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Mitochondria are one of the major sites of reactive oxygen species (ROS) production in the plant cell. 

ROS can damage DNA, and this damage is in many organisms mainly repaired by the base excision 

repair (BER) pathway. We know very little about DNA repair in plants especially in the mitochondria. 

Combining proteomics, bioinformatics, Western blot and enzyme assays we here demonstrate that the 

complete BER pathway is found in mitochondria isolated from potato (Solanum tubersosum) tubers. 

The enzyme activities of three DNA glycosylases and an apurinic/apyrimidinic (AP) endonuclease 

were characterized with respect to Mg2+ dependence and, in the case of the AP endonuclease, 

temperature sensitivity. Evidence for the presence of the DNA polymerase and the DNA ligase, which 

complete the repair pathway by replacing the excised base and closing the gap, was also obtained. We 

tested the effect of oxidative stress on the mitochondrial BER pathway by incubating potato tubers 

under hypoxia. Protein carbonylation increased significantly in hypoxic tuber mitochondria indicative 

of increased oxidative stress. The activity of two BER enzymes increased significantly in response to 

this oxidative stress consistent with the role of the BER pathway in the repair of oxidative damage to 

mtDNA. 
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Abbreviations – APE, apurinic/apyrimidinic endonuclease; BER, base excision repair; MLM, mouse 

liver mitochondria; Neil1/2, Neil1/2 glycosylase; POM, potato mitochondria; ROS, reactive oxygen 

species; UNG, uracil DNA glycosylase, OGG1,8-oxoguanine-DNA glycosylase. 
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Introduction 

DNA can be damaged in different ways, many of which can lead to mutations (Grollman and Moriya 

1993, Kavli et al. 2007, Liu et al. 2016). It is therefore essential for the organism to be able to repair 

DNA damage. In mammalian cells different DNA repair pathways are present in both the nucleus and 

the mitochondria (Jeppesen et al. 2011). DNA repair is even more complex in plant cells as they 

contain a second DNA-containing organelle, the chloroplast (Oldenburg and Bendich 2015). 

One of the major sources of DNA damage is reactive oxygen species (ROS), which can modify DNA 

in a number of different ways where the major one is the formation of 8-oxoguanine (8-oxoG) 

(Maynard et al. 2009). As chloroplasts and mitochondria are major sites of ROS production in the 

plant cell (Maxwell et al. 1999, Møller 2001, Foyer and Noctor 2003), they need to have efficient 

systems for repairing their DNA especially with respect to oxidative DNA damage. Mammalian 

mitochondria contain several different repair pathways (Kazak et al. 2012); but the BER pathway 

repairs the majority of the DNA lesions produced by ROS. This pathway primarily corrects small base 

modifications caused by deamination, alkylation, and oxidation (Kim and Wilson 2012). It can 

proceed as either short-patch (exchange of a single nucleotide) or long-patch (repair tract of two or 

more nucleotides). The process takes place in five steps as shown in Fig. 1. Briefly, the first step is 

catalyzed by a specific DNA glycosylase with a well-defined substrate specificity, which recognizes 

the modified base, and cleaves the N-glycosidic bond creating an apurinic/apyrimidinic (AP) site. The 

glycosylases can be divided into (1) monofunctional glycosylases, which include uracil glycosylase 

(UNG) that removes non-oxidative base damage, due to deamination or alkylation, and (2)  

bifunctional glycosylases, which include e.g. Neil1/2 and OGG1 that excise oxidized DNA bases and 

in addition to the cleavage activity described above, also possess AP lyase activity. The latter allows 

the cleavage of the DNA backbone and generation of a 3’-deoxyribose phosphate (dRP) at the AP site. 

The AP site is then processed by an AP endonuclease (or in some cases by polynucleotide 

kinase/phosphatase (PNKP)), which creates a strand break with a 3’-hydroxyl end and a 5’(dRP) 

residue. The gap is then filled by an mtDNA polymerase, generally considered to be DNA polymerase 

γ  (Polγ) in mammals, but recently  DNA polymerase β (Polβγ has also been reported to be involved, 

not only in nuclear, but also in mitochondrial BER (Saxowsky et al. 2003, Sykora et al. 2017, Prasad 

et al. 2017). Recently, Trasvina-Arenas et al. (2018) identified two DNA polymerases in Arabidopsis 

thaliana (Arabidopsis), which may play a role in short-patch and long-patch BER, respectively. In 

long-patch BER the flap that is created is removed by a flap endonuclease. Finally, the nick is sealed 

by a DNA ligase. 

Unlike mtDNA in mammals, plant mtDNA has accumulated very few point mutations during 

evolution (Palmer and Herbon 1988, Lynch et al. 2006, Lynch 2007) suggesting that their DNA repair 

systems are very efficient. However, we know very little about the DNA repair systems in plant 

mitochondria (Gualberto and Newton 2017). Uracil-DNA glycosylase activity was detected in vitro in 
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mitochondria of Zea mays seedlings (Bensen and Warner 1987). Both uracil and AP endonuclease 

activity were characterized in vitro and in organelle assays with Arabidopsis and Solanum tuberosum 

mitochondria (Boesch et al. 2009). A number of enzymes have been predicted to be involved in 

mitochondrial BER in Arabidopsis as reviewed in (Gualberto and Newton 2017). 

 

In the present study, we have identified the main components of the BER pathway in potato tuber 

mitochondria (POM) by using a combination of immuno-detection, enzymatic assays, proteomics and 

bioinformatics. We have further characterized the response of the pathway to in vivo long-term 

hypoxia to induce oxidative stress. For some of the analyses we made comparisons to mouse liver 

mitochondria (MLM), which previously have been carefully characterized with regard to the BER 

pathway. 

 

Materials and methods 

Preparation and storage of mitochondria from potato tubers and mouse liver 

Highly purified and functional mitochondria were isolated from potato (Solanum tuberosum L. cv. 

Folva) tubers stored at 5-10°C by the method of Havelund (2014). MLM were isolated as described by 

Gredilla and Stevnsner (2012).  

The mitochondrial protein concentration was estimated by Bradford (1976) protein assay. 

 

Proteomic profiling of potato tuber mitochondria 

To identify as many low-abundance proteins as possible we performed a proteomic profiling using a 

more sensitive method than in previous studies (Supplementary data 7). 

 

Using this procedure more than 2600 different proteins were identified, out of which about 1600 

proteins were found in at least two samples. Only proteins related to the BER pathway are documented 

here (Table S2). The full proteome will be published elsewhere. 

