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Abstract 
 

 MicroRNAs (miRNAs) are short single stranded RNA molecules. They are ~21 

nucleotide long that are derived from long hairpin structures that result in post 

transcriptional gene silencing. MiRNA molecules are incorporated into a protein 

complex called RISC (RNA-induced silencing complex) and take this complex to target 

mRNA for degradation or inhibition of translation. It has been shown that miRNA 

molecules and other short RNA molecules intrinsically linked to the regulation of many 

genes that control the development, growth, and differentiation of plants.  

In this study, we have characterised a novel tomato miRNAtop14. This miRNA 

is unusual as its primary transcript (pri-miRNA) contains a ~700nt intron, which is 

spliced out. MiRNA top 14 has been found to be conserved within the economically 

important Solanaceae family and among other agriculturally relevant members of the 

Solanales order, like in sweet potato, while its peculiar intron-split pri-miRNA structure 

is exclusively kept in the more closely related genera Solanum, Capsicum and 

Nicotiana. A mRNA cleaved by this miRNA was identified; the mRNA coding for LOW 

PHOSPHATE ROOT (LPR), a protein, which is involved in the arrest of root growth 

under phosphate starvation conditions in Arabidopsis. Interestingly, although LPR is 

widely conserved in plants, included in all the ones harbouring miRNAtop14, LPR 

cleavage was found to occur only in the three genera where the intron-split pri-miRNA 

structure is conserved. 

 The current study indicates that MIRs encoded by less canonical loci should be 

included in future miRNA searches, since they may be producing mature miRNAs with 

a function, as seen in this investigation. Furthermore, our results suggest that this 
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miRNA (top14) seems to be involved in plant growth and development as our 

experiments have indicated that the deletion of MIRtop14 seems to affect the root 

development. Moreover, as it is mentioned above, during the working on this project 

the experiments have found a target for top14 so called LOW PHOSPHATE ROOT1 

(LPR1) in roots and the analyses by Northern blot have shown a high expression level 

of this miRNA in roots.  Finally, the discovery of this miRNA and the study of it so far 

have opened up numerous avenues of possible investigation. Further study would 

indicate how this miRNA functions in the plant.  
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1.1. Introduction  
 

Micro RNAs (miRNA) are a class of non-coding, endogenous small (short) 

RNAs which act as gene expression regulators. miRNA abundance at the intracellular 

level is generally regulated under multiple control levels like transcriptional regulation, 

pri-miRNA and pre-miRNA processing and finally RNA-induced silencing complex 

assembly (RISC) (Wang et al. 2019). The first discovery of miRNA (lin-4) was reported 

in Caenorhabditis elegans, when it was observed that miRNA lin-4 was negatively 

regulating the lin-14 protein coding mRNA (Lee & Rosalind et al.1993).  

miRNAs play an important role in many biological processes, such as 

development, differentiation, proliferation, growth, apoptosis, tumour formation, 

metabolism, stress response and disease development (Zhao et al. 2019). They 

function by targeting mRNAs and repressing their translation or by degrading them (Li 

et al. 2019).  

1.2    miRNAs in Plants 
 
 

1.2.1 Introduction  
 

The high degree of overlap in the characteristics of the multiple non-coding 

RNA species has made their classification challenging. However, an arbitrary 

threshold of 200 nucleotides in length has been traditionally used to perform a first 

division between long noncoding RNA (lncRNAs) and the rest of shorter non-coding 

RNAs, which are generally called small RNAs (sRNAs) (Kapranov et al., 2007)  

Within the sRNA group, the miRNA class is probably one of the best 

characterised since it was discovered before the others. The first report of a miRNA 

appeared in 1993 (although at that time it was called a short temporal RNA), when lin-
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4 was reported, which is a small RNA that was discovered in Caenorhabditis elegans 

(Lee et al.,1993). It was observed that this small RNA regulated C. elegans 

developmental timing by annealing with lin-14 mRNA through antisense 

complementarity, which inhibited lin-14 translation (Lee et al.,1993, Wightman & 

Ruvkun,1993).  

Seven years later, let-7, which is the second published miRNA was shown to 

repress the translation of a mRNA in C. elegans (Revkun, et al,.2020). That same 

year, let-7 was found to be conserved in bilaterian animals, including humans 

(Pasquinelli et al., 2000). Just one year later different publications demonstrated the 

existence of multiple miRNAs conserved across animals (Lagos-Quintana et al., 2001; 

Lee et al., 2001). Another year later, the presence and conservation of miRNAs in the 

plant kingdom was also confirmed in multiple reports (Llave, et al., 2002; Park, et al., 

2002) and virus-encoded miRNAs were shortly added to the list (Pfeffer, et al., 2004) 

From that point until now, great advances have been accomplished to 

understanding of miRNAs, its biogenesis, functions, and mode of action, while 

different aspects are still being discovered or require further research.  

 

     1.2.2.  What is a miRNA?  
 
 

 miRNAs are defined as small RNAs of 20-25 nucleotides in length which are 

produced through the precise cleavage by RNase III enzymes of hairpin structures 

folded within longer, single-stranded transcripts called primary miRNAs (pri-miRNA) 

(Ambros, et al.,2004; Meyers, et al., 2008). 
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  1.2.3. The Distinction Between siRNA and miRNA 

microRNA (miRNAs) and short interfering RNA (siRNAs), are both molecules 

which regulate gene expression by suppressing the target gene (Brodersen and 

Voinnet, 2006). Since both siRNA and miRNA molecules have the same characteristic 

features of Dicer products (20–25 nucleotides length, 5′-phosphate, and 3′-hydroxyl), 

thus, it is difficult to distinguish between them. Therefore, miRNAs molecules can be 

distinguished from siRNAs molecules based on distinctive aspects of their biogenesis. 

(Ambros, et. al., 2003). The main difference between them is that microRNAs 

molecules are derived from long single-stranded endogenous transcripts that folds into 

a hairpin like secondary structure and is cleaved by DCL1, whereas siRNAs molecules 

are produced from long endogenous or exogenous dsRNA molecules (bimolecular 

duplexes or long hairpins) (Ambros, et. al., 2003) that are cleaved by DCL3 or DCL4 

(Brodersen and Voinnet, 2006). siRNAs and microRNAs have similar function 

(Ambros et al., 2003) as a result, it is not easy to differentiate between the two unless 

the biogenesis pathway is revealed.  

 

1.2.4. Biogenesis of miRNAs  
 
 

 1.2.4.1 Introduction  

 
 To understand the relation between the genomic organization of miRNAs to 

biogenesis and function, the following is a basic overview of what is known regarding 

these two processes. miRNA molecules are generated through a series of 

posttranscriptional biogenesis steps. It is now established that there are three forms 

of microRNA; primary-miRNA (pri-miRNA), precursor-miRNA (pre-miRNA) and 

mature microRNA (Lee et al., 2002). Pri-miRNA is around (~100-200), pre-miRNA is 
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around (∼70nt) and the mature microRNA is around (20nt-25nt) long. Pri-miRNA is 

localised in nucleus, whereas pre-miRNA can be found in both nucleus and cytoplasm 

and the mature miRNA is found in the cytoplasm (Lee et al., 2002).  

 MIRNA genes are transcribed by RNA polymerases II enzyme complex (RNA 

Pol II) to generate the primary transcripts, which is referred to as (pri-miRNAs) (Lee et 

al., 2004a). The pri- miRNA is characterized by a hairpin RNA structure which is 

recognized and in animals it is cleaved by a second enzyme complex called Drosha, 

and its cofactor DGCR8, to generate a shorter hairpin of about 70nt length called 

precursor miRNAs (pre-miRNAs). Pre-miRNAs are exported from the nucleus to the 

cytoplasm via Exportin-5 to be finally cleaved by RNase III endonuclease Dicer to 

generate dsRNA miRNAs of 21-25 bp (Seitz and Zamore, 2006). One of the strands, 

the so-called miRNA∗ strand, is degraded while the other (mature miRNA) is 

incorporated into a protein complex called RISC (RNA- induced silencing complex). 

RISC without a miRNA is not functional but when it is loaded with a miRNA, the miRNA 

guides this complex to target mRNA that contain sequences complementary to the 

miRNA. Regulation takes place either by inhibition of translation of the mRNAs when 

complementarity between miRNA and mRNA is not so high or by mRNA degradation 

when there is a near perfect match between miRNA and its target mRNA (Guo et al., 

2010). (Figure 1.) 

 1.2.4.2. Pri-miRNA Processing  

 
MicroRNAs are produced by cleaving a long transcript called a pri-miRNA into 

a shorter transcript called a pre-miRNA, which is then cleaved once again to create 

the mature miRNA. In animals the enzyme complex Drosha performs the first cleavage 

step to form pre-miRNA, however plant genomes do not have a Drosha homolog 



 21 

(Waititu et al. 2020). Instead, it has been shown that an enzyme complex known as 

Dicer-like performs both cleavage steps (Quévillon Huberdeau & Simard, 2019). There 

are four Dicer-like genes in A. thaliana; DCL1 which is involved in miRNA production, 

DCL2 which has a role in virus resistance, DCL3 has an important role in 

transcriptional silencing and DCL4 which produces 21 nt long RDR6 dependent tasi 

RNAS (Wang et al. 2019; Lee et al., 2004b; Dunoyer et al., 2005; Henderson et al., 

2006). DCL1 has been shown to be vital in the development and growth of the plant 

as well as in the production of miRNAs since DCL1 mutants are embryonic lethal 

(Kurihara and Watanabe, 2004). It is also regulated in a negative feedback manner, 

by a miRNA, MİRI62 Okazaki et al. 2018). DCL1 forms a complex with HYL1 (which 

is a dsRNA binding protein) within the nucleus and in mutants with a reduced function 

HYL1, an increased accumulation of pri-miRNA and a decrease in the levels of pre-

miRNAs and mature miRNAs are observed (Wang et al. 2019; Kurihara et al. 2006; 

Song et al., 2007). Therefore, it is thought that HYL1 is involved in the positioning of 

the cleavage site in the DCL1 pri-miRNA and pre-miRNA processing (Kurihara et al., 

2006). Serrate was also shown to be involved in the regulation of pri-miRNA 

processing. It is found in the nucleus and is acts along with HYL1 and DCL1 as a 

general regulator of pri- to mature miRNA (Lobbes et al., 2006) As discussed earlier, 

miRNA genes are transcribed by RNA pol II and, these transcripts are capped 

therefore it was hypothesised that the capping proteins CBP20 and CBP80 could bind 

to these capped ends and play a role in the processing of miRNAs. However, it seems 

that CBP20 and CBP80 may have overlapping functions with Serrate and HYL1 (Kim 

et al., 2018) 
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 1.2.4.3.  pre-miRNA Processing  

Animal and plant pri-miRNAs are processed into pre-miRNAs which contain an 

imperfect stem loop (or hairpin) structure. Many animal miRNAs are located in introns 

(Li & Yu, 2021) however, exons (either translated or untranslated) also contain pre-

miRAs (Li & Yu, 2021). The mature miRNA is located in one of the arms of this 

secondary structure. The processing machinery recognizes the hairpin structure and 

staggered cleavages are produced on the dsRNA. Through the cuts the mature 

miRNA and miRNA star (miRNA*) are released. The miRNA* is the miRNA resulting 

from the other side of the hairpin, usually assumed to be non-active. The mature 

miRNA is loaded to RISC while the miRNA* is degraded. (Reinhart et al. , 2002) 

showed that in Arabidopsis DICER-LIKE1 (DCL1) which is a kind of RNAse type III 

enzyme produces all the miRNA precursor cuts.  

A detailed mutagenesis study reveals that plant precursor processing starts 

with a next to loop cleavage processing. The precursors are then cut three more times 

in the intervals of 20 to 22 nucleotides in a direction following ‘loop to base’ (Hajieghrari 

& Farrokhi, 2021). This process continues until the mature miRNA is released.  

1.2.4.4. Methylation and Nuclear Export 

Once the miRNA transcript has been processed into mature miRNA by DCL-1 

it is then methylated at the 3’ end and then exported to the cytoplasm. The miRNA 

complex is methylated by Hen1, which acts both on miRNA duplexes and siRNA 

duplexes (Wang et al. 2019; Yu et al., 2005). It methylates the ribose of the last 

nucleotide in the miRNA, this prevents uridylation, which is the addition of Uridine 

residues to the last nucleotide (Li et al., 2005). Uridylation would result in the 

degradation of the miRNA. There are many supposed benefits of methylation, this 
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modification could protect miRNAs from exonucleases attacking the 3’ end, or it could 

aid the recognition of plant Ago proteins or stop miRNAs acting as primers, especially 

as plant miRNAs are very highly complementary to their targets (Wang et al. 2019). 

Nevertheless, methylation seems to be a key modification of miRNAs to protect them 

from degradation by RNases (Okazaki et al. 2018). 

 In plants the mature miRNAs are significantly more abundant in the cytoplasm 

than in the nucleus, and it is likely that they function in the cytoplasm, therefore a 

transport mechanism is needed to transport mature miRNAs from the nucleus where 

they are produced, to the cytoplasm where they can cause cleavage of mRNAs. 

HASTY is a member of the importin ß family of nuclear cytoplasmic transport receptor 

(Figure 1.) (Lu et al., 2022). Exportin 5 is important in stabilising pre-miRNAs and 

transporting pre-miRNAs, tRNA, out of the nucleus and mutations of Exportin 5 result 

in increased pre-miRNA degradation. However, there is no conclusive evidence so far 

that HST is needed for miRNA production, and exp5 and HST seems to be functionally 

separate (Park et al., 2005). However, the hst1 mutant exhibited a reduced growth 

and an abnormally organised SAM (Shoot Apical Meristem) which are both factors 

that can be controlled by miRNAs (Bollman et al., 2003). 

 

1.2.4.5. RISC Loading  
 

Once the mature miRNA has been produced, processed and exported out of 

the nucleus, it is then loaded onto RISC.  DRB1 seems to direct this loading step 

(Wang et al. 2019). The loaded RISC complex enables the miRNA of direct cleavage 

of mRNAs causing postranscriptional silencing. The loaded miRNA guides RISC 

cleavage of mRNAs at an exact position, between the nucleotides that are paired with 

the 10th and 11th nucleotides of the miRNA (Elbashir et al., 2001; Bartel, 2004).  
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It was unknown for a long period where the RISC assembled. Recent research 

(Bologan et al., 2018) revealed that EXPO1 exports RISC to the cytoplasm after it is 

assembled in the nucleus. However, the information available at this time does not 

rule out the potential that some miRNAs are exported in their duplex forms and 

assembled in the cytosol (Figure 1) (Wang et al. 2019). Among the double strands one 

strand of miRNA/miRNA duplex is assembled with Argonaute (AGO) protein. The 

other strand (passenger strand) is degraded as well as ejected (Wang et al. 2019). 

The gene silencing procedure is mediated by miRNAs using translation inhibition or 

target cleavage. RISC is guided by miRNAs to target genes by the help of base pairing 

(Quévillon Huberdeau & Simard, 2019).  

The RISC assembly requires HSP90 (molecular chaperone) for activity. The 

process is facilitated through Cyclophilin 40/Squint, and this process is inhibited using 

Protein phosphatase 5 (PP5) (Okazaki et al. 2018). CYP40 has different domains. The 

TPR domain of CYP40 deals with variants of HSP 90 which contains the MEEVD 

sequence (C-terminal). The entire process of RISC loading is positively as well as 

negatively regulated by two Importin-Beta family of proteins. The two regulatory 

proteins are Transporting 1 (TRN 1) and Enhanced miRNA Activity 1 (EMA1) (Wang 

et al. 2019). 

 RISC is a ribonucleoprotein (RNP) complex which has an Argonaute (AGO) 

protein bound to an sRNA (Wang et al. 2019) as the core component. In the plant 

miRNA pathway, the sRNA is a mature miRNA and the AGO protein is AGO1 in most 

of the cases (Quévillon Huberdeau & Simard, 2019). AGO proteins harbour four 

characteristic domains: N-terminal (N) (Okazaki et al. 2018), Piwi Argonaute Zwille 

(PAZ) and middle (MID) (Wang et al. 2019), domains, which bind the 3’ and the 5’ end 
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of sRNAs respectively, and C-terminal PIWI domain (Quévillon Huberdeau & Simard, 

2019), which has the slicer endonuclease activity.  

 In the most broadly accepted model of RISC assembly, the whole 

miRNA/miRNA* duplex is loaded onto the AGO protein with the help of HEAT SHOCK 

PROTEIN 90 (HSP90), to subsequently be dissociated and the guide strand (miRNA) 

retained while the passenger strand (miRNA*) discarded (Okazaki et al. 2018). 

However, examples in which the miRNA* is retained and leading RISC action have 

been reported (Quévillon Huberdeau & Simard, 2019). 

 The selection of the strand to be retained in the complex is determined by its 

lower 5’ end thermostability (Quévillon Huberdeau & Simard, 2019). This selection is 

assisted, at least in AGO1- RISC, by the protein HYL1, which has been shown to 

dictate which strand is incorporated onto the complex, allegedly by loading 

directionally the miRNA/miRNA* duplex onto RISC120. The HYL1 regulator CPL1, has 

been shown to regulate this process as well (Wang et al. 2019). 

 Additionally, the identity of the nucleotide at the 5’ end of the sRNA strand 

strongly influences its sorting into one or another member of the AGO family (Wang et 

al. 2019). AGO1 preferentially recruits sRNAs starting with a uridine (U) while AGO2 

and AGO4 bind sRNAs with adenine (A) at the 5’ end and AGO5 sRNAs with a 5’ 

terminal cytosine (C) (Quévillon Huberdeau & Simard, 2019). Plant miRNAs usually 

have a 5’ U, which is in accordance with AGO1 being the main AGO involved in the 

plant miRNA pathway (Quévillon Huberdeau & Simard, 2019).  
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Figure 1. A diagram of miRNA biogenesis in plants.  

MIR genes are initially transcribed by Pol II into pri-miRNAs that fold back to form 

hairpin structure. Splicing and further processing in nuclear involve the interactive 

functions of HYL1, DCL1 and SE. miRNAs and pre-miRNAs are sequentially 

processed by DCL1 to yield one or several phased miRNA/miRNA* duplexes, which 

are methylated by HEN1, which happens in nucleus. And then, the miRNA load into 

AGO1 protein and export via EXPO1 or the methylated duplex translocated from 

nucleus to cytoplasm via HASTY. The miRNA is selected and incorporated into 

dedicated AGO1-containing RISC that directs translation inhibition or cleavage of the 

target mRNA transcript.  (Adopted from Lu et al., 2022)  

 



 27 

 

1.2.4.6. RNA Silencing Pathways in plant 
 
 In eukaryotes, RNA silencing is a process that has evolved over time. In plants, 

the RNA silencing pathway has diversified to meet various functional needs 

(Samarfard et al. 2020). RNA silencing in plants can be divided into four functionally 

separate pathways based on the source of dsRNA and the functional target of sRNAs: 

microRNA (miRNA) pathway, trans-acting small interfering RNA (tasiRNA) pathway, 

RNA-directed DNA methylation pathway, and exogenic RNA silencing pathway. Plants 

have evolved multiple RNA silencing factors in tandem with the evolution of RNA 

silencing pathways. The model plant Arabidopsis, for example, has four DCLs, six 

RNA-dependent RNA polymerases (RDRs), and ten AGOs, along with several other 

factors (Guoet et al.2019). 

