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Double strand break repair 

DNA integrity is crucial for cellular function and survival, yet it is constantly threatened by various 
forms of damage, with double-strand breaks (DSBs) being particularly detrimental. These breaks 
can arise from various sources, including ionizing radiation, chemical exposure, and internal 
cellular processes (Jackson, 2002). DSBs are especially severe because they disrupt both strands 
of the DNA helix, complicating the repair process. If not accurately repaired, DSBs can result in 
chromosomal aberrations, genomic instability, mutations, accelerated aging, and cell death (Van 
Gent et al., 2001). To mitigate these threats, cells have evolved sophisticated DNA repair 
mechanisms. Upon detecting DNA damage, cellular responses activate cell-cycle checkpoints, 
halting the cell cycle to provide time for repair. The DNA damage response (DDR) not only 
facilitates DNA repair but also triggers apoptosis or senescence if the damage is irreparable 
(Lawrence et al., 2015).  

DSB repair in higher eukaryotes primarily occurs through two pathways: homologous 
recombination (HR) and end joining (EJ) (Figure 1). HR is an error-free repair mechanism using a 
homologous sequence, often the sister chromatid, as a template. The process involves end 
resection to generate single-stranded DNA (ssDNA) overhangs, which are coated by Replication 
Protein A (RPA) which is later replaced by RAD51 (Eschbach & Kobbe, 2014; Mimitou & 
Symington, 2009; Wang & Haber, 2004). RAD51 facilitates homology search and DNA strand 
invasion, leading to DNA synthesis and repair (Symington et al., 2014). HR can proceed through 
several sub-pathways, including the Holliday Junction (HJ) pathway and synthesis-dependent 
strand annealing (SDSA) (Elbakry & Lobrich, 2021).  

In contrast to HR, EJ directly joins DNA ends without a template. EJ includes classical 
nonhomologous end joining (cNHEJ), polymerase theta-mediated end joining (TMEJ), extended 
microhomology-mediated end joining (eMMEJ), and single-strand annealing (SSA).  

In cNHEJ, the Ku70/80 complex binds to DSB ends, preventing degradation and recruiting DNA 
ligase IV (Lig4) for ligation (Chang et al., 2017; Deriano & Roth, 2013). While cNHEJ is often 
precise, it can result in small insertions or deletions (Betermier et al., 2014).  

TMEJ, often referred to as microhomology-mediated end joining (MMEJ), uses microhomology 
to anneal and prime DNA synthesis (Ozdemir et al., 2018; Wood & Doublie, 2016; Wyatt et al., 
2016). TMEJ relies on DNA polymerase theta (Polθ), which consists of three main domains: an N-
terminal helicase-like domain, a central unstructured domain, and a C-terminal polymerase 
domain (Beagan et al., 2017; Seki et al., 2003). The N-terminal helicase-like (Polθ-hel) domain 
exhibits ATPase activity and is involved in unwinding DNA (Mateos-Gomez et al., 2017; Newman 
et al., 2015; Ozdemir et al., 2018; Vanson et al., 2022). The central unstructured domain provides 
flexibility and may facilitate interactions with other proteins (Yousefzadeh & Wood, 2013). The 
C-terminal polymerase domain (Polθ-pol) is responsible for the DNA synthesis activity of Polθ (He
& Yang, 2018; Kent et al., 2015). In TMEJ, Polθ-hel facilitates annealing of the microhomologous
sequences by displacing other proteins such as RPA (Mateos-Gomez et al., 2017; Schaub
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et al., 2022), allowing Polθ-pol to prime DNA synthesis, creating a stable interaction between the 
DNA ends (He & Yang, 2018; Wyatt et al., 2016). This pathway is particularly mutagenic, 
producing deletions with characteristic microhomology scars and occasional templated 
insertions due to primer template switching (Schimmel et al., 2019). 

