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Abstract

Adventitious rooting in microcuttings of Malus rootstocks MM106 was studied as regards their histological and biochemical
aspects. Microcuttings from shoots raised in Murashige and Skoog’s (1962) medium were transferred into a rooting medium
containing IBA in the dark, then fixed 0, 3, 5, 7 and 10 days after. Some cambial zone and adjacent phloem cells became dense
cytoplasm, nuclei with prominent nucleoli and the first cell divisions were observed at day 3. Meristemoids became individualized,
consisting of densely staining cells (with enlarged nucleoli) formed outside the xylem by day 5. Identifiable root primordia with
a conical shape and several cell layers were present at day 7. Roots with organized tissue system emerged from the stem 10 days
after the root induction treatment. From these histological observations, it can be established that the rooting induction stage ended
before day 3. The initiation stage, with the first histological modifications to the formation of meristemoids, would correspond
to the transient increase of our biochemical marker (peroxidase activity) until day 5. The best rooting percentage obtained with
cultures in the presence of auxin during 5 days confirms this hypothesis. The expression of rooting can then take place. To cite this
article: S. Naija et al., C. R. Biologies 331 (2008).
© 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Changements anatomiques et biochimiques durant l’enracinement adventif du porte-greffe MM 106 de pommier cultivé
in vitro. Des observations histologiques et des analyses biochimiques ont permis de suivre l’enracinement adventif de microbou-
tures du porte-greffe MM106 de pommier. Des microboutures sont transférées sur un milieu d’enracinement contenant de l’acide
indolbutyrique à l’obscurité, puis fixées après 0, 3, 5, 7 et 10 jours. Les cellules de la zone cambiale, près du phloème, présentent
un cytoplasme dense, avec des nucléoles apparents, et les premières divisions cellulaires sont observées dès le 3e jour. Des méris-
témoïdes individualisés, constitués de cellules denses (avec de larges nucléoles), sont formés à l’extérieur du xylème dès le 5e jour.
Au 7e jour, les primordia racinaires sont identifiables par leur forme conique. Les racines émergent de la tige après 10 jours. Ces
observations histologiques permettent d’établir que la phase d’induction racinaire se termine avant le 3e jour. La phase d’initiation,
caractérisée par les premières modifications histologiques conduisant à la formation des méristémoides, correspond à l’augmen-

Abbreviations: BAP, 6-benzylaminopurine; GA3, gibberellic acid; IBA, 3-indol butyric acid; MS, Murashige and Skoog (1962); NRM, rooting
medium without growth regulator; RM, rooting medium.

* Corresponding author.
E-mail address: C.Kevers@ulg.ac.be (C. Kevers).
1631-0691/$ – see front matter © 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
doi:10.1016/j.crvi.2008.04.002

http://france.elsevier.com/direct/CRASS3/
mailto:C.Kevers@ulg.ac.be
http://dx.doi.org/10.1016/j.crvi.2008.04.002


S. Naija et al. / C. R. Biologies 331 (2008) 518–525 519
tation de l’activité peroxydasique jusqu’au 5e jour. Le meilleur pourcentage d’enracinement obtenu sur un milieu contenant une
auxine durant cinq jours confirme cette hypothèse. Le développement des racines peut alors avoir lieu. Pour citer cet article : S.
Naija et al., C. R. Biologies 331 (2008).
© 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Rooting of microshoots is critical in plant micro-
propagation systems of woody plants [1–3]. Many re-
searchers have demonstrated that the initiation of ad-
ventitious roots in vitro in excised shoots of the apple
rootstocks is related to several factors [4–7]. The most
important factors in rooting induction and initiation are
concentration of auxin and treatment duration [8–11].
To control the rhizogenesis steps, it may be indispens-
able to know the signals and the specific internal mech-
anisms [12]. Rooting was at first considered as a single-
phase process, but there are several successive reports
where adventitious rooting was shown to depend on
a series of interdependent phases (induction, initiation
and expression) [13–16].

Knowledge of biochemical and anatomical events as-
sociated with root induction and expression is useful,
as it will permit the improvement of rooting proce-
dures. Various studies on adventitious root formation
have shown the role of markers played by peroxidase
in rooting of plants cultured in vitro [17–21]. Hausman
[22] and Kevers [23] have also reported the role of aux-
ins in relation to the peroxidase activity of various plant
species. Auderset et al. [24] suggested a correlation be-
tween ontogenic stages and evolution of biochemical
markers during in vitro rooting of Malus domestica.

