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Abstract

Somatic embryogenesis represents a well-established example of cellular plasticity in plants, allowing differentiated
somatic cells to revert to a totipotent state and regenerate whole plants. In Piper aduncum L., a species of high economic
value due to its dillapiole-rich essential oil, large-scale propagation remains limited by inefficient regeneration systems.
This study provides integrative evidence of somatic cell reprogramming toward embryogenic competence from adult leaf
explants cultured under controlled in vitro conditions. Morphoanatomical analyses revealed that reprogramming began
within three days of culture, characterized by hypertrophic nuclei, dense cytoplasm, and perivascular clusters of small
isodiametric cells acting as embryogenic niches. Sequential histological and histochemical changes accompanied the tran-
sition from callus proliferation to organized somatic embryos, culminating in cotyledonary structures exhibiting all pri-
mary meristems. The growth curve of embryogenic calli revealed five physiological phases, with the linear phase (28-49
days) corresponding to the optimal window for subculture and somatic embryo differentiation. Biochemical profiling
indicated dynamic redox modulation, marked by transient peaks in antioxidant enzyme activity (SOD, CAT, APX, POD)
and controlled lipid peroxidation, suggesting that oxidative signaling functions as a permissive factor during embryogenic
induction and differentiation. Together, these findings demonstrate that somatic embryogenesis in P. aduncum arises from
a coordinated sequence of cellular and physiological reprogramming events in adult tissues, providing new insights into
the developmental plasticity and redox regulation underlying plant regeneration.

Keywords Piperaceae - Dillapiole - Somatic embryogenesis - Embryogenic competence - Redox metabolism - Clonal
propagation

Introduction

The genus Piper (Piperaceae) comprises approximately 700
species distributed worldwide, about 170 of which occur in
Brazil (Souza and Lorenzi 2012). Many Piper species are
traditionally used in folk medicine and hold high economic
Handling Editor: Sonia Malik value. The production of essential oils, a hallmark of the
genus, supports applications in the condiment, pharmaceuti-
cal, and biocontrol industries (Durofil et al. 2021; Pérez et
al. 2022; Fazolin et al. 2022). Among them, Piper aduncum
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promising natural source for biopesticide development and
as an alternative to synthetic agrochemicals for domestic and
international markets. However, the commercial potential of
P aduncum depends on the production of uniform, chemi-
cally stable genotypes. Studies on monoclonal cultivations
indicate that clonal inheritance contributes to the stability of
essential oil profiles under controlled conditions (Ramos et
al. 2022), emphasizing the need for reliable clonal propa-
gation methods. Seed propagation remains the most widely
used and convenient approach for seedling production, but
genetic segregation causes significant variation in essential
oil composition and yield, hindering the establishment of
homogeneous plantations. Vegetative propagation via stem
cuttings (Dousseau 2009; Gomes and Krinski 2018; Susanto
et al. 2019; Ferriani et al. 2019) offers partial clonality but
suffers from low productivity and reduced rooting capacity
as donor plants age (Cid and Teixeira 2010).
Micropropagation therefore represents an effective alter-
native for the large-scale multiplication of elite Piper geno-
types with high dillapiole content (De Sousa et al. 2020).
Among in vitro approaches, somatic embryogenesis (SE) is
particularly promising for mass propagation once optimized
for each genotype (Carvalho et al. 2006). Nevertheless,
embryogenic responses are strongly influenced by explant
origin, endogenous hormonal balance, and tissue physi-
ological state (Capriotti et al. 2022; Silva-Cardoso et al.
2022). These factors are especially critical when explants
are derived from greenhouse or field-grown plants, which
typically show lower embryogenic competence than seed-
lings obtained through in vitro germination, as described in
the pioneering SE protocol for P. aduncum (De Sousa et al.
2020). Although effective, that protocol still requires refine-
ment to enable large-scale commercial application.
Advancing somatic embryogenesis systems requires
understanding where and how cellular reprogramming
begins. Morphoanatomical studies have shown that the
acquisition of embryogenic competence is linked to clus-
ters of small, isodiametric cells with dense cytoplasm and
prominent nuclei/nucleoli, often originating near vascular
bundles (Verdeil et al. 2001; Sané et al. 2006; Ulisses et al.
2010; Meira et al. 2019; Silva-Cardoso et al. 2019). Inte-
grating such observations with callus growth kinetics allows
the mapping of physiological phases and the identification
of optimal subculture points (Nogueira et al. 2008). Beyond
the cellular level, stress plays a pivotal role in triggering SE,
modulating gene expression, hormonal signaling, and cel-
lular competence. Controlled levels of abiotic stress, such as
wounding, osmotic or thermal stimuli, can induce embryo-
genic transition, while excessive stress redirects metabolism
toward defense pathways and inhibits totipotency (Zavatt-
ieri et al. 2010). In vitro culture itself imposes stress through
excision, disinfection, and medium exposure, processes
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that lead to the accumulation of reactive oxygen species
(ROS) (Nolan et al. 2006; Batool et al. 2019; Ortowska and
Kepcezyniska 2020). To balance ROS production and avoid
oxidative damage, plants rely on enzymatic antioxidant sys-
tems such as superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX), and peroxidase (POD), which
regulate redox homeostasis and influence the acquisition of
embryogenic competence (Knorzer et al. 1996; Teisseire and
Guy 2000; Ahmad et al. 2010; Meena et al. 2024). Current
evidence supports a model in which somatic embryogen-
esis arises from the interaction between competent cellular
niches (morphological/anatomical) and a permissive redox
window (biochemical), dynamically balanced by antioxi-
dant activity.

