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Abstract

Somatic embryogenesis is a platform for clonal propagation and genetic improvement of cacao, but its application
is limited by genotype-dependent recalcitrance and restricted acquisition of embryogenic competence. This study
integrated morphological, cytohistological, and gene expression analyses to identify features associated with
embryogenic competence of Theobroma cacao L. clone CNCH13. Embryogenic callus frequency in petal-derived
calliincreased from 5-8% at 30 to 28—30% at 60 days, with no new embryogenic callus formed at 90 days.
Embryogenic callus was identified by its light brown-yellowish color, granular appearance, and soft consistency.
Histological analysis showed a continuum from parenchyma cells to competent cells, embryogenic cell clusters,
proembryos, and somatic embryos. Phenolic accumulation was positively associated with embryogenic
competence, whereas starch reserves occurred broadly in both embryogenic and non-embryogenic tissues. RT-
gPCR across six tissues showed that BBM, ABI3, AGL15, and IAA20 were expressed in the induction-phase callus
(hormone-containing medium) and in the expression-phase callus during the first 30 days of hormone-free culture;
their expression declined after 60 days in expression medium, once embryogenic and non-embryogenic calli had
become morphologically distinguishable and reached maximum levels in globular embryos. LEC2 and WUS
followed a similar pattern at lower expression levels, whereas PINT, SERK1, and SERK2 showed lower or broadly
distributed expression across tissues, suggesting roles in additional developmental processes rather than in
embryogenic competence. Phenolic accumulation and this early transcriptional signal emerge as the most reliable
correlates of embryogenic competence, providing criteria for early selection of embryogenic tissue and improving
somatic embryogenesis in recalcitrant cacao genotypes.

Key message

Integrated morphological, cytohistological, and molecular analyses revealed stage-dependent cellular and gene-
expression changes that distinguish embryogenic competence from early somatic embryo development in cacao.

Introduction

Somatic embryogenesis (SE) is a unique developmental process in which somatic cells undergo reprogramming
and acquire embryogenic competence, allowing them to develop into whole plants through an embryogenic
pathway (Fehér 2019). SE has become a powerful tool for the large-scale propagation of valuable clones,
germplasm conservation, plant sanitation, and the advancement of breeding programs, as well as for the
production of genetically modified plants (Loyola-Vargas and Ochoa-Alejo, 2016). Appropriate stimuli, including
specific culture-medium compositions, plant growth regulators (PGRs), stress-related signals, and the activity of
key transcription factors (TFs), can trigger SE in a wide range of explant tissues, promoting the formation of
multiple somatic embryos. These embryos may arise directly from somatic cells, through direct somatic
embryogenesis (DSE), or indirectly through an intervening callus phase, through indirect somatic embryogenesis
(ISE) (Yang and Zhang 2010; Horstman et al. 2017).

ISE is generally considered more productive than DSE because the extensive cellular proliferation associated with
callus formation can generate large populations of potentially embryogenic cells from a single explant (Ikeuchi et
al. 2013). During the early stages of culture, an unorganized mass of vacuolated cells exhibiting varying degrees of
compactness may form; however, only a subset of these cells undergoes cell-fate reprogramming and acquires
embryogenic competence (lkeuchi et al. 2013). This transition is controlled by a complex regulatory network.
Consequently, numerous studies have focused to integrate cellular and molecular evidence to elucidate the
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mechanisms underlying the acquisition of embryogenic competence and the activation of the SE program
(Mahdavi-Darvari et al. 2015).

Different molecular studies have identified a broad set of genes involved in the activation of the embryogenic
program in somatic cells, including genes encoding transcription factors (TFs) such as BABY BOOM (BBM),
WUSCHEL (WUS), LEAFY COTYLEDONZ2 (LEC2), ABSCISIC ACID INSENSITIVE3 (ABI3), and AGAMOUS-LIKE15
(AGL15) (Boutilier et al. 2002; Zuo et al. 2002; Wojcikowska et al. 2013; Tang et al. 2017; Joshi et al. 2022). Among
these regulators, BBM controls cell identity, totipotency, and growth and is expressed during SE. Notably, ectopic
expression of BBM can induce SE in A. thaliana and B. napus (Boutilier et al. 2002; Yavuz et al. 2020), while its
overexpression increases SE frequency in T. cacao (Florez et al. 2015). Interestingly, BBM also interacts with the
broader embryogenic regulatory network by regulating other TFs, including ABI3 and LEC2. ABI3, a regulator
expressed during seed development, has been identified as a downstream target of LEC2 in A. thaliana (Monke et
al. 2012; Tang et al. 2017). LEC2, in turn, is a master regulator that performs critical functions in both zygotic
embryogenesis (ZE) and SE (Wdjcikowska et al. 2013). Overexpression of AtLEC2 in immature Arabidopsis zygotic
embryos can induce direct SE in the absence of exogenous auxin, whereas AtLEC2 expression is significantly
higher in embryogenic callus (EC) than in non-embryogenic callus (NEC) (Wojcikowska et al. 2013). Consistent
with this findings, Zhang et al. (2014) demonstrated an essential role for TcLEC2 during both ZE and SE in T. cacao.
Moreover, TcLECZ2 overexpression significantly increased SE efficiency, and its expression was higher in EC than in
NEC during secondary SE. In addition to the BBM-LEC2-ABI3 regulatory network, WUS is another key regulator of
the SE program, with important functions in embryogenesis and in shoot and floral meristem formation (Xiao et al.
2018). Overexpression of WUS has been shown to promote the transition from a vegetative to an embryogenic
state in A. thaliana and M. acuminata (Zuo et al. 2002; Arroyo-Herrera et al. 2024).

In addition to these TFs, genes involved in auxin signaling and transport play crucial roles in the transition of
somatic cells to an embryogenic state and in subsequent embryo development (Wéjcik et al. 2020; Long et al.
2022). Aux/IAA proteins are key regulators of auxin signaling that act through their interactions with auxin
response factors (ARFs) (Liu et al. 2015). Among this family, IAA20 and IAA30 have been shown to play
physiological roles in maintaining the root stem cell niche; in addition, IJAA30 has been identified as a target of the
AGL15 transcription factor, supporting its potential involvement in SE (Sato and Yamamoto 2008). In parallel with
auxin signaling, polar auxin transport establishes local auxin gradients that are essential for plant growth and
development. Among the proteins involved in this process, PIN-FORMED1 (PIN1) is an auxin efflux carrier that
contributes to embryonic, shoot, and root development. Notably, during SE induction from Arabidopsis leaf
explants, AtPIN1 is differentially expressed across somatic embryo developmental stages (Pierroz 2023).

Beyond transcriptional and hormone-mediated regulation, SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASES
(SERKs) are membrane-localized proteins involved in signal transduction during SE (Mahdavi-Darvari et al. 2015).
In particular, SERKT has been recognized as a molecular marker associated with the acquisition of embryogenic
competence in Daucus carota (Schmidt et al. 1997). An association between SERK1 expression and SE has
subsequently been reported in several other plant species, including Momordica charantia, Medicago truncatula,
Theobroma nigrescens, Passiflora edulis, and T. cacao (De Oliveira Santos et al. 2005; Nolan et al. 2009; Talapatra et
al. 2014; Pilarska et al. 2016; Rocha et al. 2016).

