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Based on our previous results that peroxidase i s  induced in 
dividing tobacco protoplasts but it i s  not expressed in the nondi- 
viding grapevine (Vitis vinifera 1.) protoplasts during culture (C.I. 
Siminis, A.K. Kanellis, K.A. Roubelakis-Angelakis [1993] Physiol 
Plant 87: 263-270), we further tested the hypothesis that oxidative 
stress may be implicated in the recalcitrance of plant protoplasts. 
l h e  expression of catalase, a major defense enzyme against cell 
oxidation, was studied during isolation and culture of mesophyll 
protoplasts from the recalcitrant grapevine and regenerating to- 
bacco (Nicotiana tabacum 1.). lncubation of tobacco leaf strips 
with cell wall-degrading enzymes resulted in a burst of catalase 
activity and an increase in i ts  immunoreactive protein; in contrast, 
no such increases were found in grapevine. l h e  cathodic and 
anodic catalase isoforms consisted exclusively of subunits a and B, 
respectively, in tobacco, and of subunits fl  and a, respedively, in 
grapevine. l h e  catalase specific activity increased only in grapevine 
protoplasts during culture. l h e  ratio of the enzymatic activities to 
the catalase immunoreactive protein declined in dividing tobacco 
protoplasts and remained fairly constant in nondividing tobacco 
and grapevine protoplasts during culture. Also, in dividing tobacco 
protoplasts the de novo accumulation of the catalase B subunit 
gave rise to the acidic isoenzymes, whereas in nondividing tobacco 
and grapevine protoplasts, after 8 d in culture, only the basic 
isoenzymes remained dueto de novo accumulation of the a subunit. 
l h e  pattern of catalase expression in proliferating tobacco leaf 
cells during callogenesis was similar to that in dividing protoplasts. 
l h e  different responses of catalase expression in dividing and 
nondividing tobacco and grapevine mesophyll protoplasts may 
indicate a specificity of catalase related to induction of totipotency. 

Plant regeneration from protoplasts and especially from 
mesophyll cells has many advantages; these protoplasts con- 
stitute a stable material that is composed of cells originating 
from the same tissue and of the same developmental stage 
(Meyer et al., 1993). The expression of totipotency in cultured 
protoplasts is a prerequisite for plant regeneration. However, 
many important agricultura1 plant species, including Vitis 
vinifera, exhibit recalcitrance during protoplast culture, i.e. 
the inability to express regenerating potential at the leve1 of 
either cell division or morphogenesis in vitro. The process(es) 
and mechanism(s) inducing the onset of the undifferentiated 
meristematic state in cultured protoplasts are very poorly 
understood (Roubelakis-Angelakis, 1993). It has been estab- 
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lished that changes in gene expression and protein synthesis 
occur during the isolation and culture of plant protoplasts 
(Grosset et al., 1990; Meyer et al., 1993; Siminis et al., 1993). 
No gene directly related to mitosis has been shown to be 
expressed in protoplasts. Among the 12 genes currently char- 
acterized, three, selected by independent screenings, are re- 
lated to redox reactions (Meyer et al., 1993). 

Oxidative stress, induced during protoplast isolation and 
subsequent culture, may be one of the factors contributing to 
recalcitrance. Indeed, free radicals are generated during grass 
protoplast isolation (Ishii, 1987). Lipid peroxidation products, 
such as lipid peroxides and malondialdehyde, accumulate, 
and lipoxygenase activity increases during early cereal pro- 
toplast isolation (Cutler et al., 1989). Moreover, lipid peroxi- 
dation is high in Vifis protoplasts concomitant with decreased 
superoxide dismutase activity during the same period (C.I. 
Siminis and K.A. Roubelakis-Angelakis, unpublished data). 
Peroxidase activity is increased in dividing tobacco proto- 
plasts, whereas in nondividing grapevine protoplasts it is not 
expressed (Siminis et al., 1993). Furthermore, a relationship 
between oxidative stress and recalcitrance is supported by 
the positive effect of the antioxidant enzymes glutathione 
peroxidase and phospholipase A, in the proliferation of mon- 
ocotyledonous protoplasts (Ishii, 1988; Creemers-Molenaar 
and Van Oort, 1990). Fluorescent compounds with spectral 
characteristics typical of products associated with oxidative 
stress increase during the early stages of dedifferentiation 
(callogenesis) in grapevine nodal stem explants (Benson and 
Roubelakis-Angelakis, 1993). In the same study, catalase was 
induced but superoxide dismutase decreased during the 1st 
week of callus induction. 

To understand further the role played by the cellular 
components of defense mechanisms against oxidative stress 
in recalcitrance of protoplasts, we now present results on 
catalase expression in tobacco (Nicotiana tabacum L.) and 
grapevine protoplasts. Catalase (H202:HZ02 oxidoreductase, 
EC 1.11.1.6), a major enzyme component of cellular mecha- 
nisms of defense against oxidative stress, localized mainly in 
microbodies, catalyzes the conversion of two molecules of 
Hz02 to H 2 0  and O2 (Scandalios, 1987). Catalase exists in 
different forms in various plant species. In maize and cotton, 

Abbreviation: NADH-HPR, NADH-dependent hydroxypyruvate 
reductase. 
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microbodies house five isoenzymes of catalase (Ni et al., 
1990; Williamson and Scandalios, 1993). These isoenzymes 
are composed of two different subunits that associate to form 
tetramers. 

