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The mtDNA mutation spectrum in the PolG
mutator mouse reveals germline and
somatic selection
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Abstract

Background: Mitochondrial DNA (mtDNA) codes for products necessary for electron transport and mitochondrial
gene translation. mtDNA mutations can lead to human disease and influence organismal fitness. The PolG mutator
mouse lacks mtDNA proofreading function and rapidly accumulates mtDNA mutations, making it a model for
examining the causes and consequences of mitochondrial mutations. Premature aging in PolG mice and their
physiology have been examined in depth, but the location, frequency, and diversity of their mtDNA mutations
remain understudied. Identifying the locations and spectra of mtDNA mutations in PolG mice can shed light on
how selection shapes mtDNA, both within and across organisms.

Results: Here, we characterized somatic and germline mtDNA mutations in brain and liver tissue of PolG mice to
quantify mutation count (number of unique mutations) and frequency (mutation prevalence). Overall, mtDNA
mutation count and frequency were the lowest in the D-loop, where an mtDNA origin of replication is located, but
otherwise uniform across the mitochondrial genome. Somatic mtDNA mutations have a higher mutation count
than germline mutations. However, germline mutations maintain a higher frequency and were also more likely to
be silent. Cytosine to thymine mutations characteristic of replication errors were the plurality of basepair changes,
and missense C to T mutations primarily resulted in increased protein hydrophobicity. Unlike wild type mice, PolG
mice do not appear to show strand asymmetry in mtDNA mutations. Indel mutations had a lower count and
frequency than point mutations and tended to be short, frameshift deletions.

Conclusions: Our results provide strong evidence that purifying selection plays a major role in the mtDNA of PolG
mice. Missense mutations were less likely to be passed down in the germline, and they were less likely to spread to
high frequencies. The D-loop appears to have resistance to mutations, either through selection or as a by-product
of replication processes. Missense mutations that decrease hydrophobicity also tend to be selected against,
reflecting the membrane-bound nature of mtDNA-encoded proteins. The abundance of mutations from
polymerase errors compared with reactive oxygen species (ROS) damage supports previous studies suggesting ROS
plays a minimal role in exacerbating the PolG phenotype, but our findings on strand asymmetry provide discussion
for the role of polymerase errors in wild type organisms. Our results provide further insight on how selection
shapes mtDNA mutations and on the aging mechanisms in PolG mice.
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Background
All animals contain mitochondrial DNA (mtDNA),
which contains genes encoding oxidative phosphoryl-
ation (OXPHOS) proteins, tRNAs, and rRNAs necessary
for mitochondrial gene translation. Mitochondrial genes,
along with many nuclear genes, encode the proteins that
make up the electron transport chain (ETC) which
generates the majority of cellular energy in the form of
ATP. Mutations in mtDNA can lead to significant
metabolic dysfunction. Examples of pathological mtDNA
mutations in human diseases include Kearns-Sayre syn-
drome, which causes myopathy, Myoclonic epilepsy with
ragged red fibers (MERRF), a neurodegenerative disease,
and Leber hereditary optic neuropathy (LHON), which
results in blindness [1–4]. In an ecological context, vari-
ation in mtDNA sequences also has consequences for
phenotypic variation and fitness in natural populations
[5]. Variation in mtDNA can be particularly challenging
to understand, as: 1) offspring inherit a heteroplasmic
population of mtDNA genomes matrilineally, 2) mtDNA
mutations increase with age through somatic mtDNA
mutations, and 3) all mtDNA mutations arise as hetero-
plasmic variants [6–8].
Insight into the origins and consequences of mtDNA

mutations has been improved by the PolG mouse model,
which was originally created to test the mitochondrial
theory of aging [9]. This theory states that an accumula-
tion of mtDNA mutations over an organism’s lifetime is
a significant contributor to aging [10, 11]. PolG mice
have deficient exonuclease proofreading capabilities in
polymerase gamma, the sole polymerase responsible for
mtDNA replication, resulting in an abnormal accumula-
tion of mtDNA mutations [9]. These progeroid mutator
mice experience several pathological symptoms, including
a ~ 50% reduction in lifespan, kyphosis (curvature of the
spine), an enlarged heart and spleen, and alopecia [9, 12].
Interestingly, there is evidence that PolG mice do not dis-
play other normal aging hallmarks, including an increase
in reactive oxygen species (ROS) or normal osteoarthritis.
PolG mice also fail to show increased lifespan from a cal-
orie restricted diet [13–15]. The impact of exercise on
PolG mtDNA mutations and phenotype is controversial,
with some studies finding a decrease in mtDNA mutations
and reduction in the severity of PolG phenotypes with
cardiovascular exercise [12, 16], but this finding has been
unable to be replicated using non-pooled next-generation
sequencing [7].
Though many studies have provided insight into the

aging physiology of PolG mice, there has been compara-
tively little work done to characterize the specific types
of mtDNA mutations in PolG mice. For reference, wild
type mice have been observed with as little as one
mtDNA mutation per mouse [17], while PolG mice have
hundreds or thousands of mtDNA point mutations at

