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ABSTRACT

The aim of this study was to evaluate somatic embryogenesis in juvenile explants of the THB papaya
cultivar. Apical shoots and cotyledonary leaves were inoculated in an induction medium composed of
different concentrations of 2,4-D (6, 9, 12, 15 and 18 pM) or 4-CPA (19, 22, 25, 28 and 31 uM). The
embryogenic calluses were transferred to a maturation medium for 30 days. Histological analysis were
done during the induction and scanning electron microscopy after maturing. For both types of auxin,
embryogenesis was achieved at higher frequencies with cotyledonary leaves incubated in induction

medium than with apical shoots; except for callogenesis. The early-stage embryos (e.g., globular or heart-

shape) predominated. Among the auxins, best results were observed in cotyledonary leaves induced with
4-CPA (25 uM). Histological analyses of the cotyledonary leaf-derived calluses confirmed that the somatic
embryos (SEs) formed from parenchyma cells, predominantly differentiated via indirect and multicellular

origin and infrequently via synchronized embryogenesis. The secondary embryogenesis was observed

during induction and maturation phases in papaya THB cultivar. The combination of ABA (0.5 uM) and
AC (15 g L") in maturation medium resulted in the highest somatic embryogenesis induction frequency

(70 SEs callus™) and the lowest percentage of early germination (4%).
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INTRODUCTION

The papaya (Carica papaya L.) is a very important
fruit crop species worldwide. In Brazil, the state
of Espirito Santo is one of the largest producers
and exporters of papaya fruits. Several commercial
genotypes of this species exist; for instance the
THB cultivar, a selection within the ‘Solo’ group
of fruits. This cultivar has been widely accepted
among producers of northern Espirito Santo for its
high productivity and small stature. In addition,
the THB cultivar exhibits low gene segregation,
which allows producers to use the seeds of the
fruits harvested in the crop to produce new planting
material.

Despite the economic importance of the
THB cultivar, few studies in the literature have
investigated its propagation. Commercially, papaya
trees are propagated from seeds; however, seeds can
be used for other purposes. For example, zygotic
embryos (Ascencio-Cabral et al. 2008, Farzana et
al. 2008, Malabadi et al. 2011, Anandan et al. 2012)
or segments of seedlings (Yu et al. 2003, Saha et al.
2004, Farzana et al. 2008, Homhuan et al. 2008)
can be used in tissue culture to produce explants
and somatic embryos via somatic embryogenesis.
This technique produces large numbers of
somatic embryos that can be transformed into
plantlets, identified as hermaphrodite ex vitro and
subsequently rescued in vitro and used in the field.

Besides producing large numbers, somatic
embryos are used to obtain transgenic papaya plants
from Agrobacterium-mediated transformation.
The development of this technique was successful
using somatic embryos obtained from hypocotyl on
solid medium (Fitch et al. 1993) or embryogenic
cell suspension (Carlos-Hilario and Christopher
2015). The genotype may influence the variation
of embryogenic responses during the induction
and maturation phase in plant tissue (Bell et al.
1993). In addition, factors such as the type and
concentration of auxin (Anandan et al. 2012), the
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type of explant (Capelo et al. 2011), presence or
absence of abscisic acid (Bell et al. 1993), activated
carbon (Lopez-Pérez et al. 2005) or osmotic
substances (Heringer et al. 2013) can alter the
responses among genotypes.

In virtue of the scarcity of studies on THB
cultivar and the significant interest of somatic
embryogenesis applied to papaya, histological
analyses are required to understand the induction
and maturation stages of the somatic embryos. This
present study aimed to evaluate the embryogenic
induction of papaya THB cultivar from the explant
type (apical shoot and cotyledonary leaf) and
auxin (2,4-D and 4-CPA), establish the maturation
medium favorable to the normal formation of
the embryos, as well as analyzing the morpho-
anatomical aspects of its development.

MATERIALS AND METHODS

PLANT MATERIAL

After the sarcotesta removal with calcium
hydroxide, seeds from ripe fruits of the papaya
tree THB cultivar were disinfected in a laminar
flow hood in 70% ethanol for one minute, in a
commercial solution of sodium hypochlorite
(2.5%) with three drops of Tween-20" for 15
minutes and in hydrogen peroxide (50%) for 10
minutes. The seeds were then washed three times
with autoclaved distilled water.