To explore these interactions, the present study combines
(i) time-course morphoanatomical analyses of explants
and calli, (ii) callus growth kinetics to define physiological
phases and subculture timing, and (iii) enzymatic and redox
profiling (SOD, CAT, APX, POD, and MDA) as functional
markers of stress modulation and embryogenic competence.
The main objective was to elucidate the cellular and physi-
ological processes underlying SE induction and develop-
ment in P. aduncum from adult ex vitro leaves, providing
a comprehensive framework to optimize propagation pro-
tocols and enable large-scale clonal multiplication of elite
genotypes.

Materials and methods
Somatic embryogenesis in Piper aduncum

Apical leaves from adult Piper aduncum L. plants (acces-
sion A2080005) maintained at the Active Germplasm Bank
of Embrapa Acre, Brazil (10°15'57" S, 67°42'17" W), were
collected from greenhouse-grown plants. Species identifi-
cation was confirmed at the Rio de Janeiro Botanical Gar-
den, and a voucher specimen was deposited under number
8817. Authorization for access to Brazilian biodiversity was
granted by IBAMA under permits 02001.050950/2011-
61 (scientific research) and 02000.000460/2013-96 (bio-
prospection). Explants were surface-sterilized in 70% (v/v)
ethanol for 2 min, followed by immersion in 0.75% (v/v)
sodium hypochlorite solution prepared from commercial
bleach containing 5-6% active chlorine (Start™) for 15 min.
Explants were then rinsed three times with sterile distilled
water, and leaf sections of approximately 1 cm? were placed
with the abaxial surface in contact with the culture medium.

Embryogenic callus induction was carried out on basal
MS medium (Murashige and Skoog 1962) supplemented
with 30 g L' sucrose (Sigma-Aldrich®), 2.5 g L' Phyta-
gel™ (Sigma-Aldrich®), 26.85 uM a-naphthaleneacetic
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acid (NAA), and 11.10 uM 6-benzylaminopurine (BAP).
Cultures were maintained in darkness at 25+2 °C for 45
days. This induction medium and culture conditions were
established according to De Sousa et al. (2020). For somatic
embryo differentiation, embryogenic calli were subse-
quently transferred to a modified MS-based medium supple-
mented with 30 g L™! sucrose, 2 g L™! polyvinylpyrrolidone
(PVP-40), 2.5 g L' Phytagel, 2.26 uM 2.,4-dichlorophen-
oxyacetic acid (2,4-D), and 11.10 uM BAP. In this phase,
the auxin NAA used by De Sousa et al. (2020) was replaced
by 2,4-D, while the BAP concentration was maintained.
Additional modifications, including medium composition
and culture conditions for differentiation and maturation,
were developed in the present study. Cultures remained on
this medium for 30 days until the appearance of the first
somatic embryos. Calli containing ecarly-stage embryos
(globular and torpedo stages) were then transferred to a
maturation medium consisting of MS salts with 45 g L™
sucrose, 2 g L' PVP-40, and 2 g L' Phytagel, and main-
tained for 60 days to promote embryo development to the
cotyledonary stage.

