3 kb 5' from 
and  including  the @a-2 translational  start as  well  as exons 
one, two and a portion of three  (FINO SILVA and PLASTERK 
1990), was cloned  into  the lacZ expression vector pPD21.28 
(FIRE et al. 1990) and  named pJMG2BV.28. The same restric- 
tion fragment was cloned  into  the GFP expression vector 
pPD95.75 (A. FIRE, J. AHNN,  G. SEYDOUX and S. Xu, personal 
communication)  and  named pJMG2BV95.75. A 6.0-kb 
BamHI-PstI fragment  from cosmid PS#14A3 (see above), ex- 
tending 5.9 kb 5' from  and  including  the @a-3  translational 
start as well  as a portion of exon  one (LOCHRIE et al. 1991), 
was cloned  into  the lacZ expression vector pPD22.11 (FIRE 
et al. 1990) and  named pJMG3BP.11. The same restriction 
fragment was cloned  into  the GFPexpression vector pPD95.75 
(A. FIRE, J. AHNN,  G. S m o u x  and S. XU, personal  communi- 
cation)  and  named pJMG3BP95.75. For both gpa-2 and @a- 
3, promoter fragments that  extended -2 kb farther 5' were 
tested and  found  to give the same expression pattern as those 
described above. pJMGZBV.28 and pJMG3BP.  11 were used to 
establish the transgenic strains syls7 and syls28, respectively. 
pJM2BV95.75 and pJM3BP95.75 were used to establish multi- 
ple  transgenic lines. Derivatives of  pJMG2BV.28 and 
pJMG3BP.11 that lack a  nuclear localization signal were con- 
structed by excising the KpnI cassette in  each of these plas- 
mids. F, transgenic nematodes transiently expressing the plas- 
mids lacking the nuclear localization signal were used to 
visualize processes of @a-2- and @a-3.expressing cells. 
Transgenic nematodes expressing lac2 reporter genes were 
fixed and stained with  X-Gal (5-bromo-4-chloro-3-indolyl-~-~- 
galactopyranoside) or Salmon-Gal (6-chlorod-indolyl-~-~-ga- 
lactopyranoside) (Biosynth) as described (FIRE et al. 1990) 
and were examined with Nomarski optics. Transgenic  nema- 
todes  expressing GFP reporter genes were examined, compar- 
ing  the fluorescence  image with Nomarski images of the same 
animal  (CHALFIE et al. 1994). Twenty to 30 animals from each 
of two to four  independent transgenic lines were scored for 
either @a-2:: GFP or @a-3:: GFP. Cell identifications were 
made by the size, shape,  and position of cell bodies, their 
nuclei and processes (WHITE et al. 1986; WOOD 1988; HALL 
and RUSSELI. 1991). 

Dauer  assays: Dauer larvae were identified by both mor- 
phology and behavior (CASSADA and RUSSELI. 1975).  The abil- 
ity  of each  strain to form typical dauer larvae was confirmed 
by detergent  treatment (CASSADA and RUSSELL 1975). The 
percentage of dauer larvae formed by transgenic strains bear- 
ing activated @a-2 and @a-3 was determined  under non- 
dauer-inducing  conditions on  standard NG agar plates seeded 
with a lawn of Eschm'chia coli OP50 (WOOD 1988). Five or six 
adult  hermaphrodites were allowed to lay eggs for 2-8 hr, 
until 100-200 eggs were laid, and  then removed. Plates were 
incubated  at 15" or 25", checked  frequently for transient 
dauers  and  the  number of dauer  and  non-dauer larvae 
counted after 60 hr  at 25" or 120 hr at 15". The percentage 
of dauer larvae was averaged over at least three trials. 

Dauer-inducing pheromone was isolated as described by 
V0"EI.S and THOMAS (1994).  One  unit was defined as the 
amount  required to induce 33% dauer  formation in  a wild- 
type population  at 25". Pheromone assays were performed as 
described  in  GOLDEN and RIDDLE (1984), except that 50 mg/ 
ml streptomycin was added to the  agar plates and plates were 
seeded with 20 ml  of pelleted E. coli OP50 resuspended  in 
water. Adult hermaphrodites were allowed to lay eggs for 2- 
8 hr  and  then removed. After removal of the adults, plates 

were incubated  at 15" for 80 hr  or 25" for 40 hr before dauer 
and  non-dauer larvae were counted. Plates were checked  fre- 
quently during  the  incubation,  and larvae counted when most 
were either  dauer  or L4 larvae. The weighted mean  (total 
number of dauer larvae on all plates/total number of nema- 
todes on all plates) and  standard  error of the mean of all 
tests were determined. 

The frequency of dauer formation by strains doubly mutant 
for daf-11,  daf-21,  daf-1 or daf-8, and gpa-Z(pkl6) or @a- 
3(pk?5) ,  as  well  as  by @ ~ - 3 ( p k 3 5 ) ;  syls30 and @ ~ - 2 ( p k l 6 ) ;  
syl.~25, was determined  under non-dauer-inducing  conditions 
at 25" as described above for  pheromone assays except  that 
no pheromone was added  to  the agar plates. 

Other assays:  Living animals were stained with 5-fluores- 
cein isothiocyanate (Sigma) as described by HEDGECOCK rt 
al. (1983) and DiO (Sigma) as described by HERMAN and 
HEDGECOCK (1990). 

Genetics: Double  mutants of da f - I l (m47)  or daf-21@673) 
and @ ~ - 2 ( p k l S )  or @a-?(pk?5) were constructed as  follows. 
For daf-11, non-Dpy dauer progeny of dpy-11 + d a f - l l / +  @a 
+ animals at 25" were recovered at 15" and tested for heterozy- 
gosity  of @a by PCR. Non-Dpy-segregating F2 animals were 
tested by  PCR for homozygosity for @a. For daf-21, F, daf-21 
homozygotes from @a +/+ da f21  animals were identified at 
25" by the presence of dauer larvae in the FB.  These were 
tested for heterozygosity for @a by  PCR. F2 were tested by 
PCR for homozygosity. Double  mutants of daf-l(  m40) or daf- 
8(e1393)  and pk16 or pk35 were isolated from  the progeny of 
daf/+; @a/+ animals by testing for homozygosity for @a by 
PCR and  for dafby inspecting Fr at 25". 

sylsl?, syls30, syls24, and syls25 were genetically mapped as 
dominant suppressors of the Dpy phenotype of 49-20 using 
standard methods  (BRENNER  1974). 

