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ABSTRACT
We developed selective conditions for long-lived mutants of the nematode Caenorhabditis elegans by

subjecting the first larval stage (L1) to thermal stress at 30� for 7 days. The surviving larvae developed to
fertile adults after the temperature was shifted to 15�. A total of one million F2 progeny and a half million
F3 progeny of ethyl-methanesulfonate-mutagenized animals were treated in three separate experiments.
Among the 81 putative mutants that recovered and matured to the reproductive adult, 63 retested as
thermotolerant and 49 (80%) exhibited a �15% increase in mean life span. All the known classes of
dauer formation (Daf) mutant that affect longevity were found, including six new alleles of daf-2, and a
unique temperature-sensitive, dauer-constitutive allele of age-1. Alleles of dyf-2 and unc-13 were isolated,
and mutants of unc-18, a gene that interacts with unc-13, were also found to be long lived. Thirteen
additional mutations define at least four new genes.

RECENT work on Caenorhabditis elegans, Drosophila, Russell 1975). Dauer-constitutive (Daf-c) mutants ar-
and mammalian systems suggests that there is a rest at this stage in the absence of the normally required

conserved mechanism for regulation of life span (Ken- environmental cues (reviewed by Riddle and Albert
yon 2001). Genetic studies on C. elegans have suggested 1997). Pathways using transforming growth factor-�
an important role for protection from oxidative damage (TGF-�; Ren et al. 1996) and insulin-like ligands (Pierce
(Larsen 1993) as regulated by insulin-like signaling et al. 2001) function via daf-9 (Gerisch et al. 2001; Jia
(Honda and Honda 1999). Metabolic rate (Vanflet- et al. 2002) to regulate the activity of the DAF-12 nuclear
eren and De Vreese 1995) and caloric intake (Lakow- receptor (Antebi et al. 2000) to control the develop-
ski and Hekimi 1998) also play a role, but the overall mental switch. Genetic disruption of signaling by either
genetic complexity of life span regulation is not known. pathway leads to a Daf-c phenotype. The Daf-c mutants
Until 1993, the only C. elegans mutant known to have that reduce insulin-like signaling activity are more pleio-
increased adult longevity was age-1(hx546), which en- tropic (Gems et al. 1998) than mutants affecting TGF-�
codes a phosphatidylinositol-3-kinase (PI3 kinase) cata- signaling; they extend adult life span by a factor of two
lytic subunit involved in insulin-like signaling (Morris or more (Kenyon et al. 1993; Gems et al. 1998).
et al. 1996; Kimura et al. 1997). Since then, nearly 50 The best-studied long-lived mutants are age-1 and daf-
genes have been implicated in the determination of 2, the latter of which encodes an insulin-like growth
life span, most of which were identified by testing the factor (IGF) receptor (Kimura et al. 1997; Gems et al.
longevity of strains isolated for other reasons. Phenotypes 1998; Guarente and Kenyon 2000; Johnson et al. 2000;
associated with increased longevity include constitutive Pierce et al. 2001). Mutations in daf-16 suppress the
dauer larva formation (Kenyon et al. 1993), increased adult longevity (Age) and Daf-c phenotypes of both
fat accumulation (Ogg et al. 1997), slow metabolism (Van mutants, indicating that the DAF-16 Forkhead transcrip-
Voorhies and Ward 1999), resistance to ultraviolet irra- tion factor (Lin et al. 1997; Ogg et al. 1997) is required
diation (Murakami and Johnson 1996), thermotoler- for dauer formation and extension of adult longevity
ance (Lithgow et al. 1995), and tolerance to oxidative (Kenyon et al. 1993; Larsen et al. 1995). The AGE-1
damage (Larsen 1993; Martin et al. 1996; Finkel and PI3 kinase and DAF-16 transcription factor are both
Holbrook 2000). homologs of downstream regulators of insulin signaling

