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Abstract

In vitro micropropagation is an important technique for coffee multiplication performed by somatic embryogenesis, which can be
indirect, with the formation of calluses, or direct, when embryos are formed directly from explant cells. In the present study, we
characterized the ontogenesis of somatic embryos regenerated via indirect and direct somatic embryogenesis in leaf explants from
Coffea arabica “‘Mundo Novo’ and assessed the development of these embryos in leaf explants from adult plants maintained ex
situ and in vitro. Anatomical analyses showed that leaf explants present structural differences depending on their origin. In the
direct pathway, tissue develops more rapidly in explants from in vitro plants than in those from ex situ explants. In both methods,
the formation of a pro-embryogenic mass was found to be essential for embryo formation. In the indirect pathway, calluses from
ex situ material presented elongated cells and a loose external appearance. Conversely, calluses from in vifro material presented
large regions of meristematic cells with a single large nucleus and dense cytoplasm. We propose that indirect somatic embryo-
genesis in in vitro—grown explants may accelerate genetic breeding in coffee, and it represents the most efficient condition for
somatic embryogenesis, producing embryos in less time than the required by ex situ plants (indirect: 260 d in ex situ conditions,
62 d in vitro; direct: 270 d ex situ, 86 d in vitro).

Keywords Anatomy - Callus - Micropropagation - Plant growth regulators - Pro-embryogenic mass

Key message Ontogenesis of somatic embryos from Coffea arabica L.
showed that indirect somatic embryogenesis in leaves from in vitro—
grown plants produces embryos in less time, reducing tissue culture time.
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Introduction

Micropropagation is an important method of multiplication
that can maximize in vitro propagation of coffee for elite
and hybrid cultivars from breeding programs (Rezende et al.
2012; Ahmed et al. 2013; Almeida et al. 2014).
Micropropagation can be accomplished through somatic em-
bryogenesis (SE), a process that produces significant quanti-
ties of plants that are genetically identical to the plant from
which the explant was taken. This technique allows seedling
production independently of climatic conditions, in reduced
space and time, and it also enables a high degree of automa-
tion (Gomes et al. 2016). SE is based on the concept of plant
cell totipotency, as already differentiated cells undergo dedif-
ferentiation and acquire embryogenic competence when under
plant growth regulators, nutrients, and other particular condi-
tions (Xu and Huang 2014; Mendez-Hemandez et al. 2019;
Gulzar et al. 2020). This process involves events similar to
those that occur during zygotic embryogenesis, and can be
used for most species under laboratory conditions (Gaj
2004); thus, it is an important approach for studying the de-
velopment of plant embryos (Quiroz-Figueroa et al. 2002a).
Initially, explant cells are induced to acquire embryogenic
characteristics, followed by the expression of a somatic em-
bryo (Jiménez 2005), which is a bipolar structure disconnect-
ed from the original vascular tissue, which has a unicellular or
multicellular origin (Carman 1990; Dodeman et al. 1997; von
Arnold et al. 2002; Fehér et al. 2003; Quiroz-Figueroa et al.
2006). SE may occur indirectly (indirect somatic embryogen-
esis, ISE) or directly (direct somatic embryogenesis, DSE)
(Williams and Maheswaran 1986; Almeida 2020). ISE con-
sists of two phases: the first involves re-determination of dif-
ferentiated cells, followed by division and proliferation lead-
ing to the development of a cell mass called a callus
(Michaux-Ferriere 1996; Almeida et al. 2008; Berthouly and
Rezende et al. 2012). 2,4-Dichlorophenoxyacetic acid (auxin
2,4-D) and the cytokinin 6-furfurylaminopurin (kinetin—
KIN) are commonly used in the induction of callogenesis, as
they play important roles in the cell cycle, cell division, and
differentiation, thus acting as efficient plant growth regulators
(Sondahl and Sharp 1977; Gulzar et al. 2020). The second
stage in ISE is related to the initiation and development of
somatic embryos from certain callus cells (Berthouly and
Michaux-Ferriere 1996; Santana-Buzzy et al. 2007; Almeida
et al. 2008). To induce the formation of somatic embryos from
stone cells, the combination of naphthalene acetic acid (NAA)
and KIN is applied (Sondahl and Sharp 1977). In DSE, em-
bryos are formed directly from explant cells that are compe-
tent and determined to an embryogenic development, without
the need of callus formation (; Dublin 1981; Yasuda et al.
1985; Emons 1994; Motoike et al. 2007; Vasconcellos et al.
2009; Almeida et al. 2016). The direct pathway occurs in a
single phase, which is induced by a cytokinin, such as 2-

isopentenyl adenine (2-iP), and somatic embryos are formed
without auxin addition (Alves et al. 2018; Almeida 2020).

SE has been successfully applied to Coffea arabica L.;
however, some genotypes respond to either the indirect or
the direct method, while others respond to both (Menéndez-
Yufta and De Garcia 1997; Quiroz-Figueroa et al. 2002a). ISE
is usually notable for generating a greater number of somatic
embryos in C. arabica than DSE does (Vieira and Kobayashi
2000). The pattern of somatic embryo development shares
many morphological characteristics with zygotic embryo de-
velopment. The various embryonic stages of development,
from the globular stage to heart and then torpedo, are morpho-
logically and anatomically similar to related formations in
Coffea canephora zygotic embryogenesis (Moens 1965;
Almeida 2020).

