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ABSTRACT 
Under  conditions of high  population  density  and  low  food, Caenorhabditis  elegans forms an alternative 

third larval  stage,  called  the dauer stage, which is resistant to desiccation  and  harsh  environments. Genetic 
analysis of some dauer  constitutive (Daf-c) and  dauer defective (Dafd) mutants  has  revealed a complex 
pathway that is likely  to function in particular  neurons and/or responding  tissues.  Here we analyze the 
genetic  interactions  between  three genes which  comprise a branch of the  dauer  formation pathway that 
acts in parallel  to  or  downstream  of  the other  branches of the pathway, the Daf-c genes daf -2  and daf-z? 
and  the Daf-d gene daf-16. Unlike  mutations  in other Daf-c genes,  mutations  in  both daf -2  and duf -23  
cause  non-conditional  arrest  at  the  dauer  stage.  Our  epistasis  analysis  suggests  that daf-2 and daf -23  are 
functioning  at a similar  point  in  the dauer pathway. First, mutations in daf-2 and daf -23  are epistatic to 
mutations in the same set of Daf-d  genes.  Second, daf-2 and d a f 2 ?  mutants are  suppressed by mutations 
in duf-16. Mutations  in daf -16  do not suppress  any of the  other Daf-c  mutants as efficiently as they  suppress 
daf-2 and daf-23 mutants. Third,  double  mutants between either daf -2  or d a f 2 ?  and several other daf-d 
mutants  exhibit  an  unusual  interaction.  Based on these results, we present a model  for  the  function  of 
daf-2,   daf-23 and daf-16 in dauer  formation. 

U NDER optimal growth conditions, Caenorhabditis 
elegans normally develops continuously with no 

larval arrest  through  four larval stages (Ll-L4) and  then 
becomes a  fertile  adult  hermaphrodite. However, in  en- 
vironments with a high density of animals and a  corre- 
sponding  high level  of dauer-inducing pheromone, ani- 
mals arrest  development following the second larval 
molt as specialized dauer larvae (CASSADA and RUSSELL 
1975).  The formation of a dauer larva  involves morpho- 
logical changes  in many tissues  of the animal: dauer lar- 
vae are  thinner  than  comparable L3 animals, have a spe- 
cialized cuticle, a pharynx that is remodeled  and 
plugged and intestinal cells that  appear dark [see RIDDLE 

(1988)  for review]. In  addition,  the molting cycle  is sup- 
pressed and all feeding and growth are  arrested. Be- 
cause of these adaptations,  the animals are  more resis- 
tant  to  harsh chemical treatments and desiccation. 
Following  recovery from  the  dauer stage after exposure 
to lower  levels  of pheromone  and plentiful food,  the 
animals appear indistinguishable from L4 animals that 
have not passed through  the  dauer stage. 

The decision to become  a dauer larva rather  than  a 
non-arrested L3 stage animal is regulated by at least 
three factors: the  degree of overcrowding as determined 
by the level of a pheromone secreted by animals at all 
stages, the  abundance of food,  and  temperature 
(GOLDEN and RIDDLE 1982,1984a).  The  pheromone has 
not yet been precisely characterized  but  appears  to  be  a 
small hydrophobic  molecule or mixture of compounds 
produced by animals at all stages (GOLDEN and RIDDLE 
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1982).  Pheromone is the major determinant of dauer 
formation  but  food and  temperature modulate  the re- 
sponse to pheromone (GOLDEN and RIDDLE 1984a,b). 

Two lines of evidence suggest that sensory neurons  are 
involved in detection of pheromone  and thus initiation 
of dauer  formation. First, ultrastructural analysis  of one 
class  of mutants  that  are  unable to form dauer larvae  in 
response to  pheromone revealed the existence of de- 
fects in the  endings of ciliated sensory neurons exposed 
to the  environment, suggesting that dauer formation re- 
quires  intact sensory neurons (LEWIS and HODGIUN 1977; 
ALBERT et al. 1981; PERKINS et al. 1986).  Second, ablation 
of the sensory neuron classes  ADF, ASG and AS1 induces 
dauer formation when animals are grown in low phero- 
mone  and plentiful food,  conditions which normally do 
not induce  dauers (BARGMANN and HORVITZ  1991). The 
latter result provided direct evidence for negative regu- 
lation of dauer formation by these sensory neurons 
(BARGMANN and HORVITZ  1991). Because the  absence of 
these sensory neurons can induce  dauer  formation in 
low pheromone conditions, these neurons  or  other cells 
signalled by these neurons  are likely to secrete  a signal 
to the responding tissues (for  example,  the pharynx and 
hypodermis) to  induce  continuous  development when 
animals are exposed to low pheromone.  Pheromone 
could function to inhibit this signal or cell. 

Mutations which prevent or inappropriately  induce 
dauer formation have been isolated [see RIDDLE (1988) 
for review]. The mutations  define two general classes  of 
genes: dauer defective (Dafd)  and  dauer constitutive 
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(Dafc) genes. Animals  with a mutation in a Dafd  gene 
are  unable to arrest as dauer larvae when exposed to 
dauer  pheromone while animals with a mutation in a 
Daf-c gene  arrest as dauer larvae when grown in low 
pheromone conditions. The basis for  the Daf-d pheno- 
type may be failure of the sensory neurons  to sense 
pheromone  or  to transduce this signal to  other  neurons 
or to responding tissues, failure in the initiation of dauer 
differentiation in the  responding tissues (such as the 
hypodermis and pharynx) or inability to maintain the 
dauer-differentiated state. In contrast, the Daf-c pheno- 
type may be due  to inappropriate activation of the 
pheromone response in  any  of the cells in the pathway. 

Based on genetic interactions, most of the  Dafd  and 
Daf-c genes have been  ordered  into  an epistasis  pathway 
(RIDDLE et al. 1981; VOWELS and THOMAS 1992;  THOMAS 
et aZ. 1993) (see Figure 1 ) .  This genetic pathway may 
correspond  to  the process of dauer  formation  beginning 
with the response to  pheromone  through  the  morpho- 
genesis into a dauer larva. In  addition, genetic analysis 
has suggested that  there  are parallel pathways for inte- 
gration of the sensory information controlling dauer for- 
mation (THOMAS et aZ. 1993). This conclusion was based 
on  the synergistic interactions between different classes 
of  Daf-c genes and  the observation that mutations in 
particular sets  of Dafd genes preferentially suppress mu- 
tations in one class  of  Daf-c genes but  not  the  other 
(THOMAS et al. 1993). 

We have been studying the  interactions between three 
genes which comprise another  branch  of  the  dauer for- 
mation pathway that is acting in parallel or downstream 
of the other branches of the pathway. These genes are 
the Daf-c genes daf-2 and daf-23 and  the  Dafd  gene 
daf-I 6. Previous studies had suggested that daf-2 may be 
functioning on an independent  branch of the pathway 
(RIDDLE et al. 1981; VOWELS and THOMAS 1992); however, 
there  did  not  appear to be  other Daf-c genes  that func- 
tioned on this branch of the pathway  with daf-2. In ad- 
dition,  the position of daf-I6 relative to other  genes in 
the pathway was not clear. Our results suggest that daf-2, 
daf-23 and daf  I 6  are  functioning at a similar point in 
the pathway for  the  control of dauer  formation  that is 
distinct from the  other characterized Daf-c and Daf-d 

daf-d 

daf-12 - 
FIGURE 1.-A genetic pathway for 

dauer formation as abstracted  from 
VOWELS and THOMAS (1992) and 

dauer THOMAS et a[. (1993). 

genes. Based on these results, we suggest that when ani- 
mals are grown in low pheromone conditions, high 
activity  of daf-2 and daf-23 negatively regulate daf-I 6 
activity thereby promoting nondauer development. 
Conversely, when animals are exposed to  pheromone, 
activity  of daf-2 or daf-23 is down-regulated, leading 
to  upregulation of daf-16 activity to specify dauer 
development. 

MATERIALS AND  METHODS 

Methods and strains: Strains were maintained and handled 
as described in BRENNER (1974) and SULSTON and HODGKIN 
(1988). The mutations used  in  this  study  were: LGI: che- 
3(e1379),  daf-l6(m26),  daf-l6(m27),  unc-29(elO72); LGII: 
sqt-l(scl3),   l in-29(n333),   daf23(m333),   daf-5(e1386),   unc- 
52(e444);  LGIII: daf2(e1370) ,   daf7(e1372) ,   unc-32(e189) ,  
dpy-l(e1); LGIV: daf-lO(e1387),   dafl8(e1375),   dpy-9(e12); 
LGX daf-6(e1377),  daf-I2(m20),  daf-3(e1376),  daf-20(m25), 
dpy-6(e14),   egl-l5(n484),   unc-l(e719),   dpy-3(27),   l in- 
2(e1309),  unc-3(e151). We  also used the chromosomal  defi- 
ciencies mnDf87 and mnDf90 (SIGURDSON et al. 1984); the 
chromosomal duplication sDp3 (ROSENBLUTH et al. 1985); and 
the chromosomal rearrangement mnCl (HERMAN 1978). Many 
of these  strains  were  provided by the Caenorhabditis Genetics 
Center. daf-23(m333) was provided by PATRICE ALBERT and 
DON RIDDLE. JIM THOMAS provided many  of the strains  used as 
markers. 

Isolation of new alleles  of daf-16,  daf-23 and daf--2: We 
isolated two new alleles of daf-1 6from different EMS mutagen- 
eses. One allele, mg4 7 ,  was recovered due to  its  ability to sup 
press the dauer arrest phenotype of daf-2(e1370). The  other 
allele, m g l l ,  came from a selection for precocious dauer for- 
mation  in a daf-2(e1370) background. Both daf16mutat ions 
were  backcrossed  twice. In addition, four new alleles of daf-16 
were  isolated after EMS mutagenesis  based on their suppres 
sion of the growth arrest phenotype of daf-2(e1370);  daf- 
12(m20) animals (H. TISSENBAUM, personal communication). 