1.2.4.7. RNA Silencing Pathway in Animal 

 The miRNA pathway is one of the most understood animal RNA silencing 

pathways (Reichholf et al. 2019). In the process of miRNA biogenesis, the enzyme 

complex Drosha performs the first cleavage step to form pre-miRNA, while RNase III 

dicer helps in cleaving pre-miRNAs and 21-23 nucleotide long mature miRNA is 

loaded to RISCs. In mammalian animals four AGO proteins are present which include 

AGO1-4. AGO proteins bind with siRNAs and miRNAs. AGO2 is capable of inducing 

endonucleolytic cleavage through perfect base pairing with the targets (Pong & 

Gullerova, 2018).  

The collected studies from Drosophila, C. elegans and mammalian cells (Kim, 

et al. 2009) indicate a conserved animal mechanism that is analogous to, but distinct 

from, plant miRNA biogenesis. Most animal miRNAs are transcribed by RNA 

polymerase II, although a subset of animal miRNAs are products of RNA polymerase 
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III (Borchert et al. 2006). The major difference compared with plants is the segregated 

cleavage of miRNA precursors by nuclear and cytoplasmic RNase III enzymes. All 

animals use the Drosha RNase III enzyme, which partners with the double-stranded 

RNA-binding domain protein DGCR8 (known as Pasha in invertebrates), to liberate 

pre-miRNA hairpins from pri-miRNA transcripts. The lengths of pre-miRNAs are more 

consistent in animals than in plants, with most in the 55- to 70-nucleotide range, 

however, select Drosophila pre-miRNAs can approach 200 nucleotides (Ruby et al. 

2007). Following nuclear export of pre-miRNAs by Exportin-5, they are cleaved into 

miRNA/miRNA* duplexes by cytoplasmic Dicer (a single enzyme in C. elegans and 

vertebrates, and Dicer-1 in Drosophila). These are loaded into miRNA effector 

Argonautes (Drosophila dAGO1, C. elegans ALG1/2, and vertebrate Ago1 to Ago4). 

Of the mammalian Ago proteins, only Ago2 has Slicer activity (Liu et al. 2004& Meister 

et al. 2004), Drosophila dAGO1 has Slicer activity, but appears to have poorer turnover 

than its paralog dAGO2, the major carrier of endogenous siRNAs (endo-siRNAs) 

(Okamura et al. 2004 & Forstemann et al.2007). Curiously, while plant miRNAs are 

universally methylated at their 3' ends by HEN1, most products of animal miRNA 

genes are not. An exception regards Drosophila miRNA* strands, which are 

preferentially loaded into dAGO2 All dAGO2 cargoes, including miRNA* strands, 

endo-siRNAs and exogenous siRNAs from viruses or artificial dsRNA, are methylated 

by HEN1 as single-stranded species (Czech et al. 2009 & Horwich et al. 2007). In 

addition to this core machinery, several accessory factors influence the biogenesis 

efficiency, fidelity and sorting of animal miRNAs (Kim et al. 2010). Notably, a growing 

number of these factors act in cell-specific or state-specific manners to regulate 

miRNA production or activity, indicating that neither process is constitutive.  

 



 29 

1.2.5. Genomic Location of miRNAs  

Knowing genomic location of miRNAs have helped in learning information 

about the biogenesis and function of specific miRNAs and miRNAs in general (Lu et 

al., 2005; Glazov et al., 2008). MiRNA genes can be located in several different kind 

of genomic regions: intergenic, intronic and exonic (Olena and Patton, 2010). It was 

reported that the majority of miRNAs are found between coding genes or within introns 

(Brodersen and Voinnet, 2006). Intergenic miRNAs are found between genes and can 

be a single microRNA or a cluster of microRNAs, they are separate from known 

transcription regions and have their own distinct promotors (Olena and Patton, 2010). 

Intronic miRNAs are located in the introns of annotated genes and share the promoter 

of their host gene. They can be either clustered or have just a single miRNA in the 

intron. Exonic miRNAs are the rarest of the three types, they often overlap with an 

exon and intron, and shares the promoter of the host gene (Olena and Patton, 2010). 

(Figure 2.)  

The majority of plant miRNAs tend to be in an intergenic position, in contrast, 

animal miRNAs tend to be intronic (Merchan et al., 2009). Most plant microRNAs are 

singular, however, the majority of animal miRNAs are clustered. It has been reported 

that only 20% of plant miRNAs are clustered. The majority of reported plant miRNA 

clusters tend to be homologues copies, whereas in animals miRNAs in a cluster are 

usually unrelated (Merchan et al., 2009). (Figure. 2.) 
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Figure 2. Genomic location of microRNAs (miRNA).  

(A) Intergenic miRNAs are found in genomic regions distinct from known transcription units. 

These miRNAs can be monocistronic (top part) with their own promoters (black arrowhead) 

or polycistronic, where several miRNAs are transcribed as cluster of primary transcripts 

(bottom part); (B) intronic miRNAs are found in the introns of annotated genes, both protein 

coding and noncoding RNA; (C) exonic miRNAs are far more rare than either of the types 

above and often overlap an exon and an intron of a noncoding gene. (Taken from Olena and 

Patton, 2010) 
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1.2.6. MicroRNA Targets Identification 
 
 Because of several complete genome sequences are available, it would not be 

difficult to find targets of miRNAs if they were perfectly complementary to each other 

(Dalmay, 2008). The identification of genes targeted by a miRNA can be achieved by 

two main approaches: bioinformatics prediction or experimental identification. First of 

all, once the sequence of the miRNA is known and if the target organisms’ genome is 

sequenced and annotated then as the target sequence will most probably be highly 

complementary to the miRNA computational programmes can identify possible 

targets. This is more likely to be successful in plants than in animals as plant miRNAs 

tend to have far greater homology to their targets than animals (Dalmay, 2008). 

Second, experimental approaches include over-expression or down-regulation of 

miRNAs, these will lead to a decrease or increase the observable effect of the miRNA 

and therefore prediction can be made as the possible location and role of the target 

gene. Identification and validation more targets will help in improving the prediction 

and clear understanding the biological role of miRNA molecules (Dalmay, 2008).  

 

1.2.7. Role of Plant miRNAs in Development of Plants 
 
 Many studies have shown that microRNAs and other short RNAs intrinsically 

linked in the regulation of many genes that control the development, growth and 

differentiation of plants. The following are a few examples of miRNAs regulating 

developmentally important genes. In 2008, the discovery of 350 small RNAs in tomato 

fruit and 700 in tomato leaves has been reported, and with the exception of the 

conserved miRNAs, 90% of the small RNAs were found to be unique to tomato (Itaya 

et al., 2008). Therefore, the role of microRNAs in regulation of plant development is 

likely to be highly diverse and species specific. 
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 The meristem is a group of cells where development of plants originates from, 

this group of undifferentiated cells will divide and differentiate to become the cells of 

the organs that make up the plant. During germination the root and shoot apical 

meristem (SAM) are formed very early, later additional meristems will form such as 

floral meristems and additional shoot meristems (Chuck et al., 2009). NAC stands for 

three genes which were discovered as they contain a particular domain, (the NAC 

domain): NAM (no apical meristem), ATAF1&2, and CUC2 (cup-shaped cotyledon) 

(Souer et al., 1996; Aida et al., 1997). The NAC genes considered as one of the largest 

families of plant-specific genes and have been found in a wide range of species. Using 

several complete plant genomic sequences helped to identify 117 NAC genes in 

Arabidopsis, 151 in rice, 79 in grape, 26 in citrus, 163 in poplar, and 152 each in 

soybean and tobacco (Rushton et al., 2008; Hu et al., 2010; Nuruzzaman et al., 2010, 

2012a; Le et al., 2011) 

It has been reported that the boundary domains around the organs at 

Arabidopsis floral and shoot apical meristems are regulated by miR164, its target 

genes are NAC domain family of transcription factors including CUC1(Cup Shaped 

Coteyledon 1) and CUC2 (Laufs et al., 2004; Nikovics et al., 2006). 

 There are three miR164 genes: miR164A, miR164B, and miR1640C. MiR164A 

is important in serration of the leaf margin, miR164C is controlling the production of 

petal number, and it is not clear what the specific role of miR164B is, as the mutant 

plant lacking miR164B does not show any modifications in aerial organs (Mallory et 

al, 2004a). Many abnormalities have been seen in the development of Arabidopsis, 

such as extra petals, misshapen leaves and missing sepals due to the expression of 

a miR164 resistant cuc1(Mallory et al., 2004a). 
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 In addition, it was shown that miR127 is controlling the flowering time and the 

correct formation of floral organs in Arabidopsis. The target sequences of mi172 are a 

small subfamily called APETALA2. Part of this family is TOE1 and TOE2 which are 

floral repressors. The pri-miRNA is produced from EAT (Early Activation Tagged), as 

a result when EAT is over expressed, the plant shows an early flowering phenotype 

(Aukerman and Sakai, 2003). 

 MiRNA molecules are also involved in controlling the development of leaves. In 

Arabidopsis, there are two HD-ZIPIll transcription factor genes PHABULOSA (PHB) 

and PHAVOLUTA (PHV), both have complementary regions to miR165 and miR166. 

When the binding sites of miRNAs are mutated, the result/impact is disordered leaf 

polarity including abaxial (outer) to adaxial (inner) transformation of leaf cells (Mallory 

et al., 2004b). 

 The position of abaxial cells is found in the outer part of the leaf primodium and 

adaxial, the inner part, these go on to become the upper side and the lower side of the 

leaf, respectively (Mallory et al. 2004b). The expression of HD-ZIPIll genes is the 

reason behind this axial polarity (Juarez et al., 2004). In maize plant when the 

miRNA166 binding site is mutated, the mutant Rolled leaf1- Original (Rld1-O) has a 

disrupted miR166 complementary binding site. This causes in an upward curled leaf 

due to an abaxial/ adaxial partial reversal of leaf polarity (Juarez et al., 2004). 

As a result of these studies, the post transcriptional regulation of genes by microRNAs 

is vital for the correct development of all plant organs. 
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1.3. Splicing in Plant 
 

            1.3.1 Introduction 

 Splicing of mRNA and interrupted genes were first discovered in adenovirus in 

1977 (Berget, et al., 1977; Chow, et al., 1977) and at the same year, the phenomenon 

was confirmed in eukaryotes (Brack, et al., 1977; Breathnach, et al., 1977). One year 

later, the possibility that alternative splicing of introns and exons could create different 

mRNA variants of the same gene was suggested (Gilbert, 1978), which was soon 

confirmed experimentally (Alt, et al., 1980; Early, et al., 1980).  

 Over the next years, a lot of effort was made to discover the mechanisms and 

the machinery of mRNA splicing. The machinery involved in the process for splicing 

(Brody & Abelson, 1985; Frendewey & Keller, 1985) as well as the chemical reactions 

necessary were clarified (Cech, 1983). 

When the study of alternative splicing at genomic level became possible, the 

prevalence of the phenomenon (Wang & Brendel, 2006; Genomics et al., 2006) and 

its key role in plant development and environmental response (Staiger & Brown, 2013; 

Filichin et al., 2015) was discovered.   

The differences between mRNA variants created by alternative splicing do not 

only produce protein isoforms that may have different characteristics, but also can 

influence the transport, localization, stability and translation of the transcript. In 

addition, the association of the splicing mechanism with other RNA processes such 

as miRNA regulatory pathways is also contributory to the whole regulation of gene 

expression that can be carried out through alternative splicing (Filichin et al., 2015; 

Reddy et al., 2013). 

The importance of splicing process for eukaryotic evolution and interrupted 

genes is becoming clearer. It makes exon shuffling possible, which is a mechanism 
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by which new genes are created by the rearrangement of exons (Gilbert, 1987; Patty, 

1999). Furthermore, it can lead to alternative splicing, which is a phenomenon that 

expands proteome diversity (Reddy et al., 2013; Nilsen & Graveley, 2010). In fact, it 

has been observed that alternative splicing plays a role in organogenesis and 

speciation by creating different patterns of gene expression (Barbosa-Morais et al., 

2012; Merkin et al., 2012). 

 

 1.3.2. What is Splicing? 

 RNA splicing is a modification of the precursor messenger RNA (pre-mRNA) 

transcript into a mature messenger RNA (mRNA) prior the translation process. 

Splicing is a process by which introns are removed from a pre-mRNA and exons are 

joined to produce a mature messenger RNA that contains only exons (Kornblihtt, et. 

al., 2013). 

 1.3.3. Types of Intron 

At least four main types of introns have been identified: Transfer RNA introns, 

Group I introns, Group II Introns, and Spliceosomal introns. 

1) tRNA introns, which appear in archaea and tRNA genes in eukaryotes. They are 

removed by a cut and ligate enzymatic mechanism that makes them different from all 

the other types of introns (Greer et al, 1983; Rodriguez-Trelles et al, 2006). 

2) Group I introns, which are found in bacteria and eukaryotic organelles, as well as 

in nuclear rRNA genes in fungi and protists. They catalyse their own splicing through 

two transesterification reactions (Rodriguez-Trelles et al, 2006; Cech, 1990). 

3) Group II introns, which have been found in bacteria and in the organelles of plants, 

fungi and protists. They self-splice through two transesterifications as group I introns, 
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but the mechanism is different between both (Rodriguez-Trelles et al, 2006; Michel, et 

al, 1982; Michel, et al, 1989). 

4) Spliceosomal introns, which are the introns present in eukaryotes nuclear genomes. 

Unlike all the other types of introns, they are spliced by the spliceosome complex, but 

the splicing mechanism is the same as for group Il introns (Rodriguez-Trelles et al, 

2006; Padgetr et al, 1986). The focus in the following parts is on spliceosomal introns 

splicing.  

        1.3.4. Intron-Split miRNAs Splicing in plants 

  Plant MIRs often contain introns, it was reported that 67% of Arabidopsis 

pri-miRNAs have at least one intron (Stepien, et al., 2016). Both plant pri-miRNAs and 

their introns show a large variability in length, with sizes from 300bp to 5000bp for pri-

miRNAs, and from 100bp to 3000bp for their introns (Stepien, et al., 2016; Zhang, et 

al., 2009). miRNA hairpins are situated in the first exon in most cases (Stepien, A. et 

al. 2016; Szweykowska-Kulińska et al., 2013), despite the fact that they may be in 

other exons and additionally in alternatively spliced regions that might be either intronic 

or exonic (Yan, et. al, 2012; Jia and Rock, 2013). 

     Another fascinating probability is the one in which an intron is in between the 

miRNA and the miRNA* sequences, dividing the miRNA stem-loop (Sunkar, et. al, 

2005; Lu, et.al, 2008). This exon-intron-exon structure was first seen in a member of 

the miRNA444 family in rice (Sunkar, et. al, 2005). In a later report, also in rice, it was 

discovered that most members of the miRNA444 family had a feature that was not 

seen before in any other miRNAs. They were transcribed from the antisense strand of 

their own target; therefore, they were called natural antisense miRNAs (nat-miRNAs) 

(Lu, et.al, 2008). Besides, it may be interesting to note that, all miRNA444 family 

members were found to have an intron between their miRNA and miRNA*, even those 
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two (miRNA444e and miRNA444f), which were not transcribed from the antisense 

strand of their target gene (Lu, et.al, 2008). 

 Subsequently, this special exon-intron-exon arrangement was additionally 

revealed in miRNA444 members of maize and sorghum (Zhang, et al., 2009; Paterson, 

et al., 2009; Thieme, et al., 2011). Moreover, SplamiR, which is a bioinformatic tool, 

was created to recognize this specific sort of pri-miRNAs with an intron amidst the 

miRNA hairpin, as they were not predicted by existing bioinformatic tools, unless 

spliced (Thieme, et al., 2011). These pri-miRNAs have been called intron-split miRNAs 

(Pek, et al., 2015). 

 

1.4. CRISPR- Cas9 technology (Clustered Regularly 
Interspaced Short Palindromic Repeats)  

 

 1.4.1. Introduction  

Genome editing is a technique that changes the DNA of an organism. Using 

these technologies genetic materials can be added, altered, or removed in particular 

genome locations. One of the popular technologies of genome editing is CRISPR-

Cas9 (Zhan et al. 2019). In case of infection with a virus, generally small pieces of 

DNA are captured by the bacteria. This complex is inserted into the own DNA of 

bacteria following a specific pattern. These segments are called CRISPR arrays. The 

presence of a CRISPR array helps the bacteria to remember viruses later (Medline, 

2022).  

Bacterial cells use the CRISPR-Cas system for protecting themselves from any 

kind of new infection. As already indicated, the CRISPR-Cas systems enables the 

bacteria cells to memorize the infection that has happened before (Dimitriu et al. 
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2022). As soon as the phage attaches with a bacterial cell and injects the DNA within 

the cell, a small sequence is inserted with the CRISPR sequence of the bacterial DNA. 

(Figure 3.). The variable CRISPR sequence sections thus prepare a library of all the 

encountered pathogens of bacteria (Tyumentseva et al. 2021). The CRISPR 

sequence library is transferable, and the bacterium can pass the pathogenic memory 

to its offspring as well. More than half of the known bacteria have CRISPR-Cas as a 

defence system (Klompe and Sternberg, 2018). The two popular CRISPR-Cas classes 

are Class 1 containing protein complexes and class 2 system deals with one cutting 

protein (Wangn and Cui, 2020).  

In case the same viral infection happens to the bacteria then RNA segments 

are produced from the CRISP arrays which help in attaching and recognising specific 

regions of the viral DNA. As soon as the identification process is done, Cas9 or any 

similar enzyme cuts the viral DNA apart (Najafi et al. 2022). With the cleavages in the 

DNA, the virus is disabled. This bacterial system can be recreated in eukaryotes to 

generate targeted mutations in the genome. A small RNA piece fused with a guide 

sequence is expressed in cells. These attach to the target sequence of the DNA.. 

These segments are similar to the RNA segments produced by the bacteria from the 

CRISPR array (Harrington et al. 2020). The target sequence is cleaved by the help of 

Cas9 enzyme. Other than Cas9, Cpf1 enzyme is also used. As soon as the DNA is 

cleaved, the DNA repair machinery of the cell joins the cleaved ends but during this 

process it adds and/or deletes a few nucleotides around the cleavage site (Hussain et 

al. 2019).  