In the present paper, histological events leading to in
vitro root formation in apple rootstocks and evolution
of peroxidase activity during in vitro rooting of shoots
were examined in correlation with the different stages
of rooting and the necessary duration of auxin presence.

2. Materials and methods

2.1. Plant material, culture conditions and rooting
procedure

Starting material for in vitro culture of rootstocks of
apple tree MM106 was supplied by the laboratory of in
vitro culture of ‘Mabrouka Company’, located at Mor-
nag city, Tunisia.
The proliferating shoots were subcultured every four
weeks on Murashige and Skoog [25] medium supple-
mented with 0.4 mg l−1 BAP, 0.1 mg l−1 IBA, and
0.2 mg l−1 GA3. These shoots (3–4 cm) were individ-
ualized and used later for rooting experiments.

The rooting basal medium (RM) was a half-strength
Murashige and Skoog [25] medium supplemented with
1 mg l−1 IBA, 0.4 mg l−1 thiamine–HCl. The same
medium without growth regulator (NRM) was used as
control for non-rooting. All media were supplemented
with 30 g l−1of sucrose and pH adjusted to 5.7–5.8 with
KOH or HCl 0.1 M prior to the addition of agar (5 g l−1)
and subsequently autoclaved for 30 min at 120 ◦C. For
rooting experiments, shoots were cultured in 500-ml
‘Le Parfait’ glass jars containing 100 ml of medium.
Cultures were placed in the dark on RM. Fifteen shoots
for in vitro root development were used, and the experi-
ments were repeated six times.

With a view to studying the effect of the duration of
dark periods on RM, the shoots were transferred after
different times (0 to 10 days) into glass jars with auxin-
free basal medium (NRM) in the light and maintained
in a growth chamber at 26 ◦C with a 16-h photoperiod
and a light intensity of 40 µE m−2 s−1. Rooting percent-
ages were recorded four weeks after the auxin treatment
started.

2.2. Histology

At days 0, 3, 5, 7 and 10 after treatment, bottom
4–7-mm sections of the stem were fixed in formalde-
hyde/ethanol/acetic acid (FAA) 10:85:5 (v/v/v), dehy-
drated in alcohol series between 50 and 100%, trans-
ferred into gradual alcohol–xylol series and finally
embedded in paraffin. Seven-micrometre-thick trans-
verse sections were cut with a rotatory microtome (Le-
ica, RM2125 RT) and stained with haematoxylin and
safranin.

2.3. Determination of peroxidase activity

Shoots were collected and their basal part was stored
at −80 ◦C until extraction. Samples (100 mg) were
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ground in 1 ml of phosphate buffer 0.1 M (pH 7) and
centrifuged for 20 min at 13,000g at 4 ◦C. The super-
natant was used as the crude enzyme extract. 100 µl
of each crude enzyme extract were added to the reac-
tion mixture, consisting of 900 µl guaiacol (0.1%) and
100 µl H2O2 (30%) and the optimal density of the re-
action was measured at 470 nm. Enzymatic activity was
expressed as the absorbance per minute per milligram of
protein (�DO min−1 mg−1 Prot). Protein concentration
was determined by the Coomassie blue method [26].

Three extractions were processed during the ten first
days for peroxidase activity measurement. Three repli-
cates were measured for each extract. The results are the
mean of at least three values ± standard errors.

3. Results

3.1. Anatomical changes

Transverse sections of non-treated stems at day 0
showed typical collateral vascular bundles, forming a
ring around the pith in the basal end of the microcut-
tings. There was a cambial zone with 3–4 layers of flat
cells between the xylem and phloem of the stem. Epi-
dermis was formed of three cellular layers; a cortex
surrounding the vascular cylinder consisted mainly of
large parenchymatous cells (Fig. 1A and B).

After three days of auxin treatment, certain cells in
the cambial zone and adjacent phloem became more
densely stained in their cytoplasm and nuclei appeared
more frequently (Fig. 1C). At the same time, the first
mitotic divisions were observed (Fig. 1D).