The daf-23 allele mg44 was isolated  based on its  constitutive 
dauer formation phenotype during an EMS screen, scoring in 
the F, generation (A. SLUDER, personal communication). Het- 
erozygous mg44/+ animals were recovered  from F, siblings. 
Following mapping (see below) the mutation was maintained 
by balancing with the chromosome rearrangement mnC1. 
mg44 was  shown to  be an allele of daf-23 by complementation 
testing with the other existing daf-23 allele, m333 (RIDDLE 
1988). The duf-23 allele mg55 was isolated  in a y-ray mutagen- 
esis based on its  constitutive dauer formation phenotype in the 
F, generation (A. SLUDER, personal communication) and main- 
tained as described above. It was found to  be  allelic  with mg44. 
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mg55 is  likely to be a translocation based on the following 
observations.  First, mg55/+  hermaphrodites segregate  large 
numbers of dead eggs  while mg55 homozygous hermaphro- 
dites segregate only 7% dead eggs. Second, we  have been un- 
able to construct strains which are homozygous both for mg55 
and several markers on chromosome I. Therefore most of the 
epistasis  analysis described in this  study was performed with 
mg44.  daf-23 was mapped between sqt-1 and l in-29 on chro- 
mosome ZZ. 86 Sqt  non-Lin and 21  Lin  non-Sqt  recombi- 
nants were  picked from sqt- l (scl3)  + l in-29(n333)/+  daf  
23(mg44) + animals. 25 Sqt non-Lin  animals  segregated Daf 
progeny, 61 did not; 19 Lin nonSqt animals segregated Daf 
progeny and 2 did not. Both daf-23 alleles  were  backcrossed 
six  times. 

To identify mutations which caused nonconditional arrest 
at the dauer stage we employed two strategies. The first  strategy 
was a selection  based on  the fact that dauers are resistant  to 1% 
sodium  dodecyl  sulfate (SDS) . The strain used for this  selec- 
tion  also had a weak mutation in the Dafd gene daf-16,  mgl 1 
(see RESULTS). Animals bearing this mutation are able to form 
a high percentage of SDSresistant dauers which then recover 
from the  dauer stage. Therefore, dauers recovered after mu- 
tagenesis,  would  be likely to  recover from the dauer stage. 
Synchronous populations of  EMS mutagenized  animals were 
grown at 15" and dauers were  isolated by selection  in 1% SDS. 
In addition, the same strain was screened clonally  (4980  ge- 
nomes) at 15"  looking for dauer formation in the F, genera- 
tion. We recovered one allele of d a f l  l and two alleles of daf-8 
from the selection and two alleles of daf-2, two alleles of daf-7 
and  three alleles of daf-11 from the screen. 

One of the alleles of day-2 recovered  above, mg42, forms 
100% dauers at 15". The daf-2 allele mg43 was isolated inde- 
pendently from an EMS screen based on its  constitutive dauer 
formation phenotype (A. SLUDER, personal communication). 
Both mg42 and mg43 were  initially maintained as heterozy- 
gotes but, following identification as d a f 2  alleles,  were sub- 
sequently balanced wtih the chromosome duplication sDp3. 
Both daf-2 alleles  were  backcrossed at least  twice. 

Dauer  formation in liquid To induce synchronous dauer 
formation in liquid, eggs  were  isolated by bleach treatment 
from gravid hermaphrodites and incubated in S Basal (SULS- 
TON and HODGKIN  1988) in the absence of food for 12-16 hr 
at 25" to synchronize  all animals at the L1 stage (SULSTON and 
HODCKIN 1988). Then 10,000  synchronized L1 animals  were 
placed into a 50-ml  flask containing 10  ml S Medium  (SULSTON 
and HODGKIN 1988), 5 pl of a crude pheromone preparation 
(prepared as described in GOLDEN and RIDDLE 198413) and 600 
pl  of a 4% solution of streptomycin-treated bacteria. The flask 
was then placed  in a shaking water bath at 25". One-milliliter 
aliquots were  removed at 50,55,60,72 and 100 hr, and dauer 
formation was measured as the percentage of animals that sur- 
vived a 30-min incubation in 1% SDS.  Each data point shown 
in  Figure 3A  is the average of the percent dauer formation for 
two independent trials. 

Dauer  formation on plates in daf-16; daf-2 experiments: 
Synchronized L1 animals  were  isolated as described above and 
aliquotted onto plates, eight plates per strain, approximately 
600 animals per plate, and incubated at 25".  Animals  were 
washed from the plates at 34, 38, 42,  46, 60, 64 and 84 hr and 
resuspended in 1 % SDS for 30 min.  Dauer formation was  meas- 
ured as the percentage of animals that survived.  Each data 
point shown in Figure 3B  is the average  of the percent dauer 
formation for two independent trials. 

Construction of double  mutants: Double mutants between 
daf-23 and the Dafd genes were constructed in  several dif- 
ferent ways.  All of  these strain constructions utilize the fact that 
daf-23(mg44) is completely  maternally rescued and is also zy- 
gotically rescued by mating  to  males with a wild-type daf-23 

gene. In addition, daf23(mg44) is marked by a mutation in 
the closely linked gene sqt-1. 

daf-16  and  daf-18: Wild-type  males  were mated with  ma- 
ternally  rescued sqt-l   (sc13)  daf23(mg44) mutant hermaph- 
rodites. These sqt-l(scl3)  daf-23(mg44)/+ + males  were then 
mated with daf-16 mutant hermaphrodites. Putative F, cross 
progenywere picked to independent plates and F, Sqt  animals 
were picked from the plates and incubated at 25". The progeny 
of the F2 Sqt  animals  were  scored for the suppression of the 
daf-23 mutant phenotype (all dauer larvae  in the F,) or the 
presence of  any  novel phenotypes.  Since  all  alleles of daf-16 
suppress daf-23(mg44), fertile F3 sqt-1  daf-23;  daf-16 adults 
were obtained and the triple mutant strain  could  be  main- 
tained. The presence of the daf-23 mutation was verified by a 
complementation test. The results for the d a f l 6  crosses  were 
asfollows: for m26,9 /40  Sqt  animals  (possible  genotypes: sqt-1 
daf-23;  daf-16,  sqt-1  daf23;  daf16/+ and sqt-1 d a f 2 3 ;  +) 
segregated F, fertile adults, 13/40 segregated  all dauer larvae, 
and 18/40 segregated dauer larvae and fertile adults; for m27 
8/40 segregated all fertile adults, 11/40 segregated all dauer 
larvae,  20/40  segregated dauer larvae and fertile adults and 
1/40 gave no progeny; for m g l l  11/40 segregated all fertile 
adults, 4/40 segregated  all dauer larvae, 24/40 segregated 
dauer larvae and fertile adults and 1/40 gave no progeny. daf- 
18(e1375) almost  completely  suppresses daf-23(mg44). 
Therefore, the double mutant with mg44 was constructed as 
described above for doubles with d a f l 6 .  The results were  as 
follows: 6/20 Sqt  animals  segregated  all fertile adults, 7/20 
segregated all dauer larvae and 7/20 segregated dauer larvae 
and fertile adults. 

daf-6,  daf-10  and  che-3: The presence of daf-6,  daf-10 and 
che-3 homozygous  animals was verified  using the phenotype 
that these mutants are defective  in uptake of the flourescent 
dye  DiO (PERKINS et al., 1986; HERMAN and HEDGECOCK 1990). 
Wild-type  males  were mated with maternally-rescued sqt- 
1   (sc13)   daf23(mg44) mutant hermaphrodites. These sqt- 
l (sc13)   daf-23(mg44)/+ + males  were then mated with 
daf- lO(e l387) ,   daf6(e1377)  or che-3(e1379) mutant her- 
maphrodites. Putative  cross  progeny  were  picked  to  individual 
plates and six non-Sqt  progeny  were  picked  from  those  plates 
segregating Sqt  animals. Several animals  from the broods of 
those  still segregating Sqt  animals  were  tested for their ability 
to take up DiO. A sq t - l ( sc l3)   daf23(mg44) /+  + heterozy- 
gous  strain was maintained from  plates  homozygous for daf-6, 
daf-10 or che-3 and Sqt  animals were  picked for analysis. 

daf?,  daf-20  and  daf-12: All three of these genes are 
X-linked, therefore double mutants were constructed in a simi- 
lar manner as described in VOWELS and THOMAS (1992). Wild- 
type  males  were mated with maternally-rescued sqt- l (scl3)  
da f23(mg44)  mutant hermaphrodites. These sqt-1  (sc13)  daf- 
23(mg44)/+ + males  were then mated with Dafd mutant her- 
maphrodites. The resulting sq t - l ( sc l3)   daf23(mg44) /+  +; 
daf-d males  were then mated with hermaphrodites which con- 
tained Xchromosome markers  flanking the daf-d gene. From 
the sqt-l(scl3)  daf-23(mg44)/+ +; + daf-d + / m l  + m2prog- 
eny, strains were  isolated which no longer segregated m l  or m2 
and were heterozygous  for sqt-l(sc13).  The sqt-l(scl3)  daf 
23(mg44)/+ + heterozygous strain was maintained and Sqt 
animals were  picked for analysis. The markers  were unc-1 and 
dpy-3 for duf-3;  dp9-6 and egl-15 for daf-12; and tin-2 and 
unc-3 for daf-20. 

