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ABSTRACT

A variety of mechanisms have been proposed to explain the extension of adult life span (Age) seen
in several mutants in Caenorhabditis elegans (age-I: an altered aging rate; daf-2 and daf-23: activation of a
dauer-specific longevity program; spe-26: reduced fertility; clk-I: an altered biological clock). Using an
assay for ultraviolet (UV) resistance in young adult hermaphrodites (survival after UV irradiation), we
observed that all these Age mutants show increased resistance to UV. Moreover, mutations in daf-16
suppressed the UV resistance as well as the increased longevity of all the Age mutants. In contrast to
the multiple mechanisms initially proposed, these results suggest that a single, daf-16-dependent pathway,
specifies both extended life span and increased UV resistance. The mutations in daf-16 did not alter
the reduced fertility of spe-26 and interestingly a daf-16 mutant is more fertile than wild type. We propose
that life span and some aspects of stress resistance are jointly negatively regulated by a set of gerontogenes
(genes whose alteration causes life extension) in C. elegans.

ESISTANCE to environmental stress has been re-
peatedly hypothesized to play a role in longevity
(KIRRWOOD 1977; FINCH 1990; MULLAART et al. 1990). In
this model, exposure to environmental stresses causes
numerous alterations in cellular and extracellular com-
ponents resulting in deleterious physiological changes
that affect longevity. Increased resistance to the stress,
either by increased prevention of the initial damage or
by increased repair of the deleterious events leads to
a lower rate of deleterious physiological change and
increased longevity.

Ultraviolet (UV) light is a ubiquitous environmental
stress and a well-characterized DNA damaging agent. A
major component of UV damage is the formation of
pyrimidine dimers, which leads to deleterious somatic
mutations (FRIEDBERG 1985). UV also causes alterations
in various cellular components through formation of
free radicals (BLACK 1987; MULLAART et al. 1990). For
example, absorption of UV photic energy can produce
many reactive oxygen species (e.g., superoxide anions,
hydrogen peroxide and hydroxyl radicals) through an
energy exchange reaction (BLACK 1987). These free
radical species, in turn, attack cellular components
causing DNA and RNA damage, numerous protein
modifications and lipid peroxidation, among other
damaging events.

Various altered molecules trigger a variety of cellular
responses to correct the damage and alleviate toxic ef-
fects. For example, in Escherichia coli, DNA lesions in-
duce the SOS response, leading to transcriptional acti-
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vation of about 15 DNA repair genes. In eukaryotes,
exposure to UV light induces a set of diverse genes, for
example, more than 80 genes are activated by DNA
damage, including DNA repair, replication and growth
control in yeast (BAKER et al. 1985; RUBY and SZOSTAK
1985; JOHNSTON et al. 1987; ELLEDGE and Davis 1989;
HARTWELL and WEINERT 1989). In mammals, a variety
of stresses, including UV light, heat, and cyclohexamide
induce a Rasdependent pathway while another, non-
Ras dependent pathway mediated by stress-activated
protein kinases (SAP kinases: KYRIAKIS et al. 1994) is
activated by heat, UV, ATP depletion, ischemia, etc.
(WOODGET et al. 1995).

Five life-extension (Age) mutations have been re-
ported in the nematode, Caenorhabditis elegans. The age-
I mutation was originally identified in a screen for
longer life (KLAss 1983; FRIEDMAN and JOHNSON 1988;
JoHNsoN 1990). Two mutations, daf-2 and daf-23, show-
ing constitutive formation of dauer larvae (an arrested
developmental stage) at 25° (RIDDLE ef al. 1981; GOT-
TLIEB and RUVKUN 1994; LARSEN ei al. 1995), extend
life span under some conditions (KENYON et al. 1993;
LARSEN et al. 1995). Mutations in spe-26 are defective in
sperm formation and two alleles result in extended life
(VAN VOORHIES 1992). Recently, clk-I mutants have
been found that show delayed embryonic and larval
development, reduced fertility, alterations in a variety
of timed events such as pharyngeal pumping and defe-
cation and a longer life span (WONG et al. 1995). Thus,
Age mutants are comprised of subclasses showing a vari-
ety of distinct phenotypes in addition to life extension.
Since the Age phenotype of daf-2 (KENYON et al. 1993),
age-1 and perhaps daf-23 (DORMAN et al. 1995; LARSEN
et al. 1995; this study) is suppressed by the daf-16(m26)
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mutant, an involvement of the dauer-induction pathway
has been suggested. Whether daf-16 might play a role in
other classes of Age mutations has not been addressed.

Several groups have investigated the involvement of
stress resistance in the specification of extended life
span in C. elegans. Oxygen toxicity has been implicated
in the specification of life span in long-lived strains of
C. elegans by the discovery that age-1 mutants are resis-
tant to several environmental toxins including com-
pounds such as methyl viologen and HyO; both of
which cause lethality through the generation of reactive
oxidants (LARSEN 1993; VANFLETEREN 1993). LITHGOW
et al. (1994, 1995) have shown that age-1, daf-2 and spe-
26 have increased thermotolerance and have suggested
a possible involvement of heat shock proteins in speci-
fying this increase in resistance.

Here we extend this list of resistant phenotypes ob-
served in age-1 mutants to include resistance to UV light.
We also demonstrate that increased resistance to UV
light (Uvr) is a common feature of all Age mutants
despite the diversity of primary defects initially associ-
ated with these mutants. Moreover, we demonstrate,
when there is allelic diversity with some alleles showing
long life and others not, that there is complete corre-
spondence between increased adult life span and in-
creased UV resistance. This correlation has not been
observed in previous studies of either resistance to ROS
or thermotolerance. We also show that both the Age
and Uvr phenotypes of the diverse array of five long-
life mutants are suppressed by daf-16; both the Age and
Uvr characteristics of mutations in age-1, daf-2, daf-23,
spe-26 and clk-1 require normal daf16 gene function.
Thus, regulation by daf-16 is not a property only of
dauer-specific genes; instead, daf-16 plays a role in other
Age mutants and their UV resistance. Our findings are
consistent with the hypothesis that the extended life
span of all of these mutants is caused by their increased
resistance to a variety of stresses {multi-stress resistance)
and supports the concept that daf16 represents one
component modulating this multi-stress resistance path-
way in C. elegans.

