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ABSTRACT

Quercus suber L. is the main woody tree species in the Mediterranean basin. The in vitro regen-
eration from adult material, through primary somatic embryogenesis, is a well-known process, but
the use of secondary somatic embryos for plant regeneration remains a very sparsely studied
process. The main objective of this work is to explore the cork oak regeneration potential by using
the secondary somatic embryogenesis process. Mainly, in this work, we report the polyamine
effect. Explants used consisted on primary mature embryos, derived from leaves rejuvenated by
epicormic shoot of the Moroccan Quercus suber. Three different polyamines were added to the
basal medium, which was composed by macronutrients of N3oK, 30 g/l glucose, and 7 g/l agar.
Three polyamines, Putrescine, Spermine, and Spermidine, were added to the basal medium at 0.1,
0.2, 0.3, 0.4, 0.5, and 0.6 mg/Il. Explants were tested after 8 weeks. Morphological analysis showed
that the medium with 0.4 mg/l Spermidine provided the best result for secondary embryos, which
corresponds to a very significant (p < 0.05) increase of 375%. The number of secondary embryos
directly formed was 2.70 + 0.51. Similarly, the optimum concentrations for high number of clusters
(0.50 £0.11) and embryo clusters (1.43 + 0.35) were increased by 145% and 158%. The addition of
the polyamine also acted on the quality of embryos formed. A very significant (p < 0.05) increase
in the size of secondary embryos was observed compared to the medium without polyamines.
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Spermidine showed the greatest increase (about 38%).

Introduction

Quercus suber L. has a wide geographic distribu-
tion in the Mediterranean ecosystem, spreading
from the North African Atlantic coast to south-
western Europe [1]. Consequently, of the phytosa-
nitary state of oak tree populations, the need for
reforestation is required in order to increase
throughout the entire Europe and North Africa
in the near future. The recent advance strategies
and approach of forest tree breeding highlight on
the use of vegetative propagation to quickly and
successfully capture the possible potentials of
selected individuals, which provide us the oppor-
tunity to establish them in plantations and per-
forming the commonly named Multi-Varietal
Forestry [2].

In the last few decades, Quercus suber gained lot of
attention because of not only their health value but
also for their applications in the biotechnology
research area, there has been a steady flow of informa-
tion on Quercus biotechnology, and now it is entering
into the genomic era. Furthermore, Quercus suber is
the most species of oaks in which somatic embryo-
genesis has reached the most advanced progress [3].

It is of great importance to use somatic embry-
ogenesis to mass propagation and also to the
improvement of genetic transformation protocols
in forest trees [4]. Nonetheless, there are numer-
ous limitations when somatic embryogenesis is
applied: in numerous cases, successful induction
only occurs from juvenile tissues, and the quality
of the somatic embryos produced and the
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conversion rate of these somatic embryos into
plantlets are dependent principally on the geno-
type of the original explants [5].

Long-term maintenance and scaling up of
somatic embryogenesis in different species of
Quercus depends on the ability of the explants for
somatic embryogenesis. It is because of the low
frequency of induction of somatic embryogenesis
in the original explants [6-9]. In order to maintain
embryogenic lines derived from mature and juve-
nile oak trees, a solid and semi-solid proliferation
medium supplemented with low concentrations of
auxins and/or cytokinins, has been used [9-12].

For Q. suber, numerous studies have been con-
ducted by using somatic embryogenesis and with
different modified experimental protocols, but few
studies are carried out on the secondary somatic
embryogenesis on Q. suber, if it presents some fairly
large generative capacities in terms of embryo pro-
duction. At the national scale, we tried to carry out
studies on this process to improve the Moroccan
genotype [13]. The protocol is based on the use of
a range of phytohormones to develop the tissue
structures, especially polyamines. As reported in
various studies, polyamines are responsible for dif-
ferent plant developmental processes [14-16].
Including embryogenesis, polyamines have been
considered as a new category of plant growth reg-
ulators and hormonal second messengers of cell
differentiation and proliferation in many biological
processes [17-21]. Against classical phytohor-
mones, polyamines play a role structural and reg-
ulatory, which may explain their high cellular
content [22]. These growth regulators include
three different types of polyamines which are the
most recognized in vitro culture of plant tissue:
Spermine, Spermidine, and putrescine. Polyamines
are small aliphatic amines with low molecular
weight, organic polycations, and ubiquitous in all
plant cells [23,24]. All of the three polyamines have
been involved in the regulation of cell division and
differentiation and in the morphogenesis [25,26].
These polycations have been shown to fluctuate as
somatic embryogenesis proceeds, acting in root for-
mation, cell division, floral initiation and develop-
ment, secondary metabolism, fruit development,
senescence, biotic and abiotic stress responses
[11,26,27]. In addition, polyamines have been
found to regulate the apoptosis [28]. During zygotic