Leaftissues are usually used to generate embryos (Clarindo
et al. 2012; Landey et al. 2013; Silva et al. 2014). However,
genetic engineering studies have reported that low viability of
embryonic tissues and low transformation efficiency of this
tissue type are major limitations in the genetic transformation
of Coffea canephora (cvs. Congensis x Robusta hybrid—
Mishra et al. 2010) and Coffea arabica (cvs. Caturra and
Catuai—Gatica-Arias et al. 2008). Thus, further studies are
necessary to provide a clear distinction between embryogenic
and non-embryogenic tissues, to demonstrate the most suit-
able method for obtaining embryos with high cell viability.

We aimed to characterize the ontogenesis of somatic em-
bryos regenerated via DSE and ISE from leaf explants of
C. arabica ‘Mundo Novo’, from plants grown both in vitro
and established in the field (ex situ). Comparisons of the indi-
rect and the direct pathways of SE showed that ISE develops
embryos in less time, besides in vitro explants being more
efficient than ex situ explants also considering time. Both cal-
lus (ISE) and pro-embryogenic mass (DSE) originate from
mitotically active cells present in the spongy parenchyma,
near vascular bundles, while epidermal tissue and palisade
parenchyma remained without anatomical changes. Calluses
(ISE) from in vitro—grown plants exhibited large regions of
meristematic cells with organized cell division, a single large
nucleus, and dense cytoplasms.

Materials and Methods

Plant Materials The Coffea arabica ‘Mundo Novo’ cultivar is
one of the most cultivated in Brazil, with a high capacity to
adapt to different regions. In addition, this cultivar has excel-
lent agronomic characteristics such as tall size, red fruits, and
medium ripeness; seeds with a sieve between 16 and 17; and
also great drink quality (Carvalho et al. 2006; Carvalho 2008).

Expanded leaves from the third pair of leaves from field
plants (ex situ) were obtained from C. arabica ‘Mundo Novo’,
which were maintained and produced in the experimental area
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of Santa Eliza Farm, IAC, Campinas, SP (-22.873942" S
47.0777908" W). The climate of the region is Cwa according
to Kdppen classification, and the soil classified as clay latosol.
The leaves were collected under 20°C average temperature, a
dew point of 17°C, 20.4 km h™" SE winds, practically cloud-
less, relative humidity of 60.4%, visibility of 5 km, an atmo-
spheric pressure of 1020 mbar, and without the occurrence of
precipitation. Part of these leaves was directly applied as a
source of ex situ explants in experiments. Another part of
these leaves (ex situ) was applied to obtaining in vitro explants
from 4-mo-old seedlings produced via direct somatic embryo-
genesis, maintained under a light intensity of 45 umol m s~
and a photoperiod of 12-h light, at 25 + 2°C. The leaves used
as explant source from ex situ origin had an average size of
15 cm long by 7 cm wide. On the other hand, leaves from
in vitro—developed plants had lower dimensions: varying be-
tween 1.6 and 2.0 cm long and 0.9 and 1.2 cm wide.

Somatic Embryogenesis in Coffea arabica Y oung leaves from
plants grown under field conditions (ex situ; the leaf was do-
nated by a productive 12-yr-old adult plant) were disinfected
by washing in detergent solution; rinsing in running water,
and then in sodium hypochlorite solution (2%) for 25 min;
and rinsing three times in autoclaved distilled water. The
disinfected leaves were kept in a humid chamber (80% hu-
midity) for 24 h and then exposed to sodium hypochlorite
solution (2%) (Ramos et al. 1993). These leaves were then
cut in a laminar flow cabinet to remove the midrib and edges
and obtain explants with 1 cm?, which were inoculated with
their adaxial side in contact with the culture medium and
maintained in the dark at 25 + 2°C, until embryo formation,
when only the embryos were transferred to germination-
inducing culture medium under light and at 25 + 2°C.

In vitro plants were maintained on a medium developed by
Murashige and Skoog (1962) with half the concentration of
macronutrients and micronutrients (half-strength MS), until
they developed three pairs of young leaves, under a light in-
tensity of 45 umol m 2 s ' and a photoperiod of 12-h light at
25 4+ 2°C. Leaves were used to obtain explants in a laminar
flow cabinet without the need for asepsis. Explants with 1 cm?
were inoculated directly in vitro.

Materials collected under in vitro and ex situ conditions
were subjected to ISE and DSE. To induce ISE according to
Almeida et al. (2007, 2008), two culture media were used.
First, embryogenic callus formation was induced in MS me-
dium with the addition of sucrose (30 g L"), 2,4-D (2.5 uM),
and KIN (5 uM), maintained for 50 d. Then, embryos were
induced using half-strength MS medium with sucrose (20 g
L"), NAA (0.5 uM), and KIN (2.5 uM). Undeveloped cal-
luses, dark in color, and without friable appearance were
discarded and not analyzed.

For DSE induction according to Ramos et al. (1993), a
half-strength MS medium was used with sucrose (20 g L")
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and isopentenyl adenine (2-iP) (10 uM). All culture media
were solidified via the addition of Vetec® agar (5 g L™";
Merck KGaA ®, Darmstadt, Germany), and the pH was ad-
justed to 5.8 using NaOH or 0.1 N HCl prior to autoclaving at
121°C and 1.5 atm for 20 min.

In both indirect and direct somatic embryogenesis treat-
ments, the explants were individually inoculated into clear
glass vials (100 mL) containing 30 mL of culture medium.
Each treatment consisted of 100 repetitions with one explant
in each vial. In the second phase of indirect somatic embryo-
genesis, callogenesis, the calluses that developed over 20 mm
in size were fragmented into 2 or 3 parts. Every callus frag-
ment was also individually transferred to flasks (100 mL)
containing embryogenesis induction culture medium.

