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Double-strand breaks (DSBs) are considered to be one of the most lethal forms of DNA 

damage. They can arise as a consequence of normal cellular metabolism, but occur more 

frequently due to external factors such as ultraviolet (UV) radiation, ionizing radiation and 

genotoxic chemicals (Khanna and Jackson 2001). For instance, exposure of the chest to X-

rays causes 0.0008 DSBs per cell; a body CT, 0.28 DSBs per cell; a tumor PET scan, 0.4 DSBs 

per cell; 10 hours Airline travel, 0.002 DSBs per cell; 10 days space mission, 0.33 DSBs per cell 

(Ciccia and Elledge 2010). DSBs are highly toxic if unrepaired, can cause genome 

rearrangements and even cell death. 

To prevent this, cells have evolved complex and highly conserved systems to detect 

these lesions, signal their presence, trigger various downstream events and finally bring about 

repair. There are two main pathways for DNA DSBs repair: Homologous Recombination 

(HR) and Non-Homologous End-Joining (NHEJ). The HR pathway precisely restores the 

genomic sequence of the broken DNA ends by using the sister chromatid as a template for 

accurate repair. In contrast, NHEJ promotes direct ligation of the DSB ends without the 

requirement for sequence homology and may result in small insertions and deletions at the 

break site. Both pathways are highly conserved throughout eukaryotic evolution but their 

relative importance may be different depending on the stage of the cell cycle or the cell type. 

Unicellular eukaryotes such as the yeast Saccharomyces.cerevisiae with small genomes mostly 

rely on HR to repair DSBs, whereas in higher eukaryotes, like mammals and plants with large 

genomes containing many repeat sequences, the NHEJ pathway is the predominant repair 

pathway.  

In this chapter, we shall review first the DNA DSBs response and its repair. Two main 

DSBs repair pathways, HR and NHEJ, their regulation and how these pathways affect DNA 

integration and Agrobacterium-mediated T-DNA integration in particular are discussed. This 

will be followed by a discussion on strategies to induce DSBs artificially at specific sites in the 

genome and how this can be exploited to affect gene targeting. Finally we will give an outline 

of the thesis. 

 

DNA damage response 

The DNA damage response (DDR) is a signal transduction pathway that affects many aspects 

of cellular physiology (DNA repair, cell-cycle arrest, apoptosis and senescence) (Harper and 

Elledge 2007) (Figure 1). Master regulators of this pathway are members of the 

phosphatidylinositol 3-kinase-like protein kinases (PIKKs) family (Block et al. 2004). They 

control downstream amplification of DNA damage signals by recruitment and 

phosphorylation of their substrates. The current understanding of the DDR mechanism in 

mammalian cells is mostly based on the study of the two most important members of the 

PIKKs family: ATM (Ataxia Telangiectasia Mutated) and ATR (ATM and Rad-3 related) 

(Falck et al. 2005; Shiloh 2006; Matsuoka et al. 2007). DSBs are recognized by the MRE11-

RAD50-NBS1 (MRN) complex, which then triggers the activation of ATM to activate and/or 

induce the levels of DNA repair proteins to bring about repair. The appearance of areas in the 

genome with ssDNA as a consequence of DNA damage or repair leads to the recruitment and 

activation of the other master regulator ATR. After their recruitment to sites of damage, ATM 
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and ATR then phosphorylate a number of substrates, including the downstream protein 

kinases CHK1 and CHK2, which generate a downstream amplification by protein activation 

and repression, leading to cell cycle arrest and DNA repair. Local phosphorylation of histone 

H2AX at damage sites leads to local accumulation of repair proteins, which is enhanced by 

ubiquitination and poly (ADP) ribosylation of specific damage response pathway 

components. 

In contrast to mammalian cells, little is known about the DNA damage response in 

plants. So far, only few homologous genes in plants have been characterized related to the 

DNA damage response. The Arabidopsis orthologs of the mammalian ATM and ATR protein 

play an essential role in the response to DNA damage (Garcia et al. 2003; Culligan et al. 2006). 

WEE1 is a critical downstream target of the ATR-ATM signaling cascades (De Schutter et al. 

2007). Despite the conserved nature of the ATM and ATR kinases, plants and animals seem to 

respond distinctively different to DNA stress. Many genes needed for cell cycle and DNA 

damage checkpoint in animals have no ortholog in plants, such as CHK1, CHK2 and p53 

(Cools and De Veylder 2009). Instead plants use a downstream factor called SOG1 

(suppressor of gamma response 1) as a central hub in the DNA damage response (Yoshiyama 

et al. 2013). 

 

Homologous recombination  

Homologous recombination (HR) promotes genome stability by facilitating error-free repair 

of DSBs, interstrand crosslinks (ICLs), and DNA gaps during and after DNA replication 

(Heyer et al. 2010). HR is a key repair pathway in the S and G2 phases of the cell cycle. Repair 

of DSBs via HR requires homologous sequences that act as a template for the reaction. In this 

Figure 1. The DNA damage response. After signal (DSB) recognition, signal amplification occurs 

and effectors are producted. The presence of DSBs in the DNA is recognized by various sensor 

proteins, such as KU, MRN and PARP. These sensors initiate signaling pathways and activate the 

PIKKs: DNA-PKcs, ATM and ATR. The PIKKs amplify signals by phosphorylation of a number of 

downstream substrates, which ultimately leads to cell cycle arrest, DNA repair, activation of 

transcriptional programmes or induction of programmed cell death. 
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process, the sister chromatid is the preferred template (Kadyk and Hartwell 1992). The 

information from the homologous sister chromatid is copied into and replaces the damaged 

region resulting in precise repair. Homology search and DNA strand invasion are key steps in 

this process. Both are catalyzed by DNA-dependent ATPase Rad51, which is the eukaryotic 

RecA homolog. It can bind cooperatively to ssDNA, forming helical nucleoprotein filaments 

(Conway et al. 2004). HR can be conceptually divided into three stages and Rad51 functions 

in all these phases: pre-synapsis, synapsis, and post-synapsis (Figure 2). 

In the pre-synapsis phase, the DSB is processed to generate ssDNA overhangs by 5’ to 

3’ DNA end resection. End resection in yeast occurs by a two-step mechanism: initial 

resection of 50-200 nt involves the MRX (MRE11-RAD50-XRS2) complex and Sae2 

(Mimitou and Symington 2008), and more extensive resection of up to several kilobases 

involves either Exo1 or Sgs1 in combination with Dna2 (Mimitou and Symington 2011). 

Functional homologs of these proteins are found in higher eukaryotes including plants as well 

(Mimitou and Symington 2009; Osman et al. 2011). After end resection, ssDNA is bound by 

replication protein A (RPA) to protect the ends from degradation and formation of secondary 

structures, which is needed for competent Rad51 filaments to assemble (Owalczykowski 

1998). However, RPA bound to ssDNA also acts as a barrier against Rad51 filament assembly 

(Sugiyama et al. 1997). This inhibitory effect of RPA on Rad51 filament formation can be 

overcome by at least three different kinds of mediator proteins (Heyer et al. 2010). Rad51 

paralogs and Rad52 have been identified as the key mediators of Rad51 filament formation in 

yeast (Sugawara et al. 2003). Rad52 interacts with Rad51 as well as with RPA. These 

interactions are required to recruit Rad51 and also accelerate displacement of RPA from 

ssDNA by Rad51 (Sugiyama and Kowalczykowski 2002). Besides its function as mediator, 

Rad52 also contributes to the later stage of recombination (Nimonkar et al. 2009). The third 

class of mediator protein is BRCA2, the human breast and ovarian cancer tumor suppressor 

protein, which is present in mammalian and plant cells, but not found in budding yeast 

(Holloman 2011; Seeliger et al. 2012).  

The Rad51 filament facilitates fast and efficient homology search and DNA strand 

invasion, leading to the generation of heteroduplex DNA (D-loop). Rad54 is required for 

searching homology, stimulates DNA strand invasion by the Rad51 filament and also 

functions after synapsis (Mazin et al. 2003; Wolner and Peterson 2005). DNA synthesis is 

primed by the 3’end of the invading strand, using the donor strand as template. 

After extension of the 3’ invading strand, repair is finalized by one of at least three 

different sub-pathways of HR: classical double-strand break repair (DSBR) (Szostak et al. 

1983), synthesis-dependent strand annealing (SDSA) (Nassif et al. 1994), or break-induced 

replication (BIR) (Kraus et al. 2001). In the classical DSBR pathway, Rad52 and Rad59 

promote capture of the second end by the D-loop, whereafter two Holliday junctions (dHJ) 

are formed (Wu et al. 2006). These dHJs are either dissolved into non-crossover products by a 

RecQ helicase such as  yeast Sgs1 or human BLM helicase or resolved by a structure-specific 

endonuclease into crossover/non-crossover products. In general, non-crossovers are much 

more predominant in mitotic HR (Baudat and de Massy 2007). Crossovers have the potential 

to generate genomic rearrangements and large-scale loss of heterozygosity (LOH) (Moynahan 

and Jasin 2010). To avoid crossovers events in mitotic cells, the Mph1 helicase is able to 
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suppress the DSBR pathway by dissociating D-loops to facilitate annealing of the extended 3’ 

tail to complementary sequences at the other side of the DSB, leading to the SDSA sub-

pathway (Prakash et al. 2009). It seems that the Rad51 protein has some inhibitory activity 

that counters capture of the second end and dHJ formation, indicating an inherent 

mechanistic bias toward SDSA (Wu et al. 2008). In the absence of a second end, the D-loop 

may become a replication fork, leading to the BIR sub-pathway. During BIR, the replication 

fork restores the integrity of a broken chromosome by copying the entire distal arm of the 

template chromosome, resulting in LOH (Lydeard et al. 2007). BIR is elevated in rad51 and 

mre11 mutants (Krishna et al. 2007). 

 

 

 

 

 

 

 

 

 

 

 

 
 

  

Figure 2.  DSB repair by HR. DSBs can be repaired by distinctive HR pathways, including double-

strand break repair (DSBR), synthesis-dependent strand annealing (SDSA) and break-induced 

replication (BIR). First, the DNA damage site is processed by 5’ to 3’ DNA end resection to generate 

ssDNA overhangs, which is indispensable for Rad51 filament formation. The Rad51 filament 

facilitates fast and efficient homology search and DNA strand invasion, leading to the generation of 

a D-loop structure. In the DSBR pathway, the second end is captured and a double Holliday 

Junction is formed. The dHJs are either dissolved into non-crossover products by BLM/Sgs1 

helicase or resolved by a structure-specific endonuclease into crossover/non-crossover products. 

BIR happens when a second end is absent. The D-loop intermediate turns into a replication fork, 

leading to strand synthesis, which replicates the entire homologous template arm. 
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Table 1. HR proteins in human, yeast and Arabidopsis. 

Homo sapiens 
Saccharomyces 
cerevisiae 

Arabidopsis 
thaliana 

Arabidopsis gene 
number 

Function 

Rad51 Rad51 Rad51 At5g20850 RecA homologue, Strand 
invasion 

MRN complex: 
Mre11-Rad50-
Nbs1 

MRX complex: 
Mre11-Rad50-
Xrs2 

MRN complex: 
Mre11-Rad50-
Nbs1 

At5g54260- 
At2g31970- 
At3g02680 

DNA binding, Nuclease 
activities, DSB ends 
processing, DNA-damage 
checkpoints 

CtIP Sae2 Com1 At3g52115 DSB ends processing, 
DNA strand transition 

Exo1 Exo1 Exo1A, Exo1B At1g29630, 
At1g18090 

DSB ends processing 

BLM Sgs1 RecQ4A At1g10930 DSB ends processing, 
RecQ helicases 

RPA1, 
  
RPA2,  
 
RPA3 

RPA1,  

RPA2,  

RPA3 

RPA1,  

RPA2,  

RPA3 

At2g06510, 
At4g19130, 
At5g45400, 
At5g08020, 
At5g61000; 
At2g24490, 
At3g02920; 
At3g52630, 
At4g18590 

ssDNA binding 

Rad51B-
Rad51C 
Rad51C-
XRCC3 
Rad51D-
XRCC2 

Rad55-Rad57 Rad51B-Rad51C 
Rad51C-XRCC3 
Rad51D-XRCC2 

At2g28560, 
At2g45280, 
At5g57450, 
At1g07745, 
At5g64520 

ssDNA binding, 
Recombination mediator 

Rad52 Rad52 Rad52 At1g71310, 
At5g47870 

ssDNA binding and 
annealing, Recombination 
mediator, Interacts with 
Rad51 and RPA 

BRCA1 - BRCA1 At4g21070 Checkpoint mediator, 
Recombination mediator 

BRCA2 - BRCA2-1, 
BRCA2-2 

At5g01630, 
At4g00020 

Recombination mediator 

Rad54 Rad54 Rad54 At3g19210 ATP-dependent dsDNA 
translocase, Stimulates the 
D-loop reaction 

FancM Mph1 FancM At1g35530 Helicase activity, 
Dissociates D-loop 
formation and facilitates 
single strand annealing 

PARI Srs2 Srs2 At4g25120 Helicase activity, 
Dissociates D-loop 
formation and facilitates 
single strand annealing 

 

  



Chapter 1 

16 

 

Non-homologous end-joining 

Non-homologous end-joining (NHEJ) is believed to be the major pathway for the repair of 

DSBs in most higher eukaryote cells. The basic mechanism of the NHEJ process looks 

relatively simple and straightforward: it rejoins broken ends directly, without requirement for 

long runs of end-resection and searching of a homologous repair template. Still many factors 

are required for NHEJ which demand precise cooperation and timely regulation. Although an 

increasing number of proteins involved in NHEJ have been identified and their interactions 

investigated in the past two decades, there is still much to learn about NHEJ. 

In outline, the NHEJ pathway can be divided in three distinct steps (Figure 3). In the 

first step, the broken ends of DNA are bound by the Ku70/80 heterodimer to initiate the 

NHEJ pathway. In the second step, more NHEJ factors are recruited to perform end 

processing, including Artemis, polynucleotide kinase/phosphatase (PNKP), gap-filling DNA 

polymerases mu (Pol µ) and lambda (Pol λ), and the Mre11/Rad50/Nbs1 (MRN) complex. In 

the last step, the ligase4/XRCC4/XLF complex catalyzes the ligation of the processed DNA 

ends (Mahaney et al. 2009). In general, DSB repair by NHEJ can be precise, but may also 

cause small deletions and insertions of nucleotides at the junction, which alters the nucleotide 

sequence information surrounding the repair region (van Gent and van der Burg 2007). As a 

result, NHEJ is referred to as an error-prone DNA repair pathway. More recently, backup 

NHEJ pathways (b-NHEJ) for DNA repair, also called microhomology-mediated end-joining 

(MMEJ) or alternative-NHEJ (a-NHEJ), were identified from investigations of cells deficient 

for NHEJ components (Figure 3). 

 

 

Figure 3. DSB repair by NHEJ. NHEJ comprises three distinct steps: end binding, end processing 
and ligation. Important factors involved in classical NHEJ and backup NHEJ, which have been 
identified in mammalian cells, are shown. 
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Classical non-homologous end-joining 

Ku 

The classical non-homologous end-joining (c-NHEJ) is initiated by the recognition and 

binding of DSBs by the Ku heterodimer (Mari et al. 2006; Hammel et al. 2010) (Figure 3). The 

Ku heterodimer is comprised of Ku70 and Ku80 subunits, both containing three domains: the 

N-terminal domain (von Willebrand domain, vWA), the Ku core domain, and the C-

terminal domain. Both the N-terminus and core domains contribute to the 

heterodimerization of the complex. The C-terminal domain of Ku70 contains a SAF-A/B, 

Acinus and PIAS (SAP) domain contributing to DNA binding activity, while the Ku80 C-

terminus is involved in protein-protein interactions (Zhang et al. 2001, 2004). The crystal 

structure of the human Ku heterodimer showed that the Ku heterodimer forms a ring 

structure on DNA broken ends in a sequence independent manner (Walker et al. 2001). Ku is 

an abundant protein that has an extraordinary affinity for dsDNA ends allowing it to quickly 

localize to DSBs (Mari et al. 2006).  Once bound to a DSB, the Ku heterodimer serves as a 

scaffold to recruit other c-NHEJ factors to the broken end and promotes end-joining. The Ku 

heterodimer has been shown to interact with DNA-PKcs (Uematsu et al. 2007), XRCC4 (Nick 

McElhinny et al. 2000; Costantini et al. 2007), DNA ligase 4 (Nick McElhinny et al. 2000; 

Costantini et al. 2007), and XLF (Yano et al. 2008), directly (see below). Ku70 and Ku80 have 

also been identified in Arabidopsis (Bundock et al. 2002; Tamura et al. 2002; West et al. 

2002). Atku mutants have been shown to display hypersensitivity to DSB-inducing 

treatments. The absence of the Ku protein reduced the efficiency of NHEJ in an in vivo 

plasmid-based end-joining assay in Arabidopsis (Gallego et al. 2003; Jia et al. 2012), 

indicating that the Ku protein plays an important role in NHEJ in Arabidopsis as well. 

DNA-PKcs 

Once Ku binds to a DSB, in mammalian cells DNA-PKcs is recruited to the DNA break very 

quickly. DNA-PKcs belongs to the phosphatidyl inositol 3-kinase-like (PIKK) family of 

serine/threonine protein kinases and their kinase activity is essential for c-NHEJ in 

mammalian system. However, fungi and plants seem to lack DNA-PKcs. DNA-PKcs 

phosphorylates multiple c-NHEJ proteins in vitro, including Ku, Artemis, XRCC4, ligase 4, 

and XLF. It also shows in vitro autophosphorylation on multiple sites (Meek et al. 2008; 

Mahaney et al. 2009). DNA-PKcs can also be phosphorylated by other members of the PIKK 

family. The phosphorylation property is important for regulating appropriate and timely 

access of NHEJ proteins to the DNA ends (Neal and Meek 2011).  

Artemis 

After the DNA break ends have been detected and captured as described above, the next step 

is end processing to remove non-ligatable ends. Therefore, c-NHEJ requires additional factors 

to produce compatible DNA termini for ligation. These factors are well characterized in 

mammalian systems, but poorly understood in plants. Artemis possesses 5’ to 3’ exonuclease 

activity and acquires endonuclease activity when interacting with DNA-PKcs to form 

phosphorylated complexes, which are responsible for DNA hairpin opening (Ma et al. 2002, 

2005). Lack of Artemis results in accumulation of unopened DNA hairpins at DNA ends. In 
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plants, its homolog called sensitive to nitrogen mustard 1 (SNM1) has been reported to 

function in the repair of oxidative stress-induced DNA damage and positively regulates the 

level of NHEJ by its exonuclease activity (Molinier et al. 2004; Johnson et al. 2011). 

MRN 

The Mre11-Rad50-NBS1 (MRN) complex plays not only a crucial role as a sensor in the DNA 

damage response, the MRN complex can also bridge the DNA ends and perform end 

processing in collaboration with CtIP/Sae2, whereby nicking is followed by 3’ to 5’ 

exonuclease activity in NHEJ (Paull and Gellert 1998; Chen et al. 2001; Williams et al. 2008). 

In plants, MRN mutants display hypersensitivity to DNA damaging agents (Gallego et al. 

2001; Bundock and Hooykaas 2002; Waterworth et al. 2007), but its roles in end processing 

remain to be determined. 

PNKP 

Mammalian polynucleotide kinase 3’ phosphatase (PNKP) is a bifunctional end processing 

enzyme. PNKP possesses both 3’ DNA phosphatase and 5’ DNA kinase activities which are 

ideally suited for processing of non-ligatable DNA termini, especially 3’ overhanging and 

blunt ended termini, and replaces them with ligatable 5’-phosphates and 3’-OH (Karimi-

Busheri et al. 2007; Weinfeld et al. 2011). PNKP is able to interact with scaffolding XRCC4 as 

well as poly (ADP-ribose) (PAR) and those interactions facilitate the recruitment of PNKP to 

the DSB sites (Koch et al. 2004; Li et al. 2013). Its Arabidopsis homolog called zinc finger 

DNA 3′ phosphoesterase (ZDP), is a modular protein with a C-terminal 3′-phosphatase 

domain and an N-terminal DNA-binding domain and has been shown to bind SSBs and 

DSBs and to dephosphorylate 3′-phosphate ends to generate 3′-OH termini (Petrucco et al. 

2002; Martínez-Macías et al. 2012).  

Pol X family  

The X-family of polymerases including Pol µ, Pol λ and lymphoid-specific terminal 

transferase (TdT), are involved in adding nucleotides or filling of gaps at DNA ends to 

accommodate NHEJ. These three DNA polymerases can be recruited to the DNA termini by 

Ku, but require the XRCC4-Lig4 complex to perform gap filling (Mahajan et al. 2002). As the 

only member of the family X DNA polymerase in plants, Pol λ was suggested to function in 

various repair pathways in plants and play a key role in DNA repair in the plant genome 

(Uchiyama et al. 2004; Amoroso et al. 2011; Roy et al. 2011, 2013). 

