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Mitochondrial and plastid genomes in land plants exhibit some of
the slowest rates of sequence evolution observed in any eukaryotic
genome, suggesting an exceptional ability to prevent or correct
mutations. However, the mechanisms responsible for this extreme
fidelity remain unclear. We tested seven candidate genes involved
in cytoplasmic DNA replication, recombination, and repair (POLIA,
POLIB, MSH1, RECA3, UNG, FPG, and OGG1) for effects on mutation
rates in the model angiosperm Arabidopsis thaliana by applying a
highly accurate DNA sequencing technique (duplex sequencing) that
can detect newly arisen mitochondrial and plastid mutations even at
low heteroplasmic frequencies. We find that disrupting MSH1 (but
not the other candidate genes) leads to massive increases in the
frequency of point mutations and small indels and changes to the
mutation spectrum in mitochondrial and plastid DNA. We also used
droplet digital PCR to show transmission of de novo heteroplasmies
across generations in msh1 mutants, confirming a contribution to
heritable mutation rates. This dual-targeted gene is part of an enig-
matic lineagewithin themutSmismatch repair family that we find is
also present outside of green plants in multiple eukaryotic groups
(stramenopiles, alveolates, haptophytes, and cryptomonads), as
well as certain bacteria and viruses. MSH1 has previously been
shown to limit ectopic recombination in plant cytoplasmic genomes.
Our results point to a broader role in recognition and correction of
errors in plant mitochondrial and plastid DNA sequence, leading to
greatly suppressed mutation rates perhaps via initiation of double-
stranded breaks and repair pathways based on faithful homologous
recombination.

duplex sequencing | mutation rate | plant mitochondria | chloroplast |
organelle genomes

It has been apparent for more than 30 y that rates of nucleotide
substitution in plant mitochondrial and plastid genomes are

unusually low (1, 2). In angiosperms, mitochondrial and plastid
genomes have synonymous substitution rates that are, on aver-
age, ∼16-fold and 5-fold slower than the nucleus, respectively
(3). The fact that these low rates are evident even at sites that are
subject to relatively small amounts of purifying selection (4, 5)
suggests that they are the result of very low underlying mutation
rates: a surprising observation especially when contrasted with the
rapid accumulation of mitochondrial mutations in many eukaryotic
lineages (6, 7).
Although the genetic mechanisms that enable plants to achieve

such faithful replication and transmission of cytoplasmic DNA
sequences have not been determined, a number of hypotheses can
be envisioned. One possibility is that the DNA polymerases re-
sponsible for replicating mitochondrial and plastid DNA (8) might
have unusually high fidelity. However, in vitro assays with the two
partially redundant bacterial-like organellar DNA polymerases in
Arabidopsis thaliana, PolIA (At1g50840) and PolIB (At3g20540),
have indicated that they are highly error-prone (9), with
misincorporation rates that exceed those of Pol γ, the enzyme
responsible for replicating DNA in the rapidly mutating mito-
chondrial genomes of humans (10). These observations make
it unlikely that the low mutation rates in plant cytoplasmic

genomes are attributable to exceptional polymerase accuracy,
although it is unclear whether these in vitro assays conducted in
the absence of associated proteins fully reflect the function of
the polymerases in vivo. This work also found that PolIB had a
measured error rate (5.45 × 10−4 per base pair) that is 7.5-fold
higher than that of PolIA (7.26 × 10−5 per base pair). Therefore,
although knocking out both of these genes results in lethality (8),
disrupting one of the two polymerases to make the cell rely on the
other may provide an opportunity to investigate the effects of
polymerase misincorporation on the overall mutation rate.
It is also possible that plant mitochondria and plastids are

unusually effective at preventing or repairing DNA damage
resulting from common mechanisms such as guanine oxidation
(e.g., 8-oxo-G) and cytosine deamination (uracil). Like most or-
ganisms, plants encode dedicated enzymes to recognize these
forms of damage and initiate base-excision repair. In Arabidopsis,
a pair of enzymes (FPG [At1g52500] and OGG1 [At1g21710])
both appear to function in repair of 8-oxo-G in mitochondrial and
nuclear DNA, as evidenced by increased oxidative damage in the
double mutant background (11). Another DNA repair enzyme,
uracil N-glycosylase (UNG [At3g18630]), recognizes and removes
uracil in all three genomic compartments (12, 13). A recent study
investigated the effects of knocking out UNG on mitochondrial
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sequence variation in Arabidopsis but did not find any nucleotide
substitutions that rose to high frequency, nor any difference in
variant frequencies relative to wild-type in 10-generation mutation
accumulation lines (14). The apparent low fidelity of plant
organellar DNA polymerases and tolerance of disruptions to the
UNG base-excision repair pathway suggest that other mechanisms
are at play in dealing with mismatches and DNA damage.
Mitochondrial and plastid genomes are present in numerous

