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Our results show that a subset (miRNA cluster 1) of 
grapevine (Vitis vinifera L., cv. Limberger) microRNAs (miR-
NAs) can be strongly induced by different apoptosis inducers 
including methyl jasmonate (MeJA), botrycin, cinerein and/or 
H2O2. We report here that the expression of endogenous miR-
NA-g1 and miRNA-g7 can be efficiently silenced in grapevi-
ne protoplasts using artificial miRNA (amiRNA) technology. 
Furthermore, we demonstrate that the ectopic expression of  

amiRNAs (anti-mir miRNA-g1 and pre-mir miRNA-g1) de-
signed to target a mature miRNA-g1 directs jasmonate-in-
duced silencing against DAD1 protein (defender against death 
1). These collective results strongly support the idea that a 
sub-population of grapevine miRNAs induced by apoptosis 
may function in one of the most critical defense systems for 
structural and mechanical fitness.
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Cytoplasmic control of mRNA degradation, transla-
tional repression and chromatin modification is one of 
the important strategies of eucaryotic gene expression 
programs. Cells have evolved a wide variety of gene 
silencing pathways mediated by small RNAs at the 
transcriptional, post-transcriptional and translational 
levels. Short interfering RNAs (siRNAs) and recently 
discovered microRNAs (miRNAs) are the most im-
portant regulators of gene expression at the post-tran- 
scriptional level. Moreover, these small (mostly 21 or 
24 nt in size), noncoding RNAs play crucial roles in 
eukarytotes by targeting mRNAs for silencing (Friz-
zi and Huang 2010). Silencing was triggered by ex-
pression of a transgene homologous to an endogenous 
gene, which resulted in the formation of  long double-
stranded RNA (ds-RNA; Fire et al. 1998; Hamilton and 

Baulcombe 1999; Vance and Vaucheret 2001). The ds-
RNA trigger was cleaved into 22–25 nt RNAs which 
act as guides to target homologous mRNA sequences 
for destruction (Bernstein et al. 2001; Elbashir et al. 
2001). 

In plants, miRNAs are implicated in a plethora 
of diverse aspects of plant growth and development, 
including meristem establishment and maintenance, 
leaf morphology, abaxial-adaxial polarity, lateral root 
formation, stem and root growth, hormone signaling, 
flowering time, organ boundaries, floral organ identity 
and reproduction (Mallory and Vaucheret 2006; Sunkar 
et al. 2007). Several types of miRNAs are regulated in 
response to diverse stress conditions, which suggests 
that miRNA-directed post-transcriptional regulation 
of their respective target genes is important to cope 
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with the stress (Jones-Rhoades and Bartel 2004; Fujii 
et al. 2005; Chiou et al. 2006; Fahlgren et al. 2007; 
Sunkar et al. 2007; Shen et al. 2010; Qin et al. 2011).  
There is also a substantial body of evidence that spe-
cific miRNAs also play an important role in plant de-
fense responses to pathogen attack (Gurr and Rushton 
2005). Different experimental studies also indicates 
that miRNAs are key players in molecular pathways 
to resist plant pathogens; including virus-induced gene 
silencing (Kasschau et al. 2003; Chapman et al. 2004; 
Chen et al. 2004). A more detailed analysis performed 
by Navarro et al. (2006) clearly demonstrated that a 
plant miRNAs directly contributed to antibacterial re-
sistance by repressing auxin signaling pathway. 

In respect to the apoptosis and/or programmed cell 
death, there is only a few reports regarding the use of 
exogenous (synthetic) miRNAs and miRNA inhibitors 
in functional screening assays to identify miRNAs that 
affect this process in animals (e.g. bantam in Drosop-
hila, Brennecke et al. 2003). In plants, a set of apo-
ptosis-related miRNAs was, for the first time, observed 
and partially characterized only very recently (Repka 
2008). 

