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Abstract: Somatic embryogenesis (SE) involves the formation of embryo-like structures
from somatic cells without fertilization and is widely used for clonal propagation and ge-
netic transformation. However, in olive (Olea europaea sp. europaea), SE remains challenging
due to the recalcitrant behavior of adult tissues when used as initial explants. Bioactive
molecules released into the culture medium (conditioned medium, CM) by embryogenic
cultures have been identified as modulators of the SE response. However, their poten-
tial role in enhancing SE efficiency in olive and overcoming tissue recalcitrance remains
largely unexplored. To investigate the role of these biomolecules in olive SE, a protocol
was established using SE cultures of cv. ‘Galega Vulgar’. Proteins and metabolites were
separated by filtration, concentrated through lyophilization, and precipitated using three
methods: Acetone, TCA/Acetone, and Methanol/Chloroform. The efficiency of these meth-
ods was evaluated through total protein quantification and via SDS-PAGE electrophoresis.
LC-MS/MS was employed to analyze secretome composition using the TCA/Acetone
precipitation method. Additionally, metabolite profiles were analyzed using 1H NMR
spectroscopy. The results led to the identification of 1096 (526 protein groups) Olea europaea
proteins, including well-known SE biomarkers such as kinases and peroxidases. NMR
spectroscopy identified several metabolites secreted into the medium or resulting from
the metabolic activity of secreted enzymes, confirming the applicability of the procedure.
Although extracting secreted biomolecules from the culture medium presents significant
challenges, the protocol established in this study successfully enabled the isolation and
identification of both proteins and metabolites, revealing a valuable workflow for future
in-depth analyses of secreted biomolecules in olive SE.
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1. Introduction
Somatic embryogenesis (SE) is a nonsexual propagation process regulated by com-

plex mechanisms [1] that leads to the formation of structures resembling zygotic embryos.
These structures arise from the dedifferentiation of somatic cells, which can generate a
complete plant without fertilization. SE is widely used for clonal propagation in several
plant species [2], providing suitable material for genetic transformation or to assist breeding
programs following the manipulation of plant genome approaches (e.g., mutagenesis, and
New Genomic Techniques) [3,4], synthetic seed production, and germplasm conserva-
tion [5]. However, the mechanisms by which a somatic cell develops into a whole plant
are complex and remain poorly understood. The ability to shift cell development from the
vegetative to the embryogenic pathway is restricted to a limited number of cells [6] and
is regulated by complex endogenous and exogenous factors. Various factors have been
tested to optimize SE protocols across different plant species. These include exogenous
factors [7–10], such as the culture medium composition, type and concentration of plant
growth regulators, and growth conditions, and endogenous factors, including genotype,
explant type, and developmental stage [11–14]. In olive tree (Olea europaea subsp. europaea),
the explant type is highlighted as one of the most limiting factors on the establishment of SE
protocols (see [15]). In fact, most SE protocols developed for olive trees are based on juvenile
tissues as initial explants, usually radicles and cotyledons of mature embryos [14,16–18].
However, this approach is less ideal for clonal propagation purposes due to the high genetic
variability associated with zygotic tissues [14,17,19]. Obtaining SE from adult olive material
remains challenging due to the recalcitrant behavior exhibited by most tested genotypes
(see review in [13]). Exceptions are known for the cvs. ’Canino’ and ’Moraiolo’ [20] with
the development of a double regeneration system through organogenesis, and for the cvs.
’Chetoui’ [21], ’Dahbia’ [11], ’Picual’ [22], and ’Moroccan Picholine’ [10].

Despite the availability of some SE protocols using olive adult plant tissues, those
protocols are not routinely and widely used in olive propagation due to the high genotype
dependency of SE response (see [15] for details), a factor particularly critical, as even closely
related genotypes can exhibit recalcitrance behavior when using a highly efficient protocol
established for a distinct genotype [12,17].

In this context, discovering the molecular mechanism controlling SE efficiency is
essential to overcome recalcitrance in olive. An important factor reported to affect SE in
different plants species, but which has received little attention from the scientific community
and has not been considered in any studies on olive trees, is the release of bioactive
molecules by explants into liquid culture medium that could be used to modulate SE
efficiency. This approach is based on the establishment of nurse-cell cultures, which means
highly efficient liquid embryogenic cultures from which the culture medium is collected
(commonly referred to as conditioned medium, CM) and further used to establish SE
cultures using recalcitrant plant material [2]. The influence of CM composition derived from
nurse-cell culture systems on inducing or modulating the SE response efficiency has long
been observed [2–26]. The use of this approach to modulate the SE response in recalcitrant
genotypes has been particularly explored in gymnosperms. Dyachok et al. [27] reported
that extracts of media conditioned by embryogenic cultures of Picea abies stimulate the
development of pro-embryogenic masses, suggesting that an endogenous lipophilic chitin
oligosaccharide acts as a signal molecule in this process. Recently, Pernis et al. [28] reported
proteomic data on the secretome of Pinus nigra cell lines with contrasting embryogenic
capacity, revealing that cell wall-related and carbohydrate-acting proteins were the most
differentially accumulated in the CM, with peroxidases (POXs), extensin, α-amylase, and
basic secretory protease (BSP) being more abundant in highly embryogenic lines.
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The effectiveness of the use of the CM has stimulated research aiming to identify the
biomolecules that could play the crucial role in cell-to-cell communication and consequently
induce/modulate SE response [29]. Within the secreted molecules that have been demon-
strated to induce, or modulate, the SE response, there are extracellular proteins, growth
regulators, vitamins, lipophilic molecules, and secondary metabolites [30–32]. Some studies
have analyzed the CM from embryogenic cultures to identify proteins and metabolites that
could serve as biomarkers of SE efficiency [28,29,33] or as modulators by supplementing
the culture medium with these biomolecules [34–37]. These investigations have demon-
strated that specific extracellular proteins play a significant role in the differentiation and
morphogenesis of somatic cells [29], functioning as either promoters or inhibitors of SE [38].
For example, Arabinogalactan proteins (AGPs), a family of extracellular proteoglycans in
plants, are implicated in many aspects of growth and development and have been directly
linked to SE efficiency in Areca catechu [39]. Other proteins comprising the secretome and
proposed as biomarkers of SE efficiency in different plant species were the Germin-like
proteins identified in P. balfouriana [40], the Heat shock proteins in Sorghum bicolor [33],
and the Chitinases [41], POXs, and α-amylases in P. nigra [28]. Kreuger and van Holst [42]
showed that adding exogenous AGPs to the culture medium re-induced embryogenic
competence in a non-embryogenic cell line in Daucus carota. Later studies confirmed AGPs
as SE inducers, promoting somatic embryo formation. Similarly, Ben-Amar et al. [43] found
that exogenous chitinases boosted cell population and embryogenic cell multiplication in
Cucurbita pepo cultures.

