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1. Introduction 

 

1.1 Plant pathogen interaction 

Food security due to climate change is a major issue in the recent world. The production of 

staple grains including wheat, barley, and rice is decreasing due to the invasion of new pests 

and pathogens. Most importantly diseases e.g. Fusarium head blight, grey mold, and rice blasts 

are destroying huge amounts of grain and other commercial food products in recent times. It 

has been reported up to 40% of crop losses ensued due to the invasion of pathogens each year 

worldwide (Alexander et al. 2017; Oerke & Dehne 2004). 

In recent times, chemical fertilizers and commercial pesticides have become the most widely 

used methods to increase the production of grain. However, those are effective methods in a 

way where the environmental pollutants are also risks to human health nowadays. To minimize 

those problems scientists are looking for different and sophisticated approaches. 

Besides, commercial chemical products, plants themself struggle against pathogens by using 

their immune system (Jones & Dangl 2006). Due to the lack of specific immune cells in plants, 

like animals, plants fight against pathogen invasion by using their own cellular response. 

Perhaps such responses are regulated due to their hormonal homeostasis and protein 

biosynthesis process (Druege et al. 2016). A different intracellular signaling pathway is 

responsible for the activation of the plant immune system against pathogens which results in a 

successful defense reaction cascade. However, pathogens can also overcome the plant defense 

by targeting distant components of the host plant (Jones & Dangl 2006; Lapin & Van den 

Ackerveken 2013). There are two different defense layers, that exist in the plant immune 

system, where the cells recognize and respond against the external signals immediately at 

infection sites (Jones & Dangl 2006). Those kinds of external signals are termed PAMPs, 

MAMPs, and DAMPs (Pathogen‐, Microbe, and Damage-associated molecular patterns), 

which are perceived by the plant’s pattern recognition receptors (PRR). Pattern-triggered 

immunity (PTI) is a first-layer defense system in the plant that can restrict the initial pathogens’ 

invasion. However, pathogens can overcome PTI by using effector molecules that can interfere 

with the PTI process. In the next step, virulence effectors can be perceived through intracellular 

immune receptors that result in ETI (Effector-triggered immunity) against the pathogens 

(Macho & Zipfel, 2014). There is a short detail about the immune response by plant cells 
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described in the following figure 1. Furthermore, many effector molecules are involved 

throughout the process to gain immunity and combat invasive pathogens. 

 

 

 

Figure 1: Immune response of plant against different pathogens. Bacterial, fungal, and 

oomycete invasion with hyphae into the plant cell. Haustoria that can directly penetrate to the 

plant cell wall. Different molecules released by pathogens inside the extracellular space, e.g., 

lipopolysaccharides, flagellin, chitin, etc. detected by cell surface PRRs and evoke PTI 

activation. BAK1 (BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED KINASE-1) and 

other interactors of PRRs initiate the PTI signaling pathway. On the other hand, the NB-LRR 

receptors (Intracellular nucleotide binding) induce ETI (Dodds & Rathjen, 2010). 

 

1.2 Protein biosynthesis and immunity 

Protein biosynthesis or protein translation, refers to the cellular process where proteins are 

produced using the information contained within mRNA. In plant immunity, protein synthesis 

is vital to control a variety of proteins that act as key components in the defense system of the 

host. There are several functions involved regarding the biosynthesis of protein including the 

detection of pathogens, resistant protein expression to initiate defense response, initiation of 

signal transmission protein, defense gene expression, as well as post-transcriptional 

modification (Zheng et al. 2015). In summary, protein biosynthesis is necessary for plant 

immunity which can control numerous types of proteins intricate in detecting pathogens, 
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transmitting signals, initiating defense responses, and regulating gene expression. Based on 

those strategies of the plant immune system it’s possible to develop innovative strategies for 

crop resistance against pathogens and boost agricultural productivity (Yang et al. 2022). 

 

1.3 Conventional plant protection strategy 

Ensuring the health of plants and sustaining yields through the protection of crops is essential, 

which aligns with the ecological balance. The selection of a plant protection approach depends 

on the specific crops cultivated and the nature of potential threats, whether they are diseases, 

insects, or weeds. It is crucial, that these measures are implemented on time and, whenever 

possible, in a preventive fashion. Contemporary crop protection methods heavily incorporate 

digital solutions, facilitating precise assessments of soil and plant conditions, as well as 

delivering accurate insights into external factors such as weather conditions. Simultaneously, 

these solutions enable the optimization of resource utilization. Consequently, farmers can save 

their crops, enhance profitability, and minimize adverse environmental impacts. 

However, conventional plant protection strategies have been used since the beginning of the 

agricultural era. It refers to the traditional use of the available component to save the crop plant 

from various pathogens and also from animals. Recently, the invasion of different pests and 

pathogens has made those techniques a bit difficult to enrich the production of crop plants as 

aspected in quality and amount. Several commonly used strategies are implicated all over the 

world are mentioned below. 

 

i. Chemical pesticides: Until now, chemical crop protection has been the most successful 

way to protect the plant. Herbicides, insecticides, and fungicides are increasingly used 

in the crop field to ensure a higher amount of production. However, the environment 

and human health are ignoring which needs to be considered for side effects of chemical 

uses (Srivastava et al. 2020). 

ii. Biological control: Approaches to crop protection through biological control 

encompass a range of products originating from living organisms. Serving as a valuable 

complement to chemical methods, these biological solutions offer enhanced defense 

against pests, diseases, and weeds. While some biological plant protection products can 

be chemically synthesized, their formulation closely resembles that of natural products 

(Waage et al. 1988). 

iii. Resistance breeding: Utilizing immune receptors for the development of disease-

resistant cultivars proves to be a viable and sustainable method for managing crop 



Introduction 
 

 4 

diseases. Nonetheless, the success of this approach heavily depends on the rapid 

identification and transfer of beneficial resistance genes (“R” gene) from the source to 

commercially cultivated crop varieties. In the past two decades, significant strides have 

been achieved in identifying R-genes, both from crop species and their wild 

counterparts, owing to advancements in DNA sequencing, molecular markers, and 

genotyping techniques (Huang et al. 2023). 

iv. Cultural practices and crop rotation: Cultural control measures can successfully 

diminish the activity of pests, one of which is precision irrigation techniques. For 

instance, adjusting the irrigation supply can reduce weeds by limiting their access to 

adequate moisture while simultaneously raising root health. On the other hand, crop 

rotation can be a very practical way to enhance the production of many cereal crops. 

For instance, corn can be cultivated in the same spot for a consecutive period of five 

years. In contrast, rye, wheat, and sugar beet exhibit adverse reactions to consecutive 

planting but can achieve increased yields when subjected to appropriate rotation 

practices (Sainju et al. 2017). 

v. Integrated pest management: Integrated pest management (IPM) holds significant 

potential in decreasing crop losses, leading to productivity, and mitigating 

environmental pollution and health risks. In recent times, IPM has been used 

particularly in developing crop varieties resistant to pests, implementing biological 

control strategies against invasive species, substituting traditional inorganic pesticides 

with biopesticides, exploring new export market avenues, and incorporating innovative 

tools in biotechnology. It’s a new concept for increasing crop productivity, which still 

has limitations in the larger production of cereal crops (Nwilene et al. 2008). 

 

1.4 Alternative solution to reduce pathogen-related diseases in plant production 

There are lots of molecular mechanisms already well known for the protection of crop plants. 

Among them, pathogen recognition is very common and widely studied until now (Mogensen. 

2009). Treatment of plants with beneficial microbes is a known biological concept, where 

plants engage in a beneficial symbiotic relationship with such kinds of fungi and bacteria. As 

a result, plants can benefit and enhance their resistance by getting nutrients from beneficial 

microbes (Finkel et al. 2017). On the other hand, signal transduction pathways exist in the plant 

cell which can be activated and recognize pathogenic molecules. In this process, signaling 

molecules such as salicylic acid, jasmonic acid, and ethylene play very important roles in the 

defense mechanism of plants (Kachroo & Kachroo. 2007). The production of secondary 
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metabolites and cell wall reinforcement is another way of defense mechanism of plants against 

pathogens. In the last two decades, RNA interference (RNAi) and small RNA molecules have 

been discussed to integrate into the crop protection process. Those small RNAs regulate the 

defense mechanisms in crop plants by targeting specific mRNA molecules of the pathogens to 

limit their invasion and infection process. Moreover, the production of small RNA or dsRNA 

inside the plant (HIGS) and artificially sprayed (SIGS) showed significant advancement in the 

plant protection perception (Koch et al. 2019). On the other hand, genome editing using 

CRISPR-Cas9 showed significant advancement in plant protection techniques where plant 

genes are directly modified by editing the desired genome of plants to enhance resistance 

against specific fungal pathogens (Borrelli et al. 2018). In a nutshell, the molecular basis of 

crop protection systems is vital for developing different strategies to enhance the resistance 

capability of plants. Consequently, it’s possible to reduce the dependency on chemical use and 

possible to increase plant health and productivity. Ongoing research in the field of plant 

protection needs to uncover new molecular techniques for sustainable and effective plant 

protection. 

 

1.4.1 RNA interference (RNAi) 

At the end of last century, in 1998, it was reported that exogenously provided dsRNA 

can effectively downregulate target gene in the model organism C. elegens. After that, 

the potentiality of RNAi has been established and revolutionized in molecular biology. 

RNAi a conserved biological process exists in the eukaryotic system where dsRNA 

(double-stranded RNA) inhibits a specific gene of interest, or it may inhibit the 

translation process (Fire. 1999; Alder et al. 2003). On the other hand, RNAi is 

considered as a vital part of the immune-related response to viruses which can be 

observed in most of the eukaryotes (Cerutti & Casas-Mollano. 2006). RNAi begins with 

DICER, a RNAse III enzyme, that slices the dsRNA into small interfering RNAs 

(siRNAs) duplexes of 20-25 nt in length (Borges & Martienssen. 2015; Papp et al. 

2003). The antisense strand is exactly complementary to the target mRNA sequence. A 

sense strand that is identically similar to the target mRNA could be degraded and 

doesn’t show any function inside the RNAi mechanism. Afterward, the antisense strand 

will be loaded onto ARGONAUTE (AGO) proteins to generate an active RNA-induced 

silencing complex (RISC), it may include other proteins as well. Due to the sequence 

complementarity, the antisense strand and target mRNA bind together which causes the 

target mRNA degradation by the action of AGO proteins (Pratt & MacRae. 2009). In 
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addition, translational inhibition can be proceeded due to the non-degradation of mRNA 

(Borges & Martienssen. 2015; Majumdar et al. 2017; Pratt & MacRae. 2009). 

Furthermore, it was also reported, that RNAi can be triggered endogenously by viral 

dsRNA, pre-microRNA, or maybe by foreign DNA molecules (Nosaka et al. 2012; 

Plasterk. 2002). Moreover, RNAi is regarded as a precious tool in molecular biology 

due to the introduction of foreign dsRNA as a triggering tool. Likewise, RNAi was also 

used in functional genomics for loss-of-function phenotypes study in different 

organisms including plants and other eukaryotes (Lu et al. 2003; Nybakken et al. 2005; 

Hamakawa & Hirotsu. 2017; Pratt & MacRae. 2009). 

 

1.4.2 CRISPR/Cas for genome editing in plants 

The mechanism of CRISPR/Cas system begins with the bacteriophage attack on 

bacteria, inserting their genetic material into the bacterial genome and exploiting them 

as a source for generating new phages. After surviving a viral confrontation, it 

apprehends fragments of the external DNA, incorporating them into its own genome 

sequences. The preserved foreign DNA sequence, implicated in the defense system of 

prokaryotic organisms against viruses, is termed CRISPR (clustered regularly 

interspaced short palindromic repeats). In the event of a subsequent attack by a similar 

bacteriophage, the bacterium quickly produces an RNA copy from the CRISPR archive 

(crRNA) and loads it into a CRISPR-associated endonuclease protein (Cas). The RNA-

loaded Cas then evaluates the bacterium's interior for complementary DNA or RNA 

sequences. Upon finding a proper counterpart, it activates and excises the target, 

rendering it ineffective and continuing to protect the bacterium (Horvath and 

Barrangou. 2010). 

The CRISPR/Cas system rose to prominence as a genome editing technology when 

scientists realized that the crRNA sequence could be programmed to target any 

sequence in an organism (Doudna and Charpentier. 2014). The current categorization 

distinguishes CRISPR/Cas systems into two primary classes including interference 

mediated by multiple small proteins forming the effector complex, and another one is 

a single, large protein with multiple domains that generates the double-strand break 

(DSB). Each class is further subdivided into various subtypes, with distinct Cas proteins 

targeting single- and double-stranded DNA or RNA (Koonin et al. 2017). 

CRISPR/Cas9 type II system from Streptococcus pyogenes (SpCas9) has become the 

most widely used CRISPR tool for genome editing. To achieve interference, only a 
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target-specific crRNA, a target-independent tracrRNA (transactivating crRNA), and a 

dual RNA-directed DNA endonuclease Cas enzyme (SpCas9) are necessary. It has been 

demonstrated that the dual tracrRNA:crRNA can also be constructed as a single guide 

RNA chimera (gRNA) to facilitate sequence-specific Cas9-dsDNA cleavage, 

streamlining the genome editing process (Jinek et al. 2012). A crucial prerequisite for 

Cas-directed DNA cleavage is the presence of a conserved 2 to 6 bp (base pair) 

protospacer-adjacent motif (PAM) downstream of the target sequence. In SpCas9, the 

PAM typically carries the sequence 5'-NGG-3', where "N" denotes any nucleobase and 

"G" represents guanine (Anders et al. 2014). 

The development and application of the CRISPR/Cas9 method for genome editing have 

been effectively utilized in plant genomes nowadays (Demirer et al. 2021). The 

knockout mutants in higher crop plants were not widely available compared to 

dicotyledonous plants Arabidopsis thaliana. The efficiency of CRISPR/Cas9 enables 

the production of mutants in many monocotyledonous species, including wheat, rice, 

and barley (Chen et al., 2019; Lawrenson and Harwood, 2019). 

 

1.5 Sustainable way of crop protection techniques over the recent approaches  

The scientific consensus and legal requirements in most states emphasize minimizing the use 

of synthetic pesticides, including herbicides, in agricultural practices. While alternative crop 

protection methods are under development, their effectiveness in intensive production systems 

is rarely demonstrated, and their dependence on environmental factors remains poorly 

investigated. 

Recent discoveries suggest that treatments involving RNAs hold promise for reducing diseases 

in plants, animals, and even humans. RNA, a fundamental component in genetic templates, has 

evolved into a central molecule for storing, transmitting, and modifying genetic information. It 

also plays a crucial role in communication between interacting organisms, a phenomenon 

known as cross-kingdom RNA interference. 

Artificial RNAs, such as small RNA duplexes or dsRNAs, have shown potential to protect 

plants from biotic stress. Strategies such as HIGS involve producing RNA in transgenic plants, 

while SIGS applies exogenous RNA. Although HIGS is scientifically effective and 

environmentally superior, it faces political challenges in many European countries. SIGS 

applications, while adaptable to diverse biotic stresses, have concerns such as RNA degradation 

and genetic cross-resistance. 
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In the pursuit of innovative RNA-based solutions, circular RNA (circRNA) has been explored 

for plant protection. Unlike linear RNA molecules, circRNAs, formed through a process called 

back-splicing, have a closed-loop structure, making them more stable and resistant to 

degradation. While circRNAs have been extensively studied in animals, their functions in 

plants are still emerging. Artificial circRNAs are considered promising for agronomic 

applications due to their structural stability and potential roles as microRNA sponges and 

translation regulators. The details of circRNA from their sources, types, and biogenesis are 

discussed further in a broad aspect. 

 

1.6 Discovery of circular RNA (circRNA) and their short histography 

Continuous discovery of new types of RNA opens the era of new research in the field of RNA 

biology. Along with the messenger RNA (mRNA), several other types of noncoding RNAs 

including miRNA, dsRNA, siRNA, and lncRNAs function have been partially explored in 

recent times. The detailed function of many RNAs is still undefined both in plant and animal 

kingdoms. One of the newly arrived non-coding RNAs is circRNA. circRNA was first 

discovered in 1976 in RNA viruses through electron microscopy but it was unnoticed for a long 

time (Sanger et al. 1976). Last decade, circRNA received the focus of researchers as a novel 

possibility in medical science (Arnaiz et al. 2019). As a member of non-coding RNA, it was 

expected that circRNA could not be translated into protein. However, extensive research 

conducted in the last 10 years explored many hidden functions of circRNA, including their 

translation into protein (Legnini et al. 2017; Pamudurti et al. 2017). 

In addition, eukaryotic cells have shown expression of various non-coding RNA species with 

their functional capacity in the last few decades (Arnaiz et al. 2019). For the advantages of 

next-generation sequencing, the identification of different RNA has grown considerably. 

Surprisingly, circRNA exists in the cell in abundant amounts and is covalently linked in their 

3′ to 5′ ends (Barrett & Salzman. 2016). Intended to the formation of circRNA, back-splicing 

has a crucial role in the splicing mechanism (Jeck et al. 2013; Zhang et al. 2014; Starke et al. 

2015). 

circRNA normally forms by alternative splicing of pre-mRNA when an upstream splice 

acceptor links to a downstream splice donor (Barrett et al. 2015; Starke et al. 2015; Schindewolf 

et al. 1996). Several studies have unveiled their numerous characteristics, expression patterns 

on eukaryotes, and conservation in mammals (Wang et al. 2014). Although, circRNA is 

expressed in a regulated manner which is different than the cognate linear isoform. 

Additionally, many unknown facts exist in circRNA research which may be explored by doing 
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extensive investigation. Table 1 shows a short histography of circRNA that was recently 

investigated. 

