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Abstract Besides the KU-dependent classical non-

homologous end-joining (C-NHEJ) pathway, an alternative

NHEJ pathway first identified in mammalian systems,

which is often called the back-up NHEJ (B-NHEJ) path-

way, was also found in plants. In mammalian systems

PARP was found to be one of the essential components

in B-NHEJ. Here we investigated whether PARP1 and

PARP2 were also involved in B-NHEJ in Arabidopsis. To

this end Arabidopsis parp1, parp2 and parp1parp2 (p1p2)

mutants were isolated and functionally characterized. The

p1p2 double mutant was crossed with the C-NHEJ ku80

mutant resulting in the parp1parp2ku80 (p1p2k80) triple

mutant. As expected, because of their role in single strand

break repair (SSBR) and base excision repair (BER), the

p1p2 and p1p2k80 mutants were shown to be sensitive to

treatment with the DNA damaging agent MMS. End-join-

ing assays in cell-free leaf protein extracts of the different

mutants using linear DNA substrates with different ends

reflecting a variety of double strand breaks were per-

formed. The results showed that compatible 50-overhangs

were accurately joined in all mutants, that KU80 protected

the ends preventing the formation of large deletions and

that PARP proteins were involved in microhomology

mediated end joining (MMEJ), one of the characteristics of

B-NHEJ.

Keywords Arabidopsis � Back-up NHEJ � Comet assay �
End joining � PARP

Introduction

For living organisms, DNA double strand breaks (DSBs)

are one of the most harmful lesions that can promote

mutation and induce cell death. To maintain genetic sta-

bility, organisms have developed two main pathways for

DNA repair of DSBs (Hiom 2010). One is the homologous

recombination (HR) pathway involving extensive DNA

sequence homology between the interacting molecules

(San Filippo et al. 2008), and the other is the non-homol-

ogous end-joining (NHEJ) pathway acting independently

of significant homology (Lieber 2010). HR occurs during

the late S to G2 phases of the cell cycle when the sister

chromatid is in close proximity as repair template. On the

other hand, NHEJ does not require a homologous chro-

mosome and can function throughout the cell cycle. NHEJ

is more error-prone than HR and often produces short

deletions and insertions. Emerging evidence suggests

that the relative balance of the two pathways is tuned to

minimize the mutagenesis as a consequence of repair

(Shrivastav et al. 2008).

Distinct NHEJ pathways have been identified in mam-

mals (Mladenov and Iliakis 2011). One is the classical

NHEJ (C-NHEJ) pathway, which is dependent on KU70/

KU80 and DNA-PKcs. DNA ligase IV (LIG4), XRCC4 and

XLF/Cernunnos are also utilized as central components in
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C-NHEJ. In the absence of C-NHEJ core factors, back-up

NHEJ (B-NHEJ) pathways become active, which accounts

for residual end joining of DSBs (Nussenzweig and Nus-

senzweig 2007; Haber 2008; Iliakis 2009). Some proteins

have been shown to be involved in B-NHEJ, such as

poly(ADP-ribose)polymerase 1 (PARP1), PARP2, DNA

ligase III (LIG3) and X-ray repair cross-complementing

group 1 (XRCC1) (Wang et al. 2003; Audebert et al. 2004).

XRCC1 was initially found to be involved in repair of DNA

single-strand breaks (Caldecott 2003). It interacts with

PARP1 and PARP2, which is stimulated by DNA damage.

XRCC1 also interacts with LIG3, preventing degradation of

LIG3 by the proteasome (Caldecott 2003). More recently,

also histone H1 (Rosidi et al. 2008), XPF (Ahmad et al.

2008) and MRE11 (Xie et al. 2009; Cheng et al. 2011) were

found to play a role in B-NHEJ. In the absence of C-NHEJ,

microhomologous sequences (5–25 bps), flanking the break,

are more frequently used to join the DNA ends, resulting in

deletions (Kuhfittig-Kulle et al. 2007). This error-prone

pathway has been called microhomology mediated end

joining (MMEJ) (McVey and Lee 2008). It seemed that

MMEJ is the predominant pathway among the B-NHEJ

pathways. The kinetics of DNA repair via B-NHEJ appears

to be slower than C-NHEJ (Dibiase et al. 2000; Wang et al.

2006) and is enhanced in G2 (Wu et al. 2008). When KU is

absent, PARP and MRE11 are mobilized to damaged

chromatin (Cheng et al. 2011).

