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Abstract 18 

Mutations are the raw material for evolutionary change. While the mutation rate has 19 

been thought constant between individuals, recent research has shown that poor 20 

genetic condition can elevate the mutation rate. Mitonuclear genetic conflict is a 21 

potential source of poor genetic condition, and considering the high mutation rate of 22 

mitochondrial genomes, there should be ample scope for mitochondrial mutations to 23 

interfere with genetic condition, with concomitant effects on the nuclear mutation 24 

rate. Moreover, because theory suggests mitochondrial genetic effects will often be 25 

male-biased, such effects could be more strongly felt in males than females. Here, by 26 

mating irradiated male Drosophila melanogaster to isogenic females bearing six 27 

distinct mitochondrial haplotypes, we tested whether mitochondrial genetic variation 28 

affects DNA repair capacity, and whether effects of mutation load on reproductive 29 

function are shaped by interactions between sex and mitochondrial haplotype. We 30 

found mitochondrial genetic effects on DNA repair, and that the mutational variance 31 

of reproductive fitness was higher in males bearing haplotypes characterized by high 32 

female fitness. These results suggest that mitochondrial genome variation may affect 33 

the mutation rate, and that induced mutations interact more strongly with male than 34 

female reproductive function. The potential for haplotype-specific effects on the 35 

nuclear mutation rate has broad implications for evolutionary dynamics, such as the 36 

accumulation of genetic load, adaptive potential, and the evolution of sexual 37 

dimorphism. 38 

 39 

 40 

 41 

 42 

 43 
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Background 44 

 45 

Mutation is the primary source of all genetic variation, both adaptive and deleterious. 46 

Generally, de novo mutations are detrimental, and high mutation load will thus reduce 47 

mean fitness, posing a threat to individual and population viability (Keightley and 48 

Lynch 2003). However, mutations are also the source of standing genetic variation, 49 

enabling populations to mount an evolutionary adaptive response to sudden 50 

environmental change and changing habitats. Mutations thus stand at the core of a 51 

population’s ability to adapt and to evolve. Understanding the factors that define the 52 

frequency at which new heritable mutations arise - the mutation rate - is thus of 53 

fundamental interest to evolutionary biology. Mutation rates are known to vary 54 

between species, and while most mechanisms that define the mutation rate are not yet 55 

fully resolved (Baer et al. 2007), one key component is the capability of organisms to 56 

repair damage incurred to their DNA (Sniegowski et al. 2000). 57 

 58 

The prevailing paradigm for the analysis of mutations, from a population genetics 59 

perspective, is that the genome-wide mutation rate between individuals in a 60 

population is relatively constant (Drake et al. 1998). However, emerging research 61 

suggests inter-individual variability and context-dependency of mutation rates a more 62 

realistic scenario (Maklakov et al. 2013; Sharp and Agrawal 2016). Early research in 63 

the fruit fly Drosophila melanogaster (D. melanogaster) indicated condition-64 

dependency of individual mutation rate by revealing sensitivity of DNA repair 65 

capacity to the thermal (Sollunn and Strömnæs 1964), nutritional (Clark 1972), and 66 

genomic environment (Würgler and Maier 1972). More recently, Maklakov et al. 67 

(2013) further found that environmental stress, induced via sexual harassment, 68 

reduces the yield of dominant lethal mutations in fruit fly. Such a pattern suggested 69 
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that individuals affected by environmental stressors show increased investment in 70 

repair mechanisms, albeit at the cost of reduced reproduction. Also testing condition-71 

dependence of DNA repair, Agrawal et al. (2008) estimated the number of sex-linked 72 

recessive lethals (SLRLs) between low- and high-condition adult fruit fly invoked by 73 

dietary restriction during larval stages, and found that low-condition females 74 

transmitted more SLRLs than high-condition females, increasing mutational load of 75 

descendants of low-condition females. Interestingly, under similar experimental 76 

conditions it was found that relative adult usage of three DNA repair pathways 77 

differed between low- and high-condition females in response to nutritional 78 

environments experienced during early developmental stages (Wang and Agrawal 79 

2012). Distinct DNA repair pathways differ in in their mutational consequence, and 80 

may thus underpin observed discrepancies in mutation load.  81 

 82 

Condition-dependence of mutation rates has also been observed in response to genetic 83 

stressors. A mutation accumulation (MA) experiment found that if fruit fly were left 84 

to accrue more deleterious mutations, thereby reducing genetic condition, their 85 

descendants displayed an accelerated decrease in viability when compared to 86 

individuals from a control population, a finding consistent with an elevated mutation 87 

rate (Ávila et al. 2006). Similarly, Sharp et al. (2012) constructed MA lines of varying 88 

genetic fitness, and found that poor-quality genotypes, bearing deleterious alleles 89 

(unrelated to effect DNA repair or replication), caused a marked increase in 90 

spontaneous mutation rate. Analyzing the mutation spectrum in MA lines further 91 

revealed differences in point mutations, small indel rates, and rates of gene conversion 92 

when compared to control lines (Schrider et al. 2013; Sharp and Agrawal 2016). The 93 

contrasting pattern in mutation rates between genotypes of high and low genetic 94 

quality were underpinned by the use of different condition-dependent DNA repair 95 
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pathways, and were associated with body mass as measure of overall fitness (Wang 96 

and Agrawal 2012; Sharp and Agrawal 2016). Intriguingly, rather than using artificial 97 

constructs, some of these experiments relied on genetic variation maintained within 98 

the same natural population, suggesting that - based on genetic condition - inter-99 

individual mutation rates within populations may be much more variable than 100 

previously thought.  101 

 102 

Nuclear genetic variation is perhaps the best-studied mechanism by which genetic 103 

condition is affected. However, individual genetic condition also depends on the 104 