Across plant species, somatic embryogenesis and its underlying gene regulatory networks share common cellular
and genetic features. However, the regulation of this process can vary substantially among species and genotypes
and remains poorly understood in several agriculturally important crops, including Theobroma cacao L. Cacao
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provides the raw material for the multibillion-dollar chocolate industry and is a major source of income for
approximately six million smallholder farmers worldwide (Wickramasuriya and Dunwell 2018). Beyond its use in
food production, the high polyphenol content of cocoa products has attracted growing interest from the
pharmaceutical and cosmetic industries, while global demand continues to increase (Wickramasuriya and Dunwell
2018; Voora et al. 2019). However, the perennial growth habit and long reproductive cycle of cacao delay
conventional breeding. Moreover, conventional propagation by cuttings, grafting, or seeds is constrained by limited
multiplication capacity or genetic variability, thereby restricting the availability of high-quality planting material and,
ultimately, farm productivity. In this context, SE offers a promising platform for the rapid propagation and genetic
improvement of selected cacao genotypes. Nevertheless, its broader application remains constrained by the highly
variable and often recalcitrant embryogenic response characteristic of cacao germplasm, with many elite cultivars
exhibiting particularly low embryogenic competence (Maximova et al. 2002; Garcia et al. 2018; Henao Ramirez et
al. 2018). Despite the commercial importance of cacao, the cellular and molecular mechanisms underlying this
genotype-dependent variability remain poorly understood, limiting the rational improvement of SE protocols,
particularly for highly recalcitrant genotypes.

In cacao, callus induction is highly efficient, with nearly all cultured explants producing callus regardless of
genotype (Maximova et al. 2002; Garcia et al. 2018; Henao Ramirez et al. 2018). However, only a small fraction of
the resulting callus enters the embryogenic pathway, and the biological mechanisms underlying this restricted
transition remain poorly understood. Thus, the major bottleneck in cacao SE appears to be not callus formation
itself, but the acquisition of embryogenic competence. Previous histochemical and morphoanatomical studies
have distinguished cacao embryogenic callus (EC) from non-embryogenic callus (NEC) based on its nodular
morphology, differential accumulation of phenolic compounds, and distinctive cytological features (Maximova et
al. 2002) .

Embryogenic cells are generally characterized by a high nucleus-to-cytoplasm ratio, prominent nucleoli,
fragmented vacuoles, dense cytoplasm, and callose deposition in their cell walls (Verdeil et al. 2007). These
features reflect the metabolic and structural reorganization associated with embryogenic reprogramming.
However, they primarily represent established embryogenic identity, whereas the sequence of cellular changes
accompanying the transition from a proliferative, non-competent state to an embryogenically competent state
remains largely unresolved.

Several genes associated with cacao SE have been identified, particularly through comparisons with zygotic
embryogenesis (ZE) (Maximova et al. 2002; Alemanno et al. 2008; Zhang et al. 2014). Nevertheless, many key
regulators of SE identified in other species remain largely unexplored in cacao. Moreover, previous studies have
focused predominantly on a limited number of widely studied commercial genotypes, and comparative analyses
across genotypes with contrasting embryogenic responses remain scarce. Consequently, it is unclear which
regulatory patterns are broadly conserved across cacao germplasm, and which are associated with genotype-
specific recalcitrance. Determining what distinguishes embryogenically competent from non-competent cells
within the callus, and how their cytological and molecular states relate to the onset of embryogenic identity, is
therefore essential for understanding cacao recalcitrance. Such knowledge may contribute to understand why calli
derived from the same flower, explant, or donor plant can exhibit markedly different embryogenic responses, with
some producing numerous somatic embryos while others remain non-embryogenic (Quiroz-Figueroa et al. 2006).

In this context, this study aimed to identify the morphological, cellular, and molecular characteristics associated
with the acquisition of embryogenic competence during SE induction in T. cacao clone CNCH13. Callus types and
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somatic embryos at early developmental stages were first characterized morphologically and then examined using
cytohistological approaches to identify cellular features associated with embryogenic competence. In parallel, RT-
gPCR was used to compare the expression profiles of selected embryogenesis-related genes across these tissues,
including the transcription factor genes BBM, ABI3, AGL15, WUS, and LECZ2; the auxin-related genes IAA20 and
PINT; and the receptor-like kinase genes SERK7 and SERK2. Collectively, our findings provide an integrated cellular
and molecular view of the characteristics associated with the acquisition of embryogenic competence in T. cacao.
To our knowledge, this is the first study to characterize the endogenous expression dynamics of multiple
embryogenesis-related transcription factors and auxin-pathway genes across sequential developmental stages of
conventionally induced primary somatic embryogenesis in T. cacao. By identifying features associated with
contrasting embryogenic responses, this study provides a foundation for improving SE in recalcitrant cacao
genotypes and, ultimately, expanding the application of clonal propagation and genome-engineering technologies
in this economically important crop.

Materials and methods

Plant material

For this study, we selected the cacao clone CNCH13, a Colombian commercial clone originating from an open-
pollinated tree selected in San Vicente de Chucuri, Santander, Colombia. CNCH13 was developed by the Compaiia
Nacional de Chocolates (CNCh) and registered by the Colombian Agricultural Institute (ICA). This clone is
agronomically valuable because of its high productivity, self-compatibility, and favorable bean-quality traits
(Oliveira-De-Andrade et al. 2025). CNCH13 is conventionally propagated by grafting and used as scion material. Its
agronomic relevance to Colombian cacao production highlights the importance of developing an efficient somatic
embryogenesis system for its large-scale clonal propagation.

Primary somatic embryogenesis

To produce somatic embryos of CNCH13, immature flower buds measuring 4-5 mm were collected before
anthesis from trees cultivated at the Yariguies Farm, located in the municipality of Barrancabermeja, Santander,
Colombia, and owned by the Colombian National Chocolate Company (CNCh). Immediately after collection, the
flower buds were immersed in a cold, sterile solution containing only half-strength DKW basal salts, placed in
Falcon tubes, and transported at 4°C to the University of Antioquia in Medellin, Colombia. Somatic embryos were
induced according to Fontanel et al. (2002), with some modifications. Briefly, the flower buds were disinfected for
5 min with commercial bleach diluted to a final concentration of 0.5% (v/v). The flower buds were then rinsed three
times with sterile distilled water and dissected, and the petals were used as explants. Twenty-five petals were
placed in each Petri dish containing “INDI” medium supplemented with 2,4-D and kinetin as plant growth regulators
(PGRs) to induce callus formation (Table 1). Approximately 60 Petri dishes were established in each experimental
repetition. The entire procedure, from flower-bud collection to culture establishment, was performed independently
three times at different times. The explants were incubated in darkness at 27 + 2°C and 60% relative humidity for
20 d.

The callus masses that developed from the petal explants were subsequently transferred to PGR-free INDlexp
medium to promote somatic embryo expression (Table 1). Explants that did not form callus or were lost to
contamination were excluded before transfer to the expression phase. For each independent repetition, 40 Petri
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dishes containing 25 explants with established callus were transferred to INDlexp medium. The cultures were
maintained under the same conditions for an additional 90 d, periodically monitored, and subcultured onto fresh
INDIexp medium every 30 d. The different callus types were characterized as described below.

Table 1

Composition of the culture media used for somatic embryogenesis induction
(INDI) and embryo expression (INDlexp) in cacao.

Medium Composition (mg/L) INDI INDIexp
Macronutrients (Phytotech™) DKW DKW
Micronutrients (Phytotech™) DKW DKW
Myoinositol (Phytotech™) 100 100
Nicotinic acid, Vit B3 (Phytotech™) 1.0 1.0
Thiamine, Vit B1 (Phytotech™) 2.0 2.0
Glycine (Phytotech™) 2.18 -
L-lysine (Sigma-Aldrich ™) 0.45 -
L-leucine (Bio Basic Inc. ™) 0.32 -
L-arginine (Phytotech™) 0.43 -
L-tryptophan (Bio Basic Inc. ™) 0.51 -

2,4-dichlorophenoxyacetic acid, 2,4-D (Sigma-Aldrich™) 1.0 -
a-naphthaleneacetic acid, ANA (Merck KGaA ™) - -
Kinetin, KIN (Bio Basic Inc. ™) 0.25 -

Adenine (Bio Basic Inc. ™) - -

Glucose (Phytotech™) 30000 30000
Gellex (Caisson Labs ™) 3000 3000
pH 5.8 5.8

DKW, Driver and Kuniyuki Walnut medium (1984).

