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the mitochondrial genomes inherited from parents and passed down to offspring will have homologous
templates available to them [11].

Much less is known about the multiple pathways of DNA repair in plant mitochondria than in
other systems, such as the nucleus. So far, there is no evidence of nucleotide excision repair (NER)
or mismatch repair (MMR) in plant mitochondria [12,13]. It has been hypothesized that, in plant
mitochondria, the types of DNA damage that are usually repaired through NER and MMR are repaired
through double-strand break repair (DSBR) [14,15]. Plant mitochondria do have the nuclear-encoded
base excision repair (BER) pathway enzyme Uracil DNA glycosylase (UNG) [12]. UNG is an enzyme
that can recognize and bind to uracil in DNA and that can begin the process of base excision repair
by enzymatically excising uracil (U) from single-stranded or double-stranded DNA [16]. Uracil can
appear in a DNA strand due to the spontaneous deamination of cytosine or by the misincorporation of
dUTP during replication [17]. Unrepaired uracil in DNA can lead to G-C to A-T transitions within
the genome.

In light of the apparent absences of NER and MMR in plant mitochondria, it is possible that many
lesions, including mismatches, are repaired by creating double-strand breaks and by using a template
to repair both strands. Our hypothesis is that DSBR accounts for most of the repair in meristematic
plant mitochondria and that both error-prone and accurate subtypes of DSBR lead to the observed
patterns of genome evolution [18]. One way of testing this is to eliminate the pathway of uracil base
excision repair and to ask if the G-U mispairs that occur by spontaneous deamination are repaired and,
if so, are instead repaired by DSBR. In this work, we examine an Arabidopsis thaliana UNG knockout line
and investigate the effects on the mitochondrial genome over many generations. To disrupt the genome
further, we express the cytidine deaminase APOBEC3G in the Arabidopsis mitochondria (MTP-A3G)
to increase the rate of cytosine deamination and to accelerate DNA damage.

One of the hallmarks of DSBR in plant mitochondria is the effect on the non-tandem repeats
that exist in virtually all plant mitochondria [19]. The Arabidopsis thaliana mitochondrial genome
contains two pairs of very large repeats (4.2 and 6.6 kb) that commonly undergo recombination [20–22],
producing multiple isoforms of the genome. The mitochondrial genome also contains many non-tandem
repeats between 50 and 1000 base pairs [19,22–24]. In wild type plants, these repeats recombine at very
low rates, but they have been shown to recombine with ectopic repeat copies at higher rates in several
mutants in DSBR-related genes, such as msh1 and reca3 [25–27]. Thus, genome dynamics around
non-tandem repeats can be an indicator of increased DSBs. In this work, we show that a loss of uracil
base excision repair leads to alterations in repeat dynamics, allowing us to observe an increase in
genome abandonment in older leaves.

Numerous proteins known to be involved in the processing of plant mitochondrial DSBs have been
characterized. Plants lacking the activity of mitochondrially targeted recA homologs have been shown
to be deficient in DSBR [26,28]. In addition, it has been hypothesized that the plant MSH1 protein may
be involved in binding to DNA lesions and in initiating DSBs [14,15]. The MSH1 protein contains
a mismatch binding domain fused to a GIY-YIG type endonuclease domain which may be able to make
DSBs [29,30], although an in vitro assay with a C-terminal fragment of the protein had no detectable
endonuclease activity [31]. In this work, we provide evidence that, in the absence of mitochondrial
UNG activity, several genes involved in DSBR, including MSH1, are transcriptionally upregulated,
providing a possible explanation for the increased DSBR. We also provide additional evidence to support
the hypothesis that mitochondrial DNA maintenance is abandoned in non-meristematic tissue [32],
calling attention to the need to closely control for age and developmental state in experiments involving
the mitochondrial genome.
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2. Results