 

NCBI databases 

The LC-MS data was searched against a database of S. tuberosum entries downloaded from NCBI in 

February 2014. When manually searching for the BER proteins (Supplementary data 1-6), a newer 

database of S. tuberosum entries from January 2017 was used. 

 

Hypoxia treatment   

Potato tubers stored in darkness at room temperature (25°C) for 3 days were incubated in a closed 

container under hypoxia (0.1/99.9% oxygen/nitrogen) for 48 h followed by normoxia for 24 h, all at 
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room temperature (22-24°C). Control sample was kept in darkness under normoxic conditions at room 

temperature. 

 

Oligonucleotides 

All oligonucleotides were purchased from DNA Technology and were radioactively labeled at the 5’-

end using γ-[32P]ATP (Perkin-Elmer) and T4 polynucleotide kinase (PNK) (Thermo Scientific, 

Roskilde, Denmark). Mixtures of 100 µg oligonucleotides containing the DNA lesion (Table 1), 20 

units of T4 PNK, PNK forward buffer A and 12.3 MBq γ-[32P]ATP were incubated for 90 min at 

37°C. Labeling was terminated by adding EDTA to a final concentration of 10 mM. Unincorporated γ-

[32P]ATP was removed using G50 Microspin columns. KCl was added to the eluate to a final 

concentration of 50 mM together with the corresponding complementary strand and the two were 

annealed by heating to 90°C followed by gradual and slow cooling of the reaction to room 

temperature.  

 

Mitochondrial DNA glycosylase activities 

Mitochondrial activity of various DNA glycosylases was measured after mitochondrial 

permeabilization in the presence of 0.05 % Triton X-100 and 0.3 M KCl for 2 min on ice. Incision 

assays were performed by incubating different protein amounts (as indicated) of purified MLM at 37 

°C and POM at 25°C in a 20 µl reaction volume in a reaction buffer containing 20 mM HEPES/KOH 

(pH 7.6), 75 mM KCl, 5% (v/v) glycerol, 2 mM DTT, 0.1 mg ml-1 BSA, 5 mM EDTA and, 7.5 mM 

dNTPs (glycosylase incision assay condition). For incision assay of 5-OH-dU and dU, 36 fmol of the 

corresponding duplexed 32P-end-labeled DNA substrate (Table 1) were used in the reactions with 

different concentrations of MgCl2 during 180 min (if not otherwise indicated). For incision of 8-Oxo-

dG 80 fmol of substrate (Table 1) was used with 10 mM MgCl2 in POM and 1 mM MgCl2 in MLM 

and the incubation time was 180 min. Reactions were stopped by adding 0.4 % SDS and 0.2 μg μl-1 of 

proteinase K, and by 30 min incubation at 55°C.  Finally, the samples were mixed with 20 μl of 

formamide dye loading buffer (80% formamide, 10 mM EDTA, 1 mg ml-1 xylene cyanol FF and, 1 

mg/mL Bromophenol Blue) and heated for 2 min at 90°C. It is our experience that this procedure leads 

to cleavage of the DNA backbone at abasic sites, which may not have been cleaved already by the AP-

lyase activity of the glycosylase. Thus, the observed amount of product shown in Figs 2-4 reflects the 

glycosylase activity and not the lyase activity of the bifunctional glycosylases. Substrates and products 

were separated using a 20% denaturing polyacrylamide gel, and the radioactively labeled DNA was 

visualized using Storage Phosphor screens (Amersham Bioscience), scanned using a Personal 

Molecular ImagerTM and quantified using Image Lab software (Bio-Rad). DNA enzyme activities 

were calculated as the number of pixels in the product band relative to the total pixels of both bands. If 
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a product band appeared in the absence of mitochondrial extract, this background was subtracted from 

the activity in the other samples. 

 

To identify nonspecific cleavage, all conditions measuring DNA glycosylase activities were also 

performed with an identical oligonucleotide but without the modified base. No nonspecific cleavage 

was found in any of these control experiments (data not shown). 

 

Mitochondrial AP endonuclease activity 

The activity of AP endonuclease in mitochondria from mouse liver and tuber potato was determined 

by incision assay with an AP endonuclease specific substrate. After permeabilization in the presence 

of 0.05% (w/v) Triton X-100 and 0.3 M KCl for 2 min, mitochondria were incubated in a 20 µl 

reaction containing 36 fmol of the 32P end-labeled DNA substrate containing the THF (Table 1), 20 

mM HEPES/KOH (pH 7.6), 75 mM KCl, 5% glycerol, 5 mM DTT (APE1 incision assay condition), 

and different concentrations of divalent cations, chelating agents and increasing protein amounts of 

purified MLM or POM (as indicated), for 30 min at 37°C for MLM and 25°C for POM (if not 

otherwise indicated). Reactions were terminated by addition of 0.4 % SDS and 0.2 μg μl-1 of 

proteinase K, followed by 30 min incubation at 55°C.  Finally, the samples were mixed with 20 μl of 

formamide dye loading buffer (80% formamide, 10 mM EDTA, 1 mg ml-1 xylene cyanol FF and, 1 mg 

ml-1 Bromophenol Blue) and heated for 2 min at 90°C. Substrates and products were separated on a 

20% denaturing polyacrylamide gel, and the radioactively labeled DNA was visualized using Storage 

Phosphor screens (Amersham Bioscience), scanned using a Personal Molecular ImagerTM and 

quantified using Image Lab software (Bio-Rad). AP endonuclease activities were calculated as the 

amount of pixels in the product band relative to the total number of pixels in both bands. If a product 

band appeared in the absence of mitochondria, this background was subtracted from the activity in the 

other samples. 

 

To identify potential nonspecific activities, all conditions measuring APE1-like activities were also 

performed with an identical oligonucleotide, but without the modified base. No nonspecific activities 

were found in any of these control experiments (data not shown). 