copies per cell, and it is often hypothesized that recombination
and homology-directed repair (HDR) may eliminate mutations
and damaged bases in plant cytoplasmic genomes (9, 14–18). In
both mitochondria and plastids, there is extensive recombination
and gene conversion between homologous DNA sequences
(19–21), and the large inverted repeats in plastid genomes have
slower sequence evolution than single-copy regions (1, 22),
suggesting that increased availability of homologous templates
may improve the accuracy of error correction. The extensive
recombinational dynamics in plant mitochondrial genomes often
extend to short repeat sequences, resulting in structural rear-
rangements. As such, the slow rate of sequence evolution in
these genomes is juxtaposed with rapid structural change (21).
MutS Homolog 1 (MSH1 [At3g24320]) is involved in recom-

bination in both mitochondria and plastids and represents a
natural candidate for maintaining low mutation rates in plant
cytoplasmic genomes. Plants homozygous for mutated copies of
MSH1 or with RNAi-based suppression of this gene exhibit ex-
tensive phenotypic variation (23–25) and often develop varie-
gated leaf phenotypes that subsequently follow a pattern of
maternal inheritance, indicating alterations in cytoplasmic ge-
nomes (26–29). MSH1 is distinguished from other members of
the larger mutS mismatch repair (MMR) gene family by an un-
usual C-terminal domain predicted to be a GIY-YIG endonu-
clease (30). This observation led Christensen (17) to hypothesize
that MSH1 recognizes mismatches or DNA damage and intro-
duces double-stranded breaks (DSBs) at those sites as a means
to initiate accurate repair via HDR. However, analysis and se-
quencing of mitochondrial and plastid genomes in msh1 mutants
has not detected de novo base substitutions or small indels (16,
28, 29, 31). Instead, characterization of cytoplasmic genomes in
these mutants has revealed structural rearrangements resulting
from ectopic recombination between small repeats (16, 28, 29,
32). These findings have led to the prevailing view that the pri-
mary role of MSH1 is in recombination surveillance rather than
in correction of mismatches or damaged bases (28, 30, 33–36), as
is the case for some other members of the mutS gene family (37).
Numerous other genes have also been identified as playing a role
in mitochondrial and plastid recombination (21). One example
is the mitochondrial-targeted RECA3 gene (At3g10140), with
recA3 and msh1 mutants exhibiting similar but nonidentical ef-
fects in terms of repeat-mediated rearrangements and aberrant
growth phenotypes (33, 38).
It is striking that so many genes have been identified in con-

trolling the structural stability of plant mitochondrial and plastid
genomes (21) and yet researchers have not been able to identify
any gene knockouts in plants that lead to increased cytoplasmic
mutation rates despite the many promising hypotheses and candi-
dates. This gap may reflect the inherent challenges in studying rare
mutational events in long-lived multicellular organisms. The advent
of high-throughput DNA sequencing has raised the possibility of
using deep sequencing coverage to catch de novo mutations es-
sentially as they arise and are still present at extremely low fre-
quencies among the many cytoplasmic genome copies that are
found within cells and tissue samples (heteroplasmy). However, the
error rate of standard sequencing technologies such as Illumina is
relatively high—often above 10−3 errors per base pair and much
worse in certain sequence contexts (39)—setting a problematic
noise threshold for accurate detection of rare variants. Fortunately,
numerous specialized methods have been introduced to improve

these error rates (40). The most accurate technique is known as
duplex sequencing (41), which entails tagging both ends of each
original DNA fragment with adapters containing random barcodes
such that it is possible to obtain a consensus from multiple reads
originating from the same biological molecule, including those
from each of the two complementary strands. Duplex sequencing
has been found to reduce error rates ∼10,000-fold to levels below
10−7 errors per base pair (41), opening the door for accurate
detection of extremely rare variants.
Here, we have applied duplex sequencing to detect de novo

mitochondrial and plastid mutations in wild-type Arabidopsis and
a number of mutant backgrounds carrying disrupted copies of
key nuclear candidate genes involved in cytoplasmic DNA re-
combination, replication, and repair (RRR). We find that, of these
candidates, only msh1 mutants show massive increases in rates of
point mutations and small indels in cytoplasmic genomes, identify-
ing this gene as a key player in maintaining the remarkably low
mutation rates in plant mitochondria and plastids.

