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ABSTRACT 
 

CRISPR/CAS9- MEDIATED VIRAL INTERFERENCE IN PLANTS 

 Manal A. Tashkandi 

  In prokaryotes, CRISPR/Cas9 system provides molecular immunity to bacteria and archaea 

against invading phages, conjugative plasmids and nucleic acids. CRISPR/Cas9 system has 

been adapted for targeted genome editing across diverse eukaryotic species for a variety of 

applications in basic and applied research. In this dissertation, I propose to adapt the 

CRISPR/Cas9 system to function as molecular immunity machinery against plant DNA viruses. 

Therefore, to test whether the CRISPR/Cas9 system is portable to plants, I produced plants 

stably over-expressing Cas9 and sgRNAs against single or multiple DNA viruses in Nicotiana 

benthamiana (N. benthamiana) and tomato (Solanum lycopersicum) plants. sgRNAs targeting 

the Cas9 endonuclease against different coding and non-coding viral sequences were tested in 

virus- interference experiments.  I explored the possibility of generating robust interference 

against single and multiple DNA viruses. Subsequently, I studied the possibility of virus 

evasion of the CRISPR/Cas9 machinery and evolution of the virus escapees. Finally, I 

produced N. benthamaiana and tomato plants stably expressing the CRISPR/Cas9 machinery 

for developing durable virus resistance. Furthermore, developing effective viral-interference 

system in plants will help to understand the molecular underpinning of virus biology and host-

defense mechanisms against plant viruses. 

 In conclusion, my research project attempted to establish the efficacy and extend the utility of 

CRISPR/Cas9 system for viral interference in plants which promise exciting applications 

including producing engineered plants resistant to multiple viral infection. 
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 Due to the rapid growth of the global population, food security has become a serious 

issue, with more than 800 million people suffer from hunger and millions at risk 

(Cheeseman, 2016). To face this problem, it is critical to nearly double food production 

and increase cropland areas. Agriculture worldwide is affected by constant stresses of 

various biotic and abiotic factors which limit crop productivity. Pathogens including 

fungi, bacteria, viruses, insects and parasitic plants constitute serious biotic stresses 

which can cause serious losses in crop yield. For example, plant virus diseases can lead to 

reduction in global crop yield by 10-15% each year (van Regenmortel and Mahy, 2009). 

Abiotic stress factors including heat, drought, frost, and salinity stresses severely limit 

crop productivity and threaten food security. Therefore, improving plant resistance to 

biotic and  abiotic stresses can help in protecting and increasing crop production, thereby 

enhancing food security (Zaidi et al., 2016c). Viruses are serious biotic stress factors and 

among the most prevalent organisms in environment. In 2012, the International 

Committee on Taxonomy of Viruses (ICTV) reported that there are around 2619 virus 

species, and this number is growing continuously (Galvez et al., 2014). It should be noted 

that plants viruses can cause serious and devastating diseases and can affect important 

key crops for food security, such as wheat, maize, rice, potato and tomato. Virus infection 

lead to serious plant damage which ranges from stunted growth, abnormalities in flower 

or fruit formation, or killing the plant, leading to a significant decrease in plant 
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productivity and important commodities essential for food security (Castle et al., 2009, 

Hull, 2009). 

Different strategies have been applied to control viruses and their impact on agriculture. 

These strategies depend on the use of pesticides to control the vectors transmitting the 

virus or using molecular tools in transgenic plants to target and destroy the virus genome. 

The success of these strategies has been quite limited. Therefore, search for effective 

strategies to control the virus or its transmitting vectors is highly important to increase 

food production and enhance food security for the increasing world population.  

Key advancement in virus control at the molecular level would include developing 

molecular machineries that identify, target and destroy the virus genomes. Developing 

these precision molecular tools is quite challenging, but recently this has changed due to 

emerging transformative technologies. 

Various DNA technologies, developed and established in 1970s, allowed various DNA 

manipulations and opened a new era for biological research (Tyagi and Khurana, 2003). 

Such technologies allowed us to add genes and to test their molecular functions and probe 

the molecular underpinnings of disease states. However, our ability to precisely alter the 

genetic make-up of the target cell or species was quite limited due to the inefficient suite 

of molecular tools at our disposal. Active research efforts have been focusing on 

developing molecular tools or machinery where we can precisely alter the genetic make-

up at a single base level, and thereby maximizing our ability to dictate and control the 

genetic outcome. The precise modifications of the genome through adding or deleting 

DNA bases in different contexts for different applications is referred to as targeted 

genome modification or genome engineering. Such technologies have been used to 
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develop novel therapeutics and for biotechnological applications across various 

eukaryotic species. Molecular biologists use these technologies to edit or modulate the 

function of DNA sequences in any organism including prokaryotic or eukaryotic species 

(Hsu et al., 2014). Therefore, the term ‘genome engineering’ refers to the process of 

making targeted modification to the genome by deletion, insertion or modification of 

DNA sequences in a site-specific manner of cells and organisms to generate gene mutants 

and protein variants including fusions, truncations, or modifications or changes of a 

particular residue. In addition, the precise manipulation of genetic elements controlling 

the transcription; e.g promoter, and other regulatory machineries provides a control over 

the genetic information in cells (Voytas, 2013). Our ability to precisely manipulate the 

genetic information opens myriad of basic and applied research applications. For 

example, generation of plant crops resistant to pathogen infection and developing novel 

personalized-drugs and gene therapeutics (Tebas et al., 2014). Therefore, these 

technologies are being applied in almost all transformable species for basic and applied 

research purposes. For example, these genome engineering technologies are being 

applied in various plant species to improve the performance of crops in hotter and dryer 

environments to mitigate the impact of climate change. And these technologies are 

applied in model organisms to decipher and probe  the functions of  molecular 

machineries controlling plant growth and development and its responses to the 

environment (Mahfouz et al., 2014).   

How we precisely edit the genome? genome editing relies on the use of site-specific 

nucleases (SSNs) that are designed to bind and cleave a sequence specific genomic site, 

creating site-specific double strand breaks (DSBs). These DSBs can be repaired by one of 
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two endogenous repair mechanisms that operate in nearly all cell types and organisms 

(Figure 1). These repair mechanisms include non-homologues end joining repair (NHEJ) 

pathway and the homology directed repair (HDR) pathway (Ali et al., 2015c, Aouida et 

al., 2015a, Piatek and Mahfouz, 2017, Aouida et al., 2015b). NHEJ is the most dominant 

repair pathway in most organisms, including higher plants (Barakate and Stephens, 

2016). The repair of DSBs via this repair pathway leads to the introduction of small 

insertion or deletion of DNA bases of various lengths leading to mutations (Indels). 

Indels occurring in a regulatory or coding sequences of the target gene can result in a loss 

of gene function (gene knockouts) (Wright et al., 2016). On the other hand, the HDR 

pathway is more precise but complex and  requires a repair template of DNA (exogenous 

DNA) that carries the desired modification to be incorporated into the repaired locus 

(Stella and Montoya, 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Genome editing mediated by site-specific nucleases (SSNs). 
Double strand breaks (DSBs) induced by SSNs (pink) can be repaired by either imprecise NHEJ-mediated 

repair that can produce insertion (green) and/or deletion (red) mutations of variable length (indels) at the 
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site of the DSB or by HDR-mediated repair which can introduce precise point mutations or insertions in the 

presence of a donor DNA sequence (purple) resulting in gene correction or gene addition. 
 

It should be noted that traditional mutagenesis methods such as physical and chemical 

mutagenesis have been utilized to induce random DSB formation across the genome 

However, such approaches are time consuming, random, and labor intensive. SSNs have 

been developed to precisely bind to a user-selected DNA sequence and generate a site-

specific DSB at this sequence leading to functional gene knockout or gene fusions 

(Nakatsukasa et al., 2005). SSNs including zinc finger nucleases (ZFNs) and transcription 

activator like effector based nucleases (TALENs) depend on engineering the protein to 

confer DNA binding specificity.  ZFNs and TALENs are composed of a DNA binding 

module which can be engineered to bind to any user-defined DNA sequence, and DNA 

cleaving module composed of a catalytic domain of a non-specific DNA endonuclease 

(Stella and Montoya, 2016). These  powerful SSN technologies for genome editing in 

eukaryotic organisms, including ZFNs and  TALENs are artificial fusion proteins that 

carry the catalytic domain of restriction endonuclease (Fokl), an enzyme found naturally 

in bacterial Flavobacterium okeanokoites  and  can generate a targeted cleavage in 

dsDNA sequences (Sander and Joung, 2014). Until 2013, the dominant genome editing 

tools were ZFNs (Kim et al., 1996)  and TALENs (Christian et al., 2010). Both were used 

for genome editing in different cell types and organisms. Indeed, the first customizable 

DNA-binding modules were generated from the common Cys2-His2 zinc finger domains 

(Porteus and Carroll, 2005).  Assembled zinc finger arrays customized to bind to a user-

selected DNA sequence are fused to the nonspecific catalytic domain of FokI 

endonuclease to create a chimeric zinc finger nuclease (ZFN) capable of generating site-

https://en.wikipedia.org/wiki/Flavobacterium
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specific DSBs (Morton et al., 2006). Although efficient, they were not widely used due to  

the difficulty of protein design and the complex nature of the interaction between zinc 

fingers and DNA  (Sander et al., 2011). Moreover, assembly of ZFNs  is time consuming, 

resource intensive, expensive and suffer from high failure rates (Ramirez et al., 2008). 

Because of these limitations, research efforts have continued to discover new DNA 

binding platforms that can be utilized for the development of targeted genome 

engineering with easier assembly and high efficiency and specificity. Transcriptional 

activator like effectors (TALEs) from phytopathogenic Xanthomonas bacteria were 

developed as a DNA-binding module that can be fused to the FokI endonuclease domain, 

generating a programmable nuclease for targeted genome modification (Miller et al., 

2011, Mahfouz et al., 2011, Christian et al., 2010). The ability of TAL effectors to be 

targeted to specific genomic sequences allows a variety of functional domains to be fused 

for multiple engineering purposes and different genomic manipulations, such as gene 

editing and transcriptional regulation (Cong et al., 2012, Li et al., 2012, Sanjana et al., 

2012). TALENs have been implemented  and showed much success across eukaryotic 

species to edit and regulate genomes (Mahfouz et al., 2014).  

Despite the success of ZFNs and TALENs methods for genome engineering, they suffer 

from several disadvantages. The major limitation of these platforms is that their DNA 

binding specificity relies on protein-DNA interaction, and a new protein design and 

assembly is needed for each new target, rendering these technologies inefficient, costly 

and time consuming (Ceasar et al., 2016). Furthermore, using TALENs to generate 

targeted DSBs requires two TALEN proteins for each single target, further complicating 

the applicability of this system (Sun and Zhao, 2013). As a result, these methods have not 
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been used widely by plant researchers (Belhaj et al., 2013). Furthermore, TALENs are 

big proteins and their delivery is cumbersome in most eukaryotic species. These 

disadvantages limited the wide applicability and adoption of these two classes of SSNs. 

Intriguingly, an emerging genome engineering system is quite precise, efficient, easy to 

engineer, and transformative in basic and applied research as described below. 

 

1.1 CRISPR/Cas system 

 The most recent addition to the genome-engineering toolbox is the clustered regularly 

interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) system 

(Barrangou, 2012). In prokaryotes, CRISPR/Cas systems are used by most archaea, close 

to 90%, and many bacteria, close to 40%, as adaptive immune system to protect against 

invading phages, conjugative plasmids and nucleic acids (Barrangou et al., 2007, 

Barrangou and Marraffini, 2014, Wiedenheft et al., 2012). Interestingly, DNA binding 

specificity of CRISPR/Cas systems depends on Watson–Crick base pairing, which is 

highly predictable and easy to be reprogrammed, thereby allowing easy engineering of 

the machinery to target any user-selected sequence of interest. These important 

characteristics of CRISPR/Cas systems have rendered them to be the most favorite 

system for molecular  and synthetic biologists and engineers to rapidly and efficiently 

edit genomes (Cong et al., 2013a, Ran et al., 2013a).   

1.2 Development of CRISPR/Cas: from adaptive immunity to genome engineering 

 CRISPR/Cas systems were first discovered in 1987 in the Escherichia coli (E. coli) 

genome by Japanese researchers as a series of short direct repeats separated by short 

sequences (Ishino et al., 1987). 15 years later, in 2002, the CRISPR acronym was coined 
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and CRISPR loci were detected in a variety of bacterial and archaeal organisms (Guy et 

al., 2004). In addition, Jansen et al. established that these peculiar DNA repeat arrays 

were often associated with CRISPR-associated (Cas) sequences (Jansen et al., 2002). The 

key insight about their function was discovered in 2005, where three studies showed that 

many spacer sequences were homologous to foreign genetic elements such as plasmids 

and phages (Bolotin et al., 2005, Pourcel et al., 2005). Studies also have found that 

CRISPR loci are transcribed (Tang et al., 2002) where Cas genes encode proteins with 

putative nuclease and helicase domains (Bolotin et al., 2005, Pourcel et al., 2005, Jansen 

et al., 2002). It was proposed that CRISPR/Cas is an adaptive defense system that use 

antisense RNAs as memory signatures of past invasions  (Makarova et al., 2006). 

 Several hypotheses were raised, including thoughts that DNA repeat arrays were often 

associated with Cas sequences (Bolotin et al., 2005). Subsequently,  studies have shown 

that CRISPR/Cas systems occur in approximately 40% of bacterial and 90% of archaeal 

genomes (Grissa et al., 2007). In 2007, the first infection experimental evidence of 

CRISPR/Cas adaptive immune system was provided in Streptococcus thermophiles, 

which shed light on the idea that natural CRISPR/Cas system found in cultured bacteria 

used in the dairy industry could be used for immunization against phages (Barrangou et 

al., 2007). Shortly thereafter, it was shown that mature CRISPR RNAs (crRNAs) in E. 

coli serve as  guides for the Cas protein for antiviral defense (Brouns et al., 2008). In the 

same year, it was also shown that in Staphylococcus epidermidis CRISPR can provide 

immunity against plasmid DNA (Marraffini and Sontheimer, 2008). These studies 

established that CRISPR/Cas systems are one of the most widely adapted systems that 

provide immunity against phages and plasmids via crRNA-guided interference.  
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The adaptive immunity mechanism of the CRISPR/Cas systems can be divided into three 

main stages (Figure 2). First, the acquisition phase, bacteria or archaea harboring one or 

more CRISPR loci respond to phages or plasmids invasion by incorporating pieces of 

their genome (protospacers) into host genome at proximal end of CRISPR array for 

immunization, and use these sequences as a memory records during the defense phase of 

CRISPR interference (Barrangou, 2013). The leader sequence, in CRISPR/Cas9 for 

example, is defined as A/T rich- noncoding stretch of nucleotides located upstream of the 

first repeat and downstream of the last Cas gene. This leader act as a promoter for 

transcription of the CRISPR array (Wiedenheft et al., 2012, Terns and Terns, 2011). 

Second, transcription and maturation phase, where the CRISPR array is transcribed into 

precursor CRISPR RNA (pre-crRNA) molecules. These pre-crRNAs are further 

processed into mature crRNAs via the help of host accessory components  (Sashital et al., 

2011, Deltcheva et al., 2011). Third, the final stage is the CRISPR interference, where 

mature crRNAs guide the Cas effector to cleave homologous invading nucleic acids. 

Various CRISPR/Cas systems have been identified across a wide range of bacteria and 

archaea based on their distribution, organization of their loci and signature proteins 

(Makarova et al., 2015b, Shmakov et al., 2015). To date, all discovered CRISPR/Cas 

systems are classified into two main classes (class I and class II) that are further 

subdivided into different types and subtypes (Makarova et al., 2011). Class I 

CRISPR/Cas systems (including type I, III, and IV) are the most abundant CRISPR/Cas 

systems found in bacteria and archaea, which employ multi-subunit effector complexes 

for targeted nucleic acid interference (Makarova et al., 2015a). Class II CRISPR/Cas 
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systems (including type II, V, and VI) are less common and found mostly in bacteria, 

although they were recently found in archaea (Burstein et al., 2017). 

 

 

 

 

 

 

 

 

 

 

Figure 2: Molecular mechanism of CRISPR/Cas system. 
The CRISPR/Cas9 system evolved to provide adaptive immunity in bacteria and archaea against invading 

DNA viruses. The various elements of CRISPR/Cas systems including Cas genes (with the universal Cas1 

and Cas2), the leader (L), spacers (boxes), repeats (diamonds) graphically depicted.  Adaptive immunity is 

built through three main stages: First, acquisition of new spacers at the leader end, which are derived from 

invasive DNA by an unknown mechanism. Second, in the expression stage, the repeat-spacer array is then 

transcribed as a full-length pre-crRNA composed of spacers interspersed with repeats. Then, the mature 

RNAs then form a ribonucleoprotein complex with Cas proteins. Third, in the interference stage, the 

mature crRNAs guide the Cas9 ribonuclease to bind the complementary sequence of the target DNA to 

mediate interference by guiding endonucleases toward homologous nucleic acid sequences.  
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1.3 The core elements of the CRISPR/Cas system 

 The CRISPR/Cas locus in bacterial genome is composed of two components that are 

required for targeted interference of invading nucleic acids: Cas genes, which are 

organized in operon(s), and the CRISPR array, which is transcribed into pre-crRNAs that 

is further processed into individual crRNAs. Cas proteins constitute diverse families that 

are involved in different steps of CRISPR-mediated immunity (Makarova et al., 2011, 

Horvath and Barrangou, 2010). There are more than 40 Cas gene families that have been 

identified, and different CRISPR loci have different sets of these Cas genes (Figure 3) 

(Makarova et al., 2006). Cas1 and Cas2 are universal proteins that are present in most of 

CRISPR loci (Marraffini and Sontheimer, 2010). In addition to these two genes, there are 

signature genes for other types of CRISPR/Cas systems. For example, Cas3, Cas9 and 

Cas10 are signature proteins of types I, II and III respectively (Makarova et al., 2011).  

 

 

Figure 3: Genomic structure of a CRISPR locus. 
CRISPR/Cas systems include the universal cas1 and cas2 genes, signature genes for different types of 

systems and the CRISPR array. 

 

1.4 The CRISPR/Cas9 system 
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 The CRISPR/Cas9 system of class II type II is one of the best characterized CRISPR/Cas 

systems, and has been the first to be developed as an efficient genome engineering tool. 

CRISPR/Cas9 uses a single RNA-guided Cas9 protein to recognize and cleave target 

DNA sequence and confer resistance against invading foreign nucleic acids from phages 

and conjugative plasmids (Barrangou and Doudna, 2016). Cas9 protein contains two 

endonuclease domains named HNH and RuvC domains (Makarova et al., 2011, 

Makarova et al., 2001, Taylor et al., 2011, Sapranauskas et al., 2011). The specificity of 

this CRISPR/Cas system depends on the principle of Watson-crick base paring between 

the guide RNA (crRNA) and the target DNA sequence (Figure 4).  

 

 

Figure 4:  Engineering of eukaryotic expression system of a species-specific codon-

optimized Cas9 gene and its single guide RNA. 
(A) Expression of Cas9 gene is driven by a constitutive promoter and fused to nuclear localization signals 

(NLS) that enable its import into the cell nucleus. (B) The expression of sgRNA molecule containing the 

20-nt complementary region (spacer) for specific DNA binding and the sgRNA hairpin or scaffold and is 

driven by a Pol III promoter such as U3 or U6 promoters.   

 

In nature, two small RNA molecules, namely crRNA and trans-activating crRNA 

(tracrRNA) (Figure 5A), guide the Cas9 endonuclease protein to recognize and cleave the 

target DNA sequence (Karvelis et al., 2013). The first insight on the potential of the 
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CRISPR/Cas9 as a genome engineering tool was provided in 2012 by Jinek et al. (Jinek 

et al., 2012). They have showed that Cas9 can be reprogrammed to target and cleave any 

DNA sequence of interest through the simple engineering of the 20-nucleotide targeting 

sequence within the crRNA (Hsu et al., 2014, Wright et al., 2016). The study showed that 

tracrRNA and crRNA can be combined to form a secondary structure of 

tracrRNA:crRNA duplex (called single guide RNA “sgRNA’) (Figure 5B) that can direct 

Cas9 to introduce site-specific-double strand breaks in any target DNA sequence of 

interest. The target 20-nt long DNA sequence must be preceded by the protospacer-

associated motif (PAM) downstream of target DNA sequence in the gene of interest. The 

presence of PAM sequence is necessary for Cas9 to bind and cleavage the target DNA 

(Figure 3). PAM sequence for the Cas9 variant of the Streptomyces pyogenes is usually 

composed of  5-NGG sequence (Gasiunas et al., 2012, Jinek et al., 2012) but less 

frequently NAG (Hsu et al., 2013).  Specificity is provided by the 20 bp sequence but the 

so-called (seed sequence) approximately 12 bases upstream of the PAM must match the 

complementary sequence within the target DNA (Bortesi and Fischer, 2015). In other 

words, the seed sequence does not tolerate any mismatches compared to the rest of the 

20bp nucleotide sequence. 
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A.  Cas9 programmed by crRNA: tracrRNA duplex 

B.  Cas9 programmed by single chimeric RNA 
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Figure 5: Cas9 can be programmed using a single engineered guide RNA (sgRNA) 

molecule combining tracrRNA and crRNA features and sequences. 
(A) In type II CRISPR/Cas systems, Cas9 is guided by a two-RNA structure formed by activating 

tracrRNA and targeting crRNA to cleave site-specifically–targeted dsDNA. (B) A chimeric single guide 

RNA (sgRNA) generated by fusing the 3′ end of crRNA to the 5′ end of tracrRNA. 

 

To show that the two endonuclease domains of Cas9 are indeed the domains that are 

responsible for the targeted DNA cleavage, and more specifically, to determine which 

domain cuts which DNA strand, Jinek et al. have designed and purified Cas9 variants 

containing mutations in the catalytic residues of either HNH or RuvC domains. These 

variants were incubated with a native dsDNA plasmid. They found out that dual-RNA- 

guided mutant Cas9 yields nicked open circular plasmid, whereas wild type (WT) Cas9 

produced linear DNA plasmid. These results indicated that each of the two endonuclease 

domains of the Cas9 cleaves one strand of the plasmid DNA.  To detect which strand of 

the target DNA is cleaved by which Cas9 catalytic domains, they incubated the mutant 

Cas9, tracrRNA: crRNA complexed with short dsDNA substrates in which either the 

complementary or non- complementary strand was radiolabeled at its 5’ end. The 

resulting cleavage products indicated that the Cas9 HNH domain cleaves the 

complementary DNA strand, whereas the Cas9 RuvC-like domain cleaves the non-

complementary DNA strand (Jinek et al., 2012). These results indicated that Cas9 can be 

used as a nickase as well as to generate double strand breaks, thereby expanding the 

applications of Cas9 in genome engineering applications. The simplicity and 

effectiveness of the two-component Cas9 and single-guide RNA (sgRNA) system made it 

the most powerful genome engineering tool yet developed, thereby offering a great 



29 
 
promise for functional biology, biotechnology, and genomic medicine (Mahas et al., 

2017).  

Compared to ZFNs and TALENs, CRISPRs/Cas9 system is easier to design and engineer, 

as Cas9 is the sole protein that mediates the target DNA cleavage and the specificity is 

determined by the sgRNA molecule which can be easily engineered and synthesized as a 

single molecule or even in a library for genome-wide functional interrogation assays. 

Moreover, the specificity of the system can be easily reprogrammed by the facile 

engineering of the sgRNA, which facilitate multiple sgRNAs design and delivery and 

multiplex genome editing across transformable eukaryotic species (Doudna and 

Charpentier, 2014, Ran et al., 2013b). Due to these advantages, CRISPR/Cas systems 

have set the stage for novel and revolutionizing genome editing applications (Jinek et al., 

2012, Jiang et al., 2013). This system has been successfully used for various genome 

engineering applications in several species, including microbes, animals, human cells, 

and plant species.  

1.5 Applications of the CRISPR/Cas system  

 The first and most important application of CRISPR system is the generation of 

resistance against phages and plasmids in industrially relevant organisms. Phage infection 

of diary cultures lead to disruption of normal cycles and thus decreases the quality of 

dairy products (Mc Grath et al., 2007). To avoid this problem, S. thermophiles was used 

whereas the acquisition of new spacer is detected in this bacterium and used as a tool to 

control the phage infection so that the lifespan of highly valuable diary culture can be 

extended (Marraffini and Sontheimer, 2010). Moreover, engineering spacers and 

incorporating them into organisms lead to enhanced virus immunity. In August 2013, five 
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reports demonstrated the first application of CRISPR/Cas9-based genome editing in 

plants (Feng et al., 2013, Li et al., 2013, Nekrasov et al., 2013, Shan et al., 2013, Xie and 

Yang, 2013). These studies ushered in enormous number of potential applications in plant 

biotechnology in model, A. thaliana and N. benthamiana, and non-model plant crop 

species such as rice, maize and wheat. Through the use of the CRISPR/Cas system, it is 

quite feasible to target any genomic sequence and harness the NHEJ and HR repair 

machineries for a variety of genetic outcomes including targeted gene deletions, 

additions, domain fusions and multiplex genome modifications (Bortesi and Fischer, 

2015).  

Since plants provide us with food, animal feed, medicines, chemicals, renewable 

materials and biofuels, CRISPR/Cas system provide exciting possibilities of targeted 

improvement of crop traits. Furthermore, the domestication of plants has involved the 

development of strategies to improve the performance of crops and tailor their properties 

to human needs. CRISPR/Cas system could therefore accelerate domestication and plant 

breeding by allowing the introduction of precise and predictable modifications directly in 

elite varieties (Bortesi and Fischer, 2015). The CRISPR/Cas9 system has been used to 

improve different traits in crop species. These traits include improving plant yield, 

resistance to abiotic and biotic factors, developing disease resistance, and imparting 

pesticide resistance to different crop species. The application of this system would 

expand the range of novel traits and accelerate trait development in various crop species 

important for food security.  Furthermore, this system can be used to maximize our 

understanding of the genome structure and function as has been recently used to examine 

the plant genome by creating knockout libraries or by enhancing plant genome imaging. 
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Moreover, one important application of the CRISPR/Cas9 system in eukaryotic species to 

impart immunity against single and multiple eukaryotic DNA viruses.   

1.6 Plant viruses 

 Viruses are serious pathogens with devastating impact on agriculture and food security. 

Some viruses lead to complete destruction of a crop species, e.g. Tomato yellow leaf curl 

virus (TYLCV) can lead to complete destruction of tomato plants. Viruses can be 

transmitted from one infected plant to another by biological vectors such as, whiteflies, 

hoppers, beetles, etc. which feed on infected plant and transmit the virus to a new one 

(Hogenhout et al., 2008). Plant viruses are classified into six major groups based on their 

genomes: double-stranded DNA (dsDNA) viruses, single- stranded DNA (ssDNA) 

viruses, reverse-transcribing viruses, double-stranded RNA (dsRNA) viruses, negative 

sense single- stranded RNA (ssRNA) viruses, and positive sense single-stranded RNA 

(ssRNA) viruses (Roossinck, 2011, Roossinck et al., 2015).  The mechanisms of virus 

infection and transmission offer many potential targets for controlling viruses in crop 

plants; however, the diversity of viruses and their rapid evolution make such approaches 

difficult to implement (Hanley-Bowdoin et al., 2013). Unfortunately, no antiviral 

chemicals are available to protect plants from virus diseases. The pathogenicity of plant 

viruses requires individual management strategies. Farmers, for example, depend on 

conventional virus control strategies, which focus on vector management using pesticides 

or physical barriers like reflective mulches and UV-absorbing sheets (Legg et al., 2014). 

Other virus control strategies depend on culture practices such as early sowing, weed 

management, crop-free periods, virus-free planting material, and the removal of infected 

plant upon detection of disease symptoms. These approaches to control virus constitute 
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major costs to the farmers since the above mentioned conventional strategies are 

expensive and labor intensive and, unfortunately, often ineffective. The use of a virus-

resistant cultivar remains the most effective strategy and also the best and cheapest option 

in managing plant viruses (Wisser et al., 2005). To achieve this goal, we must develop 

plant genotypes with enhanced molecular immunity against viruses or vectors and 

thereby with improved resistance. This approach can reduce the use of insecticides which 

is disadvantageous to the environment, farmers and consumers (Kang et al., 2005). 

Therefore, continuous research efforts of engineering plant immunity are essential to 

improve plant productivity and enhance our understanding of the mechanisms of virus-

host interactions (Mandadi and Scholthof, 2013). 

