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Abstract

Diet may be modified seasonally or by biogeographic, demographic or cultural shifts. It can

differentially influence mitochondrial bioenergetics, retrograde signalling to the nuclear

genome, and anterograde signalling to mitochondria. All these interactions have the poten-

tial to alter the frequencies of mtDNA haplotypes (mitotypes) in nature and may impact

human health. In a model laboratory system, we fed four diets varying in Protein: Carbohy-

drate (P:C) ratio (1:2, 1:4, 1:8 and 1:16 P:C) to four homoplasmic Drosophila melanogaster

mitotypes (nuclear genome standardised) and assayed their frequency in population cages.

When fed a high protein 1:2 P:C diet, the frequency of flies harbouring Alstonville mtDNA

increased. In contrast, when fed the high carbohydrate 1:16 P:C food the incidence of flies

harbouring Dahomey mtDNA increased. This result, driven by differences in larval develop-

ment, was generalisable to the replacement of the laboratory diet with fruits having high and

low P:C ratios, perturbation of the nuclear genome and changes to the microbiome. Struc-

tural modelling and cellular assays suggested a V161L mutation in the ND4 subunit of com-

plex I of Dahomey mtDNA was mildly deleterious, reduced mitochondrial functions,

increased oxidative stress and resulted in an increase in larval development time on the 1:2

P:C diet. The 1:16 P:C diet triggered a cascade of changes in both mitotypes. In Dahomey

larvae, increased feeding fuelled increased β-oxidation and the partial bypass of the com-

plex I mutation. Conversely, Alstonville larvae upregulated genes involved with oxidative

phosphorylation, increased glycogen metabolism and they were more physically active. We

hypothesise that the increased physical activity diverted energy from growth and cell
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division and thereby slowed development. These data further question the use of mtDNA as

an assumed neutral marker in evolutionary and population genetic studies. Moreover, if

humans respond similarly, we posit that individuals with specific mtDNA variations may dif-

ferentially metabolise carbohydrates, which has implications for a variety of diseases includ-

ing cardiovascular disease, obesity, and perhaps Parkinson’s Disease.

Author summary

The detection and quantitation of mtDNA polymorphisms in populations and across

whole habitats continues to be used as a central investigatory tool in evolutionary genetics.

But, the approach is laden with assumptions about selection that are rarely examined. We

present a series of studies that traverse the genotype to the phenotype. The studies were

designed to experimentally test the interaction between diet and mitotype in Drosophila
flies and provide a mechanism by which selection occurs. We start with population cage

studies that include four laboratory diets and four mitotypes. We then directly compete

two mitotypes (Alstonville and Dahomey) on a high protein and a high carbohydrate diet

and show a flip in their relative fitness that is driven by differences in larval development.

Next, we identify a single naturally-occurring point mutation, which drives the cage

results. We track the ripple effects up to the level of the organelle (mitochondria), through

the labyrinth of metabolic pathways and on to the phenotype. Notably, when flies were

fed the high carbohydrate diet, energy metabolism was extensively remodelled in both

mitotypes causing increased physical activity in Alstonville flies. These data invite an

extensive experimental re-evaluation of the assumption that mtDNA inescapably evolves

in a manner consistent with a strictly neutral equilibrium model. It also motivates investi-

gation of genotype-specific dietary manipulation as an integrative treatment of human

disorders involving mitochondrial metabolism and offers the potential for future thera-

peutic strategies.

Introduction

"Dis-moi ce que tu manges, je te dirai ce que tu es." Anthelme Brillat-Savarin 1826

Diet and an organism’s genes contribute towards its phenotype and impact a range of scientific

disciplines that span from the more fundamental disciplines of evolutionary biology and quan-

titative genetics to the more medically applied fields of nutrigenomics and pharmacogenomics.

In nature, the dietary macronutrient balance is a strong selective force within and among pop-

ulations. The relative proportions of macronutrients in food can fluctuate seasonally, vary

when species colonise new habitats and can influence the frequency of alleles in populations

[1, 2]. It is well documented that nutritional responses vary with genotype [3–8] and it has

been convincingly argued that the human genome is maladapted to our 21st century diet [9].

Dietary modification is an established treatment for certain diseases including cardiovascular

disease, diabetes, and obesity [10], yet, we still have an incomplete knowledge of how genetic

variants that modulate susceptibility to disease are influenced by exogenous factors. This study

explores the potential for diet to differentially influence mitochondrial function and the organ-

ismal health and fitness of Drosophila melanogaster flies harbouring distinct mtDNA types

(mitotypes).

Diet influences mitochondrial functions
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Protein and carbohydrate are the two primary energy-yielding macronutrients in fly food,

and their ratio has been shown to have profound impacts on various aspects of physiology,

behaviour, and biochemistry [11, 12]. In adult females of D. melanogaster Canton S, a 1:2 Pro-

tein: Carbohydrate (P:C) ratio of food yielded the highest egg-laying rate and a 1:16 P:C ratio

maximised survival [13]. Aw et al. [14] and Towarnicki and Ballard [15] demonstrated a more

complex scenario whereby diet interacted with Drosophila mitotype and with other environ-

mental factors such as temperature. For adults, Aw et al. [14] reported sex-specific influences

of mitotype and diet on mitochondrial functions and physiological traits in males harbouring

the Alstonville and Japan mitotypes. In larvae, Towarnicki and Ballard [15] manipulated food

and temperature to study the development of the Alstonville and Dahomey mitotypes. We

observed that larvae harbouring the latter mitotype developed more slowly than the former

when fed a high protein diet at all temperatures, but more quickly when fed the high carbohy-

drate diet at higher temperatures. These studies did not determine the magnitude of selection

at an organismal level or differentiate the relative importance of the interactions in larvae and

adult stages, nor did they provide a mechanism of action. Toward these goals, we constructed

laboratory diets that differed in their P:C ratios (1:2, 1:4, 1:8 and 1:16 P:C) and also tested natu-

ral fruits that differed in their P:C ratio.

Laboratory population cage studies are a sensitive method to test for selection in Drosophila
and the frequency of each genotype type in cages is taken as an indicator of fitness [16, 17].

Previous cage studies have provided evidence that distinct mitotypes can influence the fre-

quency of flies in the laboratory, but none of these studies manipulated the diet [17–19]. The

cage study paradigm used here does not involve flies breeding until termination of fecundity

or lifespan; instead, it enforces a short window for flies to lay eggs. As a consequence, repeat-

able changes in the frequency of genotypes are caused by differences in immature development

time and the fitness of young adults during the period that larval fat body remains [20]. Other

experimental methods that have been utilised to estimate fitness of flies harbouring different

mitotypes include in vivo competition and assaying mitotype frequencies of wild-caught ani-

mals [e.g., 21, 22, 23]. Ma and O’Farrell [21] created fly lines with multiple mitotypes and uti-

lised the uniparental mode of inheritance in mitochondria to test for selection. They observed

that non-coding differences in the origin of replication region could cause the frequency of

individuals harbouring a genome with a detrimental mutation to increase, but then lead to

population death after several generations. The mechanism for this is still unknown. Thermal

selection has been proposed to shape the pattern of mtDNA variation in eastern Australian D.

melanogaster, but no experimental information has been provided on which mutation(s) may

be driving these data [22, 24]. Here, we chose the population cage paradigm for its high sensi-

tivity and have quantified the frequencies of four globally sourced D. melanogaster mitotypes

(Alstonville, Dahomey, Japan and w1118) fed our four P:C diets. We then directly compete two

mitotypes fed two diets.

Mechanistically, provisioning of dietary macronutrients to mitochondria may be influenced

by genetic variations that influence the activity of the electron transport system, organelle ret-

rograde signalling to the nuclear genome, anterograde signalling to the mitochondrion and

epigenetic modifications [12, 25]. These variations may result from mtDNA mutations, mito-

nuclear interactions and nuclear-encoded differences [7, 22, 26–28]. Mitochondria produce

energy by utilising electrons harvested from oxidisable dietary substrates and O2 to build up a

proton-motive force by pumping protons from the mitochondrial matrix into the intermem-

brane space. The subsequent backflow of protons to the matrix across complex V (ATP

synthase) of the inner membrane drives the synthesis of ATP. Functional differences in mito-

chondrial energy production influence evolutionarily important physiological and organismal

traits. In Drosophila, these traits include development time and egg production, and in

Diet influences mitochondrial functions
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humans, they include inherited disease and the decline in mitochondrial function with

advancing age [25, 29–31]. Here, we identified functionally significant differences between

mitotypes by carefully controlling the nuclear genetic background, modelling quaternary and

secondary structures, conducting multiple independent in vitro assays, adding electron trans-

port system inhibitors to the diets, and assaying independently collected mitotypes [32–35].

Is it possible that a given mtDNA mutation could be slightly deleterious in one environ-

ment but advantageous in another? If a mtDNA mutation is functionally deleterious, and

linked mutations are neutral or nearly neutral, current models predict that the mitotype will

have a selective disadvantage, causing it to decline in frequency in nature and population cage

studies. Slightly deleterious mutations have been reported in Drosophila [26, 36–38], purifying

selection has been demonstrated in the mouse female germline [39, 40], and deleterious

mtDNA mutations are well-known in humans [41–43]. However, as dietary stress increases,

genotype-specific mitochondrial responses may trigger flexible and broad cytosolic and

nuclear reactions that have collectively been termed mitohormesis [44]. Remarkably, rather

than being harmful, these changes caused by low levels of stress can result in a reconfiguration

of metabolism, which in turn can enable increased production of ATP, increased evolutionary

potential, and decreased susceptibility to disease [12, 45]. Again, the mechanisms for this are

not well understood. Various mechanisms by which stressed mitochondria may signal out-

ward to the cytosol and the nucleus have been proposed. These include regulation of ATP lev-

els, altering mitochondrial membrane potential to allow recruitment and assembly of

signalling molecules, and the production of reactive oxygen species (ROS). These are, however,

not the only available pathways in the mitochondrial repertoire [44]. For instance, calcium sig-

nalling from the endoplasmic reticulum likely influences a multitude of mitochondrial func-

tions [46, 47]. Above a genotype-specific threshold, increasing the level of a specific stressor is

expected to be deleterious and disease-causing, with the distribution of the response deter-

mined by the “norm of reaction” [48]. The norm of reaction describes the pattern of pheno-

typic expression across a range of environments and may be entirely different for two

mitotypes. To investigate the possibility of functional compensation through mitohormesis,

here, we conducted transcriptomics and metabolomics studies. We then experientially exam-

ined the mechanisms involved by manipulating dietary sugars and inhibiting specific meta-

bolic pathways.

Our series of studies show that a diet by mitotype interaction mediated the remodelling of

carbohydrate metabolism in two Drosophila mitotypes. When fed the high protein 1:2 P:C

diet, the slightly deleterious ND4 mutation in complex I of Dahomey mtDNA caused the mito-

type to have a selective disadvantage compared to those harbouring Alstonville mtDNA. Com-

plex I is the primary entry point for electrons into the mitochondrial electron transport system

and is a site of electron leak to oxygen and the generation of ROS [49]. In contrast, when fed

the high carbohydrate 1:16 P:C diet, mitotypes differentially remodelled energy metabolism,

and this resulted in an evolutionary advantage to Dahomey. Were the same mechanisms

found to occur in humans, the enhanced lipogenesis in individuals with slightly deleterious

complex I mutations could make them more susceptible to obesity when eating a high carbo-

hydrate diet, however, for those individuals with a predisposition to Parkinson’s disease,

which has been linked to defects in lipogenesis [50], this diet could delay onset or rate of

decline.

Results and discussion

Unravelling the influence of diet on DNA variations is a challenge with broad evolutionary,

health care and disease implications [12, 51], yet we still have an incomplete knowledge of the

Diet influences mitochondrial functions
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mechanisms involved. In this series of studies, we tested the interaction between diet and mito-

type in Drosophila to determine the presence and mechanism of selection. We tracked mito-

type specific effects up to the level of the mitochondrion, through the morass of metabolic

pathways and on to the phenotype. We concluded that differential provisioning of macronutri-

ents to mitochondria harbouring distinct mitotypes led to phenotypic changes in food con-

sumption, starvation resistance, and movement, as oxidative phosphorylation and β-oxidation

of fatty acids were differentially regulated.

Study 1: Population cages, larval development and adult fitness of four

mitotypes

To test the hypothesis that the fitness of mitotypes can be differentially influenced by diet [12],

we fed four diets varying in P:C ratio to four Drosophila mitotypes and assayed their frequency

in population cages over 12 generations. The nuclear genome was standardised to w1118 and

the microbiome controlled each generation by adding a ground homogenate of laboratory

males. Given random mating of Drosophila harbouring distinct mitotypes [18], population

cage studies are a sensitive method to detect positive selection [17, 18].

We investigated whether differences in immature development or adult fitness best

described the observed mitotype frequencies on the four diets. Demonstrating that natural

selection acts on mitochondrial genes is now firmly established [e.g., 14, 28, 52–56], but the

specific life history stages and exogenous conditions through which mtDNA variations benefit

the organism have rarely been experimentally identified. When all else is equal, reduced imma-

ture development time is beneficial in nature as it reduces exposure to predators and limited

food supply [57]. It is also advantageous in population cages if a higher proportion of females

of a specific mitotype develop into adults and more eggs are laid. The fitness of young females

is experimentally determined by assaying fecundity and fertility. Female fecundity is sensitive

to dietary changes and is experimentally measured as the number of eggs laid [13, 14]. Fertility

is a central determinant of an animals inclusive fitness and is quantified as the number of off-

spring, per female [58].

Population cages including four mitotypes and four diets. Flies harbouring Alstonville

mtDNA rose to the highest frequency when fed a high protein laboratory diet (1:2 P:C). In

contrast, flies with Dahomey mtDNA reached the highest prevalence when fed high carbohy-

drate food (1:16 P:C) indicating a selective advantage (Fig 1A and S1A & S1B Fig). On all four

P:C ratios tested, females with Japan mtDNA decreased in frequency, while those harbouring

w1118 mtDNA went to extinction. The four isocaloric P:C diets were prepared by varying yeast,

treacle, semolina and sucrose and resulted in increasing the time to first eclosion of flies sug-

gesting increasing stress with decreasing P:C ratio (~14d, ~18d, ~24d and ~28d on the 1:2, 1:4,

1:8 and 1:16 P:C diets, respectively).

Distinguishing immature and adult affects. Differences in immature development time,

as evidenced by the number of females eclosing in 3 d, elucidated the fitness differences of

Alstonville and Dahomey mitotypes on the 1:2 P:C and 1:16 P:C diets. Overall, ANOVA

showed no significant effects for mitotype, diet, or their interaction (F3, 40 = 2.3, p = 0.09; F1, 40

= 3.9, p = 0.06 and F3, 40 = 2.1, p = 0.11, respectively; Fig 1B). We then focused on the Alston-

ville and Dahomey mitotypes, because cage studies showed they rose to high frequency when

fed the 1:2 P:C and 1:16 P:C diets, respectively. In this case, 25% more Alstonville flies eclosed

in a 3 d window when fed the 1:2 P:C diet (t10 = 2.38, p = 0.04) but 16% more Dahomey eclosed

in this period when fed the 1:16 P:C diet (t10 = 12.96, p< 0.001; Fig 1B). To determine whether

the flip in the numbers of Alstonville and Dahomey eclosing in 3 d resulted from differences in

larval development or larval mortality we assayed time to pupation and numbers eclosing in a

Diet influences mitochondrial functions
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6 d window. Alstonville larvae developed to pupation faster than those harbouring Dahomey

mtDNA on the 1:2 P:C diet (t158 = 3.16, p = 0.02), but Dahomey larvae developed faster than

Alstonville when fed the 1:16 P:C food (t168 = 3.27, p = 0.001; S1C Fig). Differences in larval

development time between the mitotypes were lost when adults were allowed to eclose for 6 d

(t6 = 0.26, p = 0.80 for the 1:2 P:C diet and t6 = 1.00, p = 0.35 for the 1:16 P:C diet; S1D Fig).

Fig 1. Population cages, larval development and adult fecundity of four mitotypes. Population cage studies, numbers of

flies eclosing in 3 d, and egg counts show that larvae harbouring Alstonville mtDNA had an advantage on the 1:2 P:C diet

while those with Dahomey mtDNA had the advantage when fed 1:16 P:C food. (A) Initial studies competed D. melanogaster
w1118 flies harbouring four mitotypes fed four Protein: Carbohydrate (P:C) diets (n = 3 cages/diet). The mitotypes were

Alstonville, Dahomey, Japan and w1118. The P:C ratios were 1:2 (top left), 1:4 (top right), 1:8 (bottom left) and 1:16 (bottom

right). The mitotype of 4,608 flies was determined by amplifying ~900bp of mtDNA and then Sanger sequencing. After 12

generations, Alstonville had the highest frequency on the 1:2 P:C diet while Dahomey was highest on 1:16 P:C food. Flies with

Japan or w1118 mtDNA declined in frequency in all diets. Symbols show mean± s.e.m. (B) Eclosion percentage in a 3 d

window for four mitotypes fed the 1:2 P:C or 1:16 P:C diet (n = 6 bottles/mitotype/diet) with each bottle seeded with 214.5±
14.2 eggs/bottle. t-tests compared Alstonville with Dahomey (see text). (C) Flies from each mitotype were assayed for

fecundity on the 1:2 P:C and 1:16 P:C diets by egg count over 3 d, with an average of 32 flies/mitotype/diet. t-tests compared

Alstonville + Dahomey with Japan + w1118 (see text). Bars show mean± s.e.m. � p< 0.05, �� p< 0.01, ��� p< 0.001.

https://doi.org/10.1371/journal.pgen.1007735.g001
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Therefore, we concluded that the observed differences in the numbers eclosing in 3 d resulted

from changes in larval development time.

Differences in adult fecundity explained the decline in the frequency of the Japan and w1118

mitotypes in cages but did not drive the population cage results for Alstonville and Dahomey.

The number of eggs laid by 3–5 d old females in 24 h showed egg production of Japan and

w1118 females was low on both diets and was lower on the 1:16 P:C diet for all mitotypes (F3,

257 = 103.5, p< 0.001; F1, 257 = 344.6, p< 0.001 and F3, 257 = 2.2, p = 0.09, for mitotype, diet

and their interaction, respectively; Fig 1C). Comparing Alstonville and Dahomey with Japan

and w1118, the former pair produced ~82% more eggs on the 1:2 P:C diet (t132 = 10.78, p<

0.0001) and ~180% more on the 1:16 P:C diet (t129 = 12.90, p< 0.0001; Fig 1C). There were no

differences in the fecundity or fertility of the Alstonville and Dahomey mitotypes on the 1:2 P:

C (t83 = 0.49, p = 0.62, t18 = 0.91, p = 0.38, respectively) or the 1:16 P:C diet (t85 = 0.87,

p = 0.38, t18 = 0.13, p = 0.9, respectively; Fig 1C and S1E Fig).

Summary of Study 1. Here, we have shown that flies harbouring Alstonville and Daho-

mey mtDNA have a reciprocal fitness advantage when fed the 1:2 P:C and 1:16 P:C diets. The

flip in fitness advantage was caused by changes in larval development time and resulted in sig-

nificant disparities in the number of flies eclosing in 3 d. Towarnicki and Ballard [15] previ-

ously reported similar differences in larval development at 23˚ C and 27˚ C. Interestingly,

however, these differences were lost when larvae were raised at 19˚ C. Larval development

strategies are likely important in nature and have been the subject of multiple experimental

evolution studies aimed at understanding the evolutionary strategies associated with adapta-

tions to heterogeneous food supplies [59, 60]. Differences in larval diet have recently been

shown to influence adult metabolism and lifespan [61].

We were interested in determining the mechanisms underpinning the flip in frequencies of

the Alstonville and Dahomey mitotypes on the 1:2 P:C and 1:16 P:C diets and focus on these

mitotypes and diets hereafter. We did not pursue the observed differences in adult fitness. Del-

eterious mutations are well known to occur in Drosophila mtDNA [26, 36–38] and are

expected to reduce mitotype fitness, as we observe for Japan and w1118. Adult males and

females of the Japan mitotype had lower levels of complex I mediated oxidative phosphoryla-

tion determined from permeabilized fibres than those harbouring the Alstonville mitotype

[14]. Further, males harbouring the Japan and w1118 mitotypes have previously shown high lev-

els of maximum H2O2 production [62]. In Study 2, we assessed the reproducibility and gener-

ality of the results obtained in Study 1.