Specific miRNA function can be examined by up 
and down regulating specific miRNA levels to study 
endogenous or reporter gene regulation and pheno- 
typic response. The microRNA functional analysis can 
be performed by using synthetic miRNA mimics (pre-
miRNA precursors) and amiRNA inhibitors (anti-miR-
NA inhibitors) which are now commercially available 
for most known miRNAs. To address the more explicit 
role of the apoptosis-related grapevine miRNA clus-
ter, in this work we have performed the post-transcrip- 
tional dad1 gene silencing assay in situ using specific 
miRNA inhibitor and precursor.

MATERIAL AND METHODS

Plant material
Long-term cultivated callus cultures of grape- 

vine (Vitis vinifera L., cv. Limberger) were used for all 
the experiments. These cultures were established and 
maintained basically according to Repka et al. (2000). 
Grapevine protoplast were prepared from cell suspen-
sion at the stationary growth phase. The cells were in-
cubated in maceration solution containing 2% Macera-
se, 2% Cellulysin in buffer A (50 mM Mes-NaOH, pH 

5.7 with 0.6% manitol) for a period of 8 h. Then the 
protoplast were washed with fresh buffer A and imme-
diately used for the electroporation experiment.

Cells pre-treatment
A stock solution (5 mM) of methyl jasmonate 

(MeJA; Duchefa BV, Haarlem, The Netherlands) was 
first made up in absolute ethanol; various concentra- 
tion of MeJA (0.05-50 µM) were prepared by ap-
propriate dilution in water and adjusted to the final 
concentration with 0.1% ethanol. Grapevine cell sus-
pensions and/or isolated protoplasts were incubated 
with MeJA at concentration given at the text and 0.1% 
ethanol was applied as control. After the pre-treatment 
was completed, cells were harvested and immediately 
submerged in RNAlaterTM solution (Ambion, Austin, 
TX, USA) for archival storage at –20oC.

Microscopy, cytochemistry, TUNEL and cell viability 
assays

Cell viability was determined cytochemically by 
staining of cells with solution containing fluoresce-
in diacetate (FDA, 1 mg cm-3) and propidium iodide 
(PI, 1 mg cm-3) in sterile 24-well tissue culture plates 
(Nunc AS, Roskilde, Denmark) as described previous-
ly (Repka et al. 2001). The integrity of DNA in nucleus 
of control and treated cells was estimated with DAPI 
(4,6-diamidino-2-phenylindole, 0.1 mg cm-3) staining 
(Repka et al. 2001). Cytochemically-stained cells were 
observed under a LEICA DMIRB fluorescence mi-
croscope equipped with a LEICA DC 450 colour CCD 
camera (Leica, Wetzlar, Germany). The RAW data of 
digital images were processed with Adobe Photoshop 
CS3 software (Adobe, San José, CA, USA). 

An in situ apoptosis detection kit Apo-Direct TU-
NEL (Calbiochem-Merck, Bratislava, Slovakia) was 
used to detect the nuclear DNA fragmentation accord-
ing to the protocol provided by the manufacturer. The 
cells were permeabilized with Cytonin for 30 min at 
18–24oC and then washed with DNase-free water  
(2 × 2 min). Permeabilized cells were incubated at 37oC 
for 2 h with the reaction mixture containing terminal 
deoxynucleotidyltransferase (TdT), 1× incorporating 
buffer and fluorescein-dUTP and then were rinsed 
with 1× TdT Stop buffer (2 × 5 min) to stop labeling 
reac-tion. The stained cells were observed as described  
above. The experimental positive and negative con-
trols were the Apo-Direct-Nuclease-treated and un- 
treated samples, respectively. 
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Monitoring of gene silencing experiments and cell 
death rate detection were measured on the Agilent 2100 
bioanalyzer (Agilent Technologies Inc., Cedar Creek, 
TX, USA) using a respective on-chip cell fluorescent 
kits provided fast and accurate results in an automated 
manner.           

Artificial miRNA (amiRNA) technology
TAPIR, a web server designed for the prediction 

of plant microRNA targets (http://bioinformatics.psb.
ugent.be/webtools/tapir; Bonnet et al. 2010) was effi-
ciently used to design target mimics. Complementary 
functional analysis of respective miRNAs was per-
formed using custom made synthetic miRNA mimics 
(anti-mir miRNA-g1 and pre-mir miRNA-g1; Ambion, 
Austin, TX, USA). Grapevine protoplasts were loaded 
with synthetic miRNA inhibitor and/or precursor using 
electroporation with the aid of the BTX-ECM830 
electroporator (BTX Instruments, Holliston, MA, 
USA) following the manufacturer´s protocol. The final 
electroporation volume used per experiment was 20 µl 
containing 1.5–3 × 105 protoplasts cm-3.