2.1. Lack of UNG Activity in Mutants

It has previously been reported that cell extracts of the Arabidopsis thaliana UNG T-DNA insertion
strain used in this experiment, GK-440E07 (ABRC seed stock CS308282), show no uracil glycosylase
activity [12]. To increase the rate of cytosine deamination in the mitochondrial genome and to show that
effects of the UNG knockout on mitochondrial mutation rates could be detected, the catalytic domain
of the human APOBEC3G–CTD 2K3A cytidine deaminase (A3G) [33] was expressed under the control
of the ubiquitin-10 promoter [34] in both wild-type and UNG Arabidopsis thaliana lines and targeted
the mitochondria by an amino-terminal fusion of the 62 amino acid mitochondrial targeting peptide
(MTP) from the alternative oxidase 1A protein. Fluorescence microscopy of Arabidopsis thaliana
expressing an MTP-A3G-GFP fusion shows that the MTP-A3G construct is expressed and targeted
the mitochondria (Figure S1).

We expected that, in the absence of UNG, there would be an increase in G-C to A-T substitution
mutations. To test this prediction, we sequenced a wild-type Arabidopsis plant (Col-0), a wild-type
Arabidopsis plant expressing the MTP-A3G construct (Col-0 MTP-A3G), and a UNG plant expressing
the MTP-A3G construct (UNG MTP-A3G) using an Illumina Hi-Seq4000 system. Mitochondrial sequence
reads from these plants were aligned to the Columbia-0 reference genome (modified as described in
the Materials and Methods section) using BWA-MEM [35], and single nucleotide polymorphisms were
identified using VarDict [36]. VarDict was chosen due to its high sensitivity and accuracy compared with
other low-frequency variant callers when analyzing Illumina HiSeq data [37].

There were no SNPs that reached fixation (an allele frequency of 1) in any plant. Mitochondrial
genomes are not diploid; each cell can have many copies of the mitochondrial genome. Therefore,
it is possible that an individual plant could accumulate low-frequency mutations in some of
the mitochondrial genomes in the cell. VarDict was used to detect heteroplasmic SNPs at allele
frequencies as low as 0.01. VarDict’s sensitivity in calling low-frequency SNPs scales with depth of
coverage and quality of the sample, so it is not possible to directly compare heteroplasmic mutation
rates in samples with different depths of coverage. However, because the activity of the UNG
protein is specific to uracil, the absence of the UNG protein should not have any effect on mutation
rates other than G-C to A-T transitions. Comparing the numbers of G-C to A-T transitions to all
other substitutions should reveal if the rate of mutations that can be repaired by UNG is elevated
compared to the background rate. If the UNG MTP-A3G line is accumulating G-C to A-T transitions
at a faster rate than the Col-0 MTP-A3G line, we would expect to see an increased ratio of G-C to
A-T transitions compared to other mutation types. Complicating the analysis, significant portions of
the A. thaliana mitochondrial genome have been duplicated in the nucleus, forming regions called
NuMTs, an abbreviation of Nuclear Mitochondrial DNA [38–40]. Mutations in the NuMTs might
appear to be low-frequency SNPs in the mitochondrial genome, confounding the results. However,
these mutations are likely to be shared in the common nuclear background of all our lines. To avoid
attributing SNPs in NuMTs to the mitochondrial genome, only those SNPs unique to individual plant
lines were used in this comparison. In addition, many of the shared SNPs were flanked by a number
of paired-end reads with one end in the mitochondrial genome and the other in the nuclear genome,
additional evidence that they are NuMTs. The Col-0 plant had a heteroplasmic GC-AT/total SNPs ratio
of 0, the Col-0 MTP-A3G plant had a heteroplasmic GC-AT/total SNPs ratio of 0.47, while the UNG
MTP-A3G plant had a heteroplasmic GC-AT/total SNPs ratio of 0.92 (Table 1). Therefore, when the rate
of cytosine deamination is increased by the activity of APOBEC3G, Arabidopsis plants accumulate
GC-AT SNPs and our computational pipeline is able to detect this increase.
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Table 1. Heteroplasmic mitochondrial single nucleotide polymorphisms (SNPs) in Col-0 wild-type,
generation 10 uracil DNA glycosylase (UNG) mutant lines, Col-0 MTP-A3G, and UNG MTP-A3G:
SNPs were called using VarDict as described in the Methods section. SNP counts are shown for
the entire mitochondrial genome. For the full spectrum of SNP types, including allele frequencies,
see Supplementary File 2.

