Scientia Horticulturae 321 (2023) 112259

Contents lists available at ScienceDirect

Scientia Horticulturae

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/scihorti

Check for

H3K9 methylation patterns during somatic embryogenic competence e
expression in tamarillo (Solanum betaceum Cav.)

Daniela Cordeiro a, Yolanda Pérez-Pérez”, Jorge Canhoto?, Pilar S. Testillano ™,
Sandra Correia®“"

& Department of Life Sciences, Centre for Functional Ecology, Laboratory Associate TERRA, University of Coimbra, Calgada Martim de Freitas, Coimbra 3000-456,
Portugal

b Pollen Biotechnology of Crop Plants Group, Margarita Salas Center of Biological Research, CIB Margarita Salas-CSIC, Ramiro de Maeztu 9, Madrid 28040, Spain
¢ InnovPlantProtect CoLAb, Estrada de Gil Vasz, Elvas 7350-478, Portugal

ARTICLE INFO ABSTRACT

Keywords: The capacity to regenerate is intrinsic to plants and is the basis of natural asexual propagation and artificial
Cel} reprf)gramming cloning. Despite there are different ways of plant regeneration, they all require a change in cell fate and plu-
Epigenetics ripotency reacquisition, in particular somatic embryogenesis. The mechanisms underlying somatic cell reprog-
i:::iﬁfguoresceme ramming for embryogenic competence acquisition, expression and maintenance remain not fully understood.
Somatic embryogenesis These complex processes have been often associated with epigenetic markers, mainly DNA methylation, while
Totipotency little is known about the possible role of histone modifications. In the present study, the dynamics of global levels

and distribution patterns of histone H3 methylation at lysine 9 (H3K9), a major repressive histone modification,
were analyzed in somatic embryogenesis-induced cell lines with different embryogenic capacities and during
somatic embryo initiation, in the woody species Solanum betaceum. Quantification of global H3K9 methylation
showed similar levels in the three types of proliferating calli (embryogenic, long-term and non-embryogenic),
kept in high sucrose and auxin-containing medium. Microscopic analyzes revealed heterogeneous cell organi-
zation and different cell types, particularly evident in embryogenic callus. The H3K9 dimethylation (H3K9me2)
immunofluorescence signal was lower in nuclei of cells showing embryogenic-like and proliferating features,
while labeling was higher in vacuolated, non-embryogenic cells with higher proliferation rates. By auxin
removal, somatic embryo development was promoted in the embryogenic cell line. During the initiation of this
process, increasing levels of global H3K9 methylation were found, together with increasing H3K9me2 immu-
nofluorescence signals, especially in cells of the developing embryo. These results suggest that H3K9 methylation
is involved in somatic embryo development, a developmental pathway in which this epigenetic mark could play
a role in the gene transcription variation that is associated with embryogenic competence expression in
S. betaceum. Altogether, these data provide new insights into the role of this epigenetic mark in somatic
embryogenesis in trees, where scarce information is available.

Woody species

1. Introduction

Somatic embryogenesis is a non-sexual embryogenesis process, in
which somatic cells, following an appropriate stimulus, usually an auxin
treatment, reprogram and develop into embryos able to regenerate a
whole plant (Méndez-Hernandez et al., 2019). This represents a
powerful biotechnology tool for the clonal propagation of elite geno-
types and improved plants. Moreover, somatic embryogenesis enables
the study of plant developmental plasticity, including morphogenesis
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and embryo initiation and development (Fehér, 2019). However, despite
the efforts to reveal the mechanisms that occur at a cellular level (Cor-
deiro et al., 2022; Testillano, 2019; Wojcik et al., 2020), plant cell
reprogramming remains largely unclear. Thus, deeper knowledge is
needed to overcome the recalcitrance of some species in expressing their
cellular totipotency (Ochatt and Revilla, 2016).