The dauer diapause stage is normally triggered by in mammals (Morris et al. 1996; Lin et al. 1997; Ogg
food limitation and/or overcrowding (Cassada and et al. 1997). Mutations that affect the insulin/IGF recep-

tor in Drosophila (Tatar et al. 2001) and a mutation
that impairs the development of the pituitary gland in
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identify new elements in these pathways, but brute force
screens for long-lived mutants are very laborious. Since
long-lived animals are postreproductive, it is necessary
to replicate populations of candidate mutant lines to
recover a mutant once it has been identified. We exam-
ined stress-resistance phenotypes to determine whether
they could be used as surrogate markers in a convenient
positive selection to enrich for longevity mutants. Previ-
ous work used acute 40� or 35� heat-shock treatment of
adults to enrich for thermotolerant mutants (Walker
et al. 1998; Sampayo et al. 2000; Yang and Wilson 2000).
We treated larval stage 1 (L1) larvae at 30� for 7 days
and found that 80% of the surviving thermotolerant
mutants were long lived. With this method we isolated
Liv (long-lived and viable after thermal stress) mutations Figure 1.—Survival of L1 larvae in M9 buffer at 25.5� in

the absence of food. Mean and SD of three independent trialsaffecting the dauer pathway, as well as mutations in new
are plotted. Daf-c age-1(hx546), daf-2(e1370), and daf-7(e1372)genes that do not produce a secondary Daf phenotype.
mutants survive starvation longer than wild type. The numberWe also found alleles of unc-13 (uncoordinated) and of animals assayed for fer-15(b26) was 2775; for daf-16(b26),

dyf-2 (neuronal dye-filling defective) and showed that 3861; for age-1(hx546), 3090; for daf-16(m26); daf-2(e1370),
they affect longevity as does unc-18, which together with 4246; for daf-2(e1370), 2851; for daf-7(e1372), 3610; and for

wild type, 4829.unc-13 plays a role in neurosecretion (Sassa et al. 1999).

only one survivor per tube was saved after confirming L1
MATERIALS AND METHODS thermotolerance at 30�.

Genetics: All strains were derived from the wild-type N2
Phenotypic analyses: For L1 starvation assays, hypochlorite- and were cultured as described (Brenner 1974). dyf-2(m881

treated eggs (Lewis and Fleming 1995) were incubated in and m886), liv-2(m882), liv-5(m884), and aap-1(m889) (AGE-1
1 ml of M9 buffer (Brenner 1974) on a shaker at 20� for adapter protein) were backcrossed three times with fer-15 us-
16–24 hr, divided into three populations, and transferred to ing the dye-filling-defective (Dyf) or Daf-c phenotype. unc-13
25.5�. Three samples of each population were counted and (m873) and liv-4(m872) were backcrossed six times using the
used to calculate the mean and SD. The populations tested uncoordinated (Unc) phenotype. Life span was measured
ranged from 2000 to 5000/milliliter. For thermal stress tests, after these crosses, showing that these traits were linked to
L1 larvae synchronized as above were incubated on agar plates longevity. liv-2, liv-4, liv-5, and aap-1 were mapped by standard
with Escherichia coli strain OP50 (Brenner 1974) at 30�. After three-factor crosses, using markers unc-38(e264)I, dpy-5(e61)I,
treatment, plates were incubated at 15� and survivors were dpy-10(e128)II, unc-4(e120)II, rol-1(e91)II, unc-42(e270)V, and
counted or harvested for mutant selection. Each set of assays sma-1(e30)V. Populations homozygous for recombinant chro-
included daf-2(e1370) and wild-type N2 controls and was re- mosomes were tested for Daf-c, Dyf, or Unc phenotypes. The
peated once. following recombinants (in parentheses) were scored in the

To assay dauer formation, eggs were picked from popula- final mapping steps using flanking visible markers in trans to
tions grown at 20� and incubated at 25.5� or 27�. Dauer forma- the Liv gene: dpy-10 (15) liv-2 (5) unc-4; unc-42 (3) liv-4 (15)
tion was scored visually after 3 or 2 days, respectively. To sma-1; unc-4 (3) liv-5 (17) rol-1; unc-38 (4) aap-1 (3) dpy-5. For
measure adult life span, L4 larvae grown at 15� were shifted the daf-16 double mutants, we confirmed the presence of the
to 25.5� to assay survival as described previously (Larsen et Liv mutation by the Unc phenotype or by noncomplementa-
al. 1995). Day 1 is the first day of adulthood. Each assay used tion of the Daf-c phenotype. daf-16 was scored by the lack of
three populations of 33–45 animals and was repeated at least dauer formation on three replicate starved plates.
once. Figures represent one of the assays. To test neuronal
dye filling, adults were exposed to 0.1 mg/ml fluorescein
isothiocyanate (FITC) in the agar medium for 2 hr and then RESULTS
transferred to bacterial lawns without dye for �30 min to flush
unbound FITC from the intestines (Hedgecock et al. 1985). Starvation tolerance: We used starved L1 larvae to
Neurons of anesthetized worms were observed with a Zeiss test whether increased fat accumulation and decreased
Axioscope equipped with fluorescence optics and FITC filters. metabolic rate described in longevity mutants (Ogg et

