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Abstract Eucalyptus globulus Labill and hybrids thereof have low lignin content,

favoring cellulose extraction, but are often recalcitrant to clonal propagation. This work

analyzed biochemical and morphological changes during adventitious rooting of mini-

cuttings of E. globulus 9 maidenni obtained from mini-stumps cultured in drip fertigated

sand bed or intermittent flooding tray commercial propagation systems. Morphological

(% rooting, root number and length, mean rooting time) and biochemical parameters

(peroxidase activity, total phenolic content and flavonoid content) were monitored to

characterize the rooting phases. All of the rooting parameters were equivalent in both

systems, indicating comparable efficiency of both methods in clonal propagation. Kinetic

profiles of biochemical parameters were also similar, although the activity of peroxidases

was an order of magnitude higher and the phenolic content about three times lower in

cuttings derived from intermittent flooding-grown mini-stumps than in those derived from

sand bed-grown mini-stumps. Taken together, results suggest that rooting phases were

similar in both systems: induction before day 5, formation from day 5 to 15, and elon-

gation from day 15 to 45. These data may contribute to the development of rooting phase-

specific mineral nutrient solutions to maximize clonal propagation and plant survival.
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Introduction

Eucalyptus has become the most widely planted hardwood genus in the world, with

approximately 17.8 million ha of planted area (FAO 2000; Turnbull 1999). In the

Americas, eucalypt statistics are dominated by Brazil, where there are estimated three

million ha of plantations, the majority of which are used for pulp production (FAO 2000;

Turnbull 1999). Brazil is the largest world producer of eucalypt pulp due to clonal forests

formed by elite material with high productivity, that can yield values around 45–

60 m3 ha-1 year-1 (Mora and Garcia 2000). In southern Brazil, Eucalyptus globulus and

its hybrids are of interest for this industry due to their relative high frost resistance and low

lignin content, which facilitates cellulose extraction. On the other hand, E. globulus is

generally considered recalcitrant for rooting (Serrano et al. 1996; Le Roux and Van Staden

1991), a negative characteristic that is often maintained when interspecific hybrids using

this species are produced for commercial purposes.

Mass vegetative propagation has become an important tool for increasing the com-

petitiveness of the forestry based industry. A super-intensive system has been successfully

employed for commercial propagation of clonal Eucalyptus; it consists of mini-cuttings

kept in indoor mini-hedges and is based on the rooting of axillary shoots from rooted stem-

cuttings, also known as mini-stumps (Assis et al. 2004). There are two main systems used

by Brazilian companies to keep mini-stumps and to produce mini-cuttings: drip fertigated

sand beds and intermittent flooding trays; in the latter, metal lattices holding polyethylene

tubes containing mini-stumps have their bases temporarily immersed in a nutritive solution

for fertigation (see Assis et al. 2004 for a review). Adventitious root formation is a key step

in vegetative propagation (De Klerk et al. 1999) and it is a developmental process con-

sisting of a series of successive and interdependent phases (induction, formation,

elongation), each with its own requirements and characteristics (Kevers et al. 1997).

Knowledge of biochemical and morphological events associated with root induction and

formation may allow improvement in rooting procedures in order to limit losses, partic-

ularly towards the final stages of production. Therefore, it would be interesting to identify

reliable biochemical marker(s) for rooting in commercial ex vitro systems.

Various studies on adventitious root formation have shown a fundamental role played

by peroxidase on the rooting of cuttings (Metaxas et al. 2004; Syros et al. 2004; Hatzi-

lazarou et al. 2006; Husen and Pal 2007). Furthermore, these enzymes have been proposed

to be biochemical markers of the successive rooting phases for several species, in which

rooting consistently occurred after the cuttings had reached and passed a peak of activity

(Rout et al. 2000; Saxena et al. 2000; Caboni et al. 1997; Hand 1993; Fett-Neto et al.

1992; Gaspar et al. 1992). Peroxidase activity has been linked to the oxidation of auxin.

Many basic peroxidases have indole-3-acetic acid (IAA) oxidase activity and peroxidases

have been shown to be effective in IAA oxidation, at least in vitro (Hand 1993 and

references therein). Moreover, phenolic compounds are also known to be involved in

rooting (De Klerk et al. 1999). Changes in phenolic compounds might be responsible for

the control of peroxidase-IAA-oxidase activity, therefore, affecting the IAA content.

However, IAA itself might, by feedback, also control phenolic metabolism (Kevers et al.

