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and non-coding A+ T region variation on mtDNA copy number, and demonstrate that copy number correlates
with mitochondrial biochemistry and metabolically important traits such as development time. For example,
high mtDNA copy number correlates with longer development times. Our findings support the hypothesis that
mtDNA copy number is modulated by mtDNA genome variation and suggest that it affects OXPHOS efficiency
through changes in the organization of the respiratory membrane complexes to influence organismal phenotype.

© 2017 Elsevier B.V. and Mitochondria Research Society. All rights reserved.

1. Introduction

Of all processes that transpire in animal mitochondria, the produc-
tion of ATP via oxidative phosphorylation (OXPHOS) is unique in the
sense that the enzymatic complexes that perform electron transfer
and ATP synthesis are products of a combination of polypeptides
encoded by two distinct genomes. Thirteen of these polypeptides are
encoded by the mitochondrial DNA (mtDNA), whereas the remainder
of the OXPHOS-related proteins are encoded in nuclear DNA (nDNA),
as are ~1500 additional proteins required for other mitochondrial func-
tions. Hence, it is required that mitochondria maintain a coordinated
communication with the nucleus via a series of anterograde and retro-
grade signaling processes for proper assembly and function of the
OXPHOS complexes. Different combinations of mtDNA- and nDNA-
encoded OXPHOS gene variants might alter this signaling and/or
OXPHOS assembly/function, causing changes at the phenotypic level
that may be under selective pressure. Thus, it is expected that the
most fit mitochondria have co-evolved mtDNA- and nDNA-encoded
gene products that reflect inter-genomic epistatic interactions leading
to an optimum level of OXPHOS performance and consequently, to
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appropriate organismal phenotypes for a particular environment. In
fact, altered phenotypes caused by a putative disruption of co-evolved
nuclear-mitochondrial OXPHOS function have been shown for different
traits and organisms (Ballard and Whitlock, 2004; Dowling et al., 2007).
In addition, naturally occurring mtDNA variants have been shown to af-
fect OXPHOS biochemistry (Katewa and Ballard, 2007; Wolff et al.,
2016), production of reactive oxygen species (Moreno-Loshuertos et
al., 2006), and other aspects of cellular (Kazuno et al.,, 2006) and organ-
ismal physiology (Ballard et al., 2007).

mtDNA differs from the nuclear genome in several aspects: it is ma-
ternally inherited, contains no introns and very few non-coding
intergenic nucleotides, possesses a single large non-coding region in
most animal species and uses a variant genetic code. mtDNA replication
occurs independently of nuclear DNA replication, although all trans-act-
ing factors associated with the replication process are encoded by nDNA
(Bogenhagen and Clayton, 1977). mtDNA copy number varies according
to the energy requirements of tissues (Taylor and Turnbull, 2005), rang-
ing from 2 to 10 copies per mitochondrion, and from hundreds to thou-
sands of copies per cell in energy-demanding tissues. In Drosophila
melanogaster, the single mtDNA non-coding region is called the A+T
region because of its high content of deoxyadenylate and thymidylate
residues (90-96%) (Fauron and Wolstenholme, 1976), and experimen-
tal evidence suggests it contains the origin of mtDNA replication
(Goddard and Wolstenholme, 1978; J6ers and Jacobs, 2013). The A+T
region is divided in two sub-regions, each with distinct, tandemly-
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repeated DNA sequence elements, plus non-repetitive intervening
and flanking regions that comprise about 22% of its length (Lewis et
al.,, 1994). The repeat I region carries a variable number of repeats of
338-373 bp in size (Lewis et al., 1994; Chen et al., 2012), whereas the
repeat Il region consists of four intact 464 bp repeats and a fifth partial
repeat of 137 bp (Lewis et al., 1994). Sequence variation within the
A+T region may be particularly important, because this region may
contain the main regulatory elements for both mtDNA replication and
gene expression (Goddard and Wolstenholme, 1978; J6ers and Jacobs,
2013). However, how naturally occurring mtDNA sequence variation
in the A+T and coding regions influences mtDNA copy number in
ways systematically related to organismal phenotype has not been
studied extensively, although this would serve to enhance our under-
standing of the role of the mitochondrial genome in metabolic
regulation.

In addition to the coordinated assembly of nuclear and mitochondri-
al-encoded proteins into four OXPHOS complexes, these complexes can
be further organized into dynamic supramolecular structures called
supercomplexes (SCs) (Acin-Pérez et al., 2008). Recent findings suggest
that short-term regulation of OXPHOS activity occurs at the level of SCs
within the inner mitochondrial membrane, with a direct impact on cel-
lular metabolism (Cogliati et al., 2016). The optimal function and abun-
dance of SCs in relation to different stimuli is to enhance electron
transport chain efficiency and ultimately cellular respiration. Variation
in SC formation can be caused by varying external and internal factors,
such as in disease states (Rosca et al., 2008). SCs have been found
throughout eukaryotes (Chaban et al., 2014), and their reorganization
in response to different stimuli may be considered a plastic response
of OXPHOS function in changing conditions. To our knowledge, the im-
pact that different mtDNA variants have on SC formation has not been
studied to date.

