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Abstract  19 

Background: Mitochondrial DNA (mtDNA) heteroplasmy is the presence of mtDNA 20 

molecules with different sequences in the same individual. Previous studies have 21 

shown that different tissues have different heteroplasmic patterns in an individual. 22 

However, to date patterns of heteroplasmy within a single tissue have not been 23 

investigated. We therefore investigated heteroplasmy in blood (Bl) and two liver (Liv) 24 

samples (one from each lobe) from 85 humans, sampled at autopsy. 25 

Results: Minor allele frequencies (MAF) at heteroplasmic sites were significantly 26 

correlated between liver samples from an individual, with more sharing of 27 

heteroplasmic sites in the control region than in the coding region. Neither specific 28 

sites nor the presence of 7S DNA can explain this pattern. While age was highly 29 

correlated with an increase in the total number of heteroplasmic sites, the correlation 30 

of MAFs between liver samples of an individual was independent of age. Although 31 

there was a significant excess of non-synonymous heteroplasmies in the coding 32 

region, synonymous heteroplasmies were more likely to be shared. 33 

Conclusions: While several mechanisms could potentially explain these results, the 34 

most likely is transfer of DNA between cells, with fragments originating from the 35 

mtDNA control region more likely to serve as primers for mtDNA replication than 36 

fragments from the coding region. The result is an integration of the same mutant 37 

alleles into the genomes of new cells. However, the significant association of 38 

synonymous mutations with heteroplasmy sharing between tissue regions indicates 39 

that the mechanisms of intercellular DNA exchange is more complex than previously 40 

suspected, and may reflect different processes. 41 

 42 
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 46 

Background 47 

The human mitochondrial DNA (mtDNA) genome is ~16.6 kilo base pairs long and 48 

consists of a non-coding control region and a coding region, in which 13 protein 49 

subunits of the electron transport chain are encoded [1, 2]. Transcription of all genes 50 

is initiated at 3 promoters in the control region. This control region often contains a 51 

third DNA molecule (7S DNA), which is about 650 nt long and embedded within the 52 

so-called Displacement- or D-loop region, a subsection of the mtDNA in the 1.1 kb 53 

long control region [3]. Due to elevated exposure to reactive oxygen species in 54 

combination with a lack of protecting histones, the mtDNA mutation rate is two 55 

orders of magnitude higher than that of the nuclear genome [4]. 56 

The mitochondrial genome is present in many copies in a single cell, and inter-57 

individual variation in the mitochondrial genome of an individual is called mtDNA 58 

heteroplasmy [2]. In humans, it has been shown that detrimental mtDNA mutations 59 

are usually present in a heteroplasmic fashion at low frequencies, with high 60 

frequencies of the deleterious allele leading to functional defects and a disease 61 

phenotype [2, 5, 6]. In addition, heteroplasmy is a general phenomenon in aging 62 

individuals, where the minor allele is present at rather low frequencies (often below 4 63 

%) and many of the affected sites are part of the control region [5]. The total number 64 

of heteroplasmic sites strongly correlates with age and several studies have shown 65 

that heteroplasmic sites are tissue specific [7-13]. This means that sites which are 66 

often heteroplasmic in one tissue can be homoplasmic in all other tissues of the 67 
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same individual. While most age-related heteroplasmies occur in the control region, 68 

liver tissue is unusual in showing an excess of heteroplasmies involving non-69 

synonymous mutations of the encoded electron transport chain proteins, more than 70 

would be expected with relaxation of purifying selection [9]. Moreover, these 71 

mutations are predicted to have functional impacts, suggesting that there is age-72 

related positive selection in liver for somatic mutations that decrease mitochondrial 73 

function [9].  74 

To date, the distribution of heteroplasmy throughout an individual’s tissue has not 75 

been investigated and it is not clear how heteroplasmy differs among different 76 

regions of the same tissue. To investigate this issue, we obtained one blood sample 77 

and two liver samples (one from each lobe) from 85 European individuals, collected 78 

at autopsy. MtDNA heteroplasmy was evaluated by capture-enrichment sequencing, 79 

and we analyzed sharing of mtDNA heteroplasmy between the liver lobes for 80 

different regions of the mitochondrial genome. We find a surprising correlation in the 81 

MAF at heteroplasmic sites in the control region between the two liver samples, but a 82 

much weaker correlation in the coding region.  83 

 84 

Results 85 

Heteroplasmy sharing within the liver  86 

We investigated mitochondrial DNA heteroplasmy in liver and blood tissue samples 87 

of 85 individuals. For liver, two samples taken from different lobes were analyzed in 88 

order to compare the heteroplasmic pattern in different parts of the tissue. Applying a 89 

threshold of 2 % MAF, we detected 780 heteroplasmic sites at 485 different positions 90 