embryo development and somatic embryogenesis
processes, polyamines have been used as develop-
mental biomarkers [20,21,26,29], while few data
describing variations in polyamines during the
development of angiosperm seeds are available [24].

Treatments that modify polyamine Ilevels,
such as its exogenous application, are interesting
ways for involved in many cellular processes,
such as morphogenesis. It is generally known
that exogenous polyamines can induce cell divi-
sion and increase regeneration [18]. Various stu-
dies have revealed the positive impact of
exogenous polyamines to improve in vitro pro-
cesses, for instance somatic embryogenesis
[14,30]. The influence of the polyamines on
somatic embryogenesis is evident, while the pre-
cise mechanism through which they exert the
effect is not yet noticeably clarified [31].
Despite the fact that much studies have been
conducted on the effects of polyamines on tissue
culture, but none of these studies have investi-
gated their influence on secondary somatic
embryogenesis in the cork oak.

In this work, we study the function of exogen-
ous polyamines during the process of secondary
somatic embryogenesis. It may provide interesting
information about the behavior of embryos
formed toward these polyamines. Thus, the aim
of this work is to develop a protocol to induce
somatic embryogenesis in adult explants from
Moroccan cork oak genotype, by using the process
of secondary somatic embryogenesis as a starting
step for the multiplication and regeneration of
somatic embryos. Therefore, the secondary
somatic embryos generated can constitute the
starting material for the next steps of the techni-
que, such as germination and acclimatization. This
will allow us to save time and effort expended
during the early stages of somatic embryogenesis.

Materials and methods
Plant material

Experiments were carried out using a highly
embryogenic line of Quercus suber obtained
between 2018 and 2019 from explants of shoots
resulting from adventitious shoots developed on
branch segments as described by the protocol of



[31]. The starting explants have been isolated.
They represent mature somatic embryos 8-10
mm length at the cotyledonary stage. They were
taken from dicotyledonary embryogenic cultures,
obtained from leaf cuttings from an elite tree
located in the region of Maamora (Morocco:
GPS: N: 3403°029, W: 00638°207).

Culture conditions

Cotyledonary embryos were isolated from embryo-
nal masses and placed in 9 cm Petri dishes (three
embryos per dish). The primary embryos were main-
tained during 1 year by recurrent embryogenesis on
a series of subculture on a multiplication medium
every 4 weeks as described by [31]. The basal med-
ium used was the N3oK [32] supplemented with 30 g/
1 glucose and solidified with 7 g/ agar (Figure 1).

Influence of polyamines

Polyamines involved in this study were Putrescine,
Spermine, and Spermidine. The mature somatic
embryos were cultured in Petri dishes with 20 ml
N3oK medium [32], supplemented with vitamins
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and micronutrients of Murashige and Skoog [33],
100 mg/l myo-inositol and 3% glucose as reported
by [13]. The medium was solidified using 7 g/l agar.
For each polyamine tested, the concentrations were
0.1,0.2, 0.3, 0.4, 0.5, and 0.6 mg/1. Culture PGR-free
medium without adding any polyamine was taken
as control medium. Thirty Petri dishes containing
three primary embryos, each were cultured for each
treatment. After 60 days, the number of secondary
embryos, the number of clusters, and the embryo
clusters were recorded.

