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Figure 3.3: Alignment of long repeats in the Brassicales. A phylogenetic tree is shown
at left, derived from Grewe et al. (Grewe, F. et al. 2014). Part A aligns the longest repeat
in Group A (R. sativus, S. arvensis, B. nigra and B. carinata) and shows the genes
flanking them. The homologous single-copy sequence from B. rapa, B. napus, B. juncea
and B. oleracea is also shown. Part B aligns the longest repeat in Group B (B. rapa, B.
napus, B. juncea and B. oleracea), and shows the homologous single-copy region in
Group A. Red arrows indicate the long repeats that were used to align all sequences in the
two parts of the figure. Blue indicates genes in the flanking regions that may or may not
be conserved or rearranged. Green indicates rRNA genes and small arrows represent
tRNA genes. Branch lengths in the tree are not to scale. The sequences are depicted at the

scale shown in the figure.
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CHAPTER 4

MITOCHONDRIAL DNA REPAIR IN AN ARABIDOPSIS THALIANA URACIL

DNA N-GLYCOSYLASE MUTANT

ABSTRACT

Substitution rates in plant mitochondrial genes are extremely low, indicating
strong selective pressure as well as efficient repair. Plant mitochondria possess base
excision repair pathways, however, many repair pathways such as nucleotide excision
repair and mismatch repair appear to be absent. In the absence of these pathways, many
DNA lesions must be repaired by a different mechanism. To test the hypothesis that
double-strand break repair (DSBR) is that mechanism, we maintained independent self-
crossing lineages of plants deficient in uracil-N-glycosylase (UNG) for 10 generations to
determine the repair outcomes when that pathway is missing. Surprisingly, no single
nucleotide polymorphisms (SNPs) were fixed in any line in generation 10. The pattern of
heteroplasmic SNPs was also unaltered through 10 generations. Clearly DNA
maintenance in reproductive meristem mitochondria is effective in the absence of UNG.
In mature leaves, there is evidence of aborted DSBR at short homologies, indicating an
increase in double strand breaks. In young leaves there is no evidence of aborted DSBR,
indicating that mitochondria in meristematic tissue have access to full homologous repair
templates. These results indicate that double strand break repair is a general system of
repair in plant mitochondria. The existence of this general system may explain the
seemingly anomalous differences in plant mitochondria between low mutation rates in

genes and rearrangements in non-genes.
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INTRODUCTION

Plant mitochondrial genomes have very low base substitution rates, while also
expanding and rearranging rapidly (Wolfe et al., 1987, Palmer and Herbon, 1988, Drouin
et al., 2008, Richardson et al., 2013). The low substitution rate and the high
rearrangement rate of plant mitochondria can be explained by selection and the specific
DNA damage repair mechanisms available. These mechanisms can also account for the
observations of genome expansion found in land plant mitochondria. The low
nonsynonymous substitution rates in protein coding genes indicates that selective
pressure to maintain the genes is high, and the low synonymous substitution rates indicate
that the DNA repair mechanisms are very accurate (Sloan and Taylor, 2010, Wynn and
Christensen 2015). Despite the low mutation rate of mitochondrial genes over
evolutionary time, mitochondrial genomes in mature cells accumulate DNA damage that
is not repaired (Kumar et al. 2014). This indicates that there are fundamental differences
between DNA maintenance in genomes meant to be passed on to the next generation and
genomes that are not. In meristematic cells, where cell division occurs, mitochondria fuse
together to form a large mitochondrion (Segui-Simarro and Staehelin 2008). This fusion
brings mitochondrial genomes together for genome replication, but also ensures that there
is a homologous template available for DNA repair. These meristematic cells eventually
produce the reproductive tissue of a plant; from embryogenesis to egg cell production, the
mitochondrial genomes inherited from parents and passed down to offspring will have

homologous templates available to them (Segui-Simarro and Staehelin 2009).

However, little is known about the multiple pathways of DNA repair in plant

mitochondria. So far, there is no evidence of nucleotide excision repair (NER), nor
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mismatch repair (MMR) in plant mitochondria (Boesch et al., 2009, Gualberto and
Newton, 2017). 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) (Christensen, 2014, Christensen, 2018). Plant mitochondria
have the nuclear-encoded base excision repair (BER) pathway enzyme Uracil DNA
glycosylase (UNG) (Boesch et al., 2009). UNG is an enzyme that can recognize and bind
to uracil in DNA and begin the process of base excision repair by enzymatically excising
the uracil (U) residue from single stranded or double stranded DNA (Cordoba-Cariero et
al., 2010). Uracil can appear in a DNA strand due to the spontaneous deamination of
cytosine, or by the misincorporation of dUTP during replication (Krokan et al., 1997).

Unrepaired uracil in DNA can lead to G-C to A-T transitions within the genome.

Few pathways of repair besides BER and DSBR are known in plant mitochondria,
and it is possible that many lesions, including mismatches, are repaired by creating
double-strand breaks and using a template to repair both strands. Our hypothesis is that
DSBR accounts for most of the repair in meristematic plant mitochondria, and both error-
prone and accurate subtypes of DSBR lead to the observed patterns of genome evolution
(Christensen, 2013). One way of testing this is to eliminate the pathway of uracil base
excision repair and 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 further disrupt the genome, we express the cytidine
deaminase APOBEC3G in the Arabidopsis mitochondria to increase the rate of cytosine

deamination and accelerate DNA damage.
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One of the hallmarks of DSBR in plant mitochondria is the effect on the non-
tandem repeats that exist in virtually all plant mitochondria (Wynn and Christensen2019).
The Arabidopsis thaliana mitochondrial genome contains two pairs of very large repeats
(4.2 and 6.6kb) that commonly undergo recombination (Palmer and Shields, 1984, Klein
et al., 1994, Unseld et al., 1997) producing multiple isoforms of the genome. The
mitochondrial genome also contains many smaller repeats between 50 and 1000 base
pairs, (Unseld et al., 1997, Arrieta-Montiel et al., 2009, Davila et al., 2011, Wynn and
Christensen, 2019). In wild type plants, these intermediate-size repeats recombine at very
low rates. However, these repeats have been shown to recombine with ectopic repeat
copies at higher rates in several mutants in these DSBR genes, such as msh1 and reca3
(Abdelnoor et al., 2003, Shedge et al., 2007, Miller-Messmer et al., 2012). Thus genome
dynamics around intermediate 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.

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 (Odahara et al., 2007, Miller-
Messmer et al., 2012). In addition, it has been hypothesized that the plant MSH1 protein
may be involved in binding to DNA lesions and initiating DSBs (Christensen, 2014,
Christensen, 2018). The MSH1 protein contains a mismatch binding domain fused to a
GIY-YIG type endonuclease domain which may be able to make DSBs (Abdelnoor et al.,

2006, Kleinstiver et al., 2013). In this work we provide evidence that in the absence of
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mitochondrial UNG activity, several genes involved in DSBR, including MSH1, are

transcriptionally upregulated, providing a possible explanation for the increased DSBR.

RESULTS

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), shows no uracil glycosylase activity (Boesch 2009). To increase the rate of
cytosine deamination in the mitochondrial genome and show that effects of the UNG
knockout on mitochondrial mutation rates could be detected, the human APOBEC3G —
CTD 2K3A cytidine deaminase (A3G) (Chen et al., 2007) was expressed in both wild-
type and ung Arabidopsis thaliana lines and targeted to the mitochondria by an amino-
terminal fusion of the 62 amino acid mitochondrial targeting peptide (MTP) from
Alternative Oxidase (AOX1A). Fluorescence microscopy of Arabidopsis thaliana
expressing an MTP-A3G-GFP fusion shows that the MTP-A3G construct is expressed

and targeted to the mitochondria (See Figure 4.1).