1.6.1 Geminiviruses 

 Geminiviridae is one of the largest and most important family of plant viruses. It infects 

a broad variety of plants and causes severe crop losses and devastating economic 

consequences that threatens food security worldwide especially in underdeveloped 

regions like sub-Saharan Africa. The crops infected by geminiviruses include members of  

Cucurbitaceous (gourds, squash, watermelon, and melon), Euphorbiaceous (cassava), 

Salicaceae (tobacco, petunia, pepper, tomato, and potato), Malvaceae (okra, cotton),and 

Fabaceae (cowpea, mung bean, common  bean, lima bean, and soybean)   (Seal et al., 

2006, Zaidi et al., 2016a, Zaidi et al., 2017c). The geminiviruses are characterized by 

twin icosahedral capsids and circular single-stranded DNA (ssDNA) genomes ranging 

from 2.5 to 3 kb in size based on the virus species (Hanley-Bowdoin et al., 1999). All 

members of this family are transmitted by whiteflies, leafhoppers or treehoppers and can 

cause significant diseases leading to major crop losses in many crop plants (Bosque-
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Pérez, 2000, Briddon and Markham, 2000, Legg and Thresh, 2000, Moriones and Navas-

Castillo, 2000). The ssDNA genomes of geminiviruses encode only few proteins (five to 

seven proteins) essential for their replication and transcription. Geminiviruses depend on 

the DNA and RNA polymerases of their plant hosts to establish the replication and 

transcription processes (Hanley-Bowdoin et al., 2013). All of the giminiviruses depend 

on the same strategy to replicate and express their genome. They rely on host plant 

cellular machineries and interact with plant proteins during their infection process 

(Hanley-Bowdoin et al., 1999, Gafni, 2003). Giminiviruses induce the replication of both 

viral and plant chromosomes by using rolling circle amplification mechanism (RCA) 

through which a replicative double-stranded DNA (dsDNA) intermediate is formed inside 

infected plant cells. This process includes two steps. The first step starts when the plant 

cell is infected by viral single strand DNA (ssDNA) (plus strand) which is then used as a 

template for synthesizing a complementary strand (minus strand) to generate a double-

stranded DNA (dsDNA) replicative form (RF) (Hanley-Bowdoin et al., 1999). In the 

second step, the RF is transcribed by the host RNA polymerase II allowing production 

and replication initiation protein (Rep) to mediate replication. This protein starts the RCA 

by introducing a site-specific nick to prime plus strand synthesis. Minus strand synthesis 

is primed by an RNA molecule allowing the start of replication cycle. Moreover, 

geminiviruses interfere with plant small interfering RNA (RNAi) by encoding multiple 

silencing suppressors (Hanley-Bowdoin et al., 1999).  Based on the host range, genome 

organization and insect vectors geminiviruses are classified by the ICTV into seven 

genera including Begomovirus, Mastrevirus, Curtovirus, Becurtovirus, Eragrovirus, 

Topocuvirus and Turncurtovirus (Hanley-Bowdoin, Bejarano et al. 2013). The largest 
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genus of geminiviruses and the economically most important is begomovirus named due 

to its member Bean golden mosaic virus (BGMV) (Fauquet, Briddon et al. 2008). 

Begomoviruses infect dicotyledonous plants via whitefly (Bemisia tabaci) vector and 

include monopartite viruses with a single genome component about 2.8kb and the 

bipartite viruses with their genome split into two molecules (DNA-A and DNA-B) about 

2.7-2.8kb (Figure 6). Each component has its own ORFs in a bidirectional fashion 

(Hanley-Bowdoin, Settlage et al. 1999). The genes in the virion and complementary 

sense orientations on DNA-A and DNA-B are separated by an intergenic region (IR) 

containing a common region (CR) sequences which is nearly identical in both DNA-A 

and DNA-B genomes. (Vanitharani, Chellappan et al. 2005). One of the most widespread 

and economically important monopartite begomoviruses is TYLCV (Mansoor, Briddon et 

al. 2003).  

 

 

 

 

 

 

 

 



35 
 
 

 

Figure 6: Genome organization of begomoviruses and their associated alpha and beta 

satellites.  
Monopartite begomoviruses contain only a DNA-A like genome with genes for coat protein (CP) and V2 in 

sense orientation and replication associated protein (Rep), replication enhancer protein (REn), 

transcriptional activator protein (TrAP), and C4 in complementary sense orientation. Bipartite 

begomoviruses contain an extra genomic component DNA-B with genes for nuclear shuttle protein (NSP) 

in virion sense orientation and movement protein (MP) in complementary sense orientation. Old world 

begomoviruses are mostly associated with DNA satellites, which are half the size of the virus, called alpha 

and beta satellites. Alpha satellites encode Rep in virion sense orientation and beta satellites encode beta C1 

in complementary sense orientation. Both satellites have adenine-rich regions (A-rich). The most conserved 

region among all begomoviruses and betasatellites is a nonanucleotides (TAATATT/AC) within the 

intergenic region (IR). 

1.6.1.1 Tomato Yellow Leaf Curl Virus 

 Tomato (Solanum Lycopersicon) is one of the most widely grown edible fruits in the 

world. At the beginning, it was familiar in Mexico then it was transferred to Europe in the 

mid of the 16th century by a Spanish explorer. At that time, it was not eaten it was just 

grown as a beauty fruit. In 20th  century, it emerged as an edible fruit and today it is 

grown widely around the world in outdoor fields, greenhouses or net houses (Glick et al., 

2009). 

The Food and Agriculture Organization of the United Nations (FAO) reported a sufficient 

global tomato production during 2003. But this production started to be limited and 

decreased due to pathogens which cause severe infectious diseases in tomato crop (Glick 

et al., 2009). In 2008, Fouquet and coworkers published a list of geminiviruses which 

infect plant species, where about 200 of these begomoviruses were described as tomato 

pathogens (Fauquet et al., 2008).  
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One of the most devastating diseases of tomato is caused by TYLCV. It belongs to the 

genus begomoviruses of geminivirideae (Abhary et al., 2007, Diaz‐Pendon et al., 2010). 

It is spread in warm regions of the world such as tropical and subtropical regions and 

causes severe economic losses up to 100% of the yield (Czosnek and Laterrot, 1997). 

TYLCV described first in the Middle East in 1930s, and tomato plantation was severely 

affected in nearly all Middle Eastern countries since 1960s. Currently,  TYLCV  spread 

in several locations around the world including sub- Saharan Africa, Asia, Japan and 

Australia) (Nakhla and Maxwell, 1998, Polston et al., 1999, Czosnek et al., 1990). Two 

strains of TYLCV  have been formally identified and  recognized by ICTV including 

Tomato yellow leaf curl- Israel virus (TYLCV Isr) and Tomato yellow leaf curl Sardinia 

virus (TYLCSV) (Kheyr-Pour et al., 1991). Both of these two virus strains cause severe 

symptoms and devastating disease to tomato. It should be noted that TYLCV Isr affects 

also pepper (Capsicum annum). TYLCV  is transmitted by the whitefly Bemisia tabaci, 

which was first described in 1964 (Cohen and Antignus, 1994). 

1.6.1.2 Economic impact of TYLCV  

 Controlling the spread of TYLCV and its devastating effects on tomato production is 

time consuming, labor intensive, difficult, inefficient, and  expensive (Lapidot and 

Friedmann, 2002). Around seven million hectares of the crop plant in several countries 

are infected by TYLCV  or mixed viruses (Martínez et al., 2003) with no effective 

method to control the virus. Insecticides are often used against insect vectors but with 

very limited efficiency in virus control. TYLCV  has also infected tomato grown in 

greenhouses causing devastating crop losses (Gianessi et al., 2003, Gianessi et al., 2002). 

There has been almost 40 years of research on TYLCV  epidemics and intensive research 
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programs to develop methods and genotypes to control the virus and its devastating 

effects and diseases (Moriones and Navas-Castillo, 2000). 

1.6.1.3 Symptoms of TYLCV  

 TYLCV  infected tomato plants show severe symptoms after several weeks of infection 

(two to four weeks) and become fully developed after a period of up to two months 

(Credi et al., 1989, Ioannou, 1985). These symptoms include stunting, thick and rubbery 

leaf, reduced leaf size and upward cupping and yellowing along leaf margins. Purpling 

can appear on the lower surface of leaves (Jorda, 1993). In addition, TYLCV  infection 

results in a general reduction of plant growth and if plants infected before the flowering 

stage, the virus will lead to reduction in yield (Moriones and Navas-Castillo, 2000). 

1.6.1.4 Genome organization of TYLCV   

 Like other members of begomoviruses of geminivirideae family, TYLCV  is a small 

single stranded DNA virus with approximately 2.7 kb genome size (Czosnek and 

Laterrot, 1997, Moriones and Navas-Castillo, 2000). It has a unique capsid morphology 

(Glick et al., 2009). The genome structure of TYLCV encodes six partially overlapping 

open reading frames (ORFs), which are bi-directionally organized (Figure 7). 

Two of these ORFs (V1 and V2) are present in the virion sense orientation and four of 

them (C1-C4) are in the complementary orientation with intergenic region (IR) of 300 

nucleotides which occurs between two transcriptional units and it is a key element for the 

replication and transcription of the viral genome (Gafni, 2003, Glick et al., 2009). 
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Figure 7: Genome organization of TYLCV.   
The six partially overlapping ORFs are represented by black filled arrows and the IR is represented by an 

open box. The three CRISPR/Cas9 targets are represented by red arrowheads. 

 

The virion sense ORF V1 encodes the viral coat protein (30.3 kDa) which is responsible 

for encapsidation of the genome and is involved in virus movement. While ORF V2 (13.5 

kDa) encodes the pre-coat protein which is involved in viral separation from cell to cell. 

Replication associated protein (Rep) encoded by ORF C1 (41 kDA) is on the 

complementary strand of viral genome. Moreover, ORF C2 (15.6 kDa) encodes 

transcriptional activator protein which is involved in the activation of the transcription 

process and for enhancing viral DNA accumulation. The replication enhancer protein C3 

(15.9 kDA) interacts with C1 protein and enhances viral DNA accumulation and protein 

products encoded by the V2 ‘pre-coat’. Finally, ORF C4 (10.9 kDa) is known to be 

involved in symptom expression and virus movement (Jupin et al., 1994, Noris et al., 

1994, Wartig et al., 1997). 

1.7 Research questions and objectives 

 Since CRISPR/Cas9 machinery functions as a molecular immune system in bacterial and 

archaeal species, our group investigated whether this system could be portable to plant 
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species to engineer and confer molecular immunity against eukaryotic viruses, including 

plant DNA viruses. As I described above, intensive research efforts have been invested to 

control TYLCV  via conventional and molecular means with limited success (Zaidi et al., 

2017a, Zaidi et al., 2016c). CRISPR/Cas9 system is active and robust for engineering 

applications in plant cells, and our group has recently demonstrated, including the work 

of this thesis, that the CRISPR/Cas9 machinery is capable of interfering with TYLCV in 

N. benthamiana transient assays. And few other groups have demonstrated that 

engineering plant species, including tobacco and Arabidopsis, with CRISPR/Cas9 

machinery targeting TYLCV genome can confer molecular immunity and lead to 

interference and degradation of the viral genome, resulting in a significant reduction in 

viral symptoms (Ali et al., 2015e, Baltes et al., 2015, Ji et al., 2015). Here, I propose to 

test whether this system has the ability to interfere with single and multiple viruses by 

targeting the coding sequences and non-coding sequences in the multiple geminiviruses.  

Next, I plan to test whether the TYLCV is capable of evolving and escaping the 

CRISPR/Cas9 machinery. And I plan to devise strategies of using the CRISPR/Cas9 

system to limit virus escapees or evasion, thereby maximizing the usefulness of this 

machinery in controlling virus infection. These studies will enhance our understanding of 

the application of this system and help us to engineer plant species resistant to single and 

multiple geminivirsues. In the last part of my study, I attempt to apply this knowledge to 

engineer plant species, tobacco and tomato, stably expressing CRISPR/Cas9 machinery 

against single and multiple virus sequences, for durable resistance against TYLCV. 

Moreover, I plan to test and evaluate the TYLCV resistance of these transgenic tomato 
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plants under field conditions.  My research project is composed of basic and applied 

research components with technology development and advancements. 

Dissertation research objectives 

Here, I describe in detail the research objectives of this dissertation: 

1- To investigate the ability of the CRISPR/Cas9 machinery to target coding and 

non-coding sequences of different viruses. 

2-  To investigate the differences in efficiency of virus interference when targeting 

coding vs noncoding virus sequences. 

3- To investigate the replicative ability of mutated viral variants to evade the 

CRISPR/Cas9 system. 

4- To engineer and generate crop plants resistant to TYLCV. 

5- To test the efficiency of CRISPR/Cas9 system to confer interference in tomato 

plants against TYLCV.  

6- To test whether CRISPR/Cas9 systems can be used to confer durable virus 

resistance against TYLCV. 
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CHAPTER 2 

Establishment of Efficient Transient Assay System for Analysis of Virus 

Interference in Plants 
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2.1 Abstract 

 Efficient analysis of the use of CRISPR/Cas9 system for virus interference applications 

necessitates the development of robust transient system of expression of the 

CRISPR/Cas9 machinery and testing the activity of this machinery in targeting and 

cleaving the virus genome. It is essential for my research project to test the efficacy of 

such transient system. Luckily, we have developed a virus-based system to deliver the 

sgRNA molecules systemically into plant species. Such system would be key to test and 

develop CRISPR/Cas9 immune system for virus interference applications in plant 

species. Here, I establish and validate the use of this system for virus interference in 

transient assays. 

2.2 Introduction 

 My research project requires testing many sgRNA molecules against several targets of 

the coding and noncoding genome of multiple viruses. Since the generation of transgenic 

plants that stably express Cas9 and sgRNA molecule targeting a specific virus sequence 
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is time-consuming rendering this approach quite inefficient, efficient delivery methods 

are highly needed to facilitate testing the applicability and versatility of this genome 

engineering technology on multiple geminiviruses. Viruses have been used for a long 

time for genome engineering purposes, mainly as delivery vehicles for mammalian cells 

(Cong et al., 2013a). Recent studies have demonstrated the applicability of plant viruses 

for improving the efficiency of genome editing via CRISPR/Cas9 genome engineering 

platforms. One of the efficient vectors that facilitates functional genomics in diverse plant 

species is tobacco rattle virus (TRV). It is a bipartite genome, consisting of two positive-

sense single-stranded RNAs, designated RNA1 and RNA2. The RNA2 genome can be 

modified to carry exonic gene fragments for post-transcriptional gene silencing (Dinesh-

Kumar et al., 2003). 

2.3 Research aim and objective 

 Since producing transgenic plants is time-consuming, efficient delivery methods are 

needed to expedite testing the efficiency and versatility of CRIPR/Cas9 system for virus 

interference applications. In this part of study we attempt to confirm and validate the use 

of TRV- mediate sgRNA delivery system for testing different sgRNAs targeting TYLCV. 

2.4 Results 

2.4.1 CRISPR/Cas9 mediates targeted cleavage of the TYLCV genome 

In our research group, we recently developed TRV-mediated CRISPR/Cas9 delivery 

system that delivers single and multiples sgRNAs for targeted editing of the host genome 

and for targeting invading DNA viruses with high efficiency and it can be applied across 

diverse plant species (Ali et al., 2015a). I started this research project by determining the 

efficacy of our TRV system in transient virus interference assays. To develop this virus-
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mediated genome editing system, we generated Cas9-overexpressing (Cas9-OE) N. 

benthamiana transgenic lines. First, we optimized the human codon optimized Cas9 

sequence (Chapter 2 Supplementary Sequence 1) for in planta expression by generating 

the pK2GW7.Cas9 clone (Chapter 2 Supplementary Figure 1A), and then used 

Agrobacterium tumefaciens to transform N. benthamiana leaf discs. We validated the 

Cas9 clone by Sanger sequencing, and confirmed its proper localization by transient 

expression of a GFP-fusion variant in N. benthamiana leaves (Chapter 2 Supplementary 

Figure 1A and 1B). In addition, we analyzed the transgenic N. benthamiana plants at the 

molecular level to determine the expression levels of the Cas9 transcript and protein 

(Chapter 2 Supplementary Figure 1C and 1D). To provide the CRISPR/Cas9 machinery, 

the expression of sgRNA molecules stably or transiently is needed. We developed our 

system based on the transient expression of sgRNA molecules. Such transient expression 

of sgRNA molecules can be achieved via TRV. Therefore, a TRV RNA2 genome derived 

vector is constructed and optimized for sgRNA delivery under the control of the pea 

early browning virus (PEBV) promoter (PEBV::sgRNA) to permit the expression of the 

sgRNA from the virus RNA-dependent RNA polymerase (Figure 8 A). Subsequently, the 

engineered TRV system was delivered by agro-infiltration of mixed Agrobacterium 

cultures harboring the RNA1 genome in combination with different RNA2 vectors and 

the TRV system was reconstituted in the leaves of N. benthamiana expressing Cas9 

endonuclease. We designed sgRNAs specific for different TYLCV coding and non-

coding sequences and inserted them into the TRV RNA2 genome. Next, we delivered the 

sgRNAs via agroinfection of TRV into NB-Cas9OE plants. Seven days post-infiltration 

(dpi) with TRV, we challenged the NBCas9OE plants with an infectious TYLCV clone 
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via agroinfection. Ten days later, we isolated total DNA from the NB-Cas9OE plant 

systemic leaves to assess the genomic modification of the target sequence using mutation 

detection assay T7EI nuclease and restriction site loss assays (Figure 8B). Our results 

showed that the TRV system can be used to efficiently deliver sgNRA molecules and 

reconstitute active complexes of the CRISPR/Cas9 system. Such active complexes are 

capable of mediating the immunity and interference against DNA virus species. 

Intriguingly, our data have shown that the CRISPR/Cas9 system is capable of targeting 

the CP and RCRII sequences of the genome with very good efficiency. The results 

showed significant levels of editing in the CP-sgRNA samples indicating successful 

targeted modification of the CP by the CRISPR/Cas9 system (Figure 9A). These data 

indicate that the transient system of the CRISPR/Cas9 can be reconstituted to study key 

aspects of virus interference and the molecular underpinnings of virus evasion and 

evolution to escape the CRISPR/Cas9 machinery. 
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Figure 8:  TRV-Mediated delivery of sgRNA in N. benthamiana Cas9 overexpression      

lines. 

(A) Schematic representation of TRV RNA1 and RNA2 genome organization and modification for targeted      

genome editing. RNA1 in the Agrobacterium binary vector system: LB (left border), 2Xp35S (2X CaMV 

35S promoter), RdRNAP (134/194 kDa RNA-dependent RNA polymerase), MP (movement protein), 16k 

(cysteine rich protein), Rz (self-cleaving ribozyme), Tnos (nopaline synthase terminator), RB (right 

border). RNA2 in the Agrobacterium binary vector system: LB, p35S, CP (coat protein), Rz, Tnos, and RB. 

In RNA2, the sgRNA was cloned under the pea early browning virus (PEBV) promoter (pPEBV::gRNA). 

(B) Experimental scheme of the TRV-mediated genome editing. A 20-nucleotide target sequence preceding 

the PAM sequence can be cloned, in the gRNA backbone under the PEBV promoter, in the RNA2 genome. 

Agrobacterium cultures carrying the engineered TRV RNA2 genome, conferring user selected sequence 

specificity, and the RNA1 genome were co-infiltrated into leaves of N. benthamiana overexpressing Cas9 

(Cas9-OE) via agro-infection. Alternatively, multiple targets can be simultaneously edited by mixing 

RNA2 cultures that confer sequence specificities for multiple targets with RNA1 culture. After agro-

infection, plants can be analyzed for the presence of the targeted modification; plant leaf discs carrying 

modified genomes can be either regenerated to recover mutant plants or the seed progeny can be screened 

for the presence of the modification, thereby bypassing the need for tissue culture. The virus-mediated 

genome editing in this report was performed in a N. benthamiana transgenic line overexpressing Cas9. 
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Figure 9: CRISPR/Cas9-mediated targeted cleavage of the TYLCV genome. 
(A) Mutation analysis using T7EI assay for detecting indels in the CP domain of the TYLCV genome. The 

T7EI assay detected mutations only in CP PCR amplicons from plants infiltrated with TRV containing CP-

sgRNA (lane 6 and lane 11), but not in plants infiltrated with TRV empty vector (Lanes 1 and 2). (B) 

Multiplexing editing of CP and RCRII of TYLCV sequences, PCR products were subjected to Restriction 

site loss assay. CP-TYLCV mutagenesis shown in lanes 3and 4, RCRII mutagenesis in lane 5. 

 

2.4.2 CRISPR/Cas9 system mediates specific and multiple targeting of viral genomes 

 One of the primary advantages of virus-mediated delivery of sgRNA molecules is its 

amenability to multiplexing. To determine whether multiplexed genome editing is 

feasible in our editing platform, we designed sgRNAs targeting the CP and RCRII 

sequences of TYLCV. The results of the restriction site loss assays detected the presence 

of modification at both target sites (Figure 9B). These results indicate that different 

coding sequences could be targeted for modification to confer interference against 

TYLCV. 
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2.5 Discussion  

 Many studies in mammalian systems have successfully used viruses to deliver genome-

engineering reagents. For plants, the TRV RNA virus has great potential for use as a vector for 

genome engineering.  The use of the TRV system as a delivery vehicle for sgRNA has 

multiple advantages which include: 1) wide natural host range, which can be significantly 

expanded under laboratory conditions, 2) small RNA genome which facilitates cloning 

and library construction, 3) inability of the RNA genome to recombine with genomic 

DNA of the plant host, 4) it can facilitate multiplexing and targeting single and multiple 

viruses simultaneously (Ali et al., 2015a).  In our study, we developed a TRV system to 

deliver single and multiple sgRNAs for testing the CRISPR/Cas9system for interference 

against DNA viruses. To determine whether the newly developed TRV could produce 

and deliver sgRNA molecules systemically and to evaluate the efficiency of this system 

in virus interference, the engineered TRV was delivered by agroinfiltration and 

reconstituted in the leaves of N. benthamiana expressing Cas9. Interestingly, TRV-

mediates systemic delivery of sgRNA across plant parts. Our data show that TRV-

transient system of sgRNA delivery is efficient in virus interference experiments as 

evidenced by targeting of coding and non-coding sequences of TYLCV. This system will 

allow us to study in detail the molecular underpinnings of the CRISPR/Cas9 activity 

against invading viruses, mono and bi-partite, and test whether viruses would evade the 

CRISPR/Cas9 machinery. It would also help us to understand the DNA repair of the virus 

genome in the host cells. This system can be used for basic and applied plant virology. 

Throughout my thesis, I have used this system intensively to answer key questions and 

translate our work into applications by producing plants resistant to DNA viruses. 
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2.6 Material and Methods 

2.6.1 Vector construction 

 To generate a Cas9 overexpressing N. benthamiana line, the 35S::Cas9 construct was 

cloned into the pK2GW7 binary vector. The complete 3XFlag–NLS-Cas9-NLS cassette 

was PCR amplified with Cas9-GW-F and Cas9-R primers using pX330 plasmid as 

template (Cong et al., 2013c). The purified PCR product was cloned into pENTR/D-

TOPO (Life technologies). Restriction digestion and Sanger sequencing were used to 

confirm the authenticity of pENTR/Cas9 clones, which were subsequently cloned into the 

pK2GW7 destination vector for in planta expression using the Gateway LR clonase (Life 

Technologies). To generate the Cas9 C-terminus fusion with the GFP reporter, the Cas9 

3′ stop codon was removed by PCR amplification and the clone pENTR/Cas9dstop, 

confirmed by Sanger sequencing, was used, for the Gateway LR recombination reaction 

into pEarley-Gate103. Sanger sequencing was used to confirm the sequence authenticity 

of clones and the in-frame translational fusions. The gRNA clones were custom 

synthesized in the pUC19 (-MCS) plasmid using the BlueHeronBio gene synthesis 

service (BlueHeronBio, Bothell, WA USA). Each gRNA was flanked by XbaI and XmaI 

restriction sites and consisted of a 116 bp fragment containing the 20-nucleotide target 

sequence, 84 bp functioning as a Cas9 binding loop followed by a repeat of 7 T 

nucleotides. The 116 bp gRNA fragment of each target was subcloned either into the 

TRV2 RNA2 vector under the PEBV viral promoter by restriction ligation cloning using 

with XbaI (Invitrogen) and XmaI restriction enzymes (Invitrogen) . 
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2.6.2 Generation of N. benthamiana plants overexpressing Cas9 endonuclease 

 The pK2GW7.Cas9 T-DNA binary vector was introduced into the A. tumefaciens 

GV3101 strain by electroporation. Single colonies carrying the T-DNA vector were 

grown overnight at 28°C in 5 mL Luria Bertani (LB) medium containing 100 mg/ 

spectinomycin (Sigma, S9007), 50 mg/L gentamycin (Gold biotechnology- G400) and 25 

mg/L rifampicin (Gold biotechnology, R120). The overnight culture was used to 

inoculate 50 mL of LB containing the selective antibiotics and 5 mM MES buffer. Cells 

were collected when reaching an OD600 of 1, resuspended in transformation medium to 

an OD600 of 0.4 and poured onto a Petri dish. A surgical blade was used to cut leaf 

tissues from aseptically grown two-week-old N. benthamiana plants into small 

(approximately 1 cm) leaf discs. Next, leaf discs were incubated with an Agrobacterium 

culture with occasional shaking. Extra Agrobacterium cells were removed and the leaf 

discs were kept for 2 days for co-cultivation with Agrobacterium in the growth chamber. 

Leaf discs were plated onto MS regeneration and selection medium (4.4 g MS salts 

(4.32g Murashige and Skoog Basal Medium) + 1 ml of 1000X Gamborg’s Vitamin 

solution (Sigma, G1019), 1 mg/L BA, 0.1 mg/L α-Naphthaleneacetic acid (NAA) 

(Sigma, 86-87-3), 30 g sucrose (Sigma, 84097), pH 5.8 and supplemented with 50 mg/L 

kanamycin (Sigma, K1377) and timentin 200 mg/L. Shoot tissues appearing after 3–4 

weeks were excised and placed in root-inducing medium. Small plantlets were removed 

and acclimated in soil. The expression of Cas9 in T1 plants was confirmed by semi 

quantitative RT-PCR. Total RNA was extracted from the leaves using the RNAeasy mini 

kit (Invitrogen). First strand cDNA was synthesized using SuperScript III reverse 

transcriptase (Invitrogen). Primers for Cas9-seq-F6 and Cas9-rev-stop were used in PCR 
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to amplify the fragment corresponding to the C-terminal end of Cas9 by Phusion 

Polymerase (NEB, M0530S). RT-PCR conditions were as follows: 98°C for 30 s, 30 

cycles of 98°C for 15 s, 60°C for 30 s, 72°C for 15 s, followed by 72°C for 5 min. The 

presence of Cas9 protein was confirmed by western blotting using anti-Flag antibody 

(1:1,000; Sigma). Total proteins were extracted from 100 μg leaf tissues and separated by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis. Immunoblot analysis was 

performed using primary mouse anti-Flag antibody in 5% skim milk (Sigma, 70166) in 

Tris-HCl (Tris-Base, FisherBioreagents buffered saline with Tween 20(Sigma, P1379) 

(TBS-T) and secondary goat anti-mouse (1:1000) in 1% skim milk in TBS-T. Reacting 

proteins were detected by chemiluminescence using an ECL-detecting reagent (Thermo 

Scientific).  

2.6.3 Agroinfiltration 

 N. benthamiana Cas9 overexpressing plants were grown as described previously. T-

DNA vectors containing the TRV RNA1 and TRV RNA2 genomes were introduced 

separately into the Agrobacterium tumefaciens GV3101 strain. Transformed single 

colonies were grown overnight in selective medium, resuspended and diluted to an 

OD600 of 0.3 with infiltration medium (10 mM MES, 10 mM calcium chloride (CaCl2) 

[pH 5.7], and 200 μM acetosyringone (sigma,2478). Cultures were incubated at ambient 

temperature in the dark for 2–4 h. Prior to infiltration, bacterial cultures were mixed at a 

1:1 or 1:1:1 ratio when two or three bacterial cultures were used, respectively. The 

bacterial culture mix was infiltrated into the lower side of 3–4-week-old leaves of N. 

benthamiana Cas9 overexpressing plants using a needleless 2 mL syringe. Leaf disc 
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samples were collected from inoculated and systemic leaves at 5, 10, 15 and 30 days 

post-infiltration and subjected to targeted genome modification analysis.  

2.6.4 T7EI mutation detection assay.  

 To determine and quantify the activity of the Cas9 endonuclease, mutations resulting 

from DSB repair through the NHEJ pathway were analyzed. Genomic DNA was 

prepared from samples collected after 5, 10, and 30 days using a DNA extraction buffer 

(100 mM Tris-Cl, 1 mM Ethylene diamine tetra acetic Acid (EDTA), 100 mM sodium 

chloride (NaCl) (Sigma, S7653), 100 mM lithium chloride (LiCl), 100 mM β-

mercaptoethanol (Aldrich), and 0.4% RNase) and PCI (Phenol: Chloroform: Isoamyl 

alcohol) (Fisher Bioreagents).  PCR reactions were performed using undigested genomic 

DNA or restriction enzyme predigested genomic DNA to enrich for the modification. 

