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Summary

The dynamics by which mitochondrial DNA (mtDNA) evolves within organisms are still poorly
understood, despite the fact that inheritance and proliferation of mutated mtDNA causes fatal and
incurable diseases. When two mtDNA haplotypes are present in a cell, it is usually assumed that
segregation (the proliferation of one haplotype over another) is negligible. We challenge this
assumption showing that segregation depends on the genetic distance between haplotypes. We
provide evidence by creating four new mouse models containing mtDNA haplotype pairs of
varying diversity. We find tissue-specific segregation in all models over a wide range of tissues.
Key findings are segregation in post mitotic tissues (important for disease models), and
segregation covering all developmental stages from prenatal up to old age. We identify four new
dynamic regimes of mtDNA segregation. We suggest “haplotype matching” as a means to avoid
complications for therapies in human populations that our findings imply.
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Introduction

Mitochondrial DNA (mtDNA) encodes functionally important elements of the electron
transport chain, vital for providing the energy to fuel living processes in almost all
eukaryotic cells. Pathological mtDNA mutations can lead to deficiencies in this energy
supply and are responsible for several incurable inherited diseases (Poulton et al., 2010), and
the question of how cellular mtDNA content evolves within organisms and between
generations is of key importance in combatting these diseases.

Specific combinations of polymorphisms distinguish mtDNA into classes known as
mitochondrial haplotypes and haplogroups (Mueller et al., 2012). Due to strict maternal
inheritance, cells usually harbour only one mtDNA haplotype, with many identical mtDNA
molecules present in a single cell, in a situation termed homoplasmy. During evolution,
populations accumulate a high number of non-pathological mtDNA base substitutions that
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radiate along maternal lineages (Mueller et al., 2012). Cellular mtDNA populations may
consist of a combination of different haplotypes: such a cellular population is termed
heteroplasmic. Heteroplasmy can emerge naturally by inheritance or de novo mutations
(Payne et al., 2013) and artificially by assisted reproductive techniques like cloning
(reviewed in (St John et al., 2010)), ooplasm/ cytoplast transfer (Ferreira et al., 2010; Jenuth
et al., 1996; St John, 2002) and gene therapies (reviewed in (St John and Campbell, 2010;
Wallace and Chalkia, 2013)). The requirement of functional compatibility between two
diverse mtDNA haplotypes in heteroplasmic organisms, as well as between mtDNA and
nuclear DNA, are currently recognised not only concerning basic research (Sharpley et al.,
2012), but also as unexplored concerns of gene therapy implementations (Reinhardt et al.,
2013; St John and Campbell, 2010).

As mtDNA replicates and is degraded within cells quasi-independently of the cellular life
cycle, heteroplasmic populations of mtDNA constitute an evolutionary system within cells.
The dynamics governing the within- and between-generation evolution of heteroplasmic
cellular mtDNA populations are largely unknown (Reinhardt et al., 2013; Sharpley et al.,
2012; St John and Campbell, 2010), with current work mainly based on mouse-models with
limited genetic diversity, usually utilising the New Zealand Black (NZB) laboratory mouse
mtDNA haplotype mixed with mtDNAs of classical laboratory mouse strains (CIS) (Acton
et al., 2007; Battersby and Shoubridge, 2001, 2007; Jenuth et al., 1997; Jokinen et al., 2010;
Meirelles and Smith, 1997; Moreno-Loshuertos et al., 2006; Sharpley et al., 2012). In the
absence of genetic engineering of MtDNA, the main sources of mtDNA variety in mouse
models are randomly (pathologically) mutated mtDNAs (Farrar et al., 2013) or the very
limited haplotypic variance between laboratory animals. The NZB mouse represents almost
the only laboratory mouse that shows a haplotype with considerable genetic difference to the
CIS and was therefore exclusively used in intra-subspecies heteroplasmic mouse models.

These experiments have illustrated that one haplotype can, for unknown reasons, proliferate
faster and come to dominate over the other in a process termed mtDNA segregation bias: a
potentially important mechanism modulating the balance of mtDNA populations. Such a
segregation bias was shown to be specific for certain tissues, with the exception of post-
mitotic tissues (Jenuth et al., 1997; Sharpley et al., 2012).