Besides, a second experiment was installed to characterize
the sequence of the main morphological events occurring in
DSE and ISE in plants grown in the field, also quantifying the
somatic embryos formed in each SE pathway and evaluating
the size of calluses and embryogenic structures formed. For
this, ex situ—cultivated leaf explants were subjected to the same
cultivation conditions described above and maintained at 25°C,
ISE treatment in the absence of light, and DSE in the presence
of light. Each treatment consisted of fifteen repetitions with an
explant in each bottle. The explants were evaluated monthly,
regarding the estimated size of calluses or embryogenic struc-
tures and the number of somatic embryos formed.

Morphological and Anatomical Analyses Analyses were per-
formed using leaf explant samples collected at the time of
in vitro inoculation (control), and different developmental
stages 2, 8, 12, 16, 18, 28, 62, and 72 d after inoculation in
the culture medium. Fully developed somatic embryos were
collected (cotyledonary stage). For the anatomical analyses,
samples were fixed in FAA 50 solution (formaldehyde, acetic
acid, and 50% ecthanol, 5:5:90) (Johansen 1940). On each
sampling date, five explants under each treatment were col-
lected for morphological and anatomical analyses. A vacuum
pump was then used to remove the air contained in tissues,
and the samples were dried in an ethanol series and embedded
in plastic resin (Leica Historesin®, Leica Microsystems®,
Wetzlar, Germany) according to the manufacturer’s instruc-
tions. The samples were sectioned in a manual rotary micro-
tome (Leica Microsystems®) with a C-type knife. Sections
(5 wm thick) were stained with toluidine blue 0.05% (Sakai
1973) in phosphate and citrate buffer, pH 4.5 (Mcllvaine
1921), and mounted in Entellan® (Merck
KGaA®, Darmstadt, Germany) synthetic resin. Different his-
tochemical tests were performed: Lugol reagent to highlight
the presence of starch (Berlyn ef al. 1976); xylidine Ponceau
reagent for proteins (Vidal 1969); ferric chloride 3% reagent
for phenolic compounds (Johansen 1940); ruthenium red for
mucilage (Gregory and Baas 1989); Nadi reaction for terpe-
noids (David and Carde 1964), and Sudan IV for lipids
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(Pearse 1985). Images were captured with an Olympus DP71
video camera (Olympus Corporation®, Tokyo, Japan) con-
nected to an Olympus BX 51 microscope (Olympus
Corporation®).

For scanning electron microscopy (SEM), the botanical
material was fixed in FAA 50 solution, dehydrated in an eth-
anol series, and subjected to critical point dried with CO, in a
Balzers model CPD 030 equipment. Then, the material was
mounted on metal supports and coated with colloidal gold for
220 s in a Bal-Tec SCD model 050 equipment. Samples were
analyzed and micrographs were recorded a scanning electron
microscope model JSM 5800LV (Jeol®, Peabody,
MA) operated at 10 kV, at the Institute of Biology,
UNICAMP, SP.

Results
Anatomical Analysis of Embryogenesis Stages During DSE

and ISE A pro-embryogenic mass in DSE (Fig. 14) and a callus
in ISE (Fig. 1D) first emerged at the extremity of the vascular

bundle in contact with the culture medium. The pro-
embryogenic mass in DSE had a compact appearance and a
smooth surface (Figs. 1B, C and 2A). Embryos at different
stages of development (globular, heart, and cotyledonary
stages) have apparently emerged in a restricted manner in areas
within the pro-embryogenic mass (Figs. 1B, C and 2C, E, G).

The developing callus in ISE had many elongated and dis-
organized cells, with large intercellular spaces, and it was
partially covered by a secretion (Figs. 1£ and 2B). Embryos
originated exclusively from callus cells (Figs. 1F and 2D), and
they could be observed at various stages of development
(globular, heart, torpedo, and cotyledonary stages) in the same
callus region (Figs. 1H, [ and 2D, F). Suspensors were detect-
ed in both DSE and ISE, connecting the embryos to the pro-
embryogenic mass or callus, respectively (Fig. 1C, G). Non-
embryogenic calluses had cells in a less compact arrangement,
opaque aspect, and larger cells when compared to embryogen-
ic calluses (Fig. 2H).

Anatomical Comparison of In Vitro and Ex Situ Explants
Anatomical analyses revealed structural differences between

Figure 1. Scanning electron micrograph of somatic embryogenesis in
Coffea arabica ‘Mundo Novo’. (A—C) Direct somatic embryogenesis;
(D-I) indirect somatic embryogenesis. (A) Beginning of pro-
embryogenic mass (Pm) formation. (B) Well-developed pro-embryogenic
mass, with embryos in the globular (g/) and heart (%e) stages. (C) Embryo
in the cotyledonary stage (cof), connected to the pro-embryogenic mass

by a suspensor (su). (D) Beginning of callus (CI) formation. (£) Well-
developed callus. (F) Embryos in the globular stage (g/). (G) Suspensor
(su) detailed, a structure that connects the embryo to the callus. (H)
Embryos in the globular (g/) and torpedo (t0) stages. (/) Somatic embryos
in the torpedo (¢0) and cotyledonary (cof) stages. Bars: A—D, F—H = 100
um; £ and /=1 mm.
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Ficure 2. Somatic embryogenesis
in Coffea arabica ‘Mundo Novo’.
(A, C, E, G) Direct somatic
embryogenesis (DSE). (B, D, F,
H) Indirect somatic
embryogenesis (ISE). (A, B, D-G)
Explant of in vitro—grown plants,
(C, H) explant of ex situ—grown
plants. (A) Presence of a pro-
embryogenic mass (Pm) at the
extremity of the explant. (B)
Well-developed callus on the
edge of an explant. (C, E, G)
Somatic embryos at different
stages of development: globular
(gl) and cotyledonary (cot) stages
connected to the pro-
embryogenic mass. (D, F)
Embryos at heart (e), torpedo
(t0), and cotyledonary (cof) stages
connected to a callus. (H) Non-
embryogenic callus is soft and
lacks the potential for somatic
embryo formation. Bars: A, B=1
mm; C-E, G=2mm; H=1 cm.