Unless otherwise stated, all PCR reactions were performed using high fidelity Phusion 

polymerase. Next, a 200 ng PCR product was denatured and re-annealed in NEB Buffer 2 

in a PCR cycler to allow for hetero-duplex formation using a cycling program (95°C for 

10 min, 85°C for 2 min, 75°C for 3 min, 65°C for 3 min, 55°C for 3 min, 45°C for 3 min, 

35°C for 3 min, 25°C for 3 min, and 4°C). To calculate the frequency of modification, the 

denatured and renatured PCR products were treated with T7EI (NEB, M0302S) and used 

for subsequent analysis. Mutation rates were estimated by using ImageJ software 

(http//rsb.info.nih.gov/ij). To validate the mutations detected by the T7EI assay, the PCR 

products were cloned into the TOPO TA cloning vector and the resultant clones were 

subjected to Sanger sequencing. Alternatively, a restriction enzyme protection analysis 

was used to assay for the mutations. Briefly, genomic DNA was pre-treated with NcoI 

restriction enzyme and used as a template for PCR reactions. The PCR products were 
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subjected to NcoI restriction digestion. Uncut bands resistant to the enzyme digestion, 

which represented the modified target sequence, were cloned and the resultant clones 

subjected to Sanger sequencing. 
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3.1 Abstract 

 The CRISPR/Cas9 machinery has been applied for targeted genome editing across 

eukaryotic species. Interestingly, recent reports have shown that the CRISPR/Cas9 

system can be used to confer immunity against eukaryotic viruses. We applied this 

system to confer immunity against TYLCV in transient assays in planta. Here, I test and 

provide a detailed analysis of the efficiencies of using the CRISPR/Cas9 machinery to 

target different coding and non-coding sequences in the genomes of multiple 

geminiviruses including TYLCV. Furthermore, I analyze the ability of TYLCV and other 

geminviruses to evolve and evade the CRISPR/Cas9 machinery. The results of my 

research demonstrate that the CRISPR/Cas9 machinery can efficiently and 
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simultaneously target coding and non-coding virus sequences, thereby interfering with 

single and multiple geminiviruses. My results show that targeting the coding sequences 

of different geminiviruses generated viral variants capable of replication and systemic 

movement across the plant leaves. By contrast, targeting the sequences of the noncoding 

intergenic region of geminiviruses resulted in interference, but with extremely inefficient 

recovery of mutated viral variants capable of systemic movement, which thus limited the 

generation of variants capable of replication and systemic movement and infection. 

Taken together, these results indicate that by targeting noncoding, intergenic sequences 

of the virus, we can generate effective viral interference activity and significantly limits 

the generation of viral variants capable of evading the CRISPR/Cas9 machinery and 

replication and systemic infection. This strategy is essential for developing durable 

resistance for long-term virus control across diverse plant species (Ali et al., 2016b). 

 

3.2 Introduction 

 Geminiviruses threaten food security and global agriculture, infecting key crop species 

to food security. Effective strategies  are highly needed for controlling geminiviruses and 

current control measures remain expensive and inefficient, due to mixed virus infections 

and the patho interaction of vectors, viruses, and host plant species (Gilbertson et al., 

2011). However, recent work has shown that site-specific nucleases can directly target 

and cleave the viral genome, thereby eliminating the virus genome. This site-specific 

cleavage of the virus genome leads to the generation of double strand breaks (DSBs), 

which can be repaired by either the imprecise non-homologous end-joining repair 

(NHEJ) machinery or by precise homology-directed repair (HDR) provided a repair 
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template is provided to copy the information across the DSB (Aouida et al., 2014, Ebina 

et al., 2013). The presence of unrepaired DSBs would ultimately lead to the degradation 

of the virus molecules (Zaidi et al., 2016b). It should be noted that virus variants 

generated by NHEJ can replicate and move systemically across the plant only if NHEJ 

maintains the proper “frame” for translation and subsequently does not compromise 

protein structure and function. Throughout the past two decades, several site-specific 

nuclease platforms have been developed which can be applied for targeted interference 

against eukaryotic virus genomes including those of plant species.  In prokaryotes, 

CRISPR/Cas9 is an adaptive molecular immunity system which is used by bacteria and 

archaea to destroy invading nucleic acids from phages and conjugative plasmids (Wright 

et al., 2016, Barrangou et al., 2007). Intriguingly, we and other groups have recently 

shown the possibility of the portability of the CRISPR/Cas9 immune machinery to 

provide molecular immunity against eukaryotic viruses, including plant DNA 

geminiviruses (Ali et al., 2015e, Karimova et al., 2015, Chaparro-Garcia et al., 2015). 

Moreover, we demonstrated that the CRISPR/Cas9 machinery is capable of targeting 

with good efficiency coding and non-coding sequences of various geminiviruses (Ali et 

al., 2015e, Baltes et al., 2015, Ji et al., 2015). Such efficiency in targeting the virus 

genome resulted in reduced viral titer, accumulation and delayed or significantly 

abolished symptoms. It is worth mentioning that different sgRNAs targeting the virus 

sequences possess different targeting efficiencies for coding or noncoding virus 

sequences (Ali et al., 2015e). Numerous reports have described the emergence of strains 

of geminiviruses with altered pathogenicity and subsequent changes in the severity of 

disease symptoms in infected plants. These strains result from recombination-mediated 
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genetic changes or reassortment among different viral genomes in mixed virus infections 

under natural conditions (Hanley-Bowdoin et al., 2013). Our ability to target the virus 

genome opens exciting possibilities for applications, including destruction and/or repair 

of these targeted genomes. Mixed virus infection exists under natural field conditions, 

thereby targeting a single virus, generating DSBs, and initiating cellular repair could 

induce recombination and the generation of viral variants capable of replication, 

movement, systemic infection and eventually survival. It should be noted that the 

genomic sequence and the nature of the target viruses would largely determine the 

efficiency of interference by the CRISPR/Cas9 immune system and whether we could 

generate durable virus resistance. Therefore, there is a pressing need to establish the 

criteria for selecting which coding and non-coding virus sequences to target by 

CRISPR/Cas9 system to develop effective durable resistance essential for engineering 

plant immunity against single and multiple viral infections.  

 

3.3 Research aim and objectives 

 One of the major research goals of my thesis was to investigate the ability of the 

CRISPR/Cas9 machinery to interfere with single and multiple begomoviruses (Cotton 

Leaf Curl Kokhran Virus (CLCuKov), MeMV and different severe and mild strains of 

TYLCV) and subsequently to confer broad-spectrum resistance to various geminiviruses.  

Objectives of this part of my study included: 1) determining the efficiencies of sgRNAs 

in targeting coding sequences and non-coding sequences in the multiple giminiviruses;            

2) analyzing the ability of mutant viral strains to evade the CRISPR/Cas9 machinery;           

3) testing whether targeting coding sequences and/ or non-coding sequences are essential 
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for developing durable resistance strategies for long-term virus control via CRISPR/Cas9 

machinery. 

3.4 Results 

3.4.1 The coding sequences of CLCuKoV are targeted for cleavage by CRISPR/Cas9 

and subsequently repaired by NHEJ 

 Our group has recently showed the use of the CRISPR/Cas9 system to confer virus 

interference activities against monopartite plant DNA geminiviruses (Ali et al., 2015e). In 

my current study, I explored whether the CRISPR/Cas9 system could be utilized to 

provide molecular immunity against plant DNA geminiviruses with complex genomes, 

i.e., viruses which possess partial or complete partite genomes. Subsequently, we selected 

the monopartite virus (CLCuKoV; AJ496286), which requires the helper betasatellite 

Cotton Leaf Curl Multan Betasatallite (CLCuMß) for symptom development (Mansoor et 

al., 2003). We have employed the Tobacco rattle virus (TRV) RNA2 to deliver sgRNAs 

specific to the coding regions of the genes encoding the coat protein (CP) and the 

divalent  cation coordination RCRII domain of replication associated protein (Rep) 

(Figure 10A) of CLCuKoV into Cas9OE N. benthamiana plants (Ali et al., 2015a). Next, 

the inoculated plants with an established sgRNA-Cas9 machinery complex were 

challenged with the virus via agro-infiltration with infectious clones of CLCuKoV and 

CLCuMß, respectively (Mansoor et al., 2003, Ali et al., 2015a). Subsequently, we 

isolated total genomic DNA from several systemic leaves to investigate and determine 

whether CRISPR/Cas9 machinery is capable of targeting and cleaving the CLCuKoV 

genome and whether the produced DSBs generated by the CRISPR/Cas9 system would 

be repaired via NHEJ to produce functional or non-functional virus variants. Next, we 
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subjected the PCR amplicons encompassing the sequence targets to T7 Endonuclease I 

(T7EI) mutation detection analysis assay, where denatured PCR amplicons are re-

natured, then cleaved with T7EI enzyme, which cleaves single-stranded regions of non-

complementarity resulting from indels generated by NHEJ; these target regions of virus 

sequences are then subjected to Sanger sequencing. Our data demonstrate high indel 

formation rates at both ORFs of the coding regions (18–49% in CP and 35–45% in 

RCRII) of CLCuKoV (Figure 10 B, D). Next, we cloned the PCR amplicons from these 

samples into the pJet2.1 cloning vector and subjected these clones to Sanger sequencing 

to identify the identity and types of the indel modifications in the CLCuKoV genome. Our 

data confirmed the presence of indels and indicated that the Cas9 endonuclease activity 

was high and triggered very efficient NHEJ repair of the virus genome. It should be noted 

that all possible types of indels were observed in our Sanger sequencing data (Figure 10 

C, E). 

Next, to determine whether CRISPR/Cas9 machinery can target the well-conserved non-

coding IR of CLCuKoV and whether such DNA cleavage triggers the same rate of NHEJ 

repair, we assessed for loss of a restriction enzyme recognition site in the PCR amplicons. 

The invariant nonanucleotide highly conserved sequence in the IR non-coding region 

contains a recognition site for SspI restriction endonuclease and is located proximal to the 

predicted Cas9 cleavage site, 3 bp upstream of the PAM NGG sequence. The 446-bp 

fragment encompassing the target sequence (Chapter 3 Supplementary Sequence 1) was 

digested with SspI in restriction analysis assays. It should be noted that the complete SspI 

digestion of WT sequence produced two fragments of 253 and 193 bp. Cas9 targeting, 

cleavage and subsequent repair via cellular NHEJ should result in eliminating the SspI 
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restriction site within the conserved 9-nt sequence and subsequently should generate a 

446 bp fragment of SspI-resistant DNA band. Surprisingly, we did not detect an SspI-

resistant fragment in an agarose-based gel assay (Figure 10 F). It is worth noting that we 

showed previously that multiple viruses can be targeted by a single sgRNA with an 

invariant (TAATATTAC) sequence common to all geminiviruses (Gutierrez, 2000, Ali et 

al., 2015e). Therefore, we investigated whether CLCuKoV could be targeted by an 

invariant sgRNA targeting the nonanucleotide conserved IR sequence. We used different 

sgRNAs specific to the IRs of monopartite BCTV and TYLCV or bipartite MeMV 

against CLCuKoV. Our restriction enzyme site loss assays did not show any significant 

levels of indel formation indicating NHEJ repair (Chapter 3 Supplementary Figure 1). 
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Figure 10: CRISPR/Cas9-mediated targeting of coding and non-coding sequences of the 

CLCuKoV genome. 
 (A) Genome organization of CLCuKoV and CLCuMß. Bidirectional and overlapping ORFs (CP, Rep, 

Ren, TrAP, V2, and C4) are represented by arrows, the IR by a box, stem loop nonanucleotides by a small 

circle in the IR and SCR, and targets by arrowheads and individual sequences. The selected targets, one in 

non-coding IR, one each in coding CP or in the Rep RCRII domain, were analyzed for CRISPR/Cas9-

mediated targeting (B) NHEJ repair (indel) analysis via the T7EI assay. Arrow indicates the presence of 

255 bp and 191 bp regions only in samples expressing CP-sgRNA, but not in samples with TRV empty 

vector or virus alone. (C) Alignment of PCR amplicons encompassing the CP region and subjected to 

Sanger sequencing for indel (NHEJ repair) confirmation. (D) T7EI assay detecting indels in the RCRII 

domain of CLCuKoV genome. Mutations were detected only in RCRII PCR amplicons from plants 

infiltrated with TRV containing RCRII-sgRNA, but not in plants infiltrated with TRV empty vector or virus 
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alone. (E) Alignment of PCR amplicons encompassing the RCRII motif and subjected to Sanger 

sequencing for NHEJ repair confirmation. (F) NHEJ repair analysis at the IR sequence by restriction site 

loss assay. The arrow indicates the expected SspI-resistant 446 bp DNA fragment; none of the samples 

produced the SspI-resistant DNA fragment, which is similar to TRV empty vector or virus alone. Arrows in 

(A), (C) and (E) represent the expected DNA fragments. The indel percentage shown was calculated based 

on the Sanger sequence reads. In (B) (reverse strand sequence) and (D) the WT sequences are shown at the 

top (target sequence is shown in red; the protospacer-associated motif [PAM] in green, followed by the 

various indels formed, as indicated by numbers to the right of the sequence (− , deletion of x nucleotides; + 

, insertion of x nucleotides; and > , change of x nucleotides to y nucleotides). CP coat protein, Rep 

replicase, Ren replication enhancer, TrAP transcriptional activator protein, β C1 betasatellite conserved 

ORF, IR intergenic region, SCR satellite conserved region. 

 

3.4.2 CRISPR/Cas9-mediated efficient targeting of coding and non-coding sequences 

of MeMV 

 Subsequently, we attempted to investigate whether the lack of NHEJ repair in the IR 

non-coding region after CRISPR/Cas9 targeting is common in all partial or full bipartite 

viruses. Therefore, we selected the bipartite virus MeMV with genomic parts DNA-A and 

DNA-B (Chapter 3 Supplementary Figure 2, Supplementary Sequence 2). We 

systemically delivered sgRNA specific to the non-coding IR region into N. benthamiana 

plants. The NB-Cas9OE plants, transiently expressing the sgRNA molecules targeting the 

IR region, were subsequently challenged via agro-infection with MeMV DNA-A and 

DNA-B. At 15 days post infection (dpi), PCR amplicons encompassing the IR target site 

were examined using the SspI enzyme loss assay. Intriguingly, the SspI resistance results 

confirmed that, in contrast to targeting the IR region of CLCuKoV, CRISPR/Cas9 

cleaved the stem loop sequence of the IR region of MeMV, which was subsequently 

repaired by NHEJ repair mechanism (Figure 11 A). Sanger sequencing data showed the 

identity of the indel modifications including additions and deletions of few nucleotides. 

In contrast to CLCuKoV, 13–19% of MeMV IRs were repaired by NHEJ, and all 
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expected usual types of indels were produced as evidenced by our Sanger sequencing 

data (Figure 11 B). Interestingly, other types of modifications were also observed, albeit 

at very low frequency, including deletions of long DNA fragments (Chapter 3 

Supplementary Figure 3). Consistent with these data, multiple variants of IR-sgRNA 

targeted MeMV-A IR sequences with varying targeting and NHEJ repair efficiencies 

(12–30%) (Chapter 3 Supplementary Figure 4). As MeMV DNA-B has the same 20-nt 

sequence and can be targeted by the same sgRNA molecule, our restriction site loss 

assays confirmed that, like MeMV DNA-A, MeMV DNA-B is targeted and repaired 

through NHEJ repair mechanism (Chapter 3 Supplementary Figure 5). In contrast to 

targeting the non-coding IR, targeting of the ORF sequences CP and RCRII of MeMV 

DNA-A produced high levels of indel formation including all expected indel 

modifications (Figure 11 C, E). However, in contrast to indels at the IR, the CP and 

RCRII regions of MeMV-A are only short indels produced by NHEJ repair mechanism, 

as we did not observe any deletions of long sequences proximal to the targeted sites 

(Figure 11 D, F). 
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Figure 11: NHEJ repair of coding and non-coding sequences of the MeMV genome.  
Non-coding IR, coding CP, and the Rep RCRII domain of MeMV were analyzed for NHEJ repair. (A) 

NHEJ repair (indel) analysis via an SspI recognition site loss assay. The MeMV IR (453 bp) was analyzed 

for the loss of the SspI recognition site at the CRISPR/Cas9 target locus. Unlike CLCuKoV, NHEJ-repaired 

indels are indicated by arrows pointing to the 453-bp SspI-resistant DNA fragments. (B) Alignment of 

reads of PCR amplicons encompassing the IR of MeMV subjected to Sanger sequencing for NHEJ repair 

confirmation. (C)T7EI assay to detect indels in the CP of the MeMV genome. The T7EI assay detected 

indels only in CP PCR amplicons from plants infiltrated with TRV containing the CP-sgRNA, but not in 

plants infiltrated with TRV empty vector or virus alone. (D) Alignment of reads of the PCR amplicons 

encompassing the target site and subjected to Sanger sequencing for NHEJ repair confirmation. (E) NHEJ 

repair analysis at the RCRII motif of MeMV by T7E1 assay. Arrow indicates the expected DNA fragments; 

TRV empty vector or virus alone did not show similar fragments. All DNA fragments from (A, C and E) 

were resolved on an 2% agarose gel premixed with ethidium bromide stain. Arrows in (A, C and E) 

indicate the expected DNA fragments. The indel percentage shown below each gel was calculated based on 

the Sanger sequence reads. In (B, D and F), WT sequences are shown at the top (target sequence is shown 

in red; the protospacer-associated motif [PAM] is indicated in green, followed by the various indels 
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formed, as indicated by numbers to the right of the sequence (− , deletion of x nucleotides; + , insertion of x 

nucleotides; and > , change of x nucleotides to y nucleotides). 

 

3.4.3 Targeting the IR sequence of different TYLCV strains exhibited variable 

efficiencies of indel formation and NHEJ repair  

 In geminiviruses, the highly conserved nonanucleotide sequence is flanked by a stretch 

of short, complementary sequences, which form a stem-loop structure in the IR region 

(Figure 12 A and Chapter 3 Supplementary Figure 6). This highly conserved structure is 

directly implicated in virus replication as a site for Rep protein binding and nick 

formation, and possesses putative bidirectional promoters (Fondong, 2013, Khan et al., 

2015, Ashraf et al., 2014). Furthermore, IRs are strain-specific and interact only with 

specific Rep proteins from specific virus strains (Londoño et al., 2010, Argüello-Astorga 

and Ruiz-Medrano, 2001). The presence of variable targeting and indel formation at the 

IR sequences of CLCuKoV and MeMV genomes prompted us to investigate whether this 

would be the case when applied to different strains of TYLCV including mild and severe 

strains. Subsequently, we used the authentic TYLCV 2.3-IR-sgRNA to target TYLCV 

2.3 and the TYLCSV-IR-sgRNA to target TYLCSV (Morilla et al., 2006). N. 

benthamiana plants overexpressing the CRISPR/Cas9 machinery were challenged, 

separately, with infectious clones of TYLCV 2.3 and TYLCSV via agro-infection 

method. At 15 dpi, we isolated viral DNA and PCR amplified the fragments 

encompassing the IR target sequences and subjected these PCR amplicons to an SspI 

recognition site loss assay as described previously, which confirmed the absence of 

detectable levels of indels (Figure 12 B). To exclude the possibility that the inability to 

detect any indels was due to factors other than the inability of the CRISPR/Cas9 



66 
 
machinery to target and cleave the viral genome and to generate DSBs, we used the same 

machinery with the TYLCSV-sgRNA to target TYLCV 2.3 and detected indel formation 

indicating the successful targeting, cleavage and NHEJ repair. The SspI recognition site 

loss assay confirmed that, like TYLCV 2.3-IR sgRNA, TYLCSV-IR sgRNA could target 

the TYLCV 2.3 genome, resulting in indel formation at the IR site of TYLCV indicating 

the successful targeting, cleavage and NHEJ repair (Figure 12 C). Moreover, no indel 

formations were detected after targeting TYLCSV IR with invariant sgRNAs (Chapter 3 

Supplementary Figure 7). However, in contrast to the inability to detect indels at IRs of 

TYLCSV, higher frequencies of indel formation were observed in the ORFs encoding CP 

and the RCRII domain of Rep (71% for CP and 41% for RCRII) (Figure 12 D). These 

indels were produced through NHEJ repair mechanism (Chapter 3 Supplementary Figure 

8 A, B). 
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Figure 12: Variable efficiencies of indel formation at the IR sequences of different strains 

of TYLCV. 
(A) Stem-loop structure of the different geminiviruses used in this study. The conserved nonanucleotide 

motif is flanked on each side by a short stretch of complementary sequences. (B) Restriction site loss assay 

for detecting NHEJ-based indels at the IR of TYLCSV. The TYLCSV IR (562 bp) was analyzed for the 

loss of the SspI recognition site at the targeting locus. The arrow indicates the location of the expected 562-

bp SspI-resistant DNA fragment in samples with IR-sgRNA, but like  TRV empty vector and virus alone, 

no SspI-resistant fragment was observed. (C) SspI recognition site loss assay for detecting indels at the IR 

in TYLCV 2.3. The variant TYLCSV-IRsgRNA (two lanes after marker) and authentic TYLCV 2.3-

IRsgRNA (last three lanes) were used to target the IR of TYLCV 2.3. Arrows indicate the presence of the 

expected 269 bp SspI resistant DNA fragments in samples with TYLCV 2.3-IR-sgRNA or TYLCSV-

IRsgRNA, but no SspI-resistant fragment was observed in TRV empty vector. (D) T7EI assay for detecting 

NHEJ-based indels in the CP and RCRII domain of the TYLCSV genome. T7EI assay detected high rates of 

indel formation both in CP and RCRII PCR amplicons from plants infiltrated with TRV containing CP or 

RCRII-sgRNA compared with TRV empty vector. DNA fragments of (B,C and D) were resolved on a 2% 

agarose gel stained with ethidium bromide. Arrows represent the expected DNA fragment in T7EI-digested 

DNA. The indel percentage shown below each gel was calculated based on the Sanger sequence reads. 

 

3.4.4 CRISPR/Cas9 targets the non-coding IRs of CLCuKoV and TYLCSV 

 To further investigate the possibility that the CRISPR/Cas9 machinery targeted the 

CLCuKoV and TYLCSV genomes but that these genomes were neither repaired nor 

proficient in replication, we used DNA blot analysis to examine the total DNA from 

infected plants for the accumulation of CLCuKoV and TYLCSV genomic DNA. Our 
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results confirmed that compared to control plants, plants with the CRISPR/Cas9 

machinery targeting the IR sequences accumulated lower levels of the CLCuKoV (Figure 

13 A) and TYLCSV genomes, respectively (Figure 13 B). The probe used to detect 

CLCuKoV also detected CLCuMß, but the amount of CLCuMß did not decrease as much 

as did CLCuKoV, which is consistent with the observation that the 20-nt target sequence 

in the IR (including the conserved nonanucleotide) of CLCuMß is not followed by a 

PAM (NGG) (Chapter 3 Supplementary sequence 1). Nonetheless, we did not detect 

indels in an agarose gel-based SspI site loss assay. Our Sanger sequencing analysis of 

targeting the CLCuKoV IR, either targeted by its authentic IR-sgRNA or by an invariant 

IR-sgRNA, confirmed that CRISPR/Cas9 is capable of targeting the IR region of the 

CLCuKoV genome, but the level of NHEJ repair was extremely low (3%). Furthermore, 

we observed the presence of only long deletions and a lack of the usual short indels of 

NHEJ repair (Figure 13 C, Chapter 3 Supplementary Figure 9). Similarly, the results of 

sequencing indicated that targeting CLCuKoV with an invariant sgRNA molecule 

resulted in a similar and low level of indels and NHEJ repair (3%), and all targeted 

regions surprisingly had long deletions, similar to those generated by the authentic IR-

sgRNA against the CLCuKoV genome (Chapter 3 Supplementary Figure 10).  
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Figure13: Targeting of the IR region by CRISPR/Cas9 interferes with genome 

accumulation of both CLCuKoV and TYLCSV. 
 (A) DNA blot analysis assaying CLCuKoV and (B) TYLCSV genomic DNA accumulation in Cas9OE 

plants expressing CLCuKoV-IRsgRNA and TYLCSV-IRsgRNA, respectively. CLCuKoV and TYLCSV 

genomic DNA was detected with DIG-labeled probe produced against the respective IRs of CLCuKoV and 

TYLCSV. All individual plants with IR-sgRNA that were infiltrated with CLCuKoV and TYLCSV 

exhibited reduced accumulation of the genomes relative to plants inoculated with TRV empty vector and 

virus only. Arrowheads in (A, B) indicate detection of the expected size of the TYLCV genome. (C) 

Alignment of cloned Sanger-sequenced PCR amplicons encompassing the IR of CLCuKoV. Alignment of 

sequence reads encompassing the IR shows only long deletions. The WT CLCuKoV sequence is shown at 

the top; the various indels formed are indicated by numbers in the middle of the sequence reads. 
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3.4.5 Viral evasion of the CRISPR/Cas9 system 

 In the experiments described above, we observed high levels of indels formation via 

NHEJ repair in the genomes of different geminiviruses after targeting the protein coding 

regions or the non-coding regions (IRs) of TYLCV 2.3 and MeMV. We therefore 

subsequently investigated: 1) whether indels created at these sites might allow the virus 

to evade the CRISPR/Cas9 machinery and if these viral variants would be considered 

escapees, in other words proficient in replication, movement and systemic infection to 

assess whether these escapees care capable of replication and producing a systemic 

infection across the plant similar to the wild type virus strain. To address these 

possibilities and questions, the sap from infected, CRISPR/Cas9-targeted plants (CP and 

IR of TYLCV 2.3) was rub-inoculated onto leaves and directly injected into the leaf 

pedicels and stems of three-week-old WT N. benthamiana plants (Chapter 3 

Supplementary Figure 11). Samples were collected from the systemic top (young) 

emerging leaves at 15 DAI. The viral DNA was isolated and the respective CP and IR 

fragments were PCR amplified and subjected to T7EI and restriction site loss assays to 

detect the presence of mutations. Our results indicate that some of the CP sequences 

repaired by NHEJ were capable of replication and systemic spreading in WT N. 

benthamiana indicating the authentic repair and integrity of ORF functions (Figure 14 A, 

B). To confirm the results of our T7EI and restriction site loss assays, we used Sanger 

sequencing to determine the nature and the identity of these indels. Our results revealed 

the presence of indels within the target sequences of the viral genomes, indicating that 

they were true escapee variants proficient and capable of replication (Figure 14 C). By 

contrast, we did not detect any indels (escapees) in the IR samples indicating the lack of 
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NHEJ repair (Chapter 3 Supplementary Figure 12). To confirm that targeting a protein 

coding sequence of other geminiviruses could lead to similar levels of CRISPR/Cas9-

triggered escapees, we performed experiments using TYLCSV and CLCuKoV. For 

TYLCSV, we employed the same sap inoculation method used for TYLCV 2.3, but for 

CLCuKoV, we used a grafting method with scions from WT plants grafted onto 

CRISPR/Cas9 CLCuKoV plants (Chapter 3 Supplementary Figure 11). Subsequently, 

total DNA was extracted at 21 dpi and PCR amplicons encompassing the target 

sequences were subjected to T7EI assays. Our T7EI results confirmed the presence of the 

modified (CP) genomes in samples from both CLCuKoV (Figure 14 D) and TYLCSV 

(Figure 14 E) indicating targeting and NHEJ repair which triggers the generation of viral 

variants capable of escaping and evading the CRISPR/Cas9 machinery. The modified 

indels in the CP of CLCuKoV were also confirmed by Sanger sequencing of the PCR-

amplified fragments (Chapter 3 Supplementary Figure 13). 

Furthermore, unlike the CP, we did not observe a mutated IR in either the T7EI or 

restriction site loss assay. Because targeting of the coding regions could lead to all kinds 

of mutations and only those which maintain the ORF would produce functional viral 

variants, we investigated these sequence modifications at the protein level by converting 

the Sanger sequencing reads to their respective amino-acid sequences. As expected our 

results confirmed the presence of all types of mutations including nonsense and missense 

mutations in both TYLCSV and CLCuKoV (Chapter 3 Supplementary Figure 14 A, B). 

