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Abstract
Theobroma cacao L. genetic transformation still relies predominantly on somatic embryogenesis-based systems, which are 
often genotype-dependent, labor-intensive, and associated with prolonged culture periods. In this study, we developed an 
alternative regeneration platform based on mature seed-derived embryonic axes and evaluated its suitability for biolistic 
DNA delivery. Embryonic axes from the cacao cultivars ‘TSH1188’ and ‘Parazinho’ were cultured on media supplemented 
with different cytokinins for multiple shoot induction. Among the plant growth regulators tested, 6-benzylaminopurine 
(BAP) was the most effective, promoting direct organogenesis from the apical dome and producing the highest shoot 
regeneration frequency and number of shoots per explant at 0.75 mg L⁻¹ for ‘TSH1188’ and 1.0 mg L⁻¹ for ‘Parazinho’. 
Sensitivity assays using antibiotics and herbicides identified genotype-dependent responses to kanamycin and hygromy-
cin, whereas ammonium glufosinate, imazapyr, and glyphosate caused severe phytotoxic effects and completely inhibited 
shoot regeneration at relatively low concentrations. Hygromycin at 2.5 mg L⁻¹ (‘Parazinho’) and 5.0 mg L⁻¹ (‘TSH1188’) 
provided effective inhibition of shoot regeneration while maintaining the recovery of regenerating tissues, supporting 
its use in future selection protocols. For rooting, indole-3-acetic acid (IAA) at 0.5 mg L⁻¹ promoted the highest rooting 
efficiency, generating elongated roots and vigorous plantlets without intermediate callus formation. Preliminary biolistic 
assays using the pCAMBIA2301 vector resulted in localized transient GUS expression in the apical dome, demonstrat-
ing that this meristematic region is competent for exogenous DNA delivery. Collectively, these findings identify mature 
seed-derived embryonic axes as a promising explant for future stable genetic transformation and genome editing in cacao.

Key message
A novel embryonic axis-based regeneration system enables rapid shoot recovery, rooting, and biolistic gene delivery in 
cacao, substantially shortening the timeline for plant transformation.
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Multiple shoot induction from embryonic axes of mature seeds 
supports a novel regeneration platform for biolistic DNA delivery in 
Theobroma cacao L.
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Introduction

Theobroma cacao L. is one of the most economically 
important tropical crops worldwide, supporting the global 
chocolate industry and providing income for millions of 
smallholder farmers throughout tropical regions (Wickra-
masuriya and Dunwell 2018; ICCO 2024). Native to the 
Amazon Basin, cacao exhibits extensive genetic diver-
sity distributed among wild and domesticated popula-
tions across South and Central America. This diversity 
has been extensively exploited in conservation programs 
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and breeding initiatives aimed at improving productivity, 
bean quality, and resistance to biotic stresses (Cornejo et 
al. 2018; da Silva Guimarães et al. 2023; Colli-Silva et al. 
2025). Recent genomic studies have further demonstrated 
that Amazonian germplasm harbors substantial intraspecific 
variation and represents a valuable reservoir of alleles for 
crop improvement (da Silva Guimarães et al. 2023; Colli-
Silva et al. 2025).

Global cocoa production has exceeded five million tons 
in recent years, with approximately 70% originating from 
West African countries (FAOSTAT 2025; ICCO 2024). In 
Brazil, the states of Pará and Bahia remain the major pro-
duction centers, where cacao is frequently cultivated in 
traditional agroforestry systems known as ‘cabruca’, char-
acterized by cultivation beneath native forest canopies 
(Sambuichi et al. 2012). Beyond their economic impor-
tance, these systems contribute significantly to biodiversity 
conservation, ecosystem service maintenance, and carbon 
sequestration within remnants of the Atlantic Forest biome 
(Sambuichi et al. 2012).

Despite its economic and ecological relevance, cacao 
productivity remains severely constrained by several dis-
eases, among which witches’ broom disease, caused by the 
hemibiotrophic fungus Moniliophthora perniciosa (Stahel) 
Aime & Phillips-Mora, is one of the most destructive. The 
pathogen colonizes meristematic tissues and induces hyper-
trophy, hyperplasia, loss of apical dominance, and extensive 
tissue necrosis, resulting in severe impairment of both veg-
etative growth and reproductive development (Meinhardt et 
al. 2008; Pires et al. 2009; Santos et al. 2020). In Brazil, the 
introduction of witches’ broom disease into southern Bahia 
caused a dramatic collapse of regional cocoa production, 
generating long-lasting economic, social, and environmen-
tal consequences (Caldas and Perz 2013; Sousa Filho et al. 
2021).

The development of efficient propagation and regenera-
tion systems is essential for the long-term sustainability of 
cacao cultivation and for the implementation of modern 
crop improvement technologies. Although cacao is com-
monly propagated by seeds for the establishment of breed-
ing populations and rootstocks, seed propagation does not 
provide a practical route for the rapid multiplication of 
selected materials or for the recovery of genetically engi-
neered plants. Consequently, the development of reliable 
regeneration systems capable of producing whole plants 
from responsive explants has become a central requirement 
for functional genomics, genetic transformation, genome 
editing, and molecular breeding applications. Conventional 
vegetative propagation methods, including grafting and 
rooted cuttings, enable the multiplication of elite geno-
types but remain constrained by low multiplication rates, 
labor-intensive management, and difficulties associated 

with large-scale deployment (Schnell et al. 2005; Henao-
Ramírez et al. 2021).

Plant tissue culture technologies have emerged as power-
ful tools for both clonal propagation and biotechnological 
applications in cacao. Among them, somatic embryogenesis 
has become the predominant regeneration system employed 
for micropropagation, germplasm conservation, and genetic 
transformation. Conventional protocols rely primarily on 
floral tissues, particularly petals and staminodes, for the 
induction of primary somatic embryos (Li et al. 1998; Gar-
cia et al. 2018; Quinga et al. 2018; Guillou and Verdier 
2022). Subsequent advances involving secondary somatic 
embryogenesis significantly enhanced embryo produc-
tion by utilizing cotyledons derived from primary somatic 
embryos as explant sources (Florez et al. 2015; Guillou and 
Verdier 2022).

Although these developments have substantially 
expanded the biotechnological toolbox available for cacao, 
the establishment of efficient regeneration systems remains 
a major prerequisite for the successful application of genetic 
transformation and genome editing technologies. While 
somatic embryogenesis enables the clonal propagation of 
elite genotypes, its practical implementation is frequently 
constrained by strong genotype dependence, limited avail-
ability of responsive source tissues, prolonged culture peri-
ods, and relatively low embryo-to-plant conversion rates (Li 
et al. 1998; Maximova et al. 2002; Florez et al. 2015; Guillou 
and Verdier 2022). Moreover, the recovery of transformed 
plants through somatic embryogenesis involves multiple 
developmental stages, including embryo induction, matura-
tion, germination, and plant conversion, which collectively 
increase production costs and extend regeneration timelines 
(Florez et al. 2015; Guillou and Verdier 2022). Long-term 
in vitro culture has also been associated with physiological 
and epigenetic alterations that may affect the developmental 
stability and quality of regenerated plants (Maximova et al. 
2014; Adu-Gyamfi et al. 2016; Guillou et al. 2018; Fister et 
al. 2018; Garcia et al. 2022; Davis et al. 2026). Together, 
these limitations highlight regeneration efficiency as one of 
the principal bottlenecks restricting the broader implemen-
tation of transformation technologies in cacao.

In contrast, embryonic axes excised from mature seeds 
represent a readily available source of highly meristematic 
tissue with considerable regenerative potential. Direct 
shoot organogenesis from embryonic axes bypasses several 
developmental steps required for somatic embryogenesis, 
thereby enabling the rapid recovery of whole plants through 
multiple shoot induction. Importantly, the purpose of such 
a regeneration system is not clonal propagation, but rather 
the establishment of a highly responsive target tissue for 
DNA delivery, selection, and regeneration of transformed 
cells. This distinction is particularly relevant for biolistic 
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transformation and genome editing applications, where 
regeneration capacity frequently constitutes the primary 
factor limiting the recovery of transgenic or edited plants. 
Recent advances in plant biotechnology have emphasized 
the importance of developing highly regenerative explants 
to overcome transformation bottlenecks in recalcitrant spe-
cies and to broaden the applicability of genetic engineering 
technologies (Maren et al. 2022).

The use of mature seed-derived embryonic axes also 
involves considerations that differ from those associated 
with somatic tissues obtained from clonally propagated 
donor plants. Because cacao seeds originate from sexual 
reproduction, individual embryonic axes may differ geneti-
cally from one another and from the maternal plant, par-
ticularly when seeds are produced through open pollination 
or crosses involving heterozygous parents (Cornejo et al. 
2018; Colli-Silva et al. 2025). Such segregation may rep-
resent an additional source of biological variation in vitro 
responsiveness. This potential source of variation should 
therefore be considered when interpreting regeneration and 
transformation outcomes and when extending the protocol 
to additional genetic backgrounds. Nevertheless, zygotic 
embryonic axes offer important practical advantages as 
transformation targets, including minimal dependence 
on specialized donor tissues, the presence of pre-existing 
meristematic regions capable of rapid direct organogen-
esis, and the possibility of bypassing several developmental 
steps required for somatic embryogenesis, thereby accel-
erating recovery of transformed plants (Chen et al. 2022). 
Furthermore, recent advances in crop transformation have 
highlighted meristematic tissues as particularly attractive 
explants for overcoming regeneration bottlenecks and gen-
otype dependence in recalcitrant species (Chen et al. 2022; 
Maren et al. 2022). Although zygotic embryonic axes are 
not intended for clonal propagation of elite genotypes, they 
constitute valuable target tissues for proof-of-concept trans-
formation studies, genome-editing platforms, and the recov-
ery of independently transformed seed-derived plants.

Successful organogenic regeneration depends on the 
coordinated interaction between plant growth regulators, 
cellular reprogramming processes, and developmental path-
ways associated with morphogenic competence. Recent 
studies have demonstrated that the acquisition of regenera-
tive capacity involves extensive epigenetic remodeling and 
activation of developmental regulators controlling cellular 
totipotency and organ formation (Xu and Hu 2020; Long 
et al. 2022; Peng et al. 2025; Kowalik et al. 2026). Cytoki-
nins such as 6-benzylaminopurine (BAP) and thidiazuron 
(TDZ) play central roles in shoot induction and meristem 
establishment, whereas auxins including indole-3-acetic 
acid (IAA), indole-3-butyric acid (IBA), and naphthale-
neacetic acid (NAA) are key regulators of adventitious root 

formation (Da Costa et al. 2013; Bidabadi and Jain 2020). 
Consequently, optimization of regeneration, selection, and 
rooting stages remains critical for the development of rapid, 
efficient, and reproducible regeneration platforms in cacao.

