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Abstract Oil palm is an economically important plant
species due to its high oil production per unit area. Large-
scale clonal propagation of the species’s elite specimens
is only possible through somatic embryogenesis, although
methodology is partially still unknown and insufficiently
understood. Current study characterizes in morphologi-
cal and anatomical terms the acquisition and development
stages of somatic embryogenesis of the oil palm’s imma-
ture leaves. The respective embryogenic stages were ana-
lyzed and characterized: immature leaves (initial explants);
leaves with calli formation; leaves which failed to respond
to calli formation; leaves with formation of root structures;
primary calli; primary calli with differentiation of embryo-
genic calli; embryogenic calli; pro-embryogenic calli; calli
with differentiated somatic embryos; somatic embryos
at globular and torpedo stage; and mature fruit zygotic
embryos. Cell masses emerged after approximately 60
days of cultivation through the proliferation of cells asso-
ciated to initial explants” vascular bundles. Consequently,
the formation of two different types of calli was identified,
namely, primary and embryogenic, respectively consisting
partially and completely of meristematic cell clusters. After
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420 days of cultivation, the propagules formed somatic
embryos with no connection to source tissues, initially
composed (globular stage) of a very characteristic ground
meristem and protoderm. After 480 days of cultivation, as
the cultures matured (torpedo stage), procambial strands,
a structural characteristic also observed in mature zygotic
embryos, were reported. The results provide an in-depth
understanding of somatic embryogenesis of immature
leaves of oil palm. Further, current analysis develops mor-
phological markers at different stages of development
obtained during the process.
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Introduction

The oil palm is economically relevant in the world sce-
nario due to its high production of vegetable oil per unit
area, with yields up to 8 tons per hectare year~! (Hoffmann
et al. 2014). However, in the wake of its allogamous culture
exclusively propagated by seeds, an important impairment
in oil palm farming is the formation of heterogeneous crops
which cause lack of uniformity in production and limita-
tions in the distribution of superior genotypes, coupled to
difficulties in the performance of crop management prac-
tices (Wahid et al. 2005).

The possibility of producing genetically identical plants
from phenotyped elite specimens in the field would signifi-
cantly increase the crop’s profitability. Nonetheless, due to
the morphological, anatomical and physiological nature of
oil palm, large-scale clonal propagation is only possible
through somatic embryogenesis (Jouannic et al. 2011; Soh
et al. 2011). Somatic embryogenesis is the method whereby
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haploid or somatic cells develop from an ordered series of
characteristic embryogenic stages, but without the fusion of
gametes (Reinert 1958; Williams and Maheswaran 1986).
Bipolar structures are consequently formed with no vas-
cular connection with parental tissues, closely resembling
zygotic embryos (Luis and Scherwinski-Pereira 2014;
Leljak-Levanic et al. 2015).

Several protocols for somatic embryogenesis have been
developed for oil palm owing to advantages in employing
superior clones (Staritsky 1970; Corley et al. 1977; Duval
et al. 1988; De Touchet et al. 1991; Teixeira et al. 1994;
Rival et al. 1997; Choi et al. 2008; Scherwinski-Pereira
et al. 2010; Constantin et al. 2015; Jayanthi et al. 2015;
Wiendi et al. 2015; Lim et al. 2016). However, the spe-
cies’s somatic embryogenesis is insufficiently known and
understood. To date, protocols developed for the crop still
provide several limitations, such as the formation of calli
with low morphogenic potential, lack of synchronization in
embryogenic development, low conversion rate of somatic
embryos and regeneration of incomplete plants (Konan
et al. 2010; Soh et al. 2011; Silva et al. 2012; Thuzar et al.
2012; Gomes et al. 2015, 2016).

Moreover, the occurrence of certain morphological and
anatomical anomalies in the somatic embryogenesis of the
oil palm, such as the fusion of embryos, underdevelopment
of apical meristems and loss of propagules” bipolarity,
has also made it difficult to establish effective methods for
clonal propagation of the species’s elite specimens (Habib
et al. 2012). Consequently, the morphological and ana-
tomical monitoring of somatic embryogenesis of oil palm
becomes crucial to better understand the process, select
treatments that best minimize the occurrence of anoma-
lies and, consequently, enhance the protocols developed
(Angelo et al. 2013; Silva et al. 2014).

Current analysis investigates and characterizes morpho-
logically and anatomically the acquisition and development
stages of somatic embryogenesis of immature leaves of an
interspecific hybrid of the oil palm.