Mutant selection: The temperature-sensitive fertilization-
al. 1997; Van Voorhies and Ward 1999) might allowdefective mutant DH26, fer-15(b26ts), was treated with 25 mm
such strains to survive starvation better than wild type.ethyl methanesulfonate (EMS) as described (Rosenbluth et
As expected, the mean survival of long-lived daf-2 andal. 1985). Sets of 30 mutagenized L4 larvae were incubated

for 8 days at 15� in tubes containing 6 ml S medium with E. age-1 mutants was longer than that of wild type, and
coli (Sulston and Brenner 1974). F2 eggs were purified by this was suppressed by daf-16. However, a daf-7 mutant
alkaline hypochlorite treatment to obtain synchronous L1 lar- (which accumulates fat, but is not long lived in the
vae (Lewis and Fleming 1995). Approximately 10,000 syn-

adult) survived nearly as long (Figure 1). In a separatechronous F2 or F3 L1 larvae were harvested from each tube
trial (not shown), survival of daf-1(m40) was similar toand submitted to thermal stress at 30� for 7 days on agar plates

spread with OP50. To ensure independence of the mutants, that shown for daf-7 and age-1. Hence, using starvation
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owing to small temperature fluctuations around 30� or
to small differences in conditions prior to assay. Hence,
each trial included all control strains and was repeated
at least once. High thermotolerance is correlated with
reduced daf-2/insulin-like pathway activity (Lithgow
et al. 1995). The daf-16(m26) mutation suppresses daf-
2(e1370) thermotolerance (Figure 2B), as it suppresses
the Daf-c and longevity traits (Riddle et al. 1981; Ken-
yon et al. 1993). DAF-2 and AGE-1 negatively regulate
DAF-16 activity, which in turn is necessary for increased
longevity and thermotolerance (Lithgow et al. 1995;
Gems et al. 1998).

Mutant selection and classification: Whereas longevity
can be assayed only in the postreproductive adult, ther-
motolerance can also be detected in larvae. When used
as a surrogate phenotype for increased longevity, ther-
motolerance allows one to recover stress-resistant ani-
mals that will be both fertile and long lived. To select
thermotolerant mutants, we incubated synchronous L1
larvae at 30� on agar plates for 7 days. In preliminary
tests, wild-type larvae were killed by this treatment, but
�50% of daf-2 or age-1 larvae survived (Figure 2, A and
B) and resumed development at 15�. In aggregate, we
treated �1 million F2 larvae, and 500,000 F3 larvae de-Figure 2.—Increased thermotolerance of daf-2 and age-1

mutants may share the same genetic pathway as increased rived from EMS-mutagenized fer-15 hermaphrodites.
adult longevity. (A) Survival of Daf-c and wild-type L1 larvae The F3 selection was performed to detect possible mater-
at 30�. The long-lived daf-2(e1370) mutant survived longer than nal-effect mutants. We recovered 57 F2 and 24 F3 survi-
the wild type (N2) and the Daf-c mutants daf-7(el372) and daf-l

vors originating from independent F1 animals. These(m40), which are not long lived as adults. (B) Survival of the
81 survivors were used to establish lines for retesting.long-lived mutant age-1(hx456) parallels that of daf-2(e1370).