Solanum betaceum Cav. is a solanaceous tree, commonly known as
tree tomato or tamarillo, with increasing interest due to its edible and
highly nutritious fruits (Wang and Zhu, 2020). This species is easily
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manipulated and regenerated in vitro, and several optimized protocols
are currently available for its in vitro culture (Alves et al., 2017; Cor-
deiro et al., 2020, 2023; Correia et al., 2011, 2012a; Correia and Can-
hoto, 2018). In this species, somatic embryogenesis is efficiently
achieved in several explants, mainly zygotic embryos or young leaves
(Canhoto et al., 2005). Through a two-step process, initiated from the
same explant, and under the same culture conditions, somatic cells
dedifferentiate and form two types of calli — compact embryogenic callus
(EC) and friable non-EC (NEC; Correia et al. 2019, 2012b). These calli,
with distinct morphology and competencies, can be separated and kept
in culture for several years. Effective plant regeneration occurs when EC
is incubated in an auxin-free medium with lower sucrose levels, followed
by transference to light (Correia and Canhoto, 2018). However, with
subsequent subcultures in proliferation conditions, the embryogenic
potential of EC decreases, until becoming unable to develop somatic
embryos (Currais et al., 2013). Nevertheless, these cells can be main-
tained and proliferated (herein termed long-term callus, LTC). Thus,
through somatic embryogenesis, genetically identical cell populations
with different cell fates can be obtained in S. betaceum, which therefore
constitutes a favorable system for the study of the molecular mecha-
nisms underlying embryogenic competence acquisition, expression and
maintenance in woody species.

Epigenetic regulation was proven to have a pivotal role in the
maintenance of plant cell plasticity and in the capacity to continuously
regenerate organs, or even whole individuals in vitro (Ibanez et al., 2020;
Us-Camas et al., 2014). Epigenetics is a stable and heritable change in
gene expression without variation in the DNA sequence, which can be
caused by DNA methylation, non-coding RNA-mediated regulation
and/or histone modifications (Goldberg et al., 2007). These dynamic
modifications affect chromatin structure and hence the accessibility to
gene transcription. Thus, epigenetic mechanisms modulate the activity
of the genes contributing to their activation or silencing. In plants, his-
tone modifications in heterochromatin regions (densely packaged DNA),
such as di/trimethylation of histone 3 at lysine 9 (H3K9me2/3) and
H3K27me3, are associated with gene silencing and so are called
repressive marks (Li et al., 2007). These modifications have been also
associated with DNA hypermethylation (Vaillant and Paszkowski,
2007). In turn, euchromatin regions (less packaged DNA) are tran-
scriptionally active and associated with active marks, such as H3 acet-
ylation (Ac), H4Ac, H3K4me3 and H3K36me2/3 (Li et al., 2007).

In the last decade, several works highlighted the involvement of
epigenetic marks in cell fate reprogramming, as occurs during the in-
duction of somatic embryogenesis and somatic embryo development
(Corredoira et al., 2017; El-Tantawy et al., 2014; Kumar and Van Sta-
den, 2017; Lee and Seo, 2018; Nic-Can and De La Pena, 2014; Rodri-
guez-Sanz et al., 2014; Solis et al., 2015; Testillano, 2019). Nevertheless,
the dynamics and role of histone methylation in induced embryogenesis
are poorly understood. Only a few studies exist on such modifications,
including in Arabidopsis thaliana (Parent et al., 2021), Brassica napus
(Berenguer et al., 2017; Rodriguez-Sanz et al., 2014), Coffea canephora
(Nic-Can et al., 2013), Hevea brasiliensis (Li et al., 2020), Hordeum vulgare
(Berenguer et al., 2017) and Quercus suber (Pérez et al., 2015). In gen-
eral, these reports consider this histone epigenetic mark as required for
embryogenic development. Furthermore, epigenetic-related transcripts,
including histone methyltransferases and POLYCOMB proteins, were
found upregulated in EC when compared to NEC samples in Vitis vinifera
(Dal Santo et al., 2022), and during microspore embryogenesis in
B. napus (Rodriguez-Sanz et al., 2014b; Berenguer et al., 2017). Thus,
the goal of this work was to analyze the H3K9 methylation levels and
nuclear distribution patterns occurring in S. betaceum proliferating cell
lines and during embryo development initiation. Evaluating these
epigenetic dynamics would bring some clues about the molecular basis
of embryogenic commitment and the loss of the embryogenic potential
throughout subcultures.
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2. Materials and methods
2.1. Plant material - calli proliferation and somatic embryo development