integrity and function of mitochondrial loci and their epistatic interaction with nuclear 105 

loci (Rand et al. 2004). Fundamental biological processes hinge on these interactions, 106 

and perturbation of the mitonuclear lineage is known to reduce genetic fitness, 107 

critically affecting the expression of a broad range of ecologically-relevant life-history 108 

traits (Dobler et al. 2014; Wolff et al. 2014; Hill 2015). Standing at the core of cellular 109 

function, it is plausible that genetic variation in the mitochondrial genome maintained 110 

in populations also affects processes leading to modification of DNA repair capacity - 111 

and thus mutation rate - via mitonuclear interactions. Generally, mutation rates are 112 

much higher for mitochondrial than nuclear genes, and there should hence be ample 113 

scope for mitochondrial de novo mutations to interfere with genetic condition via 114 

mitonuclear interactions and incompatibilities. It is thus possible that mitochondrial 115 

genetic diversity, and ensuing mitonuclear interactions, play a decisive role in the rate 116 

at which novel mutations accumulate in the nuclear genome.  117 

 118 

Effects of mutations are often sex-specific, and several studies in Drosophila have 119 

found that selection against novel mutations is stronger in males than in females 120 

(Pischedda and Chippindale 2005; Stewart et al. 2005; Sharp and Agrawal 2008). In 121 
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this context, mutations in the mitochondrial genome are of particular interest since the 122 

maternal mode of mitochondrial inheritance limits selection on the mitochondrial 123 

genome to females. This genetic asymmetry should in theory lead to the build-up of a 124 

male-specific detrimental mutational load (Frank and Hurst 1996; Beekman et al. 125 

2014), often referred to as Mother’s curse (Gemmell et al. 2004). Indeed, a growing 126 

body of empirical evidence has supported this evolutionary prediction (Smith et al. 127 

2010; Innocenti et al. 2011; Camus et al. 2012; Yee et al. 2013; Camus et al. 2015; 128 

Patel et al. 2016), although the generality of a male-bias across metazoans remains 129 

open to question (Mossman et al. 2016). Nonetheless, if male genomic integrity is 130 

indeed more compromised than that of females, it is possible that perturbation of 131 

mitonuclear epistatic interactions via de novo mutations in the nuclear genome may be 132 

more strongly felt in males than females. 133 

 134 

Here, we tested whether low genetic condition induced by mitonuclear 135 

incompatibilities affects the mutation rate in the fruit fly D. melanogaster. Fruit flies 136 

offer an exceptional model to test this question because males virtually lack any post-137 

meiotic activity in DNA repair in sperm (Würgler and Maier 1972; Graf et al. 1979). 138 

However, DNA damage in mutagenized sperm can be repaired by the maternal repair 139 

system post-fertilization in zygotes (Vogel et al. 1985). Mutagenized sperm can thus 140 

be used to subject the female DNA repair system to standardized DNA damage by 141 

crossing irradiated males to healthy wild-type females. Subsequent changes in egg-142 

hatch rates can therefore be used as a proxy for female DNA repair capacity of lethal-143 

dominant alleles. We have conducted two experiments. In the first experiment, we 144 

probed for potential effects of mitochondrial genetic variation on DNA repair capacity 145 

utilizing six strains of fruit fly, where each strain harbored one of six distinct 146 

mitochondrial haplotypes, expressed alongside an isogenic nuclear background (w1118; 147 
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Bloomington #5905). The fly strains bearing distinct mitochondrial haplotypes were 148 

divided into two groups based on their genetic condition as previously determined 149 

(Florencia Camus; personal communication). Mitochondrial haplotypes with a hatch 150 

rate higher than 72% (range: 72.1%-77%) were categorized as high genetic fitness, 151 

whereas mitochondrial haplotypes with hatch rates less than 65% (range 64.1% - 152 

64.7%) were categorized as lo, genetic fitness. To achieve this, we crossed irradiation-153 

mutagenized males of the shared isogenic nuclear background to females of each of 154 

the six mitochondrial strains and subsequently determined the egg hatch rate of these 155 

F0 females. For the second experiment, we used F1 offspring reared from the first 156 

experiment to examine whether the irradiation-induced nuclear mutation load 157 

interfered with reproductive functions in males and females. To do so, we determined 158 

egg hatch rate for flies derived from crosses of male or female F1 offspring mated to 159 

flies of the opposite sex sourced from our untreated isogenic control population 160 

(hence carrying half a genome with novel mutation load, and one healthy half of the 161 

genome). The inclusion of haplotypes of both low and high genetic fitness allowed us 162 

to probe for effects of mitochondrial haplotype and female condition on DNA repair. 163 

Together, these experiments hence enabled us to test (1) whether mitochondrial 164 

genomic variation affects DNA repair capacity, (2) whether this effect is mediated via 165 

female genetic condition, and (3) whether mitochondrial genetic effects on DNA 166 

repair are sex-specific in magnitude. 167 

 168 

Methods 169 

 170 

Fly strains 171 

We used six mitochondrial haplotypes, originally sourced from natural populations in 172 

Alstonville Australia [ALS], Barcelona Spain [BAR], Israel [ISR], Madang Papua 173 
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New Guinea [MAD], Sweden [SWE], and Zimbabwe [ZIM]. These haplotypes are 174 

delineated by a maximum of 172 mutations, 38 of which lie within the coding region, 175 

and 13 of which cause non-synonymous changes in the amino acid sequence (Clancy 176 

2008; Wolff et al. 2015).  None of these mutations (nor the genes encoded in the 177 

mtDNA) have known involvement in processes of DNA replication or DNA repair. 178 

Each of these haplotypes had been placed alongside an isogenic nuclear background, 179 

w1118, creating distinct “mitochondrial strains” (Clancy 2008), and each mitochondrial 180 

strain has been maintained in independent duplicates since their inception in 2007 181 

