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High-throughput single-cell analysis reveals
progressive mitochondrial DNA mosaicism
throughout life
Angelos Glynos1,2, Lyuba V. Bozhilova1,2, Michele Frison1,2, Stephen Burr1,2, James B. Stewart3*,
Patrick F. Chinnery1,2*

Heteroplasmic mitochondrial DNA (mtDNA) mutations are a major cause of inherited disease and contribute to
common late-onset human disorders. The late onset and clinical progression of mtDNA-associated disease is
thought to be due to changing heteroplasmy levels, but it is not known how and when this occurs. Performing
high-throughput single-cell genotyping in two mouse models of human mtDNA disease, we saw unanticipated
cell-to-cell differences in mtDNA heteroplasmy levels that emerged prenatally and progressively increased
throughout life. Proliferating spleen cells and nondividing brain cells had a similar single-cell heteroplasmy var-
iance, implicating mtDNA or organelle turnover as the major force determining cell heteroplasmy levels. The
two different mtDNA mutations segregated at different rates with no evidence of selection, consistent with
different rates of random genetic drift in vivo, leading to the accumulation of cells with a very high mutation
burden at different rates. This provides an explanation for differences in severity seen in human diseases caused
by similar mtDNA mutations.
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INTRODUCTION
Mammalian mitochondrial DNA (mtDNA) includes 37 essential
genes required for oxidative phosphorylation (OXPHOS) and the
synthesis of adenosine triphosphate (ATP). Unlike nuclear DNA,
cells typically contain hundreds to thousands of mtDNAmolecules,
with the precise number varying across cell types (1). Although
most of these molecules are identical (homoplasmic), healthy
humans carry a mixed population (heteroplasmy), which typically
affects <2% of total mtDNAmolecules based on bulk-tissue analysis
(2). Most low-level heteroplasmic mtDNA variants are benign or
have no functional effects, but pathogenic mutations can cause cel-
lular dysfunction and cell death when the proportion of mutant
molecules (heteroplasmy fraction) exceeds a critical biochemical
threshold. This threshold is both mutation- and cell type–specific
(3). When pathogenic mutations exceed this threshold in a substan-
tial number of cells, rare multisystemic mitochondrial diseases can
arise, affecting ~1 in 4300 individuals (4). Similar mutations affect-
ing a smaller proportion of cells contribute to common late-onset
multifactorial diseases, particularly involving nondividing (postmi-
totic) tissues as seen in substantia nigra neurons in Parkinson’s
disease (5). Thus, understanding the dynamic nature defining het-
eroplasmy distributions has important implications for
human health.

Two main mechanisms are thought to explain how cell hetero-
plasmy levels change in vivo (6). In dividing cells, the partitioning of
mtDNA molecules during cytokinesis can lead to different muta-
tion levels in the daughter cells. Over time, this can lead to different

cell lineages, with different heteroplasmy levels through the process
of vegetative segregation. In addition, unlike nuclear DNA, mtDNA
is continuously destroyed and replicated, independent of the cell
cycle (relaxed replication). The replication and/or destruction of
one mtDNA type ahead of another can also change heteroplasmy
levels over time and contribute to differences between cells. Al-
though compelling from a theoretical perspective, experimental ev-
idence supporting these mechanisms has been challenging to
gather. This is partly due to the limited availability of in vivo
animal models, many of which were generated by mixing polymor-
phic genotypes harboring several different nucleotide substitutions
and no single pathogenic mtDNA mutations (7–11). In addition,
our capacity to perform single-cell heteroplasmy measurements at
scale has also been limited. Here, we address both of these challeng-
es, studying mice that carry two different pathogenic mtDNA mu-
tations that closely resemble ones found in human patients (12, 13).
Our approach involves measuring single-cell heteroplasmy levels
from animals at different ages throughout life. Observing extreme
variation in heteroplasmy levels at the single-cell level in different
organs, we show that the rate of segregation differs between muta-
tions but was near identical in both proliferating and nondividing
cells, leading to the accumulation of cells containing a high hetero-
plasmy level during life. These findings cast light on the mecha-
nisms underpinning heteroplasmy segregation within different
cell populations, potentially informing treatment strategies aimed
at reducing the mutation burden.

RESULTS
High-throughput isolation and heteroplasmy
measurement in single cells
We initially studied mice harboring the heteroplasmic m.5024C>T
mtDNA mutation in the mitochondrial transfer RNA alanine
(tRNAAla or mt-Ta) gene (12). m.5024C>T affects tRNA stability
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leading to a defect of intramitochondrial protein translation and af-
fecting OXPHOS (12). It corresponds to the known disease-causing
m.5650G>A mutation in humans (14, 15). In addition to DNA ex-
traction from bulk tissue samples, we established a high-throughput
tissue-dissociation and fluorescence-activated cell sorting (FACS)
pipeline to isolate intact single cells for individual mtDNA genotyp-
ing (Fig. 1A). We compared the spleen, a rapidly dividing tissue, to
the brain, a largely postmitotic tissue. Mice with a C57BL/6J genetic
background were bred under identical conditions in the same facil-
ity, and samples were collected immediately after culling (table S1).
Spleen-derived immune cell populations were selected as an
example of rapidly dividing cells and were FACS sorted into two
groups. Mature B lymphocytes (B cells) were identified as
CD19+ve, having a lifespan of ~80 days (16). The CD19−ve popu-
lation, encompassed other immune cell types residing within the
spleen, including monocytes, granulocytes, dendritic cells, natural
killer cells, and macrophages (fig. S1) (17). With the exception of
T cells, this second group of immune cells has a lifespan of less
than 10 days (16). Brain cells were selected as an example of quies-
cent cell types and were also sorted into two groups. In the neonatal
mouse brain, astrocytes are a postmitotic cell type with an estimated
half-life of 161 days in the mouse hippocampus (18). These were
isolated on the basis of the presence of surface marker astrocyte
cell surface antigen 1 (ACSA-1). By contrast, neural stem and pro-
genitor cells were isolated by being double positive for ACSA-1 and
prominin-1 (19, 20). In the case of adult mouse brains, where neural
stem and progenitor cells were more limited, postsynaptic density
protein 95 (PSD95) was used as an established marker of postsyn-
aptic neurons (fig. S2) (21–23). The gating strategy was optimized to
exclude debris and compromised cells, enabling the isolation of
intact DNA-containing cells [Draq5 positive and 406-diamidino-
2-phenylindole (DAPI) negative], followed by a previously validat-
ed pyrosequencing-based single-cell heteroplasmy measurement
assay (13, 24), with a mean absolute deviation of 2.8% (fig. S3).