Finally, we investigated whether the rare genomic molecules with large deletions in the 

IR would be capable of replication or systemic spreading. These IR molecules were not 

detected in systemic leaves, indicating that they did not produce functional virus variants 
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and therefore were unable to replicate or that they replicated at levels which are too low 

to be detected. 
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Figure 14: NHEJ-repaired virus CP sequences evade the CRISPR/Cas9 machinery. 
(A) Evasion of repaired CP sequence of TYLCV genomes, as revealed by the T7EI assay. Sap from TYLCV 

-infected plants with an established CRISPR/Cas9 system against the CP region was applied to WT N. 

benthamiana plants. Total genomic DNA was isolated from top (young) leaves of sap-inoculated WT 

plants at 15 DAI. CP targets flanking PCR amplicons were subjected to T7EI. Arrows indicate the presence 

of the expected digested DNA fragment from samples of CP-targeted sap infected plants compared to TRV 

empty vector with TYLCV. (B) BsmBI-recognition site loss assay for detecting escapees. BsmBI-treated 

PCR fragments were used as template in another round of PCR with the same primers. Purified DNA from 

this PCR was again subjected to BsmBI digestion. Arrowheads indicate the expected BsmBI resistant DNA 

fragments compared to WT PCR amplicons from TRV empty vector. (C) Alignment of Sangers sequencing 

reads of PCR amplicons encompassing the CP region of TYLCV for mutation at the CRISPR/Cas9 

targeting site. The WT TYLCV  sequences are shown at the top (target sequence is shown in red, the 

BsmBI site by a line, and the PAM is indicated in green; the various indels formed are shown in enlarged, 

bold, and blue font at their respective sites. (D) Evasion analysis of TYLCSV genomes with repaired CP 

sequences via the T7EI assay. For TYLCSV samples were prepared as in (A) CP targets flanking the PCR 

amplicons were subjected to T7EI. Arrows indicate the presence of expected digested DNA fragments from 

samples of CP-targeted sap-infected plants compared to TRV empty vector with TYLCSV. (E) Evasion 

analysis of genomes of CLCuKoV genomes with repaired CP sequences via the T7EI assay. Wild type 

scions were grafted to the stocks of CLCuKoV-infected plants with an established CRISPR/Cas9 system 

against the CP region. Total genomic DNA was isolated from top (young) leaves of WT scions at 21 DAI. 

CP target- flanking PCR amplicons were subjected to T7EI. Arrows indicate the presence of the expected 

digested DNA fragment from samples of CP-targeted CLCuKoV compared to TRV empty vector with 

CLCuKoV. 

 

3.5 Discussion 

 In this research project, we investigated and assessed the efficiency of the CRISPR/Cas9 

machinery for targeting different coding and non-coding sequences of various 

geminivirus genomes, and subsequently assessed the rate of indels formation via NHEJ 

repair in coding and non-coding regions of these viruses. Furthermore, we also examined 

whether virus variants were generated and whether the generation of these variants, 

include functional variants, would eventually enable the virus to evade the CRISPR/Cas9 

machinery. To determine the versatility of the CRISPR/Cas9 system in conferring 
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interference and resistance against different geminiviruses, we investigated the 

interference activity against CLCuKoV, which requires the helper betasatellite CLCuMß 

for the development of disease symptoms. Subsequently, we tested sgRNAs targeting the 

coding and non-coding regions of CLCuKoV individually to determine their efficacy in 

guiding and directing the Cas9 endonuclease to the viral genome with subsequent 

cleavage and imprecise repair via NHEJ, and establishing interference. Our data show 

that sgRNAs targeting the coding regions of the CP and RCRIII ORFs mediated high 

levels of interference activities, as evidenced by the indel mutation detection assays, 

which was subsequently confirmed by our Sanger sequencing data. By contrast, we did 

not detect any indel modifications within the IR regions via the T7EI and restriction site 

loss mutation detection assays using sgRNA molecules targeting the IR of the CLCuKoV 

or variant sgRNAs, respectively. These results suggest that either the sgRNA molecule 

was inactive and incapable of directing the Cas9 endonuclease to the target virus 

sequence or that the targeting occurred but the cleaved virus sequences were 

subsequently degraded or the repaired variants via NHEJ produced non-functional 

variants and therefore were incapable of replication. 

Next, we examined whether coding and non-coding sequences of other bipartite viruses 

could be targeted by CRISPR/Cas9 machinery, with subsequent NHEJ resulting in indel 

modifications, thereby ensuring the versatility of this approach for virus interference. 

Therefore, we targeted the bipartite MeMV (DNA-A and DNA-B genomes) and designed 

sgRNA molecules targeting the IR and ORFs (CP and RCRII), respectively. Our data 

revealed that sgRNA molecules targeting the coding and noncoding sequences were 
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capable of targeting, cleaving with subsequent NHEJ repair, and interfering with the 

virus, as revealed by the T7EI and restriction site loss assays and Sanger sequencing data. 

These data indicate that the CRISPR/Cas9 system can interfere with bipartite viruses 

MeMV and target the IR for cleavage with subsequent imprecise NHEJ repair. It should 

be noted that differential CRISPR/Cas9-based indel formation in human viruses was also 

recently reported (Baltes et al., 2015, Ji et al., 2015, Mansoor et al., 2003, Wang et al., 

2016). Based on our results, we observed variable efficiencies of targeting the IRs of 

MeMV and CLCuKoV. Therefore, we attempted to determine whether targeting the IRs 

of different strains of the same geminivirus would be similar or would vary substantially. 

To study and investigate this possibility, we used two different strains of TYLCV, i.e., 

TYLCV 2.3 and the severe strain TYLCSV. We designed and examined two sgRNA 

molecules, including one sgRNA targeting the invariant conserved nonanucleotide IR 

sequence. Our data revealed the absence of indels at the IR of TYLCSV. However, the 

same sgRNA molecule, as well as another authentic sgRNA molecule targeting the 

TYLCV 2.3 IR, were both able to target TYLCV 2.3 and the IR region was subsequently 

repaired via NHEJ repair mechanism, as evidenced by the presence of different indel 

modifications by the T7EI and restriction site loss mutation  detection assays. In line with 

our previous data, all sgRNAs targeting the ORF (CP and RCRII) sequences were highly 

efficient in targeting all virus strains including mild and severe strains, with subsequent 

repair via imprecise NHEJ, as evidenced by the T7EI assays and Sanger sequencing 

analysis. 

Our inability to detect any indel modifications in viral genomes from plants carrying 

sgRNAs targeting the IRs of TYLCSV and CLCuKoV, severe viruses, prompted further 
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investigation. Such inability could be due to: 1) the inability of the sgRNA to target the 

Cas9 protein to the IR sequences of CLCuKoV and TYLCSV, 2) the inability of the 

NHEJ repair machinery to repair the DSBs, ultimately leading to degradation of the 

cleaved IR sequences of these two viruses, or 3) the repaired IR sequences produce 

variants of individual genomes which are unable to replicate and therefore ultimately 

degraded. To determine which of these possibilities is in play in our system, we 

attempted to determine the interference activities by measuring the accumulation of the 

genomes of these two viruses after the application of the CRISPR/Cas9 machinery. 

Intriguingly, the sgRNA molecules targeting the IR regions of CLCuKoV and TYLCSV, 

respectively, were capable of guiding the CRISPR/Cas9 machinery to the IR sequence, 

thereby interfering with viral replication, ultimately resulting in a significant reduction in 

the levels of the viral genome. Therefore, our results indicate that the IR sgRNA can 

target the viral genome, but the subsequent repair of the DSBs via NHEJ is likely to 

generate non-functional viral variants inefficient in replication. This possibility prompted 

us to sequence numerous amplicons to determine whether indel production or other types 

of modifications could have occurred after targeting the virus genome by the 

CRISPR/Cas9 machinery. Our data of the Sanger sequencing of the IR amplicons 

revealed the presence of a few IR sequences with long deletions ranging from 61–360 bp, 

indicating that these variants are inefficient in replication and therefore inhibit virus 

movement and spread. 

Our data showed that the targeting and subsequent modification of coding regions, 

including CP and RCRII, via NHEJ repair are quite efficient and universal among the 

geminiviruses examined. In contrast, sgRNA molecules targeting the IR regions are 
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capable of interference, but the subsequent repair process results in non-functional 

variants inefficient in replication. It is worth noting that it is extremely likely that 

amplicons with long deletions would be incapable of replication and systemic infection. 

Based on our data on targeting the coding regions of the virus, we observed efficient 

NHEJ repair in the coding sequences of the CP and RCRII. Therefore, we investigated 

whether these repaired sequences with indels generated by imprecise NHEJ, which 

constitute different protein variants, are proficient in replication and could subsequently 

survive, and therefore could move systemically throughout the plant. Next, we 

investigated this hypothesis by applying CRISPR/Cas9 machinery targeting the coding 

sequences of the virus. Subsequently, we confirmed the presence of indels by mutation 

detection assays, and we used sap as a source of the virus variants generated by NHEJ 

repair to inoculate WT N. benthamiana plants. We then assayed for the presence of these 

variants in the systemic leaves of WT N. benthamiana plants. Virus variants were 

detected in the systemic leaves of WT N. benthamiana plants, indicating the capability of 

these variants to replicate and systemically move throughout the plant. By contrast, a 

similar set of experiments was conducted using the leaf sap from CRISPR/Cas9 

machinery targeted to the IR. We did not detect any virus variants with modifications in 

the IR sequences, corroborating our previous results and conclusions and indicating that 

the NHEJ repaired variants are inefficient in replication, and therefore are incapable of 

system spread and infection. Interestingly, the ability of virus variants to replicate and 

subsequently fend off the CRISPR/Cas9 machinery was recently observed in HIV-1 

(Wang et al., 2016). These findings provide important insights on the application and the 

potential use of the CRISPR/Cas9 system for a variety of applications on developing   
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virus interference and engineering plant immunity against single and multiple virus 

infections. Since NHEJ repair of the coding regions of different geminiviruses is quite 

efficient, leading to the generation of different viral variants capable of replication and 

systemic infection, it may be possible to trigger the generation of viral variants that 

escape the CRISPR/Cas9 machinery. The selection and replication of these repaired 

variants would favor the more fit variants for virus survival. Since these viral variants 

could have variable replication efficiencies, it is expected that the variants with more 

proficient replication would predominate over those with less proficient replication. It 

also remains to be determined whether targeting certain genomic regions would increase 

the recombination frequencies under natural field conditions, where mixed viral 

infections predominate. The short genomes of viruses contain highly specialized, specific 

sequences required for specific functions including viral replication, evading host defense 

systems, and host infection. When designing interference strategies against viruses and 

coping with putative viral escape, the main focus is on the sequences that provide better 

interference when used for targeted interference (Eije et al., 2009, Mubin et al., 2011). 

Similarly, given the considerable heterogeneity and recombination ability of 

geminiviruses and the ability of CRISPR/Cas9-induced variants for replication and 

systemic movement, it would be conceivable to devise strategies where the CRISPR/Cas9 

system targets the noncoding region (three nucleotides before the PAM) to inhibit or 

prevent the replication of the virus by mutating the essential parts of geminiviruses. 

Alternatively, targeting multiple regions of the virus genome simultaneously would 

abrogate the ability of the virus to use the NHEJ repair system, and these cleaved 

molecules would ultimately be degraded. Because the IR is critical for binding and 
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replication initiation (Orozco and Hanley-Bowdoin, 1996), targeting this region by a 

catalytically inactive Cas9 would be expected to abrogate viral replication and 

subsequently lead to virus interference. In conclusion, our study highlights important 

aspects to consider when developing CRISPR/Cas9-based strategies for durable virus 

interference and resistance, thereby improving agricultural productivity. 

In conclusion, our study provides key findings about the efficiency and the applicability 

of the CRISPR/Cas9 system in plants for developing virus interefenrce and engineering 

plant resistance against single and multiple viruses with DNA genomes. These data show 

that the CRISPR/Cas9 system is quite efficient in targeting the virus genomes for 

degradation, thereby limiting virus accumulation. In this part of my research study, I 

investigated the most effective means of targeting the virus genomes to produce virus 

interference. Therefore, I have targeted coding and noncoding regions of different mild 

and severe virus strains with different genome architecture. My data show that the 

CRISPR/Cas9 system can efficiently target the genome of the geminiviruses tested in this 

study indicating the versatility of this approach for applications to combat DNA viruses. 

Moreover, my research show that although targeting the coding regions is very efficient 

and ensued by imprecise NHEJ repair, it can trigger the generation of virus variants 

capable of escaping the CRISPR/Cas9 machinery thereby complicating the applications 

of the CRISPR/Cas9 system for virus resistance. Intriguingly, targeting the IR region by 

the CRISPR/Cas9 machinery is efficient and limit the generation of viral variants capable 

of escaping the CRISPR/Cas9 machinery, thereby providing an effective means for the 

use of the CRISPR/Cas9 machinery for engineering plant immunity. Targeting the IR 



80 
 
region with a catalytically inactive Cas9 variant could also be effective in limiting virus 

replication and conferring virus resistance. 

 

 

 

 

3.6 Material and Methods 

3.6.1 Vector construction  

 To generate a Cas9 overexpressing N. benthamiana line, the 35S::Cas9 construct was 

cloned into the pK2GW7 binary vector. The complete 3XFlag–NLS-Cas9-NLS cassette 

was PCR amplified with Cas9-GW-F and Cas9-R primers using pX330 plasmid as 

template (Cong et al., 2013a). The purified PCR product was cloned into pENTR/D-

TOPO (Life technologies). Restriction digestion and Sanger sequencing were used to 

confirm the authenticity of pENTR/Cas9 clones, which were subsequently cloned into the 

pK2GW7 destination vector for in planta expression using the Gateway LR clonase (Life 

Technologies). To generate the Cas9 C-terminus fusion with the GFP reporter, the Cas9 

3′ stop codon was removed by PCR amplification and the clone pENTR/Cas9dstop, 

confirmed by Sanger sequencing, was used, for the Gateway LR recombination reaction 

into pEarley-Gate103. Sanger sequencing was used to confirm the sequence authenticity 

of clones and the in-frame translational fusions. The gRNA clones were custom 

synthesized in the pUC19 (-MCS) plasmid using the BlueHeronBio gene synthesis 

service (BlueHeronBio, Bothell, WA USA). Each gRNA was flanked by XbaI and XmaI 

restriction sites and consisted of a 116 bp fragment containing the 20-nucleotide target 
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sequence, 84 bp functioning as a Cas9 binding loop followed by a repeat of 7 T 

nucleotides. The 116 bp gRNA fragment of each target was sub-cloned either into the 

TRV2 RNA2 vector under the PEBV viral promoter by restriction ligation cloning using 

with XbaI and XmaI restriction enzymes. A PCR-based restriction ligation procedure was 

used to clone the sgRNAs. Briefly, sgRNAs targeting the TYLCSV, MeMV-A, MeMV-B, 

and CLCuKoV genomes were cloned into the TRV RNA2 vector. A fragment containing 

the 20-nt target sequence, the 84-bp Cas9 binding loop for sgRNA, and a seven-T repeat 

(as a terminator) was amplified by PCR using a forward primer containing an XbaI 

recognition site, 20-nt target sequence, and 23-nt Cas9-binding sgRNA scaffold and a 

reverse primer containing an XmaI recognition site to amplify a 116-bp PCR fragment. 

All primer sequences used in this study are provided in (Chapter 2 Supplementary Table 

1). The 116-bp sgRNA for each target was cloned into the TRV RNA2 vector under the 

control of the PEBV promoter using restriction enzymes XbaI and XmaI.  Sanger 

sequencing was used to confirm the sequences of all clones.  

3.6.2 Mutation detection by restriction enzyme site loss 

 The respective PCR products encompassing the target sequences were subjected to a 

restriction enzyme site loss assay. Briefly, genomic DNA was isolated from samples 

collected at 10, 15 and 21 dpi, depending on the experiment. The target region was PCR 

amplified using a specific primer set with Phusion high-fidelity polymerase (Chapter 2 

Supplementary Sequence 1). Purified PCR products (200 ng) were subjected to restriction 

enzyme protection analysis. The digested products were separated on a 2% agarose gel, 

cloned into the pJet2.1 vector, and subjected to Sanger sequencing to detect and 

characterize the indels.   
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3.6.3 T7 Endonuclease I mutation detection assay  

 The T7 endonuclease I assay (T7EI) was employed to determine and quantify the 

activity of the Cas9 endonuclease, mutations resulting from DSB repair through the 

NHEJ pathway were analyzed. Genomic DNA was prepared from samples collected after 

5, 10, and 30 days using a DNA extraction buffer (100 mM Tris-HCl  + 1 mM EDTA, 

100 mM  NaCl, 100 mM LiCl, 100 mM β-mercaptoethanol, and 0.4% RNase) and PCI. 

These genomic DNA used as a template for PCR amplification directly or after 

pretreatment with the respective restriction enzymes in order to enrich the NHEJ repair 

events. All PCR reactions were performed using high fidelity Phusion polymerase. Next, 

a 200 ng PCR product was denatured and re-annealed in NEB Buffer 2 (NEB, B7002S) 

in a PCR cycler to allow for hetero-duplex formation using a cycling program (95°C for 

10 min, 85°C for 2 min, 75°C for 3 min, 65°C for 3 min, 55°C for 3 min, 45°C for 3 min, 

35°C for 3 min, 25°C for 3 min, and 4°C). PCR amplicons of the target sequences 

(Chapter 2 Supplementary Sequences 1) were denatured, renatured, and treated with 

T7EI and used for subsequent analysis. To calculate the frequency of modification, the 

PCR amplicons were cloned into the pJET2.1 cloning vector and sequenced by Sanger 

sequencing. Mutation rates were estimated by using ImageJ software. 

3.6.4 Agroinfiltration 

 Binary constructs, including TRV RNA2 harboring the sgRNA, TRV RNA1, and 

TYLCSV, MeMV DNA-A, MeMV DNA-B, CLCuKoV, and CLCuMß infectious clones, 

were individually transformed into Agrobacterium tumefaciens strain GV3103 by 

electroporation. Transformed single colonies were grown overnight in selective medium, 

pelleted, and re-suspended. The bacterial cultures were mixed prior to infiltration and 
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diluted to optical density (OD) 600 with concentration of 0.05 (for the infectious clones 

of DNA viruses) or 0.1 (for RNA1 and RNA2) in infiltration medium (10 mM MES [pH 

5.7], 10 mM CaCl2, and 200 μ M acetosyringone. The cultures were incubated at ambient 

temperature in the dark for 4–8 h. Mixed bacterial cultures were infiltrated into the 3–4-

week-old leaves of N. benthamiana Cas9-OE plants using a 1 mL needleless syringe. 

Leaf disc samples were collected from inoculated plants, and systemic leaves at 15 and 

21 dpi and were subjected to various molecular analyses to determine the presence of 

targeted modifications of the viral sequences. 

3.6.5 DNA blot analysis 

 PCR amplicons of IR-specific fragments of CLCuKoV and TYLCSV were DIG-labeled. 

Total genomic DNA (2 μg) from N. benthamiana plants was electrophoresed in 1% gels 

alongside the DIG-labeled size marker DIG marker-II (Roche). The DNA fragments were 

blotted onto a nylon membrane (Roche), followed by UV-crosslinking and hybridization 

with the respective IR-DIG-labeled probes. DNA bands were visualized using alkaline 

phosphatase-conjugated anti-DIG (1:10,000) and CPD chemiluminescent substrate in an 

Alpha Innotech digital imaging system. 

3.6.6 TRV-mediated delivery of sgRNA 

 TRV was used for the delivery and expression of sgRNAs with different target 

specificities. To systemically deliver the sgRNAs, cloned TRV vectors were agroinfected 

into Cas9OE N. benthamiana plants for targeting of the TYLCSV, CLCuKoV, MeMV 

DNA-A, and MeMV DNA-B genomes, respectively. Seven days post TRV-mediated 

sgRNA delivery, a second leaf was infiltrated individually with Agrobacterium 

containing infectious clones of TYLCSV, CLCuKoV with CLCuMß, and MeMV DNA-
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A with MeMV DNA-B. Fifteen days post-DNA viral challenge, systemic leaves were 

collected for molecular analysis. 

3.6.7 CRISPR/Cas9 evasion analysis of TYLCV 2.3 and TYLCSV via sap 

transmission  

 TYLCV 2.3 and TYLCSV sap inoculation was conducted as described (Gilbertson et al., 

1991), with slight modifications. Briefly, two-week-old WT N. benthamiana plants were 

inoculated with sap extracted from TYLCSV-infected (CRISPR/Cas9 targeted) systemic 

leaves. The leaves were ground to a powder and re-suspended at 1:4 (w/v) dilution in 

potassium phosphate buffer (0.1 M, pH 8.0). The sap (from TYLCSV targeted at the IR 

or CP) was then applied to WT N. benthamiana plants. The adaxial surfaces of three 

leaves and pedicels were dusted with carborundum (200–450 mesh) and thoroughly 

rubbed with sap using a pestle. The leaf pedicels and main stem were also injected with 

the same sap using an 18-gauge needle. The top (young) systemic leaves were collected 

at 15 days after sap application and DNA was extracted. The extracted DNA was directly 

used for molecular analysis or enriched to detect the presence of indels by pretreatment 

with the respective enzymes. T7EI and restriction site loss were used for the detection of 

CRISPR/Cas9 evasion, and Sanger sequencing was used to identify the modified 

sequences of the viral escapees. These experiments were performed for the noncoding 

(IR) and coding (CP) viral regions.  

3.6.8 CRISPR/Cas9 evasion analysis of CLCuKoV via grafting  

 Scions from four-week-old WT N. benthamiana plants were grafted onto stocks of plants 

infected with CLCuKoV and CLCuMß and targeted at the IR and CP by CRISPR/Cas9 

for 15 days. Top (young) leaves of scions were collected at 21 days after graft 
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establishment and used for extraction of total genomic DNA. The extracted DNA was 

enriched for indels by pretreatment with the respective restriction enzymes, followed by 

use as a PCR template to amplify the IR or CP targets. Molecular analysis was performed 

for mutation detection as described above. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



86 
 

CHAPTER 4 

 

Engineering Resistance against Tomato Yellow Leaf Curl Virus via the 
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4.1 Abstract  

 CRISPR/Cas systems confer molecular immunity against phages and conjugative 

plasmids in prokaryotes. Recently, CRISPR/Cas9 systems have been used to confer 

interference against eukaryotic viruses. Here, N. benthamiana and tomato (Solanum 

lycopersicum) plants were engineered with the CRISPR/Cas9 system to confer immunity 

against TYLCV. Targeting the TYLCV genome with Cas9-single guide RNA at the 

sequences encoding the CP or Rep resulted in efficient virus interference, as evidenced 

by low accumulation of the TYLCV DNA genome in the transgenic plants. The 

CRISPR/Cas9 based immunity remained active across multiple generations in the N. 

benthamiana and tomato plants. Together, our results confirmed the efficiency of the 

CRISPR/Cas9 system for stable engineering of TYLCV  resistance in N. benthamiana 

and tomato, and opens the possibilities of engineering virus resistance against single and 

multiple infectious viruses in other crops (Mahfouz et al., 2017). 

4.2 Introduction     

 Tomato (Solanum lycopersicum) is an important horticultural crop grown worldwide, 

with a global production of more than 159 million metric tons on nearly 50 million 

hectares, and a global trade value of 16.5 billion USD in 2010 (FAO statistics 2010–11). 

However, tomato is susceptible to a range of pathogens, including viruses (Basak, 2016). 

TYLCV  is the most economically important monopartite virus of the genus begomovirus 

of the geminiviridae family, and TYLCV  can cause 100% crop loss in the field 

(Pietersen and Smith, 2002). Tomato plants infected with TYLCV  show severe 

symptoms of stunting with small, thick, rubbery cup-shaped leaves and yellowing along 

leaf margins, which leads to significant fruit loss (Moriones and Navas-Castillo, 2000). 
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First detected in the Middle East in 1960, TYLCV  is now endemic in many parts of the 

world, including Africa, The Americas, Asia, and Australia (Lefeuvre et al., 2010). 

TYLCV  is transmitted by an insect vector, Bemisia tabaci (whitefly) (Cohen and 

Harpaz, 1964). 

TYLCV  is composed of twin icosahedral capsids with a circular, single-stranded DNA 

genome of 2.7 kb that encodes six to seven partially overlapping ORFs in bidirectional 

organization for viral replication and spread (Hanley-Bowdoin et al., 1999). Two of these 

ORFs (V1 and V2) are present in the virion sense orientation and four of them (C1–C4) 

are in the antisense orientation separated by a 300 nt intergenic region (IR). The IR 

contains the key element responsible for replication and transcription of the viral genome. 

The virion sense ORF V1 encodes the viral coat protein (CP, 30.3 kDa), which is 

responsible for encapsidation of the genome and is involved in virus movement and 

vector recognition (Mali et al., 2013b). ORF V2 (13.5 kDa) encodes the pre-coat protein, 

which is involved in viral spread from cell to cell. The replication-associated protein 

(Rep, 41 kDa) is encoded by ORF C1 located in the antisense orientation of the viral 

genome. ORF C2 (15.6 kDa) encodes a transcriptional activator protein that is involved 

in the activation of transcription and ORF C3 (15.9 kDa) and ORF C4 (10.9 kDa) encode 

proteins involved in viral DNA accumulation (Jeske, 2009). 

Multiple approaches are used to control TYLCV and other viruses in crops, including the 

use of resistant cultivars, the introduction of resistance (R) genes, RNAi, recessive 

genomic mutational tactics, and pesticides to control vectors (Bendahmane and 

Gronenborn, 1997, Kunik et al., 1994, Vidavsky and Czosnek, 1998, Brommonschenkel 

et al., 2000, Verlaan et al., 2013). However, the ability of the viruses to overcome the 
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endogenous or engineered control measures poses a challenge in the eradication of crop 

viruses. In agriculture, the susceptibilities of preferred varieties, the use of mixed 

cropping systems, susceptible plant developmental stages, and the presence of mixed 

viral strains, conducive environments, and transmission vectors further complicate viral 

disease management (Moriones and Navas-Castillo, 2000). 

CRISPR/Cas systems are emerging as a novel method to engineer virus resistance. 

Streptococcus pyogenes CRISPR/Cas9 is the simplest and most studied system, and the 

endonucleolytic complex (Cas9-gRNA-tracRNA) is programmable for the site-specific 

cleavage of dsDNA. Any target in the DNA sequence followed by NGG (PAM) can be 

cleaved by the Cas9-sgRNA complex. The 20 nt sequence of the sgRNA complementary 

to the target DNA works as a guide and the stem-loop scaffold binds and activates Cas9 

for sequence-specific nuclease activity (Mali et al., 2013a, Cong et al., 2013c). The easy 

engineering of the CRISPR/Cas9 system allows its application as an RNA-guided DNA 

endonuclease for a variety of genome engineering applications across diverse eukaryotic 

species, including as an effective platform to generate resistance against viruses, such as 

DNA viruses that infect plants (Ali et al., 2015d, Soppe and Lebbink, 2017, Kennedy and 

Cullen, 2017).  

4.3 Research aim and objectives 

 Previous reports have shown the utility of CRISPR/Cas9 system to confer resistance 

against DNA viruses in transient assays in model plant species such as, N. benthamiana 

and A. thaliana.  The aim of this study is to raise a permanent molecular immunity 

against TYLCV in tomato plants through CRISRP/Cas9 system.  Objectives of this study 

included: investigation whether the CRISPR/Cas9-mediated interference is inherited 
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through multiple generations; demonstrating the utility of CRISPR/Cas9 system for 

developing durable virus resistance; and assessing the capability of TYLCV to overcome 

CRISPR/Cas9 machinery.    

4.4 Results 

4.4.1 Engineering of CRISPR/Cas9-mediated immunity against TYLCV in 

 N. benthamiana 

 Recently, we established an efficient method to target the genomic DNA of different 

viruses using CRISPR/Cas9 (Ali et al., 2015e) and confirmed that targeting different 

coding and non-coding sequences of geminiviruses results in effective viral interference 

(Ali et al., 2016b). To test whether CRISPR/Cas9 systems can be used to confer durable 

virus resistance in planta, we engineered plants that reliably express the CRISPR/Cas9 

machinery targeting TYLCV. The U6-sgRNA cassette and the human codon-optimized 

Cas9 gene under the CaMV-35S promoter were cloned into the T-DNA of a binary vector 

(Figure 15 A) and transformed into N. benthamiana leaf discs using A. tumefaciens. The 

primary transformants were selected on regeneration media with kanamycin as the 

selection marker and transferred to soil. The presence of the Cas9 endonuclease was 

confirmed in three individual transgenic lines by western blotting with an anti-Flag 

antibody (Chapter 4 Supplementary Figure 1).  

To confirm that lines expressing CRISPR/Cas9 were capable of targeting and cleaving 

the viral genome, the infectious clone of TYLCV in a binary vector was introduced into 

the lower leaf of the transgenic and wild-type plants through agro-infiltration. Total DNA 

was isolated from leaves at seven days post infiltration. The target-encompassing region 

was PCR amplified using TYLCV-specific primers (Chapter 4 Supplementary Table 1) 
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and subjected to the T7EI assay for the detection of insertions/deletions (Indels). T7EI 

assay results clearly demonstrated the ability of the CRISPR/Cas9 system to target 

TYLCV at the CP, IR, or Rep sequences in N. benthamiana plants (Figure 15 B, C, D).  