Ligase4, XRCC4, and XLF 

The final step in the repair of a DSB via c-NHEJ is ligation of the broken ends, which is 

carried out by the ligase 4-XRCC4 complex (Grawunder et al. 1997). DNA ligase 4 from 

Arabidopsis has ATP-dependent ligase activity and interacts with XRCC4 to form the Ligase 

4-XRCC4 complex (West et al. 2000). This interaction is required for stabilization and 

stimulation of Ligase 4 activity. The Atlig4 mutant is hypersensitive to the DNA‐damaging 

agents MMS and X‐rays, demonstrating that AtLIG4 is required for the repair of DNA 

damage (van Attikum et al. 2003). In animals, XLF (also called Cernunnos) has a similar 

structure as XRCC4, interacts with the XRCC4-Ligase4 complex and promotes NHEJ by 

regulating the activity of this complex (Ahnesorg et al. 2006). 
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Backup non-homologous end-joining 

In the absence of the Ku complex higher eukaryotic cells still can accomplish end-joining by 

back up pathways. Several factors that are involved in b-NHEJ have already been identified: 

PARP1/2, MRN, CtIP, Ligase3, XRCC1, Pol θ (Figure 3). The molecular mechanism of b-

NHEJ initiation is poorly understood, although both PARP1 and the MRN complex appear to 

play important roles (Deriano and Roth 2013). PARP1 has been well described as an 

important player of the BER/SSBR pathway responsible for the recruitment of the XRCC1-

Ligase3 complex to promote repair (Caldecott 2008). Similarly, the XRCC1-Ligase3 complex 

also seems to contribute to the DSB ligation in the b-NHEJ pathway in mammalian cells 

(Audebert et al. 2004; Simsek et al. 2011). PARP1 has been reported to compete for free DNA 

ends with Ku and to interact with ATM which is one of the key players in the DNA damage 

response (Aguilar-quesada et al. 2007; Haince et al. 2008). Therefore, PARP1 may contribute 

to the early damage response and serve as a platform to recruit other factors to the broken 

ends in the b-NHEJ pathway. Recently, work in our group confirmed that the Arabidopsis 

homologs AtPARP1 and AtPARP2 are also involved in MMEJ (Jia et al. 2013). 

Ku inhibits end resection, and in absence of Ku, the MRN complex and the MRN-

interacting C-terminal-binding protein interacting protein (CtIP) probably work together to 

mediate DSB resection in b-NHEJ. The knockdown of Mre11 by siRNA decreased the 

frequency of b-NHEJ significantly, but it had no effect on the efficiency of c-NHEJ, suggesting 

that Mre11 is required specifically for b-NHEJ repair of DNA DSBs (Zhuang et al. 2009). The 

knockout of CtIP also results in a significant reduction in b-NHEJ (Lee-Theilen et al. 2011; 

Zhang and Jasin 2011). Human Pol λ and Pol β assist MMEJ using terminal microhomology 

regions (Crespan et al. 2012) and the interaction between PNKP and XRCC1 (Weinfeld et al. 

2011), suggests that they may also function in end processing during b-NHEJ. Pol θ, which 

belongs to the DNA polymerase A-family, was reported to be involved in b-NHEJ in 

Drosophila and mammalian cells (Chan et al. 2010; Mateos-Gomez et al. 2015). It has been 

shown that the polymerase domain of Pol θ is able to independently carry out all the major 

stages of MMEJ in vitro (Kent et al. 2015).  

The ligation step in the b-NHEJ pathway is catalyzed by Lig3 in mammalian cells. 

Since plants are lacking a Lig3 homolog, there must be other factors to take over ligation 

during b-NHEJ in plants. One of the candidates is SSB repair factor Ligase 1, which has been 

implicated in the b-NHEJ repair pathway in Arabidopsis (Waterworth et al. 2009). In 

mammals, Ligase 1 displays functional redundancy with Ligase 3 and might cooperate in b-

NHEJ (Arakawa et al. 2012; Paul et al. 2013).  
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Table 2. NHEJ proteins in human, yeast and Arabidopsis. 

Homo sapiens 
Saccharomyces 
cerevisiae 

Arabidopsis 
thaliana 

Arabidopsis 
gene number 

Function 

Ku70 Ku70 Ku70 At1g16970 
DSB end binding and 
protection 

Ku80 Ku80 Ku80 At1g48050 
DSB end binding and 
protection 

DNA-PKcs - - 
 

protein kinase 

Artemis Snm1/PSO2 Snm1 At3g26680 DNA end processing 
MRN complex: 
Mre11-Rad50-
Nbs1 

MRX complex: 
Mre11-Rad50-
Xrs2 

MRN complex: 
Mre11-Rad50-
Nbs1 

At5g54260- 
At2g31970- 
At3g02680 

DNA binding, Nuclease 
activities, DSB ends 
processing, DNA-damage 
checkpoints 

PNKP Tpp1 ZDP At3g14890 DNA end processing 

Pol λ - Pol λ At1g10520 
DNA polymerase, DNA end 
processing 

53BP1 Rad9 Rad9 At3G05480 DNA end processing 

DNA ligase IV Dnl4 lig4 At5g57160 ATP-dependent DNA ligase 

XRCC4 Lif1 XRCC4 At3g23100 complex with lig4 

XLF/Cernunnos Nej1 - 
 

complex with lig4/XRCC4 
Parp1 - Parp1 At2g31320 DNA end binding, 

NAD+ADP-
ribosyltransferase 

Parp2 - Parp2 At4g02390 DNA end binding, 
NAD+ADP-
ribosyltransferase 

Parp3 - Parp3 At5g22470 DNA end binding, 
NAD+ADP-
ribosyltransferase 

CtIP Sae2 Com1 At3g52115 DNA end processing 

DNA ligase III - - 
 

ATP-dependent DNA ligase 

XRCC1 - XRCC1 At1g80420 complex with lig3 

Pol Q - Pol θ (Tebichi) At4g32700 
DNA polymerase, DNA end 
processing 

 

 

Regulation of DSBs repair pathways choice  

As discussed above, HR and NHEJ are two critical pathways to repair DNA DSBs and 

preserve genome integrity. But when DSBs arise, how is the decision made to choose between 

homologous recombination or NHEJ for repair? Recent studies show that the regulation of 

pathway choice depends on the structure of the DNA ends and the cell cycle phase. 

The initiation of end resection is an important determinant for repair pathway choice 

(Symington and Gautier 2011). End resection is initiated by the MRN complex combined 

with CtIP, which counteracts NHEJ to promote HR by limited end processing. Absence of 

MRN-CtIP results in a complete block of homology-directed repair (Zhu et al. 2008; Mimitou 

and Symington 2008). Loss of Ku enhanced end resection suggesting that it plays an 

important role in regulating the balance between NHEJ and HR. In the second step of end 

resection, Sgs1/BLM, Dna2 and Exo1 contribute to promote HR via generating long ssDNA 
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ends which are poor substrates for binding by Ku (Symington and Gautier 2011). 53BP1 and 

BRCA1 are two factors that are enriched at DSB sites and are supposed to be regulators in the 

choice between NHEJ and HR, respectively (Escribano-Díaz et al. 2013). 53BP1 has been 

implicated in limiting access of nucleases to DNA ends and contributes to promote c-NHEJ. 

BRCA1 may mediate HR by negatively regulating 53BP1 repair activity as well as 

concentrating factors required for processing and the subsequent HR resection. 

Another important factor affecting the choice between the HR and NHEJ pathways is 

the phase of the cell cycle (Chapman et al. 2012). HR is mainly restricted to the S and G2 

phases when the sister chromatid becomes available as template, whereas NHEJ operates 

throughout the cell cycle but more predominantly in the G1 phase. The resection of DSBs is 

prevented in G1. The activity of cyclin-dependent kinases (CDKs) is thought to be the crucial 

factor in both yeast and human cells to promote efficient end-resection (Ferretti et al. 2013). 

It has been shown that CDKs promote the initiation of resection via phosphorylation of 

Sae2/CtIP and Nbs1 and also regulate long-range resection via phosphorylation of Exo1 (Buis 

et al. 2012; Falck et al. 2012; Wang et al. 2013; Tomimatsu et al. 2014). 

 

Agrobacterium-mediated T-DNA integration and NHEJ pathways 

Agrobacterium tumefaciens mediated genetic transformation involves the transfer of T-DNA 

from its tumor-inducing plasmid to the host cell nuclear genome. Agrobacterium is nowadays 

used as a vector to produce genetically modified plants. T-DNA is at random positions in the 

plant genome (Gelvin 2000), which may lead to mutation and position effects altering the 

expression of the transgenes. Therefore, there is great interest to develop methods for the 

controlled and targeted integration of T-DNA. In yeast this can be accomplished by providing 

a segment of yeast homologous DNA in the T-DNA. The HR machinery of yeast then 

mediates integration at the homologous site (Bundock et al. 1995). In plants, homologous 

recombination can occur between a chromosomal locus and a homologous T-DNA 

introduced via Agrobacterium (Offringa et al. 1990), but only with a very low efficiency. Two 

possible models for T-DNA integration have been proposed (Tzfira et al. 2004; Gelvin 2010). 

In the strand-invasion model, T-DNA integration depends on the microhomology between 

T-DNA and plant DNA sequences. It was suggested that single stranded T-DNA is preferred 

for integration (Rodenburg et al. 1989; Gheysen et al. 1991; Mayerhofer et al. 1991). In the 

DNA DSB repair model, the single stranded T-DNA is first converted to a double stranded T-

DNA, whereafter this double strand form integrates into the genome at double strand break 

sites (Salomon and Puchta 1998). This was supported by the fact that DSBs are preferential 

targets for T-DNA integration and that T-DNA can be cut by a restriction enzyme before 

integration (Chilton and Que 2003; Tzfira et al. 2003). 

Previously, it was shown in our lab that Agrobacterium T-DNA integration in yeast 

(Saccharomyces cerevisiae) depends on NHEJ proteins, such as Ku70 and DNA ligase 4 (van 

Attikum et al. 2001; van Attikum and Hooykaas 2003). Arabidopsis NHEJ mutants have 

subsequently been studied for T-DNA integration in plants. However, the results obtained in 

plant T-DNA integration by different research groups are inconsistent and reveal either no or 

limited negative effects (Friesner and Britt 2003; van Attikum et al. 2003; Gallego et al. 2003; 
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Li et al. 2005). Disruption of multiple DNA repair pathways at the same time did not 

eliminate transformation (Jia et al. 2012; Mestiri et al. 2014; Park et al. 2015), suggesting that 

there must be other unknown proteins and pathways that mediated T-DNA integration in 

plants. 

 

Homologous recombination pathway and gene targeting  

Gene targeting (GT) is a genetic technique based on homologous recombination to change or 

replace endogenous genes. It is a powerful technique and has been widely used to study gene 

function. Several approaches have been developed to select and detect GT events, including 

gene specific selection (GSS) and positive-negative selection (PNS). In GSS schemes, an 

endogenous target gene is replaced by a copy of the same gene with a selectable mutation. In 

PNS schemes, selection of homologous recombination relies on positive and negative 

selectable markers placed within and outside the homologous sequence, respectively. The 

PNS-based approach has proven to be very successful and is also used in plant species such as 

rice and Arabidopsis. GT can be achieved efficiently especially in yeast and a few other 

organisms. However, GT usually is inefficient in cells of multicellular eukaryotes, especially in 

those of plants and animals due to a much lower efficiency of HR than NHEJ. In order to 

establish a feasible tool for GT, two options have been tested to improve the frequency of GT 

events based on the mechanism of HR. The first option was to facilitate the HR pathway by 

either increasing the synthesis of proteins involved in HR (Reiss et al. 2000; Shaked et al. 

2005) or by inhibiting synthesis of proteins involved in the NHEJ pathway (Jia et al. 2012). 

This was successful in fungi, where prevention of NHEJ by deletion of Ku or Lig4 resulted in 

very efficient GT (van Attikum and Hooykaas 2003; Kooistra et al. 2004; de Boer et al. 2010). 

Unfortunately, in plants hardly any improvement of GT efficiency was seen. Another 

approach was to enhance GT by inducing genomic DSBs at the target site, which became 

possible by the development of different classes of artificial nucleases (see below). In this way, 

the frequency of GT was increased significantly in different organisms including plants (Durai 

et al. 2005; de Pater et al. 2009; Urnov et al. 2010). GT was also achieved in Arabidopsis 

thaliana by expression of a site-specific endonuclease that not only cuts within the target but 

also the chromosomal transgenic donor (in planta GT), leading to an excised targeting vector 

in each plant cell (Fauser et al. 2012). Due to the recent developments, especially the 

application of genome editing tools, we expect that a method of efficient GT will be developed 

for plants in the near future. 

 

Strategies for DSB induction 

As DNA recombination events including transgene integration and gene targeting, is 

increased at break sites in the genome, it has been a strategy to induce local DNA breaks to 

stimulate these events. Ionizing radiation (X-ray) and genotoxic chemicals (Bleomycin, MMS, 

etc.) were initially used to induce such DNA breaks, but as they affect the genome in an 

uncontrolled manner and cause mutation this was not very successful.  

Site-specific nucleases have been developed by which DSBs can be induced at a 

preferred site in the genome. The advent of meganucleases such as SceI for the first time 
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offered the possibility to induce a DSB at a specific site(s) in a large genome. Such local break 

led to a significant increase in DNA integration (Salomon and Puchta 1998) and in gene 

targeting (Smih et al. 1995). Since then three classes of nucleases have been used extensively: 

Zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and 

CRISPR/Cas (for ‘’clustered regularly interspersed short palindromic repeats/CRISPR 

associated’’) system. 

ZFNs consist of zinc finger arrays fused to the nuclease domain of the type II 

restriction enzyme Fok I. Each zinc finger typically recognizes three nucleotides and 

engineered fingers have been combined to recognize specific longer DNA sequences. ZFNs 

function as a dimer to create a DSB within the spacer between the binding sites of two ZFN 

monomers. ZFN-mediated gene modification has been reported in different eukaryotic 

organisms (Urnov et al. 2010) and also in Arabidopsis by others and our group (de Pater et al. 

2009, 2013; Qi et al. 2013). Like ZFNs, TALENs are composed of DNA-binding domains 

linked to the Fok I nuclease domain. Each binding domain contains a variable number of 

amino acid repeats, each with a RVD (repeat variable di-residues) present at amino acid 

positions 12 and 13 of each repeat, which are able to specifically recognize a single base pair of 

DNA (Joung and Sander 2013). TALENs and ZFNs make DSBs with 5’ overhangs. TALENs 

are considered to be more efficient, specific and reproducible, because TALENs are less 

affected by context of targeting sequences than ZFNs, as shown in yeast (Christian et al. 

2010), human (Zhang et al. 2011) and Arabidopsis (Cermak et al. 2011). 

More recently, a RNA-guided CRISPR/Cas nuclease system was described for 

inducing DNA DSBs at specific genomic loci (Jinek et al. 2012). CRISPR/Cas originates from 

a microbial adaptive immune system that uses RNA-guided nucleases to cleave foreign 

genetic material (Jinek et al. 2012). The CRISPR/Cas9 used for DSB induction in eukaryote 

organisms is based on bacterial type II CRISPR/Cas systems, consisting of CRISPR-associated 

protein Cas9 and a single guide RNA chimera (sgRNA) which was engineered from the 

tracrRNA  (trans-activated CRISPR RNA) and crRNA (CRISPR RNA) (Jinek et al. 2012). 

Cas9 contains two endonuclease domains (HNH-and RuvC-like domains) cleaving both 

strands of the target DNA, directed by the sgRNA via Watson-Crick base-pairing to the target 

DNA sequence (Jinek et al. 2012). The cleavage locations are also determined by a 

protospacer adjacent motif (PAM) which is juxtaposed to the complementary region in the 

target DNA (Jinek et al. 2012). In contrast to ZFNs and TALENs, the CRISPR/Cas9 system is 

markedly easier to design. It requires only a change in the guide RNA sequence and is highly 

specific and efficient for a vast number of cell types and organisms. During the past three 

years, the CRISPR/Cas9 technique has been applied successfully in mammals, plants and yeast 

(review by Kim 2016). 

 

Outline of the thesis 

The non-homologous end joining (NHEJ) repair pathway has been well characterized in yeast 

and mammals, but there is still much to learn in plants. In plants, the main factors of c-NHEJ 

have been identified; our previous work showed that the b-NHEJ pathway also exist in plants, 

depending on Parp1 and Parp2 (Jia et al. 2013). As it was possible that the same DNA repair 



Chapter 1 

24 

 

pathways that mediate T-DNA integration in yeast might act also in plants, the first objective 

of this project was to analyze whether Agrobacterium-mediated transformation efficiency was 

affected by the absence of NHEJ factors in Arabidopsis. The second objective was to 

investigate the NHEJ pathways in Arabidopsis. 

In chapter 2, AtParp3 and AtXrcc1 were functionally characterized, and double and 

triple mutants in NHEJ factors were obtained by crossing of single mutants. Together with 

the ku70, ku80, parp1, parp2, parp1parp2, lig4, lig6 and lig4lig6 mutants, which were 

characterized by our lab previously, they were all tested for T-DNA integration in a root 

transformation assay. In plants, lig4lig6 double mutants are still able to perform end-joining 

(Jia, 2011), suggesting that there must still be another ligase to take over their function. 

Therefore, a putative DNA ligase gene (LIG1a) was studied in chapter 3. Mre11 has been 

reported to play a role both in c-NHEJ and b-NHEJ pathways in mammals. In order to 

analyze whether Mre11 also functions in b-NHEJ in plants, the ku80mre11 double mutant 

was obtained by crossing. The function of Mre11 in plants was studied in chapter 4. Chapter 

5 focuses on how exactly the DNA ends join in the Arabidopsis NHEJ mutants in vivo, which 

were deficient in c-NHEJ, b-NHEJ or both. Sequence-specific nucleases were used to induced 

double strand breaks in Arabidopsis NHEJ mutants. 
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Abstract  

Arabidopsis thaliana parp3 or xrcc1 mutant was isolated, and subsequently double and triple 

mutants (parp1parp3, ku80xrcc1, parp1parp2parp3) were obtained by crossing. Treatments 

with DNA damaging agents showed that PARP3 and XRCC1 are involved in DNA repair. We 

further examined transient and stable root transformation frequencies of these mutants after 

co-cultivation with Agrobacterium. Knocking out components of either the c-NHEJ or b-

NHEJ pathway, did not lead to a significant decrease in root transformation. However, the 

ku80xrcc1 and ku80p1p2 mutants, in which both c-NHEJ and b-NHEJ pathways are 

inactivated, showed a significant decrease in stable root transformation efficiency. However, 

no significant differences were observed in transient transformation. These results indicate 

that T-DNA integration requires the known NHEJ repair pathways for optimal 

transformation, but that there must still be other important factors and/or pathways involved 

in T-DNA integration. 

  



Agrobacterium T-DNA integration 

37 

 

Introduction 

Genetic transformation of plants by Agrobacterium involves the transfer of T-DNA from its 

tumor-inducing plasmid to the host cell nuclear genome. In this way, Agrobacterium has 

provided us with a means to produce genetically modified plants. T-DNA is transferred as a 

single stranded molecule (T-strand) from the bacteria to the plant cell nucleus. During this 

process, several Agrobacterium Vir proteins accompany the T-strand. The T-DNA integrates 

at a random position in the nuclear genome of the plant cells, but the precise mechanism of 

T-DNA integration into the plant genome remains unclear. Two possible models for T-DNA 

integration have been proposed over the years (see for reviews Tzfira et al. 2004; Gelvin 2010). 

In the strand-invasion model, T-DNA integration depends on the microhomology between 

T-strand and plant DNA sequences. It was suggested that single stranded DNA is preferential 

for integration (Rodenburg et al. 1989; Gheysen et al. 1991; Mayerhofer et al. 1991). In the 

DNA double strand break repair model, the T-strand is first converted into double stranded 

DNA and then this is integrated into a double strand break site in the genome. The second 

model was supported by the fact that DSBs are the preferential targets for T-DNA integration 

(Salomon and Puchta 1998; Chilton and Que 2003; Tzfira et al. 2003). 

Using yeast as a model it was shown in our lab that random T-DNA integration in 

yeast (Saccharomyces cerevisiae) is dependent on the non-homologous end joining (NHEJ) 

pathway of DSB repair, and that proteins such as Ku70, Ku80 and DNA ligase IV are essential 

for T-DNA integration (van Attikum et al. 2001). Inactivation of the NHEJ pathway still 

allowed integration via homologous recombination provided that the T-DNA carried an area 

of homology with the yeast genome (van Attikum and Hooykaas 2003). In this way gene 

targeting could be facilitated in yeasts and fungi (Kooistra et al. 2004). Many proteins 

involved in the NHEJ pathway are conserved in plants, including Ku70, Ku80 and Lig4 and 

therefore attempts were made to facilitate gene targeting in plants by inactivating NHEJ in 

plants. However, studies on T-DNA integration with Arabidopsis NHEJ mutants gave 

variable results. Initial publications reported about strongly or mildly decreased stable 

transformation in Arabidopsis ku70 and ku80 mutants (Friesner and Britt 2003; Li et al. 2005; 

Jia et al. 2012; Mestiri et al. 2014), whereas a more recent publication even reported increased 

T-DNA integration in such mutants (Park et al. 2015). A decrease in floral dip transformation 

was reported for a Arabidopsis lig4 mutant (Friesner and Britt 2003), but others found no 

alteration in the frequency of stable transformation in both floral dip and the root 

tumorigenesis assay (van Attikum et al. 2003; Jia et al. 2012; Park et al. 2015). Therefore, in 

plants T-DNA integration must be possible by another pathway. In animal and plant cells in 

the absence of c-NHEJ, DSB repair is possible by backup pathways (b-NHEJ) that so far are 

not fully characterized and these may play a role in T-DNA integration. 

In the b-NHEJ repair pathway in animal cells, Parp1 has been identified to play an 

essential role together with XRCC1, DNA ligase III, Mre11, as well as other end processing 

proteins (Audebert et al. 2004; Cheng et al. 2011). Poly(ADP-ribose) polymerases (PARPs) 

are abundant nuclear enzymes that have been implicated in many cellular processes in higher 

eukaryotes, including stress responses, mitosis, transcription and DNA repair (Schreiber et al. 

2006). Three Parp proteins have been found to be activated in response to DNA damage in 

animals: Parp1, Parp2 and Parp3 (Gibson and Kraus 2012). Parp1 and Parp2 are involved in 
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the DNA damage response (DDR), DNA single strand break repair (SSBR) and base excision 

repair (BER) (Beck, Robert, et al. 2014). Parp3 was only recently discovered as a factor 

recruited to DNA damage sites and which accelerates non-homologous end-joining probably 

by its interaction with the components of the c-NHEJ pathway, including Ku70/Ku80 and 

APLF proteins (Boehler et al. 2011; Beck et al. 2014). Thus, Parp3 is thought to be involved in 

DSB repair via c-NHEJ.  

