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Summary

Background: Mitochondria have long been proposed to play
an important role in the aging process. In the nematode Cae-
norhabditis elegans, genes important for mitochondrial elec-
tron transport chain (ETC) function stand out as a principal
group of genes affecting life span. However, it has been sug-
gested that this may be a peculiarity of nematode biology. In
the present study, we have used an in vivo RNA interference
(RNAi) strategy to inactivate ETC genes in Drosophila mela-
nogaster and examine the impact on longevity.
Results: Here, we report that RNAi of five genes encoding
components of mitochondrial respiratory complexes I, III, IV,
and V leads to increased life span in flies. Long-lived flies
with reduced expression of ETC genes do not consistently
show reduced assembly of respiratory complexes or reduced
ATP levels. In addition, extended longevity is not consistently
correlated with reduced fertility or increased resistance to the
free-radical generator paraquat. Targeted RNAi of two
complex I genes in adult tissues or in neurons alone is suffi-
cient to extend life span.
Conclusions: Our data suggest that the role of mitochondrial
ETC function in modulating animal aging is evolutionarily con-
served and might also operate in humans. Furthermore, our
findings suggest that the longer life span of flies with reduced
ETC gene expression cannot simply be attributed to reduced
energy production leading to decreased ‘‘rate of living.’’

Introduction

The fruit fly Drosophila melanogaster provides an excellent
experimental system to investigate the effects of perturbations
in mitochondrial electron transport chain (ETC) function on
longevity. Flies, like mammals, live in an oxidative environ-
ment, and insect flight muscle is reported to be among the
most metabolically active tissues known [1]. Previously, we re-
ported that flies carrying a defect in subunit b of respiratory
complex II (sdhB) suffer from elevated oxidative stress and
display hallmarks of rapid aging [2]. Interestingly, the bio-
chemical and phenotypic consequences of complex II defi-
ciency in flies are very similar to those of complex II deficiency
in worms [3]. In this study, we examined the impact of inactiva-
tion of additional ETC genes on fly life span. We found that
inactivation of five genes encoding components of respiratory
complexes I, III, IV, and V can prolong life span in flies. This
finding clearly establishes ETC gene manipulation as an
evolutionarily conserved mechanism of life span extension.

*Correspondence: davidwalker@ucla.edu
Interestingly, ETC-mediated longevity in the fly can be sepa-
rated from major energetic and physiological tradeoffs, such
as ATP production and fertility defects.

Results and Discussion

RNAi Inactivation of ETC Genes throughout Life Can

Extend Life span
Recently, the generation of a genome-wide library of Dro-
sophila RNA interference (RNAi) transgenes, enabling the
systematic inactivation of gene functions in specific tissues
of the intact organism, was reported [4]. The RNAi transgenes
consist of short gene fragments cloned as inverted repeats
and expressed via the binary GAL4/UAS system [5]. Taking
advantage of this collection, we used a ubiquitous expression
GAL4 line, daughterless (da)-GAL4, to systematically inacti-
vate nuclear-encoded components of the fly ETC machinery
(31 complex I subunits, three complex II subunits, five complex
III subunits, six complex IV subunits, and eight complex V
subunits) and studied the impact on viability and adult
longevity. Many of the RNAi lines caused lethality or shortened
life span (see Table S1, available online). In contrast, a number
of RNAi lines were associated with increased life span (relative
to the other RNAi lines and the control strain w1118).

