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ABSTRACT 

 
Micropropagation has the advantage of genetic 

homogeneity and reduces difficulties related to ob-
taining pathogen-free plant material. However, some 
plant species present challenging problems when 
used for in vitro culture. This research work dealt 
with the micropropagation of Quercus pubescens 
Willd. with the aim of enhancing the percentage pro-
liferation and rooting from micro-cuttings. Micro-
cuttings, containing apical or axillary buds, were 
taken from two year-old branches using a clone of Q. 
pubescens grown at the Forest Nursery of Sant’An-
gelo in Vado, Pesaro-Urbino, Marche, Italy. A pre-
liminary screening of the proliferation was per-
formed using increasing concentration of benzyla-
minopurine (BA) in the culture medium (0.25; 0.5; 
0.75; 1 mg/l) in order to select the best hormones to 
use in the experiment. From the results it was possi-
ble to deduce that BA plays a key role in influencing 
shoot proliferation, leading to the formation of a cal-
lus and to the production of new shoots. Moreover, 
we observed that, especially higher BA concentra-
tions promoted the production of a larger number of 
shorter shoots compared to low concentrations, that 
produced the small number of longer shoots.  Fur-
thermore, these trials have shown that, in order to 
have a large number of seedlings with an optimal 
shoot length, it is necessary to divide the process of 
propagation in two phases. The first phase involves 
a high concentration of BA, with the aim of increas-
ing the number of new  micro-cuttings; the second 
phase, with lower levels of BA, to increase the length 
of the shoots. With regards to root induction, the hor-
mone selected was indole-butyric acid (IBA). Re-
sults showed that micro-cutting exposed for 24h to 
higher hormone concentration gave the best results 
for root induction and root length. The study devel-
oped an efficient method for the micropropagation of 
Q. pubescens for the selection of genotypes in in 
vitro and sterile (e.g., free microorganisms and in-
sects) conditions. It is envisaged that the develop-
ment of this protocol paves the way for further utili-
sation of micro-propagated Q. pubescens in new ar-
eas of research, such as in vitro mycorrhization.  
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INTRODUCTION 

 
Over thousands of years agricultural practices 

and breeding techniques have permitted the selection 
of plant material with useful growth characteristics 
and enhanced properties, such as increased yield 
quality and resistance to disease [1]. Cloning is ex-
tremely useful in fruit, vegetable, floriculture and or-
namental plant production, as well as for the conser-
vation of highly heterozygous genotype of many cul-
tivars [2]. Plant propagation through the microprop-
agation enhances the totipotency of plant cells in or-
der to differentiate and to produce new and structur-
ally complete plants in a relatively short time [3]. 
Moreover, micropropagation allows the differentia-
tion and the multiplication of cells of different tis-
sues in order to trigger the production of new meri-
stematic tissues and plants [3].  

Micropropagation has been applied since the 
mid-30s, though with several limitations when it 
comes to the propagation of woody plants. Further-
more, literature on this topic is dated. Generally, the 
micropropagation of woody species is performed on 
dormant buds, that however show a strong resistance 
to initiate growth [4]. The growth of woody species 
is characterised by a strong growth sprout at the start 
of the growing season (bud burst) followed by a slow 
period of growth. The development of buds is very 
slow especially under conditions of in vitro culture, 
where they tend to alternate between dormant and 
vegetative periods [5]. In particular, slow-growing 
trees, such as oak (Quercus), walnuts (Juglans), 
spruce (Picea) and fir (Abies), have rarely been suc-
cessfully micro-propagated when starting from two 
years old plants [6]. On the other hand, fast-growing 
trees have shown successful results in microculture, 
as in the case of cottonwood (Populus), elm (Ulmus), 
eucalyptus (Eucalyptus) and birch (Betula).  