Results
Detection of Mitochondrial and Plastid Mutations in Wild-Type Arabidopsis.
We modified the standard duplex sequencing protocol to include
treatment with repair enzymes that correct single-stranded DNA
damage and established a noise threshold of ∼2 × 10−8 sequencing
errors per base pair using Escherichia coli samples derived from single
colonies (SI Appendix, Tables S1 and S2). We then applied this se-
quencing method to purified mitochondrial and plastid DNA from
A. thaliana Col-0 to provide a baseline characterization of the variant
spectrum in wild-type plants. To obtain sufficient quantities of puri-
fied mitochondrial and plastid DNA, we pooled rosette tissue from
multiple individuals from full-sib families (∼35 g per replicate). Fol-
lowing the removal of spurious variants that resulted from contami-
nating nuclear copies of mitochondrial- or plastid-derived sequences
[known as NUMTs and NUPTs (42), respectively] or from chimeric
molecules produced by recombination between nonidentical repeats,
we found that almost all single-nucleotide variant (SNV) types were
present at a frequency of less than 10−7, suggesting that levels of
standing variation were generally at or near the noise threshold de-
spite the extreme sensitivity of this method. The one obvious ex-
ception was GC→AT transitions in mtDNA, which were detected at
a mean frequency of 3.8 × 10−7 across three biological replicates. The
dominance of GC → AT transitions in the mitochondrial mutation
spectrum was further supported by subsequent sequencing of 24
additional wild-type control replicates (Fig. 1) that were part of later
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Fig. 1. Observed frequency of mitochondrial and plastid SNVs in wild-type
Arabidopsis tissue based on duplex sequencing. Dark triangles represent
three biological replicate families of wild-type A. thaliana Col-0. Lighter
circles are F3 families derived from homozygous wild-type plants that seg-
regated out from a heterozygous parent containing one mutant copy of an
RRR candidate gene. Variant frequencies are calculated as the total number
of observed mismatches in mapped duplex consensus sequences divided by
the total base pairs of sequence coverage.
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experiments investigating individual candidate genes. GC → AT
transitions also tended to be the most common type of SNV in
plastid DNA samples, but at a level that was almost an order of
magnitude lower than that observed in mitochondrial samples
(mean frequency of 4.6 × 10−8).

Screen of Candidate Genes Reveals Greatly Increased Frequency of
Mitochondrial and Plastid Mutations in msh1 Knockout. To test the
effects of disrupting key RRR genes (SI Appendix, Table S3) on
cytoplasmic mutation rates, we applied crossing designs that
enabled direct comparisons between families of homozygous
mutants and matched wild-type controls that all inherited their
cytoplasmic genomes from the same grandparent (Fig. 2). We
performed duplex sequencing with purified mitochondrial and
plastid DNA from the resulting samples, generating a total of 1.2
Tbp of raw Illumina reads that were collapsed down into 10 Gbp
of processed and mapped duplex consensus sequence (DCS)
data (SI Appendix, Table S4). Many of the candidate genes have
been previously found to affect structural stability in the mito-
chondrial genome (8, 33, 38). Consistent with these expected
structural effects, we found that msh1, recA3, and polIb mutants
all showed their own distinct patterns of large and repeatable
shifts in coverage in regions of the mitochondrial genome
(Fig. 3). Shifts in coverage were weaker in polIa mutants and not
detected in ung mutants or fpg/ogg1 double mutants. Such cov-
erage variation was not found in the plastid genome for any of
the mutants (SI Appendix, Fig. S1).
Most of the analyzed candidate genes did not have detectable

effects on cytoplasmic mutation rates. Despite the difference in
measured misincorporation rates for PolIA and PolIB in vitro
(9), we did not find that disrupting either of these genes had an
effect on the frequencies of SNVs or small indels in vivo (Fig. 4
and SI Appendix, Fig. S2). Likewise, ung mutants and fpg/ogg1
double mutants did not exhibit any detectable increase in sequence

variants. In recA3 mutants, there was a weak trend toward higher
rates of mitochondrial SNVs and small indels compared to wild-
type controls (SI Appendix, Fig. S2), but neither of these effects
were statistically significant.
Unlike the rest of the candidate genes, the msh1 mutant line

(CS3246) exhibited a striking increase in SNVs compared to wild
type controls: close to 10-fold in the mitochondrial genome and
more than 100-fold in the plastid genome (Fig. 4 and SI Ap-
pendix, Fig. S2). The msh1 mutation spectrum in both mito-
chondrial and plastid DNA was dominated by transitions. GC →
AT substitutions remained the most common mitochondrial
SNV in msh1 mutants, but there was a disproportionate increase
in AT → GC variants such that both transition types reached
comparable levels (Fig. 5). The increased frequency of AT→GC
transitions in msh1 mutants was even more dramatic for plastid
DNA, making them by far the most abundant type of SNV.
Disruption of MSH1 also affected transversion rates, with sub-
stantial increases in GC → TA and AT → CG SNVs in both
genomes (Fig. 5).
The rate of small indel mutations also increased dramatically