 

Table 1 Short histography of circRNA discovery 

 

Year of 
discovery 

Example of discovered function Source References 

1976 First circRNA observed in viroids Plant Sanger et al. 1976 
1979 circRNA first noticed in cytoplasm of 

eukaryotic HeLa cells 
Eukaryotic cell Hsu & Coca-Prados. 1979 

1986 circRNA in human, Hepatitis delta 
virus 

Human Kos et al. 1986 

1988 circRNA found stable after injecting 
into fertilized egg 

African-clawed 
frog Xenopus 

laevis 

Harland & Misher. 1988 

1991 Endogenous circRNA in human Human Nigro et al. 1991 
1995 Modifying circRNA can be translated 

in vitro. For circularization inverted 
repeats are required 

Human, Mouse Chen & Sarnow. 1995; Dubin 
et al. 1995 

1998 In vivo circRNA can proceed 
translation 

Escherichia coli Perriman & Ares. 1998 

2006 Use of RNase R in circRNAs Escherichia coli Suzuki et al. 2006 
2010 circANRIL expression related to 

atherosclerotic vascular disease 
(ASVD) 

Human Burd et al. 2010 

2012 RNA sequencing to detect circRNAs Human Salzman et al. 2012 
2013 circRNA functional analysis 

 
Human, mouse, 
and nematode 

Memczak et al. 2013; Hansen 
et al. 2013 

2014 Alternative circularization by reverse 
complementary sequence 

Human introns Zhang et al. 2014 

2015 Relation between circRNA and cancer Mammals Bachmayr-Heyda et al. 2015;   
Li et al. 2015 

2017 Translation of endogenous circRNAs, 
loss of function in circRNA phenotype 

(in vivo) 

Eukaryotes, Fly, 
Human 

transcriptome 

Legnini et al. 2017; Pamudurti 
et al. 2017; Yang et al. 2017; 

Piwecka et al. 2017 
2020 Aging regulated by insulin-dependent 

circRNA 
Mutant flies 

 
Weigelt et al. 2020 

2021 Artificial antisense circRNA can 
modulate splicing regulatory network 

Mammalian cell Schreiner et al. 2021 

2021 Antisense circRNA reduces virus 
proliferation in cell culture 

SARS-CoV-2 
coronavirus 

Pfafenrot et al. 2021 

2021 Antisense circular RNA regulates 
expression of RuBisCO 

 

Arabidopsis 
thaliana 

Zhang et al. 2021 
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1.7 Types of circRNA in different cellular systems 

Based on biogenesis, structural feature, and composition, circRNA fall into four different 

categories namely exonic circRNA, intronic circRNA, exon-intron circRNA, and tRNA 

intronic circular RNAs (tricRNAs), the latter being produced by tRNA introns (Lu et al. 2015; 

Yang et al. 2020). Most of the identified circRNAs (approximately 80%) are exonic circRNA 

and are found in the cytoplasm (Jens. 2014; Jeck et al. 2013). Nevertheless, intronic circRNAs 

and exon-intron circRNAs predominantly exist in the nucleus (Zhang et al. 2013) and regulate 

gene transcription (Li et al. 2015). Recently, another type of circular transcript was found, 

called read-through circRNA, and formed by exons from a flanking region of a gene through 

back-splicing (Vo et al. 2019). Figure 2 illustrates different types of circRNA in the cytoplasm 

and other cellular subsystems. 

 

 
Figure 2: Illustration of different types of circRNA in cytoplasm and other cellular sub-systems. 

A. Exonic circRNAs, resulting in a back-splicing event in the RNA molecule, where the 

downstream exons and upstream exons are joined together. B. intronic circRNAs resulted in 

the same way by joining the intronic part, C. Exon-intron circRNAs resulting from the 

combination of exon and intron part of the RNAs, D. Pre-mature RNA which also creates 

another type of circular RNA named tricRNA. 
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1.8 Biogenesis of circRNA 

According to the circRNA database, a few thousand of circRNAs have been identified and 

annotated (Glažar et al. 2014). From the previous studies, it has been found that circRNA 

biogenesis is slightly different from the long non-coding RNA (lncRNA) in the sense of 

covalently joined structure (Ashwal-Fluss et al. 2014; Quinn & Chang. 2016). CircRNA joined 

in the 3′ and 5′ end which gives them a complete circular structure without any open frame in 

the strand. Moreover, the generation of circRNA proceeds co-transcriptionally in the animal 

cells and their production rate depends on the intronic sequences (Ashwal-Fluss et al. 2014). 

According to several studies, it has been found that circRNA derives from canonical splice 

sites. Due to the slowing down of pre-mRNA processing, newly appeared RNA pointed to 

alternative ways that facilitate back splicing (Legnini et al., 2017). In back splicing, intronic 

sequences connect to the downstream splice site (donor site) with the upstream splice site 

(acceptor site) and form a circular structure. Furthermore, the back spliced junction is an 

important feature of circRNA to detect and analyze their function in different developmental 

stages and their junctions are different from each other based on circRNA derivation. Three 

different models are proposed for circRNA loop formation. i. According to the intron pairing 

model, splicing is caused by reverse complementary sequences, for instance, ALU repeats, 

which are found in upstream and downstream introns. The loop is formed by splice donor and 

acceptor sites where they come into closed proximity. Mutation analysis found that only ~100 

nt of each repeat is enough for the circularization (Bachmayr-Heyda et al. 2015; Kramer et al. 

2015). Hence, the existence of intronic repeat is not always abundant to accelerate the back-

splicing mechanism. ii. The exon skipping and intron lariat formation model, the 3′ ends of an 

exon attached to the 5′ ends of the same exon, also referred to as single-exon circRNA or 

connects to the upstream exon to form multiple-exon circRNA. iii. According to the RNA 

binding protein-mediated model, RNA binding proteins (RBPs) bind to each flanking introns 

to form a bridge that connects the splice donor and acceptor site closely to form a loop (Kramer 

et al. 2015). Quaking (QKI) binds to flanking introns and makes a dimer which brings the 

intervening splice sites into close proximity (Conn et al. 2015), whereas many intervening steps 

of circularization are still unexplored. 

Furthermore, inhibition of the canonical spliceosome by isoginkgetin treatment results in the 

reduction of both linear and circular transcripts (Starke et al. 2015; Ashwal-Fluss et al. 2014). 

The reduction phenomena of a circular transcript can distinguish between forward and back 

splicing. However, the details mechanism are still unexplored (Salzman et al. 2013). Figure 3 

shows the biogenesis process of circRNA in different conditions. 
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        A.                   B.                C. 

 

Figure 3: The biogenesis process of circRNA in three different ways. (A). Intron pairing-driven 

circularization occurs due to the pairing between downstream and upstream introns due to the 

driven of inverse-repeating sequences. In some instances, introns are completely removed or 

retained to form the circularity of RNAs, (B). RBP pairing driven circularization, RNA-binding 

proteins form the circRNA by connecting the downstream and upstream intronic region, and 

(C). Lariat-driven circularization occurs when pre-mRNA undergoes splicing, it creates a 

covalent link between the 3' end of the preceding exon and the 5' end of the following exon. 

This connection results in a lariat formation, which contains both exons and introns. The 2' 

hydroxyl group of the 5' intron then reacts with the 5' phosphate of the 3' intron which is 

followed by an interaction between the 3' hydroxyl group of the 3' exon and the 5' phosphate 

of the 5' exon, leading to the formation of circular RNA. 

 

1.9 Biological significance and the roles of circRNA 

circRNAs are present in most organisms including plants, animals, fungi, archaea, and 

metazoans (Zhang et al. 2013). Even RNA sequencing results revealed half of the total 

circRNA in mammals are tissue-specific (Yang et al. 2017). circRNAs are produced in the 

nucleus and subsequently transported into cytoplasm though the exact mechanism of this 

transfer is still unexplored. Recently it was reported that an ATP-dependent RNA helicase is 
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involved in the transport (Huang et al. 2018). Also, it may be transported through methyl-6-

Adenosin (m6A) modification, but the mechanism is still not fully explored (Chen et al. 2019). 

As of today, some common functions have been found for circRNAs in different organisms 

including sponge formation, response against various stress, transcriptional regulation, protein 

binding, and miRNA binding (Hansen et al. 2013; Memczak et al. 2013).  

 

i. miRNA - circRNA sponge formation 

Earlier studies on animal cells represent the most intriguing function of circRNA, working 

as a miRNA sponge under certain conditions (Ebert et al. 2007). miRNA sponges are known 

as competing endogenous RNA in mammals and plants as target mimicry. Further studies 

on circRNA uncovered that it is involved in gene regulation through miRNA-regulated 

pathways. circRNA has several miRNA binding sites, and thus can also inhibit the activity 

of miRNA. Hence, circRNA can provide information about miRNA function while 

sponging (Ebert et al. 2007; Franco-Zorrilla et al. 2007). Additionally, higher stability over 

the linear RNA makes circRNA more vulnerable to forming miRNA sponges (Jeck et al. 

2013). In the same way, miRNA activity can be affected by sponge formation, and the 

sponge is formed through binding with circRNA, for instance highly expressed circRNA in 

the mammalian brain acts as a ciRS-7 sponge. The circular transcript ciRS-7, also known 

as circRNA sponge for miR-7, contains 70 different target sites associated with AGO 

protein in miR-7 dependent manner. Also, another example in mammals showed that the 

sponge-forming effect is achieved by circRNA, which is regarded as a normal 

phenomenon. However, circRNA inhibits miRNA-mediated target destabilization and 

suppresses miR-7 activity which is followed by increased miR-7 targets. Compared to the 

animal model system, plant shows fewer miRNA binding sites in miRNA sponges (Hansen 

et al. 2013; Zuo et al. 2016). For instance, in Arabidopsis, 5% of circRNAs carry putative 

miRNA binding sites (Ye et al. 2015). Another report noted that 31 rice circRNAs contain 

more than one miRNA binding site out of 235 circRNAs which comprise miRNA binding 

sites (Ye et al. 2015; Lu et al. 2015). However, only one circRNA has been validated 

experimentally out of five detected in Arabidopsis flower (Capelari et al. 2019). 

Furthermore, it is not completely established whether circRNA is directly involved in 

different regulatory processes such as biotic, abiotic, metabolic, or developmental 

processes. Additionally, more experiments are required such as crosslinking immune 

precipitation sequencing (CLIP-seq) to prove their activity. CLIP-seq can identify circRNA 

that forms miRNA sponges, circRNA, and miRNA complexes. This technique has already 
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been successfully applied in the plant model system to identify circRNA accurately (Chi et 

al. 2009). Nonetheless, CLIP can also identify RNA binding proteins associated with 

circRNA functionality (Li et al. 2017; Chi et al. 2009). 

 

ii. circRNA against different stress responses 

Besides sponge formation, circRNA has been shown to respond to numerous stress 

conditions in different organisms especially in plants and few are also reported in animals 

(Litholdo & da Fonseca. 2018; Fischer & Leung. 2017; Hanan et al. 2020). Several reports 

elucidate various biotic and abiotic stress responses in such a different condition. However, 

most of the responses were found through data analysis of high throughput sequencing 

techniques. Even though experimental data also reported some of the stress-related 

information in mammals, as well as in plants (Zhang et al. 2019). 

Pathogenic invasion produces circRNA expression in different tissues (Wang et al. 2017). 

As it has been reported, the expression of circRNA is cell, tissue, and developmental stage 

specific. The characteristic features suggest that circRNA is crucial for plant growth and 

development like the lncRNA (long non-coding RNA) or miRNA. Furthermore, the 

regulatory function and role of circRNA in plants need to be explored with various 

experiments besides bioinformatic data. 

circRNA identified predominantly in the root and leaf as a result of different pathogenic 

invasions. For instance, the biotic stress responses in plant species kiwi (Actinidia 

chinensis), produced 584 circRNAs in response to invasion with Pseudomonas syringae. 

By network analysis from sequencing data, it has also been found that circRNA is 

responsible for plant defense (Wang et al. 2017). Additionally, circRNA does not work only 

as a positive regulator of the stress response, they are also responsible for different disease 

regulators found in tomato yellow leaf curl virus (TYLCV) in cultivated tomatoes (Yang, 

et al. 2018). On the other hand, circRNA which is expressed differentially, plays a crucial 

role in Verticillium wilt disease caused by Verticillium dahliae in cotton. After gene 

ontology analysis it has been assumed that circRNA has a regulatory effect on disease 

resistance process in cotton (Xiang et al. 2018). 

Similarly, maize circRNAs have a role in plant cell regulation and they increase in response 

to Iranian mosaic virus (MIMV) (Ghorbani et al. 2018). On the other hand, circRNA was 

also found in several types of abiotic stress conditions, such as salt tolerance, light, nutrient 

deficiency, drought, chilling (Ye et al. 2015; Zuo et al. 2018; Zhu et al. 2019; Wang Lin, et 

al. 2018). Most of them has been found through the sequencing analysis of several root 



Introduction 
 

 15 

sample. Moreover, the circRNA first identified in Arabidopsis under different light 

conditions. As well as phosphate deficiency produces circRNA response in the rice roots. 

However, the resulting condition was the upregulation and downregulation of the distinct 

circRNA (Ye et al. 2015). Also, the chilling effect reported on tomato fruit and grape leaves 

(Zuo et al. 2016; Gao et al. 2019). By using the circRNA in cold responding on grape, 

further applied to improve the cold tolerance in Arabidopsis thaliana through merging with 

stimulus-responsive gene. Many other examples are existing in wheat maize and 

Arabidopsis in response to dehydration (Zhang et al. 2019; Wang et al. 2017). 

Furthermore, different stress conditions may change the circRNA length, circularized exon 

number, and alternative circularization in Arabidopsis thaliana (Pan et al. 2018). In the 

sense of stress responding circRNA, research on animals shows only a few examples 

compared to plants. Most of the stress-related circRNA were found in plants until now by 

sequencing result analysis. 

 

iii. Gene expression regulation by circRNA 

circRNA derives from a splicing process. In humans, it has been discovered, the 

combination of exon and intronic-derived circRNA increases the transcription process in 

the host gene through combination with U1 snRNP. Exon-intron circRNA was first found 

in plant species and has a role in gene regulation (Zhao et al. 2017). As well as circRNA 

has also shown a role in the modification of the splicing process to increase the efficiency 

of cognate exon skipped mRNA. In Arabidopsis, circRNA derived from exon 6 of the 

SEPALLATA3 (SEP3) gene can be able to bind to DNA locus and form RNA: DNA hybrid, 

also known as R-loop but linear RNA also can make the R loop which is weaker and pause 

the transcriptional process (Conn et al. 2017).  

Previously it was thought that circRNA is untranslatable, but research shows a different 

strategy to translate circRNA. Different reports explored the translation process mediated 

by IRES and m6A RNA modification (Abe et al. 2015; Yang et al. 2017; Meyer et al. 2015). 

Tang et. al. showed that the circRNA with ORF and m5A modified start codon in junction 

sequence, has protein coding potentiality (Tang et al. 2020). Most fascinating, N6- 

methyladenosine RNA modification on circRNA confers immunity in humans (Chen et al. 

2019). However, the direct translation of circRNA is still not known to the scientific source 

but in plant Arabidopsis m6A modification has been reported and still is in further progress 

to find out the exact function and proper biogenesis process (Zhou et al. 2017). 
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iv. circRNA serves as a biomarker 

A biomarker is normally defined as an indicator of a biological process, which can indicate 

a certain development in a system. Successfully those are used in science to measure the 

severity of disease, amount, and progression of the process. There are several types of 

biomarkers used in the last few decades, for example, DNA, Protein, RNA, etc (Buyse et 

al. 2011). In recent decades, many non-coding RNAs have been used as biomarkers in 

medical science for disease diagnosis. circRNA has currently been discovered as a non-

coding RNA, which could be used as a biomarker through certain modifications. They are 

circular and more stable than their linear counterpart which gives them a specialty for 

different biological approaches (Pfafenrot & Preußer, 2019). As of their characteristic 

feature, cell and tissue specificity and specific expression patterns make circRNA a 

potential biomarker. Several reports depicted, that circRNA participates in various 

pathophysiological processes in cancer disease, cardiovascular, neurological, and diabetes 

patients’ cellular level which provides more practical information on circRNA to be used 

as a biomarker for the diagnosis and treatment of various diseases (Qin et al. 2016; Zhao et 

al. 2017; Grapp et al. 2013). Notably, it has also been found in fruit fly Drosophila where 

circRNA isoforms intensify in CNS aging. Later, circRNA in Drosophila was used as an 

aging biomarker in 2014 (Westholm et al. 2014). On the other hand, in crop science, to 

accelerate crop production biomarker is a valuable tool. In the last decades, it was 

successfully used in different breeding programs (Yang et al. 2011). In plant molecular 

biology, circRNAs are implied as biomarkers to detect the alternative splicing variant 

(Conn et al. 2017). Nevertheless, circRNA may be used as an excellent and highly effective 

biomarker for genetic crop development against heat or drought in harsh environments all 

over the world (Zhang et al. 2019).  

 

v. circRNA and immune response 

The immune system of an organism falls into two different category, namely innate and 

adaptive immunity. There are two major immune responses found which include immune 

surveillance and immune defence. Depending on the factor, the immune system can 

respond as antiviral or antibacterial. However, many factors are related to the immune 

system to accelerate the immunity of an organism (Russell et al. 2017; O’Sullivan et al. 

2019). Innate immunity, which is known as a first-line defense, may include natural killer 

cells, macrophages, dendritic cells, etc in the animal cell. Depending on the innate 

immunity, antigen-specific adaptive immunity rises. However, it has been found that 
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circRNA directly or indirectly influences the immune system by creating a different 

immune response against many diseases. More specifically circRNA produces an immune 

response in animals against autoimmune disease, antiviral immunity, and different types of 

tumor immunity (Martin et al. 2020).  

It has also been reported that in systemic autoimmune disease Rheumatoid arthritis (RA), 

circRNA forms a sponge with microRNA (miR181d) to suppress the development of the 

disease RA, however, it can also work as an inducer of the biogenesis of RA (Zheng et al. 

2017). Further investigation proved that circRNA is directly involved in the immune 

response. In the mammalian cell, in-vitro-generated circRNA after transfecting induces 

innate immunity and confirms immune protection against viral infection (Chen et al. 2017). 

Likewise, another finding shows endogenous circRNA can form RNA duplex and work as 

an inhibitor of dsRNA-induced protein kinase (PKR) in innate immunity. Due to viral 

infection, PKR is activated as a result of degrading circRNA by RNase L. However, the 

overexpressed dsRNA tagging circRNA in T cell can improve the abnormality of the 

activation cascade of PKR, which provides the correlation between circRNAs and systemic 

lupus erythematosus (SLE) (Liu et al. 2019). 

As of today, it has been published, that circRNA can bind to miRNA to form miRNA 

sponges in animals, but in plants, circRNA needs to be verified using more experiments. 

Bioinformatic analysis reveals a lot of circRNA-miRNA sponging, but eventually, through 

the experiment, it has found a very small amount of binding site for miRNA (Guo et al. 

2014). It has also been reported after genome-wide analysis, only a small percentage of 

circRNA works as an active target mimic for miRNA in Arabidopsis (5%) and Rice (6.6%) 

(Ye et al. 2015). Hence, in-silico analysis and molecular analysis could be contradictory in 

the sense of right binding sites, for instance in rice circRNA, where RT-qPCR shows 

different results than the bioinformatic analysis compared to wild-type plants (Lu et al. 

2015). Recently, it has been investigated that overexpression of miR477-3p (sponges of 

exonic circular RNA circRNA45 and circRNA47) in tomatoes results in disease gene 

expression due to infection by Phytophthora infestans. It has been suggested that two 

circRNA can regulate miRNA-mRNA expression levels and work as a positive inducer of 

tomato resistance (Hong et al. 2020). As a miRNA sponge, circRNA can accumulate huge 

amounts of miRNAs together, in extreme conditions miRNA can be separated from the 

complex, probably the process could probably regulate the immunity efficiently. 
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1.10 Translational gene silencing or inhibition of protein synthesis by circRNA 

Besides miRNA sponging, circRNA has another crucial function in making circRNA-protein 

interactions. A common feature of circRNA is that can interact with RNA-binding proteins 

(RBP). RBPs have a great role in the cellular process which interacts with the RNA molecules 

to proceed with the transportation, translation, and maturation. Furthermore, they form 

ribonucleoprotein complexes (Conlon & Manley. 2017; Li et al. 2017; Yang et al. 2022). In 

humans, circANRIL binds to 60S ribosomal assembly factor PES1 and proceeds pre-rRNA and 

ribosome biogenesis in atherosclerosis. Consequently, circRNA binds to a RBP and alters RNA 

function to escape from the disease (Holdt et al. 2016). Another example of the protein binding 

capability of circRNA induces cell proliferation and accelerates autophagy by interacting 

among circDNMT1, p53, and AUF1. As a result, highly expressed circRNA (circDNMT1) 

could bind to oncogenic proteins and regulate their function (Du et al. 2018). 