Isolation of total RNA and small RNA enrichment
An aliquots (1 mg FW) from both, control (un- 

treated) and elicitor-treated cells were immediate-
ly placed in sterile Eppendorf microtubes containing 
RNAlaterTM solution (Ambion, Austin, TX, USA) for 
storage until RNA extraction was performed. Total 
RNA was extracted from the cells using the mirVanaTM 

miRNA Isolation Kit (Ambion, Austin, TX, USA) ac-
cording to the manufacturer´s protocol. This kit also 
provides specific procedures to enrich small RNAs 
(LMM) from higher molecular mass (HMM) RNAs.  
Using a Nanodrop ND-1000 (Nanodrop Technologies, 
Willmington, DE, USA), the total RNA was assessed 
for quality and quantity and then stored at –80oC until 
future use.        

Quantitative real-time PCR (qRT-PCR)
TaqManTM microRNA assay (Applied Biosystems, 

Foster City, CA, USA) was used to verify the expres- 
sion of 22 identified grapevine miRNAs (Repka 2008). 
First, reverse transcription PCR (RT-PCR) was per-
formed using the TaqManTM microRNA reverse tran-
scription kit (Applied Biosystems) and miRNA-spe-
cific stem-loop primers included in the kit. Briefly, 1 
µg of total grapevine RNA was used to generate a sin-
gle-stranded miRNA cDNA for each of the miRNAs 

listed in the text. RT-PCR conditions were followed 
according to the manufacturer´s protocol supplied with 
the kit. Second, qRT-PCR and miRNA specific primers 
designed by using Vector NTI AdvanceTM software 
were used to verify the expression of identified grape-
vine miRNAs. The reactions were run on an Eppendorf 
MastercyclerTM ep realplex2 qRT-PCR cycler (Eppen-
dorf, Hamburg, Germany). Three biological replicates 
along with two technique replicates were conducted 
for each miRNA. Following qRT-PCR, differences in 
miRNA expression levels were assessed by analyzing 
the mean CT values.  Inner reference primers were also 
18S rRNA and a constitutively expressed grapevine 2S 
albumine gene VvAlb1 served as an internal reference 
gene throughout experimenting.

Northern blotting
For Northern blot analysis, aliquots containing 5 

µg of total RNA were denatured in 2.5 M formalde-
hyde, 6 × SSPE (6 × SSPE = 900 mM NaCl, 60 mM 
NaH2PO4, 6 mM EDTA, pH 7.7) at 60oC for 1 h, frac-
tionated on a 1.2% formaldehyde gel and transferred 
to a nylon membrane (NYTRAN N-13,  Schleicher 
& Schuell, Dassel, Germany). The membrane was  
washed, prehybridized and hybridized according to 
Repka et al. (2004). 

Custom-made, gene-specific, synthetic oligonuc-
leotide probes (MWG Biotech GmbH., Ebersberg, 
Germany), end-labelled with biotin were used in the 
experiment. Hybridization of the probes, posthybri-
dization stringency washes and membrane blocking 
with BLOTTO-MF solution was performed following 
the previously published protocols (Repka et al. 2004). 
Membranes were then incubated in a solution con- 
taining a horseradish peroxidase-conjugated avidin D 
(Vector Labs., Burlingame, NJ, USA) in TBS buffer 
for 1 hour. Finally, the membranes were washed in 
TBS and the signal was visualized and processed using 
SIBA/ECL protocol as described for immunoblots.