leaf explants from ex situ—grown plant controls (Fig. 34) and
those grown in vitro (Fig. 3B). The main differences were that
in vitro explants had greater intercellular spaces in spongy
parenchyma and shorter palisade cells, and the chlorenchyma
cells presented generally denser cytoplasms and a more spher-
ical shape when compared with ex situ explants.

Direct Somatic Embryogenesis (DSE) In the early stages of
DSE, 8 d after explant inoculation, the in vitro conditions re-
sulted in intense cell division from spongy parenchyma cells in
the mesophyll (Fig. 3D). It was the first indication of a pro-
embryogenic mass formation. In both explant sources (in vitro
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DSE

Pm

ISE

and ex situ), the proliferation of mesophyll cells was observed,
with cells containing evident nuclei, dense cytoplasm, and little
intercellular space (Fig. 3D, E). In explants derived from ex situ
leaves, cell division began at 8 d (Fig. 3C) but only became
intense 18 d after inoculation in culture medium (Fig. 3F).
The formation of a pro-embryogenic mass was observed on
the edge of in vitro explants, near the vascular bundle, 18 d after
inoculation (Fig. 3F), with intense cell division at the surface
region. Superficial mass cells exhibited meristematic character-
istics, with dense cellular content and evident nucleus (Fig. 3F).
After 28 d, a pro-embryogenic mass emerged in ex sifu explants
(Fig. 3G); it was delayed and had less intense mitotic activity
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DSE

In vitro

than did the in vitro explants (Fig. 3H). When the mass ap-
peared externally in the explants, 62 d after inoculation, ex situ
explants (Fig. 3/) seemed to have a smaller pro-embryogenic
mass than in vitro explants (Fig. 3J), and its surface had fewer
regions containing cells with dense cytoplasmic contents.
In vitro explants presented masses with larger projections, and
the innermost cells were rounded, vacuolated, and larger than
the small peripheral cells, which had dense cytoplasmic con-
tents, forming meristem regions (Fig. 3J). The same anatomical
pattern was observed in subsequent samplings of both materials
at 72 d after in vitro inoculation.

< Ficure 3. Direct somatic embryogenesis in Coffea arabica ‘Mundo

Novo’. (A, B) Explant controls, observed with an adaxial epidermis
(AD), palisade parenchyma (Pp), spongy parenchyma (Sp), vascular
bundle (Vb), abaxial epidermis (AB), and stomata (S7). (A, C, E, G, I)
Foliar explants from ex situ plants. (B, D, F, H, J) Leaf explants from
in vitro plants. (C—J) DSE: (C) 8 d, ex situ, early cell division in the
spongy parenchyma (*); (D) 8 d, in vitro, high mitotic activity in the
spongy parenchyma (*); (E) 18 d, ex situ, high mitotic activity in the
spongy parenchyma (*); (F) 18 d, in vitro, presence of a pro-
embryogenic mass (Pm) with meristematic cells (Mc) in the peripheral
mass region; (G) 28 d, ex situ, the start of the formation of a pro-
embryogenic mass (Pm); (H) 28 d, in vitro, pro-embryogenic mass
(Pm) is formed, presence of surface meristematic cells (Mc). (/) 62 d, ex
situ, pro-embryogenic mass (Pm) formed, presence of sparse meristemat-
ic cells (Mc). (J) 62 d, in vitro, pro-embryogenic mass (Pm) larger than
those grown in ex situ conditions, presence of meristematic cells (Mc) on
the surface. Arrows indicate the edge of the explant with palisade paren-
chyma and epidermis without anatomical changes. Bars: A—F, H = 50
wm; E, G, I, J =100 um.

Indirect Somatic Embryogenesis (ISE) During the initial ISE
process, greenish phenolic compounds were observed in the
chlorenchyma cells 2 d after in vitro inoculation, especially in
the palisade ones, in both ex situ and in vitro explants (Fig. 44,
B). Following 8 d of culture, explants displayed regions with
high mitotic activity in the spongy parenchyma, mainly near
the edge of the explant and next to the vascular bundles, in
both ex situ (Fig. 4C) and in vitro (Fig. 4D) sources. The
beginning of callus formation was seen in in vitro explants
after 12 d; mesophyll cells had high mitotic activity along
the entire explant length. These cells neither presented inter-
cellular spaces nor formed meristems containing cells with
dense cytoplasm or evident nuclei (Fig. 4F). Few differences
could be observed between ex sifu explants 8 and 12 d after
inoculation (Fig. 4C, E).

Calluses were already visible at the edge of the explants 16
d after inoculation (Fig. 4G, H). In both types of explants,
there was no change in the epidermis or palisade parenchyma:
these cells were shifted providing space for callus growth, and
the callus was derived exclusively from the spongy parenchy-
ma cells (Figs. 4G, H and 5A, B). At this stage of callus
development, the size and structure of calluses represented
the greatest difference between ex situ and in vitro explants.
Ex situ explants possessed larger, vacuolated, and rounded
callus cells (Fig. 4G). In vitro explants had innermost callus
cells that were bulkier than the surface ones, which were
smaller, with dense cytoplasmic contents, and exhibiting high
levels of mitosis (Fig. 4H).

