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 2 

Abstract  17 

The Drosophila Genetic Reference Panel (DGRP) serves as a valuable resource to better understand 18 

the genetic landscapes underlying quantitative traits. However, such DGRP studies have so far only 19 

focused on nuclear genetic variants. To address this, we sequenced the mitochondrial genomes of 20 

>170 DGRP lines, identifying 229 variants including 21 indels and 7 frameshifts. We used our 21 

mitochondrial variation data to identify 12 genetically distinct mitochondrial haplotypes, thus revealing 22 

important population structure at the mitochondrial level. We further examined whether this population 23 

structure was reflected on the nuclear genome by screening for the presence of potential mito-nuclear 24 

genetic incompatibilities in the form of significant genotype ratio distortions (GRDs) between 25 

mitochondrial and nuclear variants. In total, we detected a remarkable 1,845 mito-nuclear GRDs, with 26 

the highest enrichment observed in a 40 kb region around the gene Sex-lethal (Sxl). Intriguingly, 27 

downstream phenotypic analyses did not uncover major fitness effects associated with these GRDs, 28 

suggesting that a large number of mito-nuclear GRDs may reflect population structure at the 29 

mitochondrial level rather than actual genomic incompatibilities. This is further supported by the GRD 30 

landscape showing particular large genomic regions associated with a single mitochondrial haplotype. 31 

Next, we explored the functional relevance of the detected mitochondrial haplotypes through an 32 

association analysis on a set of 259 assembled, non-correlating DGRP phenotypes. We found multiple 33 

significant associations with stress- and metabolism-related phenotypes, including food intake in males. 34 

We validated the latter observation by reciprocal swapping of mitochondrial genomes from high food 35 

intake DGRP lines to low food intake ones. In conclusion, our study uncovered important mitochondrial 36 

population structure and haplotype-specific metabolic variation in the DGRP, thus demonstrating the 37 

significance of incorporating mitochondrial haplotypes in geno-phenotype relationship studies.  38 
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 3 

Introduction 39 

Phenotypic variation is driven by genetic and environmental factors. Genome-wide association (GWA) 40 

studies attempt to identify the relationship between genotype and phenotype. However, these studies 41 

are often limited by the sole use of nuclear variants1 despite the fact that some recent GWA studies 42 

have revealed associations between mitochondrial genomic variants and obesity, type 2 diabetes, 43 

multiple sclerosis, and schizophrenia in humans2–5. The detection of these mitochondrial variants tends 44 

to be challenging due to the relatively low extent of mitochondrial genetic variation as compared to the 45 

nuclear genome. Other challenges that complicate the detection of genetic determinants (both 46 

mitochondrial and nuclear) in human populations involve non-standardized lifestyles, cultural 47 

differences and upbringing, and genetic background (population stratification)6.  48 

Complementary studies using higher model organism-based genetic reference populations, 49 

such as the mouse BXD7 or Drosophila Genetic Reference (DGRP) panels8–10, are in this regard 50 

advantageous since phenotyping is performed in a controlled environment and the genetics, or 51 

manipulations thereof, are not affected by environmental variation. However, in both these panels, 52 

mitochondrial genomic variation has so far been largely ignored. For the BXDs, this is because all lines 53 

feature the same maternal-derived mitochondrial haplotype. In contrast, DGRP lines are genetically 54 

independent8,9, but to our knowledge, no concerted efforts have been devoted toward the extensive 55 

characterization of their mitochondrial genomic variation. Indeed, only two studies have so far explored 56 

this question, but both suffered from low local sequence coverage issues since they depended on data 57 

from whole organism DNA sequencing11,12. Moreover, they did not utilize the resulting variant catalogue 58 

to explore the impact of mtDNA variants on phenotypic variation. Thus, an in-depth characterization of 59 

mitochondrial variation and to which extent it affects phenotypic diversity is still lacking. 60 

In this study, we postulated that a high-resolution catalogue of mitochondrial variants could 61 

greatly benefit genotype-to-phenotype relationship studies. This is because a link between 62 

mitochondrial and nuclear genomic variation has already been shown to affect metabolic traits in 63 

flies13,14. For instance, lifespan14 and developmental time15 were drastically affected by the placement 64 

of divergent mitochondria in differing nuclear backgrounds suggesting that the mito-nuclear relationship 65 

has the potential to affect a wide-range of other phenotypes as well. While these studies nicely showed 66 

the functional importance of mitochondrial and nuclear genomic variant interactions, the mitochondrial 67 

genomes used in these studies were highly divergent and the effect of individual (non-deleterious) 68 

mitochondrial alleles remains poorly understood. Therefore, characterizing the full extent of 69 

mitochondrial (genomic) variation within the DGRP, and integrating this data in GWA analyses could 70 

be valuable for the detection of (novel) genetic determinants of phenotypic diversity. 71 

To do so, we assessed mitochondrial variation within the DGRP both at the genotype and 72 

phenotype level. First, we produced a high-resolution map of mitochondrial variants for the DGRP by 73 

sequencing libraries enriched for the mitochondrial genomic fragments of individual lines. We found 74 

substantial genomic variation, at a low allele frequency, in the form of single nucleotide polymorphisms, 75 

insertions and deletions, and putative heteroplasmy. These variants allowed for the construction of 76 

mitochondrial haplotypes revealing population structure at the mitochondrial level. The link between the 77 
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mitochondrial and nuclear alleles is distinctly present with the finding of large numbers of genotype ratio 78 

distortions (GRDs). These GRDs followed a block-like pattern which rationalize the mitochondrial 79 

haplotypes that we identified and thus further support the presence of population structure at the 80 

mitochondrial level. Moreover, given that we did not find a biological function, or phenotype, for the 81 

complete GRDs that we tested nor in our GRD-phenotype association analyses, we believe that the 82 

population structure that we observed is due to an already existing structure upon establishing the 83 

DGRP. Finally, we demonstrate that, even though population structure is present, the mitochondrial 84 

haplotypes can affect phenotypes. Mitochondrial variation at the haplotype level was significantly 85 

associated with 12 metabolic or stress-related phenotypes. As a proof of concept, we selected “food 86 

intake in males” and experimentally validated the functional effect of mitochondrial haplotypes. Our 87 

study therefore demonstrates the importance of implementing mitochondrial variation in genotype-to-88 

phenotype association studies to reveal novel mitochondrial genetic determinants of quantitative traits, 89 

not only in Drosophila but also in human GWA studies.  90 
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Methods 91 

Fly populations and fly rearing 92 

A full list of DGRP lines used in this study can be found in Supplementary Table S1. All lines were 93 

obtained from the Bloomington Stock Centre (Indiana, USA). Flies were kept at a constant light:dark 94 

cycle of 12hr:12hr at 25C and 60-70% humidity. Flies were fed a medium containing: 58.8 g yeast 95 

(Springaline BA10), 58.8 g Farigel wheat (Westhove FMZH1), 6.2 g agar powder (ACROS 400400050), 96 

100 ml grape juice (Ramseier), 4.9 ml propionic acid (Sigma P1386), 26.5 ml of methyl 4-97 

hydroxybenzoate (VWR ALFAA14289.0, stock: 400 g/L in 95% ethanol), and 1L water. 98 

Mitochondrial DNA extraction for mitochondrial DNA enriched libraries 99 

The extraction of mitochondrial DNA consisted of two parts: Mitochondrial extraction and subsequent 100 

DNA extraction. First, extraction of mitochondria from 40 fly whole bodies (or 20 mg mouse liver) was 101 

based on a protocol from Schwarze et al. 199816. Flies frozen in liquid nitrogen were gently crushed 102 

with a plastic pestle in 300 µL mitochondrial isolation medium (MIM; 250 mM sucrose, 10 mM Tris (pH 103 

= 7.4), 0.15 mM MgCl2). Once the samples were fully homogenized, 700 µL MIM was added while 104 

rinsing off any remains on the pestle. Samples were then centrifuged at 850x g for 5 minutes at 4ºC to 105 

reduce debris in the following steps. Supernatant was carefully transferred to a new tube and samples 106 

were centrifuged at 1000x g for 5 minutes at 4ºC. This caused larger cell debris and any chitin remains 107 

to precipitate while the remaining supernatant largely consisted of floating mitochondria. Supernatant 108 

was then transferred to a new tube and centrifuged at 13,000x g for 5 minutes at 4ºC followed by 109 

washing with 1 mL of MIM. The supernatant was then again transferred to a new tube after which the 110 

wash was repeated once more to obtain a pure mitochondrial pellet. If desired, one can store the 111 

mitochondrial pellet at -80ºC at this point and the supernatant should be discarded. Second, to extract 112 

mtDNA from the mitochondrial pellet, 500 µL of RNAse/DNAse-free water was added to resuspend the 113 

pellet, followed by adding 500 µL Phenol:Chloroform:Isoamylalcohol (25:24:1; Sigma 77617) and 114 

vortexing for 20 seconds. Samples were centrifuged at 14,000 rpm for 5 minutes at room temperature. 115 

The upper phase (~500 µL) was then transferred to a new tube and 500 µL Chloroform (Fisher 116 

C/4960/PB08) was added. After vortexing for 20 seconds, samples were centrifuged at 14,000 rpm for 117 

5 minutes at room temperature. The upper phase (~500 µL) was transferred to a new tube. 118 

Mitochondrial DNA was then precipitated by adding 30 µL of 5M NaCl (0.3M final concentration), 3 µL 119 

Glycogen (Thermo Scientific R0561), 530 µL Isopropanol (=1V) and gently inverting the sample six 120 

times. Next, precipitation of mtDNA in the samples either took place on ice for 30 minutes, or overnight 121 

at -20ºC with the latter providing the greatest yield. Following incubation, samples were centrifuged at 122 

14,000 rpm at 4ºC for 60 minutes. The mitochondrial DNA pellet was washed once with 1 mL 70% 123 

ethanol, eluted in 30 µL RNAse/DNAse-free water, and stored at -80ºC until use. 124 

Library preparation and sequencing of mitochondrial DNA-enriched libraries 125 

Prior to library preparation, mitochondrial DNA samples were quantified by either the Qubit dsDNA HS 126 

assay kit (Invitrogen Q32851) or the Quant-iT PicoGreen dsDNA assay kit (Invitrogen P11496). 127 

Samples were accordingly diluted to 5 ng/µL and quantified again to ensure the correct concentration 128 
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post-dilution. For each library, 5 ng of input mtDNA was diluted in a total volume of 11.77 µL. To each 129 

well, 8.23 µL of a master mix was added consisting of 4 µL 5X TAPS-MG (50 mM TAPS (Sigma T5130), 130 

