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Abstract – Standardized explants composed of hypocotyl and root-tip were prepared from embryonic structures obtained from one embryogenic line of Quercus robur L. maintained by regular transfer onto a solidified reference medium composed of the MS mineral solutions, glucose (0.12 M), casamino acid (0.1%), and NAA (10.74 µM). The regeneration capacity from these explants were tested on the
reference medium and on 2 alternative media in which the NAA (10.74 µM) was omitted or substituted for a combination of IBA
(9.80 µM)/BAP (8.90 µM). Within 30 days, 4 types of responses were observed including direct and indirect secondary embryogenesis.
In the direct pathway, somatic embryos arose from 3–4 epidermal cells following two different modes, depending on whether or not the
formation of a meristematic mass preceded the initiation of the embryogenic process. In the indirect pathway the embryos were formed
from clumps of mitotically active cells included in callus developed within the cortical tissues. Depending on their histological origin,
the embryos exhibited differences in their structural organization which could influence their potential for further maturation and
conversion into viable plantlets. Explants prepared from small translucent embryonic structures were more embryogenic and expressed
the direct pathway of secondary embryogenesis at higher frequency than explants prepared from more advanced embryonic structures.
On the culture medium without growth regulator, direct secondary embryogenesis was the exclusive response whereas on the culture
medium with growth regulators added both direct and indirect secondary embryogenesis occurred. NAA favoured the direct secondary
embryogenesis, while conversely, the IBA/BAP combination stimulated the indirect secondary embryogenesis. The results are discussed in reference to the PEDC concept (pre-embryogenic determined cells).
secondary embryogenesis / growth regulators / histology / oak / PEDC

Résumé – Étude histologique de l’étape de multiplication dans le processus d’embryogenèse somatique secondaire chez Quercus
robur L. Des explants standardisés composés d’un hypocotyle et du pole racinaire correspondant ont été préparés à partir de structures
embryonnaires provenant d’une lignée embryogène de Quercus robur L. maintenue par repiquages réguliers sur un milieu de référence
contenant les solutions minérales de MS, du glucose (0,12 M), de l’hydrolysat de caséine (0,1 %) et de l’ANA (10,74 µM). Les aptitudes
à la régénération de ces explants ont été testées sur le milieu de référence et sur 2 milieux modifiés dans lesquels l’ANA a été supprimé ou
remplacé par une combinaison d’AIB (9,80 µM) et de BAP (8,90 µM). Après 30 jours de culture 4 types de réponses différentes correspondant soit à une embryogenèse secondaire directe, soit à une embryogenèse secondaire indirecte ont été observés. Le processus d’embryogenèse directe débute à partir de 3–4 cellules épidermiques et se poursuit selon 2 voies différentes selon que la formation d’une
masse tissulaire méristématique précède ou non la formation des structures embryonnaires. L’embryogenèse indirecte en revanche est
initiée à partir de petits amas de cellules mitotiquement actives localisées dans les tissus corticaux sous-épidermiques. Selon leur origine
histologique les embryons somatiques obtenus présentent des différences d’organisation morpho-anatomique qui peuvent influencer
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leur maturation ultérieure et leur aptitude à être convertis en plantules viables. Les explants préparés à partir de structures embryonnaires
petites et translucides sont plus embryogènes que ceux obtenus à partir de structures embryonnaires ayant atteint des stades de développement plus avancés. Sur le milieu de culture dépourvu de régulateurs de croissance l’embryogenèse secondaire directe est la seule réponse obtenue, alors qu’en présence de régulateurs de croissance les 2 voies d’embryogenèse peuvent être observées. L’ANA favorise
l’embryogenèse secondaire directe et la combinaison d’AIB et de BAP stimule la voie indirecte. Ces résultats sont discutés en référence
au concept de détermination pré-embryogène des cellules (PEDC).
embryogenèse secondaire / régulateurs de croissance / histologie / Chêne / PEDC