After 28 d of cultivation, explant calluses from in vitro and
ex situ leaves possessed very different structures (Fig. 5A, B).
Ex situ explants had callus cells that were more elongated and
vacuolated, and with larger intercellular spaces, than those
from in vitro explants (Fig. 5A). At the edge of the explant,
the vascular bundle projected toward the central portion of the
callus (Fig. 5A-C). In vitro explants presented calluses with
more vacuolated cells in their inner regions; these cells were
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Ficure 4. Indirect somatic

embryogenesis in Coffea arabica
‘Mundo Novo’: (A, B) 2 d, ex situ
explants (A) and in vitro explants
(B), presence of adaxial epidermis
(AD), palisade parenchyma (Pp),

In vitro

spongy parenchyma (Sp),
vascular bundle (Vb), abaxial
epidermis (AB), and stomata (S7);
(C) 8 d, ex situ, early cell division
in the spongy parenchyma (*);
(D) 8 d, in vitro, high mitotic
activity in the spongy
parenchyma (*); (E) 12 d, ex situ,
mitotic activity in scattered cells
of the spongy parenchyma (*);
(F) 12 d, in vitro, beginning of
callus formation (C/), palisade
containing meristem cells; (G)
explant, 16 d, ex situ, presence of
a well-defined callus (Cl); (H) 16
d, in vitro, callus (CI) formed,
with peripheral regions contain-
ing meristematic cells (Mc).
Arrow indicates the edge of the
explant with the palisade paren-
chyma and epidermis without an-
atomical changes. Bars: A—G =50
um; H =100 pm.

lined, with smaller cells arranged in continuous layers under-
going intensive cell division. More externally to these layers,
cells became elongated and vacuolated, and were coated with
a continuous cell layer without intercellular spaces (Fig. 5B).
After 30 d of culture, these cells with meristematic character-
istics and arranged in layers became more evident (Fig. 6A, B);
moreover, it was possible to observe the alignment of these
continuous cells with expanding outer layers containing less
dense cytoplasm cells (Fig. 6B).

P
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After 50 d of explant culture in a culture medium for em-
bryogenic callus induction, these embryogenic calluses were
transferred to an embryo formation culture medium. In
in vitro—grown explants, samples obtained after 62 (Fig. 5D)
and 72 (Fig. 5F) d presented larger calluses than those ob-
served at earlier stages of development; however, they still
contained regions with cells exhibiting meristematic charac-
teristics and intense mitotic activity. These meristem cells
contributed to the continued callus growth. Only the cells at
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Ficure 5. Indirect somatic
embryogenesis in Coffea arabica
‘Mundo Novo’. (A) 28 d, ex situ,
callus (CI) formation near a
vascular bundle (Vb); (B) 28 d,
in vitro, callus (CI) with a band of
meristematic cells (Mc); (C) 62 d,
ex situ, callus (C/) in an advanced
stage of development, with
fusiform, vacuolated cells and
few intercellular spaces; (D) 62 d,
in vitro, callus (CI) in an advanced
stage of development, containing
a cell mass with small, dense
cells, and meristematic cells (Mc)
in the outer layer of the callus; (£)
72 d, ex situ, callus (CI) in an
advanced stage of development,
containing spindle cells with large
intercellular spaces; (F) 72 d,

in vitro, callus (CI) with spindle
and spaced cells in the central part
of the callus, meristematic cells
(Mc) present in different regions.
Arrow indicates the edge of the
explant with the palisade
parenchyma and epidermis
without anatomical changes.
Bars: A-C = 50 um; D—-F = 100
pum.

the surface of calluses were bulky, with large vacuoles and
intercellular spaces (Fig. 5D, F). During callus development,
explants derived from ex sifu material exhibited no obvious
anatomical changes other than an increase in size, with more
spaced, elongated, vacuolated, and irregularly shaped cells;
the callus had a friable aspect (Fig. 5C, E).

Embryo formation began after 62 d of in vitro culture (Fig.
6C). The pro-embryos comprised an upper portion with few
dividing cells, which produces the embryo itself, and a basal
portion with a set of triangular-shaped cells, which give rise to
the suspensor (Fig. 6C, D). After 72 d of culture, the explants
from in vitro sources presented globular-shaped embryos,
with a well-defined protoderm, and a suspensor at the base
(Fig. 6D). After 172 d of culture (Fig. 6E—G), embryos were
observed at different stages of development. During the tran-
sition between embryonic stages (globular to heart stage), the
embryos went through longitudinal elongation (Fig. 6F). At
torpedo and heart stages, they had a well-defined protoderm

Ex situ

ISE

In vitro

and procambium (Fig. 6F) and remained connected to the
callus by the suspensor present at the embryo base (Fig.
6G). During DSE and ISE, embryonic development was sim-
ilar under all studied conditions regardless of the explant ori-
gin (ex situ or in vitro), with significant variation in the timing
of each ontogeny stage (Fig. 7). The embryos originated dur-
ing DSE and ISE were efficient and developed into normal
plants (data not shown).

The occurrence of abnormal embryos was reduced or ab-
sent in both DSE and ISE pathways (data not shown).
Abnormal embryos were verified in a low percentage in the
indirect route, probably due to the contact for a long time with
2,4-D. In the direct route, the occurrence of abnormal somatic
embryos was even rarer.

