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ARTICLE INFO ABSTRACT

Edited by Alessio Papini This paper, in an unprecedented way, describes the ontogenesis of calli and somatic embryos of macaw palm

Keywords: (Acrocomia aculeata) from young leaf tissues of adult plants, aiming to elucidate the events underlying the
Arecaceae process and consequent optimization of the technique. Leaves were inoculated in a callus induction medium,
Morphogenesis composed of Y3 salts, 2.5 g L™ activated charcoal and 450 uM Picloram. For multiplication of the calli, they
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were separated from the explants and inoculated in a medium with the same composition as the previous phase.
Histological analyses were performed on samples of immature leaves with and without calli at 0, 3, 15, 30, 60,
90 and 120 days in an induction medium, and on samples of the different types of calli and somatic embryos
obtained during multiplication and differentiation. For this, the samples were fixed in FAA, dehydrated in an
alcohol series and infiltrated in resin. Anatomical sections obtained on a microtome were stained with Toluidine
Blue for structural characterization. At 60 days, analyses revealed the formation of callogenic masses in the
vicinity of smaller vascular bundles. This multiplication approach allowed for the proliferation of the primary
cell mass that evolved into new lineages of calli, especially the embryogenic yellowish nodular lineage, which
originated somatic embryos. Additional histochemical analyses showed starch accumulation only in the ad-
jacencies of areas undergoing intense cell division. The morpho-anatomic characterization allows the rapid
identification of potential calli for the formation of somatic embryos from leaf tissues in macaw palm and
promotes future investigations of the participation of vascular tissues in the events that precede somatic em-
bryogenesis.

1. Introduction

The macaw palm [Acrocomia aculeata (Jacq.) Lodd. ex Mart.] is a
monocotyledon species, a member of the Arecaceae family. This palm
tree is native to tropical regions of the Americas, occurring naturally
from southern Mexico and the Caribbean to Paraguay and northern
Argentina (Ciconini et al., 2013). In Brazil, it is considered one of the
most dispersed species of palm tree, with natural populations occurring
practically throughout the nation (Scariot et al., 1991; Henderson et al.,
1995; Lorenzi et al., 2010; Amaral et al., 2011).

Macaw palm, also known as bocaitiva palm, is traditionally used for
various economic purposes, and almost all parts of the plant can be
harvested, including leaves, stipes, fruits and seeds (Lorenzi and
Negrelle, 2006; Lorenzi, 2006; Ciconini et al., 2013). Despite the dif-
ferent uses, the main source of income related to the commercialization
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of the species is the fruit, with high oil content that can be compared to
the African oil palm, the world’s foremost source of vegetable oil (Zelt,
2018). In fact, the use of macaw palm fruits has been the main focus of
the products generated by this species, since the oil extracted from them
can be used in the production of biodiesel (Teixeira, 2005; Amaral
etal., 2011; Matsimbe, 2012). The oil productivity of this palm can vary
between 1500 to 6,200kg per hectare (Lleras and Coradin, 1985;
Wandeck and Justo, 1988; Teixeira, 2005; Dias, 2011; Zelt, 2018). Due
to these high yields, macaw palm is projected as a possibility to sti-
mulate the biodiesel industry in Brazil, as well as diversification of the
Brazilian and Latin American energy base (César et al., 2015). More-
over, there is the potential use of oil in the fields of medicine and nu-
trition, highlighting the photoprotection characteristic (given the high
content of fatty acids, polyphenols and (3-carotene) (Dario et al., 2018),
as well as food (as a source of carotenoids and tocochromanols) (Schex
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et al., 2018), in addition to its antidiabetic and antioxidant properties
(Silva et al., 2018).

Due to these potential uses, the macaw palm is undergoing a strong
domestication process in Brazil (Montoya et al., 2016). Granja et al.
(2018) warn of the need to carry out good agricultural practices and
legitimized cultivars, which guarantee the uniformity of plants and,
consequently, the success of the crop. In this context, in vitro cultiva-
tion techniques, in particular somatic embryogenesis, can be considered
as an important technique used to ensure the efficient vegetative pro-
pagation of genotypes of interest, for the development of cultivars and
the consequent leverage of macaw palm crops, since the species does
not form tillers, and it is practically impossible to use conventional
techniques for the asexual reproduction of this plant.