25 mM MgCl2 (Sigma M2670)), 4 µL 40% PEG 8K (adjusted to RT prior to incubation; Sigma P5413), 131 

and 0.23 µL of 11 µM in-house generated Tn5 Transposase17. Tagmentation of the samples was done 132 

by incubation at 55ºC for 4 minutes and samples were immediately placed on ice for 2 minutes 133 

afterwards. The reaction can be stopped by either adding RNAse/DNAse-free water or by using the 134 

Zymo Research gDNA Clean-Up & Concentration kit (Zymo Research D4066) following manufacturer’s 135 

instructions using the DNA Binding Buffer ratio of 5:1. We found that using a DNA clean-up kit resulted 136 

in the most consistent results and is likely due to the potential residues of organic DNA extractions that 137 

may interfere in PCR reactions. Samples were eluted with 25 µL Elution Buffer. Amplification of the 138 

libraries was done by adding 25 µL 2X NEB Next High-Fidelity Buffer (NEB M0541S), 2.5 µL of i7 and 139 

2.5 µL of i5 barcoded primers. Conditions for the PCR were as follows: 1) one cycle at 72ºC for 3 140 

minutes followed by a single cycle at 95ºC for 30 seconds; 2) 12-15 cycles of 10 seconds at 95ºC, 30 141 

seconds at 55ºC, 1 minute at 72ºC; 3) One cycle for 5 minutes at 72ºC. Libraries were purified by using 142 

AMPure XP magnet bead selection (Beckman Coulter A63881) at a 1X ratio. Briefly, 55 µL of AMPure 143 

XP beads were added to 55 µL of library sample and gently mixed by pipetting 10 times. Samples were 144 

incubated for 10 minutes at room temperature before placing them on a magnetic holder and incubating 145 

another 10 minutes at room temperature. Supernatant was removed, and libraries were washed twice 146 

with 200 µL freshly prepared 80% ethanol. After washing, samples were left to air dry for 10 minutes 147 

and subsequently removed from the magnetic holder. The mitochondrial DNA enriched libraries were 148 

then eluted by adding 23.5 µL elution buffer and carefully pipetting the mixture 10 times and allowing 149 

this to incubate for 5 minutes. Finally, samples were placed again on the magnetic holder and incubated 150 

for 5 minutes after which 22 µL of mitochondrial DNA enriched libraries were transferred to new tubes. 151 

Libraries were quantified by either Qubit dsDNA HS Assay Kit (Invitrogen Q32851) or Quant-iT 152 

PicoGreen dsDNA assay kit (Invitrogen P11496). Size distribution of the libraries was assessed by 153 

using the High Sensitivity NGS Fragment Analysis Kit (Advanced Analytical DNF-474). Libraries were 154 

sequenced in three different batches of which two used an Illumina HiSeq-2500 (paired-end; 100 cycles, 155 

loaded molarity 5 nM) and one used an Illumina NextSeq 500 (single-end; 75 cycles, loaded molarity 156 

1.8 pM). Accession numbers for the datasets can be found in Supplementary Table S2. 157 

Assessing enrichment of mitochondrial DNA over nuclear genomic DNA 158 

We assessed the enrichment of raw mtDNA or mtDNA fragments in our libraries via qPCR using primers 159 

for four nuclear loci and four mitochondrial loci. Each qPCR reaction contained 200 µM of the primer 160 

mix (Forward and Reverse ,see Supplementary Table S3 for a list of primers), 1.5 µL of diluted sample 161 

(1:20), and 5 µL of 2X SybrGreen PowerUp Mastermix (Invitrogen A25743). Samples were measured 162 

either on a QuantStudio 6 (Applied Biosystems) or StepOnePlus Real-Time PCR system (Applied 163 

Biosystems) for 384-well and 96-well formats, respectively. Enrichment was then calculated using the 164 

2-∆∆CT method. All measured samples were compared to a single reference sample of 1 ng/µL genomic 165 

DNA from the iso-1 genotype and one of the four nuclear loci. 166 

 167 
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Data pre-processing and genotyping 168 

While our method enriches for mitochondrial DNA, the presence of nuclear DNA cannot be entirely 169 

prevented. As such, we hypothesized that various nuclear regions could still be used to ‘genotype’ the 170 

sequenced samples and correct for potential swapping. A schematic overview of the sequence data 171 

pre-processing, genotyping, and variant calling pipeline is provided in Supplementary Figure S1. Raw 172 

reads obtained from the Illumina HiSeq-2500 and the Illumina NextSeq 500 were first demultiplexed 173 

with BRB-seq tools v1.1 (https://github.com/DeplanckeLab/BRB-seqTools18) and trimmed with Trim 174 

Galore v0.4.419. For each sample, the paired-end or single-end mode of sequencing was taken into 175 

account when trimming and in further downstream steps. Trimmed reads were first mapped to 176 

dm3(UCSC, BDGP R5, Apr 2006) with BWA mem v0.7.1320 followed by duplicate read removal with 177 

Picard v2.2.1 (http://broadinstitute.github.io/picard) using default settings. Mapping statistics (i.e. 178 

number of mapped and duplicated reads) for each sample were accessed via SamTools v1.321. We 179 

then used GATK v3.6-022 to perform local realignment around indels followed by HaplotypeCaller in 180 

GVCF mode (--emitRefConfidence GVCF) to only call nuclear variants with the minimum phred-scaled 181 

confidence threshold set at 30 and the emission confidence threshold set at 10. For every sample, 182 

GATK SelectVariants was used to filter out all indels and MNPs, and SNPs with a depth of coverage 183 

less than 5X from the overall set of variants. The remaining set of variants (SNPs) was then used as 184 

input for GATK GenotypeGVCFs for the genotyping of all samples as a cohort applying the same phred-185 

scaled confidence threshold and emission confidence threshold used in HaplotypeCaller. Finally, only 186 

bi-allelic SNPs with a Fisher strand score of FS > 30.0 and quality by depth QD < 2.0 were selected for 187 

the comparison with the DGRP2 reference VCF8,9. For each DGRP sample, we assessed the top three 188 

of genotype matches. If the tested DGRP and the expected DGRP were the highest ranked, had a 189 

>90% match and the second and third match were at least 5% lower, we considered it as a clean match. 190 

In case the first ranked expected DGRP did not match the tested DGRP, however, and >90% of the 191 

tested loci matched the expected DGRP, and the second and third matches were 5% lower, then we 192 

considered this a mislabelling and renamed the DGRP accordingly. Notably, in most of the samples 193 

(94%), more than 99% detected SNPs were found matching to the corresponding DGRP line. 194 

Mapping and mitochondrial variants calling 195 

The overall pipeline (see Supplementary Figure S1) to call mitochondrial variants is similar to calling 196 

nuclear variants, with the main exception being that trimmed reads were mapped to dm6(UCSC, BDGP 197 

R6 + ISO-1 MT (NC_024511.2), Aug 2014). This genome version provided a significant improvement 198 

in alignment quality for the mitochondrial genome over version dm3. Parameters for each package 199 

remained unchanged unless noted differently. Variant calling was performed using GATK 200 

HaplotypeCaller including both nuclear and mitochondrial variants. GATK SelectVariants was then used 201 

to restrict to mitochondrial variants only after which the GVCFs were merged and another run of variant 202 

calling on the mitochondrial genome was performed using GenotypeGVCFs. High quality variants were 203 

selected by filtering out variants with depth of coverage less than 10 (DP < 10), Fisher score more than 204 

60 (FS > 60.0) and RMS Mapping Quality less than 10 (MQ < 10). Finally, we only retained variants 205 

within the main coding part of the mitochondrial genome (up to 14,917 bp) due to the inaccuracy in 206 
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mapping short reads to the 4.5 kb AT-rich repeat region. The resulting set of mitochondrial variants was 207 

annotated with snpEff v4.223 using the following parameters: -no-downstream -no-upstream -no-utr. 208 

Overall statistics on the number of reads and coverage per sample can be found in Supplementary 209 

Table S4. Randomly selected variants were verified via Sanger sequencing of multiple loci for particular 210 

DGRP lines (Supplementary Table S5-S6). 211 

Detection of nuclear encoded mitochondrial DNA fragments (NUMTs) 212 

We assessed the presence of mitochondrial fragments integrated in the nuclear genome (NUMTs) using 213 

methods described earlier24. First, using our mouse mitochondrial sequence data, the putative location 214 

of NUMTs was detected by aligning the mouse mitochondrial reference genome (mm10, UCSC, 215 

GRCm38, Dec 2011) to mouse nuclear genome with NCBI-blast v2.2.28. All hits with a length >50 bp 216 

were kept as potential NUMT sites and considered as a NUMT genome. Reads were then aligned to 217 

the NUMT genome using BWA v0.7.13 and duplicates were removed with picard v2.2.1. Reads with a 218 

perfect match to the NUMT genome were aligned to the mitochondrial genome. Reads that did not show 219 

a perfect match to the mitochondrial genome were considered to be contaminations from NUMTs. We 220 

applied the same method to our fly mitochondrial sequence data. 221 

Comparison with the set of mitochondrial variants from Richardson et al. 2012 222 

Previously, Richardson et al. (2012)11 analysed the DGRP sequence data from Mackay et al. (2012)8 223 

for mitochondrial variants. We compared our findings by running our data through the variant calling 224 

pipeline described in Richardson et al. (2012)11 using the pipeline and reference genome available at 225 

that time (dm3: chrU, ch3L 10Mb-11.2 Mb and Wolbachia) as our variant calling pipeline is less 226 

compatible with the type of sequence data obtained from Mackay et al. (2012)8. We restricted the two 227 

datasets to the 134 overlapping lines between our study and Richardson et al. (2012)11. We used the 228 

variant coordinates identified by Richardson et al. (2012)11 in “Dataset S4” for our final comparison. 229 

Resolving the intergenic repeat region between mt:ND3 and mt:tRNA:A 230 

The region from 5,959 bp to 5,983 bp between mitochondrial genes mt:ND3 and mt:tRNA:A contains a 231 

highly heteroplasmic AT-repeat region. We confirmed the existence of this repeat region via Sanger 232 

sequencing of various DGRP lines for this region. In order to fully resolve this region for all DGRP 233 

populations, we first selected reads overlapping at least one bp between 5,959-5,983 bp for each 234 

sample using bedtools intersect v2.25.025. Our previous mapping of the surrounding regions and results 235 

from the Sanger Sequencing already provided us with a conserved pattern flanking this region (5’-236 