 

DNA polymerase and DNA ligase activity 

Repair synthesis was measured by using a non-labeled 60 base-pair hairpin loop oligonucleotide 

containing d-Uracil (Table 1). Reactions for both MLM and POM contained 40 mM HEPES, pH 7.8, 

0.1 mM EDTA, 0.2 mg ml-1 BSA, 1 mM DTT, 40 mM phosphocreatine, 100 μg ml-1 phosphocreatine 

kinase, 2 mM ATP, 20 μM dNTPs, 4 μCi 32P-dCTP, and 100 ng double-stranded oligonucleotide, 

adding 50 mM KCl and 3% glycerol for MLM, and 150 mM KCl, 10% glycerol and 4 mM MgCl2 for 
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POM, in 50 μl. 90 μg of mitochondria fractions were added, and reaction mixtures were incubated at 

37°C for MLM and at 25°C for POM for 3 h. The reactions were terminated by adding 12.5 μg of 

proteinase K (PNK) and 2.5 μl of 10% SDS and incubating at 55°C for 30 min. DNA was precipitated 

by addition of 1 µg glycogen, 4 µl of 11 M ammonium acetate, 60 µl of ethanol and overnight 

incubation at −20°C. DNA was centrifuged, dried and resuspended in 20 µl of formamide loading dye 

(80% formamide, 10 mM EDTA, 1 mg ml-1 xylene cyanol FF, and 1 mg ml-1 bromophenol blue) and 

loaded on a 20% denaturing polyacrylamide gel. The incorporated radioactively labeled dCTP was 

visualized using Storage Phosphor screens (Amersham Bioscience), scanned using a Personal 

Molecular ImagerTM and quantified using Image Lab software (Bio-Rad).  

 

DNA melting temperature 

For assessment of DNA melting temperature (Tm) reaction mixtures contained 250 nM annealed, 

unlabeled THF DNA, 40 mM HEPES/KOH (pH 7.6), 2 mM DTT, 5% glycerol, and 75 mM KCl and 

1× SyBR green (Invitrogen), were incubated with different divalent cations and chelating agents (as 

indicated). Reactions were analyzed using a Stratagene Mx3000P qPCR analyzer determining a 

dissociation curve from 37 to 95°C. 

 

Protein sequence alignment 

Basic Local Alignment Search Tool (BLASTP 2.5.1) (Altschul 1997) was used to search the putative 

sequence alignment of S. tuberosum BER enzymes, and to compare with its mouse and human 

homologues. 

 

SDS-PAGE and Western Blotting  

Mitochondrial samples (40 µg of proteins) were separated on 4-12% NuPAGE Novex® Bis-Tris gels 

(invitrogen). Proteins were then transferred to PVDF membranes (Invitrogen), which were incubated 

overnight at 4°C with appropriate primary antibodies: anti-APE /ref-1 raised against peptide from 

human (1:2000, Novusbio, NB100-116), anti-Neil2, raised against peptide from human (1:5000, 

Abcam, Ab180576), anti-UNG, raised against peptide from human (1:1000, Abcam, Ab47680), anti-

Ogg1, raised against peptide from mouse (1:1000, Novusbio, NB100-61664), respectively. Thereafter, 

membranes were incubated with appropriate secondary antibody for 1 h at room temperature. Specific 

proteins were visualized by using the enhanced chemiluminescence procedure using ECL plus® (GE 

Healthcare, Amersham). All Western blots were run as three replicates, but we have included only a 

representative image in each figure. 

 

Protein carbonylation 
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Oxidative modifications of mitochondrial proteins were assessed by immunoblot detection of protein 

carbonyl groups using the ‘OxyBlot’ protein oxidation kit according to manufacturer’s specifications 

(Millipore, Chemicon). 10 µg of mitochondrial protein were loaded onto 12.5% SDS-polyacrylamide 

gel electrophoresis and electrophoretically separated. After the transfer, PVFD membranes were 

blocked with 1% BSA (in Tris Buffered Saline (TBS) with 0.2% Tween-20) and incubated with anti-

dinitrophenylhydrazone antibody, purchased from Chemicon Oxyblot (1:150 working dilution) 

overnight at 4°C. Thereafter, membranes were incubated with a secondary antibody (goat anti-rabbit 

IgG (HRP-conjugated)) diluted 1:300 in the blocking solution for 1 h at room temperature. Specific 

proteins were visualized by using the enhanced chemiluminescence (ECL plus®) procedure as 

specified by the manufacturer (GE Healthcare, Amersham) and quantified by densitometry using a 

BioRad scanning densitometer (Bio-Rad, Hercules, CA, USA). The quantification of total protein 

carbonyls was performed by densitometry of the blots and of the gel stained with ImperialTM Protein 

Stain (Thermo Scientific), followed by determination of the ratio between them. The samples were run 

as three replicates, but we have included only a representative image in the figure. 

 

Statistics  

Results are expressed as mean ± standard deviation (SD) using three independent mitochondrial 

preparations. Normality of distribution was checked with the Kolmogorov test, and homogeneity of 

variance was tested by Levene’s statistics. To test for statistically significant differences between the 

groups, one-way ANOVA was used. When significant F-ratios were observed, a Bonferroni multiple 

comparison’s test was applied to test individual means. Statistical significance was assumed at P < 

0.05. 

 

Results and Discussion 

Mitochondrial DNA glycosylases 

The first step in the BER pathway carried out by DNA glycosylases is the recognition and removal of 

a damaged base and the formation of an AP site (Fig. 1). Since different DNA glycosylases recognize 

and cleave different DNA lesions, we investigated three DNA glycosylase activities, Neil1/2 

glycosylase (Neil1/2), 8-oxoguanine-DNA glycosylase (OGG1) and uracil DNA glycosylase (UNG) 

known from mammalian mitochondria, using oligonucleotides containing different specific lesions 

(Table 1). Of these, only the uracil glycosylase activity has been reported for plant mitochondria to 

date (Bensen and Warner 1987, Boesch et al. 2009).  

 

Neil1/2-like glycosylase in POM 
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Enzyme activity 

In mammals, Neil1 and Neil2 are two glycosylases that repair mainly oxidized DNA lesions and 

remove oxidized pyrimidines, 2,6-diamino-4-hydroxy-5-formamidopyrimidine and 4,6-diamino-5-

formamidopyrimidine, hydroxyuracil, and urea lesions from DNA (Hegde et al. 2008, Hazra et al. 

2007, Jaruga et al. 2004, Rosenquist et al. 2003, Wallace et al. 2003). Besides having glycosylase 

activity both enzymes also have lyase activity (Hazra et al. 2002). In order to characterize the optimal 

conditions for Neil1/2-like activity in POM, we varied the incubation time, the MgCl2 concentration 

and the temperature. Neil1/2-like activity increased with incubation time as expected, and showed an 

optimum activity at 1 mM MgCl2 for both POM and MLM (Fig. 2C, D), under the conditions used. 

Interestingly, we observed a lower Neil1/2-like activity in POM at 37°C as compared to 25°C (Fig. 

2C, D). The Neil1/2-like activity in POM was lower than in MLM, using 25 and 37°C, respectively 

(Fig. 2D, F).  