(Table S1). More heteroplasmic sites were observed in the coding region for liver 91 

(307 sites) compared to blood (118 sites), but the most abundant heteroplasmic sites 92 
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in liver were in the control region (site 72: 62 individuals, site 60: 29 individuals, site 93 

94: 27 individuals), which were only rarely observed in the blood (site 72: 1 individual, 94 

site 60: 1 individual, site 94: no individuals). These data are in accordance with 95 

results from a previous study ([9], Figure S1), indicating that heteroplasmy is tissue 96 

specific, with different individuals exhibiting similar heteroplasmic patterns.  97 

Virological tests revealed that two individuals had active hepatitis B virus infection, 98 

one had active hepatitis C virus infection and one individual was HIV positive, with 99 

low viral load (Table S2). Those individuals were kept in all downstream analyses, as 100 

the number of positive cases was too low to analyze separately. There was no effect 101 

of liver fat content on either the total number or the MAFs of heteroplasmic sites 102 

(Figure S2, p>0.05). 103 

 104 

Figure 1: Correlation of MAFs at heteroplasmic sites in liver lobes. Each dot is 105 
one heteroplasmic site in one individual. Pearson’s correlation coefficient r is given. 106 
Heteroplasmic sites are compared in a liver sample 1 and 2, b the control region of 107 
liver sample 1 and 2, c the non-control region of liver sample 1 and 2. 108 

 109 

We next asked whether heteroplasmy was correlated between the three different 110 

samples from an individual. For blood and each liver sample, there is a low, but 111 

significant correlation (r=0.18 and 0.16, p<0.001, Figure S3). However, the 112 

correlation between the two liver samples was higher (Figure 1a, r=0.48, p<0.001). 113 

While 481 sites were heteroplasmic in only one of the two liver samples of an 114 
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individual, 166 sites were heteroplasmic in both liver samples and these exhibited 115 

similar MAFs (Figure 1a).  116 

Moreover, there were more shared heteroplasmies from the control region than from 117 

the rest of the genome (Table 1, p<10-15), and MAFs in the two liver samples were 118 

more highly correlated for the control region (Figure 1b, r=0.8, p<0.001) than for the 119 

coding region (Figure 1c, r=0.11, p<0.05, difference significant with p<0.001 (Figure 120 

S4)).  121 

 122 

Table 1: Heteroplasmic mutations in the control region and the non-control region 123 

and shared and non-shared heteroplasmies. p<10-15 (Fisher’s exact test) 124 

heteroplasmies 

in Liv1 and Liv2 

control region non-control region total 

shared 136 30 166 

not shared 126 355 481 

total 262 385  

 125 

There are three sites that are frequently heteroplasmic in liver (Table S2) and all are 126 

in the control region (sites 60, 72, and 94). To determine if these three sites are 127 

driving the higher correlation in MAF in the control region, we analyzed them 128 

separately. While these three sites did indeed show a high correlation in MAF 129 

between the two liver samples (r = 0.84, p<0.001, Figure 2a), the remaining sites in 130 

the control region still showed a significant correlation (Figure 2b, r=0.74, p<0.001) 131 

that is higher than the correlation for the coding region (Figure 1c). To determine if 132 

the difference in correlations for the three sites vs. the remaining sites in the control 133 

region was statistically significant, we performed a subsampling test. As there were 134 

118 occurrences of heteroplasmy at these three sites, we sampled 118 135 
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heteroplasmies at random from the control region, calculated the correlation in MAF 136 

between the two liver samples, and repeated this 1000 times. The r-value for the 137 

three sites was not significantly higher than the r-values for the random subsamples 138 

(Figure 2c), indicating that the higher correlation between MAF for the control region 139 

than for the rest of the genome is not driven solely by these three sites. 140 

 141 

Figure 2: Heteroplasmy sharing in liver samples and correlation with single 142 

sites. MAFs per site in liver sample 1 and 2 for: a sites 60, 72 and 94; and b for all 143 
other heteroplasmic sites in the control region. Each dot is one heteroplasmic site in 144 

one individual. Pearson’s correlation coefficient r is given. c distribution of r-values 145 
for correlation of liver sample 1 and 2 MAFs per site for random subsamples of 146 
heteroplasmies in the control region (same number as the sum of sites 60, 72 and 147 
94). The r-value for sites 60, 72 and 94 only is shown as a red bar. d Average 148 
estimated mutation rate [14] for heteroplasmic sites (HP) that are shared vs. not 149 

shared vs. sites that were not heteroplasmic. Mann-Whitney U test was done for 150 
shared vs. non-shared heteroplasmies and for heteroplasmies vs. sites that were not 151 
heteroplasmic. Only polymorphic sites (i.e. those with reported mutation rates [14]) 152 
were included. 153 
 154 
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We also tested if heteroplasmic sites showed a higher mutation rate than average by 155 

comparing the number of heteroplasmies to the inferred mutation rate at each site, 156 

based on observed polymorphism data [14]. Heteroplasmic sites were significantly 157 

more likely to also exhibit polymorphism between individuals than a randomly 158 

chosen subsample of sites of the same size (p<0.001, Figure S5). Furthermore, 159 

heteroplasmies had significantly higher mutation rates than sites that were not 160 

heteroplasmic (p<0.001, Figure 2d). However, the mutation rate for sites that were 161 

shared did not differ from the mutation rate for sites that were not shared (p=0.12). 162 