Extreme mtDNA heteroplasmy at the single-cell level in
adult mice
Our initial analysis of 100-day postpartum adult mice (P100)
showed low tissue-to-tissue heteroplasmy variability in three
m.5024C>T mice (Fig. 1B), as previously demonstrated (12, 25).
Next, we studied the distribution of heteroplasmy levels in 122
CD19+ve cells and 118 CD19−ve, 158 ACSA-1+ve, 125 ACSA−1,
and PSD95+ve cells. When grouping together cells derived from
the same animal (pseudo-bulk), the mean of each single-cell distri-
bution was within 5.16% of the bulk tissue measurement (absolute
error of 2.89% ± 2.14%) in keeping with the technical variability of
the single-cell genotyping. Despite the similar mean levels between
tissues and organs, we saw a large range in single-cell heteroplasmy
levels in cell types from both the spleen and the brain [interquartile
range (IQR): 40.5 to 75% for the brain and 35.75 to 67% for the
spleen; Fig. 1C]. There was no obvious difference in heteroplasmy
distribution between different cell types within the same tissue
(Kolmogorov-Smirnov, P > 0.36 for CD19+ve and CD19−ve cells
in the spleen for all three animals and P > 0.09 for ACSA-1+ve
and ACSA-1/PSD95+ve cells in the brain for all the animals). Dif-
ferent cell populations derived from the same tissue were found to
also be comparable at other time points (table S2), and, therefore,
the cell populations were combined for each tissue in subsequent
analysis.

Variability in single-cell heteroplasmy levels in dividing
and postmitotic tissues with age
Next, we explored whether this range of cell heteroplasmy values
was present from birth or changed throughout life by performing
similar measurements on newborn pups (P0, n = 3, n = 474 cells
across all populations), at 6 days of age (P6, n = 3, n = 463 cells),
and 1-year-old mice (P365, n = 3, n = 540 cells). Again, the bulk
heteroplasmy values across multiple tissues were similar (Fig. 2A),
and the range of single-cell heteroplasmy levels was wide for each
cell type (Fig. 2B). Despite, on average, having a comparable bulk
heteroplasmy levels, we detected only two homoplasmic cells in
P0 mice (0.42%), while 49 were identified in P365 mice (9.07%),
consistent with ongoing postnatal segregation of mtDNA hetero-
plasmy throughout adult life.

Heteroplasmy measures are limited by 0 and 100%, rendering
most heteroplasmy distributions asymmetric with a variance that
depends on the sample mean (26, 27). This means that, even in
the absence of selective pressure and subject to identical genetic
drift, we expect distributions with extremely high or extremely
low mean heteroplasmy to have lower variance compared to distri-
butions with the mean around 50%. To account for this potential
confounder, we calculated the normalized heteroplasmy variance
(9, 28). This enables a cross-animal comparison, including hetero-
plasmy distributions of 174 cells obtained from embryonic day 8.5
(E8.5) mice, shortly after organogenesis, to P365 (Fig. 2C). The
combined analysis was consistent with an increase in single-cell het-
eroplasmy variance between prenatal to late adult life, independent
of the mean heteroplasmy levels in each mouse and each tissue.

Mutation-dependent accumulation of homoplasmic cells in
dividing and postmitotic tissues
To determine whether this pattern of segregation was mutation-
specific, we gathered data from mice carrying the m.5019A>G mu-
tation, which also affectsmt-Ta but, in contrast to m.5024C>T, does
not affect tRNA stability but impairs OXPHOS through a defect on
its aminoacylation (13). As seen for m.5024C>T, bulk heteroplasmy
levels in different tissues were similar in three adult (P100) mice
(Fig. 3A), and we observed a wide range of heteroplasmies at the
single-cell level in 592 cells across each type (IQR, 81.25 to 98%
for the brain and 74 to 97% for the spleen; Fig. 3B). However,
unlike m.5024C>T, a high proportion of cells were homoplasmic
for m.5019A>G, in keeping with the higher mean heteroplasmy ob-
served in these mice. Extending these observations across the life
course, we measured both bulk tissue and single-cell heteroplasmy
from P0 (n = 3,N = 536 cells), P6 (n = 3,N = 525 cells), and P365 (n
= 3, N = 535 cells) mice (Fig. 4, A and B), as well as single-cell het-
eroplasmy from E8.5 (n = 3,N = 141 cells) mouse embryos (Fig. 4C).
Again, we observed an increase in variance in the cell heteroplasmy
values in oldermice and the lowest normalized variance in embryos.
Thus, the progressive segregation of mtDNA heteroplasmy in both
dividing and nondividing cells is not limited to the m.5024C>Tmu-
tation. Last, as with m.5024C>T, the overall heteroplasmy distribu-
tions for m.5019A>Gwere comparable across cells isolated from the
spleen and brain.

Age-dependent accumulation of homoplasmic cells due to
random genetic drift
To explore the mechanism underlying the observed segregation, we
first compared the measured bulk heteroplasmy measurements to
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Fig. 1. Extreme cell heterogeneity revealed in vivo in the spleen and brain of adult mousemodels of mitochondrial disease. (A) Single-cell isolation and sequenc-
ing pipeline. (B) Bulk tissue heteroplasmy measurements from three adult (P100) mice carrying the m.5024C>T mutation. Variability across tissues was small [normalized
variance V0(h) = 0.008 ± 0.005]. (C) Single-cell heteroplasmy measurements in different cell types across the brain and spleen. While the average heteroplasmy is stable
across tissues, significant variability is observed in each cell population [V0(h) = 0.203 ± 0.045]. Black line denotes the bulk tissue average for each animal.
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the calculated mean single-cell heteroplasmy value in each tissue for
both mutations (or “pseudobulk”) (Fig. 5A). There was strong cor-
relation (Pearson’s ρ = 0.906) between the measured bulk hetero-
plasmy level and the pseudobulk value, indicating that the
isolated cells were representative of the whole organ and compatible
with a mechanism predominantly driven by random genetic drift.
The only exception was observed in P365 m.5024C>T spleen cells,

which, on average, had lower mean single-cell heteroplasmy levels
than the mean bulk. This is in keeping with previous observations
that the mutation is selected against when it exceeds 60% hetero-
plasmy in rapidly dividing tissues such as blood or colonic epithe-
lium in mice at comparable time points (12).