1997). Flavonoids are a class of phenolic compounds that are potential biochemical

markers of rooting (Hand 1993) and have been shown to be natural inhibitors of basipetal

auxin transport in stems (Peer et al. 2004). High concentrations of some flavonoids have

been related to an easy- to-root phenotype in Eucalyptus gunnii (Curir et al. 1990).

The present work characterizes the phases of adventitious rooting in mini-cuttings of

E. globulus 9 maidennii obtained from mini-stumps commercially cultivated in drip
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fertigated sand bed or intermittent flooding system. The aims of the study were to compare the

rooting response of mini-cuttings derived from mini-stumps cultivated in the two propagation

systems and to establish a frame for the development of root phase-specific nutrient solutions.

Material and methods

Plant material–E. globulus 9 maidennii

The genetic material used in the experiment was the hybrid clone 19 of E. globulus 9 maidenii
developed by Aracruz Celulose S.A. This hybrid has been on commercial production due to its

interesting wood properties, such as low lignin content; however, it shows some recalcitrance to

clonal propagation, with relatively high initial mini-cutting losses. Mini-cuttings are young

sprouts with 4–6 leaves harvested from mini-stumps (i.e., mother plants with at least 3 and at

most 12 months of age) cultivated in indoor clonal hedges (in greenhouse) using intermittent

flooding trays or drip fertigated sand bed systems (Fig. 1, see also Assis et al. 2004 for a

review). For the experiments herein described approximate age of mini-stumps was 6 months.

Mini-cuttings were harvested every 5 days during the winter/spring of 2005 from the onset of

the experiment on August 30th (when the mini-cuttings were obtained from mini-stumps) up to

45 days on October 14th (when the rooted mini-cuttings were transferred from the greenhouse

to the ‘‘hardening house’’) at Aracruz Celulose S.A (Barra do Ribeiro, RS, Brazil–latitude

3081702800 S, longitude 5181800400 W). The mini-cuttings were used to evaluate morphological

and biochemical changes associated with the adventitious rooting process.

Experimental conditions

Mini-stumps cultivated in drip fertigated sand bed system received a nutritional solution

containing (1,000 g.l-1): calcium nitrate, 1250; Krista K�, 420; Krista� MPK; magnesium

sulphate, 505; iron chelate, 41.5; organic boron, 5; manganese sulphate, 4; copper sulphate,

0.4; zinc sulphate, 0.8 (Yara Adubos–Porto Alegre/RS, Brazil). Mineral nutrient quantities

Fig. 1 Vegetative propagation of E. globulus 9 maidennii. (a). Indoor hydroponics mini-clonal hedge with
mini-stumps (mother-plant) maintained in sand bed or intermittent flooding trays. In detail, the production of
mini-cuttings (with four leaves to six leaves in this experiment) from sprouts of mini-stumps. (b). Mini-
cutting in polyethylene tubes containing substrate (carbonized rice hulls and vermiculite 1:1). (c). Rooting of
mini-cuttings. (d). Rooted mini-cutting ready to initiate adaptation to field conditions (hardening)
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(mg l-1): N, 175.4; P-36.4; K, 212.8; Ca, 242.5; Mg, 48; S, 66; B, 0.5; Fe, 5; Cu, 0.1; Mn,

1; Zn, 0.2. The frequency of fertigation was once a day and the volume fertigated was

1.5–2 l m-2 of bed. The mini-stumps were planted at a density of 100 plant m-2 in the

sand bed. In order to set the experiment, mini-cuttings within the appropriate size range

(4–6 leaves) were randomly harvested from a population of approximately 100 mini-

stumps used in the operational routine of the drip fertigated sand bed system.

Mini-stumps cultivated in the intermittent flooding system received a nutritional solution

containing 985 g Calcinit�, 946 g Kristasol�, 140 g Magnitra-L�, 20 ml Boron Organic�

and 116 g HydroFerro� (Hidro Fertilizantes–Barueri/SP–Brazil). Mineral nutrient quantities

(mg l-1): N, 195.3; NH4, 24; P2O5, 113.5; K2O, 340.5; Ca, 187.1; S, 18.9; B, 2.24; CuEDTA,

0.38; FeEDTA, 7.34; MnEDTA, 0.38; ZnEDTA, 0.24; Mo, 0.38. The frequency of flooding

was once to twice a day, the first with nutrient solution and a second with water as required

(warmer days). Flooding duration was approximately 30 min, as judged from the visible

presence of solution outside the plastic containers with mini-stumps. The mini-stumps were

kept in black conical polyethylene tubes (12 cm long 9 2 cm diameter; 53 cm3 volume

capacity) filled with carbonized rice hulls and vermiculite (1:1 v/v) as substrate, at a density of

250 plants.m-2. Mini-cuttings within the appropriate size range (4–6 leaves) were randomly

harvested from a population of approximately 50 mini-stumps used in the operational routine

of the intermittent flooding system.