Studies focused on the identification and quantification of a wide range of biomolecules
require accurate and high sensitive analytical platforms. As reviewed by Tchorbadjieva [44],
gel-based techniques like sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) and two-dimensional polyacrylamide electrophoresis (2DE), occasionally
complemented with immunoblotting, were among the initial approaches employed for
fractionating and analyzing proteins secreted during SE. However, the development of
advanced proteomic platforms, such as nano-liquid chromatography coupled to mass spec-
trometry (nLC-MS/MS), enables the detection and quantification of hundreds to thousands
of proteins, including low-abundant proteins comprising the CM [45], making it the most
appropriate approach. Similarly, many other biomolecules have been identified as compris-
ing the CM. From the metabolites that compose the extracellular metabolome of CM, it was
reported that caffeine and chlorogenic acid are the most abundant, while hydroxybenzoic
acid and trans-cinnamic acid, found in very low concentrations, negatively influence SE in
Coffea canephora [29]. In another study in Solanum betaceum [46], anthranilic acid was shown
to inhibit the growth of established calli during SE. The results suggested a correlation
between some secondary metabolites and dedifferentiation rates during induction, with a
tendency to inhibit callus growth, likely due to metabolic effects.

Various techniques have been used for identifying and quantifying those metabolites
that could be involved in modulating SE response. Nuclear Magnetic Resonance (NMR)-
based metabolomics offers a non-targeted approach, providing a quantitative profile of
metabolites within a sample. Unlike other techniques, such as chromatography (e.g., MS,
UV, electrochemical), NMR does not require the prior separation of metabolites before
detection [47], making it an alternative for investigating the metabolome composition of the
CM matrix. In P. glauca, Dowlatabadi et al. [48] used 1D 1H NMR spectroscopy to identify
intracellular metabolites such as γ-aminobutyric acid, malate, 5-oxoproline, isoleucine,
valine, branched-chain keto acids, short-chain keto acids, glutamine, and phenylalanine.
Their findings highlighted that the embryonic development of white spruce cells can be
effectively monitored, with key metabolites implicated in developmental processes, thus
providing insights into the optimization of SE developmental conditions.
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Supported by prior knowledge of the importance of the CM as an inducer or modulator
of the SE response, our objective was to establish a protocol for the simultaneous isolation
of the secretome and extracellular metabolome to identify and quantify the proteins and
metabolites comprising the CM matrix from olive somatic embryogenic cultures. This
approach will support future research aimed at identifying the molecular mechanisms
governing the SE response in this species, contributing to the optimization of protocols for
recalcitrant genotypes.

2. Materials and Methods
2.1. Plant Material

Olea europaea subsp. europaea L. cv. ’Galega Vulgar’ embryogenic lines were previously
established using radicles and cotyledons of zygotic embryos cultivated in Agar-gelled
Olive Medium culture (OMc) [49] supplemented with 2.5 µM 6-dimethylallylamino-purine
(2iP), 25 µM indole-3-butyric acid (IBA) [50] and 6 g L−1 Agar-Powder (VWR, Lisbon,
Portugal). Cultures at the induction phase were kept at 25 ◦C and 0 h photoperiod for
21 days. Developed calli were further transferred to an Agar-gelled expression OMc
medium (6 g L−1 Agar-Powder, VWR, Lisbon, Portugal) devoid of plant growth regulators
to promote embryo differentiation. Cultures were maintained for 30 days under the same
conditions of temperature and photoperiod as those used in the induction phase. Embryo-
genic calli and somatic embryos of a selected high embryogenic line were transferred to
an Agar-gelled Embryogenesis Cyclic Olive (ECO) culture medium (6 g L−1 Agar-Powder,
VWR, Lisbon, Portugal) following the protocol described by [14].

To promote cyclic embryogenesis, the previously selected embryogenic line grown
on ECO gelled medium was transferred to Erlenmeyer flasks containing 50 mL of liquid
ECO medium with the same composition as the previous medium. To obtain sufficient
material to further establish the experiment, the embryogenic cultures were maintained
through three consecutive subcultures in fresh medium. Subcultures were performed
every four weeks, with the cultures kept at 25 ◦C, in complete darkness, under 100 rpm
orbital agitation.

To set up the experiment, approximately 200 mg of embryogenic calli was transferred
into 100 mL Erlenmeyer flasks containing 50 mL of liquid ECO medium. Six Erlenmeyer
flasks were prepared to further generate a pooled sample of CM (ECO culture medium
collected four weeks after inoculation of embryogenic plant material). Simultaneously,
six additional 100 mL Erlenmeyer flasks containing 50 mL of liquid ECO medium were
prepared under the same conditions to serve as the control sample (ECO culture medium
without inoculated embryogenic plant material).

2.2. Isolation of Secretome and Extracellular Metabolome from Conditioned Medium

The previously established Erlenmeyer flasks were left undisturbed for 5 min to allow
the plant material to decant (procedure is represented in Figure 1). The CM was further
collected from each Erlenmeyer flask in 50 mL tubes and centrifuged at 10,000× g for 10 min
at 25 ◦C [51]. The collected supernatant was then filtered through a 0.45 µm filter and
thereafter through a 0.22 µm filter using a vacuum system (Millipore, Burlington, MA, USA).
The plant material settled at the bottom of the Erlenmeyer flasks was collected, flash-frozen
with liquid nitrogen, and stored at −80 ◦C until further processing (see Section 2.3).
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Figure 1. Workflow followed to collect and analyze the secretome and extracellular metabolome
collected from liquid embryogenic cultures of Olea europaea L. Embryogenesis Cyclic Olive (ECO)
culture medium was collected from replicates of an olive somatic embryogenic line that was initially
selected and multiplied (see Section 2.1). This medium corresponds to the conditioned medium
(CM). The collected CM was then filtered to separate the protein fraction from the metabolite fraction
(for details, see Section 2.2). The purity of the protein extract was assessed by detecting MDH
activity, using plant material collected from the same cultures as a positive control (see Section 2.3).
For secretome precipitation, two approaches were tested, lyophilization and non-lyophilization, in
combination with three different protein precipitation protocols. The efficiency of each method was
evaluated through total protein quantification and SDS-PAGE electrophoresis (details in Section 2.4).
For secretome analysis via LC-MS/MS, two approaches were tested (see Section 2.5): (i) sample
obtained using the most efficient protein precipitation method (lyophilization of CM followed by
total protein precipitation using the TCA/Acetone method); (ii) direct analysis of the lyophilized
sample. For extracellular metabolome analysis, the fraction obtained from CM filtration was divided
into 5 mL aliquots, lyophilized, and further analyzed through ¹H NMR (for details, see Section 2.6).
For both secretome and extracellular metabolome analyses, a control sample was used, consisting of
ECO medium with the same basal composition as CM but without the inoculation of plant material.

A pooled sample was prepared by combining the filtered samples collected from the
six Erlenmeyer flasks. Proteins and metabolites were then separated using a MacroSepTM

Spin Filter 1K (PALL, New York, UK), which was pre-washed with 10 mL of RNase- and
DNase-free sterile water, followed by centrifugation at 10,000× g for 10 min. The first
step, the filtration step, was crucial for separating proteins from metabolites, retaining
proteins (and some peptides larger than 1 kDa) above the filter while allowing metabolites
to pass through. This process is particularly important for NMR analysis, as proteins, due
to their large and complex structures, generate broad, overlapping signals in the NMR
spectrum. These signals can obscure metabolite peaks, making accurate identification and
quantification more challenging. Removing proteins not only enhances spectral clarity but
also helps concentrate metabolites, improving detection sensitivity in NMR. Meanwhile,
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the fraction containing the whole secretome was collected from the top of the 1K filter
and divided into aliquots to test three different extraction methods, with and without
sample lyophilization. However, it is important to note that the use of centrifugal filtration
devices may introduce a potential sample loss step. Proteins may adsorb onto the filter
membrane, reducing their recovery, or they may precipitate and aggregate due to increased
local concentration during filtration. These factors should be carefully considered when
interpreting results and optimizing protocols to minimize protein loss.