in the msh1 mutant line, with indel frequencies jumping ap-
proximately two or three orders of magnitude in the mitochon-
drial and plastid genomes, respectively (Fig. 4 and SI Appendix,
Fig. S2). The indels in msh1 mutants overwhelmingly occurred in
homopolymer regions (i.e., single-nucleotide repeats). On aver-
age, 92.1% of indels from mapped DCS data in the mitochondrial
genome and 98.0% in the plastid genome were in homopolymers
at least 5 bp in length, and many of the remaining indels rep-
resented expansions or contractions of short tandem repeats
(Dataset S1). There was a clear bias toward deletions in the msh1
mutants, with deletions 1.6-fold and 3.1-fold more abundant than
insertions on average in mitochondrial and plastid genomes, re-
spectively (Fig. 5), which is a common feature of indel spectra
across the diversity of life (43). Just as in the initial wild-type
analysis described above, all SNVs and indels were filtered to
exclude variants resulting from chimeric recombination products.
Therefore, the observed increases in variant frequency in msh1
mutants are not simply the result of the well described role of
MSH1 in recombination surveillance (16, 28, 29, 32).

Confirmation ofmsh1Mutator Effects in Additional Mutant Backgrounds.
To verify that disruption of msh1 was indeed responsible for the
observed elevation in mitochondrial and plastid mutation rates, we
repeated our crossing design and duplex sequencing analysis with
two additional independently derived mutant alleles in this gene (SI
Appendix, Table S3). All three msh1 mutant backgrounds showed
the same qualitative pattern of increased SNVs, small indels, and
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Fig. 2. Crossing design to test candidate nuclear genes involved in RRR of
cytoplasmic genomes. Using a wild-type maternal plant (black) and either a
homozygous mutant (red) or heterozygous pollen donor, we generated a
heterozygous F1 individual that carried cytoplasmic genomes inherited from
a wild-type lineage (as indicated by the black mitochondrion). After selfing
the F1, we genotyped the resulting F2 progeny to identify three homozy-
gous mutants and three homozygous wild-type individuals. Given that the
mutations in candidate RRR genes are expected to be recessive, the F2
generation would be the first in which the sampled cytoplasmic genomes
were exposed to the effects (red asterisks) of these mutants. The identified
F2 individuals were each allowed to self-fertilize and set seed to produce
multiple F3 families that all inherited their cytoplasmic genomes from the
same F1 grandparent. The F3 families were used for purification of mito-
chondrial and plastid DNA for duplex sequencing. Sequencing was per-
formed on three replicate families for each genotype. Arabidopsis silhouette
image is from PhyloPic (Mason McNair).

Fig. 3. Sequencing coverage variation across the mitochondrial genome in
mutants relative to their matched wild-type controls. Each panel represents
an average of three biological replicates. The reported ratios are based on
counts per million mapped reads in 500-bp windows. The msh1 mutant line
reported in this figure is CS3246.
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structural variation (SI Appendix, Figs. S3 and S4). The magnitude
of these effects was equivalent in the initial mutant line (CS3246)
and a second mutant (CS3372), which both harbor point mutations
that appear to generate null msh1 alleles (28). In contrast, the in-
creases in sequence and structural variation were much smaller for a
thirdmsh1 allele (SALK_046763). The SALK_046763 mutants also
exhibited weaker phenotypic effects, with lower rates of visible leaf
variegation (SI Appendix, Fig. S5). The 3,357-bp MSH1 coding se-
quence is distributed across 22 exons, and this mutant allele carries
a T-DNA insertion in the eighth intron (28), which we reasoned
might reduce but not eliminate expression of functional MSH1
protein, resulting in weaker effects on phenotype and mutation
rates. In support of this prediction, complementary DNA (cDNA)
sequencing across the boundary between exons 8 and 9 confirmed
the presence of properly spliced transcripts in homozygous
SALK_046763 mutants despite the large T-DNA insertion in the
intron (SI Appendix, Fig. S6A. Furthermore, quantitative reverse-
transcriptase PCR (qRT-PCR) showed that expression levels in leaf
tissue were roughly fivefold lower than in wild-type individuals (SI
Appendix, Fig. S6B). Therefore, reducing the expression level of
MSH1 also appears to increase cytoplasmic mutation rates, though
to a lesser degree than effective knockouts.