Morphological analysis of callus

To characterize the morphology of the callus cultures, stereomicroscopic observations and photographic records
were obtained after 60 d of culture in the expression phase on INDIexp medium. Callus samples were classified
according to color, shape, and texture, and the presence or absence of somatic embryos was recorded for each
morphological type. Observations and image acquisition were performed using a Nikon SMZ1270
stereomicroscope equipped with a DS-Fi3 digital camera (Nikon, Kanagawa, Japan).

Embryogenic callus frequency response
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Embryogenic callus frequency (ECF) was calculated as the percentage of embryogenic calli (EC) relative to the
total number of calli formed. A callus was considered embryogenic when it produced at least one somatic embryo.
Each Petri dish contained 25 calli and was considered an experimental unit; 40 Petri dishes were evaluated per
independent repetition, corresponding to 1,000 calli per repetition. Three independent temporal repetitions were
performed, resulting in a total of 120 Petri dishes and 3,000 calli evaluated. The embryogenic response was
assessed at 30, 60 and 90 days of culture during the expression phase on INDlexp medium. The EF was
determined using the following equation:

# embryogenic callus

100%
# total of callus ’ ’

ECF =

Histological analysis

Histological analyses were performed to characterize the cellular features of the different callus types and
somatic embryos at initial developmental stages. Samples were fixed for 2 days at room temperature in FAA
solution containing 3.7% formaldehyde, 50% ethanol, and 5% acetic acid in distilled water. The fixed tissues were
rinsed with distilled water and dehydrated through a graded ethanol series of 70, 80, 90, 95, and 100% (v/v).
Afterward, the samples were gradually infiltrated by successive transfers through a graded ethanol:HistoChoice
(Sigma-Aldrich) series (% v/v), passing sequentially through the following proportions: 90:10, 70:30, 50:50, 30:70,
and 10:90 (v/v). The samples were then subjected to two consecutive changes of pure HistoChoice, followed by
two changes of molten paraffin at 65°C (Paraplast Plus®, P3683, Sigma-Aldrich). During dehydration, gradual
infiltration, and embedding in paraffin, the samples were maintained in each solution for 2 h. After embedding, the
samples were placed in metal molds and allowed to solidify into paraffin blocks for 24 hours.

The blocks were then sectioned at 10 ym thickness using a Leica RM2125 rotary microtome. Separate sections
were used for two staining procedures. For general characterization of cellular and tissue organization, sections
were stained with FASGA solution for 12 h according to Tolivia and Tolivia (1987), to differentiate nuclei from
lignified and non-lignified tissues. For histochemical detection, additional sections were double-stained
sequentially: first with periodic acid—Schiff reagent (PAS, HX 106073, Merck), according to the manufacturer's
instructions, to detect starch reserves, and second with 1% (w/v) Amido black 10B prepared in 7% (v/v) acetic acid
for 2 min, to detect structural and storage proteins. The stained sections were then mounted using Entellan
mounting medium (EMD Millipore, Darmstadt, Germany) and examined under a Nikon Eclipse 80i light microscope.
Images were acquired using a Nikon DS-Fi1 CCD camera, and image processing was conducted using NIS-
Elements Basic Research software (version 4.30.02, Nikon).

Gene expression analyses by RT-qPCR

In parallel with the histological analyses, the relative gene expression of ABI3, LEC2, WUS, BBM, AGL15, IAA20, PINT,
SERKT and SERK2 were evaluated in different callus types and somatic embryos using reverse transcription
quantitative real-time PCR (RT-gPCR). Six samples were selected that which corresponded to key stages of the SE
process. These samples were categorized as follows: (i) callus formed after 20 d in INDI medium (CalNDI),
corresponding to the onset of petal dedifferentiation; (ji) callus cultured for 30 d on INDlexp medium (CaEXp),
when somatic some embryos began to form (the calli selected for analysis at this point did not have visible
embryos); (iii) embryogenic callus that produced embryos after 60 d on INDIexp medium (EC), representing the
peak of somatic embryo formation; (iv) non-embryogenic brown callus (NEC), that did not form embryos after 60 d
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on INDlexp medium; (v) non-embryogenic white callus (WC), that did not form embryos after 60 d in INDlexp
medium; and (vi) globular embryos (GE), representing an early stage of somatic embryo development.

Total RNA was extracted using different protocols depending on the nature of the sample. For callus samples, RNA
was extracted using PureLink™ Plant RNA Reagent (Invitrogen™), with some modifications. Briefly, approximately
300 mg of callus tissues was ground to a fine powder in liquid nitrogen and transferred to a 2 ml tubes containing
700 pl of cold PureLink® Plant Reagent at 4°C. The samples were gently mixed until the tissue was completely
resuspended, then incubated at room temperature for 5 min, and centrifuged at 12,000 rpm for 4 min at room
temperature. Next, 600 pl of the supernatant was transferred to 1.5 ml vials containing 200 pl of 5 M NaCl and
mixed by inversion. Afterward, 600 pl of chloroform was added to each sample and the tubes were inverted six
times, and then centrifuged at 12,000 rpm for 10 min at 4°C. The upper aqueous phase (600 pl) was transferred to
tubes containing 750 pl of cold isopropanol, mixed by inversion, and incubated at room temperature for 10 min.

Following this, the mixture was centrifuged at 12000 rpm at 4°C for 10 min, the supernatant was discarded, and
the pellet was washed by adding 1 ml of cold 75% ethanol and centrifuged at 12000 rpm at 4°C for 5 min. The
supernatant was then discarded, and a second wash was performed with 500 pl of 75% ethanol, followed by
centrifugation at 12000 rpm at 4°C for 3 min. The supernatant was removed, and the pellets were resuspended in
20 pl of DEPC-treated water.

Additionally, for embryos, RNA was obtained following the protocol proposed by Ma et al., 2015, with some
modifications. For this protocol, 100 mg of tissue was macerated in 1.5 ml vials submerged in liquid nitrogen, and
the powder was transferred to 2 ml vials containing 1 ml of SEBM extraction buffer (0.25 M NaCl; 0.05 M Tris-HCI
(pH =7.5); 0.02 M EDTA (pH = 8.0); 1% SDS; 1% (w/v) PVP; and 1.3 M 2-mercaptoethanol). The samples were then
gently mixed until completely resuspended, incubated on ice for 10 min, and centrifuged at 12000 rpm at 4°C for
15 min. Subsequently, 500 pl of the supernatant was transferred to 1.5 ml vials containing 300 pl of 5 M NaCl and
mixed 4 times by inversion. Then, 500 pl of cold chloroform was added to each sample, mixed 8 times by
inversion, and centrifuged at 12000 rpm at 4°C for 7 min to separate the phases. Next, 400 pl of the aqueous
phase was transferred to 1.5 ml vials containing 500 pl of a cold phenol:chloroform:isoamyl alcohol mixture
(25:24:1), mixed 8 times by inversion, and centrifuged at 12000 rpm at 4°C for 7 min to separate the phases.
Subsequently, approximately 400 pl of the upper aqueous phase was transferred to 1.5 ml vials containing 400 pl
of cold isopropyl alcohol, mixed by inversion, and incubated at room temperature for 10 min. Afterwards, the
mixture was centrifuged at 12000 rpm at 4°C for 10 min, the supernatant was discarded, and 1 ml of cold 75%
ethanol (v/v) was added to each vial to wash the pellet. The samples were incubated on ice for 5 min and
centrifuged at 12000 rpm at 4°C for 5 min. The supernatant was removed, and the pellets were resuspended in 20
ul of DEPC-treated water.

