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Abstract  

Precise gene targeting (GT) still remains a bottleneck in plant biotechnology and 

crop improvement, despite the enormous transformative impact of CRISPR-Cas 

nucleases.GT harness the endogenous double-strand repair pathways; however, 

these pathways and factors influencing them are poorly understood in plants. 

Here, a comprehensive study was carried out by combining physiological, 

molecular, and genome-editing approaches; the study provides novel insights 

into the complex role of DNA repair factors beyond maintaining genome integrity. 

Phenotypic analyses of multiple mutants showed that genes traditionally 

associated with DNA repair also influence plant growth, which was measured in 

parameters such as height, root length, and seed size. This is evidenced by 

significant growth defects in mre11 mutants and declined reproductive fitness in 

fanci mutants. Thus, these observations suggest that DNA repair genes function 

in connection with the intersection of genome maintenance, developmental 

regulation, and fertility. The transcriptomic profiling of these mutants further 

supported this conclusion by showing the altered expression of genes involved 

in growth, development, and stress response. This study has also characterised 

the role of several DNA repair genes, such as RAD5A, EXO1, FANCI, and 

BRCA1, to influence GT outcome to a variable extent. To define the role of these 

and other selected DNA repair genes, CRISPR-based mutational profiling was 

carried out, which revealed locus-specific effects on repair outcomes and choice 

of repair pathway, with proteins such as FANCD2, EXO1, RAD5A, WRN, FANCI, 

BRCA1 and XRCC2 displaying variable influences on single-strand annealing 

(SSA) and/or non-homologous end joining (NHEJ). Notably, the involvement of 

EXO1a/1b, XRCC2, BRCA1 and FANCI in NHEJ was unexpected, as these 

proteins are more commonly associated with homologous recombination (HR) or 

the Fanconi anaemia (FA) pathway. Among the mutants studied, Exo 1 seems to 

be involved in an SSA-like mechanism to repair induced DSB.  Analysis of fanci 

mutant, a Fanconi anaemia pathway component, revealed its functional 

conservation and involvement in mitigating replication stress along with Mus81 in 

a non-redundant pathway. The above findings will not only advance our 

understanding of fundamental plant DNA repair mechanisms but also inform 

strategies to enhance gene targeting for crop improvement. 
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Chapter 1  

1 Introduction  

 

All living individuals depend on the integrity of their genomic DNA to survive and 

operate properly. However, DNA is constantly exposed to various harmful 

stresses that might compromise genomic integrity.  

There are three main pathways that are involved in the repair of single-stranded 

DNA (ssDNA) damage, including base excision repair, nucleotide excision repair, 

and mismatch repair (Anindya, 2020). Double-strand breaks (DSBs) are the 

most extreme forms of DNA damage. DSB repair is mediated primarily by two 

pathways: non-homologous end joining (NHEJ) and homologous recombination 

(HR).  

The basic concepts of DNA repair, including the functions of HR and NHEJ, have 

been a fundamental part of targeting precise genomic modifications. Gene 

targeting via HR allows for the insertion of defined sequences at unique genomic 

loci, and this tool has become fundamental to not only functional plant genomics 

but also crop biotechnology in general (Huang & Puchta, 2019).   

Next-Generation Sequencing (NGS) has helped get a clearer picture of what is 

going on at the cellular level during the repair. In addition, with the CRISPR-Cas 

systems, a new and flexible approach to induce targeted changes within the 

genetic material has revolutionised genome editing (Ma et al., 2016). More 

specifically, the CRISPR-Cas systems introduce site-specific DSBs that 

consequently trigger the cellular DNA repair mechanism, which can be further 

employed to generate mutations, deletions, or insertions. Such advances not only 

allow targeting genetic regions previously unreachable but further enhance 

specificity. However, plant applications of the CRISPR-Cas systems depend on 

efficient transformation methodologies to deliver the editing machinery inside the 

cell. Agrobacterium-mediated transformation is one of the general methods of 

delivering CRISPR components into the plant genomes, such as Arabidopsis 

thaliana (Arabidopsis), with the assurance of stable and heritable modification of 

the germ lines (Tang et al., 2023). Furthermore, protoplast transformation is an 

ideal system for studying interactions between CRISPR-induced DSBs and DNA 



16 
 

repair pathways and allows detailed insight into events of genome editing in 

plants. 

Investigating the interplay between DNA repair pathways, like HR and NHEJ, to 

determine potential factors mediating HR efficiency is required to improve gene 

targeting (GT). Dissecting and refining these mechanisms, especially in model 

organisms such as Arabidopsis, is the way to innovations in precision agriculture 

and functional genomics. This thesis explores these interrelated areas, focusing 

on CRISPR-modulated gene targeting and mechanistic aspects thereof in plants. 

1. 1  Genomic Stability and DNA -Damaging Factors  

DNA is continuously exposed to a variety of damaging factors, which could be 

from both external sources and internal biological processes (Figure 1.1). Figure 

1. 1  A general overview of  the development of DNA lesions by cellular and 

exogenous factors and the repair pathways involved  in eukaryotes  

DNA damage is repaired by different pathways based on the type of lesion. Each 

of the single-strand break repair pathways (BER, NER, and MMR) follows a 

series of events starting with the detection of a lesion, followed by processing to 

excise the damaged or mismatched region. Next, the DNA polymerase fills the 

gap, and the DNA ligase seals it. DSBs are repaired by either HR or NHEJ, based 

on the presence or absence of a repair template. The image is created with 

BioRender.com Exogenous DNA-damaging variables include ionising radiation 

(IR), UV rays, and chemical agents. IR may cause direct DNA  double-strand 

breaks (DSBs) as well as indirect DNA damage by producing reactive oxygen 

species (ROS), which cause base lesions and single-strand breaks (Mavragani 

et al., 2016). UV light predominantly damages DNA by forming cyclobutane-

pyrimidine dimers (CPDs), which inhibit replication and transcription (Kundu, 

2005). Chemicals such as alkylating agents add alkyl groups to DNA bases, 

resulting in base mispairing and structural disturbances (Kondo et al., 2010).  

Endogenous triggers include hydrolysis, oxidative stress, and by-products from 

metabolism. Hydrolytic damage, such as deamination and apurinic or 

apyrimidinic (AP) site formation, disrupts replication and gene expression 

(Yonekura et al., 2009). Oxidative damage caused by ROS, a by-product of 
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cellular metabolism and environmental stimuli such as IR and UV, changes DNA 

bases and the sugar-phosphate backbone. Oxidised bases, such as 8-oxo-

guanine, can lead to mispairing and have cytotoxic consequences (Hahm et al., 

2022). Both SSBs and DSBs are caused by oxidative stress.  

Different types of lesions are generated by DNA damage, including SSBs, DSBs, 

Helix Distortions, Base mismatches, Bulky crosslinks, and others (Figure 1.1). If 

these damages are left uncorrected, they can jeopardise genomic stability, which 

can cause mutations and finally cell death (Chatterjee & Walker, 2017). To 

address these challenges, cells have evolved intricate repair systems tailored to 

the unique characteristics and consequences of each type of DNA damage 

(Manova & Gruszka, 2015). 

1. 2 ssDNA damage repair  

SsDNA damage repair ensures the preservation of genomic integrity even under 

challenging environmental conditions. Among them, base excision repair (BER) 

is critical in addressing oxidative base alterations and abasic sites. Similarly, 

nucleotide excision repair (NER) addresses large DNA damages generated by 

UV exposure, with proteins similar to human equivalents playing key roles (Figure 

1.1, Kciuk et al., 2020).  

1.2. 1 Base excision repair (BER)  

BER pathways repair damaged (alkylated, oxidised/reduced, and other modified 

bases) or mispaired bases. BER occurs in multiple steps; it initiates with the 

recognition and excision of the abnormal base, followed by cleavage of the sugar 

phosphate backbone by specific DNA glycosylases, which results in the formation 

of an abasic site (AP) (Wallace, 2014). Next, the broken DNA ends are 

processed, and the gap is filled by synthesising new DNA. Lastly, the nick left is 

sealed by a DNA ligase enzyme (Mol et al., 2000).  

Most of the BER proteins found in other organisms are also found in plants, such 

as Uracil DNA glycosylases, AP endonucleases, 3ǋ DNA phosphatases, DNA 

polymerase family A, B, and X, FLAP endonuclease, and ligase (Roldán-Arjona 

et al., 2019).  
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1.2. 2  Nucleotide excision repair (NER)  

NER (nucleotide excision repair) repairs bulky DNA adducts that induce helix 

distortion in the DNA structure, such as those caused by UV photoproducts. To 

initiate the repair, the DNA is first scanned for damage, and the distorted helix is 

detected. Following this, multiple proteins are recruited at the damage site, 

including endonucleases that make an incision 3ô of the lesion, resulting in 

excision of a small fragment of DNA. DNA synthesis is carried out by any of the 

three polymerases (ŭ, Ů, or ə), and the nick is then sealed by DNA Ligase I or 

Ligase III in mammals (Rouillon & White, 2011). Homologues of NER genes are 

identified in plants and reported to work in a similar way to those in mammals 

(Szurman-Zubrzycka et al., 2023;Biedermann & Hellmann, 2010). 

1.2. 3  Mismatch repair (MMR)  

The Mismatch repair system corrects mispairing between bases and repairs 

small insertionsïdeletions (indels) that usually arise during genome replication. 

Prokaryotes such as Escherichia coli (E.coli) possess four crucial genes, namely, 

MutS, MutL, MutH, and uvrD (ultraviolet repair protein D), for mismatch repair 

(Hasan, 2015).  MutS recruits MutL to the mismatched base. MutS also mediates 

the association of MMR effector proteins, like MutH and UvrD, at the damaged 

site. MutH, a type II restriction endonuclease, then excises the DNA strand near 

the damaged site, which results in the formation of a ñnickò in the DNA, ensuring 

the removal of one of the strands that contains the mismatch (Feng, 1997). In the 

final steps, uvrD, a DNA helicase, unwinds the DNA ahead of the nick. Like other 

eukaryotes, plants require this pathway during post-replicative and recombination 

mismatch repair. In Arabidopsis, the lack of MSH2 prevents homologous 

recombination (Li et al., 2006), whereas MSH7 is known to regulate meiotic 

recombination (Lario et al., 2015). 

https://en.wikipedia.org/wiki/Escherichia_coli
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Figure 1. 1  A general overview of  the development of DNA lesions by 
cellular and exogenous factors and the repair pathways involved  in 
eukaryotes  

DNA damage is repaired by different pathways based on the type of lesion. Each of the 
single-strand break repair pathways (BER, NER, and MMR) follows a series of events 
starting with the detection of a lesion, followed by processing to excise the damaged or 
mismatched region. Next, the DNA polymerase fills the gap, and the DNA ligase seals 
it. DSBs are repaired by either HR or NHEJ, based on the presence or absence of a 
repair template. The image is created with BioRender.com using information from the 
references provided in the text. 

 

1. 3  Repair of dsDNA damage  

DSBs are among the most severe types of DNA damage, threatening genomic 

integrity and cellular survival. DSBs can be caused by a variety of factors, 

including UV radiation, ionising radiation, and chemical mutagens, as well as 
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endogenous mechanisms including oxidative stress and replication errors (Li et 

al., 2024). DSBs are of more importance in plants because plants are sessile and 

are therefore continuously exposed to environmental stresses (Raina et al., 

2021). Plants possess two major repair pathways for DSBs: non-homologous end 

joining and homologous recombination. These mechanisms have been highly 

conserved among eukaryotes, which reflects their fundamental importance in the 

repair of potentially harmful DSBs. Most components involved in DSB repair in 

mammals have their homologues identified in Arabidopsis, and these pathways 

are also crucial for plant tolerance against abiotic stresses and thus influence 

crop productivity. 

1.3. 1  Non-homologous end joining (NHEJ)  

NHEJ is an important DNA repair pathway for DSBs in plants, functioning 

throughout the organism's lifespan. In contrast to HR, which depends on the 

presence of a homologous DNA template for accurate repair, NHEJ directly 

ligates the broken DNA ends without the need for homologous sequence. This 

renders NHEJ a more adaptable, but less precise, repair pathway. NHEJ 

functions throughout the cell cycle and is particularly important in G1, when no 

homologous templates are available (Lieber, 2010). The major proteins of this 

pathway include KU70, KU80, and DNA-Dependent Protein Kinase Catalytic 

Subunit (DNA-PKcs), which bind to DSBs and assist in their end processing and 

ligation (Table 1.1). Although highly error-prone, NHEJ is important for 

maintaining the stability of the Arabidopsis genome, particularly under 

environmental stress conditions, where DNA damage is common. NHEJ is 

executed in a series of sequential steps to ligate DNA ends (Figure 1.2A). Upon 

formation of DSB, the DNA ends are quickly recognised and bound by the ring-

shaped Ku70/80 heterodimer (Walker et al., 2001). It serves as a scaffold for 

recruiting several downstream NHEJ factors (Lieber, 2010). For example, in 

mammals, DNA-PKcs is recruited by Ku to DNA to form a DNA-PK holoenzyme 

(Falck et al., 2005). Once recruited to DNA, the DNA-PKcs dimerises and 

phosphorylates itself and numerous NHEJ component proteins. This 

autophosphorylation exposes the two ends of the DNA for processing and ligation 

of the broken ends (Jette & Lees-Miller, 2015). Incompatibility between the DNA 

end structures for ligation recruits several end-processing proteins, including 
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nucleases and polymerases, to the break site for end processing (Lieber, 2010). 

Repairing of DNA ends needs the DNA ends to be closely located and several 

proteins, such as X-ray repair cross-complementing protein 4 (XRCC4-like factor 

(XLF) (Ahnesorg et al., 2006) and a paralogue of XRCC4 and XLF (PAXX) (Khan 

& Ochi, 2023). At the last stages, DNA ligase IV (LIG4) complexed with XRCC4 

catalyses DNA ends joining (Grawunder et al., 1997). 

Like mammals, plants have two varieties of NHEJ-based DSB repair called 

classical NHEJ repair (cNHEJ) and alternative NHEJ (aNHEJ; Walker et al., 

2001) (Figure 1.2A). Arabidopsis KU70 and KU80 homologs also form a stable 

heterodimeric complex within the nucleus, and in vitro, the complex binds 

specifically to the ends of broken double-stranded DNA, suggesting it may have 

a role in the identification of DSB in DNA (Tamura et al., 2002; West et al., 2000). 

Homologs of mammalian DNA-PKcs are not found in most angiosperms, 

including Arabidopsis (Kumar, 2023); however, they are present in 

gymnosperms, bryophytes, and ferns, suggesting differences in the mechanism 

of NHEJ with other plant lineages as well as mammals. During DSB repair by 

NHEJ, the ends of the DNA are often incompatible for direct ligation, requiring 

processing to make ligatable ends. Resection at the ends is initiated by the MRN 

complex  (Williams et al., 2010). The evidence for the existence of an MRN 

complex in plants comes from proteinïprotein interactions between AtRAD50, 

AtNBS1, and AtMRE11 that show an MRN-like complex similar to that seen in 

other eukaryotes (Waterworth et al., 2007).  The DNA ends are prepared for 

ligation by filling in and adding nucleotides by Pol X family polymerases (e.g., 

Pol ɚ and Pol ɛ; Yamtich & Sweast, 2010). 

Human MRE11 contains four conserved phosphodiesterase domains in its N-

terminal region and two less conserved DNA-binding domains in its C-terminal 

region. MRE11 also features an N-terminal NBS1-interacting domain and a C-

terminal RAD50-interacting domain (de Jager et al., 2001). These interactions 

are essential for the MRN complexôs role in DNA repair. The N-terminus of 

AtMRE11 is also shown to interact with the C-terminal of AtNBS1 (Waterworth et 

al., 2007), suggesting its structural and functional similarity with its human 

counterpart.  Arabidopsis mutants for components of the MRN complex are 
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viable. However, when specific components like RAD50 or MRE11 are disrupted, 

the plants become sterile.  This suggests that although the MRN complex itself 

is not required for viability, it is critical for meiosis, where it is required for 

chromosome pairing and segregation (Bundock & Hooykaas, 2002; Gallego et 

al., 2001). In addition, the rad50 mutant displays hypersensitivity to genotoxins, 

which indicates the role of MRN components in somatic DSB repair (Gallego et 

al., 2001). Further, a GUS (ß-glucuronidase) based recombination assay 

revealed hyper-recombination in atrad50 mutant plants (Gherbi et al., 2001). In 

contrast, atmre11 mutant lines showed defects in development (Bundock & 

Hooykaas, 2002; Puizina et al., 2004). For instance, atmre11-1 homozygous lines 

showed several developmental defects, including dwarfness, abnormal root 

meristems, and altered leaf morphology (Bundock & Hooykaas, 2002; Puizina et 

al., 2004). Similarly, atmre11-3 lines also showed a phenotype similar to atmre11-

1 but were comparably less severe. Both atmre11-1 and atmre11-2 were found 

to be hypersensitive to methyl methanesulphonate (MMS) (Puizina et al., 2004). 

Moreover, the latter was also found to be highly sensitive towards X-ray treatment 

(Bundock & Hooykaas, 2002). AtNBS1 also displays increased sensitivity to 

several of the DNA-damaging agents tested, including a cross-linking agent,, 

MMS, and mitomycin C (MMC), but is insensitive to X-rays (Amiard et al., 2010). 

The final step in the NHEJ pathway is the ligation of the processed DNA ends. 

This step is carried out by the DNA ligase 4 complex, which includes DNA ligase 

4, XRCC4, and, in mammals, the accessory factor XLF (XRCC4-like factor; Khan 

& Ochi, 2023). DNA Ligase 4 catalyses the formation of phosphodiester bonds 

between the DNA ends, sealing the break. XRCC4 protein interacts with DNA 

ligase 4 and stabilises it, enhancing its activity.  Arabidopsis DNA ligase 4 and 

XRCC4 were shown to interact with each other in yeast two-hybrid assays (West 

et al., 2000). In Arabidopsis, this association occurs through the BRCT (BRCA C-

terminal) domains of DNA ligase 4 proteins. Induced expression of AtLIG4 

specifically in the presence of gamma-irradiation and not by UVB treatment 

suggests its in vivo function in the repair of DSBs (West et al., 2000). Mutant 

atlig4 plants possess a normal phenotype and are fertile; however, these mutant 

plants were highly sensitive to MMS and X-rays (DNA-damaging agents), further 

suggesting their role in in-planta DSB repair. Moreover, it has also been reported 

that knockdown of DNA ligase 1 in Arabidopsis results in abnormal growth and 
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delay in repairing both single and double-strand breaks, indicating that it performs 

a role in multiple repair pathways (Waterworth et al., 2009). 

In the alternative NHEJ (aNHEJ) repair pathway, the deletions are generally 

larger than those observed in canonical NHEJ (cNHEJ) pathways. This happens 

because aNHEJ uses flanking microhomology regions for repair, which results in 

the loss of DNA sequences that lie between the microhomology sites that are 

used for the joining of the broken DNA ends (Figure 1.2B) (Deriano & Roth, 2013). 

The broken ends of the DNA are initially bound by poly (ADP-ribose) polymerase 

1 (PARP1; Robert et al., 2009), which is also known to compete with KU proteins 

(Wang et al., 2006). A 5ǋ- to 3ǋ-exonuclease then resects the broken ends and 

generates short single-strand overhangs, allowing paring between the exposed 

homologous sequences (Truong et al., 2013). This paired intermediate is 

stabilised by polymerase Q (PolQ). The protruding 3ô ends are then removed by 

nucleases, followed by the synthesis of nucleotides to fill the gap (Bennardo et 

al., 2008). The final steps are mediated by the XRCC1/Ligase III complex in 

mammals or Ligase I in plants, resulting in the joining of the broken ends (Masani 

et al., 2016). 
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Figure 1. 2. General overview of DSB repair through the NHEJ pathway in 
eukaryotes.  

Two pathways are known for NHEJ repair. Classical cNHEJ (A) proceeds when 
KU70/KU80 heterodimer binds to broken ends and is re-ligated by LIG4. Alternative 
aNHEJ (B) utilises small homologous sequences near the broken site and recruits 
polymerase PARP1 to begin cleavage from 5ǋ- to 3ǋ- direction of the ends to expose the 
micro homologous sequences. Image created with BioRender.com using information 
from the references provided in the text. 

 

Table 1. 1.  NHEJ proteins in human, yeast and Arabidopsis.  

Protein/Com
plex  

Homo 
sapiens  

Saccharomyc
es cerevisiae  

Arabidopsi
s thaliana  

Key Functions  

Ku Complex  Ku70/Ku80 Ku70/Ku80 
Ku70 

(At1g16970)
Binds to DSB ends, 

prevents degradation, 
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, Ku80 
(At1g48050) 

and recruits NHEJ 
factors. 

DNA-PKcs  DNA-PKcs Not present Not present 
Protein kinase 

activating end-joining 
machinery. 

Artemis/Sn
m1 

Artemis Snm1/PSO2 
Snm1 

(At3g26680) 

Processes DNA ends 
to make them 

suitable for ligation. 

MRN/MRX 
Complex  

Mre11-
Rad50-
Nbs1 

Mre11-Rad50-
Xrs2 

Mre11-
Rad50-
Nbs1 

(At5g54260, 
At2g31970, 
At3g02680) 

DSB recognition, end 
resection, and 

activation of repair 
checkpoints. 

PNKP 
(Polynucleot
ide Kinase)  

PNKP Tpp1 
ZDP 

(At3g14890) 

Restores damaged 
DNA ends for proper 

repair by ligases. 

Pol ɚ Pol ɚ Not present 
Pol ɚ 

(At1g10520) 

DNA polymerase that 
fills gaps at DSB 

ends. 

53BP1/Rad9 53BP1 Rad9 
Rad9 

(At3g05480) 

Stabilizes broken 
DNA ends and 

facilitates NHEJ. 

DNA Ligase 
IV 

DNA ligase 
IV 

Dnl4 
Lig4 

(At5g57160) 
ATP-dependent 

ligation of DNA ends. 

XRCC4/Lif1  XRCC4 Lif1 
XRCC4 

(At3g23100) 

Forms a complex 
with Lig4 to mediate 

DNA end joining. 

XLF/Cernun
nos  

XLF/Cernu
nnos 

Nej1 Not present 
Stabilizes Lig4 

/XRCC4 complex, 
facilitates ligation. 

PARP1 PARP1 Not present 
PARP1 

(At2g31320) 

Binds to DNA breaks, 
recruits repair factors, 
and modifies proteins 
via ADP-ribosylation. 

PARP2 PARP2 Not present 
PARP2 

(At4g02390) 

Similar function to 
PARP1, enhancing 
repair recruitment. 

PARP3 PARP3 Not present 
PARP3 

(At5g22470) 

Facilitates 
recruitment of ligases 

at DNA ends. 

CtIP/Sae2 CtIP Sae2 
Com1 

(At3g52115) 

Processes DNA ends 
to facilitate alignment 

and repair. 

DNA Ligase 
III 

DNA ligase 
III 

Not present Not present 
An alternative ligase 
for end joining under 
specific conditions. 
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XRCC1 XRCC1 Not present 
XRCC1 

(At1g80420) 

Interacts with DNA 
Ligase III, stabilising 
the repair process. 

Pol ɗ Pol Q Not present 
Pol ɗ 

(Tebichi, 
At4g32700) 

Mediates end joining 
in error-prone repair 

pathways. 