In fact, somatic embryogenesis has been the focus of several re-
searchers, and protocols for somatic embryogenesis have been de-
scribed for different palm species, such as Phoenix dactylifera (Fki et al.,
2003; Sané et al., 2006; Othmani et al., 2009), Elaeis guineensis (Ahée
et al., 1981; Teixeira et al., 1993; Scherwinski-Pereira et al., 2010; Silva
et al., 2012; Balzon et al., 2013), A. aculeata (Moura et al., 2009; Luis
and Scherwinski-Pereira, 2014), Euterpe oleracea (Scherwinski-Pereira
et al., 2012) and Bactris gasipaes (Steinmacher et al., 2007; Heringer
et al.,, 2014). In macaw palm, despite the importance of somatic em-
bryogenesis for enabling clonal propagation of superior genotypes, the
technique is non-existent in the literature regarding the practical re-
sults, especially when it is aimed to regenerate plants from already
differentiated somatic tissues, necessitating more detailed studies of the
several different aspects involved in the process.

The study of somatic embryogenesis through histological observa-
tions has proved to be increasingly useful, encompassing the use of
various techniques that allow the events that occur when plant species
are cultivated in vitro to be detailed. In this way, for example, it is
possible to know and monitor the cell and tissue development of plant
material during the different stages of the process of somatic embry-
ogenesis, as well as to identify the more responsive and/or embryogenic
tissue and/or cell markers earlier in the process (Gomes et al., 2017).
Moreover, histological analyses make it possible to elucidate aspects
related to the somatic-embryogenic cell transition, which are rather
unclear, especially in palm trees.

Anatomical analyses of the macaw palm are non-existent when it
comes to the ontogenesis of the formation of calli and somatic embryos
derived from the leaves of adult plants. On the other hand, anatomical
analyses related to somatic embryogenesis in macaw palm from zygotic
embryos have been reported by some researchers (Moura et al., 2009;
Luis and Scherwinski-Pereira, 2014). In this regard, the aim of this
study was to elucidate for the first time the ontogenesis during somatic
embryogenesis of macaw palm (Acrocomia aculeata) from leaf tissues of
adult plants, in order to better understand the events involved in the
process and to elucidate points of the process heretofore unknown for
this species.

2. Material & methods
2.1. Plant material

To obtain calli, young and non-expanded leaves (palm hearts) of
Acrocomia aculeata were obtained from an adult plant selected from a
natural population located in the rural region near the Fercal Housing
Sector in Sobradinho, DF (Coordinates: 15°35’37.6”S, 47°54’36.1”W).

After being collected in the field, the plant material was taken to the
laboratory, where the outermost leaves were removed and the size of
the palm heart reduced to approximately 30 cm in length (in the di-
rection from the meristematic base to the leaf apex of the central cy-
linder).

The palm heart consisting exclusively of achlorophyllous leaves was
disinfested under laminar flow chamber conditions, by immersion in
70% alcohol for three minutes, sodium hypochlorite (2.5% active
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chlorine) for 20 min, followed by a triple wash in distilled water and
autoclaved. After disinfestation, the leaves were excised in 1.0 cm?
explants, which were standardized maintaining three leaf blades per
explant.

After asepsis of the palm heart, callus formation was induced in the
explants, following the protocol initially developed by Luis (2013), with
modifications. The leaf explants were inoculated in a basic medium
composed of salts of the Y3 culture medium (Eeuwens, 1976) and vi-
tamins of the MS medium (Murashige and Skoog, 1962), supplemented
with 30g L™! sucrose, 100 mgL~"! myo-inositol, and 2.5g L™! acti-
vated charcoal. The auxin 4-Amino-3,5,6-Trichloropicolinic Acid (Pi-
cloram) was added at a concentration of 450 uM. During the multi-
plication phase, the calli were separated from the explants and
inoculated in a medium with the same composition as the previous
phase. The medium used throughout the experiment was solidified with
2.5g L' Phytagel (Sigma, St. Louis, MO) and pH was adjusted to
5.8 *= 0.1. Sterilization was performed by autoclaving at 121 °C and
1 atm pressure for 20 min.

