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Abstract
The primary causes of age related changes in mitochondrial metabolism are not known. The goal of
this study is to document the influence of naturally occurring mtDNA variation on age dependent
changes in mitochondrial respiration, hydrogen peroxide (H2O2) generation and antioxidant defenses
in the fly Drosophila simulans. Possible changes include an increase in rates of reactive oxygen
species production with age and/or an age dependent decrease in antioxidant response. For this study
we have used flies harboring distinct siII and siIII mtDNA types. Previously we have shown that
males harboring siII mtDNA had higher rates 30 of mitochondrial H2O2 production from complex
III at 11 d compared to males with the siIII mtDNA type. Here, we corroborate those results and
show that Drosophila harboring the siII and siIII mtDNA types exhibit significantly different patterns
of pro-oxidant and antioxidant activities as they age. Flies harboring siII mtDNA had higher rates of
mitochondrial H2O2 production and manganese superoxide dismutase activity at 11 and 18 d of age
than siIII mtDNA 35 harboring flies. Copper-zinc superoxide dismutase activity increased from 11
to 25 d in siII flies while the accumulation of oxidized glutathione did not change between 11 and
25 d. In contrast, siIII harboring flies showed an age dependent increase in H2O2 production, reaching
higher production rates on day 25 than that observed in siII flies. Copper-zinc superoxide dismutase
activities did not change between 11 and 25 d while the oxidized glutathione accumulation increased
with age. The results show antioxidant levels correlate with pro-oxidant levels in siII but not siIII
flies. These results demonstrate our ability to correlate mtDNA variation with differences in whole
mitochondrial physiology and individual complex biochemistry.
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1. Introduction
Understanding age-related changes in the structure and functioning of mitochondria is critical
for elucidation of the molecular basis of aging and for better management of aging and age-
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related diseases. Mitochondria are not only the major metabolic energy supplier, but are also
the main intracellular source and target of reactive oxygen species (ROS) generated by the
respiratory chain. Mitochondrial metabolism may be influenced by (i) mitochondrial DNA
(mtDNA) encoded genes, (ii) nuclear encoded genes that produce proteins imported into the
mitochondrion, and/or (iii) interactions between mtDNA and nuclear encoded proteins
(mitonuclear interactions). The goal of this study is to document the influence of naturally
occurring mtDNA variation on age dependent changes in mitochondrial respiration, ROS
generation and antioxidant defenses.

The free radical theory of aging implicates oxidative molecular damage as an underlying cause
of age related changes in metabolism (Harman, 1956). Such oxidative damage is believed to
arise from an imbalance between metabolically generated ROS and anti-oxidative defenses.
In flies, respiratory chain complexes I and III are thought to be the major sites of ROS
production in mitochondria (Chen et al., 2003; Miwa et al., 2003). Complex I releases
superoxide anions towards the matrix side whereas complex III along with glycerol 3-
phosphate dehydrogenase releases superoxide on either side of the inner mitochondrial
membrane. Superoxide, enzymatically or non-enzymatically, dismutates to hydrogen peroxide
(H2O2) and both reactive oxygen species may damage DNA, lipids and biomembranes. The
anti-oxidative defenses consist primarily of antioxidant enzymes including superoxide
dismutase (SOD) and catalase and non enzymatic anti-oxidants such as glutathione.

Here we examine levels of pro-oxidants and anti-oxidants at 11, 18 and 25 d of age. Currently,
it is not clear whether it is the rate of ROS production, status of antioxidants and/or their relative
concentrations that are the major determinants of age related changes in mitochondrial
metabolism. Sohal et al. (1990a) evaluated antioxidant defenses and prooxidant generation in
three tissues of Sprague-Dawley rats and in short-lived insects. These authors suggested that
pro-oxidant generation was more crucial than antioxidant levels as possible longevity
determinants. However, maximum life span potential (MLSP) is correlated with antioxidant
levels in liver tissues of six different mammalian species. Sohal et al.(1990b) compared
antioxidant defenses in species that ranged from 3.5 to 30 years in MLSP and found that SOD
and catalase activities were positively correlated with MLSP. In contrast, glutathione
concentration was negatively correlated with MLSP.