Solanum betaceum cell lines with distinct embryogenic competencies
were used in this assay: embryogenic callus (EC, 2-year-old), non-EC
(NEC, 10-year-old) and callus that lost its embryogenic potential
through subcultures (long-term callus (LTC), 8-year-old). All these cell
lines were obtained from leaf explants of in vitro proliferating shoots,
following the methodology previously described (Correia and Canhoto,
2018). Calli proliferation (herein T0) was made in Murashige and Skoog
medium (MS, Murashige and Skoog 1962, © Duchefa Biochemie,
Haarlem, The Netherlands), supplemented with 20 pM Picloram (Sig-
ma-Aldrich®, St. Louis, Missouri, USA) plus 9% (w/v) sucrose at pH 5.7,
solidified with 0.25% (w/v) Phytagel™ (Sigma-Aldrich®) and incu-
bated at 24 £ 1 °C under dark conditions. Calli was monthly sub-
cultured. EC, LTC and NEC at TO were sampled and analyzed. For
somatic embryo development, EC was incubated in development me-
dium - MS plus 4% (w/v) sucrose at pH 5.7 and solidified with 0.8%
(w/v) agar, under dark conditions for four weeks. EC at one, two and
four weeks of incubation (T1, T2 and T4) were sampled and analyzed.
LTC was also incubated in development medium to be used as a control
at T1.

2.2. Fixation and microscopic analysis

Samples of LTC at TO and T1 and of EC at TO, T1, T2 and T4 were
collected and fixed overnight at 4 °C with 4% paraformaldehyde in
phosphate-buffered saline (PBS). Samples of NEC at TO were placed in
4% paraformaldehyde plus 10% sucrose and subjected to vacuum
infiltration before overnight incubation. After fixation, samples were
transferred to 0.1% paraformaldehyde and incubated at 4 °C until
further processing. Fixed samples were washed in PBS 1x three times for
5 min, dehydrated through an acetone series (30, 50, 70, 90, and 100%)
and placed in infiltration solution (Technovit® 8100 basic solution plus
hardener 1; Kulzer, Germany) for 48 h with agitation at 4 °C. Samples
were then placed in plastic capsules and embedded in polymerisation
solution (infiltration solution plus Technovit® 8100 hardener 2; Kulzer,
Germany). Resin polymerization was carried out at 4 °C for 24 h The
resin blocks were sectioned at 2 ym thickness using an ultramicrotome.
For cellular structure analysis, sections were stained with toluidine blue,
mounted with Eukitt® and observed under a bright-field microscope.

2.3. Global H3K9 methylation quantification

Samples of NEC at TO, LTC at TO and T1 and EC at TO, T1, T2 and T4
were collected and frozen in liquid nitrogen. For each time point, at least
two pools of biological replicates were used. Histone extraction was
performed using the EpiQuik™ Global Histone H3-K9 Methylation
Assay Kit (Epigentek, Farmingdale, NY, USA), following the manufac-
turer’s instructions. Histone protein concentration was further measured
using Bradford’s method (Bradford, 1976) in three technical replicates.
Then, histone protein concentration was adjusted to 300 ng/ul and
H3K9 methylation detection was prepared in two technical replicates for
each sample, following the manufacturers’ instructions. Optical density
(OD) was measured by absorbance at 450 nm on a microplate reader.
The average of the blank OD readings was subtracted from the OD of the
samples and the positive control. Results were presented as the mean
H3K9 methylation quantification, calculated by dividing the OD of each
replicate by the OD of the positive control, with + SE. Significant dif-
ferences were analyzed by one-way ANOVA (p < 0.05), followed by
Tukey’s multiple comparisons test.

