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Abstract: Cork oak (Quercus suber L.) is the dominant species in the forests ecosystems of Northern

.;'lllﬁgn(;;gzod 2 4 Morocco, comprising 72% of the area. It is an economically important species, producing high-quality cork,
wood and acorns, and offers significant potential for further improvement. Somatic embryogenesis (SE) is

. the basis of clonal forestry for these species. One challenge with this approach is that SE induction in cork
Revised: oak has not yet been fully optimized, specially the process of secondary somatic embryogenesis (SSE). Our
02/02/2025 study focused on developing a reproducible procedure for SSE to produce mature somatic embryos in cork
oak. We evaluated the response of different PGR and physical parameters on the morphological

Accepted: development and somatic embryogenesis of cork oak. Darkness and a temperature of 25+2°C yielded the
24/02/2025 best results (93.30%). Additionally, incubation in complete darkness (in an oven for 2 months)) produced

better responses than exposure to a 16-hour photoperiod provided by cool-white fluorescent lamps at a
photon flux density of 50-60 umol m-2s-1. For secondary somatic embryo production, the use of Naphthalene
Acetic Acid (NAA) at a concentration of 1mg/1 in N3oK medium blocked the germination process in cork oak
somatic embryos. Regarding to secondary somatic embryogenesis, the use of ANA had no effect on the
process. While the combination of ANA and BAP at 1mg/l showed better effect on stem and leaf formation
(0.22 +0.07abc) and (0.71% 0.25bc) respectively. No significant interaction with activated charcoal was
observed. In this study, we describe the conditions required for studying the process of secondary somatic
embryogenesis, including darkness, temperature and other key parameters. It was concluded that the N3oK
medium, a temperature of 25°C and full darkness produced the best results.

Key words: Quercus suber; somatic embryogenesis; somatic embryos; in vitro culture; auxin/cytokinin.
Abbreviations: SE_ Somatic embryogenesis; SSE _ secondary somatic embryogenesis; BAP_6-benzylaminopurine; NAA_ Naphthalene
Acetic Acid; PEMs_ proembryogenic masses; PGRs_ Plant growth regulators; AC_Activated charcoal.

Introduction

Quercus suber L., known as cork oak, is an evergreen forest tree
species naturally distributed in the western Mediterranean
basin, occurring across a wide range of geographic and climatic
conditions (Martinez et al,, 2020). It is considered one of the
mostimportant Mediterranean forest tree species that can plays
an important ecological role as environmental protector, as it is
one of the key species in the Mediterranean ecosystem,
contributing to soil conservation as well as the biodiversity of
flora and fauna. Socially, cork oak plays a key role in in
sustainable activities, providing a source of income for rural
populations across the Mediterranean basin due to the
economic value of cork (Capote et al.,, 2019).

In Morocco, cork oak ecosystems represent an important
heritage, economic wealth and social asset of national
importance. These forests cover approximately 377,482
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hectares and extend across the north-western part of the
country, from the coastal plains to the Central Rif and the Middle
Atlas. The cork oak forests and woodlands play a determining
role socially, economically and environmentally (El Antry and
Piazzetta., 2014). However, as in other Southern countries, they
face strong pressures and degradations.

The cork oak is highly threatened by several factors, such as
forest fires and poor natural regeneration. However, the most
important threat is (Corredoira et al., 2018) the effect of global
warming, the intensification of illegal harvesting of forest
resources, and the growing dynamics of urbanization, leisure
and recreation dynamics (Banabou et al, 2022) which have
caused a high mortality rate in the last years.

This is why the Moroccan authorities have undertaken an
extensive artificial regeneration program for cork oak by
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Figure 1. A general description is required first. A) Tree selected in the Maamora region for taking cuttings; B-C) Sterilization and
classification of cuttings by diameter, disbudding of cuttings and formation of epicormic shoots; D) Epicormic shoots formation.

planting. This effort has been accompanied by research into
plant production and stand management. The establishment of
plantations with genetically improved materials is desirable.
Within the strategies of genetic improvement programs for
oaks, vegetative propagation plays a main role (Corredoira etal,,
2018). Current strategies of forest tree breeding emphasize on
the use of vegetative propagation to rapidly capture all the
potential of selected individuals and establish them in
plantations, a process known as Multi-Varietal Forestry (Park et
al., 2016).