Inheritance of msh1-Induced Heteroplasmies. Because we per-
formed our duplex sequencing analysis on whole-rosette tissue, it
was not immediately clear whether the increase in observed

mutations included changes that could be transmitted across
generations or only variants that accumulated in vegetative tissue
and would not be inherited. The majority of SNVs (∼80%) in
msh1 mutants and all SNVs in their matched wild-type controls
were detected in only a single DCS read family (Dataset S1),
implying very low heteroplasmic frequency in the pooled F3
tissue as would be expected for new mutations. However, we did
identify a total of 433 SNVs across the msh1 mutant samples that
were each supported by multiple DCS read families (i.e., distinct
biological molecules in the original DNA samples), in some cases
reaching frequencies of >2%. We reasoned that, to be found at
such frequencies in a pool of tissue from dozens of F3 individ-
uals, a variant likely had to have occurred in the F2 parent and
been inherited in a heteroplasmic state by multiple F3s. Although
the individuals used for duplex sequencing were sacrificed in the
process of extracting mitochondrial and plastid DNA from whole
rosettes, we had collected F4 seed from siblings of the F3 plants
that were grown up in parallel. Therefore, we developed droplet
digital PCR (ddPCR) markers to test for the inheritance of some
identified high-frequency SNVs in the F4 generation.
We assayed five SNVs with ddPCR markers, each of which

was found at substantial frequencies in the corresponding F3
cytoplasmic DNA sample (1.4 to 14.3%), confirming the variant
identification from our duplex sequencing. As controls, we
sampled F4 msh1 mutants derived from other F3 families that
did not show evidence of the variant in duplex sequencing data.
All of these controls exhibited a frequency of below 0.2%, which
we considered the noise threshold for the assay. For two of the
five markers (one mitochondrial and one plastid), we were also
able to detect the SNV in DNA samples from individual F4
plants. The frequency of these heteroplasmic mutations varied
dramatically across F4 individuals: anywhere from below the
noise threshold to as high as apparent homoplasmy (>99.9%) in
one case (Fig. 6). These high frequencies indicate the potential
for de novo mutations to spread to majority status remarkably
fast. To further assess whether these SNVs represented heritable
mutations, we performed follow-up assays on siblings of three
different F4 individuals that showed detectable mutations in the
initial round of ddPCR analysis. In each case, we identified
siblings sharing the same variant (SI Appendix, Table S5).
Therefore, these SNVs provide clear evidence that de novo cy-
toplasmic mutations can occur in meristematic tissue in an msh1
mutant background and be transmitted across generations,
thereby increasing the heritable mutation rate.

Fig. 4. Observed frequency of mitochondrial and plastid SNVs (Top) and
indels (Bottom) based on duplex sequencing in Arabidopsis mutant back-
grounds for various RRR genes compared to matched wild-type controls.
Variant frequencies are calculated as the total number of observed mis-
matches or indels in mapped duplex consensus sequences divided by the
total base pairs of sequence coverage. Means and SEs are based on three
replicate F3 families for each genotype (Fig. 2). The msh1 mutant line
reported in this figure is CS3246. **Significant differences between mutant
and wild-type genotypes at a level of P < 0.01 (t tests on log-transformed
values). All other comparisons were nonsignificant (P > 0.05).

−9

−8

−7

−6

−5

−4

AT>CG AT>GC AT>TA GC>AT GC>CG GC>TA Deletions Insertions

Variant Type

lo
g 10

 F
re

qu
en

cy
 (

+ 
S

E
) Mitochondrial (msh1)

Plastid (msh1)

Wild Type Average

0

Fig. 5. Spectrum of point mutations and indels in Arabidopsis msh1 mu-
tants (CS3246 allele). Variant frequencies are calculated as the total number
of observed mismatches or indels in mapped duplex consensus sequences
divided by the total base pairs of sequence coverage. Means and SEs are
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frequency calculated from all wild-type libraries (Fig. 1). Note that the “0”
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For the other three SNVs, we did not detect the heteroplasmic
mutation in a sample of eight F4 individuals, which could in-
dicate that the variant was restricted to vegetative tissue in a
single individual within the F3 pool. However, we suspect that it
is more likely that the negative F4 individuals lost the corre-
sponding variant via a heteroplasmic sorting process or descen-
ded from a subset of F3 parents that did not carry it.

Plant MSH1 Is Part of a Widely Distributed Gene Family in Diverse
Eukaryotic Lineages, as Well as Some Bacteria and Viruses. MSH1 is
divergent in sequence and domain architecture relative to all
other members of the mutS MMR gene family (44). Although
named after the MSH1 gene in yeast, which also functions in
mitochondrial DNA repair (45), plant MSH1 is from an entirely
different part of the large mutS family (44). It is known to be
widely present across green plants (46), but its evolutionary
history beyond that is unclear. Taxon-specific searches of public
genomic and metagenomic repositories failed to detect copies of
MSH1 in red algae and glaucophytes, the other two major line-
ages of Archaeplastida. Likewise, we did not find evidence of this
gene in Amorphea (which includes Amoebozoa, animals, fungi,
and related protists). Although these initial results implied a
distribution that might be truly restricted to green plants (Vir-
idiplantae), searches of other major eukaryotic lineages found
that plant-like MSH1 homologs carrying the characteristic GIY-
YIG endonuclease domain were present in numerous groups,
specifically stramenopiles, alveolates, haptophytes, and crypto-
monads (Fig. 7). More surprisingly, we found that it was present
in the genomes of two closely related bacterial species within the
Cellvibrionaceae (Gammaproteobacteria) and another gam-
maproteobacterium of uncertain classification, as well as some
unclassified viruses curated from environmental and meta-
genomic datasets (47, 48). Phylogenetic analysis confirmed that
these sequences represented a well-resolved clade within the
mutS family (Fig. 7). Therefore, the plant-like MSH1 gene ap-
pears to have an unusually disjunct distribution across diverse
lineages in the tree of life.