Silencing of the T-DNA inserted genes is common in plants, particularly when these 

genes are engineered for viral resistance (Daxinger et al., 2008). Therefore, we tested the 

ability of the CRISPR-Cas9 system to confer virus interference through multiple 

generations. To this end, we inoculated T3 progeny plants with TYLCV and conducted 

molecular analysis to test for virus interference and modification. T7EI (Figure 15 E) and 

dot-blot analyses (Figure 15 F) confirmed that TYLCV  was effectively targeted by the 

CRISPR/Cas9 system in the T3 plants, and this targeting resulted in low accumulation of 

the TYLCV  genome in the plants, which was similar to the results of the T1 generation. 
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Figure 15: Engineering the CRISPR/Cas9 machinery for interference against TYLCV.  
(A) The T-DNAs, U6-sgRNA and Cas9, were cloned into the binary vector pK2GW7 by restriction ligation 

and Gateway LR clonase, respectively. Agrobacterium containing the engineered T-DNA vector for 

targeting the TYLCV genome was used to transform tomato (S. lycopersicum) and N. benthamiana plants. 

LB, left border. KanR, plant selection kanamycin gene. U6, U6-26 Arabidopsis promoter. p35S, CaMV-

35S promoter. 3x-flag, flag tag for confirmation of protein expression. NLS, nuclear localization signal. 

pCas9, human codon-optimized Cas9 of S. pyogenes. RB, right border. SmR, spectinomycin bacterial 

selection. (B-D) T7EI assay for TYLCV targeting at the Rep sequence (B), the CP sequence (C), and the 

SspI restriction enzyme site for the IR sequence (D) in three independent T2 lines of N. benthamiana. A 

PCR amplified fragment flanking the targets in the CP and Rep sequence of the TYLCV genome were 

subjected to the T7EI assay to detect indels. Indels were detected only in PCR amplicons from plants 

expressing Cas9 and sgRNA, but not in the WT used as the control. (E) CRISPR/Cas9-mediated virus 

targeting in T3 plants of N. benthamiana. The T7EI assay confirmed CRISPR/Cas9-mediated targeting of 

the TYLCV in two independent T3 plants expressing Cas9 and sgRNA, but not in the wild type used as the 

control. In (B, C, D, and E) DNA fragments were resolved on a 2% agarose gel and stained with ethidium 

bromide; the ratio of indels are represented as a percentage below each gel, and arrows indicate the two 

T7EI digested fragments. (F) Dot-blot analysis for the accumulation of the TYLCV genome in 
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CRISPR/Cas9-expressing T3 N. benthamiana plants. Total DNA extracted (10 ng) from three independent 

T3 plants was blotted, probed with DIG-labeled TYLCV  fragments, and detected with anti-DIG antibodies 

using the (Roche GmbH) protocol. 

 

4.4.2 A stably-engineered CRISPR/Cas9 system conferred interference against 

TYLCV in tomato.   

 To engineer CRISPR/Cas9-based resistance against TYLCV in tomato, the T-DNA of 

the binary constructs (Figure 15 A) was transformed into tomato cotyledons (cultivar 

Money Maker) and transgenic lines expressing CRISPR/Cas9 machinery were 

regenerated. Six individual lines (for each of the CP and Rep targets) were confirmed for 

the expression of Cas9 by anti-Flag antibodies (Chapter 4 Supplementary Figure 2) and 

were grown to maturity to collect T2 seeds. T2 seedlings were selected on kanamycin, 

acclimatized and transferred to soil, and then inoculated with TYLCV. Total DNA was 

isolated from leaves for various molecular analyses. PCR amplicons encompassing the 

target regions of the CP and Rep regions of the TYLCV genome were subjected to T7EI 

mutation detection analysis. Our T7EI results confirmed efficient targeting of the CP and 

Rep sequences in the plants expressing CRISPR/Cas9 (Figure 16 A, B). Subsequently, 

we conducted Sanger sequencing of the PCR amplicons and validated the targeting of 

TYLCV by the Cas9 endonuclease in the T2 transgenic plants (Figure 16 C, D).  

To confirm that targeting by CRISPR/Cas9 results in low accumulation of the TYLCV 

genome in tomato, extracted DNA was subjected to semi-quantitative PCR analysis. 

Transgenic plants accumulated a lower titer of the TYLCV genome compared to the WT 

plants (Figure 15 E). TYLCV is a single-stranded DNA virus and converts to double-

stranded DNA by rolling circle amplification. To test whether TYLCV targeting via the 

CRISPR/Cas9 machinery in transgenic plants resulted in low accumulation of the single-
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B 

M 

Indels 
% 

14 28 30 24 31 37 0 

         WT AAGTTCAGCCTTCGGCGAACCTTCG-AGACGGGCGTGGA 
S.CP5-T2-01 AAGTTCAGCCTTCGGCGA---------------CGTGGA -14 
S.CP5-T2-02 AAGTTCAGCCTTCGGCGA--------AGACGGGCGTGGA -07 
S.CP5-T2-03 AAGTTCAGCCTTCGGCGAACCTTCGAAGACGGGCGTGGA +1 

PAM 

stranded viral DNA genome, we performed RCA. The RCA assay results showed that the 

transgenic plants accumulated a lower amount of viral genomic DNA compared to the 

WT plants (Figure 16 F). 
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C 

PAM 
         WT CCTTCGAACTGGATGAGCACATGCAAGTGAGGAGTCCC 
S.Rep-T2-01 CCTTCGAACTGGATGAGCACA-----GTGAGGAGTCCC -05 
S.Rep-T2-02 CCTTCTAACTGGAAGAGCACATGCACGGGAGGAGTCCC G>T,A>C,T>G 
S.Rep-T2-03 CCTTCTAACTGGATGACCACATGCTCGGGAGGAGTCCC G>T,G>C,AA>TC,T>G 

A 



95 
 

 

  

 

Figure 16: The stably-engineered CRISPR/Cas9 system conferred interference against 

TYLCV in tomato. 
 TYLCV targeting by CRISPR/Cas9 in tomato plants. The T7EI assay detected indels at the CP sequence 

(A) and at the Rep sequence. (B) In the TYLCV PCR amplicons from plants expressing Cas9 and sgRNA, 

but not in the wild type used as the control. Arrows indicate the two T7EI digested fragments. (C and D) 

Alignment of reads from the PCR amplicons encompassing the CP and Rep regions of TYLCV. Top line, 

WT TYLCV sequences. Indels, are indicated by the numbers [–, deletion. +, insertion.  >, substitution of x 

to y nucleotides].  (E) Semi-quantitative PCR for the accumulation of TYLCV. A 500 bp fragment of 

TYLCV was amplified (22 cycles) by PCR with TYLCV -specific primers and resolved on a 1% EtBr 

agarose gel. N. benthamiana NBPDS-specific primers were used as an internal control. Amplicons in 

comparison to the wild type are represented as a percentage below the gel. (F) RCA assay for the 

accumulation of the TYLCV genome in T2 lines expressing CRISPR/Cas9. Compared to the wild type, 

plants expressing CRISPR/Cas9 accumulated a reduced level of the TYLCV genome. In A, B, E, and F, 

arrowheads represent the expected DNA fragments. 

 

4.4.3 CRISPR/Cas9-mediated immunity against TYLCV was stable over multiple 

generations in tomato. 

 To engineer viral immunity in crops like tomato, the function of the CRISPR/Cas9 

system must be inherited indefinitely. To validate the inheritance of the CRISPR/Cas9 

machinery and function in virus interference, T3 progeny plants were inoculated with 

TYLCV and various molecular analyses were conducted on the extracted DNA. T7EI 

results confirmed efficient targeting of the CP and Rep sequences in the T3 plants 

expressing the CRISPR/Cas9 machinery, indicating its ability to confer virus resistance in 
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the progeny plants (Figure 17 A, B). Further, Sanger sequencing data of the PCR 

amplicons flanking the target sequence in the virus genome confirmed effective targeting 

of TYLCV by the Cas9 endonuclease (Figure 17 C, D).  

To confirm that CRISPR/Cas9-mediated immunity results in a lower titer accumulation 

of TYLCV, semi-quantitative PCR and RCA analysis were conducted on T3 progeny 

plants inoculated with TYLCV. Both the semi-quantitative PCR (Chapter 4 

Supplementary Figure 3) and RCA data (Chapter 4 Supplementary Figure 4) clearly 

demonstrated low accumulation of the TYLCV genome in the T3 homozygous plants 

expressing the CRISPR/Cas9 system. Dot-blot analysis was used to determine the virus 

titer, which indicated a lower accumulation of TYLCV genomic DNA in the T3 

homozygous plants than in the WT control plants (Figure 17 E). These data indicated that 

the CRISPR/Cas9 system engineered in plants to target the TYLCV provides an effective 

tool to control virus infection. 
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PAM 
           WT  AAGTTCAGCCTTCGGCGAACCTTCGAGA-CGGGCGTGGA 
S.CP5-1-T3-01  AAGTTCAGCCTTCGGCGAACCTTCGAGAACGGGCGTGGA +1 
S.CP5-1-T3-02  AAGTTCAGCCTTCCGCGAACCTTCTAGA-CGGGCGTGGA G>C,G>T 
S.CP5-1-T3-03  AAGTTCAGCCTTCGGCGAACC----AGA-CGGGCGTGGA -2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 17: CRISPR/Cas9-mediated immunity against TYLCV was stable over multiple 

generations in tomato. 
(A) T7EI assay confirming targeted indels at the CP sequence of TYLCV in two independent T3 

homozygous tomato lines. Arrows indicate the two T7EI digested fragments. (B) Alignment of the Sanger 

sequencing reads from the PCR amplicons encompassing the CP target in the TYLCV genome. (C) T7EI 

assay confirming targeted indels at the Rep sequence of TYLCV in two independent T3 homozygous 

tomato lines. Arrows indicate the two T7EI digested fragments. D- Alignment of the reads from the PCR 

amplicons encompassing the Rep target in the TYLCV genome. (E) Dot-blot analysis for the interference of 

TYLCV in CRISPR/Cas9-expressing T3 tomato plants. T3 homozygous lines expressing CRISPR/Cas9 

accumulated less TYLCV genomic DNA compared to WT plants. (F) Sanger sequencing alignment of the 

reads from the potential TYLCV variants. After targeting, some of the TYLCV variants were able to 

B 

D  

        WT CCTTCGAACTGGATGAGCACATGCAAGTGAGGAGTCCC 
Rep-esc-01 CCTTCGAACTGGATGAGCACATGCAAGGGAGGAGTCCC T>G 
Rep-esc-02 CCTTCTAACTGGATGAGCACATGCAAGTGAGGAGTCCC G>T 
Rep-esc-03 CCTTCTAACTGGATGACCCCAGGCAAGTGAGGAGTCCC G>C,A>C,T>G 

PAM  F 

            WT CCTTCGAACTGGATGAGCACATGCAAGTGAGGAGTCCC 
S.Rep6-1-T3-01 CCTTCGAACTGGATGAGCACATGCAAGGGAGGAGTCCC T>G 
S.Rep6-1-T3-02 CCTTCGACAAGGAAGACCACAGGCAAGTGAGGAGTCCC ACT>CAA,T>A,G>C,T>G 
S.Rep6-1-T3-03 CCTTCGACAAAAAAGACCACAGGCAAGTGAGGAGTCCC ACTGG>CAAAA,T>A,G>C,T>G 

PAM 
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replicate and spread in the plant. In ( B, D, and F) top line, WT TYLCV  sequences. Indels are indicated by 

the numbers [-, deletion. +, insertion.  >, substitution of x to y nucleotides]. The TYLCV genomic DNA in 

plants expressing CRISPR/Cas9 was lower than in WT tomato plants inoculated with TYLCV. 

 

4.4.4 TYLCV evasion from the CRISPR/Cas9 machinery 

 Viruses could use the repair machinery to generate variants capable of escaping the 

CRISPR/Cas9 machinery. For example, TYLCV genome can be targeted by 

CRISPR/Cas9 machinery for cleavage and can be repaired by cellular NHEJ repair 

pathway in plant cell nucleus. Such imprecise repair could allow TYLCV genome to 

evolve and change the sequences corresponding to the spacer or protospacer-associated 

motif, thereby evading the CRISPR/Cas9 system and replicating and spreading 

systemically. It is worth noting that these virus escapees would be un-targetable and able 

to freely replicate and move across the plants. To understand and limit the frequency of 

these escapees are key to develop durable virus resistance. 

To test the ability of TYLCV to overcome the CRISPR/Cas9 system, the sap was 

collected from the TYLCV-infected N. benthamiana transgenic plants expressing 

CRISPR/Cas9 targeting the TYLCV Rep sequence and used this sap to mechanically 

inoculate WT N. benthamiana plants. DNA was collected seven days after inoculation 

(dai) and subjected to rigorous molecular analysis. Sanger sequencing confirmed the 

variants genomes systemic movement in TYLCV target Rep (Figure 17 F). 

 

 

4.5 Discussion     



99 
 
 CRISPR/Cas9 is an efficient, adaptive anti-viral system of bacteria and archaea that was 

recently tailored for targeted modifications of eukaryotic genomes and to provide 

interference against viruses, including DNA viruses that infect plants (Romay and 

Bragard, 2017, Ali et al., 2016b). TYLCV  is one of the major viruses infecting tomato 

and other important crops, but conventional methods to control TYLCV  are expensive 

and mostly ineffective (Moriones and Navas-Castillo, 2000). Here, ability of 

CRISPR/Cas9 was assessed to confer resistance against TYLCV in N. benthamiana and 

tomato, and the durability of virus resistance over multiple generations was tested. Most 

importantly, it was also assessed that whether the CRISPR/Cas9 machinery would trigger 

mutations in the viral genome capable of evading the CRISPR/Cas9 system. 

The CRISPR/Cas9 machinery was stably engineered in N. benthamiana and tomato to 

target TYLCV genomic DNA sequences. CRISPR/Cas9 targeted the CP sequence of 

TYLCV very efficiently and provided robust interference in all tomato plants from the T2 

to the homozygous T3 generation.  

The CRISPR/Cas9 system also targeted the Rep region of the viral genome, though with 

less efficiency compared to the CP sequence. One possible explanation for this difference 

in efficiency is that the sgRNA directing the Cas9 endonuclease is more efficient in 

binding to the CP target sequence than to the Rep sequence. The presence of binding 

proteins or competition with the viral replication machinery for binding to the Rep ORF 

could hinder the binding of the CRISPR/Cas9 complex to the spacer sequence in the Rep 

region. The latter possibility is consistent with recent data showing the robust targeting 

and cleavage of the CP sequence of another geminivirus  CLCuKoV, by the 

CRISPR/Cas9 machinery (Ali et al., 2016b). 
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Previous observations have indicated that silencing of the CRISPR/Cas9 system can 

occur in successive generations (Daxinger et al., 2008, Mlotshwa et al., 2010). Therefore, 

after demonstrating the efficiency of stably-expressed CRISPR/Cas9 machinery in 

conferring virus interference, the interference activity over multiple generations was 

evaluated. Indeed, the results demonstrated that the expression of the CRISPR/Cas9 

machinery and viral resistance was inherited over multiple generations.  

Viruses can often overcome the plant’s genetic immunity, including the engineered 

CRISPR/Cas9 system. It is crucial to understand the limits and frequency of this 

naturally-acquired resistance in order to develop durable virus resistance in plants. 

Additionally, targeting the viral genome by the CRISPR/Cas9 system leads to the 

formation of double-strand breaks, which are repaired by error-prone non-homologous 

end joining or more precise homology-directed repair mechanisms. Thus, this repair 

machinery could generate viral variants capable of overcoming the CRISPR/Cas9 

machinery, as imprecise repairs of the viral genome could result in mutations in the 

sequences corresponding to key sequences essential for the Cas9 activity including spacer 

and PAM sequences. Because viruses have high rates of evolution and the CRISPR/Cas9 

system does not tolerate mismatches in the seed sequences (9–12nt) of the spacer near the 

PAM sequence (Semenova et al., 2011), any mutation of these sequences would limit or 

eliminate the ability of the CRISPR/Cas9 system to target the virus, and therefore lead to 

virus variants that can overcome the resistance. To test this, the ability of the TYLCV 

genome to overcome the CRISPR/Cas9-mediated immunity was assessed.  

 Previously it has been shown that targeting and editing the most conserved intergenic 

region nonanucleotides (IR) important for virus replication can limit the frequency of 
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these viral escapees (Ali et al., 2015d). However, multiple attempts to regenerate tomato 

lines expressing Cas9 and sgRNA targeting the IR failed, whereas we were able to 

successfully regenerate tomato lines with Cas9 and sgRNA targeting the CP and Rep 

regions. Alternative approaches including the simultaneous targeting of the virus at 

multiple sequences could boost resistance and limit the chances of virus variants capable 

of replication (Kaminski et al., 2016). Protein binding to the TYLCV  genomic DNA can 

hinder the binding of the viral replication machinery (Mori et al., 2013). For example, a 

dCas9 approach to allow binding of multiple sgRNA/dCas9 complexes to the viral 

genome may interfere with the replication machinery leading to effective virus 

interference. Recently, several new mechanisms of viral interference were discovered, 

including CRISPR/Cas13a/b systems which target the virus RNA genome or the RNA 

intermediate of a DNA virus. Developments in CRISPR/Cas systems are opening new 

possibilities to engineer durable virus resistance in crops and improve crop yield and 

productivity. 

4.6 Material and Methods 

4.6.1 Vector construction  

 To generate tomato and N. benthamiana lines expressing Cas9 and sgRNA, the U6-

sgRNA and Cas9 were assembled into the binary pK2GW7 vector. First, the 20-nt spacer 

sequences of the IR, CP, or Rep sequences (singly or tRNA-sgRNA) of the TYLCV 

genome were cloned into a backbone (U6-BbsI-gRNA scaffold) vector as primer dimer 

by Golden Gate enzyme BbsI (NEB, R0539S). Next, the whole U6-sgRNA cassette was 

amplified with a forward and reverse primer set both containing a SacI digestion site. By 

restriction ligation, the SacI-U6-sgRNA-SacI fragment was moved to pK2GW7. Next, 
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the 3XFlag–NLS-Cas9-NLS cassette was cloned into the pENTR/D-TOPO plasmid (Life 

Technologies) and moved to the U6-sgRNA-pK2GW7 destination vector by Gateway LR 

clonase in front of the CaMV-35S promoter to make the U6-sgRNA-pK2-Cas9 T-DNA 

vector (Life Technologies). 

4.6.2 Preparing the plant material 

 N. benthamiana (Tobacco): tobacco seeds were sterilized in 10% bleach (0.5% sodium 

hypochlorite) for one min by swirling them and 70% ethanol (VWR chemical, 

3000003839) for one min at room temperature. Ethanol removed by washing the seeds 

three to five times with H2O under a sterile hood. The seeds placed into a magenta box 

containing germination medium for tobacco (MS solid medium + 30% sucrose + 0.7% 

Agar (Sigma, A1269) [pH=5.7]). Place the cover on the Magenta box and put it in a 

growth chamber (26°C, 16-hour photoperiod). Two-week-old N. benthamiana plants 

(approximately one cm) leaf discs were cut by using sterilized forceps to use in the 

experiment. 

Tomato: tomato seeds (cultivar Money Maker) were sterilized by immersing them in 70% 

ethanol and swirling them for two min at room temperature. Then, immerse the seeds in 

20% bleach for ten min with gentle swirling. Bleach washed completely by rinsing the 

seeds three to five times with H2O under a sterile hood. The seeds poured into a magenta 

box containing germination medium for tomato (MS solid medium) (4.32g MS+ 30% 

sucrose+ 0.7% Agar [pH=5.5]) Place the cover on the Magenta box and put it in a growth 

chamber (26°C, 16-h photoperiod). After eight to ten  days old cotyledon cut by using 

sterilized forceps to use in the experiment (Kimura and Sinha, 2008). 
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4.6.3 Preparing the Agrobacterium suspension 

 The U6-sgRNA-pK2.Cas9 T-DNA binary vector was introduced into A. tumefaciens 

strain GV3101 by electroporation. Single colonies carrying the T-DNA vector were 

grown overnight at 28°C in LB medium (Invitrigen, 12780-029) containing 100 mg/L 

spectinomycin 50 mg/L gentamycin and 25 mg/L rifampicin. The overnight culture was 

used to inoculate 50 mL of LB containing the selective antibiotics. Cells were collected 

when reached an OD600 of one, re-suspended in transformation medium to an OD600 of 

0.4 and poured onto a Petri dish.   

4.6.4 Generation of tomato and N. benthamiana lines expressing Cas9 and sgRNA  

 Transgenic N. benthamiana plants were regenerated following a previously described 

method (Ali et al., 2015b). First, Cas9- overexpressing N. benthamiana transgenic lines 

were generated using leaf disc. The expression of Cas9 protein was confirmed by western 

blot assay.   

To regenerate tomato lines expressing sgRNA and Cas9, the T-DNA constructs were 

transformed into tomato cotyledons that were regenerated using a previously described 

method. The cotyledons kept moist by adding 20 mL of MSO or MS0 (MS-zero) liquid 

medium (4.32g MS+ 30% sucrose, [ph=5.7]) to the dish. The tip and base of each 

cotyledon cut to facilitate Agrobacterium infection.  The explants placed onto a petri dish 

containing 20 mL of MS solid medium and keep it in growth chamber for three days in 

the dark. The cotyledons were transferred to tomato regeneration media (MS solid 

medium+ 1 ml of 1000X Gamborg’s Vitamin solution (Sigma, G1019) Kanamycin, 

Carbenicilline (Sigma, C1389). Keep the explants in the growth chamber (26°C, 16-h 

photoperiod) until a callus forms. Transfer the explants to new selection medium for 
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tomato every two weeks or when Agrobacterium is growing in the medium. Shoots were 

transferred when get to two to four cm to the rooting medium (MS solid medium + 0.2 

µm Kanamycin + 0.2 µm Carbenicilline). After two to three weeks small transgenic 

plantlets were moved to soil for acclimation. The expression of Cas9 in T1, T2, and T3 

plants was confirmed by western blot using an anti-Flag antibody (Ali et al., 2015b). 

4.6.5 Western blot confirmation 

 Total proteins were extracted from 100 μg leaf tissues and resuspended in 150 µl of protein 

extraction buffer (1M TRIS-HCL+ 5M NaCL + 20% IGPAL (Sigma,13021)+ 500µM 

EDTA+ 1M dichlorodiphenyl trichloroethane (DTT)+ protein inhibitors) then centrifuged 

and transfer supernatant to 100 µl of protein dye (10% SDS+ 0.1% Bromophenol blue 

(Sigma, 8026)+ 0.5 M tris-HCL [pH= 6.8] + Glycerol (Sigma, G5516)). For Western 

analysis, proteins were run on sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS–PAGE) gel (Thermo scientific, 25203) using Tris-HEPES- running buffer  and PAGE-

ruler preset (Fermentas, SM00661) as a marker. Then transferred to nitrocellulose blotting 

membrane (life science, 10600002) in a buffer tank-blotting apparatus for one hour at 100 V 

with transfer buffer (20% Methanol (Fisher scientific, 096604) + 10% SDS+ 46mµ 

tris+39mµ Glycine (RICCA-chemical Company, RDCG0250-500)). Subsequently, blots 

were blocked in 5% skim milk in Tris buffered saline with tween 20 (Sigma, P1379) (TBST 

1X) which is prepared from (TBST 10x) (100 Mm TRIS+ 1.5 M NaCL pH=8) for one hour 

then immunoblot analysis was performed using primary mouse anti-Flag antibody (1:1,000; 

Sigma) in 5% skim milk in (TBS-T1x) for 1 h then washed three times using (TBS-T1x). 

Secondary 12 goat anti-mouse (1:1000; Santa Cruz) in 1% skim milk in (TBS-T1x) were 
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added. Blots were then washed again. Reacting proteins were detected by 

chemiluminescence using an ECL-detecting reagent via Bio-Rad chemiDoc imaging system. 

4.6.6 T7EI mutation detection assay  

 To determine the Cas9 endonuclease activity, the non-homologous end joining-based 

double-strand break repair rate was evaluated by the T7EI assay. Total genomic DNA 

was isolated from samples collected after seven days (for N. benthamiana) and 15 days 

(for tomato) and used as a template to amplify the respective spacer flanking fragments 

with individual primer sets using Phusion polymerase. Next, 200 ng of the PCR product 

was subjected to the T7EI assay (Ali et al., 2015b). ImageJ software was used to estimate 

the mutation rates. The PCR products were cloned into the pJET2.1 cloning vector for 

Sanger sequencing.  

4.6.7 TYLCV infections  

  Infiltration: Agrobacterium containing the infectious T-DNA clone of TYLCV (TYLCV 

2.3) was resuspended in infiltration buffer (10 mM magnesium chloride (MgCL2) + 10 

mM MES) and infiltrated into young lower leaves of N. benthamaina or cotyledons of 

tomato plants expressing the CRISPR/Cas9 machinery. For sap inoculation: the leaf 

tissue was mashed in plastic bags with 10 ml of Tris-phosphate buffer [PH= 7.5] and rub-

inoculated into young leaves of N. benthamiana or cotyledons of tomato using 

corborandom (mesh size 200–400 nm).  

4.6.8 Determination of viral variants   

 The sap inoculation approach was used to screen for potential viral variants. Sap was 

collected form the TYLCV-infected CRISPR/Cas9-expressing plants and was 



106 
 
mechanically applied to wild-type N. benthamiana plants. After seven dai, samples were 

collected and DNA was extracted and the respective fragments were PCR amplified for 

cloning into pJET2.1 for Sanger sequencing.  

4.6.9 Search for potential off-targets of IR spacer sequence 

 These spacer binding sites were used to find the exact match or single mismatches in the 

genome of tomato (S. lycopersicum). The putative sites were subjected to further 

annotation, where sequences were split into two groups of exact match and off-target 

binding (one to seven mismatches) in the seed sequences.  

4.6.10 Rolling circle amplification 

 Genomic DNA (50 ng) isolated from CRISPR/Cas9-expressing plants infected with was 

subjected to a rolling circle amplification (RCA) assay using the RCA amplicon kit following 

the manufacturer’s protocol (GE Healthcare). The DNA samples were resolved on a 1% 

agarose gel. 
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5.1 Potential applications 

 Virus diseases pose serious threats to agriculture and food security by limiting crop yield 

and quality. Several management strategies have been developed to limit the impact of 

viruses and other biotic factors on crop productivity. Multiple approaches are used to 

control DNA viruses in crops, including the use of resistant cultivars, the introduction of 

resistance (R) genes, RNA interference (RNAi), recessive genomic mutational tactics, 

and pesticides to control vectors (Bendahmane and Gronenborn, 1997, Kunik et al., 1994, 

Vidavsky and Czosnek, 1998, Brommonschenkel et al., 2000, Verlaan et al., 2013). 

However, the ability of the viruses to overcome the endogenous or engineered control 

measures poses a challenge in the eradication of crop viruses. In agriculture, the 

susceptibilities of preferred varieties, the use of mixed cropping systems, susceptible 

plant developmental stages, and the presence of mixed viral strains, conducive 

environments, and transmission vectors further complicate viral disease management 

(Moriones and Navas-Castillo, 2000). Transgenic approaches have been quite promising 

in engineering plants for resistance against viruses which cause devastating diseases. 

Genome engineering approaches involving the generation of molecular scissors to 

produce double strand breaks have been developed including zinc finger nucleases, TAL 

effector nucleases and CRISPR/Cas9 systems. Genome engineering has recently emerged 

as ground breaking technologies that offers various options to produce plant resistance 

against viral pathogen.(Sovová et al., 2016). It can alter the plant genome for targeted 

pathogen and engineer molecular immunity. These genome engineering reagents can be 

used to target the virus genome for cleavage and subsequent degradation limiting the 
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virus titer and reducing or abolishing virus symptoms allowing plants to recover from 

virus caused diseases. 

In this dissertation, I have employed CRISPR/Cas9 system to target DNA geminiviruses 

with specific focus on TYLCV. CRISPR/Cas9 system is one of the most efficient and 

widely adopted systems for genome engineering. it has received special interest because 

of its simplicity, efficiency and reproducibility (Zaidi et al., 2016c). Indeed, studies from 

our research group, including this dissertation, and other groups have demonstrated the 

efficiency of this system for targeting the genome of plant DNA viruses and for limiting 

the viral symptoms in planta (Zaidi et al., 2017b). Therefore, CRISPR/Cas systems offers 

excellent technologies that can be harnessed for engineering plant immunity to mediate 

virus interference and resistance against DNA viruses.  

In addition, the CRISPR/Cas system has numerous important features including, the 

ability of targeting single and multiple DNA viruses using single sgRNA. Also it has a 

capacity for multiplexed editing multiple sgRNAs (Ali et al., 2015e). Moreover, the 

findings of my research provide important insights into the potential use of the 

CRISPR/Cas9 system for targeting coding and non-coding region sequences of DNA 

viruses. And for developing durable resistance strategies by targeting non-coding 

sequences which limit virus evasion from the CRISPR/Cas9 machinery (Ali et al., 

2016a). 

Our studies have shown that N. benthamiana plants expressing the CRISPR/Cas9 system, 

and engineered to target TYLCV, displayed considerably reduced viral titers, and 

reduced disease symptoms. We have engineered the CRISPR/Cas9 machinery in N. 
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benthamiana plants to confer resistance against several DNA viruses including, TYLCV, 

Beet curly top virus (BCTV), and MeMV.  