To further investigate whether the shapes of the single-cell het-
eroplasmy distributions were consistent with random genetic drift,

Fig. 2. Variability in single-cell heteroplasmy increases with age in the brain and spleen of m.5024C>T mice. (A) Bulk tissue heteroplasmy measurements from
mice of different ages (P0, P6, and P365) carrying them.5024C>Tmutation. As observed in P100mice (Fig. 1B), heteroplasmy cross-tissue variability is relatively small at all
time points [V0(h) = 0.007 ± 0.006]. Organ size limitations in P0 and P6 brain and spleen did not allow for bulk tissue measurements to be made. (B) Single-cell hetero-
plasmymeasurements in different cell types across the brain and spleen. The variability observed in agedmice (P365) is significantly higher than at earlier time points (P =
0.01 for the comparison with E8.5 and P < 0.002 for other comparisons, all significant after multiple testing correction). (C) Single-cell measurements from random cells of
E8.5 embryos carrying the m.5024C>T mutation. E8.5 cell populations exhibited the lowest normalized heteroplasmy variance compared to other time points [V0(h) =
0.021 ± 0.001].
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the data were fitted to the two-parameter Kimura distribution (27).
The Kimura distribution models the heteroplasmy fractions of a cell
population, which has arisen from a single progenitor with hetero-
plasmy p0 and which has undergone genetic drift described by a seg-
regation parameter b. When data are fitted to the Kimura
distribution, p0 is typically estimated by the mean heteroplasmy p̂ ¼
h and b̂ ¼ 1 � V 0ðhÞ. The single-cell heteroplasmy values for both
m.5024C>T and m.5019A>G closely matched a Kimura distribu-
tion (Fig. 5B and tables S1 and S2). Thus, although the
m.5019A>G data appear skewed toward mutant homoplasmy
(Figs. 3B and 4B), the observed single-cell heteroplasmy levels
were consistent with random genetic drift (27) and showed no ev-
idence of selective forces actively favoring the mutant haplotype.

Although we observed a general trend toward an increased het-
eroplasmy variance from P6 onward (Fig. 5C), the rate of increase
was different between m.5024C>T and m.5019A>G mice. From P6
to P365, the m.5024C>T normalized variance increased 3.4-fold
from 0.103 (±0.019) to 0.333 (±0.060), while m.5019A>G normal-
ized variance increased 7.8-fold from 0.055 (±0.029) to 0.430
(±0.072). In keeping with this, a linear model incorporating data
from P6 and later stages confirmed that the mutation type was a sig-
nificant predictor of the normalized variance (P = 6.97 × 10−5 for
the interaction term between day and mutation; table S5).

Importance of relaxed replication in determining cell-to-
cell heteroplasmy variability
Next, we compared the heteroplasmy variance between the different
tissues. There was no difference in the variance of single-cell heter-
oplasmy values for the spleen and brain for both m.5024C>T and
m.5019A>G mice across time points (Fig. 5C, Wilcoxon’s paired
rank test, P = 0.967). In keeping with this, tissue type was not a sig-
nificant predictor of the normalized heteroplasmy variance in a
generalized linear model incorporating all variables (P = 0.80).
These findings were a surprise and contradict what was expected
from accepted models describing cell heteroplasmy levels, where
the variance in cell heteroplasmy levels is predicted to increase
more rapidly in rapidly proliferating spleen cells when compared
to nondividing (postmitotic) cells found in the brain. We used es-
tablished mathematical modeling (28) to explore the possible expla-
nations for this apparent paradox.

Assuming a constant mean copy number, existing models of
mtDNA dynamics describe heteroplasmy variance increasing line-
arly with time in the absence of selection, regardless of the exact
copy number control mechanism (28). This increase is predicted
to happen through two processes—relaxed replication and vegeta-
tive segregation (see Introduction). Tissues that divide more rapidly
and experience faster mitochondrial turnover (such as the spleen)
are therefore be expected to have a higher heteroplasmy variance

Fig. 3. Mutation-dependent accumulation of mutant homoplasmic cells in vivo in the brain and spleen of adult mice carrying the pathogenic m.5019A>G
mutation. (A) Bulk-tissue heteroplasmy measurements for three mice (P100). Mice carrying the m.5019A>G mutation had higher heteroplasmy compared to m.5024
mice (Fig. 1A) but comparable low variability across tissues. [V0(h) = 0.006 ± 0.004]. (B) Single-cell heteroplasmy measurements in different cell types across the brain and
spleen. High variance is observed across all cell populations [V0(h) = 0.200 ± 0.044], including the accumulation of homoplasmic mutant cells.
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compared to nondividing tissues (such as the brain), particularly in
old age. Under these assumptions, normalized heteroplasmy vari-
ance V0(h) can be estimated by the “turnover-adjusted” Wright

formula (29)

V̂ 0ðhÞ ¼ 1 � 1 �
1
2n

� �g

þ
4t
3nτ

where n is the mean copy number per cell at the point of cell divi-
sion (assumed to be constant over the lifetime of the mouse), g is the

Fig. 4. Rapid increase in heteroplasmy variability at the single-cell level leads to the age-dependent accumulation of homoplasmic cells in the brain and spleen
of m.5019A>Gmice. (A) Bulk tissue heteroplasmy measurements frommice of different ages (P0, P6, and P365) carrying the m.5019A>Gmutation. As observed in P100
mice (Fig. 3A) and in m.5024C>T mice (Figs. 1B and 2A), heteroplasmy cross-tissue variability is relatively small at all time points [V0(h) = 0.012 ± 0.016]. Organ size
limitations in P0 and P6 brain and spleen did not allow for bulk tissue measurements to be made. (B) Single-cell heteroplasmy measurements in different cell types
across the brain and spleen. The variability observed in aged mice (P365) is significantly higher than at earlier time points (P = 0.012 for the comparison with E8.5 and P <
0.002 for other comparisons, all significant after multiple testing correction), with mutant homoplasmic cells observed simultaneously with extremely low-heteroplasmy
cells. (C) Single-cell measurements from random cells of E8.5 embryos carrying them.5019A>Gmutation. Similarly, tom.5024C>T (Fig. 2C), E8.5 cell populations exhibited
the lowest normalized heteroplasmy variance compared to other time points [V0(h) = 0.021 ± 0.007].
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number of cell divisions, and τ is the mtDNA turnover rate,
1 � 1

2n

� �g is the term associated with cell division, and 4t
3nτ is the

term associated with relaxed replication.
We measured mtDNA content in representative cell types (fig.

S4) and used published estimates for the cell division rates in the
spleen (17) and mtDNA turnover in the blood and postmitotic

tissues (30–33) to compare the predicted increase in variance for
the spleen and brain to our experimental observations (Fig. 5D).
Using a slower mtDNA turnover rates in nondividing compared
to proliferating cells (half-life of 21 and 7 days, respectively) (20–
23), the model predicted a greater than sixfold difference in the nor-
malized heteroplasmy variance in the spleen than the brain at P365.