Discussion
The Role of MSH1 in Maintaining the Low Mutation Rates. The
striking differences in mutation rates between cytoplasmic ge-
nomes in land plants vs. those in many other eukaryotes, in-
cluding mammals, have posed a longstanding mystery because
reactive oxygen species (ROS) are expected to be a potent
source of DNA damage in all of these compartments. The

presence of MSH1 in plants and its dual targeting to the mito-
chondria and plastids may provide an explanation for their un-
usually low rates. Although previous efforts to analyze cytoplasmic
genomes in msh1 mutants with conventional sequencing technol-
ogies did not detect de novo SNV or indel mutations (16, 29, 31),
our application of the higher-sensitivity duplex sequencing method
found that msh1 mutants exhibit major increases in the frequency
of these variants. These findings align with a growing theme that
the distinctive mutational properties of cytoplasmic genomes rel-
ative to the nucleus may be driven more by differences in RRR
machinery than by ROS or the biochemical environment associ-
ated with cellular respiration and photosynthesis (49–51).
How does MSH1 suppress cytoplasmic mutation rates? As a

mutS homolog, it could conceivably be part of a conventional
MMR pathway that has yet to be described in plant organelles.
Postreplicative mismatch repair typically relies on the heuristic
that mismatches in double-stranded DNA are more likely to re-
flect errors in the newly synthesized strand, with various mecha-
nisms being used to specifically identify and repair that strand
(52). However, the presence of a conventional MMR pathway
would not explain how plant mitochondria and plastids maintain
mutation rates substantially lower than in most eukaryotic ge-
nomes. An alternative, nonconventional pathway could involve
use of the GIY-YIG endonuclease domain to introduce a DSB
near sites identified by the mismatch recognition domain, followed
by HDR of the DSB (9, 14, 17). This previously proposed model
could lead to unusually high repair accuracy because it does not
require use of a heuristic to determine which strand carries the
error at mismatched sites, instead employing homologous re-
combination with an unaffected genome copy to “break the tie.”
As such, incipient mutations would be detected and accurately
corrected when they are still in the mismatched state before they
become true double-stranded base pair substitutions.
A model based on DSBs and HDR might also explain some

surprising features in our data. We found that the frequency of
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SNVs in wild-type plants was much higher in the mitochondrial
genome than the plastid genome, which is opposite the rates of
evolution observed in these genomes on phylogenetic scales (1,
3). The mutation spectrum in wild-type mitochondrial DNA was
also dominated by GC → AT transitions (Fig. 1), which is in-
consistent with the relatively neutral transition:transversion ratio
observed in natural sequence variation both within and among
species (53, 54). We speculate that these apparent contrasts can be
explained by the different copy numbers of mitochondrial and
plastid genomes in vegetative tissues. Whereas individual plastids
each contain numerous genome copies, it has been estimated that
there is less than one genome copy per mitochondrion in Arabi-
dopsis leaf tissue (55). Therefore, even whenMSH1 is intact, HDR
pathways may be less available for repair of mitochondrial DNA in
vegetative tissues due to a paucity of homologous template copies
(14), which would imply that the abundant GC → AT SNVs in
wild-type mitochondrial DNA are generally restricted to vegeta-
tive tissue and not transmitted to future generations. The role of
HDR may also be limited by the lower expression of MSH1 in
certain vegetative tissues and cell types (24, 33, 56). In contrast,
the fusion of mitochondria into a large network within meriste-
matic cells could provide an opportunity for mitochondrial ge-
nome copies to cooccur and utilize HDR (57). Because of the high
genome copy number in plastids, they may rely more heavily on
HDR even in some vegetative tissues, which would explain why
knocking out MSH1 has a much larger proportional effect on
observed variant frequencies in the plastid genome (Fig. 4 and SI
Appendix, Fig. S2).
We find growing support for the model in which MSH1 is the