In plants, XRCC1 has been identified to play an important role in NHEJ in the 

absence of Ku (Charbonnel et al. 2010). Our previous work showed that the Arabidopsis 

Parp1 and Parp2 are involved in a b-NHEJ pathway, called MMEJ (microhomology-mediated 

end-joining) which uses microhomology for repair (Jia et al. 2013). Triple mutants 

inactivating both c-NHEJ and b-NHEJ were constructed in our lab. This included the triple 

mutant ku80parp1parp2 which was hypersensitive to DNA damage, but still conferred T-

DNA integration (Jia, 2011). These results suggest that there may be further redundancy or 

still other factors are involved in T-DNA integration. Recently, the PARP3 gene was 

discovered  in plants (Rissel et al. 2014; Stolarek et al. 2015). Its activity might explain why 

there was still T-DNA integration in the ku80parp1parp2 triple mutant. 

In order to get a better understanding of NHEJ repair pathways and Agrobacterium-

mediated T-DNA integration in plants, mutants in either c-NHEJ, b-NHEJ or both pathways 

were tested in root transformation assays. In order to extend our collection of NHEJ mutants, 

homozygous parp3 and xrcc1 mutants were isolated and characterized. The parp3 mutant was 

crossed with parp1 and parp2 mutants to obtain the homozygous triple mutant of 

parp1parp2parp3 (p1p2p3). The single, double and triple mutants were tested for the 

sensitivity to DNA damaging agents and in a root transformation assay. The xrcc1 mutant was 

crossed with ku80 to obtain the ku80xrcc1 double mutant. Together with other NHEJ mutants 

including ku80, ku70, xrcc1, lig4, lig6, lig4lig6, and ku80p1p2, the p1p2p3 and k80xrcc1 mutant 

lines were also analyzed for Agrobacterium-mediated T-DNA integration in root 

transformation assays. 

 

Materials and methods 

Plant material 

The Atparp3 (At5g22470; SALK_108092) and Atxrcc1 (At1g80420; SALK_125373) T-DNA 

insertion lines, ecotype Col-0, were obtained from the SALK collection (Alonso et al. 2003). 

The Atmre11-2 (Bundock and Hooykaas 2002), Atparp1 (GABI-Kat Line 692A05) (Jia et al. 

2013), Atparp2 (SALK_640400) (Jia et al. 2013), Atlig4 (SALK_044027), Atku70 

(SALK_123114) and Atku80 (SALK_016627) (Jia et al. 2012) and Atlig6 (SALK_065307) (Jia, 

2011) mutants have been previously described. 

Characterization of the Atparp3 and Atxrcc1 mutants 

DNA was extracted from individual plants using the CTAB DNA isolation protocol. The T-

DNA insertion sites of the parp3 and xrcc1 mutants were mapped with a gene-specific primer 

(SP539 or SP544 for parp3; SP170 or SP171 for xrcc1) and a T-DNA specific primer (LBa1 or 

RB) and PCR products were cloned and sequenced. Pairs of gene-specific primers around the 

insertion site were used to determine whether the plants were homozygous or heterozygous 
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for the T-DNA insertion. The sequences of all the primers are listed in Table1. For Southern 

blot analysis, 10 µg DNA from the mutants were digested with HindIII and separated 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. 

Assays for sensitivity to bleomycin and methyl methane sulfonate (MMS) 

Seeds of wild-type, parp1, parp2, parp3, p1p2, p1p3, p1p2p3, ku80, xrcc1, ku80xrcc1 mutants 

were surface-sterilized as described (Weijers et al. 2001) and germinated on solid ½ MS 

medium without additions or containing 0.02 µg/ml bleomycin (Sigma), 0.05 µg/ml 

bleomycin, 0.005% (v/v) MMS (Sigma) or 0.007% MMS. After 2 weeks the mutants 

photographed.  

Root transformation and GUS assays 

Root transformation were performed as described (Vergunst et al. 2000). Root segments were 

infected with A.tumefaciens LBA1100 harboring the binary vector pCambia3301. The T-DNA 

from pCambia3301 contains a phosphinothricin selection cassette and a GUS gene. After co-

cultivation on callus induction medium containing 100 µM acetosyringone for 48 hours, root 

segments were washed, dried and incubated on shoot induction medium plus 

phosphinothricin 30 µg/ml, 500 µg/ml carbenicillin and 100 µg/ml vancomycin. After 3-4 

weeks, plates were photographed and transformation efficiencies was scored as infected root 

segments that produced any form of callus.  

For transient GUS activity assays, root segments were washed after 72 hr cocultivation, 

dried and stained with X-Gluc overnight at 37°C. Root segments were destained with 70% 

ethanol and visualized using a microscope. 

For quantification of GUS activity, root segments were washed, dried and disrupted to 

a powder under liquid N2 in a TissueLyser (Retch, Haan, Germany). Protein extraction buffer 

(1x Na-phosphate/EDTA buffer PH 7.0, 0.1% sodium lauryl sarcosine (SLS), 0.1% Triton-

X100, 10 mM β-mercaptoethanol) was added to tissue powder. Soluble protein was isolated 

by centrifugation at 4°C. The protein concentration was determined by using the BIO-RAD 

protein assay reagent. Ten µl protein extracts in duplicate were co-cultivated in 190 µl 

extraction buffer/MUG at 37°C. The fluorescence value was scored after 0.5, 1, 3, 5 hours by a 

Perkin Elmer 1420 Fluorimeter. GUS activities from triplicate transformations were 

normalized against total protein content to correct for differences in protein extraction 

efficiencies. Statistical analyses were performed using Prism version 5 (GraphPad Software 

Inc.).  
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Figure 1. Molecular analysis of the T-DNA insertions in the PARP3 and XRCC1 loci. Genomic 
organization of the PARP3 (A) and XRCC1 (B) locus is indicated with the positions of the inserted T-
DNA. Exons are shown as black boxes, 3’ and 5’ UTRs are shown as gray boxes and introns are shown 

as lines. The probe (▬) and the restriction enzyme digestion site (H: HindIII) used for Southern blot
analysis, are indicated. Genomic DNA sequences (gDNA) flanking the T-DNA insertion are shown in 
italics. T-DNA border indicated with triangle. (C) Southern blot analysis of the parp3 and xrcc1 T-DNA 
insertion mutant. The genomic DNA was digested by HindIII. M1, M2: Lambda DNA EcoRI+HindIII, 
Lambda DNA HindIII marker. The expected bands of 2174 bp (parp3 mutant), 2173 bp and 3340 bp 
(xrcc1 mutant) are indicated with an asterisk. Tandem repeat of 3.6 kb is indicated with a dot. 
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Results 

Identification of the parp3 and xrcc1 mutants 

Previously it was found that in the triple ku80p1p2 mutant inactivating both c-NHEJ and b-

NHEJ at the same time, T-DNA integration was still observed. Recently, a third PARP gene 

was discovered in plants called PARP3 (Rissel et al. 2014). As PARP3 is possibly redundant to 

PARP2 and PARP1, we isolated and characterized the parp3 homozygous mutant and crossed 

it with p1p2 (Figure 1). Homozygous mutants were identified by using T-DNA specific 

primers for the left border or right border in combination with gene-specific primers flanking 

the insertion site. No PCR products were obtained for homozygous mutants using two gene-

specific primers. The insertion site of the T-DNA was mapped by sequencing. The T-DNA 

was integrated in the PARP3 gene in intron 4, whereby 12 bp filler DNA was inserted at the 

LB end (Figure 1A). The RB was integrated with part of the original pROK2 vector. 

Therefore, the RB integration site could not be mapped. For Southern blotting, genomic 

DNA of the parp3 mutant was digested with HindIII. A diagnostic band of 2174 bp was 

expected connecting the T-DNA with the PARP3 gene, which can indeed be seen on the gel 

(Figure 1C). Besides the 2 kb band extra bands were detected, indicating that additional T-

DNAs were randomly integrated in the genome of the parp3 mutant. The band around 3.5 kb 

indicated a random T-DNA integration as a tandem repeat. 

Another protein that seems important for b-NHEJ is XRCC1 (Charbonnel et al. 2010). 

The homozygous mutant was isolated and characterized. The results showed that two T-

DNAs were inserted in intron 5 in inverted orientation, with the LBs flanking the plant DNA 

and 3 bp of the plant DNA missing as well as the LB sequence of one of the T-DNAs (Figure 

1B). For Southern blotting genomic DNA was again digested with HindIII. Two bands of 

2173 bp and 3343 bp were expected diagnostic for the connection between the T-DNAs and 

the XRCC1 gene. These can indeed be seen on the gel (Figure 1C). Besides, extra bands were 

detected, indicating that additional T-DNAs were randomly integrated in the genome of the 

xrcc1 mutant. 

DNA damage response 

In order to study whether Parp3 functions in DNA repair, the parp3 mutant was tested for 

sensitivity to the genotoxic agents bleomycin and MMS. As no difference was seen with the 

wildtype, p1p3 double and p1p2p3 triple mutants were obtained by crossing the individual 

mutants and assayed in the same way for hypersensitivity to genotoxic agents as this may 

reveal gene redundancy. Without any treatments, p1p2 (Jia et al. 2013), p1p3 double and 

p1p2p3 triple mutants grew the same as wild type. When treated with bleomycin, there were 

again no clear differences in growth seen between the parp mutants and wild type plants (data 

no shown). However, as can be seen in Figure 2A, when treated with MMS, the p1p2p3 triple 

and p1p3 double mutants showed somewhat more sensitivity than each of the single mutants, 

especially when treated with 0.005% MMS. This result suggests that Parp3 is indeed involved 

in DNA repair and even may play a more important role than Parp2 in the repair of MMS 

damage. 

The xrcc1 mutant was treated in a similar way to test its function in DNA repair 

(Figure 2B). As no difference was observed with the wild type, a ku80xrcc1 double mutant was 
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obtained by crossing the single mutants and assayed in the same way for hypersensitivity to 

genotoxic agents (Figure 2B). In normal growth conditions, the ku80xrcc1 double mutant 

grew the same as the wild type and single mutants. When treated with bleomycin, the 

ku80xrcc1 double mutant showed the same sensitivity as the ku80 single mutant. However, the 

ku80xrcc1 mutant showed more sensitivity to MMS than the wildtype and each of the single 

mutants. These results indicate that XRCC1 and Ku80 repair MMS induced damage by 

different pathways. 

 

Figure 2. NHEJ mutants response to DNA damaging treatments. (A) Phenotypes of wild-type plants 
and parp1, parp2, parp3, p1p2, p1p3 and p1p2p3 mutants germinated on ½ MS medium (control) or 
½ MS medium containing 0.005% and 0.007% MMS photograph taken 2 weeks after germination. 
(B) Phenotypes of wild-type plants and ku80, xrcc1 and ku80xrcc1 mutants germinated on ½ MS 
medium (control) or ½ MS medium containing 0.02 µg/ml, 0.05 µg/ml bleomycin or 0.005%, 0.007% 
MMS photograph taken 2 weeks after germination. 
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Root transformation 

In order to determine the effects of the mutations on Agrobacterium T-DNA integration in 

somatic plant cells, we performed a root transformation assay using Agrobacterium strain 

LBA1100 harboring the binary vector (pCambia3301) and selected for callus formation in the 

presence of phosphinothricin (ppt). Roots of WT, ku80, ku70, parp1, parp2, parp3, xrcc1, lig4, 

lig6, ku80xrcc1, lig4lig6, p1p2, p1p2p3 and ku80p1p2 mutant lines were co-cultivated with the 

Agrobacterium strain, and numbers of green calli were counted after 4 weeks. Longer culture 

led to green shoot formation from these calli. Data from three independent tests and more 

than 300 root segments of each genotype are presented in Figure 3. Roots from ku80, ku70, 

parp1, parp2, parp3, xrcc1, lig6, p1p2 and p1p2p3 mutants were transformed as well as the wild 

type. The double mutant ku80xrcc1 and triple mutant ku80p1p2, which were supposed to be 

disturbed in both c-NHEJ and b-NHEJ repair pathways, gave significantly less transformed 

calli than the wild type roots, indicating that NHEJ repair pathways are partly responsible for 

the T-DNA integration process. Interestingly, roots from the lig4 mutant produced 

significantly more transformed calli than roots from wild type plants, indicating that Lig4 is 

not required for Agrobacterium T-DNA integration in plants and may even be somewhat 

inhibitory to the T-DNA integration process. However, the roots of the lig4lig6 double 

mutant produced the same number of transformed calli as roots from wild-type plants. 

Transient transformation is not affected in NHEJ mutants 

We expected that the mutation of NHEJ genes would not affect the entry of T-DNA into the 

plant cell nucleus. To test this, we infected root segments of wild type and Arabidopsis 

mutant lines with the same Agrobacterium strain LBA1100 harboring the binary vector 

pCambia3301 which contains a CaMV 35S promoter gusA-intron gene. This gusA gene allows 

expression of GUS activity in plant cells, but not bacteria. After inoculation with 

Agrobacterium and co-cultivation for 3 days, the root segments were stained with X-Gluc to 

reveal transient transformation. As shown in Figure 4A, most root segments were stained 

with blue color, but this was difficult to quantify. In order to quantify the GUS activity, we 

used the fluorescent β-glucuronidase substrate MUG (4-methylumbelliferyl-β-d-

galactopyranoside) instead. Three days after infection, proteins were extracted from root 

segments and tested in this way for GUS activity. As seen in Figure 4B, no significant 

differences were observed in the GUS activity between wild type and NHEJ mutants roots co-

cultivated with Agrobacterium. Thus, NHEJ mutations that increased or reduced stable 

transformation frequencies did not affect T-DNA transfer and transient expression of the T-

DNA. 
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Figure 3. Stable root transformation of Arabidopsis NHEJ mutants. (A) Root segments from wild-type 
and mutant plants were co-cultivated with Agrobacterium stain LBA1100 harboring pCambia3301 for 
48 hours, and transferred to selection induction medium. Efficiency of transformation as represented by 
the ratio of mean number of green calli per root segment relative to wild type. Asterisk indicates a 
significant difference relative to wild-type plants (ANOVA, P<0.05). (B) Examples of root transformation 
assays from wild-type and ku80, lig4, lig6, lig46 mutants. Photographs were taken 4 weeks after co-
cultivation. 
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Discussion 

Our previous work showed that NHEJ can still occur in parp1parp2 and ku80parp1parp2 

mutants (Jia et al. 2013), suggesting that there may be a third pathway of NHEJ in plants or 

that there may still be functionally redundant proteins taking over the function of Parp1 and 

Parp2 when they are absent. The recently discovered PARP3 gene might represent such a 

redundant protein. The mammalian PARP3 gene has been reported to be involved in the 

DNA damage response and to interact with different partners belonging to the c-NHEJ 

pathway. Therefore, a T-DNA insertion mutant of PARP3 was obtained and characterized. 

There was no phenotypical difference between the parp single mutants and  the wild-type 

plants under normal growth conditions or after genotoxic treatment. However, the p1p3 

double and p1p2p3 triple mutants showed more sensitivity to MMS. It means that Parp3 is 

indeed involved in DNA repair in plants. Further work is needed to find out to what extent 

Parp1, Parp2 and Parp3 are functionally redundant in the same NHEJ repair pathway in 

plants. Recently, unexpectedly Parp1 was shown to be involved not only in b-NHEJ (Beck, 

Robert, et al. 2014), but also in c-NHEJ in mammalian cells as a recruitment factor for the 

chromatin remodeler CHD2 (Luijsterburg et al. 2016).  

 

 

Figure 4. Transient GUS assay of Arabidopsis NHEJ mutants. (A) Root segments from wild-type and 
mutant plants were co-cultivated with Agrobacterium stain LBA1100 harboring pCambia3301 for 72 
hours, and then stained with X-Gluc. (B) The transient GUS expression level is quantified by MUG 
assay and presented as the ratio of the level of MUG activity relative to wild type. Statistics analysis 
showed no significant differences. 
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Table 1. Sequences of primers used for characterization of T-DNA insertion lines. 

Name Locus Sequence 

LBa1 T-DNA left end 5'-TGGTTCACGTAGTGGGCCATCG-3' 

RB T-DNA right end 5'-TTTGGAACTGACAGAACCGC-3' 

Sp170 Atxrcc1 5’-GACACTCTAAAGAAACGTTCC-3’ 

Sp171 Atxrcc1 5’-GAATCTCCGTTTTAACCATCC-3’ 

Sp271 pROK2  5'-CCCGTGTTCTCTCCAAATG-3' 

Sp272 pROK2  5'-CAGGTCCCCAGATTAGCC-3' 

Sp539 Atparp3 5'-GTGAGTGGTGCAGTTGCGTGT-3' 

Sp544 Atparp3 5'-CTTCGGCATTAGGGTCATCTC-3' 

 

 

 

 

Figure 5. Transformation frequencies using floral dip assay. One or half gram of seeds from the wild-type 
(Col-0 and Ws) and the NHEJ mutants obtained after floral dip transformations were selected on 
hygromycin (for pSDM3834) or phosphinothricin (for pSDM3900). The number of selection-marker-
resistant seedlings was scored 2 weeks after germination. Plates with contamination were excluded, and 
mean numbers of resistant seedling (per plate), standard errors and numbers of measurements (N) are 
shown in (A). (B) The transformation efficiency is presented as the ratio of the number of selection-
marker-resistant seedlings in the mutants and wild-type. The grey bar indicates the data for pSDM3834, 
and the white bar represents pSDM3900. Asterisk indicates a significant difference relative to wild-type 
plants (ANOVA, P<0.001). 
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In this work also a mutant with a T-DNA insertion in the XRCC1 gene was isolated 

and characterized. The Arabidopsis xrcc1 mutant has been shown to be hypersensitive to γ-

radiation and even more sensitive than ku80 mutant plants (Charbonnel et al. 2010). 

However, we saw no phenotypical difference between xrcc1 mutant and wild-type plants after 

treated with MMS or bleomycin agents. Double mutant ku80xrcc1 plants showed similar or 

increased sensitivity compared to the ku80 single mutant to a number of different genotoxic 

agents, confirming that XRCC1 is involved in DNA repair pathways in plants, but the precise 

role in the NHEJ pathways remain to be determined. In human cells, XRCC1 has been shown 

to play an important role together with DNA Lig3 in b-NHEJ pathways (Della-Maria et al. 

2011). Due to lack of Lig3 in plants, XRCC1 must act in a different manner during the b-

NHEJ repair in plants, which may depend on poly (ADP-ribose) synthesis (Breslin et al. 

2015). 

Agrobacterium T-DNA molecules integrate into plant DNA double strand break sites 

(Tzfira et al. 2004). Thus, double strand break repair mechanisms are hypothesized to be 

involved in the integration of Agrobacterium T-DNA in plants. Previously, our group had 

shown that non-homologous T-DNA is integrated by NHEJ in yeast, and that NHEJ proteins 

including the Ku70/Ku80 and Lig4 play an essential role in T-DNA integration in yeast. 

Several studies have investigated the role of NHEJ in Agrobacterium-mediated T-DNA 

integration in plants, but the results obtained so far are variable (Friesner and Britt 2003; van 

Attikum et al. 2003; Gallego et al. 2003; Li et al. 2005; Jia et al. 2012; Nishizawa-Yokoi et al. 

2012; Mestiri et al. 2014; Park et al. 2015). The inconsistency of these findings is probably due 

to using different mutant lines or different experimental procedures. In order to test whether 

NHEJ proteins are involved in T-DNA integration, we performed root transformation assays. 

Although a lower T-DNA integration frequency was observed in the ku80p1p2 and ku80xrcc1 

mutants, these mutants were still able to stably integrate T-DNA. In addition the ku80p1p2 

mutant can still repair nuclease-induced DSBs (Chapter 5) indicating that either another 

redundant protein is present or other repair pathways are active. 

The root transformation frequency in ku80 and ku70 c-NHEJ mutants did not show 

significant differences compared to the wild type. However, our previous results from floral 

dip transformations with NHEJ mutants showed that the transformation frequency is highly 

reduced in ku80, ku70 and mre11-2 mutants (Figure 5). This may be due to differences of 

target tissues. Floral dip results with parp1, xrcc1 and ku80parp1 mutants showed that PARP1 

and XRCC1 has no essential function in floral dip transformation (Figure 5). Roots and other 

somatic cells are the natural target for Agrobacterium-mediated transformation, whereas the 

target cells in floral dip transformation are the female gametophytes. 

Our results of root transformation showed that mutations in either the c-NHEJ or b-

NHEJ pathway did not significantly impact T-DNA integration, but mutations in both 

pathways together significantly reduced root transformation efficiency. Other reports 

similarly showed that T-DNA integration was not completely suppressed or not decreased at 

all in ku80parp1 and ku80xrcc1 double mutants (Mestiri et al. 2014; Park et al. 2015). It could 

be that c-NHEJ and b-NHEJ are functionally redundant in T-DNA integration. Mestiri et al. 

(2014) observed an about three-fold decrease in both floral dip transformation and root 

transformation frequencies of single mutants in the b-NHEJ pathway. However, the results 



Chapter 2 

48 

 

from Park et al. (2015) indicated that c-NHEJ and b-NHEJ proteins do not positively 

contribute to transformation susceptibility and may even limit stable transformation. One 

possibility is that different experimental conditions (such as Agrobacterium inoculation 

concentrations) caused different observations. Besides, Arabidopsis mutant lines may show 

altered growth or developmental characteristics, which may also affect the outcomes of 

transformations. 