In plants, orthologs of the C-NHEJ components KU70,

KU80, LIG4 and XRCC4 (West et al. 2000, 2002; Tamura

et al. 2002; Riha et al. 2002; Bundock et al. 2002) have

been identified. Agrobacterium tumefaciens T-DNA inte-

gration, which occurs mainly via NHEJ, still occurred in

the lig4, ku70 and ku80 NHEJ mutants (Friesner and Britt

2003; van Attikum et al. 2003; Gallego et al. 2003; Li et al.

2005; Jia et al. 2012), although a lower transformation

frequency was reported in several cases (Friesner and Britt

2003; Li et al. 2005; Jia et al. 2012). This observation has

led to the postulation of alternative NHEJ pathways in

plants as well. Further research showed that end joining

still occurred in a ku70 mutant, since the frequency of

chromosome fusions was not decreased (Puizina et al.

2004; Heacock et al. 2004) and that plasmid end joining in

ku80 protoplasts was still observed although at a lower

frequency (Gallego et al. 2003). Orthologs of XRCC1 and

XPF have also been identified in Arabidopsis and T-DNA

insertion mutants have been characterized (Fidantsef et al.

2000; Uchiyama et al. 2008). Using single and double

mutants, it was shown that slow repair of c radiation-

induced DSBs in the ku80 mutant was dependent on

XRCC1 (Charbonnel et al. 2010) and XPF (Charbonnel

et al. 2011), indicating that these proteins are involved in

alternative NHEJ pathways in Arabidopsis. Furthermore

MRE11 has been implicated in MMEJ in Arabidopsis,

since repair via microhomology was no longer favored

after mutation of MRE11 in a ku70tert background (Hea-

cock et al. 2004).

PARPs are ADP-ribose transferases that transfer ADP-

ribose (PAR) from NAD? to target proteins (Woodhouse

and Dianov 2008). Eighteen proteins with the conserved

catalytic domain were identified by in silico homology

searching in animals (Amé et al. 2004). PARP proteins

have a major impact on various cellular processes, such as

cell death, transcription, cell division, DNA repair and

telomere integrity (Schreiber et al. 2006; Yélamos et al.

2008). Only two of them are activated in response to DNA

damage: PARP1 (113 kDa) and PARP2 (62 kDa) (Wood-

house and Dianov 2008). PARP1 is involved in DNA

single strand break repair (SSBR) and base excision repair

(BER), preventing the formation of DNA double strand

breaks (DSBs) (Schreiber et al. 2002; Woodhouse et al.

2008; Masaoka et al. 2009). PARP is thought to detect

disrupted replication forks and to attract MRE11 for end

processing (Bryant et al. 2009). Recently, PARP3 was also

found to be involved in cellular responses to DNA damage

(Boehler et al. 2011).

Orthologs of PARP1 and PARP2 have been identified in

plants (Babiychuk et al. 1998). One is the classical zinc

finger containing polymerase (ZAP), which was first puri-

fied from maize seedlings and has a molecular mass

of 113 kDa (Chen et al. 1994). It was also identified in

Arabidopsis. ZAP has high similarity in the sequence and

domain organization to PARP1 in animals. The other one is

a structurally non-classical PARP protein, called APP in

Arabidopsis and NAP in Zea mays (Lepiniec et al. 1995). It

is a short version of PARP with the molecular mass of

72 kDa. The counterpart of it in animals has also been

identified and was termed PARP2 (Amé et al. 1999). Since

APP was identified earlier than ZAP in Arabidopsis, APP is

sometimes referred to as PARP1 and ZAP as PARP2

(De Block et al. 2005). Considering the similarity to the

corresponding homologs in animals and according to

the nomenclature used at The Arabidopsis Information

Resource (TAIR) website (www.arabidopsis.org), in this

paper ZAP was termed PARP1 (At2g31320) and APP was

termed PARP2 (At4g02390). Former reports on PARP1 and

PARP2 in plants provide evidence for the function of PARP

in stress tolerance and in the control of programmed cell

death (Amor et al. 1998; De Block et al. 2005; Vande-

rauwera et al. 2007).

In order to investigate whether the PARP orthologs in

plants are involved in the back-up NHEJ pathway, parp1

and parp2 T-DNA insertion mutants were functionally

characterized along with the parp1parp2 (p1p2), ku80 and

parp1parp2ku80 (p1p2k80) mutants for the sensitivity to

DNA damaging agents and the capacity for in vitro DNA

end joining of linear DNA substrates with different ends.
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Materials and methods

Plant material

The parp1 (At2g31320) T-DNA insertion line was obtained

from the GABI-Kat T-DNA collection (GABI-Kat Line

692A05) (Li et al. 2007). The parp2 (At4g02390) T-DNA

insertion line was obtained from the SALK T-DNA col-

lection (SALK_640400) (Alonso et al. 2003). The ku80

(At1g48050) T-DNA insertion line (SALK_016627) was

described previously (Jia et al. 2012).