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 both 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 sequences from these plants were aligned to the Columbia-0
reference genome using BWA-MEM (Li, 2013) and single nucleotide polymorphisms

were identified using VarDict (Lai et al., 2016).
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There were no SNPs that reached fixation (an allele frequency of 1) in either
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 0.05. 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. We therefore considered heteroplasmic mutations
that are not G-C to A-T transitions to be the background rate of heteroplasmic SNP
accumulation in plant mitochondria. We therefore compared the numbers of G-C to A-T
transitions to all other mutations. 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 that as
an increased ratio of G-C to A-T transitions compared to other mutation types. The Col-0
MTP-A3G plant had a heteroplasmic GC-AT/total SNPs ratio of 0.59, while the ung
MTP-A3G plant had a heteroplasmic GC-AT/total SNPs ratio of 0.68 (Table 4.1). When
the rate of cytosine deamination is increased by the activity of APOBEC3G, the ung plant
accumulates heteroplasmic GC-AT SNPs at a faster rate than wild-type, and our

computational pipeline is able to detect this difference.

Mutation accumulation in the absence of UNG

To determine the effects of the UNG knockout across multiple generations under

normal conditions, without the presence of APOBEC3G in the mitochondria. We
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performed a mutation accumulation study (Halligan and Keightley, 2009). 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 descent 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 23 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 is little
difference in the ratios of GC-AT/total SNPs between the ung lines and Col-0 (see Table
4.1). Because detection of low frequency SNPs depends on read depth, we only analyzed
the 7 ung samples with an average mitochondrial read depth above 125x 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.

Nuclear Mutation Accumulation

UNG is the only Uracil Glycosylase in Arabidopsis thaliana and may be active in
the nucleus as well as the mitochondria. 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 (Li, 2011). No

increase in GC-AT transitions was detected in any line (Table 4.2)
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Increased Double-strand break repair

If most DNA damage in plant mitochondria is repaired by double-strand break
repair (DSBR), supplemented by base excision repair (Boesch et al., 2009), 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 (qQPCR) to assay crossing over between
identical non-tandem repeats, which increases when DSBR is increased (Shedge et al.,
2007, Miller-Messmer et al., 2012, Wallet et al., 2015). 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 4.2A).
The mitochondrial genes cox2 and rrn18 were used to standardize relative amplification
between lines. We and others (Davila et al., 2011, Wallet et al., 2015) have found that
some of the intermediate repeats are well-suited for gPCR analysis and are sensitive
indicators of ectopic recombination, increasing in repair-defective mutants and when
drugs are used to increase double-strand breaks. We analyzed the three repeats known as
Repeats B, D, and L (Arrieta-Montiel et al., 2009) 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 4.2B). 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 (unpaired T-test p<0.05, Figure 4.2C).

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
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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 up-regulated in ung mutants. To test this hypothesis, we assayed transcript levels of
several candidate genes known to be involved in DSBR (Abdelnoor et al., 2003, Khazi et
al., 2003, Edmondson et al., 2005, Odahara et al., 2007, Shedge et al., 2007, Arrieta-
Montiel et al., 2009, Miller-Messmer et al., 2012, Gualberto et al., 2014, Wallet et al.,
2015, Gualberto and Newton, 2017) 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
4.3). 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 differential expression compared to wild-type (unpaired T-test p>0.05).

DISCUSSION

In the mitochondrion as well as in the nucleus and chloroplast, cytosine is subject
to deamination to uracil. This could potentially lead to transition mutations, and is dealt
with by a specialized base excision repair pathway. The first step in this pathway is
hydrolysis of the glycosidic bond by the enzyme Uracil-N-glycosylase (UNG), leaving
behind an abasic site (Cordoba-Cafiero et al., 2010). An AP endonuclease can then cut
the DNA backbone, producing a 3’ OH and a 5’ dRP. Both DNA polymerases found in
Arabidopsis mitochondria, POL1A and POL1B, exhibit 5’-dRP lyase activity, allowing
them to remove the 5° dRP and polymerize a new nucleotide replacing the uracil
(Trasvifia-Arenas et al., 2018). In the absence of functional UNG protein, cytosine will

still be deaminated in plant mitochondrial genomes, so efficient removal of uracil must be
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through a different repair mechanism, most likely DSBR (Christensen, 2014, Christensen,
2018). We have found that in ung mutant lines, there are significant changes in the
relative abundance of parental and recombinant forms of intermediate repeats, as well as
an increase in the expression of genes known to be involved in DSBR, consistent with

this hypothesis.

We have shown that when cytosine deamination is increased by the expression of
the APOBEC3G cytidine deaminase in plant mitochondria, ung lines accumulate more G-
C to A-T transitions than wild-type. Surprisingly, we have also found that under normal
cellular conditions, without the added deamination activity of APOBEC3G, ung lines do
not accumulate G-C to A-T transition mutations at a higher rate than wild-type. This
finding is particularly surprising given the presumed bottlenecking of mitochondrial
genomes during female gametogenesis, and given the deliberate bottleneck in the
experimental design of single-seed descent for 10 generations. This finding supports the
hypothesis that plant mitochondria have a very efficient alternative damage surveillance
system that can prevent G-C to A-T transitions from becoming fixed in the mitochondrial

population.

The angiosperm MSHL1 protein consists of a DNA mismatch binding domain
fused to a double-stranded DNA endonuclease domain (Abdelnoor et al., 2006,
Kleinstiver et al., 2013). Although mainly characterized for its role in recombination
surveillance (Shedge et al., 2007), MSH1 is a good candidate for a protein that may be
able to recognize and bind to various DNA lesions and make DSBs near the site of the
lesion, thus funneling these types of damage into the DSBR pathway. With many

mitochondria and many mitochondrial genomes in each cell there are numerous available
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templates to accurately repair DSBs through homologous recombination, making this a
plausible mechanism of genome maintenance. Here we show that in ung lines, MSH1 is
transcriptionally upregulated more than 5-fold compared to wild-type. This further
supports the hypothesis that MSH1 initiates repair in plant mitochondria by creating a

double-strand break at G-U pairs, and possibly other mismatches and damaged bases.

Several other proteins involved in processing plant mitochondrial DSBs have
been characterized. The RECA homologs, RECA2 and RECA3, are homology search and
strand invasion proteins (Xu and Marians, 2002, Khazi et al., 2003, McGrew and Knight,
2003, Odahara et al., 2007, Shedge et al., 2007, Rowan et al., 2010, Miller-Messmer et
al., 2012). The two mitochondrial RECAs share much sequence similarity, however
RECAZ2 is dual targeted to both the mitochondria and the chloroplast, while RECA3 is
found only in the mitochondria (Shedge et al., 2007, Miller-Messmer et al., 2012).
RECA3 also lacks a C-terminal motif present on RECAZ2 and most other homologs. This
motif has been shown to modulate the ability of RECA proteins to displace competing
ssDNA binding proteins in E. coli (Eggler et al., 2003). Arabidopsis reca2 mutants are
seedling lethal and both reca2 and reca3 lines show increased ectopic recombination at
intermediate repeats (Miller-Messmer et al., 2012). Arabidopsis RECA2 has functional
properties that RECA3 cannot perform, such as complementing a bacterial recA mutant
during the repair of UV-C induced DNA lesions (Khazi et al., 2003). Here we show that
in ung lines, RECAZ is transcriptionally upregulated more than 3-fold compared to the
wild-type. However, RECA3 is not upregulated in ung lines. Responding to MSH1-

initiated DSBs may be one of the functions unique to RECAZ2. The increased expression
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of RECAZ in the absence of a functional UNG protein is further evidence that uracil

arising in DNA may be repaired through the mitochondrial DSBR pathway.