Although conflicting results were obtained from several research groups including our 

own investigating the role of NHEJ proteins in Agrobacterium-mediated plant transformation, 

all these findings show at least that disruption of one or multiple NHEJ repair pathways does 

not eliminate transformation, suggesting that another DNA repair pathway is involved in T-

DNA integration. A recent study showed that the Arabidopsis Pol θ ortholog Tebichi (Teb) is 

essential for T-DNA integration (Kregten et al, 2016). Since mutations in c-NHEJ 

components did show decreased transformation frequencies, they probably function together 

with Pol θ during the integration process. 
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Abstract  

During DNA replication and DNA repair, broken DNA ends are ligated together by an ATP-

dependent DNA ligase. In eukaryotic cells several DNA ligases are present. DNA ligase I has a 

function in DNA replication and various DNA repair pathways, whereas DNA ligase 4 is 

involved in non-homologous end-joining (NHEJ) and the plant specific ligase 6  functions 

only during seed germination. In an in silico search for homologs of ATP-dependent DNA 

ligases in Arabidopsis, we found another candidate gene At1g49250 (Lig1a). A homozygous 

mutant of Atlig1a was isolated and crossed with the Atlig4 and Atlig4lig6 mutants to obtain 

the double and triple mutants (Atlig4lig1a and Atlig4lig6lig1a). Under both normal growth 

conditions and under genotoxic stress, the Atlig1a mutant behaved like the wild type, but an 

additional phenotype was observed in Atlig4lig1a, Atlig4lig6lig1a mutants compared to Atlig4 

and Atlig4lig6. This suggests that Ligase 1a does play a role in break repair, when Ligase 4 and 

Ligase 6 are mutated. 
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Introduction 

DNA ligases are very important enzymes of DNA metabolism. They have indispensable 

functions in DNA replication and DNA repair pathways, where DNA ligases are required for 

repair by both Homologous Recombination (HR) and Non-Homologous End-Joining 

(NHEJ) repair pathways to seal the broken ends. Eukaryotes possess several ATP-dependent 

DNA ligases, which are essential for the replication and repair of the nuclear and organelle 

genomes. So far, four different DNA ligases, termed LIG1, LIG3, LIG4 and LIG6 have been 

identified and functionally analysed in eukaryotes (Timson et al. 2000). LIG1 and LIG4 are 

conserved in all eukaryotes, while LIG3 is unique to vertebrates and LIG6 is specific for 

plants. 

DNA LIG1 is an essential enzyme, responsible both for joining Okazaki fragments 

during DNA replication and for ligating the single-strand nicks formed during excision 

repair, and also functions in nucleotide excision repair and homologous recombination 

(Barnes et al. 1992; Levin et al. 2000; MacNeill 2001; Arakawa and Iliakis 2015). There is 

functional redundancy between LIG1 and LIG3 and they both might function in backup non-

homologous end-joining (b-NHEJ) (Simsek et al. 2011; Arakawa et al. 2012; Paul et al. 2013). 

The vertebrate-specific LIG3 has two splice variants, LIG3α and LIG3β. LIG3α has a function 

in single-strand break repair (SSBR) and base-excision repair (BER) repair pathways. Besides 

the DNA binding domain and catalytic domain present in all ligases, it has a N-terminal zinc 

finger domain and a C-terminal BRCT domain, which can also be found in LIG4. The BRCT 

domain is necessary for interaction with XRCC1, which is involved in BER/SSBR (Taylor et 

al. 1998). The N-terminal zinc finger domain is necessary for ligation activity and is thought 

to have a function in targeting LIG3 to nicks in DNA (Taylor et al. 1998; Mackey et al. 1999). 

Ligase 3β is expressed only in the testis and may have a role in meiotic recombination (Chen 

et al. 1995; Mackey et al. 1997). Human DNA ligase 3 also encodes a mitochondrial form, 

probably produced by translation initiation at an upstream translation start site, producing a 

protein with a mitochondrial targeting sequence (Lakshmipathy and Campbell 1999). LIG6 is 

a DNA ligase, with a domain structure unique to plant species and different from LIG1, LIG3 

and LIG4, and seems to function only during seed germination to promote seed storability 

and rapid germination (Waterworth et al. 2010).  

LIG4 is conserved in yeast, fungi, mammals and plants and plays an important role in 

the classical non-homologous end-joining (c-NHEJ) pathway of DSB repair (Critchlow et al. 

1997; Wilson et al. 1997; van Attikum et al. 2003), which is independent of homologous 

sequences and is the predominant mechanism for DSB repair in mammals and plants. During 

C-NHEJ DNA ends are directly joined, which is mediated by several protein complexes, 

including the LIG4/XRCC4/XLF complex (Ahnesorg et al. 2006). In the absence of LIG4, cells 

are more sensitive to genotoxic treatments such as ionizing radiation. Increasing evidence 

suggests that there is a backup NHEJ (b-NHEJ) repair pathway, which is activated when c-

NHEJ is blocked, and LIG3 may play an important role in b-NHEJ in animal cells. However, a 

low level of LIG3 or LIG4 is sufficient for efficient NHEJ in mammalian cells (Windhofer et 

al. 2007). In plants lig4lig6 mutants are still able to perform end-joining (Jia, 2011), 

suggesting that there must still be another ligase to take over their function. In order to find 

other putative ligases in the Arabidopsis genome, we analyzed the genome sequence for the 
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presence of sequences that shared homology to the DNA lig1, lig4 and lig6. In this way we 

found a putative DNA ligase gene, Atlig1a (At1g49250). In order to analyze its role in DNA 

repair, we characterized a T-DNA insertion mutant in the At1g49250 gene and homozygous 

Atlig1a, Atlig4, Atlig4lig1a and Atlig4lig6lig1a mutants were tested for sensitivity to DNA 

damaging agents and DNA repair. 

 

Materials and methods 

Plant materials 

The At1g49250 T-DNA insertion line was obtained from the SALK T-DNA collection 

(SALK_026361) (Alonso et al. 2003). Information is available at http://signal.salk.edu/cgi-

bin/tdnaexpress. The homozygous mutant was crossed with Atlig4 (At1g16970; 

SALK_123114) and Atlig4lig6 mutants (At1g66730; SALK_065307) previously isolated in our 

lab (Jia, 2011) and the Atlig4lig1a double mutant and the Atlig4lig6lig1a triple mutant were 

obtained. 

Characterization of the Atlig1a mutant 

DNA was extracted from individual plants using the CTAB DNA isolation protocol (de Pater 

et al. 2006). The T-DNA insertion site of the mutant was mapped with a gene-specific primer 

(Sp416 or Sp417) and a T-DNA specific primer (LBa1 or RB) and PCR products were cloned 

and 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 insertion. 

The sequences of all the primers are listed in Table 1. For Southern blot analysis, DNA from 

the Atlig1a mutant was digested with HindIII. DNA (10 µg) was ran on a 0.7% agarose gel 

and transferred onto a positively charged Hybond-N membrane (Amersham Biosciences). 

The hybridization and detection procedures were done according to the DIG protocol from 

Roche Applied Sciences. 

Assays for sensitivity to bleomycin and methyl methane sulfonate (MMS) 

Seeds of wild-type plants and Atlig4, Atlig6, Atlig1a, Atlig4lig1a, and Atlig4lig6lig1a mutants 

were surface-sterilized as described (Weijers et al. 2001) and germinated on solid ½ MS 

medium without additions or containing 0.02 µg/ml bleomycin (Sigma), 0.05 µg/ml 

bleomycin, 0.005 % (v/v) MMS (Sigma) or 0.008 % MMS and photographed after 1 week. 

Comet assay 

DSBs were detected in plant cells by a neutral comet assay (N/N protocol) as described before 

(Menke et al. 2001), but with minor modifications. Two-week-old seedlings were submerged 

in liquid ½ MS containing 1 µg/ml bleomycin for 24h. These seedlings were subsequently 

recovered and submerged in liquid ½ MS for 2h, 6h and 24h. Plant nuclei were isolated and 

embedded in 1% low melting point Ultrapure™ agarose-1000 (Invitrogen) to make a mini gel 

on microscopic slides according to the protocol. Nuclei were subjected to lysis in high salt 

(2.5 M NaCl, 10 mM Tris-HCl, pH 7.5, 100 mM EDTA) for 20 min at room temperature 

(N/N protocol). Equilibration for 3 times 5 min in 1X TBE buffer (90 mM Tris-borate, 2 mM 

EDTA, pH 8.4) on ice was followed by electrophoresis at 4oC in TBE buffer for 15 min at 30 V 

(1 V/cm), 15-17 mA. Dry agarose gels were stained with 15 µl ethidium bromide (5 µg/ml) 
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and evaluated with a microscope using the DsRed channel (excitation at ~510 nm, emission 

at ~595 nm). Images of comets were captured at a 40-fold magnification by a digital camera. 

Comet scoring software CometScore™ (Tritek corporation) was used to analyze the comets. 

The percentage of tail DNA (%DNA in tail) was used as a measure of DNA damage. At least 

100 comets from 6 independent gel replicas were analyzed for each treatment. 

Floral dip transformation and GUS staining 

The Atlig1a promoter sequence was obtained by PCR using Hp1 and Hp2 primers (Table 1). 

The Atlig1a::gus reporter plasmid was constructed by cloning the 1.271 kb Atlig1a promoter 

upstream of the GUS coding sequence in pCambia1391xa and subsequently introduced in 

Agrobacterium strain AGL1 by electroporation. Floral dip (Clough and Bent 1998) was 

performed to obtain Atlig1a::gus reporter plants. Transformants were selected on solid MA 

medium without sucrose containing 15 µg/ml hygromycin, 100 µg/ml timentin (to kill 

Agrobacterium cells) and 100 µg/ml nystatin (to prevent growth of fungi).  

Two weeks old T2 seedlings were incubated in ½ MS or ½ MS supplemented with 0.5 

µg/ml bleomycin for 24h, followed by GUS staining. The GUS staining was examined under a 

Leica MZ12 microscope (Leica microsystems) and photographed with a Leica DC 500 digital 

camera (Leica microsystems). 

 

Results 

Characterization of the Atlig1a mutant 

By in silico analysis of the Arabidopsis thaliana genome, we found a novel gene encoding a 

putative DNA ligase. As can be seen in Figure 1, the encoded protein has all the essential 

domains of DNA ligases and shares a high homology with Arabidopsis ligase 1 (73% of 

homology). In order to study the function of AtLIG1a, a T-DNA insertion mutant from the 

Salk collection was analyzed. The homozygous T-DNA insertion mutant was identified by 

PCR analysis. When two gene-specific primers flanking the insertion site were used, PCR 

products were amplified for the wild type and heterozygous mutants. However, no PCR 

product was obtained from homozygous mutants as the PCR products would be more than 

10 kb in size due to the T-DNA insertion and would not be detected by the PCR conditions 

used here. When T-DNA-specific left border primer (LBa1) was used in combination with the 

sense gene-specific primer (SP416), a PCR product was amplified from the T-DNA insertion 

mutants. No PCR products were obtained using LBa1 or the right border (RB) primer in 

combination with the antisense gene-specific primer (SP417). The T-DNA right border 

primer set (SP223 and SP224) was used to detect the T-DNA RB and putative flanking vector 

sequences. A PCR product was amplified from the T-DNA insertion mutants, indicating that 

the T-DNA indeed had been integrated with extra vector sequences. The insertion point was 

mapped by sequencing of the LBa1-SP416 PCR product. The results indicated that the T-

DNA was inserted in exon 3 and had 7 bp filler DNA at the left border end. The RB was 

linked to vector pBin-ROK DNA and therefore, the RB integration site could not be 

recovered by PCR with the RB primer. The structure of the T-DNA insertion in Atlig1a is 

shown in Figure 2A. 
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Figure 1. Alignment of central region of Ligase proteins from Homo sapiens (Hs), Schizosaccharomyces pombe
(Sp), Saccharomyces cerevisiae (Sc) and Arabidopsis thaliana (At). The N terminal DNA binding domain (motif 
I), the catalytic adenylation domain (motif II) and the Oligonucleotide/oligosaccharide-binding (OB) fold 
domain (motif III) are indicated with black lines under the sequence and  conserved amino acids are indicated 
with black boxes. 
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Genomic DNA of the homozygous mutant was digested by HindIII for Southern 

blotting (Figure 2B). As expected, a band with the size of 2.2kb was detected on the blot, 

representing the left border-fragment connecting the T-DNA to the host AtLig1a gene. 

Besides the 2.2kb band, there were additional bands on the blot, indicating that additional T-

DNAs had been inserted in the genome. In order to reduce the number of the additional T-

DNA insertions, we also analyzed the next generation of this mutant by Southern blotting. All 

progeny plants showed the same bands, suggesting that the T-DNA insertions are linked. 

Figure 2. Molecular analysis of the T-DNA insertion in the Atlig1a locus. (A)  Genomic organization of 
the Atlig1a locus is indicated with the positions of the inserted T-DNA. Exons are shown as black boxes 
and introns are shown as lines. The probe (▬) and the restriction enzyme digestion site (H: HindIII) 
used for Southern blot analysis are indicated. Genomic DNA sequence (G-DNA) flanking the T-DNA 
insertion is shown in italics and filler DNA in small letters. T-DNA border indicated with triangle. (B)
Southern blot analysis of the Atlig1a T-DNA insertion mutant. The genomic DNA was digested with 
HindIII. M: Lambda DNA/ EcoRI+HindIII marker. The expected band was indicated by Asterisk.  1 to 
15 indicate individual progeny plants of Atlig1a. 
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DNA damage response 

No obvious differences were observed between the Atlig4, Atlig6, Atlig4lig6 and Atlig1a 

mutants and the wildtype under standard growth conditions (Figure 3). In order to study 

whether Atlig1a functions in DNA repair, the mutant was tested for sensitivity to the 

genotoxic agents bleomycin and MMS and compared to Atlig4 and Atlig6 mutants. As 

expected, the Atlig4 and Atlig4lig6 mutants turned out to be hypersensitive to bleomycin and 

MMS, whereas the Atlig6 and Atlig1a mutants did not show hypersensitivity. In order to study 

whether the role of Atlig1a becomes more prominent in the absence of the other ligases, the 

Atlig1a mutant was crossed with the Atlig4 and Atlig4lig6 mutants and homozygous 

Atlig4lig1a and Atlig4lig6lig1a mutants were obtained. The Atlig4lig1a double and 

Atlig4lig6lig1a triple mutants, were somewhat smaller compared to the Atlig4 and Atlig4lig6 

mutants. When Atlig4lig1a double and Atlig4lig6lig1a triple mutants were treated with 

genotoxic agents (bleomycin or MMS), they showed a more sensitive phenotype compared to 

the Atlig4 and Atlig4lig6 mutants similar to the difference under standard growth conditions 

(Figure 3). However, Atlig6 did not show extra phenotypes in Atlig4lig6lig1a triple mutant 

compare to Atlig4lig1a double mutant. 

 

Figure 3. Response to DNA-damaging treatments. Phenotypes of wild-type plants and Atlig4, Atlig1a, 
Atlig6, Atlig4lig1a, Atlig4lig6lig1a mutants germinated on ½ MS medium (control) or ½ MS medium 
containing 0.02, 0.05 µg/ml bleomycin or 0.005 %, 0.008 % MMS and photographed 1 week after 
germination. 
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In order to quantify the DNA damage and repair in Atlig4, Atlig4lig1a and 

Atlig4lig6lig1a mutants, comet assays (N/N protocol) were performed after bleomycin 

treatment. For each treatment around 100 randomly chosen nuclei from 6 independent mini 

gel replicas were analyzed by using CometScoreTM. The percentage DNA in the tail is related 

to the amount of DNA damage. The Atku80 mutant was used as positive control. Without 

any treatment, the genomic DNA of Atku80 already had a bit more DNA damage than that of 

the wild type as expected, while Atlig4, Atlig4lig1a and Atlig4lig6lig1a mutants showed nearly 

the same amount of DNA damage as the wild type (Figure 4A). All mutants had a higher level 

of nuclear DNA damage than the wild type after 24h treatment. The DNA damage of the wild 

type and the Atku80, Atlig4 and Atlig4lig1a mutants was slowly repaired following the 

recovery step. The wild type had 68% damage remaining after 24h and the mutants somewhat 

more. The Atlig4lig6lig1a mutant however hardly showed any repair after 24h recovery 

(Figure 4B). This means that NHEJ is still functional in the Atku80, Atlig4 and Atlig4lig1a 

mutants but it progresses slower than in wild type. However, simultaneous mutation of the 3 

ligase genes AtLig4, Atlig6 and AtLig1a inhibited NHEJ such that no DNA repair could be 

detected within 24 hours of recovery.  

 

Discussion 

Here we characterized the Atlig1a, Atlig4lig1a and Atlig4lig6lig1a mutants and compared these 

with the wild type and Atlig4 and Atlig4lig6 mutants. No phenotypical difference was detected 

in the Atlig1a mutants compared to the wild type. Since AtLig1, AtLig4 and AtLig6 are still 

present in this mutant, the function of AtLIG1a may be concealed or suppressed. In order to 

check if the Atlig1a gene is involved in NHEJ DNA repair pathways, we also isolated 

homozygous Atlig1a double and triple mutants by crossing with the Atlig4 and Atlig4lig6 

mutants. It is impossible to obtain Atlig1 homozygous mutants because mutation of the 

AtLig1 gene is lethal (Babiychuk et al. 1998). There was a phenotypical difference under both 

normal growth conditions and under genotoxic stress between the Atlig4lig1a and 

Atlig4lig6lig1a mutants and the Atlig4 and Atlig4lig6 mutants. It is difficult to determine if 

treatment with genotoxic chemicals had a more severe effect on the Atlig1a mutants, 

compared to the difference under standard growth conditions. This could imply that AtLIG1a 

is involved in a process that occurs under standard growth conditions, such as DNA 

replication, which also generates a low level of DSBs. The results obtained from the comet 

assay analyses, showed an effect of the mutation of Atlig6 in the triple mutant: no DNA repair 

was observed in the Atlig4lig6lig1a triple mutant within the 24 hours recovery period, 

although AtLig1, reported to be involved in replication and several DNA repair pathways 

(Arakawa and Iliakis 2015), was still present. This probably also true for Atlig1a since it gave 

an more severe phenotype compared to Atlig4lig6 (Figure 3). 
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Figure 5. Quantification of DNA damage by comet assays. (A) The fraction of DNA in comet tails (%DNA in 

tail) was used as a measure of DNA damage in wild-type plants and Atku80, Atlig4, Atlig4lig1a and Atlig4lig6lig1a

mutants. Around 100 nuclei for each treatment were analyzed. The means of %tail-DNA after bleomycin 

treatment are shown. T0: no treatment; T24: treated 24 hours. (B) The means of damage remaining after 

recovery are shown. R0: no recovery; R2, R6, R24: treated 24 hours followed by  2, 6 or 24 hours recovery. 

Damage at R0 was set as 100%. 

 

Figure 4. Expression pattern of the ligase genes AtLig1a (At1g49250), AtLig1 (At1g08130), AtLig4

(At5g57160), AtLig6 (At1g66730) in Arabidopsis. Data were retrieved using Genevestigator analysis tools of 

development (A), anatomy (B) and stimulus (C). Scatterplot outputs of developmental (A) and tissue-specific 

(B) expression patterns are shown. AtLig1a is indicated as red dot, AtLig1 as blue dot, AtLig4 as green dot and 

AtLig6 as yellow dot. The expression levels in response to genotoxic treatments for the four ligase genes are 

shown in (C). “Medium” indicates the interquartile range (IQR). 
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By using the genevestigator tool (https://genevestigator.com/gv/index.jsp), we 

compared the expression of the ligase genes of Arabidopsis thaliana. This revealed that the 

expression levels of the AtLig1a gene was lowest compared to the other known ligase genes: 

AtLig1, AtLig4 and AtLig6, independent of cell type or stage of development and not induced 

by genotoxic stress (Figure 5). We tried to clone the full length cDNA by normal cloning 

strategies, but we did not succeed, possibly due to the low abundance of the mRNA. We also 

tried to check the expression of Atlig1a gene by Northern blotting using a short part of 

AtLig1a as a probe, but we could not detect any signal on the blot. Finally, we cloned the 

Atlig1a promoter upstream of the GUS reporter and analysed the expression of this construct. 

Although the presence of the intact construct was verified by PCR, no GUS staining at all was 

seen in three transgenic plant lines. The results obtained by RNA seq also confirmed that the 

expression of AtLig1a gene is extremely low and more than 100 fold lower than the expression 

level of the AtLig1 gene (data no shown). Therefore, we concluded that the expression level of 

the Atlig1a gene is very low in wild type seedlings under standard growth conditions. During 

our studies the supposedly low expression of Atlig1a was recently also reported by others (Li 

et al. 2015). Although we could not detect any expression of AtLig1a, a developmental effect 

was observed when in addition to AtLig1a both AtLig4 and AtLig6 were also mutated. Possibly 

AtLig1a expression is induced when these ligases are both mutated. 

In summary, our results indicate that AtLIG1a probably has a function in DNA 

replication or NHEJ repair, when other ligase genes are mutated. Since the mechanisms of the 

b-NHEJ repair pathways in plants remains unclear, further work is needed to find out if 

AtLIG1a is indeed involved in the final ligation step of plant b-NHEJ repair. 
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Table 1. Sequences of primers used for characterization of T-DNA insertion lines and plasmid 

construction. 

 

Name Locus Sequence 

LBa1 T-DNA left border 5'-TGGTTCACGTAGTGGGCCATCG-3' 

RB T-DNA right border 5'-TTTGGAACTGACAGAACCGC-3' 

Sp223 T-DNA right border 5’-TTCAACGTTGCGGTTCTGTC-3’ 

Sp224 T-DNA right border 5’-TGTGGTTGGCATGCACATAC-3’ 

Sp271 pROK2  5'-CCCGTGTTCTCTCCAAATG-3' 

Sp272 pROK2  5'-CAGGTCCCCAGATTAGCC-3' 

Sp416 Atlig1a 5'-GCCGTTCCTCTCAGACTATG-3' 

Sp417 Atlig1a 5'-TACAGCAGCCTGTCCCAAGG-3' 

Sp268 Atlig4 5'-ATGCTGAGGACTTGTTTAATG-3' 

Sp269 Atlig4 5'-ACCAACATTTCACCATCAAGG-3' 

Sp264 Atlig6-1 5'-GTCAACTCTGTCAATGGTCC-3' 

Sp265 Atlig6-1 5'-AATATCAAACACGAAGACGCAGAC-3' 

Hp1 Atlig1a promoter 5'-CCAAGCTTTTTTAATTCACCTTGAATTTAC-3' 

Hp2 Atlig1a promoter 5'-AAGGATCCGAGAACGTCAAATGCAGATAT-3' 
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Abstract  

The Mre11 complex has a critical role in DNA damage signaling and DSB repair. The 

Arabidopsis Mre11 protein shares a highly conserved N-terminus with yeast and mammalian 

Mre11. T-DNA insertions in this conserved region, thus fully inactivating the gene, resulted 

in many developmental defects including sterility (mre11-1, mre11-3). The mre11-4 mutant 

with T-DNA insertion in the C-terminal region exhibited a similar phenotype, but the mre11-

2 mutant with a slightly downstream insertion was fully fertile and grew normally. 