 

1.3. 2  Homologous Recombination (HR)  

HR is an important DNA repair process that restores genomic integrity by 

repairing DSBs using homologous DNA sequences as templates. This 

mechanism is critical for preserving genomic integrity, particularly in dividing 

cells. HR begins with the detection of DSBs and the subsequent resection of the 

two DNA ends to produce ssDNA overhangs (Granata et al., 2013). These 

overhangs are then coated first with RPA and then with Rad51, a recombinase 

protein that facilitates strand invasion of a homologous DNA template. This 

process results in the synthesis of new DNA sequences to repair the break. Once 

the DNA synthesis is complete, the recombination intermediates are resolved 

either via non-crossover mechanisms or by crossing over, the later involves 

exchange of genetic material between homologous chromosomes (Gray & 

Cohen, 2016). Various factors influence the efficiency and requirements of HR, 

including protein complexes and cell cycle checkpoints. While HR is an important 

pathway for repairing DSBs in Arabidopsis, differences in the involved proteins 

and their regulation compared to mammals highlight unique aspects of plant-

specific repair mechanisms (Spampinato, 2017). These distinctions are crucial 

for understanding plant resistance to genetic damage and their adaptation to 

environmental stress.   

HR can also be divided into several sub-pathways, each with unique 

characteristics that influence repair outcomes. These sub-pathways include 

Break-Induced Replication (BIR), Double Holliday Junction (dHJ) resolution, 

Synthesis-Dependent Strand Annealing (SDSA), and Single-Strand Annealing 

(SSA) (Figure 1.3; Li et al., 2019). For example, dHJ resolution and BIR are more 

likely to cause crossovers and are considered to increase genetic variability, 

whereas SSA and SDSA are crossover-neutral (Bhattacharjee & Nandi, 2016).  
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Figure 1. 3  Mechanism of the HR pathway.  

HR starts with resection of the ends generated after DSB to create 3ô ssDNA ends. 
Rad51 is bound to these ends to form a nucleoprotein filament. In the classical HR 
pathway, one of the 3ô ssDNA overhangs then invades and pairs with homologous 
dsDNA, resulting in D-loop formation. After this, dHJ (Double Holiday Junction) 
intermediate is formed by extension of the annealed region and capture of the second 3ô 
end of the broken DNA. The dHJ is then resolved into either CO or NCO products (A). 
DSBs occurring within a repeat sequence are predominantly repaired by the SSA 
pathway. Here, the resected DNA ends bind to the complementary sequence from the 
repeat, resulting in the formation of flaps, which are then cleaved. DNA synthesis and 
ligation allow joining the two strands, resulting in the deletion of sequences between the 
repeats. (B) In the SDSA pathway, unlike classical HR, the end capture at the second 3ô 
end of the broken chromosome does not occur; rather, here the DNA synthesis from the 
3ô end is followed by the disassembly of the holiday junction, resulting in the formation 
of NCO products only. (C) BIR involves the invasion of one of the broken ends into a 
homologous template, which is followed by extensive DNA synthesis. Image created 
using BioRender.com using information from the references provided in the text. Red 
and blue colour double-strand DNA represents the target DNA with the DSB and donor 
DNA used as a template for HR. The green strand in BIR represents DNA synthesis 
using homology from the donor sequence. 

 
A comparative overview of the four HR sub-pathways, highlighting the molecular 

players involved, the distinctions between plant and mammalian systems, and the 

repair outcomes associated with each pathway, is presented in Table 1.
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Table 1. 2 Major Sub -pathways of HR in DNA Repair: Mechanisms, Key 
Proteins, and Characteristics in Arabidopsis and Mammals  

CO=Crossover, EP/ HF= Error-prone/High-fidelity, Single-Strand Annealing (SSA), Synthesis-
Dependent Strand Annealing (SDSA), Double Holliday Junction (dHJ) Resolution, Break-Induced 
Replication (BIR), Homologous recombination (HR), Replication fork (RF), del=deletion

Sub-
path
way 

Mechanism Key Steps 
Proteins 

in 
Mammals 

Protein
s in 

Arabido
psis 

CO/
Non 
CO 

 EP 
or 
HF 

Ho
mol
ogy 
Nee
ds 

Biologic
al 

Outcom
es 

Genetic 
Scenari

os 

Mammalian 
vs. 

Arabidopsis 
Differences 

SSA 

Repairs 
DSBs 

between 
repetitive 

sequences 
by aligning 

with 
complement
ary ssDNA  

Resection 
done by 
done by 
EXO1, 

annealing 
by RAD52, 

flap 
trimming by 

ERCC1-
XPF, 

ligation by 
DNA lig I 

EXO1, 
DNA2, 

RAD52, 
XPF-

ERCC1, 
DNA 

Ligase I 

EXO1, 
ERCC1
, MMS4 

Non
- 

CO 
EP 

Limi
ted 
(10-
20 
bp) 

Causes 
del 

betwee
n 

repeats, 
Genetic 
informat
ion loss  

Comm
on in 

tandem 
repeat 
repair, 
e.g., 
rDNA 
cluster 
stabilis
ation in 
plant. 

 MRE11 is not 
essential for 

SSA in 
Arabidopsis.  

SDS
A 

Repairs 
DSBs 

conservativel
y by 

displacing 
the invading 
strand after 

DNA 
synthesis.  

Strand 
invasion by 

RAD51, 
DNA 

synthesis 
by Pol ŭ, 

strand 
displaceme

nt, & 
reannealing 

of the 
displaced 

strand 

RAD51,5
4 

BRCA2, 
DNA Pol 
ŭ,  

RAD51
, 54, 

BRCA2
A/B, 
DNA 
Pol ŭ,  

Non
-CO 

HF 
ext
ensi
ve  

Conser
ves 

genetic 
informat
ion and 
integrity

. 

Predo
minate

s 
during 

somatic 
cell 

repair 
in 

Arabido
psis. 

Plant RAD51 
paralogs show 

greater 
diversity & 

redundancy. 

DHj 
resol
ution 

Repairs 
DSBs by 
forming & 
resolving 

dHJ 
intermediate

s.  

Formation 
of dHJ by 

strand 
exchange, 

branch 
migration, 
resolution 
by GEN1, 
MUS81-
EME1, or 

dissolution 
by BLM 

helicase-
TOP3Ŭ-

RMI 
complex 

RAD51, 
BRCA2, 
MUS81-
EME1, 
SLX, 

GEN1, 
BLM 

helicase, 
TOP3Ŭ 

RAD51
, 

BRCA2
, 

MUS81
, 

GEN1, 
RECQ 
helicas
es DNA 
Pol ŭ 

Bot
h 

HF 
(cro
sso
ver)

; 
Lo
w 
err
or 

risk 

ext
ensi
ve  

Promot
es CO 

for 
genetic 
diversit

y or 
suppres

ses 
them 
for 

genome 
stability. 

Facilitat
es 

meiotic 
HR in 
both 

mamm
als & 

plants. 

Plants use 
RECQ4A 
helicase & 
FANCM to 

suppress CO, 
limiting genetic 
diversity while 

ensuring 
stability. CO 
resolution is 

tightly 
regulated to 

adapt to 
stress. 

BIR 

Repairs one-
ended DSBs 

,Uses 
homologous 
sequences 

for extensive 
DNA 

synthesis 

Strand 
invasion by 

RAD51, 
synthesis 
by Pol ŭ or 
alternative 

pol.  

RAD51, 
POLD3/P

OLD4 
subunits 
of DNA 
Pol ŭ, 
MCM 

helicases 

RAD51
, 

POLD3
, MCM 
helicas

es 

Non
-CO 

EP 
(str
uct
ural 
dup
lica
tion
s ) 

ext
ensi
ve  

Recons
tructs 
lost 

regions 
at RF. 

Comm
on in 
RF 

repair;, 
replicati

on 
collaps

e or 
recover

y in 
plants. 

Plants rely 
more on Pol ɗ 

& other 
alternative pol 
during stress. 
MCM helicase 

roles are 
broadly 

conserved. 
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HR starts with the sensing of DSBs by the MRE11-RAD50-NBS1 (MRN) 

complex. This protein complex plays an important role in both end-joining of DNA 

ends and the activation of ATM kinase, a key modulator of DNA damage 

response (DDR); (Williams et al., 2007). Mammalian MRE11 possesses 

nuclease activity and promotes some end resection alongside CtIP (Mohiuddin 

et al., 2019). Likewise, in Arabidopsis, MRE11, RAD50, NBS1, and  COM1 

perform homologous functions (Uanschou et al., 2007, Table 1.3).  

Further end resection of the 5' strand of DNA results in the generation of 3' ssDNA 

overhangs. In mammals, this is facilitated by EXO1, DNA2 nucleases and the 

helicase BLM (Schaetzlein et al., 2013; Sturzenegger et al., 2014). Arabidopsis 

encodes functional homologs of these proteins (Dorn & Puchta, 2019; Jia et al., 

2016). Beyond the role in resection, helicases are required to resolve 

recombination intermediates. For instance, Arabidopsis RECQ4A is required for 

meiotic recombination, demonstrating that HR components are not only important 

in the repair of DNA breaks but also in genetic diversity (Schröpfer et al., 2014). 

The ssDNA overhangs are stabilised by replication protein A (RPA), a 

heterotrimeric protein complex that binds ssDNA to prevent its degradation and 

secondary structure formation. In mammals, RPA has a well-established role in 

both HR and replication (Liu et al., 2012), while Arabidopsis encodes 3 proteins 

(AtRPA1, AtRPA2, AtRPA3) of specialised function (Table 1.3; Eschbach & 

Kobbe, 2014). Five paralogs of RPA1, two of RPA2, and two of RPA3 have been 

annotated in Arabidopsis (Aklilu et al., 20134). Such isoform specialisation likely 

developed in response to the variety of developmental and environmental 

challenges that plants experience. Mammalian RPA, in contrast, shows less 

functional diversification, highlighting its more integrated role in DDR.  

The HR pathway relies on the RAD51 recombinase, which leads to the assembly 

of nucleoprotein filaments on ssDNA to facilitate homologous pairing and strand 

invasion (Godin et al., 2016). Although RAD51 is conserved between mammals 

and Arabidopsis, the regulatory networks surrounding RAD51 have some 

similarities. In mammals, BRCA2 acts as a loader and stabiliser of RAD51 

(Appleby et al., 2023). Arabidopsis contains BRCA2 homologs (BRCA2A, 
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BRCA2B) that exhibit similar functions to those in mammals (Seeliger et al., 

2012).  

An important step in HR is strand invasion, which leads to the formation of a 

displacement Loop (D-loop). A DNA polymerase, predominantly Polymerase ŭ, 

and in the case of mammals (Maloisel et al., 2008; Sebesta et al., 2013), is 

necessary for the extension and stabilisation of the D-loop. In plants, Polymerase 

ŭ and Ŭ are required for meiotic homologous recombination (Osman et al., 2018; 

Wang et al., 2019). Polymerase activity is also modulated by various regulatory 

proteins, such as cyclin-dependent kinases (CDKs) in both plants and mammals 

(Zheng, 2022). In Arabidopsis, CDKA1 associates DNA repair with 

developmental and hormonal signalling, something not found in mammals 

(Sofroni et al., 2020). 

Closing of recombination intermediates, including Holliday junction, is the final 

step in HR. In humans, endonucleases like MUS81-EME1 and SLX1-SLX4 

complexes cleave these intermediates to generate crossover or non-crossover 

products (Guervilly & Gaillard, 2018). Arabidopsis encodes MUS81 orthologs that 

promote meiotic Crossovers (CO) (Hartung et al., 2006). Plants use crossover 

recombination suppression mediated by proteins such as FANCM and RECQ 

helicases (Dangel et al., 2014). This suppression helps to ensure optimal levels 

of CO.  

The regulatory machinery of the HR pathway is conserved throughout eukaryotes 

and is composed of ATM and ATR kinases. In Arabidopsis, these kinases are 

connected to a larger relay responding to reactive oxygen species (ROS), 

phytohormones such as jasmonate, and developmental signals (Yan et al., 

2014). In Arabidopsis, for example, besides DSB repair signaling, ATM activation 

is closely associated with the oxidative stress response, coupling DNA repair 

with cellular redox homeostasis (Garcia et al., 2003; Ricaud et al., 2007).  
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Table 1. 3  HR proteins in human, yeast and Arabidopsis  

Protein/C
omplex  

Hom
o 

sapie
ns 

Saccha
romyce

s 
cerevis

iae 

Arabidopsis thaliana  Key Functions  

Rad51 
(RecA 

Homologu
e) 

Rad5
1 

Rad51 Rad51 (At5g20850) 
Facilitates homologous 

pairing and strand 
invasion for DSB repair. 

MRN/MRX 
Complex 

Mre1
1-

Rad5
0-

Nbs1 

Mre11-
Rad50-

Xrs2 

Mre11-Rad50-Nbs1 
(At5g54260, 
At2g31970, 
At3g02680) 

DSB end recognition, 
processing, & activation 

of DNA-damage 
checkpoints. 

CtIP/Sae2 CtIP Sae2 Com1 (At3g52115) 

Processes DSB ends & 
facilitates strand 

resection for repair 
initiation. 

Exonuclea
se 1 

(Exo1) 
Exo1 Exo1 

Exo1A, Exo1B 
(At1g29630, 
At1g18090) 

Mediates extensive 
resection of DSB ends. 

RecQ 
Helicases 
(BLM/Sgs

1) 

BLM Sgs1 
RecQ4A, RecQ4B 

(At1g10930, 
At1g60930) 

Resolves recombination 
intermediates, prevents 
inappropriate crossover  

RPA 
Complex 

RPA1
, 

RPA2
, 

RPA3 

RPA1, 
RPA2, 
RPA3 

RPA1, RPA2, RPA3 
(At2g06510, 
At4g19130, 
At5g45400, 
At5g08020, 
At5g61000) 

Protects and stabilises 
ssDNA intermediates 
during recombination. 

Recombin
ation 

Mediators 

Rad5
1B,C, 
XRC
C3 

Rad55-
Rad57 

Rad51B-Rad51C-
XRCC3 (At2g28560, 

At2g45280, 
At5g57450, 
At1g07745, 
At5g64520) 

Promotes Rad51 
loading onto ssDNA & 

stabilises the 
nucleoprotein filament. 

Rad52 
Rad5

2 
Rad52 

Rad52 (At1g71310, 
At5g47870) 

Facilitates ssDNA 
annealing & Rad51 
filament assembly, 
interacts with RPA. 

BRCA1 
BRC
A1 

Not 
present 

BRCA1 (At4g21070) 

Coordinates checkpoint 
activation & 

recombination repair 
processes. 

BRCA2 
BRC
A2 

Not 
present 

BRCA2-1, BRCA2-2 
(At5g01630, 
At4g00020) 

Assists Rad51 filament 
nucleation &  

stabilisation on ssDNA. 

Rad54 
Rad5

4 
Rad54 Rad54 (At3g19210) 

ATP-dependent 
chromatin remodelling, 
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promotes strand 
invasion and D-loop 

formation. 

FancM 
Fanc

M 
Mph1 FancM (At1g35530) 

Unwinds DNA to prevent 
aberrant recombination 

and supports strand 
annealing. 

1.3. 3  Fanconi Anaemia (FA) pathway  

Interstrand cross-links (ICLs) are a major danger to the integrity of the genome 

and are repaired via the FA pathway. Cross-links between the two DNA strands 

block transcription and replication. If left untreated, these lesions may result in 

cell cycle arrest, genomic instability, or even cell death by causing replication 

forks to collapse. Although the precise protein components and regulatory 

mechanisms differ, the FA pathway in Arabidopsis has homologues of many of 

the factors of mammalian systems (Knoll et al., 2012). In animals, the pathway 

has been well characterised, especially in relation to Fanconi Anaemia syndrome, 

a hereditary condition that puts people at risk for developmental abnormalities 

and cancer (Bogliolo & Surralles, 2015). Understanding the FA pathway in 

Arabidopsis helps to identify the evolutionary conservation of DNA damage 

response networks across eukaryotes and contributes to a broader 

understanding of plant-specific DNA repair processes. 

The FA core complex is composed of a group of 8 core proteins in mammals 

belonging to Fanconi anaemia complementation group (FANC), and includes 

FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, and FANCM 

(Hodson & Walden, 2012). The core complex is a large multisubunit ubiquitin 

ligase and plays an essential role in recognising ICLs, preparing the DNA for 

repair, and recruiting other repair machinery. Mutations in a scaffold protein of 

the FA core complex, AtFANCA, confer hypersensitivity to crosslinking agents in 

plants, as observed in mammalian pathways (Collins et al., 2009). Arabidopsis 

doesn't have the X-linked form of FANCB found in mammals, but it has a homolog 

that acts like its mammalian equivalent (Nomura et al., 2007). Among the core 

proteins, FANCL (an E3 ligase) catalyses the monoubiquitination of FANCD2 and 

FANCI to start the repair cascade.  (Miles et al., 2015).   

Other DNA repair proteins are drawn to the ICL site as a result of the 

ubiquitination of FANCD2 and FANCI, which acts as a signal for their activation 
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(Joo et al., 2011).  Ubiquitinated FANCD2 recruits FAN1, a 5ǋ-3ǋ exonuclease and 

endonuclease, to the ICLs site and inhibits the progression of replication forks 

(Liu et al., 2010). FAN1 is also necessary for repair by the HR pathway and to 

restart the stalled replication (Kurzbauer et al., 2018). 

 

Figure 1. 4  An overview of the FA pathway.   
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(A) Schematic overview of the cell cycle phases, lesion sensing, and signalling 

mechanisms, including key roles of UHRF1, FANCM, ATR, and ATM kinases in 

phosphorylating and activating FANCD2 to initiate DNA repair. (B) The detailed 

schematic illustrates the sequential events and protein components involved in the FA 

pathway for repair of ICLs at stalled replication forks. Image adapted from Bhattacharjee. 

and Nandi, 2017; Tan and Deans, 2021, and created with BioRender.com. 

 

Further, FANCD2 acts as a scaffolding protein which recruits CtIP and other 

nucleases such as XPF-ERCC1 and MUS81-EME1to the ICL site (Murina et al., 

2014, Figure 1.4). These nucleases create a DSB, which results in the 

recruitment of FA effector proteins (components of the HR pathway) to repair the 

DNA. The FA pathway is connected with NER and translation synthesis, which 

results in the synthesis of new DNA after bypassing ICL (Liu et al., 2009; San 

Martin Alonso & Noordermeer, 2021; Vonarx et al., 2006). 

 

1. 4  Signaling and Regulation of DNA Repair Pathways in     
Arabidopsis  

Controlling the signaling and DNA repair pathways in Arabidopsis is a complex 

mechanism that ensures the maintenance of the genome in response to intrinsic 

and extrinsic stressors, such as UV light, replication stress, and chemical 

mutagens. DNA lesions, including SSBs, DSBs, base damage, and crosslinks, 

all elicit activation of repair systems via orchestrated signalling cascades. The 

regulatory mechanisms detect the damage, signal its presence, and trigger the 

appropriate repair pathways to maintain DNA integrity. Specific damage forms 

are recognised by sensor proteins, the signal is amplified by transducer kinases, 

and a bridge between detection and healing systems is established by mediator 

proteins (Mukherjee et al., 2019). Repair is then performed by effector proteins, 

often via HR, NHEJ, or NER pathways. 

Arabidopsis has conserved proteins with critical regulatory functions in the 

process of DNA repair, such as ATR (ATM and Rad3-Related) and SOG1 

(Suppressor of Gamma Response 1), ATM (Ataxia Telangiectasia Mutated), and 

components of the FA pathway, depending on the genetic background 

(Bourbousse et al., 2018; Herbst et al., 2024). These regulators participate in 

signalling cascades that determine a repair route, taking into account the cell 
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cycle phase, the damage type, and the genomic context. The mechanisms that 

support these functions are vital for plant life and stress tolerance. Moreover, 

Arabidopsis is well established as a model for studying regulatory circuits, with 

its genome fully sequenced, genetic tractability, and conserved DNA repair 

processes. 

 

1.4. 1  DNA Damage Sensing and Recognition 

The initial response to DNA damage is mediated by specialised sensor proteins 

that detect specific lesions and recruit downstream signalling components. In 

Arabidopsis, the MRE11-RAD50-NBS1 (MRN) complex is a central sensor of 

DSBs (Amiard et al., 2010; Williams et al., 2010). This complex attaches to the 

ends of broken DNA and holds them stable while sending signals to repair them. 

MRE11 has nuclease activity to allow limited excision of the ends of DNA 

(Moreau et al., 1999), and RAD50 strengthens the assembly of the complex 

(Williams et al., 2010). NBS1 is a bridge linking the MRN complex to downstream 

kinases such as ATM (HoŚejġ² et al., 2004). 

Alongside the MRN complex, the KU70-KU80 heterodimer is also required for 

identifying DNA ends during DSB repair. In contrast to the MRN complex, which 

is involved in both NHEJ and HR, the KU70-KU80 complex primarily directs the 

cell toward the NHEJ pathway, which is rapid but error-prone (Tamura et al., 

2002). These sensor proteins make sure that DNA breaks are quickly detected 

and shielded from additional fragmentation. 

1.4. 2  Signal Transduction by ATM and ATR Kinases  

ATM and ATR are the major transducers of DNA damage signalling in 

Arabidopsis. These phosphatidylinositol 3-kinase-related protein kinases (PIKKs) 

mediate phosphorylation of important substrates for cell cycle arrest, DNA repair, 

and death (Yan et al., 2014). ATM kinase is primarily activated in response to 

DNA DSBs. Upon sensing damage via the MRN complex, ATM 

autophosphorylates, which results in its ts activation and recruitment at the injury 

site (Kozlov et al., 2011). In Arabidopsis, ATM phosphorylates and activates the 

transcription factor SOG1 (Suppressor of Gamma Response 1), which is the 

master regulator of the DNA damage response (Yoshiyama et al., 2013). 



36 
 

Phosphorylated SOG1 induces transcription of repair genes, cell cycle 

checkpoint regulators, and genes related to programmed cell death. ATM further 

phosphorylates other repair proteins such as BRCA1, RAD51, and FANCD2 to 

stimulate homologous recombination (Cai et al., 2020; Shiloh, 2003). ATM-

mediated signalling orchestrates DNA repair with the cell cycle by blocking 

replication and mitosis of cells with extensive DNA damage. 

In contrast to ATM, ATR senses primarily replication stress and single-stranded 

DNA intermediates (Shechter et al., 2004). ATR is activated by RPA-coated 

ssDNA, which brings ATR in via its binding partner ATRIP (Zou & Elledge, 2003). 

Phosphorylation of essential targets such as SOG1 by activated ATR is crucial 

because it leads to modulation of replication checkpoint activity and repair 

pathways. ATR maintains stalled replication forks by suppressing origin firing 

and recruiting repair factors like PCNA and RAD51 (Yazinski & Zou, 2016). 

1.4. 3  Transcriptional Regulation in DNA Repair  

SOG1 is a p53 homolog in Arabidopsis that is essential for DNA damage 

signalling and repair regulation (Mahapatra & Roy, 2020). SOG1 functions 

downstream of ATM and ATR and regulates the transient expression of over 100 

DDR-related genes (Yoshiyama et al., 2014). In contrast to mammalian p53, 

which mediates apoptosis and tumour suppression, SOG1 predominantly 

activates repair pathways and orchestrates cell cycle arrest. SOG1 moves to the 

nucleus, where it is phosphorylated by ATM and ATR, enhancing its ability to bind 

to DNA and identify cis-elements in the promoters of DNA repair genes 

(Bourbousse et al., 2018).  

