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Abstract

The demand for nutraceutical foods and vegetable oils has promoted the
development of the palm tree agroindustrial chain in the world. The production of
acai and coconut is rapidly expanding. On the other hand, macaw palm and oil palm
have fruits with a high oil content, a characteristic that makes them potential species
for use in the food, cosmetics, and oleochemical industries, as well as for the produc-
tion of biofuels. Palm trees are traditionally propagated by seeds, and the impossibil-
ity of cloning high-performance genotypes by conventional propagation methods
makes it difficult to expand their cultivation. However, biotechnological tools such
as somatic embryogenesis have recently been established, allowing the cloning of
superior genotypes and accelerating the domestication and sustainable development
of some palm tree production chains. In this chapter, we address recent advances
and challenges in the in vitro propagation and conservation of five palm tree species:
Acrocomia aculeata (macaw palm), Cocos nucifera (coconut palm), Elaeis guineensis
(oil palm), and Euterpe oleracea and E. edulis (agai palm). We believe this chapter
will contribute to understanding their domestication panorama and support studies
on developing and optimizing propagation systems for these and other palm trees of
agroindustrial interest.
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1. Introduction

Palms (Arecaceae) are among the main monocots in the world and comprise the
most abundant vascular plants in the tropics [1]. The Arecaceae family is predomi-
nantly distributed across the Neotropics [2], encompassing 200 genera and 2500
species recognized worldwide [3]. South America is the main center of diversification
of Arecaceae (palm trees), and species from this group can be found in almost all
neotropical biomes [2].

Palm trees comprise key forest structure and functionality components in
tropical ecosystems [4], exhibiting great ecological and socioeconomic relevance
[5]. Indeed, their flowers and fruits encompass fundamental resources for pol-
linators and fruit-eating animal species [6]. Some palm species also have high
economic and social value. Indigenous or traditional communities and agroindus-
trial industries exploit many of them for various purposes. Among their repre-
sentatives, species from the genera Acrocomia, Cocos, Elaeis, Euterpe, and Syagrus
attract attention due to their potential use. Their fruits and seeds are sources of
oils, fibers, starch, carbohydrates, proteins, and functional biomolecules— raw
materials for the most varied industrial sectors. In addition, solid waste from the
destruction of raw materials can have equally or even more noble applications,
adding value to production and making the production chain more sustainable
[7]. However, while coconut (Cocos nucifera L.) and oil palm (Elaeis guineensis
Jacq.) are recognized as agricultural commodities, other important palm species
can be considered neglected or underutilized crops since the current exploitation
model is based on inefficient extractivism, which may threaten biodiversity, as it
can exhaust natural matrices and lead to uneven production, requiring efforts to
form a sustainable chain.

Palm tree propagation is mainly carried out via seed [8]. Most palm trees have a
single trunk, devoid of axillary buds along their stems or any specialized structure,
which limits the use of conventional vegetative propagation methods for cloning and
multiplication of high-performance genotypes. However, biotechnological tools such
as somatic embryogenesis have recently been established, allowing iz vitro cloning of
superior genotypes and accelerating domestication and sustainable development of
some palm tree production chains [9]. Somatic embryogenesis is one of the biotech-
nological tools used to achieve large-scale clonal propagation. This technique is based
on the principle of cellular totipotentiality, in which somatic embryos are obtained
from a plant explant (cell or any fragment of living tissue or organ), cultivated in an
aseptic environment and in a nutrient medium under controlled temperature and
light conditions, which, after germination, will give rise to new plants identical to the
mother plant [10].

In this chapter, we address recent advances and challenges in the iz vitro propaga-
tion of three nutraceuticals [Cocos nucifera (coconut palm), Euterpe oleracea, and
E. edulis (agai palm)] and two oilseeds [Elaeis guineensis (oil palm) and Acrocomia
aculeata (macaw palm)]. Here, nutraceutical palms refer to species in this group
whose fruits have health benefits, such as improving physiological performance and/
or effectiveness in treating diseases. In contrast, oilseed palms are recognized espe-
cially for their high vegetable oil production. We believe this report will contribute
to understanding their domestication panorama and support studies on developing
and optimizing propagation systems for these and other palm trees of agroindustrial
Interest.
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2. Nutraceutical palms
2.1 Cocos nucifera (L.)

Cocos nucifera (L.) is a monotypic species widely recognized and considered one
of the most economically important palms in the world. It stands out for the com-
prehensive utilization of all its parts, mainly for its nutritional and medicinal values
[11]. Although the exact origin of the coconut remains debated, evidence suggests
that it may have originated in the tropical regions of Southeast Asia, possibly along
the coasts of India and Indonesia [12, 13]. Often referred to as the “tree of life,” the
coconut palm is among the most valued palm crops globally, cultivated on 12 million
hectares across more than 90 tropical and subtropical countries [14].

The coconut (C. nucifera) is the only genus Cocos member within the Arecaceae
family [15]. It is a typical palm with a solitary, erect, or slightly curved stem, reaching
up to 30 m in height and 20-35 cm in diameter, with irregular rings (Figure 1a). The
leaves are pinnate, with 25-30 leaves present simultaneously, measuring 3-6 m long,
and bearing 100-150 pinnae per side, arranged in the same plane. Inflorescences are
interfoliar, with rachillae and a woody bract. The flowers are unisexual and may occur
in triads, dyads, or singly, with pistillate flowers at the basal portion and staminate
flowers in the apical portion. The fruit is large, oval to ellipsoidal (20-30 cm x
12-20 c¢m), with a thin epicarp, fibrous mesocarp, and woody endocarp; the endo-
sperm is initially liquid, later becoming hardened and white [11].

There are three main varieties of coconut palms: the tall coconut (C. nucifera
var. typica), the dwarf coconut (C. nucifera var. nana), and the hybrid coconut (C.
nucifera var. aurantiaca). The tall coconut is notable for its robust stems, which can
reach up to 30 meters in height, making it ideal for industrial use, such as copra and
oil production. Conversely, the dwarf coconut typically does not exceed 10 meters
in height and flowers earlier, which is more suitable for fresh consumption, such as
coconut water. The hybrid coconut exhibits intermediate characteristics between
these two varieties.

