-

Superoxide dismutase is dispensable for normal

animal lifespan

Jeremy Michael Van Raamsdonk and Siegfried Hekimi'

Department of Biology, McGill University, Montreal, QC, Canada H3A 1B1

Edited by lva Greenwald, Columbia University, New York, NY, and approved March 1, 2012 (received for review October 3, 2011)

Reactive oxygen species (ROS) are toxic oxygen-containing mole-
cules that can damage multiple components of the cell and have
been proposed to be the primary cause of aging. The antioxidant
enzyme superoxide dismutase (SOD) is the only eukaryotic en-
zyme capable of detoxifying superoxide, one type of ROS. The fact
that SOD is present in all aerobic organisms raises the question as
to whether SOD is absolutely required for animal life and whether
the loss of SOD activity will result in decreased lifespan. Here we
use the genetic model organism Caenorhabditis elegans to gener-
ate an animal that completely lacks SOD activity (sod-12345
worms). We show that sod-72345 worms are viable and exhibit
a normal lifespan, despite markedly increased sensitivity to multi-
ple stresses. This is in stark contrast to what is observed in other
genetic model organisms where the loss of a single sod gene can
result in severely decreased survival. Investigating the mechanism
underlying the normal lifespan of sod-72345 worms reveals that
their longevity results from a balance between the prosurvival
signaling and the toxicity of superoxide. Overall, our results dem-
onstrate that SOD activity is dispensable for normal animal life-
span but is required to survive acute stresses. Moreover, our
findings indicate that maintaining normal stress resistance is not
crucial to the rate of aging.

oxidative stress | reactive oxygen species-mediated signaling | free radical
theory of aging | sod-2

he contribution of reactive oxygen species (ROS) to aging

was first suggested by the free radical theory of aging, which
postulates that aging results from damage caused by ROS that
accumulate over time, leading to cellular dysfunction and an
increased probability of death (1). In aerobic organisms, ROS
are produced as a byproduct of normal metabolism when elec-
trons that are being passed down the electron transport chain
are leaked directly to oxygen to form superoxide. In addition
to ROS generated by electron transport, a number of other
enzymes are known to produce ROS, such as P450 oxidase and
NADPH oxidase.

Although the role of ROS in aging is still controversial (2-4), it
is clear that high levels of ROS are toxic. Accordingly, cells have
evolved a number of both enzymatic and nonenzymatic antioxi-
dant defenses that function to detoxify ROS. Superoxide dis-
mutase (SOD) is the first line of antioxidant defense against ROS
generated by respiration and, among eukaryotic organisms, SOD is
the only enzyme that can detoxify superoxide (5). SOD acts by
converting superoxide to hydrogen peroxide, which can sub-
sequently be converted to water by catalase or peroxiredoxin. All
aerobic organisms, and even some anaerobic organisms, express
SOD. Anaerobes that do not express SOD, use other mechanisms
to detoxify superoxide, such as superoxide reductase (6) or in-
creasing intracellular levels of manganese (7), to allow them to
survive brief encounters with oxygen. The fact that all known
organisms, both aerobic and anaerobic, have some form of su-
peroxide scavenging activity clearly indicates the importance of
eliminating superoxide.

Whereas no naturally occurring organism has been identified
without any form of superoxide scavenging ability, a number of
groups have examined the consequences of eliminating the ex-
pression of individual sod genes in genetic model organisms.
Consistent with the view that superoxide scavenging activity is
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important for survival, deletion of either cytoplasmic or mito-
chondrial sod genes in yeast (8-11), flies (12-14), and mice (15—
17) results in decreased lifespan (Table 1). In contrast, deletion
of individual sod genes has been found to have little or no det-
rimental effect on lifespan in the roundworm Caenorhabditis
elegans (18-22) (Table 1).

One explanation for the ability of C. elegans to accommodate
for the loss of sod genes might be the number of sod genes
present. Yeast and flies both have two SODs, one cytoplasmic and
one mitochondrial. In addition to the cytoplasmic and mitochon-
drial SODs, mice also express an extracellular SOD. In contrast,
C. elegans has five sod genes. sod-1, sod-2, and sod-4 are the pri-
mary cytoplasmic, mitochondrial, and extracellular sod genes,
respectively, whereas sod-3 and sod-5 are inducible mitochondrial
and cytoplasmic sod genes, respectively. Thus, it is possible that the
loss of individual SODs is compensated for by the presence of
these additional sod genes. In fact, up-regulation of other sod genes
has been observed in individual sod deletion mutants (20, 22).

