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ABSTRACT
Dauer formation in Caenorhabditis elegans is regulated by at least three signaling pathways, including an

insulin receptor-signaling pathway. These pathways were defined by mutants that form dauers constitutively
(Daf-c) at 25�. Screens for Daf-c mutants at 25� have probably been saturated, but failed to identify all
the components involved in regulating dauer formation. Here we screen for Daf-c mutants at 27�, a more
strongly dauer-inducing condition. Mutations identified include novel classes of alleles for three known
genes and alleles defining at least seven new genes, hid-1–hid-7. Many of the genes appear to act in the
insulin branch of the dauer pathway, including pdk-1, akt-1, aex-6, and hid-1. We also molecularly identify
hid-1 and show that it encodes a novel highly conserved putative transmembrane protein expressed in
neurons.

WHEN exposed to environmental conditions unfa- Thomas 2000a). The third branch of the pathway con-
vorable for growth and reproduction, the nema- sists of components of an insulin receptor-signaling

tode Caenorhabditis elegans forms arrested third stage pathway (Morris et al. 1996; Kimura et al. 1997; Lin et
larvae called dauers (Cassada and Russell 1975; Rid- al. 1997; Ogg et al. 1997; Paradis and Ruvkun 1998;
dle and Albert 1997). Entry into the dauer stage is Paradis et al. 1999). The genes of this pathway appear
regulated by at least three environmental signals: tem- to function in several different tissues (Apfeld and Ken-
perature, food availability, and the concentration of a yon 1998; Wolkow et al. 2000).
pheromone that serves as an indicator of population Screens for simple loss-of-function mutants with a
density (Golden and Riddle 1984a,b,c). It is likely that strong Daf-c phenotype at 25� have probably been satu-
internal metabolic signals also regulate dauer formation rated (e.g., Malone and Thomas 1994), defining the
(Kimura et al. 1997). genes found in the three branches described above.

Extensive genetic analysis of dauer formation has led However, on the basis of biochemical expectations,
to the isolation of many mutants that fall into two gen- there should be other components of these pathways.
eral classes: dauer formation constitutive (Daf-c) mu- For example, the insulin pathway consists of only two
tants, which form dauers inappropriately under nonin- Daf-c genes found at 25�: daf-2, the insulin receptor,
ducing conditions, and dauer formation defective (Daf-d) and age-1, a phosphatidylinositol-3-OH kinase (PI3K)
mutants, which fail to form dauers under inducing con- that is a direct target of the insulin receptor. Signaling
ditions. These mutants define at least three branches components downstream of age-1 were expected, but
of a complicated genetic pathway (Vowels and Thomas not identified. The existence of more Daf-c genes is also
1992; Thomas et al. 1993; Gottlieb and Ruvkun 1994). supported by the discovery of synthetic Daf-c (Syn-Daf)
The group I branch regulates cyclic GMP signaling in mutants in which the single mutants are not Daf-c at
sensory neurons that respond to pheromone (Birnby 25�, but the double mutant is Daf-c. Genes belonging
et al. 2000). The group II branch consists of components to this class include unc-64, unc-31, unc-3, aex-3, egl-4,
of a TGF-� signaling pathway; release of a TGF-�-like flr-1, flr-3, flr-4, tph-1, and the dyf genes (Avery 1993;
ligand from sensory neurons leads to activation of recep- Katsura et al. 1994; Iwasaki et al. 1997; Take-Uchi et
tors and downstream pathways in target cells (Georgi al. 1998; Ailion et al. 1999; Ailion and Thomas 2000;
et al. 1990; Estevez et al. 1993; Ren et al. 1996; Schack- Daniels et al. 2000; Sze et al. 2000). All of these mutants
witz et al. 1996; Patterson et al. 1997; Inoue and were originally identified on the basis of other pheno-

types, such as uncoordinated locomotion (Unc), defec-
tive egg laying (Egl), defective defecation (Aex), or flu-

Sequence data from this article have been deposited with the oride resistance (Flr). Such mutants would not have
EMBL/GenBank Data Libraries under accession no. AY070228. been isolated in the many previous screens for Daf-c
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dpy-9(e12), dpy-10(e128), dpy-11(e224), dpy-17(e164), dpy-18(e364),for other reasons. Thus, there could be many unidenti-
dpy-20(e1282), eat-1(ad427), eat-4(ad572), eat-6(ad467), egl-2fied mutants with a Syn-Daf phenotype, especially mu-
(n693gf ), egl-3(n150), egl-9(sa307), egl-10(n692), egl-10(md176),

tants that do not have other pleiotropic phenotypes. nIs51[egl-10 XS], egl-19(n582), egl-19(ad695gf ), egl-19(n2368gf ),
Unfortunately, screening directly for mutants on the egl-21(n576), egl-32(n155), egl-36(n2332gf ), egl-40(n606), egl-46

(n1075), exp-1(sa6), exp-4(n2373gf ), flp-1(yn2), flp-1(yn4), ynIs9basis of a synthetic phenotype is difficult because two
[hsp16-2::flp-1], flr-4(sa201), goa-1(n1134), syIs9[goa-1 (act)], gpa-independent mutations are required to generate the
1(pk15), pkIs503[gpa-1 XS], gpa-2(pk16), syIs13[gpa-2(act)], gpa-phenotype. The finding that many of the Syn-Daf genes
3(pk35), syIs24[gpa-3(act)], gpa-4(pk381), pkIs515[gpa-4 XS], gpa-

have strong single mutant Daf-c phenotypes at 27� 5(pk376), pkIs379[gpa-5 XS], gpa-6(pk480), pkIs519[gpa-6 XS],
(Ailion and Thomas 2000; Daniels et al. 2000) pro- gpa-7(pk610), pkIs523[gpa-7 XS], gpa-8(pk345), pkIs527[gpa-8

XS], gpa-9(pk438), gpa-10(pk362), pkIs533[gpa-10 XS], gpa-vides for an alternative way to identify such dauer genes.
11(pk349), pkIs539[gpa-11 XS], gpa-13(pk1270), gpa-14(pk347), gpa-Here we describe the results of performing a screen for
15(pk477), lin-2(e1309), lin-10(e1438), lin-11(n566), lin-32(u282),Daf-c mutants at 27�, a phenotype that we call Hid (for
lon-2(e678), lon-2(n1630), npr-1(ad609), odr-1(n1936), odr-2(n2145),

high-temperature-induced dauer formation). The large odr-3(n1605), odr-4(n2144), odr-5(ky9), odr-6(ky1), osm-9(n1601),
number of mutants precluded a complete genetic analy- osm-10(n1602), pbo-1(sa7), pdk-1(mg142gf), rol-1(e91), rol-3(e754),

rol-6(e187), scd-1(sa248), scd-3(sa253), sma-1(e30), sma-2(e502), sma-sis. From the subset of mutants we selected for more
3(e491), sma-4(e729), snb-1(md247), snt-1(md125), spe-26(hc138),thorough analysis, several new dauer genes were identi-
srd-1(eh1), tph-1(mg280), ttx-1(p767), unc-1(e580), unc-1(e719), unc-fied. On the basis of their gene interactions, many of
2(e55), unc-4(e120), unc-5(e53), unc-7(e5), unc-9(e101), unc-11(e47),

the mutants appear to have defects in the insulin branch unc-13(e51), unc-13(e450), unc-13(e1091), unc-16(e109), unc-17
of the dauer pathway, a branch in which few Daf-c genes (e113), unc-18(e81), unc-24(e138), unc-25(e156), unc-29(e193),

unc-29(e1072), unc-32(e189), unc-33(e204), unc-36(e251), unc-38had been identified previously. We also molecularly
(e264), unc-38(x411), unc-41(e268), unc-42(e270), unc-43(e266), unc-identified hid-1, one of the new genes in the insulin
43(sa200), unc-43(n498gf), unc-44(e1197), unc-46(e177), unc-47branch, and show that it encodes a novel highly con-
(e307), unc-49(e382), unc-58(e665gf), unc-58(e757gf), unc-58(e1320

served protein with many potential transmembrane do- gf), unc-58(n495gf), unc-58(e415gf), unc-63(x37), unc-65(e351), unc-70
mains. (n493gf), unc-70(e524gf), unc-75(e950), unc-76(e911), unc-86(n846),

unc-95(su33), unc-100(su115), unc-101(m1), unc-101(sy108), unc-
101(rh6), unc-103(e1597gf ), unc-103(n500gf), unc-104(e1265),
unc-119(e2498), vab-8(e1017), scd(sa315), sa615, and the doubleMATERIALS AND METHODS
mutants egl-17(e1313) lon-2(n1442), gpa-2(pk16) gpa-3(pk35),
and unc-5(e53) lin-45(n2018).General growth conditions: All C. elegans strains were deriva-