Molecular analysis of the plant lines

The T-DNA insertion sites were mapped with a T-DNA

Left Border (LB) specific primer (LBa1 for the SALK line

and SP173 for the GABI-Kat line) or a T-DNA Right

border (RB) specific primer (SP200 for the GABI-Kat line)

and a gene-specific primer and the PCR products were

sequenced. Pairs of gene-specific primers around the

insertion site were used to determine whether the plants

were homozygous or heterozygous for the T-DNA inser-

tion. The sequences of all the primers are listed in Table

S1. For Southern blot analysis, DNA was extracted using a

CTAB DNA isolation protocol (de Pater et al. 2006) and

digested with EcoRV or BglII (parp1) or HindIII (parp2).

DNA (5 lg) was ran on a 0.7 % agarose gel and transferred

onto positively charged Hybond-N membrane (Amersham

Biosciences). The hybridization and detection procedures

were done according to the DIG protocol from Roche

Applied Sciences. The DIG probe was produced using the

PCR DIG Labeling Mix (Roche) with specific primers

SP225 and SP226 that amplified a fragment of the T-DNA

of pGABI1 (parp1) or specific primers SP271 and SP272

that amplified a fragment from the T-DNA of pROK2

(parp2).

Quantitative reverse-transcription PCR (Q-RT-PCR)

Leaves of 2-week-old plants were ground under liquid N2

in a Tissue-Lyser (Retch). Total RNA was extracted from

the leaf powder using the RNeasy kit (Qiagen) according to

the supplied protocol. Residual DNA was removed from

the RNA samples with DNaseI (Ambion) in the presence

of RNase inhibitor (Promega). RNA was quantified and

was used to make cDNA templates using an iScript cDNA

synthesis kit according to the manufacturer’s instructions

(Bio-Rad). Quantitative real-time PCR (Q-PCR) analyses

were done using the iQTM SYBR� Green Supermix (Bio-

Rad). Specific fragments (about 200 bp) were amplified by

pairs of primers around the T-DNA insertion sites using a

DNA Engine Thermal Cycler (MJ Research) equipped with

a Chromo4 real-time PCR detection system (Bio-Rad). The

sequences of the primers are listed in Table S1. The cycling

parameters were 95 �C for 3 min, 40 cycles of (95 �C for

1 min, 60 �C for 40 s), 72 �C for 10 min. All sample

values were normalized to the values of the house keeping

gene ROC1 (At4g38740) (primers ROC5.2, ROC3.3) and

were presented as relative expression ratios. The value of

the wild type was set on 1.

Assays for sensitivity to methyl methane sulfonate

(MMS)

Seeds of wild type, parp1, parp2, p1p2, ku80 and p1p2k80

were germinated on solid � MS medium without additions

or on � MS medium containing MMS (Sigma). For assays

in liquid medium, 4-days-old seedling were transferred to

liquid � MS medium without additions or � MS medium

containing MMS (Sigma). The seedlings were scored after

2 weeks of growth. Fresh weight (compared with controls)

was determined by weighing the seedlings in batches of 20

in triplicate, which were treated in liquid � MS with MMS

for 2 weeks. In order to obtain normally distributed resid-

uals, log values of fresh weight were used for analysis.

One-Way ANOVA tests with pair wise comparison of

means were performed to test for significant differences

(P \ 0.05) between plant lines for each treatment (software

‘‘R Through Excel’’). For each test residuals (difference

between mean and observed values) were checked for

equal distribution over the whole range and for normal

distribution with Shapiro–Wilk Normality tests.

Comet assay

One-week-old seedlings were treated in liquid � MS con-

taining 0.01 % MMS for 0 h, 2 h, 24 h or 24 h followed by

24 h recovery in liquid � MS. DNA damage was detected

by comet assays as described previously (Menke et al.

2001) with minor modifications. DNA was exposed to high

alkali prior to electrophoresis under neutral conditions (A/N

protocol) to detect DNA SSBs as well as DSBs. Plant nuclei

were embedded in 1 % low melting point UltrapureTM

agarose-1000 (Invitrogen) to make a mini gel on micro-

scopic slides according to the protocol. Nuclei were lysed in

high alkali (0.3 M NaOH, 5 mM EDTA pH13.5) for 20 min

at room temperature. Equilibration for 3 times 5 min in

TBE buffer (90 mM Tris–borate, 2 mM EDTA, pH8.4) on

ice was followed by electrophoresis at 4 �C (cold room) in

TBE buffer for 15 min at 30 V (1 V/cm), 15–17 mA. Dry

agarose gels were stained with 15 ll ethidium bromide

(5 lg/ml) and immediately evaluated with a Zeiss Axioplan

2 imaging fluorescence microscope (Zeiss, Germany) using

the DsRed channel (excitation at 510 nm, emission at

595 nm). Images of comets were captured at a 40-fold

magnification by an AxioCam MRc5 digital camera (Zeiss,
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Germany). The comet analysis was carried out by comet