Hence, while heteroplasmic sites are associated with a higher mutation rate than 163 

non-heteroplasmic sites, this does not explain the increase in heteroplasmy sharing 164 

in the control region, as shared sites have similar mutation rates compared to non-165 

shared sites.  166 

The control region includes the D-loop region, in which a third strand, the 7S DNA, 167 

displaces the heavy strand and binds to the light strand. Inferred heteroplasmies in 168 

the D-loop region might therefore reflect mutations in the 7S DNA rather than 169 

mutations in the mtDNA itself. To see if sequences from 7S DNA were likely to be 170 

present in the sequencing libraries, we estimated the relative mtDNA copy number 171 

from the capture-enrichment sequencing coverage of the D-loop region and the rest 172 

of the mtDNA molecule separately, as described before [15]. As the 7S DNA has 173 

several starting and end points, we used the outer limits reported in the literature, 174 

namely from site 16,097 to site 191 [3, 16]. The relative mtDNA copy number 175 

estimates were significantly correlated between the two liver samples of an individual, 176 

indicating that the relative estimates from capture-enriched data are reliable (Figure 177 

S6a). The D-loop did not exhibit a higher copy number than the other parts of the 178 

mtDNA genome, indicating that 7S DNA is unlikely to be present in the DNA libraries 179 
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(p=0.34 and 0.47 for Bl and Liv, respectively, Figure S6b). Nevertheless, the 180 

correlation between the MAF for the two liver samples is higher for the D-loop region 181 

than for the rest of the control region (r=0.82 vs. r = 0.79, Figure 3a, 3b).  182 

 183 

 184 
Figure 3: Heteroplasmy sharing in liver samples and correlation with 7S DNA. 185 

The MAFs at heteroplasmic sites are compared for: a sites in the D-loop region; and 186 
b sites in the control region but outside the D-loop region. Each dot is one 187 

heteroplasmic site in one individual. Pearson’s correlation coefficient r is given. c 188 
Distribution of r-value differences for random partitions of the control region 189 
heteroplasmies into 204 sites (matching the number of sites in the D-loop region) 190 

and 58 sites (matching the number of sites in the control region outside the D-loop 191 

region). The red bar indicates the observed difference between the r-values for the 192 
D-loop and the rest of the control region.  193 
 194 

 195 

In order to test if sites from the D-loop were more likely to have similar MAFs than 196 

other sites in the control region, we performed a subsampling test. In the entire 197 

control region, 262 sites were heteroplasmic in at least one liver sample of an 198 

individual. Out of those, 204 are in the D-loop and 58 are in the rest of the control 199 

region. We randomly selected 204 sites from the control region, calculated the 200 

difference between r-values for this subset and the remaining 58 sites, and repeated 201 

this 1000 times to generate a random distribution of r-value differences. The 202 

observed r-value difference between the D-loop and the rest of the control region 203 

was not significantly different from the random distribution of r-value differences 204 

(Figure 3c). Overall, the significant correlation in MAFs in the control region does not 205 
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reflect 7S DNA, nor is it restricted to the D loop region. Hence, the effect likely is a 206 

phenomenon of the entire control region. 207 

 208 

Differences in MAF between corresponding liver samples are not correlated 209 

with age 210 

We next investigated the influence of age on heteroplasmy sharing between different 211 

liver regions of an individual. The total number of different heteroplasmic sites in an 212 

individual increased with age for both the control region and the coding region 213 

(Figure 4a-c, r=0.47 for the coding region, 0.36 for the control region, p<0.001). The 214 

MAF at heteroplasmic sites did not increase with age (Figure 4d-f, r≈0, p>0.05). 215 

Although some heteroplasmies exhibit high MAFs only at ages above 50, many sites 216 

remain at low frequencies even at older ages (Figure 4d-f). We also separately 217 

tested the three high frequency heteroplasmy sites (60, 72, and 94) for correlations 218 

between MAF and age (Figure S7), and found a significant correlation of MAF with 219 

age for site 94 (r=0.36, p<0.05), but not for sites 60 and 72 (r=0.14 for both sites, 220 

p>0.05). Finally, there was a very weak positive correlation with the difference in 221 