The utility of Drosophila melanogaster as a model organism for studying aging has been firmly
established (Partridge et al., 2005; Tatar, 2007; Jafari et al., 2006). The same five complexes
of the electron transport chain are present in flies and humans and the same 13 mtDNA protein
coding genes are found in both taxa (Anderson et al., 1981; Clary, 1985). Further, it is known
that key molecular and metabolic pathways in aging are shared by flies and mammals (Partridge
and Gems, 2006). Not all pathways are shared (Lehtinen et al., 2006), but this validates the use
of Drosophila as a model system. A potential disadvantage of employing D. melanogaster is
that it’s mtDNA exhibits the statistical signature of a recent selective sweep (Ballard and
Kreitman, 1994). In addition to reducing variation this process has the potential to disrupt co-
adapted gene complexes by the process of genetic hitchhiking (Maynard Smith, 1974; Kaplan,
1989). As a consequence of the low mtDNA variation in D. melanogaster we propose D.
simulans as a parallel model for studying the role of mtDNA in aging (Ballard, 2005).

D. simulans harbors three distinct mtDNA haplogroups (siI, -II and -III) (Baba-Aïssa et al.,
1988; Satta et al., 1987; Solignac et al., 1986). Flies with siII mtDNA are globally most
widespread and co-occur with siIII flies in Tanzania, Kenya, Madagascar, and Reunion Island.
The siI harboring flies are restricted to Indian/Pacific Islands and have not been found with
those harboring any other mtDNA type. Flies harboring the distinct mtDNA types cannot be
distinguished morphologically, they mate randomly in the laboratory, and there is no evidence
of any nuclear subdivision at 16 nuclear encoded loci tested to date (Ballard, 2000a; Ballard
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et al., 2002; Dean et al., 2003; Ballard et al., 2007). Within D. simulans the mtDNA haplogroups
differ by about 3%. Flies, harboring siI mtDNA are evolutionarily most divergent from those
harboring siII and siIII mtDNA. In this study we quantify broad-brush differences among flies
harboring divergent siII and siIII harboring flies that were collected together in Kenya. One
potential limitation of D. simulans as a model is that the mtDNA variation among these two
haplogroups is greater than that observed within most species including humans (Horai et al.,
1995; Krings et al., 1999; Ballard, 2000a, 2000b).

We investigate age related changes in mitochondrial metabolism in flies harboring siII or siIII
mtDNA. Multiple strategies can be employed to determine if mtDNA influences mitochondrial
bioenergetics and organismal fitness in Drosophila. De Stordeur et al.(1989) used the
microinjection approach to assay the frequencies of foreign injected mtDNA. They
demonstrated that the three mitotypes have unequal ability to out compete the host mtDNA
type (siII>-III>-I). Ballard and James (2004) showed the same rank order of mtDNA fitness
in laboratory perturbation cages. James and Ballard (2003) used the reciprocal introgression
approach to show differences in three life-history traits. Katewa and Ballard (2007), and this
study, include eight D. simulans fly lines collected from Nairobi, Kenya. Both studies make
the assumption that random mating in nature has effectively randomized the nuclear genome.
This assumption is supported by two observations. First, siII/-III mtDNA heteroplasmy rates
of up to 10% have been found in D. simulans collected in Africa and Reunion Island (Ballard,
2000a; Ballard et al., 2002; Dean et al., 2003; Matsuura et al., 1991; Satta et al., 1988). Second,
no fixed nucleotide differences in nine nuclear encoded mitochondrial complex IV genes, and
four isoforms, have been detected. Using the same flies as used in this study Ballard et al
(2007) sequenced six mtDNA and 13 nuclear encoded genes (9 subunits and the four known
isoforms of complex IV of the electron transport chain). In siII or siIII harboring flies there
were seven nonsynonymous (four in ND2, two in COII and one in ATP8) and 108 synonymous
fixed mtDNA differences. In contrast, nuclear genes showed no fixed amino acid or
synonymous differences between siII or siIII harboring flies. These data show population
genetic subdivision in mtDNA genes but not in any nuclear encoded complex IV genes.
However, as over 1,000 proteins are imported into the mitochondrion and are essential for
mitochondrial metabolism it remains plausible that specific mitochondrial-nuclear gene
complexes exist.

Here, we extend Katewa and Ballard (2007) and take a top down approach by measuring state
3 and state 4 respiration of mitochondria respiring on NAD- and FAD-linked substrates at three
ages to assess the efficiency of the electron transport chain (Hafner et al., 1990). Next, we
target interactions between pro-oxidants and antioxidants at the same ages. Generally, males
harboring siII mtDNA show higher rates of mitochondrial H2O2 production, higher SOD
activities while the accumulation of oxidized glutathione (GSSG) does not change. On the
other hand siIII flies show lower rates of mitochondrial H2O2 production, lower SOD activities
and GSSG accumulation. The results show that the antioxidants SOD and GSSG correlate with
prooxidant levels in siII but not in siIII mtDNA harboring flies.