Sample A-C A-G A-T C-A C-G C-T G-A G-C G-T T-A T-C T-G Total GC-AT/Total Ratio

Col-0 0 17 1 0 0 0 0 0 0 0 11 0 29 0
UNG10 115 0 7 0 0 0 0 0 0 1 0 7 0 15 0
UNG10 159 0 15 0 0 0 0 0 0 0 0 21 0 36 0
UNG10 163 1 305 10 3 1 3 7 0 1 21 281 0 633 0.016
UNG10 176 0 97 3 0 0 0 1 0 2 4 76 0 183 0.0055
UNG10 198 0 9 0 0 0 1 0 0 0 1 6 0 17 0.059
UNG10 201 0 12 1 0 0 0 1 0 0 1 15 0 30 0.033
UNG10 203 0 9 1 0 0 0 0 0 0 1 5 0 16 0

Col-0 MTP A3G 0 6 0 0 0 3 4 0 0 0 2 0 15 0.47
UNG MTP A3G 0 0 0 0 0 5 7 0 0 0 1 0 13 0.92

2.2. Mutation Accumulation in the Absence of UNG

To determine the effects of the UNG knockout across multiple generations, we performed
a mutation accumulation study [41]. We chose 23 different UNG homozygous plants derived from
one hemizygous parent. These 23 plants were designated as generation 1 UNG and were allowed
to self-cross. The next generation was derived by single-seed descents from each line, and this was
repeated until generation 10 UNG plants were obtained. Leaf tissue and progeny seeds from each line
were kept at each generation.

The leaf tissue from generation 10 of the UNG mutation accumulation lines and a wild-type
Col-0 were sequenced and analyzed with VarDict as described above. Similar to the MTP-A3G plants,
there were no SNPs in any of our UNG mutation accumulation lines that had reached fixation (an allele
frequency of one). In contrast, there was no relative increase in the ratios of GC-AT/total SNPs between
the UNG lines and Col-0 (see Table 1). Because detection of low-frequency SNPs depends on read depth,
we only report the 7 UNG samples with an average mitochondrial read depth above 125× for this
comparison. In the absence of a functional UNG protein and under normal greenhouse physiological
conditions, plant mitochondria do not accumulate cytosine deamination mutations at an increased rate.

2.3. Nuclear Mutation Accumulation

UNG is the only uracil-N-glycosylase in Arabidopsis thaliana and may be active in the nucleus as well
as the mitochondria [12]. To test for nuclear mutations due to the absence of UNG, sequences were
aligned to the Columbia-0 reference genome using BWA-MEM and single nucleotide polymorphisms
were identified using Bcftools Call [42]. The UNG mutation accumulation lines do not have an elevated
G-C to A-T mutation rate compared to wild-type (Table 2).

2.4. Alternative Repair Pathway Genes

Because the UNG mutants show increased double-strand break repair but not an increase of G-C
to A-T transition mutations, we infer that the inevitable appearance of uracil in the DNA is repaired via
conversion of a G-U pair to a double-strand break and efficiently repaired by the DSBR pathway. If this
is true, genes involved in the DSBR processes of breakage, homology surveillance, and strand invasion
in mitochondria will be upregulated in UNG mutants. To test this hypothesis, we assayed transcript
levels of several candidate genes known to be involved in DSBR [13,23,25–28,43–46] in UNG lines
compared to wild-type using RT-PCR. MSH1 and RECA2 were significantly upregulated in UNG lines
(MSH1: 5.60-fold increase, unpaired T-test p < 0.05. RECA2: 3.19-fold increase, unpaired T-test p < 0.05;
see Figure 1). The single-strand binding protein gene OSB1 was also measurably upregulated in UNG
lines (3.07-fold increase, unpaired T-test p = 0.053). RECA3, SSB, and WHY2 showed no significant
differential expression compared to wild-type (unpaired T-test p > 0.05).
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Table 2. Nuclear SNPs in Col-0 wild-type, UNG mutant lines, Col-0 MTP-A3G, and UNG
MTP-A3G: SNPs were called using Bcftools Call as described in the Methods section. SNP counts
are for each chromosome, excluding chromosome 2. For individual data on each chromosome,
see Supplementary File 2.