The use of biotechnological methods, such as in vitro cloning
and genetic transformation have also been reported as useful
alternatives for woody plants (Corredoira et al., 2019).

Plant tissue culture is a promising tool for plant production and
trait improvement, and has secured a significant position in
biotechnology. It is based on the principle of totipotency, which
is defined as the ability of any plant cell to convert into a whole
plant when provided with the appropriate conditions of
nourishment (Rai et al.,, 2022).

In the cases of forest tree improvement, somatic embryogenesis
is a powerful system whose major applications are large-scale
propagation of selected material, genetic transformation and
cryopreservation of elite genotypes (Corredoira et al.,, 2017).
Somatic embryos mainly originate from proembryogenic
masses (PEMs), which are rounded/nodular structures of
cellular aggregates that arise from leaf explants after induction,
as the first morphological sign of embryogenic response
(Corredoira et al,, 2012). PEMs contain embryogenic cells that
can give rise to somatic embryos or proliferate and produce
more PEMs (Steiner et al, 2016). The factors controlling the
process of somatic embryogenesis are the synchrony of somatic
embryo development, maturation, and conversion of somatic
embryos into plantlets (Garcia et al., 2019).

Somatic embryogenesis consists of four phases. The first stage
is where explants (callus retaining cells with embryogenic
competence) initiate development of vegetative cells or tissues.
In the second stage, a group of cells destined for embryogenesis,
known as embryogenic cell lines, are maintained and developed.
The third stage involves the formation of somatic embryo
(embryo undergoes globular, heart-shaped, torpedo, and
cotyledonary stages) and maturation (accumulation of reserve
substances). Finally, somatic embryos are converted
(germinated) into viable plantlets (Rai et al., 2022).

Secondary somatic embryogenesis is a phenomenon in which a
new somatic embryo is produced from a primary somatic
embryo. Compared to the primary somatic embryogenesis, the
secondary one offers several advantages, including a higher
multiplication rate, independence of an explant source, and
repeatability. Furthermore, embryogenicity can be maintained
for prolonged periods by repeated cycles of the secondary
embryogenesis. Secondary embryogenesis has been shown to
have higher propagation efficiency than the primary somatic
embryogenesis mentioned above (Raemakers et al.,, 1995).
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However, this process is influenced by the effect of several
phytohomonal parameters such as: effect of PGR as well as
physical parameters such as: light effect, temperature effect, etc.
Plant growth regulators (PGRs) are chemical substances used in
the plant tissue culture media for their specific function. These
PGRs play a key role in organogenesis. There are different types
of PGRs available in nature with specific functions, as well
assynthetic PGRs added to artificial plant tissue culture media
for organogenesis modifications of plant growth and
development (Ramon et al, 2021). Auxins, cytokinins,
gibberellins, abscisic acid, and ethylene are the major classes of
PGRs. The ratio of auxin to cytokinins incorporated into the
media defines the specific response concerning organogenesis,
which is unique to a particular species (Saad and Elshahed,
2012).

Physical factors such as photoperiod and temperature also play
a key role in the somatic embryogenesis process. The most
important physical factor is light (Olarieta et al., 2019). Light
exposure of a specific wavelength influences the particular
developmental stages of SE (Rai et al,, 2022). Light conditions
play a significant role when working with somatic
embryogenesis, as light contains spectrum of colors. The
spectral distribution of colors in white fluorescent varies,
whereas in LEDs it is specific. In addition to light, the duration
of light and dark periods is also considered in many studies.
Depending on the plant’s photoperiod, different light and dark
hours, viz.,, 12h/12 h, 14h/10 h, 16 h/8h, and 24h light or dark,
can be set for the experiment (Rai et al.,, 2022).

Most plant species respond well in 22°C-25°C. Some exceptional
cases may be seen where increasing temperature increases the
plant’s growth (Kaur and Mudgal, 2021). Lowering the
temperature along with changing media composition is
beneficial for the long-term storage of the plant material (Rai et
al, 2022).