Fig. 5. Random genetic drift leads to the age and mutation-dependent accumulation of cells with extreme heteroplasmy values. (A) With the exception of the
spleen in agedm.5024C>Tmice (P365, red squares, highlighted), themean heteroplasmy in single-cell populations closely matches bulk measurements aggregated over
multiple tissues. (B) Heteroplasmy of bothm.5024C>T andm.5019A>Gmutations closely follow the two-parameter Kimura distribution and are therefore consistent with
random genetic drift (representative data from P100 shown, see tables S3 and S4). The accumulation of homoplasmic cells at later time points is therefore consistent with
genetic drift and not indicative of selection. (C) Single cell–normalized heteroplasmy variance V0(h) is lowest for E8.5 embryos and increases monotonically after P6. Note
that V0(h) is related to the drift parameter of the Kimura distribution. An increase in V0(h) over time is consistent with existing models of genetic drift (17). (D) Model of
normalized heteroplasmy variance V0(h) (17). Given constant mean copy number, the model predicts that V0(h) should increase linearly over time due to relaxed repli-
cation and vegetative segregation. Quiescent cells (simulated “‘brain,” green dotted line) are therefore predicted to be less variable than proliferating cells (simulated
“spleen,” orange line) as they are only subject to relaxed replication and not vegetative segregation. Moreover, quiescent cells have slower mtDNA turnover than pro-
liferating ones (20–23), resulting in even lower predicted variance (simulated brain, green solid line). This is in contradiction with observed experimental data. Lower copy
number and/or higher mtDNA turnover may explain the observed higher variance in spleen cells. Kimura fits and normalized variances were analyzed separately for each
single-cell population, without merging at the tissue level.
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This was not consistent with the observed experimental data
(Fig. 5C), indicating that either the model and/or the assumed pa-
rameters were incorrect. To explore the importance of the underly-
ing parameters, we assumed the mtDNA turnover rates to be equal
in both cell types (half-life of 7 days). Despite this adjustment, there
was still a more than twofold difference in the predicted normalized
heteroplasmy between the spleen and brain at P365 when compared
to P0 (Fig. 5D). In this context, the difference between the predicted
and observed variance could only reflect cell division in spleen cells
(g > 0) but not brain cells (g = 0). These findings were replicated
across different mean copy number and mtDNA turnover rates.
In conclusion, the experimental findings in the brain indicate that
mtDNA turnover independent of the cell cycle is sufficient to cause
the range of heteroplasmy values we observed in single cells during
life, and the modeling is consistent with the possibility that mtDNA
turnover rates in the brain are notably greater than currently
thought, potentially exceeding the turnover in the spleen.

DISCUSSION
Measuring mtDNA heteroplasmy in ~4500 single cells, here, we
show that the variance in single-cell heteroplasmy levels increases
during life in two different animal models of mtDNA disease. Al-
though predicted by mathematical models (28, 34), to date, there
has been limited evidence supporting this in vivo. For both muta-
tions and across both tissues tested, single-cell heteroplasmy levels
fitted two-parameter Kimura distribution and are therefore com-
patible with a mechanism largely governed by random genetic
drift. The wide range of heteroplasmy levels we observed was
notable, and although, in some cases, the bulk heteroplasmy
levels were below the biochemical threshold for each animal,
many individual cells exceeded the level known to cause mitochon-
drial dysfunction. In humans with mtDNA disease, small changes
in proportion of high heteroplasmy cells can contribute to disease
progression (35), prompting the suggestion that a progressive in-
crease in heteroplasmy variance could be deleterious (28). Our ob-
servations directly support this hypothesis.

Our second finding is that the heteroplasmy variance was the
same for rapidly dividing spleen cells and nondividing brain cells.
This shows that, in vivo, relaxed replication is likely to be a powerful
mechanism determining cell heteroplasmy levels in the absence of
cell division. This also raises the possibility that intracellular
mtDNA turnover is a more powerful determinant of cell hetero-
plasmy levels than vegetative segregation. This is important
because it provides an explanation for clinical progression of
mtDNA disease, which typically involves nondividing tissues.

It is intriguing that at P365 we saw a greater heteroplasmy vari-
ance for m.5019A>G than m.5024 T>C. Both mutations affect mt-
Ta, are 5 base pairs apart, but have subtly different molecular mech-
anisms. m.5019A>G affects tRNA charging, likely due to disruption
of G:U pairing in the acceptor stem (13), whereas m.5024C>T com-
promises the stability of mt-Ta (12). The m.5024C>T mutation
induces a stronger nuclear transcriptional response than
m.5019A>G during embryonic development, and it is challenging
to breed mice with m.5024C>T heteroplasmy levels exceeding 80%
(12). This suggests that m.5024C>T is under greater constraint than
m.5019A>G, possibly explaining why the rate of drift is faster for
m.5019A>G. We can only speculate about the molecular basis for
this, but impaired mitochondrial protein synthesis is one

possibility, reducing mtDNA turnover in m.5024C>T mice. In
keeping with this, high levels of the m.5024C>T mutation have
been shown to affect the translation of mtDNA encoded proteins
in heart samples (12), but this was not the case for either heart or
liver samples carrying the m.5019A>G (13).

The decrease in normalized heteroplasmy variance observed in
1-week-old mice (P6) compared to neonates (P0) was an unexpect-
ed finding. It is unlikely that this is an experimental artifact because
the same trend was observed in all cell types isolated from both
tissues in triplicate for both mt-Ta mutations. The decrease in het-
eroplasmy variance immediately after P6 implies selection, but
given that the distribution of heteroplasmy levels fitted Kimura dis-
tributions at all time points and that the mean single-cell hetero-
plasmy level matched the bulk measurement, any selection would
need to have acted symmetrically on both very high and very low
levels. This has been proposed before for m.5024C>T during
oocyte maturation (25), where a replicative advantage may be coun-
terbalanced by purifying selection. Evidence from mouse cardio-
myocytes suggests of a strong PINK1, and Mfn2-dependent
mitophagic clearance of embryonic mitochondria precedes their re-
placement with new, mature organelles (36). While the removal of
embryonic mitochondria could explain the slight drop in hetero-
plasmy variance at P6, cardiomyocytes have also been reported to
undergo a 13-fold increase in mtDNA copy number during the first
4 weeks of life (37). These responses might not be as prominent in
every cell type but provide some context behind the drop (P6) and
subsequent increase (P100) in single-cell heteroplasmy variance ob-
served in bothmt-Tamouse models. Last, a reduction in cell-to-cell
heteroplasmy variance would also arise if there were sharing of
mtDNA between cells. This could occur through cellular bridges,
which form between oocytes in several species (38), but have yet
to be described during fertilization and P6 in mice.

