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Abstract

Mutations create genetic variation for other evolutionary forces to operate on, and cause numerous
genetic diseases. Nevertheless how de novo mutations arise remains poorly understood. Progress in
the area is hindered by the fact that error rates of conventional sequencing technologies (1 in 100 or
1,000 base pairs) are several orders of magnitude higher than de novo mutation rates (1 in
10,000,000 or 100,000,000 base pairs per generation). Moreover, previous analyses of germline de
novo mutations examined pedigrees (and not germ cells), and thus were likely affected by selection.
Here we applied highly accurate duplex sequencing to detect low-frequency, de novo mutations in
mitochondrial DNA (mtDNA) directly from oocytes, and from somatic tissues (brain and muscle), of
36 mice from two independent pedigrees. We found 2- to 3-fold higher mtDNA mutation frequencies
in 10-month-old than 1-month-old mice, demonstrating mutation accumulation during the period of
only 9 months. Mutation frequencies and patterns differed between germline and somatic tissues,
and among mtDNA regions, suggestive of distinct mutagenesis mechanisms. Additionally, we
discovered a more pronounced genetic drift of mitochondrial genetic variants in the germline of
older vs. younger mice, arguing for mtDNA turnover during oocyte meiotic arrest. Our study
deciphered for the first time the intricacies of germline de novo mutagenesis using duplex
sequencing, which provided unprecedented resolution, and directly in oocytes, thus minimizing
selection effects present in pedigree studies. Moreover, our work provides important information
about the origins and accumulation of mutations with aging/maturation, and has implications for
delayed reproduction in modern human societies. Furthermore, the duplex sequencing method we
optimized for single cells opens avenues for investigating low-frequency mutations in other studies.



Introduction

Mutations generate genetic variation making evolution possible. Substantial progress has been made
in our understanding of mutation rates and patterns due to the application of Next Generation
Sequencing (NGS) to interspecies genomic alignments [reviewed in 1], familial trios [2—9], mutation
accumulation lines [reviewed in 10], and mutator animal models [11,12]. Yet the error rates of
available NGS technologies (e.g. 10°3-10? for Illumina [13] and even higher for others) are several
orders of magnitude higher than the mutation rates themselves (e.g., 3.5-5.4x10° and 7.69x10°®
mutations per base pair per generation in mouse germline and brain, respectively, for nuclear DNA
[14,15]). As a result, conventional NGS cannot directly provide accurate answers to several critical
guestions related to mutations—for instance, how de novo mutations arise, and whether their
frequency increases with age.

Multiple lines of evidence suggest that, in humans, nuclear germline mutations increase in frequency
with both paternal and maternal age [2-5,7,9]; a conclusion that is highly relevant to modern
societies in which delayed reproduction has become common. A paternal age effect for nuclear
germline mutations was recently also observed in mice [15]. However, existing studies infer germline
mutation frequency increases indirectly from the analysis of familial trios and thus the phenomenon
has never been directly shown to occur in germ cells. Without evidence gleaned directly from
oocytes, the increased frequency of de novo genetic variants in the offspring could be due to
decreased selective constraints, rather than to enhanced mutagenesis, in the germline of older
mothers. We currently lack such direct evidence from oocytes not only for nuclear DNA, but also for
the mitochondrial genome.

Mitochondria, the powerhouses of the cell, have their own genomes. Multi-copy mitochondrial DNA
genomes (MtDNA)—e.g., present in thousands of copies in brain and skeletal muscle and in
approximately 200,000 copies in mature oocytes [16—20]—are transmitted in mammals through the
maternal lineage. Studying how mutations in mtDNA accumulate with age is critical because of their
association with numerous human genetic diseases [reviewed in 21] as well as with aging
phenotypes [22], including Parkinson’s and Alzheimer’s diseases [23,24]. The substitution rate of
mtDNA is approximately an order of magnitude higher than that of the nuclear DNA [25-27],
providing a higher resolution for detecting changes in mutation frequency compared to nuclear
mutations. In human somatic tissues, mtDNA mutation frequency increases with age [26—-29][30],
however, whether the same occurs in mice remains contradictory [11,31-33,reviewed in 34,35].

Recent analyses of human pedigrees suggested age-related accumulation of mtDNA mutations in the
human female germline, leading to more de novo mutations in children born to older mothers
[26,36]. Thus, de novo mtDNA mutations likely accumulate in oocytes under meiotic arrest. A direct
examination of mtDNA variants in oocytes has been challenging. Most studies to date focused on a
handful of mtDNA sites [37-42]. The few that did examine the whole mtDNA sequence [35,43—-45]
used sequencing methods with high error rates, and thus potentially unreliable detection of de novo
mutations. In practice, we still do not know definitively whether the frequency of de novo mtDNA
mutations increases with age in mammalian oocytes.
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To investigate age-related accumulation of mtDNA mutations in mammalian somatic and germ cells,
we optimized and applied a highly accurate duplex sequencing method [28,46,47] to mtDNA in brain,
skeletal muscle, and oocytes of mothers and pups belonging to two mouse pedigrees. This approach
allows one to accurately estimate mutation frequencies as low as <107 [28,46,47]. Using it we were
able, for the first time, to directly measure the frequency of de novo germline mutations across the
whole mitochondrial genome and to demonstrate their accumulation in mothers compared to pups.
Additionally, we examined changes in allele frequencies of inherited mtDNA mutations between
tissues and generations, and the dependence of these changes on age, thus illuminating population
genetic processes that govern mtDNA evolution in mammalian somatic and germline tissues.

Results

Duplex sequencing of two mouse pedigrees and mutation detection

To study the accumulation of mtDNA mutations in somatic and germline tissues, we generated
high-quality full-length mtDNA sequences from brain, skeletal muscle (henceforth referred to as
muscle) and oocytes of CD-1 mice from two independent two-generation pedigrees (Fig 1). A total of
8 mothers and 28 of their pups (19 females and 9 males) were included in the study. At the time of
sample collection, the age of the mothers was approximately 10 months and the age of the pups —
approximately 20 days (exact ages are reported in S1 Table). mtDNA from brain and muscle was
studied for every animal. Additionally, for 25 females, we studied oocyte mtDNA; this included
mtDNA from 1-8 single oocytes per animal for 21 females (a total of 92 single oocytes), and mtDNA
from (usually) 4-47 pooled oocytes per animal for 24 females (a total of 24 oocyte pools).

Fig 1. Two mouse pedigrees included in the study. At the time of sample collection, the age of the mothers was ~10
months, whereas the age of the pups was ~20 days. Red numbers are individual IDs. Black numbers in bold indicate the
number of single oocytes sequenced per individual, grey numbers in parentheses indicate the number of oocytes included
in a pool per individual (only one oocyte pool was included per individual). un: unknown number of oocytes included in a
pool. (A) Pedigree with four mothers (sisters: G136, G137, G139, and G140) and 11 pups. This pedigree is further referred
to as G126, based on the ID of the grandmother (who was not included in the study). For simplicity, mouse G136 is also
referred to as mother despite her not having pups. Pups of G137 were born in two litters (51 Table) separated by a large gap
on the figure. (B) Pedigree with four mothers (sisters: G131-G134) and 17 pups. This pedigree is further referred to as G129.
Pups of G132 were born in two litters (S1 Table).

To sequence mtDNA, we used the highly accurate duplex sequencing technique [46,48]. By barcoding
double-stranded sequencing templates for each strand before amplification during library
preparation, duplex sequencing separates true DNA variants from sequencing errors [46,48]. This is
achieved by first forming consensus sequences for reads originating from each of the two template
strands separately, i.e. single-strand consensus sequences (SSCSs), which still contain some PCR errors
and artifacts resulting from DNA lesions; followed by forming a consensus of the two single-strand
consensuses, i.e. duplex consensus sequence (DCS), where these errors and artifacts can be
eliminated (S1A Fig). The overall sample preparation and sequencing workflow are summarized in
Figure S2. Prior to library preparation, the samples were enriched for mtDNA to minimize the
contribution from regions of nuclear DNA that are homologous to mtDNA (Numts) [49,50] (S3A Fig).
Samples were sequenced on the Illumina HiSeq 2500 platform using 250 nt paired-end reads to a
median DCS depth of 2,050x, 1,986x, 133x, and 932x for brain, muscle, single oocytes, and oocyte
pools, respectively (S3B Fig; S2 Table), with a rather uniform DCS sequencing depth per site (S3C Fig).
Sequencing reads were analyzed with the Du Novo pipeline [51,52] to form consensus sequences
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(S1B Fig), which were mapped to the mouse mtDNA reference genome and used to call variants (see
Methods for details).

While we observed 28 inherited variants (i.e. variants segregating in a pedigree) in this data set (see
section on ‘Inherited heteroplasmies’), our main interest was in the analysis of putative
tissue-specific de novo mutations. We initially defined them as variants (nucleotide substitutions)
present in one tissue of an animal, but absent from the other tissues. Considering the average
frequency of these mutations, we expect some de novo mutations to occur at the same site in two or
three samples just by chance (S1 Note), therefore we included such mutations in our analysis (we
excluded early somatic mutations [n=54, S3 Table, S4 Fig] — mutations found in both somatic tissues,
but absent from oocytes of the same individual). Mutations occurring more than three times at a site
(n=148) represent either mutation hotspots or variants segregating at very low frequencies in a
pedigree, however we cannot differentiate between these two possibilities and thus, conservatively,
we excluded these mutations from our analysis. In total we found 325, 390, 218, and 38 putative
tissue-specific de novo mutations in brain, muscle, single oocytes, and oocyte pools of mothers,
respectively, and 465, 424, 78, and 77 mutations in the same tissues of pups. Considering only
mutations occurring in a single sample, or considering all observed mutations, did not change our
conclusions qualitatively (51 Note). The majority of putative tissue-specific de novo mutations (1,885
out of a total of 2,015) were found in a single mtDNA molecule (Fig 2A-B) suggesting that they have
low frequencies.

Fig 2. Mutations along the mtDNA molecule in pups and mothers. Distributions of (A) somatic and (B) germline mutations
along the mitochondrial genome. Dot size represents the number of molecules (i.e. the number of DCSs) in which a
mutation was observed. The majority of mutations were found only in a single molecule, therefore the shown minor allele
frequency (MAF) might be inaccurate in some samples. Among the mutations observed in at least 2 DCSs (for which MAF
can be estimated more accurately), only 11 had MAF>1% — they all occurred in the germline (2 mutations in single oocytes
of pups, 8 mutations in single oocytes of mothers, and 1 mutation in oocyte pool of a mother; S3 Table). The dashed blue
line marks the beginning of the D-loop region.

De novo mutations

Increase in the frequency of somatic and germline mutations in older vs. younger mice

Our analysis of mice belonging to the two different age groups — ~10-month-old mothers vs.
~20-day-old pups — demonstrated that the frequency of de novo mtDNA mutations increase with age
in both somatic tissues and germ cells (Fig 3). For each of the two somatic tissues analyzed, the
mutation frequency was significantly higher in the mothers than in the pups. Indeed, we observed a
2.6-fold increase in mutation frequency in brain (median frequency among mothers: 1.2x10°® nucl.
subst./bp, median frequency among pups: 4.7x107; one-sided permutation test p=6.6x107%;
one-sided tests were used when comparing mothers and pups for quantities that are reasonably
expected to be larger in mothers; p-values throughout the manuscript were corrected for multiple
testing, see Methods), and a 2.6-fold increase in mutation frequency in muscle (mothers: 1.2x10°
nucl. subst./bp; pups: 4.5x107 nucl. subst./bp; one-sided permutation test p=6.6x10%), in mothers
compared to pups. For oocytes — either single oocytes or oocyte pools — the mutation frequency was
also higher in mothers than in pups (though only significant for single oocytes). When analyzing
oocyte pools, we observed a 1.5-fold increase in median frequency in mothers compared to pups
(mothers: 3.5x107 nucl. subst./bp; pups: 2.4x107 nucl. subst./bp, one-sided permutation test
p=0.078), whereas for single oocytes the increase was 2.7-fold (mothers: 1.0x10° nucl. subst./bp;
pups: 3.9x107 nucl. subst./bp; one-sided permutation test p=0.010; we combined the data from



single oocytes per mouse, in order to minimize the contribution of oocytes sequenced at low depth
to the estimated mutation frequency; mutation frequencies in single oocytes are shown in S5A Fig).

