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Mutations in mitochondrial DNA (mtDNA) contribute to multiple diseases. However,
how new mtDNA mutations arise and accumulate with age remains understudied
because of the high error rates of current sequencing technologies. Duplex sequencing
reduces error rates by several orders of magnitude via independently tagging and analyz-
ing each of the two template DNA strands. Here, using duplex sequencing, we obtained
high-quality mtDNA sequences for somatic tissues (liver and skeletal muscle) and single
oocytes of 30 unrelated rhesus macaques, from 1 to 23 y of age. Sequencing single
oocytes minimized effects of natural selection on germline mutations. In total, we iden-
tified 17,637 tissue-specific de novo mutations. Their frequency increased ∼3.5-fold in
liver and ∼2.8-fold in muscle over the ∼20 y assessed. Mutation frequency in oocytes
increased ∼2.5-fold until the age of 9 y, but did not increase after that, suggesting that
oocytes of older animals maintain the quality of their mtDNA. We found the light-
strand origin of replication (OriL) to be a hotspot for mutation accumulation with
aging in liver. Indeed, the 33-nucleotide-long OriL harbored 12 variant hotspots, 10 of
which likely disrupt its hairpin structure and affect replication efficiency. Moreover, in
somatic tissues, protein-coding variants were subject to positive selection (potentially
mitigating toxic effects of mitochondrial activity), the strength of which increased with
the number of macaques harboring variants. Our work illuminates the origins and accu-
mulation of somatic and germline mtDNA mutations with aging in primates and has
implications for delayed reproduction in modern human societies.
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Mitochondria produce energy and are involved in myriad other cellular functions
(reviewed in ref. 1). The mammalian mitochondrial DNA (mtDNA) is a small (∼16.6
kb in humans), circular, maternally transmitted molecule, which harbors 37 genes
encoding 13 proteins (which form oxidative phosphorylation subunits), 22 transfer
RNAs (tRNAs), and 2 ribosomal RNAs (rRNAs; reviewed in ref. 2). mtDNA is present
in hundreds to thousands of copies per somatic cell and in >100,000 copies in an
oocyte (3).
The germline nucleotide substitution rate of mtDNA is an order of magnitude

higher than that of nuclear DNA (4, 5). Germline mutations increase in frequency
with paternal and maternal age in nuclear DNA of humans (6) and macaques (7); how-
ever, whether they accumulate with maternal age in mtDNA of primates has been
understudied. Such age-related accumulation was suggested based on the analysis of
human pedigrees (4, 8) without the direct examination of germline cells and, thus,
might have been influenced by selection. An investigation of mutation accumulation in
the oocytes of females of different ages is needed to settle this question unequivocally.
The direct examination of mtDNA mutations in oocytes has been challenging due

to methodological limitations. Most studies either focused on a limited number of
mtDNA sites (e.g., refs. 9, 10) or used sequencing methods with high error rates (e.g.,
refs. 11, 12). Recently, an age-related increase of mtDNA mutations in mouse oocytes
was demonstrated with duplex sequencing (13). However, we still do not know defini-
tively whether the frequency of mtDNA mutations increases with age in primate
oocytes. Answering this question is critical due to the association of mtDNA mutations
with human genetic diseases (reviewed in ref. 14) and because of frequently delayed
reproduction in modern human societies. Examining mutations in human oocytes
presents multiple logistical and ethical challenges, requiring one to turn to a primate
model.
The rhesus macaque is an excellent model organism to study mtDNA mutations in

relation to aging due to 1) the high similarity between macaque and human mtDNA,
innate defenses against oxidative damage (15), and age-related decline in metabolic rate
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(16); and 2) the possibility of collecting oocytes from macaques
starting at a young age. For humans, oocyte collection is mainly
restricted to the reproductive lifespan, when in vitro fertilization
procedures are performed.
Here, we analyzed mutations in single oocytes and somatic

tissues of rhesus macaques over an age span of >20 y, including
samples from animals who have not reached sexual maturity
(occurring at ∼3 y; ref. 17), as well as from animals up to the
age of 23 y, covering the whole reproductive lifespan (macaques
reach menopause at the age of ∼25 y; ref. 18). To measure de
novo mutations, we used highly accurate duplex sequencing
(19), allowing one to distinguish bona fide DNA variants from
artifacts (sequencing and PCR errors, or DNA lesions) by bar-
coding double-stranded sequencing templates and achieving
error rates <10�7. With this method, first, single-strand con-
sensus sequences (SSCSs) are formed for reads originating from
each of the two template strands separately. Next, a duplex con-
sensus sequence (DCS) is formed from the two SSCSs. True
DNA variants are expected to be present in both SSCSs and,
thus, in the DCS. Using this method, we directly measured the
frequency of de novo germline and somatic mutations across
the whole mtDNA in macaques, demonstrating their accumula-
tion with age. We identified variant hotspots, analyzed the
effect of selection, and examined the dependence of allele
frequencies of inheritable mtDNA heteroplasmies on age.