Materials and methods
Plant material

Immature and still unexpanded leaves of an interspecific
F1 hybrid of Elaeis oleifera X E. guineensis, derived from
cross between E. oleifera (Manicoré) and E. guineensis
(La Mé), were used as plant material to induce somatic
embryogenesis. The material, called variety B35-1733, was
provided by the Oil Palm Genetic Improvement Program
of Embrapa Western Amazonia in the municipality of Rio
Preto da Eva, Amazonas, Brazil.
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Explants

After collection, the plant material was taken to the labo-
ratory. The outermost leaves were removed and the length
of the palm hearts reduced to approximately 30 cm (from
proximal to the distal region of the meristem). Immature
non-chlorophyllated leaves, obtained from the central
cylinder of the collected palm hearts, were disinfected by
washing in a solution of water and commercial detergent,
followed by immersion in 70% alcohol for 3 min and
immersion in sodium hypochlorite (NaOCl) 2.5% active
chlorine for 20 min.

Explants were obtained when sterile leaf segments,
measuring approximately 1 cm? were inoculated on
Petri plates (1590 mm), with the adaxial side fac-
ing down, by 25 mL of culture medium composed of a
saline solution and MS vitamins (Murashige and Skoog
1962), supplemented with 450 puM of picloram (4-amino
3, 5, 6-trichloropicolinic acid) (Sigma, St. Louis, MO,
USA), 0.5 g L™! hydrolyzed casein, 0.5 g L™! glutamine,
2.5 g L1 activated charcoal, and 30 g L™! sucrose (Bal-
zon et al. 2013). The medium’s pH was adjusted to
5.7+0.1 and 2.5 g L™! of Phytagel (Sigma, St. Louis,
MO) were added prior to sterilizing at 121 °C, at 1.3 atm,
during 20 min. Plant material was then cultivated up to
eight 30-day subcultures to obtain calli, in the dark, to
reduce the explants” phenolic oxidation rates (Alkhateeb
2008).

The calli obtained during the induction phase were
inoculated in 250-mL glass bottles with 40 mL of MS
nutrient medium supplemented with 12.3 pM of 2-iP
(isopentenyl adenine) and 0.54 pM NAA (I-naphthalene
acetic acid), 0.5 g L™! glutamine, 0.5 g L™! hydrolyzed
casein, 30 g L™! sucrose, 2.5gL~! Phytagel, adjusted to
pH 5.7+0.1. At this stage, the calli were cultivated for
six 30-day subcultures to interrupt repetitive cycles of
cell division and provide stimuli for somatic embryos
differentiation.

The somatic embryos from the differentiation stage
were then inoculated in 1 L-recipients for automated
temporary immersion (R.LT.A.®), containing 200 mL
of liquid culture medium (Gomes et al. 2016). Medium
comprised MS vitamins and salts devoid of growth regu-
lators, supplemented with 30 g L™! sucrose and 2.5gL~!
activated charcoal, adjusted to pH 5.7 +0.1. The somatic
embryos were then cultivated up to two 30-day sub-
cultures to complete the maturation process and start
germination.

During the whole embryogenic development, the
cultures were placed in a growth chamber at 25+2°C,
during a 16-h photoperiod, and LED-light radiation of
52 umol m~2 s~! (Philips® Green Power 20 W 60 Hz).
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Anatomical analysis

So that the stages of acquisition and development of
somatic embryogenesis of oil palm by leaf explants could
be morphologically and anatomically characterized, imma-
ture leaves (initial explants), leaves with callus formation,
leaves that did not respond to callus formation, leaves with
formation of root structures, primary calli, primary calli
with differentiation of embryogenic calli, embryogenic
calli, pro-embryogenic calli, calli containing differentiated
somatic embryos, and somatic embryos at the globular and
torpedo stage were analyzed, following Silva et al. (2014).
Mature fruit zygotic embryos were also assessed in cur-
rent study to compare their profile with that of the somatic
embryos obtained.

Five samples of each developmental stage were ini-
tially viewed and analyzed under a stereomicroscope with
image capture system (Leica® EZ4 HD), whereby their
shape, appearance, consistency and color were evaluated.
Samples were inoculated in 2-mL wells and subjected to
fixation in FAA 50% (formaldehyde 37-40%, glacial acetic
acid and ethanol 50% 1:1:18, v/v) for 48 h. After fixation,
the samples were dehydrated in increasing alcohol series
(50-100%) and then infiltrated and included in historesin
(Leica®). Transverse and longitudinal serial sections up to
10 pm thick were subsequently obtained on a manual rotary
microtome (Leica, RM2125RT). The sections obtained

Fig. 1 Morphological and
anatomical aspects of leaf seg-
ments used as initial explants
in the somatic embryogenesis.
a External morphology; b—d
anatomical sections. Arrows
indicate vascular bundles. ab
abaxial side, ad adaxial side, hip
hypodermis, /m leaf mesophyll,
ph phloem, sc substomatal cav-
ity, ep epidermis, sto stomata,
vb vascular bundle, pp palisade
parenchyma, sp spongy paren-
chyma, st sclerenchyma tissue,
x xylem. Bars a=2 mm; b,
¢=0.2 mm; d=0.05 mm

were stretched and adhered to microscope slides with a
plate heated up to 40 °C. The anatomical sections were then
stained with toluidine blue (O’brien et al. 1965), mounted
with Entellan (Merck, Darmstadt, Germany) and then
viewed and analyzed under an optical light microscope
locked to an image capture system (Leica® DM750).