2.4. Immunofluorescence assays

From the resin blocks described above, sections of 2 ym were cut and
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placed on multi-well slides pre-treated with aminopropyltriethoxysilane
(APTES). Immunofluorescence was performed, at room temperature, to
localize H3K9me2. Sections were first hydrated with PBS 1x for 5 min
and blocked with 5% (w/v) Bovine Serum Albumin (BSA) in PBS solu-
tion for 10 min. Then, incubation with anti-H3K9me2 rabbit polyclonal
antibody (Diagenode, Liege, Belgium) diluted 1:50 in 1% BSA was
performed for 1 h in a humid chamber. Negative control for each sample
was prepared, by incubating with PBS 1x instead of the antibody. After
five washing steps with PBS 1x, sections were incubated with Alexa
Fluor 488-labelled anti-rabbit antibody (Molecular Probes, Oregon,
USA) diluted 1:25 in 1% (w/v) BSA in PBS for 45 min in a humid
chamber in the dark. Following other five washes with PBS 1x, nuclei
were stained with 1 mg/ml 4.6-diamino-2-phenylindole (DAPI) with
Triton X-100 for 10 min in the dark. Finally, sections were washed two
times with sterile water, mounted in Mowiol® medium and stored at 4
°C, protected from light, for further analysis in a confocal microscope.

2.5. Confocal microscopy analysis

Confocal microscopy analysis was performed using a confocal laser

Non-embryogenic

callus

Long-term
callus
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scanning microscope (Leica TCS-SP5-AOBS, Vienna, Austria). Observa-
tions were performed with 40x objective with immersion oil. Lasers’
excitation of 461 and 488 nm wavelengths were used for DAPI (nuclei,
blue) and anti-H3K9me2 immunofluorescence (green) signals, respec-
tively. Optical sections at 0.5 pm z-intervals were captured with imaging
software (Leica software LCS version 2.5). Maximum projection images
were collected using the same settings of excitation and capture in all
samples, for a better and more accurate comparison of signal intensity.

3. Results

3.1. Typology and morphology of somatic embryogenesis-induced cell
lines

Three different types of S. betaceum cell lines, obtained by somatic
embryogenesis induction in leaf explants, were used in this assay.
Although having the same genetic background, these cells have a
distinct morphology and embryogenic competency (Fig. 1). In prolifer-
ation for 10 years, non-embryogenic callus (NEC) is a yellowish, smooth,
friable, mucilaginous, and watery mass of undifferentiated cells with no

T1

T2 T4

Somatic embryo development

Fig. 1. S. betaceum somatic embryogenesis-induced cell lines (non-embryogenic, long-term and embryogenic callus) and somatic embryo development from the
embryogenic callus line, at one (T1), two (T2) and four (T4) weeks in the auxin-free medium. Bars represent 1 mm.
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embryogenic ability but with high proliferation capacity. In turn,
embryogenic callus (EC), in slow proliferation for 2 years, is formed by
whitish and compact globular clusters, able to develop somatic embryos
when transferred to an auxin-free medium. With similar morphology,
the 8-year-old long-term callus (LTC) is an older EC that, with subse-
quent subcultures, became unable to form embryos. Nevertheless,
despite the loss of the embryogenic potential, NEC and LTC are easily
distinguished by their different origins, and by their different morpho-
logical aspects, as NEC is a friable mass of dedifferentiated cells and LTC
still resembles the whitish and more compact masses that compose EC
lines. LTC cells continue to divide and proliferate, even at higher pro-
liferation rates, as NEC.

To figure out whether H3K9 methylation is involved in the acquisi-
tion and loss of embryogenic competence throughout subcultures, those
patterns were accessed in these cell lines. Moreover, H3K9 methylation
was also analyzed during the embryogenic competence expression with
somatic embryo development. Thus, the three calli were analyzed at the
proliferation stage (T0), in which they are incubated in the presence of
picloram (20 pM) and high (9%) sucrose levels. To induce embryo for-
mation, EC was transferred to the development medium, in which the
auxin was removed, and sucrose was reduced from 9% to 4% (w/v).
During this process, three selected time points were studied, T1, T2 and
T4, corresponding to one, two and four weeks after auxin removal
(Fig. 1). Although no alteration was observed in the callus aspect, EC at
one week of incubation (T1) in the development medium was analyzed
to verify the effect of the auxin removal and sucrose reduction in the
histone methylation patterns. As a control, LTC was also incubated in the
development medium however, in the absence of auxin, no somatic
embryos were formed, and strong tissue oxidation was observed after
the first weeks of LTC in such conditions. Therefore, LTC was only
analyzed at the end of one week (T1). At two weeks of incubation (T2),
some white compact protuberances developing at the periphery of the
EC clusters were observed and collected as putative somatic embryos
developing structures. Although somatic embryo development was not
synchronized, at four weeks (T4) white somatic embryos were formed,
and further sampled and analyzed (Fig. 1).