 

1.11 Commonly used methods for circRNA identification 

There are several ways of circRNA identification method has been successfully implemented 

over the last few decades. The details procedure from in silico to the molecular levels are 

mentioned below: 

 

1.11.1 Database for circRNA 

Over periods, circRNA databases are getting enriched as an important research tool for 

scientists. Not only for animal science but also for plant science, which has been enhanced 

by the collection of huge amounts of circRNA data. Currently, available online databases 

are the primary source of research in the circular RNA world. That information provides 

advanced knowledge for the detection and characterization of new circRNAs in different 

species as well. The most used databases include CropcircDB, GreencircRNA, AtCircDB, 

etc. Different databases are established based on the different characteristics of 

identification, which provides enormous information to proceed the further research (Wang 

et al. 2019; Zhang et al. 2020; Ye et al. 2019). 

 

1.11.2 Molecular and biological methods for identification of circRNA 

There are several methods involved in molecular biology to identify the circRNA from a 

particular cell and tissue system. Among them, the enzymatic digestion method provides 

the easiest way to identify them. Due to the circular structure, circRNA shows higher 

stability and resistance to enzymatic digestion over linear RNA (You & Conrad 2016). The 
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overall process of identification includes different enzymes for instance RNase R, 5′ end 

exonuclease, nicotinic acid phosphatase, etc., which are able to destroy the linear RNA. 

Due to the lack of open ends enzymes keep the circRNA in a native form (Jeck & Sharpless. 

2014; Suzuki et al. 2006). Northern blot analysis is another technique used for the 

identification of circRNA. Hence, it has been reported that the circRNA can run through 

the weak crosslinked gel slower than the longer linear RNA. Consequently, the difference 

between the various RNAs, and circRNA can easily be detected. Even the gel extraction 

process also helps to isolate the circRNA for further use (Tabak et al. 1988). Additionally, 

the localization of a circRNA can be detected at the cellular level through the in-situ 

hybridization method (Zhang et al. 2013; Li et al. 2017). To generate the molecular library 

of circRNA, the most effective procedure is to remove the linear RNA using RNase R 

treatment (Ebbesen et al. 2016). 

 

1.11.3 circRNA detection by microarray analysis 

circRNA microarray is regarded as a newly efficient tool for detecting specific circRNA by 

comparing normal and infected circRNA, for example, carcinogenic or normal cell-derived 

circRNA. The microarray technique used a kind of special probe, which can only bind to 

the reverse splice site of circRNA and make differences between the linear and circular 

forms of RNA (Lü et al. 2017). It is a very effectively used technique for profiling circRNA 

by targeting the reported back splice sites in a specific sample. Moreover, it has also been 

regarded as a more efficient technique than RNA sequencing (Li et al. 2018). 

 

1.11.4 Sequencing technology for circRNA detection 

Up to date, the RNA sequencing method is mostly used for circRNA detection in different 

organisms. Unfortunately, traditionally used RNA sequencing is not able to identify 

circRNAs from the linear RNAs. For that reason, it’s necessary to use further developed 

sequencing technologies (You & Conrad. 2016). According to Jeck et al whole genome 

sequences have been analyzed through bioinformatics and their assessment has been done 

by using different sequence alignment algorithms, which are followed by the identification 

of cirRNA (Jeck et al. 2013). Another approach is the direct detection of circRNA from 

cDNA, where templates are designed with multiple sequence splice joints (Hoffmann et al. 

2014). In the last few years, many algorithms have been used for the prediction of circRNA 

such as Acfs, CIRI2, and FUCHS (You & Conrad. 2016; Metge et al. 2017; Gao et al. 2018). 

Acfs is well known for its wide application for characterizing the circRNA from various 
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organisms. It can accurately identify circRNA and takes less time than other renowned 

techniques. It can also be able to find circRNA from a single as well as pair-ended RNA 

sequencing data (You & Conrad. 2016). FUCHS system detects the circular form of RNA 

within variable shear, it is based on long sequencing read and can provide much information 

to interpret accurately (Metge et al. 2017). CIRI2 is another tool for circRNA identification. 

The advantage of this tool is the filtering process which can remove false positives and 

mapping error results from the repetitive sequence (Gao et al. 2018). It provides reliable 

data depending on multiple seed matches (Ebbesen et al. 2016). 

 

1.11.5 Important parameters for designing circRNA primer 

To amplify the abundant circRNA and their presence in the subcellular system, primer 

designing is an important part which is followed by molecular biology. Because the 

contribution of circRNA is getting enlarged it is necessary to conduct the experiments 

accurately. Unlike other PCR primers, the circRNA primer design is a bit different and has 

special criteria. For the identification of exonic circRNA, primers are designed for the back 

splicing site. For circRNA primers initially target the cross-cleavable sites and are designed 

for intron regions. Furthermore, sequence position transfection and amplified product 

length must not be more than 100 base pairs (Panda & Gorospe. 2018). The amplification 

effect should be determined experimentally. Although, for qPCR, the length of 

amplification is determined by experiment. Yet, to amplify the abundant circRNA, a 

circRNA-specific primer is utilized which is known as a divergent primer. Divergent primer 

is only specific to circRNA, not to linear RNA (Jeck & Sharpless. 2014; Suzuki et al. 2006). 
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1.12 Aim of the study 

This study aimed to investigate the potential of artificial exogenous circRNAs in targeting 

endogenous genes in plants and phytopathogenic fungi, as well as to understand the core 

mechanism / target (protein biosynthesis) of circRNA. 

As a proof of concept, a GFP (Green Fluorescence Protein) antisense circRNA, and a vector 

carrying GFP sequences were cotransfected to protoplasts of the fungus Botrytis cinerea to 

evaluate the silencing effect of circRNAs regarding GFP protein accumulation. 

On the other hand, as another proof of concept, artificially designed circRNA was applied in 

the A. thaliana plant protoplast (transiently) system, and in stable GFP expressing Arabidopsis 

thaliana leaves to understand the accumulation of reporter GFP in sequence and isoform-

specific manner. 

Additionally, using the mutants that are compromised in Dicer-like (DCL) and Argonaute 

(AGO) functions, we wanted to show whether the activity of circRNA depends on canonical 

RNAi or is independent of the RNAi pathways. 
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2. Material and Methods 

 

2.1 Plant and fungal materials and growth conditions 

Plants used in this study were grown under different conditions: 

Arabidopsis thaliana, wild type, and their mutants ago1-27 (△Atago1), ago2-1 (△Atago2), 

ago4-1 (△Atago4), dcl1-11 (△Atdcl1), dcl2,3,4 (△Atdcl2,3,4) (Obtained from NASC, 

https://arabidopsis.info/) and AtW33 (At35S:GFP, Provided by Dr. Steinbrenner) were grown 

in a climate chamber at 18°C/ 14°C (light/dark) with 60% relative humidity, with a photoperiod 

time of 16 h and a photon flux density of 240 μmol m-2 s-1.  

 

2.2 Fungi and different bacteria components 

The strain of Botrytis cinerea (Bc, B05.10) was cultivated on Hansen’s Agar (HA) medium, 

The following components were used for the medium listed in table 2. 

 

Table 2: Chemical composition of Hansen’s Agar (HA) medium (Doehlemann, Berndt, and 

Hahn. 2006). 

 

Chemical components Amounts 

Malt extract 1% 

Yeast extract 0.4% 

Glucose 0.4% 

Milli-Q H2O and pH Added until 1L and pH adjusted to 5.6 

Agar (solid medium) 1.5% 

 

For different cloning purposes, Escherichia coli (E. coli) was used and grew on LB medium 

(Tryptone 10 g/L, NaCl 10 g/L, Yeast extract 5 g/L, agar-agar 15 g, pH 7.0) and their incubation 

was at 37°C in the incubator. Moreover, the only bacterial strain used for the cloning of all 

plasmids was Escherichia coli DH5α. 

A. thaliana mutant plants including the Argonaute and DCL play a crucial role in the RNAi 

process respectively guiding the RISC complex to target mRNA facilitating the degradation of 

mRNA sequence and cutting longer dsRNA into smaller versions of siRNA or miRNA to target 

the specific sequence of mRNA. Specifically, the △Atago1 mutants lack a gene in no 27 

(△Atago1-27) which is responsible for encoding an RNA slicer that recruits siRNAs and 
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miRNAs (Morel et al. 2002). △Atago2 promotes the binding of sRNA molecules to the RISC 

complex (RNA-induced silencing complex). Additionally, ΔAtago4 mutants are involved in 

the RNA-directed DNA methylation process (RdDM) to preserve DNA methylation which 

leads to a proper gene silencing process. On the other hand, the dicer-like gene ΔAtdcl1 has the 

most important function in the RNAi process that encodes a Dicer homolog which is an RNA 

helicase involved in microRNA processing. ΔAtdcl 2,3,4, a triple mutant that contributes to the 

maintenance of gene regulation and genome stability in A. thaliana (Yao et al. 2016). Plant 

mutants that were used for the study are listed below in table 3. 

 

Table 3: List of different mutants and sources 

 

Plant Mutant name Stock no./Source Disposition 

Arabidopsis thaliana △Atago1-27 Morel et al. 2002 Protoplasting 

Arabidopsis thaliana △Atago2-1 N503380 Protoplasting 

Arabidopsis thaliana △Atago4-1 N16395 Protoplasting 

Arabidopsis thaliana △Atdcl1-11 N3828 Protoplasting 

Arabidopsis thaliana △Atdcl2,3,4 N16391 Protoplasting 

Arabidopsis thaliana  AtW33 Harvey et al. 2022 

(Collected from Jens 

Steinbrenner) 

Topical RNA 

application 

 

Table 4: List of plasmids used for this study. For the plasmid maps see figure 04. 

 

Plasmid Name Function 

pGY1-35S-GFP GFP expression 

pBGgHg GFP expression 

LMBP 8054-ppK2 Cloning of GFP 

pGY1-35S-gpdA::GFP-35S-Ter GFP expression 

pGY1-35S::GFP:RFP GFP and RFP expression 
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The maps of different plasmids are as follows in figure 04. 

 

 
 
 

  
 
 
Figure 4: Organization of different plasmids. (A). Plasmid pGY1-35S-pgpd-GFP-35STer, 

containing GFP and express under 35S promoter of CaMV, size of the plasmid 5359 bp in 

total; (B). Arrangement of the binary vector pBGgHg or pBGgHg-pgpd::GFP involves a 9.6 

kb construct containing the kanamycin resistance (R) gene. The hygromycin resistance and 

eGFP genes are located between the border sequences, each connected to the A. bisporus 

glyceraldehyde-3-phosphate dehydrogenase promoter (Pgpd) and the cauliflower mosaic virus 

terminator; (C). LMBP 8054-ppK2, the vector used for the cloning of different plasmids with 

desired promoter and termination, is used for the fungi B. cinerea; (D). pGY1-35S::GFP:RFP-

35STer Plasmid containing GFP and RFP with the 35S promoter and terminator from CaMV, 

size 5,956 bp in total; (E). pGY1-35S::GFP-35STer Plasmid containing GFP with the 35S 

promoter and terminator from CaMV, size 4,238 bp in total. 

The primers which are used throughout the study were synthesized by Eurofins Scientific 

Germany. 
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Table 5: List of Primers. 

Primers Name Sequences of used Primer Application 

GFP_F 5'-GACGTAAACGGCCACAAGTTC-3' qPCR 
GFP_R 5'-AAGTCGTGCTGCTTCATGTG-3' qPCR 

Bc-β-tubulin_F 5'-GTTACTTGACATGCTCTGCCATT-3' qPCR 
Bc-β-tubulin_R 5'-CACGGCTACAGAAAGTTAGTTTCTACAA-3' qPCR 

At Actin_F 5’-GGAAGGATCGTACGGTAAC-3' qPCR 
At Actin_R 5’-TGTGAACGATTCCTGGACCT-3' qPCR 

At Ubiquitin_F 5’-GCTTGGAGTCCTGCTTGGACG-3' qPCR 
At Ubiquitin_R 5'-CGCAGTTAAGAG GACTGTCCGGC-3' qPCR 

Vi_CLP1_F 5'-GAAGGCAATTCTCCCGACGTG-3' dsRNA 
production 

Vi_CLP1_R 5'-GATTCAGGCCAGAGAGTGCG-3' dsRNA 
production 

Vi_CLP1T7_F 5'-
TAATACGACTCACTATAGGGAGAGAAGGCA

ATTCTCCCGACGTG-3' 

dsRNA 
production 

Vi_CLP1T7_R 5'-
TAATACGACTCACTATAGGGAGAGATTCAGG

CCAGAGAGTGCG-3' 

dsRNA 
production 

Antisense_circRN
A _ORF_F 

5'-
TAATACGACTCACTATAGGGAGTAAGCTCGT
GCTGCTTCATGTGGTCGGGGTAGCGGGCTTA

CAGTA-3' 

circRNA 
production 

Antisense_circRN
A_ORF_R 

5'-
TACTGTAAGCCCGCTACCCCGACCACATGAA
GCAGCACGAGCTTACTCCCTATAGTGAGTCG

TATTA-3' 

circRNA 
production 

Antisense_circRN
A _5'UTR_F 

5'-
TAATACGACTCACTATAGGGAGTAAGCCCAA
GCTTACTTAGATCGCAGATCTACTAGTATGA

TGGCTTACAGTA-3' 

circRNA 
production 

Antisense_circRN
A _5'UTR_R 

5'-
TACTGTAAGCCATCATACTAGTAGATCTGCG
ATCTAAGTAAGCTTGGGCTTACTCCCTATAGT

GAGTCGTATTA-3' 

circRNA 
production 

circRNACTR1_F 5'-
TAATACGACTCACTATAGGGAGTAAGCAGAT
GCGCACCGCACAGATGCGCACGCTTACAGTA

-3' 

circRNA 
production 
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circRNACTR1_R 5'-
TACTGTAAGCGTGCGCATCTGTGCGGTGCGC
ATCTGCTTACTCCCTATAGTGAGTCGTATTA-

3' 

circRNA 
production 

circRNACTR2_F 5'-
TAATACGACTCACTATAGGGAGTAAGCAAAA
GTCAGTGAGTCAGTGTAATACGGGAGGATAC

CCGCTGTCAAAGCTTACAGTA-3' 

circRNA 
production 

circRNACTR2_R 5'-
TACTGTAAGCTTTGACAGCGGGTATCCTCCC
GTATTACACTGACTCACTGACTTTTGCTTACT

CCCTATAGTGAGTCGTATTA-3' 

circRNA 
production 

Oligo (dT) 
Primer 

TTTTTTTTTTTTTTTTTT cDNA 
synthesis 

T7 Promoter TAATACGACTCACTATA In-vitro 
transcription 

 

2.3 PCR (Polymerase chain reaction) 

PCR was used for genotyping of different transgenic Arabidopsis thaliana protoplasts using 

DCS-Taq DNA Polymerase (DNA cloning service, Hamburg, Germany). 20 µL of PCR 

reaction approach and temperature protocol were followed throughout the process (table 6 and 

7). Depending on the primer melting temperature and length of the template, annealing 

temperature and elongation times were adjusted. 

 

Table 6: PCR reaction mix with DCS-Taq DNA Polymerase. 

 

Chemical components Amounts 

BD buffer (10x) 2.5 µL 

MgCl2 2.5 µL 

dNTPs (2mM) 2.5 µL 

Forward Primer (10 pmol) 1 µL 

Reverse Primer (10 pmol) 1 µL 

DCS Taq DNA Polymerase 0.5 µL 

DNA template up to X µL 

Milli-Q water Until 20 µL 
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Table 7: Temperature protocol for DNA amplification process. 

 

Temperature (°C) Time Cycle 

95 5 min  

95 

60 ± 2 

72 

30 sec 

30 sec 

1 min/kb 

 

39x 

72 5 min  

4 ∞  

 

2.4 DNA sequencing 

For sequencing, plasmid DNA and other DNA specimens, used for the study were sent to LGC 

Genomics according to the manufacturer’s instructions. After receiving the DNA sequencing 

result, it was analyzed by Snap Gene viewer and other bioinformatic tools e.g. Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/). 

 

2.5 DNA extraction process 

Organisms’ biomass was collected and frozen immediately into the liquid nitrogen to keep their 

entire DNA undegradable. Tissues were broken down to fine powder form by using Tissue 

Lyzer II (Qiagen, Germany). Around 500 mg tissue materials (different samples may vary in 

amount) were mixed and incubated by adding 500 μL DNA extraction buffer for 10 min 

(Extraction buffer is a combination of (250 mM NaCl, 200 mM Tris-HCl pH 7.5, 0.5% SDS, 

and 25 mM EDTA). After adding 500 μL chloroform to the mixture solution, samples were 

centrifuged for 10 min at 12,500 rpm. Then the supernatant was transferred to a new 1.5 ml 

Eppendorf tube and 500 μL isopropanol was added and followed by incubation for 30 min at -

20ºC and centrifuged for 10 min at 12,500 rpm. Finally, the pellet was washed with 1 mL 75% 

(v/v) ethanol and dried for 20 min under sterile conditions. Then DNA was dissolved into 50 

μL millique water and the final concentration was measured using a NanoDrop 

Spectrophotometer (Peqlab Biotechnology GmbH, Germany) and stored at -20ºC for further 

use.  
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2.6 RNA extraction process 

After preparing the cell/tissue extract by using a grinder or by using a pipette tip (for plant/fungi 

protoplast), total RNA was extracted according to the protocol of Direct-zol™ RNA Microprep 

kit (Zymo Research Europe GmbH, Germany) following the manufacturer’s instructions. First, 

an equal volume of ethanol (95-100%) was added to the sample lysed in TRI Reagent and 

mixed properly. Then the mixture was transferred to the Zymo-Spin™ IC Column and 

centrifuged to discard the flow-through. 

Then the remaining was washed with 400 µL RNA Wash Buffer. Afterward, DNase I treatment 

was continued by adding 5 µL DNase I and 35 µL DNA Digestion Buffer. Then the mixture 

was incubated for 15 min at room temperature. 15 minutes later, the column was washed with 

400 µL Direct-zol™ RNA PreWash two times. Finally, 700 µL RNA Wash Buffer was added 

and centrifuged for 1 min. All the centrifugation speed was maintained at 12.500 rpm for 30 

sec and in the final step, it was increased to 1 min. Moreover, in the last step of extraction, 10 

µL of DNase/RNase-Free water was added into the column matrix directly and centrifuged in 

a new tube for collection. After measuring the RNA concentration using a NanoDrop 

Spectrophotometer (Peqlab Biotechnology GmbH, Germany), RNA was stored at -80ºC 

immediately. 