Results

Duplex Sequencing and Mutation Detection. To study the role
of age in somatic and germline mutation accumulation, we gen-
erated high-quality full-length mtDNA sequences for 30 unre-
lated Indian rhesus macaques ranging in age from 1 to 23 y
(Fig. 1A). The macaques were collected at five primate research
centers (SI Appendix, Table S1). For every animal, we assayed
mtDNA from liver, skeletal muscle (henceforth called
“muscle”), and from 1 to 14 single oocytes (SI Appendix, Table
S1; a total of 152 single oocytes were assayed). We also assayed
mtDNA from heart for nine macaques selected based on the
presence of inheritable heteroplasmies (SI Appendix, Table S1).
To identify DNA variants, we used duplex sequencing (19),

following the published protocol (13). Briefly, the samples were
enriched for circular mtDNA with the exonuclease V digestion
of linear nuclear DNA (SI Appendix, Table S2 and Fig. S1A ).
DNA was sheared to ∼550 bp and sequenced on the Illumina
HiSeq 2500 platform using 250-nt paired-end reads and
analyzed with the Du Novo software (20) to form DCSs.
We achieved a median mtDNA enrichment of 92.4%, 96.6%,
98.1%, and 73.5% and a median DCS depth of 2,906×,
3,729×, 2,565×, and 260× per site per sample for liver, mus-
cle, heart, and single oocytes, respectively (SI Appendix, Table
S2 and Fig. S1 A and B), with a uniform DCS depth across the
mtDNA length (SI Appendix, Fig. S1C ). The DCSs were
mapped to the macaque reference genome consisting of nuclear
DNA and mtDNA, and only alignments with the best match
to the mtDNA were retained. The enzymatic digestion of linear
nuclear DNA, the relatively long fragment size and read length
during sequencing (4), and the retention of only reads mapping
to mtDNA all minimize the contribution from regions of
nuclear DNA that are homologous to mtDNA (Numts) to our
mutation dataset (see Materials and Methods). At 122 different
mtDNA positions, we identified homoplasmic differences from
the reference sequence (supported by all DCSs in all tissues
studied for an animal), with 7 to 16 such sites per animal
(SI Appendix, Fig. S2). Additionally, we identified sites with

nucleotides different from the majority of DCSs for a sample as
“variants” (see Materials and Methods).

Across all samples studied, we identified 18,532 variants.
Among them, we detected and analyzed separately 221 inherit-
able variants (i.e., heteroplasmies present in all somatic tissues
and ≥1 oocyte of an animal). We filtered out 1) 391 variants
with ambiguous timing of occurrence during development (i.e.,
representing potential inheritable heteroplasmies, early somatic
mutations, or early germline mutations; see SI Appendix,
Materials and Methods); 2) 213 variants present at the begin-
ning or the end of long homopolymer runs (representing
potential read mapping errors); and 3) 70 low-confidence var-
iants present in oocytes with a mean DCS depth <100× (we
retained variants from 119 oocytes with a mean DCS depth
≥100×, i.e., from 1 to 12 oocytes per animal for a total of
29 animals; included oocytes did not significantly differ in
diameter between prepubertal and sexually mature females; SI
Appendix, Fig. S1D). As a result, we obtained 17,637 high-
confidence tissue-specific de novo mutations (SI Appendix, Fig.
S3). Among them, we observed 56 mutation sites—harboring
117 variants—shared by oocytes of the same animal in eight
animals. This is 37 more sites than expected by random chance
(SI Appendix, Note S1), and, thus, a small number of de novo
germline mutations might have arisen in lineages prior to diver-
gence of individual oocytes. We nevertheless kept these muta-
tions because we cannot distinguish them from shared de novo
mutations arising independently in two oocytes.

To study the frequencies and patterns of de novo mutations
and inheritable heteroplasmies depending on age, we assigned
macaques to four age groups of approximately equal size
(Fig. 1A): 1) young (<5 y; 9 animals; 36 single oocytes), 2)
intermediate 1 (5 to <10 y; 7 animals; 13 single oocytes), 3)
intermediate 2 (>10 to 15 y; 7 animals; 46 single oocytes), and
4) old (>15 y; 7 animals; 24 single oocytes; SI Appendix, Table
S1). The distribution of the 17,637 de novo mutations among
the age groups and tissues is shown in SI Appendix, Table S3.
The majority of de novo mutations (15,810) were each mea-
sured in a single DCS and, thus, had low minor allele frequen-
cies (MAFs). Only 53 de novo mutations had a MAF ≥1% (SI
Appendix, Fig. S4A ), a common cutoff for mtDNA mutation
detection in other studies. Because these mutations are tissue-
specific, they likely rose to high frequencies due to clonal
expansions.

De Novo Mutations.
Increase in mutation frequency with age. To study the effect of
age on mutation frequency, we built a generalized mixed-effects
linear model (see Materials and Methods). The model predicted
the probability of having a mutation in a sequenced nucleotide
as a function of age (Fig. 1B) by using the mutation frequency
as response; the number of sequenced nucleotides per sample as
weight; and age, tissue, and their interactions as fixed-effect
predictors. The macaque ID was used as a random effect.
The model indicated a significant increase in mutation fre-
quency with age in all tissues analyzed (Z-test P = 2.7 × 10�30,
P = 2.4 × 10�20, P = 3.4 × 10�45, and P = 1.7 × 10�12 for
muscle, heart, liver, and oocytes, respectively). Compared with
the average mutation frequency at birth for muscle, such fre-
quency was not significantly different for heart but was higher
for liver and lower for oocytes (SI Appendix, Fig. S5A and
Table S4). There was a steeper increase in mutation frequency
with age for liver and heart, and a more moderate one for
oocytes, than for muscle. A moderate increase in oocytes
prompted us to build a separate generalized mixed-effects
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model with the same response, weight, and predictors as the pre-
vious model but allowing for a change in slope in the relationship
between oocyte mutation frequency and age (Fig. 1B and SI
Appendix, Table S5). The resulting piecewise model fit the data
significantly better than the one not allowing for a change in
slope (likelihood ratio test P = 1.6 × 10�6) and identified a
break at the age of 9 y, prior to which oocyte mutation frequency
increased with age (Z-test P = 3.6 × 10�15), but after which it
did not (Z-test P = 0.32; odds ratios are in SI Appendix, Table
S5). Macaque ID had a significant effect (likelihood ratio test P
= 6.4 × 10�71), suggesting that some macaques have more
highly mutable mtDNA than others (SI Appendix, Table S5).
The primate research center was not significant (likelihood ratio
test P = 0.78) and, thus, not added to the model.
We then compared the mutation frequencies among animals