Double mutants between syls30, syls24 or syls25 and che- 
? ( e l   1 2 4 ) ,  rhr-l?( e1805)   da f -5(~1386)  or daf-8( e1393) were 
constructed by balancing the Daf mutation  in trans with a 
tightly linked visible marker (unr-l?(e51) for che-3, che-13 and 
daf-8, unc-52(e444) for daf-5) and tracking the transgene by 
its dominant non-Dpy phenotype  in  a dpy-20background. For 
example: unr- l3 /+;  dpy-20 syls25 males were crossed to che-3; 
dB-20  hermaphrodites. F2 or F? that  did not segregate Unc 
or Dpy were isolated from Unc-segregating F, . The presence 
of e1124 or e l805  was confirmed by staining with DiO for 
syls30 (HEWN  and HEDGECOCK 1990),  and by testing for 
response to light nose touch  for syls24 and syls25 (KAPIAN 
and HORVITZ 1993). All males were h im-5(~1490) .  

syls30;  pk?5 was constructed by crossing dpy-20 syl.v30;  him- 
5 males with dpy-20; pk?5 hermaphrodites. Non-dpy F2 that 
did  not segregate Dpy  FS were analyzed for homozygosity of 
pk35 using PCR. syls25; pk l6was  constructed by crossing pk16; 
him-8 males with dpy-20; syls25 hermaphrodites. Non-Dpy F2 
that did not segregate Dpy or males in F8 or F., were analyzed 
by  PCR for homozygosity of pk l6 .  Additionally, in  both cases 
PCR and  the  appearance of dauers confirmed the presence 
of the transgene. 

sylsl?;  syls25 and syls24; syls30 were constructed using unr- 
2 4 ( e l 3 8 )  mec-3(e13?8 dpy-20(~1282)  to balance sylsl3 or syls24 
in trans and  the X-linkage  of syls25 or syls30 to force homozy- 
gosity. 

RESULTS 

The @a-2 and @a-3 genes were cloned based on their 
homology with mammalian Ga subunits (FINO SILVA 
and PLASTERK 1990; LOCHRIE et al. 1991). GPA-2 and 
GPA-3, which are 58% identical, share 45-5575 identity 
with  all members of the mammalian subclasses: Gas, 
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Gao, Gaq and Ga12. Ga subunits within each class 
share  at least 60% identity (SIMON et al. 1991).  There- 
fore, GPA-2 and GPA-3  may  have arisen by duplication 
and divergence after the divergence of mammals and 
nematodes from their  common  ancestor, and might 
function in nematode-specific signal transduction. We 
used two reverse genetic approaches to  analyze the 
function of @a-2 and @a-3: transgenic expression of 
presumptive dominant  mutations (MENDEL et al. 1995) 
and target-selected gene inactivation (ZWAAI. el al. 
1993). 

Constitutive  activation of @a-2 or @a-3 results in con- 
stitutive  dauer  formation: Mammalian Gas and  Gai 
have been shown to be constitutively activated by muta- 
tion of a conserved glutamine residue in the  guanine 
nucleotide binding pocket (MASTERS et al. 1989; WONC 
ut al. 1991). Expression of the C. elegans Gao-encoding 
goa-1 gene  bearing  a substitution of leucine  for gluta- 
mine (Q205L) resulted in phenotypes opposite to those 
seen in loss-of-function goa-1 mutants (MENDEL et al. 
1995). Although the same result was obtained by over- 
expressing the wild-type gene,  the phenotypes caused 
by the Q205L-substituted transgene were more severe, 
indicating that this substitution activates Gao (MENDEL 
rt al. 1995;  SECALAT et nl. 1995). Using in vitromutagene- 
sis, we substituted a  leucine codon for  that of glutamine 
at  the equivalent position in the sequences of @a-2 
(Q207L) and @a-3 (Q205L). The plasmids  with these 
gain-of-function mutations were introduced  into C. rleg- 
ans individually  as transgenes and subsequently inte- 
grated  into  the  genome, resulting in the alleles sylsl? 
(IV) and syls30 (X) for activated @a-2, and syls24 (IV) 
and syls25 (X)  for activated gga-3 (see MATEKIAL.S AND 

METHODS). These  mutant constructs contain  the same 
5' flanking sequence as the l a d  and GE? fusions de- 
scribed below,  as  well  as their full complement of in- 
trons and -2 kb  of 3' flanking sequence. 

Transgenic C. rlegans bearing  either activated @a-2 
or @cc-? enter  dauer  development even under nonin- 
ducing  conditions. The percentage of animals that de- 
veloped as dauer larvae is transgene-specific, perhaps 
due to the  number of copies of each transgene or to 
position effects resulting from the insertion site. At stan- 
dard growth conditions (25" and in abundant  food), 
the  percentage of dauer larvae formed by the two acti- 
vated @a-2 strains was  very different: "5 ? 2.5% of 
syls l3  and 99 ? 0.5% of  syls3Oformed dauer larvae. The 
two activated @a-3 strains formed -44 ? 3% (syls24) 
and 95 ? 2.5% (syls25) dauer larvae.  Wild-type animals 
formed no  dauer larvae under these conditions. 

All four transgenic strains showed appropriate re- 
sponses to food and temperature: restricting food and 
elevating temperature resulted in the  formation of 
more  dauer larvae (data  not  shown). However, these 
strains were almost completely resistant to exogenously 
added  pheromone. This is best illustrated at 1.5" and 
with a restricted food supply. Under these conditions, 

-.P gpa-2(syls13) 
+ gpa-2(syls30) 
o gpa-3(syls24) 
+ gpa-3(syls25) 

-0 ?l2?ki 10 0 

0 2 4 6 a 

pheromone conc. (units) 
FIGURE 1.-Pheromone response by  wild-type and transgenic 

C. &guns with activated @a-2 and @a-3. Young adults were 
allowed  to lay  eggs for 4-8 hrs on culture dishes with a small 
lawn of 5% (w/v) E. coli OP50 and increasing amounts of phero- 
mone (in units: 1 unit of pheromone is the  amount required 
to induce 33% of' a wild-type population to enter the dauer 
stage at 25"). Dauer and nondauer larvae  were counted after 
120 hr at 15". Each point represents the sum of three  indepen- 
dent trials. SD, vertical bars. 

wild-type C. elegans responded to increasing amounts of 
pheromone by forming increasing numbers of dauer 
larvae, but activated @a-2 or @a-3 transgenics formed 
a relatively constant  percentage of dauer larvae at all 
pheromone levels tested (Figure 1). All transgenic 
strains were resistant to pheromone,  independent of 
the relative strength of their Daf-c phenotype (e.g., 
syls13 us. syls30). The resistance to exogenous phero- 
mone,  but  not  the Daf-c phenotype, was also seen when 
wild-type @a-2 and @a-3 were overexpressed as trans- 
genes (data  not  shown). 