Study 2: Population cages, reproducibility, and generalisability including

two mitotypes and two diets

We conducted three additional cage studies to corroborate the hypothesis that the fitness of

the Alstonville and Dahomey mitotypes was differentially influenced by diet [12]. In the first

set of cage studies, we permute the diet to determine whether the mitotype specific responses

are generalisable. Here, we include the 1:2 P:C diet for generations 1–4, swapped to the 1:16 P:

C diet for generations 4–20, and then returned to the 1:2 P:C diet for generations 20–26. In a

second set of cages, we include fruits with ~1:2 and ~1:16 PC ratios. Fruits have previously

been used to validate laboratory diets as they effectively control for artificial differences in

amino acids, lipids, and micronutrients [63]. We include passionfruit (~1:2 P:C) and banana

(~1:16 P:C). In the third set of cages, we compete the two D. melanogaster mitotypes indepen-

dently against Drosophila simulans (Wolbachia uninfected with the siIII mitotype collected

from Kenya [64]). These species are sympatric through large parts of their range and compete

for similar resources.
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We assay immature development time and test for reproducibility, permute the nuclear

genome, replace the laboratory diets with natural fruits and include the microbiome from

orchard fed flies. To test for reproducibility, development time was assayed at ~6-month inter-

vals. Mito-nuclear interactions have been shown to influence a range of molecular and organ-

ismal traits in insects, crustaceans, fish, and mice [7, 65–68]. Here, we substituted the w1118

nuclear genome with Oregon R and with Canton S using balancer chromosomes and then

conducted five generations of backcrossing before our experiments [7]. The w1118 nuclear

genome diverged from the wild caught Oregon R line in 1984, and they have been separated

for more than 800 generations. The Canton S line was collected before 1916 in Canton, Ohio

[69]. To corroborate the cage studies that included fruit, we test the development times of the

mitotypes fed passionfruit and banana. Host-associated microbiota can impact metabolism

and gene expression at cellular and organism-level scales [70, 71]. Adair et al. [72] quantified

the bacterial communities associated with natural populations of D. melanogaster and found

microbes were predominantly of two to three taxa. Here, we focus on levels of Acetobacter and

Lactobacillus as they dominated the microbial communities in our populations.

Population cages including two mitotypes and two diets. Dietary perturbation cage

studies conducted over 26 generations support the hypothesis that diet acted as a directional

selection pressure on flies harbouring distinct mitotypes (Fig 2A). In all permutations, Alston-

ville mtDNA had an adaptive advantage when fed the 1:2 P:C laboratory diet (generations 1–4

and 20–26) while Dahomey mtDNA had the advantage when fed 1:16 P:C food (intervening

generations; Fig 2A). The fitness difference estimated by the selection coefficient (s) was 0.183

on the 1:2 P:C diet and 0.097 on the 1:16 P:C food [73]. To specifically test for the involvement

of accumulated nuclear-encoded mutations, we tested the change in frequency of flies during

the first 4 and last 6 generations (on the 1:2 P:C diet). This was also tested during intervening

generations (on the 1:16 P:C diet), both before and after an incubator malfunction at genera-

tion 16. There were no significant differences between slopes for the first 4 and last 6 genera-

tions (1:2 P:C diet: Alstonville t4 = 0.754, p = 0.49; Dahomey t4 = 0.676; p = 0.54); nor for

generations 4–16 and 17–20 either side of the incubator malfunction (1:16 P:C diet: Alstonville

t4 = 0.069, p = 0.95; Dahomey t4 = 0.409; p = 0.70). To explicitly test for heteroplasmy and

investigate the potential for accumulation of mtDNA mutations, a ~900bp region of mtDNA

that had been used to distinguish the mitotypes in the initial study was sequenced from 186

females (62 from each cage) at the conclusion of the study. No heteroplasmy or novel muta-

tions were detected. However, it remains possible that novel mutations occurred outside the

region sequenced.

In a second set of cage studies, we controlled for the possible accumulation of strain-specific

nuclear encoded mutations and then tested the frequencies of mitotypes fed passionfruit and

banana diets. Flies harbouring the two mitotypes were maintained on instant Drosophila food

for five generations, allowed to mate indiscriminately and isofemale lines were then con-

structed. Equal numbers of eggs from females harbouring each mitotype then seeded three

population cages with passionfruit and three cages with banana. Mitotype frequencies were

then assayed. Consistent with the laboratory foods, flies with Alstonville mtDNA increased in

frequency when fed passionfruit (s = 0.165) while those with Dahomey mtDNA increased in

frequency when fed banana (s = 0.331).

In the final set of cage studies, the the D. melanogaster mitotypes were competed against D.

simulans. On both diets, the D. melanogaster mitotypes outcompeted D. simulans; however,

the rate of increase of Alstonville and Dahomey mtDNA was diet dependent and again consis-

tent with previous results. For Alstonville, s was 0.078 higher than Dahomey on the 1:2 P:C

diet, but 0.076 lower on the 1:16 P:C food.
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Reproducibility and generality of immature development. Dietary induced changes in

immature development are reproduceable and not sensitive to the nuclear genome, the diet, or

the microbiome. Overall, on the 1:2 P:C diet, larvae with the Alstonville mitotype developed

34% faster than Dahomey (t56 = 5.48, p< 0.0001). The reverse was true in larvae fed the 1:16 P:

Fig 2. Population cages and larval development of two mitotypes. (A) Flies with Alstonville or Dahomey mtDNA were

competed (n = 3 cages). Initially, the diet had a 1:2 P:C ratio. After four generations, the diet was switched to 1:16 P:C. An

incubator malfunction killed all Drosophila in generation 16, so cages were re-established with a similar frequency of each

mitotype. In generation 20, the diet was swapped back to 1:2 P:C. Plotted data are mean± s.e.m. mitotype/generation/cage/diet

from ~80 flies/cage. (B) The number of females eclosing in 3 d was determined. The control was flies with w1118 nuclear

background fed 1:2 P:C and 1:16 P:C laboratory diets (n = 29 replicates of ~80 flies/rep for the 1:2 P:C diet, and n = 48 replicates of

~80 flies/rep for the 1:16 P:C diet). First, the nuclear genetic background was replaced with Oregon R (n = 6 biological rep/

mitotype/diet). Second, the nuclear genetic background was replaced with Canton S (n = 5 biological rep/mitotype/diet). Third,

passionfruit and banana replaced the laboratory diets (w1118 nuclear background, P:C ratio of ~1:2 P:C and ~1:16 P:C, respectively;

n = 5 rep/mitotype/diet). Finally, the microbiome obtained from wild-caught flies was introduced (w1118 nuclear background, n = 6

biological rep/mitotype/diet). The 3 d eclosion window began on day 14 for 1:2 P:C diet and day 28 d for 1:16 P:C diet. Plotted data

are mean± s.e.m. � p< 0.05, �� p< 0.01, ��� p< 0.001 as calculated by t-tests (see text).

https://doi.org/10.1371/journal.pgen.1007735.g002
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C diet where Dahomey developed 30% faster than Alstonville (t94 = 12.43, p< 0.0001; Fig 2B).

One-way ANOVA on the frequency of Alstonville shows the data are reproduceable over

time (for 1:2 P:C diet, 5 time periods F4,24 = 2.12, p = 0.11 and for 1:16 P:C food, 8 time periods

F7, 40 = 0.71, p = 0.67).

Permuting the nuclear genome reproduced the flip in immature development of the two

mitotypes on the two diets. There were, however, differences between strains. When the mito-

types were in the Oregon R genetic background and fed the 1:2 P:C diet, ~32% more Alston-

ville flies eclosed in a 3 d window than Dahomey (t10 = 10.30, p< 0.0001; Fig 2B). Conversely,

when these larvae were fed the 1:16 P:C diet ~16% more Dahomey eclosed in the window com-

pared to Alstonville (t10 = 2.84, p = 0.02; Fig 2B). When the mitotypes were introgressed into

the Canton S nuclear genetic background, ~25% more Alstonville eclosed when fed the 1:2 P:C

diet (t8 = 9.85, p< 0.0001; Fig 2B). Contrariwise, when fed the 1:16 P:C diet ~36% more Daho-

mey than Alstonville eclosed (t8 = 5.31, p = 0.006; Fig 2B).

The specific laboratory diets are not driving the flip in immature development times. Con-

sistent with the population cage results, replacing the laboratory diets with natural fruits cor-

roborated the diet specific flip in the numbers of each mitotype eclosing in 3 d (Fig 2B). When

fed passionfruit 21% more Alstonville females eclosed in 3 d (t8 = 2.81, p = 0.02). When banana

was the food, 48% more Dahomey females eclosed (t8 = 5.56, p = 0.001).

We suggest the microbiome is not driving the population cage results above, for two rea-

sons. First, when we aliquoted the homogenate of ground wild-caught males containing an

exogenous microbiome into vials containing developing larvae, the mitotype-by-diet interac-

tion was corroborated (t10 = 3.28, p = 0.01 and t16 = 3.56, p = 0.003 for the 1:2 P:C and 1:16 P:

C diets, respectively; Fig 2B). Second, when we examined intragenerational microbiome

changes, higher levels of Acetobacter were observed in slower developing Alstonville larvae fed

the 1:16 P:C food (S2 Fig). Acetobacter has previously been associated with faster development

in Drosophila [74].

Summary of Study 2. Here, we conducted perturbation cage studies and repeated the

result that flies harbouring Alstonville and Dahomey mtDNA have a reciprocal fitness advan-

tage when fed the 1:2 P:C and 1:16 P:C diets. We then showed the flip in evolutionary advan-

tage was reproduceable and not caused by the nuclear genetic background, the laboratory diet,

or the larval laboratory microbiome. The selection coefficients observed here are similar or

larger to those experimentally determined in peppered moth Biston betularia in England

(s = 0.1–0.2) [75] and higher than the D. simulans mtDNA mitotypes in laboratory population

cages (s = 0.1) [18].

We did not test whether Alstonville or Dahomey goes to extinction on either diet. War-

brick-Smith and colleagues [76] showed that Plutella xylostella caterpillars reared for multiple

generations on carbohydrate-rich foods progressively developed the ability to consume excess

carbohydrate without laying it down as fat. In their study the metabolic adaptation observed

may have resulted from selection on the underlying genetic variation and epigenetic changes.

Transgenerational epigenetic inheritance is of great interest as it has important evolutionary

and human-health implications [77, 78]. Next, in Study 3 we employ quaternary and second-

ary structure modelling, long read sequencing, cellular assays and protein gels to identify a sin-

gle point mutation in complex I of Dahomey mtDNA that is likely driving the population cage

results.

Study 3: Testing the significance of candidate mutations

To predict whether a nonsynonymous change, an RNA mutation, or variation in A+T repeat

number was likely to be functionally significant we generated quaternary and secondary
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structure models and then assayed repeat number variation [79–82]. There are three nonsy-

nonymous difference between Alstonville and Dahomey mtDNA [66] and we modelled each

complex harbouring a change—complex I (V161L, ND4 subunit), complex IV (D40N, COIII

subunit) and complex V (M185I, ATP6 subunit) [79–81]. There are also three rRNA differ-

ences (two srRNA and one lrRNA) [83] and 52 A+T-rich region variations [84] (S1 Table).

Towarnicki and Ballard [15] mapped the two srRNA mutations on the human mitoribosome

and proposed that they are unlikely to influence mitochondrial function [83, 85] so they are

not considered here. Selection has rarely been shown to act on the mitochondrial A+T rich or

control region [but see, 21, 27], and no differences were identified in secondary structures or

the central T-stretch between the Alstonville and Dahomey mitotypes [15]. However, differ-

ences in the number of repeats have been recently shown to influence mitochondrial functions

[86].

We tested hypotheses generated from the modelling by extracting mitochondria and assay-

ing organelle function, independent of cellular interaction. These cellular assays included elec-

tron transport system complex activity assays, in vitro mitochondrial oxygen consumption,

Western blots and native protein gels. Activity was included because it has previously been

employed to corroborate the influence of a mtDNA mutation [87, 88]. We predicted that func-

tionally significant mutations would reduce the activity of the complex. In vitro mitochondrial

oxygen consumption is increasingly recognised as a fundamental measure of mitochondrial

function [89, 90] and we assayed the rate from extracted mitochondria using complex I and II

substrates [91]. Complex I substrates assay the combined mitochondrial functions of com-

plexes I, III and IV, while complex II substrates assay the collective functions of complexes II,

III and IV. Western blots were used to measure expression of complex I and complex V and

native protein gels to determine native protein masses of complex I and its protein–protein

complexes.

Quaternary and secondary structure modelling and assay for A+T rich repeat number

variation. Structural modelling of the complex I mutation presaged that it reduced proton

pumping into the mitochondrial intermembrane space in Dahomey flies (Fig 3A & 3B, S3A

Fig). The V161L in the ND4 proton pump corresponds to NuoM 192 in transmembrane

domain six (TM6) of Escherichia coli, which is adjacent to four highly conserved residues in

TM5 of the proton pump [79]. If this model is correct, the V161L site on TM6 will provide

increased steric hindrance for the movement of TM5 into this space because the extra methyl

group on leucine protrudes further into this space (Fig 3B). This is expected to slow the cycling

of the proton pump, which is proposed to initiate the proton movement across the inner mito-

chondrial membrane. The V161L ND4 site does not physically interact with any nuclear-

encoded amino acids, further supporting the hypothesis that nuclear-mitochondrial interac-

tions are not driving the observed effects.

Modelling does not suggest the complex IV or complex V variations are likely to be func-

tionally significant. For the COIII mutation, we visualised the change in complex IV and the

supercomplex [80]. The amino acid site faces COX7A, which lies between complex IV and

complex I in the supercomplex, but it does not appear to interact with any sites on either sub-

unit (S3A & S3B Fig). For the ATP6 mutation, we investigated the published complex V struc-

ture [81]. Unfortunately, the resolution of the structure is not to the amino acid level, and so it

is currently not possible to model the M185I, ATP6 change. However, in the currently avail-

able model, it is not predicted to interfere with the action of the ATPase itself.

The lrRNA mutation may have a subtle effect on the translation of proteins in the mito-

chondrion. Heterologous inferential analysis [35] suggested that the lrRNA mutation [83] may

plausibly affect the functionally important GTPase center of the mitoribosome and therefore

influence protein translation (Fig 3C). Two conserved base triplets were observed in tandem
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in this region (triple 1 and triple 2). The G498A mutation in Dahomey replaced a G•U wobble

with a canonical A:U within triple 2, potentially disrupting its structure. Given the functional

importance of the region, it is possible that even a small distortion in its structure, due to the

G498A base change, might affect mito-ribosomal function. Despite this structural prediction

Fig 3. Quaternary and secondary structure modelling. (A) The V161L site on TM6 was predicted to slow the cycling of the proton pump. The shorter

arrow indicates the movement of TM5 as the Helix HL moves. (B) The mutation of site 161 from valine (left panel) to leucine (right panel) likely increases

steric hindrance with tyrosine 184, narrowing the proton channel. (C) The secondary structure of the GTPase center in the lrRNA of D. melanogaster
showing the site of mutation and structurally related residues.

https://doi.org/10.1371/journal.pgen.1007735.g003
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Cellular assays (see below), indicate the lrRNA mutation is unlikely to be driving the popula-

tion cage results.

We conducted continuous long-read Pacific BioSciences sequencing of the Alstonville and

Dahomey mtDNA genomes to determine whether there was variation in the number of A+T

repeats between the mitotypes [86]. These analyses showed no differences from the published

short-read A+T rich region sequences [84] and no differences in repeat number between

mitotypes.

Cellular assays. Activity assays supported the hypothesis that Dahomey larvae harbour a

compromised complex I. Complex I activity in Dahomey was ~53% lower than Alstonville on

both diets (Fig 4A). ANOVA showed a significant effect of mitotype, but not diet, nor their

interaction (F1, 24 = 15.98, p = 0.0005; F1, 24 = 0.35, p = 0.56 and F1, 24 = 0.38, p = 0.54, respec-

tively). t-tests showed significant differences between the mitotypes on the 1:2 and 1:16 P:C

diets (t12 = 2.53, p = 0.026 and t12 = 3.10, p = 0.009, respectively). The nonsynonymous muta-

tions in COIII and ATP6 did not affect activity of complexes IV and V further suggesting they

were not functionally significant. There was no effect of mitotype in either complex (F1, 16 =

1.83, p = 0.20, F1, 22 = 1.17, p = 0.29 for complexes IV and V, respectively; S4A & S4B Fig).

Both complexes showed higher activity when larvae were fed the 1:2 P:C diet (F1, 16 = 11.45,

p = 0.004; F1, 22 = 32.12, p< 0.0001 for complexes IV and V, respectively; S4A & S4B Fig).

There were no significant mitotype-by-diet effects in either complex (F1, 16 = 0.48, p = 0.49;

F1, 22 = 0.02, p = 0.88; for complexes IV and V, respectively; S4A & S4B Fig).

Mitochondrial oxygen consumption data provide further evidence to suggest that Dahomey

larvae harbour a compromised complex I. The prediction is that a slightly deleterious ND4

mutation would decrease oxygen consumption from complex I, but not affect oxygen con-

sumption from complex II substrates. In contrast, the lrRNA variant may be expected to

decrease oxygen consumption from both complex I and II substrates. When complex I sub-

strates were included, oxygen consumption in mitochondria extracted from Alstonville was

~69% higher than Dahomey for larvae fed the 1:2 P:C diet and ~44% higher than Dahomey for

the 1:16 P:C diets (Fig 4B). Overall, larvae had 63% higher oxygen consumption on the 1:2 P:C

diet. ANOVA showed significant effects of mitotype and diet, but the interaction was not sig-

nificant (F1, 26 = 16.08, p< 0.001; F1, 26 = 17.69, p< 0.001 and F1, 26 = 2.51, p = 0.126, respec-

tively). t-tests showed significant differences between the mitotypes on both diets (t10 = 2.70,

p = 0.022 and t16 = 2.69, p = 0.02, for the 1:2 and 1:16 P:C diets respectively). For the complex

II substrates, there were no clear differences between mitotypes, but larvae fed the 1:2 P:C diet

had more than double the oxygen consumption than larvae fed the 1:16 P:C food (S4C Fig).

ANOVA showed a significant effect of diet (F1, 20 = 39.18, p< 0.0001) but no significant differ-

ence in oxygen consumption between the mitotypes (F1, 20 = 0.15, p = 0.70) or significant

mitotype by diet interaction (F1, 20 = 0.38, p = 0.54).

Western blot analysis shows reduced complex I protein in Dahomey as compared to

Alstonville on both diets, but no obvious differences in ATP synthase between the mitotypes

(Fig 4C). Native protein gel analysis shows the peripheral arm of complex I as well as the

supercomplex have reduced activity in Dahomey larvae on both diets (Fig 4D). These data cor-

roborate the hypotheses that Dahomey larvae harbour a functionally compromised complex I

and strongly suggest the lrRNA variant has, at most, subtle effects.

Summary of Study 3. Complex I is a crucial enzyme in oxidative phosphorylation. It uses

NADH oxidation and ubiquinone reduction to build the proton motive force across the mito-

chondrial inner membrane, which catalyzes respiration and drives ATP synthesis [92, 93].The

ND4 V161L mutation in Dahomey flies reduced complex I activity by about 56% and caused a

decline in frequency in population cages with 1:2 P:C food. In contrast, we propose that a 1:16

P:C diet triggers a compensatory mitohormetic response in these larvae that results in a net
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benefit and increased frequency in the population cages. Positive Darwinian selection has pre-

viously been detected in the mitochondrial-encoded subunits that comprise complex I from

diverse taxa with seemingly dissimilar bioenergetic life histories [28]. The observed reduction

in complex I activity suggests the mutation is mildly deleterious and not disease causing. In

nonsynaptic rat brain mitochondria complex I could be decreased by 72% before disease-like

changes in mitochondrial respiration took place [94].

We suggest the Dahomey lrRNA mutation causes a negligible or, at most, subtle effect. In

the Cellular assays section, we did not find any evidence to indicate the lrRNA mutation influ-

enced mitochondrial functions or levels of electron transport system proteins. In Study 5, we

assay RNA expression and do not find evidence for significant upregulation of genes involved

in mitoribosome structure in Dahomey larvae. Conversely, there is evidence for significant

upregulation of ribosome related genes in Alstonville larvae fed the 1:16 P:C diet. It is believed

that insults to mitochondrial translation should result in detectable retrograde signalling

events [95]. However, the nature of these signalling events has not yet been elucidated. In

Fig 4. The V161L ND4 amino acid change in complex I of Dahomey mtDNA influenced mitochondrial functions.

(A) The activity of complex I is higher in Alstonville larvae (n = 7 biological rep/mitotype/diet- with two failed

reactions removed). (B) Oxygen consumption rate with complex I substrates is higher in Alstonville larvae (n = 6

biological rep/mitotype for 1:2 P:C diet; n = 9 biological rep/mitotype for 1:16 P:C diet). (C) Representative western

blot showing reduced levels of complex I (CI) in Dahomey compared to Alstonville on both diets. There were no

obvious differences in complex V (CV) or actin protein levels. Repeat gels showed all CI bands were the same size. (D)

Native protein gel showing reduced activity of the peripheral arm of complex I (CI) and the supercomplex (SC) in

larvae harbouring Dahomey mtDNA on both diets. Bars (mean± s.e.m). t-tests between mitotypes � p< 0.05, �� p<

0.01 (see text).

https://doi.org/10.1371/journal.pgen.1007735.g004
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bacteria, mutations at neighbouring residues have been shown to cause readthrough of termi-

nation codons without noticeable growth effects in some cases [96]. Fully understanding the

impact of the lrRNA mutation would likely require its recreation in a heterologous organism

like E. coli [97].

Although strongly indicative, Study 3 assays do not confirm that the ND4 mutation alone,

is driving the population cage results. As suggested, the lrRNA mutation may have caused sub-

tle effects and substitutions in the A+T region may have had a functional impact that is diffi-

cult to detect [98]. Further, all mitotypes were derived from wild-caught lines and it is possible

that a co-segregating maternally inherited factor (such as a virus) could have influenced the

population cage and development time results [99]. Next, we experimentally address these

concerns by adding complex I inhibitors to the diet and include two other mitotypes to test

whether the diet specific flip in immature development time is specific to Alstonville and

Dahomey.

