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Abstract

Mitochondrial genomes co-evolve with the nuclear genome over evolutionary timescales and
are shaped by selection in the female germline. Here, we investigate how mismatching between
nuclear and mitochondrial ancestry impacts the somatic evolution of the mt-genome in different
tissues throughout aging. We used ultra-sensitive Duplex Sequencing to profile ~2.5 million
mt-genomes across five mitochondrial haplotypes and three tissues in young and aged mice,
cataloging ~1.2 million mitochondrial somatic mutations. We identify haplotype-specific
mutational patterns and several mutational hotspots, including at the Light Strand Origin of
Replication, which consistently exhibits the highest mutation frequency. We show that rodents
exhibit a distinct mitochondrial somatic mutational spectrum compared to primates with a surfeit
of reactive oxygen species-associated G>T/C>A mutations and that somatic mutations in
protein coding genes exhibit strong signatures of positive selection. Lastly, we identify an
extensive enrichment in somatic reversion mutations that “re-align” mito-nuclear ancestry within
an organism’s lifespan. Together, our findings demonstrate that mitochondrial genomes are a
dynamically evolving subcellular population shaped by somatic mutation and selection
throughout organismal lifetimes.
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Introduction

The mitochondrial genome (mt-genome) encodes for 13 proteins that are vital for the electron
transport chain. However, more than 1,000 nuclear encoded genes are necessary for
mitochondrial assembly and function’. The required coordination between nuclear- and
mitochondrial-encoded proteins drives the coevolution of these two genomes?*. This concerted
evolution has been observed in both laboratory crosses and natural hybrids across a variety of
species, including: fruit flies>¢, marine copepods’® , wasps®", yeast'>'3, eastern yellow robins,
swordtail fish'®, and teleost fish'®. Hybrids often exhibit reduced fitness attributed to attenuated
mtDNA copy number', mtDNA gene expression'”'®, and OXPHOS function®2°, In natural
hybrids, the genetic ancestry at nuclear-encoded mitochondrial genes is highly differentiated
between populations that have distinct mt-haplotypes™. In human admixed populations,
mito-nuclear ancestral discordance has been shown to correlate with reductions in mtDNA copy
number'®. Additionally, de novo germline mitochondrial mutations in admixed human populations
exhibit a bias towards concordance with nuclear ancestry?°. Together, these studies highlight the
functional importance of mito-nuclear ancestral concordance. However, the impact of these
genomic interactions on somatic mutation and selection has not been studied.

As healthy cells age, they accumulate nuclear and mtDNA damage as a result of environmental
exposures and cellular processes?'. mtDNA has a 10- to 100-fold higher de novo germline
mutation rate than nuclear DNA%?22 dye to its lack of protective histones, a higher replication
rate, and less effective DNA damage repair mechanisms?*. Individual cells can contain hundreds
to thousands of mt-genomes?>%, presenting a dynamic subcellular population that is highly
susceptible to mutation. While the relationship between mutations in the mt-genome and aging
remains unclear?’?®, increased mtDNA damage has been associated with many aging
phenotypes and several age-related diseases®’?°. Yet, profiling low frequency mutations in this
population of mt-genomes has historically been challenging with most technologies limited to
variants segregating at a frequency >1%%>*. More recently, several studies have employed
Duplex Sequencing® to capture mutations with an error rate of <1x107. These works have
examined several different species and confirmed a robust age-associated increase in mtDNA
somatic mutation frequency®'~*, identified that DNA replication error is the predominant source
of mitochondrial somatic mutation®-**, and observed tissue-specific somatic mutation rates®**.

Here, we investigate the impact of mitochondrial ancestry (mt-ancestry) and tissue-type on the
somatic evolution of the mt-genome through age. To explore how mitochondrial haplotype and
mito-nuclear genomic interactions shape the mt-genome mutational landscape, we utilize a
panel of mouse strains that have identical nuclear genomes but differ in their mitochondrial
haplotypes (conplastic strains). We sample the brain, heart, and liver of these conplastic strains
and the wildtype (C57BL/6J) in young and aged individuals. These tissues are physiologically
distinct yet some of the most metabolically active allowing us to study how evolutionary
processes unfold in different molecular contexts. We use Duplex Sequencing to profile
mt-genomes at an unprecedented level of depth and accuracy, allowing us to identify mutational
hotspots and characterize the mutational spectrum. We use these results to discern signatures
of selection acting to shape the mt-genome through age and confirm the existence of somatic
mutations that work to realign mito-nuclear ancestry at short, within-lifespan, evolutionary
timescales. Together, these findings characterize somatic evolution in the context of an
organelle implicated in aging and age-related phenotypes.
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Results

Ultra-sensitive duplex sequencing of 2.5 million mitochondrial genomes allows
profiling of mutations to a frequency of 4x10°

To investigate how mitochondrial haplotype and mito-nuclear concordance influence the
distribution of mt-genome somatic mutations, we employed a panel of conplastic mouse strains.
These strains are inter-population hybrids developed by crossing common laboratory strains
with the C57BL/6J (B6) mouse line*. Each conplastic mouse strain carries a unique
mitochondrial haplotype on a C57BL/6J nuclear genomic background (Fig. 1 A). This fixed
nuclear background enables us to attribute differences in somatic mutation to changes in
mitochondrial haplotype. Alongside a wildtype B6 mouse, we used four conplastic mouse strains
that exhibit changes in metabolic content and processes, or altered aging phenotypes (Table
S1). Three of these conplastic mouse strains differ from the C57BL/6J mitochondrial haplotype
by just 1-2 nonsynonymous variants, while a single strain (NZB) contains 91 variants distributed
across the mt-genome (Fig. 1B, Table S1). We sampled brain, liver, and heart tissues from
each of these mouse strains in young (2-4 months old (mo.)) and aged (15-22 mo.) individuals
to examine how aging and metabolic demands shape the mutational spectrum in distinct
physiological contexts. In total, three tissues were sampled from five mouse strains at two
different ages over 3-4 replicates per condition, resulting in n=115 samples.

In order to capture low frequency variants and accurately portray the somatic mutational
landscape, we used ultra-sensitive Duplex Sequencing to profile mt-genomes across different
experimental conditions®. This approach works by tagging double stranded mtDNA sequences
with molecular identifiers and computationally constructing a duplex consensus sequence (Fig.
1C) resulting in error rates of ~2 x 108, Using this approach, we profiled ~2.5 million duplex
mt-genomes, with a median of 74,764 duplex mt-genomes sequenced per condition (strain x
tissue x age) (Fig. 1D). This resource allows for the detection of somatic mutations at a
frequency of 4x10°.