In the CRISPR dependent gene silencing process the number of off targets are 

less than in RNAi (Salanga & Salanga, 2021). The risk of associated immune 
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responses due to CRISPR is low. The spacer sequences of CRISPR create RNA 

sequences of short length. These sequences also work as the guide for matching the 

DNA sequences (Javed et al. 2018). As already discussed in the above sections, the 

CRISPR system produces different types of enzymes and Cas9 is one of those 

enzymes that bind to the targeted DNA sequence and cuts it.  

 1.4.2. What is CRISPR system?  

CRISPR arrays are regions that are found in the genomes of bacterial “immune 

system” which help defend against invading viruses. These regions are composed of 

repeated DNA sequences and spacers (Figure 3.). Often bacteria can be infected by 

viruses therefore bacteria are using CRISPR immune system to protect against these 

attacks by degrading the genome of the invading virus (Bolotin et al., 2005, Jinek et 

al., 2012).  

 1.4.3. How does CRISPR-Cas9 System Work?  

The mechanism of action of the CRISPR–Cas system, to protect bacteria from 

repeated viral attack, works through three main stages: Adaptation stage, 

Expression/Maturation stage, and Targeting stage (Barrangou, R. and Marraffini, L. 

2014).  

In the first stage which is known as adaptation or ‘spacer acquisition’, 

sequences from the viral genome are inserted into the CRISPR array of the bacterial 

genome (Barrangous et al., 2007). It is this spacer sequence that is integrated into the 

CRISPR array to form the immunological memory (Jiang et al.,2017). During the 

second stage, where immunity is executed, which is called expression and maturation 
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stage, during CRISPR RNAs (crRNA) biogenesis phase, the CRISPR array is 

transcribed into a precursor RNA transcript that is further processed to generate 

smaller units of RNA known as CRISPR RNAs (crRNAs) or guide RNAs (gRNAs), 

each one of these crRNAs containing a single spacer flanked by a part of the repeat 

sequence. These crRNAs are combined with one or more Cas proteins to form the 

active Cas–crRNA complex (Amitai, et al., 2016, Marraffini, 2015, Jiang et al.,2017). 

Third, in the targeting stage the Cas–crRNA complex searches the cell for nucleic acid 

targets that are recognized by base-pairing with complementary crRNA sequences. 

The spacer sequences in these RNAs are used as guides to direct the cleavage of the 

viral genome by the Cas endonucleases. Successful recognition leads to the cleavage 

and degradation of the target DNA (Garneau et al., 2010; Gasiunas et al., 2012; Jinek 

et al., 2012). (Figure 4.) 

 1.4.4. Advantages of CRISPR/Cas9 over ZFN and TALENs 

ZFN and TALENs are other methods to introduce mutations to specific 

positions in the genome (reference). However, the CRISPR/Cas9 system has several 

advantages over ZFN and TALENs in terms of its simplicity, flexibility, and affordability. 

There are several differences between CRISPR/Cas9, ZFN and TALENs. The most 

important difference is that the CRISPR system relies on RNA-DNA recognition, rather 

than on protein-DNA Binding mechanism (Jansen, et al., 2002, Jinek, et al., 2012, B. 

Liu, et al., 2015). Thus, it is more workable and easier to construct a customized 

CRISPR/Cas9 complex by only changing the gRNA sequence instead of engineering 

a new protein. The target sequence needs to be immediately upstream of a PAM 

sequence (5′-NGG-3′) (Jinek, et al., 2012) because the latter is essential for target 

recognition by Cas9. 



 41 

 

 

 

Figure 3. How does CRISPR work? The Three stages of CRISPR-immunity system: 

Adaptation, Production, and Targeting. CRISPRs are regions in the bacterial genome. These 

regions contain clusters repeats of DNA (black diamonds) and spacers (colored boxes). During 

adaption stage, new spacers (DNA fragments) obtain from the invading virus genome are 

inserted into the CRISPR region by an unknown mechanism. In production of crRNA, the 

CRISPR sequence is transcribed by Cas to generate small crRNAs. During targeting process, 

crRNA guides Cas9 (molecular machinery) to DNA sequences of the invading virus. The 

match between the crRNA and target sequences determine the nucleolytic cleavage of invading 

virus DNA as a result degrade it. Figure adapted from (Barrangou and Marraffini, L. 2014). 
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Figure 4. The structure of CRISPR/Cas9 system lustration of the CRISPR/Cas9 system. The Cas9 

protein interacts with the single- guide RNA (sgRNA) to direct endonuclease activity proximal to the 

protospacer adjacent motif (PAM)sequence. Custom-designed sgRNAs recognize their target sequence 

and allow Cas9 endonuclease to cleave the sense strand 3 base pairs (bp) and antisense strand 3 bp 

upstream of the PAM sequence (NGG). Binding of sgRNAs to the target sites induces Cas9 

endonuclease to create a double-strand break on the genomic target. Figure adapted from (Chuan et. al., 

2018).  
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1.4.5. Editing or silencing Genes with CRISP-Cas9  

Instead of relying on bacteria to provide crRNAs or gRNAs, researchers design 

and produce small RNA molecules that match the DNA region of interest, to direct the 

Cas9 enzyme to snip the targeted DNA (Barrangous et al., 2007).  

The CRISPR-Cas9 technology consists of two main key molecules, which 

make a mutation into the DNA molecules. These key molecules are an enzyme called 

Cas9 and a piece of RNA called guide RNA (gRNA). The Cas9 enzyme is working as 

molecular scissors, which has the ability to cut the double strands of DNA at a specific 

position in the genome. As a result of this cut, that location of the DNA is edited, or a 

piece of DNA is removed if two gRNAs are deployed. In terms of the gRNA, it consists 

of an approximately 20nt long pre- designed RNA sequence, which is located in a 

longer RNA scaffold. The scaffold part attaches to DNA sequence and the gRNA 

guides the Cas9 enzyme to the specific region of the genome. As a result, the Cas9 

enzyme cuts at the right location in the genome. Since the guide RNA (gRNA) is 

designed to bind to a specific sequence in the DNA region of interest, it has RNA 

sequence that is complementary to the target DNA sequence in the genome which 

means that the gRNA would only bind to the target sequence and no other sequence 

of the genome. The Cas9 enzyme follows the gRNA to the target location in the DNA 

sequence and causes a cut across both strands of the DNA. However, the editing of 

the specific sequences depends on the type of repair strategy being used by a cell, 

such as nonhomologous end joining (NHEJ) or homologous directed repair (HDR), as 

presented below in detail and summarized in figure 5. (Hussain et al., 2018)  
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 1.4.5.1 Nonhomologous End Joining (NHEJ) 

 In order to achieve site-specific genomic engineering, the CRISPR-associated 

enzyme Cas9 causes a double-strand break (DSB) at the position designated by the 

guide RNA (Xi-Dian, et al., 2019). Cells repair the DSB using the NHEJ or HDR 

pathway. The low fidelity of NHEJ, which is prone to errors, may result in a base 

deletion or insertion (indel) after repair, resulting a mutation (Bernheim et al., 2017). 

The NHEJ pathways are further classified into traditional and alternative NHEJ 

pathways. But because NHEJ is prone to errors, the pathway's final product frequently 

has extra or missing DNA sequences, which could lead to a non-functional coding 

sequence (Pannunzio et al., 2018). NHEJ is the predominant DSB repair pathway and 

is responsible for most DSB repairs throughout the cell cycle (Arnoult et al., 2017). To 

attach to DNA termini, NHEJ needs Ku. This increases the variety of NHEJ's 

enzymatic components, which include a nuclease, a ligase, and two polymerases 

(Mateos-Gomez et al., 2017). Intriguingly, each of these enzymatic components is 

unique for its capability in working on a broad range of incompatible DNA ends coupled 

with flexibility in loading order, leading to several possible junctional consequences 

from one DSB. Direct ligation of DNA end configurations is possible. If these ends 

cannot be joined, they may be processed further until ligatable configurations are 

obtained, which are typically stabilized by little more than 4 bp of terminal micro-

homology. The processing of DNA ends results in the addition or deletion of 

nucleotides, accounting for the fact that original DNA sequences are rarely restored 

after NHEJ repair of DSBs (Pannunzio et al., 2018).  

The following factors are required for NHEJ repair regardless of end structure 

and dictate the major events of the pathway. Broken ends are recognized by loading 
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of the Ku70/Ku80 heterodimer. Ku then acts as a scaffold for recruitment of a kinase 

(DNA-PKcs) and a two subunit DNA ligase (XRCC4-ligase IV), together with some 

other factors (PAXX, XLF), this complex holds a pair of DNA ends together, forming 

a paired end complex.The paired end complex then ligates compatible DNA ends 

together, thus repairing the break (Arnoult et al., 2017). 

This is a simplified, streamlined version of this pathway and does not consider 

the missing or damaged nucleotides that are common to biological sources of DSBs, 

and which need to be processed. Processing occurs prior to ligation as incompatible 

DNA ends interfere with that step. Accordingly, NHEJ has a vast toolbox of processing 

factors, including polymerases (Pol μ and Pol λ), nucleases (Artemis), and structure-

specific end cleaning enzymes (Aprataxin, Tdp2) that function to make ends better 

substrates for ligation (Xi-dian, et al., 2019). 

The method used to fix a DSB is not chosen at random, this has an impact on 

the outcome of genome editing. Compared to NHEJ, HDR is a less prevalent type of 

DSB repair, but when used properly, it can significantly affect targeted genome editing. 

However, in undivided cells, which is the majority of cells in vivo, the HDR pathway is 

limited. Thus, HDR-mediated genome editing methods are limited to in vivo 

applications (Xi-dian, et al., 2019). 
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 1.4.5.2. Homology-Directed Repair (HDR) 

 The HDR pathway, which has a high fidelity but a low incidence, is the second 

DSB repair process. The targeted nuclease cleaves the DNA under the guidance of 

an external repair template. This can increase the probability of homologous 

recombination (HR) by about 1,000-fold. Notably, HDR is able to precisely modify the 

genome using a variety of methods, including conditional gene knockout, gene knock-

in, gene substitution, and point mutations (Arnoult et al., 2017). Accurate insertions, 

base substitutions between DSB sites or two DSBs, and other modifications are 

produced by the HDR pathway using homologous donor DNA sequences from sister 

chromatids or foreign DNA. To get the intended result, genomic engineering requires 

this kind of precise modification. Sister chromatids are only available in the S and G2 

phase, therefore, HDR is limited to these phases of the cell cycle (Salsman et al., 

2017).  

1.4.5.2.1. Homology directed repair pathways 

HDR mechanisms can be divided into two main camps: non-conservative and 

conservative. The conservative methods are characterized by use of a homologous 

donor (e.g., sister chromatid, plasmid, etc.), and consists of three pathways: classical 

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

and break-induced repair (BIR). The non-conservative method is single strand 

annealing (SSA), an error prone mechanism that notably does not require a donor 

template (Salsman et al., 2017).  
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Figure 5. CRISPR/Cas9-mediated DSB repair mechanism. The CRISPR-associated enzyme Cas9 

breaks down the target DNA to create a DSB, the two repeated sequences are further used as templates 

to produce short crRNAs. Methods for DSB repair include the NHEJ and HDR pathway. The NHEJ 

pathway creates accurate deletions and insertions. The HDR pathway uses homologous donor DNA 

sequences from sister chromatids or foreign DNA to create accurate insertions, base substitutions 

between DSB sites or two DSBs, and other modifications. Figure adapted from. (Xi-dian, et al., 2019) 
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1.4.6. CRISPR/Cas9 Mediated Gene Editing in Tomato 

 Tomato is an effective genomic model to check the feasibility of different genetic 

mechanisms. Tomato plant has 500 genotype rich genomic sequences, mutant 

populations and transcriptome data. All of these resources help in testing the process 

of CRISPR/Cas9 editing in the tomato species. The designing of the constructs for 

editing essential genes in the tomato is completely based on the vector system (Reem 

& Eck, 2019). Thus, the CRISPR/Cas9 Formation in the tomato plant is enhanced by 

the application of the golden gate cloning system. The coning system contains the 

NPTII (neomycin phosphotransferase II) cassetteas a marker gene that leads to 

resistance to Kanamycin (Reem & Eck, 2019). In case of Arabidopsis, U6 promoter 

driven guide RNA and Cas9 are the two important factors for gene editing.  

 In order to edit a genome successfully, selection and design of guide RNA are 

some crucial steps. The factor that acts as the major constraint in this process is PAM 

(protospacer adjacent motif). It is placed in such a site that can be denoted as 5’-NGG-

3’ (Reem & Eck, 2019). In order to modify the expression level of the gene, the gene 

promoter region has to be targeted. The targeting procedure can be executed with the 

help of a number of gRNAs. Using the CRISPR-Direct and the CRISPR-P web tools 

gRNAs can be easily designed (Reem & Eck, 2019).  
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Chapter 2 

Material and Methods  
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2.1. General material and methods  
 

2.1.1.  Plant materials and growth conditions 
 

All plants were grown at 22°C and 16h light / 8h dark in a growth room. The 

species and cultivars / ecotypes used in this study were: Solanum lycopersicum cv. 

MicroTom and Nicotiana benthamiana (Nbe). 

2.1.1.1.  Growth of tomato seedlings on plates  
 

Tomato seeds were sterilised by vortex for 2 minutes in 70 % ethanol. After 

removal of ethanol the seeds were rinsed once with sterile distilled water. It was 

followed by shaking with sodium hypochlorite solution for half hour.  The seeds were 

rinsed 3 times with sterile distilled water. Seeds were placed on Murashige - Skoog 

(MS) plates and left to grow for 1 week under long day conditions (16-hours light and 

8-hours dark). 

2.1.1.2. Growth of Nicotiana benthamiana on plates  
 

Nbe seeds were sterilised by sterilisation solution, which was 1 ml of NaOCI, 5 

μl of Triton 100 times and 4ml of sterile distilled water. Seeds were put in an Eppendorf 

tube and 1 ml of the sterilisation solution was added. After 10 minutes they were 

centrifuged for 10 seconds, and the liquid was taken off. The liquid was replaced with 

sterile distilled water. These steps were repeated five times. The seeds were left in 

water and then distribute. 

Seeds were placed on MS plates and left to grow for 1 week under long day 

conditions (16-hours light and 8-hours dark). 
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2.2. Total RNA extraction  
 

RNA extraction was performed with Tri - reagent following the manufacturers 

protocol (Ambion). In brief, tissue was frozen, grinded in liquid nitrogen with 1 - 2 ml 

of Tri – reagent solution is added to each 100 mg of tissue and vortexed. The ground 

tissue was incubated at room temperature for 5 minutes. 200 μl chloroform was added 

to each sample, mixed by vortex and incubated at room temperature for 8 minutes. 

Next the samples were centrifuged in a cold room at 14000 rcf for 15 minutes. Finally, 

the upper aqueous phase containing the RNA was moved to another tube, 500 μl of 

Isopropanol was added and vortexed. Samples were left over night in -80 °C to 

precipitate. Next day, the samples were left to thaw and centrifuged in the cold room 

at 14,000 rcf for 8 minutes. White pellet was formed at the bottom of the tube which 

contained the RNA. Samples were washed two times with 950 μl 80% ethanol and air 

dried before dissolved in distilled water. The concentration and quality were measured 

using a NanoDrop spectrophotometer (Thermo Fisher scientific) at an absorbance 

ratio of A260 / 280 and A260 / 230 nm. 

2.3. DNA Extraction 
 

 Total DNA was extracted from Solanum lycopersicon cv. (MicroTom) and Nbe 

plants. After the harvesting, the plant tissue was immediately frozen in liquid nitrogen. 

The frozen tissue was either immediately ground up to a fine powder by a pestle under 

liquid nitrogen or stored at -80 °C. Ten % volume of Extraction buffer (200 mM Tris-

HCl (pH 7.5) 250 mM NaCl, 25 mM EDT and 0.5% SDS) was added to ~30 mg of 

plant tissue and mix for 5 second. The samples were incubated at 60°C for 30 min. 

500 µl of chloroform:iso-amyl alcohol (24:1) was added, mixed and centrifuged at 

15,000 g for 5 min at 4°C. The supernatant was transferred to a new Eppendorf tube 

and added an equal volume of Isopropanol. The samples were mixed and incubated 
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at -20°C 30 min. The samples were centrifuged at 15,000 × g for 5 minutes at RT.  The 

supernatant was discarded, and the pellet was left to air dry then dissolved in 100 μl 

TE buffer (10 mM Tris, bring to pH 8.0 with HCl and 1 mM EDTA. Finally, for 

precipitation of starch and other insoluble polysaccharides samples were incubated 

on ice for 5 min. and centrifuged at 15000 g for 2 min. At the end supernatant was 

transferred containing the DNA into new tubes. The DNA extraction was performed as 

described in the protocol (Genomic DNA extraction from leaves) (Amani et al., 2011) 

2.4. DNA and RNA quantification  
 

DNA and RNA were quantified using a NanoDrop Spectrophotometer 

(Thermo Scientific). The ratio absorbance between 260: 280 of 1.5 μl solution was 

used to confirm whether the DNA and RNA were acceptable quality. 

2.5. Polymerase Chain Reaction (PCR)  

 Two different polymerases were used depending on what the PCR product 

would be used for. The basic amplification just for visualising on agarose gel, the Go-

Taq was used, and a PCR reaction was used for Restriction-ligations to assemble 

fragments by Golden Gate cloning method. 

The PCR reactions using Go-Taq Flexi DNA Polymerase was run with the 

following conditions: an initial 95°C for 2 minutes, a cycle of 95°C for 1 minute, 42°C 

for 1 minute, and 72 °C for 1 minute was repeated 30 times, followed by 72 °C for 5 

minutes and held at 4°C. 

For Golden Gate method, the PCR reaction was run using restriction and 

ligations with the following conditions: 25 cycles of 3 min at 37°C (restriction) followed 

by 4 min at 16°C (ligation) and a final cycle of 5 min at 50°C and 5 min at 80°C. 



 53 

 

2.6. Agarose Gel electrophoresis 
 

The samples were loaded to a 1% or 1.5% agarose gel in TBE containing 5-

10 μl of 1% of ethidium bromide and gels were run in 0.5% TBE buffer. The gels 

were visualised by a Typhoon FLA 9500 scanner.  

2.7. Colony PCR   
 

To perform colony PCR, a sterile tip was used to pick individual colonies and 

dip into each PCR reaction tube.  

 Each reaction made a total volume of 10 μl and contained 6.5 μl H2O, 2 μl 5X 

Green GoTaq flexi reaction buffer, 0.8 μl, MgCl2 0.2 μl dNTPs, 0.2 μl of each primer 

and 0.1 μl GoTaq G2 DNA Polymerase (5 μl, Promega). The PCR program consisted 

of a first cycle of 94°C for 120 sec, followed by 29 cycles of 94°C for 30 sec, 58°C for 

30 sec and 72°C for 90 sec / kb, followed by a final cycle of 72°C for 10 min and hold 

at 4°C. 