To determine whether the presence of additional sod genes in
C. elegans masks a detrimental effect of sod gene deletion on
lifespan, we generated a sod quintuple mutant that lacks all five
sod genes (sod-12345 worms). sod-12345 worms were found to be
viable and fertile but exhibited multiple alterations of physiologic
rates. Despite having markedly increased sensitivity to multiple
stresses, the lifespan of sod-12345 worms was not different from
wild-type worms. Overall, this suggests that SOD function is
important in reacting to environmental stresses but appears to be
dispensable with respect to normal lifespan.

Results and Discussion

Generation of a sod Quintuple Mutant with No SOD Activity. To
determine whether the total loss of SOD activity would result in
decreased lifespan, we generated mutants lacking all five sod
genes that are normally present in C. elegans. The sod quintuple
mutants were made by progressively crossing pairs of sod single
mutants, double mutants, triple mutants, and quadruple mutants
to obtain a strain with deletions in all five sod genes (Fig. 14). To
confirm that we had generated a bona fide sod quintuple mutant,
we examined sod gene expression at the mRNA and protein
levels. Quantitative real-time RT-PCR showed that sod-12345
worms express little or no sod mRNA (Fig. 1B). Similarly,
Western blotting using polyclonal antibodies generated against
SOD-1 and SOD-2, the primary cytoplasmic and mitochondrial
SODs respectively, revealed no detectable SOD-1 or SOD-2
protein in sod-12345 worms (Fig. 1C). Importantly, examination
of SOD activity revealed no detectable SOD activity in sod-12345
worms (Fig. 1D). This result confirms that we had successfully
generated a sod quintuple mutant and that worms are able to
survive and reproduce in the absence of SOD.
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Table 1. Effect of decreasing expression of superoxide
dismutase genes on lifespan

Effect of Effect of
decreasing decreasing
cytoplasmic mitochondrial
No. of SOD SOD on SOD on
Organism genes lifespan, % lifespan, % Reference
Yeast 2 1 1 9)
163 163 (10)
140 170 (1)
Worm 5 11 (NS) (21)
118 11 (NS) (18)
15 (NS) 115 (NS) (19)
13 (NS) 153 (22)
120 (20)
Fly 2 180 (12)
181* (13)
Lethality (<24 h) (14)
Mouse 3 130 (15)

Lethality (<10 d)
Lethality (<18 d)

(16)
(17)

NS, Not significant.
*Sod2 levels were decreased by RNAI.

sod Quintuple Mutants Exhibit Abnormal Physiologic Rates. Having
shown that sod quintuple mutants are viable and fertile, we
sought to determine whether the absence of SOD activity would
affect worm development and physiologic rates. As with unicel-
lular mutants lacking SOD activity (23, 24), sod-12345 worms
were found to exhibit slow development and reduced fertility
(Fig. S1 A and B). These worms were also found to have other
physiologic abnormalities such as a slower defecation cycle and
decreased movement (thrashing in liquid) (Fig. S1 C and D).
These deficits appeared to result primarily from the loss of SOD-1
and/or SOD-2 expression, which is consistent with the fact that
these are the primary cytoplasmic and mitochondrial SODs, re-
spectively. Similarly, the absence of detectable phenotypic ab-
normalities in sod-3, sod-4, and sod-5 mutant worms likely stems
from the fact that these sod genes are normally expressed at very
low levels (18). Because ROS-mediated signaling has previously
been shown to affect physiology in C. elegans (25), the absence of
SOD activity may influence physiologic rates through an increase
in superoxide-mediated signaling or a decrease in H,O,-mediated
signaling.

sod Quintuple Mutants Are Sensitive to Multiple Stresses. As SOD
functions to detoxify superoxide, we sought to determine whether
sod-12345 mutants would exhibit increased sensitivity to super-
oxide-mediated oxidative stress. In three different paradigms in-
volving exposure to the superoxide-generating compounds,
paraquat and juglone, sod-12345 worms were found to have
markedly increased sensitivity to oxidative stress both during
development and adulthood. This included exposure to paraquat
during development (Fig. 24), acute exposure to juglone at day 1
of adulthood (Fig. 2B), and chronic exposure to paraquat from
day 1 of adulthood until death (Fig. 2C). In each of these para-
digms, sod-12345 worms exhibited markedly increased sensitivity
to oxidative stress, which appeared to result primarily from the
absence of SOD-1, SOD-2, or both (Fig. S2).