Here, we characterize the sequence and length variation in the
mtDNA coding and A+ T regions of ten naturally occurring haplotypes
of D. melanogaster, and investigate the effects of these haplotypes in
combination with their original and controlled nuclear backgrounds.
Our hypothesis was that the mtDNA variation among these lines could
be reflected in metabolically dependent phenotypes such as develop-
ment time and body weight via different biochemical properties, includ-
ing mtDNA copy number, oxygen consumption and SC formation and
activity. We found a striking positive correlation between mtDNA
copy number and development time, and suggest that this occurs be-
cause of increased oxygen consumption caused by higher abundance
of OXPHOS SCs in lines with lower mtDNA copy number. Our study con-
tributes to understanding the effects of mito-nuclear genome combina-
tions on mitochondrial function and how this could be related to
important organismal phenotypes.

2. Materials and methods
2.1. Fly strains, backcrossing and rearing conditions

Ten wild-type D. melanogaster strains, selected according to their
geographic origin (Table S1), were obtained from Bloomington Dro-
sophila Stock Center and backcrossed over ten generations, so as to con-
tain the nuclear background of the Oregon RT strain (Oregon R strain
maintained long-term in Tampere, Finland; ORT) combined with each
of the unique mtDNA haplotypes. Backcrossing, as widely-used in mito-
chondrial research to obtain specific mtDNA haplotypes in controlled
nuclear backgrounds, was conducted using males from the nuclear-
donor strain and females carrying mtDNA from another (Chen et al.,
2012; Hutter and Rand, 1995; James and Ballard, 2003). Four selected
mtDNA haplotypes (ORT, KSA2, WT5A and VAG1) were also
backcrossed into the wild-type M2 nuclear background by the same
procedure. M2 was selected as a nuclear background because its
mtDNA possesses the highest number of unique nucleotide substitu-
tions among all variants (see Section 3.1). The absence of the

endosymbiotic Wolbachia was confirmed by PCR using Wolbachia-spe-
cific primers (Chen et al.,, 2012). Flies were cultured on standard medi-
um (Toivonen et al., 2001) at 25 °C, with 12 h periods of light and
darkness and 60% humidity.

2.2. Extraction of total DNA, mitochondria and mitochondrial DNA

Total DNA was extracted using the phenol-chloroform-isoamyl alco-
hol method (Chen et al.,, 2012) from pools of 10 flies of a given strain, sex
and age. For A+ T region sequencing, mtDNA was extracted from isolat-
ed mitochondria of the strains in their original nuclear background.
Batches of 50-200 flies were homogenized at 4° with eight strokes of
a Teflon pestle in a glass homogenizer, in 4 ml HB medium (225 mM
mannitol, 75 mM sucrose, 1 mM EDTA, 0.1% BSA and 10 mM Tris-HCl,
pH 7.6). The homogenate was transferred to a 15 ml plastic centrifuge
tube, filled with HB and then centrifuged for 5 min at 1000g;,,4x at 4°
to pellet cell debris and nuclei. The supernatant was decanted to a
new 15 ml tube and crude mitochondria were pelleted for 10 min at
12,000g,,,4x at 4°. The pellet was washed once, then resuspended in
300 pl HB and overlaid onto a 1.5 M/1 M sucrose (2 + 2 ml) step gradi-
ent and centrifuged for 1 h at 180,000g,,,4« at 4°. The mitochondrial layer
was transferred to a 2 ml tube, and one volume of HB was added. Mito-
chondria were pelleted for 5 min at 12,000g;,,.x at 4°, then processed for
mtDNA extraction using the phenol-chloroform-isoamyl alcohol meth-
od (Chen et al.,, 2012).

2.3. mtDNA sequencing and sequence analyses

The coding region of the mitochondrial genomes was amplified, as
previously (Chen et al., 2012), in three overlapping fragments (of
~5.5 kb in size) by long-PCR (LongRange PCR kit, Qiagen), using total
DNA as template. The PCR conditions were: 93 °C for 3 min, followed
by 35 cycles of 93 °C for 15 s, 50 °C for 30 s, and 60 °C for 6 min,
with a final step of 60 °C for 10 min. PCR products were verified by 1%
(w/v) agarose gel electrophoresis, gel-purified and used as templates
for the sequencing reactions, using primers as described by Chen et al.
(Chen et al,, 2012). Both strands of the mtDNA fragments were entirely
sequenced using the Big Dye v3.1 kit and a 3130xI genetic analyzer (Ap-
plied Biosystems). The sequences were analyzed and the coding region
was assembled using the phred/phrap/consed package (Gordon et al.,
1998). Deviations from the reference sequence were confirmed by a
second PCR and sequencing of the amplified fragment. To confirm that
the backcrossing procedure was successful and that each of the cybrid
strains contained the expected mtDNA haplotype, specific mtDNA re-
gions from each of the backcrossed cybrids were amplified and se-
quenced. The entire sequence of the ten mtDNA coding regions and that
of Drosophila simulans (used as an outgroup, GenBank CM002915.1) was
aligned using Clustal Omega, and the alignment was inputted in the
TreeFinder program (Jobb et al., 2004) for inference of the maximum like-
lihood phylogenetic tree, with 1000 bootstrap replicates. Methods for the
A+T region sequencing (and mapping of the repeat region length) are
described in the Supplementary File.