2. Materials and methods
2.1 Chemicals

All chemicals were of reagent grade and purchased from Sigma (St. Louis, MO, U.S.A.), unless
noted otherwise.

2.2 Fly lines
We study the same four siII and four siIII isofemale lines as Katewa and Ballard (2007). These
lines were randomly selected from 20 isofemale lines that were collected in Nairobi (Kenya)
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during November 2004. In the lab, fly lines were maintained at constant density, temperature
(23 °C), humidity (50 % RH), diurnal cycle (12 hr Light:12 hr Dark) and diet (Carolina
Biological instant Drosophila media). Parents of the experimental flies were released into
population cages and allowed to acclimate for 2 to 3 d. In all cases these adults were less than
two weeks old (Hercus and Hoffmann, 2000). Ovi-position resources (Petri dish with solidified
agar based medium containing 4 % agar and 10 % molasses) were provided for 4 hr periods
to collect cohorts of eggs. Eggs were harvested, washed and suspended in a small volume of
1 ✕ PBS (Clancy and Kennington, 2001) and 15 µl of this suspension containing about 200
eggs were added to instant Drosophila media. Four day old non-virgin flies were shorted by
sex on ice and males were maintained in demography cages for the duration of the study. Food
was replaced every 2–3 d in the demography cages.

Immediately prior to each biochemical analysis an equal number of 11, 18 or 25 d old males
from each of the four independently maintained lines that harbored siII mtDNA were pooled.
Similarly, an equal number of males from the four lines that harbored siIII mtDNA were
combined. The pooling strategy minimized individual differences caused by the nuclear
genome of a particular fly line and enabled us to detect more general differences that are due
to the mtDNA in-of-itself and/or of fixed nuclear differences that interact with each mtDNA
haplogroup (Ballard, 2000b; Ballard et al., 2002; Dean and Ballard, 2004). Pooling of flies
may lead to a biased result if flies were of unequal size and contributed disproportionately to
any subsequent assay or genetic subdivision. Katewa and Ballard (2007) tested whether the
size of each line could bias their results using the same fly lines we studied. If we assume thorax
weight is proportional to whole fly weight each fly line contributed between 24–27 % to each
biochemical assay. Ballard et al. (2007) sequenced over 5,500bp of the mitochondrial genome
to investigate genetic variation among the fly lines. We observed only one nonsynonymous
change within the four siII fly lines and one nonsynonymous change within the four siIII lines.

2.3 Isolation of intact mitochondria
For each flight muscle mitochondrial preparation we included 80 thoraces of male D.
simulans aged 11, 18 or 25 d. We did not assay flies less than 11 d because Sohal (1975)
reported that Drosophila show variation in both numbers and size of mitochondria in the first
week of life. We did not assay flies older than 25 d because Melvin and Ballard (2006) failed
to isolate mitochondria with respiratory control ratios (RCR) of more than 3 (for glycerol 3-
phosphate) from 32 d old flies using the same protocol we employ here. RCR was calculated
by dividing the state 3 rate by the state 4 rates.

All mitochondrial isolation steps were performed on ice or at 4 °C. Briefly, thoraces were
separated from heads and abdomens and homogenized in 200 µl of isolation buffer (Van den
Bergh, 1967) with 0.3 % (w/v) bovine serum albumin (BSA) in a 1.5 ml micro-centrifuge tube.
Homogenate was filtered by pipetting into 1 cc tuberculin syringe (BD, New Jersey, USA),
followed by 300 µl of isolation buffer and then gently forced through the gauze into a clean
1.5 ml micro-centrifuge tube. Filtered homogenate was centrifuged at 150 × g for 3 min
(Eppendorf centrifuge 5804 R, Hamburg, Germany) at 4 °C. The supernatant was passed
through one layer of gauze and recentrifuged at 9000 × g for 10 min. The supernatant was
discarded and the pellet was carefully washed with 200 µl of isolation buffer and then
resuspended in 40 µl of the same. Protein content of each sample was determined by using a
Bio-Rad DC protein assay kit (Hercules, CA). All assays using whole mitochondria were
conducted within 3 h of isolation.