scoring software CometScoreTM (Tritek Corporation). The

fraction of DNA in comet tails (%tail-DNA) was used as a

measure of DNA damage. Measures included 4 independent

gel replicas totaling about 100 comets analyzed per exper-

imental point. The results were presented by the mean

value ± standard deviation (S.D.) from four gels, based on

the median values of %tail-DNA of 25 individual comets

per gel. One-Way ANOVA tests with pair wise comparison

of means were performed to test for significant differences

(P \ 0.05 or P \ 0.1) between plant lines for each treat-

ment and between treatments for each plant line (software

‘‘R Through Excel’’). For each test residuals (difference

between mean and observed values) were checked for equal

distribution over the whole range and for normal distribu-

tion with Shapiro–Wilk Normality tests.

In vitro end-joining assay with protein extract

from leaves

Leaves of ten-day-old seedlings were ground under liquid

N2 in a Tissue-Lyser (Retch). One ml protein extraction

buffer (50 mM Tris–HCl pH 7.5; 2 mM EDTA; 0.2 mM

PMSF; 1 mM DTT; 1 9 Protease inhibitor cocktail Com-

plete�, EDTA free) was added to 1 g of tissue powder.

Soluble protein was isolated by centrifugation at 4 �C. The

protein concentration was determined using Bio-Rad pro-

tein assay reagent. Glycerol was added to 20 % and the

extracts were stored at -80 �C.

The plasmid (pUC18P1/4) (Liang et al. 2008) was

amplified using different primer sets (Table S1) to create

end-joining substrates. PhusionTM DNA high-fidelity

polymerase (Finnzymes) was used for PCR to generate

blunt ends (with or without microhomology). Sticky ends

were generated by digesting the PCR products with dif-

ferent restriction enzymes. The different ends are listed in

Table 1.

The linear DNA substrates (300 ng) were incubated

with 1 lg protein extract in 50 mM Tris–HCl (pH 7.6),

10 mM MgCl2, 1 mM DTT, 1 mM ATP and 25 % (w/v)

polyethylene glycol 2000 at 14 �C for 2 h in a volume of

20 ll. DNA products were deproteinized and purified by

electrophoresis through 0.6 % agarose gels. As negative

control linear DNA substrates were incubated without

protein extract. A 600 bp fragment containing the end-

joined junction was amplified by PCR with q30 and q31

primers flanking the junction and cloned in pJet1.2/blunt

(Fermentas). Individual clones were digested by corre-

sponding restriction enzymes to check if they were joined

precisely or via MMEJ. The clones resistant to the diges-

tion were sequenced by ServiceXS. When end joining had

occurred via MMEJ using the 10 bp microhomology, an

XcmI site (CCAN9TGG) was generated. PCR products

were digested by XcmI, followed by electrophoresis on a

1.5 % agarose gel. The presence of an XcmI site will result

in a 400 and a 200 bp fragment. The intensity of DNA

bands was quantified by using ImageJ software. The rela-

tive contribution of end joining via the 10 bp repeat was

calculated as the percentage of the XcmI-digested frag-

ments of total PCR products (sum of the XcmI- digested

and undigested fragments). Chi square tests were used to

show significant differences (see Table 2).

Results

Isolation and characterization of T-DNA insertion

mutants

End joining still occurred in animal and plant mutants, in

which KU70 or KU80 had been inactivated. In animals

PARP proteins have been implicated in this KU-indepen-

dent back-up pathway. In order to find out whether PARP1

and PARP2 play a role in back-up NHEJ (B-NHEJ) in

plants, homozygous T-DNA insertion mutants parp1 and

parp2 were isolated and characterized (Fig. 1). Using

T-DNA-specific primers from the left or right border in

combination with gene-specific primers flanking the

insertion site heterozygous and homozygous mutants were

identified. No PCR products were obtained for homozy-

gous mutants using two gene-specific primers. The inser-

tion point of the T-DNA was mapped by sequencing of the

PCR products. PCR products were obtained from the LB

and RB areas of the parp1 mutant. The T-DNA of parp1

turned out to be integrated in exon 14 and had 240 bp filler

DNA at the RB end (Fig. 1a). PCR products were obtained

with the LB primer combined with gene-specific primers at

both sides of the T-DNA insertion for the parp2 mutant,

Table 1 Substrates with

different ends used for

end-joining assays

Left end Right end Primers

50 overhang BamHI (G/GATCC) 50 overhang BamHI (G/GATCC) q47 ? q50

30 overhang KpnI (GGTAC/C) 30 overhang KpnI (GGTAC/C) q48 ? q51

30 overhang KpnI (GGATC/C) 50 overhang EcoRI (G/AATTC) q48 ? q51

Blunt (10 bp repeat) Blunt (10 bp repeat) q40 ? q41

Blunt Blunt q40 ? q46
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indicating that at least 2 T-DNA copies had been inserted