Despite intensive investigation of, and breakthroughs arising from, the NZB model, one key
question remains unanswered: is the NZB model representative, or may other haplotypes
display different segregation behaviours? This question is particularly pertinent when
attempting to relate conclusions from studies on mouse lines to human systems, where
mtDNA genetic diversity is pronounced and ubiquitous (Blanco et al., 2011) but in vivo
experiments impossible. Moreover, the use of inbred laboratory animal strains was recently
questioned, on the grounds that they do not mirror the natural (human) genetic variation
(Hayden, 2013). Other currently unanswered questions regarding cellular mtDNA
population dynamics include whether segregation occurs in post-mitotic tissues, of
importance for the onset of inherited mitochondrial disease (St John and Campbell, 2010)
(currently, segregation in post-mitotic tissues is viewed as neutral, with the exception of
large scale deletions (Sato et al., 2007)), and the kinetics and influential factors that drive
segregation in different tissues.
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We address the questions of how genetic differences between mtDNA haplotypes influence
segregation, and whether segregation effects could also be present in post-mitotic tissues,
through a new experimental protocol. We create and use several new mouse models using
mtDNA from wild-derived mouse populations gathered across Europe, thus incorporating a
wide range of mtDNA variation, from very closely related haplotypes up to a cross-
subspecies combination. These models allow us to control genetic distance and observe
effects on segregation and mtDNA population dynamics. We analyse a large range of
heteroplasmy data, sampled across tissues and over a range of organismal ages from prenatal
to several years old, with a new and rigorous mathematical model for the evolution of
mtDNA populations.

The high number of time points and analysed tissues makes it possible to elucidate several
previously unknown segregation mechanisms. To the best of our knowledge we are the first
to find segregation in post mitotic tissues within the same subspecies (important for disease
models), and directly showing a prenatal segregation pattern. We characterize two new time-
kinetics of mtDNA segregation. Moreover we correlate mtDNA segregation rates to genetic
distance, mtDNA- and cell-turnover. We further propose and discuss applications of our
findings in the context of recently proposed therapies in human assisted reproduction.

Creation and phylogenetic analysis of wild-derived mouse models exhibiting a range of
MtDNA differences

The mtDNA of 22 wild-derived house mouse lines (Mus musculus domesticus), captured in
Western/ Central Europe were analysed. We used the total number of single nucleotide
polymorphisms (SNPs), and the number of SNPs causing amino acid (AA) changes, as
indicators of the genetic divergence between mtDNA haplotypes (Blanco et al., 2011; Green
et al., 2008). By 454-sequencing and phylogenetic analysis we identified 3 clusters, with 18
to 107 SNPs and 5 to 16 AA changes compared to the C57BL/6N (B6N) mtDNA (cluster
representatives: LE: 18 SNPs, 5 AA; BG: 86 SNPs, 16 AA; HB: 107 SNPs, 13 AA,; Figure
1, Table S1). One mouse showed an mtDNA of another subspecies (Mus musculus
musculus, eastern house mouse) although derived from western Austria (ST), “cluster 1V”;
ST: 416 SNPs, 35 AA changes.

To mirror (and exceed) the variability range found for pairwise comparisons in human
mtDNAs with up to 130 SNPs ((Blanco et al., 2011) with 29.3 and 78.3 SNPs average for
the European and African population respectively (Lippold et al., 2014)) and 20 AA changes
(Craven et al., 2011), we included one mouse of all four clusters in the subsequent study.
Through ooplasm transfer four heteroplasmic mouse lines were created, one from each of
the three M. m. domesticus clusters and the M. m. musculus (see Figure 2A and
Experimental Procedures). The relative amount of wild-derived mtDNA in the founder
females ranged from 5% to 7% (with an additional BG founder with 50% created by
blastomere fusion, see Experimental Procedures). To avoid potential artefactual effects from
the creation process, these founder females were not used in our analysis: instead, numerous
offspring from the F1-F4 generations were used, having naturally inherited their levels of
heteroplasmy.
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We thus obtain a set of heteroplasmic mouse models, each exhibiting a different amount of
genetic difference between their two mtDNA haplotypes (Figure 2B), allowing us to explore
for the first time the influence of genetic difference on segregation behaviour.

Tissue-dependent segregation in all four mouse lines

The mtDNA heteroplasmy was measured with ARMS-gPCR in 13 tissues from
heteroplasmic mice that were sacrificed at various ages (from prenatal up to 750 days, see
Figure 2C). Additionally at the age of 21 days, tail biopsies were analysed to provide further
information about heteroplasmy in the young mouse. In total, over 1600 tissue-samples of
154 mice were analysed (Tables S2-5). Table 1 gives exemplary percentage heteroplasmy
values for each of the four heteroplasmic mouse lines. From each haplotype a heteroplasmic
young mouse (1-3 days old) and an adult mouse (1-2 years old) are shown. While in the
young mice the various organs showed similar heteroplasmy, in the adult animals the
variation was much higher. Percentage heteroplasmy values of all mice analysed in this
study are shown in Tables S2-5.

