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While the nuclear genome only has two copies per cell, the
genomes of organelles like mitochondria and plastids have
an extra layer of complication in that multiple organellar
copies exist within the same cell. Multiple genetically dis-
tinct genomes can exist within these organelles, resulting
in a state of heteroplasmy in which the effect of organellar
mutations depends on the variant reaching a critical level
of copies within the cell to impact the cell’s function.
Heteroplasmy results in a microcosm of molecular evolu-
tion occurring in each cell of an organism. Allele frequen-
cies can shift within a single cell, resulting in a change of
which allele is dominant (1). In animals, genetic bottlenecks
in the randomly sampled set of mitochondrial DNA copies
play an important role in the fixation or elimination of
mitochondrial variants (2). Genetic bottlenecks in animals
occur as mitochondria are randomly distributed to devel-
oping oocytes from a germ cell (Fig. 1A). Since there is a
large reduction in the number of mitochondria in these
oocytes, the mitochondrial variants inherited by the oocytes
can easily become skewed. The process of an organellar
variant becoming fixed or eliminated is referred to as heter-
oplasmic sorting. However, less is known about the role of
heteroplasmic sorting in the organellar genomes of plants,
since they tend to have very low mutation rates (3), which
makes studying the changing rates of de novo mutations
more difficult. Additionally, genetic bottlenecking can occur
within nonreproductive tissues, and the later germline sepa-
ration of plants (4) might make this form of noninherited
genetic bottlenecking more significant. In PNAS, the work of
Broz et al. (5) explores how sorting of organellar variants
can occur within Arabidopsis thaliana mitochondrial and
plastid genomes. Broz et al. (5) posit that plant organelles
utilize the MutS Homolog 1 (MSH1) to facilitate gene con-
version which results in heteroplasmic sorting within their
organelles (Fig. 1B).

To better understand how heteroplasmic sorting occurs
within plants, Broz et al. (5) measured the rate of recessive sin-
gle nucleotide variants sorting in female wild-type Arabidopsis.
The Arabidopsis mitochondrial genomes sorted in a few
generations with an effective bottleneck size of ∼1.3. This
estimated rate is quite rapid compared to the estimated
rates of mitochondrial DNA sorting in animals, which range
from ∼5 to 10 in Daphnia (6) to ∼170 in zebrafish (7). Unfor-
tunately, the plastid genomes sorted too rapidly for the
authors to analyze, but this shows that the rate of plastid
sorting in plants is occurring much more rapidly than
researchers expected.

How is Arabidopsis able to undergo this rapid heteroplas-
mic sorting? The authors (5) propose that the Arabidopsis
organellar genomes utilize MSH1 to maintain this rapid sort-
ing. MSH1 is believed to be at least partially responsible for
maintaining the low rate of mutations in plant organellar

genomes (3), as mutating msh1 results in increased rates
of mutation in plant mitochondrial and plastid genomes
(8). MSH1 is predicted to be involved in mismatch repair, a
process in which it creates double-strand breaks to facili-
tate the repair of mismatched or damaged bases through
homologous recombination (9). The process of homolo-
gous recombination can lead to gene conversion in which
a donor sequence is used as a template to repair the
double-strand breaks and the cellular genomes become
more homogenous. Additionally, genetic surveillance genes
such as msh1 tend to be more common in plants and
organisms that lack a fixed body plan, such as corals and
sponges (4). Since genetic bottlenecking is not documented
in the organelles of plants and organisms that lack a
fixed body plan, the team of Edwards et al. (4) previously
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Fig. 1. (A) Schematic depicting the process of genetic bottlenecking in
mitochondrial cells which can lead to different mitochondrial variants
becoming dominant within the resulting oocytes. (B) Schematic depicting
the proposed process from Broz et al. (5) in which the plastid and mito-
chondrial genomes of the plant Arabidopsis utilize MSH1-mediated gene
conversion to change the genomic variants within these organelles; this
process can lead to a different genomic variant becoming dominant within
the organelle. Created with BioRender.com.
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proposed that gene conversion could be used as an alter-
native to genetic bottlenecking in organisms lacking early
germline segregation.

To test that MSH1 is responsible for their finding of
rapid heteroplasmic sorting rates in plant mitochondria,
Broz et al. (5) utilize de novo mutations identified from
organellar DNA pools of msh1 mutant lines of Arabidopsis.
Ten low-impact single nucleotide variants were selected
for different family lines. The frequency of each single
nucleotide variant was then measured over the next few
generations. The authors discover that heteroplasmic sort-
ing in these msh1 mutant backgrounds occurs more slowly
than in the wild-type background and with higher effective
bottleneck sizes. Plastid genomes with the msh1 mutant
background sorted with an effective bottleneck size of ∼1,
while msh1 mutant mitochondrial genomes sorted with an
effective bottleneck size of ∼4, showing that msh1 is at
least partially responsible for the rapid heteroplasmic sort-
ing rates in plant organellar genomes.

Lastly, Broz et al. (5) discover that there is a GC bias in
the single nucleotide variant inheritance in mitochondrion
and plastid genomes in both the wild-type and msh1
mutant background. This is quite strange considering that
organellar genomes are typically AT rich (10, 11), and most
organisms experience an AT bias in their mutations (12).
This GC bias might be some yet unknown effect of gene
conversion or other heteroplasmic sorting mechanism.