Due to the system’s limitation (maximum volume of 20 mL), multiple centrifugation
steps were performed at 5000× g for 60 min. The sample containing the whole secretome
was collected from the top of the 1K filter, to which 1 mM phenylmethylsulfonyl fluoride
(PMSF) was added to protect the sample from proteases. The total volume of the polled
sample (~40 mL) was divided into 8 samples of 5 mL each to test the three different precipi-
tation methods, with or without sample lyophilization. A 5 mL sample was lyophilized
and directly used for LC-MS/MS analysis (see Section 2.5), and the remaining 5 mL sample
was stored for further precipitation following the selected procedure and further analyzed
through LC-MS/MS.

The sample containing the whole extracellular metabolome was collected from the
bottom of the 1K filter. After sample collection (CM polled sample after all filtration proce-
dure), three 5 mL aliquots were lyophilized and stored at −80 ◦C until further processing
(see Section 2.6).

2.3. Analysis of the Secretome Purity Using a Cytosolic Biomarker

To confirm that the secretome did not contain contaminants from the cell interior,
an assay using malate dehydrogenase (MDH), a cytosolic biomarker [52], was conducted
comparing the collected secretome (see procedure in Section 2.2) with the total soluble
proteins extracted from plant material (used as positive control). Embryogenic calli previous
separated from the CM (Section 2.2) were ground with liquid nitrogen. A volume of 1.2 mL
of extraction buffer [0.2 M Tris-HCL buffer (pH 8.2) solution containing 0.14 M NaCl,
0.05% (v/v) Tween-20, 0.2% (w/v) bovine serum albumin (BSA), 2% (w/v) Na2SO3, 2%
(w/v) polyvinylpyrrolidone (PVP) K25, insoluble PVP (1:1, w/w)] was added to 150 mg of
grounded embryogenic calli. Samples were vortexed and incubated on ice during 30 min
with agitation. The homogenate was then centrifuged at 14,000× g, for 15 min at 4 ◦C [53],
and the supernatant was collected. The protein content of the extracts was quantified based
on the Bradford method using the Pierce™ 660 nm Protein Assay Reagent Kit (Thermo
Scientific, Waltham, MA, USA).

An MDH analysis was performed using the sample extracted from plant material (pos-
itive control sample) and the collected secretome sample (see above 2.2). For that, 122.5 µL
of each sample were mixed with 2% of IPG buffer (GE healthcare, Chicago, IL, USA) and
applied by passive rehydration into immobilized nonlinear pH gradient 3-10 Immobiline
Dry strips (7 cm) for 16 h at room temperature in the Multiphor II system (GE Healthcare).
Each strip was covered with 2 mL of mineral oil (dry strip cover fluid) to prevent evapo-
ration. Isoelectric focusing (IEF) was performed in Pharmacia LKB Multiphor II, at 12 ◦C,
for 50 min at a constant voltage of 200 V, followed by another 50 min at a constant voltage
of 400 V [54], followed by vertical separation NATIVE-PAGE gel in 14% acrylamide gels.
In the NATIVE-PAGE separation, the strip containing the proteins previously separated
by isoelectric focusing was placed on top of a resolving gel [14% polyacrylamide with
0.370 M Tris-HCl (pH 8.3), 14% acrylamide/bis-acrylamide, 0.07% ammonium persulfate
(APS), and 0.05% tetramethyl ethylenediamine (TEMED)] and electrophoresis was carried
out in a Mini-PROTEAN System (Bio-Rad, Hercules, CA, USA), filled with running buffer
(25 mM Tris, 190 mM glycine) at a constant voltage of 130 V until the running front reaches
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the end of the gel. Each sample was run in duplicate. NATIVE-PAGE gel was incubated,
during 30 min, in 0.1 M Tris-HCL buffer pH 8.5 containing 0.025 (w/v) nicotinamide ade-
nine dinucleotide (NAD), 10% (v/v) 1 M sodium hydrogen malate, 0.02% (w/v) nitroblue
tetrazolium (NBT), 0.001% (w/v) phenazine methosulfate (PMS), in the dark at 40 ◦C [55].
The appearance/absence of protein spots was indicative of the presence/absence of the
MDH enzyme.

2.4. Establishment of a Procedure for Secretome Precipitation and Characterization
2.4.1. Selection of the Most Efficient Method for Secretome Precipitation

To precipitate the secretome from the collected CM polled sample, three methods were
tested: (i) Acetone precipitation [56], (ii) Trichloroacetic Acid (TCA)/Acetone precipita-
tion [56], and (iii) Methanol/Chloroform precipitation [57]. The most efficient method
for total protein precipitation was selected based on the quantification procedure through
spectrophotometry, and on the protein band pattern evaluated through SDS-PAGE gel
electrophoresis (described below in Section 2.4.3).

Acetone precipitation method: Amounts of 5 mL lyophilized and 5 mL non-
lyophilized sample were mixed with a methanol/H2O solution (80:20) (previously stored
at −20 ◦C) in the 1:0.5 (v/v) and 1:4 (v/v) ratio, respectively. After vigorously mixing for
15 s, the samples were centrifuged (15,000× g, 4 ◦C for 10 min). The resulting pellets, with
and without lyophilization, were mixed with 1 and 5 mL of ice-cold acetone, respectively,
vigorously mixed for 15 s, and incubated overnight at −20 ◦C. The pellet (protein fraction)
was collected by centrifugation under the conditions described above and washed with 1
and 5 mL of ice-cold acetone 90%, respectively, followed by centrifugation at 15,000× g,
4 ◦C, for 10 min. The purified pellets were air-dried for 1 h and then reconstituted in 1 mL
of solubilization buffer (see Section 2.4.2).

TCA/Acetone precipitation method: Amounts of 5 mL lyophilized and 5 mL non-
lyophilized sample were mixed with a methanol/H2O solution (80:20) and centrifuged
as described above. Subsequently, the resultant pellets from the culture medium, with
and without lyophilization, were mixed with 1 and 5 mL of ice-cold acetone containing
20% TCA and 20 mM DTT, respectively, vigorously mixed for 15 s and incubated overnight
at −20 ◦C. The pellet was collected by centrifugation under the conditions described
above and washed with 1 and 5 mL of ice-cold acetone 90%, respectively, followed by
centrifugation at 15,000× g, 4 ◦C, for 10 min. The purified pellets were air-dried for 1 h and
then reconstituted in 1 mL of solubilization buffer (see Section 2.4.2).

Methanol/Chloroform precipitation: Amounts of 5 mL lyophilized and 5 mL non-
lyophilized sample were mixed with ice-cold methanol in a 1:0.5 (v/v) and 1:4 (v/v) ratio,
respectively, followed by vortexing for 15 s. Then, 5 mL of chloroform and 15 mL of
Milli-Q sterile water were added to both samples, with vigorous mixing for 15 s between
each reagent addition. Subsequently, the samples were centrifuged at 15000 ×g, room
temperature, for 5 min. The pellet was collected and mixed with 20 mL of methanol. After
gentle mixing, the samples were centrifuged at 15,000× g, 4 ◦C, for 10 min. The pellet was
washed with 40 mL of ice-cold acetone 90%, followed by centrifugation at 15,000× g, 4 ◦C,
for 10 min. The purified pellets were air-dried for 1 h and then reconstituted in 1 mL of
solubilization buffer (see Section 2.4.2).