2.4 Mitochondrial respiration
To measure the efficiency of the electron transport chain we used a top down approach (Hafner
et al., 1990). A 3 ml Clark-type oxygen electrode, maintained at 25 °C, was used to measure
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respiration rates from mitochondria isolated from thoraces (Rank Brothers, Cambridge,
England). The system was connected to a Powerlab data acquisition and analysis system
(ADInstuments, Colorado Springs, CO), assuming 479 nmol O / ml at air saturation (Katewa
and Ballard, 2007; Miwa et al., 2003). Mitochondria (about 0.4 mg/ml) were incubated in assay
medium (120 mM KCl, 5 mM KH2PO4, 3 mM Hepes, 1 mM EGTA, 1 mM MgCl2, and 0.2
% BSA, pH 7.2) supplemented with a mixture of 10 mM sodium pyruvate and 10 mM proline
(complex I) or 20 mM glycerol 3-phosphate (complex III) (Miwa et al., 2003). State 3 rates
were measured after the addition of 0.2–0.4 mM ADP. State 4 rates were measured after the
addition of oligomycin (1 µg / ml). All isolations with an RCR of less than 5.0 when pyruvate
and proline was the substrate were excluded. There were 0, 2, and 1 excluded on days 11, 18
and 25 for siII flies and 1, 1, and 1 excluded on days 11, 18 and 25 for siIII flies. Respiration
measurement with each substrate was carried out in duplicate from each mitochondrial
preparation and then averaged. The respiration assays were repeated on four to six independent
mitochondrial preparations.

2.5 Mitochondrial H2O2 production
The H2O2 produced in mitochondria comes from dismutation of mitochondrial superoxide.
Assays were performed using an Amplex Red H2O2/Peroxidase Assay kit (Molecular 215
Probes, USA). Reaction of Amplex Red reagent with H2O2 in the presence of horseradish
peroxidase produces the oxidation product, resorufin, which has an absorption maximum at
560 nm.

Standard reactions contained 5–15 µg mitochondrial protein, 10 µM acetylated cytochrome c,
2 µM Rotenone (ROT), 30U/ml SOD, 10 mM sodium pyruvate and 10 mM 220 proline (for
complex I) or 20 mM glycerol 3-phosphate (glycerol 3-phosphate dehydrogenase and complex
III) and the respiration buffer (Katewa et al., 2006). In all studies, reactions containing known
concentrations of H2O2 were used to construct a standard curve and run in each assay plate.
H2O2 production rate was calculated from the initial increase in absorbance at 560 nm measured
every 2 min for 1 h using a Molecular Devices, SpectraMax Plus spectrophotometer and
SoftMAX Pro software (Molecular Devices Corp., Sunnyvale, CA) at 25 °C and is expressed
as rate of H2O2 production per mg of mitochondrial protein. H2O2 production measurement
was carried out in duplicate for each mitochondrial preparation and then averaged. The assay
was repeated on six independent mitochondrial preparations.

2.6 Antioxidants enzyme assays
In flies, the major anti-oxidative enzymes are SOD and catalase. We have used 20 male thoraces
to obtain each homogenate preparation (Mocket et al., 1999). Six such independent
homogenate preparations were used for the antioxidant assays. The thoraces were homogenized
in 50 mM potassium phosphate buffer (pH 7.4). Homogenate was centrifuged at 500 × g for
10 mins and the clear supernatant was used for assays of SOD and catalase. Samples for catalase
were diluted 1:1 with 50 mM potassium phosphate buffer (pH 7.4) containing 0.2% triton-X
100.

Total superoxide dismutase was assayed with the SOD assay kit from Sigma (St. Louis, MO,
U.S.A.). The inhibition curves for pure bovine erythrocyte Cu-Zn superoxide dismutase
purchased from Sigma (St. Louis, MO, U.S.A.) are shown in supplementary Fig. S.1. The plots
show that the assay is linear from 0.1 U/ml to 10 U/ml of SOD. The fly thorax homogenates
were diluted to obtain an inhibition in the linear range. All assays were done in triplicate
following the manufacturer’s directions and then averaged. To separate Mn SOD activity we
used 5mM potassium cyanide. Cu-Zn SOD was then calculated by subtracting Mn SOD from
total SOD activity.
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Catalase was assayed using an Amplex Red Catalase Assay kit (Molecular probe, USA).
Activities are expressed as units/mg protein of the homogenate.