2.8. GUS Staining with vacuum  
 

Nbe plants were taken and rolled into a 15 ml falcon tube and covered with 

Staining solution (GUS buffer containing 01 mM EDTA, 50 mM NaPO4, 0.1% Triton X 

100 and water + 14 μl of 0.5M X-GIcA stock solution). The tubes were placed into a 

vacuum chamber and extracted air with a pump. Plants were vacuum infiltrated for 5-

10 minutes or longer if the liquid has not penetrated into the tissue. The tubes were 

incubated at 37°C for overnight and the staining solution was removed. The Plants 

were transferred to petri dishes and washed with several changes of 100% ethanol 

and left shaking in 100% EtOH overnight or until tissue cleared. During the ethanol 
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washes the chlorophyll is extracted into the ethanol making it easier to see the blue 

staining of the plant tissue. 

2.9. Golden Gate Cloning Method 
 

2.9.1. Preparation of competent DH10B / DH5α / Top10 Escherichia 

coli  

 

5 ml culture of E. coli DH5α, DH10B and TOP10 was grown overnight at 37 °C 

in Luria -Bertani medium (LB). From the overnight culture,1 ml was added to 100 mL 

of pre - warmed LB and cultured at 37 °C with vigorous aeration at 250 - 350 rpm 

(BR3. 11, Jouan centrifuges, UK) until the OD600 was equal to 0. 48. The cells were 

chilled on ice and centrifuged at 2500 rpm for 10 min. The pellet was dissolved in 30 

ml of ice-cold filter sterilised TB1 pH 5. 8 (30 mM KOAc, 50 mM MnCl2, 100 mM RECI, 

10 mM CaCl2, 15 % (w / v) glycerol), and kept on ice for 2 hrs. The cells were 

centrifuged at 2500 rpm for 5 min and the pellet was gently taken up into 4 ml of ice-

cold filter sterilised TB2 (10 mM MOPS (pH 7), 75 mM CaCl2, 10 mM RbCI, 15 % (w / 

v) glycerol). The cells were aliquoted on dry ice into 100 ml aliquots and stored at - 80 

°C prior to use for transformation.  

2.9.2. Cloning into Escherichia coli (E. coli) DH5α, DH10B and 

Top10 

 

2.9.2.1. Heat shock transformation 

For level 1- construct, E. coli, DH5α competent cells was used and DH10B and 

Top10 for level 2, 1 μl of DNA was added to E. coli, DH5α, DH10B and Top10 

competent cells (100 μl), mixed gently, and kept on ice for up to 30 minutes. The cells 

were heat shocked at 42°C for 30 seconds and returned to ice for 1-2 minutes. This 
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was followed by the addition of 500 ul of LB and incubated and shacked at 200 RPM 

for one hour at 37°C.  

    2.9.2.2. Plating transformed E. coli DH-5a, DH-10B, and Top10  

 

20 μl – 100 μl of transformed E. coli DH10B, DH5α and Top10 cells were plated 

onto the LB media in a sterile environment using an ethanol. Plates were cultured at 

37°C overnight to enable colony formation. Single colonies were picked using a sterile 

toothpick or pipette tip to master plate and colony PCR was carried out. 

 

 2.9.2.3. Selection of transformants (Level1 and Level2)  

 

For level 1, standard blue-white selection was used to identify colonies with a 

recombinant plasmid. Transformed cells were plated onto LB Agar containing 100 

μg/ml ampicillin (AMP), 100 μg /ml IPTG and 40 μg /ml X - gal. Although success was 

generally high, 6-12 transformed colonies were routinely evaluated by colony PCR to 

identify truly positive colonies for continued verification prior to plasmid isolation and 

sequence verification.  

For level 2, the kanamycin (KAN) resistance and the CRed color (red- white) 

selection was used to identify colonies with a recombinant plasmid. Transformed cells 

were plated onto LB Agar containing 100 μg/ml KAN. Colonies were routinely 

evaluated by colony PCR to identify truly positive colonies for continued verification 

prior to plasmid isolation and sequence verification. 

 

2.9.2.4. Plasmid isolation from bacteria cultures and DNA sequencing  

 

 Plasmid DNA was isolated/purified from overnight E. coli culture in 5 ml LB 

using the QIAprep Spin Miniprep Kit (Qiagen). Overnight cell culture was pelleted by 
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centrifuging at 4000 rpm for 3 min at 4 °C as in the manufacturer's instructions and 

the DNA was eluted from the spin columns using 50 μl dH2O. Sequencing was 

performed by Eurofins MWG Operon (Germany) and identity of the sequences was 

confirmed by BLAST alignment. 

2.9.3. Preparing of competent Agrobacterium cells (EHA-105)  
 

5 ml of LB with 50 μg/ml rifampicin (RIF) was inoculated with Agrobacterium 

(EHA-105 strain) and grown overnight at 28°C with 180rpm. The 5 ml culture was 

added to 500 ml of LB with 50 μg/ml RIF, this was grown overnight at 28°C with 

180rpm, and once the OD600 reached 0.6-1.0 the cultures were cooled on ice for 15 

minutes then centrifuged at 5000 rpm for 10 minutes at 4°C. The medium was 

discarded, the cell pellet was re-suspended with ice-cold water, and centrifuged again 

at 5000rpm for 10 minutes at 4°C. This was repeated twice and for the final time the 

cells were washed with 10% sterile ice-cold glycerol. Once the 10% glycerol has been 

removed the pellet was suspended in 1-2 ml of 10% glycerol and aliquoted into 400 

μl. 

2.9.4. Agrobacterium Transformation- Electro-transformation (EHA-
105)  
 

40 ng of plasmid DNA was diluted to 8 ng/μl and added to 200 μl of 

Agrobacterium competent cells on ice and stirred gently with a pipette tip. Then this 

was added to a cuvette, electroporated, and 1 ml of LB was added immediately to the 

Agrobacterium cells. The cells were incubated at 28°C for 1 hour at 180 rpm, then 

spread onto LB plates with 50 μg/ml RIF and KAN which were incubated for 2-3 days 

at 28°C to obtain single colonies. Once colonies were visible, colony PCRs, as 

described in section 2.1.7., were run to ensure that the correct construct has been 

taken up. 
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2.10. Tomato cotyledon fragment transformation  

The tomato cotyledon fragment transformation was carried out following the 

next steps:  

1. Seed sterilization and germination  

Wild type Microtom seeds were washed 2-3 times by sterile H2O. The seeds were 

sterilised by dipping in liquid 50% bleach solution or 5-10% NaOCl until the seed coat 

was completely white (approximately 20-30 minutes). The seeds were washed by 

sterilized water for 5-6 times. They were transferred onto growth medium, which 

contained: MS + 3% glucose + 0,8 % agar, pH=6.0. The seeds were placed in the 

growth chamber under fluorescent light (lighting time is 12/24h)  

2. Cotyledon fragment preparation – Cut and pre-culture 

Cotyledons of 7-8 day old plants were cut into 0.1-0.3 cm segments. The segments 

were placed onto plates containing MS + 3% glucose + putrescine 1 mM + 1.0 mg/l 

zeatin + 0.1 mg/l IAA + 0,8 % agar, pH = 5.8. The plates were kept in dark at 26° C for 

2 days and used for transformation.  

3. Agrobacterium preparation (EHA-105) 

Agrobacterium cells (EHA-105) from glycerol stock were streaked on to agar plates 

containing 50mg/l KAN and RIF, and the plates were incubated at 28° C for 1-3 days. 

To make a primary culture, a single colony was picked and inoculated into a test tube 

containing 10ml LB medium+ antibiotics (kAN and RIF). The culture was Incubated in 

a shaker at 28° C for overnight. To make secondary culture, when OD600 of the 

primary culture reached 0.8-1.0, 5 ml of primary culture was inoculated into 50ml fresh 
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LB + antibiotics (KAN and RIF). The culture was incubated in a shaker at 28°C for 3-

4h until OD600 reached 0.5-0.8. Acetosyringone (200 μM) was added and incubated 

for additional 1h. Agrobacterium cells were collected by centrifuging at 6000 rpm for 

10 minutes. The pellets were re-suspended by 50 ml fresh LB and used directly for 

transformation.  

4. Transformation  

The tomato cotyledon segments from step 2 were mixed in agro-bacterium suspension 

and kept for 30-60 minutes in a rocking equipment or gently inverted after each 5 

minutes for 1 minute. The plant samples were taken out and dried on autoclaved 

Whatman paper. The plant samples were transferred onto plates containing co-culture 

medium: MS + 3% glucose putrescine 1 mM + 1.0 mg/l zeatin + 0.1 mg/l IAA + AS 200 

μM + 0,8 % agar, pH = 5.8.  The plant samples were kept in co- culture at 25° C for 2 

days in dark.  

5. Agrobacterium killing and plant selection  

The plant samples were transferred onto bacteria killing and plant selection medium: 

MS + 3% glucose + 1 mM putrescine + 0.5 mg/l zeatin + 0.05 mg/l IAA + 250 mg/l 

cefotaxime (CTX) + 50 mg/l KAN + 0,8 % agar, pH = 5.8. The plates were kept in dark 

at 26° C. After 3-4 days, the plates were placed under lighting conditions. The samples 

were kept on the medium continuously until shoots appeared. The samples were 

transferred onto fresh medium after each 10-15 days.  

6. Shoot elongation  

When real shoots appeared, the shoot containing callus was transferred into growth 

chambers with medium: MS/2 + 3% glucose + 1 mM putrescine + 0.5 mg/l BAP + 250 

mg/l CTX + 25 mg/l KAN + 0,8 % agar, pH = 5.8. The samples were kept on the 
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medium continuously until the shoots reached the length of 2-3 cm, when they were 

transferred onto fresh medium after each 10-15 days. 

7. Rooting  

The shoot was cut and placed onto medium: MS/2 + 3 % glucose + 1 mM putrescine 

+ 1.0 mg/l IBA+ 50 mg/l KAN + 0,8 % agar, pH = 5.8.  

8. Hardening 

In a growth chamber, temperature is 26 °C and high humidity, the caps were opened, 

and the test tubes were covered by para-film.  A small hole was made on the para-film 

on the first day, then 2 holes more were made on each following day. The para-film 

was removed on the fourth day. On the fifth day the plants were transferred into 

vermiculite pots and watered and covered by plastic bag. After 3-4 days, the plastic 

bag was partly opened and after 1 week it was completely opened. The plants should 

be transferred into soil when they reached the height of 5-10 cm but, unfortunately, 

they were died when they reached the height of 2-4 cm. 

2.11. sRNA Northern blot   
 

               Total RNA samples were run in a 15% polyacrylamide-urea gel prepared by 

mixing 3.15 g urea, 1.875 ml water and 0.75 ml 5X TBE, briefly heated to mix, and 

2.75 ml of 40% acrilamide/ bis solution 19:1 was added followed by 3.75 μl of TEMED 

and 75 μl of 10% Ammonium Persulfate (APS) just before pouring the mixture into a 

gel cast (BIorad). 

        Each sample were mixed with equal volume of gel loading buffer II (Ambion) and 

heated for 2 min at 70°C to denature any secondary structures before loading. 

 After running (~100V, 2 hours approx.), the gel was stained with Ethidium bromide 
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and a picture was taken with Typhoon FLA 9500 scanner (GE Heatthcare Life 

Sciences) to record the quality and equal loading of the RNA samples.  

          Subsequently, RNA was transferred to a same size Hybond-NX nylon 

membrane through semi-dry blotting in a V20-SDB semi-dry blotter 

apparatus (Thermo Fisher scientific). The membrane was placed on top of the gel, 

facing the anode side, and both were stacked in between 0.5X TBE soaked Whatman 

filter paper. Transfer time was usually 35 min at 190 mA for one ~60 2 cm gel.  

          Once transfer was finished, RNA was attached to the membrane through 

chemical cross-linking. The membrane was placed on top of a Whatman filter paper 

with the RNA side facing up and soaked with 5 ml of cross-linking solution, wrapped 

with Saran cling film and baked at 60°C for 1.5-2 hours. The crosslinking solution 

consisted of 61.25 μl of 12.5 M 1-methylimidazote. 5 μl 12M hydrochloric acid (HCI) 

and 0.186 g of 1-ethyl-3-(3dimethylaminopropyl) carbodiimide hydrochloride (EDC) 

dissolved in water to make a final volume of 6 ml.  

               The membrane was hybridized with a 32P end labelled DNA probe. For probe 

labelling, 2 μl of the oligonucleotide (10 μM, without 5'P) was mixed with 10 μl of 

water, 4 μl of 5X forward buffer, 2 μl of (γ- 32P) ATP (3,000 Ci/mmol) and 1 μl T4 

polynudeotide kinase (Life Technologies) and incubated at 37°C for 1 hour. After 

incubation, 30 μl of water was added to the mixture and all resulting 50 μl solution was 

transferred to the tube containing 5 ml of PerfectHyb Plus Hybridization Buffer (Sigma) 

where the membrane had been pre-hybridizing at 37°C with rotation for 1-2 hours. 

Subsequently, the hybridization tube was put back to the oven at 37°C and with 

rotation, to let the hybridization proceed overnight. 

             The following day, the hybridization solution was replaced with wash solution 

(0.2xSSC, 0.1% SDS). After a quick rinse, the membrane was washed twice for 20 
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min at 37°C in the rotating oven and with a final quick wash again. The membrane 

was wrapped in Saran film and placed in a cassette facing a phosphor screen. After 

3-6 or more hours of exposure, the screen was scanned using the Typhoon FLA 9500 

scanner (GE Healthcare Life Sciences). 

             If the same membrane was used for a subsequent hybridization with another 

probe, the first probe was stripped from the membrane by incubating it in 0.1% SDS 

at 80-90°C with rotation for ~1h or until no signal of radiation was detected with a 

Geiger counter. The probe used was the full 21 nucleotides complementary to Sly- 

miRNAtop14 and, after stripping, an oligonucleotide complementary to U6 RNA 

(AGGGGCCATGCTAATCTTCTC) 
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Chapter 3 

miRNA “top14” Characterization and Expression 
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3.1. Introduction  
 

 3.1.1. Identification of miRNAs  
 

In recent years, there has been a substantial progress in the identification of 

new miRNAs thanks to the development and improvement of next generation  

sequencing (NGS) technologies. Development of MIRNA predicting bioinformatic 

algorithms were also crucial to allow the identification of candidate miRNAs among 

the huge amount of sRNA reads in sequencing libraries. Prediction of miRNAs is 

based on parameters such as their length, phylogenetic conservation, pre-miRNA 

secondary structure and distribution of reads on the predicted pre-miRNAs (Mendes, 

et al., 2009, Akhtar, et al.,2015). 

As a result of all these efforts to identify miRNAs, currently there are thousands 

of miRNAs annotated in over a hundred different species (Kozomara & Griffiths-jones, 

2014). However, concerns about the authenticity of some of these miRNAs have been 

raised (Meng et al., 2012). In particular, it remains difficult to differentiate between 

miRNAs and endogenous siRNAs, given that the main difference between them is 

their biogenesis (Meyers, et al., 2008, Voinnet, 2009). However, sRNA NGS has the 

advantage of showing the distribution of reads across the genomic locus, allowing the 

distinction between single precisely diced miRNA- miRNA* pairs and the populations 

of randomly distributed reads characteristic of sRNAs (Jones-Rhoades, 2012).  

In terms of expression, it has been shown that several miRNAs are differentially 

expressed during stress conditions.  miR171 expression changes during cold, drought 

and salt stresses in Arabidopsis.   In addition, miR395 and miR398 expression is 

strongly induced by sulphur and phosphate starvation, respectively. (Çakır et al., 

2021).   
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              An additional proof of miRNA authenticity and a first step in studying its  

function is the identification of target mRNAs (Jones-Rhoades, 2012). Fortunately, 

computational miRNA target prediction in plants can be done relatively easily due to 

their high complementarity to the target site (Rhoades, et al., 2002, Jones-Rhoades & 

Bartel, 2004). Consequently, their mode of action is frequently cleavage of target 

mRNAs (Axtell, et al.,2011). Experimental validation of a target can be achieved 

directly by detecting the cleaved transcript through techniques such as 5' RACE 

(Llave, 2002) or its high throughput version, parallel analysis of RNA ends (PARE) 

libraries, also called degradome sequencing (Addo-Quaye, et al., 2009, German, et 

al., 2009). This has been done previously for this study and in my work the focus has 

been the expression of top14miRNA by detecting the mature miRNA by Northern blot 

technique and detecting primary transcript by GUS staining technique.  

 3.1.2. Intron-split miRNAs 
 

Plant MIRs usually contain introns, with a 67% of Arabidopsis pri-miRNAs 

estimated to have at least one intron (Stepien, et al., 2016). Both plant pri-miRNAs 

and their introns show a great variability in length, with sizes reported from 300bp to 

5000bp for pri-miRNAs and from 100bp to 3000bp for their introns (Zhang, et al., 2009, 

Stepien, et al., 2016, Szweykowska-Kulinska et al., 2013).  miRNA hairpins are usually 

located in the first exon (Stepien, et al., 2016, Szweykowska-Kulinska et al., 2013) 

although they may appear in other exons, as well as in alternatively spliced regions 

that may be either intronic or exonic (Yan, et al., 2012, Jia. et al., 2013)  

Another interesting possibility reported is the one in which an intron appears  

in between the miRNA and the miRNA* sequence, dividing the miRNA stem- loop (Lu, 

et al., 2008, Sunkar, et al., 2005). This exon-intron-exon structure was first observed 

in a member of the miRNA444 family in rice, where the pri-miRNA fold-back structure 



 65 

could only be predicted from the processed transcript but not from the genomic locus, 

suggesting the presence of an intron (Sunkar, et al., 2005). In a later study, also in 

rice, it was found that most members of the miRNA444 family had a characteristic 

feature not observed previously in any miRNA: they were transcribed from the 

antisense strand of their own target, for which they were called natural antisense 

miRNAs (nat-miRNAs) (Lu, et al., 2008). Interestingly, all MIRNA444 family members 

were found to have an intron in between their miRNA and miRNA*, even the two 

exceptions (miRNA444e and miRNA444f), which were not transcribed from the 

antisense strand of their target gene (Lu, et al., 2008).   

 
This peculiar exon-intron-exon arrangement was subsequently reported also in 

miRNA444 members of maize and sorghum (Zhang, et al., 2009, Paterson, et al., 

2009, Thieme, et al., 2011). Furthermore, a bioinformatic tool (SplamiR) was 

developed to identify this particular kind of pri-miRNAs with an intron in the middle of 

the miRNA hairpin, since they were not predicted by existing bioinformatic tools, 

unless spliced (Thieme, et al., 2011).  In a recent review paper, they have been called 

intron-split miRNAs (Pek, et al., 2015). However, to our knowledge, up to date no 

intron-split miRNAs have been found outside the miRNA444 family.  