2.4.2. Protein Solubilization and Quantification

Following protein precipitation, the pellets were resuspended in 1 mL of solubilization
buffer (7 M urea, 2 M thiourea, 4% CHAPS, 100 mM Tris-HCl, pH 7.5) and vortexed until
fully solubilized. Total protein quantification was carried out using the Pierce™ 660 nm
Protein Assay Reagent Kit (Thermo Scientific). To generate the calibration curve, bovine
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serum albumin (BSA) concentrations of 125, 250, 500, 750, 1000, 1500, and 2000 µg/mL
were used. In a 96-well microplate, 10 µL of each BSA solution or the same volume of each
sample, in triplicate, was added to the wells. Subsequently, 150 µL of the Pierce™ 660 nm
Protein Assay reagent was added to each well. Absorbance readings at 660 nm were taken
using a Fluorescence multi-mode microplate reader GloMax® (Promega, Charbonnières-
les-Bains, France). For each plate, a calibration curve was plotted based on the average
absorbance values of each BSA standard against protein quantity. By interpolation and
accounting for the dilution factor, the total protein concentration for each triplicate sample
was calculated.

2.4.3. Analysis of the Secretome Band Patterns by SDS-PAGE

To evaluate the one-dimensional protein profile and determine the most effective
protein precipitation method for the CM, the solubilized samples were subjected to SDS-
PAGE following the method of Laemmli [58]. Each sample was tested in triplicate.
The resolving gel (14% acrylamide) was prepared with 1.5M Tris-HCl pH 8.8, 0.1% of
SDS, 14% acrylamide/bis-acrylamide, 5.45 mL of double-distilled water, 0.07% APS, and
0.05% TEMED. The stacking gel (4% acrylamide) was composed of 0.5M Tris-HCl pH 6.8,
0.1% SDS, 4% acrylamide/bis-acrylamide, 0.06% APS, and 0.11% TEMED. After polymer-
ization, the gels were placed in the Protean Mini system (Bio-Rad) with running buffer
(0.025 M Tris, 0.192M glycine, 1% (w/v) SDS). The samples were mixed with sample buffer
(0.125 M Tris-HCl, pH 6.8, 1% (w/v) SDS, 5% 2-mercaptoethanol, 20% glycerol, trace
amounts of bromophenol blue), heated to 37 ◦C for 10 min, and then cooled on ice before
being loaded into the gel wells. A total of 35 µL of each sample was loaded per lane,
and 4 µL of molecular weight marker (NZYA Colour Protein Marker II, Nzytech, Lisboa,
Portugal) was added to each run. Electrophoresis was performed at a constant voltage of
130 V. At the end of the electrophoretic run, the gels were fixed for one hour in a solution
of 40% methanol/10% acetic acid and stained for two hours with Coomassie Brilliant
Blue (CBB) G-250 solution [59]. Gels were scanned in a scanning Molecular Dynamics
densitometer with internal calibration using the LabScan 6.0 software (GE Healthcare).
Images were analyzed using the GelAnalyzer software package (GelAnalyzer 2010a by
Istvan Lazar, www.gelanalyzer.com).

2.5. Analysis of the Secretome by LC-MS/MS

After sample lyophilization and precipitation using the TCA/Acetone method, protein
identification was carried out by LC-MS/MS analysis at the Proteomics Unit, National
Centre for Biotechnology (Madrid, Spain). Protein cysteine residues were reduced and
alkylated at 60 ◦C for 30 min with a buffer containing 5% SDS, 25 mM triethylammonium
bicarbonate (TEAB), 5 mM tris(2-carboxyethyl) phosphine (TCEP), and 10 mM chloroac-
etamide (CAA). Protein digestion on S-Trap columns (Protifi, Huntington, NY, USA) was
performed according to the previously established protocol [60]. Briefly, the precipitated
sample was digested at 37 ◦C overnight using 1 µg of trypsin. Alternatively, the lyophilized
sample (without precipitation) was directly loaded in the S-Trap columns. Tryptic peptides
were cleaned up using home-made Stage-Tips prepared from Octadecyl C18 solid-phase
extraction disks (Empore™, 66883-U, Stellarton, NS, Canada), as previously described [61].
Eluted peptides were dried in a speed vacuum and quantified by fluorimetry (QuBit) ac-
cording to the manufacturer’s instructions. Tryptic peptides were dried in a speed vacuum
and quantified by fluorimetry (QuBit) according to the manufacturer’s instructions.

For the analysis via nano-liquid chromatography coupled to electrospray ionization
tandem mass spectrometry (nanoLC-ESI-MS/MS), 1 µg of each sample was individually
analyzed using an Ultimate 3000 nano HPLC system (Thermo Fisher Scientific, Dreieich,

www.gelanalyzer.com
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Germany) coupled online to an Orbitrap Exploris™ 240 mass spectrometer (Thermo Fisher
Scientific, Germany). Each sample [1 µg in 5 µL of sample resuspended in mobile phase
A: 0.1% formic acid (FA)] was loaded on a 50 cm× 75 µm Easy-spray PepMap C18 analytical
column at 45 ◦C. Tryptic peptides were separated at a flow rate of 250 nL/min using a 90 min
gradient ranging from 6% to 95% mobile phase B (80% acetonitrile (ACN) in 0.1% FA).
To avoid carry-over, two 40 min blank samples (mobile phase A) were systematically run
between samples. The instrument sensitivity was monitored through frequent injection of
Pierce™ HeLa Protein Digest Standard (Thermo Scientific). Data acquisition was performed
using a data-dependent top method, in full scan positive mode, scanning 375 to 1200 m/z.
MS1 scans were acquired at an orbitrap resolution of 60,000 at m/z 200, with a normalized
automatic gain control target of 300%, a radio frequency lens of 80%, and an automatic
maximum injection time (IT). The top 20 most intense ions from each MS1 scan were
isolated and fragmented with a higher-energy collisional dissociation (HCD) value of 30%.
The resolution for HCD spectra was set to 15,000 at m/z 200, with a normalized AGC target
of 50% and an automatic maximum IT. The precursor isolation window was 1.0 m/z, and
dynamic exclusion (45 s) was applied. Precursor ions with single, unassigned, or six and
higher charge states from fragmentation selection were excluded.