Deletion of @a-2 or @a-3 reduces  sensitivity to dauer 
pheromone: Using a strain that has natural Tcl 
transposon activity and accumulates Tcl insertions, we 
isolated mutants in which a copy  of Tcl had inserted 
in the  fourth  intron of @a-2 or the last exon of @a-?. 
These were subsequently used to screen for mutants 
where Tcl excision had resulted in  loss of flanking se- 
quences (ZUJAAL et al. 1993). The resulting @a-2(@16) 
allele has lost the  sequence from position 633 in the 
first intron  through position 2823  in the presumptive 
3' untranslated region (FINO s1LvL4 and PLAS?'ERK 
l990), so that nearly the  complete  coding region is 
removed (Zwlwr. et al. 1993). The @n-?(pk35) allele 
has lost genomic sequences from position 1142 in the 
first intron to position 2666 in the last exon (I,O<:HRIE 

et nl. 199l), also removing most of the  coding sequences 
(ZWAAL et al. 1993).  Therefore, these are probably null 
alleles. @a-2 and @a-3 are localized within 1.5 map 
units of each other  on chromosome V. Double mutants 
in which both @a-2 and @a-3 are  deleted were obtained 
by recombination. 

Mutants lacking @a-2, @a-3, or  both showed reduced 
response to exogenously added  dauer  pheromone  and 
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thus were defective i n  the regulation o f  clarler forma- 
tion. M'hcn assayed under  standard  conditions (2.5", 3 
units of pheromone, 6.67% w/v 1;. coli OP.50) (GOI.DES 
and RII)I)I.IC 1984a), wild-typo C. o1qyn.v formed 79 2 
6% rlauer larvae while mutants lacking ,gp/-2 antl gh7-3 
formed 32 2 4% and 18 2 .5% dmer  larvae, respectively 
(Figwe 2) .  Thc ~ @ - 2  $@-3 double muvant showed an 
additional  reduction (8 2 3% dauer  lanae) relative to 
each  single mutant.  The  double  mutant was somewhat 
responsive t o  pheromone,  indicating  that  there is an- 
other  functional  pheromone processing pathway. Both 
mutants and wild-tvpe animals  formed fewer dauer lar- 
vae at lower temperature,  but  their relative response to 
pheromone was unaltered by temperature  (Figure 2). 
Therefore, it is unlikely that GPA-2 and GPA-3 are in- 
volved  in the  transduction of the  temperature  compo- 
nent inflrlcncing daucr formation, hut instead are in- 
volved in chemosensation of the  pheromone  and/or 
food signals. 

The  reduced  response of the  mutant  animals in the 
above assay can  be  explained  either by reduced sensitiv- 
i t y  to the  dauer-inducing  pheromone, or by hypersensi- 
tivity to the  food signal. To distinguish  between  these 
possibilities, we varied one signal  keeping  the  other 
constant. At a constant  food  concentration,  the animals 
were exposed  to  increasing  amounts of pheromone 
(Figure SA). M'ith no  pheromone  present,  no  dauer 
larvae were detected  for  either wild-type or any of the 
mutant strains. Wild type responded mildly at low con- 
centrations of pheromone,  but strongly  between 0.5 
and 1.5 units. The  mutant  animals wcre somewhat hy- 
perresponsivc at lowcr concentrations of pheromone, 
but were unresponsive at  increasing  pheromone  con- 
centrations. 

We also tested whether  mutants lacking gf10-2 and 
gfm-3 are able to process changes in food  supply at a 
constant  pheromone  concentration. At a high  concen- 

tration of pheromone (3  units),  thc  number of  wild- 
tvpe dauer larvae increased with a decrease i n  food 
(Figwe 3B). The  mutant  animals rrspontlrtl like wild- 
type to a decline in food,  meaning  that they could still 
interpret  thc availability of food  correctly. At a l o w  phcr- 
omonc level (0.2 units),  the situation was slightly differ- 
ent (Figure X ) .  With sufficient  food, the  mutants 
formed  more  dauer  lanae  than wild type, and this was 
relatively unaffectcd by the amount of food. !\'hen the 
amount of food dropped bclow a ccrtain thrt.shold 
("%fold diltrtion),  the  mutants  became responsivc t o  
the food signal and  the  numhcr  oftlar~cr  lanae formed 
increased with decreasing  food. 

GPA-2 influences exit from the  dauer  stage: Darler 
pheromone  not only commits  young C. dqms I;uvae 
to enter  dauer  development, but also reprcsscs  exit 
from the  dauer stage. In the  absencc o f  pheromone, 
wild-type, g j ~ - 2 ( j ) / { I 6 ) ,  .@~-3(pk35), and tlouhlc* mutant 
dauer lanw quickly recover  from the  dauel- stage  at 
both 15" and 2.5" (data  not  shown). Since  mutants lack- 
ing '@1(1-2 or gj1a-3 showed a reduction in phcromone- 
induced  daurr formation, we tested whcther  mutant 
dauer  lawae were able to resume  developmcnt in the 
presence o f  different  concentrations o f  phcromonc. 
Ncwly formcd  pheromone-intluced  dauer l a n w  were 
transferred to new pheromone-containing platcs with 
plentiful  food  at 25" and checked  frequently Ihr rccov- 
el7 as indicated hv pharyngeal pumping. A s  shown in 
Table 1, none, or very few,  wild-type or g/)m3(/1k35) 
dauer larvae recovered under these  conditions. How- 
ever, gj)a-3(j1/<16) dauer lanae were ablc  to recover i n  
a concentration-dependent  manner  antl over a I)ro- 
longed  period of time. At  low pheromone (0.2 units), 
approximately half of the  dauer lan.ae lacking ,cfl'(1-2 
resumed growth within 48 hr. Even with 3 units ofpher- 
omone some of the ~$(1-2(/)l t lh) dauer la~-\.ac* werc ;hie 
to escape the  inhibition of recovely by pheromone.  The 
g/1(1-2(jh16) fl~/-3(j11t35) double mutant was similar to 
the g/1(1-2(jAl6) mutant,  indicating  that  the effect is 
independent o f  inactivation of ~$0-3. The fact that, al- 
though  both GPA-2 and GPA-3 arc involved in transduc- 
tion o f  the  pllcromone signal, only dauer Ian.ae lacking 
am-2 were able to rccover i n  the  presence of phero- 
mone may reflect  a  difference in fnnction of the differ- 
ent  neurons expressing  these two genes  (see  below). 