RNA samples were treated with DNase | enzyme (PerfeCTa® DNase |, Quantabio) to eliminate contaminating DNA,
and RNA was quantified by absorbance at 260 nm in a spectrophotometer (NanoDrop 1000, Thermo Scientific).
First-strand cDNA was synthesized with Reverse Transcription System A3500 (Promega, Madison, USA) using 2 ug
uL™ " RNA and following the manufacturer’s protocol. The cDNA obtained was used for amplification by qRT-PCR
using specific primers for each gene (Table 2).

All PCR reactions were performed in a JENA gTOWER? Series thermocycler (ANALYTIK), using the intercalation dye
Luminaris Color HRM as a fluorescent reporter. Each reaction was performed in a 20-pL mixture containing 1.2 pl
of cDNA (final concentration of 38 ng/pl), 10 pl of Luminaris Color HRM Master Mix (2X), 0.5 pl of 40X yellow
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sample buffer, and 2 pl of each forward and reverse primer (final concentration 0.3 uM). The reactions were
performed in 96-well PCR plates (Sorenson, Bioscience). The amplification protocol consisted of an initial
denaturation step at 95°C for 10 min, followed by 44 cycles of denaturation at 95°C for 10 s, primer-specific
annealing at 55-65°C for 5 s and extension at 72°C for 20 s. Three biological replicates were analyzed for each
tissue type, using three technical qPCR replicates. The mean Ct value of the technical replicates was calculated for
each biological replicate. The stability of WOX2 expression across the six tissue types was evaluated before
normalization, and no significant differences in its expression were detected among the tissues. Therefore, WOX2
was selected as the reference gene. Relative expression of ABI3, LEC2, WUS, BBM, AGL15, IAA20, PIN1, SERK1, and

SERK2 was normalized against WOX2 and calculated using the 272 % method (Schmittgen and Livak 2008).
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Table 2
Primer sequences used for RT-gPCR analysis of embryogenesis-related genes in Theobroma cacao.

Gen

BABY BOOM

SOMATIC
EMBRYOGENSIS
RECEPTOR
KINASE 1

SOMATIC
EMBRYOGENSIS
RECEPTOR
KINASE 2

AGAMOUS- LIKE
15

ABSCISIC ACID
INSENSITIVE 3

LEAFY
COTYLEDON 2

INDOLE-3-
ACETIC ACID
INDUCIBLE 20

WUSCHEL
related
homeobox 2

WUSCHEL

Abbreviature

TcBBM

TcSERK1

TcSERK2

TcAGL15

TcABI3

TcLEC2

TclAA20

TcWOX2

TeWUS

Accession number

Thecc1EG025114t1

TheccT1EG03662711

XM_007043798.2

TheccT1EG005818t1

Thecc1EG003056t1

Thecc1EG029838t1

TheccTEG034196t1

XP 007013782.2

TheccT1EG042593t1

Sequence

5' GCAAGAACAAGCAACGGTGG
3|

3'CGGTGCTGGTTGGTTCCTTA
5I

5 AGTCTTTGGCTTTGGTTTGGT
3I

3' GCAATGCATCACCTTCCACA
5I

5 AAGACAACCGCAAAGAAAGC
3I

3' AATCTCCTCCCCATCCTTCA
5I

5 TCTTCATGGTGTCGCTCTGC
3|

3|
AGCCAATTTTGCAATATCCCTGA
5I

5 TGGGTACATGGATCTGCTTGA
3|

3'TCGTCGGTACTTCTTGCTCC
5I

5 CTTGAGGGCAGCTTTGGATA
3I

3' ATCTGCGTCCTTGAGAGTTG
5I

5 CTATCGAGAGCAGCAACCAC
3I

3'CGATTGTTGCTCCCTTCCAT
5I

5 CTGGCCCGAATGTTGTTTGT
3|

3'GGCCTTCCTCTCCTCTTGAC
5I

5I
TCATTTGCAGAGACAACAGGA
3|

3' AGGCTGACATCCCTTAACCTG
5I
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Annealing

temperature
(°C)
57

55

55

57

58

58

57

58

57



PINFORMED 1 TcPIN1 Thecc1EG000228t1 55

Statistical analyses

Embryogenic frequency was evaluated after 30, 60, and 90 d of culture on INDlexp medium. The experiment
consisted of three independent temporal repetitions, each representing a separate experimental run with 40
experimental units (n = 40 per run). Data were analyzed using a randomized complete block design, with
experimental run as the blocking factor and culture time as the treatment factor. For gene expression analysis,
three biological replicates were evaluated for each of the six tissue types (CalNDI, CaEXP, EC, NEC, WC, and GE; n
= 3), with three technical qPCR replicates per biological replicate. Relative expression values were natural-log-
transformed prior to analysis to meet ANOVA assumptions of normality and homogeneity of variance, and
differences among the six tissue types were assessed by one-way ANOVA using a completely randomized design.
For both analyses, when significant effects were detected, means were compared using Fisher’s least significant
difference (LSD) post hoc test (a =0.05). All analyses were performed in R version 4.3.1 using the doebioresearch
package version 0.1.0 (R Core Team 2021).

Results

Primary SE induction

During SE induction, petal explants underwent dedifferentiation after 20 d of culture on INDI medium, resulting in
the formation of cream-colored calli (Fig. 1a-b.) Upon transfer to INDlexp medium, the calli developed distinct
brown and white regions (Fig. 1b). Somatic embryos (SEs) began to form after 30 d of culture on INDlexp medium,
and numerous embryos were observed by 60 d (Fig. 1c). Notably, calli derived from the basal region of the petal
produced SEs, whereas calli derived from the ligule did not. The main stages from callus induction to embryo
expression are illustrated in Fig. 1.

Morphological characteristics of callus formed during SE

We identified distinct morphological changes in calli cultures over time. After 60 days of culture on INDlexp
medium, four calli types were identified based on color, texture, and embryogenic response. Type (i): white
callus (WC), characterized by a friable appearance and firm consistency; this callus type did not form somatic
embryos (Fig. 2a). Type (ii): brown callus with a hard consistency; these calli did not produce somatic
embryos and were therefore classified as non-embryogenic callus (NEC) (Fig. 2b). Type (iii): mixed callus with
variable morphology, containing regions of WC and NEC together with small, light brown-yellowish regions,
indicated by white circles in Fig .2c. Type (iv): these light brown-yellowish, granular regions with a soft
consistency were classified as embryogenic callus (EC), as SEs developed from them (Fig. 2c); given their
embryogenic potential, EC regions were excised from the mixed calli and separated for subsequent analyses.
We observed that EC regions represented only a small portion of the total callus mass. Notably, the light
brown-yellowish coloration and granular appearance were consistently associated with embryogenic regions.
SE developmental stages were observed simultaneously within the same cultures (Fig. 2c).

Temporal analysis of embryogenic callus frequency (ECF)
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During the induction phase, a progressive increase in the embryogenic response was observed between 30 and 60
d of culture, with ECF remaining consistent across the three independent repetitions (Fig. 3). A significant
difference in ECF was found between these two time points: at 30 d, ECF ranged from 5-8%, whereas by 60 d it
increased to 28—-30% on average. By 90 d, however, no new EC formation was observed, also after 90 d in Index
medium the calli lost the capacity to generate new somatic embryos (data not shown) (Fig. 3). Additionally,
embryo conversion to plants was achieved, as well ex vitro and field adaptation (data not shown).

