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INVESTIGATION
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ABSTRACT Drosophila melanogaster, like most animal species, displays considerable genetic variation in
both nuclear and mitochondrial DNA (mtDNA). Here we tested whether any of four natural mtDNA variants
was able to modify the effect of the phenotypically mild, nuclear tko25t mutation, affecting mitochondrial
protein synthesis. When combined with tko25t, the mtDNA from wild strain KSA2 produced pupal lethality,
accompanied by the presence of melanotic nodules in L3 larvae. KSA2 mtDNA, which carries a substitution
at a conserved residue of cytochrome b that is predicted to be involved in subunit interactions within
respiratory complex III, conferred drastically decreased respiratory capacity and complex III activity in the
tko25t but not a wild-type nuclear background. The complex III inhibitor antimycin A was able to phenocopy
effects of the tko25t mutation in the KSA2 mtDNA background. This is the first report of a lethal, nuclear-
mitochondrial interaction within a metazoan species, representing a paradigm for understanding genetic
interactions between nuclear and mitochondrial genotype relevant to human health and disease.
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In virtually all eukaryotes, mitochondrial functions are maintained by a
combination of genes located in two physically and functionally separate
compartments: thenucleus and themitochondrion.MitochondrialDNA
(mtDNA), typically present in many copies and inherited uniparentally,
encodes only a small subset of the polypeptides required for the enzy-
matic functions of oxidative phosphorylation (OXPHOS). Because of
maternal inheritance and the consequent lack of sexual recombination,
combined with rapid segregation to homoplasmy in the germline, the
mtDNA of a given individual may be considered as a haplotype.

In addition to 13 polypeptide subunits of OXPHOS complexes I, III,
IV and V (cI, cIII, cIV, cV), involved in stepwise respiratory electron
flow and ATP production, metazoan mtDNAs encode the RNA com-
ponents (2 rRNAs and 22 tRNAs) of the separate translation system
inside mitochondria. The remaining polypeptides of the OXPHOS
complexes, as well as all others involved in mitochondrial metabolism,
arenuclear-coded, andmust be importedandassembled correctly inside
the organelle. Because these functions are indispensible for life, muta-
tions in either nuclear or mtDNA that impair OXPHOS or related
processes, can result in drastic phenotypic consequences up to lethality.
Examples may be found from the plant, fungal, protist and animal
kingdoms. Nuclear and mtDNA may be considered to be a co-evolving
system (Sloan 2015), with taxon-specific features themselves representing
evolutionary adaptations to the environment (Otten and Smeets 2015).

In humans, OXPHOSmutations in both genomes have been widely
studied because they are recognized as important genetic causes of
disease. Because of the huge range of pathological phenotypes that
characterizemitochondrial disorders, bothwithin and between families,
combinedwith the lackof a reliablemodel system,unraveling theprecise
contributions of nuclear and mitochondrial genotype to OXPHOS
disease remains problematic. For example, one of the most common
mtDNA-determined diseases, Leber’s Hereditary Optic Neuropathy
(LHON) shows approximately fivefold greater penetrance in men than
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women. The attractive idea that this may be due to one or more
X-chromosomal modifiers is broadly supported (Hudson et al. 2005;
Shankar et al. 2008), although the precise loci involved have not been
identified, and some studies have proven inconclusive with respect to
specific populations, e.g., Ji et al. (2010). Similarly, the role of mito-
chondrial haplotype as a phenotypic risk-factor or modifier of many
pathological traits, such as neurodegeneration (Keogh and Chinnery
2015), has been extensively considered, but remains controversial. In
most such instances, conclusions rest on statistical arguments regarding
the size and nature of cohorts and the representativeness of population-
based sampling.

In principle, because of strict maternal inheritance of mtDNA in
most metazoans, the effects of different combinations of nuclear and
mtDNA genomes can be studied experimentally by a back-crossing
approach to create cybrid strains in which a givenmtDNA haplotype is
introgressed into different nuclear backgrounds. Drosophila mela-
nogaster is a suitable organism for such studies because of its relatively
short generation time (egg to sexuallymature adult in�12 d at 25�) and
the plethora of available, well-characterized strains and other genetic
tools.