2.7 Glutathione content measurements
Levels of reduced glutathione (GSH) indicate the antioxidant status, whereas levels of GSSG
are indicative of oxidative stress (Agarwal and Sohal, 1994; Rebrin and Sohal, 2006; Sohal
and Dubey, 1994). We determined GSH and GSSG levels from thorax homogenates. Briefly,
20 thoraces were homogenized in 800 µl of 5% sulfosalicylic acid followed by a centrifugation
for 15 min at 12000 ✕ g to obtain one preparation. GSH and GSSG were measured in the
supernatant (Allen et al., 2000; Baker et al., 1990) and the measurements were done in duplicate
from each homogenate preparation and then averaged. The assays were repeated on six
independent homogenate preparations. For GSH the samples were further diluted 1:20 in 5%
sulfosalicylic acid. For GSSG, 7.5 µl of 2-vinylpyridine was added per 100 µl of undiluted
supernatant. The sulfosalicylic acid in assay tubes was neutralized by 14–16 µl of 1:4 diluted
tri-ethanolamine. Finally, 125 µl of DTNB assay buffer (final concentrations in the assay were
NADPH, 221.3 µM; DTNB, 462.6 µM; Glutathione reductase 10.6–12.3 U/ml; sodium
phosphate buffer 92.7 mM; EDTA 4.1 mM) was added to 25 µl of supernatant. The plate was
shaken for 15 seconds and then the absorbance was read on microplate reader at 412 nm for 5
min at 20 s intervals.

We also assayed GSH and GSSG levels in whole fly homogenates (Mockett et al., 1999; Rebrin
et al., 2004; Rebrin and Sohal, 2006). A potential problem with assaying GSH and GSSG from
thoraces is that the time lag between chopping the first fly and putting the thorax in
sulfosalicylic acid may reduce the observed concentration of thiols (Anderson, 1985). We have
no expectation that the time lag will differ between flies harboring distinct mtDNA types but
tissue specific differences between thoraces and whole flies may occur (Katewa et al. 2006).

2.8 Statistical analysis
Data are expressed in graph as means ± S.E.M of four to six individual samples measured in
duplicate or in triplicate. We employed two-way ANOVA’s to determine statistical differences
between the two mtDNA types and three age points (JMP, 1995). F and p values are reported
in the text. To illustrate differences among mtDNA types and between days we employed the
post-hoc students ‘t” test (significance p<0.05).

3. Results
3.1 Mitochondrial respiration

We quantified the bioenergetic performance of the entire electron transport chain with complex
I substrates pyruvate and proline. With complex I substrates, state 3 respiration rates were
lower in siII mitochondria compared to siIII mitochondria (Fig. 1A). ANOVA showed a
significant effect of mtDNA (F1,22 = 23.48, p <0.001) but not of day (F2,22 = 1.25, p =0.30)
nor their interaction (F2,22 = 0.02, p =0.98). State 4 respiration rates were lower in siII flies
and were highest on day 11 in both haplogroups (Fig. 1B). ANOVA showed a significant effect
of mtDNA (F1,20 = 5.78, p =0.026) and day (F2,20 = 8.93, p =0.002) but not their interaction
(F2,20 = 0.06, p =0.94). RCR values did not show a significant influence of mtDNA haplogroup
(F1,20 = 1.50, p =0.23), day (F2,20 = 3.21, p >0.05) or their interaction (F2,20 = 0.66, p =0.53,
respectively).

The performance of complexes III-V may be assayed by using glycerol 3- phosphate as
substrate for respiration. These data and summary statistics are presented in supplementary
Fig. S.2. Briefly, siII flies had lower state 3 respiration rates on all days assayed. There was a
significant effect of fly age but not mtDNA on state 4 respiration rates.
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3.2 Mitochondrial H2O2 production
In flies, about 80% of ROS is produced from complex III and glycerol 3-phosphate
dehydrogenase while 20% is produced from complex I (Katewa and Ballard, 2007; Melvin and
Ballard, 2006; Miwa et al., 2003). We assayed H2O2 production using complex III and complex
I based substrates. We present the glycerol 3-phosphate substrate data in Fig. 2. When glycerol
3-phosphate was used in the presence of rotenone, siII flies showed similar levels of ROS
production on days 11, 18 and 25 (Fig. 2). In contrast, siIII flies exhibited an age dependent
increase in mitochondrial H2O2 production. Two-way ANOVA shows a significant effect of
mtDNA (F1,30 = 21.04, p <0.001), day (F2,30 = 53.55, p <0.001) and their interaction (F2,30 =
51.56, p <0.001). For complex I based substrates, H2O2 production showed no clear trend
(supplementary Fig. S.3).

3.3 Antioxidant enzymes assays
In flies, Mn SOD is the primary defense of mitochondria against the highly reactive superoxide
produced inside the mitochondria. Mn SOD activities were higher in siII flies at day 11 and
day 18 but were similar to siIII flies at day 25 (Fig. 3). Peak activity occurred on day 18 in both
mtDNA groups. Two-way ANOVA showed a significant effect of mtDNA (F1,26 = 22.14, p
<0.001), day (F2,26 = 32.69, p <0.001) and their interaction (F2,26 = 5.74, p <0.01).