Raw data files were processed using the Proteome Discoverer 2.5.0.400 software
(Thermo Scientific, Bremen, Germany), and database search was carried out using four
search engines (Mascot (v2.8.0), MsAmanda (v2.4.0), MsFragger (v3.1.1), and Sequest HT
against an O. europaea UniProtKB database (19 February 2021, 20,378 sequences) containing
the most common laboratory contaminants (cRAP database with 69 sequences). Search pa-
rameters were set as follows: cysteine carbamidomethylation (+57.021464 Da); methionine
oxidation (M) (+15.994915 Da), N-term acetylation (+42.010565 Da), and Gln→pyro-Glu
(−17.026549 Da) as variable modifications. Precursor mass tolerances were set at 10 ppm
and the fragment mass tolerance at 0.02 Da and trypsin/P was selected as a protease with
a maximum of 2 missed cleavage sites. The false discovery rate (FDR) was calculated
using the processing node Percolator (maximum delta Cn 0.05; decoy database search
target) and an FDR ≤ 1% was considered for the validation of proteins and peptides. For
protein identification, at least one unique peptide and a minimum of two peptide-spectrum
matches (PSMs) were required. Protein abundance was also performed in Proteome Dis-
coverer using the “Reporter Ions Quantifier” feature in the quantification workflow using
the following parameters: unique+razor peptides; co-isolation threshold was set at 50%;
signal to noise of reporter ions was 10; the normalization was performed considering
the total peptide amount. The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE Archive—proteomics identification
database [62] (https://www.ebi.ac.uk/pride/archive, accessed on 29 November 2024) with
the dataset identifier PXD058411 and 10.6019/PXD058411.

A functional enrichment analysis of the identified proteins was visualized as a network
of biological terms using Metascape (https://metascape.org) [63]. The enrichment analy-
sis of proteins identified following the selected strategy was conducted using databases
such as Gene Ontology (GO) [64] and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) [65] to identify statistically enriched terms. The resulting functional network
integrated biological terms associated with the proteins set, where the size of the nodes
are proportional to the number of proteins linked to each term was carried out using
STRING (https://string-db.org/). Cytoscape 3.10.3 (https://cytoscape.org/) was used to
map SE-related proteins across different biochemical pathways.

https://www.ebi.ac.uk/pride/archive
https://metascape.org
https://string-db.org/
https://cytoscape.org/
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2.6. Analysis of the Extracellular Metabolome by 1H NMR Spectroscopy

The three lyophilized CM samples were further reconstituted in 1 mL of deuterated
phosphate buffer (100 mM, pH 7.4) containing 0.1 mM trimethylsilylpropanoic acid (TSP-
d4), and then centrifuged at 10,000× g for 10 min. The TSP-d4 signal at 0 ppm was used for
both chemical shift referencing and shimming, ensuring consistent spectral resolution and
line width across all samples. A 550 µL portion of each supernatant was then transferred
to a 5 mm NMR tube for analysis. The same procedure was followed using basal culture
medium (ECO) not used for plant material subculture but maintained under the same
conditions (control sample).

NMR spectra were recorded at the University of Aveiro on a Bruker Avance III HD
500 spectrometer, operating at 500.13 MHz for 1H observation. One-dimensional (1D)
1H spectra were collected at 298 K, with a total of 32 K data points, a spectral window
of 7002.80 Hz, a relaxation delay of 2 s, and 512 scans, using the ‘noesypr1d’ pulse se-
quence. Data processing was conducted using TopSpin 4.0.3 (Bruker BioSpin, Rheinstet-
ten, Germany), applying cosine multiplication (ssb 2), zero-filling to 64 k points, manual
phasing, baseline correction, and calibration to the TSP-d4 reference signal at 0 ppm. Two-
dimensional (2D) 1H-1H total correlation (TOCSY) spectra and J-resolved spectra were
acquired for one sample to aid spectral assignment. For the semi-quantitative analysis of
medium spectra, signal areas were measured using Amix-Viewer v. 3.9.15 (Bruker BioSpin,
Billerica, MA, USA), and the variations were represented in a heatmap using Metaboana-
lyst 6.0. Since both ECO and cell-conditioned media (CM) were incubated under identical
conditions, and all sample processing steps were carefully standardized; this approach
allowed us to effectively determine metabolite consumption and secretion patterns.

3. Results and Discussion
3.1. Selection of the Most Efficient Method for Protein Precipitation

At the end of 21 days on induction OMc medium, radicles and cotyledons exhibited
the development of calli (Figure A1a). At this point, all explants showing callus formation
were transferred to OMc expression medium devoid of growth regulators to induce em-
bryo differentiation. After 60 days, various calli exhibited somatic embryo development
(Figure A1b), being further transferred to ECO culture medium to promote cyclic embryo-
genesis. Embryogenic lines that demonstrated a high number of somatic embryos were
classified as highly competent embryogenic lines (Figure A1c). In contrast, low-competent
embryogenic lines (Figure A1d) were characterized by a low number of developed embryos.
The most competent embryogenic line, exhibiting a high number of somatic embryos, was
selected and established in ECO liquid culture medium for subsequent secretome and
extracellular metabolome analysis (conditioned medium—CM).

The CM, collected four weeks after the third subculture of the embryogenic line in
ECO liquid medium, was first used to determine the most suitable protein precipitation
method. Total protein quantification results across the three tested methods (Acetone,
TCA/Acetone, and Methanol/Chloroform), with or without a prior sample lyophilization
step, revealed a dependency on the precipitation method, with lyophilization being a
crucial step (Table 1). The selection of the appropriate extraction method plays a crucial
role in protein recovery, even when using highly sensitive techniques such as mass spec-
trometry. The correct approach to extraction and solubilization helps maximize protein
recovery while minimizing interferences in subsequent steps, such as trypsin digestion.
Although protein precipitation could introduce some protein loss, our results showed that
the precipitation before LC-MS/MS analysis improved the protein recovery (see Section 3.2).
Lyophilization, commonly referred to freeze-drying, is extensively employed across several
sectors, including pharmaceuticals, cosmeceuticals, nutraceuticals, chemicals, and the food
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industry [66]. This technique offers several advantages, such as concentrating the secre-
tome [67], while not significantly affecting the stability of its proteins, lipids, and nucleic
acids [68]. Abla et al. [69] also highlight the lyophilization procedure to preserve not only
nucleic acids and proteins but also other sensitive materials, including microorganisms and
nanoparticulate systems.

Table 1. Total protein concentration (µg/mL) across three precipitation methods tested lyophilized
and non-lyophilized treatments.

Method Lyophilized (µg/mL) Non-Lyophilized (µg/mL)

Acetone 8.93 nt
TCA/Acetone 54.00 nt

Methanol/Chloroform nt nt
nt—not detected.

The TCA/Acetone method combined with sample lyophilization was the procedure
that yielded the higher protein concentrations when compared with the other two methods
(Table 1). SDS-PAGE gel electrophoresis confirmed those results, allowing the clear identifi-
cation of six distinct bands (numbered 1 to 6, with apparent molecular weights ranging
from 63 to 35 kDa) (Figure 2).
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method (M2), and Methanol/Chloroform precipitation method (M3). Lyophilization procedure
is identified by Lio. R1, R2, and R3 correspond to each technical replicate performed for each
precipitation procedure. The six bands considered for the analysis of protein profiles are identified in
the gel (numbered 1 to 6). MW—molecular weight marker (NZYA Colour Protein Marker II, Nztech)
with the apparent size of each band indicated in kDa.



Horticulturae 2025, 11, 331 12 of 27

Of the six analyzed bands, the TCA/Acetone method was the only one present across
all bands, showing higher protein concentration values compared to the other methods.
However, significant differences were only observed in the lyophilized samples, specifi-
cally in band 5, corresponding to an apparent molecular mass of 30 kDa approximately,
where the TCA/Acetone method outperformed the Acetone method. Notably, the band
was not detected in samples processed with the Methanol/Chloroform method, which
was expected considering the results achieved in the quantification procedure (results of
statistical analysis presented in Table A1 of Appendix B).