3.1.3. Identification of miRNAtop14 
 

In 2008, Moxon et al performed high-throughput sequencing of  

sRNAs from tomato leaf, bud and different stages of fruit development. After filtering 

out matches to tRNA and rRNA sequences, the remaining 18 to 30 nucleotide reads 

were mapped to SOL Genomics Network (SGN) tomato "bacterial artificial 

chromosome" (BAC) sequences, since the whole tomato genome sequence was not 

available at that time. Those reads aligning to the BAC sequences were subsequently 

analysed by checking whether there was also a plausible miRNA* sequence among 
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the BAC sequences, and by testing whether the predicted genomic MIR could fold into 

a miRNA-like hairpin using RNA fold. As a result, several known and putative new 

miRNAs were identified. One of the predicted miRNAs was the 14th most abundant 

read from the combination of the libraries and was therefore called "top14" in this 

publication.  

             Once the whole tomato genome was sequenced, it was noticed that  

miRNAtop14 and its putative miRNA* sequence was more distant from one another 

than was usually observed in other miRNA/ miRNA* pairs. (Figure 6.). In fact, they 

were almost 700 nt apart although 98% of plant miRNA hairpins have a length of less 

than 336 nucleotides (Thakur, et al.,2011). Therefore, a reverse transcription PCR 

(RT-PCR) was carried out from tomato total RNA with the aim of gathering more 

information about miRNAtop14 primary transcript. Surprisingly, when the PCR product 

was resolved in an agarose gel, two bands were visible; one of the expected genomic 

size between the primers but also another one around half the size of the upper band. 

When the two bands were sequenced, it was discovered that both amplified transcripts 

were indeed produced from MIRtop14, but the shorter one had an excised stretch in 

the middle with the GT- AG canonical intron splicing sites at the 5’-3' end, respectively, 

indicating that the pri-miRNA contained an intron in between miRNA and miRNA* 

sequences.  

Besides other analyses, miRNAtop14 presence was predicted in several  

species within the Solanales order, including Nicotiana benthamiana. While this 

research was in progress, Baksa et al. 2015 published a study where they had 

sequenced sRNAs libraries from several Nicotiana benthamiana tissues, detecting 

mature miRNAtop14 in all of them, which they named Nb_miRC16_3p.  
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Figure 6. pri-miRNAtop14 secondary structure. pri-miRNAtop14 secondary structure.and 

schematic representation of the resulting miRNA hairpin of Solanum lycopersicum, spliced 

(right) and non-spliced (left) variants. Figure adapted from Zahara Calzada’s thesis (not 

published). 

 

 
. 
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3.1.4. Target of miRNAtop14  

 Target mRNAs were predicted for miRtop14 by Simon Moxon and then 

experimentally validated by Zahara Calzada, a former PhD student in the Dalmay 

laboratory. She was able to validate one predicted target LPR1 that belongs to the 

multicopper oxidase family.  

Multicopper oxidases, MCOs, are a family of enzymes which could be founded 

widely in many species. These enzymes are containing four copper atoms in two 

centres; a type 1 centre with one atom and a type 2/ type 3 centre with three atoms 

each (Solomon et al., 1996). Multicopper oxidases can be divided in several 

subclasses, depending on their substrate, such as laccases, ascorbate oxidases, 

ferroxidases or bilirubin oxidases (Hoegger, et al., 2006; Sakurai, et al., 2007). 

 LOW PHOSPHATE ROOT1 (LPR1) and its close paralogue LOW 

PHOSPHATE ROOT2 (LPR2) are two proteins which belong to the MCO family of 

enzymes, they also both have been identified in Arabidopsis (Svistoonoff, et al., 2007). 

More particularly, they are ferroxidases, as both of them have been probed to display 

iron oxidation activity (Muller, et al., 2015). 

 Root architecture modification, responding to a media of low phosphate is a 

long- known phenomenon; proliferous roots help plants to improve exploring the soil 

and to extend their surface to uptake this nutrient (Raghothama, 1999). In Arabidopsis, 

low phosphate media reducing the growth of the primary root and increasing the 

growth of the lateral roots (Williamson, et al., 2001). ( Figure 7.) 

 It was found that, in Arabidopsis there is a connection between LPR1 gene and 

the trait of primary root growth arrest under low phosphate in the soil (Reymond, et al., 
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2006). Later on, a study has discovered the LPR1 gene responsible for this trait, as 

well as a paralogous gene, LPR2 (Svistoonoff, et al., 2007). Furthermore, at the same 

study, loss of function experiments with lpr1 and lpr2 identified that, both LPR1 and 

LPR2 play a role in the arrest of primary root growth under low phosphate. lpr2 showed 

a lower effect than lpr1, and lpr1/lpr2 double mutant showed an additive effect between 

two genes (Svistoonoff, et al., 2007) (Figure 7.). In addition, although LPR1 mRNA 

was identified in leaves and roots of Arabidopsis, further studies focused only on root, 

as it is the place that its function was discovered. Therefore, it was demonstrated that 

LPR1 is expressed in the root tip, between the meristematic region and the root cap 

(Svistoonoff, et al., 2007). Also, it was reported that the trait of arrest of growth 

response happened, when the root tip was connected to the low phosphate media 

more than any other part of the plant (Svistoonoff, et al., 2007). 

 Later on, LPR1 was, in particular, found in the endoplasmic reticulum in root 

cells (Ticconi, et al., 2009). Moreover, at the same study it was claimed that there is 

an interaction between LPR1 and a protein called PHOSPHATE DEFICIENCY 

RESPONSE 2 (PDR2), which is also localized to the endoplasmic reticulum of root tip 

cells (Ticconi, et al., 2009). Furthermore, it was found that under low phosphate 

conditions media, pdr2 mutant has a strong response to that media and develop an 

extremely short root with a much-reduced meristem (Ticconi, et al., 2004), while the 

triple mutants of pdr2, lpr1, lpr2 show a phenotype similar to double mutant of lpr1, 

lpr2 (Ticconi, et al., 2009) (See fig.7.). Therefore, it was concluded that, under low 

phosphate conditions, it is possible for PDR2 to act upstream in the process, also 

regulating LPR1/LPR2 and all together adjusting the activity of the primary root 

meristem (Ticconi, et al., 2009). 
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Figure 7. The relationship between LPR1 and LPR2 and root growth under low pi. 

A) LPR1 and LPR2 have a similar function in root growth arrest under low Pi. The effect of 

LPR1 is stronger. Seeds of wild type Col0, lpr1 and lpr2 single mutants and lpr1, lpr2 double 

mutant were grown in media with the concentrations of Pi indicated at the bottom of each 

picture (μM) and the indicated pH and resultant phenotypes are shown. 

B) LPR proteins interact with PDR2, acting downstream of it. Seeds of wild type Col0, pdr2, 

lpr1, lpr2 double mutant and pdr2, lpr1, lpr2 triple mutant were grown in media with 

sufficient or scarce Pi and the resultant phenotypes are shown. Insets show enlarged root 

tips, with yellow bars indicating meristem length. Figure adapted from (Muller, et al., 2015; 

and Svistoonoff, et al., 2007). 
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3.2. Result  

 
 3.2.1. miRNAtop14 Mature miRNA Expression Detection by 
Northern blot in Different Species and Tissues  
 

   Nicotiana benthamiana was analysed by sRNA Northern blot to confirm 

mature miRNAtop14 expression in vivo. miRNAtop14 has been detected in different 

parts of the plant, leaves, and root. 

 Total RNA was extracted from different parts of Nicotiana benthamiana leaf and 

root of three plants, following the protocol in section 2.1.2. and subsequently, 10ug 

was analysed by sRNA Northern blot (section 2.1.13). The same probe was used for 

the detection of mature miRNAtop14 in the three samples: the complementary of the 

mature miRNAtop14 sequence. The membrane was exposed to a phosphor-imager 

plate and the plate was scanned using the Typhoon FLA  9500 scanner (GE 

Healthcare Life Sciences). The results are shown in (Figure 8) where it can be seen 

that miRNAtop14 seems to be expressed in roots at higher level than in leaves and 

there is a slight gradient across leaves where the expression level is lowest in oldest 

leaves and highest in youngest leaves. However, the following bar chart graph (Figure 

9) is for the northern blot data for N. benthamiana which represent statistical analysis 

-with ImageQuant- of the findings. It shows that there is no significant difference 

between the expression levels in the tissues (p > 0.05). Further research would be 

needed to determine the precise pattern of miRNAtop14 expression. 
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Plant 1  

Plant 2  

Plant 3  

Figure 8. Detection of mature miRNAtop14 in N. benthamiana. Detection of mature miRNAtop14 levels 

in wild type N. benthamiana leaves and root by Northern blot. Different leaves from the same plant were 

named L1 to L8 from the oldest to the youngest. The bands showing the expression level of top14. U6 

detection is included as loading control. 
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Figure 9. Statistical analysis of mature miRNAtop14 in N. benthamiana. Statistical analysis of mature 

miRNAtop14 levels in wild type N. benthamiana by ImageQuant. The tissue is different leaves from 

three plants were named L1 to L8 from the oldest to the youngest and roots. 
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In addition, different levels of miRNAtop14 have been detected in different 

parts of Solanum lycopersicum (cv. Microtom), plant (leaves, root and stem) (see 

figure 10.) 

Root, stem, and leaves were collected from S. lycopersicum cv. Microtom 

plants grown in soil for ~5 weeks. Total RNA was then extracted from each tissue 

following the protocol in section 2.1.2.  

2ug of total RNA from each sample was analysed by sRNA Northern blot  

(Section 2.1.13). The probe used was the full 21 nucleotides complementary to Sly- 

miRNAtop14 and, after stripping, an oligonucleotide complementary to U6 RNA. The 

membrane was exposed to a phosphor-imager plate and the plate was scanned using 

the Typhoon FLA 9500 scanner (GE Healthcare Life Sciences).  

Furthermore, in the attempt to replicate these experiments, it has been found 

that these levels are highly fluctuate (Figure 10.). This may be an indicative of induced 

expression of miRNAtop14, possibly under specific stimulus. However, further 

research would be needed to determine the precise pattern of miRNAtop14 

expression. 
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Figure 10. Detection of mature miRNAtop14 in Microtom. Detection of mature miRNAtop14 

levels in wild type Solanum lycopersicum (cv. Microtom) in root, stem, and leaves by Northern 

blot. Different leaves from the same plant were named L1 to L5, from the oldest to the 

youngest. The bands showing the expression level of top14. U6 detection is included as loading 

control.  

 

 
 
 
 
 
 
 
 
 
 
 
 

 

                                           Leaves 
    

                                    L1       L2        L3         L4         L5     steam   root 

        Plant 1 

                         
 

        Plant 2 

                          
 

      Plant 3 

                          
 
 

 



 75 

3.2.2. miRNAtop14 Primary Transcript Expression Detection by 
GUS Staining  
 

  Seeds of transgenic Nicotiana benthamiana seeds with a construct harbouring 

the reporter gene GUS under the top14 promotor (generated by a previous PhD 

student Zahara Calzada) were sown and the seedlings were analysed by GUS staining 

to confirm primary miRNAtop14 expression in vivo. GUS activity has been detected in 

different parts of the plant (leaf, root, and stem). Seeds of transgenic Nicotiana 

benthamiana were sown on medium and grown at the temperature and light condition 

indicated in (2.1.1) for two, three, and four weeks. Then, the whole plants were 

subjected to GUS staining as described in 2.1.8. 

The results are shown in figure 11. and 12. where it can be seen that GUS (and 

therefore) milRNAtop14 is expressed everywhere and the expression level seems to 

be the highest in roots.  (Figure 11. and 12.)  
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Figure 11. Detecting of GUS activity as a proxy for primary miRNAtop14 levels in transgenic  

Nicotiana benthamiana root, stem and leaves by GUS Staining. Three plants were used in different 

age (two, three, and four weeks). Wild type is included as loading control.  
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Figure 12. Detecting of GUS activity as a proxy for primary miRNAtop14 levels in transgenic  Nicotiana 

benthamiana roots, stems and leaves by GUS Staining. Three plants were used in different age (two, 

three, and four weeks). Images of the whole plants (A,D,G) and their higher-magnification images are 

presented as follows: B and C from A, E and F from D, and H-I from G 

 



 77 

 3.3. Discussion 
 
 miRNAtop14 has been identified in a couple of independent studies, the first 

one in S.lycopersicum and N. benthamiana (Moxon et al., 2008 & Baksa et al., 2015). 

However, the expression pattern was not described. 

 Many miRNAs are expressed ubiquitously across all tissues, however, there 

are examples for miRNAs that are expressed in a tissue specific manner. Tissue 

specific expression pattern can give a clue about the function of the miRNA. Probably 

the most striking tissue specific expression is shown by miR395 (Kawashima et al 

2009). miR395 is very strongly induced during sulphur starvation but only in the 

phloem companion cells of the vascular system. Interestingly, one of its targets 

(SULTR2;1) is also induced by sulphur starvation but it is primarily expressed in xylem 

parenchyma cells. This indicates that the function of miR395 is to keep SULTR2;1 

expression restricted to xylem cells during sulphur starvation. This example shows 

that miRNAs can have very specific expression pattern and it can contribute to our 

understanding to its function. In this study, we have attempted to establish expression 

pattern of miRNAtop14 in S. lycopersicum (cv. Microtom) and N. benthamiana, that 

would help to understand the functionality role of top14. 

 3.3.1. Mature miRNAtop14 Expression 
  
 Northern blot analysis of wild type Solanum lycopersicum (cv. Microtom) and 

Nicotiana benthamiana was carried out to detect mature miRNAtop14. The analysis 

of Microtom included root, stem and leaves, while the Nicotiana benthamiana analysis 

was restricted to leaves and root. Though the Northern blots showed that expression 

level seems to be highest in root and lowest in shoot of N. benthamiana, the statistical 

analysis showed no significant difference between the expression levels in the tissues. 
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Also, no consistent differential expression was detected in tomato. One potential 

reason for the lack of statistically significant difference across the leaves, despite the 

potential gradient from oldest to youngest leaf, is that the biological replicates were 

too different from each other. This increased the error bars on the graphs and therefore 

the seemingly different tissues (root and old leaf and young and old leaves) were not 

statistically different from each other. This could be addressed by either using many 

more replicates or trying to find a way to make the replicates more similar to each 

other including a synchronisation of leaf age. If there is a real difference in mature 

miRNAtop14 level in old and young leaves (and a gradient in between) then it is very 

important that the leaves appear at the same time on the different plants used for the 

experiment.  

Analysis of miRNAtop14 expression in wild type Microtom by qPCR in order to 

assess changes in the levels of miRNAtop14 expression and compare the data/results 

with Northern blot analysis for the same plant would help to unravel the expression 

level and expression pattern of miRNAtop14. In addition, analysing miRNAtop14 level 

in individual leaflet of the compound leaves of tomato may reveal differential 

expression in leaflets at different positions. 

 3.3.2. pri-miRNAtop14 Expression  
 
 

Whole transgenic Nicotiana benthamiana plants expressing GUS from the 

miRNAtop14 promoter were analysed by GUS staining to investigate pri-miRNAtop14 

expression. GUS expression seemed to be very similar across all leaves and higher 

in root than in leaves. 

Future experiments may try to quantify the pri-miRNAtop14 expression level 

including the both the spliced and un-spliced forms. First of all, the GUS staining may 

be saturated, and subtle differences could have been missed. The seedlings could be 
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stained again but the reaction could be stopped earlier when the tissues are not dark 

blue, yet. In addition, the GUS activity could be measured to obtain a more accurate 

level of GUS expression, rather than just looking at the intensity of the colour. 

Analysis of wild type Nicotiana benthamiana by qRT-PCR, would help to 

unravel the level of splicing of pri-miRNAtop14 in different leaves. Primers could be 

designed at each side of the intron and using a short extension time during the PCR 

cycle, only the spliced variant would be quantified. In a separate reaction a forward 

primer could be used that anneals to an intron region and a reverse primer that 

anneals to the second exon. This reaction would only quantify the un-sliced form. Both 

spliced and un-spliced forms could be analysed in the different age leaves, as well as 

shoot and root tissues. 

Unfortunately, we did not find a strong tissue specific expression for neither the 

pri- nor the mature miRNAtop14 but as discussed above, further, more careful studies 

may still establish a gradient for mature miRNAtop14 across leaves. In that case, if 

pri-miRNAtop14 expression is constant across the different leaves and tissues, the 

potential difference would be most likely due to differential splicing in the different age 

leaves and tissues. This could be tested by the qRT-PCR experiments suggested 

above.  
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Chapter 4  

 “top14” biological function: Generating a CRISPR-

Cas9 construct by Golden Gate cloning method 
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4.1. Introduction  
 

 The most important requirement of biological research and biotechnology is 

the availability of effective DNA assembly methods. Therefore, various methods of 

cloning DNA fragments of interest have been developed. Conventional methods 

generally require several cloning steps to generate the construct of interest. A single 

DNA fragment is transferred from the donor plasmid or PCR product to the recipient 

vector. Various methods have been developed in recent years to facilitate and speed 

up this process. One such method is Golden Gate cloning (Engler et al., 2009).  

 Golden Gate cloning or Golden Gate assembly (Engler, et al., 2008) is a 

molecular cloning technique that permits researchers to use type-II ‘restriction 

endonucleases enzymes (IIS) and T4 DNA ligase to simultaneously and purposefully 

convert multiple DNA fragments into one fragment in vitro (Engler, et al., 2009). The 

most typically used Type IIS enzymes include BsaI, BsmBI, and BbsI. Compared with 

standard type II restriction enzymes such as EcoRI and BamHI, these enzymes cut 

DNA outside of their recognition sites. Thus, a non-palindromic overhang can be 

formed (Weber, et al., 2011). Since there are 256 potential overhang sequences 

(assuming there are four unpaired nucleotides), multiple fragments of DNA could be 

assembled by using combinations of overhang sequences (Weber, et al., 

2011).  Additionally, because the final product does not have a Type II restriction 

enzyme recognition site, the properly ligated product cannot be cut again by the 

restriction enzyme, meaning that the reaction is irreversible (Weber, et al., 2011). A 

common thermal cycler protocol cycles between 37 °C (best for restriction enzymes) 

and 16 °C (optimal for ligases) several times (Engler, et al., 2009). While this technique 
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can be used to build a single insert, researchers have used it to assemble many pieces 

of DNA at the same time. (Engler, et al., 2014). 

  Using the Golden Gate cloning process, up to ten pieces can be assembled at 

once in a recipient plasmid (Engler, et al., 2009). Cloning is accomplished by pipetting 

all plasmid donors, the recipient vector, a type IIS restriction endonuclease enzyme, 

and ligase into a single tube and incubating the mixture in a thermal cycler. (Engler, et 

al., 2008). Due to the simplicity of the cloning procedure, the majority of clones 

obtained after transformation contain the expected construct. Golden Gate cloning, on 

the other hand, required the use of carefully designed donor and recipient plasmids. 