The mutation daf-16(m26) suppressed the increased L1 ther- Sixty-three of the lines were thermotolerant, and 49 of
motolerance of daf-2(el370). The populations tested ranged those were also long lived (�15% extension of mean
from 1000 to 2000 worms per strain. A and B plot the mean life span). We named the latter class Liv mutants and
and SD of three experiments.

only these were studied further.
All lines were tested for constitutive dauer formation

at 25.5� and 27�. Of the 49 lines, 40 were Daf-c; of these,to enrich for longevity mutants should also enrich for
Daf-c mutants not associated with longevity. 6 failed to complement daf-2(e1370) and 5 failed to com-

plement age-1(hx546). The phenotypes of 5 of the newHeat tolerance: daf-2 adults survive an average of 800
min at 35� compared to �500 min for wild-type survival daf-2 mutants were similar to the e1370 reference allele

(Daf-c at 25�), but one novel allele, m883, was Daf-c only(Lithgow et al. 1995). We assayed larval thermotoler-
ance to find convenient conditions favoring differential at 27� (Table 1). The latter mutant exhibited a nearly

doubled adult longevity (Figure 3A), but did not exhibitsurvival of long-lived vs. wild-type animals. When we
incubated L1 animals at 27�, they developed to sterile the impenetrant premature adult death at 25.5� re-

ported for other daf-2 alleles (Larsen et al. 1995; Gemsadults, but at 30� they arrested development at the L1
stage. Temperature downshift from 30� to 15� before et al. 1998). The daf-2(m883), age-1(hx546), liv-5(m884),

and aap-1(m889) mutants are Daf-c at 27�, and the adultsdeath permitted nearly all of them to develop to fertile
adults. We treated L1 larvae of different strains to ther- are long lived at 25� and show a greater thermotolerance

than other Liv mutants (Table 1, Figure 3J).mal stress at 30� and found that the mean survival of
daf-2 and age-1 was three to seven times greater than The age-1(m895) allele was Daf-c at 25.5� (Table 1),

whereas the previously reported hx546 allele (Malonethe 2-day mean survival of wild type (Figure 2, A and
B). To our knowledge, this is the largest difference in et al. 1996) and the other alleles reported here were

Daf-c only at 27�. The maximum life span of m895 wasstress resistance thus far described between long-lived
mutants and wild type. 35% � 2.8 SD greater than that of age-1(�), but the

mean life span was 29.6 � 10.5 less than that of age-1(�)At 30�, daf-1(m40) and daf-7(e1372) exhibited twice
the mean wild-type survival, but this did not approach (Figure 3B). This premature adult death was similar to

that observed for certain daf-2 mutants (Gems et al.the increase observed in a daf-2 mutant (Figure 2A).
Mean survival of the wild-type strain differed among the 1998), but has not been reported previously for age-1.

Null alleles of age-1 (formerly daf-23) convey a noncondi-three independent trials (Figure 2, A and B), possibly
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TABLE 1

Daf-c phenotype of Liv mutants

% dauer formation

Other 27� with
Genotype phenotypes 25.5� 27� daf-16(m26)

Wild type (N2) 0 0 0
daf-2(m869)a 100 100 ND
daf-2(m883) 0 100 ND
age-1(m880)b 0 100 ND
age-1(m895) 90 � 7 100 ND
liv-5(m884) 0 57 � 1.2 14 � 1.9
aap-1(m889) 0 100c 5 � 2.6
dyf-2(m881) Dyf 0 50 � 4.3 0
dyf-2(m886) Dyf 0 50 � 6.6 ND
liv-2(m882) Dyf 0 35 � 2.3 2 � 0.5
unc-31(m868)d Unc 0 95 � 3.2 ND
unc-13(m873) Unc 0 5 � 0.9 0
unc-13(e51)e Unc 0 3 � 0.4 ND
unc-13(e1091)e Unc 0 0 ND
unc-13(e376)e Unc 0 85 � 5.7 ND
liv-4(m872) Unc 0 10 � 3.6 0

Mean and SD of three experiments are shown. Number of animals assayed was always �100. In addition,
nine other Liv mutants that do not have visible phenotypes were isolated.

a Four other alleles with a similar phenotype were isolated.
b Three other alleles with a similar phenotype were isolated.
c All the animals that develop through L1 enter the dauer stage, but 40% of the eggs do not hatch or suffer

L1 arrest.
d Twenty-one other alleles of similar phenotype were isolated.
e unc-13 mutants not isolated in this selection.

tional maternally rescued Daf-c phenotype (Larsen et and Kenyon 1999). Such mutants are easily scored by
the failure of their amphid neurons to stain with fluo-al. 1995; Morris et al. 1996); mutants segregated from

heterozygous parents do not form dauer larvae, but rescent dyes like FITC (Hedgecock et al. 1985; Starich
et al. 1995). Three Liv mutants failed to stain with FITC;develop into long-lived adults.