Another experiment was added to this study to
mention the effect of culture medium on second-
ary somatic embryogenesis. The medium of
Schenk and Hildebrandt [34] is commonly used
in testing the polyamines. In order to confirm the
advantage of the culture medium on the prolifera-
tion of secondary somatic embryos, a second series
of tests was performed on a growth medium con-
taining the SH macronutrients supplemented with
the three polyamines, tested from 0.3 to 1 mg/l.

In all the experimental studies, the pH of med-
iums was adjusted to 5.8 +0.1 prior autoclaving.
Cultures were carried out in 9cm Petri dishes
containing 20 ml of medium and sealed with

W
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Figure 1. Primary somatic embryogenesis induction and plant material for secondary somatic embryogenesis. (a) Epicormic shoots
sprouted in fragments of branches from elite cork oak tree, bearing expanding leaves. Scale bar: 20 mm; (b) Expanding leaves put
into cultivation; (c) Induction of somatic embryogenesis in an expanding leaf collected from an epicormic shoot; (d) Matured somatic

embryos.
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Parafilm. Petri dishes were incubated at 25+ 1°C
in darkness.

Statistical analysis

Data were statistically analyzed using one-way
ANOVA with post hoc Duncan test (p<.05).
Each treatment (corresponding to a polyamine
type and culture medium) had three replicates;
each replicate included 10 Petri dishes containing
three explants each. For all the treatments, three
replicates were made to confirm the repeatability
of the experiment.

All embryogenic responses in terms of number
of secondary embryos, clusters, and embryo clus-
ters were subsequently processed using SPSS 24.0
statistical software [35]. A one-way analysis of
variance (ANOVA) was performed. Multiple com-
parisons were made using the post-hoc Duncan
test (p < .05), at the 5% probability level. Values
beyond p <.05 were considered as significant.

Results

The process of secondary somatic embryogenesis is
characterized by a very high regeneration capacity of
somatic embryos of cork oak, which helps to increase
the regeneration performance of this species, while
minimizing the cost and time of the somatic embry-
ogenesis technique. Most of the studies that have been
carried out to date have shown the capacity for
somatic embryogenesis in regeneration of cork oak,

but also time restrictions, which limit the application
of this technique to a larger scale. To achieve this
process and solve these constraints, we have focused
our research on the process of secondary somatic
embryogenesis, because our studies have shown that
secondary somatic cork oak embryos have
a remarkable regeneration potential, compared to the
primary embryos where the successful induction only
occurs directly in the leaves. Several parameters have
been studied to test their influence on secondary
somatic embryogenesis, including polyamines.
Although much studies have been conducted on the
effects of polyamines on tissue culture, none of these
studies have investigated their influence on secondary
somatic embryogenesis in the Moroccan cork oak.
The results obtained showed a favorable response of
exogenous polyamines to the induction of somatic
embryos.

The results of various tests on the three polya-
mines are shown in Table (1) and Figures (2-4).
There is a significant (p <.05) increase in the number
of secondary embryos formed directly on primary
embryos, clusters, and embryo clusters compared to
the control medium for each polyamine. It is neces-
sary to mention that the clusters correspond gener-
ally to a few structures in the process of somatic
embryogenesis and in most cases remain without
regenerative potential. But in this work, we have
mentioned their formation, in which these clusters
could serve as origin to viable somatic embryos. The
presence of these embryos indicates that the starting
embryos have the capacity of secondary somatic

Table 1. Influence of three polyamines at six concentrations on secondary embryogenesis of Moroccan cork oak.
Primary embryos were cultured for 60 days in N3oK medium.