As the magnitude of mtDNA segregation depends on initial heteroplasmy levels, mice with
different initial heteroplasmy values cannot be directly compared. For example, it is not
immediately clear whether an observed change from 50% to 60% corresponds to more, less,
or equally strong segregation compared to a change from 95% to 98%: slower absolute
changes are expected as the limits of 0% and 100% are approached. To allow the
comparison of mice with such different initial heteroplasmy values, we calculated the
“proliferation rate” per day of the respective mtDNAs in each model (see Experimental
Procedures and Supplemental Experimental Procedures for details, transformed
heteroplasmy values of all mice analysed in this study are shown in Tables S6-9). These
proliferation rates indicate how fast the proportion of a given mtDNA haplotype changes
quantitatively over time, and are independent of initial heteroplasmy. This allows us to
compare results across all our mice.

Positive proliferation rates indicate a proliferative advantage for the respective wild-derived
mtDNA, negative rates indicate a proliferative advantage for the B6N mtDNA: e.g. changes
in heteroplasmy from an inferred 15% at conception to 91% (liver) and 2.1% (heart) at 680
days of age (approximately the changes observed in mouse HB 450, Table 1) correspond to
wild-derived mtDNA proliferation rates of 0.0060 (liver) and —0.0031 (heart) per day
(Figure 3 shows the average proliferation rates of the respective tissues). Over the
exemplary 680 days these rates result in a total transformed heteroplasmy change of 4.1
(liver) and -2.1 (heart) as shown in Figure 6.

Figure 3 shows the segregation rates for all analyzed tissues of the respective haplotypes.
Tissues are color coded according to their average mitotic activity. All four tested wild-
derived mtDNAs showed significant segregation bias across most tissues compared to B6N
mtDNA (see also heatmap colours in raw-data, Tables S2-5). The BG haplotype showed
segregation bias exclusively in tissues with high mitotic activity (red). The ST haplotype (M.
m. musculus), relatively increased in all analysed tissues, with the exception of brain and
heart. The LE haplotype showed a highly significant increase in spleen and liver, and the
effects generally resembled the ST haplotype with lower segregation magnitudes.
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The HB haplotype followed a different pattern, with proliferative advantages detected in
blood, spleen, liver and lung. Importantly, a decrease of the HB mtDNA in heart and skeletal
muscle also occurred.

Correlation between genetic distance and segregation strength

The mtDNA sequences of the four mice used for ooplasm transfer (LE, BG, HB, and ST)
show 18, 86, 107 and 416 SNPs compared to the B6N mtDNA. We find a fit with significant
statistical support (r = 0.88, p = 0.029) to a linear model in which root mean square
proliferation rate across all tissues is directly proportional to genetic distance between
haplotype pairs measured as number of SNPs (0.00133, 18 SNPs; 0.00225, 86 SNPs;
0.00372, 107 SNPs; 0.00513, 416 SNPs for LE, BG, HB and ST respectively, Figure 4A).
We also found a highly significant correlation between the magnitudes of individual tissue-
specific proliferation rates and the magnitude of mtDNA genetic difference in the mouse
model in which each measurement was taken (r = 0.48, p < 0.001; Figure 4B). This result is
intuitively visible in Figure 3, where, for example, the proliferation rates observed in ST (the
most diverse haplotype pairing) are of much higher magnitudes than those in LE (the least
diverse pairing) across a broad range of tissues. These results strongly support our key
hypothesis: that segregation is more pronounced between mtDNA haplotypes with large
genetic differences (Figure 4B). We now discuss the more fine-grained mechanisms by
which segregation occurs.

Haplotype-specific correlation of segregation with mtDNA turnover

mtDNA replicates quasi-independently of the cell cycle in all tissues, at tissue-dependent
rates. As the rate of mtDNA turnover may be expected to strongly influence the dynamics of
haplotype segregation, we explored the connection between mtDNA turnover rates and
segregation rate. The literature on mtDNA turnover rates is relatively sparse and spans
several decades, with methods utilized and tissues examined differing among studies
(Poovathingal et al., 2009). To explore this phenomenology as broadly as possible we
amalgamated all relevant measurements into a single dataset and sought correlations using
this broad set of values, reasoning that if such a correlation existed despite the high variance,
it would likely reflect a true underlying trend. Two of the four tested haplotypes showed a
highly significant correlation between the segregation rates of eight target tissues detected in
this study and mtDNA turnover times reported across the literature (LE, ST; Figure 5).

Four different segregation regimes depending on developmental stage

In most tissues analysed in this study a single segregation rate was sufficient to explain the
data, i.e. heteroplasmy changed constantly over time at the same rate between birth and
senescence at about two years (Figures 6B, F; S1 A-C).

