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 Introduction 

 
The development of multicellular organisms is regulated by spatially and temporally 

coordinated complex regulatory networks that organize cell division and differentiation. The 

discovery of a novel gene-regulatory mechanism, based on microRNAs (miRNAs), has had a 

significant impact on the understanding of developmental processes. To date several hundred 

miRNAs have been identified in diverse plant and animal species and deposited in a miRNS 

database (miRBase) (Griffiths-Jones et al., 2006). Plant miRNAs have been shown to control 

a wide variety of biological functions, including development, hormone and stress responses 

and feedback mechanisms. Computer assisted prediction showed that miRNA precursors 

represent 1% of genes (Lim et al., 2003), and they regulate approximately 30% of protein 

coding genes (Lewis et al., 2005). 

MicroRNAs (miRNAs) are an abundant class of small, endogenous non-protein-coding RNAs, 

approximately 21 nucleotides in length. Plant miRNA genes encode capped and polyadenilated non-

coding transcripts (pri-miRNAs) produced by RNA polymerase II. The pri-miRNAs are further 

processed in the nucleus producing shorter precursors (pre-miRNA) which contain only a stem-loop 

RNA structure (Bartel and Bartel, 2003; Bartel, 2004). Mature miRNAs, approximately 21-24 

nucleotides in length, are processed in the nucleus from the pre-miRNAs. In plants an RNase III 

enzyme (DICER-LIKE 1, DCL 1) is responsible for liberating pre-miRNAs and executing the second 

cleavage resulting in the generation of a miRNA/miRNA∗ duplex. One selected strand (the miRNA) of 

the miRNA/miRNA∗ duplex is exported to the cytoplasm and loaded onto the RNA-induced silencing 

complex (RISC), the effector component of the RNA silencing machinery, while the miRNA∗ strand is 

targeted for degradation (Park et al., 2005; Vaucheret, 2008). The key component of RISC is a 

member of the Argonaute (AGO) protein family containing a central PAZ domain and a PIWI domain. 

In plants, the targeted mRNAs encompass perfect or near perfect complementary miRNA recognition 

sites. The miRNA containing RISC functions predominantly as an endonuclease bringing about the 

cleavage of the target mRNA. The miRNA-mediated cleavage induces the fast degradation of the 5’ 

cleavage product while 3’ cleavage product exhibits a slower degradation process (Baumberger and 

Baulcombe, 2005).  

Plant miRNAs control a wide variety of biological functions, including development, hormone 

and stress responses and feed back mechanisms. How miRNAs select and regulate their target mRNAs 

and how different miRNA precursors of the same miRNA contribute to the expression of the mature 

miRNA and respond to environmental stimuli are new and poorly understood areas of plant 

developmental biology. The analysis of the spatiotemporal accumulation of miRNAs is a prerequisite 

for the understanding of the precise molecular mechanism of miRNA-mediated processes.  



Introduction  

 

3. 

Another category of small non-protein-coding RNAs are small interfering (si) RNAs. During 

the mechanism called post-transcriptional gene silencing (PTGS), the perfectly paired long 

double-stranded (ds) RNA molecules derived from viruses or transgene are cleaved by DCL4 into 

short 21-26nt siRNAs (Carrington et al., 2001). The siRNAs are incorporated into the RISC 

complex and direct the cleavage of homolog mRNAs. 

The partially overlapping siRNA and miRNA pathways imply that miRNAs can play a 

role in defense against viruses (Kasschau et al., 2003; Zhang et al., 2006).  

 

 Research objectives 

The main goal of our work was to investigate the regulation mechanism of miRNAs. For 

these studies, we needed to examine the fine spatial and temporal expression of miRNAs and 

their target genes.  

Reliable detection of miRNAs, because of their short length, is technically very difficult. 

1. To evade the problem of miRNA detection, we needed to develop a new method for highly 

efficient detection of mature miRNAs by northern blotting.  

2. We wanted to develop a sensitive and specific in situ hybridization method for 

investigation of the spatial and temporal miRNA accumulation in Nicotiana 

benthamiana and Arabidopsis thaliana. 

3. Using the developed in situ hybridization technology we wished to examine the spatial 

and temporal accumulation of miRNAs and establish an in situ miRNA library in N. 

benthamiana and A. thaliana. 

4. We also wished to compare the miRNA target gene expression to miRNA accumulation 

to investigate the molecular mechanism of miRNA mediated processes. 

5. Finally because virus infections interfere with miRNA pathways we planned to examine 

the alteration of miRNA accumulation during virus infection.  
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 Methods 

o In vitro RNS transcription 

o Virus infection  

o Virus isolation 

o Plant total RNA extraction,  

o Northern blotting, small RNA northern blotting 

o Total plant protein isolation, Western blotting 

o in situ hybridization of N. benthamiana and A. thaliana  

 

 Results and discussion 

 Detection of miRNAs 

1) We developed a new sensitive locked nucleic acid (LNA) based technology for northern 

blot detection of miRNAs.  

2) The sensitivity of LNA probes in detecting mature microRNAs by northern blots was 

increased by at least 10-fold compared to DNA probes. 