In two previous studies using this approach (Chen et al. 2012,
Salminen et al. 2017), we detected subtle modifier effects upon organ-
ismal phenotype, of different mtDNAs present in wild populations
of D. melanogaster. In a controlled, wild-type nuclear background
(Oregon R, maintained long-term in the laboratory in Tampere, Fin-
land, which we designate ORT), we found systematic effects of mtDNA
on the time taken to complete development and onOXPHOS activities.
These were found to correlate with mtDNA copy number (Salminen
et al. 2017). In particular, long developmental time was associated with
elevated copy number, suggesting a fitness cost of specific mtDNA
haplotypes that could be compensated partially by increased mtDNA
content.

In the other study (Chen et al. 2012), we introgressed different
mtDNAs into a nuclear background bearing the tko25t mis-sense mu-
tation (Shah et al. 1997) in the nuclear gene encoding mitoribosomal
protein S12 (Royden et al. 1987). tko25t flies have significantly decreased
levels and activities of all four OXPHOS complexes containing mito-
chondrial translation products (Toivonen et al. 2001), and exhibit a
complex but mild organismal phenotype of developmental delay, me-
chanical stress-induced seizures, sensitivity to antibiotics and to high-
sugar diet, and impaired hearing and courtship (Toivonen et al. 2001,
Kemppainen et al. 2016). Four mtDNA backgrounds were found to
confer a partial suppression of the tko25t phenotype (Chen et al. 2012).

In order to test for more dramatic manifestations of nuclear-
mitochondrial interactions using this approach, we introgressed
into the tko25t nuclear (ntko25t) background a set of mtDNAs from
strains that were previously found to represent extremes of the spec-
trum of mtDNA copy number and developmental timing, when stud-
ied in the nuclear ORT (nORT) background (Salminen et al. 2017).
The resulting cybrid strains revealed a clear-cut example of synthetic
lethality between ntko25t and the mtDNA of strain KSA2 (mtKSA2),
the first report of a lethal, nuclear-mitochondrial interaction within a
metazoan species. This provides a paradigm for understanding
genetic interactions between nuclear and mtDNA relevant to other
contexts, including human health and disease.

MATERIALS AND METHODS

Drosophila melanogaster strains and culture
D. melanogaster strains ORT, KSA2, WT5A, VAG1 (Salminen et al.
2017), and the tko25tmutant (Judd et al. 1972) were originally obtained

from stock centers and maintained long-term on standard high-sugar
diet (Kemppainen et al. 2016). Cybrid strains were derived as previ-
ously (Salminen et al. 2017) by repeatedly back-crossing females of a
given strain to ORT males; then, in the case of tko25t, by back-crossing
FM7-balanced nORT cybrid females of each mtDNA background to
tko25t males; with a final cross to create homozygous tko25t cybrid
females. Cybrid strains used in the experiments are designated nXmtY,
where X is the specified nuclear and Y the specified mtDNA back-
ground. In controlled crosses to measure pupal stage phenotypes
(mtDNA copy number, respiration and supercomplex activities), and
adult stage phenotypes (eclosion timing and life span), tko25t cybrids
were balanced over FM7, containing the Bar-eye marker. To distin-
guish tko25t from balancer larvae, the balancer also contained the
dominant Tb marker (Bloomington line 36849, genotype FM7a,
P{w[+mC]=Tb[1]}FM7-A).

Egg-to-adult development and lifespan assay
Batches of 12 females and 6 males were mated and tipped 4 times at
24 h intervals, giving approximately 100-150 eggs per vial. Flies were
reared at 25� on a 12 h light/dark cycle and 60% humidity, and eclosion
was scored daily. To evaluate the effects of antimycin A treatment, flies
were cultured on standard medium containing the sub-lethal dose of
5 mg/ml of the drug (Frei et al. 2005). Lifespan was measured using
batches of 200 females and males transferred to fresh culture bottles
every 2-3 d, with the number of dead flies recorded each time.

Larval dissection
Wandering stage L3 larvaewere dissected in a droplet of PBS under light
microscopy, using thin forceps. Freely floating melanotic nodules were
counted for each larva. Hemolymph was diluted into a total volume of
100 ml of PBS and hemocytes were counted using an Accuri C6 flow
cytometer (BD Biosciences), with forward- and side-scatter gating used
to distinguish total hemocyte count from debris (Anderl et al. 2016).

Relative mtDNA copy number analysis
TotalDNAwasextracted frompoolsof10 late-stagepupaeof eachsex, in
four biological replicates, and copy number relative to a nuclear DNA
locus was determined by quantitative PCR as described previously
(Salminen et al. 2017). Briefly, mtDNA was quantified using primers
against the 16S rRNA gene, and nuclear DNA using primers against the
RpL32
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