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Enhanced initiation of somatic
embryos in suspension cultures
of Aesculus ava and metabolic
pro le of zygotic embryos

and somatic embryos

during their development

Sne¥ana Zdravkovie-Korag®, Uroy Gagig, Sla ana Jevremovig,
Branka Uzelac, Maja Belig, Dugica Gali and Jelena Milojevi

Department of Plant Physiology, Institute for Biological Research “Sinisa Stankovic” - National Institute
of the Republic of Serbia, University of Belgrade, Belgrade, Serbia

Zygotic embryos (ZEs) of Aesculus species contain a plethora of health-
promoting phytochemicals that are used in the pharmaceutical industry and
traditional medicine. However, the seed yield decreases due to various stresses,
and seeds often contain elevated levels of heavy metals as they are mostly
collected from urban environments. Somatic embryos (SEs) could serve as an
alternative source of these phytochemicals. Therefore, this study aimed to
develop protocols for ef cient initiation, regeneration, proliferation, and
cryopreservation of A. ava SEs, while also establishing a metabolic pro le of
ZEs and SEs at successive developmental stages. The frequency of initiation of
SEs from the lament-derived friable callus was approximately eightfold higher
for explants cultured in liquid medium than on solid medium. Embryogenic
suspensions with sustained proliferation and high embryogenic capacity were
established and maintained ef ciently by size fractionation of embryogenic cell
aggregates. The selected cell lines were successfully cryopreserved by
encapsulation and slow cooling, with 75% recovery from liquid nitrogen. LC/
MS characterization of the ethanolic extracts revealed 117 metabolites: benzoic
and cinnamic acid derivatives, avonoids and saponins, including 58 new
compounds. This analysis also provided valuable insights into dynamic
alterations in specialized metabolites during embryo development. SEs in early
developmental stages primarily contained avonoids, while ZEs mainly contained
saponins, whereas cotyledonary-stage SEs (CSEs) contained both avonoids and
saponins along with considerable amounts of avan-3-ols and procyanidins.
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Thus, with 102/117 compounds detected, the CSEs obtained from suspension
cultures may represent a promising source of metabolites for the food,
pharmaceutical, and cosmetic industries. Further optimization of the protocol
is required to ensure its robust applicability across A. ava clones, together with
validation of metabolite yield, purity, and bioactivity.

KEYWORDS

Aesculus ava, cryopreservation, embryogenic suspension, LC/MS pro ling, phenolics,
saponins, somatic embryos, zygotic embryos

1 Introduction

The genus Aesculus comprises 12 species that are widely
distributed in the temperate regions of the northern hemisphere
(Harris et al., 2009). These species are among the most attractive
ornamental trees or shrubs, including a number of varieties,
cultivars and interspeci ¢ hybrids (Hardin, 1957; dePamphilis
and Wyatt, 1989). In addition to their use as ornamental plants,
Aesculus species are used for traditional and medicinal purposes, as
they contain more than 200 valuable, health-promoting
phytochemicals (Zhang et al., 2010; Yan et al., 2025), including
saponins and avonoids (Kapusta et al., 2007; Kimura et al., 2017,
Zhang et al., 2020; Green et al., 2021; Bielarska et al., 2022; Cruz
et al., 2024). These phytochemicals have been found in all studied
Aesculus species and all plant organs: fruits, seeds, bark, leaves, and

owers (Bombardelli et al., 1996; Zhang et al., 2020; Green et al.,
2021; Owczarek et al., 2021; Sun et al., 2023; Dridi et al., 2023; Cruz
et al., 2024). Nevertheless, only A. hippocastanum and A. chinensis
have to date been of cially recognized for medicinal purposes, likely
due to their widespread distribution (Zhang et al., 2010), while
other Aesculus species are used by local communities for medicine,
food, and animal feed (Mohapatra et al., 2024).