Study 4: An electron transport system complex I mutation in Dahomey

drives the population cage results

Chemical impairment of complex I reproduces the observed flip in development rates. Here,

complex I inhibitors were added to the diet to create phenocopies in Alstonville of the Daho-

mey ND4 mutation. Goldschmidt [100] coined the term “phenocopy” to describe morphologi-

cal alterations in Drosophila that could be induced by the imposition of stress during

development. Thus, a phenocopy is produced environmentally and shows features characteris-

tic of a genotype other than its own. Chemically induced phenocopies in Drosophila are well

studied with the production of eyeless mutants by feeding food containing borate [101] and

production of bithorax mutants by treating embryos with diethyl ether [102]. We added rote-

none to the diet to phenocopy the ND4 mutation in Dahomey because it inhibits electron

transfer from the iron-sulphur centres in complex I, leading to a partial blockade of oxidative

phosphorylation with reduced synthesis of ATP [103]. We then quantify the rate of develop-

ment. If the slightly deleterious V161L ND4 mutation in Dahomey was driving the differences

in development time (Fig 1B), we predicted that Alstonville larvae fed food containing rote-

none (the phenocopy) would develop more slowly than untreated larvae on the 1:2 P:C diet,

but faster on the 1:16 P:C food. In contrast, we predicted that Dahomey larvae fed rotenone

would develop more slowly when fed both diets as the complex I dysfunction would be the

combined effects of the mutation and the inhibitor. We then tested the generality of the rote-

none result with paraquat. Paraquat is a common herbicide that has been proposed to cause

mitochondrial dysfunction by complex I toxicity following lipid peroxidation of the mitochon-

drial inner membrane [104].

Next, we tested whether dietary addition of rotenone influenced complex I activity, super-

oxide dismutase (SOD) activity, and larval dry weight. Complex I activity in larvae fed the

standard diets was measured in Study 3 (Fig 4A). It was included here to test whether the ND4

mutation and the dietary addition of rotenone had similar effects on the complex. SOD consti-

tutes the first line of defence in the antioxidant enzyme network [105, 106], is the primary

scavenger of the ROS superoxide [107], and total activity was assayed. Larval weight was

assayed as an organismal trait that can influence development time [reviewed in 108] and pat-

terns of adult reproductive investment [109].

To test whether the flip in immature development time was generalisable to a second pair

of mitotypes, one of which harboured the V161L ND4 mutation, we compared the immature

development times of flies harbouring Madang (Papua New Guinea) and Victoria Falls (Zim-

babwe, Africa) mtDNA [84]. Madang mtDNA has the same ND4, and lrRNA mutations and
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differs from Dahomey by 27 A+T rich region mutations (S1 Table). Victoria Falls does not

harbour either the ND4 or the lrRNA mutations. It has three nonsynonymous (ND2, ATP6

and COIII), two sRNA and 49 A+T rich region differences from Alstonville (S1 Table). For

experimentation, both mitotypes were harboured in the w1118 nuclear genetic background and

the microbiome was controlled.

Effect of dietary inhibitors on immature development. In terms of immature develop-

ment, dietary addition of rotenone caused Alstonville larvae to phenocopy development rates

of Dahomey fed the standard diets (Fig 5A, S5A Fig). Specifically, addition of rotenone to the

1:2 P:C diet caused fewer Alstonville larvae to eclose in 3 d than the untreated control. Con-

versely, more eclosed when the inhibitor was added to the 1:16 P:C diet. ANOVA showed that

rotenone treatment had a significant main effect on numbers eclosing (F1,32 = 14.65, p = 0.001;

Fig 5A, S5A Fig), but mitotype and diet did not (F1,32 = 2.09, p = 0.16; F1,32 = 1.67, p = 0.20.

respectively). The two-way interactions of mitotype-by-diet and mitotype-by-rotenone signifi-

cantly affected the numbers of flies eclosing (F1, 32 = 11.75, p = 0.002; F1, 32 = 5.81, p = 0.02,

respectively), while the diet-by-rotenone interaction did not (F1, 32 = 3.25, p = 0.08). The

three-way interaction also significantly affected the numbers of flies eclosing (F1,32 = 6.31,

p = 0.01). As we were particularly interested in testing whether rotenone treatment of the

Alstonville mitotype phenocopied Dahomey, we performed t-tests of these treatments. t-tests

show no significant differences between the Dahomey control and Alstonville rotenone treat-

ment on the 1:2 P:C diet (t8 = 0.61, p = 0.56) nor the 1:16 P:C food (t8 = 1.25, p = 0.25).

To test the generality of the rotenone phenocopy we added paraquat to the diets and

assayed larval development. As expected, Alstonville larvae fed food treated with paraquat phe-

nocopied Dahomey fed the standard diet. Addition of paraquat to the 1:2 PC diet caused a

40% decrease in the proportion of the phenocopy developing in 3 d. Conversely, when para-

quat was added to the 1:16 P:C diet the proportion of the phenocopy developing in 3 d

increased by 25% (S6 Fig). Therefore, we concluded that adding paraquat to the diets produced

similar results to that induced by rotenone (Fig 5A, S5A Fig, S6 Fig). Undesirably, paraquat

caused ~40% mortality and so it was not studied further.

Effect of rotenone on complex I activity, SOD activity and larval weight. As reported in

Study 3, complex I activity was higher in Alstonville than Dahomey (Fig 4A). Adding rotenone

to the diets of Alstonville larvae decreased complex I activity to levels that were similar to those

of Dahomey (Fig 5B, S5B Fig). Adding rotenone to the diets of Dahomey larvae further

decreased complex I activity. ANOVA showed significant effects of mitotype and rotenone

treatment (F1, 44 = 20.55, p< 0.0001 and F1, 44 = 11.05, p = 0.002, respectively) but no main

effect of diet (F1, 44 = 0.34, p = 0.56). Complex I activity was significantly affected by the mito-

type-by-rotenone interaction (F1, 44 = 5.61, p = 0.02), but not by the mitotype-by-diet or the

diet-by-rotenone interactions (F1, 44 = 0.85, p = 0.36; F1, 44 = 0.20, p = 0.66, respectively). The

three-way interaction was not significant (F1, 44 = 0.029, p = 0.89). Next, we performed t-tests

to determine whether rotenone treatment of the Alstonville mitotype phenocopied Dahomey.

As expected, there was no significant difference on the 1:2 P:C (t11 = 0.49, p = 0.63) or the 1:16

P:C diet (t11 = 0.88, p = 0.40).

When larvae were fed the standard diet, SOD activity was 42% higher in Dahomey larvae

than Alstonville larvae and 54% higher in mitotypes fed the 1:2 P:C diet (Fig 5C, S5C Fig).

Adding rotenone to the diets of Alstonville larvae caused them to phenocopy Dahomey larvae

(Fig 5C, S5C Fig). Dietary addition of rotenone to Dahomey caused further increases in SOD

activity. ANOVA showed significant main effects of mitotype, diet, and rotenone treatment

(F1,32 = 25.82, p< 0.0001; F1,32 = 52.53, p< 0.0001; F1,32 = 21.56, p< 0.0001, respectively). SOD

activity was not significantly affected by any interaction (F1, 32 = 2.40, p = 0.13; F1, 32 = 0.18,

p = 0.67; F1, 32 = 2.33, p = 0.14, F1,32 = 1.35, p = 0.25 for mitotype-by-diet, mitotype-by-
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rotenone, diet-by-rotenone, and the three-way interaction, respectively). t-tests showed

Alstonville treated with rotenone did not differ significantly from the Dahomey control on

either diet (t8 = 0.28, p = 0.79; t8 = 0.18, p = 0.86. for the 1:2 and 1:16 P:C diets, respectively).

Our prediction that adding rotenone to the diet of Alstonville flies would phenocopy the

larval weights of Dahomey flies was not observed. Larval weights were similar when fed the 1:2

P:C diet but Dahomey were 21% heavier than Alstonville when fed the 1:16 P:C food (S5D

Fig). Addition of rotenone to the 1:2 P:C diet, caused both mitotypes to be ~27% lighter than

the non-rotenone treated control. Further, addition of the inhibitor to the 1:16 P:C food

caused Dahomey to be ~24% lighter than those not fed the inhibitor (S5D Fig). Rotenone did

not cause a dramatic reduction in the weight of Alstonville larvae fed the 1:16 P:C food.

ANOVA showed a significant effect of diet and rotenone treatment (F1,36 = 6.87, p = 0.013;

F1,36 = 47.44, p< 0.0001, respectively) but not of mitotype (F1,36 = 0.39, p = 0.54). The two-way

interaction of mitotype-by-rotenone significantly affected larval weight (F1, 36 = 9.28,

p = 0.004), while the interactions between mitotype-by-diet, diet-by-rotenone and the three

way interaction did not (F1, 36 = 0.04, p = 0.85; F1, 36 = 1.25, p = 0.27; F1,36 = 4.10 p = 0.05,

respectively). There was a significant difference in the weights of Alstonville larvae fed

Fig 5. Corroboration that the complex I mutation in Dahomey drives the population cage results. (A) Adding rotenone to the

Alstonville diet created a Dahomey phenocopy. This phenocopy developed more quickly than controls when fed the 1:16 P:C food

showing that partial inhibition of complex I was beneficial. Adding rotenone to the Dahomey fly food created a disease model and

these larvae developed more slowly on both diets (n = 5 biological rep/mitotype/diet with and without rotenone treatment). (B)

Complex I activity was decreased in the phenocopy, mimicking the Dahomey mitotype (n = 7 biological rep/mitotype/diet without

rotenone treatment and 6 biological rep/mitotype/diet with rotenone treatment). (C) SOD activity increased in rotenone-treated

larvae. On both foods, SOD activity in the phenocopy was not different from the Dahomey mitotype (n = 5 biological rep/mitotype/

diet with and without rotenone treatment). (D) Larval development times of D. melanogaster harbouring the Madang (with the

V161L ND4 mutation) and the Victoria Falls (without the ND4 mutation) mitotypes shows the same flip in development times as

Dahomey and Alstonville (n = 6 bottles/mitotype/diet). Plotted data were mean± s.e.m. � p< 0.05 and �� p< 0.001, as calculated by t-

tests (see text). Note: complete post-hoc analyses including all treatments for panels A-C are presented in S5 Fig.

https://doi.org/10.1371/journal.pgen.1007735.g005
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rotenone-treated food and the Dahomey control on both diets (t8 = 2.39, p = 0.04 and t8 =

2.76, p = 0.02, 1:2 and 1:16 P:C, respectively).

Testing development times with a second pair of mitotypes. We examined the imma-

ture development times of the larvae harbouring Madang (with the V161L ND4 mutation)

and Victoria Falls (without the ND4 mutation) mtDNA. Consistent with the expected influ-

ence of the ND4 mutation 46% fewer Madang eclosed in 3 d on the 1:2 P:C diet, but 21% more

eclosed when fed the 1:16 P:C diet (Fig 5D). ANOVA showed a significant effect of mitotype

and an interaction between mitotype and diet on larval development time (F1, 20 = 16.98,

p = 0.0005; F1, 20 = 60.80, p< 0.0001, respectively). Diet had no main effect (F1, 20 = 0, p = 1.0).

As expected, t-tests showed significant differences between the mitotypes on the 1:2 and 1:16

P:C diets (t10 = 7.91, p< 0.0001 and t10 = 2.79, p = 0.019, respectively; Fig 5D).

Summary of Study 4. We propose that the data from the Dahomey phenocopies provide

additional layers of support to the tenet that the ND4 mutation drove the population cage

results. Dahomey phenocopies and Dahomey larvae showed a similar flip in the relative devel-

opment times on the two diets, had a similar reduction in complex I activity and a comparable

elevation of SOD activity. Larvae fed food supplemented with rotenone were, however, lighter

in three of the four comparisons suggesting the mechanism of action of rotenone and the con-

sequences of the ND4 mutation are not identical. A reduction in the weight of rotenone-

treated rats has previously been reported with microarray data showing differences in tran-

scriptional regulation and regulation of cell death/apoptosis [110, 111]. Rotenone is also

known to inhibit microtubule assembly [112], and chronic levels have been shown to recapitu-

late critical aspects of Parkinson’s Disease in Drosophila adults [113].

Comparison of the immature development times of Madang and Victoria Falls generalise

the diet-specific flip in development time results to a second pair of mitotypes. A limitation of

this comparison is that the ND4 and lrRNA mutations, as well as 27 A+T region mutations,

are common to Madang and Dahomey. It is not known if these mutations occurred indepen-

dently or these mitotypes have a shared evolutionary history. Future studies may explore natu-

rally occurring variation in West Africa and Papua New Guinea to determine if the ND4 and

lrRNA mutations are completely linked in nature.

Additional strategies to experimentally test the consequences of the ND4 mutation would

be to manipulate the Alstonville mtDNA genome and add substrates to complex II. Progress

in the area of mtDNA manipulation has been glacial. The claim that the mitochondrial

genome can be edited by CRISPR/Cas9 [114] has been questioned and the existence of an

endogenous mechanism for nucleic acid import into mitochondria remains controversial

[115]. Employing targeted restriction enzymes to manipulate mtDNA is a very clever strategy

but is limited by the locality of restriction sites and the low survival of germline precursor cells

[116]. An alternative approach may be to create a heteroplasmic fly line with both Dahomey

and Alstonville mtDNA using microinjection [23], and then manipulate the heteroplasmy of

these two mtDNA’s using engineered nucleases such as mtZFN and mitoTALEN [115]. Add-

ing substrates to complex II has strong potential to by-pass complex I. Unfortunately, the cur-

rently available complex II pro-drugs are optimised for in vitro use, have a half-life ranging

from a few seconds to a few minutes and also release aldehydes [117]. Replacing sucrose with

succinate in the diet is not expected to provide substrates to mitochondrial complex II as succi-

nate is a substrate for intestinal gluconeogenesis [118] and exogenously given succinate has

limited uptake into cells [117, 119]. Next, we conduct transcriptomics and metabolomics

assays to start unravelling the mechanisms underpinning the dietary effects. We report the

results for Alstonville before Dahomey when larvae were fed the 1:2 P:C diet. Conversely, we

report Dahomey first when larvae were fed the 1:16 P:C food. We take this approach because
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Alstonville increased in frequency on the former diet while Dahomey had the advantage on

the latter food.

Study 5: Transcriptomics and metabolomics

To gain mechanistic insight into the processes underpinning the flip in the development times

of the mitotypes we include transcriptomics and metabolomics studies. Next-generation RNA

sequencing has permitted the mapping of transcribed regions of the genomes of a variety of

organisms [120–122]. Studies of Drosophila reveal a transcriptome of high complexity that is

expressed in discrete, tissue- and condition-specific mRNA and ncRNA transcript isoforms

[120]. This enables a dynamic ensemble of transcript isoforms that gives rise to substantial

diversity. Recently, Crofton and colleagues [123] asked whether D. melanogaster mothers who

experience poor nutrition during their own development change their gene product contribu-

tion to the egg. They find an increase in transcripts for transport and localization of macro-

molecules and for the electron transport chain. In this study flies were raised for at least two

generations on instant Drosophila food. Eggs were then transferred to each diet and a standard

microbiome added after 2 d. A limitation of the technique is that not all transcripts currently

have a known function.

Metabolomic profiling provides an additional layer of knowledge for the most complete

representation of the phenotype of the animal, revealing the combined contributions of gene

expression, enzyme activity, and environmental context [124]. Here, we include gas chroma-

tography-mass spectroscopy (GC/MS), which is capable of measuring small molecules with a

mass <500 Da. One constraint of the GC/MS method for metabolomics studies is that distinct

molecules may have similar retention times and it is necessary to validate results with stan-

dards [125].

Transcriptomics. RNA-seq profiling suggested the expression of mtDNA-encoded genes

was diet-dependent and could be differently regulated at the level of transcription in Drosoph-
ila. Over the whole genome, 1208 (S2A & S2B Table) genes showed a significant interaction

between diet and mitotype meaning that they were differentially expressed in a diet-dependent

manner (FDR< 0.05). For the mtDNA encoded genes, the expression levels tended to be diet-

dependent and were not consistently up in one mitotype (Fig 6). Most mtDNA-encoded genes

were downregulated in larvae with Alstonville mtDNA fed 1:2 P:C diet and upregulated in

these larvae fed the 1:16 P:C food. The mtDNA-encoded genes of Dahomey fed 1:2 P:C and

1:16 P:C diets were expressed at intermediate levels (Fig 6).

For the 1:2 P:C diet, 93 genes were differentially expressed (S2A Table). On this high pro-

tein diet, there was one differentially upregulated KEGG pathway (p< 0.01) and seven differ-

entially downregulated KEGG pathways (p< 0.01) in Alstonville compared to Dahomey larvae

(Fig 7A and S3A & S3B Table). Of those upregulated in Dahomey, at least two (MXC P450 and

Drug Metabolism C P450) are linked with a stress response [126], suggesting these larvae were

oxidatively stressed. Gene Ontology analyses of the two mitotypes on the 1:2 P:C diet (S4

Table) shows the molecular function of “pyruvate dehydrogenase kinase activity”

(GO:0004740) is reduced in Dahomey (S4B Table), suggesting reduced activity of the electron

transport system in these larvae on this diet. There is no evidence for the differential expres-

sion of genes encoding the mitochondrial ribosome in larvae harbouring the two mitotypes.

For the 1:16 P:C food, 3114 genes were differentially expressed suggesting extensive remod-

elling of metabolism (S2B Table). There were 14 differentially upregulated KEGG pathways

(p< 0.01) and eight differentially downregulated KEGG pathways (p< 0.01) in Dahomey com-

pared to Alstonville larvae (Fig 7B and S3C & S3D Table). Of the 14 differentially upregulated

pathways in Dahomey at least three (replication, Notch, and FOXO signalling) have been
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associated with development [127, 128]. Gene Ontology analyses of the two mitotypes on the

two diets shows annotations with low probability (S4C & S4D Table). Comparing Dahomey

with Alstonville the most upregulated was the cellular component “nucleus” (GO:0005634)

(S4C Table). Plausibly, this suggests a broad anterograde response to reduced mitochondrial

function. Significantly downregulated terms in Dahomey include the cellular component

“mitochondrion” (GO:0005739) (S4D Table). Further, the molecular function of “NADH

dehydrogenase activity” (GO:0003954) is down in Dahomey (S4D Table), corroborating the

advantage of Dahomey flies raised on the 1:16 P:C diet is independent of complex I activity.

The most significantly upregulated KEGG pathway in Alstonville was “oxidative phosphor-

ylation" (Fig 7B). Furthermore, the cellular component terms "large ribosomal subunit"

(GO:0015934) and “mitochondrial ribosome” (GO:0005761) are strongly up-regulated on the

1:16 P:C diet compared with the 1:2 P:C diet (p = 3.53e-53 and 5.50e-37, respectively). Elevated

expression of multiple mitochondrially encoded genes (Fig 7B), mitochondrial RNA polymer-
ase (mtRNApol) [129] and the dual regulator of mitochondrial transcription termination factor
3 (mTerf3) [130], actively support the result that a general increase in mitochondrial gene

expression is part of Alstonville rewiring on the 1:16 P:C diet (S2B Table). The high number of

Fig 6. Heat map showing relative expression of mtDNA encoded genes in third instar female wandering larvae

harbouring Dahomey and Alstonville mtDNA that were fed on 1:2 P:C and 1:16 P:C ratio diets. Within each

treatment, there were four replicates (1–4). Log-expression values were batch corrected and standardised by gene. The

darker the blue the more negative the Z score. The darker the red the more positive the Z score.

https://doi.org/10.1371/journal.pgen.1007735.g006
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upregulated mitochondrial ribosomal proteins and of mitochondrial translation elongation
factor Tu1 (mEFTu1) strongly suggests that mitochondrial translation activity is higher in

Alstonville larvae (S2B Table, S7 Table). Further, we note that five genes associated with mito-

chondrial fusion [131] were also upregulated (Optic atrophy 1 (Opa1), HTRA2-related serine
protease, rhomboid-7 (eho), Heat shock protein cognate 5 (Hsc70-5), and Myofilin (mf); S2B

Table) suggesting that mitochondrial morphology may differ between the mitotypes.

Metabolomics. GC/MS data detected 26 differentially abundant Drosophila metabolites

between larvae with Alstonville and Dahomey mtDNA fed the two diets (Fig 7C & 7D and

S5A & S5B Table). For the 1:2 P:C diet, three were higher in Alstonville and 16 elevated in

Dahomey (Fig 7C and S5A Table). Multiple sugars were differentially abundant in Dahomey

larvae on the 1:2 P:C diet suggesting the mtDNA encoded complex I mutation negatively

impacted the flow of these metabolites through the electron transport system. The most abun-

dant metabolite in Alstonville was succinate (Fig 7C). Succinate has multiple biological roles as

a metabolic intermediate, is converted to fumarate by succinate dehydrogenase in complex II

of the electron transport system and is a signalling molecule reflecting the cellular metabolic

state [132]. Succinate occurred in higher levels in Dahomey than Alstonville fed the 1:16 P:C

diet (Fig 7C and S5B Table).