varying frequencies [12, 16]. Mutation spectra (e.g., the
types of mutations observed and their relative frequen-
cies) have not been examined thoroughly in PolG mice.
One study found high numbers of cytosine to thymine
mutations, which is unsurprising given that such muta-
tions are characteristic of replication errors and should
be abundant in PolG mice [18]. C to T mutations are
also overrepresented in wild type mice, and are asym-
metrically overrepresented on the H-strand [19, 20]. In
PolG mice, these C to T mutations also led to an in-
crease in the hydrophobicity of proteins. However, this
study was limited by a low sample size (n = 2) [18]. It
has also been suggested that mtDNA mutations are low-
est in the D-loop in PolG mice [18, 21], which is the re-
gion where replication originates, although other studies
have noted that large indels are most common in this re-
gion [22, 23].
Characterizing mtDNA mutations in PolG mice not

only provides further insight into mitochondrial aging
mechanisms but also serves as a model for examining
mtDNA selection. Typically, mtDNA selection is exam-
ined on a population level in order to have an adequate
number of mtDNA variants [24, 25]. The rapid accumu-
lation of mtDNA mutations in the PolG mouse creates
many mtDNA variants that can be detected within a sin-
gle individual, rather than having to use an entire popu-
lation. In PolG mice, mtDNA selection occurs between
organisms through the germline. PolG wildtype litter-
mates that have a functioning polymerase do not display
premature aging, though they may inherit up to 80% of
the mtDNA mutation load of their mutant littermates
[7, 9, 12]. The resilience of these wildtype littermates
suggests that germline selection on mtDNA excludes the
most harmful mutations from being passed on to the
next generation. Selection on mitochondrial function
and mtDNA variants during early gametogenesis and
embryogenesis is critical and has even been invoked to
explain the evolution of the sequestered germline [26].
mtDNA and the mitochondria themselves undergo mul-
tiple bottlenecks during early gamete and embryo devel-
opment, and many have suggested that this amounts to
an intense “selective sieve” that results in only the most
fit mitochondrial genomes being passed to the next gen-
eration [27–30].
Beyond strong purifying selection on mtDNA in the

germline, mtDNA selection can occur somatically within
organisms on the tissue, cell, and organelle levels [31–35].
Heteroplasmy in mtDNA through somatic mutations can
cause mitochondrial dysfunction within an individual. Dys-
function arising from somatic mtDNA mutations can be
resolved by cells or tissue undergoing apoptosis [31–33].
Within a cell, individual dysfunctional mitochondria can
be degraded by mitophagy [34, 35]. More fully characteriz-
ing somatic and germline mtDNA mutations in PolG mice
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may provide insights into selection on mtDNA variants
within and among individuals as well as processes of aging
related to mtDNA mutations.
Here, we use mtDNA-enriched next-generation se-

quencing data to explore the mutation spectrum in the
PolG mouse. We predicted that C to T transitions
stemming from replication errors would dominate the
mutational landscape, but that the spectra of germline
vs. somatic mutations and their effects on resulting pro-
tein products may differ due to selection within individ-
uals and across generations.

Results
PolG mutation spectra pipeline
Raw Illumina sequencing reads were aligned to the
mouse mt genome. After mutations were called, they
were separated into germline and somatic mutations
(Fig. 1A). Mutations were also analyzed using two met-
rics: mutation count which evaluated whether a muta-
tion was present at each reference basepair, and
mutation frequency, which measures the prevalence of
each mutation (Fig. 1B).

PolG mtDNA mutations are more common in liver tissue
PolG mice accumulated many more mtDNA mutations
compared to wild type mice (Fig. 2A, B). At an mtDNA
coverage of about 10,000, only six point mutations were
detected in the two brain samples, and four point muta-
tions were found in the 3 liver samples from wild type
mice (one fixed polymorphism compared to the refer-
ence genome was not included), while about 200 point
mutations per PolG brain sample and 400 mutations per
liver sample were found in the average PolG mouse. Im-
portantly, the wild type mice used here were never intro-
duced in the PolG line, unlike previous studies that
included homozygous negative PolG mice as a control,
which are sometimes referred to as “wild type” [12, 18,
36]. When all mutations were summed, mutation counts

and frequencies were 106 and 24% higher respectively in
liver tissue compared to brain tissue (Fig. 2A; t (13)=
6.73, p < 0.001; Fig. 2B; t (13)=6.06, p < 0.001). There-
fore, we only report on liver mutations in the main text,
while analogous Figs. 3, 4, 5, and 7 from brain samples
are presented in Supplementary Figures and showed the
same trends (Supplementary Fig. 1–4, 5, 7, 8)
(Additional File 1). In liver tissue, somatic mutation
counts were about 1.5 times higher compared to germ-
line mutations (Fig. 2A; t = 6.212, p = < 0.001) in PolG
mice, but mutation frequencies were about 50% lower
for somatic mutations (Fig. 2B; t = − 5.217, p < 0.001).