 

2.7 DNase-I digestion and cDNA synthesis from total RNA 

DNase-I digestion was performed to eliminate DNA contaminant, completely from the RNA 

sample. 2 μg RNA was mixed with 1 μL DNase-I (Fermentas, Germany) and 0.25 μL RNase 

inhibitor (Fermentas, Germany). Then incubated at 37°C for 30 min and the reaction was 

stopped by adding 2 μL EDTA at 70°C for 10 min. 

cDNA synthesis was performed in two different methods, one of them was followed by a 

qScriptTM cDNA Synthesis kit (Quanta Biosciences, Gaithersburg, USA). By following this 

kit 4 μL of 5X qScript reaction mix, 1 μL of qScript reverse transcriptase, and 1 μg of RNA 

were mixed and incubated, by adding up to 20 μL of ddH2O. Subsequently, the reverse 

transcription program was performed with the following setup including 22°C for 5 min, 42°C 

for 30 min, 85°C for 5 min, and finally, held at 4°C for unlimited time. 

 

2.8 Single-stranded cDNA synthesis using oligo-dT 

There was an optimized protocol established to generate single-stranded cDNA to use in the 

RT-qPCR. The following components according to table 8, were prepared in a sterile condition 

and left on ice. 
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Table 8: cDNA synthesis with oligo-dT. 

 

Template RNA Total RNA  0.1µg - 5µg 

Primer Oligo dT 100 pmol 

DEPC-treated deionized water (dH2O)  Until 12.5 µL 

  

For the GC-rich template or in the presence of any secondary structures, mixed gently, 

centrifuged, and incubated at 65°C for 5 min. Then cool it down and again centrifuged. 

Afterward, add the following components according to table 9, and mix gently, and centrifuge. 

  

Table 9: Chemical components for cDNA synthesis according to the kit. 

 

Chemical components Amounts to be added 

Reaction buffer (5x) 4 µL 

RNase inhibitor 0.5 µL 

dNTP mix 2 µL 

Revert aid reverse transcriptase 1 µL 

Total volume 20 µL 

 

After the mixing, there are two different temperatures were followed depending on the primer. 

For oligo-dT primer, 60 min at 42°C and for random hexamer primer 19 min at 25 °C, followed 

by 60 min at 42°C was incubated. For GC rich RNA, transcription temperature could be 

increased up to 45°C. At the end, the whole reaction was terminated at 70°C for 10 min. Finally, 

cDNA was used immediately for further analysis through PCR and qRT-PCR. 

 

2.9 Quantitative real-time PCR (qRT-PCR) 

qRT-PCR was performed to determine the target gene expression in the QuantStudio 5 Real-

Time PCR system (Applied Biosystems) by using SYBR® green JumpStart Taq Ready Mix 

(Sigma-Aldrich, Germany) in 384 well plates. For each sample, three replicates were 

conducted, and target transcript levels were analyzed using the 2-ΔΔCt method (Livak & 

Schmittgen, 2001). In this experiment target transcript was normalized to the reference 

transcript. Reaction assembly includes SYBR® Mix 5 μL, forward primer 0.25 μL, reverse 
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primer 0.25 μL, cDNA 10 ng in 1.5 μL, ddH2O up to 3 μL and preset temperature protocol for 

qRT-PCR was applied for the whole reaction process. 

 

2.10 Protein isolation from protoplasts and leaf  

Isolation of protein from different sources including leaf, protoplast, etc., was performed by 4x 

Laemlli buffer (4mL 1M Tris-HCl pH 6.8, 50% glycerol, 4% SDS, 0.02% bromophenol blue, 

200 μL 1M DTT). 200 μL protoplast (100 mg plant leaf extract) was used for the protein 

extraction process, where 50 μL 4x Laemlli buffer was added and mixed with pipette tip 

properly. Afterward, centrifuged for a few seconds and let them heat for 5 min at 95℃ in the 

closed incubator. After finishing the heating process, protein tubes were centrifuged at 12.500 

rpm for 2 min and the supernatant was stored at -20℃ or immediately ready for the SDS-PAGE 

and Western Blot analysis. 

 

2.11 SDS-PAGE (Sodium dodecyl sulfate-polyacrylamide gel electrophoresis) 

For protein separation from a complex mixture of protein, discontinuous polyacrylamide gels 

were used carrying a 3% stacking gel and a 12% resolving gel. The components for the two 

gels are shown in the following table 10. 

 

Table 10: Chemical components for two different SDS gels. 

 

Components Resolving gel / Lower gel Stacking gel / Upper gel 

30% acrylamide 4mL 1mL 

1 M Tris-HCl pH 6.8 - 600 µL 

1.5 M Tris-HCl pH 8.8 2.5 mL - 

dH2O 3.4 mL 3.6 mL 

10% SDS 100 µL 50 µL 

10% APS 100 µL 50 µL 

TEMED 10 µL 10 µL 

 

After the extraction of protein, total protein was loaded into the well of the SDS gel. For the 

same amount of protein loading Bradford Ultra assay was performed. The separation of gel 

was conducted at 80V for 2 to 2.5 h until the gel ran below the end of the chamber, but the gel 

should not exit the gel cast. 
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2.12 Bradford Ultra assay for protein quantification 

The Bradford protein assay, regarded as Bradford assay is an extensively used colorimetric 

method to determine the concentration of protein content in a complex mixture of protein. The 

updated version of the Bradford assay known as a Bradford Ultra assay, is a fast and ready-to-

use method based on coomassie binding, a colorimetric technique for total protein quantitation 

in solution. It's more sensitive than the traditional Bradford assay which can measure up to 

0.1% low protein range. Additionally, Bradford Ultra indicates excellent linearity for a detailed 

spectrum of protein concentration and exhibits less protein-protein alteration than the other 

coomassie-type assay. Moreover, in the acidic medium coomassie dye binds to the protein of 

interest and indicates a shift of absorption from 465 nm to 595 nm with a visible color change 

from brown to blue. The whole process is used to find out the concentration of unknown protein 

samples using some calculations based on the spectrophotometer data. For the calculation of a 

protein sample concentration following steps would be followed. 

Firstly, the protein sample which is in the Laemmli buffer with less than 1% SDS, needs to be 

compared with a known protein concentration and usually for that reason BSA was used 

widely. In the beginning, a stock solution of BSA was prepared using dH2O with a 

concentration of 100 mg/ml in a 1.5 ml Eppendorf tube. Then the following BSA standard 

series was prepared from the stock solution with 1x SDS buffer which is in a combination as 

following table 11. 

 

Table 11: Combination of different concentrations of BSA standard. 

 

 Concentration 

of BSA 

(mg/ml) 

Volume of 

stock solution 

(µL) 

Volume of 

1xSDS (µL) 

Final Volume 

(µL) 

BSA Standard 1 10  50  450  500  

BSA Standard 2 5  25  475  500  

BSA Standard 3 2.5  12.5  487.5  500  

BSA Standard 4 1.25  6.25  493.75  500  

BSA Standard 5 0  0  500  500  

 

After preparing the standards, they were diluted 10 times using dH2O to minimize the detergent 

concentrations, otherwise, all the standards will provide the same data reads at OD-595. If the 
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protein is slightly higher in range, then it would be covered by dilution. The following table 12 

shows the dilution of standard BSA protein for further calculation.  

 

Table 12: Different BSA standard dilution (1:10). 

 

Dilution (1:10) Concentration 

of BSA 

(mg/ml) 

Volume of 

standard to take 

(µL) 

Volume of 

dH2O (µL) 

Final Volume 

(µL) 

BSA Standard 1 1  50  450  500  

BSA Standard 2 0.5  50  450  500  

BSA Standard 3 0.25  50  450  500  

BSA Standard 4 0.125  50  450  500  

BSA Standard 5 0  50  450  500  

 

Afterward, 1:10 dilution of each sample was prepared in a final volume of 200 µL by 

combining 180 µL of dH2O and 20 µL of each sample of interest. Then the Bradford Ultra 

reagent was mixed gently (no shaking) by inverting the chemicals and the desire amount was 

taken and rest of them stayed at 4ºC which is very important to maintain the quality of Bradford 

assay. Then, Bradford Ultra reagent was directly put into the sample in a ratio of 1:15 where 

the sample must be 50 µL and 750 µL of Bradford Ultra reagent. The final volume of 800 µL 

was maintained for each of the samples in the cuvette. Immediately after mixing in a cuvette, 

the solution was directly measured at OD-595 at room temperature. At least three times the 

read was taken for each sample and the average was considered as a desired protein 

concentration. Each sample read was normalized against the blank by subtracting the blank 

(BSA standard 5) data from each of the reads found in the spectrophotometer. After collecting 

all the data in an Excel file, was calculated to generate a standard curve by applying the 

equation Y=bX (Y = absorption, X = Concentration, b = constant). After calculating the data, 

it was multiplied by 10 to get the proper concentration of the sample. Finally, the loading 

concentration in a certain µg was measured using the formula; V = µg/Concentration. 

Moreover, if it’s necessary the standard curve can be slightly changed to keep the data accurate. 

Immuno-blotting 

After separating by SDS-PAGE, immunodetection was continued. For immunodetection, 

proteins were transferred by applying an electric tension from the SDS gel to a polyvinylidene 
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difluoride (PVDF) membrane (CarlRoth, Germany), which is a naturally hydrophobic, 

unsupported transfer membrane. it has been used for its high binding capacity; low background 

noise and it inhibits protein from fleeting through the membrane. The blot was prepared in a 

sandwich process where it was arranged from bottom to top by 6x Whatman paper, PVDF 

membrane, SDS-Gel, and again 6x Whatman paper (GE Healthcare, USA). Firstly, the 

Whatman paper was dipped into the Towbin buffer (25 mM Tris, 192 mM Glycine, 20% 

Methanol for 1 liter). Additionally, the PVDF membrane was dipped into the methanol to 

activate the membrane and then dipped into the Towbin buffer before transferring. Then, the 

protein was transferred using BioRad TransBlot Turbo with an electric tension of 25V (Volt) 

and 1.0A (Ampere) for 30 min. before continuing with the immunodetection, the membrane 

was blocked for 1h at room temperature using 5% (w/v) milk powder (CarlRoth, Germany) 

and 1xTBS Tween buffer. After blocking the PVDF membrane, it was cut into two pieces 

according to the position of the protein to incubate in different antibody solutions. For the 

detection of GFP protein, the membrane was incubated with primary GFP antibody (Living 

colors Monoclonal antibody JL-8: 1:5000, Takara Bio Inc) diluted in 5% Milk powder mixed 

in 1x TBS-Tween. On the other hand, half of the upper membrane was incubated with a primary 

Actin antibody (Agrisera, Sweden) mixed with 5% Milk powder and 1xTBS-Tween. Then both 

membranes were incubated at 4℃ in a shaker overnight. After overnight shaking, membranes 

were washed 4 times with 1x TBS-Tween buffer. Afterward, two different membranes were 

incubated separately with secondary antibodies (Anti-Mouse IgG-peroxidase conjugate 

1:5000~10000, Sigma and Goat anti-rabbit IgG HRP 1:25000) for 1.5 h to 2 h at room 

temperature. After incubation, membranes were washed again separately with 1x TBS-Tween 

buffer for 4 times each 7 to 10 minutes. Finally, chemiluminescent substrates (Solution A and 

Solution B) were applied onto the membrane according to the manufacturer’s recommendation. 

Bio-rad ChemiDoc MP imaging system was used to take several images at different time points 

until 1 to 20 min for both membranes. 

 

2.13 Microscopic analysis 

There were various sorts of microscopes used in this whole study for analyzing different 

purposes and evaluating samples from tissues, cells, and protoplasts.  

Stereo microscope: 

Transgenic Nicotiana, Barley, and Arabidopsis leaves were examined by stereo microscope 

(MZ16F, Leica, Germany) in different conditions. Arabidopsis protoplasts were examined 
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using different filters and different laser excitation between λem 480 nm to λem 510 nm and λem 

470 nm to λem 525 nm. 

Inverted microscope: 

In the inverted microscope (Leica DM IL, Germany), the light source and condenser are located 

on the top, and the stage is located at the down position, where the turret and objectives are at 

below. This type of microscope is very important to examine the living objects. In this study, 

fungal protoplasts were extensively studied for their proper observation under different 

conditions. 

Confocal laser scanning microscopy (CLSM): 

CLSM, also known as a confocal laser-scanning microscope (TCS SP8, Leica, Germany) was 

used to investigate the GFP expression in different parts of the fungal mycelium. Fungal 

pictures were taken by confocal microscope under the λem 488 nm laser excitation.  

 

2.14 Protoplast isolation and transfection 

For transient gene expression and functional genomics studies, protoplast isolation and 

transfection are extensively used techniques. In plant cells, cell walls were removed 

enzymatically to make them flexible for the uptake of foreign plasmids or DNA. A combination 

of a huge amount of chemicals is necessary to get the highest amount of healthy protoplast. 

The following listed stock solutions in table 13 are prior requirements to proceed through the 

culture and isolation of protoplast. 

 

Table 13: Stock solution for protoplast isolation and transfection. 

 

Stock solution Quantity (L) Process of sterilization 

1M CaCl2 1  Autoclave 

1M NaCl 1  Autoclave 

1M KCl 1  Autoclave 

1M MgCl2 1  Autoclave 

0.8M D-Mannitol 1  Autoclave 

0.5M MES pH 5.7 (adjusted by KOH) 1  Filter sterilization 

10% BSA 0.1  Filter sterilization 

Milli-Q H2O 1 Autoclave 
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After preparing the stock solution, it is necessary to prepare the individual solution as follows 

at table 14. 

 

Table 14: Different buffers for protoplast preparation. 

 

Enzyme solution W1 Buffer W5 Buffer MMg Buffer 

0.4M D-Mannitol 0.5 M D-Mannitol 154 mM NaCl 0.4 M Mannitol 

20mM KCl 20 mM KCl 125 mM CaCl2 15 mM MgCl2 

20mM MES, pH 5.7 4 mM MES, pH 5.7 5 mM KCl 4 mM MES, pH 5.7 

ddH2O until 50 mL ddH2O until 50 mL 2 mM MES, pH 5.7 ddH2O until 50 mL 

  ddH2O until 50 mL  

 

After preparing all the above solutions, it is necessary to prepare the enzyme solution for 

protoplasting on the day of transfection. Otherwise, if the solution is prepared outside a clean 

bench, it can be contaminated easily by environmental bacteria, fungi spores, or molds. To 

prepare the enzyme solution, 1% Cellulose R10 and 0.25% Macerozyme R10 were added to 

the previously prepared enzyme solution. Then the solution was heated for 10 min at 55℃. 

After that 10mM CaCl2 and 0.2% BSA were added to the solution. After mixing for a while, 

the total solution was sterilized by using a 45 µm filter. After filtration, the enzyme solution 

was used immediately otherwise enzyme solution would lose its activity over time. 

For transfection purposes, PEG (Polyethylene glycol) solution was used. Always fresh PEG is 

recommended for the transfection. Over time PEGs also lose their transfection activity. To 

prepare 10ml PEG solution 4g PEG 4000 (Sigma Aldrich, Germany), 0.8 M 2.5 mL D-

Mannitol, and 1M 1mL of CaCl2 were mixed and kept into the 4℃ for transfection purposes.  

 

2.15 Protoplast isolation from Arabidopsis thaliana 

For the isolation of protoplasts, 4 to 5-week-old wild-type Arabidopsis thaliana (Col-0) plants 

were selected. After preparing the enzyme solution, 10 to 12 leaves of epidermis were carefully 

pealed using the Tape sandwich method and immediately left in the 10 mL enzyme solution. 

The pealed surface was placed facing down to the solution. The whole petri dish was closed 

with a lid and aluminum foil to keep them in the dark for 60 min at a shaker speed of 50-60 

rpm. An hour later, 10 mL cold W5 buffer solution was added to the protoplast very carefully 

and swirled around gently on one side. Then a 180 µM nylon mesh was attached to the 50 mL 
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falcon tube and 5 mL W5 solution was added to make the mesh wet. Wet mesh helps protoplasts 

to slide into the tube without any damage. Then all the protoplasts were added to the falcon 

tube gently through the filter. At the end of filtration, 5 mL of W5 buffer solution was added 

to take all the protoplasts from the petri dish and refilter. After collecting all the protoplasts 

were put on ice and then centrifuged at 4℃ for 3 min at a speed of 100x g. After centrifugation, 

the supernatant was removed and 10 mL of cold W5 solution was added. During the 30 min 

incubation time, the protoplast yield was counted by a hemocytometer. Counting of the 

protoplast was done by the Fuchs-Rosenthal Counter. After counting protoplasts were 

centrifuged again at 4℃ for 3 min at the same speed. After counting with the following 

formula, a certain amount of RT MMg buffer was added for further use. 

Count = Average x 5000 x 10 mL W5, and Final Volume = (Count x 0,1)/5000. 

 

2.16 PEG-mediated protoplast transfection 

In this experiment, we used PEG-mediated transfection which is a very simple and efficient 

strategy to deliver the exogenous DNA or plasmid into the cellular system, allowing high yields 

of transfected cells with high survival rates. For the co-transfection process, a 2mL tube was 

taken where 20 µg plasmid (pGY1-35S::GFP, Schweizer et. al 1999) and circRNAs were taken 

and mixed together up to 20 µL. Then 200 µL of protoplasts (50,000 protoplasts/100 µL) were 

mixed into the 2 mL tubes. Afterward, the same amounts of (220 µL) previously prepared cold 

PEG solution were added and mixed properly. Incubated the mix for 15 minutes. 15 min later 

1 mL W5 solution was added to the Eppendorf tubes to stop the transfection. After that, the 

protoplasts mixture was centrifuged at 150x g for 2 min under room temperature. Then the 

supernatant was removed and washed two times with 500 µL with W5 buffer. Finally, 6 well 

plates were coated with 5% BSA for 1 min, then the BSA was completely removed, and 1.5 

mL W1 buffer solution was added. Protoplasts were resuspended in the W1 buffer and left 

inside the dark until 18 h. 

After 18 h later protoplasts were harvested using W5 solution at room temperature. 6 well plate 

was filled with 2 mL W5 buffer and waited until 2 min to mix them properly. After that 

protoplasts were collected with gentle pipetting for several times and centrifuged at 450x g at 

RT. After collection, all the protoplasts proceeded to mRNA isolation and protein extraction 

for further experimental process. 
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2.17 Plasmid DNA preparation  

E coli, cells carrying the desired plasmid, were harvested between 16 h to 18 h later after culture 

and centrifuged down at 4000 rpm for 10 minutes at 4°C. Then the supernatant was completely 

removed from the falcon tubes. Afterward, 8 mL resuspension buffer (PureYield™ Plasmid 

Midiprep System, Promega, Germany) was added to the pellet separately and vortexed at a 

high speed to mix them properly. After that same amount of cell lysis buffer was added to the 

suspension and gently inverted a few times by hand. Then it remained incubated at room 

temperature for 5 min. The filters including the column were soaked with 12 mL equilibration 

buffer. Then neutralization buffer was applied to the previously prepared bacterial lysis, mixed 

properly until the blue color completely turned into white, and loaded into the column slowly. 