In contrast to this continuous segregation behaviour, in several tissue/ mtDNA combinations
the data is not adequately explained by this simple model: instead, there is significantly
greater support for a model in which segregation occurs at an increased rate during early
development, before slowing to a lower rate thereafter. The time of change is defined as
crossover time (Figure 6C, D, E, G, H, likelihood ratio test, p < 0.01).
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Two regimes are discernible, defined by the crossover time:

(i) Early segregation change: the wild-mouse derived mtDNA increased or decreased
relative to B6N mtDNA at a constant fast rate, which changed to a slower constant rate
during early adulthood. This regime was only observed in the HB haplotype. In HB liver the
HB mtDNA increased at a fast rate until postnatal day (P) 51 (x 26), slowing to a lower rate
after this crossover-time. In HB heart, the HB mtDNA decreased at a fast rate until P29
(x12), again slowing to a lower rate thereafter (Figure 6C, G; note that in Figure 6 times are
shown from conception rather than from birth).

(if) Late segregation change: the wild-mouse derived mtDNA increased or decreased relative
to B6N mtDNA at a constant rate until later in life (around 8 months), and changed to a
slower constant rate (or stops) thereafter. This regime could be seen in HB muscle and ST
intestine and liver with crossover-times at days P206 (£57), P268 (+40) and P231 (+42)
respectively (Figure 6D, E, H). Our mathematical model excludes the possibility that this
observation is simply due to saturation of heteroplasmy at 0% or 100%; moreover, in tissues
where this effect is seen, few samples approach 99% (e.g. ST liver), while in other tissues
one haplotype increases at a constant rate close to 99% (e.g. ST blood; Table S5).

Prenatal segregation

New-born and juvenile HB mice already showed very low levels of HB mtDNA in heart
compared to other tissues (Table S4). To find out whether the above described decrease of
HB mtDNA in heart starts prenatally, 15 fetuses were additionally sampled (see Table S4,
heart tissue compared to other tissues). The proliferation rate in HB heart over the prenatal
period was nonzero with high significance (p < 10™), showing that that tissue-specific
segregation bias occurred between conception and birth (Figure 7).

Discussion

To date, the NZB-CIS mtDNA based heteroplasmic mouse models have been viewed as an
exception to the paradigm that non-pathological mtDNAs segregate neutrally (exceptions
are cross-subspecies models (Ferreira et al., 2010; Takeda et al., 2000)). A more systematic
analysis of this phenomenon was hampered by the lack of mtDNA variation in laboratory
mice.

We overcame this problem by creating and analysing four new heteroplasmic mouse
models, using mtDNA from wild-derived mice. This approach produced a previously
unavailable range of genetic diversity, with differences in mtDNA between 18 and 416
SNPs compared to the B6N mtDNA. To the best of our knowledge this makes our study the
first to describe the segregation effects of several admixtures of physiological mtDNA
haplotypes, covering a broad genetic spectrum.

Across the models tested, we find significant statistical support (r = 0.88, p = 0.029) for a
model in which root mean square proliferation rate is directly proportional to genetic
distance between haplotypes. We provide the first evidence that segregation bias is higher in
genetically more distant haplotypes, also within the same subspecies. This key finding
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suggests that in genetically diverse populations, segregation is likely to be common and
pronounced. As all four tested haplotypes show segregation, we conclude that non-neutral
segregation seems to be the rule rather than the exception between distinct mtDNA
haplotypes under artificial heteroplasmic conditions.

The segregation mechanisms that are arguably the most relevant for clinical and basic
research are those located in post-mitotic tissues (e.g. brain, heart- and skeletal muscle), as
they are most often affected by mitochondrial diseases. However, the mechanisms of
mtDNA segregation in these tissues are still largely unknown. Animal models with a single
population of variant mtDNA exist only for highly pathogenic mutants, such as large scale
deletions (Sato et al., 2007). The NZB model is neutral in post-mitotic tissues (Jenuth et al.,
1997; Sharpley et al., 2012). In another heteroplasmic model utilising mtDNA of two
different subspecies (C57BL/6, M. m. domesticus; RR, M. m. molossinus) a general increase
of RR mtDNA was found in several tissues, but only relative to brain and heart (Takeda et
al., 2000). However, these authors did not publish a time course for heteroplasmy in brain
and heart (Takeda et al., 2000). In contrast to these previous studies, we find tissue-specific
segregation in HB heart and skeletal muscle (and ST muscle), finally proving that tissue
specific segregation in post-mitotic tissues may occur, even between two closely related,
non-pathological mtDNA haplotypes. This segregation reaches a maximum during
development, when there is still cell division in muscle, and slows down after adulthood in
heart or stops altogether in muscle. This could be based on the slow mtDNA turnover in
post-mitotic tissues (Collins et al., 2003), that in consequence also slows down segregation.