Figure 1. Overview of DNA double-strand break (DSB) repair pathways. 
Classical nonhomologous end joining (cNHEJ): The Ku70/80 heterodimer recognizes the break ends and 
protects them from degradation. Ligase 4 (Lig4) seals the break by ligating the ends together. cNHEJ can lead 
to deletions or insertions depending on the condition of the break ends. 
Polymerase theta-mediated end joining (TMEJ): When the DSB ends are resected, but HR is unavailable, TMEJ 
typically repairs the breaks. This pathway uses polymerase theta (Polθ) to anneal microhomologous sequences 
in the ssDNA overhangs, and extend them. This results in deletions and sometimes insertions. 
Extended Microhomology-Mediated End Joining (eMMEJ): When larger microhomologous sequences are 
present in the flanks of the DSBs, end joining guided by these extended microhomologies is called eMMEJ. In 
nematodes, HelQ performs annealing of these extended microhomologies. In plants, where HelQ is absent, 
the helicase domain of polymerase theta (Polθ-hel) performs this task. 
Single-Strand Annealing (SSA): SSA repairs DSBs using sizable repeats surrounding the break. This pathway 
involves resection of the break ends to expose homologous sequences. Rad52 plays a crucial role in preparing 
these ends for annealing, which ultimately leads to deletion of the intervening sequence. 
Homologous Recombination (HR): HR involves resection of break ends by the MRN complex, which are 
subsequently coated with replication protein A (RPA) and then RAD51 to facilitate strand invasion and error-
free repair using the sister chromatid as a template. 
In this schematic illustration, the pathways are ordered based on the degree of homology and end resection. 
End resection is absent in classical nonhomologous end-joining, while it is extensive in homologous 
recombination pathways, often spanning several kilobases. 
 

DSB

end-resection
& coating

RPA

Ku70/80 Rad52
Rad51

MRN

end protection

Polθ HelQ or
Polθ-hel

Lig4

cNHEJ TMEJ eMMEJ SSA HR

degree of homology

degree of end-resection

1



56230-bw-Kamoen56230-bw-Kamoen56230-bw-Kamoen56230-bw-Kamoen
Processed on: 29-4-2025Processed on: 29-4-2025Processed on: 29-4-2025Processed on: 29-4-2025 PDF page: 10PDF page: 10PDF page: 10PDF page: 10

4 

Polθ-independent MMEJ has also been described and typically requires longer microhomologies 
(Anand et al., 2022; Kamp et al., 2021; Kelso et al., 2019; Ramsden et al., 2022) that are referred 
to as extended microhomology (eMH). eMMEJ was identified as a separate pathway in the 
nematode Caenorhabditis elegans, involving HelQ (Kamp et al., 2021), a helicase that has high 
similarity to the helicase domain of polymerase theta (Marini & Wood, 2002) and which is absent 
in plants.  

SSA, much like TMEJ and eMMEJ, repairs DSBs by utilizing homologous repeat sequences flanking 
the break. These homologous sequences are generally longer, often spanning several hundred 
base pairs, and can be positioned further apart (Bhargava et al., 2016). Rad52 facilitates the 
annealing of complementary single-stranded regions flanking the DSB, leading to deletions 
between the repeats (Kelso et al., 2019).  

Although most research on these repair processes has been conducted in Saccharomyces 
cerevisiae (yeast) and animals such as Drosophila melanogaster (fruit fly), Caenorhabditis elegans 
(nematode worm), Mus musculus (mouse), and Homo sapiens (human) cell lines, the processes 
in plants are largely similar. Conversely, most of these crucial enzymes have also been identified 
in plants, highlighting the conservation of these processes throughout evolution. For instance, 
RPA (Ishibashi et al., 2001), Rad51 (Doutriaux et al., 1998), Ku70/80 (Tamura et al., 2001), Lig4 
(van Attikum et al., 2003), Polθ (Inagaki et al., 2006), and Rad52 (Samach et al., 2011) are all 
present in plants. This conservation underscores the fundamental nature of these DNA repair 
mechanisms across different kingdoms of life. 

CRISPR/Cas 

Due to the error-prone nature of many of these DSB repair pathways, they are frequently 
harnessed to achieve mutagenesis. Historically, mutagenesis was achieved through the 
application of radiation or chemical agents. However, recent advancements have led to the 
development of site-directed break induction techniques, with the aid of zinc finger nucleases 
(ZFNs) and Transcription Activator-Like Effector Nucleases (TALENs), which enable the precise 
induction of DSBs and subsequent mutagenesis at specific genomic loci. 