Activated charcoal (AC) is one of the essential components in
plants tissue culture, often used in tissue culture to improve cell
growth and development (Vitri Garvita and Sahromi, 2019). It
plays an important role in somatic embryogenesis, rooting, stem
elongation, seed germination and culturing of anthers and
protoplasts. One of the most important functions of activated
charcoal is reducing browning in the tissue culture medium
(Thomas, 2008). This occurs because activated charcoal can
release and/or adsorbs substances produced by cultures or
present in the medium, which may promote and/or inhibit the
in vitro growth of plants or explants (Vitri Garvita and Sahromi,
2019).

The aim of this study is to apply a somatic embryogenesis
protocol for the clonal propagation of Moroccan cork oak,
detailing all the steps of this technique from the starting
material to the obtention of the somatic embryos. However, the
main objective is the study of secondary somatic
embryogenesis, such as one of the most important steps of the
technique, in order to develop procedures for somatic embryo
proliferation. This will enable selected embryogenic lines to be



Table 1. Effect of light (photoperiode for 16h) and full darkness for 24 h on secondary embryogenesis.

Treatments Average number of secondary Average number of Average number of embryo
embryos clusters clusters
Light (photoperiode for 16-h) 1.71+0.39 0.31+0.07 0.74 +0.19
Full Darkness 2.51+0.29 0.37 £ 0.09 1.25+0.33

Table 2. Influence of temperature on the induction of secondary somatic embryos (ES II) of cork oak after eight weeks in the dark.

Temperature Number of primary SSE

(°Q) reaction embryos (%)

15 8 26.66
20 15 50.00
25 28 93.30
27 25 83.33
30 23 76.66
33 19 63.66

indefinitely maintained, as well as to define the germination
process and plant recovery from somatic embryos for future
reforestation program. In this context, we aim to investigate the
effects of hormones and external factors on the somatic
embryogenesis and the control of secondary embryogenesis in
Moroccan cork oak.

Results

Figure 3 shows the first signs of somatic embryogenesis, after
130 days of culture.

Embryogenic response of embryos to light

Light quality can also influence embryogenesis, and initial
explant cultures need to be maintained in darkness at 25°C for
6 weeks (Rathore et al, 2020; Corredoira et al, 2019). White
light promotes plant growth, but also leads to an increased
production  of phenolic compounds in the medium. These
materials induce oxidative reactions, causing the tissue to turn
brown (Pintos et al,, 2008). To avoid the effects of light, we
tested the response of secondary embryos to light exposure
(Table 1). According to these results, the incubation in the dark
appears to be more favorable, but the statistical analysis shows
that the difference between dark and light conditions is not very
significant. Under light conditions, the embryos appear
greenish, whereas they appear yellowish white in the dark (Fig
4). From a quantitative perspective, darkness seems to play a
slightly more favorable role the secondary somatic
embryogenesis process. Therefore, primary somatic embryos
tend togrow better in the dark, producing more secondary
embryos.

Effect of temperature to secondary somatic embryos
formation

Many studies have demonstrated that somatic embryo
development (induction, maturation, and germination) is
sensitive to temperature variations. In our study, we tested the
major effect of light on the process of secondary somatic
embryogenesis. The results clearly show that temperature
significantly influences the multiplication and regeneration of
secondary somatic embryos. The process of secondary somatic
embryogenesis appears to be inhibited at temperatures below
15°C and above 33°C. The maximum number of secondary
embryos is formed at approximately 25°C (Fig. 5), which is the
optimaltemperature for the multiplication of cork oak embryos
via secondary somatic embryogenesis. We also note that
Duncan's post-hoc test reveals that the statistical difference
between the results obtained at 25°C and 27°C is not significant.
The number of clusters formed appears to be less sensitive to
temperature variation, but varies according to the same trend,
reaching a maximum near 25°C. Similarly, although the number
of embryo clusters is relatively low, but it is significantly
affected by temperature changes.