At 27�, some mutants grew slowly and often arrested astives of the wild-type strain N2 and were cultured using stan-
larvae and, hence, were difficult to assay for a Hid phenotype.dard methods (Brenner 1974; Ailion and Thomas 2000).
These included cha-1, che-14, eat-1, pbo-1, sma-4, snt-1, unc-11,Growth at 27� requires special care and was performed as

described (Ailion and Thomas 2000). unc-18, unc-70, unc-104, and sa615. Some animals from all
except sma-4 grew past the dauer stage and were not obviouslyAssay reproducibility and reporting: Dauer formation at

temperatures above 25� is very sensitive to small temperature Hid. Some strains had a Hid phenotype that could be ac-
counted for by a background mutation present in the strain.differences, both in the wild type and in various mutants. Our

best efforts to control incubator temperature were insufficient The JT6 exp-1(sa6) and CB120 unc-4(e120) strains had strong
Hid phenotypes, but in both cases the Hid phenotype wasto prevent significant variability in dauer counts. These issues

are described in considerable detail in an earlier article due to the presence of a weak daf-2 mutation in the strain
background (now named sa753 in JT6 and sa875 in CB120).(Ailion and Thomas 2000) and summarized here. Data pre-

sented in each block in tables are from a single set of assays The Hid phenotype of the CB138 unc-24(e138) strain was due
to a background mutation in the tax-2 gene (see results).that were conducted at the same time on the same incubator

shelf. Under these conditions, relative dauer formation fre- unc-13(e450) was Hid and Dyf, but unc-13(e51) and unc-
13(e1091) were not. Many dyf mutants are Hid (Ailion andquencies among different strains are consistent (e.g., if strain

A � strain B in one set of assays, the same relation will hold Thomas 2000). The dyf mutation in the CB450 unc-13(e450)
strain (now named sa1272) was closely linked to unc-13 andin other assays) whereas absolute dauer formation frequencies

differ (strain A varies from assay to assay). The “temperature” was shown to be allelic to che-3.
Other Hid phenotypes that were probably due to a Dyfreported is the average of the temperature on the assay shelf

when the assay began and when it ended. All assays were phenotype were those of flp-1(yn2, yn4), unc-101(m1, sy108),
and unc-119(e2498). Strains bearing unc-101(m1), unc-101repeated at least three times and the relative dauer formation

among all comparable strains in each assay was similar, though (sy108), and unc-119(e2498) were Hid and Dyf, but unc-101(rh6)
was neither Hid nor Dyf. We did not determine whether orthe absolute levels varied. We refer to a Hid phenotype as

“strong” if �90% of animals consistently form dauers at 27�, not these Dyf phenotypes are from linked dyf gene mutations.
flp-1(yn2) and flp-1(yn4) both were Dyf. We found that flp-1(yn2)“moderate” if 70–90% dauers are formed, and “weak” if �70%

dauers are formed. Because of temperature deviation from failed to complement daf-10(e1387) for the Dyf phenotype,
indicating that the flp-1 mutant strain also carries a mutation27� in individual assays, reported numbers may not conform

to these values perfectly. in daf-10. daf-10 is encoded by F23B2.4 (S. Stone and J. Shaw,
personal communication; Qin et al. 2001), the gene immedi-Survey of preexisting mutants for a Daf-c phenotype at 27�:

The following mutants were grown at 27� and examined for ately upstream of flp-1. Further inspection of the flp-1 deletion
mutations indicates that both yn2 and yn4 delete the daf-10a Daf-c phenotype: aex-1(sa9), aex-2(sa3), aex-3(ad418), aex-3(y255),

aex-4(sa22), aex-5(sa23), aex-6(sa24), akt-1(mg144gf ), bli-1(e769), promoter and from two to four exons of the predicted daf-10
coding sequence. The original Tc1 transposon insertion usedcam-1(ks52), cat-4(e1141), cha-1(p1152), che-14(e1960), clk-1(e2519),

deg-3(u662gf ), dpy-3(e27), dpy-4(e1166), dpy-5(e61), dpy-6(e14), to isolate the flp-1 deletions appears to reside in the daf-10
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gene (Nelson et al. 1998), and both flp-1 deletion alleles tables and figures of this article, except as noted. Initial dye
filling and pheromone assays were performed on unout-are likely null for both genes. There are no mutations that

specifically disrupt flp-1, so its effects on dauer formation could crossed mutants to decide whether to pursue them further.
Dauer formation assays at 27� and on pheromone plates werenot be tested. Disruption of the daf-10 gene is probably respon-

sible for several of the reported flp-1 mutant phenotypes (Nel- performed as described (Vowels and Thomas 1994; Ailion
and Thomas 2000). FITC dye-filling assays were performedson et al. 1998).

Mutant strains that had significant Hid phenotypes that as described (Hedgecock et al. 1985). In some cases, dye
filling was also assayed using DiI. Defecation behavior wascould not be accounted for by background mutations or a Dyf

phenotype were aex-3(ad418), aex-3(y255), cam-1(ks52), syIs13 assayed as described (Thomas 1990).
Mapping: Mutants were mapped first to a chromosome us-[gpa-2(act)], syIs24[gpa-3(act)], pkIs539[gpa-11 XS], tph-1

(mg280), unc-43(n498), and the unc-58 strains. The Hid pheno- ing standard methods. Mutants with strong Hid phenotypes
could be mapped by picking individual parents to 27� andtypes of aex-3 and unc-43(n498) were relatively weak. Both of

these genes have Syn-Daf phenotypes in certain combinations examining their broods for segregation of dauers, which were
picked to 15� for recovery and examined for segregation of(aex-3 with unc-31 or unc-64, unc-43(n498) with tax-4 or osm-6).

unc-58(e665), unc-58(e757), unc-58(e1320), and unc-58(n495) markers. Since the wild type variably forms some dauers near
27�, it was important to perform control crosses in parallelhad a strong Hid phenotype. unc-58(e415) has a weaker Unc

phenotype and also has only a weak Hid phenotype. unc-58 has to mapping crosses. Even with this precaution, potentially
misleading mapping results were frequently a problem withbeen reported as having defects in dauer recovery (Malone et

al. 1996). syIs13[gpa-2(act)] and syIs24[gpa-3(act)] were pre- weaker Hid mutants and especially mutants that recovered
rapidly from the dauer stage. For mutants with weaker pheno-viously reported as having Daf-c phenotypes at lower tempera-

tures (Zwaal et al. 1997). tph-1(mg280), which is deficient in types, we reduced these problems by synchronized egg lays at
room temperature followed by a shift to 27�. Even by thisserotonin biosynthesis, was reported as having a very weak

Daf-c phenotype at temperatures between 15� and 25� (Dan- method, many mutants were too weak or variable to map
efficiently and, if one or two efforts failed, we put such mutantsiels et al. 2000; Sze et al. 2000). It has a much stronger Daf-c

phenotype at 27� [e.g., in one experiment, tph-1 formed 69% aside.
After a mutation was mapped to a chromosome, the map-dauers, N2 formed 2%, and unc-31(e928) formed 99%]. cam-

1(ks52) had a strong Hid phenotype, as discussed in results. ping problem became simpler. Standard three-factor mapping
was done, in which we did not need to pick individual animalsOther mutants with weaker or variable Hid phenotypes were

aex-4, lin-32, lon-2, unc-7, unc-9, unc-16, and unc-32. It is possible on the basis of their Hid phenotype. Recombinants were ho-
mozygosed and the resulting strains were examined as a popu-that an apparent weak Hid phenotype could simply be due

to a slower growth rate than that of N2 or to slower recovery lation at 27� for the Hid phenotype. In cases where marker
mutations obscured the Hid phenotype, each recombinantof dauers.

Screen for Daf-c mutants in an aex-3 background: To mea- was crossed to homozygous Hid mutant males and scored for
Hid cross-progeny.sure the efficacy of screening for synthetic Daf-c mutants in

the background of a Syn-Daf single mutant, we performed a We mapped hid-1(sa691) between lin-32 and unc-2 by picking
Unc non-Dpy recombinants from hid-1/dpy-3 lin-32 unc-2 par-moderately sized F2 screen (5800 EMS-mutagenized haploid

genomes) for Daf-c mutants at 25� in the aex-3(ad418) mutant ents. After recombinants were homozygosed, we crossed them
to hid-1 males. Male progeny from these crosses were scoredbackground. We isolated 14 independent mutants. For all but

1, the Daf-c phenotype did not depend on the aex-3 mutation, for missing rays to determine the lin-32 genotype of each
recombinant (Zhao and Emmons 1995). The presence of hid-1indicating that the mutants were not synthetic. The 1 Syn-Daf

mutant isolated was an allele of unc-31, already known to be was scored in the hermaphrodite progeny of the same cross
by either the Hid (at 27�) or the Unc, Con (at 20�) phenotypes.Syn-Daf with aex-3. The other 13 mutants were new alleles of

previously known Daf-c genes: two daf-1, three daf-2, five daf- hid-3 was generally mapped by its Hid phenotype. Recombi-
nants were sometimes rechecked for pheromone respon-8, two daf-11, and one tax-4. Since only 1 of 14 mutants isolated

was Syn-Daf, probably few genes can be mutated to give a siveness (Phe phenotype). Several crosses gave results that
were inconsistent or anomalous. From the hid-3/dpy-5 unc-13strong Syn-Daf phenotype in combination with aex-3.