2.2. Histological and histochemical analysis

For the histological and histochemical analysis, samples of the
material were taken in vitro at different stages of development. In vitro
plant material samples were characterized by immature leaves with or
without callus, collected at 0, 3, 15, 30, 60, 90 and 120 days after in-
duction of somatic embryogenesis. Additionally, samples of the dif-
ferent types of calli and somatic embryos obtained during the multi-
plication phase were also collected.

The samples were fixed in FAA 70 (37% Formaldehyde, Glacial
Acetic Acid and 70% Ethyl Alcohol, 1:1:18 v/v) for a period of 24h
under vacuum for the first hour. After fixation, the samples were de-
hydrated in an increasing ethanolic series (70-100%) for 1 h each and
infiltrated in historesin (Leica, Heidelberg, Germany), according to the
manufacturer’s specifications. Then, sections (5-7 um) were obtained
by a manual rotary microtome (Leica®, RM212RT), stretched and ad-
hered to the microscopic slides on a plate heated to 40 °C. The sections
were stained with Toluidine Blue (O’Brien et al., 1964) and subjected to
the Lugol test (Johansen, 1940) for starch detection according to
methodology described by Ventrella et al. (2013). The results were
recorded under a microscope (Leica® DM750) coupled to a computer
with image capture software (LAS EZ 2.0).

3. Results & discussion

Fig. 1 shows the anatomical characteristics of young and achlor-
ophyllous leaves used as sources of explants in the induction of somatic
embryogenesis of A. aculeata (Fig. 1A), as well as explants after 30
(Fig. 1B) and 60 days (Fig. 1C) of inoculation, with the onset of callus
formation. The cross sections showed that the leaf explants have uni-
seriate epidermis, with cells of homogeneous size and juxtaposed. The
stomata are leveled with the other epidermal cells and occur on the
abaxial face, characterizing the leaf as hypostomatic (Fig. 1A). The
mesophyll consists of the hypodermis on both sides, adjacent to the
epidermis, and the homogeneous parenchyma, composed of polyhedral
cells arranged compactly and interspersed by vascular bundles
(Fig. 1A). The larger bundles are of the closed collateral type, sur-
rounded by a sclerenchymatous outer sheath and a parenchymatous
inner sheath, whereas the smaller bundles are in the process of differ-
entiation, exhibiting only a parenchymatous sheath (Fig. 1A). After 30
days of cultivation of the leaf explants in the induction medium, de-
velopment of hypertrophied cells in the parenchyma and on the abaxial
face of the epidermis of the leaf explant was observed (Fig. 1B). At this
phase, no signs of cell division and callus formation were observed.

At 60 days of cultivation, the presence of cells with meristematic
characteristics, characterized by an isodiametric shape, presence of
bulky nuclei, visible nucleoli, and dense cytoplasm with a high
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Fig. 1. Anatomical cross section of leaf segments of macaw palm (Acrocomia aculeata) during the initial stages of somatic embryogenesis induction. A: Leaf explant. B:
Explant at 30 days of cultivation with hypertrophied cells (arrows). C: Explant after 60 days with onset of callus formation in the region of the vascular bundle. D:
Explant with callus formation at a more advanced stage (side inset with detail of the callus). E: Calli formed from vascular bundles of the peripheral region of the
explants. F: Detail of the callus in the vascular bundle region. Abbreviations: (ab) abaxial epidermis (ad) adaxial epidermis, (pc) primary callus, (p) phloem, (vb)
vascular bundle, (st) stomata, (hy) hypodermis, (mp) mesophyll, (x) xylem. Scales: A, B, D, E, F: 0.1 mm and C: 0.02 mm.

nucleus:cytoplasm ratio were observed (Fig. 1C). These cells were
probably derived from mitotic divisions from procambial or provascular
cells (stem cells) located in the vicinity of vascular tissues and/or from
the dedifferentiation of parenchymatous cells (perivascular and vas-
cular system), which requires earlier ontogenic investigation for defi-
nitive affirmation. Repeated mitotic divisions, and in different direc-
tions, formed clusters of larger isolated cells, which subsequently gave
rise to the primary calli. These cell clusters were associated with smaller
vascular bundles, particularly those located in the regions near the edge
of the leaf explant (Fig. 1D-F). It should be noted that the calli were
isolated from the mesophyll cells from the beginning of their formation
until their later development and detachment from the explant
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(Fig. 1D).