as an inverted repeat in this locus. The T-DNAs of parp2

were integrated in intron 6, having 5 bps filler DNA

(Fig. 1a).

The genomic DNA was digested by EcoRV or BglII

(parp1) or HindIII (parp2) for Southern blotting (Fig. 1b).

Bands with the expected sizes of 1,350 bp (EcoRV), and

2,716 bp (BglII) were detected for the parp1 mutant. In the

parp2 mutant, one of expected bands (3,600 bp) from the

inverted T-DNAs was detected, but the other expected

band (5,476 bp) was not visible, probably because this

T-DNA copy is not intact and is missing the HindIII site.

Extra bands were detected, indicating that additional

T-DNAs were randomly integrated at other loci.

In order to confirm that the mutants were homozygous

indeed and that no mRNA was produced, Q-RT-PCR

analysis was performed for the T-DNA insertion lines

using primers flanking the insertion site. This resulted in a

product for each gene in the wild type, but not in the

corresponding T-DNA insertion mutant (results not

shown), showing that the mutants were truly homozygous.

The single mutants were crossed and in the next gener-

ations, parp1parp2 (p1p2) and parp1parp2ku80 (p1p2k80)

homozygous mutants were obtained. No obvious pheno-

types were observed in these mutants under standard growth

conditions (Fig. 2a).

DNA damage response

In order to determine the sensitivity to DNA-damaging

agents single and double mutants were treated with the

DNA-damaging agent MMS (Fig. 2a). MMS is a mono-

functional alkylating agent that induces N-alkyl lesions and

SSBs that can be converted into DSBs during replication

(O’Connor 1981). Root growth of seedlings of the parp1

and parp2 mutants was not significantly more affected by

MMS than those of the wild type, whereas the p1p2 mutant

was more sensitive to MMS, with a root length about half

the length of the wild type. This indicated redundancy of

PARP1 and PARP2 in protection against DNA damage by

MMS of the roots. Growth of the p1p2k80 triple mutant

was even further reduced on MMS, indicating that different

repair pathways were impaired (Fig. 2a).

To quantify the effect of MMS treatment on growth of

the parp1, parp2, p1p2, ku80 and p1p2k80 mutants, the

fresh weight of seedlings was determined after 2 weeks of

continuous MMS treatment in liquid MS (Fig. 2b). There

was no significant difference between the wild type and the

ku80, parp1 and parp2 mutants when grown in the pres-

ence of MMS. Previously, a ku70 mutant was also found to

be insensitive to MMS in a similar test (Riha et al. 2002),

whereas two other ku70 mutants (Bundock et al. 2002; Jia

et al. 2012) as well as another ku80 mutant (Gallego et al.