To find out more about a possible correlation between the rate of cell/ mtDNA-turnover and
mtDNA segregation, we correlated the segregation speeds in our models with published
mtDNA and turnover rates of the respective tissues. In fact, two haplotypes, ST and LE,
show strong correlation between mtDNA turnover and segregation strength. Another, BG,
only shows segregation in organs that include self-renewing tissues. While a similar
selective advantage in mitotic tissues is known for the human A3243G mtDNA mutation
(associated with Mitochondrial encephalopathy, lactic acidosis, and strokelike episodes
(Frederiksen et al., 2006)), a correlation between mtDNA turnover and haplotype
segregation constitutes a novel finding, pointing to an independent segregation mechanism.
This mechanism could explain part of the quantitatively varying tissue-specific segregation
found both in pathological and non-pathological mtDNA (Frederiksen et al., 2006; Sharpley
etal., 2012).

However, the developmental stages of an organism like growth-phase, adulthood and
senescence, and the accompanying metabolic changes could potentially influence cell- and
mtDNA turnover, and in consequence the segregation rate. Such long-time scale dynamics
of mtDNA in different cell populations of the body are also a key issue in understanding-
and genetic counselling- of heteroplasmic mtDNA diseases (Poulton et al., 2010; Rajasimha
et al., 2008). Currently little is known about the dynamics of mtDNA heteroplasmy over
time, and knowledge is mostly derived from the NZB mouse model (Battersby et al., 2003)
and various clinical studies (Rajasimha et al., 2008). In the NZB mouse model, the rate of
selection is currently held to be independent of initial heteroplasmy, and constant with time
(Battersby et al., 2003). The human A3243G mtDNA mutation is lost continually from the
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blood of patients (Rahman et al., 2001; Rajasimha et al., 2008). To find out whether mtDNA
dynamics changes during organismal development or stays constant at all times we applied
an appropriate population genetic model for mtDNA segregation on our data. This model
allows us to discern finer-level details regarding the evolution of mtDNA populations.
Besides neutral segregation, where both mtDNA types do not show any significant changes
in their distribution over time, constant segregation bias as published (Frederiksen et al.,
2006; Jenuth et al., 1997) was indeed the most abundant segregation regime: however, two
new segregation regimes were found, each showing separate segregation speeds that change
at certain cross-over times.

In the first, segregation bias starts high and slows down after two months of age, with the
crossover-time closely matching the change between juvenile organ-development and
adulthood. For example, cell numbers in the liver increase until postnatal day (P) 30,
reaching a plateau at P60 (Epstein, 1967; Sakata et al., 1996), and heart muscle cells reach
their final number at P4, but increase rapidly in volume until P14, again reaching a plateau
around day P60 (Leu et al., 2001). These developmental changes correspond with the cross-
over times between fast and slow mtDNA segregation with P51 ( 26) and P29 (x12) for
liver and heart, respectively.

The second novel segregation regime is similar to the previous one, but the change between
fast and slow segregation happens as late as around eight months of age, with no apparent
influence of the growing phase. A change so late in life could be based on various age-
related metabolic changes. For example, in liver mtDNA copy number per nuclear genome
decreases constantly over time starting between 2-5 months (Masuyama et al., 2005).

These segregation regimes are based on separated mechanisms that are not necessarily
tissue-specific: all four segregation regimes could be observed in liver, with each model
showing a different segregation regime. While constant segregation seems to be the main
segregation regime, the two new segregation kinetics of our models should be taken into
account when long-term dynamics of novel heteroplasmic populations (e.g.in patients) have
to be evaluated.

Interestingly, the above mentioned segregation regimes already start prenatally. In a recently
created mouse model utilising a pathogenic tRNA mutation (one of a total of 35 mtDNA
mutations), purifying selection during gestation was proposed as explanation for differences
in heteroplasmy between mother and offspring (Freyer et al., 2012). This could not be
shown directly, but was deduced from differing heteroplasmy levels between mutant levels
in the mothers and offspring. In contrast, we now found in one mouse model (HB heart) a
strong tissue-specific prenatal segregation bias. Moreover, we directly show this segregation
bias in fetal tissues. This not only finally proves that prenatal segregation can occur at a
measurable rate even in the short gestation of the mouse, but importantly does so in a tissue-
specific way.

In this study we compare four mtDNAs of wild-derived mice against a standardized
background of C57BL/6N mtDNA. While the mtDNA derived from wild-derived mice is
presumably shaped by natural selection, mtDNA in laboratory mouse strains is likely to
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accumulate slightly deleterious mutations due to relaxed selection (Yonezawa and
Hasegawa, 2014). Can the segregation bias towards wild-derived strains be due to the re-
introduction of fitter wild-type mitochondria, which then receive a proliferative advantage?
Several pieces of evidence suggest this is not the case. First, if this bias is due to the
replacement of less fit mtDNA of the laboratory strain by fitter wild-type mtDNAs, we
would see unidirectional bias in favour of wild haplotypes. However, in the energy-
demanding tissues of heart and skeletal muscle of the HB strain the laboratory mouse
mtDNA increases. Second, the proliferation advantage was not uniform in the models, with
varying effects and segregation speeds between models or tissues, arguing against a simple
basic mechanism. Third, also natural mouse populations were found to harbour comparable
slightly deleterious mutations as do laboratory mice, with a higher incidence in intra- than
inter- species comparisons, putatively due to longer operating natural selection in the latter
(Nachman et al., 1994). Therefore the effects observed in this study must be intrinsic to the
various wild-derived mtDNAs and the results suggest the differences are linked to
partitioning of genetic variation. Which mutations are responsible for these effects and their
underlying genesis has to be the analysed in further studies.