After disinfection, the seeds were inoculated in
tubes containing 10 mL of MS medium (Murashige
and Skoog 1962) with total concentrations of salts,
myo-inositol (100 mg L), sucrose (30 g L") and
agar (8 g L"); the pH of the medium was adjusted
to 5.7 = 0.1 before the addition of the gelling
agent. The tubes were left in an incubator with a
12 h photoperiod and alternating (day and night)
temperatures of 20-30°C. After the primary radicle
began to protrude, the tubes were placed in the dark
under the same temperature regime.
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INDUCTION OF SOMATIC EMBRYOGENESIS

Firstly, both auxins (2,4-D and 4-CPA) were used
at concentrations of 0, 12.5, 25, 37.5 and 50 uM but
the best results for the formation of embryogenic
calluses with 2,4-D was 12.5 uM and 4-CPA was 25
uM (data not shown). After that, it was decided to
use different concentrations for auxins in an attempt
to maximize the results of somatic embryogenesis in
both inductors. Apical shoots (AS) and cotyledonary
leaves (CL) obtained from 30-day-old seedlings
grown in vitro were inoculated in 90 x 15 mm
polystyrene Petri plates (Global Trade Technology,
Brazil) containing induction medium (IM)
composed of MS medium with total concentrations
of salts, myo-inositol (100 mg L), sucrose (30
g L") and Phytagel® (2.8 g L") supplemented
with either 2,4-dichlorophenoxyacetic acid (2,4-
D, at concentrations of 6, 9, 12, 15 or 18 uM) or
4-chlorophenoxyacetic (4-CPA, at concentrations
of 19, 22, 25, 28 or 31 uM). The pH of the IM
was adjusted to 5.7 + 0.1 before the addition of
Phytagel®.

After the explants were inoculated, the
Petri dishes were sealed with PVC plastic film
(Goodyear, Sao Paulo, Brazil), wrapped with foil
to prevent light entry and kept in an incubator at 27
+ 1°C for 50 days. Callogenesis (%) (sum between
non-embryogenic and embryogenic calluses),
embryogenic calluses (%) and the number of
somatic embryos per explant (globular, heart-
shaped, torpedo and cotyledonary) that developed
were measured.

MATURATION OF SOMATIC EMBRYOS

After a 50-day incubation period in IM, the
calluses underwent the cell potency assay, through
the double-staining with acetocarmine (2%)
and Evan’s blue (0.5%) (Durzan and Gupta 1988).
Thus, embryogenic callus was identified by the red
color in the light microscope. The results of this
assay and the relevant statistical analyses enabled

the selection of the optimal concentrations of
medium components. The embryogenic calluses
were selected and transferred to a variety of
maturation media (MM): IM without growth
regulators (GR); IM + abscisic acid (ABA, 0.5 uM);
IM + ABA (0.5 uM) + activated charcoal (AC, 15 g
L"); IM + ABA (0.5 uM) + AC (30 g L"); and IM
+ ABA (0.5 uM) + polyethylene glycol (PEG, 60 g
L"). The Petri dishes were kept in incubators with
12-hour photoperiod at 27 + 1°C for 30 days. The
frequency of somatic embryo (SE) induction per
callus and the percentage of germinated SEs were
measured.

LIGHT MICROSCOPY

For the anatomical studies, cotyledonary leaves
of Carica papaya L. submitted to treatment with
4-CPA (25 pM) and grown in induction medium
were collected ondays 1,2,7, 14,21, 28,35 and 50;
control cotyledonary leaves grown without auxins
were also collected. All of the cotyledonary leaves
were fixed in Karnovsky’s solution (Karnovsky
1965). After fixation, the samples were dehydrated
in an ethanol series and embedded in methacrylate
(Historesin®, Leica). Cross-sections and
longitudinal sections (5 pM thick) were obtained
with an automatic rotary microtome (RM2155,
Leica) equipped with a disposable glass knife and
stained with toluidine blue at pH 4.0 (O’Brien
and McCully 1981) for 15 minutes. The slides
were mounted in synthetic resin (Permount”). The
analyses and photo-documentation were performed
under a light microscope (Olympus-AX 70)
coupled to a photomicrography system (Olympus
U-Photo) in Vigosa, Minas Gerais (20°45°33.8” S
and 42°52° 6.5” W).

SCANNING ELECTRON MICROSCOPY
The post-maturated samples fixed in Karnovsky’s

solution were dehydrated in an ethanol series

(culminating in 100% alcohol), submitted to
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critical point drying with CO, (Autosamdri 815,
Tousimis®), placed in stubs and sputtered with
a layer of gold (Desk V, Denton Vacuum®). The
analyses and photo-documentation were conducted
using a scanning electron microscope (JSM —
6610LV, Jeol®), and all images were digitally
processed. The analyses were performed in Vitoria,
Espirito Santo (20°17°53.1” S and 40°18°57.9” W).

STATISTICAL ANALYSIS

The induction stage experiment consisted of a
completely randomized design (CRD) in a 2x5
factorial arrangement with a total of 10 treatments.
Two types of explants (AS and CL) and five
concentrations of either 4-CPA (19, 22, 25, 28
and 31 uM) or 2,4-D (6, 9, 12, 15 and 18 uM)
were used, with four replicates consisting of three
dishes with five explants each. The maturation
stage experiment also consisted of a CRD with
five treatments and five replicates of three dishes
containing five embryogenic calluses (10 mm?)
each. Data were submitted to analysis of variance
with the F-test; mean values were compared using
the Tukey test at 5%; and regression analyses were
conducted using Genes software (Cruz 2016).