Genetic background effects often confound life span studies
in Drosophila [6]. When working with the GAL4/UAS system,
hybrid vigor effects are of notable concern. To confront this
issue, we used the mifepristone (RU486) inducible-GAL4 sys-
tem (annotated P[Switch] or Gene-Switch [7, 8]). This system,
recently characterized in aging studies [9], eliminates genetic
background effects because all flies share the same genetic
background and only differ with respect to the presence of
the inducing agent (RU486) or diluent (EtOH) in the food. We
used the ubiquitous tubulin (tub)-Gene-Switch (GS) driver
line to manipulate RNAi transgenes during both development
and adulthood. We focused on three candidate longevity
genes, isolated in the pilot screen (CG9762, CG18809, and
CG5389). In addition, we examined two additional genes
(CG9172 and CG17856) that resulted in larval lethality with
the strong ubiquitous constitutive driver da-GAL4. Using
tub-GS, we observed that RNAi of each of these five genes
results in prolonged life span in female flies (Figures 1A–1J)
and variable effects on male life span (Table S2). Specifically,
RNAi of genes encoding subunits of complex I (CG9172,
Figures 1A and 1B and CG9762, Figures 1C and 1D), complex
III (CG17856, Figures 1E and 1F), complex IV (CG18809,
Figures 1G and 1H), and complex V (CG5389, Figures 1I and
1J) increased mean life span in female flies by 8% to 19%.
We investigated the possibility that RU486 itself may affect
longevity in our fly strains by simultaneously examining the
tub-GS driver crossed to w1118, the genetic background of
the five RNAi lines, fed RU486 or diluent alone. Importantly,
RU486 did not have positive effects on the longevity in control
flies at any concentration tested (Figure S1 and Table S2).
Other studies using the Gene-Switch system have also failed
to see any significant effect of RU486 on life span [10–12].
Using quantitative real-time PCR (qRT-PCR), we confirmed
transcript reduction specific for each targeted gene in the

https://core.ac.uk/display/82144931?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:davidwalker@ucla.edu


induced RNAi lines during both development (Figure S2) and
adulthood (Figure S3). Interestingly, further RNAi induction of
both CG9172 and CG17856 by higher RU486 concentrations
caused larval lethality (Table S2). This observation is consis-
tent with the fact that da-GAL4-mediated silencing of these
genes results in larval lethality (Table S1).

Orthologs of two of these genes have been reported to
modulate nematode life span. T02H6.11 [13], an ortholog of
CG17856 (complex III), and atp-2 [14], an ortholog of CG5389
(complex V), were both identified in large-scale RNAi screens
to identify novel longevity genes in the worm. Long-lived
ETC-deficient worms are often small and display reduced rates
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Figure 1. RNAi of Respiratory-Chain Genes Can

Extend Life Span

All RNAi lines were crossed to the ubiquitous,

inducible tubulin Gene-Switch driver line and

are shown as induced (+RU486, solid circles) or

uninduced (2RU486, open circles).

(A and B) Replicate life-span curves of RNAi

knockdown of the respiratory complex I gene

CG9172, showing an increased mean life span

in females of 12% (A) and 8% (B) on 2 mg/ml

RU486 during larval development and 10 mg/ml

RU486 during adulthood (2/10 mg/ml RU486).

(C and D) Life-span curves of RNAi knockdown of

the respiratory complex I gene CG9762, showing

an increased mean life span in females of 18% (C)

and 14% (D) on 10/50 mg/ml and 2/10 mg/ml

RU486, respectively.

(E and F) Replicate life-span curves of RNAi

knockdown of the respiratory complex III gene

CG17856, showing an increased mean life span

in females of 13% (E) and 18% (F) on 2/10 mg/ml

RU486.

(G and H) Life-span curves of RNAi knockdown of

the respiratory complex IV gene CG18809,

showing an increased mean life span in females

of 19% (G) and 16% (H) on 2/10 mg/ml and

10/50 mg/ml RU486, respectively.

(I and J) Life-span curves of RNAi knockdown of

the respiratory complex V gene CG5389, showing

an increased mean life span in females of 11% (I)

and 7% (J) on 10/50 mg/ml and 2/10 mg/ml RU486,

respectively.

p < 0.0002 for all life-span experiments.

of behavior and development [15]. To
assess whether long-lived flies display
any such gross physiological trade-offs,
we measured timing from egg to adult-
hood and climbing ability. RNAi induction
of the complex I gene CG9762 did not
affect development time or ability to
climb (Figures S4A and S4B). Other
measurements show that long-lived flies
are of the same size (Figure S4C) and
mass (data not shown) as control flies.

