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Abstract
Studies in a broad spectrum of model organisms have reported that dietary restriction (DR) is
associated with an increase in mitochondrial electron transport chain (ETC) function. However,
the question of whether ETC function is required for DR-mediated longevity remains
controversial. Here, we report that genetic and pharmacological interventions that target
mitochondrial complex V affect Drosophila lifespan in a nutrient-dependent manner. These
findings support a requirement for mitochondrial complex V in DR-mediated longevity in flies.
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Numerous correlative studies have suggested that alterations in mitochondrial electron
transport chain (ETC) function may play a role in mediating the pro-longevity effects of
dietary restriction (DR) (Lin et al. 2002; Nisoli et al. 2005; Bishop & Guarente 2007;
Guarente 2008). At the same time, genetic studies in both invertebrate (Ishii et al. 1998;
Feng et al. 2001; Dillin et al. 2002; Lee et al. 2003; Walker et al. 2006; Copeland et al.
2009) and vertebrate (Dell'agnello et al. 2007; Lapointe & Hekimi 2008) model systems
have shown that inactivation of genes important for ETC function can affect animal aging.
However, an understanding of the causal relationship between ETC function and DR
remains controversial. In yeast (Lin et al. 2002) and nematodes (Bishop & Guarente 2007),
it has been reported that ETC function is required for DR-mediated longevity. However,
these findings have been challenged by the observation that respiratory–deficient yeast cells
display a robust DR response (Kaeberlein et al. 2005). In this study, we investigate the
interaction between ETC function and DR in the fruit fly Drosophila.

Dilution of brewer's yeast has been proposed as an effective regimen for DR studies in
Drosophila (Bass et al. 2007). We confirmed that this yeast DR paradigm produced
longevity effects in our control flies (Figure 1A; Table 1). Reduction of brewer's yeast
concentration in the media from 6% (rich media) to 1% (DR) increased lifespan in control
flies. Moreover, a further reduction in yeast concentration to 0.2% yeast resulted in a
shortened lifespan. Recently, we reported that knock-down of a complex V (CG5389)
subunit resulted in increased longevity under our standard laboratory food conditions (3%
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yeast) (Copeland et al. 2009). Here, we examined the dependence of this complex V-
mediated lifespan extension upon nutritional conditions. We used a ubiquitous expression
GAL4 line, daughterless (da)-GAL4 to activate the CG5389 RNAi transgene and compared
survival of flies under rich, and DR media. Under rich media conditions, RNAi of CG5389
conferred an 18% increase in mean survival compared to isogenic control flies (Figure 1B;
Table 1). However, this longevity effect was abolished under DR conditions.

While using the da-GAL4 driver activated the complex V RNAi transgene throughout
development and adulthood, the DR regime was implemented exclusively during adulthood.
To examine the impact of adult-specific RNAi of complex V on DR-mediated longevity, we
used the mifepristone (RU486) inducible-GAL4 system (annotated P[Switch] or Gene-
Switch (Osterwalder et al. 2001; Roman et al. 2001)). We used the ubiquitous tubulin (tub)-
Gene-Switch (GS) driver line to examine the effect of activating RNAi of CG5389 only
during adulthood when the flies were first exposed to DR and rich media conditions.
Uninduced control flies again displayed a robust increase in lifespan under DR conditions
(Figure 1C; Table 1). In contrast, RNAi of complex V in adult flies greatly impaired DR-
mediated life extension. Inducer had no impact on longevity in control flies (w1118/tub-GS)
under either nutritional regime (Table 1).

In agreement with our previous genetic results, flies exposed to oligomycin, a specific
inhibitor of complex V, from the onset of adulthood did not show significant lifespan
extension under DR conditions without shortening lifespan under rich media conditions
(Figure 1D; Table 1). Taken together, our results indicate that ETC function plays an
important role in mediating this DR paradigm (6% to 1% yeast). All three manipulations that
target complex V (RNAi mediated by da-GAL4, RNAi mediated by tub-GS and oligomycin
feeding) impaired the ability of DR to promote longevity. RNAi of complex V mediated by
da-GAL4 resulted in increased longevity under rich media and a shortening of lifespan upon
DR. However, RNAi of complex V mediated by tub-GS and/or oligomycin feeding had no
major impact on longevity under rich media and prevented an increase in longevity under
DR. It is possible that variation in the degree of complex V inactivation in different tissues
may be responsible for these phenotypic differences.