Fig 3. Nucleotide substitutions accumulate with age. Higher median mutation frequencies were observed in brain, muscle,
single oocytes, and oocyte pools of mothers compared to those of pups. Permutation test p-values (one-sided test based on
medians, corrected for multiple testing) are shown, with the respective sample sizes (n). In the calculation of mutation
frequencies for single oocytes, the numbers of mutations and sequenced nucleotides were combined across all oocytes
analyzed for a mouse. Considering only samples sequenced at a DCS depth =100x does not change the results qualitatively
(S5B Fig).

Whereas in the preceding paragraph we considered mutation frequencies in each tissue of each
individual separately, in the analysis below we aggregated mutations in each tissue across mothers
and, separately, across pups, to gain statistical power. We also aggregated data for single oocytes and
oocyte pools, since they represent the same tissue (separate data for single oocytes and oocyte
pools are shown in S4-S5 Tables). After such aggregations, our data still confirmed significant
increases in somatic and germline mtDNA mutation frequencies in the mothers compared to the
pups: we found significant increases of 2.8-fold, 2.7-fold, and 2.3-fold in mothers compared to pups
for brain, muscle, and oocytes, respectively (Fisher’s exact test p=4.0x10", p=1.4x10", and
p=2.7x10"¢, respectively; S5C Fig, S4 Table).

De novo mutation frequency and its increase with age vary along the mtDNA molecule
Across all tissues, and for either mothers or pups, aggregated mutation frequencies were notably
higher in the D-loop than in protein-coding, tRNA or rRNA sequences. These differences were
significant only in brain and muscle of mothers and in oocytes of pups (Fig 4A, S5 Table, S6-S7 Figs).
In pups, de novo mutations in the germline exhibited a particular preference for the D-loop vs. all
other compartments taken together (significant 3.1-fold higher frequency in oocytes; histogram in
the upper part of Fig 2B, Fig 4A; see S4 Table for mutation frequencies and Fisher’s exact test
p-values). This was also the case, but less markedly, in somatic tissues of pups (significant 1.6-fold
higher frequency in brain, p=0.012, but non-significant 1.3-fold higher frequency in muscle, p=0.216,
Fisher’s exact tests; Figs 2A and 4A; S4 Table).

Fig 4. Mutation patterns in pups and mothers. (A) Tissue-specific mutation frequencies (computed as total number of
tissue-specific mutations divided by the product of mtDNA region length and mean DCS depth) for pups and mothers in
different mtDNA regions: D-loop (877 bp), protein-coding (11,331 bp), tRNA (1,499 bp), and rRNA (2,536 bp) sequences.
Mutation frequencies for non-coding sequences outside of the D-loop (57 bp) are shown in S6 Table. (B) Tissue-specific
frequencies of different mutation types for pups and mothers. C>T/G>A mutations separated by CpG- and non-CpG sites are
shown in S8 Fig. Mutation frequency bars are shown with 95% Poisson confidence intervals. Differences between mothers
and pups in each category were tested using the Fisher’s exact test; stars indicate p-values (* <0.05, ** <0.01, *** <0.001).
‘Oocytes’ comprise single oocytes and oocyte pools in both (A) and (B).

With aging, somatic mutations accumulated primarily in the D-loop, whereas germline mutations
accumulated more uniformly along the mtDNA molecule (histograms in the lower parts of Figs 2A-B).
Indeed, for somatic tissues, whereas all mtDNA functional compartments exhibited significant
increases in mutation frequency in mothers vs. pups (Fig 4A), these increases were larger for the
D-loop (significant 5.6-fold and 5.5-fold increases in mothers vs. pups in brain and muscle,
respectively; see S4 Table for mutation frequencies and Fisher’s exact test p-values) than for mtDNA
outside of the D-loop (significant 2.6-fold and 2.5-fold increases in brain and muscle, respectively; S4
Table). Germline mutations did not show such a pronounced preference for the D-loop with age as
that observed in somatic tissues (Fig 4A). In fact, germline mutations located in the D-loop did not
have a significant increase in their frequency in mothers vs. pups (1.3-fold increase, Fisher’s exact



test p=0.549), in contrast to germline mutations located in protein-coding, rRNA and tRNA sequences
which displayed significant increases (2.6-fold, 2.4-fold, and 2.1-fold increases, respectively; Fig 4A,
S4 Table).

In a complementary analysis of observed vs. expected numbers of de novo mutations based on the
length of mtDNA functional compartments, we also found the D-loop to harbor a higher number of
mutations than expected by chance, for all three tissues analyzed and for both mothers and pups (S6
Table). Consistent with our results in Fig 2A-B, the differences between observed and expected ratios
in the D-loop were particularly striking for somatic tissues in mothers (p=2.2x10"® in brain and
p=2.9x10" in muscle; one-sided binomial test) and oocytes in pups (p=1.0x10"), showing an
enrichment of mutations in the D-loop. De novo mutations were always significantly
underrepresented in coding regions (protein-coding, tRNA and rRNA considered together) for all
three tissues analyzed and for both mothers and pups, again particularly for somatic tissues in
mothers (p=7.5x10" in brain and p=2.7x10° in muscle) and oocytes in pups (p=9.1x10°). Even
though protein-coding regions constitute the majority of coding regions (11,331 bp out of a total of
15,366 bp), we found them to be strongly depleted of de novo mutations in mothers’ brain and
muscle (p=6.6x10° and 4.2x10™, respectively) and in pups’ oocytes (p=0.045). This pattern most
likely reflects high mutation rates in the D-loop for these tissues, and not negative selection against
de novo mutations in protein-coding regions. Indeed, we observed that protein-coding regions
exhibited nonsynonymous-to-synonymous rate ratios (hN/hS, [53]) of 1.30, 2.17, and 1.32 in brain,
muscle, and oocytes of mothers, respectively, and 1.59, 1.19, and 1.69 in the same tissues of pups,
all within the range of neutral expectations (S2 Note). Additionally, with the exception of brain tissue
in pups, conservation (measured by phastCons scores) was not significantly lower for mutated sites
relative to sites that were homoplasmic (S3 Note). Thus, there is little evidence to support the role of
negative selection in shaping the observed distribution of mutations in mouse mtDNA in the tissues
and age groups analyzed. Within the D-loop, we did not see a significant depletion of mutations in
regulatory regions (ETAS1, ETAS2, CSB1, CSB2, and CSB3) [27] compared to non-regulatory ones (S4
Note), again providing no evidence of selection.

Age accumulation of different mutation types in germline and somatic tissues

Our results suggest that during aging/maturation transitions accumulate more than transversions,
particularly in somatic tissues (S7 Table). When we compared mutation frequencies between
mothers and pups, we observed significant 3.6-fold, 3.7-fold, and 3.2-fold increases in the frequency
of transitions in brain, muscle, and oocytes (Fisher’s exact test p=4.9x10", 3.4x10, and 6.1x10?%,
respectively), but only 1.5-fold, 1.2-fold, and 1.2-fold increases in the frequency of transversions
(p=0.019, 0.255, and 0.328, respectively). The transition-to-transversion ratio was 4.3, 4.5, and 3.3 in
mothers’ brain, muscle, and oocytes, respectively, as compared to only 1.8, 1.4, and 1.2 in the same
tissues of pups.

While all types of transitions displayed significant increases in mutation frequencies in mothers
compared to pups (Fig 4B; see S7 Table for mutation frequencies and Fisher’s exact test p-values), for
A>G/T>C transitions the age-related frequency increase was strongest in the germline, whereas for
C>T/G>A transitions — in somatic tissues. The frequency of A>G/T>C transitions increased with age as
much as 6.4-fold in the germline but only 2.4-fold in brain and 2.2-fold in muscle (Fig 4B). In contrast,
the frequency of C>T/G>A transitions increased only 2.5-fold in oocytes, but as much as 4.0-fold in
brain and 4.5-fold in muscle. The frequency of C>T/G>A transitions was higher at CpG sites than at
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non-CpG sites across all tissues for mothers (1.9-, 1.9-, and 2.4-fold difference for brain, muscle, and
oocytes, respectively) and for pups (1.8-, 1.2-, and 1.4-fold difference for brain, muscle and oocytes,
respectively). The elevation in transition frequencies at CpG sites was significant for all maternal
tissues, but only for brain for pups (see S7 Table for mutation frequencies and Fisher’s exact test
p-values). Thus, spontaneous deamination of methylated cytosines [54] might be contributing to
mouse mtDNA mutagenesis, particularly for older animals. However, no significant differences were
observed between mothers and pups for any trinucleotide context individually (S9 Fig).

While the patterns of age-related accumulation inside and outside the D-loop were similar for most
substitution types and tissues (Table S8, Fig. $10), C>T/G>A and A>G/T>C transitions in oocytes
displayed a difference. Their frequency increased in mothers as compared to pups significantly, 2.7-
and 7.1-fold, outside the D-loop, but not significantly, only 1.3- and 3.3-fold, in the D-loop. The latter
observation might be explained by the small number of these mutations in the D-loop in our data
set, and should be confirmed in other studies using larger sample sizes.

Similar patterns of strand bias in younger vs. older animals

We detected strand bias, i.e. an asymmetric distribution of complementary mutation types between
the light strand (L-strand; containing more cytosines than guanines) and the heavy strand (H-strand),
for several mtDNA mutation types and in somatic and germline tissues of our mice — similar to what
was shown previously for mtDNA in human brain [28]. The patterns of strand bias were largely
similar between younger and older animals. The mouse reference mtDNA genome represents the
L-strand, and therefore all mutation types below are shown with respect to that strand (with duplex
sequencing, mutations were measured on both DNA strands, but only reported with respect to the
reference sequence). However, some of the actual mutations might have occurred on the H-strand
instead. For instance, an inferred G>A mutation on the L-strand might have in reality been a C>T
mutation on the H-strand. If there is no strand bias and if the nucleotide composition of the two
strands is the same, we expect similar numbers of reciprocal mutations (e.g., C>T and G>A, and other
mutation types combined in each category in Fig. 4B), using either strand as reference.

We observed a significantly higher frequency of G>A than C>T mutations for brain and muscle at
non-CpG sites and for brain at CpG sites in both mothers and pups, for oocytes at CpG and non-CpG
sites in mothers, and for oocytes at non-CpG sites in pups (S11 Fig, S9 Table). For instance, significant
5.2-fold and 7.9-fold higher frequencies of G>A than of C>T mutations were observed in mothers’
and pups’ brain (see S9 Table for mutation frequencies and Fisher’s exact test p-values). We also
observed a significantly higher frequency of T>C than A>G mutations in brain and muscle of mothers
(5.7-fold and 2.5-fold higher frequency), and in brain and muscle of pups (2.7-fold and 2.9-fold higher
frequency). The D-loop, unlike other mtDNA compartments taken together, did not show a significant
strand bias for transitions (S10 Table, S12 Fig), but this observation could in part be due to a
relatively small number of mutations of different types in the D-loop.