Duplex reads from each sample were mapped to the mouse mitochondrial genome (mm10) and
variants were called using a Duplex Sequencing processing pipeline (see Methods). Mutations
overlapping conplastic haplotype sites were filtered out. In total we identified 1,171,918 somatic
variants, with a median of 40,449 somatic mutations per condition (Fig. 1E). These variants
were distributed across the entirety of the mt-genome (Fig. 1F).

Haplotype- and tissue-specific mitochondrial mutation rates and hotspots

Somatic mutations accumulate with age across both nuclear and mitochondrial genomes?'. We
observed this trend consistently across tissues and mt-haplotypes with the mutation frequency
on average ~2-fold higher in aged mice compared to young mice (Fig. 2A). This trend was most
pronounced in the liver (2.5-fold higher) and smallest in the heart (1.6-fold higher). Additionally,
the heart sustained the lowest mutation frequency on average (Fig. 2A), despite its high
metabolic demands. Comparing age-associated mutation rates across different strains we find
AKR, ALR, and NZB all exhibit strain-specific mutation rates (Table S$2), p-value < 0.01: log-link
regression). The FVB strain, which only differs from B6 at two sites (Fig. 1B) showed no
evidence of strain-specific mutation rates compared to wildtype. AKR and ALR strains had lower
mutation rates across all tissues while NZB exhibited strong increases in the brain and
decreases in the heart.
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We next examined the variation in mutation rates and frequencies across different regions of the
mitochondrial genome (Fig. 2B, C). The density of mutations was lowest in functional coding
regions (protein coding, rRNA, and tRNA segments) while the D-loop exhibited a significantly
higher mutation frequency in both young (6.4-fold, p-value = 3.4 x 10°; two-tailed t-test) and
aged (4.5-fold, p-value = 8.6 x 10®; two-tailed t-test) mice. However, we further found that the
light strand origin of replication (OriL) had an even higher average mutation frequency, 7- to
4-fold in excess of the D-loop in young and aged mice, respectively (Fig. 2B). This OriL hotspot
of mutation was most pronounced in aged wildtype B6 mice. The OriL was recently noted as a
mutational hotspot in macaque liver, but not in oocytes or muscle in that species®. In contrast,
we find the Oril to exhibit elevated mutation rates across all tissues examined in this study.

Our initial inspection of the overall distribution of mutations across the mt-genome highlighted
several distinct clusters appearing at finer-scale resolution than our simple functional
classification groups (Fig. 1F). To resolve these putative mutational hotspots we quantified the
average mutation frequency in 150 base-pair (bp) sliding windows over the mt-genome
independently across tissues and mt-haplotypes (Fig. 3A). In addition to the D-loop, this
analysis identified mutational hotspots in OriL, mt-ND2, and mt-tRNA*".

The OriL forms a stem loop structure that is conserved across species® however differs
markedly in its sequence. We identified mutations throughout the loop and 3* end of the stem
with the highest mutation frequencies corresponding to changes in the size of the stem loop
(Fig. 3B). Repeated mutations of the 3" end of the stem loop structure mirror those observed in
macaque liver in a recent study®, though the sequence of the stem differs between these two
species. Thus, the conserved structure of the OriL appears to drive convergent mutational
phenotypes between species.

The mt-ND2 mutation hotspot consists of a frameshift-inducing A insertion or deletion that
introduces a premature stop codon. This stop codon reduces the length of the final protein
product by more than 250 amino acids, likely severely impacting its function. This mutation
increases in frequency with age across all strains except NZB. The final mutation hotspot we
identified is localized to an 8 nucleotide stretch of mt-tRNA*? (Fig 3D). These nucleotides
correspond to the 5° D-arm stem-loop of the tRNA and constitute primarily A insertions 2-4
nucleotides long. Computational tRNA structure predictions show that these mutations increase
the size of the loop (Fig S.2, Fig S. 3). This mutational hotspot exhibits strong strain-specificity
with B6 exhibiting few somatic mutations in this A-repeat stretch. The D-arm plays a critical role
in creating the tertiary structure of tRNAs *:% potentially contributing to its constraint in the
wildtype. Together, these results highlight the emergence of distinct mutational hotspots in
mitochondrial genomes occurring in age- and strain- specific contexts, and implicating both DNA
and RNA secondary structures.

DNA replication error and deletion events are distinguishing features of aged
mitochondrial genomes

Somatic mutations are caused by various molecular processes that lead to DNA damage, each
of which exhibit a distinct mutational signature®. To identify sources of mitochondrial somatic
mutation, we categorized mutations into single nucleotide variants (SNVs), deletions (DEL) and
insertions (INS) (Fig. 4A). SNVs were further classified into the six possible substitution classes
(Fig. 4B). Overall, SNVs were the predominant somatic mutation type, with a 5-fold higher
average mutation frequency than deletions and insertions in both young and aged individuals
(Fig S. 4). The most abundant mutation type observed was G>A/C>T, which is indicative of
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replication error or cytosine deamination to uracil “**' (Fig. 4B). The reactive oxygen species
(ROS) damage signature of G>T/C>A* was the second most predominant mutation type. All
somatic mutation types were used to identify two dominant mutational signatures using a
multinomial bayesian inference model*® (Fig. 4C). These signatures explained the bulk of the
variation across samples (Fig S5).

The accumulation of somatic mutations with age is a well known phenomenon that has been
hypothesized to play key roles in the etiology of lifespan**. We observed that 4 out of the 8
mutation types significantly increased in frequency with age (adjusted p-value < 0.01; Fisher's
Exact Test with a Benjamini-Hochberg correction) (Fig. 4B, Table S3) across all tissues, with
T>A/A>T mutations additionally exhibiting age-associated accumulation in the liver but not in
brain or heart. These age-associated signatures compose Mutational Signature B (Fig. 4C),
which overall distinguishes aged from young samples (Fig. 4D). The consistency of these
signatures across both mutations and mt-haplotypes suggest that these mutations occur in a
'clock-like' fashion in mitochondria over lifespan.

In contrast, insertions, G>C/C>G, and G>T/C>A mutations did not exhibit consistent
age-associated patterns. These mutations are represented in Mutational Signature A (Fig. 4C).
Of particular note, the G>T/C>A mutation pattern is associated with ROS damage. An increase
in ROS damage has been hypothesized to play an important role in aging. Nonetheless, we do
not find evidence of an increase in ROS-associated damage with age. Previous works in the
human brain®'“* and various mouse tissues® have also observed a lack of ROS-associated
damage with age.