For a number of technical reasons, we conducted this study using male flies: 1) RNAi of
ETC genes can decrease fecundity in female flies (Copeland et al. 2009). As reproductive
status can dramatically affect feeding behavior in female flies (Carvalho et al. 2006) this
may be a confounding factor in a study that manipulates nutrient availability. 2) The
presence of eggs and subsequently larvae in the media affects the texture of the food, which
may affect mortality and/or result in complicated effects on feeding behavior and hence drug
(RU486 or oligomycin) dosage. 3) Using this DR (yeast restriction) paradigm, we observed
robust effects on longevity in male flies which are not subject to the above variables.

Our study strongly suggest that DR results in changes in ETC function important for
longevity. It will be interesting to determine the nature of these changes and whether they
are evolutionarily conserved. One attractive hypothesis is that DR delays the onset of the
age-related decline in ETC activity reported across the animal kingdom (Wallace 2005).

While this manuscript was under review, Zid et al. reported that RNAi of subunits from
complex I and complex IV diminished the lifespan extension obtained upon DR in flies (Zid
et al. 2009).
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Methods
Fly stocks

Tubulin-Gene-Switch was a gift from S. Pletcher (University of Michigan, Ann Arbor, MI).
The CG5389 RNAi line was obtained from the Vienna Drosophila RNAi Center (Dietzl et
al. 2007) and backcrossed into the white1118 background seven times. daG32-GAL4 was
obtained from the Bloomington Stock Center. The age-related expression pattern of daG32-
GAL4 was recently reported (Martin et al. 2009).

Fly food
One liter of stock medium consisted of 19 g of sucrose, 38 g of dextrose, 10 g of agar, 91 g
of cornmeal, variable amount of Brewer's yeast (2, 10, 30, or 60 g), 11 mL of propionic acid,
and 1.5 g of tegosept (1.5 g of tegosept dissolved in 15 mL of 95% ethanol).

Lifespan analysis
Lifespan studies were carried out at 25°C on a 12-hour light/dark cycle, with survivors
transferred to fresh vials every 2-4 days. For Gene-Switch experiments, RU486 was
administered by adding 200 μl of 0, 10, or 50 μg/ml RU486 dissolved in ethanol to the top
of the fly food, as previously described. For adult-only induction, crosses were grown at
18°C during development. For oligomycin feeding, the drug was administered by adding
200 μl of 0, 5 or 25 μg/ml oligomycin dissolved in ethanol to the top of the fly food. Log-
rank test was used to compare differences in survival curves.
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Figure 1. Genetic and pharmacological manipulations that target mitochondrial complex V
affect fly lifespan in a nutrient-dependent manner
(A) Dietary restriction (1% yeast medium) extends Drosophila lifespan whereas
malnutrition (0.2% yeast medium) shortens lifespan. (B, C, D) Perturbation of mitochondrial
complex V affects DR-mediated extension of adult lifespan. Genotypes were as follows: (A)
Tub-Gene-Switch/w1118; (B) daG32-GAL4/w1118 (Control) and daG32-GAL4/UAS-complexV-
RNAi (RNAi); (C) Tub-Gene-Switch/UAS-complexV-RNAi fed with or without RU486 (50
μg/ml during adulthood); (D) Tub-Gene-Switch/w1118 fed with or without oligomycin (25
μg/ml during adulthood). Complete survival data including statistical analysis, replicate
daG32-GAL4 experiments and developmental feeding of oligomycin and RU486 are given in
Table 1.