MATERIALS AND METHODS

Strains and media: C. elegans strains were maintained and
handled on NGM agar with E. coli, OP50 (BRENNER 1974;
SULSTON and HODGKIN 1988) as a food source. Assessment
of life span was performed using either spotted NGM agar or
liquid medium as previously described (FRIEDMAN and JOHN-
sON 1988). N2 was used as a wild-type control in every life-
span assessment. The following mutations were also used in
this study. LGI: daf-16(m26), daf-16(m27); LGIL: fer-15(b26), age-
1(hx542), age-1(hx546), daf-23(m333), daf-23(mg44); LGIIL: clk-
1(2519), clk-1(qm30), daf-2(e1370), daf-4(el1364), daf-7(el1372);
LGIV: daf-18(e1375), spe-26(hcl38), spe-26(it118); LGX: daf
3(e1376), daf-12(m20). All but the fer-15 age-1 and the double
mutant strains were obtained from the Caenorhabditis Genet-
ics Center. Abbreviation of phenotypes are as follows: Age
(extension of adult life span), Dafc (dauer formation consti-
tutive), Daf-d (dauer formation defective), Fer (fertilization

defective), Spe (spermatogenesis defective), Itt (increased
thermotolerance) and Uvr (ultraviolet radiation resistant).

Construction of double mutants: For constructing age-1 fer-
15; daf-16, homozygous age-l fer-15 hermaphrodites were
crossed with daf16 homozygous males. F; progeny were al-
lowed to self-fertilize and cloned for several generations until
they were homozygous. Since fer-15 is tightly linked to age-1
(FRIEDMAN and JOHNSON 1988), the Fer phenotype was used
to follow age-1 during stock construction. We classified the
Fer strains into two groups, Daf-d and Non-Daf-d. To deter-
mine which group is age-I fer-15; daf-16, the Fer strains were
backcrossed with wild-type, N2, (or both parental strains as
necessary) and the existence of ageI and daf-16 confirmed
by recovering these mutants among the F, progeny of these
crosses. For constructing age-1; daf-16, age-1 fer-15; daf-16 her-
maphrodites were mated with age-I males and Non-Fer F,
progeny isolated and backcrossed to N2. Strains segregating
both Daf-d and Age were kept. The spe-26; daf-16 and clk-1;
daf-16 strains were constructed similarly and confirmed by
progeny testing after backcross with N2 males. In every case,
at least two independent double-mutant strains were isolated
and checked. The Daf-c; Daf-d double mutants used are a gift
from P. ALBERTS and D. RIDDLE.

Assessment of life span: About 25 adult hermaphrodites
were picked 3 days after hatching and were transferred daily
until the end of egg lay and every 2 or 3 days thereafter until
all were dead. An adult was scored as dead when it did not
respond to a mechanical stimulus. All life-span assays were
performed two or more times at 20° unless described other-
wise. For spe-26 mutants and controls in those experiments,
eggs were collected at 16° and subsequently maintained at
20°. All statistical analyses were performed using SPSS 4.0
(SPSS INC. 1990a,b). Mean life span and standard deviations
were calculated using the Wilcoxon (Gehan) statistic (LEE
1992) as implemented in the SPSS survival package (NORUSIS
1992).

UV-resistance assay: About 20 adult hermaphrodites were
picked 3 to 6 days after hatching and were irradiated on NGM
agar medium (no E. coli) using a germicidal bulb (254 nm)
at 10 J/ m?/min in a UV Stratalinker (Stratagene), followed
by transfer to NGM plates with E. coli. Liquid medium was
not used to avoid both absorption and reflection by the liquid,
affecting the dosage. All UV-resistance assays were performed
at 20°, unless described otherwise. All assays were replicated
in a blind manner. An adult was scored as dead when it did
not respond to a mechanical stimulus. For spe-26 and daf
mutants and their control strains, eggs were collected at 16°
and then maintained at 20° until used. For the UV assay at
25.5°, eggs were collected at 16° and maintained at the same
temperature for 2 to 4 days followed by incubation at 25.5°
for 2 days. For daf-23, because of its maternal effect, homozy-
gous Unc hermaphrodites were picked among the F; progeny
of the heterozygous strains (daf-23/mnClI dpy-10 unc-52). For
clk-1, which shows delayed development (WONG et al. 1995),
we synchronized worms both by collecting eggs and by collect-
ing fourth-stage larvae (L4). Both methods produced similar
results.

Because the length of survival after UV varies between ex-
periments, we have reported both mean survival times and
normalized survival times derived by dividing the observed
mean survival time by that of N2 in that experiment. Statistical
analyses were performed as in the assessment of life span.

