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INTRODUCTION 

Plants are using a complicated program in order to build their bodies. This program is 

primarily governed by the genetic information of organisms, but it is necessary to control the 

transcription and translation of genetic information too. In addition to the transcription factor 

based gene regulation, in 1993 scientists discovered a new micro (mi) RNA-based control 

mode as well. The miRNAs are sequence-specific post-transcriptional regulators in the 

eukaryotic genome.  

The post-transcriptional gene silencing (PTGS) or RNA silencing in eukaryote organisms, 

evolved during the evolution against various parasite nucleic acids, as a defence mechanism. 

In this case, the process of RNA silencing is initiated by a virus or transgene derived double-

stranded RNA. The double-stranded RNAs are cleaved by the Dicer enzyme into small RNA 

fragments (small interfering RNA, siRNA). The resulting siRNAs are incorporated in the 

RISC (RNA induced silencing complex) complex. The RISC complex programmed by 

siRNA, is capable of sequence complementary cleavage of viral RNAs. In this way the plants 

can make a targeted defence against viruses. During the plant-virus arms race, the viruses also 

developed a method for protection against the plants, the so-called RNA silencing suppressor 

proteins. The viral RNA silencing suppressor proteins can inhibit the RNA silencing at 

several points. 

The RISC complex plays an important role in the miRNA pathway too. In this case, the RISC 

complex has a role in the miRNA directed cleavage or translational inhibition of the target 

mRNAs. The primary role of miRNAs is the regulation of endogenous genes, but they may be 

involved in defence responses during viral infections too. Some miRNAs showed altered 

expression during viral infection. For example, miR168 has elevated expression during virus 

infection. Understanding the mechanism of action of plant viruses has a huge importance 

from scientific and economic point of view, since the plant viruses are responsible for severe 

losses in the quantity and quality of cultivated crops. 

In spite of the extraordinary importance of miRNAs, the information about their exact roles 

and mode of action is not complete yet. For example, is not clear yet, whether the miRNAs 

operate cell-autonomously or migrate from their place of formation. Despite their biological 

and economical importance, there is limited information about the miRNAs responsible for 

the fruit and seed development. 
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OBJECTIVES 

The primary aim of my research was the analysis of miRNAs, their roles and molecular 

regulatory mechanisms in a widely used model plant, Arabidopsis thaliana. 

Our aim was: 

1. To analyse the mechanism of action of miRNAs in virus-infected Arabidopsis thaliana 

plants, during miR168 induction. 

2. To analyze the role of miRNAs and their mode of action, in particular the movement of 

miRNAs, during fruit and seed development in Arabidopsis thaliana plants. 

METHODS 

We executed the majority of our experiments using general RNA and DNA handling 

techniques (Sambrook and Russell, 2001) in case of commercially available kits, we followed 

the manufacturer's instructions. Here I present only the method of Arabidopsis thaliana 

transformation, and the method for the miRNA movement investigation. 

1 Transformation of Plants 

Arabidopsis thaliana plants were transformed with floral dip method (Clough and Bent, 

2008). The plants were grown first under short then under long day conditions (21°C), the 

first inflorescence axes were cut back (in order to induce flowering). The flowers of plants 

were immersed in Agrobacterium tumefaciens suspension (OD600-1) carrying the 

corresponding miRNA gene construct. In order to activate virulence genes the Agrobacterium 

suspension was prepared with 5% sucrose solution. For better effect, immediately before use, 

Silwet L-77 was added to the suspension in 0.02% concentration. After dipping, the plants 

were packaged in cling film (Folpack®) so a humid environment was provided (for 16 hours) 

for the Agrobacteria in order to infect. After one week, the above-described procedure was 

repeated for improved transformation efficiency. 

The plants dipped into Agrobacterium solution were grown in order to collect seeds from 

them. Under sterile conditions, the collected seeds were placed to selection medium 

containing kanamycin (Murashige-Skoog + vitamins, DUCHEFA BIOCHEMIE BV). The 

selection was done after two days vernalization (4 ° C), under long day conditions (21 ° C). 