from different age groups (here and in the subsequent de novo
mutation analyses, we excluded heart due to the limited data).
The mutation frequency was significantly higher in old than in

young animals (i.e., between the two extreme age groups, with
a 3.5-fold, 2.8-fold, and 2.5-fold increase in liver, muscle, and
oocytes, respectively; one-sided permutation test for equality in
medians P = 9.9 × 10�3, P = 9.9 × 10�3, and P = 9.9 ×
10�3, respectively; Fig. 1C and SI Appendix, Table S3). More-
over, the mutation frequency was almost always significantly
higher in the older than in the younger animals from any
two adjacent age groups, except for insignificant differences
between muscle of intermediate 1 and intermediate 2 animals
and between oocytes of intermediate 2 and old animals (SI
Appendix, Table S3). Similar results were obtained when aggre-
gating mutations across animals in each tissue and age group
(SI Appendix, Table S6) and when considering only mutations
measured in >1 DCS (SI Appendix, Fig. S4B ). To increase sta-
tistical power, such aggregated mutations were used for the rest
of the analyses in this section.
Variation in mutation frequency along the mtDNA. The mutation
frequency was significantly higher in the D-loop than in the

Fig. 1. Age-related increase in mutation frequency. (A) Liver, muscle, and oocyte samples were sequenced from 1- to 23-y-old macaques, classified into
four age groups: young, intermediate 1, intermediate 2, and old. (B) Mixed-effects linear model analyzing the effect of age on mutation frequencies (a piece-
wise model was used for oocytes). Curves show the predicted mutation frequency based on the fixed-effect part of the model. Dots are the observed muta-
tion frequencies per tissue per macaque; predicted frequencies and bootstrap confidence intervals are in SI Appendix, Fig. S5B. (C) Mutation frequencies
measured in liver, muscle, and single oocytes shown for each macaque and for each age group. The average mutation frequency among oocytes analyzed
for an animal was calculated; the results did not change qualitatively when each oocyte was considered individually (SI Appendix, Table S3 and Fig. S6). P val-
ues are for a permutation test comparing young and old age groups (one-sided test based on medians; 10,000 permutations; corrected for multiple testing,
see Materials and Methods). (D) Tissue-specific mutation frequencies (i.e., total number of tissue-specific mutations divided by the product of mtDNA region
length and mean DCS depth) for each age group in protein-coding (11,370 bp), rRNA (2,505 bp), tRNA (1,504 bp), D-loop (1085 bp), and OriL (33 bp; including
a 3-bp overlap with tRNA) sequences. Mutation frequencies for noncoding sequences outside of the D-loop and OriL (98 bp) are shown in SI Appendix,
Table S6. Mutation frequency bars are shown with 95% Poisson confidence intervals.
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protein-coding, rRNA, and tRNA regions combined for each
tissue and each age group studied (Fig. 1D; see SI Appendix,
Table S6 for Fisher's exact test P values). For each age group,
in the D-loop, the mutation frequency was relatively similar
among the tissues analyzed; however, in the protein-coding,
rRNA, and tRNA regions, the mutation frequency was highest
in liver, intermediate in muscle, and lowest in oocytes. As a
result, for the D-loop, fold increases in mutation frequency
between old and young animals were rather consistent among
tissues: 2.3, 2.0, and 2.9 in liver, muscle, and oocytes, respec-
tively. In contrast, coding regions had the highest fold differ-
ences in mutation frequency between old and young animals in
liver, intermediate fold differences in muscle, and the lowest
fold differences in oocytes: 4.2, 2.7, and 1.6, respectively, for
protein-coding regions.
When inspecting mutations along the mtDNA in 80 × 207-bp

bins, we noticed a peak around 5,700 nt in liver of intermedi-
ate 1, intermediate 2, and old animals (SI Appendix, Fig. S7A).
This peak included the light-strand origin of replication (OriL,
33 bp) and was particularly strong for old animals. Therefore,
we next compared mutation frequencies among noncoding
regions: the OriL, the D-loop (1,085 bp) containing the heavy-
strand origin of replication (Fig. 1D), and the noncoding DNA
outside these two regions (98 bp; SI Appendix, Table S7). This
analysis confirmed that in liver, OriL exhibited high mutation
frequencies—particularly in older animals (Fig. 1D and SI
Appendix, Fig. S7)—and, thus, is a region of preferential muta-
tion accumulation with aging. Indeed, in liver, OriL in old ani-
mals had a 5.0-fold-higher mutation frequency compared to
the D-loop in old animals (Fisher’s exact test, corrected for
multiple testing, P = 4.5 × 10�15) and a 19-fold-higher muta-
tion frequency compared to OriL in young animals (Fisher's
exact test, corrected for multiple testing, P = 2.7 × 10�12;
Fig. 1D and SI Appendix, Table S7). Furthermore, a sliding
window analysis (33-bp windows shifted by 1 bp at a time)
showed that in liver of intermediate 1, intermediate 2, and old
animals, only 13, 2, and 13 out of 16,532 windows, respec-
tively, had mutation frequencies equal to or higher than that
measured in the window consisting of the OriL sequence (SI
Appendix, Fig. S7C ). Notably, 5, 2, and 13 of these windows,
respectively, overlapped with OriL, and the remaining 8 win-
dows were in the D-loop. The mutation frequency in noncod-
ing DNA outside of OriL and the D-loop was low (SI
Appendix, Table S7).
By analyzing observed versus expected numbers of de novo