(hereafter “mitochondrial strain duplicates”). Since then, mitochondrial strain 182 

duplicates were propagated as separate entities, with virgin daughters of each 183 

mitochondrial strain duplicate back-crossed to males of the w1118 strain for a further 184 

70 generations to continually warrant nuclear genomic isogenicity across all 185 

mitochondrial strains. The w1118 strain itself is propagated by one pair of full-siblings 186 

to maintain isogenicity within the nuclear background. Using mitochondrial strain 187 

duplicates as internal controls, the genetic architecture of this model thus allows us to 188 

unambiguously partition true mitochondrial genetic from nuclear genetic effects. 189 

Furthermore, all mitochondrial strains are density-controlled during breeding and 190 

experimental procedures, maintained on a potato-dextrose-agar medium at constant 191 

temperature (25.0 ± 0.1°C), and diurnal cycle (12h:12h light:dark). All maintenance 192 

and experimental crosses (including those of the parental and great-parental 193 

generation) involved age-controlled flies (4 days of age at time of oviposition).  194 

 195 

Irradiation  196 

Irradiation of focal flies was conducted at the Monash Animal Research Platform 197 

(MARP), using a Caesium-137-based Gammacell® 40 Exactor (Best Theratronics 198 

Ltd., Ottawa, Canada). To determine the appropriate irradiation dosage for our 199 
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experiments, we conducted a separate dose-effect experiment on males of the w1118 200 

strain. Briefly, we subjected replicated cohorts of ten w1118 males each to increasing 201 

levels of irradiation (0, 6, 12, 18, 24 Gray [Gy]; three biological replicates per 202 

dosage), and determined the irradiation dose at which the percentage of unhatched 203 

eggs ovipositioned by w1118 females mated to irradiated males reached approximately 204 

50%. The required dosage of irradiation was thus determined to be 20 Gy (Figure 1S).  205 

 206 

Hatch Rate Assay 207 

The flies of all of the focal crosses, outlined below under Experimental Design, were 208 

allowed to mate in cohorts of 30 flies at a 1:1 sex ratio for 24 hours. Thereafter, flies 209 

were transferred for ovipositioning into 70 ml specimen containers (with 210 

mechanically-perforated bottoms to enable aeration), where the inner lid diameter – 211 

covered with potato-dextrose-agar medium - served as an egg-laying pad (part 212 

#S5744SU, Techno Plas Pty Ltd, Adelaide, Australia). After 20 hours of 213 

ovipositioning, flies were removed, and the eggs were incubated for a further 28 hours 214 

for hatching. After incubation, egg-laying pads were transferred to 4°C to halt 215 

development, and the number of hatched and unhatched eggs per container was 216 

counted.  217 

 218 

Experimental design 219 

Effects of the mitochondrial haplotype on DNA repair 220 

In the first experiment - conducted on the F0 generation - we tested the effect of the 221 

mitochondrial haplotype on the capacity for DNA repair. To achieve this, we 222 

established ten replicate populations of fruit fly - each consisting of 15 virgin females 223 

of a given mitochondrial strain and 15 irradiated (treatment) or 15 non-irradiated 224 

(pcontrol) virgin w1118 males - for each strain duplicate and for each of six 225 
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mitochondrial strains (= 6 mitochondrial strains × 2 duplicate strains × 2 treatments = 226 

24 population categories × 10 replicate populations = 240 populations in total; Figure 227 

S2). Control strains were treated as procedural controls, i.e. were transported 228 

alongside treated strains to and from the irradiation facility.  Males and females of the 229 

F0 generation were combined for a 24-hour mating period immediately after the 230 

irradiation treatment of w1118 males. After mating, flies were transferred for 20 hours 231 

onto egg-laying pads for ovipositioning. At the end of ovipositioning, egg-laying pads 232 

were divided into two equal halves, such that both halves contained approximately 233 

equal numbers of eggs. One half was transferred to 4°C after 28 hours of incubation to 234 

halt development for the Hatch Rate Assay. The second half was transferred into a 235 

new vial containing potato-dextrose-agar medium to generate the F1 generation. 236 

Importantly, at no time of the experiment were the focal mitochondrial haplotypes, 237 

which were the subject of this study, exposed to irradiation (only males were 238 

irradiated and they possessed the ‘w1118
’ mitochondrial haplotype, which was not 239 

transmitted to the offspring, given the maternal inheritance of the mitochondrial 240 

genome), thus warranting that all irradiation-induced mutations transmitted to the 241 

developing zygotes, following the matings, were limited to nuclear loci.  242 

 243 

Effects of Interactions between mitochondrial haplotype and irradiation-induced 244 

mutation load on reproductive function 245 

In the second experiment - conducted on the F1 generation - we tested whether the 246 

mutational load induced by irradiation of males in the F0 generation, interacted with 247 

reproductive function of male and female offspring. To test this, we collected ten 248 

virgin males and ten virgin females from each of the 240 F1 populations, and 249 

combined flies of the same sex for each of the 24 population categories (six 250 

mitochondrial strains x two duplicate strains x two treatments x two sexes = 48 pools 251 
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of 100 flies each). We then randomly drew 75 flies from each pool to establish five 252 

replicate vials containing 15 virgin flies each for both sexes (five ‘male’ vials, five 253 

‘female’ vials) and for each of the 24 population categories (Figure S3). To each of 254 

the 240 vials we added 15 virgin flies of the opposite sex sourced from the w1118 255 

control population, allowed for a 24-hour mating period, and conducted a Hatch Rate 256 