The activated ~Y1a-2 and f l ~ l - 3  transgenics  formed 
dauer larvae in the  absence of pheromone. Daf-c mu- 
tants  apparently  produce a False internal signal that 
mimics the  pheromone signal, and Daf-c dmer  lal-\.ae 
usually recover poorly at 1.5" and  not  at 2.5" (RIDI>I.E r /  
(11. 1981). In this respect dauer larvae induced b y  acti- 
vated gh-2  hehavcd like other Daf-c nlutants a s  they 
recovered slowly (24-48 hr) at 15" and even more 
slowly at 25". However, dauer larvae induced by acti- 
vated @a-3 failed to recover  at 1.5" hut recovered slowly 
(48-72 hr)  at 25". This  differential  behavior of the two 
G protein  mutants might  again reflect a difference in 
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FIGURE 3.-Response of wild-type and mutants lacking @a-2 and @a-3 to  increasing pheromone or decreasing  food levels. 
(A) Percentage of  larvae entering the dauer stage  when  exposed  to  increasing amounts of pheromone at 25", with a small  lawn 
of 6.7% (w/v) E. coli OP50. Young adults were  allowed to lay  eggs for 4-8 hr; dauer and non-dauer larvae  were counted after 
40 hr at 25". (B) Percentage of larvae entering the dauer stage  when  exposed  to 3 units of pheromone at 25", with decreasing 
amounts of food. Plates  were seeded with 20 ml  of pelleted bacteria that were resuspended in 15, 30, 60, 120 or 480 volumes 
of water.  Symbols are identical to A. (C) Percentage of larvae entering the dauer stage under the same conditions as B, but 
exposed to 0.2 units of pheromone. Symbols are identical to A. 

function of the  neurons expressing  these two genes  (see 
below). 

Expression of gqb~2 and To determine which 
cells express @a-2 and @a-3, we made  reporter  con- 
structs in which  3-6 kb of DNA containing  the  upstream 
presumptive control  region of these  genes  directed  the 
expression of either  the E. coli ,&galactosidase (ZacZ) 
gene  or  the  gene GFP (Green  Fluorescent  Protein; CHAL- 
FIE et al. 1994). The constructs  were  introduced as trans- 
genes, and those  containing lacZwere subsequently  inte- 
grated  into  the  genome.  The activity of both  the @a-2 
and  the @a-3 promoter was confined  to a small, but 
different,  subset of mainly neuronal cells. Most of the 
302 neurons of C. elegans are situated  in  the  head, with 
their cell  bodies  arranged  around the pharynx  in  ante- 

rior,  lateral, and ventral  ganglia (WHITE et al. 1986). 
Twenty-six neurons have exposed  ciliated endings consis- 
tent with a  role  in  chemosensation.  Four of these have 
sensory endings  in  the  phasmid sensilla in the tail, while 
the  remaining 22 are  located in the  head,  sending pro- 
cesses to  the  tip of the  nose  through  the  inner labial (six 
cells) and  amphid sensilla (16 cells) (WARD et al. 1975; 
WHITE et al. 1986). 

gpa-2::lucZ and gpa-2::FP were  expressed  in  the ex- 
posed  phasmid  neurons PHA and PHB, the in- 
terneuron PVT, the  anal  sphincter  muscle,  the  pharyn- 
geal  neurons M1, M5 and 15, and  three pairs of neurons 
in  the  head (Figure 4, A and B).  One  left/right lateral 
pair of head  neurons lies in  the  anterior  ganglion  and 
sends processes through  the labial  process  bundles. 

TABLE I 

Recovery of the @a-2 and @a-3 loss-of-function  mutants in the presence  of  pheromone 