Mutants other than daf-2 and age-1 were affected in two were alleles of dyf-2, and one defined the liv-2 gene.
All three mutants are Daf-c at 27� (Table 1), a phenotypesensory neurons (Dyf), exhibited uncoordinated move-

ment (Unc), or were Liv, either with or without a Daf-c previously reported for some of the dyf mutants (Apfeld
and Kenyon 1999).phenotype at 27�. We characterized the six Liv mutants

with a Daf-c, Unc, or Dyf phenotype, which provided a Unc mutants: We tested whether any of the 24 Unc
mutants we isolated were unc-64 or unc-31 alleles. unc-surrogate marker for genetic analysis (Figure 3, C–J,

Table 1). Each of the six mutants was mapped to a region 64 sintaxin and unc-31 Ca2�-dependent activator protein
for secretion homologs (Ann et al. 1997; Ogawa et al.of �1 map unit (Figure 4), and complementation tests

were then performed as described below. 1998; Saifee et al. 1998) are unc genes reported to regu-
late the longevity of the hermaphrodite (Ailion et al.Dyf mutants: Mutants with disrupted function of the am-

phid sensory neurons have increased longevity (Apfeld 1999). These genes are involved in the secretion of

�
Figure 3.—Longevity and resistance to thermal stress of different mutants isolated in a fer-15 genetic background. (A–I) Adult

life spans; data from one of two to three trials are shown. Day 1 is the first day of adulthood. fer-15(b26) is sterile at 25.5� and
has a wild-type life span (Friedman and Johnson 1988). (A) Mean life span of fer-15(b26) is 14.2 � 0.6 days and for daf-2(m883),
24.8 � 0.8. (B) age-1(m895) has a shorter mean life span (10.4 � 0.8 days), but longer maximum life span (35 � 2.8 days) than
that of fer-15(b26) (27 � 2 days). (C–I) The percentage of increase of life span (�SD) for dyf-2(m881) is 86 � 9; for dyf-2(m886),
50 � 6; for liv-2(m882), 66 � 7; for unc-13(m873), 52 � 4.5; for liv-4(m872), 46 � 15; for liv-5(m884), 23 � 1; and for aap-1(m889),
85 � 4. Each strain used three populations of 33–45 individuals. All the animals from the three populations are plotted. (J)
Survival of L1 larvae at 30�. Mean and SD of three different experiments are plotted. Survival of liv-5(m884) and aap-1(m889) is
similar to the control daf-2(el370). The survival of liv-2(m882) was determined at a different time (data not shown) and was only
slightly more thermotolerant than wild type. The populations tested ranged from 1000 to 2000 worms per strain. The three unc-
13 populations tested averaged 130.
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with similar phenotype has been previously identified,
suggesting that liv-4 may be a novel gene involved in
neurosecretion and longevity.

Liv mutants with no visible phenotype: Nine mutants
exhibited no obvious phenotype other than thermotol-
erance and increased longevity. Since these mutants can
be scored only by using population-based assays, their
analysis is beyond the scope of this report.

daf-16 suppresses the Age and Daf-c phenotypes: We
constructed double mutants with daf-16(m26), and in all
six cases the daf-16 mutation suppressed the Age and 27�
Daf-c phenotype, indicating that all these genes function
upstream of daf-16 to negatively regulate its longevity-

Figure 4.—Genetic map showing new mutations isolated promoting function (Figure 6, Table 1). In three cases,
in the selection for Liv mutants. Marker genes are shown

daf-16 epistasis was weak with respect to the 27� pheno-above the lines. Chromosome positions (in parentheses) were
type. The percentage of dauer formation at 27� was 57 �obtained using three-factor mapping (see materials and

methods) and the Caenorhabditis Genetics Center database 1% for liv-5, and it was 14 � 2% for the daf-16 double
(http://biosci.umn.edu/CGC/CGChomepage.htm). mutant (Table 1). With respect to Age, the aap-1(m889)

daf-16(m26) double mutant had a slightly longer (38 �
0.6%) mean and (21 � 2%) maximum life span than

neurotransmitters and could be involved in the Ca2�- that of daf-16(m26) itself (Figure 6F). These results sug-
regulated secretion of the ligand for the daf-2 receptor. gest the presence of another mechanism independent
None of the Unc Liv mutants were unc-64 alleles, but, of daf-16 that regulates dauer formation and longevity.
surprisingly, 22 were independent unc-31 mutants. Alternatively, there may be some residual activity in the