Long-Lived Flies with Reduced ETC

Gene Expression Do Not Consistently
Display Reduced Assembly of

Respiratory Complexes or Reduced
ATP Levels

Each of the respiratory enzyme com-
plexes comprises multiple subunits (with
the exception of complex II) encoded by

both the mitochondrial and nuclear genomes [16]. The coordi-
nated assembly of these subunits is poorly understood. To
determine whether RNAi of individual ETC genes affects the
assembly of the respective respiratory complexes, we
employed blue native polyacrylamide gel electrophoresis
(BN-PAGE) (Figure 2A). We discovered that induced RNAi of
the complex I subunits, CG9172 and CG9762, had different
effects on complex I assembly. Specifically, whereas RNAi of
CG9172 resulted in a significant decrease in fully assembled
complex I, there was no detectable complex I assembly defect
in flies with reduced expression of CG9762 (Figure 2A). Simi-
larly, RNAi of the complex III gene CG17856 resulted in
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Figure 2. Long-Lived Flies with Reduced Respiratory-Chain Gene Expression Do Not Show Consistent Respiratory-Complex Assembly Defects or Reduced

ATP Levels

All RNAi lines were crossed to the ubiquitous, inducible tubulin Gene-Switch driver line and were fed RU486 during both development and adulthood.

(A) BN-PAGE was performed on mitochondrial proteins isolated from control flies (w1118/tub-GS) induced with 2 mg/ml RU486 during development and

10 mg/ml RU486 during adulthood (2/10 mg/ml RU486; lane 1) and with 10/50 mg/ml RU486 (lane 2), induced RNAi of CG9172 with 2/10 mg/ml RU486

(lane 3), induced RNAi of CG9762 with 10/50 mg/ml RU486 (lane 4), induced RNAi of CG17856 with 2/10 mg/ml RU486 (lane 5), induced RNAi of CG18809

with 2/10 mg/ml (lane 6), and induced RNAi of CG5389 with 10/50 mg/ml RU486 (lane 7). In lane 3, RNAi of the complex I subunit CG9172 confers a complex

I assembly defect. In lane 5, RNAi of the complex III subunit CG17856 confers a complex III assembly defect.

(B) ATP levels. Induced RNAi of CG9172 with 2/10 mg/ml RU486 does not lead to reduced ATP level (p = 0.1049). Induced RNAi of CG9762 with 10/50 mg/ml

RU486 leads to a 62% increase in ATP level (p = 0.0028). Induced RNAi of CG17856 with 2/10 mg/ml RU486 does not lead to reduced ATP level (p = 0.2208).

Induced RNAi of CG18809 with 2/10 mg/ml RU486 does not lead to reduced ATP level (p = 0.2975). Induced RNAi of CG5389 with 10/50 mg/ml RU486 does not

lead to reduced ATP level (p = 0.1662).

Data represent mean 6 standard error of the mean (SEM) (n = 3).

Mitochondrial Modulation of Life Span in Flies
1593
a decrease in fully assembled complex III, whereas RNAi of
both the complex IV (CG18809) gene and the complex V
(CG5389) gene did not confer assembly defects (Figure 2A).
RU486 did not have any affect on the assembly of any of the
respiratory complexes in control flies (w1118/tub-GS). Our
data indicate that assembly defects are not required to
promote longevity.

To investigate whether the ETC gene manipulations that
confer increased life span affect overall energy production,
we examined ATP levels in long-lived flies (Figure 2B). In doing
so, we observed no major deficit in ATP levels in any of the
long-lived RNAi lines. Induced RNAi of the complex I subunit,
CG9172, had no major impact on ATP content. In contrast,
induced RNAi of the other complex I subunit, CG9762, resulted
in increased ATP levels. RNAi of CG17856 (complex III),
CG18809 (complex IV), or CG5389 (complex V) had no major
impact on ATP levels. RU486 had no effect on ATP levels in
control flies (Figure S5).

In four of the five long-lived RNAi lines, ATP levels were not
significantly reduced relative to control (uninduced) animals.
Interestingly, RNAi of the complex I subunit, CG9762, resulted
in increased ATP levels. It remains to be seen whether this is
a result of compensatory changes in other components of
the ETC or in alternative energy-generating pathways. In any
case, our findings indicate that ETC gene manipulations that
extend longevity do not necessarily impact the assembly of
the respiratory complexes or overall ATP levels.