Results and discussion

Leaf segments, measuring approximately 1 cm?, were used
as initial explants in the somatic embryogenesis of imma-
ture oil palm leaves. Explants were morphologically char-
acterized as having smooth surface, pliable texture, lacking
chlorophyll and parallel ribbing (Fig. 1a). Histological anal-
ysis showed that leaf segments have a prominent midrib on
both sides, consisting of a vascular system comprising a
large central cylinder associated with four or five isolated
vascular traces, facing the adaxial surface and contoured by
a layer of sclerenchymatous cells (Fig. 1b).

The anatomical sections of the immature leaves of oil
palm plants used as initial explants for somatic embryo-
genesis revealed that the mesophyll is dorsiventral. Two
or three layers of palisade parenchyma were observed in
this region of the leaf. They were composed of elongated
bar-shaped cells arranged in rows and located immedi-
ately beneath the adaxial hypodermis. There were also
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two or three layers of spongy parenchyma in the same
region, composed of more rounded cells with small inter-
cellular spaces. Undeveloped vascular bundles dispersed
throughout the leaves” mesophyll have also been observed
(Fig. 1c). Further, explants exhibited a uniseriate epidermis
consisting of rectangular-shaped cells, juxtaposed, strongly
bound together, revealing stomata with large substomatal
cavity on the abaxial surface only (hypostomatic leaf). Fur-
thermore, below the epidermal layer, on both sides of the
leaf, there was a bi-layered hypodermis consisting of cells
that were larger than the epidermal ones (Fig. 1d). Results
corroborated those by Luis et al. (2010) who, when analyz-
ing the anatomical characteristics of oil palm leaves, also
reported a midrib made up of a larger vascular bundle asso-
ciated to smaller vascular bundles, stomata located only in
the epidermis of the abaxial side of the leaf, hypodermis on
both leaf surfaces and other characteristics.

The leaf segments used as initial explants were then
cultured for 240 days in MS medium, supplemented
with 450 uM picloram, to induce the oil palm’s somatic

embryogenesis. At this stage (60 days of cultivation), cal-
lus formation started in some of the explants, morphologi-
cally characterized by the rupture of some regions of the
epidermis coupled to the emergence of compact brown-
ish-beige agglomerates, featuring a slightly rounded shape
and watery consistency (Fig. 2a). Histological observations
made at the beginning of the induction phase of somatic
embryogenesis of oil palm showed that callus development
was associated with vascular bundle in all propagules ana-
lyzed, which occurred mainly in the regions close to the
edge of the excised explants, with greater contact between
the vascular tissues and the components of the nutrient
medium.

At this phase of somatic embryogenesis, cell divisions
that gave rise to the calli started close to well-developed
vascular bundles, where the presence of smaller-sized cells,
with dense cytoplasm and a clearly visible nucleus, were
reported. Cell proliferation in this process was carried out
initially by periclinal division, resulting in the development
of rowed cells and increased leaf thickness (Fig. 2b—d). As

Fig. 2 Morphological and anatomical aspects of leaf segments with
early callus formation after 60 days in callus induction medium (a—e)
and leaf segments that do not respond to the callus induction after
240 days in callus induction medium (f-i). Arrows indicate well-
developed vascular bundles (b) and underdeveloped vascular bundles
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(g). ab abaxial side, ad adaxial side, C callus, ep epidermis, vb vascu-
lar bundle, If leaf, sp spongy parenchyma, pp palisade parenchyma,
ph phloem, hp hypodermis, x xylem. Bars a, f=2 mm; b, g=0.2 mm;
¢c-i=0.05 mm; e=0.5 mm
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the calli developed, the palisade parenchyma cells adjacent
to these cell masses showed a slight flattening due to com-
pression against the epidermal cells of the adaxial surface,
increasing in width and decreasing in height. However, the
spongy parenchyma cells and the epidermal cells of the
abaxial face, contiguous to the callus, ruptured as the prop-
agules developed (Fig. 2e).