Nevertheless, also this latter mutant was hypersensitive to DNA damaging agents, indicating 

defective DNA repair. By yeast two-hybrid assays, we found that the Mre11-2 protein 

(truncated at amino acids 1 to 529) still interacted with Rad50, but the Mre11-4 protein 

(truncated at amino acids 1 to 499) did not, indicating that the area between amino acid 499 

and 529 is important for interaction with Rad50. As many functions of Mre11 rely on 

complex formation with Rad50, this explains the large difference between mre11-2 and 

mre11-4 mutants. As the mre11-2 mutant showed sensitivity to DNA damage, we tested 

whether this was due to a defect in c-NHEJ repair by generating ku80mre11-2 double mutant 

plants. Interestingly, the ku80mre11-2 double mutant plants were more sensitive to DNA 

damage stress than single mutant plants and moreover were resistant  to Agrobacterium-

mediated transformation. These results indicate that Mre11 is important for backup NHEJ 

pathways involved in T-DNA integration. 
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Introduction 

Non-homologous end-joining (NHEJ) is believed to be the major pathway for the repair of 

DSBs in most higher eukaryote cells. The classical NHEJ (c-NHEJ) pathway embraces as 

critical factors Ku70/80 and Lig4, which are also found in plant cells. In the absence of Ku, 

efficient repair still occurs indicating that the cell has backup pathways for repair, which are 

called backup NHEJ (b-NHEJ) or sometimes also microhomology-mediated end-joining 

(MMEJ) or alternative NHEJ (a-NHEJ). Such repair pathways were discovered in yeast 

(Saccharomyces cerevisiae) (Boulton and Jackson 1996) and in mammalian cells (see review 

Deriano and Roth 2013). The c-NHEJ pathway is relatively precise but still sometimes causes 

small deletions or insertions. In the absence of Ku, resection of the ends becomes possible, 

which may lead to large deletions, insertions and translocation which are features of b-NHEJ. 

However, the molecular mechanism underlying b-NHEJ remain unclear. Also in plants, 

evidence was obtained that repair can occur by such backup pathways to maintain plant 

genome integrity (Charbonnel et al. 2010; Jia et al. 2013). Several factors that are involved in 

b-NHEJ have already been identified: PARP1/2, Ligase3, XRCC1, Pol θ, CtIP and Mre11. 

Mre11 has been well defined in DNA damage response (DDR) and homologous 

recombination (HR). It combines with Rad50 and Nbs1 (Xrs2 in yeast) to form the MRN 

(MRX in yeast) complex and acts as a DSB sensor for activation of ATM and downstream 

signaling. Mre11 has both single-stranded DNA endonuclease activity and 3’ to 5’ exonuclease 

activity, and thus MRN plays a crucial role in promoting DSB end resection, which is likely to 

determine pathway choice between HR and NHEJ and repair outcome (see review Ceccaldi et 

al. 2016). However, the MRN/MRX complex, and Mre11 in particular, have been found to 

have also a direct role in NHEJ repair pathways. In yeast, MRX has been implicated in NHEJ 

repair and in the MMEJ pathway (Chen et al. 2001; Ma et al. 2003). Deficiency of the MRX 

complex resulted in a significant reduction in the frequency of T-DNA integration by NHEJ 

in yeast (van Attikum et al. 2001). In mammalian cells, Mre11 promotes both c-NHEJ and b-

NHEJ pathways during the repair of I-SceI endonuclease-induced DSBs (Rass et al. 2009; Xie 

et al. 2009). 

In plants, it has been shown that MRN mutants (Mre11, Rad50 and Nbs1) exhibit an 

increased sensitivity to DNA damage (Gallego et al. 2001; Bundock and Hooykaas 2002; 

Waterworth et al. 2007). Four Arabidopsis thaliana T-DNA insertion mutant lines of the 

MRE11 gene were previously described: mre11-1 and mre11-2 (Bundock and Hooykaas 2002), 

mre11-3 (Puizina et al. 2004), mre11-4 (Šamanić et al. 2013). The mre11-2 plants displayed 

normal growth and fertility, while mre11-1, mre11-3 and mre11-4 mutant lines had many 

developmental defects and were sterile. These reports demonstrated that Mre11 has essential 

roles in the response to irradiation-induced DSBs, meiotic recombination and maintenance 

of chromosomal stability.  

In this chapter, we compared mre11-4 and mre11-2 both with insertions in the C-

terminal part of Mre11 to determine which function is missing in mre11-4 versus mre11-2. 

The yeast two-hybrid results showed that mre11-2 still preserved interaction with Rad50, but 

mre11-4 did not. In order to study the role of Mre11 in plant cells, including NHEJ and 

Agrobacterium T-DNA integration, we generated a homozygous double mutant ku80mre11-2, 

in which the c-NHEJ repair pathway is inactivated. More sensitivity to DNA damage stress 
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was found in this double mutant revealing a crucial role for Mre11 in DNA repair in absence 

of Ku80. Using yeast as a model it was shown in our lab that T-DNA integration in yeast is 

dependent on the c-NHEJ pathway of DSB repair (van Attikum et al. 2001). However, 

inactivation of c-NHEJ or of both c-NHEJ and factors supposedly involved in b-NHEJ 

pathways in plants (PARP1, PARP2, XRCC1) still allowed T-DNA integration by 

Agrobacterium (see Chapter 2), suggesting that there must be other important proteins and/or 

another NHEJ pathway mediating the T-DNA integration in plant cells. Remarkably, the 

ku80mre11-2 double mutant was resistant to T-DNA integration, while the single mutants 

still were proficient in T-DNA integration. This suggests that Ku80 and Mre11 control 

different pathways of T-DNA integration, each of which functions independently in 

Agrobacterium T-DNA integration in plant cells as only in the absence of both of them 

integration of T-DNA was not observed by the root transformation assay. 

 

Materials and methods 

Plant material 

The T-DNA insertional Arabidopsis thaliana mutants of ku80 and mre11-2, have been 

described previously (Bundock and Hooykaas 2002; Jia et al. 2012). The double ku80mre11-2 

mutant was produced by crossing ku80 and mre11-2 homozygous mutants followed by PCR 

analysis of progeny for identification of double homozygous plants. 

Assays for sensitivity to bleomycin and methyl methane sulfonate (MMS) 

Seeds of wild type, ku80, mre11-2 and ku80mre11-2 mutants were surface-sterilized as 

described (Weijers et al. 2001) and germinated on solid ½ MS medium without additions or 

containing 0.02 µg/ml or 0.05 µg/ml bleomycin (Sigma), 0.005% (v/v), 0.007% or 0.01% 

MMS (Sigma) and photographed after 2 weeks. After 10 days growth, the fresh weight 

(compared with controls) was determined by weighing the seedlings in batches of 20 in 

duplicate. Statistical analyses were performed using Prism version 5 (GraphPad Software 

Inc.). 

Cell Death Assay 

Four days old seedlings on MS-agar plates were transferred to new MS-plates with DNA 

damaging agents. After one or four days treatments, 20 seedlings were placed in propidium 

iodide solution (PI, Sigma-Aldrich, 5 µg/ml in water) for 1 min and rinsed three times with 

water. Root tips were then transferred to slides in a drop of water and covered with a cover 

slip for observation under the fluorescence microscope.   

Yeast two-hybrid Assays 

Full-length Mre11 was cloned into pACT2, while full length Rad50 was cloned into pAS2.1 

(James et al. 1996). Mre11(1-499), Mre11(1-510), Mre11(1-529), Mre11(530-720) were amplified by PCR 

and cloned into pACT2 and pAS2.1. Primer sequences are presented in Table1. All PCR 

fragments were verified by sequencing. Interaction assays were performed by co-

transformation of bait and prey plasmids into yeast strain PJ69-4A as previously described 

(Gietz et al., 1992), and plated on MY minimal medium, supplemented with methionine, 

uracil, adenine and histidine and lacking leucine and tryptophan (MY/–LW). Subsequently, 
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cells were incubated for 16 h in liquid MY/–LW and spotted onto selective solid MY medium 

lacking leucine, tryptophan and histidine (MY/–LWH) supplemented with increasing 

concentrations of 3-amino-1,2,4-triazole (3-AT, Sigma) ranging from 0 to 30 mM. Yeast cells 

were allowed to grow for 5 days at 30°C. 

Root transformation 

Root transformation was performed as described (Vergunst et al. 2000). Root segments were 

infected with Agrobacterium LBA1100 (pCambia3301). After co-cultivation on callus 

induction medium containing 100 µM acetosyringone for 48 hours, root segments were 

washed, dried and incubated on shoot induction medium supplemented with 30 µg/ml 

phosphinothricin, 500 µg/ml carbenicillin and 100 µg/ml vancomycin. After 3-4 weeks, plates 

were photographed and transformation efficiencies were scored as infected root segments that 

produced any form of green callus. Statistical analyses were performed using Prism version 5 

(GraphPad Software Inc.). 

 

Results 

The C-terminal part of Mre11 contains the domain interacting with Rad50 

The Arabidopsis Mre11 protein shared a large conserved domain in the N-terminus with 

Mre11 from other organisms, but there was less clear homology in the C-terminus (Figure 

1A). Four Arabidopsis MRE11 T-DNA insertion mutants have been characterized. The 

mre11-2 mutant exhibited  a normal growth phenotype and was fertile, whereas the mre11-1, 

mre11-3 and mre11-4 mutants were sterile and showed obvious morphological abnormalities. 

While the T-DNA insertions in mre11-1 and mre11-3 were localized in the N-terminal part of 

the gene, the insertions in mre11-2 and mre11-4 were located in the C-terminus. As a result of 

T-DNA insertion, 10 additional amino acids (NTQLKNVNMI) may form the C-terminus of 

the predicted protein in the mre11-2 mutant, while 35 additional amino acids 

(ARRYRFSCLITFFN-SGLLFQTGTTLNPFSGYSFDL) are predicted at the C-terminus in the 

mre11-4 mutant. Except for the extra amino acids formed at the C-terminus, putative 

truncated Mre11 proteins formed in the mre11-2 and mre11-4 mutants would differ only by 

30 amino acids. In silico analysis of the predicted truncated Mre11 proteins showed that the 

mre11-4 deletion removes a large region that is highly conserved in Mre11 proteins of 

different plants, while only a small part of this is deleted in the Mre11 protein encoded by the 

mre11-2 allele (Figure 1B).  
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Figure 1. (A) Alignment of Mre11 proteins from Homo sapiens, Saccharomyces cerevisiae,
Schizosaccharomyces pombe, Pyrococcus furiosus and Arabidopsis thaliana. The conserved amino acids are 
indicated with black and gray boxes. The Rad50 binding domains (RBD) in P. furiosus are underlined.
(B) Alignment of Mre11 C-terminus from Nicotiana tabacum, Oryza sativa (rice), Zea mays (maize) and 
Arabidopsis thaliana. 
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To get a better understanding of the functional differences between the Mre11-2 

protein truncated at amino acid 529 and the Mre11-4 protein truncated at amino acid 499, 

yeast two hybrid assays were performed (Figure 2). Full-length Mre11 displayed a strong 

interaction with Rad50 and with itself, indicating that the Arabidopsis Mre11 can potentially 

homodimerize and form a Mre11-Rad50 complex as expected. To test if the truncated 

proteins formed in mre11 mutants still could interact with Rad50 and homodimerize, each of 

four fragments of Mre11 (amino acids 1 to 529; 1 to 510; 1 to 499; 530 to 720) cloned in 

pAS2-1 and pACT2 were cotransformed into yeast. A full-length clone of Rad50 in pACT2 

and each of four fragments of Mre11 cloned in pAS2-1 were cotransformed into yeast. We 

found that amino acids 1 to 499 of Mre11 were sufficient for self-interaction. Although Mre11 

amino acids 1 to 529 displayed a strong interaction with Rad50 comparable to that observed 

for full-length Mre11, the smaller version (amino acids 1 to 499) did no longer interact with 

Rad50. Apparently, presence of the area from amino acids 499 to 529 overlapping with a 

region that is strongly conserved in plant Mre11 is essential for the interaction of Mre11 with 

Rad50. Indeed, an Mre11 construct (amino acids 1 to 510) preserving this conserved region, 

but only 11 amino acids larger than the Mre11-4 protein Mre11 (amino acids 1 to 499) was 

now able to interact with Rad50. The C-terminal part of Mre11 (aa 530 to 720) by itself did 

neither homodimerize nor interact with Rad50. These results revealed that the ability to form 

of Mre11 homodimers and Mre11-Rad50 complexes are preserved in the Mre11-2 protein, 

but that the Mre11-4 protein could no longer form a complex with Rad50. As Mre11 relies for 

most of its functions on the formation of a complex with Rad50 (and Nbs1), this explains the 

different phenotypes of the mre11-2 mutant in comparison with mre11-4 and the other T-

DNA insertion mutants. 

We further tested the interaction between Mre11 and Nbs1 which is the third 

component of the MRN complex. Although such interactions between plant Mre11 and Nbs1 

were observed previously (Waterworth et al. 2007), no interaction was observed by our two-

hybrid analysis. This may be due to the different yeast two-hybrid systems used. As it was 

been reported that Mre11 plays a role in b-NHEJ pathways, we studied whether Mre11 

interacts with proteins known to be involved in the b-NHEJ repair pathway (such as PARP1, 

PARP2, LIG1, XRCC1, COM1 and RAD9) by two-hybrid analysis as well. However, no 

interaction between Mre11 and any of those proteins could be detected.  
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The Ku80mre11-2 double mutant is more sensitive to DNA damage stress than each of the single 

mutants 

Previously, in our lab it was shown that the ku80 and the mre11-2 single mutants were 

hypersensitive to DNA damage stress (Bundock and Hooykaas 2002; Jia et al. 2013). In order 

to test whether the mre11-2 mutation affects the same or a different repair pathway as Ku80, 

the ku80mre11-2 double mutant was obtained by crossing the single mutants and tested for 

sensitivity to genotoxic agents (Figure 3A). Without any treatments, the double mutant grew 

similarly as the wild type. However, upon treatment with bleomycin or MMS, the double 

mutant grew more slowly and developed fewer true leaves in the assay period than each of the 

single mutants, indicating increased DNA damage sensitivity in double mutant plants. We 

also evaluated the effect of DNA damage on the growth of 10-days-old plate-grown plants by 

Figure 2. Yeast two-hybrid analysis of MRE11 interactions. (A) Schematic regions of MRE11 analyzed in 
the in vitro interaction studies and the constructs used in the yeast two-hybrid analysis. (B) Interaction 
of MRE11 full length protein and deletions with RAD50 protein. The interactions between MRE11 and 
RAD50 or MRE11 itself resulting in histidine autotrophy. 
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quantification of the fresh weight (Figure 3B). We found that the fresh weight of double 

mutant plants was dramatically reduced in comparison with that of wild type and each of the 

single mutants, when treated with bleomycin or MMS. 

 

 

 

 

 

 

Figure 3. The ku80mre11-2 double mutant is hypersensitive to DNA damaging treatments. (A)
Phenotypes of wild-type plants and ku80, mre11-2 and ku80mre11-2 double mutants germinated 
on ½ MS medium (control) or ½ MS medium containing 0.02, 0.05µg/ml bleomycin or 0.005%, 
0.01% MMS photographed 2 weeks after germination. (B) Fresh weight of 10-days-old wild-type 
and ku80, mre11-2 and ku80mre11-2 double mutants treated with 0.02, 0.05 µg/ml bleomycin or 
0.005%, 0.01% MMS. For each treatment 20 seedlings were weighed in duplicate. Fresh weight of 
the plants grown 10 days without bleomycin or MMS was set on 1. Error bar represent SD. Anova
test; for *, p<0.001; **, p<0.0001. 
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As the ku80mre11-2 double mutant plants might have difficulty in repairing DNA 

damage, this might lead to more cell death than in the wild type or each of the single mutants. 

To test this, we used propidium iodide (PI) staining to reveal cell death. As can be seen in 

Figure 4, no cell death was observed in wild type and mutants under the normal growth 

conditions. Bleomycin treatment caused cell death in the root meristem of both wild type and 

the mutants, and this increased over time. More cell death was seen in the roots of the double 

mutant than in that of the single mutants, which were more damages than the wild type 

(Figure 4B). When the time period of the genotoxic stress was extended, a much shorter 

meristematic zone was observed in the root tip of the double mutant (Figure 4C), which 

might be due to the enhanced cell death in the root meristem. Meanwhile, the epidermal cells 

Figure 4. Cell death profile in root tips of wild type and mutants. PI-staining of root tips of 4-
days-old wild-type, ku80, mre11-2 and ku80mre11-2 seedlings grown on MS medium and 
transferred to MS medium with 0.05 µg/ml bleomycin for 1 day (B) and 4 days (C), and to MS 
medium without bleomycin for 2 days as control (A). 
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of the double mutant were also more deformed and enlarged than those of wild type and each 

of the single mutants (Figure 4C). 

Taken together, the results showed that ku80mre11 double mutant plants grow 

similarly as wild type plants under normal growth conditions, but they are more sensitive to 

DNA damage and grow slower in the presence of genotoxic agents than each of the single 

mutants. This indicates that Mre11 probably plays an important role in Ku-independent 

DNA repair pathways in somatic plant cells. 

The Ku80mre11-2 double mutant is resistant to Agrobacterium mediated T-DNA integration 

Previously, we found that both the ku80 and mre11-2 mutants were somewhat recalcitrant to 

transformation in the floral dip procedure (Jia et al. 2012), but other groups have shown that 

the ku80 mutant is either not or little affected in floral dip or root transformation by 

Agrobacterium (Gallego et al. 2003; Park et al. 2015). In order to test whether the ku80mre11-2 

double mutant is affected more strongly in Agrobacterium-mediated T-DNA transformation, 

we used the ku80mre11-2 double mutant together with wild type and single mutants in the 

root transformation procedure (Figure 5). To this end, roots were cocultivated with an 

Agrobacterium strain containing the pCambia3301 binary vector, and callus formation was 

selected on medium with phosphinothricin. The transformation frequencies of the single 

mutants were not significantly different from the wild type. The calli formed on the roots of 

the mre11-2 mutant grew somewhat greener than those formed by the wild type. This was due 

to a difference in ecotype between the mre11-2 mutant (ecotype Ws) and the ku80 mutant 

(ecotype Col), but did not influence the transformation results. While wild type and single 

mutants were transformed at a similar frequency, surprisingly, the ku80mre11-2 double 

mutant only produced very few green calli in the transformation procedure (Figure 5A). 

Upon longer incubation of these calli on selection plates no green shoots were formed and the 

calli eventually died (Figure 5B, 6A), indicating that the ku80mre11-2 double mutant cannot 

be transformed by root transformation. One allele of Ku80 was sufficient for rescue as can be 

seen by the efficient transformation of roots with the ku80+/-mre11-2-/- genotype (Figure 

5A). Also, calli and green shoots were formed normally on medium without selection, 

although calli of the double mutant grew a bit slower than those of wild type and single 

mutants (Figure 6B).  

In order to test whether the lack of callus formation was due to the lack of T-DNA 

transfer or a deficiency in T-DNA integration, roots were transformed by an Agrobacterium 

strain with the pCambia3301 binary vector. Plant cells receiving T-DNA from this vector 

express the GUS gene before integration, which disappears in due time when the T-DNA is 

not stably integrated. The results from such transient GUS assay showed that transient 

transformation (and thus T-DNA transfer) is not affected in these mutants (Figure 5C).  

Taken together, these results thus show that inactivating both Ku80 and Mre11 at the 

same time leads to resistance to Agrobacterium-mediated stable T-DNA transformation, but 

does not negatively affect T-DNA transfer. This suggests that Ku80 and Mre11 are involved in 

two different pathways of T-DNA integration, each of which is not essential, but after 

inactivation of both transformation is reduced to below detection level. 
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Figure 5. Root transformations of mutants. (A) Root segments from wild-type and mutant plants were 
co-cultivated with Agrobacterium strain LBA1100 (pCambia3301) for 48 hours, and transferred to shoot 
induction medium (SIM) with phosphinothricin selection (ppt). Photographs were taken 4 weeks after 
cocultivation. (B) shoot formation rate, represented by the percentage of green calli with shoot after 6 
weeks cultivation on selection plates. (C) Root segments from wild-type and mutant plants were stained 
with X-Gluc overnight after 72 hours cocultivation. 