Histochemical Analysis Histochemical tests performed during
callus (Fig. 8B) and pro-embryogenic mass development (Fig.
8A, C-I) revealed the presence of phenolic compounds in
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FiGure 6. Indirect somatic
embryogenesis in Coffea arabica
‘Mundo Novo,” details of embryo
development during ontogenesis
of explants from in vitro—grown
plants. (A) 30 d, with
meristematic tissue (Mc),
containing small cells with dense
cytoplasm; (B) detail of the
meristem region (Mc), with
intense cell divisions; (C) 62 d,
the beginning of embryo
development, presence of a
suspensor (su); (D) 72 d, detail,
presence of a globular embryo in
the callus end, with a well-defined
protoderm (Pd) and a suspensor
(su); (E-G) 172 d, (E) during the
embryonic transition stage be-
tween the globular and heart
stages, well-defined protoderm
(Pd); (F) embryos in the heart and
torpedo stages presenting a pro-
toderm (Pd) and a well-developed
procambium; (G) suspensor detail
(su) at the base of the torpedo
embryo. Arrow indicates the edge
of the explant with the palisade
parenchyma and epidermis with-
out anatomical changes. Bars: A—
D =50 um; £E=100 um; F, G =
100 pm.

DSE (Fig. 84) and ISE (Fig. 8B), and lipids in the vacuoles of
palisade parenchyma cells and in scattered cells bordering the
callus and mass (Fig. 8D). Lipids were characterized as acidic
because of their light blue color when stained with Nile Blue
sulfate reagent (Fig. 8E). After 28 d of culture and callus
formation, starch grains accumulated in chlorophyll parenchy-
ma cells (Fig. 8C) and some callus cells. In DSE, starch was
observed in the pro-embryogenic mass of in vitro explants.
The presence of terpenes was observed in calluses of ISE in
both in vitro and ex situ explants after 72 d of culture. Under
DSE, terpenes were only observed in the ex sifu explants after
16 d (Fig. 8F). Tests performed to indicate the presence of
proteins and mucilage (Fig. 8 G-) demonstrated that proteins
accumulated in calluses and pro-embryogenic mass cells (Fig.

81).

Characterization of Morphological Events During DSE and ISE
from Ex Situ-Cultivated Leaf Explants As observed in Fig. 9,
leaf explants from C. arabica respond differently to the two
somatic embryogenesis (SE) pathways. In the indirect one
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(Fig. 9A), the explants form calluses that increase in size until
90 d after the beginning of culture. The calluses start to form
somatic embryos in about 180 d after they are transferred to
the embryogenesis induction medium. On the other hand, in
the direct pathway, the explants form small structures called
embryogenic structures, which reach less than 4 mm in size
(Fig. 9B). In DSE, the formation of somatic embryos occurs
after 90 d of cultivation, and they are arranged in the edges of
the explants as well as on the surface of the embryogenic
structures. It is also noted that in the two embryogenesis
routes, the calluses and the embryogenic structures are visu-
alized after 15 d of cultivation. These observations show that,
in this species, the SE responses differ between the indirect
and direct pathways.

Discussion

Somatic embryogenesis (SE) involves cell totipotency, where-
by somatic cells from plant tissues undergo restructuring to
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generate embryonic cells, through a series of developmental
stages similar to those occurring in zygotic embryogenesis.
During SE, cells go through morphological and biochemical
changes that result in the formation of a somatic embryo. This
process involves hormonal actions, transcription factors, and
epigenetic regulation (Yang and Zhang 2010). The research
here presented and discussed is innovative in comparing and
analyzing structures that initiate SE pathways: the pro-
embryogenic mass (in DSE) and the callus (in ISE), as well
as considering the explant source: in vitro and ex situ coffee
plants.

Analyses of pro-embryogenic mass development in DSE
and callus development in ISE revealed that both originate
from mitotically active cells present in the spongy parenchy-
ma, while epidermal tissue and palisade parenchyma
remained without anatomical changes. The callus and the
pro-embryogenic mass protrude from the explants; the pali-
sade parenchyma and the epidermis are moved, hence the
mechanical pressure exerted by the protrusion. Several studies
have described similar events during ISE, although only dem-
onstrating such tissue reorganization in ex situ—grown plants
(Pierson et al. 1983; Berthouly and Michaux-Ferriere 1996;
Menéndez-Yuffa and de Garcia 1997).

The development of both callus (ISE) and pro-
embryogenic mass (DSE), occurring in the initial phase of
SE, is notable near vascular bundles (Figs. 3F, F and 4C,
G), demonstrating a correlation between the presence of vas-
cular tissue and the early formation of these structures. The
initiation of cell divisions at the bundle can be explained by
the presence of totipotent pericycle cells, which form the

Start of

outermost layer of the vascular bundle (Xu and Huang
2014). The exposure of the edges of tissue after cutting the
explants in regions near small vascular bundles facilitates the
action of plant hormones placed in the culture medium, in-
creasing callus and mass formation (Xu and Huang 2014).

During DSE in coffee, embryos do not emerge directly
from the explant cells, as previously described for other spe-
cies (Dublin 1981; Yasuda ef al. 1985; Emons 1994; Motoike
et al. 2007; Vasconcellos et al. 2009). Alternatively, embryos
were observed developing from a pro-embryogenic mass
formed in the spongy parenchyma, as reported by
Menéndez-Yuffa and de Garcia (1997) and Quiroz-Figueroa
et al. (2002b), independently of the explant source. Therefore,
the pro-embryogenic mass is anatomically different from the
callus, as demonstrated by anatomical analyses.