The m873 Unc mutant was mapped on chromosome daf-16(m26) mutant (Lin et al. 1997; Ogg et al. 1997)
I, and it failed to complement unc-13(e51). The UNC- that makes epistasis incomplete.
13 protein has C1 and C2 homology domains. C1 binds Finally, the mean life span of daf-16(m26); liv-4(m872)
diacylglycerol and phorbol esters, and C2 binds calcium (6.7 � 0.2 days) was less than that of daf-16(m26) itself
and phospholipids (Maruyama and Brenner 1991; (12.2 � 0.1 days; Figure 6D). It is possible that liv-4 has
Ahmed et al. 1992). Mutants have impaired secretion a deleterious effect masked by its increased longevity.
via neuronal vesicles (Richmond et al. 1999). We found If so, blocking the longevity pathway with the daf-16
that the extant unc-13 mutants e376 and e1091 exhibited mutation might unmask these effects.
increases in mean life span of 82.9 � 12.5% and 60 �
10.3%, respectively (Figure 5, B and C). The reference
allele e51 showed only a 28 � 1.1% increase in mean DISCUSSION
life span, but a 54 � 22% increase in maximum life

We have isolated a total of 49 long-lived (Liv) mutantsspan relative to the fer-15 control (Figure 5A). Some
using a positive enrichment procedure based on theunc-13 strains were Daf-c at 27�, but this trait was variable
thermotolerance of L1 larvae. At least 36 of the long-(Table 1). Although these alleles conferred a similar
lived mutations affect known genes, and at least fourincrease in life span, they differed with respect to dauer
define new genes. We placed the mutants into fourformation at 27�.
classes based on secondary phenotypes. Three of theOgawa et al. (1998) reported that UNC-64 and UNC-18
classes exhibit visible traits (Dyf, Unc, and Daf-c) usefulproteins interact, and it has been suggested that UNC-13
as surrogate markers for genetic analysis. Mutants withis involved in the modulation of this interaction (Sassa
these visible phenotypes have been previously associatedet al. 1999). We found that the unc-18 reference allele,
with longevity, suggesting that these traits result frome81, has a mean life span (35 � 0.5 days) 2.5 times that

of unc-18(�) (13.3 � 0.2 days; Figure 5D). Hence, this the same genetic lesion. The Dyf, Unc, and Daf-c pheno-
type was used to resegregate the Liv mutants three togene is also involved in longevity, perhaps by the same

mechanism as that of unc-13, unc-64, and unc-31. These six times prior to retesting life span, and in each case
the longevity trait cosegregated with the selected marker.gene products may be involved in the secretion of the

ligand for DAF-2 (Ailion et al. 1999). MUNC-18, a mam- Forty of the mutants are Daf-c at 25� or 27�. It is postu-
lated that dauer larvae express a program for efficientmalian homolog of UNC-18, regulates exocytosis in pan-

creatic B-cells, which secrete insulin (Zhang et al. 2000). life maintenance that increases their longevity (Larsen
et al. 1995; Jones et al. 2001) and that daf-2 and age-1Finally, liv-4(m872) is a mild, slightly long, sluggish

Unc that exhibits a 45.7 � 14.6% increase in mean life mutants express these functions in the adult stage
(Larsen et al. 1995; Kenyon 2001). The longevity pro-span relative to the fer-15 parent (Figure 3G). This gene

maps to a region of chromosome V where no Unc mutant gram appears to reduce oxidative damage and to in-
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Figure 5.—Adult life
spans of unc-13 and unc-18
mutants in a fer-15 genetic
background. (A–C) All the
unc-13 alleles showed in-
creased longevity. The ref-
erence allele unc-13(e51) had
a modestly increased mean
life span, but an almost dou-
bled maximum life span.
(D) The mean life span of
unc-18(e81) was increased
2.5-fold. Day 1 is the first day
of adulthood.

crease resistance to stress (Larsen 1993; Lithgow et al. mammals (Migliaccio et al. 1999), and yeast (Fabrizio
et al. 2001) are resistant to a variety of stresses, including1995; Melov et al. 2000).