Mre11 and Ku80 

77 

 

 

 

 

 

 

Figure 6. Shoot development on calli from root transformations. (A) After 3 weeks growth on 
shoot induction medium (SIM) with phosphinothricin (ppt) selection, green calli were 
transferred to fresh shoot induction medium with phosphinothricin. (B) After cocultivation 
with Agrobacterium, root segments were transferred to shoot induction medium without 
selection. After 3 weeks green calli were transferred to fresh shoot induction medium plates 
without selection. Photographs were taken every week after transfer to fresh plates. The number 
of 3, 4, 5, 6, 7 indicates the weeks of cultivation. 
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Discussion 

The predicted protein sequence of the Arabidopsis Mre11 orthologue contains a highly 

conserved N-terminal nuclease domain which is essential for repair in yeast and human, but a 

less conserved region in the Mre11 C-terminus. Three different T-DNA insertion lines of 

Arabidopsis MRE11 have many developmental defects and are sterile suggesting that the 

functions of Arabidopsis Mre11 are severely compromised in these mutants. The mre11-2 

mutant, however, is fertile and grows normally. The T-DNA insertions in the mre11-4 and 

mre11-2 mutant both leave the N-terminal nuclease domain of the encoded Mre11 protein 

intact. Our results from two-hybrid analysis demonstrated that the interaction domain 

necessary for the formation of a Mre11-Rad50 complex is still present in the Mre11-2 protein, 

but absent in Mre11-4. Mre11 relies for most of its functions on the formation of a Mre11-

Rad50-Nbs1 complex explaining the phenotypic differences between the two mutants 

(Stracker and Petrini 2011). Rad50 binding domains (RBD) have been identified in the C-

terminal part of Pyrococcus.furiosus Mre11 (Williams et al. 2011). Although this C-terminal 

region is less conserved, the C-terminal region of Mre11 in yeast and humans also have been 

indicated to be involved in the interaction with Rad50 (Chamankhah and Xiao 1999; Park et 

al. 2011). Our studies also point out that a region in the Arabidopsis Mre11 C-terminus 

likewise participates in Rad50 binding. Thus, these regions may form a similar three 

dimensional structure as the RBD of P.furiosus Mre11, although they share a low conservation 

in primary structure. 

The mre11-2 mutant preserves the Rad50 binding activities, grows normally but still 

shows hypersensitivity to DNA damaging agents. This suggests that either the deletion results 

in a less stable protein or the C-terminal part of Mre11 has a specific role in Arabidopsis DNA 

damage signaling and/or DNA repair. The MRN complex is responsible for the recruitment 

of ATM to sites of damage during the DNA damage response, which highly depends on the 

C-terminal part of Nbs1 binding to ATM (Falck et al. 2005). Arabidopsis mre11-2atm-2 

mutants are sterile probably because of a  defect in meiotic repair (Šamanić et al. 2013), 

similar to the phenotype of nbs1atm double mutant plants (Waterworth et al. 2007), 

indicating that the MRN complex and ATM kinase have a redundant function in meiotic 

recombination and absence of the C-terminal part of Mre11 may impair the interaction 

between Mre11 (Mre11-Rad50 complex) and Nbs1. However, it has been shown that the 

Nbs1 binding domain of Mre11 localizes in its N-terminal region in yeast and humans. If this 

is the case in plants as well the deletion of C-terminus in mre11-2 probably does not affect the 

formation of the MRN complex, but it may reduce its interaction activities, as the Mre11 C-

terminus was reported to have important protein-protein interaction activities in other 

organisms.  

A ku80mre11-2 double mutant was generated by crossing the single mutants from 

different ecotypes. This may have affected the outcome of the results, although this is not 

likely because the heterozygote ku80+/-mre11-2-/- and ku80+/-mre11-2+/- progeny was used 

as controls experiments and behaved as expected. We found that the ku80mre11-2 double 

mutant was more sensitive to DNA damage than each of the single mutants suggesting that 

Mre11 may also play a role in b-NHEJ pathway in plant cells and the C-terminal part of 

Mre11 is important for this function. The subsequent observation of more cell death events in 
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this double mutant when longer exposed to damage-inducing agents indicates that NHEJ 

repair pathways are severely disturbed in the concomitant absence of Ku80 and a fully 

functional Mre11. Beyond its function in activation of the DNA damage response, Mre11 has 

also been implicated in NHEJ, both in c-NHEJ and also in b-NHEJ that occurs in the absence 

of c-NHEJ (Zha et al. 2009). On the basis of our results we suggest that Mre11 plays an 

essential role in the b-NHEJ repair pathways in plant cells. 

Other evidence supporting a role of Mre11 in b-NHEJ was that the ku80mre11-2 

double mutant was un-transformable by Agrobacterium. Using yeast as a model it was shown 

in our lab that T-DNA integration in yeast (S.cerevisiae) is dependent on the non-

homologous end joining (NHEJ) pathway of DSB repair, and that proteins such as Ku70, 

Ku80 and DNA ligase IV are essential for T-DNA integration (van Attikum et al. 2001). 

Inactivation of c-NHEJ in yeast prevented random T-DNA integration, although there is a b-

NHEJ pathway in yeast. Putative T-DNA integration by this b-NHEJ pathway may have been 

beyond the limits of detection. The double strand break repair mechanisms were supposed to 

be involved in the integration of Agrobacterium T-DNA in plants as well. In subsequent 

studies from other groups and ours on T-DNA integration with Arabidopsis NHEJ mutants 

T-DNA integrants were invariably obtained, demonstrating that other important factors must 

be involved in T-DNA integration. The Mre11 might represent such an important protein 

that plays a critical role in a b-NHEJ pathway involved in T-DNA integration as inactivating 

both c-NHEJ (Ku80) and b-NHEJ (Mre11) at the same time prevented T-DNA integration in 

plants. Therefore, Ku80 and Mre11 apparently control two different pathways, each of which 

is not essential, but together are responsible for all T-DNA integration in plants. A recent 

study showed that the Arabidopsis Pol θ ortholog Tebichi (Teb) is essential for T-DNA 

integration (van Kregten et al, 2016). The plant pol θ is able to extend minimally paired 3’ 

ends between the T-DNA left border and the plant genome. However, the mechanism of the 

attachment of 5’ right border of T-DNA to the plant genome remains unclear. Combined 

with our results, Ku80 and Mre11 probably function together with Pol θ in T-DNA 

integration in plants. One possibility is that Ku80 or Mre11 are responsible for the capturing 

T-DNA right border to plant genome. 
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Table 1. Primers for yeast two-hybrid assays. 

Primer Gene description Sequencea 

M11ABDF At5g54260, Mre11, full length, Fw 5’-TGGAATTCATGTCTAGGGAGGATTTTAGTGA-3’ 

M11ABDR At5g54260, Mre11, full length, Rev 5’-CGCTGCAGTTATCTTCTTAGAGCTCCATAGTTC-3’ 

M11ABDF At5g54260, Mre11, 1-529 aa, Fw 5’-TGGAATTCATGTCTAGGGAGGATTTTAGTGA-3’ 

M11NBDR At5g54260, Mre11, 1-529 aa, Rev 5’-CGCTGCAGTGCTTCCTTTTGTCAAATTCTCTG-3’ 

M11ABDF At5g54260, Mre11, 1-499 aa, Fw 5’-TGGAATTCATGTCTAGGGAGGATTTTAGTGA-3’ 

M114BDR At5g54260, Mre11, 1-499 aa, Rev 5’-CGCTGCAGCTCTAAGCACTCTCCCACTTTA-3’ 

M11ABDF At5g54260, Mre11, 1-510 aa, Fw 5’-TGGAATTCATGTCTAGGGAGGATTTTAGTGA-3’ 

M11xBDR At5g54260, Mre11, 1-510 aa, Rev 5’-CGCTGCAGAGTGGGTCGAGTGGACCTATCTTT-3’ 

M11CBDF At5g54260, Mre11, 530-720 aa, Fw 5’-TGGAATTCAGTGGCATCGCGAATGCTTCGTTC-3’ 

M11ABDR At5g54260, Mre11, 530-720 aa, Rev 5’-CGCTGCAGTTATCTTCTTAGAGCTCCATAGTTC-3’ 

R50BDF At2g31970, Rad50, full length, Fw 5’-GGCCATGGAGATGAGTACGGTCGATAAAATG-3’ 

R50BDR At2g31970, Rad50, full length, Rev 5’-TTGGATCCTCAATCAAAGATCTCTTGGGCCT-3’ 

M11AADF At5g54260, Mre11, full length, Fw 5’-CGGAATTCGAATGTCTAGGGAGGATTTTAGTG-3’ 

M11AADR At5g54260, Mre11, full length, Rev 5’-CGCTCGAGTTATCTTCTTAGAGCTCCATA-3’ 

M11AADF At5g54260, Mre11, 1-529 aa, Fw 5’-CGGAATTCGAATGTCTAGGGAGGATTTTAGTG-3’ 

M11NADR At5g54260, Mre11, 1-529 aa, Rev 5’-CGCTCGAGTGCTTCCTTTTGTCAAATTCTCTG-3’ 

M11AADF At5g54260, Mre11, 1-499 aa, Fw 5’-CGGAATTCGAATGTCTAGGGAGGATTTTAGTG-3’ 

M114ADR At5g54260, Mre11, 1-499 aa, Rev 5’-CGCTCGAGCTCTAAGCACTCTCCCACTTTA-3’ 

M11AADF At5g54260, Mre11, 1-510 aa, Fw 5’-CGGAATTCGAATGTCTAGGGAGGATTTTAGTG-3’ 

M11xADR At5g54260, Mre11, 1-510 aa, Rev 5’-CGCTCGAGAGTGGGTCGAGTGGACCTATCTTT-3’ 

R50AADF At2g31970, Rad50, full length, Fw 5’-CGGGATCCGAATGAGTACGGTCGATAAAATGTTG-3’ 

R50AADR At2g31970, Rad50, full length, Rev 5’-TGCTCGAGTCAATCAAAGATCTCTTGGGCCTCG-3’ 

N1AADF At3g02680, Nbs1, full length, Fw 5’-TGGAATTCGAATGGTTTGGGGTCTCTTTCCCG-3’ 

N1AADR At3g02680, Nbs1, full length, Rev 5’-CGCTCGAGTCAACTTCCAGAGAGAAACCCGCG-3’ 
aRestriction sites are underlined. 
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Abstract  

Double-strand breaks (DSBs) are one of the most harmful DNA lesions. Cells utilize two 

main pathways for DSB repair: homologous recombination (HR) and non-homologous end 

joining (NHEJ). NHEJ can be subdivided into the KU-dependent classical NHEJ (c-NHEJ) 

and the more error-prone KU-independent backup-NHEJ (b-NHEJ) pathways, involving the 

poly (ADP-ribose) polymerases (PARPs). However, in absence of these factors, cells still seem 

able to adequately maintain genome integrity, suggesting the presence of other b-NHEJ repair 

factors or pathways independent from KU and PARPs. The outcome of DSB repair by NHEJ 

pathways can be investigated by using artificial sequence-specific nucleases such as TALENs 

and CRISPR/Cas9 to induce DSBs at a target of interest.  Here, we used TALEN and 

CRISPR/Cas9 for DSB induction at the Arabidopsis cruciferin 3 (CRU3) and 

protoporphyrinogen oxidase (PPO) genes. DSB repair outcomes via NHEJ were analysed using 

footprint analysis in wild-type plants and plants deficient in the c-NHEJ pathway (ku80), the 

b-NHEJ pathway (parp1parp2) or both (ku80parp1parp2). We found that larger deletions of 

more than 20 bp predominated after DSB repair in ku80 and ku80parp1parp2 mutants, 

corroborating with a role of KU in preventing DSB end resection. Deletion lengths did not 

significantly differ between ku80 and ku80parp1parp2 mutants, suggesting that a KU and 

PARP-independent b-NHEJ mechanism becomes active in these mutants. Furthermore, 

microhomologies and templated insertions were observed at the repair junctions in the wild 

type and all mutants. Since these characteristics are hallmarks of Polymerase θ-mediated DSB 

repair, we suggest a possible role for this recently discovered polymerase in DSB repair in 

plants. 
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Introduction 

Double-strand breaks (DSBs) are one of the most lethal forms of DNA damage. DSBs can 

occur during normal cellular metabolism or can be induced by external factors, and highly 

threaten genomic integrity and cell survival (Deriano and Roth 2013). To repair DSBs, cells 

have two main pathways: Homologous Recombination (HR) and Non-Homologous End-

Joining (NHEJ). Both of them function together to maintain genome integrity.  NHEJ is the 

predominant pathway in higher eukaryotes and repair may lead to mutations at break sites, 

such as deletions, insertions and substitutions. At least two NHEJ pathways have been 

identified: the classic NHEJ pathway (c-NHEJ) and the backup-NHEJ pathway (b-NHEJ) also 

called alternative-NHEJ (a-NHEJ) or microhomology-mediated end-joining (MMEJ). The c-

NHEJ is initiated by the recognition and binding of the KU heterodimer, consisting of KU70 

and KU80 subunits, to DSBs (Walker et al. 2001). Once bound to a DSB, the KU heterodimer 

serves as a scaffold to recruit other c-NHEJ factors to the broken ends and promotes end-

joining. Because KU is the key component of the c-NHEJ pathway, this pathway is also called 

KU-dependent NHEJ. In the absence of KU, other factors gain entry to the DSB site for repair 

by backup pathways. Although the b-NHEJ pathway was defined by involving multiple 

components, including poly (ADP-ribose) polymerase 1 (PARP1) the precise mechanism is 

still not clear (Wang et al. 2006). Furthermore, recently PARP1 was shown to be involved in 

repair of DSBs also in the presence of KU (Luijsterburg et al. 2016). 

Nowadays, DSBs can be induced artificially at specific sites in the genome by 

sequence-specific artificial nucleases, which can be used to study DSB repair. These induced 

DSBs will be mainly repaired via NHEJ, which may lead to targeted mutagenesis.  When 

repair restores the target site for the nuclease, the sequence will be cut again in the continuous 

presence of the nuclease. This cycle of cutting and repair will continue until incorrect repair 

destroys the target site. When a homologous sequence such as a sister chromatid, is present, 

DSB repair may also occur via HR, but this will inevitably also lead to restoration of the target 

site. A repair template without the target site may be provided by transformation or pre-

inserted in the genome, and, when used for repair, lead to gene targeting (GT) (Voytas 2013; 

Puchta and Fauser 2013a). The current genome editing tool kit comprises four classes of 

engineered nucleases: modified meganucleases, zinc-finger nucleases (ZFNs), transcription 

activator-like effector nucleases (TALENs), and the CRISPR/Cas9 (clustered regularly 

interspaced short palindromic repeat/CRISPR-associated 9) system (Voytas 2013; Puchta and 

Fauser 2013a), of which the TALENs and CRISPR/Cas9 system are the most easy and 

straightforward to use.  

TALENs consist of a DNA binding domain, derived from proteins produced by plant 

pathogens of the genus Xanthomonas, fused to the FokI nuclease domain, and they can cleave 

DNA as a dimer (Christian et al. 2010). The DNA binding domain of TALENs consists of an 

array of 13 – 28 repeats. Each repeat consists of 34 highly conserved amino acids, of which 

only the amino acid residues at position 13 and 14, also called repeat variable diresidues 

(RVDs), vary and can specifically bind to one of each of the four DNA bases (Voytas 2013). In 

this way, an array of TAL effector repeats has a one to one correspondence with the DNA 

sequence it binds. A TALEN pair can recognize 26 – 56 bp, a sequence length which can be 

considered unique in higher eukaryotic genomes. The efficiency of DSB induction by 
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TALENs is also influenced by the spacer length between the binding sites of the two TAL 

arrays (Christian et al. 2010). 

CRISPR/Cas9 is the most recent addition to the genome editing tool box (Jinek et al. 

2012). It is derived from an adaptive immune system present in bacteria and archaea, where it 

serves in degrading invading foreign plasmid or viral DNA. The type II CRISPR genomic 

locus encodes the Cas9 (‘CRISPR-associated 9’) endonuclease, which can form a complex 

with two short RNA molecules: CRISPR RNA (crRNA) and trans-activating crRNA 

(tracrRNA), which guide the Cas9 protein to a DNA sequence of interest where it can induce 

a DSB through cleavage of the two DNA strands with its two nuclease domains (RuvC-like 

domain I and HNH motif). It was shown that the crRNA and tracrRNA can be fused into a 

chimeric  single-guide RNA (sgRNA) comprising the functions of both precursor RNAs 

(Jinek et al. 2012). A sgRNA can be assembled to target any DNA sequence, with the 

prerequisite that a protospacer adjacent motif (PAM) sequence of NGG flanking the 3’end of 

the sgRNA target sequence is present, which interacts with the Cas9 PAM interacting domain 

(PI domain) (Nishimasu et al. 2014; Jinek et al. 2014). The direct RNA-DNA recognition of 

the CRISPR/Cas9 system has the advantage that only the sequence of the sgRNA needs to be 

changed if new loci have to be targeted, instead of the more laborious assembly of new TAL 

effector arrays when using TALENs. Furthermore, CRISPR/Cas9 conveniently allows DSB 

induction at multiple targets by simultaneously expressing multiple sgRNAs in combination 

with the Cas9 protein (Cong et al. 2013). 

Previous studies already demonstrated the feasibility of DSB-mediated targeted 

mutagenesis at artificial and endogenous loci in plants using ZFNs, TALENs and the 

CRISPR/Cas9 system (Puchta and Fauser 2013b). Here, we used TALENs and CRISPR/Cas9 

for DSB-mediated targeted mutagenesis at the Arabidopsis cruciferin 3 (CRU3) and 

protoporphyrinogen oxidase (PPO) genes. CRISPR/Cas9 nucleases were expressed in mutants 

in the c-NHEJ or b-NHEJ DNA repair pathways and a combination of both. Footprint 

analysis in whole seedlings in the wild type and each of the three mutant genotype 

backgrounds (ku80, parp1parp2 and ku80parp1parp2 mutants) demonstrated that key factors 

of NHEJ can affect the outcomes of targeted mutagenesis.   
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Materials and Methods 

Plant material 

The ku80 (SALK_016627), parp1 (GABI-Kat Line 692A05) and parp2 (SALK_140400) T-

DNA insertion lines (ecotype Col-0), the parp1parp2 double mutant and ku80parp1parp2 

triple mutant were described previously (Jia et al. 2013). More information about these lines 

can be found at http://signal.salk.edu/cgi-bin/tdnaexpress (Alonso et al. 2003).  

TALEN and CRISPR/Cas9 vector construction and plant transformation 

TALEN was designed and assembled with the Golden Gate Kit (AddGene) as described 

(Cermak et al. 2011). Arrays of repeats with the corresponding RVDs (Table 1) for the DNA 

binding sequences of the CRU3 target were assembled together in vector pZHY500 (TALEN-

CRU-1-left) or pZHY501 (TALEN-CRU-1-right). Individual TALE repeats were cloned into 

vector pZHY013 using XbaI and BamHI (TALEN-CRU-1-left) or NheI and BglII (TALEN-

CRU-1-right). Subsequently, the DNA fragment containing the TALEN pair was cloned in 

the binary vector pMDC32 (Curtis and Grossniklaus 2003), a 35S T-DNA expression vector,  

via a Gateway LR reaction to create TALEN-CRU-1 (pSDM3906).  

For the CRISPR/Cas9 constructs, oligo’s SP509 and SP510 (CRU3 target) and SP512 

and SP513 (PPO target) (Table 2) were annealed and cloned in BbsI digested pEn-Chimera 

(Fauser et al. 2014). Subsequently, gene coding sgRNAs were cloned in pDE-pUbi-Cas9 

(Fauser et al. 2014) by a Gateway LR reaction, resulting in Cas9-PPO (pSDM3905) and Cas9-

CRU (pSDM3903), respectively. 

Plant binary vectors were introduced into Agrobacterium tumefaciens strain AGL1 by 

electroporation. Arabidopsis thaliana plants of the Col-0 ecotype (wild type, ku80, parp1parp2, 

ku80parp1parp2) were transformed with T-DNAs containing nuclease expression cassettes, 

using the floral dip method (Clough and Bent 1998). T1 seeds were grown on MA solid 

medium without sucrose, supplemented with timentin (100 µg/mL), nystatin (100 µg/mL) 

and antibiotics for T-DNA selection: 15 µg/mL hygromycin for TALEN; 15 µg/mL 

phosphinothricin for CRSIPR/Cas9. 

DNA isolation and footprint analysis 

T2 seeds were germinated on ½ MS with T-DNA selection, the seedlings were disrupted to a 

powder under liquid N2 in a Tissuelyser (Retch, Haan, Germany). Genomic DNA was 

extracted by the CTAB method (De Pater et al. 2009). For predigestion, one µg of genomic 

DNA was digested with DdeI (for TALEN-CRU-1 analysis), PstI (Cas9-CRU analysis) or FauI 

(for Cas9-PPO analysis) overnight and precipitated. Undigested or predigested DNA was 

used for PCR with Phusion polymerase (Thermo Scientific) to amplify the nucleases target 

sites, followed by digestion of the PCR products with DdeI, PstI or FauI and separated in 

agarose gels. PCR primers are shown in Table 2. Primers SP491 and SP492 were used for 

amplification of the TALEN-CRU-1 target region, primers SP245 and SP248 were used for 

the Cas9-CRU target region and primers SP392 and SP538 were used for the Cas9-PPO target 

region. The resistant fragments were isolated from gel and cloned into pJet1.2 (Thermo 

Scientific) and sequenced by Macrogen Europe (Amsterdam, The Netherlands). Identical 

sequences in the same line were considered as one mutagenesis event since they might have 
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been preselected from PCR amplification. Two-tailed Mann-Whitney tests were performed 

for statistical analysis of deletion- and insertion lengths . 

Measurements of the mutation rate 

To estimate the rate of TALEN- and Cas9-induced mutations the target sites were amplified 

using undigested genomic DNA. PCR products were digested with the appropriate restriction 

enzymes and analysed on agarose gels. The intensity of bands was quantified using ImageJ 

software. The mutation rate was calculated by dividing the intensity of the digest-resistant 

band by the total intensity of all bands in a given lane (Nekrasov et al. 2013). 

High resolution melting 

High resolution melting (HRM) analyses were performed on  PCR clones from T2 seedlings 

of wild-type lines Cas9-CRU #2 and Cas9-PPO #7 using Precision Melt Supermix (Bio-Rad), 

containing EvaGreen saturated dye, and the Bio-Rad C1000 Touch thermal cycler (Bio-Rad). 