We conclude that temperature has a significant effect on the
development of secondary embryos. At critical temperatures
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(15°C and 33°C), we can clearly see that development of the
embryos is very low and even almost no development occurring
at temperatures below 15°C. On the other hand, if we increase
temperature, we can clearly see that the formation of secondary
embryos acts positively at temperature in the range of 25+2°C,
C where the SSE process is very active (almost 6 secondary
embryos were formed for each primary embryo) (Table 2).
Regarding clusters, it was noticed, and for the first time, that
temperature has little to no effect on their formation, even at
lower temperatures compared to higher values. This suggests
that the formation of cluster is more influenced by biotic factors
than by climatic ones. Concerning the embryo clusters, the
average number is relatively low since the clusters do not
respond significantly to temperature changes, but for those that
are already formed, they are influenced more or less by the
effect of the temperature.

Effect of activated charcoal to SSE process

Activated charcoal is often used in tissue culture to improve cell
growth and development. (Vitri Garvita et al, 2019). It is
considered one of the essential components in tissue culture
media due to its significant adsorptive properties on phenol and
other growth inhibitory substances (Fernando et al., 2010). In
our study, activated charcoal had no positive effect on
secondary somatic embryogenesis. Figure 6 explain that the
addition of activated charcoal (AC) to the medium show a
significant decrease in the regeneration number of secondary

somatic embryos, clusters and embryo clusters at all
concentrations compared to the control medium.
Effect of auxins/cytokinins to secondary somatic

embryogenesis and germination

Effect of auxin

The addition of phytohormones to the culture medium
significantly reduced the number of secondary embryos, the
average number of roots formed on secondary embryos, and the
number of clusters formed on secondary embryos. Except for
BAP at 1mg/L, which slightly increased the number of stems and
leaves (0.07£0.03bc to 0.45+0.13a) and number ostems and
leaves/embryo (0.31+£0.17bc to 1.90+0.44a), although the
difference was not statistically significantly (Fig. 9).

In this experiment, the use of NAA at a concentration of 1 mg/1
blocked the germination process in cork oak somatic embryos,
while its combination with BAP at 1 mg/l showed a slightly
significant effect on stem and leaf formation (0.22 +0.07abc)
and (0.71% 0.25bc), respectively (Table 1).

Discussion

Light is one of the most important parameters for successful
promising in vitro plant production (Miler et al., 2019). It plays
a crucial role in influencing enzymes and genes activity, as well
as the growth of explants (Lin et al., 2011; Azmi et al,, 2016;
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Figure 3. Somatic embryogenesis of Moroccan cork oak from leaves and proliferation process of secondary somatic embryogenesis. A-C)
Induction of primary somatic embryogenesis and embyos formation; D) Proliferation of somatic embryos and formation of secondary

somatic embryohenesis; E, F) Neoformation of clusters.

Manivannan et al,, 2017). The duration of the light and dark
periods is considered in many studies. According to plant
photoperiodism, different light-dark hours may be set for the
experiment. In our study, light had no significant effect on
secondary somatic embryogenesis. This finding s
consistentwith the study of Li et al. (2019) which showed that
in Acacia melanoxylon, the light quality, with varying ratio of
red/blue light, had no significant effect on bud growth in vitro
(Lietal, 2019).

However, light quality does affects somatic embryogenesis in
Cydonia oblonga Mill. A positive effect of red light was observed,
leading to an increase in somatic embryo production (D’Onofrio
etal,, 1998). In addition, light was found suitable for the in vitro
growth of Cunninghmia lanceolate (Xu et al., 2020).

In the literature, it has been found that in Quercus ilex the
percentage of secondary somatic embryos is significantly higher
when somatic embryos are grown in the dark (Mauri and
Manzanera, 2003). Furthermore, light had no significant effect
on embryo germination. Some studies, including ours, have also
shown that light can influence the quality of the somatic
embryogenesis process, depending on the stage of the
development of the embryos. Darkness should be maintained
until the cotyledonary stage is reached, at which point exposure
to light is recommended (Pinto et al.,, 2008).

Temperature plays a crucial role in somatic embryogenesis. It is
a determining factor that influence the number and the
morphology of embryogenic cell lines, as well as the biochemical
profile of somatic embryos and the resulting somatic plants
(Castander-Olarieta et al. 2019, 2021; Pereira et al., 2021).
Different stages in the process, such as embryogenic induction,
embryo proliferation, and maturation can be significantly
influenced by temperature. The induction of somatic
embryogenesis was clearly influenced by temperature during
secondary somatic embryogenesis.