A joint model explaining variation in mtDNA mutation frequencies

To evaluate the joint effect and the relative contribution of different factors to mtDNA mutations, we
fitted a generalized mixed-effects linear model using a binomial family and a logit link (see Methods).
Mutation frequency was the response, the total number of nucleotides (in DCSs) was used as weight,
and age category (mothers or pups), tissue (brain, muscle, single oocytes, or oocyte pools), mtDNA
compartment (D-loop vs. outside of D-loop), and mutation type (transversions, A>G/T>C transitions,
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and C>T/G>A transitions) were used as fixed-effect categorical predictors (Table 1). The data on single
oocytes were combined per individual, and individual ID was included as a random effect to account
for potential differences among individuals. In all, the model captured a substantial portion of the
variability observed in mutation frequency (conditional pseudo-R’=23.53%). All four categorical
predictors were significant (Table 1, see S11 Table for odds ratios). The strongest predictor was
mutation type (partial pseudo-R’=12.69%). The model confirmed a higher mutation frequency of
C>T/G>A transitions vs. transversions (Fig 2D), however the frequency of A>G/T>C transitions was
not significantly different from the frequency of all transversions combined (S11 Table). The second
strongest predictor was age category (mother or pup; partial pseudo-R’=4.99%). The model
corroborated a significantly higher mutation frequency in mothers vs. pups (Fig 3; S11 Table). mtDNA
compartment was the third strongest predictor (partial pseudo-R?=3.43%), and the model confirmed
a significantly higher mutation frequency in the D-loop vs. other compartments (Fig 4A; S11 Table).
Finally, tissue was a significant but weaker predictor (partial pseudo-R?=2.77%). The model confirmed
lower mutation frequencies in oocytes than in brain, and indicated no significant differences in
mutation frequencies between brain and muscle (S11 Table), confirming our observations
throughout the manuscript. Individual ID was a significant random effect (p=2.1x107), however its
role in the model was minor. Indeed, taken together, the fixed-effect predictors captured almost as
much of the variability in mutation frequencies as the whole model (marginal pseudo-R? 22.82%,
compared to the conditional pseudo-R* 23.53%) which accounts also for the random effect. A
separate model that included two-way interactions between mutation type and each of the other
three variables in addition to the four fixed-effects categorical variables listed above, captured a
similar amount of variability in mutation frequency (S12 Table) as did the model without interactions
(Tables 1 and S11).

Table 1. Mixed effects binomial logistic regression for mutation frequency at mtDNA (see S11 Table for details). Model
conditional pseudo-R*: 23.53% (overall predictive power). Model marginal pseudo-R”: 22.82% (predictive power of the fixed
effects).

Predictor Partial pseudo-R? (%) Chi-squared test p-value

Mutation type 12.69 3.06x10%!
Age category (mothers or pups) 4.99 1.67x10™
mtDNA region (D-loop or outside of D-loop) 3.43 1.01x10%
Tissue 2.77 1.11x107%8

Inherited heteroplasmies

Variability in allele frequency at inherited heteroplasmies

While our main focus was on de novo mutations, which we had a unique opportunity to evaluate
with the duplex sequencing protocol, the two mouse pedigrees also provided us with data to study
inherited heteroplasmies. In our data set we found 28 inherited heteroplasmic sites, which we
defined as variants present either in both somatic and germline tissues of an individual or in two
generations of a pedigree (S13 Table, S13 Fig). Among them, 17 heteroplasmies were present in both
somatic tissues and oocytes of one or several pups, but absent from their mothers (Table S13); these
mutations likely originated in the germline of the mothers and were inherited by the pup(s). Seven
heteroplasmies were shared by a mother and some of her pups, and thus likely originated in the
mother (or in an earlier generation). Four heteroplasmies were shared by several mothers and their
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pups in a pedigree and thus were likely also present in the grandmother. Median allele frequencies
(S14 Fig; S14 Table) were the lowest for heteroplasmies restricted to pups (median frequency across
samples of 0.35%), intermediate for heteroplasmies shared by a mother and her pups (median
frequency across samples of 0.59% and 2.68% in mothers and pups, respectively), and highest for
heteroplasmies shared by several mothers (median frequency across samples of 9.01%). This
illustrates an increase in allele frequencies between new mutations and mutations segregating across
several generations, or a higher probability of high-frequency heteroplasmies to be inherited
([27,36]).

More pronounced age-related genetic drift in germline than somatic tissues

Analyzing all 28 inherited heteroplasmic sites, we were able to make inferences about the amount of
genetic drift for mouse mtDNA and found that, in somatic tissues, it is limited and increases only
slightly with age. Heteroplasmic allele frequencies correlated tightly between the two somatic tissues
of pups (R?=0.977; Fig 5A). In comparison, mothers (~9 months older than pups) exhibited only a
slightly lower correlation (R°=0.947; Fig 5B; this conclusion did not change when we subsampled
pups to have a sample size equal to the sample size for mothers, S15 Table).

Fig 5. Correlations of allele frequencies for inherited heteroplasmies in somatic tissues and oocytes. (A) MAF of
heteroplasmies in brain vs. muscle, for pups. (B) MAF of heteroplasmies in brain vs. muscle, for mothers. (C) Mean MAF of
heteroplasmies in single oocytes vs. somatic tissues (averaged between brain and muscle), for pups. (D) Mean MAF of
heteroplasmies in single oocytes vs. somatic tissues (averaged between brain and muscle), for mothers. In C-D, single
oocytes (not oocyte pools) were used to obtain approximately equal numbers of oocytes for individual mothers and pups.
Dot size indicates the number of sampled oocytes for each pup, or for each mother. The grey bands on all plots represent
confidence intervals around the regression line, and the dashed lines are the 1:1 relationship.

Our results suggest a more pronounced genetic drift, and a larger increase in the amount of drift
with age, for mtDNA in mouse germline than somatic tissues. When comparing allele frequencies at
these 28 sites between somatic tissues and oocytes (single oocytes and not oocyte pools were used
to obtain approximately equal numbers of oocytes for individual mothers and pups), correlations in
both pups and mothers (R* = 0.871 and R* = 0.592, respectively; Figs 5C-D) were weaker than those
observed between their somatic tissues (R> = 0.977 and R?=0.947, respectively; Figs 5A-B). This
finding can be explained by the bottleneck experienced by mouse mtDNA in the germline [37]. In
addition, the correlation observed for mothers (R? = 0.592) was substantially lower than that
observed for pups (R?=0.871), suggesting stronger drift for oocytes of older animals likely due to the
additional turnover of mtDNA during meiotic arrest (transfer of mitochondria from neighboring cyst
cells during oogenesis might also contribute to the increased drift [55]). These conclusions did not
change when we subsampled the data to include the same number of mothers and pups, limited the
analysis to samples (mothers or pups) with more than two oocytes, or computed correlations for
individual oocytes (S15 Table, S15 Fig). We found additional evidence that genetic drift increases in
aging oocytes, but much less so in aging somatic tissues: the variance in Minor Allele Frequency
(MAF, normalized by p(1-p), where p is the average allele frequency among single oocytes or
between somatic tissues) was significantly higher in mothers than in pups when considering oocytes,
but not when considering somatic tissues (one-sided permutation test p-values of 0.047 and 0.478,
respectively; S16 Fig).

Estimating the effective germline bottleneck for mouse mtDNA
Our data are consistent with a germline bottleneck operating on mouse mtDNA, corroborating
previous studies (previous estimates in mice are ~200 segregating mtDNA units) [37]. We next
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estimated the size of the effective germline bottleneck for mouse mtDNA — the size required to
explain observed genetic drift, which might differ from the actual number of transmitted mtDNA
molecules due to their potential segregation in groups [reviewed in 56] and/or to transfer of
mitochondria from cyst cells [55]. To estimate the effective germline bottleneck size, we used the
population genetics approach described in [57-59]. Applying the approach in [57-59] to the data on
allele frequency shifts at 28 inherited heteroplasmies, we compared allele frequencies between
somatic tissues of pups and their single oocytes (at 19 heteroplasmic sites with 1-7 oocytes per
animal), between somatic tissues of mothers and their single oocytes (at 19 heteroplasmic sites with
1-6 oocytes per animal), and between somatic tissues of mothers and somatic tissues of pups (at 16
heteroplasmic sites with 1-9 pups per mother; S16 Table). The resulting effective bottleneck size was
estimated to be 84.8 segregating mtDNA units (95% bootstrap Cl: 0.0640-462), 53.6 segregating units
(95% bootstrap Cl: 1.65-472), and 59.1 segregating units (95% bootstrap Cl: 8.26-315), respectively
(516 Table). The effective bottleneck size obtained from comparisons including mothers is smaller
than that obtained from comparisons between somatic and germline tissues of pups — suggesting
that additional drift occurs with aging. Therefore, the estimate based on pups data is closer to the
initial germline bottleneck size.

Discussion

Utilizing a highly accurate duplex sequencing method, we were able to study in detail both
age-related accumulation of putative de novo mutations and changes in allele frequencies for
inherited variants in mouse mtDNA. Our results demonstrate that the frequency of putative de novo
mtDNA mutations significantly increases (~2- to 3-fold) as mice age from ~20 days to ~10 months, i.e.
over a period of only nine months, and in both somatic tissues and germ cells.

Power of duplex sequencing. Duplex sequencing greatly reduces errors resulting from DNA damage
and amplification in NGS experiments (error rate: <107) [46]. As a result, we could reliably detect
low-frequency de novo mutations occurring at frequencies below 1%, which is often used as a cutoff
in mtDNA studies [26,33]. Additionally, because PCR occurs after template tagging in duplex
sequencing, our estimates of allele frequencies for both de novo and inherited mtDNA variants are
expected to be more accurate than in studies using conventional NGS.

Innovative application of duplex sequencing to single oocytes. While duplex sequencing was
successfully applied to de novo mtDNA mutation detection in somatic tissues in previous studies
[28,46,60], ours is the first study to apply this method to single oocytes. Duplex sequencing of single
cells is particularly challenging because of their small DNA quantity. The amount of mtDNA in a single
oocyte (<5 pg) is several orders of magnitude lower than the minimal amount of DNA required for
library preparation in a published duplex sequencing protocol (~100 ng) [48]. DNA amplification prior
to library preparation is not an option for duplex sequencing because, to distinguish true variants
from errors/artifacts, the original double-stranded state of each template molecule needs to be
preserved until duplex adapters are attached. To accommodate the low mtDNA amount in single
oocytes, we had to implement several modifications to the library preparation protocol (see
Methods). The procedure we thus optimized for application to single cells is an important outcome
of this study; we expect it to become a useful resource for other researchers interested in
investigating de novo mutations at a low DNA amount or single-cell level, e.g. during cancer, or due
to exposure to environmental pollutants or radiation.
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Mutation accumulation in the germline. The application of duplex sequencing to single oocytes and
oocyte pools allowed us to analyze putative de novo mtDNA mutations directly in germ cells (i.e.
without the need to observe them in the next generation) with a resolution sufficient to capture
frequency increase over a period of only nine months. Previous studies in humans are contradictory,
and either suggested no increase in the number of mutations in single oocytes with ovarian aging
[35] or an increase in the number of de novo germline mutations with maternal age at conception
[26,36] (the latter studies were based on the analysis of new heteroplasmies in the offspring, thus
providing only indirect measurements of germline mutation frequencies). Studies of this
phenomenon in mice have been scarce. Ma and colleagues [33] found an increase in the number of
inferred germline mutations (defined as variants present in multiple somatic tissues of an individual)
in older vs. younger wild-type mice. However, this observation could be explained by an increase in
MAF of inherited heteroplasmies in older animals (crossing the detection threshold). Our results
suggest that in wild-type mice de novo mutations are difficult to observe with the MAF=2% detection
threshold used in [33] and thus many low-frequency mutations were missed in their analysis.
Furthermore, many of the germline mutations identified in their study might represent inherited
heteroplasmies. In contrast, our study unequivocally shows an age-related increase in de novo
mtDNA mutation frequency in mouse female germ cells. However, we note that since we measured
mutations only at two time points (~20 days and ~10 months), the observed increase may be linked
not just to age directly, but also to other aging-related factors such as parity or sexual maturity.