Melt curves were analyzed using the Bio-Rad Precision Melt Analysis software. For the CRU 

target primers SP492 and SP563 were used and for the PPO target primers SP560 and SP561 

(Table 2). Samples that showed melt curve differences were sequenced by Macrogen Europe 

(Amsterdam, The Netherlands). 

 

Figure 1. Phenotypes of 16 day-old T2 seedlings of 5 independent Cas9-PPO transformants. A stunted 
growth phenotype is observed in some seedlings of line #3 and #7. The other lines have a phenotype 
similar to wild-type. 
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Results 

DSB-mediated mutagenesis by TALEN and CRISPR/Cas9 at the CRU3 and PPO loci  

In order to investigate repair of induced DSBs, several sequence-specific nucleases were 

designed and expressed in Arabidopsis. Wild-type plants were transformed with TALEN or 

CRISPR/Cas9 expression constructs via the Agrobacterium-mediated floral dip method 

(Clough and Bent 1998) and T2 transformants were used for further analysis. Nuclease target 

sites in the CRU3 and PPO genes were selected. The CRU3 gene encodes a seed storage 

protein. The PPO gene encodes an essential enzyme that is involved in the final step of 

chlorophyll biosynthesis, and mutagenesis of the PPO gene is therefore toxic to plants. Plants 

expressing nucleases targeted at CRU3 showed a phenotype similar to wild-type, but T2 

seedlings of some plant lines expressing Cas9-PPO showed a stunted growth phenotype 

indicative of homozygous inactivation of the essential PPO gene in many cells (Figure 1). To 

detect mutagenesis caused by nuclease activity and subsequent erroneous NHEJ-mediated 

DSB repair at the molecular level, genomic DNA from T2 seedlings was analyzed for the 

presence of NHEJ-induced indels. In order to discriminate DNA molecules with a mutation, 

PCR products from the region containing the target site were digested with restriction 

enzymes having a recognition site overlapping or near the DSB site (DdeI for TALEN-CRU-1, 

PstI for Cas9-CRU, and FauI for Cas9-PPO) (Figure 2). Loss of the restriction site as a 

consequence of erroneous repair resulted in restriction digest-resistant PCR products. After 

gel electrophoresis, the relative band intensities were measured to estimate the mutation 

frequency in the target sites (Figure 3). Digestion of the PCR products from untransformed 

wild-type plants only left up to 3% of the material undigested, probably due to incomplete 

digestion. However, a distinguishably higher fraction of the PCR products from plant lines 

transformed with either TALEN or CRISPR/Cas9 nucleases were resistant for enzyme 

digestion. An average mutation rate of 5.5% of was found in TALEN-CRU-1 lines, 6.2% in 

Cas9-CRU lines and 11.2% in Cas9-PPO lines (Figure 3).  

To get a better insight into the mutations induced by the TALEN and CRISPR/Cas9 

nucleases, the restriction digest-resistant PCR products of the CRU3 and PPO targets were 

cloned and sequenced. Pre-digested genomic DNA was used for PCR to enrich for mutated 

sequences. Sequencing revealed mainly deletions and some insertions and substitutions in 

both TALEN and CRISPR/Cas9 lines (Figure 3D, Figure 7). TALEN-CRU-1 footprints 

mainly consisted of small deletions ranging from 1 bp to 15 bp. The main reason we detected 

only small deletions in the TALEN lines may have been the small size of the amplified PCR 

fragments, due to the presence of additional DdeI sites just outside the amplified region. 

CRISPR/Cas9 lines showed more frequent and generally larger deletions compared to the 

TALEN lines (Figure 3D). Short homologous sequences on either the left or right side 

flanking the deletion were often also present, suggesting MMEJ may have been involved in 

DSB repair. 
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Figure 2. TALEN and CRISPR/Cas9 endonucleases for DSB induction in CRU3 and PPO. TALEN-
CRU-1 (A) and Cas9-CRU (B)  with their target locus in the CRU3 locus and Cas9-PPO (C) with its 
target in the PPO locus are shown. TALEN and sgRNA DNA binding sequences are  highlighted 
with yellow, the PAM sequence is highlighted with gray and the DdeI, PstI and FauI restriction sites 
are shown in red lettering. The primers (▬) used to amplify the target regions and the sizes are 
indicated. Red arrows indicated the position of DSB induction. 
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In our experimental design for both Cas9-CRU and Cas9-PPO, the PstI and FauI 

restriction sites are nearby but do not overlap the DSB site. Therefore, the preselection of loss 

of a restriction site has the caveat of neglecting mutations that occur outside of the restriction 

site. To get a more precise insight into the DSB-mediated mutations in CRU3 and PPO, we 

used qPCR followed by high resolution melting (HRM) for footprint analysis. Then indeed, 

also footprints outside of the restriction site were detected (Figure 4). For Cas9-CRU, HRM 

was performed on 142 PCR clones, which revealed one deletion of 32 bp outside of the PstI 

site. No footprints inside the PstI site were detected in the remaining 141 clones, indicating a 

very low mutation frequency in in this plant line. For Cas9-PPO, HRM was performed on 48 

PCR clones from T2 seedlings of line Cas9-PPO #7, which has a severe phenotype (Figure 1). 

Four different footprints ranging from 1 bp insertion to 5 bp deletions were found outside the 

FauI site. None of the 48 clones contained wild-type sequences, indicating a high mutation 

rate in this plant line. 

Taken together, these results show that our constructs of TALENS and CRISPR/Cas9 

are able to induce mutations at the target sites and that our CRISPR/Cas9 constructs are more 

efficient than our TALENs. Only four mutations outside the restriction site were detected by 

the HRM method, indicating that the restriction enzyme assay gives a good estimate of the 

mutation frequency at our target sequences. 

Increased DSB-mediated mutagenesis by CRISPR/Cas9 in c-NHEJ deficient mutants 

To compare mutagenesis in wild type and NHEJ-compromised genetic backgrounds, T-DNA 

insertion lines ku80, parp1parp2 (p1p2), and ku80parp1parp2 (ku80p1p2) as described 

previously (Jia et al. 2012; Jia et al. 2013) were transformed with TALEN-CRU-1, Cas9-CRU 

and Cas9-PPO nucleases, and several independent primary transformants were obtained. The 

target region was PCR amplified using total genomic DNA from several T2 plant lines as a 

template, followed by restriction enzyme digestion of the PCR product. The relative band 

intensity was measured to estimate the mutation frequency. The mutation frequency in the 

TALEN-CRU-1 and Cas9-CRU lines was very low and therefore we did not perform this 

semi-quantification with these lines. Clear resistant bands were, however, observed in Cas9-

PPO lines (Figure 3C). Interestingly, the mean values of the mutation frequencies in ku80 and 

ku80p1p2 lines were higher than those in the wild-type and p1p2 lines. These results indicated 

that knockout of the c-NHEJ repair pathway increases DSB-mediated mutagenesis by 

CRISPR/Cas9. Plants appeared normal. Apparently, DSB repair of the induced DSBs was still 

efficient (but less precise) even in the triple mutant ku80p1p2.  

Larger deletions are predominant in c-NHEJ deficient mutants 

To assess the outcomes of DSB repair at the nucleotide level in wild type and mutant lines, 

genomic DNA was pre-digested and the resistant bands were purified, cloned and sequenced 

as described for the wild type. The results showed that there were deletions, insertions and 

substitutions at the CRU3 and PPO target sites in mutant lines (Figure 7). The majority of 

mutations recovered in the mutant lines were deletions. Substitutions seem to be very rare 

events based on the sequenced data and these might be PCR artefacts. 
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Figure 3. TALEN and CRISPR/Cas9 endonucleases induced mutagenesis. The CRU3 target site was 
amplified using undigested genomic DNA from (A) untransformed wild type seedlings and TALEN-
CRU-1 T2 transformants and digested with DdeI or (B) untransformed wild type seedlings and Cas9-
CRU T2 transformants and digested with PstI. (C) The PPO target site was amplified from 
untransformed wild type seedlings and Cas9-PPO T2 transformants of wild type and ku80, parp1parp2, 
and ku80parp1parp2 mutant plant lines and digested with FauI. R is the size reference (1 kb ladder)  and 
the % resistant bands is shown below the lanes. (D) Sequences of CRU3 and PPO targets from Cas9-
CRU transformant #2 and Cas9-PPO transformant #7. The sgRNA protospacer is in red, PAM sequence 
is in grey, deletions are shown by dashes, insertions are in green, microhomologies used for repair are in 
purple. Number of multiple clones with the same sequence are shown at the right. Numbers are length 
of deletions (-) and insertions (+). 
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Figure 4. HRM analysis of the PPO target. HRM analyses were performed on 48 PCR clones from pool 
of 10 seedlings of wild-type T2 seedlings of Cas9-PPO transformant #7. (A) Difference melt curves of 
samples 1 – 48 measured in relative fluorescence units (RFU). Numbers indicated in the graph refer to 
the sequences below. (B) Sequences of representative PPO targets. PPO sgRNA protospacer (red), the 
PAM sequence (gray) and FauI restriction site (underlined) are indicated in the WT sequence. 
Footprints included deletions (dashed lines), insertions (green) and substitutions (blue). 
Microhomologies used for repair are shown in purple. 
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Due to the small size of the amplified target region in the TALEN-CRU-1 lines no 

large deletions could be found. Therefore we did not include the TALEN-CRU-1 lines in the 

analysis of deletion length and we examined the length of deletions only from all genotypes 

expressing Cas9-CRU or Cas9-PPO (Table 3, Figure 5A). In wild-type Cas9-CRU 

transformants, 57% of deletions were <10 bp and about 23% ranged from 10 to 19 bp, 15% 

ranged from 20 to 49 bp and 5% were ≥50 bp. The p1p2 mutant lines showed somewhat 

Figure 5. Analysis of deletion length. (A) Distribution of deletion lengths for the indicated genotypes 
with Cas9 nucleases. (B) Scatter plot of deletion lengths for the indicated genotypes. Median deletion 
length is indicated at the bar on the graph. P-values are derived from a two-tailed Mann-Whitney test. 
Asterisk indicates a statistically significant difference from wild-type (P<0.05). 
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longer deletions; about 25% of deletions ranged from 20 to 49 bp and 7% were ≥50 bp. Larger 

deletions were predominant in the ku80 and ku80p1p2 mutant lines. In ku80 lines 62% of the 

deletions were larger than 20 bp (22% were ≥50 bp), and in the ku80p1p2 lines 61% of the 

deletions were larger than 20 bp (12% were ≥50 bp).  

Deletion lengths in Cas9-PPO transformants were also examined (Figure 5). Similar 

to Cas9-CRU, there were no big differences in deletion length between the wild type and p1p2 

mutant lines. In the wild type about 33% of deletions were <10 bp, 32% ranged from 10 to 19 

bp, 22% ranged from 20 to 49 bp and 13% were ≥50 bp. In p1p2 lines 27% of deletions were 

<10 bp, 27% ranged from 10 to 19 bp, 24% ranged from 20 to 49 bp and 21% were ≥50 bp. 

Larger deletions of the PPO target were however, again predominant in ku80 and ku80p1p2 

mutant lines. About 75% of deletions in ku80 lines were larger than 20 bp, and about 73% of 

deletions in ku80p1p2 lines were larger than 20 bp. 

We performed statistical analysis using a two-tailed Mann-Whitney test, to find out 

whether the observed differences were significant. For the Cas9-CRU and Cas9-PPO 

nucleases, comparison of deletion lengths in wild type to ku80 and ku80p1p2 lines showed a 

statistically significant difference, whereas comparison of deletion lengths in wild type to p1p2 

lines did not (Figure 5B). These results indicate that imprecise end-joining after loss of the c-

NHEJ key component KU80 resulted in substantial increases in deletion length and suggests a 

shift to a more error-prone repair mechanism of DSB repair in absence of KU80. 

Templated insertions in wild type and NHEJ mutants 

Insertion events, sometimes accompanied by deletions, were observed at the target loci in 

TALEN-CRU-1, Cas9-CRU or Cas9-PPO transformed wild type and mutant lines, although 

less frequently than deletions. The insertion frequency in mutants was comparable to or 

higher than the insertion frequency in the wild type. More than half of the insertions were 

smaller than 10 bp. A maximum insertion length of 60 bp was observed. Furthermore, 

insertion lengths in NHEJ mutant lines were not significantly different from wild type when 

insertion data of all nucleases was combined, indicating that the insertion mechanism may be 

independent of KU80 and PARP (Figure 6A). In addition, from the combined insertion data 

of all nucleases it can be deduced that the deletion length of junctions with insertions were 

significantly larger than junctions without insertions (Figure 6B).  

Interestingly, many inserted sequences have at least one match to DNA within 100 bp 

of the repaired DSB. Some insertions have complex compositions with multiple stretches of 

identity, including reverse complementary homology. These results suggest that polymerase θ 

may be involved in the repair of these DSBs (Roerink et al. 2014). Another signature of Pol θ-

mediated DSB repair is the presence of sequence identity between the 3’ end that generated 

the junction (the primer) and the sequence immediately upstream of the template that is used 

for DNA synthesis.  Such sequence identity is present in about 50 % of the inserted sequences 

(Figure 6C). The ku80 and ku80p1p2 mutant lines appeared to have more templated-

insertion events than wild type and p1p2 lines, although such insertions were found in all four 

genotypes (Table 4). Therefore, the templated insertions probably resulted from a KU80- and 

PARPs-independent alternative end-joining mechanism, such as that mediated by the 

recently discovered Pol θ (van Kregten et al. 2016). 



Chapter 5 

96 

 

 

Figure 6. Analysis of insertions. (A) Scatter plot of insertion lengths for the indicated genotypes. Data are 
combined from all nucleases. (B) Scatter plot of deletion lengths with or without insertions. Data are 
combined from all genotypes and nucleases. Median insertion or deletion length is indicated by the bar in 
the graph. P-values are derived from a two-tailed Mann-Whitney test. Asterisk indicates the statistical 
significant difference (P<0.05). (C) Footprints consisting of deletions (dashes) accompanied with 
insertions. Insertions are shown in green, template sources for the insertions are shown in yellow (direct 
strand) or underlined (reverse complement). Homologies between sequences flanking the template and 
the insertion and probably used as primer are shown in gray. Footprints from 1 to 10 are examples of 
perfectly matching the template, 11 to 17 are partially matching the template and 18 to 24 are reversely 
matching the template. Numbers are length of deletions (-) and insertions (+). 
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Figure 7. Sequences of resistant target sites. DNA from several plant lines of wild type and NHEJ 
mutants with different nuclease constructs was predigested with the appropriate restriction 
enzyme (DdeI for TALEN-CRU-1, PstI for Cas9-CRU, and FauI for Cas9-PPO), used for PCR, 
digested with the same enzyme and resistant products were cloned and sequenced. Footprints 
included deletions (dashed lines), insertions (green) and substitutions (blue). Microhomologies 
used for repair are shown in purple. Numbers are length of deletions (-) and insertions (+). 
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Figure 7. (continued 1). 
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Figure 7. (continued 2). 
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Figure 7. (continued 3). 
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Figure 7. (continued 4). 
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Figure 7. (continued 5). 
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Discussion 

In this study, we demonstrated that TALEN- and CRISPR/Cas9-induced DSBs can be 

successfully repaired in Arabidopsis, even after loss of key components of the NHEJ repair 

pathway. In general plants expressing these nucleases look healthy and develop normally 

(unless an essential gene was targeted). As precise repair restores the break site leading to an 

intact substrate for the nuclease, a cycle of DSB induction and repair continues until 

mutations in the target sequence prevent the action of the nuclease. We showed that 

especially the Cas9-PPO nuclease was a very efficient tool for targeted mutagenesis, with close 

to 100% mutation frequency in one line. Since the PPO gene is an essential gene, this resulted 

in stunted growth of the seedlings (Figure 1). This phenotype was not observed in earlier 

targeted mutagenesis experiments of PPO using ZFNs (de Pater et al. 2013), indicating a 

higher activity of CRISPR/Cas9 on the PPO gene compared to the ZFNs. We noticed that the 

sgRNA recognized a sequence in the PPO gene with GG just 5’of the PAM sequence, which 

was recently shown to promote higher rates of mutagenesis (Farboud and Meyer 2015).  

We analysed TALEN-induced and Cas9-induced mutations. Both nucleases are able to 

induce mutagenesis at the target sites and a variety of footprints (deletions and insertions) 

were found. However, much longer deletions were found in Cas9-CRU lines than in TALEN-

CRU-1 lines with the same genetic background. The main reason for this observation may be 

the different lengths of amplified target sequence. In TALEN-CRU-1 lines a region of only 

273 bp was amplified, due to the presence of additional DdeI sites just outside of this region. 

In Cas9-CRU lines a region of 970 bp long was amplified and analysed for footprints. This 

means that larger deletions could be missed more easily in TALEN-CRU-1 lines than in Cas9-

CRU lines. Besides, different types of break ends may activate different end-resection 

mechanisms, which can affect end-joining outcomes. TALENs induce DSBs with 5’ overhangs 

which are suitable for ligation, whereas Cas9 induces mostly blunt ends or incompatible ends 

(Jinek et al. 2012). Additionally, CRISPR-Cas9 might be more efficient than TALENs in 

plants.  

As a result of imperfect end joining, various mutations in the target sites were found 

in each line. In the analysis of DSB repair outcome in NHEJ mutants, we observed a 

statistically significant increase in the median deletion length at the repair junction in the 

ku80 and ku80parp1parp2 mutants compared to wild type, but not in the parp1parp2 mutant. 

This suggests that b-NHEJ is a more error-prone DSBs repair pathway than c-NHEJ. KU is 

known to competitively bind to DSB ends and protects break ends from end processing 

(Downs and Jackson 2004; Fell and Schild-Poulter 2014). Thus, when KU is absent, DNA 

ends are exposed to end resection proteins which would promote the generation of larger 

deletions. Similar results have been described previously with ZFNs-induced DSB repair in a 

ku80 mutant and in ku70 and lig4 mutants (Osakabe et al. 2010; Qi et al. 2013) 

We previously showed that PARP1 and PARP2 are involved in the MMEJ repair 

pathway by an in vitro end joining assay in Arabidopsis (Jia et al. 2013). In the in vivo end-

joining experiments described here, however, we did not observe a role for PARP1 and 

PARP2 in MMEJ, and therefore there must be another repair pathway independent of PARP1 

and PARP2 that uses microhomology. It is still elusive whether b-NHEJ is a single pathway or 

a category containing multiple mechanisms (Deriano and Roth 2013). The similar mutation 
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characteristics observed in the parp1parp2 mutant and the wild type supports the dominant 

role of the KU-dependent c-NHEJ pathway rather than the PARP-dependent b-NHEJ 

pathway. Notably, we did not observe much differences in junction characteristics between 

ku80 and ku80parp1parp2 mutants, indicating other repair pathways (independent of PARP) 

with similar characteristics become active when c-NHEJ is absent. However, we cannot rule 

out that other factors, for example PARP3 (Rulten et al. 2011; Langelier et al. 2014), could slip 

into the b-NHEJ pathway without disturbing its outcome.  

Insertions were found at both c-NHEJ-proficient and -deficient repair junctions, 

although most junctions were repaired without an insertion. ku80 mutants had more 

insertion events than the wild type. However, the median insertion length in break junctions 

is a few base pairs and no statistically significant difference was observed among mutants and 

wild type. Besides, larger deletions (of more than 20 bp) were found with insertions compared 

to those in repair products without insertions during Cas9-induced repair. Templated 

insertions were observed both in c-NHEJ efficient and c-NHEJ deficient mutants in animal 

cells. The current models of templated mutagenesis are based on a MMEJ mechanism 

involving DNA Polymerase θ (McVey and Lee 2008; Koole et al. 2014; Roerink et al. 2014). In 

plants, templated insertions were also observed after DSB induced repair in Arabidopsis and 

tobacco (Shirley et al. 1992; Gorbunova and Levy 1997; Salomon and Puchta 1998; Lloyd et 

al. 2012; Vu et al. 2014). Furthermore, a recent study showed that the Arabidopsis Pol θ 

ortholog Tebichi (Teb) is essential for T-DNA integration (van Kregten et al. 2016). 

Templated insertions were found at the repair junctions of T-DNA inserts, and it was shown 

that teb mutants were resistant to T-DNA integration and very sensitive to the DNA 

damaging agents bleomycin and MMS. Our results indicate that nuclease-induced DSBs may 

be repaired by Ku-dependent NHEJ, or a backup pathway in the absence of Ku, leading to 

larger deletions in the latter case. Templated insertions, which have the hallmarks of Pol θ-

mediated repair, may be formed in both cases, but in with a higher frequency in the absence 

of Ku, revealing a complex interplay of repair factors during DSB repair in Arabidopsis. 
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Table 1. TALEN RVDs 

TAL RVDs 
TAL-CRU-1-left NI HD HD NI NN NN NG HD NN NG NN NI NN NN HD 
TAL-CRU-1-right HD HD NI HD NG HD HD NG HD NN HD NG HD NG HD NN NG NI 
 

 

Table 2. Primers used for cloning and PCR reactions. 

Primer Sequence Used for 
SP509 ATTGAGGAGACTATCTGCAGCATG sgRNA cloning CRU3 
SP510 AAACCATGCTGCAGATAGTCTCCT sgRNA cloning CRU3 
SP512 ATTGTTGCTGTTGAACTACATTGG sgRNA cloning PPO 
SP513 AAACCCAATGTAGTTCAACAGCAA sgRNA cloning PPO 
SP491 GCTTCAGAACCAACAAGACAGC CRU3 target sense (TALEN) 
SP492 TGAGCCTGACATACTCCAAG CRU3 target antisense (TALEN/HRM) 
SP245 TGCCAACACTCCAGGCTCTG CRU3 target sense (CRISPR/Cas9) 
SP248 CAAGTGGTCAACGACAACGG CRU3 target antisense (CRISPR/Cas9) 
SP392 CACTTTGACAGATTAGGTAG PPO target sense (CRISPR/Cas9) 
SP538 CTTCCACTAACTCACCTTC PPO target antisense (CRISPR/Cas9) 
SP560 CTCCTCACTCTTTTCCAAATCG PPO target sense (HRM) 
SP561 AGATGTGTTACAAGTGTTTGCTG PPO target antisense (HRM) 
SP563 ACCTCTAAGACAGCCCTACG CRU3 target sense (HRM) 
 

 

Table 3. Distribution of deletion length for the target site derived from the indicated genotypes. 