Immunoblotting
For quantitative and rapid screening of the accu-

mulation of DAD1 and actin (reference) protein, the 
SIBA/ECL protocol (Repka et al. 1996) was employed. 
Individual samples equivalent to 50 µg of total pro- 
teins were separated using 12% SDS-PAGE, trans- 
ferred onto nitrocellulose membrane (PROTRAN BA-
85, 0.45 µm, Schleicher & Schuell, Dassel, Germany), 
blocked with BLOTTO-MF solution, and immunodeco-
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Fig. 1. Post-trancriptional gene silencing conferred by the ectopic expression of the grapevine miRNA-g1 and inhibition of 
the response by corresponding amiRNA inhibitor. Jasmo-nate induced cell death (A), protoplast collapse (B) and DNA 
fragmentation (C), and blocking of the respective events by the ectopic expression of miRNA-g1 (D, E, F). Attenuation 
of miRNA-g1 activity using synthetic anti-miRNA-g1 inhibitor (G) and colocalization of the miRNA-g1-anti-miRNA-g1 
inhibitor complex in the cell nucleus (H). More precise in situ localization of the inhibitor complex in the nucleus (I) 
depicted by white square in figure H

            Bars represent 50 µm

rated for specific antigen using the protocol described 
in Repka et al. (2004). Antigen-antibody complexes 
were visualized using SuperSignal West Dura (Pier-
ce, Rockford, USA) and enhanced chemiluminiscence 
(ECL) images were recorded on the Kodak Image Sta-
tion 2000R (Kodak, Hemel Hempstead, UK).

RESULTS AND DISCUSSION

Using a global microarray expression profiling 
approach we have previously identified a grape- 
vine miRNA cluster directly involved in the execution 
and regulation of apoptosis (Repka 2008). To further 
assessing the putative role of this apoptosis-related 
grapevine miRNA cluster, we perform the transcrip-
tional gene silencing assay in situ. As shown in Figure 
1 (top row), pretreatment of cells with 50 µM MeJA for 
60 min resulted in a profound programmed cell death 
(Fig. 1 A and B) accompanied by a DNA fragmenta-
tion to oligonucleosomal fragments revealed using the 

TUNEL assay (Fig. 1 C). Ectopic expression of miR-
NA-g1 (Fig. 1 E – green fluorescence) blocked MeJA 
induced apoptosis since no signs either of protoplast 
condensation nor DNA fragmentation was observed in 
these cells (Fig. 1 D and F), indicating that miRNA-g1 
is directly involved in arresting of cell anti-apoptotic 
pathway. More interestingly, however, there must exist 
a coexpression of other miRNAs because pretreatment 
of grapevine cells with the anti-miRNA-g1 synthetic 
oligonucleotide inhibitor does block the apoptosis in-
duced by methyl jasmonate (Fig. 1 G). As shown in 
Figures 1 H (small rectangle) and I, miRNA-g1-anti-
miRNA-g1 inhibitor complex is colocalized in the cell 
nucleus thus just before the phase when miRNA-g1 
attend the processing pathway. 

There were observed similar trends in cell death 
if the quantitative monitoring of gene silencing using 
specific miRNAs and corresponding amiRNAs was 
performed (Fig. 2).  Statistically significant (P<0.001) 
differences were observed in the viability between 
miRNA non-silenced and miRNA-silenced popula- 
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tions of grapevine cells.
To verify above assumption, we investigated wheth- 

er RNA molecules modeled after miRNA precursor 
could enter the miRNA pathway and regulate transla-
tion. Ectopic expression of specific anti-miRNA inhib-
itors for miRNA-g1 and miRNA-g7 almost completely 
blocked corresponding targets. Also the synthetically 
created pre-miRNAs positively down-regulated cor-
responding miRNAs  (Fig. 3 A). Similarly, Schwab et 
al. (2006) observed a highly specific gene silencing by 
artificial miRNAs (amiRNAs) in Arabidopsis. They 
examined the overexpression of amiRNAs designed to 
target single genes and found that amiRNA silencing 
resulted in robust and strong phenotypes that resem-
bled those in plants with mutations in the respective 
target gene. 

We also wanted to determine whether  anti-miRNA  
and pre-miRNA inhibitors can regulate endogenous 
gene which expression is known to be modulated by 
miRNAs. Designed and created were synthetic pre-
cursors of miRNA-g1 and anti-miRNA-g1, known to 
regulate expression of DAD1 (defender against death 
1). 