 

Immuno-chemistry, proteomics and bioinformatics 

A monoclonal antibody raised against human Neil2 (Table 2) was used in Western blots to probe POM 

for the presence of a protein immunologically similar to Neil 2. It gave a very clear band on a Western 

blot at the same apparent size of 45 kDa for both MLM and POM (Fig. 2A).  

 

Salvato (2014) identified 1060 different proteins in POM, but there were no glycosylases among them. 

As the plant mitochondrial proteome is expected to contain 2000-3000 proteins, it was clear that many 

low-abundance proteins had escaped detection in that study. We therefore performed an in-depth 

proteomic analysis of POM using a more sensitive mass spectrometer (Supplementary data 7) and 

identified about 2600 different proteins, many of which were clearly low-abundance proteins. 

However, none of the identified proteins were annotated as Neil or formamidopyrimidine-DNA 

glycosylase.  

 

When we searched the full potato protein database we found two proteins annotated as 

formamidopyrimidine-DNA glycosylase-like proteins and one of them (28 kDa) gave a significant hit 

to Neil1 (390 amino acids, 44 kDa) with 28% identity over about half of its length) when blasted 

against the human proteome (Supplementary data 1). This protein has the right size to cross-react with 

the anti-Neil2 antibody and give the band at 45 kDa. 

 

OGG1-like glycosylase in POM 

Enzyme activity 

OGG1 catalyzes the excision of 8-oxo-2'-deoxyguanosine (8-Oxo-dG), one of the most common 

oxidative DNA modifications (Dizdaroglu 1985, Kasai et al. 1986a, Kasai and Nishimura 1986b, Abu-

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
Shakra and Zeiger 1997, Cadet et al. 2003) in mammalian mitochondria (Anson et al. 1998, LeDoux et 

al. 1992, Taffe et al. 1996). 

When we tried to characterize OGG1-like glycosylase activity in POM, even with a high amount (55 

, we were only able to obtain 5% cleavage of the 8-Oxo-dG substrate at 10 mM 

MgCl2 (Fig. 3C. D). No activity was detected, using different concentrations of MgCl2, even with 1 

mM MgCl2, which is normally used in the standard mammalian OGG1 glycosylase activity assay 

(Gredilla and Stevnsner 2012) or at different temperatures (data not shown). By comparison, 60% 

substrate conversion was observed using only 30 µg MLM (Fig. 3C, D). 

 

Immuno-chemistry, proteomics and bioinformatics 

A polyclonal antibody raised against mouse OGG1 (Table 2) was used in Western blots to probe POM 

for the presence of a protein immunologically similar to OGG1. It gave a very clear band on a Western 

blot at 50 kDa in POM as compared to the expected approx. 40 kDa in MLM (Fig. 3A).  

 

Two annotated OGG1 enzymes of approx. 40 and 45 kDa were found in the potato protein database, 

but not in the in-depth proteome analysis (Supplementary data 2). One was a truncated form of the 

other. They both showed 39% identity to a mouse oxoguanine DNA glycosylase of about 40 kDa. The 

larger of these OGG1 enzymes could have given rise to the cross-reactivity in POM on the Western 

blot.  

 

The in-depth proteomic profiling indentified two DNA glycosylases of 43 and 52 kDa, where one is a 

truncated version of the other. Both show very significant similarity to a group of rodent adenine DNA 

glycosylases (Table S1, Supplementary data 2), which can remove 8-Oxo-dG (Ide and Kotera 2004, 

Alseth et al. 2005). These two glycosylases could therefore also be responsible for the low OGG1-like 

enzyme activity observed. 

 

UNG1-like glycosylase in POM 

Enzyme activity 

The last POM glycosylase that we investigated was UNG1 that excises uracil residues from DNA (Fig. 

4B, C). UNG1-like glysosylase activity was observed in POM with an optimum at 10 mM MgCl2 (Fig. 

4C, D), which is much higher than the 1 mM used in the standard MLM enzyme assay (Gredilla and 

Stevnsner 2012). It should be noted that the amount of POM used in the assays was 6 times higher 

than for MLM, but gave similar conversion (Fig. 4C, D), indicating that the activity of UNG1 was 

much higher in MLM.  

 

Immuno-chemistry, proteomics and bioinformatics 
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A polyclonal antibody raised against human UNG1 was used in Western blots to probe POM for the 

presence of a protein immunologically similar to UNG1 in MLM (Fig. 4A). The antibody reacted with 

proteins migrating at the size of 40, 50 and 110 kDa in POM, where the 110 kDa band was very 

strong. In MLM, the antibody cross-reacted with a protein of 37 kDa, the expected size. 

 

The in-depth proteomic analysis of POM did not identify any proteins annotated as uracil DNA 

glycosylases. The potato protein database contains two uracil DNA glycosylases of 30 and 35 kDa. 

When these were blasted against the human protein database they showed a high degree of similarity 

to human UNG1 (Supplementary data 3). It is likely that one of these two UNG1-like proteins was 

responsible for the lowest band on the Western blot in the lane loaded with POM. We do not have any 

explanation for the other two bands, particularly not the very strongly cross-reacting band at 110 kDa. 

 

Characterization of APE-like activity in POM 

Enzyme activity 

After monofunctional DNA glycosylases have removed the damaged base in mammalian mtDNA, the 

endonuclease APE1 cleaves the phosphodiester bond 5′ to give the AP site sugar, generating a nick 

with 5′ sugar phosphate and 3′ hydroxyl group (Fig. 1).  

 

To characterize the conditions for APE1-like activity in POM, we initially assayed it under the optimal 

conditions used for MLM.  Although the presence of 5 mM MgCl2 improved the efficiency of APE1 

activity in MLM, it was not an essential requirement for MLM (data not shown). By contrast, we did 

not observe APE1 activity in POM in the absence of a metal cofactor (Figs 5C and S1 lanes 2 in 

panels A, B and C). Likewise, APE1 activity in extracts of E. coli, human, and A. thaliana is 

dependent on the presence of divalent cations (Rogers 1980, Kane and Linn 1981, Babiychuk et al. 

1994). We therefore examined APE1-like activity in POM in the presence of several different divalent 

cations and under three different conditions: without any chelating agent, in presence of EDTA (a 

general divalent cation chelator) or in the presence of EGTA (chelates Ca
2+

 much better than Mg
2+

). 