Assay on all 240 populations (Figure S3). We used this data to investigate both the 257 

changes in mean reproductive fitness across our experimental units, and changes in 258 

reproductive variance across our experimental units.  259 

 260 

A potential caveat of our study is that this experimental design was not optimized to 261 

analyze variances as 15 focal flies were kept in each ‘male’ and ‘female’ vial. As a 262 

consequence, the residual variance was defined as the variance across vials rather than 263 

across individuals. While this may present a shortcoming of our experimental design, 264 

the presence of, for example, one sterile male would decrease vial variance by 1/15 265 

(assuming the same mating probability across all males per vial). We hence viewed 266 

vial variances as an acceptable proxy for variances in reproductive success. If males 267 

with poor fertility also perform poorly in sexual competition, vial variance values 268 

should be conservative, as other more fertile males would have mated with the 269 

females. However, it is possible that results were biased if sterile males (producing 270 

sterile sperm) are equally successful in sexual competition and if the same does not 271 

apply to female vials. This could be the case if females that carry a detrimental 272 

mutational load produce fewer eggs (rather than unviable eggs), as the proportion of 273 

eggs that hatch per vial could be inflated by increased fecundity of fertile females, 274 

producing similar variances across vials (each vial has similar proportion of hatched 275 

versus unhatched eggs, as eggs were only laid by healthy females). If this was true, 276 

we would expect fewer eggs in vials with irradiated females. We hence tested for 277 
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differences in total egg count between the treatments using a generalized linear model 278 

with a Poisson distribution allowing for overdispersion of the data, and found no 279 

significant effects (treatment*mitochondial haplotype interaction: P = 0.88). 280 

 281 

Statistical analysis 282 

Analysis of differences in means - Effects of the mitochondrial haplotype on DNA 283 

repair 284 

We tested the effect of irradiation on DNA repair in two different models; one 285 

assessing whether DNA repair differed between specific haplotypes, and one 286 

assessing whether female genetic condition that characterized the different haplotypes 287 

(high and low) affected DNA repair. In the first model we analysed the proportion of 288 

eggs that failed to hatch in crosses where females were mated to irradiated males as a 289 

binomial response (number of hatched eggs, number of eggs that failed to hatch) 290 

depending on the treatment (irradiated, control) and mitochondrial haplotype (ALS, 291 

BAR, ISR, MAD, SWE, ZIM), as well as their interaction. Mitochondrial duplicate 292 

was added to the model as a random effect, explicitly nested under mitochondrial 293 

haplotype. In the second model, we assessed hatch rate as a function of condition 294 

(high, low), treatment, and their interaction. In this model, mitochondrial haplotype 295 

(nested under treatment and condition) and duplicate (explicitly nested under 296 

haplotype) were added as random effects. In both models, a significant interaction 297 

between mitochondrial haplotype (first model) or condition (second model) with 298 

irradiation treatment would imply that fly strains harbouring distinct mitochondrial 299 

haplotypes differ in their capacity to repair DNA damage. 300 

 301 

Analysis of differences in means - Effects of Interactions between mitochondrial 302 

haplotype and novel mutation load on reproductive function 303 
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We continued by analysing the effect of the introduced mutations on reproductive 304 

function, defined as the ability to produce viable gametes of both males and females. 305 

We started with two initial models. One model in which we added treatment, sex and 306 

mitochondrial haplotype, as well as all interactions; and a second model in which we 307 

added treatment, sex and condition, as well as all interactions. Mitochondrial 308 

duplicate, explicitly nested under mitochondrial haplotype, was added as random 309 

effect to all models. For the model examining the effect of female genetic condition 310 

on offspring reproductive performance, mitochondrial haplotype was added as 311 

random effect, explicitly nested under condition. Given the high number of 312 

explanatory variables, both initial models were subsequently reduced by removing 313 

marginal terms, and where the best fit was identified using lowest deviance 314 

information criterion (DIC) score.  315 

 316 

Analysis of differences of variances - Effects of Interactions between mitochondrial 317 

haplotype and novel mutation load on reproductive function 318 

Effects of mutation load are likely to change the mean value of fitness components 319 

across different experimental units, and also to increase individual variation reflecting 320 

differences in individual genetic fitness. Hence, differences in variances could 321 

potentially inform how haplotype- or sex-specific mutation loads accumulate. We thus 322 

probed for differences in variances depending on the mitochondrial haplotype and 323 

irradiation treatment by assessing whether models (with condition, sex, and treatment 324 

as fixed effects and mitochondrial haplotype and duplicate as random effects) 325 

improved by estimating variances for random effects separately, leading to (i) 326 

treatment-specific variances for each random effect (including the residual 327 

component), and (ii) sex-specific variances exclusively across vials derived from 328 

irradiated parents.  We only fitted sex-specific variances for treated vials considering 329 
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our explicit hypothesis that variances should be higher in vials containing flies 330 

derived from irradiated parents. As both female and male offspring of non-irradiated 331 

parents revealed low variation in reproductive success, we continued by limiting 332 

analyses to offspring data derived from irradiated parents. Within this dataset we 333 

tested whether residual variances of offspring reproductive success differed depending 334 

on the genetic condition of the female haplotype. In these models, we included sex 335 

and condition, as well as their interaction, as fixed effects and mitochondrial 336 

haplotype as random effect (nested under condition and irradiation treatment). We did 337 

not include duplicate, as duplicate explained a very minor fraction of the variance.  338 

