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Summary. Peroxidases play a major role in several physiological processes.
Specifically, in vitro activity of this enzyme was used as a marker to identify
different rooting phases of Nothofagus. The study of peroxidase profile pat-
terns during rhizogenesis in this genus could give additional information
about this topic, to justify the use of peroxidase isoforms as a more specific
biochemical marker than total peroxidase activity. This work gives informa-
tion on qualitative and quantitative changes in isoperoxidase expression
(basic and acidic peroxidases) during in vitro rooting of N. antarctica micro-
shoots through native PAGE. Time course analysis of isoperoxidase activity
during rhizogenesis allowed positive correlation with specific morphogenic
stages. Seventeen peroxidase bands were detected, 4 basic and 13 acidic. Four
of the acidic peroxidases appeared during the induction stage of rooting. Varia-
tion in the number and relative activity of the isoperoxidases was found dur-
ing different stages of adventitious rooting. The variation in the number and
activity of isoperoxidases provides a good indicator of the processes involved
in adventitious rooting of N. antarctica. Possible linkage of basic isoperoxid-
ases with auxin metabolism and the role of certain isoperoxidases in specific
rooting processes are also discussed.
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Introduction

Nothofagus is the dominant component of the temperate and subantartic forests from
35° to 54° South latitude, being represented by six species. The forests Patagonian
Andes are the result of geologic and climatic changes occurred through millennia and
even millions of years; they are true relics of the past in very unstable balance. Regret-
tably, they are an example of the great reduction of the forest surface occurred during
the past century (Dimitri, 1972). Hence, vegetative micropropagation is a good strate-
gic approach in conservation and improvement projects of these species (Martínez
Pastur et al., 1997).

Tree improvement requires successful propagation techniques to clone the best
phenotypes. Rooting is the most difficult step in the process (Quoirin et al., 1974;
Druart et al., 1982; Berthon et al., 1987). In vitro culture of N. antarctica (Martínez
Pastur et al., 1997) and other Nothofagus species (Martínez Pastur and Arena, 1995;
1996; 1997) using meristems of young and mature plants has been successfully ac-
complished.

Peroxidase activity was proposed by Gaspar (1981) as a marker of inductive and
initiative phases of root formation in N. antarctica and N. nervosa (Calderón et al.,
1998). During the inductive phase there was a remarkable rise in peroxidase activity
without any apparent histological and cytological modification (Berthon et al., 1987).
At present, peroxidases have been claimed as the best rooting phase markers (Kevers
et al., 1997); however, the reliability of this marker has been questioned (De Klerk,
1996). It is well known that peroxidases participate in several physiological processes
(Gaspar et al., 1985). On rooting, basic peroxidases participate in auxin catabolism
and acidic peroxidases are involved in the formation of the cell wall, contributing to
its rigidity (Mader, 1992). Quoirin et al. (1974) have suggested that the study of isoper-
oxidases during rhizogenesis could give useful information, eventually providing a
better biochemical tool than total peroxidase. To test this hypothesis, changes in qualit-
ative and quantitative isoperoxidase patterns during in vitro rooting of Nothofagus
antarctica were studied and related with the evolution of rooting and root apparition.

Materials and Methods

In vitro plant material

In vitro culture of N. antarctica was performed as described elsewhere (Martinez
Pastur et al., 1997). Briefly, culture was initiated from seeds and maintained on multip-
lication medium until the beginning of the experiments. Explants were transferred
to fresh medium every 21 days and subdivided every 9 weeks during the multiplication
stage.
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Rooting media and growing conditions

Micro-shoots of 2.5-3.0 cm long with two leaves and four buds were used as explants.
Broad-leaved Tree Medium (BTM) (Chalupa, 1983) with half strength macronutrient
salts containing 0.61µM indol-butyric acid (IBA) was used as basal medium. Fifty ml
of media were dispensed into 350 ml glass flasks. Cultures were maintained in a growth
chamber at 22±2°C and 16 h photoperiod using fluorescent lamps (57 µmol.m–2.s–1

photosynthetically active radiation).

Samples and data collection

One-gram of fresh weight micro-shoots was sampled during the rooting period every
one or two days. This material was kept frozen at –20°C until enzyme analysis. Root-
ing percentage and root number (thirty micro-shoots in six flasks) were recorded every
two days until day 28 when the experiment was ended.