Catalase specific activity, isoenzyme profiles, subunit com- 
position, and immunoreactive protein were studied in pro- 
toplasts of tobacco, a regenerating plant species, and grape- 
vine, the protoplasts of which are recalcitrant with respect to 
cell proliferation. We also compared dividing and nondivid- 
ing tobacco protoplasts. Tobacco protoplasts exhibited very 
low plating efficiency (nondividing) when the period of in- 
cubation with cell wall-hydrolyzing enzymes was increased. 
This protoplast population was competent to reconstitute cell 
walls but had a low rate of cell division. The results indicate 
significant differences between dividing and nondividing 
protoplasts of tobacco, and some similarities between non- 
dividing tobacco and grapevine protoplasts, with regard to 
the expression of catalase and the activity characteristics of 
its isoforms. 

MATERIALS AND METHODS 

Plant Material, lsolation of Protoplasts, and Callogenesis 

Grapevine (Vitis vinijera L. cv Sultanina) plants were 
grown in vitro (Roubelakis-Angelakis and Zivanovitc, 199 l), 
and tobacco (Nicotiana tabacum L. cv Xanthi) seedlings were 
grown in a controlled atmosphere glasshouse. Mesophyll 
protoplasts were isolated and cultured as already described 
(Koop and Schweiger, 1985; Katsirdakis and Roubelakis- 
Angelakis, 1992). The cell wall digestion mixture included 
1% Cellulase R-10 and 0.5% Macerozyme R-10 (Yakult Hon- 
sha Co., Tokyo, Japan). Grapevine and tobacco mesophyll 
cell proliferation was induced after cultivation of small leaf 
discs (2 mm diameter) on solid medium as previously de- 
scribed (Katsirdakis and Roubelakis-Angelakis, 1991). 

Protein Extraction and Enzymatic Assays 

Leaf tissue and callus cells were ground with a mortar and 
pestle in liquid nitrogen. Total proteins were extracted from 
leaf tissue, callus cells, and protoplasts with 0.2 M Tris-HC1, 
pH 8, 10 mM DTT, 0.5 mM PMSF, 10 PM leupeptin, and 10% 
(v/v) glycerol in the presence of 20% (w/w fresh weight) 
polyvinylpolypyrrolidone. The leaf and callus samples and 
the protoplast samples were homogenized with extraction 
buffer using a Polytron (Ultra Turrax T25, probe S15NlOG) 
at a speed of 20,000 rpm. The tissue:buffer ratio was 1:4. The 
homogenate was centrifuged at 40,OOOg for 30 min at 4OC. 
The supernatant was divided into aliquots and either used 
immediately for IEF or frozen at -8OOC. 

Total protein extracts were used for the enzymatic assays. 
Catalase activity was detennined by measuring the initial 
rates of H202 decomposition at 240 nm in a solution contain- 
ing 1 mL of 30% (v/v) H202 in 400 mL of 50 m K-phosphate, 
pH 7.0 (Havir and McHale, 1987). The assay volume was 
1 mL. 

NADH-HPR activity was detennined by following the 
oxidation of NADH at 340 nm. The reaction mixture (1 mL) 
consisted of 25 mM K-phosphate buffer, pH 5.8, 1 mM DTT, 

0.2 mM NADH, and 5 mM 0-hydroxypyruvate (Huang and 
Beevers, 1972). 

SDS-PAGE, Native IEF, Two-Dimensional Cels, and 
Catalase Detection 

Total protein extracts were subjected to SDS- PAGE using 
the discontinuous buffer system of Laemmli (19?0). Proteins 
were denatured in SDS sample buffer containing 3% SDS 
and 5% P-mercaptoethanol (Mattoo et al., 1981). The stacking 
gel consisted of 4% polyacrylamide and the separating gel 
was 7.5% (30:0.8, acry1amide:bisacrylamide). Electrophoresis 
was performed in a Mini-Protean I1 apparatus (Ilio-Rad) at a 
constant current of 15 mA during stacking and 20 mA during 
resolving. Native IEF was performed in a vertical mini-slab 
gel as already described (Robertson et al., 1987). 'Total protein 
extracts and proteins from isolated microbodies were sub- 
jected to IEF. After IEF separation, a lane was removed and 
equilibrated with sample buffer for 20 min. Next it was placed 
on a stacking gel for SDS-PAGE and electrophoresed as 
described above. 

Proteins separated by SDS-PAGE were electrophoretically 
transfened onto nitrocellulose in 25 m Tris-192 m Gly, 
pH 8.3. After focusing, IEF gels were first equilibrated for 30 
min in transfer buffer (25 mM Tris-192 m Gly, pH 8.3) and 
subsequently proteins were electrophoretically transferred 
onto nitrocellulose membranes for 1.5 h at 80 V. Immuno- 
detection of catalase was done as described previously (Ka- 
nellis eí al., 1989). The antibody used in this stucly was raised 
against purified catalase from tomato fruit (Inamine and 
Baker, 11989). Native IEF gels were stained for catalase activity 
according to Clare et al. (1984). 

In Vivo Labeling and lmmunoprecipitation of Catalase 

[35S]bvIet (NEN, DuPont) was added to culture medium (10 
PCi/mI, culture medium). The labeling period was 6 h. Im- 
munoprecipitation of in vivo-labeled catalase wiis performed 
as previously described (Sambrook et al., 198!)) after total 
protein extraction was performed as described above. The 
immunoconjugates were absorbed to protein A-Sepharose 
beads for 2 h. Absorbed proteins were eluted by boiling the 
beads for 5 min in SDS sample buffer. Following SDS-PAGE, 
radiolalbeled catalase was detected by exposing the dried gels 
to x-ray film (Kodak XAR-5) at -8OC. 