mutations based on the length of mtDNA functional regions (SI
Appendix, Table S8), we found the D-loop to harbor a higher
number of mutations than expected by chance in each tissue and
each age group analyzed. OriL had a higher-than-expected num-
ber of mutations in liver of each age group except for young
animals (two-sided binomial test P = 0.47, P = 3.1 × 10�11,
P = 2.9 × 10�33, and P = 4.2 × 10�20 for young, intermediate
1, intermediate 2, and old, respectively). De novo mutations were
significantly underrepresented in protein-coding regions in each
tissue and age group analyzed (see SI Appendix, Table S8 for
P values). In oocytes, the nonsynonymous-to-synonymous rate
ratio (21) (hN/hS, equal to 1.56, 0.72, 1.45, and 1.03 for young,
intermediate 1, intermediate 2, and old animals, respectively; SI
Appendix, Fig. S8) was within (or close to) the range of neutral
expectations. In somatic tissues, hN/hS ratios were higher than
neutral expectations (SI Appendix, Fig. S8), with particularly high
ratios in old animals (1.62 in liver and 1.41 in muscle), suggest-
ing positive selection. Therefore, our results were largely inconsis-
tent with purifying selection acting against de novo mutations in

protein-coding regions. We did not observe a significant deple-
tion of mutations in regulatory versus nonregulatory regions of
the D-loop (SI Appendix, Table S9 and Fig. S9), providing no
evidence of purifying selection in it.
Preferential accumulation of transitions with aging, mutations at
CpGs, and strand bias. The majority of de novo mutations were
transitions, mostly accumulated with aging (SI Appendix, Table
S10). Between young and old macaques, there were 4.5-, 3.1-,
and 2.8-fold increases (Fisher’s exact test P < 1.0 × 10�250,
1.2 × 10�153, and 5.0 × 10�42) in the frequency of transitions
in liver, muscle, and oocytes, respectively. However, there were
only 1.5- and 1.2-fold increases—and, in fact, a 1.1-fold
decrease (Fisher’s exact test P = 1.2 × 10�3, 0.069, and 0.306;
SI Appendix, Table S11)—in the frequency of transversions in
liver, muscle, and oocytes, respectively. Significant increases in
frequencies in young compared to old macaques were observed
for both A > G and/or T > C (4.0-, 2.9-, and 3.0-fold in liver,
muscle, and oocytes, respectively) and C > T and/or G > A (4.
8-, 3.1-, and 2.7-fold in liver, muscle, and oocytes, respectively)
transitions (SI Appendix, Fig. S10; see SI Appendix, Table S11
for mutation frequencies and Fisher’s exact test P values).

The effect of methylation of CpG sites on mtDNA muta-
tions might be tissue specific, depending on mutation fre-
quency. With more mutations generally occurring in the liver
of older animals, the effect of CpG sites on mtDNA mutagene-
sis might be stronger in this tissue because of more rounds of
mtDNA replication and more time spent by the mtDNA in
the single-stranded state. In liver, in older animals (intermediate
1, intermediate 2, and old), the mutation frequency for G > A
substitutions was significantly higher at CpG than non-CpG
sites (1.3-, 1.3-, and 1.4-fold; Fisher’s exact test P = 7.0 ×
10�3, 1.3 × 10�5, and 8.8 × 10�6, respectively; SI Appendix,
Fig. S11 and Table S12). In muscle and oocytes, in most age
groups, the mutation frequency was slightly higher at CpG sites
than at non-CpG sites, but this difference was not significant
(SI Appendix, Fig. S11 and Table S12).

Consistent with previous reports based on conventional (22)
and duplex (23) sequencing, several mtDNA mutation types
exhibited strand bias in our data. Strand bias is a bias in the
occurrence of mutations between the light and heavy strands
(L-strands vs. H-strands). Without strand bias, and when cor-
recting for the unequal nucleotide composition of the two
strands, we expect similar numbers of mutations of the same
type (e.g., C > T) originating on the L-strand versus on the
H-strand. Duplex sequencing measures mutations on both
DNA strands, but mutations are reported only with respect to
the reference L-strand sequence. Using the L-strand as a refer-
ence, we expect similar numbers of mutations of one type (e.g.,
C > T) and of the complementary type (e.g., G > A; this is
how C > T mutations originating from the H-strand manifest
themselves) under the hypothesis of no strand bias (SI
Appendix, Materials and Methods). However, this was not what
we observed in our data on de novo mutations. Transitions
showed a strong strand bias, particularly for C > T and G > A
mutations, across all tissues, with similar patterns between
younger and older animals (SI Appendix, Fig. S12 and Table
S13). With the L-strand as a reference, there were more G > A
than C > T mutations—ranging from 10.8-fold to 16.0-fold
more in somatic tissues and from 3.5-fold to 5.6-fold more in
oocytes. The G > A over C > T strand bias was previously
observed in human mtDNA (23). For transversions, a signifi-
cant strand bias was observed for C > G and G > C (3.5-fold
and 3.2-fold more G > C than C > G in liver of intermediate
2 and old animals, respectively) and A > C and T > G
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(6.3-fold more A > C than T > G in liver of intermediate 2
animals). Note that some mutations originating from the
L-strand (e.g., C > T mutations) might have been complemen-
tary mutations (e.g., G > A mutations) originating from the
H-strand; however, this does not affect strand bias estimates (SI
Appendix, Materials and Methods).
Variant hotspots. To identify variant hotspots, we built a proba-
bilistic model that takes into account tissue-specific estimates
of the average mutation frequencies, the higher mutability
in the D-loop, and the mean DCS depth in each sample
(SI Appendix, Note S2). We also considered the number of
sequenced oocytes per animal. For each tissue, we computed

the expected number of mutations present in exactly one
macaque and shared by several macaques (Fig. 2A). Results sug-
gest that due to random chance, mutations at the same site are
expected to occur in two animals and can sometimes occur in
three or four animals, but they are rarely expected to occur in
liver and muscle, and are not expected to occur at all in the
oocytes, in five or more animals (SI Appendix, Note S2). Thus,
we defined tissue-specific sites mutated in at least five different
macaques as variant hotspots (SI Appendix, Fig. S13 and
Dataset S1). We detected a total of 472 hotspots: 354, 93, and
25 in liver, muscle, and oocytes, respectively (the number of
tissue-specific hotspots depends on the total number of