The ssDNA binding protein OSB1 is upregulated over 3-fold. At a double strand
break, OSB1 competitively binds to sSDNA and recruits the RECA proteins to promote
the repair of a double strand break by a homologous template and avoid the error-prone

microhomology-mediated end-joining pathway (Garcia-Medel et al. 2019).

We also tested the differential expression of other genes known to be involved in
processing mitochondrial DSBs. The single stranded binding protein genes WHY?2 and
SSB were not found to be differentially expressed at the transcript level compared to
wild-type. The presence of different sSSDNA binding proteins influences which pathway
of DSBR a break is repaired by (Garcia-Medel et al. 2019). Increased amounts of WHY 2

and SSB may not be needed to accurately repair induced DSBs in the ung lines.

The specific patterns of recombination at mitochondrial intermediate repeats are
different between wild-type, ung mutants, and DSBR mutants. In mshl lines, there is an
increase in repeat recombination likely due to relaxed homology surveillance in the
absence of the MSH1 protein (Shedge et al., 2007). In mutant lines of ssSDNA binding
proteins involved in DSBR, such as recA2, recA3, and osbl1 (Miller-Messmer et al. 2012,
Zaegel et al. 2006), there is an increase in repeat recombination due to differences in the
way DNA ends are handled in the absence of the sSDNA binding proteins. In ung lines,
the mitochondrial recombination machinery is still intact, so any differences in repeat
recombination between ung lines and wild-type are not due to differences in processing

the DSB, but due to the increase in the amount of DSBs in the absence of UNG.
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Plant mitochondrial genomes likely replicate by recombination-dependent
replication (RDR) (Backert and Borner, 2000). Most organellar genome replication
occurs in meristematic tissue, where mitochondria fuse together to form a large, reticulate
mitochondrion (Segui-Simarro et al. 2008). This mitochondrial fusion provides a means
to homogenize mtDNA by gene conversion, and repair lesions through homologous
recombination (Rose and McCurdy, 2017). As cells differentiate and age, organellar
genomes degrade (Bendich 2003). Clearly there is a difference in mitochondrial DNA
maintenance in mature cells compared to young cells, either due to a lack of DNA repair

in mature mitochondria, or a difference in DNA repair mechanism.

In young leaves, there is no significant difference in recombination at
intermediate repeats between ung lines and wild-type. In meristematic cells,
mitochondrial fusion brings many copies of the mitochondrial genome together,
providing many possible templates for the accurate repair of Uracil by homologous
recombination. In mature leaves, ung lines show a reduction in parental type repeats
compared to wild-type. This indicates that there is an increase in double strand breaks
and an increase in attempted DSBR by break-induced replication at intermediate repeats.
However, MSH1 aborts recombination at the heteroduplexes that form during
recombination at intermediate repeats (Shedge et al., 2007)(see Figure 4.4). The dispersal
of subgenomic molecules into individual mitochondria during cell maturation and
differentiation increases the difficulty of finding a long homology for DNA repair,
leading to an increase in aborted recombination at intermediate repeats and may help

explain the degradation of mtDNA in mature cells.
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To determine the outcomes of genomic uracil in the absence of a functional UNG
protein, we sequenced the genomes of several ung lines. No fixed mutations of any kind
were found in ung lines, even after 10 generations of self-crossing. Low frequency
heteroplasmic SNPs were found in both wild-type and ung lines, but ung lines showed no
difference in the ratio of G-C to A-T transitions to other mutation types when compared

to wild-type.

Clearly the double-strand break repair pathway in plant mitochondria can repair
uracil in DNA sufficiently to prevent mutation accumulation in the absence of the UNG
protein. Why then has the BER pathway been conserved in plant mitochondria while
NER and MMR have apparently been lost? DSBR protects the genome efficiently from
mutations in plants growing under ideal conditions, but cannot successfully repair all
lesions when the rate of cytosine deamination is increased (see Table 4.1). Throughout
the evolutionary history of Arabidopsis thaliana and into the present, wild growing plants
are exposed to a range of growth conditions and stresses that experimental plants in a
greenhouse avoid. The rate of spontaneous cytosine deamination increases with
increasing temperature (Drake and Baltz, 1976, Lewis et al., 2016), so DSBR alone may
not be able repair the extent of uracil found in DNA across the range of temperatures a
wild plant would experience, providing the selective pressure to maintain a distinct BER

pathway in plant mitochondria.

Here we have provided evidence that in the absence of a dedicated BER pathway,
plants growing in greenhouse growth chamber conditions do not accumulate
mitochondrial SNPs at an increased rate. Instead, DNA damage is accurately repaired by

double-strand break repair which also causes an increase in ectopic recombination at



79

identical non-tandem repeats. It has recently been shown that mice lacking a different
mitochondrial BER protein, oxoguanine glycosylase, also do not accumulate
mitochondrial SNPs (Kauppila et al., 2018). Here we show that in plants base-excision
repair by UNG is similarly unnecessary to prevent mitochondrial mutations in growth
chamber conditions. Perhaps a generalized system of DNA repair also exists in
mammalian mitochondria similar to the broad capacity of DSBR to repair different
lesions in plant mitochondria. Clearly DSBR is efficient and accurate, and the presence of
the UNG pathway reduces ectopic recombination slightly and can successfully repair
uracil in DNA even if the rate of cytosine deamination is increased. Double strand break
repair and recombination are important mechanisms in the evolution of plant
mitochondrial genomes, but many key enzymes and steps in the repair pathway are still
unknown. Further identification and characterization of these missing steps is sure to
provide additional insight into the unique evolutionary dynamics of plant mitochondrial

genomes.

METHODS

Plant growth conditions

Arabidopsis thaliana Columbia-0 (Col-0) seeds were obtained from Lehle Seeds
(Round Rock, TX, USA). UNG (AT3G18630) T-DNA insertion hemizygous lines were
obtained from the Arabidopsis Biological Resource Center, line number CS308282.
Hemizygous T-DNA lines were self-crossed to obtain homozygous lines (Genotyping
primers: wild-type 5>-TGTCAAAGTCCTGCAATTCTTCTCACA-3’ and
5’-TCGTGCCATATCTTGCAGACCACA-3’,

ung 5’-ATAATAACGCTGCGGACATCTACATTTT-3’ and
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5-ACTTGGAGAAGGTAAAGCAATTCA-3). All plants were grown in walk-in growth
chambers under a 16:8 light:dark schedule at 22°C. Plants grown on agar were surface
sterilized and grown on 1x Murashige and Skoog Basal Medium (MSA) with Gamborg’s
vitamins (Sigma) with Spg/mL Nystatin Dihydrate to prevent fungal contamination.

Vector construction

The APOBEC3G gene was synthesized by Life Technologies Gene Strings
(Carpenter et al 2010) using Arabidopsis thaliana preferred codons and including the 62
amino acid mitochondrial targeting peptide (MTP) from Alternative Oxidase on the N-
terminus of the translated protein. The MTP-APOBEC3G construct was cloned into the
vector pUB-DEST (NCBI:taxid1298537) driven by the ubiquitin (UBQ10) promoter and
transformed into wild-type and ung Arabidopsis thaliana plants by the Agrobacterium
floral dip method (Clough and Bent 1998). To ensure proper mitochondrial targeting of
the MTP-APOBEC3G construct, the construct was cloned into pK7FWG2 with a C-
terminal GFP fusion (Karimi et al. 2002). Arabidopsis thaliana plants were again
transformed by the Agrobacterium floral dip method and mitochondrial fluorescence was

confirmed with fluorescence microscopy.