Aescin, a mixture of triterpene glycosides, is the most valued
phytochemical of Aesculus plants, used commercially in various
formulations for the treatment of chronic venous insuf ciency,
hemorrhoids and post-operative oedema (Bombardelli et al.,
1996; Gallelli, 2019) and in the cosmetic industry as an anti-
cellulite and anti-ageing agent (Wilkinson and Brown, 1999).
Aescin has numerous health-promoting effects, (reviewed in Li
et al., 2023) and is also recognized as a promising delivery system
for macromolecules in biomedicine (Fuchs et al., 2017; Cheong
et al., 2018) and in cosmetic and food products, as it can stabilize
emulsions and foams and dissolve hydrophobic molecules
(Golemanov et al., 2013). Beyond aescin, numerous
therapeutically valuable phytochemicals, such as avonoids,
procyanidins, and other phenolic compounds, have been
identi ed in the seeds, leaves, and owers of Aesculus species.
These phytochemicals also exhibit numerous health-promoting
effects (Chen and Chen, 2013; Kimura et al., 2017; Zhao et al.,
2019; Ruwizhi and Aderibigbe, 2020; Green et al., 2021; Cruz et al.,
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2024) and are consequently proposed as food additives and dietary
supplements (Yin et al.,, 2022). In recent years, there has been a
growing demand for plant-derived natural antioxidants in the food
industry, as they are non-toxic compared to their synthetic
counterparts (Khojasteh et al., 2020).

Aescin and other phytochemicals found in Aesculus species
exhibit multifaceted biological activities beyond their medicinal
effects. These compounds display a strong antifungal (Trda et al.,
2019; Green et al., 2021) and repellent effect on the moth Cameraria
ohridella (Kukula-Mlynarczyk et al., 2006; Ferracini et al., 2010;
Oszmianski et al., 2014, 2015). Aescin triggers the innate immune
response of plants by upregulating the salicylic acid pathway, thus
achieving protective effects comparable to those of synthetic
fungicides (Trda et al., 2019). Additionally, Aesculus genotypes or
species with elevated foliar concentration of aescin (Ferracini et al.,
2010; Kukula-Mlynarczyk et al., 2006) or avan-3-ols and
polymeric procyanidins (Oszmianski et al., 2014, 2015)
demonstrate resistance to C. ohridella.

Aescin, extracted industrially from Aesculus hippocastanum
(horse chestnut) seeds, is the only phytochemical from Aesculus
species currently known to be produced on a commercial scale.
However, the seed yield varies considerably, in the range of 2-25 kg
fresh weight per tree (Bellini and Nin, 2004), as a consequence of
abiotic and biotic stresses. In recent decades, the leaf-mining moth
C. ohridella has severely impacted A. hippocastanum populations
across Europe, causing extensive leaf damage (Deschka and Dimic,
1986; Augustin et al., 2009). This pest induces premature
defoliation, reducing nutrient accumulation and seed weight
(Takos et al., 2008). Additionally, aescin content in seeds varies
signi cantly due to numerous factors including genotype,
environmental factors, seed maturity, and storage conditions
(Profumo et al., 1987; Bellini and Nin, 2004; K dzierski et al.,
2016; Cukanovic et al., 2020; Wang et al., 2023). Industrial aescin
production relies on horse chestnut seeds, predominantly sourced
from ornamental trees in urban environments (Bellini and Nin,
2004; Cukanovic et al., 2020). Consequently, raw materials
frequently contain elevated heavy metal levels, compromising
pharmaceutical quality (Caldas and Machado, 2004; Cukanovic
et al., 2020). This underscores the need for alternative large-scale
production systems. Recently, the genome of A. chinensis was
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assembled, the biosynthetic pathways for triterpenoids and
coumarin glycosides were characterized and the key genes of the
pathways were cloned and functionally characterized (Sun et al.,
2023). However, the complexity of the metabolic pathways and the
toxicity of the end products limit the possibility of their production
in microbial systems (Johnston et al., 2023). Therefore, plant tissue
cultures offer a promising alternative for controlled
aescin production.

Somatic embryogenesis is the process by which somatic cells are
reprogrammed to follow an embryogenic developmental pathway,
leading to the formation of an embryo (von Arnold et al., 2002).
Somatic embryos (SEs) are therefore considered the counterpart to
zygotic embryos (ZEs). SEs of horse chestnut contain a considerable
amount of aescin and aesculin (Profumo et al., 1991, 1994; Gastaldo
et al., 1996; Calic et al., 2010). Therefore, embryogenic suspension
cultures offer an effective platform for the sustainable, year-round
production of valuable phytochemicals, including those from
geographically restricted Aesculus species yet to be exploited in
pharmaceutical applications. However, embryogenic cell suspensions
have not yet been successfully established in any Aesculus species, and
this technology remains unexploited for large-scale production of plant
material for phytochemical extraction.