Fig. 2. Analysis of variant hotspots. (A) The observed and expected distributions of the number of macaques with individual variants in liver, muscle, and
oocytes (with all oocytes from an animal considered together). (B) Distribution of mutations (normalized by the length of the respective region) among
D-loop, OriL, noncoding DNA outside of OriL and D-loop, protein-coding regions, rRNA, and tRNA, shown separately for each tissue, and for mutations
observed in 1–2, 3–4, or >4 macaques. Numbers indicate the total number of mutations analyzed (due to overlapping annotation of regions, some
mutations were counted twice). The proportion of mtDNA occupied by each region is shown on the right. (C) Hairpin structure of OriL; variant hotspots
are in blue. (D) hN/hS ratios for mutations observed in 1–2, 3–4, or >4 macaques. Numbers indicate the total number of mutations analyzed. In muscle of
intermediate 2 animals, we did not find any synonymous mutations and, thus, could not compute the hN/hS ratio.
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mutations measured in each tissue and, thus, is low in oocytes).
The locations of 62 hotspot sites overlapped among tissues (SI
Appendix, Fig. S13), leading to a total of 401 mtDNA sites
affected by hotspots. Overall, 10–26% of all de novo variants
(192, 621, and 2,483 out of 1,952, 4,998, and 9,389, for oocytes,
muscle, and liver, respectively) were found at hotspot sites occupy-
ing only ∼2.4% of the mtDNA length (401 out of 16,564).
Among the 401 hotspot sites, 87 were located in the D-loop,

42 in rRNA, 43 in tRNA, 218 in protein-coding regions, and
12 in OriL (one OriL site is also annotated as part of tRNA).
This is different from what is expected based on the length of
the different mtDNA regions (SI Appendix, Table S5E ) as well
as from the distribution of mutations occurring in one or two
animals (Fig. 2B ). While 3% of all hotspot sites were located
in OriL, this region covers only 0.2% of mtDNA. While in
muscle and oocytes we observed the highest hotspot frequency
in the D-loop, all of the OriL hotspots were liver specific.
Therefore OriL is the region with the highest hotspot frequency
in liver (SI Appendix, Fig. S13C ). Ten of 12 OriL hotspots dis-
rupt proper pairing in the hairpin stem (Fig. 2C and SI
Appendix, Fig. S14), potentially decreasing replication efficiency.
For de novo mutations in protein-coding regions, the hN/hS

depended on the number of macaques in which a variant was
found (Fig. 2D and SI Appendix, Table S14). The hN/hS was
within, or close to, the range of neutral expectations (≤1.5 for
all tissues and age groups) for de novo mutations present in
one or two macaques. For mutations present in several maca-
ques (three or more), in somatic tissues of most age groups, the
hN/hS was higher than expected under neutrality. Therefore,
our results suggest that protein-coding variants present in
somatic tissues of multiple macaques evolve under positive
selection. For oocytes, we could not compute the hN/hS ratio
for sites mutated in multiple macaques due to the paucity of
such sites.

Inheritable Heteroplasmies. In addition to de novo mutations,
we investigated heteroplasmies present in at least one oocyte
and all somatic tissues analyzed for the same animal (SI
Appendix, Table S15) and, thus, very likely already inherited
from the mother. Because of their usually higher MAFs, such
heteroplasmies have a higher potential to be inherited by the
offspring (“inheritable heteroplasmies”). To boost our statistical
power, in addition to the samples used to study de novo muta-
tions, here we considered heart and 33 oocytes with average
DCS depth below 100×. In our data set, 10 animals harbored
17 sites with inheritable heteroplasmies (10, 0, 6, and 1 site(s)
in young, intermediate 1, intermediate 2, and old animals,
respectively; SI Appendix, Table S15), which were all transi-
tions. Nine of the 17 sites were located in the D-loop, five in
protein-coding regions, and three in tRNA.
Stronger genetic drift between oocytes and somatic tissues than
between somatic tissues. MAFs of inheritable heteroplasmies
correlated tightly between the somatic tissues studied, with a
higher correlation between muscle and heart (r = 0.970), which
are closely related ontogenetically, than between each of these
tissues and liver (r = 0.925 and r = 0.936, respectively; Fig. 3
A–C ). The MAF correlation between somatic tissues and
oocytes was lower (r = 0.910; Fig. 3D). These results suggest a
stronger genetic drift between oocytes and somatic tissues, an
intermediate one between liver and muscle/heart, and a weaker
one between muscle and heart.
Genetic drift increases with age in somatic tissues. We next
tested whether the normalized variance in MAF (variance
divided by p(1�p), where p is the average MAF of the allele
among single oocytes or across somatic tissues; refs. 24, 25)
increases with age. The normalized variance in MAF across
somatic tissues was positively correlated with age (Pearson
r = 0.556, P = 0.021; Fig. 3I ). The normalized variance in
MAF for oocytes also increased with age, although this was not