Evidence of distinct somatic mitochondrial mutational signatures across species

While the overwhelming majority of research into somatic mutation rates and profiles has
focused on humans, comparative analyses can provide insight into the evolutionary processes
that have shaped mutation. A recent cross-species comparison of nuclear somatic mutations in
intestinal crypt cells, for example, found that the relative contributions of different mutational
signatures varied among species*.

To determine if mitochondrial somatic mutation exhibited species-specific patterns we compared
several recent studies that Duplex Sequenced mt-genomes in multiple mouse, human, and
macaque tissues®'~*. In our dataset, we found the relative magnitude of mutation frequencies to
be consistent across tissues and mt- haplotypes with the G>A/C>T and G>T/C>A mutations
being the most abundant (Fig. 4B, Fig S. 6A, Table S4). This signature is consistent with other
duplex sequencing-based analyses of mitochondrial mutations in young and aged mouse brain,
muscle, and oocytes (Fig. 4E, Fig S. 6B )*?>. However, profiling of mitochondrial mutation
signatures in several young and aged human brains noted transitions, G>A/C>T and T>C/A>G,
to be the most abundant mutation signatures® (Fig. 4E). We find that this pattern is also
recapitulated in a recent dataset of mitochondrial somatic mutation in macaque muscle, heart,
liver and oocytes (Fig S. 6C, Table S4)*. Together, these results suggest that rodent and
primate mt-genomes are subject to distinct mutational processes, potentially as a cause or
effect of physiological differences between these lineages.
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Positive selection predominantly shapes the mutational landscape of the
mt-genome

While only thirteen proteins are encoded on the mt-genome, these products are vital
components of the electron transport chain. Given their importance, we investigated whether
selection was acting to shape the mutational landscape of the mt-genome. Previous studies
focused on de novo mutations in mice have not identified signals of selection®. However, it has
been suggested that this may be due to the low frequencies of these variants, which prevents
them from having a phenotypic effect on mitochondrial function. By contrast, studies focused on
higher frequency mutations in humans, greater than 0.5% frequency, have identified both
signals of positive*® and negative selection*’. In our analysis, we quantify selection using
mutations with a frequency less than 1x1073, allowing us to characterize evolutionary processes
acting on mutations that have not been previously well-documented.

To determine if selection was acting on the population of mt-genomes, we calculated the

';l—’sv statistic*®, which is akin to the % statistic, for every gene across our 29 experimental

conditions. For each condition, we also simulated the expected distribution of';L—’Sv ratios using

the observed mutation counts and mutational spectra. From this analysis we observed that, on
average, even simulations of random mutations were much more likely to exhibit signatures of
positive selection than neutral or negative selection, due to the overall nucleotide makeup of the
mt-genome and predominant mutation types (p-value < 2.2 x 10'%; one sample t-test) (Fig. 5A).
Nonetheless, overall our observed ’;L—’SY statistics were enriched for stronger signatures of positive

selection across conditions (p-value < 2.2 x 10'%; Wilcoxon Rank Sum Test). On a
gene-by-gene basis while the expected ’;l—’;' was consistently >1 (one sample t-test; adjusted

p-value < 0.01 with Bejamini-Hochberg correction) 6 out of 13 individual genes exhibited
signatures of positive selection in excess of expectation (Fig. 5B,C). These signals of positive
selection were predominantly seen for genes that compose Complex | and Il of the electron
transport chain (two sample t-test; adjusted p-value < 0.01 with Bejamini-Hochberg correction)
(Fig. 5C).

Across our 29 experimental conditions, we identified 67 cases of genes under selection
(adjusted p-value <0.01) with a higher proportion of genes exhibiting positive selection (N=55)
versus negative selection (N=12). On average, young and aged mice do not differ in the
proportion of genes under selection nor in the strength of selection (Fig. 5D). We also quantified
the consistency of selection signatures across experiments and conditions. Strikingly, Complex |
genes were found to be frequently under selection with mt-ND1, 2, 4, and 5, exhibiting
signatures of positive selection in 21-41% of experiments (Fig. 5E). Although we observed a
bias towards positive selection across experimental conditions, mt-Atp8 and mt-ND3
predominantly undergo negative selection. Together, these results demonstrate that selection is
pervasive in shaping the somatic mutational landscape of mt-genomes.

Somatic reversion mutations are highly enriched and increase in frequency with
age

Mismatching of mitochondrial and nuclear haplotypes, such as in hybrid populations, has been
associated with reductions in fitness®>'*'°. Given the constant collaboration between
mitochondrial and nuclear genomic products, the mt-genome must co-evolve with the nuclear
genome in order to maintain mitochondrial function. Yet, observing evolutionary processes that
act to increase mito-nuclear matching is challenging. The conplastic strains we employ are
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hybrids with mismatched nuclear and mt-genome ancestries. Since hybrids often demonstrate
reduced fitness as a result of mito-nuclear discordance, we reasoned that at sites where the
conplastic mt-genome differed from the B6 mt-genome (haplotype sites), there may be a
preference for "reversion" mutations to the B6 allele (Fig. 6A).

We hypothesized that if somatic selection were to favor the B6 allele, then reversions would
occur at a higher rate than background mutations. Three of the strains have several fixed
haplotype sites in their mitochondrial genomes, ALR, FVB, and NZB. We find that in ALR and
FVB strains, haplotype sites were among the most mutated sites in the mt-genome, with 6-fold
and 7-fold higher average mutation frequency than non-haplotype sites, respectively (Fig. 6B,
adjusted p-values <0.001). In NZB, which differs from B6 at 91 locations, these haplotypes sites
had 122-fold higher mutation frequency than background (adjusted p-values <1x103). The
overwhelming majority (75% - 100%) of these mutations are reversions to the B6 allele with the
specific reversion mutation occurring significantly more than expected by chance (Table S5).
These results demonstrate the extreme selective pressures impressed by nuclear-mitochondrial
matching to reintroduce the ancestral allele.