1. 5  DNA Damage Checkpoints: Coordinating Repair and Cell 
Cycle Progression  

Multicellular organisms rely on precise genome replication to preserve cellular 

function and overall organismal integrity. Unrepaired DNA damage can result in 

mutations or altered ploidy, jeopardising genomic stability. To address this, 

eukaryotic cells have evolved DNA damage checkpoint signalling circuits that 

govern cell cycle advancement while allowing enough time for DNA repair. 
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1.5. 1  DNA Damage Checkpoints  

DNA damage checkpoints halt cell cycle progression to enable repair. In yeast 

and humans, checkpoint signalling in response to DNA damage or replication 

stress leads to arrest of cells within the S or G2 phases. ATR and ATM kinases, 

as well as the RAD17/9-1-1 complex, are key regulators that phosphorylate 

downstream effectors and suppress cyclin-CDK activity (Yang & Zou, 2006). 

In Arabidopsis, data show that checkpoint responses to DNA damage are tissue-

specific, depend on the cell type, and on the damage severity. For instance, plant 

stem cells are highly sensitive to DNA damage and undergo PCD as compared 

to differentiated cells (Fulcher and Sablowski, 2009).  

1.5. 2  DNA Damage Tolerance Pathways  

When replication forks meet any damage or lesions, DNA damage tolerance 

(DDT) pathways allow for the bypass of DNA damage without rapid repair, a 

process called translation Synthesis (TLS). These mechanisms are mediated by 

post-translational modifications of the proliferating cell nuclear antigen (PCNA). 

¶ TLS: Mono-ubiquitination of PCNA enables TLS, which allows for low-

quality polymerases to bypass lesions (Anand et al., 2023; Lehmann et 

al., 2007; Maiorano et al., 2021). 

¶ Error-free Lesion Bypass: Mms2-Ubc13-Rad5-mediated 

polyubiquitination of PCNA facilitates fork regression and template 

switching, resulting in error-free replication (Zhang et al., 2021). 

Arabidopsis has homologs of the yeast RAD5 gene, which encodes a DNA-

dependent ATPase implicated in error-free DDT. While RAD5B could be 

considered to be partially redundant with RAD5A, RAD5A is essential for DNA 

repair, as indicated by the hypersensitivity of rad5a mutants to replication-

blocking drugs and decreased homologous recombination (Wang et al., 2011). 

For instance, RAD5A can also stimulate PCNA ubiquitination and fork regression 

(Strzalka et al., 2013). 

 

 

 

 

https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2019.00653/full#B31
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1. 6  Applications of CRISPR -Cas in gene targeting  

The CRISPR-Cas technology has transformed molecular biology by introducing 

programmable double-strand breaks (Figure 1.5). This allows for precise gene 

targeting by using the repair machinery, notably HR, to integrate donor DNA at 

specified loci. Gene targeting via CRISPR has become a pivotal tool for studying 

gene function, developing genetically modified organisms, and advancing gene 

therapy, cementing its role as a transformative technology in modern molecular 

biology. Studies that apply knockout and knock-in strategies to perform functional 

genomics are also enabled as these approaches capitalise on existing DNA 

repair pathways (Shen et al., 2015). Moreover, targeted DSBs introduced by 

nucleases such as CRISPR-Cas9 have greatly improved the precision of GT by 

increasing HR at specific loci. By coupling CRISPR with donor templates, site-

specific edits can be achieved more efficiently. 

 

1.6. 1  CRISPR-Cas 

In the last 10 years, site-specific nuclease (SSN) technology has enabled exact 

and efficient genetic engineering of plants and animals (Puchta & Fauser, 2013). 

CRISPR-Cas technology, which is a bacterial and archaeal defence, has shown 

great potential in the genome editing of agricultural plants. It consists of two 

necessary elements, CRISPR RNA (crRNA), which guides the system to the 

target, and Cas proteins, which perform the procedure of DNA cleavage. A 

protospacer-adjacent motif (PAM) sequence characterises the target sites, 

enabling CRISPR targeting. The simplicity, inexpensive cost, and versatility of 

this technique are great for genetic engineering, where Cas9 and Cas12a are 

the two most used systems (Abdelrahman et al., 2021; Puchta, 2017; Schindele 

et al., 2018; Xing et al., 2014). 

 

CRISPR-Cas systems can be divided into two classes, each of which uses a 

unique mechanism of guide RNA synthesis and target interference(Schindele & 

Puchta, 2019). The most popular of these is the Class 2 system (Makarova et 

al., 2020). The system is composed of Cas9, tracrRNA, and crRNA, or an 

artificial guide RNA (gRNA), which provides a simplified system for research and 

biotechnology (Doudna & Charpentier, 2014; Jinek et al., 2012). The gRNA then 
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guides Cas9 to the target site possessing a PAM sequence, resulting in DSBs at 

the intended site. This results in blunt-ended double-strand breaks (DSBs) in both 

DNA strands at the precise site of 3bp upstream of PAM, which is where Cas9's 

nuclease domain cleaves. CRISPR-Cas9 has a disadvantage in that it relies on 

the PAM region for cleavage; however, Cas9 variants and orthologues, such as 

ScCas9, SaCas9, and SpCas9-NG, offer alternative PAM specificities, 

broadening its uses (Jiang et al., 2014; Jiang et al., 2013). 

 

The CRISPR/Cas12 system covers variants such as Cas12a (Cpf1) and Cas12b 

(C2c1), which are commonly used in plant genome engineering, with Cas12a 

being the most effective (Kleinstiver et al., 2019; Schindele & Puchta, 2019). 

Cas12b requires both tracrRNA and crRNA to function, whereas Cas12a is only 

directed by mature crRNA. Both identify PAMs, including several T residues, and 

generate 4-5 nt distal overhanging ends (Ming et al., 2020; Zetsche et al., 2015). 

In addition, Cas14, from the archaea, can cleave single-stranded DNA with no 

sequence preferences (Harrington et al., 2018; Khan et al., 2019).  

 

 

Figure 1. 5 CRISPR/Cas9 gene editing mechanism.   

(A) SgRNA targeting a specific sequence interacts with Cas9 enzyme to form a complex. 
(B) The complex (CRISPR-Cas9) targets the DNA complementary to the gRNA. (C) The 
CRISPR/Cas9 cleaves the target DNA, resulting in gene editing. (D) Gene introduced at 
the target site through homologous recombination repair (HDR). (E) Making gene 
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nonfunctional (knock-out) using non-homologous end joining (NHEJ). Image created 
with BioRender.com 

 

1.6. 2  Advancements in Cas Variants  

The development of CRISPR-associated (Cas) variations has considerably 

increased genome editing efficiency, accuracy, and flexibility. These 

developments overcome constraints in the commonly used Streptococcus 

pyogenes Cas9 (SpCas9), extending the CRISPR system's applicability to a 

wider range of species and genetic situations. The SpCas9 limitations were 

addressed by the development of Cas variants that have substantially enhanced 

the efficiency, specificity, and versatility of genome editing. SpCas9 from 

Streptococcus pyogenes recognises the PAM sequence 5ǋ-NGG-3ǋ and has 

moderate efficiency in plants across a very strict PAM requirement (Schiml et al., 

2014). Staphylococcus aureus-derived SaCas9 (5ǋ-NNGRRT-3ǋ) is smaller with 

improved delivery by vectors such as adeno-associated virus  and higher 

efficiency for NHEJ-mediated mutagenesis and in planta gene targeting (IPGT; 

Nishimasu et al., 2015; Wolter et al., 2018). 

 

During the same period, inactivation of one nuclease domain of Cas9 led to the 

generation of Nickase variants that induce staggered DSBs, which are more 

preferable to be processed than blunt-ended DSBs and with overhangs that 

facilitate repair by HR (Chen et al., 2014; Fauser et al., 2014). Cas12a (Cpf1) has 

an edge over Cas9, recognising T-rich PAMs (5ǋ-TTTV-3ǋ) and producing 

staggered DSBs that promote HR repair, while not requiring a tracrRNA. 

Thereafter, a temperature-tolerant variant isolated from Lachnospiraceae 

bacterium (ttLbCas12a) was engineered to operate efficiently at 22°C, which 

doubled the efficiency with which LbCas12a allows HR-mediated repair in plants 

(Fagerlund et al., 2015; Schindele & Puchta, 2019). 

 

Cas12f is a variant of Cas12 that is ultra-small, ~ 70 % the size of Cas9, and 

shows robust genome-editing properties that could be effectively delivered using 

restricted-capacity vectors (Nguyen et al., 2022). To date, non-Cas9 

endonucleases such as Cas12a have been tailored to HR-mediated gene 

targeting, especially in combination with geminivirus-based replicons that 
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amplify the availability of the repair template (Baltes et al., 2014; Schindele et al., 

2018)Considerable exploration and engineering of types of Cas have been 

documented to fine-tune precision, target flexibility, and efficiency, which is key 

to addressing challenging plant genome editing aspects, including complex 

genomes and recalcitrant transformation protocols. The CRISPR-Cas-induced 

DSBs and the repair pathway followed are presented (Figure 1.6). 

 

 

Figure 1. 6  Schematic representation of  DNA repair pathways employed 
during DSB induced by CRISPR -Cas9. 

The guide RNA-directed Cas9 generates a DSB at the target DNA. Broken DNA can be 
repaired by either homologous recombination (HR), microhomology-mediated end 
joining (MMEJ), or non-homologous end joining (NHEJ). HR use a homologous donor to 
enable precise repair. The  MMEJ pathway requires short homologous sequences, 
frequently result in indels of 10 or more nucleotides. NHEJ directly joins the ends of the 
broken DNA and often causes indels of 10 nucleotides or less. These repair pathways 
can be used for gene editing or targeting in diverse organisms, including fungi, plants, 
and bacteria. Image created with BioRender.com. 

 

1. 7  HR mediated Gene Targeting.  

Gene targeting (GT) is a precise molecular approach that modifies endogenous 

genes by replacing or changing particular regions with a repair template. This 

repair is based on HR between the target sequence and a donor template, which 

has the desired DNA sequence flanked by homologous sections. True GT occurs 
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when repair uses (SDSA; Section 3.2), which ensures targeted integration. 

Ectopic GT, on the other hand, begins with gene conversion and then randomly 

integrates the whole repair template into unexpected genomic regions (Hanin et 

al., 2001). 

 

GT provides unprecedented accuracy in genomic alterations, such as removing 

unwanted regions or inserting specific genes, eliminating the location effects 

associated with random transgene integration. Despite its promise, GT via HR 

efficiency in plants remains extremely low (Puchta & Fauser, 2013). This 

inefficiency is due to the preference for the error-prone NHEJ route over HR in 

somatic plant cells, as well as the difficulties in properly delivering the donor 

template. 

 

Challenges in Plant Gene Targeting  

1. Preference for NHEJ over HR : In plant somatic cells, DSBs are 

predominantly repaired via NHEJ, which integrates the donor template 

randomly, bypassing HR-mediated GT. 

2. Template Transformation Efficiency : The ability to introduce and 

maintain high levels of repair templates in plant cells is limited. 

3. Redundancy in Repair Pathways : Plants have multiple compensatory 

repair mechanisms, making suppression of NHEJ alone insufficient for 

boosting HR efficiency. 

1.7. 1  Strategies to Enhance Gene Targeting Efficiency  

Numerous approaches have been developed to address these challenges: 

¶ Modulation of HR Pathways:  

The expression of HR components from organisms with naturally higher GT 

efficiency has shown promising results (Huang & Puchta, 2019). For example, 

expressing RAD54 from Saccharomyces cerevisiae in Arabidopsis increased 

GT efficiency (Shaked et al., 2005) Up to two orders of magnitude (10-4 in WT 

plants to 10-1 in transgenic plants). Similarly, overexpressing Arabidopsis 

RAD52 in combination with RNA interference (RNAi) targeting competing 
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pathways moderately improved intrachromosomal recombination (recovery of 

functional GFP) by approximately 6 fold  (Samach et al., 2018). 

¶ Suppression of NHEJ Pathways : 

Efforts to disrupt key NHEJ components, such as KU70, KU80, or LIG4, have 

shown limited success due to redundancy in plant end-joining pathways (de 

Boer et al., 2010; Nakazawa et al., 2011). However, disruption of TEBICHI (a 

homolog of polymerase ɗ) in Arabidopsis significantly reduced random end-

joining-mediated T-DNA integration, suggesting its potential for enhancing 

HR-based GT (Van tol et al., 2022). 

 

¶ Selective Marker Strategies : 

Selection of targeted events and elimination of random integrations can be 

accomplished by incorporating a positive selectable marker in the repair 

template and placing a negative selectable marker outside of the homologous 

region. The procedures of this dual system have been well described (Iida & 

Terada, 2005). 

 

¶ Optimising Repair Template Design : 

Furthermore, increasing the concentration and stability of extrachromosomal 

donor templates, as well as optimising homology arm length, has been 

demonstrated to potentiate GT efficiency (Fauser et al., 2012; Puchta, 2017; 

Schiml et al., 2017). 

 

¶ In Planta Gene Targeting (IPGT)  

Traditional gene targeting (GT) relies on the integration of the donor repair 

template into the genome by HR, which constrains its potential use in plants 

refractory to transformation. In in planta GT (IPGT), the repair template is 

ectopically integrated alongside the recognition sites of the flanking site-

specific nuclease (SSN). When the SSN is expressed, the template is 

excised as a linear piece, enabling HR, regardless of transformation 

efficiency, to allow alterations to be passed along to offspring (Fauser et al., 

2012). While excision increases GT frequency, it is not necessary (de Pater 

et al., 2018). Rolling circle replication, which uses the geminivirus Rep protein 
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to amplify the donor template, improves efficiency (Baltes et al., 2014). NHEJ-

based mutagenesis achieved success rates of 5.6% in Arabidopsis 

protoplasts and 38.5% in Nicotiana benthamiana (Li et al., 2013). 

CRISPR/Cas technologies have revolutionised both targeted mutagenesis 

and HR-mediated genome engineering in model and agricultural plants, 

although transformation issues remain in species (Figure 1.7).  

 

 

Figure 1. 7  The in -planta GT method was used for generating a point 
mutation in the Arabidopsis ALS gene   

T DNA constructs were transformed into Arabidopsis plants, consisting of the SaCas9-
driven promoter (such as egg cell-specific or ubiquitin promoter shown in orange) and 
two sgRNA expression cassettes along with a donor sequence for homologous 
recombination with the target locus, and a transformation marker such as 
phosphinothricin (PPT) resistance gene. The first sgRNA targets the ALS gene 
highlighted in yellow, the second sgRNA targets the sequence flanking the HR donor 
depicted in cyan. The donor sequence has 1542 bp homology to the target ALS locus, 
including the S653N point mutation and silent mutations at the cleavage site. The DSBs 
induced by the Cas enzyme lead to the release of the HR donor molecule, which can 
serve as a template for the repair or modification of the target site in the HR repair 
pathway. Image was adapted from Wolter et al., 2018, and created with BioRender.com. 
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1.7. 2  Role of Tandem and Inverted Repeats in CRISPR -Cas Mediated 
DNA Repair Mechanisms.  

 Endogenous repetitive sequences, including tandem repeats (TRs) and inverted 

repeats (IRs) play key roles in determining DNA repair outcomes, particularly 

following DSBs. The most widely used technology to create site-specific DSBs is 

CRISPR-Cas9, and this has provided critical information about the effects of 

these repeated elements on repair. Studies indicated that sequence structure at 

and surrounding the break site plays a significant role in dictating the chosen 

repair pathways  (Vu et al., 2017). For instance, the organisation of TRs often 

guides repair toward SSA, an error-prone pathway that ultimately yields 

sequence loss. Likewise, IRs can yield secondary structures that suppress repair, 

leading to outcomes such as inversion or translocation (Schiml et al., 2016). 

Tandem repeats can also enhance genome editing efficiency. In Arabidopsis, Vu 

et al., (2017) described TR-rich regions that promote homologous recombination 

and SSA, and Piazza & Heyer (2019) highlighted the role of IRs in facilitating 

structural rearrangements in the course of homologous recombination. The roles 

of TRs and IRs have also led to more sophisticated CRISPR-Cas9 applications 

in functional genomics. Scientists have leaned into understanding how the 

context of individual sequences determines repair outcomes and sets the stage 

for understanding evolution in higher eukaryotes. 

 

1. 8 Aims and objectives  

This study is mainly intended to characterise the role of selected Arabidopsis 

genes involved in DNA repair, the effect on modulating the GT efficiency, and to 

deepen the understanding of CRISPR-mediated gene targeting mechanisms in 

Arabidopsis. The role of these genes in DNA repair pathways, including HR, 

NHEJ, and SSA, in CRISPR-mediated genome editing will be examined in this 

study. The long-term goal is to improve the accuracy, effectiveness, and 

accessibility of CRISPR technology for agricultural applications in plants.  

 

Objectives  

¶ To genotype and study the role of selected mutants (fanci, facnd2, mre11, 

brca1, wrn, exo1, xrcc2, and rad5a) in normal growth and development. 
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¶ To investigate the phenotype sensitivity to genotoxins for the above 

mutants 

¶ To determine the role of these DNA repair genes in influencing the IPGT 

outcomes. 

¶ To elucidate the role of selected genes in DNA repair pathways (HR, 

NHEJ, SSA) and genome stability utilising CRISPR-mediated gene 

targeting in Arabidopsis. 

¶ To elucidate the role of Fanconi anaemia components in DNA repair and 

to identify gene expression changes in fanci mutants  

¶ To standardise the workflow for protoplast isolation from Arabidopsis leaf 

tissue, followed by the application of the CRISPR-Cas9 tool to study ECR 

and to identify factors that regulate this process.  
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    Chapter 2  

2 Materials and Methods  

 

2. 1Suppliers  

Unless specifically stated, all chemicals were obtained from Sigma Aldrich, 

Poole, (UK). Alternative suppliers include BD Biosciences, San Jose, California, 

(USA); Fluka, Chemika (USA); Duchefa Biochemie, Haarlem, (Netherlands); 

Fisher Scientific, Loughborough, (UK); Toku-E, Belgium; Alfa Aesar (UK); 

Ahlstrom Munksjo (UK); Hawksley (UK); BioRad, Hemel Hempstead, (UK); Acros 

(Belgium); Qiagen (UK); Nippon genetics (Germany); Gene flow (UK); Invitrogen, 

California, (USA); Gilson Pipetman (UK); Staedtler (UK); and Promega (USA). 

The list of chemicals, kits and other Materials used in the current work is provided 

in Appendix, Table A1. 

 

2. 2 Equipment  

¶ Unless otherwise stated, 0.5ml and 1.5ml microcentrifuge tubes were 

spun in a minispin (Eppendorf) microcentrifuge at room temperature, at 

13000rcf.  

¶ A higher speed centrifuge with an FA-45-24-11 was used for centrifugation 

of each sample in 1.5 ml microcentrifuge tubes (Eppendorf - Centrifuge 

5424).  

¶ 50 ml tubes (Fisher Scientific) were used and spun in the 5810R 

refrigerated centrifuge using A4-62 rotor.  

¶ DNA samples were separated using a subcell electrophoresis tank 

(BioRad) attached to a Basic BioRad power pack.  

¶ Polymerase chain reaction (PCR) was carried out using a thermal cycler 

model (A24812)  

¶ Bacterial optical densities were determined using a Biophotometer 

spectrophotometer (Eppendorf).  

¶ Nucleic acid quantification was carried out using a ND-1000 

spectrophotometer (Nanodrop) with ND-1000 software and QubitÊ 4 

Fluorometer (Thermofisher). 
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¶ Water bath (Grant-GD100).  

¶ Chemical powders were weighed using a fine balance (Fisher Scientific).  

¶ A Flow hood (Haresafe) was used when sterilising the seeds and 

preparing the media 

¶ Shaking incubator (Grant-bio-Es-20) and an incubator with no shaking 

(Gen lab -model mini16).  

¶ Samples were vortexed using a vortex (fisherbrand- whirlimixer). 

¶ Imaging of seeds or protoplasts by a microscope attached with a Nikon 

camera (SMZ1270). Samples in plates were imaged using Nikon 

(DD20NLT). 

¶ pH of samples was taken using SevenEasy (Mettler Toledo). 

 

2. 3  Plant material  

Seed stocks of all A. thaliana mutants (hereafter referred to as Arabidopsis) used 

in this study are generated in the ecotype of Columbia (Col-0) background. Seed 

stock of fanci-1 (SALK_049292C), fanci-2 (SALK_113160) xrcc2-2, xrcc2-3,  

brca1-1 (SALK_014731C), brca1-2 (SALK_49965), rad5a-2 (SALK_049292C), 

and rad5a-1  (SALK_092877),  exo1a (SALKseq_064460), exo1b 

(SALKseq_089976.1), wrn2 (SALK_118757), wrn3 (SALKseq_118464), and 

fancd2-1 (SALK_113293C) were obtained from NASC (http://arabidopsis.info/) 

stock centre.   fancd2-2 (GK-209C01), and Exo1a/1b (GABI_146B05) seed stock 

was obtained from GABI-KAT (http://www.gabi-kat.de). All plants were 

maintained in a tissue culture room maintained at 22ºC, with humidity at 20%%, 

and 16 hrs light and 8 hrs dark photoperiod Accession numbers of the genes 

mentioned in this study are as follows: RAD5A (AT5G22750), FANCD2 

(AT4G14970), BRCA1 (AT4G21070), FANCI (AT5G49110), XRCC2 

(AT5G64520), WRN (AT4G13870), EXO1a (AT1G29630), and EXO1b 

(AT1G18090). 

 
Table 2. 1  List of seed stocks used in this study.  

Line   NASC stock  No.  Accession  Gene/AGI code  

fanci-1 N670754 SALK_055483C AT5G49110 

fanci-2 N659523 SALK_113160C AT5G49110 

fancd2-1 N677894 SALK_113293C AT4G14970 

http://www.gabi-kat.de/
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fancd2-1 N419993 GABI_209C01 AT4G14970 

brca1-1 N24951 SALK_014731C AT4G21070 

brca1-2 N926222 SALK_49965 AT4G21070 

rad5a-1 N592877 SALK_092877 AT5G22750 

rad5a-2 N660418 SALK_049292C AT5G22750 

exo1b N589976   SALKseq_089976.1 At1g18090  

exo1a N564460   SALKseq_064460 AT1G29630 

wrn2 N618757 SALK_118757 AT4G13870 

wrn3 N618464 SALKseq_118464 AT4G13870 

mre11-4 N528450 SALK_028450 AT5G54260 

xrcc2-3 Lab generated CRISPR AT5G64520 

xrcc2-2 N608522 SALK108522 AT5G64520 

exo1a/1b Lab generated GABI_146B05 AT1g29630 and 
At1g18090 

 

2. 4Tissue culture growth  

Murashige and Skoog (MS) media (Murashige, & Skoog, F, 1962) was used at 

half strength and was prepared using the following components:   

2.2 g/L MS basal medium (with macro and micronutrients and vitamins) (half 

strength), 1 % sucrose, 0.8 % plant agar (Duchefa Biochemie). 

 

2.4. 1 Surface sterilisation of seeds  

Materials  

For seed sterilisations, a sterilisation solution was used: Final concentration 1% 

(v/v) Triton X 100 (Acros) and 3 % (v/v) household bleach, sterile distilled water, 

Agar solution of 0.1 % (w/v) in water, and Plant agar (Duchefa Biochemie). The 

agar solution was autoclaved and then allowed to cool to room temperature. 