Cytohistological characteristics of embryonic and non-
embryonic tissues

Comparative cytohistological analyses were performed among the different calli types (WC, NEC and EC) to
identify specific cellular characteristics in the cells that acquired embryogenic competence and gave rise to
embryos. Additionally, histological sections were made for SE at different developmental stages to observe their
characteristics and connections with EC. The WCs were observed as simple and compact tissue composed mainly
of parenchyma cells (PAs) with variable shapes and sizes (Fig. 4b). Furthermore, these calli lacked accumulated
storage compounds, as indicated by carbohydrate and protein staining (Fig. 4c). Similarly, NECs were composed of
PAs with variable shapes, mostly larger cells with thicker walls (Fig. 4e). In contrast to WCs cells, NECs cells
contained fuchsia-colored granules, which correspond to starch grains (SGs) (Fig. 4f).

In several ECs cross-sections, diverse and complex tissues comprising different cell types were observed (Fig. 5b).
A relatively high prevalence of large PAs, characterized by wide intercellular spaces and abundant accumulation of
SGs was observed (Fig. 5c, f). Additionally, in PA cells, the presence of two distinctive phenolic compounds (FC)
types was also detected. The first ones were classified as filled complete phenolic compounds (CFCs) displaying
yellow coloration into a large vacuole (Fig. 5c), and the second ones were classified as droplets of phenolic
compounds (DFCs) contained into several small vacuoles characterized by a translucent yellowish appearance
(Fig. 5f). Interestingly, the PA cells with FC and SG reserves had the capacity to differentiate into groups with
smaller sizes, regular shapes, and visible nuclei. These groups were recognized as embryogenic competent cells
(CCs) (Fig. 5d). These groups of CCs also began to separate or isolate themselves, forming smaller groups

(Fig. 5g). These CCs marked the transition toward the formation of embryogenic clusters (EMCs) (Fig. 5e),
eventually giving rise to independent clusters that separated from the CCs (Fig. 5h). The EMCs were formed by
embryonic cells (ECEs), which are smaller than competent cells (CCs) and are isodiametric and uniformly sized,
with prominent nuclei indicating high mitotic activity, resulting in rapid cell cluster proliferation. Notably, these
ECEs were surrounded by larger PA cells containing SG reserves (Fig. 5i).

In the EC, before transitioning to globular embryos (GEs), proembryos (PEs) are subsequently formed from EMC
(Fig. 6a). PEs structures showed that some zones remained attached to the PAs of ECs and acquired an oval-
round shape like that of GEs, which lacked an epidermal layer. PEs are composed of cells that display
characteristics like those of ECEs, with small sizes, regular shapes, and dense nuclei. The presence of storage
compounds, such as SGs, as well as FCs, which accumulated in large vacuoles close to PE structures, was
observed (Fig. 6b). Once PEs fully differentiate, they give rise to GE formation (Fig. 6¢). They were characterized by
an independent structure with a round shape and an epidermal layer surrounding the structure (Fig. 6d, f). At this
stage, a small meristematic center (MC) formation was visible, which gave rise to the procambium (PC). This MC
was characterized by small, isodiametric cells with dense nuclei and thick walls (Fig. 6€). This center was
surrounded by larger embryogenic cells that accumulated SGs (Fig. 6g).
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In the posterior developmental stage, early cotyledonary somatic embryos (ECTs) presented a typical embryonic
structure with well-formed cotyledons (CTs) and hypocotyl (HP), and the procambium meristem was visible;
additionally, a suspensor-like structure (LS) was observed at the base of the HP (Fig. 6h-i). The LS is composed of
cells rich in SG reserves, which probably function as a nutritional source to mobilize carbohydrates between the EC
and the SE. Notably, the LS displayed features such as the zygotic embryo (ZE) suspensor (Winkelmann 2016)
(Fig. 6)). After SE at the intermediate cotyledonal (Cl) stage, a bipolar configuration with two well-defined axes was
observed (Fig. 6k). At the apex, the apical meristem (SAM) was observed to have a "dome" shape and was located
between the cotyledons (Fig. 6l). The SAM comprises a small cluster of meristematic cells, with compact round
cells and highly prominent nuclei (Fig. 6n). At the bottom, the root meristem (RAM) is fully differentiated, exhibiting
a cellular morphology similar to that of the SAM (Fig. 60). At this stage, the PC was completely formed, spreading
throughout all axes of the embryo (Fig. 6k). This meristem was characterized by thin elongated cells and large
nuclei (Fig. 6m-p). Additionally, SG accumulation at the lower axis of the HP was observed (Fig. 6q).

Gene expression profiling of TFs and auxin pathway genes in
somatic embryogenesis

In this study, we analyzed the expression levels of genes associated with the SE process in six different types of
embryogenic culture tissues: CalNDI, CaEXP, EC, NEC, WC, and GEs. We selected five transcription factors (TFs),
ABI3, LEC2, WUS, BBM, and AGL 15, which have been widely reported to be crucial during different phases of SE
development (Long et al. 2022). Furthermore, we selected some genes involved in auxin biosynthesis, signaling,
and transport, including IAA20 and PIN1. Additionally, we included two membrane receptors, SERKT and SERK2,
which are implicated in somatic embryogenesis signaling pathways.

Among the six tissues analyzed, expression of the five TFs was generally highest in GE (Fig. 7). BBM and ABI3
followed a similar pattern, with the highest expression among the callus tissues in CalNDI and CaEXP; for BBM,
CaEXP was significantly higher than EC, NEC, and WC, while CalNDI did not differ significantly from either group
(Fig. 7a). ABI3 showed a clearer separation, with CalNDI and CaEXP significantly higher than EC, NEC, and WC, and
GE significantly higher than all callus tissues (Fig. 7b). AGL15 followed a different trend, with its highest expression
in GE and CaEXP, which did not differ significantly from each other; CalNDI, NEC, and WC showed the lowest
expression, while EC was intermediate (Fig. 7c). LEC2 was essentially restricted to CaEXP among the callus
tissues, with CaEXP significantly higher than CalNDI and NEC, and was significantly enriched in GE relative to all
callus tissues (Fig. 7d). WUS showed low expression overall, highest in CaINDI and CaEXP; expression in GE,
although numerically the highest, was not significantly different from these two callus stages, whereas EC and WC
showed the lowest expression (Fig. 7e).

IAA20 expression was significantly higher in GE than in all callus tissues, which did not differ significantly from one
another (Fig. 8a). PINT was detected at low levels across all six tissues, but given its high variability, no significant
differences were found among any of the tissue types, including GE (Fig. 8b). SERKT and SERK2 showed broadly
similar patterns, with the highest expression in CaEXP and GE, which did not differ significantly from each other,
and the lowest expression in CalNDI, EC, and NEC; WC was intermediate in both cases (Fig. 9). Overall, expression
of the TFs and IAA20 was consistently highest in GE, supporting their role as regulators of embryo identity and
auxin-mediated signaling at the onset of embryo development, whereas PINT and the SERK receptors were more
broadly and variably expressed across embryogenic and non-embryogenic tissues alike.
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Discussion

The induction of SE often represents a challenge for the propagation of T. cacao, especially for elite genotypes,
which are recalcitrant to this process. In the present study, SE was successfully induced in the elite clone CNCH13,
with embryogenic callus frequency reaching approximately 30% after 60 d of culture. The absence of a further
increase at 90 days suggests that the period during which new embryogenic callus was formed was largely
restricted to the first 60 days of culture. Although Henao Ramirez et al. (2018), previously reported SE induction in
CNCH13 using staminodes as explants, their protocol did not result in SE under our experimental conditions. By
contrast, SE was successfully induced from petal explants using the protocol described by Fontanel et al. (2002).
These contrasting responses highlight the context-dependent nature of cacao SE, in which genotype may interact
with explant type, culture conditions, donor-plant age and physiological status, season, and flower position to
determine the embryogenic response (Boutchouang et al. 2016). Beyond establishing SE in CNCH13, this study
provides, to our knowledge, the first integrated analysis of the cellular features associated with embryogenic cell
cluster formation and the expression patterns of multiple embryogenesis-related transcription factor and auxin-
pathway genes across successive tissue states and developmental stages of conventionally induced primary SE in
T. cacao.