The development of calli from cells close to vascular tissues has also
been reported by other authors in species of the Arecaceae family, such
as Calamus merrillii and C. subinermis (Goh et al., 2001), E. guineensis
(Schwendiman et al., 1988; Gomes et al., 2017), Cocos nucifera
(Buffard-Morel et al., 1992; Fernando et al., 2003), P. dactylifera (Sané
et al., 2006) and B. gasipaes (Steinmacher et al., 2011). This close re-
lationship between vascular/perivascular cells and the formation of
calli may be related — as mentioned above - to two hypotheses: i) di-
vision of procambial cells (vascular stem cells), responsible for the
formation of vascular bundles of different organs during plant growth
(Fukuda, 2004) and ii) cellular dedifferentiation, as reported by Yusoff
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Fig. 2. Anatomical cross section of macaw palm leaf segments (Acrocomia aculeata) during the final stages of somatic embryogenesis induction. A, C: Callus formed in
the vascular bundle region after 90 days of cultivation. B: Detail of the remnant of the vascular bundle and of the callus formed. D: Callus formed in the vascular
bundle region at 120 days of cultivation. E: Callus formed at 120 days of cultivation with meristematic cells undergoing cell division (arrow). F: Leaf after 120 days of
cultivation with primary callus and absence of the mesophyll region. Abbreviations: (ab) abaxial epidermis, (ad) adaxial epidermis, (pc) primary callus, (st) stomata,
(p) phloem, (vb) vascular bundle, (mp) mesophyll, (x) xylem. Scale: A, C, D, F: 0.1 mm; B: 0.05 mm and E: 0.02 mm.

et al. (2012). Whatever the hypothesis, the effectiveness of the auxin
Picloram used in this experiment to induce the cellular divisions re-
sponsible for callus formation is widely known.

According to research conducted by Gomes et al. (2017), there is
evidence to confirm the origin of the calli from procambium cells due to
initial cell proliferation close to the vascular bundle and absence of
signs of dedifferentiation in parenchymatous cells in the early onto-
genic stages of the calli. Moreover, Rose et al. (2006) suggest that
procambium cells, which normally differentiate into vascular tissues,
are reprogrammed after being stimulated by the auxin present in the
culture medium, promoting cell proliferation and callus formation.
More recently, Rose (2016) reported the participation of these cells in
the formation of somatic embryos. Surely some of these procambial
cells become totipotent in the absence of normal “vascular” signals
following exposure to the exogenous auxin (Kwaaitaal and Vries, 2007).
Differently, Sané et al. (2006) and Gueye et al. (2009) described the
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occurrence of cell divisions in the area of the perivascular parenchyma
in leaf explants of date palm in the first weeks of in-vitro cultivation.
Gueye et al. (2009) divided the reactions in this region into two events:
the first event involves cells of the parenchyma perpendicular to the
vascular axis that acquire typically meristematic characteristics, and
the second event is characterized by the alteration of cells of the ad-
jacent perivascular sheath, which become callogenic and undergo cell
division, leading to callus formation.

At 90 days, the calli were visually larger in size than those observed
at 60 days of cultivation. Anatomically, it was found that this increase
in size was a consequence of the cell proliferation inside the callus,
which resulted in the removal of the epidermal faces, causing meso-
philic disorganization and cell loss (Fig. 2A-C).