A. ava (yellow buckeye, sweet buckeye) is one such species with
limited range in several U.S. states (Meyer and Hardin, 1987).
Recently, a protocol for the induction of SEs from stamen laments
of A. ava was developed (Zdravkovic-Korac et al., 2019). However,
SEs initiation from lament cultures exhibited highly variable and
unreliable ef ciency over time. The present study aimed to overcome
this problem by the application of embryogenic suspension cultures.
Plant cell and tissue culture provides a versatile platform for the
production of plant specialized metabolites, such as taxol,
ginsenosides, dyes, avors, food ingredients, cosmetics, and other
high—value phytopharmaceuticals on a commercial scale (Arya et al.,
2020; Bapat et al., 2023). Embryogenic suspension cultures have
proven to be a valuable tool for high biomass production, with
signi cant potential for scalability and cost-effective automation
(Valimaki et al., 2021). However, embryogenic cultures lose their
embryogenic potential over time due to prolonged cultivation and
particularly 2,4-dichlorophenoxyacetic acid (2,4-D) exposure, which
can induce genetic or epigenetic changes in the plant cells (von
Arnold et al., 2002; Garcia et al., 2019). Therefore, cryopreservation of
valuable cell lines is recommended for their long-term storage and
future use (Nagel et al., 2024). This safe, easy-to-perform method
minimizes the risk of contamination and decline in embryogenic
potential due to repeated subculturing in vitro and reduces culture
maintenance costs and labor (Ballesteros et al., 2024). Accordingly,
cryopreservation of embryogenic cell lines has been widely used in
woody plant species (Ballesteros and Pence, 2019). Although various
plant tissues have heen successfully cryopreserved, embryogenic
tissue (ET) and early-stage embryos have generally proved to be
the most suitable plant material for successful recovery after storage
in liquid nitrogen and subsequent thawing (Ballesteros et al., 2024).
Accordingly, embryogenic calli and isolated SEs of A. hippocastanum
have been successfully cryopreserved to date (Jekkel et al., 1998;
Lambardi et al., 2005), but to our knowledge, this is the only Aesculus
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species subjected to cryopreservation. Therefore, in the present study,
we aimed to develop a protocol for the successful cryopreservation of
ET and SEs derived from suspension cultures of A. ava.

2 Materials and methods
2.1 Plant material

The in orescences of Aesculus ava were collected from the tree
growing in the Botanical Garden “Jevremovac”, University of
Belgrade, Belgrade, Serbia. Closed ower buds (7 mm in length)
were detached from the in orescences, washed thoroughly with
running tap water containing a few drops of Fairy detergent
(Procter & Gamble), and surface-sterilized in 95% (v/v) ethanol
for 5 min followed by 70% (v/v) ethanol for 5 min. The buds were
then rinsed three times with sterile distilled water and blotted dry
on sterile tissue paper. The perianth and anthers were removed and
the stamen laments (3-4 mm in length) were excised using
a stereomicroscope.

2.2 Basal medium

The basal medium (BM) contained Murashige and Skoog
(1962) macro and micro mineral salts (Lachner, Brno, Czech
Republic), 2% (w/v) sucrose, 100 mg/l myo-inositol, 2 mg/|
thiamine, 2 mg/l adenine, 5 mg/l nicotinic acid, 10 mg/I
pantothenic acid (Sigma-Aldrich, St. Louis, MO, USA), and 200
mg/I casein hydrolysate (Torlak, Belgrade, Serbia). The pH of the
media was adjusted to 5.5 with potassium hydroxide using a pH
meter before sterilization, as described by Doungous et al. (2022).
The media were solidi ed with 0.7% (w/v) agar (Torlak, Belgrade,
Serbia) and sterilized in an autoclave at 114 °C (80 kPa) for 25 min.

2.3 Induction of friable callus and initiation
of solid and liquid cultures

Filaments isolated from 2011 to 2015 were placed on solid BM
containing 1 mM 2,4-D (Sigma-Aldrich) and 10 mM 6-
furfurylaminopurine (Kinetin, Kin, Sigma-Aldrich) in 90-mm
plastic Petri dishes (Spectar, Cacak, Serbia) and cultured in the
dark for 8 weeks. This medium was designated as 1/10. The

laments were then subcultured onto solid BM medium
supplemented with 400 mg/l lter-sterilized glutamine (Sigma-
Aldrich) and exposed to a 16-h photoperiod with a
photosynthetic ux density of 100 mmol m 2 s for a further 8
weeks (Zdravkovic—Korac et al., 2019). The cultures were
subcultured at 4-week intervals. Four to ten replications (Petri
dishes) with 15 laments each were prepared per year. Filaments
producing ET were recorded at the end of a 16-week period. The
frequency of SEs regeneration was calculated per Petri dish.