d a f 5 :   d a f 5  maps on chromosome ZZ, 17-20 map  units  to 
the right of daf-23, so the strain sqt-1  (sc13)  daf-23(mg44)  daf- 
5 / +  + daf-5 was constructed as  follows. First, the strain sqt- 
l(sc13)  daf-23(mg44)  unc-52/+ + unc-52 was constructed 
(unc-52 is approximately 3 map units to the right of daf-5) .  
Then sqt-1  (sc13)  daf-23(mg44)  unc-52 males  were matedwith 
daf-5 hermaphrodites. 100  non-Sqt  progeny  from sqt-1  (sc13) 
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duf-2?(mg44) + unc-52/+ + duf-5 + parentswere picked and 
their progeny  scored for  the presence of only Sqt  non-Unc and 
wild-type animals. It is expected  that -85% of such  animals 
would have the genotype syt-l(scl?)  daf23(mg44) duf-5/+ + 
duf-5. To verify that  the strain was actually homozygous for 
duf-5, we tested whether  the strain contained a  suppressor of 
the Daf-c mutant duf-7(e1372), since a  mutation  in duf-5 sup- 
pressesamutation in duf-7.  duf-7(e1372);  hirn-S(el489) males 
were mated with both Sqt and non-Sqt segregants of the strain, 
F, non-Sqt dauer larvae were picked at 25" (the non-permissive 
temperature  for duf-7) ,  allowed to recover from  the  dauer 
stage at 15" and shifted back to 25". If duf-5 was present,  then 
some of the duf-7(e1372) dauer larvae that were isolated 
would now produce progeny that bypass the  dauer stage. All 
isolates tested  segregated  suppressors of daf-7(e1?72). The 
syt- l (scl?)  duf-23(mg44)  duf-5/+ + d a f 5  strain was main- 
tained and Sqt animals were picked for analysis. 

duf-2: duf-2(e1370) males were mated with maternally res- 
cued syt-1 ( s c l 3 )  du/-2?(mg44) hermaphrodites. Non-Sqt F, 
cross progeny were incubated  at 25", the non-permissive tem- 
perature  for duf-2. Non-Sqt F, dauer larvae were picked to 15" 
to recover from  the  dauer stage. Non-Sqt animals were picked 
from plates  segregating Sqt animals to maintain the duf-23 
heterozygous strain.  Subsequently, Sqt animals were picked to 
25" and 15" and  the  phenotype of their progeny examined.  In 
all cases, Sqt animals gave no fertile progeny. 

All double  mutants between alleles of duf-16 and duf- 
2(e1370) were isolated by first picking F, dauer larvae at 25" 
from a cross between homozygous duf-I6 and duf-2 strains, 
downshifting to 15", the duf-2 permissive temperature,  and 
then picking from  among  the  broods of the homozygous duf-2 
mutant animals for segregants that now  bypass the  dauer stage 
at 25". In all cases, strains were rechecked for  the presence of 
the duf-2 mutation by complementation tests. The duf-16 
double  mutants with duf-2(mg43), a nonconditional allele of 
duf-2, were constructed by crossing duj-16 males with dpy- 
1 ( e l )  daf2(mg4?);  sDp3. sDp3 is a  chromosomal  duplication 
that covers both duf-2and dpy-1 (RoSENBLUr1-I et ul. 1985). Dpy 
non-Daf animals were picked in the  next  generation.  Those 
animals which did not segregate dauer larvae in subsequent 
generations were then tested for  the presence of the duf-2 
mutation. 

The strain unc-29(elO72)  duf-l6(m27);  daf-l2(m20) was 
constructed as follows. unc-29(el072)  daf-l6(m27)/+ + 
males were mated with duf-I2 hermaphrodites.  The cross- 
progeny males were then  mated with dpy-6  egl-15 hermaph- 
rodites (dpy-6 and egl-15 flank duf-12). The resultant non- 
Unc non-Dpy non-Egl cross progeny were then allowed to self, 
and Unc non-Dpy non-Egl progeny were picked. Isolates were 
kept from those  plates which segregated no Dpy  Egl animals 
(genotype unc-29  duf-16;  duf-12). To test for the presence of 
the duf-16 mutation, duf-2(el370) males were mated with the 
presumed unc-29(elO72)  daf-l6(m27);  daj-I2(m20) strain 
and after subsequent selection for homozygous daf-2(e13 70) 
animals, it was demonstrated  that a  suppressor of duf2(e13 70) 
was segregating as expected  in  the strains. 

Construction of triple mutants. The strain duf-l6(m27); 
sqt-I (scl?)  daf-2?(mg44);  duf-2(e1?70)  unc-32(e189) was 
constructed by crossing duf-16;  duf-2 +/duf-2  unc-32 males 
with duf-16; syt -1  duf-23 hermaphrodites. From the progeny 
of the F, animals (E duf-16; sqt-1 daf-23/+ +; daf-2/+ and 
!h duf-16;  sqt-ldaf-2?/+ +; daf-2 unc-?2/+ +), Unc Sqt F, 
animals were picked. These animals were then tested for  the 
presence of both duf-23 and duf-2 by complementation tests. 
The strain duf-1 Ci(mgl1); s y t - 1  (sc13)  daf2?(mg44); duf- 
Z(e1370) was constructed by mating duf-16; daf-2/+ males 
with dnf-16; sqt-1 duf-23 hermaphrodites.  Ten non-Sqt F, (% 

duf-16; sqt-1 duf-23/+ +; duf-2/+ and '/2 duf-16; sqt-1 duf- 
23/+ +; +) animals were picked and  incubated  at 25". The 
F, generation was then scored for  the presence of transient 
dauer larvae as would be  expected since duf-l6(mgI  1) is a 
weak suppressor of mutations in duf-2. Non-Sqt dauer larvae 
(% syt-1 daf23/  +) were picked from  the  one F, brood which 
was segregating dauer larvae and allowed to recover at 15". F, 
Sqt animals were then selected and tested for  the presence of 
both duf-23 and duf-2. The strain daf-l6(m27); s q t - l ( s c l 3 )  
daf-2?(mg44);  dpy-l(e1)  duf-2(mg43) was constructed by 
crossing duf-I6(m27);  syt-l(scl3)  duf-2?(mg44)/+ + males 
with duf-l6(m27); dpy- l  ( e l )  duf-2(mg4?) hermaphrodites. 
The resultant non-Dpy cross progeny were then allowed to self 
and Sqt non-Dpy progeny were picked. From those, Dpy seg- 
regants were picked. The resulting  strain was then checked 
for the presence of the duf-2 and duf-23 mutations. 

The duf-l6(m27);  daf-2(e1?70);  daf-l2(m20) strain was 
constructed as  follows: duf-I 6(m27); duf-2(e1?70) males were 
mated with du/-2(e1370);  daf-IZ(m20) hermaphrodites 
(grown at  15").  The duj-I6(m27)/+;  daf-2(el370); daf- 
1 Z(m20) males were then crossed with dpy-6  egl-15 hermaph- 
rodites. The non-Dpy non-Egl cross progeny hermaphrodites 
were then  incubated  at 25", the nonpermissive temperature 
for du/-2(e1?70), and non-Dpy dauer larvae of genotype duf- 
16/+ or +; duj-2;  daf-12 or duf12/dpy-6 egl-15were picked. 
The  dauer larvae were allowed to recover at 15" and  then 
shifted back to 25" as L4s or early adults and allowed to self. 
Non-Dpy non-Egl animals which did  not arrest as dauer larvae 
(genotype: daf-16; duf-2; daf l2or  duf-l2/dpy-6egl-15) were 
picked from  their progeny. Animals which did  not segregate 
Dpy  Egl progeny were kept and retested for  the presence of 
daf-2(eI370) and daj-l2(m20). 

The duf-l6(m27);  syt-l(scl3)  daj-23(mg44);  daf-l2(m20) 
strain was constructed in a similar manner as described above 
for  the triple mutant with daf-Z(e1370) except that duf-23was 
selected by picking the linked  marker sqt-1 (scl?) .  The result- 
ing strain was rechecked for  the presence of duf"23(mg44) and 
duf-l2(m20). 

Scoring dauer bypass: In those cases where  suppression of 
the daj-23 or daf-2 mutant phenotype was observed, synchro- 
nized populations of animals were analyzed to monitor tran- 
sient dauer formation. Gravid hermaphrodites were picked to 
plates at  the  appropriate  temperature  and allowed to lay eggs 
for 6 hr. The  hermaphrodites were then removed from the 
plates. The plates were scored two days later to determine if any 
of the eggs had failed to  hatch or if  L1 animals were not de- 
veloping. Final scoring of the plates was done after 3 days for 
plates incubated  at 25", and 6 days for plates incubated at 15". 
Examination of plates at these times allowed the identification 
of animals that transiently arrested as dauer larvae. 

Measuring dominant suppression by daf-16 alleles: To 
measure the  dominant suppression of dauer formation by 
duf-16 alleles, a heterozygous (duf-16/ +) parent was picked 
to a  plate  at 25" at  the L4 stage. The  parent was transferred to 
a  fresh plate every  day until it stopped laying eggs. All of  the 
progeny were picked to individual plates and  their progeny (or 
lack of progeny) were scored. 

RESULTS 

A general  screen for non-temperaturesensitive Daf-c 
mutations  identified daf-23 and daf-2: In  a  genetic 
screen  for  mutations which cause a  non-temperature- 
sensitive Daf-c phenotype, we have isolated two muta- 
tions, mg44 and mg55, that  are allelic and cause a ma- 
ternal effect Daf-c phenotype. We mapped mg44 
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FIGIXE 2.-Nomarski photographs of the pharynx of daf- 
23(mg44) (A and 13) and dnf- l6(m27);  sqt- l (scl3)  daf- 
23(mg44) (C) animals. The arrow indicates the isthmus of the 
pharynx and the arrowhead denotes the posterior bulb of the 
pharynx. (A) daf-23(mg44) dauer: the pharynx  and  body  are 
constricted and are indistinguishable from wild-type dauers. 
(B) daf-23(mg44) L2d: the pharynx and body  are intermediate 
between  dauers and nondauers. ( C )  daf-l6(m27); sqt-1 ( sc l3 )  
daf-23(mg44) L3: the pharynx and body  are not constricted 
and  are the same as wild-type L3 stage  animals. 