While the focus of this study is the segregation patterns of heteroplasmic mice, the results
may help to evaluate a currently intensively discussed risk in human assisted reproductive
medicine. To help female carriers of mitochondrial disease to conceive healthy children, the
nuclear genome of a parent ‘donor’ ococyte may be transferred to a ‘recipient’ oocyte with no
nucleus and healthy mtDNA (karyoplast transfer). Current implementations of this protocol
lead to an inevitable low-level heteroplasmy in the resulting embryo (St John and Campbell,
2010; Wallace and Chalkia, 2013). While this low-level heteroplasmy is insufficient to
cause disease, if the donor mtDNA experiences a proliferative advantage due to haplotypic
differences between ‘donor’ and ‘recipient’” mtDNA as in the mouse models, the disease
could later become manifest despite the treatment, as the initially low-level donor mtDNA
comes to dominate the cellular population. Our study does not exactly model the transfer
process itself as implemented in human systems. However, it does provide an adequate
representation both of the post-transfer dynamics of a mixed mtDNA population, and model
the mtDNA dynamics that may be expected in subsequent heteroplasmic generations. We
show in these cases that the aforementioned (potentially pathological) proliferative
advantage of donor mtDNA cannot be discounted in pairings from a diverse population.
That mtDNA segregation of presumably non-pathological mtDNA is generally possible in
humans was demonstrated by the detection of tissue-specific positive selection for recurrent
mutations in unrelated individuals (Samuels et al., 2013).

We therefore suggest that a careful choice, or exact matching, of mtDNA haplotypes
between donor and recipient (discounting the pathological mutation) is required to guarantee
the benefits of karyoplast transfer (see Supplemental discussion for details).

To conclude, we have shown using newly constructed wild derived mouse models that
mtDNA segregation bias between two haplotypes is common and strongly depends on the
genetic details of those haplotypes. MtDNA segregation occurs at all developmental stages
from prenatal up to old age. We considerably expand previous studies by showing that
segregation occurs not only in specific tissues, but in almost all tissues. Most importantly we
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find segregation in post mitotic tissues. The underlying mechanisms are however more
complicated than expected. Nevertheless, they can be grouped into four distinct segregation
kinetics, depending on the respective tissue and haplotype. They can be further correlated to
cell- and mtDNA turnover rates of the respective tissues.

These results represent the first systematic study on mtDNA segregation behaviour
controlling the genetic distance between the haplotypes in question.

Experimental Procedures

Ethics Statement

The study was discussed and approved by the institutional ethics committee and performed
in accordance with Austrian, Czech and European laws. FELASA recommendations for the
health monitoring of SPF mice were followed. Animal experiment licenses: BMWF
68.205/0215-C/GT/2007, BMWF-68.205/0230-11/10b/2009, and 27/2007.

Wild derived mouse lines

Wild-derived Mus musculus mice were obtained from the Research Facility Studenec,
Institute of Vertebrate Biology, Academy of Sciences of the Czech Republic, Brno, Czech
Republic.

DNA extraction from tissues

DNA was extracted using the NucleoSpin® Tissue Kit (Macherey-Nagel, Germany)
according to the protocol for animal tissue (no RNAse treatment). Details in Supplemental
Experimental Procedures.

454 sequencing of the mitochondrial genome

mtDNA sequencing was performed on a Roche 454 2" generation sequencing system; LE,
BG, HB, ST mtDNA was additionally Sanger resequenced (LGC Genomics, Germany).
Details in Supplemental Experimental Procedures.

Generation of heteroplasmic wild-derived mouse strains by ooplasm transfer

Approximately 1-5% cytoplasm (optically estimated) from Cytochalasin B treated wild
mouse oocytes was aspirated and injected into B6 zygotes, surviving zygotes were
transferred with additional CD1 zygotes into pseudopregnant CD1 surrogate mothers.
Details in Supplemental Experimental Procedures. Four founder females on the nuclear and
mtDNA background of B6N with mtDNA heteroplasmy of the respective wild-mouse
mtDNA were obtained.

mtDNA heteroplasmy levels were measured by ARMS-qPCR: LE, 5%; HB, 7%; ST, 5%;
BG, 5%
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Heteroplasmy quantification by Amplification Refractory Mutation System (ARMS)-gPCR

Heteroplasmy quantification was performed by ARMS-gPCR, an established method in the
field. The study was conducted according to MIQE (minimum information for publication of
quantitative real-time PCR experiments) guidelines (Bustin et al., 2009).