Therefore, the establishment of a regeneration sys-
tem based on multiple shoot induction from mature seed 
embryonic axes represents a promising alternative for 
cacao transformation studies. Rather than replacing somatic 
embryogenesis as a platform for clonal propagation, this 
approach complements existing regeneration systems by 
providing a rapid and efficient route for the recovery of 
genetically modified plants. The objective of this study was 
to establish an alternative and efficient protocol for in vitro 
regeneration, shoot selection, and rooting using embryonic 
axes isolated from mature seeds of two cacao genotypes as 
explant sources for multiple shoot induction, aiming at their 
application in biolistic-mediated DNA delivery in Theo-
broma cacao L.

Materials and methods

Plant material and explant preparation

Mature fruits of Theobroma cacao L. cvs. ‘TSH1188’ and 
‘Parazinho’ (common cacao) were collected from plants 
grown in an experimental field at the Cocoa Research Cen-
ter (CEPEC/CEPLAC), located in Ilhéus, Bahia, Brazil. 
Fruits were washed under running tap water with neutral 
detergent and subsequently surface-sterilized in a laminar 
flow cabinet by flaming after immersion in 100% ethanol. 
Under aseptic conditions, embryonic axes were excised and 
vertically inoculated following a basal cut, while preserving 
the circular shape of the explants to minimize mechanical 
injury during dissection and handling, particularly in the 
shoot apical meristem and surrounding tissues, thereby pre-
serving explant structural integrity (Fig. S1).

Culture media for shoot regeneration and selection

Explants were cultured on shoot induction medium con-
sisting of MS basal salts (Murashige and Skoog 1962), B5 
vitamins (Gamborg et al. 1968), 0.1  g L⁻¹ myo-inositol, 
30 g L⁻¹ sucrose, and 2.5 g L⁻¹ Phytagel® (Sigma-Aldrich, 
USA). Different cytokinins were evaluated: zeatin (ZEA) 
at concentrations of 0.75, 1.0, and 1.5 mg L⁻¹ (MS1-MS3); 
6-benzylaminopurine (BAP) at concentrations of 0.75, 
1.0, and 1.5  mg L⁻¹ (MS4-MS6); and thidiazuron (TDZ) 
at concentrations of 0.1, 0.25, 0.5, and 0.75 mg L⁻¹ (MS7-
MS10) (Table S1). Medium without plant growth regula-
tors (MS11) was used as the control treatment. The pH of 
all media was adjusted to 5.7 ± 0.1 prior to autoclaving at 
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121 °C for 20 min. Cultures were maintained in a growth 
chamber at 27 ± 2 °C under a 16-h light/8-h dark photope-
riod for 60 days. Evaluations were performed after 30 and 
60 days of culture by recording callus formation and adven-
titious shoot induction using a stereomicroscope.

After identifying the most effective conditions for 
shoot regeneration, media containing 0.75  mg L⁻¹ BAP 
for ‘TSH1188’ and 1.0 mg L⁻¹ BAP for ‘Parazinho’ were 
selected for explant sensitivity assays to different selective 
agents. For these assays, culture media were supplemented 
with kanamycin (Sigma Chemical Co., USA) at 25 (MS12), 
50 (MS13), 75 (MS14), and 100  mg L⁻¹ (MS15); hygro-
mycin B (Sigma Chemical Co., USA) at 2.5 (MS16), 5.0 
(MS17), 7.5 (MS18), and 10 mg L⁻¹ (MS19); ammonium 
glufosinate (Finale®, Bayer CropScience AG, Germany) 
at 0.2 (MS20), 0.4 (MS21), 0.6 (MS22), and 0.8  mg L⁻¹ 
(MS23); imazapyr (BioCarb Brasil) at 0.026 (MS24), 0.078 
(MS25), 0.130 (MS26), and 0.156  mg L⁻¹ (MS27); and 
glyphosate (Insetimax Brasil) at 0.16 (MS28), 0.50 (MS29), 
0.84 (MS30), and 1.0  mg L⁻¹ (MS31). Culture medium 
without selective agents was used as the control treatment 
(MS32), as described in Table S1.

In vitro rooting

Based on the shoot regeneration experiments described 
above, ‘TSH1188’ genotype was selected for in vitro root-
ing due to its superior regenerative performance. Regener-
ated shoots of ‘TSH1188’ were excised near the shoot base 
and transferred to MS medium supplemented with different 
auxins: α-naphthaleneacetic acid (NAA) at 0.25, 0.50, and 
1.0 mg L⁻¹ (MS33-MS35); indole-3-butyric acid (IBA) at 
0.25, 0.50, and 1.0 mg L⁻¹ (MS36-MS38); and indole-3-ace-
tic acid (IAA) at 0.25, 0.50, and 1.0 mg L⁻¹ (MS39-MS41). 
Medium without plant growth regulators (MS42) was used 
as the control treatment, as described in Table S1. Cultures 
were maintained under the same environmental conditions 
described above.

Biolistic-mediated genetic transformation

A transient transformation assay was designed as a proof-
of-concept experiment to verify the suitability of mature 
seed-derived embryonic axes as targets for biolistic DNA 
delivery. Therefore, transformation efficiency was assessed 
qualitatively through transient GUS expression rather 
than by recovery of stable transgenic plants. ‘TSH1188’ 
was selected for biolistic transformation because its supe-
rior regenerative performance and agronomic relevance. 
Embryonic axes of ‘TSH1188’ were prepared as described 
above. To increase the exposure of meristematic cells to 
particle bombardment, the region corresponding to the 

future primary leaves was removed, leaving the apical 
dome exposed. Explants were positioned on Petri dishes 
containing MS medium, with five embryonic axes per plate 
arranged in a circular pattern and oriented with the apical 
meristem facing upward (Fig. S1).

Particle bombardment was performed according to the 
protocol described by Rech et al. (2008), using tungsten 
microparticles coated with plasmid pCAMBIA2301 (Cam-
bia, Australia), containing the selectable marker gene nptII, 
which confers kanamycin resistance, and the reporter gene 
uidA, both driven by the CaMV 35 S promoter. Microparti-
cles were mixed with plasmid DNA, 2.5 M CaCl₂ and 0.1 M 
spermidine, washed twice with absolute ethanol, resus-
pended in ethanol and loaded onto the macrocarrier imme-
diately before bombardment. Bombardment was performed 
using a Biolistic PDS-1000 Particle Delivery System (Bio-
Rad) according to the instruction manual. Explants were 
bombarded using a rupture pressure of 1,200 psi, a target 
distance of 9 cm, a vacuum of 26 in Hg, and a single shot per 
plate. Following bombardment, explants were maintained 
under the growth conditions described previously for shoot 
induction. Explants were allowed to recover for 72 h before 
histochemical analysis. Non-bombarded embryonic axes 
were included as negative controls to verify the absence of 
endogenous GUS activity.

Histochemical GUS assay

Transient expression of the uidA gene was evaluated three 
days after bombardment using a histochemical GUS assay 
as described by Jefferson (1987). Embryonic axes were 
incubated in a solution containing 1 mM X-Gluc (5-bromo-
4-chloro-3-indolyl-β-D-glucuronide), 100 mM sodium 
phosphate buffer (pH 7.0), 0.5 mM potassium ferricyanide, 
0.5 mM potassium ferrocyanide, 10 mM EDTA, and 0.1% 
Triton X-100, followed by incubation for 5 h at 37 °C in the 
dark. Subsequently, chlorophyll was removed by repeated 
washing in 70% ethanol until blue staining became clearly 
visible. Explants were subsequently examined and photo-
graphed using a Leica® EZ4 stereomicroscope. Transient 
transformation efficiency was assessed qualitatively by the 
presence of blue staining in the apical meristematic region 
and surrounding tissues. Only discrete, localized blue foci 
associated with bombarded tissues were considered posi-
tive transformation events. Non-bombarded explants and 
explants incubated in staining solution without X-Gluc 
served as negative controls.

Experimental design and statistical analysis

The shoot regeneration experiments were conducted in a 
completely randomized design arranged in an 11 × 2 factorial 
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scheme, corresponding to 11 treatments and two genotypes, 
with five replicates per treatment. Each replicate consisted 
of one Petri dish containing five embryonic axes. Callus 
frequency (total number of calli/total number of inoculated 
explants ⋅ 100), frequency of regeneration (total number of 
shoots/total number of inoculated explants ⋅ 100), and the 
mean number of shoots per explant (total number of shoots/
total number of inoculated explants) were evaluated after 30 
and 60 days of in vitro culture.

For the selective agent assays, a completely randomized 
design with five replicates per treatment was adopted, each 
replicate consisting of one Petri dish containing five embry-
onic axes. After 60 days of in vitro culture, callus formation 
and shoot regeneration responses were evaluated as a func-
tion of the concentrations of the selective agents tested.

The in vitro rooting experiments were conducted in a 
completely randomized design with five replicates per treat-
ment, each replicate consisting of one Magenta® vessel con-
taining four explants. Evaluations were performed after 30, 
60, and 90 days of in vitro culture by recording the mean 
number of roots per explant.

For biolistic transformation, each experiment consisted 
of five independent biological replicates, each comprising 
of one Petri dish containing five embryonic axes.

The data were initially tested for normal distribution 
using the Shapiro-Wilk test, with a significance level of 5%. 
Once the hypothesis was confirmed, statistical differences 
were assessed based on analysis of variance (ANOVA) and 
the means were separated using the Scott-Knott or Student’s 
t tests at the 5% probability level (P ≤ 0.05). All statistical 
analyses were conducted using Sisvar software version 5.6 
(Ferreira 2011).

Results

Regeneration of embryonic axes of Theobroma 
cacao L.

The regeneration of embryonic axes from the cacao cvs. 
‘TSH1188’ and ‘Parazinho’ was evaluated over 30 and 60 
days of in vitro culture on media supplemented with differ-
ent plant growth regulators. After 30 days of culture, both 
genotypes exhibited initial callus formation exclusively at 
the basal region of the embryonic axis, corresponding to the 
area in direct contact with the culture medium. At this stage, 
calli were predominantly compact and exhibited a whitish-
yellow coloration. After 60 days, callus induction expanded 
to both the basal region and the apical dome of the embry-
onic axes. Calli remained compact and varied in color from 
white to pale yellow (Fig. 1A, B). In the control treatment, 
consisting of MS medium without plant growth regulators 

(MS11), neither callus formation nor shoot induction was 
observed (Fig. 2). Instead, explants displayed normal seed-
ling development, characterized by expanded green leaves 
and a well-developed root system, contrasting sharply with 
the morphogenic responses observed in explants cultured on 
media supplemented with plant growth regulators.

