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The recalcitrance of Theobroma cacao L. to somatic embryogenesis, due to non-adapted physiological
and metabolical responses to environmental stress, limits its propagation. The present work aims to
ameliorate somatic embryogenesis in T. cacao throughout a physiological approach. For this purpose,
the influence of the position of flowers buds used as explants was evaluated. Flowers buds were
collected from different parts of the tree: orthotropic main stem (OS), primary plagiotropic fan branch
(FI) and secondary plagiotropic fan branch (FIl). Evolution of some biochemical parameters such as
phenolic compounds, soluble sugars, proteins contents and peroxidase activity was followed at
different steps of somatic embryogenesis, considering the origin of the explants used. Results obtained
show that callogenesis is induced on all explants independently of their origin, with an 80% average
frequency. Embryogenesis frequencies were ca 2 fold higher in staminodes-derived calluses from FlI
and Fl than OS. Meanwhile petals of Fll do not differentiate embryos. Biochemical analysis shows that
the content of phenol is low in calluses during somatic embryo establishment. Explants from FlI
present the lowest values (after 49" days of culture). Sugars content decrease during callogenesis.
When embryos are established the sugars content decrease in explants from OS. During the same
period, proteins’ and phenols contents increased in staminodes-derived calluses from all origin; while
there was decrease in petals from FI and FIl. Buds from fan branch are suitable for somatic
embryogenesis process and this capacity correlate with peroxidase activity which decrease during
embryos dedifferentiation phase.

Key words: Theobroma cacao L., somatic embryogenesis, proteins, phenols compounds, soluble sugars,
peroxidase activity, microclimate.

INTRODUCTION

Theobroma cacao L. (chocolate tree) is grown in the incomes for many countries of the West and Central
humid tropics and constitutes an important source of Africa regions. This tree, when grown in wild state, can
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reach 12 to 15 m of length (Wood et al., 1985). It is a
diploid (2n=20) and preferentially allogamy plant. The
root system has a growth dimorphism characterized by
an orthotropic development axis, the pivot and
plagiotropic lateral ramifications and lateral roots. Cocoa
trunk is characterized by a vertical harbor (orthotropic), a
phyllotaxis 3/8; long-stalked leaves, axillary orthotropic
buds, a defined growth, differentiation of three to five
plagiotropic buds under the apex, at the time of the
degeneracy of the terminal bud. Cauliflorous tree,
inflorescences cymes biparous with reduced inter-node
develop at the flowering areas called flower cushions.
The flowers are hermaphroditic, with small sizes
(diameters ranging from 0.5 to 1 cm), regular and
composed of 5 sepals, 5 petals, 5 staminodes, a pistil
and an ovary. Pollination is predominantly entomophilous
although it can be done manually in the experimental
fields. Flowering in cocoa is manifested by the production
of a minimum of 50 000 flowers during the term with less
than 5% of production pods (Lass, 1999). Cocoa trees
demonstrate a high degree of segregation for many traits
when propagated by seeds. For this reason, clonal
propagation systems such as rooted cuttings and grafting
have been applied for multiplication of elite varieties but a
vast majority of cocoa plants in production were derived
from seeds (Eskes, 2005). The use of in vitro propagation
methods for cocoa could potentially contribute to efforts
at crop improvement, germplasm conservation, and rapid
distribution of new improved varieties.

Somatic embryogenesis is a vegetative propagation
method which permits the production of several embryos
capable of generating plants similar to the initial one from
non-sexual tissues. Somatic embryogenesis has been
the most used method these last years for in vitro
regeneration of elite genotypes of cocoa (Niemenak et
al., 1998; Maximova et al., 2008; Noah et al., 2013).
Somatic embryos germinate to yield entire plant with a
pivoting root that we cannot obtain by cutting. Temporary
immersion culture and suspension culture can enhance
embryos multiplication of cocoa (Niemenak et al., 2008).
The success of this method is mostly dependent of
genotype and culture medium composition. Li et al.
(1998) achieved better somatic response from many
genotypes using DKW complex salt with floral explants.
Somatic embryogenesis plays an important role in clonal
propagation. When integrated with conventional breeding
programs and molecular plus cell biological techniques,
somatic embryogenesis provides a valuable tool to
enhance the pace of genetic improvement of commercial
crop species (Stasolla and Yeung, 2003). There are
evidences that the main metabolic and developmental
processes occurring in the zygotic embryogenesis may
be recapitulated in the somatic embryogenesis (Fehér et
al.,, 2003). But the latter are less efficient in converting
carbohydrates in lipids and storage proteins during the
late developmental stages (Cangahuala et al., 2009). The
levels of these substances change along the