(Engler, et al., 2008). 

 Golden Gate cloning method is based on type IIS restriction enzymes' unique 

ability to cleave outside of their recognition site (Engler, et al., 2008). These 

recognition sites are removed in the cleavage process when they are put to the far 5' 

and 3' ends of any DNA fragment in inverse orientation, allowing two DNA pieces 

flanked by compatible sequence overhangs to be ligated seamlessly. (Figure 13.) The 

directed assembly of several fragments is possible because type IIS restriction sites 

can be engineered to form various overhangs, which are referred to as fusion sites 

(Lebedenko, et al., 1991). 

 All DNA segments are delivered as uncut plasmids for assembly, and the target 

vector, T4 DNA ligase, and type IIS restriction enzyme are combined in a single 

reaction mix. The application of restriction-ligation allows for exceptionally efficient 

assembly of numerous fragments. Golden Gate is one of the advanced cloning 

techniques that can be used for genome editing constructs. It is applicable for the 

overall assembling of multiple DNA fragments to create effector nucleases called TAL 

(Zhang et al. 2021). The CRISPR technology has also adopted Golden Gate Cloning 
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for the insertion of oligonucleotides that specify the target sequence of the gRNA 

(Zhang et al. 2021).  

 

 

 

 
Figure 13. Design requirement of Golden Gate Assembly. Constructs are assembled by mixing 

in one tube all module plasmids (or PCR fragments) and a destination vector together with the 

appropriate type IIS enzyme and ligase. Image adapted from New England Biolabs Inc.  
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4.2. Cloning Standard 

 
 Cloning standards are employed in DNA assembly to prevent changes in 

cloning efficiency and plasmid function caused by compatibility issues between the 

restriction sites on the insert and those on the vector (Engler, et al., 2014). The cloning 

standards at Golden Gate Assembly are divided into two categories. The single-gene 

construct is created by adding genetic components such as promoters, open reading 

frames, and terminators to the first-tier Golden Gate assembly. Then, in second-tier 

Golden Gate assembly, a multigene construct is created by combining many 

constructs created in first-tier assembly. The modular cloning (MoClo) methodology 

and the GoldenBraid2.0 standard is performed to enhance second-tier assembly 

(Casini, et al., 2015). 

4.3. MoClo System  
 

 MoClo uses a parallel approach, with restriction sites for BpiI on both sides of 

the inserts in all tier-one (level 0) constructs. The vector, also known as the 

"destination vector," has an outward-facing BsaI restriction site with a drop-out 

screening cassette, where genes will be inserted (Casini, et al., 2015). LacZ is a 

popular screening cassette that is replaced in the destination vector by the multigene 

construct (Casini, et al., 2015). The layout of the ultimate multigene construct is 

determined by the overhangs on each tier-one build and the vector, which are different 

but complementary to the overhang of the next section (Casini, et al., 2015).  

 Cloning Golden Gate normally begins with level 0 modules (Engler, et al., 

2014). If the level 0 module is too large, cloning will begin with level -1 fragments, 

which should be sequenced before the large construct can be cloned (Engler, et al., 

2014). The level 0 modules do not need to be sequenced again if starting from level - 
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1 fragments, but they must be sequenced if starting from level 0 modules (Engler, et 

al., 2014).  

 4.3.1. Level 0 Modules 

 

 Level 0 modules provide the foundation of the MoClo system and include 

genetic elements such as a promoter, a 5' untranslated region (UTR), a coding 

sequence, and a terminator. In Golden Gate Cloning technique, the core sequences 

of level 0 modules should not contain type IIS restriction enzymes sites for BsaI, BpiI, 

or Esp3I while flanked by two BsaI restriction sites inverted orientation. During the 

cloning procedure, level 0 modules without type IIS restriction sites bordering them 

can add the BsaI sites (Engler, et al., 2014). 

 If any undesirable restriction sites exist in the level 0 modules, they can be 

edited in silico by removing one nucleotide from the type IIS restriction site. During this 

step, it needs to be ensured that the introduced mutation has no effect on the genetic 

function encoded by the sequence of interest. A silent mutation in the coding sequence 

is desirable since it has no effect on the protein sequence or function of the gene of 

interest (Engler, et al., 2014). 

 4.3.2. Level -1 Fragments 
 

 Large level 0 modules are cloned with the help of level -1 pieces. Blunt-end 

cloning with restriction ligation can be performed to clone level -1 fragments. The 

vector used to clone level -1 fragments should not contain the type IIS restriction site 

BpiI, which is required for the assembly step that follows. Furthermore, in the following 

assembly stage, the vector should have a different selection marker than the 

destination vector; for example, if spectinomycin resistance is applied in level 0 
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modules, level-1 fragments should have another antibiotic resistance, such as 

ampicillin (Engler, et al., 2014). 

 4.3.3. Level 1 Constructs  
 

 The position and orientation of each gene in the final construct are determined 

by the level 1 destination vector (Marillonnet, et al., 2015). There are fourteen different 

level 1 vectors available, each with a different outside fusion site sequence but 

identical inside fusion sites. As a result, all vectors can include the identical level 0 

pieces (Marillonnet, et al., 2015). Because all level 1 vectors are binary plasmids, they 

are employed for transient expression in plants via Agrobacterium (Marillonnet, et al., 

2015). 

 4.3.4 Level 2 Constructs 
 

 Because of the insertion of level 1 modules, level 2 vectors have two inverted 

BpiI sites. The upstream fusion site is compatible with level 1 vector-cloned genes, 

whereas the downstream fusion site has a universal sequence. Each clone allows for 

the insertion of 2-6 genes into the same vector (Marillonnet, et al., 2015). 

 It is not recommended to include more genes in one cloning phase, as this 

would result in erroneous constructions (Marillonnet and colleagues, 2015). On the 

one hand, this may result in more restriction sites in the construct, as this open 

construct allows for the inclusion of other genes. On the other hand, this can eliminate 

restriction regions, where the closed construct prevents new genes from being added. 

 Thus, End-linkers with BsaI or BsmBI internal restriction sites, as well as blue 

or purple markers, are required for constructs comprising more than six genes. 

 The restriction site and the marker should be alternated in each cloning stage. 

In addition, two restriction enzymes are required: BpiI for releasing level 1 modules 
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from level 1 constructs and BsaI/BsmBI for digesting and opening the recipient level 2 

plasmid.  

 The right colonies should alternate from blue to purple at each cloning phase 

while screening, but if a "closed" end-linker is used, the colonies will be white 

(Marillonnet, et al., 2015). 

4.4. Result  

 
 4.4.1. Selecting Genomic Targets and Designing gRNAs  

 
CRISPR-Cas9 is a unique technology that helps researchers to edit certain 

genome locations specifically. Currently, CRISPR-Cas9 is the most precise and 

versatile method of genetic manipulation as removal, alteration and addition of 

nucleotides can be achieved with high specificity (Soyars et al. 2018). The CRISPR-

Cas9 consists of two main key molecules, which are an enzyme called Cas9 and a 

piece of RNA called guide RNA (gRNA). In terms of the gRNA, it consists of an 

approximately 20nt long pre- designed RNA sequence, which is located in a longer 

RNA scaffold. The scaffold part attaches to DNA sequence and the gRNA guides the 

Cas9 enzyme to the specific region of the genome which is called a genomic target 

(Cooper et al. 2022). One of the important steps in this method is selecting the target 

site in the genome. The genomic target is ∼20 nucleotide DNA sequence, that is 

immediately upstream to a Protospacer Adjacent Motif (PAM), which is a three-

nucleotide motif specific to each Cas enzyme (Brooks et al, 2014). The PAM serves 

as a binding signal for Cas9 enzyme, but the exact sequence depends on which Cas 

protein is used. In our study to select the best two gRNA sequences for MIRNAtop14 

gene, the targets were selected by using online tools such as CRISPR-P 2.0 and E-

CRISP. We chose target regions that were at each side of the mature MIRNAtop14 
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sequence and were just upstream of a 5’ NGG motif, that is the PAM for Cas9. (Figure 

14.). In this study the selected gRNA target sequences were separated by forty base 

pairs and an approximately sixty base pair deletion was expected (underlined). (Figure 

14.). As the target base pairing is achieved by the gRNA to the target site, a double-

strand break is mediated by Cas 9 a few nucleotides upstream the PAM.  

In addition, there are a few other factors that are important for gRNA design. 

The first is the GC content of the guiding sequence that should be 40-80% (Rönspies 

et al. 2022). The other important aspect is the length of the gRNA and the average 

length of the gRNA is around 20bp. The GC content and length together influence the 

specificity of the gRNA because they both affect the strength of annealing between 

the gRNA and the target site. If the GC content is too low and/or the gRNA is too short, 

the Cas9 may be guided to unintended sites, which is called off-targeting. For 

example, it has been observed that the guide sequences which are shorter than 17 bp 

can target multiple loci and therefore have high off-target activity (Coelho et al. 2020). 

The CRISPR/Cas9 construct was designed to target two target sites at each side of 

MIRNAtop14 with the intention to create an approximately 60bp deletion to delete the 

entire mature MIRNAtop14 sequence (Belhaj et al., 2013). The two sgRNAs were 

expressed from the Arabidopsis U6 promoter that requires a G at the first position, 

therefore the first nucleotide of the guide sequence was designed to be a “G”. Both of 

gRNAs constructs were designed 48 nt long including the guide sequences, which 

match the target sequences, followed by the fusion sites (ATTG, GTTT,) and finally 

the restriction site for Esp3I enzyme (Brooks et al, 2014) (Figure 15.). 
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5’TAGGCCACTTATATTTGTGAAAGAATAATATAATGTACTGCATCATATCAATAATCTTA

TCTATAAAAGGAGTAAAATTTGCTACATTGAATATACCATAGAGGAAATTGAATTAATGAA

GAAGTAGAAGATGACACTTTGTTGGTGACTTTGATCTCAAAAGAGTGCTTATCAATATTGT

TTGTTTAATTTATTACGGTATGTTATTTGTCTTATTTTACTTTAGTAAACTATTTATTGAA

ACTTCTTTCAAAGATTAGTTTTTTTAGTCGAAAGTTTTTTGAAAGCATATTTTATATTGAG

CAAGAGGTAAGAATAAGATTTATATACATTTCATGACCTGCTTATGAAATCATACTGAATA

TGTTATTATTATTATTTATTTTAGCAAAATGCTCATGTAGTATATTGTATTGTACCTTAAT

TGAATGTTTGATGCATGTTTGTGGGGCGGTGAAGCAATATTTGATCCTATATATGAAATAG

TTTTTTAGTTGAAGATCGTTCAGCTGATCGTCCTTGAATTTATATACCTTTTATAATATAA

AAGTGTCAAATTTGTAATTTAAAAAAAATAATCACCATTCTTATATACTATTTGTAAGAAT

GATCCTTGTTATTTTTACTTGAACTTAGAAATGATTTAGATGATTTACTTTAAAATTTTAA

ACATATTGTAGTCTTGCTTTTTTGCATTACATGCCTTTTTGCTCTAACCTTTGTTCAAGAA

ATCGTGTACAATGGAATTGTGAAACAATATTTGTAGGAATATCAAGCATTATTATCATCAC

TATATGGACACATGGCATTATACTCTT ACCAAAGTCACCAACAGAGTGTCAAATTTCT

CATCATTCCGAGCTCAAACACAGCGA AGCCAGAATTCTCATCGAAGAAAATATCAAAA

TATTTTCTTAATTAATGATCTCTATTGTTTTGTTGTTTTTTAGTAGTGCCTTGTTATTTTC

TTTGGAGAATGTAACCAGCTAGATGTAATCCCCACATATATGTAATATAATAAATCAATCC

CCTACCTTTTGGGGGTATGTTTACTAAGCTATGCAACATAAAGTAACACTTTA 

Figure 14. Solanum lycopersicum MIRtop14 sequence. Exon sequences are shaded in grey while introns are 

not shaded. Intron GT- AG consensus SS sequences are highlighted in yellow miRNAtop14 is highlighted in 

red and miRNAtop14* is highlighted in green. Blue and green nucleotides are the targets sequences.  choosing 

target regions of miRNAtop14 the sequence that contained the requisite binding region, or protospacer 

adjacent motif (PAM), for Cas9 cleavage, which is a 5’-NGG located immediately after the 20 bp target DNA 

(in purple). The selected gRNA targets sequences were separated by forty base pairs and sixty base pairs 

deletion was expected (underlined). 
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Figure 15. Structure of guide RNAI and guide RNAII construct. The gRNA is 21 nt long. The 

blue and green bp are the guide sequences. The fusion sites are shaded in green and yellow. 

The red bp are the restriction site for Esp3I enzyme. The two sgRNAs were expressed by using 

a small RNA promotor, “Arabidopsis U6 Promotor”. First nucleotide in the guide sequence 

should be a “G” (shaded in blue) if U6 promotor is used. Guide sequence should match the 

target except for the first nucleotide (5’ G) that does not have to match. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 91 

4.4.2. Generating a CRISPR Cas9-sgRNAs Construct  
 
 

To knock out miRNAtop14,  a Cas9-sgRNAs construct was designed by using 

Golden Gate cloning approach, including two sgRNAs alongside the Cas9 

endonuclease gene with the intention to create a large, defined deletion (Belhaj et al., 

2013). The CRISPR Cas9-sgRNAs construct was designed in two levels. In Level 1 

constructs, two plasmids were designed. First, a vector carrying the two sgRNAs 

fragments placed under the Arabidopsis U6 promoter which were digested by the Bsal 

restriction enzyme (Figure 16.). Second, a plasmid carrying the S. pyogenes Cas9 

(SpCas9) gene, which was expressed from the p35S promoter and t35S terminator 

and the EsP3l restriction enzyme (IIS) was used for digesting (Figure 17.). Both level 

1 vectors used Ampicillin as a selection marker. For level 2 construct, Cas9-sgRNAs 

were assembled to have the final construct. In the final construct, two restriction 

enzymes were needed, where BpiI is used for releasing level 1 modules from level 1 

constructs and BsaI for digesting and opening the recipient level 2 plasmid. In addition, 

Kanamycin was used in level 2 as a selection marker (Figure 18.).  

Level 1 constructs pL1M-R2-p35S-AtCas9-t35S, pL1M-F4-pAtU6-26-

miTOP14_1sgRNA1, pL1M-F5-pAtU6-26-miTOP14_2 sgRNA2 and the linker pL1M-

ELB-3-49277 were assembled into the level 2 vectors pL2B-KAN-CRISPR-, pL2B-

KAN-CRISPR-miTOP14 and their linker pL1M-ELE-5-41800. 

Finally, colony PCR and sequencing procedures were carried out to test, 

whether white colonies were carrying the right insert (Cas9 and sgRNAs). Colony PCR 

was performed as previously explained in section (2.1.7) by using Cas9 gene forward 

and reverse primers and single guide RNAs (sgRNAs) forward and reverse primers. 
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FOR-AtCas9         AAGTACTTGAAAGCAGCTG 

REV-AtCas9         GAACCGCTCTTATCAAGAAG 

   
 
FOR-sgRNA CCCGCCAATATATCCTGTC 

REV-sgRNA GCGGACGTTTTTAATGTACTG 
 

In addition, sequencing was performed by Eurofins MWG Operon (Germany). 

The results are shown in (Figure 18.) where it can be seen that a final construct that 

contained two single guide RNAs (sgRNAs) alongside the Cas9 endonuclease gene 

with the intention to create large, defined deletions to knock out miRNAtop14. 

 

 

 

 

 

 



 93 

 

Figure 16. Level 1 construct carrying sgRNA. Level 1 construct carrying sgRNA fragments 

placed under the Arabidopsis U6 promoter which were digesting by using Bsal restriction 

enzyme. 
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Figure 17. Level 1 construct carrying Cas9 gene. The S. pyogenes Cas9 (SpCas9) was used in 

this study, which was expressed by using p35S promoter and t35S terminator and EsP3l 

restriction enzyme (IIS) was used for digesting. 
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Figure 18. Final construct Cas9-sgRNAs plasmid. The final construct is carrying the Cas9- 

gene and two sgRNAs, presented here show that all elements required for the design of a 

completely automated knocking out system are now in place. Two restriction enzymes were 

needed, BpiI is used for releasing level 1 modules from level 1 constructs and BsaI is for 

digesting and opening the recipient level 2 plasmid. 
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4.5. Discussion 

Golden gate cloning relies on the Type IIS reaction enzymes. In order to 

execute the cloning by using the golden gate cloning method, a cassette is designed 

with the gene of interest flanked by compatible ends to sticky ends produced by type 

IIS restriction enzymes’ such as Bbsl and Bsal (Chiasson et al. 2019). These cleavage 

sites are located upstream and downstream of the recognition sites of the restriction 

sites, therefore after successful ligation of the gene of interest, the recognition sites 

get eliminated.  Any DNA fragment which has an unpaired TGGA sequence at the 5' 

end and an TCCG overhang at the 3' end can ligate into a specific vector. (Hinz et al. 

2021). The overhang of the entry-level DNA can be presented in the original plasmid 

or this can be added through the addition of the PCR-based amplification.  

 

 Figure 19. shows an overview of the primer components that are required for 

the cloning of a new DNA part (A). Other than the homology of the targeted parts, the 

BpiI restriction site is also contained within the primer for the directional level 1 cloning 

process (Chiasson et al. 2019). Similarly, for the level 2 cloning process, a BsaI site is 

Figure 19.  Demonstration of Golden gate cloning 

(Source: Chiasson et al. 2019) 

 

 
Figure 20.  Demonstration of Golden gate cloning 

(Source: Chiasson et al. 2019) 

 

 
Figure 21.  Demonstration of Golden gate cloning 

(Source: Chiasson et al. 2019) 

 

 
Figure 22.  Demonstration of Golden gate cloning 
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also required. In order to perform a cut-litigation of BpiI with the amplified part and in 

order to generate an entry-level clone of the MK system, p641-BpiI backbone support 

is required (Chiasson et al. 2019). T0 and T1 terminator sequences are contained 

within the p641-Bpi plasmid where the clones are inserted within the flanking region. 

 The CRISPR system consists of a CRISPR-associated protein 9 (SpCas9) 

endonuclease fused with a nuclear localization signal and a single-stranded guide 

RNA (gRNA) that directs the SpCas9 to the target locus. A gRNA is a piece of RNA 

that functions as a guide for the enzyme protein (Cas). It occurs naturally in 

prokaryotes, however, can also be designed to be used for targeted editing in 

eukaryotes if a Cas enzyme is also provided. (Kim et al. 2021).  

 The aim of this study was to knock out top14, in order to deduce the 

function by analysing the phenotype of the plants in the absence of top14 miRNA. 