Mutation accumulation in somatic tissues. Ours is also the first application of duplex sequencing to
demonstrate age-related accumulation of somatic mtDNA mutations in mice. Our results agree with
those by Vermulst and colleagues [31] who, using a random mutation capture assay and comparing
brain and heart of young vs. old mice, found a significant increase in the frequency of point
mutations at two targeted mtDNA positions (in the rRNA-region and cytochrome B gene).
Remarkably, the mutation frequency they computed for young mice (6x107 for rRNA mutations/bp)
is very similar to that we computed for our pups (4.5x107 mutations/bp, for rRNA, S4 Table). Another
study [32], using PCR, cloning, and sequencing for comparing livers of young and old mice, found an
increase in D-loop mutation frequency. However, the mutation frequency they computed was several
orders of magnitude higher than ours. Yet another study [11], using ultra-deep sequencing, found
similarly high mutation frequencies in the whole mtDNA of mouse liver, but did not detect an
age-related increase [11]. These high mutation frequencies [11,32] potentially resulted from a large
number of false positive mutations, which in some instances (e.g., [11]) could have masked the signal
of mutation accumulation with age. An age-related mutation accumulation was also not detected
after sequencing of mtDNA from multiple wild-type mouse somatic tissues [33]. In line with our
comment on germline mutations from the same study (see previous paragraph), our results suggest
that this might be due to their high detection threshold MAF=2%; we detected de novo somatic
mutations with much lower MAFs (<0.69% considering all mutations and <0.31% for mutations
supported by >1 DCS). Using duplex sequencing allowed us to evaluate somatic mutations at these
very low allele frequencies and to show that their frequency in wild-type mice indeed increases with
age, in agreement with studies of Polg mutator mice [33].

Mechanisms of mitochondrial mutations. The significant age-related increases in transition
frequencies and in transition-to-transversion ratios we observed for both somatic and germline
tissues are consistent with a major contribution of replication errors (i.e. nucleotide
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misincorporations) in generating mtDNA mutations. Indeed, the DNA polymerase 7y responsible for
mtDNA replication has a propensity for transition mutations [11,61,62]. Our results are consistent
with conclusions from previous studies also arguing for replication errors as the primary source of
mtDNA mutations [26,28,62—66]. Additionally, our observation of higher rates of C>T/G>A transitions
at CpG than non-CpG sites, particularly for older animals, points towards a role of spontaneous
deamination of methylated cytosines [54] in mtDNA mutagenesis, despite the controversial reports
regarding CpG methylation in mtDNA [67-72]. The predominance of C>T/G>A mutations in a GCT
context in all tissues in mothers, and brain in pups (Fig. S9) is line with a recent finding in humans,
showing DNA methylation predominantly at a non-CpG context, with the highest frequency in a CpT
and CpC dinucleotide contexts [72].

Another potentially contributing mechanism is spontaneous deamination of cytosine (C>T) and
adenosine (A>G) [54,73] — also leading to transitions. In fact the strong bias we inferred for G>A over
C>T and for T>C over A>G on the reference L-strand, is consistent with a high incidence of C>T and
A>G mutations occurring on the H-strand. A similar strand bias was observed in human cancer [74]
and aging brain [28,29]. In mouse, this mechanism might account for the nucleotide content
differences between the H- and L-strands: the H-strand is guanine- and thymine-rich. In addition to
spontaneous deamination, a high incidence of mutations on the H-strand might be explained by its
single-stranded status during the initial stages of replication [reviewed in 75], facilitating DNA
damage. Furthermore, limited repair at mtDNA might contribute to mtDNA mutagenesis [76—80].
While we cannot completely rule out its role, oxidative damage (usually leading to transversions)
does not appear to be a major player in mouse mtDNA mutagenesis [65][81].

Our results suggest that age-related mutation accumulation differs inside vs. outside of the D-loop,
and in germline vs. somatic tissues. Mouse somatic mutations appear to accumulate primarily in the
D-loop with age. This finding is consistent with an elevated rate of mutation accumulation in the
D-loop found in [29], but contradicts a relatively uniform mutation accumulation across the whole
mtDNA molecule found in [28] — both studies examined human brain. In contrast, in the mouse
germline, mtDNA mutations accumulate more evenly along the mtDNA molecule. Additionally, we
observed stronger age-related frequency increases for A>G/T>C transitions in oocytes, but for
C>T/G>A transitions in somatic tissues. These results suggest differences in the relative contributions
of various molecular mechanisms to mutations in somatic vs. germline tissues, and in the D-loop vs.
other mtDNA compartments. The latter is consistent with a recent study demonstrating a distinct
mutation signature for the D-loop in humans [27,36]. Our statistical model highlights the importance
of tissue, mtDNA region, mutation type and age in determining mtDNA mutation frequency and
explains ~24% of its variability.

Lack of selection at de novo mtDNA mutations. Based on mutation frequencies of synonymous vs.
nonsynonymous variants, as well as the analysis of phastCons scores, we did not find strong evidence
of selection operating on mtDNA de novo mutations. We believe this is because most of the
mutations we analyzed are observed at extremely low frequencies, at which they may not have
phenotypic effects on a cellular or a mitochondrial level. Therefore, our estimated mutation rates
and patterns have the additional advantage of not being significantly affected by selection. Because
of the very low frequency of these mutations in contrast to the high copy number of mtDNA
(hundreds to around 200,000 copies, with an average of 1-10 mtDNA copies per mitochondrion in
mature oocytes [16,82]), mutations in one or a few mtDNA molecules are not expected to have
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noticeable functional consequences for a cell, compared to mutations in the nuclear genome.
However, at a single-mitochondrium level, they might have a functional impact [83,reviewed in 84].
In contrast, negative selection was demonstrated for high-allele-frequency mtDNA mutations in the
mouse germline [reviewed in 85], and it was suggested that purifying selection does not act directly
on oocytes, but rather on cells during post-implantation development [86]. Recent studies in humans
also suggest that mtDNA variants with higher frequencies (e.g., >0.5-1%) may be subject to negative
selection in the germline [27,36] and sometimes to positive selection in somatic tissues [53].

Random genetic drift at mouse mtDNA heteroplasmies. Analyzing inherited heteroplasmies, we
found limited evidence of random genetic drift and of its increase with age in somatic tissues.
Indeed, MAFs for inherited heteroplasmies in two somatic tissues correlated in mothers almost as
tightly as they did in pups. Furthermore, the normalized variance in MAF for somatic tissues was not
significantly different between mothers and pups, also indicating similar amounts of drift. These
observations are in contrast to the patterns observed in humans, for whom we previously observed
that the correlation between mtDNA MAFs in two somatic tissues was substantially weaker for
mothers than children [26]. The difference may be due to the much greater age of human mothers
compared to mouse mothers.

We found a lower MAF correlation, and thus a stronger genetic drift, in mouse germ cells than in
their somatic tissues — an observation consistent with the presence of an mtDNA bottleneck during
mouse oogenesis [37]. Our estimate of the effective bottleneck size — 84.8 segregating mtDNA units
(95% Cl: 0.0640-462, an estimate obtained from pups) — is lower than the one previously obtained
for mice, i.e. ~200 [37] (note that our 95% Cl overlaps with 200), but higher than the ones obtained
for humans, i.e. between 7 and 35 [26,36,87]. While our estimate has a wide confidence interval, it is
still consistent with the view that mouse mtDNA undergoes a less pronounced germline bottleneck
than human mtDNA.

Importantly, our study suggests that mtDNA experiences turnover in aging mouse oocytes. Indeed,
we found that the MAF correlation between oocytes and somatic tissues is substantially stronger for
pups than mothers. Thus, since drift in somatic tissues appears to be minimal, further drift might
occur in maternal oocytes due to additional turnover of mtDNA in older animals. Moreover, we
demonstrated a significant increase in the normalized MAF variance in oocytes of mothers vs. pups.
These results are in agreement with another study demonstrating an age-related increase in
heteroplasmy MAF variance examined at two mtDNA sites in mouse oocytes [88], and with a recent
study in humans demonstrating that mtDNA divergence between mother and offspring increases
with the mother’s age at childbirth [36]. Taken together, this evidence suggests that mtDNA turnover
in aging oocytes might be a general phenomenon in mammals. The biological mechanism behind it is
puzzling as it is usually assumed that oocytes do not divide after a female is born (except for
completing meiosis right before ovulation). Transfer of mitochondria from cyst cells might play a role
[55]. A de-coupling of mtDNA vs. nuclear DNA replication during oocyte meiotic arrest is possible and
needs to be examined in future studies.

Future directions. Our application of duplex sequencing and unique dataset comprising high-quality
mtDNA sequences from two somatic tissues, single oocytes, and oocyte pools of mothers and pups
from two mouse pedigrees opens avenues for future investigation of how mtDNA mutations
contribute to aging and disease phenotypes [89,90]. Our study significantly advances our
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understanding of mouse mtDNA mutagenesis and enables a more realistic parameterization of
models of mtDNA evolution. Future studies should include highly replicative tissues (e.g., intestinal
epithelium) in order to further discriminate between mutation mechanisms that are dependent on
or independent of replication. Such investigations should be followed by biochemical validations in
vitro and in vivo. Our study is the first to use duplex sequencing for mtDNA de novo mutation analysis
in germ cells and non-human mammalian somatic tissues. To decipher the emergence of mutations,
including disease-causing ones, there is an urgent need to perform a parallel analysis in human
oocytes. Additionally, to obtain a more complete understanding of mtDNA evolutionary dynamics in
mammals, existing detailed studies of mtDNA de novo mutations and inherited heteroplasmies in
human and mouse [26,36,reviewed in 56,87,88,e.g., reviewed in 91] should be complemented with
similar studies in other mammals.

Methods

Samples and their handling

Duplex sequencing was performed for somatic tissues (brain and skeletal muscle) and oocytes (single
oocytes and pools of several oocytes) for mice from two independent two-generation CD-1 mouse
(Mus musculus) pedigrees (grandparents were purchased from Charles River Labs; Fig 1; S17 Table).
Somatic tissues were chosen based on their relatively high mtDNA copy number and origin in
different germ layers (ectoderm for brain and mesoderm for muscle). In addition, duplex sequencing
was performed for liver or heart tissue of a few selected mice, to better distinguish candidate de
novo mutations from transmitted heteroplasmies (S2 and S17 Tables). The age of dams and their
progeny were chosen to maximize the age difference between the two groups of mice (~9 months) at
the time of oocyte collection, while still maintaining the capacity to ovulate enough oocytes for
subsequent analyses. Animals were maintained according to the Guide for the Care and Use of
Laboratory Animals (Institute for Learning and Animal Research). All animal use was reviewed and
approved by the IACUC committee at The Pennsylvania State University.

To avoid cross-sample contamination, all pre-PCR steps were performed in a designated laminar-flow
hood located in a separate room. Individual samples were handled in separate low-binding tubes
(Axygen). After DNA amplification, samples were handled in 96-well plate format during bead
purifications with the epMotion automated liquid handling system (Eppendorf), but afterwards were
again transferred to separate tubes to minimize potential contamination among samples.