RESULTS

INDUCTION OF SOMATIC EMBRYOGENESIS

For both auxins, the type of explant influenced (p
< 0.01) the formation of embryogenic calluses but
not the formation of calluses (Tables I and II). In

general, cotyledonary leaves formed more somatic
embryos than the apical shoots. In media containing
2,4-D, 62% of the cotyledonary leaves and only
10% of the apical shoots produced embryogenic
calluses (Table I). The concentration of 2,4-D had
no effect on the formation of SEs.

When 2,4-D was added to the medium, only
the type of explant influenced (p < 0.01) the
formation of somatic embryos (SE), the somatic
embryos tended to be globular, heart-shaped,
torpedo-like and similar to the cotyledonary
embryos. In cotyledonary leaves cultured produced
more globular somatic embryos (8.85 per explant),
heart-shaped somatic embryos (5.50 per explant)
and torpedo-like somatic embryos (3.35 per
explant) than the AS explants (0.45, 0.10 and 0.0
per explant, respectively) (Table I).

Despite no interaction between the factors
(explants x concentrations) (p > 0.05), the 4-CPA
concentration (19, 22, 25, 28 and 31 pM) influenced
(p <0.01), as well as the type of explant, the results
observed for the embryogenic calluses (Table I1A).
The mean induction frequency of embryogenic
calluses was higher for the cotyledonary leaves (78%)
than for the apical shoot explants (6.3%, Table I1A).

The concentration of auxin had a significant
effect on the formation of embryogenic calluses
only for 4-CPA and for cotyledonary leaves despite
the absence of an interaction between the means
of the factors explants and concentrations. The
regression analysis showed that these factors had

TABLE I
In vitro induction of apical shoot explants (AS) and cotyledonary leaves (CL) from the THB cultivar of Carica papaya L. to
calluses, embryogenic calluses and number of somatic embryos (SE) at various stages of development after a 50-day culture in
MS medium supplemented with 2,4-D.

Explants  Callogenesis (%) Fémbryogegl ic SE stages (per explant
alluses (%) Globular Heart-shape Torpedo Cotyledonary
AS 98 a’ 10b 0.45b 0.10b 0.00b 0.00 a
CL 99a 62a 8.85a 550a 335a 1.25a
LSD 1.85 4.27 2.61 1.78 1.27 1.30

LSD: Lower Standard Deviation. "Means followed by the same letter in a column are not significantly different at the 5%

probability level by Tukey’s test.
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TABLE IT

A - In vitro induction of THB cultivar of Carica papaya L. apical shoot (AS) explants and cotyledonary leaves (CL) to
calluses and embryogenic calluses in MS medium supplemented with 4-CPA. B - Mean number of somatic embryos (SE)
formed at various stages of development cultured in the induction medium supplemented with different 4-CPA (19, 22, 25,

28 and 31 pM) for 50 days.

A

Characteristics evaluated

Explants Callogenesis (%) (non-embryogenic Embryogenic
+ embryogenic calluses) Calluses (%)
AS 96.3 a* 63b
CL 96.6 a 78.0 a
LSD 4.94 5.97
B
SE stages 4-CPA (pM)
Explants
(per explant) 19 22 25 28 31
AS 0.0 b* 0.0b 1.5b 0.25b 1.0b
Globular
CL 10.0 a 155a 21.25a 16.5a 6.5a
LSD 4.01
AS 0.25a 0.0b 1.25b 0.25b 0.75 a
Heart-shape
CL 525a 6.75a 2375 a 1525a 5.75a
LSD 6.74
AS 0.0b 0.0b 0.5b 0.25b 0.25a
Torpedo
CL 3.75a 7.25a loa 7.75a 25a
LSD 3.69
AS 0.0a 0.0b 0.0b 0.0b 0.25b
Cotyledona
Y v CL 20a 525a 7.75a 45a 4.0a
LSD 2.73

Exp: Explant; LSD: Lower Standard Deviation. "Means followed by the same letter in a column are not significantly different at

the 5% probability level by Tukey’s test.

a quadratic effect on the induction frequency for
both types of explants, and the highest induction
frequency (48%) was achieved with the 25.84 uM
concentration (Figure 1a).

As was the case with the cultures supplemented
with 2,4-D, SEs in early development stages (i.e.,
globular and heart-shaped) predominated when
the medium was supplemented with 4-CPA. For
the different types of SE, almost all concentrations
of 4-CPA, the means of CL were higher than AS:
the greatest differences between the means of the
explants were observed within the concentrations
of 22 uM (globular - 15.5 and 0.0 per explant;
heart-shape - 6.75 and 0.0 explant per; torpedo -

25.7 and 0.0 per explant; cotyledonary - 5.25 and
0.0 per explant), 25 uM (globular - 21.25 and 1.5
explant per, heart-shape - 23.75 and 1.25 explant
per; torpedo - 16 and 0.5 per explant; cotyledonary
- 7.75 and 0.0 per explant) and 28 pM (globular
- 16.5 and 0.25 per explant; heart-shape - 15.25
and 0.25 explant per; torpedo - 7.75 and 0.25 per
explant; cotyledonary - 4.5 and 0.0 per explant)
(Table I1IB).