Our findings revealed morphological, cytohistological, and molecular features associated with the acquisition of
embryogenic competence in T. cacao. During SE induction in this species, floral explants undergo cellular
reprogramming and form morphologically distinct callus types (Alemanno et al. 1996). However, the
morphological features of calli capable of producing somatic embryos are not consistent across cacao clones,
making it difficult to distinguish embryogenic callus from non-embryogenic callus solely on the basis of external
appearance (Henao Ramirez et al. 2018). In the present study, EC from clone CNCH13 was characterized by a light
brown-yellowish color, granular appearance, and relatively soft consistency (Fig. 2c). Although these features have
not been commonly reported during primary SE in cacao, they resemble those described for EC during secondary
SE (Guillou et al. 2018). Nevertheless, during secondary embryogenesis, these features are well-recognized in ECs
Guillou et al. (2018). Similar morphological features have also been reported in embryogenic cultures of Coffea
canephora (Ducos et al. 2007) and Castanea mollissima (Lu et al. 2017). Collectively, these observations suggest
that a granular appearance and soft consistency may represent morphological indicators of embryogenic potential
across different species. Nevertheless, because callus morphology can vary with the species, clone, explant type,
and culture conditions, these traits should be interpreted together with cytohistological and molecular evidence.

Embryogenic callus comprises distinct cell types that accumulate storage reserves and phenolic compounds and
exhibit different degrees of embryogenic competence (Fig. 5). We determined that EC contained large PAs with
abundant starch grains and two morphologically distinct types of FCs. Although starch grains were also detected
in non-embryogenic tissues, their persistence throughout embryogenic cell cluster formation and SE development
is consistent with their possible function as an energy and carbon reserve during cell proliferation and tissue
differentiation. By contrast, phenolic deposits were predominantly associated with EC, suggesting a closer
relationship with the cellular and metabolic reorganization accompanying the acquisition of embryogenic
competence (Fig. 5¢,f). Cytohistological observations revealed a gradual transition from PA cells to CCs, which
then form isolated EMCs and PEs with evidence of active cell division, ultimately leading to SE formation (Fig. 5).
Similar anatomical features have been reported in embryogenic cultures of grapevine (He et al. 2024) and passion
fruit (Rocha et al. 2016). Collectively, these findings suggest that embryogenic identity is acquired progressively
through intermediate cellular states rather than through the direct conversion of differentiated cells into somatic
embryos. The occurrence of organized embryogenic cell clusters also supports a multicellular origin of primary
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somatic embryos. This interpretation is consistent with Maximova et al. (2002), who reported that primary somatic
embryos in T. cacao originate from multicellular embryogenic nodules, in contrast to the unicellular origin
described for secondary somatic embryogenesis in this species.

As noted above, phenolic deposits were detected primarily in the PA cells of EC and were nearly absent from those
of NEC and WC (Fig. 4). Consistent with our findings, previous studies have reported an association between
phenolic accumulation and the acquisition of embryogenic competence, with phenolic-containing cells occurring
predominantly in calli that subsequently produced somatic embryos (Kouakou et al. 2007; Reis et al. 2008).
Similarly, Gallego Rua et al. (2016) observed that phenolic compounds accumulated mainly at the periphery of
regeneration-competent somatic embryos of the cacao clone CNCH4. However, excessive phenolic accumulation
can impair in vitro regeneration in several species, including cacao (Pearce et al. 1998; Sanbongi et al. 1998; Kroon
and Williams 1999; Alemanno et al. 2003; Nascimento-Gavioli et al. 2017), suggesting that its effects may depend
on concentration, localization, and developmental context. Phenolic compounds are naturally abundant in cacao
seeds and participate in plant responses to biotic and abiotic stresses, including excessive ultraviolet radiation,
pathogens, and herbivores (Elwers et al. 2010). Because stress-related signals contribute to the cellular
reprogramming that initiates SE (Fehér 2015), the preferential localization of phenolic deposits in EC of clone
CNCH13 may reflect a localized stress-related metabolic state associated with the acquisition of embryogenic
competence. Nevertheless, whether phenolic accumulation promotes embryogenic reprogramming or results from
the metabolic changes accompanying this developmental transition remains to be determined.

In addition to phenolic deposits, starch grains were observed in both embryogenic and non-embryogenic calli
(Figs. 4 and 5). Starch constitutes an important source of metabolic energy and carbon skeletons during plant
growth and may also participate in signaling processes associated with morphogenesis (Bartos et al. 2018).

In several species, including Ormosia henryi Ormosia henryi (Wu et al. 2021), Acca sellowiana (Cangahuala-Inocente
et al. 2014), Musa spp. AAA (Wang et al. 2013) and Medicago arborea (Martin et al. 2000) starch reserves were
more abundant in EC than in NEC during SE. Here, instead, starch grains occurred in both EC and NEC and
therefore did not constitute a specific marker of embryogenic competence. Nevertheless, their persistence from
embryogenic cell cluster formation through the globular and cotyledonary stages of SE development (Fig. 6) is
consistent with their possible function as an energy and carbon reserve during cell proliferation and tissue
differentiation. Similarly, He et al. (2024) reported that starch was mobilized during globular embryo formation in
grapevine, contributing to energy production and cellulose biosynthesis. In cacao

Gallego Rua et al. (2016) also described a temporal reorganization of reserve compounds during primary SE:
polysaccharide content progressively decreased, whereas protein content increased between 15 and 60 days of
culture in a regeneration-competent clone. By contrast, non-regenerating calli retained a disorganized mixture of
polyphenols, polysaccharides, and proteins throughout culture. Collectively, these observations suggest that,
although starch accumulation alone does not indicate embryogenic competence, its regulated storage and
mobilization may support the energetic and structural demands of embryogenic reprogramming and somatic
embryo development in cacao.

The histochemical changes described above reflect the metabolic reorganization accompanying embryogenic
reprogramming and embryo development. To complement this cellular evidence and investigate the associated
regulatory changes, we also compared the expression patterns of embryogenesis-related genes across tissues
representing distinct developmental stages and embryogenic responses. The acquisition of embryogenic

competence during SE is a complex process in which external stimuli activate genetic programs that promote the
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reprogramming of somatic cells toward a totipotent state (Su et al. 2021). Several TFs participate in this process
and interact with plant growth regulator biosynthesis and signaling pathways, particularly those related to auxin
(Méndez-Hernandez et al. 2019).

Among the TF genes evaluated, BBM showed the highest expression in globular embryos, followed by ABI3 and
AGL15 (Fig. 7). Within the callus tissues, BBM and ABI3 were more highly expressed during the early culture
phases, represented by induction-phase callus (CalNDI) and expression-phase callus (CaEXP), than in EC, NEC, and
WC collected after 60 days. This pattern suggests that BBM and ABI3 are activated early during SE induction and
embryo expression, before EC and NEC become morphologically distinguishable, and are subsequently reactivated
or maintained at high levels during globular embryo development. Consistent with this interpretation, BBM is
expressed in embryos and root meristems, where it regulates cell identity and growth (Aida et al. 2004; Galinha et
al. 2007), and is widely recognized as a regulator of SE (Rupps et al. 2016; Gulzar et al. 2020; Woéjcik et al. 2020;
Kumar et al. 2021; Long et al. 2022). Moreover, ectopic expression of BBM is sufficient to induce spontaneous SE
in the absence of exogenous PGRs in both T. cacao (Flérez et al. 2015) and A. thaliana (Horstman et al. 2017b).
Similarly, ABI3 expression has been associated with embryogenic potential in several species (Freitas et al. 2019),
and high transcript levels have been reported in embryogenic cell lines in cotton (Kumar et al. 2021) and coffee
(Freitas et al. 2019).