Proteinl and Radioactivity Measurements 

Protein concentrations were quantified according to Lowry 
et al. (1951). Radioactivity incorporated into proteins was 
measured in a liquid scintillation spectrometer (Beckman LS 
6000 SE) after 10% (w/v) TCA precipitation of proteins. 

Prepar>ation of Microbodies 

Micrlobodies were prepared from freshly isolated meso- 
phyll aind callus protoplasts from both grapevine and tobacco. 
Callus protoplasts were isolated as described for mesophyll 
protopl.asts. Protoplasts (1 g) were suspended in 2 mL of 
grinding medium, which consisted of 20% (w/v) SUC, 0.01 M 
KC1, 1 mM EDTA, 1 mM MgC12, and 0.15 M Tri'ine, pH 7.5. 
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The suspension was homogenized with razor blades for 20
s. After filtration through three layers of cheesecloth and
centrifugation at 270g for 10 min, the supernatant was loaded
onto a linear gradient of 30 to 60% (w/w) Sue buffered with
Tricine, pH 7.5, and supplemented with 1 HIM EDTA. Gra-
dients were centrifuged at 62,000g for 5 h in an SW 27 rotor
(Beckman). After centrifugation, the gradients were fraction-
ated using an Isco (Lincoln, NE) fractionator. Enzyme activi-
ties were measured in 0.5-mL fractions. Catalase and Cyt c
oxidase activities were determined as described by Havir and
McHale (1987) and De Bellis and Nishimura (1991), respec-
tively. Total Chl was determined by the method of Inskeep
and Bloom (1985). Concentrations of Sue were determined
by refractometry. Fractions exhibiting catalase activity were
collected, microbodies were further disrupted by hypotonic
shock in extraction buffer (see 'Protein Extraction and En-
zymatic Assays" above; fraction volume:extraction buffer,
1:5), and protein samples were concentrated by ultrafiltration
using Centricon microconcentrators (Amicon, Danvers, MA).

RESULTS

Catalase Isoenzymic and Subunit Composition

Tobacco and grapevine leaf catalase were resolved into at
least 12 and 5 isoforms, respectively, after native IEF and
subsequent activity staining and immunodetection (Fig. 1).
The multiple catalase isoforms from both species were im-
munologically related (Fig. 1). Tomato anti-catalase serum
recognized all the active multiple forms resolved by native
IEF.

Immunoblots of leaf proteins resolved by native IEF (first
dimension) and SDS-PAGE (second dimension) showed that
tobacco and grapevine catalase isoenzymes consisted of two
subunits, a, with molecular mass of approximately 57 kD in
both plants, and 0, with molecular mass of approximately 56
and 55 kD in tobacco and grapevine, respectively, which
were associated in an ordered ratio (Fig. 1; see also immu-
noblots after SDS-PAGE in Figs. 2 and 3). The cathodic (less
acidic) and anodic (more acidic) isoforms in tobacco catalase
consisted exclusively of subunits a and /3, respectively,
whereas in grapevine the cathodic and anodic isoforms con-
sisted of subunits ft and a, respectively. The intermediate
forms were hybrids of the two subunits.

Changes in Catalase Specific Activity and Immunoreactive
Protein during Protoplast Isolation and Culture

The incubation period of leaf strips with cell wall-degrad-
ing enzymes strongly affected plating efficiency of tobacco
protoplasts. Four- and 18-h maceration periods resulted in
80 ± 5% and 5% plating efficiency, respectively (data not
shown). Protoplasts in both cases were elongated after 2 to 3
d in culture, suggesting new cell wall formation. In contrast,
plating efficiency of grapevine protoplasts remained at a very
low percentage despite the duration of the incubation period.

Maceration of tobacco leaf tissue with cell wall hydrolytic
enzymes resulted in an increase in catalase specific activity.
Enzyme specific activity continued to increase only for the
next 24 h in protoplasts isolated after a 4-h maceration period
(Fig. 2A). Catalase specific activity decreased constantly dur-

SDS —

SDS —

A C T I V I T Y BLOT

Figure 1. Two-dimensional analysis of catalase isoforms present in
tobacco and grapevine leaf tissue analyzed by IEF separation (pH
5-7) and SDS-PACE and visualized by activity staining and immu-
nodetection with duplicate gels, a and /3 designate catalase
subunits.

ing the subsequent culture period (Fig. 2A). This decrease in
catalase specific activity was lower in tobacco protoplasts
isolated after maceration for 4 h (higher plating efficiency)
compared to those isolated after 18 h of maceration (lower
plating efficiency). In contrast, catalase specific activity in
cultured grapevine protoplasts increased during culture, and
this increase was not affected by the maceration period (Fig.
3A). These changes in catalase specific activity were well
correlated with the total immunoreactive catalase protein in
either species (Figs. 2B and 3B). However, an alteration in
subunit composition that was dependent on the duration of
the maceration period was observed during protoplast cul-
ture. Initially, in tobacco protoplasts the a subunit predomi-
nated. After the 6th d in culture, /3 subunit protein increased
in dividing protoplasts and was accompanied by an increase
in enzyme specific activity (Fig. 2A; also compare lanes
corresponding to 2, 6, and 8 d of culture in Fig. 2B).