 

Method   

Seeds of Arabidopsis wild-type and mutant lines were surface sterilised by adding 

sterilisation solution(10 ml) to the seeds in a 50 ml Falcon tube (BD Biosciences) 

before incubating for ~10 min with occasional gentle mixing by inversion. The 

solution was then removed, and the seeds were washed. Washing involved filling 

the tube with 20 ml of dH2O, and this was repeated five times. Arabidopsis plants 

were germinated and grown under sterile tissue culture conditions on ½ MS 

media plus 1 % sucrose. The media was autoclaved at 15 PSI for 30 minutes at 
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121 ºC and allowed to cool to 40 ºC and appropriate antibiotics were added, then 

poured into 9 cm diameter Petri dishes (Starstedt) and allowed to solidify.  

For surface sterilisation of Arabidopsis seeds, seeds were resuspended in 5ml of 

0.1 % agar and plated on the ½ MS agar plates. Plates were sealed (micropore 

tape;3 M) and incubated in the tissue culture room under a 16 hr photoperiod, 70 

% humidity at 22 °C. After 2 weeks of growth, the seedlings were transferred to 

soil.  

 

2.4. 2 Antibiotics/ Herbicides  

Antibiotic or Herbicide stock solutions and their working concentrations are listed 

in Table 2.2. All antibiotics were filter sterilised using a Ministart 0.22-micron filter 

(Sartorius) and stored at -20 ºC until further use.  

 
Table 2. 2  List of antibiotics used in this study  

Antibiotic  Stock concentration  Working 
concentration 

Kanamycin sulphate  10 mg.ml-1   10 ɛg.ml-1 

BASTA (Toku-E)  10 mg.ml-1   10 ɛg.ml-1 

Imazapyr (Toku-E) 0.2 mg. l-1 0.2 ɛg.l-1 

Ticarcillin (Toku-E)   50 mg.ml-1   50 ɛg.ml-1 

Cefotaxime       50 mg.ml-1                                           50 ɛg.ml-1 

Ampicillin sulphate 100 mg.ml-1                                         100 ɛg.ml-1 

Spectinomycin    50 mg.ɛl-1   50 mg.l-1 

 

2.4. 3 Plant growth in soil  

Materials  

1:1 mixture of potting soil and perlite or vermiculite. 
 

Method  

Plants were grown in a glasshouse in a well-drained soil mix consisting of a 1:1 

mixture of potting soil and perlite or vermiculite. The soil was sterilised in an 

autoclave at 15 PSI (Pounds per square inch) for 15 minutes to minimise the risk 

of contamination. 
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2. 5 Agrobacteria -mediated transformation of Arabidopsis  

 

2.5. 1 Preparation of electro -competent Agrobacteria  

Materials  

To make agar plates, 20 g LB powder (w/v) and 1.5 % (w/v) agar were added to 

a flask, and the volume was made to 500 ml with water. The media was then 

autoclaved and allowed to cool to 40 ºC before adding the antibiotics. Following 

this, it was poured into 9 cm diameter Petri dishes and allowed to solidify. 

 

Method  

To generate electro-competent Agrobacteria, 5 ml of overnight starter cultures of 

Agrobacterium strain were inoculated in 500 ml of LB media containing rifampicin 

antibiotic at a concentration of 5 mg/l. The culture was incubated at 28 ºC for 16 

to 18 hours with shaking. When the OD550 of the culture reached between 0.5 

and 0.8, the culture was chilled by gently swirling in ice water and then kept at 4 

ºC. All further steps from this point onwards were carried at 4 ºC. The cells were 

pelleted down by centrifugation for 10 minutes at 4000 rcf, and the supernatant 

was discarded. The pellet was resuspended with the help of a wide-bore tip in 5 

to 10 ml of ice-cold sterile distilled water. The suspension volume was then 

adjusted to 500 ml with ice-cold sterile dH2O. Washing with sterile dH2O was 

repeated two more times, and after the second wash, the cells were resuspended 

in 250 ml of ice-cold water. The cells were then centrifuged, and the pellet was 

resuspended in 5 ml of 10 % (v/v) ice-cold, sterile glycerol. 100 µl aliquots of cells 

were transferred into centrifuge tubes and snap-frozen with liquid nitrogen. The 

frozen cells were immediately stored at -80 ºC until use. 

 

2.5. 2 Agrobacterium transformation  

Agrobacterium transformation was based on a protocol from (Koncz et al., 1984). 

The Agrobacterium tumefaciens strain used here was GV3101. 

Materials   

SOB was prepared using the following: 2 % (w/v) Tryptone, 0.5 % (w/v) yeast 

extract, 10 mM NaCl, 2.5 mM KCl. The solution was then autoclaved, and MgCl2 



53 
 

and MgSO4 were then added to give a final concentration of 10 mM using 1 M 

stock solutions. 

 

Method  

Briefly, 25 ng of the plasmid DNA was added to ice-thawed electrocompetent 

Agrobacterium GV3101 cells (100 ɛl). The mixture was placed in an ice-cold 

Gene Pulser/Micropulser Electroporation cuvette (0.2 cm gap; BioRad) and kept 

in the electroporator (MicroPulser, Bio-Rad) and the EC2 program was selected 

for electroporation. 1.0 mL of SOB media was added to the cuvette immediately 

after electroporation, and the cells were then incubated at 28 ęC for 2 h in a shaker 

with 200 rcf. Following this, the cells were centrifuged and spread-plated on LB-

agar selection plates containing antibiotics. The plates were incubated at 28  

in an incubator for 48 hours to allow bacterial growth to occur. Glycerol stocks of 

the appropriate clones were made and then stored at -80 ºC. 

Floral dip transformation of Arabidopsis plants using Agrobacterium strain 

GV3101 was carried out following the protocol outlined by (Clough and Bent, 

1998). Briefly, the inflorescence of Arabidopsis plants (20-30 inflorescences per 

batch) was submerged in an Agrobacterium suspension at an OD of 1. Dipping 

was carried out in a solution of 5 % sucrose and 0.05 % Silwet L-77 with gentle 

agitation for 5-10 seconds. Subsequently, plants were enclosed in sealed plastic 

bags for 24 hours to maintain humidity. Upon full maturity of siliques, seeds were 

harvested, usually around 4 weeks post-dipping. Seeds from the dipped plants 

were sterilised and germinated on MS media containing a selection agent such 

as Basta or Imazapyr. The transformed plant was grown in a humid environment 

for 24 hours following transformation and then grown to maturity and harvested.  

 

2. 6 Genomic DNA extraction for PCR genotyping  

Materials   

Promega SV DNA (nucleic acid) isolation kit, absolute ethanol, and nuclease-free 

water. 

Shorty buffer (0.2 M Tris-Cl pH 9.0, 0.4 M LiCl, 25 mM EDTA, 1%SDS). 

Isopropanol, Nuclease-free water/ TE buffer, Agarose (Gene flow), TBE buffer 10 

x (108 g tris base, 55 g boric acid, 900 ml doubleïdistilled water), 40 ml 0.5 M 

EDTA solution (pH 8.0). The final volume was adjusted to 1 l. 
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Method  

Genomic DNA was isolated from plant leaves using a Promega SV DNA (nucleic 

acid) isolation kit following the manufacturer's recommendations. Briefly, two to 

three young leaves were ground in liquid nitrogen and transferred to an 

Eppendorf tube. To this tube, 175 ɛl of SV DNA lysis buffer was added, followed 

by the addition of 350 ɛl of SV dilution buffer. The mixture was vigorously 

vortexed for 1 minute at maximum speed. The mixture was then incubated for 3 

minutes at 70 °C.  After this, the sample was centrifuged for 10 minutes at 13000 

rcf at room temperature. The supernatant was transferred to a fresh Eppendorf 

tube containing 200 ɛl of absolute ethanol. The sample was then mixed by 

inverting the tube five times. Next, the sample was transferred to a spin column 

and centrifuged for 1 minute at 3000 rcf. 600 ɛl of wash buffer was then added to 

the column, before centrifuging it at 13000 rcf for 1 minute. Following this, 250 ɛl 

of wash buffer was added to the column, and centrifugation was carried out for a 

further 2 minutes. The spin column was then transferred to a fresh Eppendorf 

tube without a lid. To elute the bound DNA, 100 ɛl of nuclease-free water was 

added to the column and incubated at room temperature for 1 minute. The 

column was then centrifuged for 1 minute at 13000 rcf. 2 ɛl of the eluted DNA 

was quantified using a Nanodrop, and 5 ɛl of the sample was run on a 0.8 % 

(w/v) agarose gel using 1x TBE as running buffer to check the DNA quality. The 

DNA sample was then stored at -20 °C until further use. 

 

For quick isolation of the genomic DNA, another protocol was followed. Briefly, 

two to three Arabidopsis leaves were ground in 500 ɛl of shorty buffer. The 

sample was centrifuged for 5 minutes at 13000 rcf.  350 ɛl of supernatant was 

transferred into a fresh Eppendorf tube, and an equal amount of isopropanol was 

added to it. The sample was then centrifuged at 13000 rcf for 10 minutes. 

Following this, the supernatant was discarded, and the pellet was air-dried and 

resuspended in 30 ɛl TE buffer or nuclease-free water. 

 

2. 7 Polymerase Chain Reaction (PCR)  

PCR for the amplification of DNA fragments was conducted using different DNA 

polymerases based on the purpose of amplification. GoTaq (Promega) or 
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FIREPol (Solis BioDyne) , which is based on Taq polymerase obtained from 

Thermus aquaticus and was used for routine screening purposes. High-fidelity 

PCR for cloning and sequencing was conducted using IProof HF (Biorad), which 

is based on the Pyrococcus furiosus DNA polymerase, or 2 x master mix (Q5 

high-fidel, NEB) 

   

2.7. 1 PCR reactions  

Materials  

A master mix containing Go taq, Iproof, 2 x master mix (Q5 high-fidel ) 

 

Method  

A list of primers is provided in (Appendix, Table A2). All the primers used typically 

had 22 to 25 bp homology with the target sequence. Primer stock was prepared 

at 100 ɛM by the addition of TE buffer. The stock was diluted 10-fold by the 

addition of sterile distilled water to get a working 10 ɛM solution. 

 

The PCR reaction with FIREPol used 5 x FirePol mix, whereas for the iProof and 

GoTaq, a 2 x master mix was used. The final reaction for the FIREPol reaction 

contains 1 x FirePol containing 0.2 mM of each dNTP, 0.5 ɛM of each forward 

and reverse oligonucleotide primer and typically 100-700 ng template DNA or a 

single bacterial colony in the case of colony PCR. The final reaction volume of 

either 10 or 40 ɛl was made up using sterile distilled water. PCR was carried out 

in 200 ɛl PCR tubes. 

 

PCR reaction for IProof contained 1 x I proof master mix with 0.2 mM of each 

dNTP, 0.5 ɛM of each forward and reverse oligonucleotide primer and typically 1 

ng template DNA. The final reaction volume was 50 ɛl and was made up using 

sterile distilled water. 

 

PCR reaction for GoTaq (Promega) used 2 x master mix with 0.2 mM of each 

dNTP, 0.5 ɛM of each forward and reverse oligonucleotide primer and typically 

500 -700 ng template DNA. The final reaction volume was 40 ɛl and was made 

up using sterile distilled water. 
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2.7. 2 PCR programmes    

Based on the polymerase, a distinct PCR reaction was used and the annealing 

temperature was varied based on the Tm of the primer.  

 

Table 2. 3 The programme for FIREPol  

Step 1 98 °C for 4 min   Initial denaturation 

Step 2 repeated for 35 
cycles 

98 °C for 30 sec   Denaturation 

55 °C for 30 sec Annealing 

72 °C for 1 min Extension 

Step 3 72 °C for 4 min Final extension 

Step 4 04 ºC for infinity  

 
Table 2. 4  The programme for colony PCR  

Step 1 96 °C for 5min   Initial denaturation 

Step 2 repeated for 45 
cycles 

96 °C for 30 sec     Denaturation 

55 °C for 30 sec Annealing 

72 °C for 1 min or 1 min 30 
sec 

Extension 

Step 3 72 °C for 5 to10 min Final extension 

Step 4 04 ºC for infinity  

 
Table 2. 5  The programme for I PROOF  

Step 1 96 °C for 5 min   Initial denaturation 

Step 2 repeated for 25 
cycles 

98 °C for 30 sec   Denaturation 

50 °C for 30 sec Annealing 

72 °C for 1 min 30 sec Extension 

Step 3 72 °C for 10 min Final extension 

Step 4 04 ºC for infinity  

 

Table 2. 6  The programme for GoTaq  

Step 1 98 °C for 1 min   Initial denaturation 

Step 2 repeated for 40 
cycles 

98 °C for 20 sec      Denaturation 

50/55 °C for 30 sec Annealing 

72 °C for 1 min  Extension 

Step 3 72 °C for 10 min Final extension 

Step 4 04 ºC for infinity  

 
Table 2. 7  The programme for 2x master mix (05 high -fidel)  

Step 1 98°C for 1 min   Initial denaturation 

Step 2 repeated for 30 
cycles 

98 °C for 20 sec     Denaturation 

60 °C for 30 sec Annealing 
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72 °C for 30 sec  Extension 

Step 3 72 °C for 10 min Final extension 

Step 4 04 ºC for 05 min  

 

2.7. 3  PCR conditions for genotyping and homozygosity testing  

The reaction mixture contained 20 ɛl of 2 x GoTaq (Promega), 5 ɛl of forward 

and reverse primers each (0.2 ɛM), and DNA template (500-700 ng). The reaction 

was run in a PCR machine at 98 ºC for 1 minute, then 40 cycles of 98 ºC for 20 

sec, 55 ºC for 30 sec, and 72 ºC for 1 minute. Finally, the reaction was held at 72 

ÜC for 10 minutes. 5 ɛl of the PCR product was mixed with 2ɛl of gel loading dye 

(5 x), and 5 ɛl of water and loaded onto a 2 % agarose gel and allowed to resolve 

at 100 volts.  

 

2. 8 Agarose gel electrophoresis  

Materials  

TBE buffer (89 mM boric acid, 89 mM Tris base, 2 mM EDTA), Agarose 

(electrophoresis grade), Midori green advance, DNA loading buffer (6x) (Solis 

BioDyne),10 x fast digest green buffer (Thermo Fisher Scientific), DNA ladder-

Quick-load purple (NEB), and Gene ruler 1 kb DNA ladder (Thermo Fisher 

Scientific). 

 

Method s 

0.8, 1, or 2 % (w/v) agarose gel was typically used. For 1% agarose gel, 0.6 g 

agarose was weighed and added to a conical flask. 40 ml of 1x TBE was then 

added and heated in a microwave until the agarose dissolved completely. After 

cooling to 45 ºC, Midori green advance was added for visualisation of DNA. The 

dissolved agarose was then poured into a gel tray (6cm gel cast with comb; 

BioRad) and allowed to set for 20 minutes. The gel was then submerged in 1 x 

TBE buffer. Loading dye at a final concentration of 1 x was added to the sample 

prior to loading. 4 ɛl of DNA ladder was loaded to one of the wells for estimation 

of the size of the PCR product. The sample was resolved at 90 to 120 volts for 

30 to 40 minutes and later imaged using a UV transluminator (SynGene) and a 

camera attached to a Syngene g-box chemi xRQ chemiluminescent gel blot 

imager and analysed using Genesis software. The PCR product was extracted 
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from the gel or used for direct PCR purification after an aliquot was run on the 

agarose gel for confirmation of the PCR product 

 

2. 9 Gel extraction  

Gel extraction was carried out using QIAquick Spin Column (Qiagen) following 

the manufacturer's recommendations.  

Materials  

QG Buffer, PE Buffer, Ethanol (100%), Isopropanol, and Elution Buffer 

 

Method  

The DNA fragment was excised from the agarose gel using a sterile blade and 

placed in a 1.5ml Eppendorf tube. The gel slice was then weighed, and the buffer 

QG was added at three times the volume of the gel slice for solubilisation of the 

gel (150 ɛl per 50 mg of gel fragment) and incubated at 50 °C until the gel 

fragment was completely solubilised.  The sample was then introduced into a 

QIAquick spin column silica membrane and spun for 1 minute at 13000 rcf. For 

washing the column, PE buffer was added to the spin column and centrifuged for 

1 minute at 13000 rcf. Following this, an additional spin of 1 minute at 13000 rcf 

was carried out for removing the residual PE buffer. For elution of the DNA, 

elution buffer was added to the top of the column and incubated for 3 minutes at 

room temperature, followed by centrifugation for 3 minutes at 13000 rcf.  

 

2. 10  PCR product purification  

Materials  

PB buffer, isopropanol, PE buffer, and elution buffer or nuclease-free water. 

 

Method  

PCR products were purified using a QIAquick kit following the manufacturerôs 

recommendations. Briefly, three volumes of Buffer PB were added to 1 volume 

of the PCR reaction and mixed: 300 ɛl of PB buffer was added to 100 ɛl of the 

sample. After that, 100 ɛl of isopropanol was added, and the solution was 

transferred to the QIAquick column. The column was centrifuged at 13000rcf for 

1 minute. The flow through was discarded, and the 750 ɛl of PE (wash) buffer 
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was added to wash the column before centrifuging the column at 13000rcf for 1 

minute. The flow-through was again discarded, and the column was spun at 

13000 rcf for 2 minutes to remove any residual wash buffer. The column was then 

placed in a fresh 1.5 ɛl Eppendorf tube, and the PCR product was eluted using 

15 or 30 ɛl of elution buffer by centrifuging at 13000 rcf for 1 minute. The eluted 

DNA was quantified using a Nanodrop or Qubit. 

 

2. 11   DNA/RNA quantification  

DNA and RNA samples were quantified using Qubit (QubitÊ dsDNA/ RNA BR 

Assay Kit, Qubit TM Assay, Invitrogen) and/ or Nanodrop (Thermo Scientific). For 

DNA or RNA quantification using Qubit, a working solution was prepared by 

adding 1 ɛl of QubitÊ dsDNA BR reagent or QubitÊ RNA BR  with 199 ɛl of 

QubitÊ dsDNA or RNA BR Buffer, respectively.  190 ɛl of the working solution 

was then added to a tube containing 10 ɛl of standards (provided in the respective 

kit).  1 to 20 ɛl of DNA or RNA sample was added to another tube, and the volume 

was adjusted to 200ɛl with the respective qubit working solution. All tubes were 

vortexed for 2 to 3 minutes and then incubated at room temperature for a further 

2 minutes. The tubes were inserted in the QubitÊ 4 Fluorometer (Thermo 

Fisher), and the readings were recorded. 

 

2. 12  Generation of Competent  E. coli  cells  

Materials   

Rubidium Chloride Competent cells 

RF1: 

100 mM RbCl2, 50 mM MnCl2.4H2O, 30 mM potassium acetate, 10mM CaCl2 

15 % (w/v) glycerol, pH 5.8 with 0.2 M acetic acid, filter-sterilise and store at room 

temperature. 

RF2: 

10 mM MOPS, 10 mM RbCl2, 75 mM 10 mM CaCl2, 15 % (w/v) glycerol 

pH 6.8 with NaOH, filter-sterilise and store at -20 °C 

SOB medium 
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Method  

Primary bacterial culture was prepared by inoculating 10 ml of SOB medium with 

a single colony of E. coli and incubating at 37 ºC, 160 rcf, and overnight. For 

preparing the secondary culture, 80 ml SOB medium was inoculated with 10 ml 

primary E. coli culture and incubated at 37 ºC, 160rpm, for 90 minutes. The 

culture was transferred to a 50 ml Falcon tube and cooled for 10-15 minutes on 

ice. The culture was then centrifuged at 10,000 rcf for 10 minutes at 4ºC. The 

supernatant was discarded, and the pellet was resuspended in 15ml RF1 solution 

and cooled on ice for 15 minutes. Next, the re-suspended culture was centrifuged 

at 10000 rcf for 10 minutes at 4 ºC. The supernatant was then discarded, and the 

pellet was re-suspended in 7.5 ml of RF2 solution and cooled on ice for 15 

minutes. Finally, the re-suspended cultures were aliquoted into sterile Eppendorf 

tubes and flash frozen using liquid nitrogen before storing at -80 oC. 

 

2. 13 Plasmid DNA purification (miniprep)   

Materials  

QIAprep miniprep kit (Qiagen) 

Buffer P1:50 mM Tris-Cl (pH 8.0), 10 mM EDTA, 100 ɛg/ml RNaseA 

Buffer P2: 200 mM NaOH, 1% SDS (w/v) 

Buffer N3, Buffer PE 

 

Method  

Plasmid DNA was isolated according to the manufacturerôs instructions, which is 

based on the alkaline lysis method and separation on a silica membrane spin 

column. Briefly, a single colony from the LB antibiotic agar plate was inoculated 

into a 3 ml tube containing liquid LB media with the appropriate antibiotic and 

incubated overnight at 37 °C while shaking at 180 rcf. The cells were pelleted by 

centrifugation for 1 minute (13000 rcf) in a 1.5 ml centrifuge tube. The 

supernatant was discarded, and the pellet was resuspended in 250 ɛl Buffer P1. 

Cells were then lysed by adding 250 ɛl of Buffer P2 with gentle mixing for 4 to 5 

minutes. Next, 350 ɛl of neutralisation buffer N3 was added and mixed briefly by 

inverting the tube. The tube was then centrifuged at 13000 rcf for 10 minutes, 

and the supernatant was transferred to the QIAprep spin column. To allow DNA 
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to bind to the column, the column was centrifuged at 3000 rcf for 1 minute. The 

flow through was discarded, and the column was washed by the addition of 750 

ɛl Buffer PE followed by centrifugation at 13000 rcf for 1 minute. The column was 

then re-centrifuged for an additional 1 minute to remove any residual buffer 

retained in the column. DNA was eluted in a fresh 1.5 ml Eppendorf by the 

addition of elution buffer, followed by centrifugation at 13000 rcf. The plasmid 

DNA was quantified using Nanodrop and stored at -20 °C until further use. 

 

2. 14 Generation of recombinant DNA constructs  

 

2.14. 1  Design and selection of gRNAs  

Materials   

Materials for the preparation of the pEn-Chimera construct containing gRNA for 

targeting the acetolactate synthase (ALS) gene include gRNA and a repair 

template for targeting ALS. This construct was obtained from Prof Holger 

Puchtaôs laboratory (Merker et al., 2020b). Other recombinant constructs include 

mutated GFP (3ô deletion) for protoplast assay and a construct for inducing Cas 

9-induced double-strand break (DSB) at the CAT, DR111, DR41, DR112, and 

IR10 loci for profiling repair patterns.  The gRNAs were designed and ordered as 

24-nt-long oligos with overhangs to facilitate cloning into the BbsI sites in pEn-

Chimera (Fauser et al., 2014). Material for preparations of pEn-Chimera construct 

contains gRNA (for targeting CAT, DR111 (Direct repeat of 111 nucleotide), 

DR41 (Direct repeat of 41 nucleotide), DR112 (Direct repeat of 112 nucleotides), 

or IR10 (Inverted repeat of 10 nucleotides)}, forward oligos 5ôATTG + 

protospacer, and its reverse compliment 5ôTAAC + rev-com protospacer which 

were synthesised in-vitro (Invitrogen). All the vector maps are provided in the 

Appendix, Figure A1. 