Time of recovery 
Pheromone No. of 

Strain concentration (U) worms 6 hr 12 hr 24 hr 48 hr 

N2 0.2 48 1 1 1  1 
0.8 36 0 0  0  0 

@ a 2  0.2 45 10 23 27  27 
0.8 36 1 2  2 5 

@a-3 0.2 30 0 0  0  0 
0.8 25 0 0  0  0 

@a-2 @a-3 0.2 38 0 14 19 19 
0.8 38 0 4 6 8 

3 20 0  0  0  0 

3 26 4 4 4 5 

3 32 0  0  0  0 

3 27 0  1  1  2 

Pheromone-induced dauer larvae of each  genotype were transferred to culture dishes containing food and the amount of 
pheromone indicated. Dauer  larvae  were  examined for pharyngeal pumping as an indicator of resumed  development. The 
cumulative number of recovered dauer larvae is  given for each point. 
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FIGURE 4.-Expression of gpa-2::lacZ and gpa-3::lacZ in  adult  hermaphrodites. (A) Right lateral view  of a syls7 (gpa- 
2::ZacZ) adult  hermaphrodite.  Anterior is right,  dorsal  up.  In the tail, the interneuron PVT  is stained blue (small arrow- 
head). Typical staining in the phasmid neurons, PHA and PHB, and  in  the anal  sphincter muscle does  not  appear in this 
animal. Neural nuclei and processes in  the  pharyngeal nerve ring can be  seen  anteriorly  (large  arrowhead). (B) Ventral 
view of the pharyngeal  region of a syls7 adult  hermaphrodite.  Anterior is left. The position of the pharyngeal nerve ring 
is revealed by stained processes indicated by a black arrow. Bilateral pairs of cells anterior  and  posterior  to  the nerve 
ring  are  indicated by black arrowheads. Neurons  in the ventral  ganglion  are  indicated by white arrows. See text  for cell 
identifications. Typical staining in pharyngeal neurons  does  not  appear  in this animal. ( C )  Lateral view  of the  anterior 
end of an  adult  hermaphrodite  bearing @a-2::lacZ lacking a  nuclear localization signal. Anterior is left. The  anterior 
ends of the left members of  two pairs of processes, one each  from  neurons  in  the  anterior  and  lateral ganglia, projecting 
into  the left lateral lip are  indicated by arrows. One of the  amphid  channels is indicated by an  arrowhead. (D) Right 
lateral view  of a syls28 (@a-3::lacZ) adult  hermaphrodite.  Anterior is right, dorsal up.  In  the tail, stained nuclei of the 
phasmid neurons, PHA and PHB, are  indicated with small arrowheads. Nine bilateral pairs of nuclei  in  the pharyngeal 
nerve ring are  indicated by an  arrowhead. (E) Left lateral view  of the pharyngeal region of a syZs28 adult  hermaphrodite. 
Anterior is left,  dorsal up. Nine neural  nuclei  that  occur in bilaterally symmetric pairs are stained, of  which only some 
members of some pairs are visible in this picture. From anterior to posterior,  the  amphid  neurons ASK, ADL, and AS1 
are  indicated by arrowheads. See text  for other cell assignments. (F)  Left lateral view  of the  head of an  adult  hermaphrodite 
bearing @a-3::lacZ lacking a  nuclear localization signal. Processes projecting  anteriorly  from  the nerve ring to the left 
lateral  lip  are  stained. The  amphid  pore is indicated with an arrowhead. (A and D) Magnification -4OX. (B, C, E, and 
F )  Magnification -19OX.  A-D and  F stained with  X-Gal; E stained with Salmon-Gal. All panels were photographed  on 
Ektar 25 film (Kodak) with Nomarski optics. 
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These processes terminate  in  the  lateral lips, adjacent 
to the  amphid  channel (Figure 4C). The position of 
the expressing nuclei and their processes is consistent 
with expression in several  sensory or sensory-like  cells 
including ILlL, IL2L,  OLL and UlU3. Of these, only 
IL2L  is open to the outside and believed to be chemo- 
sensory (PERKINS et al. 1986; WHITE et al. 1986).  A sec- 
ond pair of head  neurons with nuclei in  the lateral 
ganglion (Figure 4B) was seen in @a-2:: lac2 but  not 
@a-2: : GFP lines. These cells send processes anteriorly, 
parallel to the  amphid process bundles,  but  terminating 
prior and lateral to the  amphid  channel (Figure 4C). 
The position of the  staining nuclei is consistent with 
expression in the  nonchannel  amphid  neuron AWC. 
These neurons have branched ciliated endings  that  are 
not directly exposed to the  environment (PERKINS et al. 
1986). AWC  is required  for chemosensation of certain 
volatile odorants (BARGMANN et al. 1993).  The re- 
maining  pair of head  neurons lies in  the ventral gan- 
glion (Figure 4B) in a position consistent with expres- 
sion in the  amphid  interneuron A I A ,  which  receives 
synaptic input predominately from the  amphid sensilla 
(WHITE et al. 1986). 

@a-3::lacZ and @a-3:: GFP were expressed  in the 
interneuron PVT as well  as several exposed  chemosen- 
sory cells including  the  phasmid  neurons PHA and 
PHB, and  the exposed amphid  neurons  (Figure 4, D 
and  E). A total of 18 head  neurons, in  left/right  lateral 
pairs, showed expression  (Figure 4E). Several  of these 
send processes anteriorly  that run  through  the  amphid 
channel  (Figure 4F). We have identified  expression in 
the  amphid  neurons ADF,  ADL,  ASH,  ASI, ASJ, and 
ASK. The positions of the  remaining  expressing  nuclei 
are consistent with expression  in  the  amphid  neurons 
ASE and ASG, and  the  amphid  interneurons AIZ. AS1 
and ADF have been shown to be involved  in dauer 
formation (BARGMANN and HORVITZ  1991b), while 
ADL,  ASI,  ADF,  ASH, and ASE are involved in either 
chemotaxis or chemical avoidance (BARGMANN et al. 
1990; BARGMANN and HORVITZ 1991a; KAPLAN and 
HORVITZ  1993). Activity of the @a-3 promoter in the 
exposed  amphid neurons was supported by an addi- 
tional  phenotype caused by the activated @a-3 
transgene.  In wild-type C. elegans, six  of the  exposed 
amphid  neurons, ADF,  ASH,  ASI, ASK,  ASJ, and ADL, 
take up fluorescein dyes,  as do  the phasmid  neurons 
PHA and PHB (HEDGECOCK et al. 1985).  Neither of the 
activated gpa-3 transgenic  strains took up such dyes, 
indicating  that  expression of this transgene affects the 
dye-filling cells. This  might be an  indirect effect, e.g., 
by causing an  abnormal  structure of the ciliated end- 
ings, since the  amphid  neurons expressing the @a-3 
reporter  gene were still present  in  the gain-of-function 
mutant animals. The amphid  neurons in syk25 were 
visualized by injecting  a plasmid encoding gpa-3::lac.Z 
lacking  a  nuclear localization signal. F1 offspring of 
injected  mothers showed staining  in nine pairs of neu- 

rons as well  as in processes exiting through  the  amphid 
pore  (data  not  shown),  the same pattern  seen  in  a 
wild-type background  (Figure 4F).  In  addition, we 
tested  for  function of  ASH, a  pair of amphid  neurons 
required  for  response to a  light nose touch (KAPLAN 
and HORVITZ  1993). Both syls24 and syls25 displayed 
wild-type response to nose touch  (98% and  96%, re- 
spectively, n = 50 animals). We also injected  a @a- 
2:: lacZ plasmid into syls30 hermaphrodites, confirm- 
ing  the  normal  morphology of the gpa-2-expressing 
neurons  in transgenics bearing activated @a-2. 

The expression of @a-2:: lacZ and @a-3::lacZ ap- 
peared  unchanged  at all stages of development, from 
late stage embryo to  adult  hermaphrodite,  and was simi- 
lar in adult males. 

Since @a-2 and @a-3 show promoter activity  in  cells 
involved in chemotaxis to or avoidance of substances 
other than  dauer  pheromone,  the response of @a-2 
and @a-3 deletion  mutants to a variety  of substances 
was tested. The animals reacted normally to the soluble 
chemical stimuli Na+, C1-, and biotin (“taste”), as  well 
as to a  concentration series of volatile agents such as 
diacetyl and isoamylalcohol that  act via the  neurons 
AWA and AWC (“smell”) (C. BARGMANN, personal 
communication). They avoided osmoregulatory shock 
normally (by  staying  within a  ring of 4 M NaC1; data not 
shown), and also acted normally in thermotaxis assays 
(I. MOM, personal communication). 