For the 1:16 P:C diet, 12 metabolites were higher in Dahomey and three elevated in Alston-

ville larvae (Fig 7D and S5B Table). Lactate, alanine, glutaric acid, stearic acid, palmitic acid

Fig 7. Transcriptomics and metabolomics assays. Differentially expressed KEGG pathways and metabolites from wandering third instar

female larvae fed the 1:2 P:C and 1:16 P:C food. Red indicates elevated in Dahomey, blue elevated in Alstonville with darker colours

representing smaller FDRs. Detailed FDRs are shown in S3 Table. (A) The differentially expressed KEGG pathways observed in RNA-seq

profiling for the 1:2 P:C diet (n = 4 biological rep/mitotype). MXC P450 is Methoxychlor-Cytochrome P450, C P450 is Cytochrome P450, A &

A is Ascorbate and Aldarate, P & C is Porphyrin and Chlorophyll, P & G is Pentose and Gluconate, ER is endoplasmic reticulum. (B) The

differentially expressed KEGG pathways observed in RNA-seq profiling for the 1:16 P:C diet (n = 4 biological rep/mitotype). NER is nucleotide

excision repair, BER is base excision repair, FoxO is Forkhead box, HR is homologous recombination, Pyrimidine is pyrimidine metabolism,

OXPHOS is oxidative phosphorylation, TCA is tricarboxylic acid, Glycerophospholipid is glycerophospholipid metabolism, and Carbon is

carbon metabolism. Detailed FDRs are shown in S5 Table. (C) Differentially abundant metabolites observed in GC/MS profiling (n = 5

biological rep/mitotype) for the 1:2 P:C diet. (D) Differentially abundant metabolites observed in GC/MS profiling (n = 5 biological rep/

mitotype) for the 1:16 P:C diet.

https://doi.org/10.1371/journal.pgen.1007735.g007
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and D-mannose were higher in Dahomey on both foods. The high levels of lactate and alanine

in Dahomey on both diets further supports the hypothesis that the complex I mutation is

slightly deleterious in this mitotype. Lactic acidosis resulting from impaired utilisation of pyru-

vate is a hallmark of complex I dysfunction [133] and of mitochondrial disease in general

[134]. The blood concentration of alanine is increased in most patients with electron transport

system disorders [135].

Summary of Study 5. Linking transcriptomic and metabolomic data sets has been used to

provide new insights into the interplay between genetics and environmental factors in a range

of systems including the glycolytic state of Drosophila larvae [136], larval physiology [137,

138], physiological effects of high fat diet [139], and cold tolerance [140]. Here, transcrip-

tomics and metabolomics data provided evidence that Alstonville has an advantage on the 1:2

P:C diet because Dahomey larvae are oxidatively stressed and the flow of sugar through the

electron transport system is negatively impacted. In comparison, metabolism is extensively

remodelled in both mitotypes on the 1:16 P:C diet.

Three lines of evidence strongly suggest that differential rates of glycolysis [141] do not

cause the observed differences in development of the two mitotypes on the 1:16 P:C diet.

First, we added the glycolytic inhibitor 2-Deoxy-D-glucose (2DG) to the diet and assayed

numbers of flies eclosing in a 3 d window. Addition of 2DG to the 1:2 and 1:16 P:C diets did

not affect the overall trend in fly development. Similar to the control diet, Alstonville devel-

oped 41% faster than Dahomey (t8 = 5.60, p = 0.001) when fed the 1:2 P:C diet but Dahomey

developed 24% faster than Alstonville (t8 = 4.18, p = 0.003) when fed the 1:16 P:C diet. Sec-

ond, we experimentally assayed the expression of Glycogen phosphorylase (GlyP) and the

estrogen-related receptor (ERR). GlyP limits glycolysis flux capacity in adult Drosophila [142],

while ERR has been proposed to regulate glycolytic gene expression in larvae [136]. Consis-

tent with the transcriptomic analyses, expression of GlyP and ERR did not differ between the

mitotypes (S6 Table). Third, we mined the transcriptomics data. Four genes involved in gly-

colysis were found to be differently expressed in the transcriptomic data (6-phosphofructo-
2-kinase (Pfrx), Hexokinase C (Hex-C), Succinyl coenzyme A synthetase α subunit (Scsalpha)

and CG7069, which is reported to have pyruvate kinase activity (S2 Table)). All four were sig-

nificantly upregulated in Alstonville and therefore does not suggest that differential rates of

glycolysis provided ATP for Dahomey. Further, analyses of the transcriptomics data showed

the gene ontology biological process “ATP metabolic process” (GO:0046034) was down-reg-

ulated in Dahomey (S4D Table). Next, we compare the influence of the 1:2 P:C and the 1:16

P:C diets on levels of ROS production, oxidative stress, mtDNA copy number and ATP

levels.

Study 6: Response of Drosophila larvae to the 1:2 P:C and 1:16 P:C diets

In this section, we explore the disadvantage to Dahomey on the 1:2 P:C diet and begin to inves-

tigate the mitohormetic responses of the mitotypes fed the 1:16 P:C diet. We assay basal ROS

production and expression of two Glutathione S-transferase (GST) genes because SOD activity

was higher in Dahomey than Alstonville larvae and higher in mitotypes fed the 1:2 P:C diet

(Fig 5C). Basal mitochondrial ROS gives the levels produced at the resting state and are an

indicator of mitochondrial coupling efficiency in respiration [143]. ROS production and

detoxification are tightly balanced, and numerous stress response mechanisms have evolved

[144]. GSTs are a large supergene family of an ancient detoxifying enzyme and respond to

endogenous and exogenous substrates through glutathione conjugation [145]. Transcriptomic

data showed that Dahomey larvae fed the 1:2 P:C diet exhibited an elevation in cytochrome

P450 metabolism (Fig 7A), and had higher expression levels of GstE1 and GstE5 (S2A Table).
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Here, we perform quantitative reverse transcription PCR (RT-qPCR) to confirm that the genes

that were identified in the original RNA-seq were also altered as expected.

Next, mtDNA copy number and levels of ATP were assayed. Copy number is regulated by

ROS in yeast [146], is positively linked to levels of ATP [147], and is crucial for maintaining

cellular energy supplies [147, 148]. In Drosophila, mtDNA copy number is proposed to impact

the organismal phenotype by influencing the respiratory membrane and the efficiency of oxi-

dative phosphorylation [86]. ATP production has been shown to influence many cellular pro-

cesses and evolutionary important physiological parameters including development rates [29,

149].

Basal ROS levels and oxidative stress. As predicted from the SOD and the transcriptomic

data, basal ROS levels were higher (~35%) in Dahomey than Alstonville when both were fed

the 1:2 P:C diet, but levels did not obviously differ between mitotypes fed the 1:16 P:C diet (Fig

8A). ANOVA showed significant main effects of mitotype, diet and their interaction (F1, 28 =

34.65, p< 0.0001, F1, 28 = 201.99, p< 0.0001, F1, 28 = 36.64, p< 0.0001, respectively). t-tests

showed a significant difference between the mitotypes fed the 1:2 P:C diet (t16 = 6.93, p<

0.0001) but not between mitotypes fed the 1:16 P:C diet (t12 = 0.52, p = 0.61). The same trend

was observed when superoxide levels were assayed (S4D Fig).

RT-qPCR corroborated the transcriptomic data that Dahomey larvae fed the 1:2 P:C diet

were oxidatively stressed. For GstE1, Dahomey larvae had 156% greater expression than did

Alstonville larvae when fed the 1:2 P:C diet (Fig 8B). There was no obvious difference in

expression when larvae were fed the 1:16 P:C diet (S2B Table). Expression of GstE1 showed

significant effects of mitotype, diet, and their interaction (F1,20 = 12.00, p = 0.02, F1,20 = 29.73,

p< 0.0001, F1,20 = 5.38, p = 0.03 respectively). t-tests showed a significant difference between

mitotypes when fed the 1:2 P:C diet (t10 = 3.47, p = 0.006) but not when mitotypes were fed the

1:16 P:C diet (t10 = 0.14, p = 0.89). GstE5 was upregulated ~121% in Dahomey on the 1:2 P:C

diet and ~15% on the 1:16 P:C diet (Fig 8B). ANOVA showed significant effects of mitotype,

diet, and their interaction (F1,20 = 6.04, p = 0.02, F1,20 = 29.73, p< 0.0001, F1,20 = 5.38, p = 0.03

respectively). t-tests showed a significant difference between the mitotypes when fed the 1:2 P:

C diet (t10 = 2.41, p = 0.04) but not when the mitotypes were fed the 1:16 P:C diet (t10 = 0.06,

p = 0.56).

MtDNA copy number and steady-state ATP levels. MtDNA copy number, assayed with

independent primer sets, shows mitotype specific differences between larvae fed the 1:2 P:C

diet, but not the 1:16 P:C diet. Overall, Alstonville had ~30% higher copy number on the 1:2 P:

C diet and<10% higher copy number on the 1:16 P:C diet (Fig 8C). Comparing diets, mtDNA

copy number was 52% higher on the 1:2 P:C than the 1:16 P:C diet. In regards to the ND4/

actin set, mitotype and diet but not their interaction significantly affected copy number (F1, 26

= 7.45, p = 0.01; F1, 26 = 14.77, p = 0.0007 and F1, 26 = 2.85, p = 0.10, respectively). t-tests

showed significant differences between the mitotypes when fed the 1:2 P:C diet (t13 = 2.45,

p = 0.03) but not when the mitotypes were fed the 1:16 P:C diet (t13 = 1.26, p = 0.23). Copy

number with regards to the lrRNA/RP49 set showed a similar result (F1, 22 = 5.33, p = 0.03; F1,

22 = 30.41, p< 0.0001 and F1, 22 = 2.89, p = 0.10, for mitotype, diet and their interaction,

respectively). Again, t-tests showed significant differences between the mitotypes when fed the

1:2 P:C diet (t10 = 4.00, p = 0.003) but not when the mitotypes were fed the 1:16 P:C diet (t10 =

0.37, p = 0.72).

ATP levels support the hypothesis that metabolism is extensively remodelled in Dahomey

larvae fed the 1:16 P:C diet (Fig 8D). ATP levels showed no significant effects of mitotype and

diet but their interaction was significant (F1, 22 = 1.74, p = 0.20; F1, 22 = 1.79, p = 0.20 and F1, 22

= 9.14, p = 0.01, respectively). t-tests showed significant differences between the mitotypes
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when fed the 1:2 P:C diet (t11 = 2.44, p = 0.03), but not when fed the 1:16 P:C diet (t11 = 0.19,

p = 0.09).

Summary of Study 6. When fed the 1:2 P:C diet, the complex I mutation in Dahomey

increased ROS production and oxidative stress and decreased mtDNA copy number and ATP

levels (Fig 8, Fig 9). Consistent with this result, the rate of maximum ROS production

increased more rapidly with age in Dahomey than Alstonville adult males when fed Drosophila
instant food [62]. In adult females harbouring these mitotypes, Camus et al. [150] found the

same rank order of mtDNA copy number when flies were fed an unknown diet. Our findings,

Fig 8. Basal ROS, antioxidant expression, mtDNA copy number and ATP levels Alstonville larvae had an advantage when fed the

1:2 P:C diet as the V161L ND4 amino acid change in complex I of Dahomey reduced the efficiency of ATP production. (A)

Measurement of basal ROS shows higher levels in Dahomey fed the 1:2 P:C diet. ROS levels were similar when larvae were fed the 1:16 P:

C diet (n = 9 biological rep/mitotype on the 1:2 P:C diet, and 8 biological rep/mitotype on the 1:16 P:C diet with 2 failed reactions in

Alstonville). (B). GstE1 and GstE5 expression was highest in Dahomey larvae fed the 1:2 P:C diet (n = 6 biological rep/mitotype/diet for

both genes). (C) Alstonville larvae had higher mtDNA copy number when fed the 1:2 P:C diet but both mitotypes had equivalent and

lower copy number when fed the 1:16 P:C diet. MtDNA copy number show the relative expression of ND4 (ND4/Actin) and lrRNA

(lrRNA/Rp49) (n = 8 biological rep/mitotype/diet with 2 failed reactions for ND4/Actin and 7 biological reps/mitotype/diet for lrRNA/

Rp49 with 2 failed reactions). (D) Total cellular ATP levels were higher in Alstonville larvae fed the 1:2 P:C diet but were similar when

fed the 1:16 P:C diet suggesting a mitohormetic response (n = 8 biological rep/mitotype/diet, with two failed reactions) Bars show mean±
s.e.m. t-tests between mitotypes � p< 0.05, �� p< 0.01 (see text).

https://doi.org/10.1371/journal.pgen.1007735.g008
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however, conflict with the previous result that high mtDNA copy number correlates with lon-

ger development times [86]. One potential explanation for this difference is that we quantified

copy number in third instar larvae while Salminen et al. [86] assayed adult virgins and pupae.

A second experimental difference between the studies is the larval diets.

When fed the 1:16 P:C food, SOD activity was and superoxide levels were higher in Daho-

mey (Fig 5C, S4D Fig), but there were no significant differences in basal ROS production,

GstE1 and GstE5 expression, mtDNA copy number or ATP levels (Fig 8). Future studies

should assay the three major forms of SOD. The finding that ATP levels were similar but devel-

opment rates differed predicts that either ATP does not constrain development or the mito-

types differentially allocate it. To explore these alternatives, we focus on the influence of the

1:16 P:C diet in the two mitotypes in Studies 7 and 8. In these studies we chose to manipulate

the dietary sugars and partially block pathways in the mutant because the system is highly sen-

sitive. We then assay development rate as a functional output that is directly related to the criti-

cal variable driving the population cage data. Again, we performed RT-qPCR to confirm that

the genes that were identified in the original RNA-seq were also altered as expected. We start

with the responses in Dahomey larvae, as Studies 1 and 2 showed the Dahomey mitotype

increased in frequency when fed the 1:16 P:C diet.

Study 7: Mitohormetic responses in Dahomey larvae fed 1:16 P:C food

We posited that the polyol pathway was mechanistically involved in the mitohometic response

in Dahomey larvae due to the elevation of sorbitol levels in the metabolomics data and pre-

dicted that including dietary sugars in the pathway would be beneficial. If true, we hypothe-

sised that the addition of the polyol pathway inhibitor Epalrestat would mitigate the net

benefit. We then assayed the number of flies eclosing in 3 d, quantified the expression of Notch
(N) and Cyclic-AMP response element binding protein B (CrebB), and determined food con-

sumption. In the non-disease context the polyol pathway is essential for cellular osmoregula-

tion but, in the context of diabetes, it is associated with tissue-damage during hyperglycaemia

[151]. In the pathway, glucose is reduced to sorbitol, via the action of the enzyme aldose reduc-

tase, and then oxidized to fructose. O-fucose and O-glucose are essential for normal Notch sig-

nalling [152] and their levels are regulated by derivatives of the polyol pathway including

fructose, sorbitol and mannose, while xylose negatively regulates signalling [153, 154]. Notch

regulates the cAMP responsive element binding protein (CREB) [155, 156], and experientially

Fig 9. Proposed metabolic differences between Drosophila larvae fed the 1:2 P:C food. Development time for Alstonville larvae was faster than

Dahomey because the V161L ND4 mutation in Dahomey caused reduced flow through the electron transport system. Red indicates elevated in

Dahomey, blue higher in Alstonville. The mutation created a backup of glucose, which was likely metabolised to hexose, trehalose, and D-maltose.

Lactate and alanine were also elevated. The mutation also caused an increase in ROS production, which resulted in an oxidative stress P450 response

(including elevated levels of GstE1 and GstE5), high SOD activity and a decrease in ATP level.

https://doi.org/10.1371/journal.pgen.1007735.g009

Diet influences mitochondrial functions

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007735 November 6, 2018 25 / 57

https://doi.org/10.1371/journal.pgen.1007735.g009
https://doi.org/10.1371/journal.pgen.1007735


blocking CREB activity in Drosophila fat body has been shown to increase food intake [157]. N
and CrebB were differentially expressed in the transcriptomics data (S2B Table).

The polyol pathway does not produce ATP so could not adequately account for the similari-

ties in ATP levels between the mitotypes fed the 1:16 P:C diet. Here, we test the hypothesis that

rates of β-oxidation differed between the mitotypes and add Etomoxir to the diet. β-oxidation

of fatty acids generates NADH and FADH2 and thereby partially bypasses complex I of the

electron transport system [91]. Etomoxir inhibits entry of long-chain fatty acids into the mito-

chondrion via the carnitine shuttle and we predicted its addition would result in loss of the

selective advantage to Dahomey. We then quantified development, triglyceride levels, expres-

sion of elongase F (eloF) and brummer (bmm), β-oxidation activity, acetyl-coA enzyme activity,

NAD+/NADH ratio and starvation survival. Metabolomic data showed high levels of stearic

and palmitic acid in Dahomey larvae so we assayed triglycerides. To test for increased lipogen-

esis, we assayed the expression of eloF and bmm. elofF is a female-biased elongase involved in

long-chain hydrocarbon biosynthesis [158]. bmm is a lipase which promotes fat mobilisation

and is responsible for channelling fatty acids toward β-oxidation [159]. Both, elofF and bmm
were differentially expressed in the transcriptomics data (S2B Table). β-oxidation was directly

quantified using 14C-labelled palmitic acid. Acetyl-CoA was measured because the breakdown

of carbohydrate influences its levels. NAD+ is required for fatty acid metabolism and the

NAD+/NADH ratio was assayed. Starvation resistance was tested as a significant organismal

trait [160]. When a larva is not feeding, energy can only come from the metabolism of existing

resources [161], which occurs when fruits are small, when food quality declines and also in a

fluctuating environment [162].

Upregulation of the polyol pathway in Dahomey. The polyol pathway converts glucose

to fructose, however, fructose was not recorded as differentially present in Study 5 because glu-

cose interferes with its detection in GC/MS [163]. Here, we assayed fructose with an enzymatic

kit. As predicted from an increase in the activity of the polyol pathway, Dahomey larvae had

significantly elevated levels of fructose (t30 = 3.40, p = 0.002).

Our predictions that including dietary sugars in the polyol pathway would be beneficial

while addition of the inhibitor Epalrestat would mitigate the net benefit to Dahomey larvae

were observed. Replacing sucrose (control) with sorbitol, fructose, mannose, and fucose

caused more Dahomey than Alstonville to eclose in a 3 d window (t6 = 2.64, p = 0.038, t6 =

11.7, p< 0.0001, t6 = 4.42, p< 0.005, t6 = 11.60, p< 0.0001 for sorbitol, fructose, mannose and

fucose, respectively; Fig 10). Differences in development time were lost when xylose was the

dietary sugar (t6 = 1.23, p = 0.27; Fig 10). Dunnett’s test demonstrated that similar numbers of

Dahomey females eclosed in 3 d when fed the control diet and when sucrose was replaced with

sorbitol, fructose, mannose, fucose and xylose (Q = 2.80, p>0.05 in all cases; Fig 10). Addition

of the inhibitor Epalrestat to the diet caused the repeatable differences in numbers of flies

eclosing in 3 d to be lost (t8 = 0.475, p = 0.647; Fig 10). Dunnett’s test showed a significant dif-

ference between numbers of Dahomey larvae eclosing in 3 d when fed the control diet and the

diet supplemented with the inhibitor (Q = 2.59, p = 0.001; Fig 10).

As expected, increasing activity of the polyol pathway with the dietary addition of sorbitol

increased N and decreased CrebB expression. Blocking the pathway with Epalrestat had the

opposite effect. N expression increased 18% in Dahomey when the dietary sugar was sorbitol

and decreased to the same level as Alstonville when Epalrestat was added (t10 = 4.36, p = 0.001,

t10 = 3.90, p = 0.003, t12 = 0.06, p = 0.95 for control, sorbitol and Epalrestat, respectively; Fig

11A, S6B Table). CrebB expression was <5% higher in Dahomey larvae fed sorbitol compared

to sucrose, but increased by 41% with the addition of Epalrestat (t10 = 2.23, p = 0.046; t10 =

2.72, p = 0.022, t12 = 0.38, p = 0.711 for sucrose, sorbitol and Epalrestat, respectively; Fig 11A,

S6B Table).
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For food consumption, larvae with Dahomey mtDNA ate 57% more when sucrose was the

dietary sugar and 156% more when sorbitol was the dietary sugar (t14 = 4.58, p = 0.0004, t17 =

23.31, p< 0.0001; Fig 11B). This distinct difference in food consumption was lost when Epalre-

stat was added to the diet (t18 = 0.48, p = 0.64; Fig 11B). Therefore, we conclude that increased

activity of the polyol pathway resulted in increased food consumption.

Increased β-oxidation of fatty acids in Dahomey. β-oxidation activity was highest in

Dahomey larvae and this enabled the partial bypass of the complex I mutation. As predicted,

the dietary addition of Etomoxir removed Dahomey’s advantage. For development, Etomoxir

caused the repeatable differences in numbers of flies eclosing in 3 d to be lost (t8 = 0.10,

p = 0.92; Fig 10). There was a significant difference between numbers of Dahomey eclosing in

3 d when fed the control diet and the food supplemented with inhibitor (Q = 2.59, p< 0.02; Fig

10). For triglycerides, levels were 76% higher in Dahomey when fed the control diet, but this

clear difference was lost when Etomoxir was added to the diet (t25 = 5.52, p< 0.0001, t21 =

1.07, p = 0.30, for control and Etomoxir, respectively; Fig 12A).