RT-PCR

RNA was extracted from young leaves of plants grown in soil during ung
generation ten (Onate-Sanchez and Vicente-Carbajosa, 2008). Reverse transcription using
Bio-Rad iScript was performed and the resulting cDNA was used as a template for g°PCR
to measure relative transcript amounts. Quantitative RT-PCR data was normalized using
UBQ11 as a housekeeping gene control. Reactions were performed in a Bio-Rad CFX96

thermocycler using 96 well plates and a reaction volume of 20uL/well. SYBRGreen
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mastermix (Bio-Rad) was used in all reactions. Three biological and three technical
replicates were used for each amplification. Primers are listed in Table S2. The MIQE
guidelines were followed (Bustin et al., 2009) and primer efficiencies are listed in Table
S3. The thermocycling program for all RT-gPCR was a ten-minute denaturing step at 95°
followed by 45 cycles of 10s at 95°, 15s at 60°, and 13s at 72°. Following amplification,
melt curve analysis was done on all reactions to ensure target specificity. The melt curve

program for all RT-gPCR was from 65°-95° at 0.5° increments for 5s each.

Repeat recombination gPCR

DNA was collected from the mature leaves of Columbia-0 and generation ten ung
plants using the CTAB DNA extraction method (Allen et al., 2006). qPCR was
performed using primers from the flanking sequences of the intermediate repeats. Primers
are listed in Table S1. Using different combinations of forward and reverse primers,
either the parental or recombinant forms of the repeat can be selectively amplified (see
Figure 1A). The mitochondrially-encoded COX2 and RRN18 genes were used as
standards for analysis. Reactions were performed in a Bio-Rad CFX96 thermocycler
using 96 well plates with a reaction volume of 20uL/well. SYBRGreen mastermix (Bio-
Rad) was used in all reactions. Three biological and three technical replicates were used
for each reaction. The thermocycling program for all repeat recombination g°PCR was a
ten-minute denaturing step at 95° followed by 45 cycles of 10s at 95°, 15s at 60°, and a
primer specific amount of time at 72° (extension times for each primer pair can be found
in Table S1). Following amplification, melt curve analysis was done on all reactions to
ensure target specificity. The melt curve program for all g°PCR was from 65°-95° at 0.5°

increments for 5s each.
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DNA sequencing

DNA extraction from frozen young leaves of Columbia-0, generation 10 ung, and
APOBEC3G plants was done by a modification of the SPRI magnetic beads method of
Rowan et al (Rowan et al., 2015, Rowan et al., 2017). Genomic libraries for paired-end
sequencing were prepared using a modification of the Nextera protocol (Caruccio, 2011),
modified for smaller volumes following Baym et al (Baym et al., 2015). Following
treatment with the Nextera Tn5 transpososome 14 cycles of amplification were done.
Libraries were size-selected to be between 400 and 800bp in length using SPRI beads
(Rowan et al., 2017). Libraries were sequenced with 150bp paired-end reads on an
[llumina HiSeq 4000 by the Vincent J. Coates Genomics Sequencing Laboratory at UC

Berkeley.

Reads were aligned using BWA-MEM v0.7.12-r1039 (Li, 2013). The reference
sequence used for alignment was a file containing the improved Columbia-0
mitochondrial genome (accession BK010421.1) (Sloan et al., 2018) as well as the TAIR
10 Arabidopsis thaliana nuclear chromosomes and chloroplast genome sequences
(Berardini et al., 2015). Using Samtools v1.3.1 (Li et al., 2009), bam files were sorted for

uniquely mapped reads for downstream analysis.

Organellar variants were called using VarDict (Lai et al., 2016). To minimize the
effects of sequencing errors, SNPs called by VarDict were filtered by the stringent quality
parameters of Allele Frequency > 0.05, Qmean > 30, MQ > 30, NM < 3, Pmean > §, Pstd
=1, AltFwdReads > 3, and AltRevReads > 3. The mitochondrial reference genome
positions corresponding to RRN18 and RRN26 were excluded from analysis because they

have similarity to bacterial 16S and 23S ribosomal RNAs, respectively. Sequencing reads
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from contaminating soil bacteria can be misaligned to these positions and falsely called
as low frequency SNPs. No other mitochondrial sequences show enough similarity to

bacterial genes to be misaligned by BWA MEM.

Nuclear variants were called using Samtools mpileup (v. 1.3.1) and Bcftools call
(v. 1.2) and filtered for a call quality of 30. To avoid false positives, a 5 Mb region of

each chromosome was used for analysis, avoiding centromeric and telomeric regions.

Accession Numbers

Fastq files generated from Illumina sequencing of ung lines and wild-type control

are available from the Sequence Read Archive, BioProject ID PRINA492503.
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Figure 4.1: Mitochondrial targeting of a GFP labeled MTP-APOBEC3G construct.

Fluorescence microscopy of an Arabidopsis thaliana plant transformed with an MTP-
APOBEC3G-GFP construct. Green mitochondria indicate the proper expression and

targeting of the construct. Autofluorescence of chloroplasts can be seen in red.
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Table 4.1: Heteroplasmic mitochondrial SNPs in Col-0 wild-type, ung mutant lines,

Col-0 MTP-A3G, and ung MTP-A3G. SNPs were called using VarDict as described in

Methods. SNP counts are shown for the entire mitochondrial genome, sorted by the type

of change. Only lines with average mitochondrial depth greater than 125x are used in this

analysis

Col-0
ungl15
ung159
ung163
ungl76
ung198
ung201
ung203
Col-0
MTP-A3G
ung
MTP-A3G

GC-
AT
41
19
20
38
37
31
37
28

44

81
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TA

GC-
CG

W orTorT kOO wwo

SN

SN
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AT-
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o N o1 w N

&~ 00

AT-
CG

NWPhoWWEFE WW

Total

71
38
39
69
66
69
72
60

74

119

GC-AT/total

0.577465
0.5
0.512821
0.550725
0.560606
0.449275
0.513889
0.466667

0.594595

0.680672
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Table 4.2: 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 Methods. SNP

counts are shown for 5Mb regions of each chromosome.

Col-0
ungl15
ung159
ungl63
ungl76
ung198
ung201
ung203
Col-0
MTP-A3G
ung
MTP-A3G

GC-AT  Total SNPs

287
1207
1396

260

650
1301
1311
1313

334

888

2173
10967
12676

2281

6427
11679
13713
12702

2756

7310

Ratio
0.132075
0.110057
0.110129
0.113985
0.101136
0.111397
0.095603

0.10337

0.12119

0.121477
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Figure 4.2: gPCR 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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Figure 4.3: Quantitative RT-PCR assays of enzymes involved in 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).
OSBL is nearly significantly upregulated in ung lines relative to wild-type (3.07-fold

increase. Unpaired T-test p=0.053).
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A double strand break with resected ends

Strand invasion at an intermediate repeat

|
|

Strand displacement into flanking sequence forms a heteroduplex

MSH1 binds to heteroduplex and initiates a new DSB

Single strand nicks may be ligated

Figure 4.4: Model for the loss of intermediate repeats due to aborted base excision
repair. Red strands represent short homologous sequences at an intermediate repeat, blue
and purple strands represent flanking regions. As part of the homology surveillance
system, MSH1 binds to heteroduplexes that form at the margins of recombining
intermediate repeats. Endonuclease activity at the heteroduplex creates a break between
the annealing strands. The invaded strand (purple) can be ligated back together, while the
invading strand (red) remains broken.
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APPENDICES

Appendix Al: Rousfinder.py

#! /usr/bin/env python
import sys, math, os, argparse, csv
csv.field_size_limit(sys.maxsize)

January 16, 2018 version 1.1

Find dispersed repeated sequences in genomes.

Designed for plant mitochondrial genomes of up to a few Mbp.

May be very slow with larger genomes.

Blast can also sometimes give odd results with large or highly repetetive genomes.