In the first washing step 5mL equilibrium buffer was added to the edges of the filter and the 

filter was removed completely whenever all the fluid passed through the column. Then 8 mL 

of wash buffer was added to the column in the second wash. Finally, 5 mL elution buffer was 

added to elute the plasmid DNA from the column. Then, 3.5 mL of isopropanol was added to 

enhance the precipitation of plasmid DNA and mixed properly. The collection tube was 

centrifuged at 4°C for 30 minutes at 15.000x g. After centrifugation, the supernatant was 

removed carefully to keep the pellet. The plasmid DNA pellet was washed with 1 mL of 70% 

ethanol and centrifuged at room temperature for 5 min at a speed of 12,000x g. After removing 

the supernatant carefully, plasmid DNA was air dried at room temperature for 10 min. It’s 

always recommended not to keep them for a longer time, otherwise, it would be very hard to 

dissolve. Finally, 50 µL ddH2O was added to the plasmid DNA, and the concentration 

measured was measured by using NanoDrop (Peqlab Biotechnology GmbH, Germany). 

 

2.18 Preparation of enzyme solution for Botrytis cinerea and isolation of protoplasts 

Different types of lysing enzymes were used throughout the experiment including enzymes 

from Trichoderma harzianum (Sigma, Germany), Macerozyme, Driselase, and Pectolyse. The 

enzyme solution also contains Gamborg B5 medium including vitamins. For the preparation of 

20 mL enzyme solution CaCl2, MES, Mannitol, and ddH2O were added according to table 15. 

The enzyme solution was filtered through a 22 µm filter and collected for protoplast 

preparation.  

Mycelium of B. cinerea was collected and dissolved in the enzyme solution. Afterward, 

mycelium was shaken for 2.5 h to 3.5 h at 25°C. Following 3 h, mycelium was observed under 

the inverted microscope (Leica DMC 2900, Germany) for the yield of protoplasts. After getting 

the proper production of protoplasts into the Petri dishes, it was collected by using a 25 µm 
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filter in a new tube very carefully. Then the collected protoplasts were centrifuged at 4°C for 7 

min at 150x g. Protoplasts waere washed two to three times using a B5 washing solution 

(Gamborg B5 medium, D-Mannitol, and adjusted pH 5.8) to remove the enzyme completely. 

Finally, the supernatant was discarded, and the protoplast was collected in a new buffer for 

further use. 

 

Table 15: Components used for enzyme solution to extract protoplasts from B. cinerea are 

listed below.  

 

Chemical components Amount  

Lysing Enzyme from Trichoderma 

harzianum 

2.5 % 

Macerozyme 0.5 % 

Pectolyase 0.5 % 

Driselase 1 % 

D-Mannitol 0.45 M 

Gamborg B5 Salt 0.0634 g/ 20mL 

CaCl2 10mM 

MES 3mM 

 

2.19 dsRNA synthesis 

siRNA-Finder commonly known as Si-Fi (Lück et al. 2019), is an open source software for 

designing RNAi-target and the off-target predictor. In this study, it was used to select the target 

sequence for RNAi design. Here, the Nicotiana gene MgChl1 is used as a template for the 

synthesis of desired dsRNA. DsRNA was prepared using the MEGAscript T7 Transcription 

Kit (Thermo Fisher Scientific, Germany) according to the manufacturer's protocol by following 

several steps. First, thaw all the reagents to assemble the transcription reaction. Combine all 

the reagents according to the following table 16 at room temperature. 
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Table 16: Chemicals to assemble the transcription reaction. 

 

Chemical components Amount Chemical components Amount (μL) 

Template DNA 1-2 μg T7 Reaction Buffer (10X) 2  

ATP Solution 2 μL CTP Solution 2 

GTP Solution 2 μL UTP Solution 2  

T7 Enzyme Mix 2 μL Nuclease free H2O Fill until 20 

 

After incubation whole mixture of chemicals was incubated at 37°C for 2 to 4 h. Incubation 

time varies depending on the template size and transcriptional efficiency. Assembled RNase 

digestion according to the following table 17 on ice and incubate for 1 h at 37°C. 

 

Table 17: Chemical components for RNase digestion. 

 

Chemical components Amount (µL) 

dsRNA 20  

Nuclease free H2O 21  

Digestion buffer (10x) 5  

DNase 1 2  

RNase 2  

 

Purification of dsRNA started with the assembling of dsRNA binding mix including 50 μL 

dsRNA, 50 μL binding buffer (10x), 150 μL nuclease-free H2O, 250 μL ethanol (100%). The 

whole mixture of dsRNA (500 μL) was pipette through the filter cartridge and centrifuged to 

remove the flow-through. Then the filter cartridge was washed with 2x 500 μL wash buffer and 

manifold for up to 30 sec. Afterward, a maximum of 100 μL elution buffer was applied to the 

cartridge and incubated in a heat chamber for 2 min at 65°C. finally centrifuged for 2min at 

higher speed. Then the dsRNA concentration was measured by Nanodrop (Peqlab 

Biotechnology GmbH, Germany) and stored at -80°C for further use. 

 

2.20 Statistical analysis 

For statistical analysis, different statistical tests like Student's t-test, one-way ANOVA, and 

Kruskal Wallis (for non-normally distributed data) were used to determine if the results were 
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statistically significant compared to control samples. In this thesis, all the experiments were 

conducted at least three times. 

 

2.21 Restriction digestion of Plasmid 

Generally, plasmids exist in a circular shape, we linearize them using restriction enzymes 

named Sal-I. The reaction mixture contains cut smart Buffer, high fidelity restriction enzyme 

Sal-I, and DNase-free water. The tubes were incubated at 37°C for 2 h followed by 65°C for 

15 min to inactivate the restriction enzyme. Then the linearized plasmid was run into gel to 

confirm the digestion process. 

The chemical composition for the digestion of plasmid before transfection is listed in table 

18. 

Table 18: Chemical composition for the digestion of plasmid. 

Chemical composition Amount (µL) 

Plasmid DNA 4,6  

Cut smart buffer 5  

SAL1 (Enzyme) 3  

Milli-Q H2O 37,4  

 

2.22 Antisense circRNA design and synthesis strategies 

 

2.22.1 AS-circRNA design against GFP 

The antisense target sequence for the endogenous gene GFP was retrieved from the secondary 

structure of A thaliana  ORF region by using bioinformatic analysis. Also, the GFP sequence 

was used for both plant and fungi transfection processes. On the other hand, sequence elements 

were present including the overhang sequence, stem sequence, start and stop codons, etc. 

Besides the target sequence, randomized sequences were selected to use as a control and their 

length was maintained according to the length of the antisense circRNA sequences. The 

sequences were flexible, and it was assured the stem-loop formation in both the antisense and 

control sequences. Moreover, the sequences of oligonucleotides were industrially organized 
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including the T7 promoter (Sigma-Aldrich, Germany). These were then annealed to produce 

templates suitable for the in-vitro transcription process. 

 

2.22.2 In vitro transcription, circularization, and gel purification of circRNAs 

Synthesizing of RNA was followed by the in vitro transcription method from annealed DNA 

oligonucleotide templates using HighScribe T7 high-yield RNA synthesis kit (NEB) along with 

ATP, CTP, UTP, GTP (7.5 mM each), GMP (30 mM, Merck), and RNaseOut (Thermo Fisher 

Scientific, Germany) at 37°C for 2 hours. Then the template DNA was digested using 

RQ1DNase treatment (Promega, Germany) followed by incubation at 37°C for 30 minutes. By 

using a Monarch RNA purification kit (New England Biolabs GmbH, Germany), transcripts 

were purified, and the amount of RNA was measured by Qubit™ RNA broad-range assay kit 

(Thermo Fisher Scientific, Germany). For the circularization of transcribed RNA, RNA was 

mixed with T4 RNA ligase (100 U per 100 µL-reaction; Thermo Fisher Scientific, Germany) 

in 1× T4 RNA ligase buffer in a combination of 0.1 mg/ml BSA and RNaseOut overnight at 

16°C (Thermo Fisher Scientific, Germany) and the volume was adjusted to 200 µL. Finally, 

RNA was extracted through the phenol/chloroform extraction method (CarlRoth, Germany) 

and ethanol precipitation process. Afterward, gel purification was performed by desaturating 

polyacrylamide gels.  

To confirm the circularity of RNAs, 250 ng of circular form or linear form of RNA was treated 

with or without 2 U of RNase R enzyme for 25 min at 37°C (Biozym, Germany). Finally, 200 

ng of RNAs were run on the 10% denaturing polyacrylamide gel for the separation and was 

observed by using ethidium bromide staining. 

 

2.23 Antisense circRNAs designing against GFP sequence 

To develop new approaches against herbicide and microbial pathogen-related diseases in 

plants, the following antisense circRNA was designed against the GFP sequence as a proof of 

concept. The circRNA targets the GFP sequence in the ORF region of GFP. Here, we tested 

antisense circRNAs against the GFP-ORF sequence to observe its functionality in gene 

expression after the translation process. Moreover, the significance of ORF also shows its role 

in protein production. It functions as an important sequence, which can be translated into a 

functional protein acting as the basis of the cell’s machinery to synthesize the desired protein. 

Also, it's possible to identify a lot of gene functions by analyzing the ORF region of the gene. 

ORF region as read by the ribosomes to proceed the protein production. In a nutshell, the ORF 
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region contains necessary genetic information for the synthesis of correct functional protein 

production.  

For the functionality test, the GFP reporter system was used for different targets in the 

sequences. Out of that ORF was regarded as a vital target site for targeting endogenous genes 

in plants as well as in fungi. Here, we selected the precise position of the antisense sequences 

based on the existing secondary structure model of the Open Reading Frame (ORF). circRNA 

designing process also indicated that for stable interaction over 30 nucleotides can provide a 

perfect base-pairing between circRNA and target. Additionally, as a control for GFP, one non-

specific circRNA was used in this experiment, which comprised a randomized nucleotide 

sequence of 45 nucleotides instead of the antisense sequences. 
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3. Results 

 

3.1 Structure prediction and designing of GFP-antisense circRNAs 

The ORF region of a gene stands out as a crucial target side for antisense circRNAs (Pfafenrot 

et al. 2021). As a potential novel tool for directing exogenous RNA towards plant and fungal 

genes, we designed a circRNA specifically targeting the ORF of a GFP reporter gene. Precise 

positions for the antisense sequences were chosen based on the existing secondary structure 

model of the mRNA. The designing of an artificial antisense circRNA termed circRNAGFP 

carried a total length of 50 nucleotides, which included a 30-nucleotide complementary 

sequence derived from the GFP gene. To serve as a control for circRNAGFP, non-specific 

circRNAs were designed. These circRNAs featured randomized sequences of 25 nucleotides 

(lacking any target in the GFP gene) and a 20-nucleotide backbone, resulting in circRNACTR1 

(45 nucleotides). Fig. 5 shows the structure of GFP gene for designing antisense circRNAs. 

 

 
 

Figure 5: Nucleotide sequence of the GFP-ORF region with color coding. The 30-nucleotide 

target sequence of the 50-nucleotide GFP antisense circRNAGFP is indicated in red. The 

CaMV35S promoter sequence is highlighted in blue, the 5'-UTR in yellow. The start codon 

(ATG) is indicated in black bold, the stop codon (TAA) in black bold, the 3'-UTR in green, 

and the terminator sequence is indicated in grey color. 

 

Moreover, circRNAs predominantly exist as single-stranded RNA molecules as a result of their 

lack of free ends. It also does not exhibit extensive base-pairing like other linear RNAs. 

Nevertheless, circRNAs have the potential to form secondary structures by complementary 

base pairing within their sequences (López-Carrasco et al. 2017). These secondary structures 

might involve interactions between distant regions of the circRNA, follow-on in the formation 

of structures like stem-loops or other secondary motifs. Additionally, it is worth noting that the 

binding of circRNAs within their secondary structure is predominantly persuaded by 

intramolecular base-pairing interactions. Also, complementary nucleotide sequences form 
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stable secondary structures through hydrogen bonding. These interactions are made possible 

by secondary structure elements, for example, hairpins, that exist within the circRNA sequence. 

The precise secondary structures of mRNAs are determined by several factors such as their 

sequence, length, and the existence of complementary regions. Two different mRNA structures 

were predicted by the RNAfold software for plant and fungal species and are shown in Fig. 6 

(A) and Fig. 6 (B). 

 

 
 

Figure 6: Secondary structure prediction of the GFP mRNA for A. thaliana (A), and B. cinerea 

(B), and their binding sites for circRNAGFP were determined by RNAfold. Inside the black box 

indicated with an arrow is the target site for the designated antisense circRNAGFP. Antisense 

circRNAGFP is designed to be exactly bound to the plant and fungal GFP sequences indicated 

inside the box. 
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3.2 Determination of RNA accessibility by RNAup program 

RNAup assesses the thermodynamics of RNA-RNA interactions through a two-step process 

(Vienna RNA Package, http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAup.cgi). Firstly, 

it analyzes the possibility of a potential binding site remaining unpaired, which is equivalent to 

determining the energy required to open the site. Afterward, it combines this accessibility 

information with the interaction energy to derive the overall binding energy. These calculations 

involve computing partition functions inclusive of all possible conformations. Here, RNA 

sequences (including 5'-UTR, ORF, and 3'-UTR) with their antisense RNA sequences were 

used to determine the RNA accessibility by using RNAup. This analysis served as an 

orientation for the selection of sequence sections for the antisense circRNA design. 

 

 
 

Figure 7: Analysis of RNA accessibility by the RNAup program. The antisense circRNA binds 

equally in both plants (left) and fungi (right). The mRNA sequence of GFP, including 5'-UTR, 

ORF, and 3'-UTR, was employed alongside its complementary antisense RNA sequence to 

assess RNA accessibility. The plot represents both the interaction-free energy (indicated in red 

as ΔGi) and the energy required to unfold pre-existing structures within the GFP sequence 

(indicated in black). The target region is indicated in the image (at the top of the graph carrying 

ΔGi value more than 0) and the whole range (at the bottom of the graph carrying ΔGi value 

less than 0). This analysis provided insights for choosing specific sequence segments for 

designing antisense circRNA. The target sequence of the antisense circRNAGFP is denoted by 

the green box. The RNAup program shows that antisense circRNA sequence can be used in 

both organisms for the highest inhibitory effect against the protein translation process. 
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3.3 Prediction of the secondary structure of circRNA via Mfold 

The optimal and suboptimal secondary structures of the following antisense circRNA were 

predicted by the Mfold program (www.unafold.org; Zuker et al. 2003). It is followed by the 

minimum energy minimization. Depending on the energy-changing process, different optimal 

folding has been calculated. Mfold also shows many variations of the predicted structure, based 

on the energy consumption. As an example, certain segments of the RNA molecule that exhibit 

the same structure of helix in both optimal and suboptimal secondary structure predictions tend 

to be more accurately foreseeable compared to other regions that display higher variability. 

However, the following structures of circRNA have been predicted based on their low energy 

consumption and the reliability of binding sites. Mfold also writes the energy matrices as output 

data in a file which is read by another program named PlotFold. Likewise, RNA accessibility 

calculates the required energy to unfold a secondary structure of RNA, which was determined 

using the RNAup program. There are two different circRNA structures predicted in Fig. 8, 

where the circRNA shows a closed loop form by binding. 

 

 
 

Figure 8: Secondary structure visualization of circRNAGFP, and circRNACTR1. The energy 

consumption of both circRNAs is minimal in a folding process, which was automatically 

calculated by using the program Mfold. The secondary structures were also determined with 

the same program Mfold (www.unafold.org; Zuker et al. 2003). The GFP target sequence is 

highlighted in green, whereas randomized control sequences are in blue. 
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3.4 Effect of antisense circRNAs on the Botrytis cinerea protoplasts upon PEG-mediated 

co-transfection 

 

3.4.1 Microscopic analysis of Botrytis cinerea protoplasts 

Enzymatic degradation of B. cinerea mycelium is the only procedure to produce a higher 

amount of high quality protoplasts in a short time. The protoplasts then were filtrated to remove 

extra debris including broken mycelium and conidia from the solution using a 22 μm filter. 

Protoplast sizes vary from 5 μm to 20 μm in the same buffer. Produced protoplasts were suitable 

and healthy for the transfection of foreign genes immediately after isolation. Fig. 9 shows the 

different sizes of extracted protoplasts immediately after incubation with a mixture of different 

enzymes. 

 

 
 

Figure 9: Imaging of B. cinerea protoplasts. Protoplasts were isolated within 3.5 h of incubation 

from the enzyme solution. Two different sizes of protoplast are shown from 10x (A) to 40x (B) 

magnification range. Here, the sizes of protoplasts varied from the smallest 5 μm to a maximum 

of 20 μm in the buffer. Images were captured with an inverted microscope (Leica DMC 2900, 

Leica, Germany). 

 

3.4.2 Evaluation of co-transfected Botrytis cinerea protoplasts through fluorescence 

microscopy to confirm the transfection efficiency 

After producing the fresh protoplasts from mycelium, they were transfected using two different 

sets of plasmids (pGY1-35S-pgpd::GFP-35sTer and pBGgHg-pgpd::GFP) to assess the 

transfection efficiency. Until 72 h, protoplasts were cultured in the same buffer carefully. The 
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expression of GFP was observed at 24 h post-transfection. Fig. 10 shows the transfection 

efficiency of the different plasmids. 

 

 
 

Figure 10: Transfection efficiency at 24 h after PEG-mediated post-transfection of plasmids 

(A) pGY1-35S-pgpd::GFP-35sTer and (B) pBGgHg-pgpd::GFP. The figure shows the 

transfected protoplasts from B. cinerea which turns into mycelium (left) in the bright field of 

microscopy and the expressed GFP protein (right) into the mycelium. Fungal protoplasts were 

inspected under the fluorescence microscope using the fluorescence filter from λexc 470 nm to 

λem 525 nm excitation range. The efficiency of GFP expression is different for both of the 

plasmids used for the transfection. 

 

3.4.3 CLSM analysis of fungal protoplast and mycelium after co-transfection. 

CLSM (Confocal laser scanning microscopy) is a widely used fluorescence microscope. It is 

commonly utilized in biological science as well as in the field of chemistry for capturing the 

high resolution of images. After hitting the fluoresce molecules with laser light, CLSM emits 

the light in lower energy to visualize the picture of different objects. It’s also possible to create 
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3D images of substances by taking different pictures. CLSM is an advanced microscopic 

technique that can visualize the expression in different parts of an organism.  