 

Method  

For targeting the ALS gene, a construct containing ALS harbouring the S653N 

mutation was used. Homologous recombination between the target and the donor 

containing mutant ALS would make the endogenous mutant resistant to 

Imazapyr. For GFP, targeting in the protoplast-based assay, mutated GFP was 
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used as the target, and DSB in the target was generated using the CRISPR-Cas 

system. For recovery of the mutated GFP, a rescue GFP donor was used. The 

GFP sequence in the donor would recombine with the target GFP to generate a 

functional GFP gene. pEn-Chimera construct containing gRNA targeting CAT, 

DR111, DR41, DR112, and IR10 locus were generated following the protocols 

described by Schiml and colleagues (2014).  The DR111 construct was obtained 

as previously described by Vu and colleagues (2017) , whereas the DR41, CAT, 

IR10 and DR112 constructs were designed and generated in the lab.  Tandem 

repeats and inverted repeats were searched using the repeat finder tool- 

Repfinder (Appendix A4), and a shorter repeat (DR41) and another repeat  

(DR112) equivalent in length to DR111 were selected. Briefly, 20 nt protospacer 

sequences located adjacent to 5ô of the PAM sequence in the genomic DNA were 

selected (The protospacer and associated PAM sequence used are shown in 

Appendix, Table A3). 

 

2.14. 2  Annealing of gRNA  

Oligos for targeting CAT, DR111, DR41, DR112, and IR10 were annealed by 

mixing 2 ɛl of each oligo (100 ɛM) with 46 ɛl of double-distilled water in an 

Eppendorf tube. The tube was then incubated at 95 °C in a PCR machine for 5 

minutes and then kept for 20 minutes at room temperature. 

 

2.14. 3  Preparation of the digested pEn -Chimera vector  

Material  

pEn-Chimera vector, NEB buffer 10X, and BbsI restriction enzyme 

 

Method  

For generating the pEn-Chimera vector, 1.0 Õg (10 ɛl of 100 ng/ɛl stock) of the 

pEn-chimera vector was incubated with restriction endonuclease BbsI (10 units), 

2 ɛl of NEB buffer (10 X) and the final reaction volume was made to 20ɛl using 

sterile distilled water. The reaction was incubated at 37 ºC for 3 hours. The 

digested plasmid was resolved on 1 % agarose gel, and the ~4.0 kb product 

expected for the digested vector was cut for extraction and purified as described 

previously (Section 2.9). The DNA was then quantified using a nanodrop. 
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2.14. 4 Ligation of oligo and linearised pEn -Chimera vector  

Materials  

Linearised pEn-Chimera, DNA ligase (Biolab), Ligase buffer (2 x), and Competent 

E. coli DH5 alpha cells. 

 

Method  

For the ligation of the linear vector with the annealed oligos, 2 µl of digested and 

purified pEn-Chimera vector (100 ng) was mixed with 3 µl of annealed oligos, 5 

Õl 2 x Ligase buffer and 1 ɛl quick ligase enzyme (2x). The reaction was incubated 

at room temperature for 1 hour. 5 µl of the ligation mixture was then transformed 

into competent E. coli DH5Ŭ cells following the transformation protocol described 

by Sambrook & Russell (2006). The transformed E. coli cells were plated on LB-

agar plates containing ampicillin and incubated overnight at 37 ºC. 

 

2.14. 5  Selection of positive pEn -Chimera clones  

Clones containing the annealed oligo ligated vector were identified using colony 

PCR. The PCR products were then separated and visualised on an agarose gel 

(1 %) and imaged using a Syngene G-box (chemi xRQ chemiluminescence gel 

blot imager with Genesis software), respectively. Positive clones were inoculated 

into liquid LB media (5 ml) containing ampicillin antibiotic and incubated at 37 ºC 

overnight on a shaker. 

 

2.14. 6  Plasmid isolation and confirmation of positive pEn -Chimera 

clones by sequencing  

Plasmids from the positive clones were isolated using a plasmid DNA isolation 

kit (QIAprep® Spin Miniprep, Qiagen) following the kit protocol (Section 2.13). 

The sequencing of Plasmid DNA by the Sanger method was outsourced to 

Genewiz®. The presence of gRNA in the sequencing results was confirmed by 

aligning sequences to reference DNA using Snapgene® software (from GSL 

Biotech). 
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2.14. 7  Gateway cloning of gRNA expression cassette into pDeCas9 
vector  

Material  

LR clonase enzyme (Invitrogen), pDECas9 vector, pEn-Chimera containing 

gRNA expression cassette, proteinase K, and LB-agar plates containing 

spectinomycin antibiotic 

 

Method  

This method utilises an LR clonase enzyme, which catalyses the in vitro 

recombination between attL sites located in the pEn-chimera vector with attR 

sites located in the destination Cas9 vector, resulting in the transfer of gRNA from 

the pEntry vector to the destination vector. A gateway cloning reaction was 

carried out in a final volume of 15 ɛl containing 6 ɛl pEn-Chimera (25 ng/Õl), 4 ɛl 

of pDECas9 vector (50 ng/ɛl), 2 ɛl of LR clonase mix (5 X) and 3 ɛl of sterile 

distilled water. The reaction mixture was kept at room temperature for 2 hours, 

followed by termination of the reaction by incubating with proteinase K at 37 ºC 

for 10 minutes. The Gateway reaction product was then transformed into 

competent E. coli cells and plated on LB-agar plates containing spectinomycin 

antibiotic and incubated overnight at 37 ºC. The positive pDe-Cas9 clones were 

confirmed by colony PCR using primers as described in the Appendix, Table A2.  

 

2.14.8 Plasmid isolation, restriction digestion and sequencing of 

recombinant pDeCas9 clones  

Materials  

Fast digest buffer (10 X), Restriction enzymes BglII and BstXI enzyme 

 

Method  

Recombinant pDeCas9 plasmid containing gRNA expression cassette was 

isolated following the protocol described in section 2.13. For restriction digestion, 

1.0 ɛg of plasmid DNA (100 ng/ɛl) was incubated with BglII and BstXI enzymes 

and 1 ɛl of 10 X Fast Digest buffer. The final reaction volume was made up to 10 

ɛl by adding 7 ɛl sterile distilled water. The reaction was incubated for 1 hour at 

37 ºC, and the digested products were separated on 1 % agarose gel. The clones 
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confirmed by PCR and restriction digestion were further confirmed by Sanger 

sequencing.  

 

2. 15  Determination of the number of seeds per silique  

Materials  

Mature Siliques and Microscope 

Method  

For determining the number of seeds per silique, 50 mature siliques from each 

wild type or mutant plant from at least five different plants were placed on paper, 

and the seeds were counted manually, and the data were recorded.  

 

2. 16  Genotyping of a mutant Arabidopsis plant  

Genotyping of the mutants was performed using (RP, LB4) and (RP, LP) primer 

combinations for fanci-1, fanci-2, and rad5a-2. For genotyping and homozygosity 

testing of brca1-1, brca1-2, rad5a-1, fancd2-1, fancd2-2, exo1a, exo1b, wrn2, 

wrn3 and mre11-4 multiplex PCR was performed with RP, LP and LB4 primers. 

For the xrcc2-3 mutant line, the region was first amplified by Screen F and R 

primers and then the PCR product was digested by BamHI restriction enzyme to 

confirm the mutation. All T-DNA insertions and mutations were further confirmed 

by sequencing the PCR-amplified bands. Primers used for genotyping the 

mutants can be found in the Appendix, Table A2.  

 

2. 17  Counting the number of Arabidopsis Wt and mutant seeds 

in 100mg of weight  

Materials  

0.1 % agar, MS agar plates, Seeds of Wt and mutant Arabidopsis plants 

 

Method s 

100 mg of Wt and mutant Arabidopsis seeds were weighed out and added to 

20ml 0.1 % agar. The seeds were mixed thoroughly, and 200 µl of the seed 

suspension was plated in duplicates. The number of seeds in each plate was 

counted. The mean number of seeds was calculated, and statistical significance 

was determined using Poisson distribution analysis. The number of seeds in 100 
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mg was obtained by multiplying the average number of seeds by the dilution 

factor of 100 and was used for determining Gene Targeting (GT) efficiency. 

 

 

2.18 Generation of ALS transgenic plants and IPGT efficiency 

estimation  

Materials   

ttLb cas 12a basta construct (Puchta lab), Imazapyr, and Basta 

 

Methods  

For the IPGT assay, the ttLb cas12a construct harbours basta resistance for 

selection, gRNA against the ALS gene, and Cas 12a enzyme for generating a 

double-strand break in the ALS locus in the Arabidopsis genome. The construct 

also harbours an ALS donor sequence with homology arms to the endogenous 

ALS gene and the S653N mutation, which makes the transgenic plant resistant 

to the herbicide Imazapyr. A schematic of the construct and mechanism of gene 

targeting is represented in Figure 2.1A. The plasmid was transformed into the Wt 

or mutant Arabidopsis plant (T0) using Agrobacterium-mediated floral dip 

transformation. The seeds obtained from the T0 plants were screened on Basta 

for the selection of transgenic plants. The plants were then transferred to soil in 

a glass house, and T1 seeds from these plants were harvested and screened on 

Imazapyr to estimate the GT efficiency. A few T1 seeds were also grown on Basta 

to obtain next-generation transgenic plants (Figure 2.1B). 
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.  
Figure 2. 1. Overview of the in -planta gene targeting experiment.  

A) Schematic of in planta GT assay (adapted from Wolter et al., 2018 showing T-DNA 
construct containing two sgRNA expression cassettes programmed to cleave within the  
ALS gene and a sequence flanking the HR donor. The HR donor contains a 1542-bp 
homology in addition to the S653N point mutation. Three DSBs were induced, leading to 
simultaneous cleavage of the target site and excision of the HR donor, which can then 
be used as a template for homologous recombination to repair the target site. B)  
Workflow of floral-dip Agrobacterium transformation and selection in Arabidopsis using 
the ttLbCas12a construct. The schematic illustrates the experimental process starting 
with floral dip transformation of the Arabidopsis plants (Wt or mutants) with a T-DNA 
construct harbouring the ttLbCas12a and Basta selection marker. Transformed seeds 
were screened on Basta-containing media to identify transgenic plants. T1 seeds were 
obtained from the T0 plants and subjected to Imazapyr selection for determining GT 
efficiency and Basta for confirming the presence of the ttLbcas12a construct. The 
presence of the ttLbcas12a construct in the T1 plants was determined by amplifying the 

ALS gene. Image created with BioRender.com. 
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2. 19  Ribonucleoprotein (RNP) assay to study gene targeting in 

protoplasts  

To study the gene targeting process in protoplasts, an RNP assay was designed 

using in vitro transcribed gRNA and commercially available Cas9. The RNP 

complex was assembled and delivered to the Arabidopsis protoplasts  

 

2.19. 1  In vitro  transcription for Cas 9 mRNA synthesis  

Materials  

mMESSAGE mMACHINE® Kit (Thermo Fischer), NTP/CAP (2 X), Reaction 

buffer (10 X), Ribolock, TURBO DNAse, Template DNA (Cas 9 gene), T7 

promoter forward and reverse primer, RNA purification kit (Monarch), poly-A 

tailing kit (Thermo Fischer), E-PAP Buffer (5X), MnCl2 (2mM), ATP (10mM). 

 

Method  

Capped CAS9 mRNA to be used in the in vitro protoplast assay was made 

following the manufacturerôs instructions. Initially, the CAS9 gene was PCR 

amplified using a T7 promoter forward primer and a reverse primer. The PCR 

product was run on a 0.8 % agarose gel, and the band was extracted and purified 

using a gel extraction kit. The purified PCR product was quantified using a 

Nanodrop. For capped mRNA preparation, a 20 ɛl reaction was carried out 

containing 10 ɛl (2XNTP/CAP), 2 ɛl (10 X reaction buffer), 500 ng of PCR 

amplified template DNA of full-length Cas9 gene, and 0.5 ɛl of Ribolock. Sterile 

water was added to make up a 20 ɛl reaction. The mixture was thoroughly but 

gently flicked and then microfuged to collect the reaction mixture at the bottom of 

the tube.  The reaction was incubated at 37 °C for 4 hours. Following that, 1 µL 

TURBO DNAse was added, mixed well, and incubated for 15 minutes at 37 °C.  

The product was then purified using an RNA purification kit. 

 

2.19. 2  Purification of in vitro transcribed RNA  

Materials  

RNA clean up kit (Monarch), and Ethanol (95 % or above) 
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Method  

Briefly, 100 ɛl of RNA Clean Binding buffer was added to 50 ɛl of the sample, 

followed by the addition of 1 volume of Ó 95 % ethanol. The column was then 

inserted into the collection tube, and the sample was loaded onto the column and 

spun for 1 minute. Next, 500 ɛl of RNA clean-up wash buffer was added, followed 

by centrifugation at 13000 rcf for 1 minute. The flow through was then discarded, 

and the washing step was repeated once more. The column was then transferred 

to a fresh 1.5 ml Eppendorf tube, and the RNA was eluted using nuclease-free 

water. The purified RNA was quantified using the Nanodrop and stored at -80 ºC 

until use. 

 

2.19. 3  Poly A mRNA preparation  

Materials  

Poly A-tailing kit (Thermo Fisher) 

 

Method  

Poly A was added using a poly A tailing kit (Thermo Fisher) following the 

manufacturerôs instructions. Briefly, at room temperature, 20 ɛl of mMESSAGE 

mMACHINE reaction, 20 ɛl of buffer (5 X E-PAP Buffer), 10 ɛl of 25 mM MnCl2, 

and 10 ɛl of 10 mM ATP were added and the volume was made up to 96ɛl by 

adding sterile water. Further, 4 ɛL of E-PAP was added and gently mixed. The 

final reaction volume was 100 ɛL, which was then incubated at 37 ÁC for 1 hour, 

and later stored at ï80 °C. 

 

2.19. 4  Poly A mRNA Isolation  

Materials  

Next, poly(A)mRNA magnetic isolation module (NEB), Oligo d(T)25 Beads 

d(T)25 (NEB), RNA binding buffer (2X), Magnetic rack (NEB), Tris Buffer (10mM 

Tris HCl, pH 7.5). 

 
Method  

16 ɛl of PolyA tail reaction product was diluted by adding 34 ɛl nuclease-free 

water. To a 1.5 ml Eppendorf tube, 20 ɛl oligo dT beads were taken, and 100ɛl 
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of binding buffer was added. The beads were mixed six times by pipetting.  The 

Eppendorf with beads were then kept in a magnetic rack for 2 minutes. The upper 

solution was then discarded, and the Eppendorf was taken out from the rack, and 

100 ɛl of RNA binding buffer was added to it and mixed by pipetting six times. 

The Eppendorf was transferred back to the magnetic rack for 2 minutes. The 

upper solution was then discarded, and the Eppendorf was taken out of the rack, 

and 50 ɛl of RNA-binding buffer was added to it. The complete mixture was 

transferred to a PCR tube and mixed by pipetting six times. The PCR tube was 

incubated at 65 ºC for 5 minutes in a PCR machine and then cooled at 4 ºC for 5 

minutes. The mixture was mixed by pipetting six times and kept at room 

temperature for 5 minutes. The PCR tube was then kept in the magnetic rack for 

2 minutes, and the upper solution was discarded. The PCR tube was taken out 

of the rack. 200 ɛl of wash buffer was then added to the beads and mixed by 

pipetting six times. The PCR tube was then kept in the magnetic rack for a further 

2 minutes, and the upper solution was again discarded before the tube was taken 

out of the rack. The washing step was repeated two times, following which 50 ɛl 

of Tris-buffer was added, and mixed by pipetting six times. The tube was then 

incubated at 80 ºC for 2 minutes and cooled at 25 ºC. For elution, 50 ɛl of RNA-

binding buffer was added and mixed by pipetting six times. The PCR tube was 

then kept at room temperature for 5 minutes, followed by incubation for 2 minutes 

in the magnetic rack, before the upper solution was discarded and the tube was 

taken out of the rack. 17 ɛl of Tris buffer or nuclease-free water was added to the 

tube, and it was mixed by pipetting six times. The tube was incubated in a PCR 

machine at 80 ºC for 2 minutes and then cooled at 25 ºC for 4 minutes. The tube 

was then kept in the magnetic rack for 2 minutes, and 15 ɛl of the upper solution 

was collected, kept in a fresh PCR tube and stored at -80 ºC. A PCR reaction 

was then carried out using 3 ɛl poly A tail, 5 ɛl dT primers and 10 ɛl of 1X TE 

Buffer as follows: 70 ºC for 3 minutes, 55 ºC for 1 minute, and 4 ºC for 1 minute. 

The reaction was then run on a 2 % gel. An image was then recorded using a 

camera attached to the Syngene g-box chemi xRQ gel imager and analysed 

using the Genesis software. 
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2.19. 5  Preparation of T7 -sgRNA template for in vitro transcription  

Materials  

Protospacer and sgRNA oligo 

 

Method  

For targeting the 3' deleted GFP target plasmid, which has enhanced brightness, 

the gRNA was generated as follows. The T7 promoter, the protospacer, and the 

sgRNA sequence were ordered as oligos and amplified by PCR in two rounds. In 

the first round of PCR, the T7 promoter forward primer and the sgRNA reverse 

primer were used to amplify the shorter fragment using the pGem Teasy vector 

template containing the DNA sequence for the gRNA (pGemT easy map is 

provided in the appendix, Figure A1). This fragment was used as a template in a 

second PCR reaction using the protospacer and sgRNA sequence. This was then 

used as a template for the second round of PCR using T7 sgRNA GFP22 F as 

forward primer,  sgRNA t7 22 R as reverse primer and T7 EXTEND (Appendix, 

Table A2). The PCR amplification was carried out using iProof master mix. The 

PCR programme consisted of an initial denaturation step at 94 °C for 1 minute, 

followed by 20 cycles of denaturation at 96 °C for 20 seconds, annealing at 45 

°C for 20 seconds, and extension at 72 °C for 1 minute. A final extension step 

was performed at 72 °C for 5 minutes to ensure completion of the amplification 

process. The PCR product was purified using the QIAquick PCR product 

purification kit and used for the synthesis of gRNA using in vitro transcription.  

 

2.19. 6  Synthesis of gRNAs using the T7 promoter template  

Materials  

RNA clean up kit (Monarch), and Ethanol (95 % or above) 

 

Method  

For a 30 ɛl reaction mixture, the following components were added: 10 ɛl of 

purified PCR product (100 ng/Õl), 10 ɛl of NTP buffer mix (6.7 mM each NTP 

final), 2 ɛl of T7 RNA polymerase, and 8 ɛl of nuclease-free water. The reaction 

was incubated overnight at 37 ºC. Next, the transcribed gRNA was purified using 
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a Monarch RNA clean-up kit as described previously (Section 2.19.2). The 

purified RNA was quantified using the Nanodrop and stored at -80 ºC until use. 

 

2.19. 7 Preassembly of Cas9 RNPs  

Materials  

NEB Buffer (10X), in vitro transcribed gRNA, and Cas 9 protein (NEB 4 ɛg/ɛl) 

 

Method  

For preassembly of Cas9 RNP complex, 2 ɛl NEB 10 X Buffer3, 20 ɛg of in vitro 

transcribed gRNA, and 40 ɛg of Cas 9 protein were mixed to a final volume of 20 

ɛl. The preassembly of Cas9 RNP was performed at 30 ÁC for 30 minutes without 

visible precipitation in the mixture.  

 

2. 20   Protoplast isolation  

Materials  

Enzyme solution R-10 (Cellulase (1 %), Macerozyme (0.25 %), mannitol (0.4 M), 

CaCl2 10 mM, KCl (20 mM), BSA (0.1 %) and  MES pH 5.7 (20 mM), Timer tape 

(Timemid labelling system, Fisher), Magic tape (Scotch), W5 solution: NaCl (154 

mM), CaCl2 (125 mM), KCl (5 mM), Glucose (5 mM),  MES, pH 5.7 (2 mM), MMg 

solution: Mannitol (0.4 M), MgCl2 (15 mM), MES, pH 5.7 (4 mM), Cellulase 

'Onozuka' R10 (1 %) and macerozyme 'Onozuka'  (0.5 %) (Duchefa Biochemie), 

Hematocytometer (Hawksley), PEG solution: 40 % polyethylene glycol (40 %), 

Mannitol (1 M), CaCl2 (0.5 M). 

 

Method  

Gene targeting in protoplasts is usually carried out to avoid the stable introduction 

of exogenous DNA (Woo et al., 2015; Jiang et al., 2021). The procedure was 

adapted from the Sheen lab (Jiang et al., 2021). Around 20 ml of enzyme solution, 

containing high-grade R-10, was added to a petri dish, . The enzyme solution 

contained cellulase for cellulose digestion and macerozyme (macerating enzyme 

mixture from the Rhizopus), which contains a mixture of pectinase, cellulase, and 

hemicellulase. A healthy leaf was excised, and its lower epidermis was gently 

removed after attaching the upper side to 'timer tape' and the underside to 'magic 
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tape'. The peeled surface was immersed face down in the enzyme solution, and 

the leaf was gently shaken for 1 hour of incubation. After digestion, the solution 

was transferred to a 50 ml centrifuge tube and centrifuged at 100 rcf for 3 minutes. 

The resulting pellet was resuspended in an ice-cold W5 solution and kept on ice 

for 30 minutes. During this period, a sample was observed under a microscope 

for intact protoplasts. After 30 minutes, the protoplasts were pelleted by 

centrifugation, the supernatant was removed, and the pellet was resuspended in 

1.5 ml of MMg solution. The number of protoplasts was determined using a 

hematocytometer, and approximately 1x105 protoplasts were used for 

transfection with RNP complex or other plasmid DNA.  

 

2.20. 1  Protoplast transformation  

Materials  

1x 105 Arabidopsis Protoplasts, PEG 4000 (Fluka, Chemika), PEG 6000 (Sigma 

Aldrich), W5 solution, and Zeiss Axiovert 880 Inverted confocal microscope 

(www.zeiss.co.uk) equipped with Zen software. 

 

Method  

A transformation reaction was set up at room temperature. Each reaction 

contained 10 Õl of plasmid DNA (1 Õg/Õl), 4 ɛl gRNA (10 ɛg), 3 ɛl NEB 10 X 

buffer, 10 ɛl Cas9 enzyme (1 ɛg/ɛl), and 3ɛl PCR-grade water. The mixture was 

incubated for 30 minutes at room temperature. Following this, 300 µl 

(approximately 1x 105) of the protoplast solution was then added using a wide-

bore tip to gently mix it by stirring continuously. Next, 300 µl PEG 4000 solution 

was added to the protoplasts very slowly, while constantly mixing by stirring, and 

then incubated at room temperature for 5 minutes. The protoplast was washed 

and recovered by adding 3 ml W5 solution with constant gentle mixing by stirring 

with the tip. The protoplast was then centrifuged at 100 rcf for 3 minutes, and the 

supernatant was discarded. Next, 1.5 ml W5 solution was added to the pellet with 

gentle mixing before it was transferred to a well in a six-well plate using a wide-

bore tip and left for 16 to 24 hours in the dark at room temperature. The next day, 

the protoplasts were transferred to a 1.5 ml tube using a wide-bore pipette tip and 

were pelleted by centrifugation at 100 rcf for 3 minutes. Most of the supernatant 
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was then removed using a pipette, leaving ~100 µl (about 8mm of liquid). For 

imaging, ~50 µl of cells were transferred to a slide with a well, and then a cover 

slip was added. Imaging was carried out using an óLSM880 Inverted' microscope. 