There are two approaches to reach our goal of disruption top14: either using one or 

two gRNAs. We could have designed one gRNA to the middle of the mature top14 

sequence, which would result in the expression a mutant top14. Although, that would 

not target the original top14 targets but potentially may target other mRNAs. Therefore, 

we chose to design two gRNAs to target two flanking sites of the mature top14 

sequence which would result in two cuts, leading to the deletion of an approximately 

60bp region, including the mature top14 miRNA sequence, rather than expressing a 

mutant top14. Oh et al. 2020 have mentioned that by expressing of several gRNAs 

with SpCas9 proteins in a single cell can edit multiple genes or induce a large deletion 

of a specific chromosome. In addition, there is always a possibility that a gRNA doesn’t 

bind to its target. If only one gRNA is used and it does not bind to its target, Cas does 

not cleave and there is no mutation. If two gRNAs are used and one of them does not 
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bind, at least the other mediates cleavage and a mutation is introduced, although not 

the desired deletion. Considering that the gene editing constructs usually have to be 

delivered into the plants using tissue culture technique that is very time consumable, 

the increase in efficiency by using two gRNAs is an important factor (Oh et al. 2020). 

Moreover, according to Xie et al. their two-gRNA expression system in rice are more 

effective than just one gRNA expression system: two gRNAs are connected by a tRNA 

precursor sequence and processed into individual gRNAs after transcription under the 

control of U6 promoter (Xie et al. 2020). To find out if this method is generally 

applicable to gene editing in other plants, more investigation is required. Off-target 

analysis for the selected gRNAs is shown in appendix.  
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5.1. Introduction  
 

 5.1.1. Genome Editing Methods Overview   
 
 
 During the past several years, there has been fast development of gene editing 

methods that make it possible to directly target regions of chromosomes in a 

sequence-specific way. Two of these approaches, zinc-finger nucleases (ZFNs) 

(Urnov et al., 2010) and transcription activator- like nucleases (TALENs) (Joung and 

Sander, 2013), are based on protein-DNA interactions, whereas a third method, 

(CRISPR)/Cas9 endonuclease (Liu and Fan, 2014), is an RNA-guided DNA 

endonuclease system. Each technology has advantages and disadvantages in terms 

of cost, ease of construction, efficiency of targeting, and specificity (Liang et al., 2014). 

Of the three genome- editing technologies, CRISPR/Cas9 has been applied during 

the past eight years with applications to bacterial, animal, human, and most recently, 

plant systems (Pennisi, 2013). The reason behind that is due to a greater number of 

advantages of CRISPR/Cas9, including the straightforward construct design and 

assembly compared to ZFNs and TALENs. 

 5.1.2. CRISPR/Cas9 Editing in Plants  
 

 In 2013 the first CRISPR/Cas9 editing reports were published in plants with 

success in both transient expression and stable transgenic lines. There have been 

reports on three crop species, rice (Zhang et al.,2014), sorghum and wheat (Jiang et 

al.,2013), as well as evidence of efficient application in model species, such as 

Arabidopsis thaliana (Li et al.,2013) and N. benthamiana (Nekrasov et al., 2013), 

(Wang et al., 2014). For stable transgenic lines, changes in the genes of primary 

transformants  in Arabidopsis and rice have been shown to continue in the next 
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generation (Feng et al., 2014; Zhang et al., 2014). As a result, CRISPR/Cas9 is rapidly 

becoming the ideal method for gene editing in plants, despite the need for further tests 

to determine whether efficacy is universal. 

 Brooks et al. (2014) and others (Feng et al., 2014; Gao and Zhao, 2014; Zhang 

et al., 2014) suggest that CRISPR/Cas9 is ready to rapidly become the technology 

that will allow genetic knockouts to be generated. As an example, in 2014 Brooks and 

others introduced mutations by gene editing to Solyc11g064850 (AGO7) that controls 

leaf development. After successful editing of AGO7, they have developed two 

constructs to target the three homologs of Solyc11g064850, to test the gene editing 

efficiency of CRISPR/Cas9 beyond AGO7 and explore its potential for reverse 

genetics. In the tomato genome, there are three homologs of Solyc11g064850, two of 

which have very similar nucleotide sequence, suggesting possible redundancy 

(Consortium, 2012). Two sgRNAs were incorporated, one designed to target the 

Solyc08g041770 and one designed to simultaneously target a conserved region in the 

second to last exon of Solyc07g021170 and Solyc12g044760. Eight T0 plants have 

been regenerated for each construct (Brooks et al., 2014). By doing PCR genotyping 

they identified that six of eight transgenic lines (75%) recovered from transformation 

with the CRISPR/Cas9 construct targeting Solyc08g041770 carried mutations, and 

most plants were likely chimeric (Brooks et al., 2014). PCR genotyping showed that 

two plants had the expected deletion (Brooks et. al., 2014). 

 In 2014, the transient use of CRISPR/Cas9 was reported in tomato roots (Ron 

et al., 2014). At specified loci in so-called “hairy root” structures, mutations were 

introduced which were induced by Agrobaterium rhizogenes carrying a CRISPR/Cas9 

transgene. However, there was no regeneration of transgenic plants (Ron et al., 2014). 
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To our knowledge, for the first time, in 2014 Brooks and others have demonstrated 

CRISPR/Cas9- induced mutations and their heritability by subsequent generations in 

stable transgenic tomato lines.  

 5.1.3. Generating Knockout Using CRISPR-Cas9 System 
 

 The reason behind choosing CRISPR-Cas9 technology in our study is that 

among dicot crops, tomato, Solanum lycopersicum, is an ideal crop for using 

CRISPR/Cas9 gene editing and that because of diploidy of the genome, the genome 

sequence is a high quality and the transformational methods are efficient and available 

(Consortium, 2012 & Van Eck et al., 2006)). 

 CRISPR system can be used to generate knockout cells by co-expressing an 

endonuclease like Cas9 (also known as Cpf1) and a gRNA specific to the targeted 

gene. The genomic target is ∼20 nucleotide DNA sequence, that is present 

immediately adjacent to a Protospacer Adjacent Motif (PAM) (Brooks et al, 2014). In 

other words, the location of sequence targets should be upstream of a PAM sequence 

(5′-NGG-3′) (Belhaj et al., 2015). The PAM serves as a binding signal for Cas9 

enzyme, but the exact sequence depends on which Cas protein is used. Once 

expressed, the Cas9 protein and the gRNA form a ribonucleoprotein complex through 

interactions between the gRNA scaffold and surface-exposed positive charged 

grooves on Cas9. In gRNA binding, Cas9 undergoes a conformational change which 

shifts the molecule from a non-DNA binding inactive conformation into an active DNA 

binding conformation. Importantly, the gRNA is mainly free to interact with the target 

DNA in the spacer region (Brooks et al, 2014 & Belhaj et al., 2015). Only if the gRNA 

spacer sequence has sufficient homology with the target DNA, will Cas9 cleave in a 

given locus. 
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 When the Cas9-gRNA complex binds with putative DNA target, the seed 

sequence (8-10 bases at the 3′ end of the gRNA targeting sequence) is annealed to 

the target DNA. If the seed and target DNA sequences match, the gRNA will still 

anneal to the target DNA in a 3′ to 5′ direction. Therefore, mismatches between the 

target sequence within the 3′ seed sequence completely abolish target cleavage, while 

mismatches toward the 5′ end distal to the PAM often still allows target cleavage to be 

achieved. (Brooks et al, 2014). A second conformational change is made to Cas9 after 

target binding that positions the nuclease domains, called RuvC and HNH, in order to 

cleave opposite strands of the target DNA. A double-strand break (DSB) within the 

target DNA (∼3-4 nucleotides upstream of the PAM sequence) is the result for Cas9-

mediated DNA cleavage (Belhaj et al., 2015). Then the result of DSB is repaired by 

one of two general repair pathways. The first one is the efficient but error-prone non-

homologous end joining (NHEJ) pathway. Second, the less efficient but high-fidelity 

homology directed repair (HDR) pathway. The NHEJ repair pathway is the most active 

repair mechanism, and it frequently causes small nucleotide insertions or deletions at 

the DSB site. The reliability of the NHEJ-mediated DSB repair has significant practical 

impacts, because there will be a variety of mutations in the cell population of Cas9 and 

gRNA. In most cases, NHEJ creates small indels in the target DNA that result in amino 

acid deletion, insertion or frameshift mutations leading to premature stop codons in 

the ORF. A loss of function mutation in the target gene is the ideal end result. The 

strength of the knockout phenotype should be validated experimentally for a particular 

mutant cell (Brooks et al, 2014). 
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5.2. Result  
 

  

5.2.1. Deliver the CRISPR/Cas9-sgRNA Construct to the Plants  

 
 The Agrobacterium-mediated transformation (AMT) method specifically relies 

on the capability of Agrobacterium tumefaciens (a bacterial pathogen) to transfer 

foreign genes into several host plants. In recent years, AMT has become one of the 

most effective and commonly used methods to generate different transgenic plants. 

Gene transfer to plants from bacteria, however, is a complex process that includes a 

number of steps. In this particular context, the AMT has been found to be one of the 

most effective ways of gene transformation (Jin et al., 2022). Agrobacterium 

tumefaciens is a common soil phytopathogen, which directly infects wound sites of 

plants. Correspondingly, this bacteria becomes responsible for crown gall disease in 

plants by delivering transfer (T)-DNA from their cells into the specific host plant cells 

through a bacterial type IV secretion system (T4SS). This characteristic of the 

pathogen has been used in the gene transfer process. It has also been noted that AMT 

is a highly evolved and complex mechanism that involves genetic determinants of the 

bacteria, as well as the host plant cell.   

 It has also been found that, in general, five steps are included in the overall 

AMT process, in the context of gene transfer from bacteria to plants. These AMT steps 

include colonisation of specific species of bacteria, bacterial virulence system’s 

introduction, T-DNA transfer complex, transfer of T-DNA and finally T-DNA’s 

integration into the host plant genome (Jin et al., 2022). Through these five steps, 

these bacterial strains transfer a single-copy of T-DNA along with Virulence (Vir) 

effector proteins to the host plant cells (Roushan et al., 2022). As a consequence, this 
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protocol enables the effective insertion of non-rearranged, stable and single-copy 

sequences into the plant genome. Accordingly, using this method, it becomes possible 

to transfer comparatively large segments of DNA with minimal rearrangement. It has 

also been proven that through the use of this method it is possible to create transgenic 

plants with high fertility and quality as well. Taking all of the characteristics and 

advantages of this gene transfer protocol into consideration, it has been used to deliver 

the final construct Cas9-sgRNAs.  

 Following the method, as explained by Stanton Gelvin (2018), the AMT of 

tomato cultivar M82 has been performed as discussed in 2.9.4 section. The cotyledon 

segments, from 6 to 8-day-old seedlings have been pre-cultured for one day followed 

by inoculation with A. tumefaciens strain EHA-105 containing the Cas9- sgRNAs 

construct. In the following step, co-cultivation took place for two days and then the 

cotyledon segments were transferred to a selective regeneration medium containing 

75mg/l kanamycin. When shoots were approximately 1.5-2 cm tall, they were 

transferred to a selective rooting medium that also contains 75 mg/l kanamycin. 

(Figure 20.). 

 5.2.2. Regenerate and Screen Transgenic Plant for Gene 
Knockout Events 
 

 Gene knockout refers to a process that enables perturbing of the genomic DNA 

of a model organism of a cell. Thus, that specific gene’s expression is stopped 

permanently. In this particular context, the targeted genes are damaged to make them 

non-functional (Prihatna et al., 2018). In this process, the plants are transferred into 

rooting medium after becoming 1.5-2 cm in height (Figure 20.(c) ), with those 

transgenic plants screened for gene knockout events. Contrastingly, these plants died 

when they showed 2-4 cm in height. (Figure 20. (d) ). Although, we have attempted 
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many times to regenerate transgenics plants with CRISPR- Cas9 deletion of top14, 

the shoots could not survive, even with many attempts, when transferred to the rooting 

medium. This became a serious issue in our efforts to transform tomato plants and 

eventually we did not manage to root any of the shoots.  

 



 107 

 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(b) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(C) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 



 108 

  

 

(d) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

Figure 25. Transformation of Micro-Tom. (a) Seedlings of 8 days after imbibition. 

(b) Explants on co-culture medium.  (c)  Explants on callus induction medium (d) 

shoot regeneration from callus on shoot induction medium. Shots reach 3-5 cm  

 

 

Figure 26. Transformation of Micro-Tom. (a) Seedlings of 8 days after imbibition. 

(b) Explants on co-culture medium.  (c)  Explants on callus induction medium (d) 

shoot regeneration from callus on shoot induction medium. Shots reach 3-5 cm  

 

 

Figure 27. Transformation of Micro-Tom. (a) Seedlings of 8 days after imbibition. 

(b) Explants on co-culture medium.  (c)  Explants on callus induction medium (d) 

shoot regeneration from callus on shoot induction medium. Shots reach 3-5 cm  
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5.3. Discussion 
 
 

5.3.1. Potential pitfalls of CRISPR/Cas9 
 

 To identify the biological function of MIRNAtop14 gene, CRISPR-Cas9 

approach was applied in this study by following the steps described by Brooks et al, 

2014. Despite the fact that CRISPR/Cas9 has a broad range of use in research, there 

are several aspects that affect its efficiency and specificity. Although, we have 

attempted many times to regenerate transgenic plants with CRISPR- Cas9 deletion of 

top14, the shoots could not survive when transferred to the rooting medium. Several 

potential reasons could be behind this such as off-target effects, Cas9 activity, target 

site selection and sgRNA design, and that top14 may be essential for growth and 

development. The following sections are to discuss these reasons. 

5.3.1.1. Off-target effects 
 
 Off-target effects can be defined as unintended cleavages causing mutations 

at untargeted genomic locations with a similar but not identical sequence to 

the target site. It is not exactly known why the Cas9 protein cleaves some off-

target sites and not others (Modrzejewski et al., 2019). Electroporation showed low 

numbers of off-target mutations in plant protoplasts when the sgRNA and Cas9 

delivered as RNP complexes (Subburaj  et al., 2016). Moreover, delivering RNP 

complexes by liposome-mediated transfection revealed the reduction of off-target 

mutations compared to plasmid DNA transfection (Liang et al., 2015).  

 The CRISPR-Cas9 system is well studied in archaea and bacterial genomes. 

These shows that not all the positions of the gRNA are required to match the sequence 

of the target DNA; thus, off-target sites are cleaved (Wu et al., 2014). The cutting or 
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binding may not lead to any functional consequences when the off-target sites lay 

outside of regulatory elements or targeted genes. Off-target effects could affect the 

plant’s development and growth as the issue of off-targeting in plants still not well 

understood (Feng et al., 2014; Gao and Zhao, 2014; Zhang et al., 2014). In addition, 

Ron et al, (2014) have used CRISPR-Cas9 in order to make mutations in tomato roots 

specifically in loci so called “hairy root”, however, there was no regeneration of 

transgenic plants (Ron et al., 2014). Moreover, in 2014 for the first time, to our 

knowledge, Brooks and others have used CRISPR/Cas9 to induce mutations in stable 

transgenic lines of tomato, as well as the heritability of these mutations through 

subsequent generations. However, they recommended that future genomic sequence 

be required to assess if, and to what extent, CRISPR/Cas9 causes off-targeting in 

tomato because in the animal field CRISPR/Cas9 system was reported to have a high 

off-target rate (Carroll, 2013).  

Brooks et. al., 2014 suggested that future genome sequencing is needed to 

evaluate of whether, and to what extent, CRISPR/Cas9 causes off- targeting in 

tomatoes (Brooks et. al., 2014). In the animal field, the CRISPR/Cas9 system was 

reported to have a high off-target rate (Carroll, 2013). Several recent studies have, 

however, demonstrated the high CRISPR/Cas9 specificity in plants (Feng et al., 2014; 

Gao and Zhao, 2014; Zhang et al., 2014). The problem of off-targeting in plants still 

needs to be addressed systemically, but a range of approaches can reduce the 

potential impacts by using a newly developed algorithm to select the least predicted 

CRISPR / Cas9 sgRNAs (Xie et al., 2014). Off-target analysis for the selected gRNAs 

is shown in appendix.  
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5.3.1.2. Cas9 activity 
 
 As a genome editing tool, the CRISPR/Cas9 system cleaves particular 

nucleotides based on sequence complementarity with the sgRNA. The Cas9 protein 

goes through a significant conformational shift with the interaction of sgRNA and target 

DNA. As a result, Cas9's catalytic nuclease lobe spins by ~100°, producing nucleic 

acid-cleaving activity (Jinek et al., 2014 & Eslami-Mossallam et al., 2022). 

 In general, sgRNAs that bind to 20 nucleotide target sequences can direct Cas9 

to detect genomic locations. However, Hsuet et al. observed that sgRNAs with +85 

nucleotide tracrRNA tails boosted Cas9 activity and generated more mutations. They 

also noticed that both concatenated and interspaced two base mismatches, in the 

proximal region of PAM, significantly decreased Cas9 activity. This impact was 

increased to encompass three concatenated mismatches (Hsu et al., 2013), and in 

most genes, three or more inter-spaced and five concatenated mismatches were 

found to inhibit Cas9 cleavage activity (Hsu et al., 2013 & Eslami-Mossallam et al., 

2022). Furthermore, the outcomes of additional research revealed that severely 

shortened guide RNA would also cause Cas9 to lose cleavage function (Kiani et al., 

2015). Therefore, sgRNA design improvement and careful target site selection are 

required to deliver greater Cas9 cleavage efficiency. Additionally, it was demonstrated 

that extension of the sgRNA sequence at the 3′ end improved DNA cleavage activity 

(Jinek et al., 2013). Theoretically, additional number of sgRNA /Cas9 complexes could 

encourage greater editing effectiveness. The unavoidable complementarity of 

nonspecific regions in the genome, however, could result in off-target effects if 

sgRNA/Cas9 complexes are produced in excess (FU et al., 2013 & Eslami-Mossallam 

et al., 2022). Thus, the quantities of sgRNA and Cas9 should be taken into account to 

increase on-target mutation rates as well as the activity of Cas9. 
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5.3.1.3. Target site selection and sgRNA design 
 
 Among the potential reasons of CRISPR/Cas9 system’s pitfalls, sgRNA design 

is of utmost importance. Cas9/sgRNA complexes can be used for genome editing or 

catalytically inactive Cas9 (dCas9)/sgRNA complexes can be used for gene regulation 

because CRISPR/Cas9 systems are extremely programmable. These applications 

necessitate the development of effective, precise sgRNAs. Rational sgRNA design still 

poses a significant difficulty, as it has to take into account a variety of factors (Eslami-

Mossallam et al., 2022). Previously, it was thought that the presence of PAM plus an 

adjacent complementary target sequence would allow Cas9/sgRNA complexes to 

cleave double-stranded DNA. Numerous studies, however, revealed that some 

sgRNAs were ineffective or even inert (Wang et al., 2014, Doench et al., 2014 & 

Mehravar et al., 2019). A number of sequence characteristics in and around the target 

sequences that predict sgRNA efficiency have been discovered as a result of the 

growing body of experimental data on the application of CRISPR/Cas9 systems for 

genome engineering (Peng et al., 2019). 