In the somatic embryogenesis of oil palm from leaf
explants, Schwendiman et al. (1988) determined that pro-
cambium cells produce cell masses. Whereas, according to
Duval et al. (1995), in the somatic embryogenesis of imma-
ture leaves of E. guineensis, callus formation starts with the
multiplication of perivascular cells near the xylem, result-
ing in a layer of meristem tissue, four to five cells thick.
Jones (1983) reports that in the somatic embryogenesis of
oil palm, the multiplication of perivascular cells formed
centers with high meristem activity, from which the calli
originate. Callus formation from regions close to the vascu-
lar tissues of the explants has also been reported in several
species of the Arecaceae family, such as Phoenix dactylif-
era (Sané et al. 2006), Acrocomia aculeata (Moura et al.
2009) and Bactris gasipaes (Steinmacher et al. 2011).

A significant number of explants that failed to react to
the callus induction process (77.7%) was also observed
during the induction phase of somatic embryogenesis in oil
palm from leaf explants. The immature leaves of oil palm
that failed to originate any callus were morphologically
characterized as having a smooth surface, a more rigid tex-
ture and a yellowish color when compared to the explants
at the beginning of the culture (Fig. 2f). Unlike the leaf
segments with callus formation, no stomata were identi-
fied in the epidermis of the abaxial side of the leaves in the
anatomical sections of these explants. Propagules revealed
that the mesophyll was also composed of homogeneous
parenchyma, with 6-8 layers of isodiametric cells with few
intercellular spaces in which relatively less developed vas-
cular bundles were dispersed (Fig. 2g—i). These histological
characteristics demonstrated that leaf segments that do not
respond to callus induction were anatomically more imma-
ture than the leaf segments in which callus formation was
observed.

However, contrary to what has been observed in current
study, Scherwinski-Pereira et al. (2010), in their analysis
of the somatic embryogenesis of E. guineensis via thin cell
layer (TCL), reported that explants from the basal region
of the plant generally had a significantly higher percent-
age of callus formation than that obtained in explants taken
from the most apical positions of the palm heart, i.e., more
highly developed explants. According to the above authors,
these results may be due to the larger quantity of little-dif-
ferentiated and/or non-differentiated (meristematic) tissues
in the explants. Steinmacher et al. (2007) also concluded
that, in somatic embryogenesis of peach palm via TCL,

callus formation is significantly higher in explants from
the more immature regions of the leaves. According to the
authors, the above results may be due to the morphogenic
competence of the explants which is mainly determined by
the capacity of its cells to re-enter the mitotic cycle. Conse-
quently, younger tissues have higher embryogenic potential.

However, leaf segments from the palm heart regions,
between 15 and 30 cm of the meristem base, are greatly
recommended for the induction of somatic embryogenesis
from immature leaves of adult oil palm plants. The method
not only reduces the probability of damaging the apical
meristem of the matrix plant for later regrowth, but also
and mainly increases efficiency at this stage of cultivation.

A single explant with root-like structures was excep-
tionally observed at this stage of cultivation (Electronic
Supplementary material; Fig. S1A-D). These structures
were morphologically characterized as being non-chloro-
phyllated cylindrical appendices with many root hairs and
beige—brown coloration (Fig. S1A). Anatomically, a point
of direct connection between the root and the leaf explant
has been observed, characterizing a process of direct
organogenesis. However, cellular clusters, similar to those
of primary calli close to the root structure region, have also
been identified. In addition, visible vascular tissues and the
root’s apical meristem region were also observed through
the longitudinal sections of these roots, in which pericli-
nal divisions that resulted in the formation of flattened and
queued cells initially predominated. Further, the root tip
region was clearly distinct from the other regions owing to
smaller cells with darker coloration (Fig. S1b—c). Finally,
an epidermal region was observed in the transversal sec-
tions of the formed roots. It had elongated and queued cells
that circumvented the root’s entire periphery. Internally to
this layer, 4-9 layers of smaller, more round-shaped cells
that make up its cortical region, were detected, whilst, more
internally, a vascular region composed of meristematic
cells was verified (Fig. S1d).

At the end of the somatic embryogenesis induction
phase of the oil palm’s immature leaves, however, signifi-
cant levels of primary callus formation (22.3%) were also
achieved. Primary calli obtained during the cultivation
period were morphologically characterized as having a pri-
marily elongated shape, a compact appearance, a slightly
watery consistency and a brown-beige coloration (Fig. 3a).
Anatomical analyses showed that there were different cell
regions in the propagules. In the callus’s peripheral region,
lining cells featured an elongated shape, large intercellular
spaces and well-developed vacuoles. In the middle region,
sectors with relatively large and vacuolated parenchymal
cells were observed. Finally, the internal region of these
formations was characterized by a meristem zone with
small isodiameter cells with dense cytoplasm, narrower cell
wall, and a high nucleus-cytoplasm ratio (Fig. 3b—d).
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Fig. 3 Morphological and ana-
tomical aspects of primary calli
after 240 days and primary calli
with formation of embryogenic
calli after 180 days in callus
induction medium. a, e External
morphology; b-h anatomical
sections. cpc callus’s peripheral
region, pc parenchyma cells, mz
meristematic zone, EC embryo-
genic callus, PC primary callus.
Bars a, e=2 mm; f=0.5 mm;
b—g=0.2 mm; d, h=0.05 mm