Survival immediately after UV irradiation did not differ sig-
nificantly between age-1 and N2, consistent with previous ob-
servations (HARTMAN ef al. 1988). In addition, a slight differ-
ence between wild-type and age-1 frequency of pumping was
observed after UV irradiation. For example, in one experi-
ment, the percentage of pumping adults was 32.6% in N2
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TABLE 1
Survival after various doses of UV light

Mean survivals after UV irradiation (days)

UV dose
(J/m? Wild type age-1{hx546)
0 13.7 = 2.4 (123) 23.6 * 5.7 (94)
1 14.7 = 1.8 (153) 24.8 + 8.1 (90)
5 10.4 + 0.4 (84) 15.7 = 0.2 (91)
10 4.6 = 0.6 (39) 6.6 £ 1.1 (42)
20 4.1 * 0.4 (1105) 58 + 0.2 (672)
30 2.5 = 0.6 (96) 3.8 £ 1.0 (90)
40 2.4 + 0.4 (115) 3.1 £ 0.4 (105)

Table shows a summary of average survival (=SD) of N2 in
all experiments. Values in parentheses are number of the
worms irradiated. The mean survivals of N2 and age-1 strains
were significantly different in all experiments (P < 0.0001).

and 27.9% in age 1 1 day after irradiation at 20 J/m®. Pumping
rates were also compared (N2: 6.1 per min, age-1: 4.1 per min;
the adults not pumping were excluded).

Fertility assay: Eggs were collected over the entire fecund
period at 16° and were incubated either at 16° or at 25° and
counted several days later as adults.

RESULTS

age-l mutants are resistant to ultraviolet irradia-
tion: To elucidate the basis of the increased longevity
in C. elegans, we tested whether Age mutants show in-
creased resistance to UV light (Uvr). We first tested
mutations in age-1. Three- and 4-day-old adult hermaph-
rodites were irradiated over a range of doses (1-40 J/
m?). age-1(hx546) survived significantly longer than wild
type, N2 (P < 0.0001; Table 1). Increased survival of
age-1 was seen both by measuring fraction alive 2 days
after irradiation at a variety of doses (5—40 J/m?; Figure
1A) or by monitoring the entire survival curve (Figure
1B; P < 0.0001). At fluences < IOJ/mQ, we could not
exclude differential survival due to the inherent effects
of the Age mutants on length of life, so we chose a dose
of 20 J/m® to avoid this complication. In more than 35
different experiments (Table 1) at total fluences of 20
J/mQ, the mean survival of wild type was 4.1 = 0.4 days,
whereas age-1 survived 5.8 = 0.2 days, 50% longer than
wild type. The increased resistance of age-1(hx546) over
the wild type, N2, at 20 J/m* was reproducible in more
than 50 independent experiments (Tables 1 and 2 and
data not shown). We observed immediate death of the
adults at doses over 60 J/m® and have not investigated
further. The mean life span of the other possible allele,
age-1(hx542), was also longer than wild type at 20 J/m?
(Table 2). Interestingly, fer-15(b26) somewhat increases
the UV resistance of age-1(hx546) (Table 2). We ob-
served no difference in UV resistance of embryos be-
tween age-1 mutants and wild type (data not shown).

All life-extension (Age) mutants show increased UV
resistance: All other Age mutants: daf-2, daf-23, daf-28,
spe-26, and clk-1 were also Uvr (Figure 2, Table 2; P
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FIGURE 1.—A typical experiment showing survival after UV
irradiation. (A) Dose response curve showing fraction of
worms surviving (mean * SEM) 2 days after UV irradiation
(0-40]/ m?). The sample sizes of wild type were 40 (0 J/m?),
31 (10 J/m?), 48 (20 J/m%), 52 (30 J/m?® and 47 (40 J/
m?). The sample sizes of age-1 were 37, 35, 45, 45 and 49,
respectively. (B) Survival curves after UV irradiation (20, 30
or 40 J/m* P < 0.0001). The mean survivals (+SD) at 20 J/
m® were 3.6 = 0.7 days (wild type; n = 54) and 5.3 + 1.1
days (age-I; n = 43), at 30 J/m? survivals were 2.5 = 0.7 days
(wild type; n = 48) and 3.8 = 1.0 days (age-I; n = 45), and
at 40 J/m® survivals were 2.1 = 0.8 days (wild type; n = 55)
and 2.8 * 0.6 days (age-1; n = 49). The survival of age-1(hx546)
is significantly different from wild type, N2, (P < 0.0001;
Wilcoxon (Gehan) statistic).

< 0.0001). Both age-1 and daf-23 mutants were more
resistant to UV than the other mutants. The length of
survival after UV irradiation was strongly correlated with
the amount of increase of adult life span. We observed
Uvr in clk-1(e2519), one allele which extends adult life,
but not in another allele, clk-1{gm30), which does not
show such an extension. Since only clk-1 alleles show a
lengthened cell cycle and longer development, there is
no necessary association of the Clk phenotype with Uvr
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TABLE 2

Survival of Age mutants or of Age daf-16 double mutants after UV irradiation

Mutation alone

Mutation with daf16*

Survival Survival
after UV Ratio after UV Ratio Suppressed
Genotypes Phenotypes  (days)’ vs. wt* N P ys. wt (days)” vs. wt© N P ys. wt Uvr by daf-16
4-day-old worms
Wild type 4.1 + 0.4 1.00 1105 1.0 4.0 x 0.1 0.98 603 0.573 Non-Uvr
4.1+ 0.3  1.00* 59* 0.749%
age-1(hx542)

Jer-15(b26) Age 72+ 0.7 1.76 36  <0.0001 4.4 x05* 1.07* 128% 0.067%  Uwr Yes
age-1(hx546) Age 58 0.2 1.41 672  <0.0001 4.0 =00 0.98 170 0.759 Uvr Yes
age-1(hx546)