We next hypothesized that if somatic selection were to favor reversions, these B6 reversion
alleles should increase in frequency with age. We quantified the relative change in reversion
frequencies across strains and found that in ALR and FVB all unique fixed sites exhibited a
significant increase in the reversion allele frequency with age across all tissues (Fig 6C, Table
$6, BH adjusted p-value < 0.01). This suggests a strong benefit of these coding reversion
substitutions in ALR and FVB strains. In contrast, in NZB we observed an overwhelming
preference for reversion alleles to decrease in frequency with age, particularly in the brain (Fig
6C., Table S6). One potential explanation for this decrease in frequency compared to ALR and
FVB is that the many NZB fixed substitutions exhibit epistatic interactions which manifest
negatively if single reversions are not accompanied by mutations at other sites, though this is
challenging to test. We did identify two cases in NZB of reversions that increase in frequency
with age, a synonymous substitution in the mt-CO2 gene, and a noncoding mutation in the
D-loop. Together, our results demonstrate that sites which contribute to mito-nuclear
mismatching are prone to elevated levels of mutation with reversion alleles preferred across
multiple tissues in populations. This preference for nuclear mitochondrial matching potentially
drives somatic selection increasing the frequency of these alleles with age.

Discussion

The interdependence of nuclear- and mitochondrially-encoded genes has significantly shaped
patterns of diversity and constraint on these two genomes across organisms and populations.
Yet, the mt-genome also exhibits exceptionally high somatic mutation rates and is thus dynamic
within individuals’ lifespans. Here, we explored the relationship between nuclear-mitochondrial
ancestral matching and the accumulation of somatic mutations. Our results extended upon other
works that employ highly sensitive Duplex Sequencing to characterize the mutational landscape
of the mt-genome *'-* and generated, to our knowledge, the largest mt-genome somatic
mutational catalog to date. We profiled 2.5 million mt-genomes across 4 conplastic mouse
strains and the B6 wildtype, with a median of more than 74,000 mt-genomes per biological
condition. Our results corroborated other studies of somatic mutation in the mt-genomes of
mice, humans, and macaques, which demonstrate an age-associated increase in mutations as
well as tissue-specific mutation rates. Our study design also uniquely allowed us to additionally
assess the role of mt-haplotype on mutation rates. The conplastic strains employed each exhibit
distinct physiological differences which likely play a role in modulating mutations. We find cases
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in which mt-haplotype impacts mitochondrial mutation rate, which emphasizes that specific fixed
substitutions between mitochondrial haplotypes can play a vital role in shaping mutational
profiles.

Our high duplex coverage allowed us to characterize mutational hotspots throughout the
mt-genome at fine-scale resolution. As expected, the D-Loop had a high mutation frequency
compared to other regions in the genome. However, we identified three additional hotspots
exhibiting either age- or haplotype-associated mutation frequencies. The first of these hotspots
occurs in the OriL, the light strand origin of replication, which forms a DNA stem-loop structure.
While the sequence of this region is highly divergent among species, the structure is conserved.
Recently, Arbeithuber et al. * identified the OriL as a hotspot of mutation in macaque liver. We
similarly find mutations at this locus to be most prominent in aged wild-type liver, however our
increased sequencing depth allows us to show that this is a consistent hotspot across tissues
and strains regardless of age. We identify mutations in both the stem and the loop of this
structure, with mutations occurring in the same 5’ end of the stem as those identified in
macaque, albeit impacting completely different sequences. These results highlight that the
conserved structure of this stem loop is sensitizing to conserved mutational patterns across
species. Similarly, peaks of mutation frequency within the D-Loop have been narrowed to
regions associated with mtDNA replication?°#64¢. The mutational hotspots surrounding mtDNA
origins of replication have been hypothesized to serve as a compensatory mechanism against
mutation by slowing mtDNA replication®. We identified an additional hotspot occurring in a
highly structured nucleic acid, mt-tRNA*". Intriguingly, these mutations are only found in
conplastic strains, suggesting that they are poorly tolerated in the wildtype. These mutations are
expected to increase the size of the loop in the 5° D-arm stem-loop of this tRNA. Polymorphisms
that increase the size of the D-arm in mt-tRNA*"® have been linked with an increase in mtDNA
copy number triggered by heightened reactive oxygen species production*®. Specifically, the
size of the loop, not the underlying sequence, was found to be important for mitochondrial
function®. Together, these findings suggest that mutational hotspots in the mt-genome may
potentially act as compensatory mechanisms to alter mtDNA replication and copy number.

While Duplex Sequencing approaches have allowed us to identify DNA replication error as the
primary driver of somatic mutations in mitochondria®'-3®, the full extent of mutational processes
impacting mt-genomes remains unknown. Recent studies have determined that different
species exhibit varying contributions of mutational signatures in the nuclear genomes of aging
intestinal crypt cells**. Comparing the mutational spectra across several studies that duplex-
sequence the mt-genomes of humans, mice, and macaques in various tissues, we similarly find
that rodents exhibit distinct mutational profiles compared to primates. Although DNA replication
error is the predominant mutation type across species, rodents exhibit a surfeit of G>T
mutations in contrast to primates. While studies in humans previously concluded that transitions
are the most common mutation in mitochondria, we find that the abundance of the T>C marker
of DNA replication error is a species-specific effect. We are not able to determine whether this
finding is the result of physiological differences between these organisms, or variability in the
repair pathways of these species. Of note, we find these trends hold both for somatic mutations
as well as de-novo oocyte mutations in the mt-genome, suggesting that the underlying
mechanisms driving these distinct profiles have potentially shaped patterns of mt-diversity
across different species. These findings recapitulate that distinct life history traits impact the
evolution of the mt-genome across species. Compared to primates, rodents have a shorter
lifespan and a substantially smaller body size. The difference in G>T mutations, which are
associated with reactive oxygen species damage, and T>C mutations, a marker of DNA
replication error, suggest that repair mechanisms or ROS defenses may differ between these
species. Further analyses across a broad range of species, such as those recently performed in
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the nuclear genome*, are needed to inform how mitochondrial mutational processes are
specifically associated with disparate life histories.

