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Abstract 

Genetic information must be protected, maintained and copied from cell to daughter cells, 

from generation to generation. In plants, most of the cells contain complete genetic 

information, and many of these cells can regenerate to a whole new plant. Such a feature 

leads to the need for precise control of which genes will be active and which not because 

in growth and differentiation, only the activity of specific genes for the individual cells, 

tissues, organs are required. 

One of the mechanisms controlling the gene activity is RNA interference (RNAi), which 

down-regulates or blocks the expression of specific genes at the transcriptional or post-

transcriptional level. The crucial part of the RNAi is guiding the RNAi machinery to the 

target. It is mediated via sequence complementarity of the target with a small RNA 

(sRNA), which is diced from a double-stranded RNA (dsRNA) precursor. The molecular 

mechanism of dsRNA and sRNA formation and also the target origin predestinates the 

subsequent silencing pathway. 

In transcriptional gene silencing (TGS), the gene expression is regulated through 

chromatin epigenetic modifications. One of the epigenetic marks is cytosine methylation, 

which is established mainly by RNA-directed DNA-methylation (RdDM) pathway. 

Although the protein machinery was relatively well-described, little was known about the 

dynamics of the key initial phase of this process.  Thus, we developed a system that 

allowed us to study this phenomenon in detail. We used a homogeneously responding 

tobacco BY-2 cell line, and in combination with an inducible system for controlled 

production of sRNA, we were triggering de novo RdDM. Our results show that the TGS-

related DNA methylation was faster than previously reported, progressively increased 

and gradually inhibited the promoter activity within two days in proliferating cell culture. 

In our study focused on silencing at the post-transcriptional level, we observed that the 

distinct origin of dsRNA strongly affected sRNAs production, leading to unexpected 

variations in the dynamics and reversibility of the silencing and also in the extent of 

accompanying RdDM. 

The epigenetic modifications naturally differ within the genome according to the need for 

regulation in the given locus. Besides their effect on chromatin regulation, they may also 

influence genome editing tools, such as the widely used engineered programmable 

endonuclease CRISPR/Cas9. As little was known about the effect of epigenetic 

modifications on its efficacy and mutagenesis, especially in plants, we developed an 

experimental system based on Nicotiana benthamiana where we described how the DNA 

cytosine methylation mark indirectly impaired Cas9 activity and also affected the follow-

up DNA repair. 

Key words: BY-2, cell line, CRISPR/Cas9, de novo RdDM, DSB repair, Nicotiana 

benthamiana, PTGS, TGS, VIGS  
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Abstrakt 

Genetická informace musí být chráněna, udržována a kopírována z mateřské buňky do 

buněk dceřiných, z generace na generaci. Většina rostlinných buněk obsahuje kompletní 

genetickou informaci a z mnoha těchto buněk může regenerovat celá nová rostlina. 

Takováto vlastnost vyžaduje precizní kontrolu, které geny budou aktivní a které ne, 

jelikož během růstu a diferenciace je potřeba aktivity pouze specifických genů v rámci 

jednotlivých buněk, tkání a orgánů. 

Jeden z mechanismů kontrolujících aktivitu genů je RNA interference (RNAi), která 

specificky snižuje nebo blokuje expresi genů na transkripční nebo post-transkripční 

úrovni. Klíčovou částí RNAi je navádění RNAi aparátu do cílové oblasti. To je 

zprostředkováno sekvenční komplementaritou mezi cílovou oblastí a malou RNA 

(sRNA), která je vyštěpena z dvouvláknového RNA (dsRNA) prekurzoru. Molekulární 

mechanismus tvorby dsRNA a sRNA a také původ cílové oblasti předurčuje následnou 

umlčující dráhu. 

Při transkripčním genovém umlčení (TGS) je genová exprese regulována přes 

epigenetické modifikace chromatinu. Jednou z epigenetických značek je metylace 

cytosinu, která je ustanovována především dráhou RNA-dependentní DNA-metylace 

(RdDM). Ačkoli byl proteinový aparát relativně dobře popsán, o dynamice klíčové 

počáteční fáze tohoto procesu bylo známo jen málo. Proto jsme vyvinuli systém, který 

nám umožnil studovat tento jev v detailu.  Použili jsme homogenně reagující tabákovou 

buněčnou linii BY-2 a v kombinaci s indukovatelným systémem pro řízenou produkci 

sRNA jsme spouštěli de novo RdDM. Naše výsledky ukazují, že metylace DNA 

související s TGS byla rychlejší, než se dříve uvádělo. V dělící se buněčné kultuře se 

metylace rovnoměrně zvyšovala a postupně během dvou dnů plně inhibovala aktivitu 

promotoru. V naší studii zaměřené na umlčení na post-transkripční úrovni jsme 

pozorovali, že odlišný původ dsRNA silně ovlivnil produkci sRNA, což vedlo k 

neočekávaným změnám v dynamice a reverzibilitě umlčení a také v rozsahu doprovodné 

RdDM. 

V genomu se epigenetické modifikace přirozeně liší, podle potřeby regulace v daném 

lokusu. Kromě svého účinku na regulaci chromatinu mohou také ovlivňovat nástroje pro 

úpravu genomu, jako často používanou programovatelnou endonukleázu CRISPR/Cas9. 

Jelikož bylo, zejména u rostlin, jen velmi málo známo o vlivu epigenetických modifikací 

na její účinnost a mutagenezi, vyvinuli jsme experimentální systém založený na Nicotiana 

benthamiana, na kterém jsme popsali, jak metylace cytosinu nepřímo narušila aktivitu 

Cas9 a rovněž jak ovlivnila navazující opravu DNA. 

Klíčová slova: BY-2, buněčná linie, CRISPR/Cas9, de novo RdDM, oprava 

dvouvláknových zlomů, Nicotiana benthamiana, PTGS, TGS, VIGS 
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1 State of the art 

1.1 RNA interference and associated epigenetic mechanisms 

RNA interference (RNAi) processes are based on the sequence complementarity of small 

RNAs (sRNAs) with a target. According to the molecular mechanisms of the origin of 

the sRNA and the target, RNAi contributes to the gene-silencing at two levels: 

transcriptional (transcriptional gene silencing; TGS) and post-transcriptional (post-

transcriptional gene silencing; PTGS). 

1.1.1 Transcriptional gene silencing – TGS 

Chromatin activity can be regulated via epigenetic labelling at two tightly interconnected 

levels: DNA and histones (Jacob et al., 2009; Law and Jacobsen, 2010). At the DNA 

level, the most prevalent mark is DNA methylation occurring on the C5 position of 

cytosines in any of the sequence contexts: CG, CHG or CHH (where H can be either A, 

C or T; Huang et al., 2015). If these marks occur in the promoter sequence, they typically 

lead to the block of transcription (To et al., 2015). At the histone level, the labels occur 

as a wide array of post-translational modifications (Jacob et al., 2009; Vann et al., 2021). 

Individual epigenetic marks are generally reversible, but in non-gene sequences, they are 

often very stable and inherited from generation to generation (Quadrana et al., 2016). 

Here, I present a brief overview of the canonical RNA-directed DNA methylation 

(RdDM) that maintains DNA methylation in many loci, then the possible de novo DNA 

methylation mechanisms, which are much less known, and finally, the other mechanisms 

maintaining the cytosine methylation in individual sequence contexts. For further details 

about RdDM and DNA methylation in plants, I recommend reading some of the available 

reviews: Matzke and Mosher (2014), Zhang et al. (2018) and Gallego-Bartolomé (2020). 

Even though the first two reviews are not the most current ones, I find them as best written 

and as the ground stones for getting knowledge about the TGS. 