Sample preparation, library preparation, and sequencing of somatic tissues
DNA extraction. Total DNA was extracted from up to 25 mg of somatic tissue using the DNeasy Blood
& Tissue Kit (Qiagen) according to manufacturer's instructions with the following modifications. After
cutting the tissue samples into small pieces, they were washed with 500 ul PBS before adding 180 ul
of Buffer ATL. After lysing the tissues at 56 °C for 90 min in a thermomixer, another 180 pl of ATL and
20 pl proteinase K were added to the samples that were not sufficiently lysed, and such samples
were incubated in the thermomixer for another 90 min. Washes were performed with 400 ul Buffer
AL and ethanol. After the wash with Buffer AL, samples were incubated at 70 °C for 10 min. Samples
were then divided into two DNeasy Mini spin columns for further purification steps.
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mtDNA enrichment and enrichment estimation. Extracted tissue DNA was enriched for mtDNA
using Exonuclease V (RecBCD) (NEB) which selectively digests linear DNA while preserving the
circular mtDNA [92]. This procedure has the following advantage: even if the enrichment is not 100%
effective, Numts are not specifically co-enriched with mtDNA, and the nuclear DNA still present in
samples represents random parts of the nuclear genome. Approximately 400 ng of total DNA (such
amount of DNA was required for library preparation to obtain an mtDNA sequencing depth of >500x;
however, this restricted our ability to measure high heteroplasmy frequencies within a single somatic
cell or small group of cells) were incubated at 37 °C for 48 h in 60 ul reactions containing 1x NEB 4
buffer, 30 U Exonuclease V (RecBCD) (NEB), and 2 mM ATP. After the first incubation, the reaction
volume was increased to 100 pl by supplementing with further NEB 4 buffer (final concentration =
1x), 20 U Exonuclease V (RecBCD), and ATP (final concentration = 2 mM), and incubated at 37 °C for
another 48 h. The reactions were purified using 1 volume of AMPure XP beads (Beckman Coulter).
mtDNA enrichment was estimated by real-time PCR, amplifying a region of the mitochondrial ND5
gene, as well as nuclear B1 elements (a repetitive element was used for the amplification of nuclear
DNA to measure more efficient enrichment despite using a small amount of DNA as template): a 1:10
dilution of each sample was either amplified using primers specific for mtDNA (F-mmND5-mtDNA:
CCAACAACAACGACAATCTAATTC and R-mmND5-mtDNA: TGATGGTAGTCATGGGTGGA (NC_005089.1:
position 12,352-12,446)) or nuclear DNA (F-mmB1: AYGCCTTTAATCCCAGCACT and R-mmB1:
CTCACTYTGWAGACCAGGCT (amplifies multiple regions in the genome)). Reactions contained 2 pl
diluted DNA, 1x PowerUp™ SYBR® Green Master Mix (Thermo-Fisher Scientific), and 0.2 uM each
primer and were amplified at 95 °C for 2 min, 45 cycles of 95 °C for 15 sec, 56 °C for 20 sec, and 72 °C
for 30 sec, followed by 72 °C for 2 min and a melting curve analysis. A standard consisting of tissue
samples that where previously enriched for mtDNA at 6 different efficiencies (7.2%, 10.1%, 17.2%,
21.8%, 40.0%, 46.8%, 57.3% of mtDNA in the total sample as determined using NGS), was included in
each run.

Duplex library preparation and sequencing. The enriched DNA was sheared to ~550 bp with a
Covaris M220 using 50 pl reactions in microTUBE-50 AFA Fiber Screw-Cap (Covaris) and transferred
into 200 ul low-binding tubes for library preparation (since no size-selection step is included in the
protocol, a rather broad size distribution is observed in the sequenced fragments). This larger
fragment size was chosen to minimize bias from shorter Numts. Duplex sequencing libraries were
prepared following the previously described protocol [48] with several modifications. T-tailed
adapters were prepared with sequences MWS51 and MWS55, and purified by precipitation with two
volumes of absolute ethanol and 0.5 volumes of 5M NH40OAc. End-repair and A-tailing were
performed according to manufacturer’s instructions with the End Prep module of the NEBNext Ultra
Il DNA Library Prep Kit for lllumina (NEB) followed by adapter ligation with the NEBNext Ultra Il
Ligation Mix and NEBNext Ligation Enhancer. Instead of the provided adapters, 25 nmole duplex
adapters were used. Adapter-ligated DNA was purified twice with 0.8 volumes AMPure XP beads
(Beckman Coulter) and eluted in 15 pl 10 mM Tris-HCI (pH 8.0). The amount of amplifiable fragments
was estimated with real-time PCR as follows: 2 pl of a 1:10 diluted library aliquot were amplified in
10 ul reactions containing 1 uM NEBNext Universal PCR Primer for lllumina (NEB), 1 uM NEB_mws20
primer (GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T; the asterisk indicates a phosphorothioate
bond), 1x Kapa HiFi HotStart Reaction Mix (KAPA Biosystems), and 1x EvaGreen Dye (Biotium).
Reactions were amplified in a CFX96 Real-Time PCR machine (Bio-Rad) at 98°C for 45 sec, 35 cycles of
98°C for 15 sec, 65°C for 30 sec, and 72°C for 45 sec, followed by 72°C for 2 min and a melting curve
analysis. PCR products were additionally visualized on a 1.5% agarose gel to identify samples
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containing residual amounts of adapter dimers. Samples in which adapter dimers were still present
were re-purified with 0.8 volumes AMPure XP beads and re-quantified before proceeding to the
tag-family PCR step. Tag-family PCR reactions contained up to 14 pl adapter-ligated sample. If the
Cg-value in the gPCR was ~24, all 14 pl of the sample were used as PCR template (sequencing with
~7 M paired-end reads resulted in a family size of ~6-12, as previously suggested for duplex
sequencing [48]). For lower Cg-values samples were diluted accordingly. First, 12 cycles of linear
amplification were performed (based on what is described in [93]) in 38 ul reactions: 14 pl
(accordingly diluted) DNA, 1x Kapa HiFi HotStart Reaction Mix (KAPA Biosystems), 1 uM NEB_mws20
primer at 98 °C for 45 sec, 12 cycles of 98 °C for 15 sec, 60 °C for 30 sec, and 72 °C for 45 sec,
followed by 72 °C for 2 min. 1 uM NEBNext Universal PCR Primer for Illumina (NEB) was added to
each reaction followed by amplification at 98 °C for 45 sec, 9 cycles of 98 °C for 15 sec, 65 °C for
30sec, and 72 °C for 45sec. PCR products were purified with 0.8 volumes AMPure XP beads
(Beckman Coulter) using the epMotion automated liquid handling system (Eppendorf), and different
indexes added via PCR: in 50 ul reactions, 15 ul purified library was amplified with 1 uM NEBNext
Universal PCR Primer for lllumina (NEB), 1 uM NEBNext Indexing Primer, and (NEB) 1x Kapa HiFi
HotStart Reaction Mix (KAPA Biosystems) at 98 °C for 45 sec, 11-15 cycles of 98 °C for 15 sec, 65 °C
for 30 sec, and 72 °C for 45 sec. The number of required cycles was estimated depending on the
amount of sample used as input in the linear PCR. PCR products were purified with 0.8 volumes
AMPure XP beads (Beckman Coulter) using the epMotion automated liquid handling system
(Eppendorf), their quality checked with a Bioanalyzer High Sensitivity DNA Kit (Agilent), quantified
with the KAPA Library Quantification Kit (Kapa Biosystems) according to manufacturer’s instructions,
and pooled depending on the number of reads needed per sample to obtain a family size around 6.
Sequencing was performed on an Illumina HiSeq 2500 platform obtaining 250 nt paired-end reads.

Sample preparation, library preparation, and sequencing of (single) oocytes
(Single) oocyte isolation. Oocytes were isolated from female CD-1 mice obtained from the research
colony maintained by Prof. Diaz at Penn State University. Mice were primed with 5 IU PMSG (National
Hormone and Peptide Program, NIDDK) and euthanized 42-48 h later. Somatic tissues (brain, muscle,
heart, and liver) were collected and immediately frozen in liquid nitrogen. Ovaries were placed in a
35 mm culture dish containing MEM-alpha (Life Technologies, Inc., Grand Island, NY) with Earles salts,
75 mg/| penicillin G, 50 mg/| streptomycin sulfate, 0.23 mM pyruvate, and 3 mg/ml crystallized
lyophilized bovine serum albumin. Cumulus-oocyte complexes (COCs) were released from antral
follicles by gentle puncture with a syringe and needle and washed through three dishes of media.
Fully-grown denuded oocytes (FGOs) were isolated from COCs by gentle pipetting to remove the
cumulus cells. To prevent spontaneous resumption of meiosis, oocytes were collected in medium
containing the PDE3A-specific inhibitor, milrinone (10 uM). Individual oocytes were transferred to
screw cap tubes, frozen in liquid nitrogen and stored at -80 °C until library preparation.

Oocyte lysis, mtDNA enrichment, and enrichment estimation. The oocyte lysis protocol was
modified from [94]: 4 ul oocyte lysis buffer (50 mM Tris-HCI, pH 8.0 (Invitrogen), 1 mM EDTA, pH 8.0
(Promega), 0.5% Polyoxywthylene (20) Sorbitan Monolaureate (OmniPur), and 0.2 mg/ml Proteinase
K (IBI Scientific) were added to a single oocyte in a low-binding tube (for oocyte pools, the volume
was scaled up to have about 6 oocytes in 4 pl), incubated at 50 °C for 15 min, followed by an
overnight incubation at 37 °C. Proteinase K was then partially inactivated by incubating at 65 °C for
30 min. 1 mM ATP, 10 mM MgCl,, and 10 mM Tris-HCl, pH 8.0 were added to obtain a final volume of
13 pl, and a 0.5 pl aliquot was taken, diluted 1:10, und used to (approximately) estimate the mtDNA
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copy number in the oocyte samples (since occasionally not the whole oocyte could be transferred
during the lysis step — e.g., if no liquid was visible in the single oocyte tube — the measured mtDNA
copy number likely underestimates the true number of mtDNA copies, as noted in S17 Table). To the
remaining sample, 5 U Exonuclease V (RecBCD) (NEB) were added followed by incubation at 37 °C for
1-4 h for single oocytes, and overnight for oocyte pools. The efficiency of mtDNA enrichment was
strongly dependent on the amount of media the oocytes were stored in. Higher volumes of media
resulted in less efficient enrichment, independent of the incubation time. 10 ng RNase A (Amresco)
were added and incubated at 37 °C for 15 min. Depending on the kit used for library preparation, TE
buffer was added up to the final volume of 26.5 (NEBNext Ultra Il FS DNA Library Prep Kit for lllumina
(NEB)) or 50.5 pl (NEBNext Ultra Il DNA Library Prep Kit for lllumina (NEB)). Another 0.5 pl aliquot
was taken and used for mtDNA copy number estimation and mtDNA enrichment estimation. mtDNA
enrichment was estimated by real-time PCR as described for tissue samples above.

mtDNA copy number estimation. mtDNA copy numbers, used as a quality control for our oocyte
sequencing data, were estimated by gqPCR amplifying a region of the mitochondrial ND5 gene
(F-mmND5-mtDNA: CCAACAACAACGACAATCTAATTC and R-mmND5-mtDNA:
TGATGGTAGTCATGGGTGGA (NC_005089.1: position 12,352-12,446)). One 1:10 dilution of the directly
lysed each oocyte sample, and mtDNA-enriched sample was used as a template. Reactions contained
2 pl diluted DNA, 1x PowerUp™ SYBR® Green Master Mix (Thermo-Fisher Scientific), and 0.2 uM
each primer and were amplified at 95 °C for 2 min, 45 cycles of 95 °C for 15 sec, 56 °C for 20 sec, and
72 °C for 30 sec, followed by 72 °C for 2 min and a melting curve analysis. A plasmid standard — the
targeted ND5 region plus flanking bases (pIDTSMART-AMP + NC_005089.1: position 12,297-12,496) —
was included in each run at concentrations of 10°, 10°, 10%, 10%, and 10> molecules/pl. Sample
measurements were performed in duplicates and standard measurements — in triplicates. Only one
measurement was taken for the enriched samples.