CTA[repeat]GGG-‘3). Thus, from our pre-selected reads, reads were extracted that spanned both the 237 

5’- and -‘3 region. If >10 unique reads provided a single pattern, we considered this pattern to be true.   238 

Detection of putatively heteroplasmic loci 239 

To detect putative heteroplasmy from high-throughput sequence data, we used a method described 240 

before26. Briefly, reads with Phred quality score <23 and with any 5 neighbouring base pairs (both 241 

directions) with Phred quality <15 were discarded. To consider loci heteroplasmic, we followed a set of 242 

criteria that was applied per nucleotide position. First, the depth of coverage was at least 20. Second, 243 

the minor allele was present in at least 15% of the reads. And third, the minor allele should be present 244 
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in at least two reads of each strand. The heteroplasmic detection does not rely on previously annotated 245 

vcf files. Therefore, it may detect variants or putative heteroplasmic loci that were not picked up by our 246 

variant calling pipeline. These non-overlapping loci were removed from our analysis leaving only those 247 

loci for which we had previously detected a variant. 248 

Verifying mitochondrial variants via Sanger sequencing 249 

To confirm our results from the variant calling pipeline, we used Sanger sequencing of various selected 250 

loci. Per locus, we selected reference strains (i.e. w1118) and DGRP lines that had a mix of reference 251 

and alternate alleles between each other. For each sample, we used 100 ng of regular genomic DNA 252 

from five females which was amplified in a volume of 20 µL consisting of 10 µL 2X NEB Next High-253 

Fidelity Buffer (NEB M0541S), 1 µL of 10 µM primer mix (forward and reverse, see Supplementary 254 

Table S5) and RNAse-DNAse free water. All samples were sequenced with the M13 forward primer. 255 

Sequence results were aligned and analysed using MEGA v7.02127. 256 

Population structure analyses 257 

For the identification of haplotypes, we performed multiple sequence alignment between all the strains 258 

using MAFFT28. Finally, the haplotype network was inferred using the TCS software12,29. To further 259 

define the remaining surrounding clusters, we used a k-means clustering approach to accurately define 260 

haplotypes. However, regardless of the chosen alpha, no clear k could accurately be selected. 261 

Therefore, using the TCS-based network as a framework, we continued with manual annotation of 262 

haplotypes by considering a group of lines to form a haplotype when a particular variant or set of 263 

variants are shared by >5 DGRP lines but not by the central haplotype or another haplotype. Lines that 264 

would cluster with other non-DGRP reference strains yet did not meet the criteria of >5 DGRP lines, 265 

would still be considered to be a haplotype.   266 

To determine the degree of similarity or differentiation between the observed haplotypes, we 267 

assessed the genetic distance between clusters using a GST estimator (Hedrick's G’ST). We used the 268 

multiple fasta aligned sequences (used for the MAFFT alignment) which were imported in ‘R’ using 269 

apex (v1.03). Subsequently, we set the population strata based on our pre-defined haplotypes and 270 

calculated the pairwise G’ST for each pair of haplotypes. To test for significance, we bootstrapped the 271 

dataset and recalculated the pairwise G’ST. Finally, we performed permutations on the data by 272 

reshuffling the haplotype associated DGRP lines and recalculating the G’ST estimators. 273 

 Furthermore, we only considered the first variant of a set of linked variants (clusters) for 274 

downstream association analyses to reduce the number of mitochondrial variants and thus statistical 275 

tests. This resulted in a set of 12 haplotype defining variants and three variants that were more 276 

widespread among the DGRP lines (see also Figure 3d, Supplementary Table S7-S8). 277 

Genotype Ratio Distortions (GRDs) 278 

To infer genotype ratio distortions (GRDs) between the mitochondrial and nuclear genomes, we applied 279 

the method described in 30. In our primary GRD analysis, we restricted the set of mitochondrial variants 280 

to bi-allelic non-MNP variants with a minor allele frequency >0.05 and for which at least 150 DGRP 281 

lines have a confident variant call using vcftools v0.1.14 (--min-alleles 2 --max-alleles 2 --maf 0.05 --282 
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max-missing 0.88)31. Moreover, to prevent the inflation of the number of statistical tests, we reduced 283 

our set of mitochondrial variants to haplotype-defining variants and three remaining variants 284 

representing unique clusters (see Population structure section in Methods). Heterozygous variants 285 

were not used and marked as missing data. After applying these filters, a set of 12 mitochondrial 286 

variants remained which were used for further downstream analysis (Supplementary Table S8). The 287 

set of nuclear variants were selected by converting the dm3-based DGRP2 VCF8,9 to dm6 via CrossMap 288 

v0.2.532. Applying the same filters as for the mitochondrial variants resulted in 1,722,758 nuclear 289 

variants that were used for the analysis. We further restricted the calculations to include only those 290 

pairs of variants for which at least 150 DGRP lines had confident variant calls for a given mitochondrial 291 

and nuclear variant combination. For each combination of mitochondrial and nuclear variants, a χ2-test 292 

was performed. We adjusted p-values to correct for multiple testing according to a 4-step procedure 293 

described in section 7 by Benjamini and Bogomolov (2014)33. First, we calculated a p-value of a χ2-test 294 

for each of 1,722,758 x 12 mito-nuclear variant combinations. Second, the intersection hypothesis was 295 

computed as Simes test for every tested nuclear variant using set of 12 p-values. Second, we applied 296 

a Benjamini-Hochberg (FDR) procedure to all the 1,722,758 p-values calculated at previous step and 297 

selected 14,643 p-values with an FDR < 0.1. Then, we selected 14,643 nuclear variants for which the 298 

p-values passed the threshold and applied a Benjamini-Hochberg correction (FDR) procedure to all 299 

raw, computed p-values at step 1 (χ2-test p-values (12 x 14,463)). Fourth, a selection was made 300 

between mito-nuclear variant pairs for which the FDR computed in the previous step was less than the 301 

nominal FDR cut-off (0.1 / 1,722,758) multiplied by the number of the selected mito-nuclear variant 302 

pairs from the previous step (14,463). The resulting cut-off was then 8.5 x 104. Finally, in line with 303 

Corbett-Detig et al. 201330, we only considered mito-nuclear GRDs that contained at least one putative 304 

significant GRD on either flanking side within a 50 bp range (see Supplementary Table S9-S10).  305 

Selection and crossing of populations to assess mito-nuclear incompatibility 306 

To empirically assess whether complete genotype ratio distortions reflect mito-nuclear incompatibility, 307 

we selected DGRP lines following a set of parameters to test experimentally. First, we selected lines 308 

that contained the alternative alleles for the linked nuclear variants 2L_8955411_SNP, 309 

2L_8955426_SNP, and 2L_8955438_SNP which are located in the gene CG31886 and the reference 310 

allele for X_9007384_SNP located in rdgA. These lines were further restricted to the ones with the 311 

alternative alleles for mitochondrial variants chrM:2349_SNP, chrM:5500_SNP, chrM:11128_SNP, 312 

chrM:12682_INDEL, and chrM:12898_SNP. We dubbed this configuration ‘AA’, the first letter indicating 313 

the nuclear allele (alternate, from the CG31886 perspective) and the second the mitochondrial allele 314 

(also alternate). Second, to reduce effects of genomic inversions, we selected those lines without 315 

inversions. Third, we were further restricted to select populations containing Wolbachia given the 316 

limitations by the previous criteria. Next, we selected lines with the ‘RR’ configuration (= reference 317 

nuclear (CG31886 perspective) and reference mitochondrial alleles). Again, only lines were selected 318 

that were infected with Wolbachia and had no genomic inversions. To mitigate the effects of other 319 

mitochondrial variants, we used populations with similar mitochondrial haplotypes. Therefore, we 320 

selected lines from the consensus mitochondrial haplotype directly or those only differing one 321 

mitochondrial variant from the consensus mitochondrial haplotype (‘Central MH’, see methods below). 322 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 9, 2018. ; https://doi.org/10.1101/466771doi: bioRxiv preprint 

https://doi.org/10.1101/466771
http://creativecommons.org/licenses/by-nc-nd/4.0/


 11 

Finally, applying these selection criteria, we selected the following lines with the AA configuration: 323 

DGRP_189, DGRP_801, DGRP_882. And for the RR configuration: DGRP_153, DGRP_287, 324 

DGRP_306 where DGRP_287 was selected from lines that differ only one mitochondrial variant from 325 

the consensus mitochondrial haplotype (see Supplemental Table S11 and Supplemental Figure S2 326 

for the crossing scheme). 327 

Development assay for the mito-nuclear complete GRD populations 328 

To test if mito-nuclear incompatibility was responsible for the complete CG31886/rdgA-GRD, we 329 

assessed the impact on Drosophila development. We measured the development time from egg to 330 

adult on hybrid-F2 and on flies that were further backcrossed to F10 populations (see Supplemental 331 

Figure S2 for the crossing scheme). The F2 generation is the first generation in which 50% of the 332 

offspring have the homozygous reference nuclear variant (CG31886 perspective) combined with the 333 

alternative mitochondrial variants (the ‘RA’ configuration). We cannot exclude the potential influence of 334 

genetic interactions that may occur from other loci and we assume that these would be wide-spread 335 

throughout the genome and throughout the offspring. For the collection of eggs of each population, we 336 

used demography cages containing 75 female F1 hybrid offspring from AA females and RR males and 337 

crossed these to 75 RR males. As a control, we backcrossed 75 male F1 hybrid offspring from AA 338 

females and RR males with 75 RR females. On the bottom of each demography cage, 60 mm petri 339 

dishes containing grapefruit juice agar plates were mounted on which a small amount of fresh yeast 340 

paste was placed on the agar. Plates and yeast paste were replaced daily, and on the third day, eggs 341 

were collected in two-hour intervals. Development time was adjusted accordingly. Per cross, three 342 

replicates were used containing 50 eggs per replicate. We used a blocking scheme to prevent potential 343 

confounding effects from the placement of the replicates. We applied a similar setup for the 344 

measurement of the development time of the F10 generations although we did not cross these to AA 345 

lines after the initial F10 emerged. Statistics for the development time were analysed using SAS JMP 346 

Statistics v9.  347 

Climbing activity for mito-nuclear complete GRD populations 348 

To assess the climbing ability of the CG31886/rdgA-GRD lines, we used 4- to 5-day old females of the 349 