In 2019, the global coconut market moved approximately US$ 13 billion, and
projections indicate that this value could reach more than US$ 31 billion by the end
of 2026, with a Compound Annual Growth Rate (CAGR) of 13.6% [16]. Brazil is

Figure 1.

Somatic embryogenesis in coconut palm (Cocos nucifera L.). (a) Coconut palm, a plant of economic importance.
(b) Embryogenic callus obtained by somatic embryogenesis from leaf explants (white arrows). (c) Embryogenic
callus formed from inflovescence explants (black arrows). Scale bars, a = 150 pym; b = 1 cm.
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the fifth-largest coconut producer globally, with a 4.5% market share [17]. In 2023,
Brazil produced 1,932,282 fruits, with a harvested area of 186,712 hectares and an
average yield of 10,349 fruits/ha (2023) [18]. Advanced cultivation technologies, such
as proper management of coconut plantations, intensive production systems, and
improved varieties, such as dwarf and hybrid coconut trees, drive increased produc-
tivity and expand cultivation worldwide [19].

There is a wide variety of coconut-derived products that drive the global market
and offer a range of uses for humanity, such as coconut water, coconut milk, grated
coconut, coconut fiber, wood, coconut flour, coconut sugar, coconut powder, copra,
shell, or pulp. Coconut fiber can make rugs, brushes, ropes, and threads. Its wood
can be used for building houses and furniture. Fuel and charcoal can be produced
from coconut shells, and even the leaves are utilized, being used for the production of
brooms, baskets, and roof coverings. The high demand for this crop is mainly due to
the beneficial properties of coconut, discovered through research conducted primar-
ily by its most prominent producers, including Indonesia, the Philippines, India, and
Brazil [20, 21].

2.1.1 Biotechnological tools for multiplication of Cocos nucifera (L.)
2.1.1.1 Somatic embryogenesis

The scarcity of suitable seedlings, extreme weather events, biotic and abiotic
stresses, and low productivity caused by plant aging are the main problems coconut
cultivation faces [22]. In this context, biotechnological techniques such as somatic
embryogenesis are essential for propagating this species and its elite varieties.

Initial studies on somatic embryogenesis in C. nucifera used a variety of explants,
each demonstrating the unique potential for embryogenic callus formation and
plant regeneration. Among them, rachillae from immature inflorescences showed
promising results, although they initially presented efficiency and reproducibility
problems [23]. Plumules stood out as highly responsive explants, achieving higher
callus and somatic embryo formation rates than rachillae [24]. Other explants tested
include zygotic embryos, which presented better results when immature, with up
to 58% embryogenic callus formation [25], in addition to unfertilized anthers and
ovaries, both producing viable somatic embryos under optimized culture condi-
tions [26, 27]. Other important studies on somatic embryogenesis in coconut
are highlighted in Table 1.

Research is underway to obtain somatic embryos in coconut palms using explants
from leaves and inflorescences. In the experiments performed, it was possible to
observe the formation of embryogenic calluses from leaf explants, indicating the
potential for clonal propagation of elite coconut plants (Figure 1b). In addition,
embryogenic calluses from inflorescence explants were also obtained, reinforcing the
viability of this approach (Figure 1c).

2.1.1.2 De novo shoot organogenesis

De novo shoot organogenesis is considered one of the alternative routes for in vitro
clonal propagation of coconut, with direct organogenesis considered safe since callus
formation can lead to the emergence of undesired somaclonal variations [22]. Recent
studies conducted with shoot apices from germinated seeds, with sizes between 5
and 10 mm, cultivated in Y3 culture medium supplemented with 1 pM of TDZ [34]
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Phase Explant Culture medium Response References
Induction Plumule Y3-5 pM BAP and 600 uM 56.7% from [28]
2,4-D embryogenic callus
originating from
juvenile fruits/embryos
Induction Plumule Y3 modified - 600 pM and Compact callus, [29]
6 M 2,4-D somatic embryos and
plantlets
Induction Haustorium Y3-0,3 pM de 61% somatic embryos [30]
tissues 2,4-D + 150 ml L™ of coconut
water
Induction Inflorescences Y3-300 pM de Improvements in [31]
2,4-D + calcium ionophore the proliferation of
(A23187), 22(S) and embryogenic callus
23(S)-homobrassinolide
Induction Inflorescences Y3-4,54 uM 2,4-D 92% embryogenic [32]
callus
Induction Zigotic Y3-100 to 250 pM of 16.7-100% [33]
embryos 2,4D + GA3, BAPand TDZ (embryogenic callus)
1 and 16.7-83.3%
Induction of multi-buds - (embryos) - 100%
kinetin, BAP and NAA survival in seedling
acclimatization
Induction Ovary BM72-100 puM of 41% embryogenic [26]
2,4-D +5pM of ABA and callus
10 uM of AgNO;
Induction Anthers Y3-100 pM of 2,4-D and Formation of 123 [27]
100 pM of NAA calluses or embryos per
100 anthers
Induction Plumule Y3-100 pM of 2,4-D 57% of plumules [24]

formed callus

Note: Y3, Eeuwen’s medium; BM72, Karunaratne and Periyapperuma medium; BAB, Benzylaminopurine; 2,4-D,
2,4-Dichlorophenoxyacetic Acid; GAs, Gibberellic Acid; TDZ, Thidiazuron; NAA, 1-Naphthaleneacetic Acid; ABA,

Abscisic Acid; AgNOs, Silver Nitrate.

Table 1.

Studies on somatic embryogenesis in Cocos nucifera.

or 200 pM of TDZ [35], have shown promise as explants for large-scale production of
elite coconut plantlets.

In a recent study conducted by Neema et al. [36], the electric current was
employed in coconut calluses derived from plumules to induce a higher multiplication
rate. In their study, the continuous application of weak electric current in the range of
1and 2 pA induces a higher multiplication rate of the calluses, which can be used for
plantlet propagation through somatic embryos (SE) or iz vitro organogenesis.

2.1.2 Conservation

The genetic heritage of the coconut faces significant threats, and due to its great
importance, ex situ conservation methods are necessary. Ex situ conservation occurs
when genetic material is removed from its habitat, protecting it from pests and
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diseases. Cryopreservation and in vitro cultivation are used among the ex situ conser-
vation methods. Coconut seeds are recalcitrant [37], which makes ex situ conservation
the most efficient and safe conservation method [38].