Five days after the onset of treatment, regions of
densely stained cells appeared as a result of active cell
division. External to the xylem, most cells in the phloem
region near the cambium showed signs of meristematic
activity, with a more densely cytoplasm and with nuclei
containing large prominent nucleoli. The cells became
isodiametric and some of them started to divide and pro-
duced meristemoids near the cambium (Fig. 1E and F).

The meristemoids enlarged in volume and cell num-
ber increased as a result of their division. The appear-
ance of the meristemoid signalled the initiation of ad-
ventitious roots.

At day 7, the meristemoids were individualised and
polarisation of the divisions gave birth to the typical
pointed shape with the apex extending outward into the
cortex of the root primordium. The cells in the curved
area were more lightly stained and were presumably
those of the root cap (Fig. 2A, B and E).

The central cells of the root primordium, which were
more densely stained, were presumed to comprise the
meristem of the adventitious root [27]. Other cells in
the root primordium stained less densely than the central
cells and were presumed to be precursors of the future
cortical and vascular tissues (Fig. 2C) [27].

At day 10, the root primordia differentiation was
achieved; they penetrated the stem cortex and were pro-
jected well beyond the stem surface (Fig. 2D).

The processes of initiation and development of ad-
ventitious roots were not synchronous, different stages
of adventitious root developing in single pieces of stem
were observed at the same time (Fig. 2D), and not all
meristemoids were developed into adventitious roots.
Root primordia had developed a vascular system, which
was continuous with that of the stem (Fig. 2F).

3.2. Determination of the duration of the rooting
induction–initiation phase

The shoots were cultured on the RM for different
times ranging from 0 to 10 days before transferring then
into the same medium without auxin (NRM) and exam-
ining the percentage of rooting. The results of Fig. 3
indicated that a period of 5 days on RM was sufficient
to induce 97% rooting. The exposure to IBA for periods
longer than five days in the dark produced undesirable
side effects on shoots, such as callus formation and leaf
necrosis.

3.3. Peroxidase activity

Peroxidase activities in microshoots cultured over
different durations of their rooting process were deter-
mined (Fig. 4). In the case of control (on NRM), there
was no change in peroxidase activity during the course
of the experiment. Auxin treatment induced a sharp in-
crease in peroxidase activity. The peroxidase activity of
shoots placed in the rooting medium in the dark de-
creased on day 1, increased between days 4 and 5 of
culture, then declined rapidly, and afterwards stabilized.

4. Discussion

This study showed the analysis in the course of time
of the rooting phases in microcuttings of rootstocks
MM106 apple tree by triggering cell division, leading
to the formation of adventitious roots. This was com-
pleted by biochemical and physiological analyses with
a view to improving the rooting process.

In the present study, shoots of rootstock MM106
did not root on a medium without auxin; there was no
spontaneous rooting observed without the application
of auxin. This woody plant required a rooting medium
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Fig. 1. Sections of the stem basal shoot origin 0–5 days after IBA root inductive treatment. (A) Anatomical structures of the stem base at day 0
showing a vascular bundle. (×250); Pi, pith; Co, cortex; Ep, epiderm; Ph, phloem; X, xylem. (B) A cambial zone is bounded externally by phloem
and internally by xylem. (×1000); Pi, pith; Co, cortex; Cz, cambial zone; Ph, phloem; X, xylem. (C) Transverse section near the stem base at day 3,
cells in the cambium and adjacent to it became activated, cells with big nuclei and nucleoli. (×1000); Cz, cambial zone; X, xylem. (D) The first
mitotic divisions (×2500); Cd, cell divisions. (E) Section near the stem bases after 5 days on rooting medium showing the larger region of densely
stained meristematic cells make up the organisation of meristemoids (×1000); Me, meristemoids. (F) Longitudinal section showing densely stained
cytoplasm with prominent nuclei characteristic of cell divisions and making up of the meristemoids (×1000); Me, meristemoids.
with auxin (IBA was excellent). If, for many years, the
only evidence of the involvement of auxins in the induc-
tion of adventitious came from studies on exogenous ap-
plications [28], now variations in the endogenous auxin
level were observed [22].