F10 generation. Per population, we used three biological replicates, each containing 10 females. 350 

Sorting of the flies under CO2 anaesthesia was done 22-24 hours prior to the experiment to avoid the 351 

effects of the anaesthetics on the experiment. On the day of the experiment, tubes with flies were 352 

mounted on a Drosoflipper rack (http://drosoflipper.com), which allows for the measurement of 10 tubes 353 

at the same time. Prior to the experiment, all flies were transferred to empty tubes marked at a specific 354 

height (7 cm) and were mounted on the other side of the Drosoflipper rack. The Drosoflipper rack with 355 

the flies was then tapped, after which the climbing of the flies was recorded. Scoring was done by 356 

calculating the fraction of flies in the tube that were able to pass the marked line 10 seconds after the 357 

tapping stopped. Technical replicates were repeated at 1.5-minute intervals. Positioning of the tubes 358 

was randomized so that no genotype was always placed at the same location in the Drosoflipper rack. 359 

Experiments were performed between 08:30 and 10:00 AM (Light cycles from 08:00-20:00). 360 

 361 
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 362 

GRD-phenotype association analysis 363 

To uncover the potential relationship between genotype ratio distortions (GRDs) and fitness 364 

phenotypes, we first assembled a compendium of >600 publicly accessible DGRP phenotypes (Bevers 365 

et al., in prep.) and selected 76 phenotypes that we considered as putative proxy read-outs of “fitness” 366 

after which we further reduced this list to 29 independent, uncorrelated fitness phenotypes (see 367 

Supplementary Table S12 for the source). The following steps will therefore be applied to the set of 368 

29 uncorrelated fitness phenotypes. For each of the 1,845 detected GRDs, we assessed the enrichment 369 

of a given mito-nuclear allelic combination in the top and bottom 20% of a given fitness phenotype using 370 

a hypergeometric test, resulting in eight tests per GRD per fitness phenotype. We restricted our analysis 371 

to only those GRD-phenotype pairs in which 100 DGRP lines were genotyped for both the mitochondrial 372 

and nuclear variants, and which had a phenotypic measurement. 373 

To perform multiple testing correction, we applied the 4-step procedure developed by Benjamini 374 

and Bogomolov (2014) to each of the eight sets of tested mito-nuclear genetic combinations and 375 

phenotypes. First, for every GRD, we calculated the intersection hypothesis via a Simes test on 29 p-376 

values (from each phenotype) obtained from the hypergeometric test. Second, we applied a Benjamini-377 

Hochberg (FDR) procedure to all the 1,845 p-values calculated at the previous step and selected 378 

adjusted p-values with an FDR < 0.2. Out of the eight sets of tested mito-nuclear allelic combinations 379 

and phenotypes, only the (mito)ALT-(nucl)REF combination yielded three significant p-values for 380 

chrM:7424-chr3R_24564153, chrM:7424-chrX_14792890, chrM:7424-chrX_14792895 passing that 381 

threshold (raw p-values: 1.2e-06, 1.72e-06, 1.72e-06 respectively). Third, we selected raw p-values 382 

calculated at step 1 for the three mito-nuclear allelic combinations (in (mito)ALT-(nucl)REF configuration 383 

only) mentioned at the previous step, yielding a matrix of 3 x 29 p-values to which we applied a FDR < 384 

0.2 correction to. The p-value cut-off for the final stage was obtained by multiplying the nominal FDR 385 

cut-off (0.2 / 1845) with the number of selected mito-nuclear allelic combinations from step 3. This is 386 

done in order to control for the FDR on both GRD and phenotype levels in accordance with the first 387 

theorem in Benjamini and Bogomolov (2014). 388 

Mitochondrial haplotype association analysis 389 

For a mitochondrial genome-wide association analysis, we would be unable to use most of the 390 

mitochondrial variants that we detected because of the low allele frequency and pruning of the 391 

remainder of the variants resulted in the haplotype-defining variants. We therefore used the haplotypes 392 

for our association analysis. We again employed the assembled compendium of >600 publicly 393 

accessible DGRP phenotypes (Bevers et al., in prep.) which was reduced to 254 uncorrelated 394 

phenotype groups detected via hierarchical clustering. Subsequently, the association analysis was 395 

performed in two parts. First, to reduce the impact of multiple test corrections, we performed an ANOVA 396 

on each phenotype to screen for signatures of variation using a relaxed p-value cut-off of 0.3. This 397 

resulted in 12 phenotypes in which we may detect variation. For each of these 12 phenotypes, we 398 

employed a Tukey’s HSD test to detect significant differences (p < 0.05) between the haplotype pairs 399 

(see Supplementary Table S13). 400 
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 401 

Assessment of feeding behaviour of Drosophila 402 

Measuring the feeding behaviour of Drosophila was done using the CAFE method34 with a few 403 

adjustments, such as the fact that we exposed the flies to a 2-hour starvation period (instead of an 18-404 

hour period). In our hands, various extreme food intake lines did not survive the starvation period or 405 

were more susceptible to it (data not shown). After this adjustment, results of Garlapow et al. (2015) 34 406 

and ours correlated in their pattern. Furthermore, we used five biological replicates per genotype or 407 

cross, each consisting of six 5- to 7-day old male flies that were placed in a tube containing 5 mL of 408 

1.5% agarose medium. Two 5 µL capillaries (Aldrich BR708707) filled with a freshly prepared solution 409 

composed of 4% sucrose, and 0.1% (w/v) erioglaucine disodium salt (Sigma 861146) were placed in 410 

each vial 2 hours after starvation (at 10:00 AM). The starting position of the solution was marked prior 411 

to the placement of the capillaries in the vials. We also placed capillaries in a tube with the agar solution 412 

but without flies which would be used to correct for evaporation of our sucrose solution34. Flies were 413 

allowed to feed for 10 hours at which point the capillaries were removed and imaged for further scoring. 414 

Finally, we analysed the food intake using ImageJ by measuring the total length up to the mark and 415 

subtracting the length of the leftover blue sucrose solution. Food intake was corrected by the number 416 

of flies left at the end of the assay and by the evaporation that occurred in the empty vials.  417 
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Results 418 

A robust mitochondrial DNA enrichment workflow 419 

To achieve high mitochondrial DNA (mtDNA) sequencing coverage with the aim of increasing the 420 

overall confidence in variant calling, we developed a new approach for preparing mtDNA-enriched 421 

sequencing libraries. Briefly, building on an existing mitochondrial extraction method16, we used 422 

differential centrifugation to isolate mitochondria from 40x whole body w1118 flies (Figure 1a). For the 423 

extraction of mtDNA from the previous step, we used a phenol:chloroform:isoamylalcohol extraction 424 

method and isopropanol precipitation35. To assess the efficacy of our method, we measured the amount 425 

of mtDNA fragments versus nuDNA fragments in mitochondria-enriched samples and whole organism 426 

DNA samples via qPCR, revealing high mtDNA enrichment (Figure 1b). Subsequently, we tagmented 427 

the mtDNA with an in-house produced Tn5 transposase17 to produce mtDNA-enriched sequencing 428 

libraries. After amplification of the libraries, the enrichment of mtDNA was still present and nuclear 429 

genomic regions were not preferentially tagmented or over-amplified during the library preparation step 430 

(Figure 1b).  431 

A particular concern for the detection of mitochondrial variants is the potential contamination of 432 

nuclear genome-encoded mitochondrial genes or fragments (NUMTs). To assess the purity of obtaining 433 

mtDNA-only fragments, we compared the presence of NUMTs in our sequence data to the presence of 434 

NUMTs in public datasets. To our knowledge, there is no mtDNA-enriched sequence data available for 435 

Drosophila melanogaster. Therefore, in parallel, we extracted mtDNA from C57BL/6J mouse liver and 436 

prepared libraries in a similar fashion to infer the potential and effect of our method on the presence of 437 

NUMTs. We compared our method to three existing mtDNA sequencing methods for mouse liver 438 

samples24 and observed a significantly lower percentage of reads mapping to NUMTs using our 439 

approach. This shows the efficacy of our approach in yielding highly pure mtDNA (Figure 1c). 440 

The robustness of our mtDNA enrichment approach on both Drosophila and mouse samples 441 

persuaded us to employ this technique for the whole set of DGRP lines that was available, consisting 442 

of 169 lines. In addition, we generated replicate samples for the common reference lines iso-1, Oregon-443 

R, and w1118. We obtained a median coverage per sample of 772X (min: 31X, max 4071X, 444 

Supplementary Figure S3).  445 

Since no Drosophila mtDNA sequencing dataset is to our knowledge currently available, we 446 

compared our sequencing coverage to the initial DGRP sequence data8. This dataset was derived from 447 

whole fly DNA sequencing of all DGRP lines with 134 of these overlapping with our study. Considering 448 

the mtDNA coverage profile per sample (Figure 1d), we found that the normalized mitochondrial 449 

genomic coverage of the two studies is comparable. In both our datasets, similar drops in coverage can 450 

be observed, and most strikingly in the 5 kb AT-rich repeat region, which is likely driven by GC-content 451 

fluctuations in the mitochondrial genome, given the strong (Spearman r2 = 0.802 [This study] and 0.889 452 

[Mackay et al. 2012]8) correlation between this parameter and normalized coverage. However, and 453 

importantly, our dataset yielded on average a more than six-fold greater coverage per bp across the 454 

accessible mitochondrial genome (Figure 1d). This is further accentuated within the raw coverage of 455 

overlapping lines where in our data, 13 lines have loci with a coverage <10X with a median of 61 loci 456 
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per line being affected versus 43 lines with a median of 256 loci in the Mackay et al. 20128 data 457 

(Supplementary Table S14). Considering that we multiplexed on average 70 samples per sequence 458 

run, this further illustrates the efficacy of our newly described mtDNA isolation approach in robustly 459 

enriching for sequencing-compatible mtDNA while minimizing contamination of nuclear genome-460 

derived sequences, including NUMTs. 461 

 462 

A comprehensive DGRP mtDNA variant catalogue 463 

Next, using the GATK Gold Standard pipeline (2016), we identified mitochondrial variants for 169 DGRP 464 

lines and the 3 commonly used reference lines (Figure 2a, and Supplementary Figure S1 for the 465 

pipeline overview). We focused on detecting variants in the coding region (bp 1 to 14,917) of the 466 

mitochondrial genome because of limited coverage of the AT-rich repeat region. Overall, we detected 467 