In the somatic embryogenesis of E. guineensis by mature
fruit zygotic embryos, Balzon et al. (2013), based on his-
tological sections, also demonstrated the proliferation of a
meristem zone in the internal part of the primary callus.
The region consists of small isodiametrically shaped cells,
dense cytoplasm and large nuclei. Similar results were also
reported by Thuzar et al. (2012), who, in recloning oil palm
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plants by somatic embryogenesis via TCL, also detected a
meristem zone in the anatomical sections of primary calli,
consisting of cells with highlighted nuclei, dense cyto-
plasm, parenchyma cells and callus lining cells.

In the peripheral region of primary calli, albeit at
a low frequency (13.1%), a sort of callus with different
morphological characteristics than those in the primary
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callus was also observed. In the initial stage of develop-
ment, cell masses were characterized by a yellowish col-
oration, a slightly less aqueous aspect, compact shape and
reduced size (Fig. 3e). The anatomical sections revealed
peripheral and vacuolated cells of the primary callus
bypassing the basal region of the secondary callus which,
in turn, was composed of a compact arrangement of tiny
cells in intense cellular activity (Fig. 3f-h). However, this
secondary callus may have originated from cells of the
primary callus’s meristem zone since they are more dif-
ferentiated cells and more similar to those in the second
callus type. Within the context of the somatic embryo-
genesis of the species, de Touchet et al. (1991) also
reported the appearance of small colored nodules slightly
attached to the remainder of the beige-colored callus,
anatomically characterized as meristem aggregates, at the
periphery of the parenchymal tissue of the primary cal-
lus. However, according to Duval et al. (1995), this type
of callus is rarely evidenced in oil palms.

In their most advanced stage of development (at the end
of the induction stage), the embryogenic calli were mor-
phologically characterized as exhibiting a friable aspect,
a less watery consistency and a yellowish coloration
(Fig. 4a). The anatomical sections revealed that this type
of callus, unlike the primary callus, is entirely made up of
small isodiameter cells with dense cytoplasm, narrower cell
walls and clearly visible nuclei, i.e., meristem cells. An his-
tological analysis of the propagules also showed that some
of the cells at their edge exhibit two nucleoli in the same

Fig. 4 Morphological and
anatomical aspects of embryo-
genic calli after 240 days in
callus induction medium. a
External morphology; b—d
anatomical sections. Arrows
indicate the process of cell divi-
sion. EC embryogenic callus.
Bars a=2 mm; b=0.5 mm; c,
d=0.05 mm

nucleus, thus showing incomplete cytokinesis in the pro-
cess of cell division (Fig. 4b—d).

In the histological study of somatic embryogenesis of E.
guineensis, Schwendiman et al. (1988) showed that, simi-
lar to current study, embryogenic calli were basically com-
posed of cells with meristematic characteristics, i.e., small
isodiameter cells with dense cytoplasm, clearly visible
nuclei and narrower cell walls.

During morphological and anatomical characterization
of pro-embryogenic masses of oil palm plants, induced
from somatic embryogenesis of leaf explants, Padua et al.
(2013) reported the existence of different types of callus. In
fact, the histological sections in calli with higher embryo-
genic potential also revealed that cell masses consisted
mostly of small isodiametric cells, with dense cytoplasm,
prominent nucleoli, small intercellular spacing and high
nucleus—cytoplasm ratio, or rather, standard cell character-
istics of meristematic clusters.

Besse et al. (1992) observed in the somatic embryogen-
esis of E. guineensis the formation of a characteristically
compact, organized and nodular primary callus, and a typi-
cally embryogenic callus, characterized by friable aspect,
whitish coloration and rapid growth. However, contrary
to what has been reported in current study, the anatomi-
cal analysis of these propagules revealed small groups of
meristem cells associated to a higher number of expanded
and vacuolated cells. Moreover, the rapidly growing calli
were directly involved in the formation of mantled speci-
mens, since they maintained intensive multiplication for
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long periods. The authors suggested, as in current protocol,
that calli should not be multiplied by many subcultures to
prevent the occurrence of such anomalies.

After the induction phase of somatic embryogenesis of
immature leaves of oil palm, the primary calli obtained
were then cultured for up to 180 days in different media.
At the end of this process, a small number of primary
calli with formation of somatic embryos (approximately
5%) was observed. The somatic embryos originating from
the propagules were morphologically characterized by an
opaque aspect, whitish coloration, slightly watery consist-
ency and round shape (Fig. 5a). The anatomical sections in
these cultures revealed differentiation of somatic embryos
at an early stage of development (globular), consisting of
meristem cells, disconnected to the source explant cells
and completely bounded by a characteristic protoderm
(Fig. 5b—d).