The protocols of micropropagation of woody 
angiosperm species were successfully developed in 
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the 1980s, by breaking the inhibition of bud dor-
mancy, as shown in Prunus [7], Malus [8], Erica [9], 
and, likewise, in conifers, such as Pinus [10] and 
Picea [11]. The micropropagation of Quercus robur 
was achieved a few years later [12, 13, 14] . The mi-
cropropagation of recalcitrant and old tree species 
requires tissue rejuvenation with a series of grafts or 
pruning cycles in order to obtain micro-cuttings [15, 
16, 17, 18]. The micro-cuttings retain the functional-
ity of the original plant, that drives the plagiotropic 
growth or the total absence of rooting [19, 17, 20].  

For in vitro conditions, rooting requires the re-
juvenation of the plant material [21, 22, 23], through 
hormone treatment [24], or even using activated 
charcoal [14, 25]. Whereas, the rooting of explants 
from 2-3 years old saplings can be successfully in-
duced in ex vitro conditions through the exposure to 
high humidity [26]. Traditionally, oak seedlings used 
for the reforestation have been obtained from seeds 
and rarely through plant tissue cultures. However, in 
past years, protocols of the micropropagation of oaks 
have been developed and improved in different 
Quercus species [27, 28, 29, 30]. Oaks are highly in-
teresting due to the tolerance to various environmen-
tal stresses and their cultivation in urban landscapes. 
However, the in vitro propagation of Quercus pu-
bescens is poorly developed.  

The aim of the study  was to develop an effi-
cient method for the micropropagation of Q. pu-
bescens for the selection of pathogen-free genotypes. 
The study was performed by testing micro-cuttings 
treated with benzylaminopurine (BA) and indole-bu-
tyric acid (IBA) to optimise the micropropagation of 
oak species in order to obtain genetically homogene-
ous and pathogen-free certified plants. The hypothe-
sis of the study is that the percentage of sprouting 
and rooting of tree cuttings in micropropagation can 
be enhanced through hormonal treatment. 
 
 
MATERIALS AND METHODS  

 
Plant material. Micro-cuttings, containing ap-

ical and axillary buds, were taken from branches of 
Quercus pubescens Willd., grown in the Forest 
Nursery of Sant’Angelo in Vado (Pesaro-Urbino, 
Marche, Italy). Two years old plants were used, 
since the explants taken on older plants are usually 
refractory to treatment [31]. The plant species was 
chosen due to the potential to establish mycorrhizal 
symbiosis with fungi especially belonging to the ge-
nus Tuber, for the truffles production. Branches of 
the mother plant were dissected in order to obtain 
micro-cuttings with one bud each. The incision at the 
bottom of the micro-cuttings was performed at 45° 
in order to increase the absorbent surface area and to 
promote the production of stem cells; whereas the 
upper part was cut at 90°, to decrease the water loss 
surface area from vascular tissue.  

 

Micro-cuttings sterilization. All the opera-
tions of in vitro micropropagation were carried out 
under sterile technique using laminar hood, with sur-
faces sterilized with 70% ethanol. Micro-cuttings 
were treated with 200 ml of deionized sterile water 
solution, containing 1 ml of Tween 80, for 15 
minutes. Micro-cuttings were subsequently removed 
from the detergent solution and then placed in a 2% 
solution of sodium hypochlorite at  for 20 minutes. 
Subsequently, micro-cuttings were rinsed three 
times in sterile distilled water for 10 minutes and 
then dried (under a laminar flow hood). 

 
Micropropagation. The sterilized micro-cut-

tings were individually placed in glass tubes (25mm 
x 200mm) containing approximately 20 ml of culture 
medium, previously autoclaved at 121°C for 20 
minutes. The culture medium contained: 7 g L-1 plant 
agar, (Duchefa Biochemie), 2.4 g L-1 vitamins-en-
riched Woody Plant Medium (WPM) (Duchefa, Bi-
ochemie, The Netherlands), 30 g L-1 sucrose (Sigma 
Aldrich), at pH 5.6. The culture medium was supple-
mented with 6-benzilaminopurine (BA, Sigma). 
Four different concentrations of BA were prepared 
namely 0.25 mg L-1; 0.5 mg L-1; 0.75 mg L-1; 1 mg 
L-1. For each BA concentration, 45 micro-shoots 
were used. Each treatment had 3 replicates, Magenta 
vessel GA-7 (Sigma Aldrich, Germany)  had 9 ex-
plants for a total of 675 micro-shoots. 