In humans with mtDNA diseases, the proportion of cells with a
biochemical OXPHOS defect correlates with the clinical severity
(39). This has led to various strategies aimed at reducing the propor-
tion of OXPHOS-deficient cells, including through the induction of
mitochondrial biogenesis (40, 41) or increase in mtDNA copy
number (42). Our observations raise the counterintuitive sugges-
tion that decreasing rather than increasing mtDNA turnover will
prevent clinical progression by slowing down the rate of genetic
drift. It is conceivable that this could even stop mtDNA mutations
reaching levels that cause disease. This hypothesis will require
careful validation for other mtDNA mutations and in other
species but may actually be a more tractable therapeutic approach
in the long term, as inhibiting biological processes with small mol-
ecules is generally easier than increasing them. Likewise, anything
that accelerates random drift—such as transient mtDNA depletion
causing a “bottleneck effect”—is likely to increase the number
OXPHOS-deficient cells at a younger age. This has been proposed
as an explanation for the late complications of anti-HIV drugs, po-
tentially accelerating biological aging (43). Thus, understanding
how heteroplasmy changes during life has far-reaching implica-
tions, and manipulating mtDNA turnover may have unanticipated
adverse consequences.

Note that we have only studied two mtDNA mutations in the
same gene, mt-Ta. While other studies have focused on the trans-
mission of mt-Ta mutations down the maternal germ line (12, 25,
44), we have sought to examine its segregation in somatic tissues.
We had previously demonstrated that germline selection acts in a
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heteroplasmy-dependent manner for the m.5024C>T mutation,
limiting the distribution of offspring to between 18 and 83% heter-
oplasmy (25). These same selection limits appear to be missing in
the somatic tissues studied here. Recognizing that mt-tRNA muta-
tions are not subjected to the same stringent purifying selection
forces that apply to protein-coding ones (45), it will be important
to examine the behavior of other heteroplasmic mtDNA mutations
as and when they are generated. Moreover, expanding our observa-
tions to include other examples of both postmitotic (e.g., cardio-
myocytes) and rapidly dividing (e.g., colonic epithelium) cell
types could further corroborate our findings. Future technologies
allowing us to pair single-cell mtDNA copy number to hetero-
plasmy without impairing the accuracy of the latter could reveal
the presence of compensatory responses. Although it will be impor-
tant to validate these findings in other model systems, the limited
human high-throughput single-cell data available at present do
support our findings (46). Critically, our work has shown the im-
portance of in vivo work in developing models to understand
mtDNA dynamics and not just relying on cell culture systems,
which may be misleading by placing greater emphasis on vegetative
segregation than relaxed replication. New in vivo heteroplasmic
mouse models provide an opportunity to validate and extend our
findings, providing an experimental system to comprehensively
dissect out the underlying molecular mechanisms.

MATERIALS AND METHODS
Animal husbandry
Two mouse lines were used in this study, the m.5019A>G (allele
symbol: mt-Tam2Jbst, Mouse Genome Informatics ID: 6860509)
and m.5024C>T (allele symbol: mt-Tam1Jbst, Mouse Genome Infor-
matics ID: 5902095). Mice used as part of this study were bred on
the C57BL/6J background. Both lines were bred in Cambridge,
United Kingdom, following the directions of the Animal (Scientific
Procedures) Act 1986 under the Home Office project license:
P6C97520A. All experiments carried out under this license acquired
approval by the University of Cambridge Animal Welfare Ethical
Review Body and followed the Animal Research Reporting of In
Vivo Experiments guidelines. Mice had ad libitum access to water
and SAFE 105 universal diet (Safe Diets) while being housed in in-
dividually ventilated cages (Tecniplast) and maintained at 20° to
24°C and 45 to 65% humidity. For the collection of embryos at
E8.5, breeding females aged 8 to 12 weeks were introduced to
stud males after said males were allowed to acclimatize in an
empty cage. Checks were then carried out for vaginal plugs each
morning and noon. The day when the vaginal plug was detected
was designated as E0.5. Culling of animals, including pregnant
females for the collection of embryos, was carried out using cervical
dislocation methods described in schedule 1 of the Animals (Scien-
tific Procedures) Act of 1986 and confirming the procedure’s
success by observing permanent cessation of circulation.

Tissue collection and dissociation
Upon culling the animals, embryos or tissues including the brain,
ear, heart, gut, spleen, liver, skeletal muscle, gonads, and embryos
were dissected and placed within 1.5-ml Eppendorf tubes contain-
ing Leibovitz’s L-15 medium (Sigma-Aldrich) + 10% fetal bovine
serum and then immediately on ice. Spleen dissociation was
carried out by cutting the organ into two pieces and placing it in

a 6-cm tissue culture dish containing phosphate-buffered saline.
Mechanical dissociation followed using the flat-ended thumb rest
of a syringe plunger. The remaining debris and cell clumps were
removed by filtering the cell suspension through a CellTrics 50-
μm cell strainer. Subsequently, the cells were spun down at 300g
for 10 min at 4°C, and the supernatant was discarded. Red blood
cells were then removed from the cell pellet through the use of Mil-
tenyi Biotech Red Blood Cell Lysis Solution. Following a second
centrifugation at 300g for 10 min at 4°C, the resulting cell pellet
was resuspended in 1 ml of phosphate-buffered saline and was
placed on ice in preparation for staining. Brain dissociation in
animals in the first week of postnatal life was carried out following
the protocol outlined in neural tissue dissociation kit (P) provided
by Miltenyi Biotech, while, for older mice, the adult brain dissoci-
ation kit for mouse and rat, also provided by Miltenyi Biotech, was
used. In the case of the adult brain dissociation kit for mouse and
rat, slight modifications were applied to the protocol to account for
the lack of the gentleMACS Octo Dissociator machine. Instead of
following the recommended 37-ABDK-01, three short spins were
carried out followed by 10- to 15-min incubations on the basis of
the ones described in the neural tissue dissociation kit (P) protocol.

Fluorescence-activated cell sorting
FACS was conducted on the BD FACSMelody Cell Sorter platform,
and analysis of the data was performed using FlowJo software. All
samples were kept on ice, while those destined for sorting were
stained with Draq5 and DAPI to allow for identification of intact,
DNA-containing cells, which take up Draq5 but exclude DAPI. In
addition, neonate mouse brain samples were stained with Promi-
nin-1–phycoerythrin (PE)–Vio770 [Miltenyi Biotech, product
number (PN): 130-102-153] and GLAST (ACSA-1)–PE (Miltenyi
Biotech, PN: 130-118-344), while adult mouse brain samples were
stained with GLAST (ACSA-1)–PE (Miltenyi Biotech, PN: 130-118-
344) and PSD95 (Abcam, PN: ab18258) used alongside the second-
ary antibody Briliant Violet 421 (BioLegend, 406410). Mouse spleen
samples were stained with CD19–fluorescein isothiocyanate
(Abcam, PN: ab86904). All antibodies were used in a 1:200 concen-
tration (v/v) and allowed to incubate for 45 min at 4°C.

Single-cell pyrosequencing
Single-cell heteroplasmy measurements were carried out as de-
scribed in (13).

Single-cell digital droplet polymerase chain reaction
mtDNA copy number was measured at the single-cell level using
digital droplet polymerase chain reaction (PCR), as described
in (24).