between sqt -1  and Zin-29 on chromosome 11. Comple- 
mentation tests  with duf-23(m333), a  maternaleffect 
Dafc mutation that maps to  the same region (RIDDLE 
1988), indicate that mg44 and mg55 are new  alleles  of 
duf-23. These mutations cause animals to  arrest devel- 
opment in abundant food as dauer larvae or with prop 
erties intermediate between dauers  and nondauers. In 
the case  of mg55, a yray-induced allele, 90% of the ani- 
mals arrest at  the  dauer stage while 10% ot  the animals 
arrest during  the specialized L2 stage preceding  dauer, 
the L2d.  For mg44, 10-4096 of the animals arrest as 
dauer larvae. The  dauer larvae appear normal when o b  
served by light microscopy:  they  have dauer alae, the 
pharynx and body are  thin relative to L3 animals and  the 
intestine is dark (Figure 2). The remainder of animals 
(60-90%) arrest development at  the L2d stage and do 
not fully differentiate into  dauer larvae (Figure 2).  The 
latter animals have the  dark intestine of dauer larvae, but 
the pharynx and  the body are  not as thin as dauer larvae, 
and  the cuticles do not have dauer alae. This phenotype 
was observed at all three  temperatures examined: 15", 
20" and 25".  However,  in the case  of mg44, if mutant 
animals were kept on plates for several  weeks, some ani- 
mals continued development, eventually forming sterile 
adults, whereas normal L2 to adult development takes 2 
days at 25". Development to  the  adult stage occurred 

TABLE 1 

Phenotype of daf-B/Df is dauer constitutive 

Phenotype of progeny (%) at 20" 

Genotype Dead egg Dauer" L1 Adult N' 

daf-23(mg44) 0 99 1 0 364 
mnDJ87/+ 27 0 0 73 593 
daf-23(tng44)/mnDf87 29 70.8 0.2 0 489 
daf-23(mg55) 6.5" 93 0.5 0 36.5 

This class includes animals that  arrest as either dauers or in  the 
specialized stage preceding dauers, the L2d stage. 

bThese animals  never develop beyond the L1 stage. 
'This number represents the entire broods of three hermaphre 

dites for each strain. 
"Since this  strain  is  likely to be a complex rearrangement (see 

MATERIALS AND METHODS), the presence of dead eggs may not be due to 
the duf-23 mutant phenotype but  rather to lack of backcrossing. 

more frequently at lower temperatures. The adults have 
dark intestines like dauer larvae and  the gonad develops 
although sometimes abnormally. In addition, although 
the vulva has developed in these adults, they  generally 
have a  protruding vulva indicative  of some defect in vul- 
val morphogenesis. This slow progression to the adult 
stage was not observed  with mg55 mutant animals which 
fully arrest at the L2d or dauer stage, suggesting that 
mg55 may be  a  stronger allele of duf-23. However, since 
we believe that mg55 may be  a complex rearrangement 
(see MATERIALS AND METHODS), most  of our epistasis  analy- 
sis  is  with the allele mg44. 

The  dauer constitutive phenotype is maternally res  
cued for both duf-23 alleles.  Homozygous progeny from 
heterozygous parents do not arrest at the  dauer stage. In 
addition,  the  mutant phenotype can be rescued zygoti- 
cally by crossing wild-type  males to homozygous mutant 
hermaphrodites. The phenotype of duf-23(mg44)/ 
mnDf87 was examined and  the results are shown  in 
Table 1: approximately 30% of the progeny are  dead 
eggs (homozygous deficiency), approximately 70% ar- 
rest at the  dauer stage (duf-23/Df or duf-23) and less 
than 1% arrest development as  newly hatched L1 ani- 
mals. The L1 animals are developmentally arrested but 
appear normal when examined by Nomarski  micros- 
copy. These  data suggest that mg44 is a reduction-of- 
function allele of duf-23. 

In addition to duf-23, we identified non-temperature- 
sensitive Dafc mutations in one  other  gene, duf-2. While 
the majority  of mutant alleles  of the  Dafc  gene duf-2 are 
temperature sensitive, we isolated two nonconditional 
alleles of duf-2 from EMS screens for dauer formation 
at 15".  Both mutations cause 100% dauer arrest at 15". 
The  dauer larvae that  are  formed  are indistinguishable 
from pheromone-induced wild-type dauer larvae. It has 
been  reported previously that  nonconditional alleles of 
duf-2 can be recovered (RIDDLE 1988; MALONE and 
THOMAS 1994). These non-temperaturesensitive d u f 2  
alleles  behave  similarly to conditional alleles  in  epistasis 
tests (see below). We assume that  the non-temperature- 
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sensitive daf-2 alleles are  more null-like, but without 
analysis  of these alleles in trans to deficiencies, such an 
assumption is provisional. 

In this screen for non-conditional Daf-c mutants, we 
also isolated alleles  of  several other previously identified 
Daf-c genes: two alleles  of duf-7, two alleles of duf-8 and 
four alleles  of daf-I  1. Although these mutants were  iso- 
lated because they form dauer larvae at 15", the Daf-c 
phenotype was  less severe at 15" than  at 25". Thus, simi- 
lar to alleles isolated in high temperature screens for 
Daf-c mutants, these new daf-7,   daf-8 and daf-11 alleles 
show temperature sensitivity  (SWANSON and RIDDLE 1981; 
MALONE and THOMAS 1994). 

daf-23 epistasis analysis: Extensive genetic epistasis 
analysis between mutations in Dafd genes and daf-2 has 
already been done (RIDDLE et al. 1981;  VOWELS and 
THOMAS 1992). However, the position of duf -23  relative 
to the  Dafd genes was not known. To determine where 
daf-23 fits into  the existing genetic pathway for dauer 
formation, we constructed  double  mutants between daf-  
23(mg44)  and mutations in nine of the existing Dafd 
genes: daf-3,   daf-5,   daf-6,   daf-10,  daf-12,  duf-16,  daf-I  8 
and daf-20 and che-3 (see MATERIALS AND METHODS). 

These nine Daf-d genes  appear to affect several distinct 
steps in the pathway for dauer  formation (see Figure 1) 
based on their  dauer defective phenotype, genetic in- 
teractions with  Daf-c genes and known ultrastructural 
defects. Three mutants, daf-6,  duf-IO and che-3 are 
thought  to  function in the sensory portion of the path- 
way for  dauer formation since mutations in these genes 
cause ultrastructural defects in the chemosensory sen- 
silla, the  amphid, as  well  as in other chemosensory neu- 
rons. daf-6 mutants have a defect in sheath cell forma- 
tion which  causes the  amphid  opening to form 
improperly such that  the  endings of the sensory neurons 
are no longer exposed to the  environment (ALBERT et al. 
1981; HERMAN 1984). The sensory neurons of both che-3 
and daf-I  0 mutants have  defective ciliated endings 
(LEWIS and HODCKIN 1977; ALBERT et ul. 1981). daf-23 is 
epistatic to all three of these genes (Table 2) and there- 
fore is unlikely to be  functioning in the sensory endings. 
However, duf-23 exhibits an  additional  interaction with 
both che-3 and daf-10 that is not observed in double 
mutants with duf-6. 27% of daf-23;  daf-10 animals and 
67% of che-3; du f -23  animals arrest as dead eggs or 
newly-hatched L1 animals (Table 2).  The arrested L1 
animals are not dead; they  move (although somewhat 
sluggishly) and pharyngeal pumping occurs occasion- 
ally. This suggests that daf-23 has a  function  in  addition 
to dauer  formation  and  that while daf-23 is epistatic to 
daf-10 and che-3 for  dauer  formation  there is a syner- 
gistic interaction between the two genes in a  different, 
essential pathway. This phenotype was observed previ- 
ously  in double  mutants between the Daf-c gene daf-2 
and  the cilium-structure mutants (VOWELS and THOMAS 
1992). 

The Daf-d genes duf-3 and duf-5 function  further 

TABLE 2 

Suppression of daf-23 dauer  formation by mutations in 
daf-d genes at 25" 

Phenotype of progeny (%) 
of sq t - l ( s c l3 )  daf-23(mg44); daf-d mutants 

Fertile 
d af-d adults Dauer" Other N b  

+ 0 98 2 >loo0 
daf3(e1376) 0 94 6 1819 
daf-5(e1386) 0 99 1 2043 
daf-fi(e1377) 0 93 7 1490 
daf-20(m25) 0 99 1 2107 
daf"IO(eI387) 0 73 27' 369 
che-jr(e1379) 0 33 67 245 
daf-I2(m20) 0 0 100' 231 
daf-  l6(mgI I) 100 0 0 973 
daf16(m26) 100 0 0 507 
daf-I6(m27) 100 0 0 2014 
daf-l8(e1375) 99 0 1' 903 

This class includes animals that arrest as either dauers or in the 
specialized  stage preceding dauers, the L2d  stage. 
' N = the total number of animals scored. 
'Twenty-seven percent of progeny arrest development at the L1 

stage or die as  embryos. 
Sixtyseven percent of progeny arrest development at the L1 stage 

or die as embryos. 
'Animals  initially stop development at the L2 stage but, after sev- 

eral days,  many continue developing into late larvae or sterile adults. 
'One  percent of progeny become sterile adults. 

downstream in the pathway. Mutations in these genes do 
not appear  to affect the sensory endings and are able to 
suppress to varying degrees mutations in a large group 
of  Daf-c genes. Because mutations in daf-3 and daj-5 
suppress the  dauer  formation normally induced by laser 
ablation of the sensory neurons ASI, ADF and ASG, 
daf-3 and daf-5 are unlikely to be functioning exclu- 
sively in those neurons (BARGMANN and HORVITZ 1991). 
Mutations in d a f ?  and daf-5 do  not suppress daf- 
23(mg44)  (Table 2), suggesting that daf-23 either func- 
tions downstream of daf-3 and daf-5 or  on a different 
pathway. 

The  Dafd gene daf-12 also functions downstream of 
most Daf-c genes but displays an unusual interaction 
with daf-23.  daf-12 mutations suppress mutations in ev- 
ery other Daf-c gene except daf-2. The double  mutant 
between da f - l2 (m20)  and daf-23(mg44) exhibits a 
novel phenotype unlike either single mutant (Table 2). 
Double mutant animals initially arrest development dur- 
ing  the L2 stage although after several  days -30% of the 
animals continue  to develop into late larvae or sterile 
adults. Unlike daf-23 mutant larvae and adults, these 
animals do  not have a  dark  intestine.  Therefore  a mu- 
tation in daf-12 is able to suppress some of the daf-23 
dauer-like phenotypes. However, because a mutation in 
daf-12 does not suppress all daf-23 phenotypes, it is not 
possible to order the genes relative to one  another; 
rather, it is more likely that these genes function in in- 
dependent pathways. Interestingly, the phenotype of 
this double  mutant is similar to  the phenotype of a daf-2; 
daf-12 double  mutant (VOWELS and THOMAS 1992). The 
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similarity between daf-2 and daf -23  will be discussed 
further below. 