Cryopreservation is a method that enables the ex situ conservation of plant mate-
rial for an indefinite period [39]. In coconut, cryopreservation studies have been
successfully carried out using different types of explants, such as mature zygotic
embryos [40, 41], pollen [42], plumules [43], and embryogenic calluses [44].
Furthermore, in studies conducted by Sisunandar et al. [45] and Sajini et al. [46] with
zygotic embryos, plants regenerated after cryopreservation showed stable genetic,
morphological, and cytological characteristics, which is one of the great advantages
of this conservation method [39].

2.2 Euterpe edulis Martius

Euterpe edulis Martius, popularly known as jugara palm, is a native species to the
Brazilian Atlantic Forest (Figure 2a) [47]. It is a key species within the forest eco-
system, as its fruiting powerfully attracts fauna. The species was the main palm tree
producing palm hearts in this ecosystem, which made it the target of intense explora-
tion from the 1960s, suffering a drastic reduction in its natural population since the
extraction of its heart of palm (apical meristem) led to the death of the plant [48, 49],
and its inclusion in the list of endangered species [50]. Currently, the species is also
subject to the increasing effects of extractivism demanded by the pulp of its fruits,
used locally as a substitute for agai (Figure 2b) [51, 52].

2.2.1 Biotechnological tools for multiplication of Euterpe edulis Mart

Euterpe edulis reproduces exclusively by seeds. It does not have a natural vegetative
propagation system (tillers or shoots) and does not respond to conventional vegeta-
tive propagation methods [51]. As an aggravating factor, its seeds have strong recal-
citrance, with slow and irregular germination [53]. Over the past few years, several
studies have been carried out seeking the development of propagation protocols that
can provide high-quality and uniform seedlings in large quantities [54].

Somatic embryogenesis in E. edulis was first reported by [55]. Subsequently, the
same authors carried out new studies indicating somatic embryogenesis as the most
suitable method for in vitro regeneration of the jugara palm [56, 57]. Commonly
used explants for this species include inflorescences, zygotic embryos, and leaves. In
addition, juvenile explants have demonstrated more excellent responsiveness than
those derived from adult tissues (Figure 2c) [55, 56]. Those authors used NAA and
2,4-D in 5-50 mg L™ and 2iP in 3-10 mg L' concentrations to induce embryogenic
calluses (Figure 2d). Somatic embryos in globular stages appeared after 80-200 days
of inoculation. They were transferred to rooting media after the bipolar embryos
detached from the matrix tissue, the stage at which the primary root begins to form.
Plantlets’ progression and formation occur with this material’s transfer to a basic
culture medium without plant growth regulators. The authors emphasize that somatic
embryogenesis in this species occurs synchronously, allowing the visualization of all
stages of embryogenesis on the same matrix tissue (Table 2).

Direct somatic embryogenesis protocol was subsequently determined using
three types of explants: zygotic embryos (from mature and immature seeds), inflo-
rescences of the adult plant, and leaves of seedlings grown in vitro [56]. The basal
medium consisted of Euwens salts [62, 63] and vitamins, according to Morel and
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Figure 2.

Somatic embryogenesis in Euterpe edulis Mart. (a) In situ plant. (b) Fruits of the species are used for pulp
extraction and have various applications in the industry. (c) Juvenile explants obtained from leaf primordia.
(d) Embryogenic callus formed in leaf explants. Scale bars, ¢ = 1 cm; d = 200 um.

Wetmore [64], and the plant growth regulators used were 2,4-D, NAA, and 2iP. The
results obtained from zygotic embryos were satisfactory at high concentrations of
2,4-D (50-100 mg L™). The somatic embryos were converted into plantlets after
being transferred to a medium with sucrose and mineral salts reduced to half the
strength of the basal medium. Embryogenesis was slower in mature embryos, taking
90 days after the cultures started, compared to 30 days in immature embryos. The
inflorescences and young leaves were initially cultured in liquid medium before being
transferred to the gelled medium. Embryogenesis in the inflorescences was induced
with the addition of 2,4-D (50 mg L1 and 2iP (3.0 mg L™Y), while in the leaves, the
authors obtained satisfactory results with 10-20 mg L1 2,4-D. The embryos that
originated from these explants reached bipolar stages in a medium supplemented
with 2iP (2.5 mg L™") and NAA (0.1 mg L™). The explants of zygotic embryos and
inflorescences proved more appropriate for the induction of somatic embryogenesis
in the species, especially those originating from immature tissues [65]. Structural
analyses revealed that the embryogenic process in immature zygotic embryos origi-
nates from protodermal cells, while in mature embryos, it is formed from subepider-
mal cell clusters. In leaves, the division centers occurred adjacent to vascular bundles
(Table 2) [66].
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Phase Explant Culture medium Response References
Induction Zygotic Y3 + NAA, 2,4-D Emergence of somatic [55]
embryos and and 2iP medium embryos in the globular
inflorescences stage between 80 and
150 days
Induction Zygotic embryos Y3 +2,4-D, NAA Satisfactory results at [56]
and 2iP medium high levels of 2,4-D
50-100 mg L™
Inflorescences Y3 +2,4-D, NAA Embryogenesis was
and 2iP medium induced with the
addition of 2,4-D at
50 mg L'and2iPat
3.0mgL™
Leaves of Y3 +2,4-D, NAA Satisfactory results with
seedlings grown and 2iP medium 2,4-D between 10 and
in vitro 20 mg Lt
Induction Zygotic embryos Addition of Addition of calcium [58]
CaCLH,0 to reduces the proliferation
MS +2iPand 2,4-D of embryogenic
medium structures
Induction Zygotic embryos MS medium +2,4-D Satisfactory results [59]
or picloram with 2,4-D at 125, 150
and 175 pmol L™ and
picloram at 250, 275 and
300 pmol L
Multiplication Embryogenic MS + 2iP and NAA 125 pmol of NAA proved
callus medium to be more effective
Germination Somatic MS + GA3 and BAP More effective results
embryos medium with BAP and GA;
without auxin pulses
Induction Zygotic embryos Semi-solid MS Greater efficacy of [60]
medium +2,4-D, picloram at 150 pM and
picloram, triclopyr tricoplyr at 100 uM
and clopyralid
Maturation and Zygotic embyos MS + ABA medium 5 pm of ABA provided
germination satisfactory results
Differentiation Zygotic embryos Polyamines, 150 pM spermidine [61]
and maturation from immature spermidine caused an effective

fruits

and spermine
in different
concentrations

stimulus in the
differentiation of
embryogenic callus

Note: Y3, Euwens medium; NAA, 1-Naphthaleneacetic Acid; 2,4-D, 2,4- dichlovophenoxyacetic acid; 2iD,
Isopentenyladenine; CaCI2H20, calcium chloride dihydrate; MS, Murashige ¢ Skoog medium; GA3, gibberellic acid;
BAP, benzylaminopurine; ABA, abscisic acid.