In grapevine protoplasts during culture, the increase in
catalase specific activity corresponded to the accumulation of
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Figure 2. Catalase activity and immunoreactive protein during the
maceration period and subsequent culture of dividing and nondi-
viding tobacco protoplasts. A, Time course of catalase activity (units/
mg protein ± SE) during the maceration period and the culture of
dividing and nondividing tobacco protoplasts isolated after 4 (O)
and 18 h (•) of incubation with maceration enzymes. B, Immuno-
blotting analysis of catalase at the same time periods after SDS-
PACE. a and 0 designate catalase subunits. Ten and 15 jig of protein
were loaded on SDS gels for the immunodetection of catalase
from protoplasts isolated after 4- and 18-h maceration periods,
respectively.

a subunit independent of the maceration period. The amount
of /3 subunit was fairly constant during the entire culture
period but was much lower than the amount of a subunit
(Fig. 3B).

To estimate the nature of the enzymatic activity of catalase
isoforms in dividing and nondividing tobacco protoplasts,
the ratio of the enzymatic activities (Fig. 2A) to the relative
densitometric values of catalase immunoreactive protein (Fig.
2B) was calculated over the 8-d protoplast culture period.
This ratio declined in dividing tobacco protoplasts, whereas
it remained fairly constant in nondividing protoplasts, indi-
cating that the isoenzymes that consisted mainly of /3 subunit
(anodic isoenzymes) exhibited less catalatic activity (data not
shown).

Catalase Isoenzymes and Their Subunits during
Protoplast Culture

A differential expression of catalase isoenzymes was ob-
served during the 8-d protoplast culture (Figs. 4 and 5). In
dividing tobacco protoplasts there was a shift from the cath-
odic active forms, which predominated during the first days

of culture, to anodic forms on the 8th d (Fig. 4A). On the
other hand, in nondividing tobacco protoplasts such a shift
in the isoenzymic pattern was not observed. Rather, a gradual
decrease was detected only in the anodic isoenzymes. The
cathodic isoenzymes remained fairly constant during the
same period (Fig. 4A). The aforementioned disparities in the
staining intensities of catalase isoenzymes corresponded to
their immunoreactive isoenzymic profiles during the same
culture period, indicating no activation or inhibition of cata-
lase forms (Fig. 4B).

The fate of the isoenzymic pattern of grapevine catalase
was similar regardless of the maceration period. The changes
in grapevine catalase isoenzymes after 4 h of maceration
treatment are shown in Figure 5. The activity-stained and
immunoreactive catalase isoenzymes with isoelectric points
close to 6 prevailed after 8 d in culture (Fig. 5, A and B).

The shift in isoenzymic pattern of both species reflected a
change in the subunit composition as evidenced by two-
dimensional analysis and immunodetection (Fig. 6). The
dividing and nondividing tobacco protoplasts were charac-
terized by the appearance of /3 and a catalase subunits,
corresponding to anodic and cathodic isoenzymes, respec-
tively, after 8 d in culture (Fig. 6, a and b). In grapevine
protoplasts, the predominance of isoenzymes with isoelectric
points close to 6 corresponded to the accumulation of the
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Figure 3. Catalase activity and immunoreactive protein during the
isolation and culture of grapevine protoplasts. A, Catalase activity
(units/mg protein ± SE) during the maceration period and the
subsequent culture of grapevine protoplasts isolated after 4 (O) and
18 h (•) of incubation with maceration enzymes. B, Immunobloting
analysis of catalase at the same time periods after SDS-PACE. a and
/3 designate catalase subunits. Ten micrograms of protein were
loaded on SDS gels for the immunodetection of catalase.
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Figure 4. Comparisons of catalase isoform profiles during culture
of dividing and nondividing tobacco protoplast. A, IEF gels (pH 5-
7) stained for catalase activity (0.3 units/lane). B, Western blot of
duplicate IEF gels except that 0.9 units of catalase were applied to
each lane. Lanes refer to 2, 4, 6, and 8 d in culture. Differences in
bands are not due to difference in migration but to slight distortions
that occurred when the 5% gel was placed on the nitrocellulose
prior to electroblotting.
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DAYS IN CULTURE

Figures. Comparisons of catalase isoform profiles during grapevine
protoplast culture. A, IEF gels (pH 5-7) stained for catalase activity
(0.3 units/lane). B, Western blot of duplicate IEF gels except that
0.9 units of catalase were applied to each lane. Protein samples
were from protoplasts at 0, 2, 4, 6, and 8 d in culture.

to

Figure 6. Two-dimensional analysis of catalase isoforms present in
dividing (a) and nondividing (b) tobacco protoplasts and in grape-
vine protoplasts (c) after 8 d in culture. Isoforms were analyzed as
in Figure 1.

catalase a subunit (Fig. 6c), showing behavior similar to that
of nondividing tobacco protoplasts (Figs. 4-6).

De Novo Catalase Synthesis

As already demonstrated, the catalase subunit pattern
showed differential expression in tobacco protoplasts (Fig.
2B) and a rather stable situation in grapevine protoplasts (Fig.
3B). The shift from a to 0 subunit of catalase in tobacco
protoplasts was evident on d 6 of the culture period. The
results, however, provided no indication as to whether the
accumulation of ft subunit and a subunit in tobacco and
grapevine protoplasts, respectively, was due to its de novo
synthesis during this period.