We also restricted models to test for condition effects, as testing for specific residual 339 

variances for each sex × haplotype combination would lead to a disproportionally 340 

large number of parameters considering the structure of the data.  341 

 342 

We conducted all analyses using a Bayesian mixed model using the R package 343 

MCMCglmm accounting for the overdispersion present in our binomial data 344 

(Hadfield 2010). For all models we discarded the first 20,000 iterations as burn-in, 345 

followed by 50,000 iterations, sampled every 500 iterations, yielding a posterior 346 

sample of 1,000 iterations per chain. Three parallel chains were run for each model 347 

and their convergence was assessed using the Gelman-Rubin statistic. All 348 

autocorrelations were under an absolute value of 0.11. Flat priors were used on fixed 349 

effects and locally uninformative priors were used on random effects.   350 

 351 

Results 352 

 353 

Effects of the mitochondrial haplotype on DNA repair 354 

The proportion of eggs that failed to hatch was affected by both mitochondrial 355 
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haplotype and treatment (irradiated; control), and their interaction (Table 1). Our 356 

results indicate that haplotypes ISR, MAD and ZIM had lower hatch rates than 357 

haplotypes ALS, BAR, and SWE, and that hatch rate was negatively affected by 358 

irradiation treatment (Figure 1; Table 1). While the general effect of irradiation on 359 

hatch rate was stronger than that of the interaction between haplotype and irradiation 360 

treatment, our experiments revealed that haplotypes BAR, MAD and ZIM were less 361 

affected by irradiation treatment than haplotypes ALS, ISR and SWE. Importantly, 362 

haplotypes with both lower and higher baseline fecundity were among haplotypes that 363 

were more strongly affected by the irradiation treatment, refuting our hypothesis that 364 

observed mitochondrial genetic effects on hatch rate are mediated via impaired DNA 365 

repair of low genetic condition females. Indeed, in our analysis of condition effects on 366 

DNA repair, the interaction between treatment and condition was not significant 367 

(Table 1).  368 

 369 

Effects of Interactions between mitochondrial haplotype and novel mutation load on 370 

reproductive function  371 

In the second generation, we found that while both treatment and mitochondrial 372 

haplotype affected hatching probability, sex did not have any significant effects on 373 

hatching success (Table 2, Figure 2). Neither did we find evidence for interactions 374 

between mitochondrial haplotype and irradiation treatment, prompting the removal of 375 

all interactions from models with a delta DIC > 3. When analyzing the effect of 376 

condition on reproductive success, we found that while both condition and irradiation 377 

treatment had significant effects on reproductive success, their interactions were non-378 

significant (Table 2).  379 

 380 

Analyzing variances, we found strong support for the inclusion of different residual 381 
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variances for flies derived from irradiated flies (Delta DIC = -87), with offspring of 382 

irradiated parents exhibiting higher variances. Estimating different variances for 383 

irradiation treatment did not improve the fit for mitochondrial variances (delta DIC = 384 

4), or duplicate variances (delta DIC = 1). However, separation into sex- and 385 

treatment-specific residual variances did improve the fit (delta DIC = -8), with males 386 

derived from irradiated parents exhibiting higher residual variances (Figure 3). When 387 

restricting the analysis to irradiated flies only, we found that irradiated males from 388 

lines that were characterized by high genetic condition had significantly higher 389 

variances than females (delta DIC = 2.8; Figure 3). 390 

 391 

Discussion 392 

Mitochondrial genome variation is known to affect genetic condition - and thus 393 

organismal fitness - via mitonuclear interactions and genetic conflict within 394 

mitonuclear gene complexes (Burton et al. 2006; Ellison and Burton 2006; Dowling et 395 

al. 2007a; Dowling et al. 2007b; Barreto and Burton 2013; Dobler et al. 2014; Wolff 396 

et al. 2014). Because the nuclear mutation rate has been found to be affected by poor 397 

condition invoked by environmental and genetic stressors (Agrawal and Wang 2008; 398 

Sharp and Agrawal 2012; Wang and Agrawal 2012; Maklakov et al. 2013), it appears 399 

likely that condition-effects induced by mitonuclear incompatibilities might therefore 400 

play a significant role in defining the rate at which mutations accumulate in the 401 

nuclear genome. Indeed, subjecting females to a standardized mutation load through 402 

mutagenized sperm in our first experiment, we show that female capacity to repair de 403 

novo mutations was contingent on the mitochondrial haplotype. Mitochondria play a 404 

crucial role in cell metabolism and cellular respiration (Shadel and Horvath 2015), 405 

and perturbation of mitochondrial function via mitonuclear genetic conflict is known 406 

to affect physiological state (Arnqvist et al. 2010; Barreto and Burton 2013; Latorre-407 
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Pellicer et al. 2016; Wolff et al. 2016a). Our results thus indicate that changes in 408 

physiological state invoked by mitonuclear conflict may extend to changes in the 409 

susceptibility and the capacity to repair novel mutations. Contrary to our expectation, 410 

however, comparing hatch rate between females of high versus low genetic condition 411 

after irradiation treatment, we found that observed mitochondrial genetic effects on 412 

DNA repair were not condition-dependent on female reproductive fitness. This 413 

finding indicates that, while both female fertility (e.g., condition) and DNA repair 414 

capacity are contingent on the mitochondrial haplotype, the mitonuclear epistatic 415 

interactions modulating DNA repair capacity and female fertility differ between these 416 

traits, and that the mitochondrial genetic effects on DNA repair are not linked to 417 

effects on female condition. 418 

 419 

Our finding that DNA repair capacity is modulated by the mitochondrial haplotype 420 

provides valuable insight into the mechanisms that shape the mutation rate, and that 421 

subsequently feed into processes of adaptation and ultimately speciation. A role for 422 

mitochondrial genome variation in modulating nuclear mutation rate is particularly 423 

interesting considering the high genetic diversity and mutation rate heterogeneity 424 

generally observed for mitochondrial genomes (Brown et al. 1979; Denver et al. 2000; 425 