1.1.1.1 Canonical RNA-directed DNA methylation 

In plants, canonical RdDM mainly maintains DNA methylation in already repressed 

chromatin regions and involves two plant-specific DNA-dependent RNA polymerases IV 

and V (Pol IV and Pol V; Herr et al., 2005; Kanno et al., 2005; Onodera et al., 2005; 

Pontier et al., 2005). 

In RdDM loci, SAWADEE HOMEODOMAIN HOMOLOG 1 (SHH1) binds to the 

repressive histone mark, di-methylation of the lysine 9 on histone 3 (H3K9me2), and non-

methylated H3K4 (Law et al., 2011) and together with CLASSY1 (CLS1; Yang et al., 

2018) recruits Pol IV (Law et al., 2011, 2013; Zhang et al., 2013; Gallego-Bartolomé et 

al., 2019). The largest subunit of Pol IV, NRPD1, interacts with RNA-DEPENDENT 

RNA POLYMERASE 2 (RDR2; Mishra et al., 2021), which converts the 30-40 

nucleotide (nt) long RNA transcript of Pol IV (Blevins et al., 2015; Zhai et al., 2015) into 

the double-stranded RNA (dsRNA; Chan et al., 2004; Xie et al., 2004; Li et al., 2015; 

Zhai et al., 2015). The dsRNA serves as a substrate for protein DICER-LIKE 3 

(DCL3; Pontes et al., 2006) which favours those shorter dsRNA substrates (Nagano et 
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al., 2014) and cuts out one 24 nt long small interfering RNA (siRNA; Zhai et al., 2015). 

This 24-nt siRNA interacts with one of the ARGONAUTEs (AGOs) proteins, 

predominantly with AGO4 and AGO6, but also AGO3, and form the core of the specific 

RNA-induced silencing complex (RISC; Zhang et al., 2016, 2018). 

This RISC searches for a complementary nascent transcript of Pol V, which is 

preferentially recruited into loci with already methylated cytosines (Tsuzuki et al., 2020). 

Histone-lysine N-methyltransferase family member SU(VAR)3-9 HOMOLOGUE 2 or 9 

(SUVH2 or SUVH9) binds to the methylated cytosines and recruits the DDR complex 

(composed of DEFECTIVE IN RNA-DIRECTED DNA METHYLATION 1 (DRD1), 

DEFECTIVE IN MERISTEM SILENCING 3 (DMS3), and RNA-DIRECTED DNA 

METHYLATION 1 (RDM1)), which interacts with Pol V (Wongpalee et al., 2019). The 

nascent transcript of Pol V interacts with the AGO, and in the case of base-pairing with 

the carried 24-nt siRNA, DOMAINS REARRANGED METHYLASE 2 (DRM2) is 

guided to the methylation of cytosines on the template DNA in all cytosine 

contexts (Wierzbicki et al., 2009). 

Canonical RdDM is depicted in Figure 1.  
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Figure 1. RNA-directed DNA methylation pathways in Arabidopsis thaliana. In the canonical RNA-directed DNA 

methylation (RdDM) pathway (Matzke and Mosher, 2014); step 1), RNA POLYMERASE IV (POL IV) generates non-

coding RNAs (P4 RNAs) that serve as templates for RNA-DEPENDENT RNA POLYMERASE 2 (RDR2)-mediated 

production of double-stranded RNAs, which are cleaved by DICER-LIKE PROTEIN 3 (DCL3), DCL2 and DCL4 to 

yield mainly 24-nucleotide small interfering RNAs (siRNAs). Subsequently, siRNAs are bound by ARGONAUTE 4 

(AGO4) or AGO6 and pair with POL V-transcribed scaffold RNAs to recruit DOMAINS REARRANGED METHYLASE 

2 (DRM2), which methylates (m) the DNA. POL IV is recruited to RdDM loci by SAWADEE HOMEODOMAIN 

HOMOLOGUE 1 (SHH1), which binds dimethylated histone H3 lysine 9 (H3K9me2; Law et al., 2013; Zhang et al., 

2013). The chromatin remodeller SNF2 DOMAIN-CONTAINING PROTEIN CLASSY 1 (CLSY1) interacts with POL IV 

and is required for POL IV-dependent siRNA production (Zhang et al., 2013; Smith et al., 2007). The majority of RdDM 

targets remain methylated in the dcl1–dcl2–dcl3–dcl4 quadruple mutant, implying DCL-independent RdDM may be 

mediated by DCL-independent siRNAs or directly by P4 RNAs (Yang et al., 2016; step 2). At some RdDM loci, POL II 

can produce 24-nucleotide siRNAs and scaffold RNA (Zheng et al., 2009; step 3). At some activated transposons, 

POL II and RDR6 collaboratively produce precursors of 21-nucleotide or 22-nucleotide siRNAs that mediate DNA 

methylation similarly to 24-nucleotide siRNAs (Wu et al., 2012; Nuthikattu et al., 2013; McCue et al., 2015; step 4). 

AGO4 and/or AGO6 directly associate with POL V, and the association is enhanced by RNA-DIRECTED DNA 

METHYLATION 3 (RDM3; He et al., 2009; Bies-Etheve et al., 2009). Production of scaffold RNAs by POL V requires 

the DDR complex, consisting of the chromatin remodeller DEFECTIVE IN RNA-DIRECTED DNA METHYLATION 1, 

DEFECTIVE IN MERISTEM SILENCING 3 and RDM1, which associates with both AGO4 and DRM2 and may bind 

single-stranded methylated DNA (Gao et al., 2010; Kanno et al., 2004, 2008; Law et al., 2010; Zhong et al., 2012; Liu 

et al., 2014). The DDR complex interacts with SUPPRESSOR OF VARIEGATION 3-9 HOMOLOGUE PROTEIN 2 

(SUVH2) and SUVH9, which bind to pre-existing methylated cytosines and can recruit POL V (Zhong et al., 2012; 

Johnson et al., 2014). The retention of nascent POL V-transcribed RNA on the chromatin may be facilitated by the 

RNA-binding proteins RRP6-LIKE 1 (RRP6L1; Zhang et al., 2014) and the INVOLVED IN DE NOVO 2 (IDN2)–IDN2 

PARALOGUE (IDP) complex, which interacts with a SWITCH/SUCROSE NONFERMENTING (SWI/SNF) chromatin-

remodelling complex (Ausin et al., 2009; Zheng et al., 2010; Ausin et al., 2012; Zhang et al., 2012; Finke et al., 2012; 

Xie et al., 2012; Zhu et al., 2013). The figure including legend is taken from Zhang et al. 2018, the citation style of the 

figure legend from the original article was converted into the citation style of this thesis. The citations are not included 

in the bibliography section of the thesis. 
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1.1.1.2 De novo DNA methylation 

There are few ways to establish de novo DNA methylation in yet non-silenced locus, but 

none of them was fully described. Firstly, dsRNA must be formed as a source of siRNAs. 

For example, it could be formed as a hairpin structure from the single-stranded RNA 

transcript of Pol II. Alternatively, the transcript of Pol II could be transcribed into dsRNA 

by RDR6 (Matzke et al., 2015; Zhang et al., 2018). Also, dsRNA could originate from 

viruses, which are widely used as a tool to trigger de novo silencing (Bond and 

Baulcombe, 2015). 

The formed dsRNA could be diced by DCL3 into 24-nt siRNAs, which could form RISC 

with AGO4/6 and guide RdDM (Matzke et al., 2015; Zhang et al., 2018). Also, it was 

shown that dsRNA originated from mRNA from transposable element could be diced to 

21-22 nt long siRNAs, and they are directly incorporated into the AGO6 and together 

guide RdDM in corresponding loci (McCue et al., 2015). Moreover, PTGS could also be 

accompanied by DNA methylation, for example, when the sense transgene (S-PTGS) 

forms aberrant transcripts (Jones et al., 1999; Taochy et al., 2019). Together it seems that 

different lengths of siRNAs and different members of the AGO3/4/6/9 group participate 

in de novo RdDM. However, what determines how they will participate in this pathway 

is not known. 

