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Two-dimensional gel electrophoresis coupled to protein 
microarray analysis was used to examine, for the first time, 
the molecular mechanisms of grapevine (Vitis vinifera L., cv. 
Limberger) habituation. The examination of 2-D maps derived 
from control and habituated cell culture revealed the presence 
of 55 protein spots displaying a differential expression pattern. 
These facts have provide a molecular evidence suggesting that 
the habituated cells can be used as a model for study of cell dif-

ferentiation and plant defense mechanisms. Cell death, extra-
cellular alkalinization and expression of genes responsible for 
the formation of the defense-related proteins were analyzed 
in suspension cultures with hormonal autonomy (habituation). 
Results obtained using habituated grapevine cells compared 
with non-habituated cells were different and strongly depend-
ed on the concentration of elicitor applied.
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Plant cells and tissues, which are propagated in axe- 
nic culture, sometimes lose their exogenous require-
ment for certain growth factors. This type of cellular, 
heritable change is known as habituation (Meins 1982). 
They may be subcultured in the absence of the added 
factors, auxins and cytokinins and certain vitamins. 
Comparison of the properties of habituated and non-
habituated cells leads to the conclusion that habitua-
tion is a form of neoplastic transformation involving 
heritable changes in cell phenotype that can result in 
autonomous growth (Meins 1989).

At present, experimental evidence for the mecha-
nism of habituation is obscure. One approach towards 
the identification of the mechanism of habituation is a 
comparison of gene expression pattern in habituated 
and non-habituated cell cultures (Repka & Baumgart-
nerová 2008). Moreover, the availability of genomic 

sequence data allows us to conduct comparative ge-
nomic studies, yielding important information on de-
velopmental processes and disease defense mechanisms 
(Rubin et al. 2000; Eichler & Sankoff 2003). Protein 
comparison using proteomes alone is, however, not 
fully sufficient to understand how the cellular machin-
ery evolved over a long period of time. A step forward 
would be to look at all the interactions among them. 
An interactome is a whole set of molecular interactions 
in a cell. Because the interactome considers the whole 
organism, there is a need to collect a massive amount 
of information. These studies may help to clarify the 
molecular mechanisms of defense responses and also 
of neoplastic phenomena in plants (Repka 2006).

A pathogen must be able to recognize the pres-
ence of their host plant in the environment and often 
the specific surface for successful infection. To date, 
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mechanisms of defense responses in grapevine are not 
almost understood. Therefore, it is a good idea to com-
pare habituated and non-habituated cultures to clarify 
the process of various signalling cascades, which start 
after the penetration of pathogen through the cell sur-
face. This was a reason why we worked with exog-
enous methyl jasmonate (MeJA), which is an effective 
trigger of defense responses (Repka 2006). It has been 
demonstrated, that MeJA is a strong trigger of grape-
vine defense mechanisms (Repka et al. 2000; Dubery 
et al. 2000). This elicitor induced a hypersensitive re-
sponse associated with an oxidative burst resulting in 
the production of reactive oxygen species.

The production and removal of extracellular reac-
tive oxygen species (ROS) in plants may be mediated 
by the activity of enzymes located in the plasma mem-
brane or/and in the apoplast. The main enzymatic sourc-
es of ROS production at the plant cell surface are still 
unknown, but most results point to two mechanisms, 
one involving the action of peroxidases. Polyphenol 
oxidase (PPO), also known as catechol oxidase, is a 
copper-containing enzyme catalyzing the oxidation of 
o-diphenols to o-diquinones. These quinones polymer-
ize to form brown pigments associated with browning 
in plants (Bostock 2005). The physiological function 
of PPO is as yet unknown, although it has been as-
sociated with disease resistance. The defensive role of 
PPO against leaf-eating insects has been proposed in 
particular, and is well documented (Felton et al. 1999). 
PPOs are defense-related proteins whose activities are 
most intensively induced in tomato plants submitted to 
either wounding and/or to methyl jasmonate (MeJA) 
vapour treatment (Constabel et al. 1995). A strong 
induction of PPO by wounding was also observed in 
tobacco (Nicotiana tabacum L.) and hybrid poplar 
(Populus trichocarpa x deltoides; Constabel & Ryan 
1998). 

In our contribution we examined changes of pro-
teome profiles in hormonally habituated grapevine 
cells. These studies may help to clarify the molecular 
mechanisms of neoplastic phenomena in plants and 
perhaps in animals.

MATERIAL AND METHODS

Plant material
Long-term cultivated callus cultures of grapevine 

(Vitis vinifera L., cv. Limberger) were used for all ex-
periments. These cultures were maintained under con-
trolled environmental conditions at 25°C, 80% relative 
humidity, a photon flux density of 80 µmol m-1 s-1 and 
16/8 h photoperiod as described elsewhere (Repka 
2006).