Cu-Zn SOD is present in the intermembrane space in mitochondria and in the cytosols of all
eukaryotic cells. Activity of Cu-Zn SOD increased with age in siII but not siIII flies (Fig. 4).
Two-way ANOVA showed a significant effect of mtDNA (F1,26 = 15.94, p <0.001), day
(F2,26 = 10.90, p <0.001) and their interaction (F2,26 = 5.06, p <0.014).

MtDNA haplogroup does not influence catalase activity and peak activity is seen in both groups
at 18 d of age (Fig. 5). Two-way ANOVA shows a significant effect of day (F2,30 = 21.56, p
<0.001) but not of mtDNA (F1,30 = 0.83, p <0.37) nor their interaction (F1,30 = 0.27, p <0.76).

3.4 Glutathione content measurements
Levels of GSSG are indicative of oxidative stress while GSH measures antioxidant status. In
the thorax only homogenates GSSG levels were lower in siII mtDNA harboring flies at all ages
(Fig. 6). Two-way ANOVA indicates a significant mtDNA effect (F1,27 = 20.96, p <0.001) but
no significant effect of day (F2,27 = 1.83, p =0.179) or their interaction (F2,27 = 1.316, p =0.285).
To further investigate the mtDNA effect we conducted a students ‘t’ post hoc contrasts
comparing day 11 and 25 for siIII flies. This analysis shows that GSSG levels were significantly
higher on day 25 (p < 0.05). Neither siII nor siIII flies showed any change in GSH content with
age. ANOVA shows no effect of mtDNA (F1,26 = 2.22, p =0.15), day (F2,26 = 2.32, p =0.12)
or their interaction (F2,26 = 0.52, p =0.60).

We measured GSSG and GSH in whole fly homogenates because we were concerned that the
processing of thorax samples could bias our results. As expected, GSSG and GSH levels were
generally higher in whole flies than thoraces but the data show a difference between mtDNA
types and tissues (supplementary Figs S.4 and S.5). Consistent with the thorax only data GSSG
levels were significantly lower in siII harboring flies at all the three age time points
(supplementary Fig. S.4). In contrast to data from thoraces GSH levels from whole flies tended
to decrease with age (supplementary Fig. S.5). We suggest that the observed difference between
GSH levels from thoraces and whole flies is a tissue effect that warrants further study. A
decrease in the GSH contents with age have been reported in whole fly homogenates for D.
melanogaster (Mockett et al., 1999; Rebrin et al., 2004; Rebrin and Sohal, 2006).
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4. Discussion
There is debate as to whether age related changes in mitochondrial metabolism are determined
by rates of ROS production, antioxidant status and/or their relative concentrations (Harman,
1956; Sohal et al., 1990a; Sohal et al., 1990b). Here, we show that flies harboring siII and
siIII mtDNA types exhibit significantly different patterns of pro-oxidant and antioxidant
activities as they age and antioxidant activities correlate with pro-oxidant levels in siII but not
in siIII mtDNA harboring flies.

H2O2 production does not increase with age in all Drosophila studies (Ballard, 2005; Ferguson
et al., 2005; Katewa et al., 2006; Miwa et al., 2004; Ross, 2000; Sohal et al., 1995a; Sohal et
al., 1995b). Like the majority of studies the rates of H2O2 production increased with age in
siIII flies (Ballard, 2005; Ferguson et al., 2005; Katewa and Ballard, 2007; Ross, 2000; Sohal
et al., 1995b). In contrast, siII flies showed no change in rate of H2O2 production over the range
tested. It is possible that this is a true biological affect. Miwa et al.(2004) did not observe an
increase in mitochondrial ROS production with age in D. melanogaster that were either calorie
restricted or overexpressing mitochondrial adenine nucleotide translocase. Alternatively, the
fact that rates of H2O2 production did not increase in siII flies may be a reflection of the limited
duration of the study. Sohal et al.(1995a) showed that the age dependent increase in the rate
of mitochondrial H2O2 production was higher between 32 – 58 d than 11 – 32 d. Another
possibility is that the age dependent decline in cytochrome c oxidase may be different in the
two flies. Cytochrome c oxidase is known to influence ROS production (Ferguson et al.,
2005) and we have shown that it is higher in siIII than siII flies on days 4 and 11 (Ballard et
al., 2007; Katewa and Ballard, 2007).