In their study on the origin and development of embryos
of E. guineensis, obtained by somatic embryogenesis of
zygotic embryos, Kanchanapoom and Domyoas (1999)
observed that, based on the cultivation of primary calli in a
differentiated medium, somatic embryos were formed with
no connection to the maternal tissues. According to these
authors, the physical isolation of somatic embryos, demon-
strated by their interdependence with the parental tissues,
shows unicellular formation, i.e., propagules originate from
asymmetric divisions of a single meristem cell.

Similar results were obtained by Silva et al. (2014)
in a study on histodifferentiation events involved in the

Fig. 5 Morphological and
anatomical aspects of oil palm
calli with formation of somatic
embryos after 180 days in
somatic embryo differentiation
culture medium. a External
morphology; b—d anatomical
sections. PC primary callus, SE
somatic embryos, gm ground
meristem, pd protoderm.

Bars a=2 mm; b=0.5 mm;
¢=0.2 mm; d=0.05 mm

acquisition and development of somatic embryogen-
esis of oil palm via mature zygotic embryos, or rather,
the formation of somatic embryos had unicellular ori-
gin, demonstrated by the cultures” physical isolation. On
the other hand, in the somatic embryogenesis of zygotic
embryos of Euterpe oleracea, Scherwinski-Pereira et al.
(2012) observed that the formation of somatic embryos
occurred via multicellular origin. The formation of
somatic embryos of Euterpe oleracea started with the
proliferation of meristem cells from the cultures” periph-
eral region, followed by the protoderm’s differentiation
and invagination. At the end of the process, cells similar
to suspensor connected the somatic embryos to tissues of
the source explant.

In the somatic embryogenesis of B. gasipaes via zygotic
embryos, Steinmacher et al. (2011) did not register a tissue
similar to the suspensor connecting the somatic embryos
to their maternal tissues. However, they reported somatic
embryos with a broad basal area fused with the parent tis-
sue and demonstrated that the formation of the propagules
also occurred from a multicellular origin.

During this period of cultivation, whitish regions, with a
slightly translucent aspect, consisting of clusters of rounded
structures, appeared at the edge of the embryogenic callus
(Fig. 6a). The anatomical sections at this cultivation phase
revealed small cell clusters among the meristem cells of the
periphery of the embryogenic calli, indicating the onset of
somatic pro-embryos. In current analysis, the somatic pro-
embryos were shown to be individualized by an apparent
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Fig. 6 Morphological and
anatomical aspects of embryo-
genic calli with formation of
pro-embryos after 90 days in
somatic embryo differentiation
culture medium and embryo-
genic calli with formation of
somatic embryos after 180 days
in somatic embryo differen-
tiation culture medium. a, e
External morphology; b-h ana-
tomical sections. EC primary
callus, PE pro-embryos, EC
embryogenic callus, SE somatic

embryos, gm ground meristem,
pd protoderm. Bars a, e=2 mm;
f=0.5 mm; b, g=0.2 mm; c,
d=0.05 mm; h=0.05 mm

thickening of the cell wall, probably caused by the dissolu-
tion of the middle lamella (Fig. 6b—d).

These results have been corroborated by Thuzar et al.
(2012) and Angelo et al. (2013) who, in their histologi-
cal study of somatic embryogenesis of E. guineensis, also
observed the formation of somatic pro-embryos from
the physical isolation of meristematic cells derived from

embryogenic masses in the differentiation process. In their
study of morphological and anatomical aspects involved in
the development of somatic embryogenesis of P. dactylif-
era, Davoodi et al. (2002) also registered that the formation
of somatic pro-embryos occurred by the physical isolation
of meristem cells present in the propagules during the dif-
ferentiation process.
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According to Verdeil et al. (2001), the physical isolation
of meristem cells in the formation of somatic pro-embryos
may occur in different ways, such as by the thickening of
the cell wall due to the dissolution of the middle lamella,
by closing the plasmodesmata through callose deposition,
by the accumulation of phenolic and lipophilic substances
in the cell walls, and by the development of barrier cells
that separate the somatic pro-embryos from the parental
tissue. According to Moura et al. (2008), the physical iso-
lation that somatic pro-embryos acquire during the course
of the differentiation process provides meristem cells with
the required isolation to promote their morphogenic repro-
gramming and to induce the onset of their embryogenic
development.