Sfer-15(b26) Age 69 + 0.3 1.68 105  <0.0001 4.7 = 0.4 1.15 80 0.001 Uvwr Yes
daf-2(el1370) Age, Dafc 54 *+ 0.2 1.31 269 <0.0001 4.2 +0.2 1.02 216 0.224 Uvr Yes
daf-23(m333) Age, Dafc 6.0 + 0.4 1.46 42 <0.0001 4.3 * 0.1 1.05 41 0.287 Uvwr Yes
daf-28(sal91) Age, Daf< 4.9 * 0.2 1.20 295 <0.0001 ND Uvr ND
spe-26(it118) Age, Spe 5.4 *=0.3 1.32 128 <0.0001 4.7 + 0.4 1.15% 86* 0.002*  Uvr Yes
spe-26(hcl38) Age, Spe 5.6 * 0.0 1.37 273  <0.0001 4.1 x 0.1 1.00 404 0.614 Uvr Yes
let-60(n1046) Let 39+ 0.2 0.95 63 0.096 ND Non-Uvr

6-day-old worms
Wild type 54 + 0.5 1.00 175 1.0 54 + 0.5 1.00 63 0.741 Non-Uvr
5.1 +0.2* 091* 130% 0.504
clk-1(e2519) Age, Clk 6.8 = 0.4 1.26 87 <0.0001 54 % 0.5 1.00 127 0.705 Uvr Yes
54 * 0.5*  1.00% 56%* 0.785*%  Uvr Yes
clk-1(gm30) Clk 5.8 = 0.0 1.07 88 0.089 ND Non-Uvr
age-1(hx546) Age 7.6 = 0.1 1.41 108  <0.0001 ND Uvr ND
age-1(hx542)

fer-15(b26) Age 7.3+ 0.2 1.35 44  <0.0001 ND Uvr ND
daf-4(el364) Dafc 3.0 =05 0.55 20 <0.0001 ND UV sensitive
daf-7(el1372) Daf-c 57 + 0.1 1.06 27 0.702 42 + 0.2 0.78 60 <0.0001 Non-Uvr

wt, wild type, N2; ND, not determined.

“The mutations shown in the left column were used to construct the double or triple mutations with either of two alleles of

daf-16; asterisk indicates daf-16(m27); others are daf-16(m26).
*Values are means = SEM.

“The mean survivals normalized by dividing by the mean life span of wild type.

“Total number of hermaphrodites used in all experiments.
“ Probability of survival being different from wild type.

or Age. Moreover, a Daf-c (daver formation constitu-
tive), gain of function mutation in daf-28 (MALONE and
THoOMAS 1994) extends adultlife by 30% (G. J. LITHGOwW
and TEJ, unpublished results). This weakest Age mutant
also showed the weakest Uvr. All of these results have
been replicated in at least one independent experi-
ment. Finally, we observed a strong correlation between
the relative amount of Uvr (Figure 3) and mean life
span (r* = 0.80; P < 0.001).

We tested whether Uvr is observed in mutations resis-
tant to other types of environmental stress. Two Non-Age
mutations, daf4(el364) and daf-7(el372), show increased
resistance to thermal stress (LITHGOW et al. 1995) and
are Daf-c (RIDDLE et al. 1981; also see Figure 6A). We
used both semi-permissive and nonpermissive tempera-
tures (20 and 25.5°, respectively), to determine if any
difference in Uvr might result from a partial induction
of the dauer pathway by growth at these temperatures.
The daf-7(e1372) mutant was indistinguishable from wild
type for Uvr, and daf-4(¢1364) was more sensitive than
wild type [Table 2; at 25.5°, mean survivals of wild type,
daf4 and daf-7, were 3.6 * 0.16 days (n = 86), 2.2 =

0.09 days (n = 22), and 3.6 = 0.03 days (n = 84),
respectively]. The data suggest that Uvr is more strongly
correlated with life extension than either increased ther-
motolerance or dauer constitutiveness at 25.5°. Similar
to its effects on Uvr, fer-15(b26) appears to enhance the
age-1 life extension about 20% (Table 2).

daf-16 mutants suppress UV resistance and life exten-
sion: If a common pathway confers increased UV resis-
tance and longer life, mutations in a gene required for
the pathway would suppress both phenotypes of all the
mutants. We tested this hypothesis by constructing dou-
ble mutants with daf16 mutations that are defective in
dauer-formation (Daf-d) and suppress the Daf-c (Rip-
DLE ¢f al. 1981; GOTTLIER and RUVKUN 1994; LARSEN ef
al. 1995) and the Age phenotypes of daf2 (KENYON et
al. 1993) and perhaps of daf23 (LARSEN et al. 1995)
and age-1 (DORMAN et al. 1995; LARSEN et al. 1995; this
study). The Age phenotype of these mutants was sup-
pressed, as previously reported; surprisingly, the longer-
life phenotype of both the clk-1 and spe-26 mutant
strains was also suppressed by daf-16 (Figure 4; Table
3). Both mean and maximum life span are not different
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FIGURE 2.—Increased UV resistance of Age mutants in one experiment after UV irradiation at 20 J/m? Survival of the Age
strains was significantly longer than wild type, N2 (p < 0.0001). The Uvr of the non-Age mutant, clk-1(gm30) was not increased.
(A) Survival of age-1(hx546), clh-1(¢2519) and clk-1(gm30). (B) Survival of age-1(hx546), daf-2(e1370) and daf-28(sal91). (C) Survival
of daf-23(m333) and daf-23(mg44). (D) Survival of age-1(hx546) and the hcl38 and itl118 alleles of spe-26. A summary of mean
length of survival after UV over all experiments is shown in Table 2.
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FIGURE 3.—Summary showing the resistance of Age mu-
tants after UV irradiation, normalized by the wild type seen
in that experiment (mean * SEM, P < 0.0001). Data are
averages of multiple experiments.