Friable callus induction protocols were adjusted over time,
incorporating liquid media for experiments from 2019 to 2024, as
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detailed below. The effect of medium consistency on ET initiation
was compared between liquid and solid cultures. For this
experiment, freshly isolated laments were cultured in the dark
on solid 1/10 medium for 4 weeks. Subsequently, whole explants,
which showed no signs of necrosis, were used to initiate both liquid
and solid cultures. For both types of cultures, 500 mg of the explants
were inoculated into 25 ml of liquid or solid 1/10 medium. The
liquid cultures were cultivated in 100-ml Erlenmeyer asks and
shaken at 95 rpm, while the solid cultures were cultivated in Petri
dishes. After 6 weeks, the explants from the solid cultures were
subcultured onto fresh solid 1/10 medium, while the liquid cultures
were refreshed with an additional 25 ml of liquid 1/10 medium.
Both culture types were maintained in the dark throughout the 16-
week period. Five replicates, each with ten subsamples (Erlenmeyer
asks/Petri dishes), were prepared annually for each culture type.
The embryogenic cultures were recorded at the end of the 16-week
period. The frequency of SEs regeneration, calculated as the
percentage of explants forming SEs, was determined per replicate.
In this study, the following terms are used: ET — any
proliferating tissue that forms cotyledonary somatic embryos after
transfer to proliferation medium; embryogenic cells aggregates
(ECAs) — the characteristic morphological units observed
macroscopically and under the stereomicroscope as white to pale-
yellow, nodular or irregularly shaped proliferating structures;
proembryogenic masses (PEMs) — histologically con rmed
nodular structures composed of small, isodiametric, densely
cytoplasmic cells, corresponding to the earliest organized stage of
the embryogenic pathway, which subsequently generated somatic
embryos and/or other embryogenic nodules. The terms ‘ECAs’ and
‘PEMs’ are used interchangeably when histological evidence is
provided; otherwise, the broader and more descriptive term
‘ECAS'’ is preferred.

2.4 Histological analysis

To understand the transition of friable callus to ET and to
determine the nature of ECAs, explants containing friable callus,
embryogenic callus, and the ECAs were sampled for histological
analysis immediately after their appearance in the liquid cultures.
Isolated material was xed in FAA (formaldehyde: acetic acid: 70%
ethanol 2:1:17) at 4°C for 48 h. Following dehydration in graded
ethanol series, the samples were cleared in xylene, embedded in
Histowax® (Histolab Products AB, Gothenburg, Sweden) at 58°C
and sectioned at 57 mm. Sections were stained with 0.05% toluidine
blue O in 0.1 M phosphate buffer at pH 6.8 (O'Brien et al., 1964),
mounted in Canada balsam and observed under a Zeiss Axiovert light
microscope (Carl Zeiss GmbH, Gottingen, Germany).

2.5 Establishment of suspension cultures
At the end of a 16-week period, the liquid cultures were

sequentially sieved through 0.9 mm and 0.05 mm nylon meshes
(Macrokun, Shijiazhuang, China) to remove cell debris and necrotic

Frontiers in Plant Science

10.3389/fpls.2025.1736161

remnants of the laments. The resulting ECAs (0.05-0.9 mm) were
collected and used to initiate ne suspensions by inoculating 100
mg ECAs per 100 ml of liquid 1/10 medium into 250-ml
Erlenmeyer asks. The suspension cultures were shaken in the
dark at 95 rpm.

To monitor growth and optimize subcultivation intervals, the
proliferation of 0.6-0.9 mm ECAs in liquid 1/10 medium was
investigated. Fifty mg of ECAs were inoculated into 50 ml of
liquid 1/10 medium and cultured as described above. Each week,
three suspensions were randomly selected and Itered through a
0.05 mm lter, blotted dry on tissue paper for 10 min and the fresh
weight (FW) of ECAs/SEs was determined. The material was then
dried at 60°C to constant weight and the dry weight (DW) was
determined. The experiment lasted nine weeks and was repeated
three times, comprising three suspensions per replicate (n = 9).

ECAs proliferation and SEs regeneration from ECAs were
determined in three lines (9, 12, and 68) selected on the basis of
their low, moderate and high embryogenic capacity. Approximately
50 mg of ECAs (0.6-0.9 mm) was cultured in liquid 1/10 medium,
and FW and SEs number were recorded after 4 weeks. The relative
FW increase was calculated using the formula (FW4—FWg)/FW,,
where FWj is the initial FW of the inoculum and FW, is the FW
after four weeks of culture. The SEs number was normalized to 50
mg initial inoculum. For each cell line, three replicates with three
suspensions each were prepared (n = 9 per line, total n = 27).