Concentration of polyamines (mg/l) Secondary embryos Clusters Embryo clusters
Control media 3.2+0.52¢ 0.16 + 0.07¢ 0.53 +0.23°
Put+Sp+Spd at 0.3 each 5.8 +0.54% 0.47 +0.095°% 1.06 £0.27¢
Putrescine 0.1 3.08 +0.43¢ 0.20 +£0.07¢ 0.47 £0.19°
0.2 5.12 +0.502°< 0.53 +0.10° 1.20 +0.26"
0.3 4.89 +0.572b¢ 0.43 £0.105 1.93+0.37%°
0.4 6.97 + 0.59%° 0.60 + 0.09%° 0.77 +0.23¢
0.5 496 +0.51%° 0.51 % 0.07°< 0.71 +0.32°¢
06 4.78 +0.43% 0.46 + 0.09° 0.56 + 0.12°
Spermine 0.1 420 +0.56% 0.30 + 0.08%¢ 0.60 0.21°
0.2 564 +0.637>¢ 0.30 +0.08° 1.10 +0.25¢
0.3 5.53 +0.41%¢ 0.56 + 0.09°* 1.03 +0.24°
0.4 528 +0.38%¢ 0.51+0.075% 1.10 £0.25¢
0.5 4814043 0.46 + 0.09" 123+027°
06 4.00 + 0.56° 0.3+£0.10% 1.01+0.32¢
Spermidine 0.1 4,00 +0.40 0.40 +0.10°% 0.87 + 0.24°
0.2 244 +0.37¢ 0.23 +0.08° 0.57 +£0.21°
0.3 7.08 +0.70%° 0.26 +0.08% 0.67 +0.24°
0.4 7.84 £ 0.65° 0.76 + 0.2° 1.37 £ 0.40°
0.5 528 +0.72%° 0.60 + 0.09%° 0.53 +0.23°
06 443 +0.55%° 0.50 £ 0.12% 1.06 +0.27°
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Figure 2. Influence of 3 polyamines on the number of secondary somatic embryos.
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Figure 3. Influence of 3 polyamines on the number of clusters on primary somatic embryos.

embryogenesis. In this study, the embryogenic
response was significantly influenced by the concen-
tration and the type of polyamine tested.

For regeneration of the secondary embryos,
Spermidine is the most favorable among the three
polyamines tested. The highest number of secondary
embryos formed was observed at a concentration of
0.4mg/l. In this case, the averages of secondary
somatic embryos, the number of clusters and the

embryo clusters are 7.84 +0.65, 0.76 + 0.2, and 1.37
* 0.40, respectively, which correspond to a very sig-
nificant (p<0.05) increase of 145%. Similarly, it is
also noted that the optimum concentrations for the
number of clusters and embryo clusters were
increased by 145% and 158%. Putrescine also
shows a very favorable response to induction of
secondary somatic embryogenesis. Its effect reaches
a maximum concentration at 0.4mg/l, with
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Figure 4. Influence of 3 polyamines on the number of secondary somatic embryos on clusters.

respective averages of 6.97 £0.59, 0.60 £0.09, and
0.77 +0.23, which corresponds to an increase of
108% compared to control medium.

Secondary somatic embryogenesis shows a lower
response to Spermine compared to Spermidine and
Putrescine. However, we found a marked increase
of 76%, compared to the control medium, which
also remains very interesting in the case of the
obtained optimum concentration 0.3 mg/l. In gen-
eral, the incorporation of the polyamines in the
culture medium at concentrations varies between
0.1 and 0.6 mg/l, shows a very satisfactory uniform
response regarded the secondary embryo process
development.

As regards the morphological quality of embryos
formed, Figure (5) represents our results after 2
months of culture. For each polyamine, they show
some mature secondary embryos with regular mor-
phology, a cotyledon appearance and a yellowish
white color. The mature secondary embryos have
a diameter that varies between 8 and 10 mm, glob-
ular stage embryos can also be observed with
a diameter that varies between 4 and 5 mm.

Table (2) shows the average size of the second-
ary somatic embryos obtained from each polya-
mine, at a concentration of 0.3 mg/l. The results
show that the addition of the polyamine also acts
on the quality of embryos formed. Indeed, we can

Figure 5. Morphology of secondary somatic embryos under treatment after 2 months of culture in medium containing polyamines:
(a) Spermidine 0.4 mg/l, (b) Putrescine 0.4 mg/l, (c) Spermine 0.3 mg/l and (d) control medium.
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Table 2. Influence of the three polyamines tested on the size of secondary somatic embryos.