Kanamycin, interacts with the prokaryotic ribosome’s 30S subunit and inhibits the 
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chloroplast’s protein synthesis. Therefore, plants without transgene expression become white 

and die on the selection medium. Plants carrying the resistance (marker) gene are green and 

grow at normal rate. 

MiRNA movement analysis, and the method of GUS staining and immunohistochemical 

detection of GFP protein 

MiRNA movement could be examined by comparing the position of the miRNA precursor 

and mature miRNA. It is nearly impossible to detect miRNA precursors since they are 

processed immediately after their generation. To overcome this problem, a special 

experimental system was needed, therefore we used transgenic Arabidopsis thaliana plants 

(Wu et al., 2006) provided by Jason W. Reed. These plants expressed the following 

constructs: behind promoters of miR167 precursor genes (a, b, c, d) GFP and GUS reporter 

genes were inserted (promoter miR167a :: GFP-GUS, promoter miR167b :: GFP-GUS, 

promoter miR167c :: GFP-GUS , promoter miR167d :: GFP-GUS). Using these transgenic 

plants, by detecting the GUS and GFP protein, we determined the location of miR167 

precursor formation. The position of the mature miRNA was determined by in situ 

hybridization using miR167 LNA probe. Using this two data we can conclude if miR167 acts 

cell autonomously or not (i.e. moves from the place of formation or not). 

In situ hybridization was performed as described by Várallyay and Havelda (Varallyay and 

Havelda, 2011). 

GUS staining was carried out following the method described by Jefferson et al, with minor 

modifications (Jefferson et al., 1987). For GUS staining the siliques were placed in a solution 

(in 50 mM phosphate buffer, 1 mM X-gluc [C14H13BrClNO7 • C6H13], 10 mM EDTA, 0.1% 

Triton X-100, 0.3% H2O2) which contained the β-glucuronidase enzyme’s substrate (X-Gluc 

Gold Biotechnology, St. Louis, USA.). The samples were incubated in darkened vacuum 

thermostat at 37 ° C, -0.8 psi for 24-48 hours. The staining solution was replaced daily. 

After staining, we treated our samples with 70% ethanol in order to dissolve the chlorophyll 

pigment. The bleached samples were examined under a binocular magnifier, or embedded in 

wax. In the second case 18-20 µm sections were prepared. After removing wax and 

rehydrating, the sections were covered with DPX histological adhesive (Fluka). 

For immunohistochemical detection of GFP protein, the plant samples were fixed in 4% 

paraformaldehyde, embedded and sectioned. Rabbit IgG anti-GFP polyclonal antibody 
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(Invitrogen, Carlsbad, USA) was used as primary antibody according to the manufacturer’s 

instructions. Prior to hybridization the primary antibody was treated with homogenate made 

from wild-type Arabidopsis thaliana siliques, in order to reduce the background signals. 

Sections were hybridized with the primary antibody at room temperature for two hours. The 

primary antibody was detected with Goat anti-rabbit IgG alkaline phosphatase (Bio-Rad 

Laboratories, Hercules, USA) secondary antibody. The signals were visualized using 0.5 mM 

NBT and BCIP. The colour reaction was stopped depending on the strength of the signals, 

then the slides were washed with ethanol, the background was stained with Alcian Blue 

(Fluka). The slides were covered using DPX histological adhesive (Fluka). 

For evaluation and archiving Zeiss Axiostar Plus light microscope and Canon EOS D30 

digital camera was used. 

RESULTS 

1. Role of miR168 in translational regulation of AGO1 mRNA in virus-infected plants 

In our experiments we infected with crTMV (crucifer-infecting tobacco mosaic virus) wild 

type and mutant (4mAGO1, ago1-25, zll-3) Arabidopsis thaliana plants. The 4mAGO1 

mutant plants (Vaucheret et al., 2004, 2006), have four silent mutations on the AGO1 mRNA 

at the miR168 recognition site, therefore regulation by miR168 will fail. The ago1-25 mutant 

plants (Morel et al., 2002) do not have proper AGO1 protein activity (hypomorphic mutants), 

in this case miR168 can control the AGO1 mRNA. In the zll-3 mutant plants (Moussian et al., 

1998), AGO10 function is damaged. We investigated whether the induction of miR168 in 

these plants can be responsible for regulating the level of AGO1 protein.  