Mini-cuttings were cultivated in black conical polyethylene tubes (12 cm long 9 2 cm

diameter; 53 cm3 volume capacity) filled with carbonized rice hulls and fine vermiculite

(1:1 v/v) as substrate with added fertilizers: 2.5 Kg m-3 of PG mix (Yara Adubos–Porto

Alegre/RS, Brazil), 1.5 Kg m-3 19-06-01 NPK of Osmocote� Classic (Scotts, Ohio, USA)

and 2 g m-3 of Simple super phosphate (20% P2O5). Nutrient contents in Kg m-3:

phosphorus pentoxide, 0.4; ammonium sulphate, 1.04; potassium chloride, 0.208; zinc

sulphate, 0.014; copper sulphate, 0.014; manganese sulphate, 0.014; boric acid, 0.028).

The greenhouse temperatures during winter were 5–10�C (morning) and 18–28�C

(afternoon), whereas during the spring temperatures were 23–29�C (morning) and 26–35�C

(afternoon). Photosynthetically active radiation (provided by sunlight) at plant level in the

greenhouse ranged from 80 to 200 lmol m-2 s-1; photoperiod varied from 11 to 13 h. Air

relative humidity was kept between 84 and 93%.

Morphological analyses

At each sampling time, young sprouts were harvested from the mini-stumps to generate

mini-cuttings. For each sampling, 20 mini-cuttings from the intermittent flooding system (a

total of 200 were used) and 80 mini-cuttings from the sand bed (a total of 800 were used)

were simultaneously evaluated. The difference in number was due to the available oper-

ating facilities in each system at the time of the experiment. Final data were taken in the

end of the experiment at 45 days. Parameters examined were percent of mortality, percent

of rooting (calculated considering only the surviving plants), root number (root density–

roots per rooted mini-cutting), root length (considering the length of the longest root) and

mean rooting time (Fett-Neto et al. 2001).

Biochemical analyses

Individual samples for biochemical analyses consisted of approximately 2 cm of the basal

part of 4 mini-cuttings randomly grouped for each sampling time harvested. Three repli-

cate samples were used for each time point. Flavonoid content was evaluated only in
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cuttings obtained from the drip fertigated sand bed system. All reagents used in the

biochemical assays were analytical grade.

Peroxidase activity

Approximately 100 mg of frozen plant tissues (basal part) were ground in liquid nitrogen.

Peroxidase specific activity was quantified according to Fett-Neto et al. (1992), except that

guaiacol was used as substrate. Crude protein extracts in 0.2 M pH 7.0 phosphate buffer

were used to determine enzyme activity at 420 nm in a Cintra 5 spectrophotometer (GBC,

Victoria, Australia). Protein was quantified by the method of Bradford (1976).

Total phenolic content

Approximately 50 mg of frozen plant tissues (basal part) were ground in liquid nitrogen,

extracted in 1.5 ml 0.1 N HCl and submitted to sonication in a water bath for 30 min. The

extracts were centrifuged at 12,000 9 g for 30 min at 4�C. The supernatant was collected

and the pellet was re-extracted. The supernatants were pooled and the volume was com-

pleted to 5 ml with 0.1 N HCl. For quantification, 1 ml of 20% (w/v) Na2CO3 and 0.5 ml

of Folin-Ciocalteu reagent were added, mixed and then incubated at 100�C for 1 min. After

cooling, the extract was diluted to 50 ml with water and filtered through Whatman no. 1

filter paper. Reading was at 750 nm. The standard curve was established with 0.1% (w/v)

pyrogallol in 0.1 N HCl (Fett-Neto et al. 1992).

Flavonoid content

The flavonoid content was spectrophotometrically determined by the aluminum chloride

complexation method described by Zhishen et al. (1999). Approximately 200 mg of frozen

plant tissues (basal part) were ground in liquid nitrogen, extracted in 5 ml of 95% (v/v)

ethanol and submitted to sonication in a water bath for 30 min in the dark. The extracts

were centrifuged at 7,000 9 g for 5 min. The supernatant was collected and a 1 ml aliquot

was diluted to 5 ml with H2O. For quantification, 0.3 ml of 5% (w/v) NaNO2 was added,

followed by mixing and then incubation at 25�C for 5 min. Next, 0.3 ml of 1% (w/v) AlCl3
was added, the resulting solution was mixed and then incubated at 25�C for 6 min. Finally,

2 ml of 1 M NaOH and 2.4 ml of H2O were added followed by agitation. Reading was at

510 nm. The standard curve was established with quercetin (Sigma, USA).