Table 2.
Studies on somatic embryogenesis in Euterpe edulis.

The addition of calcium to the induction medium was tested by Saldanha and
Martins-Corder [58]. The results showed that increasing the concentration of CaCl,
H,0 in the culture medium reduced the average number of somatic embryos in
150-day-old palm seedlings. The MS medium supplemented with 2iP (3 mg L ™) and
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2,4-D (100 mg L") without extra levels of Ca induced a more significant proliferation
of embryogenic structures (Table 2).

Recently, a microscopy study evaluated the quality of the embryogenic calluses
obtained in induction media supplemented with 25-300 pmol L1 2,4-D or picloram
[59]. Scanning electron microscopy analyses of somatic embryos obtained after
100 days of culture with 50-275 pmol L™ 2,4-D revealed tissues with embryogenic
and non-embryogenic masses. Some calluses presented a compact and smooth surface
formed by elongated cells without evidence of proembryo formation. Only the callus
induced with 175 pmol L™ 2,4-D presented protuberances on the surface, indicating
the formation of pre-embryogenic complexes. Anatomical sections of callus cultured
in the 2,4-D induction medium revealed the presence of meristematic zones formed
by groups of meristematic cells and embryogenic zones. Interestingly, recent results
also demonstrated greater efficacy of picloram (150 pM) and triclopyr (100 uM) to
induce somatic embryogenesis in E. edulis [60]. In this study, the maturation and
germination of somatic embryos occurred in a medium supplemented with 5 pM
ABA. Picloram and triclopyr have similar chemical structures, presenting equivalent
biological activity; therefore, plantlets treated with triclopyr obtained normal forma-
tion and acclimation (Table 2).

The impact of polyamines, spermidine, and spermine on the differentiation of
embryogenic tissues and the maturation of somatic embryos of E. edulis was also
evaluated [61]. It was observed that 150 pM spermidine caused an effective stimulus
in the embryogenic callus differentiation, facilitating the formation of several zones
for the development of somatic embryos and inducing vigorous cell division. More
than 80% of the somatic embryos formed at 150 pM spermidine were regenerated
into normal plantlets (Table 2).

Thus, we conclude that studies of somatic embryogenesis in Euterpe edulis have
used zygotic embryos as a source of explants, the only possible source to obtain com-
plete regeneration of plantlets. From zygotic embryos, it is possible to establish large-
scale production of plants with high genetic quality, obtained from crosses between
superior genotypes. However, the cloning of superior genotypes from somatic tissues
of these matrices is still far from being a reality for the species.

2.3 Euterpe oleraceae Martius

Euterpe oleraceae Martius is commonly known as agaf [67]. It is native to Central
America and the Amazon region of northern South America [68]. In Brazil, it occurs
spontaneously in the states of Amazonas, Maranhdo, Amapa, and Pard [69]. The spe-
cies stands out for the cultural, environmental, medicinal, nutritional, and antioxi-
dant value of its fruits [70-76].

The agai is a palm tree with drupe-type fruit that is small, globose, and purple or
dull green when ripe. It has a recalcitrant seed and a hard endocarp (Figure 3a, b)
[77-79]. The palm is multi-stemmed (up to 25 stems per clump) with fasciculated
and dense roots, which allow it to inhabit predominantly igap6 and vdrzea forests
[68, 69]. It has 10-12 pinnate leaves and reaches up to 30 m in height with a diameter
of 12-18 cm (Figure 3c-e) [68]. At 3.5-4 years, it begins to flower. The racemose
inflorescence (spadix) has small, unisexual, and sessile flowers. On the rachis, the
flowers are arranged in triads, with one female flower flanked by two male flowers,
and at the terminal part, only male flowers [69].

Acai is one of the main sources of raw materials for the palm heart agroindustry.
However, research institutions holding germplasm of the species are focusing on
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Figure 3.

Etgcerpe oleracea Mart. Pre-germinated seeds: (a) with mesocarpic fibers; (b) core stone after removing the
external fibers; (c), (d) acclimatized seedlings with 76 days showing leaves with characteristic patterns in the
greenhouse; (e) palms, inloco, at the Federal University of Vigosa (UFV) orchard, Brazil (note the tillering).
Bifid leaf (bl), eophyll (eo), primary roots (pr), and seminal roots (sv). Scale bars: a-d = 1 cm.

fruit agribusiness [80, 81]. In Brazil, the state of Pard leads national production with
1.7 million tons, representing 90.4% of the national production [82]. Likewise, Para
is considered the nation’s largest producer of agai fruit (66%). The United States

has become the leading importer and processor of agai-based products, followed by
Australia, Japan, and European Union countries (Germany, Belgium, Portugal, and
France) [83].

2.3.1 Biotechnological tools for multiplication of Euterpe oleracea Mart
2.3.1.1 Somatic embryogenesis

Acai can be propagated via seeds (sexual propagation) and tillering (asexual
propagation). However, due to plants’ low production and survival rates via tillering,
commercial-scale seedling production is limited to sexual propagation [84, 85]. At
the same time, the recalcitrance of seeds makes it challenging to store them for long
periods, in addition to presenting slow and uneven germination [84].

In this context, in vitro regeneration techniques, especially somatic embryo-
genesis, are seen as a promising alternative to the clonal propagation of acai [86].
However, somatic embryogenesis is a complex, multifactorial, and multistep tech-
nique involving cell dedifferentiation, cell division activation, and reorganization of
physiology, metabolism, and gene expression patterns [87-89]. Somatic embryogen-
esis protocols in palm trees are scarce, and few reach mass scale [90]. Thus, selecting
the type and development stage of explants to be used iz vitro agai regeneration
protocols becomes essential for the success and deepening of knowledge about the
two most critical aspects of palm morphogenesis: callus initiation and induction of
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somatic embryogenesis. The explant type and its development stage are probably the
most critical factors in determining the embryogenic capacity of a culture [91].