The micro-cuttings were placed in the incuba-
tor (Angelantoni, Perugia, Italy) with controlled con-
ditions namely, air temperature: 24 ± 2°C; photoper-
iod: 16 hours light – 8 hours dark; light intensity: 
3000 lux; 80% RH. Those conditions were kept 
throughout all the phases of the experiment. The mi-
cro-cuttings were left in the  incubator for 20 days 
and were checked daily in order to control if any bi-
ological contaminants such as fungal or bacterial 
were present. Once micro-cuttings apical and lateral 
buds had consistent elongation of the stems, the mi-
cro-shoots were placed in a Petri dish using sterile 
technique and the callus was cut off. Then micro-
shoots were placed in Magenta vessel with fresh me-
dia.  

 
Rooting. After reaching a substantial number 

of micro-cuttings through the micropropagation 
phase, micro-cuttings were subsequently exposed to 
IBA to induce rooting. The micro-cuttings were re-
moved from the Magenta vessel and placed in sterile 
glass Petri dish. Then the callus from the micro-cut-
tings was excised and planted in the culture medium 
enriched with two different concentrations of indole-
3-butyric acid (IBA), 10 and 20 mg L-1, in order to 
verify the optimal concentration for root induction. 
Additionally, two different time exposure treatments 
were performed, namely, 24h at 10 and 20 mg L-1, 
and 48h at 10 and 20 mg L-1. Each treatment was car-
ried out three times and each Magenta contained 9 
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shoots (n=135).  For each different treatment 9 seed-
lings were used as a control. After 24 and 48 hrs of 
exposure to IBA medium, the seedlings were trans-
planted into plant-growth-regulator-free medium 
containing agar 6 g L-1, WPM 1.2 g L-1, sucrose 20 
gL-1, charcoal 1 g L-1, at pH 5.6. After 20 days in 
incubator, the rooting was assessed.  Figure 2 is 
shows micro-cuttings with root system fully devel-
oped. 
 

Acclimatization. Rooted micro-cuttings were 
acclimatized for 4 weeks in a Magenta vessel GA-7 
(16 cm x 8 cm) (Sigma Aldrich,), containing peat and 
perlite (3: 1, v / v), with a plastic cap, provided with 
filters to allow the air exchange. The acclimatization 
phase reduces shock that plants suffer due to the 
drastic changes of environmental conditions and nu-
tritional availability. After one month, the plants 
were transferred to larger pots (18 x 18 cm), contain-
ing peat. The plants were protected from direct light 
for further 4 weeks, and subsequently exposed to full 
light in greenhouse followed by open field culture at 
the Regional Nursery in Campochiaro (Molise, It-
aly).  

 
Biometric analysis. Biometrical traits were 

measured at shoot level for BA treatment and at root 
level for IBA treatment by counting the number of 
shoot and root and by measuring the length of shoot 
and root, respectively. The measurements carried out 
at root level were performed considering the time ex-
posure to IBA. 

 
Statistical analysis. Descriptive statistics 

(means, standard errors) were carried out for all 
measured parameters. Analysis of variance 
(ANOVA) was applied to test the effect of BA (one-
way analysis) and IBA (two-way analysis, consider-
ing also the effect of time exposure) on seedlings. A 
LSD post-hoc test was applied to assess for signifi-
cantly different means among treatments (p < 0.05 
level). All statistical analyses were carried out with 
Origin Pro 8 program (Origin Lab, Northampton, 
MA, USA). 