Statistical analyses

Experimental design was totally randomized. Mini-cutting samples were harvested along

their position on the tube trays, from left to right. Statistical analyses were done by t-test or

percentage confidence intervals, always with a P B 0.05 (Sokal and Rohlf 1981). For

biochemical analyses only descriptive statistics was applied (mean and standard error).

Results

The morphological parameters analyzed showed equivalent results for both systems at the

end of the rooting process (Table 1). Mini-cuttings from both systems displayed callus

formation (around 20% of the plants) after 10 days and the first roots appeared after
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15 days in cuttings derived from both systems. At this time, 21% of sand bed-derived mini-

cuttings were rooted versus 33% of intermittent flooding-derived ones. Moreover, after

20 days the majority of the mini-cuttings were rooted showing similar condition of the root

systems: 70% of sand bed and 89% of intermittent flooding-derived cuttings. On the other

hand, intermittent flooding led to a higher mortality rate (20.5%) than sand bed (14%)

(Table 1). In both cases, the mortality happened among the non-rooted mini-cuttings.

Mini-cuttings originated from both systems showed a peak in peroxidase activity after

15 days of culture, coincident with the emergence of the first roots. After that, peroxidase

activity sharply decreased by day 20, remaining stable afterwards. This pattern was con-

sistent in mini-cuttings derived from both culture systems (Fig. 2). In spite of the similar

activity profile displayed by mini-cuttings derived from both mini-stumps operational

systems, peroxidase activity of mini-cuttings obtained from mini-stumps under the inter-

mittent flooding system was higher by about one order of magnitude (Fig. 2).

Changes in content of phenolic compounds were also similar between mini-cuttings

derived from both culture methods. For the drip fertigated sand bed treatment, total phe-

nolic content increased up to day 30, whereas for intermittent flooding treatment it

Table 1 Effect of mini-stump culture system on adventitious root formation in mini-cuttings of Eucalyptus
globulus 9 maidenni 45 days after severance. Parameters (means ± SEM) are not significantly different
based on t-test or confidence intervals overlap (P B 0.05)

Parameter observed Sand bed Intermittent flooding

% of rooting among surviving mini-cuttings 92.7 100

Number of adventitious root/rooted mini-cutting 6.9 ± 0.3 7.9 ± 1.3

Root length (cm) 5.1 ± 0.8 5.6 ± 2.1

Mean rooting time (days) 32.6 ± 3.2 29.7 ± 1.2

% mortality among total mini-cuttingsa 14 20.5

a Mortality was observed only among unrooted mini-cuttings
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Fig. 2 Peroxidase activity in mini-cuttings of E. globulus 9 maidenni obtained from mini-stumps cultured
in drip fertigated sand bed or in intermittent flooding. Inset: peroxidase activity in mini-cuttings obtained
from mini-stumps cultured in drip fertigated sand bed shown alone for better clarity of temporal profile. Bars
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increased from day 5 until day 25. Then, phenolic content reached a variable plateau until

the end of the experiment for both treatments (Fig. 3). The content of phenolic compounds

was 2.5–3 times higher in mini-cuttings derived from mini-stumps grown in the drip

fertigated sand bed system compared to those derived from intermittent flooding.

The analysis of flavonoid content in mini-cuttings derived from sand bed displayed a

profile similar to that shown by total phenolics with an increase from day 5 until day 25.

The highest flavonoid content was observed between days 20 and 30 and a slow, but

apparent decrease was observed until day 45 (Fig. 4).

Discussion

Gaspar et al. (1992) described a model for grapevine adventitious rooting that included

three phases: (1) an induction phase, characterized by lower peroxidase activity (lack of

morphological changes and high auxin content), (2) an initiation (root formation) phase,

occurring between the minimum and maximum of peroxidase activity (cell division and

decrease in auxin content), and (3) an expression (root elongation) phase, characterized by

a gradual decline in peroxidase activity followed by the first visible signs of roots. Various

studies have shown that peroxidase activity profiles during adventitious rooting of several

species are consistent with this general model (Hatzilazarou et al. 2006; Metaxas et al.

2004; Qaddoury and Amssa 2004; Rout et al. 2000; Saxena et al. 2000; Rival et al. 1997).