Sample GC-AT SNPs Total SNPs GC-AT/Total Ratio

Col-0 0 0 0
UNG10 115 21 69 0.30
UNG10 159 27 79 0.34
UNG10 163 10 43 0.23
UNG10 176 28 74 0.38
UNG10 198 23 73 0.32
UNG10 201 53 131 0.40
UNG10 203 35 97 0.36

Col-0 MTP-A3G 0 0 0
UNG MTP-A3G 44 154 0.29
Col-0 1 Young 31 81 0.38
Col-0 2 Young 44 101 0.44

UNG11 163 1 Young 31 111 0.28
UNG11 163 2 Young 59 141 0.42
UNG11 176 1 Young 32 149 0.21
UNG11 176 2 Young 48 126 0.38
UNG11 198 1 Young 60 236 0.25
UNG11 198 2 Young 99 311 0.32

Col-0 MTP-A3G 1 Young 17 53 0.32
Col-0 MTP-A3G 2 Young 25 58 0.43
UNG MTP-A3G 1 Young 130 453 0.29
UNG MTP-A3G 2 Young 589 2711 0.22

Col-0 1 Mature 17 47 0.36
Col-0 2 Mature 15 43 0.35

UNG11 163 1 Mature 27 113 0.24
UNG11 163 2 Mature 23 77 0.30
UNG11 176 1 Mature 31 99 0.31
UNG11 176 2 Mature 27 93 0.29
UNG11 198 1 Mature 41 157 0.26
UNG11 198 2 Mature 66 195 0.34

Col-0 MTP-A3G 1 Mature 15 45 0.33
Col-0 MTP-A3G 2 Mature 13 37 0.35
UNG MTP-A3G 1 Mature 106 339 0.32
UNG MTP-A3G 2 Mature 175 684 0.26

2.5. Increased Mitochondrial Genome Abandonment

If most DNA damage in plant mitochondria is repaired by double-strand break repair (DSBR),
supplemented by base excision repair [12], then in the absence of the Uracil-N-glycosylase (UNG)
pathway, we predict an increase in DSBR. To find evidence of this, we used quantitative PCR (qPCR)
to assay crossing over between identical non-tandem repeats because changes in the dynamics
around these repeats is indicative of changes in DNA processing at double-strand breaks [26,27,46].
Different combinations of primers in the unique sequences flanking the repeats allow us to determine
the relative copy numbers of parental-type repeats and low-frequency recombinants (Figure 2a).
The mitochondrial genes cox2 and rrn18 were used to standardize relative amplification between
lines. We and others [24,46] have found that some of the non-tandem repeats are well suited for qPCR
analysis and are sensitive indicators of ectopic recombination, increasing in repair-defective mutants.
We analyzed the three repeats known as repeats B, D, and L [23] in both young leaves and mature
leaves. In young leaves, there is no significant difference in the amounts of parental or recombinant
forms between UNG lines and Col-0 (Figure 2b). In mature leaves, all three repeats show significant
reductions in the parental 2/2 form while repeat B also shows a reduction in the parental 1/1 form
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(unpaired t-test p < 0.05; Figure 2c). There is a difference in genome dynamics around non-tandem
repeats in young leaves compared to old leaves, indicating a difference in the way these genomes
are maintained.