The only sensory cells in which both @a-2 and @a-3 
promoters were  active are  the sensory neurons of the 
phasmids. However, the  function of these cells is un- 
known, and they seem not to be involved in dauer  for- 
mation (VOWELS and THOMAS 1994).  Therefore, it is 
probable  the Daf-d and Daf-c phenotypes of @a-2 and 
@a-3 mutants  are  exerted by different  neurons. 

Pathway analysis: Animals that lack @ a 2  or @a-3 
show a Daf-d phenotype, whereas animals with activated 
@a-2 or @a-3 show a Daf-c phenotype. Previously, a 
number of different mutations of both phenotypic 
classes  have been isolated. THOMAS et al. (1993) argued 
that these genes function  in parallel pathways based on 
the following observations. Daf-c mutations in d a f l l  
and daf-21 are completely suppressed by  Daf-d muta- 
tions that affect the  structure of the  amphid cilia, while 
Daf-c mutations in a second group of genes including 
d a f l  and daf-8 are suppressed by another  group of Daf- 
d  mutations  including daf5. Additionally, mutations in 
daf-11 and daf-21 act synergistically  with the second 
group of Daf-c mutations, forming nearly 100% dauer 
larvae at 16”. To place the G proteins in the  context of 
other genes involved in the  dauer decision, we tested 
@a-2 and @a-3 mutants with  several other Daf-c and 
Daf-d alleles. 

The Daf-c genes daf-11 and daf-21 are partially SUP 
pressed by deletion of @a-2 and @a-3 (Figure 5A). In 
the absence of pheromone  at 25” and with plentiful 
food,  >99% of daf-ll( m47) larvae entered  the  dauer 
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FIGURE 5.-Epistatic interactions of loss- and gain-of-function mutants of #n-2 and gbn-3. (A) e n - 2  and gbn-3 loss-of-function 
mutants  partially  suppress dnf-11 and dnf.21, but  not dnfJ or daf8.  Assays were performed at 25" as in Figure 2 except  no 
pheromone was added to culture  dishes. The Dafc alleles  are as follows: d n f l l ( m 4 7 ) ,  d n f 2 J ( p 6 7 3 ) ,   d n f J ( m 4 0 )  and dnf8(~1393). 
(B) Activated #n-.2(s$s30) is suppressed by the cilium-stntcture dauer defective allele d w 3 ( ~ 1 1 2 4 )  and c h ~ 1 3 ( ~ 1 8 0 5 ) ,  but  not 
by a dauer defective allele with normal senso? cilia, d n f 5 ( ~ 1 3 8 6 ) .  ( C )  Activated @n-3(sy/.$25) is suppressed by c h ~ - 3 ( ~ J J 2 4 )  as 
well as by daf5( ~1386) .  

program. Double mutants of dafll(m47) with ala- 
2(pk16) or @a-3(@35) showed a  reduction in dauer 
formation: 80 2 6% of  @a-2 dafll  and 94 2 5% of 
@a-3 dafll developed into  dauer  lanne. Only 50 2 1% 
of the triply mutant @a-2 @a-3 der11 formed dauer 
larvae. Similar effect5  were seen between dafZl(p673) 
and @a-2 or @a-3 (Figure 5A). Deletion of @ a 2  and 
@a-3 was not able to suppress dafl or daf-8 (Figure 
5A). Therefore, @a-2 and @a-3 act genetically down- 
stream of or in parallel to daf-11 and daf-21 and u p  
stream of or in parallel to dqpl  and dUr8. M'e did o h  
serve a synergistic effect between @a-2 and  da.1 (m40) 
or daf8(e1393) at 15". Although fewer than 10% of 
duf-I (m40) or daf-8(e1393) became dauer larvae at this 
temperature,  in  combination with pklh >90% became 
dauer larvae (data  not shown). Similar effects have been 
observed previously in combinations of daf-1 and daf8 
with  che-3(e1124) and osm"5(p813) (VOWELS and 
THOMAS 1992), two mutations  that affect amphid  neu- 
ron morphology (PERKINS et al. 1986). 

Suppression of dafll  and daf21 by mutations affect- 
ing  the  amphid cilia implies that  the  products of these 
genes  act within the cilia (THOMAS et al. 1993). We 
tested the ability of the cilium-structure mutations che- 
3(e1124) and clu-I3(e1805) to suppress the activated 
@a-2 transgene syls30. As with dapll  and daf21, both 
cilium-structure mutations  suppressed syls30 (Figure 
5B), suggesting that GPA-2 acts within the sensory cilia. 
The candidate @a-2-expressing  cells affected by muta- 
tions in che-3and che-13 are IL2L and  the  amphid associ- 
ated  neuron AWC (ALBERT et al. 1981; PERKINS et al. 
1986). Activated  @a-2 is not suppressed significantly by 
a  member of the noncilium structure  group of Dafd 
mutations, daf-5( e1386) (Figure 5B), while mutations 
in both daf-11 and duf21 are partially suppressed by 
this allele (THOMAS et dl. 1993). As daf-11 and duf-21, 
syls30showed a synergistic effect with duf-8( e1393) (data 
not shown).  Therefore, activated @a-2  shows genetic 

interactions similar but  not identical to daf-11 and duf 
21 (THOMAS et al. 1993). The interactions of activated 
@a-3 with other genes in the  dauer pathway are also 
unique  among  Dafc mutations. syls25  was suppressed 
by clte-3(ell24) (Figure 5C), suggesting that GPA-3 also 
act5  in sensory cilia.  However, gk25 was also suppressed 
by daf-5(e1386) (Figure 5C). Similar results were o h  
tained with ~~1324 (data  not  shown). No other previously 
described Daf-c allele is completely suppressed by muta- 
tions in both che-3 and daf-5. It is  possible that activated 
@a-3 interacts nonspecifically with a pathway requiring 
d45,  perhaps due to cross-talk between Gprotein-me- 
diated pathways, or misexpression of the transgene. 
Both activated @a-3 transgenic lines showed a syner- 
gistic effect with dar8(~1393) (data  not shown) as do 
daf-I 1 and d+21  (THOMAS et al. 1993). Altogether, @a-2 
and Rpa-3cannot be classified  strictly into  the categories 
pre\iously described for  genes involved in the  dauer 
formation pathway. 