MAF between the two liver samples and age for all sites combined (Figure 4g, r=0.08, 222 

p<0.05), but this was not present when looking at the control region or the coding 223 

region separately (Figure 4h-I, r=0.04 or 0.05, respectively, p>0.05). This indicates 224 

that, if sites are shared between different liver lobes, MAFs change in concert 225 

irrespective of age. 226 

 227 
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 228 

Figure 4: Heteroplasmy and age. Total number of heteroplasmic sites per 229 

individual (sum of liver sample 1 and 2) versus age for: a the whole mtDNA molecule; 230 
b the control region; and c the coding region. MAF versus age for: d the whole 231 

mtDNA molecule; e the control region and f the coding region. Each dot is one 232 
heteroplasmic site in one sample. MAF difference between liver sample 1 and 2 233 

versus age for: g the whole mtDNA molecule; h the control region; and i the coding 234 
region. Green dots indicate sites that were shared (i.e., heteroplasmic in both liver 235 
samples from an individual), red dots indicate sites that were not shared. 236 
 237 

Heteroplasmy sharing in the coding region 238 

Previous studies showed that liver has a significant excess of non-synonymous 239 

heteroplasmies which are predicted to have an impact on function [9]. This is also 240 
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the case for our data set (Figure S8). As hN/hS-ratios (analogous to dN/dS ratios) 241 

are significantly above 1, the excess of non-synonymous heteroplasmies most likely 242 

reflects positive selection rather than relaxation of functional constraints [9]. We then 243 

asked if either synonymous or non-synonymous heteroplasmic sites were more likely 244 

to be shared between different liver samples. Although there were more than twice 245 

as many non-synonymous than synonymous heteroplasmies in the data set (213 vs. 246 

94), there were significantly more synonymous sites shared than non-synonymous 247 

sites (13 vs. 11, Table 2).  248 

Table 2: Non-synonymous and synonymous heteroplasmic mutations in the coding 249 

region and shared and non-shared heteroplasmies. p=0.019 (Fisher’s exact test) 250 

heteroplasmies 

in Liv1 and Liv2 

non-synonymous synonymous total 

shared 11 13 24 

not shared 202 81 283 

total 213 94  

 251 

Neither differences in MAF at synonymous vs. non-synonymous sites nor changes in 252 

MAF with age can explain this dependency, as there were no significant differences 253 

between synonymous and non-synonymous heteroplasmies with respect to either 254 

(p>0.05, Figure S9). 255 

 256 

Discussion 257 

Shared heteroplasmies within liver 258 

In this study, we compared mtDNA heteroplasmy patterns in samples collected from 259 

the two liver lobes of 85 individuals sampled at autopsy. We showed that there is a 260 

significant correlation in MAF across the entire genome, which is significantly higher 261 

.CC-BY-NC-ND 4.0 International licensenot peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/155796doi: bioRxiv preprint first posted online Jun. 26, 2017; 

http://dx.doi.org/10.1101/155796
http://creativecommons.org/licenses/by-nc-nd/4.0/


13 
 

for the control region than for the coding region. The results indicate that this is 262 

neither due to the presence of 7S DNA in the sequencing data set nor to selection or 263 

mutation acting on just a few sites. If sites are heteroplasmic in both liver samples of 264 

an individual, the MAFs at those sites are similar, independent of age.  265 

Heteroplasmy sharing within liver could occur due to several potential mechanisms. 266 

First, it could derive from a pre-existing, inherited heteroplasmy [17-20] that remains 267 

at similar frequencies across the tissue because drift is limited. Nonetheless, one 268 

would expect the difference in MAF between the lobes to increase with increasing 269 

age of an individual, because different regions of a tissue diverge with increasing 270 

numbers of cellular generations. However, the data presented here show that 271 

variation in MAFs between liver lobes does not increase with age, suggesting that 272 

shared heteroplasmies are not inherited. 273 

A second reason for heteroplasmy sharing could be a high mutational pressure for 274 

some sites, with de novo mutations at the same site occurring independently 275 

throughout the tissue. If this was the case, one would expect to see a higher 276 

correlation of MAFs for common heteroplasmic sites, as those would be under high 277 

mutational pressure. We showed that this is not the case for the most common 278 

heteroplasmic sites in the data set (Figure 2), and hence this explanation is unlikely. 279 