Although the CRISPR/Cas9 system has been proven very effective in the generation of 

virus resistance against single and multiple DNA viruses, there are major drawbacks that 

need to be addressed. Major drawbacks of the CRISPR/Cas9 system include high 

frequency of off-target activities of the Cas9 endonuclease which has been reported 

across diverse eukaryotic species and in many cell types. Off-target activities can produce 

unwanted effects and compromise the genetic makeup of the targeted plant species. It is 

not desirable to have a CRISPR/Cas9 machinery that is active all the time as this may 

lead to accumulated genome mutagenesis resulting in the disruption of key important 

traits.  To address the problem of off target activities of CRISPR/Cas9 system on the 

plant genome, the catalytically inactive version of Cas9 endonuclease domains (RuvC 

and HNH), which is known as dead Cas9 (dCas9), can be employed to interfere with the 

virus replication. The dCas9 is capable of biding to the target DNA sequence but lacks 

the DNA cleavage activity on the genome (Piatek et al., 2015). The dCas9 was used for 

specific gene regulation to provide an alternative approach in species that lack 

controllable expression system (Bikard and Marraffini, 2013, Qi et al., 2013, Piatek et al., 

2015). 

Baltes et al. suggested that the interference with the replicase binding to the intergenic 

region sequence by dCas9 can mediate virus interference. Their data showed that 

targeting the BeYDV IR region of the genome without the generation of DSBs led to 

interference activities (Baltes et al., 2015). These data indicate that dCas9 can be applied 
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to interfere with viral replication and develop virus resistance without the generation of 

off-target mutagenesis. However, this remains to be tested in future studies.   

A second major drawback in the application of the CRISPR/Cas9 system for virus 

interference is the need to express the CRISPR/Cas machinery, whether catalytically 

active or not, constitutively in the plant genome. This transgenic approach may raise 

significant public concerns. Fortunately, virus disease resistance can be developed by 

engineering the host genome. Since successful virus infection depends on various host 

factors, identifying and engineering those factors may lead to the generation of virus 

resistance that is engineered permanently in the host genome without the need to have the 

CRISPR/Cas9 machinery. 

The permanent engineering of the host genome is more practical to reduce or eliminate 

regulatory issues associated with genetically modified plants. During virus infection, the 

virus recruits many components from the host to complete successful infectious cycle. 

For example, some host factors include eukaryotic translation initiation factors eIF4E and 

eIF(iso)4E (Fraser and Van Loon, 1986).  The mutation of a single member of the eIF4E 

gene family is sufficient to develop resistance against several geminiviruses.  Recent 

results demonstrated that viruses differ in their ability to use eIF4E isoforms from a given 

host plant. The knockout mutation of the A. thaliana eIF(iso)4E gene prevents infection 

by turnip mosaic virus (TuMV), lettuce mosaic virus (LMV) and tobacco etch virus 

(TEV) (Lellis et al., 2002, Duprat et al., 2002) without preventing infection by Clover 

yellow vein virus (ClYVV). Conversely, the knockout mutation of eIF4E1 allows TuMV  

but not   ClYVV replication (Sato et al., 2005). Therefore, the CRISPR/Cas9 system can 

be used to engineer non-transgenic virus-resistant plants (Woo et al., 2015). A major 
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advantage of targeting or modifying host factors is that CRISPR/Cas9 can be introduced 

as transgenes to create the genome edits, and then progeny plants can be selected that 

carry the desired edits and free of the CRISPR/Cas9 machinery through segregation 

(Kanchiswamy, 2016).  
Apart from the application of the CRISPR/Cas9 machinery to develop virus resistant 

plants, this work is key to advance the basic plant virology research. The CRISPR/Cas9 

tool kits can be used to address several basic biological questions and allow us to 

understand the virus- host interactions and virus DNA repair mechanisms.  The 

outstanding questions like virus evolution and the rate of viral DNA recombination and 

mutation, after the viral genome is cleaved within the host cell.  The function of 

subgenomic DNA in virus infection and development of disease symptoms can be 

addressed using the CRISPR/Cas9 machinery. How does the plant defense system 

respond to the foreign CRISPR/Cas9system? How can viruses evade CRISPR/Cas9-

mediated interference? (Figure 18). CRISPR/Cas9 system can be used to identify key 

host factors essential for virus infection. Identification of these host factors will allow us 

to edit these factors in the genome and develop virus resistance.  For this purpose, we can 

apply genome-wide screens and generate a library of knockout mutants and identify host 

factors essential for virus infection. 

Specifically, a library of sgRNAs would be used to generate a mutant library of plants 

(e.g Arabidopsis or crop species) which subsequently will be challenged with the virus 

and mutants which are resistant to the virus infection will be identified with the causal 

gene. The causal gene will be identified through the sequencing of the sgRNA. Once 
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these genes are identified this knowledge can be translated into crop species essential for 

food security. 

 

Figure 18: Description of the CRISPR/Cas9-mediated virus interference in the plant cell. 
Components of the CRISPR/Cas9 machinery, gRNA, and Cas9, are expressed from the plant genome and 

form gRNA-Cas9 complex. Upon viral infection, the viral DNA replicates through the dsDNA replicative 

form inside the nucleus of host cell. The gRNA-Cas9 complex targets the viral dsDNA at complementary 

target sites and cleaves the viral genome via double strand breaks (DSBs) formation which can be repaired 

by non-homologous end joining (NHEJ) repair. Alternatively, the formation of DSBs can lead to the 

degradation of the virus genome. The outstanding questions like the response of host RNAi machinery to 

the CRISPR/Cas9 system, off target effects of CRISPR/Cas9 system on host genome, the use of 

catalytically inactive Cas9 variants (dCas9), engineering of economically important crops, targeting 

betasatellites and RNA viruses with the CRISPR/Cas9 system, evasion of virus from the CRISPR/Cas9 

system, host proteins involved in viral DNA repair and evolution of resistance breaking viral strains are 

highlighted by question marks. 

 

Interestingly, viruses can be used to deliver genome engineering reagents and to bypass 

the need for stable transformation and regeneration. As I mentioned in chapter 2, many 

studies in plants have used TRV as an efficient tool to deliver genome-engineering 
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reagents into diverse plant species. Recently, we developed a TRV system that delivers 

single and multiple sgRNAs for targeted editing of the host genome and for targeting 

invading DNA viruses. This technique expands the utility of the CRISPR/Cas9 system 

for producing plants with desired traits without the need for laborious and time 

consuming plant tissue culture and regeneration (Zaidi et al., 2017b). The virus-mediated 

genome editing platform is not limited to vectors derived from TRV. There are several 

other RNA viruses have been used to deliver different nucleic acids such as PEBV. 

Under natural conditions, PEBV can infect at least 30 dicotyledonous species of 10 

different plant families, the host range of PEBV can be extended under laboratory 

conditions to include tomato, potato, and rapeseed (Constantin et al., 2004). As a result 

engineering of PEBV-RNA2 genome carrying single or multiple sgRNAs generate plants 

with genomic modifications that could be used in virus resistance against DNA viruses 

(Ali et al., 2017). 

Here, I have showed that engineering and developing plant species resistant to viruses 

hold enormous promise to increase food production and enhance food security. 

Therefore, CRISPR/Cas system emerged as one of the best and most effective strategies 

to engineer resistance to plant viruses. In this dissertation, and other works, several crops 

and model plants were engineered with CRISPR/Cas9 to develop resistance against 

invading DNA viruses. However, most of the plant viruses harbor RNA genome. Luckily, 

there are CRISPR/Cas system that are capable of targeting RNA phages including 

CRISPR/Cas13. A study by Shmakov et al. has discovered a novel Class II CRISPR 

system, (previously known as C2c2; Class II candidate 2) (Burstein et al., 2017). Cas13a 

was classified as a new Class II type VI-A due to its unique features that have not been 
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found in any CRISPR protein (Cong et al., 2013b). By analyzing the Cas13a protein 

sequence, two higher eukaryotes and prokaryotes nucleotide binding domains (HEPN) 

that are known to be associated with RNase activity (East-Seletsky et al., 2017) were 

found, indicating that Cas13a might work as a single effector RNA-guided RNA 

targeting protein (Barrangou and Marraffini, 2014). 

The functional characterization of Cas13a by Abudayyeh et al. has shown an RNA 

targeting and interference activity of Cas13a of Leptotrichia shahii (LshCas13a) against 

the single strand RNA (ssRNA) of MS2 phage genome in E.coli. The study has revealed 

the targeting requirements of Cas13a to recognize and degrade ssRNAs. In addition, an 

important unique feature in Cas13a is the presence of the two HEPN domains which are 

require for the RNA cleavage activity. However, mutations within HEPN domains, 

specifically at the putative histidine and arginine catalytic residues, abolish the cleavage 

activity of the Cas13a protein. By mutating these domains, inactive catalytic version of 

Cas13a, called dCas13a, can be generated. Similar to dead-Cas9 (dCas9), dead-Cas13a 

(dCas 13a) was able to bind specifically to the target RNA, but the cleaving activity will 

be absent, generating an RNA-guided RNA binding protein.  

 In our lab, we attempted to test whether Cas13a could mediate RNA virus interference in 

plants. The results of the transiently expressed CRISPR/Cas13a system showed that this 

system can be used as a platform for targeting RNA viruses in plants. Specifically, 

Cas13a employed with crRNAs as RNA targeting module in the model plant system of N. 

benthamiana. The CRISPR/Cas13a machinery was expressed and reconstituted 

transiently in N. benthamaina leaves and targeted with TuMV genome. One possibility of 

the better targeting activity by the crRNA complementary to the Helper component 
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proteinase silencing suppressor (HC-pro) sequence of the TuMV genome may be because 

of function of the Hc-Pro within the viral genome as a helper factor to suppress the host 

defense mechanisms. Any change in Hc-Pro level can affect the viral replication within 

the plant cell.  Overall, data demonstrated the effectiveness of CRISPR/pCas13a in 

targeting and interfering with RNA viruses for potential plant biotechnology applications.  

In this dissertation, I helped establish TRV as a delivery system for genome engineering 

reagents to generate plants with heritable modifications bypassing the need for stable 

transformation and plant tissue culture. And I have used both TRV and PEBV to deliver 

sgRNA into plants to facilitate studying CRISPR/Cas9 mediated virus interference and to 

assess the interference efficiencies of various sgRNAs targeting coding or noncoding 

regions of the virus genome. I applied and assessed the efficiency of the CRISPR/Cas9 

system to confer immunity against TYLCV in transient assays in planta. Subsequently, I 

provided a detailed analysis of the efficiencies of using the CRISPR/Cas9 machinery to 

target different coding and non-coding sequences in the genomes of multiple 

geminiviruses including TYLCV, MeMV, and BCTV. The results of my research 

demonstrated that the CRISPR/Cas9 machinery can efficiently and simultaneously target 

coding and non-coding virus sequences, thereby interfering with single and multiple 

geminiviruses. Through this work, I showed that targeting the coding regions of the 

TYLCV may lead to the generation of variants capable of overcoming the CRISPR/Cas9 

machinery. Moreover, I established that targeting the noncoding sequences of the virus 

lead to the generation of effective virus interference activities and significantly limits the 

generation of viral variants capable of evading the CRISPR/Cas9 machinery and 

replication and systemic infection. The successful demonstration that CRISPR/Cas9 can 
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be used to confer resistance against viruses in model plants indicates the potential of this 

technique to control these important viral diseases in key economic crops. Next, I 

demonstrated that CRISPR/Cas9 system can target the TYLCV genome in crop tomato 

plants engineered to stably express the CRISPR/Cas9 machinery resulting in efficient 

virus interference. Additionally, I tested the durability of virus resistance over multiple 

generations and showed that the CRISPR/Cas9 machinery-mediated interference was 

heritable and effective through multiple generations, thereby confirming and proving its 

utility for developing durable virus resistance in key crop species.  

Undoubtedly the application of CRISPR/Cas system would revolutionize the fields of 

plant virology and biotechnology and enhance our understanding of the molecular 

underpinnings of virus host interactions and addressing other basic questions in plant 

virology research. The CRISPR/Cas systems are ushering in a new era of biological 

research and undoubtedly this technology will have significant impact on developing 

virus resistance plants and enhance the food security by improving the productivity of 

key crop species susceptible to various devastating virus diseases. 

5.2 Conclusions and future directions 

 This study shows that the CRISPR/Cas9 system is an efficient genome engineering 

platform that can be applied to engineer immunity against DNA viruses across diverse 

plant species. My research project opens exciting possibilities about the use of the 

CRISPR/Cas9 system or other CRISPR systems to interfere with plant viruses. In this 

dissertation, I have shown that the CRISPR/Cas9 system is capable of conferring 

resistance against different geminiviruses, in transient and stable lines assays, with 

different efficiencies. Moreover, my research established and validated the efficiency of 
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the CRISPR/Cas9 system for engineering durable plant immunity against TYLCV in N. 

benthamiana and tomato. 

In my dissertation, I investigated and assessed the ability of the CRISPR/Cas9 machinery 

for targeting coding and non-coding sequences of different DNA viruses. My research 

findings indicated that targeting non-coding intergenic virus sequences could be very 

promising in engineering durable plant resistance against DNA viruses. These findings 

also indicate that targeting the IR region may be sufficient in conferring resistance 

against diverse DNA viruses and points to the possibility of using a catalytically inactive 

version of Cas9 in developing virus resistance. The application of dCas9 in virus 

resistance would be advantageous as it would have no off-target effects on the host 

genome and thereby would be much safer to use and apply. Furthermore, I applied the 

CRISPR/cas9 machinery for tomato crop species to show the power of this system to 

engineer plant immunity against viruses. I generated transgenic tomato plants over-

expressing the CRISPR/Cas9 machinery and tested the transgenic tomato for resistance 

against the TYLCV. I tested these transgenic lines for virus resistance and they exhibited 

robust interference against TYLCV. Therefore, my research indicates the usefulness of 

the CRISPR/Cas9 system in engineering immunity against DNA viruses in key crop 

species important for food security. Since CRISPR/Cas9 system is an engineering 

platform for plant genome, it would be possible to alter genomic targets of the plant host 

to confer resistance against single or multiple viruses. Several genomics targets have 

been shown to confer resistance against RNA and DNA viruses, respectively. These 

targets could be engineered to produce transgenic free plants which are resistant to single 

or multiple viruses. Furthermore, the CRISPR/Cas9 system could be applied for genome-
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wide interrogation to identify virus-host factors that are essential for virus infection and 

systemic spread across the infected plant species. These genome wide applications would 

identify virus and host targets for engineering resistance against DNA and RNA viruses. 

Another important addition is the use of various suitable CRISPR/Cas immunity systems 

which target RNA and DNA genomes. These systems would further expand the CRISPR-

based toolbox for engineering plant resistance to virsues. Taken together, CRISPR/Cas 

immune systems usher in a new era in virus research and in interrogation of host factors 

controlling resistance and susceptibility to viruses. This field would directly impact 

agriculture by producing resistant plants and thereby improving the yield of key plant 

species important for food security.  

These CRISPR-based tools would also allow us to understand the molecular 

underpinnings of the virus infection and host resistance and susceptibility. It is worth 

mentioning that these platforms provide excellent tools to study virus repair and HDR in 

the extrachromosomal DNA in plant cells. Also, we could also try to engineer plants with 

the whole CRISPR/Cas system and to study the acquisition of spacers into CRISPR 

arrays in the plant genome. These experiments would inform us about site-specific 

integration of foreign DNA into the plant genome with myriad of exciting application in 

plant engineering. Further, these tools would help enhance our understanding of the 

endogenous homology- directed repair mechanisms as viruses could serve as a platform 

to provide a repair template. CRISPR-based technologies for virus analysis and for 

engineering plant immunity is revolutionizing many fields including basic and applied 

plant biology. 
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6.2 Supplementary information for Chapter 2 

 

Supplementary Sequence 1. Cas9 sequence (flag-nls-cas9-nls) 

ATGGACTATAAGGACCACGACGGAGACTACAAGGATCATGATATTGATTACAAAGACGATGACGATAAGAT 
GGCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGTCCCAGCAGCCGACAAGAAGTACAGCATCGGCCT 
GGACATCGGCACCAACTCTGTGGGCTGGGCCGTGATCACCGACGAGTACAAGGTGCCCAGCAAGAAATTCAA 
GGTGCTGGGCAACACCGACCGGCACAGCATCAAGAAGAACCTGATCGGAGCCCTGCTGTTCGACAGCGGCGA 
AACAGCCGAGGCCACCCGGCTGAAGAGAACCGCCAGAAGAAGATACACCAGACGGAAGAACCGGATCTGCTA 
TCTGCAAGAGATCTTCAGCAACGAGATGGCCAAGGTGGACGACAGCTTCTTCCACAGACTGGAAGAGTCCTT 
CCTGGTGGAAGAGGATAAGAAGCACGAGCGGCACCCCATCTTCGGCAACATCGTGGACGAGGTGGCCTACCA 
CGAGAAGTACCCCACCATCTACCACCTGAGAAAGAAACTGGTGGACAGCACCGACAAGGCCGACCTGCGGCT 
GATCTATCTGGCCCTGGCCCACATGATCAAGTTCCGGGGCCACTTCCTGATCGAGGGCGACCTGAACCCCGA 
CAACAGCGACGTGGACAAGCTGTTCATCCAGCTGGTGCAGACCTACAACCAGCTGTTCGAGGAAAACCCCAT 
CAACGCCAGCGGCGTGGACGCCAAGGCCATCCTGTCTGCCAGACTGAGCAAGAGCAGACGGCTGGAAAATCT 
GATCGCCCAGCTGCCCGGCGAGAAGAAGAATGGCCTGTTCGGAAACCTGATTGCCCTGAGCCTGGGCCTGAC 
CCCCAACTTCAAGAGCAACTTCGACCTGGCCGAGGATGCCAAACTGCAGCTGAGCAAGGACACCTACGACGA 
CGACCTGGACAACCTGCTGGCCCAGATCGGCGACCAGTACGCCGACCTGTTTCTGGCCGCCAAGAACCTGTCC 
GACGCCATCCTGCTGAGCGACATCCTGAGAGTGAACACCGAGATCACCAAGGCCCCCCTGAGCGCCTCTATG 
ATCAAGAGATACGACGAGCACCACCAGGACCTGACCCTGCTGAAAGCTCTCGTGCGGCAGCAGCTGCCTGAG 
AAGTACAAAGAGATTTTCTTCGACCAGAGCAAGAACGGCTACGCCGGCTACATTGACGGCGGAGCCAGCCAG 
GAAGAGTTCTACAAGTTCATCAAGCCCATCCTGGAAAAGATGGACGGCACCGAGGAACTGCTCGTGAAGCTG 
AACAGAGAGGACCTGCTGCGGAAGCAGCGGACCTTCGACAACGGCAGCATCCCCCACCAGATCCACCTGGGA 
GAGCTGCACGCCATTCTGCGGCGGCAGGAAGATTTTTACCCATTCCTGAAGGACAACCGGGAAAAGATCGAG 
AAGATCCTGACCTTCCGCATCCCCTACTACGTGGGCCCTCTGGCCAGGGGAAACAGCAGATTCGCCTGGATG 
ACCAGAAAGAGCGAGGAAACCATCACCCCCTGGAACTTCGAGGAAGTGGTGGACAAGGGCGCTTCCGCCCAG 
AGCTTCATCGAGCGGATGACCAACTTCGATAAGAACCTGCCCAACGAGAAGGTGCTGCCCAAGCACAGCCTG 
CTGTACGAGTACTTCACCGTGTATAACGAGCTGACCAAAGTGAAATACGTGACCGAGGGAATGAGAAAGCC 
CGCCTTCCTGAGCGGCGAGCAGAAAAAGGCCATCGTGGACCTGCTGTTCAAGACCAACCGGAAAGTGACCGT 
GAAGCAGCTGAAAGAGGACTACTTCAAGAAAATCGAGTGCTTCGACTCCGTGGAAATCTCCGGCGTGGAAG 
ATCGGTTCAACGCCTCCCTGGGCACATACCACGATCTGCTGAAAATTATCAAGGACAAGGACTTCCTGGACA 
ATGAGGAAAACGAGGACATTCTGGAAGATATCGTGCTGACCCTGACACTGTTTGAGGACAGAGAGATGATC 
GAGGAACGGCTGAAAACCTATGCCCACCTGTTCGACGACAAAGTGATGAAGCAGCTGAAGCGGCGGAGATA 
CACCGGCTGGGGCAGGCTGAGCCGGAAGCTGATCAACGGCATCCGGGACAAGCAGTCCGGCAAGACAATCCT 
GGATTTCCTGAAGTCCGACGGCTTCGCCAACAGAAACTTCATGCAGCTGATCCACGACGACAGCCTGACCTT 
TAAAGAGGACATCCAGAAAGCCCAGGTGTCCGGCCAGGGCGATAGCCTGCACGAGCACATTGCCAATCTGGC 
CGGCAGCCCCGCCATTAAGAAGGGCATCCTGCAGACAGTGAAGGTGGTGGACGAGCTCGTGAAAGTGATGG 
GCCGGCACAAGCCCGAGAACATCGTGATCGAAATGGCCAGAGAGAACCAGACCACCCAGAAGGGACAGAAG 
AACAGCCGCGAGAGAATGAAGCGGATCGAAGAGGGCATCAAAGAGCTGGGCAGCCAGATCCTGAAAGAACA 

Name Description 

Supplementary   Sequence 1 Cas9 sequence (FLAG-NLS-Cas9-NLS) 

Supplementary   Figure 1 Generation of a viral-mediated genome-editing 
platform in N. benthamiana. 
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CCCCGTGGAAAACACCCAGCTGCAGAACGAGAAGCTGTACCTGTACTACCTGCAGAATGGGCGGGATATGTA 
CGTGGACCAGGAACTGGACATCAACCGGCTGTCCGACTACGATGTGGACCATATCGTGCCTCAGAGCTTTCT 
GAAGGACGACTCCATCGACAACAAGGTGCTGACCAGAAGCGACAAGAACCGGGGCAAGAGCGACAACGTGC 
CCTCCGAAGAGGTCGTGAAGAAGATGAAGAACTACTGGCGGCAGCTGCTGAACGCCAAGCTGATTACCCAGA 
GAAAGTTCGACAATCTGACCAAGGCCGAGAGAGGCGGCCTGAGCGAACTGGATAAGGCCGGCTTCATCAAG 
AGACAGCTGGTGGAAACCCGGCAGATCACAAAGCACGTGGCACAGATCCTGGACTCCCGGATGAACACTAAG 
TACGACGAGAATGACAAGCTGATCCGGGAAGTGAAAGTGATCACCCTGAAGTCCAAGCTGGTGTCCGATTTC 
CGGAAGGATTTCCAGTTTTACAAAGTGCGCGAGATCAACAACTACCACCACGCCCACGACGCCTACCTGAAC 
GCCGTCGTGGGAACCGCCCTGATCAAAAAGTACCCTAAGCTGGAAAGCGAGTTCGTGTACGGCGACTACAAG 
GTGTACGACGTGCGGAAGATGATCGCCAAGAGCGAGCAGGAAATCGGCAAGGCTACCGCCAAGTACTTCTTC 
TACAGCAACATCATGAACTTTTTCAAGACCGAGATTACCCTGGCCAACGGCGAGATCCGGAAGCGGCCTCTG 
ATCGAGACAAACGGCGAAACCGGGGAGATCGTGTGGGATAAGGGCCGGGATTTTGCCACCGTGCGGAAAGT 
GCTGAGCATGCCCCAAGTGAATATCGTGAAAAAGACCGAGGTGCAGACAGGCGGCTTCAGCAAAGAGTCTA 
TCCTGCCCAAGAGGAACAGCGATAAGCTGATCGCCAGAAAGAAGGACTGGGACCCTAAGAAGTACGGCGGC 
TTCGACAGCCCCACCGTGGCCTATTCTGTGCTGGTGGTGGCCAAAGTGGAAAAGGGCAAGTCCAAGAAACTG 
AAGAGTGTGAAAGAGCTGCTGGGGATCACCATCATGGAAAGAAGCAGCTTCGAGAAGAATCCCATCGACTT 
TCTGGAAGCCAAGGGCTACAAAGAAGTGAAAAAGGACCTGATCATCAAGCTGCCTAAGTACTCCCTGTTCGA 
GCTGGAAAACGGCCGGAAGAGAATGCTGGCCTCTGCCGGCGAACTGCAGAAGGGAAACGAACTGGCCCTGCC 
CTCCAAATATGTGAACTTCCTGTACCTGGCCAGCCACTATGAGAAGCTGAAGGGCTCCCCCGAGGATAATGA 
GCAGAAACAGCTGTTTGTGGAACAGCACAAGCACTACCTGGACGAGATCATCGAGCAGATCAGCGAGTTCTC 
CAAGAGAGTGATCCTGGCCGACGCTAATCTGGACAAAGTGCTGTCCGCCTACAACAAGCACCGGGATAAGCC 
CATCAGAGAGCAGGCCGAGAATATCATCCACCTGTTTACCCTGACCAATCTGGGAGCCCCTGCCGCCTTCAA 
GTACTTTGACACCACCATCGACCGGAAGAGGTACACCAGCACCAAAGAGGTGCTGGACGCCACCCTGATCCA 
CCAGAGCATCACCGGCCTGTACGAGACACGGATCGACCTGTCTCAGCTGGGAGGCGACAAAAGGCCGGCGGC 
CACGAAAAAGGCCGGCCAGGCAAAAAAGAAAAAGtaa 
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Supplemental Figure 1. Generation of a viral-mediated genome-editing platform in N. 

benthamiana. 

(A) Schematic representation of Cas9: GFP and Cas9 constructs in binary vectors for subcellular 

localization studies and the generation of Cas9 overexpressing N. benthamiana. NLS, Nuclear Localization 

Signal, 3× FLAG tag. (B) Cas9-GFP localization in infiltrated leaves, visualized under a confocal 

microscope. DAPI was used to stain DNA in the nucleus. DAPI and GFP merge perfectly at the cell 

nucleus. (C) Cas9 expression confirmation in transgenic N. benthamiana by semi-quantitative RT-PCR. 

Actin1 was used as normalization control. (D) Cas9 expression confirmation by western blotting in T2 

lines. An anti-FLAG antibody was used to detect FLAG-Cas9 in transgenic N. benthamiana. The lower 

panel shows the protein loading control. 
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6.3 Supplementary information for Chapter 3 

Name Description 

Supplementary Sequence 1 TYLCV  2.3 genome sequence and map 

Supplementary Sequence 2 TYLCSV genome sequence and map 

Supplementary Sequence 3  CLCuKoV genome sequence and map 

Supplementary Sequence 4 CLCuMβ genome sequence and map 

Supplementary Sequence 5 MeMV-A genome sequence and map 

Supplementary Sequence 6 MeMV-B genome sequence and map 

Supplementary Sequence 7 IR-gRNAs genome sequence and map 

Supplementary Sequence 8 CP-gRNAs genome sequence and map 

Supplementary Sequence 9 RCRII-gRNAs genome sequence and map 

Supplementary Figure 1 SspI-recognition site loss assay of CLCuKoV targeted 
with variant IR-sgRNAs. 

Supplementary Figure 2 Diagrammatic representation of genomes of different 
geminiviruses. 

Supplementary Figure 3 Long deletions at the IR region of MeMV. 

Supplementary Figure 4 SspI-recognition site loss assay of MeMV targeted 
with variant IR-sgRNAs. 

Supplementary Figure 5 SspI-recognition site loss assay for IR sequence 
modification of MeMV-B genome. 

Supplementary Figure 6 Stem loop sequence in the IR of available 
geminiviruses. 

Supplementary Figure 7 SspI-recognition site loss assay of TYLCSV targeted 
with variant IR-sgRNAs. 

Supplementary Figure 8  Alignment of Sanger sequence reads for indels in the 
CP and RCRII sequences of TYLCSV. 

Supplementary Figure 9  Chromatogram of Sanger sequence reads for indels in 
the IR of CLCuKoV. 

Supplementary Figure 10 Alignment of Sanger Sequence reads for indels in the 
IR of CLCuKoV. 

Supplementary Figure 11 Diagrammatic representation of the sap inoculation 
methods. 
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Supplementary Sequence 1. 
 