Zygotic embryos have advantages, such as high responsiveness to in vitro culture,
presumably because they still express many embryogenesis-related genes [92]. They
are also generally pathogen-free and abundant in many species, making them easy to
harvest with minimal damage to the mother plant [86]. Studies on somatic embryo-
genesis from zygotic embryos as an initial explant source have been conducted in agai
(Table 3) [75, 76]. However, zygotic embryo regeneration protocols have the disad-
vantage of unpredictability, like the regenerants [94], due to cross-pollination.

Immature inflorescences have been studied as potential explants for palm due
to the high embryogenic capacity of the callus they produce [95], as well as the
additional advantages of low fungal and bacterial contamination [96, 97], minimal
damage to the mother plant during harvest [94], and abundant inflorescence produc-
tion in many species. Similarly, immature leaves are seen as potential explants to be
used in the initiation of the technique, mainly because, like inflorescences, they allow
the cloning of phenotyped individuals in the field without the influence of genetic
material segregation after cross-fertilization [86].

Protocols for obtaining somatic embryos from immature leaves and inflorescences
of acaf have been developed at the Plant Tissue Culture Laboratory of the Federal
University of Vigosa (UFV) in Brazil. However, the protocols are still under evalua-
tion (unpublished data) (Figure 4).

2.3.1.2 De novo shoot organogenesis

Regeneration in palms through de novo shoot organogenesis has been considered
relatively low and irregular compared to other monocots [98]. Acai embryos inocu-
lated in semi-solid MS induction medium [99], with 30 g L™" of sucrose, 1.5g L™
of activated charcoal (AC), MW vitamins [64], and 100 mg L'of2,4-D, produced
callus. However, the plantlets did not regenerate [100].

2.3.2 Genetic breeding and conservation

Acal cultivars were developed by the Brazilian Agricultural Research Corporation
(Embrapa) to increase the supply of fruit to the market. Traditionally, acai grows in
flooded areas. However, in 2005, through a genetic breeding program based on phe-
notypic selection from its germplasm bank, Embrapa Western Amazonia (Belém, PA,
Brazil) developed a cultivar ‘BRS-Pard, suitable for growing on stable land, as a result
of which the production system of this plant has now been modified, making it easier
and more productive than the traditional system [101]. The release of this cultivar
was key to the establishment of more productive crops, as the first agai plantations in
upland areas were carried out amateurishly, using seeds of unknown genetic origin
from acaf harvesters, resulting in plantations with heterogeneous productivity and
fruit qualities [102].

To address another challenge in agaf fruit production, which is production season-
ality, researchers from Embrapa Western Amazonia (Belém, PA, Brazil) developed
the BRS Pai D¥égua cultivar in 2019. The breeders selected native acai species pro-
duced in the off-season and, through crossbreeding, aimed to create genetic material
capable of producing year-round. In addition to this characteristic, the researchers
selected species with higher productivity and pulp yield. Thus, tests were conducted
under different cultivation conditions to ensure the stability and adaptation of the
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Phase Explant Culture medium Response References
Induction MS supplemented with 80% and 61% of the
0.6% agar, 0.25% activated explants subjected
charcoal, 3% sucrose, to concentrations of
500 mg/L hydrolyzed 339.36 and 454.48 uM,,
casein, 339.36 and respectively, showed
454.48 pM of 2,4-D yellowish embryogenic
callus
Multiplication Mature MS supplemented with The embryogenic [75]
zygotic 0.6% agar, 2% sucrose, calluses from the
embryos 0.537 uM of NAA and treatment with
1230 M of 2iP 33936 M of 2,4-D
progressed to SEs,
while the others oxidize
Regeneration MS supplemented with 97% of the
0.6% agar and 1% sucrose embryogenic callus
in the absence of growth from the treatment
regulators with 339.36 uM of
2,4-D progressed to
somatic embryos
Induction MS supplemented with30g  72% of the
sucrose, 1.5 g of activated explants presenting
charcoal, 6 g agar, 225 uM embryogenic calluses
of PIC, dark conditions formation
Differentiation/ Immature MS supplemented with 100% of the explants [76]
Maturation zygotic 0.537 tM NAA and 12.3 yM that exhibited
embryos 2ip with subcultures at embryogenic calluses
4-week intervals formation in the
induction phase
differentiated into SEs
Conversion 1/2MS supplemented Plants were successfully
with 20 g sucrose, 2.5 g of regenerated from SE
activated charcoal and light and acclimatized
conditions
Induction MS supplemented 84% of the explants
with 30 g/L sucrose, showed embryogenic
2.5 g/L Phytagel, 2.5 g/L calluses with a nodular
activated charcoal, appearance and
0.5 g/L L-glutamine and yellowish coloration
450 uM PIC
Multiplication Immature MS supplemented with 100% of the [93]
and mature 12.3 pM 2iP, 0.6 pM NAA explants that formed
zygotic and 300 mg/L of activated embryogenic calluses
embryos charcoal developed globular
and compact somatic
embryos
Regeneration MS supplemented with The highest conversion

1.0 pM of BAP, 0.5 pM
of GA3

rate of SEs into plants
was 58.7%

Note: NAA, 1-Naphthaleneacetic Acid; MS, Murashige & Skoog; 2,4D, 2,4-dichlovophenoxyacetic acid; 2ip,
2-isopentenyladenine; PIC, Picloram; BAB, N6-benzylaminopurine; GA3, gibberellic acid SEs, somatic embryos.

Table 3.

Studies on somatic embryogenesis in Euterpe oleracea Mart.
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Figure 4.

Somatic embryogenesis in agai (Euterpe oleracea Mart.) (a) Immature leaf explant obtained from palm
offshoot; (b) primary callus development on the leaf margin in induction medium after 60 days; (c)
polyembryonic mass in differentiation medium; (d) conversion of somatic embryos in regenevation medium; (e)
E. oleracea seedlings regenerated from somatic embryos; and (f) shoot and root system of the regenerated seedlings
ready for acclimatization. Scale bar: a-d = 0.3 cm; e-f = 2 cm.

cultivar, as the traditional agai production area is usually in floodplain regions [103].
Examples such as these are necessary for understanding the importance of further
studies on the species, given that the acai palm has strong production potential and is
a valuable resource for creating derivatives.