The TCA/Acetone precipitation method relies on protein denaturation under acidic
or hydrophobic conditions, which improve protein concentration and contaminant re-
moval [70]. Compared to the two other tested methods, TCA/Acetone is well recognized
for its ability to enhance protein yield, minimize degradation by protease activity, and
reduce contamination from salts and polyphenols, factors that are critical for downstream
applications [71,72]. By contrast, the Acetone precipitation method is limited by the require-
ment of a minimum 4:1 acetone-to-aqueous protein solution ratio, making it less practical
for processing large sample volumes [73]. The Methanol/Chloroform precipitation method
is specifically applied for recovering proteins from small, dilute samples, particularly those
containing membrane proteins [57].

Based on the results, the TCA/Acetone precipitation method, combined with prior
sample lyophilization, was the only protein precipitation method that successfully enabled
protein precipitation thus allowing further analyses through high throughput platforms.
The same method has proven highly effective for precipitating proteins, including low-
molecular-weight proteins and extracellular proteins which often have low expression
levels, in systems very similar to the liquid embryogenic cultures. There are examples of
its application for concentrating extracellular enzymes released into the culture medium
by Pseudomonas [74], and to isolate extracellular vesicles secreted by P. aeruginosa during
biofilm development [75].

To assess the purity of the protein extract obtained through the selected procedure
(TCA/Acetone precipitation after prior sample lyophilization), a protocol for the detection
of cytosolic proteins was employed. The cytosolic biomarker MDH, an enzyme in the TCA
cycle that catalyzes the reversible reduction of oxaloacetate to malate in the presence of
NADH [52], was employed. This approach has been widely used to evaluate the purity of
plant cellular fluids, such as extracted apoplastic fluids, in various plant species [76–78].

In the present research, the presence of the expected MDH spots in samples obtained
from plant material (embryogenic calli collected from the CM) and their absence in the
CM extract samples (Figure A2) confirmed the absence of cytosolic proteins in the CM
sample. These results validate the effectiveness of the established workflow for isolating the
secretome of liquid embryogenic cultures, enabling subsequent characterization studies.

3.2. LC-MS/MS-Based Analysis of Secretome from Embryogenic Calli

The strategy consisting of direct solubilization of 5 mL lyophilized sample without
precipitation, followed by digestion with an S-trap column resulted in the identification
and quantification of only 261 proteins/protein groups. This suggests that although this
simpler strategy could help reduce protein losses, the presence of interfering substances
may have affected trypsin digestion, leading to lower peptide recovery and a reduction in
the number of identified proteins. In comparison, a total of 1111 proteins and 538 protein
groups (FDR < 1%, PSM ≥ 2, at least a unique peptide), of which 1096 proteins (526 protein
groups) correspond to O. europaea proteins (Table S1—Metascape results), were identified
as part of the secretome of embryogenic calli using a strategy combining TCA/Acetone
precipitation with prior sample lyophilization, protein digestion by S-trap and a proteomic
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analysis by LC-MS/MS. Of these proteins, it was possible to measure the abundance of
994 O. europaea proteins (493 protein groups) in the sample, confirming that this strategy is
the most appropriate for the analysis of the secretome of O. europaea cv. ’Galega Vulgar’
embryogenic lines. Nevertheless, it should be taken into account that only a single replicate
was analyzed using this final strategy. As a result, the outcomes might vary slightly with a
higher number of replicates, particularly for the proteins identified with a single peptide.

The results obtained align with findings from similar proteomic analyses, although the
number of identified proteins varies depending on the methodology used and the material
analyzed. For instance, in tissue cultures, an LC-MS/MS-based proteomic analysis of Elaeis
guineensis [79] identified approximately 4600 proteins and over 10,000 peptide sequences,
significantly higher than the number identified in our study. In contrast, a recent study on
the secretome of P. nigra [28] identified and quantified 187 proteins. Many of these proteins
were products of complex gene families with multiple functions. While our study identified
a substantially higher number of proteins, this broader identification likely reflects the com-
plex nature of the secretome and the interactions occurring during somatic embryogenesis
in O. europaea. Nevertheless, further analyses incorporating biological replicates will be nec-
essary to ensure the reliability of the results and to accurately interpret protein expression
patterns and their role in SE. An enrichment analysis allowed the identification of diverse
canonical pathways with the identification of proteins with different biological functions,
processes, and locations. Figure 3 represents different categories of protein ontology analy-
sis. Each chart illustrates the percentage distribution of proteins associated with various
biological categories, based on three primary aspects: biological component, biological
function, and biological process. The results indicate a strong presence of proteins related
to metabolism, catalytic activity, and intracellular processes, suggesting that the studied
system is metabolically active and engaged in various cellular processes and responses to
stimuli, including stress response as highlighted in previous reports [28,80–82].
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In analyzing the biological component, the presence of proteins originating from
intracellular organelles and the cytoplasm in the extracellular space can be attributed to
exocytosis processes. Exocytosis is an energy-consuming process that expels secretory
vesicles containing nanoparticles out of the cell membranes and into the extracellular
space [83]. These membrane-bound vesicles contain soluble proteins, membrane proteins,
and lipids, and subsequently fuse with the cell membrane for secretion into the extracellular
environment [84]. Lysosomes, which contain a range of hydrolytic enzymes for degrading
cellular materials, also play a crucial role in exocytosis [85]. Specifically, these organelles
can extracellularly release their contents via lysosomal exocytosis, involving the fusion of
lysosomes with the plasma membrane to discharge their enzymes and other substrates
into the extracellular space [86]. Furthermore, exocytosis can be induced by changes in
environmental conditions or by cellular stress signals, reflecting the cell’s ability to adapt
and modulate its interactions with the microenvironment [87]. Thus, the detection of
intracellular organelles and the cytosolic proteins in the CM may indicate an active cellular
state, where communication and interaction with the external environment are essential to
its functionality. The role of cytosolic proteins in regulating cellular processes related to
organelle function and environmental interactions has been reported in various studies.
For example, HSP type 2 was found to be upregulated during SE induction in Cyathea
delgadii [81], while cytosolic HSP18.2 and class II HSP17.6 were upregulated during somatic
embryo development in P. pinaster [88].

Regarding biological putative functions, a total of 78 were identified. The most preva-
lent processes identified are related to metabolic functions, specifically cellular metabolism
and the metabolism of organic substances. These metabolic processes play a crucial role
during SE, as cells transition from a somatic to an embryogenic state. During this transi-
tion, cells undergo dedifferentiation, activate their cell division cycle, and reorganize their
metabolic and physiological states [89]. Among these processes, metal ions are vital, serv-
ing to bridge distant residues or domains within proteins, mediating interactions between
proteins and ligands, and functioning within the active site as nucleophilic catalysts and
electron transfer agents [90]. In proteins, metal ions are crucial for maintaining structural
integrity, regulatory functions, and enzymatic activity, all of which are essential for sustain-
ing homeostasis and supporting complex cellular networks [91]. The binding of specific
metal ions can stabilize proteins or protein domains [92]. Among the identified proteins,
ascorbate peroxidase 1 (APX1) has been reported to play a significant role in SE, being
involved in tissue protection. A study examining embryogenic and non-embryogenic calli
from Medicago arborea [93] investigated POX activity. The results showed a decrease in
soluble POX activity in the embryogenic calli at the time when somatic embryos began to
emerge. According to several authors, SE is a plant cell response upon abiotic stresses [94],
and the initiation and differentiation of SE is regulated by the redox balance within em-
bryogenic tissues, and an increase in oxidative stress levels is necessary to promote the
formation of embryogenic cells [95,96].