There are few studies examining the effect of temperature on
secondary SE formation and plant regeneration. The most
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significant result of our investigation is that a relatively
moderate temperature (25° C) is better for induction of
secondary SE (Hua etal.,, 2010). In general, species respond well
to temperatures between 22-25°C, although some exceptional
cases have shown that higher temperatures can promote plant
growth (Kaur and Mudgal, 2021). In other studies, increased
temperature during somatic embryogenesis can induce earlier
budburst in Abies nordmanniana (Lobo et al., 2022). In Hovenia
dulcis, high temperature (30°C) was effective for induction of
secondary somatic embryos, while in low temperature (20°C)
were more suitable for further embryo development (Yang et
al,, 2013). In addition, in Pinus radiata and Pinus halepensis, the
application of high temperatures during SE initiation influences
the success of the different stages of the process.

In the previous studies, we observed that the application of high
temperatures during the initiation of Pinus radiata and Pinus
halepensis SE modulates not only the success of the different
stages of the process, but also the morphology and biochemical
status (hormones, metabolites) of embryonal masses and
somatic embryos (Castander-Olarieta et al.,, 2021; Periera et al,,
2020).

Activated Charcoal (AC) can help overcome the inhibitory
effects of phenolic released into the vitro culture medium. It can
release and/or adsorbs substances produced by the cultures or
present in the medium, which promote and/or inhibit the in
vitro development of plants or explants (Vitri Garvita and
Sahromi, 2019). Most reports confirm the positive role of AC in
the medium, promoting the development of plant tissues. In
Quercus suber somatic embryos, the presence of activated
charcoal did not promote repetitive embryogenesis, while in its
absence, repetitive embryogenesis appeared at the base of
many embryos (Thomas, 2008; Pintos et al,, 2010), which is
consistent with our study.

The most significant effect of adding AC to culture media is a
drastic radical reduction in the concentration of PGRs and other
organic supplements. This occurs due to the adsorption of these
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chemicals by AC, which can leave researchers C unaware of the
actual dose available to the plant tissues (Thomas, 2008).
Another example of the negative effect of AC was reported in
Mpyrciaria aureana somatic embryogenesis (Motoike et al,
2007) and Castanea dentate (Xing et al.,1999). However, many
studies demonstrate the efficiency of AC in promoting advanced
somatic embryogenesis in many species, including date palm
(Ghazzawy et al., 2017), Pinus pinaster, P. sylvestris (Germana
and Lambardi, 2016), Begum jungi (Solanji et al,, 2023) and
saffron (Chib etal,, 2020).

Cytokinin promotes the advanced induction of somatic
embryos, germination, and shoots formation. BAP has been
noted to stimulate somatic embryo germination and shoot
development in Carica papaya L. (Solérzano-Cascante et al.,
2018). Moreover, optimal PGR contents have only been
determined for some cultivars or genotypes (Martinez and
Corredoira, 2023). A combination of BAP and NAA is effective in
inducing somatic embryos in Corydalis yanhusuo (Sagare et al.,
2000, Rai et al, 2022).

Plant media supplementary additives, such phytohormones as
PGRs, amino acids, antioxidants, etc., alone or in combination
can effectively influence the regeneration process. Many studies
in various plant species have highlighted the auxin/cytokinin
interaction as a key factor in promoting plant regeneration
(Raspor etal,, 2021).

The combination of NAA and BAP has also been used to induce
somatic embryos from leaf tissues in other Fagaceae species,
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including oaks, where embryogenic cultures have been initiated
from both juvenile (Cuenca et al.,, 1999), adult and leaf explants
(Hernandez et al,, 2003; Toribio et al. 2004; Martinez et al,
2015; Pérez et al, 2015a et b). However, in our case, this
combination had no effect on our genotype.

In Quercus robur, the use of a germination medium containing
BAP produced better results than a medium without growth
regulators (Vieitez et al, 2012). Similarly, in Quercus bicolor,
better results were obtained by adding BAP at 0.25 uM or 0.44
UM to the culture medium (Mallon et al.,, 2013). In Eucalyptus.
Globules, the proliferation of globular SE increased by reducing
the NAA level, as well as in a medium devoid of PGRs (Pinto et
al,, 2008; Yelli et al,, 2023).