The suspensions were maintained by regular Itration through
a 0.6 mm lter at two-week intervals to retain ECAs 0.6 mm. The

Itrates were diluted with the same volume of liquid 1/10 medium.
ECAs obtained from different regeneration events, i.e., in different
Erlenmeyer asks, were maintained as different cell lines.

2.6 Suspension fractionation, proliferation
and embryogenic capacity of size fractions

To analyze the ECAs size pro le, ECA suspensions were
simultaneously Itered through a set of nylon lters (pore sizes
0.05, 0.3, 0.6, and 0.9 mm; Macrokun, Shijiazhuang, China) and a
2.38 mm stainless steel Iter (Sigma-Aldrich), then washed
thoroughly with liquid 1/10 medium to obtain ECA fractions
0.05-0.3 mm, 0.3-0.6 mm, 0.6-0.9 mm, 0.9-2.38 mm and > 2.38
mm. Each fraction was drained for 30 minutes on a 0.05 mm nylon

Iter placed over a thick layer of sterile tissue paper in separate,
sterile, closed glass Petri dishes. The FW of each fraction was
measured and its proportion per suspension was calculated.

To evaluate the proliferative and embryogenic potential of each
ECA fraction, approximately 50 mg of ECAs from each fraction was
cultured on a pre-wetted, pre-weighed 0.05 mm nylon Iter placed
over solid BM medium with 0.05 mM 2,4-D and 5 mM Kin in plastic
Petri dishes and incubated in the dark for four weeks. This medium,
designated as 0.05/5, was successfully used for SEs proliferation in
previous studies (Radojevic et al., 1989; Calic et al., 2005;
Zdravkovic-Korac et al., 2008, 2019). The FW was measured after
four weeks, and the FW increase was calculated as described in
subsection 2.5. The number of SEs was determined at the start and
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after four weeks, then normalized to 50 mg of initial inoculum. SEs
were classi ed according to their stage of development: globular/
heart-shaped (GSE/HSE), torpedo-shaped (TSE), late TSE (LTSE),
and cotyledonary (CSE). Malformed SEs were also counted. Five
replicates with three samples (Petri dishes) per size fraction were
prepared (n = 15).

2.7 Impact of sucrose on proliferation and
dry matter increase of CSEs

CSEs (1 cmin length) obtained from previous experiments were
cultured for four weeks in the dark on solid 0.05/5 medium
supplemented with 2, 4, 6, 8 or 10% sucrose. Ten CSEs were
cultured per Petri dish, with all CSEs from one Petri dish
measured as a single sample. Their FW was determined at the
start and end of the 4-week cultivation period. After FW
measurement, CSEs were frozen in liquid nitrogen and stored in
a freezer at —80°C. DW was measured after freeze-drying. The FW
increase was calculated as described in subsection 2.5. Dry matter
percentage was calculated using the formula: (DW/FW) x 100. In
order to simultaneously estimate the FW increase and the
percentage of dry matter, an index fresh-to-dry weight (FDW)
was calculated as: FW increase x dry matter percentage. Five
replicates with 3 samples (Petri dishes) per treatment were used
(n =15).