developmental stages of cells cultures, and their role has
been ascribed to the transduction signal cascade or as
substrate for cell growth and morphogenesis (Lulsdorf et
al., 1992). Storage proteins are the source of amino acids
for seed germination (Misra et al., 1993). Proteins could
also be involved in the regulation of cell expansion and
establishment of biophysical characteristics required for
the morphogenesis (Jiménez, 2001). Soluble sugars,
such as glucose and sucrose, are involved in the
regulation of developmental processes occurring from
embryo development to seed maturation (Gibson, 2005).

Generally, when used as source of plant materials for
somatic embryogenesis, flowers buttons are collected
from the tip of branches on cocoa trees, whereas their
production is distributed on the whole plant and is
extended all over the year. Due also to the low production
and conversion of somatic embryos obtained from
different genotypes of T. cacao, leading to important
economic lost, a new physiological approach was
developed. Assessment of somatic embryogenesis was
done using floral explants (staminodes and petals) from
different position on the tree: orthotropic main stem (OS),
primary plagiotropic fan branch (starting from the first
ramification) and secondary plagiotropic fan branch
(starting from the second ramification). The present
research work objectives were to investigate the
mechanism that can help to solve the recalcitrance of T.
cacao and to understand the influence of explant position
on the tree on biochemical events underlying somatic
embryogenesis in this specie.

MATERIALS AND METHODS
Preparation of plant materials

The tissue system used in this investigation was the same as the
system previously described by Minyaka et al. (2008). Studies were
carried out on the cacao genotype “SCA 6”, which is included in the
gene-bank of the Institute of Agricultural Research and
Development at Nkolbisson (Yaounde, Cameroon). Flowers buds
were collected at different positions on the same tree during all the
experimentation, including orthotropic main stem (OS), primary
plagiotropic fan branch (FI) and secondary plagiotropic fan branch
(FI) early in the morning. They were surface sterilized by
immersion for 20 min in 3% (w/v) sodium hypochlorite followed by
three rinses in sterilized distilled water of 2 min each. Staminodes
and petals were excised with scalpels and placed on culture media
(in distinct set) into Petri dishes (Figure 1).

Culture medium preparation

All media were defined using Driver and Kuniyuki Walnut (DKW)
medium basal salt of Driver and Kuniyuki (1984). The explants were
first cultured in primary callus growth medium. Primary callus
growth (PCG) medium was supplemented with 250 mgL™
glutamine, 100 mgL™ myo-inositol, 1 mLL™ DKW vitamin stock (100
mgmL™, 2 mgmL™* thiamine-HCI, 1 mgmL™ nicotinic acid and 2
mgmL™? glycine), 20 gL-1 glucose, 18 pM 24-dichloro-
phenoxyacetic acid (2,4-D) and 45.4 nM thidiazuron (TDZ). Media

were dispensed into sterilized Petri dishes after autoclaving for 20
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Figure 1. Morphogenic structure of T. cacao during somatic embryogenesis and plantlets conversion. Plant
materials (A): staminodes (a), petals (), and immature floral buds (y). Explants-derived callus from
orthotropic main stem growing in Secondary Callus Growth medium (SCG) (B); Characteristic developmental
stages of SE: globular (C), heart shape (D), torpedo (E) and cotyledonnary stages (F). Plantlet originated from
somatic embryos matured under high concentration of sucrose, 90 (G) and 120 (H) days after transfer in root
development medium. Well-developed plantlet just allocated in the substrate (l). Bar =1 cm.