Mitochondrial genomes exist as a population inside cells, where selection can act to shape this
population across various biological scales. In oocytes, strong genetic drift induced by the
mitochondrial genetic bottleneck? and purifying selection?*° have been shown to shape the
transmission of mt-genome mutations across generations. In somatic tissues, the population of
mt-genomes may be shaped at the cellular level, as a result of inter-cellular competition; at the
inter-mitochondrial level, with mitochondrial turnover; or at the intra-mitochondrial level between
mt-genomes harboring different variants. We determine that the mutational spectrum of
mt-genomes predisposes to signatures of positive selection, as quantified by the proportion of
nonsynonymous to synonymous mutations observed. Nonetheless, the observed rate of
non-synonymous mutations was even higher than would be expected by chance, indicating that
positive selection is pervasive at the somatic scale. This was consistent across strains however
the wildtype exhibited the highest proportion of genes under negative selection, as might be
expected for matched nuclear-mitochondrial haplotypes. Genes that compose Complex | and
Complex Il of the electron transport chain (ETC) were significantly enriched for positive
selection. These complexes are hypothesized to be the primary source of reactive oxygen
species production in the ETC, where a severe abundance of reactive oxygen species has been
linked to several age-related diseases®'?2. In contrast to the germline, the mt-genome is
predominantly shaped by positive selection in somatic tissues; yet, the effects that these
mutations have at the mitochondrial and cellular level along with the advantages these
mutations confer remains to be explored.

Our study also allowed us to examine a very specific form of somatic selection: the emergence
and persistence of reversion mutations that re-match the mitochondrial haplotype to its nuclear
constituent. Previously, Wei et al. identified the preferred maternal transmission of variants that
worked to re-align mitochondrial and nuclear ancestry in humans?. This result showcased that
selection for reversions can occur in as short as one generation, emphasizing the strong
influence mito-nuclear interactions have in shaping mt-genome diversity. We find selection for
reversion mutations at even shorter timescales: within an organism’s lifespan. These mutations
are extremely abundant, much more than expected by chance, and in several cases increase in
frequency with age. Importantly, the change in reversion allele frequencies with age was
dependent on the genetic divergence between the mitochondrial and nuclear ancestries. That
is, mice with the greatest genetic divergence from the B6-mitochondrial haplotype observed the
opposite trend, a decrease in reversion frequency with age. Despite mito-nuclear ancestral
mismatching, NZB mice did not showcase phenotypic differences compared to B6%. Thus,
understanding to what extent mito-nuclear matching influences somatic evolution remains to be
explored. Altogether, these observations highlight a hitherto unexplored impact of mito-nuclear
incompatibility, namely its potential role on the somatic evolution of tissues.

While we sequence to great depth across various tissues, we are unable to characterize the
impact that cell-type plays on the evolution of the mt-genome. This analysis is of particular
interest in tissues such as the heart and the brain which consist of both mitotic and post-mitotic
cellular populations. Given that DNA replication error is a predominant age-associated
mutational signature, sequencing at the single cell level will be pivotal in understanding the role
that cell proliferation has on mitochondrial somatic mutation. Additionally, our study only
examined the wildtype B6 mouse and conplastic strains with nuclear B6 backgrounds.
Reciprocal conplastic strains, in which both mitochondrial haplotypes are placed in the context
of both nuclear genomes, will allow us to parse apart the different roles that the nuclear and
mitochondrial genomes have in driving distinct mutational processes. Lastly, our study
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emphasizes the importance of comparative somatic mutation profiling in order to discern how
processes that shape mutation in the mt-genome differ with life history traits. Altogether, our
findings explore somatic evolution in the context of an important cellular organelle and begin to
discern the various scales at which evolutionary processes act to shape the population of
mt-genomes.

Methods

Ethics Statement

Animal use and all methods were approved by the Animal Care and Use Committee
(V242-7224. 122-5, Kiel, Germany). Experiments were performed in accordance with the
relevant guidelines and regulations by certified personnel.

Data collection

The wildtype C57BL/6J (B6) and inbred mouse strains were obtained from Jackson Laboratory
and maintained at the University of Libeck. Conplastic strains B6-mtAKR, B6-mtALR,
B6-mtFVB, and B6-mtNZB were generated and bred as described in*® at the University of
Lubeck. Briefly, the conplastic strains were developed by crossing female mice from AKR, ALR,
FVB, and NZB mouse strains with male B6 mice. Female offspring were then backcrossed with
male B6 mice. After the tenth generation of backcrossing mice were deemed conplastic mice
with a B6 nuclear background and their respective maternal mitochondrial haplotypes. The
brain, heart, and liver were sampled from young (2-4 months old (mo.)) and aged (15-22 mo.)
mice in each strain (n = 115). B6 young liver samples and one B6 young heart sample were
omitted from the data due to possible contamination (Fig S1). Samples were validated by
checking for their defining haplotype sites (Table S1).

Sequencing

Duplex sequencing libraries were prepared by TwinStrand Biosciences (Seattle, WA) as
previously described®***'. Sequencing was performed at the University of California, Berkeley
using lllumina NovaSeq generated 150 bp paired-end reads.

Data processing

Sequencing reads were processed into Duplex Sequencing reads and mapped to the reference
mouse mitochondrial genome (mm10) using a modified version of the Duplex Sequencing
processing pipeline developed by Dr. Scott Kennedy’s group at the University of Washington,
Seattle. The pipeline was edited to take as input bam files formed from the NovaSeq reads
using bwa mem and is available on our github. Software versions used along with all processing
steps including duplex consensus sequencing generation, mapping, and variant calling can be
found in the github repository referenced below.

Mutational Signature Extraction

Observed counts for each mutation type (excluding mutations at a frequency > 1x107?) were
used as input for sigfit (v 2.2), which is an R package used to identify mutational signatures.
Sigfit uses Bayesian probabilistic modeling to uncover mutational signatures, as explained by
Gori and Baez-Ortega*®. Specifically, we use multinomial models to extract our signatures,
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which is akin to the traditional non-negative matrix factorization approaches. The optimal
number of signatures was determined by extracting a range of 1-7 signatures and comparing
the cosine similarity (Fig S5) for this range (iterations = 1000, seed = 1756). The model was
then refitted with two signatures, as determined by the goodness of fit test, with 10,000
iterations (seed = 1756).

Testing for selection

The number of nonsynonymous variants per nonsynonymous sites (hN) and synonymous
variants per synonymous sites (hS) were calculated as described in %24¢. The };1—1;' statistic was

then quantified for each gene across the 29 experimental conditions. To test if the observed Z—g’

statistics were significant signals of selection, we used a multinomial distribution to simulate
mutations for all experimental conditions using the observed mutation counts and proportions
for each mutation type. The mutations were sampled across the mt-genome and the simulated

Z—IZ statistics were calculated for each gene. 10,000 simulations were conducted for each

experimental condition, where Z—’;’ statistics that could not be calculated (hS = 0 or hN = 0) were

excluded from the analysis. Mutations with a frequency > 1x1073, representing heteroplasmies,
were excluded from the mutation count and proportions for each mutation type. Empirical

p-values were used to determine if an observed };1—1;' statistic significant. The empirical p-value

was calculated as the number of simulated };1—1;' statistics with a more extreme value than the
observed ’;1—1;’ statistic divided by the total number of simulated statistics. These empirical

p-values were multiplied by a factor of 2 in order to account for both tails of the distribution. 2—’;’
statistics with a Benjamini-Hochberg adjusted p-values < 0.01 were denoted as significant,
where Z—’;’ > 1 signified that a gene was under positive selection and i—’; < 1 suggested a gene
was under negative selection.