Food scarcity may be a cue modulating life span in thermal stress (Finkel and Holbrook 2000). Since
many genes affect both stress sensitivity and longevity, itdivergent animal species (Kenyon 2001). Caloric re-

striction increases longevity in C. elegans (Klass 1977; appears that the same molecular mechanisms defending
cells against stress may also defend them from damageLakowski and Hekimi 1998) as well as in rodents (Sohal

and Weindruch 1996). In C. elegans, chemosensory neu- that causes aging. Thermal stress resistance provides an
important tool to select mutants with increased longev-rons could regulate the release of insulin from vesicles,

involving unc-31, unc-64, unc-13, unc-18, and liv-4. The ity because previous attempts to isolate longevity mu-
tants have had limited success (Klass 1983; Duhon etDAF-2 receptor and the AGE-1 PI3 kinase negatively

regulate the DAF-16 transcription factor (Lin et al. 1997; al. 1996; Yang and Wilson 1999, 2000; Sampayo et al.
2000).Ogg et al. 1997). Mutations in daf-2 or age-1 activate

DAF-16 to promote longevity. Another Daf-c mutant, We also isolated 14 thermotolerant mutants that ex-
hibited no obvious increase in longevity (i.e., �15%daf-9, encodes a cytochrome P450 acting downstream

of daf-16, but upstream of daf-12 (Gerisch et al. 2001; increase in mean life span). These mutants could be
(a) weak Liv alleles; (b) downstream of daf-2, past theJia et al. 2002). daf-12 encodes the nuclear receptor

likely to be the global switch for dauer vs. non-dauer point of divergence between the thermotolerance and
longevity pathways; or (c) involved in unrelated path-development (Antebi et al. 2000). In all cases, a daf-16

mutation suppressed the Daf-c phenotype of the Liv ways. Alternatively, these mutants could be temperature
sensitive, with a phenotype detected at 30� (at whichmutant, indicating that these mutations, like other mu-

tations with similar phenotypes (Kenyon et al. 1993; thermotolerance is assayed), but not at 25� (at which
life spans were measured). Finally, the mutants mayAilion et al. 1999; Apfeld and Kenyon 1999), define

genes that are in the daf-2 pathway or perhaps in another affect longevity pathways but have deleterious effects
that mask the longevity phenotype, as may be the casepathway negatively regulating DAF-16.

Longevity is highly correlated with resistance to ther- with age-1(m895).
The fact that we isolated 22 unc-31, 6 daf-2, and 5 age-1mal stress (Lithgow and Walker 2002), and our selec-

tion for L1 survival proved to be an efficient method alleles suggests that the gene target for this selection is
not large. However, we isolated only 1 allele of at leastto identify long-lived mutants. Nearly 80% of the 63

thermotolerant mutants we selected were long lived. five other genes, indicating that the mutant spectrum
is not saturated. In fact, we did not detect mutations inThis is by far the largest isolation of longevity mutants

described to date. In fact, long-lived mutants of C. elegans unc-64 or pdk-1, genes that are known to be associated
with dauer formation, longevity, and thermotolerance(Lithgow et al. 1995), Drosophila (Lin et al. 1998),
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Figure 6.—daf-16(m26) suppressed the increased adult longevity of all the Liv mutants tested. All strains carry fer-15(b26).
Survival of a Liv mutant relative to daf-16(m26) and the corresponding double mutant is shown. Day 1 is the first day of adulthood.

(Ailion et al. 1999; Paradis et al. 1999). We did find a it may encode another component of the insulin-like
signaling pathway.mutation in at least one such gene that had not been

identified genetically. The aap-1 mutant was mapped The insulin-like pathway mutants (daf-2 and age-1)
appear to be the most thermotolerant. Survival of suchon chromosome I close to the location of a gene pre-

dicted to encode the C. elegans homolog of the p55 mutants was favored in the selection, which was de-
signed to kill about one-half of the daf-2 or age-1 larvae.adapter subunit of PI3 kinase (Wolkow et al. 2002).