Nuclease mutants  
Deletion length 

Total deletions 
1-9 bp 10-19 bp 20-49 bp ≥50 bp 

WT Cas9-CRU 15 (57.7%) 6 (23.1%) 4 (15.4%) 1 (3.8%) 26 

ku80 cas9-CRU 10 (28.6%) 3 (8.6%) 14 (40%) 8 (22.8%) 35 

p1p2 Cas9-CRU 13 (46.4%) 6 (21.4%) 7 (25%) 2 (7.2%) 28 

ku80p1p2 Cas9-CRU 12 (30.8%) 3 (7.7%) 19 (48.7%) 5 (12.8%) 39 

WT Cas9-PPO 21 (33.3%) 20 (31.7%) 14 (22.2%) 8 (12.8%) 63 

ku80 Cas9-PPO 2 (6.3%) 6 (18.7%) 14 (43.7%) 10 (31.3%) 32 

p1p2 Cas9-PPO 9 (27.3%) 9 (27.3%) 8 (24.2%) 7 (21.2%) 33 

ku80p1p2 Cas9-PPO 4 (12.1%) 5 (15.2%) 16 (48.5%) 8 (24.2%) 33 
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Table 4. Insertions and templated-insertions. 

Nuclease mutants Total mutations Insertions 
Templated-
insertions >3 bp 

WT TALEN-CRU-1 30 2 (6.6%) 0 

ku80 TALEN-CRU-1 42 9 (21.4%) 3 (7.1%) 

p1p2 TALEN-CRU-1 36 7 (19.5%) 1 (2.8%) 

ku80p1p2 TALEN-CRU-1 26 5 (19.2%) 0 

WT Cas9-CRU 26 4 (15.4%) 0 

ku80 Cas9-CRU 35 7 (20.0%) 6 (17.1%) 

p1p2 Cas9-CRU 28 5 (17.9%) 0 

ku80p1p2 Cas9-CRU 39 11 (28.2%) 5 (12.8%) 

WT Cas9-PPO 63 12 (19.1%) 4 (6.3%) 

ku80 Cas9-PPO 32 7 (21.9%) 4 (12.5%) 

p1p2 Cas9-PPO 33 10 (30.3%) 1 (3.0%) 

ku80p1p2 Cas9-PPO 33 10 (30.3%) 6 (18.2%) 
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Double-strand breaks (DSBs) are one of the most lethal forms of DNA damage. DSBs can 

occur during normal cellular metabolism or can be induced by external factors, and highly 

threaten genomic integrity and cell survival (Deriano and Roth 2013). To prevent this, cells 

have evolved complex and highly conserved systems to detect these lesions, signal their 

presence, trigger various downstream events and finally bring about repair. Two main 

pathways are used for DNA DSB repair: Homologous Recombination (HR) and Non-

Homologous End-Joining (NHEJ). Both of them function together to maintain genome 

integrity. The HR pathway precisely restores the genomic sequence of the broken DNA ends. 

This requires the sister chromatid as a template for accurate repair. In contrast, NHEJ 

promotes direct ligation of the DSB ends without the requirement for sequence homology 

and may result in small insertions and deletions at the break site. Both pathways are highly 

conserved throughout eukaryotic evolution but their relative importance may be different 

depending on the stage of the cell cycle or the cell type. Unicellular eukaryotes with small 

genomes such as yeast (Saccharomyces cerevisiae) mostly rely on HR to repair DSBs, whereas 

in higher eukaryotes, like mammals and plants with large genomes containing many repeat 

sequences, the NHEJ pathway is the predominant repair pathway. At least two NHEJ 

pathways have been identified: the classic NHEJ pathway (c-NHEJ) and the backup-NHEJ 

pathway (b-NHEJ) also called alternative-NHEJ (a-NHEJ) or microhomology-mediated end-

joining (MMEJ). 

Agrobacterium tumefaciens is widely used as a vector to produce genetically modified 

plants. Agrobacterium-mediated genetic transformation involves the transfer of T-DNA from 

its tumor-inducing plasmid to the host cell nucleus, where it integrates into the plant genome. 

However, the molecular mechanism of T-DNA integration is still unclear.  T-DNAs can 

integrate at artificially induced DSBs, which suggests that DSB repair mechanisms are 

probably involved in T-DNA integration in plants (Salomon and Puchta 1998). Moreover, it 

was shown in our lab that Agrobacterium T-DNA integration in yeast (S.cerevisiae) depends 

on NHEJ proteins (van Attikum et al. 2001; van Attikum and Hooykaas 2003). Arabidopsis 

NHEJ mutants have subsequently been studied for T-DNA integration. However, the results 

obtained by different research groups were variable and revealed either no or limited negative 

effects (Friesner and Britt 2003; van Attikum et al. 2003; Gallego et al. 2003; Li et al. 2005). 

Disruption of multiple DNA repair pathways at the same time did not eliminate 

transformation (Jia et al. 2012; Mestiri et al. 2014; Park et al. 2015), suggesting that there must 

be other unknown proteins and pathways that mediate T-DNA integration in plants. 

Furthermore, a recent study showed that the Arabidopsis Polymerase θ  (Pol θ ) ortholog 

Tebichi (Teb) is essential for T-DNA integration (Kregten et al. 2016). 

In Chapter 1, I review the current knowledge of the DNA damage response, the DSB 

repair pathways and their regulation, how these repair pathways affect DNA repair and 

Agrobacterium-mediated T-DNA integration and the artificial nuclease techniques for 

inducing DSBs. Compared to mammals, in which the NHEJ pathways have been well defined, 

there is still much to learn about NHEJ repair pathways in plants.  

Chapter 2 describes the involvement of Parp3 and Xrcc1 in DNA repair and the effect 

of a combination of deficiencies of different NHEJ factors on T-DNA integration in 

Arabidopsis. Homozygous parp3 and xrcc1 mutants were isolated and characterized, and 
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parp1parp3, ku80xrcc1 double mutants and the parp1parp2parp3 triple mutant were obtained 

by crossing. The results from DNA damaging treatments showed that Parp3 and Xrcc1 are 

involved in DNA repair. We further examined transient and stable root transformation 

frequencies of these mutants together with the ku70, ku80, parp1, parp2, parp1parp2, lig4, lig6 

and lig4lig6 mutants, which were characterized by our lab previously, after co-cultivation with 

Agrobacterium. The aim of this study was to investigate NHEJ pathways and analyze whether 

Agrobacterium-mediated transformation efficiency was affected by the absence of NHEJ 

factors in Arabidopsis. Deficiency in either the c-NHEJ or b-NHEJ pathway, did not lead to a 

significant decrease in root transformation. However, the ku80xrcc1 and ku80p1p2 mutants 

showed a significant decrease in stable root transformation efficiency. However, no significant 

differences were observed in transient transformation. These results indicate that the known 

NHEJ repair pathways are required for optimal T-DNA integration, but that there must still 

be other important factors and/or pathways involved in T-DNA integration in Arabidopsis.   

Chapter 3 describes experiments done to reveal a putative role of Lig1a in DNA 

repair. The lig1a mutant was isolated and characterized, and the lig4lig1a double mutant and 

the lig4lig6lig1a triple mutant were obtained by crossing. Genotoxic tests showed that lig1a 

must have a role in repair as lig4lig6lig1a was more sensitive to DNA damage than lig4lig6. 

Also the comet assay revealed more DNA damage in the triple mutant. These results 

suggested that Lig1a probably plays a role in DNA repair when Lig4 and Lig6 are both 

mutated. 

Chapter 4 describes an important function of Mre11 for b-NHEJ pathways involved 

in T-DNA integration. Our results from yeast-two-hybrid analysis showed that the 

interaction domain necessary for the formation of a Mre11-Rad50 complex is still present in 

the Mre11-2 protein, but absent in Mre11-4. This probably explains the phenotypic 

differences between the two mutants. In order to study whether Mre11 also functions in b-

NHEJ in plants, the ku80mre11-2 double mutant was obtained by crossing. We found that the 

ku80mre11-2 double mutant was more sensitive to DNA damage and exhibited more cell 

death in the roots than each of the single mutants. Furthermore, the root transformation 

assays showed that the transformation frequencies of the single mutants were not significantly 

different from the wild type. However, the ku80mre11-2 double mutant is fully resistant to 

Agrobacterium mediated T-DNA integration. These results  suggested that Ku80 and Mre11 

are involved in two different pathways of T-DNA integration, each of which is not essential, 

but together are responsible for all T-DNA integrations in plants. 

Chapter 5 focuses on how exactly the DNA ends join in the Arabidopsis NHEJ 

mutants in vivo, which were deficient in c-NHEJ, b-NHEJ or both. TALENs and 

CRISPR/Cas9 were used for DSB-mediated targeted mutagenesis in the cruciferin 3 (CRU3) 

and protoporphyrinogen oxidase (PPO) genes. Both nucleases were expressed and successfully 

induced DSBs in ku80, parp1parp2 and ku80parp1parp2 mutants. The results from footprint 

analyses showed that larger deletions predominated after DSB repair in ku80 and 

ku80parp1parp2 mutants. Furthermore, templated insertions were observed at the repair 

junctions more frequently in ku80 and ku80p1p2 mutants than in wild type and parp1parp2 

mutants, although such insertions were found in all four genotypes. These results indicate a 

shift to a more error-prone back up repair mechanism of DSB repair in the absence of Ku80 
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and that other Parp-independent back up pathways exist probably involving Pol θ mediated 

end-joining (TMEJ)  responsible for the template insertions. 

In short, the studies described in this thesis showed that back-up error-prone NHEJ 

repair pathways, together with classical NHEJ, are involved in Agrobacterium-mediated T-

DNA integration. Mre11 could be a key player in this process, and together with Ku80 they 

are responsible for all T-DNA integration in plants. A model summarizing the main results 

described in this thesis is shown in Figure 1. 

 

 

 

Figure 1. Model for Agrobacterium-mediated T-DNA integration in Arabidopsis. DSBs are 

recognized by Ku heterodimers or the MRN complex. Once Ku or MRN binds to the break ends, 

other factors including Polymerase θ (Pol θ), ligases, resection enzymes and unknown proteins are 

recruited to the break sites. One of these essential factors, Pol θ is responsible for the attachment of 

the single-stranded T-DNA left border (LB) to the plant genome by using a few bases of homology 

to prime DNA synthesis from the 3’ end. Similar to the LB, the activities of Ku, MRN and unknown 

proteins may be involved in the ligation of the T-DNA right border (RB) to the other end of the 

break.  
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Dubbelstrengs breuken (DSB-en) zijn één van de meest dodelijke vormen van DNA schade. 

DSB-en kunnen optreden tijdens normaal cellulair metabolisme of kunnen worden 

veroorzaakt door externe factoren, en bedreigen genomische integriteit en celoverleving 

(Deriano en Roth 2013). Om dit te voorkomen, hebben cellen complexe en geconserveerde 

systemen ontwikkeld om DSB-en te detecteren, hun aanwezigheid te signaleren en 

verschillende stroomafwaartse reacties plaats te laten vinden die uiteindelijk leiden tot herstel. 

Twee belangrijke trajecten worden gebruikt voor DNA-DSB reparatie: Homologe 

Recombinatie (HR) en Niet-Homologe End-Joining (NHEJ). Beiden werken samen om de 

integriteit van het genoom te behouden. Het homologe recombinatie traject herstelt 

nauwkeurig de DNA volgorde van het gebroken DNA met behulp van de zuster chromatide 

als sjabloon voor nauwkeurige reparatie. Daarentegen bevordert NHEJ directe ligatie van de 

DSB uiteinden zonder gebruik te maken van een sjabloon, wat kan leiden tot kleine inserties 

en deleties op de plaats van herstel. Beide routes zijn sterk geconserveerd tijdens de evolutie 

van eukaryoten maar hun relatieve belang kan verschillen afhankelijk van het stadium van de 

celcyclus of celtype. Eencellige eukaryoten met kleine genomen zoals gist (Saccharomyces 

cerevisiae) gebruiken voornamelijk homologe recombinatie om DSB-en te repareren, terwijl 

in hogere eukaryoten, zoals zoogdieren en planten met grote genomen met veel herhalings-

sequenties, de NHEJ route de meest gebruikte reparatie route is. Ten minste twee NHEJ 

routes zijn geïdentificeerd: de klassieke NHEJ route (c-NHEJ) en de back-up-NHEJ route (b-

NHEJ) ook wel alternatieve-NHEJ (a-NHEJ) genoemd of microhomology-gemedieerde end-

joining (MMEJ).  

Agrobacterium tumefaciens wordt tegenwoordig veel gebruikt als vector voor het 

genetisch modificeren van planten. Tijdens Agrobacterium-gemedieerde genetische 

transformatie, wordt het T-DNA afkomstig van het tumor-inducerende plasmide naar de 

kern van de gastheercel getransporteerd, waar het integreert in het plantengenoom. Het 

moleculaire mechanisme van T-DNA integratie is nog onduidelijk. T-DNA strengen zijn in 

staat om te integreren in kunstmatig gemaakte DSB-en, wat suggereert dat DSB 

herstelmechanismen waarschijnlijk betrokken zijn bij T-DNA-integratie in planten (Salomon 

en Puchta 1998). Bovendien werd aangetoond in ons lab dat Agrobacterium T-DNA 

integratie in gist (S. cerevisiae) gemedieerd wordt door c-NHEJ (van Attikum et al 2001; Van 

Attikum en Hooykaas 2003). Arabidopsis NHEJ mutanten zijn vervolgens onderzocht op T-

DNA-integratie. Echter, de resultaten verkregen door verschillende onderzoeksgroepen waren 

variabel en lieten ofwel een duidelijk negatief effect zien (Li et al 2005) of geen of maar een 

zeer beperkt negatief effect van een NHEJ mutatie op T-DNA integratie (Friesner en Britt 

2003; Van Attikum et al 2003; Gallego et al 2003) Ook verstoring van meerdere DNA 

herstelmechanismen tegelijkertijd elimineerden niet Agrobacterium-gemedieerde 

transformatie (Jia et al 2012; Mestiri et al 2014; Park et al 2015). Dit suggereerde dat er andere 

onbekende herstelroutes moeten zijn voor T-DNA integratie in planten. Inderdaad toonde 

een recente studie in ons lab aan dat de Arabidopsis ortholoog van Polymerase θ (Tebichi; 

Teb) essentieel is voor T-DNA-integratie (Kregten et al. 2016).  

In hoofdstuk 1 wordt een overzicht gepresenteerd van onze huidige kennis van 

detectie, herstel en regulering van DNA-schade, hoe deze herstelmechanismen 

Agrobacterium-gemedieerde T-DNA-integratie beïnvloeden en hoe artificiële nucleasen zoals 
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CRISPR/Cas gebruikt kunnen worden voor het induceren van DSB-en. Hoewel het proces 

van NHEJ in  zoogdieren en gist goed is gedefinieerd, is er nog veel te leren over NHEJ  

herstelmechanismen in planten.  

Hoofdstuk 2 beschrijft de betrokkenheid van Parp3 en XRCC1 bij DNA herstel en het 

effect van een combinatie van mutaties van verschillende NHEJ factoren op T-DNA integratie 

in Arabidopsis. Homozygote parp3 en xrcc1 mutanten werden geïsoleerd en gekarakteriseerd, 

en parp1parp3, ku80xrcc1 dubbele mutanten en de parp1parp2parp3 drievoudige mutant 

werden verkregen door kruisen. De resultaten van DNA-beschadigende behandelingen liet 

zien dat Parp3 en XRCC1 betrokken zijn bij DNA-herstel. We hebben gekeken naar 

transiënte en stabiele worteltransformatie in deze mutanten samen met de ku70, ku80, parp1, 

parp2, parp1parp2, lig4, lig6 en lig4lig6 mutanten, die eerder werden gekarakteriseerd door ons 

lab. Het doel van deze studie was om de NHEJ herstel routes te onderzoeken en te analyseren 

of de efficiëntie van Agrobacterium-gemedieerde transformatie beïnvloed wordt door de 

afwezigheid van NHEJ factoren in Arabidopsis.  

Deficiëntie in een van de NHEJ routes (c-NHEJ of b-NHEJ), leidde niet tot een 

significante afname van worteltransformatie. Mutaties in beide NHEJ herstelroutes 

(ku80xrcc1 en ku80p1p2 mutanten) leidde wel tot een significante afname in de efficiency van 

stabiele worteltransformatie. Er werden echter geen significante verschillen waargenomen bij 

transiënte transformatie. Deze resultaten geven aan dat de bekende NHEJ 

herstelmechanismen nodig zijn voor optimale T-DNA integratie, maar dat er nog andere 

belangrijke factoren of routes betrokken zijn bij T-DNA integratie in Arabidopsis.  

Hoofdstuk 3 beschrijft een rol van Lig1a bij DNA-herstel. De homozygote lig1a 

mutant werd geïsoleerd en gekarakteriseerd, en de lig4lig1a dubbele mutant en de lig4lig6lig1a 

drievoudige mutant werden verkregen door kruisen. Genotoxische testen toonden aan dat de 

lig1a mutatie zorgde voor extra gevoeligheid in de lig4lig6 achtergrond (lig4lig6lig1a in 

vergelijking met lig4lig6). De resultaten uit de komeet-test lieten een effect in de drievoudige 

mutant zien ten opzichte van de lig4lig1a dubbel mutant. Deze resultaten geven aan dat Lig1a 

waarschijnlijk een rol speelt bij DNA-herstel wanneer Lig4 en Lig6 beide defect zijn.  

Hoofdstuk 4 analyseert het MRE11 eiwit, dat belangrijk is onder andere voor b-NHEJ 

in zoogdieren. De resultaten van de ‘yeast-two-hybrid’ analyse toonden aan dat het interactie 

domein noodzakelijk voor de vorming van een MRE11-RAD50 complex nog aanwezig is in 

het Mre11-2 eiwit, maar afwezig in Mre11-4. Dit verklaart de fenotypische verschillen tussen 

de twee mutanten. Om te onderzoeken of MRE11 ook functioneert in b-NHEJ in planten, 

werd de dubbele mutant ku80mre11-2 verkregen door het kruisen van de enkele mutanten. 

We vonden dat de ku80mre11-2 dubbele mutant gevoeliger was voor DNA beschadiging dan 

beide enkele mutanten en dat er meer celdood in wortels van de dubbele mutant plaats vond 

dan in wortels van de enkele mutanten. Opmerkelijk was dat de ku80mre11-2 dubbele mutant 

volledig resistent was geworden voor Agrobacterium-gemedieerde T-DNA-integratie, terwijl 

de enkele mutanten elk wel goed transformeerbaar waren door Agrobacterium. Deze 

resultaten suggereerden dat Ku80 en MRE11 betrokken zijn in twee verschillende trajecten 

van T-DNA-integratie, die elk niet essentieel zijn, maar samen verantwoordelijk voor alle T-

DNA-integratie in planten. 
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Hoofdstuk 5 richt zich op de vraag hoe precies DNA uiteinden in vivo aan elkaar 

worden gezet in Arabidopsis NHEJ mutanten, die in c-NHEJ, b-NHEJ of in beide routes 

deficiënt waren. TALENs en CRISPR / Cas9 werden gebruikt voor DSB geinduceerde gerichte 

mutagenese van de Arabidopsis cruciferin 3 (CRU3) en protoporfyrinogeenoxidase (PPO) 

genen. Beide nucleasen werden tot expressie gebracht en induceerden DSB-en in ku80, 

parp1parp2 en ku80parp1parp2 mutanten. De analyses van de DNA volgorden van herstelde 

DNA breuken toonden aan dat grotere deleties overheersten na DSB reparatie in ku80 en 

ku80parp1parp2 mutanten. Verder werden vaker ‘ templated’ inserties waargenomen bij de 

reparatie in ku80 en ku80p1p2 mutanten dan in wildtype en parp1parp2 mutanten, hoewel 

dergelijke ‘templated’ inserties werden gevonden in alle vier de genotypes. Deze resultaten 

geven aan dat er een verschuiving plaats vindt naar een foutgevoelige back up herstelroute van 

DSB-en  in afwezigheid van Ku80 en dat er andere PARP-onafhankelijke back up wegen 

bestaan die waarschijnlijk verantwoordelijk zijn voor de ‘templated’ inserties in Arabidopsis. 

 

Figuur 1. Model voor Agrobacterium-gemedieerde T-DNA-integratie in Arabidopsis. Uiteinden van 

DSB-en worden gebonden door Ku heterodimeren en/of het MRN complex. Zodra Ku of MRN 

binden aan de uiteinden, worden andere factoren, zoals Polymerase θ (Pol θ), ligasen, resectie 

enzymen en onbekende eiwitten aangetrokken. Eén van deze essentiële factoren is Pol θ, 

verantwoordelijk voor de baseparing van de enkelstrengs T-DNA linker border (LB) aan het 

plantengenoom door een of enkele complementaire nucleotiden gevolgd door DNA synthese vanaf 

het 3 'uiteinde. Het kan ook zijn dat Ku en MRN uitsluitend betrokken zijn bij het integratieproces 

van de T-DNA rechter border (RB).  
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Kortom, de in dit proefschrift beschreven studies laten zien dat foutgevoelige back-up 

NHEJ herstel wegen, samen met de klassieke NHEJ weg, betrokken zijn bij Agrobacterium-

gemedieerde T-DNA integratie. MRE11 is een belangrijke speler in dit proces, en samen met 

Ku80 verantwoordelijk voor alle T-DNA-integratie in planten. Een model met de 

belangrijkste resultaten van dit proefschrift, wordt getoond in Figuur 1. 
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