Fig. 3. Correlation of MAFs for inheritable heteroplasmies between different tissues and correlation of the normalized variance with age. (A) MAF of hetero-
plasmies in heart vs. muscle. (B) MAF of heteroplasmies in liver vs. muscle. (C) MAF of heteroplasmies in heart vs. liver. (D) MAF of heteroplasmies in somatic
tissues (averaged among liver, muscle, and heart) vs. oocytes (averaged among all oocytes studied per animal). (E and F ) Correlations of MAFs in muscle
and heart, separated into young (E) and intermediate 2 plus old (F ) age groups. Additional correlations between somatic tissues are in SI Appendix, Fig. S15.
(G and H) Correlations of mean MAFs in somatic tissues and mean MAFs of all oocytes analyzed per animal, separately for young (G) and intermediate
2 plus old (H) age groups. (I and J) Correlation of the normalized variance of heteroplasmy MAF for somatic tissues (I) or single oocytes ( J) with age. The gray
bands are confidence intervals around the regression line, and the dashed lines are the 1:1 relationship. Dot size for oocyte plots reflects the number of
sampled oocytes for each animal and heteroplasmic site.
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significant (Pearson r = 0.399, P = 0.113; Fig. 3J ). These
observations suggest that genetic drift increases with age for
somatic tissues and perhaps less so for oocytes.
Furthermore, we observed that the MAFs of inheritable het-

eroplasmies were more similar (i.e., more tightly correlated)
between somatic tissues for young than for older (intermediate
2 and old combined) animals (Fig. 3 E and F and SI Appendix,
Fig. S15), though the differences in correlations were not sig-
nificant (P = 0.413, P = 0.762, and P = 0.079 for comparisons
of muscle with heart, liver with heart, and muscle with liver,
respectively; Fisher Z-test for difference between correlation
coefficients). This was not observed between oocytes and
somatic tissues, where correlation coefficients for MAFs of
inheritable heteroplasmies were analogous in young and older
animals (Fig. 3 G and H ). This suggests that genetic drift
increases with age for somatic tissues but not for oocytes. How-
ever, because of the small numbers of heteroplasmies analyzed
per age group, we had only limited power to assess differences
in genetic drift associated with age.
Does selection affect allele frequency of inheritable heteroplasmies?
We next analyzed whether selection influences the changes in
MAFs for inheritable heteroplasmies. We did not observe a sig-
nificant difference between the number of heteroplasmic
variants with an increase (n = 86) and a decrease (n = 84) in
MAFs in oocytes and somatic tissues (P = 0.939, binomial
test; SI Appendix, Fig. S16A). This remained true when we
accounted for a potential bias that heteroplasmy frequency
introduces when analyzing the magnitude of shifts in MAFs (SI
Appendix, Fig. S16B).
Tight effective germline bottleneck. To estimate the size of the
effective germline bottleneck—the size required to explain
observed genetic drift—for macaque mtDNA, we applied the
population genetics approach described in Barrett et al. and
Hendy et al. (25, 26) to the data on MAF shifts at 17 inheritable
heteroplasmies. Namely, we compared allele frequencies between
somatic tissues (averaged among three tissues per animal) and
single oocytes (with 4 to 14 oocytes per animal) for each site
separately (170 transmissions to oocytes in total). Because of the
relatively small number of sites and samples examined, we could
not rigorously test for linkage of variants (SI Appendix, Fig. S17).
The effective bottleneck size was estimated to be 9.30 segregating
mtDNA units (95% bootstrap confidence interval: 0.26–27.5)
for all animals, 11.6 units (95% bootstrap confidence interval:
3.60–27.5) for young macaques, and 5.95 units (95% bootstrap
confidence interval: 0.26–14.5) for older macaques (intermediate
2 and old combined; SI Appendix, Table S16). Thus, the bottle-
neck size was not significantly different between young and
older macaques.

Discussion

Using the rhesus macaque as a model organism and utilizing
duplex sequencing, we studied the age-related accumulation of
germline and somatic de novo mtDNA mutations. We analyzed
oocytes from animals who have not reached sexual maturity
(occurring at ∼3 y) and those almost up to the age of menopause
(occurring at 25 y; ref. 27), thus sampling the whole reproductive
lifespan of macaques. With duplex sequencing, we reliably
detected de novo mutations occurring at MAFs <1%, a cutoff
commonly used in conventional sequencing experiments (e.g.,
refs. 4, 8). Sequencing several somatic tissues and multiple single
oocytes per animal allowed us to separate somatic and germline
mutations and to analyze mutations arising at different stages of
development. We took several experimental and computational

steps to minimize the contribution of Numts to our data set of
de novo mutations (SI Appendix, Note S3). While we cannot
completely exclude the Numts’ contribution, our analysis suggests
that they do not influence our results in any measurable way.

Age-Related Accumulation of Germline Mutations. We showed
an increase in de novo mtDNA mutations with age directly in
the primate germline. A recent study (13) demonstrated such
an increase in mouse oocytes; however, because mutations were
measured at only two time points, the shape of the dependence
of mutation frequency on age could not be investigated. Here,
by analyzing mutations in oocytes from macaques with ages
ranging from 1 to 23 y, we could evaluate how mutation fre-
quency depends on age. We observed that the germline muta-
tion frequency increased for macaques younger than 9 y, with
no further increase afterward. While we currently lack an expla-
nation for the change in slope occurring at this particular age,
in older animals, mitochondria with a high number of deleteri-
ous mutations might be removed by mitophagy (reviewed in
ref. 28), or oocytes with high mtDNA mutational load might
be eliminated by follicular atresia (reviewed in ref. 29).

The age-related accumulation of mtDNA germline mutations
in macaque oocytes found here is consistent with indirect obser-
vations in humans, reporting an increased number of de novo
mutations in children of older women (8). Another study, how-
ever, did not find an increase in the number of mutations in
human oocytes with ovarian aging (12). Direct sequencing of
oocytes from women of different ages is required to answer how
mtDNA germline mutations accumulate with age in humans
and whether such an accumulation exhibits a change in slope.