2.4. Relative mtDNA copy number determination

We measured relative mtDNA copy number levels from two-hour,
and three-, ten- and 25-day old virgin females and males, and from
pupae from strains in their original nuclear background and as ORT
cybrids. To do so, 50 ng of total DNA was used as template in quantitative
PCR using primers for the mitochondrial 16S rRNA gene (16S-R 5’-
TCGTCCAACCATTCATTCCA-3’ and 16S-L 5'-TGGCCGCAGTATTTTGACTG-
3’) and the nuclear RpL32 gene (RpL32F 5’-AGGCCCAAGATCGTGAA
GAA-3’ and RpL32A 5’-TGTGCACCAGGAACTTCTTGAA-3’). Reactions
were performed in a StepOnePlus instrument (Applied Biosystems)
using the Fast SYBR Green Master Mix (Applied Biosystems) under the
manufacturer's recommended conditions: 95 °C for 20 s, followed by
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40 cycles of 95° for 3 s and 60° for 30 s. Calibration curves were used to
quantitate mtDNA copy numbers relative to nDNA, based on the linear
relationship between the crossing point-cycle values and the logarithm
of the starting copy number. The average Cy and SD were calculated
from three technical replicates per sample, from four biological repli-
cates. The AA Cr values were calculated by comparing the ratios between
the nuclear and mitochondrial target genes. The relative mtDNA copy
number values were derived by comparing each of the sex, strain and
age group samples to the same internal control sample that was arbi-
trarily given the value 1.0. The internal control sample for the experi-
ments shown in Figs. 2, 3, S3 and S4 consisted of pooled total DNA
from 200 ORT males of 25 days or older, whereas the one shown in
Figs. 4 and S7 consisted of pooled total DNA from 200 ORT males of
one-to-five days of age.

2.5. Measurements of egg-to-adult development time and juvenile body
weight

Four vials containing 20 pre-mated females and 10 males per vial
were used for egg laying on four consecutive days (5-8 h daily). Vials
containing >100 eggs were excluded from the analysis. Time of devel-
opment was determined by counting the number of females and
males enclosed on a particular day (vials checked once a day) and com-
paring it to the day of egg laying. Within one day after eclosion, the ju-
venile body weight of females and males was measured in pools of three
individuals, using a calibrated analytical balance and 20-30 biological
replicates per strain and sex.

2.6. Oxygen consumption measurements

Total protein lysate was prepared from batches of 12-15 pupae or
three day-old flies from four selected ORT cybrid strains (haplotypes
ORT, KSA2, WT5A and VAG1). Pupae or adult flies were homogenized
gently with a mortar and pestle at 4 °C in 500 pl of cold isolation buffer
(250 mM sucrose, 5 mM Tris-HCl, 2 mM EGTA, pH 7.4) and then filtered
through muslin. Oxygen consumption was measured with a Clarke-type
oxygen electrode (Oxygraph, Hansatech Instruments Ltd., Norfolk, UK)
in assay buffer (120 mM KCl, 5 mM KH,PO4, 3 mM HEPES-KOH, 1 mM
EGTA, 1 mM MgCl,, 0.2% bovine serum albumin, pH 7.2) with successive
addition of substrates for Complex I (15 mM sodium pyruvate, 15 mM L-
proline), Complex III (15 mM glycerol-3-phospate) and Complex IV
(1.5 mM N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) and
6 mM ascorbate) in presence of 5 mM ADP. Complex I-, IlI- and IV- driv-
en respiration was corrected for non-respiratory oxygen consumption
using 150 nM rotenone, 60 nM antimycin A and 100 nM potassium cy-
anide, respectively. The total protein concentration was calculated by
the Bradford assay and used to normalize the activity of the mitochon-
drial complexes.