3.2. Cellular structure analysis

To analyze the general structural organization at the cellular level of
the different cell lines, semithin sections from resin-embedded samples
were stained with toluidine blue and analyzed in a microscope under
brightfield. Clear differences were found among NEC, LTC and EC
(Fig. 2). NEC contained cells with heterogeneous sizes and shapes; in
general, these cells were large with an elongated or rounded shape. In
these cells, showing very large vacuoles and thin layers of cytoplasm,
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nuclei were located at the periphery (Fig. 2A). Contrary to NEC, LTC and
EC showed a similar compact organization, with many cells cohesively
positioned and forming round-shaped cell masses (Fig. 2B and C).
However, LTC cells contained larger vacuoles and the nuclei were
located at the cell periphery, as in NEC. Microscopic analysis revealed
two different types of cells in EC: embryogenic cells distributed as
groups or clusters (yellow arrow in Fig. 2C), surrounded by highly
vacuolated cells, resembling NEC (black arrow in Fig. 2C and D).
Embryogenic cells were small and isodiametric, like meristematic cells,
showing large and round nuclei, occupying almost the entire cell
(Fig. 2E). In addition, these cells displayed dense cytoplasm and appear
to have small vacuoles and some granules.

Cell structural organization was also analyzed during somatic em-
bryo development, in EC transferred to development medium
(Fig. 3A-D). In general, cells became bigger and more vacuolated
throughout this process (Fig. 3E-H). During the first week of incubation,
embryo development started with the formation of small protrusions at
the surface of the EC (Fig. 3A). Microscopic analyzes revealed that they
were formed by a group of embryogenic cells localized at the periphery
of the EC mass. They formed several layers of cells, characterized by
small size, dense cytoplasm, and a big central nucleus (yellow arrow in
Fig. 3E). Below these embryogenic cells, larger and highly vacuolated,
non-embryogenic cells were observed (black arrow in Fig. 3E). With cell
proliferation through time, the regions of embryo formation increased,
and after around two weeks, they formed a larger group of cells that
emerged over the surface of the EC (Fig. 3B and F). After 3-4 weeks,
rounded protrusions (Fig. 3C and G) and early globular embryos (Fig. 3D
and H), formed by cells with dense cytoplasm and large nuclei, appeared
at the surface of the EC, which further developed and produced whole
somatic embryos.

3.3. Global H3K9 methylation quantification

Using an ELISA-like assay for H3K9 methylation, global levels of
H3K9 methylation were quantified at the proliferation stage (TO) of
S. betaceum somatic embryogenesis-induced cell lines (NEC, LTC and
EC), and during somatic embryo development, in EC (T1, T2 and T4).
Proliferating NEC, LTC and EC showed moderate levels of global H3K9
methylation. NEC revealed slightly less H3K9 methylation compared to
LTC and, at a bit higher level, compared to EC (Fig. 4). However, none of
these differences were statistically significant. Then, LTC and EC were
analyzed at one week in the development medium (T1). Although higher
global H3K9 methylation levels were measured at this time-point
compared with calli at TO, no statistically significant differences were
found (Fig. 4). The highest changes in methylation levels occurred in EC
during the following weeks, with somatic embryo development, which

Fig. 2. Organization of the cell lines in the proliferation medium (T0). A - Non-embryogenic callus (NEC). B - Long-term callus (LTC). C - Embryogenic callus (EC).
The black arrow shows non-embryogenic cells, and the yellow arrow shows embryogenic cells. D - Close-up of non-embryogenic cells from EC. E - Close-up of
embryogenic cells from EC where several cells in mitosis can be seen. Images show micrographs of semithin sections stained with toluidine blue. Bars represent 100

um in A-C and 25 um in p-E.
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Fig. 3. Somatic embryo development from EC. Images show stereomicroscope observations and micrographs of semithin sections stained with toluidine blue at one
(A, E), two (B, F) and four (C, D, G, H) weeks in the development medium. Developing embryos can be seen in figures C, D, G and H. The black arrow shows non-
embryogenic cells, and the yellow arrow shows embryogenic cells. Bars represent 1 mm in A-D and 100 um in E-H.

was accompanied by a gradual increase in global H3K9 methylation
levels. Hence, at an advanced embryogenesis stage, with somatic em-
bryo differentiation in EC at T4, the highest methylation levels were
found (Fig. 4). This methylation degree was significantly different from
the one measured for EC at TO and to a higher extent from LTC and NEC
at TO.