As a result of this process, at the end of 180 days of cul-
ture in differentiation medium, the development of somatic
pro-embryos into somatic embryos occurred in almost all
the embryogenic calli cultivated. Somatic embryos origi-
nating from embryogenic calli were also morphologi-
cally characterized as exhibiting opaque aspect, whitish
coloration and a slightly watery consistency. However,
when somatic embryos originated from embryogenic calli,
the latter frequently exhibited a slightly elongated shape
(Fig. 6e). The histological sections at this stage of somatic
embryogenesis of oil palm indicated the onset of differen-
tiation of globular somatic embryos at an advanced stage of
development, characterized by meristem cells completely
bounded by a characteristic protoderm, albeit without pro-
cambium differentiation (Fig. 6f-h).

Fig. 7 Morphological and
anatomical aspects of somatic
embryos in the globular stage
after 180 days in somatic
embryo differentiation culture
medium. a External morphol-
ogy; b—d anatomical sections.
Arrow indicates cells in the
process of cell division. gm
ground meristem, pd protoderm.
Bars a=2 mm; b=0.5 mm; c,
d=0.05 mm

Results were similar to those reported by Balzon et al.
(2013) who, in a study on the somatic embryogenesis of
zygotic embryos of E. guineensis, also reported that the
outer layer of meristem cells that constituted the somatic
pro-embryos were differentiated in the protoderm, and thus
provided for the formation of somatic embryos. In the ana-
tomical analysis of callus formation and somatic embryo-
genesis of interspecific hybrids of Elaeis guineensis X E.
oleifera, carried out via mature fruit zygotic embryos,
Angelo et al. (2013) also registered a significant formation
of somatic embryos from the development of the meristem
cells that comprised the somatic pro-embryos.

After 180 days of culture in differentiation medium, the
somatic embryos were then transferred to an MS medium
free of growth regulators to complete the maturation pro-
cess and start regeneration. The somatic embryos inocu-
lated at this stage of the process exhibited, in general, an
opaque aspect, whitish coloration, a slightly watery consist-
ency and a rounded to slightly elongated shape (Fig. 7a).
The histological sections performed at this stage of devel-
opment of the somatic embryos of oil palm (globular)
revealed a well-defined protoderm, consisting of a uniseri-
ate layer of strongly united rectangular-shaped cells with
a clearly visible nucleus. The ground meristem, a region
composed of a cluster of meristem cells, some having two
nuclei and evidencing cell division, was surrounded by a
layer of cells (Fig. 7b—d).

Through anatomical sections of globular embryos of
A. aculeata originating from somatic embryogenesis of
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zygotic embryos, Moura et al. (2009) demonstrated a typi-
cal protoderm lining the mass of cells that composed the
ground meristem, even without the development of pro-
cambial strands. Such results corroborated Steinmacher
et al. (2007) in their study on the morphological and his-
tological aspects of somatic embryogenesis of B. gasipaes
via TCL technique, or rather, a characteristic protoderm
delimiting the cells of the ground meristem occurred at
this development phase of the somatic embryo. However,
contrary to what has been observed in current analysis, pro-
cambial strands dispersed in ground meristem occurred in
globular embryos of the species.

A significant quantity of torpedo-type somatic embryos
was obtained after approximately 60 days of cultivation in
an MS medium free of growth regulators. Somatic embryos
at the torpedo stage, obtained at the end of somatic embry-
ogenesis of immature leaves of oil palm, were morphologi-
cally characterized as exhibiting an opaque aspect, whitish
coloration, slightly watery consistency and conical shape
(Fig. 8a). The longitudinal sections performed during the
maturation phase of the somatic embryo revealed a proto-
derm similar to that observed in globular somatic embryos,
also composed of juxtaposed, rectangular-shaped external
cells with prominent nuclei. The ground meristem was also
reported enclosed by this casing structure, a region that, at
this stage of development, was composed of layers of dif-
ferent-sized cells, larger at the center and smaller near the
outskirts. Dispersed in the ground meristem, the onset of
differentiation of the procambial strands was also observed.
They formed narrow elongated cells with clearly visible
nuclei (Fig. 8b—d).

In the histological analysis of somatic embryogenesis
of P. dactylifera, Sané et al. (2006) reported a well-devel-
oped vascular system distributed throughout the meris-
tem in longitudinal sections obtained from torpedo-stage
somatic embryos. There were relatively well-organized
apical regions at this development stage of the date palms’
somatic embryo, unlike that observed in current study. Fur-
ther, the stem’s apical meristem was composed of a meris-
tematic region surrounded by a leaf primordium, whilst the
root’s apical meristem was composed of slightly less organ-
ized diffuse area.