Screen for Daf-c mutants at 27�: EMS mutagenesis of N2 was cross, all of the Unc non-Dpy recombinants lacked hid-3, as
scored by either Hid or Phe phenotypes. One Dpy non-Uncperformed as described (Brenner 1974). Semisynchronous F1

broods of mutagenized parents were grown at 20� to the young recombinant lacked hid-3, as scored by Hid phenotype. How-
ever, this recombinant appeared to carry hid-3 as scored byadult stage and then shifted to 27�. The F2 generation was

screened for dauers at appropriate times. Dauers were picked the Phe phenotype. If this one recombinant lacked hid-3, it
would place hid-3 to the left of unc-13. To further defineto plates at 15� and allowed to recover. Depending on the

precise time of screening, we may have biased our screen for the position of hid-3 relative to unc-13, we performed two
additional crosses. All recombinants from hid-3/dpy-14 unc-13dauers that fail to recover rapidly at 27�. Since N2 forms dauers

transiently at a low frequency at 27� (Ailion and Thomas placed hid-3 to the right of or close to unc-13. From hid-3/unc-
13 lin-10, we isolated six Lin non-Unc recombinants. Three2000), we attempted to enrich for mutants by screening plates

at a time point when most of the N2 dauers had recovered. of these were Hid and responsive to pheromone [Phe(�)].
The other three were non-Hid and were insensitive to phero-Nevertheless, many putative mutants failed to retest as Daf-c

at 27�, indicating that the screen had a significant background mone [Phe(�)]. hid-3 is Hid and Phe(�) while wild type is
non-Hid and Phe(�). Since the Hid and Phe phenotypes ofof false positives. Mutants with a Daf-c phenotype significantly

stronger than N2 were kept. All but one of the mutants isolated hid-3 did not cosegregate in these recombinants, it is possible
that they are due to two different mutations. However, if thecame from the EMS screens of �13,000 mutagenized haploid

genomes. The last mutant [daf-8(sa829)] came from a single two mutations were linked (as appears extremely likely from
all other work on this mutant), we cannot explain both classesround (400 genomes) of X-ray mutagenesis using 3500 rads.

daf-8(sa829) has an unusually strong Daf-c phenotype for daf-8 of Lin non-Unc recombinants.
Rescuing and sequencing sa573 and sa700 : We obtainedmutants.

Behavioral assays: All mutants were outcrossed at least twice mgEx338, an extrachromosomal array carrying a functional
akt-1::gfp fusion with rol-6(d) as a marker (Paradis and Ruvkunbefore being tested in the behavioral assays reported in the
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1998). We built an sa573; mgEx338 double mutant to test for in lines with the construct carrying an NLS, but no expression
was seen in lines carrying the construct without an NLS, evenrescue. Because we saw significant rescue of the Hid pheno-

type, we sequenced all akt-1 exons in the sa573 mutant by direct when it was injected at 125 ng/�l.
sequencing of PCR products amplified from sa573 worms. For
sa700, all exons except the first were sequenced.

Rescuing sa692 : sa692 animals were injected with a genomic RESULTScam-1(�) clone (pK8-22.3) at 30 ng/�l, myo-2::gfp at 5 ng/�l,
and pBluescript at 78 ng/�l as carrier DNA. Transgenic lines Survey of existing mutants for dauer formation at
were selected by picking animals expressing green fluorescent 27�: In addition to screening directly for Daf-c mutantsprotein (GFP) in the pharynx, using a dissecting scope

at 27� (see below), we assayed a large number of C. elegansequipped with a UV attachment.
behavioral and morphological mutants for a Daf-c pheno-hid-1 noncomplementation screen: To isolate additional al-

leles of hid-1, we mutagenized N2 males with EMS and crossed type at 27�. The list of mutants examined is presented
them to dpy-3(e27) hid-1(sa691) hermaphrodites, screening the in materials and methods and includes genes in-
F1 progeny for non-Dpy Unc Con animals at 22� or non-Dpy volved in synaptic transmission, neuronal specificationdauers at 27�. From a screen of �18,000 mutagenized haploid

or differentiation, axon guidance, odorant response,genomes, we found two new hid-1 alleles. sa1056 was picked
ion channels, G proteins, neuropeptides, and neuro-on the basis of the Unc, Con phenotypes and sa1058 was

picked on the basis of the Hid phenotype. transmitters. Very few mutants had a strong Hid pheno-
Rescuing and sequencing hid-1 mutants: On the basis of the type, indicating that this phenotype is not commonly

mapping of hid-1 between the physical markers lin-32 and caused by general defects in nervous system develop-unc-2, we tested cosmids in the region for transgenic rescue
ment or function. For several cases in which a mutantof hid-1 mutant phenotypes. hid-1(sa691) lin-15(n765) animals
strain exhibited a Hid phenotype, we determined thatwere injected with candidate cosmids or subclones at 10 ng/

�l each and pBLH98 [lin-15(�)] as the transformation marker this phenotype resulted from a background Hid muta-
at 90 ng/�l (Mello et al. 1991; Huang et al. 1994). Transgenic tion rather than from the mutation being tested (see
lines were established by picking non-Lin animals at 22� and materials and methods). Thus, the isolation of muta-scored for rescue of the Unc, Con, and Hid phenotypes. Res-

tions with nonspecific effects on dauer formation wascue data were as follows (given as the fraction of lines rescu-
not expected to be a major problem confounding aing): cosmid pool C16F4, K08H6, R04B3, K02E10, and C54A10

(9/16 lines rescued); cosmid C16F4 (0/6); cosmid K08H6 screen for Hid mutants.
(0/8); cosmid R04B3 (0/7); cosmid K02E10 (7/9); cosmid Isolation and preliminary characterization of high-
C54A10 (0/5); pTJ1348 (0/7); pTJ1350 (0/2); pTJ1351 (0/ temperature-induced dauer formation (Hid) mutants:
13); and pTJ1353 (4/5). Various subclones of K02E10 were

We screened �13,000 mutagenized haploid genomesmade by standard methods. The rescuing subclone pTJ1353
and isolated 103 mutants (sa533-536, sa551-556, sa569-contained an 8.6-kb XhoI-BamHI fragment of K02E10, which

has a single predicted gene (K02E10.2). All other predicted 574, sa645-702, sa705-731, sa829, and one mutant subse-
genes from K02E10 were carried on one or more nonrescuing quently lost). Not all of these were independent, al-
subclones. All hid-1 exons and splice junctions were sequenced though possible repeat isolates were kept only if they
in the four hid-1 mutant strains by direct sequencing of PCR exhibited some phenotypic difference. In three casesproducts amplified from mutant worms. All mutations were

we later found that we had isolated the same mutationsequenced on both strands from at least two independent
twice (sa652 is allelic to sa709; sa697 is allelic to sa731;PCR products.