2.8 Cryopreservation of ECAs/SEs

In order to preserve the embryogenic capacity of ECAS/SEs,
they were cryopreserved following the modi ed plant cell line
cryopreservation procedure described in Schumacher et al. (2015).
ECAS/SEs (0.05-0.9 mm) harvested from the suspensions in the
exponential growth phase and Itered through a nylon Iter were
used as the starting material for cryopreservation. The
cryopreservation protocol, combining encapsulation and one-step
freezing, required a ve-day preparation period. On the rst day,
alginate beads were prepared according to the following procedure:
cell suspension pellet (4 ml) was transferred into a sterile Falcon
tube (15 ml) using a spatula and 8 ml of 3% Na-alginate was added.
After capping the Falcon tube, the cells were immersed in the
alginate by careful mixing. Using sterile pipettes with tips shortened
by ~10 mm, beads were prepared by dispensing Na-alginate
solution containing suspended cells, into 100 ml of liquid BM
medium containing 100 mM calcium chloride in a 250-ml glass jar.
The alginate drops were polymerized for 20 min in a calcium-
enriched liquid medium until the beads were fully formed. After 20
min of polymerization, the calcium-containing liquid BM medium
was decanted and the beads were washed twice with the fresh BM
medium. One hundred beads were transferred to 100 ml of liquid
BM medium in a 300-ml Erlenmeyer ask and shaken for three days
under standard growth conditions. After three days, the culture
medium was decanted, and the beads were transferred in 100 ml of
liquid BM medium with 0.9 M sorbitol, then incubated for two days
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at 4°C. On the fth day, 5 ml of undiluted DMSO was added to the
Erlenmeyer ask containing alginate beads in 100 ml BM medium
with 0.9 M sorbitol (5% v/v), and the beads were incubated at 4°C
for a further 60 min. After draining the medium, the beads were
decanted in a sterile Petri dish and ve beads were transferred to a
2-ml cryovial using sterile forceps. Cryovials were then placed in a
MrFrosty® Nalgene freezing container (Sigma-Aldrich) with
isopropanol (cooling rate —1°C/min, capacity 18 vials) and kept at
—80°C for one hour (LN-). After that, the cryovials were directly
transferred to liquid nitrogen (-196°C, LN+). The samples were
stored in liquid nitrogen for at least one day. Non-cryopreserved
encapsulated alginate beads served as the control. Both LN- and LN
+ samples were thawed in a water bath (40°C) for 3 min. Control
and thawed beads were then carefully immersed in the solid 0.05/5
medium in Petri dishes (& 9 cm, 25 ml per dish). After 24 h, the
beads were transferred to fresh solid 0.05/5 medium, and ECAs
regrowth and SEs regeneration from the beads were recorded after 8
weeks. Regrowth from the beads is measured as percent of beads
enveloped with new regenerated ECAS/SES.

2.9 LC/MS compound identi cation

Metabolite pro ling was conducted on ECAs/SEs at successive
developmental stages: ECA, GSE, HSE, TSE, and LTSE, obtained
from cultures grown for four weeks on 0.05/5 medium with 2%
sucrose, and CSEs cultivated on solid 0.05/5 medium with 2% or 8%
sucrose (designated as CSA-2 and CSA-8, respectively). ZEs of A.

ava were used for comparison. The ripe fruits of A. ava were
collected 22 weeks after anthesis from the same mother tree as the
in orescences. The pericarps and endocarps of the fruits were
removed, and the remaining seeds (cotyledons + embryo axes)
were used for analysis. Three biological replicates, each consisting of
ve pooled ZEs, were prepared.

The plant material was frozen in liquid nitrogen and stored at —
80°C until use. It was then freeze—dried and pulverized to avery ne
powder in liquid nitrogen. The extraction procedure was performed
according to Dias et al. (2022), with some minor modi cations. One
g (DW) of each sample was extracted with 50 ml of 96% ethanol,
and sonicated for 20 min in an ultrasonic bath (Sonorex Digiplus,
Bandelin, Berlin, Germany) at a peak ultrasonic power of 192 W
(nominal power of 48 W). The samples were then centrifuged at
3,000 rpm for 15 min, the supernatants were recovered using a
pipette, and evaporated to dryness in a concentrator (Concentrator
5301, Eppendorf, Germany). The dried ethanolic extracts were
weighed and dissolved in HPLC—grade absolute methanol (J.T.
Baker) to a concentration of 10 mg/ml. The aescin standard
(Fluka, Buch, Switzerland) was prepared in absolute methanol at
1 mg/ml. The aliquots were Itered through a syringe Iter (0.22
um) prior to LC/MS analysis. Three biological replicates per ECA/
SE developmental stage were prepared.

The LC/MS analysis of the extracts was conducted using
Thermo Scienti ¢’ VanquishTM Core HPLC system coupled to
the Orbitrap Exploris 120 mass spectrometer (San Jose, CA, USA).
All LC/MS parameters are explained in detail in Stojkovic et al.
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(2024). The obtained MS data were processed and analyzed using R
Studio software (version 2023.09.1, build 494) using enviPick and
xcms R packages (Zengin et al.,, 2020). Identi cation of bioactive
compounds was achieved based on their chromatographic behavior
and HRMS/MS? data, with comparisons made to standard
compounds, when available, and literature data about metabolites
from Aesculus species. The literature review was performed by
searching the SciFinder database (CAS SciFinder chemical
compound database, 2025) using suggested molecular formulas
and keywords. Data acquisition was carried out using Xcalibur®
data system (Thermo Finnigan, San Jose, CA, USA).