min at 1 bar pressure and 121°C. Each Petri dish contains either 30
staminodes or 30 petals. Experiments were repeated 5 times with
five replicate Petri dishes at each culture initiation. Petri dishes
were incubated in dark at 25 + 1°C for 14 days. After 14 days in
PCG medium, explants were transferred to secondary callus growth
(SCG) medium. SCG medium consisted of DKW basal salts,
supplemented with 0.5 mLL™ DKW vitamin, 20 gL™ glucose, 9 pM
2,4-D, 250 pgL™? kinetin and 0.22% (w/v) gelrite. Cultures were also
incubated at 25 + 1°C for 14 days in darkness. Cultures from SCG1
medium were transferred in embryo development (ED) medium. ED
medium was made of DKW basal salts supplemented with 6.0 mM
MgSOs, 1 mL DKW vitamin, 30 gL™ sucrose, 1 g.L ™, glucose and
0.22% (w/v) gelrite. Cultures were incubated at 25 + 1°C in
darkness for 21 days. Two others sub-cultures of explants were
made every 21 days in ED medium for the development of
embryos.

Biochemical analysis

At the end (91 days) of each experience (a given culture), calluses
of each characteristic development stages of somatic
embryogenesis, that is, calluses aged 14, 28, 49, 70 and 91 days,
respectively, were collected from different sources of explant and
analyzed independently.

Estimation of phenolic contents

Phenolic compounds were extracted as described by EI Hadrami
(1995) and Macheix et al. (1990). Embryonic mass (100 mg) were
ground in chilled mortars with 2 ml of 80% (v/v) methanol at 4°C.
After incubation, tubes were centrifuged thrice at 7000 g for 30 min,
supernatant were recuperated each time. Mixture of the three
supernatants constituted the crude extract. Total phenols were
quantified using the method described by Singleton and Rossi
(1965). 15 pl of alcoholic extract were added to Folin-Ciocalteu
reagent (250 ul), 2.5 mL of distilled water and 0.5 ml of sodium
carbonate (20 %). The mixture was incubated at 40°C for 20
minutes and the blue color was determined at 760 nm. The content
of soluble phenolic was expressed in mg-equivalent of gallic acid
per fresh weight (FW).

Estimation of soluble sugars contents

Soluble sugars were extracted according to the modified method of
Babu et al. (2002). Biological material (400 mg) was ground in
mortar with 2 mL of 80% (v/v) ethanol and centrifuge at 6000 g for
20 min. The supernatant was collected and constituted the crude
extract. 50 pL of this alcoholic extract was added to 5 mL of
Anthron reagent, homogenized and incubated at 80°C for 20 min.
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Table 1. Average frequency of callogenesis in Sca 6 genotype of Theobroma cacao L., 28 days after induction in primary callus growth

(PCG) medium.

Callogenic explants Orthotropic main

Primary plagiotropic fan

Secondary plagiotropic fan

stem branch branch
Staminodes-derivezd callus (%) 92.50 + 4.97% 93.97 £ 2.43% 81.23 £ 6.40%
Petals-derived callus (%) 83.47 +9.87% 90.17 + 5.00% 93.63 £ 1.78%

Each value is mean + SE of three replicates samples. Values significantly different at the 5% level of significance are indicated with different letters.

After cooling in melting ice, the absorbance of the green complex
formed was determined at 620 nm. Glucose was use as standard.

Estimation of protein contents and POX activity

Calluses (500 mg) were ground in chilled mortar with 2 mL of
TAMET buffer (0.5 M Tris, 0.3 M ascorbic acid, 0.2% (v/v) B-
mercaptoethanol, 0.01 M EDTA and 0.02% (v/v) Triton X 100, pH
6.7); and 0.125 g polyvinylpyrrolidone was added in the medium.
The crude homogenate was centrifuged for 15 min at 20000g and
4°C. The supernatant was removed and used as crude extract for
proteins and enzymes assays. Proteins were quantified according
to Bradford (1976) method. Peroxidase (POX) activity was
measured spectrometrically at 420 nm by the guaiacol-H,O, method
of Erdelsky and Fric (1979). The specific activity of the enzymes
was expressed as the change in optical density per mg of fresh
weight (FW).