The pressing question is what creates the complementary strand to the formed RISC in 

the sRNA target region. One theory is that RISC interacts with the transcript of the Pol II, 

as it transcribes nearly all loci, thus also those not yet methylated. Such a pathway is 

generally accepted as possible since it is present in some animals but was not proved in 

plants, and further investigation is needed (Matzke et al., 2015; Zhang et al., 2018). 

Another more generally accepted possibility is that not only the canonical RdDM but also 

de novo RdDM is in plants mediated through Pol V. Recently, Tsuzuki et al. (2020) in 

their study described that Pol V transcribes not just canonical RdDM loci, with pre-

existing CHH methylation (and 24-nt siRNAs), but also non-methylated and 24-nt siRNA 

non-targeted regions. Altogether, they were able to detect transcripts of Pol V from 

42.6 % of the A. thaliana genome. Moreover, their observations from suvh2/9 mutants 

and mutants in individual DDR complex components indicate that these proteins are also 

important in the recruitment of Pol V to non-canonical RdDM loci and that there also 

might be other mechanisms of their interaction with the chromatin (Tsuzuki et al., 2020). 

1.1.1.3 Maintaining cytosine methylation in various sequence contexts 

Once the DNA methylation marks on cytosines are established (described in 1.1.1.2 

above), it is essential to maintain them actively because they could be lost passively after 

consecutive rounds of replication or by active demethylation by one of the methylcytosine 

glycosylases. Besides ongoing canonical RdDM (described in 1.1.1.1 above), DNA 

methylation could be maintained by one of the three mechanisms described below (Gouil 

and Baulcombe, 2016). 
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1.1.1.3.1 CG context 

Maintaining the methylation of symmetric CG sequence context is tightly associated with 

DNA replication. After replication, the newly synthesised strand lacks the methylation 

mark, and the CG is in a hemimethylated state. Such site is recognised by the protein 

VARIANT OF METHYLATION 1 (VIM1), which recruits METHYLTRANSFERASE 

1 (MET1), which methylates the non-methylated cytosine (Finnegan et al., 1996; Jones 

et al., 2001; Woo et al., 2007).  

1.1.1.3.2 CHG context 

The methylation of the CHG context is interconnected in a self-reinforcing loop with the 

histone post-translational modification - H3K9me2. In one part of the loop, two 

chromodomains of CHROMOMETHYLASE 3 (CMT3) bind to H3K9me2 in two 

neighbouring nucleosomes, and CMT3 methylates cytosines in the CHG context in the 

adjacent DNA. Either non-methylated or hemimethylated CHG can be targeted, although 

the efficacy is higher for the hemimethylated state (Du et al., 2012). Moreover, CWG 

(where W could be A or T) context is methylated more effectively than CCG, for which 

methylation by MET1 is also required (Gouil and Baulcombe, 2016). 

In the other part of the self-reinforcing loop, the methylated CHG is recognised by the 

SRA domain of histone methyltransferases KRYPTONITE (KYP, SUVH4) and 

SUVH5/6, which dimethylates the adjacent lysine 9 of the histone 3 (Jackson et al., 2002; 

Malagnac et al., 2002; Ebbs et al., 2005; Ebbs and Bender, 2006; Johnson et al., 2007; 

Du et al., 2014; Stoddard et al., 2019). 

1.1.1.3.3 CHH context 

In heterochromatin and within the bodies of large transposons, the CHH methylation is 

maintained similarly to the CHG context. CMT2 binds to the H3K9me2 and methylates 

the adjacent DNA in CHH and also CHG contexts (Zemach et al., 2013). Otherwise, it 

can also be maintained as all cytosine contexts through canonical RdDM (Zhang et al., 

2018). 

1.1.2 Post-transcriptional gene silencing – PTGS 

PTGS can be triggered by various sRNAs, which can be generated from various dsRNA 

precursors. For example, the precursors can originate from transcripts: (i) which are 

improperly terminated (UT), and they are converted into dsRNA by RDR; (ii) which are 

in an antisense orientation (AS) and pair with their sense counterpart; or (iii) which 

consist of inverted repeats (IR) and forms a hairpin structure (Mette et al., 2000; Čermák 

et al., 2020).  

The origin, length of the sRNA and sRNA duplex structure can subsequently affect the 

following silencing pathway(s). In some cases, the silencing is mediated by the binding 

of AGO protein carrying a sRNA, which allows base-paring with a complementary 

mRNA and, together with other proteins, physically blocks the translation. In other cases, 

AGO cuts the complementary target, and the targeted mRNA is degraded or serves as a 
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template for RDR6 and is converted into dsRNA, which serves as a source of secondary 

siRNAs (Hung and Slotkin, 2021). 

As an example, whether the mRNA after cleavage will be directly degraded or serves as 

a template for RDR6 might be the interaction of microRNA (miRNA) with AGO1. It was 

shown that if the miRNA duplex (consist of miRNA/miRNA* where miRNA is loaded 

into AGO and miRNA* is degraded) does not contain any structural bulge and miRNA 

is loaded into AGO1, then the formed RISC promote cutting of the target and cause its 

direct decay (Manavella et al., 2012). On the other hand, duplex containing structural 

bulge probably changes the conformation of AGO1, regardless of whether the duplex 

consists of 21/21 or 22/21 nt long miRNA/miRNA*, and such change allows binding of 

plant-specific protein SUPPRESSOR OF GENE SILENCING 3 (SGS3) into the 

complex (Manavella et al., 2012; Hung and Slotkin, 2021). After the cutting of the 

complementary target, the 5' end of the cutting product is stabilised by the SGS3 (Hua et 

al., 2021) and protected from exonuclease degradation. In such a case, RDR6 can use the 

non-degraded part of the target as a template and convert it into dsRNA, which serves as 

a new source for DCL proteins that produce secondary siRNAs (Yoshikawa et al., 2013; 

Hung and Slotkin, 2021). Taken together, the change allowing AGO1 to interact with 

SGS3 and promote the production of secondary siRNAs could be caused by the 

interaction of AGO1 with the sRNA duplex containing a structural bulge, despite the 

length of miRNA, or by carrying 22 nt long sRNA (Hung and Slotkin, 2021). 

Another example of whether the translation of mRNA will be inhibited, the mRNA cut 

products directly degraded, or serve as a template for RDR6 might be the interaction of 

miR168 with AGO1 and AGO10. miR168 is complementary to AGO1 mRNA and thus 

regulates the levels of AGO1. In A. thaliana, it can be found in different lengths, 21 and 

22 nt. The mRNA is directly degraded when the miR168/miR168* forms 21/21 nt duplex 

without structural bulge and miR168 forms RISC with AGO1. If the duplex consists of 

22/22 nt, it is likely to be loaded into AGO10 as binding of 22-nt long miR168 to AGO10 

is nearly one order-of-magnitude higher than it is to AGO1 (Iki et al., 2018). The RISC 

consisting of AGO10 with 22-nt miR168 leads to translational repression of AGO1 

mRNA. However, if it is loaded into AGO1, it leads to interaction with SGS3 and to the 

pathway forming secondary siRNAs and much stronger silencing, as described in the 

previous paragraph (Iki et al., 2018; Hung and Slotkin, 2021).  
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1.2 Gene editing using CRISPR/Cas9 

1.2.1 A brief history of CRISPR/Cas 

The most recent tool for gene editing is based on the natural defence mechanisms of 

bacteria and archaea. They developed an RNA-mediated adaptive mechanism against 

invading viruses and plasmids based on clustered, regularly interspaced short palindromic 

repeats/CRISPR-associated proteins (CRISPR/Cas). Briefly, bacteria or archaea integrate 

a short fragment of the foreign sequence (called protospacers) into the proximal end of 

the CRISPR array, which consists of genome-targeting sequences (called spacers) 

interspersed with identical repeats. Transcription of such sequences leads to the formation 

of the precursor CRISPR RNA (pre-crRNA), which is cleaved into the short crRNAs. 