Statistical analysis
Normalized heteroplasmy variance for a cell population with heter-
oplasmies h = (h1, h2, …, hn) was calculated as

V 0ðhÞ ¼ varðhÞ=hð1 � hÞ

This normalization is necessary as the sample variance var(h)
depends on the mean heteroplasmy h, and heteroplasmy distribu-
tions with mean around 50% are expected to have higher variance.
The normalization ensures that the variances are corrected formean
heteroplasmy and therefore comparable across animals. Single-cell
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heteroplasmy distributions were compared using Kolmogorov-
Smirnov hypothesis tests. Normalized heteroplasmy variances
were compared using Wilcoxon’s rank tests. Goodness-of-fit tests
for the Kimura distribution were carried out as described (25)
using a Monte Carlo Kolmogorov-Smirnov test with M = 1000
Monte Carlo simulations. Copy number comparison between
m.5024C>T and m.5019A>G ACSA-1 and PROM-positive cells
was carried out with a two-sidedWilcoxon’s rank test. In all hypoth-
esis tests, a significance level α = 0.05 was used, and Bonferroni mul-
tiple testing correction was applied as appropriate.

The linear model for normalized variance V0(h) ~ Mutation +
Day + Mutation × Day was chosen by forward and backward step-
wise Akaike information criterion (AIC) selection, bounded
between the null model V0(h) ~ 1 and the complete model, incor-
porating mutation, day, tissue, and all possible pairwise interaction
terms between these variables. Estimates of the normalized variance
using the turnover-adjustedWright’s formula were carried out with
the following parameters based on experimental measurements and
the literature (30–33):

1) Copy number between 100 and 2000, at intervals of 100
2) Time (in days) between 10 and 400, at intervals of 10
3) Cell division rate for proliferating tissue (spleen) of 3 days
4) mtDNA half-life in proliferating cells of 7 days
5) mtDNA half-life in quiescent cells of 7 and 21 days

Supplementary Materials
This PDF file includes:
Figs. S1 to S4
Tables S1 to S5

REFERENCES AND NOTES
1. J. B. Stewart, P. F. Chinnery, The dynamics of mitochondrial DNA heteroplasmy: Implica-

tions for human health and disease. Nat. Rev. Genet. 16, 530–542 (2015).
2. M. Li, A. Schönberg, M. Schaefer, R. Schroeder, I. Nasidze, M. Stoneking, Detecting het-

eroplasmy from high-throughput sequencing of complete human mitochondrial DNA
genomes. Am. J. Hum. Genet. 87, 237–249 (2010).

3. J. B. Stewart, P. F. Chinnery, Extreme heterogeneity of human mitochondrial DNA from
organelles to populations. Nat. Rev. Genet., (2021).

4. G. S. Gorman, A. M. Schaefer, Y. Ng, N. Gomez, E. L. Blakely, C. L. Alston, C. Feeney,
R. Horvath, P. Yu-Wai-Man, P. F. Chinnery, R. W. Taylor, D. M. Turnbull, R. McFarland,
Prevalence of nuclear and mitochondrial DNA mutations related to adult mitochondrial
disease. Ann. Neurol. 77, 753–759 (2015).

5. D. K. Simon, M. T. Lin, L. Zheng, G. J. Liu, C. H. Ahn, L. M. Kim, W. M. Mauck, F. Twu, M. F. Beal,
D. R. Johns, Somatic mitochondrial DNA mutations in cortex and substantia nigra in aging
and Parkinson’s disease. Neurobiol. Aging 25, 71–81 (2004).

6. C. W. Birky, Relaxed and stringent genomes: Why cytoplasmic genes don’t obey Mendel’s
laws. J. Hered. 85, 355–365 (1994).

7. K. Takeda, S. Takahashi, A. Onishi, H. Hanada, H. Imai, Replicative advantage and tissue-
specific segregation of RR mitochondrial DNA between C57BL/6 and RR heteroplasmic
mice. Genetics 155, 777–783 (2000).

8. J. P. Jenuth, A. C. Peterson, E. A. Shoubridge, Tissue-specific selection for different mtDNA
genotypes in heteroplasmic mice. Nat. Genet. 16, 93–95 (1997).

9. J. P. Burgstaller, T. Kolbe, V. Havlicek, S. Hembach, J. Poulton, J. Piálek, R. Steinborn,
T. Rülicke, G. Brem, N. S. Jones, I. G. Johnston, Large-scale genetic analysis reveals mam-
malian mtDNA heteroplasmy dynamics and variance increase through lifetimes and
generations. Nat. Commun. 9, 2488 (2018).

10. A. V. Lechuga-Vieco, A. Latorre-Pellicer, I. G. Johnston, G. Prota, U. Gileadi, R. Justo-Méndez,
R. Acín-Pérez, R. Martínez-de-Mena, J. M. Fernández-Toro, D. Jimenez-Blasco, A. Mora,
J. A. Nicolás-Ávila, D. J. Santiago, S. G. Priori, J. P. Bolaños, G. Sabio, L. M. Criado, J. Ruíz-
Cabello, V. Cerundolo, N. S. Jones, J. A. Enríquez, Cell identity and nucleo-mitochondrial
genetic context modulate OXPHOS performance and determine somatic heteroplasmy
dynamics. Sci. Adv. 6, eaba5345 (2020).

11. K. Tostes, A. C. dos Santos, L. O. Alves, L. R. G. Bechara, R. Marascalchi, C. H. Macabelli,
M. P. Grejo, W. T. Festuccia, R. A. Gottlieb, J. C. B. Ferreira, M. R. Chiaratti, Autophagy
deficiency abolishes liver mitochondrial DNA segregation. Autophagy 18,
2397–2408 (2022).

12. J. H. K. Kauppila, H. L. Baines, A. Bratic, M. L. Simard, C. Freyer, A. Mourier, C. Stamp,
R. Filograna, N. G. Larsson, L. C. Greaves, J. B. Stewart, A phenotype-driven approach to
generate mouse models with pathogenic mtDNA mutations causing mitochondrial
disease. Cell Rep. 16, 2980–2990 (2016).

13. S. P. Burr, F. Klimm, A. Glynos, M. Prater, P. Sendon, P. Nash, C. A. Powell, M. L. Simard,
N. A. Bonekamp, J. Charl, H. Diaz, L. V. Bozhilova, Y. Nie, H. Zhang, M. Frison, M. Falkenberg,
N. Jones, M. Minczuk, J. B. Stewart, P. F. Chinnery, Cell lineage-specific mitochondrial re-
silience during mammalian organogenesis. Cell 186, 1212–1229.e21 (2023).