Interestingly, the reaction was much more efficient in the presence of EDTA. APE1-like activity in 

POM increased with increasing concentration of MgCl2 and CaCl2 up to 10 mM. The combination of 

EDTA with MgCl2 instead of CaCl2 gave the most efficient cleavage (Figure 5 and Figure S1, panel A, 

lanes 3 to 7 versus 8 to 12). We also saw that when we substituted EDTA with EGTA, it resulted in a 

dramatic decrease in APE1 activity (Figs 5 and S1, panel B). Actually, the presence of EGTA did not 

seem to improve the APE-1 like activity in POM (Figs 5 and S1, panel C). 

 

To further characterize the optimal conditions for the APE1-like activity in POM, we investigated the 

effects of different concentrations of both MgCl2 and EDTA and compared with MLM APE1 activity. 
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As already mentioned, POM APE1-like activity was highly dependent on MgCl2. When varying 

the MgCl2 concentration from 1 mM to 17.5 mM we found bell-shaped curves for both kinds of 

mitochondria. The optimum was at 10-12.5 mM MgCl2 in POM and 5-12.5 mM MgCl2 in MLM 

depending on the EDTA concentration (Fig. 6 B, D).  

  

The differences in the rates of product formation observed with different concentrations of divalent 

cations and chelators could have been caused by changes in the stability of the DNA substrate used in 

the incision assay. To test that, we determined the melting temperature (Tm) (essentially the double-

strand stability) of the nucleotide substrates under the same conditions as used in the experiments 

described above. No significant differences were found in the DNA dissociation temperature with or 

without divalent cations (10 mM MgCl2 or CaCl2) or with 1 mM EDTA plus 10 mM MgCl2 (Table 

S2). Only the addition of CaCl2 together with EDTA showed a small, but significant, change in the Tm. 

Since this change was very small, we conclude that changes in oligonucleotide stability could not give 

rise to the results obtained with different combinations of divalent cations and chelators. 

 

Enzyme stability and activity are normally strongly affected by temperature and, while mammalian 

enzymes in vivo operate at a high and constant temperature, this is not the case for plant enzymes, 

which are completely dependent on the ambient temperature where they grow. Interestingly, the 

activity of many plant enzymes measured in vitro is often inhibited as the temperature is raised above 

40°C (Larkindale 2005, Allakhverdiev et al. 2008, Mittler et al. 2012). In order to investigate whether 

high temperatures could compromise the ability of the BER pathway to repair oxidatively damaged 

mtDNA, we tested the effect of different incubation temperatures on the APE1-like activity. 

 

For APE1 activity in MLM, the product formation was linear for 60 min at all three temperatures 

tested, 13, 25 and 37°C, respectively (Fig. 7B, E). For POM, the rate was linear at the two lowest 

temperatures, while it appeared to decrease over time at 37°C (Fig. 7A, D. However, for both MLM 

and POM the highest activity was observed at 37°C, the body temperature of mouse, but an unusually 

high temperature for a potato tuber (Fig. 7A, B).  

 

When we tested a broader temperature range, APE1-like activity in POM showed a distinct optimum 

at 37°C and a dramatic decrease above that. At 42°C, the activity was only 20% of that measured at 

37°C (Fig. 7C, F). In contrast, APE1 activity in MLM continued increasing up to 42°C, the highest 

temperature tested. It appears that mtDNA repair is compromised at high temperatures in potato 

tubers, whereas it continues unaffected in mouse liver. This is important in order to maintain the 

ability to repair mtDNA, even when infections lead to an increased temperature of the organism 

(fever).  
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Immuno-chemistry, proteomics and bioinformatics 

A monoclonal antibody raised against human APE1 was used in Western blots to probe POM for the 

presence of a protein immunologically similar to APE1 in MLM (Fig. 5A). A band was detected at 75 

kDa in POM, while a band at an apparent size of 42 kDa was seen in MLM, close to the expected 37 

kDa. 

 

In the in-depth POM proteome profiling we found an apurinic endonuclease of 60 kDa, which showed 

a high degree of similarity to a human APE of 36 kDa (Table S1, Supplementary data 4), which is 

consistent with the results from the Western blot. 

 

DNA polymerase and DNA ligase in POM 

In mammals, DNA Polβ is known to be a key enzyme in the nuclear BER pathway, whereas the DNA 

polymerase involved in the mitochondrial BER pathway appears to be Polγ. However, recently Polβ 

was identified as a mitochondrial DNA polymerase involved in mtDNA maintenance and required for 

mitochondrial homeostasis in cells from several different mammalian species (Sykora et al. 2017, 

Kaufman and Van Houten 2017). Interestingly, in the parasite Trypanosoma brucei a homolog of Polβ 

was reported to be solely responsible for the repair and replication of mtDNA (Saxowsky et al. 2003). 

It is still a matter of debate, which 5′-exo/endonucleases are present and participate in the 

mammalian mitochondrial LP-BER (Longley et al. 1998, Szczesny et al. 2008). 

 

Three mammalian genes encoding DNA ligases, DNA ligase I (LIG1), DNA ligase III (LIG3) and 

DNA ligase IV (LIG4), have been identified (Krokan and Bjoras 2013) where LIG1 and LIG3 are 

involved in BER. LIG3 is essential in mitochondria (Gao et al. 2011, Simsek et al. 2011) for repair of 

certain types of oxidative lesions (Kubota et al. 1996). 

 

It is difficult to measure the activities of DNA polymerase and DNA ligase separately, because DNA 

intermediates are quite unstable in vitro if not produced immediately before performing the assays. We 

therefore used a substrate containing d-Uracil (Table 1). The success of the assay depends on the UNG 

glycosylase activity together with the AP-lyase activity in the extract to produce the substrate for the 

DNA polymerase and DNA ligase to act on. In other words, the assay requires that all the enzymes in 

the BER pathway act sequentially. The assay worked very well with MLM as illustrated in Fig. 8B. 

 

The assay apparently also worked with POM as bands were observed where the DNA polymerase and 

the DNA ligase products were found as expected. However, when POM were incubated with a DNA 

oligonucleotide identical to the damaged one, but without the deoxyuracil nucleotide, a similar band 

pattern was observed. Thus, the incorporation and ligation did not seem to be damage dependent. We 
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suggest that the optimal conditions for the total BER assay could be slightly different for POM than 

for MLM. Maybe the observation that there is no lower band in the POM lanes means that there is an 

unspecific incorporation into the hairpin even when there is nothing to repair. Although we could not 

confirm either the DNA polymerase or the DNA ligase activity in POM by enzymatic assays, the 

immuno-chemistry, proteomics and bioinformatics, as described below, show that POM do contain 

both a DNA polymerase and a DNA ligase. 