The efficiency of site-specific mutagenesis has been significantly enhanced by the development 
of the CRISPR/Cas system, derived from the adaptive immune system of bacteria and archaea 
(Barrangou et al., 2007). This system, which stands for Clustered Regularly Interspaced Short 
Palindromic Repeats and CRISPR-associated proteins, enables precise and efficient genome 
editing. 

The Cas protein uses RNA to locate its target site within the genome, where it induced a DSB. In 
the CRISPR/Cas9 system, two RNAs, crRNA (CRISPR RNA) and tracrRNA (trans-activating CRISPR 
RNA), form a complex with Cas9. The crRNA contains the sequence that matches the target DNA, 
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guiding the Cas enzyme to the correct location. The tracrRNA binds to the crRNA and helps the 
Cas enzyme recognize and bind to the target DNA. For ease of use, researchers have linked the 
two RNAs together into a single guide RNA (sgRNA). The sequence matching the target site is 
called the protospacer. This specific DNA sequence is carefully chosen to match the location in 
the genome where changes are desired. Adjacent to the protospacer is a short DNA sequence 
called the Protospacer Adjacent Motif (PAM). The PAM is crucial because it allows the CRISPR/Cas 
system to recognize and bind to the target DNA, enabling the Cas enzyme to make precise cuts. 

Among CRISPR-associated nucleases, Cas9 and Cas12a are particularly notable for their 
efficiency, specificity, and applicability across various species (Swartjes et al., 2020). Cas9 and 
Cas12a create different configurations of DSBs. Cas9 typically cuts the two DNA strands at nearly 
the same distance from the PAM sequence, resulting in mostly blunt DSB ends with occasionally 
a 1 bp stagger (Shou et al., 2018). In contrast, Cas12a makes staggered cuts, with single-strand 
DNA incisions 4–5 bp apart, producing DNA ends with 5ʹ single-stranded overhangs. Unlike Cas9, 
Cas12a only requires a crRNA. 

CRISPR/Cas technology, which allows for precise DNA cleavage at almost any location in the 
genome, has revolutionized genetic engineering (Jinek et al., 2012). This groundbreaking work 
earned Emmanuelle Charpentier and Jennifer Doudna the Nobel Prize in Chemistry in 2020 for 
their development of this precise genome-editing method (The Royal Swedish Academy of 

Figure 2. Schematic overview of 
CRISPR/Cas9 and Cas12a systems. A) 
Cas9 requires a single guide RNA 
(sgRNA) to target the DNA 
sequence. The sgRNA guides Cas9 to 
the target DNA, where it makes a 
double-stranded cut, resulting in 
blunt ends. B) Cas12a requires a 
crRNA for targeting. Unlike Cas9, 
Cas12a creates staggered cuts, 
producing sticky ends. Cas9 and 
Cas12a differ in their DNA cut types 
and PAM (Protospacer Adjacent 
Motif) requirements. Cas9 
recognizes the PAM sequence NGG, 
while Cas12a targets T-rich PAM 
sequences, expanding the range of 
genomic sites that can be edited. 
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Sciences, 2020). The versatility and high specificity of CRISPR/Cas have made it an invaluable tool 
across various organisms, including plants. 

CRISPR/Cas in model and crop plants 

The initial demonstrations of CRISPR/Cas technology in plants were reported in a series of 
landmark studies (Feng et al., 2013; Li et al., 2013; Nekrasov et al., 2013; Shan et al., 2013; Xie & 
Yang, 2013).  

One of the plants in which CRISPR/Cas has been extensively researched and applied is 
Arabidopsis thaliana, a model organism in plant biology. A. thaliana, commonly known as thale 
cress, is a small flowering plant belonging to the Brassicaceae family, which also includes broccoli, 
radish, and mustard. It is a widely used model organism in plant biology and genetics due to its 
relatively simple genome, short life cycle, and ease of cultivation (Koornneef & Meinke, 2010). 
Notably, Arabidopsis was the first plant to have its entire genome sequenced, making it an even 
more valuable tool for studying plant genetics (Arabidopsis Genome Initiative, 2000). 