Third, it has been shown that colonic stem cells with non-synonymous mtDNA 280 

mutations can spread within a colonic crypt by crypt fission, resulting in clonal 281 

expansion from a few cells that spread throughout a tissue and retain the same level 282 

of mutant mtDNA on the cellular level [21]. While a similar mechanism in liver could 283 

explain the results presented here, this process would require a cellular turnover on 284 

a huge scale throughout the entire liver. This does not seem very likely, as clonal 285 
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expansion was shown for single intestinal crypts only and is supposed to be rather 286 

slow [21].   287 

Finally, an equilibrium of heteroplasmy across an entire tissue could also involve an 288 

exchange of genetic material from mitochondria between cells. Cells can donate 289 

whole mitochondria to adjacent cells through nanotubes, but this has been 290 

suggested for distances up to 100 µM only and the exchange is often triggered by 291 

functional impairments in the acceptor cell [22]. An additional way for cells to 292 

exchange DNA material could be the uptake of extracellular DNA material that is 293 

either secreted by healthy cells or is present as remains of apoptotic cells [23]. While 294 

the uptake and integration of cell-free nuclear DNA material has been shown [24], it 295 

is unclear whether cells would also accept mitochondrial DNA. However, studies of 296 

heteroplasmy at the single cell level (reviewed in [25]) do suggest the possibility of 297 

transfer between cells. At the single-cell level, the proportion of mutant alleles differs 298 

significantly between different cells, ranging from 0 to almost 100 %. For example, 299 

many heteroplasmic sites occur at low levels in single cells from muscle fibers [26], 300 

but in buccal epithelium and heart muscle, strong clonal expansion of mutant alleles 301 

to almost homoplasmy has been described for single cells [27]. Taken together, 302 

many studies show that different heteroplasmic sites are present at the single cell 303 

level, supporting an intercellular expansion of mutant DNA molecules. Furthermore, 304 

in cell culture mixes of fluorescently labeled cell lines, mtDNA is exchanged between 305 

similar cell lines, although the mechanism is unclear [28]. Such intercellular DNA 306 

exchange, followed by incorporation of mtDNA fragments into the mtDNA of the 307 

recipient cells, could account for the significant correlation we observe in MAF 308 

between liver lobes. 309 

 310 
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Implications for mechanism of mtDNA replication 311 

We found higher correlations in MAF for the control region heteroplasmies than for 312 

coding region heteroplasmies. Similarly, a previous study gave evidence that 313 

heteroplasmic sites in the control region, but not in the cytochrome B gene or in the 314 

tRNA proline gene, are shared between different single cells extracted from one 315 

region of human substantia nigra [29]. However, this effect was not observed for 316 

neuronal cells, indicating that the effect of cellular DNA exchange might differ 317 

between different cell types and that single cell analysis could provide more insights 318 

into the tissue-wide distribution of heteroplasmic sites. 319 

The results presented here indicate that the sequenced DNA is derived from the 320 

mtDNA genome and not a product of 7S or other free DNA. Indeed, the 7S DNA in 321 

healthy cells has an estimated half-life of only 45 min [30], minimizing the chance 322 

that 7S DNA would be present in tissues sampled at autopsy. Hence, minor alleles 323 

detected in the tissue samples likely derive from intact mitochondrial genomes. As 324 

the liver lobes of an individual do not share heteroplasmy throughout the whole 325 

mtDNA genome, but mainly in the control region, an exchange of entire mtDNA 326 

molecules between cells is unlikely. Instead, it may be that short mtDNA fragments 327 

enter the cells and mitochondria and serve as primers for the replisome, with mutant 328 

alleles being incorporated into the mitochondrial genome of new cells. In fact, 329 

mtDNA is abundant in human plasma, albeit in fragments shorter than nuclear DNA 330 

fragments, possibly due to the lack of histone protection [31]. Furthermore, 331 

significant proportions of cell-free oligonucleotides enter the nucleus of human cells 332 

within 30-60 min of co-incubation [32] and readily integrate into the nuclear genome, 333 

thereby acting as mobile genetic elements [33].  334 
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One potential explanation for the observed heteroplasmy sharing is thus that very 335 

short DNA fragments of mitochondrial origin, which are either products of apoptosis 336 

or actively secreted by healthy cells [23], pass the cellular membrane [24] and enter 337 

the mitochondria, as has been observed for the nucleus [32]. The strong regional 338 

bias of sharing for sites in the control region could then derive from the mechanism 339 

of replication itself. The mitochondrial RNA Polymerase POLRMT creates short 340 

fragments of RNA that are used as primers for DNA replication of the leading strand 341 