2003) were found to be sensitive to MMS. The difference

in sensitivity of the two ku80 mutants may have been

caused by the different ecotypes (Col-0 versus ws) or

slightly different experimental conditions. The fresh weight

of the p1p2 mutant was about 50 % of that of the wild type

after growth in the presence of 0.008 % MMS, again

suggesting partial redundancy of PARP1 and PARP2. The

fresh weight of the p1p2k80 mutant was 25 % of that of

the wild type and was significantly different from that of

the p1p2 mutant and the ku80 mutant. This indicated that

Table 2 Products of in vitro end-joining reactions with linear sub-

strates with different ends

WT p1p2 p1p2k80 ku80

BamHI/BamHI

Joined precisely (Bam

Small deletion 2

KpnI/KpnI

Joined precisely (Kpn

Small deletion

Large deletiona 1

23noitresnI

1noitutitsbuS

MMEJ (large deletion)a

KpnI/Eco

Large deletiona

Joined precisely (Xcm

Large deletiona

MMEJ (large deletion)a

23noitresnI

MMEJ (XcmI)b

15 17 19 14

HI) 13 17 19 14

9 12 11 13

I) 6 7 7 7

2 1 2 1

2

3

1

RI 16 12 17 15

Filled-in 5 5 2 3

Small deletion 11 6 13 9

1 2 3

Blunt (no homology) 15 16 11 19

I) 8 4 1 7

Small deletion 5 11 7 9

2 1 3 3

3

Blunt (10 bp homology) 36 23 17 20

Joined precisely 7 7 3 2

Small deletion 5 10 7 3

24 3 5 15

Protein extracts of wild-type plants or the p1p2, p1p2k80, ku80

mutants were incubated with linear DNA substrates with 50-overhangs

(BamHI), 30-overhangs (KpnI), incompatible ends (KpnI/EcoRI),

blunt ends without homology or blunt ends with 10 bp homology. The

number of total analyzed products per protein extract (grey rows) and

the number of products specified per joining type are shown (small

deletion:\10 bp; large deletion:[10 bp). The junctions that were not

sensitive for the indicated restriction enzymes were sequenced

(Table 3). Significantly more large deletionsa were obtained with the

ku80 and p1p2k80 mutants compared to the wild type and the p1p2

mutant and less MMEJ productsb were obtained with the p1p2 and

p1p2k80 mutants compared to the wild type and the ku80 mutant (Chi

square tests)
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different pathways are impaired in the p1p2 and ku80

mutants.

In order to further quantify the DNA damage and repair

in the mutants after MMS treatment, comet assays (A/N

protocol) were performed to identify SSBs and DSBs.

For each treatment, around 100 randomly chosen nuclei

from 4 independent mini gel replicas were analyzed by

using CometScoreTm. Without any treatment parp1, p1p2,

p1p2k80 and ku80 genomic DNA contained more damage

than that of the wild type, demonstrating that PARP pro-

teins and KU80 are involved in DNA repair (Fig. 3a).

MMS treatment (0.01 %) for 2 h significantly increased the

DNA damage in the parp1, p1p2 and p1p2k80 mutants, but

not in the parp2 and ku80 mutants and the wild type

(Fig. 3b). The p1p2k80 triple mutant had significantly

more DNA damage than the p1p2 and the ku80 mutant, in

accordance with the result of the fresh weight measure-

ments after the 0.008 % MMS treatment (Fig. 2b). MMS

Fig. 1 Molecular analysis of

the T-DNA insertion lines.

a Genomic organization of the

PARP1 and PARP2 loci in the

parp1 and parp2 mutants.

Inserted T-DNAs of pGABI

(parp1) or pROK2 (parp2) are

indicated. Exons are shown as

grey boxes, 30 and 50 UTRs are

shown as white boxes and

introns are shown as lines. The

primers used for genotyping and

Q-RT-PCR analysis are

indicated. The probe and the

restriction enzyme digestion

sites (B for BglII; E for EcoRV;

H for HindIII) used for Southern

blot analysis are also indicated.

The sequence of the T-DNA-

genomic DNA junctions are

shown: genomic DNA in dark

grey boxes, T-DNA insertions in

light grey boxes and filler DNA

not boxed. b Southern blot

analysis of the parp1 and parp2

mutants. DNA was digested

with EcoRV, BglII or HindIII

and separated on a 0.7 %

agarose gel along a DIG-labeled

Lambda EcoRI/HindIII marker

(lane M), blotted and hybridized

with a DIG-labeled T-DNA

probe. The bands with the

expected size are indicated with

an asterisk
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treatment during 24 h was very deleterious to all plant lines

and after 24 h of recovery more than half of the DNA

damage was repaired compared to the situation before

treatment.

In vitro end joining

In order to investigate whether PARP is involved in

B-NHEJ in plants end-joining assays were performed in

cell-free protein extracts from leaves with linear DNA

substrates with different types of DNA ends (Table 1).

Such method was used previously for biochemical char-

acterization of factors involved in end joining in mam-

malian cell extracts, but so far not for plants. Since

B-NHEJ often uses microhomology for end joining

(MMEJ), the spectra of end joining products should reveal

whether PARP is involved in MMEJ in plants. For com-

parison extracts of the wild type and the ku80, p1p2 and

p1p2k80 mutants were used.

Analysis of the products by sequencing showed that end

joining was accurate for the DNA substrates with

compatible 50-overhangs at the ends, whereas end joining

was prone to be inaccurate for the other types of ends, such

as compatible 30-overhangs, incompatible ends and blunt

ends (Tables 2, 3). In most cases inaccurate end joining

resulted in deletions, suggesting DNA end resection took

place before ligation. Small deletions (\10 bp) were often

seen among the products from all the different plant lines.

Large deletions ([10 bp) were rarely obtained for the wild

type and the p1p2 mutant. The number of large deletions

was significantly higher in the ku80 and p1p2k80 mutants.

This suggested that KU80 protected the DNA ends from

resection and prevented the formation of large deletions.