Beyond research in model plants, CRISPR/Cas is increasingly being utilized to develop crops with 
enhanced traits, such as higher yield, improved nutritional content, and increased resistance to 
diseases and environmental stresses.  

Notable examples of successes achieved through CRISPR/Cas technology are tomatoes resistant 
to parasitic weed (Bari et al., 2021), bacterial speck disease (Ortigosa et al., 2019), and powdery 
mildew (Santillan Martinez et al., 2020). Additionally, various disease-resistant crops have been 
developed in other species, such as rice and potato resistant to bacterial blight (Blanvillain-
Baufume et al., 2017; Haverkort et al., 2016; Oliva et al., 2019). 

To support the growing population amid climate change, many studies have focused on achieving 
crops resistant to abiotic stresses like drought and heat. For instance, drought-resistant varieties 
have been developed in chickpea (Badhan et al., 2021), soy (Du et al., 2018), rice (Lou et al., 
2017), and maize (Shi et al., 2017). Heat-resistant varieties include rice (Qiu et al., 2018) and 
tomato (Klap et al., 2017) (see (Kumar et al., 2023), and references therein). 

When it comes to nutritional enhancement, examples include increased oleic acid content in 
peanut, enhancing both its shelf-life and nutritional value (Yuan et al., 2019). Efforts are also 
underway to develop gluten-free wheat (Jouanin et al., 2019; Sanchez-Leon et al., 2018). 

The work of (Zsögön et al., 2018) is particularly fascinating because it demonstrates the potential 
of CRISPR/Cas technology to reverse the domestication process and reintroduce beneficial traits 
from wild species into modern crops. The domestication of tomato (Solanum lycopersicum) from 
its ancestor, Solanum pimpinellifolium, resulted in increased yields but also reduced genetic 
diversity, nutritional value, and taste. This study used CRISPR/Cas9 to create loss-of-function 
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alleles for four domestication traits in tomatoes. The edited plants showed up to a 200% increase 
in fruit weight compared to S. pimpinellifolium. Nutritional value also improved, with lycopene 
levels over 100% higher than the parent species and 500% higher than commercial cherry 
tomatoes. This approach demonstrates that targeted genetic engineering can rapidly create new 
crops. It not only paves the way for molecular breeding programs to exploit the genetic diversity 
present in wild plants but also highlights the potential for creating crops that are more resilient 
and nutritionally superior. 

In Europe, CRISPR and other gene-editing technologies are currently regulated under the same 
stringent rules as traditional genetically modified organisms (GMOs), which imposes strict 
regulations on their cultivation and use (European Commission, 2018). However, there has been 
ongoing debate and some movement towards potentially relaxing these regulations (Callaway, 
2018). Scientists and agricultural businesses have been advocating for changes, arguing that 
CRISPR is more precise and should be treated differently from traditional GMOs (Jones, 2015). 
Plants that are indistinguishable from those obtained through conventional breeding would be 
exempt from the stringent GMO regulations, while plants with more complex modifications 
would still be subject to stricter GMO rules (European Commission, 2021). 

Agrobacterium tumefaciens 

Genetically modified plants can be 
created using various techniques, of 
which Agrobacterium tumefaciens-
mediated transformation (AMT) is the 
most commonly used method. AMT 
makes use of the soil bacterium A. 
tumefaciens, which is known for 
causing crown gall disease in plants 
(Figure 3). The initial observations of 
peculiar crown galls on plants were 
made as early as 1679 (Malpighi, 1679). 
A significant advancement in 
understanding this phenomenon came 
in 1907, when it was confirmed that 
these plant tumors had a bacterial 
origin (Smith & Townsend, 1907). 
Further research led to the proposal of 
a tumor-inducing principle (Braun & 
Mandle, 1948; White & Braun, 1941). 
Subsequently, a large plasmid was Figure 3. Oak tree infected with crown gall disease. 
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discovered in A. tumefaciens, which proved to have a crucial role in the bacterium’s virulence 
(Van Larebeke et al., 1975; Zaenen et al., 1974). It was later discovered that A. tumefaciens has 
a unique mechanism of transferring a segment of its DNA, known as transfer DNA (T-DNA), into 
the host plant’s genome. The oncogenes present on the T-DNA are expressed in plant cells, 
resulting in the production of plant hormones, which lead to uncontrolled cell division and tumor 
formation (Chilton et al., 1977). 