The proportion of wild-mouse derived and B6N mtDNA was determined by specific
ARMS-gPCR assays based on a SNP in mt-rnr2. These assays were normalised to changes
in the input mtDNA amount by a consensus assay, located in a conserved region of mt-Co2.
Details in Supplemental Experimental Procedures.

Mathematical analysis

Our model describes the time evolution of heteroplasmy (defined as proportion of wild-
derived mtDNA) in a given tissue in a given mouse with a sigmoidal function

l—«a

h(t)=1/ (1+ exp (—ﬂt)> +¢, where « is the (unknown) initial heteroplasmy of the
mouse, fis a tissue-specific proliferation rate, and & is Gaussian noise with variance o2. This
model is derived from considering the population fraction of two ‘species’ proliferating at
different rates and is shown to be consistent with population genetic analyses and previous
treatments of heteroplasmy change (see Supplemental Information). We use the data from
all tissues and all mice for a given haplotype to jointly infer values of « (initial
heteroplasmies for each mouse), g (proliferation rates for each tissue) and o (noise for a
haplotype) with a maximum likelihood approach, giving the most likely combination of
initial mouse heteroplasmies and tissue-specific proliferation rates. We derive confidence
intervals using bootstrapping with the percentile method. This model is used to infer
proliferation rates, to compare models with one and two segregation rates per tissue (using
the likelihood ratio test) and to analyze inter-generation segregation. For further details see
Supplemental Information. Details in Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Neighbour -joining phylogenetic analysis of 22 novel mitochondrial genomes of wild-
derived house mice

The mtDNA genomes of 22 wild-derived mice (M. m. domesticus) captured in four countries
cluster into three groups, with the different subspecies M. m. musculus as an additional
cluster (cluster 1V).

Black: wild-derived mice; yellow highlighted: wild-derived mice used to generate the four
heteroplasmic mouse models in this study; black and underlined: reference laboratory strains
with GenBank accession number bracketed; blue highlighted: C57BL/6N (B6N) “donor”
laboratory mouse. The country of origin of the mouse is designated by a two-letter code
(AT: Austria, FR: France, DE: Germany, CH: Switzerland). Support values for the internal
branches of the tree topology are shown as percentages. The number of SNPs and amino
acid changes calculated relative to the B6N reference mtDNA are shown below the four
lines (LE, BG, HB, ST). See also Table S1.
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A. Construction of mouse models with pairs B. Repeating this process for different C. Measurement of segregation
of mtDNA haplotypes wild-derived haplotypes allows us to behaviour with time
Lab mouse (C57BL/6N)  wild-derived mouse (e.g. LE) ~ control genetic distance MDNA segregation leads to changes in
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g\ (increasing time, up to
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Figure 2. Creation and measurement of wild-derived heter oplasmic mouse lines with diverse
mtDNA haplotypes

(A) Founder females were created by ooplasmic injection from a wild-derived mouse
(yellow) into a zygote of a standard laboratory mouse (C57BL/6N (B6N), blue). Only
offspring of the founder females were used in this study, to avoid artefacts associated with
the creation process. (B) This process was repeated for each of four wild-derived mtDNA
haplotypes (LE pictured) to achieve a range of genetic differences between haplotype pairs,
allowing us to address for the first time the effect of mtDNA diversity on segregation. (C)
To compute segregation rates, levels of the wild-derived mtDNA haplotype were measured
in many mice from each lineage at different ages. Our inferential machinery allows us to
compute the change in levels of the wild-derived haplotype since conception, and recording
this heteroplasmy change as a function of the age of the measured mouse allows us to infer
segregation rate in each tissue in each lineage.
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Figure 3. mtDNA segregation rates acrosstissues, in correlation to cell-turnover
The mean proliferation rate for each wild-derived mtDNA haplotype (see Figure 1 for their

definition, Tables S2-9 for raw data) is reported across tissues, with the standard deviation
of the associated bootstrapped distribution (vertical lines). Positive values indicate relative
increase of the respective wild-derived mtDNA over time, negative values relative increase
of C57BL/6N (B6N) mtDNA (y-axis). Tissues are coloured according to mitotic rate: (left,
red) highly mitotic; (centre, grey) mitotic; (right, blue) post-mitotic (details in Table S10).
Cases where the segregation rate significantly differs from zero are reported (bootstrapping
with the percentile method; * p < 0.05, ** p < 0.01, *** p < 0.001 after Bonferroni
correction). n.d., not determined. While in ST almost all tissues show increase of wild-
derived mtDNA, in BG this happens only in self-renewing tissues with high cell-turnover
(red). HB shows complex segregation pattern that includes a decrease of wild-derived
mtDNA in heart and muscle. LE is the haplotype most closely related to B6N, and
nevertheless shows significant segregation in several tissues, possibly resembling ST
haplotype at a slower segregation rate.