To determine whether the sensitivity of sod-12345 worms to
oxidative stress was specific to superoxide or whether these
worms were sensitive to other forms of oxidative stress, we ex-
posed sod-12345 and wild-type worms to H,O,. Using three
different concentrations of H,O,, we found that sod-12345
worms survived at least as well as wild-type worms (Fig. 2D and
Fig. S3 A-C). Although there was a trend toward increased sur-
vival in the sod quintuple mutant at the highest concentration of
H,O0,, this difference did not reach significance. Because this assay
was performed in liquid, we assessed the sensitivity of sod-12345
worms to paraquat in liquid as a control and found that these
worms were still very sensitive to paraquat in liquid (Fig. 2D and
Fig. S3D). This indicates that sod-12345 worms exhibit a specific
sensitivity to superoxide-mediated oxidative stress, which is
consistent with the function of SOD in detoxifying superoxide.
Having shown that sod-12345 worms are sensitive to specific
forms of oxidative stress, we next sought to determine whether
the absence of SOD activity would make sod-12345 worms sus-
ceptible to other forms of stress. We found that sod-12345 worms
also exhibited increased sensitivity to osmotic stress, cold stress,
and heat stress (Fig. 2 E-G).

sod Quintuple Mutants Have a Normal Lifespan. We next sought to
determine whether the markedly increased sensitivity to multiple
stresses in sod-12345 worms would result in decreased lifespan. As
the weight of evidence suggests that increased resistance to mul-
tiple forms of stress may be the key to longevity (multiplex stress
resistance theory of aging) (26) and oxidative stress is widely be-
lieved to be the primary cause of aging (free radical theory of
aging) (1), sod-12345 worms would be predicted to have a de-
creased lifespan. Surprisingly, despite their marked increase in
stress sensitivity, sod quintuple mutant worms live as long as wild-
type worms (Fig. 34). In 17 independent trials, the average life-
span of wild-type worms was 19.0 d, whereas the average lifespan
for sod-12345 worms was 19.1 d (Fig. 3B). Interestingly, the
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quintuple mutant was thus confirmed by DNA, mRNA, protein,
and activity. Error bars indicate SEM. M, sod-12345 wormes.
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Fig. 2.

Loss of SOD activity results in increased sensitivity to multiple stresses. sod-12345 worms have markedly increased sensitivity to superoxide-mediated

oxidative stress induced by exposure to low concentrations of paraquat during development (A), by acute exposure to juglone during adulthood (B), and by
chronic exposure to 4 mM paraquat beginning on day 1 of adulthood (C). In contrast, sod-12345 worms exhibit normal sensitivity to H,0,-mediated oxidative
stress (D). sod-12345 worms are also sensitive to osmotic stress (E), cold stress (F), and heat stress (G). Results from each stress assay represent the average of at
least three independent trials with 20 worms or 40 eggs per trial. Whereas there was a trend toward increased resistance to H,O,-mediated oxidative stress at
2 mM H,0,, the difference was not significant. Error bars indicate SEM. *P < 0.05, **P < 0.01, ***P < 0.001. FA, fertile adult.

maximum lifespan of sod-12345 worms was significantly increased
compared with wild-type worms (Fig. 3C). Thus, whereas a pro-
portion of sod-12345 worms died earlier than wild-type worms, the
longest lived sod-12345 worms lived longer than wild type. This is
in contrast to sod double mutants in yeast that exhibit a 90%
decrease in lifespan (10) and individual sod deletion mutants in
yeast, flies, and mice, which all show decreased lifespan (8-17).