HH O HH

++

Gaps, or runs of 'N's in the sequence will definitely give weird results.

# The program assumes there aren't any, and that the longest repeat will be the full
sequence to itself.

# If there are long repeats in the output that are listed as being only at one locat
ion, this is probably what happened.

If there are a lot of repeats within repeats the results can also be odd.

Copyright Alan C. Christensen, University of Nebraska, 2018

No guarantees, warranties, support, or anything else is implicit or explicit.
Input is a fasta format file of a sequence. Genbank format works but generates lot

of error messages in stdout.

Output is a list of unique, ungapped repeated sequences, fasta formatted.

The names are in the format '>Repeat/ROUS_name_start_end_length'.

Percent identity is limited to >=99%, to allow for sequencing errors of <1%.

A table of repeats with the coordinates of each one is generated.

A list of repeat name, length and copy number is generated.

A binned table of the total number of repeats in size ranges is generated.

PARAMETERS

REQUIRED:
input file in fasta format

Optional
-0 output file name
-m minimum length of exact matches to keep
-b path to blastn (default is /usr/bin/)
-k keep temp files
-gb to write the repeats to a genbank format file

T T T T e E R L R

parser = argparse.ArgumentParser(description="'Find repeats in a fasta sequence file'
)

parser.add_argument('infile', action='store', help='Input .fasta file')
parser.add_argument('-

o', action='store', dest='outfile', help='Output file name seed, default is input_re
peats', default='default')

parser.add_argument('-

m', action='store', dest="minlen', help='Minimum length of matches to keep, default=
24', default='24")

parser.add_argument('-

b', action="'store', dest='blast_path', help='Path to blastn program, default is /usr
/bin/"', default='/usr/bin/")

parser.add_argument('-

k', action='store_true', dest='keep', help='True to keep temp files', default=False)
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parser.add_argument('-

gb', action="'store_true', dest='genbank', help='True to write GenBank format file',
default=False)

results = parser.parse_args()

infile = results.infile

outfile = results.outfile

minlen = int(results.minlen)

blast_path = results.blast_path

keep = results.keep

genbank = results.genbank

# It might be useful to define the wordsize as something less than minlen, so both v
ariables are used.

# Wordsize smaller than minlen would give smaller core identical sequences in the mi
ddle of repeats.

# An example might be to change this to wordsize = str(int(minlen/2)).

wordsize = str(minlen)

# If no output file seed is specified, make one by stripping leading directory infor
mation
# and stripping trailing .fa or .fasta from the input file name and using that.
if outfile == 'default':

outfile = infile

if outfile.count('/') > o:

for i1 in range(outfile.count('/"')):
index = outfile.index('/")
outfile = outfile[index+1:]
if outfile.endswith('.fa') or outfile.endswith('.fasta'):
outfile = outfile.rstrip('fasta’)

outfile = outfile.rstrip('.")
outfa = outfile+' rep.fasta’
outtab = outfile+'_rep_table.txt'
outbin = outfile+'_binned.txt'
outcount = outfile+' _rep_counts.txt'
outgb = outfile+' repeats.gb.txt'
tempblast = outfile+' tempblast.txt'
temprepeats = outfile+' temprepeats.txt'
tempparse = outfile+'_sequence_parsing.txt'

# Get sequence name and length from fasta file.
seq = open(infile, 'r'")
seqname = seq.readline()
segname = seqgname.lstrip('> ')
segname = seqgname.rstrip()
seqlen = 0
for line in seq:

if(line[@] == ">"):

continue

seqlen += len(line.strip())

seq.close()

# run blastn with query file plus strand (removing first line which is full length s
equence), minus strand, and concatenate

print 'Performing self-blastn comparison with '+seqgname

os.system(blast_path+'blastn -query '+infile+' -strand plus -subject '+infile+' -
word_size '+wordsize+' -reward 1 -penalty -20 -ungapped -dust no -

soft_masking false -evalue 1000 -

outfmt "1@ gstart gend length sstart send mismatch sstrand gseq" | tail -

n+2 > tempblastl.txt')

os.system(blast_path+'blastn -query '+infile+' -strand minus -subject '+infile+' -
word_size '+wordsize+' -reward 1 -penalty -20 -ungapped -dust no -
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soft_masking false -evalue 1000 -
outfmt "10 gstart gend length sstart send mismatch sstrand qseq" > tempblast2.txt')

os.system('cat tempblastl.txt tempblast2.txt > '+tempblast)
os.system('rm tempblastl.txt tempblast2.txt')

# open tempblast.txt, convert to list of lists, and sort by length and position desc
ending

# This is necessary because blastn does not output every possible pair of hits when
there are more than 2 copies of a repeat

print 'Sorting alignments...'

f = open(tempblast, 'r')

reader = csv.reader(f)

alignments = list(reader)

f.close()

alignments = sorted(alignments, key=lambda x: (-1*int(x[2]), -1*int(x[@])))
alignments.append(['1','1"','1",'1','1"','@"',"'A",'X"])

# New list of uniques
# Text file '_sequence_parsing.txt' includes the information on how duplicates were
found.
# Start at row ©. Compare to subsequent rows.
# If repeat length is different from the next row, it has passed all the tests, writ
e it to the file.
# If query or subject coordinates are the same as the query or subject or reversed c
oordinates
# of a subsequent row, it is not unique, so go to the next row and do the comparison
s again.
# Thanks to Alex Kozik for repeatedly testing and finding bugs in the algorithm.
print 'Finding unique repeats...'
uniques = []
sp = open(tempparse, 'w')
for row in range(len(alignments)):

sp.write('row "+str(row)+'\n')

if int(alignments[row][2]) < minlen:
# This won't happen unless the word _size is defined as something other than

minlen.
# That could be useful under some circumstances.
sp.write('row '+str(row)+' is less than minlength')
break
else:

for compare in range(row+l,len(alignments)):
if alignments[row][2] != alignments[compare][2]:
uniques.append(alignments[row])
sp.write('\tadding row '+str(row)+' to unique list\n')
break
else:
sp.write('\tcomparing to '+str(compare)+'\n")

if alignments[row][@] == alignments[compare][@] and alignments[row][
1] == alignments[compare][1]:
sp.write('\tgstart and gend of row '+str(row)+' and '+str(compar
e)+' are the same\n')
break
elif alignments[row][@] == alignments[compare][1] and alignments[row
1[1] == alignments[compare][0]:
sp.write('\tgstart and gend of row '+str(row)+' is the same as q
end and gstart of '+str(compare)+'\n')



break
elif alignments[row][@] ==
1[1] == alignments[compare][4]:
sp.write('\tgstart and
start and send of '+str(compare)+'\n')
break
elif alignments[row][0@] ==

1[1] == alignments[compare][3]:
sp.write('\tgstart and
end and sstart of '+str(compare)+'\n")

break
elif alignments[row][3] ==
alignments[compare][1]:
sp.write('\tsstart and
start and gend of '+str(compare)+'\n')
break
elif alignments[row][3
1[4] == alignments[compare][0]:
sp.write('\tsstart and
end and gstart of '+str(compare)+'\n')
break
elif alignments[row][3
1[4] == alignments[compare][4]:
sp.write('\tsstart and
start and send of '+str(compare)+'\n')
break
elif alignments[row][3
1[4] == alignments[compare][3]:
sp.write('\tsstart and
end and sstart of '+str(compare)+'\n')
break
else:

104] ==
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alignments[compare][3] and alignments[row

gend of row '+str(row)+' is the same as s

alignments[compare][4] and alignments[row

gend of row '+str(row)+' is the same as s

alignments[compare][@] and alignments[row

send of row '+str(row)+' is the same as q

alignments[compare][1] and alignments[row

send of row '+str(row)+' is the same as q

alignments[compare][3] and alignments[row

send of row '+str(row)+' is the same as s

alignments[compare][4] and alignments[row

send of row '+str(row)+' is the same as s

sp.write('\t'+str(row)+' is different\n')

sp.close()

# Write uniques into output file

# Start list for copy number table
rous_count = 0@
g = open(outfa,
repcopies = []

'WI)

for i1 in range(len(uniques)):
gstart = uniques[i][@]
gend = uniques[i][1]
length = uniques[i][2]
seq = uniques[i][7]

rous_count += 1
g.write('>Repeat_'+str(rous_count)+'\n

"+seqg+'\n")

repcopies.append(['Repeat_'+str(rous_count),length])

if rous_count ==

print "\tRepeats of unusual size? I don't think they exist"

g.close()

print 'Repeat fasta file is done, as you wish.'