Bazin et al. 2006; Nabholz et al. 2008; Nabholz et al. 2009). Direct measurement of 426 

mutation rate across 200 generations of spontaneous mutation accumulation in D. 427 

melanogaster, for example, estimated the overall mitochondrial mutation rate to be 428 

between 10 to 70 times higher than the nuclear mutation rate depending on the nature 429 

and strand identity of mutations (HAAG-LIAUTARD et al. 2008). Major mechanisms 430 

thought to underpin the high mutation rate and genetic diversity of mitochondrial 431 

genomes are the mutational damage incurred via copying errors during the replication 432 

process of mitochondrial genomes (Larsson 2010; Ameur et al. 2011; Kauppila and 433 
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Stewart 2015), and to a lesser extent, the mutational damage incurred via the leakage 434 

of reactive oxygen species (ROS) generated by processes of cellular respiration that 435 

take place in mitochondria (Cooke et al. 2003; Balaban et al. 2005; Itsara et al. 2014). 436 

Our finding that mitochondrial genetic variation can affect nuclear mutation rates thus 437 

suggests that the mechanisms that underpin high mitochondrial mutation rates may 438 

ultimately also be drivers of nuclear genomic diversity, if mitochondrial haplotypes 439 

interact with DNA repair capacity. Considering the high mtDNA diversity in natural 440 

populations (Maklakov et al. 2006; Dowling et al. 2007b), our results further suggests 441 

that mitochondrial genetic effects on nuclear mutation rates should be observable 442 

between individuals of the same population, and that mutation rate heterogeneity 443 

within populations may be much more common and pronounced than previously 444 

thought. Support for this notion comes also from recent research that found condition-445 

dependence of individual mutation rate in fruit fly in response to genetic or 446 

environmental stressors, such as food scarcity or sexual harassment, impacting on 447 

individual physiological state, and consequently mutation rates (Agrawal and Wang 448 

2008; Sharp and Agrawal 2012; Wang and Agrawal 2012; Maklakov et al. 2013).  449 

 450 

In our second experiment we tested whether reproductive fitness of offspring bearing 451 

novel mutation load, attributable to an inherited copy of an irradiated haploid genome, 452 

differed between the sexes, and whether sex-specific variation in reproductive success 453 

was higher in low than high condition females. While sex and mitochondrial 454 

haplotype did not have any significant effects on mean reproductive success, this test 455 

revealed that male offspring derived from high condition females exhibited higher 456 

residual variances in hatch rate than their female siblings. This may suggest that 457 

specific mutations interacted with the mitochondrial haplotype in a sex-specific 458 

manner, and that these effects were contingent on the condition of female 459 
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mitochondrial haplotype. Likely, individual variation in mutation effects on 460 

reproductive function exhibited by each male differed between high and low genetic 461 

condition strains, suggesting that males derived from high condition females harbored 462 

nuclear mutations that interacted more strongly with mitochondrial loci than the 463 

mutations harbored by males derived from low condition females. While this finding 464 

was unexpected, the key to understanding this pattern is likely to lie within the 465 

uniparental mode of mitochondrial inheritance. In this regard, our observations are to 466 

some extent congruent with patterns of male-biased mitochondrial genetic effects as 467 

suggested by the Mother’s curse hypothesis (Frank and Hurst 1996; Gemmell et al. 468 

2004). Under this hypothesis, mitochondrial traits are not under direct selection in 469 

males, enabling the accumulation of mutations in mitochondrial genes that are either 470 

male-harming or sexually antagonistic in effect (male-harming, female-beneficial), 471 

and which are known to negatively affect male reproductive traits (Clancy et al. 2011; 472 

Yee et al. 2013; Dowling et al. 2015; Patel et al. 2016; Wolff et al. 2016b). It is thus 473 

possible that, if the mitochondrial haplotypes characterized by high female condition 474 

harbor a sexually antagonistic mutation load, that effects of genetic challenge via 475 

irradiation-induced mutation load may be more strongly felt in strains of high than 476 

low condition haplotypes. Alternatively, it is also conceivable that condition-477 

dependent male variances were driven by differences in the strength of female germ 478 

line selection. However, effects of germ line selection would have to be both strong, 479 

and differ between haplotypes to explain observed differences between males derived 480 

from high and low condition females. 481 

 482 

Another potential mechanism to explain observed sex-specific differences in 483 

variances are interactions between mitochondrial haplotype and Y chromosome. 484 

Contrary to mitochondria, the Y chromosome is inherited strictly paternally, and is 485 
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thus subject to male-specific selection (Bachtrog 2013). In D. melanogaster, the Y 486 

chromosome codes for less than 20 male-specific genes, and male fitness has been 487 

found strongly affected by Y chromosome polymorphisms in this species 488 

(Chippindale and Rice 2001; dos Santos et al. 2015). Moreover, because of its male-489 

specificity in inheritance and gene content, the Y chromosome has been suggested as 490 

candidate region to harbour loci that host nuclear modifier alleles that compensate 491 

male-harming mutations that may have accumulated under influences of the sex-492 

biased selective sieve described by Mother’s curse in mitochondrial genes (Rogell et 493 

al. 2014; Dean et al. 2015; Yee et al. 2015). Following our breeding scheme, male 494 

offspring carried a Y chromosome harboring a novel mutation load from irradiation-495 

treated male parents, while the X chromosome and one of each of the autosomes were 496 

received from an untreated female. Female offspring instead harbored one haploid 497 

genome each from an untreated and treated parent, leaving females with a genetically 498 

healthy copy for each chromosome. It is thus conceivable that irradiation-induced 499 

mutation load in male-specific modifier alleles located on the Y chromosome may 500 

underpin increased variances in male reproductive success across different 501 

haplotypes. 502 

 503 

Together, our findings suggest that mitochondrial genome variation and ensuing 504 

mitonuclear interactions and/or incompatibilities may routinely play a pivotal role in 505 

the rate at which de novo mutations accumulate in the nuclear genome. The 506 

implications of mitochondrial haplotype-specific effects on the nuclear mutation rate 507 