As sod-2 deletion mutants have increased lifespan, the loss of
the other four sod genes abolishes their extended longevity. To
determine which combinations of the remaining four sod genes
are required for the long life of sod-2 mutants, we examined the
lifespan of sod triple and quadruple mutants. Overall, only
strains with a deletion in sod-2 exhibited increased lifespan and
this effect was eliminated by the loss of sod-1 and sod-3 together
(Fig. S4). As SOD-1 has been observed in the mitochondria (20,
27), this suggests the possibility that it is the complete absence of
any SOD in the mitochondria that abolishes the positive effect of
sod-2 deletion on lifespan.

sod-12345 Worms Respire Aerobically and Have Normal Levels of
Oxidative Damage. One possible explanation for the worm’s
unique ability to survive without SOD activity is its capacity to
generate energy by fermentative pathways. By switching to fermen-
tation, worms could generate less superoxide and have less need for
superoxide detoxification. To determine whether sod-12345 worms
continue to generate energy by oxidative phosphorylation, we mea-
sured oxygen consumption and found that sod quintuple mutants
were still carrying out aerobic respiration but that the rate of oxygen
consumption was significantly reduced compared with wild type
(Fig. S54). Assuming that an equal percentage of electrons that are
passed down the electron transport chain are leaked to form su-
peroxide, this decreased level of respiration would result in de-
creased production of ROS. However, despite their decreased
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levels of oxygen consumption, sod-12345 worms were found to have
normal levels of ATP (Fig. S5B). This suggests that to maintain
normal ATP levels, sod-12345 worms decrease their energy utili-
zation resulting in the observed slow physiologic rates.

To gain further insight into the mechanism by which sod-12345
worms survive as well as wild-type worms, we examined oxidative
damage by measuring protein carbonyl levels. Despite their mark-
edly increased sensitivity to oxidative stress, we found that sod-12345
worms have normal levels of protein carbonyls (Fig. S5 C and D).
In addition to decreased ROS production, increased expression of
other antioxidants, increased damage repair, and/or increased
protein turnover could contribute to the normal level of oxidative
damage in sod-12345 worms. Investigation of these different
mechanisms revealed that sod-12345 worms exhibit up-regulation
of genes coding for other antioxidant enzymes, such as catalase
(Fig. S5E) as well as for glutathione S-transferase (gst) repair genes
(Fig. S5F) but no change in proteasome activity (Fig. SSG). Thus,
there are multiple mechanisms that contribute to the normal levels
of oxidative damage in sod-12345 worms including decreased rate
of oxidative phosphorylation, increased expression of other anti-
oxidant genes, and increased expression of repair genes.

The fact that sod-12345 worms have increased sensitivity to
a variety of stresses indicates that the compensatory mechanisms
that allow for normal levels of oxidative damage are not sufficient
to allow sod-12345 worms to survive acute stresses as well as wild-
type worms. Importantly, we have previously shown that oxidative
damage does not cause worm aging because increasing levels of
oxidative damage were shown not to impact lifespan (28) and in-
creased oxidative damage was shown to be compatible with long
life (22). In future studies, it would be interesting to examine other
forms of molecular damage to determine whether these are af-
fected in sod-12345 worms. In addition, a comparison of mito-
chondrial and cytoplasmic oxidative damage in long-lived strains
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ence between sod-12345 and wild-type lifespan. (C) Maximum lifespan of
sod-12345 is significantly greater than wild-type worms.

with a deletion in sod-2 (e.g., sod-2, sod-1; sod-2) and normal-lived
strains with a deletion in sod-2 (e.g., sod-1; sod-2; sod-3) may
provide insight into the role of subcellular compartment-specific
oxidative damage in the increased longevity of sod-2 mutants.

sod-12345 Lifespan Results from a Balance Between the Prosurvival
Signaling and the Toxicity of Superoxide. Recent work from our
laboratory and others has shown that both decreasing mito-
chondrial superoxide detoxification through the deletion of sod-2,
or increasing superoxide levels through the addition of low
concentrations of paraquat, results in increased lifespan (22, 29,
30). These results suggest that increased levels of mitochondrial
superoxide can trigger a prosurvival signal that leads to increased
longevity (29-31). Thus, it is possible that increased levels of su-
peroxide resulting from the absence of SOD activity in sod-12345
worms engages similar prosurvival mechanisms that contribute to
the normal longevity of sod-12345 worms by compensating for
deleterious effects that result from lacking a crucial mechanism
of ROS detoxification. To investigate this possibility, we exam-
ined the effect of increasing and decreasing superoxide levels on
the lifespan of wild-type and sod-12345 worms.