2.10 Recordings and statistical analysis

A completely randomized design was used for the placement of
the cultures. Percentage data were subjected to angular
transformation and SEs number data to square root
transformation prior to analysis, followed by inverse
transformation for presentation. Data were subjected to a
standard analysis of variance, and means were separated using the
LSD post-hoc test at P 0.05.

To differentiate between samples in the LC/MS analysis,
hierarchical cluster analysis (HCA) plots were constructed in
Morpheus software (Broad Institute, 2025), based on the
Spearman method of cluster agglomeration, adopting the average
linkage method. Variables were relative peak areas (relative
abundance) obtained from full-scan MS.

10.3389/fpls.2025.1736161

3 Results

3.1 The ef ciency of embryogenic tissue
induction: solid vs. liquid cultures

Friable callus in the present study was initiated by culturing A.
ava stamen laments on solid medium for four weeks, in order to

localize contamination and prevent signi cant loss of the material.
The effect of the consistency of the medium was then tested using 4-
week-old, non—necrotic calli. ET was not observed during this initial
4-week cultivation.

The frequency of ET induction from the friable calli derived from
A. ava stamen laments cultured on solid 1/10 medium varied
widely over ve years (2011-2015), ranging from 0% in 2014 to a
peak of 48.68 + 0.07% in 2012 (Figure 1A). To prevent necrosis of
friable calli and increase nutrient availability and ET induction rates,
whole, non-necrotic callus-forming explants were cultured in liquid
1/10 medium and compared to those cultured on solid 1/10 medium.
In the period 2019-2024, the frequency of ET initiation from the
same amount of callusing laments was signi cantly higher (p
0.00001) in liquid than on solid medium (Figure 1B). The frequency
of ET induction in liquid medium varied from 70.4 + 0.24% to 90.45
+ 2.28%, while in solid cultures it ranged from 0% to 10.95 + 0.24%
(Figure 1B). Therefore, ET initiation in liquid medium was more
ef cient and reliable than on solid medium of the same composition.
ET induction frequencies for solid cultures in 2011-2015 were higher
than those in 20192024 because a greater quantity of material was
cultured per Petri dish (approximately 2 g vs. 0.5 g).

FIGURE 1

according to the LSD test.

Variation in the frequency of regeneration of somatic embryos (SEs) from the stamen laments of Aesculus ava over eleven years: effect of the
consistency of the medium. (A) Filaments isolated in 2011—2015 were cultured for eight weeks in darkness on solid medium with 1 mM 2,4-D + 10
mM Kin (1/10) and then subcultured on solid medium without plant growth regulators and exposed to a 16—h photoperiod for a further eight weeks.
Four to ten replicates with 15 laments were prepared per year. SEs regeneration frequency was calculated per Petri dish. (B) Filaments isolated in
2019—-2024 were cultured in the dark on solid 1/10 medium for four weeks and then subcultured to either solid or liquid 1/10 medium, using 500
mg of whole callusing laments per culture for a further 12 weeks. Five replicates of ten samples each (Erlenmeyer ask/Petri dish) were prepared
annually for each culture type. The presence of embryogenic tissue was recorded 16 weeks after culture initiation. The SEs regeneration frequency
was calculated per replicate. Data represent the mean =+ standard error. Treatments labelled with the same letter do not differ signi cantly (p  0.05)
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FIGURE 2

other embryogenic nodules. Scale bars: a—c = 10 mm, d—f = 1 mm.

Formation of embryogenic cell aggregates (ECAs) and SEs regeneration in the liquid culture of A. ava friable callus. (A) Friable callus formed from
the lament cultured in the dark on solid 1/10 medium for four weeks. (B) ECAs nine weeks after liquid culture initiation. (C) Formation of
proembryogenic masses (PEMs) from friable callus (FC) cultured on solid 1/10 medium for eight weeks. (D) An ECA obtained after sieving the liquid
culture. (E, F) SEs regeneration from the same ECA after two weeks (E) and three weeks (F) of culture on solid MS medium supplemented with 0.05
mM 2,4-D + 5 mM Kin. ECAs — the characteristic morphological units observed macroscopically and under the stereomicroscope as white to pale-
yellow, nodular or irregularly shaped proliferating structures; PEMs — histologically con rmed nodular structures composed of small, isodiametric,
densely cytoplasmic cells, corresponding to the earliest organized stage of the embryogenic pathway, which subsequently generated SEs and/or