The first histological sign of the formation of adven-
titious roots was the appearance of larger nuclei and
denser cytoplasm (Fig. 1C) in cells of the cambial zone
and adjacent phloem. The anatomical changes were
similar to these observed in in vitro rooting of chestnut
[29,30], apple rootstocks [31,32], oak [33], Rosa multi-
flora [11], camellia [34], and artichoke [35].
Initiation of cell division by the rooting treatment
took place in the phloem region near the cambium
(Fig. 1D). In other studies of woody species, the site
of origin has been located near to or in the vascu-
lar cambium [24,31,33,34,36–39]. In each study, cells
leading to root formation could have been phloem
parenchyma [40–42] or cambial derivatives leading to
phloem parenchyma [30,32,43]. The region of the tissue
in which cells become activated is thought to depend in
part on physiological gradients of substances entering
the shoot from the medium [44], and on the presence of
competent cells to respond.
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Fig. 2. Sections of the stem basal shoot 7–10 days after IBA root inductive treatment. (A) Seven days after treatment. Transversal section with
a well-developed root primordium. (×125); Rp, root primordium. (B) Longitudinal section showing young root primordium apparently having
pushed into the cortex tissue. (×500); Rp, root primordium. (C) Detail of young root primordium through organized division cells (×2500).
(D) Transverse sections near stem bases, at day 10 on rooting medium, showing root primordia projected beyond the stem surface and two root
primordia at various stages of development. (×250); Rp, root primordium; Ar, adventitious root. (E) Protruding root primordium, showing the
formation of root caps. (×1000); rc, root cap. (F) Emerging adventitious roots 15 days after treatment, showing complete differentiation of their
vascular system, which is now continuous with that of the microcutting stem (×125).
Interestingly, anatomical data indicated that cytolog-
ical events took place as early as day 3, leading to well
visible morphogenetic fields; meristematic activity was
seen within 5 days (Fig. 1E). The time required for
adventitious root initiation has varied between species.
Meristematic activity in response to inductive treatment
was observed within: eight days in Camellia japonica
L. [34], six days in Cynara scolymus [35], five days in
Malus pumila ‘KSC-3’ [31], four days in Rosa hybrida
[45], in chestnut [30] and in apple tree [33], three days
in Malus domestica Borkh ‘Jork 9’ [24], two days in
Prunus avium L. × Prunus pseudocerasus lind [38], and
Malus domestica Borkh ‘Gala’ [41]. The auxin concen-
tration in the culture medium can also explain some of
these differences.

From our histological observations, we can suggest
that, in our material, induction of rooting was realized at
day 3, where the first cell divisions were observed. The
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Fig. 3. Effect of the period during which the shoot is kept in the dark
on the rooting percentage after 4 weeks on the IBA rooting medium.

Fig. 4. Peroxidase activity in the basal part of rootstocks of MM106
during the first ten days on rooting medium (RM) or on non-rooting
medium (NRM).

development of meristemoids occurred during the ini-
tiation stage, meristemoids were visible after 5 days of
culture on an auxin-containing medium. The develop-
ment of primordia into organized roots occurred during
the growth stage, after day 5 of culture in our material.

Changes in peroxidase activity measured after in vitro
rooting induction in apple rootstocks MM106 were con-
sistent with the results previously described for various
other species [14]. Peroxidase activity of the shoots in
rooting condition underwent a typical variation with an
increase up to a peak, and then a rapid decline, as it
is now observed for many other materials [14,16–18,
20,39,46–51]. This various studies have shown the im-
portant role of marker played by peroxidase in plants’
rooting.

In our material, the peroxidase specific activities de-
creased at day 1 and increased until day 5. The min-
imum, observed at days 1 and 2, theoretically corre-
sponded to the induction phase and the maximum, ob-
served at day 5, corresponded to the end of the initiation
phase, as shown by Gaspar et al. [14,15]. At this time,
meristemoids have been organized [46].

It was clear that auxin treatments affected this sharp
increase in peroxidase activity. In fact, in the control,
there was no change in peroxidase activity during the
course of the experiment. In addition, the level variation
of peroxidase activity occurrence was also depending on
species and genotype; it was observed within 17 days
for Sequoiadendrum giganteum [46], six days for oak
[33], five days for Fraxinus angustifolia [50], three days
for Psoralea corylifolia L. [16], one day for almond mi-
crocuttings [48], Malus domestica Borkh ‘Jork 9’ [24]
and Gardenia jasminoides Ellis [52]. From the results
obtained with our material, the maximum of peroxidase
activity that determines the end of the initiation stage
can be situated at day 5.