Mutations are abundant throughout the mtDNA except in
the D-loop
MtDNA mutations were detected over the entire
mtDNA genome in PolG mice (Fig. 3A). MtDNA muta-
tion frequency and mutation count tend to trend to-
gether, but there are regions where these measures
appear to diverge (e.g., ATP6 and CYTB; Fig. 3A).
There were no significant differences in mutation

counts among the tRNAs (Fig. 3B, C; t = − 1.855, p =
0.067) or rRNAs (Fig. 3B, C; t = − 0.460, p = 0.646) when
compared to the protein coding regions (CDS), but the
D-loop had 79% fewer mutations when compared with
the CDS (Fig. 3B, C; t = − 11.805, p < 0.001). A similar
pattern among the mtDNA genome regions was found
in mutation frequency: The D-loop was lowest (Fig. 3D;
t = − 14.226, p < 0.001) with an 82% lower average
mtDNA mutation frequency when compared with the
CDS, but unlike mutation count, the tRNA region had a
35% higher mutation frequency than the CDS (Fig. 3D,
E; t = 4.421, p = < 0.001). There was a marginally signifi-
cant negative interaction between mutation type (germ-
line vs. somatic) and location because germline, but not
somatic tRNA mutations tended to rise to high frequen-
cies (Fig. 3E; t = − 2.007, interaction p = 0.048). Add-
itionally, rRNA mutation frequency was 31% lower than

Fig. 1 Methods to quantify abundance of mtDNA mutations. A. The pipeline used to call and classify mtDNA mutations B. The reference (Ref) shows a
hypothetical 4 base pair mtDNA genome with 2 reads (Rd 1 and Rd. 2) aligned. Example mutation types, counts, and frequencies are displayed for two
reads each from liver and brain tissue. Red bases highlight mutations. Mutations that occur in both tissues are germline, and mutations that occur in
only one are somatic. Count defines numbers of unique variants, while frequency defines prevalence of a particular variant
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the CDS region (Fig. 3E; t = − 2.679, p = 0.009). Most an-
imals had no detectable D-loop germline mutations (Fig.
3C, E). Overall, these results suggest that the D-loop is
depleted of mtDNA mutations in the PolG mouse, and
the other regions have about the same number of
mtDNA mutations, but frequency significantly varies
among them.

Missense mtDNA mutations are abundant, but rarely
inherited
For the combined CDS, we evaluated how mutations af-
fected the resulting amino acids. Nonsense mutations
were rarest in both count and frequency (Fig. 4A; t = −
13.999, p < 0.001; Fig. 4D; t = − 14.922, p < 0.001). On
average, missense mutations had twice the mutation
count compared to silent mutations (Fig. 4A, t = 2.568,
p = 0.013), but silent and missense mutations showed
similar mutation frequencies (Fig. 4D; t = − 1.427, p =
0.158). For both mutation counts and mutation frequen-
cies, there was a positive interaction between somatic/
germline and silent/missense, such that somatic muta-
tions were more likely to be missense than germline mu-
tations (Fig. 4B, t = 2.889, interaction p = 0.005; Fig. 4E;
t = 3.536, interaction p < 0.001).
There was no effect of codon position on mutation count

(Fig. 4C; t = 1.479, p = 0.180, but there was a significant ef-
fect on mutation frequency (Fig. 4F; t = 17.160, p < 0.001),
such that mutations in codon position 3 had 90% higher
frequency compared with positions 1 and 2 (p < 0.001 for
both). Overall, these results suggest that somatic mutations
are more likely to be missense when compared to germline
mutations, and though all three codon positions are equally

likely to mutate, mutations in the third codon position of
CDS regions rise to higher frequencies.

C to T (G to A) transition mutations dominate the PolG
mutation spectra, contributing to an increase in
hydrophobic amino acids
There was a significant effect of base pair substitution
type for both mutation count (Fig. 5A; F = 152, p <
0.001) and frequency (Fig. 5. B; F = 162, p = < 0.001). C
to T (G to A) base pair transitions were the most
abundant type of single base pair point mutation, show-
ing 3 times higher mutation count and 2 times higher
mutation frequency compared with T to C (A to G)
mutations, the second most frequent base pair change
(Fig. 5, 4A, B; p < 0.001 for all pairwise comparisons
with C to T (G to A)). All other types of point muta-
tions were also detected, although C to G (G to C)
and T to G (A to C) mutations were exceedingly rare
in our data (only 8 and 14 total mutations detected
across all liver samples, respectively) and were not
considered in analyses of amino acid changes.
Considering only missense mutations, those involv-

ing a change between hydrophilic and hydrophobic
amino acids were the most common when examining
amino acid properties (Supplementary Fig. S6, S7)
(Additional File 1). In mixed linear models for muta-
tion count and frequency that only include hydropho-
bic and hydrophilic changes in C to T mutations,
there was no significant difference when the initial
state of the amino acid was considered (Fig. 5C; t =
− 2.018, p = 0.0523; Fig. 5D; t = − 0.242, p = 0.810)
(i.e., hydrophilic and hydrophobic reference amino
acids were equally likely to mutate), but in both