2.7. Blue native gel electrophoresis and in-gel activity assay

To measure activity and formation of respiratory complexes and
supercomplexes, isolated mitochondria from 40 to 50 pupae or three-
day old adult females of the four selected ORT cybrid strains (haplotypes
ORT, KSA2, WT5A and VAG1) were used in blue native gel electrophore-
sis (BNE) and in-gel activity assays. The samples were homogenized
gently at 4 °C with a chilled mortar and pestle with 600 il of Isolation
Buffer (250 mM sucrose, 5 mM Tris-HCI, 2 mM EGTA, 0.1% bovine
serum albumin, pH 7.4). The homogenate was filtered through muslin
and centrifuged for 3 min at 200 X g,,,4,. The supernatant was then cen-
trifuged at 9000 x g,qx for 5 min to collect mitochondria. The pellet was
suspended in 200 pl of Isolation Buffer without bovine serum albumin.
The protein concentration of the resulting mitochondrial preparation
was measured using the Bradford assay and the samples were stored
at — 80 °C prior to analysis. BNE, used to separate respiratory complexes
in their active native conformation, was performed using the

NativePAGE Novex Bis-Tris gel System (Invitrogen Life Technologies).
Aliquots of 100 pg of mitochondria were dissolved in 25 pl of 1x Native
PAGE Sample Buffer, pH 7.2, containing 50 mM BisTris- 6 N HCI, 50 mM
Nadl, 10% w/v glycerol, 0.001% Ponceau S, in the presence of 1% digito-
nin and EDTA-free protease inhibitors (Roche), incubated 15 min on
ice, and then centrifuged for 30 min at 16,000 X g« at 4 °C. The super-
natant containing the inner membrane complexes was mixed with 4 x
Native PAGE Sample Buffer, 5% Coomassie G-250 in a total volume of
40 pl. 30 pg of protein was loaded onto the NativePAGE Novex Bis-Tris
gel and electrophoresis was performed at 70 V for 1 h in Anode Buffer
containing 50 mM Bis-Tris, 50 mM Tricine, pH 6.8 and Dark Blue Cath-
ode Buffer containing 50 mM Bis-Tris, 50 mM Tricine and 0.02%
Coomassie G-250 at 4 °C. The Dark Blue Cathode Buffer was replaced
by Light Blue Buffer containing 0.002% Coomassie G-250 and the elec-
trophoresis was continued for 21 h at 25 V. The in-gel activity staining
for Complexes I and IV was performed by incubating the gels for 24 h
at room temperature with a solution containing 2 mM Tris-HCI,
pH 7.4, 0.1 mg/ml NADH and 2.5 mg/ml nitrotetrazolium blue (Sigma)
for Complex I activity, and with a solution of 0.05 M phosphate buffer
pH 7.4 (9 ml) containing 5 mg 3.3’-diamidobenzidine tetrahydrochlo-
ride, 1 nM catalase, 10 mg cytochrome C and 750 mg sucrose for Com-
plex IV activity. Gels were washed in distilled water and scanned
using an Epson Perfection V750 Pro scanner.

2.8. Statistics

mtDNA copy number variation across flies of different haplotype, sex
and age groups was analyzed via multi- or one-way analyses of variance
(ANOVA), followed by the Tukey post hoc test of significance, as indicat-
ed in the figure legends. Multiple linear regressions were used to per-
form correlation analyses among biochemical and phenotypical data,
using the calculated average of these parameters, and the obtained R?
was tested for significance via ANOVA, as indicated in the figure legends.
All statistical analyses were performed using the software SAS Universi-
ty Edition v9.4 (SAS Institute Inc.).

2.9. Data availability

Strains are available upon request. Sequence data are available in
GenBank (accession numbers are listed in Table S1).

3. Results

3.1. mtDNA polymorphisms show both haplogroup- and haplotype-specific
variation

To begin to evaluate the potential effects of mtDNA sequence varia-
tion on diverse aspects of mitochondrial function, we sequenced the
complete coding regions of ten strains of D. melanogaster that originated
from various geographical locations (Table S1). Two mtDNA
haplogroups were established based on a maximum likelihood analysis
(Fig. 1A). Ninety polymorphic sites were identified within the coding
sequences, and 33 of these were haplogroup-specific (Table S2). Align-
ment of the deduced amino acid sequences identified 17 replacements
among the 13 mtDNA encoded OXPHOS genes, with only three of
these (ND3, ND4L and ATP8) being completely conserved across all lin-
eages (Table 1). Considerable polymorphisms were also found among
the two mitochondrial rRNA genes, 125 and 168, but only a single nucle-
otide change in the tRNA®™ gene was observed in the 22 mitochondrial
tRNA genes (Table S2).