Lipogenesis was higher in Dahomey larvae. There was a 140% higher expression of eloF in

Dahomey larvae fed the control diet (t10 = 3.02, p = 0.013; Fig 12B, S6B Table), but no differ-

ence when Etomoxir was added to the diet (t10 = 0.26, p = 0.803; Fig 12B). For bmm, Dahomey

larvae showed 100% higher expression on the control 1:16 P:C diet (t10 = 3.65, p = 0.004; Fig

12B, S6B Table). Again, this difference was lost when Etomoxir was added to the diet (t9 =

0.51, p = 0.62; Fig 12B).

Fig 10. Tests of hypotheses using other sugars and inhibitors. Dietary modification of the 1:16 P:C diet with

replacement of sugars (sucrose was the dietary sugar for the Control) and inhibitors. Replacement sugars were sorbitol,

fructose, mannose, fucose, xylose, and gluconate (n = 4 rep/mitotype).The inhibitors were Epalrestat (Polyol pathway)

(n = 5 rep/mitotype), and Etomoxir (β -oxidation) (n = 5 rep/mitotype). More Dahomey than Alstonville flies eclosed

in a 3 d window when fed the control diet, as well as diets containing sorbitol, fructose, mannose, and fucose. Fewer

Dahomey flies eclosed in a 3 d window when fed gluconate. There was no difference in the number of flies eclosing in

3 days between mitotypes when xylose was the dietary sugar or when Epalrestat or Etomoxir was added to the diet. �

p< 0.05; �� p< 0.01, ��� p<0.001 as determined by t-tests (see text). Dunnett’s tests compared Dahomey females fed

the control diet to diets supplemented with inhibitors or the control diet compared with other sugars • p< 0.05 (see

text).

https://doi.org/10.1371/journal.pgen.1007735.g010
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Fig 11. The polyol pathway is upregulated in Dahomey larvae fed the 1:16 P:C diet. (A) Expression of N and CrebB
differed when larvae were fed the control (sucrose) diet, or sorbitol was the dietary sugar, but differences were lost

when Epalrestat was added to the diet (n = 6 rep/mitotype, with n = 8 for Epalrestat fed Dahomey). (B) Food eaten was

higher in Dahomey larvae than in Alstonville larvae. Food consumption increased when sorbitol was the dietary sugar

and decreased when Epalrestat was added to the diet (n = 12 larvae/mitotype/diet were added to dye labelled food.

Larvae with food visible in guts were collected and analysed: control-Alstonville = 7 larvae, control-Dahomey = 9

larvae, sorbitol-Alstonville = 8 larvae, sorbitol-Dahomey = 11 larvae, Epalrestat-both mitotypes = 10 larvae. Bars show

mean ± s.e.m. � p< 0.05 and �� p< 0.01, as calculated by t-tests (see text).

https://doi.org/10.1371/journal.pgen.1007735.g011
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Increased rates of β-oxidation in Dahomey are consistent with the higher ATP levels (Fig

8D) on the 1:16 P:C food than the 1:2 P:C diet. The rate of β-oxidation in Dahomey larvae was

almost double that observed in Alstonville larvae (t17 = 5.98, p< 0.0001; Fig 12C). Further, the

levels of cytosolic and mitochondrial acetyl-CoA were also markedly elevated being 181% and

584% higher, respectively (t12 = 3.87, p = 0.002, t16 = 8.84, p< 0.0001, for cytosolic and mito-

chondrial, respectively Fig 12D). The NAD+/NADH ratio in Dahomey larvae was 131% higher

than that observed in Alstonville suggesting that the rate of β-oxidation was not limited by

NAD+ availability (t12 = 2.79, p = 0.016; Fig 12E).

Fig 12. β-oxidation of fatty acids is upregulated in Dahomey larvae fed the 1:16 P:C diet. (A) Triglyceride levels were higher in Dahomey larvae

fed the control diet. When Etomoxir (Eto) was added to the control diet, triglyceride levels increased, and differences between the mitotypes was

lost (n = 14 rep/mitotype/treatment with 6 failed reactions). (B) Expression of eloF) and bmm) were higher in Dahomey larvae fed the control diet.

Differences were lost when Etomoxir (Eto) was added to the control diet (n = 6 rep/mitotype). (C) β-oxidation activity was highest in Dahomey

larvae (n = 10 biological rep/mitotype–with one outlier removed). (D) Acetyl-coA enzyme activity in the cytosol and extracted mitochondria was

higher in Dahomey larvae. (n = 9 biological rep/mitotype–with four outliers removed from the cytosol data). (E). NAD+/NADH ratio was higher in

Dahomey larvae (n = 7 rep/mitotype). (F) Starvation survival was greatest in Dahomey larvae (n = 56 for Alstonville and 91 for Dahomey). Bars

(mean ± s.e.m). p< 0.05 and p< 0.01, as calculated by t-tests (see text).

https://doi.org/10.1371/journal.pgen.1007735.g012
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As expected, starvation resistance was higher in Dahomey than Alstonville larvae (t145 =

2.82, p = 0.005; Fig 12F). Likely, starved larvae released lipids from the fat body and lipid drop-

lets accumulated in oenocytes [161]. Oenocytes are secretory cells that express an extensive

battery of lipid-synthesizing and -catabolizing enzymes including fatty acid elongases and fatty

acid β-oxidation enzymes [164]. Plausibly, this could provide an advantage to Dahomey larvae

in nature.

Summary of Study 7. We posit that mitohormetic responses resulted in higher levels of

ATP in Dahomey larvae fed the 1:16 P:C diet as compared to those raised on the 1:2 P:C food

(Fig 13). Here, we have shown increased activity of the polyol pathway, corroborated differ-

ences in the expression of N and CrebB and revealed increased food consumption. We used an

activator (sorbitol) and an inhibitor (Epalrestat) of this pathway and observed the expected

gene expression changes with RT-qPCR and the expected changes to feeding behaviour.

The increased food consumption in Dahomey, fuelled an increase in lipogenesis and fat

storage, which caused larvae to weigh more (Fig 5D) and develop more quickly than Alston-

ville larvae (Fig 13). Increased β-oxidation of fatty acids generated acetyl-coA, NADH, and

FADH2, which partially bypassed complex I harbouring the V161L ND4 mutation. As

expected, blocking long-chain fatty acid entry into the mitochondrion via the carnitine shuttle

with Etomoxir caused the transcriptomic and RT-qPCR differences in eloF and bmm expres-

sion to be lost (Fig 12B), resulting in loss of the selective advantage (Fig 10).

The mitohormesis response in Dahomey is diet dependent and not dependent on the

LKB1-SIK3 pathway or differential expression of Sirtuin 2 (Sirt2). To explicitly test whether

metabolic rewiring in these mitotypes was fixed or dependent on the diet, we assayed eloF and

bmm expression on the 1:2 P:C diet. Expression levels were not statistically different support-

ing the hypothesis that the rewiring was diet dependent (t10 = 0.85, p = 0.42 and t10 = 1.00,

p = 0.34 for eloF and bmm, respectively). To investigate the potential for the LKB1-SIK3 path-

way to regulate lipid metabolism [165] we mined the transcriptomic data. The RNA-seq data

did not show differential expression of the serine/threonine kinase Lkb1, Salt inducible kinase
3 (Sik3) or CREB-regulated transcription coactivator (Crtc) (S2 Table). We did note, however,

that Salt inducible kinase 2 (Sik2) was significantly overexpressed in Dahomey larvae (S2B

Table). Sik2 is reported to have an important role in nutrient-dependent signalling homeosta-

sis and to be a negative regulator of the conserved Hippo pathway [166]. We also checked for

the differential expression Sirt2, as a buoyancy-based screen of Drosophila larvae revealed that

it played a role in coupling fat storage to nutrient availability [167]. Transcriptomic data did

not suggest that Sirt2 was differentially expressed between mitotypes (S2 Table).

Overall, these data show that multiple pathways are involved in the Dahomey mitohormetic

response. One potential explanation for the mitotype specific differences in development is

disparities in fat metabolism. Triglyceride deposition increases throughout the larval stage in

Drosophila before reducing three-fold during metamorphosis [168]. Consequently, differences

in triglyceride content, particularly within the fat body, may alter the antagonistic relationship

between insulin and ecdysone and affect developmental timing [169]. In support of this

hypothesis, development rates were similar between mitotypes when Etomoxir was added to

the diet (Fig 10). Differences in fat metabolism do not, however, provide an overarching expla-

nation for developmental differences on both diets. An alternative explanation may be differ-

ential Notch and/or FOXO signalling [127, 128]. Neither hypothesis, however, fully explains

the previous result that mitotype specific differences in development are lost at 19˚ C when

food consumption but not movement differed [15]. Next, we focus on the influence of the 1:16

P:C diet on mitochondrial metabolism in Alstonville.
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Study 8: Mitohormetic responses in Alstonville larvae fed 1:16 P:C food

Transcriptomic data discussed in Study 5 actively support the result that a general increase in

mitochondrial gene expression is part of rewiring in Alstonville on the 1:16 P:C diet. Further-

more, we hypothesised that glucose-6-phosphate was differentially metabolized in Alstonville

due to the observed elevation in gluconate. Glucose 6-phosphate can be converted to store gly-

cogen through the action of glycogen synthase and so we assayed levels of glycogen. Glycogen
synthase and insulin-like receptor (Inr) are elevated in Alstonville (S2 Table). Glycogen is a pri-

mary source of energy for adult muscle function [170, 171] and the ubiquitous activation of

Inr has previously been shown to cause larvae to feed less and to wander off the food [172].

Therefore, we assay development time and movement.

Glucose 6-phosphate is also metabolized by the pentose phosphate pathway and D-Gluco-

nate can be phosphorylated to 6-phospho-D-gluconate to enter the oxidative phase of the path-

way [173]. Here we quantified the expression of Zwischenferment (Zw) and assayed glucose-

6-phosphate dehydrogenase (G6PD) activity. Zw was differentially expressed in the transcrip-

tomics data (S2B Table). Zw catalyses the oxidation of glucose-6-phosphate (G6P) to 6-phos-

phogluconate. G6PD is the rate-limiting enzyme of the pentose phosphate pathway [174, 175].

We then assayed one aspect of insulin signalling. The insulin/insulin-like growth factor signal-

ling pathway controls a wide variety of biological processes in metazoans [176] and stimulates

glucose metabolism via the pentose phosphate pathway in Drosophila cells [177]. The most

upstream central players in this pathway are members of the insulin-like peptide (ILP) family,

which includes insulin and insulin-like growth factors in mammals [178], as well as multiple

ILPs in worms and insects [179]. ILPs are regulated by nutritional status and Insulin-like pep-
tide 2 (Ilp2) is essential for maintaining normoglycemia [180]. We assayed Ilp2 to corroborate

the results from the transcriptomics data (S2B Table). Here, we replaced sucrose (control) with

Fig 13. Proposed mitohormetic responses in Drosophila larvae fed the 1:16 P:C food (red indicates elevated in Dahomey, blue higher in Alstonville). The

mitohormetic response, involving at least two separate pathways, enabled Dahomey to develop faster than Alstonville larvae. First, larvae with Dahomey mtDNA ate

more, which caused third instar larvae to weigh more. Backup of sugars produced increased activity of the polyol pathway and increased N expression. Increased N
expression blocked CrebB and fed back to increase food consumption. Second, pyruvate was metabolised to acetyl-CoA and exported from the mitochondrion for

fatty acid synthesis and palmitic acid and stearic acid levels increased. The long-chain fatty acids were catabolised by β oxidation, resulting in the formation of

NADH and FADH2. FADH2 shuttled electrons to the quinone pool and partially by-passed ETC complex I where the V161L mutation occurred. In contrast,

Alstonville larvae upregulated glycogen metabolism and activity of the pentose phosphate pathway increased. Increased glycogen metabolism increased wandering,

which diverted energy away from development. Increased insulin signalling decreased larval food consumption.

https://doi.org/10.1371/journal.pgen.1007735.g013
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gluconate as the dietary sugar, but did not include any blockers because we considered this the

wild-type pathway on the 1:16 P:C diet.

Increased glycogen metabolism. Glycogen is a multi-branched polysaccharide of glucose

and is too large to detect by GC-MS. It serves as a form of energy storage in insects [181]. As

predicted, glycogen levels were 72% higher in Alstonville than in Dahomey larvae (t18 = 2.59,

p = 0.02; Fig 14A).

Dietary addition of gluconate delayed development in both mitotypes but the developmen-

tal delay was greater in Dahomey (Fig 10). Gluconate caused 54% more Alstonville than Daho-

mey to eclose in 3 d (t6 = 3.87, p = 0.008). Dunnett’s test demonstrated that more Dahomey

females eclosed in 3 d when fed the control diet than when gluconate was the dietary sugar

(Q = 2.59, p = 0.001; Fig 10).

Increasing gluconate levels increased larval physical activity. Alstonville larvae exhibited

greater physical activity than Dahomey larvae and movement increased with the dietary addi-

tion of gluconate (Fig 14B). Physical activity was 72% greater in Alstonville larvae fed sucrose

(t27 = 3.54, p = 0.002). When gluconate was the dietary sugar physical activity increased by

52% and remained higher in Alstonville (t22 = 2.81, p = 0.01; Fig 14B).

Upregulation of the pentose phosphate pathway in Alstonville. Alstonville had higher

Zw expression than Dahomey and the relative difference in expression increased with the die-

tary addition of gluconate. Expression of Zw differed on the 1:16 P:C diet with Alstonville

showing a 56% higher expression of Zw than Dahomey, while Alstonville larvae fed gluconate

showed 75% higher expression than Dahomey (t10 = 2.46, p = 0.034, t10 = 2.66, p = 0.024,

respectively; Fig 14C, S6B Table). Consistent with these results, G6PD activity was 109% higher

in Alstonville larvae (t14 = 2.70, p = 0.02; S7 Fig).

Insulin signalling, suggested by increased Ilp2 expression, was also higher in Alstonville.

Ilp2 expression was more than twice as high in Alstonville than in Dahomey larvae (t9 = 2.77,

p = 0.02, t10 = 2.38, p = 0.04, for control and gluconate, respectively; Fig 14C, S6B Table). It has

been convincingly argued that insulin signalling influences food consumption and locomotion

in adults flies and feeding in Drosophila larvae [182, 183]. Future studies may consider includ-

ing western blotting to assess insulin signalling.

Summary of Study 8. Alstonville fed the 1:16 P:C diet had elevated mitochondrial gene

expression, produced more glycogen, were more active and had increased activity of the pen-

tose phosphate pathway with greater insulin signalling. We postulate that the greater physical

activity caused Alstonville larvae to redirect the resource away from development (Fig 13).

Physical movement requires ATP [185] and is critical for dispersal behaviour seen upon nutri-

ent deprivation [186]. The cost of increased physical activity is the diversion of energy away

from cell growth and division resulting in slowed development [29, 149, 187]. Towarnicki and

Ballard [15] raised larvae at 19˚ C, 23˚ C and 27˚ C and measured development time, food con-

sumption and movement. At the two higher temperatures, Alstonville larvae developed more

slowly, ate less and moved more. When larvae were raised at 19˚ C movement, and develop-

ment time of these mitotypes did not differ, but differences in food consumption remained.

Thus, temperature may have an indirect affect causing a reduction in movement of the poikilo-

therm. Further supporting this hypothesis, Wieser [188] presented evidence to suggest that the

cost of growth decreases with rate of growth in ectotherms.

As observed in the transcriptomic data (S2B Table) mitochondrial transcription factor A
(TFAM), a key regulator of mitochondrial gene expression, is not differentially expressed (t10

= 0.14, p = 0.89; S2B & S6B Tables). This is not surprising, as the levels of TFAM are known to

be directly proportional to mtDNA copy number [184] and the latter is lower in Alstonville

larvae on the 1:16 diet (Fig 8C). We conclude that the difference in mitochondrial gene expres-

sion is not due to TFAM.
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Increased glycogen levels in Alstonville larvae predicted that we would see an elevation in

HR38 [170], the single fly ortholog of the mammalian nuclear receptor 4A family of nuclear

receptors. Mining of the transcriptomic database did not suggest that was the case (S2B Table).

There was, however, evidence for increased expression of the Drosophila p70/S6 kinase (S6K),
which is reported to be a key organizer of hunger-driven feeding behaviours in Drosophila lar-

vae [186].

Conclusion

Over the past decade, it has become clear that diet is an evolutionary force that has immediate

implications for our understanding of health and disease. Here, we provide substantial evi-

dence to suggest that a single mtDNA encoded nonsynonymous mutation can differently

influence the regulation of dietary metabolites and have significant phenotypic consequences.

When fed the 1:2 P:C diet, Alstonville larvae had a relative advantage as the V161L ND4 muta-

tion in Dahomey caused an increase in ROS production, which resulted in oxidative stress and

Fig 14. Glycogen metabolism is increased and the pentose phosphate pathway is upregulated in Alstonville larvae

fed the 1:16 P:C diet. (A) Glycogen level was highest in Alstonville larvae (n = 10 biological rep/mitotype). (B)

Physical activity was highest in Alstonville larvae fed the control (sucrose) diet and when gluconate was the dietary

sugar (n = 16 larvae/mitotype with 3 outliers removed when fed sucrose and 12 larvae/mitotype when fed gluconate).

(C) Expression of Zw and the Ilp2 on control (sucrose) and gluconate diets were higher in Alstonville larvae (n = 6 rep/

mitotype with 1 failed reaction). Bars (mean ± s.e.m). � p< 0.05 and �� p< 0.01, as calculated by t-tests (see text).

https://doi.org/10.1371/journal.pgen.1007735.g014
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a decrease in mitochondrial functions leading to reduced mtDNA copy number and ATP

levels.

When fed the 1:16 P:C diet, Dahomey larvae had the relative advantage with multiple linked

pathways working in a synergistic mitohormetic response that enabled larvae to eat more and

develop more quickly. The remodelled pathways in Dahomey included upregulation of the

polyol pathway, which fed back to increase food consumption and fuelled increased β-oxida-

tion of fatty acids. Each cycle of β-oxidation results in the donation of electrons to the quinone

pool downstream of complex I in the electron transport system, thereby bypassing the V161L,

ND4 subunit mutation [189]. This process maintains levels of the quinone pool, which has

been shown to be functionally important [190]. In Alstonville, mitochondrial gene expression

was higher, glycogen metabolism increased and larvae were more active. We postulate that the

greater physical movement in Alstonville larvae on the 1:16 P:C diet caused a reallocation of

ATP away from cell division and growth, thereby slowing development. ATP drives many cel-

lular processes and constrains development rates [29, 149]. An alternative explanation is that

upregulation of Notch and/or FOXO signalling in Dahomey may be responsible for driving

mitotype-specific differences in development [127, 128].

These data further question whether mtDNA can be assumed to accurately reflect species

or population-level demographic processes when the dietary protein to carbohydrate ratio var-

ies over time or space. It is now well documented that purifying selection affects the variability

of mtDNA encoded genes, and the purging of deleterious variants will result in the removal of

linked variants through background selection. In humans, deleterious mtDNA mutations are

well-known [41–43], and evidence for a profound effect of accumulated mutations on men’s

health has been reported [191]. Purifying selection has been demonstrated in the female mouse

germline [39, 40] and in Drosophila slightly deleterious mutations have been reported [26, 36–

38]. Evidence of positive selection on mitogenomes has been reported [27, 52], but to our

knowledge, no specific mutation has been experimentally shown to result in an evolutionary

advantage. Our observation that distinct mitotypes reached high frequency when fed different

macronutrient ratios in population cages suggests that diet may also be a strong selective force

in nature. Here, we advocate future studies test for selection on mtDNA within and among nat-

urally occurring populations where macronutrients change over time and space.

The influence of diet is extensively studied in the literature but few studies investigate geno-

type-by-diet interactions and fewer still that have unravelled the underlying mechanisms [3–7,

51, 143, 192]. One prediction from these data is that experimentally increasing the P:C ratio

(i.e., 1:20 P:C) may further increase the dietary-induced metabolic stress and cause increased

mortality in larvae harbouring Dahomey mtDNA. Conversely, development time in Alston-

ville larvae may decrease if the polyol pathway is upregulated. Experimentally, such a dietary

perturbation would be outside the range of P:C ratios encountered by Drosophila in nature,

but perhaps would reflect the human genomes clash with modern life and the vending

machine.

Most common mtDNA mutations are thought to be deleterious and involved in a variety

mitochondriopathies and complex diseases like diabetes, cardiovascular disease, gastrointesti-

nal disorders, skin disorders and elevated blood pressure [e.g. 193, 194–197]. Further, the

accumulation of somatic mtDNA mutations likely influences primary cancers and the ageing

process [198, 199]. The data presented here suggest that it is also possible that slightly deleteri-

ous mtDNA mutations may confer an advantage in certain situations. Our data, therefore, sup-

port matching an individual’s diet to their mitotype as an approach to treating

mitochondriopathies, complex diseases or even for optimising health in non-disease popula-

tions. For example, were the same mechanisms found to occur in humans the enhanced lipo-

genesis in individuals with mild complex I mutations could make them more venerable to
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obesity when eating a high-carbohydrate diet, yet less susceptible to Parkinson’s disease, which

has been linked to defects in lipogenesis [200].