Fig. 2 Germline (appearing in both tissues) and somatic (appearing only in one tissue) mutations in brain and liver tissue of PolG mice and liver
tissue for wild type mice for both mutation count, A, and mutation frequency, B. Total is the sum of germline and somatic mutations. N = 14 for
PolG, N = 3 for WT (wild type) liver, N = 2 for WT brain. PolG mice were between 9 and 12 months of age and WT mice were 9–10 weeks of age.
Error bars are ±95% CI, black dots represent the median. *Because germline mutations are defined as being in both liver and brain tissue, tissue
type cannot be separated for the mutation count metric, but it can be for the mutation frequency metric
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mutation count and frequency, the mutated amino
acid was more likely to be hydrophobic (Fig. 5C; t =
7.023, p = < 0.001; Fig. 5D; t = 6.145, p = < 0.001).
Taken together, PolG mutations are primarily C to T
(G to A) transitions which tend to increase the
hydrophobicity of protein products.

C to T strand asymmetry is absent after correcting for
nucleotide bias
We did not find a significant difference between
somatic C to T and G to A point mutations after cor-
recting for nucleotide bias on the L-strand (Fig. 6A;
F = 0.446, p = 0.507), and the mean mutation count
was approximately the same between the two muta-
tion types. Using the L-strand as the reference and
only including somatic mutations, there were about

30% more missense mutations on average than silent
mutations for C to T changes (Fig. 6B; F = 2.155, p =
0.154). For G to A somatic mutations, there were three
times more missense mutations than silent mutations
((Fig. 6B; F = 61.29, p < 0.001). Taken together, these
data indicate that though there is no strand bias for
PolG mutations after correcting for the nucleotide
composition of the L-strand, there is a difference in
the effect that L-strand and H-strand mutations have
on amino acid sequences of mt-encoded proteins.

Indels are less common than point mutations and tend to
be small deletions in PolG mice
Compared to point mutations, indels were less abun-
dant; they were still spaced throughout the mtDNA, but
were less abundant in the D-loop (Fig. 7A). Wild type
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mice also have a very low indel count and frequency
compared to the PolG mice, as an average of 4 indels
were called per wild type mouse compared to about 70
per PolG mouse (Fig. 7, 6B, C). Unlike point mutations,
there was no significant difference between germline and
somatic mutation count (Fig. 7B; t = 1.149, p = 0.261).
Similar to point mutations, somatic indels were found at
approximately half of the frequency of germline indels
(Fig. 7C; t = − 3.951, p < 0.001). PolG indels are primarily

small, frameshift deletions, with 850 out of the almost
1000 indels being deletions (Fig. 7D). At random, we
would expect close to 33% of CDS indels to be a mul-
tiple of 3 and not cause frameshifts, yet only 7% of the
CDS indels were not frameshift mutations. Overall,
indels in PolG mice are more prevalent than wild type
mice, but there are fewer indels in PolG mice compared
to point mutations, and there is an underrepresentation
of non-frameshift indels.

Fig. 4 Mutation Count, A, B., and Mutation Frequency, D, E. are shown for silent, missense, and nonsense mutations in protein coding regions.
The mutation count C, and frequency, F, are also shown for each codon position. N = 14. Error bars are ±95% CI, black dots represent the median
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Discussion
Selection shapes mtDNA mutations within and between
individuals in the PolG mouse
Consistent with previous studies, our reported PolG mu-
tation count was profoundly higher than wildtype mice
(Fig. 2) [7, 9]. Although sequencing depth was about
10,000X in the wild type sequencing samples, very few
mutations were found using the same mutation detec-
tion pipeline as PolG mice, suggesting that there are few
false positive mutations from the PolG mice in our data-
set. Also consistent with previous findings, liver tissue

shows both a higher count and higher frequency of som-
atic mtDNA mutations compared with brain tissue in
PolG mice [7, 9, 18] (Fig. 2). Previously, it has been ar-
gued that higher mtDNA mutation measures in liver tis-
sue may be due to the higher turnover rate of liver cells
compared to brain cells, as well as higher mtDNA copy
number in liver tissue [7, 37, 38]. It is also possible that
the relative differences in clonality between liver and
brain tissues play a role in mtDNA mutation spread and
detection, as brain tissue has a variety of cell types, many
of which are post-mitotic, limiting the somatic spread of
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mtDNA mutations [39]. However, a complementary or
alternative explanation to the difference in somatic
mtDNA mutations between tissues is a difference in
mtDNA selection strength (Fig. 2, Supplementary Fig. 2)
(Additional File 1). Some have hypothesized that because
brain tissue has higher energetic demands, selection on
mitochondrial function should be especially strong in
lineages with large brains [40–44]. Others have experi-
mentally provided evidence for a difference in mtDNA
mutation and selection between tissues [45–47]. Specif-
ically, one study demonstrated that BALB mouse liver
tissue was more prone to propagate mtDNA from a dif-
ferent mouse strain than the cerebral cortex [46]. In a
supplementary analysis considering only somatic muta-
tions, liver tissue had a higher missense mutation fre-
quency than brain (t = 2.997; p = 0.00274) (Additional
File 1). This result suggests that mtDNA in brain tissue
may be subjected to higher levels of purifying selection
than other tissues, and this may contribute to the overall
lower frequency of mtDNA mutations in brain tissues,
while low mutation counts may be due to lower turn-
over rates.
Our results suggest that mtDNA mutations in PolG