Condition cultures Control medium Putrescine Spermine Spermidine
Average size of secondary embryos (mm) 5.98 +0.36 7.84+£0.31 6.74 £ 2.04 8.30+£0.30
(mean + standard error)

observe a very significant increase in the size of  Discussion

the secondary embryos, in comparison with the
medium without polyamines. We found that the
best stimulator is Spermidine, with an increase of
38%, followed by Putrescine and Spermine
(Table 2). To confirm this result, a second series
of tests was also performed with a concentration
ranging from 0.3 to 1mg/l, but this time in
a growth medium containing macronutrients of
Schenk and Hildebrandt [21], in order to confirm
the advantage of Spermidine compared to
Putrescine and Spermine in the presence of SH
culture medium, that commonly used by other
authors in testing polyamines. Furthermore, this
experience allows us to check possible interfer-
ence between the effect of each polyamine and
that of N3oK medium.

The results obtained clearly confirm the advan-
tage of Spermidine compared to Putrescine and
Spermine (Tables 3-5). It is also important to
note that the absence of N3,K medium decreases
significantly the number of secondary somatic
embryos formed directly on primary embryos.
However, embryogenic behavior toward the con-
centration is maintained but with lower responses,
while the optimum concentrations for each poly-
amine remain unchanged for Putrescine and
Spermidine (0.4 mg/1) and Spermine (0.3 mg/l).

Finally, this result also confirms that N3
K medium actively stimulates the induction of sec-
ondary somatic embryogenesis without affecting or
being affected by the existence of the polyamines.

The addition of exogenous polyamines in the med-
ium seems able to induce important effects in
several in vitro organogenesis and somatic embry-
ogenesis in many species [15,36]. However, very
few studies have investigated the influence of this
type of growth regulators on secondary somatic
embryogenesis of woody species.

Our results show clearly the beneficial effect of
polyamines in the secondary somatic embryogen-
esis process. Several studies have indicated the role
of polyamines in the process of somatic embryo-
genesis [14-17,23,24,37-40]. However, no work
has been devoted to the study of secondary embry-
ogenesis in the Moroccan cork oak and very few to
the study of secondary somatic embryogenesis in
general. This lack of information makes compar-
isons between our results and other studies diffi-
cult and can be done only from an extrapolation of
some specific primary somatic embryogenesis
results. In our case, Spermidine at 0.4 mg/l showed
a remarkable effect to both, the quality and quan-
tity on the development and multiplication of sec-
ondary embryos, clusters, and embryo clusters.
Our results seem consistent with those obtained
for Citrus clementina,
[18,28,41].
Actinidia chinensis, Biasi et al. [42] shown that

and Panax ginseng
During the microsporogenesis of

Spermidine is present with significant concentra-
tion, and an exogenous supply of Spermidine
induces an endogenous accumulation of this

Table 3. Influence of Spermidine (Spd) on secondary embryogenesis process of cork oak’s embryos

cultured on SH medium.

Concentration of Spd  Average number of secondary

Average number of  Average number of embryo

(mg/1) embryos clusters clusters
Control media 1.97 £0.41° 0.37 £ 0.09%° 0.97 +0.28%°
03 1.67 +£0.36° 043 +0.87° 1.13+0.36°°
0.4 2.70+0.51 0.50+£0.11° 143+0.35°
0.5 2.17 £0.41° 0.27 +0.08% 0.57 £0.21%°
0.7 1.73+0.37° 0.33 +0.09%° 0.90 +0.28%°
1 2.17 +0.44° 0.13 +0.06° 0.50 + 0.24°
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Table 4. Influence of Spermine (spm) on secondary embryogenesis process of cork oak’s embryos

cultured on SH medium.

Concentration of Spm  Average number of secondary

Average number of  Average number of embryo

(mg/1) embryos clusters clusters

Control media 1.96 +0.41 a 0.36+0.09 a 0.96 +0.28 a
0.3 2.10+045 a 033+0.10 a 0.73£0.24 a
0.4 1.73+047 a 0.23+0.08 a 0.67+0.25 a
0.5 120+ 0.29 a 0.30+0.10 a 0.70£0.25 a
0.7 1.73£030 a 0.27£0.08 a 0.63+£0.20 a
1 207+043 a 0.30+0.08 a 073£1.23 a

Table 5. Influence of Putrescine (Put) on secondary embryogenesis process of cork oak’s embryos

cultured on SH medium.