We also investigated nucleotide and length variation in the A+ T re-
gion of the D. melanogaster mitochondrial genome (Lewis et al., 1994).
Gel electrophoresis of long-PCR fragments showed that the A+ T region
varies in size from ~4.5 kb to ~5.5 kb among all strains (Fig. 1B), and
partial Pacl restriction endonuclease digestion analyses indicated that
the number of repeats in the repeat I region varied from three to six
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Fig. 1. mtDNA haplotype variation. (A) Maximum likelihood tree based on the mtDNA coding region sequence variation of ten D. melanogaster mtDNA haplotypes and the D. simulans
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among the mtDNA haplotypes (Fig. S1), accounting for most of the
length differences among these mitochondrial genomes. Most haplo-
types carried four copies of repeat I, but ORT had three, M2 had five,
and LS and PYR2 had six. The repeat Il region did not show size variation
among the mtDNA haplotypes analyzed here (data not shown). We also
sequenced 1425 nucleotides from selected sections of the A+ T regions
(divided into three segments, labeled as a-c in Fig. 1C) and found both
haplogroup- and haplotype-specific SNPs throughout the sequences,
and length variation within the TA-1, -2 and -3 repeat blocks, CAT-
block, and middle and right end T-stretches (Fig. 1C, Fig. S2, Table S3).
Though there was substantial variation in the A+ T region, only the
number of repeat I copies and the total length of the mtDNA genome
are correlated statistically with the other parameters examined among
the ten strains, as described in the following sections.

Table 1

3.2. Naturally varying mtDNA haplotypes influence mtDNA copy number

We evaluated the effects of the ten mtDNA haplotypes on relative
mtDNA copy number of four adult age groups by comparing copy num-
bers in their original nuclear backgrounds, and as cybrids using the ORT
nuclear background. First, we observed no significant differences when
the strains were grouped into haplogroups, of either sex, whether in the
original or the ORT nuclear background (Fig. 2). Although variation was
greater among the strains with the mtDNAs in their original nuclear
backgrounds, a clear trend was observed for almost all haplotypes, re-
gardless of nuclear background: whereas female mtDNA copy number
was significantly higher at ages three and ten days, male copy number
was generally more uniform throughout the first 25 days of adult life
(Fig. 2, S3 and S4). Interestingly, we found that higher mtDNA copy

Deduced amino acid substitutions in the protein coding genes of OXPHOS complexes [, III, IV and V in the D. melanogaster mtDNA variants. Unique amino acid replacements that are hap-

lotype-specific are indicated in bold.

mtDNA  mtDNA haplogroup | il I\% \"
ND1 ND2 ND3  ND4 ND4L  ND5 ND6 CYTB col con coi ATP6 ATP8
ORT I VigogM  Ir77L Msgol Ss38P, MssoV
KSA2 1 VieM Lol Msgol DN AssT  SsssP, MasoV
PVM I VigoM  I77L Msol Ss538P, MssoV
BOG1 I VigogM  I77L Ass56T, M5l Ss38P, MssoV
WT5A I VigogM  Ir77L Msgol Ss38P, MssoV
M2 I VigoM  I77L, MagoV Vieil Msoal A106T Missl, Ss3sP, MssoV
PYR2 Il Ni1sD  VpeaM
LS Il SsoF Dq3N
BS1 I GssS

VAG1
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Fig. 2. Variation in mtDNA copy number in aging flies of different haplogroups. Relative mtDNA copy number was calculated by using a reference sample of a total DNA pool from 200 ORT
males of 25 days or older (arbitrarily set as 1.0). The data points represent the mean of three/four biological replicates of the strains pooled per haplogroup, according to Fig. 1A. Error bars
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Tukey post hoc test. Bkg, nuclear background.

number among the original strains in both sexes is associated statistical- summary, our data do not reveal a haplogroup-specific contribution to
ly with A+ T regions bearing five or six repeat I copies (Fig. 3). In the mtDNA copy number among the strains analyzed, but do indicate an in-
ORT cybrids, mtDNA copy number remained low when the A+ T region fluence of the number of repeat I copies in the A+ T region of the given
had only three repeat I copies (especially in females at age three days), haplotype.