To answer this question, proteins from dividing tobacco
and grapevine protoplasts were labeled with [35S]Met for 6 h
on d 0 and 6 of the culture period. It was shown that the
shift in tobacco subunits from a to ft and the increased
synthesis of the latter on d 6 involved de novo synthesis of
catalase ft subunit. Also, the accumulation of the a subunit
in grapevine protoplasts was due to its de novo synthesis
(Fig. 7). Taking into account that the first divisions in tobacco
protoplasts were noticed after 4 d in culture, the incorporation
of the radiolabel into the ft subunit and hence the new
synthesis of catalase seemed to parallel the tobacco protoplast
division process.

Mesophyll Cell Proliferation Induced a Shift in
Catalase Synthesis

Based on the observation that the shift and the new syn-
thesis of catalase ft subunit correlated with the protoplast
division process, we examined the changes in catalase activity
and immunoreactive protein during the first 4 weeks of
callogenesis in tobacco and grapevine leaf segments. The first
visible cell divisions were completed after the 4th d of culture
in both plant species (data not shown), as was the case in
dividing protoplasts. After 7 d in culture, the a subunit of
catalase disappeared, and the ft subunit was the only one
present during the subsequent culture period in tobacco callus
cells (Fig. 8B). Catalase specific activity decreased during the
same period after changes in its protein (Fig. 8A). Cell prolif-
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Figure 7. Fluorogram after SDS-PACE showing the de novo synthe-
sis of catalase polypeptides (subunits a and 0) in protoplasts after
isolation and after 6 d in cultured, dividing tobacco protoplasts and
grapevine protoplasts.

eration induced a differential expression of catalase isoen-
zymes similar to that observed in dividing protoplasts (data
not shown). That is, acidic isoenzymes formed by self-asso-
ciation of /3 subunits were the only isoenzymes synthesized
after 7 d in culture.

In grapevine leaf cells proliferating in vitro, catalase specific
activity increased during the 1st week and then gradually
decreased, reaching levels similar to those in tobacco callus
(Fig. 8A). However, this change in catalase specific activity
was correlated with the accumulation of a subunit and the
simultaneous disappearance of 0 subunit (Fig. 8B).
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Figure 8. Catalase activity and immunoreactive protein during to-
bacco and grapevine mesophyll cell proliferation. A, Catalase activ-
ity (units/mg protein ± SE) in tobacco (O) and grapevine (•) leaf
explants during callogenesis at weekly intervals. B, Immunoreactive
protein after SDS-PACE. Fifteen micrograms of protein were loaded
on SDS gels.

Subcellular Localization of Catalase Isoenzymes

To determine the subcellular localization of catalase, or-
ganelles were isolated from tobacco and grapevine proto-
plasts and callus cells. Approximately 95% of protoplasts
were disrupted with razor blades as described in "Materials
and Methods.' Catalase activity on Sue gradients was found
at a density of about 1.25 g cm"3. The fractions containing
approximately 80 and 70% of total catalase activity in pro-
toplasts from leaf mesophyll and callus, respectively, con-
tained less than 5% of total Cyt c oxidase activity and 2% of
Chl. Proteins from these microbody preparations were ana-
lyzed for catalase isoenzymes (Fig. 9). The results from the
protein blots in Figure 9 indicated that the changes in catalase
isoenzymic pattern (Figs. 4 and 5) corresponded to catalase
of microbody origin. Interestingly, catalase from microbodies
isolated from grapevine callus expressed only one isoenzyme,
which corresponded to the a subunit (Figs. 8B and 9).

NADH-HPR Specific Activity in Mesophyll and Callus
Cells and Protoplasts

The specific activity of NADH-HPR, an enzyme of leaf-
type peroxisomes (Huang et al., 1983), was determined dur-
ing protoplast culture. It was also determined in mesophyll
tissue and callus cells. Its specific activity was reduced in
dividing protoplasts, whereas it remained fairly constant,
despite a temporal fluctuation, in nondividing protoplasts
(Table I). The specific activity in tobacco and grapevine callus
cells was very low compared to that in leaf tissue.

DISCUSSION

The procedure for the isolation of protoplasts includes the
removal of cell walls by cellulase and pectinase; the duration
of the enzymatic action drastically affected the fate of the
resulting protoplasts. When the digestion period was in-
creased from 4 to 18 h, the plating efficiency decreased from
80 ± 5% to below 5% in tobacco protoplasts. In the recalci-

T O B A C C O
II PROTOPLASTS

PT! D. N.-D. CALLUS

GRAPEVINE
PROTO-
PLASTS CALLUS

Figure 9. Comparison of catalase isoforms present in isolated mi-
crobodies from tobacco dividing (D.) and nondividing (N.-D.) pro-
toplasts, from grapevine protoplasts after 8 d in culture, and from
callus cells of both species. The immunodetection of catalase
isoforms was performed following IEF (pH 5-7) separation.
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Table 1. NADH-HPR specific activity in tobacco and grapevine leaf 
tissue, protoplasts, and callus cells 

NADH-HPR specific activity was determined in total protein 
extracts from leaf tissue used for protoplast preparation, protoplasts 
at various stages of culture after 4 and 18 h of leaf maceration, and 
subcultured callus cells. 