In contrast, AGL15 exhibited a distinct expression pattern. Among the callus tissues, its highest expression
occurred in CaEXP, where transcript levels were statistically comparable to those detected in globular embryos,
before declining in EC, NEC, and WC at 60 days. AGL15 is predominantly expressed in embryos during early seed
development (Joshi et al. 2022), and ectopic constitutive expression of AGL75 promotes SE in A. thaliana and
Glycine mmax (hakare et al. 2008; Zheng and Perry 2014). Thus, the elevated expression of AGL15 during the
expression phase in CNCH13 may therefore be associated with the early transition from induced callus to embryo
development. Collectively, our findings support the involvement of BBM, ABI3, and AGL15 at distinct stages of
primary SE in cacao. In particular, the expression pattern of BBM is consistent with its established role in
embryogenic reprogramming and embryo identity, whereas ABI3 and AGL75 may contribute to the regulatory
network connecting early induction events with subsequent embryo development.

LEC2 and WUS are key transcription factor genes involved in SE (Long et al. 2022). Although LEC2 transcript
abundance was relatively low, its expression was highest in CaEXP among callus tissues and reached its overall
maximum in globular embryos (Fig. 7). This pattern differs from that reported by Zhang et al. (2014), who detected
approximately 20-fold higher LEC2 expression in embryogenic than in non-embryogenic cacao callus. However,
their study examined secondary SE from cotyledon explants, whereas ours investigated primary SE from floral
explants. Moreover, their calli had been maintained for approximately one month on PGR-free medium, resembling
the conditions of CaEXP, in which LEC2 expression was also relatively high. Previous studies have described
increased LEC2 expression during early SE induction and embryo maturation (Zhang et al. 2014; Brand et al. 2019).
Thus, its relatively high expression in CaEXP and globular embryos may reflect stage-dependent regulation during
primary SE in CNCH13. Analysis of later embryo stages will be necessary to determine whether LEC2 expression
increases further during maturation.

WUS also showed low expression across the tissues analyzed, with its highest levels among callus tissues
detected in CaINDI and CaEXP; these levels were statistically comparable to those observed in globular embryos
(Fig. 7). In Boesenbergia rotunda, WUS is expressed in embryogenic callus, particularly in meristematic cell
domains, supporting its involvement in shoot apical meristem establishment and maintenance (Karim et al. 2018).
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Low transcript abundance, however, does not necessarily indicate limited biological relevance because WUS
activity may depend on spatially restricted expression and dosage thresholds. For example, low WUS levels
activate CLV3 expression in the shoot apical meristem, whereas higher levels can repress it (Perales et al. 2016).
Therefore, the low WUS expression detected through bulk RT-gPCR may reflect localized activity within small cell
populations. Overall, the expression patterns of LEC2 and WUS suggest stage- and tissue-dependent regulation
rather than their use as specific markers of embryogenic competence. Spatial expression and functional analyses
are needed to clarify their roles during primary SE in cacao.

In addition to regulating embryogenic identity, several embryogenesis-related transcription factors modulate genes
involved in auxin biosynthesis and signaling (Wojcik et al. 2020). For example, AGL15 binds to a cis-regulatory
sequence of JAA30 and promotes its expression (Zheng et al. 2009), while IAA30 has been associated with
competence for SE (Braybrook et al. 2006). In our analysis, IJAA20 expression was highest in globular embryos,
which also exhibited high AGL15 expression (Fig. 8). However, the high variability in JAA20 expression among
callus tissues precluded the identification of a consistent pattern associated with the acquisition of embryogenic
competence. Because IAA20 and IAA30 are closely related members of the Arabidopsis Aux/IAA family (Sato and
Yamamoto 2008), the coincident expression of JAA20 and AGL15 in globular embryos raises the possibility that
they participate in a common regulatory pathway. Nevertheless, direct regulation of JAA20 by AGL15 cannot be
inferred from co-expression and requires functional validation. Overall, the preferential expression of IAA20 in
globular embryos suggests a role in auxin signaling during early somatic embryo development rather than as a
specific marker of competence acquisition.

By contrast, PINT was expressed at low levels and showed no significant differences among the six tissues
because of the high variability within samples (Fig. 8). In Arabidopsis, AtPIN1 is not required for the acquisition of
embryogenic cell identity but contributes to proembryo formation and subsequent embryo development (Pierroz
2023). The absence of a tissue-specific expression pattern in our study does not support PINT as a marker of
embryogenic competence in cacao. However, its expression across callus and embryo tissues is consistent with a
possible role in auxin distribution during embryo development. Spatial expression analyses will be necessary to
determine whether PIN1 is locally expressed in developing embryogenic domains, as such patterns may not be
resolved through bulk RT-gPCR.

Finally, SERKT and SERK2 generally displayed low transcript abundance, with significantly higher expression in
CaEXP and globular embryos than in CalNDI, EC, and NEC (Fig. 9). SERK family genes have been associated with
the transition from somatic to embryogenically competent cells and are widely used as molecular markers of SE in
several plant species (Talapatra et al. 2014). In T. cacao, SERKT and SERK2 have been implicated in embryo
development and recurrent embryogenesis but are also expressed in vegetative tissues, including leaves (De
Oliveira Santos et al. 2005). In our study, both genes were also expressed in NEC and WC, which did not produce
somatic embryos. Therefore, their expression was not specific to the acquisition of embryogenic competence.
Instead, the higher transcript levels observed in CaEXP and globular embryos suggest that SERK7 and SERK2 may
participate in broader signaling and developmental processes associated with SE (Hu et al. 2005; Huang et al.
2010).

Collectively, the expression patterns observed in this study suggest that the molecular changes associated with SE
begin before embryogenic and non-embryogenic calli become morphologically distinguishable. Several
transcription factor genes showed relatively high expression in CalNDI and CaEXP, corresponding to the induction
phase and the first 30 days on PGR-free expression medium, respectively. By 60 days, when EC, NEC, and WC
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could be distinguished morphologically, the expression of several genes had declined or no longer differed among
callus types. In contrast, globular embryos showed high expression of BBM, ABI3, AGL15, and IAA20, indicating
that these genes may also contribute to early embryo development. Together with the cytohistological differences
observed among callus types, these results support a temporal progression in which early molecular responses
precede visible callus differentiation, whereas distinct cellular organization and gene-expression patterns emerge
during embryo formation.

The interpretation of these expression patterns must nevertheless consider the cellular heterogeneity of
embryogenic cultures. As shown by our cytohistological analyses, EC contains a complex mixture of parenchyma
cells, competent cells, embryogenic cell clusters, and developing embryos. Consequently, bulk RT-gPCR may dilute
gene expression restricted to small cell populations and cannot assign transcripts to specific cellular. Moreover,
embryogenic reprogramming is controlled by interacting gene networks that operate sequentially or in parallel.
Future single-cell and spatial-expression approaches, including in situ hybridization, should therefore examine the
genes evaluated here across closely spaced time points from initial callus formation to embryo development.
Integrating these approaches with the morphological and cytohistological markers identified in this study will help
resolve the regulatory programs associated with competent cells before somatic embryos become visible.

Conclusions

This study provides an integrated view of a central bottleneck in cacao somatic embryogenesis: the transition from
proliferating callus to embryogenically competent tissue. Our findings indicate that this transition cannot be
reliably defined by callus morphology or a single histological or molecular marker. Instead, embryogenic
competence emerges through interconnected, stage-dependent changes that begin before embryogenic and non-
embryogenic calli become visually distinguishable and later become apparent through cellular organization,
phenolic accumulation, and embryo-associated gene-expression patterns.