are broad. Mutations generally decrease fitness, and increases in the mutation rate are 508 

thus likely to reduce mean fitness, posing a threat to population viability. Hybrid 509 

zones, for example, may be particularly vulnerable to adverse mitonuclear effects on 510 

mutation rates. Here, the creation of novel mitonuclear allelic combinations between 511 
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distantly related individuals are likely to lead to genetic incompatibilities, potentially 512 

accelerating the mutation rate (Liu et al. 2017). Conversely, however, populations 513 

with high genetic diversity in mitonuclear gene complexes may exhibit increased 514 

mutational variation, leading to increased standing genetic variation and therefore 515 

increased capacity to adapt and survive in changing environments. This could in 516 

theory aid populations in secondary contact zones, where populations of distinct 517 

mitochondrial haplotypes could gain increases in nuclear genetic diversity not only by 518 

population admixture but also from increased mutation rate. Interestingly, within-519 

population mitonuclear genetic variation also implies that some of a population’s 520 

individuals may be disproportionately burdened with mutation load. Individuals with 521 

particularly high mutation rate (mutator individuals) could be exceptionally important 522 

in times of strong selective pressure and in cases where an adaptive response requires 523 

several mutations at once. The transient presence of mutator individuals may thus 524 

supplement a population’s potential to adapt, while loading the mutational burden on 525 

only few of a population’s individuals, could reduce long-term mutational load and 526 

aid escaping the risk of population extinction that would otherwise eventually ensue 527 

via mutational meltdown (Agrawal 2002; Shaw and Baer 2011).  528 

 529 

In summary, we have provided compelling empirical support that the mitochondrial 530 

haplotype affects DNA repair, and therefore mutation rate. The ubiquity of 531 

mitochondrial genetic effects on life-history expression further suggests these effects 532 

to be pervasive and sizable in magnitude between and within populations (Dowling et 533 

al. 2008; Dobler et al. 2014; Alexander et al. 2017). Our data thus provide important 534 

new insight into the factors that underpin and determine the mutation rate, and 535 

therefore the evolutionary processes that are core to evolutionary diversification and 536 

population viability.  537 
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Table 1. Test of F0 hatch rate across six strains of D. melanogaster harboring distinct 767 

mitochondrial haplotypes (ALS, BAR, ISR, MAD, SWE, ZIM) mated to irradiation-768 

mutagenized isogenic males. Mitochondrial effects: Results based on estimates using 769 

contrast treatments, were the intercept term was set to treatment:no and mitochondrial 770 

haplotype ALS. All parameters are contrasted against the intercept. The results 771 

indicate that mitochondrial haplotypes BAR, MAD and ZIM are less affected by 772 

mating with irradiated males than haplotypes ALS, ISR and SWE. Condition effects: 773 

The intercept term was set to treatment:no and condition:high.  774 

Experiment I: Mitochondrial effects post.mean l-95% CI u-95% CI   pMCMC 

Intercept 1.19 1.08 1.3  <0.001 
Haplotype BAR -0.24 -0.4 -0.09 0.004 
HaplotypeI SR -0.59 -0.74 -0.44  <0.001 
Haplotype MAD -0.56 -0.72 -0.42  <0.001 
Haplotype SWE -0.05 -0.2 0.102 0.52 
Haplotype ZIM -0.59 -0.74 -0.442  <0.001 
Treatment Yes -1.42 -1.55 -1.3  <0.001 
Haplotype BAR:treatment yes 0.21 0.041 0.38 0.016 
Haplotype ISR:treatment yes 0.02 -0.16 0.19984 0.881 
Haplotype MAD:treatment yes 0.4 0.22 0.57  <0.001 
Haplotype SWE:treatment yes 0.02 -0.17 0.19 0.827 
Haplotype ZIM:treatment yes 0.31 0.13 0.46  <0.001 

Random effects         

Duplicate variance 0.002 5.48*10-11 0.007 -  
Residual variance 0.008 0.0012 0.015 - 

Experiment I: Condition effects         

Intercept 1.09 0.32 1.68 0.02 
Condition low -0.47 -1.19 0.4 0.11 
Treatment yes -1.33 -2.06 -0.51 0.02 
Condition low:treatment yes 0.145 -1.22 1.45 0.63 

Random effects         

Haplotype [Treat. no] 0.022 2.36*10-13 0.07 - 
Haplotype [Treat. yes] 0.07 5.41*10-5 0.22 - 
Duplicate 0.002 1.50*10-9 0.007 - 
Residual variance  0.008 1.5*10-2 0.016 -  
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Table 2. Test of F1 hatch rate across six strains of D. melanogaster harboring distinct 776 

mitochondrial haplotypes (ALS, BAR, ISR, MAD, SWE, ZIM) mated to irradiation-777 

mutagenized isogenic males in F0. Mitochondrial effects: Results based on estimates 778 

using contrast treatments, were the intercept term was set to treatment:no and 779 

mitochondrial haplotype ALS. Condition effects: The intercept term was set to 780 

treatment:no and condition:high. All parameters are contrasted against the intercept. 781 

Analyses indicate significant effects of mitochondrial haplotype and F0 irradiation 782 

treatment on hatch rate, but that these effects are not involved in any interactions with 783 

the sex or condition of focal flies.  784 

Experiment 2: Mitochondrial effects post.mean l-95% CI u-95% CI   pMCMC 

Intercept 1.25 1.14 1.38  <0.001 
Treatment yes -0.5 -0.58 -0.42  <0.001 
Haplotype BAR -0.13 -0.28 0.058 0.13 
Haplotype ISR -0.64 -0.81 -0.47  <0.001 
Haplotype MAD -0.39 -0.55 -0.23  <0.001 
Haplotype SWE -0.11 -0.28 0.065 0.2 
Haplotype ZIM -0.31 -0.49 -0.15 0.006 