3. Oilseed palms
3.1 Acrocomia aculeata

Macauba (Acrocomia aculeata) is a native palm to the tropics and subtropics, with
occurrences in areas with high to medium precipitation and high solar irradiation in
America, such as Brazil, Mexico, Colombia, Argentina, Bolivia, Paraguay, Venezuela,
Suriname, French Guiana, and the Antilles [104]. This evergreen, heliophilous, and
pioneering species can form extensive oligarchic populations, mainly occupying
anthropized areas in different biomes of the American continent. The plants of this
genus are generally arboreal, robust, and tall [105, 106]. Its remarkable resilience
and resistance to water scarcity, easy adaptation to different climates, lower environ-
mental impact, and versatility of uses make it an up-and-coming crop compared to
palm oil, the world’s primary source of vegetable oil [107]. Furthermore, macauba fits
integrated cultivation systems, such as the Crop-Livestock-Forest Integration, which
renders slow carbon emissions, representing a more sustainable alternative to con-
ventional oilseed growing [107]. Commercial exploitation and plantation of macauba
are still in their early stages, as previously reported. The existing value chains rely on
fruits from natural populations gathered by smallholder farmers. The fruits are sup-
plied to local small-scale oil extraction facilities, primarily driven to niche markets, or
processed on-farm by local communities for their own consumption and short-chain
market [108, 109].
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Macauba is a palm tree with many attributes that have been exploited since the
eighteenth century [110]. However, despite the tremendous economic potential of
the species, exploitation of macauba was restricted to extractivism until 2007. One
of the reasons the species had not yet been cultivated was its complex propagation,
which was considered the bottleneck for the development of palm plantations until
then [111]. It was only in 2007, with the development of technology for the production
of pre-germinated macauba seeds [112], that seed propagation, the natural form of
propagation of the species, could be applied in the large-scale production of macauba
seedlings, allowing the beginning of agricultural exploitation of the species.

3.1.1 Seminiferous propagation

Macauba is described in the literature as one of the most challenging palm spe-
cies to germinate [113]. This species’ natural germination of seeds is generally slow
and uneven, taking up to 4 years and rarely resulting in germination rates above 7%
[111, 114]. This is due to the deep dormancy, the inherent characteristic of the seeds
of palm species of the genus Acrocomia [115, 116]. The first method for overcoming
the dormancy of macauba seeds was developed by [112]. The process described by
the authors enabled the rapid and efficient germination of macauba seeds and the
regularization of seedling production, which allowed the cultivation of macauba
inside and outside its natural environment.

The process of overcoming dormancy and inducing germination of macauba
seeds developed by [112] consists of seven treatments, applied in sequence to the
seed, namely: (i) elimination of the endocarp, (ii) first disinfestation, (iii) soaking
treatment, (iv) second disinfestation, (v) mechanical scarification, (vi) treatment
with gibberellic acid, and (vii) germination of the almond in a semi-aseptic environ-
ment. The process described above allowed the germination of 60-80% of the treated
macauba seeds, which were finalized and ready for planting in the nursery approxi-
mately 30 days after the beginning of the germination process. The final product
of this process was called pre-germinated macauba seeds by the authors and should
contain a defined plumule and radicle.

3.1.2 Biotechnological tools for multiplication of Acrocomia aculeata
3.1.2.1 Somatic embryogenesis

In macauba, studies involving somatic embryogenesis have been reported as
promising for its vegetative propagation [117-120], with these being recent and
published just over a decade ago (Table 4). Moura et al. [117] were the pioneers in
reporting the process, followed by Luis and Scherwinski-Pereira [118]. These authors
used zygotic embryos to study somatic embryogenesis in macauba. Zygotic embryos
are ontogenetically younger and consequently more responsive to the induction
of somatic embryogenesis. Granja et al. [119] obtained in their study with zygotic
embryos embryogenic lines with high multiplication capacity and a high degree of
synchronization, enabling the control of all stages of somatic embryogenesis (mul-
tiplication, regeneration, and germination), thus achieving the cyclic production of
seedlings over more than 2 years.

However, cloning protocols should be obtained from somatic tissues of properly
tested elite matrices with proven agronomic performance. Recently, Meira et al. [121]
demonstrated the development pathways of somatic embryogenesis in macauba from
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Phase Explant Culture medium Response References
Induction Zygotic embryo Y3 + 9 pM Picloram Embryogenic callus [117]
Germination Somatic embryos Y3 + activated charcoal Half of somatic
without growth regulator embryos germinated
Induction Zygotic embryo MS or Y3 with 0.5 mg/L or Embryogenic callus [118]
1.0 mg/L of Dicamba or
Picloram or 2,4-D
Regeneration Somatic embryos MS or Y3 + activated Plant regeneration
charcoal without growth
regulator
Induction Zygotic embryo Y3 + 9 uM Picloram Callus [119]
+0,9 pM 2iP
Multiplication Callus Y3 + 18 uM Picloram Embryogenic mass
Maturation Embryogenic Y3 +2.5uM 2iP + 5.55 pM Somatic embryos
mass NAA + active charcoal
+1000 uyM PUT
Germination Somatic embryos Y3+ 0.25uM 2iP + 0.55 pM Plants
GA;3 + 1000 pM PUT
Multiplication Callus Y3 + 9 uM Picloram Somatic embryos [120]
+1000 pyM PUT
Regeneration Somatic embryos Y3+ 0.54 M Plantlets
NAA + 1000 pM PUT +
active charcoal
Induction Leaves Y3 + activated charcoal Callus [121]
+450 pM Picloram
Multiplication Embryogenic Y3 + 450 pM Picloram + Somatic embryos
callus active charcoal
Induction Leaves Y3 + 450 pM Picloram Callus [122]
Multiplication Callus Y3 + 450 pM Picloram Somatic embryos
Regeneration Somatic embryos Y3 without growth Germinated plants
regulator
Induction Aereo parts of in Y3 + Morel’s vitamins Callus [123]
vitro plants (TCL) +300 uM Picloram
Multiplication Callus Y3 + Morels vitamins Somatic embryos
+25uM BAP or 12.5 yM
2iP + 75 pM Picloram
Germination Somatic embryos Y3 + Morels vitamins Plants
without growth regulator
Induction Zygotic embryo Y3 + activated charcoal +9 Nodular callus [124]
uM Picloram or Y3 + 9 uM
Picloram
Multiplication proembryos Y3 + charcoal active +9 pM Somatic embryos
Picloram or Y3 + 9 upM without germination

Picloran

Note: NAA, 1-Naphthaleneacetic Acid; PUT: putrescine; 2iP: isopentenyladenine; BAP: benzylaminopurine; MS:
Murashige I Skoog medium; Y3: Euwens medium; 2,4-D: dichlovophenoxyacetic acid; GAs: gibberellic acid.