[1]. The processivity of the mitochondrial replisome depends on the POLG β subunit, 342 

which has a much higher binding affinity for the control region than for the rest of the 343 

molecule [34]. Short DNA primers complementary to the control region are therefore 344 

more likely to be used for replication, as this region is more readily accepted as a 345 

template for POLG β binding, and thus end up incorporated in mtDNA genomes in 346 

different cells. As a high structural and sequence conservation of the origin of 347 

replication (oriL) is essential for the replication of the light strand [35], primers 348 

incorporating mutations into the mitochondrial genome might only be accepted for 349 

initiation of heavy strand replication in the control region.    350 

 351 

Sharing of non-synonymous heteroplasmies in the coding region 352 

There was more sharing of synonymous heteroplasmies than non-synonymous 353 

heteroplasmies between liver lobes. This supports the idea that sharing is not due to 354 

specific sites which are under selection, because in this case a positive correlation of 355 

heteroplasmy sharing with non-synonymous heteroplasmies would be expected. We 356 

see indications for overall positive selection on non-synonymous heteroplasmies 357 

across the coding region, as described previously [9]. For synonymous sites, 358 

mutations are expected to be neutral; the only potential difference is a change in 359 
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codon usage for the cell [36]. While this might have a marginal influence on 360 

mitochondrial translation, the question remaining is if mutations in the coding region 361 

are integrated into the mitochondrial genome through transfer of small DNA 362 

fragments between cells, and if so is this more likely for fragments carrying 363 

synonymous rather than non-synonymous mutations. A putative explanation is that 364 

non-synonymous heteroplasmies reduce the activity of mitochondria and slow down 365 

aging of the tissue, in accordance with the “survival of the slowest” theory [37]. This 366 

results in a decreased metabolism and consequently in reduced production of 367 

reactive oxygen species. However, intercellular organelle transfer, which would 368 

include the transfer of whole mitochondrial genomes, is supposed to be induced by 369 

cellular stress [22], which would favor transfer of synonymous over non-synonymous 370 

heteroplasmies. Alternatively, it may also be that cells exceeding a certain threshold 371 

of non-synonymous heteroplasmies enter apoptosis, which includes a rapid ingestion 372 

of cell contents by phagocytes [38]. Therefore, non-synonymous heteroplasmies 373 

would be removed from circulation before they can enter other cells, again favoring 374 

the exchange of synonymous over non-synonymous heteroplasmies.  375 

Hence, several mechanisms could co-regulate the exchange of mtDNA material 376 

between cells, and the final pattern of heteroplasmy distribution may reflect the 377 

outcome of many different processes. 378 

 379 

Conclusion 380 

We compared mtDNA heteroplasmy in liver samples taken from different liver lobes 381 

of the same individual. We found that heteroplasmic sites in the control region are 382 

shared significantly more often between the liver lobes than sites from the coding 383 

region. In addition, the MAFs in different tissue regions are highly correlated, 384 
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regardless of the individual’s age. Neither the presence of small DNA fragments, 385 

such as 7S DNA, nor increased mutation rates at single sites can explain these 386 

results. While these results may reflect positive selection acting on the same 387 

mutations arising independently in different cells, it seems more likely that there is 388 

exchange of DNA between cells.  In particular, small fragments of mtDNA could be 389 

exchanged between cells, with fragments originating from the mtDNA control region 390 

more likely to be used as templates for mtDNA replication, thereby resulting in an 391 

integration of mutant alleles into the genomes of new cells. However, the mtDNA 392 

region-dependent pattern of heteroplasmy sharing throughout a tissue suggests that 393 

more than one process may be influencing this pattern.  394 

 395 

Methods 396 

Tissue collection and DNA extraction 397 

Blood and liver were sampled at autopsy from 94 individuals (57 males, 37 females, 398 

age range: 24-94, mean: 63, median: 63). Two samples were taken from each liver, 399 

one from the right lobe and one from the left lobe. DNA was extracted as previously 400 

described [9]. The collection of samples and the experimental procedures were 401 

approved by the Ethics Commissions of the Rheinische Friedrich Wilhelms 402 

University Medical Faculty (Lfd. Nr. 097/15) and the University of Leipzig Medical 403 

Faculty (Az. 305-15-24082015). 404 

 405 

Virological assays and histological investigation 406 

HIV RNA und HCV RNA concentration in blood was determined by using the Abbott 407 

RealTime® HIV-1 and HCV systems and the m2000sp/m2000rt instruments 408 

according to the instructions of the manufacturer. For detection of HBV DNA the 409 
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Abbott RealTime® HBV system was used. The 95% limit of detection (LOD95) of the 410 

HIV, HCV and HBV assay was 40 copies/mL, 12 IU/ mL, and 10 IU/ mL, respectively. 411 

If inhibitory effects on enzymatic reactions were present (detected via co-412 

amplification of control RNA or DNA sequences), blood samples were re-tested at 413 

dilutions of 1/5, 1/10, and 1/15 (13 samples (13%) for HIV, 91 (93%) for HCV, and 8 414 

(7%) for HBV load). For dilution, a plasma donation from a blood donor negative for 415 