If root induction in woody plants includes auxin in
the medium, there is considerable evidence indicating
that auxin is not needed during all the stages of adven-
titious root production. Indeed, some evidences suggest
an inhibitory action at a later stage [28,53]. Better, the
transfer of microcuttings to auxin-free medium resulted
in the differentiation of root primordium. Most of the
woody plant required a sequence of two rooting media,
as did Sequoiadendron [46,54].

Shoots of apple rootstocks MM106 did not root with-
out passage on an auxin medium or when auxin was
continuously kept on such a medium. A maximum
of 97% rooting was obtained when passing from an
auxin-containing medium to a medium deprived of it
on day 5 (Fig. 3). These results mean that the induction
and the initiation stages were finished at day 5 and that
the suppression of auxin was necessary to favour the de-
velopment of the roots. A comparison with other recent
data indicates that the length of the auxin phase was de-
pendent on the type and concentration of auxin used, but
species and variety differences were also important pa-
rameters [9]. For apple tree clones, the optimal length of
auxin treatment was generally between five to nine days
in the dark [9,55–57].

Anatomical data indicated that very first cytological
events took place as early as day 3, leading to well-
visible meristemoids at day 5. This means that the in-
ductive period ended before day 3, the end of the initia-
tion stage corresponding to the maximum of peroxidase
activity at day 5. During this period, various cytological
events took place, from the first cellular divisions to the
formation of meristemoids. Five days was also the opti-
mum duration of auxin treatment to obtain a maximum
of rooting percentage. At day 5, the root meristemoids
were formed and, after that, no auxin was needed to root
primordium development. After day 5, auxin must be
suppressed. This end of the induction stage also corre-
sponds to the maximum of peroxidase activity.

In conclusion, root formation appeared as the re-
sult of very complex reactions. The peroxidase activity
variations as biochemical markers could be correlated
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with observations of the microscopic tissues in the mi-
croshoots and follow-up of the rooting percentage as a
function of time. These results confirm the work car-
ried out by other researchers [14,18,23,24]. The present
study needs to be completed by analyses of other bio-
chemical markers, such as polyamines, auxins, and phe-
nols on our plant material during the different rooting
phases.

Acknowledgements

The National Institute of Agronomic Research of
Tunisia (INRAT) supported this research. N.S. ex-
presses her sincere gratitude for collaboration with the
Laboratory of Plant Molecular Biology and Biotechnol-
ogy, at the University of Liege, Belgium.

References

[1] O.P. Jones, M.E. Hopgood, D. O’Farrel, Propagation in vitro of
M 26 apple rootstocks, J. Hortic. Sci. 52 (1977) 235–238.

[2] R.H. Zimmerman, O.C. Broome, Phloroglucinol and in vitro
rooting of apple cultivar cuttings, J. Am. Soc. Hortic. Sci. 106
(1981) 648–662.

[3] G.-F. Collet, C.L. Le, Micropropagation de porte-greffes de pom-
mier et de poirier. I. Établissement et multiplication in vitro de
Pyrus malus L. (M25, M26, M27, MM106, M9 type Jork) et de
Cydonia oblonga Mill. (A), Rev. Suisse Vitic. Arboric. Hortic. 19
(1987) 253–259.

[4] R.H. Zimmerman, Rooting apple cultivars in vitro: Interactions
among light, temperature, phloroglucinol and auxin, Plant Cell
Tissue Org. Cult. 3 (1984) 301–311.

[5] C.L. Le, Multiplication clonale in vitro du pommier Malus do-
mestica Borkh., var. Gravenstein, Rev. Suisse Vitic. Arboric.
Hortic. 17 (1985) 311–315.

[6] P. Druart, Contribution à l’élaboration de techniques de produc-
tion en masse in vitro d’espèces ligneuses utilisables en cul-
ture fruitière, dissertation, faculté des sciences agronomiques de
l’État, Gembloux, Belgium, 1986.