# Now find each copy of each repeat. Again,

oes not have every possible alignment.

this is because the blastn output file d

# It is also because the information on locations and strand is not organized well i

n the blastn output.
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# In addition, this subroutine eliminates duplicates of nested repeats.

print "Finding all copies of repeats..."

g = open(outfa, 'r")

os.system(blast_path+'blastn -query '+outfa+' -strand both -subject '+infile+' -
word_size '+wordsize+' -reward 1 -penalty -20 -ungapped -dust no -

soft_masking false -evalue 1000 -

outfmt "10 gseqid length sstart send sstrand qcovhsp" > '+temprepeats)

g.close()

tempr = open(temprepeats, 'r')

reader = csv.reader(tempr)

replist = list(reader)

tempr.close()

print "Making a table of the repeats..."
sum_rep_len = ©

bin_dict = {}

binned = [segname,seqlen,0]

# defining the bins

i=o90

j =50

while j < 1000:
bin_dict[i] = j
binned.append(©@)
i+=1
j += 50

while j <= 10000:
bin_dict[i] = j
binned.append(©@)
i+=1
j += 250

# make list for entire sequence, set each position as ©
posit = []
for n in range(seqlen):

posit.append(9@)

Thanks to Emily Wynn for suggesting qcovhsp for this loop.

if qcovhsp is >98%, write to the file

write tab separated values of repeat name, length, start, end, strand to outtab
make list for genbank file

Keep stats on lengths

rt = open(outtab, 'w')

rt.write(segname+'\t'+str(seqlen)+'\n")

templist = []

gblist =[]

T T s

# look at each repeat in turn
for i in range(len(replist)):
# if repeat is good (>98% identical to another one), write it to the file, and p
ut the name in a list
if int(replist[i][5])>98:
rt.write(str(replist[i][0])+'\t'+str(replist[i][1])+ '\t '+str(replist[i][2])+
"\t'+str(replist[i][3])+'\t '+str(replist[i][4])+'\n")
if replist[i][4] == 'minus’':
location = 'complement('+replist[i][3]+'.. '+replist[i][2]+")"
else:
location = replist[i][2]+'.. "+replist[i][3]
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gblist.append(" repeat_region "+location+'\n /rpt_
type=dispersed\n /label="+replist[i][@]+'\n")
templist.append(replist[i][0])
# then write 1's at every position in the sequence covered by that repeat
# these can then be summed to get total bases of repeats
# bases in overlapping repeats are only counted once
for n in range(int(replist[i][2]), int(replist[i][3])):
posit[n] =1
# then scan through bin sizes and if a repeat is greater than the
# bin_dict size cutoff, add one to the bin
for j in range(len(binned)-4, -1, -1):
if int(replist[i][1]) >= bin_dict[j]:
binned[j+3] +=1
break
sum_rep_len = posit.count(1)
binned[2] = sum_rep_len
rt.close()
if genbank == True:
gb = open(outgb, 'w')
for i in range(len(gblist)):
gb.write(gblist[i])
gb.close()

# write tab separated values of repeat name, length, copy number to outcount
# first two lines are also a table of stats on repeats

rc = open(outcount, 'w")
rc.write('Sequence\tGenome_size\tNumRepeats\tAvgSize\tAvgCopyNum\n")

numrous = 0
sizerous = 0@
copyrous = 0
for i in range(len(repcopies)):
repname = repcopies[i][0]
replen = float(repcopies[i][1])
repcop = float(templist.count(repname))

numrous += 1
sizerous += replen
copyrous += repcop

if numrous == 0:
avsizerous = 'NA'
avcopyrous = 'NA’

else:

avsizerous = sizerous/numrous
avcopyrous = copyrous/numrous

rc.write(segname+'\t'+str(seqlen)+'\t'+str(numrous)+'\t'+str(avsizerous)+'\t'+str(av
copyrous)+'\n')

for i in range(len(repcopies)):
rc.write(repcopies[i][@]+'\t'+repcopies[i][1]+'\t"'+str(templist.count(repcopies[

iJ[e]))+"\n")
rc.close()
# Write binned table headers, then stats for this sequence.

binfile = open(outbin, 'w')
binfile.write('Sequence\tSeq_len\tRep_ len\t')
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for i in range(len(bin_dict)):
binfile.write(str(bin_dict[i])+'\t")

binfile.write('\n")

for i in range(len(binned)):
binfile.write(str(binned[i])+'\t")

binfile.write('\n")

binfile.close()

print "Repeat tables are done, as you wish."

# Removing temp files if necessary
if keep == False:
os.system('rm '+tempblast+' '+temprepeats+' '+tempparse)

# Rachael Schulte, William Goldman and Rob Reiner inspired this section of code
quote_dict = {0:"48656c6c612e204d79206€616d6520697320496€696761204d616e746179612e205
96175206b696c6c6564206d79206661746865722e2050726570617265207461206469652e", 1:"57686
56e2049207761732079617572206167652c2074656Cc6576697369616€207761732063616Cc6C656420626
fefeb732e", 2:"486176652066756e20737461726d696€2720646120636173746¢c6521", 3:"4d79207
761792773206e61742076657279207370617274736d616e6c696b652e", 4:"596175206b65657020757
3696e67207468617420776172642e2049206461206e6174207468696e6b206974206d65616e732077686
17420796175207468696e6b206974206d65616e732e", 5:"4d757264657265642062792070697261746
57320697320676f6f642e",6:"496e63616€6365697661626c6521", 7:"546865726527732061206269
6720646966666572656€6365206265747765656€206d6173746C79206465616420616€6420616Cc6C2064
6561642e", 8:"59617520727573682061206d697261636c65206d616€2c207961752067657420726174
74656€206d697261636c65732e", 9:"47616164206e696768742c20576573746c65792e20476FT616420
7761726b2e20536c6565702077656Cc6C22049276c6c206d6T7374206C696b656C79206b696c6C20796F
7520696e20746865206d61726e696e672e",10: "4e61206d617265207268796d65732c2049206d65616€e
2069742120416€79626164792077616e742061207065616e75743f"}

import random, binascii

z = random.randint(0,10)

print binascii.unhexlify(quote_dict[z])+'\n'



Appendix A2: MultipleRepeats.py

#! /usr/bin/env python
import sys, math, os, argparse

# Usage: -din directory of files to find repeats in

# -word word_size

101

parser = argparse.ArgumentParser(description='Find repeats in a directory of fasta s

equence files')
parser.add_argument('-

din', action='store', dest='din', help="Input .fasta directory')

parser.add_argument('-

word', action='store', dest='word', help="Word size for blast')

results = parser.parse_args()
din = results.din
word = results.word

1li = os.listdir(din)

inputs = filter(lambda x: '.fasta' in x, 1i)

inputs.sort()

for i in range(len(inputs)):
infile = str(inputs[i])

os.system("/home/alan/applications/ROUSFinder.py -m "+word+

+din+infile)
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Appendix A3: Rousfinder2.py

#! /usr/bin/env python
import sys, math, os, argparse, csv
csv.field_size_limit(sys.maxsize)

Version 2.0, November 21, 2018

Changes: uses variable parameters

Find dispersed repeated sequences in genomes.