Protein determination

Samples of 100 mg green tissue were homogenized with 5 ml 0.2 M citrate-phosphate
buffer, pH 7.5, containing 0.1% Triton X-100. The homogenates were kept at 4°C for
20 min and then were centrifuged at 10500×g during 20 min. Protein level was meas-
ured by Bradford method (Bradford, 1976). Briefly, 100 µl of the homogenate was
mixed with 2 ml of Bradford protein stain. Reaction was spectrophotometrically
measured at 595 nm. Calibration was done using bovine serum albumin (SIGMA).
Each sample had three replications. The extracts were kept at –20°C until use.

Gel electrophoresis and pattern determinations

The isoperoxidase patterns were obtained by native PAGE in bed gels of 16×10×0.3 cm
using Bio-Rad Protean II system, essentially according to protocols for acidic (Davis,
1964) and basic proteins (Reisfeld et al., 1962). For acidic proteins, separating and
stacking gels were made of 7.5% polyacrylamide at pH 8.9 and 3.1% polyacrylamide
at pH 7.0, respectively. Both gels contained 30% acrylamide and 0.8% bisacryalmide.
Electrolyte for electrode reservoirs was Tris-glycine, pH 8.3. Bromophenol blue (0.01%)
was used as tracking dye. Electrophoresis was carried out at 4°C applying 25 mA/gel
during ca. 6 hours. In the case of basic proteins, the same polyacrylamide concentra-
tions and acryalmide/bis-acrylamide ratios were used for separating and stacking gels,
being pH 4.3 and 6.7, respectively. The electrolyte for electrode reservoirs was acetic
acid–β-alanine, pH 4. The tracking dye was methylene blue (0.01%) and the
etectrophoresis was run for 7 hours at 30 mA/gel and 4°C.

Direct detection of isoperoxidase activity in gel was done by dark incubation in
200 ml of 50 mM acetate buffer solution (pH 5), containing 2 mM CaCl2, 0.1ml H2O2

Isoperoxidase patterns of Nothofagus rooting
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(35%) and 2.4 mM 3-amino-9-ethylcarbazole (Medina et al. 1985). Aliquots of seven-
ty µg protein in extraction buffer containing (10% sucrose) were added to the gel
wells. Assays were carried out twice. Protein bands were identified on a transillum-
inator with white fluorescent light and their relative activity was recorded using a
relative scale (0–5), the higher stained protein band having the higher number. To
obtain the time course evolution of total acidic or basic isoperoxidases, corresponding
relative activities were summed.

Results and Discussion

Band Identification

17 bands were detected (Fig. 1), 4 of them (B1-B4) were basic peroxidases located
in the lowest Rf range (3 to 27%) (Fig. 2) and 13 (A1–A13) were acidic peroxidases
in a more extended Rf range (4 to 85%) (Fig. 3) than the basic peroxidases. In this
work was not determined whether the bands represent true isozymes or compounds
derived of the protein-phenolic interaction as a result of altered charging of the protein.

Total relative isoperoxidase activity variation

With respect to the overall behaviour of the activity variation of the main peroxidases
groups, the total basic isoperoxidase activity increased quickly during the first days until
day 11, decreased at day 13, and declined to a minimum at day 15 (Figs. 1 and 4A).
A second maximum of lower relative activity was measured at day 17, which could
be related to the apparition of new roots (Fig. 4A and 4C). This quite probably reflects
the growth promoting effect of recently synthesized auxins, as was previously sugges-
ted after correlation studies between total peroxidases and rhizogenesis (Caspar et
al., 1985; 1991; 1997; Kevers et al., 1997; Calderon et al., 1998). These basic isoen-
zymes showed a similar pattern of temporal variability. These enzymes probably have
a role in auxin catabolism, and could be used as specific markers of rooting during the induc-
tion stage (Van der Berg et al., 1983; Gaspar et al., 1985; 1991; Faivre-Rampant et
al., 2000).

The total acidic isoperoxidase activity increased rapidly from the first days of
rooting (Figs. 1 and 4A). An initial peak of isoperoxidase activity was observed at
day 2–3, followed by a minimum at day 3–4 and an increase again toward day 11.
The marked decrease in total activity observed later reached a minimum until day
20 and a subsequent increase started from day 24.

The results on the activity of both kinds of isoperoxidases in N. antarctica showed
that the rooting induction stage would be until day 4 (when the minimum appeared)
(Fig. 4A) instead of 7 days as reported by Calderón et al. (1998), who used identical
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plant material and culture conditions. These differences indicate that the induction
period could vary between 4 to 7 days.