For all embryogenic stages (globular, heart-
shaped and torpedo-like) in which a significant
interaction between the type of explants and the
concentration of 4-CPA was observed (p < 0.01),

the quadratic model developed in the regression

An Acad Bras Cienc (2018)
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Figure 1 - (a) Percentage of embryogenic calluses obtained with THB cultivar of Carica papaya L. apical shoots and cotyledonary
leaves incubated in induction medium containing different concentrations of 4-CPA (19, 22, 25, 28 and 31 uM) for 50 days. (b)
Mean number of globular (continuous line), heart-shaped (dashed line) and torpedo-like (dotted line) somatic embryos (SE)
produced from cotyledonary leaves cultured in induction medium containing 4-CPA for 50 days. ~Significant at the 1% probability

level by F-test; “Not significant.

analysis was only able to explain the results obtained
with treatments using cotyledonary leaves (Figure
1b). Likewise for other features, the maximum
induction frequency of embryogenic calluses was
achieved with 4-CPA at a concentration close to
25 uM: globular (24.72 uM), heart-shaped (25.43
uM) and torpedo-like SEs (24.86 uM).

Variations in the structure of the calluses
induced from both types of explants were observed.
Apical shoots produced small, solid, non-friable,
light beige spongy calluses (Figure 2a). The
cotyledonary leaves produced compact, shiny,
cream or white calluses with friable regions (Figure
2b). The cell potency assay was used to identify
and select embryogenic mass regions (Figure 2c¢).
In the light microscope, embryogenic cells were
identified by the red color and non-embryogenic
cells by the blue color.

For both auxin types, SEs in all stages of
development were observed (Tables I and IIB,
Figure 2); however, the microscopic analyses
revealed a lack of synchronicity in the embryogenic
process (Figure 2d-k).

An Acad Bras Cienc (2018)

MATURATION OF SOMATIC EMBRYOS

In the maturation stage, samples of embryogenic
calluses obtained from the induction with 4-CPA
(25 uM) were selected. After 30 days, the
composition of the maturation medium was found
to influence the mean induction frequency of SEs
and the percentage of germinated SEs (Table III).

The medium containing ABA (0.5 pM)
and AC (15 g L) proved to efficiently induce
SE maturation; indeed, this medium produced
significantly the highest mean number of SEs
(70.5 SE callus™). MS media without growth
regulators (GR) were associated with much lower
SE induction frequencies: produced 45.7 SE
callus™; the medium containing ABA (0.5 uM) and
PEG (60 g L") produced 48.5 SE callus™; and the
medium containing ABA (0.5 uM) produced 51.6
SE callus'. The medium containing ABA (0.5 pM)
and AC (30 g L") produced statistically more (54.2
SE callus™) than the MS medium without GR, but
amounts similar to the medium with ABA (0.5 pM)
and PEG (60 g L") and the medium with ABA (0.5
uM) (Table III).
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Figure 2 - Somatic embryogenesis in explants of Carica papaya L. THB cultivar. (a) Non-embryogenic callus formed from
an apical shoot and (b) embryogenic callus formed from a cotyledonary leaf induced with 4-CPA (25 puM). (¢) Double staining
assay in the callus induced with 4-CPA (25 uM). (d, e, f, g) Ultrastructural analysis of somatic embryos (SE) in various stages of
development following maturation. (h) Late torpedo-like embryos. (i) Early cotyledon and (j) normal late cotyledon embryo. (k)
SE at different developmental stages, formation of asynchronized embryos. (I, m) Secondary embryogenesis (arrow) in maturation
medium. SEs in maturation media: (n) ABA (0.5 uM) + AC (15 g L™); (o) ABA (0.5 uM) + PEG (60 g L"). Normal converted
plantlet originating from somatic embryogenesis: (p) ABA (0.5 uM) + AC (15 g L™"); (q) ABA (0.5 uM) + PEG (60 g L™).
Abbreviations: cot. cotyledons; ea. embryonic axis; CoE. cotyledonary somatic embryo; HSE. heart-shaped somatic embryo; GE.
globular somatic embryo; TE. torpedo-shape somatic embryo; sp. suspensor. Bar =2.0 mm (a, b, n); 10 pm (¢); 50 um (d, e, f, g);

200 pym (h, i, j, m); 0.5 mm (k); 500 pm (I); 1.0 mm (0); 10.0 mm (p, q).

The most efficient maturation, low percentage
of SEs that germinated precociously (4% of
germinating SEs), was achieved with the means
containing ABA (0.5 uM) and AC (15 g L") and
ABA (0.5 uM) and PEG (60 g L"). The medium
resulting in the highest percentage of germinated
SEs (18%) was the MS medium lacking GR; the
medium containing ABA (0.5 uM) and AC (30 g
L") and the medium containing ABA (0.5 uM)
resulted in precocious germination frequencies of
16% and 7%, respectively (Table III).