Concentration of Put

Average number of secondary

Average number of  Average number of embryo

(mg/l) embryos clusters clusters

Control media 1.97 £0.41 ab 0.37£0.09 a 0.97+028 a
0.3 1.67 £0.29 ab 0.27 £0.08 ab 0.67£0.21 a
0.4 240+£049 a 0.37£0.09 a 1.00£0.27 a
0.5 116025 b 0.10+0.05 b 0.30+0.17 a
0.7 130£032 b 0.30£0.08 ab 0.80+0.25 a
1 1.10£0.22 b 0.13£0.06 b 043+0.22 a

polyamine, which may explain the efficiency of the
polyamines at low concentration.

In addition, it seems that at high doses, the
exogenous amounts cause an excess in endogenous
quantities of polyamines which may reduce its
effectiveness on the secondary somatic embryo-
genesis process.

However, although Spermine has a beneficial effect,
but it is less than that of Spermidine and Putrescine in
all tests. The same results were also found by [43],
which reported that Putrescine and Spermidine pro-
duced enhanced results compared with Spermine.

At high polyamine doses, no effect in the regen-
eration process was reported [44]. This result is
confirmed in the present study, especially in the
case of secondary somatic embryogenesis of cork
oak. Also, several studies have tested the effect of
endogenous polyamines. Dominguez et al. [24]
reported that the addition of exogenous polyamines
is strongly related to the increase of endogenous
polyamine concentration in comparison with the
control medium. From these results, we can explain
the effectiveness of low doses performed in the
culture medium, by the endogenous influence sti-
mulated during treatment. In addition, the low
effect of Spermine on secondary embryogenesis
process may be due to the existence of a sufficient
concentration of endogenous Spermine in primary

somatic embryos; by consequence, the exogenous
spermine remains less effective, which causes an
overload of this polyamine. Similar results were
observed in the embryogenic culture of Bacopa
monnieri [25] and Araucaria angustifolia [41].

In Araucaria angustifolia [45], Pinus taeda [21],
and Ocotea catharinensis [46], it was observed that
the endogenous polyamine concentration is consid-
erable during embryonic development. Their max-
imum level is detected in the primary stage of
embryo development, then decreases during cotyle-
don stage, which indicated that the endogenous
polyamine remains sufficient until a certain embryo-
nic development stage. Also, it appears that an exo-
genous supply of these polyamines is necessary for
completing the development of somatic embryos.

Furthermore, the increase in embryo size
appears to be related to the tested polyamines in
general, and the Spermidine in particular, as
embryos passing from pre-cotyledonary to the
cotyledonary stage, which agrees with the results
obtained by [28,29] and which shows that
Putrescine acts in the early embryo development
by increasing its size at the globular stage, and
Spermidine acts later in the somatic embryo for-
mation, corresponding to the cotyledonal stage.
This implies that the Spermidine promotes the
maturation of secondary somatic embryos.



Conclusion

In this study, we demonstrated the efficacy of
three different polyamines in the process of sec-
ondary somatic embryogenesis. Therefore, the
results reported in this study may be the first for
an oak species and especially the Moroccan cork
oak. In general, polyamines seem to interfere with
the growth and development of somatic embryos.
Endogenous polyamines cause changes in the
metabolism  during somatic embryogenesis.
However, until now, the role of endogenous and
exogenous inputs is not completely well explained
to understand the exact mechanism involved dur-
ing the development of secondary embryos.

From a quantitative point of view, we found that
the polyamines can increase in an exceptional way the
number of secondary embryos formed directly on
primary embryos. Embryogenic response depends
on the concentration and the type of the tested poly-
amine with an optimal concentration, which differs
from one polyamine to the other. Among the three
tested polyamines, Spermidine has proved most effec-
tive with an increased number of secondary embryos
of 145% at the optimal concentration of 0.4 mg/l,
followed by Putrescine (108%) at a concentration
0.4 mg/l. Meanwhile, Spermine has shown the lower
increase in the number of secondary somatic embryos
of 76% at 0.3 mg/l. Furthermore, we have demon-
strated that polyamines also affect the quality of the
formed embryos. In the presence of polyamines, the
size of the secondary embryos remarkably increases
compared with medium without polyamines. The
increase is about 38% for Spermidine.
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