Bahadorani et al. Page 5

Aging Cell. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Bahadorani et al. Page 6

Ta
bl

e 
1

Th
e 

ef
fe

ct
s o

f y
ea

st
 re

st
ric

tio
n 

on
 D

ro
so

ph
ila

 lo
ng

ev
ity

 in
 th

e 
pr

es
en

ce
 o

r a
bs

en
ce

 o
f m

ito
ch

on
dr

ia
l c

om
pl

ex
 V

 in
hi

bi
to

rs
. U

A
S-

R
N

A
i t

ar
ge

ts
 th

e
co

m
pl

ex
 V

 su
bu

ni
t C

G
53

89
. S

ur
vi

va
l c

ur
ve

s u
nd

er
 y

ea
st

 re
st

ric
tio

n 
(1

%
 y

ea
st

) w
er

e 
co

m
pa

re
d 

to
 su

rv
iv

al
 u

nd
er

 ri
ch

 m
ed

ia
 (6

%
 y

ea
st

). 
Th

e 
si

gn
ifi

ca
nc

e
of

 th
e 

di
ff

er
en

ce
 b

et
w

ee
n 

su
rv

iv
al

 c
ur

ve
s w

as
 a

na
ly

ze
d 

us
in

g 
lo

g-
ra

nk
 te

st
.

G
en

ot
yp

e
%

 Y
ea

st
R

U
48

6 
do

sa
ge

(D
ev

/A
du

lt)
O

lig
om

yc
in

 d
os

ag
e

(D
ev

/A
du

lt)
M

ea
n 

L
S

(d
ay

s)
M

ea
n 

L
S 

ex
te

ns
io

n
(v

er
su

s 6
%

 y
ea

st
)

Sa
m

pl
e 

si
ze

(n
 =

)
p 

V
al

ue
(lo

g-
ra

nk
)

Tu
bG

S/
w

11
18

0.
2

0 
μg

/m
l

0 
μg

/m
l

26
.7

-3
9.

4 
%

19
6

< 
0.

00
01

Tu
bG

S/
w

11
18

1
0 
μg

/m
l

0 
μg

/m
l

51
.2

8
16

.4
 %

18
0

< 
0.

00
01

Tu
bG

S/
w

11
18

3
0 
μg

/m
l

0 
μg

/m
l

46
.3

5.
1 

%
19

0
0.

00
26

Tu
bG

S/
w

11
18

6
0 
μg

/m
l

0 
μg

/m
l

44
.0

5
0 

%
18

5
-

Tu
bG

S/
w

11
18

1
0 
μg

/m
l

0 
μg

/m
l

58
.1

8
20

.5
 %

17
3

< 
0.

00
01

Tu
bG

S/
w

11
18

6
0 
μg

/m
l

0 
μg

/m
l

48
.2

9
0 

%
17

3
-

Tu
bG

S/
w

11
18

1
0 
μg

/m
l

0/
25

 μ
g/

m
l

49
.1

8
1.

4 
%

17
2

0.
06

5

Tu
bG

S/
w

11
18

6
0 
μg

/m
l

0/
25

 μ
g/

m
l

48
.5

1
0 

%
17

5
-

Tu
bG

S/
w

11
18

1
0 
μg

/m
l

0 
μg

/m
l

49
.4

19
.8

 %
17

6
< 

0.
00

01

Tu
bG

S/
w

11
18

6
0 
μg

/m
l

0 
μg

/m
l

41
.2

3
0 

%
18

1
-

Tu
bG

S/
w

11
18

1
0 
μg

/m
l

5/
25

 μ
g/

m
l

40
.9

8
0.

1 
%

18
3

0.
06

36

Tu
bG

S/
w

11
18

6
0 
μg

/m
l

5/
25

 μ
g/

m
l

40
.9

4
0 

%
18

8
-

Tu
bG

S/
w

11
18

1
0 
μg

/m
l

0 
μg

/m
l

55
.5

9
19

.7
 %

18
2

< 
0.

00
01

Tu
bG

S/
w

11
18

6
0 
μg

/m
l

0 
μg

/m
l

46
.4

4
0 

%
18

3
-

Tu
bG

S/
w

11
18

1
0/

50
 μ

g/
m

l
0 
μg

/m
l

54
.0

4
15

.5
 %

18
6

< 
0.