Analysis of hid-1 cDNAs: Three hid-1 cDNAs that appeared sa687 is allelic to sa725). Since a few other such cases
to be close to full length were obtained from Yuji Kohara. A are likely, the number of distinct mutations isolated is
putative trans-splice site is found at nucleotide 12044 of cosmid probably in the range of 95–100.K02E10. The 5� end of each cDNA was sequenced. yk32f11

We expected to find several classes of mutants thatended at bp 12073, yk229f10 ended at bp 12047, and yk426f3
were not our primary interest. First, we expected toended at bp 12051, all three upstream of the first exon and

close to the putative trans-splice site. yk32f11 was sequenced isolate mutations in the previously described Daf-c genes
completely and has the same gene structure predicted on that have strong Daf-c phenotypes at 25�. At 25�, 10 of
the National Center for Biotechnology Information database our Hid mutants had a strong Daf-c phenotype. Nine
(Figure 3A). Restriction digests of yk229f10 and yk426f3 sug-

of these are new alleles of previously known Daf-c genes:gested the same gene structure, and this was confirmed for
four daf-1, one daf-2, one daf-7, two daf-8, and one daf-the first five exons by sequencing. Several additional hid-1

expressed sequence tags (ESTs) reported in public datasets 14 (Table 1). The 10th mutation (sa680) identified a
all have structures consistent with a single splice pattern. new gene, pdk-1, which has been described elsewhere

Construction of hid-1::gfp fusions: A 5-kb SphI-BglII fragment (Paradis et al. 1999). Second, we expected to isolate
of K02E10 was cloned in two pieces into the SphI/BamHI sites

mutations in the large group of Dyf genes that causeof GFP vectors pPD95.67 and pPD95.75 (A. Fire, S. Xu, J.
defects in the structure of the sensory neuron endingsAhnn and G. Seydoux, personal communication), with or

without a nuclear localization signal (NLS). The resulting and cause a Hid phenotype (Ailion and Thomas 2000).
constructs carry 4.3 kb of hid-1 promoter and gfp fused in All our mutants were tested for a Dyf phenotype. Five
frame in exon 3, leading to a GFP fusion protein at amino mutants (sa551, sa554, sa555, sa660, and sa682) had a
acid D134 of HID-1. Constructs were injected into lin-15(n765)

strong Dyf phenotype (no observed filling of amphidworms at 25 ng/�l with pBLH98 [lin-15(�)] as the transforma-
or phasmid neurons by FITC). Since there are manytion marker at 90 ng/�l and transgenic lines were established

by picking non-Lin animals at 22�. Faint expression was seen Dyf genes (probably at least 40; Starich et al. 1995),
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TABLE 1 candidate daf-3 mutations. Two mutants (sa646 and
sa731) exhibited no response to pheromone and hadSummary of mutants isolated in Daf-c screen at 27�
normal dye filling. As discussed in detail below, sa731
is a new allele of tax-4 and sa646 defines a new gene onGene Alleles
chromosome I. Thus, we may not have isolated any

daf-1 IVL sa536, sa645, sa653, sa678 alleles of daf-3 in our screen.daf-2 IIIL sa552*, sa647*, sa651, sa667*, sa672*,
Mutants that were not strongly Daf-c at 25� and didsa677*, sa723*, sa728*

not exhibit Dyf or Daf-d phenotypes were the best candi-daf-7 IIIL sa533, sa695*
daf-8 IC sa553*, sa669*, sa686, sa690*, sa829 dates for identifying new dauer genes. However, we
daf-14 IVC sa535 could also isolate weak alleles of previously known Daf-c
age-1 IIC sa685* genes. Several of the strongest Hid mutants had a weak
tax-4 IIIC sa713*, sa731*, (sa697 	 sa731) Daf-c phenotype at 25� and were candidates for suchunc-31 IVC sa534, sa681, sa684

weak alleles. By mapping and complementation testingunc-3 XR sa650, M3ffa

these mutants, we found that many were indeed weakpdk-1 XL sa680, sa709*, (sa652 	 sa709)
akt-1 VC sa573, sa700 alleles of known Daf-c genes. Some other strong Hid
cam-1 IIC sa692 mutants that were not detectably Daf-c at 25� also proved
aex-6 IR sa699 to be weak alleles of known Daf-c genes. In all, we found
hid-1 XL sa691, sa722 14 mutations that are weak alleles of known Daf-c genes:
hid-2 XR sa698

seven daf-2, one daf-7, three daf-8, two tax-4, and onehid-3 IC sa646
age-1 (Table 1). The large number of weak daf-2 alleleshid-4 IVC sa666
is particularly striking given the fact that we isolatedhid-5 XR sa725, (sa687 	 sa725)

hid-6 I sa711 only one strong allele of daf-2.
hid-7 IVC sa572 Our quest for new dauer genes focused on mutants
Strong Dyf sa551, sa554, sa555, sa660, sa682 not assigned to any of the classes described above. We

mutants
began by concentrating on mutants with the strongestPossible weak sa648, sa655, sa656, sa668, sa673, sa676,
Hid phenotypes. Several of these had Unc phenotypesDyf mutants sa679, sa706, sa720
that resembled unc-31 or unc-3. By mapping and comple-

Weak alleles of genes with strong Daf-c alleles at 25� are mentation testing, we demonstrated that we had indeed
marked with an asterisk.

isolated three alleles of unc-31 and two alleles of unc-3a This unc-3 mutant was lost before being given an allele
(Table 1). Thus, the screen was capable of identifyingnumber.
mutations in the desired class of genes. The following
sections describe our characterization of other mutants
isolated in the screen. Table 1 provides a summary ofwe might have expected to isolate more Dyf mutants.
the best-characterized mutants and Table 2 summarizesHowever, Dyf mutant dauers recover very poorly at 15�
map data. Figure 1 shows the map positions of the genes.and have a greater tendency to climb up the sides of

Characterization of Hid mutants: Our basic strategythe plate and desiccate, so our screen probably was
for characterization of the Hid mutants began with ob-biased against their recovery. Nine other mutants
servation of pleiotropic phenotypes, mapping the muta-(sa648, sa655, sa656, sa668, sa673, sa676, sa679, sa706,
tion to a chromosome, and complementation testingand sa720) had weaker fluorescence and/or fewer cells
with known Daf-c mutants on that chromosome to iden-dye filling and may carry weaker alleles of Dyf genes.
tify weak Daf-c alleles (see above). For mutants of inter-Two of these (sa673 and sa676) had dye-filling patterns
est, double mutants were built with daf-5 (which sup-consistent with defects specific to the ASI neuron, as
presses group II Daf-c mutants) and daf-16 (whichhas been reported for other Hid mutants such as unc-3
suppresses insulin branch Daf-c mutants) to get prelimi-and cam-1 (Prasad et al. 1998; Koga et al. 1999). Weak
nary information about the position of the gene in theDyf mutants have been isolated before as strong suppres-
dauer pathway. Finally, we performed finer mappingsors of daf-11 mutants (Schackwitz 1996), suggesting
with physically mapped markers to aid in the molecularthat the dauer phenotypes of these genes are more
identification of each gene of interest. The level of analy-sensitive than the Dyf phenotype to reduced levels of
sis varies from mutant to mutant. Generally, mutantsgene function. All of the mutants with putative dye-
with a stronger phenotype were analyzed in more detail,filling defects were kept but not subjected to further
both for the scientific reason that their stronger pheno-analysis.
type suggests a greater role in dauer regulation andA third type of expected mutation was daf-3. daf-3
for the technical reason that their stronger phenotypemutants are Hid and dye fill normally, but are Daf-d
made them easier to work with. Mutants that provedand do not respond to pheromone at 25� (Ailion and
difficult to map, due to a weaker Hid phenotype orThomas 2000). We used this combination of pheno-

types to determine whether we had isolated any good rapid dauer recovery, were set aside. All the mutations
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Figure 1.—Chromosomal
positions of Hid mutants.
Positions are shown relative
to markers used in map-
ping.

studied in detail were recessive, as expected for loss- mann 1996; Komatsu et al. 1996). The tax-4 and tax-2
genes have both positive and negative effects on dauerof-function mutations.

Catalog of Hid mutants: unc-64, unc-31, unc-3, and formation, resulting in complex mutant phenotypes
(Coburn et al. 1998; Ailion and Thomas 2000). Theegl-4: Mutations in these four genes have been shown

previously to have strong Hid phenotypes (Ailion et al. genes appear to function in the group I branch of the
dauer pathway and probably elsewhere as well. We iso-1999; Daniels et al. 2000; Ailion and Thomas 2000).

unc-64 and unc-31 encode proteins that regulate secre- lated two new alleles of tax-4. The Hid phenotype of
sa731 was not suppressed by mutations in daf-5 and onlytion and synaptic transmission (Livingstone 1991; Ann

et al. 1997; Ogawa et al. 1998; Saifee et al. 1998). unc- weakly suppressed by mutations in daf-16 (Table 3),
consistent with function of tax-4 in parallel to both the64 and unc-31 mutants are not suppressed by daf-5, but

are completely suppressed by daf-16, suggesting that group II and the insulin branches of the dauer pathway.
We found tax-2(sa1205) in the background of anthey act in the insulin branch of the dauer pathway

(Ailion et al. 1999; Ailion and Thomas 2000). unc-3 unc-24 mutant strain. tax-2(sa1205) has a stronger Hid
phenotype than other tax-2 alleles and also has a weakencodes a transcription factor (Prasad et al. 1998) and

egl-4 has not been molecularly identified (Hirose et al. Daf-c phenotype at 25�. We mapped sa1205 close to the
right of unc-29 and showed that it failed to complement2003). unc-3 and egl-4 mutants are suppressed by daf-5

and probably act in the group II branch of the dauer tax-2(p691) and tax-2(ot25) for the Hid phenotype, dem-
onstrating that sa1205 is a new allele of tax-2.pathway (Ailion and Thomas 2000; Daniels et al.