Fig. 11 shows the images of B. cinerea mycelium after 72 h of transfection with different 

plasmids. In the following images, the efficiency of GFP expression was observed inside the 

mycelium of B. cinerea without any staining procedure. The following results showed the 

expression of pBGgHg-pgpd::GFP, which was significantly higher than that of plasmid pGY1-

35S-pgpd::GFP-35sTer. Therefore, pBGgHg-pgpd::GFP was selected for further experiment, 

and utilized for the transfection with fungal protoplast (Fig. 11). 

 

 
 

Figure 11: CLSM of GFP expressing B. cinerea mycelium at 72 h of transfection. (A) GFP 

expression from the plasmid pGY1-35S-pgpd::GFP-35STer after protoplast transfection. (B) 

GFP expression of plasmid pBGgHg-pgpd::GFP after protoplast transfection. The arrow sign 

in Fig. (A) and (B) represents the GFP expression inside the mycelium, and the GFP signal 

was detected under the fluorescence signal between 489 nm (λexc) to 508 nm (λem). The GFP 

expression was found in several distinct places inside the mycelium (Scale bars =10 µm). 
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3.4.4 Impact of circRNAs on GFP expression and protein inhibition in Botrytis cinerea 

protoplasts 

The immunoblotting procedure was conducted using fungal protoplasts to assess the 

effectiveness of designer antisense circRNAs on the GFP protein expression. We transfected 

the protoplasts with plasmid (pBGgHg-pgpd::GFP) and co-transfected the protoplasts with 

circRNA and plasmid. Then the total protein was extracted from different treatments of the 

growing mycelium at 72 h post-transfection. As a negative control, non-target sequences of 

circRNA were co-transfected with the plasmid. Also, as a positive control, we used a protein 

sample from the transgenic fungus Fusarium graminearum, which produces GFP. Upon 

analyzing the immunoblotting results, it was observed that the transfected sample and co-

transfected samples did not show any kind of GFP bands, except the positive (+) control (Fig. 

12). These results suggested that the cotransfection of B. cinerea protoplast is not an ideal way 

to observe the protein inhibitory effect by circRNA. 

 

 
  

Figure 12: Immunoblotting analysis after co-transfection with plasmid pBGgHg-pgpd::GFP 

and circRNAs. In the left image, immunoblot analysis after SDS-PAGE using primary and 

secondary GFP antibodies (Primary antibody: living colors monoclonal antibody JL-8, 

Secondary antibody: anti-mouse IgG-peroxidase conjugate). The right image indicates the 

protein loading control (Ponceau-S staining). 

M = Protein Marker, Lane 1 = Control (only protoplast), Lane 2 = pBGgHg-pgpd::GFP, Lane 

3 = pBGgHg-pgpd::GFP + circRNAGFP, Lane 4 =  pBGgHg-pgpd::GFP + circRNACTR1, Lane 

+ = Positive control for GFP protein. The size of the GFP protein is ~26.9 kDa and appears in 

the membrane after antibody detection. 
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3.5 Fluorescence microscopic analysis of co-transfected Arabidopsis protoplasts with 

plasmid pGY1-35S::GFP and circRNAs 

Due to the lower expression level of GFP in the fungus, we continued the experiment of co-

transfection using Arabidopsis thaliana protoplast. A. thaliana protoplasts are easier to extract, 

and it has been noticed that the protoplasts from A. thaliana can express GFP after co-

transfection in a higher amount within a short period (18 h) compared to the fungal protoplast 

(starting from 24 h and up to 72 h). To explore the effect of designated antisense circRNAs 

against GFP, the following experiment was conducted to understand their inhibitory effect at 

an 18 h timepoint. 

The isolated protoplasts from the wild-type A. thaliana were co-transfected with designer 

antisense circRNA against the GFP and additionally, another circRNA sequence that doesn’t 

interact with the GFP sequence. After 18 h, protoplast number and transfection efficiency were 

calculated based on GFP fluorescence, which was compared and calculated to the total amount 

of protoplasts. Finally, the ratio between green and red pixels (representing GFP and total 

protoplast from chlorophyll autofluorescence) was calculated and statistically analysed. 

To gain additional insights into the mechanism of action of a sequence-specific designer 

circRNA, we first conducted our experiment using wild-type A. thaliana protoplasts. After co-

transfection with circRNA and plasmid into the protoplasts, we noticed less GFP fluorescence 

in circRNAGFP treated protoplast but not in circRNACTR1 treated protoplasts, indicating a 

sequence-specific inhibition (Fig. 13). Next, we wondered if GFP inhibition was due to RNAi. 

Therefore, we continued to investigate if the effectiveness of circRNAGFP is compromised in 

Arabidopsis mutants lacking essential genes for RNAi, specifically dcl1-11 and ago1-27. The 

AGO1 encodes for an RNA slicer which leads to Ala to Val substitution, and the DCL1 

generates 21-nt small RNAs (sRNAs) known as microRNAs from a partially double-stranded 

region that regulate the mRNA expression by complementary target sites. Meanwhile, the 

mutant ago1-27 and dcl1-11 lack AGO and DICER activity and, therefore cannot have 21 bp 

miRNAs to regulate their target genes.  

After co-transfection with the plasmid and circRNA, we analyzed the microscopic images and 

the GFP inhibition by comparing the red and green pixels (Fig. 14, and Fig. 15).  

As previously observed in WT protoplasts, the mutant protoplasts also showed a significant 

amount of GFP reduction in the circRNAGFP treated sample compared to the control, which 

was not treated with circRNA. These results suggest that circRNAGFP has an inhibitory effect 

on the expression of GFP and can be able to reduce GFP protein expression in a protein 

inhibitory manner. 
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Figure 13: Microscopic images of GFP expressed WT Arabidopsis thaliana protoplasts after 

co-transfected with designated antisense circRNAGFP. The GFP signal is visualized as green 

(left), while the red signal on the images (right) represents the total amount of protoplasts due 

to chlorophyll autofluorescence. The analysis was performed after 18 h of co-transfection. (A) 

The transfection of protoplasts was performed only with 20 µg of pGY1-35S::GFP plasmid. 

(B) The protoplasts were co-transfected with the same amount of plasmid and additionally 4 

µg of antisense circRNAGFP. (C) Co-transfection of protoplasts including 20 µg pGY1-

35S::GFP and 4 µg of random nucleotide sequences of circRNACTR1 as an additional control. 

(D) The ratio between green and red pixels was measured using ImageJ software. Bars from 

the graph represent the measurement of three different pictures with SEM (Standard Error of 

Mean). Statistical analysis performed with one-way ANOVA, p ≤0.05. * p ≤0.05 compared to 

control protoplast (Dunnett's test). 
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Figure 14: Images of Arabidopsis thaliana (ΔAtago1) protoplasts after transient expression. 

The images were analyzed after 18 h of post cotransfection where green images represent the 

GFP signal (left) and red signal (right) in the images represent the total number of protoplasts. 

(A) Protoplasts were co-transfected only with a concentration of 20 µg of pGY1-35S::GFP 

plasmid. (B) Co-transfection of protoplasts involved the same amount of pGY1-35S::GFP 

plasmid along with 4 µg of antisense circRNAGFP, and (C) Co-transfection of protoplasts 

included the same amount of pGY1-35S::GFP plasmid and 4 µg of circRNA with a random 

nucleotide sequence (circRNACTR1) as an additional control, and (D) The ratio of green pixels 

(representing GFP fluorescence) and red pixels (representing total protoplasts) was calculated 

using an open source software ImageJ and bars represent the average measurements taken from 

at least 3 different images, with the standard error of the mean (SEM). For statistical analysis 

one-way ANOVA was performed, where (*) p≤0.05 significant compared to the control 

protoplasts (Dunnett's test). 
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Figure 15: Microscopic analysis of images of GFP expressing Arabidopsis thaliana mutant 

ΔAtdcl1 protoplasts after co-transfection with designated antisense circRNAGFP. GFP as green 

signal on the left and as red signal on the right side of the images shows the total amount of 

protoplast. Analysis was performed after 18 h of post-cotransfection. (A) Protoplasts co-

transfected only with 20 µg of pGY1-35S::GFP plasmid, (B) Protoplasts co-transfection by 

adding 20 µg pGY1-35S::GFP and 4 µg of antisense circular RNA (circRNAGFP), (C) Co-

transfection of protoplast by following same condition as (B) using random nucleotide 

sequence circRNACTR1 as control rather than circRNAGFP, and (D) The bar from the graph 

represents the ratio between green (GFP fluorescence) vs. red pixel (total protoplast) from the 

3 different areas of the protoplast image under the microscope, also SEM was calculated and 

statistical analysis was performed by one-way ANOVA, where (*) p≤0.05 significant 

compared to the control protoplast (Dunnett's test). 

 

3.6 Quantification of protein content in co-transfected protoplasts by immunoblotting 

To provide additional support for circRNA-mediated GFP reduction, we continued with the 

immunoblotting analysis to observe the alteration of GFP protein levels in response to the 

introduction of exogenous circRNAs. 

The protoplasts transfection was carried out as before and afterward, they were collected for 

protein isolation. Then the proteins were analyzed by immunoblotting to observe the expression 

of GFP protein. In the quantification process, an anti-Actin antibody was used to measure the 

same amount of protein loading for the proteins of wild-type and different mutant plant 

protoplasts. The transfected protoplasts showed strong GFP accumulation while protoplasts 
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treated with circRNAGFP showed a GFP reduction of up to 78% compared to the control 

protoplast in the wild-type Arabidopsis protoplasts (Fig. 16A). Also, the two different mutant 

Arabidopsis protoplasts showed 49% (ago1) and 57% (dcl1) less GFP protein expression after 

cotransfection with antisense circRNAGFP (Fig. 16 (B) and (C), respectively).  

 

 
 

Figure 16: The effect of antisense circRNA on GFP expression in Arabidopsis protoplasts 

including those from RNAi mutants. Protoplasts were cotransfected with 4 µg of specific and 

unspecific circRNAs in each experimental procedure. Afterward, the protoplasts were 

collected, lysed, and equal amounts of protein were assessed using immunoblotting. The Actin 

protein was assessed by using an anti-Actin antibody as a loading control. (A), (B), and (C) 

represent the WT, ΔAtago1, and ΔAtdcl1 Arabidopsis thaliana protoplast samples, 

respectively. Imaging for two different antibodies was performed at two different times, where 

GFP protein appeared within 1 min of exposure (~26.9 kDa), and Actin appeared after 10 min 

of exposure (~45 kDa). The GFP and Actin protein expression ratio shows the amount of GFP 

protein downregulation in the experiment. 

 

Additionally, three different Arabidopsis mutants including dcl2,3,4; ago2-1; and ago4-1 were 

used to conduct the co-transfection with circRNA and plasmid by maintaining the same 

conditions as other WT and mutant plants. As a loading control, Ponceau S staining was used 

to measure the protein loading in a different sample. The mutant lines that are used have critical 

functions in the RNAi pathway. DCL2 and DCL4 function in dsRNA processing to produce 

20 to 22 nucleotides of siRNA molecules. DCL3 participates in the formation of small RNA 

with 24 nt long repeat associated molecules referred to as heterochromatic siRNAs.  
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The triple mutant line DCL2,3,4 functions in gene regulation and the maintenance of genome 

stability in Arabidopsis thaliana. On the other hand, AGO2 is responsible for binding small 

RNA molecules (siRNAs) to the RISC complex leading to mRNA degradation (Kamthan et al. 

2015). On the other hand, AGO4 functions in RNA-directed DNA methylation (RdDM), which 

is responsible for establishing and preserving DNA methylation involved in the regulation of 

transposons as well as the proper gene silencing process. Consistent with previous results, we 

also found the same type of inhibition in GFP protein in samples treated with antisense 

circRNAGFP compared to the control samples (Fig. 17). The results suggest that circRNA has 

an inhibitory effect on the GFP protein regardless of mutant plants.  

 

 
Figure 17: The impact of antisense circRNAs on GFP accumulation in protoplasts of various 

Arabidopsis mutants. Protoplasts were co-transfected with 4 µg of specific and unspecific 

circRNAs and with 20 µg pGY1-35S::GFP plasmid. Subsequently, the protoplasts were 

collected, lysed, and equivalent amounts of protein were assessed through Ponceau S staining. 

The anti-GFP antibody was employed to assess the GFP protein. Three sets of protoplast 

samples were represented as (A), (B), and (C), corresponding to the dcl2,3,4; ago2-1; and 

ago4-1 of A. thaliana mutants. GFP protein, with a molecular weight of approximately ~26.9 

kDa, was detected within 1 minute of exposure. In contrast, Ponceau S staining was conducted 

immediately after the GFP protein measurement to confirm the loading of the same amount of 

Actin protein in the membrane, which was visualized at around ~45 kDa. All the individual 

lanes of the membrane started with the transfection of the sample that contained plasmid 

(pGY1-35S::GFP), plasmid (pGY1-35S::GFP) + circRNAGFP, and plasmid (pGY1-35S::GFP) 

+ circRNACTR1 (Control; randomized non-target sequences of circRNAs) respectively. 
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3.7 Quantification of target GFP expression by qPCR upon co-transfection assay by 

applying circRNAs 

According to the immunoblotting results, we hypothesized that the circRNAs may have a 

significant effect on the transcript level of the GFP gene. Therefore, the following experiment 

was conducted using the same condition of immunoblotting analysis. Different mutant plants 

including ago1-27 and dcl1-11 in addition to WT, were used to reveal the RNAi activity of 

circRNAGFP. Our results found that the presence of both circRNAs had no obvious impact on 

the GFP transcript level in various protoplast types as shown in Fig. 18. 

These findings strongly suggest that circRNAGFP specifically impedes the accumulation of the 

GFP protein without influencing the levels of the corresponding transcripts. Notably, this 

regulatory mechanism functions independently of canonical RNA interference (RNAi) 

pathways. 

 

 
 

Figure 18: Expression of the GFP gene in A. thaliana protoplasts after PEG-mediated co-

transfection with the plasmid (pGY1-35S::GFP) and circRNA (targeting and non-targeting 

circRNA sequences). Expression of the GFP gene was quantified by RT-qPCR and normalized 

to A. thaliana reference gene Ubiquitin. The error bars on the graph indicate the standard error 

of the mean (SEM), which was calculated from three different biological replications. (A) WT 

(wild type Col-0), (B) mutant dcl1-11, and (C) ago1-27, plant protoplasts were transfected by 

following the previous method. Between the treatments and genotypes, there were no 

statistically significant differences. Statistical analysis was conducted using one sample t-test 

(p≥0.05). 
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Additionally, we also conducted another experiment with three more mutant lines of 

Arabidopsis plants such as dcl 2,3,4; ago2-1; and ago4-1. After RT-qPCR analysis (Fig.19), 

we found the same type of results which suggest that there is no RNAi activity and circRNAGFP 

suppresses the accumulation of proteins in a sequence-specific manner, without influencing 

GFP transcripts. 

 

 
Figure 19: Relative expression of GFP determined by RT-qPCR in different mutant lines (dcl 

2,3,4; dcl4-1; ago2-1) of A. thaliana after protoplast co-transfection. Co-transfection was 

conducted by using plasmid pGY1-35S::GFP and circRNAs. GFP quantification was 

normalized to A. thaliana reference gene Ubiquitin. Bars represent average of three different 

biological repetitions with SEM. Treatment was non-significant according to one sample t-test 

(p≥0.05). (A) mutant dcl 2,3,4, (B) mutant ago2, and (C) ago4, plant protoplasts were co-

transfected with plasmid and circRNA by following the same method. 

 

3.8 Analysis of microscopic images after using different doses of circRNAs in Arabidopsis 

protoplasts through PEG-mediated co-transfection assay  

To assess the efficiency of circRNAs, different doses of circRNA were applied to determine 

GFP protein accumulation. It was followed by the same condition as before and different doses 

of circRNAs were applied, from 1 µg to 8 µg into the transfection process. At the constant time 

point of 18 hours, all the samples were analysed and imaged through a fluorescence 

microscope, and ImageJ software was used for GFP fluorescence quantification. According to 

Fig. 20, the GFP fluorescence showed a significant reduction in all protoplasts treated with 

circRNAGFP, where no significant reduction was observed in protoplasts treated with the 

control circRNACTR1. Quantitative analysis of GFP fluorescence showed a significant reduction 

of the GFP fluorescence treated by circRNAGFP (Fig. 21). On the other hand, circRNACTR1 does 
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not reduce the GFP fluorescence, which suggests that circRNAGFP showed an inhibitory effect 

against GFP protein expression. 

 

 
 

Figure 20: Microscopic analysis of different doses of circRNACTR1 and antisense circRNAGFP 

after the PEG-mediated co-transfection process in WT A. thaliana protoplast. Samples were 

co-transformed with 20 µg of plasmid (pGY1-35S::GFP) and doses of circRNA from 1 µg to 

a maximum of 8 µg for both types of circRNA. Subsequently, the GFP signal was visualized 

with a filter between λexc 470 nm to λem 525 nm, whereas another filter between λexc 480 nm 

to λem 510 nm wavelength was used to visualize the total protoplast content. Samples were 

analyzed after 18 hours of incubation after co-transfection. 
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Figure 21: GFP signal quantification based on the green and red pixel ratio after ImageJ 

analysis. The total amount of the protoplast (red pixels) and GFP fluorescing protoplasts (green 

pixels) was calculated and analyzed from the images of different places in the buffer containing 

the protoplast. The doses of circRNAGFP or circRNACTR1 varied from 1 µg, 2 µg, 4 µg, and up 

to 8 µg. Bars indicate an average of at least 3 different pictures with SEM. Statistical analysis 

was performed by using one-way ANOVA. Statistical significance is indicated by the asterisks 

(*P < 0.05; **P < 0.01; ***P < 0.001 to the control group; Dunnett’s test). 

 

3.9 Immunoblotting analysis of different doses of circRNAs 

Previous experiments showed that 4 µg of circRNAs can reduce GFP protein expression. To 

gain further knowledge about the mode of action, a dosing experiment was carried out from a 

minimum amount of 1 µg and up to 8 µg of circRNA. Both the control and the antisense 

circRNA were used in the same concentrations. The effect of circRNACTR1 showed a steady 

state condition, and the circRNAGFP showed an effect of GFP inhibition into the A thaliana 

protoplasts expression (Fig. 22). At all the doses, circRNACTR1 showed no changes in the 

protein expression level. On the other hand, increasing doses of circRNAGFP showed increased 

inhibition of the GFP accumulation. Two µg of antisense circRNAGFP reduced by the 30% the 

GFP accumulation, while the inhibition increased up to 44% using a maximum of 8 µg against 

the 20 µg of plasmid. 
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Figure 22: Application of different doses of circRNAs in WT A. thaliana protoplasts.  

Protoplast transfection was carried out with different amounts of circRNAs starting from 1µg 

to 8 µg at the same time point of 18 hours. Control protoplasts were used without any 

circRNAs. Values under each band indicated the amount of remaining proteins as a percentage. 

An anti-Actin antibody was used as an internal loading control. The GFP protein band always 

appeared in a minute at ~26.9 kDa, whereas the Actin band appeared in between 10 to 15 

minutes at ~45 kDa. The ratio of GFP:Actin shows the effect of protein reduction in the co-

transfection process. 