Significant differences were detected between ‘TSH1188’ 
and ‘Parazinho’ for both callus formation and shoot produc-
tion. Overall, ‘TSH1188’ exhibited greater in vitro respon-
siveness, presenting higher mean values for the analyzed 
variables at 30 and 60 days of culture (Fig. 2). The geno-
type × plant growth regulator interaction was also highly 
significant for callus frequency and mean number of shoots 
per explant, indicating that these morphogenic responses 
depended directly on the combination of genotype and the 
type and concentration of plant growth regulators employed. 
At 30 days of culture, callus formation was observed in 
all treatments supplemented with plant growth regulators, 
whereas no calli developed in the control (MS11) treatment 
(Fig. 2A). Among the culture media evaluated, those sup-
plemented with zeatin at 0.75 mg L⁻¹ (MS1) and 1.5 mg L⁻¹ 
(MS3), as well as TDZ at 0.5 mg L⁻¹ (MS9), produced the 
highest levels of callogenesis in both genotypes (Fig. 2A). 
After 60 days of in vitro culture, significant differences 
among treatments were detected for callus formation. Media 
MS6 (1.5 mg L⁻¹ BAP) exhibited the lowest mean callogen-
esis values for both genotypes (Fig. 2B).

Regarding shoot induction after 30 days of culture, the 
lowest values were recorded in the plant growth regulator-
free medium, confirming the requirement for hormonal sup-
plementation to promote multiple shoot formation (Fig. 2C, 
E). Among the treatments, ‘TSH1188’ embryonic axes cul-
tured on MS1 (0.75 mg L⁻¹ ZEA) and MS4 (0.75 mg L⁻¹ 
BAP) produced a significantly greater number of shoots than 
‘Parazinho’ explants grown on the same media. Medium 
MS4, containing 0.75 mg L⁻¹ BAP, was particularly effec-
tive for ‘TSH1188’, yielding a significantly higher mean 
number of shoots than the other formulations. For ‘Para-
zinho’, although no significant differences were detected 
among BAP concentrations, the highest shoot induction 
rates were observed in media MS4, MS5, and MS6, contain-
ing 0.75, 1.0, and 1.5 mg L⁻¹ BAP, respectively (Fig. 2C, E).

After 60 days of culture, a general increase in shoot pro-
duction was observed in both genotypes compared with the 
30-day evaluation, indicating a cumulative effect of pro-
longed in vitro culture. Among the treatments, MS4 and 
MS5, containing 0.75 and 1.0  mg L⁻¹ BAP, respectively, 
produced the highest frequency of regeneration and mean 
numbers of shoots in ‘TSH1188’ and ‘Parazinho’, reaching 
a regeneration frequency of 48% and 68% and 0.40 and 0.38 
shoots per explant, respectively (Fig. 2D, F). Extended cul-
ture duration significantly enhanced organogenic responses, 
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particularly in media supplemented with BAP. In all treat-
ments supplemented with plant growth regulators, shoot 
formation occurred exclusively in the aerial portion of the 
explants, and no organogenic structures were observed in the 
basal region, even in the presence of callus tissue (Fig. 1C-
G). For both genotypes, shoot regeneration occurred through 
direct organogenesis.

Considering all variables evaluated, including mean cal-
lus frequency, frequency of regeneration, and number of 
shoots per explant, as well as genotype-specific responses, 
media MS4 and MS5, supplemented with 0.75 and 1.0 mg 
L⁻¹ BAP, respectively, were identified as the most effective 
treatments for in vitro multiple shoot induction in ‘TSH1188’ 
and ‘Parazinho’. In addition to promoting superior morpho-
genic responses, these media required lower concentrations 
of plant growth regulators, thereby reducing costs and mini-
mizing potential adverse effects associated with excessive 
cytokinin exposure.

Selective medium for embryonic axes of Theobroma 
cacao L.

Embryonic axes of ‘TSH1188’ and ‘Parazinho’ cultured on 
the control medium (MS32), supplemented with the previ-
ously optimized BAP concentrations for each genotype and 
without the addition of antibiotics or herbicides, exhibited 
the highest levels of callus formation. Calli displayed a 
compact morphology, whitish-yellow coloration, and no 
signs of necrosis or tissue oxidation. In addition, embry-
onic axes maintained normal shoot development, character-
ized by expanded leaves and healthy tissues (Figs. 3A and 
4A). This response pattern confirmed the healthy growth of 
explants under non-selective culture conditions.

The presence of kanamycin and hygromycin, regardless 
of the concentration tested, did not affect callus formation in 
embryonic axes of either genotype after 60 days of in vitro 
culture, as all explants produced calli (100% callus induc-
tion frequency) across all treatments (Fig. 5A, B), indicating 
a relatively low sensitivity of T. cacao embryonic tissues to 
these antibiotics with respect to callus formation. In con-
trast, genotype-dependent effects were observed in ammo-
nium glufosinate medium. Embryonic axes of ‘TSH1188’ 

Fig. 1  In vitro regeneration of embryonic axes of Theobroma cacao 
L. (A-B) Compact calli (red arrows) varying in color from white (A) 
to pale yellow (B) on the apical region and at the base of the mature 
seed-derived embryonic axis. (C-G) Embryonic axes exhibiting mul-
tiple shoot induction (red arrows) in the shoot region after 60 days of 

in vitro culture. Images show the proliferation of adventitious shoot 
primordia around the apical region in embryonic axes of ‘TSH1188’ 
(C-D) and ‘Parazinho’ (E-G) cultured in MS medium supplemented 
with 0.75 mg L⁻¹ BAP (MS4) and 1.0 mg L⁻¹ BAP (MS5), respectively. 
Scale bar: 3 mm
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were more sensitive to the herbicide, whereas ‘Parazinho’ 
displayed greater tolerance (Fig. 5C). The lowest concentra-
tion tested (0.2  mg L⁻¹; MS20) significantly affected cal-
lus formation in ‘TSH1188’, while higher concentrations 

(MS21-MS23; 0.4–0.8  mg L⁻¹) completely inhibited cal-
logenesis after 60 days of culture. In ‘Parazinho’, by con-
trast, the concentrations evaluated had no impact on callus 
induction.

Fig. 2  Callus frequency, frequency of regeneration, and mean number 
of shoots per explant in embryonic axes of ‘TSH1188’ and ‘Parazinho’ 
after 30 and 60 days of in vitro culture in response to different plant 
growth regulators. (A-B) Callus frequency after 30 and 60 days of in 
vitro culture. (C-D) Regeneration frequency after 30 and 60 days of 
in vitro culture. (E-F) Mean number of shoots per explant after 30 
and 60 days of in vitro culture. MS1, MS2, and MS3: 0.75, 1.0, and 
1.5  mg L⁻¹ zeatin (ZEA), respectively. MS4, MS5, and MS6: 0.75, 

1.0, and 1.5 mg L⁻¹ 6-benzylaminopurine (BAP), respectively. MS7, 
MS8, MS9, and MS10: 0.1, 0.25, 0.5, and 0.75  mg L⁻¹ thidiazuron 
(TDZ), respectively. MS11: MS medium without plant growth regula-
tors. Means followed by different letters, uppercase letters comparing 
genotypes and lowercase letters comparing treatments, differ signifi-
cantly according to the Scott-Knott test (P ≤ 0.05). G: genotypes; T: 
treatment; G⋅T: interaction genotype ⋅ treatment. *P < 0.05; **P < 0.01; 
***P < 0.001
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Imazapyr reduced callus formation in both genotypes 
only at the highest concentration tested (Fig. 5D). Never-
theless, distinct morphological responses were observed 
between the genotypes irrespective of the herbicide con-
centration. In ‘TSH1188’, explants exhibited disorganized 
growth and excessive callus proliferation at the base of 

the embryonic axis, producing friable whitish-yellow calli 
accompanied by tissue chlorosis (Fig.  3). In ‘Parazinho’, 
callus induction was more moderate and lacked the exces-
sive proliferation observed in ‘TSH1188’ (Fig. 4).

Glyphosate exerted a strong inhibitory effect, particularly 
in ‘Parazinho’ (Fig. 5E). At concentrations of 0.16 mg L⁻¹ 

Fig. 4  Representative photographs of ‘Parazinho’ embryonic axes 
cultured on selection media containing different concentrations of 
selectable agents, after 60 days of in vitro culture. (A) Control (culture 
medium without selection agents). (B-E) Kanamycin (25, 50, 75, and 

100 mg L⁻¹). (F-I) Hygromycin B (2.5, 5.0, 7.5, and 10 mg L⁻¹). (J-M) 
Imazapyr (0.026, 0.078, 0.130, and 0.156 mg L⁻¹). (N-Q) Ammonium 
glufosinate (0.2, 0.4, 0.6, and 0.8 mg L⁻¹). (R-U) Glyphosate (0.16, 
0.50, 0.84, and 1.0 mg L⁻¹). Scale bar: 10 mm

 

Fig. 3  Representative photographs of ‘TSH1188’ embryonic axes 
cultured on selection media containing different concentrations of 
selectable agents, after 60 days of in vitro culture. (A) Control (culture 
medium without selection agents). (B-E) Kanamycin (25, 50, 75, and 

100 mg L⁻¹). (F-I) Hygromycin B (2.5, 5.0, 7.5, and 10 mg L⁻¹). (J-M) 
Imazapyr (0.026, 0.078, 0.130, and 0.156 mg L⁻¹). (N-Q) Ammonium 
glufosinate (0.2, 0.4, 0.6, and 0.8 mg L⁻¹). (R-U) Glyphosate (0.16, 
0.50, 0.84, and 1.0 mg L⁻¹). Scale bar: 10 mm
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and above (MS29-MS31), callus formation was completely 
suppressed in this genotype after 60 days of culture, accom-
panied by progressive tissue browning and the complete 
absence of shoot development (Fig. 4). In ‘TSH1188’, cal-
lus formation was completely suppressed at concentrations 
of 0.84 mg L⁻¹ and above, and at the highest concentration 
tested (1.0 mg L⁻¹) it was highly toxic, resulting in severe 
tissue oxidation followed by embryonic axis death (Fig. 3).