NADH-HPR Activity 

Protein Samples from Tobacco Crapevine 

4 h  18 h 4 h  18 h 

Leaf cells 
Protoplasts 

Oh 
24 h 

96 h 
6 d  

48 h 

Callus cells 

(units mg-’ protein) X 10’ 

0.42” 0.37 

0.41 0.49 0.40 0.50 
0.35 0.68 0.52 0.76 

0.24 0.50 0.74 0.84 
0.11 0.42 0.75 0.91 

0.06 0.07 

0.32 0.56 0.71 0.83 

a P c 0.01 

trant grapevine, the protoplasts did not divide regardless of 
the duration of action of the cell wall-hydrolyzing enzyme. 

Among the factors assessed that may contribute to recal- 
citrance of protoplasts is oxidative stress (Ishii, 1988; Cutler 
et al., 1989; Roubelakis-Angelakis, 1993). Wounding, cell 
wall hydrolytic enzymes, and change of cultured protoplasts 
and cells from autotrophic to heterotrophic metabolism in 
the presence of altered hormonal status are some of the 
factors that induce oxidative stress. Auxins have been shown 
to stimulate lipid peroxidation (Garcia and Einset, 1989; 
Maitre and Sen, 1989). Synthetic auxins stimulate the pro- 
duction of ethylene, the biosynthesis of which is dependent 
on oxygen and free radicals. Auxins enhance the altemate 
pathway of mitochondrial respiration and stimulate residual 
oxygen metabolism, which is attributed to increased lipoxy- 
genase activity (Van der Linde, 1990). The components of 
the culture medium, especially metal cations and FeEDTA, 
are known to stimulate free radical production and lipid 
peroxidation in other systems, and they may also participate 
in the oxidative stress of protoplasts. The absence of basic 
isoperoxidases and IAA oxidases in grapevine protoplasts 
(Siminis et al., 1993) may produce an unbalanced hormonal 
status. 

Catalase from mesophyll cells was resolved after native 
IEF into at least 12 and 5 isoenzymes in tobacco and grape- 
vine, respectively (Fig. 1). Catalase heterogeneity has also 
been demonstrated in cotton, spinach, wheat, and sunflower 
(Havir and McHale, 1987, and refs. therein). In N. tabacum 
cv Havana, catalase activity was separated into six bands by 
native IEF (Zelitch et al., 1991). The difference in the number 
of multiple forms of catalase between the two varieties of N. 
tabacum can be attributed to the different genetic background 
of the tobacco varieties or to posttranslational modifications 
of CY and/or /3 subunits. It is also possible that charge subunits 
may contribute to this form of multiplicity. 

Analysis of catalase (native IEF/SDS-PAGE) revealed two 
interesting features. First, catalase isoenzymes are formed by 

the association of two subunits, (Y and /3, which is in agree- 
ment with the composition of catalase in cotton (Ni et al., 
1990) and maize (Williamson and Scandalios, 1993). The 
association of the LY and /3 subunits occurred in a controlled 
order (Fig. 1). Second, tobacco cathodic and anodic isoen- 
zymes were homotetramers of (Y and /3 subunits, respectively, 
whereas in grapevine the cathodic and anodic isoenzymes 
were homotetramers of fi  and (Y subunits, respectively. 
Whether this disparity in the subunit composition of catalase 
isoenzymes between the two species has any physiological 
role remains to be established. However, it should be noted 
that in protoplasts with low plating efficiency, the isoenzymes 
with more catalatic activity prevailed (Figs. 4 and 5). 

Incubation of tobacco leaf strips with commercial enzyme 
preparations resulted in a burst of catalase activity, which 
was more pronounced during the 18-h incubation period, 
and there was a concomitant increase in its immunoreactive 
protein (Fig. 2). In contrast, no such increase in catalase 
activity and protein was observed in grapevine during isola- 
tion of protoplasts (Fig. 3). The reason for this differential 
behavior is not known. In as much as catalase has been 
shown to be induced by Hz02 (Williamson and Scandalios, 
1993), a burst in oxidative activity in tobacco cells could lead 
to induction of catalase activity during protoplast isolation, 
which is more evident in the 18-h maceration period. The 
observed disparity in the timing of catalase induction between 
the two species could be due to the production of a different 
oxygen-reactive component in grapevine protoplasts. In sup- 
port of this hypothesis is the rapid occurrence of lipid per- 
oxidation in grapevine protoplasts during the same period 
(C.I. Siminis and K.A. Roubelakis-Angelakis, unpublished 
results), followed by the increased leve1 of catalase activity 
and protein during subsequent culture (Fig. 3). 

The length of the maceration period also altered the specific 
activity of catalase, the structural composition, and the isoen- 
zymic profile in cultured protoplasts (Figs. 2-6). In both the 
dividing (higher plating efficiency) and nondividing (lower 
plating efficiency) tobacco protoplasts, levels of catalase ac- 
tivity and protein decreased during the first 6 d in culture 
(Fig. 2). A correlation was found among protoplast division, 
the expression of the de novo-synthesized /3 subunit, and the 
corresponding anodic isoenzymes, which exhibited less ca- 
talatic activity. The persistence of /3 subunit in tobacco callus 
(Fig. 8) may indicate a correlation between the expression of 
the more anodic isoenzymes, composed mainly of the /3 
subunit, and the division process. In contrast, in nondividing 
protoplasts the a subunit and the more cathodic isoenzymes, 
with higher catalatic activity, were evident. It is believed that 
the longer isolation process stimulated a massive production 
of H202, which in tum induced the shift to more catalatic 
isoenzymes to overcome the stress. Although H202 in low 
amounts can participate in multiple functions, such as acting 
as a second messenger (Aposto1 et al., 1989) and in the 
metabolism of IAA (Hamilton et al., 1976), higher amounts 
can be detrimental (Scandalios, 1987). Thus, it is suggested 
that although the more catalatic isoenzymes persisted, the 
damage due to oxidative stress was irreversible. 