Based on the median mutation frequencies measured in young
and old macaques (with an average age difference of 16.6 y), we
computed the germline mutation rate of 8.7 × 10�7 mutations
per site per generation (using a generation time of 11 y; ref. 30)
and 7.9 × 10�8 mutations per site per year. The mutation rate
per site per year is higher than that reported for humans [9.3 ×
10�9 (ref. 4) and 1.6 × 10�8 (ref. 8), using a generation time of
29 y], but lower than that reported in mice (7.6 × 10�7; ref. 13).
These observations echo higher nuclear substitution rates in
rodents than in primates (31) and in Old World monkeys than
in hominoids (32).

Age-Related Somatic Mutation Accumulation Is Tissue Dependent.
Consistent with studies in humans and mice (e.g., refs. 4, 5, 8,
13, 23), we found an age-related increase in mtDNA mutations
in the somatic tissues of macaques (SI Appendix, Fig. 1 B and
C ). Liver displayed the steepest increase in mutation frequency,
followed by heart, and then by muscle; all three had a steeper
increase compared to oocytes. Tissue-specific trends might be due
to differences in the proliferation and regeneration speed (33)
and/or in the rates of mitochondrial turnover (34, 35). Among
the analyzed tissues, liver is the most proliferative; its cells are esti-
mated to be replaced approximately once a year (36). Cells in the
human heart are renewed at a rate of 4–17% per year (37). Skele-
tal muscle experiences low turnover and is largely postmitotic—
its cells were shown to have an average age of 15 y (38). The
analysis of a highly proliferative tissue such as the intestinal crypt,
which is replaced every 5 d (36), would further aid in elucidating
the role of cell proliferation in age-related mtDNA mutagenesis.
Tissue-specific differences in human mtDNA mutation accumu-
lation were reported previously (8, 21).

Molecular Mechanisms of mtDNA Mutagenesis. Several lines
of evidence suggest that the mutational patterns observed here
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are consistent with replication-associated errors as the primary
source of mtDNA mutations, in agreement with other studies
(e.g., refs. 4, 13, 23, 39, 40). First, we detected significant age-
related increases in the frequencies of transitions, as well as in
transition-to-transversion ratios. This signature is consistent
with the propensity of DNA polymerase gamma, the main
enzyme for mtDNA replication, for transition mutations (39).
Second, the observation that liver, the most proliferative tissue
analyzed, exhibited the highest transition-to-transversion ratios
also points toward the contribution of mechanisms associated
with mtDNA replication.
Third, spontaneous deamination of cytosine (C > T) and

adenine (A > G), which leads to transitions (41), is another
potential mechanism indirectly associated with mtDNA replica-
tion. The strong bias for G > A over C > T and for T > C
over A > G mutations on the L-strand—also previously
observed in humans and mice (e.g., refs. 13, 22, 23)—is consis-
tent with a high incidence of C > T and A > G mutations on
the H-strand and might be explained by its single-stranded status
during the initial stages of replication (reviewed in ref. 42), facili-
tating spontaneous deamination. Alternatively, uncoupling of
the leading and lagging strands during mtDNA synthesis (43)
can increase the probability of oxidative DNA damage. In fact,
mutational signatures of redox stress in yeast single-strand DNA
and of aging in human mtDNA share common features (44).
We observed less-pronounced replication-related mtDNA

mutagenesis with aging in oocytes than in somatic tissues. This
suggests limited replication of mtDNA in aging oocytes.
Whereas replication of mtDNA and nuclear DNA is not neces-
sarily linked (45), mammalian oocytes do not undergo mitotic
cell divisions after birth. Indeed, compared with somatic tissues,
oocytes exhibited lower fold differences in transition rates
between old and young macaques, had slower increase in the
transition-to-transversion rate ratio with age, and had a weaker
C > T over G > A strand bias.
Higher rates of C > T/G > A transitions at CpG than at

non-CpG sites, particularly for older animals, point toward a
role of spontaneous deamination of methylated cytosines (41)
in mtDNA mutagenesis, despite the controversial reports
regarding CpG methylation in mtDNA (e.g., refs. 46–49).
Active cytosine deamination facilitated by Apolipoprotein B
mRNA editing enzyme (APOBEC), previously shown to
induce mutations in single-stranded DNA (50), does not seem
to contribute to mtDNA mutagenesis in macaques. APOBEC
targets Cs in a TC nucleotide context, with the highest specific-
ity for the TCW nucleotide context (51). The analysis of the
trinucleotide context in our data (SI Appendix, Fig. S18A ) did
not indicate an overrepresentation of C > T/G > A mutations
within this context (SI Appendix, Fig. S18B ).

OriL Is a Variant Hotspot in Liver of Aged Macaques. We found
OriL to be a variant hotspot in liver of older macaques. OriL is
essential for lagging-strand mtDNA replication: mtDNA-directed
RNA polymerase initiates primer synthesis from the polyA stretch
of the OriL’s hairpin loop and is replaced by DNA polymerase
gamma after ∼25 nt of synthesis (5260606060606060–545). A
previous analysis of 1,802 vertebrate species indicated a high con-
servation of OriL, particularly of the hairpin stem (55). Despite
this, 10 out of 12 OriL variant hotspots we identified likely desta-
bilize the hairpin stem (SI Appendix, Fig. S14); mutations that
lower the stability of the OriL hairpin structure can decrease
lagging-strand replication (52).
In our study, the high mutation frequencies in OriL were

unique to liver. In proofreading-deficient mice, mutational load

was lower in OriL than in other mtDNA regions (55), similar to
our results for muscle and oocytes. OriL might be a mutation
hotspot because it assumes a non-B structure, and such structures
were recently shown to increase mutation rates (56). Liver in par-
ticular might be affected because it is highly proliferative, and
replication errors were suggested to be the primary driver behind
increased mutagenesis at non-B DNA (56). Alternatively (or
additionally), mutations in OriL, which likely decrease mtDNA
replication efficiency, might provide some advantage to aged liver
in macaques and are therefore selected for. Tissue-specific positive
selection of mtDNA variants in the D-loop, also potentially
affecting mtDNA replication efficiency, was reported previously
in human liver, muscle, and kidney (21, 57).