The  three  remaining Daf-d genes, d a f - 1 6 ,   d a f   1 8  and 
daf-20,  were not clearly placed in the previously pub- 
lished versions  of the  dauer pathway (RIDDLE et al. 1981; 
VOWELS and THOMAS 1992). Both daf-16 and daf-18 mu- 
tants inefficiently form dauer larvae in pheromone  and 
the  dauer larvae then recover inappropriately [Vowels 
and THOMAS (1992); this study (see below)]. d a f 2 0  mu- 
tant animals are almost completely defective in dauer 
formation in response to pheromone (VOWELS and 
THOMAS 1992). However,  all three mutations cause for- 
mation of partial dauers when in double  mutant com- 
bination with  several  of the Daf-c mutants, such as daf- 7 
and daf-11 (VOWELS and THOMAS 1992).  These  double 
mutants  arrest development at  the  dauer stage but  the 
dauers  that  are  formed  are  incomplete, indicating that 
these Dafd genes  are necessary for complete dauer for- 
mation in these mutant backgrounds but do not com- 
pletely suppress. Because  of this partial dauer  pheno- 
type, it is not possible to position these Daf-d genes 
with respect to the other genes in the pathway  shown in 
Figure 1. 

The epistasis  pathway is clearer with daf-23. Mutations 
in daf-16 completely suppress daf -23  mutants (Table 2 
and Figure 2C). Double mutant animals form fertile 
adults. Synchronized populations of animals were  fol- 
lowed to monitor  transient  dauer  formation  and none 
was observed. In addition, even the phenotypicallyweak- 
est allele of d a f - 1 6 ,   m g l l  (see below), completely sup- 
presses daf-23(mg44).  The only other Daf-c mutant  that 
is suppressed in this way  by mutations in daf-16 is daf -2  
(VOWELS and THOMAS 1992).  Therefore, daf-16 func- 
tions downstream of both daf-2 and daf-23. 

A mutation in one  other  Dafd  gene, daf-18, exhibits 
suppression of daf -23  mutants: 99% of daf-23(mg44); 
daf-18  (e1375)  animals formed fertile adults (Table 2). 
However, the  dauer constitutive phenotype of daf -  
23(mg55) was only  partially suppressed by daf-  
18(e13  75): 4%  of the progeny of daf-23(mg55);   daf-18 
(e1375)  animals became fertile adults, 8% became ster- 
ile adults  and  the  remainder  arrested as dauer larvae 
( n = 543). As mentioned above, it is likely that mg55 is 
a  stronger allele of daf-23 than mg44. Since it is possible 
that  the single existing allele of daf -18  is a weak allele, 
a  stronger allele of daf -18  may suppress mg55 more 
completely. Therefore, based on these results daf -18  
may also function downstream of d a f - 2 3  however, more 
alleles of daf -18  need  to be identified and tested. A 
mutation in daf-20 does not suppress daf-23(mg44) 
(Table  2). 

duf-23 and duf-2 exhibit similar epistasis  patterns: It 
is clear from the results of the epistasis  analysis that 
daf -23  is functioning at a  different  point in the pathway 
or  on  an  independent pathway from the Daf-c genes 
daf-1,   daf-4,   daf-7,   daf-8,   daf-11,   daf-14 and daf -21  
(RIDDLE et al. 1981; VOWELS and THOMAS 1992;  THOMAS 

et al. 1993). However, one  other Daf-c gene, daf-2, shows 
a genetic epistasis pattern nearly equivalent to daf-23 
(RIDDLE et al. 1981; VOWELS and THOMAS 1992). Muta- 
tions in either  gene  are epistatic to mutations in the 
Dafd genes daf-6,   daf-10,  daf-3,   daf-5 and daf-20 and, 
for  both daf-2 and daf-23, double  mutants with muta- 
tions in the  Dafd  gene daf-12 exhibit a similar L2 arrest 
phenotype (RIDDLE et al. 1981;  VOWELS and THOMAS 
1992; this study). In  addition,  double  mutants with  ei- 
ther daf-2 or daf-23 and  Dafd mutations that cause de- 
fects in cilium structure exhibit an incompletely pen- 
etrant L1 arrest phenotype (VOWELS and THOMAS 1992; 
this study). The constitutive dauer formation phenotype 
of both daf-2 and daf-23 is suppressed by mutations in 
d a f 1 6  (this study; RIDDLE et al. 1981;  VOWELS and 
THOMAS 1992). In addition,  although  the single mutant 
allele of daf-18 does not suppress daf-2 mutants as 
strongly as daf -23  mutants, 10% of daf2(e1370);   da f -  
18(e1375)  animals bypass dauer  arrest and  the  dauers 
that form are defective and recover from the  dauer stage 
within  24 hr  (data  not shown). Finally, we note  that  un- 
like mutations in the  other Daf-c genes mentioned 
above, there  are non-temperature-sensitive alleles  of 
both daf -23  and daf -2  which exhibit dauer  arrest  at all 
temperatures  (this study; RIDDLE 1988; MALONE and 
THOMAS 1994). 

Most  previous  epistasis  analysis  utilized temperature- 
sensitive  alleles of daf-2 (RIDDLE et al. 1981; VOWELS and 
THOMAS 1992). To investigate the possibility that  a non- 
temperature-sensitive daf-2 allele might not be sup- 
pressed by mutations in daf-16,  we constructed  double 
mutants between the non-temperaturesensitive daf-2 al- 
lele, mg43,  and two daf-16 alleles, m g l  l and m27. In 
both cases, mutations in daf-16 suppressed the daf-2 
mutant phenotype (Table 3). In  addition, daf-2(mg43);  
d a f l 2 ( m 2 0 )  double  mutants display the same growth 
arrest observed  in double mutants between da f - l2 (m20)  
and a temperature-sensitive allele of daf-2 (data  not 
shown).  Therefore, based on these criteria, the  non- 
temperature-sensitive and temperature-sensitive alleles 
of d a f 2  behave  similarly. 

We also constructed daf-2;  daf-23 double  mutants 
and  the  phenotype of the  double  mutants is dauer con- 
stitutive (Table 3) .  The  dauer constitutive phenotype of 
these double  mutants also is suppressed by mutations in 
daf-16 (Table 3). These results suggest that d a f 2  and 
daf -23  act on the same pathway that also includes daf -16  
and that daf-16 acts downstream of both daf -2  and 
da   f -23 .  

Dauer  formation in duf-16 mutants: The original al- 
leles of daf-16 were isolated as suppressors of mutations 
in the Daf-c gene daf-2 (RIDDLE et al. 1981). Alone, mu- 
tations in the daf-16 gene cause a  dauer defective phe- 
notype. To examine more closely the basis of the defect, 
we monitored  the development of synchronous popu- 
lations of daf-16 mutant animals when exposed to high 
pheromone/low food conditions in liquid media (see 
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TABLE 3 

Suppression of the daf-2,  daf-23 and daf-23;  daf-2 dauer  constitutive  phenotype by mutations in daf-16 

Fertile adults (%) at 25" 

Genotype + daf-I  6(mgI I ) "  daf-I6(m27) 

sqt-1 (sc13)  daf-23(mg44) 0 (>1000) 100 (973) 100 (2014) 
daf-2(e1370) 0 (422) 22 ( 1  282) * 100 (618) 
dyp-1 (el)  duf-2(mg43) 0 (157) 76 (459) 100 (256) 
sqt-I(scl3)  daf-23(mg44);  daf"2(e1370) 0 (212) 100 (635) 100 (583) 
sqt-l(scl3)  duf-23(mg44);  dpy-l(e1)  daf-2(mg43) ND  ND 100 (509) 

The number in parentheses is the total number of animals scored. ND, not  determined. 
" The percent fertile adults was scored after 3 days;  over time, all dauers recover. 
'Although it is somewhat surprising that daf - I6(mgl l )  suppresses mg43, the  nonconditional allele of daf-2, more strongly than it suppresses 

' Dpy worms scored as segregants from  the strain dpy-l(e1)  daf-2(e1370); sDp3. 
e1370, the temperature-sensitive allele, it is possible that this difference is due to the  presence of the dpy-1 mutation in the mg43 strain. 

This strain is also unc-32(el89). The presence of this mutation  does not affect the Daf-c phenotype of daf-2. 

MATERIALS AND METHODS). Using these conditions, we in- 
duced  greater  than 95% dauer formation in  wild  type 
(see Figure 3A). We tested three  different alleles of  daf- 
16,  one of which was isolated in this study (see MATERIALS 

AND METHODS) and two of which  were isolated previously 
(RIDDLE et al. 1981). The efficiency of dauer formation 
in pheromone was monitored by determining  the per- 
centage of animals which acquire resistance to SDS.  We 
note, however, that animals which are  not completely 
differentiated into  dauers can survive an SDS test.  For 
example, some of the daf-l6mutant animals which form 
SDSresistant dauers do  not have the constricted phar- 
ynx  typical  of  wild-type dauers. However, these animals 
are  dauers by all other criteria. The results from this 
experiment  are shown  in Figure 3A. Several conclusions 
can be drawn from this experiment. First, the  three 
daf-16  alleles differ in the severity  of their dauer defec- 
tive phenotype. mgll, which was isolated in a selection 
for precocious dauer  formation (see below), can form 
high levels (almost 90%) of transient, SDS-resistant 
dauer larvae and is therefore  presumed to be the weak- 
est allele; m26is intermediate  and m2 7appears  to  be  the 
strongest allele, forming only about 5% transient dauer 
larvae in pheromone. Yet, despite the difference in the 
ability to form SDS-resistant dauer larvae, all three mu- 
tant populations are  unable to maintain the  dauer- 
differentiated state as indicated by the fact that  there  are 
no SDSresistant animals at 100 hours in  any of the 
daf-16 mutant cultures. Wild-type animals in phero- 
mone maintain SDSresistant dauer larvae  over this pe- 
riod. This suggests that daf-16is required  both to initiate 
dauer formation as  well  as to maintain the  dauer- 
differentiated state. Alternatively, it is possible that  the 
dauer larvae formed in weak daf-16 mutants  are some- 
how  defective and this is the cause of their  inappropriate 
recovery. 