1. INTRODUCTION
Somatic embryogenesis involves control of 3 consecutive steps: (i) induction of embryogenic lines from
sporophytic cells; (ii) maintenance and multiplication of
embryogenic lines; (iii) maturation of somatic embryos
and conversion into viable plantlets [47].
Many studies have been dedicated to problems of control and management of the initial establishment of
embryogenic lines and the subsequent conversion step
[41, 43, 46]. The multiplication step has been comparatively less investigated although it directly contributes to
the final plant yield and influences the ability of the resulting embryos to germinate and develop into growing
plantlets.
Two main problems have been reported concerning
the multiplication step. The first one is the difficulty in
obtaining stable and subculture-suitable lines that will
produce embryos for long periods of time [43, 46]. The
second is the lack of synchrony in embryo development
and the risk of morphological abnormalities such as
pluricotyledony, multiple apex formation, fused cotyledons and/or fasciation.
In angiosperm species, multiplication of embryogenic
lines can be achieved either by regular subculturing of
explants taken from compact or friable embryogenic calli
[43], or by formation of new embryos from the previously developed somatic embryos themselves [3, 42, 46,
47]. This second case is referred to as secondary
embryogenesis.
In Quercus, initiation of somatic embryogenesis has
been described from a variety of sporophytic explants,
namely stem segments, leaves and zygotic embryos. The
multiplication of the embryogenic lines was first
achieved from calli ageing on the same culture medium
[12, 16] or via successive transfers onto fresh culture media with different growth regulator supplements [12, 14].
Embryogenic response from anthers and ovary tissues
was also obtained using similar procedures [20].
Multiplication of embryogenic lines via secondary
embryogenesis was most frequently accomplished using

culture media containing the cytokinin BAP, with auxin
NAA or IBA (Q. suber [4, 11, 12, 13]) or 2,4-D (Q. robur
[5, 34]). More rarely BAP alone or in combination with
GA3 was used (Q. petraea [20], Q. robur [5, 34],
Q. acutissima [39]). Zeatin alone or in combination with
NAA was also used successfully in Q. robur [9].
Secondary embryogenesis on culture media without
growth regulators has been reported for a number of species including Q. rubra [16], Q. suber [11, 14],
Q. acutissima [22] and Q. robur [9, 34]. FernándezGuijarro et al. [14] showed that on these growth regulator-free media, the secondary embryogenesis is influenced by macronutrient composition. Both low total
nitrogen content and high reduced nitrogen concentration decreased the percentage of somatic embryos that
expressed secondary embryogenesis.
None of these studies investigated the histological origin and structural organisation of the somatic embryos.
However, researchers have noted that (i) within one
embryogenic line the somatic embryos could occur from
different histological origin, as observed for example in
Theobroma cacao [1], (ii) the growth regulator composition of the culture medium influenced the histological origin of the somatic embryos (Hevea brasiliensis [30, 31],
Elaeis guineesis [40]), and (iii) depending on their origin, somatic embryos exhibited different potentials for
germination and further growth [30, 47].
In order to optimize the multiplication step in one
Q. robur embryogenic line, we investigated the process
of secondary embryogenesis from standardized explants,
with special attention given to histological origin, early
developmental stages and structural organisation of the
resulting embryos.
2. MATERIALS AND METHODS
2.1. Plant material and explants preparation
The embryogenic line was established from one immature zygotic embryo at the beginning of cotyledonary
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stage, which was excised from one acorn collected in
July 1989 in the region of Heillecourt (Lorraine, NE
France).
After a two month culture period, the excised zygotic
embryo produced embryogenic tissue which was main-
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tained by regular transfer onto fresh medium. This tissue
continuously generated embryos which were used to
prepare the explants. Two categories of embryonic structures were distinguished depending on their developmental stage. The first one consisted of 3–5 mm small
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Figure 1.
1–2: Embryonic structures used for explant preparation (Bar = 1 mm). 1. Small translucent structures (STE) with embryonic axis
(EA) and several cotyledon pieces (Cot). 2. Large white opaque embryos (LWE).
3–13: Explant responses (Bar = 1 mm). 3. Response GI: swollen explant with intact epidermal surface. 4. Response GII (early):
explant with splitting epidermis and white callus extrusion (arrows). 5. Response GII: advanced state showing complete disorganisation
of initial explant and production of brown callus. 6. Response GIII (early): callus proliferation (arrow) from embryonic axis (EA).
7. Response GIII (advanced): globule formation on callus (arrows). 8. Response GIII (final): emerging embryos showing initiation of
cotyledons (arrows). 9. Response GIV (early): swollen explant covered by small translucent globules. 10. Response GIV (advanced):
transformation of translucent globules (broad arrows) into small bipolar structures (fine arrows). 11, 12. Response GIV (advanced): further development of translucent bipolar structures (heart stage) (STE) (arrows). 13. Response GIV (final): white opaque embryos with
large cotyledons (LWE).
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translucent bipolar structures (noted STE; figure 1-1);
the second of 5–7 mm white opaque structures with large
cotyledons (noted LWE; figure 1-2). Standardized
explants, composed of hypocotyl and root-tip (shoot-tip
and cotyledons removed), were prepared from both these
categories.
2.2. Culture media and conditions
The embryogenic line was propagated in Petri dishes
(90 × 15 mm) on a solidified (Bacto-agar Sigma 0.8%)
reference medium composed of MS full-strength
macroelement and microelement solutions [32], glucose
(0.12 M), casamino acid (0.1%), and NAA (10.74 µM) as
growth regulator. The pH was adjusted to 5.5–5.6 before
autoclaving at 120 oC for 20 minutes. Cultures were incubated at 25 oC in darkness and transferred onto fresh medium every 30 days.
Explants were cultured on the same reference medium
and conditions as the embryogenic line. In addition two
alternative media were tested. In the first one a combination of IBA (9.80 µM) / BAP (8.90 µM) was substituted
for the NAA used in the reference medium, while in the
second growth regulators were omitted.
2.3. Histological examinations
Explants were fixed using FAA [7] or the Randolph’s
CRAF solution [37]. Progressive dehydration in graded
ethanol solutions (5 to 100%), clearing with xylene and
embedding in paraffin were performed according to the
traditional procedures.
Serial sections (5–7 µm) were stained either with Periodic acid-Schiff (PAS) [7] and Groat’s hematoxylin [15]
or with PAS and Naphthol Blue-Black [7].