3.4. H3K9me2 localization patterns

Localization and distribution patterns of H3K9me2 were analyzed in
proliferating cell lines with different embryogenic competencies, NEC,
LTC and EC, and during the first stages of somatic embryo development.
A specific antibody against H3K9me2 was used to perform the immu-
nofluorescence assays. Confocal microscopy allowed signal visualization
and maximum projections were used for comparison among samples.
Images showed the high heterogeneity of the S. betaceum callus cell
populations. A green fluorescence signal from H3K9me2 was observed
over some of the blue-stained cell nuclei (DAPI) in all samples tested,
and no signal background was observed in other cell compartments.

In the three types of cell lines, NEC (Fig. 5A), LTC (Fig. 5B) and EC

(Fig. 5C), the H3K9me2 immunofluorescence signal was heteroge-
neously distributed among cells. Signal intensity was not similar in all
cells, being intense in some nuclei while many other nuclei showed very
low or null labeling (Fig. 5D-F), which resulted in a moderate level of
global H3K9 methylation in the three cell lines, in accordance with the
results of the ELISA assay. The number of positive nuclei and the in-
tensity of the signal were variable in most samples, highlighting the cell
heterogeneity present in these cell lines. In EC samples, labeling was
often lower in rounded nuclei, corresponding to embryogenic cells.
Controls avoiding the first antibody did not show labeling in any sam-
ples (Fig. 5G-1), supporting the specificity of the immunofluorescence
assays.

During the first week of incubation in the development medium
(after auxin removal), no significant changes were observed in LTC,
neither in its cell organization nor in the labeling pattern of the
H3K9me2, when compared with TO (data not shown). In contrast, the
transference of EC to the development medium resulted in the initiation
of somatic embryo development. During the course of this process, in the
subsequent weeks, the H3K9me2 signal progressively increased (Fig. 6).
This result is in line with the quantification results (Fig. 4), which
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Fig. 4. Global H3K9 methylation quantification in non-embryogenic (NEC),
long-term (LTC) and embryogenic callus (EC) at the proliferation stage (T0) and
for one (T1), two (T2) and four (T4) weeks in the development medium. Results
are presented as the mean H3K9 methylation quantification, calculated by
dividing the OD of each sample by the OD of the positive control, + SE. *, **
and *** indicate significant differences by one-way ANOVA and Tukey’s test at
P < 0.05, 0.005 and 0.0005, respectively.

showed a gradual increase in global H3K9 methylation levels, with
significant higher levels in the advanced embryogenesis stage (EC at T4).
The highest H3K9me2 immunofluorescence signal was observed on
nuclei of cells that formed the incipient and large protrusions, and the
developing embryos, emerging from the surface of EC (Fig. 6A-D, A’-
D’). Immunofluorescence signal covered almost the entire area of the
nuclei of developing embryos, while the rest of the cells showed less
intense labeling, mainly in a few small spots over nuclei (Fig. 6A-D).
This result indicates that the increase of H3K9me2 accompanies somatic
embryo formation.

4. Discussion

Plant regeneration via somatic embryogenesis requires epigenetic
reprogramming (Cordeiro et al., 2022; Fehér, 2015; Ibanez et al., 2020;
Nic-Can and De La Pena, 2014; Wojcikowska et al., 2020). Through this
process, somatic cells dedifferentiate but not all are able to acquire
embryogenic competence (Fehér, 2019). In this way, several genetic
regulatory networks have been revealed as involved in the regulation of
this capacity (revised in Wojcik et al. (2020)). These switches to new
developmental programs require genome-wide changes, usually driven
by epigenetic marks, including DNA and histone methylation, among
other factors (Moronczyk et al., 2022; Testillano et al., 2013;
Wojcikowska et al., 2020). Also, several studies have reported the
ubiquitous epigenetic changes associated with somatic embryogenesis
initiation (Chen et al., 2020; De-la-Pena et al., 2015; Ibanez et al., 2020).
Nevertheless, epigenetic regulation of somatic embryogenesis, through
H3K9 methylation, was not yet studied in long-term maintainable
cultures.