Materials and methods

Study 1: Population cages, larval development, and fecundity of four

mitotypes

Fly lines. Five D. melanogaster lines harbouring distinct mitotypes were initially collected

in nature (Alstonville, Dahomey, Japan, Madang and Victoria Falls) and w1118 was a laboratory

construct sourced from Bloomington Stock Center. Oregon R, Canton S and all balancer

stocks were obtained from Bloomington.

For this study, isogenic lines were constructed by chromosome replacement using balancers

and differed in their mitochondrial genomes and chromosome 4 [66]. Mitochondrial DNA

encoded amino acid, tRNA, rRNA and A+T rich region differences in these fly lines were pre-

viously reported [66, 83, 84]. Since arrival in the lab, the Alstonville, Dahomey, Japan and

w1118 mitotypes they have been subject to over 25 generations of backcrossing to w1118 thereby

reducing chromosome 4 variation. Six generations of backcrossing occurred immediately

before the commencement of the cage studies and additional backcrossing of each mitotype

before each Study. To further reduce the potential for nuclear-encoded mutations to influence

the results, three independently maintained lines were included in all physiological studies.

The mitotype of all lines was checked every six months by Sanger sequencing [83]. Lines did

not harbour Wolbachia infection or p-elements [83] and no evidence of heteroplasmy was

detected. Samples in the study were randomised, but investigators were not blinded to the

sample group.

Fly diets. Four isocaloric P:C diets were prepared by varying yeast, treacle, semolina and

sucrose content in a standard base containing 1% agar, 0.1% nipagen, 0.1% propionic acid and

0.001% phosphoric acid. The P:C ratios were 1:2, 1:4, 1:8 and 1:16. The final concentration of

ingredients was set at 180 g/L. The 1:2 P:C diet contained 79.4 g of yeast, 73.2 g of semolina,

27.2 g treacle and 0.2 g of sucrose per litre (so dietary sucrose comprised ~0.1% of the 1:2 P:C

diet). The 1:4 P:C diet contained 46.5 g yeast, 42.4 g semolina, 89.16 g treacle and 1.4 g sucrose

per litre. The 1:8 P:C diet contained 25.2 g yeast, 23.2 g semolina, 127.5 g treacle and 4.1 g

sucrose per litre. The 1:16 P:C diet contained 12.9 g of yeast, 11.9 g of semolina, 145.9 g of trea-

cle and 9.3 g sucrose per litre (so dietary sucrose comprised ~5% of the 1:16 P:C diet). The

autolysed yeast (MP Biomedicals, catalogue no. 103304), contains 45% protein, 24% carbohy-

drate, 21% indigestible fibre, 8% water and 2% acids, minerals and vitamins. The treacle (CSR,

Vic, Australia) contains 0.4% protein, 71% carbohydrate and 0.17% of sodium. The semolina

(Quality Food Services, Qld, Australia) contains 11.8% protein, 68.8% carbohydrate, 1.6% fat,

3.2% dietary fibre and 0.0037% sodium. A limitation of these diets is that we could not modify

the sugars while maintaining the P:C ratio and caloric content for the 1:2 P:C diets (protocol.io

reference dx.doi.org/10.17504/protocols.io.r6xd9fn).

Unless otherwise stated for all studies, flies from each of the mitotypes were raised for at

least two generations on instant Drosophila food (Carolina Biological Supply Company, NC,

USA). Flies were placed in individual egg collection containers, and eggs manually added to

either the 1:2 or 1:16 P:C diet with ~200 eggs per bottle. Microbiome was added after 48 hours.

The microbiome was established by adding 130 μL of a homogenate from four males of each

mitotype ground in 1.5 mL of distilled water.

Population cage studies including four mitotypes and four diets. Cage studies were

started by placing ~210 eggs from each fly mitotype onto instant Drosophila food in bottles.

Bottles, each with a different mitotype, were placed into population cages (22 cm x 21 cm x 36
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cm) such that there were ~850 flies/cage. To establish a homogeneous gut flora each genera-

tion, four males from each mitotype were ground in 1.5 ml of distilled water and 130 μL of the

homogenate containing gut microbes was aliquoted into each bottle. On the first day of eclo-

sion (adult emerging from a pupal case), plugs were removed from bottles and flies were

released into population cages for 3 d. Bottles were removed, and oviposition resources (yeast

placed on top of the solidified agar-based medium containing 4% agar and 10% treacle) were

put in cages and eggs were collected from 3–5 d old adult females. Surface sterilisation of eggs

was achieved by washing in dilute bleach, and ~200 eggs were then placed on each diet. This

protocol was then repeated for each generation. Following oviposition, adult flies were frozen.

The frequency of adult females harbouring the distinct mitotypes was individually determined

by sequencing and allele-specific PCR of 95 individual females from each cage. For the initial

studies, DNA was extracted, and a ~900 bp region of mtDNA amplified using the ND4L for-

ward 5’-TAAACAAACTAATCTAACTAATA-3’ and reverse 3’-GGTTGTGATATATTATC

TTATGG-5’ primer and Sanger sequenced. Chromatograms were imported into Sequencher

4.5 (Gene Codes, MI, USA) and the proportion of each mitotype/diet/generation determined.

DeLuca and O’Farrell [201] show that mature D. melanogaster sperm lack mtDNA. As a conse-

quence, estimation of the frequencies of mitotypes in population cages is unlikely to be con-

founded by paternally derived mtDNA (dx.doi.org/10.17504/protocols.io.rqyd5xw).

Distinguishing immature and adult affects. To determine which life history stage drove

the 4 × 4 population cage data, we first assayed immature (larval + pupal) development time

and adult fitness. Flies that eclosed in a 3 d window were collected, counted and % eclosion

was determined by dividing the number of eclosed flies from each mitotype by the sum of both

mitotypes (dx.doi.org/10.17504/protocols.io.rqzd5x6).

Next, we determined whether the observed differences in the number of Alstonville and

Dahomey flies that eclosed in 3 d resulted from differences in larval development, larval mortal-

ity or adult fecundity, we assayed time to pupation, numbers eclosing in a 6 d window and num-

bers of female offspring. Pupation was determined following Towarnicki & Ballard [15]. Briefly,

10 vials were established with 10 eggs per mitotype per P:C diet. Vials were observed every 6 h to

determine time to pupation. Numbers eclosing in 6 d was assayed following (dx.doi.org/10.

17504/protocols.io.rqzd5x6), with the numbers of flies eclosing recorded daily for 6 d.

Female fecundity was assayed using flies that had been transferred from instant food to

each experimental diet for one generation. Briefly, 47 female flies of each mitotype and diet,

ranging from 3–5 d old were randomly transferred into separate 6 mL glass vials (Sigma-

Aldrich) and allowed to oviposit for 24 h. The numbers of eggs in each vial were then counted

under the microscope (dx.doi.org/10.17504/protocols.io.rq2d5ye).

Female fertility was assayed using flies of both the Alstonville and Dahomey mitotypes that

had been raised on the 1:2 P:C and 1:16 P:C diets. Virgin females were collected and placed in

vials containing the same diet in lots of two, establishing 10 vials/mitotype/diet. After 24 h one

male with the Alstonville mitotype and one with the Dahomey mitotype were added to each

vial. Flies were allowed to mate for 24 h, and then swapped to new vials twice, in 24 h intervals.

All flies were then removed. Eclosing adults were counted, and data recorded as number of off-

spring per female (https://dx.doi.org/10.17504/protocols.io.r6yd9fw).

Study 2: Population cages, reproducibility, and generalisability including

two mitotypes and two diets

Population cages including two mitotypes and two diets. Studies followed those

described above, but the diet was permuted over the 26 generations of the study. Generations

1–4 were fed 1:2 P:C laboratory diet, 5–20 the 1:16 P:C diet and 21–26 the 1:2 P:C diet. For
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these cage studies, the mtDNA frequency of larvae harbouring Dahomey or Alstonville

mtDNA was determined by allele-specific PCR and independently corroborated by Sanger

sequencing, as above using the ND4L forward 5’-TAAACAAACTAATCTAACTAATA-3’,

reverse 3’-GGTTGTGATATATTATCTTATGG-5’ and reverse 3’-TATATTAATTGGTA

TTTTTTCTG-5’ primer (dx.doi.org/10.17504/protocols.io.rq2d5ye).

A second population cage study controlled for functionally significant accumulated nuclear

mutations and tested the influence of natural diets. Flies harbouring the two mitotypes were

maintained on instant Drosophila food for five generations and allowed to mate indiscrimi-

nately. Isofemale lines with a randomised nuclear genome seeded three cages with passionfruit

(~1:2 P:C) and three with banana (~1:16 P:C) diets. The fruit diets were prepared with 150 g of

passionfruit or banana in a standard base containing 1% agar, 0.1% nipagen, 0.1% propionic

acid and 0.001% phosphoric acid. The final volume was set at 300ml (dx.doi.org/10.17504/

protocols.io.sdfea3n). Frequencies of flies harbouring the distinct mitotypes was assayed as

described above by allele-specific PCR.

In a third population cage study, the two white-eyed D. melanogaster mitotypes were inde-

pendently competed against an inbred red-eyed strain of D. simulans siIII collected by JWOB

in east Africa. Frequencies of flies were determined by eye colour.

Reproducibility and generality of immature development. The next set of experiments

tested whether differences in the data were robust in regards to the interactions between the

mitochondrial and nuclear genomes, the diet, and the microbiome (dx.doi.org/10.17504/

protocols.io.r6yd9fw). Four trials of development time were conducted by counting the num-

ber of adult female flies that eclosed over 3 d. First, we tested the control laboratory diets (1:2

and 1:16 P:C) at ~6 month intervals.

The second trial tested the influence of the nuclear genome. Here, each of the mtDNA

genomes was introgressed into the Oregon R (OreR) and the Canton S backgrounds using bal-

ancer chromosomes followed by five generations of backcrossing [15].

The third trial tested whether laboratory diets biased the outcome. Here, we fed Drosophila
food based on passionfruit and banana (~1:2 and ~1:16 P:C, respectively). Fruit diets were con-

structed as described above (dx.doi.org/10.17504/protocols.io.sdfea3n).

The fourth trial examined the influence of the microbiome. First, we aliquoted the homoge-

nate of ground wild-caught flies into vials containing developing larvae. Drosophila adults

were collected from an Orange Orchard near Wiesman’s Ferry, NSW and their microbiota

used to seed a development time study. Flies were kept at 23˚ C and 50% humidity on a 12 h

light/dark cycle. Second, we examined intragenerational microbiome changes. Guts of early

third instar female larvae were removed. Genomic DNA was extracted from 6 sets of 4 individ-

uals among the four treatment groups using the NucleoSpin Tissue XS DNA extraction kit

(Machery-Nagel, Düren, Germany) following manufacturer’s instructions. The V4 region of

the lrRNA gene was amplified by PCR, in duplicate for each sample, using the 515 forward 5’-

GTGCCAGCMGCCGCGGTAA-3’ and 806 reverse 3’-GGACTACHVGGGTWTCTAAT-5’

primer. PCR products were pooled and sequenced on a MiSeq platform with 2 x 250 bp chem-

istry at the Ramaciotti Centre for Genomics (NSW, Australia). Paired-end sequences were

merged into contigs, quality filtered and taxonomically classified using Mothur (http://www.

mothur.org) and the associated MiSeq pipeline, but with minor changes (here, singleton con-

tigs were removed after the pre-clustering step). The classification was achieved using the

Ribosomal Database Project taxonomic outline (http://rdp.cme.msu.edu) with 60% confidence

threshold, and a phylotype approach (genus level) used to compare communities. Each sample

was rarefied to the same total number of sequences (n = 41859), to account for differential

sequencing depth, and then converted to relative abundance for data analysis (dx.doi.org/10.

17504/protocols.io.shjeb4n).
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Study 3: Testing the significance of candidate mutations

Quaternary and secondary structure modelling and assay for A+T rich repeat number

variation. Preliminary analyses suggested the nonsynonymous mutation in complex I may

be functional, but the changes in complex IV and V were not. Modelling was based on the

high-resolution three-dimensional structure from E. coli [32], the reported vertebrate structure

for complex I [33] and the supercomplex [34]. Complex I structural modelling included the

high-resolution three-dimensional structure of E. coli [32]. We also modelled the recently

reported vertebrate structure for complex I [33] and the supercomplex [34]. The sequences for

11 Drosophila lines, which were not part of this study, were included in determining if sites

were fixed or segregating within D. melanogaster. The initial alignment was performed with

CLC Bio Sequence Viewer 7 (https://www.qiagenbioinformatics.com/). Small manual adjust-

ments were made to align highly conserved and homologues residues. Latter residues were

identified on the 3-dimensional structure (PDB 3RKO) with software from Visual Molecular

Dynamics (www.ks.uiuc.edu/vmd). The R-groups and their orientation were then considered

in combination with the functional model that has been proposed for proton translocation.

To investigate the effect of the rRNA mutations on mitoribosomal function, we used the

HIA method [35] with the following variations. First, the D. melanogaster mitochondrial

sequence (GenBank: U37541.1) was aligned with the sequences of the Alstonville and Daho-

mey sequences (Accession numbers KP843842 and KP843845) using T-COFFEE [202]. The

sites of mutation were placed on the three-dimensional structure of the human mitoribosome

(PDB IDs: 3J9M and 3J9N) [85], due to its close evolutionary distance and its structural qual-

ity. To more closely inspect the impact of the lrRNA mutation on the function of the GTPase

center, the structure of the ribosome-bound E. coli Elongation Factor Tu from E. coli (EF-Tu;

PDB ID: 5AFI) was superimposed with the program UCSF Chimera [203] onto the human

mitoribosomal structure.

We conducted continuous long-read Pacific BioSciences sequencing of the Alstonville and

Dahomey mtDNA genomes because short-read sequencing is problematic. The sequence of

the A + T rich region showed no differences from the published short-read sequences [84] and

no differences in repeat number between mitotypes (NCBI Project accession #PRJNA397821).

Mitochondria were extracted from adult flies [91]. The mtDNA was extracted using the

DNeasy Blood and Tissue Kit (Qiagen 69582). Sequencing was performed using PacBio RSII

Chemistry P6-C4, 10kb template preparation, and sequencing with 3.24 μg input DNA at the

Ramaciotti Center. PacBio long-read sequencing of Alstonville and Dahomey mtDNA pro-

duced 882.56 MB of raw data. Read lengths averaged 5,573 bases with the longest read length

of 24,822 bases and mean coverage of 40X for each mitotype (dx.doi.org/10.17504/protocols.

io.r9xd97n).

Cellular assays. For in vitro assays intact mitochondria were isolated, and citrate synthase

activity measured from female third instar wandering larvae [204]. Citrate synthase activity

was measured using a SpectraMax Plus spectrophotometer at 23˚ C (Molecular Devices Corp.,

CA, USA) and expressed as μmol. min−1. mg−1of total protein. There were no differences in

citrate synthase activity of each mitotype (t10 = 0.362, p = 0.725 and t10 = 0.479, p = 0.645 for

the 1:2 and 1:16 P:C diets, respectively) (dx.doi.org/10.17504/protocols.io.rq4d5yw).

Enzymatic activity of electron transport system complexes I, IV and V were measured from

female third instar wandering larvae in 96-well plate format at 23˚ C [204–206]. The specific

activity of each complex was expressed as nmol per min per unit of citrate synthase activity

(nmol. min−1. U CS−1) (dx.doi.org/10.17504/protocols.io.rq5d5y6 for complex I; dx.doi.org/

10.17504/protocols.io.shieb4e for complex IV and dx.doi.org/10.17504/protocols.io.rq5d5y6

for complex V).
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Mitochondrial oxygen consumption of mitochondria isolated from third instar wandering

female larvae was assayed using the XF24 Extracellular Flux Analyser (Seahorse Bioscience, MA,

USA) at 23˚ C using complex I and complex II substrates [91]. Respiration rates were expressed

as oxygen consumption rate with the unit of pmol of oxygen consumption per min per unit of cit-

rate synthase activity (pmol. min−1.U CS−1) (dx.doi.org/10.17504/protocols.io.rrud56w).

For the Western blot, groups of 10 female third instar wandering larvae were collected, frozen

in liquid nitrogen and were homogenised in 2x lysis buffer (50 mM TRIS, pH 8.0, 300 mM NaCl,

2 mM EDTA, 1% SDS, 2% Triton X-100) with protease inhibitor cocktail (Roche 11873580001).

Blots were labelled with monoclonal antibodies to the β-subunit of ATP synthase (Abcam

AB14730) diluted 1/1500, actin (Abcam AB8224) diluted 1/25,000, and the NDUFS3 subunit of

complex I (Abcam AB14711) diluted 1/800 [37] (dx.doi.org/10.17504/protocols.io.sd7ea9n).

For the Blue native polyacrylamide gel electrophoresis (BN-PAGE), mitochondria were

extracted from female third instar wandering larvae. Mitochondria were solubilized with digi-

tonin, and mitochondrial proteins separated by BN-PAGE [207] using the NativePAGE Novex

Bis-Tris gel System (Invitrogen Life Technologies, MA, USA). Complex I activity was visual-

ised by staining the gel in 2 mM Tris-HCl, pH 7.4, 0.1 mg/ml NADH and 2.5 mg/ml nitrotetra-

zolium Blue [207] (dx.doi.org/10.17504/protocols.io.r67d9hn).

Study 4: An electron transport system complex I mutation in Dahomey

drives the population cage results

Effect of dietary inhibitors on immature development. We treated larvae with the elec-

tron transport system inhibitor rotenone. Rotenone (Sigma R8875) was solubilised in DMSO

to prepare a 5 mM stock. We first set up a dilution series of rotenone in the 1:2 P:C and 1:16 P:

C diets to determine a rotenone concentration that did not impact survival. The dilution series

contained 5 rotenone concentrations from 25 μM to 0.78 μM in steps that halved the concen-

tration in each dilution. From the dilution series, we determined an assay concentration of

3.13 μM. These preliminary studies showed that DMSO slowed development of both mitotypes

on both diets by ~3h, and increased mortality by ~15%. For 3 d development, we counted the

numbers of flies eclosing in each diet using 5 replicates and then standardised them to controls

(dx.doi.org/10.17504/protocols.io.rs8d6hw).

We also treated larvae with the ETS inhibitor paraquat. Paraquat was solubilised in water to

a concentration of 5 mM and added to food to a final concentration of 3.13 μM. Mortality

increased by ~40% compared to the controls. For 3 d development, we counted the numbers

of flies eclosing in each diet using 5 replicates and then standardised them to controls (dx.doi.

org/10.17504/protocols.io.rs8d6hw).

Effect of rotenone on complex I activity, SOD activity and larval weight. We conducted

assays of complex I activity as described above (dx.doi.org/10.17504/protocols.io.rs8d6hw).

SOD activity in third instar larvae was determined by a standard photometric assay [14]. The

dry weight of third instar larvae was measured as previously described using a Sartorius Micro-

balance (AG Gottingen, Germany) [15].

Testing development times with a second pair of mitotypes. The number of Madang

(Papua New Guinea) females with the ND4 mutation and Victoria Falls (Zimbabwe) females

without the ND4 mutation was determined over a 3 d window as described above (dx.doi.org/

10.17504/protocols.io.rqzd5x6).

Study 5: Transcriptomics and metabolomics

Here, RNA and metabolites were extracted from female third instar wandering larvae sourced

from the side of the bottle that had developed on 1:2 and 1:16 P:C diets [108, 208]. In uncrowded
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conditions, on a fixed light/dark regimen, larval wandering is highly synchronous and begins

some 24 h before pupation (at 25˚ C) [108].

Transcriptomics. RNA was extracted from 4 replicates/mitotype/diet using a TruSeq kit

(Illumina, CA, USA) with poly(A) pull-down. RNA quality was verified by Agilent Bioanalyser

(Agilent Technologies, CA, USA) with all samples having an RNA Integrity Number greater

than 8. Samples were sequenced on an Illumina Hiseq2000 sequencer at the Ramaciotti Center

to produce 100 bp paired-end reads. At least 80 million read pairs were generated per sample.

Reads were mapped to the NCBI D. melanogaster genome GCF_000001215.4_Release_6_plu-

s_ISO1_MT using the Subread aligner [209] and assigned to genes using featureCounts [210].

Genes were filtered as not expressed if they failed to achieve at least 0.25 counts per million in

at least 4 samples. Trimmed means of M-values (TMM) scale normalisation was applied [211]

and read counts were transformed to log2-counts-per-million using the edgeR package [211].

Statistical bioinformatics analysis used the limma package [212]. To adjust for unwanted nui-

sance technical effects, extra surrogate variables were estimated by performing a singular value

decomposition of the residuals, with emphasis on highly variable genes. Differential expression

between groups was assessed using empirical Bayes t-statistics allowing for an abundance

trend in the standard errors and robust estimation of the Bayesian hyperparameters [213].

Benjamini-Hochberg’s method was used to control the false discovery rate (FDR). KEGG

pathway analyses were conducted using the kegga function in limma. To produce heatmaps,

log-count-per-million values were first batch corrected using the removeBatchEffect function

of the limma package [212] (dx.doi.org/10.17504/protocols.io.rs9d6h6).