3. RESULTS

3.1. Explants responses

in further morphological changes and, after an additional
1–2 weeks, explants turned brown and died.
The second type (GII) corresponded to explants that
showed internal tissue proliferation resulting in splitting
of epidermis (figure 1-4), extrusion of brown callus and,
finally, complete disorganisation of the initial explant
(figure 1-5). When transferred onto fresh medium, these
calli never expressed any organogenic activity and soon
died.
In the third type of response (GIII), after initial swelling, explants produced hard, rough-surfaced and slow
growing external callus (figure 1-6) from which a few
globules were regenerated (figure 1-7). These globules
secondarily developed into somatic embryos attached to
the callus by a large basal connection (figure 1-8).
The fourth type of response (GIV) involved embryo
production, but without preliminary callogenesis. The
initial swelling step occurred as in response GIII, but the
epidermis of the explants directly developed a number of
small, smooth and translucent globules (figures 1-9, 1-10)
that rapidly transformed into typical bipolar structures
(figures 1-10, 1-11, 1-12, 1-13).
3.2. Histological investigation of secondary
embryogenesis
Histological investigation was carried out for response types GIII and GIV which corresponded to two
different secondary embryogenic pathways.
3.2.1. Indirect secondary embryogenesis
The initial evidence of indirect secondary
embryogenesis consisted in cell divisions occurring
within the cortical tissue (figure 2-1) that provoked the
swelling of explants, the rupture of epidermis and the
emergence of rough, hard and dry callus masses (figure 2-2). The inner region of these extruding callus
masses was composed of radial alignments of vacuolated
cells, while in the peripheral region, mitotically active
cells (figure 2-2) formed growing globules which lacked
epidermal layer (figure 2-3).

Within 30 days, 4 types of responses were generally
observed.

These globules differentiated bipolar structures with
cotyledons and a stem-like axis lacking procambial
strands, with large tissue connection to the supporting
callus masses (figure 2-4).

The first type (GI) was characterised by a slight swelling of explants without subsequent surface modification
(figure 1-3). Culture for longer than 30 days did not result

No starch and/or protein storage was detected either
within the callus masses, or in the cotyledons and
hypocotyl-radicle axis.
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Figure 2. Histology of indirect secondary embryogenesis (GIII response) (PAS-naphthol blue-black). 1. Transverse section of embryonic axis (EA) showing small clumps of densely stained cells in the innermost cortical tissue (arrows) (Bar = 50 µm). 2. Section
showing extrusion through the epidermis (arrows) of proliferating callus mass (Ca) with peripheral active and internal vacuolated cells
(15 days culture) (Bar = 100 µm). 3. Section of proliferating callus (Ca) showing emergence of globules without recognizable epidermal
layer (arrows) (15 days culture) (Bar = 80 µm). 4. Section showing embryonic structures (black arrows) formed from the proliferating
callus mass (30 days culture) (Ca: callus; EA: explant axis) (Bar = 280 µm). Note the large tissue connection between callus and embryo.