To study the effect of superoxide levels on wild-type lifespan, we
measured the lifespan of wild-type worms on plates containing
increasing concentrations of the superoxide generator paraquat.
We observed a biphasic pattern in which increasing concentrations
of paraquat initially resulted in a dose-dependent increase in
lifespan until an optimum superoxide concentration at about 0.1
mM paraquat, after which further increases in paraquat resulted in
decreased lifespan (Fig. 44). To explain this pattern, we propose
a model in which superoxide has two opposing effects on lifespan.
First, mitochondrial superoxide triggers a prosurvival signal that
results in a dose-dependent increase in lifespan until this mecha-
nism is maximally engaged (Fig. 4B). At the same time, increasing
levels of superoxide are also toxic, resulting in a dose-dependent
decrease in lifespan. Thus, at levels of superoxide where lifespan is

5788 | www.pnas.org/cgi/doi/10.1073/pnas.1116158109

increased, the effect of prosurvival signaling is greater than the
toxic effect, whereas at superoxide concentrations where lifespan
is decreased the toxicity of superoxide overwhelms its prosurvival
signaling effect. The maximum lifespan occurs at the optimum
superoxide concentration.

On the basis of this model, the normal longevity of sod-12345
worms could result from a balance between the prosurvival signaling
and toxicity of superoxide if the superoxide levels in sod-12345
worms are above their optimum superoxide concentration (as would
be predicted from their decreased ability to detoxify superoxide). If
the superoxide levels in these worms are already above their opti-
mum superoxide concentration, then further increases in superox-
ide levels should only result in decreased lifespan. To test this
possibility, we measured the lifespan of sod-12345 worms on plates
containing paraquat at concentrations that resulted in an increase in
wild-type lifespan. In contrast to the increase in lifespan observed in
wild-type worms, sod-12345 worms exhibit a dose-dependent de-
crease in lifespan with increasing concentrations of paraquat (Fig.
4C). In fact, even at very low concentrations of paraquat, we never
observed a positive effect of paraquat on sod-12345 lifespan (Fig. 4D
and Fig. S6). This finding suggests that superoxide-mediated pro-
survival signaling is maximally engaged in sod-12345 worms, such
that further increases in superoxide are toxic and result in de-
creased lifespan.

Next, we examined the effect of decreasing superoxide levels on
wild-type and sod-12345 lifespan through the addition of the an-
tioxidant vitamin C, or manganese, which has superoxide scav-
enging ability. In support of our model, we found that both treat-
ments increased the lifespan of sod-12345 worms by 15-20% but
had little or no impact of wild-type lifespan (Fig. 4E). Thus, the
levels of superoxide in wild-type worms are below their optimum
superoxide concentration such that reducing superoxide levels with
antioxidants has a minimal effect on lifespan, whereas increasing
superoxide levels with paraquat brings superoxide levels closer to
their optimum concentration, resulting in increased lifespan (Fig.
4F). In contrast, our results suggest that the superoxide levels in
sod-12345 worms are beyond their optimum concentration. In
these worms the level of superoxide is brought closer to their op-
timum concentration by decreasing superoxide with vitamin C,
resulting in increased lifespan, whereas increasing superoxide with
paraquat pushes them away from their optimum concentration,
resulting in decreased lifespan (Fig. 4F). This finding suggests that
the normal longevity of sod-12345 worms represents a balance
between the prolongevity signaling and the toxicity of superoxide.