Statistical analysis

Data were subjected to statistical analysis using SPSS software
version 16.0. Analysis of variance was performed where applicable
and differences between means were determined using LSD and
Tukey Test.

RESULTS

The results showed that calluses were distinguishable on
floral explants after 4 to 5 days of cultivation in the
primary growth medium. Callus development was well
established in secondary callus growth medium, and was
quite similar in tissues from different origins, according to
their morphological aspects (Figure 1). There were no
significant differences (p<0.05) among the average
frequency of callogenesis (after 28 days) when explants
were cultivated in DKW medium containing plant
regulators. However, callus growth was most influenced
by the type and origin of explant used. The average
callogenesis frequency was up to 80% in T. cacao
tissues, with the highest value obtained with staminodes
explants collected on Fl (93.97+2.43%) (Table 1). By the
end of three-week in embryo development medium, some
calluses differentiated roots or embryos. The earliest
somatic embryos were observed between 49 and 55 day
of culture on embryogenic calluses. Petals-derived
calluses collected on secondary branches do not
differentiate somatic embryos during all the experiment
(91 days). The percentage of explants producing somatic

embryos is highly influenced by the nature and the origin
of explant cultivated in culture media (Figure 2). No
statistical differences (p<0.05) were found among the rate
of petals-derived calluses producing somatic embryos
from different origin. Whereas, in staminodes-derived
calluses, this rate decrease significantly when moving up
from OS to FIl. In fact, this rate of explants-derived
calluses producing somatic embryos were approximately
3 times higher in staminodes tissues than petals after 91
days of culture, with the highest value obtained with
staminodes-derived calluses from Fll (13.70£3.21%). As
observed, embryogenic and non-embryogenic tissues of
T. cacao calluses were discernable based on coloration;
embryogenic calluses were brown (phenolized) and
friable, while non-embryogenic were white and rough.
Somatic embryos undergo different developmental
stages as shown by the result: globular, heart shaped,
torpedo and cotyledonnary stage (Figure 1C, D, E and F).
Cotyledonnary stage constituted the last development
stage. At this stage, somatic embryos submitted to
maturation treatment were able to germinate and
generate plantlets (Figure 1G, H, and I).

Biochemical analysis showed that the total content of
polyphenols compounds in staminodes-derived calluses
ranged from 2.16 + 0.15 to 8.04 + 0.22 mg g'1 of FW in
0S, 1.69 + 0.08 to 6.61+ 0.49 mg g of FW in FI and
from 1.73+ 0.23 to 4.9+ 0.33 mg g™ of FW in FlI (Figure
3). There is no regular evolution of this determinant
during somatic embryogenesis process in both types of
explants (staminodes or petals) from the same position
on the tree. After 28" days (corresponding to induction
step), total phenols compounds increased in staminodes-
derived calluses (84, 21 and 43%, for OS, FI and FlI,
respectively). Constitutively, soluble carbohydrates were
low in calluses from all origins (Figure 4). Statistical
differences (p<0.05) were found in the amount of
carbohydrates between OS and Fll calluses after 28"
days. Whereas no statistical difference were found
between the amount of sugars in calluses from Fl and FlI
during this period, considering staminodes and petals
tissues. Callogenesis in this case was characterized by a
decrease in carbohydrates content. Among petals-
derived calluses, those from FIl displayed the highest
amount of carbohydrates (6.37+0.3 mg g'l of FW after 49
days), and OS the lowest (1.6+0.18 mg g'l of FW after 28
days); While decreasing progressively in others stages
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stem (OS), primary plagiotropic fan branch (FI) and secondary plagiotropic fan
branch (Fll).Values significantly different at the 5% level of significance are

indicated with different letters.

between 0.8 and 36% (in 70-day-old OS and 90-day-old
FI, respectively). Except for calluses from FI and FIl aged
14 days, the same observation was made in petals. The
protein contents in staminodes-derived calluses varied
from 0.537+0.178 mg g+ (Fll after 28 days) to
2.181+0.372 mg g™ of FW (OS after 70 days), whereas in
petals-derived calluses, it varied from 0.724+ 0.03 mg g™
(OS after 70 days) to 1.8495+ 0.237 mg g™ of FW (OS
after 28 days). Protein content was significantly higher in
petals-derived calluses from Fll aged 49 days (1.809 +
0.415 mg g™ of FW) than in OS (0.911 + 0.178 mg g™ of
FW) from the same source. It appears that, cells
differentiation is characterized by high protein synthesis
in staminodes tissues (Figure 5).