Considering the mean number of shoots, ‘Parazinho’ 
embryonic axes were more sensitive to the selectable agents, 
failing to regenerate shoots throughout the culture period, 
irrespective of the concentration tested (Fig. 5F-J). At the 
highest concentrations of the selectable agents, explants 
exhibited severe tissue chlorosis (Fig.  4). In ‘TSH1188’, 
kanamycin at concentrations ranging from 75 to 100 mg L⁻¹ 
(MS14 and MS15) and hygromycin from 2.5 to 10 mg L⁻¹ 
(MS16-MS19) significantly reduced (30 to 66% for kana-
mycin and 89 to 100% for hygromycin, respectively) shoot 
production compared with the control (MS32) treatment 
(Fig.  5F, G). The lower concentrations of kanamycin (25 

and 50 mg L⁻¹; MS12 and MS13) resulted in shoot produc-
tion comparable to that of the control (Fig. 5F), indicating 
a threshold concentration below which shoot development 
was not inhibited. Finally, the herbicides ammonium glu-
fosinate, imazapyr, and glyphosate strongly inhibited shoot 
regeneration in both genotypes at all concentrations evalu-
ated (Fig.  5H-J). None of the herbicide-containing treat-
ments supported shoot development, in sharp contrast to 
the vigorous aerial growth observed in the control medium 
(Figs. 3 and 4).

In vitro rooting of adventitious shoots of Theobroma 
cacao L.

Root emergence was observed in all treatments after 30 days 
of in vitro culture (Table  1), indicating that adventitious 
shoots of ‘TSH1188’ were competent for root induction 
under all conditions tested. Although no significant differ-
ences were detected between the 60- and 90-day evaluation 
periods, the mean number of roots increased progressively 

Fig. 5  Effect of selectable agents on the callus frequency (A-E) 
and mean number of shoots per explant (F-J) in embryonic axes of 
‘TSH1188’ and ‘Parazinho’ after 60 days of in vitro culture. (A, F) 
Kanamycin (25, 50, 75, and 100 mg L⁻¹). (B, G) Hygromycin (2.5, 
5.0, 7.5, and 10 mg L⁻¹). (C, H) Ammonium glufosinate (0.2, 0.4, 0.6, 
and 0.8 mg L⁻¹). (D, I) Imazapyr (0.026, 0.078, 0.130, and 0.156 mg 
L⁻¹). (E, J) Glyphosate (0.16, 0.50, 0.84, and 1.0 mg L⁻¹). Control: 

MS medium supplemented with 0.75 mg L⁻¹ BAP for ‘TSH1188’ and 
1.0  mg L⁻¹ BAP for ‘Parazinho’, without the addition of selectable 
agents. Symbols and lines indicate means ± standard error (SE). Sta-
tistical significance between control and selectable agent treatments 
within each genotype was determined by the Student’s t-test, and is 
indicated as ns (not significant), P < 0.05 (*), P < 0.01 (**), or P < 0.001 
(***)
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over time, reaching the highest values after 90 days of cul-
ture (Table 1).

Rooting responses varied according to the auxin source 
and concentration. In the absence of auxins (MS42), 
explants developed roots (Fig. 6B); however, rooting effi-
ciency was generally lower than that observed in media 
supplemented with indole-3-acetic acid (IAA) (Table  1; 
Fig.  6C). Treatments containing α-naphthaleneacetic acid 
(NAA; MS33-MS35) produced lower rooting rates than the 
control, indicating limited effectiveness of this auxin for root 
induction in ‘TSH1188’. For indole-3-butyric acid (IBA; 
MS36-MS38), the intermediate concentration (0.5 mg L⁻¹) 
consistently outperformed the lower and higher concentra-
tions throughout the evaluation period (Table 1).

The most effective rooting responses were obtained on 
media supplemented with 0.25 and 0.5 mg L⁻¹ IAA (MS39 
and MS40), particularly after 60 and 90 days of culture, sig-
nificantly surpassing all other treatments (Table 1). Explants 
grown on these media developed vigorous shoots and well-
developed root systems characterized by elongated, robust 
roots and the absence of tissue oxidation. In contrast, the 
highest IAA concentration (1.0 mg L⁻¹) resulted in reduced 

rooting performance and shorter roots, suggesting an inhibi-
tory effect at this concentration (Fig. 6D).

Root formation occurred directly from the basal region 
of the explants in all treatments, with no intermediate callus 
formation (Fig. 6B-D), a desirable characteristic for subse-
quent acclimatization and ex vitro establishment. Among 
the auxins evaluated, 0.5 mg L⁻¹ IAA proved to be the most 
effective treatment, producing the highest mean number of 
roots after 90 days and generating morphologically normal 
root systems suitable for plant establishment.

Biolistic transformation of embryonic axes from 
Theobroma cacao L.

Preliminary biolistic transformation assays performed 
with embryonic axes of ‘TSH1188’ demonstrated that this 
explant type is suitable for DNA delivery by particle bom-
bardment, maintaining good structural integrity following 
the procedure (Fig.  7). The application of the previously 
established operational parameters, including rupture pres-
sure, target distance, vacuum pressure, and number of bom-
bardments, resulted in consistent responses compatible with 
efficient transformation protocols for woody plant species. 
Bombardment efficiency was evaluated by histochemical 
analysis of transient expression of the GUS reporter gene, 
performed three days after transformation. Embryonic axes 
exhibited intense and well-defined blue staining localized 
predominantly in the shoot apical region, indicating suc-
cessful DNA delivery and transient transgene expression 
(Fig. 7). The staining pattern ranged from multiple indepen-
dent transformation events distributed throughout the api-
cal meristem (Fig. 7B) to localized expression in individual 
shoot primordia (Fig. 7C) and developing shoots (Fig. 7D), 
confirming successful DNA delivery into the tissues respon-
sible for shoot regeneration. The spatial distribution of GUS 
staining suggests that the meristematic cells located within 
the apical dome are particularly receptive to particle bom-
bardment and capable of sustaining detectable levels of 
transient gene expression. These findings demonstrate the 
feasibility of using mature seed-derived embryonic axes as 
target tissues for biolistic-mediated gene delivery in cacao 
and establish a foundation for the development of an alter-
native transformation platform based on multiple shoot 
regeneration.

Discussion

The successful regeneration of Theobroma cacao L. from 
mature seed-derived embryonic axes demonstrates the high 
morphogenic competence of this explant type and high-
lights its potential as a target tissue for plant regeneration 

Table 1  Mean number of roots per explant in embryonic axis-derived 
adventitious shoots of ‘TSH1188’ cultured on media supplemented 
with rooting-inducing agents at different concentrations (MS33-MS35: 
0.25, 0.5, and 1.0 mg L⁻¹ naphthaleneacetic acid [NAA], respectively; 
MS36-MS38: 0.25, 0.5, and 1.0 mg L⁻¹ indole-3-butyric acid [IBA], 
respectively; MS39-MS41: 0.25, 0.5, and 1.0 mg L⁻¹ indole-3-acetic 
acid [IAA], respectively; and MS42: control MS medium without the 
addition of rooting inducers), after 30, 60, and 90 days of in vitro cul-
ture. Means followed by different letters, uppercase letters comparing 
days of in vitro culture and lowercase letters comparing treatments, 
differ significantly according to the Scott-Knott test (P ≤ 0.05)
Treatment Auxin 

source and 
concentration

Number of roots per explant
30 days 60 days 90 days

MS33 0.25 mg L− 1 
NAA

0.05 ± 0.05 
aA

0.15 ± 
0.10 aA

0.35 ± 
0.17 bA

MS34 0.5 mg L− 1 NAA 0.05 ± 0.05 
aA

0.05 ± 
0.05 aA

0.05 ± 
0.05 aA

MS35 1.0 mg L− 1 NAA 0.85 ± 0.36 
aA

1.25 ± 
0.45 aA

1.70 ± 
0.27 bA

MS36 0.25 mg L− 1 IBA 0.60 ± 0.23 
aA

1.10 ± 
0.57 aA

1.10 ± 
0.57 aA

MS37 0.5 mg L− 1 IBA 0.90 ± 0.49 
aA

2.05 ± 
0.75 bA

2.10 ± 
0.72 bA

MS38 1.0 mg L− 1 IBA 0.80 ± 0.24 
aA

1.60 ± 
0.57 bA

1.75 ± 
0.54 bA

MS39 0.25 mg L− 1 IAA 0.45 ± 0.28 
aA

2.10 ± 
0.58 bB

2.95 ± 
0.84 bB

MS40 0.5 mg L− 1 IAA 1.20 ± 0.59 
aA

2.70 ± 
0.44 bB

2.75 ± 
0.44 bB

MS41 1.0 mg L− 1 IAA 0.35 ± 0.15 
aA

0.85 ± 
0.38 aA

0.90 ± 
0.36 aA

MS42 Control (no 
auxin)

1.30 ± 0.36 
aA

1.70 ± 
0.61 bA

2.40 ± 
0.66 bA
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and genetic transformation. The absence of callus and shoot 
formation in the regulator-free medium confirmed that exog-
enous plant growth regulators are essential for triggering 
morphogenic responses in cacao embryonic tissues. Plant 
regeneration in vitro is initiated by extensive cellular repro-
gramming involving hormonal signaling, chromatin remod-
eling, and activation of developmental pathways associated 
with cellular totipotency and organ formation (Pasternak 
and Steinmacher 2024; Lee et al. 2024). The induction of 
calli in both genotypes following cytokinin supplementation 
(Fig. 1A, B) suggests that endogenous auxin levels present 
in the embryonic axes were sufficient to establish the hor-
monal balance required for the acquisition of morphogenic 
competence.

Although callus formation was observed at both the 
basal region and apical dome of the embryonic axes, shoot 
regeneration occurred exclusively in the aerial meristematic 
region and proceeded predominantly through direct organo-
genesis (Fig.  1C-G). This response indicates that the api-
cal dome possesses greater regenerative competence and 
responsiveness to cytokinin-mediated developmental sig-
nals than the basal tissues. Recent studies have demonstrated 
that meristematic regions maintain a transcriptional and 
epigenetic landscape that favors organogenic reprogram-
ming, whereas non-meristematic tissues frequently require 
more extensive dedifferentiation before acquiring regenera-
tive capacity (Xu and Hu 2020; Pasternak and Steinmacher 
2024). The absence of shoot formation from callus tissues 

Fig. 6  Representative photographs of embryonic axis-derived adventi-
tious shoots of ‘TSH1188’ cultured on rooting media supplemented 
with different concentrations of auxins (MS33-MS35: 0.25, 0.5, and 
1.0 mg L⁻¹ NAA, respectively; MS36-MS38: 0.25, 0.5, and 1.0 mg 
L⁻¹ IBA, respectively; MS39-MS41: 0.25, 0.5, and 1.0 mg L⁻¹ IAA, 
respectively; and MS42: control MS medium without the addition of 
rooting-inducing agents). (A) Adventitious shoot regenerated directly 
from the apical region of the embryonic axis in MS medium supple-

mented with 0.75 mg L-1 BAP. The red bar indicates the excision site 
used for shoot removal prior to transfer to the different rooting media. 
(B) Shoot cultured on MS42 (control) after 60 days of in vitro culture. 
(C) Shoots cultured on rooting medium supplemented with 0.25 mg 
L⁻¹ IAA (MS39) after 60 days of in vitro culture. (D) Rooting response 
of adventitious shoots cultured on MS42 (control), MS33, MS34, 
MS35, MS36, MS37, MS38, MS39, MS40, and MS41, respectively, 
after 90 days of in vitro culture. Scale bar: 10 mm
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further suggests that callogenesis and organogenesis were 
not developmentally linked under the conditions employed, 
reinforcing the predominance of direct organogenesis in this 
regeneration system.