3.2.2. Direct secondary embryogenesis
Direct secondary embryogenesis exclusively involved epidermal cells and occurred following two different modes.
In the first one, secondary embryogenesis began with
synchronized periclinal cell divisions over large areas of
the epidermis (figure 3-1). Cell divisions then progressively became asynchronous and lost periclinal orientation, thus producing compact, smooth-surfaced,
meristematic masses clearly delimited by a protoderm
(figure 3-2).
Within these growing meristematic masses, small individualized groups of about 10–50 cells delimited by
thickened cell walls appeared (figures 3-2, 3-3) and developed into closely abutting proembryonic globules
with well developed epidermis (figures 3-4, 3-5). These
globules differentiated into embryos (figure 3-6).
In the second mode, each regenerated embryo resulted
from the mitotic activity of a few number of epidermal
cells (3–4). The first division plane was periclinally

orientated (figure 3-7), the second one anticlinally orientated (figure 3-8) and then the following division planes
occurred in any position, resulting in a small cluster of
highly meristematic cells (figure 3-9). From these clusters of meristematic cells, nearly spherical globules with
recognizable epidermis were formed (figure 3-10). These
globules developed into typical embryos (figure 3-11)
with convex meristematic shoot-tip and procambial
strands connected to the cotyledon pieces in which starch
accumulation could be observed at the end of the 30 days
culture cycle. A root meristem was also observed (figure 3-11). The connection to the initial explant was small
at the globule stage (figure 3-10) and completely disappeared at the end of the embryo development, so that the
obtained somatic embryos could be easily removed.
3.3. Culture medium effects
After 30 days on the reference medium, almost all
explants had produced either non-organogenic (GII), or
embryogenic responses (GIII and GIV) (figure 4-1).
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Figure 3. Histology of direct secondary embryogenesis (response GIV).
1–6: First mode (1-3 PAS-naphthol blue-black; 4-6 PAS-hematoxylin of Groat). 1. Transverse section showing periclinal divisions (arrows) in explant epidermis (2 days culture) (Bar = 40 µm). 2. Transverse section showing meristematic mass (M) formed from repetitive
divisions in broad patches of epidermis (9 days culture) (Bar = 80 µm). 3. Close view within the internal part of the meristematic mass
(M) showing individualized groups of cells delimited by thickened cell walls (arrow) (9 days culture) (Bar = 40 µm). 4. Differentiation
of proembryonic globules (arrows) from the meristematic mass (M) (15 days culture) (bar = 280 µm). 5. Close view showing separation
of the proembryonic globules (arrows) (15 days culture) (Bar = 100 µm). 6. Section showing the formation of bipolar structures (arrows)
from the proembryonic globules (30 days culture) (Bar = 510 µm).
7–11: Second mode (PAS-naphthol blue-black). 7. Transverse section showing periclinal cell divisions (arrows) in explant epidermis
(2 days culture) (Bar = 40 µm). 8. Detail of transverse section showing anticlinal division (arrow) of epidermal cell (6 days culture)
(Bar = 30 µm). 9. Transverse section showing a cluster of mitotically active cells (arrows) formed from a few number of epidermal cells
(17 days culture, Bar = 40 µm). 10. Proembryonic globules with well differentiated epidermis (arrows) (17 days culture) (Bar = 80 µm).
11. Longitudinal section of somatic embryo after 30 days of culture. Cot: cotyledon; EA: embryonic axis; SM: shoot meristem; RM: root
meristem; C: cortical tissue; Cc central cylinder; PS: procambial strands (Bar = 510 µm).
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Figure 4. Percentage of GI, GII, GIII, GIV responses obtained from LWE and STE explants
during one 30 days culture cycle (percentages calculated from 60 explants in 3 replicates).
Response type GI: swollen explants.
Response type GII: no organogenesis.
Response type GIII: indirect secondary
embryogenesis.
Response type
embryogenesis.