Embryos of the THB papaya cultivar that were
matured in medium containing ABA (0.5 uM) and
AC (15 g L") (Figure 2n) or ABA (0.5 pM) and
PEG (60 g L") (Figure 20), they were placed in

medium without GR for the development of shoots

and roots (Figure 2p-q) and were converted into
normal seedlings most frequently (data no shown),
although it has not been evaluated acclimatization.

HISTOLOGICAL AND STRUCTURAL ANALYSIS

The light microscopy (LM) and scanning electron
microscopy (SEM) analyses were performed on
cotyledonary leaves treated with 4-CPA (25 uM)
during the induction and post-maturation periods;
these analyses were performed to follow the
embryogenic process and analyze the morphology
of the formed embryos (Figures 2 and 3).

The cotyledonary leaves of the THB papaya
cultivar (Figure 3a) possess a single epidermal
layer with juxtaposed rectangular cells; stomata are
observed on both the abaxial and adaxial sides. In

An Acad Bras Cienc (2018)
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TABLE III
Maturation of somatic embryos (late torpedo and

cotyledonary) of the THB cultivar of Carica papaya L.
obtained from cotyledonary leaves cultured in induction

medium supplemented with 4-CPA (25 pM) in relation

to the frequency of somatic embryo induction and the
frequency of precocious germination of somatic embryos

(SE) after 30 days of culture.

Maturation media (gg’(g:ﬁ?;x) Gesr]rsni(rs/e:;ed
MS without GR 457¢ 18a
ABA (0.5 pM) 51.6 be 7c
ABA (0.5 pM) + AC (15 g L™ 70.5a 4d
ABA (0.5 uM)+AC (30 g L™ 542b 16b
ABA (0.5 uM) + PEG (60 g L) 48.5 be 4d
LSD 6.28 1.47

ABA: abscisic acid; AC: activated charcoal; MS: Murashige
and Skoog medium; PEG: polyethylene glycol; GR: growth
regulator; LSD: lower standard deviation. "Means followed by
the same letter in the column are not significantly different at
the 5% probability level by Tukey’s test.

the absence of induction, no dividing cells were
observed. Pre-embryogenic cells were visualized
after seven days of culture (Figure 3b); these cells
were characterized by a small diameter, dense
cytoplasm, large nuclei and evident nucleoli. These
cells were internally formed from parenchymal
cells. In addition to these cells, other dividing
cells began to form visibly disorganized tissue,
most likely the callus. No histological evidence of
direct embryogenesis was observed. The intense
meristematic activity observed after 14 days (Figure
3c) and after 21 days (Figure 3d), disorganized the
structure of the cotyledonary explants.

After approximately 28 days, the structure of
the explants had become highly modified and the
cotyledonary epidermis was completely disjointed
(Figure 3e). The meristematic activity in the cells
directed the callogenic mass to the periphery
of the cotyledon, resulting in the extrusion of

An Acad Bras Cienc (2018)

the embryogenic mass to the surface. When the
embryogenic masses became exposed, several pre-
embryogenic globular structures (independent or in
the process of becoming independent) formed from
epidermal and subepidermal cells of the callus
(Figure 3f); these structures could be visualized
within approximately 35 days. The formation of a
callogenic structure suggests that embryogenesis
occurred indirectly.

The formation of these globular structures
from the initial explants represents the first stage
of differentiation on the indirect pathway. After
35 days, somatic embryos in the globular stage,
lacking a vascular connection to the parental tissue,
were observed (Figure 3f).

The pre-globular embryos also further
developed into torpedo-like embryos (Figure 3g)
and cotyledons (Figure 3h) after 50 days. It is
possible to observe the presence of protoderm and
procambium layers in somatic embryos (Figure
3g-h), similar to the layers observed in zygotic
embryos.

During the induction stage (Figure 3g) and
following the maturation stage (Figure 2d-k),
globular embryos and embryos in late stages of
development were visualized. Thus, the microscopic
analyses confirmed that somatic embryogenesis in
the THB papaya cultivar was not synchronized.

In the current study, a 50-day incubation
period in the induction medium produced embryos
in different stages of development within the same
treatment (Tables I and IIB, Figure 1b) or callus
(Figures 2k, 3g).