Wavelength for dsRED and eGFP fluorophores and bright field was selected for 

acquiring the images.  

 

2. 21 Mutation profiling of CRISPR -Cas9-induced DSB repair 

products  

Wild-type (Wt) and mutant plants were transformed by Agrobacterium harbouring 

a construct that targets either DR111, DR41, DR112, CAT or IR10 using the 

method described in section 2.5.2. Genomic DNA was extracted from the above 

transgenic plants as discussed in Section 2.6.  The target region (~350 

nucleotides) containing the repaired region was amplified using specific primers 

containing adapter sequences. The PCR product was purified and sequenced 

using Next-Generation Sequencing (NGS) techniques. A schematic of the 

mutation profiling workflow is presented in Figure 2.2. 

 

 

Figure 2. 2. Schematic of mutational profiling workflow . 

Wt or mutant Arabidopsis plants were transfected with Agrobacterium harbouring 
constructs targeting DR111, DR41, DR112, CAT, and IR10 locus in the plant genome. 
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Seeds from the infected plants were harvested and selected on Basta (T1 plants). The 
Cas9-induced DSBs are expected to be repaired by endogenous DSB repair pathways 
(i.e., Non-Homologous End Joining (NHEJ), Homologous recombination (HR), or other 
backup pathways such as Microhomology Mediated End Joining (MMEJ) or Single 
Strand Annealing (SSA). Genomic DNA from leaves of T1 plants was isolated, and the 
region flanking the DSB was PCR amplified using target-specific primers. The PCR 
product was purified and deep sequenced, followed by analysis of the reads by 
CRISPResso2, image created with BioRender.com.  
 
 

2.21. 1  PCR amplification of region flanking DR111, DR41, DR112, 

CAT and IR10 target site for NGS sequencing  

For each construct, a different PCR program based on polymerase, DNA 

concentration and Tm for primer was used to obtain optimum amplification. 

Briefly, 3 ɛg (10 ɛl from 300 ng/ɛl stock) of genomic DNA from Wt or mutant 

plants was added to 20 ɛl of 2X I proof, 5 ɛl each of SCN CAT forward and 

reverse primers or NSA forward and reverse primers (Appendix, Table A2).  For 

CAT, the first PCR products were then amplified using adaptor primers. For 

DR111, the go taq master mix was used along with the SSA forward and reverse 

primers containing the adaptors. For confirmation of PCR, 3 ɛl of the PCR 

amplified product was mixed with 2 ɛl of gel loading dye and 7 ɛl of distilled water 

and was loaded onto a 2 % (w/v) agarose gel and run for 40 minutes. After 

electrophoresis, the gel was visualised for the presence of an amplicon. The 

amplified product was extracted from the gel using a gel extraction kit (Section 

2.9).  In case a single band and absence of excess primers were observed on 

the gel, then PCR purification was carried out using a PCR purification kit 

following the manufacturer's recommendation (Section 2.10). The concentration 

of the DNA was determined as described in (Section 2.11), and DNA at a 

concentration of 50 ng/ɛl was sent for NGS sequencing using the Illumina method 

(Azenta Life Science, UK). 

 

2.21. 2  NGS data analysis  

The adapter sequences in the NGS reads were trimmed using the trimmomatic 

tool in Galaxy. The output fastq file was used in CRISPResso 2 to characterise 

the mutation profile. For this, the R1 and R2 files from the Wt and mutant samples 

were uploaded to  CRISPResso2. The sequence of gRNA and amplicon was also 

provided as input. All other parameters were kept as the default. For IR10, the 
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R1 and R2 files were filtered with trimmomatic in Galaxy using trueseq3, quality 

settings were kept as default, and the minimum length chosen was 200. The 

paired file was downloaded and saved as fasta.gZ, which was used as input for 

CRISPResso2. The quantification window size in CRISPResso2 was set to 30, 

and substitution was ignored. For all constructs, the total number of reads with 

insertion and deletion was determined and normalised with the total modified 

reads of the Wt. Further, the number of reads was grouped into two categories: 

1-nucleotide, or more than 1-nucleotide deletion or insertion, and the data were 

statistically analysed using the Chi-square test. For plants transformed with a 

construct containing gRNA for the DR111 locus, an HDR event was determined 

following the method shown below: Trimmomatic R1 paired read of the Wt and 

mutants were converted to a fasta file in Galaxy and opened in Excel. The reads 

which contained a deletion were searched by looking for a sequence on the other 

side of the deletion. These sequences were then sorted, and similar sequences 

were counted to determine the number of reads in each of the three SSA events. 

Total SSA events for DR112 and DR41 locus in the mutants were calculated by 

normalising them with total modified reads of the Wt.  

 

2. 22  RNA isolation for NGS analysis:  

Materials   

Promega SV RNA (nucleic acid) isolation kit, absolute ethanol, nuclease-free 

water, Isopropanol, and Nuclease-free water. 

 

Method  

Total RNA was isolated from plant leaves using a Promega SV RNA (nucleic 

acid) isolation kit following manufacturer recommendations. Briefly, two to three 

young leaves were ground in liquid nitrogen and transferred to an Eppendorf 

tube. To this tube, 175 ɛl of SV lysis buffer was added, followed by the addition 

of 350 ɛl of SV dilution buffer. The mixture was vigorously vortexed for 1 minute 

at maximum speed. The mixture was then incubated for 3 minutes at 70 °C.  After 

this, the sample was centrifuged for 10 minutes at 13000 rcf at room temperature. 

The supernatant was transferred to a fresh Eppendorf tube containing 200 ɛl of 

absolute ethanol. The sample was then mixed by inverting the tube five times. 
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Next, the sample was transferred to a spin column and centrifuged for 1 minute 

at 3000 rcf. 600 ɛl of wash buffer was then added to the column, before 

centrifuging it at 13000 rcf for 1 minute. 50 ɛl of DNase mixture was then added 

onto the filter and incubated at room temperature for 15 minutes. 200 ɛl of DNase 

was then added and centrifuged for 1 min at 13000 rcf. The column was then 

washed with 500 ɛl wash buffer and spun for 1min. Following this, 250 ɛl of wash 

buffer was added to the column, and centrifugation was carried out for a further 

2 minutes. The spin column was then transferred to a fresh Eppendorf tube 

without a lid. To elute the bound RNA, 100 ɛl of nuclease-free water was added 

to the column and incubated at room temperature for 1 minute. The column was 

then centrifuged for 1 minute at 13000 rcf. 2 ɛl of this eluted RNA was quantified 

using a Nanodrop, and 30 ɛl of isolated RNA was sent for Illumina sequencing 

(Azenta Life Science, UK). 

 

 
Figure 2. 3. Workflow demonstrating typical RNA -seq-based transcriptome 
analysis .  
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Sequencing primer binding site (Rd1 SP and Rd2 SP), index sequences function as 
ñtagsò to identify each sample separately. 

 

For mRNA sequencing, the polyadenylated mRNA was first enriched using oligo 

(dT) beads and was then fragmented into smaller pieces of 200 to 500 

nucleotides. The fragmented RNA was converted to cDNA using reverse 

transcriptase and random primers. Adenine was then added to the 3' of the cDNA, 

followed by the ligation of the adapters. The cDNA library was then PCR amplified 

to enrich fragments and ligated with adapters. Following this, paired-end 

sequencing was carried out, and the row sequencing data were analysed using 

Galaxy. The FastQC tool was used to determine the quality of the reads, adapter 

contamination, and other details. Low-quality bases and adapter sequences were 

removed using Trimmomatic software (parameters used were TruSeq3 (paired 

ended, quality >30, and min length 35). The clean reads of R1 and R2 files were 

then aligned to the reference Arabidopsis genome using HISAT2. FastQC was 

run on the BAM files for QC verification. For transcript quantification, the feature 

count tool was used to count reads that aligned to each gene. MultiQC was run 

on BAM and FastQC files, followed by differential gene expression analysis using 

the DESeq2 statistical method.  

 

2.22. 1  Data interpretation  

The DESeq2output file was used for gene expression analysis, and the 

upregulated and downregulated genes were selected based on a p-value cut of 

less than 0.05, and a common upregulated and downregulated gene was 

determined using a Venn diagram. Gene ontology was carried out using the 

gProfile programme. This was followed by the generation of a heat map for 

common upregulated and downregulated genes using the R programme version 

v4.4.2. Pathway enrichment was carried out using ShinyGO 0.80. Website details 

of all programmes are provided in the Appendix, Table A4. 
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2. 23  DNA damage sensitivity assay  
 
2.23. 1  Measurement of UV radiation sensitivity  

Materials  

Crosslinker (FBUVXL-1000 UV cross-linker, Fisher Scientific), square size agar 

plates (Length and width 12 cm) 

 

Method  

Seedlings from Wt and mutant Arabidopsis were obtained by growing the 

sterilised seeds on agar plates. Approximately 4 seedlings from the wild type and 

each mutant were placed in square agar plates. The plates were then exposed 

to 0.5 to 2 kJ/cm2 of UV light using a UV cross-linker. The untreated plant was 

kept as a control. Both untreated and treated plates were then kept in a tissue 

culture room, and the seedlings were allowed to grow. Root length was observed 

after every two days until day 6 post UV treatment by marking a dot at the growing 

end. On the sixth day, the plants were photographed, and the root length of the 

plants was measured using an online ruler (Ginifab) and expressed as a 

percentage. 

 

2.23. 2  MMC sensitivity  assay  

Material  

Mitomycin C (MMC), Apollo Scientific, MS media 

 

Method  

A MMC dilution series was prepared using a 1 mg/ml stock of MMC as follows:  

10 ml of Murashige and Skoog (MS) medium was added to 5 tubes, and 0, 25, 

50, 75, 100 ɛl of MMC was added. To get concentrations of 0, 2.5, 5, 7.5 and 10 

ɛg/ml of MMC. The tubes were then gently mixed to ensure proper distribution of 

MMC within the MS medium.  The optimum activity for the MMC was observed 

at 4 ɛg/ml. Therefore, further assay was done at this concentration. For the MMC 

assay, 800 ɛl of MS from each tube was added into 12 wells of a 24-well plate 

containing 1 Wt or mutant Arabidopsis seed. The plates were kept in the tissue 

culture room for 3 weeks and later analysed. 
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2.23. 3  Menadione  sensitivity  assay  

Material   

Menadione (1M in DMSO) 

 

Method  

For menadione sensitivity, the Wt and mutant lines were grown in ½ MS solid 

media supplemented with menadione at a final concentration of 50 µM or a 

DMSO control. Plants were grown for 5 weeks in 6-well plates at 22 °C and 16 h 

light 8 h dark before determining fresh weight.  

 

2.23. 4  Xray  treatment  

Materials  

X-ray irradiator.  

 

Method  

X-ray treatment (100 Gy) was performed at ambient temperature in the dark using 

a dose rate of Ḑ2 Gy/min using a 160 kV RS-2000 X-Ray Irradiator at 

the University of Leeds. The X-ray treated and untreated seeds were gown on 

MS media in square plates for 10 days and then phenotypic analysis was carried 

out. 

 

2.23. 5  Quantification  of  programmed  cell  death  

Materials    

Propidium Iodide (P-4170, Sigma) Stock solution:1 mg/ml in water.  

 

Method  

10 ɛl from the propidium iodide stock solution was added to 990 ɛl of water and 

mixed by inverting 4-5 times. 60 ɛl of this diluted solution was added to a slide 

containing Wt or mutant Arabidopsis roots. The coverslip was then gently placed 

on the root and imaged using a fluorescent microscope set to 500 nm 

wavelength. The dead cells showing red colour. was quantified by measuring the 

fluorescence intensity using Zen software and expressed in area /ɛm2. 
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Chapter 3 

1  Characterising the role of DNA repair genes using a 

mutant Arabidopsis plant  

 

3. 1  INTRODUCTION 

All organisms experience different types of DNA damage, including single-strand 

breaks (SSBs), double-strand breaks (DSBs), interstrand crosslinks (ICLs) and 

base modifications (Szurman-Zubrzycka et al, 2023). Among these, DSBs in the 

genome are considered as the most harmful as they can lead to large genomic 

changes and ultimately cause cell death. Eukaryotic organisms possess two 

repair pathways, namely non-homologous end joining (NHEJ) and homologous 

recombination (HR), to recognise and correct these DNA lesions (Hu et al., 2016; 

Szurman-Zubrzycka et al., 2023; Chen et al., 2008; Wang et al., 2022). These 

pathways and the roles of participating genes have been extensively researched 

in animals. Although in Arabidopsis, homologues of several DSB repair 

components have been identified, their specific roles are still being explored. The 

induced expression of some of the DNA repair genes during specific stages of 

the plant life cycle also suggests their role in normal growth and development 

(Shi et al., 1997).   

 

Aims and Objectives 

 

1. To genotype previously published mutant lines before further analysis in 

subsequent chapters 

2. To study the effect of mutation on normal growth and development, and 

response to genotoxic stress 

3. To determine the genetic defects underlying the severe growth defects of 

the mre11 mutant using transcriptomic approaches 

The findings of this study could help to understand the conservation and 

differences in DNA repair pathways between plants and other eukaryotes. 
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3. 2  RESULTS 

 

3.2. 1  Confirmation of T -DNA insertion and genotyping of T -DNA 
mutants  

Arabidopsis T-DNA insertions in mutant lines (brca1-1, brca1-2, exo1a, exo1b, 

fanci-1, fanci-2, fancd2-1, fancd2-2, mre11-4, rad5a-1, rad5a-2, wrn2, wrn3, and 

xrcc2-3) were validated via a PCR-based genotyping strategy. For mre11, a 

single mutant line was analysed, while two independent lines were tested for all 

other mutants. The approach involved multiplexing three primers: gene-specific 

Right Primer (RP), Left Primer (LP) and Left Border 4 (LB4), which is a T-DNA-

specific primer. In two primer combinations, primer pairs RP+LP and RP+LB4 

were used, whereas in the three primer combination, LP+RP+LB4 was used to 

confirm the presence and genotype of the mutants. Primer sequence and other 

primer details are provided in the Appendix, Table 2. The LP and RP primers 

flanked the T-DNA insertion site, with LP upstream and RP downstream of the 

insertion site. The LB4 primer targeted the T-DNA sequence. PCR amplification 

was performed using different polymerases (as detailed in Materials and 

Methods, section 2.7.2), with wild-type (Wt) Arabidopsis DNA serving as a 

control. Amplified products were resolved on a 1% (w/v) agarose gel, and band 

sizes were compared to expected fragments to verify insertions. The genotyping 

strategy is depicted in Figure 3.1, which enabled the precise detection of T-DNA 

presence and determination of homozygous/heterozygous status in the mutant 

lines. Sanger sequencing and bioinformatics analysis confirmed the T-DNA 

insertion sites in all mutant lines, disrupting key exons or introns.  

 

To determine the presence of T-DNA insertions in fanci mutant plants (fanci-1 

and fanci-2 mutants), PCR was carried out using specific primers. The position 

of T-DNA integration is shown in Figure 3.2A. The wild-type (Wt) sample 

produced approximately 1000 bp amplicon when amplified using RP+LP primers, 

while no band was observed in the RP+LB4 primer combination. Whereas fanci-

1 and fanci-2 produced 755 and 583 bp products, respectively, when amplified 

using RP+LB4 primers combination, confirming the successful insertion of T-DNA 

within the FANCI gene (Figure 3.2B). 
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Figure 3. 1 PCR-based genotyping of the Arabidopsis mutants. 

Following Arabidopsis mutant lines were genotyped brca1-1, brca1-2, exo1a, exo1b, 

fanci-1, fanci-2, fancd2-1, fancd2-2, mre11-4, rad5a-1, rad5a-2, wrn2, wrn3, and xrcc2-

3. LB4, LP, and RP primers indicate T-DNA specific primer, left primer, and right primer 

respectively. Two primer combinations (LP+RP and LB4+RP) or three primer 

combinations (LP+RP+LB4) were employed. Wt samples were tested in parallel with the 

mutants to confirm the specificity of the LB4 primers. Two primer combinations (LP+RP) 

produce an amplicon in the Wt plant only, whereas LB4 +RP produce an amplicon only 

in the mutant plant. LP+RP+LB4 produced bands in both Wt and mutants, which differ 

in their length. Image was created with BioRender.com. 

 

The absence of an amplification product using RP+LP primers in both mutant 

lines and the exclusive presence of bands in the RP+LB4 lanes verified that both 

mutants were homozygous for the insertion. Analysis of sequencing result 

revealed that T-DNA insertion in fanci-1 and fanci-2 where located in second 

intron and the fifth exon of the gene respectively. 
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Figure 3. 2  Genotyping of fanci mutants.  

(A) Arabidopsis fanci gene showing the location of T-DNA insertion.  Insertions in the 

second intron (fanci-1) and exon 5 (fanci-2), represented by a blue triangle, were 

confirmed by sequencing. Coloured boxes indicate exons, and the black line between 

exons represents introns. Image created with BioRender.com. (B) Agarose gel 

electrophoresis showing the PCR products obtained after amplifying the Wt or mutant 

genomic DNA with the primers RP+LP and RP+LB4.  

 

The position of T-DNA integration in the FACND2 gene is shown in Figure 3.3A. 

The PCR-based genotyping confirmed the presence of T-DNA insertions in both 

fancd2-1 and fancd2-2 mutants (Figure 3.3B). The wild-type (Wt) DNA produced 

a 1111 bp amplicon using RP+LP+LB4 primers, whereas the fancd2-1 mutant 

produced a 548 bp fragment, confirming the disruption of the gene. Similarly, the 

fancd2-2 mutant produced a 592 bp PCR product, further verifying the presence 

of the T-DNA insertion (Figure 3.3B). Location of T-DNA insertion was confirmed 

by Sanger sequencing of the PCR product, which revealed that the insertion in 

fancd2-1 and fancd2-2 was in the 6th and 19th exon of the gene. 
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Figure 3. 3  Genotyping of fancd2 mutants.  

(Arabidopsis FANCD2 gene showing the location of T-DNA insertions in exon 6 (fancd2-

1) and exon 19 (fancd2-2), represented by a blue triangle, which were confirmed by 

Sanger sequencing. Coloured boxes indicate exons, and the black line between exons 

represents the intron. Image created with BioRender.com. (B) Agarose gel 

electrophoresis showing the PCR products obtained after amplifying the Wt or mutant 

genomic DNA with the primers RP+LP+LB4.  

 

The presence of T-DNA insertions in both brca1 mutants (brca1-1 and brca1-2) 

was determined using specific primers listed in the Appendix, Table 2. The 

position of T-DNA integration in the BRCA1 gene is shown in Figure 3.4A. In wild-

type (Wt) plants, amplification with RP+LP+LB4 primers yielded 1009 bp and 

1001 bp products for brca1-1 and brca1-2, respectively. However, in mutant lines, 

the presence of T-DNA insertions led to the amplification of smaller fragments, 

566 bp in brca1-1 and 554 bp in brca1-2, confirming successful mutagenesis 

(Figure 3.4B). The lack of amplification with RP+LP+ LB4 primers in Wt samples 

and the presence of distinct and single bands in mutants confirmed their 

homozygous genotype. Sanger sequencing of these PCR products confirmed 

that T-DNA was located in the exon 4 of brca1-1 and exon 5 of brca1-2 mutants. 
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Figure 3. 4  Genotyping of brca1  mutants.  

(A) The Arabidopsis BRCA1 gene showing the location of T-DNA insertion in exon 4 

(brca1-1) and exon 5 (brca1-2) represented by blue triangles. Coloured boxes indicate 

exons, and the black line between exons represents introns. Image created with 

BioRender.com. (B) Agarose gel electrophoresis showing the PCR products obtained 

after amplifying the Wt and mutant genomic DNA with the primers RP+LP+LB4. The 

PCR products were confirmed by Sanger sequencing. 

 

The presence of T-DNA insertions in rad5a-1 and rad5a-2 in exon 5 and 14, 

respectively, is depicted in Figure 3.5A. Genotyping was performed using PCR 

with gene-specific RP and LP primers and TDNA-specific LB4 (Appendix, Table 

A2). In the wild-type (Wt) sample, amplification with RP+LP+LB4 primers 

produced a 1226 bp fragment for rad5a-1, whereas a 791 bp product was 

detected in rad5a-1 mutants with the same primer combination. The rad5a-2 

mutant displayed a 666 bp amplicon using RP+LB4 primers, while in Wt DNA, 

amplification with RP+LP primers in this mutant line resulted in a 1242 bp 

fragment. The absence of a band with RP+LP primers in mutant samples and the 

presence of specific bands with RP+LB4 primers confirmed that both rad5a-1 and 

rad5a-2 were homozygous for the insertion (Figure 3.5B). The location of the T-

DNA insertion within the rad5a gene was confirmed by Sanger sequencing of the 

PCR products. 
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Figure 3. 5  Genotyping of rad5a  mutants.  

(A) Genomic representation of T-DNA integration sites in the Arabidopsis RAD5A gene. 

T-DNA insertions were in exon 5 (rad5a-1) and exon 14 (rad5a-2), represented by blue 

triangles. Coloured boxes indicate exons, and the black line between exons represents 

introns. Image created with BioRender.com. (B) Gel electrophoresis of rad5a-1 and 

rad5a-2 confirms the T-DNA insertion. An RP + LP + LB4 primer was used for the former, 

while the later mutant was checked with RP+LP and RP+LB4.  

 

The position of T-DNA integration for wrn2 and wrn 3 lines is shown in Figure 

3.6A. To confirm T-DNA insertions in wrn mutants, PCR-based genotyping was 

performed. In the Wt sample, amplification using RP+LP+LB4 primers resulted in 

a 1139 bp product. In contrast, the wrn2 mutant produced a 697 bp fragment, 

while the wrn3 mutant yielded a 669 bp amplicon, confirming the insertion of T-

DNA. The absence of amplification with RP+LP primers in mutant lines and the 

presence of bands with RP+LB4 primers confirmed that both wrn2 and wrn3 

mutants were homozygous for the insertion (Figure 3.6B). The location of T-DNA 

integration was confirmed by sequencing of the PCR products, which confirmed 

the insertion in the 3rd exon of the WRN gene in both the mutant lines.  

 

 

 

Figure 3. 6  Genotyping of wrn  mutants  

(A) T-DNA insertion sites representation for wrn2 and wrn3 mutants. Insertions are seen 

in exon 3 of both wrn2 and wrn3 mutants and represented by blue triangles. Coloured 
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boxes indicate exons, and the black line between exons represents introns. Image 

created with BioRender.com. (B) Agarose gel electrophoresis showing the PCR products 

obtained after amplifying the Wt and mutant genomic DNA with the primers RP+LP+LB4.  

 

The position of T-DNA integration in mre11 mutants is shown in Figure 3.7A. To 

confirm T-DNA insertion in the mre11 mutant, PCR-based genotyping was 

performed. In the Wt sample, amplification with RP+LP+LB4 primers produced a 

1135 bp product. Whereas, in the mre11-4 mutant, only a single band of 

approximately 450 bp was observed, confirming the homozygosity of the mre11-

4 plant (Figure 3.7B). Sanger sequencing revealed and confirmed that the T-DNA 

insertion was located in the exon 18 of the gene. 

 

 

 

Figure 3. 7  Genotyping of the mre11  mutant.  

(A representation of T-DNA insertion in exon 18 of the Arabidopsis mre11-4 mutant (blue 

triangle). Coloured boxes indicate exons, and the black line between exons represents 

introns. Image created with BioRender.com. (B) Agarose gel electrophoresis displaying 

PCR amplification results for wild-type (Wt) and mutant genomic DNA using RP+LP+LB4 

primers. The PCR products were confirmed by Sanger sequencing. 