Relative acidic isoperoxidase activity variation

Acidic peroxidase patterns at day 0 compared to those obtained during the rhizogen-
esis process, clearly showed new bands (A1, A4, A12 and A13), in the latter. The

Fig. 2. Time course of relative basic isoperoxidase activity (0 to 5) (isoforms B1
and B2 in graph A, B3 and B4 in graph B) during rhizogenesis in Nothofagus
antarctica. Rf values are given between brackets.
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Fig. 4. Time course variation
of total relative isoperoxidase
activity (acidic and basic) (A),
non-cumulative rooting (B)
and non-cumulative apparition
of new roots (C) during the
Nothofagus antarctica rooting
process. The time course evol-
ution of total acidic and basic
isoperoxidases was obtained
by summing up the correspon-
ding relative activities.
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enzyme activity of A1 band exhibited a maximum at day 6 and 11, and A12 and A13
bands at days 6–8 (Fig. 3). Qualitative and quantitative analysis of the relative activity
of the isoenzyme bands A1, A4 and A12 before and during the rooting process, may
make them useful indicators of the induction phase of rhizogenesis.

During the induction stage, the acidic isoenzymes bands A2, A3, A7 and A8 pres-
ented activity peaks between days 1–2 and 2–3 (Fig. 3). At the beginning of the
expression stage a second maximum between days 6–11 was in good agreement with
an increase in total peroxidases by day 9 reported by Calderón et al. (1998). This
maximum represented the activity of the isoenzyme bands A1, A2, A3, A7, A8, A9,
A10, A11, A12 and A13. A decrease occured in the activity previously described that
reverted at the end of the period for some isoenzymes. Among them, isoenzymes
bands A1 and A2 exhibited a significant increase in activity, while bands A6, A8,
A9 and A10 showed less marked increases. These isoenzymes would be related to
cell digestion during the radical emergence and the rigidity of the cell walls of the
new roots (Caspar et al., 1985; 1991).

Relationship of isoperoxidase patterns with rooting, apparition of new roots
and total peroxidase activity

Comparative graphs of total isoperoxidase activities (acidic and basic) with the evolu-
tion of rooting and the apparition of new roots during the assays are presented in Fig. 4.
Rooting was maximum at days 9–11 (73% of microshoots had rooted) and markedly
decreased at day 13 (Fig. 4B). The average root number (2.3 per explant) was maximal
at day 9, representing 25% of the total formed roots in the micro-shoots (8.9 roots
per explant at day 28), another peak occurred between days 15 and 19 (Fig. 4C). The
overall time course for rooting and root apparition closely matched the time course
observed in the total isoperoxidases pattern (Fig. 4A) and consistently matched the
amount of total peroxidases (Calderón et al., 1998). In fact, the first maximum record-
ed for root apparition (days 9–11) was in parallel with the second peak exhibited by
acidic isoperoxidases. When the roots emerge through the tissues, digestion of cells
found in their path occurs. Isoperoxidases could be part of this process which is eviden-
ced by the methodology proposed in this study.

The maximum total isoperoxidase activities observed in the earliest stage of
rhizogenesis could be responsible for the formation of the radical nodes, while the
smaller rooting initiation recorded at the end of the assayed period could be related
to a minimal activity increase presented by these isoenzymes (Fig. 4A).

The behavior observed in the evolution of rooting and the peaks of root apparition
can also be correlated with total peroxidases. The total peroxidase activities determin-
ed in N. antarctica showed a maximum at day 3, followed by a minimum at day 7,
another maximum at day 9 and a continuous decrease until the end of rooting (Calder-
ón et al., 1998). These maxima are due to both acidic and basic peroxidases, and con-
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sistently matched with the maxima and minima of total isoperoxidase activities detect-
ed in the present work. However, the studies carried out with total peroxidases do not
permit evaluating the possible role of different isoenzyme types (acidic or basic), nor
do they permit differentiating those isoforms having a relevant role during rhizogenesis.

We conclude that auxin induction in N. antarctica must occur early between days
0 and 4, and later, basic peroxidases are built up and would catabolise auxins, as was
previously suggested (Van der Berg et al., 1983; Gaspar et al., 1985; 1991; Faivre-
Rampant et al., 2000). The significant increase of acidic peroxidases is consistent with
the formation and growth of the radical system, emerging through the cortex at day 7.
The variation in the number and activity of isoperoxidases represents a good indicator
of the processes involved in adventitious rooting stages of N. antarctica.

Monitoring the activity of specific isoperoxidase bands which label particular
phases of tissue differentiation in the formation of roots in N. nervosa should be of
particular utility in the evaluation of the effectiveness of putative rooting enhancer com-
pounds which in turn would allow the generation of an improved protocol for micro-
propagation of this forest species.
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