Secondary embryogenesis was observed
during the induction (Figure 3g), but occurred
more frequently in the explants cultured in
maturation medium without auxins (Figure 21-m);
these secondary embryos developed mainly from
the surface of the embryonic axis near the root

meristem of the primary embryos.
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Figure 3 - Sequence of anatomical events occurring during the genesis of somatic embryos produced from cotyledonary leaves
of the THB cultivar of Carica papaya L. cultured in induction medium with 4-CPA (25 pM), and stained with toluidine blue. (a)
Non-induced cotyledonary leaves at 30 days. (b) Pro-embryogenic mass at seven days. Cells with large nuclei and evident nucleoli
(arrow). (¢) Developing callugenic mass and embryogenic mass (*) at 14 days and (d) 21 days. Cells undergoing division (arrow).
(e) Embryogenic callus exposed on the surface of explants breaking through the epidermis (arrow) after 28 days of culture in IM.
(f) Several globular embryogenic structures formed indirectly at 35 days. (g) Somatic embryo in torpedo-like stage and globular
embryos (*) at 50 days. Secondary embryogenesis, shown by the connection between embryos (arrow). (h) Cotyledonary embryo
formed after 50 days of culture in IM showing the detachment regions (arrows) from the original tissue. Abbreviations: ec.
embryogenic callus; nec. non-embryogenic callus; ea. embryonic axis; st. stomata; ads. adaxial side; abs. abaxial side; vb. vascular
bundles; cot. cotyledons; sam. shoot apical meristem; gm. ground meristem. pc. procambium; sp. spongy parenchyma; pp. palisade

parenchyma; pt. protoderm. Bar = 100 um (a, b, ¢, d, e, h); 200 um (g, h).

DISCUSSION

INDUCTION OF SOMATIC EMBRYOGENESIS

Auxins are important for both the acquisition
of embryogenic competence and for embryo
development. Several studies in the literature have
described the use of the auxin 2,4-D to induce
embryogenesis in papaya explants (Castillo et
al. 1998, Fernando et al. 2001, Renukdas et al.
2003, Yu et al. 2003, Ascencio-Cabral et al. 2008,
Malabadi et al. 2011). The capacity of 2,4-D to
activate embryogenic routes may be related to its
ability to induce stress genes that contribute to the
cellular reprogramming of somatic to embryogenic
cells (Fehér 2005, 2015). Conversely, no studies
have described the use of the auxin 4-CPA to induce
embryogenesis in the papaya. However, 4-CPA
has been successfully used in other species such
as Pisum sativum (Loiseau et al. 1995), Rosa sp.

(Kintzios et al. 1999) and Psidium guajava (Moura
and Motoike 2009).

The induction of zygotic embryos of the Co-7
cultivar of papaya with 2,4-D (9.05 uM) resulted
in a callus induction frequency of 87.11% and
an embryogenic callus induction frequency of
75.12% (Anandan et al. 2012). A 46.7% somatic
embryogenesis rate was reported when immature
embryos of the papaya hybrid UENF/Caliman 01
were cultured on MS-based induction medium
with 20 pM 2,4-D. High somatic embryogenesis
frequencies (90.5%) were achieved when
cotyledonary explants from Cassia angustifolia
Vahl were cultured on MS medium with 10 uM
2,4-D combined with 1.0 uM benzyladenine (BA);
a production of 22.8 embryos/explant was verified,
of which 35.3% germinated in the same medium
after six weeks in culture (Parveen and Shahzad
2014).

An Acad Bras Cienc (2018)
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Auxins are involved in regulating the cell
cycle and promoting cell differentiation and play
important roles in somatic embryogenesis in
several species (Jiménez 2005, Kurczynska et al.
2007, Capelo et al. 2011, Rocha et al. 2012).

Different inducers may produce different
embryogenic responses in the same genotype.
4-CPA and 2,4-D are synthetic auxins with
herbicidal activities that belong to the
chlorophenoxyacetic group; they differ only by
a chlorine atom at carbon 2 of the phenoxy ring.
The interactions that take place between auxin
herbicides and plant tissue are not fully understood;
however, it is clear that the biological responses to
these two auxins are distinct.

The response (and therefore the sensitivity) of
cells to a growth regulator is related to the number
of receptors present on the cell surface and differs
for different types of tissue (Loschiavo et al.
1991). The cells that are sensitive to the inducers
possess receptors that bind to the hormone and
subsequently initiate the response that renders the
cells competent for embryogenesis.

In a study investigating the embryogenic
response of rye plants incubated in different
modified forms of phenoxy acid or in a control
solution of 2,4-D, small changes in the size of the
straight carbon chain or even in the structure of
the phenoxy ring caused enormous variations in
the frequency of embryogenic induction (Stuart
and Meccall 1992). This analysis highlights the
specificity of the membrane receptors and the
resulting varying affinity for the different molecules.
In the current study, the response of cells varied
with the different auxins: indeed, the embryogenic
callus response and the types of somatic embryos
that developed varied significantly with different
concentrations of 4-CPA but not with different
concentrations of 2,4-D.

The presence of a specific protein receptor
for 2,4-D has not yet been reported (Chinalia
et al. 2007); it is likely that the coupling and
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recognition of 2,4-D occurs via specific receptors
for endogenous auxins such as indole-3-acetic acid
(IAA) (Loschiavo et al. 1991, Sugaya et al. 2000,
Walsh et al. 2006).

The explant choice is also a very important
issue, as characteristics such as the level
and preservation of juvenility, the presence
of meristems and the oxidative metabolism,
physiological status and genetic stability of the
organism vary with different types of explants
(Prakash and Gurumurthi 2009).