 

The position of T-DNA integration in exo1a and exo1b mutants is shown in Figure 

3.8A. PCR-based genotyping was performed to confirm T-DNA insertions in these 
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mutants (Figure 3.8B). In the Wt sample, amplification using RP+LP+LB4 primers 

resulted in a 1010 bp fragment for exo1a and 1015 bp for exo1b. However, only 

a shorter fragment, of 473 bp and 450 bp, was amplified in exo1a and exo1b 

mutants, respectively, confirming the presence and homozygous nature of the T-

DNA insertion (Figure 3.8B). Sanger sequencing of the amplified product 

revealed and confirmed the location of T-DNA insertion in the 1st   exon and 9th 

intron of EXO1A and EXO1B gene, respectively.  

 

      

 

 

Figure 3. 8  Genotyping of the exo1 mutant.   

A) Representation of T-DNA insertion in 1st exon and 9th intron of the exo1a and exo1b 
mutant line (blue triangle). Coloured boxes indicate exons, and the black line between 
exons represents introns. Image created with BioRender.com. B) Agarose gel 
electrophoresis displaying PCR amplification results for wild-type (Wt) and mutant 
genomic DNA using RP+LP+LB4 primers. The PCR products were confirmed by Sanger 
sequencing. 

 

To validate the CRISPR-induced mutation in xrcc2-3, PCR-based genotyping 

was performed. The mutation site in the exon 3 of the xrcc2-3 gene is shown in 

Figure 3.9A. To confirm the mutation, the target region was first amplified, 
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producing a ~700 bp PCR product in both the Wt and mutant samples. This 

product was subsequently digested with the BamHI restriction enzyme to confirm 

its presence in the Wt plant and its absence in the mutant. In the Wt plants, 

digestion products of 500 and 200 bp confirmed the presence of the BamHI 

restriction site, whereas its absence in the mutant confirmed the CRISPR-

induced mutation (Figure 3.10B). The low visibility of the 200 bp band on a 1% 

(w/v) agarose gel was likely due to diffusion, 

 

 

 

 

Figure 3. 9  Genotyping of xrcc2  mutant .  

(A) Representation of CRISPR-induced mutation in the Arabidopsis XRCC2 gene. 32 bp 

insertions in the 3rd exon of the XRCC2 gene caused a frameshift mutation, rendering 

the gene non-functional. Image created with BioRender.com. (B) PCR and restriction 

digestion analysis confirming the mutation in xrcc2, with agarose gel electrophoresis 

showing the digestion pattern.  
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3.2. 2  Domain organisation of Arabidopsis proteins and comparison 

with human counterparts  

To evaluate the functional implications of these mutations, domain mapping and 

structural analysis were performed using bioinformatics tools such as Expasy and 

Interproscan. Domain comparisons indicated that Arabidopsis FANCI shares key 

structural and functional similarities with human FANCI, especially in the FANCI-

FANCD2 interaction domain and ubiquitination site, which are essential for 

forming the Fanconi anaemia repair complex (Wang, 2007) (Figure 3.10A). 

However, the mutations introduced in Arabidopsis fanci-1 and fanci-2 likely 

interfere with this interaction, leading to compromised DNA damage repair 

pathways. These findings suggest the conservation of functional domains of 

FANCI across plant and human systems. Similarly, the FANCD2 protein contains 

multiple conserved functional motifs critical for its role in DNA damage repair and 

chromatin remodelling, which share similarities with FANCI, such as ARM 

repeats and an EDGE motif. However, unlike FANCI, FANCD2 does not require 

the EDGE motif for monoubiquitination (Yuan et al., 2009). Domain analysis 

revealed that the domain interacting with FANCD2 is conserved in both human 

and Arabidopsis. In addition, at the C-terminus EDGE motif, the NLS sequence 

and monubiquitination site were also found to be conserved (Figure 3.10B). This 

structural evidence supports the role of Arabidopsis FANCD2 in the Fanconi 

anaemia (FA) pathway and suggests that, like in humans, this protein might be 

monoubiquitinated and interact with other components of the Fanconi anaemia 

(FA) pathway for DNA repair.  

 

In the same way, BRCA1 contains several critical domains necessary for DNA 

repair, cell cycle control, and chromatin remodelling (Biancolella et al., 2021). 

Sequence comparisons with human BRCA1 (Hs BRCA1) revealed that key 

conserved motifs like zinc finger, BRCT domain, along with NLS and coiled 

regions are present in Arabidopsis BRCA1 protein (Figure 3.10C). The human 

RAD5A gene encodes a protein involved in DNA repair and replication fork 

stability, containing key conserved motifs, including helicase and ubiquitin ligase 

domains.  for carrying out ATP-dependent DNA translocation and ubiquitination 

activity, which are critical for facilitating post-replication repair and tolerance to 
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DNA damage (Elserafy et al., 2021). Functional characterisation of AtRAD5A 

domains also reveals its conservation in plants (Kobbe et al., 2016). 

 

WRN protein contains essential domains that are associated with DNA repair, 

recombination and telomere maintenance (Yeom et al., 2019). Comparative 

domain analysis demonstrated a strong conservation of WRN domains, revealing 

functional conservation between plants and humans, particularly in domains of 3ô 

to 5ô exonuclease activity and other domains associated with DNA repair and 

recombination (Figure 3.10E). MRE11 is a key component of the MRN complex 

(MRE11-RAD50-NBS1), which is essential for DNA double-strand break repair, 

homologous recombination (HR), and telomere maintenance (Rupnik et al., 

2010). Sequence alignment with human MRE11 (Hs MRE11) revealed sequence 

conservation of various regions like the DNA binding domain, Rad50 binding 

regions crucial for DNA end resection and damage recognition (Figure 3.10F).  

Human EXO1 belongs to the RAD2 family and plays a crucial role in DSB end 

resection (Yan et al., 2021). Arabidopsis possesses two genes (EXO1A and 

EXO1B that encode exonuclease 1 homologs. Sequence similarity and a similar 

expression profile of both these proteins suggest their redundant roles (Kazda et 

al., 2012).  In addition, both these proteins possess a PIN1 domain, which is 

characteristic of exonucleases. (Figure 3.10G). XRCC2 is a crucial factor in 

homologous recombination (HR)-mediated DNA repair, involved in RAD51 

paralog function and strand exchange stabilisation (Greenhough et al., 2023). 

Sequence comparison with human XRCC2 (Hs XRCC2) revealed that the RAD51 

interaction domain, necessary for forming repair complexes, is also conserved in 

Arabidopsis XRCC2 (Figure 3.10H). 
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Figure 3. 10  Comparison of domain organisation in selected DNA repair 
proteins of Arabidopsis and humans.  

Domains are represented by coloured boxes. The length of each protein is also shown. 

InterProScan and Expasy tools were used to determine the domain structure. The length 

of each protein is represented. 

 

3.2. 3  Effect of mutation on growth and development of Arabidopsis  

To assess the impact of mutations on Arabidopsis growth and development, plant 

height and root length of similar-aged mutant plants were compared with Wt 

plants. The plant height was measured at three weeks of age and presented as 

a histogram. The results revealed that the rad5a-2 mutant exhibited significantly 

(P<0.001) reduced heights (30.33 ±SE1.18 cm) compared to the Wt plants (46.6 

± SE0.72 cm), which accounts for approximately a 40 percent decrease in the 

plant height (Figure 3.11A-B). In contrast, all the other mutants were comparable 

to the Wt.  mre11-4 heterozygous mutants are similar to Wt in height; however, 
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the homozygous mutant exhibited a drastic and highly significant (3.65cm ± SE 

1.1, p<0.05) reduction in plant height, which accounts for a 70 % decrease as 

compared to Wt plants (Figure 3.11C). These results underscore the specific 

roles of MRE11, and RAD5A, in Arabidopsis development and their potential 

impact on plant growth. 
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Figure 3. 11  Phenotype of Wt and mutant Arabidopsis plants .  

(A) 4 week old flowering Arabidopsis plants displaying plant height disparity between 

wild-type and mutant plants. B) Height of wild type and various Arabidopsis mutants. (C) 

Image of 3-week-old Arabidopsis mre11-4 homozygous and heterozygous mutants (left 

panel) and Relative plant height (right panel). The Y-axis represents relative plant height 

in percentage, and the X-axis represents individual mutant Arabidopsis plants. Data 

represent means % ± SE. Statistical significance was determined using the Student's t-

test. N=1, n=3 plants for Wt and each of the mutant lines. (N= biological replicate, 

n=technical replicates) 

 

To determine whether these genes have any role in root growth, the seeds of Wt 

and various Arabidopsis mutant lines were grown vertically, and root length was 

measured 10 days post-sowing. The Wt exhibited the longest roots, with an 

average length of 28.1 ± 1.47 mm. Several mutants showed significantly shorter 

root lengths, indicating disruptions in root development. Notably, mre11 (14.9 ± 

0.51 mm) and wrn2 (17.1 ± 1.84 mm) displayed highly significant reductions (p < 

0.001). Similarly, wrn3 (20.3 ± 1.96 mm) showed moderate reductions compared 

to Wt with a p-value less than 0.01. The fancd2-1 (21.9 ± 0.74 mm) and fancd2-

2 (20.2 ± 0.86 mm) lines also exhibited significantly reduced root lengths 

(P<0.05), suggesting that mutations in these genes impair root growth. In 

contrast, rad5a-1, rad5a-2, xrcc2-3, brca1-1, brca1-2, exo1a, exo1b, fanci-1, and 

fanci-2 displayed root lengths comparable to Wt, suggesting a minimal role of 

these genes in root development under physiological conditions (Figure 3.12A, 
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B). Overall, these results highlight that the selected genes show varying degrees 

of influence on root growth, with some being dispensable whereas others are 

essential. This suggests that root development is a complex process, involving 

not only genes directly associated with growth but also those known for their roles 

in DNA repair and recombination. 
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Figure 3. 12  Phenotype of Wt and mutant Arabidopsis plants.   

A) Root length of wild type and Arabidopsis mutant plants was measured 10 days post-
sowing. B) Bar chart representing the root length in mm. The distance from the beginning 
of the root to the end was measured by the Ginifab tool. Data represent means ± SE. 
Statistical significance was determined using one-way ANOVA and the Tukey test using 
R version 4.4.2. N=2, n= 10 plants for Wt and each of the mutant lines. * Represents 
p<0.05; **=P<0.01, ***= p<0.005.. (N= biological replicate, n=technical replicates). 

 

3.2. 4  Effect of mutation on seed production  

To study whether these mutants show any defect in seed weight and size, 100 

mg of seeds from Wt and each of the mutant plants were weighed and plated on 

0.1% agar as mentioned in the materials and methods section. The seeds were 

manually counted.  The average number of seeds in 100 mg of weight did not 

follow a Poisson distribution, as revealed by a significant difference in the number 

of seeds in the Wt and the mutants. The average number of seeds in 100 mg Wt 

was 59.25 (±1.7). The number of seeds in all the mutants was significantly lower 
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except for fanci-2 (71.0±3.0). The largest and most significant decrease 

(p<0.001) was observed in fancd2-2 (32.5± 1.32) and fanci-1 (38.25±0.6), 

followed by rad5a-1 (42.5±2.3) and xrcc2-3 (42.25±0.62). For other mutants, the 

seed number was marginally but significantly reduced (p<0.05, Figure 3.13A).  

 

 

Figure 3. 13  Effect of mutation on seed weight and size.  

A) The average number of seeds in 100 mg of wild-type and mutant seeds was 
determined by manual counting. A statistical test (Poisson distribution) was applied to 
determine the significance of the results. *** represent P value < 0.001, ** represent p 
value <0.01, and * represent p value <0.05. Data represent means ± SE. N=2, n= 2 
plants for Wt and each of the mutant lines (N and n represent biological and technical 
replicates, respectively. B) Seeds from Wild-type (43 numbers), fancd2-2 (30 numbers), 
fanci-1 (40 numbers), and fanci-2 (20 numbers) were imaged using a camera attached 
to the microscope. The percentage of the small seeds was determined and plotted as a 
bar chart. 

 

The observed changes in seed count may be due to the altered size of the seeds. 

To clarify this, the seed size was manually checked using a microscopic image 

of the seeds from Wt and some of the mutant lines, (such as fancd2-2, fanci-1, 

and fanci-2) using a 1mm grid paper These mutants were selected as the former 

two have the least number of seeds, whereas the latter had the highest number 
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of seeds compared to the Wt (Figure 3.13B). A total of 40 seeds were analysed 

from the Wt and fanci-1 mutant, whereas for fancd2-2 and fanci-2, 30 and 20 

seeds were analysed, respectively. Results revealed that the percentage of small 

seeds was lower in fancd2-2 (0 %) and fanci-1 (7.5 %) mutants as compared to 

the Wt (13.9 %). On the contrary, it was 40% in fanci-2, which could be the reason 

for its increased number of seeds in 100 mg of weight. These results also suggest 

the potential role of these mutants in influencing seed growth.  

 

3.2. 5  Effect of DNA -damaging agent on fresh weight and root length 

of the Wt and mutant Arabidopsis plants  

To determine the role of these genes in the repair of damaged DNA, the Wt and 

mutant seeds or seedlings of these mutant lines were treated with the DNA-

damaging agents such as MMC, UV, Menadione, and X-radiation, and their 

sensitivity towards these agents was studied (Figure 3.14). 

 

 

Figure 3. 14  DNA-damaging agents used in the current study . 

A) Seeds were treated with  X-rays at a dose of 100 GY (Gray). B) UV light was used for 
DNA damage induction for Arabidopsis seedlings. C) Chemical induction was done with 
mitomycin and menadione in separate experiments.  
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In an experiment, the effect of MMC on brca1 mutant lines was studied 

(Figure.3.15A). The untreated plants of the Wt, brca1-1 and brca1-2 had mean 

fresh weights of 49.7 ±7.3 mg, 63.8 ±8.7 mg, and 53.6 ±3.9 mg, respectively. 

 

 

 

Figure3. 15  Genotoxin sensitivity assay.   

A) Phenotype of wild-type plants as well as brca1-1 and brca1-2 plants, grown for 3 

weeks after treatments of the seeds with or without MMC. B) Graph showing the effect 

of MMC on the fresh weight of the Wt and mutant plants. MMC was used at a 

concentration of 4mg/L. Data represent means ± SE. Statistical significance was 

determined using one-way ANOVA and the Tukey test using R version 4.4.2. Different 

letters were assigned to significantly different groups (p < 0.05), groups with multiple 
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assigned letters are not significantly different from groups sharing one of these letters. 

N=2, n=10 plants per mutant line. N=biological replicates, n= technical replicates. 

  

Weights of the plants treated with MMC were less compared to the control plants, 

with the treated plants weighing 6.9 ±0.87 mg, 5.3 ±0.5 mg, and 4.26 ±0.78 mg 

for Wt, brca1-1 and brca1-2, respectively (Figure 3.15B). Both mutants showed 

a slight decrease, suggesting a marginal role of BRCA1 in ICL repair; however, 

the decrease was statistically non-significant between the treated groups 

 

3.2. 6  RNA-seq analysis of the mre11-4 mutant  

Arabidopsis lacking MRE11 showed growth and development defects, which 

were revealed by its dwarf nature (Figure 3.11). These defects could be due to 

direct or indirect involvement of MRE11 in processes that control cell division or 

death. To gain insight into the growth defect, differential gene expression analysis 

was carried out for this mutant. 

 

3.2.6. 1  Quality assessment of sequenced raw reads  

This study used sequenced raw reads derived from the transcriptomes of above 

-ground tissues of mre11-4, and Wt Arabidopsis plants at 6 weeks post-

germination, at the appearance of the first flowers. One individual mutant plant 

was used per sample, with homozygous plants analysed in duplicate, providing 

four samples. Total RNA was isolated and sequenced using the Illumina platform.  

This sequencing data was obtained from the work outsourced to Azenta. Several 

factors could negatively impact the sequencing process. Moreover, errors could 

also occur during library preparation, which can compromise the quality of the 

sequencing results.  These errors include incorrect base calling, contamination 

from the adaptor, and duplications from PCR amplification steps (Williams et al., 

2016). Therefore. Raw reads from each sample were assessed for their quality 

by using the FastQC tool (version v.0.11.9; Andrews, 2010), which used the 

Galaxy open-source platform [https://usegalaxy.org/]. This tool checks for various 

quality parameters such as sequence quality per nucleotide, distribution of 

sequence based on the length, cytosine to guanine ratio , contamination from 

adapter sequences, presence of overrepresented sequences and for each 
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nucleotide position, the occurrence of ambiguous bases is also identified 

(Andrews, 2010). Poor quality bases were then removed using the Trimmomatic 

tool (version 0.38; Bolger et al., 2014). The Phred quality score of the reads in 

each sample was selected such that the reads lie in a normal distribution range, 

which is previously described for the Arabidopsis genome (Oyama et al., 2008) 

(Table 3.1). Multiple Fast QC reports from similar samples were summarised 

using MultiQC Version v.1.24.1 (Ewels et al., 2016). After filtering data, the read 

bases in the Wt and mre11-4 samples possessed an average base Phred quality 

score (Q) of Ó30, equivalent to a correct base call of 99.9% (Ewing et al., 1998) 

(Table 3.1). 

 

Table 3. 1  Quality summary of sequenced reads for the Wt and mre11-4 
samples.  

 

1-2 = Number of biological replicates for each sample. Gbp= billion base pair, GC= 
proportion of Guanine and cytosine to adenine and thymine, Q= Phred quality score 

 

 To determine the pattern of gene expression variation between samples, the 

principal component analysis (PCA) plot was generated. The PC1 axis shows 

variation between the mutant and the Wt samples, while PC2 shows variation 

between the two replicates. Samples showing similarity in gene expression tend 

to cluster together, while samples with differences will remain separated. The 

PCA analysis for mre11-4 RNA-seq analysis, as compared to Wt, showed a large 

difference as shown by the PC1 (95% variance) axis, suggesting a change in the 

transcription due to the mutation of the MRE11 gene (Figure 3.16). Small 

variation between the replicates, as shown by PC2 (4% variance) axis, could be 

due to biological variability in the replicates.  

 

Genotype Raw reads  Raw bases  Clean reads  

Clean 

bases  

GC content 

(%)  Q 

Wt  (1)   22648842  3.3Gbp  21501350  3Gbp  46  39.89  

Wt  (2) 22867834  3.4Gbp  21690035  3Gbp  46  39.88  

mre11-4 (1) 25146798  3.7 Gbp  23849263  3.3Gbp  45  39.92  

mre11-4 (2)  24081056  3.6Gbp  22883070  3.2Gbp  46  39.73  
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Figure 3. 16  Principal Component Analysis (PCA) of Wt and Atmre11-4  

The PCA  shows the gene expression pattern from two samples, each of Wt (represented 

by a blue circle labelled as CON), and mre11 (represented by a red circle). 

 

3.2.6. 2  Read alignment and quality   

The sequenced reads were mapped to the Arabidopsis GCA_000001735 

reference genome. The annotated file retrieved from the Ensemble plants 

database [Index of /pub/plants/release-60/fasta/ arabidopsis _thaliana/dna] 

(Yates et al., 2022) was used for mapping. The HISAT2 tool at the Galaxy platform 

(version 2.2.1; Kim et al., 2015) was used to increase the accuracy of the mapped 

reads. Further, unmapped and singleton reads were not included in the further 

analyses. The quality of the mapped reads was then assessed. For mre11-4, an 

average of 20,881,799 reads (>87%) were found to be uniquely located  in the 

reference genome, ranging from 19768976 to 21994623 reads for the two 

samples (Table 3.2). Approximately 6.8 to 7.7% of reads aligned at more than 

one location, and 1.9 to 2.1% of mostly short reads were unaligned. (Table 3.2).  

 

Table 3. 2  Alignment summary of sequenced reads for Wt and mre11-4 
mutant.  

 

Status  

 

Assigned 

reads 

                                       Unassigned reads 

Unmapp

ed  

Chimera  MultiMapp

ing 

_No 

Features 

Ambiguity  

 Wt (1)  2E+07 431740 86100 1735404 185393 347626 

%  87.6 1.9 0.4 7.7 0.8 1.5 

Wt (2)  2E+07 473752 100580 1722537 198305 370290 

%  87.4 2.1 0.4 7.6 0.9 1.6 

mre 11-4 (1)  2.2E+07 502983 94813 1696393 199031 390417 

%  88.4 2 0.4 6.8 0.8 1.6 

https://ftp.ensemblgenomes.ebi.ac.uk/pub/plants/release-60/fasta/arabidopsis_thaliana/dna/
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mre11-4 (2)  2.1E+07 486378 91999 1848065 208825 373530 

%  87.5 2 0.4 7.7 0.9 1.6 

1-2= indicates biological replicates.  

 

 

3.2.6. 3  Differentially expressed genes (DEGs) and pathway 

enrichment following mre11 knockout in Arabidopsis.  

For differential gene expression analysis, the Feature Counts tool (version 1.11; 

Liao et al., 2014) was applied to determine how many reads were aligned to each 

gene. Next, the DESeq2 tool (version 2.11.40.8; Love et al., 2014) was used on 

the count data for differential expression analysis. This method normalises the 

differences in size of the library and the initial RNA concentration between the 

samples. DESeq2 reduces the chances of false positive results by utilising the 

Benjamini-Hochberg method (Benjamini and Hochberg, 1995), which, by 

adjusting the p-value threshold, makes corrections for multiple comparisons. The 

result of DESeq2 displays a list of genes that showed higher or lower expression 

in the mutant sample in relation to the Wt sample. All genes in the DESeq2 which 

showed adjusted p-value (p-adj) <0.05 were considered for further study.  In the 

mre11-4 mutant, 1313 and 441 genes were found to be upregulated and down-

regulated, respectively, in the mre11-4 mutant plant (P<0.05). The expression 

patterns of the top 100 down and upregulated genes between the Mre11 mutants 

relative to Wt types are shown in the heatmap (Figure 3.17 A-B). AAA-ATPase1 

(AT5G40010) and Pectin lyase-like superfamily protein (AT3G07850), 

respectively, were found to be the top upregulated and downregulated genes. 

Relative fold changes for these mRNAs are shown in Figure 3.17C-D. Pathway 

enrichment of all differentially regulated genes was carried out using (Ge et al., 

2020) Go0.82 and is presented in Table 3.3. 
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Figure 3. 17  RNA-seq analysis in Wt and mre11-4 mutant plants.  

A) Heatmap of counts for the top 100 downregulated and (B) upregulated genes 

represented using R version v4.4.2. C) Relative log2 fold change for the most 

upregulated (D) and downregulated genes.  
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Fold enrichment represents the overrepresentation of the DEGs in a specific 

biological pathway. Fold enrichment is determined on the basis of the number of 

input genes present in a specific pathway and the total number of genes known 

in that particular pathway.  

 

Table 3. 3  Pathway enrichment analysis of common differentially regulated 
genes in mre11-4 mutant relative to Wt type. 

 

Downregulated genes 

Enrichme

nt FDR 

No. of 

Genes 

Pathw

ay 

Genes 

Fold 

Enrichm

ent 

Pathways 

2.7E-02 3 7 21.5 Cellular response to sulphur 

starvation  

8.7E-03 5 19 13.2 Neutral amino acid transport 

2.7E-02 4 16 6.3 mRNA transcription  

2.7E-02 6 48 6.3 S-glycoside biosynthetic proc.  