Habituation experiment
Sucrose, Gamborg B5 vitamins (Gamborg et al. 

1968), auxin (1 mg ml-1 1-naphthylacetic acid) and 
cytokinin (1 mg ml-1 6-benzylaminopurine) were in-
corporated in MS (Murashige & Skoog 1962) media 
at different concentrations and grapevine calli were 
cultivated on these media for a period of 60 d. The ex-
periments were then terminated, fresh weights were re-
corded and tissues were frozen for proteome analysis.

Protein expression profiling and comparative interac-
tomics

2-D PAGE profiling used gels, which were fixed 
and silver stained according to the protocol of Rabil-
loud et al. (1992). Digitized images were obtained us-
ing the Kodak Images station 2000R at 60.5 nm reso-
lution and analyzed with the software tools included. 
Proteomics-based identification using high-throughput 
microarrays, as well as the immunodetection of spe-
cific antigens, were conducted basically according to 
Repka (2006). To analyze protein-protein interaction 
networks, a threshold-free functional profiling analysis 
was performed within and among complete genomes, 
such as yeast, fly, worm, Arabidopsis and human, and 
their HTP maps.

Assay of enzymatic activity
Extracts of the samples were prepared for the analy-

ses by homogenizing 3 g of callus fresh weight in 3 ml 
of ice cold TRISEPAC buffer (50 mmol dm-3 Tris-HCl, 
pH 8.0, 500 mmol dm-3 sucrose, 1 mmol dm-3 EDTA, 
0.2% insoluble PVP, 6 mmol dm-3 ascorbic acid and 
0.1% cystein). The extracts were centrifuged at 15,000 
g for 10 min at 4°C. The supernatant was collected and 
protein content was determined according to Bradford 
(1976) using bovine serum albumin as a standard.

PPO activity was determined by measuring the in-
crease in absorbance at 494 nm with a recording spec-
trophotometer Epoch (Biotek Instruments, USA). The 
reaction mixture contained 10 mmol dm-3 4-methyl-
catechol solution (0.2 mol dm-3 phosphate buffer, pH 
6.3). The reaction was initiated by addition of enzyme 
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extract. The blank sample contained only the 4-methyl-
catechol solution. The enzyme activity was calculated 
from the linear portion of the curve (Wong et al. 1971). 
One unit of PPO activity was defined as the amount 
of enzyme, which caused an increase in absorbance of 
0.001 min-1.

Cell suspension treatment
A stock solution of MeJA (5 mmol dm-3 Duchefa, 

Haarlem, The Netherlands) was first made up in eth-
anol (96%), various concentrations of MeJA (0.5, 5,  
50 µmol dm-3) were prepared by appropriate dilution in 
water and adjusted to the final concentration with 1% 
ethanol in cells suspension.

Analysis of cell death
To determine changes in plant cell viability, cell 

cultures were incubated after treatment with MeJA for 
15 min with 0.05% Evans blue (Sigma, Deisenhofen, 

Germany) and then washed extensively to remove the 
excess and unbound dye. Dye bound to dead cells was 
solubilised in 50% methanol with 1% SDS for 30 min 
at 50°C and quantified by absorbance according to 
Repka (2001).

Alkalinization response
To measure alkalinization of the growth medium, 

20 ml aliquots of grapevine cell suspensions (5 g fresh 
weigh) were equilibrated in open vials for 20, 30 min 
with slow continuous stirring until a steady pH value 
was reached. Upon treatment the cells with MeJA, the 
extracellular pH was monitored with a combined glass 
electrode in the medium while stirring. The pH of the 
growth medium was continuously measured every two 
minutes for a period of 60 min.

Statistical analysis
Data presented are mean values ± S.E.M (Standard 

Fig.1. Representative 2-D gels visualizing proteins from PhI and PhA calluses either for cytokinin (B, E) or auxin (C, F) 
compared to control proteome maps (A, D). The first dimension was focused across a 3 to 10 pH unit range and the second 
electrophoretic dimensions resolved proteins between 10 and 20 kDa. An equal amount (150 µg) of total protein extracts 
was loaded in each gel



132

Agriculture (Poľnohospodárstvo), 57, 2011 (4): 129−136

Error of the Mean) for three replicates. For analytical 
and/or preparative separation 2-D PAGE profiling was 
performed and the reproducibility of these profiles was 
confirmed by carrying out two independent experi-
ments.