from wild type. The increased UV resistance of all the
recessive mutants (age-1, daf-2, daf-23, spe-26 and clk-1)
was also suppressed by daf-16 (Figure 5; Table 2). One
problem with the Age phenotype is that any life-shorten-
ing mutation could appear to “‘suppress’’ it by shorten-
ing life, while the suppression effect is actually nonspe-
cific, i.e., daf-16 could be shortening the life of these
Age mutants not by blocking the action at the molecular
level but by shortening life span independent of any
molecular interaction. Previous studies (KENYON ef al.
1993; DORMAN et al. 1995; LARSEN et al. 1995) did not
address this possibility by demonstrating, for example,
that Daf-d mutants earlier in the dauer-formation path-
way, may similarly suppress the Age trait of daf-2, age-1
and daf-23. As a control against such nonspecific effects,
we tested daf-3; Daf-c double mutants. daf-3is upstream,
perhaps on a separate branch of the pathway, from daf
2 and downstream of daf4 (Figure 6A). daf3 has no
effect on Uvr itself (Table 4) and in double mutants
daf-3 did not suppress Uvr of daf-2(¢1376). daf-3 even
enhances the Uvr effect of daf-2(e1370) (Table 4) but
did not enhance Uvr in another Daf-c mutant, daf
7(e1372), showing that daf-3 mutants do not enhance
all Daf-c mutants.

Moreover, to avoid the possibility of nonspecific sup-
pression of longer-life phenotype, we have not used Daf-
d mutants with shorter life spans. For example, daf-18,
which is 20% more sensitive to UV than wild type, did
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FIGURE 4.—Results from a typical experiment showing that
the increased longevity of the Age mutants was suppressed by
daf-16(m26). (A) Suppression of life-extension of age-1 by daf
16. The age-1; daf-16 double-mutant was shorter-lived than age-
1 (P < 0.0001). Mean life spans = SD (days) are shown in
Table 3. Assays were on NGM plates. (B) Suppression of life-
extension of spe-26(hc138). The spe-26; daf-16 double-mutant
was shorter-lived than the spe-26 mutant strain (P < 0.0001).
Assays were in liquid media but similar results werc obtained
also using NGM plates but the difference between wild type
and spe-26 was much smaller on plates than in liquid.

suppress UV resistance of daf-2 mutants by 10% and
that of daf23 mutants by 25% (Table 4). However, it is
not clear whether this suppression is specific.

daf-16 mutants do not suppress the reduced fertility
of spe-26: We further tested whether the reduced fertil-
ity of spe-26 might also be suppressed by the daf-16 muta-
tion. Compared with the wild type, worms carrying daf-
16(m26) show both a 50% increase in total fertility and
increased fertility on days 8, 9 and 10 at the permissive
temperature of 16° (Figure 7 and Table 5), and this
increase was replicated in an independent assessment
of fertility. In contrast to the situation for Uvr, we ob-
served no suppression of the fertility of spe-26 by daf-16
(Figure 7 and Table 5). Therefore, reduced fertility

alone is not responsible for the increased longevity;
instead, long-lived spe-26 mutant alleles probably cause
life-extension by altering a dajf-16-dependent Uvr path-
way. Moreover, a large number of other mutations that
reduce fertility show no or little effect on life span
(JonNsON 1984; FABIAN and JOHNSON 1994; S. A. Du-
HON and TE], unpublished results).

DISCUSSION

We have demonstrated that a novel phenotype, in-
creased UV resistance (Uvr), is a common feature of the
life-extension (Age) mutants. All Age mutations show
resistance to this type of environmental stress. All Age
mutants are Uvr at a dose of 20 J/m? including an
allele of clk-1, which extends adult life (Table 2). In
addition, age-1 shows resistance to UV at various doses
from 10 to 40 J/mQ. It appears that daf-16 plays a role
in the specification of Uvr and life extension of the Age
mutants (age-1, daf-2, daf-23, spe-26 and clk-1), sug-
gesting a common molecular pathway uniting all five
Age loci. Moreover, we present data showing that re-
duced fertility in spe-26 is not correlated with its life
extension.

UV resistance does not appear to correlate with other
phenotypes in some of the Age mutants; for example,
the Uvr phenotype was seen only in the ¢2519 allele
of clk-1, which shows both Clk (delayed cell cycle and
development) and Age phenotype but not in the gm30
allele, which is only Clk (the life-extension of this allele
results primarily from a prolonged developmental pe-
riod and not from a significant extension of the adult
life span). Similarly, the Daf-c mutants, daf-2, daf-23 and
daf-28, all of which are Age, are also Uvr, while other
Daf-c mutants, such as daf4 and da/f-7, are neither Uvr
nor Age. The Age and Uvr phenotypes of the spe-26
mutant were suppressed by daf-16 mutants but the re-
duced fertility trait was not affected. This finding essen-
tially eliminates reduced fertility as a direct cause of the
life extension. It is worth noting that daf/6 mutants
that show no increase in UV sensitivity are replicably
50% more fertile than wild type at 16°; at 25°, there is
also an increase in fertility but this increase is not as
replicable.

Survival after UV irradiation is a measure of resis-
tance to UV light: We have interpreted the longer
survival of age-I after UV irradiation to indicate an un-
derlying resistance to UV at the time of irradiation.
Alternatively, the longer survival after UV irradiation of
age-1 and the strains carrying mutations in other geron-
togenes could result from the fact that these strains are
longer lived. Then, UV irradiation would reduce the
remaining period of life. By this model, UV irradiation
accelerates aging. Arguing against this interpretation
are the following three facts. First, the Uvr phenotype
does not result from innate differential mortality rates
between the two strains; over the 7 days following irradi-
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TABLE 3