We employed RT-qPCR to validate the RNA seq data and quantify select genes for pathway

analyses. For RNA extraction, 6 female third instar wandering larvae were homogenised in

TRI reagent (Sigma) in a Precellys 24 homogeniser (Bertin Technologies, ı̂le-de-France,

France). RNA was extracted with the standard TRI reagent protocol. 1.5 μg of total RNA was

treated with DNase I Amplification Grade (Sigma). cDNA was prepared from 1.5 μg RNA

template in 20 μl reaction mixture using a ProtoScript cDNA synthesis kit (New England Bio-

labs, MA, USA). The comparative cycle threshold (Ct) method was used to analyse the RT-

qPCR studies.

The expression of mtDNA genes was quantified by the following primers: srRNA forward

5’-TGGCGGTATTTTAGTCTATCT-3’, reverse 3’-AAGCTACACCTTGATCTGATA-5’;

lrRNA forward 5’-AGTCTAACCTGCCCACTGAAA-3’, reverse 3’-AGGGTCTTCTCGTCT

TTTAAA-5’. ATP6 forward 5’-AGAATAGCGGGTGTTCCTTGA-3’, reverse 3’-CCATCA

GGTCATAATGGATCT-5’; ND4 forward 5’-AACTGGAGCTTCAACATGAGC-3’, reverse

3’-AGCCAGAACGTTTACAAGCTG-5’; and ND6 forward 5’-AATTCATCCATTAGCTT

TAGG-3’, reverse 3’-AGAGGCTAAAGATGTTACGTA-5’.

The expression of nuclear genes was quantified by the following primers:

bmm forward 5’-AAGTATGCACCGCATCTGTTG-3’, reverse 3’-CAAATCGCAGAGGA

GACAGC-5’; CrebB forward 5’-ATGGACAACAGCATCGTCGA-3’, reverse 3’-ACGACATC

GACCACGTCATT-5’; eloF forward 5’-GCACATTGATTGGCTATCTGCT-3’, reverse 3’- GA

TTTGGTAGGCTTTCAGGACA-5’; ERR forward 5’-GACCTCTCTATCCTGCGATTTG-3’,

reverse 3’-CCACTTGTACCACTTCCTTTCAG-5’; GlyP forward 5’-TCCACCCTGAGGGAC

TACTAC-3’, reverse 3’-GGTGTTGGTCAGTGAGCGAC-5’; GstE1 forward 5’- TCTTCTTC

GATGCCAGTGTAATC-3’, reverse 3’-CACTGGCATCGAAGAAGAGAC-5’ GstE5 forward

5’- GGTAACTACATTTGGGACTCGC-3’, reverse 3’- ATCTCTGGGATACAGGGCATC-5’;

Ilp2 forward 5’-ATGAGCAAGCCTTTGTCCTTC-3’, reverse 3’-ACCTCGTTGAGCTTTTCA

CTG-5’; N forward 5’-GTCGGCGACTACTGTGAACAC-3’, reverse 3’-GTTGCGAAAGGTC

ACCTGACA-5’; TFAM 5’-AACCGCTGACTCCCTACTTTC-3’, reverse 3’- CGACGGTGGT
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AATCTGGGG-5’; and Zw forward 5’- TTTGACGGCAAGATTCCGCA-3’, reverse 3’- CACC

AGAGCGTGGGGTAGA-5’.

The RT-qPCR program included an initial step of 95˚ C, followed by 40 cycles of 95˚ C for

10 s and 60˚ C for 30 s. To verify that a single product was amplified amplification was fol-

lowed by a melting curve from 72˚ C to 95˚ C, rising by steps of 0.5˚ C [14]. The mRNA levels

were expressed as the relative fold change against the normalised rp49 (rp49 forward 5’-

AGCATACAGGCCCAAGATCG-3’, reverse 3’-TGTTGTCGATACCCTTGGGC-5.) and

Actin88 (Actin88 forward 5’-TCGATCATGAAGTGCGACGT-3’, reverse 3’-ACCGATCCA-

GACGGAGTACT-5’) mRNA. RNA seq studies showed that the expression of Rp49 and

Actin88 mRNA were not influenced by the range of diets included in this study. t-tests were

used to determine significance. Benjamini-Hochberg’s correction was used to control the FDR

(dx.doi.org/10.17504/protocols.io.rtcd6iw).

Metabolomics. Female third instar wandering larvae were weighed, and methanol was

added to make up each sample to 20 mg/ml. Metabolites were extracted using an ultrasonic

probe (30 s), 1 h incubation at 4˚ C and then centrifugation to remove particulates. 100 μl ali-

quots of the supernatant were derivatised [214] before mass spectrometric interrogation with

an Agilent GC/MSD system (Agilent Technologies, CA, USA) controlled by Chemstation soft-

ware. The GC inlet temperature was set to 230˚ C. 1 μl of derivatised sample was injected in

splitless mode, using helium as a carrier gas at constant-flow of 1 ml/min. Chromatographic

separation was performed on a 30 m SH-RXi-5Sil MS column (Shimadzu, NSW, Australia)

with 0.25 mm internal diameter and 0.25 μm film thickness. The oven temperature was pro-

grammed at 70˚ C for 2 min, then ramped at 15˚ C/min to 320˚ C, and held 8 min. Electron

ionisation mass spectra were recorded at 1.4 scans/s over the range m/z 50–700. The MSD aux-

iliary temperature, source temperature, and quadrupole temperature were set to 280˚ C, 230˚

C, and 150˚ C, respectively. Analytes were identified using the NIST 2011-Wiley Mass Spectra

Library. GC peaks containing mass spectra with a match quality (spectral purity) of more than

70% were considered to be tentatively identified. No internal standard was employed. Normal-

isation was performed by maintaining a constant sample mass per volume. Peak areas were

log-transformed and statistical analysis used the limma package [212]. To determine the iso-

mers of sugars we employed standards for 2-deoxy-D-glucose (Sigma D8375), fructose (Sigma

F0127), galactose (Sigma PHR1206), glucose-6-phosphate (Sigma G7879), maltose (Sigma

M5895) and mannose (Sigma M6020). Identified sugars with multiple peaks were then com-

pared to the retention time of the standards to identify the most likely isomer. Metabolites not

hypothesised to be from Drosophila were excluded from subsequent analyses. One of these was

Longicamphor that we hypothesised was derived from the burning of Camphor laurel wood-

chips in making the treacle used in the diets. Benjamini-Hochberg’s correction was used to

control the FDR (dx.doi.org/10.17504/protocols.io.rtad6ie).

Inhibitor assay. For the glycolysis inhibitor assay 2-Deoxy-D-Glucose (Sigma D8375) was

solubilised in water to prepare a 500 mM stock. The stock solutions were added to the 1:2 and

1:16 P:C diets to a final concentration of 5 mM 2-Deoxy-D-Glucose. Females that eclosed in a

3 d window were collected and counted, and eclosion percentage was calculated.

Study 6: Response of Drosophila larvae to the 1:2 P:C and 1:16 P:C diets

Basal ROS levels and oxidative stress. Female, late wandering, third-instar larvae were

collected, washed in 1x phosphate buffered saline and added to 1.5 ml Eppendorf tubes contain-

ing 100 μl of mitochondrial isolation buffer (154 mM KCl, 1 mM EDTA, ph 7.4), mitochondria

were isolated, and Bradford assay was conducted to measure protein. Basal ROS production

was measured by Amplex Red assay [204] (dx.doi.org/10.17504/protocols.io.r69d9h6).
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Superoxide levels. Larvae were dissected in PBS to produce muscle fillets. Fillets were

incubated in 20 mM 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA) for 30 min at 23˚

C. Fillets were washed twice in PBS, fixed in 2% paraformaldehyde for 10 min at 23˚ C,

mounted on glass slides and imaged by confocal laser scanning microscope at excitation/emis-

sion 495/520 nm. Pixel intensity was measured by ImageJ (https://imagej.nih.gov/ij/) corrected

to the background measurements (dx.doi.org/10.17504/protocols.io.ufuetnw).

MtDNA copy number and steady-state ATP levels. To determine mtDNA copy number,

total DNA was extracted using DNeasy Blood and Tissue Kit (Qiagen 69582). The relative fold

change of mtDNA copy number was determined by quantitative PCR (qPCR) using a 72 well

Rotorgene-3000 (Corbett Research, Cambridge, UK) with SYBR Green (Bio-Rad, CA, USA).

The mtDNA copy number was quantified by amplifying ND4 and the nuclear gene Act88 and

corroborated independently by amplifying lrRNA and the nuclear gene rp49 as previously

described. The mtDNA copy number was expressed as fold change of mean mtDNA copy

number relative to Alstonville (dx.doi.org/10.17504/protocols.io.rtdd6i6).

ATP was extracted from female third instar wandering larvae harbouring Alstonville and

Dahomey mtDNA raised on 1:2 P:C and 1:16 P:C diets (7 replicates/mitotype/diet) [215]. The

extracted metabolites were analysed using liquid chromatography (LC) electrospray ionisation

tandem mass spectrometry (ESI-MS/MS) [216]. ATP levels were determined by quantifying

the area under the curve (dx.doi.org/10.17504/protocols.io.rted6je).

Study 7: Mitohormetic responses in Dahomey larvae fed 1:16 P:C food

To test specific hypotheses, we replaced sucrose as the dietary sugar. The 1:16 P:C diet was pre-

pared without the addition of sucrose. Then, 200 ml of food was combined with 1.87 g of either

sucrose (Sigma S0389) as the control, sorbitol (Sigma S1876), fructose (Sigma F0127), man-

nose (Sigma M6020), fucose (Sigma F2252) or xylose (Sigma X3877). Each new diet was

poured into 8 bottles. Equal amounts of eggs harbouring Alstonville or Dahomey mtDNA

were added to each food and microbiome was added after 2 d. Flies were kept at 23˚ C, 50%

humidity on a 12 h light/dark cycle. Emerging adult female flies were counted over 3 d, and

percentage eclosion of each mitotype was calculated (dx.doi.org/10.17504/protocols.io.

rtfd6jn).

For inhibitors, freshly prepared aldose reductase (polyol pathway) inhibitor (Epalrestat,

Sigma SML0527) and carnitine palmitoyltransferase-1 inhibitor (Etomoxir, Sigma E1905)

were solubilised in water to make a 5 mM stock. The stock solutions were added to the 1:16 P:

C diet to final concentrations of 25 μM Epalrestat, 12.5 μM Etomoxir. Methodology followed

that described above for 2-Deoxy-D-Glucose.

Upregulation of the polyol pathway in Dahomey. Fructose levels were quantified using

a photometric kit following the manufacturer’s instructions (Abacm AB83380) (dx.doi.org/10.

17504/protocols.io.rv8d69w).

To quantify larval feeding, 50 second instar female larvae from each mitotype were trans-

ferred to a petri dish containing the corresponding dye-labelled food. Dye-labelled foods were

produced by combining 72 ml of the food while at 60˚ C, with 8 ml FD&C blue 1 dye (0.5% w/

v). Larvae were allowed to feed for 60 min, and 48 larvae with dye visible in their guts were col-

lected, homogenized and absorbance measured (dx.doi.org/10.17504/protocols.io.rw7d7hn).

Increased β-oxidation of fatty acids in Dahomey. Triglyceride levels were quantified

using a photometric kit following the manufacturer’s instructions (Abcam AB65336) (dx.doi.

org/10.17504/protocols.io.rv9d696).

The ß-oxidation assay was modified from adults for larvae [217]. Briefly, larvae were col-

lected 36 h after egg collection and fed with 1 μCi of 14C-labelled palmitic acid (prepared in
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1:16 P:C diet) for 9 d. Groups of 10 were transferred to glass vials (20 ml), and KOH-saturated

(100 μl of 5% KOH) filter paper (2.1 cm diameter circle, 1 μm pore) suspended above the lar-

vae. The radiolabelled CO2 from larval respiration was trapped as potassium bicarbonate with

KOH-saturated filter paper. After 5 h, this KOH-saturated filter paper was transferred to a 6

ml plastic scintillation vial containing 4 ml of scintillation cocktail (Ecoscint A) and radioactiv-

ity was measured using a scintillation counter. The amount of CO2 generated from ß-oxida-

tion was expressed as DPM. larva-1. h-1 (dx.doi.org/10.17504/protocols.io.rq3d5yn).

Acetyl-CoA from both mitochondrial and cytosolic extractions were quantified using a

photometric kit (Abcam AB87546) following the manufacturer’s instructions (dx.doi.org/10.

17504/protocols.io.rv5d686).

NAD+ and NADH metabolites were extracted from female third instar wandering larvae

harbouring Alstonville and Dahomey mtDNA raised on 1:2 P:C and 1:16 P:C diets (7 repli-

cates/mitotype/diet) [215]. The extracted metabolites were analysed using liquid chromatogra-

phy (LC) electrospray ionisation tandem mass spectrometry (ESI-MS/MS) [216]. The NAD+/

NADH ratio was calculated as relative differences in peak areas between NAD+ and NADH

metabolites (dx.doi.org/10.17504/protocols.io.rted6je).

To quantify larvae starvation survival, 12 early third instar female larvae from each mitotype

were put into 6 vials. Each vial contained a 6 x 3 cm piece of filter paper, wetted with ddH2O

twice daily. Larvae were observed 4 times daily by gentle prodding to determine if they were

alive. Larvae that died within the first 24 h were excluded as death was due to handling. Mean

time to death was recorded (dx.doi.org/10.17504/protocols.io.rw9d7h6).

Study 8: Mitohormetic responses in Alstonville larvae fed 1:16 P:C food

Increased glycogen metabolism. Glycogen levels were quantified using a photometric kit

(AB169558) following the manufacturer’s instructions (dx.doi.org/10.17504/protocols.io.

rv7d69n)

To quantify larval movement, 48 third instar female larvae were placed in 0.5% agar in Petri

dishes. Individual larvae placed in quadrants of the petri dish were observed for 60 s, and lar-

vae trails were immediately traced onto the lid. The distance moved by each larva was mea-

sured independently by two investigators and the mean movement/larvae determined. The

intraclass correlation between investigators was 0.96 showing high repeatability of the mea-

surement (dx.doi.org/10.17504/protocols.io.rxad7ie).

To test specific hypotheses, we replaced sucrose as the dietary sugar as described above with

1.868 g of gluconate (Sigma G1951) in 200 ml of food (dx.doi.org/10.17504/protocols.io.

rtfd6jn).

Upregulation of the pentose phosphate pathway in Alstonville. Glucose 6-phosphate-

dehydrogenase (G6PD) activity was quantified in 96-well microplates at 23˚ C [218]. Enzyme

activity was expressed as nmol. min−1. mg−1of protein (dx.doi.org/10.17504/protocols.io.

rwbd7an).

Statistical analyses

Unless otherwise stated, all data are biological replicates and statistically analysed by ANOVA

followed by Student’s t-tests to determine difference (JMP software 12, SAS Institute, NC,

USA). Biological replicates are parallel measurements of biologically distinct samples. Where

the numbers of Dahomey larvae eclosing in 3 d was compared between dietary sugars (sorbi-

tol, fructose, mannose, fucose, xylose and gluconate) and the control diet with the diets supple-

mented with an inhibitor (Epalrestat, and Etomoxir)we conducted Dunnett’s tests. Data were

checked for normality using a Shapiro-Wilks W test and outliers removed before statistical
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analyses using box plots. Values that were greater than ± 1.5 interquartile range were catego-

rised as an outlier and excluded from the data set. No statistical methods were used to prede-

termine sample size.

Supporting information

S1 Fig. Population cage studies. (A) Illustration of the steps for all population cage studies

(~850 flies/cage). Eggs and then squashed flies were introduced into bottles. The squashed flies

contained gut microbes and standardised the microbiome each generation. Flies developed in

the bottles and the stopper was removed so flies could randomly mate in the population cages

for 3 d. Eggs were collected on oviposition resources in population cages and then washed 3x

in 0.12% bleach to surface sterilise them. (B) Illustration of the initial population cage study.

The four mitotypes that competed against each other had a constant w1118 nuclear genetic

background with unique mtDNA types (Alst, Alstonville; Dah, Dahomey; Jap, Japan; w1118).

The four diets had 1:2, 1:4, 1:8 and 1:16 Protein: Carbohydrate (P:C) ratios (n = 3 cages for

each diet). (C) Time to pupation (n = 100 larvae/mitotype/diet with 32 Alstonville larvae and 8

Dahomey larvae not reaching pupation on the 1:2 P:C diet, and with 25 Alstonville larvae and

5 Dahomey larvae not reaching pupation). (D) Percentage of flies eclosing in a 6 d window

(n = 4 bottles/mitotype/diet). (E) Fertility (n = 10 vials/mitotype/diet). Plotted data were mean

± s.e.m. � p< 0.05 as calculated by t-tests (see text).

(TIF)

S2 Fig. Microbiome in larval guts. The proportion of bacteria was influenced by mitotype

when larvae were fed the 1:16 P:C food but not the 1:2 P:C diet (n = 6 biological rep/mitotype/

diet for the 1:2 P:C diet and n = 9 biological rep/mitotype/diet for the 1:16 P:C diet, see text).

(TIF)

S3 Fig. Quaternary structural modelling. (A) The Drosophila supercomplex showing the pre-

dicted movement of protons in yellow. The V161L ND4 mutation is circled in yellow and the

D40N COIII mutation in orange. (B) COIII mutation showing the site of mutation in orange

circle and structurally related residues. The mutation site does not appear to interact with any

other residues.

(TIF)

S4 Fig. Oxygen consumption rate. (A) Activity of complex IV (n = 5 rep/mitotype/diet). (B)

Activity of complex V (n = 6 rep/mitotype on the 1:2 P:C diet, and n = 7 rep/mitotype on the

1:16 P:C diet). (C) Oxygen consumption rate of extracted mitochondria with succinate as the

substrate (n = 6 biological rep/mitotype/diet) did not differ significantly between mitotypes on

either diet (see text). (D) Superoxide of muscle tissue stained with H2DCFDA (left panel) and

their quantified pixel intensity (right panel, n = 6 rep/mitotype/diet). ANOVA showed signifi-

cant main effects of mitotype, diet and their interaction (F1,20 = 7.19, p = 0.01, F1,20 = 40.76,

p< 0.0001. F1,20 = 8.23, p = 0.01). t-test showed a significant difference in superoxide on the

1:2 P:C diet (t10 = 5.165, p = 0.0004), but no difference on the 1:16 P:C diet (t10 = 0.11,

p = 0.91). Bars show mean± s.e.m.

(TIF)

S5 Fig. Rotenone treatment assays showing grouping. (A) Adding rotenone to the Alston-

ville diet created a Dahomey phenocopy. This phenocopy developed more quickly than

Alstonville controls when fed the 1:16 P:C food showing that partial inhibition of complex I

was beneficial. Adding rotenone to the Dahomey fly food created a disease model and these

larvae developed more slowly on both diets (n = 5 biological rep/mitotype/diet with and
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without rotenone treatment). (B) Complex I activity was decreased in the phenocopy, mimick-

ing the Dahomey mitotype (n = 5 biological rep/mitotype/diet with and without rotenone

treatment). (C) SOD activity increased in the rotenone treatment on the 1:2 P:C diet. On both

diets SOD activity in the phenocopy was not different from the Dahomey mitotype (n = 5 bio-

logical rep/mitotype/diet with and without rotenone treatment). (D) Weight of the phenocopy

was significantly different from the Dahomey mitotype on both diets (n = 5 biological rep/

mitotype/diet with and without rotenone treatment). Bars (mean ± s.e.m. Groups not con-

nected by the same letter differ significantly, according to LSMeans differences t test.

(TIF)

S6 Fig. Paraquat treatment assay. Alstonville larvae treated with paraquat produced a pheno-

copy of the Dahomey control. ANOVA of the effects on development showed a significant

effect of paraquat treatment (F1, 32 = 22.97, p< 0.0001) but no significant effect of mitotype or

diet (F1, 32 = 2.67, p = 0.11, F1, 32 = 0, p = 1, respectively). In regards to the two-way interac-

tions, mitotype-by-diet, diet-by-paraquat were significant and mitotype-by-paraquat were sig-

nificant (F1, 32 = 29.09, p< 0.0001, F1, 32 = 16.83, p = 0.0003, F1, 32 = 10.52, p = 0.003,

respectively). The three-way interaction was significant (F1, 32 = 26.56, p< 0.0001). Conducting

a t-test on the Dahomey control and Alstonville paraquat treatment (phenocopy) showed no

difference on the 1:2 (t8 = 1.68, p = 0.13) or 1:16 (t8 = 2.17, p = 0.06) P:C diets (n = 5 biological

rep/mitotype/diet with and without paraquat treatment). Bars (mean± s.e.m). Groups not con-

nected by the same letter differ significantly, according to LSMeans differences t test. N.S.

denotes not significant (p> 0.05) by t-test.

(TIF)

S7 Fig. Glucose-6-phosphate dehydrogenase (G6PD) activity. Activity was determined

spectrophotometrically from the rate of reduction of NADP (n = 8 biological rep/mitotype).

Bars (mean ± s.e.m). � p< 0.05, as calculated by t-tests (see text).

(TIF)

S1 Table. Differences between the mitochondrial genomes of the Dahomey, Madang,

Alstonville and Victoria Falls fly mitotypes. Position is taken from the alignment of Gen-

Bank No’s KP843845, KP843849, KP843842 and KP843854, respectively accessed on 12 April

2018. Syn is synonymous, Nonsyn is nonsynonymous, ItSpace is intervening spacer region

and Con is consensus. 1 Complex V (M185I). 2 Complex IV (D40N), 3 Complex I (V161L), 4

The G499A (complementary strand).