2000). We isolated three new alleles of unc-31 and two pdk-1(sa680, sa709): sa680 mutants have a strong Daf-c
phenotype at 25� and sa709 is Daf-c only at 27�. Thesenew alleles of unc-3 (Table 1), but did not isolate any

alleles of unc-64 or egl-4. Null alleles of unc-64 are lethal mutations define a new gene in the insulin branch of
the pathway, pdk-1, which encodes a protein kinase that(Saifee et al. 1998) and most egl-4 mutant alleles have

a relatively weak Hid phenotype (Daniels et al. 2000), acts downstream of age-1. We presented a detailed analy-
sis of these mutations elsewhere (Paradis et al. 1999).perhaps explaining our failure to isolate mutations in

these genes. akt-1(sa573, sa700): These mutants are strongly Daf-c
at 27�, but not at 25�. The only obvious pleiotropy is atax-4(sa713, sa731) and tax-2(sa1205): tax-4 and tax-2 en-

code subunits of a cyclic nucleotide-gated ion channel that tendency to stay near the border of the bacterial lawn
(Bor phenotype) rather than dispersing. sa573 wasappears to be part of the signal transduction machinery in

the amphid sensory neuron endings (Coburn and Barg- mapped to the chromosome V cluster and shown to
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TABLE 3 To facilitate molecular characterization, we mapped
sa573 to a narrow region of chromosome V betweenDauer formation in daf-5 and daf-16 double mutants with Hid
unc-42 and egl-9 (Table 2; Figure 1). A good candidategenes at 27�
gene in this region was akt-1, which encodes a protein
kinase downstream of age-1 in the insulin branch of the% dauer formation

Genotype at 26.8� (N) dauer pathway. The akt-1(mg144gf) gain-of-function mu-
tation suppresses the Daf-c phenotype of age-1 mutantsN2 13 (201)
in the insulin branch (Paradis and Ruvkun 1998), butdaf-5(e1385) 11 (110)
no loss-of-function mutations in akt-1 have been described.daf-16(m27) 4 (253)a

akt-1(sa573) 100 (148) Inhibition of akt-1 activity by dsRNA interference (RNAi)
akt-1(sa573); daf-5(e1385) 94 (208) did not lead to a Daf-c phenotype at 25�; however, RNAi
akt-1(sa573); daf-16(m27) 10 (210)a

of both akt-1 and akt-2 (a second worm Akt homolog)
aex-6(sa699) 66 (165) resulted in a Daf-c phenotype at 25�, suggesting that
aex-6(sa699); daf-5(e1385) 26 (134)

akt-1 and akt-2 are at least partially redundant (Paradisaex-6(sa699); daf-16(m27) 1 (166)a

and Ruvkun 1998). mgEx338, an extrachromosomal arrayhid-1(sa691) 99 (186)
carrying functional akt-1 (Paradis and Ruvkun 1998),hid-1(sa691); daf-5(e1385) 79 (193)

hid-1(sa691); daf-16(m27) 18 (154)a significantly suppressed the Hid phenotype of sa573,
hid-4(sa666) 77 (182) suggesting that sa573 is an akt-1 allele. To confirm this,
hid-4(sa666); daf-16(m27) 26 (208)a

we sequenced akt-1(sa573) and found a single G202R
missense mutation at a conserved residue near the

% dauer formation
amino terminus of the kinase domain. Subsequent phe-Genotype at 26.9� (N)
notypic and complementation analysis showed that

N2 13 (500) sa700, another mutation from our screen, also affects
daf-5(e1385) 10 (424) akt-1 and results in a G205E missense mutation, only
daf-16(m27) 11 (472)a

three amino acids away from the sa573 mutation. Thus,hid-1(sa1058) 99 (313)
sa573 and sa700 are the first identified loss-of-functionhid-1(sa1058); daf-5(e1385) 89 (357)
mutations in the akt-1 gene. Since akt-1 mutants have ahid-1(sa1058); daf-16(m27) 14 (416)a

27� Daf-c phenotype on their own, the akt-1 gene cannothid-2(sa698) 92 (374)
hid-2(sa698); daf-5(e1385) 78 (411) be completely redundant with akt-2. No loss-of-function
hid-2(sa698); daf-16(m27) 12 (416)a or gain-of-function mutations have yet been isolated in

akt-2.
% dauer formation cam-1(sa692, ks52): We isolated the sa692 mutant,Genotype at 27.0� (N)

which is strongly Daf-c at 27� and weakly Daf-c at 25�.
N2 11 (246) In addition to the Hid phenotype, sa692 mutants have
daf-5(e1385) 3 (231) several pleiotropic phenotypes, including a distinctive
daf-16(m27) 2 (199) Unc phenotype, characterized by movement with a
cam-1(sa692) 98 (164) higher amplitude waveform and frequent direction re-cam-1(sa692); daf-5(e1385) 70 (92)

versals. sa692 mutants also are frequently thinner in thecam-1(sa692); daf-16(m27) NDb

posterior part of the body, a phenotype referred totax-4(sa731) 100 (173)
as withered tail (Wit; Forrester et al. 1998), and aretax-4(sa731); daf-5(e1385) 99 (143)

tax-4(sa731); daf-16(m27) 84 (239)a occasionally Egl. Filling the amphid neurons of sa692
animals with the fluorescent dye FITC revealed abnor-The number in parentheses is the number of animals
malities in cell position: the ASK, ADL, and ASI neuronscounted. Each section of the table consists of counts per-
were sometimes separated from one another and fre-formed at the same time on the same shelf of an incubator.

a Partial dauers as described (Vowels and Thomas 1992). quently were located posterior to the posterior bulb of
b ND, not determined. Almost all the animals failed to hatch the pharynx. The Hid phenotype of sa692 was partially

or died as L1. Of the very few animals that did not die at an suppressed by daf-5, but suppression by daf-16 could notearly stage, some formed partial dauers and some did not,
be analyzed due to a high rate of lethality in the daf-16;suggesting that there might be partial suppression by daf-16,
sa692 double mutant at 27� (Table 3).but with so few animals it is difficult to interpret.

We mapped sa692 to the center of chromosome II
(Table 2; Figure 1). cam-1 (also known as kin-8) maps
to this region and encodes a receptor tyrosine kinasecomplement daf-11, the only known Daf-c gene in this

region. The Hid phenotype of sa573 was strongly sup- of the ROR family (Koga et al. 1999). The cam-1(ks52)
mutation is a deletion of the entire kinase domain andpressed by mutations in daf-16 but only weakly sup-

pressed by mutations in daf-5 (Table 3), suggesting that was reported to have a weak Daf-c phenotype on old
lawns of Escherichia coli (Koga et al. 1999). On platesthe gene functions in the insulin branch of the dauer

pathway. with our normal E. coli lawns, we found that cam-1(ks52)
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TABLE 4

Pleiotropic phenotypes of hid-1 mutants

% dauers at Defecation
Genotypea 26.9� (N) Unc Con % EMCb cycle timec

N2 6 (216) � � 90 (60) 45.3 
 2.7
hid-1(sa691) 93 (238) � � 23 (60) 38.5 
 5.4
hid-1(sa691)/yDf17 NDd � � ND ND
hid-1(sa1056) 75 (316) � � 30 (60) 39.4 
 3.1
hid-1(sa1058) 99 (234) � � 23 (60) 39.9 
 4.0
hid-1(sa722) ND � � ND ND

ND, not determined.
a The complete genotype is given except in the case of hid-1(sa691)/yDf17 where the complete genotype is

mnDp66/�; him-8(e1489)/�; hid-1(sa691) lon-2(e678)/yDf17.
b The percentage of defecation motor programs (DMPs) that had an enteric muscle contraction (EMC),

with the number of DMPs in parentheses. Ten DMPs were observed per animal. One N2 animal missed five
EMCs, which is atypical.

c Mean cycle time (interval between successive DMPs) in seconds 
SD.
d Animals heterozygous for yDf17 were extremely slow growing at 27� and could not be reliably scored for

a dauer phenotype.

made 35% dauers at 25.6� and 99% dauers at 26.8�. In (Thomas 1990). Analysis of the previously isolated aex-
6(sa24) mutant showed that it has a Hid phenotype,24 hr, 98% of the dauers recovered at 25.6�, while only

5% of the dauers recovered at 26.8�. We showed that although weaker than that of sa699. Furthermore, sa699
complemented aex-5(sa23) for the Con phenotype butthe Hid phenotype of cam-1(ks52) maps near sa692 and

that some cam-1(ks52) animals are Unc and Wit, similar failed to complement aex-6(sa24) for both the Hid and
Con phenotypes, indicating that sa699 is a new alleleto the sa692 mutant. sa692 and cam-1(ks52) failed to

complement for the Hid phenotype, and all sa692 phe- of aex-6. sa24 shares the lethargic and Egl phenotypes
of sa699, indicating that these pleiotropies are all fromnotypes were rescued by a cam-1(�) genomic clone in

4/4 transgenic lines. We conclude that sa692 is a new mutations in a single gene. The Hid phenotype of sa699
was strongly suppressed by mutations in daf-16 but onlyallele of cam-1.