Mean life span of various mutants and combinations

Maximum
Mean life Ratio life span
Expt Genotype span (days) vs. wt” (days)" N P vs. wt*
1 wild type 19.8 + 45 26, 33 50
daf-16(m26) 19.7 £ 3.1 0.99 26, 26 59 0.678
age-1(hx546) fer-15(b26) 383 =95 1.93 57, 57 39 <0.0001
age-1(hx546) fer-15(b26); daf-16(m26) 23.0 = 4.4 1.16 33, 33 71 <0.0001¢
2 wild type 21.2 + 8.9 37, 37 53
daf-16(m26) 20.3 = 8.0 0.95 40, 40 54 0.536
age-1(hx546) 30.2 = 11.8 1.42 50, 56 49 <0.001
age-1(hx546); daf-16(m26) 20.7 = 8.0 0.97 28, 37 41 0.652
3 wild type 19.3 £ 6.4 28, 31 47
daf-16(m26) 189 £ 5.9 0.98 28, 31 60 0.473
spe-26(hc138) 28.0 = 6.9 1.45 38, 38 33 <0.0001
spe-26(hc138); daf-16(m26) 19.9 + 4.6 1.03 25, 31 41 0.675
4 wild type 19.8 £ 5.0 24, 27 36
daf-16(m26) 19.2 + 4.8 0.97 24, 24 31 0.583
daf-16(m27) 20.7 + 3.4 1.05 24, 27 36 0.705
age-1(hx542) fer-15(b26) 42,0+ 79 2.12 45, 45 37 <0.0001
clk-1(e2519) 33.6 = 13.0 1.70 40, 40 24 <0.001
spe-26(it118) 28.9 + 12.7 1.46 40, 40 45 0.005
age-1(hx542) fer-15(b26); daf-16(m27) 221 + 46 1.12 27, 27 43 0.019
clk-1(¢2519); daf-16(m26) 21.4 + 5.2 1.08 30, 30 46 0.047
clk-1(€2519); daf-16(m27) 20.7 * 5.6 1.05 27, 30 51 0.338
spe-26(it118); daf-16(m27) 16.7 = 5.0 0.84 24, 24 39 0.008

Results of one typical experiment are shown. wt, wild type.

“The ratio of mean life span divided by wild type.
* Maximum life span in duplicated plates.
‘ Probability of survival being different from wild type.

? Probability of survival being different than age-I fer-15 was also <0.0001. See Table 2 for details.

ation, there is almost no mortality in nonirradiated con-
trols. The different life expectancies of age-1 and wild
type result from a lower rate of increase in mortality
rate over the entire life span of the worm; at either 4
or 6 days of age there is almost no difference in mortal-
ity rate (JOHNSON 1990). Second, 6-day-old adults were
about 30% more resistant to 20 ]/ m? UV light than were
4-day-old adults. If we were monitoring an accelerated
aging process, the 6-day-old worms should be more sen-
sitive because they are older and have a shorter re-
maining life span to begin with. Third, numerous tests
of “‘radiation induced life shortening” have been per-
formed in a variety of species and conclude that ‘““exten-
sive reassessment of all phases of radiation-induced life
shortening has suggested that this phenomenon is sub-
stantially different from the normal aging process”
(Trce and SETLOW 1985; p. 199). Thus, we conclude
that it is likely that the measure of survival after UV
irradiation is a measure of UV resistance.

Multi-stress resistance is associated with life exten-
sion: The strong correlation between the Age and Uvr
phenotypes is consistent with the theory that the ability
to withstand environmental stress is an important com-
ponent of the aging process (KIRkwoob 1977; FINCH
1990; MULLAART et al. 1990). The fact that all available
Age mutants are more resistant to UV stress suggests

that this is a good indicator of the major or perhaps
the only mechanism that can mediate life-extension. It
also points to the fact that the ‘‘rate-determining event’
specifying the longevity of C. elegans may be its ability
to withstand some aspects of environmental stress.

It seems probable that the Age mutations confer resis-
tance to a variety of environmental insults (multi-stress
resistance) and are not specific to UV radiation. Resis-
tance to reactive oxygen species (ROS) was demon-
strated earlier for the canonical allele age-1(hx546)
(LARSEN 1993; VANFLETEREN 1993). LITHGOW ef al.
(1994, 1995) showed that three Age mutants (age-1,
daf-2 and spe-26) show increased thermotolerance (Itt).
However, Itt was also observed in two non-Age Dafc
mutants: daf4 and daf7. These non-Age mutants do
not show multi-stress resistance, because they are not
Uvr (this study) nor are they resistant to ROS (S. HonpA
and Y. HONDA, personal communication). Since all al-
leles of daf-4 and daf-7 are Ts, it is possible that the Itt
of daf4 and daf-7 could result from inducing a “*dauer-
like”” response by the elevated temperature to which
these worms were exposed to assay Itt. If so, such an
induction shows that some aspects of the dauer pathway
can be induced in the adult phase of C. elegans in Daf-
¢ mutants that do not confer life extension. Two other
Age mutants, daf-28 and daf-23, are also thermotolerant
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FIGURE 5.—Results from a typical experiment showing that
the UV resistance of Age mutants was suppressed by daf-
16(m26). Suppression of UV resistance of (A) age-1, (B) of spe-
26(hc138) and (C) of daf-2. Mean survivals = SD (days) were:
(A) wild type (4.1 £ 0.8: n = 43), daf-16 (4.1 £ 0.8: n = 40),
age-1 (5.7 = 0.6: n = 4b), and age-1; daf-16 (4.6 = 1.1: n =
40); (B) wild type (4.2 = 0.5: n = 75), daf-16 (4.2 £ 0.7: n
= 75), spe-26 (5.3 £ 1.0: n = 91), and spe-26; daf-16 (4.2 =
0.6: n = 105); and (C) wild type (4.1 £ 0.7: n = 129), daf
16 (4.1 + 0.8: n = 97), daf2 (5.7 = 0.8 : n = 79) and daf
2; daf16 (4.1 = 0.7: n = 104). The double-mutants were
significantly less resistant to UV than age-1, daf-2 or spe-26,
respectively (P < 0.0001). At least two independent double
mutants, age-1; daf-16 or spe-26; daf-16, showed similar results.
For other Age mutants, see Table 2.