 The 5’ end of sgRNAs that append a G (guanine) (for example, GX19NGG) is 

required for expression from a U6 promoter (Wang et al., 2014). Aside from that, G is 

preferred in the first or second position nearest to PAM, which could help Cas9 load 

(Wang et al., 2014), but C (cytosine) is significantly unfavourable in the same places. 

Third, the presence of T (thymine) at the four nucleotide sites next to PAM is undesired 

because numerous U (uracil) in sgRNA results in reduced gRNA expression (Xu et al., 

2015). G is preferable in the PAM-distal region, and A(adenine) is preferred in the 

centre of sgRNA (Wang et al., 2014). Overall, sgRNAs that are G-rich and A-depleted 

are more stable and effective (Moreno et al., 2015). Additionally, the SpCas9 PAM has 

been revealed to have novel characteristics that affects gRNA activity in a 



 113 

reproduceable manner. For instance, there is a bias for C and against T in the variable 

nucleotide of NGG (Doench et al., 2014 & Hussain et al., 2019). SpCas9 works best 

when used with a long PAM sequence of CGGH to produce DSBs. On the other hand, 

TGGG exhibits the least activity (Doench et al., 2014 & Ishino et al., 2018). Purines 

are also favoured at the majority of sites in sgRNAs (Xu et al., 2015). The majority of 

the nucleotides in the spacer region in the CRISPR/dCas9 system collectively 

contribute to sgRNA efficiency, in contrast to the "seed sequences" that primarily 

influence sequence preferences in the CRISPR/Cas9 system (Xu et al., 2015). With 

so many criteria being put forth, the creation of sgRNAs is now made easier by an 

increasing number of computer tools. The majority of the sgRNA design tools available 

today either support the SpCas9 system or a number of other orthogonalCas9 systems 

from various bacterial species (Ishino et al., 2018). 

5.3.1.4. Function of top14  

 Another possible reason for our inability to generate transgenic tomato plants 

could be that top14 is essential for growth and development processes. 

 Shoot regeneration happens, as shoots and small leaves developed (see figure 

20. (d) ), therefore the problem is with root formation. A previous -PhD student- Zahara 

Medina Calzada, identified LOW PHOSPHATE ROOT1 (LPR1) as a target for miRNA 

top14 (not published) in roots. It has also been proposed that in Arabidopsis thaliana 

the direct contact between low phosphate (Pi) medium and primary root tip led to 

inhibition of root growth while loss of function mutations in (LPR1) reduce this inhibition 

(Svistoonoff et. al. 2007). In wild type tomato, miRNAtop14 is expressed at high level 

in root, which downregulates LPR1 but if the CRISPR/Cas9 approach deleted miRNA 

top14, there would be no top14 expression.  As a result, LPR1 would be present at a 

higher level in root which could lead to inhibition of roots formation. Although, in 
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principle, this would only be an issue in low-Pi medium, since LPR1 level is even 

higher than in wild type plants, it could interfere with root growth. 

 In order to assess the effect of the level of (Pi) on formation and growth of roots, 

we could increase the level of phosphate (Pi) in the regeneration medium. Wild type 

plants, with normal level of LPR1, are only sensitive to low Pi medium, but higher level 

of LPR1 may lead to sensitivity to even higher level of Pi, since low level of LPR1 – in 

lpr1 plants – can tolerate low level of (Pi). 

Furthermore, there are several examples that miRNAs can affect organ 

development, such as miR164 (Laufs et al., 2004; Nikovics et al., 2006). It has been 

reported that the boundary domains around the organs at Arabidopsis floral and shoot 

apical meristems are regulated by miR164 through targeting the NAC domain family 

of transcription factors (Laufs et al., 2004; Nikovics et al., 2006).There are three 

miR164 genes: miR164A, miR164B, and miR1640C. MiR164A is important in 

serration of the leaf margin, miR164C is controlling the production of petal number, 

and it is not clear what specific role miR164B has, as the mutant plant lacking 

miR164B does not show any modifications in aerial organs (Mallory et al, 2004). Many 

abnormalities have been seen in the development of Arabidopsis, such as extra petals, 

misshapen leaves and missing sepals due to the expression of a miR164 resistant 

cuc1(Mallory et al., 2004). 

 In order to assess whether mirtop14 is indeed playing a role in the development, 

growth and differentiation of plants, we could design a control construct that expresses 

Cas9 and a pair of guides RNAs targeting a gene that is not involved in growth and 

development (e.g., a resistance gene). If transgenic gene edited plants can be 

regenerated with that construct but not with the top14 targeting construct, then it could 
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be concluded that top14 plays an important role in growth and development. If no 

transgenic plant would be regenerated with the control construct, then there is a 

technical issue with the protocol. 

 

5.3.2. Assessing the Activity of the CRISPR Constructs  
 
 Considering that off-target effect is one of the possible reason that we were not 

able to regenerate a whole plant after transforming the Cas9/gRNA construct, it is 

important to reflect on how we would do it differently in the future. We generated only 

one construct, but it would be beneficial to generate several different constructs, all 

aiming at deleting miRNAtop14 but targeting different target sites. After building 

different Cas9-sgRNAs constructs, it could save time and effort to assess their 

efficiency. CRISPR constructs can be transiently expressed, before going through 

stable transformation, which would then cause DNA cleavage and mutations. 

Transient expression assays provide a practical and convenient tool for basic research 

in plant biology (Reed et al., 2018). Transient expression assays have been 

increasingly more effective in recent years for characterizing unknown gene function. 

They have been developed for gene function studies (Hellens et al.,2005; Lee and 

Yang., 2006) and have also proved helpful for assessing the activity of gene constructs 

before undertaking stable transformation (Sparkes et al., 2006). The dominant 

technology used for transient expression is Agrobacterium infiltration (Fei et al., 2021). 

After infiltrating the Agrobacterium strains harbouring the different CRISPR constructs, 

the infiltrated tissue is analysed to determine if the intended edits were made and if 

there are unwanted edits elsewhere (off-targets). The genomic sequence at the target 

site can be analysed using various methods such as PCR, Southern blotting, Sanger 

sequencing and Next generation sequencing (NGS) (Pribylova et al., 2022). 
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 To characterize the gene-edited tissue, the first step is extracting the genomic 

DNA from the infiltrated tissue. This can be done using various methods, but a 

common method is to use a commercial kit designed for this purpose. Once the DNA 

is extracted, it can be analysed using PCR. It is a commonly used method of plant 

genetics to amplify the region of DNA containing the target sequence, which can then 

be sequenced to confirm that the desired edits have been made. To do this, the DNA 

is first amplified using primers that flank the target sequence. The amplified DNA is 

then sequenced by Sanger sequencing (Veillet et al., 2019). 

  If the intention is deletion, the first step towards confirmation of CRISPR 

success is to use PCR, to verify that the region was deleted. Primers should be used 

that can amplify a region that includes the potentially deleted sequence and should 

extend at least 100 base pairs on either side of the deletion (Demeke & Dobnik, 2018). 

The amplicon (PCR product) should be large enough that you can easily see it on an 

agarose gel (Coulther et al., 2019).  The next step of the verification process is to use 

sanger sequencing to verify that the intended region has been deleted (Manghwar et 

al., 2019).  

  Also, next generation sequencing (NGS) is one of the recommended methods 

for investigation of CRISPR edits (Pribylova et al., 2022). This process can screen 

many sgRNAs (CRISPR constructs) to find the most efficient one and it can also detect 

off-target modifications. Once the most efficient sgRNA (CRISPR construct) is found, 

it can be used for stable transformation. The reason that the regenerated shoots were 

not tested for Cas9- induced mutations by PCR or Sanger sequencing is that we did 

not want to lose them as their number were very limited. The regenerated shoots were 

very short (2-4 cm in height) and the size of the leaves were very small also the number 

of them were limited. Every time they were kept to be bigger so we can have at least 
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one leaf to be tested without losing the whole plant but unfortunately they did not 

survive. 
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Chapter 6 

Summary and general discussion  
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 Following the discovery that miRNAs are ubiquitous molecules in animals and 

plants at the beginning of the century, the last 15 years have seen an explosion in 

both the identification of new miRNA species and the widening of our understanding 

of miRNA biology. While many “traditional” miRNAs have been identified in many plant 

species and the general principles of miRNA processing and mode of action have 

already been elucidated, current research is now focusing on the characterization of 

less conventional miRNAs, which can also help to uncover some less well understood 

aspects of miRNA biology, such as the regulation of biogenesis. In the current work, 

we have focused on studying one of those less conventional miRNAs, miRNAtop14, 

a miRNA with an intron in between its miRNA and miRNA* sequences in both tomato 

and Nicotiana benthamiana, the plant species where it was first discovered (Moxon et 

al., 2008 and Baksa et al., 2015). 

 A large number of plant reference genomes, as well as other sequence 

collections such as ESTs, are now available. We have been able to determine that the 

MIRtop14 gene is present across members of the Solanaceae family, as well as at 

least in one genus of the Convolvulaceae family, the closest family to Solanaceae 

within the Solanales order. However, despite of searching in all the orders close to 

Solanales, it has not been identified beyond this linage. 

 Aside from the in-silico prediction, the presence of MIRtop14 locus in the 

genome, as well as the production of mature miRNAtop14 have been both 

experimentally confirmed in the species Solanum lycopersicum, Nicotiana 

benthamiana, Petunia axillaris and Ipomoea nil, the first three belonging to 

Solanaceae and the last one to Convolvulaceae family. 
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 These data suggest that miRNAtop14 is a Solanales specific miRNA, making it 

a promising target for further research, because the economic importance of this order. 

Additional research could unveil some unique characteristic of Solanales that could 

be useful in agricultural development. 

 The biological role of miRNAtop14 has also been studied. RLM-RACE 

experiments have revealed that miRNAtop14 directs the cleavage of LPR protein- 

coding mRNA in both S. lycopersicum and N. benthamiana, including the two LPR 

paralogues present in the last species. 

 In Arabidopsis, LPR proteins are involved in the pathway that arrests root 

growth under low phosphate conditions (Svistoonoff et al. 2007 and Müller et al., 

2015). However, despite its wide distribution in the plant kingdom (Ming, R. et al., 

2013) there are currently no reports about the role of LPR in other plants, neither 

whether its function is confined to root or LPR may also be playing another task in 

other tissues, since this protein is known to be expressed in other parts of the plant 

apart from root (Svistoonoff et al., 2007). 

 Based on the known function of its target in Arabidopsis, and supposing such 

function would be conserved in Solanales, it can be hypothesised that miRNAtop14 

expression would change in response to phosphate stress conditions in order to fine 

tune the required levels of its target. It would be interesting to test this postulate, which 

could be done by growing plants in normal vs. low phosphate conditions and 

measuring the levels of both miRNAtop14 and LPR by, for example, Northern and 

Western blot, respectively. Besides, measurement and comparison of root length 

between plants grown in both phosphate conditions would indicate if the mechanism 

of root growth arrest under scarce phosphate observed in Arabidopsis also applies to 

Solanales. 
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 Our experiments have indicated that the deletion of MIRtop14 seems to affect 

the root development. As mentioned above, during the working on this project the 

experiments have found a target for top14 so called LOW PHOSPHATE ROOT1 

(LPR1) in roots (not published) and the analyses by GUS staining seems to show a 

high expression level of miRNAtop14 in roots as explained in a chapter 3. Svistoonoff 

and others (2007) have proposed that in Arabidopsis thaliana there is a link between 

low phosphate (Pi) medium and inhibition of root growth while loss of function 

mutations in (LPR1) reduce this inhibition. In wild type plants miRNAtop14 is 

expressed at high level in root, and downregulates LPR1. However, because the 

deletion of MIRtop14 by CRISP-Cas9, there would be no miRNAtop14, therefore, 

LPR1 would be present at a higher level in root which may lead to inhibition of roots 

formation. In wild type plants, this would only be an issue in low-Pi medium, but LPR1 

level is even higher than in wild type plants, thus it could interfere with root growth. 

 From comparing the results of the study of miRNAtop14 (not published) 

conservation and those from studying its interaction with LPR a surprising yet 

interesting observation is inferred; while miRNAtop14 sequence is very conserved 

among all Solanales, with only the 5’ end nucleotide changing in some cases, this is 

not the case for miRNAtop14 target site in LPR, up to the point where there is no target 

site to be found at all in Ipomoea LPR (Zahara Medina Calzada, 2017; not published). 

 Generally, miRNA and target sites are supposed to coevolve in order to 

maintain its interaction and thus the miRNA function (Xie et al, 2017; Zhang et al., 

2016). In fact, when a miRNA does not have any interaction with a mRNA target it 

does not achieve conservation because it tends to be quickly lost by genetic drift (Xie 

et al, 2017; Park and Beal, 2019). This raises the question of why miRNAtop14 

maintains such a high conservation in all harbouring species, including those ones 
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where it does not interact with LPR, where it would be expected to be lost or at least 

degenerated. 

 The most obvious explanation would probably be that it may have another 

target across all these species, and that LPR targeting has been newly acquired in the 

last diverging branch of Solanaceae which comprises Solanum, Capsicum and 

Nicotiana genera. One way to try to solve this question would be to carry out RLM- 

RACE experiments including additional putative targets not already tested. Besides, it 

cannot be ruled out that miRNAtop14 causes translational repression of mRNA without 

cleavage. This kind of interaction would not be revealed by RLM-RACE and should be 

examined by an alternative method such as measuring target protein levels in different 

conditions and comparing them with target mRNA and miRNAtop14 levels. In any 

case, the door remains open to research the role of miRNAtop14 beyond LPR 

regulation, as an additional target is likely to exist. 

 The primary aim of this study was to investigate the biological function of 

miRNAtop14. CRISPR-Cac9 technology was applied to knock out MIRtop14 to identify 

the biological role. Although, there was transgenics tomato plantlets after 

transformation with the CRISPR-Cas9 construct, the shoots died when they reached 

2-4 cm. Despite the many advantages of this system, there are some challenges to 

the current Cas9-based tools, such as off-target effects, Cas9 activity, target site 

selection and sgRNA design, and that top14 is essential for growth and development 

 The CRISPR/Cas9 system has so far demonstrated that it is a reliable and 

adaptable tool for gene regulation and genome editing. However, it became clear 

through further study of CRISPR that this technique was not as simple as first believed. 

Recent studies have examined various elements that may have an impact on the 

CRISPR/Cas9 system. We may make greater use of this technique, as well as 
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increase its specificity and efficiency, by addressing its potential pitfalls. (Stovicek et 

al., 2017; Modrzejewski et al., 2019; Waldrip et al., 2020). 

 An important pitfall in all CRISPR genome editing applications with Cas9 

proteins is the potential for introducing unexpected mutations, frequently at off-target 

Cas9 binding sites. A number of studies have demonstrated that this system can 

induce a substantial amount of off-target mutagenesis. (Pattanayak et al., 2013; Kuscu 

et al., 2014; Polstein et al., 2015; Ma et al., 2016; Park and Beal, 2019). One significant 

source of these undesirable results lies in the predisposition of Cas9/sgRNA 

complexes to attach to off-target locations in the genome that include mismatches, 

which may cause unexpected DNA editing events and mutagenesis (Pattanayak et 

al., 2013; Kuscu et al., 2014; Polstein et al., 2015; Ma et al., 2016; Park and Beal, 

2019). 

 Additionally, the Cas9 expression level can affect the Cas9 (or dCas9) off-

targeting binding kinetics, as genome-wide studies have indicated that higher 

expression of Cas9 is linked to increased off-target binding than lower Cas9 

expression levels (Waldrip et al., 2020). Also, imperfect base pairing at off-target 

binding sites probably locks Cas9 into a structural conformation that is not capable of 

cleavage, which explains why Cas9 binds more off-target sites than it cleaves (Kuscu 

et al., 2014; Wu et al., 2014; Tsai et al., 2015). 

 To Reduce off-target Binding and Cleavage by Cas proteins, it is crucial to 

precisely design sgRNAs to minimize mutations that are not desired. Consequently, 

before creating and optimizing sgRNA expression vectors, it is recommended that 

using web-based tools to identify suspected sgRNA target sites and determine 

whether there might be any potentially problematic off-targeting events. Numerous in 

silico tools have been designed and are thoroughly assessed such as Off-Spotter, 
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Cas-offinder and CRISPR-ERA. (Lee et al., 2016; Stovicek et al., 2017; Raschmanová 

et al., 2018; Deaner and Alper, 2019; Liu et al., 2019; Ding et al., 2020; Manghwar et 

al., 2020; Naeem et al., 2020; Sledzinski et al., 2020). 

 Lastly, it has been reported that off-targeting can affect plant development and 

growth and the issue of off-targeting in plants still needs to be addressed 

systematically (Feng et al., 2014; Gao and Zhao, 2014; Zhang et al., 2014). Genomic 

sequencing was recommended to assess if, and to what extent, CRISPR/Cas9 causes 

off-targeting in tomato because in the animal field a relatively high off-target rate was 

reported (Carroll, 2013).  

 Alternatively, the importance of top14 in development and growth could explain 

the premature death of the transgenic lines. Many studies have shown that microRNAs 

intrinsically linked to the regulation of many genes that control the development, 

growth and differentiation of plants. Many abnormalities have been seen in the 

development of Arabidopsis, such as extra petals, misshapen leaves and missing 

sepals due to the expression of a miR164 resistant cuc1 (Mallory et al., 2004). For 

future work, to prove the essentiality of miRNAtop14, it is important to use a control 

CRISPR-Cas9 construct to target a gene that is not involved in development and 

growth.   

 Although still partially incomplete, the first steps have been taken towards the 

full characterization of MIRtop14, including its biological role and possible post- 

transcriptional regulation. The completion of this study would increase the current 

knowledge about miRNA regulation, a field of study just starting to emerge, and would 

shed light to the increasingly evident crosstalk between different RNA pathways, as is 

the case of splicing and miRNA biogenesis. In addition, the identification of a MIR with 
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such an unusual exon-intron structure could open the door to search for more miRNA 

produced by unconventional pri-miRNAs, including other intron-split miRNAs. 
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Appendix 
 
 
Off-target analysis for the selected gRNAs. 
 
 

Seq-id sgRNA-id Score Sequence strand pos %GC 
seq19306 1089 bp Guide1 0.6952 TCCGAGCTCAAACACAGCGACGG + 878 55% 

Seq19306 1089 bp Guide2 0.2061 ACACATGGCATTATACTCTTGGG + 818 35% 
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