whereas no significant differences were observed for haplotypes with We evaluated the effects of ORT, another low (KSA2) and two high
four, five or six copies. The ORT haplotype, the only one with three re- (WT5A and VAG1) copy number haplotypes (based on the ORT cybrid
peat I copies, also presented significantly lower mtDNA copy number data, Figs. S3 and S4) on mtDNA copy number in the M2 nuclear back-
in females of age three days when tested as a cybrid using the M2 nucle- ground. We found that female mtDNA copy number at its highest levels
ar background (Fig. 4), showing that low mtDNA copy number can be (age three days) was similar in the ORT and M2 nuclear backgrounds
maintained in a mtDNA haplotype with only three copies of repeat I, de- (Fig. 4A), suggesting that it is determined by the mtDNA haplotypes
spite the possible disruption of mito-nuclear genome interactions. In themselves. In analyzing the two unique amino acid replacements in
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Fig. 3. Association between mtDNA copy number and number of repeat I copies in the mtDNA A+ T region. Relative mtDNA copy number was calculated using as reference a total DNA
pool from 200 ORT males of 25 days old or older (arbitrarily set as 1.0). The data points represent the mean of three/four biological replicates of the strains pooled per number of A+T
region repeat I copies: three copies (black symbols), ORT; four copies (red), KSA2, PVM, BOG1, WT5A, BS1 and VAGT; five copies (blue), M2; and six copies (green), LS and PYR2. Error
bars represent the standard deviation. Blue asterisks indicate that mtDNA copy number in one-day old females and males with five repeat I copies is significantly higher (p < 0.001)
than in other females and males of the same age group, respectively. Black asterisk indicates that mtDNA copy number in ten-day old females with five or six repeat I copies is
significantly higher (p < 0.05) than in females with three or four repeat I copies of the same age group. Red asterisk indicates that mtDNA copy number in three-day old males with
five or six repeat I copies is significantly higher (p < 0.05) than in males with three or four repeat I copies of the same age group. Green asterisks indicate that mtDNA copy number in
three-day old females and males with three repeat I copies is significantly lower (p < 0.05) than in females and males with four, five or six repeat I copies of the same age group,
respectively. The statistical analyses were performed via multi-way ANOVA, followed by the Tukey post hoc test.
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copy number haplotype KSA2 in combination with the ORT nuclear background (open symbols). Relative copy number was calculated using a reference sample of a total DNA pool from
200 ORT males of 25 days or older (arbitrarily set as 1.0). The data points represent the mean of four biological replicates of the strains pooled according to the amino acid replacements:
CYTB D21 and COIII A75 (filled symbols), ORT, PVM, BOG1, WT5A, BS1, VAG1, M2, LS and PYR2; CYTB N21 and COIII T75 (open symbols), KSA2. Squares, females; triangles, males. Error bars
represent the standard deviation. One asterisk indicates that mtDNA copy number in two-hour and ten-day old females bearing D21 in CYTB and A75 in COIIl is significantly higher
(p<0.05) than in KSA2 females of the same age group, respectively. Two asterisks indicate that mtDNA copy number in three-day old females and males bearing D21 in CYTB and A75
in COIIl is significantly higher (p < 0.05) than in KSA2 females and males of the same age group, respectively. The statistical analyses were performed via multi-way ANOVA, followed

by the Tukey post hoc test.

the CYTB (D21N) and COIIl (A75T) genes of the KSA2 haplotype, we also
found a positive correlation with low mtDNA copy number in the ORT
nuclear background (Fig. 4B).

3.3. Interactions between mtDNA and nuclear background influence
development

The effect of mtDNA haplotypes on phenotypic traits was examined
by evaluation of egg-to-adult development time and juvenile body
weight. As with mtDNA copy number, we observed that variation
among haplotypes was highest in their original nuclear background,
compared with the ORT and M2 cybrid strains (Figs. S5 and S6). We
found positive correlations between development time and mtDNA
copy number, and between body weight and mtDNA copy number in fe-
males of the original nuclear background strains (Fig. 5). >90% of this
variation is attributable to variation in mtDNA copy number. Interest-
ingly, the correlation between body weight and mtDNA copy number
was lost in female ORT cybrids, but that between development time
and mtDNA copy number remained strong (Fig. 5B). No correlation
was observed between mtDNA copy number and development time
or body weight in males (data not shown). However, approximately
70% of the variation in development time in males can be explained
by the variation in mtDNA copy number in females, in both the original
and the ORT nuclear backgrounds (Fig. 5B). In the ORT nuclear back-
ground, the variation in body weight in males was also correlated
with female mtDNA copy number (R?> = 0.41, p = 0.045; data not
shown).

Conversely, we found a significant and positive correlation between
body weight in females and mtDNA copy number in males, in the orig-
inal nuclear background strains, although not in the ORT cybrid strains.
This accounted for almost 70% of the variation in female body weight
(Fig. 5A). Taken together, our data suggest that mtDNA copy number
(regardless of sex) influences female body weight but this relationship
is dependent on mito-nuclear genome interactions. In agreement with
this proposition, we found no statistical correlations between female
body weight and mtDNA copy number in the M2 cybrid strains (data
not shown).

As regards developmental time, this was strongly correlated in both
sexes with mtDNA copy number in females in the ORT nuclear back-
ground, especially at the age when the females are most fertile (3- to
10 days). Put simply, high mtDNA copy number is correlated with lon-
ger development time. Although not statistically significant, we ob-
served an opposite trend in the M2 cybrids: the more mtDNA in

three-day old females, the faster the development (R? = 0.36 for fe-
males, and 0.83 for males), again suggesting the importance of mito-nu-
clear genome interactions.

3.4. mtDNA variation affects OXPHOS parameters

To evaluate the relationship between mtDNA sequence variation,
copy number, and phenotype, we measured mitochondrial substrate
oxidation by OXPHOS Complexes I, Il and IV, as well as the formation
and activity of SCs containing Complex I and IV, in 3 day-old adults,
using ORT cybrids with both high (VAG1, WT5A) and low copy number
(ORT, KSA2). Both of the low copy number haplotypes showed elevated
oxidation of Complex I- and Ill-linked substrates whereas Complex IV-
driven oxygen consumption was uniform among the cybrids tested
(Fig. 6A).