The enrichment analysis identified statistically significant terms, including GO terms
and KEGG pathways, based on cumulative hypergeometric p-values and enrichment
factors (Figure A3). These terms were hierarchically organized into clusters using Kappa
statistical similarity, with a threshold of 0.3, grouping terms that share common proteins.
The most significant cluster includes terms related to the recognition of pollen, other
glycan degradation, phenylpropanoid biosynthesis, and external encapsulating structure
organization, suggesting that the identified proteins play a central role in SE. The results
suggest that the most enriched processes involve pollen recognition and the metabolism of
carbohydrates and phenolic compounds (Figure A4). Pollen recognition is likely associated
with mechanisms of self-incompatibility or selective fertilization. Among the identified
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proteins, RK3 stands out as a member of the plant receptor-like kinase (RLK) family. These
proteins are composed of an extracellular domain, a single transmembrane segment, and an
intracellular kinase domain. The extracellular region of RLKs is highly diverse, featuring
specialized domains that enable ligand recognition and signal perception. This structural
variability allows RLKs to function as key cell surface receptors, mediating crucial biological
processes such as development and stress responses in SE [97].

The functional enrichment analysis of the identified proteins was visualized as a
network of biological terms using Metascape (Figure 4). The most significant terms include
glycan degradation and phenylpropanoid biosynthesis. This aligns with findings from a
study on P. koraiensis [80], where different SE cell lines were analyzed, revealing significant
enrichment in phenylpropanoid biosynthesis, starch and sucrose metabolism, and glycan
degradation pathways in responsive SE cells compared to blocked or non-SE cell lines. Ad-
ditionally, the organization of external encapsulating structures relates to the organization
of the cell wall or extracellular structures [98]. Starch and sucrose metabolism are indicated
as a key metabolic process involved in SE. In fact, carbohydrates can act as signaling
molecules and regulators of gene expression, as part of signaling networks connecting the
environment with plant metabolism, development, and growth [99]. Among the identified
proteins, α-amylase (AMY, including AMY1 and AMY2), a hydrolase that catalyzes the
breakdown of internal α-(1–4)-glycosidic bonds in starch, glycogen, and related oligosac-
charides, play a key role in energy and carbon metabolism by processing environmental
polysaccharides [100]. AMYs are typically secretory proteins that are biosynthesized in
the secretory tissues, such as the scutella epithelium and the aleurone layer, before being
secreted into the starchy endosperm [101]. In a recent study using SE suspension cell
cultures of P. nigra, Pernis et al. [28] identified the AMY protein secreted into the culture
medium. The authors found that this protein was more abundant in the medium of lines
with high embryogenic capacity. The detection of this enzyme in the secretome in this
study may indicate an important role in SE and its potential as a molecular marker.

The generated network reveals various interrelated clusters of biological terms, reflect-
ing the biological processes associated with the set of proteins identified in the secretome of
the embryogenic line. Terms with a higher number of associated proteins indicate groups
that share proteins or have related biological functions, suggesting that these processes
are highly relevant within the context of SE. The interactions among these terms highlight
potentially interconnected biological pathways. Smaller clusters can also be observed in
Figure 4, such as the group of terms associated with the hydrogen peroxide (H2O2) catabolic
process, represented by proteins like mitochondrial Peroxiredoxin-IIF (PRXIIF) and thiore-
doxin peroxidase (TPX1). These proteins are linked to pathways related to antioxidant
activity, catalytic activity, and POX activity. H2O2 is a significant REDOX molecule that,
at high concentrations, induces oxidative damage to biomolecules. In a study on SE in
olive, Oulbi and co-workers [82] observed higher POX activity in embryogenic cultures
compared to non-embryogenic cultures for the zygotic explants of cv. ‘Picholine Marocaine’
and cv. ‘Dahbia’. Their results suggest that POX enzymes may be involved in secondary
or adaptive mechanisms during SE and could potentially serve as biochemical markers.
Ultimately, the results highlight the important role of secreted proteins in SE, particularly
the involvement of plant α-amylases in carbohydrate metabolism and H2O2 in catabolic
processes and signaling pathways. A better understanding of these secreted proteins im-
proves our knowledge of the metabolic adaptations that support SE and the viability of
plant cells in culture.
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3.3. Detection of Changes in the Exametabolome Composition Through 1H NMR Spectroscopy

NMR spectroscopy enabled the identification of various components in both the ECO
basal medium (negative control) and the CM collected for growing embryogenic calli. In
total, 20 metabolites were unambiguously identified, including amino acids, sugars, organic
acids, and alcohols. Figure 5A shows representative spectra retrieved from both samples.
Several amino acids were identified in the ECO medium, likely originating from the casein
hydrolysate used in its preparation. The hydrolyzed form of casein plays a crucial role
in SE by providing essential nutrients that support cellular growth and development.
Casein is a phosphoprotein that comprises four distinct subunits (αs1-, αs2-, β-, and
κ-casein) varying in their primary structure and the type and extent of post-translational
modifications [102]. Casein hydrolysates are a rich source of calcium, phosphate, various
microelements, vitamins, and, most importantly, a mixture of up to 18 amino acids [89].

The results indicate that embryogenic cells consumed significant amounts of sev-
eral amino acids, including methionine (−75.5 ± 13.4% vs. ECO medium), tryp-
tophan (−74.4 ± 12.2%), lysine (−76.2 ± 12.1%), phenylalanine (−88.7 ± 13.1%), ty-
rosine (−92.8 ± 12.7%), branched chain amino acids—valine, leucine, and isoleucine
(−88.4 ± 14.0%)—and alanine (−84.9 ± 11.6%) (Figure 5B). The aromatic amino acids tyro-
sine and phenylalanine are known to serve as crucial substrates for producing secondary
metabolites that plants use to counteract stress [103]. Additionally, embryogenic cells
consumed 58.6 ± the pyroglutamate (formed through the non-enzymatic cyclization of
glutamine) present in the ECO medium. Amino acids in the glutamine/glutamate family
play key roles in initiating and accelerating the incorporation of ammonia and nitrite into
organic nitrogen metabolism [104]. These amino acids function as nitrogen storage com-

https://metascape.org
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pounds [105], act as intermediates for incorporating ammonia into amino acids, and serve
as building blocks for proteins or nucleotides [106]. Thus, these amino acids are an effi-
cient nitrogen source for direct protein synthesis [107] and facilitate nitrogen assimilation
during long-distance metabolic transport [108]. A recent study identified amino acids as
key regulators of morphogenesis during SE in Litchi chinensis Sonn. cv. ‘Feizixiao’ [109],
demonstrating their positive influence on callus proliferation and embryo induction. When
supplied in specific mixtures, amino acids significantly enhanced somatic embryo regener-
ation. These findings highlight their role not only as an efficient nitrogen source for protein
synthesis and metabolic transport but also as crucial factors in optimizing in vitro regener-
ation protocols, supporting our observations of their contribution to nitrogen assimilation
during SE.
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Regarding the metabolites secreted into the medium by embryogenic cells, they in-
cluded 1-methylnicotinamide (MNA), 2,3-butanediol, acetaldehyde, lactate, and ethanol
(Figure 5B). The secretion of MNA suggests that the cells may be methylating nicotinamide
as part of a detoxification or regulatory process to maintain NAD+ homeostasis. The con-
sumption of nicotinurate (conjugate of nicotinic acid and glycine, both used in the prepara-
tion of the ECO medium) is consistent with the active regulation of NAD+ metabolism.