Such crRNA can base-pair with the foreign nucleic acids containing the protospacer 

sequence and guide Cas proteins to cleave it (Jinek et al., 2012).  

In 2010, the group of professor Moineau described that CRISPR1/Cas system from 

bacteria Streptococcus thermophilus, which can also acquire spacers from self-

replicating plasmids containing antibiotic-resistance and that this system can introduce 

site-specific double-strand breaks (DSBs) in plasmid or bacteriophage 

DNA in vivo (Garneau et al., 2010). In parallel, the group led by professor Charpentier 

described that the production of the active crRNA in pathogenic bacteria Streptococcus 

pyogenes is mediated by a trans-activating CRISPR RNA (tracrRNA) which controls its 

maturation and that together with RNase III and CRISPR-associated Cas9 (formerly 

Csn1) protein forms the active complex (Deltcheva et al., 2011). 

In the same year, 2011, professor Charpentier initiated a collaboration with professor 

Doudna and together re-engineered the bacterial system by forming the single RNA 

chimaera consisting of dual-tracrRNA:crRNA, which continued to direct Cas9 

endonuclease to the sequence-specific cleavage (Jinek et al., 2012). This simplification 

of the system started the era of using the CRISPR/Cas as a genome targeting and editing 

tool. In order to change the target site, it is only necessary to replace the RNA sequence, 

which is responsible for the recognition of the target site. Compared to its predecessors, 

which were used for genome editing - Zinc Finger Nucleases (ZNFs) or Transcription 

Activator Like Effector Nucleases (TALENs), CRISPR/Cas system is cheaper, more 

versatile and faster for setting up (Wada et al., 2020). For the breakthrough research on 

CRISPR technology, Jennifer Doudna and Emmanuelle Charpentier won a Nobel Prize 

in 2020. 

1.2.2 Mechanism of CRISPR/Cas9 

The general mechanism of the system is based on the Cas endonuclease, which is targeted 

to the DNA via programmable guide RNA (gRNA). Currently, several orthologues are 

used for biotechnology purposes, and as the Cas9 from Streptococcus pyogenes was 

adopted first, it is currently the most widely used variant (Wada et al., 2020). Cas9 could 

be targeted by the programmable 20-nt long gRNA to the complementary region, which 

has immediately downstream of the targeted sequence the Protospacer Adjacent Motif 

(PAM), which is 5’-NGG-3' (where N represents any nucleotide; Jinek et al., 2012). After 
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recruitment to such a site, Cas9 cuts the target, forming blunt or 5' staggered ends (Lowder 

et al., 2015; Zuo and Liu, 2016; Přibylová et al., manuscript 2021), and the DSB is 

repaired by one of the endogenous DNA-repair mechanisms. These mechanisms are 

error-prone and could result in short deletions (DEL) or insertions (IN) or in a 

combination of both events (Chiruvella et al., 2013). 

Besides random site-specific mutagenesis, modified CRISPR/Cas9 was adopted for many 

other uses. For example, enzymatically inactive "dead Cas9" (dCas9) fused with a gene 

activator or repressor could be targeted to the gene regulatory region to modulate its 

expression (Wada et al., 2020). Alternatively, Cas9 with only one enzymatically active 

site, Cas9 nickase, could be fused to reverse transcriptase and form a complex with gRNA 

designed for prime editing (prime editing guide RNA, pegRNA). In such a system, the 

Cas9 nicks the PAM-containing DNA strand, and pegRNA hybridises with the 

complementary DNA on the 3' end of the cut product (called primer-binding site). The 

region upstream from the pegRNA primer-binding site (towards pegRNA 5' end) is the 

template for the reverse transcription. Reverse transcriptase directly prolongs the DNA 

strand according to the sequence in the pegRNA, and such edited DNA could be ligated 

into the target site (Anzalone et al., 2019). 

For more details about the CRISPR/Cas systems related to genome editing, I recommend 

reading the recent review Wada et al. (2020). 
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1.3 DNA repair mechanisms 

DNA damage can be caused naturally by biological factors, environmental conditions or 

even intentionally by the specific introduction of DSB via genome editing tools, for 

example, Cas9 nuclease. In order to maintain genome integrity, all organisms developed 

mechanisms to recognise and repair DSBs, as around 10 DSBs are generated in each cell 

within the meristematic tissue per day (Beying et al., 2021). 

There are two main mechanisms to repair DSBs, and they are highly conserved between 

mammals and plants (Beying et al., 2021). Non-homologous end-joining (NHEJ), which 

dominates in plants (Gorbunova and Levy, 1999), and homologous recombination 

(HR; Sfeir and Symington, 2015). 

1.3.1 Non-homologous end joining (NHEJ) 

NHEJ results in an accurate repair, small deletions, insertions and target-site 

duplication (Waterworth et al., 2011; Beying et al., 2021). This pathway is active through 

the cell cycle, except for mitosis (Beying et al., 2021), and can be further divided into 

classical NHEJ (c-NHEJ) and microhomology-mediated end-joining (MMEJ). MMEJ is 

also known as alternative NHEJ (a-NHEJ), backup-NHEJ, Pol theta-mediated EJ/TMEJ 

or alt-EJ, and as Beying et al. (2021) wrote, it is unclear whether those are synonyms for 

one pathway or if they represent more independent pathways. 

The current knowledge about NHEJ pathways originates mostly from yeasts and 

mammalian model systems. And even though homologs of the main actors as ATP-

dependent DNA helicase 2 subunit KU70 and KU80, DNA Ligase IV, X-RAY REPIR 

CROSS-COMPLEMENTING PROTEIN 4 (XRCC4), poly(ADP-ribose)polymerase 1 

(PARP1), PARP2, Polθ (in plants originally called TEBICHI) or double-strand break 

repair protein MRE11 were identified in plants, some others were not (Jia et al., 2013, 

20103; Beying et al., 2021). The missing pieces of information make the conclusions 

about the DNA repair in plants much more complicated because the current knowledge 

from yeasts and mammals cannot be fully generalised.  

1.3.1.1 Classical NHEJ (c-NHEJ) 

The main difference between c-NHEJ and MMEJ is the recognition of the DSB ends. In 

c-NHEJ, the KU70/80 heterodimer is the key factor, which directly binds the DNA ends 

and protects them from nucleolytic degradation (Walker et al., 2001; Beying et al., 2021). 

In vertebrates, additional endonucleases (as Artemis) and X-family polymerases are 

recruited to the site if further processing of the ends is required (Beying et al., 2021). 

KU70/80 further recruits other c-NHEJ factors such as DNA Ligase IV, which catalyses 

ends ligation resulting in error-free repair or small insertions or deletions (Sfeir and 

Symington, 2015; Beying et al., 2021). 

Whether the c-NHEJ repair process involves annealing of short microhomologies (MHs) 

differ among literature. For example, McVey and Lee (2008) state 0-5 bp MH in KU 

dependent DNA repair in S. cerevisiae. On the contrary, Beying et al. (2021) describe that 
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c-NHEJ is characterised by the direct ligation of the break ends, while the alternative 

pathway (a-NEHJ, MMEJ) uses MH near the break site for re-ligation.  