Estimation of and correction for NUMT contamination

We originally mapped duplex paired end reads to a mm10 masking the known NUMT region.
We reasoned that given the 10-100-fold higher somatic mutation rate of the mitochondrial
genome along with its several-hundred fold increased copy number with respect to the nuclear
genome, that nuclear contaminating reads contribute minimally to our mutation frequencies.
However, this low-level of contamination can potentially cause an issue when examining
reversion mutations which are expected to be enriched for B6 allele in the NUMT.

To estimate and correct for this NUMT contamination, duplex paired end reads were remapped
to mm10 using bwa mem. For this remapping, the NUMT region in chr1 (nt24611535 to
nt24616184) was unmasked. The duplex read depth at junction regions, which captured
sequences 10 bp upstream and 10 bp downstream of the NUMT region in chr1 and the
corresponding region in the mt-genome (nt6394 to nt11042), was calculated using samtools
depth {input.in1} -b {input.in2} > {output}. These junction regions contain sequences unique to
chr1 and chrM, allowing us to estimate the % of reads mapping to ch1 as the number of reads
mapping to chr1 divided by the average duplex depth of the mt-genome calculated with the chr1
NUMT masked (Fig S7A).
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To validate this estimated contamination, we remapped the duplex paired end reads to the NZB
reference genome (generated using an in-house script). The NZB mt-genome and B6 NUMT
region differ by 24 SNVs. To map the duplex reads to the NUMT region we used samtools depth
{input.in1} -bq 30 {input.in2} > {output}, setting a strict mapping quality score given that reads
may differ from the regions by as few as 2 positions. Six regions across the NUMT were
identified as having multiple SNVs within a read (<130 bp apart), which we refer to as SNV
clusters. We used these clusters to identify reads that mapped to chr1. The estimated % of
NUMT contamination at each SNV cluster was calculated as the number of reads mapping to
chr1 divided by the average duplex depth of the mt-genome calculated with the chr1 NUMT
masked. The estimated % of contamination at the junction regions was compared to the
distribution of estimated % of contamination for the SNV clusters in NZB Fig S7B). The
maximum estimated % of contamination between the junction regions was consistently equal to
the median estimated % of contamination for the SNV clusters in NZB, verifying the consistency
of the estimated % of NUMT contamination.

We take as a conservative measure the maximum estimated % of contamination from the
junction regions (~0.5% contamination). The estimated chr1 read depth was then calculated as
the original average mt-genome duplex depth multiplied by the estimated % of contamination.
We calculated the corrected duplex mt-genome read depth in this region as the original duplex
mt-genome read depth subtracted by the estimated chr1 read depth count. Likewise, the
reversion allele depth is calculated as the original reversion allele count subtracted by the
estimated chr1 read depth, assuming all reads from chr1 contain the B6 allele.

Statistical analysis: Testing for significance

Statistical analyses were performed using R (4.1.2). Poisson confidence intervals for average
mutation frequencies were calculated using the gchisq function from the stats package in R (v
4.1.2). Log-link regressions were performed to determine an age-associated change in mutation
frequency and mt-haplotype specific mutation rates (g/m, stats package). Associations between
(1) mutation type and age and (2) reversion allele and haplotype site were determined via
Fisher’s exact tests (fisher.text, stats package). To compare (1) the average mutation
frequencies between the D-Loop and other regions in the mt-genome and (2) the average

mutation frequencies of simulated and observed statrstlcs on a gene-by- gene basis we used

two tailed t-tests (t.test, stats package). To determlne that our simulated Iog10( ) >0
altogether and in a gene-by-gene analysrs we used a one-sample t-test (t.test, stats package).
To compare (1) the average Iog10( ) between our simulated and observed data and (2)

background to haplotype site mutatron frequencies for the NZB conplastic strain, we conducted
Wilcoxon-Rank Sum tests (wilcoxon.test, stats package). Lastly, we calculate empirical p-values

to determine the significance of observed statrstlcs high haplotype site mutation frequencies
for AKR, ALR, and FVB; and for changes in mutatlon frequency wrth age for all haplotype sites.
The empirical p-values are calculated as the number of srmulated —_— statrstlc (for 1) or number

of background sites (for 2 and 3) with a more extreme value than our observed —— statlstlc (for

1), haplotype site mutation frequency (for 2), or change in mutation frequency for the haplotype
site (for 3), divided by the total number of simulations (for 1) or total number of background sites
(for 2 and 3). Multiple hypothesis test corrections were performed using the Benjimi-Hochberg
correction (p.adjust, stats package), adjusted p-values refer to p-values that have undergone
multiple hypothesis correction.
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Data availability
All raw data has been uploaded to sequence read archive (accession pending). Processed
duplex reads are deposited in zenodo.