HIV, HCV, and HBV was used. Of the diluted samples tested for HIV, one sample 416 

was diluted 1/5, nine had to be diluted 1/10, and two had to be diluted 1/15, lowering 417 

the LOD95 of the assay to 200, 400, and 600, respectively. In one sample, inhibition 418 

could not be eliminated even after dilution. Of the diluted samples tested for HCV, 419 

one, 78, and two samples were diluted 1/5, 1/10, and 1/15, respectively, lowering the 420 

LOD95 of the assay to 60, 120, 180 IU/ml, respectively. In 10 additional samples no 421 

result could be achieved, even after dilution. Of the diluted samples tested for HBV 422 

load, 3, 2, and 2 samples were diluted 1/5, 1/10, and 1/15, respectively, lowering the 423 

LOD95 of the assay to 50, 100, and 150 IU/mL, respectively. All other samples were 424 

tested without any dilution. 425 

Fat content of the liver was determined by histological investigations and Sudan 426 

staining [39]. Tissues with <10% hepatocytes including fat droplets were considered 427 

low, 10-30% were medium, 31-50% were high fat and >50% were considered 428 

adipohepatic. 429 

 430 

Illumina library preparation and sequencing 431 

Double-barcoded DNA libraries for sequencing were prepared and capture-enriched 432 

for mtDNA as previously described [9]. DNA was sequenced on the Illumina HiSeq 433 
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platform in rapid mode with 95 bp paired-end reads. Bases were called with FreeIbis 434 

[40] and reads were subsequently trimmed and merged using leeHom [41]. 435 

 436 

Heteroplasmy detection 437 

Heteroplasmy was detected according to the DREEP pipeline [42, 43]. Initially, 438 

heteroplasmies were called if the minor allele frequency (MAF) for the most frequent 439 

minor allele was at least 2% on both the forward and reverse strand, and if there 440 

were at least 3 reads supporting the minor allele on each strand. The following 441 

regions were excluded for heteroplasmy analysis: 302-316, 513-526, 566-573, and 442 

16,181-16,194. All sites with a coverage below 20 % or above 200 % of the average 443 

coverage of the sample were removed, resulting in the removal of 7 sites from 4 444 

samples. In addition, all samples that could have been contaminated with other 445 

samples during library preparation/extraction were removed. To detect such 446 

contamination, pairwise comparisons of all liver samples with each other as well as 447 

all blood samples with each other were performed. All three samples of an individual 448 

were removed if all of the following criteria were fulfilled for any pairwise comparison 449 

between individuals across all sites of the mitochondrial genome: 1) for at least 80% 450 

of the sites, for which two samples had different consensus alleles, the minor allele 451 

in the recipient sample was identical to the major allele in the donor sample; 2) the 452 

average MAF across these sites was at least 1%; and 3) at least 60% of all sites in 453 

the recipient sample, for which a minor allele was observed, were identified as 454 

heteroplasmies by the DREEP pipeline [42, 43]. Nine individuals were removed in 455 

this filter step, retaining 85 individuals for the subsequent analyses. An additional 456 

filter for potential contamination was applied, in which the heteroplasmic sites for 457 
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each sample were checked to see if five or more sites could be explained by 458 

contamination from another haplogroup; all samples passed this filter.  459 

 460 

Correlation analysis 461 

Statistical analysis was performed using R [44], with analyses performed for the 462 

entire mtDNA genome and separately for the coding region (577-16,023), the control 463 

region (16,024-576) and the D-loop region (16,097-191). For correlation of MAFs, we 464 

selected only sites that were identified as heteroplasmies and passed our quality 465 

filters in at least one of the tissues. We than compared the MAFs of these 466 

heteroplasmies to the MAF in the other tissues of an individual, even if the site was 467 

not detected as a heteroplasmy in the other tissues. Pearson correlation coefficients 468 

were calculated for correlations between MAFs among samples as well as for 469 

correlations with age; the significance of the correlation was tested by randomly 470 

permuting the data. Permutation tests were also used to assess the association 471 

between specific sites or regions and minor allele sharing between liver lobes; all 472 

permutations were carried out 1000 times. Whenever categorical data were 473 

compared (e.g. synonymous vs. non-synonymous sites), Mann-Whitney U tests were 474 

used to detect significant differences. Fisher’s exact test was used to test for an 475 

association of sharing of heteroplasmic sites between liver lobes with control region 476 

vs. non-control region and synonymous vs. non-synonymous heteroplasmies. 477 

 478 

Coverage across the mitochondrial genome 479 

We used per-site coverage determined by the filter_and_summary.pl script of the 480 

DREEP pipeline [43] for each sample and calculated the average coverage across 481 

the D-loop region and across the rest of the mtDNA genome. 482 
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 483 