mice undergo detectable selection through the germline.
Somatic missense mutations outnumber silent ones, sug-
gesting mutations that affect resulting amino acids and
possibly alter protein function are introduced relatively
commonly in PolG mice (Fig. 4). However, germline mu-
tations tend to have fewer missense and more silent mu-
tations (Fig. 4), suggesting that PolG mice receive a
subset of less harmful mtDNA mutations from their ma-
ternal lineage. Our breeding scheme (Additional File 1)
likely resulted in several germline mutations being
shared among individuals through a common female an-
cestor (i.e., the exact same mutation was found at a high
frequency in brain and liver of at least two individuals).
While this may explain some of the individual variation
among the mice examined here, shared germline

mutations were relatively rare compared to unique
germline mutations and do not qualitatively alter our in-
terpretation on selection in PolG mice. The idea of
germline selection in the PolG mice is also supported by
the phenotype of homozygous negative PolG mice,
which only have germline mutations, but do not display
premature aging [7, 9, 12]. Our data on PolG mice con-
firm strong selection on mtDNA across generations.
In addition to germline mtDNA selection in PolG

mice, mtDNA exists as a heteroplasmic pool of variants,
meaning selection can occur within an individual [31,
32, 48]. Our results examining somatic mutations also
support selection within individuals. Somatic missense
mutations appear to have an unexpectedly low mtDNA
mutation frequency when compared with silent muta-
tions, despite high overall mutation counts of missense
somatic mutations (Fig. 4). This result implies that PolG
mice suppress the spread of potentially deleterious mu-
tations. We were also able to replicate a previous result
on mtDNA mutation codon position, which also sup-
ports a role for within-individual selection on mtDNA
mutations [49]: While all codon positions have similar
mutation counts, mutations in the third codon position
spread to a higher frequency (Fig. 4). Mutations in
the third codon are more likely to produce a silent
change (the “wobble” effect), therefore third codon
mutations are likely under comparatively relaxed se-
lection and can spread to higher frequencies. Amino
acid changes were primarily hydrophilic to hydropho-
bic and hydrophobic to hydrophobic changes (Fig. 5C,
D; Supplementary Fig. S4-S7) (Additional File 2). This
implies that hydrophobic amino acids may be more
tolerated in general. Mt-encoded proteins span the
inner mitochondrial membrane (IMM) and generally
have a high abundance of hydrophobic residues. The
introduction of hydrophilic amino acids into a hydro-
phobic IMM may lead to a weakened electron trans-
port system [50].

Fig. 6 A. Strand asymmetry in mutation counts shown for each mutation, corrected for nucleotide bias (mutations that had very few changes were
excluded). Only somatic mutations were included. B. Somatic mutation count is shown for missense and silent mutations for C to T and G to A
changes. N = 14. Error bars are ±95% CI, black dots represent the median. Observing mutations on a strand level does not result in redundancy
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Intuitively, frameshift indels may be more deleterious
because they would potentially alter many amino acids
in a protein product. However, this pattern of selection
was not seen in our indel mtDNA mutation results, as
there was an overrepresentation of frameshift mutations
(Fig. 7). It is possible that frameshift indels produce non-
functional protein products that are not inserted into
the inner mitochondrial membrane, therefore making it
impossible for them to disrupt OXPHOS and be selected
against, whereas non-frameshift indels may produce par-
tially functional proteins that integrate into IMM com-
plexes and cause dysfunction.

Point mutations are rare in the D-loop
Overall, mtDNA mutations are distributed fairly equally
throughout the mt genome (Fig. 3) except for the D-
loop where mutations are rare. One deviation from this
trend is that the tRNA regions were moderately overrep-
resented in mtDNA frequency, suggesting that mtDNA
mutations in this region may spread through reduced se-
lection. Mitochondrial translation in general is thought
to be inefficient compared with nuclear translation, so
further alterations in translation due to tRNA mutations
may be more easily tolerated [51, 52]. In contrast, the D-
loop displayed low counts and frequencies of mtDNA
mutations in the PolG mouse, as reported previously
[18, 21]. This may serve as evidence that the D-loop is
particularly sensitive to mtDNA mutations and several