Duplex library preparation and sequencing. Library preparation was performed using the NEBNext
Ultra Il FS DNA Library Prep Kit for Illumina (NEB) (enzymatic DNA fragmentation) for the majority of
single oocytes (as described in S17 Table) and using the NEBNext Ultra || DNA Library Prep Kit for
Ilumina (NEB) (DNA fragmentation by ultrasonication) for oocyte pools and for some single oocytes.
With the NEBNext Ultra Il DNA Library Prep Kit for lllumina, starting with the oocyte samples
enriched for mtDNA, library preparation was performed as described for tissue samples, but with
some modifications. In particular, instead of the adapter provided in the kit, 18 or 25 nmole duplex
adapters were used for single oocytes or oocyte pools, respectively, for adapter ligation. Since
Cqg-values of single oocyte samples were usually higher than 23, the whole purified ligation reaction
(14 upl) was used for subsequent steps, and the number of needed sequencing reads was scaled
accordingly. In the indexing PCR, libraries were amplified with 10-19 cycles. The number of required
cycles was estimated depending on the amount of sample used as input in the linear PCR.

Library preparation with the NEBNext Ultra Il FS DNA Library Prep Kit for lllumina was performed
according to manufacturer’s instructions, using the 26 pl oocyte sample enriched for mtDNA directly.
A 5 min incubation time was used for DNA fragmentation, and the same additional changes as
described for the NEBNext Ultra Il DNA Library Prep Kit for lllumina were implemented.

Quality control of fragmentation methods. To ensure accuracy of our sequencing results, we
performed three quality control experiments/analyses. First, oocyte pool G139p1 was sequenced by
applying Covaris and enzymatic DNA fragmentation in parallel. While no A>T/T>A mutations were
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detected in the Covaris-sheared sample, two T>A mutations were detected in the
enzymatically-fragmented sample. After excluding these T>A mutations (see also “Variant filtering”
below), both samples displayed very similar mutation frequencies (4.75x10”7 and 3.20x10” for
Covaris- and enzymatically-fragmented samples, respectively). The inherited heteroplasmies also
showed similar frequencies with both methods (e.g. 26.7% and 25.5%, 12.1% and 13.4%, and 9.7%
and 8.8% for sites 133 (C/A), 6570 (G/A), and 6574 (T/C) for Covaris and enzymatic fragmentation,
respectively).

Second, we sequenced skeletal muscle tissue of a rhesus macaque using both fragmentation
methods. Similar to the mouse sample, no AT>TA mutations were detected in the Covaris-sheared
sample, whereas two T>A mutations were detected in the enzymatically-fragmented sample. After
excluding these T>A mutations, mutation frequencies were very similar—1.28x10° and 1.39x10°® for
Covaris- and enzymatically fragmented samples, respectively.

Third, we analyzed the trinucleotide context of mutations, separately for Covaris- and
enzymatically-sheared samples (S17 Fig). This analysis did not show any significant differences
between the two methods—though it must be noted that we have limited power to detect
significant differences here, due to the small number of mutations detected for each trinucleotide
context in each sample type and age group.

Consensus read formation with barcode error correction, read mapping, and

variant calling

Single-strand (SSCS) and duplex (DCS) consensus formation was performed in Galaxy [95] using the
Du Novo pipeline (version 2.14) including error correction of barcode sequences (S1 Fig) [51,52].
Quality of the sequencing reads was verified using FastQC [96]. Errors in barcode sequences were
corrected allowing up to three mismatches, and requiring a minimum mapping quality of 20. A
minimum family size of 3 was required for SSCS formation, and a consensus nucleotide was called if
present in at least 70% of the reads [as described in 48]. The overall workflow is shown in S18 Figure.

Due to the high probability of introducing false positive mutations (into both DNA strands) towards
the ends of DNA fragments during the end-preparation step of library preparation, the first 12 nts of
the consensus reads were trimmed using trimmomatic (HEADCROP) [97]. Trimmed DCSs and SSCSs
were mapped to the mouse mtDNA reference genome (NC_005089.1) using BWA-MEM [98].

Both pedigrees had a mtDNA sequence length of 16,300 bp, with an insertion of an A at position
9,821.2 (TrnR) compared to the mouse mtDNA reference sequence, and a T>C transition at position
9,461 (ND3 gene). Additionally, each of the two pedigrees had a fixed difference from the reference
sequence: G126 had a A>T transversion at position 5,537 (in the COX1 gene), while G129 had a G>A
transition at position 9,348 (in the COX3 gene). Those fixed differences between the two pedigrees
were used to check for cross-sample contamination during library preparation. None of the
sequenced samples showed evidence of cross-sample contamination.

mtDNA enrichment efficiency was estimated by calculating the percentage of sequences mapping to
the mtDNA reference. In addition to mapping to the whole mouse mtDNA reference, reads were also

mapped to a re-linearized reference sequence (consisting of positions 14,300-15,299 and 1-2000), to
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minimize mapping bias at the edges from mapping a circular genome to a linearized reference. Since
an ~4-kb Numt with high identity to the mtDNA is present in the mouse nuclear genome [99],
mapping to the whole mouse genome followed by filtering for primary alignments could not be
applied (this would have lead to depletion of this whole region in the analysis).

Because most mutations were observed in only one molecule, and sometimes from samples
sequenced at a low depth (especially oocytes), overlapping sequences were clipped using the
clipOverlap function of bamuUtil [100]. This assured accurate counts of mutations in independent
molecules and overall frequencies at specific sites. BAM files were filtered using the filtering tool of
BAMTools [101] requiring mapping quality >20, paired reads, proper read pairing, and mapping of
the mate sequence. Reads were left-aligned (Bam Left Align) to re-align the positional distribution of
insertions and deletions present in the sequence. Variants were called using the Naive Variant Caller
(NVC) [102] using a minimum number of 1 read needed to consider a REF/ALT, minimum base quality
of 20, minimum mapping quality of 50, and ploidy of 1. Variants were annotated with the Variant
Annotator tool in Galaxy [95] to retain all nucleotide substitutions that were not an N (an N is
introduced in the consensus sequence if no nucleotide consensus can be formed unambiguously).
From the alighment to the whole mtDNA reference, only variants found at positions 501-14,799 were
used in further analyses. For the remaining positions, alignments to the re-linearized reference
sequence were used to call variants at positions 1-500 and 14,800-15,299 of NC_005089.1. DCSs
were used for the initial variant calling and for de novo mutation analysis, whereas SSCSs were used
in addition to DCSs for the analysis of inherited heteroplasmies.

Variant filtering

If more than one variant was found in a read, a possible alignment to an alternative sequence (e.g.
Numt) was evaluated with BLASTn [103]. In most cases, those fragments represented Numts, but in
rare cases they were caused by contamination with human DNA (S17 Table); those variants were
excluded from further analysis. For samples with low mtDNA enrichment (<25%), all reads with a
called mutation were evaluated with BLASTn to exclude potential variants arising from Numts. The
analysis of the mutation pattern in single oocytes showed the presence of a high ratio of AT>TA
mutations in samples prepared with the NEBNext Ultra Il FS DNA Library Prep Kit for [llumina (NEB)
(including an enzymatic fragmentation step), and therefore, overall higher mutation frequencies.
Single oocytes and oocyte pools prepared with the NEBNext Ultra Il DNA Library Prep Kit for Illumina
(NEB) (shearing of DNA with the Covaris M220 machine) did not show this AT>TA mutation
prevalence. Therefore, we concluded that these represent false positive mutations associated with
the DNA fragmentation method, and excluded this mutation type in enzymatically fragmented
samples (this might inadvertently have led to the exclusion of some true AT>TA mutations). The
higher observed ratio of transitions to transversions in single oocytes compared to oocyte pools (S7
Table) can potentially be explained by this exclusion of AT/TA mutations in the enzymatically
fragmented samples, which might have also led to the exclusion of true transversion mutations, as
well as by the lower number of mutations measured in oocyte pools.

Classification and filtering of putative tissue-specific de novo mutations

Variants were analyzed for their presence in different tissues/animals/pedigrees, and classified into
early germline mutations (present in both somatic tissues of an animal, but absent in the germline),
inherited heteroplasmy (present in (both) somatic tissues and in oocytes or in additional family
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members), and all other variants (putative tissue-specific de novo mutations). Putative tissue-specific
de novo mutations were then further filtered based on their presence in several (unrelated) samples
in the two pedigrees, as described in more detail in S1 Note. Mutations measured in >1 molecule per
sample were only counted as a single mutation, assuming that they result from a single mutation
event (S18 Table). All variant calling and mutation filtering steps are summarized in S19 Table.

Mutation frequency was computed as the number of mutations divided by the product of mtDNA
length (16,300 bp), and mean DCS depth across samples. For instance, we computed the mutation
frequency for brain in pups as 465 mutations divided by the product of mtDNA length (16,300 bp)
and of the sum of mean DCS sequencing depths in brain tissue of the individual pups analyzed (i.e.
1,061,353,310 bp in total).

Joint mixed effects modeling

For each sample, we considered separately two different mtDNA compartments (inside and outside
the D-loop) and three mutation types (transversions, A>G/T>C transitions, and C>T/G>A transitions).
For each combination of mtDNA compartment and mutation type, a mutation frequency was
computed as the number of observed mutations (of that type) over the number of nucleotides
present in DCSs, in the considered mtDNA compartment and per sample, that can present the
mutation. For example, frequencies corresponding to A>G/T>C transitions in the D-loop were
computed as the number of A>G or T>C mutations observed in A and T nucleotides in the D-loop,
divided by the number of A and T nucleotides in the D-loop that were present in DCSs (as proxied by
the mean depth DCS times the total number of A and T nucleotides in D-loop). The data on single
oocytes were combined per individual to increase the total number of nucleotides sequenced.
Observations with less than 200,000 nucleotides were discarded to avoid biases due to low
sequencing depth. After this pre-processing step, we retained 660 observations (out of 702).

The function glmer (from the R package 1me4) was employed to fit a generalized mixed-effects
linear model using a binomial family and a logit link. In particular, we considered the mutation
frequency as response, and included the total number of nucleotides used to compute the frequency
as a weight when fitting the model. The variables age category (mothers or pups), tissue (brain,
muscle, single oocytes, or oocyte pools), mtDNA compartment (inside or outside the D-loop), and
mutation type (transversions, A>G/T>C transitions, or C>T/G>A transitions) were included as
categorical fixed-effect predictors, while individual ID was included as a random effect in order to
account for grouping of the observations corresponding to the same individual. We employed Wald
tests (provided by the summary of glmer model) to assess the significance of each of the model
coefficients (0 vs. non-0), and Likelihood Ratio tests (based on Chi-square distributions) to assess
both the significance of each fixed-effect categorical variable (function anova.merMod to test the
full model against the reduced model obtained by removing the fixed-effect variable) and the
significance of the random effect (function anova.merMod to test the full mixed-effect model
againsts the corresponding fixed-effect model). We used the function r. squaredGLMM (from the R
package MuMIn) to compute marginal and conditional pseudo-R?s (representing the variability
explained by the fixed effects and by the fixed and random effects together, respectively) based on
[104]. The relative contribution of a fixed-effect variable was measured through its partial pseudo-R?,
defined as:

2 2
R2 _ (I_Rred)_(l_Rfull)
partial — 1— R%e .

21


https://paperpile.com/c/aWbgsc/hrhm

where RJZW is the marginal pseudo-R? of the full model, and RZ,, is the marginal pseudo-R? of the

reduced model obtained by removing the fixed-effect variable.

The same fits and tests were employed for a mixed-effect model that, in addition to the four
fixed-effects categorical variables listed above, included two-way interactions between the variable
mutation type and each of the other three variables. Partial pseudo-R?> were computed as above,
considering the reduced model to be the one obtained by removing the fixed-effect variable as well
as the interactions involving it.

Analysis of inherited heteroplasmies

MAFs obtained from variant calling on DCSs were used in the analysis of inherited heteroplasmies.
However, if the depth of the minor allele was <5 for DCSs, MAFs obtained from SSCS analysis were
used. This allowed us to obtain a more reliable MAF in samples sequenced at low depth and for
low-frequency heteroplasmies (S19 Fig).