Peroxidases activities presented pattern related to a
source of morphogenetic structure. The activity in
staminodes-derived calluses after 49 days was 2.7 and
2.0 fold higher in OS than in Fll and FI, respectively.
There was no significant difference (p<0.05) among
peroxidases activities in staminodes-derived calluses at
any developmental stage of this experiment from each
source of tissues. However, this value, after 28 days, was
significantly higher in petals-derived calluses from Bll as
compared to OS and FI (Figure 6). Staminodes-derived
calluses from OS presented the lowest activity (after 70
days).

DISCUSSION

Somatic embryogenesis is the process by which somatic
cells, under inductive conditions, generate embryogenic

cells, which undergo a series of morphological and
biochemical changes resulting in the formation of somatic
embryos (Schmidt et al.,, 1997; Komamine et al., 2005;
Businge et al., 2013). Somatic embryogenesis forms the
basis of cellular totipotency that is unique to higher
plants. Currently, this clonal technique is considered to
represent a prominent in vitro regeneration system for
cocoa. Somatic embryogenesis allows rapid regeneration
of elite genotypes, germplasm conservation and genetic
transformation system (Maximova et al.,, 2002).
Unfortunately, the recalcitrance of T. cacao to this
technique and numerous factors that control it limit its
systematical exploration. In this study, a comparative
approach was applied to study physiological differences
among T. cacao explants-derived calluses from different
origins with the hope to understand the complexity of this
phenomenon (recalcitrance). The influence of the position
of flowers buds on the tree on somatic embryogenesis of
“Sca 6” genotype, known as highly productive in farm
was analyzed. The variation of phenols compounds, total
soluble sugars, proteins contents and peroxidases
activities was also performed in these conditions.

Results showed that both explants types used
(staminodes and petals) are favorable to callogenesis
with an average frequency above 80% in all callus-
derived explants used in this experimentation. These
results are in agreement with those previously obtained
by Li et al. (1998) and Minyaka et al. (2009). These
authors showed that callogenesis was effective in T.
cacao using floral explants. The action of 2.4-dichloro-
phenoxyacetic acid (2.4-D) and that of thidiazuron (TDZ)
are responsible for this callogenesis. A synergic and/or a
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Figure 3. Influence of the position of flowers buds on the tree on total soluble
sugars content during somatic embryogenesis of T. cacao: staminodes (A) and
petals (B); position of flowers: orthotropic main stem (OS), primary plagiotropic fan
branch (FI) and secondary plagiotropic fan branch (Fll).Vertical bars represent

standard error. Each plot was drawn from means of four identical experiments.

complementary effect of auxin/cytokinin action in
induction of somatic embryogenesis process were
reported in many species such as Ricinodendron
heudelotti (Fotso et al.,, 2007) and Vitis vinifera (Olah et
al., 2009). This callogenesis success could be due to the
high mobilization of soluble sugars during this
development step. This might consolidate the fact that
reducing carbohydrates are important for calluses
formation and cell differentiation (Ana et al., 1997). They
regulate osmotic pressure (Blanc et al., 1999) and are
major components of cell wall. In cocoa, the use of these
metabolites is origin-dependent, as demonstrated by this
study. And this could be justified by enzymatic equipment
which varies in composition and/or function in cells of
flowers buds according to their position on the tree. Study
done by Alemano et al. (2003) showed that flowers buds

of cocoa contain different types of phenolic compounds,
and each type may be expressed qualitatively and
quantitatively according to the developmental stage,
indicating the key role played by these metabolites in the
regulation of cell differentiation events.