The levels of miR168 and AGO1 mRNA significantly increased in the crTMV infected wild-

type plants compared to the mock-inoculated plants. The AGO1 protein level fall below the 

Western blot’s, limit of detection. 

Similarly, to the wild type plants, in 4mAGO1 plants, during viral infection and the levels of 

miR168 and AGO1 mRNA were elevated, but the AGO1 protein levels were not reduced. 

In ago1-25 mutants, the levels of miR168 and AGO1 mRNA were also increased, and the 

expression of AGO1 protein decreased significantly. 

The miR168 and AGO1 mRNA levels increased significantly in zll-3 mutant plants. Despite 

the high levels of miR168, AGO1 protein expression levels have not declined.  
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2. The role of miRNAs in Arabidopsis thaliana during fruit development 

We showed the expression of several miRNAs in the fruit. The majority of the investigated 

miRNAs showed consistent expression patterns, but some exceptions were observed in the 

case of miR160 and miR167. The miR160 showed expression only at the embryo’s vascular 

tissues. MiR167 in all studied developmental stages (heart, torpedo, early curled cotyledon, 

curled cotyledon, mature green), showed a gradient-like expression pattern in the longitudinal 

sections of the embryo’s cotyledons, this suggests that the miR167 works non-cell 

autonomously, so is able to move from the place of origin (formation). 

We observed a high degree of overlap, by comparing the miR167 expression profiles obtained 

by in situ hybridization with the results of GUS staining from PMIR167 :: GFP-GUS 

transgenic plants. In the case of plants harboring the PMIR167A :: GFP-GUS and PMIR167B 

:: GFP-GUS constructs a gradient-like GUS expression was found in the cotyledons of the 

embryo, the GUS expression overlapped with the mature miR167 expression profile. On the 

other hand, there was no GUS expression in the cotyledons of plants harboring the 

PMIR167C :: GFP-GUS and PMIR167D :: GFP-GUS constructs. The GUS expression 

patterns experienced in the case of MIR167A, MIR167B, MIR167C, MIR167D precursors 

were confirmed by immunohistochemical detection of GFP protein. 

We wanted to examine more thoroughly, the role of miRNA’s in fruit and seed development, 

therefore, based on our previous in situ hybridization experiments (miR166, miR472) and 

scientific literature (Kwak et al., 2009; Moxon et al., 2008; Rajagopalan et al., 2006) we 

selected some miRNAs present in the fruit (miR827, miR169, miR828, miR390, miR858), 

and overexpressed them in transgenic Arabidopsis thaliana plants. As a control, we 

overexpressed two miRNAs (miR857, miR824) which, based on the available literature, were 

not expressed in the fruit. Surprisingly, from the 9 miRNA which we overexpressed, only two 

(miR857 and miR827) showed morphological or quantitative defects on the siliques. 

Overexpression of other miRNAs (present in the fruit) showed no morphological or 

quantitative differences between the siliques on wild-type and transgenic plants. 

MiR824 overproducing plants showed significant phenotypic differences during the silique 

development. The size and habit of miR824 overexpressing plants showed no significant 

differences compared to the wild-type plants. Nevertheless, some transgenic plants showed 

severe defects in silique development. These plants created abnormally small siliques. Plants 

with small siliques showed the highest level of miR824. 
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Some of the miR857 overexpressing transgenic plants created abnormally small siliques, and 

in these siliques we experienced significant seed shortages. We examined the expression of 

miR857 in these small siliques, with small RNA Northern blot. In this case, there was no clear 

correlation between the levels of overexpressed miRNA and silique size. In transgenic plants 

with small siliques, the miR857 overproduction (relative to the wild type control) was clearly 

detectable, but these plants did not show the strongest miR857 signal. The target gene of 

miR857 is the Laccase 7 (Hsu et al., 2011, 2014). We examined the expression of Laccase 7, 

with Real-time PCR, in miR857 overexpressing transgenic plants, and we found that there is a 

clear relationship between the number of seeds and Laccase 7 expression. The decrease in the 

Laccase 7 expression correlated with the severity of the seed deficient phenotype. 