00
01

Tu
bG

S/
w

11
18

6
0/

50
 μ

g/
m

l
0 
μg

/m
l

46
.8

0 
%

18
1

-

Tu
bG

S/
U

AS
-R

N
Ai

1
0 
μg

/m
l

0 
μg

/m
l

59
.5

2
28

 %
17

4
< 

0.
00

01

Tu
bG

S/
U

AS
-R

N
Ai

6
0 
μg

/m
l

0 
μg

/m
l

46
.5

0 
%

18
3

-

Tu
bG

S/
U

AS
-R

N
Ai

1
0/

50
 μ

g/
m

l
0 
μg

/m
l

50
6 

%
18

0
0.

06
41

Tu
bG

S/
U

AS
-R

N
Ai

6
0/

50
 μ

g/
m

l
0 
μg

/m
l

47
.1

9
0 

%
18

0
-

Tu
bG

S/
U

AS
-R

N
Ai

1
0 
μg

/m
l

0 
μg

/m
l

60
.1

13
.3

 %
16

9
< 

0.
00

01

Tu
bG

S/
U

AS
-R

N
Ai

6
0 
μg

/m
l

0 
μg

/m
l

53
.0

6
0 

%
18

0
-

Tu
bG

S/
U

AS
-R

N
Ai

1
10

/5
0 
μg

/m
l

0 
μg

/m
l

56
.5

7
3.

9 
%

13
9

< 
0.

00
01

Tu
bG

S/
U

AS
-R

N
Ai

6
10

/5
0 
μg

/m
l

0 
μg

/m
l

54
.4

5
0 

%
19

0
-

Aging Cell. Author manuscript; available in PMC 2011 February 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Bahadorani et al. Page 7

G
en

ot
yp

e
%

 Y
ea

st
R

U
48

6 
do

sa
ge

(D
ev

/A
du

lt)
O

lig
om

yc
in

 d
os

ag
e

(D
ev

/A
du

lt)
M

ea
n 

L
S

(d
ay

s)
M

ea
n 

L
S 

ex
te

ns
io

n
(v

er
su

s 6
%

 y
ea

st
)

Sa
m

pl
e 

si
ze

(n
 =

)
p 

V
al

ue
(lo

g-
ra

nk
)

da
G

32
-G

AL
4/

w
11

18
1

0 
μg

/m
l

0 
μg

/m
l

39
.6

1
9.

5 
%

18
6

< 
0.

00
01

da
G

32
-G

AL
4/

w
11

18
6

0 
μg

/m
l

0 
μg

/m
l

36
.1

6
0 

%
18

7
-

da
G

32
-G

AL
4/

U
AS

-R
N

Ai
1

0 
μg

/m
l

0 
μg

/m
l

40
.7

-1
0.

4 
%

18
4

< 
0.

00
01

da
G

32
-G

AL
4/

U
AS

-R
N

Ai
6

0 
μg

/m
l

0 
μg

/m
l

45
.4

3
0 

%
18

7
-

da
G

32
-G

AL
4/

w
11

18
1

0 
μg

/m
l

0 
μg

/m
l

43
.4

2
13

 %
21

7
< 

0.
00

01

da
G

32
-G

AL
4/

w
11

18
6

0 
μg

/m
l

0 
μg

/m
l

38
.4

4
0 

%
21

0
-

da
G

32
-G

AL
4/

U
AS

-R
N

Ai
1

0 
μg

/m
l

0 
μg

/m
l

39
.2

1
-1

3.
2 

%
21

7
< 

0.
00

01

da
G

32
-G

AL
4/

U
AS

-R
N

Ai
6

0 
μg

/m
l

0 
μg

/m
l

45
.1

9
0 

%
21

1
-

U
AS

-R
N

Ai
/w

11
18

1
0 
μg

/m
l

0 
μg

/m
l

45
.8

9.
6 

%
16

9
< 

0.
00

01

U
AS

-R
N

Ai
/w

11
18

6
0 
μg

/m
l

0 
μg

/m
l

41
.8

0 
%

18
8

-

Aging Cell. Author manuscript; available in PMC 2011 February 1.