link between mismatches, DSBs, and HDR. However, much
remains to be done to validate this model, as researchers have
yet to successfully express and purify full-length MSH1 for
in vitro biochemical studies, and a recent analysis of the purified
GIY-YIG domain was unable to detect endonuclease activity
(34). Moreover, our use of pools of whole rosettes from F3
families means that the observed variants in msh1 mutant lines
are a combination of those that arose in meristematic tissue in F2
parents and throughout F3 development and vegetative tissue
differentiation. As such, our analysis does not provide a direct
quantification of the mutation rate per generation or per round
of DNA replication. However, given the large effect of disrupting
MSH1 on variant frequencies, we anticipate that propagation
and resequencing of msh1 mutation accumulation lines may be
an effective means to quantify the per-generation rate of heritable
mitochondrial and plastid mutations, which has been unmeasurably
low in other Arabidopsis mutation accumulation lines (14, 54).
Future analysis and technological advances may also help map the
dynamics of organelle mutations at a finer scale, including cell- and
organelle-level resolution. Given the evidence that differential ex-
pression and subcellular localization leads to variation in the
abundance of MSH1 across tissue, cell, and plastid types (24, 33,
56), such progress would improve our understanding of how mu-
tation accumulation aligns with the activity of MSH1, DNA repli-
cation, and other organelle functions throughout development.
Which DNA aberrations does MSH1 recognize? The ability to

bind to multiple types of disruptions in Watson–Crick pairing is a
common feature of many MutS homologs (52). The fact that we
observed increased frequencies of indels inmsh1mutants implies
that MSH1 can recognize indel loops, including in homopolymer
regions, which are likely to be one of the most prevalent sources
of polymerase errors, especially in the AT-rich genomes of plastids
(58). The increased frequency of SNVs in msh1 mutants also
implies recognition of the bulges in DNA caused by mismatches
and/or damaged bases. There is some evidence to suggest that
MSH1 is capable of repairing both of these sources of mutation.
The most prominent feature of themsh1mutation spectrum is the
enormous increase in AT → GC transitions, which does not cor-
respond to a major class of damage like cytosine deamination

(GC → AT) or guanine oxidation (GC → TA). This aspect of the
mutation spectrum is more likely explained by polymerase mis-
incorporations during DNA replication, as steady-state kinetic
analysis has indicated that PolIA and PolIB are highly prone to
misincorporate Gs opposite Ts in the template strand (9). We
reasoned that disrupting the POLIA gene would increase mutation
rates because of higher misincorporation rates for PolIB (9). The
failure to find such an effect suggests a general insensitivity to
polymerase errors whenMSH1 is intact, presumably because of its
ability to recognize and repair these errors. This proposed role of
MSH1 would similarly explain why sequence evolution is so slow in
these genomes despite polymerases with unusually high mis-
incorporation rates (9). Disrupting genes involved in the repair of
uracil (UNG) and 8-oxo-G (FPG andOGG1) failed to measurably
affect the frequency of mitochondrial or plastid variants, which
could indicate that MSH1 is capable of recognizing and correcting
such damage. Alternatively, these sources of damage may be too
minor under the tested growth conditions to contribute mean-
ingfully to variant frequencies, or there may be additional
uncharacterized plant genes with overlapping base-excision repair
functions. For example, some animals have a second enzyme with
uracil N-glycosylase activity (59). However, the fact that MSH1
was recently shown to exhibit higher expression in ung mutants
(14) points toward a capability to recognize damaged bases in
addition to conventional mismatches.
Although land plants generally exhibit low rates of sequence

evolution in cytoplasmic genomes, major exceptions have been
documented in certain angiosperm lineages (60). These obser-
vations raise the question of whether changes in MSH1 con-
tributed to such accelerations. Previous studies have confirmed
that MSH1 is present and transcribed in accelerated lineages
such as Geraniaceae and Silene (61, 62), suggesting that these
accelerations cannot be explained by the outright loss of MSH1.
However, functional investigations would be needed to assess the
possibility that there have been changes in MSH1 expression
patterns, localization, or activity in these taxa.
Disrupting MSH1 has been shown to affect numerous traits

and result in extensive phenotypic variation in descendent line-
ages (23, 24). However, we caution against assuming that specific
phenotypes are attributable to the observed accumulation of
point mutations and small indels in cytoplasmic genomes. In
addition to these effects on mutation rates, msh1 mutants also
exhibit dramatic structural reorganization of organelle genomes via
repeat-mediated recombination (27–29, 32), as well as widespread
changes to patterns of epigenetic modifications in the nucleus (23,
24, 31), both of which have been associated with large phenotypic
consequences. Moreover, despite the massive proportional in-
creases in the frequency of SNVs and small indels that we observed
inmsh1mutants, the abundance of mutations is not necessarily high
in an absolute sense (e.g., less than one SNV per cytoplasmic ge-
nome copy on average; Fig. 4). Hemicomplementation assays, in
which MSH1 is targeted to either mitochondria or plastids but not
both, have been an effective way to distinguish phenotypic effects
mediated by mitochondrial vs. plastid functions of MSH1 (24, 29,
31). Likewise, the use of segregation and backcrossing designs with
msh1 mutants or lines that suppress MSH1 expression via RNAi
have helped partition effects of cytoplasmic genetics vs. heritable
nuclear epigenetic modifications (23, 27, 31). To distinguish among
the phenotypic effects of structural vs. sequence changes in organ-
elle genomes, it may be helpful that structural rearrangements and
copy-number changes show a high degree of repeatability among
msh1 replicates and lines (SI Appendix, Fig. S3), in contrast to the
random nature of de novo point mutations.