In the ku80 mutant the ends were more often repaired

by MMEJ. One large deletion (291 bp) found in the

ku80 mutant resulted from repair on regions of 8 bp

microhomology.

In order to test whether PARP proteins are involved in

MMEJ, a DNA substrate with blunt ends containing 10 bp

microhomology sequences was used in end-joining assays.

When end joining occurs via MMEJ using the 10 bp

microhomology, an XcmI site (CCAN9TGG) will be

generated (Fig. 4). Analysis of the products showed that

Fig. 2 Hypersensitivity of

wild-type plants and parp1,

parp2, p1p2, p1p2k80 and ku80

mutants to DNA-damaging

treatments. a Phenotypes of

wild-type (WT) plants and

mutants grown for two weeks

on vertically positioned � MS

plates (control) or plates

containing 0.005 % MMS.

b Fresh weight of 2-week-old

wild-type plants (white) and

parp1 (light grey), parp2 (grey),

p1p2 (dark grey), p1p2k80

(grey-black) and ku80 (black)

mutants treated with 0, 0.008 %

MMS or 0.01 % MMS. For each

treatment 20 seedlings were

weighed in triplicate. Fresh

weight of the plants grown for

2 weeks without MMS was set

at 1. Log values of the relative

fresh weights are shown.

Significant differences

(P \ 0.05) between the WT and

mutants after the same treatment

are indicated by asterisks within

the bars and between selected

mutant lines above the bars.

Different groups are indicated

by letters
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significantly less MMEJ products were obtained with the

p1p2 and p1p2k80 extracts (Table 2). To further determine

the fraction of the products joined via MMEJ using the

10 bp microhomology, the end joining products produced

with wild type, ku70, ku80, p1p2 or p1p2k80 protein

extracts were digested with XcmI and analyzed by gel

electrophoresis (Fig. 4). Compared with the wild type, the

ku70 and ku80 mutants had almost four-fold more MMEJ

products, whereas the p1p2 and p1p2k80 mutants had two-

to 20-fold less MMEJ products, indicating that the PARP

proteins are involved in MMEJ, while the KU proteins

prevent MMEJ by the PARP proteins. This suggested that

there is a competition between PARP and KU proteins to

regulate the use of different NHEJ pathways. The products

that were not repaired via MMEJ were sequenced and these

were precisely joined blunt ends or contained small dele-

tions or insertions (Table 2 and Table 3).

Discussion

Here parp1, parp2, p1p2, and p1p2ku80 mutants were

functionally characterized. The results from in vitro end-

joining assays showed that also in plants PARPs are

involved in a back-up pathway of DNA end joining. The

p1p2k80 mutant was clearly more sensitive to DNA dam-

age than the p1p2 and ku80 mutants, indicating that dif-

ferent DNA repair pathways had been inactivated by the

mutations. Nevertheless, the p1p2k80 mutant could still

repair DSBs according to the in vitro end joining assays,

suggesting that either there is still another alternative NHEJ

pathway in plants or that the C-NHEJ and B-NHEJ were

not completely inactive. Possibly another PARP-like

homologue plays a role in DNA repair in Arabidopsis, like

PARP3, which was found to be involved in DNA damage

repair in mammalian cells (Boehler et al. 2011).

Fig. 3 Comet assay. a The

fraction of DNA in comet tails

(%DNA in tail) was used as a

measure of DNA damage in

wild-type plants (white) and

parp1 (light grey), parp2 (grey),

p1p2 (dark grey), p1p2k80

(grey-black) and ku80 (black)

mutants, without treatment or

with 2 h MMS treatment

(0.01 %), 24 h MMS treatment

and 24 h MMS treatment

followed by 24 h recovery.

Significant differences between

the wild type (WT) and mutants

after the same treatment are

indicated by asterisks

(P \ 0.05) or hashtags

(P \ 0.1) within the bars or

between selected mutant lines

above the bars. Different groups

are indicated by letters.

b Changes in %DNA in tail

after treatment with MMS for

2 h (white box), 24 h (grey box)

or 24 h followed by 24 h

recovery (black box) compared

to untreated plants. Significant

differences compared to

untreated plants are indicated by

asterisks (P \ 0.05). Different

groups are indicated by letters
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Table 3 Sequences of

junctions after in vitro end

joining that were not sensitive

for the restriction enzymes used

(see Table 2)
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In vitro end-joining assays were shown to be an easy and

powerful tool for the biochemical characterization of fac-

tors involved in end joining in mammalian cells. We have

applied such end-joining assay with plasmid DNA in cell-

free extracts of Arabidopsis wild type and several mutants

to assay for the effects of the mutations on the end-joining

products. In our assays, deletions larger than 600 bp could

not be identified due to the position of the PCR primers. It

is therefore possible that we have missed some very large

deletions, since it was reported earlier that they sometimes

can reach up to 1.2 kb (Gorbunova and Levy 1997). In our

assay we nevertheless clearly could identify the effects of

the presence or absence of specific repair genes.