Somatic embryogenesis in S. betaceum is a well-established two-step
culture system, that not only provides a reliable and efficient means of
producing large numbers of genetically identical plants (Correia et al.,
2011) but can also be used for the conservation of selected germplasm
(Graca et al., 2018), genetic transformation (Cordeiro et al., 2023) and
fundamental research purposes (Correia et al., 2019). Nevertheless,
several bottlenecks still impair a more efficient use of this system,
including the loss of embryogenic competence during subcultures and
the often-low embryo development rates from induced embryogenic cell
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lines (Correia et al., 2012a). Such bottlenecks are also commonly
described for other species with two-step SE processes, such as alfalfa
(Sangra et al., 2019), holm oak (Martinez et al., 2019) and Korean pine
(Gao et al., 2021).

In this context, and since several reports relate cell reprogramming
with epigenetic marks such as H3K9me, it is important to analyze those
marks in systems with well-defined transitions between cellular stages,
such as the one of S. betaceum. Therefore, to achieve a deeper knowledge
of the mechanisms underlying embryogenic commitment, including
acquisition, maintenance/loss and expression, the H3K9 methylation
patterns were analyzed in S. betaceum cell lines with distinct embryo-
genic potential and during somatic embryo development. The analysis
performed here reveals that, regardless of their embryogenic capacity,
proliferating dedifferentiated cells from S. betaceum calli show moderate
levels of global H3K9 methylation. Indeed, the establishment and
maintenance of cell dedifferentiation require histone methylation ac-
tivity (Grafi et al., 2007).

Microscopic analyzes indicate that embryogenic cell lines are het-
erogeneous and formed by different cell types. The H3K9me2 immu-
nofluorescence assays revealed different signals between embryogenic
and non-embryogenic cells in EC, as well as among distinct cells of NEC
and LTC. Regardless of this cellular heterogeneity, the differences in the
global H3K9 methylation levels among S. betaceum NEC, LTC and EC in
proliferation were not statistically significant. These results suggest that
H3K9 methylation might not have a significant role in the maintenance
of the embryogenic potential during the proliferation stage of this spe-
cies. Contrary, in cotton, enrichment in the H3K9me2 deposition was
observed in EC when compared to NEC (Li et al., 2019), while in Norway
spruce, higher H3K27me3 levels were reported in NEC when compared
to EC (Nakamura et al., 2020).

During the initiation of S. betaceum somatic embryo development, a
dynamic H3K9 methylation pattern was found. Both, the global H3K9
methylation levels and the H3K9me2 signal progressively increased,
particularly in the cells of the developing embryo. Similarly, in Coffea
canephora, an increase in the H3K9me2 levels was found during the
whole somatic embryogenesis process, and mainly during somatic em-
bryo development (Nic-Can et al., 2013). Moreover, these findings are in
agreement with observations during the microspore embryogenesis of
Brassica napus and Hordeum vulgare, in which H3K9 methylation
increased during embryo development (Berenguer et al., 2017; Rodri-
guez-Sanz et al.,, 2014). However, active demethylation with lower
H3K9me2 deposition was reported in cotton somatic embryos (Li et al.,
2019). Nevertheless, increasing H3K9me2 is considered an epigenetic
feature of cell differentiation (Ibanez et al., 2020). In addition,
H3K27me3 levels were also found to markedly increase upon embryo
induction in Norway spruce (Nakamura et al., 2020). Altogether, these
results corroborate that histone methylation is required for the
embryogenic competence expression with embryo development. In the
same way, this epigenetic mark was also found required for organo-
genesis, since an increase in H3K9 methylation was concomitant with
needle maturation in Pinus radiata (Valledor et al., 2010).