Table 4.

Studies on somatic embryogenesis in Acrocomia aculeata.
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leaf explants of adult plants. According to the authors, the process generated hun-
dreds of somatic embryos, indicating a possible application of iz vitro propagation in
the clonal production of macauba, although plantlets were not obtained. Immature
leaflets are excellent sources of explants for initiating somatic embryogenesis in
species of the Arecaceae family, as they are protected within the heart of the plant
and consequently show low levels of microbial contamination. In studies conducted
by Andrade et al. [120], immature leaves of macauba showed responsiveness to the
induction of somatic embryogenesis. In this study, the authors obtained embryogenic
lines comparable to those obtained by Granja et al. [119], producing numerous plants.
However, leaflets from adult plants did not respond to the somatic embryogenesis
induction treatments. Protocols for obtaining somatic embryos from immature leaves
and inflorescences of adult macauba plants have been developed at the Plant Tissue
Culture Laboratory of the Federal University of Vigosa (UFV) in Brazil (Figure 5).
However, the protocols are still under evaluation (unpublished data).

Figures.

Somatic embryogenesis in macauba (Acrocomia aculeata). (a) embryogenic callus. (b-c) embryogenic callus
with somatic embryos in a regeneration medium. (d) somatic embryo germination. (e) in vitro macauba plantlet
obtained from somatic embryogenesis. (f) Acclimatization. (g-h) one-year-old plants obtained somatic embryos.
(i-j) Planting of macauba clonal plants. Scale bars, a and b = 5 mm. ¢, d and e = 1 cm; f = 5 cm; g and h = 10 cm;
Tandj = 20 cm.
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The different culture media used in the somatic embryogenesis process essen-
tially differ in the concentration of macro and micronutrients, vitamins, organic
compounds, carbon sources, and other complex substances, typically specific
to each stage of the process and the species used. The most commonly used cul-
ture media formulations for somatic embryogenesis in macauba include the MS
medium from [99, 118, 119] and the Y3 medium from Eeuwens [117, 119-121]. The
induction of somatic embryogenesis is associated with the use of auxins and cyto-
kinins, the main growth regulators involved in controlling cell division and tissue
differentiation [88]. Among the auxins most commonly used in the induction of
somatic embryogenesis in macauba, 2,4-D can be cited [118, 121, 122]. However,
other auxins such as Picloram and Dicamba have proven efficient [117-119,

121, 123]. The use of cytokinins in the induction medium for callus formation in
macauba is not very common. Still, interesting results were reported in the work
of Granja et al. [119] and Andrade et al. [120], where isopentenyl adenine (2iP)
allowed the generation of embryogenic lines when combined with Picloram or
Dicamba.

3.1.3 Genetic breeding and conservation

The ex situ conservation of macauba is more recent, starting at Embrapa
Cerrados in December 2008 and later implemented in other Brazilian research
institutions, such as the Federal University of Vi¢osa (UFV) and the Agronomic
Institute of Campinas (IAC). UFV is responsible for the first collection registered
by the Brazilian Genetic Heritage Management Council (registration no. 084-2013/
CGEN/MMA). The Active Germplasm Bank (AGB-MACAUBA) of macauba from
the Macauba Research Network of the Federal University of Vicosa (REMAPE/UFV)
was established in 2009 at the Unit for Teaching, Research, and Extension in Genetic
Improvement and Palm and Other Oilseed Production Systems (UEPE-MGPO)
in the city of Araponga, Minas Gerais, Brazil (latitude —20.6686 and longitude
—42.51785). The repository comprises more than 300 maternal families of the species
A. aculeata, from the sclerocarpa and totai ecotypes, with around 1500 accessions
from various Brazilian regions. The AGB-MACAUBA has been intensively used in
studies for genetic breeding and domestication of the species. In addition to the
AGB-MACAUBA, the first A. aculeata clones developed by UFV were established at
UEPE-MGPO (Figure 5i, j).

3.2 Elaeis guineensis Jacq

Elaeis guineensis Jacq., commonly known as the African oil palm or oil palm, is
a perennial, monoecious, oil-producing plant and has a long life cycle, playing an
essential role in the production of vegetable oils for human consumption and other
agro-industries [125, 126]. It is a palm tree that can reach up to 15 meters in height,
with an erect, unbranched stem of the stipe type and a fibrous root system. Its leaves
are pinnate, measuring 5-7 meters, and its inflorescences form in the leaf axils as
spadices composed of spikes protected by two fibrous bracts, classifying it as a
monoecious plant [127, 128].

It is considered an oil-producing palm native to Africa, widely cultivated in
regions with a humid tropical climate. The main product of the oil palm is the oil
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extracted from the fruit pulp, known internationally as palm oil. This oil stands out
in global production and consumption, with applications in food, medicine, and
oleochemistry [127, 129].

Its oil stands out for its versatility, oxidation resistance, and functional-
ity in the food industry as an essential ingredient in a wide range of products.
Additionally, it contains bioactive compounds that offer added benefits, such
as nutritional functionality, cardiovascular health, and antioxidant protec-
tion [125, 130]. It serves as a strategic component in formulating healthy,
high-quality foods, enhancing its importance to the global food industry and
human health [125].

It is one of the most economically valuable oil-producing plants due to its high
oil yield per bunch, plant, and productive area. As a perennial species, it can reach
up to 6000 kg per hectare, with high quality and low production costs [131, 132]. Its
cultivation is one of the main sources of vegetable oil production worldwide [133]. By
2022, its global production was nearly 74 million tons annually, representing 4% of
global agricultural production [134].