In response to  pheromone as  well as in suppression 
of  daf-1 I and daf-21,  @a-2 and @a-3 exhibit  some func- 
tional redundancy since the effect of the @a-2  @a-3 
double  deletion was more severe than that of either 
single mutation. However, the effect of the activated 
transgenes was neither additive nor synergistic, but in- 
stead showed mutual suppression. At 25" and in abun- 
dant food, sylsl3 (activated ala-2) partially suppressed 
syls25 (activated @a-3), and ~ ~ 3 2 4  (activated gpa-3) par- 
tially suppressed syls30 (activated .@a-2) (Figure 6, A 
and B). 

To determine  whether GPA-2 and GPA-3 act in series 
or in parallel, we constructed strains having an activated 
transgene  for one G protein and deletion of the  other 
G protein  gene. Deletion of @a-3 did not suppress con- 
stitutive dauer formation  in syls30, and deletion of @a- 
2did  not suppress syls25 (Figure 6, C and D), suggesting 
that these G proteins  act  in parallel to transduce the 
dauer  pheromone signal. 
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suppression. (A) The percentage of dauer larvae formed under noninducing conditions by qls13, ~ ~ 1 ~ 2 5 ,  and two independently 
isolated syk13; qk25 strains. (R) The percentage of dauer  lanae formed under noninducing conditions by qk24,  qk30,  and 
two independently isolated syk24; ~yk30strains. (C) Deletion of @a-3 does not suppress activated @a-2. The percentage of dauer 
larvae formed under noninducing conditions by ~$30, @a-3(pk35) and @a-3(pk35; qk30 is shown. (D) Deletion of  @a-2 does 
not suppress activated @a-3. The percentage of dauer larvae formed under noninducing conditions by qk25, @a-2(pk16) and 
@a-Z(pkl6); yls25 is shown. 

DISCUSSION 

GPA-2  and  GPA-3  are involved  in the response to 
dauer  pheromone: To study the  function of @a-2 and 
@a-3, we used a reverse genetics approach  and  found 
that  both  are involved  in the response to  a  pheromone 
that promotes formation of the  dauer larva, an  alternate 
larval form. As a first approach, we introduced muta- 
tions in the sequences of @a-2 and @a-3 that lock the 
mutant  proteins in the active GTP-bound state. Animals 
with either of these mutations enter  the  dauer program 
even under  noninducing conditions. Although these 
mutants reacted normally to food and temperature 
changes, they  were unresponsive to  changes in the 
amount of pheromone present. Overexpression of wild- 
type gpu-2 or gpu-3 also led to  reduced  pheromone re- 
sponse. This lack  of response may result from either 
activation of negative regulatory pathways or adaptation 
of downstream components of the signaling cascade. 
Alternatively, it may be indirect, for example, due to 
degeneration of the  pheromone responsive  tissue. The 
presumed pheromone responsive  tissue, the  amphid 
channel  neurons,  are morphologically normal in acti- 
vated gpu-2 transgenics and show normal fluorescein 
dye uptake. However, neither of the activated gpu-3 
transgenic strains took up such dyes. The amphid neu- 

rons were present in these strains, and at least one pair, 
ASH, functioned normally in the nose touch response. 
In addition, constitutive dauer formation induced in 
wild  type  by the ablation of ADF and AS1 is not affected 
by disruption of the  amphid cilium structures (BARG 
MNN and HORVITZ 1991b), whereas gpu-3 transgenics 
were suppressed by cilium-structure mutations. Thus, 
the Daf-c phenotype of the @>a-3 mutants is probably 
not caused by degeneration of the ADF or AS1 cell 
bodies. 

As a second approach,  a transposition-based strategy 
(ZWU et al. 1993) was used to inactivate gpu-2 and gpu- 
3. While animals lacking @a-2 or @a-3 were  still capable 
of developing into  the  dauer stage, fewer dauer larvae 
were formed in the presence of high levels  of dauer- 
inducing  pheromone.  Under  strong  inducing condi- 
tions, when pheromone is high or food is  low, the dele- 
tion mutants  responded appropriately to food but  had 
a  reduced response to pheromone.  Under these condi- 
tions, @a-2 and @a-3 appear  to be primarily involved 
in chemosensation of the  dauer  pheromone. Thus, o p  
posite mutations in these G  proteins seem to induce 
opposite effects: inactivation of @a-2 or gpu-3 presum- 
ably  inactivates a signal transduction pathway  involved 
in the response to elevated levels  of pheromone, 
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whereas constitutively active GPA-2 or GPA-3 seems to 
lead  to  continuous stimulation of this pathway. 

@a-2 and @a3 may also have an effect on  the re- 
sponse to food When exposed to weak dauer-inducing 
conditions (abundant food and low pheromone),  the 
deletion  mutants were hypersensitive to pheromone  but 
insensitive to changes in food levels. As food dropped 
below a  certain  threshold, they responded  appropri- 
ately to diminishing  food by forming  more  dauers.  One 
possible interpretation is that  mutant animals may be 
unable to detect  saturating  amounts of food,  and  thus 
promote  dauer  formation in the presence of little pher- 
omone. This effect may be  indirect  though,  for exam- 
ple,  through elevated levels  of free Pr in these mutants. 
The response to temperature seems unaffected, both 
in the gain- and in  the loss-of-function mutants. 

Since under  the strongest  inducing  conditions  (high 
temperature, low food,  and high pheromone) mutants 
lacking both @a-2 and @a-3 were able to form dauer 
larvae as efficiently as  wild-type C. elegans, we propose 
that GPA-2 and GPA-3 are involved in  the decision to 
enter  the  dauer formation pathway and  not in the exe- 
cution of dauer development. 

@a-2 and @a-3 likely  function in neurons: Using ZacZ 
and GF?' reporter  genes, we found  that @a-2 and @a- 
3 promoter fusion constructs are expressed in small, 
but  different, subsets of neurons. Due to the limitations 
of determining expression patterns with reporter genes, 
we  may not have discovered the native expression of 
@a9  and @a-3. However, expression of @a-3 in the 
exposed  neurons of the  amphids correlates well  with a 
function of @a-3 in dauer formation. Dauer phero- 
mone is believed to be detected by the  amphid  neurons 
since mutations in nine  genes  that  share  the  property 
of disrupting  the  structure or exposure of the  amphid 
cilia are nonresponsive to dauer  pheromone  (see 
THOMAS 1993 for review). Also, ablation of the  amphid 
sheaths leads to loss  of pheromone response (VOWELS 
and THOMAS 1994). Additionally, ablation of the indi- 
vidual amphid  neurons ADF and AS1 induces  dauer 
formation in the absence of pheromone, suggesting a 
default state to form dauer larvae that is suppressed by 
the activity  of these neurons (BARGMANN and HORVITZ 
1991b). We did see unambiguous expression of @a-3 
reporter  gene fusions in AS1 (Figure 4E). Since acti- 
vated @a-3 was suppressed by mutations  disrupting cili- 
ated  neural  endings, it is likely that GPA-3 functions  in 
the  amphid  channel cilia. This location is consistent 
with coupling  to  the  pheromone  receptor, suggesting 
that  the  receptor  for  dauer  pheromone is of the seven 
transmembrane family. A number of divergent seven 
transmembrane  receptors have been discovered in  the 
C. ekgans genomic  sequence, some of which are ex- 
pressed in individual amphid  neurons  (TROEMEL et al. 
1995). 