GIV:

direct

secondary

Table I. Estimated number of embryos formed from 30 LWE or STE explants after 30 days on multiplication media containing NAA
(10.74 µM) (reference medium), IBA (9.8 µM) / BAP (8.9 µM) or free from growth regulators.
NAA
Explants

LWE

IBA/BAP
STE

LWE

No growth regulators
STE

LWE

STE

Indirect secondary embryogenesis (GIII)

<5

<5

20–30

<5

0

0

Direct secondary embryogenesis (GIV)

<5

50–70

<5

5–10

15–20

110–130

Response GII was first recorded by the end of the first
week of culture, and finally reached 40–50% of explants. The
embryogenic responses (GIII and GIV) occurred after
10–15 days and reached 50–60% of explants at the end of the
culture cycle. The GIV responses were about 3 times more

frequent than the GIII. The percentage of GIII+GIV responses
was higher from the STE than from the LWE explant category. The preferential GIV response and the superiority of
STE explants was also clearly visible when results were expressed in term of estimated number of embryos (table I).
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Substitution in the culture medium of NAA (10.74
µM) by the IBA (9.80 µM) / BAP (8.90 µM) combination
brought about a substantial decrease of the GIV response
from both LWE and STE explants (figure 4-2). Conversely, the GIII response percentage increased approximately 2 fold. This increase did not balance out the
reduction of the GIV response and the total percentage of
embryogenic responses decreased from both LWE and
STE explants. The best embryo yield was obtained from
LWE explants (table I).
On the culture medium without growth regulator, responses observed from the STE and LWE explants
strongly differed (figure 4-3).
Response from LWE explants was reduced compared
to that obtained on the reference medium. After 30 days,
50% remained in stage GI, 20% turned brown (GII) and
25% produced somatic embryos. In contrast, the STE
explants exhibited a high percentage of embryogenic responses, all of the GIV type. These results were confirmed in table I, which also showed better embryogenic
potential from STE explants and exclusive GIV response
type.

4. DISCUSSION
In the Q. robur embryogenic line studied in this paper,
two pathways of secondary embryogenesis were described, depending on whether or not a callogenesis step
occurs prior to initiation of the embryogenic process.
In the first one, the early signs of histological modification were observed within the cortical tissue of
explants and could be interpreted as the first steps of
dedifferentiation in parenchyma cells as mentioned in
Quercus suber [10, 11] and other species [2, 31]. This resulted in the formation of calli composed of vacuolated
cells and clumps of densely stained, mitotically active
cells underneath the explant surface. These clumps of
cells, which then produced embryos, could be identified
as the irregularly segmented proembryonal complex
formed after initial redetermination of cells in the nonzygotic embryogenic process of Daucus carota [17, 18]
and Trifolium repens [47]. The resulting embryos were
largely fixed to the calli, implying a probable multiple
cell origin as previously found in Daucus, Trifolium,
Hevea and Coffea [17, 18, 19, 31, 47]. They lacked
provascular tissues and did not show any starch or protein body accumulation. This type of embryogenic process can be referred to as indirect secondary