We observe that SOD activities were higher in siII but not siIII flies. Flies with siII mtDNA
had high Mn SOD activity at 11 and 18 days of age. The rates of H2O2 production were also
high at the same ages. The siII flies also showed an age dependent increase in Cu-Zn SOD
activity. This result suggests that level of ROS production influences the SOD level and that
Mn SOD activity responds earlier than Cu-Zn SOD activity. One possible explanation for this
result is that higher levels of ROS are produced towards the mitochondrial matrix (Katewa and
Ballard, 2007; Miwa et al., 2003). Our favored explanation for the different activities of Mn
SOD and Cu-Zn SOD in siII and siIII flies is that activities of SOD are modulated by various
factors including ROS levels (Franco et al., 1999). Further studies are required to directly test
SOD mRNA’s expression levels at different ages. The significance of superoxide anion radical
levels in influencing lifespan has been shown in studies of transgenic animals where
overexpression of SOD has been shown to cause a net increase in lifespan (Mockett et al.,
2003; Orr and Sohal, 1992; Sun et al., 2002; Sun et al., 1999). We find no support for the
alternative hypothesis that there is subdivision in nuclear encoded SOD loci associated with
the mtDNA haplogroup. We examined data from the D. simulans MD106 and MD199 fly lines
that harbor siII and siIII mtDNA respectively (Ballard, 2000a; Grumbling and Strelets, 2006)
and found no amino acid differences in the Mn SOD or Cu-Zn SOD genes.

We observed that flies harboring siIII mtDNA had higher levels of GSSG and were more
oxidatively stressed. We propose that the higher GSSG levels resulted from the age dependent
increase in rates of H2O2 production. Hyperoxia, which increases the rates of mitochondrial
generation of ROS (Turrens et al., 1982a; Turrens et al., 1982b) and accelerates the accrual of
macromolecular oxidative damage to tissues (Agarwal and Sohal, 1994; Sohal and Dubey,
1994), results in an age dependent increase of GSSG levels in D. melanogaster (Rebrin and
Sohal, 2006). In D. simulans, however, high GSSG levels may not influence organismal
longevity (Fig. 6 and supplementary Fig. S.4). Ballard et al. (submitted) detected small
differences in the mean survival of these same siII and siIII fly lines and James and Ballard
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(2003) used the reciprocal introgression approach to standardize the nuclear genome of three
fly lines and showed that males harboring siII and siIII mtDNA did not differ in mortality rates.

Flies harboring siIII mtDNA had higher state 3 and 4 respiration rates on all days assayed (Fig.
1 and supplementary Fig. S.2). This implies that siIII males are more bioenergetically efficient
than those with siII mtDNA. This result is in conflict with the observations that siII flies are
more successful than siIII flies in nature and in laboratory studies (Dean et al., 2003;Ballard
and James, 2004;Satta et al., 1988). If the efficiency of mitochondrial metabolism is related to
organismal success there are at least six potential reasons for the observed conflict. First, the
efficiency of mitochondrial metabolism may be low in very young siIII flies. Fig. 1A shows
state 3 respiration increases from 11 d to 18 d in siIII but is constant in siII. Second, we assayed
only males because we expected less variability between replicates (Wigby and Chapman,
2005). MtDNA is maternally inherited and slightly deleterious mutations can accumulate in
the mtDNA of males such that “good” mitochondria in males are “bad” in females (Rand et
al., 2001). Third, slightly deleterious mutations may have accumulated in flies harboring siII
mtDNA in Africa but may not be accumulating in regions outside of Africa because of positive
selection. Dean et al. (2003) reported three populations of D. simulans siII in eastern Africa
that showed a higher amount of mtDNA polymorphism than all previous descriptions of this
species. Fourth, the allocation and rate of utilization of mitochondrial substrates by siII and
siIII may be differentially influenced by dietary protein and carbohydrate. We employed one
organismal diet and two sets of mitochondrial substrates that may not reflect what flies consume
in nature (Raubenheimer and Simpson, 1993,1997,2003). Fifth, we assayed mitochondria at
25 °C. Flies harboring siIII are restricted to eastern Africa while siII flies are globally
distributed and 25 °C may be closer to optimality for the former than the latter flies. Sixth,
mitochondrial bioenergetic efficiency determined from thoraces may have no influence on the
distribution and abundance of whole organisms in nature. Rather, bioenergetic efficiency of
other tissues or of larvae may be more important. Additional studies are required to determine
if metabolic efficiency changes with tissue, age, gender, diet, temperature and life history stage.