[7] G.-F. Collet, C.L. Le, Enracinement in vitro de Pyrus malus L.
(M25, 26, 27, MM106, M9 type Jork) et de Cydonia oblonga
Mill. (A), Rev. Suisse Vitic. Arboric. Hortic. 20 (1988) 131–138.

[8] O.P. Jones, C.A. Pontikis, H.E. Hopgood, Propagation in vitro of
five apple scion cultivars, J. Hortic. Sci. 54 (1979) 155–158.

[9] P. James, Adventitious root formation in vitro in apple rootstocks
(Malus pumila). I. Factors affecting the length of the auxin-
sensitive phase in M9, Physiol. Plant. 57 (1983) 149–153.

[10] P. James, Adventitious root formation in vitro in apple rootstocks
(Malus pumila). II. Uptake and distributing of indol-3yl-acetic
acid during the auxin-sensitive phase in M9 and M26, Physiol.
Plant. 58 (1983) 154–158.

[11] G.-F. Collet, Enracinement amélioré lors de la production in vitro
de rosiers, Rev. Suisse Vitic. Arboric. Hortic. 17 (1985) 259–263.

[12] J.-F. Hausman, Facteurs hormonaux associés à l’induction de la
rhizogenèse des pousses feuillées de Peuplier micropropagées.
Interaction auxines-polyamines, PhD thesis, University of Liege,
Belgium, 1996.

[13] C. Moncousin, F.M. Favre, T. Gaspar, Changes in peroxidase ac-
tivity and endogenous IAA levels during adventitious rooting
in cuttings, in: M. Kutacek, R.S. Bandurski, J. Krekule (Eds.),
Physiology and Biochemistry of Auxins in Plants, Academia,
Prague, Czech Republic, 1988, pp. 331–337.

[14] T. Gaspar, C. Kevers, J.F. Hausman, J.Y. Berthon, V. Ripetti,
Practical uses of peroxidase activity as a predictive marker of
rooting performance of micropropagated shoots, Agronomie 12
(1992) 757–765.

[15] T. Gaspar, C. Kevers, J.F. Hausman, V. Ripetti, Peroxidase ac-
tivity and endogenous free auxin during adventitious root forma-
tion, in: P.J. Lumsden, J.R. Nicholas, W.J. Davies (Eds.), Phys-
iology Growth and Development of Plant in Culture, Kluwer
Academic Publishers, The Netherlands, 1994, pp. 289–298.

[16] G.R. Rout, S. Samantaray, P. Das, In vitro rooting of Psoralea
corylifolia Linn: Peroxidase activity as a marker, Plant Growth
Regul. 305 (2000) 215–219.

[17] M. Quoirin, P. Boxus, T. Gaspar, Root initiation and isoperox-
idases of stem tip cuttings from mature Prunus plants, Physiol.
Veget. 12 (1974) 165–174.

[18] C. Moncousin, T. Gaspar, Peroxidase as a marker for rooting im-
provement of Cynara scolymus L. cultured in vitro, Biochem.
Physiol. Pflanzen 178 (1983) 263–271.

[19] J.Y. Berthon, R. Maldiney, B. Sotta, T. Gaspar, N. Boyer, En-
dogenous levels of plant hormones during the course of adven-
titious rooting in cutting of Sequoiadendrom giganteum in vitro,
Biochem. Physiol. Pflanzen 184 (1989) 405–412.

[20] A. Rival, F. Bernard, Y. Mathieu, Changes in peroxidase activity
during in vitro rooting of oil palm (Elaeis guinensis Jacq.), Sci.
Hortic. 71 (1997) 103–112.

[21] G.R. Rout, S. Samantaray, P. Das, In vitro rooting in microshoots
of Simarouba glauca L. in vitro: Peroxidase as a marker for root-
ing, Silvae Genet. 48 (1999) 14–17.

[22] J.F. Hausman, D. Evers, C. Kevers, T. Gaspar, Internal controls
of root induction of Poplar shoots raised in vitro, Angew. Bot. 71
(1997) 104–107.

[23] C. Kevers, J.F. Hausman, O. Faivre-Rampant, D. Evers, T. Gas-
par, Hormonal control of adventitious rooting: Progress and
questions, Angew. Bot. 71 (1997) 71–79.