(DOCX)

S2 Table. RNA-seq results for Dahomey vs Alstonville with FDR< 0.05 (A) 1:2 P:C diet (B)

1:16 P:C diet. Positive fold change indicates up-regulated in Dahomey, while negative fold

change indicates up-regulated in Alstonville.

(XLSX)

S3 Table. KEGG pathways differentially expressed between mitotypes according to RNA-

seq profiling (P< 0.01). (A) Alstonville up-regulated/Dahomey down-regulated when larvae

are fed the 1:2 P:C food. (B) Alstonville down-regulated/Dahomey up-regulated when larvae

are fed the 1:2 P:C food. (C) Dahomey up-regulated/Alstonville down-regulated when larvae

are fed the 1:16 P:C food. (D) Dahomey down-regulated/Alstonville up-regulated when larvae

are fed the 1:16 P:C food. Columns show the number of genes in the pathway (N), the number

that are significantly up (Up) and down (Down) regulated and the P-values corresponding to

the up and down counts.

(DOCX)
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S4 Table. Top 5 Gene Ontology terms comparing Dahomey with Alstonville on the 1:2 P:C

and 1:16 P:C diets. (A) Alstonville up-regulated/Dahomey down-regulated when larvae are

fed the 1:2 P:C food. (B) Alstonville down-regulated/Dahomey up-regulated when larvae are

fed the 1:2 P:C food. (C) Dahomey up-regulated/Alstonville down-regulated when larvae are

fed the 1:16 P:C food (D) Dahomey down-regulated/Alstonville up-regulated when larvae are

fed the 1:16 P:C food. Columns show the number of genes in the pathway (N), the number

that are significantly up (Up) and down (Down) regulated and the P-values corresponding to

the up and down counts.

(DOCX)

S5 Table. Differentially expressed metabolites from whole third instar female wandering lar-

vae as assessed by GC/MS for the (A) 1:2 P:C diet and (B) 1:16 P:C diet. Values are false discov-

ery rates (FDR). (+) Indicates up-regulated in Dahomey while (-) indicates up-regulated in

Alstonville. Peak area is relative to Alstonville larvae. Peak area value is mean± s.e.m.

(DOCX)

S6 Table. RNA-seq and RT-qPCR results for Dahomey vs Alstonville. (A) 1:2 P:C diet (B)

The 1:16 P:C diet. Values are false discovery rates (FDR) as determined by moderated t-tests

for RNA-seq or t-test for RT-qPCR. (+) Indicates up-regulated in Dahomey while (-) indicates

up-regulated in Alstonville. MtDNA genes were: rRNA is ribosomal ribonucleic acid, ATP6 is

ATPase subunit 6, ND is NADH-ubiquinone oxidoreductase. Nuclear genes were: Bmm is

brummer, CrebB is Cyclic-AMP response element binding protein B, eloF is elongase F, ERR is

estrogen-related receptor, GlyP is Glycogen phosphorylase, GstE1 is Glutathione S transferase E1,

GstE5 is Glutathione S transferase E5, Ilp2 is Insulin-like peptide 2, N is Notch, TFAM is mito-
chondrial transcription factor A, Zw is Zwischenferment.
(DOCX)

S7 Table. Differentially expressed mitochondrial ribosomal proteins in larvae fed the 1:16

P:C diet. Value are false discovery rates (FDR) as determined by moderated t-tests for RNA-

seq. (+) Indicates up-regulated in Dahomey while (-) indicates up-regulated in Alstonville.

(DOCX)

S1 Data. Additional data used in the generation of figures in the manuscript and support-

ing information.

(XLSX)

Acknowledgments

We thank Jus St John, Bill Sherwin, Steve Simpson, David Rand, Kirrie Ballard and anony-

mous reviewers for comments that improved the manuscript. We acknowledge Marty Kreit-

man, Howy Jacobs, Mike Ryan and Payam Gammage for discussions. We recognise Nigel

Turner and Vladimir Sytnyk for facilities and Claire Sun for analyses. Class of 2016 BABS2264

students provided help with the fruit studies and Damien Dowling kindly supplied the

Madang and Victoria Falls mitotypes. Sequencing was completed at the Ramaciotti Center at

UNSW.

Author Contributions

Conceptualization: J. William O. Ballard.

Data curation: Wen C. Aw, Samuel G. Towarnicki, J. William O. Ballard.

Diet influences mitochondrial functions

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007735 November 6, 2018 46 / 57

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007735.s011
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007735.s012
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007735.s013
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007735.s014
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007735.s015
https://doi.org/10.1371/journal.pgen.1007735


Formal analysis: Wen C. Aw, Samuel G. Towarnicki, Richard G. Melvin, Michael R. Garvin,

Yifang Hu, Shaun Nielsen, Torsten Thomas, Russell Pickford, Sonia Bustamante, Antón

Vila-Sanjurjo, Gordon K. Smyth, J. William O. Ballard.

Funding acquisition: J. William O. Ballard.

Investigation: Wen C. Aw, Samuel G. Towarnicki, Richard G. Melvin, Neil A. Youngson,

Shaun Nielsen, Russell Pickford, Sonia Bustamante, J. William O. Ballard.

Methodology: Wen C. Aw, Samuel G. Towarnicki, Richard G. Melvin, Sonia Bustamante,

Antón Vila-Sanjurjo, Gordon K. Smyth, J. William O. Ballard.

Project administration: J. William O. Ballard.

Resources: Russell Pickford, J. William O. Ballard.

Software: Michael R. Garvin, Yifang Hu, Sonia Bustamante, Antón Vila-Sanjurjo, Gordon K.

Smyth.

Supervision: J. William O. Ballard.

Validation: Wen C. Aw, Samuel G. Towarnicki, Richard G. Melvin.

Visualization: Michael R. Garvin, Antón Vila-Sanjurjo, Gordon K. Smyth.

Writing – original draft: J. William O. Ballard.

Writing – review & editing: Wen C. Aw, Samuel G. Towarnicki, Richard G. Melvin, Neil A.

Youngson, J. William O. Ballard.

References
1. Luca F, Perry GH and Di Rienzo A. Evolutionary adaptations to dietary changes. Annu Rev Nutr 2010;

30: 291–314. https://doi.org/10.1146/annurev-nutr-080508-141048 PMID: 20420525

2. Unckless RL, Rottschaefer S and Lazzaro BP. The complex contributions of genetics and nutrition to

immunity in Drosophila melanogaster. PLoS Genet 2015; 11: e1005030. https://doi.org/10.1371/

journal.pgen.1005030 PMID: 25764027

3. Liao CY, Rikke BA, Johnson TE, Diaz V and Nelson JF. Genetic variation in the murine lifespan

response to dietary restriction: from life extension to life shortening. Aging Cell 2010; 9: 92–95. https://

doi.org/10.1111/j.1474-9726.2009.00533.x PMID: 19878144

4. Masson LF, McNeill G and Avenell A. Genetic variation and the lipid response to dietary intervention: a

systematic review. Am J Clin Nutr 2003; 77: 1098–1111. https://doi.org/10.1093/ajcn/77.5.1098

PMID: 12716659

5. Rossmeisl M, Rim JS, Koza RA and Kozak LP. Variation in type 2 diabetes—related traits in mouse

strains susceptible to diet-induced obesity. Diabetes 2003; 52: 1958–1966. PMID: 12882911

6. Montgomery MK, Hallahan NL, Brown SH, Liu M, Mitchell TW, Cooney GJ, et al. Mouse strain-depen-

dent variation in obesity and glucose homeostasis in response to high-fat feeding. Diabetologia 2013;

56: 1129–1139. https://doi.org/10.1007/s00125-013-2846-8 PMID: 23423668

7. Zhu C-T, Ingelmo P and Rand DM. G*G*E for lifespan in Drosophila: mitochondrial, nuclear, and die-

tary interactions that modify longevity. PLoS Genet 2014; 10: e1004354. https://doi.org/10.1371/

journal.pgen.1004354 PMID: 24832080

8. Ordovas JM. Genotype-phenotype associations: modulation by diet and obesity. Obesity 2008; 16

Suppl 3: S40–46.

9. Gibson G. It takes a genome: how a clash between our genes and modern life is making us sick. New

Jersey: Pearson Education; 2009. 187 p.

10. Mozaffarian D. Dietary and policy priorities for cardiovascular disease, diabetes, and obesity: a com-

prehensive review. Circulation 2016; 133: 187–225. https://doi.org/10.1161/CIRCULATIONAHA.115.

018585 PMID: 26746178

11. Simpson SJ and Raubenheimer D. The nature of nutrition: a unifying framework from animal adapta-

tion to human obesity. Princeton: Princeton University Press; 2012. 248 p.

Diet influences mitochondrial functions

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007735 November 6, 2018 47 / 57

https://doi.org/10.1146/annurev-nutr-080508-141048
http://www.ncbi.nlm.nih.gov/pubmed/20420525
https://doi.org/10.1371/journal.pgen.1005030
https://doi.org/10.1371/journal.pgen.1005030
http://www.ncbi.nlm.nih.gov/pubmed/25764027
https://doi.org/10.1111/j.1474-9726.2009.00533.x
https://doi.org/10.1111/j.1474-9726.2009.00533.x
http://www.ncbi.nlm.nih.gov/pubmed/19878144
https://doi.org/10.1093/ajcn/77.5.1098
http://www.ncbi.nlm.nih.gov/pubmed/12716659
http://www.ncbi.nlm.nih.gov/pubmed/12882911
https://doi.org/10.1007/s00125-013-2846-8
http://www.ncbi.nlm.nih.gov/pubmed/23423668
https://doi.org/10.1371/journal.pgen.1004354
https://doi.org/10.1371/journal.pgen.1004354
http://www.ncbi.nlm.nih.gov/pubmed/24832080
https://doi.org/10.1161/CIRCULATIONAHA.115.018585
https://doi.org/10.1161/CIRCULATIONAHA.115.018585
http://www.ncbi.nlm.nih.gov/pubmed/26746178
https://doi.org/10.1371/journal.pgen.1007735


12. Ballard JWO and Youngson NA. Review: can diet influence the selective advantage of mitochondrial

DNA haplotypes? Biosci Rep 2015; 35: e00277. https://doi.org/10.1042/BSR20150232 PMID:

26543031

13. Lee KP, Simpson SJ, Clissold FJ, Brooks R, Ballard JWO, Taylor PW, et al. Lifespan and reproduction

in Drosophila: new insights from nutritional geometry. Proc Natl Acad Sci U S A 2008; 105: 2498–

2503. https://doi.org/10.1073/pnas.0710787105 PMID: 18268352

14. Aw WC, Garvin MR, Melvin RG and Ballard JWO. Sex-specific influences of mtDNA mitotype and diet

on mitochondrial functions and physiological traits in Drosophila melanogaster. PLoS One 2017; 12:

e0187554. https://doi.org/10.1371/journal.pone.0187554 PMID: 29166659

15. Towarnicki SG and Ballard JWO. Drosophila mitotypes determine developmental time in a diet and

temperature dependent manner. J Insect Physiol 2017; 100: 133–139. https://doi.org/10.1016/j.

jinsphys.2017.06.002 PMID: 28619466

16. Arnason E. Perturbation-reperturbation test of selection vs. hitchhiking of the two major alleles of

Esterase-5 in Drosophila pseudoobscura. Genetics 1991; 129: 145–168. PMID: 1936955

17. Hutter CM and Rand DM. Competition between mitochondrial haplotypes in distinct nuclear genetic

environments: Drosophila pseudoobscura vs. D. persimilis. Genetics 1995; 140: 537–548. PMID:

7498735

18. Ballard JWO and James AC. Differential fitness of mitochondrial DNA in perturbation cage studies cor-

relates with global abundance and population history in Drosophila simulans. Proc Biol Sci 2004; 271:

1197–1201. https://doi.org/10.1098/rspb.2004.2709 PMID: 15306370

19. Christie JS, Picornell A, Moya A, Ramon MM and Castro JA. Mitochondrial DNA effects on fitness in

Drosophila subobscura. Heredity 2011; 107: 239–245. https://doi.org/10.1038/hdy.2011.8 PMID:

21364694

20. Aguila JR, Hoshizaki DK and Gibbs AG. Contribution of larval nutrition to adult reproduction in Dro-

sophila melanogaster. J Exp Biol 2013; 216: 399–406. https://doi.org/10.1242/jeb.078311 PMID:

23038728

21. Ma H and O’Farrell PH. Selfish drive can trump function when animal mitochondrial genomes com-

pete. Nat Genet 2016; 48: 798–802. https://doi.org/10.1038/ng.3587 PMID: 27270106

22. Camus MF, Wolff JN, SgròCM and Dowling DK. Experimental support that natural selection has

shaped the latitudinal distribution of mitochondrial haplotypes in Australian Drosophila melanogaster.

Mol Biol Evol 2017; 34: 2600–2612. https://doi.org/10.1093/molbev/msx184 PMID: 28637217

23. De Stordeur E. Nonrandom partition of mitochondria in heteroplasmic Drosophila. Heredity 1997; 79:

615–623. PMID: 9418268

24. Lajbner Z, Pnini R, Camus MF, Miller J and Dowling DK. Experimental evidence that thermal selection

shapes mitochondrial genome evolution. Sci Rep 2018; 8: 9500. https://doi.org/10.1038/s41598-018-

27805-3 PMID: 29934612

25. Salin K, Auer SK, Rey B, Selman C and Metcalfe NB. Variation in the link between oxygen consump-

tion and ATP production, and its relevance for animal performance. Proc Biol Sci 2015; 282:

20151028. https://doi.org/10.1098/rspb.2015.1028 PMID: 26203001

26. Kemppainen E, George J, Garipler G, Tuomela T, Kiviranta E, Soga T, et al. Mitochondrial dysfunction

plus high-sugar diet provokes a metabolic crisis that inhibits growth. PLoS One 2016; 11: e0145836.

https://doi.org/10.1371/journal.pone.0145836 PMID: 26812173

27. Rollins LA, Woolnough AP, Fanson BG, Cummins ML, Crowley TM, Wilton AN, et al. Selection on

mitochondrial variants occurs between and within individuals in an expanding invasion. Mol Biol Evol

2016; 33: 995–1007. https://doi.org/10.1093/molbev/msv343 PMID: 26739881

28. Garvin MR, Bielawski JH, Sazanov LA and Gharrettm AJ. Review and meta-analysis of natural selec-

tion in mitochondrial complex I in metazoans. J Zoolog Syst Evol Res 2015; 53: 1–17.

29. Salin K, Liquet E, Rey B, Roussel D and Voituron Y. Alteration of mitochondrial efficiency affects oxida-

tive balance, development and growth in frog (Rana temporaria) tadpoles. J Exp Biol 2015; 215: 863–

869.

30. Wallace DC. A mitochondrial bioenergetic etiology of disease. J Clin Invest 2013; 123: 1405–1412.

https://doi.org/10.1172/JCI61398 PMID: 23543062

31. Payne BA and Chinnery PF. Mitochondrial dysfunction in aging: much progress but many unresolved

questions. Biochim Biophys Acta 2015; 1847: 1347–1353. https://doi.org/10.1016/j.bbabio.2015.05.

022 PMID: 26050973

32. Efremov RG and Sazanov LA. Structure of the membrane domain of respiratory complex I. Nature

2011; 476: 414–420. https://doi.org/10.1038/nature10330 PMID: 21822288

33. Zhu J, Vinothkumar KR and Hirst J. Structure of mammalian respiratory complex I. Nature 2016; 536:

354–358. https://doi.org/10.1038/nature19095 PMID: 27509854

Diet influences mitochondrial functions

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007735 November 6, 2018 48 / 57

https://doi.org/10.1042/BSR20150232
http://www.ncbi.nlm.nih.gov/pubmed/26543031
https://doi.org/10.1073/pnas.0710787105
http://www.ncbi.nlm.nih.gov/pubmed/18268352
https://doi.org/10.1371/journal.pone.0187554
http://www.ncbi.nlm.nih.gov/pubmed/29166659
https://doi.org/10.1016/j.jinsphys.2017.06.002
https://doi.org/10.1016/j.jinsphys.2017.06.002
http://www.ncbi.nlm.nih.gov/pubmed/28619466
http://www.ncbi.nlm.nih.gov/pubmed/1936955
http://www.ncbi.nlm.nih.gov/pubmed/7498735
https://doi.org/10.1098/rspb.2004.2709
http://www.ncbi.nlm.nih.gov/pubmed/15306370
https://doi.org/10.1038/hdy.2011.8
http://www.ncbi.nlm.nih.gov/pubmed/21364694
https://doi.org/10.1242/jeb.078311
http://www.ncbi.nlm.nih.gov/pubmed/23038728
https://doi.org/10.1038/ng.3587
http://www.ncbi.nlm.nih.gov/pubmed/27270106
https://doi.org/10.1093/molbev/msx184
http://www.ncbi.nlm.nih.gov/pubmed/28637217
http://www.ncbi.nlm.nih.gov/pubmed/9418268
https://doi.org/10.1038/s41598-018-27805-3
https://doi.org/10.1038/s41598-018-27805-3
http://www.ncbi.nlm.nih.gov/pubmed/29934612
https://doi.org/10.1098/rspb.2015.1028
http://www.ncbi.nlm.nih.gov/pubmed/26203001
https://doi.org/10.1371/journal.pone.0145836
http://www.ncbi.nlm.nih.gov/pubmed/26812173
https://doi.org/10.1093/molbev/msv343
http://www.ncbi.nlm.nih.gov/pubmed/26739881
https://doi.org/10.1172/JCI61398
http://www.ncbi.nlm.nih.gov/pubmed/23543062
https://doi.org/10.1016/j.bbabio.2015.05.022
https://doi.org/10.1016/j.bbabio.2015.05.022
http://www.ncbi.nlm.nih.gov/pubmed/26050973
https://doi.org/10.1038/nature10330
http://www.ncbi.nlm.nih.gov/pubmed/21822288
https://doi.org/10.1038/nature19095
http://www.ncbi.nlm.nih.gov/pubmed/27509854
https://doi.org/10.1371/journal.pgen.1007735


34. Letts JA, Fiedorczuk K and Sazanov LA. The architecture of respiratory supercomplexes. Nature

2016; 537: 644–648. https://doi.org/10.1038/nature19774 PMID: 27654913

35. Elson JL, Smith PM and Vila-Sanjurjo A. Heterologous inferential analysis (HIA) as a method to under-

stand the role of mitochondrial rRNA mutations in pathogenesis. Methods Mol Biol 2015; 1264: 369–

383. https://doi.org/10.1007/978-1-4939-2257-4_32 PMID: 25631029

36. Celotto AM, Chiu WK, Van Voorhies W and Palladino MJ. Modes of metabolic compensation during

mitochondrial disease using the Drosophila model of ATP6 dysfunction. PLoS One 2011; 6: e25823.

https://doi.org/10.1371/journal.pone.0025823 PMID: 21991365

37. Burman JL, Itsara LS, Kayser EB, Suthammarak W, Wang AM, Kaeberlein M, et al. A Drosophila

model of mitochondrial disease caused by a complex I mutation that uncouples proton pumping from

electron transfer. Dis Model Mech 2014; 7: 1165–1174. https://doi.org/10.1242/dmm.015321 PMID:

25085991

38. Patel MR, Miriyala GK, Littleton AJ, Yang H, Trinh K, Young JM, et al. A mitochondrial DNA hypo-

morph of cytochrome oxidase specifically impairs male fertility in Drosophila melanogaster. eLife

2016; 5: e16923. https://doi.org/10.7554/eLife.16923 PMID: 27481326

39. Fan W, Waymire KG, Narula N, Li P, Rocher C, Coskun PE, et al. A mouse model of mitochondrial dis-

ease reveals germline selection against severe mtDNA mutations. Science 2008; 319: 958–962.

https://doi.org/10.1126/science.1147786 PMID: 18276892

40. Stewart JB, Freyer C, Elson JL, Wredenberg A, Cansu Z, Trifunovic A, et al. Strong purifying selection

in transmission of mammalian mitochondrial DNA. PLoS Biol 2008; 6: e10. https://doi.org/10.1371/

journal.pbio.0060010 PMID: 18232733

41. Tuppen H, Blakely E, Turnbull D and Taylor R. Mitochondrial DNA mutations and human disease.

BBA- Bioenergetics 2010; 1797: 113–128.

42. Hudson G, Gomez-Duran A, Wilson IJ and Chinnery PF. Recent mitochondrial DNA mutations

increase the risk of developing common late-onset human diseases. PLoS Genet 2014; 10:

e1004369. https://doi.org/10.1371/journal.pgen.1004369 PMID: 24852434

43. Swalwell H, Kirby DM, Blakely EL, Mitchell A, Salemi R, Sugiana C, et al. Respiratory chain complex I

deficiency caused by mitochondrial DNA mutations. Eur J Hum Genet 2011; 19: 769–775. https://doi.

org/10.1038/ejhg.2011.18 PMID: 21364701

44. Yun J and Finkel T. Mitohormesis. Cell Metab 2014; 19: 757–766. https://doi.org/10.1016/j.cmet.

2014.01.011 PMID: 24561260
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