Long-Lived Flies with Reduced ETC Gene Expression

Do Not Consistently Display Reduced Fertility
To assess whether ETC-mediated longevity is associated with
reproductive trade-offs, we examined female fertility over the
first 30 days of adulthood in each of the long-lived RNAi lines.
Induced RNAi of both complex I subunits, CG9172 and
CG9762, resulted in reduced fertility (Figures 3A and 3B). Simi-
larly, induced RNAi of CG17856 (complex III) and CG5389
(complex V) also resulted in reduced fertility (Figures 3C and
3E). However, we observe that induced RNAi of CG18809
(complex IV) did not confer any fertility deficit (Figure 3D).
RU486, at high concentrations, had a negative impact on
fertility in control (w1118/tub-GS) flies (Figure S6).

Four of the five RNAi-based ETC gene manipulations that we
observe to prolong longevity also negatively impact fertility.
However, the fact that even one of the ETC gene manipulations
(complex IV; CG18809) does not impact fertility indicates that
ETC-mediated longevity, in the fly, can be uncoupled from
reproductive trade-offs under these conditions. It is interesting
that four of the RNAi lines displayed reduced fertility despite
the fact that overall ATP levels were not reduced. This finding
suggests that reduced fertility in these lines may not result
from reduced energy levels, but may instead be the result of
alterations in cell-signaling pathways.

Long-Lived Flies with Reduced ETC Gene Expression

Do Not Consistently Display Increased Resistance
to Free-Radical or Starvation Stress

In Drosophila, long-lived mutants often display enhanced
resistance to oxidative stress [10, 17]. Therefore, we examined
whether long-lived flies with reduced ETC gene expression
were more resistant to dietary paraquat (PQ), which has
been shown to generate reactive oxygen species (ROS)
in vivo [18]. Induced RNAi of both complex I subunits,
CG9172 and CG9762, resulted in improved tolerance to PQ
poisoning (Figures 4A and 4B). Similarly, induced RNAi of
CG17856 (complex III) led to a robust increase in paraquat
resistance (Figure 4C). However, induced RNAi of CG18809



(complex IV) or CG5389 (complex V) did not confer increased
resistance to PQ (Figures 4D and 4E). Administration of
RU486 to the w1118 background conferred a slight sensitivity
to PQ (Figure S7). To determine whether long-lived flies display
a general resistance to extrinsic stress, we examined the resis-
tance of the ETC-deficient flies to starvation. As opposed to
the increase in resistance to paraquat, induced RNAi of the
complex I subunits, CG9172 and CG9762, did not improve
the ability to withstand starvation (Figures S8A and S8B). Simi-
larly, induced RNAi of CG17856 (complex III), CG18809 (com-
plex IV), or CG5389 (complex V) did not confer increased toler-
ance to starvation (Figures S8C–S8E).

Interestingly, we observe that increased tolerance to the
ROS-generating agent paraquat is not a universal feature of
long-lived ETC-deficient flies. Similar findings were reported
in the worm [13], and there is no correlation between extended
life span and decreased oxidative damage in ETC mutant
worms [19, 20]. Our data suggest that RNAi of complex I or
complex III, believed to be the major sites of ROS production
[21], can protect against dietary paraquat.

Induced RNAi of Complex I Specifically in Adult Tissues
Extends Life span

An advantage of the Gene-Switch system is that it can be used
to determine the period(s) in life during which reduction in ETC
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Figure 3. Reduced Fertility Is Not a Universal

Feature of Long-Lived Flies with Reduced Respi-

ratory-Chain Gene Expression

(A–E) All RNAi lines were crossed to the ubiqui-

tous, inducible tubulin Gene-Switch driver.

Females were fed RU486-spiked food during

both development and adulthood; shown are

curves as induced (+RU486, solid circles) or unin-

duced (2RU486, open circles).

(A) RNAi induction of complex I CG9172 by 2 mg/

ml RU486 during larval development and 10 mg/

ml RU486 during adulthood (2/10 mg/ml RU486)

lowers female fertility by 56% when compared

to uninduced RNAi control lines (p < 0.0001).

(B) RNAi induction of complex I CG9762 by

10/50 mg/ml RU486 lowers female fertility by

41% when compared to uninduced RNAi control

lines (p = 0.0079).