Figure 1. Quantitative RT-PCR assays of enzymes involved in double-strand break repair (DSBR)
in UNG lines relative to wild-type: Fold change in transcript level is shown on the Y-axis. Error bars are
standard deviation of three biological replicates. MSH1 and RECA2 are significantly transcriptionally
upregulated in UNG lines relative to wild-type (5.60-fold increase and 3.19-fold increase, respectively.
Unpaired, 2-tailed student’s t-test, * indicates p < 0.05). OSB1 is nearly significantly upregulated in
UNG lines relative to wild-type (3.07-fold increase. Unpaired t-test p = 0.053).

2.6. Transmission of SNPs Across Generations

To determine if any heteroplasmic SNPs are passed on to the next generation, two progenies of
each of the wild-type, UNG, MTP-A3G, and UNG MTP-A3G plants that were sequenced above were
planted. Leaves were collected from each plant when it was 17 days old (young leaf) and again when
it was 36 days old (mature leaf). Both the young and mature leaves of each plant were sequenced
and analyzed as described above. Only 1 heteroplasmic SNP could be traced from a parent plant
to both progeny, and 7 heteroplasmic SNPs could be traced from a parent plant to one progeny
(Supplementary File 2). Interestingly, 117 heteroplasmic SNPs were detected in both offspring but
not the parent plant. It is possible that heteroplasmic mutations that occur in reproductive tissue
after the parental tissue had been collected could be passed on to the progeny. However, only 3 of
these heteroplasmic SNPs are found in the mature tissue of both progeny, indicating that, even if
a heteroplasmic SNP is passed on to a future generation, it is likely to be removed from the mitochondrial
population before reproduction by genetic drift or gene conversion. In fact, of the 2792 heteroplasmic
SNPs that were detected in young tissue across all samples, only 4 were detected in the mature
tissue of the same plant. The overwhelming majority of heteroplasmic SNPs arose in mitochondria in
non-meristematic differentiated tissue.
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Figure 2. qPCR analysis of intermediate repeat recombination in UNG lines compared to wild-type:
Recombination at intermediate repeats is an indicator of increased double-strand breaks in plant
mitochondrial genomes. (a) Primer scheme for detecting parental and recombinant repeats:
Using different combinations of primers that anneal to the unique sequence flanking the repeats,
either parental type (1/1 and 2/2) or recombinant type (1/2 and 2/1) repeats can be amplified. (b) Fold
change of intermediate repeats in young leaves of UNG lines relative to wild-type: Error bars are
standard deviation of three biological replicates. (c) Fold change of intermediate repeats in mature
leaves of UNG lines relative to wild-type: Error bars are standard deviation of three biological replicates.
B1/1, B2/2, D2/2, and L2/2 show significant reduction in copy number (unpaired, 2-tailed student’s
t-test, * indicates p < 0.05).
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2.7. SNP Accumulation in Young vs. Mature Leaves

To confirm that the effects of the UNG knockout and the expression of APOBEC3G are consistent,
the progenies of the wild-type, UNG, MTP-A3G, and UNG MTP-A3G plants were analyzed and the ratio
of heteroplasmic GC-AT to total heteroplasmic SNPs was compared as described above. In mature
leaves, the results were similar to the previous generation: both the UNG MTP-A3G and Col-0
MTP-A3G samples had increased GC-AT SNPs compared to the UNG and Col-0. Interestingly, in young
leaves, neither the UNG MTP-A3G nor the Col-0 MTP-A3G samples had increased GC-AT SNPs
(See Table 3). This indicates that the processes of mitochondrial genome maintenance are more efficient
at repairing DNA damage in young leaves.

2.8. Quality Control of DNA Library Preparation

A common source of error when calling low-frequency SNPs is oxidative damage during library
preparation [47]. This oxidative damage affects guanines, and the effects of this damage can be
measured by comparing the ratio of G to T mutations between the R1 paired-end read and the R2
paired-end read. A Global Imbalance Value (GIV) above 1.5 indicates DNA damage during library
preparation, while a GIV below 1.5 indicates little damage during library preparation. None of
the samples used in this study had a GIV above 1.5 (see Supplementary File 2), indicating that DNA
damage during library prep is not a significant source of false SNP calls.