Selection at Protein-Coding Variants. In both liver and skeletal
muscle, the hN/hS ratios at protein-coding regions were higher
than neutral expectations, with particularly high ratios in older
animals, suggesting positive selection. This pattern, though
already observed for mutations found in one or two macaques,
was mainly driven by mutations at tissue-specific variant hot-
spots, reinforcing its selective nature. Positive selection for
protein-coding variants was previously observed in human liver
and was suggested to reduce mitochondrial function to decrease
damaging byproducts of mitochondrial metabolism (21). Our
study suggests that a similar phenomenon might be operating
in primate skeletal muscle, a less proliferative tissue. Further-
more, the oxidative phosphorylation complexes were previously
suggested as a potential determinant of selective pressure for
mutations in cancer (58). In our data, we also observed differ-
ences in mutation frequencies among the mitochondrial com-
plexes, with a higher mutation frequency in complex III in liver
of old macaques (SI Appendix, Fig. S20).

In agreement with findings for mouse oocytes (13), we did not
observe strong evidence of selection acting on de novo mutations
in macaque oocytes. Interestingly, in the intermediate 1 age
group, we observed a decrease in the hN/hS ratio compared to all
other age groups. Indeed, the hN/hS for this group was 0.72,
suggestive of purifying selection. Purifying selection might play a
role in age-related mutation accumulation for this age group.
However, this is unlikely to be the case because purifying selec-
tion is not observed in the intermediate 2 and old age groups
and, thus, does not appear to be the force keeping mutation fre-
quency relatively constant for these groups. The hN/hS ratio
measured for oocytes for any age group was higher than the aver-
age pN/pS ratio (the nonsynonymous-to-synonymous rate ratio
for homoplasmic polymorphisms among animals, treating poly-
morphisms at the same position in different animals as separate
events), which was equal to 0.19 and was consistent with purify-
ing selection on polymorphisms. Purifying selection was also
suggested to act on transmitted variants in the human germline
(5, 8). Thus, purifying selection might be acting on polymor-
phisms and transmitted variants, but not (or much less) on de
novo mtDNA mutations in the germline. Alternatively, we might
lack power to detect selection in oocytes due to the relatively
small number of mutations detected.

Inheritable Heteroplasmies. We estimated the effective bottle-
neck in the macaque germline to be severe (i.e., 9.30 segregat-
ing units; 95% confidence interval: 0.26–27.48) and similar to
7–10 mtDNA segregating units recently reported in humans
(8). No significant differences in mtDNA germline bottleneck
size were observed between young and older macaques. We
observed similar correlations of heteroplasmy MAFs between
oocytes and somatic tissues in young and older macaques, again
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pointing to no differences in the bottleneck size. The correla-
tion of the normalized variance of MAFs with age was not signif-
icant, albeit positive, for oocytes. These results contradict recent
observations in humans suggesting that the size of the germline
bottleneck decreases, and mtDNA divergence in MAFs between
mother and offspring increases, with the mother’s age at child-
birth (8, 59). The discrepancies between our results and these
human studies might be due to a relatively small number of
inheritable heteroplasmies examined in our study or to a greater
reproductive lifespan investigated for humans.
We detected an increase of random genetic drift with age in

somatic tissues. The pairwise correlations of heteroplasmy MAFs
between any two somatic tissues compared were higher in young
than in older macaques, similar to findings in human children
versus their mothers (4). Additionally, we found a significant pos-
itive correlation between age and the normalized variance in
MAFs of liver and of skeletal muscle in macaques, echoing an
observation for human hair (25). In contrast, no significant dif-
ferences in the normalized variance in MAFs were observed
between mouse mothers and pups (13), but they were separated
by only ∼10 mo, likely explaining the difference with our results.

Materials and Methods

Sample Preparation and Duplex Sequencing. Single oocytes were isolated
and lysed. Total DNA was extracted from somatic tissues. The enrichment for cir-
cular mtDNA was performed with Exonuclease V digestion of linear nuclear DNA
and estimated with real-time PCR. Duplex sequencing was performed as
described previously (13). SSCS and DCS consensus formation was performed
with Du Novo (20), and DCSs were mapped to the macaque reference sequence.
Variants were called and filtered, and de novo mutations were identified (see SI
Appendix, Materials and Methods for details). The procedures to minimize and
analyze the potential bias from Numts are summarized in SI Appendix, Note S3.

Analysis of Age Effects, Selection, Variant Hotspots, and Inheritable
Heteroplasmies. To analyze the effects of age on mutation frequencies, we
used generalized mixed-effects linear models (with binomial family, logit link,

and a breakpoint for oocytes). To analyze selection, we computed the hN/hS
ratio, as described in previous studies (refs. 8, 13, 21). Variant hotspots were
identified as described in SI Appendix, Note S2. The MAFs for inheritable hetero-
plasmies were used to estimate the effective size of the germline bottleneck as
described in Arbeithuber et al. (13). All statistical tests were corrected for multi-
ple testing (see SI Appendix, Materials and Methods for details).

Data Availability. Sequencing data have been deposited to the Sequence
Read Archive (BioProject ID PRJNA777828) (60). Our code, as well as tables with
all samples and identified mutations, are available on GitHub: https://github.
com/makovalab-psu/macaque-duplexSeq. All other study data are included in
the article and/or SI Appendix.
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