231 DGRP specific variants yielding ~1 variant every 65 bp (Figure 2a, Supplementary Table 468 

S7+S15), with individual populations having on average 22 variants (~1 variant per 680 bp per DGRP 469 

line, Supplementary Figure S4). We found that the majority (91%) of mitochondrial genomic variants 470 

within the DGRP consists of single nucleotide polymorphisms (SNPs) with each line also containing at 471 

least one multiple nucleotide polymorphism (MNP) (see Figure 2b). Furthermore, out of 169 DGRP 472 

lines, 161 contained an insertion or deletion (indel). While the majority of indels and MNPs occurred in 473 

two or more DGRP lines, most of the detected SNPs had a low minor allele frequency (MAF < 1%) and 474 

were in fact unique for a given line (Figure 2c). It is unlikely that these unique variants were affected 475 

by low coverage or sequencing errors as we found a median coverage of 892X (min 15X, max 3871X, 476 

mean 1132X) for these line-specific variants. Moreover, of the 22 variants that we verified using Sanger 477 

sequencing, we reached a 100% accordance while two variants were not detected in our mitochondrial 478 

DNA enriched sequencing data (Supplementary Table S6). Since the accessible mitochondrial 479 

genome largely consists of coding regions, we evaluated whether the variants have a potential 480 

functional impact or whether these mostly lead to synonymous substitutions (Figure 2a inner panel). 481 

Nearly half (49%) of the SNPs that were not located within a tRNA or ribosomal RNA were missense 482 

variants. In general, synonymous variants had a higher minor allele frequency than missense variants 483 

(0.027 vs. 0.009, respectively) suggesting that DGRP line-specific SNPs are likely missense variants. 484 

At the gene level, especially mt:ATPase6 (80%) and mt:Cyt-b (67%) were proportionally more affected 485 

by the presence of missense variants (amino-acid replacements, see Figure 2d).  486 

 Heteroplasmic sites in the mitochondrial genome of Drosophila melanogaster have been 487 

observed after ~200 generations of mutation accumulation36. Within the DGRP, we identified 32 488 

heterozygous variants in 140 lines, reflecting either within population segregation or true heteroplasmic 489 

sites, and 92 lines had only one such heterozygous variant. The majority of these 32 variants (29) were 490 

only observed once spread over 19 lines, another was present in two DGRP lines, while there were two 491 

common variants, both being intergenic. The first, chrM:6047, is an intergenic deletion of 5 bp located 492 

between mt:tRNA:A and mt:tRNA:R. We found that this intergenic deletion is present in 120 lines with 493 

a median of 35% of the reads for that site being the alternative variant (Figure 2e). The second, 494 

putatively heteroplasmic variant resided at chrM:5960 between mt:ND3 and mt:tRNA:A. This locus was 495 
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picked up during our variant calling because the multiple (>2) alternative AT-repeat alleles were 496 

particularly challenging for read mapping due to their repetitive nature. We therefore specifically 497 

targeted individual reads containing both the flanking sequences of this locus to accurately resolve the 498 

variants within this region (Supplementary Figure S5a). We identified that this putatively heteroplasmic 499 

intergenic indel followed a distinct pattern of [AT]x3[T]x1[TA]x8 in the reference genome with the largest 500 

variant among the DGRP lines showing a TA-tail containing 12 repeats. Moreover, this intergenic region 501 

contained substantially more alternative types detecting 15 unique alternative variant types, with each 502 

line having a mean of 1.4 types supported by >10 reads. We verified this locus via Sanger sequencing 503 

for randomly selected DGRP lines and two reference lines and found that the identified type via Sanger-504 

seq, is also the type with the maximum number of reads for that particular line (Supplementary Figure 505 

S5b, Supplementary Table S6). When we explored the distribution of the types of intergenic regions, 506 

most of the DGRP lines did not contain the reference genome pattern ([AT]x3[T]x1[TA]x8), but rather had 507 

the [AT]x3[T]x1[TA]x7 variant (Supplementary Figure S5c-d). Moreover, this intergenic repeat region 508 

was also found to be heteroplasmic in populations that underwent 200 generations of mutation 509 

accumulation36. Interestingly, a median heteroplasmy percentage of 39% was reported for variant types 510 

shifting from [AT]x3[T]x1[TA]x6 to [AT]x3[T]x1[TA]x7 and is relatively close to our median fraction of 29%. In 511 

addition to the overlapping finding of the heteroplasmic intergenic repeat region, out of the 32 detected 512 

putatively heteroplasmic loci, six more loci overlapped with those reported in the mutation accumulation 513 

lines36 (Supplementary Table S16). 514 

Mitochondrial variants within the DGRP have previously been investigated to study coevolution 515 

of the Wolbachia endosymbiont and the Drosophila melanogaster mitochondria11. As part of the 516 

validation of our identified mitochondrial variants, we compared our findings. We realigned our data to 517 

the compound genome dm3: chrU, ch3L 10Mb-11.2.Mb and Wolbachia in accordance with previous 518 

reports. Using the 134 lines that overlapped between our datasets, we found 115 out of 182 total 519 

mitochondrial variants to be present in both datasets (Figure 2f). Furthermore, we detected 59 520 

mitochondrial variants that are unique to our dataset. Additionally, eight mitochondrial variants were 521 

unique to the previous study11. Of these eight, seven were previously considered heterozygous whereas 522 

we solely detected the reference allele.  523 

We also assessed whether a correlation exists between the presence of Wolbachia and 524 

Drosophila mitochondrial variants given the coevolution between the two species11, but we did not find 525 

such relationship (Supplementary Figure S4).  526 

 527 

 528 

 529 

Mitochondrial haplotypes of the DGRP  530 

While the majority of the detected mitochondrial variants were detected in single DGRP lines, 50 531 

variants were detected in 5 or more lines. We therefore postulated that mitochondrial haplotypes may 532 

be present within the DGRP. We used the TCS method that employs statistical parsimony and takes 533 
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the variation within the entire mitochondrial genome into account to separate potential 534 

haplotypes12,29,37,38. This approach revealed a multitude of haplotypes with most notably, a clear central 535 

mitochondrial haplotype, which we dubbed the ‘Central MH’, consisting of 15 DGRP lines. Next, to 536 

generate a more refined set of haplotypes, we manually curated the clusters according to the following 537 

criterion: a haplotype is formed when a particular variant or set of variants are shared by >5 DGRP lines 538 

but not by the Central MitoHap or another haplotype. Lines that could not be placed in distinctive 539 

haplotypes were placed in the ‘Outgroup MH’. Using this criterion, we identified 12 haplotypes specific 540 

for DGRP lines consisting of an average of 10 lines per haplotype (Figure 3a; Supplementary Table 541 

S17). The reference strains w1118 and Oregon-R each formed their own haplotype. 542 

We tested the validity of these haplotypes by measuring the genetic distance between them 543 

using Hedrick’s G’ST genetic distance estimator (Figure 3b). Overall, the haplotypes clearly separated 544 

from one another, implying that the parameters that we used to construct these haplotypes seem to fit. 545 

Nonetheless, we also observed three haplotypes MH4, Central MH and the Outgroup MH with a higher 546 

genetic relatedness. However, and remarkably, permutation of the DGRP lines of each haplotype 547 

resulted in a complete loss of relatedness (Figure 3c). These two observations suggest that the TCS 548 

method provides a solid basis for the detection of mitochondrial haplotypes in the DGRP. 549 

Furthermore, given that the haplotypes were constructed using the entire set of mitochondrial 550 

genomic variants, we assessed whether common variants with a minor allele frequency (MAF) > 0.05 551 

can discriminate the mitochondrial haplotypes. The detection of these common haplotype-specific 552 

variants would facilitate further downstream analysis and its usage in phenotype association analyses. 553 

Of the 34 variants that have a MAF > 0.05, we detected that approximately half of these are haplotype 554 

specific, allowing the separation for each of the detected haplotypes (Figure 3d). However, MH7a and 555 

MH7b could not be distinguished at the level of MAF > 0.05 because the separating variant had a lower 556 

allele frequency (see also Supplementary Table S8). Interestingly, we found that various variants are 557 

seemingly linked in particular haplotypes. For instance, we observed five haplotype-specific variants for 558 

MH3, and two for MH1, MH2, and MH8b. The relative large physical distance between some of these 559 

variants (nearly 10 kb in the most extreme case in MH3) is consistent with the notion of reduced 560 

recombination in the mitochondrial genome of Drosophila melanogaster12.  561 

 562 

Mitochondrial population structure in the DGRP is imprinted on the nuclear genome 563 

The population structure that we observed at the mitochondrial level is particularly interesting given that 564 

the DGRP started off from 1,500 isofemale lines obtained from a single geographical location. Many 565 

lines did not survive the inbreeding process which may be an indication of selection of either nuclear 566 

epistatic effects or mito-nuclear epistatic effects. We therefore investigated whether there is a 567 

relationship between mitochondrial and nuclear variants by screening for genotype ratio distortions 568 

(GRDs)30.  569 

GRDs can be analysed by assessing all mito-nuclear variant allelic combinations which passed 570 

the chi-square test on significance (putative GRDs), or in a more conservative manner where a so-571 

called pass-neighbour threshold is applied, meaning that a GRD is only accepted when it has an 572 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 9, 2018. ; https://doi.org/10.1101/466771doi: bioRxiv preprint 

https://doi.org/10.1101/466771
http://creativecommons.org/licenses/by-nc-nd/4.0/


 18 

additional significant GRD down- and upstream within a region of 50 bp. Within the DGRP, the linkage 573 

disequilibrium (LD) at this point (50 bp) drops below 0.39. To find large regions affected by GRDs, we 574 

first explored the overall landscape of all putative GRDs without applying the pass-neighbour threshold. 575 

Due to the linkage between certain mitochondrial variants, these GRDs can largely be considered as 576 

mitochondrial haplotype-specific. Therefore, we hypothesized that large genomic haplotype-specific 577 

GRD blocks would be detectable if population structure is indeed present.  578 

We indeed observed large regions that were particularly associated with GRDs for a specific 579 

mitochondrial haplotype (Figure 4). Interestingly, one of the largest regions was located on 580 

chromosome 2L from ~2.5 MBp to ~11 MBp containing GRDs associated with MH7. Likewise, on 581 

chromosome 3L, we found a region spanning approximately 6 MBp from ~3 MBp to ~9 MBp associated 582 

with GRDs for MH1. Moreover, these regions did not seem to be affected by LD, nor by major known 583 

inversions that may reside in the DGRP. 584 

Given that we observed large genomic haplotype-specific GRD blocks, we further assessed 585 

whether particular haplotypes had more GRDs than others by using GRDs computed with the pass-586 

neighbour threshold. Overall, we detect 1,845 GRDs (mito-nuclear allelic pairs, Supplementary Table 587 