In liquid medium, cells detached from the surface of friable calli
(Figure 2A) and dispersed in the medium, while the enlarged
lament body remained compact (Figure 2B). However, only a
slight proliferation of dispersed cells was observed, followed by
necrosis of the lament body within 1-2 weeks. Maceration of the
explants, to enhance nutrient availability to the cells, did not
prevent explant necrosis or improve cell proliferation and culture
density (data not shown). ET appeared 4-8 weeks after the
initiation of liquid culture and proliferated rapidly and vigorously
(Figure 2B). Concomitantly, the same type of ET was observed on
laments cultured on solid 1/10 medium (Figure 2C). The ET was
globular and segmented, with a brown necrotic zone in the center
(Figure 2D). As appeared, ET immediately started to regenerate SEs
in both solid and liquid cultures (Figures 2E, F).

3.2 Histological analysis of friable callus
and ECAs

Histological analysis showed that a brownish friable callus
mostly contained fragments of necrotic tissue in which isolated
clusters of highly meristematic cells and SEs structures with distinct
protoderm were observed (Figure 3A). Regions with thick-walled
cells exhibiting meristematic characteristics and intense mitotic
activity were surrounded by thin-walled, highly vacuolated and
irregularly shaped parenchymatous cells with large intercellular
spaces (Figures 3B, C).

Frontiers in Plant Science

Histological analysis of ECAs revealed the presence of friable
nodules, composed of two histological regions with a gradual
transition between the two: more internally positioned
meristematic cells, organized in PEMs and larger more vacuolated
parenchymatous cells at the periphery (Figure 3D). Differently sized
intercellular spaces were present at low frequency. PEMs consisted
of small isodiametric cells with relatively dense cytoplasm, small
vacuoles, large nuclei with prominent nucleoli, and a high nucleus—
to—cell-area ratio (Figure 3E). A distinct protoderm was
not observed.

Proliferating ECAs comprised meristematic cell clusters,
composed of clumps of densely packed, cytoplasm-rich cells
(Figure 3F). Meristematic cell clusters varied in size and shape
and were also characterized by the presence of two histological
regions with a gradual transition between them. More irregularly
shaped clusters often exhibited signs of tissue disorganization at
their periphery and cell degradation of the outermost vacuolated
cells (Figures 3E, F). Sections through ECAs revealed their partial
segmentation, with adjacent meristematic cell clusters clearly
delineated from one another (Figures 3E, F).

3.3 Initiation and maintenance of the
suspension cultures

After lItration, liquid cultures were cleared of the remains of
necrotic laments and lysed cells and obtain ne ECA suspensions
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FIGURE 3
Histological analysis of friable-to-embryogenic callus transition and ECAs formation. (A) Section of friable embryogenic callus cultured in 1/10 medium,
with pores and necrotic regions (asterisks), showing isolated clusters of meristematic cells (mc) and embryogenic structures with distinct protoderm
(arrow). (B, C) Embryogenic callus with clusters of tightly packed meristematic cells (mc) surrounded by irregularly shaped vacuolated cells; (C) - detail of
(B) (D, E) ECAs cultured on solid 0.05/5 medium for one week; (E) — detail of (D) Note segmentation lines (arrows) between adjacent nodules containing
meristematic clumps (mc). (F) Proliferation of ECAa after 2 weeks of culture. Note irregularly shaped clusters of meristematic cells showing signs of
tissue disorganization at their periphery (arrows). ECAs — the characteristic morphological units observed macroscopically and under the
stereomicroscope as white to pale-yellow, nodular or irregularly shaped proliferating structures. Scale bars = 100 mm.

(Figure 4A) that exhibited sustained proliferation and ef cient SEs  formed SEs proliferated via secondary somatic embryogenesis, thus
regeneration (Figure 4B). In suspension cultures, ECAs not only  producing cultures that contained SEs from globular to advanced
enlarged but also continuously released smaller cell aggregates,  stages of development (Figure 4B). Filtration was essential for the
resulting in a wide range of ECA diameters. In addition, newly  ef cient maintenance of suspension cultures, as ECAs larger than

FIGURE 4
Initiation of a suspension culture. (A) ECAs 0.6—0.9 mm immediately after Itration. (B) The same culture after two weeks of cultivation in the dark at
95 rpm. ECAs — the characteristic morphological units observed macroscopically and under the stereomicroscope as white to pale-yellow, nodular
or irregularly shaped proliferating structures. Scale bars = 10 mm.
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