In the current study, regardless of the type of
auxin, differences in the induction frequency of
embryogenic calluses and somatic embryos were
observed for different types of explants.

These observed differences may support the
hypothesis that somatic embryogenesis occurs
in response to plant tissue senescence (Bell et al.
1993). Thus, it is possible to understand that the
apical shoots containing the shoot apical meristem
constitute a physiologically young region, the
embryogenic process may be inhibited or delayed.
However, when the cotyledonary leaves are
removed from the seedling, senescence begins,
signaling the onset of the development of somatic
embryos.

Auxin herbicides cause chemical stress
in the plant (Zavattieri et al. 2010) and can
initiate a cascade of molecular and biochemical
signaling processes that activate genes involved
in senescence such as 1-aminocyclopropane-1-
carboxylic acid (ACC) synthase, which produces
ethylene, and 9-cis-epoxycarotenoid dioxygenase
(NCED), which synthesizes ABA, both of which
are important for embryo maturation (Grossmann
2003, 2007, Raghavan et al. 2005, 2006).

MATURATION OF SOMATIC EMBRYOS

The maturation medium containing ABA (0.5
uM) and AC (15 g L) satisfactorily promoted the
development of somatic embryos. The activated
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charcoal (AC) in the maturation medium can adsorb
inhibitory substances such as phenolic compounds,
ethylene or auxin residues that could prevent the
development of somatic embryos (Pereira et al.
2008, Aboshama 2011). In a study investigating the
maturation of somatic embryos of different varieties
of grape, Lopez-Pérez et al. (2005) found that the
use of a medium supplemented with AC (2.5 g L")
produced a significantly higher maturation rate
(99.5%) than the medium without AC (5.8%).

In THB papaya cultivar, the concentration of 15
g L' AC combined with ABA adsorbed inhibitory
substances and allowed the continuous and adequate
release of this hormone to the embryogenic tissue,
thus favoring its development. However, it is
not observed when the AC concentration was
increased to 30 g L. It is likely that very high
AC concentrations can adsorb substances that are
essential for the development of somatic embryos,
such as ABA.

Despite the low induction frequency of SEs
(48.5 SE callus™), the medium containing ABA
(0.5 uM) and PEG (60 g L") very efficiently
inhibited precocious germination (4%). Studies
have described the ability of PEG to increase the
osmolarity of the medium and increase the frequency
of somatic embryo induction (Castilléon and Kamo
2002, Vookova and Kormutak 2002, Steiner et
al. 2005, Alkhateeb 2006, Calic-Dragosavac et
al. 2010, Vale et al. 2014). The results achieved
with PEG may be related to the non-plasmolyzing
osmotic effect of this compound: PEG may be able
to induce water stress even if no water actually
enters the plant cell (Alkhateeb 2006), and lead
to an increased protein synthesis (Heringer et al.
2013, Vale et al. 2014).

ABA has been widely used in maturation
medium because it can induce the final development
of the embryo through the accumulation of LEA
proteins (late embryogenesis abundant), related to
the maintenance of desiccation tolerance (Dodeman
etal. 1997, Capelle etal. 2010), stimulate the storage

of reserve substances (Gutmann et al. 1996, Sholi
et al. 2009) and prevent precocious germination
(von Arnold et al. 2002). The process that drives
the formation of secondary embryos is not clearly
understood; however it can be associated with the
time spent in the induction medium or maturation
medium. In current study secondary embryos were
identified in maturation medium. Some studies
have correlated the formation of secondary somatic
embryos depending on the concentration of
exogenous ABA (Iida et al. 1992, Ogata et al. 2005,
Aman and Afrasiab 2014) or the types of somatic
embryos placed in MM with ABA (Lee et al. 1998,
Calic et al. 2012).

Maturation media lacking this phytohormone
were less able to inhibit the precocious germination
of the THB papaya cultivar and more frequently
produced abnormal embryos (data not shown).
ABA (even at low concentrations) has been shown
to be essential for the normal development and
maturation of papaya (Renukdas et al. 2006).

The maturation phase, which is relatively
short (30 days) for the THB papaya cultivar, was
sufficiently long to enable the development of the
cotyledonary somatic embryos and produce large
numbers of normal seedlings (data not shown).
Although the current study did not evaluate the
rooting process of somatic embryos for ex vitro
acclimatization, this point is one of the biggest
challenges in papaya tissue culture. Recently, Pérez
etal. (2016) reported high rooting efficiency (100%)
of papaya shoots using semi-solid medium with
IBA and phloroglucinol. According to the authors,
this combination favored the in vitro rooting and
increased plants survival in ex vitro acclimatization.
The rooting process presents greater success in
experiments using papaya cuttings, developing
flowers and fruits early when compared to plants
from seeds (Schmildt et al. 2016).