The process begins when A. tumefaciens detects phenolic compounds and sugars released by a 
wounded plant, which activate the virulence (Vir) genes on the tumor inducing (Ti) plasmid 
within the bacterium (Zupan & Zambryski, 1995). Several Vir genes encode proteins that form a 
type IV secretion system (T4SS), creating a channel between the bacterium and the plant cell. 
Other Vir genes encode proteins that process the T-DNA region of the Ti plasmid and guide it into 
the plant nucleus (Figure 4). The T-DNA, flanked by left and right border (LB and RB) sequences 
(Yadav et al., 1982), is recognized by VirD1 and VirD2 proteins and released as a single-stranded 
molecule (Scheiffele et al., 1995). VirD2 remains attached to the 5’ end of the T-strand, guiding it 
during transfer. The T-strand, along with several virulence proteins, is then transferred into the 
plant cell through the T4SS (Ward et al., 2002). Once inside the plant cell, the T-strand is coated 
with VirE2 proteins, which protect it from degradation and help guide it to the plant cell nucleus 
(Tzfira et al., 2001). Once in the nucleus, the T-DNA is converted into double-stranded DNA, 
allowing for transient expression. Stable transformation occurs when the T-DNA integrates into 
the plant genome (Salomon & Puchta, 1998), a process facilitated by the host’s own DSB repair 
machinery. However, the mechanism behind the integration process remained elusive for a long 
time. 

The elucidation of the gene transfer mechanism between Agrobacterium and plants paved the 
way for the development of an efficient system for delivering genes into plant genomes (Joos et 
al., 1983; Schell & Van Montagu, 1977). It was established that the oncogenes could be excised 
without impairing the bacterium’s ability to insert DNA into the plant genome (Barton et al., 
1983; Bevan et al., 1983; Framond et al., 1983). The challenge posed by the large Ti plasmid was 
addressed by the introduction of binary plasmids, which separated the Vir genes and the T-DNA 
onto different vectors, while preserving the T-DNA transfer capability (Hoekema et al., 1983). 

T-DNA integration

After extensive research on the integration mechanism of T-DNA conducted by numerous 
laboratories, our lab’s studies have conclusively demonstrated that the integration of T-DNA is 
critically dependent on Polθ. This enzyme mediates the error-prone repair process at the 
integration sites. This finding marks a significant advancement in our understanding of T-DNA 
integration. Using A. thaliana as a model, it was shown that mutants lacking Polθ were resistant 
to T-DNA integration, highlighting Polθ’s essential role (van Kregten et al., 2016). Later it was 

1



56230-bw-Kamoen56230-bw-Kamoen56230-bw-Kamoen56230-bw-Kamoen
Processed on: 29-4-2025Processed on: 29-4-2025Processed on: 29-4-2025Processed on: 29-4-2025 PDF page: 15PDF page: 15PDF page: 15PDF page: 15

9 

shown that the integration of the left border (LB) of the T-DNA is dependent on Polθ, while the 
right border (RB) can integrate via the two major pathways cNHEJ and TMEJ, after removal of 
covalently linked VirD2, mediated by tyrosyl phosphodiesterase 2 (TDP2) or the Mre11 
endonuclease, respectively (Kralemann et al., 2022).  