Among the cytokinins evaluated, BAP was consistently 
superior for multiple shoot induction in both genotypes 
(Fig. 2C-F). Similar responses have been reported in sev-
eral woody species, in which BAP promotes efficient shoot 
proliferation while minimizing the excessive callogenesis 
and morphological abnormalities frequently associated with 
highly active synthetic cytokinins such as TDZ (Isah 2019; 
Bidabadi and Jain 2020). The superior performance of BAP 
may reflect its ability to promote sustained meristem activ-
ity while maintaining an appropriate balance between cell 

proliferation and shoot differentiation. Importantly, the 
optimal concentrations identified in this study (0.75 mg L⁻¹ 
for ‘TSH1188’ and 1.0 mg L⁻¹ for ‘Parazinho’) were rela-
tively low, reducing both production costs and the risk of 
physiological disorders associated with prolonged cytokinin 
exposure.

Genotype-dependent responses were evident through-
out the regeneration process. ‘TSH1188’ exhibited greater 
morphogenic responsiveness during the initial stages of cul-
ture (Fig.  2A, C, E), whereas ‘Parazinho’ required longer 
cultivation periods to achieve comparable shoot induction 
(Fig. 2B, D, F). Such differences are consistent with previ-
ous reports demonstrating strong genotype dependence in 
cacao tissue culture systems (Maximova et al. 2002; Tan 

Fig. 7  Biolistic-mediated genetic transformation of embryonic axes 
of Theobroma cacao. (A) Non-transformed control showing no GUS 
staining. (B-D) Representative patterns of transient uidA expression 
in embryonic axes of ‘TSH1188’ three days after particle bombard-
ment with the pCAMBIA2301 vector. (B) Multiple independent GUS-

positive foci distributed within the shoot apical meristem region. (C) 
Localized GUS expression in an individual developing shoot primor-
dium. (D) GUS expression associated with a developing shoot primor-
dium emerging from the shoot apical region. White arrows indicate 
blue foci revealed by histochemical GUS assay. Scale bar: 1 mm
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and Furtek 2003; Guillou and Verdier 2022). Variation in 
regenerative capacity has been associated with differences 
in endogenous hormonal composition, sensitivity to exog-
enous plant growth regulators, and genotype-specific regu-
lation of developmental pathways controlling cell division 
and organogenesis (Fehér 2019; Rubio et al. 2025). These 
observations reinforce the importance of optimizing regen-
eration protocols for individual genetic backgrounds and 
highlight the need for explant systems capable of supporting 
transformation across diverse cacao germplasm.

The development of efficient selection systems is a criti-
cal prerequisite for successful genetic transformation. The 
results obtained in this study demonstrated that the response 
of cacao embryonic axes to selective agents was highly 
dependent on both genotype and the mode of action of the 
compound employed. Although kanamycin and hygromy-
cin exerted limited effects on callus formation (Fig.  5A, 
B), both antibiotics significantly reduced shoot regenera-
tion (Fig. 5F, G), indicating that organogenic development 
is more sensitive than callogenesis to selective pressure. 
Similar responses have been reported in other plant trans-
formation systems, in which selective agents primarily 
affect shoot differentiation rather than the initial prolifera-
tion of undifferentiated tissues (Darbani et al. 2007; Tran 
and Sanan-Mishra 2015).

Among the antibiotic-based selection systems evalu-
ated, hygromycin displayed the strongest inhibitory effect 
on shoot regeneration (Fig. 5G) and therefore appears to be 
the most promising selective agent for future transforma-
tion studies using embryonic axes. The hygromycin phos-
photransferase (hptII)/hygromycin system has been widely 
adopted in plant biotechnology because of its high selection 
stringency and ability to efficiently eliminate non-trans-
formed cells (Ortiz et al. 1996; Ahmad et al. 2013; Altpeter 
et al. 2016). In contrast, imazapyr, ammonium glufosinate, 
and glyphosate exhibited pronounced phytotoxic effects, 
completely suppressing shoot regeneration at relatively 
low concentrations (Fig. 5H-J). This response differs from 
observations reported in soybean embryonic axis-based 
transformation systems, where imazapyr has been success-
fully employed as a selective agent due to its preferential 
accumulation in apical meristematic tissues, enabling effi-
cient selection of transformed cells without compromising 
embryonic axis viability (Aragão et al. 2000, 2002; Rech et 
al. 2008; Soto et al. 2017). Similarly, glyphosate has been 
proposed as a promising selective agent for meristem-based 
transformation systems because of its ability to translocate 
and accumulate in actively growing tissues (Mollenhauer et 
al. 1987; Aragão et al. 2005; Shaner 2009; Dill et al. 2010; 
Soto et al. 2017). However, the severe inhibition of shoot 
regeneration observed in cacao (Figs.  3 and 4) suggests 
that the meristematic cells of embryonic axes are highly 

sensitive to these herbicides, even at low concentrations. 
Because the apical dome represents the primary site of 
organogenic competence and the target region for biolistic 
transformation, excessive herbicide toxicity likely compro-
mises both cell survival and subsequent shoot development. 
These findings indicate that, despite their successful appli-
cation in other species, herbicide-based selection systems 
may require substantial optimization for cacao and appear 
less suitable than antibiotic-based strategies for embryonic 
axis-mediated transformation.

Root induction represents another critical step for the 
recovery of complete plants. Among the auxins evaluated, 
IAA at 0.5 mg L⁻¹ produced the highest rooting efficiency 
and generated morphologically normal roots without cal-
lus formation (Table 1; Fig. 6). The superiority of IAA may 
be related to its rapid metabolism and dynamic regulation 
within plant tissues, allowing transient stimulation of root 
primordium formation while avoiding excessive callus pro-
liferation (Ludwig-Müller 2011; Pacurar et al. 2014). Direct 
root formation is particularly advantageous because it gen-
erally results in improved vascular connectivity and greater 
plantlet stability during acclimatization. The production 
of elongated roots accompanied by vigorous shoot growth 
further indicates that this treatment promoted a favorable 
physiological balance between root and shoot development.

A major contribution of this study is the demonstra-
tion that mature seed-derived embryonic axes can serve as 
efficient target tissues for biolistic-mediated gene delivery 
in cacao. Removal of the leaf primordia exposed the api-
cal dome and facilitated direct access of DNA-coated 
particles to the meristematic region, resulting in localized 
transient GUS expression (Fig.  7). The concentration of 
reporter gene activity within the apical dome suggests that 
these cells are particularly competent for DNA uptake and 
transgene expression. This finding is especially relevant 
because most transformation protocols currently available 
for cacao rely on Agrobacterium tumefaciens-mediated 
transformation of somatic embryo-derived tissues, par-
ticularly cotyledons obtained from primary or secondary 
somatic embryos (Maximova et al. 2003, 2006; Guillou and 
Verdier 2022). Although these systems have enabled the 
recovery of stable transgenic plants and constitute the cur-
rent standard for cacao transformation, they remain highly 
genotype dependent and require multiple sequential devel-
opmental stages, including embryogenic tissue induction, 
embryo proliferation, maturation, germination, and plant 
conversion. In contrast, particle bombardment of mature 
seed-derived embryonic axes targets pre-existing meriste-
matic tissues capable of direct organogenesis, thereby con-
siderably simplifying the regeneration process. Rather than 
replacing established Agrobacterium-based protocols, the 
regeneration platform described here should be viewed as 
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a complementary strategy that may facilitate rapid evalua-
tion of gene constructs, genome-editing reagents, and DNA 
delivery conditions before stable transformation systems are 
implemented.

The present study evaluated transient GUS expression as 
a proof-of-concept demonstration that mature seed-derived 
embryonic axes constitute competent targets for biolis-
tic DNA delivery. Although transient reporter expression 
does not demonstrate stable genomic integration or trans-
gene inheritance, it provides a rapid and widely accepted 
approach for validating DNA delivery into meristematic 
tissues and assessing the suitability of novel explants for 
transformation. The recovery of stable transgenic plants 
will require subsequent optimization of selection pressure, 
regeneration conditions, and molecular confirmation of 
transgene integration and inheritance across successive gen-
erations. Consequently, the regeneration system established 
here should be regarded as an important first step toward the 
development of an efficient stable transformation platform 
for cacao.

An additional aspect that merits consideration is the use 
of mature seed-derived zygotic embryos as transforma-
tion targets. Unlike somatic tissues obtained from clonally 
propagated donor plants, zygotic embryonic axes originate 
from sexual reproduction and therefore may exhibit genetic 
segregation among individual explants. Consequently, the 
proposed system is not intended as a platform for clonal 
propagation of elite genotypes, but rather as a highly regen-
erative target tissue for transformation, genome editing, and 
functional genomics studies. Once independent transformed 
events are recovered, they can subsequently be incorpo-
rated into breeding programs or used as donor material for 
secondary propagation systems. Future studies evaluating 
additional cacao genotypes will be important to determine 
the robustness and broader applicability of this regeneration 
platform across diverse genetic backgrounds.

Importantly, the significance of the regeneration sys-
tem described here extends beyond its potential use for 
clonal propagation. In modern genetic transformation and 
genome-editing pipelines, particularly in recalcitrant spe-
cies, the primary challenge is often the recovery of trans-
formed events rather than the maintenance of clonal fidelity 
in the initial explant. Once an edited or transformed event is 
identified, it can subsequently be incorporated into breeding 
programs, self-pollinated, backcrossed, or used as a source 
material for secondary propagation systems. Consequently, 
the value of mature seed-derived embryonic axes lies in 
their ability to provide a rapid, accessible, and highly regen-
erative platform for DNA delivery, selection, and recovery 
of transformed plants. By reducing dependence on pro-
longed somatic embryogenesis cycles, this strategy has the 

potential to accelerate functional genomics studies, genome 
editing, and molecular breeding applications in cacao.

Another important advantage of the regeneration system 
developed in the present study is the substantial reduction 
in the time required to obtain complete plantlets compared 
with conventional cacao regeneration protocols based on 
somatic embryogenesis. Most transformation and regenera-
tion systems currently available for cacao rely on the induc-
tion, proliferation, maturation, and germination of somatic 
embryos, followed by their conversion into plantlets, a pro-
cess that frequently requires several months and may extend 
to more than one year depending on the genotype and cul-
ture conditions (Maximova et al. 2002; Traore and Guilti-
nan 2006; Fister et al. 2018; Henao-Ramírez et al. 2021). 
In contrast, the use of embryonic axes isolated from mature 
zygotic seeds enabled direct shoot organogenesis within 
30–60 days of culture, while rooted plantlets were obtained 
within approximately 90 days. Thus, the complete regenera-
tion cycle from explant establishment to the production of 
rooted plants was achieved in approximately three months, 
representing a substantial reduction in the time required for 
plant recovery.