According to this model, it should also be possible to decrease
the lifespan of worms close to their optimum superoxide con-
centration by treatment with antioxidants. As we have previously
shown that the mitochondrial mutant isp- worms have increased
mitochondrial superoxide and an extended longevity that can be
suppressed by antioxidant treatment (29, 32), we examined
whether treatment of isp-7 worms with vitamin C under the exact
same conditions that increased sod-12345 worm lifespan would
result in decreased lifespan. In support of our model, we found
that the treatment with vitamin C markedly decreased lifespan in
isp-1 worms (Fig. S7). Thus, increasing superoxide levels with
paraquat can either increase lifespan, as in the case of wild-type
worms, or decrease lifespan, as in the case of sod-12345 worms.
Similarly, decreasing superoxide levels with antioxidants can ei-
ther increase lifespan, as in the case of sod-12345 worms, or de-
crease lifespan, as in the case of isp-I worms. Overall this
demonstrates that the effect of superoxide on lifespan is entirely
dependent on the genotype of the strain examined and their
baseline levels of superoxide.

Increased Superoxide Reporter Expression in sod-12345 Worms. To
provide additional support for our model, we indirectly mea-
sured superoxide levels using a gst-4 reporter construct, because
it is currently not possible to accurately measure mitochondrial
superoxide levels in vivo in worms. The GST gene, gst-4, has been
previously shown to be highly induced by superoxide levels (33)
and on the basis of this property, the promoter from this gene
was used to generate a reporter construct expressing GFP (34).
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To validate the use of this reporter construct to measure super-
oxide, we examined the level of reporter activity at increasing
concentrations of paraquat. We observed a dose-dependent in-
crease in gst-4 reporter activity with increasing concentrations
of paraquat up to 0.1 mM (Fig. 4G and Fig. S8). At higher con-
centrations, there was no further increase in expression from the
gst-4 promoter.

Having shown that the gst-4 reporter can respond to increasing
levels of superoxide, we generated isp-1; Pgst-4::gfp and sod-
1235; Pgst-4::gfp worms to examine gst-4 reporter activity on an
isp-1 and sod mutant background (the sod-12345; Pgst-4::gfp
mutant could not be constructed because of linkage between
sod-4 and the insertion of the Pgst-4::gfp transgene; however,
sod-1235 worms have deletions in all four intracellular sod genes,
have a similar lifespan to that of sod-12345 worms, and would be
predicted to have elevated superoxide levels less than or equal to
sod-12345 worms). Our model would predict increased levels of
superoxide in both strains with the levels in sod-1235 worms
being equal to or greater than those in isp-/ worms. Quantifi-
cation of gst-4 reporter activity showed significantly increased
GFP expression in both strains compared with control with
greater activity in the sod mutant worms compared with isp-1
worms (Fig. S9 4 and B). To ensure that gsz-4 promoter activity
is also increased in sod quintuple mutant worms, we examined
gst-4 expression by quantitative real-time RT-PCR. We observed
increased gst-4 mRNA expression in both isp-1 and sod-12345
worms, thereby confirming the results obtained using the Pgst-4::
gfp reporter construct (Fig. 4H). The fact that the gsz-4 promoter
responds to increasing concentrations of superoxide, and its
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sod-12345

sod-12345 worms at any concentration. (E) Decreasing ROS
with 10 mM vitamin C or 0.1 mM manganese increased the
lifespan of sod-12345 worms with little or no effect on wild-
type lifespan. (F) Superoxide levels in sod-12345 worms are
past their optimum superoxide concentration. (G) gst-4
promoter shows increased expression levels with increasing
concentrations of paraquat. (H) isp-1 and sod-12345 worms
show increased gst-4 expression, suggesting elevated levels
of superoxide. Results from the paraquat and antioxidant
survival studies are the average of at least three in-
dependent trials of at least 20 worms per strain per trial.
Error bars indicate SEM. ***P < 0.001.

activity was shown to be increased in isp-1 and sod-12435 worms,
suggests that these strains have increased levels of superoxide
and provides further support for our model.