3) Simultaneously the LNA probes were highly specific as demonstrated by the use of 

mismatch LNA3 probes. These results demonstrate that LNA probes can discriminate 

members of the same miRNA family which often differ only by one or two bases. 

4) In situ hybridization of N. benthamiana leaf cross sections revealed that the LNA 

modified oligonucleotide probes are highly specific and sensitive in detection of 

miRNAs by in situ hybridization.  

5) We compared LNA-modified oligonucleotide probes with conventional RNA probes 

used for miRNA in situ detection. The sections showed similar expression patterns with 

both miR171LNA and miR171as probes, except that the sections hybridized with the 

LNA probe displayed a dramatically enhanced signal intensity compared to the 

miR171as RNA probe. In contrast, the DNA oligonucleotide probe did not detect any in 

situ signals. Taken together, these results indicate that LNA-modified probes are highly 

effective in detecting plant miRNAs by in situ hybridization.  

6) Similar to N. benthamiana tissues, we adapted this method for detecting miRNAs in A. 

thaliana tissues by in situ hybridization. 

 

 



Results and discussion  

 

5. 

 Spatial and temporal accumulation of miRNAs 

7) Using the developed miRNA detection method, we examined the miRNA accumulation 

in various organs of N. benthamiana and A. thaliana plants during the development by in 

situ hybridization and we made the following observations: 

-- In situ hybridization of miRNAs using LNA probes complementary to the mature 

miRNAs in developing N. benthamiana and A. thaliana plants revealed highly 

restricted temporal and spatial expression patterns during development. 

-- The observed temporal regulation of miRNA expression suggests that timing of 

miRNA accumulation in developing tissues is an important factor for miRNA-

mediated gene regulation. For example, miR171 accumulates to high levels in young 

leaves, decreasing gradually in parallel with the advancing developmental process, 

suggesting that miR171 is involved in differentiation and development of the leaf 

tissue. 

-- miRNAs appear to accumulate in a highly polarized manner, which is maintained 

during the development, identifying the most actively dividing and differentiating 

tissue parts. The expression levels of the miRNAs studied decrease dramatically 

when the developmental process had been completed, suggesting that these miRNAs 

are crucial for tissue-fate establishment and differentiation. This observation is further 

supported by the presence of most of the investigated miRNAs in the developing 

ovules.  

-- To compare the miR171 expression pattern with that of a housekeeping gene, we 

applied a glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-specific RNA probe 

on the tissue sections. GAPDH-specific signals showed an expression pattern that 

was largely complementary to that of miR171, indicating that miR171 accumulates 

mainly in metabolically inactive regions of the flower.  

-- Some miRNAs show abundant expression in several organs (miR171, miR164, 

miR159), implying a general role in the developmental processes. 

-- We found that several of the studied miRNAs were present in the vascular tissues. 

Interestingly, miR167 was not detected in the vascular tissues, while miR160, which 

target the same gene family was present, suggesting that the presence or absence of a 

given miRNA in the vascular system could be actively regulated. Although our 

results do not provide direct evidence as to whether miRNAs are produced or 

transported in the vascular system, their presence in the veins of the developing 
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organs implies that phloem-mobile miRNAs could play a role in the coordination of 

developmental processes.  

-- The most striking differences between the miR160 and miR167 patterns were 

detected in the cross-sections and longitudinal sections, respectively, of the 

developing ovary. MiR160 accumulated exclusively throughout the ovules, while no 

signals were detected elsewhere in the tissue, whereas miR167 showed high 

expression levels in the ovules and also in vascular bundles of the placenta. Closer 

examination of the ovules revealed that, in contrast to miR167, miR160 accumulated 

to high levels in the basal part of ovules, in the funiculus attaching the ovules to the 

wall of the ovary, in the vascular bundle system of the placenta and in the inner 

epidermis. Hybridization with a miR167-specific probe revealed that this miRNA 

accumulates throughout the immature seeds. In contrast, miR160 disappeared or its 

accumulation dropped below the detection level in immature seeds, indicating that 

expression of these miRNAs is temporally regulated. 

8) To investigate the molecular mechanism of miRNA mediated processes, we compared the 

accumulation of miR160 and one of its target genes. These in situ hibridization experiments 
showed largely complementary expression pattern, indicating that miR160 acts by 

eliminating the target gene.  

 miRNA expression during virus infection 

9) Examining the alterations of miRNA accumulation during virus infection in N. 

benthamiana and A. thaliana RNA samples by northern blot, we found that the 

expression level of miRNAs were independent from virus infection, except miR168. This 

miRNA accumulated to a higher level in the virus infected tissues than in uninfected. The 

northern blot analysis results indicated that the increased miR168 expression during virus 

infection is a general, plant- and virus-independent response. 

10) In situ hybridization of N. benthamiana and A. thaliana tissues showed that the increased 

level of miR168 colocalized with the virus infected part of tissues.  

11) In parallel with the increased miR168 expression in virus infected plant extracts, we 

found increased level of Ago1 mRNA, which is the target of miR168. In contrast the 

AGO1 protein level remained unchanged, suggesting that beside the cleavage of target 

mRNA, miR168 may act on translational repression also.
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