Beyond accelerating plant regeneration, the proposed 
system eliminates several labor-intensive stages associ-
ated with somatic embryogenesis, including embryogenic 
callus induction, secondary embryo proliferation, embryo 
maturation, and embryo-to-plant conversion. These stages 
are often characterized by low efficiencies, asynchronous 
development, and pronounced genotype dependence in 
cacao. The rapid regeneration response observed from 
embryonic axes therefore provides a practical advantage 
for biotechnological applications, particularly genetic 
transformation and genome editing, where the recovery of 
transformed tissues within a shorter timeframe is critical 
for increasing throughput and reducing production costs. 
Furthermore, the shorter in vitro culture period may reduce 
the accumulation of somaclonal variation frequently associ-
ated with prolonged tissue culture, thereby improving the 
genetic fidelity of regenerated plants. Nevertheless, because 
stable transformation efficiency was not evaluated in the 
present study, direct comparisons with previously published 
Agrobacterium- or biolistic-mediated cacao transformation 
protocols remain premature. Future studies focusing on 
stable transformation frequency, transgene inheritance, and 
genome-editing efficiency will be essential to fully establish 
the practical performance of this regeneration platform.

Collectively, the results demonstrate that mature seed-
derived embryonic axes constitute a highly responsive 
explant source for regeneration, selection, rooting, and 
biolistic DNA delivery in T. cacao. By integrating rapid 
direct organogenesis with a simplified regeneration work-
flow, the proposed system complements existing somatic 
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embryogenesis-based transformation platforms and pro-
vides a promising foundation for future development of 
stable genetic transformation and genome-editing protocols 
in cacao.

Conclusion

This study supports mature seed-derived embryonic axes 
as a novel and highly responsive explant source for the 
development of an integrated regeneration and DNA deliv-
ery platform in T. cacao. Cytokinin supplementation was 
essential for morphogenic induction, with BAP proving to 
be the most effective plant growth regulator for multiple 
shoot regeneration, yielding optimal responses at 0.75 mg 
L⁻¹ in ‘TSH1188’ and 1.0 mg L⁻¹ in ‘Parazinho’. Regenera-
tion occurred predominantly through direct organogenesis 
restricted to the apical dome, highlighting the high meriste-
matic competence of this region and its suitability for rapid 
and reproducible plant regeneration.

Among the selective agents evaluated, kanamycin and 
hygromycin were more suitable than the herbicide-based 
systems tested, which exhibited severe phytotoxic effects 
and completely suppressed shoot regeneration. Hygromy-
cin showed the highest selection stringency while maintain-
ing the capacity to recover regenerating tissues, making it a 
promising selective agent for future transformation proto-
cols based on embryonic axes. For root induction, 0.5 mg 
L⁻¹ IAA promoted the formation of morphologically normal 
adventitious roots without intermediate callus formation, 
generating vigorous plantlets with characteristics favorable 
for subsequent acclimatization.

Importantly, transient GUS expression following particle 
bombardment demonstrated that the exposed apical dome of 
embryonic axes is highly receptive to DNA delivery, vali-
dating this explant as a suitable target tissue for biolistic-
gene delivery. Although transient reporter expression does 
not demonstrate stable genetic transformation, these results 
provide proof of concept that mature seed-derived embry-
onic axes are competent recipients for exogenous DNA 
and represent a promising starting point for the develop-
ment of stable transformation protocols in cacao. Unlike 
conventional cacao transformation systems, which rely on 
prolonged somatic embryogenesis cycles and floral-derived 
explants, the strategy described here provides a direct and 
simplified route for the recovery of regenerable tissues.

Collectively, these findings provide a basis for the use of 
mature seed-derived embryonic axes as a novel regeneration 
platform that integrates efficient shoot induction, selective-
agent screening, rooting, and compatibility with biolistic 
DNA delivery into a single workflow. This approach sub-
stantially shortens the regeneration process compared with 

conventional somatic embryogenesis-based systems and 
provides a practical foundation for future optimization of 
stable genetic transformation and genome-editing protocols 
in T. cacao. As such, it represents a valuable addition to the 
biotechnological toolkit available for functional genomics, 
molecular breeding, and crop improvement in cacao.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​7​/​s​1​1​2​4​0​-​0​
2​6​-​0​3​5​7​3​-​1​​​​​.​​

Author contributions  Conceptualization: SLSP, FCA, FJLA and 
MGCC; Methodology: SLSP, GMA, FJLA, and MGCC; Experiment 
and data analysis: SLSP, GMA, GCBS, and MGCC; Writing- original 
draft preparation: SLSP, GMA, and GCBS; Writing- review and edit-
ing: MGCC, FCA, and FJLA; Supervision: MGCC, FCA, and FJLA. 
All authors read and approved the manuscript for publication.

Funding  The Article Processing Charge (APC) for the publication 
of this research was funded by the Coordenação de Aperfeiçoamen-
to de Pessoal de Nível Superior - Brasil (CAPES) (ROR identifier: 
00x0ma614). This work was supported by research grant from the Bra-
zilian National Council for Scientific and Technological Development 
- CNPq (Process # 302016/2022-8). SLSP was recipient of a Ph.D. 
scholarship provided by CAPES Foundation (Brasília, DF, Brazil). 
GMA is recipient of a Postdoctoral scholarship provided by CNPq. 
MGCC and FJLA are CNPq Research Fellows. The funders had no 
role in study design, data collection and analysis, decision to publish, 
or preparation of the manuscript.

Data availability  All data generated or analyzed during this study are 
included in this published article and its supplementary information 
files.

Ethics declarations

Ethical approval  Not applicable.

Competing interest  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​​p​:​/​/​​c​r​e​​a​t​i​​v​e​c​o​m​m​o​n​s​.​o​
r​g​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/​​​​​.​​

References

Adu-Gyamfi R, Wetten A, Rodríguez López CM (2016) Effect of 
cryopreservation and post-cryopreservation somatic embryogen-
esis on the epigenetic fidelity of cocoa (Theobroma cacao L). 

https://doi.org/10.1007/s11240-026-03573-1
https://doi.org/10.1007/s11240-026-03573-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1 3

69  Page 16 of 17 Plant Cell, Tissue and Organ Culture (PCTOC) (2026) 166:69

CryoLetters 37:125–135. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​3​7​1​/​j​o​u​r​n​a​l​.​p​o​n​e​.​0​
1​5​8​8​5​7​​​​​​​

Ahmad A, Ab Rahman Z, Kamaruzaman R, Ahmad Seman Z, Zainal 
A, Zainal Z (2013) Hygromycin as selective marker in Agrobac-
terium-mediated genetic transformation of indica rice MR210. J 
Trop Agric Food Sci 41:71–79

Altpeter F, Springer NM, Bartley LE, Blechl AE, Brutnell TP, Citovsky 
V, Conrad LJ, Gelvin SB, Jackson DP, Kausch AP, Lemaux PG, 
Medford JI, Orozco-Cárdenas ML, Tricoli DM, Van Eck J, Voytas 
DF, Walbot V, Wang K, Zhang ZJ, Stewart CN (2016) Advanc-
ing crop transformation in the era of genome editing. Plant Cell 
28:1510–1520. https:/​/doi.or​g/10.11​05/tp​c.16.00196

Aragão FJL, Sarokin L, Vianna GR, Rech EL (2000) Selection of trans-
genic meristematic cells utilizing a herbicidal molecule results in 
the recovery of fertile transgenic soybean [Glycine max (L.) Mer-
ril] plants at a high frequency. Theor Appl Genet 101:1–6. ​h​t​t​​p​s​:​/​​
/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​7​/​s​0​0​1​2​2​0​0​5​1​4​4​1​​​​​​​

Aragão FJL, Vianna GR, Albino MMC, Rech EL (2002) Transgenic 
dry bean tolerant to the herbicide glufosinate ammonium. Crop 
Sci 42:1298–1302. https:/​/doi.or​g/10.21​35/cr​opsci2002.1298

Aragão FJL, Vianna GR, Carvalheira SBRC, Rech EL (2005) Germ 
line genetic transformation in cotton (Gossypium hirsutum L.) by 
selection of transgenic meristematic cells with a herbicide mol-
ecule. Plant Sci 168:1227–1233. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​p​l​a​n​t​s​
c​i​.​2​0​0​4​.​1​2​.​0​2​4​​​​​​​

Bidabadi SS, Jain SM (2020) Cellular, molecular, and physiological 
aspects of in vitro plant regeneration. Plants 9:702. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​
g​/​1​0​.​3​3​9​0​/​p​l​a​n​t​s​9​0​6​0​7​0​2​​​​​​​

Caldas MM, Perz S (2013) Agro-terrorism? The causes and conse-
quences of the appearance of witch’s broom disease in cocoa 
plantations of southern Bahia, Brazil. Geoforum 47:147–157. 
https:/​/doi.or​g/10.10​16/j.​geoforum.2013.01.006

Chen Z, Debernardi JM, Dubcovsky J, Gallavotti A (2022) Recent 
advances in crop transformation technologies. Nat Plants 8:1343–
1351. https:/​/doi.or​g/10.10​38/s4​1477-022-01295-8

Colli-Silva M, Richardson JE, Pirani JR, Figueira A (2025) Wild or 
introduced? Investigating the genetic landscape of cacao popula-
tions in South America. Ecol Evol 15:e71746. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​
1​0​0​2​/​e​c​e​3​.​7​1​7​4​6​​​​​​​

Cornejo OE, Yee MC, Dominguez V et al (2018) Population genomic 
analyses of the chocolate tree, Theobroma cacao L., provide 
insights into its domestication process. Commun Biol 1:167. 
https:/​/doi.or​g/10.10​38/s4​2003-018-0168-6

da Costa CT, de Almeida MRP, Ruedell CM, Schwambach J, Mara-
schin FS, Fett-Neto AG (2013) When stress and development go 
hand in hand: main hormonal controls of adventitious rooting in 
cuttings. Front Plant Sci 4:133. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​3​3​8​9​/​f​p​l​s​.​2​0​1​
3​.​0​0​1​3​3​​​​​​​

da Silva Guimarães ME, dos Santos Dias LA, de Almeida CMVC, 
Souza CAS, Almeida OF, Corrêa TR (2023) Genetic variability 
of cocoa from the amazon basin: implications for genetic con-
servation. Biosci J 39:e39020. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​4​3​9​3​/​B​J​-​v​3​9​n​
0​a​2​0​2​3​-​6​3​1​2​6​​​​​​​