To show the reliability of duplex sequencing in measuring low heteroplasmy frequencies, we
performed control experiments by artificially mixing samples that harbor differences in their mtDNA.
Since we did not have mouse samples for which the mtDNA sequence differed at several sites, we
used skeletal muscle tissue from two rhesus macaques (Rh098 and Rh105), for which the mtDNA
sequence differs at 14 fixed positions. Libraries were prepared as described for mouse samples, and
sequencing was performed on an lllumina NextSeq platform (150x150 paired-end reads). To mimic
low-input samples, we started library preparation with ~200,000 mtDNA copies (which is the number
of mtDNA molecules found in a single oocyte, as reported in the literature [16]). Samples were mixed
at the following percentages: 10% of Rh098 and 90% of Rh105 (two replicates), 1% of Rh098 and 99%
of Rh105 (two replicates), 0.2% of Rh098 and 99.8% of Rh105 (six replicates), 10% of Rh105 and 90%
of Rh098 (two replicates), 1% of Rh105 and 99% of Rh098 (two replicates), and 0.2% of Rh105 and
99.8% of Rh098 (six replicates)—see S20 Table. Heteroplasmy frequencies could be reliably measured
across all 14 sites and in all replicates. This demonstrates that the high variance in heteroplasmy
frequency observed in oocytes does not result from the methodology employed in our study, or from
the use of single-cell/low-input samples, but rather reflects true differences in heteroplasmy
frequencies in single oocytes. By measuring a mixed frequency of 0.2% we could also demonstrate
our ability to detect such low heteroplasmy frequencies, especially when additionally analyzing SSCSs
(19 out of 168 heteroplasmic sites at a mixed frequency of 0.2% could not be detected in DCSs, but
all of them could be detected in SSCSs).

mtDNA bottleneck calculation. The size of the effective germline mtDNA bottleneck was estimated
appropriately modifying the population genetics approach developed by Millar, Hendy and
co-workers in their penguin studies [57,58]. In detail, we calculated the size of the effective mtDNA
bottleneck N as follows. For each individual i and position j we computed

N. = pi(1=py)

ij = 2 ’
J 0006)’18 or pup

where p;; is the mean allele frequency across brain and muscle in the mother and the denominator

is the mean squared deviation (across n; oocytes or pups for the same mouse and position) is
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Njj . oocyte or pup 2
2 % (p,zk Py
Ooocyte orpup n; ’

oocyte/pup

where Piix is the allele frequency for the k" oocyte or pup. Then, we averaged the Nl-j s to

obtain N . 95% confidence intervals for the effective bottleneck size were generated by

bootstrapping (the N values were sampled with replacement 1,000 times).

Estimation of the rate of nonsynonymous vs. synonymous mutations

We calculated the AN/hS ratio as described in [36,53] to test for selection in the entire
protein-coding sequence (S2 Note). AN is the number of nonsynonymous variants per
nonsynonymous sites and AS is the number of synonymous variants per synonymous sites. The

number of nonsynonymous and synonymous sites was calculated using the Nei-Gojobori method
[105].

Under neutrality, the AN/AS ratio is expected to be equal to one. An AN/AS ratio <1 is indicative of
some degree of purifying selection against mutations that lead to changes in the amino acid
sequence, while a ratio >1 can be suggestive of positive selection. The bootstrap approach [53] was
used to test if the observed hZN/hS deviate from neutral expectations: The neutral distribution of
hN/hS was generated by bootstrapping (100 replicates) from the observed mutation spectrum (the
code for calculations is provided in S2 Note).

Statistical analysis: Significance tests

One-sided permutation tests were performed to assess (i) whether the median mutation frequencies
were higher in mothers (older) than in pups (younger) for each of the different tissues under analysis
(100,000,000 permutations), and (ii) whether the median normalized variance frequencies of
heteroplasmies were higher in mothers than in pups for somatic tissues or oocytes (10,000
permutations). Here, quantities are reasonably expected to be larger in mothers.

Significance of age-related increases after combining all mutations across samples belonging to the
same group (e.g. mutations in brain of pups) was assessed using the Fisher’s exact test (function
fisher.test fromthe stats package in R).

p-values of all these pairwise tests were corrected for multiple comparisons (function p.adjust
from the stats package in R) using the method of Benjamini, Hochberg, and Yekutieli to control the
false discovery rate [106], as indicated in the corresponding supplementary tables.

Data and code availability

The sequencing reads are available at SRA under accession PRINA563921. The data were analyzed in
R using packages listed above. Computer code for selection analysis is in S2-S4 Notes.
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Supporting Information Legends

Supplemental Figures

S1 Fig. Principle of duplex sequencing (A) and Du Novo reference-free consensus formation with barcode
error correction (B).

(A) Double-stranded adapters containing a random 12-nt sequence are generated for lllumina sequencing (1),
and ligated to the double-stranded, fragmented DNA of interest (ll). Each molecule ends up with a different
combination of random sequences on both ends. Adapter-ligated molecules are amplified and sequenced,
producing several sequenced reads per initial DNA strand. (lll) Reads are aligned according to their random
sequences, and consensus reads are formed, first for the single strands independently: single-strand consensus
sequences (SSCS), followed by the formation of a consensus of the two strands of a DNA duplex: duplex
consensus sequence (DCS). Figure modified from [46]. (B) Principle of Du Novo reference-free consensus
formation with barcode error correction [51,52 (in review)]. Without aligning the paired-end sequencing reads
to a reference sequence, reads are directly aligned according to their random tag sequences, allowing for up to
3 mismatches. Mismatches are corrected, and consensus sequences are formed as described above, requiring
at least 3 paired-end reads for the formation of a SSCS, and both SSCS for the formation of a DCS.

S2 Fig. General overview of sample and duplex library preparation, sequencing, consensus formation, and
variant calling.

Total DNA was first extracted from somatic tissues and used as input for enzymatic mtDNA enrichment. Single
oocytes or oocyte pools were lysed and directly used for the enrichment step. Duplex sequencing libraries were
prepared and sequenced using 250-nt paired-end reads. Consensus formation was performed on Galaxy [95]
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using the Du Novo pipeline [51,52], consensi were mapped to the mouse mtDNA reference sequence
(NC_005089.1), and further analyzed for variants.

S3 Fig. mtDNA enrichment efficiency and sequencing depth.

(A) The efficiency of mtDNA enrichment shows a narrower distribution in somatic tissues compared to oocytes.
Asterisks indicate the median of the distribution. Higher amounts of medium in which oocytes were stored
reduce enrichment efficiency, resulting in oocytes with basically no, or very poor enrichment for samples with
high amount of medium. (B) Mean DCS sequencing depth for mtDNA. A minimum mean mtDNA sequencing
depth of 500x was targeted for DCS in somatic tissues (this value in reality strongly depended on the efficiency
of mtDNA enrichment and is difficult to precisely estimate before tag-family amplification during duplex library
preparation). For single oocytes, all molecules obtained during library preparation were used as input for tag
family PCR. For samples with poor enrichment only % - % of the library was used since the majority of the DNA
represented nuclear DNA, resulting in samples with lower mtDNA sequencing depth. Asterisks indicate the
median of the distribution. (C) The distribution of DCS sequencing depth across mtDNA for a typical sample
(samples from mouse G131 are shown as an example).

S4 Fig. Mutations introduced during somatic or germline development.
Early somatic mutations (observed in both somatic tissues). Only one of them reached MAF >1% (in brain of
pup G132p1).

S5 Fig. Mutation frequencies in germline and somatic tissues.

(A) Nucleotide substitution frequencies measured in individual oocytes of mothers and pups in the mouse
pedigrees G126 and G129. Grey dots indicate a mean DCS sequencing depth <100x. Because of the low
sequencing depth, mutation frequencies might be biased towards extremely low or high values (depending on
the absence or presence of a mutation). (B) Mutation frequencies measured in brain, muscles, single oocytes,
and oocyte pools of mothers and pups, shown at a per-individual level. Only samples sequenced at a depth of
at least 100x were included (all somatic tissues; 51 of 92 single oocytes; 21 of 24 oocyte pools) to ensure
accurate mutation frequency measures. For mutation frequency computation in single oocytes, the numbers of
mutations and sequenced nucleotides were combined across all oocytes measured for the same mouse.
Permutation test p-values are indicated (one-sided test based on medians; 100,000,000 permutations;
corrected for multiple testing). (C) Mutation frequencies in the total mtDNA measured in brain, muscle, and
oocytes (single oocytes and oocyte pools combined) of mothers and pups aggregated for all individuals of an
age group. Difference between pups and mothers in each category was tested using Fisher’s exact test;
*p<0.05, **p<0.01, ***p<0.001.

S6 Fig. Mutation frequencies in the different mtDNA regions.
Mutation frequencies are shown for (A) mothers, and (B) pups for the different regions along the mtDNA.
Mutations frequencies in the tRNA coding regions (green) were aggregated.

S7 Fig. Mutations in protein coding genes.
(A) Mutation frequencies within the different protein coding genes in brain, muscle, and oocytes of mothers

and pup. (B) Distribution of nonsynonymous mutations (red), lost start codons (green), gained stop codons
(grey), lost stop codons (yellow), and synonymous mutations (blue) within the different genes. The level of
transparency represents the total number of mutations found in a gene, ranging from 1-47.

S8 Fig. Mutation frequencies at CpG sites.
Significance of differences between mutation frequencies in mothers and pups was tested using Fisher’s Exact

Test; * p<0.05, ** p<0.01, *** p<0.001; corrected for multiple testing.

S9 Fig. Trinucleotide context of mutations.
The trinucleotide context is shown for mutations in brain, muscle, and oocytes in mothers, and pups,

respectively. The nucleotide context (e.g. ACA) is only listed for one strand, but is represents the context on
both strands (e.g. ACA for C>A mutations on one strand, and TGT for G>T mutations on the second strand. No
significant differences in the trinucleotide context of mutations between mothers and pups was observed for

30


https://paperpile.com/c/aWbgsc/wzpq+ZbkH

brain, muscle, and oocytes (p=1, p=1, and p=1, respectively, Pearson's chi-square test of independence with
Monte-Carlo simulations).

S10 Fig. Different types of mutations accumulate with age inside and outside the D-loop.
(A) Frequencies of different mutation types in the D-loop in pups and mothers. (B) Frequencies of different

mutation types outside the D-loop in pups and mothers. Significance of differences between mothers and pups
was tested using Fisher’s exact test; *p<0.05, **p<0.01, ***p<0.001; corrected for multiple testing.

S11 Fig. Nucleotide substitutions accumulate asymmetrically on the two DNA strands.
We observe an asymmetric distribution of different mutation types between the light strand (L-strand;

containing more cytosines than guanines) and heavy strand (H-strand) of mtDNA, as shown previously for
human brain [28]. The substitution type is shown relative to the reference sequence (representing L-strand) of
mtDNA. Significance of differences between mutations on different strands was tested using Fisher’s Exact Test;
*p<0.05, **p<0.01, ***p<0.001; corrected for multiple testing.

S$12 Fig. Asymmetric accumulation of mutation types with age between light and heavy strands of mtDNA.
(A) Mutation frequencies of different mutation types in the D-loop in brain, muscle, and oocytes. (B) Mutation

frequencies of different mutation types outside the D-loop in brain, muscle, and oocytes. Significance of
differences between different strands was tested using Fisher’s exact test; *p<0.05, **p<0.01, ***p<0.001;
corrected for multiple testing.

$13 Fig. Occurrence and transmission of inherited heteroplasmies in the two pedigrees (G129 and G126).
Red numbers in italics indicate the IDs of the mothers. Circles indicate females, squares indicate males, and

diamonds indicate oocytes (all single oocytes and oocyte pools were considered together). Different color
fillings show the presence of different heteroplasmic sites within individuals (or all oocytes). The position of a
heteroplasmic site is shown in the corresponding color when first observed within a pedigree. Positions are
highlighted in yellow when first observed in mothers, and in grey when first observed in pups.