Why does sa692 have more severe phenotypes than partially suppressed by mutations in daf-5 (Table 3),
suggesting that the gene functions in the insulin branchthe ks52 deletion allele does? A likely possibility is that

ks52 is not a null mutation, since it retains the putative of the dauer pathway. We refined the map position of
aex-6 to close to the left of unc-59 (Table 2; Figure 1).extracellular and transmembrane domains of the recep-

tor. cam-1 was independently identified from a screen hid-1(sa691, sa722, sa1056, sa1058): The sa691 and
sa722 mutations were isolated in our screen and causefor defects in CAN cell migration, which can cause the

withered tail phenotype (Forrester et al. 1998, 1999). a strong Daf-c phenotype at 27�, but not at 25�. They
share several other pleiotropic phenotypes (Table 4).Several of these mutants have early stop codons in cam-1

and more severe phenotypes than ks52 does (Forrester sa691 animals have lethargic, mildly uncoordinated
movement and do not move well in response to touchet al. 1998, 1999). Thus, the sa692 phenotype is more

similar to that of putative null alleles, and ks52 probably (Unc phenotype). sa691 mutants also have a moderate
Con phenotype that results from defective aBoc andretains some gene activity. If so, the function of cam-1

in regulating dauer formation appears to depend on the Exp steps of the defecation motor program (DMP),
called the Aex phenotype (Thomas 1990). We quanti-kinase domain, while the function of cam-1 in regulating

movement and cell migration does not. fied the defecation defect by determining the percent-
age of DMPs with a normal Exp step (Table 4, % EMC).aex-6(sa699): sa699 mutant animals are Daf-c at 27�,

but not at 25�. The Daf-c phenotype at 27� is weaker The sa691 mutant has �20% EMC. Furthermore, the
defecation cycle period of sa691 animals was shorterthan that of the Hid mutants discussed previously (Table

3), but a strong defect in dauer recovery at 27� facilitated than that of wild type (Table 4), a phenotype referred
to as Dec-s (Iwasaki et al. 1995).analysis. In addition to the Hid phenotype, sa699 mu-

tants have a strong constipated (Con) phenotype, are We initially mapped sa691 to the left arm of the X
chromosome (Table 2). Two Aex genes, aex-3 and aex-4,somewhat lethargic and Egl, and are moderately resis-

tant to the acetylcholinesterase inhibitor aldicarb (data map in this region. We showed that sa691 complements
both aex-3(ad418) and aex-4(sa22) for all of its pheno-not shown). Initial mapping placed sa699 on the right

arm of chromosome I. Mutations in two genes (aex-5 types, indicating that it is not allelic to either of these
genes. The Hid phenotype of sa691 was strongly sup-and aex-6) cause Con phenotypes and map to this region
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TABLE 5

Interactions of hid-3 with daf-c genes

% dauer formation % dauer formation
Genotype at 25.4� (N) at 15� (N)

daf-11(sa195) 100 (464) 36 (464)
hid-3(sa646); daf-11(sa195) 44 (473) 39 (551)
daf-7(e1372) 100 (377) 63 (403)
hid-3(sa646); daf-7(e1372) 100 (523) 66 (529)
daf-2(e1370) 100 (571) ND
hid-3(sa646); daf-2(e1370) 100 (438) ND

Each count shows the total of two plates counted at the same time. The number in parentheses is the number
of animals counted. ND, not determined.

pressed by mutations in daf-16 but only weakly sup- due to mutation of the same gene (see materials and
methods). The combination of Hid and pheromone-pressed by mutations in daf-5 (Table 3), suggesting that

the gene functions in the insulin branch of the dauer insensitive phenotypes is also seen in daf-3, tax-2, and
dyf mutants (Ailion and Thomas 2000). However, hid-3pathway.

To facilitate molecular characterization, we mapped shows normal dye filling with FITC and DiI and maps
to a location distinct from daf-3 and tax-2 (Table 2; Fig-sa691 to a narrow region of the X chromosome between

lin-32 and unc-2 (Table 2; Figure 1). The Unc, Con, and ure 1). tax-2 suppresses the Daf-c phenotype of group
I Daf-c mutants (e.g., daf-11), whereas daf-3 suppressesHid phenotypes were not separated in any recombi-

nants, indicating that they are tightly linked. No pre- group II Daf-c mutants (e.g., daf-7), and neither sup-
presses mutants in the insulin branch (e.g., daf-2 ; Thomasviously described mutants with Unc, Con, or Daf-c phe-

notypes map to this interval, suggesting that sa691 et al. 1993; Coburn et al. 1998). To see whether hid-3
had other similarities to daf-3 or tax-2, we built doubledefines a new gene, which we named hid-1. To investi-

gate the nature of the sa691 allele, we examined the mutants of hid-3 with daf-11, daf-7, and daf-2. As shown
in Table 5, hid-3 partially suppressed daf-11 at 25�, butphenotype of sa691 placed over yDf17, a deficiency that

deletes hid-1. sa691/Df animals had Unc and Con pheno- did not suppress daf-7 or daf-2. This suggests that hid-3
is most similar to tax-2 and may function in the grouptypes that resembled those of the sa691 homozygote,

consistent with sa691 being a strong loss-of-function al- I branch of the pathway. Consistent with this, the Hid
phenotype of hid-3 is not suppressed by mutations inlele (Table 4). To isolate more alleles of hid-1, we per-

formed a noncomplementation screen (see materials daf-5 (data not shown).
hid-4(sa666): hid-4(sa666) is strongly Daf-c at 27�, butand methods). We isolated two more alleles of hid-1

(sa1056, sa1058), which had Hid, Unc, Con, and Dec-s not at 25�. hid-4 dauers recover fairly well at 27�. hid-4
was partially suppressed by daf-16 (Table 3), suggestingphenotypes both qualitatively and quantitatively similar

to those of sa691 (Table 4 and data not shown). Thus, that it acts at least partially in parallel to the insulin
branch of the pathway. hid-4 was mapped to chromo-these phenotypes are all caused by mutation of hid-1.

The pleiotropic phenotypes of hid-1 mutants suggest some IV close to the position of the group II Daf-c gene
daf-14 (Table 2; Figure 1). However, hid-4(sa666) lacksthat the gene regulates the function of neurons. Like

sa691, hid-1(sa1058) was strongly suppressed by muta- the dark intestine and Egl pleiotropies of daf-14 mutants
and it complements daf-14 for the Daf-c phenotype attions in daf-16 but only weakly suppressed by mutations

in daf-5 (Table 3). 27� and thus appears to define a new gene.
hid-5(sa725), hid-6(sa711), and hid-7(sa572): Thesehid-2(sa698): hid-2(sa698) is strongly Daf-c at 27� and

very weakly Daf-c at 25�. It has no obvious pleiotropies. three mutants are strongly Daf-c at 27�, but not at 25�.
hid-5(sa725) appears to be weakly clumpy and Egl; hid-hid-2 was strongly suppressed by daf-16 and weakly sup-

pressed by daf-5 (Table 3), suggesting that the gene 6(sa711) and hid-7(sa572) have no obvious pleiotropies.
They were assigned new gene names because they mapfunctions in the insulin branch of the dauer pathway.

We mapped hid-2 to the X chromosome between dpy-6 to regions with no known dauer genes. hid-5 maps to
the right arm of the X chromosome, probably to theand unc-9, a region with no known Daf-c genes. Hence,

sa698 probably defines a new gene. right of unc-9 (Table 2; Figure 1). hid-5 complemented
hid-2, which maps between dpy-6 and unc-9. The onlyhid-3(sa646): hid-3(sa646) is strongly Daf-c at 27�, but

not at 25�. hid-3(sa646) formed no dauers in response other Daf gene on this chromosome arm is unc-3, which
has a distinctive uncoordinated coiler phenotype. hid-5to dauer-inducing pheromone at �25�. The Hid and

pheromone-insensitive phenotypes appear to be tightly has normal movement and thus is probably distinct from
unc-3. hid-6 maps to chromosome I, probably to the leftlinked, but it is not yet clear whether they are both
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of dpy-5 (Table 2; Figure 1). hid-6 complemented daf-8,
which also map to chromosome I. hid-7 maps to chromo-
some IV, between unc-24 and dpy-20. hid-7 comple-
mented daf-14 and hid-4, which also map to this interval.
Epistasis of hid-5, hid-6, and hid-7 with Daf-d mutations
was not examined.