Darbani B, Eimanifar A, Stewart CN Jr, Camargo WN (2007) Methods 
to produce marker-free transgenic plants. Biotechnol J 2:83–90. 
https:/​/doi.or​g/10.10​02/bi​ot.200600182

Davis MW, Leslie CA, Lee C, Long E, Meinhold L, Lorenc M, Lewis 
F, Brown PJ, Monroe G (2026) Genome degradation in plant tis-
sue culture. Proc Natl Acad Sci U S A 123:e2530182123. ​h​t​t​​p​s​:​/​​/​
d​o​​i​.​o​​r​g​/​1​0​.​1​0​7​3​/​p​n​a​s​.​2​5​3​0​1​8​2​1​2​3​​​​​​​

Dill GM, Sammons RD, Feng PCC, Kohn F, Kretzmer K, Mehrsheikh 
A, Bleeke M, Honegger JL, Farmer D, Wright D, Haupfear EA 
(2010) Glyphosate: discovery, development, applications, and 
properties. In: Nandula VK (ed) Glyphosate Resistance in Crops 
and Weeds: History, Development, and Management. Wiley, 
Hoboken, pp 1–33

FAOSTAT (2025) Food and Agriculture Statistical Database. Food and 
Agriculture Organization of the United Nations, Rome

Fehér A (2019) Callus, dedifferentiation, totipotency, somatic embryo-
genesis: what these terms mean in the era of molecular plant biol-
ogy? Front Plant Sci 10:536. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​3​3​8​9​/​f​p​l​s​.​2​0​1​9​.​0​
0​5​3​6​​​​​​​

Ferreira DF (2011) Sisvar: a computer statistical analysis system. 
Cienc Agrotec 35:1039–1042. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​5​9​0​/​S​1​4​1​3​-​7​0​
5​4​2​0​1​1​0​0​0​6​0​0​0​0​1​​​​​​​

Fister AS, Landherr L, Perryman M, Zhang Y, Guiltinan MJ, Maxi-
mova SN (2018) Glucocorticoid receptor-regulated TcLEC2 
expression triggers somatic embryogenesis in Theobroma cacao 
leaf tissue. PLoS ONE 13:e0207666. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​3​7​1​/​j​o​u​
r​n​a​l​.​p​o​n​e​.​0​2​0​7​6​6​6​​​​​​​

Florez SL, Erwin RL, Maximova SN, Guiltinan MJ, Curtis WR (2015) 
Enhanced somatic embryogenesis in Theobroma cacao using the 
homologous BABY BOOM transcription factor. BMC Plant Biol 
15:121. https:/​/doi.or​g/10.11​86/s1​2870-015-0479-4

Gamborg OL, Miller RA, Ojima K (1968) Nutrient requirements of 
suspension cultures of soybean root cells. Exp Cell Res 50:151–
158. https:/​/doi.or​g/10.10​16/00​14-4827(68)90403-5

Garcia C, Marelli JP, Motamayor JC, Villela C (2018) Somatic 
Embryogenesis in Theobroma cacao L. In: Loyola-Vargas V, 
Ochoa-Alejo N (eds) Plant Cell Culture Protocols. Methods in 
Molecular Biology, vol 1815. Humana, New York, NY. ​h​t​t​​p​s​:​/​​/​d​o​​
i​.​o​​r​g​/​1​0​.​1​0​0​7​/​9​7​8​-​1​-​4​9​3​9​-​8​5​9​4​-​4​_​1​5​​​​​​​

Garcia C, Furtado de Almeida AA, Costa M et al (2022) Single-base 
resolution methylomes of somatic embryogenesis in Theobroma 
cacao L. reveal epigenomic modifications associated with somatic 
embryonic abnormalities. Sci Rep 12:15097. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​
0​3​8​/​s​4​1​5​9​8​-​0​2​2​-​1​8​0​3​5​-​9​​​​​​​

Guillou C, Verdier D (2022) Theobroma cacao: somatic embryogen-
esis. In: Ramírez-Mosqueda MA (ed) Somatic Embryogenesis. 
Methods in Molecular Biology, vol 2527. Humana, New York, pp 
75–89. https:/​/doi.or​g/10.10​07/97​8-1-0716-2485-2_6

Guillou C, Fillodeau A, Brulard E et al (2018) Indirect somatic embryo-
genesis of Theobroma cacao L. in liquid medium and improve-
ment of embryo-to-plantlet conversion rate. Vitro Cell Dev Biol 
Plant 54:377–391. https:/​/doi.or​g/10.10​07/s1​1627-018-9909-y

Henao-Ramírez M, Salazar Duque HJ, Calle Tobón AF, Urrea Tru-
jillo AI (2021) Determination of genetic stability in cacao plants 
(Theobroma cacao L.) derived from somatic embryogenesis 
using microsatellite molecular markers (SSR). Int J Fruit Sci 
21:284–298. https:/​/doi.or​g/10.10​80/15​538362.2021.1873219

ICCO (2024) Quarterly Bulletin of Cocoa Statistics. ICCO, Abidjan. ​
h​t​t​​p​s​:​/​​/​w​w​​w​.​i​​c​c​o​​.​o​r​​g​/​i​c​​c​o​​-​d​o​c​u​m​e​n​t​a​t​i​o​n​/​q​u​a​r​t​e​r​l​y​-​b​u​l​l​e​t​i​n​-​o​f​-​c​
o​c​o​a​-​s​t​a​t​i​s​t​i​c​s​/​​​​​​​

Isah T (2019) De novo in vitro shoot morphogenesis from shoot tip-
induced callus cultures of Gymnema sylvestre (Retz). Biol Res 
52:3. https:/​/doi.or​g/10.11​86/s4​0659-019-0211-1

Jefferson RA (1987) Assaying chimeric genes in plants: the GUS gene 
fusion system. Plant Mol Biol Rep 5:387–405. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​
.​1​0​0​7​/​B​F​0​2​6​6​7​7​4​0​​​​​​​

Kowalik S, Samoń M, Przyborowski M (2026) Molecular regulators 
of in vitro regeneration in wheat: roles of morphogenic factors 
in transformation, genome editing, and breeding. Int J Mol Sci 
27:1271. https:/​/doi.or​g/10.33​90/ij​ms27031271

Lee K, Kim Y, Park J et al (2024) Insights into plant regeneration: cel-
lular pathways and DNA methylation dynamics. Planta 259:79. 
https:/​/doi.or​g/10.10​07/s0​0425-024-03216-9

Li Z, Traore A, Maximova S, Guiltinan MJ (1998) Somatic embryo-
genesis and plant regeneration from floral explants of cacao 
(Theobroma cacao L.) using thidiazuron. Vitro Cell Dev Biol 
Plant 34:293–299. https:/​/doi.or​g/10.10​07/BF​02822737

https://doi.org/10.1371/journal.pone.0158857
https://doi.org/10.1371/journal.pone.0158857
https://doi.org/10.1105/tpc.16.00196
https://doi.org/10.1007/s001220051441
https://doi.org/10.1007/s001220051441
https://doi.org/10.2135/cropsci2002.1298
https://doi.org/10.1016/j.plantsci.2004.12.024
https://doi.org/10.1016/j.plantsci.2004.12.024
https://doi.org/10.3390/plants9060702
https://doi.org/10.3390/plants9060702
https://doi.org/10.1016/j.geoforum.2013.01.006
https://doi.org/10.1038/s41477-022-01295-8
https://doi.org/10.1002/ece3.71746
https://doi.org/10.1002/ece3.71746
https://doi.org/10.1038/s42003-018-0168-6
https://doi.org/10.3389/fpls.2013.00133
https://doi.org/10.3389/fpls.2013.00133
https://doi.org/10.14393/BJ-v39n0a2023-63126
https://doi.org/10.14393/BJ-v39n0a2023-63126
https://doi.org/10.1002/biot.200600182
https://doi.org/10.1073/pnas.2530182123
https://doi.org/10.1073/pnas.2530182123
https://doi.org/10.3389/fpls.2019.00536
https://doi.org/10.3389/fpls.2019.00536
https://doi.org/10.1590/S1413-70542011000600001
https://doi.org/10.1590/S1413-70542011000600001
https://doi.org/10.1371/journal.pone.0207666
https://doi.org/10.1371/journal.pone.0207666
https://doi.org/10.1186/s12870-015-0479-4
https://doi.org/10.1016/0014-4827(68)90403-5
https://doi.org/10.1007/978-1-4939-8594-4_15
https://doi.org/10.1007/978-1-4939-8594-4_15
https://doi.org/10.1038/s41598-022-18035-9
https://doi.org/10.1038/s41598-022-18035-9
https://doi.org/10.1007/978-1-0716-2485-2_6
https://doi.org/10.1007/s11627-018-9909-y
https://doi.org/10.1080/15538362.2021.1873219
https://www.icco.org/icco-documentation/quarterly-bulletin-of-cocoa-statistics/
https://www.icco.org/icco-documentation/quarterly-bulletin-of-cocoa-statistics/
https://www.icco.org/icco-documentation/quarterly-bulletin-of-cocoa-statistics/
https://doi.org/10.1186/s40659-019-0211-1
https://doi.org/10.1007/BF02667740
https://doi.org/10.1007/BF02667740
https://doi.org/10.3390/ijms27031271
https://doi.org/10.1007/s00425-024-03216-9
https://doi.org/10.1007/BF02822737


1 3

Page 17 of 17  69Plant Cell, Tissue and Organ Culture (PCTOC) (2026) 166:69

Long JM, Liu CY, Feng MQ et al (2022) New insights into tissue cul-
ture plant-regeneration mechanisms. Front Plant Sci 13:926752. 
https:/​/doi.or​g/10.33​89/fp​ls.2022.926752

Ludwig-Müller J (2011) Auxin conjugates: their role for plant devel-
opment and in the evolution of land plants. J Exp Bot 62:1757–
1773. https:/​/doi.or​g/10.10​93/jx​b/erq412

Maren NA, Duan H, Da K, Yencho GC, Ranney TG, Liu W (2022) 
Genotype-independent plant transformation. Hortic Res 
9:uhac047. https:/​/doi.or​g/10.10​93/hr​/uhac047

Maximova SN, Alemanno L, Young A, Ferrière N, Traoré A, Guiltinan 
MJ (2002) Efficiency, genotypic variability, and cellular origin 
of primary and secondary somatic embryogenesis of Theobroma 
cacao L. Vitro Cell Dev Biol Plant 38:252–259. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​
0​.​1​0​7​9​/​I​V​P​2​0​0​1​2​5​7​​​​​​​