(C) RNAi induction of complex III CG17856 by

2/10 mg/ml RU486 lowers female fertility by 49%

when compared to uninduced RNAi control lines

(p = 0.0010).

(D) RNAi induction of complex IV CG18809 by

2/10 mg/ml RU486 does not affect female fertility

when compared to uninduced RNAi control lines

(p = 0.4620).

(E) RNAi induction of complex V CG5389 by

10/50 mg/ml RU486 lowers female fertility by

52% when compared to uninduced RNAi control

lines (p = 0.0022).

Data represent mean 6 SEM (n = 4).

gene expression is sufficient to promote
longevity. Next, we investigated the
effects of manipulating ETC gene func-
tion specifically in adult tissues. Induced
RNAi of the complex I subunits, CG9762
and CG9172, from the onset of adult-
hood, increased mean life span in female
flies by 11% to 46% (Figures 5A–5D)
and had variable effects in male flies

(Table S3). These data indicate that selective inactivation of
complex I genes in adult tissues is sufficient to extend life
span. Interestingly, adult-specific RNAi of CG17856 (complex
III), CG18809 (complex IV), or CG5389 (complex V) did not
confer robust longevity effects in male or female flies (Fig-
ures 5E–5J) and Table S3. Adult-only feeding of RU486 to
control flies (w1118/tub-GS) did not produce any positive effect
on life span (Figure S1). qRT-PCR confirmed gene-specific
mRNA knockdown in adult-induced RNAi flies (Figure S9).

To determine whether adult-specific ETC gene perturba-
tions also impact reproductive output, we examined female
fertility over the first 30 days of adulthood in each of the
adult-induced RNAi lines (Figure S10). Adult-specific RNAi of
both complex I genes, CG9762 and CG9172, which increased
longevity, also resulted in decreased fertility (Figures S10A
and 10B). Interestingly, adult-specific RNAi of complex III
(CG17856), which did not extend life span, did confer a fertility
deficit (Figure S10C). Adult-specific RNAi of complex IV
(CG18809) or complex V (CG5389) did not affect longevity or
fertility (Figures S10D and S10E).

Our results highlight a potential difference between the
observed life span extension in C. elegans and Drosophila: it
has been reported that respiratory-chain RNAi needs to occur
during the larval stages to increase longevity in worms [15, 19],
whereas in Drosophila RNAi of two different complex I genes in
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adult tissues is sufficient to extend life span. Furthermore, our
observation that adult-specific inactivation of the complex III
gene, CG17856, confers a fertility defect but does not extend
longevity further supports the mechanistic uncoupling of
fertility defects from ETC-mediated longevity.

RNAi of Complex I and IV in Adult Neurons Extends Life

Span without Decreasing Fertility
Knowing that ubiquitous disruption of ETC gene expression
increases life span, we wanted to determine whether a single
tissue could mediate the effect. The nervous system has
been shown to be of particular importance for life span exten-
sion in a number of organisms [22]. Therefore, we used the
pan-neuronal ELAV-Gene-Switch (GS) driver line to decrease
ETC gene expression specifically in neurons. Our previous
results with the ubiquitous tub-GS driver line suggested that
perturbing ETC genes in adult tissues can extend life span.
Therefore, we tested the effects of both constitutive neuronal
RNAi (Figures 6A, 6C, 6E, and 6G) and adult-only neuronal
RNAi (Figures 6B, 6D, 6F, and 6H). Induced RNAi of the
complex I genes, CG9762 and CG9172, both constitutively
and in adult neurons, increased mean life span in female flies
by 6% to 24% (Figures 6A–6D) and had variable effects in
male flies (Tables S4 and S5). In a similar fashion, neural
RNAi of CG18809 (complex IV) increased mean life span in
female flies by 8% to 12% (Figures 6E and 6F) and had variable
effects in male flies (Tables S4 and S5). Interestingly, RNAi of
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Figure 4. Increased Tolerance to the Free-

Radical Generator Paraquat Is Not a Universal

Feature of Long-Lived Flies with Reduced Respi-

ratory-Chain Gene Expression

All RNAi lines were crossed to the ubiquitous,

inducible tubulin Gene-Switch driver, and resis-

tance to 30 mM paraquat was examined.