embryogenesis according to the definition given by
Sharp et al. [41] and Wann [46].
The second pathway of secondary embryogenesis
originated exclusively from epidermal cells which divided periclinally instead of following the normal anticlinal orientation. This change of pattern in the mitotic
activity can be interpreted as the early expression of a
new developmental sequence from epidermal cells which
seem to be still embryogenically competent. The epidermal cells of the explants used in this study could thus be
accepted as pre-embryogenic determined cells (PEDCs)
as defined by Konar et al. [23], Sharp et al. [41],
Maheswaran and Williams [27, 28] and Williams and
Maheswaran [47]. The embryogenic process then proceeded classically via the formation of spherical globules
delimited by epidermal layer, which further developed
into typical embryos. These characteristics corresponded
to the direct secondary somatic embryogenesis as described by Sharp et al. [41], Maheswaran and Williams
[27, 28, 29] and Wann [46].
Depending on the number of epidermal PEDCs involved, two alternative modes could be recognised
within this direct secondary embryogenic pathway. In the
first one, repeated periclinal divisions affected large areas of the epidermal cell layer, thus amplifying the number of PEDCs. This resulted in the formation of compact
meristematic masses which, in totality, transformed into
closely abutting embryos possessing provascular system
but no accumulated starch or protein bodies. Similar secondary embryogenesis was observed from Q. suber
zygotic embryos, however with some below epidermis
cells involved in the development of the compact
meristematic masses [10]. By their histocytological characteristics and ability to be completely transformed into
embryos, these meristematic masses, strongly evoked the
proembryonal complex described in several herbaceous
and woody species that formed single-cell origin somatic
embryos from daughters of epidermal cells [17, 18, 19,
42, 47]. The second mode was characterised by the absence of epidermal PEDCs amplification. The
embryogenic process arose from a small number of epidermal cells after a short step of periclinal mitotic activity. Remarkably, the obtained somatic embryos showed
good structural organization, normal shoot meristem,
provascular system and starch accumulation in the cotyledons as in zygotic embryos. Similar secondary
embryogenesis has been described in many species including Quercus suber [10], Juglans regia [36],
Theobroma cacao [1], Feijoa sellowiana [8], and herbaceous or monocotyledons such as Daucus carota [21],
Ranunculus sceleratus [23], Phoenix dactylifera [44],
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Panicum maximum [25], Trifolium repens [28] and
Panax ginseng [6].
The balance between the expression of the direct versus indirect pathway of secondary embryogenesis firstly
depended on the embryogenic competence of the epidermal cells. Indeed our results show that, whatever the
growth regulators in the culture medium, explants prepared from small translucent embryonic structures (STE)
were more embryogenic and gave direct secondary embryos at higher frequency than explants prepared from
more advanced embryonic structures (LWE). This confirmed that the capacity for secondary embryogenesis is
dependent on the non-differentiated state of the tissues
which progressively disappears during growth and tissue
specialisation as observed when zygotic embryos of
Quercus [5, 13, 16, 22] and other species [29, 35, 43, 47]
are used as initial explants.
Given the differentiation state of explant tissues, the
obtained type of secondary embryogenesis was influenced by the composition of the culture medium, especially the growth regulators.
On culture medium free from growth regulators, the
direct secondary embryogenesis was the exclusive response. When NAA was added results were similar to
those obtained without growth regulators, showing
high frequency of direct secondary embryogenesis. In
the presence of IBA/BAP, the indirect secondary
embryogenesis became the prevailing pathway, resulting
in badly formed somatic embryos. NAA synthetic auxin
alone therefore is compatible with the expression the direct pathway of secondary embryogenesis, whereas the
IBA/BAP combination has adverse effects on the expression of PEDC capacity from epidermal cells.
It has been reported that the concentration of BAP or
other cytokinins (5–10 µM) suppressed secondary
embryogenesis or caused partial or complete inhibition
of embryo development in cell suspension and tissue cultures [8, 24, 26, 33, 38, 45]. However, on cortical cells
which are not directly in contact with the culture medium, the presence of IBA/BAP probably has a stimulating effect on their morphogenetic competence allowing
subsequent callus induction and indirect secondary
embryogenesis.
Using culture media formulated, especially in their
growth regulator content, according to the histocytological
organisation of standardised explants may therefore be a
key point to gain a better control of the multiplication
step of the somatic embryogenic process.