14. S. Finnila, S. Tuisku, R. Herva, K. Majamaa, A novel mitochondrial DNA mutation and a
mutation in the Notch3 gene in a patient with myopathy and CADASIL. J. Mol. Med. (Berl)
79, 641–647 (2001).

15. R. McFarland, H. Swalwell, E. L. Blakely, L. He, E. J. Groen, D. M. Turnbull, K. M. Bushby,
R. W. Taylor, The m.5650G>A mitochondrial tRNAAla mutation is pathogenic and causes a
phenotype of pure myopathy. Neuromuscul. Disord. 18, 63–67 (2008).

16. R. Sender, R. Milo, The distribution of cellular turnover in the human body. Nat. Med. 27,
45–48 (2021).

17. V. Bronte, M. J. Pittet, The spleen in local and systemic regulation of immunity. Immunity
39, 806–818 (2013).

18. S. Beccari, J. Valero, M. Maletic-Savatic, A. Sierra, A simulation model of neuroprogenitor
proliferation dynamics predicts age-related loss of hippocampal neurogenesis but not
astrogenesis. Sci. Rep. 7, 16528 (2017).

19. K. Holmberg Olausson, C. L. Maire, S. Haidar, J. Ling, E. Learner, M. Nistér, K. L. Ligon,
Prominin-1 (CD133) defines both stem and non-stem cell populations in CNS development
and gliomas. PLOS ONE 9, e106694 (2014).

20. T. L. Walker, A. Wierick, A. M. Sykes, B. Waldau, D. Corbeil, P. Carmeliet, G. Kempermann,
Prominin-1 allows prospective isolation of neural stem cells from the adult murine hip-
pocampus. J. Neurosci. 33, 3010–3024 (2013).

21. K. S. Yoo, K. Lee, J. Y. Oh, H. Lee, H. Park, Y. S. Park, H. K. Kim, Postsynaptic density protein 95
(PSD-95) is transported by KIF5 to dendritic regions. Mol. Brain 12, 97 (2019).

22. A. A. Coley, W. J. Gao, PSD95: A synaptic protein implicated in schizophrenia or autism?
Prog. Neuropsychopharmacol. Biol. Psychiatry 82, 187–194 (2018).

23. D. S. Leeman, K. Hebestreit, T. Ruetz, A. E. Webb, A. McKay, E. A. Pollina, B. W. Dulken,
X. Zhao, R. W. Yeo, T. T. Ho, S. Mahmoudi, K. Devarajan, E. Passegué, T. A. Rando, J. Frydman,
A. Brunet, Lysosome activation clears aggregates and enhances quiescent neural stem cell
activation during aging. Science 359, 1277–1283 (2018).

24. S. P. Burr, P. F. Chinnery, Measuring single-cell mitochondrial DNA copy number and
heteroplasmy using digital droplet polymerase chain reaction. J. Vis. Exp., 63870 (2022).

25. H. Zhang, M. Esposito, M. G. Pezet, J. Aryaman, W. Wei, F. Klimm, C. Calabrese, S. P. Burr,
C. H. Macabelli, C. Viscomi, M. Saitou, M. R. Chiaratti, J. B. Stewart, N. Jones, P. F. Chinnery,
Mitochondrial DNA heteroplasmy is modulated during oocyte development propagating
mutation transmission. Sci. Adv. 7, eabi5657 (2021).

26. D. C. Samuels, P. Wonnapinij, L. M. Cree, P. F. Chinnery, Reassessing evidence for a postnatal
mitochondrial genetic bottleneck. Nat. Genet. 42, 471–472 (2010).

27. P. Wonnapinij, P. F. Chinnery, D. C. Samuels, The distribution of mitochondrial DNA het-
eroplasmy due to random genetic drift. Am. J. Hum. Genet. 83, 582–593 (2008).

28. I. G. Johnston, N. S. Jones, Evolution of cell-to-cell variability in stochastic, controlled,
heteroplasmic mtDNA populations. Am. J. Hum. Genet. 99, 1150–1162 (2016).

29. S. Wright, Evolution and the genetics of populations. (University of Chicago Press, 1969).

30. N. J. Gross, G. S. Getz, M. Rabinowitz, Apparent turnover ofmitochondrial deoxyribonucleic
acid and mitochondrial phospholipids in the tissues of the rat. J. Biol. Chem. 244,
1552–1562 (1969).

31. R. A. Menzies, P. H. Gold, The turnover of mitochondria in a variety of tissues of young adult
and aged rats. J. Biol. Chem. 246, 2425–2429 (1971).

32. R. P. Huemer, K. D. Lee, A. E. Reeves, C. Bickert, Mitochondrial studies in senescent mice. II.
Specific activity, buoyant density, and turnover of mitochondrial DNA. Exp. Gerontol. 6,
327–334 (1971).

33. R. P. Huemer, C. Bickert, K. D. Lee, A. E. Reeves, Mitochondrial studies in senescent mice.
I. Turnover of brain mitochondrial lipids. Exp. Gerontol. 6, 259–265 (1971).

34. P. F. Chinnery, D. C. Samuels, Relaxed replication of mtDNA: A model with implications for
the expression of disease. Am. J. Hum. Genet. 64, 1158–1165 (1999).

35. O. R. Baris, S. Ederer, J. F. G. Neuhaus, J. C. von Kleist-Retzow, C. M. Wunderlich, M. Pal,
F. T. Wunderlich, V. Peeva, G. Zsurka, W. S. Kunz, T. Hickethier, A. C. Bunck, F. Stöckigt,
J. W. Schrickel, R. J. Wiesner, Mosaic deficiency in mitochondrial oxidative metabolism
promotes cardiac arrhythmia during aging. Cell Metab. 21, 667–677 (2015).

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Glynos et al., Sci. Adv. 9, eadi4038 (2023) 25 October 2023 10 of 11

D
ow

nloaded from
 https://w

w
w

.science.org at T
he U

niversity of N
ew

castle-upon-T
yne on N

ovem
ber 23, 2023



36. G. Gong, M. Song, G. Csordas, D. P. Kelly, S. J. Matkovich, G. W. Dorn II, Parkin-mediated
mitophagy directs perinatal cardiac metabolic maturation in mice. Science 350,
aad2459 (2015).

37. E. Silva Ramos, E. Motori, C. Brüser, I. Kühl, A. Yeroslaviz, B. Ruzzenente, J. H. K. Kauppila,
J. D. Busch, K. Hultenby, B. H. Habermann, S. Jakobs, N. G. Larsson, A. Mourier, Mito-
chondrial fusion is required for regulation of mitochondrial DNA replication. PLOS Genet.
15, e1008085 (2019).

38. A. C. Spradling, W. Niu, Q. Yin, M. Pathak, B. Maurya, Conservation of oocyte development
in germline cysts from Drosophila to mouse. eLife 11, (2022).