Non-synonymous heteroplasmies 484 

The hN/hS ratio [9] was calculated by calculating the Ka/Ks ratio using 485 

KaKs_Calculator 2.0 [45] between the revised Cambridge Reference Sequence 486 

(rCRS; Andrews, 1999 doi:10.1038/13779) and the rCRS after introducing all minor 487 

alleles of heteroplasmies in the coding region. A significance test was performed by 488 

randomly introducing the same substitutions as observed for heteroplasmies at any 489 

site of the coding region of rCRS and calculating the hN/hS ratio in comparison to 490 

the non-altered rCRS. 491 

The potential functional impact of non-synonymous heteroplasmies was analyzed by 492 

overlapping the position of the heteroplasmy and its minor allele with the MitImpact 493 

database [46] and comparing the MutationAssessor [47] score. We determined the 494 

ratio of medium/ high risk mutations to the overall number of mutations caused by 495 

heteroplasmies and tested for significance by randomly selecting the same number 496 

of mutations from the MitImpact database and re-calculating the ratio of medium/ 497 

high risk mutations to the overall number of mutations. Tests for significance of an 498 

excess of non-synonymous heteroplasmies were performed as previously described 499 

[9]. 500 
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 674 

Figure S1: Comparison of heteroplasmic sites found in this study with a 675 

previous study [9]. Number of heteroplasmic individuals for each site identified in 676 
this study is compared to that from a previous study [9]. The size of a dot indicates 677 
how many sites are plotted at the same position in the scatter plot. Comparison for a 678 
blood samples; b liver samples; c liver samples, without sites 60, 72, 94. 679 
 680 

 681 

 682 

 683 

Figure S2: Liver fat content and heteroplasmy. For all fat content groups (no fat 684 

(0), low fat (1), medium fat (2), high fat (3) and adipohepatic (4)), the  a total number 685 
of heteroplasmic sites and b MAF at single sites are shown. P-values for the Mann-686 
Whitney U test comparing group 0 and group 4 are given. 687 
 688 

 689 

 690 
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 692 

Figure S3: Correlation of MAFs at heteroplasmic sites in blood and liver. Each 693 
dot is one heteroplasmic site in one individual. Pearson’s correlation coefficient r is 694 

given. Heteroplasmic sites are compared in a blood and liver sample 1, b blood and 695 
liver sample 2. 696 

 697 

 698 

Figure S4: Distribution of r-value differences for random partitions of all sites 699 
into either control (262 sites) or non-control region (385 sites). The red bar 700 
indicates the observed difference between the r-values for the control region and the 701 

non-control region.  702 
 703 
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 704 

Figure S5: Expected vs. observed number of heteroplasmic sites with reported 705 

mutation rates. A random subset of sites from the mtDNA with the same size as the 706 

total number of heteroplasmic sites was taken and sites with a reported mutation rate 707 
[14] were counted. The distribution of the number of sites with a reported mutation 708 

rate is shown. Vertical red line indicates the real number of heteroplasmic sites with 709 
a reported mutation rate [14]. 710 
 711 

 712 

Figure S6: Relative mtDNA copy number. a relative copy number in liver sample 1 713 
versus sample 2. Pearson’s correlation coefficient r is given. b distribution of relative 714 
mtDNA copy numbers per mtDNA region (D-loop (red) vs. non-D-loop (blue)) and 715 
tissue (Bl = blood, Li = liver). P-value for the Mann-Whitney U test comparing D-loop 716 
and non-D-loop is given. 717 
 718 
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 719 

Figure S7: MAF and age correlation for sites 60, 72 and 94. Each dot is one 720 

heteroplasmic site in one individual. Pearson’s correlation coefficient r is given. a site 721 
60. b site 72. c site 94. 722 
 723 

 724 

Figure S8: Significance tests for synonymous and non-synonymous sites. a 725 

The red vertical bar indicates the observed proportion of high/medium risk liver 726 
specific heteroplasmies with MutationAccessor scores (n=200). Distribution of the 727 

proportion of medium/ high risk mutations based on the MutationAccessor score for 728 

100,000 random subsamples of 200 sites with MutationAccessor scores. b The red 729 
vertical bar indicates the observed hN/hS ratio for liver specific heteroplasmic sites. 730 
Distribution of 10,000 hN/hS-ratios calculated by comparing the rCRS to itself after 731 
introducing the mutations observed for liver specific heteroplasmies at random sites 732 

across the coding region.  733 
 734 

 735 

 736 
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 737 

Figure S9: Heteroplasmies in the coding region, MAFs and age. a Distribution of 738 
MAFs for non-synonymous (red) and synonymous (blue) heteroplasmies. The p-739 

value for the Mann-Whitney U test comparing non-synonymous and synonymous 740 
heteroplasmies is given. b correlation of MAFs with age, plotted for non-synonymous 741 

(red) and synonymous heteroplasmies (blue). Each dot is one heteroplasmic site in 742 
one individual. Pearson’s correlation coefficient r is given for both subsets. 743 
 744 

 745 
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