 

3.10 The impact of sequence-specific circRNAGFP compared to linRNAGFP on GFP  

To investigate the inhibitory effect of circRNA in protein accumulation over time, we 

conducted a time-course experiment. This experiment would enable us to track protein 

inhibition levels at multiple time points throughout the protein inhibition process by circRNAs 

and their non-circularized linear form. To this end, the following experiments were conducted 

in three different time points starting from 10 h, 18 h, which was a standard time point for all 

the previous experiments, and 32 h as an ending time point. We used two different types of 

antisense RNA, circular RNA (circRNAGFP) and linear RNAs (linRNAGFP). linRNAGFP has the 

same nucleotide sequence and is single stranded. They are not circularized but contain the same 

antisense sequence-like activity. 

The inhibition of GFP accumulation by circRNAGFP took place at all time points, even in 10 h 

and lasting until 32 h after co-transfection (Fig. 23). On the other hand, linRNAGFP showed a 

slight reduction in the protein level at 10 h time point but the reduction effect got lost over the 

time (Fig. 23). Taken together, our results showed that circRNAGFP exerted a stronger form-
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specific effect on the accumulation of GFP protein compared to the linRNAGFP. Consequently, 

our findings provide a hint that circRNA is superior to linear RNA in the antisense targeting of 

plant genes. 

 

 
 

Figure 23: Time-course of antisense activity of designated circRNAs against the GFP protein. 

A. thaliana (WT) protoplasts were co-transfected with plasmid and antisense circRNAGFP or 

its linear counterpart (linRNAGFP) individually. Three individual experiments were conducted 

at different time points such as 10 h, 18 h, and 32 h. As a loading control, an anti-Actin antibody 

was used. The ratio between the GFP and Actin represents the downregulation of protein 

content at different time points. At each time point, protoplasts cotransfected with only plasmid 

(pGY1-35S::GFP), plasmid (pGY1-35S::GFP) with antisense circRNAGFP, and antisense 

linRNAGFP with a plasmid (pGY1-35S::GFP) represented at the loading well from left to right. 

 

3.11 Topical application of circRNAGFP in GFP-expressing Arabidopsis thaliana  

Until now, besides CRISPR/Cas9, the application of dsRNA is one of the effective methods to 

silence endogenous genes in different plants. By exploting RNAi methods, genes can be 

downregulated using dsRNA, as well as siRNA. However, the method is already getting 

challenging due to poor uptake, degradation and as well as lack of efficient delivery strategies 

(Nitnavare et al. 2021). Due to the longer half-life, and design specificity circRNA provides 

advantages over the dsRNA (Patop et al. 2019; Pfafenrot et al. 2021). Similarly, to the direct 

application of dsRNA, circRNA could be used as a significant tool for protein inhibition.  

Consequently, we set an experiment to test the effect of antisense circRNA against 

endogenously expressed GFP in A. thaliana (AtW33) (Harvey et al. 2022).  
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Two different types of RNA, dsRNAGFP and circRNAGFP were applied to plant leaf to target 

the GFP gene for the inhibition of protein expression. As a consequence, dsRNA was prepared 

without any off-target effect by using bioinformatic approaches. Both RNAs were applied 

along with their negative controls, including an intronic dsRNAClp-1 and circRNACTR1 into the 

leaf surface. In the experimental procedure, we applied 10 µg of dsRNAGFP as well as the same 

amount of circRNAGFP in the plant leaf separately as a drop inoculation (Fig. 24). Several 

controls were used for this experiment including the water control (dH2O).  

 

 
 

Figure 24: Direct application of dsRNA and circRNA against the endogenous gene GFP. 

From left to right, dH2O (control), intronic dsRNAClp-1 derived from an intron contained in the 

Verticillium longisporum Clp-1 gene (control), dsRNAGFP, circRNACTR1 (control), and 

circRNAGFP were applied as a drop onto the leaf surface. The amounts of RNAs were 

consistently 10 µg in each inoculation. To support the leaf, parafilm paper was used. After 48 

h, plant leaves were collected for further microscopic analysis. 

 

3.12 Microscopic image analysis after topical application of different types of RNAs 

After 48 hours of treatment, the plants were directly observed under the microscope to check 

the initial effect of dsRNAs and circRNAs. By using the GFP filter, there was no particular 

difference observed throughout the leaf surface (Fig. 25). Therefore, further analysis proceeded 

to check the direct effect of different RNAs on the protein biosynthesis process.  
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Figure 25: Observation under the microscope for downregulation of GFP. The images were 

captured from the side of inoculation under a GFP filter ranging from 470 nm (λexc) to 525 

nm (λem). dH2O control, intronic dsRNAClp-1, daRNAGFP (on the left side), circRNACTR1, and 

circRNAGFP images don’t show any significant differences under the GFP filter. 

 

3.13 Immunoblotting analysis of the reduction in foliar GFP accumulation 

At 48 hours of drop inoculation, samples were collected for total protein extraction. To 

characterize the accumulation of GFP protein, all the samples went through immunoblotting 

analysis. From the immunoblotting analysis, we observed that circRNAGFP treatment did not 

lead to a reduction in foliar GFP accumulation (Fig. 26). Similarly, drop-treatment of leaves 

with 10 µg of 476 bp GFP dsRNA or with 10 µg of 431 bp Clp-1 dsRNA are serving as controls 

along with another two controls dH2O and circRNACTR1. Due to the sequence specificity of 

dsRNAGFP and circRNAGFP, there is a possibility that RNAs will show inhibitory effect on GFP 

accumulation. However, the unspecific controls should not show any effect on GFP protein 

accumulation on the foliar application. 

Taken together, this result denotes that both types of RNA did not show any huge changes in 

the GFP expression pattern, only a slight reduction was observed with circRNAGFP (Fig 26). 

Although more experiments are needed to investigate this slight reduction by sequence-specific 

antisense circRNA. 
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Figure 26: Protein accumulation after 48 h of drop treatment with dsRNA and circRNAs. 

Three-week-old A. thaliana expressing GFP leaves were inoculated by droplets containing10 

µg of circRNAGFP and dsRNAGFP, to inhibit the GFP protein accumulation, alongside dH2O 

and non-targeting controls circRNACTR1 and dsRNAClp-1. All the samples were collected at 48 

hours for immunoblotting analysis. As a loading control, an anti-Actin antibody was utilized. 

The percentage of GFP reduction and the ratio of GFP protein accumulation (expressed as the 

ratio between GFP and Actin signals) is indicated below each band.  

 

3.14 Additional approach to investigate the GFP inhibition by antisense circRNAs 

For further investigation, it was necessary to generate a plasmid that can simultaneously 

express GFP and RFP. This dual reporter system can measure the GFP inhibition which is 

normalized to the RFP contained in the same plasmid. The simultaneous expression of dual 

reporter systems in the same protoplast would provide better information about the transfection 

efficiency, based on the GFP and RFP expression ratio. 

Here, we have demonstrated the co-transfection of protoplast using circRNAGFP and the 

plasmid (pGY1-35S::GFP:RFP) by following the previous method. The results showed less 

GFP fluorescence in the sample co-transfected by circRNAGFP in microscopic image analysis 

(Fig. 27). The graph illustrates the reduction of GFP expression in the circRNAGFP-treated 

sample compared to the plasmid control (pGY1-35S::GFP:RFP) and also showed a 

significance GFP fluorescence reduction compared to the non-specific control (circRNACTR1). 
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Figure 27: Microscopic image analysis of the GFP and RFP expression ratio of Arabidopsis 

thaliana protoplasts after co-transfection. (A) The transfection of protoplast was performed 

with 20 µg of plasmid pGY1-35S::GFP:RFP, and co-transfected with the same amount of 

plasmid and 4 µg of antisense circRNAGFP. As an additional control, co-transfection of 

protoplast with 20 µg pGY1-35S::GFP:RFP and 4 µg of circRNACTR1 was performed. (B) The 

fluorescence ratio between GFP (λexc 470, λem 525 nm) and RFP (λexc 550, λem 650 nm) 

was calculated using microscopic images and then analyzed using ImageJ software. The bar 

represents the measurement of SEM (Standard Error of Mean) based on different images taken 

from three various spots. Statistical analysis was conducted using t-test, where ‘*’ denotes p ≤ 

0.05 significance to the circRNACTR1-treated protoplasts. 

 

 

 

 

 

 

 

 

 

 

 



Discussion 
 

 67 

4. Discussion 

 

4.1 Synthesis and designing of antisense circRNA (circRNAGFP)  

Apart from the presence of circRNAs within mammalian cells, it can be synthesized artificially 

in vitro. In general, there are three main approaches for producing circRNAs in a system that 

doesn't involve cells. These methods comprise chemical techniques (such as cyanogen bromide 

treatment), enzymatic processes (employing enzymes RNA or DNA ligases), and ribozymatic 

methods (utilizing self-splicing introns). These procedures have been discussed in detail in 

previous publications (Beaudry & Perreault 1995; Petkovic & Müller 2015; Wesselhoeft et al. 

2018). 

The use of exogenous circRNA for plant systems is less studied. To our knowledge, there is 

only another study by Zhang et al. (2021) about antisense circRNA against RuBisCO. 

Therefore, in this study, we specifically utilized antisense circRNA (AS-circRNA) to impede 

the translation of green fluorescent protein (GFP). Our target was the Open Reading Frame 

(ORF) region. We identified this region by bioinformatical analysis as one of the effective 

target sites for circRNA interference. ORF holds a very important role due to its sequence and 

structural significance, integral to the plant life cycle. It has also been reported that the ORF 

region is recognized as a crucial target for designer antisense circRNA according to the 

previous report (Pfafenrot et al. 2021). 

Through the utilization of AS-circRNAs directed at distinct ORF regions of the GFP gene. It 

has been noted that the target sequence of our antisense circRNA (circRNAGFP) is highly 

efficient in the binding process with GFP mRNA due to the sequence complementarity. To 

establish a potential tool for selectively targeting plant genes with exogenous RNA, we 

synthesized a circRNA specifically targeting the ORF of a GFP reporter gene (Fig. 5). The 

selection of antisense sequences was identified by a secondary structure model of the ORF 

region (Fig. 6) and their mRNA accessibility (Fig. 7), resulting in the preparation of an artificial 

50 nucleotide antisense circRNA (circRNAGFP). This artificially generated circRNA contained 

a 30-nucleotide anti-GFP sequence with perfect complementarity and 20 nt of backbone. As a 

control, one non-specific circRNAs with randomized sequences of comparable length were 

synthesized (Fig. 8). 
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4.2 The influence of antisense circRNAGFP on fungal protoplast co-transfection 

Gene silencing method based on RNAi has been used since the beginning of the 21st century 

to study gene functions in different organisms and has been shown a great achievement in plant 

protection against fungal species (Abdurakhmonov et al. 2016; Nguyen et al. 2008; Majumdar 

et al. 2017). 

In this study, protoplasts have been isolated from a necrotrophic fungal species known as 

Botrytis cinerea. With a combination of different enzymes, we achieved an efficient production 

of the fungal protoplasts (Fig. 9). Several studies have reported on fungal protoplast 

transfection by using different techniques for various purposes (Ish-Shalom et al. 2011; 

Turgeon et al. 2010). The purpose of our transfection was to study the expression and protein 

inhibition in B. cinerea protoplasts by co-transfection method using antisense circRNA and a 

GFP-expressing plasmid. The transfection process allowed the expression of the reporter gene, 

which could be detected based on its expression level in the protoplast culture (Fig. 10 and 11). 

However, the transfection efficiency must be higher to achieve the desired experimental 

success (Wubie et al. 2014). In this study, we used two different plasmids (Fig. 04A, and 04B) 

to determine the transfection rate. Afterward, based on the higher rate of transfection (Fig. 10 

and Fig. 11) we selected the plasmid pBGgHg-pgpd::GFP (Fig. 04B) for further experiments. 

Plasmid pBGgHg-pgpd::GFP contained GFP, which can express properly through the fungus 

transfection process (Chen et al. 2000). By using the selected plasmid for the co-transfection 

process, it was noteworthy to notice that the GFP proteins were expressed properly in the 

protoplast system (Fig. 10). 

Protoplasts from B. cinerea were co-transfected with the desired plasmid and antisense 

circRNAGFP by using PEG (Polyethyleneglycol). After transfection, it was observed that the 

GFP protein expressed at 24 h. A higher amount of GFP protein expression was observed after 

72 hours (Fig. 11). It's important to notice that the regeneration time of B. cinerea protoplasts 

is very fast (Pollastro et al. 1995). The regeneration of protoplasts is a critical stage and serves 

as the primary constraining element after post-transfection (Rehman et al. 2016). However, in 

this experiment, the fungal protoplast was regenerated from 10 h of post-transfection by 

growing small mycelia and also contained huge mycelial debris. Then the immunoblotting of 

the fungus sample was performed 72 h later of co-transfection using antisense circRNA. From 

the immunoblotting, it was confirmed that the GFP protein was not expressed as expected in 

the transfected or co-transfected protoplasts (Fig. 12). There are several possible reasons, 

among them, the most important was transfection efficiency. The rate of transfection was low 

as found in the microscopic analysis (Fig. 10 and 11). The size of the plasmid also has a crucial 
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impact on the efficiency of transfection and expression of the GFP gene. Earlier research 

suggested that enlarging the plasmid's size leads to a reduction in transfection efficiency in the 

fungal system (Chan et al. 2002; Ohse et al. 1995). Another reason could be the codon 

optimization of the GFP protein expression in fungal protoplasts. Based on these results, it was 

noticed that the use of antisense circRNA against the fungal protoplast was not an ideal way to 

investigate the effect of antisense activity of circRNAs. 

It is crucial to acknowledge that the efficiencies observed in our study are dependent upon 

fungal protoplast transfection efficiency in our specific culture conditions. Our fungal 

protoplast transfection rate is very low (Fig. 11). Therefore, the experimental conditions of 

circRNA transfection and the in vitro stabilities of circRNA should be further enhanced through 

systematic optimization of circRNA delivery, evaluation of backbone sequences and structure, 

or the incorporation of RNA modifications or peptide conjugation. 

 

4.3 Effect of antisense circRNA (circRNAGFP) on Arabidopsis protoplast co-transfection  

There is plenty of evidence on the initiation of gene expression in the plant protoplast by 

transfection (Bart et al. 2006; Jiang et al. 2010; Cao et al. 2014). Transient expression systems 

using plant protoplasts have also been built and developed in numerous non-model plant 

species that lack established transfection methods or face challenges in producing transgenic 

plants through regeneration (Sheen. 2001; Fraiture et al. 2014). In this study, we focused on 

how antisense circular RNA affects the cellular system, particularly its ability to inhibit the 

expression of a target gene. Based on the recent publication (Pfafenrot et al. 2021), we applied 

the idea of antisense circRNA against GFP targeting their coding ORF region in a versatile 

protoplast co-transfection system. Based on predictive structural models, we have identified a 

specific effective target region for antisense circRNA in the GFP sequence. Notably, the 

antisense circRNA demonstrated strong interference with protein expression, resulting in an 

approximate reduction of 40% in GFP protein expression according to microscopic analysis of 

red (total protoplast) vs green pixels (Fig. 13). Furthermore, the protoplast co-transfected with 

antisense circRNAGFP showed a significant inhibitory effect on the GFP expression level (Fig. 

16A). In the microscopic images for the red vs. green pixel analysis, we observed less GFP 

expression in the circRNAGFP treated sample after 18 h of co-transfection (Fig.13, Fig.14, 

Fig.15). Our results indicated that the reduction of protein content is always similar in diverse 

experimental setups. We next wondered whether GFP inhibition was due to the RNAi 

mechanism. Therefore, we continued with various Arabidopsis mutant analyses, especially 

with ΔAtago1 and ΔAtdcl1. The mutants ago1 and dcl-1 lack RNAi activity. However, 
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similarly to the WT, we found the same type of GFP reduction in the mutant protoplasts lacking 

these important RNAi components (Fig. 16A,16B, and 16C). These mutant plants also showed 

49% (ago1) and 57% (dcl1) GFP protein reduction in their co-transfection with antisense 

circRNA (circRNAGFP) compared to the plasmid control and control circRNACTR1 (Fig. 16). 

We observed that the GFP protein in two mutant lines (ago1 and dcl1) was reduced in the same 

way as the GFP reduction in WT plants protoplast after co-transfected with circRNAGFP. 

Additionally, we also conducted another immunoblotting experiment using three more mutant 

lines such as dcl2,3,4, ago2-1, and ago4-1. We also noticed the same type of protein reduction 

in the mutant protoplasts after co-transfection with plasmid and circRNAGFP. Our results 

suggest that the circRNAGFP reduced the GFP protein abundance in a sequence-specific manner 

whereas the circRNACTR1 did not show any kind of GFP protein reduction. 

 

4.4 Antisense circRNAGFP inhibits protein biosynthesis independent of the RNAi process 

RNAi is an important process in plants and other organisms that impedes gene expression at 

both transcriptional and post-transcriptional levels. Previously, several mechanisms of RNAi 

have been extensively studied which are involved in the regulation of gene expression within 

cellular systems (Fjose et al. 2001; Agrawal et al. 2003; Rosa et al. 2018). This process utilizes 

three main groups of proteins to defend against pathogenic invasion (Muhammad et al. 2019; 

Borges et al. 2015). RNAi involves the production of small RNA molecules, typically 20 to 26 

nucleotides long, through key components like DCL (Dicer-like protein), AGO (Argonaute 

protein), and also RDRs (RNA-dependent RNA polymerase). DCL proteins generate sRNAs 

from dsRNA precursors, incorporating them into RNA-induced silencing complexes (RISCs) 

(Vaucheret 2006). These sRNAs, classified as either siRNAs or microRNAs (miRNAs), guide 

AGO proteins within RISCs to impact DNA methylation, endonuclease activity, or 

translational suppression of mRNAs. RDR enzymes synthesize dsRNAs from single-stranded 

RNAs (ssRNAs), serving as templates for further RNAi activity by Dicer-like proteins in the 

plant cells (Baulcombe 2004; Park et al. 2021).  

It has already been reported that plenty of techniques are involved to mitigate the risk of disease 

in plants using RNAi against viruses, fungal diseases, insects, and nematodes (Mitter et al. 

2017; Koch et al. 2016; Jain et al. 2021). Exogenous dsRNA, clay nanoparticle-based dsRNA 

delivery, and even high-pressure sprays of dsRNA have fully or partially achieved the goal of 

protein or gene inhibition in recent decades (Das et al. 2020; Yong et al. 2022; Koch et al. 

2016; Dalakouras et al. 2016). Still, some controversies and challenges exist about the exact 
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location and the action of dsRNA in the cellular system. Apart from that, alternative techniques 

are getting the attention of scientists to inhibit particular protein expression. In our study, we 

investigated the effect of antisense circRNAGFP as a dsRNA alternative. Likewise, we wanted 

to show the effect of antisense circRNAGFP, and how it interferes with the GFP protein 

expression in plant protoplast. 