Tomato Yellow Leaf Curl Sardinia Virus (TYLCSV; L27708) 
 
TAATATTACCGGATGGCCGCGCTCCCCGATAAAGTAGTGGGCCCTACGCACT
AATTTGTGTCGACCAATGAAAATGCAGCCTCAAAGCTTAAATAATGTATTTAC
TTTGTTATAAACTTGCTTCTAAGTTTTGAAAAAACCATCAATATGTGGGATCC
TCTATTAAATGAATTTCCAGATTCAGTTCATGGTCTCCGTTGTATGCTTGCAAT
AAAATATTTGCAGCTAGTTGAAGAAACCTATGAACCCAATACTCTGGGTCAC
GATCTAATTAGGGATCTCATTTCCGTCATTCGTGCTCGTGACTATGCCGAAGC
GAACAGGCGATATACTAATGTCAAGCCCGCTCTCGAAGTTTCTCGAAAACTG
AACTTCGACAGCCCGTATACCAGCCGTGCTGCTGCCCCCACTGTCCAAGGCA
TCAAGCGTCGATCATGGACTTACAGGCCCATGTATCGAAAGCCGCGGATGTA
CAGAATGTACAGAAGCCCTGATGTCCCGTTTGGTTGTGAAGGTCCTTGTAAA
GTCCAGTCGTATGAGCAGCGTGACGACGTCAAGCATACCGGTGTTGTTCGTT
GTGTTAGTGATGTAACTAGGGGTTCTGGTATTACACATAGAGTAGGTAAACG
GTTTTGTATTAAGTCAATCTATATTTTAGGGAAGATTTGGATGGATGAAAATA
TAAAAAAACAAAATCATACTAACCAGGTCATGTTCTTTTTAGTACGAGACCG
AAGGCCGTATGGAACTAGTCCTATGGATTTTGGTCAAGTTTTTAACATGTTTG
ATAATGAACCTAGTACGGCTACTGTGAAGAACGATTTAAGGGATAGGTACCA
AGTAATGAGGAAGTTCCATGCCACGGTGGTAGGTGGTCCGTCAGGGATGAAG
GAGCAGTGTCTGTTGAAGAGGTTTTTTAAAGTTAATACCCATGTAGTTTATAA
TCATCAAGAGCAGGCGAAGTATGAAAACCATACTGAGAATGCGTTGTTGTTG
TATATGGCATGTACTCATGCTTCTAACCCAGTGTATGCTACGTTGAAAATACG
TATCTATTTTTATGATGCTGTAACAAATTAATAAAGATTGTATTTTATTTCATG
TTGTTCAATTACATCTATTGTGTTCTCAAATACATCGAATAAGACATAATCAA
CTGCTCTAATAACATTGTTTAATGAAATTACACCTATATTATTCAAATACTTA
TACACTTGAAACCTAAAGACTCTTAAAAAATGACCAGTCGGAGACTGTAAGG
TCGTCCAGATGCGGAAGTTGAGAAAACATTTGTGAATCCCCAGTGCCTTCCTC
AAGTTGTGGTTGAACCTGATTTGAAATGTTAGTAAATTGTATTTGCTGTTGAA
TGGTTGTGGTTGTGTCTGGTTATCGTGAAATATAGGGGATTTGTTATCTCGAA
GGTATAAACGCCACTCGTTGCTTGATGCGCAGTGATGTACTCCCCTGTGCGTA
AATCCATGGTTTATGCAGTCTAAATGTATATAGTATGAACAGCCACAGTCCA
GATCTACCCTTCTACGCCTCACTTGTCTCTTCTTGGCGATGTGGTGTTGGATCT
TGATTGGTATTTGTGAACAATGGCTGGTGGATGGTGACGAAGATTGCATTTTT

Supplementary Figure 12  Diagrammatic representation of the sap inoculation 
methods. 

Supplementary Figure 13 Alignment of Sanger sequence reads for indels in the 
CLCuKoV escapees. 

Supplementary Figure 14 Alignment of deduced amino acid sequences of 
CLCuKoV CP escapees. 

Supplementary Table 1  Primers 
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TATGGCCCAATTTTTTAATGTTTGATTTTTTTCTTCGTCGAGGTATTCTTTAAA
TGATGATTGTGGGCCTGGATTGCAGAGGAAGATAGTGGGTATGCCTCCTTTA
ATTTGAATGGGCTTCCCATACTTTGTGTTGCTTTGCCAGTCCCTTTGGGACCCC
ATGAATTCTTTAAAGTGTTTTAAATAATGCGGGTCTACGTCATCAATGACGTT
GTACCAAGCATTATTGCTATATACTTTTTGACTGAGGTCAAGATGTCCGCACA
AATAATTATGTGGGCCTAGGGAACGGGCCCACATAGTCTTTCCTGTCCGGCTG
TCACCCTCAATCACTATACTCACCGGCCTCCAAGGCCGCGCAGCGACATCCA
TGACGTTCTCGGAAACCAGTGTTCAAGTTCATCCGGAACTTGATCAAAAGAA
GAAGATAAAAAAGGAGAAACATATGGTGCCGGAGGCACCTGAAAAACCATA
TTTAAATTACTATTTATATTATGAAAATGTAAAATGTAATCTCTAGGGGCTAA
TTCTTTAATTACATCAAGAGCCTCCGACTTACGTCCTGCGTTAATTGCCTTGG
CGTAAGCGTCATTGGCTGTCTGCTGTCCTCCCCTTGCAGATCGTCCGTCGATC
TGGAAAGTACCCCATTCAAGAACATCTCCGTCCTTGTCGATGTAGGACTTGAC
GTCGGAGCTTGATTTAGCTCCCTGAATGTTCGGATGGAAATGTGCTGATCTGG
TTGGGGATACCAGATCGAAGAATCTGTTATTTTTGCAGTTGAATTTACCCTCG
AACTGAATGAGCATGTGGAGATGAGGTTGCCCATCTTCGTGTAATTCTCTGCA
AATCTTAATGTATTTTTTATTTGTTGGTGTTTGTAGTTGAAGTAGTTGTTCTAG
GGCTTCTTCTTTGGAGAGAGAACATTTTGGGAAAGTTAGAAAATAATGTTTTG
CATTTATTTGAAAACGCTTAGGCTGAGCCATTTGGTCAATGGGTACCAATTGA
CCTCAGATTCATTTTATTCCATGTATTGGTAGATTGGTAGCTCTTATATACCTG
GGTACTAAATGGCATGTATGTAAATATGTTAAGTTATTTTTTTAATTTATTTTA
ATTTTTGGAATTTTAGCGGCCATCCGTT 
Target sequences are shown in gray. 
 
Supplementary Sequence 2. 

Tomato Yellow Leaf Curl Virus (TYLCV 2.3) 
 
ACCGGATGGCCGCGAATTTTGTGTGGGCCCCTCAACGCACTAACTGACAAGG
ACATGCGAACCAATCAAATTGCATCCTCAAACGTTAGATAAGTGTTCATTTGT
cTTTATATACTTGGTCCCCAAGTATTTTGTCTTGCAATATGTGGGACCCACTTC
TAAATGAATTTCCTGAATCTGTTCACGGATTTCGTTGTATGTTAGCTATTAAA
TATTTGCAGGCTGTTGAGGAAACTTACGAGCCCAATACATTGGGCCACGATTT
AATTAGGGATCTTATATCTGTTGTAAGGGCCCGTGACTATGTCGAAGCGACC
AGGCGATATAATCATTTCCACGCCCGTCTCGAAGGTTCGCCGAAGGCTGAAC
TTCGACAGCCCATACAGCAGCCGTGCTGCTGTCCCCATTGTCCAAGGCACAA
ACAAGCGACGATCATGGACGTACAGGCCCATGTACCGAAAGCCCAGAATAT
ACAGAATGTATCGAAGCCCTGATGTTCCCCGTGGATGTGAAGGCCCATGTAA
AGTCCAGTCTTATGAGCAACGGGATGATATTAAGCATACTGGTATTGTTCGTT
GTGTTAGTGATGTTACTCGTGGATCTGGAATTACTCACAGAGTGGGTAAGAG
GTTCTGTGTTAAATCGATATATTTTTTAGGTAAAGTCTGGATGGATGAAAATA
TCAAGAAGCAGAATCACACTAATCAGGTCATGTTCTTCTTGGTCCGTGATAGA
AGGCCTTATGGAAGCAGCCCAATGGATTTTGGACAGGTTTTTAATATGTTCGA
TAATGAGCCCAGTACCGCAACCGTGAAGAATGATTTGCGGGATAGGTTTCAA
GTGATAAGGAAATTTCATGCTACAGTTATTGGTGGGCCCTCTGGAATGAAGG
AACAGGCATTAGTTAAGAGATTTTTTAGAATTAACAGTCATGTAACTTATAAT
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CATCAGGAGGCAGCCAAGTATGAGAACCATACTGAGAACGCCTTGTTATTGT
ATATGGCATGTACGCATGCCTCTAATCCAGTGTATGCAACTATGAAAATACG
CATCTATTTCTATGATTCAATATCAAATTAATAAATTTTATATTTTATATCATG
ACTTTCTGTTACATTTATTGTGTTTTCAAGTACATCATACAATACATGATCAAC
TGCTCTGATTACATTGTTAATGGAAATTACACCAAGACTATCTAAATACTTAA
GAACTTGATATCTAAATACTCTTAAGAAACGACCAGTCTGAGGCCGTAAGGT
CGTCCAGATTTGGAAGTTGAGATAACATTTGTGAATCCCCAGTACCTTCCTGA
TATTGTGATTGAATCTTATCTGTATTGAAATGATGTCGTGGCTCATTAGAAAT
GGCCTCTCGTCGTGGTTGGTGATCTTGAAATATAGGGGATTTTCTATCTCCCA
TATAAAAACGCCATTCTGGGCTTGATGAGCAGTGATGAGTTCCCCGGTGCGT
GAATCCATGATTGATGCAGTTGATGTGGAGGTAATATGAGCATCCGCAGTCG
AGGTCTATGCGCTTACGTCTGACTGGCTTAGTCTTCGCTATGCGGTGTTGGAT
TTTGATTGGCACTTGAGAACAGTGGCTCGTAGAGGGTGACGAAGGTTGCATT
CTTGAGAGCCCAATTTTTCAAGGATATGTTTTTTTCTTCGTCTAGATATTCCCT
ATATGATGAGGTAGGTCCTGGATTGCAGAGGAAGATAGTGGGAATTCCCCCT
TTAATTTGAATCGGCTTCCCGTACTTTGTGTTGCTTTGCCAGTCCCTCTGGGCC
CCCATGAATTCCTTGAAGTGCTTTAAATAATGCGGGTctacgtcatcgatgacgttgtaccac
gcatcattactgtacacctttggacttaggtctagatgtccacataaataattatgtgggcctagagacctggcccacattgtcttccc
cgttctgctatcaccctcgatgacaatactattaggtctCCATGGCCGCGCAGCGGAAGACATGACGT
TCTCGGACACCCATACTTCAAGTTCATCTGGAACTTGATTAAAAGATGAAGAT
AAAAGGGAGAAATATAAGGAGCCGGAGGCTCCTGAAAAATTCTATCTAAATT
TGAATTTAAATTATGAAATTGAAGTATAAAGTCTCTAGGAGCTTTCTCCTTCA
GTATATTGAGGGCCTGAGCTTGGACCCTGAATTGATTGCCTCGGCATATGCGT
CGTTGGCAGATTGGCAACCTCCTCTAGCTGATCGTCCATCGACTTGGAAAACT
CCATGATCAATGACGTCTCCGTCTTTTTCCATATAGGATTTGACATCGCTTGA
ACTCTTAGCTCCCTGAATGTTCGGATGGAAATGTGCTGACCTGGTTGGGGATG
TGAGGTCGAAGAATCTGTTGTTTTTGCACTGGAACTTTCCTTCGAACTGGATG
AGCACATGCAAGTGAGGAGTCCCATCTTCATGAAGCTCTCTGCAGATTCTAAT
GAATTTTTTGGAAGTGGGTGTTTGTATATTTAATAATTGGGAAAGTGCTTCCT
CTTTAGTTAGAGAGCATTTGGGATAAGTGAGAAAATAATTTTTGGCATTTATT
TTAAACCGATTGGGGGCTGCCATATTGACTTGGTCAATCGGAGTCTCTCAACT
CTTTCTATGTATTGGTGTATTGGAGTCCTATATATATGGAGACTCCAATGGCA
TATATGTAAATATTGTACTTTAATTCAAAATCATCACGCTCCAAAAAGCGGCC
ATCCGTATAATATT 
Target sequences are shown in gray. 

Supplementary Sequence 3. 

Cotton Leaf Curl Kokhran Virus (CLCuKoV; AJ496286) 
 
ACCGGATGGCCGCGCGATTTTTTTGTGGGCCCTACCATTAACTCTTGTCGGCC
AATCATATGACGCGCTCAAAGCTTAAATAATTCTCCCGCTTATTATAAGTACT
TCGTTGCTAAGTATGCGTTTGAAAAATGTGGGATCCACTGTTAAATGAGTTCC
CCGACACCGTTCACGGTTTTAGGTGTATGTTAGCAGTTAAATATTTGCAGTTA
GTACAGAAAACTTACTCTCCTGATACATGGGTTACGATTTGATAAGGGATTTA
ATCCTGGTAATAAGGGCTAGGAATTATGTCGAAGCGACCAGCAGATATAATC
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ATTTCCACGCCCGCTTCGAAGGTACGCCGCCGTCTCAACTTCGACAGCCCATA
TGTGAGCCGTGCTGCTGCCCCCATTGTCCGCGTCACCAAAGCAAAAGCATGG
GCGAACAGGCCCATGAACAGAAAGCCCAGGATGTACAGGATGTACAGAAGT
CCAGATGTTCCTAGAGGATGTGAAGGTCCATGTAAGGTTCAGTCGTTTGAGTC
CAGACATGATATTCAGCATATAGGTAAAGTAATGTGTGTTAGTGATGTTACTC
GTGGTACTGGGCTGACCCATAGAGTTGGTAAGAGATTTTGTGTTAAGTCTGTT
TATGTGTTGGGTAAGATCTGGATGGATGAGAACATTAAGACGAAGAATCACA
CGAATAGTGTGATGTTTTTCTTGGTTAGAGATCGTAGACCTGTTGATAAACCT
CAAGATTTTGGAGAGGTATTTAATATGTTTGATAATGAGCCCAGTACGGCGA
CTGTGAAGAATGTTCATCGTGATAGGTATCAAGTTCTGCGCAAATGGTATGC
AACTGTCACCGGTGGACAATACGCTTCAAAGGAACAAGCTCTCGTGAAGAAA
TTTATTAGAGTTAATAATTATGTTGTGTATAACCAGCAGGAAGCTGGCAAGTA
TGAGAATCATTCTGAGAATGCTTTAATGTTGTATATGGCGTGTACTCACGCCT
CTAACCCAGTGTATGCTACCTTGAAGATACGGATCTACTTCTATGATTCCGTG
ACAAATTAATAGATATTGAATTTTATTGAAGATGATTGGTCTACAAATACAAC
ATGTTGTAATACATTCCATAATACATGATCAACTGCTCTAACTACATTATTAA
TACTGACAATTCCTAAGTTATTTAAATATTTAAGCACTTGAGTCCTAAAGACC
CTTAAGAAACGACCAGTCGGAGGCTGTGAGGTCATCCAGATTCGGAAAGCTA
TGAAACATTTGTGTATCCCCAACGCTTTCCTCAGGTTGTGATTGAACTGTATC
TGGACGGTGATGATGTCTCTGTTCATTAGGAATGCTCGATTGTGGTGCTCTGT
TATCTTGAAATACAGGGGATTTTGAATCTCCCAGATAAACACGCCATTCTCTG
CTTGAGCTGCAGTGATGAGTTCCCCTGTGCGTGAATCCATGGTTGTGGCAGGC
TAATGCTATGAAGTACGAACACCCACAAGGGAGATCAACTCTCCGACGTCTG
GTCCCCTTCTTGGCTAGCCTGTGCTGCACTTTGATTGGAACCTGAGTAGAGTG
GGCTCTCGAGGGTGATGAAGATTGCATTCTTTAAAGCCCAATTTTTGAGTGCA
GAATTCTTCTCTTCATCCAAAAACTCTTTATAGCTTGAATTGGGTCCTGGATT
GCAGAGGAAGATAGTGGGAATTCCGCCTTTAATTTGAACTGGCTTCCCGTATT
TTGTATTTGATTGCCAGTCCTTTTGGGCCCCCATGAACTCCTTAAAGTGCTTTA
GGTAATGCGGGTCGACGTCATCAATGACGTTAAACCAGGCGTCATTACTGTA
TACCCTTGGGCTCAGATCTAGATGTCCACACAGATAATTATGTGGACCTAATG
ATCTGGCCCACATCGTCTTCCCCGTCCTACTGTCACCCTCAATCACTACACTT
ATTGGTCTATTGGCCCGCGCAGCGGCACTGACGACGTTCTCGGCAGCCCACA
CTTCAAGTTCTTCTGGAACTTGATCGAAAGAAGAAGAGGAAAAAGGAGAAA
CATAAGGAGCTGGTGGCTCCTGAAAGATTCTGTCTAGATTTGCATTTAAATTA
TGAAATTGCAGTACAAAATCCTTAGGAGCTAGTTCCTTAATGACTCTAAGAG
CCTCCGACTTACTTCCCGCGTTAAGTGCTGCGGCGTAAGCGTCATTGGCTGTC
TGTTGCCCTCCTCTTGCTGACCTTCCGTCGATCTGAAATTGCCCCCAGTCGAG
AATGTCCCCGTCCTTCTCGATGTAGGATTTGACGTCGGAGCTGGATTTAGCTC
CCTGTATGTTCGGATGGAAATGTGCTGACCTGCTTGGGGAGACCAAGTCGAA
GAATCGCATATTCTGGCACTTGAATTTCCCTTCGAACTGGATGAGAACATGCA
AGTGAGGAGTCCCATCTTCGTGAAGCTCTCTGCAGATTCTAATATATTTTTTT
GAAGTTGGGGTTTGTATATTTAATAATTGGGAAAGTGCTTCCTCTTTGGTGAG
AGAACATTTGGGATAAGTTATGAAATAGTTTTTGGAATAAATACCGTTCCGCT
TTGGAGGCATGTTGACTAAAATTGAATCACCGATTGACCGTTCTTGCAAACTC
TCCCCGGTATATCGGTGATCAATATATAGTGATCACCAAATGGCATAATGGT
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AATAAAAAAACTTTAATTTGAAATTCAAACCAAAAGGCTAAAGCGGCCATCC
GTTTAATATT 
 
Target sequences are shown in gray. 
 
Supplementary Sequence 4. 

Cotton leaf curl Multan Betasatellite (CLCuMB; AJ298903) 
 
accgtgggcgagcggtgtccgatggtttcttggtgggtcccattgctggtattgacttgatttgacttatattgggccaatttaatggg
ttgaaaatgtttgggcctttggaagagggtcttttatggaatagggctctgtatattgttggtgatatgtgtgttaaatatgcattgctgg
tttgtgtttggaatttaaacggtgaactttttattgaatacgtacggttcgtttacatccattcccaatatctctgggttttcaagtacaagt
atatcaagtctgtgaactatatcttctatctcgatctcttctatctttgccccgttgtatgcgaataggaaattcgctatgatgctcccttc
aaagccgttgaagtcgaatggaacgtgtatgtcttcgtacgtgtactggacgatcccttcatacttgattagcgatggtgactttgtg
gatagtatcctcatgtgaatgaagatcttcatattctccatgatgcgaacgtcgactatgaacctgactccctccttgtttgttccgctc
ggtgtcatttctgcttatttgatggaaatgtttagtgtgcatgcatttatagacttaatgaacagatattttgtgtagttgtgtggttgtga
gtgatttattattatgtgattgtccattaaagggataaagtgatgatggagacgtattacacgtgttgtcatgttggcttgaaatctttat
acatgggtttgtgccggtatacctatatatacggatagaaaacggatgagaaaaggaaaaacggaactgaagaggaaaaacaa
agaaaagaaacaaggatatattatttatgaaagaaatgggagcgcagcgaatcgaaacaggaaaacccaaggaaagagaaaa
aattaaaagtaaagagaaaaaaaattcaaattcgaaaacgtcatcgtttgagagtaataaaaaaaaagaaaaaacaaaaacatat
ccgaaaacgttgtcgtttgaaggtgtctgtgtggttttaccatttactgtgtggtaaatggtaagtgattgaagaatagttaaaaaatg
gaggcccgataggtaaattgtaccccaatatattggggttcaattggggactcataaattgcctttcctaaaatacccccgcttttgt
gtctaagaggcgcgtcggagtgcgcctataaagttaacattctctctcctcttttgatctccaatacaatttcccggtgatcggagtc
gaattttccgacacgcgcggcggtgtgtacccctgggagggtaggtaccactacgctacgcagcagccttagctacgccggag
cttagctcgcccacgttctaatatt 
 
Supplementary Sequence 5. 
 
Merremia Mosaic Virus (MeMV-A) 
 
ACCGGATGGCCGCCCGCCGCGCCCCCCCTGGGCCCACATATTAAAGCCGTCC
AATCACAAAGCGTCCTGGAAGTCTAATTGTTTAAAATAAGCCTATAAATACA
TTGGAGTCCGTCTATACCCCACCAACTTTAATTTAAAATGGTTAAGAGGGACG
CCCCATGGCGTTTAATGGCGGGGACCACTAAAGTTAGTCGCAACGCCAATTT
CTCGCCACGTGGAGGTATGGGCCCTAAGGCCGCTGCTTGGGTTAACAGGCCC
ATGTACAGGAAGCCCAGAATTTATCGCACTTTGAGAGGGCCTGATGTTCCTA
AAGGTTGTGAAGGCCCATGTAAGGTACAGTCTTTCGAGCAGCGTCATGATAT
TTCTCATGTTGGTAAGGTAATCTGTATATCCGATGTAACTCGTGGTAACGGTA
TTACTCACCGTGTTGGCAAGCGTTTTTGTGTGAAGTCTGTGTATATTCTAGGT
AAAATATGGATGGATGAGAACATAAAGCTGAAGAACCACACGAACAGCGTC
ATGTTTTGGTTGATTCGTGACAGGAGACCCTATGGTACCCCTATGGATTTTGG
TCAGGTGTTTAACATTATGACAATGAGCCGAGTACTGCTACCGTCAAGAACG
ATCTTCGCGATCGATTTCAAGTCATGCATAGGTTCTATGCCAAAGTAACTGGT
GGTCAGTATGCCAGTAACGAGCAGGCATTGGTTCGGCGATTTTGGAAGGTTA
ACAACTACGTCGTGTATAACCATCAGGAAGCAGGAAAATACGAGAATCACAC
GGAGAATGCTCTGTTATTGTATATGGCATGTACTCATGCTTCTAATCCTGTGT
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ATGCTACCTTGAAAATTCGTAGTTATTTTTATGACTCCATTTCGAATTAATAA
AGATTAAATTTTATTGAATGTCTTTCGAGCACACAATTTACATATGGTTTATC
CGTTGCGAAACGAACAGCTCTAATGACATTGTTAAGCGAAACAACACCTAAT
TGATCTAAATACATTAAAACTAAATCTTTAAATCTATTTAAATATGTCGTCCC
AGAAGCTTGAACTGATGTCGTCCAGATTTGGAAGTTCAGGTATGCTTTGTGTA
GACTCAACGCCTTCCTCAGGTTGTAGTTGAACCGTATTTGGATGGTGTATATT
CTGGTTGTGGTGTATATTGGCTCCTCCACTTGGATTATCTTGAAATAGAGGGG
ATTTGGAACCTCCCAGATAAAAACGCCATTCATTGCTTGATGAGCAGTGATG
GGTTCCCCTGTGCGTGAATCCATGGTTTCTGCAGTTGATGTGTACGTAAATTG
AACAGCCACAGTCCAGGTCTAACCTTCTCCGTCTAATGACAGATTTGGATCTC
TTCGCTCTCCTGTGCTGTGCTTTGATAGAGGGGGGAGTTGAGGAAGATGAATT
TTGCATTGTGGATCGTCCACGCTCTGAGAGATGCGTTTTCATCTTTATCGAGG
AAGTCTTTATAGCTAGCCCCCTCTCCTGGATTGCACAGCACGATTGAGGGTAT
TCCTCCTTTAATTTGAACTGGCTTCCCGTATTTACAGTTGGACTGCCAGTCCTT
TTGGGCCCCTATCAATTCTTTCCAATGCTTTAATTTCAAATAATTAGGGCTTAT
GTCATCAATGACGTTATATTCGACGTCATTCGAATAGACTCTGCCATTAAAGT
CAAGATGTCCACTAAGATAATTATGTTTACCTAATGAACGGGCCCACATTGTT
TTTCCAGTTCGACTATCTCCTTCGATGATGATACTTATCGGTCTATCTGCCCGC
GCAGCGGCACCCCTCCCAAAGTAGTTGTCTGCCCATTCTTGCATCTCATCTGG
AACGTTCGTGAAGGAGGAGAGTTGAAACGGAGGAACCCATGGTTCTGGAGA
CTTCTGAAATATTCTTGTTGCGTTCGCAACGAGATTGTGATGTTGAAGAAAGA
AGTGTTGTGGTTGTTCCTCCTTTATTATTTGCAGTGCTTCCTCTGCAGAAGCTG
CGTTTAACGCCTTTGCGTATGTATCGTTAGAAGACTGCTGACCTCCTCTAGCA
GATCTTCCGTCGATCTGGAATTGTCCCCATTCAATTGTATCTCCGTCCTTGTCG
ATGTAGGACTTGACATCGGAGCTGGATTTAGCTCCCTGAATGTTCGGATGGA
AATGTGCTGACCTGGTTGGGGATACCAAATCGAAGAATCTGTTATTCGTGCA
GTTGTATTTTCCTTCGAACTGGATAAGCACATGGAGATGAGGTTCCCCATTAT
CGTGAAGCTCTCTACAGATCTTGATGAATTTTTTGTTTACAGGGGTGTGCAGA
GCTTTGATTTGGGACAGTGCTTCTTCTTTGGCTAATGAACATATAGGGTATGT
GAGGAAATAGTTTTTGGCTTTTATTGAGAATGAACCCTTCCGTGGCATTTTTG
AATAAGGGATGTTCCCCCAATTGCTCCGCTCTCAAAACTCTATATGAATCGGG
GGAACTGGGGTACATTTATACTAGAACTCTCATTAAAGGGATTTGCAACACG
TGGCGGCCATCCGCTATAATATT 
 
Target sequences are shown in gray. 
 
Supplementary Sequence 6. 