The high levels of catalase activity and protein in grapevine 
protoplasts, as opposed to tobacco protoplasts, suggests that 
grapevine protoplasts undenvent a pronounced oxidative 
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stress. Whether this stress is a cause or a consequence of the 
inability of grapevine protoplasts to divide efficiently and 
regenerate is unclear. The fact remains, however, that non- 
dividing protoplasts of both species expressed catalase iso- 
enzymes exhibiting higher catalatic activity compared to di- 
viding protoplasts (Fig. 6). Thus, the physiological status of 
these protoplasts favored the induction of 01 subunit, which 
gave rise to more cathodic and more anodic isoenzymes in  
tobacco and grapevine protoplasts, respectively (Figs. 4-6). 
No obvious relationship exi'sted between catalase activity 
and  protoplast viability. Nondividing grapevine protoplasts, 
with high rates of viability, expressed high levels of catalase 
activity. 

Given the higher induction of catalase in  grapevine pro- 
toplasts, the  data from callogenesis suggested that grapevine 
callus was subjected to a milder oxidative stress. It is worth 
noting that in  both cases the a subunit of catalase predomi- 
nated. This may imply that the oxygen reactive components 
are at least one of the factors that control the synthesis of 
catalase subunits. In addition, since catalase has been shown 
to be developmentally regulated (Scandalios e t  al., 1984; 
Scandalios, 1987; Redinbaugh et al., 1990; Ni and Trelease, 
199 I), the dedifferentiation process may be another regulat- 
ing factor. 

A11 catalase isoenzymes were localized in microbodies (Fig. 
9); thus, the changes observed are in  organellar protein. Such 
changes in  catalase occur during transition of microbodies 
from one developmental stage to another (Huang et  al., 1983; 
De Bellis and Nishimura, 1991; Ni and Trelease, 1991). 
Further study of the microbody enzyme expression in both 
tobacco and grapevine protoplasts and  callus could resolve 
this differential expression of catalase and/or reveal other 
physiological roles of the enzyme in the dedifferentiation 
process and  the induction of totipotency. 

ACKNOWLEDCMENTS 

We are grateful to Dr. G. Inamine for providing the antibody 
against tomato catalase, Dr. A. Kritis for reading the manuscript, and 
Mrs. S. Toufexis for skillful typing assistance. 

Received November 15, 1993; accepted April27, 1994. 
Copyright Clearance Center: 0032-0889/94/105/1375/09. 

LITERATURE ClTED 

Aposto1 I, Heinstein PF, Low PS (1989) Rapid stimulation of an 
oxidative burst during elicitation of cultured plant cells. Role in 
defense and signal transduction. Plant Physiol90 109-116 

Benson EE, Roubelakis-Angelakis KA (1994) Oxidative stress in 
recalcitrant tissue cultures of grapevine. Free Radical Biol Med 1 6  
(in press) 

Clare DA, Duong MN, Darr D, Archibald F, Fridovich I (1984) 
Effects of molecular oxygen on detection of superoxide radical 
with nitroblue tetrazolium and on activity stains for catalase. Anal 
Biochem 140: 532-537 

Creemers-Molenaar J, Van Oort Y (1990) Antioxidants increase the 
plating efficiency and microcallus growth of protoplasts in Lolium 
perenne L. In HJJ Nijkamp, LHW Van der Plas, J Van Aartrijk, eds, 
Progress in Plant Molecular Biology. Kluwer Academic, Dordrecht, 
The Netherlands, pp 44-49 

Cutler AJ, Saleem M, Coffey MA, Loewen MK (1989) Role of 
oxidative stress in cereal protoplast recalcitrance. Plant Cell Tissue 
Organ Cult 18: 113-127 

De Bellis L, Nishimura M (1991) Development of enzymes of the 
glyoxylate cycle during senescence of pumpkin cotyledons. Plant 
Cell Physiol32 555-561 

Garcia, IFG, Einset JW (1989) Ethylene and ethane production in 
2,4-D treated and salt treated tobacco tissue cultures. Anal Bot 51: 

Grosset J, Marty I, Chartier Y, Meyer Y (1990) mRNAs newly 
synthesized by tobacco mesophyll protoplasts are w.ound-induci- 

, ble. Plant Mo1 Biol 1 5  485-496 
Hamilton RH, Meyer HE, Burke RE, Feung CS, Mumina RO (1976) 

Metabolism of indole-3-acetic acid. Plant Physiol58 77-78 
Havir EA, McHale NA (1987) Biochemical and developmental char- 

acterization of multiple forms of catalase in tobacco leaves. Plant 
Physiol84 450-455 

Huang AHC, Beevers H (1972) Microbody enzymes and carboxy- 
lases i n  sequential extracts from C4 and Cs leaves. Plant Physiol 

Huang PLHC, Trelease RN, Moore TS Jr (1983) Plant Peroxisomes. 