Maximova SN, Miller C, Antúnez de Mayolo G et al (2003) Stable 
transformation of Theobroma cacao L. and influence of matrix 
attachment regions on GFP expression. Plant Cell Rep 21:872–
883. https:/​/doi.or​g/10.10​07/s0​0299-003-0596-7

Maximova SN, Marelli JP, Young A et al (2006) Over-expression of 
a cacao class I chitinase gene in Theobroma cacao L. enhances 
resistance against the pathogen Colletotrichum gloeosporioides. 
Planta 224:740–749. https:/​/doi.or​g/10.10​07/s0​0425-005-0188-6

Maximova SN, Florez S, Shen X et al (2014) Genome-wide analysis 
reveals divergent patterns of gene expression during zygotic and 
somatic embryo maturation of Theobroma cacao L., the choco-
late tree. BMC Plant Biol 14:185. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​8​6​/​1​4​7​1​-​2​
2​2​9​-​1​4​-​1​8​5​​​​​​​

Meinhardt LW, Rincones J, Bailey BA et al (2008) Moniliophthora 
perniciosa, the causal agent of witches’ broom disease of cacao: 
what’s new from this old foe? Mol Plant Pathol 9:577–588. https:/​
/doi.or​g/10.11​11/j.​1364-3703.2008.00496.x

Mollenhauer HH, Smart CC, Amrhein N (1987) Glyphosate toxicity 
in the shoot apical region of the tomato plant: I. Plastid swelling 
is the initial ultrastructural feature following in vivo inhibition 
of 5-enolpyruvylshikimic acid 3-phosphate synthase. Pestic Bio-
chem Physiol 29:55–65. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​0​0​4​8​-​3​5​7​5​(​8​7​)​9​
0​0​8​4​-​8​​​​​​​

Murashige T, Skoog F (1962) A revised medium for rapid growth and 
bio assays with tobacco tissue cultures. Physiol Plant 15:473–
497. https:/​/doi.or​g/10.11​11/j.​1399-3054.1962.tb08052.x

Ortiz JPA, Reggiardo MI, Ravizzini RA, Altabe SG, Cervigni GDL, 
Spitteler MA, Morata MM, Elias FE, Vallejos RH (1996) Hygro-
mycin resistance as an efficient selectable marker for wheat stable 
transformation. Plant Cell Rep 15:877–881. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​
0​7​/​B​F​0​0​2​3​1​5​7​9​​​​​​​

Pacurar DI, Perrone I, Bellini C (2014) Auxin is a central player in 
the hormone cross-talks that control adventitious rooting. Physiol 
Plant 151:83–96. https:/​/doi.or​g/10.11​11/pp​l.12171

Pasternak TP, Steinmacher DA (2024) Plant growth regulation in cell 
and tissue culture in vitro. Plants 13:327. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​3​3​9​0​
/​p​l​a​n​t​s​1​3​0​2​0​3​2​7​​​​​​​

Peng J, Zhang Q, Tang LP et al (2025) LEC2 induces somatic cell 
reprogramming through epigenetic activation of plant cell totipo-
tency regulators. Nat Commun 16:4185. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​3​8​/​
s​4​1​4​6​7​-​0​2​5​-​5​9​3​3​5​-​8​​​​​​​

Pires ABL, Gramacho KP, Silva DC et al (2009) Early development 
of Moniliophthora perniciosa basidiomata and developmentally 
regulated genes. BMC Microbiol 9:158. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​8​6​
/​1​4​7​1​-​2​1​8​0​-​9​-​1​5​8​​​​​​​

Quinga LAP, Heringer AS, Fraga HPF, Vieira LN, Silveira V, Stein-
macher DA, Guerra MP (2018) Insights into the conversion 
potential of Theobroma cacao L. somatic embryos using quanti-
tative proteomic analysis. Sci Horticult 229:65–76. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​
g​/​1​0​.​1​0​1​6​/​j​.​s​c​i​e​n​t​a​.​2​0​1​7​.​1​0​.​0​0​5​​​​​​​

Rech EL, Vianna GR, Aragão FJL (2008) High-efficiency transforma-
tion by biolistics of soybean, common bean and cotton transgenic 
plants. Nat Protoc 3:410–418. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​3​8​/​n​p​r​o​t​.​2​0​0​
8​.​9​​​​​​​

Rubio K, Leiva S, Oliva M, Diaz-Valderrama JR, Guerrero-Abad JC 
(2025) Somatic embryogenesis in native Peruvian fine-flavor 
cocoa genotypes. Int J Plant Biol 16:84. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​3​3​9​0​
/​i​j​p​b​1​6​0​3​0​0​8​4​​​​​​​

Sambuichi RHR, Vidal DB, Piasentin FB et al (2012) Cabruca agro-
forests in southern Bahia, Brazil: tree component, management 
practices and tree species conservation. Biodivers Conserv 
21:1055–1077. https:/​/doi.or​g/10.10​07/s1​0531-012-0240-3

Santos EC, Pirovani CP, Correa SC et al (2020) The pathogen Monili-
ophthora perniciosa promotes differential proteomic modulation 
of cacao genotypes with contrasting resistance to witches’ broom 
disease. BMC Plant Biol 20:1. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​8​6​/​s​1​2​8​7​0​-​0​
1​9​-​2​1​7​0​-​7​​​​​​​

Schnell RJ, Kuhn DN, Brown JS et al (2005) Retrospective determi-
nation of the parental population of superior cacao (Theobroma 
cacao L.) seedlings and association of microsatellite alleles with 
productivity. J Am Soc Hortic Sci 130:181–190

Shaner DL (2009) Role of translocation as a mechanism of resistance 
to glyphosate. Weed Sci 57:118–123. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​6​1​4​/​W​
S​-​0​8​-​0​5​0​.​1​​​​​​​

Soto N, Delgado C, Hernández Y, Rosabal Y, Ferreira A, Pujol M, 
Aragão FJL, Enriquez GA (2017) Efficient particle bombard-
ment-mediated transformation of Cuban soybean (INCASoy-36) 
using glyphosate as a selective agent. Plant Cell Tiss Organ Cult 
128:187–196. https:/​/doi.or​g/10.10​07/s1​1240-016-1099-x

Sousa Filho HR, Jesus RM, Bezerra MA, Santana GM, Santana RO 
(2021) History, dissemination, and field control strategies of 
cocoa witches’ broom disease. Plant Pathol 70:1971–1978. https:/​
/doi.or​g/10.11​11/pp​a.13457

Tan CL, Furtek DB (2003) Development of an in vitro regeneration 
system for Theobroma cacao from mature tissues. Plant Sci 
164:407–412. https:/​/doi.or​g/10.10​16/S0​168-9452(02)00428-4

Tran TN, Sanan-Mishra N (2015) Effect of antibiotics on callus 
regeneration during transformation of IR64 rice. Biotechnol Rep 
7:143–149. https:/​/doi.or​g/10.10​16/j.​btre.2015.06.004

Traore A, Guiltinan MJ (2006) Effects of carbon source and explant 
type on somatic embryogenesis of four cacao genotypes. Hort-
Science 41:753–758

Wickramasuriya AM, Dunwell JM (2018) Cacao biotechnology: cur-
rent status and future prospects. Plant Biotechnol J 16:4–17. 
https:/​/doi.or​g/10.11​11/pb​i.12848

Xu C, Hu Y (2020) The molecular regulation of cell pluripotency in 
plants. aBIOTECH 1:169–177. ​h​t​t​​​​p​​s​:​​/​​/​d​​o​i​​.​​o​​r​g​/​​1​0​.​1​0​0​7​/​s​4​2​9​9​4​-​0​
2​0​-​0​0​0​2​8​-​9​​​​​​​

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

https://doi.org/10.3389/fpls.2022.926752
https://doi.org/10.1093/jxb/erq412
https://doi.org/10.1093/hr/uhac047
https://doi.org/10.1079/IVP2001257
https://doi.org/10.1079/IVP2001257
https://doi.org/10.1007/s00299-003-0596-7
https://doi.org/10.1007/s00425-005-0188-6
https://doi.org/10.1186/1471-2229-14-185
https://doi.org/10.1186/1471-2229-14-185
https://doi.org/10.1111/j.1364-3703.2008.00496.x
https://doi.org/10.1111/j.1364-3703.2008.00496.x
https://doi.org/10.1016/0048-3575(87)90084-8
https://doi.org/10.1016/0048-3575(87)90084-8
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1007/BF00231579
https://doi.org/10.1007/BF00231579
https://doi.org/10.1111/ppl.12171
https://doi.org/10.3390/plants13020327
https://doi.org/10.3390/plants13020327
https://doi.org/10.1038/s41467-025-59335-8
https://doi.org/10.1038/s41467-025-59335-8
https://doi.org/10.1186/1471-2180-9-158
https://doi.org/10.1186/1471-2180-9-158
https://doi.org/10.1016/j.scienta.2017.10.005
https://doi.org/10.1016/j.scienta.2017.10.005
https://doi.org/10.1038/nprot.2008.9
https://doi.org/10.1038/nprot.2008.9
https://doi.org/10.3390/ijpb16030084
https://doi.org/10.3390/ijpb16030084
https://doi.org/10.1007/s10531-012-0240-3
https://doi.org/10.1186/s12870-019-2170-7
https://doi.org/10.1186/s12870-019-2170-7
https://doi.org/10.1614/WS-08-050.1
https://doi.org/10.1614/WS-08-050.1
https://doi.org/10.1007/s11240-016-1099-x
https://doi.org/10.1111/ppa.13457
https://doi.org/10.1111/ppa.13457
https://doi.org/10.1016/S0168-9452(02)00428-4
https://doi.org/10.1016/j.btre.2015.06.004
https://doi.org/10.1111/pbi.12848
https://doi.org/10.1007/s42994-020-00028-9
https://doi.org/10.1007/s42994-020-00028-9

	﻿Multiple shoot induction from embryonic axes of mature seeds supports a novel regeneration platform for biolistic DNA delivery in ﻿Theobroma cacao﻿ L.
	﻿Abstract
	﻿Key message
	﻿Introduction
	﻿Materials and methods
	﻿Plant material and explant preparation
	﻿Culture media for shoot regeneration and selection
	﻿In vitro rooting
	﻿Biolistic-mediated genetic transformation
	﻿Histochemical GUS assay
	﻿Experimental design and statistical analysis

	﻿Results
	﻿Regeneration of embryonic axes of ﻿Theobroma cacao﻿ L.
	﻿Selective medium for embryonic axes of ﻿Theobroma cacao﻿ L.
	﻿In vitro rooting of adventitious shoots of ﻿Theobroma cacao﻿ L.
	﻿Biolistic transformation of embryonic axes from ﻿Theobroma cacao﻿ L.

	﻿Discussion
	﻿Conclusion
	﻿References