studies have reported the significance of D-loop muta-
tions to disease [53, 54]. Interestingly, the trend appears
to reverse in wild type mice and humans, with the D-
loop containing a higher number of mtDNA mutations
than other regions [49]. It has been reported that muta-
tions in the D-loop lower the mtDNA copy number in
cancer patients, which is unsurprising because the D-
loop, also known as the control region, likely plays a role
in mtDNA replication rate [55].
Many studies have examined the molecular processes

of mtDNA replication, but the complete mechanism has
not been resolved [56]. Both mouse and human mtDNA
have two promoters, one for the heavy strand (OH), or
Guanine-rich strand, and one for the light strand (OL)
[57]. One hypothesis states that replication of mtDNA
begins at the OH and unlike nuclear genome replication,
the new mtDNA molecule remains single-stranded until
it reaches the OL, which is about 11 kb away from the
OH [58]. During mtDNA replication, very specific and
conserved sequences participate in processes such as
RNA primer complementation, G quadruplexes, and
triple-stranded displacement loops [59–62]. Though the
D-loop does not code for any products, D-loop muta-
tions may be heavily selected against because they sim-
ply prevent or slow propagation of the molecule. One
limit to our dataset is that short-read technology would
not be able to resolve large multimers, which have been
observed in the PolG mouse D-loop [22]. It is clear that

12S rRNA 16S rRNA ND1 ND2 COXI COXII ATP6 COXIII ND4 ND5 ND6 CYTB

AT
P

8

N
D

3

N
D

4L

0.00

0.05

0.10

0.15

0.20

0 4000 8000 12000 16000
Reference

M
ea

n 
M

ut
at

io
n 

F
re

qu
en

cy

tRNA rRNA CDS D−loopA

0e+00

2e−03

4e−03

6e−03

Germline Somatic Total
PolG

M
ut

at
io

n 
C

ou
nt

Total
WT

B

0.0e+00

3.0e−05

6.0e−05

9.0e−05

1.2e−04

Germline Somatic Total
PolG

M
ut

at
io

n 
F

re
qu

en
cy

Total
WT

C

20

22

24

26

28

(−52 , −15)−10 −5 0 5 10 (15 , 29)

Change

C
ou

nt

D

Fig. 7 Indels. A. The mean mutation frequency for indels is plotted across the entire mtDNA genome. Frequencies were averaged if more than
one mutation appeared in one base pair, Normalized values were found using {(x/max(x))}. Germline and somatic indel mutations in liver tissue of
PolG mice for both B, mutation count, and C, mutation frequency. Total is the sum of germline and somatic indels. N = 14 for PolG, N = 3 for WT
(wild type). D. Histogram of indel base pair changes. Negative values are deletions and positive values are insertions. Graph depicts all animals
summed. Green bars represent bins summarizing multiple changes. Error bars are ±95% CI, black dots represent the median

Maclaine et al. BMC Genomic Data           (2021) 22:52 Page 9 of 15



the D-loop plays a major role in mtDNA replication, but
further work into the precise mechanism may reveal the
reasons for seemingly disparate results between PolG
and wild type mice.

Base pair substitutions are characteristic of replication
errors
Several explanations have been made for how mtDNA
mutations might lead to aging phenotypes, including
replication errors, ROS, and hydrolysis leading to in-
creased mitochondrial dysfunction [10, 12, 18, 23, 36,
63–65]. Initially, the mitochondrial theory of aging
stated that many aging phenotypes were caused by a
feedback loop, or mutational vortex, caused by ROS
causing mtDNA mutations, causing more ROS, etc. [10,
64]. More recent studies, including our results in PolG
mice, question the importance of ROS in mtDNA muta-
tions and aging [18, 64, 65]. Specifically in PolG mice,
though their premature aging is exclusively caused by
mtDNA mutations, there is little evidence for an in-
crease in ROS [13, 66]. Studies have also failed to link
ROS with mtDNA mutations in wild type animals
[67–70]. In our results, C to T (G to A) point muta-
tions, which are indicative of replication errors, were
by far the most abundant (Fig. 5). Cytosine to thymine
changes are likely caused when the polymerase gamma
fails to correct errors, as a common GU wobble base
pairing would go uncorrected [9, 71]. This makes in-
tuitive sense, as PolG mice have impaired proofreading
capacity. Overall, transitions were also more common
than transversions (Fig. 5). ROS tends to cause G to T
transversions, which were seen at relatively low levels
compared to other changes in our study (Fig. 5), sup-
porting previous studies indicating that ROS levels are
not elevated in PolG mice [13]. This evidence suggests
that pathological phenotypes in PolG mice result from
the inability to correct errors and that ROS likely does
not play an exacerbating role in the aging of these
animals.