At 120 days, the epidermis of the leaf explant ruptured and the calli
were exposed on the leaf surface (Fig. 2D-F). The exposed calli had an
elongated shape, compact consistency, yellowish coloration, and
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Fig. 3. Anatomy of lineages of calli obtained from macaw palm leaf tissues (Acrocomia aculeata). A: Elongated callus with white nodular callus at its end. B:
Longitudinal section of the elongated callus with meristematic cells in the central region; the square details the vacuolated peripheral cells. C: Yellow elongated callus
with white and yellow nodular calli on its surface. D: Section of the elongated callus with nodular calli (white and yellow) on its surface composed of meristematic
cells. E: Granular callus starting from elongated callus. F: Section of granular callus formed by meristematic cells; the square details the apparent nuclei of mer-
istematic cells. Abbreviations: (el) elongated callus, (ng) nodular granular, (nw) nodular white, (ny) nodular yellow, (vc) vacuolated cells, (mc) meristematic cells.
Scales: A, G, E: 0.5 cm; B, F: 0.2 mm and D: 0.1 mm (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article).

consisted of parenchymatous cells in the peripheral region and mer-
istematic cells in the inner region, forming a bundle. A similar anato-
mical pattern has been reported in other studies on palm trees (Buffard-
Morel et al., 1992; Gueye et al., 2009; Gomes et al., 2017).

After the explants remained in the induction medium for 180 days,
the calli were isolated from the leaf and transferred to a new medium
for maintenance and proliferation. In this stage, the elongated calli
obtained in the induction phase proliferated, and new lineages of calli
were formed from the elongated calli. The new lineages of calli ex-
hibited a nodular yellow, nodular whitish or granular appearance. In
this study, the nodular yellowish calli were classified as embryogenic.

In fact, the lineage of yellow nodular calli exhibits anatomical
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characteristics similar to that of the white nodules, being pre-
dominantly composed of meristematic cells (Fig. 3A-D). However, the
granular calli lineages exhibit an irregular surface and were formed
predominantly by meristematic cells with events of cell division
(Fig. 3E-F). Padua et al. (2013) also classified lineages of African oil
palm calli regarding color and shape: translucent-elongated, translu-
cent-aqueous, beige-globular, and white-globular. These authors con-
sidered the lineages of beige-globular and white-globular calli as having
the greatest embryogenic potential, based on the anatomical aspects.
Similarly, Luis and Scherwinski-Pereira (2014) working with zygotic
embryos, observed that the calli of nodular strains in macaw palm
showed greater embryogenic potential, and differentiation of somatic
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Fig. 4. Anatomy of somatic embryos obtained from macaw palm leaf tissues (Acrocomia aculeata). A: Formation of embryos from yellow nodular callus. B: Detail of
somatic embryos. C: Longitudinal section of somatic embryos. D: Protoderm of the somatic embryo. E: Detail of the somatic embryos delimited by the protoderm,
with elongated cells in the central region (arrow). Abbreviations: (se) somatic embryo, (ny) nodular yellow, (pd) protoderm. Scales: A: 0.5 cm; B: 0.6 mm; F: 0.1 mm;
D: 0.25cm and E: 0.2 mm (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

embryos was observed from these calli.

In proliferation medium, there was the formation of somatic em-
bryos, seen in a globular stage with whitish coloration (Fig. 4A-B). The
somatic embryos were shown to consist of meristematic cells of dif-
ferent formats and sizes. The outermost layer of cells of the embryos is
the protoderm, precursor meristem of the epidermis characterized by a
layer of juxtaposed cells and prominent nucleus (Fig. 4C). Several au-
thors consider the presence of protoderm as an indicator of somatic
embryo formation (Yeung, 1995; Jalil et al., 2008; Moura et al., 2010;
Aslam et al., 2011). Adjacent to the protoderm, the cells are polyhedral
and larger, whereas those that occupy the central region of the embryo
exhibit an elongated shape, with their largest axis parallel to the largest
axis of the somatic embryo, characterizing procambium cells, the pre-
cursor meristem of vascular tissues (Fig. 4 D-E). Aside from the afore-
mentioned characteristics, somatic embryos sectioned and analyzed
anatomically showed no vascular connection with the callus of origin,
which ratifies the somatic embryogenesis pathway. Additionally, due to
the absence of proembryos and suspensors in the anatomical sections
analyzed, as well as the apparent fusion of the somatic embryos ob-
tained, a multicellular origin thereof is suggested (Fig. 4D-E).