To investigate the molecular nature of these effects, we used BNE
combined with in-gel histochemistry for Complexes I and IV. SCs man-
ifesting Complex I activity were elevated (Fig. 6B), implying that the
higher rates of Complex I-linked substrate oxidation observed in these
cybrids are linked to a higher order arrangement of the OXPHOS com-
plexes in the ORT and KSA2 haplotypes. At the same time, both the in-
gel activity of Complex IV and its presence in SCs were uniform
among the four strains (Fig. 6B).

Although not supported statistically because of the low sampling, we
did find an important correlation between Complex I- and IlI-linked
substrate oxidation and the phenotypic parameters associated with
low mtDNA copy-number, i.e., developmental time, and female body
weight (Fig. S8). Our data suggest that higher OXPHOS activity associat-
ed with increased SCs may be the biochemical explanation for the faster
development and decreased body weight in females, in the lines with
lower mtDNA copy number. Because these phenotypic parameters are
dependent on development itself, we also examined mtDNA copy num-
ber, substrate oxidation and SC representation in the selected low and
high copy number ORT cybrids at the pupal stage, but found no signifi-
cant differences among the four lines (Fig. S7C-E).

4. Discussion

In this report, we have demonstrated effects of mtDNA sequence
variation, both in the coding and non-coding A+ T regions, on mtDNA
copy number, and found correlations between mtDNA copy number,
developmental traits, and mitochondrial biochemistry. Naturally occur-
ring mtDNA variants have been shown previously to affect
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mitochondrial bioenergetics in D. melanogaster (Aw et al., 2011;
Innocenti et al.,, 2011; Clancy, 2008), D. simulans (Katewa and Ballard,
2007; Melvin and Ballard, 2006; Pichaud et al., 2010), mice (Moreno-
Loshuertos et al., 2006) and humans (Amo and Brand, 2007; Elson et
al.,, 2007). It has also been shown that mtDNA variation affects mtDNA
copy number and gene expression, and that this can be linked to sex-
specific effects on fertility and longevity in Drosophila (Camus et al.,
2015). mtDNA variation in humans has been connected to susceptibility
to complex disorders, and to tissue-specific alterations in mitochondrial
activity (Moreno-Loshuertos et al., 2006; Kazuno et al., 2006).

Among the 13 proteins encoded in mtDNA, we found several haplo-
type-specific amino acid replacement variants, eight of which (ND5
S59F in LS, ND5 A356T in BOG1, ND6 N114D in PYR2, CYTB D21N in
KSA2, COI A106T in M2, COII G58S in BS1, COIlI D13N in LS, and COIIl
A75T in KSA2) are judged more likely to have functional consequences
due to their non-conservative nature. However, only CYTB D21N and/or
COIIl A75T, both specific to haplotype KSA2, were associated with low
mtDNA copy number in controlled nuclear backgrounds. The extent to
which these amino acid changes alter the structure and function of
the OXPHOS proteins, causing an impact on copy number, remains to

be evaluated thoroughly. We also found that low mtDNA copy number
in the ORT haplotype is associated with a low number of copies of the
A+T repeat I element. Though mtDNA coding region variation has
been studied more extensively, variation in the A+ T region in Drosoph-
ila has attracted less attention, despite the potential for size and se-
quence variation in this region to influence mtDNA replication and/or
transcription. A specific replication origin has been shown to lie within
the A+T region of Drosophila mtDNA (J6ers and Jacobs, 2013; Clary and
Wolstenholme, 1987). We speculate that lower representation of the
repeat I element could decrease the frequency of mtDNA replication ini-
tiation, leading to a lower mtDNA copy number. One might expect that
replication and transcription of shorter mtDNA variants, as is the case
for the ORT haplotype, is completed faster, so there might be a compen-
satory process to keep a lower steady-state number of mtDNA mole-
cules in the cells to balance transcription and/or translation inside
mitochondria. However, how this would influence SC formation and
the efficiency of OXPHOS is unclear.

mtDNA variation and its effects on fitness and adaptation have been
observed in humans, mice, hares, finches, copepods and Drosophila
(Meiklejohn et al., 2007; Dowling et al., 2008; Galtier et al., 2009;
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stained with Coomassie blue (Fig. S7B).