Lack of strand asymmetry of C to T mutations may reveal
insight on mtDNA replication and mutation
In mammalian mtDNA, the lagging strand is the H-
strand, or the template strand. During replication, much
of the lagging strand is single-stranded, which is thought
to expose it to to more DNA damage [56]. Wild type
organisms almost uniformly show a C to T bias on the
lagging strand of mtDNA [20, 70, 72–74]. This provides
a possible mechanism to explain the cytosine depletion
on the H-strand and may explain our finding that silent
mutations are exceedingly rare for C to T H-strand mu-
tations (Fig. 6B). It is possible that the depletion of cyto-
sine on the H-strand occurred mainly through silent
changes, leaving very few possible C to T synonymous

changes remaining on the H-strand. Therefore, any C to
T changes that do occur on the H-strand in PolG mice
in the present study are more likely to be missense.
A previous study on PolG mice mtDNA mutations

showed the opposite finding, reporting double the C to
T mutations than G to A on the L-strand [18]. However,
their findings were likely due to nucleotide composition
bias on the L-strand, which has twice as many cytosines
than guanines. Our findings support this hypothesis, as
we demonstrated that PolG mice show no strand bias of
mtDNA point mutations after correcting for nucleotide
composition (Fig. 6A). The differences in PolG and wild
type strand-asymmetry patterns may lie in the mechan-
ism of mtDNA mutations. As discussed previously, re-
cent work has criticized the traditional idea that most
mtDNA mutations are caused by ROS, and the field has
shifted its view to emphasize polymerase errors. In the
case of the PolG mouse, this is likely true, as the
protected, L-strand of mtDNA strand is just as likely to
mutate as the vulnerable H-strand, likely because poly-
merase errors far outnumber ROS-induced mutations
(Fig. 6A). However, this finding may suggest that wild type
C to T mtDNA mutations arise from hydrolytic deamida-
tions rather than polymerase errors [75, 76]. Base hydroly-
sis better explains the strand asymmetry observed in wild
type organisms in light of lack of asymmetry in the PolG
mutation data, but the data may also be explained by a
strand-bias of the mtDNA polymerase due to the differen-
tial treatment of the strand during replication. Further
research should explore these ideas to provide more
evidence for mtDNA mutagenesis due to ROS and/or
polymerase errors.

Conclusions
PolG mice are not only a progeroid model organism,
they can also serve as an opportune model for exam-
ining mtDNA mutation processes and selection on
mtDNA. PolG mice show evidence of mtDNA selec-
tion between animals as germline mutations passed
onto the next generation show fewer changes pre-
dicted to affect protein function. Within individuals,
somatic mutations that alter protein function are less
likely to rise to high frequencies. We also demon-
strated that PolG mice do not display strand asym-
metry in their mtDNA mutations. Our results
contribute to the discussion on the effect of ROS and
polymerase errors on mtDNA mutation rate. We also
show that point mutations are relatively rare in the
D-loop, possibly due to selection or mtDNA replica-
tion mechanisms. Finally, this study provides evidence
that aging mechanisms in PolG mice may be related
to disruption of OXPHOS through the introduction
of hydrophilic amino acids.
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Methods
PolG mice husbandry and sampling
No animal research was done for this study. We used se-
quences from animals as previously described in
Maclaine et al. [7]. Homozygous PolG mice were bred
from heterozygous PolG mice. The breeding scheme and
littermate information are available in the supplement
(Additional File 1). When male mice reached 2months
of age, mice were randomly placed in an exercise group
or a sedentary group. The exercise group had free access
to a running wheel until perfusion and tissue extraction
at 9–12months of age. Mice were perfused with a
sucrose-based solution after intraperitoneal injection.
Half of the brain cut down the midsagittal plane and
liver tissue were quickly extracted and frozen in isopen-
tane. DNA was extracted using the QiaPrep Mini kit
TM. 10% SDS was added to the brain P1 homogenate.
Extracted mtDNA was further purified through NspI di-
gestion, cutting mouse mtDNA into 3 approximately
equal fragments, which were agarose gel extracted [7].

MtDNA sequencing and processing
Sequencing was previously described in Maclaine et al.
[7]. Next-generation sequencing was performed on an
Illumina Hi-seq 4000 using high-depth 150 nucleotide
paired-end sequencing. The shotgun libraries were
prepared using the Kapa Biosystems Hyper Library con-
struction kit with no PCR amplification. The average se-
quencing depth was 8200x for the mitochondrial
genome.
Two mice were excluded due to having less than 1

million reads in either the liver or brain, while other
samples produced just over 1 million to 18 million reads
(Supplementary Table 1) (Additional File 1). Exercised
and sedentary groups were combined for the purposes of
this study due to no significant difference in their aging
phenotype or number of mtDNA mutations [7].
In total, fastq files from 14 PolG animals ranging in ages

from 9 to 12months were examined here. Sequences are
available via NCBI (BioProject PRJNA723420). Sample ac-
cessions are in Supplementary Table 1 (Additional File 1).
To compare mtDNA mutations in PolG mice with those
from wild type mice, similar sequencing datasets from brain
tissue (N = 2) and liver tissue (N = 3) of wild type, C57BL6/
N mice (aged 9 to 10weeks) were examined using publicly
available datasets (PRJNA434306; sequence read archive ac-
cession numbers: SRS2971016, SRS2971023, SRS2971032,
SRS2971026, SRS2971022).
Raw sequencing reads were processed using Trimmo-

matic default parameters, aligned with bwa (v.0.7.17)
mem against the mouse mm10 genome (Genbank ID:
AY172335), and mutations were called using GATK
Mutect2 v4.1.7.0 with all default settings in mitochon-
dria mode (Fig. 1A) [77–79]. The primary benefit of

mitochondria mode is to account for the artificial break-
point in circular genomes. We included wild type sam-
ples to check for false-positive mutation calls. Since
there were on the order of 3 mutations per wild type
mouse, we determined that the pipeline was sufficient in
filtering false-positive variant calls. A custom python
script containing the exact commands to process these
sequence datasets can be found on github [80].

Defining metrics to quantify mtDNA mutations
Because of the heteroplasmic nature of mtDNA mu-
tations, specific metrics are necessary to describe
mtDNA variants. We used the same metrics to quan-
tify mtDNA mutations as described previously in
Maclaine et al. [7] and Ma [17],though we did not
include the early embryonic category that is included
in Ma [17]. This consisted of two main distinctions:
somatic vs. germline mutations and mutation count
vs. frequency [7, 17] (Fig. 1A). Germline mutations
were defined as mutations that were present in both
liver and brain tissue as these have a higher probabil-
ity of being inherited. Because some animals in the
study were littermates or otherwise related, we
acknowledge that some mutations may be shared
between mice. Mutations were required to be at the
same base and have the same nucleotide change in
both tissues of the same animal to be considered
germline. We acknowledge that some mutations clas-
sified as germline could have arisen independently in
both tissues. Somatic mutations were found in either
brain or liver tissue and likely were generated de
novo instead of being inherited.
MtDNA mutation count reflects the fraction of base-

pairs in the mtDNA genome which are mutated, while
mtDNA mutation frequency is a metric of mtDNA point
mutation saturation (Fig. 1B). Essentially, count de-
scribes the number of unique mutations per sample,
while frequency describes how common a particular
variant was in that sample. These metrics were calcu-
lated as follows:

mtDNA count ¼ sum number of bases where a mutation was detectedð Þ
mt genome length

mtDNA f requency¼ sumðmutated f raction of reads f or each base pairÞ
mt genome length

When mutation counts and frequencies were com-
pared between different regions of the mtDNA (tRNA,
rRNA, coding region, and D-loop), they were calculated
as relative to the length of the region. Nucleotide strand
bias was corrected for by using samtools depth to find
the depth at each basepair in each sample. The total
depth for each nucleotide was added for each sample,
and all other nucleotides were normalized to cytosine
(Additional File 8).
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Characterizing mtDNA mutations
Point mutations were classified into 6 categories
based on the starting nucleotide and its mutant vari-
ant (e.g., C to T vs. G to T). Redundant changes were
combined (e.g., C to A is indistinguishable from G to
T in our dataset). Effects of mutations on resulting
protein amino acid sequences in protein-coding genes
were categorized in two ways. First, the vertebrate
mitochondrial codon table was used to categorize mu-
tations as silent, missense, or nonsense (resulting in a
premature stop codon). Second, amino acid properties
(hydrophobic, hydrophilic, acidic, basic, stop) were
examined to investigate how amino acid properties
were altered in missense and nonsense mutations.
The same amino acid property scheme was used as in
Ni et al. [18].
The genome was divided into protein-coding se-

quences (CDS), tRNA genes, rRNA genes, and D-loop
regions using the mm10 genome annotations. Figures
that show mutation count and frequency across the
genome use a rolling mean of 250 bp, normalized
with {(x)/(max(x))}. For evaluating indel mutations,
frameshift mutations were considered to be mutations
that either added or deleted nucleotides in non-
multiples of three.

Statistics
All statistical analyses were performed in R v4.0.0.
Figures were made using ggplot2. Paired t-tests were
done to compare mutation count and mutation fre-
quency between brain and liver tissue totals. Lme4 and
lmer were used for linear modeling. Linear mixed
models were run using both mutation count and muta-
tion frequency as dependent variables. A linear mixed
model was run in liver mtDNA mutations with germ-
line/somatic status as a fixed effect and animal as a ran-
dom effect. We used linear mixed models to investigate
variables driving variation in mutation count and fre-
quency: region (D-loop, tRNA, rRNA, CDS) or mutation
type (silent, missense, nonsense) were used as one fixed
effect and germline/somatic was included as another
fixed effect. Another linear mixed model considered only
missense C to T mutations and hydrophobicity status
(animals with zero in any category were excluded). Ani-
mal was always included as a random effect. Data were
not normally distributed (as revealed by a Shapiro-Wilk
test) and were largely normalized by taking the cube
root prior to linear modeling. Differences among base-
pair changes (e.g., C to T vs. G to T), strand asymmetry,
and codon position were evaluated using ANOVA and
Tukey post-hoc tests. The R code and raw data are
provided as supplemental material (Additional Files 2,
3, 4, 5, 6, 7 and 8).
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