[24] G. Auderset, S. Givillet, J. MicheIi, J. O’Rourke, M. Ribaux,
C. Moncousin, Histological analysis and the evolution of bio-
chemical markers during the in vitro rooting of Malus domestica
Borkh. ‘Jork 9’, Adv. Hortic. Sci. 8 (1994) 5–10.

[25] T. Murashige, F. Skoog, A revised medium for rapid growth and
bioassays with tobacco tissue culture, Physiol. Plant. 15 (1962)
473–497.

[26] T. Spector, Refinement of the Coomassie blue method of protein
quantitation, Ann. Biochem. 86 (1978) 142–146.

[27] J.M. Favre, Rhizogenèse et bouturage, in: R. Chaussat, C. Bigot
(Eds.), La multiplication végétative des plantes supérieures,
Gauthier-Villars, Bordas, Paris, 1980, pp. 51–75.

[28] D. Blakesley, G.D. Weston, J.F. Hall, The role of endogenous
auxin in root initiation, Evidence from studies on auxin applica-
tion, and analysis of endogenous levels, Plant Growth Regul. 10
(1991) 341–353.

[29] A.M. Vieitez, M.L. Vieitez, A. Balester, In vitro chestnut re-
generation. Anatomical and chemical changes during the root-
ing process, Coll. Int. Culture in vitro des essences forestières,
IUFROAFOCEL, France, 1981, pp. 149–152.

[30] J.C. Gonçalves, G. Diogo, S. Amancio, In vitro propagation
of chestnut (Castanea sativa × C. crenata): Effects of rooting
treatments on plant survival, peroxidase activity and anatomical
changes during adventious root formation, Sci. Hortic. 72 (1998)
265–275.



S. Naija et al. / C. R. Biologies 331 (2008) 518–525 525
[31] G.S. Hicks, Adventitious rooting of apple microcuttings in vitro,
an anatomical study, Can. J. Bot. 65 (1987) 1913–1920.

[32] J. Zhou, H. Wu, G.-F. Collet, Histological study of initiation and
development in vitro of adventitious roots in minicuttings of ap-
ple rootstocks of M26 and EMLA 9, Physiol. Plant. 84 (1992)
433–444.

[33] M.C. San José, N. Vidal, A. Ballester, Anatomical and biochem-
ical changes during root formation in oak and apple shoots cul-
tured in vitro, Agronomie 12 (1992) 767–774.

[34] A. Samartin, A.M. Vieitez, E. Vieitez, Rooting of tissue cultured
camellias, J. Hortic. Sci. 61 (1986) 113–120.

[35] B. Dridi, Un système intégré de micropropagation de l’ar-
tichaut (Cynara Scolymus L.), thèse de doctorat en sciences
agronomiques et biologiques appliquées : biotechnologie cellu-
laire et génétique, 2003.

[36] A.M. Vieitez, M.L. Vieitez, Secuencia de cambios anatomicos
durante la rizogénesis in vitro del castano, Phyton 43 (1983) 185–
191.

[37] J. White, P. Lovell, The anatomy of root initiation in cuttings of
Griselinia littoralis and Griselinia lucida, Ann. Bot. 54 (1984)
7–20.

[38] M. Ranjit, D.E. Kester, V.S. Polito, Micropropagation of cherry
rootstocks: III. Correlation between anatomical and physiologi-
cal parameters and root initiation, J. Am. Soc. Hortic. Sci. 113
(1988) 155–159.

[39] T. Syros, T. Yupsanis, H. Zafiriadis, A. Economou, Activity and
isoforms of peroxidases, lignin and anatomy, during adventitious
rooting in cuttings of Ebenus cretica L., J. Plant Physiol. 161
(2004) 69–77.

[40] N. Fliti, N. Montuschi, P. Rosati, In vitro rhizogenesis: histo-
anatomical aspects on Prunus rootstock, Adv. Hortic. Sci. 1
(1987) 34–38.

[41] F.H. James, P.S. Dennis, F.E. Ray, Anatomy of adventitious root
formation in microcuttings of Malus domestica Borkh. ‘Gala’,
J. Am. Soc. Hortic. Sci. 118 (1993) 680–688.