S14 Fig. MAFs observed for inherited heteroplasmy groups separated by their occurrence in pedigrees.
MAFs are shown for heteroplasmic sites separated by tissue (brain, muscle, single oocyte, and oocyte pool) and

based on their occurrence in the pedigrees. Blue: heteroplasmies shared by several mothers and their pups of
a pedigree (thus were likely also present in the grandmother); green: Heteroplasmies shared by a mother and
some of her pups (thus likely originated in the mother or grandmother), with dark green showing
heteroplasmies observed in mothers (where they are observed first), and light green showing heteroplasmies
observed in pups (where they are inherited); red: heteroplasmies present in both somatic tissues and oocytes
of one or several pups but absent from their mothers (these mutations likely originated in the germline of the
mothers and were inherited by the pups).

S15 Fig. Heteroplasmy frequencies across individual oocytes and pups.
Heteroplasmy MAFs of single oocytes plotted against the average MAF in brain and muscle of the

corresponding mouse.

$16 Fig. Relationship between normalized variance and age.
(A) Normalized variance (variance divided by p(1-p), where p is the average allele frequency between somatic

tissues or among single oocytes) of heteroplasmy MAFs in brain and muscle in pups and mothers. (B)
Normalized variance of heteroplasmy MAFs in single oocytes of a mouse in pups and mothers. One-sided
permutation test (medians; 10,000 permutations): p=0.478 in A and p=0.047 in B.

$17 Fig. Trinucleotide context of mutations in Covaris- and enzymatically sheared samples.
Due to the small number of mutations detected for each trinucleotide context in a sample type and age group,

we do not have much power to detect differences between the used fragmentation methods. To statistically
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test for differences, we performed a Pearson's chi-square test of independence with Monte-Carlo simulations
(we can only compute p-values using simulations since the assumptions of the chi-square approximation are
not met). We did not observe any significant differences in the trinucleotide context of mutations between
Covaris- and enzymatically sheared samples (p=0.409 and p=0.194 for mothers and pups, respectively).

$18 Fig. Du Novo consensus formation in Galaxy [95].

$19 Fig. Correlation of heteroplasmy minor allele frequencies (MAFs) measured in DCSs and SSCSs.
X- and Y-axes show MAFs for inherited heteroplasmies measured from DCSs and SSCSs, respectively. (A) When

only considering heteroplasmies for which the minor allele was measured in at least 5 DCSs, measured
frequencies correlate very well in mothers as well as pups. (B) Heteroplasmies for which the minor allele was
measured in <5 DCSs show a lower correlation between DCS and SSCS, likely resulting from the large
confidence interval of the DCS MAFs due to the small number of molecules analyzed. Since the number of
measured molecules in duplex sequencing is at least 3x higher for SSCSs, heteroplasmy MAFs from SSCSs is
likely more accurate. Therefore, for these sites, MAFs measured from SSCSs were used in subsequent analyses
(as indicated in S3 Table).

Supplemental Tables

S1 Table. Age of individual mice in the two pedigrees (G129 and G126) at the time of tissue collection. A or B
after the sample name indicates pups from two different litters.

S2 Table. Duplex sequencing summary. Summary of the samples sequenced for different sample types,
including sequencing depth, and mtDNA enrichment efficiency.

S3 Table. Tissue-specific varians found in >1 DCS (more than 1 mtDNA molecule in a sample; indicated as >1
DCS in the column called 'notes'), early somatic mutations (found in both somatic tissues, but not
transmitted to the next generation or oocytes), and all inherited heteroplasmies.

S4 Table. Mutation frequencies anayzed for different functional regions of mtDNA in mothers and pups. The
D-loop and non-coding region are listed separately to allow for better comparison to reported results on the
D-loop region solely. The D-loop region in mouse mtDNA has a size of 877 bp compared to 934 bp considering
all non-coding regions. p-values were corrected for multiple testing (separately for mothers vs. pups
comparisons and D-loop vs. non-D-loop comparisons) using the method of Benjamini-Hochberg to control the
false discovery rate.

S5 Table. Comparison of mutation frequencies among different mtDNA regions. Pairwise comparisons were
performed with the Fisher's Exact test (FET), and p-values were corrected for multiple testing using the method
of Benjamini-Hochberg to control the false discovery rate.

S6 Table. Observed versus expected numbers of de novo mutations and inherited heteroplasmies. (A)
Somatic and germline mutations in mothers. (B) Somatic and germline mutations in pups. (C) Inherited
heteroplasmies. p-values were calculated with a two-sided binomial test. The actual sequence of the two
pedigrees (including one insertion compared to the reference sequence) was used. The observed numbers of
variants and the numbers expected under random and neutral expectations (based on the frequency at specific
sites) are shown. (D, E) One-sided binomial test to test if mutation frequencies observed in the D-loop are
significantly greater than expected by chance.

S7 Table. Frequencies of different mutation types in somatic tissues and oocytes. p-values were corrected for
multiple testing (separately for mothers vs. pups comparisons for different mutations types, mothers vs. pups
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comparisons of transitions (Ti) and transversions (Tv), and CpG vs. nonCpG comparisons) using the method of
Benjamini-Hochberg to control the false discovery rate. 'nt sequenced (type)' is the number of sequenced
nucleotides that can effectively lead to the observed mutation type.

S8 Table. Frequencies of different mutation types in somatic tissues and oocytes of mothers and pups
analyzed separately for the D-loop and outside the D-loop. p-values (Fisher's exact test) were corrected for
multiple testing using the method of Benjamini-Hochberg to control the false discovery rate. 'nt sequenced
(type)' is the number of sequenced nucleotides that can effectively lead to the observed mutation type.

S9 Table. Analysis of strand-biased mutation accumulation. p-values for differences in mutation frequencies of
the two complementary mutation types (strand bias) were calculated with Fisher's exact test (FET) and
corrected for multiple testing using the method of Benjamini-Hochberg to control the false discovery rate. 'nt
sequenced (type)' is the number of sequenced nucleotides that can effectively lead to the observed mutation

type.

$10 Table. Comparison of strand-biased mutation accumulation in the D-loop versus outside the D-loop
(non-D-loop). p-values for differences in mutations frequencies of the two complementary mutation types, as
well as between the D-loop and outside the D-loop (non-D-loop) were calculated with Fisher's exact test (FET)
and corrected for multiple testing using the method of Benjamini-Hochberg to control the false discovery rate
(separate for strand- and D-loop/non-D-loop comparisons). 'nt sequenced (type)' is the number of sequenced
nucleotides that can effectively lead to the observed mutation type.

S11 Table. Mixed effects logistic regression model without interactions. Fixed effects: age category (mother;
pup), tissue (brain; muscle; oocyte pool; single oocyte (combined across all oocytes measured for a mouse)),
mtDNA compartment (D-loop; non D-loop), mutation type (transversion; A>G and T>C transitions; C>T and G>A
transitions). Baseline for fixed effects: age category: mother; tissue: brain; mtDNA compartment: D-loop;
mutations type: transversion. Random effects: mouse ID (multiple observations are related to the same
individual, 36 individuals in total). Response: mutation frequency, with weights given by the number of
nucleotides corresponding to each observation. Marginal psuedo-R2 (represents the variance explained by the
fixed effects): 22.82%. Conditional pseudo-R2 (represents the variance explained by both fixed and random
effects): 23.53%. Odds ratio: odds of having a mutation for the corresponding category, divided by the odds of
having a mutation for the baseline category (odds is defined as the probability of a nucleotide to be mutated,
divided by the probability of not being mutated).

S$12 Table. Mixed effects logistic regression model with interactions. Fixed effects: age category (mother;
pup), tissue (brain; muscle; oocyte pool; single oocyte (combined across all oocytes measured for a mouse)),
mtDNA compartment (D-loop; non D-loop), mutation type (transversion; A>G and T>C transitions; C>T and G>A
transitions), and interactions between mutation type (transversion; A>G and T>C transitions; C>T and G>A
transitions) and each of the other variables. Baseline for fixed effects: age category: mother; tissue: brain;
mtDNA compartment: D-loop; mutations type: transversion. Random effects: mouse ID (multiple observations
are related to the same individual, 36 individuals in total). Response: mutation frequency, with weights given
by the number of nucleotides corresponding to each observation. Marginal pseudo-R2 (represents the variance
explained by the fixed effects): 23.31%. Conditional pseudo-R2 (represents the variance explained by both fixed
and random effects): 24.02%. Interactions are significant (Chi-square test for comparison between full and
reduced model): p-value=1.3e-30.

$13 Table. Heteroplasmic sites (inherited heteroplasmies) in the two mouse pedigrees.
S14 Table. Heteroplasmies present either in two generations of a pedigree or in both somatic and germline

tissues of an individual (i.e. inherited heteroplasmies).
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S15 Table. Calculation of correlations for inherited heteroplasmies between (A) mean MAF of heteroplasmies
in brain compared to the mean MAF in muscle, for pups; (B) mean MAF of heteroplasmies in brain compared
to the mean MAF in muscle, for mothers; (C) mean MAF of heteroplasmies in all single oocytes analyzed for
a pup compared to the mean MAF of both somatic tissues of the corresponding pup; and (D) mean MAF of
heteroplasmies in all single oocytes analyzed for a mother compared to the mean MAF of both somatic
tissues of the corresponding mother, after downsampling to equal sample sizes. Random downsampling was
performed 10x for each correlation calculation, and the mean of all obtained values was computed. (C,D) The
analysis was either performed after excluding samples for which only 1 or 2 single oocytes were measured at
sufficient sequencing depth (table on top), or when including all samples independent of the number of single
oocytes (bottom table).

$16 Table. Estimating germline bottleneck.

S17 Table. Overview of all sequenced libraries. Duplex sequencing libraries for brain and muscle of 36 mice,
liver of 7 mice, and heart of one mouse, as well as of 92 single oocytes and 24 oocyte pools. A total of 5
HiSeqg 2500 runs were performed, labelled mm_DS01-mm_DS05. To increase the mtDNA sequencing depth,
occasionally a second library was prepared for the same sample and sequenced in another run. For most single
oocytes, enzymatic fragmentation, which is part of the NEB Ultra Il FS DNA Library Preparation Kit, was used for
DNA fragmentation (indicated with FS in column 'fragmentation'), for somatic tissues, some single oocytes, and
oocyte pools shearing on a Covaris M220 machine was performed (indicated with CV in column
'fragmentation'). Numbers of putative tissue-specific mutations are shown after filtering (as described in S1
Note).

S$18 Table. Complete list of de novo mutations measured in the two mouse pedigrees. The table contains all
putative de novo mutations, independent of the number of samples a mutation is found in (indicated in the
last column). Only mutations occurring in less than 4 samples were included in the final analysis (see S2 Note).
Early somatic mutations (present in both somatic tissues, but absent in the germline) are separately listed in S3
Table.

$19 Table. Variant calling and de novo mutation filtering steps.

$20 Table. Artificial mixtures of different heteroplasmy frequencies. Two rhesus macaque samples differing in
14 fixed sites and 2 heteroplasmic sites (one in each macaque; shown in green) were mixed at different ratios
(10% - two replicates, 1% - two replicates, and 0.2% - six replicates). The mean and standard deviation (STDEV)
across all sites were calculated without the heteroplasmic sites. 19 out of 168 heteroplasmic sites at a mixed
frequency of about 0.2% could not be detected in DCSs (minor allele frequencies (MAFs) shown in red), but all
of them were present in SSCSs.

Supplemental Notes

S1 Note . Filtering of tissue-specific mutations based on their occurrence in the two pedigrees

S2 Note . Selection analysis - hN/hS statistics

S3 Note. Selection analysis - phastCons scores

S4 Note. Mutations in regulatory D-loop regions
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