Ballard and Whitlock, 2004; William and Ballard, 2005; Ballard and
Melvin, 2010). Selective pressure on human mtDNA variants has been
suggested to lead to mtDNA-specific adaptations to different environ-
ments (Blier et al,, 2001; Fontanillas et al., 2005; Wallace, 2005). Using
controlled nuclear backgrounds via the construction of cybrid strains
has revealed the importance of mito-nuclear interactions among differ-
ent geographically-isolated populations of D. simulans and the marine
copepod Tigriopus californicus. These studies showed that disrupting
these interactions in allopatric populations can lead to a decrease in
OXPHOS activities, including Complex IV (Edmands and Burton, 1998;
Sackton et al.,, 2003), Complexes I and III, and ATP production (Ellison
and Burton, 2006). Other studies have also illustrated the effects of
disrupting co-evolved mito-nuclear allelic complexes on aging
(Clancy, 2008; Rand et al., 2006) and male fertility-related traits (Yee
etal,, 2013) in Drosophila. Here, we studied two metabolically important
phenotypic traits, egg-to-adult development time and juvenile body
weight, and showed their positive correlations with mtDNA copy num-
ber in females of the original strains. We showed that the correlation be-
tween mtDNA copy number and body weight is disrupted in the ORT
cybrid strains, suggesting some level of inter-genomic co-adaptation
in the wild strains. If the negative effects of disrupting coevolved
mito-nuclear gene complexes were to increase with greater evolution-
ary distance we would have expected haplogroup II cybrids to manifest
more substantial phenotypic effects than those from haplogroup I, be-
cause a haplogroup I strain was used as the nuclear recipient. This was
clearly not the case in our study. It was shown earlier that introduction
of D. simulans mtDNA into a D. melanogaster nuclear background does
not result in performance that differs significantly from that of native
D. melanogaster mtDNA (Rand et al., 2006; Montooth et al., 2010). Either
our assumption is false in this case, or ORT represents a strain into which
haplogroup I mtDNA has introgressed in the wild.

The correlations we identified between development time and
mtDNA copy number were as strong in the original strains as in the cor-
responding ORT cybrids, suggesting that mtDNA copy number is either a
determinant or a strong marker of this phenotypic trait. Because mtDNA
copy number was significantly higher in females during the main period

of reproductive activity (three to ten days after eclosion), we attribute
this phenomenon to the mtDNA levels in the female ovaries, which
are known to have higher mtDNA content than other organs (Wolff et
al., 2013). Interestingly, it has been shown that a longer development
time in Drosophila, which in our case is associated with more mtDNA
in females at reproductive age, has a competitive disadvantage with a
direct impact in the ecology of the organism, as the individuals that de-
velop faster can outcompete the slower ones for the limited food source
during the larval stages (De Miranda and Eggleston, 1988a, 1988b,
1988c).

We also document here that the supposedly advantageous faster de-
velopment time, associated with lower levels of mtDNA, is also associat-
ed with and may even be caused by higher rates of mitochondrial
oxygen consumption and OXPHOS SC formation in the ORT nuclear
background. To achieve optimal ATP production during development,
one might expect a dynamic balance between the free OXPHOS com-
plexes and their SCs within the inner mitochondrial membrane (Acin-
Perez and Enriquez, 2014). Higher order arrangement of the OXPHOS
complexes may channel electron transport, increasing mitochondrial
metabolism and influencing the organism's time of development. How-
ever, it remains unclear how lower mtDNA copy number, which we re-
port can be associated with a low number of A+ T repeat I elements (as
in the ORT haplotype) or specific amino acid substitutions in CYTB and/
or COIll genes (as in the KSA2 haplotype), may lead to higher respiration
rates via enhanced SC formation. We speculate that a particular retro-
grade signal from “healthy” low copy-number mitochondria promotes
a nuclear response for more efficient electron transport via mitochon-
drial import of SC assembly factors, to compensate for the supposedly
lower expression of mitochondrial genes, but this has yet to be tested
experimentally. Another possibility may be that non-optimal high
copy number results in an excess production of one particular OXPHOS
complex which destabilizes, or at least renders stoichiometrically sub-
optimal, the overall structure of the respiratory membrane.

Rapid development is associated with lower adult weight
(Ashburner, 1989). Our data show strong positive correlation between
mtDNA copy number in both sexes with female body weight, although
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this is only true for the original strains. In D. melanogaster, several stud-
ies have shown positive correlations between body weight and both
male reproductive success, and female fecundity (Markow, 1988;
Parsons, 1974). Low mtDNA copy number may therefore come with a
trade-off: the animals may develop faster and outcompete more slowly
developing individuals with high mtDNA copy number; but the
resulting, smaller adults will not be as successful reproductively.

Our dataset also allowed us to test the hypothesis that phenotypic
variation caused by higher mtDNA mutation load should be more evi-
dent in males, because mitochondrial function is only under adaptive
selection in females (Frank and Hurst, 1996). In agreement with recent
findings (Mossman et al., 2016), our data do not support this prediction.
We found that females were as sensitive as males to mtDNA variation in
traits that are known to be sexually dimorphic, such as developmental
time and body weight.

In summary, our data support the idea that mtDNA copy number is
largely under mitochondrial genetic control, and that this influences or-
ganismal phenotype by virtue of resulting effects on the organization of
the respiratory membrane and the efficiency of OXPHOS. How our find-
ings relate to fly models of mitochondrial disease will be an important
area of research to pursue, because most of these models manifest de-
velopment problems and mtDNA copy number alterations that are be-
lieved to mimic mitochondrial disorders in humans.
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