The secretion of 2,3-butanediol, acetaldehyde, lactate, and ethanol suggests a metabolic
shift that could involve anaerobic or microaerobic processes. These metabolites are typi-
cally associated with fermentation pathways, which may serve to regenerate NAD+ and
sustain glycolytic flux under specific metabolic conditions. For instance, the production of
2,3-butanediol involves the conversion of pyruvate to acetoin, followed by its reduction to
2,3-butanediol. This pathway helps regenerate NAD+ from NADH, allowing glycolysis
to continue. Similarly, acetaldehyde is a key intermediate in ethanol fermentation, where
pyruvate is decarboxylated to form acetaldehyde, which is then reduced to ethanol by
alcohol dehydrogenase. Lactate production, typically arising from lactic acid fermentation,
results from the reduction of pyruvate in the absence of sufficient oxygen, again facili-
tating NAD+ regeneration. While these metabolic shifts are often linked to low oxygen
availability, we acknowledge that our study does not directly measure dissolved oxygen
levels in the culture medium. Thus, although our results are consistent with metabolic
adaptations observed under hypoxic conditions, we cannot conclusively attribute them to
oxygen limitation. Additionally, alternative biochemical pathways could contribute to the
detected metabolites, and the presence of fermentation intermediates does not necessarily
confirm a predominant reliance on anaerobic metabolism.

Moreover, some of these metabolites could result from extracellular enzymatic activ-
ity rather than direct cellular secretion. If cells release enzymes capable of metabolizing
medium components, these transformations could influence the observed metabolite pro-
file. Passive diffusion of small molecules between cells and the extracellular environment
may also contribute. However, the coordinated presence of these metabolites, particularly
intermediates of known fermentation pathways, suggests that they primarily originate
from active cellular metabolism rather than random extracellular reactions. Future stud-
ies incorporating direct oxygen measurements, as well as gene expression or enzymatic
analyses, will be necessary to further elucidate the metabolic state of these cells.

In the context of SE, sucrose in the basal medium is essential for the maintenance
and maturation of somatic embryos, serving as a primary source of metabolic energy and
carbon during embryo development [1,108]. These compounds act as osmotic agents,
helping to preserve the integrity of the plasma membrane [110], and may also function as
reserve compounds or contribute to desiccation stress tolerance during SE process [111]. An
analysis of 1H NMR spectra showed that sucrose was hydrolyzed into glucose and fructose,
which were clearly detected in the CM spectra (Figure A4). In fact, plant α-amylases are
enzymes that contribute to the hydrolysis of starches, while sucrose itself is hydrolyzed
into glucose and fructose by specific enzymes, such as invertase [112]. Consequently, the
production of glucose and fructose from sucrose may be influenced by the activity of
amylases, which can enhance the efficiency of this hydrolysis, particularly under stress
conditions or during cellular development. Interestingly, the total amount of glucose and
fructose detected was similar to the initial amount of sucrose, suggesting that there was
minimal consumption of these sugars by the cells (Figure A4). This observation likely raises
a question about the key biological roles played by and the production of metabolites such
as 2,3-butanediol, acetaldehyde, lactate, and ethanol, which are typically derived from
the breakdown of glucose through glycolysis and subsequent fermentation. One possible
explanation for this apparent discrepancy is that the cells may be utilizing an alternative
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metabolic pathway or external source of carbon to produce these metabolites. For instance,
the cells might be relying on internal reserves, such as starch or other polysaccharides that
are not directly reflected by the sugars measured in the medium. Another possibility is
that the observed production of fermentation by-products could result from alternative
pathways involving other carbon sources or the regeneration of NAD+ through anaerobic
or microaerobic conditions, independently of the sugar consumption.

Overall, our results highlight the complex metabolic processes occurring in embryo-
genic plant cells, including the active regulation of NAD+ homeostasis, the utilization of
amino acids and alternative carbon sources, and the engagement of fermentation pathways
under oxygen-limited conditions. These findings contribute to a better understanding of
the metabolic adaptations that support SE and the survival of plant cells in culture.

4. Conclusions
The present study outlines an efficient protocol for separating proteins and metabolites

secreted by olive (O. europaea subsp. europaea L.) embryogenic cultures during cyclic
embryogenesis in ECO liquid culture medium. The application of LC-MS/MS and NMR
techniques proved highly effective for identifying and relatively quantifying these secreted
biomolecules, underscoring their potential for a detailed analysis of cellular secretions. The
results reveal that numerous proteins and metabolites are secreted into the extracellular
environment, accumulating as they are released by explants during the SE process. The
findings of this study lay the groundwork for a deeper understanding of the molecular
mechanisms governing SE. By establishing an efficient workflow, this research enables
future comparisons between high- and low-efficiency embryogenic lines to identify key
molecules that regulate and enhance SE in olive.
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Figure A1. Explants from cv. ‘Galega Vulgar’ at the end of the induction phase (a) and expression
phase (b). High embryogenic efficient line (c) and low embryogenic efficient line (d) in cyclic
embryogenesis in liquid ECO culture medium. Bars: 0.5 cm.
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Figure A4. Quantification of sucrose, glucose, and fructose levels in ECO (control sample established
without plant material) and CM samples using NMR spectroscopy. The signal area (a.u.) for each
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sugar component, as well as their combinations, is displayed, highlighting differences between ECO
(dark blue) and CM (light green) samples. Error bars represent the standard deviation of measurements.

Appendix B

Table A1. Expression level of protein bands (numbered 1 to 6) considered for the comparative
analysis of precipitation methods. Significant differences in expression band levels among the three
protein precipitation methods (Acetone, TCA/Acetone, and Methanol/Chloroform) are indicated by
different letters, which denote statistically significant differences (p ≤ 0.05).

Precipitation Methods

Lyophilized

Bands Acetone TCA/Acetone Methanol/Chloroform p-Value

1 291.3 ± 291.3 1849.7 ± 464.5 381.7 ± 381.7 0.052

2 324.7 ± 324.7 1807.7 ± 158.4 378.3 ± 378.3 0.052

3 326.3 ± 326.3 1762.7 ± 33.7 319.3 ± 319.3 0.052

4 409.3 ± 409.3 851.7 ± 429.7 262.0 ± 262.0 0.5

5 456.4 ± 456.3 a 1598.0 ± 94.92 b nt 0.035

6 381.0 ± 381.0 607.3 ± 607.33 525.3 ± 262.7 0.948

Non-lyophilized

1 146.0 ± 146.0 877.3 ± 114.9 547.7 ± 279.2 0.120

2 399.7 ± 201.6 506.0 ± 253.8 291.3 ± 291.3 0.794

3 nt 612.3 ± 313.5 337.0 ± 337.0 0.281

4 184.3 ± 184.3 366.7 ± 366.7 nt 0.558

5 491.0 ± 249.5 522.7 ± 271.3 294.0 ± 294.0 0.854

6 nt 443.0 ± 443.0 nt 0.368
nt—not detected.
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