To explore the mechanism, we used the Arabidopsis plant protoplast from mutant lines ago1-

27 and dcl1-11. Here, the mutant lines are defective or lack a particular function and have 

pleiotropic developmental and morphological deficiencies. Initially, we found that antisense 

circRNAGFP cannot downregulate the GFP transcript in the wild type and two Arabidopsis 

mutants after protoplast co-transfection (Fig. 18A,18B, and 18C). However, we noticed that 

the wild-type and mutant plants revealed protein reduction in the previous experiment (Fig. 

16A, 16B, and 16C).  

Additionally, we also tested another three mutant lines to explore the effect of antisense 

circRNAGFP in the mRNA level. After analyzing all possible ways, we found the same kind of 

results in our experiments where antisense circRNAGFP doesn’t show any mRNA 

downregulation in the mutant lines dcl2,3,4, ago2-1, and ago4-1. 

Our experiments with Arabidopsis DCL and AGO mutants, including ago1-27, dcl1-11, 

dcl2,3,4, ago2-1, and ago4-1, strongly suggest that the reduction in GFP protein in protoplast 

co-transfection is not associated with RNAi. Our results consistently revealed no significant 

downregulation of GFP transcripts in both wild type and the additional DCL and AGO mutant 

lines protoplasts (Fig. 18, Fig. 19). We can conclude that antisense circRNAGFP modulates GFP 

protein levels at the translational level in a nucleotide sequence-specific manner, but 

independent of RNAi activity. Antisense circRNAGFP clearly showed a blockage-type effect 

against GFP. Moreover, this mechanism showed the same type of blockage mechanism 

observed in the circRNA-induced inhibition of coronavirus proliferation in a cell culture 

system (Pfafenrot et al. 2021). 

 

4.5 Impact of different amounts of circRNAs on GFP protein accumulation  

Consistent with the efficiency of antisense circRNAGFP in WT and mutant plant co-transfection 

experiments, we have applied different circRNA concentrations in the experimental process. 

In these experiments, we aimed to investigate the minimal doses of circRNA, at which a 

reduction of GFP can occur. 

Our results showed that circRNA activity is very specific since circRNACTR1 didn’t show any 

significant inhibition even in higher doses on the GFP expression (Fig. 20, Fig. 21, Fig. 22). 
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On the other hand, antisense circRNAGFP exhibited a reduction in GFP protein accumulation, 

when applied in higher amounts during the co-transfection process (Fig. 22). In addition, 

despite the high concentration of circRNAs, we found as lower as 2 µg of antisense circRNAGFP 

efficiently inhibited the GFP protein until 30% of Arabidopsis thaliana protoplasts. The 

efficient downregulation of GFP protein was closely comparable when using 8 µg, as observed 

with 4 µg (Fig. 22). Additional studies involving the microscopic analysis also strongly support 

the immunoblotting analysis (Fig. 20, Fig. 21). Furthermore, we also demonstrated the 

inhibitory potency of the linear and circular versions of antisense sequences against GFP. 

Following a 10 h treatment of protoplasts with circRNAGFP, we observed a significant decrease 

in GFP protein levels, reaching up to 83%, whereas linRNAGFP exhibited a reduction of up to 

48% (Fig. 23). Notably, at later time points, circRNAGFP sustained its potent inhibitory activity 

on GFP accumulation in comparison to protoplasts treated with the control (circRNACTR1), 

while its linear counterpart no longer exhibited inhibitory effects. This enduring inhibitory 

effect of circRNAs is likely attributed to their high metabolic stability compared to linear 

forms, rendering them more resistant to exonuclease degradation. Here, it has been proved that 

the use of antisense circRNAGFP is superior to the linear antisense RNA against the same target 

region (Fig. 23).  

This is probably because circular RNAs tend to have a relatively strong resistance to metabolic 

stability. Moreover, the individual structural features and limitations that influence how the 

complementary sequence is presented in a circular arrangement might also play a role in the 

effectiveness of antisense circRNA (Pfafenrot et al. 2021). 

We used different time points for collecting data to gather information on the duration and 

sequence of events related to the phenomenon of circRNA activities. This aids in developing a 

more complete understanding of the underlying mechanisms of our circRNAs. We conducted 

the time course experiment at three different time points. Except for the standard time point of 

18 h, others showed a different kind of activity of antisense circRNAGFP. We found antisense 

activity already at the 10 h time point, while 32 h later the antisense activity also showed protein 

inhibition. After 32 h bacterial contamination of the protoplast medium is a risk, and eventually, 

protoplasts continue to burst. However, we conducted co-transfection experiments using 

antisense circRNAGFP and antisense linRNAGFP, which confirmed the inhibitory effect is 

diverse at various time points. 

 

 

 



Discussion 
 

 73 

4.6 Topical application of circRNAs against endogenously expressed GFP gene of A. 

thaliana  

After the successful implementation of antisense circRNAGFP against GFP in the in-vitro 

system, we also applied the same antisense circRNAGFP against endogenously expressed GFP 

protein topically on the leaf of A. thaliana. In this topical application dsRNAs and circRNAs 

were directly put onto the plant leaves for local gene silencing without any special preparation 

or additional tools (e.g., without any kind of mechanical elements or steps to pressurize the 

RNAs). This type of application is also regarded as an environmentally friendly approach, 

where RNAs can degrade in the environment over time after a specific function. One of the 

advantages of this technique is to avoid the lethal effect on the whole plant. It's also relatively 

quicker than the other existing methods which provides faster results in 48 h of post-

inoculation. Moreover, the application of RNA directly onto the plant leaves to target plant 

endogenous genes shows difficulty in entering plant cells due to the necessity of overcoming 

various barriers, which include plant cuticles, cell walls, etc. Moreover, the application of RNA 

directly onto plant leaves to target endogenous genes poses challenges in entering the cellular 

system (Bennett et al. 2020). Apart from that, there is successful application of dsRNA has 

already been reported recently in the insect from plants (Pampolini et al. 2023). Recently 

reported by Delgado-Martín et al. showed the successful application of dsRNA against the 

control of the virus in cucurbits (Delgado-Martín et al. 2022). Those applications of dsRNA 

gave us a hint to apply antisense RNAs against endogenous genes in our experiment. 

The A. thaliana GFP reporter line ΔAt-35SGFP (L-W33) has been extensively used for the 

study of protein inhibition using antisense circRNAs. The plant line ΔAt-35SGFP (L-W33) is 

a highly GFP-expressed line, where the GFP protein can be expressed all over the leaf in every 

plant sample (Harvey et al. 2022). After initial visualization by a microscope, all the plant 

sample was selected for the further application of dsRNA and circRNAs. In this study, we were 

trying to reduce the gene expression on a local silencing basis where antisense RNA was 

applied as a drop inoculation method without harming the leaf mechanically or chemically. 

With further microscopic study, we observed that the GFP silencing was not visible as expected 

after 48 h of the experimental setup (Fig. 24 and Fig. 25). Then we continued with the 

immunoblotting with our control (dH20) and RNA applicated plant sample to observe the 

activity of antisense circRNAGFP as well as the effect of antisense dsRNAGFP on GFP expressed 

leaf. We didn’t notice any significant reduction of foliar GFP accumulation under in-vivo 

conditions. Even though we haven’t seen any systemic downregulation of GFP protein all over 

the plant leaf surface. However, we noticed a slight tendency of less GFP protein using the 
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antisense circRNAGFP (Fig. 26). From our experiment, it is still unclear why GFP was not 

reduced by exogenous circRNA application. One reason could be that the GFP under the 35S 

promoter is expressed too strongly in the A. thaliana plant (Niedz et al. 1995). Also, the 

exogenous application of dsRNA results in its accumulation in the xylem (Liu et al. 2021). 

Consistent with this, when dsRNA is applied to leaves and enters through the petioles, it leads 

to the accumulation of RNA in the xylem tissues only (Dalakouras et al. 2018, 2020). It is 

widely acknowledged that the absorption of large molecules from xylem tissue involves 

exo/endocytosis mechanisms (Botha et al. 2008; Słupianek et al. 2019). When considering all 

these findings taken together, it appears that the high-level expression of certain GFP genes is 

a critical characteristic that hinders the effective local silencing in the ΔAt-35SGFP (L-W33) 

line when initiated using the drop inoculation method.  

In summary, our experiment provides a hint that other mechanical delivery methods for 

example high-pressure sprays or formulations of RNAs may be required to facilitate the 

effective circRNA or dsRNA entry inside the plant cells. 

 

4.7 Dual reporter system to confirm the interaction between circRNA and GFP 

The question arose about the mechanism of protein inhibition of GFP by antisense circRNAs. 

To investigate the inhibitory process, we have introduced a dual-reporter system that can 

evaluate the mechanism of the inhibition process. The dual reporter system carries two different 

genes RFP (Red fluorescence protein) and GFP (Green fluorescence protein) in the same 

plasmid (pGY1-35S::GFP:RFP). After co-transfection with antisense circRNAGFP, we noticed 

the reduction of GFP expression by analyzing the GFP and RFP expression ratio (Fig. 27). Due 

to the same size of the RFP and GFP, we could not confirm GFP protein inhibition by 

immunoblotting. In a nutshell, our dual-reporter system only provides information based on 

the ratio of GFP and RFP expression. From the GFP and RFP expression ratio, it was confirmed 

that the antisense circRNAGFP reduced the GFP expression in the protoplast co-transfection 

process in a sequence-specific manner. In the future, it’s necessary to improve the 

immunoblotting system to enable precise measurement of protein inhibition by analyzing the 

concentration of the protein samples. 
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4.8 Conclusion and Future Outlook 

My Ph.D. project aimed to investigate the role of artificially designed antisense circRNAGFP in 

the protein biosynthesis process. To achieve this, we used the transient transfection system with 

protoplasts to investigate protein biosynthesis in plants and fungi. We also attempted to 

determine the binding process or mechanism by using the dual reporter system. We showed 

that the antisense circRNAGFP successfully inhibits the expression of the GFP target protein in 

Arabidopsis thaliana and its RNAi mutant’s protoplasts. We also discovered that it is possible 

to reduce protein accumulation independent of the RNAi machinery through a co-transfection 

process in protoplasts. 

Furthermore, we also investigated the activity of antisense circRNAGFP in the fungal protoplast 

system. We noticed that antisense circRNAGFP doesn’t show any protein inhibition in the 

Botrytis cinerea protoplast co-transfection process. This could happen due to its transfection 

efficiency. Moreover, fungi are very fast growing in the artificial medium. Due to its complex 

co-transfection system, it's not an ideal way to observe the antisense activity of circRNAGFP in 

fungal protoplasts. Alternatively, direct topical application is also not a proper way to conduct 

experimental procedures in plants due to its limited efficiency. This research serves as a 

foundation for understanding the function of the initial aspects of antisense circRNAGFP in the 

plant protoplast co-transfection process. Such insights could potentially enhance our 

understanding of how antisense circRNA can be used in the future for plant protection 

independent of RNAi. 
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5. Summary 

 

As single-stranded molecules, circRNAs have gathered increasing attention in recent years due 

to their distinct covalently closed circular structure. In mammalian cells, circRNAs are 

recognized for their diverse functional roles, contributing to the intricate regulation of gene 

expression and protein function. Emerging evidence also suggests that circRNAs play special 

roles in plants, influencing plant development, providing resistance against biotic stress, and 

enhancing tolerance to abiotic stress. 

Our study aimed at addressing a relevant agricultural question: is it possible to apply exogenous 

circRNAs to regulate endogenous plant proteins or genes in a sequence-specific manner? We 

conducted experiments using GFP-expressing Arabidopsis protoplasts and found that 

treatment with a designer 50-nt GFP antisense circRNA (circRNAGFP) resulted in a dose-

dependent reduction in the cellular accumulation of the reporter protein. Interestingly, the 

corresponding sequence-identical linear form of the circRNA (linRNAGFP) had no apparent 

effect on protein reduction. Importantly, the inhibitory activity of circRNAGFP persisted even 

in Arabidopsis ARGONAUTE and DICER-like mutants with impaired RNAi pathways. The 

results prompt consideration of the potential for circRNAs to influence the regulation of 

endogenous plant genes, suggesting a potential application as a bioherbicide in the future. 

Expanding our investigation, we extended the application of antisense circRNAGFP to 

pathogenic fungi, specifically Botrytis cinerea, to explore its impact on reporter GFP 

accumulation in this fungus and explore the possibility of using circRNA as a fungicide.  

In sum, my study contributes to the emerging understanding of the versatile roles of antisense 

circRNAs on both fungal and plant systems, shedding light on their potential applications in 

agriculture for targeted gene regulation and crop protection. 
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6. Zusammenfassung 

 

Als einzelsträngige Moleküle haben zirkuläre RNAs (circRNAs) aufgrund ihrer ausgeprägten 

kovalent geschlossenen zirkulären Struktur in den letzten Jahren zunehmend an 

Aufmerksamkeit gewonnen. In Säugetierzellen sind circRNAs für ihre vielfältigen 

funktionellen Aufgaben bekannt, die zur Regulierung der Genexpression und der 

Proteinfunktion beitragen. Neue Erkenntnisse deuten darauf hin, dass circRNAs in Pflanzen 

eine besondere Rolle spielen, indem sie die Pflanzenentwicklung beeinflussen, Resistenz gegen 

biotischen Stress vermitteln und die Toleranz gegenüber abiotischem Stress erhöhen. 

Ziel unserer Studie war es, eine für die Landwirtschaft relevante Frage zu klären: Ist es 

möglich, exogene circRNAs einzusetzen, um die Produktion von endogenen Pflanzenproteinen 

auf sequenzspezifische Weise zu regulieren? Wir haben Experimente mit GFP-exprimierenden 

Arabidopsis-Protoplasten durchgeführt und festgestellt, dass die Behandlung mit einem 

Designer 50-nt-GFP-Antisense-circRNA (circRNAGFP) zu einer dosisabhängigen 

Verringerung der zellulären Akkumulation des Reporterproteins führt. Interessanterweise hatte 

die lineare Form der circRNA (linRNAGFP) keine offensichtliche Auswirkung auf die 

Proteinbildung. 

Wichtig ist, dass diese hemmende Wirkung von circRNAGFP sogar in Arabidopsis 

ARGONAUTE und DICER-ähnlichen Mutanten mit beeinträchtigten RNAi-Wegen erhalten 

bleibt. Die Ergebnisse regen dazu an, das Potenzial von circRNAs zur Beeinflussung 

endogener Pflanzengene in Betracht zu ziehen, und auf eine mögliche künftige Anwendung als 

Bioherbizid zu analysieren. In Erweiterung unserer Untersuchung haben wir die Anwendung 

von Antisense-circRNAGFP auf pathogene Pilze, insbesondere Botrytis cinerea, ausgedehnt, um 

ihre Auswirkungen auf die transiente GFP Akkumulation in den Protoplasten zu untersuchen.  

Diese Studie trägt zum wachsenden Verständnis der vielseitigen Rolle von Antisense-

circRNAs, sowohl in Pilz-, als auch in Pflanzensystemen bei. Sie weist auf eine potenziellen 

agronomische Anwendungen von circRNA zur gezielten Genregulierung in Kulturpflanzen 

und damit zur Anwendung im Pflanzenschutz. 
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8.3 List of sequences used in this study 

Name Sequences (5'-3') 

circRNAGFP GGGAGUAAGCUCGUGCUGCUUCAUGUGGUCGGGGUAGCGGGCUUA
CAGUA 

circRNACTR1 GGGAGUAAGCAGAUGCGCACCGCACAGAUGCGCACGCUUACAGUA 

circRNACTR2 GGGAGUAAGCAAAAGUCAGUGAGUCAGUGUAAUACGGGAGGAUA
CCCGCUGUCAAAGCUUACAGUA 

GFP-dsRNA 
sequence (476 
bp) 

  

ACCACAUGAAGCAGCACGACUUCUUCAAGUCCGCCAUGCCCGAAG
GCUACGUCCAGGAGCGCACCAUCUUCUUCAAGGACGACGGCAACU
ACAAGACCCGCGCCGAGGUGAAGUUCGAGGGCGACACCCUGGUGA
ACCGCAUCGAGCUGAAGGGCAUCGACUUCAAGGAGGACGGCAACA
UCCUGGGGCACAAGCUGGAGUACAACUACAACAGCCACAACGUCU
AUAUCAUGGCCGACAAGCAGAAGAACGGCAUCAAGGUGAACUUCA
AGAUCCGCCACAACAUCGAGGACGGCAGCGUGCAGCUCGCCGACC
ACUACCAGCAGAACACCCCCAUCGGCGACGGCCCCGUGCUGCUGCC
CGACAACCACUACCUGAGCACCCAGUCCGCCCUGAGCAAAGACCCC
AACGAGAAGCGCGAUCACAUGGUCCUGCUGGAGUUCGUGACCGCC
GCCGGGAUCACUCUCGGCAUGGAC 

Clp1-dsRNA  
(431 bp) 
Intronic 
sequence of the 
Ca2+-dependent 
cysteine 
protease (Clp-1) 
gene from 
Verticillium 
longisporum 
(BN1708_0130
46)   

GAUUCAGGCCAGAGAGUGCGUGUGCGACUCGUCUUCCUAUUUUCC
UUCUGGCGUGCUUCUAGGUCAGAGACGGCGCGAGGCGCCAAAGGU
UUCGGCGUUGAAGCGGCGCACCGAGAAAUGGGACGAGACGGAACA
AACUGAUGCGGAAAGUAUUGCUAGGUCCGACAGUCUAACAGAGCG
AAGAAGAAACCUUCCUAGGAUUUAUCACGAUGAAAGACAAUGUCA
ACAGACCAGUGGGGGCUGGCAAUGUUCAGACAGGAUAGUGUGGAC
GAGUGUACAGCUCGCCAAGCCAGUGCUGUCUUGCUUUGGGUACUC
CGCCACCGUUCGCCUCCAGCCUCCAUUAAUCUUCACACCUAUGCUA
GGUAUUUUCUUGCAAUUUCUUUGACUGCUAUGAGAGCCUAUCCGC
UGGUCACGUCGGGAGAAUUGCCUUC 

ORF_GFP 
sequence (718 
bp) 

 

TTTGGAGAGGACAGGGTACCCATCATACTAGTAGATCTGCGATCTAA
GTAAGCTTGGCATTCCGGTACTGTTGGTAAAGCCACCATGGTGAGCA
AGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCT
GGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGC
GAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCA
CCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTG
ACCTACGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCA
GCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGC
GCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGA
GGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAG
GGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGG
AGTACAACTACAACAGCCACAAGGTCTATATCACCGCCGACAAGCA
GAAGAACGGCATCAAGGTGAACTTCAAGACCCGCCACAACATCGAG
GACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCA
TCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACC
CAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGG
TCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGAC
GAGCTGTACAAGTAACTCGACTAGAGTCGGGGCGGCCGGGGATCCT
CTAGAGTCGACCTGCAGGCATGCCGCTGAAATCACCAGTCTCTC 
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