(G. L. LitHGOW and TEJ, unpublished results), and we
show here that they are also Uvr. All of our data suggest
that the Uvr phenotype is only observed in Age mutants.
Similar correlations between Age mutants and resis-
tance to oxidative stress as measured by high oxygen
tension, also have been observed (S. HoNDA and Y.
HoNDA, personal communication). Therefore, life ex-
tension appears to correlate with multi-stress resistance
but not with resistance specific to one type of stress.

Moreover, DUHON et al. (1996) have shown that several
new Age mutants (possibly allelic to age-1) are also Uvr,
Itt and ROS resistant. These new mutants map to chro-
mosome 2and fail to complement age-1(hx546) for Age,
Uvr, Itt and ROS resistance, and are Daf-c at 27°. Recent
data show that age-1(hx546) is Daf-c at 27° and fails to
complement daf-23 for the Daf-c phenotype (T. INOUE
and J. THOMAS, personal communication). However,
these complementation tests must be interpreted cau-
tiously because the interactions between these mutants
are complex involving rescue of a daf-23 maternal ef-
fect, because a variety of other mutants, for example
unc-4(el30), are Daf-c at 27° and because no mutations
in the daf-23 open reading frame have been found in
age-1(hx546) or age-1(hx542) (J. MORris, H. TISSENBAUM
and G. RUVKUN, personal communication). Thus, the
conclusion that age-I and daf-23 are allelic is not yet
warranted.

It is surprising that a series of Age mutations in sev-
eral genes with distinct physiological effects ranging
from sperm activation (VARKEY ¢t al. 1995) to control
of the dauer pathway (RIDDLE ef al. 1981; GOTTLIEB and
RUVKUN 1994; LARSEN et al. 1995) show resistance to
stresses. The molecular basis of these stress resistances
is not yet known. UV light causes both the formation of
pyrimidine dimers (FRIEDBERG 1985) and ROS, which
attack various cellular and extracellular components
(BLAck 1987); UV resistance could be at either or both
levels. Heat stress presumably works through protein
denaturation by thermal energy and results in the in-
duction of multiple heat shock proteins (for a review
see, PARSELL and LINDQUIST 1994) and many of the Age
mutants show an elevated accumulation of the small
heat shock protein HSP-16 (G. J. LitHGOw and T. E.
JoHNsON, unpublished data). The finding that all Age
mutations show resistance to multiple distinct stresses
suggests the possibility that a common molecular mech-
anism may regulate the response to all three stressors.
Such coordinate regulation is only beginning to be un-
derstood.

Increased resistance to one or more forms of environ-
mental stress has also been observed in association with
life extension in selected lines of Drosophila melanogaster
(starvation, SERVICE et al. 1985, and oxidative stress resis-
tance, ARKING ¢t al. 1991) and in mutations in Saccharo-
myces cerevisiae (resistance to starvation and heat; KEN-
NEDY ¢ al. 1995). In C. elegans, HARTMAN et al. (1995)
showed that both methyl viologen and high oxygen ten-
sion inhibited development of recombinant inbred
strains in a manner proportional to their mean life
span, suggesting that some of the genes responsible for
the longer life of these strains may also specify resis-
tance to oxygen radicals. Moreover, dietary restriction
in several species is associated with increased resistance
to oxidative and thermal stress (WEINDRUCH and WAL-
FORD 1988; HEYDARI et al. 1993; E. MASORO and S. Aus-
TAD, unpublished) and with prolonged retention of the
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FIGURE 6.—Genetic pathway models. (A) A
partial genetic pathway for dauer formation (ab-
stracted from THOMAS et al. 1993; GOTTLIEB and
RUVKUN 1994; LARSEN ef al. 1995) consistent with
the results presented in this study. The lower
branch of the pathway mediates both extended
life span and increased stress resistance while the
upper branch controls dauer formation. All mu-
tants in daf4 and daf-7 are Ts and are also Itt but
not Uvr or Age. These facts are consistent with
the suggestion that these genes are only used at
25° and also suggest that the Itt phenotype of
these mutants (LITHGOW et al. 1995) could result
from the temperature-sensitive nature of the
pathway (THOMAS et al. 1993; GOTTLIEB and Ruv-
KUN 1995). (B) A genetic pathway integrating the
five Age mutants, consistent with the results of
this study.
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Life Span and Stress specific
B
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daf-2 daf-16 e gyress Resistance
daf-23
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ability to induce heat shock proteins (HEYDARI et al.
1993). Taken as a whole, these results support the hy-
pothesis that increased resistance to environmental
stress is necessary for life extension. Whether increased
stress resistance is sufficient is still not clear, although
preliminary data suggest that increased resistance to
ROS may be sufficient in the fruit fly (ORR and SOHAL
1994).

The UV resistance reported here may well not utilize
the DNA repair system identified in developmental
stages of C. elegans (HARTMAN 1984; HARTMAN et al.
1989). We did not observe any differential UV sensitivity
between wild-type and age-I embryos. No alteration in
survival after ionizing irradiation was observed in sev-
eral rad mutants selected for radiation-sensitivity during
development (JOHNSON and HarTMAN 1988). More-

TABLE

over, long-lived RI strains showed no increased repair
capability in embryos and larvae after treatment with
any of three DNA damaging agents: UV light, y-radia-
tion, and methyl methanesulfonate (HARTMAN et al.
1988).