RESULTS AND DISCUSSION

Proteome profiling
The high-resolution 2-D maps, which were used 

for visualizing protein patterns, displayed up to 2,500 
spots from control, auxin-, and cytokinin-habituated 
samples. Figures 1 A–C represent protein patterns ob-
tained from PhI (photosynthetically inactive) calli and 
the Figures 1 D–F show the different content of PhA 
(photosynthetically active) patterns. The comparison 
of habituated PhA and PhI cultures demonstrated in 
Figure 1, displays enormous difference of expression 
patterns for cytokinin- and auxin-habituated calli (Fig. 
1 B, E and Fig. 1 C, F) compared with the control (Fig. 
1 A, D). The number of up-regulated spots largely ex-
ceeded that of down-regulated ones. Altered expres-
sion pattern was demonstrated in 55 proteins due to 
the different metabolic state of both types of callus cul-
tures. Figures 1 B and E, representing callus cultures 
habituated for the cytokinin compound, show exten-
sively changed protein patterns that substantially differ 
from their control counterparts and/or auxin-habituated 
calli. Proteome changes of auxine-habituated culture 
(Fig 1 C and F) were also different in many points from 
those of control and/or cytokinin-habituated ones. Two 
prominent spots in PhI calluses (Fig. 1 A–C, window 
a) exhibited no variation in the expression profile re-
gardless of the habituation status. The differential ac-
cumulation of a number of small proteins was noted in 
PhI calli (Fig. 1 A–C, window b). Unlike the PhI callus 
cultures, other small groups of proteins were reproduc-
ibly expressed in both cytokinin- and auxin-habituated 
calli (Fig. 1 D and F, window d and e, respectively). 
Interestingly, two other groups (Fig. 1 D–F, window f 
and c) displayed significant changes in their expression 
levels in habituated calluses compared with the control. 
Comparative analyses of both proteome maps seem to 
be more complex for cytokinin-habituated cell culture. 
These results indicate profound metabolic transforma-
tion of these types of tissues. Auxin and cytokinin play 
a critical role in regulation of both the proliferation and 

differentiation of plant cells (Meins 1982). Habituation 
for these growth factors in plant culture provides an 
experimental system ideally suited for studying how 
the production of these factors affects metabolic path-
ways in cell organization.

Microarray analysis
Global picture of protein expression during the ha-

bituation was obtained by using the HTP-microarray 
system. The examined proteome profiles of non-habit-
uated and/or habituated grapevine cell cultures depict-
ed in Figure 2 B1 and 2 B2, show different microar-
ray patterns. These specific patterns of tested cultures 
corresponded with different levels of expression of 
individual proteins generated as the habituation pro- 
cess progressed. Figure 2 B2 shows dynamical changes 
in expression profiles of habituated tissues. It was ob-
served that 360 d after planting calli on the hormone-
free medium the expression profile of both PhA and 
PhI cultures was significantly changed and the proteins 
expressed were grouped into six functional clusters, 
termed herein as A–F clusters (Fig. 2 B2).

Alkalinization
Potential of MeJA to induce alkalinization in cul-

tured cells was used for detecting and monitoring 
changes in cultures of habituated grapevine cells. 

Fig. 2. Expression microarray profiling of habituated grapevine 
calluses (A – global microarray profile of control and 
hormone habituated cell cultures. The B1 heat map 
shows protein expression levels. B2 heat maps show 
the change of protein levels related to the progression 
of habituation. A – photosynthetically active calluses, I 
– photosynthetically inactive calluses, C – control. The 
six (A–F) functional groups of proteins are indicated 
on the right of the microarray profile)
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Treatment of grapevine cells suspension with MeJA 
in concentration range 0–50 μM is shown in Figure 3. 
After addition of MeJA in concentration of 50 μM to 
grapevine cells, marked decrease of pH was recorded 
and consequently typical response of alkalinization 
observed in cell suspension caused by influx protons 

from the extracellular medium.
The addition of MeJA to grapevine cells triggered 

the extracellular pH changes relatively fast. Incubation 
of non-habituated PhA cells (Fig. 3 A) with 50 μM con-
centration of elicitor increased extracellular pH nearly 
by 0.50 units within 60 min, whereas addition of 50 

Fig. 3. Effect of MeJA pre-treatment on extracellular alkalinization response in grapevine cell suspension culture  
A – photosynthetically active non-habituated cells, A1 – hormone-less, A2 – auxin-habituated, A3 – cytokinin-habituated 
cultures I – photosynthetically inactive non-habituated cells, I1 – hormone-less, I2 – auxin-habituated, I3 – cytokinin-
habituated cultures. Control/non-habituated – full circles (black), 0.5 μM MeJA– triangles (green), 5 μM MeJA– squares 
(blue), 50 μM MeJA– stars (red)
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μM MeJA to non-habituated PhI cells (Fig. 3 I) leads 
to an increase in the extracellular pH of just about 0.35 
units. When comparing the pH change after addition 
of 5 μM of elicitor, there was a 0.15 units difference 
between PhA and PhI control cells (Fig. 3).