The Evolutionary History of MSH1 and Parallels with Other mutS
Lineages. To date, MSH1 has been identified and studied only
in green plants. Researchers have previously noted the similari-
ties in domain architecture between MSH1 and MutS7 (30), a
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lineage within the MutS family that independently acquired a
C-terminal fusion of an endonuclease domain (44). MutS7 is
encoded in the mitochondrial genome itself of octocorals, an-
other eukaryotic lineage with unusually slow rates of mitochon-
drial genome evolution (63), as well as in the genomes of a small
number of bacterial lineages and some giant viruses (64). In this
sense, our results extend the parallels between MSH1 and MutS7
to include features of their phylogenetic distribution, as each is
scattered across disparate lineages of eukaryotes, bacteria, and
viruses. The distribution of MSH1 (Fig. 7) clearly implies some
history of horizontal gene transfer. However, the ancient diver-
gences, sparse representation outside of eukaryotes, and poor
phylogenetic resolution at deep splits within the gene tree make
the timing of such events or specific donors and recipients un-
clear. Another open question is the functional role of MSH1
outside of land plants. The similarities in its effects on organelle
genome stability between angiosperms and mosses (28, 32)
suggest that much of the role of MSH1 in cytoplasmic genome
maintenance is likely ancestral, at least in land plants. Notably,
all of the eukaryotes that we identified as having MSH1 outside
of green plants harbor a plastid derived from secondary endo-
symbiosis. It will therefore be interesting to assess whether it has
mitochondrial and/or plastid functions in these eukaryotes (some
show in silico targeting predictions to the organelles; SI Appen-
dix, Table S6). This pattern also raises the question as to whether
it was ancestrally present deep in the eukaryotic tree and sub-
sequently lost in many lineages or transferred among major
eukaryotic lineages perhaps in conjunction with secondary
endosymbiosis.
Because the apparent viral copies of MSH1 were curated from

metagenomic assemblies and bulk environmental virus sampling
(SI Appendix, Table S6), we were not able to assign these se-
quences to a specific type of virus. Interestingly, however, one of
these cases was found on a viral-like metagenomic contig in the
IMG/VR database that is >100 kb in size, and another cooccurs
on a contig with a gene that has a top BLAST hit to the Mim-
iviridae, a clade of giant viruses. Therefore, similar to mutS7, it

appears that MSH1 may reside in giant viruses. We speculate
that such viruses, which are also known as nucleocytoplasmic
large DNA viruses or NCLDVs (65), have acted as a repository
for distinctive RRR machinery and a repeated source of hori-
zontal acquisition by eukaryotic lineages, reshaping the mecha-
nisms of cytoplasmic mutation rate and genome maintenance.

Materials and Methods
A complete description of the methods is available in the SI Appendix. In
brief, mitochondrial and plastid DNA isolations were performed on rosette
tissue harvested after 7 to 9 wk of growth from either A. thaliana Col-0 or F3
families derived from crossing mutant lines (SI Appendix, Table S3) against
A. thaliana Col-0 (Fig. 2). Duplex sequencing followed a modified version of
the protocol of Kennedy et al. (41) that was first optimized in our lab by
testing on single-colony E. coli samples. Sequencing was performed on an
Illumina NovaSeq 6000 at the University of Colorado Cancer Center. Data
processing was performed with a custom pipeline available at https://github.
com/dbsloan/duplexseq. Inheritance of selected high-frequency SNVs in the
F4 generation was assessed with droplet digital PCR on a Bio-Rad QX200
system using fluorescently labeled allele-specific probes. To assess the phy-
logenetic distribution of plant-like MSH1 genes, searches were performed
against the NCBI nr protein database, as well as metagenomic and viral re-
positories hosted by JGI (47, 48). Identified sequences were used for
maximum-likelihood phylogenetic analysis with PhyML v3.3.20190321.

Data Availability.All raw sequencing data are available via the NCBI Sequence
Read Archive (PRJNA604834 and PRJNA604956), and the code used for data
analysis is available at https://github.com/dbsloan/duplexseq.
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