 

Immuno-chemistry, proteomics and bioinformatics 

A polyclonal antibody raised against the 300-334 amino acid peptide from human Polβ was used in 

Western blots to probe POM for the presence of a protein immunologically similar to Polβ (Fig. 8). It 

gave a distinct band at 30 kDa in POM as compared to the expected 38 kDa in MLM (Table 2).   

 

The in-depth proteomic analysis of POM identified a DNA polymerase epsilon catalytic subunit A-

like, which was highly similar to the homologous enzyme in humans (Table S1, Supplementary data 

5). However, it is much too large to explain the band on the Western blot. We found a protein 

annotated to be a Polβ in the potato protein database, and it showed a significant similarity to human 

Polβ (Supplementary data 5). However, we do not know whether this 60 kDa protein is responsible for 

the 35 kDa band in the Western blot. 

 

The potato protein database did not contain any protein annotated as DNA polymerase gamma, and 

none of the proteins annotated as DNA polymerases aligned with human DNA polymerase gamma. 

However, that does not completely exclude the annotated DNA polymerases from having a role in 

BER in POM. The UniProt database of plant proteins contains only two DNA polymerases annotated 

as gamma, both from Arabidopsis. When their sequence was blasted against plant proteins, enzymes 

from numerous species  matched closely (60-100% identity), but none from potato (results not shown). 

Thus, it would appear that the potato protein database is incomplete. 

 

The in-depth proteomic analysis of POM gave a firm identification of a predicted DNA ligase I-like 

protein (Table S1, Supplementary data 6). When this was blasted against the human proteome it gave 

very significant hits on DNA ligase I and DNA ligase III, where the latter is the most likely 

mitochondrial isoform in humans (Supplementary data 6). 

 

Activities of the BER enzymes in POM compared with MLM 

Although liver tissue has a rate of respiration many-fold higher than that of dormant potato tubers, this 

is due to the presence of many-fold more mitochondria per g FW of liver. The yield of isolated 

mitochondria is around 0.5 mg protein g-1 FW of mouse liver (Stevnsner, unpublished results) while it 
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is 0.01 mg protein g-1 FW for potato tubers (Havelund 2014). Isolated POM respire as fast or faster per 

mg protein than isolated liver mitochondria (Havelund 2014), Stevnsner, unpublished results) and as 

fast or faster than mitochondria isolated from the metabolically more active potato leaves (Svensson et 

al. 2002, Johansson et al. 2004). Therefore, in vivo the metabolic activity of the individual 

mitochondrion would be expected to be as high in potato tubers as in liver and so would the rate of 

ROS production close to the mtDNA and thus the risk of oxidative DNA damage. It is therefore 

meaningful to compare the in vitro BER activities of POM and MLM measured in vitro. 

 

We calculated the Neil1/2-like, OGG1-like, UNG1-like and APE1-like specific activities measured in 

vitro under the optimal assay conditions established and expressed them as fmol min-1 mg-1 

mitochondrial protein (Table 3). For each enzyme, the activity was highest in MLM, in some cases 

only 2-fold while in other cases > 10-fold. From these observations, it is tempting to draw the 

conclusion that mtDNA repair mechanisms are not as efficient in potato tubers as in mouse liver.  

 

However, the detergent Triton X-100 was used in all activity assays to solubilize the membranes and 

allow the enzymes located in the mitochondrial matrix to gain access to the relatively large (30-60 

nucleotides = 10-20 kDa) synthetic oligonucleotide substrates, which would not be expected to cross 

the inner membrane at an appreciable rate. Such a solubilization dilutes the matrix proteins > 1000-

fold, which could lead to dissociation of loosely associated proteins, such as metabolons, thereby 

potentially affecting their function. An example of this is the enzyme complex glycine decarboxylase, 

which is abundant in the matrix of green leaf mitochondria, and which loses activity when the 

mitochondria are opened (Douce et al. 2001).  

 

Three out of the four BER proteins identified in our in-depth proteomic study have not been identified 

in previous studies (Table S1; Salvato et al. 2014). This observation, as well as the few peptides 

identified for each of the proteins, indicates that these proteins are present at very low abundance in 

the mitochondrial matrix. It would make sense if these low-abundance enzymes of the BER pathway 

are found in a supercomplex, a metabolon (Srere 1985), which is held together by weak forces in the 

matrix (or weakly associated with the inside of the inner mitochondrial membrane) and which 

therefore could dissociate upon dilution. In fact, the nucleoids associated with the inner membrane of 

mammalian mitochondria contain some of the BER pathway enzymes (Stuart et al. 2005). The DNA 

polymerase/DNA ligase assay (Fig. 8) indicates that such a complex is still present in MLM after 

solubilization and dilution, but probably not in POM. It is difficult to predict how dissociation of such 

a BER complex could affect the activities of the individual enzymes, and it is therefore difficult to 

judge to what extent the measured rates reflect their in vivo activities. However, a dissociation of such 

a BER metabolon would almost certainly inhibit the whole pathway activity drastically because the 

measured activity is now dependent upon chance of the individual low-abundance proteins 
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encountering the nucleotide intermediates rather than an ordered sequential channeling within the 

intact metabolon. 

 

So, our conclusion concerning the relative activities of the BER pathway in plants and animals must 

be modified to be: There are no indications that the BER pathway is more efficient in POM 

mitochondria than in mammalian mitochondria. The much slower accumulation of mutations in plant 

mtDNA than in animal mtDNA, is therefore likely to have other explanations than differences in the 

efficiency of mitochondrial BER mechanisms. 

 

The mitochondrial BER pathway is induced in potato tubers under hypoxia 

In mammalian cells, several studies have demonstrated that oxidative stress can modify BER activity. 

Thus, DNA Polβ can be up-regulated after oxidative stress in vivo (Cabelof et al. 2002), and in vitro 

studies show induction of mitochondrial UNG (Akbari et al. 2007) and OGG1 expression in nucleus 

and mitochondria (Preston et al. 2009). In addition, an increase in mitochondrial OGG1 expression in 

plant roots, and formamidopyrimidine-DNA glycosylase expression in roots and aerial parts, in 

response to oxidative stress treatment, has been reported (Macovei et al. 2011). 