We found  no evidence that @a-2 is expressed in  the 
exposed amphid cilia since we did not see reporter 

gene activity in  the  amphid  channel as we did  for @a- 
Jpromoter fusion constructs. Constitutive dauer forma- 
tion by activated @a-2 was suppressed, however, by mu- 
tations that  disrupt all  classes  of sensory cilia in C. ekgans 
(ALBERT et aZ. 1981; PERKINS et al. 1986).  Therefore, 
GPA-2  may also transduce some component of the  pher- 
omone signal. A role for  the  candidate @~-2expressing 
neurons in pheromone  detection has not  been  de- 
scribed previously. Indeed,  a role for IL2L and  the  non- 
channel  amphid  neuron AWC in pheromone sensation 
has been  excluded based on  the  pheromone resistence 
of mutants having abnormal  amphid  channel  neurons 
and apparently wild-type labial and  nonchannel am- 
phid  neurons (VOWELS and THOMAS 1994). Although 
the morphology of the relevant neurons  appears unaf- 
fected in such mutants,  functional defects have not 
been tested. Previous  work focused exclusively on  the 
amphid  channel  neurons,  and  the role of individual 
amphid  neurons in dauer  formation and recovery was 
identified under growth-promoting conditions (BARG 
MANN and HORVITZ  1991b). Any additional  neurons re- 
quired  for response to pheromone could not have been 
determined this way. Alternatively, GPA-2  may indeed 
function  in  the  amphid  channel cilia but our  promoter 
fusion constructs lack intron or downstream sequences 
that  direct expression in those tissues. 

In addition to functioning in dauer  formation, GPA- 
2 also  plays a role in dauer recovery since dauer larvae 
lacking @a-2 were able to recover in the  presence of 
pheromone, presumably because they do  not fully 
transduce  the  inhibiting  pheromone signal. Mutants 
lacking @a-3 are also impaired in the ability to trans- 
duce the  pheromone signal, but they were not able to 
recover in the  presence of pheromone. This observa- 
tion can be explained by assuming that  the  neurons 
expressing @a-2 are involved both in pheromone-in- 
duced dauer formation and pheromone-repressed re- 
covery, whereas the  amphid  neurons expressing @a-3 
are involved  only in the  former.  One amphid neuron, 
ASJ, has been implicated in dauer recovery (BARGMANN 
and HORVITZ 1991b). However, most likely ASJ  is acti- 
vated under  noninducing  conditions to initiate dauer 
recovery in response to food. The  neurons expressing 
@a-2 may represent  additional sensory neurons  that 
repress recovery from the  dauer stage under dauer-in- 
ducing  conditions.  Another possibility is that  the role 
of GPA-2 in dauer recovery is exerted in interneurons. 

The Daf-c mutations d a f l l (  m47) and daf21(p673) 
are completely suppressed by mutations that  disrupt 
sensory  cilia (VOWELS and THOMAS 1992), suggesting 
that  their  products  function  in  the sensory endings. 
Inactivation of @a-2 and @a-3 only partially suppressed 
daf-11 and daf-21 mutations, suggesting that  the dafll 
and daf21 gene  products may normally act through G 
proteins. Alternatively,  this suppression could be indi- 
rect. For example, GPA-2,  GPA-3, and  the daf-11 and 
daf21 gene  products could act in  different  neurons  that 
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regulate each other's activity or that trigger the same 
target  interneuron. 

GPA-2 and GPA-3 may  act  in  parallel: The suppres- 
sion of activated @a-2 and @a-3 by cilium structure 
mutations suggests that  both GPA-2 and GPA-3 func- 
tions i n  sensory neural cilia. Since deletion of @a-2 did 
not suppress activated gba-3, and deletion of @a-3 did 
not suppress activated @a-Z, it is likely these G  proteins 
function in parallel. Conceivably, GPA-3 might  couple 
to the  pheromone  receptor in the  amphid sensillum, 
while GPA-2 couples to it in other  senso6 cells. Al- 
though  the  58% identity shared by  GPA-2 and GPA- 
3 argues against coupling to the same receptor,  the 
pheromone may be a mixture of closely related com- 
pounds (GOLDEN and RIDDLE 1982) and could  act via 
multiple receptors. It is also  possible that GPA-2 and 
GPA-8 both act downstream of the initial signal trans- 
duction resulting from interaction of dauer  pheromone 
with  its receptor. 

Chemosensation of dauer  pheromone  involves  a  net- 
work of signal tranduction  pathways: The roles of the 
GPA-2- and GPA-3-mediated  pathways in dauer forma- 
tion appear to be complex. Mutants lacking either  gene 
seemed hyperresponsive under mildly inducing condi- 
tions, whereas they  were hyporesponsive under strongly 
inducing conditions. This might be caused by changes 
in different pathways in which heterotrimeric G pro- 
teins function. Moreover, constitutive activation of ei- 
ther @a-2 or @a-3 completely repressed response to 
exogenous pheromone, even though wild-type copies 
of both genes were present in the transgenic animals. It 
is likely, therefore,  that  the GPA-2- and GPA-3-mediated 
signal transduction pathways are subject to a  common 
negative regulatory pathway such that hyperactivation 
o f  either pathway results in down-regulation of both. 

The analysis  of @a-2 and @a-3 mutants  presented 
here indicates that C. ahguns dauer formation is con- 
trolled by multiple parallel chemosensory pathways. 
Since deletion of both @a-2 and @a-3 does not com- 
pletely eliminate the response to pheromone, addi- 
tional pathways certainly exist. All  of these pathways 
must ultimately be integrated so that  dauer larvae are 
produced and maintained only when necessary. 
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