RESULTS AND DISCUSSION 
 
The sterilization protocol used was efficient al-

lowing the germination of the buds under sterile con-
ditions. The conditions of acclimatization were opti-
mal for stabilization of almost all the seedlings. The 
acclimation of seedlings took place at 24 ± 1 °C and 
70% relative humidity. Shoot regeneration was rec-
orded after 20 days, and after 30 days, micro-cuttings 
had developed a good root system these results are 
illustrated in Figures 1 and Figures 2 below. Figure 
1 shows plating of micro-cuttings and transplanting 
in BA medium. Figure 2 shows fully developed root 
system. 

The BA treatment significantly affected the 
mean number of shoots as well as the mean length of 
the micro-cuttings and the length of the longer mi-
cro-cutting (Table 1). The increasing of BA concen-
tration in culture medium induced the increase of the 
sprouting (mean values of shoots per plants 1.6, 1.7, 
2.7 and 1.6), and the reduction of the shoot length 
(mean values 2.2, 2.0, 1.9 and 1.6 cm) by increasing 
BA concentration at 0.25, 0.5, 0.75 and 1 mg L-1, re-
spectively (Table 1). The highest number of plants 
per explant, the highest rate of proliferation and cell 
multiplication were recorded at the 0.75 mg L-1 con-
centration of BA in comparison to the other concen-
trations. However, the highest length of the seedlings 
was reached at low BA concentration, our results co-
incide with [30] . The BA treatments induced sprout-
ing in Q. pubescens, providing indication to address 
the multiplication phase.  

Treatments for root induction showed signifi-
cant effects of time exposure to IBA concentration in 
rooting time, root number, and root length. The high-
est rooting percentage of seedlings (86.7%) was ob-
tained at 20 mg L-1 concentration of IBA for 24 h 
(mean root length 3.4 cm), whereas the exposure for 
48h induced the rooting in just 36.7% of the seed-
lings (mean length 1.9 cm). The IBA concentration 
of 10 mg L-1 induced rooting in 63.3% of roots (mean 
length 3.0 cm) and in 50.0% (mean length 2.8 cm) 
after 24 and 48 hours of exposure, respectively.  
 

 
FIGURE 1 

Propagation phase of Quercus pubescens, micro-cuttings: (a) micro-cuttings transplanted in BA medium; 
(b) micro-shoots after 4 weeks. 
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TABLE 1 
Data for shoot regeneration were recorded after 20 days. All values are an average of 45 explants; individual 
treatments consisted of 3 replicates, 9 explants for Magenta (n=675).  

BA treatment 
(mg L-1) 

shoots per explant 
(n) 

shoot length 
(cm) 

length of longest shoot 
(cm) 

0 0         c 0         c 0         c 

0.25 1.6 ± 0.17 b 2.2 ± 0.15 a 4.1 ± 0.13 a 

0.50 1.7 ± 0.19 b 2.0 ± 0.13 a 3.6 ± 0.19 ab 

0.75 2.7 ± 0.24 a 1.9 ± 0.11 a 3.2 ± 0.07 ab 

1 1.6 ± 0.17 b 1.6 ± 0.12 b 3.0 ± 0.11 b 

ANOVA    

p-level (F-value) 0.000 (32.2) 0.000 (61.5) 0.000 (16.6) 
Number of shoots per explant, average shoot length, length of longest shoot of explant exposed to BA (6-benzylaminopurine) 
treatment, namely 0.25 mg L-1, 0.5 mg L-1, 0.75 mg L-1, 1 mg L-1. The values are the mean ± SD (n = 5). One-way ANOVA 
was applied to determine significant differences between treatments (p-level and F-value are given). Different letters corre-
spond to statistical differences between treatments (LSD post-hoc test, p < 0.05 level). 
 

 
FIGURE 2 

Rooting phase of Quercus pubescens, micro-cuttings: (a) micro-cutting with root-system taken out from in 
activated charcoal medium; (b) root-system. 