DAD1 (Dolichyl-diphosphooligosaccharide-pro-
tein glycosyltransferase subunit), the defender against 
apoptotic cell death, was initially identified as a ne-
gative regulator of programmed cell death in the tem-

perature sensitive tsBN7 cell line (Nakashima et al. 
1993). The DAD1 protein disappeared in temperature-
sensitive cells following a shift to the nonpermissive 
temperature, suggesting that loss of the DAD1 protein 
triggered apoptosis. DAD1 is believed to be a tightly 
associated subunit of oligosaccharyltransferase both in 
the intact membrane and in the purified enzyme (Kel-
leher and Gilmore 1997), thus reflecting the essential 
nature of N-linked glycosylation in eukaryotes (Makis-
hima et al. 1997). In this context, it is important to note 
our earlier studies on the role of N-linked glycosyla-
tion in jasmonate-induced apoptosis in grapevine. In-
hibition of N-linked glycosylation of specific protein, 
and perhaps DAD1, by tunikamycin, dramatically en-
hanced cell death in jasmonate-challenged grapevine 
cells (Repka 2001).

After the treatment of cell with MeJA, high miR-
NA-g1 resulted in lowering the DAD1 protein level 

Fig. 2. The course of cell death execution in control (C), 
jasmonate-treated (MeJA), miRNA-silenced  
(miRNA), and amiRNA-transfected (anti-miRNA or 
pre-miRNA) populations of grapevine cells measured 
on the Agilent 2100 bioanalyzer. Bars represent 

Fig. 3. Up- and down-regulation of miRNA-g1 and miRNA-g7 
activity in grapevine cells using the synthetic inhibitors 
that modelled miRNA precursors and mature miRNAs

       A. Northern blot analysis of the inhibiton of target 
miRNAs by ectopic expression of specific amiRNA 
inhibitors
B. Modulated expression of the DAD1 protein by 
miRNA-g1 and synthetic amiRNA inhibitors analyzed 
using quantitative RT-PCR and immunoblot assays. 
A constitutively expressed actin gene was used as a 
control
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(Fig. 3 B, 50 uM MeJA). Inhibiting miRNA-g1 activity 
either with anti-miRNA-g1 or with pre-mir miRNA-g1 
synthetic inhibitors (see ”qRT-PCR“ panel) resulted in 
constant DAD1 protein expression (see ”Immunoblot“ 
panel). Remarkably, Alvarez et al. (2006) have de-
monstarted that synthetic pre-miRNAs stimulated si-
multaneous, efficient, and localized regulation of mul-
tiple targets in diverse species. Synthetic miR-ARF 
targeting Auxin Response Factors 2, 3 and 4 induced 
dramatic transformation of abaxial tissues into adaxial 
ones in three plant species. 

These collective results indicate that miRNA can-
didates of the 3 grapevine miRNA clusters are ex- 
pressed and regulate gene targets directly involved in 
both apoptosis and defense response against patho-
gens.

CONCLUSIONS

In order to explore the extent and autonomy of gene 
downregulation that can be induced by miRNAs, we 
have chosen an experimental platform that uses sets of 
target genes for which complete conventional mutants 
does not exist. 

Here, we also show that specific miRNAs can po-
tentially abolish simultaneously the activities of all of 
their targets to levels matched by conventional loss-of-
function mutations. Using ectopic expression of some 
grapevine miRNAs (miRNA-g1 and miRNA-g7) it was 
possible to reduce the apoptosis execution strongly in-
duced by exogenous methyl jasmonate. This response 
could be functionally reversed by simultaneous addi-
tion of corresponding amiRNA inhibitor and/or precur-
sor. 

Consequently, our experiments with synthetic 
amiRNA inhibitor (anti-miRNA-g1) and precursor 
(pre-miRNA-g1) indicate that grapevine miRNA-g1 
is directly involved in arresting of cell anti-apopto-
tic pathway probably via regulation of expression of 
DAD1 (defender against death 1) target protein. This 
observation might be important for future grapevine 
apoptosis and anti-apoptosis functional studies at the 
molecular and cellular levels.
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