Merremia Mosaic Virus (MeMV-B) 
 
ACCGGATGGCCGCCCGCCGCGCCCCCCCTGGCCCGCCCACCGCGCCCCTTGA
CCCCACATGGTGCCCACCAGCTGTGATGCACtTTGTAAAGGTAATACGTGGAA
CGCTtGTATGCATTCATTTGAACTAACTGTTAACTTTCTTCTTTAATTTGAATTA
TTGTCGCGCTACTATGAAAGGTTGGGTCATACTTACAATGATTAAATTGTTTA
ACGTAATGTACGATTTGGAGACGTGGACCAGTTATAACCATTATACATCGTC
AAATTAGTTTGCCGTCTCTTTAAGATCTATATATATATATGCTTGAACGTGGA
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GTTATGTAAACATATATTTTATTAATATCTATTACTAGAATATGTATTCTTTTA
GATATAGACCGTATCATTTTAATTATCGGAAACGATTTTACACACGTACGCAA
GTGTCTAAACGGGTAGCCCCGTTTAAACGAGCTGATGTGAAATGTCGAACGA
GGCAGACGACTATCGTTCATGATGAGACTAAGATGTCTTCGCAGCGCATTCA
TGAGAACCAATTTGGTCCAGAGTTTGTGATGACACATAACTCCGCCATATCCA
CTTTCATTAATTATCCTACTTTGAGTAAGACCGAGCCTAACAGAAGCAGATCT
TACATTAAGTTGAAACGCTTGCGGTTTAAGGGAACTGTTAAAATTGAGCGTG
TGTATGCGGATATGAACATGGATGGTTTGAACCCTAAAGTTGAAGGGGTATT
CACTCTTGCTGTTGTAGTTGACCGAAAACCTCATTTAAAGCCATCTGGATGTC
TGCATACATTTGATGAGGTATTTGGTGCACGGATTCACAGTCATGGTACGTTA
GCCATTACTCCGTCACTGACAGATCGTTACTACATTCGCCATGTGTTTAAACG
TGTAATGTCTGTTGAGAAGGATACTGCCATGGTTGATGTGGAAGGATCGATG
TCTCTCTCTAATAAGCGTTTTAATTGTTGGGCTACGTTTAAGGATCTTGATCAT
GAATCTTGTAAGGGTGTTTATGACAATATTAGCAAAAACGCCTTGTTAATTTA
TTATTGTTGGATGTCTGATGTACCATCTAAGGCATCGTCATTTGTATCATTTGA
TTTGGATTATGTTGGCTAAATAAAAATATGTAATTTCTGTTTTAAATAAATAA
CTGTGTATTGAACAATAAATTCTATTTTAACGATTTCGGCTGAGCCGGTGTAC
AATTACTATTAATACACTCATGGACCGTTGATCGTACAAGATCATTTAATTGG
GCCATTGACATTGTTATATTGGATTGGGCCCTTGAAGCCCCTACGATTGAAGC
AGAATCACCTGGATCCAACGCACTGGTTCCCAGACGATTGAGTTGCCTGTAT
GGGTGTATTGCATTTTCCAGTTCCGAATCTGTGTCCGTTTGGCCTATACCGATT
GTGCTTCTTGAGGCCCATGACTCGCCTGGTAATAATTCTATTGGGCTTGGTAG
CCCAATTCTTGCCATTGAGATTGACCGGATCATTTTTCTTTCCCATCTCCCGTA
GCCCACATGTGAGAAATCGACATCCTTCTCGGAAAATTGCTTAGACAGGATC
TTCACCGCCGGAGCTCTGAATGGGATATCTACAGAATGTTTCGCTGTCGACAG
TTTTAGTTTCCCTTTGAACTTGGCGAAATGTGTTCGTTGGTGTACGTTTGAATC
ACAGACTCTGTAGTATAGTTTCCACGGGATTGGGTCTTTCAGTGAGAAGAAA
GACGAGGAAAAGTAATGAAGGTCTATGTTGCATCTGATTGGGAACGTCCATG
ATGCTTGTAATGATTCGTTATCCGTCATCCTTCTGTCGTGGATCTCCACAATTA
CAGTACCTGTTGCGTTTATCGGTACCTGTTGCCTGTATTCTATGACGCAGTGA
TCTATTTTCATACAACTGCGACTTAATCTTGCTGATAATTGAGCCGCTGCTGA
CGGAAAGTGCAGTATTATCTCAGTTAAATCATGAGATAGCTGATATTCGTCTC
TGTGAGATTCTATATAATTAAAGGCACTTGGAGGATTAACCAATTGAGCATC
CATATAGCAAAATTAGCCCGCGCAGCGGAATGGATCTAACTGAGAGACGTCG
TGGTGATTAATATAGGATGTTTTCTTGAAGAAAAGAAGATGATATTTGGGAG
AGTAGATCTGGATGTTTGTGAGGTTTTTGTTGTGAAGAAGTATATGTGGTTCT
GTCTATATATAGACTTTATTAATGTATTGGAAATAAACTAATAACAATTGCTT
CATTGACACGTTTATGGTTGTACTATGTCTCTTACTGTTGCTAAAGAAGTTTA
AGATCTATACTGGAAGCACTTAGTGGCATTTGTGTAATAAGGGATGTTCCCCC
AATTGCTAAGGGgTGTTCCCCCAATTGCTCCGCTCTCAAAACTCTCTATGAAT
TGGGGGAACTGGGGGTACATTTATACTAGAACTCTCATTAAAGGGATTTGCA
ACACGTGGCGGCCATCCGCTATAATATT 
 
Target sequences are shown in gray. 
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Supplementary Figure 1: SspI-recognition site loss assay of CLCuKoV targeted with 

variant IR-sgRNAs.  
NHEJ repair analysis at the IR sequence of CLCuKoV. The CLCuKoV IR region (446 bp) was analyzed 

for the loss of the SspI recognition site through NHEJ (Indels). Different variants of IR-sgRNAs were used 

to target IR of CLCuKoV. Like the authentic CLCuKoV-IRsgRNA, none of the variant IRsgRNAs 

targeting of CLCuKoV IR sequence results in NHEJ repair. Arrow indicates the expected SspI resistant 446 

bp bp DNA fragments. DNA fragments were resolved on 2% agarose gel premixed with Ethidium Bromide 

stain. 
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Supplementary Figure 2: Diagrammatic representation of genomes of different 

geminiviruses.  
Genome organization of the three selected viruses, bipartite (MeMV-A and MeMV-B), monopartite 

(TYLCSV and TYLCV 2.3) are represented with targets (filled arrows, one in non-coding IR, one each in 

coding CP, or in Rep RCRII domain), IR is represented with open box and stem loop of nonanucleotide is 

represented by small circle, bidirectional ORFs (overlapping on inside) are represented by open arrows. 
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G12         CGGGGGAA--63Δ---ACCGGATG 
H09         TCCCCCAA--112Δ--GATGGCCG 

                              A06         TAAGGGAT--284Δ---CGTTTAA 

 
Supplementary Figure 3: Long deletions at the IR region of MeMV.  
Sanger sequencing of the IR of MeMV-A and MeMV-B, showing long deletions at the IR site. After 

targeting the IR region is PCR amplified and cloned into pJet2,1 and were Sanger sequenced. Specific 

deletions are represented at their respective sites. 

 
 

 
 
 
Supplementary Figure 4: SspI-recognition site loss assay of MeMV targeted with variant 

IRsgRNAs.IR sequence targeting and NHEJ repair in MeMV-A.  

The SspI-resistant IR fragment (446 bp) was analyzed for the loss of the SspI recognition. MeMV-A genome 

targeted (with different variants of IRsgRNAs including the native MeMV-IRsgRNA) used was able to 

repair by NHEJ. Arrow indicating the expected SspI resistant 446 bp DNA fragments in all of the samples 

expressing an invariant IR-sgRNA. DNA fragments were resolved on 2% agarose gel premixed with 

Ethidium Bromide stain. 
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Supplementary Figure 5. SspI-recognition site loss assay for IR sequence modification of 

MeMV-B genome.  
IR sequence targeting and NHEJ repair in MeMV-B. The SspI-resistant IR fragment (496 bp) was analyzed 

for the loss of the SspI recognition. MeMV-B genome targeted with MeMV-IRsgRNA used was able to 

repair by NHEJ. Arrow indicating the expected SspI resistant 496 bp DNA fragments in all of the samples 

compared to TRV alone. DNA fragments were resolved on 2% agarose gel premixed with Ethidium 

Bromide stain. 

 
 
 
>AB055008 
-GATAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCC-- 
>AB100304 
--CAATAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>AB100305 
-CCAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCG-- 
>AB162141 
-CCAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCG-- 
>AB267836 
GGTTAAAG-C-GG-CACTCG--TATAATATTACC--GAGTG--CCGCGA- 
>AB307731 
-CCTAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCG-- 
>AB377111 
---CCAAG-C-GGCC-CACGACTATAATATTACC----GTGGGCCGCGCA 
>AB377113 
---ACAAG-C-GGCC-CACGACTATAATATTACC----GTGGGCCGCGCA 
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>AB433979 
--CCAAAG-C-GGCCATCCG--TTTAATATTACC--GGATGG-CCGCCG- 
>AF012300 
---CGTGG-C-GGCCATCCG-CTATAATATTACC--GGATGG-CCGCGC- 
>AF039031 
---CGTGG-C-GGCCATCCG-CTATAATATTACC--GGATGG-CCGCGC- 
>AF084006 
--CTCAAG-C-GGCCATCCG--TCTAATATTACC--GGATGG-CCGCGA- 
>AF101476 
---CGTGG-C-GGCCATCCG-ATATAATATTACC--GGATGG-CCGCGC- 
>AF130415 
---AAATT-C-GGCCATCCG-CAATAATATTACC--GGATGG-CCGCGA- 
>AF188481 
---AAAAG-C-GGCCATCCG-CACTAATATTACC--GGATGG-CCGCGA- 
>AF189018 
--ACGTGG-C-GGCCTGTAG--TATAATATTACC--TACAGG-CCGCCG- 
>AF195782 
--CTAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>AF206674 
--CAATCG-T-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>AF261885 
--CCAAAG-C-GGCCATCCG--ATTAATATTACC--GGATGG-CCGTGC- 
>AF271234 
--TTAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>AF274349 
--CAAAAG-C-GGCCATCCG--TCTAATATTACC--GGATGG-CCGCGC- 
>AF291705 
----GTGGCC-GGCCATCCG-ATATAATATTACC--GGATGG-CCGCGC- 
>AF295401 
--TAATTG-C-GGCCATCCG--TCTAATATTACC--GGATGG-CCGCGC- 
>AF311734 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>AF327436 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>AF428255 
--AAATTG-C-GGSCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>AF490004 
---CGTGG-C-GGCCATCCG-TTATAATATTACC--GGATGG-CCGCGG- 
>AF511529 
-TACAAAG-C-GGCC-CTCG--TATAATATTACC---GAGGG-CCGCGGG 
>AJ132711 
--AAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>AJ319674 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>AJ319675 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
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>AJ457985 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>AJ457986 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>AJ495812 
--TAATCG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>AJ508784 
---AATAT-C-GGCCATCCG-CAATAATATTACC--GGATGG-CCGCGA- 
>AJ558116 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>AJ558118 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>AJ558119 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>AJ558120 
--TAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>AJ566744 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>AJ608286 
--ACGTGG-C-GGCCATCAG--TATAATATTACC--TGATGG-CCGCGC- 
>AJ704603 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>AJ865338 
--TAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>AJ865339 
--ATAAAG-C-GGCCATCCG--ATTAATATTACC--GGATGG-CCGCGC- 
>AJ865340 
--CCTTAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>AM236784 
--TAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>AM491778 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>AM501481 
--CTAAAG-C-GGCCATCCG--TTTAATATTACC--GGATGG-CCGCGC- 
>AM701758 
--TAAAAG-C-GGCCATCCG--ATTAATATTACC--GGATGG-CCGCGC- 
>AM701761 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>AM701765 
--CCATAG-C-GCCCACCGT--TTTAATATTACC---GGTGG-GCGCGAA 
>AM701768 
--GTAAAG-C-GGCCATCCG--TCTAATATTACC--GGATGG-CCGCGC- 
>AM884015 
--CTATAG-C-GGCCATTCG--TATAATATTACC--GAATGG-CCGCGG- 
>AM980509 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
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>AY044137 
--CTAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>AY044139 
--CCAAAG-C-GGTCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>AY227892 
--TTAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>AY339618 
--ACGTGG-C-GGCCATCCG--TTTAATATTACC--GGATGG-CCGCGC- 
>AY456684 
--TAATTG-C-GGCCATCCG--TCTAATATTACC--GGATGG-CCGCGC- 
>AY502934 
--TTAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>AY508993 
--ACGTGT-A-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>AY514630 
--CAATCG-T-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>AY514632 
--CAATCG-T-GGGCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>AY602165 
--GTAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>AY754812 
--AAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>AY754814 
--TGATAG-C-GGCCATCCG--ATTAATATTACC--GGATGG-CCGCGG- 
>AY927277 
---CACAT-C-GGCCATCCG-CAATAATATTACC--GGATGG-CCGCGA- 
>DQ116884 
--AAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>DQ127170 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>DQ207749 
---CGTGG-C-GGCCATCCG-TTATAATATTACC--GGATGG-CCGCGC- 
>DQ256460 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>DQ336350 
--CTATAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCCC- 
>DQ339117 
--AAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>DQ358913 
--TTAAAG-C-GGCCATCCG--TCTAATATTACC--GGATGG-CCGCGC- 
>DQ520943 
----GTGG-C-GGCCATCCGTTTATAATATTACC--GGATGG-CCGCGC- 
>DQ629101 
--AAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>DQ629102 
--AAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
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>DQ629103 
----AAAG-CGGGCCATCCG-CACTAATATTACC--GGATGG-CCGCGA- 
>DQ852623 
--TAATTG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>DQ866128 
--GTAAAG-C-GGCCATCCG--TTTAATATTACC--GGATGG-CCGCGA- 
>DQ871221 
--CAAAAG-C-GGCCATCCG--ATTAATATTACC--GGATGG-CCGCGA- 
>EF011559 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGAGGA-CCGCGC- 
>EF110891 
--ATAAAG-C-GGCCATCCG--TATAATATTACC--GGATGGCCCGCG-- 
>EF194760 
--TTAAAG-C-GGTCATCCG--TCTAATATTACC--GGATGG-CCGCGC- 
>EF417915 
---CGTGG-C-GGCCATCCG-TTATAATATTACC--GGATGG-CCGCGC- 
>EU189149 
--GTAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>EU350585 
--CCAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>EU487025 
-----ACG-CGTCCCACGTATAGTTAATATTACC----GTGGGACGCGCC 
>EU487046 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>EU596959 
--CAATCG-C-GGCCATCCG--TTTAATATTACC--GGATGG-CCGCGA- 
>EU624503 
--GTAAAG-C-GGCCATCCG--TTTAATATTACC--GGATGG-CCGCGA- 
>EU635776 
--GTAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>EU710749 
--ACGTGG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>EU710752 
-CACGTGG-C-GGCCATCCG-T--TAATATTACC--GGATGG-CCGCGA- 
>EU710754 
--CAAAAG-C-GGCCATCCA--TATAATATTACT--GGATGG-CCGCGC- 
>EU862323 
--CCAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>EU910141 
--CTAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>FJ174698 
---CGTGG-C-GGCCATCCG-CTATAATATTACC--GGATGG-CCGCGC- 
>FJ237614 
-CCAAAAG-C-GGCC-CTCG--TATAATATTACC---GAGGG-CCGCGAA 
>FJ514798 
--GCTAAA-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
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>FJ956700 
--AAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>FR873229 
--GTAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>GQ334472 
--ACGTGG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>GU076442 
--CTAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>GU076454 
--CTAAAG-C-GGCCATCCG--CATAATATTACC--GGATGG-CCGCGC- 
>GU723730 
--GTAAAG-C-GGCCATCCG--TTTAATATTACC--GGATGG-CCGCGG- 
>GU732204 
--AATCAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>HF912280 
--AAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>HM164541 
--GTAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCCC- 
>HM448898 
--CTAAAG-C-GGCCATCCG--TCTAATATTACC--GGATGG-CCGCGC- 
>HM461862 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>HQ162270 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>HQ201952 
---CGTGG-C-GGCCATCCG-CTATAATATTACC--GGATGG-CCGCGC- 
>JF803252 
---CGTGG-C-GGCCATCCG-TTATAATATTACC--GGATGG-CCGCGA- 
>JF803254 
---CGTGG-C-GGCCATCCG-ATATAATATTACC--GGATGG-CCGCGC- 
>JN381819 
--CAAAAG-C-GGCCATCCA--TATAATATTACT--GGATGG-CCGCCC- 
>JN564749 
---CGTGG-C-GGCCATCCG-TTATAATATTACC--GGATGG-CCGCGC- 
>JN680352 
---AAATT-C-GGCCATCCG-CAATAATATTACC--GGATGG-CCGCGC- 
>JQ714137 
---CGTGG-C-GGCCATCCG-TTATAATATTACC--GGATGG-CCGCGC- 
>JQ867093 
--GTAAAG-C-GGCCATCCG--TTTAATATTACC--GGATGG-CCGCGA- 
>JQ897969 
--AAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>JX863081 
-TTTCTAA---GGCCATCCG--TATAATATTACC--GGATGG-CCGCTC- 
>JX972142 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGAAGG-CCCCCC- 
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>K02029 
--ACGTGG-C-GGCCATCCG--TTTAATATTACC--GGATGG-CCGCGC- 
>KC172826 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>KC176780 
--CAAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGT- 
>KC465466 
--AAAAAG-C-GGCCATCCG--TATAATATTACC--GAATGG-CCGCGC- 
>KC686705 
--CCAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>KC706615 
--ACGTGG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>KC763630 
--TTAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>KC791690 
---CGTGG-C-GGCCATCCG-TTATAATATTACC--GGATGG-CCGCGC- 
>KC791691 
-GCAAAAG-C-GGCCATCC---TATAATATTACCGGGGATGG-CCGC--- 
>KF150142 
--GTAAAG-C-GGCCATCCG--AATAATATTACC--GGATGG-CCGCGA- 
>KF551592 
--CTAATC-C-GGCCATTCG--TATAATATTACC--GAATGG-CCGTGC- 
>L14460 
---CGTGG-C-GGCCATCCG-ATATAATATTACC--GGATGG-CCGCGC- 
>S53251 
--CTCAAG-C-GGCCATCCG--TCTAATATTACC--GGATGG-CCGCGA- 
>X15656 
--TTAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>X61153 
--GTAAAG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>X63015 
--CAATCG-T-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGA- 
>X76319 
---TAAAGCC-GGCCATCCG--TATAATATTACC--GGAGCT-CGGCGC- 
>Y14874 
--ACGTGG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC- 
>Y15034 
---CGTGG-C-GGCCATCCG-CTATAATATTACC--GGATGG-CCGCGC- 
>Z48182 
--AAATTG-C-GGCCATCCG--TATAATATTACC--GGATGG-CCGCGC 
 
 
Supplementary Figure 6: Stem loop sequence in the IR of available geminiviruses.  
The conserved nonanucleotide shown in Red, and flaking complementary sequence making the step loop of 

143 Begomoviruses. Each sequence is represented with its accession number. 
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Supplementary Figure 7: SspI-recognition site loss assay of TYLCSV targeted with 

variant IRsgRNAs. 
 NHEJ repair analysis at the IR sequence of TYLCSV. The TYLCSV IR region (562 bp) was analyzed for 

the loss of the SspI recognition site through NHEJ (Indels). Different variants of IR-sgRNAs were used to 

target IR of TYLCSV. Like TYLCSV-IRsgRNA, none of the variant IRsgRNAs targeting of CLCuKoV IR 

sequence results in NHEJ repair. Arrow indicating the expected SspI resistant 562 bp DNA fragments. 

DNA fragments were resolved on 2% agarose gel premixed with Ethidium Bromide stain. 
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Supplementary Figure 8: Alignment of Sanger sequence reads for indels in the CP and 

RCRII sequences of TYLCSV.  
Alignment of Sanger sequence reads of PCR amplicons encompassing the CP (A) and RCRII (B) target for 

indels sequence confirmation. The WT sequences are shown at the top (target sequence is shown in red; the 

protospacer-associated motif [PAM] is indicated by green, followed by the various indels formed, indicated 

by numbers to the right of the sequence [-, deletion of x nucleotides; +, insertion of x nucleotides; and >, 

change of x nucleotides to y nucleotides]. 
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Supplementary Figure 9: Chromatogram of Sanger sequence reads for indels in the IR of 

CLCuKoV.  
Sanger sequence Chromatograms of PCR amplicons of IR region of CLCuKoV targeted with IR-sgRNA 

PCR amplicons show the respective sequence long deletions after targeting by CRISPR/Cas9. 
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G04    ACCGATTGACC--128Δ---TACCGGATGG 
F11    TCGGTGATCAC--199Δ---TCGTTGCTAA 
 F03    TGTCGGCCAATC--62Δ---CTTGTCGGCC 

Supplementary Figure 10: Alignment of Sanger sequence reads for indels in the IR of 

CLCuKoV.  

Alignment of Sanger-sequencing reads of PCR amplicons of IR region of CLCuKoV targeted with an 

invariant IR-sgRNA. Total DNA was extracted and the PCR amplicons were cloned and Sanger sequenced. 

PCR amplicons show the respective sequence mutation at CRISPR/Cas9 targeting site. 

Supplementary Figure 11: Diagrammatic representation of the sap inoculation methods. 
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Sap was isolated from plants in which TYLCV 2.3 was targeted with CRISPR/Cas9 at CP or IR. The 

extracted sap was rub inoculated with Carborundum, injected to the leaf pedicels and main stem directly. 

Alternatively for CLCuKoV (in gray box), a scion from the wild N. benthamiana plant was grafted to a 

CRISPR/Cas9 targeted CLCuKoV plants. Collected samples were used for different molecular assays. 

 

 

Supplementary Figure 12: SspI-recognition site loss assay of TYLCV 2.3 targeted with 

IR-sgRNAs.  

NHEJ repair analysis at the IR sequence of TYLCV 2.3. The IR region was analyzed for the loss of the 

SspI recognition site through NHEJ (Indels). None of sample show any SspI resistant DNA fragment. 

Arrow indicates the expected SspI resistant DNA fragments. DNA fragments were resolved on 2% agarose 

gel premixed with Ethidium Bromide stain. 

 

 

 

Supplementary Figure 13: Alignment of Sanger sequence reads for indels in the 

CLCuKoV escapees.  
Alignment of Sanger-sequencing reads of PCR amplicons of CP region of CLCuKoV. Total DNA was 

extracted from the WT scion grafted to virus (CLCuKoV and CLCuMß) inoculated and CRISPR/Cas9 

machinery expressing plants. Reads of the PCR amplicons show the respective sequence mutation at 

CRISPR/Cas9 targeting site. The wild-type (WT) sequences is shown at the top (target sequence is shown 

in red; and the protospacer-associated motif [PAM] is indicated by green, the various indels formed are 

shown enlarge, bold and in blue at their respective sites. 
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 Supplementary Table 1. Primers and clones used in this study. 

primers name sequence (5- ---- 3-) Usage 

TYLCV2.3-IR-T-F  AATTGGGAAAGTGCTTCCTCT 
 

TYLCV IR flanking 

region TYLCV2.3-IR-T-R  ATAGTCACGGGCCCTTACAACA 

TYLCV-IR-T1 

 

CGAGTCTAGAGGCCATCCGTATAA

TATTACGTTTTAGAGCTAGAAATA

GCAAG 

To clone TYLCV 

IR-sgRNA 

SPDK-gRNA-R  
acatGCCCGGgAAAAAAAGCACCGA

CTCGG To clone all sgRNA 

TYLCSV-IR-F  CGAACTGAATGAGCATGTGG 
To amplify IR 

region for T7EI and 

SspI assay and probe 

synthesis 
TYLCSV-IR-R  TGCAAGCATACAACGGAGAC 

TYLCSV-IR-T 

CLCUKV-IR-T 

 

CGAGTCTAGAGGCCATCCGTTTAA

TATTACGTTTTAGAGCTAGAAATA

GCAAG 

To clone TYLCSV 

and CLCuKoV IR-

sgRNA 

TYLCSV-RCRII-T 

 

CGAGTCTAGAGTGAATGAGCATGT

GGAGATGGTTTTAGAGCTAGAAAT

AGCAAG 

To clone TYLCSV-

RCRII sgRNA 

 

TYLCSV-RCRII-R    CATGCCATTTAGTACCCAGGT To amplify RCRII 

region for T7EI and 

RSL assay 

TYLCSV-RCRII-F  TCCTGCGTTAATTGCCTTGG 

TYLCSV-CP-F  AAGCCGCGGATGTACAGAAT To amplify CP 

region for T7EI and TYLCSV-CP-R ACTTCGCCTGCTCTTGATGA 
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RSL assay 

TYLCSV-CP-T  

 

 

CGAGTCTAGAGCCGTATGGAACTA

GTCCTAGTTTTAGAGCTAGAAATA

GCAAG 

To clone TYLCSV-

CPsgRNA 

 

 

CLCUKV-CP-F  GTACTTCGTTGCTAAGTATGCGTTT To amplify CP 

region for T7EI and 

RSL assay CLCUKV-CP-R  TATGCTGAATATCATGTCTGGACT

C 
CLCUKV-CP-T  CGAGTCTAGAGATGGGCTGTCGAA

GTTGAGAGTTTTAGAGCTAGAAAT

AGCAAG 

To clone 

CLCuKoV-CP 

sgRNA 

 

CLCUKV-RCRII-F  

 

 

GACCTTCCGTCGATCTGAAAT  

 

To amplify RCRII 

region for T7EI and 

RSL assay 
CLCUKV-RCRII-F AGAGTTTGCAAGAACGGTCAAT 

 
 

CLCUKV-RCRII-T  

CGAGTCTAGAGCTGGATGAGAACA

TGCAAGTGGTTTTAGAGCTAGAAA

TAGCAAG 

To clone 

CLCuKoV-

RCRIIsgRNA 

MeMV-IR-T-F  

 

TGTGCAGAGCTTTGATTTGG To amplify IR 

region for T7EI and 

RSL assay MeMV-IR-T-R  AAATTGGCGTTGCGACTAAC 

MeMV-IR-T  CGAGTCTAGAGCCATCCGCTATAA

TATTACGTTTTAGAGCTAGAAATA

GCAAG 

 

To clone MeMV-IR-

sgRNA 

MeMV-RCRII-T  CGAGTCTAGAGTGGATAAGCACAT

GGAGATGGTTTTAGAGCTAGAAAT

AGCAAG 

To clone MeMV-

RCRIIsgRNA 
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MeMV-RCRII-T-F  

 

CGTTTAACGCCTTTGCGTAT To amplify RCRII 

region for T7EI and 

RSL assay 

 

 

MeMV-RCRII-T-R  A GAGTTTTGAGAGCGGAGCA 

MeMV-CP-T  

 

 

CGAGTCTAGAGACGTGGAGGTATG

GGCCCTAGTTTTAGAGCTAGAAAT

AGCAAG 

To clone MeMV-

CP-sgRNA 

 

 

MeMV-CP-T-F  

 

AAAGCCGTCCAATCACAAAG                                                 To amplify CP 

region for T7EI and 

RSL assay MeMV-CP- T- R TCCTGTCACGAATCAACCAA 

MeMVB-IR-F  

 

GCTTCATTGACACGTTTATGGTT To amplify IR 

region of MeMV for 

T7EI and RSL assay MeMVB-IR-R TGGTTATAACTGGTCCACGTCTC 
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 6.4 Supplementary information for Chapter 4 

 

 

 

 

 

Supplementary Figure 1: Confirmation of Cas9 expression in N. benthamiana. 
Western blot confirmation of Cas9 expression in three individual T3 permanent lines (for targeting IR, CP 

and Rep) of N. benthamiana. Anti-Flag anti-body was used to detect flag-tagged Cas9. Arrow indicates the 

expected 169 kDa Cas9.  

 
 

 

 
 

Name Description 

Supplementary Figure 1   Confirmation of Cas9 expression in N. benthamiana 

Supplementary Figure 2   Confirmation of Cas9 expression in S. lycopersicum 

Supplementary Figure 3   RCA for TYLCV  genome accumulation 

Supplementary Figure 4   Semi-quantitative PCR for TYLCV 2.3 genome 
accumulation 

Supplementary Table 1  Primers 
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Supplementary Figure 2: Confirmation of Cas9 expression in S. lycopersicum.  
Western blot confirmation of Cas9 expression in six individual permanent lines (for targeting CP and Rep) 

of (S. lycopersicum). Anti-Flag anti-body was used to detect flag-tagged Cas9. Arrow indicated the 

expected 169 kDa Cas9.  

 
 

 
 

 

 

 

Supplementary Figure 3: RCA for TYLCV genome accumulation. 
RCA assay for the TYLCV genome accumulation in T3 lines of tomato expressing CRISPR-Cas9. 

Compared to the 100% wild type, plants expressing CRISPR-Cas9 accumulate a reduce level of TYLCV 

genome. 
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Supplementary Figure 4: semi-quantitative PCR for TYLCV 2.3 genome accumulation.  

Simi-quantitative PCR for the TYLCV genome accumulation in T3 lines of tomato expressing CRISPR-

Cas9. Compared to the 100% wild type, plants expressing CRISPR-Cas9 accumulate a reduce level of 

TYLCV genome.  

 

Supplementary Table 1. Primers and clones used in this study. 

Primer name  Sequence  purpose other 
information  

Cas9-F CACCATGGACTATAAGGACCACG  
Directional 
cloning of 
Cas9 
 

 
Cloning in 
entry clone 
pENTER-D-
TOPO 

Cas9-R TTACTTTTTCTTTTTTGCCTGGC 

TYLCV 2.3-
CP-T1/2-F 
 

TCTGTTCACGGATTTCGTTG 
 

CP target 
sequence 
flaking 
fragment 
amplification  

Used for 
Sanger 
sequencing  

TYLCV2.3-
CP-T1/2-R 
 

TTCTTCACGGTTGCGGTACT 
 

CP target 
sequence 
flaking 

Used for 
Sanger 
sequencing 



154 
 

fragment 
amplification 

TYLCV2.3-
REP-T1/2-F 
 

GAGCTTTGGACCCTGAATTG 
 

Rep target 
sequence 
flaking 
fragment 
amplification 

Used for 
Sanger 
sequencing 

TYLCV2.3-
REP-T1/2-R 
 

TTGGAGCGTGATGATTTTGA 
 

Rep target 
sequence 
flaking 
fragment 
amplification 

Used for 
Sanger 
sequencing 

TYLCV2.3-
IR-T-F 
 

AATTGGGAAAGTGCTTCCTCT 
 

IR target 
sequence 
flaking 
fragment 
amplification 

Used for 
Sanger 
sequencing 

TYLCV2.3-
IR-T-R 
 

ATAGTCACGGGCCCTTACAACA 
 

IR target 
sequence 
flaking 
fragment 
amplification 

Used for 
Sanger 
sequencing 

Clones used 
pENDTER-D-
Cas9 

Available on request  Entry clone 
for Cas9 

U6-cp-
sgRNA-pK2-
Cas9 

Available on request Making 
permanent N. 
benthamiana 
and tomato 
lines 

T-DNA 
binary vector 

U6-rep-
sgRNA-pK2-
Cas9 

Available on request Making 
permanent N. 
benthamiana 
and tomato 
lines 

T-DNA 
binary vector 

U6-ir-sgRNA-
pK2-Cas9 

Available on request Making 
permanent N. 
benthamiana 
and tomato 
lines 

T-DNA 
binary vector 

pG-
TYLCV2.3 

Available on request Infectious 
clone of 
TYLCV 

T-DNA 
infectious 
clone 

pJet2.1  Amplicon 
cloning for 
Sanger 
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sequencing  
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