 

When the oxygen tension in potato tubers falls to 4% (20% when in equilibrium with air), which can 

occur when potato tubers are growing, respiration is almost 50% inhibited and ATP production even 

more so (Geigenberger et al. 2000). Under such conditions, the electron transport chain in the 

mitochondria becomes more reduced and ROS production increases (Møller 2001). This can lead to 

damage to proteins and DNA (Møller et al. 2007). To provoke similar strong oxidative stress 

conditions in vivo, we incubated potato tubers in a 0.1/99.9% O2/N2 atmosphere for 48 h before 

returning them to normoxia for 24 h. We did this because most of the oxidative damage is known to 

occur during re-oxygenation (Hunter 1983, Monk et al. 1987) similar to what happens following 

ischemia and reperfusion in mammals (Granger et al. 1986, McCord 1986, Beckman et al. 1990).  

 

To assess oxidative damage, we determined protein carbonyls (as a marker or protein oxidation) in 

POM. Hypoxia caused a significant increase in carbonyl groups in POM from treated tubers (+20%; P 

< 0.05) compared with the control group (Fig. 9), which is a clear indication of oxidative stress 

(Møller and Kristensen 2004, Møller et al. 2011).  

APE1-like endonuclease and UNG1-like glycosylase activities were determined in mitochondria 

isolated from control potato tubers and tubers exposed to hypoxia. Fig. 10 (panels A and B) shows that 

hypoxia induced a significant increase in APE1-like activity when using 45 µg of POM protein. Panels 

C and D show higher, but non-significant, UNG1-like activity in POM from hypoxic tubers compared 

to control tubers. The induction of BER pathway enzymes by hypoxia is consistent with the role of the 
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BER pathway in repairing oxidative DNA damage (Jeppesen et al. 2011). An induction of BER 

pathway enzymes was also observed in mammalian cells under hypoxia (Akbari et al. 2007, Preston et 

al. 2009), so it is possible that the regulation of BER activity is similar in plant and mammalian 

mitochondria. 

 

We have no information about the degree to which mtDNA is oxidatively modified by ROS in plant 

mitochondria. An indirect indication could be the appearance of oxidized DNA-associated proteins. In 

a comprehensive proteomic study of potato tuber mitochondria (Salvato et al. 2014), five DNA-

associated proteins - DNA polymerase zeta catalytic subunit, DnaK-type molecular chaperone hsp70, 

DNA topoisomerase 1-like, chaperone DnaJ-domain containing protein and DnaJ-like protein - were 

found to be carbonylated indicating that even under unstressed conditions the mtDNA and its 

associated proteins are oxidatively challenged. This is consistent with the presence of many 

carbonylated proteins in the control POM observed in the present study (Fig. 10). Kristensen and 

coworkers (Kristensen et al. 2004) did not find any DNA-associated carbonylated proteins in a POM 

matrix fraction exposed to metal-catalyzed oxidation in vitro, but it is likely that DNA-associated 

proteins were below the detection limit in that fraction, which was produced by sonication and not by 

detergent solubilization, and analyzed by the relatively insensitive LC-MS/MS methods of 2003. 

 

Conclusions 

In conclusion, the results presented above show that enzymes required for all steps in the BER 

pathway seems to be present in POM. This information has been summarized in Table 4 together with 

information about the pathway in Aradidopsis.  It remains to be determined whether both the short-

patch and long-patch BER pathway is present in POM and whether one or more of the involved 

glycosylases also display lyase activity. 

 

The second conclusion from this study is that the BER pathway in POM responds to oxidative stress. 

The BER pathway repairs the majority of the DNA lesions produced by ROS. This pathway primarily 

corrects small base modifications caused by deamination, alkylation, and oxidation (Kim and Wilson 

2012). However, there are many other types of DNA damage and therefore many other repair 

pathways both in the nucleus and mitochondria of mammalian cells (Jeppesen et al. 2011). These 

pathways also seem to exist in the nucleus of plants and we can expect to find similar and maybe 

additional pathways in plant mitochondria. Consistent with this prediction, photolyase activity, which 

can repair UV-induced cyclobutane-pyrimidine dimers, is found in both plant mitochondria and 

chloroplasts (Takahashi et al. 2011), while this enzyme is not present in mammalian mitochondria 

(Alexeyev et al. 2013). 
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Table S2. DNA melting temperature. 

Fig. S1. Effects of the concentration of divalent cations (MgCl2 or CaCl2) and/or presence of 1 mM 

EDTA or EGTA in the reaction buffer on the POM AP endonuclease activity. 
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FIGURE LEGENDS 

Fig. 1. Schematic drawing of the BER pathway. 

Fig. 2. Effects of the concentration of MgCl2 on the MLM and POM Neil1/2 glycosylase activity. (A) 

Representative western blot of Neil1/2 in POM and MLM. (B) 5-OH-dU bubble substrate used for 

incision experiment. (C). 36 fmol 5’- 32P-labelled 5-OH-dU bubble substrate was incubated with 

different concentrations of MgCl2 at conditions indicated under glycosylases incision assay conditions. 

(D) Densitometric quantification of autoradiogram shown in (C). (E) 36 fmol 5’- 32P-labelled 5-OH-

dU bubble substrate was incubated with 30 µg of MLM or POM, as indicated, for 180 min at 

conditions described under glycosylases incision assay protocol. (F) Densitometric quantification of 

autoradiogram shown in (E).  

Fig. 3. Identification of OGG1 glysosylase. (A) Representative western blot of OGG1 in POM and 

MLM. (B) 8-Oxo-dG substrate in fully annealed DNA used for incision experiment. (C) 80 fmol 5’- 

32P-labelled 8-Oxo-dG substrate was incubated in 10 mM MgCl2 for POM and 1 mM MgCl2 for 

MLM under glycosylases incision assay condition. (D) Densitometric quantification of autoradiogram 

in (C). 

Fig. 4. Effects of the concentration of MgCl2 on the MLM and POM UNG1 glycosylase activity. (A) 

Representative western blot of UNG1 POM and MLM. (B) Uracil substrate in fully annealed DNA 

used for incision experiment. (C) 36 fmol 5’- 32P-labelled uracil substrate was incubated with 

different concentrations of MgCl2 in the indicated conditions under glycosylases incision assay 

condition. (D) Densitometric quantification of autoradiogram shown in (C). 