3.2.1 Biotechnological tools for multiplication of Elaeis guineensis Jacq
3.2.1.1 Somatic embryogenesis

Somatic embryogenesis is considered a promising and efficient technique for
multiplying elite genotypes of Elaeis guineensis (Table 5) [124, 135-138, 142, 143, 147].
Furthermore, it has been recognized as an ideal approach for mass clonal propaga-
tion associated with genetic improvement, particularly for perennial and long-cycle
species [147].

Figure 6 presents the somatic embryogenesis of oil palm. The embryogenesis
process in oil palm occurs indirectly, initially through the development of a pro-
embryogenic mass, followed by its multiplication, which differentiates to form
somatic embryos [127]. In oil palm, the induction of somatic embryogenesis has
been achieved from different explants, such as root segments, immature leaves, and
immature inflorescences [90-134].

Plant growth regulators, particularly 2,4-dichlorophenoxyacetic acid (2,4-D)
and picloram, are essential in this process [135, 137]. Other growth regulators, such
as naphthaleneacetic acid (NAA), gibberellic acid (GA3), and benzylaminopurine
(BA), are also frequently used in the various phases of somatic embryogenesis
in this plant [138, 142, 143]. Additionally, polyamines have been commonly
used in the somatic embryogenesis of the species, with a particular emphasis on
putrescine [141, 145].

The somatic embryogenesis induction can be performed in culture media supple-
mented with a high auxin concentration. The subsequent proliferation of calluses and
regeneration of somatic embryos is achieved by reducing the auxin levels or com-
pletely removing them, as well as adding other growth regulators, such as cytokinins,
abscisic acid, and polyamines [145, 148].

Despite the various published protocols, many factors can interfere with the
somatic embryogenesis process, making the repeatability of the protocols chal-
lenging, with uncertainty remaining regarding the best procedures. In oil palm,
due to the advantages offered by the use of elite clones, research on the multiplica-
tion processes of oil palm is primarily conducted by private companies, and many
important details for the success of embryogenesis are not made available [127].
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Phase Explant Culture medium Response References
Induction Leaf primordia Y3 medium + 1.0 mg Ltof picloram [135]
Picloram or 2,4-D allows calluses formation
with higher embryogenic
potential
Induction Root primordia Y3 medium + 1.0 mg L™ of picloram [136]
different regulators provides better results
Induction Male Modified Y3 The use of picloram [94]
inflorescences medium + regulators provides better
responses in male
inflorescences
Induction Leaf primordia MS medium Higher concentrations [137]
+2,4-D + Activated of 2,4-D
charcoal (450 pM) + activated
charcoal provide better
responses
Induction Leaf primordia MS medium + The best responses were [138]
NAA +2,4-D achieved using 6 mg L?
of NAA + 0.5mg L™ of
2,4-D
Multiplication Friable callus Different immersion The use of modified [139]
systems and culture MS (MSA9) in a shaker
media or MSD in a temporary
immersion system with
intervals of 3 hours for
3 minutes
Induction and Leaf primordia Y3 medium Occurrence of genetic [140]
multiplication of 32 superior control in the formation
genotypes and multiplication of
embryogenic lines, being
genotype-dependent
Induction and Mature zygotic MS medium and The addition of [141]
regeneration embryos and Blaydes medium + polyamines allows an
Friable callus different regulators increase in the somatic
embryogenesis rate
Regeneration Somatic Suspension culture The application of [142]
embryos in modified MS BA increases the
medium + BA responsiveness of somatic
embryos
Regeneration Friable callus Modified MS 880 mg L of CaCl, [143]
and and somatic medium + CaCl, allows for a higher
germination embryos and GA3 regeneration rate, as well
as higher concentrations
of GA3 (4.0 mg L),
while for germination,
lower values of GA; are
ideal
From Leaf Modified MS The use of RITA-type [144]
multiplication primordia, medium in different bioreactors enables
to germination friable callus cultivation and multiplication, as well as

and somatic
embryos

immersion systems

a higher yield of viable
seedlings at the end of the
process

19



Fruit Crops Science — Ecophysiological and Horticultural Perspectives

Phase Explant Culture medium Response References
From From leaf Modified Y3 Putrescine can be an [145]
induction to primordia medium + putrescine important substitute
acclimatization to clonal for cytokinins, reducing
seedlings somaclonal variations.
Additionally, the response
to somatic embryogenesis
is genotype-dependent
Conservation Friable callus Successive It is possible to conserve [146]
subcultures in for more than 20 years;
modified MS however, its success is

medium for 20 years

genotype-dependent, and
attention is required to
somaclonal variations

Note: Y3, Eeuwen’s medium; 2,4-D, 2,4-Dichlorophenoxyacetic acid; MS, Murashige and Skoog medium; NAA,
1-Naphthaleneacetic Acid; BA, Benzylaminopurine; GAs, Gibberellic acid; CaCl,, Calcium chloride.

Table 5.
Studies on somatic embryogenesis in Elaeis guineensis.

Figure 6.

Somatic embryogenesis in oil palm (Elaeis guineensis Jacq.). (a) Formation of friable callus—Induction;

(b) Multiplying friable calluses; (c) Differentiation of somatic embryos—vegeneration; (d) clonal seedling in
development—germination; (e) Large-scale germination; and (f) Acclimatization of E. guineensis seedlings
arising from somatic embryogenesis. Scales bars: a = 1000 pm; b = 2500 pm; ¢, d = 500 pm.
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However, it is possible to obtain seedlings derived from somatic embryogenesis on
a large scale.

4, Conclusions

Combining agricultural traditions with biotechnological innovations is crucial
to ensure the sustainability and growth of palm crops, meeting the growing global
demand for their products and beneficial properties. In this context, in vitro
regeneration techniques, such as somatic embryogenesis, have proven crucial for
the multiplication and cloning of superior genotypes. This technique not only
allows the regeneration of uniform, pathogen-free, and genetically superior plants
but also helps in the conservation of germplasm, in addition to subsidizing and
accelerating genetic breeding programs. However, for some palm tree species,
the established protocols are still inefficient, which requires continuous effort to
optimize them, enabling the application of this biotechnological tool on a commer-
cial scale to ensure the constant supply of high-quality plantlets, aligned with the
sustainability demands of the production chain of these important palm tree plant
species.
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