The C. elegans p55 transgene complements (rescues) Many chemosensory mutants are long lived (Apfeld
and Kenyon 1999), and such genes constitute a largem889, and a nonsense mutation was identified in the

mutant strain. The aap-1 mutation exhibits a Daf-c, lon- target (Starich et al. 1995). However, we isolated only
three of these mutants (identifying two genes), perhapsgevity, and thermotolerance phenotype very similar to

age-1 mutations, which affect the catalytic subunit. liv-5 owing to relatively poor survival in the thermal stress
assay. The ability to recover from L1 thermal stress mayalso has a phenotype very similar to age-1 and aap-1, and
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required for Ca2�-activated exocytosis. J. Biol. Chem. 272: 19637–also influence the mutant spectrum. For example, unc-
19640.

31 mutants are known to be constitutive feeders (Avery Antebi, A., W. H. Yeh, D. Tait, E. M. Hedgecock and D. L. Riddle,
2000 daf-12 encodes a nuclear receptor that regulates the daueret al. 1993), possibly allowing better recovery than other
diapause and developmental age in C. elegans. Genes Dev. 14:mutants. Our largest target was unc-31. This gene en-
1512–1527.

codes a 1214-amino-acid protein and may be a hot spot Apfeld, J., and C. Kenyon, 1999 Regulation of lifespan by sensory
perception in Caenorhabditis elegans. Nature 402: 804–809.for mutagenesis. At least 14 alleles of unc-31 have been

Avery, L., C. I. Bargmann and H. R. Horvitz, 1993 The Caenorhab-found in previous screens for Unc mutants (http://bio-
ditis elegans unc-31 gene affects multiple nervous system-controlled

sci.umn.edu/CGC/CGChomepage.htm). functions. Genetics 134: 455–464.
Brenner, S., 1974 The genetics of Caenorhabditis elegans. GeneticsWe performed a selection in the F3 generation after

77: 71–94.EMS treatment to isolate maternal-effect mutants like
Brown-Borg, H. M., K. E. Borg, C. J. Meliska and A. Bartke, 1996

age-1 (Klass 1983). The age-1 mutants were indeed iso- Dwarf mice and the ageing process. Nature 384: 33.
Cassada, R. C., and R. L. Russell, 1975 The dauer larva, a post-lated in this selection, as were liv-2, liv-5, and aap-1. liv-2

embryonic developmental variant of the nematode Caenorhabditisand liv-5 might also be detected in the F2, since only
elegans. Dev. Biol. 46: 326–342.

age-1 and aap-1 exhibit a maternally rescued Daf-c phe- Duhon, S. A., S. Murakami and T. E. Johnson, 1996 Direct isolation
of longevity mutants in the nematode Caenorhabditis elegans. Dev.notype. However, if the maternal effect influenced L1
Genet. 18: 144–153.thermotolerance and not the Daf-c phenotype, these Fabrizio, P., F. Pozza, S. D. Pletcher, C. M. Gendron and V. D.

mutants would not have been isolated in the F2. In Longo, 2001 Regulation of longevity and stress resistance by
Sch9 in yeast. Science 292: 288–290.principle, the F3 selection should yield the same mutants

Finkel, T., and N. J. Holbrook, 2000 Oxidants, oxidative stress andas the F2, plus additional maternal-effect mutants. In the biology of ageing. Nature 408: 239–247.
fact, the frequency of unc-31 mutations was similar in Flurkey, K., J. Papaconstantinou, R. A. Miller and D. E. Harrison,

2001 Lifespan extension and delayed immune and collagenthe F2 and F3 selections (26 and 29%, respectively),
aging in mutant mice with defects in growth hormone produc-indicating that both selections have similar gene targets. tion. Proc. Natl. Acad. Sci. USA 98: 6736–6741.

We did not construct daf-16 double mutants with the Friedman, D. B., and T. E. Johnson, 1988 A mutation in the age-1
gene in C. elegans lengthens life and reduces hermaphroditenine Liv strains that lack a convenient phenotype. Our
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ditis elegans. Genetics 150: 129–155.genes represented in the other three classes of mutants. Gerisch, B., C. Weitzel, C. Kober-Eisermann, V. Rottiers and
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