In DSE, tissue develops more rapidly in explants from
in vitro—grown plants when compared to ex sifu explants
(Fig. 7). It can be compared by determining the time required
for the beginning of cell division in the spongy parenchyma
and the emergence of the pro-embryogenic mass. Parenchyma
from in vitro explants is less differentiated than parenchyma in
explants derived from ex situ—grown plants, and it possibly
possesses greater totipotency. Plants grown in vitro may pres-
ent rejuvenated tissues, which explains the anatomical and
temporal differences between explants obtained from ex situ
and in vitro materials (Brand and Lineberger 1992; Ruaud
et al. 1992; von Aderkas and Bonga 2000). Physiological
changes, along with the acquisition of juvenile morphology,
are translated into a faster development in in vitro—grown
plants when compared to ex situ plants, which are
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Ficure 7. Representation of ontogenesis in Coffea arabica ‘Mundo Novo’ during direct (DSE) and indirect (ISE) somatic embryogenesis in explants
from plants cultivated under experimental field conditions (ex sifu) and in in vitro plant gene banks (in vitro).
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physiologically older. The most significant difference be-
tween ex situ and in vitro materials was the time of embryo
development, which occurred after 270 and 86 d of culture,
respectively (Fig. 7).

Studies with cassava cultivars suggest that more juvenile
tissues result in the more efficient production of somatic em-
bryos (Ravindran et al. 2015). According to Claudot et al.
(1993), mature trees can be rejuvenated by in vitro culture,
and it is associated with the reappearance of features observed
in seedlings. In some in vitro cultures, tissue rejuvenation is
observed with the acquisition of juvenile morphology (Brand
and Lineberger 1992; Ruaud ef al. 1992). Reversion to a ju-
venile state has the potential to induce embryogenesis in cul-
tures of recalcitrant species (von Aderkas and Bonga 2000).
Considering these results, it is possible to suggest that in stud-
ies with materials of ex sifu origin, it would be important to
select donor tissues from younger explants for application of

Figure 8. Somatic embryogenesis in Coffea arabica observed using
histochemical tests. (A, D, and F) Direct somatic embryogenesis (DSE)
in ex situ—grown plants; (C, E, G-I) DSE in in vitro—grown plants; (B)
indirect somatic embryogenesis (ISE) in ex situ—grown plants. (A, B)
Ferric chloride 3%, positive for phenols, brown coloration; (C) Lugol,

Pagrvel
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somatic embryogenesis, as it tends to favor greater efficiency
in the process of somatic embryo formation.

According to Kahia et al. (2016), DSE in Coffea arabica-
robusta x canephora var. “Ruiru 117 leaf explants from
in vitro—germinated seedlings produced the highest embryo-
genic cultures (90%) and the highest mean number of embry-
0s (19.36) per explant when compared to leaf explants from
field-grown trees. In the present work, we demonstrate the
structural differences between these two types of explant
sources, ex situ and in vitro; additionally, the ontogenesis
throughout embryonic development both by direct and indi-
rect somatic embryogenesis is analyzed. For this purpose, ex-
plants were evaluated at different developmental stages to
identify the histological origin of callus or pro-embryogenic
mass, the beginning of embryo formation, the presence of
suspensor, and the integrity of formed embryos. The indica-
tion of using in vitro seedling tissue for a more efficient

N
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positive for starch, dark blue color; (D) Sudan IV, positive for lipids,
yellow coloring; (£) Nile Blue sulfate, positive for acid lipids, blue color;
(F) Nadi reaction, positive for terpenoids, light blue color; (G, H) Red
ruthenium, pectins and mucilage, red color; (/) Xylidine Ponceau reagent,
positive for proteins, pink color. Bars: A, B = 100 um; C—/ = 50 um.
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application of somatic embryogenesis in Coffea is a great con-
tribution to future studies. It allows maintaining a bank of
plants that can be used as explant source regardless of climatic
conditions, reducing recalcitrance.

Although ISE is more applied to Coffea genotypes than the
direct pathway, there is a tendency to believe that somatic
embryogenesis of the coffee tree via the direct pathway would
be faster than via the indirect one. The results obtained in this
study indicate the opposite, as embryos were obtained via ISE
with 62 d in in vitro—grown plants, against 86 d until the
development of in vitro—grown embryos via the DSE pathway
(Fig. 7). During ISE, there were few temporal differences
between the source of explants regarding the initial stages of
callus development (Fig. 7). Histological observations
showed that the explants presented regions with high mitotic
activity near the edge of the explant and next to the vascular
bundles. According to Bartos et al. (2018b), this mitotic ac-
tivity is caused by the greater contact these regions have with
nutrient medium components. However, based on complete
callus formation, an anatomical difference was observed be-
tween ISE in explants from ex situ and in vitro plants: calluses
from ex situ materials resemble those described by Pierson
et al. (1983), with elongated cells and a loose external appear-
ance, whereas calluses from in vitro materials have large re-
gions of meristematic cells with organized cell division, a
single large nucleus, and dense cytoplasms (Fig. 6A, B).
These results differ from those reported by Quiroz-Figueroa

30 60 90 120 150 180

Days after moculation of the explant in the cultre medium

et al. (2002a) and Silva ef al. (2014). In our study, callus
differentiation was detailed under different conditions, also
reporting regions with aligned layers of meristematic cells,
probably with totipotent ones. When determining the total
number of embryos obtained in experiments in which explants
from plants in the field were inoculated in the culture medium,
these conditions showed greater efficiency in somatic em-
bryogenesis via the direct pathway when compared to ISE
(Fig. 9). Another aspect to be highlighted is that the embryo-
genic structures, which are visualized at the edge of the ex-
plants subjected to direct somatic embryogenesis, as described
by Almeida (2020), correspond to the pro-embryogenic mass
characterized in the anatomical analysis of the explants sub-
mitted to the direct route.