The identification of intermediate cellular states linking parenchyma cells to organized embryogenic clusters
provides new insight into the developmental origin of primary somatic embryos and supports their multicellular
origin. At the molecular level, BBM, ABI3, and AGL15 showed the clearest associations with early embryogenic
regulation, while their high expression, together with that of IAA20, in globular embryos supports additional roles
during early embryo development. These stage-dependent patterns demonstrate that genes associated with early
embryogenic responses are not necessarily specific markers of competence acquisition and may also function
during subsequent embryo development. This distinction is important for interpreting candidate molecular
markers and understanding the regulatory progression from callus induction to embryo formation.

By integrating morphological, cytohistological, and molecular evidence, this study establishes a basis for
identifying responsive tissues before somatic embryos become visible and for directing spatial analyses toward
the cells that initiate embryogenesis. This knowledge may guide the development of more targeted SE protocols
for recalcitrant cacao clones and support the broader use of embryogenic cultures in clonal propagation, genetic
transformation, and genome engineering.
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Figure 1

Morphological progression of somatic embryogenesis (SE) from petal explants of cacao. (a) Petal explant at day
0, showing the petal base (pb) and ligule (I) regions. (b) Cream-colored callus (c) formed after 20 days of culture
on INDI medium. (c) Initial somatic embryos (se) developing from callus after 30 days on PGR-free INDlexp
medium. (d) Numerous somatic embryos formed after 60 days on INDIexp medium. Circular insets show enlarged
views of the developing somatic embryos. Scale bars =1 mm.

Page 25/33



Figure 2

Morphological callus types identified in cacao after 60 days of culture on INDlexp medium. (a)White callus (WC).
(b) Non-embryogenic callus (NEC). (c) Representative mixed calli containing WC and/or NEC regions together with
embryogenic callus (EC), from which somatic embryos (se) developed. Outlined regions are shown at higher
magnification in the corresponding circular insets. Scale bars =1 mm (a, b), 2 mm (whole calli in ¢), and 100 pm
(magnified insets in c).
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Figure 3

Embryogenic callus frequency (ECF) of calli from cacao after 30, 60, and 90 days of culture on INDlexp medium in
three independent experimental repetition (R1-R3). Different lowercase letters indicate significant differences
among culture times within each experimental repetition according to Fisher’s least significant difference (LSD)
test (p< 0.05).
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Figure 4

Cytohistological characterization of white callus (WC) and non-embryogenic callus (NEC) from cacao. (a)
Macroscopic view of WC. (b) Histological section of WC showing parenchymatous cells (pa). (¢) Higher-
magnification view of the WC cells shown in b. (d) Macroscopic view of NEC. (e) Histological section of NEC
showing parenchymatous cells (pa). (f) Higher-magnification view of the NEC cells shown in e, showing fuchsia-
stained starch grains (sg). Insets in a and d show enlarged views of the callus surface. Scale bars =1 mm (a, d),
250 pm (b, e), 100 pm (c), and 25 pm (f).
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Figure 5

Cytohistological characterization of embryogenic callus (EC) from cacao, showing cellular features associated
with the transition from parenchymatous tissue to embryogenic cell clusters. (a) Macroscopic view of EC within a
mixed callus; the circular inset shows an enlarged view of the EC region. (b) Histological overview of EC showing
parenchyma cells (pa), competent cells (cc), and embryogenic cell clusters (emc). (¢) parenchyma cells containing
abundant starch grains (sg) and two morphologically distinct forms of phenolic deposits: densely filled phenolic
inclusions (cfc) and phenolic droplets (dfc). (d) Transitional region containing parenchyma cells and competent
cells with conspicuous nuclei. (e) Embryogenic cell cluster associated with competent cells. (f) Higher-
magnification view of the boxed region in d, showing phenolic droplets (dfc) and starch grains (sg). (g) Groups of
competent cells becoming progressively separated from the surrounding tissue. (h) Well-defined embryogenic cell
cluster separated from the surrounding tissue. (i) Higher-magnification view of the boxed region in h, showing
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embryogenic cells (ece) within the cluster. Scale bars = 1 mm (a, main image), 100 ym (a, inset), 500 um (b), 50
pum (c, i), 100 pm (d, e, g, h), and 25 pm (f).

Figure 6

Cytohistological characterization of somatic embryo development in cacao, from the proembryo to the
cotyledonary stage. Proembryo stage: (a) Macroscopic and histological views of proembryos (pe) associated with
embryogenic callus (EC). (b) Higher-magnification view of a proembryo showing small cells with conspicuous
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nuclei (nu), starch grains (sg), densely filled phenolic inclusions (cfc), and phenolic droplets (dfc). Globular stage:
(c) Macroscopic and histological views of globular embryos (ge) arising fromembryogenic cell masses (emc). (d)
Globular embryos showing a meristematic center (mc). (e) Higher-magnification view of the meristematic center.
(f) Epidermal layer (ep) surrounding the globular embryo. (g) Peripheral embryogenic cells (ece) containing starch
grains and surrounding the meristematic center. Early cotyledonary stage: (h) Macroscopic and histological views
of an early cotyledonary embryo showing cotyledons (ct), hypocotyl (hp), and a suspensor-like structure (Is). (i)
Procambium (pc) differentiation. (j) Higher-magnification view of the suspensor-like structure showing
conspicuous nuclei. Intermediate cotyledonary stage: (k) Macroscopic and histological views of an embryo
exhibiting bipolar organization, with cotyledons, hypocotyl, and a root apical meristem (RAM). (I) Shoot apical
meristem (SAM). (m) Epidermal layer and meristematic cells (mc) surrounding the SAM. (n) Higher-magnification
view of the SAM. (o) Root apical meristem and procambium. (p) Higher-magnification view of the procambium. (q)
Accumulation of starch grains at the base of the hypocotyl. Scale bars: 100 pm (a), 500 pm (b), 250 pm (c), 100
pum (d), 25 um (e, g), variable (f), 250 um (h), 200 pm (i), 25 um (j), 250 pm (k), 200 ym (1), 100 ym (m), 25 pm (n),
200 pm (o), 150 pm (p).
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Figure 7

Relative expression of the transcription factor genes (a) BBM, (b) ABI3, (¢) AGL15, (d) LEC2 and (e) WUS in six

tissue types of cacao: induction-phase callus (CalNDI), expression-phase callus (CaEXP), embryogenic callus (EC),
non-embryogenic callus (NEC), white callus (WC), and globular embryos (GE). Expression levels were analyzed by
gRT-PCR and the relative abundance of mRNA was normalized against the WOX2 gene in the corresponding
samples. The data represent mean of three biological replicates + SD with three technical replicates. Different
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lowercase letters indicate significant differences among tissue types according to Fisher’s least significant
difference (LSD) test (p < 0.05).
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Figure 8

Relative expression of the auxin-related genes (a) IAA20 and (b) PINT, in six tissue types of cacao: induction-phase
callus (CalNDI), expression-phase callus (CaEXP), embryogenic callus (EC), non-embryogenic callus (NEC), white
callus (WC), and globular embryos (GE). Expression levels were analyzed by qRT-PCR and the relative abundance
of mMRNA was normalized against the WOX2 gene in the corresponding samples. The data represent mean of three
biological replicates + SD with three technical replicates. Different lowercase letters indicate significant
differences among tissue types according to Fisher’s least significant difference (LSD) test (p < 0.05).
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Figure 9
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Relative expression of the membrane receptors genes (a) SERKT and (b) SERK2, in six tissue types of cacao:
induction-phase callus (CalNDI), expression-phase callus (CaEXP), embryogenic callus (EC), non-embryogenic
callus (NEC), white callus (WC), and globular embryos (GE). Expression levels were analyzed by qRT-PCR and the
relative abundance of mMRNA was normalized against the WOX2 gene in the corresponding samples. The data
represent mean of three biological replicates + SD with three technical replicates. Different lowercase letters
indicate significant differences among tissue types according to Fisher’s least significant difference (LSD) test (p <
0.05).
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