(i) to (v) denote tissues where the magnitude of the proliferation rate was significantly
higher in younger than older animals. Each of (i)-(v) is re-plotted as an inset, early
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segregation rate on the left, late on the right (likelihood ratio test, p < 0.01 after Bonferroni
correction). See also Figure 6. (n= 31; 34; 56; 33 for LE; BG; HB; ST respectively)
See also Figure S1 and Tables S2-9.
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Figure 4. Correlation between genetic distance and segregation

The proliferation rate of wild derived haplotypes correlates with the genetic distance
between haplotypes both as root-mean-square (r.m.s) over all tissues (A) and between

200
Genetic distance (SNPs)

300

400

tissues (B). (A) Increasing genetic distance leads to increase of the wild-derived mtDNA,
measured over all tissues. Genetic distance between haplotypes (in number of SNPs) is
shown against r.m.s. proliferation rates of wild-derived mtDNA across all tissues.
Regression line and shaded region (red) show a linear model fit with zero intercept (as
identical haplotypes experience no proliferative difference) and 95% confidence intervals. p-
value is reported against the null hypothesis of zero gradient (i.e. a horizontal regression

line). (B) Increasing genetic distance leads to increase of the wild-derived mtDNA,

measured as individual tissues. Genetic distance between haplotypes (in number of SNPSs) is
shown against wild-derived proliferation rate in each tissue. Regression line and shaded
region (red) show linear model fit and 95% confidence intervals; p-value is reported against

the null hypothesis of no correlation (i.e. a horizontal regression line).
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Figure 5. Correlation between mtDNA turnover and mtDNA segregation rate
Measurements on mtDNA half-life in different tissues amalgamated from across the

literature (y-axis; for raw data see Table S10) against wild-derived proliferation rate in each
tissue (x-axis), for each haplotype pair. Regression lines (red) show a linear model fit
relating proliferation and turnover measurements; shaded regions (red) give 95% confidence
intervals on this fit. p-values are reported against the null hypothesis of no relationship (i.e.

corresponding to a horizontal line).

Two mtDNA haplotypes (ST, LE) show significant correlation between mtDNA turnover
(half-life) and speed of segregation in the respective tissues. Only tissues for which mtDNA
turnover data was available in the literature were included in the analysis.

See also Table S 10.
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Figure 6. Segregation regimes vary based on haplotype and tissue
Black dots are experimental data of single mice; dark red lines show mean and 95%

confidence intervals of inferred segregation trajectories. In the models where there appears
to be a bi-phasic timecourse vertical light pink lines show mean and standard deviation of
inferred crossover time between two different segregation speeds. The y-axis shows
transformed heteroplasmy change, giving the segregation rate of wild-derived mtDNA.
Positive values indicate relative increase of the respective wild-derived mtDNA, negative
values relative increase of the C57BL/6N (B6N) mtDNA. In BG liver (A), no significant
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segregation is observed (zero heteroplasmy change lies within the confidence intervals). In
LE liver (B) and ST muscle (F) segregation occurs at constant rates, leading to single
gradients of heteroplasmy changes with time. In other tissues pictured, there is statistical
support (likelihood ratio test, p < 0.01 after Bonferroni) for a dynamic regime involving fast
segregation before a certain crossover time and slower segregation after this time. In HB
liver (C) and heart (G), this crossover time is inferred to be during the growth phase of the
mice (day 72 £26 and 50 +12 respectively); in ST liver (D) and intestine (E), and HB muscle
(H), the crossover time is much later in life (day 252 +42, 289 +40 and 227 +57
respectively), possibly due to physiological and metabolic changes at these times.

(n=31; 34; 56; 33 for LE; BG; HB; ST respectively)
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Figure 7. Tissue-specific mtDNA segregation starts prenatally in HB heart
New-born and juvenile HB mice already show very low levels of HB mtDNA in heart

compared to other tissues. Additional analysis of 15 fetuses (left of the grey vertical line
indicating birth at 21 days after conception) confirms that reduction of HB mtDNA (and
increase of C57BL/6N (B6N) mtDNA) starts already prenatally.

Black dots are experimental data of single mice; dark red lines show mean and 95%
confidence intervals of inferred segregation trajectories. Vertical light pink lines show mean
and standard deviation of inferred crossover time between two different segregation speeds.
The y-axis shows transformed heteroplasmy change, giving the proliferation rate of HB
mtDNA. Positive values indicate relative increase of HB mtDNA, negative values relative
increase of the BGN mtDNA.
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