Treatment of habituated cell suspensions with MeJA 
in a concentration range of 0.5–50 μM, shown in Fig. 

3 A1–A3 and I1–I3, reveal pH changes of different ha-
bituated PhA and PhI cells, which did not show sig-
nificant modifications during the 60 min of treatment 
in comparison with each other. After challenge of PhA 
habituated cells with 0.5 and 5 μM of elicitor there 
was a slight decrease of pH compared to the control, 
except for the auxin-habituated cells which showed an 

Fig. 4. Response for MeJA induction of cell death. Control/non-habituated– circles (black), hormone-less- squares (red), auxin-
habituated- triangle (green), cytokinin-habituated- stars (blue)

Fig. 5. Comparison of PPO activity in grapevine cell cultures

PhI – open columns
PhA – hatched columns
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increase in the value of alkalinization in concentration 
of 0.5 μM MeJA compared with control. When com-
paring the 50 μM elicitor concentration, there was a 
significant difference between control/non-habituated 
cells and habituated ones (Fig. 3). The major difference 
between these two types of cells is probably caused by 
higher depolarisation of the plasma membrane, loss of 
K+, Ca2+ influx followed by oxidative stress end even-
tually cell death. Also there is a well-known effect 
caused by hormonal regulation that reflect the activa-
tion of outwardly and inwardly rectifying K+ channels 
at the plasma membrane by decreasing or increasing 
the cytoplasmic pH (Roos et al. 2006). It could mean 
that some unique metabolic features of control cells 
in comparison to habituated cells have increased their 
capacity for control of cytoplasmic pH, especially the 
compensation of high acidity.

Cell death
Addition of MeJA in the range of concentrations 

0.5–50 μM induced cell death in a concentration de-
pendent manner (Fig. 4). The two lowest concentra-
tions of MeJA lightly stimulated cell death, while the 
highest concentration had a significant effect. Only in 
the highest concentration of MeJA applied to cells the 
cell death could be recognized by visual changes in ha-
bituated and non-habituated cells. Cell death values in 
PhI habituated cells show higher increase compared to 
PhA ones. The PhA cytokinin-habituated cells revealed 
increase of cell death by 0.3 units, in comparison to 
PhA auxin-habituated cells and the control. The MeJA 
stimulated cell death was most notable in the amount 
of auxin-habituated PhI cells.

PPO activity
PPO is a defense mechanism activated when the 

plant is exposed to a stress (Yang et al. 2011). The ef-
fect of PPO activity in control/non-habituated cells and 
hormonally habituated grapevine cell cultures is shown 
in Figure 5. From the results obtained it is evident that 
changes in measured PPO activity were hormonally 
dependent. Either the cytokinin- or auxin-habituated 
cell cultures have about two-fold higher PPO activ-
ity then the control/non-habituated and/or hormone-
less PhI ones. Quite different pattern of PPO activity 
was observed for PhA cultures. In this case, the PPO 
activity seems to be not affected by hormonal regula-
tion. Therefore it is clear, that the synthesis of PPO 
and its transport to chloroplasts, where plant PPOs are 

thought to be located, is a complex process, but which 
has the general features of import of nuclear coded 
proteins into sub-cellular organelles (Camacho-Cristo-
bal et al. 2002). There is also evidence that boron (B) 
is one of the nutrients responsible for the changes in 
concentration and metabolism of phenolic compounds 
in vascular plants, since it is well known that B defi-
ciency causes an accumulation of phenolic compounds 
and increase in polyphenoloxidase activity (Cakmak 
& Römheld 1997). These ranges in PPO activity may 
reflect different metabolic states of either cell cultures. 
Since these results represent only preliminary observa-
tions, a further research effort is needed.

CONCLUSIONS

Proteome profiling showed that expression pattern 
in both types of studied callus cultures was altered due 
to different metabolic state of 55 proteins. Subsequent 
microarray profiling proved that these specific patterns 
of tested cultures corresponded with different expres-
sion level of individual proteins correlated with the 
progression of the habituation process.

There was a significant difference between control/
non-habituated cells and habituated ones, when extra-
cellular alkalinization and cell death was studied at the 
50 µM concentration level of used elicitor.

For comparison of the defense response of habitu-
ated and non-habituated cultures, MeJA was chosen 
for its ability to trigger oxidative stress and hypersen-
sitive response.

Finally, measurement of PPO activity confirmed 
that hormonal regulation of grapevine cell cultures 
significantly affects the metabolic pathways of this en-
zyme responsible for polyphenol oxidation.
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