39. P. F. Chinnery, N. Howell, R. N. Lightowlers, D. M. Turnbull, MELAS and MERRF: The rela-
tionship between maternal mutation load and the frequency of clinically affected
offspring. Brain 121, 1889–1894 (1998).

40. C. Viscomi, E. Bottani, G. Civiletto, R. Cerutti, M. Moggio, G. Fagiolari, E. A. Schon,
C. Lamperti, M. Zeviani, In vivo correction of COX deficiency by activation of the AMPK/
PGC-1α axis. Cell Metab. 14, 80–90 (2011).

41. R. Cerutti, E. Pirinen, C. Lamperti, S. Marchet, A. A. Sauve, W. Li, V. Leoni, E. A. Schon,
F. Dantzer, J. Auwerx, C. Viscomi, M. Zeviani, NAD+-dependent activation of Sirt1 corrects
the phenotype in a mouse model of mitochondrial disease. Cell Metab. 19,
1042–1049 (2014).

42. R. Filograna, C. Koolmeister, M. Upadhyay, A. Pajak, P. Clemente, R. Wibom, M. L. Simard,
A. Wredenberg, C. Freyer, J. B. Stewart, N. G. Larsson, Modulation of mtDNA copy number
ameliorates the pathological consequences of a heteroplasmic mtDNA mutation in the
mouse. Sci. Adv. 5, eaav9824 (2019).

43. B. A. Payne, Mitochondrial aging is accelerated by anti-retroviral therapy through the
clonal expansion of mtDNA mutations. Nat. Genet. 43, 806–810 (2011).

44. L. S. Kremer, L. V. Bozhilova, D. Rubalcava-Gracia, R. Filograna, M. Upadhyay, C. Koolmeister,
P. F. Chinnery, N. G. Larsson, A role for BCL2L13 and autophagy in germline purifying
selection of mtDNA. PLOS Genet. 19, e1010573 (2023).

45. J. B. Stewart, C. Freyer, J. L. Elson, A. Wredenberg, Z. Cansu, A. Trifunovic, N. G. Larsson,
Strong purifying selection in transmission of mammalian mitochondrial DNA. PLoS Biol. 6,
e10 (2008).

46. M. A. Walker, C. A. Lareau, L. S. Ludwig, A. Karaa, V. G. Sankaran, A. Regev, V. K. Mootha,
Purifying selection against pathogenic mitochondrial DNA in human T cells. N. Engl. J. Med.
383, 1556–1563 (2020).

Acknowledgments
Funding: P.F.C. is a Wellcome Principal Research Fellow (212219/Z/18/Z) and a U.K. NIHR senior
investigator, who receives support from a Wellcome Collaborative Award (224486/Z/21/Z), the
Medical Research Council Mitochondrial Biology Unit (MC_UU_00028/7), the Medical Research
Council (MRC) International Centre for Genomic Medicine in Neuromuscular Disease (MR/
S005021/1), the Leverhulme Trust (RPG-2018-408), an MRC research grant (MR/S035699/1), and
an Alzheimer’s Society Project grant (AS-PG-18b-022). This research was supported by the NIHR
Cambridge Biomedical Research Centre (BRC-1215-20014). J.B.S. was funded by the Max Planck
Gesennschaft and the UnitedMitochondrial Disease Foundation (13-053R). J.B.S. is a coinventor
of the m.5024C>T mouse, which is available for commercial licensing from Max Plank
Innovation. Mouse lines are available for academic use via a material transfer agreement (MTA)
arranged by J.B.S. Cell sorting/flow cytometry analysis for this project was done on instruments
in the CIMR Flow Cytometry Core Facility. The views expressed are those of the author(s) and
not necessarily those of the NIHR or the Department of Health and Social Care. Author
contributions: Conceptualization: P.F.C. Supervision: P.F.C. Funding provision: P.F.C.
Contributions to writing of the first draft: P.F.C., J.B.S., A.G., L.V.B., S.B., and M.F. Generation of
mouse model: J.B.S. Sample collection: A.G. Sample processing: A.G. Heteroplasmy
measurements: A.G. and M.F. Statistical analysis and modeling: L.V.B. Colony maintenance: S.B.
Competing interests: The authors declare that they have no competing interests Data and
materials availability: The heteroplasmy data and code required to reproduce the analysis
presented in the figures above are available in GitHub repository: https://github.com/
lbozhilova/sc-mtdna-mosaicism; and the general-purpose open repository Zenodo: https://
zenodo.org/record/8200085. The m.5024C>T andm.5019A>Gmice can be provided by J.B.S. to
academic laboratories, pending scientific review, and a completed MTA. Requests for these
mice should be submitted directly to J.B.S.

Submitted 24 April 2023
Accepted 21 September 2023
Published 25 October 2023
10.1126/sciadv.adi4038

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Glynos et al., Sci. Adv. 9, eadi4038 (2023) 25 October 2023 11 of 11

D
ow

nloaded from
 https://w

w
w

.science.org at T
he U

niversity of N
ew

castle-upon-T
yne on N

ovem
ber 23, 2023

https://github.com/lbozhilova/sc-mtdna-mosaicism
https://github.com/lbozhilova/sc-mtdna-mosaicism
https://zenodo.org/record/8200085
https://zenodo.org/record/8200085


Use of this article is subject to the Terms of service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science. 1200 New York Avenue
NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS. 

Copyright © 2023 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

High-throughput single-cell analysis reveals progressive mitochondrial DNA
mosaicism throughout life
Angelos Glynos, Lyuba V. Bozhilova, Michele Frison, Stephen Burr, James B. Stewart, and Patrick F. Chinnery

Sci. Adv. 9 (43), eadi4038.  DOI: 10.1126/sciadv.adi4038

View the article online
https://www.science.org/doi/10.1126/sciadv.adi4038
Permissions
https://www.science.org/help/reprints-and-permissions

D
ow

nloaded from
 https://w

w
w

.science.org at T
he U

niversity of N
ew

castle-upon-T
yne on N

ovem
ber 23, 2023

https://www.science.org/content/page/terms-service

	INTRODUCTION
	RESULTS
	High-throughput isolation and heteroplasmy measurement in single cells
	Extreme mtDNA heteroplasmy at the single-cell level in adult mice
	Variability in single-cell heteroplasmy levels in dividing and postmitotic tissues with age
	Mutation-dependent accumulation of homoplasmic cells in dividing and postmitotic tissues
	Age-dependent accumulation of homoplasmic cells due to random genetic drift
	Importance of relaxed replication in determining cell-to-cell heteroplasmy variability

	DISCUSSION
	MATERIALS AND METHODS
	Animal husbandry
	Tissue collection and dissociation
	Fluorescence-activated cell sorting
	Single-cell pyrosequencing
	Single-cell digital droplet polymerase chain reaction
	Statistical analysis

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments

