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Abstract

Rapid mutation rates are typical of mitochondrial genomes (mtDNAs) in animals, but it is not clear why. The difficulty of obtaining measure-
ments of mtDNA mutation that are not biased by natural selection has stymied efforts to distinguish between competing hypotheses about
the causes of high mtDNA mutation rates. Several studies which have measured mtDNA mutations in nematodes have yielded small data-
sets with conflicting conclusions about the relative abundance of different substitution classes (i.e., the mutation spectrum). We therefore
leveraged Duplex Sequencing, a high-fidelity DNA sequencing technique, to characterize de novo mtDNA mutations in Caenorhabditis
elegans. This approach detected nearly an order of magnitude more mtDNA mutations than documented in any previous nematode muta-
tion study. Despite an existing extreme AT bias in the C. elegans mtDNA (75.6% AT), we found that a significant majority of mutations
increase genomic AT content. Compared to some prior studies in nematodes and other animals, the mutation spectrum reported here con-
tains an abundance of CG!AT transversions, supporting the hypothesis that oxidative damage may be a driver of mtDNA mutations in
nematodes. Furthermore, we found an excess of G!T and C!T changes on the coding DNA strand relative to the template strand, con-
sistent with increased exposure to oxidative damage. Analysis of the distribution of mutations across the mtDNA revealed significant varia-
tion among protein-coding genes and as well as among neighboring nucleotides. This high-resolution view of mitochondrial mutations in
C. elegans highlights the value of this system for understanding relationships among oxidative damage, replication error, and mtDNA mu-
tation.
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Introduction
Mitochondrial genomes (mtDNAs) of most animals have muta-
tion rates about one order of magnitude greater than their corre-
sponding nuclear genomes (Wolfe et al. 1987; Denver et al. 2000,
2004; Havird and Sloan 2016; Allio et al. 2017). While rapid
mtDNA mutation rates of metazoans have proven useful for un-
derstanding the divergence of closely related species (Bernt et al.
2013; Yang et al. 2016), they also pose a serious challenge for or-
ganismal fitness (Gemmell et al. 2004). In humans, mtDNA muta-
tions cause genetic disorders (Longley et al. 2005; Marni and
Soondhiemer 2010), are associated with numerous cancers
(Gorelick et al. 2021) and accumulate with age (Kennedy et al.
2013). Furthermore, individuals suffering from age-related dis-
eases such as Parkinson’s and Alzheimer’s display increased
mtDNA mutations compared to healthy individuals (Monzio
Compagnoni et al. 2020). The mechanisms underlying high
mtDNA mutation rates in metazoans remain the subject of ongo-
ing research and debate.

Historically, elevated mtDNA mutation rates have been hy-
pothesized to be driven by oxidative damage (Harman 1972;
Miquel et al. 1980; Richter et al. 1988; Shigenaga et al. 1994) from

reactive oxygen species (ROS), which are abundant byproducts of
electron transport in the mitochondria (Murphy 2009). Several
studies measuring mtDNA mutations in metazoans have raised
doubts about the oxidative damage hypothesis. Specifically, ge-
netic backgrounds with increased ROS do not show a detectable
increase in mtDNA mutations (Itsara et al. 2014), nor do those
with deficiencies in oxidative damage repair machinery (Halsne
et al. 2012; Itsara et al. 2014; Kauppila et al. 2018). In addition, the
mtDNA mutation spectra from humans is relatively deplete of
CG!AT transversions (Kennedy et al. 2013), a substitution class
considered a hallmark of oxidative damage (Cheng et al. 1992;
Kirkwood and Kowald 2012).

Alternatively, high metazoan mtDNA mutation rates may be
driven by replication errors or deficiencies in mtDNA repair ma-
chinery (Longley et al. 2005; Szczepanowska and Trifunovic 2015;
DeBalsi et al. 2017; Hood et al. 2019). The replication error hypoth-
esis is supported by in vitro mtDNA replication assays with Pol c

(the metazoan mtDNA polymerase), which recapitulate most
(83%) of the mutational hotspots detected in a portion of the hu-
man mitochondrial genome through phylogenetic methods
(Zheng et al. 2006). The in vivo mtDNA mutational spectra of
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humans, fruit flies, and mice, are all dominated by CG!TA tran-
sitions, which are commonly attributed to Pol c error (Zheng et al.
2006; Kennedy et al. 2013; Itsara et al. 2014; Melvin and Ballard
2017; Arbeithuber et al. 2020). However, because cytosine deami-
nation (to uracil) is likely a major cause of CG!TA transitions in
metazoan mtDNAs, the high abundance of these substitutions
may reflect a complex relationship between single-stranded DNA
damage, failed DNA repair, and replication error. Deamination of
cytosine can occur via spontaneous hydrolysis (Nabel et al. 2012),
but oxidative damage can also play a role by creating modified
bases that are more prone to deamination and/or less accessible
to repair pathways (Kreutzer and Essigmann 1998). It is not clear
whether cytosine deamination in metazoan mtDNAs is driven by
spontaneous hydrolysis, oxidative damage, or a combination of
the two. If deaminated cytosines are not repaired through base
excision repair (BER), Pol c frequently incorporates adenine oppo-
site of uracil during DNA replication (Zheng et al. 2006). In a suc-
cessive round of DNA replication, the pairing of thymine with
adenine completes the double-stranded CG!TA transition
(Nabel et al. 2012). The role of deamination in CG!TA transitions
in metazoan mtDNAs is supported by strand asymmetry analy-
ses, which have revealed significantly higher frequencies of C!T
than G!A changes on mtDNA strands that spend increased time
in single-stranded states during mtDNA replication (Kennedy
et al. 2013; Itsara et al. 2014; Ju et al. 2014; Arbeithuber et al. 2020;
Sanchez-Contreras et al. 2021). Such asymmetric single-stranded
exposure likely explains why the C!T change occurs on the
“minor strand” in 91% of CG!TA transitions in fruit fly mtDNA
(Itsara et al. 2014). Interactions between damage and polymerase
fidelity can be difficult to untangle. For example, a recent study
showed the in vitro proofreading activity of human Pol c de-
creased when oxidative stress was applied to the enzyme
(Anderson et al. 2020).

A major obstacle in understanding causes of metazoan mtDNA
mutations stems from the difficulty of detecting rare mutation
events and removing the biasing effects of selection. Mutation ac-
cumulation (MA) experiments (Katju and Bergthorsson 2019) have
been used to address this challenge in fruit flies (Haag-Liautard
et al. 2008; Keightley et al. 2009), mice (Uchimura et al. 2015), water
fleas (Xu et al. 2012) and most extensively, nematodes (Denver et al.
2000; Howe et al. 2010; Molnar et al. 2011; Konrad et al. 2017;
Wagner et al. 2020). MA studies remove the filtering effects of natu-
ral selection by bottlenecking experimental lines through ran-
domly selected individuals for successive generations. Under these
conditions, nonlethal mutations are expected to accumulate and
can be assayed through genome resequencing of the final MA gen-
eration. However, while MA experiments have proven extremely
useful for studying mutation (Lynch et al. 2016), this approach
poses special challenges for measuring mtDNA mutations
(Schaack et al. 2020). Mitochondrial genomes remain multicopy
throughout the entirety of metazoan germline development (Bratic
et al. 2010; Wai et al. 2010), giving selection the opportunity to act
on competing mtDNAs within an individual (Fan et al. 2008), even
during MA experiments (Schaack et al. 2020). The polyploid nature
of mtDNAs means that new mutations are born into a low fre-
quency, heteroplasmic state (multiple haplotypes within the same
mitochondria or individual). New mtDNA mutations must there-
fore rise in frequency (through drift or selection; Schaack et al.
2020) in order to meet the detection thresholds set by the high er-
ror rates (often above 10�3 errors per bp) of traditional DNA se-
quencing methods (Schirmer et al. 2016).

Two large-scale MA experiments with the nematode
Caenorhabditis elegans have reached very different conclusions

regarding the spectrum of mtDNA mutations (Denver et al. 2000;
Konrad et al. 2017). The pioneering study of Denver et al. (2000)
was the first MA experiment to characterize mtDNA mutations in
metazoans, using Sanger sequencing to detect a total of 26 muta-
tions in 74 MA lines bottlenecked for an average of 214 genera-
tions. The 16 single nucleotide variants (SNVs) they identified
indicated a bias towards mutations that increase GC content (10
variants increased GC content, four decreased GC content and
two were GC neutral), a surprising finding given that the C. ele-
gans mtDNA is 75.6% AT. However, a more recent C. elegans MA
experiment utilized Illumina sequencing to detect a total of 24
mtDNA mutations (nine SNVs) in 20 MA lines each bottlenecked
for an average of 363 generations and found a strong bias in the
opposite direction; eight of nine SNVs increased AT content, and
the other SNV was AT neutral (Konrad et al. 2017). Both of these
studies were impressive, multi-year undertakings, and it is
unclear whether the differences in the reported spectra are
driven by biological differences in the C. elegans lines or rearing
conditions, differences in sequencing techniques, or noise associ-
ated with small sample sizes. Additional MA experiments con-
ducted with the nematodes Caenorhabditis briggsae (Howe et al.
2010; Wagner et al. 2020) and Pristionchus pacifics (Molnar et al.
2011) have also yielded very few mutations (7–19 SNVs), making
it difficult to get precise estimates of mutation parameters.

An alternative to MA experiments has emerged in the form of
high-fidelity sequencing techniques that can detect mtDNA var-
iants segregating in tissues at extremely low frequencies (Salk
et al. 2018; Sloan et al. 2018). One technique called Duplex
Sequencing (Schmitt et al. 2012; Kennedy et al. 2014) is particu-
larly useful for this application as it is highly accurate with error
rates as low as �2� 10�8 per bp (Wu et al. 2020), facilitating detec-
tion of de novo mtDNA mutations essentially as they occur.
Duplex Sequencing works by tagging both ends of library mole-
cules with random barcodes before they are amplified and se-
quenced. These barcodes are then used to create families of
reads corresponding to each of the original strands from a parent
DNA fragment. Consensus base calling eliminates variants pre-
sent only in a minority of reads within a family or only in
reads originating from one of the two strands, as such variants
are common artifacts of single-stranded DNA damage, PCR
misincorporations, and sequencing error. Here, we employed
hybridization-based mtDNA enrichment coupled with Duplex
Sequencing to greatly increase the detection of de novo mutations
and better characterize the spectrum and distribution of muta-
tions in the C. elegans mitochondrial genome.

Materials and methods
Nematode growth and DNA extraction
Replicate cultures of nematodes were derived from the Bristol N2
strain of C. elegans and grown on nematode growth media (NGM;
He 2011) plates with Escherichia coli strain OP50 at 20�C. Our nem-
atode rearing protocol (outlined in Supplementary Figure S1) was
designed to (1) sample a diverse tissue pool comprised of many
individuals (i.e., with a diversity of rare mtDNA mutations), (2)
target lineages separated from each other for multiple genera-
tions to limit the contribution of shared, heteroplasmic mtDNA
variants, and (3) limit the total number of generations (to three)
in order to minimize potential biases of selection. Three siblings
(F0) worms were randomly chosen from our stock of N2 nemato-
des to initiate experimental populations (referred to hereafter as
populations 1, 2, and 3). Each population was maintained for 15
generations, with passages of ten adults at each generation,
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before a single adult F15 founder was randomly selected and
transferred to a fresh NGM plate. Three F16 progeny were then
randomly chosen from each population to initiate the nine repli-
cates assayed in this study (referred to hereafter as replicates 1a,
1b, 1c, 2a, 2b, 2c, 3a, 3b, and 3c). Each replicate culture was
allowed to proliferate for three generations (14–16 days) before all
offspring in a replicate (mixed-stage individuals) were pooled for
DNA extraction.

The three replicates from each population were grown in par-
allel, and the different populations were grown in three sequen-
tial batches. All culturing conditions and plate transfers followed
the same outline (Supplementary Figure S1). The replicates were
checked daily to monitor growth and food supply. After each gen-
eration, worms were collected in M9 liquid buffer (He 2011), pel-
leted by centrifugation at 1900 rcf for 30 seconds, and
redistributed onto fresh NGM plates. The first replating took
place 7–9 days after the F16 replicate founder was plated. The F17
progeny were collected and redistributed onto 3 new plates.
During this replating, one-third of the worms were discarded so
as not to overwhelm the food supply on the new plates. To en-
sure this culling step did not result in a biased sampling of the
population, we homogenized each worm pellet with gentle pipet-
ting before discarding a third of the pellet by volume. Three to six
days later, the F18 worms were collected from the 3 plates (per
each replicate) and pooled before half of the worms were dis-
carded (again, so as not to overwhelm the food supply on the new
plates), and the other half were redistributed onto 10 new NGM
plates (per each replicate) for the final stage of growth. After 2–
3 days, the F19 worms were collected from all 10 plates (per each
replicate) and pooled into one 15 ml falcon tube (per each repli-
cate). The worms were pelleted by centrifugation at 1900 rcf for
30 seconds, and the supernatant was discarded. Then, M9 buffer
was used to resuspend the worms, and the wash process was re-
peated 2 more times to deplete contaminating E. coli. Total-
cellular DNA was extracted from the worm pellet using the
DNeasy Blood and Tissue Kit (Qiagen), following manufacturer’s
instructions.

Duplex library preparation and mtDNA
enrichment
Total cellular DNA was stored at �20�C until all 9 replicates were
processed. Then, Duplex Sequencing libraries were created for all
9 samples, following our previously described protocols (Wu et al.
2020) with some modifications. Briefly, DNA was fragmented
with a Covaris M220 Focused-Ultrasonicator, end repaired
(NEBNext End Repair Module), and A-tailed (Klenow Fragment
Enzyme, 1 mM dATP). The A-tailed DNA was then adaptor ligated
with custom Duplex adaptors, which contain the 12-bp random
barcodes necessary for double-stranded consensus building. The
adaptor-ligated product was treated with a cocktail of three re-
pair enzymes (Uracil-DNA Glycosylase, Fpg, and Endonuclease III
in NEB CutSmart Buffer) to remove fragments with single-
stranded damage and 16 ng of repaired DNA was used as input
for the first round of PCR (13 cycles), in which Illumina adaptors
with multiplexing indices were incorporated into the amplicons
(NEBNext Ultra II Q5 Master Mix, custom IDT Ultramer primers).

Then, 336 ng of each amplified library was processed with the
Arbor Biosciences myBaits Mito kit, following manufacturer’s
instructions (manual version 4.01) and using their biotinylated
bait panel specifically designed against the C. elegans mitochon-
drial genome. The enriched product was then PCR amplified for
11 additional cycles using universal p5 and p7 primers that an-
neal upstream of the multiplexing indices (NEBNext Ultra II Q5

Master Mix). Amplified libraries were separated and imaged on
an Agilent TapeStation 2200 (High Sensitivity D1000 reagents) for
quality control, and 80 nmol of each library was pooled for se-
quencing. The pooled library molecules had an average length of
369 bps.

Total-cellular shotgun libraries to control for
NUMT derived mapping artifacts
Rare variant detection in mitochondrial genomes is complicated
by the fact that mitochondrial sequences can occasionally be
transferred to the nuclear genome (Richly and Leister 2004).
These mitochondrial-derived nuclear genome sequences (re-
ferred to as NUMTs) accumulate point mutations as they are
largely nonfunctional. NUMT-derived library fragments can map
to the mitochondrial genome, and variants that have accumu-
lated in NUMTs can be difficult to distinguish from true mito-
chondrial mutations (Hazkani-Covo et al. 2010). To overcome this
challenge, we have previously implemented a k-mer count-based
approach (Wu et al. 2020; Broz et al. 2021; Waneka et al. 2021),
where counts of each putative mtDNA mutation are tabulated
from a total-cellular shotgun DNA library. NUMT-derived var-
iants are expected to have k-mer counts in the shotgun library
that are similar to the counts for rest of the nuclear genome. In
contrast, true mtDNA mutations are expected to have k-mer
counts substantially lower (typically 0, barring sequencing errors
and/or rare convergent mutations in the shotgun library) than
the rest of the nuclear genome. We generated three replicate
shotgun libraries for this purpose from total-cellular C. elegans
DNA, following the same design used to generate the Duplex
Sequencing replicates (Supplementary Figure S1). Three sibling
nematodes were used to initiate lineages that were propagated
for three generations before nematodes from several plates (per
replicate) were pooled for DNA extraction. To limit the potential
contribution of shared, heteroplasmic variants in our nine repli-
cates and the shotgun samples, the parent of the three replicates
was selected from a lineage of N2 nematodes divergent from the
nine replicates we assay for mtDNA mutations. DNA was
extracted using the Qiagen DNA Blood and Tissue Kit following
manufacturer’s instructions, and shotgun libraries were created
using the NEBNext Ultra II FS DNA Library Prep Kit, with 50 ng of
input DNA, a 15-minute fragmentation step, and 5 cycles of PCR
amplification. Assessment of the shotgun libraries on the Agilent
TapeStation 2200 (High Sensitivity D1000 reagents) revealed
adaptor dimers, which were subsequently removed with size se-
lection on a 2% BluePippin gel (Sage Science) using a target range
of 300–700 bp. The resultant pooled sample had an average frag-
ment length of 392 bp.

Sequencing of shotgun and Duplex Sequencing
libraries, variant detection and analysis
Total-cellular shotgun libraries were sequenced on an Illumina
NovaSeq 6000 platform (2� 150 bp reads) at the University of
Colorado Cancer Center, resulting in 18.1–22.2 M read pairs per li-
brary, equating to roughly 60� coverage of the C. elegans nuclear
genome. The Duplex Sequencing libraries were sequenced on an
Illumina HiSeq4000 platform (2� 150 bp reads) by Novogene in
two runs, resulting in a total of 66.8–76.9 M read pairs per library.

Duplex Sequencing reads were processed with our previously
described pipeline (https://github.com/dbsloan/duplexseq; Wu
et al. 2020), which (1) trims adaptor sequences (cutadapt v1.16;
Martin 2011), (2) calls duplex consensus sequences (DCSs) based
on shared random barcodes (each DCS required a minimum
of six raw Illumina reads—at least three from each strand),

G. Waneka et al. | 3

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/219/2/iyab116/6346985 by C

olorado State U
niversity user on 06 August 2022

https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab116#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab116#supplementary-data
https://github.com/dbsloan/duplexseq


(3) filters out discordant DCSs with ambiguous bases resulting
from disagreement between strands, (4) aligns concordant DCSs
to the reference genome (NCBI reference sequence NC_001328.1;
bowtie2 v2.3.5; Langmead and Salzberg 2012), (5) calls variants
and DCS coverage by parsing the DCS alignment, and (6) filters
NUMTS through a comparison to a k-mer database generated
from the shotgun libraries (KMC v 3.0.0; https://github.com/re
fresh-bio/KMC). An expected AT equilibrium was calculated as:

Frequency AT decreasing subs
� �

Freq AT decreasing subs
� �

þ FreqðAT increasing subsÞ

To account for the nested structure of our data (i.e., replicates
a, b, and c are nested within each population 1, 2, and 3), we
implemented mixed linear models in R (ver 1.3.959), using the
lme4 package. In such analyses, the genomic comparison of in-
terest (e.g., substitution class or genome region) was set as a fixed
effect, and replicate was set as a random effect nested within
population, which was also set as a random effect.

Data availability
The raw reads are available via the NCBI Sequence Read Archive
(SRA) under accessions SRR14352240-14352248 (Duplex
Sequencing libraries; Supplementary Table S1) and SRR14352249,
SRR14352237, and SRR14352238 (shotgun libraries 1, 2, and 3, re-
spectively). The code used to process the raw reads, create con-
sensus sequences, and call variants are available here: https://
github.com/dbsloan/duplexseq. The variants we detected
through Duplex Sequencing are reported in Supplementary File
S1 (SNVs) and Supplementary File S2 (indels). Supplementary
material is available at figshare: https://doi.org/10.25386/genet-
ics.14525493.

Results and discussion
Targeted Duplex Sequencing provides a high-
resolution view of mutation in the C. elegans
mitochondrial genome
We enriched for mtDNA derived sequences through hybrid cap-
ture, which was highly effective, as 99.91% of all DCSs mapped to
the C. elegans mitochondrial genome (each DCS is a consensus se-
quence produced from at least 6 concordant Illumina reads). In
contrast, in a preliminary trial with Duplex Sequencing libraries
made from total cellular C. elegans DNA (SRR14352239), less than
0.5% of DCSs mapped to the mitochondrial genome. For each of
the nine replicates assayed, the average DCS coverage of the mi-
tochondrial genome was 13,257�, with a range from 9099� in
replicate 1 b to 15,451� in replicate 1a (Supplementary Table S1).

We identified a total of 456 DCSs with SNVs and 17,582 DCSs
with indels (SNVs: Supplementary File S1, indels: Supplementary
File S2). These counts do not include one variant identified as a
NUMT artifact based on k-mer counts in total-cellular shotgun li-
braries. The putative NUMT was present at a low frequency in ev-
ery replicate and mapped to the only NUMT to have been
previously identified in the C. elegans nuclear genome (Frith
2011). The above counts were tabulated after correcting three
positions with fixed or nearly fixed differences in the nine repli-
cates (Supplementary Table S2), which presumably represent
existing differences in our N2 line compared to the published N2
mitochondrial genome (NC_001328.1). Raw DCS counts are in-
flated however by several variants present at high enough fre-
quency to be detected in numerous DCSs. For example, a CG!TA

mutation at position 5079 was present at a frequency of 0.004 in
replicate 1c (158 DCSs). Similarly, a 1-bp A insertion at position
3235 was present at a frequency above 0.5 in the population 2
replicates (15,317 DCSs). In total, 97.5% of DCSs with indels from
the nine replicates mapped to position 3235 (17,158 DCSs;
Supplementary File S2). Across all replicates, there were 235
unique sites with an SNV, 36 unique sites with an insertion, and
65 unique sites with a deletion. Although most SNVs were
“singletons” detected in only one DCS, we did identify 23 SNVs
that were represented by multiple DCSs from the same replicate.

The passage of the three populations (1, 2, and 3) through 10
individuals for 15 generations was intended to give heteroplasmic
variants present in the ancestor of the populations a chance to
reach different frequencies via selection or drift. If an ancestral
variant was maintained in all three populations over the course
of these 15 generations, we expected it to be present in all nine
replicates, with variant frequencies within each population
reflecting the variant frequency in the replicate founder
(Supplementary Figure S1). Indeed, we found the insertion at po-
sition 3235 was present in all nine replicates. Furthermore, it was
present at a frequency of 0.52–0.64 in the population 2 replicates,
0.054–0.098 in the population 1 replicates, and 0.00013–0.00079 in
the population 3 replicates, suggesting that it had reached a fre-
quency above 0.5 in the population 2 founder but was less com-
mon in the population 1 founder and was relatively rare in the
population 3 founder. In contrast to this insertion, we found no
SNVs were present in all 9 replicates. The highest amount of SNV
sharing was a CG>TA substitution at position 5079, found in 4
replicates (1a, 1c, 2a, and 3c).

Given that the 15 generations of private segregation provided
an opportunity for new variants to arise, we expected to find that
some variants would be exclusively shared among replicates
from a population. However, we did not find any indels or SNVs
that were exclusively shared among replicates from the same
population (Supplementary Files S1 and S2). This suggests that
the majority of mutations we detected occurred during replicate
expansion (Supplementary Figure S1). This idea is supported by
the observation that the majority of SNVs (230 of 253) were sin-
gletons detected in only a one DCS (Supplementary File S1), sug-
gesting they are rare within the replicates. In the 18 instances
where SNVs were shared among replicates, those replicates al-
most always belonged to different populations (e.g., 2a and 3c),
with the exception of the aforementioned CG!TA substitution at
position 5079, as well as a AT!GC substitution at position 8999,
which was present in replicates 1b, 1c, and 2c. Given that the ma-
jority of shared SNVs are shared across populations, we posit
that most shared SNVs arose through independent mutations
and for downstream analyses we interpreted shared mutations
as independent counts, resulting in 253 SNVs. While this is the
most parsimonious interpretation, we cannot rule out the possi-
bility that shared SNVs are ancestral events that were indepen-
dently lost in the majority of the replicates. Such an
interpretation yields slightly decreased counts of 235 SNVs.
Importantly, these counts yield a nearly identical mutation spec-
trum (see Supplementary Figure S2 and Supplementary Table S3)
to the one presented below, demonstrating that our findings are
robust regardless of the interpretation of shared SNVs as ances-
tral or independent events.

The 253 SNVs include six sites which were tri-allelic. In all six
cases, a CG reference base-pair experienced both a CG!TA tran-
sition and a CG!AT transversion. Three of these six sites were
tri-allelic within a single replicate. We observed only a single di-
nucleotide substitution: an AA!GG change at position 5010 in
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replicate 1c. The count of 445 total mutations (253 SNVs plus 192
indels) observed here is ninefold higher than the highest count
(51 mutations; Howe et al. 2010 ) detected in any nematode MA
experiment to date (Denver et al. 2000; Molnar et al. 2011; Konrad
et al. 2017; Wagner et al. 2020). Although this bulked sequencing
approach of whole nematode populations is not conducive to es-
timating an absolute mutation rate per generation, the large
number of detected variants makes it a powerful one for charac-
terizing the spectrum and distribution of mutations.

Low-frequency variants detected in C. elegans
mtDNA indicate a strong bias towards mutations
that increase AT content
We found significant variation in the (log transformed) SNV fre-
quency between the six substitution classes (one-way ANOVA,
P� 0.0001; Figure 1A). CG!TA transition and CG!AT transver-
sion frequencies were similar to one another (2.09� 10�7 and
1.81� 10�7, respectively), and 3- to 16-fold higher than the fre-
quencies in the other substitution classes. Previous MA experi-
ments to analyze nematode mtDNA mutation spectra have also
reported a dominance of CG!TA transitions (Howe et al. 2010;
Konrad et al. 2017), but only one C. briggsae study (with a count of
10 total SNVs), reported CG!AT transversions at a similar rela-
tive abundance to CG!TA transitions (Wagner et al. 2020).

We asked if the C. elegans mtDNA is at AT equilibrium, in
which case the number of AT-decreasing mutations would equal
the number of AT-increasing mutations. Given the dominance of
CG!TA transitions and CG!AT transversions in the spectrum
(Figure 1A), it was not surprising that the AT-increasing count of
173 was significantly greater than the AT-decreasing count of 52
(binomial test, P� 0.0001). This difference is not driven by differ-
ences in AT vs GC sequencing coverage, as the coverage-adjusted
AT-decreasing count (normalized by the ratio of AT coverage per
base pair over GC coverage per base pair, as in Waneka et al. 2021)
of 61 was still significantly less than the adjusted AT-increasing
count of 164 (binomial test, P�0.0001). We used the coverage-
adjusted counts to determine an expected AT equilibrium of
89.4% (formula in Methods). This expected value is substantially
larger than the actual mtDNA AT content (75.6%), slightly greater
than the AT content at fourfold degenerate sites (86.4%), and
slightly less than AT content of the two intergenic regions of the
C. elegans mtDNA (90.8% AT). These results suggest that AT mu-
tation bias would push the C. elegans mtDNA to even more ex-
treme AT contents if not for the stabilizing effects of natural
selection, thus supporting the findings of Konrad et al. (2017)
which ran contrary to the earlier report of a mutational bias to-
wards GC in C. elegans mtDNA (Denver et al. 2000).

Asymmetries between forward and reverse
mtDNA strands suggest differences in single-
stranded damage
Several biological processes, including replication (Kennedy et al.
2013) and transcription (Liu and Zhang 2020), can lead to system-
atic differences in the amount of DNA damage experienced by
the two DNA strands. By definition, mutations affect both strands
of DNA, but single-stranded asymmetries can be studied by com-
paring the frequency of reciprocal single-stranded changes for
each substitution class (e.g., C!T vs. G!A changes) on a given
DNA strand. The coding sequence for all of C. elegans mtDNA
genes (12 protein-coding genes, the two rRNA genes, and the 22
tRNA genes) are oriented in the same direction on one DNA
strand (hereafter F-strand for forward strand) (Okimoto et al.
1992). To search for signatures of DNA damage in our Duplex

Sequencing data, we performed a strand asymmetry test for each
of the six substitution classes. This analysis revealed significant
asymmetries in both CG!TA transitions and CG!AT transver-
sions (one-way ANOVAs, P¼ 0.0026 and 0.0108, respectively),
with disproportionate amounts of C!T and G!T changes occur-
ring on the F-strand (Figure 1B).

The role of oxidative damage in the C. elegans
mtDNA mutation spectrum and strand
asymmetries
CG!AT transversions are indicative of oxidative damage because
oxidized guanines (e.g., 8-oxo-G) are often mis-paired with ade-
nine, causing G!T changes (Kennedy et al. 2013; Kino et al. 2017).
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Figure 1 The C. elegans mtDNA mutation spectrum is dominated by
mutations that increase AT content and exhibits strand asymmetry. (A)
Variation in the frequency of mutations across six substitution classes.
CG!AT transversions and CG!TA transitions are the most abundant
substitution types. Each point on the plot represents one of the nine
replicates assayed. SNV frequencies were calculated as the number of
sites in a replicate with a mutation normalized by the coverage of the
corresponding base pair type. For example, the CG!AT mutation
frequency shows the CG!AT event count divided by GC coverage for
each replicate. A floor was applied to frequencies below 3e-08, which
approaches the error threshold of Duplex Sequencing (Wu et al. 2020). (B)
Strand asymmetry of mutations in C. elegans mtDNA. Both CG!AT and
CG!TA substitutions show significant strand asymmetry (one-way
ANOVA, P-values noted on figure), with the G!T and C!T changes
(underlined in red) occurring predominately on the forward (F) strand,
which in C. elegans mtDNA is synonymous with the heavy-strand and for
genic regions also the coding-strand. Mutation frequencies were
calculated as the average of the nine replicates and were normalized by
the sequencing coverage of each base type on the F-strand. For example,
the G!T mutation frequency shows all G!T events on the F-strand
divided by G coverage on the F-strand, and the C!A mutation frequency
shows all C!A events on the F-strand divided by C coverage on the F-
strand.
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The relative abundance of CG!AT transversions in the C. elegans
mtDNA Duplex Sequencing spectrum (Figure 1A) compared to
mtDNA mutation spectra produced through high-fidelity se-
quencing in other metazoans (Kennedy et al. 2013; Itsara et al.
2014; Ni et al. 2015; Samstag et al. 2018; Arbeithuber et al. 2020)
suggests that oxidative damage may be particularly important
for driving mtDNA mutation in nematodes. The 2.3-fold enrich-
ment of G!T changes on the F-strand (Figure 1B) provides evi-
dence that the abundance of CG!AT transversions observed
here is not artifactual and suggests the F-strand suffers increased
loads of oxidative damage in vivo. The other common substitu-
tion class in our data, CG!TA transitions, are likely also driven
by strand-specific damage (cytosine deamination), given the 2.1-
fold enrichment of C!T changes on the F-strand. Cytosine deam-
ination can be related to oxidative damage, but it can also occur
spontaneously via hydrolysis in the absence of oxidative damage
(Kreutzer and Essigmann 1998; Nabel et al. 2012).

Previous high-fidelity sequencing studies observing C!T vs
G!A strand asymmetries in mtDNAs of fruit flies (Itsara et al.
2014), mice (Arbeithuber et al. 2020), and humans (Kennedy et al.
2013) have hypothesized that increased spontaneous deamina-
tion of cytosine on the F-strand (referred to as the H-strand or
minor-strand in those systems) occurs due to increased single-
stranded exposure during mtDNA replication (Falkenberg 2018).
C. elegans mtDNA replication is distinct from the strand-
displacement or strand-coupled mtDNA replication models
which have been characterized in vertebrates and insects
(Yasukawa et al. 2006; J~oers and Jacobs 2013; Cluett et al. 2018;
Falkenberg 2018). In C. elegans, mtDNAs are replicated through a
rolling circle mechanism which produces double-stranded conca-
temers up to 48.2 kb in length (3.5� the length of a single mtDNA;
Lewis et al. 2015). In characterizing the rolling circle mechanism
of mtDNA replication utilized by C. elegans, Lewis et al. (2015)
found some evidence of single-stranded DNA through transmis-
sion electron microscopy but noted that “replication intermedi-
ates lack the extensive single-stranded DNA character expected
from strand-displacement synthesis.” Interestingly, the magni-
tudes of the asymmetries observed here (2.3-fold for G!T
changes and 2.1-fold for C!T changes on the F-strand) are sub-
stantially lower than the C!T enrichment on equivalent strands
in aged mice (7.9- to 11.9-fold depending on the tissue-type;
Arbeithuber et al. 2020), humans (Kennedy et al. 2013), and fruit
flies (Itsara et al. 2014). In the latter two studies, the magnitudes
of strand asymmetries were not reported explicitly but were >10-
fold based on study data. We posit that the reduced magnitude of
strand asymmetries in C. elegans may be associated with the lack
of single-stranded intermediates reported by Lewis et. al. (2015).
Transcription may also drive mutational asymmetries observed
here, as the coding (or sense) strand may be exposed while RNA
polymerases bind and read off of the template strand (Liu and
Zhang 2020). Because the template sequences for all C. elegans
mtDNA genes are located on the same strand, it is unclear if the
F-strand suffers increased single-stranded exposure due to repli-
cation, transcription or both.

Interestingly, rolling circle replication can apparently be in-
duced in mtDNAs of human cells through treatment with H2O2 (
a ROS; Ling et al. 2016; Ling and Yoshida 2020 ), indirectly sup-
porting the link between rolling circle replication and oxidative
stress in C. elegans mtDNAs. Assays with human Pol c in vitro re-
veal the polymerase is particularly prone to misincorporations
leading to AT!GC and CG!TA transitions (Longley et al. 2001;
Zheng et al. 2006). Misincorporations by the nematode Pol c have
not been characterized, so it is possible that the relative

abundance of CG!AT transversions in the Duplex Sequencing
spectrum could reflect distinct replication errors of the C. elegans
Pol c. However, such polymerase error would be unable to explain
the G!T vs C!A strand asymmetries that we observed (Figure
1B).

In metazoan mtDNAs, BER of oxidized guanines is hypothe-
sized to be mediated by mitochondrially targeted glycosylases
OGG1 and/or MUTYH. However, ogg1 mutant flies (Itsara et al.
2014) and ogg1/mutyh double mutant mice (Kauppila et al. 2018)
show no increase in mtDNA mutations compared to wild-type
individuals, even when mitochondria ROS levels are elevated
through knockout of the mitochondrially targeted superoxide dis-
mutase (Sod2) in these lines. Interestingly, C. elegans lines lacking
mitochondrially targeted SODs experience significantly elevated
mtDNA damage compared to wild-type lines, as measured with
short- and long-amplicon quantitative real-time PCR (Ng et al.
2019). mtDNA mutations have not yet been assessed in C. elegans
sod mutants or in lines with deficiencies in BER. While the relative
abundance of CG!AT transversions in our Duplex Sequencing
data supports a role of oxidative damage in driving C. elegans
mtDNA mutations, we do not consider this evidence in support of
the mitochondrial free radical theory of aging (mFRTA). The
mFRTA posits that oxidative stress is causal to aging (Harman
1972). While we find evidence that oxidative stress may be causal
to mtDNA mutations in C. elegans, previous studies which have
more explicitly tested the mFRTA in C. elegans have not found a
consistent link between oxidative stress and nematode lifespan
(Van Raamsdonk and Hekimi 2009; Gruber et al. 2011; Ng et al.
2019).

Comparisons to other mtDNA mutation studies
It is unlikely that the relative abundance of CG!AT transver-
sions reported here is an artifact of Duplex Sequencing because
we have recovered a diversity of unique mutation spectra with
this same technique in various other biological systems (Wu et al.
2020; Broz et al. 2021; Waneka et al. 2021), some of which have
shown very low relative frequencies of CG!AT transversions.
Furthermore, Duplex Sequencing, when used to measure muta-
tions in human and mice mtDNAs, yielded spectra with very few
CG!AT transversions (Kennedy et al. 2013 and Arbeithuber et al.
2020, respectively). Different high fidelity techniques have also
revealed spectra relatively deplete of CG!AT transversions in
the mtDNAs of wild-type fruit flies (Itsara et al. 2014) and mice (Ni
et al. 2015).

Given that we detected mutations in pooled somatic and
germline tissues, we considered the possibility that the relative
abundance of CG!AT transversions in the Duplex Sequencing
spectrum (Figure 1A) compared to what has been reported in
nematode MA studies (Howe et al. 2010; Molnar et al. 2011;
Konrad et al. 2017) could reflect distinct mutational spectra in so-
matic vs. germline mtDNAs. Such a distinction would imply that
oxidative damage and associated CG!AT transversions are more
prevalent in somatic mtDNAs than in the mtDNAs maintained in
the nematode germline. The mixed-stage populations from
which we extracted DNA likely included some older individuals
(no older than 14–16 days old, the total time of replicate growth;
Supplementary Figure S1), potentially increasing the contribution
of somatic mtDNA mutations (Kennedy et al. 2013; Arbeithuber
et al. 2020). However, studies of mtDNA replication across C. ele-
gans development in mutant lines with deficiencies in Pol c have
established that mtDNA replication occurs primarily in the nem-
atode gonad, such that essentially all somatic mtDNAs originate
at embryogenesis (Bratic et al. 2009). The embryonic origin of
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somatic mtDNAs therefore blurs the distinction between somatic
and germline mtDNAs in nematodes. If the abundance of
CG!AT transversions is caused by oxidative damage to mtDNA
in somatic tissues, it would indicate that there is some degree of
active mtDNA replication or erroneous mtDNA repair converting
single-stranded DNA damage into double-stranded mutations
detectable with Duplex Sequencing. Given that our mitochondrial
DCS coverage (13,257� on average) is well below the estimated
number of nematodes in each tissue pool (�50,000 assuming
each of the 10 plates pooled for each replicate contained �5000
nematodes), we have likely sampled less than one mtDNA per
nematode. Therefore, the 23 mutations that were detected in >1
DCS in our dataset are more likely to be inherited, germline
mtDNA mutations, present in multiple individuals within a repli-
cate. Importantly, these sites yielded a spectrum with a similar
frequency of CG!AT transversions (35% of all substitutions;
Supplementary Table S4) as in the full dataset (32% of all substi-
tutions; Supplementary Table S4; Figure 1A). Still, it is possible
that the spectrum reported here is influenced in part by distinct
mutational patterns in somatic mtDNAs.

Differences in our culturing protocol compared to those used
in MA studies could also explain differences in mutation spectra.
We reared our nematodes on identical media (NGM) to what has
been used in MA experiments (Denver et al. 2000; Konrad et al.
2017), but our final cultures had a much higher density compared
to the low number of nematodes maintained in MA experiments.
Though we monitored our cultures daily to ensure food availabil-
ity, we cannot rule out the possibility that our cultures could
have experienced increased stress associated with crowding com-
pared to the cultures maintained in MA experiments.

Another potential explanation for the differences in the
Duplex Sequencing results compared to those from MA studies is
that our spectrum consists mostly of extremely rare variants cap-
tured by only a single DCS (230 of 253 observed SNVs), whereas
nematode MA studies have applied detection cutoffs requiring
variants to be present in at least 3 or 4 unique reads (for Illumina
based studies with coverages of approximately 388 or 282;
Konrad et al. 2017 and Wagner et al. 2020, respectively) or simply
as “detectable on a chromatogram” for Sanger based studies
(Denver et al. 2000; Howe et al. 2010; Molnar et al. 2011). Given that
the mutations detected in MA studies were initially generated as
only a single copy within an individual and had to rise in fre-
quency to meet detection thresholds, it seems likely that the MA
mutation spectra could be biased by selection. Even small selec-
tive biases may have dramatic effects on observed spectra given
that C. elegans MA studies passaged lineages for 214 or 363 gener-
ations (roughly two or three years of propagation; Denver et al.
2000 and Konrad et al. 2017, respectively), whereas our culturing
design allowed just three generations for mutations to occur
(Supplementary Figure S1). By minimizing the number of genera-
tions, we may have reduced the opportunity for within-individual
selection to shape the mutation spectrum, although this trades
off with the fact that the absence of the bottlenecking used in MA
lines would allow for selection to act at an organismal level in
these three generations.

If CG!AT transversions experience stronger negative selec-
tion than CG!TA transitions, which is plausible since transver-
sions are more likely to result in amino acid changes (Okimoto
et al. 1992), they could be underrepresented in MA studies due to
within-individual selection pressures. Indeed, in our Duplex
Sequencing Data 93.4% (57/61) of CG!AT transversions but only
75.6% (61/82) of CG!TA transitions result in amino acid changes
(Supplementary File S1). This same logic has been used to explain

an underrepresentation of nuclear CG!AT transversions in natu-
ral nematode populations compared to the relative abundance of
nuclear CG!AT transversions in multiple nematode MA studies
(Denver et al. 2012; Weller et al. 2014) because in that comparison,
the natural population spectrum is expected to be more strongly
affected by selection (Rajaei et al. 2021). Konrad et al (2017) com-
pared C. elegans mtDNAs from 38 natural isolates (sequenced in
Thompson et al. 2013) and found that transitions (including both
CG!TA and TA!CG changes, which cannot be reliably polarized
in the population dataset) account for 83% of the 408 observed
substitutions, yielding a transition/transversion ratio (hereafter
Ti/Tv ratio) of 4.75 (Supplementary Table S5). The dominance of
transitions at the population level appears to be driven in part by
stronger selection against transversions because constraining the
population data set to the 162 substitutions at fourfold degener-
ate sites yields a reduced Ti/Tv ratio of 3.26 (Supplementary
Table S5). The fourfold degenerate Ti/Tv ratio is still substantially
higher than the Ti/Tv ratio we observe with Duplex Sequencing
(1.32; Supplementary Table S5). Considering that fourfold degen-
erate sites are expected to experience minimal selection, the ele-
vated Ti/Tv ratio at fourfold sites compared to the one from our
Duplex Sequencing data suggests the latter may not be fully rep-
resentative of inherited mtDNA mutations in natural C. elegans
populations.

Distribution of mtDNA SNVs across the
mitochondrial genome.
The large number of SNVs we detected with Duplex Sequencing
allowed us to study how these events are distributed across the
genome. As shown in the middle track (red histogram) of Figure
2A, the depth of DCS coverage varied substantially across the ge-
nome. Much of this variation can likely be attributed to differen-
ces in local GC content, as the AT DCS coverage (summed across
replicates) accounted for only 72.1% of all DCS coverage, despite
the fact that the mitochondrial genome is 75.6% AT. The AT vs.
GC coverage disparity is exaggerated in regions with long
stretches of sequence that are AT rich, as the 10% of 50 bp win-
dows with the lowest GC content have 8.9-fold lower DCS cover-
age than windows of median GC content, and 17.5-fold lower
DCS coverage than the 10% windows with the highest GC content
(Supplementary Figure S3). Still, 95.6% of 50-bp windows had
DCS coverage (summed across nine replicates) above 1000�. Bias
against AT-rich sequences during library amplification and de-
creased binding affinities for AT rich baits during mtDNA enrich-
ment both likely contribute to decreased AT coverage.

After correcting for differences in coverage, we found no varia-
tion in mutation frequency between intergenic regions, protein-
coding genes, rRNA genes, or tRNA genes (one-way ANOVA,
P¼ 0.99; Figure 2B). However, comparisons against intergenic
sequences are low powered given the relative lack of intergenic
coverage (the largest of the two noncoding regions is extremely
AT rich: 465 bp, 93.3% AT). A previous Duplex Sequencing study
also found no variation across intergenic regions, protein-coding
genes, rRNA genes or tRNA genes in both wildtype fruit flies and
in lines with a proofreading-deficient Pol c (Samstag et al. 2018).
We then tested for differences in mutation rates among protein-
coding genes, which comprise 74.5% of the C. elegans mtDNA.
We found significant variation (one-way ANOVA, P¼ 0.0072;
Supplementary Figure S4) driven by between-gene differences in
CG!TA transition and CG!AT transversion frequencies (one-
way ANOVAs, P¼ 0.016 and 6.3� 10�5, respectively; Figure 2C).

The cause of differences in SNV frequencies between genes
remains unclear. Given the aforementioned mutational bias
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away from GC base pairs, we considered if differences in GC con-
tent among genes could be driving differences in SNV frequen-
cies. There is a weak, positive correlation between gene-wide GC
content and gene specific CG!TA transition frequencies
(Pearson correlation: r¼ 0.32, P¼ 0.304; Supplementary Figure S5)
and a negative correlation between GC content and gene specific
CG!TA transversion frequencies (Pearson correlation: r¼–0.51,
P¼ 0.086; Supplementary Figure S5), but neither was significant.
Therefore, GC content variation does not explain differences in
gene-specific mutation frequencies.

CG!TA transitions and CG!AT transversions both also
show significant strand asymmetries (Figure 1B), so it seems
possible that distance from an origin of replication (Kono et al.
2018) or differential transcription (Gaillard and Aguilera 2016;
Wang et al. 2016) could play a role in driving mutation rate dif-
ferences among genes (Figure 2C). To investigate this possibility,
we plotted the C!T and G!T enrichment values along the dis-
tance of the mitochondrial chromosome in 1000-bp sliding win-
dows, with a step size of 100 bp (Supplementary Figure S6). This
analysis is low powered since a relatively small number of
mutations (94 CG!TA transitions and 79 CG!AT transversions)
are split over 275 windows, but it appears that for both substitu-
tion types, the N!T enrichment is highest near the beginning of
the chromosome and slopes downward over the duration of the
chromosome (Supplementary Figure S6). This result is consis-
tent with the observation that C!T enrichment slopes away
from the control region (heavy-strand origin of replication) in
mice and human mtDNAs (Sanchez-Contreras et al. 2021). In C.
elegans, the intergenic region upstream of ND6 (labeled “AT
region” and drawn in pink in Figure 2A) contains short repetitive
elements which led several to propose this region may be analo-
gous to the control region in mammalian mtDNAs, acting as the
F-strand replication origin (Lemire 2005; Bratic et al. 2010).
However, this region lacks a GC skew inflection point typical of
replication origins (Kono et al. 2018) and fails to form bubble
arcs indicative of replication origins in two-dimensional gel
electrophoreses (Lewis et al. 2015). Our finding that N!T enrich-
ment values slope away from the AT-region in C. elegans sug-
gests that the sequence downstream of the AT-region may
experience increased time in a single-stranded state, which is
expected under a strand-displacement model of mtDNA repli-
cation (Sanchez-Contreras et al. 2021). As noted however, our
analysis of asymmetry across the chromosome is low powered,
so we interpret this finding cautiously.

It is unlikely that differences in expression drive among
gene mutation rate differences, as the C. elegans mtDNA is
likely transcribed as a polycistronic RNA (Blumberg et al. 2017),
with differences in relative abundances of specific mRNA tran-
scripts presumed to arise from differences in mRNA stability
and decay (D’Souza and Minczuk 2018). Reverse-transcriptase
droplet digital PCR (ddPCR) estimates reveal relatively small
differences (�9-fold) in mRNAs levels among protein-coding
genes in the C. elegans mitochondria, while rRNAs are 50- to
200-fold more abundant than mRNAs (Held and Patel 2020). If
transcription does drive mutation C. elegans mtDNAs, our find-
ing of no difference in mutation rates between rRNA coding
genes and protein-coding genes (Figure 2B) supports the hy-
pothesis that different levels of rRNA vs. mRNA arise through
increased rRNA stability or mRNA decay (Held and Patel 2020).
Yet another possibility, discussed below, is that differences in
mutation frequencies among genes could be driven by local se-
quence features that are correlated with mutation and vary
among genes.

Figure 2 The distribution of mutations across the mitochondrial genome.
(A) Map of the C. elegans mtDNA and summary of Duplex Sequencing data.
The outermost track depicts the gene order and type, with protein-coding
(CDS) genes shown in tan, rRNA genes shown in red, tRNA genes shown in
blue, and intergenic regions shown in pink. The next track in from the
outside depicts the total mutation counts in 50-bp windows, with
deletions, insertions and SNVs colored differently according to the key at
the top of the track. The next track in from the outside (red histogram)
depicts the cumulative (sum of nine replicates) DCS coverage in 50-bp
windows, with a scale bar included at the top of the track. The innermost
track shows the relative fraction of each base type in 50-bp windows, with
colors specified by the key in the figure center. The figure was generated
with Circos v0.69-8 (Krzywinski et al. 2009). (B) Variation in SNV
frequencies by genomic region. Note that low intergenic coverage resulted
in the detection of only a single intergenic substitution (in replicate 3 b).
The other replicates had intergenic substitution counts of zero, but also
had extremely low intergenic coverage, making comparisons that include
intergenic SNV frequency low powered (see main text). No significant
variation is observed among CDS, tRNA, or rRNA genes when the
intergenic region is excluded. (C) Significant variation in SNV frequencies
across the 12 protein-coding genes was observed for only the two most
common substitution classes (CG!AT transversions and CG!TA
transitions). See Supplementary Figure S4 for the gene specific mutation
frequencies of all substitution classes.
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Distribution of mtDNA SNVs based on local
sequence variation.
Previous analyses of mtDNA mutations in flies (Samstag et al.
2018) and mice (Ni et al. 2015) have shown that the identities of
neighboring nucleotides can have large impacts on mtDNA muta-
tion frequencies. To understand if local sequence contexts influ-
ence SNV frequencies in the C. elegans mtDNA, we compared the
variant frequencies at the 16 trinucleotide contexts (i.e., the mu-
tated site and the flanking 50 and 30 nucleotides) for each substi-
tution class and found significant effects for both CG!TA
transitions and CG!AT transversions (one-way ANOVAs,
P¼ 0.040 and 3.6� 10�5, respectively), but not in any of the other
substitution classes (Figure 3). It is likely that CG!TA transitions
and CG!AT transversions are the only substitution types to
show significant trinucleotide variation because they make up
the majority of detected SNVs, while tests for variation in the
other substitution classes are comparatively low powered.
Different trinucleotides are apparently important in the two sig-
nificant substitution classes. CG!TA transitions are particularly
common at GCC/GGC, GCG/CGC, and CCC/GGG trinucleotides
(written 50 to 30). In contrast, CG!AT transversions are particu-
larly common at ACT/AGT and ACG/CGT trinucleotides. It is pos-
sible that the above reported genic mutation rate variation
among protein-coding genes (Figure 2C) may be driven by a non-
random distribution of “mutagenic” trinucleotides.