When we induced  dauer formation on plates contain- 
ing a high level  of pheromone  and little food, we ob- 
tained similar results. More than 50% of both mgl 1 and 
m27 animals formed  dauers or partial dauers after two 
days. The dauers were indistinguishable from wild-type 

dauers  except  that  the pharynx was not constricted. The 
partial dauers  had unconstricted pharynxes that 
pumped occasionally, the  dauer alae were indistinct and 
the  dauers were not as thin as  wild-type dauers. One day 
later, all of the  dauers  had recovered and  there were 
10-15% partial dauers. Surprisingly, m26 formed no 
dauers or partial dauers on plates.  Similar results were 
obtained by VOWELS and THOMAS (1992). 

We also monitored  dauer formation in synchronized 
populations of daf-16 mutants which  were induced to 
form dauer larvae using a temperature-sensitive allele of 
the Daf-c gene daf-2, e1370, at  the nonpermissive tem- 
perature. For this experiment, we tested four  different 
alleles of daf-16, two of  which  were isolated in this study 
(see MATERIALS AND METHODS), and two of which  were  iso- 
lated previously (RIDDLE et al. 1981). The relative  effects 
of the  different daf-16 alleles on  dauer formation in this 
assay were  similar to that observed  with pheromone- 
induced  dauer larvae (Figure 3B). Specifically, daf- 
1 G(mgl1) formed  dauer larvae at  a high frequency while 
the  other daf-16 mutants  formed  dauer larvae  ineffi- 
ciently [daf-l6(m26)] or not  at all [daf-l6(m27) and 
daf-l6(mg47)]. Again, the pharynxes of many of the 
daf-16 mutant animals that survived the SDS treatment 
were incompletely constricted. Other daf-16 alleles  in a 
daf-2 genetic background behaved similarly. Synchro- 
nized broods of four  other  independent daf-16 muta- 
tions isolated based on their suppression of the daf- 
2(e1370); daf-l2(m20) growth arrest phenotype (H. 
TISSENBAUM and G. RUVKUN, personal communication) 
behaved similarly to the previously isolated mutants: two 
alleles formed no dauer larvae in combination with 
daf-2; one allele formed 23% transient  dauer larvae and 
one allele formed 86% transient dauer larvae. 

One difference between daf-2-induced and phero- 
mone-induced  dauer larvae is that  strong daf-16  alleles 
completely suppress dauer formation induced by 
mutations in  daf-2 but still form a low percentage of 
transient dauer larvae  with pheromone.  A simple ex- 
planation for this observation is that  pheromone down- 
regulates both the daf-2/daf-23 pathway and  the other 
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FIGURE 3.-Each  data point in  both  graphs  represents the 
average of two independent  trials  for  each strain. (A) Dauer 
formation  in  wild-type  and da f -16  mutant  animals  in  liquid 
culture in the  presence of added  pheromone.  Synchronous 
cultures of animals were grown under  dauer-inducing  condi- 
tions (see ~MATER~ALS AND METHODS). Dauer  formation was moni- 
tored by removing  aliquots at the time  points  indicated  and 
incubating  animals  in 1% SDS for 30 min.  The  animals were 
then washed and moved  to a plate with food.  The  percentage 
of animals  that  survived  the  SDS treatment  and  continued  de- 
velopment was calculated. (B) Dauer  formation  in duf-2 and 
daf-16; d a f 2  strains  on  plates at 25". Synchronous  populations 

major Daf-C pathways (which include,  for  example, 
daf 7 and d a f l l  ) and mutations in d a f l 6  can only ef- 
ficiently suppress the daf-2 pathway so that  in  phero- 
mone  the  other pathway induces  transient and partial 
dauer formation. Such an  explanation is consistent with 
the observation that  mutations in daf-16 do  not effi- 
ciently suppress Daf-C mutants other than daf-2 or daf 
23. An alternative explanation is that  the alleles of d a f 2  
which were tested do  not cause as  severe a decrease in 
daf-2 gene activity  as does  pheromone  treatment in 
which  case daf-2 (null); daf-16 mutants would form 
transient  dauers like pheromone treated daf-16 
mutants. 

daf-16 does not suppress dauer formation  induced by 
other Daf-c mutations as efficiently as it suppresses daf-2 
and daf-23. For comparison, we monitored  the effect of 
duf-l6(m27) on  dauer formation in another Daf-c mu- 
tant daf-7(el372). Observation of synchronized broods 
of dafl6(m27);   daf7(e1372)  double  mutants indi- 
cated  that 2% of animals completely bypassed the  dauer 
stage while the  remaining animals arrested as partial 
dauers.  Therefore, as shown previously by VOWELS and 
THOMAS (1992), mutations  in daf-16 strongly suppress 
mutations  in daf-2 but  not  other Daf-c genes.  In addi- 
tion, we note  that many  of the partial dauers  formed in 
daf-l6(m27);  daf7(e1372) double  mutants  are SDS 
resistant although  the  percentage of SDSresistant 
dauers decreases over time (data  not shown). 

Precocious dauer formation in daf- l6(mgl l ) :  Our re- 
sults also demonstrate  that, of the animals that  enter  the 
dauer stage, both  pheromone-induced dauer larvae and 
daf-2-induced dauer larvae in  a daf-16 mutant back- 
ground  enter  the  dauer stage about six hours early 
(Figure 3). To determine  more precisely the basis  of 
this precocious phenotype, we followed the develop- 
ment  at 25"  of synchronous populations of wild type, 
daf2(e1370),   daf-l6(mgll);   daf2(e1370) and daf 
16(mgl I) animals. Synchronous  populations of starved 
L1 animals were plated on food to initiate development. 
After 16.5 hr,  the stage of the animals was determined 
based on two criteria: the  presence or absence of L1 alae 
and  the size  of the  gonad. More than 90% of  wild  type 
animals were already at  the L2 stage. In  contrast,  more 
than 90% of daf2(e1370) animals were still at  the L1 
stage. Therefore, animals that  are going to differentiate 
into  dauer larvae have a  longer L1 stage (as observed 
previously by SWANSON and RIDDLE 1981). At 16.5 hr,  the 
population of daf-l6(mgll);  daf"2(e1370) animals was 
at  the L2 or  predauer L2d stage. Therefore,  the preco- 

of animals  were  aliquotted  onto  plates  with  food at 25", the 
nonpermissive  temperature  for da f2 (e1370) .  Dauer  forma- 
tion  was monitored by washing  worms off of plates at the 
indicated time and  incubating them in 1% SDS for 30 min. 
The  animals  were  then  washed and moved to a plate with 
food.  The  percentage of animals  that survived the SDS treat- 
ment and  continued  development was calculated. 
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TABLE 4 

Suppression of daf-2;  daf-12 and daf-23;  daf-12 double mutants by 
mutations in daf-I 6 

Fertile adults (%) at 25" 

Genotype + daf"I6(m27) 

daf-l2(m20) 100 (722) 100 (269)" 
sqt-l(scl3)  duf23(mg44);  daf12(m20) 0 (231)' 100 (639) 
daf2(e1370);  daf12(m20) 0 (742) * 100 (563) 

The  number in parentheses is the total number of animals scored. 
"This strain is also unc-29(e1072). The presence of this mutation 

'These animals stop development at the L2 stage. 
does not affect the Dafd  phenotypes of duf-16 and daf-12. 

cious dauer  phenotype of daf-16;  daf-2 double  mutants 
is due,  at least in part,  to  the suppression of the  length- 
ened L1 stage characteristic of daf -2  mutant animals. In 
addition, this result suggests that daf-16 has a role in the 
early  stages of dauer differentiation. d a f - l 6 ( r n g l l )  does 
not accelerate all development because this strain did 
not reach sexual maturity and begin laying  eggs faster 
than wild  type (data  not  shown). 

daf-16 suppresses the growth arrest  phenotype of dafi 
23;  daf-12 and daf-2; duf-12 double mutants: The re- 
sults presented  thus far suggest that daf-16 functions 
downstream of both daf-2 and daf-23 because mutations 
in daf-16 completely suppress the  mutant  phenotype of 
both genes. In order to further position daf-16,  daf-12, 
daf-2 and daf-23 in the  dauer pathway, we determined 
whether mutations in daf-16 suppress the  abnormal 
growth phenotype of daf-23;  daf-12 and daf-2;  daf-12 
double mutants. If daf -16  functions downsteam of daf-  
12 ,  then daf-16;  daf-23;  daf-12 and daf-16;  daf-2; 
daf-12 triple mutants would arrest growth with a daf-2; 
daf-I 2 mutant  phenotype. This resultwould suggest that 
the suppression of daf -23  and daf-2 mutants by muta- 
tions in daf-16 is dependent  on daf-12 gene activity. In 
contrast, if daf-16 functions downstream of daf-2 and 
daf -23  and independently of daf-12,  the triple mutants 
should have a daf -12  phenotype and bypass dauer arrest. 
To distinguish between these models, we constructed 
the triple mutants and monitored development in syn- 
chronized  populations of animals. As is  shown in Table 
4, the triple mutants exhibit neither  dauer  arrest  nor  the 
daf-2;  daf-12 or daf-23;  daf-12 growth arrest  pheno- 
type. The daf-2 and daf-23 and daf-2;  daf-12 and daf- 
23;   daf-12 mutant phenotypes are completely s u p  
pressed. These results are consistentwith the model that 
daf-16 is functioning downstream of daf-2 and daf-23 
and  that  the novel arrest  phenotype of a daf-2;  daf-12 
or daf-23;  duf-12 double  mutant  depends on daf-16 
gene activity. 