In the case of Eucalyptus mini-cuttings, it seems that the induction phase occurred in the

first days after obtaining the cutting (before 5 days). The formation phase appears to have

taken place from day 5 to day 15, during the increase and peak of peroxidase activity.

Finally, the elongation phase occurred between days 15 and 20, corresponding to the

emergence of the first roots and rooting of the majority of mini-cuttings. At this phase, a
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Fig. 3 Total phenolic compounds in mini-cuttings of E. globulus 9 maidenni obtained from mini-stumps
cultured in drip fertigated sand bed or in intermittent flooding. Bars are standard deviations
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decrease in peroxidase activity would be expected due to the stabilization of auxins at

lower concentrations after the catabolic action of the enzymes on auxin at the root for-

mation step. The same trends were observed when analyzing total peroxidase activity data

(weight basis), indicating that changes were not the result of differences in protein content

throughout the rooting process, but of enzyme activities and/or effectors (data not shown).

The much higher peroxidase activity in mini-cuttings derived from the intermittent

flooding system could have been induced by the temporary hypoxia and re-oxygenation

phases of the mini-stump cultivation system. In plantlets of wheat, it was seen that periods

of hypoxia, as well as hypoxia and aeration, where capable of increasing the activity of

ascorbate peroxidase in roots (Biemelt et al. 1998). Studies in Lupinus showed that cycles

of hypoxia and re-aeration represent sources of oxidative stress, as they increase the

concentration of free radicals and induce antioxidant enzymes, such as superoxide dis-

mutase (Garnczarska et al. 2004).

According to Berthon et al. (1993) phenolic compounds are involved in different steps

of adventitious root formation. De Klerk et al. (1999) pointed out that phenolic compounds

can act as antioxidants, thereby protecting IAA from oxidation and plant tissue from

oxidative stress due to wounding. In the present study, it was not possible to identify a peak

of total phenolic content during the early part of the experimental period as reported in

other studies with rooting of Vigna radiata, Prunus dulcis and Sequoia sempervirens (Nag

et al. 2001; Caboni et al. 1997; Fett-Neto et al. 1992); this fact reinforces the possibility

that the root induction phase happened during the first 5 days. During the root formation

phase, the content of phenolics increased, which may reflect a need to reduce auxin

transport from the shoot at this phase. Flavonoids have been shown to inhibit the basipetal

transport of auxin in stems (Wasson et al. 2006; Peer et al. 2004). In fact, at least for the

sand bed-derived mini-cuttings, the content of total phenolics and flavonoids increased in

very similar fashion. In the expression phase, the content of phenolics remained high, but

fluctuated, which may be due to differences in root growth between mini-cuttings.
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Fig. 4 Flavonoid content in mini-cuttings of E. globulus 9 maidenni obtained from mini-stumps cultured
in drip fertigated sand bed. Bars are standard deviations
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The higher phenolic content in the sand bed system-derived mini-cuttings can also be

related to differences in the nutrient solution application method in both culture systems.

Studies with Hypericum brasiliense showed an increase in the content of total soluble

phenolics in the shoots under hypoxia due to continuous flooding, whereas roots did not

present a significant change (De Abreu and Mazzafera 2005). Mini-stumps under inter-

mittent flooding are likely experiencing recurrent but transient oxidative stress and it is

possible that phenolics could participate in the mitigation of this phenomenon by acting as

antioxidants, leading to reductions in their steady-state content. The opposite magnitude of

difference observed for peroxidase activity and content of phenolic compounds between

mini-cuttings derived from mini-stumps grown in sand bed and intermittent flooding

supports the general view that these biochemical parameters display opposite behaviors in

relation to the rooting process (Gaspar et al. 1992).

In conclusion, the rooting results obtained in both systems were similar. The choice for

a system can be made based on operational convenience and production costs. Further-

more, biochemical parameters showed a consistent profile for both culture systems,

indicating that it is possible to use them as biochemical markers, especially peroxidase

activity. Changes in time course profiles and relative contributions of peroxidase activity

and content of phenolics appear more relevant for the final morphogenic rooting response

than specific values of these per se. Although further studies with different clones and

seasons will be necessary to confirm the use of the rooting markers herein evaluated, the

identification of rooting phases may pave the way for a better modulation of the adven-

titious rooting process of Eucalyptus in the commercial scale set up employing the mini-

hedge strategy. The development of rooting phase-specific nutrient solutions, for example,

as has been succesfully done for in vitro rooting in E. globulus (Schwambach et al. 2005),

may result in significant gains in efficiency of the propagation process.
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