CONCLUSIONS 

1. AGO1 mRNA is translationally regulated by miR168 

MiR168 -increased due to crTMV infection- is directly involved in regulating the AGO1 

protein. Furthermore, the elevated level of AGO1 protein is associated with the 

insufficient activity of ZWILLE/PINHEAD/AGO10, thereby demonstrating that 

ZWILLE/PINHEAD/AGO10 has a pivotal role in the inhibition of AGO1 protein by 

miR168. Therefore, our results confirm the hypothesis, that in virus-infected plants the 

production of AGO1 protein may be -at least partly- under translational inhibition by 

miR168. High levels of miR168 and AGO1 mRNA shows that, contrary to the 

translational inhibition, the cleavage activity of miR168 is inhibited. 

Our results shows, that the induction of miR168 is the result of the arms race between the 

host plant and virus. The virus is trying to control the plant's defence response by the 

induction of miR168 which targets AGO1 mRNA. The AGO1 protein -the main 

component of the RISC complex- is the central molecule of plant defence system. 

2. miRNA - s are important regulatory elements in the embryonic tissues 

Each tested miRNA had a specific signal in the tissue of the embryo, this suggests that 

miRNAs are important regulatory elements in embryonic tissues. The majority of 

miRNAs showed even expression patterns in the mature green stage embryos, suggesting 

that general regulation of their target mRNAs has extreme importance at this stage of 

development. Additional tests are needed, to fully understand, the high abundance of 
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miRNAs experienced in mature green embryo, and the biological functions linked to this 

phenomenon. 

3. miR167’s regulatory function works in a cell autonomous manner 

Since the gradient-like expression pattern of miR167 was obvious in all studied 

developmental stages in the cotyledon of the embryo, we can conclude that miR167 

expression is a strictly controlled process in the embryonic tissues. 

By comparing the expression profiles of the mature miR167 and his precursors, we 

concluded that miR167 does not move from the location of his formation. The expression 

pattern of miR167 gradient is certainly caused by the specifically regulated expression of 

miR167 precursors. Our studies draw attention to the fact that the miRNAs gradient-like 

expression pattern must be thoroughly investigated in every case, as that may occur as a 

result of the miRNA movement, or due to specific expression properties of miRNA 

precursors. 

4. miR824 and miR857 overexpression leads to severe developmental defects 

Our data suggests that miR824 and miR857 overexpression caused severe biological 

defects during the development of siliques in Arabidopsis thaliana plants. The 

overexpression of miR824 caused significantly smaller silique size. The overexpression of 

miR857 -through Laccase 7 mRNA regulation- caused problems during seed formation. 

More thorough investigation is required, in order to draw conclusions in connection with 

the operation of these two miRNAs. In the future, would be useful, a more thorough 

investigation of miR824 and miR857 target genes, in order to better understand the 

formation of the observed phenotypic traits. In silico search for new, not validated target 

genes (Dai and Zhao, 2011) and their involvement in the trials, also could be useful. 

NEW SCIENTIFIC RESULTS 

1. We demonstrated that miR168 is induced during viral infection, and has important role 

in down-regulation of AGO1 protein. 

2. We have proved that the AGO1 protein accumulation depends, on the sequence 

integrity of AGO1 mRNA recognized by miR168, and, at least in part, on the activity of 

the AGO10 protein. 
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3. According to our results is more than likely, that during viral infection AGO1 protein 

accumulation is significantly reduced due to translational inhibition induced by mir168. 

This finding confirms the role of AGO1 protein during virus infection. 

4 We proved, that miR167’s gradient-like expression pattern, is not formed as a result of 

place displacement, and depend on the specific transcriptional activity of the miR167 

promoter. Therefore, miR167’s gradient-like expression pattern is formed cell-

autonomously. 

5 According to our results is more than likely, that miRNA pathways play an important 

role in fruit development, which is adjustable or controllable by overexpression of various 

miRNAs.  

6. By examining the role of miRNAs in fruit and seed development, we found two 

miRNAs which role in fruit and seed development was not known yet. Using miR824 and 

miR857 overexpressing transgenic Arabidopsis thaliana plants, we confirmed their role. 

We shoved the morphological changes (smaller silique) and seed formation deficiency 

(low yield of seeds) in Arabidopsis plants. 
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