Pheromone sensitivity of Hid mutants: We previously
showed that some Hid mutants (e.g., unc-64, unc-31,
unc-3, and egl-4) are hypersensitive to dauer pheromone
at lower temperatures in addition to being Daf-c at 27�
(Ailion and Thomas 2000; Daniels et al. 2000). This
result indicates that these mutants are generally sensi-
tized to dauer induction, rather than being specifically
sensitized to high temperatures. We measured the pher-
omone sensitivity of some of the new Hid mutants at
25� (Figure 2). hid-5(sa725), hid-6(sa711), hid-7(sa572),
and hid(sa659) are clearly hypersensitive to pheromone.
aex-6(sa699), hid-1(sa1058), hid-2(sa698), and hid-4(sa666)
have pheromone responsiveness similar to or weaker
than that of N2. Thus, pheromone hypersensitivity is a
property of many Hid mutants, but not all.

Double mutants with pdk-1(gf) and akt-1(gf): The pdk-
1(mg142gf) and akt-1(mg144gf) dominant gain-of-func-
tion mutations were isolated as suppressors of age-1,
but do not suppress daf-2 (Paradis and Ruvkun 1998;
Paradis et al. 1999). This suggests that there is a bifurca-
tion of the insulin signaling pathway downstream of
daf-2, with one subbranch consisting of age-1, pdk-1, and
akt-1. We previously reported that unc-64 and unc-31
mutants are well suppressed by daf-16, but not sup-
pressed by pdk-1(mg142gf) or akt-1(mg144gf) (Ailion and
Thomas 2000). hid-1 and aex-6 are also strongly sup-
pressed by daf-16 (Table 3), suggesting that they func-
tion in the insulin branch of the dauer pathway. To
examine whether they act in the age-1 subbranch, we
built double mutants with pdk-1(mg142gf) and akt-1
(mg144gf). Both hid-1 and aex-6 were partially suppressed
by akt-1(mg144gf) and only weakly suppressed by pdk-1
(mg142gf) (Table 6). This could indicate that these
genes function in the age-1 subbranch of the insulin
pathway, but is also consistent with function in parallel
to this branch. The stronger suppression by akt-
1(mg144gf) may be because it activates the pathway more
strongly than pdk-1(mg142gf) or may reflect additional
nonlinear aspects of the pathway. akt-1(sa573) was not
suppressed by pdk-1(mg142gf), as expected if pdk-1 acts
directly upstream of akt-1.

A striking observation is that both hid-1 and aex-6
double mutants with akt-1(mg144gf) [and perhaps pdk-
1(mg142gf)] formed some full dauers, some non-dauers,
and some partial dauers that resembled daf-16 partial
dauers (Vowels and Thomas 1992). This is a surprising
result for several reasons. First, akt-1(mg144gf) forms
normal dauers on its own when starved or induced by
pheromone (Paradis and Ruvkun 1998) and forms
normal dauers in double mutants with pdk-1(sa680) orFi
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group II Daf-c mutants (Paradis et al. 1999; Inoue and



139High-Temperature Dauer Mutants

TABLE 6

Dauer formation in double mutants of Hid genes with pdk-1(gf), akt-1(gf ), and sa315

Phenotype at 26.9� (%)

L4 larvae Partial
Genotype and adult Dauer dauer a N b

N2 63 37 0 206
akt-1(mg144gf ) 95 3 2 147
pdk-1(mg142gf ) 25 75c 0 236
sa315 100 0 0 224
unc-64(e246) 0 100 0 53
unc-64(e246); akt-1(mg144gf ) 17 83d 0 127
unc-64(e246); pdk-1(mg142gf ) 0 100 0 186
unc-64(e246); sa315 100 0 0 232
unc-31(e928) 2 98 0 103
unc-31(e928); akt-1(mg144gf ) 1 99 0 178
unc-31(e928); pdk-1(mg142gf ) 0 100 0 75
unc-31(e928); sa315 99 0 1 97
akt-1(sa573) 0 100 0 135
akt-1(sa573); pdk-1(mg142gf ) 0 100 0 203
hid-1(sa691) 1 99 0 109
hid-1(sa691); akt-1(mg144gf ) 31 35 34 217
hid-1(sa691) pdk-1(mg142gf ) 5 92 3 324
hid-1(sa691); sa315 100 0 0 371
aex-6(sa699) 40 60 0 131
aex-6(sa699); akt-1(mg144gf ) 59 18 24 148
aex-6(sa699); pdk-1(mg142gf ) 28 72 0 171
aex-6(sa699); sa315 100 0 0 151

N2 91 9 0 125
aex-6(sa699) 3 97 0 117
aex-6(sa699); akt-1(mg144gf ) 74 0 26 88
aex-6(sa699); pdk-1(mg142gf ) 39 61 0 228

The top part of the table shows the results from a single experiment and the bottom part shows the results
of a few strains in a different experiment.

a These were radially constricted animals that resembled dauers, but were lighter in appearance, moved
more, and had occasional pumping. They had alae and hypodermal bodies, but did not have refractile material
in the gut, and the pharynx appeared much closer to an L3 pharynx than to a dauer pharynx. This suggests
they are very similar and perhaps identical to the partial dauers formed by daf-16 (Vowels and Thomas 1992).

b The number of animals scored.
c This is an unusually high value for dauer formation in pdk-1(mg142gf ) mutants.
d In all other assays except this one, akt-1(mg144gf ) showed no suppression of unc-64.

Thomas 2000b). It does form abnormal dauer-like ani- Double mutants with Syn-Daf genes: To see whether
the new Hid mutants were Syn-Daf, we built some dou-mals in double mutants with daf-2 (Paradis and Ruv-

kun 1998), but these are distinct from the partial dauers ble mutants between these genes and the previously
characterized Syn-Daf genes unc-64, unc-31, unc-3, andcharacteristic of daf-16 mutants and the partial dauers

seen here. Second, to our knowledge these are the first osm-6. As shown in Table 7, a few of the combinations are
weakly Daf-c, but none have the strong Daf-c phenotypeexamples of strains capable of forming both normal

and partial dauers; daf-16 mutants always form partial characteristic of some Syn-Daf combinations.
Molecular analysis of hid-1: We cloned hid-1 by trans-dauers or non-dauers.

We also built double mutants with sa315, a Daf-d genic rescue of the Hid, Unc, and Con phenotypes
with cosmid clones and subclones (see materials andmutant with phenotypes similar to those of daf-16 (e.g.,

formation of partial dauers) and a probable site of ac- methods). A subclone carrying only one predicted
gene, K02E10.2, rescued all of the hid-1 phenotypes,tion in the insulin pathway (Inoue and Thomas 2000b).

Like daf-16, sa315 completely suppressed unc-64, unc-31, suggesting that K02E10.2 is the hid-1 gene. This gene
has 15 exons and is predicted to encode a protein ofhid-1, and aex-6 (Table 6). This provides further support

for assignment of these genes to the insulin branch of 729 amino acids (Figure 3, A and C). Sequencing of
hid-1 mutant alleles confirms the gene assignment. sa691the dauer pathway.
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DISCUSSIONTABLE 7

Syn-Daf phenotypes of Hid mutants Here we present the results of a screen for Daf-c
mutants at 27� and the characterization of some of the

% dauer formation mutants. The hope was that this screen would be able
Genotype at 25� (N) to isolate mutations in new genes that cause a strong