S9). Most of the GRDs that we detected were associated with MH1 (Figure 5a). This is in line with the 588 

observation of several large genomic regions associated with GRDs for MH1. While MH1 is the largest 589 

haplotype (n = 18 lines), the number of GRDs detected for each haplotype was not correlated with the 590 

haplotype size. For instance, MH3 had the second most GRDs (282) whereas the haplotype consisted 591 

of 10 lines and MH2 consisting of 9 lines had the third most GRDs (229). When we explored the 592 

distribution of significant GRDs over the chromosomes, we found that the greatest density is linked to 593 

chromosome 2L (504) and the lowest to chromosome 2R (185) (Figure 5b, Supplementary Table 594 

S10). This also suggests that the number of GRDs is not affected by chromosome length. Moreover, 595 

certain haplotypes seemed specific to particular chromosomes. For example, MH7 (the mitochondrial 596 

variant is shared by MH7a and MH7b) was essentially unique for GRDs on chromosome 2L, whereas 597 

MH1 was largely spread over chromosomes 3 and X. These findings suggest that the mitochondrial 598 

population structure is reflected onto the nuclear genome, and in particular affects specific 599 

chromosomes. 600 

Given that particular chromosomes were associated with haplotype-specific GRDs, we 601 

investigated whether particular genes are proportionally more affected by GRDs and whether genomic 602 

regions are reflective of the mitochondrial haplotype. We examined whether particular nuclear genes 603 

(and surrounding regions (2 kb)) are more associated with mito-nuclear GRDs than others. 604 

Interestingly, the top gene affected by GRDs was sex-lethal (Sxl), containing 52 unique mito-nuclear 605 

allele pairs (Figure 5c). Moreover, we found that the subsequent top 5 genes (CG4615, fz4, mir-4956, 606 

CG8300 and CG4617) associated with GRDs are within the same gene region as Sxl on chromosome 607 

X, indicating that this 40 kb region can be considered as a strong GRD locus (Supplementary Figure 608 

S6). Interestingly, all of these GRDs were associated with MH1, further supporting our observation that 609 

the mitochondrial population structure is reflective of nuclear population structure.  610 

 611 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 9, 2018. ; https://doi.org/10.1101/466771doi: bioRxiv preprint 

https://doi.org/10.1101/466771
http://creativecommons.org/licenses/by-nc-nd/4.0/


 19 

Genotype ratio distortions do not majorly affect fitness  612 

Most of the GRDs that we detected were so-called ‘incomplete’ GRDs. Incomplete GRDs are 613 

those in which all mito-nuclear allelic combinations are present, however the distribution is distorted, 614 

whereas in complete GRDs there is a full absence of a particular mito-nuclear allelic combination. To 615 

assess whether GRDs have a phenotypic impact, we investigated their effect on fitness phenotypes. In 616 

total, we observed 22 complete GRDs, located on chromosomes 2L, 3L, and X (Supplemental Figure 617 

S7). These were linked to four different haplotype representative variants for MH1, MH3, MH6, and 618 

MH11. For MH1, four GRDs were located in the intergenic region between the genes vvl and CR45115. 619 

Six GRDs were detected for intronic variants in the gene rugose associated with MH6 whereas three 620 

variants in the 5’UTR region of CG13707 were associated with MH11-specific GRDs. Finally, we 621 

detected that MH3 had nine complete GRDs. Five of these were located in the introns of CG7110, and 622 

one in rdgA. While CG7110’s function is unknown, rdgA encodes a diacylglycerol kinase and has been 623 

implicated in odour response39, lifespan40,41, and starvation resistance40. Moreover, and interestingly, 624 

the remaining three variants were synonymous SNPs in the gene CG31886. Like CG7110, the function 625 

of this gene is largely unknown, however CG31886 has been linked to increased ethanol sensitivity47,48.  626 

Given that the CG31886-GRD associated variants were exonic and that this haplotype 627 

displayed the highest number of complete GRDs, we decided to investigate the functional relevance of 628 

these complete GRDs. We found that all of the MH3 DGRP lines have the alternate variants for the 629 

CG31886 locus, and thus have the same allelic configuration (Figure 5d). We hypothesized that if an 630 

allelic combination of a locus is truly genetically incompatible, we would expect a decreased fitness. 631 

We assessed if DGRP lines would show developmental or activity defects. Briefly, we crossed females 632 

of DGRP lines containing the mitochondria of interest with males that had the nuclear reference 633 

background (Figure 5e). This resulted in the generation of F1 lines that had the ‘alternate’ mitochondria 634 

with a heterozygous nuclear background. The F1 females were used to build populations in which the 635 

allelic combination of interest was imposed (‘AC-imposed’ = ACI) by backcrossing with males containing 636 

the nuclear reference background. The F1 males were used to backcross populations to their original 637 

nuclear background (‘AC-rescue’ = ACR). These AC-rescue lines would thus retain residual nuclear 638 

fragments of the ‘alternate mitochondrial’ lines making the comparison fairer rather than using the 639 

parental DGRP lines directly. Further backcrossing while maintaining the mitochondria of interest (or 640 

rescue) resulted in F10 populations (see material and methods, and Supplementary Figure S2 for a 641 

more detailed description). This resulted in the generation of nine lines (3x3 parental strains) that had 642 

the allelic combination imposed (‘AC-imposed’) and nine lines that were backcrossed towards their 643 

original state (‘AC-rescue’). Any phenotypic variation between an imposed and a rescue line should 644 

theoretically be the result of a specific mito-nuclear genetic interaction.  645 

To assess overall fitness, we measured the development time of the F2 and F10 lines. In the 646 

F2 generation, we obtained the first generation of flies that have a homozygous nuclear background for 647 

the locus of interest. However, since the nuclear background of the F2 flies is still largely mosaic, we 648 

also further backcrossed to F10. Contrary to expectations, we observed a small but significant effect in 649 

the development time where the imposed-AC crosses developed faster than the rescue-AC group in 650 
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the F2 generation (Wilcoxon; p = 0.048) and a large significant effect in the F10 generation (Wilcoxon; 651 

p < 1x10-4) (Figure 5f). Furthermore, we did not observe clear differences in sex ratio or eclosion 652 

(Supplementary Figure S8a-g and Supplementary Table S18-S20), nor did we observe a significant 653 

effect in the climbing activity of the F10 generation flies (Figure 5g and Supplementary Figure S9).  654 

The lack of clearly negative fitness effects linked to this complete GRD may be an aberration, 655 

which is why we aimed to more systematically assess the phenotypic impact of GRDs. To do so, we 656 

systematically screened GRDs for any association with previously published fitness traits (see Methods 657 

section). Surprisingly, we did not observe any strong phenotypic associations, since out of the 29 fitness 658 

phenotype groups that were tested among eight groups (haplotype enrichment in 4x mito-nuclear allelic 659 

combinations and 2x top and bottom groups) in 1,845 GRDs, we only detected three significant hits. In 660 

these cases, paraquat resistance in females42 was associated with GRDs from the alternate allele of 661 

chrM:7424_G/A (MH7) and three nuclear reference alleles (2/3 were in LD). The nuclear variants were 662 

all intronic and, interestingly, the genes associated to them were rutabaga and REPTOR. The latter is 663 

of interest since knockdown of REPTOR, a repressor of the TORC1 complex, has been linked with 664 

decreased starvation resistance in Drosophila43.  665 

 666 

Integration of mitochondrial haplotypes in phenotype association analyses 667 

Whereas GRDs appeared to have limited functional impact, individual mitochondrial variants may still 668 

contribute to phenotypic variation. To formally address this possibility, we investigated the role and 669 

impact of mitochondrial variation and population structure in genome-wide association (GWA) analyses 670 

for a compendium of >600 publicly accessible DGRP phenotypes that we assembled for this purpose, 671 

and that we reduced to 259 non-correlated, independent phenotype groups (Methods). Out of 231 672 

mitochondrial variants, we only considered 34 since the latter passed the threshold of a MAF >0.05 673 

based on the total number of lines sequenced, often resulting in 8 lines, adding to the statistical power 674 

(Figure 3d). Since we showed that these variants effectively reflect the haplotypes found via the TCS 675 

method, we decided to simplify the envisioned analyses and to explore associations between the 259 676 

stipulated phenotype groups and the mitochondrial haplotypes as explanatory variables. We applied a 677 

two-stage procedure to detect differences in phenotypic means between haplotypes. First, we applied 678 

a relatively lenient ANOVA test to each phenotype group to filter phenotypes that are potentially 679 

influenced by mitochondrial haplotypes. Second, if the focal phenotype passed our initial screen, then 680 

we applied the TukeyHSD test to identify the significant pairwise differences between phenotype means 681 

of haplotypes after which the p-values were adjusted for multiple testing. Using this approach, we 682 

identified 12 phenotypes with a significant difference between at least one pair of haplotypes (Figure 683 

6a and Supplementary Table S13). Most notably, metabolism-related phenotypes such as food intake 684 

in males34 (MH1 vs MH5/iso-1, p = 0.04), waking activity CVE44 (MH8b vs MH3, p = 0.02), and amount 685 

of triglycerides on high glucose diet45 (MH2 vs MH7a, p = 0.04) were among the top significant hits.  686 

To experimentally validate the findings of the haplotype-based association analysis, we focused 687 

on food intake in males given that the two haplotypes (MH1 and MH5/iso-1) were also at the extreme 688 

ends of the phenotype distribution (Figure 6b). Interestingly, we observed that the effect size of the 689 
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MH1-MH5/iso-1 mitochondrial haplotypes (1.76, CI = 0.7-2.81) is higher than most of the detected 690 

nuclear variants in the reference study by Garlapow et al. (2015)34 and lies in the 97th quantile of the 691 

absolute effect size distribution of nuclear variants (min = 1.095, max = 2.325, median = 1.275)34. This 692 

provides further support to our postulate that the mitochondrial genome influences food intake. It must 693 

be noted, however, that the effect size calculations could be misrepresented given that we were able 694 

to employ 13 groups (haplotypes) versus only 2 groups (REF vs. ALT allele) in the association analyses.  695 