1.3.1.2 Microhomology-mediated end joining (MMEJ) 

MMEJ is a KU-independent pathway involving PARP1, which directly competes with 

KU70/80 to bind the free DNA ends resulting from DSB (Wang et al., 2006; Jia et al., 

2013). The DNA ends are resected (degraded) 5' - 3' by MRN complex (DNA repair 

proteins MRE11-RAD50-NBS1) to form 3' overhangs containing MH (Vu et al., 2021). 

The information about the necessary length of the MH needed for MMEJ differs from 

study to study. Some authors claim 5-15 bp (Decottignies, 2007) or 6-20 bp (Sfeir and 

Symington, 2015) for yeast. Recent works about DSB repair in plants claim that plants 

need 2-20 bp MH  (Beying et al., 2021; Vu et al., 2021).  

After the microhomology-mediated annealing of the complementary DNA strands, the 3' 

overhangs are removed. In mammals by XPF-ERCC1 and MRE11 proteins, however, 

their plant homologs RAD1/RAD10 have not been reported to be involved in 

MMEJ (Beying et al., 2021). The resulting ends are assumed to be bound by DNA Polθ, 

which catalyses the elongation of the DNA to fill in the gaps. After that, the remaining 

nicks are sealed, likely by DNA ligase I or DNA ligase VI (Beying et al., 2021; Vu et al., 

2021). 

1.3.2 Homologous recombination (HR) 

HR usually repairs the brake without altering the nucleotide sequence. It operates in the 

S and G2 phase of the cell cycle and typically uses the intact sister chromatid as a template 

to repair the break (Decottignies, 2007; Sfeir and Symington, 2015; Schep et al., 2021). 

Unlike in plants, it is the main DSB repair pathway in yeast and bacteria (Gorbunova and 

Levy, 1999). In mitotic cells, HR based on single-stranded annealing pathway (SSA) 

shares some proteins with MMEJ like MRN complex for the 5' - 3' resection. For SSA 

around 20-100 bp MH is necessary (Decottignies, 2007; Beying et al., 2021).  
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2 Results and Discussion 

In the Results and Discussion chapter, I briefly summarise the results obtained from our 

three research projects and discuss them in the light of new findings from our experiments 

and current literature. The first two projects were tightly interconnected, and they were 

focused on the initiation and dynamics of the early phases of RNAi at the PTGS and TGS 

level, and I discuss them together in the following subchapter 2.1 Initiation and dynamics 

of the early phases of TGS and PTGS. In the third project, we utilised the RNAi machinery 

to modulate the chromatin state in a selected locus and analysed the effect of distinct 

chromatin states on the CRISPR/Cas9 mutagenesis. These results are discussed in 

subchapter 2.2 Effect of DNA methylation on CRISPR/Cas9 mutagenesis on page 31. 

2.1 Initiation and dynamics of the early phases of TGS and PTGS 

Only a few works were focused on the research of the dynamics of TGS, as I outlined in 

the chapter State of the art (page 13), our goal in the first project was to describe the 

precise timing and progression of the TGS in its early stages - Přibylová et al. (2019). The 

second project was focused on the detailed comparison of distinct ways of dsRNA 

formations on the PTGS - Čermák et al. (2020). 

Both studies shared most of the methodology, and they were based on the controlled 

inducible expression of silencing constructs, which triggered one of the RNAi pathways 

targeted to the GFP reporter. We analysed their effect at the GFP fluorescence, 

transcription, DNA methylation and sRNA levels. Even though all these levels are tightly 

interconnected, I discuss them separately in individual subchapters for simplification. 

2.1.1 Introduction to the experimental system 

To study the dynamics of TGS and effect of dsRNA formation on the PTGS in detail, it 

was important to choose a model system that would precisely control the triggering of the 

TGS/PTGS and allow collecting time-series samples in a longer period. For that reason, 

we developed an inducible system based on the tobacco BY-2 cell line (Nagata et al., 

1992). These cells form short transient cell files and could be cultured in the form of a 

cell clump (thence further called a callus) on solid media or as a cell suspension in liquid 

media. Such cell line allows studying cellular processes at the population or single-cell 

level in a highly synchronised and homogeneous culture (Srba et al., 2016). Both projects 

were based on a line that was stably expressing reporter RS-GFP (from now called 

as GFP) gene driven by CaMV 35S promoter (P35S; Nocarova and Fischer, 2009). In our 

experiments, this line was independently super-transformed with one of the silencing 

constructs which were controlled by the β-estradiol-inducible promoter (XVE 

system; Zuo et al., 2000; Přibylová et al., 2019; Čermák et al., 2020). Such an 

arrangement allowed us to trigger the production of sRNAs from the silencing constructs 

at the desired time point and the desired level of expression because the expression could 

be modulated by the concentration of the triggering molecule, β-estradiol, in the 

media (Čermák et al., 2020). 
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We designed the silencing construct to study the dynamics of the initial phases of TGS as 

an inverted repeat because such organisation of the construct is the most efficient one 

(Smith et al., 2000), and it is widely used for gene silencing. The inverted repeat was 

prepared from a 379-bp-long segment of P35S (IR-P35S), and it was connected by an 

intron from the potato PsbO gene (Duchoslav and Fischer, 2015). Transcript of such 

construct forms an RNA hairpin, which directly serves as a dsRNA precursor for the 

formation of siRNAs targeting P35S and induce TGS of the GFP via RdDM (Přibylová 

et al., 2019). The silencing constructs for studying PTGS were based on: (i) 

antisense GFP (AS-GFP); (ii) inverted-repeat of GFP (IR-GFP); and (iii) 

unterminated GFP (UT-GFP). For more details, please see the Methods sections in the 

attached papers Přibylová et al. (2019) and Čermák et al. (2020). 

2.1.2 sRNA level 

2.1.2.1 Transitivity of sRNAs 

In both our IR experiments (IR-P35S and IR-GFP), there was no significant evidence of 

the production of transitive siRNAs. In the targeted region, there was no transitivity, and 

from the linker, connecting the arms of the inverted repeat, only a very low level of 

siRNAs was formed (Přibylová et al. (2019) - Fig 5d; Čermák et al. (2020) - Fig 5b, e). 

For the IR-P35S line, it was not a surprise that there was no transitivity in the target locus 

since P35S was not transcribed, and siRNAs could likely originate only from the silencer 

construct. Also, we did not anticipate that canonical RdDM could be triggered in such a 

short time to produce siRNAs originated from Pol IV transcript. However, the missing 

transitivity towards the 3' end in the IR-GFP line was surprising, as we expected forming 

of secondary siRNAs from the targeted GFP mRNA. Moreover, it has been shown that 

inverted repeats targeting transcribed genes can induce strong 3' transitivity (Molnar et 

al., 2010; Dadami et al., 2014). 

In contrast, in the case of the AS-GFP and UT-GFP lines, we detected strong transitivity 

to the 3' UTR (Čermák et al. (2020) - Fig 5b, e). Moreover, the transitive siRNAs made 

up around 40% of the siRNAs targeting the GFP transcript. In the case of AS line, we 

were able to distinguish between the primary and secondary siRNAs (due to a single-

nucleotide mutation in the internal GFP region), and in this location, secondary siRNAs 

made up at least 60%. 

In the recent work, Fei et al. (2021) used the tobacco rattle virus (TRV)-based virus-

induced gene silencing (VIGS) to trigger the silencing in P35S and mGFP5 coding region 

(P35S were identical; mGFP5 was nearly identical with our GFP, except for few single-

nucleotide mutations and one 83-nt long region where 19 nt were intentionally mutated). 