Inamine GS, Baker JE (1989) A catalase from tomatcl fruit. Phyto- 

Inskeep WP, Bloom PR (1985) Extinction coefficient of chlorophyll 
a and B in N,N-dimethylformamide and 80% acetone. Plant Physiol 

Ishii S (:1987) Generation of active oxygen species durlng enzymatic 
isolation of protoplasts from oat leaves. In Vitro Cell Dev Biol 2 3  

Ishii S (1988) Factors influencing protoplast viability clf suspension- 
cultured rice cells during isolation process. Plant Physiol 88: 

Kanneliis AK, Solomos T, Mehta AM, Mattoo AK (19'39) Decreased 
cellulase activity in avocado fruit subjected to 2.5% O2 correlates 
with lower cellulase protein and gene transcript levl4s. Plant Cell 
Physiol 30: 817-823 

Katsirdakis KC, Roubelakis-Angelakis KA (1991) Callogenic po- 
tentiality of leaf segments and shoot proliferation response of Vitis 
spp genotypes. J Wine Res 2 83-95 

Katsirdakis KC, Roubelakis-Angelakis KA (1992) Modified culture 
conditions for increased viability and cell wall synthesis in grapev- 
ine (Vitis vinijera L. cv. Sultanina) leaf protoplasts. Plant Cell 
Tissue Organ Cult 28: 255-260 

Koop HV, Schweiger HG (1985) Regeneration of plaiits from indi- 
vidually cultivated protoplasts using an improved microculture 
system. J Plant Physiol121: 245-257 

Laemmli UK (1970) Cleavage of structural proteir!s during the 
assemlbly of the head of bacteriophage T4. Nature 227: 680-685 

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein 
measurement with the Folin phenol reagent. J Biol Chem 193 

Maitre liK, Sen SP (1989) Production of ethylene and ethane by 
callus tissues of Daucus carota L. in the presence of 2,4-substituted 
phenols. Plant Sci 6 2  33-35 . 

Mattoo AK, Pick U, Hoffman-Falk H, Edelman hI (1981) The 
rapidly metabolized 32,000 D polypeptide of the chlxoplast is the 
proteinaceous shield regulating photosystem I1 elechon transport 
and niediating diuron herbicide sensitivity. Proc Natl Acad Sci 

Meyer I', Chartier U, Grosset J, Marty I, Brugidou C, Marinho P, 
Riverí) R (1993) Gene expression in mesophyll protoplasts. In KA 
Roubelakis-Angelakis, K Tran Thanh Van, eds, Morphogenesis in 
Plants: Molecular Approaches, Vol 253. Plenum, PJew York, pp 

Ni W, Trelease RN (1991) Post-translational regulati" of catalase 
isozyme expression in cotton seeds. Plant Cel l3  73?-744 

Ni W, 'I'release RN, Eising R (1990) Two temporally synthesized 
charge subunits interact to form the five isoforms of cottonseed 
(Gossypium hirsutum) catalase. Biochem J 269 233-2.38 

Redinbaiugh MG, Sabre M, Scandalios JG (1990) Th.e distribution 
of catailase activity, isoenzyme protein, and transcrip: in the tissues 
of the developing maize seedlings. Plant Physiol92 375-380 

Robertson EF, Dannelly HK, Malloy PJ, Reeves HC (1987) Rapid 

28 7-2!) 5 

5 0  242-248 

Academic Press, London 

chemiljtry 28: 345-348 

77: 483-485 

653-6.58 

26-29 

265-275 

USA ?87: 1572-1576 

221-236 



Catalase Expression in Mesophyll Protoplasts 1383 

isoelectric focusing in a vertical polyacrylamide minigel system. 
Ana1 Biochem 167: 290-294 

Roubelakis-Angelakis KA (1993) An assessment of possible factors 
contributing to recalcitrance of plant protoplasts. In KA Roube- 
lakis-Angelakis, K Tran Thanh Van, eds, Morphogenesis in Plants: 
Molecular Approaches, Vol 253. Plenum, New York, pp 201-220 

Roubelakis-Angelakis KA, Zivanovitc S (1991) A new culture 
medium for in vitro rhizogenesis of grapevine (Vitis spp) geno- 
types. HortScience 26: 1552-1555 

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular Cloning: A 
Laboratory Mannual, Ed 2. Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, NY 

Scandalios JG (1987) The antioxidant enzyme genes cat and sod of 
maize: regulation, functional significance, and molecular biology. 
In MC Rattazzi, JG Scandalios, GS Whitt, eds, Isozymes: Current 
Topics in Biological and Medica1 Research, Vol 14: Molecular and 
Cellular Biology. Alan R Liss, New York, pp 19-44 

Scandalios JG, Tsaftaris AS, Chandle JM, Skadsen RW (1984) 

Expression of the developmentally regulated catalase (cat )  genes 
in maize. Dev Gen 4 281-293 

Siminis CI, Kanellis AK, Roubelakis-Angelakis KA (1993) Differ- 
ences in protein synthesis and peroxidase isoenzymes between 
recalcitrant and regenerating protoplasts. Physiol Plant 8 7  

Van der Linde PCG (1990) Hormone action and sensitivity: possible 
relation to aging. In R Rodriguez, R Sanchez Tames, DJ Durzan, 
eds, Plant Aging: Basic and Applied Approaches. Plenum, New 
York, pp 285-294 

Williamson JD, Scandalios JG (1993) Response of the maize cata- 
lases and superoxide dismutases to cercosporin-containing funga1 
extracts: the pattem of catalase response in scutella is stage specific. 
Physiol Plant 88: 159-166 

Zelitch I, Havir EA, McGonigle B, McHale N, Nelson T (1991) 
Leaf catalase mRNA and catalase-protein levels in a high-catalase 
tobacco mutant with 02-resistant photosynthesis. Plant Physiol97: 

263-270 

1592-1595 