Even with the findings of Broz et al. (5), there remain
many unanswered questions about how this MSH1-mediated
heteroplasmic sorting is occurring. Arabidopsis mitochon-
drial and plastid genomes sort more rapidly than most

animal mitochondrial genomes, even in an msh1 mutant
background. Are there other heteroplasmic sorting mecha-
nisms that plants use to achieve this high rate? Addition-
ally, future research will need to validate that it is MSH1’s
proposed role in mismatch repair-driven gene conversion
that drives the increased rate of heteroplasmic sorting in
Arabidopsis organellar genomes.

Since Broz et al. (5) report that gene conversion occurs
in organellar genomes, could there be other organisms in
which this process is occurring? There is little known about
whether and how mismatch repair occurs in organellar
genomes beyond plants. There is an MSH1 protein in yeast
(13); however, this yeast MSH1 is not orthologous to the
plant MSH1 (14). While yeast MSH1 has been shown to
localize to the mitochondrion and is involved in DNA repair
(13), whether it plays a role in mismatch repair has yet to
be elucidated. Recent molecular evolution research has
identified yeast MSH1 homologs across hexacorals (14).
Additionally, mismatch repair has been found in both rat

liver mitochondrial lysate (15) and
human mitochondrial extracts (16), but,
in both cases, the mismatch repair activity
seemed to be independent of any MSH
protein. More research is needed to see
whether these yeast MSH1 and MSH-

independent means of mismatch repair can cause organellar
gene conversion and whether this gene conversion can drive
heteroplasmic sorting. The findings of Broz et al. (5) show
that the mechanisms by which organellar genomes undergo
heteroplasmic sorting are probably more complex than cur-
rently researched. It may be that genetic bottlenecks and
gene conversion are just the start of the yet undiscovered
mechanisms that drive organellar evolution.

ACKNOWLEDGMENTS. We acknowledge funding by NIH project Grants R01
GM123260 and R35 GM145378 awarded to M.R.P., and funding by the Train-
ing Program in Environmental Toxicology (NIH Grant T32 ES007028) and the
Vanderbilt Evolutionary Studies Initiative awarded to S.H.S.

1. J. C. Havird et al., Selfish mitonuclear conflict. Curr. Biol. 29, R496–R511 (2019).
2. C. V. Pereira, B. L. Gitschlag, M. R. Patel, Cellular mechanisms of mtDNA heteroplasmy dynamics. Crit. Rev. Biochem. Mol. Biol. 56, 510–525 (2021).
3. D. R. Smith, Mutation rates in plastid genomes: They are lower than you might think. Genome Biol. Evol. 7, 1227–1234 (2015).
4. D. M. Edwards et al., Avoiding organelle mutational meltdown across eukaryotes with or without a germline bottleneck. PLoS Biol. 19, e3001153 (2021).
5. A. K. Broz et al., Sorting of mitochondrial and plastid heteroplasmy in Arabidopsis is extremely rapid and depends on MSH1 activity. Proc. Natl. Acad. Sci. U.S.A. 119, e2206973119 (2022).
6. S. Xu et al., High mutation rates in the mitochondrial genomes of Daphnia pulex.Mol. Biol. Evol. 29, 763–769 (2012).
7. A. B. C. Otten et al., Differences in strength and timing of the mtDNA bottleneck between zebrafish germline and non-germline cells. Cell Rep. 16, 622–630 (2016).
8. Z. Wu, G. Waneka, A. K. Broz, C. R. King, D. B. Sloan,MSH1 is required for maintenance of the low mutation rates in plant mitochondrial and plastid genomes. Proc. Natl. Acad. Sci. U.S.A. 117,

16448–16455 (2020).
9. R. V. Abdelnoor et al., Substoichiometric shifting in the plant mitochondrial genome is influenced by a gene homologous to MutS. Proc. Natl. Acad. Sci. U.S.A. 100, 5968–5973 (2003).
10. M. Unseld, J. R. Marienfeld, P. Brandt, A. Brennicke, The mitochondrial genome of Arabidopsis thaliana contains 57 genes in 366,924 nucleotides. Nat. Genet. 15, 57–61 (1997).
11. S. Sato, Y. Nakamura, T. Kaneko, E. Asamizu, S. Tabata, Complete structure of the chloroplast genome of Arabidopsis thaliana. DNA Res. 6, 283–290 (1999).
12. D. B. Sloan, Z. Wu, History of plastid DNA insertions reveals weak deletion and at mutation biases in angiosperm mitochondrial genomes. Genome Biol. Evol. 6, 3210–3221 (2014).
13. N. W. Chi, R. D. Kolodner, Purification and characterization of MSH1, a yeast mitochondrial protein that binds to DNA mismatches. J. Biol. Chem. 269, 29984–29992 (1994).
14. V. Muthye, D. V. Lavrov, Multiple losses of MSH1, gain of mtMutS, and other changes in the MutS family of DNA repair proteins in animals. Genome Biol. Evol. 13, evab191 (2021).
15. P. A. Mason, E. C. Matheson, A. G. Hall, R. N. Lightowlers, Mismatch repair activity in mammalian mitochondria. Nucleic Acids Res. 31, 1052–1058 (2003).
16. N. C. de Souza-Pinto et al., Novel DNA mismatch-repair activity involving YB-1 in human mitochondria. DNA Repair (Amst.) 8, 704–719 (2009).

Broz et al., posit that plant organelles’ utilize the
MutS Homolog 1 (MSH1) to facilitate gene conversion
which results in heteroplasmic sorting within their
organelles.

2 of 2 https://doi.org/10.1073/pnas.2213014119 pnas.org