In the case of the P35S target, they also did not observe any transitivity, and all detected 

sRNAs originated from the silencer construct. Together with our results it seems, that 

there is no sRNAs transitivity in the P35S, regardless of the origin of the sRNAs. On the 

other hand, when targeting the mGFP5 coding region, they observed the transitivity of 

sRNAs towards the 3' end and detected many secondary sRNAs (Fei et al., 2021), 

similarly to our results from AS-GFP and UT-GFP lines.  
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2.1.2.2 Distribution of sRNAs along the targeted sequence 

When focusing on the distribution of the siRNAs along the targeted region, siRNAs 

targeting either GFP or P35S region followed a highly similar pattern specific for each 

region in all our experiments and biological replicates. The distribution map contained 

relatively conserved peaks and valleys where the siRNAs were present, with some 

differences in the heights of the peaks depending on the siRNA origin or size of the siRNA 

(Přibylová et al. (2019) - Fig 5d, e, f; Čermák et al. (2020) - Fig 5b, e).  

Surprisingly, the distribution pattern of siRNAs that originated from the hairpin in our 

IR-P35S line did not overlap with the pattern observed in Fei et al. (2021), where 

the P35S was targeted by VIGS (Figure 2). The only exceptions were siRNAs that 

originated from reverse strand in the region around -194 to -173 of the P35S (where -1 is 

the 3' end of the P35S; position 15 to 36 in Figure 2). A possible reason for such difference 

could be that Fei et al. used a 120 bp long region of the P35S for VIGS, whereas our 

hairpin covered a 379-bp-long segment (the 120 bp VIGS target matched approximately 

the last 3' third of our hairpin target). We assume that DCLs process the dsRNA gradually, 

which is indicated by the siRNAs distribution patterns of alternating peaks and valleys 

and that such effect plays a more substantive role for shorter sequences. Moreover, from 

the pool of formed siRNAs duplexes by DCLs, the detected siRNAs have been further 

selected by individual AGO proteins, whose representation probably varied between 

tobacco leaves and BY-2 cells. 

In the case of the GFP and mGFP5, we also observed only some similarities in the 

siRNA's distribution in some of the positions. However, as the nucleotide sequences 

of GFP and mGFP5 differed, we did not analyse them in such detail as the P35S region 

(data not shown). Nevertheless, more investigation is needed and reanalysing the 

available data from other works could bring light into siRNA production and selection. 
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Figure 2. Comparison of sRNAs coverage. Individual charts represent sRNA coverage along120 bp region of P35S. 

Individual columns represent the coverage of individual sRNA sizes - 21, 22 and 24 nt. The first row represents data 

from Fei et al. (2021) - virus-induced TGS in N. benthamiana plant, 21 days post-infection (dpi). The second row 

represents data from Přibylová et al. (2019) - BY-2 line 19B, 10 days on β-estradiol treatment. sRNAs matching forward 

and reverse strands are in blue and orange, respectively. sRNAs were filtered for 100% matching to the target region. 

The y-axis "sRNA coverage" represents reads per million reads (only in size 21-24 nt); note different scales on the 

y-axis. 

2.1.2.3 siRNA size and orientation 

The representation of siRNAs that originated from the forward or the reverse strand was 

in a narrow range of around 50 % for both IR lines and the UT line. In the case of the 

analysed AS line, the siRNAs that originated from the reverse strand dominated and 

formed twice as high amount compared to the forward strand siRNAs (Přibylová et al. 

(2019) - Fig 5c; Čermák et al. (2020) - Fig 5d). We got a similar result when reanalysing 

data from the mGFP5 region (Fei et al., 2021), where reverse strand sRNAs formed 60 % 

from the siRNAs population targeting the mGFP5 coding region and the following 

terminator. On the other hand, in P35S targeted by VIGS (data from Fei et al. (2021)), 

around 57 % of siRNAs originated from the forward strand, whereas the ratio Fw/Rv in 

our IR-P35S line was still 50/50 even when considering only the siRNAs targeting the 

same 120 bp region. 

Interestingly, in the IR-35S line, the dominant size of P35S-specific siRNAs was 21 nt 

and formed around 60 – 70 %, 22-nt siRNAs 20 – 30 % and the presence of 24-nt siRNAs 

was very low, around 2 %. In the case of VIGS of the P35S, the ratio was similar, and 

also, the 24-nt siRNAs were around 2 % (analysed from data available from Fei et al. 

(2021)). Although siRNAs patterns along the sequence differed in the compared studies 

(Figure 2), in the end, it seems that involved RNAi pathways could consist of similar 

proteins and in the comparable ratio. 

On the other hand, 21-nt siRNAs formed only around 25 % in the IR-GFP line, and the 

dominant population was 22-nt siRNAs, which formed around 50 %. Moreover, the 

representation of 24-nt siRNAs was around 20 %. These results indicate that both hairpins 
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(IR-P35S and IR-GFP) were processed differently, and moreover, in the IR-GFP line 

there was a substantial part of siRNAs which originated from GFP transcripts (Přibylová 

et al. (2019) - Fig 5b; Čermák et al. (2020) - Fig 5c).  

2.1.3 DNA methylation in the targeted locus 

Once the siRNAs are present in the cell, they participate in individual RNAi pathways 

according to their size and origin. siRNAs participating in TGS, but also in PTGS, are 

accompanied by RdDM to some extend (Wang and Waterhouse, 2000). In the case of 

PTGS, DNA methylation is usually limited to the transcribed region and supposedly does 

not significantly affect the transcription (Saze and Kakutani, 2011).  

2.1.3.1 Dynamics of the DNA methylation 

In the case of TGS, only a few works were engaged in research of the early stages and 

timing of RdDM. The range of the speed of de novo TGS was from 2-3 days to a few 

weeks (Vaucheret, 1994; Philips et al., 2019). In recent work, Philips et al. (2019), authors 

analysed spontaneous silencing and de novo DNA methylation of the reporter gene via a 

model system based on the agroinfiltration of the T-DNA containing eGFP reporter gene 

driven by either an AtEF1ɑ-AF or a CaMV-35S promoter. In non-dividing, agroinfiltrated 

cells of Nicotiana benthamiana leaves, they detected an increase of the eGFP expression 

until the third-day post-infiltration (dpi), followed by a sharp decline. In both promoter 

regions, spontaneous silencing led to detectable DNA methylation after 2-3 dpi, which 

continued in accumulation over the first week and steadily up to the next 21 days. 

Interestingly, the maximum DNA methylation level for individual cytosines barely 

reached 40 % in CHH and CHG contexts. The CG methylation maximum was around 

20 % (Philips et al., 2019). The reason for the low amount of works dealing with the early 

stages and timing of RdDM is probably because of the missing well-controllable model 

system for such observation. 

We described the dynamics of the early stages of de novo DNA methylation in the 

tobacco BY-2 cell line (Přibylová et al., 2019). We observed that the speed and the 

accumulation of the DNA methylation in the target region went hand in hand with the 

accumulation of the siRNAs (Přibylová et al. (2019) - Fig 2e). In the first 6 hours, we did 

not detect any increase, but 12 hours after the induction, the proportion of methylated 

cytosines in the target significantly increased, and in the case of the two fastest lines, the 

percentage of the methylation was around 40 %. The maximal level of DNA methylation 

was 80 %, and each sequence context had its individual trend. Methylation of symmetric 

CG and CHG gradually increased over time and reached about 80 % and 100 %, 

respectively. On the other hand, CHH methylation gradually increased up to 80 % in the 

first two days and then declined to 60 % in the following days of the experiment. 