(A) RNAi knockdown of the respiratory complex I

gene CG9172 increases mean survival time by

36% (p < 0.0001), on 2 mg/ml RU486 during larval

development and 10 mg/ml RU486 during adult-

hood (2/10 mg/ml RU486).

(B) RNAi knockdown of the respiratory complex I

gene CG9762 increases mean survival by 16%

(p = 0.0008), on 10/50 mg/ml RU486.

(C) RNAi knockdown of the complex III gene

CG17856 increases mean survival by 51% (p <

0.0001), on 2/10 mg/ml RU486.

(D) Induced complex IV CG18809 RNAi mutants

live 15% shorter than uninduced RNAi controls

(p = 0.0017), on 2/10 mg/ml RU486.

(E) No change in paraquat resistance was

observed in induced complex V CG5389 RNAi

mutants (p = 0.6313), on 10/50 mg/ml RU486.

complex V (CG5389) in neurons did not
result in robust longevity effects in male
(Tables S4 and S5) or female flies
(Figures 6G and 6H). Feeding of RU486
to control flies (w1118/ELAV-GS) did not
produce any positive effect on life span
(Figures 6I and 6J).

Adipose tissue has been reported to
play an important role in insulin/IGF-1-
mediated longevity [23]. To determine
whether manipulation of ETC genes in
adipose tissue could extend life span,
we used the Gene-Switch driver S1106,

which is predominately expressed in the fat body [9]. Interest-
ingly, we failed to observe robust positive affects on longevity
when RNAi of ETC genes was activated with this driver line
(Table S6).

RNAi of the complex I genes, CG9172 and CG9762, medi-
ated by the ubiquitous tub-GS driver resulted in increased
life span and reduced fertility. To determine whether targeted
disruption of complex I in neurons also confers a reproductive
trade-off, we examined female fertility when RNAi of complex I
was targeted to adult neurons. Unlike ubiquitous knockdown
of complex I, neural-specific knockdown of either complex I
gene, CG9172 or CG9762, did not significantly affect female
fertility (Figures 7A and 7B). Neural-specific RNAi of complex
IV (CG18809) also did not lead to a fertility defect (Figure 7C).
RU486 had no major effect on fertility in control (w1118/ELAV-
GS) flies either (Figure 7D). This result indicates that life exten-
sion, mediated by RNAi of these complex I genes, can be sepa-
rated from major reproductive trade-offs when inhibition is
restricted to the nervous system.

Conclusions

In this article, we present data showing that RNAi of five ETC
genes can lead to life span extension in Drosophila. For two
of the genes, CG9172 (complex I) and CG17856 (complex III),
we observe a threshold effect where moderate knockdown re-
sulted in life extension and stronger inhibition was detrimental,
causing developmental lethality. Recently, similar threshold

Mitochondrial Modulation of Life Span in Flies
1595



effects have been reported for several ETC genes in the worm
[19]. Taking into account the evolutionary distance between
arthropods and nematodes, our data provide a compelling
argument that moderate ETC gene inactivation may be an
evolutionarily conserved mode of life extension. In support of
this argument, mice carrying a disruption in SURF1, a putative
complex IV assembly factor, are long lived [24]. In addition,
reduced activity of murine CLK1, a mitochondrial enzyme
necessary for ubiquinone biosynthesis, leads to a severe
reduction of ETC function and a substantial increase in life
span [25, 26].

The molecular and cellular mechanisms by which a reduction
in ETC gene expression extends life span are not yet known in
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Figure 5. Longevity Effects on Targeted RNAi of Respira-

tory-Chain Genes in Adult Tissues

All RNAi lines were crossed to the ubiquitous, inducible

tubulin Gene-Switch driver line and were fed RU486-

spiked food only as adults. Induced (+RU486, solid

circles) or uninduced (2RU486, open circles) curves are

shown.

(A and B) Replicate life-span curves of RNAi knockdown

of the respiratory complex I gene CG9172, showing an

increased mean life span of 46% (p < 0.0001) (A) and

18% (p = 0.0013) (B), on 50 mg/ml RU486.