Nonsynonymous mutations are slightly more
abundant than predicted by neutral simulations
To assess whether the identified sample of mutations was biased
by selection, we used a simulation-based approach to obtain a

neutral expectation for the ratio of nonsynonymous to synony-
mous (NS: S) mutations. There were 205 observed SNVs in
protein-coding sequences (Supplementary File S1), which we sim-
ulated onto a concatenation of the protein-coding sequence. We
attempted to control for the C. elegans mutation spectra and prob-
ability of detection by simulating the same number and type of
each substitution from our observed data. This simulation was
repeated 10,000 times to obtain a distribution of NS: S ratios. Our
observed NS: S ratio of 3.01 was 1.3-fold higher than the median
simulated value of 2.23 (P¼ 0.075). This result suggests that nei-
ther synonymous nor nonsynonymous substitutions are signifi-
cantly overrepresented in the observed Duplex Sequencing
dataset (Figure 4). As such, there is no evidence that purifying se-
lection has played a large role in filtering this pool of low-
frequency variants. Why the observed ratio contained a (margin-
ally) higher proportion of nonsynonymous substitutions than the
simulated ratio is not clear, though a previous study of mtDNA
mutations in Drosophila melanogaster reported a significant over-
abundance of nonsynonymous substitutions compared to neu-
tral expectations in a similar simulation-based test (Samstag
et al. 2018). Those authors proposed that deleterious mutations
may reduce mitochondrial function, thus reducing the potential
for oxidative damage and by extension make mutant bearing mi-
tochondria “less prone to targeted degradation by quality control
surveillance” (Samstag et al. 2018).

Indels are predominantly expansions or
contractions of existing homopolymers
The aforementioned C. elegans MA experiments reached different
conclusions regarding the relative abundance of indels vs SNVs

CG  NN

A
A

A
/T

T
T

A
A

C
/G

T
T

A
A

G
/C

T
T

A
AT

/A
T

T

C
A

A
/T

T
G

C
A

C
/G

T
G

C
A

G
/C

T
G

C
AT

/A
T

G

G
A

A
/T

T
C

G
A

C
/G

T
C

G
A

G
/C

T
C

G
AT

/A
T

C

TA
A

/T
TA

TA
C

/G
TA

TA
G

/C
TA

TA
T

/A
TA

A
G

A
/T

C
T

A
G

C
/G

C
T

A
G

G
/C

C
T

A
G

T
/A

C
T

C
G

A
/T

C
G

C
G

C
/G

C
G

C
G

G
/C

C
G

C
G

T
/A

C
G

G
G

A
/T

C
C

G
G

C
/G

C
C

G
G

G
/C

C
C

G
G

T
/A

C
C

T
G

A
/T

C
A

T
G

C
/G

C
A

T
G

G
/C

C
A

T
G

T
/A

C
A

1e-08

3e−07

Trinuceotide Context

1e-08

3e−07

6e−07

9e−07

S
N

V
 s

it
es

 / 
se

q
u

en
ce

 c
o

ve
ra

g
e 

± 
S

E

AT  NN AT  CG

AT  GC

AT  TA

CG   AT

CG   GC

CG   TA

p = 3.6e-05

p = 0.040

p = 0.892

Figure 3 Variation in AT!NN (top panel) and CG!NN (bottom panel) mutation frequency across different trinucleotide contexts, where NN refers to
any other base-pair. Significant variation was seen in the trinucleotide contexts for CG!AT transversions and CG!TA transitions (one-way ANOVA,
P-values in figure legend).

G. Waneka et al. | 9

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/219/2/iyab116/6346985 by C

olorado State U
niversity user on 06 August 2022

https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab116#supplementary-data


in mtDNAs, with the original study reporting an indel: SNV ratio
of 0.65 (Denver et al. 2000) and the later study reporting a ratio of
1.42 (Konrad et al. 2017). As noted above, we found that many
identical indels were shared across replicates and that numerous
sites with indels had high variant allele frequencies, which could
result either from a single mutation that rose in frequency, or
multiple independent mutations at the same site. If indels are
more prone to homoplasy within replicates (than SNVs), which
may well be the case at long homopolymers (single-nucleotide
repeats), this would lead us to underestimate the indel: SNV ra-
tio. In addition, if multiple independent indels occur at different
locations within the same homopolymer, both will map as an
indel at the first site, since in our read mapping step all indels are
left aligned. Furthermore, Duplex Sequencing coupled with
hybridization-based enrichment is not designed to detect large
deletions, which have been shown to accumulate at a high rate
in mtDNAs of C. briggsae (Howe et al. 2010; Wagner et al. 2020).
Given these concerns, we cautiously interpret our finding that
indels are less common than SNVs in our data, a conclusion we
reach whether shared mutations are assumed to be independent
events (yielding an indel: SNV ratio of 0.75) or if they are assumed
to be ancestral (yielding an indel: SNV ratio of 0.43).

We find different results for the relative abundance of inser-
tions vs. deletions depending on how we categorize shared muta-
tions. Deletions are about �2-fold more abundant than insertions
(65 vs 36, respectively) when we assume that shared mutations
arose through common ancestry. However, when assuming
shared indels are independent events that arise through homo-
plasy, we see a difference in the other direction (84 deletions vs
108 insertions). This discrepancy reflects the fact that identical
insertions were more commonly shared between replicates than
were identical deletions.

We surveyed the sequence surrounding each of the observed
indels and found that the majority of both insertions and dele-
tions are 1-bp expansions or contractions of existing homopoly-
mers, which is consistent with previous C. elegans MA studies
(Denver et al. 2000; Konrad et al. 2017). This pattern holds regard-
less of whether we assume shared indels arose through homo-
plasy (Figure 5) or common ancestry (Supplementary Figure S7).
Because indels are left aligned in our read mapping step, we are
unable to tell where in the homopolymer the indel occurred. The

length of both insertions and deletions skews heavily towards 1-
bp mutations, especially for insertions, as we did not observe a
single insertion above 3 bp. We found 22 deletions greater than
3 bp in length, with the largest being 15 bp in length. None of the
deletions greater than 1 bp in length were associated with homo-
polymers.

Conclusions
Duplex Sequencing is a promising alternative approach to labor
and time-intensive MA experiments for understanding muta-
tional spectra and mechanisms of mutation in metazoan
mtDNAs. The idea that these genomes experience increased mu-
tational loads given the proximity of the mtDNA to electron
transport and associated ROS (Harman 1972) predates initial
observations that mtDNA mutation rates are elevated above nu-
clear mutation rates in metazoans (Brown et al. 1979). However,
numerous experimental studies have not supported the hypothe-
sis that oxidative damage drives rapid mtDNA evolution (Halsne
et al. 2012; Kennedy et al. 2013; Itsara et al. 2014). The large num-
ber of variants we detected with Duplex Sequencing provide a
high-resolution view of the C. elegans mtDNA mutation spectrum
(Figure 1A). These data support a role for oxidative damage be-
cause one of the predominant mutation classes, CG!AT trans-
versions, is considered to be a hallmark of oxidative damage
(Kennedy et al. 2013; Kino et al. 2017; Kra�sovec et al. 2017; Poetsch
et al. 2018). In addition to CG!AT transversions, the spectrum
also contains a high frequency of CG!TA transitions, and both
classes show significant strand asymmetries (Figure 1B), with
C!T and G!T changes enriched on the F-strand, providing fur-
ther support that C. elegans mtDNA mutations are driven by
single-stranded DNA damage. In contrast, if CG!TA transitions
and CG!AT transversions were prevalent as a consequence of
Pol c misincorporations, it is not clear how this would lead to the
strand asymmetries observed here. Further investigation is war-
ranted to understand why CG!AT transversions are so abundant
in the mtDNA of C. elegans, but relatively deplete in other meta-
zoan mtDNAs. A surprising finding from recent experiments in
mice (Kauppila et al. 2018) and fruit flies is that CG!AT transver-
sions remain rare even in animals with deficiencies in BER (the
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principal pathway for repair of damaged DNA). Considering the
high rate of CG!AT transversions observed here, it would be in-
teresting to repeat this study with C. elegans lines lacking BER ca-
pabilities.
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