Our results reached more than double the level of DNA methylation than was reported in 

Philips et al. (2019). The question is whether their presented level of DNA methylation 

was the maximum level. Even they performed Illumina MiSeq sequencing from the 

bisulfite converted samples, only averages from the data are available. If the methylation 

was even between the reads and at the maximum, could be their DNA methylation level 
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high enough to silence the expression fully at the transcription level without 

accompanying PTGS? To answer that, individual Illumina MiSeq reads would need to be 

analysed together with the analysis of siRNA targeting the eGFP coding region. 

2.1.3.2 Distribution of DNA methylation along the targeted sequence 

The increase in DNA methylation in the BY-2 IR-P35S line was gradual along the whole 

targeted region with very low spreading towards the 3' region of the P35S. The spreading 

to the other direction was much higher but only about 50 nt upstream. Surprisingly, in our 

latest work, Přibylová et al. (manuscript 2021, Fig - 1g), we observed that this particular 

region seems to be prone to methylation. We used VIGS and targeted RdDM into the 120 

bp long region of the P35S in N. benthamiana (same silencing system used in Fei et al. 

(2021)). In that system, we observed a very limited spreading of DNA methylation on 

both sides of the targeted region but not further than a few cytosines. However, in the 

upstream part (248 bp upstream from the 5' end of the targeted region) of the promoter, 

we detected an increase in the methylation, mostly in symmetric CG and CHG contexts. 

In control plants infected by wild-type virus, a slight increase in CG methylation was also 

detected. Such observations lead us to several questions; what is the reason for the 

occurrence of such methylation? Could it be that the 5' region, prone to methylation, is 

somehow functionally connected with regulating the P35S activity? Furthermore, if the 

region is methylated, is the activity of the P35S inhibited? Or did we just observed the 

effect of "simple" spreading from the nearby DNA methylated region? Unfortunately, any 

of our work was designed to address these questions. According to the increase in 

methylation in the CHG context (in the non-targeted upstream part of the promoter) in 

VIGS induced plants (Přibylová et al., manuscript 2021), it seems that CMT3 could be 

involved. 

2.1.4 mRNA level 

In the TGS experiments, the final consequence of DNA methylation is inhibition of the 

transcription. Contrary, in PTGS, transcription is not affected, but mRNA levels decrease 

directly after the first siRNAs are present in the cell. 

In our works, both constructs composed from inverted repeats worked fast and had a 

similar time course in respect of the level of mRNA (Přibylová et al., 2019; Čermák et 

al., 2020). A significant drop of the mRNA level was observed 6 hours post-induction 

with a gradual decline until the second day when the transcript level already reached its 

minimum. In the case of PTGS, only the degradation of the mRNA was necessary, 

whereas, in TGS, the complete transcription must be shut down via RdDM of the 

promoter region. Similar results from PTGS experiments were obtained 

from Arabidopsis and tobacco, where the silencing was detected 3 to 24 hours post-

induction of the PTGS by inverted repeats (Chen et al., 2003; Lo et al., 2005; Wielopolska 

et al., 2005). We are not aware of any plant study of such early time points of TGS, which 

we could compare with our results. 

These results show how robust and fast TGS and PTGS pathways are and that if we would 

like to see the differences in dynamics, we would have to analyse even earlier time points 
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at a single cell level to prevent blurring of results caused, for example, by averaging data 

from cells that are not at the same stage of the cell cycle.   

2.1.5 Short- and long-term exposure to the silencing transcripts 

The next part of our studies described the effects of short- and long-term exposures to the 

silencing transcripts. Especially in the case of TGS, it is important to know whether short-

term exposure to siRNAs leaves any long-term changes on chromatin, as DNA 

methylation at specific sites of P35S and if those changes affect the gene expression. 

Moreover, a possible pinpoint of the induction time when the induced silencing turns into 

inductor-independent silencing and possibly canonical RdDM would allow using of those 

conditions to study this important transition and characteristic features of the transient 

state. 

2.1.5.1 PTGS 

In the PTGS experiments, we were triggering the silencing for 14 days, then we washed 

out the inductor and monitored the fluorescence recovery, GFP mRNA expression, 

presence of DNA methylation and siRNAs. In the first week, the levels of the silencer 

RNA dropped, and the GFP mRNA slightly increased in all lines. In the next two weeks, 

all AS- and two from three IR-GFP lines fully recovered, and their expression was even 

higher than at time 0. The third IR-GFP line recovered the mRNA to about 80 %. UT-

GFP lines responded more variably. One line completely recovered the mRNA level, and 

the other two lines ended with approximately 50 % of the original mRNA level (Čermák 

et al., 2020; Fig. S2). 

According to the DNA methylation, the analysed IR-GFP line maintained the CG 

methylation in the coding region, but no significant levels of sRNAs were detected, which 

indicates the CG methylation maintenance via MET1. Interestingly, the UT-GFP 3 line 

showed CG methylation (which was present also at the beginning of the experiment) and 

sRNAs three weeks after the inductor removal at similar levels as after 14 days of 

induction.  

The disappearance of the PTGS silencing in all lines was expected. The persistent sRNAs 

in the UT-GFP line 3 was surprising and likely caused by the ongoing formation of 

secondary sRNAs. 

2.1.5.2 TGS 

To analyse the long-term effect of short- and long-term transient exposure to sRNAs, we 

used the same system as in Přibylová et al. (2019). We treated three individual lines with 

β-estradiol for 1, 2, 14, 30 and 90 days and monitored them for another 70 to 145 days 

after the washing out of the inductor. Interestingly, all of the samples recovered 

the GFP expression to some extent, and moreover, each line responded differently to the 

treatment and washing out of the inductor. For example, one line responded 

homogeneously as a single population and all cells silenced GFP expression with similar 

dynamics. However, after washing out of the inductor, part of the descender cells 

recovered the fluorescence to the original level, but the other did not. Also, the proportion 
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of these populations differed according to the inductor exposure time. Such results 

indicate different epigenetic labelling in these subpopulations. 

Till now, we have analysed only the fluorescence and transcript level, and the samples 

for DNA methylation, sRNAs and possibly histone modifications are waiting to be 

analysed. Nevertheless, we can already conclude that in our tobacco BY-2 cell line, even 

the long-term 90-day long exposure to the siRNAs triggering TGS is not enough to 

change the chromatin state to maintain the 35S promoter permanently silenced. The 

possible reason for that could be that the original line used for supertransformation has 

the transgene in a specific region of "super" active euchromatin or that it is somehow 

labelled as a native gene that should be expressed. For more general conclusions, 

additional independent lines and analyses would be needed. 
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2.2 Effect of DNA methylation on CRISPR/Cas9 mutagenesis 

Several genome editing technologies could be used in plants. CRISPR/Cas9 is the most 

versatile and cost-effective tool (Jinek et al., 2012; Sternberg et al., 2014; Manghwar et 

al., 2020). As it is currently widely used for many purposes, mostly for genome editing, 

with high potential for direct applications in crop improvement (Vu et al., 2021), a deep 

understanding of the mechanisms related to CRISPR/Cas9 binding, cutting and its 

specificity is necessary (Manghwar et al., 2020). Deepening the knowledge associated 

with those mechanisms allows making CRISPR/Cas9 and its derived tools even better 

and more varied than they already are. 

Nevertheless, little has been known about how epigenetic modifications affect the 

CRISPR/Cas9 efficacy in plants. Only a few studies compared the exact target sequence 

or even the exact target site in distinct chromatin states, and none of them was on 

plants (Chen et al., 2016; Daer et al., 2017, 2018; Allen et al., 2019). To fill this 

knowledge gap, we started the cooperation with Dr Attila Molnar at The University of 

Edinburgh, as his focus of interest was also RNAi and CRISPR. Together we had the 

material, methods, and knowledge about CRISPR technologies and epigenetic 

modifications to investigate the effect of DNA cytosine methylation on the efficacy and 

type of cleavage of the Cas9 and the follow-up DNA repair mechanisms. Outputs from 

this study resulted in our latest manuscript Přibylová et al. (2021). 