Histochemical analysis showed that the accumulation of starch
during the process of somatic embryogenesis was concentrated near the
centers in intense cell division (Fig. 5), probably subsidizing them in
terms of energy. At three days of cultivation, starch was present in the
vascular bundle sheath region (Fig. 5A). However, at 15 days and 30
days, no accumulation was observed in this region (Fig. 5B-C). At 60
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days of induction, there was starch accumulation in the region close to
formation of calli (Fig. 5D-F). The storage of starch grains during so-
matic embryogenesis in palms is commonly related to the differentia-
tion of embryogenic cells by several authors, as observed in C. nucifera
(Verdeil et al., 2001) and E. guineensis (Schwendiman et al., 1988;
Kanchanapoom and Domyoas, 1999). However, other authors do not
consider this relationship as systematic (Schwendiman et al., 1988;
Steinmacher et al., 2011), which requires more detailed investigations.

The presence of starch in the lineages of calli was not observed
(Fig. 6A-C). This may be related to the fact that these calli, in general,
are composed of meristematic cells undergoing intense division or as a
consequence of the phase in which the callus was encountered. Unlike
the foregoing, Padua et al. (2013) when analyzing the accumulation of
starch in lineages of calli, observed that beige nodular calli exhibited
starch storage.

Globular somatic embryos also exhibited no starch accumulation
(Fig. 6D), probably due to the intense metabolic activity that preceded
the more advanced stages of somatic embryo development. In contrast,
Moura et al. (2010) observed the presence of starch in the cells of the
somatic embryo, although not as abundantly and with non-uniform
distribution. The somatic embryo may follow the same zygote devel-
opmental sequence and exhibit embryonic cells undergoing active di-
vision, with reduced size, dense cytoplasmic content, large nuclei with
prominent nucleoli, small vacuoles, and the presence of starch grains
(Guerra et al., 1999) However, the amount of starch may also change
depending on the growth phase of the embryo, since cell division and
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Fig. 5. Cross section of leaf segments of macaw palm (Acrocomia aculeata) submitted to the Lugol test during induction of somatic embryogenesis. A: Leaf explant at
three days of cultivation; note the starch in the region of the vascular bundle sheath (arrow). B: Explant at 15 days of cultivation with hypertrophied cells (*). C:
Explant after 30 days of induction with absence of starch. D: Explant at 60 days of cultivation with callus formation and presence of starch at its extremity (arrows);
note dark starch grains in the side detail. E: Callus with starch accumulation (arrow) after 90 days of cultivation; note dark starch grains in the side detail. F: Callus at
120 days with starch accumulation (arrows) and remnant of the leaf epidermis; note dark starch grains in the side detail. Abbreviations: (ab) abaxial epidermis, (ad)
adaxial epidermis, (pc) primary callus, (st) stomata, (p) phloem, (vb) vascular bundle, (hy) hypodermis, (mp) mesophyll, (x) xylem. Scales: A, B: 0.05 mm and C, D, F:

0.2 mm.

differentiation demand energy (Gomes et al., 2014).

4. Conclusion

In conclusion, in an unprecedented way, this work describes the
ontogenesis of calli and somatic embryos of macaw palm (Acrocomia
aculeata) from leaf tissues of adult plants. Morpho-anatomic markers of
embryogenic calli are described in this study (yellow nodular calli with
a predominance of meristematic cells), as well as identification of the
leaf areas involved in the embryogenic process in this species (smaller
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vascular bundles). Such information may support the elucidation of the
mechanisms involved in somatic embryogenesis in palm trees derived
from leaf tissues of adult plants.
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Fig. 6. Histochemical analysis of different lineages of calli and somatic embryos obtained from macaw palm leaf tissues (Acrocomia aculeata) (stained with Lugol). A:
Elongated callus showing white nodular callus at its end; the square details the peripheral region of the callus. B: Granular callus formed from the yellow nodular
callus. C: Yellow elongated callus with white and yellow nodular callus on its surface, and no starch. D: Somatic embryos; the square details the region indicated by
the arrow. Abbreviations: (el) elongated callus, (mc) meristematic cells, (vc) vacuolated cells, (ny) nodular yellow, (nw) nodular white, (ng) nodular granular, (se)
somatic embryo, (pd) protoderm. Scales: A, D: 0.2 mm and B, C: 0.5 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article).
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