Prosurvival Superoxide Signaling Contributes to the Longevity of
sod-2 Mutant Worms. Because sod-2 deletion mutants are long
lived we sought to determine whether prosurvival superoxide
signaling contributes to their long lifespan. If this were true, we
would predict that sod-2 mutants (i) would exhibit elevated levels
of superoxide, (ii) would exhibit decreased lifespan at a lower
concentration of paraquat than wild-type worms, and (iii) would
exhibit decreased lifespan when treated with antioxidants. To test
the first prediction, we examined Pgst-4::gfp reporter activity in
sod-2 worms. We found increased reporter activity, suggesting
elevated levels of superoxide (Fig. S104). To test the second pre-
diction, we examined the lifespan of sod-2 worms treated with
0.2 mM paraquat, a concentration that is sufficiently mild to in-
crease the lifespan of wild-type worms. We found that 0.2 mM
paraquat decreases the lifespan of sod-2 mutant worms, thereby
confirming that the lifespan of sod-2 worms begins to decline at
lower concentrations of paraquat than wild-type worms (Fig.
S10B). To test the third prediction, we treated sod-2 worms with
10 mM vitamin C and observed a small, yet significant, decrease in
lifespan (Fig. S10C). Together these observations suggest that
mitochondrial superoxide levels are increased in sod-2 worms and
contribute to their extended longevity. Moreover it suggests that
sod-2 worms are closer to their optimum superoxide concentra-
tion than wild-type worms. The fact that sod-2 worms are nearer
to their optimum superoxide concentration than wild-type worms
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suggests that the mechanism by which the deletion of sod-1 and
sod-3 abolishes the increased longevity of sod-2 worms (Fig. S4) is
by pushing sod-2 worms past their optimum superoxide concen-
tration. This conclusion is supported by the fact that deletion of
sod-1 makes sod-2 worms more sensitive to paraquat, although
not as sensitive as sod-12345 worms (Fig. S10D).

Conclusions

Overall, the normal longevity of sod quintuple mutant worms
clearly demonstrates that SOD activity is not required for normal
lifespan in C. elegans. Although sod-12345 worms use multiple
compensatory mechanisms to maintain low levels of oxidative
damage, these worms are highly sensitive to superoxide levels and
exhibit increased sensitivity to a variety of stresses. This suggests
that SOD activity is necessary to respond to acute stresses and
indicates that increased sensitivity to multiple stresses, including
oxidative stress, does not result in decreased lifespan. Our results
also indicate that superoxide is not simply a toxic byproduct of
metabolism but is involved in a type of ROS-mediated signaling
that can result in increased longevity. Thus, whether a particular
concentration of superoxide will increase or decrease lifespan
depends on the genotype of the strains examined and their initial
levels of superoxide. This work casts doubt on the notion that
oxidative stress is the primary cause of aging.

Materials and Methods

Strains. C. elegans strains were cultured as described on nematode growth
medium (NGM) agar plates seeded with OP50 bacteria at 20 °C (35). Wild-type
animals were N2 Bristol strain. sod-72345 worms were generated by sequen-
tially crossing single sod deletion mutants, double sod deletion mutants, triple
sod deletion mutants, and finally quadruple sod deletion mutants. At each
stage, the presence of sod deletion was confirmed by PCR genotyping.
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SOD Levels and Activity. sod mRNA and SOD protein levels were measured by
quantitative real-time RT-PCR and Western blotting as described previously
(22, 36). SOD activity was measured using the Superoxide Dismutase Assay kit
from Cayman Chemical according to the manufacturer’s instructions.

Lifespan Studies. Lifespan studies were completed at 20 °C on plates con-
taining 100 pM 5-fluoro-2’-deoxyuridine (FUdR) (Sigma). A total of 17 in-
dependent trials were completed for sod-712345 worms. Lifespan on plates
containing paraquat, vitamin C, or manganese were begun on day 1
of adulthood.

Physiologic Rates. Postembryonic development time, self-brood size, defe-
cation cycle length, and thrashing rate were measured as described previously
(22, 36).

Stress Assays. Four paradigms were used to measure sensitivity to oxidative
stress: (i) exposure to 0.1-0.4 mM paraquat during development, (ii) exposure
to 120-240 pM juglone on day 1 of adulthood, (iii) exposure to 4 mM para-
quat from day 1 of adulthood until death, and (iv) exposure to 0.5-2 mM
H,0, on day 1 of adulthood. Sensitivity to osmotic stress was assessed by
placing day 1 adult worms on plates containing 400-500 mM NaCl and ex-
amining survival after 3 d. Sensitivity to cold stress was assessed by trans-
ferring worms to 4 °C for 3 d and examining survival after recovery at room
temperature. Sensitivity to chronic heat stress was examined by measuring
lifespan at 25 °C.
See SI Materials and Methods for full experimental details.
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