2.2.1 Experimental system 

In a nutshell, we used TRV to deliver one of the silencing constructs into Nicotiana 

benthamiana leaves, which stably expressed the mGFP5 gene controlled by P35S. The 

TRV constructs harboured 120 bp matching sequence either to P35S or mGFP5 coding 

region. Both constructs led to the RdDM of the target region, which caused TGS when 

the P35S was targeted. Subsequently, we agroinfiltrated the leaves with one of the 

CRISPR/Cas9 constructs and targeted the Cas9 endonuclease into various places of 

the P35S and the GFP coding region by specific gRNAs. The 'epigenetic switch' induced 

by TRV infection allowed us to evaluate the effect of the different chromatin states on 

Cas9 cleavage and the follow-up repair. It is important to note that both processes 

contribute to the overall CRISPR/Cas9 mutagenesis efficacy, and their effects are hardly 

separable in vivo. The collected samples were analysed at the transcription level by 

quantitative RT-PCR, at DNA methylation level by analysis of bisulfite-converted 

samples and the CRISPR/Cas9 mutation efficacy and outcomes by high throughput Next-

Generation Sequencing (NGS) and Sanger sequencing. For more details about the 

methods, please see the Material and methods section in the attached manuscript 

Přibylová et al., 2021. 

2.2.2 Effect of DNA methylation associated with TGS on the CRISPR/Cas9 mutation 

efficacy and outcomes 

In our system, based on the 'epigenetic switch', we analysed the effects of four factors: 

target site, the presence of DNA methylation, concentration of CRISPR/Cas9 components 

and presence of virus infection. The dominant factor was the target site sequence, which 
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agrees with studies on human cell lines (van Overbeek et al., 2016; Allen et al., 2019). It 

had the most significant effect on the: (i) ratio of produced blunt/staggered cuts; (ii) ratio 

of insertions/deletions (IN/DEL); (iii) size of insertions and (iv) deletions; and together 

(v) on the overall mutagenesis efficacy.  

When focusing on the individual target sites, the presence of DNA methylation in 

the P35S promoter had a significant effect on all studied aspects of CRISPR/Cas9 

mutagenesis except for the insertion sizes (Přibylová et al., manuscript 2021). 

Interestingly, the effect differed for individual sites even though they were nearly 

perfectly facing each other on the opposite strands. In some cases, the presence of DNA 

methylation shifted the ratio of IN/DEL in favour of INs in other cases in favour of DELs. 

Alternatively, DNA methylation caused a higher frequency of longer deletions for some 

sites and, in other sites, shorter ones. These conflicting results indicate that not the DNA 

methylation itself, but rather associated specific changes of the nearby chromatin 

structure as post-translational modification of the surrounding histones, nucleosome shift 

or un/binding of some transcription factors affected the CRISPR/Cas9 outcomes. Those 

changes could lead, for example, to tighten the DNA around the nucleosomes, which 

could lead to the spatial rotation (torsion) of the DNA and thus different exposure of the 

target site to the Cas9 nuclease domains. This would mean that some sites could be easier 

to access, whereas directly adjacent sites (or sites on the opposite DNA strand) could be 

harder to access.  

To our knowledge, none of the former studies had target sites located so close to each 

other as we had, making it impossible to find supporting information for our theories. For 

better understanding, future work on native promoters and genes in distinct chromatin 

states would be needed. 

2.2.3 Single-nucleotide homology-mediated DNA repair 

When we analysed the deletion patterns from NGS libraries, we found an undescribed 

phenomenon, single-nucleotide homology-mediated DNA repair. When we analysed 

nucleotides remaining around deletions, we observed over-representation of deletion 

lengths that could be explained by end-joining based on single-nucleotide 

microhomologies, which occurred with a frequency of 48% compared to 25% expected. 

In contrast, the larger microhomologies (2-4 nt) occurred in frequencies as if they would 

occur by chance. Moreover, the single-nucleotide MH, responsible for the end joining, 

was almost exclusively between the 3rd (or the 4th) 5' nucleotide upstream from PAM 

(Přibylová et al., manuscript 2021, Fig – 8a, b) and the matching nucleotide on the non-

PAM DNA strand on the PAM distal DNA end (Přibylová et al., manuscript 2021, Fig – 

10). Those 3rd and 4th 5' nucleotides likely resulted from blunt and staggered cuts on PAM 

proximal DNA ends and "search" for a complementary nucleotide on the PAM distal 

DNA end to enable DSB repair. 

Firstly, we thought that the responsible DNA repair mechanism could be MMEJ. 

However, it is against the current knowledge about the MMEJ repair pathways, where 

after the 5’-3' resection of the DSB, not 5' nucleotides, but the 3' ends are exposed, anneal 
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at a site of MH on the other end of broken DNA, and the non-complementary 3' overhangs 

are removed (Beying et al., 2021). So now the question is whether our observation 

belongs to any of the known DNA repair pathways or if it is something uniquely 

connected with CRISPR/Cas9 activity. To answer this question and find which proteins 

are responsible for this repair, we plan to repeat our experiments in plants mutated in the 

key components of individual DNA repair pathways. 
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3 Conclusions 

In our studies Přibylová et al. (2019) and Čermák et al. (2020), we developed the 

experimental system to study the initiation and dynamics of the early phases of TGS and 

PTGS. The system was based on the inducible production of sRNAs to trigger the 

individual RNAi pathways in the homogeneously responding tobacco BY-2 cell lines. 

We found that de novo DNA methylation is initiated nearly immediately after the 

appearance of promoter-specific siRNAs. The methylation progressively increased, 

resulting in the gradual inhibition of the promoter activity. The first increase was observed 

already 12 hours after the induction, and the maximum level of the DNA methylation was 

reached within 2 days. At the post-transcriptional level, we observed unexpected variation 

in the dynamics, reversibility of the silencing and the extent of accompanying RdDM 

depending on the origin of the dsRNA silencer. 

In the third study, Přibylová et al. (manuscript 2021), we developed the system to study 

the effect of chromatin state on the CRISPR/Cas9 cleavage and the follow-up DNA 

repair. The experimental system was based on the induction of one of the epigenetic 

modifications, DNA cytosine methylation, at a target locus via virus-induced gene 

silencing. We subsequently interrogated the different chromatin states of the same locus 

using the same set of CRISPR/Cas9 reagents introduced by agrobacterium infiltrated to 

Nicotiana benthamiana leaves.  

Based on the high throughput sequencing of CRISPR/Cas9 target sites in independently 

edited cells, we found that DNA methylation present in the promoter region decreased 

the frequency of CRISPR/Cas9 mutations. On the contrary, DNA methylation in the 

coding region did not have any effect on the mutations. Those results led us to conclude 

that DNA methylation indirectly impaired Cas9 activity, likely through changes in local 

chromatin structure and that those changes differ between the promoter and coding 

regions. Moreover, we found that chromatin structure also affects whether the Cas9 will 

produce blunt or staggered ends, the length of the deletions and the ratio of 

insertions/deletions. 

According to the overrepresentation of the single-nucleotide homology-mediated DNA 

repair and the results indicating that the repair was mediated through 5’ nucleotide 

overhang on the PAM DNA strand, and not by 3’ nucleotide on the opposite strand (which 

is reported as a feature of the MMEJ repair pathway), we conclude that the single-

nucleotide homology-mediated DNA repair observed in our system was possibly 

mediated by a new, yet undescribed pathway specifically connected with the Cas9 

cleavage.   
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