This discrepancy in the results obtained for different species
may be due to the origin of the explant used and the genotype
(Mallon et al,, 2013). Concerning the germination protocol, the
genotype influences the germinative capacity of somatic
embryos in several species. In Quercus suber, 40 to 70% of
embryos germinated, depending on the maturation treatment
and the genotype. (Toribio et al,, 2005, Ben Ali et al., 2023).
Media without or containing low concentrations of
phytohormones, such as cytokinins (BAP), have often shown
promising results, with germination rates of approximately
90% (Junairiah et al, 2019; Yelli et al,, 2023; Wilhelm, 2000). In
other studies, the presence of both auxin and cytokinin in the
medium promotedthe formation of new meristematic
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primordia and prevented their differentiation into roots
(Raspor etal,, 2021).

Materials and methods

Here we report the most important steps of somatic
embryogenesis in cork oak, following the outline: Plant
materials, Induction of Primary Somatic Embryogenesis,
Secondary Somatic Embryogenesis.

Plant materials and culture conditions

The starting explants (cuttings, 2-3 cm in length and 2 c¢cm in
diameter) were isolated from branches segments selected from
the elite trees located in the Madmora region (Morocco: GPS: N:
34°03'029, w: 006°38’207). The cuttings were sterilized,
classified according to their diameters, and cultured to obtain
epicormic shoots.

Induction of primary somatic embryogenesis

Young apical leaves, approximately 0.5 cm in size, excised from
epicormic shoots were used as explants to induce primary
somatic embryogenesis. The collected young leaf explants were
thoroughly rinsed under running tap water, surface sterilized
with 70% ethanol for 30 s, then stirred in an aqueous solution
of calcium hypochlorite (65% active chlorine) at 7%, with 2
drops of Tween 80 /100 ml, for about 20 min. They were then
disinfected with HgCl2 0.1 % (w/v) for 5 min and washed three
times with sterile water to remove any traces of HgClz. The
sterilized leaves were placed in Petri dish with preconditioning
medium (Hernandez, 2007, Ben Ali et al,, 2023). The cultures
were incubated under controlled culture room condition of
temperature (25+ 2°C) and darkness for 8 days. After 7 days, the
leaves were transferred to the primary induction medium in
darkness for 30 days. The second transfer was to the secondary
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Figure 9. Germination of secondary embryos of cork oak: effect
of auxin/cytokinin.

induction medium under a photoperiod condition for 30 days,
before being transferred to a proliferation medium under the
same conditions.
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Induction of secondary somatic embryogenesis

For secondary somatic embryogenesis induction, primary
mature embryos (8-10 mm in length and at the cotylidonary
stage) (Fig.2) were solely initiated from leaves explants and
were reported to be embryogenic. Many experiments were
conducted to evaluate the potential for the embryonic
proliferation of somatic embryos.

Culture conditions

In all experiments, embryogenic cultures were proliferated
through repetitive embryogenesis with subculturing at 8-week
intervals in Petri dishes (9 cm diameter) containing 20 mL of
multiplication medium. This medium consisted of N3oK
macronutrients (Margara, 1978), mineral salts, Murashige and
Skoog (MS) vitamins (Murashige and Skoog, 1962), 3% sucrose
(w/v) and 0.7% plant propagation agar (bacteriological agar
type E). After adjusting the pH to 5.6, the medium was
autoclaved at 120°C for 20 min. The embryogenic cultures were
incubated in the dark (in an oven in full darkness for 2 months)
at 25 + 2 C° the darkness here was considered as control
condition for all the experiments before testing its effect. For
each treatment, at least 30 explants were used, and all
experiments were repeated three times.

Effect of light

Two sets of experiments were performed to evaluate the effect
of light. In the first experiment, embryos were exposed to
illumination with a 16-hour photoperiod (provided by cool-
white fluorescent lamps at a photon flux density of 50-60 umol
m~2s7%) for 8 weeks.