Fig. 5. AP endonuclease characterization in POM. (A) Representative western blot of APE1 in POM 

and MLM. (B) THF substrate in fully annealed DNA used for incision experiment. (C) Divalent cation 

concentration dependence (MgCl2  or CaCl2) of APE1 activity with or without 1 mM EDTA or 1 mM 

EGTA. For the incision assay 36 fmol 5’- 32P-labelled THF substrate was incubated for 30 min at 

25°C with 6 µg POM protein under APE1 incision assay conditions. 
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Fig. 6. Effects of the concentration of MgCl2  with different concentrations of EDTA in the reaction 

buffer on the MLM and POM AP endonuclease activity. For the incision assay 36 fmol 5’- 32P-

labelled THF substrate was incubated for 30 min at 37°C with 0.1 µg MLM protein (A), and 25°C 

with 0.2 µg POM protein (B) under APE1 incision assay conditions and with different concentrations 

of EDTA and MgCl2. Panels (C) and (D) Densitometric quantification of autoradiogram shown in (A) 

and (B), respectively.  

Fig. 7. Effects of different incubation temperatures and increasing incubation time on the MLM and 

POM AP endonuclease activity. Panels (A) to (C) show 36 fmol 5’- 32P-labelled THF substrate 

incubated with the indicated conditions under APE1 incision assay protocol. Panels (D) to (F) 

Densitometric quantification of autoradiogram shown in (A), (B) and (C), respectively.  

Fig. 8. Presence of Polβ protein in the POM. (A) Representative western blot of Polβ in MLM and 

POM. (B) Uracil-initiated BER. Non-labeled 60 base-pair hairpin loop oligonucleotide with or without 

a d-Uracil was incubated with the indicated conditions DNA polymerase and DNA ligase activity 

assay protocol. (Lanes 4 and 5 are duplicates for MLM and lanes 7 and 8 are duplicates for POM). 

Fig. 9. Hypoxic treatment induces oxidative stress in POM. (A) Representative western blot of 

carbonylated POM proteins. (B) Gel stained with coomassie blue G250 was used as a loading control. 

(C) Ratio between densitometric quantification using relative expression in arbitrary units of 

carbonylated proteins and coomassie blue staining for normoxic (N) and,  hypoxic (H) POM. Results 

are expressed as means ± SD. of triplicate measurements from three independent mitochondrial 

treatment preparations. A two-factor ANOVA and post hoc Bonferroni’s comparisons were used to 

identify significant differences. 

 

Fig. 10. Effects of the hypoxic treatment on POM on BER activities. Representative gels of APE1 (A) 

and UNG1 (B) activities for hypoxic (H) and normoxic (N) POM, on BER optimal conditions at 25°C. 

Quantified product cleavage for APE1 activity (C) and UNG1 activity (D), expressed as means ± SD. 

of triplicate measurements from three independent mitochondrial treatment preparations. An one-

factor ANOVA and post hoc Bonferroni’s comparisons were used to identify significant differences. 

*difference hypoxic vs normoxic treatment (P < 0.05). 
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Table 1. Oligonucleotide sequences in assays for DNA repair activities. Oligodeoxynucleotides used 

for assays for DNA repair activities. The modified bases are shown in bold X letter. The region 

forming a bubble sequence is underlined. Bp, base pairs. THF, tetrahydrofuran.  
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Table 2. Antibodies used to identify BER pathway enzymes in POM and MLM. 
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Table 3. POM enzymes activities and conditions compared with MLM. Values for AP endonuclease 

and DNA glycosylase activities in mitochondria from POM and MLM, expressed as fmol per minute 

per μg of mitochondria, and the different conditions used for optimal incision assay activity at 25 oC and 

37 oC for POM and MLM, respectively. 
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Table 4. Comparison of mitochondrial BER pathway between Arabidopsis thaliana and Solanum tuberosum. FapyG, 2,6-diamino-4-hydroxy-5-

formamidopyrimidine. FapyA, 4,6-diamino-5-formamidopyrimidine. 

 

 Enzyme Molecular 
function 

Studied 
species  Gene identifier Gene/protein annotation References 

Neil 1/2 

Excision of 
oxidized 

pyrimidines, 
FapyG, 

FapyA, 5-
OHU, and 

urea lesions 

Arabidopsis 
thaliana - - - 

Solanum 
tubersosum 

>gi|971540183|ref|XP_015161662.1 
 
 

>gi|971540185|ref|XP_015161663.1| 

Predicted: formamidopyrimidine-
DNA glycosylase-like isoform X2 
 
Predicted: formamidopyrimidine-
DNA glycosylase-like 

This study 

OGG1 Excision of  
8-Oxo-dG 

Arabidopsis 
thaliana At1g52500 Predicted bifunctional 

glycosylase 
(Cordoba-Canero et 

al. 2014) 

Solanum 
tubersosum 

>gi|565369036|ref|XP_006351143.1| 
 
 

>gi|565369034|ref|XP_006351142.1| 
 
 

>gi|565354925|ref|XP_006344357.1|  

Predicted: N-glycosylase/DNA 
lyase OGG1 
 
Predicted: N-glycosylase/DNA 
lyase OGG1   
 
Predicted: A/G-specific adenine 
DNA glycosylase-like isoform X1 

This study 

Uracil 
glycosylase 

Excision of   
uracil residues 

Arabidopsis 
thaliana At3g18630 Predicted monofunctional 

glycosylase 

 
(Boesch et al. 2009) 

 

Solanum 
tubersosum 

>gi|971555743|ref|XP_015165515.1| 
 
 

>gi|565367417|ref|XP_006350364.1|  

Predicted: uracil-DNA glycosylase, 
mitochondrial isoform X2 
 
Predicted: uracil-DNA glycosylase, 
mitochondrial isoform X1  

(Boesch et al. 2009);  
This study 
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APE1 

Creation of a 
nick in the 

phosphodiester 
backbone of 
the AP site 

Arabidopsis 
thaliana - Predicted: AP endonuclease activity 

 
(Boesch et al. 2009) 

 

Solanum 
tubersosum >gi|565383436|ref|XP_006358023.1|  

Predicted: DNA-(apurinic or 
apyrimidinic site) lyase, 
chloroplastic isoform X1 

(Boesch et al. 2009); 
 This study 

 

DNA 
polymerase 

Gap filling of 
the DNA 

strand 

Arabidopsis 
thaliana - - - 

Solanum 
tubersosum 

>gi|565364804|ref|XP_006349108.1| 
 
 

>gi|565379014|ref|XP_006355938.1| 

Predicted: DNA polymerase epsilon 
catalytic subunit A-like 
 
Predicted: DNA polymerase beta 

This study 

DNA ligase Nick ligation 

Arabidopsis 
thaliana At1g08130 (AtLIG1) Mitochondrial DNA ligase (Sunderland et al. 

2006) 
Solanum 

tubersosum gi|565364649|ref|XP_006349032.1|  Predicted: DNA ligase 1-like This study 
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