Code availability
All code have been deposited in github (https://github.com/sudmantlab/conplastic_mt_profiling)
with the repository archived in zenodo at (accession pending).
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Overview of experimental design. (A) Maternal donors were selected from common inbred strains
(CISs) containing nonsynonymous variants with functional effects. Females from these CISs (pink,
green, and orange) were backcrossed with a C57BL/6J mouse (blue). This process was repeated with
a wild-inbred strain (yellow). The result of these crossings are conplastic mouse strains (denoted by the
striped mice). These conplastic strains have identical B6 nuclear (linear) genetic backgrounds but differ
by variants along their mt-genomes (circular). (B) B6-mtAKR (pink), B6-mtALR (green), and B6-mtFVB
(orange) differ from wildtype by 1-3 missense variants. B6-mtNZB (yellow) contains 91 variants
distributed across the mt-genome (14 missense and 56 synonymous mutations). The synonymous
mutation in mf-ND3 is shared across conplastic strains. For a more detailed account of these variants
and their associated phenotypes reference (Table $1). (C) Ultra-sensitive Duplex Sequencing
(DupSeq) was used to profile mt-genomes from conplastic mice. DupSeq has an unprecedented error
rate of <107. Each double-stranded mtDNA fragment is distinctly tagged with a unique molecular
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barcode, allowing for the computational construction of a duplex consensus sequence. As a result, both
PCR and sequencing errors are filtered from the data. (D) The count of duplex mt-genomes sequenced
was calculated for each experimental condition (n = 29 conditions; n = 4 mice for every condition with 3
mice for B6-Young-Heart). The duplex read depth at each position was aggregated across samples in a
condition to quantify the duplex depth per condition. The average duplex read depth across the
mt-genome was then calculated. An estimated 2.5 million mt-genomes were duplex sequenced with a
median of 74,764 mt-genomes duplex sequenced per condition. (E) Approximately 1.2 million somatic
variants were identified with a median of 40,449 variants per condition. The count of somatic variants
was aggregated across samples in a condition. Mutations present at conplastic haplotype sites were
filtered from the analysis. (F) The mutation frequency for each position is mapped along a linear
representation of the mt-genome. Each point denotes the mutation frequency for an experimental
condition at the given position in the mt-genome. Legends for the mt-genome map are consistent with
those in (Fig. 1B). Positions with a mutation frequency greater than 1x10- were excluded from this
analysis.
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Region-specific changes in somatic mutation frequency with age. (A) The average mutation
frequency for each experimental condition. The mutation frequency for each position along the
mt-genome was calculated by dividing the total count of alternative alleles by the duplex read depth at
the position. Error bars denote the 95% Poisson confidence intervals. P-values indicate experimental
conditions with a significant age-associated increase in somatic mutation frequency (log-linear
regression and adjusted p-values using a Bonferroni multiple hypothesis correction). (B) The
mt-genome was categorized into regions: OriL (red), D-Loop (dark blue), tRNAs (purple), protein coding
(light blue), and rRNAs (magenta). For each region, the probability of mutation was calculated as the
total count of mutations normalized by the region length in bp multiplied by the average duplex read
depth across the region. Fill indicates age group: young (hollow circles) and aged (filled circles). (C)
The difference in percent bp mutated between young and aged mice. The shape denotes the average
difference in percent bp mutated with age across conditions. Error bars showcase the standard error of
the mean. Positions that exceeded a mutation frequency of 1x10° were excluded from these analyses.
For Fig. 2B and 2C, frequencies were normalized for sequencing depth across conditions at each
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Haplotype-specific peaks of mutation along the mt-genome. (A) The average mutation frequency
was calculated in 150-bp sliding windows for each strain and tissue independently. Each line
represents a tissue: brain (blue), heart (red), and liver (orange). Regions with shared mutation
frequency peaks in at least three mouse strains are labeled. (B) The high frequency region in OriL is
highlighted. For positions 5171-5181 the mutation frequency for the T-repeat region is calculated as the
sum of mutations across this region divided by the sum of the duplex depth across positions. Each



https://doi.org/10.1101/2023.03.06.531392
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.06.531392; this version posted March 8, 2023. The copyright holder for this preprint
(which 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
available under aCC-BY 4.0 International license.

color denotes a different strain: B6 (blue), AKR (pink), ALR (green), FVB (orange), NZB (yellow). The
average frequency in young (left, hollow points) and aged (right, filled points) mice are compared. The
schematic compares the Oril structure in mice to that of macaques®. Positions with a mutation
frequency > 1x102are in magenta, while positions that undergo mutations are denoted in light blue. In
the macaque OrilL diagram, variant hotspots are denoted in light blue. Stars represent strains that have
mutations present at a given position. (C) The high frequency region in mt-ND2 is highlighted. Color,
shape, and calculation of the average mutation frequency are similar to those in Fig. 3B. A schematic
demonstrating the sequence and codon change that result from the indels at position 4050: a
premature stop codon in the mutated sequences. The superscript denotes the position of the premature
stop codon in the amino acid sequence. (D) The mutation frequency for mt-tRNA*" from bp positions
9820-9827, which is an A-repeat region. The mutation frequency for the A-repeat region is calculated
as the sum of mutations across this region divided by the sum of the duplex depth across positions.
The diagram of mt-tRNA*" highlights in magenta the location of a fixed variant in NZB and a high
heteroplasmic variant in the other mouse strains. Positions that have mutations in this region are in light
blue. Positions that exceeded a mutation frequency of 1x10 were excluded from these analyses.
Frequencies were normalized for sequencing depth across conditions at each position.
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Characterizing the mt-genome mutational landscape. (A) The average mutation frequency is
compared between mt-haplotypes for different classes of mutations: single nucleotide variants (SNVs),
deletions, and insertions. The average mutation frequency was calculated as the total mutation count in
a class divided by the total duplex bp depth. Results for the brain are featured, which showcase trends
observed in the heart and liver, as well (reference Fig S4). (B) SNVs were further classified into point
mutation types. The average mutation frequency for each mutation type was compared across mouse
strains. The average frequency for point mutations was calculated as the total count of mutations of the
given type divided by the duplex bp depth for the reference nucleotide. The average mutation
frequency for deletions and insertions was calculated as the total mutation count in these classes
divided by the total duplex bp depth. Mutation types are ordered by descending mutation frequencies.
The range in frequency across experimental conditions for each mutation type is illustrated by the line
segments and compared across age groups. Each point in the segment denotes the median frequency
across conditions. (C) Mutational signatures were extracted from mutation type counts for each
experimental condition using sigfit. Two mutational signatures were identified. The probability that a
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mutation type contributed to a signature is showcased with error bars denoting the 95% confidence
interval of each probability. (D) The presence of the mutational signatures was estimated for each
condition (Signature A dark blue, Signature B light blue). The contribution of each mutational signature
is compared across age. (E) The frequency of the three most abundant mutation types were compared
across mice, macaques, and humans for the brain and liver. Mutation frequencies were normalized by
the frequency of the G>A/C>T mutation in their respective study. All studies used Duplex Sequencing
to profile mutations in the mt-genome. For the mutation frequencies in our study, we calculate the
average mutation frequency across all strains. For all analyses, mutation counts and duplex bp depth
were aggregated across samples in an experimental condition. Positions with mutation frequencies
greater than 1x10° were omitted from these analyses.
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is compared to the distribution of S|mulated statlstlcs (gray) Split violins show the distribution of

hN
hS

observed —_— statlst|cs with filled points highlighting significant signals of selection. Color represents
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line denotes the neutraI:—’;' statistics in log10 scale. Genes are grouped by the electron transport chain