Designed for plant mitochondrial genomes of up to a few Mbp.

May be very slow with larger genomes.

Blast can also sometimes give odd results with large or highly repetetive genomes.

HHHHHH

*

Gaps, or runs of 'N's in the sequence will definitely give weird results.

# The program assumes there aren't any, and that the longest repeat will be the full
sequence to itself.

# If there are long repeats in the output that are listed as being only at one locat
ion, this is probably what happened.

If there are a lot of repeats within repeats the results can also be odd.

Copyright Alan C. Christensen, University of Nebraska, 2018

No guarantees, warranties, support, or anything else is implicit or explicit.
Input is a fasta format file of a sequence. Genbank format works but generates lot

of error messages in stdout.

Output is a list of unique, ungapped repeated sequences, fasta formatted.

The names are in the format '>Repeat/ROUS_name_start_end_length'.

A table of repeats with the coordinates of each one is generated.

A list of repeat name, length and copy number is generated.

A binned table of the total number of repeats in size ranges is generated.

PARAMETERS

REQUIRED:
input file in fasta format

Optional
-0 output file name
-m minimum length of exact matches to keep
-b path to blastn (default is /usr/bin/)
-k keep temp files
-gb to write the repeats to a genbank format file
-rew reward for match (default is 1)
-pen penalty for mismatch (default is 20)

HHFHFHFHAFHEFHFHEFEHFEF SR

parser = argparse.ArgumentParser(description='Find repeats in a fasta sequence file'
)

parser.add_argument('infile', action='store', help='Input .fasta file')
parser.add_argument('-

o', action='store', dest='outfile', help='Output file name seed, default is input_re
peats', default='default')

parser.add_argument('-

m', action='store', dest="minlen', help="'Minimum length of matches to keep, default=
50', default='50")

parser.add_argument('-

b', action="'store', dest='blast_path', help='Path to blastn program, default is /usr
/bin/', default='/usr/bin/")

parser.add_argument('-

k', action='store_true', dest='keep', help='True to keep temp files', default=False)

parser.add_argument('-

gb', action="'store_true', dest='genbank', help='True to write GenBank format file',
default=False)

parser.add_argument('-

rew', action='store', dest='reward', help='Reward for match', default='1")



103

parser.add_argument('-

pen', action='store', dest='penalty', help='Penalty for mismatch', default='20")
results = parser.parse_args()
infile = results.infile

outfile = results.outfile
minlen = int(results.minlen)
blast_path = results.blast_path
keep = results.keep

genbank = results.genbank
reward = results.reward

penalty = results.penalty

# It might be useful to define the wordsize as something less than minlen, so both v
ariables are used.

# Wordsize smaller than minlen would give smaller core identical sequences in the mi
ddle of repeats.

# An example might be to change this to wordsize = str(int(minlen/2)).

wordsize = str(minlen)

# If no output file seed is specified, make one by stripping leading directory infor
mation
# and stripping trailing .fa or .fasta from the input file name and using that.
if outfile == 'default':

outfile = infile

if outfile.count('/') > ©:

for i in range(outfile.count('/")):
index = outfile.index('/")
outfile = outfile[index+1:]
if outfile.endswith('.fa') or outfile.endswith('.fasta'):
outfile = outfile.rstrip('fasta’)

outfile = outfile.rstrip('.")
outfa = outfile+' rep.fasta’
outtab = outfile+'_rep_table.txt'
outbin = outfile+'_binned.txt'
outcount = outfile+' _rep_counts.txt'
outgb = outfile+' repeats.gb.txt'
tempblast = outfile+' tempblast.txt'
temprepeats = outfile+' temprepeats.txt'
tempparse = outfile+'_sequence_parsing.txt'

# Get sequence name and length from fasta file.
seq = open(infile, 'r'")
segname = seq.readline()
segname = seqgname.lstrip('> ')
segname = seqgname.rstrip()
seqlen = 0
for line in seq:

if(line[@] == ">"):

continue

seqlen += len(line.strip())

seq.close()

# run blastn with query file plus strand (removing first line which is full length s
equence), minus strand, and concatenate

print 'Performing self-blastn comparison with '+seqgname

os.system(blast_path+'blastn -query '+infile+' -strand plus -subject '+infile+' -
word_size '+wordsize+' -reward '+reward+' -penalty -'+penalty+' -ungapped -dust no -
soft_masking false -evalue 10 -

outfmt "1@ gstart gend length sstart send mismatch sstrand gseq" | tail -

n+2 > tempblastl.txt')
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os.system(blast_path+'blastn -query '+infile+' -strand minus -subject '+infile+' -
word_size '+wordsize+' -reward '+reward+' -penalty -'+penalty+' -ungapped -dust no -
soft_masking false -evalue 10 -

outfmt "10 gstart gend length sstart send mismatch sstrand gseq" > tempblast2.txt')

os.system('cat tempblastl.txt tempblast2.txt > '+tempblast)
os.system('rm tempblastl.txt tempblast2.txt')

# open tempblast.txt, convert to list of lists, and sort by length and position desc
ending

# This is necessary because blastn does not output every possible pair of hits when
there are more than 2 copies of a repeat

print 'Sorting alignments...'

f = open(tempblast, 'r')

reader = csv.reader(f)

alignments = list(reader)

f.close()

alignments = sorted(alignments, key=lambda x: (-1*int(x[2]), -1*int(x[@])))
alignments.append(['1','1"','1",'1','1"','0"',"'A",'X"])

# New list of uniques
# Text file '_sequence_parsing.txt' includes the information on how duplicates were
found.
# Start at row ©. Compare to subsequent rows.
# If repeat length is different from the next row, it has passed all the tests, writ
e it to the file.
# If query or subject coordinates are the same as the query or subject or reversed c
oordinates
# of a subsequent row, it is not unique, so go to the next row and do the comparison
s again.
# Thanks to Alex Kozik for repeatedly testing and finding bugs in the algorithm.
print 'Finding unique repeats...'
uniques = []
sp = open(tempparse, 'w')
for row in range(len(alignments)):

sp.write('row '+str(row)+'\n")

if int(alignments[row][2]) < minlen:
# This won't happen unless the word _size is defined as something other than

minlen.
# That could be useful under some circumstances.
sp.write('row '+str(row)+' is less than minlength')
break
else:

for compare in range(row+l,len(alignments)):
if alignments[row][2] != alignments[compare][2]:
uniques.append(alignments[row])
sp.write('\tadding row '+str(row)+' to unique list\n")
break
else:
sp.write('\tcomparing to '+str(compare)+'\n")

if alignments[row][@] == alignments[compare][@] and alignments[row][
1] == alignments[compare][1]:
sp.write('\tgstart and gend of row '+str(row)+' and '+str(compar
are the same\n')
break
elif alignments[row][@] == alignments[compare][1] and alignments[row
1[1] == alignments[compare][0]:

e)+



sp.write('\tgstart and
end and gstart of '+str(compare)+'\n")
break
elif alignments[row][@] ==
1[1] == alignments[compare][4]:
sp.write('\tgstart and
start and send of '+str(compare)+'\n')
break
elif alignments[row][©