 First, we assessed whether we could reproduce the food intake measurements reported by 696 

Garlapow et al. (2015)34 for selected lines from the phenotypic extremes (Figure 6c). In general, our 697 

results largely recapitulated those of the reference study34. To test whether we could increase the food 698 

intake of low phenotype lines by swapping their mitochondrial genomes with those of high food intake 699 

lines, we selected two high food intake lines and two low food intake ones which we crossed with 700 

between haplotypes and within haplotypes. We measured the food intake of the F1 and found that the 701 

presence of mitochondria linked to high food intake indeed induced higher food intake in otherwise low 702 

food intake lines and that the pooled effect of the crosses was significant (p < 1×10-3 ; ANOVA and 703 

THSD; Figure 6d). Furthermore, we found that the effect size for the mitochondrial haplotypes is 1.3 704 

(Cohen’s d) and thus marginally larger than the median effect size of the nuclear variants. Since this 705 

assay was performed in males, it is possible that there is an effect from the X chromosome from either 706 

of the haplotype lines, although no significant X-linked variants were associated with high or low food 707 

intake by Garlapow et al. (2015)34. In sum, when considering the raw difference in food intake between 708 

the F1 crosses, then we observed an average difference in food intake of 0.234 µL per fly as a result 709 

of mitochondrial haplotypes. Thus, using food intake in males as an example phenotype, these results 710 

demonstrate the value of integrating mitochondrial haplotypes in association studies to inform on the 711 

genetic determinants of quantitative traits. 712 

  713 
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Discussion 714 

The Drosophila Genetic Reference Panel (DGRP) has been used to identify nuclear genetic 715 

determinants for many traits, but the effect of mitochondrial variation has remained largely unexplored. 716 

Here, we expanded on current knowledge of mitochondrial variation in the DGRP by sequencing the 717 

mitochondrial genomes of 169 DGRP lines using a robust and efficient mtDNA-enriched sequencing 718 

method. With this method, we were able to generate a high-resolution catalogue of mitochondrial 719 

genomic variants. In comparison to Richardson et al. 201211, we detected 51% more mitochondrial 720 

variants, totalling 231 variants in the coding regions of the mitochondrial genome of the DGRP. It is 721 

unlikely that any of these new variants occurred de novo in our lab and became fixed, given that multiple 722 

newly detected variants are present in higher allele frequencies. Genes that were more affected by 723 

missense than synonymous variants were mt:ATPase6 and mt:Cyt-b. This is in line with earlier reports  724 

for mt:ATPase646 and mt:Cyt-b47 in which it was shown that in specific Drosophila melanogaster 725 

populations, though not all48, both genes are more prone to amino-acid substitutions than in other 726 

species, reflecting perhaps a greater tolerance to genetic variation. Finally, we resolved a particularly 727 

challenging putatively heteroplasmic intergenic repeat region that Haag-Liautard et al. 200836 also 728 

reported to be heteroplasmic at levels of up to 39% in mutation accumulation populations. In our study, 729 

we found this region to be heteroplasmic in 120 DGRP lines at a median level of 28% of the reads 730 

containing an alternate allele. The findings of Haag-Liautard et al. 200836 and our study suggest that 731 

heteroplasmy at the population level in Drosophila is common, and that particular loci are more prone 732 

to be heteroplasmic than others.  733 

We resolved 12 mitochondrial haplotypes for DGRP which we validated based on their genetic 734 

relatedness and permutation analyses. Nevertheless, we also observed that DGRP lines containing 735 

particular haplotype defining mitochondrial variants were assigned to the Outgroup MH. This can be 736 

attributed to the fact that the TCS method utilizes the entire mitochondrial genome rather than 737 

estimating the relatedness solely on individual variants, and thus other variants may have been the 738 

cause of this. Furthermore, we observed that certain mitochondrial variants were linked which is in line 739 

with observations that recombination in the mitochondrial genome is low12. While the haplotypes are 740 

indicative of population structure at the mitochondrial level, this would further suggest that this 741 

population structure was already present at the time when the isofemale lines were established. 742 

 The nuclear and mitochondrial genome need to cooperate for a cell or organism to function 743 

properly2,3,49,50. Given that we detected strong mitochondrial population structure, we investigated the 744 

presence of genotype ratio distortions (GRDs) between nuclear and mitochondrial alleles. Overall, we 745 

found 1,845 significant GRDs, a number that is far greater than that reported by Corbett-Detig et al. 746 

201330. However, their study focused on inter-chromosomal autosomal GRDs. Interestingly, we found 747 

that these GRDs disproportionally favour particular mitochondrial haplotypes and that these haplotypes 748 

in turn favour particular chromosomes. Moreover, many of the GRDs tend to form ‘blocks’ of multiple 749 

nuclear variants along a sequence, indicating that the nuclear genome seems to be imprinted by the 750 

population structure that is observed at the mitochondrial level. This can for instance be observed from 751 

the large genomic haplotype-specific GRD blocks in the GRD landscape (some several megabases 752 
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long) and also notably at a smaller scale in the Sxl-GRD locus associated with haplotype MH1 and the 753 

CG31886/rdgA-GRD with MH3). 754 

Given the large number of GRDs, we also explored which genes or genomic regions are mostly 755 

affected. We initially revealed a 40 kb region around the gene sex-lethal (Sxl) to be primarily linked with 756 

GRDs. Alterations in Sxl can be pivotal to sex determination and can be lethal to females51. 757 

Furthermore, Tower (2015)52 postulated that Sxl is implicated in mitochondrial maintenance via dosage 758 

compensation, suggesting that specific combinations of mitochondrial and Sxl-linked variants could 759 

modulate mitochondrial homeostasis. Additionally, of the approximately 1,900 nuclear encoded genes 760 

linked to a GRD, 120 were mitochondrial-associated (6.3%). This is roughly the same proportion as the 761 

estimated mitochondrial-associated genes in the genome over the total number of genes (7.5%). We 762 

therefore speculate that GRDs do not disproportionally affect nuclear encoded mitochondrial genes. 763 

We assessed the functional relevance of these GRDs by experimentally analysing the effect of 764 

one complete GRD, associated with MH3 and related to the gene CG3886, on development time and 765 

climbing activity. Contrary to expectations, we observed a significant decrease in development time and 766 

no significant difference in climbing behaviour commonly associated with mitochondrial function. These 767 

results suggest that the imposed “unnatural” allelic combinations do not induce functional deficits. We 768 

cannot exclude at this point that the utilized laboratory conditions may have masked certain effects or 769 

that other, unexamined phenotypes could be affected. This is why we performed an additional 770 

systematic phenotype-GRD correlation screen. However, despite the high number of detected GRDs, 771 

we could again not find any strong signal besides the three associations with paraquat resistance in 772 

females. One other possibility for the lack of strong phenotypic effects is that these GRDs are false 773 

positives. This is unlikely though because our analysis was conservative in nature and both the 774 

mitochondrial and nuclear variants used here were filtered out if the allele frequency was too low (MAF 775 

> 0.05). Thus, if the GRDs are accurate, then there may be other reasons for this. 776 

Specifically, we postulate that these GRDs appear in our analysis as the result of an initial non-777 

lethal population structure, where a subset of isogenic females at the start of the collection had this 778 

allelic combination of mitochondrial and nuclear variants. In other words, the detected GRDs may be 779 

more likely the result of standing population structure when establishing the DGRP rather than 780 

representing actual genomic incompatibilities. Indeed, the DGRP started off from a collection of more 781 

than 1,500 isofemale lines, but through the process of full-sibling mating, only 200 remained viable and 782 

could be maintained53. The current DGRP consists therefore mainly of robust fly lines that are not 783 

affected by highly deleterious, fitness-reducing loci, which in turn may rationalize why we do not observe 784 

large GRD-linked effects from the GRD-landscape. However, our results may also indicate that mito-785 

nuclear GRDs have in general less influence on phenotypic variation compared to nuclear genomic 786 

GRDs, which have already been shown to affect fitness traits such as development in Drosophila54. 787 

This rationale would be consistent with recent findings reported by Mossman et al. (2016), who showed 788 

that DGRP lines subjected to introgression of various mitochondrial genomes15 exhibit development 789 

phenotypes across certain diets, but overall remain viable, to the extent that even introgression of 790 

mitochondria of the sister species Drosophila simulans are tolerated.  791 
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This raises the question to which extent individual mitochondrial haplotypes actually impact on 792 

phenotypic variation. While it has been shown that such haplotypes can affect life history traits14, a 793 

systematic analysis investigating the extent of mitochondrial variation which underlies phenotypic 794 

variation has so far been lacking, especially using controlled populations with a large number of 795 

phenotypes. To address this, we performed a mitochondrial haplotype association analysis involving 796 

259 uncorrelated phenotypes, which revealed 12 that contained haplotype pairs that significantly 797 

differed from one another. Interestingly, a substantial proportion of these phenotypes are linked to 798 

metabolism or stress response, which is intuitive because of the well-appreciated role that mitochondria 799 

have in these biological processes55,56. As a proof-of-concept, we validated these results on food intake 800 

in males, demonstrating to our knowledge for the first time that mitochondrial haplotypes can affect 801 

feeding behaviour, although in a sexually dimorphic fashion.  802 

  803 
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Figure Legends 824 

Figure 1. Sequencing of mitochondrial DNA-enriched libraries for 169 Drosophila Genetic 825 

Reference Panel (DGRP) lines. a) Overview of the newly developed protocol for preparing mtDNA-826 

enriched sequencing libraries using tagmentation. b) Normalized enrichment of mtDNA in samples 827 

post-DNA extraction (left) and post-library preparation (right). For the analysis, four different 828 

mitochondrial (green) and nuclear (yellow) loci were amplified. One of the nuclear loci was used as a 829 

reference. c) Comparison of the percentage of contamination by nuclear mitochondrial fragments 830 

(NUMTs) for different mtDNA sequencing methods. Data for Capture-Based, Long-Read PCR and 831 

MitoRCA-seq were used from Ni et al. 201524. d) Comparison of the normalized coverage between our 832 

mtDNA sequencing method (blue) and the regular sequencing profile of Mackay et al. 20128 (pink) 833 

across the mitochondrial genome. Solid lines depict the coverage profile per DGRP line and dashed 834 

lines depict the overall coverage per bp achieved by each of the studies. GC-content is depicted with a 835 

green solid line (200 bp bins). Light green blocks represent the mitochondrial genes excluding tRNAs. 836 