689

REFERENCES
[1] Adu-Ampomah Y., Novak F.J., Afza R., van Duren M.,
Perea-Dallos M., Initiation and growth of somatic embryos of
cocoa (Theobroma cacao L.), Café Cacao Thé 32 (1988)
187–200.
[2] Barciela J., Vieitez A.M., Anatomical sequence and morphometric analysis during somatic embryogenesis on cultured
cotyledon explants of Camellia japonica L., Ann. Bot. 71 (1993)
395–404.
[3] Bornman C.H., Somatic embryo maturation is a critical
phase in the development of a synthetic seed technology, Rev.
Cytol. Végét. Bot. 14 (1991) 289–296.
[4] Bueno M.A., Astroga R., Manzanera J.A., Plant regeneration through somatic embryogenesis in Quercus suber, Physiol. Plant. 85 (1992) 30–34.
[5] Chalupa V., Vegetative propagation of oak (Quercus robur and Quercus petraea) by cutting and tissue culture, Ann. Sci.
Forest. 50 Suppl. (1993) 295s–307s.
[6] Choi Y.E., Yang D.C., Yoon E.S., Choi K.T., High-efficiency plant production via direct somatic single embryogenesis
from preplasmolysed cotyledons of Panax ginseng and possible
dormancy of somatic embryos, Plant Cell Rep. 18 (1999)
493–499.
[7] Clark G., Staining procedures (4th edn), Williams and
Wilkins, London, 1981.
[8] Cruz G.S., Canhoto J.M., Abreu M.A.V., Somatic embryogenesis and plant regeneration from zygotic embryos of Feijoa sellowiana Berg., Plant Sci. 66 (1990) 263–270.
[9] Cuenca B., San-José M.C., Martinez M.T., Ballester A.,
Vieitez A., Somatic embryogenesis from stem and leaf explants
of Quercus robur L., Plant Cell Rep. 18 (1999) 538–543.
[10] El Maâtaoui M., Embryogenèse somatique chez le
chêne liège (Quercus suber L.) : Induction, Étude cytohistologique et essais de régénération de plantes entières, Ph. D. thesis,
Aix-Marseille France, 1990, 104 pp.
[11] El Maâtaoui M., Espagnac H., Michaux-Ferrière N.,
Histology of callogenesis and somatic embryogenesis induced in
stem fragments of cork oak (Quercus suber) cultured in vitro,
Ann. Bot. 66 (1990) 183–190.
[12] Féraud-Keller C., Espagnac H., Conditions d’apparition
d’une embryogenèse somatique sur des cals issus de la culture de
tissus foliaires du chêne vert (Quercus ilex), Can. J. Bot. 67
(1989) 1066–1070.
[13] Féraud-Keller C., El Maâtaoui M., Gouin O., Espagnac
H., Embryogenèse somatique chez trois espèces de chênes méditerranéens, Ann. Sci. Forest. 46 Suppl. (1989) 130s–132s.
[14] Fernández-Guijarro B., Celestino C., Toribio M.,
Influence of external factors on secondary embryogenesis and
germination in somatic embryos from leaves of Quercus suber,
Plant Cell Tiss. and Org. Cult. 41 (1995) 99–106.
[15] Gabe M., Techniques histologiques, Masson et Cie Éditeurs, Paris, 1968.

690

R. Zegzouti et al.

[16] Gingas V.M., Lineberger R.D., Asexual embryogenesis
and plant regeneration in Quercus, Plant Cell Tiss. Org. Cult. 17
(1988) 191–203.
[17] Haccius B., Question of unicellular origin of non-zygotic embryos in callus cultures, Phytomorphology 28 (1978)
74–81.
[18] Haccius B., Bhandari N.N., Delayed histogen differentiation as a common primitive character in all types of non-zygotic embryos, Phytomorphology 25 (1975) 91–94.
[19] Halperin W., Wetherell D.F., Ontogeny of adventive
embryos of wild carrot, Science 147 (1965) 756–758.
[20] Jörgensen J., Embryogenesis in Quercus petraea, Ann.
Sci. Forest. 50 Suppl. (1993) 344s–350s.
[21] Kato H., Takeuchi M., Embryogenesis from the epidermal cells of carrot hypocotyl, Sci. Papers College Gen. Educ.
Univ. Tokyo 16 (1966) 245–254.
[22] Kim Y.W., Youn Y., Noh E.R., Kim J.C., Somatic embryogenesis and plant regeneration from immature embryos of
five families of Quercus acutissima, Plant Cell Rep. 16 (1997)
869–873.
[23] Konar R.N., Thomas E., Street H.E., Origin and structure of embryoids arising from epidermal cells of the stem of Ranunculus sceleratus L., J. Cell Sci. 2 (1972) 77–93.
[24] Loh C.S., Ingram D.S., The response of haploid secondary embryoids and secondary embryogenic tissues of winter
oilseed rape to treatment with colchicine, New Phytol. 95 (1983)
359–366.
[25] Lu C-Y., Vasil I.K., Histology of somatic embryogenesis in Panicum maximu (Guinea Grass), Amer. J. Bot. 72 (1985)
1908–1913.
[26] Luo Y., Koop H.-U., Somatic embryogenesis in cultured immature zygotic embryos and leaf protoplast of Arabidopsis
thaliana ecotypes, Planta 202 (1997) 387–396.
[27] Maheswaran G., Williams E.G., Direct somatic embryoid formation on immature embryos of Trifolium repens, T.
pratense and Medicago sativa, and rapid clonal propagation of T.
repens, Ann. Bot. 54 (1984) 201–211.
[28] Maheswaran G., Williams E.G., Origin and development of somatic embryoids formed directly on immature embryos of Trifolium repens in vitro, Ann. Bot. 56 (1985) 619–630.
[29] Maheswaran G., Williams E.G., Primary and secondary
direct somatic embryogenesis from immature zygotic embryos
of Brassica campestris, J. Plant Physiol. 124 (1986) 455–463.
[30] Michaux-Ferrière H., Grout H., Carron M.P., Origin
and ontogenesis of somatic embryos in Hevea brasiliensis (Euphorbiaceae), Amer. J. Bot. 79 (1992) 174–180.
[31] Michaux-Ferrière N., Schwendiman J., Modalités d’initiation des cellules à l’origine des embryons somatiques, Acta
Bot. Gallica 140 (1993) 603–613.