T-DNA integrates at random positions in the genome, often resulting in genomic rearrangements
including deletions, duplications, and translocations (Gang et al., 2019; Hu et al., 2017). The
architecture of T-DNA insertions is often complex, with multiple T-DNA fragments integrating at
a single site or across different genomic locations, which can have significant epigenomic impacts,
influencing gene expression and stability (Jupe et al., 2019). Additionally, chromosomal
translocations are a common phenomenon in T-DNA insertion lines, resulting in the fusion of
different chromosomal segments, potentially leading to the misregulation of genes at the
breakpoints (Clark & Krysan, 2010). T-DNA integration can also cause a variety of other changes
at the DNA level, such as the formation of new regulatory elements or the disruption of existing
ones, leading to altered gene expression. The insertion process can be highly mutagenic, often
disrupting coding sequences or regulatory regions, which is utilized in genetic studies to create
mutant libraries for gene function analysis (Alonso et al., 2003; Kleinboelting et al., 2012).
Furthermore, T-DNA integration can lead to significant epigenomic changes, such as alterations
in DNA methylation and histone modifications, affecting gene expression and stability
(Lieberman-Lazarovich et al., 2013).

Figure 4. Schematic representation of Agrobacterium-mediated transformation in plants. The transformation 
process begins with Agrobacterium recognizing plant wound sites and attaching to the plant cell. The T-DNA 
is excised from the Ti-plasmid by the VirD2 protein, which remains bound to the 5’ end of the T-DNA. This T-
DNA-VirD2 complex is then transferred, together with several other Vir proteins, to the plant cell through a 
type IV secretion system (T4SS). Inside the plant cell, the T-DNA is coated with VirE2 proteins to protect 
it from degradation. The T-DNA is subsequently transported to the plant nucleus, where it integrates into 
the plant genome using the host’s double-strand break (DSB) repair machinery. 

Ti-plasmid T-DNAVir-region plant genomeT4SS

VirD2 VirE2 plant nucleus plant cellAgrobacterium T-DNA 
integration

T-region
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Gene targeting 

In response to the challenges posed by random T-DNA integration, researchers have been 
exploring strategies for precise gene targeting. These methods aim to achieve error-free 
integration of T-DNA leveraging homologous recombination (HR) and a repair template carried 
by the T-DNA itself. Paszkowski and colleagues (1988) were the first to show that gene targeting 
is possible in plant cells. They demonstrated that a plasmid DNA, which included a segment of 
the kanamycin resistance gene, could be incorporated into the plant genome through 
homologous recombination (HR), albeit at a low frequency, allowing for the restoration of a 
functional gene. Furthermore, Offringa et al. (1990) expanded on this by showing that gene 
targeting could also be achieved in plant cells using Agrobacterium-mediated T-DNA 
transformation. Despite these advances, the frequency of gene targeting remained low, with 
about one successful event per 104 to 105 transformation events.  

The introduction of DSBs in conjunction with gene targeting marked a significant advancement, 
particularly with the advent of CRISPR technology (Puchta and Fauser, 2013). This combination 
has greatly enhanced the efficiency of gene targeting, making it a more viable tool for plant 
genetic engineering. However, even in combination with DSB induction, gene targeting remains 
highly inefficient in plants (de Pater et al., 2009; 2013; 2018). Additionally, gene targeting in Polθ-
deficient plants has been achieved (Kralemann et al., 2024; Merker et al., 2024; van Tol et al., 
2021), which abolishes random integration while retaining error-free gene targeting events. 
These studies demonstrate that Polθ is not essential for the gene targeting process itself. 
However, gene targeting often relies on the initial random integration of T-DNA, for which Polθ is 
required. These findings highlight the need for continued research and development to optimize 
these methods for routine use. 

Aim of this thesis 

Today, Agrobacterium is widely used as a vector to produce genetically modified plants. However, 
the randomness of T-DNA integration can complicate genetic modifications and lead to 
unpredictable results. Gene targeting, while offering error-free incorporation of a desired 
sequence on the T-DNA, suffers from inefficiency. In response to these challenges, there is a 
growing interest in devising methods for efficient, controlled and targeted T-DNA integration.  