An Acad Bras Cienc (2018)
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HISTOLOGICAL AND STRUCTURAL ANALY SIS

The microscopic analysis of the developing somatic
embryos revealed that the THB papaya cultivar and
other varieties of papaya underwent similar and
different embryogenic processes. In the current
study, the pro-embryogenic masses were visualized
after seven days of culture in induction medium;
these masses were formed from parenchyma cells
with no visible indication of direct embryogenesis.
Fernando etal. (2001) described the direct formation
of somatic papaya embryos of the Sunrise Solo
cultivar from single protodermal cells after 18 days
of culture in induction medium containing 2,4-D
(9.05 uM).

The structural disorganization of the
tissue observed in cotyledonary explants
following 14 days of culture is characteristic
of the indirect embryogenesis process, which
involves the formation of somatic embryos from
callogenic masses (Pinto et al. 2011). However,
two distinct groups of cells were observed: one
was formed of large, non-embryonic cells at the
periphery of the explants; the other group was
localized more centrally and composed of small
cells with a meristematic appearance. The same
structural pattern was observed by Konieczny et
al. (2012) during the somatic embryogenesis of
Trifolium nigrescens Viv.

The double-staining assay is frequently
used to detect embryogenic competence during
the induction stage. The embryogenic cells are
isodiametrical, dense cytoplasm and extremely
reactive to acetocarmine, resulting in red staining
(Durzan and Gupta 1988). This assay confirmed the
presence of two distinct types of THB papaya cells
following the induction stage. The acetocarmine-
reactivity is linked to the competence of cells for
somatic embryogenesis development (Steiner et
al. 2005) and its chromosomal integrity (Munhoz
et al. 2008). Moreover, the elongated cells are
usually vacuolated, first sign of cell death, followed
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by the rupture of the membrane (Filonova et al.
2000), making cells permeable to Evan’s blue. The
carmine-acetic acid stain has also been successfully
used to differentiate embryogenic and non-
embryogenic cell populations in Passiflora (Silva
et al. 2009, Pinto et al. 2011).

In addition to their indirect origin, somatic
embryos of the THB papaya cultivar have a
multicellular origin; more specifically, cells
simultaneously dedifferentiate into different tissues
that can subsequently form a single embryogenic
mass (Rocha et al. 2012). In particular,
embryogenic masses originating from the fusion
of parenchymatic and epidermic cells can form
embryogenic globular structures.

Somatic embryos of the THB papaya
cultivar appear to have similar origins as other
varieties of papaya (i.e., indirect and multicellular
embryogenesis) (Fernando et al. 2001, Ascencio-
Cabral et al. 2008, Anandan et al. 2012).

The type and concentration of auxin and the
sensitivity of the explant cells to the inducers can
affect the development of somatic embryos, which
is partly why different patterns of origination
were observed for these embryos of the THB
papaya cultivar. Embryos cultured in induction
medium with high auxin concentrations develop
predominantly indirectly; secondary embryos
originate directly from the protoderm of the
primary embryos cultured in induction medium or
maturation medium.

The lack of embryogenic synchronization and
the simultaneous occurrence of precocious and
late-stage embryos have also been reported in other
varieties of papaya (Fernando et al. 2001, Anandan
et al. 2012) and in other species, like passionfruit
(Silva et al. 2015). This process may be related to
the secondary embryogenesis that occurred during
the maturation stage in the absence of auxins; during
this process, secondary embryos were formed on
the surface of the embryonic axis near the radicle.
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The presence of connected embryos in the
late and early stages indicates that secondary
embryogenesis occurred in current study. Given
the protodermal connection between torpedo-like
and globular embryos in histological analysis, it is
likely that secondary embryogenesis in this papaya
cultivar can originate directly from the surface cells
and that the formation of a callus is not necessary.
Silva et al. (2009) similarly observed secondary
embryogenesis in Passiflora cincinnata cultured
in media without growth regulators; these authors
reported that the intense production of secondary
embryos on the surface negatively affected the
germination of primary embryos. Secondary
embryos also negatively affected the germination
and conversion of primary embryos in this study
(data not shown).

The occurrence of abnormalities during
the embryogenic process is common (Fernando
et al. 2002, Konieczny et al. 2012). It has been
suggested that these abnormalities are associated
with the culture duration and the use of high auxin
concentrations (Pescador et al. 2008). Furthermore,
synthetic auxins (especially 2,4-D) can disturb
polar auxin transport processes that are required
for the establishment of bilateral symmetry and the
differentiation of cotyledons (Gaj 2004).

The results of this study indicate that a higher
induction frequency of SEs was achieved with
cotyledonary leaves cultured in medium containing
4-CPA (25 uM) than with apical shoots and the auxin
2,4-D. The histological analysis of cotyledonary
leaves shows that the embryogenic process begins
in the parenchymal region with the proliferation of
embryogenic masses to form somatic embryos via
multicellular and indirect pathways. The addition
of ABA (0.5 uM) and AC (15 g L) to the medium
resulted in elevated SE induction frequencies
and reduced precocious germination rates.
The successful conversion of somatic embryos
into seedlings and the development of normal

morphology are both directly related to the quality
of the maturation process.
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