Further, the morphological and anatomical profile of
torpedo-stage somatic embryos was compared to the pro-
file of zygotic embryos extracted from ripe fruit to bet-
ter understand the quality of somatic embryogenesis of
oil palm from leaf explants. Morphologically, the mature
fruit’s zygotic embryos were characterized by an elongated
shape, yellowish coloration at the apical section, whit-
ish coloration at the basal part and a slightly translucent
appearance (Fig. 8e). The longitudinal sections of mature
zygotic embryos, as observed in somatic torpedo-stage
embryos, also revealed a protoderm formed by external

rectangular-shaped cells, juxtaposed, with prominent
nuclei, delimiting the ground meristem, a region also con-
sisting of several layers of cells with clearly visible nuclei
and larger diameter, in which procambial strands, com-
posed of narrow cells with an elongated shape and clearly
visible nuclei could be observed (Fig. 8f-h).

Based on anatomical sections of zygotic embryos of E.
guineensis extracted from mature fruits, Kanchanapoom
and Domyoas (1999) stated that at this developmental
stage, the zygotic embryos of oil palm are composed of
three meristem tissues: the fundamental meristem, which
is the precursor of parenchyma, collenchyma and scleren-
chyma; the procambium, which is the precursor of vascular
tissues (xylem and phloem); and the protoderm, which is
the precursor of the epidermis. Results are similar to those
reported by Silva et al. (2014), who also detected three
different cell types in histological sections of mature fruit
zygotic embryos of E. guineensis: fundamental meristem
cells, procambium meristem cells and protoderm meris-
tem cells. Results demonstrate major morphological and
anatomical similarity that torpedo-stage somatic embryos,
originating from somatic embryogenesis of immature
leaves of oil palm, have with the species’s mature fruit
zygotic embryos.

In their anatomical and histochemical analysis of
somatic and zygotic embryogenesis of A. aculeata, Moura
et al. (2010) reported similarities between the torpedo-stage
somatic embryos and mature zygotic embryos, although
they detected a greater number of vacuolated cells, a lesser
degree of differentiation of meristem tips and tissues, a
shortage of amyloplasts, and the absence of proteins and
lipids as reserve compounds. Sané et al. (2006) reported
that in species of the Arecaceae family, somatic embryos
generally differ from zygotic embryos merely by not exhib-
iting the accumulation of proteins and lipids as reserve
compounds.

It has thus been demonstrated that the established pro-
tocol for micropropagation of oil palm did not result in
the appearance of morphological and anatomical anoma-
lies in the propagated cultures. Rather, several plants with
normal growth and development were regenerated. The
above results differ from those by Habib et al. (2012),
who reported that large-scale somatic embryogenesis of
E. guineensis was, in some cases, impaired by the regen-
eration of plantlets with abnormal development. However,
most leaves in these plants were missing due to a partial
necrosis of the leaf blades. There was still a process of
atrophied growth in these specimens, also caused by sev-
eral other histological and structural deficiencies (Habib
et al. 2015). According to Moyo et al. (2015), mass micro-
propagation could still lead to the appearance of other
undesirable morphological and anatomical features, such
as deficiency in the production of pigments and waxes,
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Fig. 8 Morphological and
anatomical aspects of a somatic
embryo in torpedo stage after
60 days in MS medium free of
growth regulators (a—d), and
of a mature zygotic embryo
(e-h). a—e External morphol-
ogy; b—h longitudinal sec-
tions. gm ground meristem, pc
procambium, pd protoderm.
Bars a—e=2 mm, b-f=0.5 mm;
c~h=0.05 mm

alterations in stomatal formation, water accumulation in
the apoplast, reduction of the sustentation capacity and low
vascularization.

During the somatic embryogenesis of the oil palm’s
immature leaves, the emergence of cell mass occurred after
60 days of cultivation by cell proliferation associated with

@ Springer

vascular bundles of the initial explants. Based on this pro-
cess, two different types of calli are formed, primary and
embryogenic, consisting partially and totally of meris-
tematic cell clusters, respectively. After 420 days of culti-
vation (including multiplication steps), these propagules
form somatic embryos with no connection to the source
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tissues, initially composed (globular stage) of a very char-
acteristic protoderm and ground meristem. When the cul-
tures mature (torpedo stage) after 480 days of cultivation,
procambial strands are also observed, a structural feature
also seen in mature zygotic embryos. The above results pro-
vide an in-depth understanding of somatic embryogenesis
of immature leaves of oil palm. They also demonstrate that
the above methodology actually provides mature somatic
embryos suitable for plant regeneration.

Further, current analysis develops morphological mark-
ers at different stages of development obtained during
the process. It is thus possible to select more efficiently
the immature leaves that will be used as initial explants,
increasing the callus formation rates and reducing the dam-
ages caused in the matrices during the collection of tissues.
Through such markers, calli with high embryogenic com-
petence may be chosen more accurately in the establish-
ment of suspension cell cultures, which may significantly
increase the productivity of the somatic embryogenesis
protocol. Finally, results may also be used to define the best
period for the transfer of the materials to the subsequent
stages for a more efficient process.
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