Bartos et al. (2018b) reported the presence of embryogen-
ic callus consisting entirely of meristematic regions with iso-
diametric cells, dense cytoplasms, evident nuclei, and thin-
ner cell walls. Conversely, in the present study, embryogenic
calluses have cells with meristematic features as well as re-
gions with elongated and vacuolated cells. What varies is the
proportion of the latter cell type inside the callus, depending
on the origin of the explant: from ex sifu or in vitro plants.
Also, according to the differentiation made by Bartos et al.
(2018b), calluses can be classified into two types: type 1
(primary calluses with embryogenic competence) and type
2 (primary calluses with no embryogenic competence), the
second type, or non-embryogenic calluses, being less
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compact, watery, and whitish; growing disorderly; and com-
posed predominantly of elongated parenchyma cells with
large intercellular spaces.

Histochemical studies revealed greater expression of phe-
nolic compounds in explants from ex situ leaves than in those
from in vitro leaves. This can be partly explained by the me-
chanical disinfection process and/or by the response of leaves
to injury and strain during in vitro inoculation (Alemanno
et al. 2003; van Boxtel and Berthouly 1996). Furthermore,
leaves of adult plants may exhibit a greater accumulation of
phenols (Claudot ef al. 1993). Conversely, the low levels of
phenols in explants from in vitro leaves may be related to the
controlled conditions to which the plants were exposed,
resulting in little differentiation of tissues and low levels of
products derived from secondary metabolism. Starch grains
were observed both in callus cells and in pro-embryogenic
masses, in regions of intense cell division, in the proximity
of future embryo formation regions. Starch accumulation may
be associated with the embryogenic potential of explants;
starch is required for the formation of somatic embryos, and
it is consumed during the development of meristematic tissue
(Appezzato-da-Gloria and Machado 2004; Claudot et al.
1993). Bartos et al. (2018b) observed that after primary callus
formation during ISE in C. arabica cv. Catuai Vermelho, the
starch contents increased gradually until the completion of the
culture. Protein reserves appear to be crucial to the formation
of embryogenic tissue during ontogenesis, as the analyses
show accumulation in calluses and pro-embryogenic masses.
Berthouly and Michaux-Ferriere (1996) showed that embry-
onic tissue does not develop when in absence of protein
sources. In ISE of C. arabica, protein rates were observed
gradually increasing during callus induction (Bartos et al.
2018a; Santana-Buzzy et al. 2007). Sharifi et al. (2012) iden-
tify proteins whose expression is necessary for somatic to
embryogenic transition in Crocus sativus, as well as demon-
strating some differences in the proteome pattern between
non-embryogenic and embryogenic calluses.

Embryos in DSE and ISE were observed at four develop-
mental stages (globular, heart, torpedo, and cotyledonary),
and whether they were connected to the callus or pro-
embryogenic mass by the suspensor. In the basal region of
the embryo, the suspensor connects it to the mother tissue, as
reported for other varieties of Coffea by Quiroz-Figueroa
et al. (2006). Although unicellular formation was not ob-
served at the beginning of embryo development, the attach-
ment of embryos to mother tissue by the suspensor indicates
a unicellular origin (Quiroz-Figueroa et al. 2002a; Williams
and Maheswaran 1986). Quiroz-Figueroa et al. (2002a)
showed that somatic embryos in leaf explants of
C. arabica, both by DSE or ISE, originate from a single cell.
In this study, it was not possible to confirm this unicellular
origin despite the analysis of numerous explants and sequen-
tial sections.
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The application of somatic embryogenesis in Coffea has
been occurring since the 1970s. Since then, most studies have
presented separate results to indirect and direct pathways.
Currently, the present study submits a significant comparison
between both somatic embryogenesis pathways in Coffea.
Most manuscripts published regarding somatic embryogene-
sis in Coffea present anatomical analyses of one or two stages
of the development in one of the applied pathways, DSE or
ISE. In this study, the anatomical analyses of direct and indi-
rect pathways were performed at different stages of develop-
ment. In addition, this study was also performed on explants
from in vitro seedling leaves and on natural environment
plants (ex situ), which provides a broad comparison between
direct and indirect pathway application in Coffea.

We showed that independently of the explant source, the
callus and the pro-embryogenic mass originate exclu-
sively from cells of the palisade parenchyma, which
undergo cellular reprogramming to become mitotically
active. Furthermore, throughout somatic embryogenesis,
in vitro materials produced meristematic cells faster than
ex situ materials. The present study contributes to ap-
plied research regarding the indication of using Coffea
in vitro seedling for a more efficient application of so-
matic embryogenesis, an explant source that was proved
to be more suitable than explant tissue from the natural
environment. Besides, these results contribute positively
to clarify the assumption made by some studies that
younger tissues may be more appropriate to achieve
greater efficiency in the application of somatic embryo-
genesis in Coffea. During somatic embryogenesis, ISE
using leaves from in vitro—grown plants proved to be
more promising than those from other evaluated condi-
tions, generating calluses after 12 d and embryos after
62 d of culture. Reduced time in tissue culture can
generate a higher quality of embryos and decrease
somaclonal variation, which is a frequent problem in
cellular aggregates maintained for long periods in tissue
culture (Santana-Buzzy et al. 2007). The results of this
study provide information that helps to reduce in vitro
cultivation time by reducing the time required to obtain
clones and thus production costs, allowing commercial
laboratories to increase their efficiency. Therefore, we
suggest that ISE of in vitro—grown explants may be an
important tool to support breeding programs associated
with gene regulation studies of ontogenesis.
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