[42] F. Koyuncu, F. Balta, Adventitious root formation in leaf-bud
cuttings of tea (Camellia sinensis L.), Pakis. J. Bot. 36 (2004)
763–768.

[43] A. Ballester, M.C. San Jose, N. Vidal, J.L. Fernandez Lorenzo,
A.M. Vieitez, Anatomical and biochemical events during in vitro
rooting of microcuttings from juvenile and mature phases of
chestnut, Ann. Bot. 83 (1999) 619–629.

[44] M.K. Ross, T.A. Thorpe, J.W. Costerton, Ultrastructural aspects
of shoot initiation in tobacco callus cultures, Am. J. Bot. 60
(1973) 788–795.
[45] O.G. Bressan, Y.J. Kim, S.E. Hyndman, P.M. Hasegawa, R.A.
Bressan, Factors affecting in vitro propagation of rose, Am. Soc.
Hortic. Sci. 107 (1982) 979–990.

[46] J.-Y. Berthon, N. Boyer, T. Gaspar, Sequential rooting media and
rooting capacity of Sequoiadendrom giganteum. Peroxidase ac-
tivity as a marker, Plant Cell Rep. 6 (1987) 341–344.

[47] C. Moncousin, Rooting of in vitro cutting, in: Y.P.S. Bajaj (Ed.),
Biotechnology in Agriculture and Forestry (17) – High Tech.
and Micropropagation, Springer-Verlag, Berlin, 1991, pp. 231–
261.

[48] E. Caboni, M.G. Tonelli, P. Lauri, P. Iacovacci, C. Kevers, C. Da-
miano, T. Gaspar, Biochemical aspects of almond microcuttings
related to in vitro rooting ability, Biol. Plant. 39 (1997) 91–97.

[49] C. Sanexa, S. Samantaray, G.R. Rout, P. Das, Effect of auxins on
in vitro rooting of Plumbungo zeylanica: peroxidase activity as a
marker for root induction, Biol. Plant. 43 (2000) 121–124.

[50] G. Tonon, C. Kevers, T. Gaspar, Changes in polyamines, aux-
ins and peroxidase activity during in vitro rooting of Fraxinus
angustiolia shoots: An auxin-independent rooting model, Tree
Physiol. 21 (2001) 655–663.

[51] D.J. Metaxas, T.D. Syros, T. Yupsanis, A.S. Economou, Perox-
idases during adventitious rooting in cuttings of Arbutus unedo
and Taxus baccata as affected by plant genotype and growth reg-
ulator treatment, Plant Growth Regul. 44 (2004) 257–266.

[52] S.P. Hatzilazarou, T.D. Syros, T. Yupsanis, A.M. Bosabalidis,
A.S. Economou, Peroxidases, lignin and anatomy during in vitro
and ex vitro rooting of gardenia (Gardenia jasminoides Ellis) mi-
croshoots, J. Plant Physiol. 163 (2006) 827–836.

[53] F.W. Went, K.V. Thimann, Phytohormones, Macmillan, New
York, 1937.

[54] J.Y. Berthon, S. Ben Tahar, T. Gaspar, N. Boyer, Rooting phases
of shoots of Sequoiadendrom giganteum in vitro and their re-
quirements, Plant Physiol. Biochem. 28 (1990) 631–638.

[55] P. Druart, C. Kevers, P. Boxus, T. Gaspar, In vitro promotion
of root formation by apple shoots through darkness: Effect of
endogenous phenols and peroxidases, Z. Pflanzenphysiol. 108
(1982) 429–436.

[56] M. Welander, In vitro rooting of the apple rootstock M 26 in adult
and juvenile growth phases and acclimatization of the plantlets,
Physiol. Plant. 58 (1983) 231–238.

[57] P. Druart, Optimisation of culture media for in vitro rooting of
Malus domestica Borckh. Cv. Compact Spartan, Biol. Plant. 39
(1997) 67–77.


	Anatomical and biochemical changes during adventitious rooting  of apple rootstocks MM 106 cultured in vitro
	Introduction
	Materials and methods
	Plant material, culture conditions and rooting procedure
	Histology
	Determination of peroxidase activity

	Results
	Anatomical changes
	Determination of the duration of the rooting induction-initiation phase
	Peroxidase activity

	Discussion
	Acknowledgements
	References