In the second experiment, embryos were kept under dark
conditions (incubated in the dark (full darkness for 24 hours) all
the 8 weeks.

Culture conditions: All initial explant cultures were maintained
at 25°C for 8 weeks.

Number of embryos: Each treatment involved 30 embryos.
Repetitions: The experiments were repeated three times.

Effect of temperature
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The mature embryos were cultured in proliferation medium
poured into Petri dishes and incubated in the dark. For the
temperature effect, the experimental design, protocol and
methodology regarding the embryo treatment can be sumarized
as follow:

Number of embryos per temperature: For each temperature (15,
20, 25, 27, 30, and 33°C), 180 embryos were cultured.
Repetitions of the experiment: The experiment was repeated
three times, meaning that for each temperature, 60 embryos
were used per repetition (60 x 3 = 180).

Total number of embryos: In total, 540 embryos were used
across all temperature tests (180 embryos per temperature x 3
repetitions = 540).

Effect of auxins/cytokinines

Experiments were performed using somatic embryos cultured
medium. The first experiment tested three concentrations of
BAP (0.5, 1, and 2 mg/L). The second experiment used 1 mg/L
of NAA in the same medium. The third experiment combined
NAA and BAP at 1 mg/L each.

Number of embryos per temperature: For each temperature (15,
20, 25, 27, 30, and 33°C), 180 embryos were cultured.
Repetitions of the experiment: The experiment was repeated
three times, meaning that for each temperature, 60 embryos
were used per repetition (60 x 3 = 180).

Total number of embryos: In total, 540 embryos were used
across all temperature tests (180 embryos per temperature x 3
repetitions = 540).

Effect of activated charcoal

The experimental design for the activated charcoal treatment
can be summarized as follow: Culture conditions: Somatic
embryos were placed into flask culture cells, with two embryos
per flask, containing 40 ml of N30K culture media (Margara,
1978) with various concentrations of activated charcoal (0, 0.3,
0.5, and 1 mg/L), 30% sucrose, 8% agar, MS (Murashige and
Skoog 1962) micronutrients and vitamins, 0.7% bacteriological
agar (type E), and 100 mg/L myo-inositol.



Embryogenic lines: These were established from somatic
embryos derived from cork oak leaves. Secondary somatic
embryogenesis was induced and expressed by maintaining
cultures on N3oK proliferation medium supplemented with the
different concentrations of activated charcoal (0, 0.3, 0.5 and 1
mg/L).

pH and sterilization: The pH was adjusted to 5.8 before
autoclaving at 120°C for 20 minutes.

Incubation: Cultures were incubated at 25 + 2°C for two months
in the dark.

Repetitions: Each experiment was conducted with three
replications for statistical analysis.

Statistical analysis

Each experimental factor was tested independently. Therefore,
a one-way ANOVA was applied separately for each factor (e.g,
light, charcoal, hormones). All values obtained from the mean
replicates were averaged. The data were analyzed in relation to
the variance and presented as mean # standard error (SE). The
data were statistically analyzed using one-way ANOVA, by the
statistical software SPSS 17.0 (2019). One-way analysis of
variance (ANOVA) was carried out to determine differences
between the treatments that produced cotyledonary somatic
embryos. Multiple comparisons were made using Duncan’s
post-hoc test (p <0.05).

Conclusion

The most challenging aspect of new plant breeding programs is
the development of indirect regeneration protocols, as each
genotype requires a specific regeneration protocol, especially
for recalcitrant woody species.

In this work, we reported the necessary conditions for an
optimal control of the secondary somatic embryogenesis in cork
oak (Fig.10). Secondary somatic embryogenesis is a process in
which a new somatic embryo is produced from a primary
somatic embryo. Compared to the primary somatic
embryogenesis, secondary somatic embryogenesis offers
advantages such as higher multiplication rates, independence of
an explant source, and repeatability. Furthermore,
embryogenicity can be maintained for extended periods
through repeated cycles of secondary embryogenesis.

The protocol established in this study will aid in the
conservation and large scale vegetative propagation of these
species. Controlling secondary embryogenesis is crucial, and
performing a comparative investigation of histological
development and genetic metabolites at each phase is essential
for a better understanding of the regeneration process.
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