The CRISPR/Cas system emerges as a promising solution for targeted T-DNA integration by 
inducing a targeted DSB in which the T-DNA can integrate. The CRISPR reagents are introduced 
into the plant cell through the T-DNA itself via Agrobacterium-mediated transformation. This 
approach facilitates efficient integration of the T-DNA while reducing the risk of unintended 
mutations and ensuring more predictable transgene expression. However, further research is 
required to eliminate random integration and to resolve the issue of mutational end joining at 
the junctions. 

1
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Apart from facilitating targeted T-DNA integration, CRISPR/Cas can also be used for direct 
targeted mutagenesis. By targeting specific genomic sequences and facilitating repair through 
end joining, CRISPR/Cas can enable precisely located modifications. These modifications can 
range from gene knockouts to the introduction of specific mutations. All in all, leveraging 
CRISPR/Cas technology allows us to achieve greater accuracy in genetic modifications, paving the 
way for more reliable and stable outcomes in plant biotechnology. 

Currently, there is limited understanding of the repair mechanisms for CRISPR/Cas-induced DSBs 
in higher plants, and their relationship to T-DNA integration at these sites. To address this, we 
conducted a high-resolution mutational analysis of DSB repair and targeted T-DNA integration 
sites. Additionally, we developed and explored alternative techniques to facilitate targeted and 
predictable gene editing in plants. This thesis aims to elucidate the pathways governing these 
mechanisms and provide insights into their parameters, which is crucial for improving the 
precision and efficiency of CRISPR-based genome editing technologies. 

1
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Outline of this thesis 

In Chapter 2, we investigated the mechanisms of DSB repair in plants, focusing on the roles of 
classical nonhomologous end joining (cNHEJ) and polymerase theta-mediated end joining 
(TMEJ). Our study provides a comprehensive analysis of how these end joining pathways 
contribute to the repair of CRISPR/Cas9-induced DSBs in A. thaliana. Additionally, we examined 
the targeted capture of T-DNA within these induced breaks.  

In Chapter 3, we systematically compared the DNA repair outcomes and pathways activated by 
Cas9 and Cas12a in A. thaliana. We provide detailed repair profiles for both nucleases, showing 
that DSB-end configuration does not dictate repair pathway choice. The most notable disparity 
between Cas9 and Cas12a is the formation of 1 bp insertions, which we here show to depend on 
polymerase Lambda. This chapter also highlights that Cas12a, like Cas9, stimulates the 
integration of T-DNA molecules.  

In Chapter 4, to find a more precise and predictable manner of DSB repair, we analyzed repair of 
genomic sites in which the DSB was flanked by short direct repeats (extended microhomology). 
We surprisingly found that eMMEJ, which was the prevalent outcome in wild-type plants, was 
absent in a Polθ deficient mutant. In “standard” sequence contexts the polymerase activity of 
Polθ is required to kick-start DNA synthesis using micro-homologous pairing of DSB ends. 
Intriguingly, we discovered that DSBs containing eMH rely solely on the helicase activity of Polθ, 
rendering the polymerase domain obsolete.  

In Chapter 5, we studied DSB induction both on T-DNA and within the genome. Our findings 
reveal that the repair process for DSBs on T-DNA reflects that of DSBs in the genome, resulting in 
similar scars at the repaired sites. Additionally, we demonstrated that T-DNA can be cleaved with 
nearly 100% efficiency before being captured by the genomic target site, enabling targeted 
capture of T-DNA without unwanted sequences. Furthermore, we showed that upon 
simultaneous DSB induction at two sites, the ends of the breaks frequently fuse together, leading 
to genomic aberrations.  

In Chapter 6, we used the knowledge obtained in the previous chapters to design a novel method 
to facilitate precise targeted modification of the plant genome using T-DNA containing eMH. We 
found that eMH-mediated capture presented a major fraction of all T-DNA capture events, 
enabling targeted and error-free integration of genes of interest. Additionally, we showed that 
more subtle mutations can be achieved by using a dual T-DNA approach: a helper-T-DNA 
facilitates targeted DSB induction, whereas a smaller T-DNA provides an eMH-based repair 
template to insert the desired mutation. In conclusion, this study effectively demonstrates a 
novel approach for targeted genome modifications, which notably surpasses the efficiency of 
traditional gene targeting methods. 
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