(C and D) Life-span curves of RNAi knockdown of the

respiratory complex I gene CG9762, showing an

increased mean life span of 11% (p < 0.0001) on 10 mg/

ml RU486 (C) and no effect (p = 0.5301) on 50 mg/ml

RU486 (D).

(E and F) Replicate life-span curves of RNAi knockdown

of the respiratory complex III gene CG17856, showing

a marginal increase in mean life span of 4% (p = 0.0126)

(E) and 1% (p = 0.0210) (F), on 10 mg /ml RU486.

(G and H) Life-span curves of RNAi knockdown of the

respiratory complex IV gene CG18809, showing no effect

(p = 0.9554) on 10 mg/ml RU486 (G) and an 8% reduction

in mean life span (p < 0.0001) on 50 mg/ml RU486 (H).

(I and J) Life-span curves of RNAi knockdown of the

respiratory complex V gene CG5389, showing a de-

creased mean life span of 4% (p = 0.0008) on 50 mg/ml

RU486 (I) and no effect (p = 0.2360) on 10 mg/ml RU486 (J).

any species. Our studies in Drosophila indicate
that life extension can be separated from ener-
getic and physiological trade-offs. This result
implies that extended longevity is not the result
of a general slowing of metabolism, but may
instead result from alterations in cell-signaling
pathways. In C. elegans, clk-1 mutants, which
share many phenotypes with animals with
reduced expression of ETC genes including
extended longevity, have also been reported
to display no major energetic defects [27].
Furthermore, as is the case in worms [13],
resistance to free-radical-generating agents is
not a universal feature of ETC-mediated
longevity in the fly. So, what is the underlying
mechanism behind ETC-mediated longevity?
One possibility is that ETC gene perturbations
trigger a transcriptional response that alters
the animal’s physiology and longevity. This
response, termed the ‘‘retrograde response,’’
is known to occur in response to ETC dysfunc-
tion in both yeast and mammalian cells [28]. A
recent study in worms reported that ETC

gene perturbations that extend life span result in a similar
retrograde response that includes the upregulation of
a number of cellular-defense and metabolic genes [29]. More-
over, retrograde-response genes have been reported to be
required for mitochondrial-mediated longevity in both yeast
[30] and worms [29]. It will be interesting to determine whether
a similar phenomenon is taking place in the fly.
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 Figure 6. Longevity Effects upon Targeted RNAi of

Respiratory-Chain Genes in Neurons

(A–J) All RNAi lines were crossed to the neuron-specific,

inducible ELAV-Gene-Switch driver line and were fed

RU486-spiked food either during development and adult-

hood (A, C, E, G, and I) or only during adulthood (B, D, F,

H, and J). Induced (10 mg/ml during development and

50 mg/ml RU486 [for constitutive] or 50 mg/ml RU486

[for adult only], solid circles) or uninduced (0 mg/ml

RU486, open circles) curves are shown.

(A and B) Life-span curves of RNAi knockdown of the

respiratory complex I gene CG9172, showing an in-

creased mean life span of 11% (p = 0.0001) upon consti-

tutive neuronal expression (A) and 18% (p < 0.0001)

upon targeted expression in adult neurons (B).

(C and D) Life-span curves of RNAi knockdown of the

respiratory complex I gene CG9762, showing an in-

creased mean life span of 14% (p < 0.0001) upon consti-

tutive neuronal expression (C) and 10% (p = 0.0114)

upon targeted expression in adult neurons (D).

(E and F) Life-span curves of RNAi knockdown of the

respiratory complex IV gene CG18809, showing an

increased mean life span of 12% (p < 0.0001) upon consti-

tutive neuronal expression (E) and 8% (p < 0.0001) upon

targeted expression in adult neurons (F).

(G and H) Life-span curves of RNAi knockdown of the

respiratory complex V gene CG5389, showing no increase

in life span (p = 0.4979) upon constitutive neuronal

expression (G), or (p = 0.7540) upon targeted expression

in adult neurons (H).

(I and J) Life spans of w1118/ELAV-Gene-Switch control,

showing no increase in life span (p = 0.0539) upon feeding

RU486 during development and adulthood (I) or (p =

0.1890) during adulthood alone (J).
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