Dominant  suppression  by daf-16 mutants: Strains het- 
erozygous for mutations in daf-16 exhibit partial domi- 
nant suppression of both daf-2 and daf-23 mutations. 
We examined all the progeny of daf- l6/+;  daf-2 and 
daf-l6/+;  daf-2? hermaphrodites.  The results from this 

analysis are shown in Table 5. As expected, approxi- 
mately ?4 of the progeny from da f - l6 /+  heterozygous 
parents became fertile adults whose progeny all by- 
passed dauer  arrest indicating that they  were  homozy- 
gous for daf-16. However, 3% of the progeny from the 
d a f 2  strain and 18-35%  of the progeny from daf -23  
strains were fertile adults of the genotype daf-16/+,  
based on progeny tests (see Table 5). Examination of 
synchronized populations indicated that many  of the 
daf-I 6/+ animals initially arrest  at  the  dauer stage, but 
then recover over 1-3 days (data  not  shown).  The domi- 
nant suppression is neither allele-specific for d a f - I 6  nor 
for daf-23 (data  not  shown).  The suppression is not 
complete and daf -23  mutants  are suppressed to a 
greater  degree  than daf-2 mutants. In addition,  the daf- 
16/+;  daf-2 or daf-16/+;  daf-23 fertile hermaphro- 
dites have low brood sizes  (usually  less than 50) relative 
to daf-16;  daf-2 or daf-16;  daf-23 homozygotes (brood 
sizes around 250) again suggesting that suppression is 
not complete. A mutation in the  Dafd gene daf -12  en- 
hances the  dominant suppression of daf-2(e1370)  
(Table 5). Since there is no deficiency covering daf-16 
we cannot  determine  whether  the  dominant suppres- 
sion is due to haploinsufficiency of the daf-16 gene or 
to  dominant  function of the  mutant alleles. However, 
the fact that two different alleles of daf-16, which them- 
selves differ in their ability to suppress dauer  formation, 
both exhibit dominant suppression, suggests that this 
effect is due to haploinsufficiency at  the locus. 

DISCUSSION 

We  have  shown here  that  the daf-2,   daf-23 and daf-16 
dauer regulatory pathway defines a separate branch of 
the genetic pathway  which transduces the  pheromone 
signal for dauer  formation. Unlike mutations in most 
Daf-c genes, mutations in both daf-2 and daf-23 can 
cause non-conditional arrest  at  the  dauer stage. This sug- 
gests that in contrast to other Daf-c genes, daf-2 and 
daf -23  function at a  point in the pathway that is not 
subject to  modulation by temperature. In addition, our 
epistasis  analysis  suggests that daf-2 and daf-23 are func- 
tioning at  a similar point in the  dauer pathway, upstream 
of daf-16 but downstream or parallel to all other Daf-c 
and Daf-d genes shown  in Figure 1 except daf-12. 

A combination of neuronal laser ablations in some 
Daf-d mutants,  detection of ciliated neuron structural 
defects in particular Daf-d mutants  and genetic mosaic 
analysis of one  Dafd  gene has  allowed a partial align- 
ment between the genetic epistasis  pathway and the sen- 
sory neurons which  signal dauer formation (LEWIS and 
HODGKIN 1977; ALBERT et al. 1981;  HERMAN 1984; PERKINS 
et al. 1986; BARGMANN and HORVITZ 1991). For example, 
a  number of Dafd mutations cause defects in the ciliated 
neurons which are normally open to the  environment. 
But animals with this class  of mutations can form  dauers 
if they  also  have a  mutation in one of the Daf-c genes 
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TABLE 5 

Partial dominant suppression of daf-2 and daf-23 mutants by mutations in daf-I 6 

Phenotype of progeny (%) 

Dauer Sterile adult Fertile adult Fertile adult 
Genotype of parent strain (+/+ and d a f - 1 6 / + ) "   ( d ~ f - l 6 / + ) ~   ( d a f - 1 6 / + ) '   ( d a f - 1 6 ) "  N' 

daf-I6(m27)/+;  daf-2(e1370) 64 8 3 25 145 
daf-I6(m27)/+;  daf-2(e1370);  daf-l2(m20) 32J 2 36 30 97 
unc-29(e1072)  daf-I6(m27)/++;  sqt-l(sc13)  daf23(mg44) 26 22 22 30 156 
da f16(mgI I ) /+;  sq t - l ( s c l3 )  daf23(mg44) 27 9 35 30 101 

"These animals were presumed to be of genotype +/+ or duf-l6/+ because greater than 25% of the animals arrested as dauers indicating 

bAlthough the genotype of these animals could not be determined by examining their progeny, they  were presumed to be of genotype 

'These animals were daf-16/+ because  they segregated progeny that both arrested as dauers and bypassed the dauer stage. 
" These animals were  homozygous daf-I6 because all their progeny bypassed dauer. 
'This  number is all of the progeny from a single hermaphrodite. 
[These animals did not arrest as dauers but exhibited the L2 arrest phenotype characteristic of daf-2; duf-I2 double mutants. 

that some of the daf-16/+ animals are arresting as dauers. 

duf-16/+ because +/+ animals arrest at the dauer stage. 

daf-1,   daf-4,   daf-7,   daf-8,   daf-14,  daf-2 and daf -23  
(RIDDLE et al. 1981; VOWELS and THOMAS  1992; this 
study).  Thus, these genes  are likely to function down- 
stream of the ciliated ending of these neurons,  perhaps 
in other cells.  However, dauer formation in the daf-c 
mutants daf-11 and daf-21 is strongly suppressed by the 
cilium structure  mutants (VOWELS and THOMAS 1992; 
THOMAS et al. 1993).  Thus, dauer formation in daf-11 
and daf -21  requires  intact cilia and d a f l l  and daf-21 
genes  are likely to function in those ciliated neurons 
(VOWELS and THOMAS 1992; THOMAS et al. 1993). Simi- 
larly, laser ablation of the  neuron classes  ASI, ADF and 
ASG causes dauer formation in the Dafd mutants with 
cilium structure defects but  not in other  Dafd mutants 
that were tested suggesting that many  of the  Dafd genes 
are  functioning downstream in cells other  than those 
neurons,  for  example in other  neurons or in responding 
tissues  (BARGMANN and HORVITZ 1991). Notably, muta- 
tions in the  Dafd  gene daf-12 suppress mutations in all 
of the Daf-c genes listed above (except d a f 2  and daf-  
23) suggesting that  the  function of the Daf-c genes 
d a f l ,  daf-4,  daf-7,  daf-8, d a f l l ,   d a f - 1 4  and daf-21 is to 
regulate  the activity  of daf-12. 

In  contrast,  the Daf-c genes daf -2  and daf -23  appear 
to function in parallel to or downstream of this major 
pathway. daf-2 and daf -23  mutant animals are  not s u p  
pressed by mutations in the  Dafd genes d a f - 6 ,   d a f l 0 ,  
che-3,  daf-3 and d a f 5 ,  and daf-2;  daf-12 and daf-23; 
daf -12  double  mutant animals exhibit  a novel growth- 
arrest  phenotype unlike all other daf-c;  daf-12 double 
mutants (VOWELS and THOMAS 1992; this study).  In ad- 
dition, d a f l 6  mutations specifically suppress daf-2 and 
daf -23  but  not  other Daf-c mutations. 

All alleles of the Daf-c genes daf-1,  daf-4,  daf-7,  daf-8, 
daf-11,   daf-14 and daf-21 are  temperature sensitive, in- 
cluding those we and  others have isolated in screens for 
non-conditional alleles (RIDDLE et al. 1981; SWANSON and 
RIDDLE 1981 ; MALONE and THOMAS 1994; this study). This 
suggests that  temperature  modulation of dauer forma- 

tion occurs in these Daf-c mutants. In  contrast, alleles of 
d a f 2  and daf -23  form 100% dauers  at all temperatures. 
It is possible that  temperature  input to the dauer path- 
way occurs downstream or in parallel to the daf-1,  -4,  - 7, 
-8,   -1  1,   -14, and -21  pathway but upstream of or on the 
daf-2 and -23  pathway.  Alternatively, daf-2 and daf -23  
may be  more pleiotropic and affect temperature per- 
ception itself or any temperature sensitive step in dauer 
formation. 

Based on the  data  presented  here we propose  a  model 
to explain the  functions of d a f 2 ,   d a f - 2 3  and daf-16 in 
the regulation of dauer formation  and  continuous  de- 
velopment (Figure 4).  The consequences of exposure to 
either  dauer-inducing  (high  pheromone) or non-dauer- 
inducing (low pheromone)  conditions  are illustrated. 
The primary environmental  inputs of pheromone, food 
and  temperature  are  through  the sensory neurons 
where at least some of the Daf-c and  Dafd genes, such 
as daf-11 and daf-10,  are  presumed to function. When 
animals are exposed to growth-promoting conditions, 
defined as high food and low pheromone,  the sensory 
neurons  send  a signal which prevents dauer  formation 
through  the inactivation, either directly or indirectly, of 
the Daf-d gene daf-12 and activation of the Daf-c genes 
daf-2 and daf-23. Under these conditions, daf-2 and 
daf -23  would function to prevent dauer formation by 
the inactivation of the Daf-d gene daf-16 as  well  as  by 
negatively regulating the activity  of daf-12. The second- 
ary inactivation of daf -12  by d a f 2  and daf-23 is pre- 
sented  to explain two observations: first, daf-2 and 
daf -23  mutants form dauer larvae rather  than simply 
arresting  development at  the L2 stage and  second,  the 
formation of dauer larvae  in daf-2 and daf -23  mutants 
is dependent  on daf -12  gene activity. When exposed to 
high  pheromone  dauer-inducing  conditions,  the sen- 
sory neurons no longer  send  a growth-promoting signal. 
This leads to  the activation  of d a f l 2  and  the inactivation 
of daf-2 and daf-23. The absence of daf-2 and daf-23 
function relieves repression of daf-16. The resulting 
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Non-Dauer-Inducing  Conditions 

Dauer-Inducing  Conditions 

high pheromone 
\ 

low food - 
high temperature df 

duf-12 

t- 
daf-16 

dauer 

FIGURE 4.-Model for the functions of duf-2,  duf-23 and duf-16 in dauer formation and continuous development. The primary 
inputs to the sensory neurons are pheromone, food and temperature and the relative contribution of each is represented by the 
relative  size of the lettering and the thickness of the arrow. In the rest of the figure, the arrows and bars are meant to  reflect proposed 
positive and negative interactions, respectively, although they do not imply a direct interaction. Under both dauer-inducing and 
nondauer-inducing conditions, the arrows and bars that are in bold represent active  regulatory  events. Those arrows or bars which 
have an X through them represent regulatory  events that are not occurring. The  output from non-dauer-inducing conditions is 
progression  to the L3 and the ouput from dauer-inducing conditions is to arrest as a dauer. An alternate version of this model 
would  remove the arrow from sensory neurons to duf-2 and duf-23 and rather have  all input mediated through duf-12. See  text 
for discussion. 

d a f - I 6  gene activity represses non-dauer develop- 
ment  and/or activates dauer  entry and prevents dauer 
recovery. 