Daf-c phenotype at 27� but not at 25�, the temperatureunc-64(e246) 19 (107)
unc-31(e928) 1 (153) of previous screening attempts. New alleles of unc-31
unc-3(e151) 2 (249) and unc-3, two previously known genes with these phe-
aex-6(sa699) 0 (152) notypes, were recovered in the screen. Furthermore, we
akt-1(sa573) 0 (109) identified at least 10 genes that had not been identifiedhid-1(sa691) 0 (10)

before at 25�. Since we isolated only one allele of manyhid-4(sa666) 0 (162)
genes, we clearly did not screen to saturation and thereosm-6(p811) 0 (85)

unc-64(e246); akt-1(sa573) 27 (181) are assuredly more Hid mutants to be found.
unc-31(e928); akt-1(sa573) 34 (175) For reasons that are not yet apparent, the 27� screen
akt-1(sa573); unc-3(e151) 17 (175) appears to be particularly sensitive to isolating mutants
aex-6(sa699); unc-31(e928) 0 (89) in the insulin branch of the dauer pathway. We isolatedaex-6(sa699); unc-3(e151) 27 (123)

eight mutations in daf-2 alone, seven of which were weakaex-6(sa699; osm-6(p811) 7 (46)
mutations that do not cause a Daf-c phenotype at 25�.osm-6(p811); hid-1(sa691) 8 (62)
The isolation of new genes in the insulin branch ishid-4(sa666); unc-3(e151) 9 (236)

aex-6(sa699); hid-1(sa1058)a 2 (108) useful since the only genes in this branch identified as
Daf-c at 25� were daf-2 and age-1, suggesting that othera This strain was assayed in a separate experiment in which
genes do not have such strong Daf-c phenotypes. Twothe aex-6(sa699) and hid-1(sa1058) single mutants formed no

dauers. of these genes were identified in our screen: the pdk-1
and akt-1 protein kinase genes, which function down-
stream of age-1 in the signal transduction cascade. Ourmutates the exon 9 splice acceptor. sa1056 has two sepa-
identification of Daf-c loss-of-function mutations inrate mutations: a mutation in the exon 13 splice donor
pdk-1 and akt-1 complements the identification of gain-and a D718V missense mutation. sa1058 has a G307E
of-function mutations in these genes as suppressors ofmissense mutation. sa722 has a stop codon at W112,
age-1 (Paradis and Ruvkun 1998; Paradis et al. 1999).and thus may be a null mutation. The hid-1 gene encodes
The phosphorylated lipid second messengers produceda novel protein that appears to have a single strongly
by PI3K (encoded by the age-1 gene in C. elegans) haveconserved homolog in human, mouse, and Drosophila
been shown to bind many targets in vitro (Toker andmelanogaster (Figure 3C). No close relatives were found
Cantley 1997), but the in vivo targets of this signalingin BLAST searches of the C. elegans genome. A compos-
cascade were not known. The PDK1 and Akt kinasesite hydropathy plot of HID-1 proteins from C. elegans,
had been identified biochemically as possible targets,Drosophila, and humans suggests that the proteins have
and the identification of mutations in these genes heremany transmembrane domains (Figure 3B). No other
provides strong evidence that these are important inobvious functional domains were found in the predicted
vivo targets of the PI3K signal transduction pathway.protein sequence.

In addition to the relatively well-defined branch ofWe constructed a hid-1::gfp fusion to examine expres-
the insulin pathway that proceeds linearly from daf-2sion of hid-1. Expression of GFP was observed in adults
through age-1, pdk-1, and akt-1, there appears to be ain some neurons in the head, tail, and nerve ring, but
less well-defined branch downstream of daf-2 in parallelwas too faint to permit identification of specific cells
to the age-1 branch. Existence of this branch is inferred(data not shown). Consistent with this result, a hid-1::
from the lack of suppression of daf-2 mutants by thelacZ fusion construct, made as part of a large gene ex-
pdk-1 and akt-1 gain-of-function mutations that com-pression project, was expressed at all developmental
pletely suppress age-1 (Paradis and Ruvkun 1998; Par-stages in neurons of the head, tail, and ventral nerve
adis et al. 1999). Some of our new genes may be actingcord (I. Hope, personal communication; http://www.
in this second branch. Mosaic analysis of daf-2 showswormbase.org/). Occasional faint expression was also
that it functions cell nonautonomously, and it has beenreported in the metacorpus and terminal bulb of the

pharynx. proposed that signaling by DAF-2 leads to the produc-

�
Figure 3.—hid-1 encodes a novel, conserved transmembrane protein. (A) hid-1 gene structure as inferred from sequencing

of cDNA yk32f11. (B) Composite hydropathy plot of the C. elegans, D. melanogaster, and human HID-1 proteins (made with Bonsai
1.1; http://calliope.gs.washington.edu/software/). (C) Alignment of the C. elegans, D. melanogaster, and human HID-1 proteins.
Alignments were made with Bonsai 1.1 and presented graphically with Boxshade 3.21.
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tion of a secondary signal (Apfeld and Kenyon 1998). dauers. Why would wild-type animals deliberately make
a partial dauer? Partial dauers of the type seen hereNew mutants that we isolated may define genes in this

secondary pathway. are radially constricted and have modifications of the
cuticle, like normal dauers. The main visible differencesIn addition to pdk-1 and akt-1, our screen isolated

mutations in the genes aex-6, hid-1, and hid-2, which, are that the partial dauers do not have a dark intestine
(evidence of fat storage) and do not remodel their phar-on the basis of strong suppression by daf-16 and weak

suppression by daf-5, also appear to act in the insulin ynx. Perhaps such partial dauers are formed when a
modified cuticle is desirable to resist harsh environmen-branch of the pathway. In addition to their similar dauer

phenotypes, aex-6 and hid-1 have similar defecation and tal conditions, but when the animal has not been able
to store enough fat. Under these conditions it wouldlocomotion phenotypes. Thus, these two genes may func-

tion together in a common process to regulate dauer be desirable to remain capable of feeding, hence the
unmodified pharynx. If the insulin signal monitors in-formation, defecation, and locomotion. aex-6 has the

more severe defecation defect, while hid-1 has the more ternal energy stores, as has been proposed on the basis
of the actions of mammalian insulin (Kimura et al.severe movement defect. The pleiotropic phenotypes

of these genes suggest a neuronal site of action, and 1997), levels of signaling from this pathway could couple
metabolic needs to morphological changes. Since otherhid-1 is expressed primarily in neurons. The molecular

identity of HID-1 as a putative multipass transmembrane mutants in the insulin branch of the pathway can also
form arrested dauer-like animals that have dark intes-protein suggests several possible functions. First, it could

be involved in vesicle secretion. Like UNC-64 and UNC- tines but are not radially constricted, there may be multi-
ple ways the insulin signal regulates dauer morphology.31, HID-1 could regulate vesicle fusion with the plasma

membrane, or it could be involved in vesicle sorting We speculate that wild-type C. elegans can form several
different types of dauer-like animals that are adaptiveand secretion at an earlier step. Second, HID-1 could

be a receptor for an intercellular signal, such as the under different combinations of environmental condi-
tions and internal metabolic states. Perhaps these differ-proposed secondary signal activated by DAF-2 signaling.

It is also possible that HID-1 itself acts as a novel insulin ent types of dauers are formed frequently only under
conditions that are not commonly experienced in ourreceptor. daf-2 encodes the only classical insulin recep-

tor in the C. elegans genome and evidence exists for limited laboratory setting.
The 27� screen does not find mutants only in theadditional insulin receptors (Pierce et al. 2001). There

is a HID-1 relative in Schizosaccharomyces pombe (but not insulin branch of the pathway. We isolated alleles of
unc-3 and cam-1, which appear to function in the groupSaccharomyces cerevisiae) with �20% identity across nearly

the entire length of HID-1, possibly supporting a vesicle II Daf-c branch (Koga et al. 1999; Ailion and Thomas
2000), and alleles of tax-4, which may function in upstreamsecretion role. ESTs for the human and mouse HID-1

homologs were found in such tissues as brain, retina, chemosensory signal transduction in both the group I
and group II pathways (Coburn et al. 1998; Ailion andhippocampus, and pancreatic islet cells, consistent with

a neurosecretory function. Thomas 2000). Thus, the continued analysis of mutants
isolated in this screen is likely to be highly informative tohid-1 and aex-6 also exhibit a novel interaction with

the akt-1(mg144gf) gain-of-function mutation. Double understanding the complex molecular mechanisms re-
sponsible for regulating dauer formation.mutants of hid-1 and aex-6 with akt-1(mg144gf) produce

some normal dauers, some partial dauers, and some We thank Makoto Koga, Chris Li, Gert Jansen, Oliver Hobert, and
non-dauers. daf-16 mutants form similar partial dauers, Gary Ruvkun for strains; Makoto Koga for the cam-1(�) clone; Scott

Kennedy and Gary Ruvkun for akt-1 primers; Yuji Kohara for cDNAbut never produce normal dauers. It has been proposed
clones; Alan Coulson for cosmids; Andy Fire for GFP vectors; Gemmathat daf-16 has roles in regulating both the decision to
Brown for editing; and Josh McElwee for heavy lifting. Some strainsform a dauer and certain aspects of dauer morphogene-
were provided by the Caenorhabditis Genetics Center, which is funded

sis (Vowels and Thomas 1992; Gottlieb and Ruvkun by the National Institutes of Health National Center for Research
1994; Ogg et al. 1997). How can the formation of both Resources. This work was supported by a Howard Hughes Medical

Institute Predoctoral Fellowship to M.A. and National Institutes ofcomplete and partial dauers by akt-1(mg144gf) be ex-
Health grant R01GM48700 to J.H.T.plained? One possibility is that formation of partial

dauers is not due to specific defects in morphogenesis,
but is due to differences in dauer induction based on
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