These results demonstrate our ability to correlate mtDNA variation with differences in whole
mitochondrial physiology and individual complex biochemistry. This report, combined with
previous studies, quantifies genetic subdivision and establishes broad-brush metabolic
differences among flies harboring siII and siIII mtDNA (Ballard and Kreitman 1994; Ballard,
2000a; Ballard, et al., 2002; Ballard et al., 2007; Katewa and Ballard, 2007). Fixed mtDNA
encoded amino acid differences among haplogroups exist in each mitochondrial complex. In
contrast, no genetic subdivision associated with the mtDNA has been found in 16 nuclear genes
suggesting the differences seen in mitochondrial metabolism could be due to the variations in
the genes coded by mtDNA. Sequencing the three mtDNA encoded COX genes and 9 nuclear
encoded (plus the four known isoforms) COX genes supports this suggestion. Fixed amino
acid differences between flies harboring siII and siIII mtDNA are seen only in the COII mtDNA
encoded gene. One nonsynonymous change occurs in a loop towards the intermembrane space
and causes an isoleucine to threonine replacement. The second change causes an isoleucine to
valine replacement in a β8–strand of the cupredoxin fold towards the intermembrane space
(Williams et al. 1999). We suggest these amino acid changes are involved in age dependent
modification of cytochrome c oxidase activity. We have observed that cytochrome c oxidase
activity declined more quickly in siIII than siII harboring flies and ROS production increases
with age in siIII but not siII flies (Ballard et al. 2007; Katewa and Ballard 2007; Fig. 2).
Ferguson et al. (2005) have shown that cytochrome c oxidase activity declines with age and a
decrease in cytochrome c oxidase may cause an increase in ROS production. A limitation of
this hypothesis and of comparing siII and siIII flies is that it is not possible to pinpoint which
amino acid causes a specific change. Amino acid changes in complex IV, in subunit assembly
or in another complex may affect cytochrome c oxidase activity (Jesina et al., 2004; Varlamov
et al., 2002; Williams et al. 2004). Future studies, will contrast flies harboring siII mtDNA.
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The genetic variation within siII flies from east Africa is equivalent to that seen within humans
(Ballard, 2000a, Ballard et al., 2007).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Respiration rates of flight muscle mitochondria isolated from of flies harboring siII and siIII
mtDNA type with pyruvate and proline as substrate. A. Flies with siIII mtDNA showed higher
state 3 respiration. B. State 4 respiration rates are higher in siIII flies and are highest on day
11 in both groups. Bars show mean ± S.E.M of four to six independent mitochondrial
preparations. Mean values were significantly different (P< 0.05, post-hoc students ‘t” test)
from *: siII mtDNA, a: day 11(within mtDNA type).
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Fig. 2.
The pattern of hydrogen peroxide (H2O2) production rate differs among flies that harbor siII
or siIII mitochondria when glycerol 3 phosphate was used as the substrate. Flies with siIII
showed an age dependent increase in rate of H2O2 production whereas siII harboring flies
showed no age related change. Bars show mean ± S.E.M of four to six independent
mitochondrial preparations. Mean values were significantly different (P< 0.05, post-hoc
students ‘t” test) from *: siII mtDNA, a: day 11(within mtDNA type), b: day 18 (within mtDNA
type).
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Fig. 3.
Manganese superoxide dismutase activity (U/mg protein) is highest in siII mtDNA harboring
flies at day 11 and 18. Bars show mean ± S.E.M of four to six independent homogenate
preparations for each mtDNA type (siII and siIII). Mean values were significantly different
(P< 0.05, post-hoc students ‘t” test) from *: siII mtDNA, a: day 11(within mtDNA type), b:
day 18 (within mtDNA type).
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Fig. 4.
Copper-Zinc superoxide dismutase activity (U/mg protein) increases with age in flies harboring
siII mtDNA. Bars show mean ± S.E.M of four to six independent homogenate preparations for
each mtDNA type (siII and siIII). Mean values were significantly different (P< 0.05, post-hoc
students ‘t” test) from *: siII mtDNA, a: day 11(within mtDNA type), b: day 18 (within mtDNA
type).
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Fig. 5.
Catalase activity in both siII and siIII mtDNA groups peaks at day 18. Bars show mean ± S.E.M
of four to six independent homogenate. Mean values were significantly different (P< 0.05,
post-hoc students ‘t” test) from; a: day 11(within mtDNA type), b: day 18 (within mtDNA
type).
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Fig. 6.
Flies harboring siIII mtDNA have higher oxidized glutathione (GSSG) content in thorax
homogenates at all age groups. Bars show mean ± S.E.M of four to six independent homogenate
preparations for each mtDNA type (siII and siIII). Mean values were significantly different
(P< 0.05, post-hoc students ‘t” test) from *: siII mtDNA, a: day 11(within mtDNA type).

Katewa and Ballard Page 19

Insect Biochem Mol Biol. Author manuscript; available in PMC 2010 June 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