Random effects         

Duplicate variance 0.0025 2.22*10-8 0.0084   
Residual variance 0.058 0.04 0.077   

Experiment 2: Condition effects post.mean l-95% CI u-95% CI   pMCMC 

Intercept 1.14 0.99 1.28 <0.001 
Condition low -0.36 -0.49 -0.22 <0.001 
Treatment yes -0.47 -0.62 -0.3 <0.001 
Sex M 0.02 -0.05 0.1 0.63 

Random effects         

Haplotype [Treat. yes:Sex F] 0.009 5.43*10-9 0.036 - 
Haplotype [Treat. yes:Sex m] 0.044 4.38*10-9 0.16 - 
Haplotype [Treatment no] 0.024 6.29*10-7 0.07 - 
Duplicate[Treat. yes:Sex F] 0.0036 8.44*10-10 0.014 - 
Duplicate[Treat. yes:Sex M] 0.015 7.01*10-11 0.059 - 
Duplicate [Treat. no] 0.0023 1.83*10-9 0.01 - 
Residual [Treat. no: Sex F: Cond High] 0.006 2.16*10-4 0.018 - 
Residual [Treat. y: Sex F: Cond High] 0.014 1.87*10-4 0.0384 - 
Residual [Treat. no: Sex M: Cond High] 0.007 2.22*10-4 0.024 - 
Residual [Treat. y: Sex M: Cond High] 0.37 0.17 0.62 - 
Residual [Treat. no: Sex F: Cond low] 0.0034 2.22*10-4 0.01 - 
Residual [Treat. y: Sex F: Cond low] 0.084 0.026 0.15 - 
Residual [Treat. no: Sex M: Cond low] 0.0033 1.53*10-4 0.01 - 
Residual [Treat. y: Sex M: Cond low] 0.16 0.054 0.29 - 
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Figures 787 

 788 

Figure 1. The effect of mitochondrial haplotype and irradiation treatment on F0 hatch 789 

rate. Hatch rate was determined across six isogenic fly strains bearing six distinct 790 

mitochondrial haplotypes (ALS, BAR, ISR, MAD, SWE, ZIM), and where females of 791 

the isogenic strains were mated to irradiation-mutagenized males of the isogenic w1118 792 

control strain (Fig. S2). Differences in DNA repair manifest as interactions between 793 

haplotype and irradiation treatment. Black lines denote Low condition haplotypes and 794 

red lines denote High condition haplotypes. 795 
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Figure 2. The effect of mitochondrial haplotype and irradiation treatment on F1 hatch 802 

rate. Hatch rate was determined for groups of mutagenized male or female F1 803 

offspring bearing six distinct mitochondrial haplotypes (ALS, BAR, ISR, MAD, 804 

SWE, ZIM) and that were mated to untreated flies of the opposite sex sourced from 805 

the isogenic w1118 control strain (Fig. S3). Black lines denote Low condition 806 

haplotypes and red lines denote High condition haplotypes. 807 
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Figure 3. The effect of mitochondrial haplotype and irradiation treatment on variation 818 

in F1 hatch rate. Variation in hatch rate for groups of mutagenized female or male F1 819 

offspring bearing six distinct mitochondrial haplotypes (ALS, BAR, ISR, MAD, 820 

SWE, ZIM) mated to untreated flies of the opposite sex sourced from the isogenic 821 

w1118 control strain (Fig. S3). Black lines denote Low condition haplotypes and red 822 

lines denote High condition haplotypes. 823 
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 842 

 843 

 844 

 845 

Figure S1: The effect of irradiation on the proportion of unhatched eggs of 846 

Drosophila melanogaster w1118 females mated to w1118 males exposed to increasing 847 

irradiation dosage. 848 
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	Figure	S2:	Experim
ental	breeding	schem

e	for	the	F
0 	generation.	M

itochondrial	strains	(Alstonville	[ALS],	Barcelona	[BAR],	

Israel	[ISR],	M
adang	[M

AD],	Sw
eden	[SW

E],	Zim
babw

e	[ZIM
])	w

ere	m
aintained	in	independent	duplicates	since	2007	(e.g.	ALS	

1	&
	2).	For	each	line	duplicate,	w

e	collected	300	virgin	fem
ales	for	10	replicates	w

ith	15	virgin	fem
ales	each	for	both	the	

control	and	treatm
ent	cohort.	To	each	of	the	replicates	containing	15	virgin	fem

ales,	w
e	added	15	w

1118	virgin	m
ales	

(irradiated	for	treatm
ent	group,	non-irradiated	for	control	group),	and	allow

ed	flies	to	m
ate	for	24	hours	before	

com
m
encem

ent	of	F
0 -ovipositioning.	
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 858  
1 

Figure S3: Experim
ental breeding schem

e for the F
1  generation. 50%

 of eggs ovipositioned by the F
0  generation (see also Figure S1) w

ere left to 
2 

develop until eclosion for both duplicates of each of six m
itochondrial strains (A

lstonville [A
LS], B

arcelona [B
A

R
], Israel [ISR

], M
adang [M

A
D

], 
3 

Sw
eden [SW

E], Zim
babw

e [ZIM
]). For each line duplicate, w

e collected 150 virgin fem
ales and 150 virgin m

ales, and after random
ization of these 

4 

flies w
ithin each cohort and sex, w

e established 5 replicates for each sex containing 15 virgin flies for both the control and treatm
ent cohort. Each vial 

5 

w
as then supplem

ented w
ith 15 virgin flies of the opposite sex sourced from

 the isogenic w
1118 strain. A

ll populations w
ere allow

ed to m
ate for 24 

6 

hours before com
m

encem
ent of F

1 -ovipositioning. 
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