Analysis of DSB repair products in planta may reveal

how DNA repair in various mutants is affected by the

presence of chromatin. For such in vivo approach zinc

finger nuclease-induced, meganuclease-induced and trans-

poson-induced DSBs were shown to be useful tools (Pacher

et al. 2007; Osakabe et al. 2010; Huefner et al. 2011; Lloyd

et al. 2012). High-through put sequencing has made it

possible to analyze many repair events in vivo. However,

the use of these nucleases in vivo has the disadvantage that

the variety of DNA ends is very limited.

Though NHEJ is an error-prone DNA repair pathway

compared with HR, it still results in a high fidelity when

KU-dependent C-NHEJ is active. Of the known end-join-

ing pathways, C-NHEJ is relatively fast and accurate, so

that it is the first choice for organisms to repair DNA DSBs.

A relatively high percentage of end- joining products in

assays with mammalian cells or extracts showed exact

repair (Kuhfittig-Kulle et al. 2007; Mansour et al. 2010).

Repair of nuclease-induced DSBs in plants containing 50-
overhangs also resulted in a high percentage of exactly

repaired products (Lloyd et al. 2012). In our experiments

we also found that the majority of the end-joining products

of substrates with 50-overhangs were accurate without

deletions or insertions. Substrates with 30-overhangs

resulted in less accurately joined products compared to 50-
overhangs. Slower repair of the 30-overhangs might be the

cause of this observation, since it has been found that repair

of substrates with 30-overhangs in mammalian extracts is

slower than repair of substrates with 50overhangs (Audebert

et al. 2004).

The end-joining assays also revealed that more large

deletions were formed in extracts from the ku80 mutant

than from the wild type, corroborating that KU80 plays a

role in maintaining genome integrity in plants. Longer

deletions were also found in KU80 deficient mammalian

cells (Mansour et al. 2010). Repair of DSBs in the p1p2

and p1p2k80 mutants gave less MMEJ products than the

wild type (Fig. 4; Table 3), indicating that PARP1 and

PARP2 are involved in MMEJ. Repair of ZFN-induced

Fig. 4 Microhomology mediated end joining. Linear plasmid con-

taining 10 bp homology at the ends (boxed) was used for in vitro end

joining. The ends are either error-free joined via NHEJ or via MMEJ

creating an XcmI site. PCR products after end joining with protein

extracts from wild-type plants, ku70, ku80, p1p2 or p1p2k80 mutants

were digested with XcmI to determine the fraction (relative to the wild

type) that was joined via MMEJ (shown below the lanes)

Table 3 continued

The recognition sequences for

restriction enzymes are shown

as bold letters. The number in

brackets indicates multiple

clones obtained for that

sequence. The dots represent

deletions and shaded letters

represent insertions. The

microhomologous sequences are

underlined
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DSBs in another Arabidopsis ku80 mutant also resulted in

larger deletions as a consequence of MMEJ (Osakabe et al.

2010). Deep sequencing of repair products of transposon-

induced DSBs also showed less accurate repair and

revealed a shift towards MMEJ in NHEJ mutants (Huefner

et al. 2011). This is in accordance with some reports in

mammals, which showed that KU may serve as an align-

ment factor that not only increases NHEJ efficiency and

accuracy, but also inhibits MMEJ (Feldmann et al. 2000;

Chen et al. 2001; Kuhfittig-Kulle et al. 2007). These results

point to a regulatory mechanism, in which competition

between PARP and KU determines whether C-NHEJ or

B-NHEJ is used (Wang et al. 2006). When the KU protein

is absent, PARP may bind the DNA ends and direct the

DNA repair pathway to B-NHEJ, which more often uses

microhomology. Katsura et al. (2007) reported that KU80

is involved in MMEJ, but this is in contrast to our obser-

vations, since we showed that MMEJ occurred more fre-

quently in the ku80 mutant. Recently, it was shown that KU

controls the choice of repair pathway by inhibiting end

processing and thus repressing HR and MMEJ (Robert

et al. 2009; Fattah et al. 2010). MMEJ leads to deletion and

is therefore mutagenic and may be harmful for genome

stability. When the major DNA DSB repair pathway,

C-NHEJ is available, MMEJ is suppressed by C-NHEJ for

optimal genome stability. The p1p2k80 mutant may be

used to identify components of the still unknown NHEJ

pathways in future.
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