Figure 2. Mitochondrial genomic variation within the Drosophila Genetic Reference Panel 837 

(DGRP). a) Circos plot depicting overall mitochondrial genomic variation. From outer to inner rings: i) 838 

gene position, ii) variant allele frequency, iii) variant type (lines are indels), and iv) putatively 839 

heteroplasmic variants. The inner bar plot shows the frequency of each variant type. Colours 840 

correspond to the ones used in the variant type ring. b) Bar plot displaying the number of variants per 841 

population. SNPs are in green, indels in brown, MNPs in yellow. c) Variant frequency. SNPs are in 842 

green, indels in brown, MNPs in yellow. d) Variant distribution per gene. Colours correspond to the 843 

ones used in the bar plot in 2a. e) Percentage of heterozygosity (a proxy for heteroplasmy) in 844 

populations (x-axis). On the y-axis, the number of lines is presented that have a particular putatively 845 

heteroplasmic locus. The heteroplasmy cut-off was set at 15%. In green, the heteroplasmic region at 846 

chrM:6047, in brown the heteroplasmic region at chrM:5960, and in grey are the remaining 847 

heteroplasmic regions pooled together. f) Venn diagram of mitochondrial variants detected by 848 

Richardson et al. 2012 11 and our study.  849 

Figure 3. Mitochondrial haplotypes of the Drosophila Genetic Reference Panel (DGRP). a) 850 

Schematic representation of haplogroups based on the TCS method (Methods) using multiple 851 

sequence alignments. b) Measuring the genetic distance between haplogroups from 3a using the G’ST 852 

estimator. c) Permutations of the genetic distance between haplogroups from 3a using the G’ST 853 

estimator. d) Heatmap depicting the haplotype-specific variants. On the bottom x-axis, the variants are 854 

depicted with a MAF > 0.05 (black labels) and MAC > 5 (grey labels). On the top x-axis, the cluster-855 

linked variants are indicated with unique symbols. On the right y-axis, DGRP lines are listed with the 856 

corresponding haplotypes on the left y-axis. Alternate alleles are depicted with black bars, whereas 857 

reference alleles are depicted with grey bars.  858 

Figure 4. The Genotype Ratio Distortion (GRD) landscape of the DGRP. On top of each 859 

chromosome, the location of nuclear variants associated with a GRD is presented. The y-axis presents 860 

the -log10(p-value) significance of each GRD. Each colour represents a mitochondrial haplotype. Larger 861 

points present those GRDs which pass the neighbour threshold. Below each chromosome, the average 862 
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LD is presented per mega base in 100kb sliding windows. The Sex-lethal locus is highlighted on 863 

chromosome X in grey. 864 

Figure 5. Genotype ratio distortions (GRDs) between mitochondrial and nuclear variants in the 865 

Drosophila Genetic Reference Panel (DGRP). a) Number of GRDs per mitochondrial haplotype. b) 866 

Distribution of haplotype-specific GRDs per chromosome. c) Top 100 genes associated with a GRD. 867 

Up/down-stream was set at 2 kb. d) Table depicting the variant configuration of the complete GRD 868 

(CG31886 perspective). e) Schematic overview of the crossing scheme used to produce populations 869 

with the absent allelic combination imposed (ACI) or backcrossed and thus rescued (ACR). f) Average 870 

development time of the F2 and F10 of the imposed (ACI) and rescue (ACR) allelic-combination 871 

populations (p-values were obtained using Wilcoxon signed-rank tests). See Supplementary Tables 872 

S18-S19 for detailed information on each test. g) Climbing activity of imposed (ACI) and rescue (ACR) 873 

allelic-combination populations (student’s t-test; t(16) = 0.40, p = 0.7). 874 

Figure 6. Mitochondrial haplotype association (MHA) analysis. a) Fraction of phenotypes passing 875 

the ANOVA screening stage of the MHA analysis. b) Food intake in males (Garlapow et al. (2015)34) 876 

showing a significant difference between haplotypes MH1 and MH5. c) Reproducibility of the results 877 

from Garlapow et al. (2015). On the y-axis, the food intake as measured in this study and on the x-axis, 878 

the food intake as reported by Garlapow et al. (2015). In blue, the food intake is shown for DGRP lines 879 

from haplotype MH5 (high food intake) and in red from haplotype MH1 (low food intake). d) Box plots 880 

showing the food intake for crosses that either had MH1 (red) or MH5 (blue) mitochondria.  881 

 882 

  883 
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Supplementary figures. 884 

Supplementary figure S1. Flow scheme of genotyping and variant calling. Samples were first 885 

genotyped based on nuclear fragments which were sequenced. Corrections for the genotype (where 886 

necessary) were applied prior to mitochondrial variant calling.  887 

Supplementary figure S2. Crossing scheme to study mito-nuclear incompatibilities. Each block 888 

represents an autosome and ovals represent the mitochondrial genome. The most left block represents 889 

the sex chromosomes, where males are depicted with a triangle and a block, and females are depicted 890 

with two blocks (see also upper right legend). Lines with the reference allele (REF; in red) in the 891 

mitochondrial and nuclear genome were crossed against lines with the alternate allele (ALT; in blue) in 892 

the mitochondrial and nuclear genome. The nuclear variant of interest is depicted with a star on the 893 

nuclear genome. The target configuration is ALT mitochondrial genomes in a REF nuclear genomic 894 

background (Incompatible group). After the F1 generation, offspring were split where one group 895 

(females) was further backcrossed with the REF nuclear background to generate REF homozygous 896 

backgrounds. The remaining group (males) were backcrossed for 2 generations with REF mitochondrial 897 

and nuclear genomic females to reintroduce the REF mitochondrial genome, before backcrossing with 898 

REF mitochondrial and nuclear genomic males was continued. Development assays were performed 899 

at generation F2 and F10, and the climbing assay only for F10. 900 

Supplementary figure S3. Coverage of mitochondrial DNA per sample. Each bar represents the 901 

coverage of a single DGRP line. Samples sequenced using a paired-end strategy are shown in grey 902 

and samples sequenced using a single-end strategy are shown in blue. See also Supplementary Table 903 

S4 for a detailed overview of sequence statistics per sample. 904 

Supplementary figure S4. Average number of variants and the relationship to Wolbachia 905 

infection. a) Average number of mitochondrial variants per DGRP line. b) Relationship between the 906 

number of mitochondrial variants in DGRP lines and Wolbachia infection. 907 

Supplementary figure S5. Mapping of a putatively heteroplasmic intergenic repeat region in 908 

mitochondrial genomes of Drosophila Genetic Reference Panel (DGRP) lines. a) Flanking regions 909 

that were used to accurately retrieve reads containing the heteroplasmic repeat sequence. b) Sanger 910 

sequencing of randomly selected DGRP lines of the intergenic repeat region showing the diversity 911 

between lines. c) Frequency of the dominant (maximum number of reads) types of the heteroplasmic 912 

intergenic repeat region in the DGRP. In red is the reference type (carried by iso-1). d) Frequency of all 913 

types of heteroplasmic intergenic repeat region observed in all DGRP lines that are supported by 10 or 914 

more reads. In red is the reference type (carried by iso-1). 915 

Supplementary figure S6. Gene region of Sex-lethal (Sxl) and surrounding genes. Locations of 916 

nuclear genomic variants in the DGRP are shown above the genes. 917 

Supplementary figure S7. Number of complete and incomplete Genotype Ratio Distortions 918 

(GRDs). 919 

Supplementary figure S8. Secondary developmental phenotypes of F2 and F10 imposed allelic 920 

combination populations. a,c,e,g) Results for the F2 generation of the imposed and rescue allelic 921 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 9, 2018. ; https://doi.org/10.1101/466771doi: bioRxiv preprint 

https://doi.org/10.1101/466771
http://creativecommons.org/licenses/by-nc-nd/4.0/


 29 

populations. b,d,f,h) Results for the F10 generation of the imposed and rescue allelic populations. a-b) 922 

Development time curves. In purple, the imposed AC populations are presented and gold the rescue 923 

AC populations. Solid lines represent the development curve for females and dashed for males. c-d) 924 

Average development time for individual populations. e-f) Proportion of flies emerged for individual 925 

populations. g-h) Sex-ratio of the emerged flies per population. 926 

Supplementary figure S9. Climbing capability of imposed and rescue allelic combination 927 

populations. a) Fraction of flies that passed the line after 10 seconds for each of the tested populations. 928 

b) Fraction passed from the perspective of nuclear backgrounds and c) mitochondrial background. 929 

 930 

Table Legends 931 

Supplementary table S1. List of DGRP lines used in our study.  932 

Supplementary table S2. Accession numbers of sequencing data. 933 

Supplementary table S3. List of primers used in our study. 934 

Supplementary table S4. Sequence statistics.  935 

Supplementary table S5. Sanger sequencing primers. 936 

Supplementary table S6. Sanger sequencing results. 937 

Supplementary table S7. Mitochondrial variant table. 0 = reference, 1 = homozygote alternate, 2 = 938 

heterozygote alternate, 3 = homozygote for the second alternate 4 = heterozygote for the second 939 

alternate.  940 

Supplementary table S8. Mitochondrial variant clusters and allele information. 941 

Supplementary table S9. All mito-nuclear Genotype Ratio Distortions in the DGRP. 942 

Supplementary table S10. Summary of Genotype Ratio Distortions. 943 

Supplementary Table S11. Lines used for the CG31886-rdgA complete GRD crosses. 944 

Supplementary table S12. Source of fitness phenotypes used. 945 

Supplementary table S13. Mitochondrial Haplotype Association top hits. 946 

Supplementary table S14. Number of lines that have (multiple) nucleotides with a coverage 947 

below threshold. 948 

Supplementary table S15. Total composition of mitochondrial variants within the DGRP. 949 

Supplementary table S16. Overlap of heteroplasmic loci with Haag-Liautard et al. 200836. [a] 950 

chrM:IRR refers to the intergenic repeat region in which we detect variation in the variant types and 951 

levels of heterozygosity. [b] Our variant caller finds three versions and hence only first T, TA (TA1), and 952 

TAA (=TA2) are considered as variants rather than TA8 or TA9. 953 

Supplementary table S17. Mitochondrial haplotypes of the DGRP. 954 
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Supplementary table S18. Log-Rank and Wilcoxon survival analysis statistics on the 955 

development time. * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001. 956 

Supplementary table S19. Average development time per population group. 957 

Supplementary table S20. Average development time for each individual subpopulation. 958 

 959 

  960 
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