 
The micropropagation system used in this study  

using proper hormone treatment, has been found  
suitable for the propagation of Q. pubescens. The 
protocols of sterilization, proliferation, rooting and 
acclimatization developed gave optimal results. Mi-
cropropagation techniques represent a valid tool to 
increase the commercial potential of the species, en-
suring the production of a high number of homoge-
neous plants, as well as healthy certified plants. 
However, the efficiency of micropropagation is fre-
quently influenced by the plant death during the later 
stages of  acclimatization [32]. The micro-propa-
gated plants are highly vulnerable to water stress, 
due to the low absorption capacity of roots, and the 
stomata’s limited ability to regulate water use [33, 
34]. The acclimatization of micro-cuttings corre-
sponds to a transition period in which the roots are 
adapting to a substrate where nutrients are less avail-
able, and to an autotrophic mode of life. Moreover, 
in the acclimatization phase, it hypothesised that  the 
presence of mycorrhizae could increase the availa-
bility of limiting nutrients, such as phosphorus and 
nitrogen, facilitating the absorption [32]. The mycor-

rhization of micro-propagated plants, prior to accli-
matization has been shown to increase the survival, 
enhance the functionality of the root system and the 
mineral nutrition of the plant [10, 32, 35, 36, 37, 39, 
40, 41, 42, 43]. Similarly, the in vitro mycorrhization 
of micro-propagated plants increase the survival and 
growth potential during the ex vitro weaning [44].  

The development of these protocols using hor-
mone treatment allow us to perform the micropropa-
gation species with recalcitrance traits such as Q. pu-
bescens. 
 
 
CONCLUSIONS 

 
This study confirms that Q. pubescens can be micro-
propagated in vitro even though it is considered a re-
calcitrant species. Using the developed protocols, it 
is possible to produce large number of micro plants. 
In order to maximise the propagation as well as the 
rooting two phases were identified. The propagation 
phase involved the use of BA 0.75 mg L-1 which pro-
vided the higher number of shoots followed by a  
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TABLE 2 
Micro-cuttings were subjected to a 24-h or 48-h pulse treatment with concentrations of IBA (indole-3-bu-
tyric acid) namely 10 and 20 mg L-1, before subculture to plant-growth-regulator-free Woody Plant Me-

dium. 
IBA treatment 

(mg L-1) 
roots per shoot 

(n) 
rooting 

(%) 
root length 

(cm) 
0 0         c 0 0         d 

10 (24 h) 2.6 ± 0.32 b 63.3 ± 0.57 3.0 ± 0.65 ab 

10 (48 h) 3.7 ± 0.41 a 50.0 ± 0.37 2.8 ± 1.00 b 

20 (24 h) 3.7 ± 0.44 a 86.7 ± 0.32 3.4 ± 1.00 a 

20 (48 h) 4.3 ± 0.60 a 36.7 ± 0.11 1.9 ± 0.59 c 
ANOVA 

p-level (F-value)    

IBA 0.000 (38.2) 0.000 (30.2) 0.000 (144.5) 

exposure 0.095 (3.3) 0.013 (8.6) 0.001 (17.1) 
IBA x exposure 0.339 (1.2) 0.039 (4.3) 0.006 (8.2) 

Root formation was scored 3 weeks later. Each treatment was carried out in triplicate and each Magenta contained 9 shoots 
(n=135). Number of shoots per shoot explant, average shoot length, length of longest shoot root of shoot, seedlings exposed to 
IBA (indole-3-butyric acid) treatment, namely 10 and 20 mg L-1 for 24 and 48 hours. The values are the mean ± SD (n = 5). 
Two-way ANOVA was applied to determine significant differences between treatments and time exposure to IBA (p-level and 
F-value are given). Different letters correspond to statistical differences between treatments (LSD post-hoc test, p < 0.05 level). 

 
rooting phase with IBA 20 mg L-1 for 24 h, which 
induced the production of high number of roots for 
shoot.  The development of this protocol could im-
prove in in vitro studies of Q. pubescens in various 
areas of research, such in implementation of in vitro 
mycorrhization of the genus Tuber spp.. 
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