[32] Murashige T., SKoog F., A revised medium for rapid
growth and bioassays with tobacco tissue cultures, Physiol.
Plant. 15 (1962) 473–797.
[33] Narayanaswamy S., Regeneration of plants from tissue
cultures. Applied and fundamental aspects of plant cell, tissue,
and organ culture, Reinert J., Bajaj Y.P.S. (Eds), Springer-Verlag, Heidelberg, Berlin, 1977, pp. 179–207.
[34] Ostrolucka M.G., Krajmerova D., Manifestation of embryogenic potential in culture of zygotic embryos of Quercus robur L., Acta Soc. Bot. Pol. 65 (1996) 37–41.
[35] Parra R., Amo-Marco J.B., Secondary somatic embryogenesis and plant regeneration in myrtle (Myrtus communis L.),
Plant Cell Rep. 18 (1998) 325–330.
[36] Polito V.S., McGranahan G., Pinney K., Leslie C., Origin of somatic embryos from repetitively embryogenic cultures
of walnut (Juglans regia L.): implication for Agrobacterium-mediated transformation, Plant Cell Rep. 8 (1989) 219–221.
[37] Randolph L.F., A new fixing fluid and a revised schedule for the paraffin method in plant cytology, Stain technology
10 (1935) 95–96.
[38] Reinert J., Aspect of organization – Organogenesis and
embryogenesis. Plant tissue and cell culture, Blackwell scientific
publication, London, 1973, pp. 338–355.
[39] Sasaki Y., Shoyama Y., Nishioka I., Suzaki T., Clonal
propagation of Quercus acutissima Carruth. by somatic embryogenesis from embryonic axes, J. Fac. Agr. Kyushu Univ. 33
(1988) 95–101.
[40] Schwendiman J., Pannetier C., Michaux-Ferriere N.,
Histology of somatic embryogenesis from leaf explants of oil
palm Elaeis guineensis, Ann. Bot. 62 (1988) 43–52.
[41] Sharp W.R., Sondahl M.R., Caldas L.S., Maraffa S.B.,
The physiology of in vitro asexual embryogenesis, Hort. Rev. 2
(1980) 268–310.
[42] Street H.E., Withers L.A., The anatomy of embryogenesis in culture, in: Proceedings of the third international congress
of plant tissue and cell culture. University of Leicester – Academic Press, London, 1974.
[43] Tisserat B., Esan E.B., Murashige T., Somatic embryogenesis in angiosperms, Hort. Rev. 1 (1979) 1–78.
[44] Tisserat B., DeMason D.A., A histological study of development of adventive embryos in organ cultures of Phoenix
dactylifera L., Ann. Bot. 46 (1980) 465–472.
[45] Vasil I.K., Vasil V., Totipotency and embryogenesis in
plant tissue culture, In vitro 8 (1972) 117–127.
[46] Wann S.R., Somatic Embryogenesis in Woody Species,
Hort. Rev. 10 (1988) 153–181.
[47] Williams E.G., Maheswaran G., Somatic embryogenesis: Factors influencing coordinated behaviour of cells as an embryogenic group, Ann. Bot. 57 (1986) 443–462.