statistics while red diamonds highlight the average 2 statistic in each distribution. Points denote
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between the observed and simulated data. Asterisks denote genes in which there is a significant
difference between the averages (two-sample t-test with a Benjimini-Hochberg correction; adjusted
p-value < 0.01). Genes are grouped by the electron transport chain complexes that their protein
products correspond to. (D) The average proportion of genes undergoing positive or negative selection
across experimental conditions is compared between age groups. Additionally, the average strength of
negative and positive selection across experimental conditions is compared between young and aged
mice. Shading denotes age group: young (light gray) or aged (dark gray). Error bars denote the
standard error of the mean. (E) The frequency for which a gene is under selection across experimental
conditions. Genes are ordered by descending frequency. Color indicates the protein complexes that the

gene products correspond to in the electron transport chain. The gray, dashed line denotes the neutral
% statistics in log10 scale. Proportions below the line indicate the frequency of genes under negative

selection while proportions above the line indicate the frequency of genes under positive selection.
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Somatic reversion mutations segregate in the mt-genome population. (A) A schematic that
explains somatic reversion mutations. The wildtype strain (B6) has matching nuclear and mt-genome
ancestries (B6 ancestry denoted in blue). Conplastic strains are hybrids with mismatching nuclear and
mt-genome ancestry. Haplotype sites are positions in the mt-genome where the conplastic mt-genome
differs from the B6 mt-genome. Somatic reversion mutations refer to the reintroduction of B6 ancestral
alleles at haplotype sites. (B) The mutation frequency at non-haplotype sites (gray distributions) is
compared to the mutation frequency at haplotype sites (green distributions or points when less than
three haplotype sites exist). All mutations were included in the distribution of non-haplotype site
mutation frequencies, including positions with a mutation frequency greater than 1x10-3. Haplotype site
mutation frequencies were corrected for potential NUMT contamination (refer to Fig S7). Mutation
frequencies were normalized for sequencing depth between young and aged experimental conditions.
Denoted are the adjusted empirical p-value. Asterisks denote the number of haplotype sites with the
same p-value. (C) A map of the somatic reversion mutations along a linear mt-genome. Each point
denotes the change in frequency with age (delta) for a somatic reversion mutation. The size of the point
indicates the magnitude of delta and color represents the conplastic strain the somatic reversion occurs
in. Fill denotes significance (adjusted empirical p-value < 0.01).
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Fig S1: Validation of conplastic strains. The mutation frequency, calculated as the number of alternative
alleles divided by the number of duplex mt-genomes at the position, was checked for each haplotype site.
(A) The mutation frequency for the T>C mutation at position 9460 in the gene mt-ND3. All conplastic strains
differ from B6 (blue) at this position. B6 young liver samples that had this haplotype present were excluded
from the study due to potential contamination. (B) The mutation frequency for ALR (green) haplotype sites
positions 4738 (mt-ND2) and 9347 (mt-COXIlI). The B6 young heart sample with presence of this haplotype
was excluded from the study due to potential contamination. (C) The mutation frequency for the FVB
(orange) haplotype site at position 7777 (mt-Atp8). (D) Comparison of the heteroplasmic allele frequency in
the OriL. As expected, AKR has the highest heteroplasmic allele frequency compared to other strains

including B6.
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Fig S2: Proportion of alleles in the tRNA* 8 base mutation peak region. The proportion of each allele
present in the A repeat region of the DHU arm of mt-tRNA*? was calculated as the total number of each
mutation type divided by the total number of mutations that occur in this region. This proportion was
calculated for each experimental condition. Mutations that occur at a frequency > 1x10° were excluded
from the analysis, including the previously known heteroplasmic frequency in mt-tRNA* across conplastic
strains®. The mutation key (REF>ALT) denotes the mutation that occurs in mt-tRNA*9, Ns in the ALT allele
represent bases where a duplex consensus could not be reached.
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Fig S3: Computationally predicted changes in tRNA*" structures. Structures were created using
ARWEN (v1.2) %. Structures were created for the 3 most abundant mutation types across conditions
(Fig S2): 1-3 Ainsertion in the DHU A-repeat region. As were inserted at position 9819 since we lack
the resolution to locate the exact position an A-insertion occurs.
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Fig S4: Change in SNVs, deletions, and insertions with age across all tissues. The average
mutation frequency is compared between mt-haplotypes for different classes of mutations: single
nucleotide variants (SNVs), deletions, and insertions. The average mutation frequency was calculated
as the total mutation count in a class divided by the total duplex bp depth.
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Fig S5: Estimation of the optimal number of mutational signatures. Observed counts for each
mutation type were used for signature extraction using sigfit. A range of signatures (1-7) was given for
possible signature extraction. Sigfit highlights the best number of signatures (as shown in red;
signatures = 2), based on a cosine similarity metric that compares the original catalog of mutational
signatures and the sigfit inferred signatures, as previously described in 3.
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Fig S6: Mutation frequencies for macaque and mouse tissues in aged mice. The average
frequency for point mutations was calculated as the total count of mutations of the given type divided by
the duplex bp depth for the reference nucleotide. These average mutation frequencies were then
normalized to the G>A/C>T mutation type, which is consistently the most abundant. Mutations with a
frequency > 1x10°3 were excluded from this analysis. (A) The normalized average mutation frequency
for the three most abundant mutations in this study across all experimental conditions. (B) The
normalized average mutation frequency across three mouse tissues in Arbeithuber et al. 2020%. (C)
The normalized average mutation frequency across macaque tissues in Arbeithuber el al. 2022 .
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Fig S7: Estimation of NUMT contamination. (A) To estimate for NUMT contamination paired end
duplex sequencing reads were remapped to mm10 with an unmasked chr1 NUMT. The number of reads
that map to 10 bp upstream and 10 bp downstream of the NUMT region, referred to as the junction
regions, was calculated. The figures denote the number of duplex reads that map to the junction regions
divided by the average duplex depth of the corresponding region in the mt-genome with the chr1 NUMT
masked (blue). Shown is also the number of reads that map to the corresponding junction regions in the
mt-genome divided by the average duplex depth of the corresponding region in the mt-genome with the
chr1 NUMT masked (black). (B) Duplex sequencing reads for the NZB strain were remapped using a
NZB reference mt-genome. Six clusters of haplotype sites (regions where more than one haplotype site
exists in a read) were identified. The distribution of the proportion of reads mapping the chr1 and those
mapping to the mt-genome are depicted in boxplots. The proportion of reads mapping to chr1 and the
mt-genome at the junction sites (shown in A) are represented in red.
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