2.7E-02 6 48 6.3 Glucosinolate biosynthetic proc.  

8.7E-03 9 78 5.8 Amino acid transport 

6.0E-03 11 98 5.6 Pectin catabolic proc. 

2.7E-02 7 65 5.4 Microtubule based movement 

1.3E-02 11 127 4.3 Phloem or xylem biogenesis 

6.0E-03 15 192 3.9 Polysaccharide catabolic proc. 

2.7E-02 11 147 3.8 Organic acid transport 

2.7E-02 14 237 3 Microtubule based proc. 

2.7E-02 21 450 2.3 Cell division  

7.2E-03 32 700 2.3 Cell wall organisation or 

biogenesis 

2.4E-02 26 579 2.3 External encapsulating structure 

organisation 

2.7E-02 30 731 2.1 Tissue development 

2.7E-02 38 1043 1. 8 Anatomical structure 

morphogenesis 

2.4E-02 43 1183 1. 8 Carbohydrate metabolic proc. 

2.7E-02 53 1639 1.6 Response to hormone 

Upregulated Genes 

3.90E-33 63 183 6.8 Response to salicylic acid 

5.90E-54 118 407 5.7 Defence response to bacterium 

7.40E-64 143 509 5.5 Response to bacterium 

9.30E-34 79 288 5.4 Immune system process 

5.60E-32 76 282 5.3 Immune response 

1.60E-27 67 254 5.2 Innate immune response 
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The pathway enrichment analysis of common downregulated genes in the mre11 

mutant in comparison to wild type (Wt), it reveals several significantly altered 

biological processes. Cellular response to sulphur starvation was the most 

enriched pathway and showed a high degree of fold enrichment (21.5-fold). 

Besides this, processes and pathways associated with the transport of amino 

acids, regulation of transcription and biosynthesis pathways (e.g., S-glycoside, 

glucosinolate) were also found to be significantly affected. The fold enrichment 

for the above processes ranged from 6.3 to 13.2-fold. Further, cell division, cell 

wall organisation, and tissue development pathways were moderately enriched 

with an enrichment ranging from 2.1ï2.3 fold (Table 3.3). The significantly 

upregulated genes were involved in pathways associated with immune reaction 

and stress, such as response to plant hormones involved in defence against 

pathogens and immune system processes. The most prominent enriched 

pathway was response to plant hormone salicylic acid with a fold enrichment of 

6.8-fold (Table 3.3). 

 

 

 

 

Upregulated Genes cont... 

Enrichment 

FDR 

No. of 

Genes 

Pathway 

Genes 

Fold 

Enrichment 

Pathways 

2.40E-61 216 1178 3.6 

Defence response to other 

organism 

4.40E-77 270 1485 3.6 

Response to external biotic 

stimulus 

4.40E-77 270 1485 3.6 Response to other organism 

2.70E-87 307 1704 3.5 Defence response 

8.80E-76 270 1507 3.5 

Biological processes involved in 

interspecies interaction 

3.80E-67 297 1947 3 Response to external stimulus 

1.40E-37 178 1182 3 Protein phosphorylation 

3.40E-86 492 3953 2.4 Response to stress 

5.60E-29 195 1591 2.4 Phosphorylation 

5.50E-26 195 1679 2.3 

Response to oxygen-containing 

compound 

1.00E-24 239 2320 2.2 Cell communication 

6.80E-33 315 3091 2.2 Response to chemical 

9.60E-33 330 3315 2 Cellular response to stimulus 
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3. 3  DISCUSSION 

 

The T-DNA insertion mutants are valuable assets for functional gene analysis in 

plants, and especially to dissect properties involved in genome stability and 

developmental plasticity (Wang, 2008). DNA repair pathways such as the 

Fanconi anaemia pathway are underexplored in plants. Notably, homologues of 

some genes (FANCI, FANCD2, FANCM, and BRCA1) involved in the FA pathway 

are found in plants, and a few of them (FANCM and its interacting partners, 

FANCD2) are shown to be required for homologous recombination in both mitotic 

and meiotic cells (Knoll et al., 2012; Kurzbauer et al., 2018). Additionally, BRCA1 

is shown to be involved in ICL repair (Reidt et al., 2006). Building on this 

foundation, the current chapter investigated mutant lines fanci-1, fanci-2, fancd2-

1, fancd2-2, brca1-1, and brca1-2 for further studies. Besides these, rad5a-1, 

rad5a-2, wrn2, wrn3, exo1a, exo1b, mre11-4, and xrcc2-3 were also included to 

explain their role in DNA damage response and CRISPR-induced DSB. These 

genes were selected for their involvement in distinct repair mechanisms in 

Arabidopsis. Several plant DNA repair mutants exhibit distinct phenotypes that 

reflect the importance of their corresponding pathways. For instance, Arabidopsis 

mutants lacking components of the non-homologous end joining (NHEJ) 

pathway, such as ku70 and ku80, show increased sensitivity to DNA-damaging 

agents and reduced root elongation due to impaired double-strand break (DSB) 

repair (Tamura et al., 2002). In the HR pathway, mutants like rad51 and brca2 

display developmental abnormalities, fertility defects, and compromised HR 

repair (Bleuyard et al., 2005). Comprehensive reviews by Waterworth et al., 

(2011), Manova and Gruszka, (2015), and Bleuyard et al. (2006) provide further 

context on how these genetic lesions impact plant growth and genome 

maintenance. T-DNA insertion in most of these Arabidopsis genes studied here 

did not produce growth and development defects except for MRE11. Previous 

reports also show that Arabidopsis fancd2-1 and fancd2-2 homozygous mutant 

plants develop normally and are mildly affected in fertility (Kurzbauer et al., 2018). 

Arabidopsis brca1-1 harbouring a mutation in the 4th exon did not exhibit 

morphological or developmental defects as revealed by similar height, 

morphology, fresh weight, leaf water potential, and net photosynthetic rate as 
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compared to Wt plants (Wang et al., 2020). The rad5a-1 (SALK_124891), rad5a-

2 (SALK_047150) homozygous mutants are viable and do not show any 

deviation from the wild-type phenotype under standard growth conditions (Klemm 

et al., 2017; Chen et al., 2008). T-DNA insertion lines of XRCC2 (Salk_029106) 

do not show any fertility defects and have normal vegetative development, but 

are hypersensitive to Mitomycin C, but not to ɔ-irradiation (Bleuyard et al., 2005). 

 The Arabidopsis exo1a exo1b double mutants are fully fertile (Karel Riha and 

Max Rºssler, pers. commun.); however, plants homozygous for a T-DNA insertion 

in a conserved region of the MRE11 gene are viable but exhibit severe growth 

defects and are sterile. For instance, mre11-3 and mre11-4 mutants were sterile 

(Puizina et al., 2004; Samanic et al., 2013) due to the essential role played by 

MRE11 in meiotic recombination (Puizina et al., 2004). The phenotype of 

Arabidopsis wrn null mutant plants is comparable to that of Wt except that these 

mutants show early flowering (Glazov et al., 2003). 

 

A key methodological consideration in this study was rigorous genotype 

confirmation of mutant lines. Determining zygosity (heterozygous vs. 

homozygous) is critical for phenotype interpretation, as recessive mutations may 

only manifest in homozygous states, while dominant traits or haploinsufficiency 

effects can arise in heterozygotes. Further, genotype confirmation helps to 

maintain the desired mutation in the next generation and also increases the 

reproducibility of the results. Moreover, it also helps to know how the altered gene 

is involved or interacts with other genetic pathways.  

 

In this study, a PCR-based validation strategy was used for genotyping the 

Arabidopsis mutant lines.  Previous studies and sequencing revealed that 

insertions within critical exons disrupted functional domains, potentially leading 

to truncated or non-functional proteins (Kulkarni et al., 2008). 

 

3.3. 1  Phenotypic Impact on Growth and Development  

In this study, mutants like mre11-4 and rad5a-2 showed a reduced height 

compared to Wt plants, whereas the plant height of other mutants was in 

accordance with previously published results. This suggests that few genes 
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functioning in DNA repair are also involved in normal growth and development. 

This decrease suggests that the lack of these gene products interferes with cell 

division and elongation, thus restricting the full height of the plant. It has been 

previously reported that plants homozygous for a T-DNA insertion in a conserved 

region of the MRE11 gene (mre11-3 and mre11-4 mutants) were sterile with 

severe meiotic defects and extensive chromosome fragmentation, whereas other 

alleles such as mre11-2 are fully fertile and undergo normal meiosis, likely due to 

the production of a partially functional truncated protein (Puizina et al., 2004; 

Samanic et al., 2013). These allele-specific differences in phenotype could also 

reflect differences in the position or type of mutation (e.g., point mutation vs. T-

DNA insertion), which may variably affect protein domains critical for meiotic 

repair. Furthermore, discrepancies in phenotypic characterisation methods, such 

as using leaf area versus plant height to assess growth, could contribute to the 

observed variation in somatic development. This emphasises the need for a 

systematic phenotypic and molecular analysis of mre11 mutants. In support of 

this, RNA-seq data in the present thesis reveal distinct transcriptional profiles in 

the mre11-4 mutant, including differential expression of genes involved in tissue 

development, cell division, and hormone signalling pathways. These trans-

criptomic shifts may underlie the variation in both fertility and vegetative growth, 

offering molecular insight into the functional divergence among mre11 mutant 

alleles.  The other mutants, such as fanci-1, fanci-2, fancd2-1, fancd2-2 and 

xrcc2-3, did not show any difference in the plant height, suggesting either they 

have roles under specific stress conditions or there may be redundant proteins 

or pathways that can compensate for the absence of these proteins. This 

highlights the complexity of the pathways involved in the growth and development 

of plants under physiological conditions. The height of the rad5a-2 mutant was 

distinctly smaller, which is inconsistent with previous observations, which 

suggested that no phenotypic alterations occurred in rad5a-2 (SALK_047150) 

upon growth under standard conditions (Chen et al., 2008). This discrepancy may 

result from the use of different mutant alleles, environmental conditions, or slight 

differences present in the genetic background. These discrepancies highlight the 

necessity of a systematic and comparative assessment of plant growth defects 

across different genetic backgrounds. 
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For developmental effects, the root system was also examined under 

physiological conditions. Indeed, defects in root growth can compromise 

processes such as absorption of nutrients, stress response, and possibly plant 

fitness. Specifically, -mre11, wrn2, wrn3, and, to a degree, fancd2-2, had shorter 

roots. The root architecture of these mutants has not been extensively 

characterised.  The results indicate a role for these genes in cell division and 

differentiation in root apical meristem maintenance or development. The 

observation that not all FA pathway genes seem to be required for root 

development is quite interesting. For instance, fanci-1 and fanci-2 roots were 

similar in length to Wt plants, implying that FANCI function is not required for root 

growth, or that redundant pathways in the cell compensate for the role of FANCI 

(Herrmann et al. 2015). This indicates the intricacy of DNA repair pathways and 

their role during development. 

 

These results indicate that some components of the DNA repair pathways have 

additional functions from their canonical roles in genome maintenance that 

contribute to growth and development. However, certain mutants showed no 

difference in growth at the permissive temperature, indicating that their functions 

may only be relevant under genotoxic stress or that their loss is buffered by 

redundant pathways.  

 

3.3. 2  Effect of mutation on seed size  

Seed development is a complex and tightly regulated process controlled by both 

genetic and environmental factors. Although some associated genes are involved 

in DNA methylation and known to affect the seed size (FitzGerald et al., 2008; 

Herridge et al., 2011), the potential role of DNA repair genes in this process has 

not been characterised. Mutations in several DNA repair genes caused changes 

in seed size and number in this study, and further imply that such genes may 

directly or indirectly contribute to seed biology beyond the primary functions of 

DNA repair and genome stability. 

 

The Fanci-2 mutant produced more seeds, likely because of a higher occurrence 

of smaller-sized seeds, suggesting that FANCI is essential for preserving seed 
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size in physiologically normal conditions. In contrast, fanci-1 mutant seeds were 

mostly larger than the wild-type, indicating divergent functions between these two 

alleles of FANCI. The variation in seed weight was also linked to the difference, 

where fanci-2 yields more seeds per 100 mg than fanci-1. This variance implies 

that FANCI might affect seed size through mechanisms governing cell 

proliferation, endosperm development and nutrient allocation. In contrast, the 

frequency of larger seeds was enhanced in the fancd2-2 mutants, indicating that 

FANCD2 may help maintain a setpoint for optimal seed size. 

 

However, all other mutants studied exhibited a reduction in seed number to 

varying degrees between the lines (Figure 3.13A). This suggests that DNA repair 

genes contribute to seed formation and viability, potentially by ensuring genomic 

stability during embryogenesis (Waterworth et al., 2016). One possible 

explanation for reduced seed production is that these genes function in the repair 

of replication-associated DNA damage, preventing mutations that could disrupt 

seed formation. Alternatively, these genes may also influence cellular processes 

such as cell cycle progression and maturation, which are essential for maintaining 

the balance between seed size and seed number. These results highlight an 

unexpected connection between DNA repair pathways and seed development, 

but additional work is required to determine if any of these genes act jointly with 

known size regulators (e.g. methylation and hormonal determinants; Xiao et al., 

2006). 

 

3.3. 3  Gene Function and DNA Damage Response  

To investigate the role of selected DNA repair genes (BRCA1) in response to 

genotoxic stress, the Wt and mutant plants were treated with MMC.  A marginal 

decrease in fresh weight in both the mutants as compared to Wt indicates that 

BRCA1 likely have a minor function in ICL repair, or that its function is 

compensated by other pathways. However, previous reports showed that BRCA1 

mutants (same Salk line as used in this chapter) were hypersensitive to MMC 

(Reidt et al., 2006) due to an inability to repair ICLs. This is similar to what is 

reported in the mammalian system, suggesting functional conservation of BRCA1 

(Tian et al., 2013).  The lower MMC response of both brca1 mutants in the present 
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study could be due to the use of a 5 fold lower concentration of MMC. Higher 

concentrations of MMC could not be tested in the present study, as they showed 

lethality. 

 

Thus, it can be concluded that DNA repair mutants studied here were generally 

fairly normal apart from MRE11, which suggests that the growth defect in the 

mre11 mutant probably is not because of HR, NHEJ or DNA damage signalling 

defects, but could be all these combined. 

 

3.3. 4  MRE11 is required for cellular homeostasis and plant 
development  

MRE11 is a crucial component of the double-strand break repair pathway, and a 

homozygous null mutation of this gene in vertebrates is lethal, thereby creating a 

hindrance in deciphering its functions (Zhu et al., 2001). Studies 

in Saccharomyces cerevisiae suggest that the  Mre11 complex takes part in 

NHEJ as well as Homologous recombination repair pathways (Ma et al., 2003; 

Signon et al., 2001). Similarly, in Arabidopsis, the role of MRE11 in meiotic and 

mitotic DNA repair is reported (Puizina et al., 2004); however, its role is not yet 

studied in detail. Unlike animal systems, homozygous mutants of At MRE11 are 

viable; however, these plants are infertile and exhibit growth defects such as 

reduced leaf size and disrupted phylotaxis (Bundock and Hooykaas, 2002). The 

growth defect results from arrest of the cell cycle, as well as due to cell death. 

This was evident from the enrichment of ɔ-H2AX foci in the S-phase or early G2-

phase cells of this mutant (Amiard et al., 2010). 

 

Studies in S. cerevisiae have shown an additional role of the MRX complex 

(Mre11-Rad50-Xrs2 (MRX) as a transcription regulator and in chromosomal 

organisation (Forya et al., 2021).MRX physically interacts with chromatin and 

associates with the transcriptional co-regulator Mediator protein. MRE11 mutant 

yeast cells showed differential expression of 723 transcripts, and most of these 

transcripts were found to be increased, suggesting MRE11 acts as a suppressor 

of transcription. Interestingly, the genes which were upregulated in the mre11 

mutant yeast strain (Cell wall biosynthesis, cell division, polysaccharide 
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metabolic process) were found to be downregulated in the Arabidopsis mutant. 

While the downregulated genes in both yeast and Arabidopsis mutants did not 

show any overlap, this suggests differences in the role of MRE11 in yeast and 

plants. In plants like rice (Oryza sativa), MRE11 is also shown to function as a 

transcription regulator. OsMRE11 associates with ATM, which phosphorylates a 

transcription factor called SOG1; SOG1, in turn, induces several genes involved 

in the phenylpropanoid pathway, which is required for phytoalexin biosynthesis in 

response to biotic stress (Xu et al., 2024), suggesting a plant-specific function of 

MRE11. The transcriptional role of MRE11 in Arabidopsis remains to be directly 

characterised, while its importance in genome stability is well-established. Amiard 

et al. (2010) showed that atm-2 atr-2 mre11-4 triple mutants exhibited a 

synergistic reduction in root growth and extensive chromosomal fragmentation, 

underscoring MRE11's vital role in maintaining genome integrity in both somatic 

and meiotic cells. Moreover, the authors propose that MRE11's activity is crucial 

for a coordinated DNA damage response, possibly linked with signalling 

cascades involving ATM and ATR kinases. These findings provide a rationale to 

hypothesise that MRE11 may modulate the expression of DNA damage-related 

genes in Arabidopsis, potentially through ATM/ATR-mediated transcriptional 

networks.  

 

Here, RNA-seq analysis of the mre11 mutant and Wt Arabidopsis was carried out 

to determine its role as a transcription regulator. Pathway enrichment analysis 

highlights the important role of MRE11 in controlling the responses to metabolic 

and environmental cues. This is evidenced by the pronounced deregulation of 

cellular response to sulphur starvation and the glucosinolate biosynthesis 

pathway. MRE11 also seems important for cell growth and structural integrity, as 

indicated by downregulation and enrichment of genes involved in cellular 

pathways related to these processes, which could be the possible reason for 

reduced plant height in the mre11-4 mutant.  

 

Interestingly, it was previously shown that Arabidopsis MRE11 interacts with the 

histone acetyltransferase TAF1, a component of RNA polymerase II transcription 

initiation factor complex TFIID. Therefore, there could be a possibility of altered 

transcription of genes upon knockdown of MRE11 (Waterworth et al., 2015). 



118 
 

Analysis of mre11 knockout plants revealed that DNA damage and repair 

pathways were not enriched, suggesting that MRE11 does not directly regulate 

the expression or stability of genes involved in these pathways. However, 

prominent downregulation of genes involved in sulphur starvation response 

suggests an indirect role of MRE11 in the protection of genomes from oxidative 

damage. There is growing evidence that sulphur-containing compounds (like 

glutathione) have a key role in defence against reactive oxygen species (ROS) 

(Takahashi et al., 2023). MRE11-depleted plants also showed upregulated genes 

enriched for response to biotic and abiotic stimuli, suggesting that these might be 

compensatory pathways in response to DNA damage.  For instance, upregulation 

of genes involved in the salicylic acid response might improve plant immunity by 

activating the DNA damage response (Yan et al., 2013). Other reports also show 

that DNA damage response involving homologous recombination is activated in 

response to salicylic acid (Lucht et al., 2002). Overall, in this chapter, successful 

characterisation of many DNA repair and recombination genes was carried out 

through genotyping, stress response assays and phenotypic analyses of multiple 

mutant lines. The present study is constrained by the fact that all this work builds 

on laboratory conditions that may not represent the extensive genetic 

mechanisms at play in natural environments. Further, gene expression studies of 

the mre11 mutant upon treatment with a DNA-damaging agent would have 

helped to reveal its transcriptional role in DNA damage response.  
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Chapter 4  

2  Analysis of genetic factors that determine DNA repair 

and gene targeting efficiency using CRISPR/Cas  

 

4. 1  INTRODUCTION 

 

Targeted gene modification has revolutionised plant biology and enabled us to 

understand gene functions and promote crop improvement efforts. Homology-

dependent Recombination (HDR) mediated gene targeting (GT) using sequence-

specific nucleases such as CRISPR/Cas system has been carried out in the 

model plant, Arabidopsis (Zhao et al., 2016), as well as several crop plants, such 

as soybean (Li et al., 2015), tomato (Filler Hayut et al., 2017), and many others. 

However, its application in higher plants is limited due to the low efficiency (1 %) 

of the gene targeting (Fauser et al., 2012). Therefore, further research needs to 

be done in order to understand the factors affecting GT efficiency.  

 

For IPGT efficiency estimation, the acetolactate synthase (ALS) gene is 

frequently used as a target to introduce a herbicideȤresistant phenotype (S653 to 

N mutation) through the homologous donor template carrying these mutations 

(Wolter & Puchta, 2019). ALS is involved in the first step of biosynthesis of 

leucine, isoleucine, and valine (essential branched-chain amino acids). 

Replacing Serine at the 653 residue with Asparagine inhibits the binding of 

herbicides (like Imazapyr) with the ALS protein. Meanwhile, the role of this protein 

in plant metabolic processes remains unaltered, thus conferring resistance to 

herbicides (Sathasivan et al., 1991). 

 

GT is based on the repair of induced DSBs by endogenous DSB repair pathways, 

which include  non-homologous end joining (NHEJ) or homologous recombination 

(HR) (Lieber, 2010; Puchta, 2005). Repair through former pathways introduces 

insertions, deletions, or both, resulting in random mutations in the genome. In 

most cases, these mutations are only of a few base pairs as the process requires 

either no homology or a short homologous sequence of 1-20 bp, called micro-
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homology mediated end joining (MMEJ) (Sfeir & Symington,2015). HDR involves 

precise modification and requires a longer homologous sequence, either 

provided by repeat sequence during any phase of the cell cycle; however, the 

process is highly regulated to operate only in the S and G2 phases, where 

replicated DNA is available (Hustedt & Durocher, 2017). Outcomes of HDR 

pathways can be a sequence conversion, which occurs through the synthesis-

dependent strand annealing (SDSA) pathway, and/or the reciprocal exchange of 

sequences between the target and the donor containing homologous sites in 

trans (sister chromatid), restoring the DSB in a precise way.  

 

However, if the homologous sequences are present near the break sites in cis 

form (such as a tandem repeat), a single-strand annealing (SSA) pathway 

predominantly occurs, which results in the deletion of at least one of the repeats, 

in addition to the spacer sequence (if present) between the repeats (Siebert & 

Puchta,2002). Both SSA and SDSA are useful in genome editing; the former can 

be used to remove non-essential sequences, such as marker genes (Aryan et 

al.,2013), while the later can be used to replace any endogenous gene which has 

sequence homology with the transgene (Moehle et al., 2007). 

 

Several different target loci were previously used to determine the effect, due to 

genomic location and sequence features at the break site. These studies 

revealed that sequence-dependent genomic features influence the DNA repair 

outcome (Vu et al., 2017). Deletions and smaller insertions were all through the 

NHEJ pathway, whereas indels of 5bp to >100 bp arise by SDSA-like processes. 

Notably, most deletions found in mammalian systems are up to 40 bp, and longer 

deletions are rare (Heckl et al., 2014), while in plants selections up to 1000 bp 

were found during repair of CRISPR induced DSB. In both plants and animals, 

short insertions of 1 to 5 bp were frequent (Kim et al., 2015). Thus, it is possible 

to predict that the outcome of targeted DNA DSB repair could aid gene targeting. 

 

In this chapter. A comparative analysis of several Arabidopsis mutants that may 

potentially influence the repair mechanism at selected genomic loci and 

subsequently affect IPGT outcomes was carried out.  

 
















































































































































































































































































