Somatic embryogenesis in T. cacao is nature-and
origin-dependent as shown by the present study data, but
the last factor seems to be the most important. In fact, the
average frequency of -calluses producing somatic
embryos increased when we move up from the
orthotropic main stem to the secondary plagiotropic fan
branch (with a maximum in staminodes-derived calluses
from FIl). Except for flowers buds from Fll, the same
observation is made for calluses of petals, as these last
do not differentiate somatic embryos. Thus, somatic
embryogenesis is an environmental stress-response
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process, imposed on culture medium, and this response
depends on the expression of genes present in tissues
(Johnson et al., 1997). This low rate of somatic embryos
produced can be explained by the recalcitrance of this
crop to somatic embryogenesis process.

Soluble sugars content was high in calluses from all
origins during embryos dedifferentiation step in primary
and secondary plagiotropic fan branches. This increase
could be due to the important role play by carbohydrates
metabolism in organogenesis and morphogenesis.
During embryos differentiation steps, this phenomenon is

progressively inversed. Moreover during callogenesis,
there is a decrease of carbohydrates content in flowers
buds suggesting an important utilization of these
metabolites. Zygotic and somatic embryos both highly
accumulate enzymes of carbohydrate metabolism as
demonstrated by several studies (Iragi et al., 2001;
Hendriks et al., 2003; Noah et al., 2013). The explanation
for extensive carbohydrate metabolism is the heavy
energy demand required for processes that occur during
cell division and elongation. One of the factors generally
considered as responsible for in vitro recalcitrance of



cocoa is the high polyphenol compounds content and
their oxidation. In this experiment, a high accumulation of
these metabolites was particularly observed durin%
callogenesis and embryos differentiation steps (from 70'
to 91% day). Each type of explants used expressed a
significant decrease in phenols compounds during
embryos dedifferentiation stage (after 49" day) when
grown in DKW medium supplemented with sulphate, with
the lowest content reported in petals-derived calluses
from secondary plagiotropic fan branch. There are
several internal and external factors affecting the quality
and/or the quantity of polyphenol compounds in plants.
The quantitative differences registered within explants-
derived calluses from different source could be explained,
at least in part, by the interaction of several genetic,
physiological, agronomic (position of flower bud on the
tree), and environmental factors (microclimate) modifying
the final concentration in each flower (Roubelakis-
Angelakis and Kliewer, 1986). Besides light and
temperature (Wang and Zheng, 2001), the availability of
plant nutrients also has a great influence on the
accumulation of polyphenols (Francis and Atwood, 1961;
Doak and Miller, 1968; Piccaglia et al., 2002). Finally, a
high accumulation of polyphenol compounds in floral
explants during induction steps has been demonstrated
to be not favorable to somatic embryogenesis process. A
similar result was obtained in date palm (Phoenix
dactylifera L.) by Zouine and EI Hadrami (2004).
Peroxidase activity was high in calluses during induction
steps of somatic embryogenesis and low during
dedifferentiation step (after 49" day of subculture). This
result might underline the implication of this peroxidase in
somatic embryogenesis. In fact, the controversy of the
higher peroxidase activity during dedifferentiation step of
somatic embryogenesis in calluses of petals could justify
their low embryos production capacity as compared to
their staminodes counterpart.

In conclusion, the data presented here clearly
demonstrate the efficiency of floral explants from different
position on the tree to somatic embryogenesis process.
The comparison between flowers buds carried by the
secondary fan branch, commonly used to regenerate T.
cacao plantlets, and those from the main stem and
primary fan branch showed many differences in
physiological responses. The most pronounced
difference among the tree types of explants-derived
calluses concern with carbohydrates metabolism: FIl and
FI biochemical evaluation displayed a low utilization of
carbohydrates, while OS explants are characterized by
intensive glycolytic activities as documented by the
exceptional decreased of sugars content during somatic
embryogenesis. The absence of embryos
dedifferentiation on petals-derived calluses from Fll has
been connected, at least in part, to changes in specific
enzymes abundances. The results suggest that stress
factors (microclimate) and genetic factors affect
embryogenic capacity of floral explants in T. cacao and
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thereby reduce the regeneration frequency.
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