1[1] == alignments[compare][3]:
sp.write('\tgstart and
end and sstart of '+str(compare)+'\n")
break
elif alignments[row][3] ==
1[4] == alignments[compare][1]:

sp.write('\tsstart and
start and gend of '+str(compare)+'\n')
break
elif alignments[row][3
1[4] == alignments[compare][0]:
sp.write('\tsstart and
end and gstart of '+str(compare)+'\n")
break
elif alignments[row][3] ==
1[4] == alignments[compare][4]:
sp.write('\tsstart and
start and send of '+str(compare)+'\n')
break
elif alignments[row][3] ==
1[4] == alignments[compare][3]:
sp.write('\tsstart and
end and sstart of '+str(compare)+'\n')
break
else:

105

gend of row '+str(row)+' is the same as q

alignments[compare][3] and alignments[row

gend of row '+str(row)+' is the same as s

alignments[compare][4] and alignments[row

gend of row '+str(row)+' is the same as s

alignments[compare][@] and alignments[row

send of row '+str(row)+' is the same as q

alignments[compare][1] and alignments[row

send of row '+str(row)+' is the same as q

alignments[compare][3] and alignments[row

send of row '+str(row)+' is the same as s

alignments[compare][4] and alignments[row

send of row '+str(row)+' is the same as s

sp.write('\t'+str(row)+' is different\n')

sp.close()

# Write uniques into output file

# Start list for copy number table
rous_count = 0@
g = open(outfa,
repcopies = []

'WI)

for i1 in range(len(uniques)):
gstart = uniques[i][@]
gend = uniques[i][1]
length = uniques[i][2]
seq = uniques[i][7]

rous_count += 1
g.write('>Repeat_'+str(rous_count)+'\n

"+seqg+'\n")

repcopies.append([ 'Repeat_'+str(rous_count),length])

if rous_count ==

print "\tRepeats of unusual size? I don't think they exist"

g.close()

print 'Repeat fasta file is done, as you wish.'

# Now find each copy of each repeat. Again, this is because the blastn output file d

oes not have every possible alignment.
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# It is also because the information on locations and strand is not organized well i
n the blastn output.
# In addition, this subroutine eliminates duplicates of nested repeats.

print "Finding all copies of repeats..."

g = open(outfa, 'r")

os.system(blast_path+'blastn -query '+outfa+' -strand both -subject '+infile+' -
word_size '+wordsize+' -reward 1 -penalty -20 -ungapped -dust no -

soft_masking false -evalue 1000 -

outfmt "10 gseqid length sstart send sstrand qcovhsp" > '+temprepeats)

g.close()

tempr = open(temprepeats, 'r')
reader = csv.reader(tempr)
replist = list(reader)
tempr.close()

print "Making a table of the repeats..."
sum_rep_len = ©

bin_dict = {}

binned = [segname,seqlen,@]

# defining the bins

i=o90

j =50

while j < 1000:
bin_dict[i] = j
binned.append(©@)
i+=1
j += 50

while j <= 10000:
bin_dict[i] = j
binned.append(©0)
i+=1
j += 250

# make list for entire sequence, set each position as ©
posit = []
for n in range(seqlen):

posit.append(9Q)

Thanks to Emily Wynn for suggesting qcovhsp for this loop.

if qcovhsp is >98%, write to the file

write tab separated values of repeat name, length, start, end, strand to outtab
make list for genbank file

Keep stats on lengths

rt = open(outtab, 'w')

rt.write(segname+'\t'+str(seqlen)+'\n")

templist = []

gblist =[]

HH B HH

# look at each repeat in turn
for i in range(len(replist)):
# if repeat is good (>98% identical to another one), write it to the file, and p
ut the name in a list
if int(replist[i][5])>98:
rt.write(str(replist[i][0])+'\t'+str(replist[i][1])+ '\t '+str(replist[i][2])+
"\t'+str(replist[i][3])+'\t'+str(replist[i][4])+'\n")
if replist[i][4] == 'minus’:
location = 'complement('+replist[i][3]+'.. +replist[i][2]+")"
else:
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location = replist[i][2]+'.. '+replist[i][3]
gblist.append(" repeat_region "+location+'\n /rpt_
type=dispersed\n /label="+replist[i][@]+'\n")
templist.append(replist[i][0])
# then write 1's at every position in the sequence covered by that repeat
# these can then be summed to get total bases of repeats
# bases in overlapping repeats are only counted once
for n in range(int(replist[i][2]), int(replist[i][3])):
posit[n] =1
# then scan through bin sizes and if a repeat is greater than the
# bin_dict size cutoff, add one to the bin
for j in range(len(binned)-4, -1, -1):
if int(replist[i][1]) >= bin_dict[j]:
binned[j+3] +=1
break
sum_rep_len = posit.count(1)
binned[2] = sum_rep_len
rt.close()
if genbank == True:
gb = open(outgb, 'w')
for i in range(len(gblist)):
gb.write(gblist[i])
gb.close()

# write tab separated values of repeat name, length, copy number to outcount
# first two lines are also a table of stats on repeats

rc = open(outcount, 'w")
rc.write('Sequence\tGenome_size\tNumROUS\tAvgSize\tAvgCopyNum\n')

numrous = 0
sizerous
copyrous

0
0

for i in range(len(repcopies)):
repname = repcopies[i][0]
replen = float(repcopies[i][1])
repcop = float(templist.count(repname))

numrous += 1
sizerous += replen
copyrous += repcop

if numrous ==
avsizerous = 'NA'
avcopyrous = 'NA’
else:
avsizerous = sizerous/numrous
avcopyrous = copyrous/numrous

rc.write(segname+'\t'+str(seqlen)+'\t'+str(numrous)+'\t'+str(avsizerous)+'\t'+str(av

copyrous)+'\n")

for i1 in range(len(repcopies)):
rc.write(repcopies[i][@]+'\t'+repcopies[i][1]+"'\t'+str(templist.count(repcopies[

iJ[e]))+"\n")

rc.close()

# Write binned table headers, then stats for this sequence.
binfile = open(outbin, 'w')
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binfile.write('Sequence\tSeq_len\tRep_len\t")

for i in range(len(bin_dict)):
binfile.write(str(bin_dict[i])+'\t")

binfile.write('\n")

for i in range(len(binned)):
binfile.write(str(binned[i])+'\t")

binfile.write('\n")

binfile.close()

print "Repeat tables are done, as you wish."

# Removing temp files if necessary
if keep == False:
os.system('rm '+tempblast+' '+temprepeats+' '+tempparse)

# Rachael Schulte, William Goldman and Rob Reiner inspired this section of code
quote_dict = {0:"48656c6c612e204d79206€616d6520697320496€696761204d616e746179612e205
96175206b696C6c6564206d79206661746865722e2050726570617265207461206469652e", 1:"57686
56€2049207761732079617572206167652c2074656c6576697369616e207761732063616c6c656420626
fefeb732e", 2:"486176652066756e20737461726d696€2720646120636173746¢c6521", 3:"4d79207
761792773206e61742076657279207370617274736d616e6c696b652e", 4:"596175206b65657020757
3696€67207468617420776172642e2049206461206e6174207468696e6b206974206d65616€732077686
17420796175207468696e6b206974206d65616e732e", 5:"4d757264657265642062792070697261746
57320697320676f6f642e",6:"496e63616€6365697661626c6521", 7:"546865726527732061206269
6720646966666572656€6365206265747765656e206d6173746C79206465616420616€6420616Cc6C2064
6561642e", 8:"59617520727573682061206d697261636c65206d616€2c207961752067657420726174
74656€206d697261636c65732e", 9:"47616164206e696768742c20576573746Cc65792e20476F6F6420
7761726b2e20536c6565702077656Cc6C22049276c6c206d6T7374206c696b656C79206b696C6C20796F
7520696e20746865206d61726e696e672e",10: "4e61206d617265207268796d65732c2049206d65616e
2069742120416€79626164792077616e742061207065616e75743f"}

import random, binascii

z = random.randint(0,10)

print binascii.unhexlify(quote_dict[z])+'\n'