Life-extension pathway and function of the geronto-
genes: Both life extension and UV resistance of five
Age mutants (age-1, daf-2, daf-23, spe-26 and clk-1) were
suppressed by mutations in daf-16. Previous studies re-
vealed an involvement of daf16 in the transduction of
the dauer formation signal (RIDDLE et al. 1981; ALBERTS
and RiDDLE 1988; GOTTLIEB and RUVKUN 1994; LARSEN
et al. 1995). Recently, two Daf-c mutants, daf-2 (KENYON
et al. 1993) and daf-23 (LARSEN et al. 1995), have been
shown to be Age under appropriate environmental con-
ditions, and the Age phenotype of both can be blocked

4

The effect of the other Daf-d (dauer formation defective) mutations on UV resistance

Single mutation

Double mutant with daf-3*

Double mutant with daf-18

Survivals Survivals Survivals
after UV Ratio after UV Ratio after UV Ratio
Genotypes  Phenotypes  (days) vs.wt! N Pus owt? (days) vs.wt® N° Pus wt? (days) vs.wt® N Pous owt!

Wild type 54+ 05 1.0 175 1.0 51 = 0.1 094 66 0.055 45+ 0.0 0.83 69  <0.0001
daf-2(e1370)  Age, Dafc 6.5 * 0.5 1.2 269 <0.0001 86 12 1.6 37 <0.0001 59 0.1 1.1 48 0.143
daf-7(e1372) Daf-c 5.7 + 0.1 1.1 27 0.702 5.0 + 0.2 0.93 64 0.005 ND
daf-23(m333) Age, Dafc 8.1 + 04 1.5 38 <0.0001 ND 6.1 * 0.4 1.1 21 0.353
daf-23(mg44) Age, Dafc 7.7 £ 0.3 1.4 20  <0.0001 ND ND

wt, wild type, N2; ND, not determined.
¢ The mutations shown in the left column were used to construct the double or triple mutations with either daf-3 or daf18.
*The mean survivals normalized by dividing by the mean life span of wild type.

“Total number of hermaphrodites used in all experiments.
* Probability of survival being different from wild type.
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FIGURE 7.—Measurement of fertility. The daf-16(m26) mu-
tation had no effect on spe-26(hc138) fertility. Self-fertility was
measured at 16° Cor at 25°. No difference was observed in
the fertility between spe-26(hc138) and spe-26(hc138); daf-16 at
either temperature (0.92 < P < 1.00). All results were repli-
cated in at least one more independent experiment and simi-
lar results were obtained except that for daf16 at 25° where
the total number of progeny was not significantly different
from wild type in one experiment.

by a mutation in daf-16. Our results show that the
involvement of daf-16is not limited to dauer genes, but
that daf16 plays a role in other types of Age mutants
and their UV resistance, as well. Whether daf-16 medi-
ates the other stress resistance phenotypes is still not
clear but is a formal possibility consistent with all of our
data as well as the other data cited above.

Our results can be summarized as shown in Figure
6B: (1) the increased longevity of all five disparate mu-
tants (age-1, daf-2, daf-23, spe-26 and clk-1) is mediated
by a common, daf16-dependent genetic pathway; (2)
this daf-16-dependent pathway also confers increased
UV resistance. LARSEN et al. (1995) also proposed that
daf-18 is involved in the dauer life-extension pathway.
However, the daf-18 mutant is sensitive to UV as well as
shorter lived (this study; DORMAN et al. 1995; LARSEN et
al. 1995) and exhibits a swollen midbody region (DOR-
MAN et al. 1995) that may be responsible for early deaths
even when this mode of death is corrected for by remov-
ing animals with visible swelling. Therefore, it is not
clear whether daf-18 is a specific suppresser of daf-2 or
daf-23 or whether it may be acting nonspecifically. To
clarify the role of daf18 in stress resistance and life
prolongation, daf-18 mutant alleles that are not UV sen-

TABLE 5
Self-fertility of spe-26 was not suppressed by daf-16(m26)

Brood size
Genotype 16° 25°
N2 258 + 19 102 + 24
daf-16(m26) 375 + 38 139 + 28
spe-26(hcl38) 67 > 18 0
spe-26(hcl38); daf-16(m26) 66 + 32 0

sitive and do not shorten life must be isolated and
tested.

Interestingly, fer-15 and daf-3 appear to enhance both
the UV resistance and life extension of age-1 and dajf-2,
respectively. The enhancement by fer-15 is not due to
inhibiting death by eggs hatching inside the bodies of
adult hermaphrodites (bagging), because we did not
include such bagging in our analyses. The fer-15 muta-
tion alone has little or no effect on life span. Similarly,
daf-3 mutations alone also have little effect on either
UV resistance or life span. It isunclear why the enhance-
ment by fer-15 and by daf-3 was observed but there may
be some genetic interaction between fer-15 and age-1 or
between daf-2 and daf-3. Similar genetic interactions
have been reported previously for daf2 and daf-12
(LARSEN et al. 1995).

We propose that a normal function of these geronto-
genes (the genes whose alteration cause life extension)
is to negatively regulate both life extension and
multistress resistance in adults. The gerontogenes may
participate in the regulation of various stress-response
mechanisms, including molecular-defense or cellular-
suicide systems. Interestingly, the signal transduction
pathways involving RAS/MAP kinases, SAP kinases or
PI-3 kinases have been reported to affect both radiation
resistance and cellular immortality (KAEPELLER and
CANTLEY 1994; HiLL and TREISMAN 1995; JUNG et al.
1995; MARSHALL 1995; SAVITSKY ef al. 1995). Consistent
with these facts, the daf-23 gerontogene is a member of
the PI-3 kinase family (G. RUVKUN, personal communi-
cation). The causal relation between the developmental
defects and increased longevity in the Dafs, spe-26 and
clk-1 mutants remains unclear but these mutations re-
veal a group of genes that play a role both in develop-
ment and longevity. Our findings lend support to the
hypothesis that the evolution of longevity involves a
trade-off between the level of stress resistance and
length of life (KIRKWOOD 1977).
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