A slight variant of this model, which removes the ar- 
row from  the sensory neurons  to duf-2 and daf-23,  is  also 
consistent with the  data. In such a model, sensory input 
is received only through daf-12 which then regulates 
daf-2 and daf-23. Based on  our data, we cannot yet  dis- 
tinguish whether  the daf-2,   daf-23,   daf-I6 pathway re- 
ceives  sensory input independently of daf-12 or whether 
daf-2 and daf-23 are  functioning downstream of the 
main pathway,  with  all input mediated through d a f l 2 .  
One constraint on possible mechanisms for regulation 
of duf-23 activity derives from  the fact that  the duf-23 
mutant  phenotype is maternally rescued suggesting that 

the down-regulation of daf -23  by daf-12 or by the up- 
stream pathway  is not likely to  be transcriptional. 

This model assumes that  the  Dafd genes  are up- 
regulated in high pheromone  and down-regulated in 
low pheromone  and  that  the Daf-c genes are down- 
regulated in high pheromone  and  upregulated in low 
pheromone. However,  only reduction-of-function (and 
not necessarily null) alleles  of each  gene have been 
tested thus far. In  addition, these genes could be nec- 
essary for  the  development or functioning of particular 
neurons or cells in the pathway but  not regulate the 
pathway directly as shown. If this were true,  then excess 
or ectopic activity  of these genes would not be sufficient 
to impose the opposite phenotype from reduction of 
activity.  However for any genes whose  activity  is regu- 
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lated as we depict,  dominant  hypermorphic  mutations 
would  allow  tests  of this model. 

This model suggests that  both daf -12  and daf -16  ac- 
tivity are  required  for  dauer  formation. daf-12 may have 
a  more  central  role since mutations in d a f l 2  completely 
suppress dauer formation  induced by pheromone as 
well  as dauer formation  induced by the  presence of mu- 
tations in most of the Dafc mutants, while daf-16 mu- 
tants form partial dauers on  pheromone  and in com- 
bination with many of the Daf-c mutants. Together, 
daf-12 and daf-16 may function  to activate dauer- 
specific genes and repress genes  required  for  continu- 
ous development. However, under those conditions 
where daf-16 activity  is high and daf-12 activity  is  low, 
such as in a daf-2;  daf-12 double  mutant, animals nei- 
ther arrest as dauers nor  continue  development to fertile 
adults. One possible explanation  for this phenotype first 
suggested for d a f 2  by VOWELS and THOMAS (1992), is 
that daf-2 and daf -23  are  required  for progression to the 
L3 stage while daf-12 is required  for progression to  the 
dauer stage. Therefore, daf-2;  daf-12 and daf-23; 
daf -12  double  mutants  cannot progress past the L2 
stage. The  requirement  for daf-12 and  either daf-2 or 
daf -23  for progression past the L2 stage is relieved in 
daf -16  mutants suggesting that  the inability to progress 
to the  L3 stage is due to the high activity  of d a f l 6  that 
occurs in daf-2;  daf-12 or daf-23;  daf-12 double mu- 
tants. An alternative explanation is that daf-12 and daf-  
2 / d a f 2 3  have distinct but overlapping roles. This would 
suggest that  either daf-2/daf-23 or daf-12 alone can 
function in preventing or promoting  dauer  formation, 
respectively,  while both play a  minor  role in both pro- 
cesses or that daf-2/daf-23 and d a f  12 may  have redun- 
dant functions in an essential process which  takes place 
during  the L2 stage unrelated to dauer  formation. This 
redundant  function would no longer be essential in a 
daf-16 mutant. 

In  addition to the  dauer constitutive phenotype,  there 
are  other phenotypes associated with mutations in 
daf"23and daf-2. Both daf"2and daf-23double  mutants 
with two Dafd mutants  that have defects in cilia struc- 
ture  exhibit  a high penetrance of  L1 arrest (VOWELS and 
THOMAS 1992; this study). The arrest is not  due to le- 
thality since daf2(e1370);   da f -1   O(e1387)  animals that 
are  arrested  at 25" can recover and  continue to grow 
when shifted to 15", the permissive temperature  for daf- 
2(e1370)  (H. TISSENBAUM and G. RUVKUN, personal com- 
munication). This result suggests that daf -2  and da f -23  
have an essential function at  or before the late embryo/ 
early L1 stage that is revealed in these strains with a b  
normal ciliated sensory neurons. However, it is also  pos- 
sible that defects in other cells in these mutants  are  the 
basis for  the synergistic interaction.  Another  phenotype 
of both daf-2 and daf -23  mutant animals is that  the 
brood sizes are  reduced  at least twofold  relative to wild 
type (S. GOTTLIEB, H. TISSENBAUM and G. RUVKUN,  un- 

published observations). Significantly, mutations in 
daf -16  suppress both  the L1 arrest and  the reduced 
brood size phenotypes (S. GOITLIEB, H. TISSENBAUM and 
G. RUVKUN,  unpublished observations). This suggests 
that da f -2  and daf -23  have additional  functions  inde- 
pendent of the regulation of dauer  formation and that 
daf-16 similarly is  involved in those processes, acting 
antagonistically to daf -2  and daf-23. 

The temperature-sensitive period  for  dauer formation 
begins during  the L1 stage and both  the L1 and L2 stages 
of animals that  are going to become dauer larvae, the 
Lld  and L2d  stages, are  lengthened relative to those 
animals that  are not going to form dauer larvae (this 
study;  SWANSON and RIDDLE 1981; GOLDEN and RIDDLE 

1984a). A mutation in daf-16 suppresses the  lengthened 
L1 stage characteristic of daf -2  mutants. This result in- 
dicates that daf-16 has a role in dauer  formation be- 
ginning  during  the L1 stage. In  addition,  experiments 
with a phenotypically weak daf-16 allele, mgl I, suggest 
that  the daf-1 6gene  product is required continuously to 
maintain the  dauerdifferentiated state since mutant 
animals efficiently form SDSresistant dauer larvae 
which then recover. In  addition, d a f - l 6 ( m g l  I) animals 
form precocious dauers in pheromone or in double mu- 
tantswith daf-2. One possible explanation  for  both these 
phenotypes is that in addition to repressing continuous 
development, daf-16 is required  for preventing recovery 
of Lld, L2d and  dauer stage animals exposed to dauer- 
inducing conditions. It is known that  during  the stages 
preceding  the L2d molt, if animals are removed from 
pheromone  and exposed to food, they exit from the 
dauer  program and  undergo  continuous development 
(GOLDEN and RIDDLE 1984a). This recovery may  involve 
down-regulation of daf-16. The precocious dauers 
formed in d a f - l b ( m g l 1 )  may be due to insufficient 
daf-1 6gene activity to maintain the  longer Lld  and L2d 
stages but sufficient activity to molt into L2d and  dauer, 
respectively. 

Consistent with this view that  a  high level  of daf-16 
activity  is needed  for  dauer  maintenance, animals het- 
erozygous for  mutations in daf-16 exhibit partial s u p  
pression of the dauer constitutive phenotype of daf-2 
and d a f 2 3  mutants. Most animals enter the  dauer stage 
but fail to maintain. daf-23 mutants  are suppressed 
more completely than daf-2 mutants,  but  the daf-23 al- 
leles may be weaker (see Table 3). Interestingly, a mu- 
tation in daf-12 enhances  the  dominant suppression of 
daf-2 mutants. This latter effect may be due to the fact 
that d a f 2 ;   d a f - 1 2  animals are missing important regu- 
lators of the  dauer/continuous  development decision 
and  hence are more sensitive to slight changes in an- 
other regulator, daf-16. In  the absence of a deficiency 
of the locus it is not possible to prove that  the effect is 
due to haploinsufficiency of daf-16 rather  than  a domi- 
nant effect of the  mutant alleles but mutations in daf -16  
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behave as simple  recessive alleles when daf-16/+ ani- 
mals  are induced to  form  dauer  larvae  by pheromone 
(S. GOTTLIEB and G. RUVKUN, unpublished observation). 

The process of dauer  formation  involves sensing 
pheromone, presumably  through  a pheromone recep- 
tor  in  the  sensory neurons, the  transduction of the 
pheromone signal  within  the  sensory neurons and  per- 
haps to secretory cells and  the  transmission of that  signal 
to  the responding tissues. The known Daf-c and Daf-d 
genes appear to function at different  steps  in  this  path- 
way.  Our  data suggest  that daf-2,  daf-23 and daf-16 are 
functioning at  a  similar point in  the pathway.  Our ep- 
istasis  analysis suggests  that  these genes may act in either 
downstream  secretory cells or in the responding tissues. 
daf-16 cannot be functioning solely  in ADF, AS1 and 
ASG, the  sensory neurons thought to be involved  in  the 
regulation of dauer formation, because daf-16 is  re- 
quired  for  dauer  formation  in  animals  in  which  those 
cells have been ablated with a laser ( BARGMANN and HOR- 
VITZ 1991). Future  analyses  will be directed toward  re- 
vealing  where  and  how  these genes function. 
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