As a repressive mark, H3K9 methylation is associated with chro-
matin condensation and gene silencing (Jackson et al., 2004). For
instance, H3K9me2 was found to epigenetically modulate the tran-
scription of WUSCHEL RELATED HOMEOBOX4 (WOX4; Nic-Can et al.,
2013). Authors claim that the repression of this transcription factor
during somatic embryo maturation might be crucial for embryo elon-
gation (Nic-Can et al., 2013). Similarly, for successful in vitro shoot
regeneration in Arabidopsis thaliana, H3K9 methylation was found
required to regulate the expression of the transcription factor WUSCHEL
(Li et al., 2011). In addition, increases in histone methylation were
associated with an increase in DNA methylation and also in the number
of 24-nt siRNAs, particularly in EC and during embryo differentiation
(Lietal., 2019; Solis et al., 2012). As the presence of auxins also affects
the DNA methylation levels (De-la-Pena et al., 2015), to assure that the
H3K9 methylation analyzed resulted from the embryo development per
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Fig. 5. H3K9me2 immunofluorescence in non-embryogenic callus (NEC), long-term callus (LTC) and embryogenic callus (EC) in proliferation medium (T0). A, B, C -
Micrographs of semithin sections, stained with toluidine blue, showing the general structure of the three cell lines at TO. D, E, F — Confocal images of H3K9me2
immunofluorescence in NEC, LTC and EC, respectively. D’, E’, F* — Confocal merged images of H3K9me2 immunofluorescence signal (green) and DAPI staining of
nuclei (blue) of the same regions as p-F. G, H, I - Controls avoiding the first antibody in NEC, LTC and EC, respectively. Bars represent 100 um in A-C and 50 pym in p-F,

D’-F’ and G-I

se and was not influenced by auxin removal, LTC was also incubated in
the development medium. However, no changes were verified in the
LTC methylation patterns, which proves that the increasing levels found
in EC were in fact from cell embryo differentiation. Therefore, modu-
lation of the H3K9 methylation process, with consequent genome-wide
expression modification, could overcome embryogenesis recalcitrance
and increase the efficiency of the somatic embryogenesis process in
some angiosperms.

Another evident result of this work was the high cell heterogeneity
among the different S. betaceum cell lines, which was already mentioned
in previous works for EC and NEC (Correia et al., 2019, 2011). More
notable was the cell heterogeneity revealed within each cell population,
particularly EC which held embryogenic and non-embryogenic-like
cells. While embryogenic cells showed a small and isodiametric shape
and large nuclei, typical features of meristematic cells with high cell
activity; non-embryogenic cells showed large vacuoles and peripherical
positioned nuclei that are characteristics from undifferentiated tissues
with low cellular activity. The presence of these two types of cells in the
same tissue could affect the performance of S. betaceum EC in embryo
development, resulting in low yield (Correia et al., 2012a). Moreover,

the high cell heterogeneity resulted in a wide range of H3K9 methylation
values measured in the various replicates. Also, a non-homogenous
H3K9me2 immunofluorescence signal was observed among nuclei.
Therefore, it is noteworthy that cell typology and histone methylation
are related, which has already been reported in the literature for other
species with two-step somatic embryogenesis processes (Nic-Can et al.,
2013), and deserves further analysis.

5. Conclusion

Taken together, the results here presented indicated that plant cell
reprogramming for the totipotency expression occurs with changes in
the epigenetic mark H3K9 methylation. In this case, global H3K9
methylation, and hence gene transcription-repression, progressively
increased during embryogenic competence expression, with the
achievement of somatic embryo initiation and development. Although a
certain level of global H3K9 methylation is present and possibly
involved in the maintenance of the dedifferentiated and proliferative
state of S. betaceum cell lines, independently of their embryogenic
ability, as it increases after embryogenesis initiation, the role of this
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Fig. 6. H3K9me2 immunofluorescence during somatic embryo development from embryogenic callus, in subsequent weeks, from TO to T4. A, B, C, D — Confocal
images of H3K9me2 immunofluorescence signal (green). A’, B’, C’, D’ — Confocal merged images of H3K9me2 immunofluorescence signal (green) and DAPI staining
of nuclei (blue) of the same regions as A-D. Inserts show analogous embryogenesis stages in semithin sections stained with toluidine blue. Bars represent 50 pm.

epigenetic mark would be associated with embryo differentiation.
Therefore, this work represents a step further in the analysis of the
molecular networks that regulate embryogenic competence in
S. betaceum and other woody species with similar somatic embryogen-
esis systems.
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