Germination of somatic embryos was induced on half-
strength MS medium containing 45 g L™! sucrose and 1.44
uM gibberellic acid (GAs), followed by plantlet develop-
ment on hormone-free MS medium.

Morphoanatomical analyses

Samples were collected at 0 days (leaf prior to inoculation)
and at 3, 7, 14, 21, 30, 45, and 60 days of culture on induc-
tion medium. Additional samples were collected after 30
days in embryo differentiation medium and cotyledonary
embryos after 60 days in maturation medium.

Samples were fixed in Karnovsky’s solution (Karnovsky
1965), rinsed in 0.05 M sodium cacodylate buffer (pH 7.2),
dehydrated in a graded ethanol series, and embedded in
historesin (Leica®, Heidelberg, Germany) according to the
manufacturer’s instructions. Longitudinal and transverse
sections were obtained using a manual rotary microtome
(Leica®). For structural and histochemical characterization,
sections were stained with 0.5% toluidine blue (O’Brien et
al. 1964) to visualize general tissue organization and pheno-
lic compounds. Starch was detected using Lugol’s reagent
(Berlyn et al. 1976), and proteins were identified with Xyli-
dine Ponceau (Vidal 1970). Images were captured under a
Leica® light microscope equipped with a digital acquisition
system using LAS EZ v. 2.0 software.

Callus growth curve

The callus growth curve was determined by recording fresh
mass every seven days from day 0 to day 63 of culture on

induction medium. Callus weight was calculated as the dif-
ference between the Petri dish weight containing callus plus
medium and the weight of the Petri dish containing only the
medium.

A total of ten weekly subcultures were performed. Each
replicate consisted of five calli, and two independent repli-
cates were used (n=10). The growth percentage was calcu-
lated according to Smith (1992), using the formula: Growth
(%) = ((ftw-1fw)/ifw)*100, where ifiw represents the initial
fresh weight and ffw the final fresh weight of the calli. The
mean fresh weight at each time point was used to construct
the growth curve.

Biochemical and enzymatic characterization

Leaf explant samples were collected before and after sur-
face sterilization, at 14, 30, and 45 days of culture on callus
induction medium, and at 30 days on embryo differentiation
medium. After collection, samples were rinsed in ultrapure
water to remove medium residues, transferred to cryotubes,
immediately frozen in liquid nitrogen, ground in porcelain
mortars under liquid nitrogen, and stored at —80 °C until
analysis.

Lipid peroxidation was evaluated by quantifying malo-
ndialdehyde (MDA) through its reaction with thiobarbituric
acid (TBARS), as described by Heath and Packer (1968).
Antioxidant enzyme activities of superoxide dismutase
(SOD), catalase (CAT), ascorbate peroxidase (APX), and
peroxidase (POD) were determined spectrophotometri-
cally and normalized to total soluble protein content, which
was quantified prior to analysis. SOD activity was assayed
according to Beauchamp and Fridovich (1971), based on
inhibition of nitroblue tetrazolium (NBT) photoreduction
at 560 nm. CAT activity was determined following Havir
and McHale (1987), with modifications by Azevedo et al.
(1998), by monitoring hydrogen peroxide (H-0:) decom-
position at 240 nm. APX activity was evaluated using the
method of Nakano and Asada (1981), based on the oxida-
tion of ascorbic acid in the presence of H.0O-, with absor-
bance measured at 290 nm. POD activity was determined
according to Teisseire and Guy (2000), through the oxida-
tion of guaiacol in the presence of H202, with the reaction
product measured at 470 nm.

All spectrophotometric readings were performed with a
Shimadzu UV-1800 UV-Vis spectrophotometer with glass
or quartz cuvettes according to the wavelength requirements
of each assay.

Statistical analysis

Statistical analyses of the enzymatic activity data were
conducted using R software (version 4.4.0). Data were
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expressed as mean=standard error (SE) of three biological
replicates, each in triplicate. Differences among treatments
were evaluated by analysis of variance (ANOVA) followed
by Tukey’s test (p<0.05).

Results and discussion

Morphogenesis of somatic embryogenesis in Piper
aduncum

Calli induced from leaf explants showed progressive mor-
phological changes throughout 60 days of culture. Initially,
the explants displayed a flat surface, green coloration, and
the presence of trichomes (Fig. 1a). By the third day of cul-
ture, tissue oxidation was observed at the margins (Fig. 1b,
b.1). After seven days, tissue swelling became evident,
accompanied by irregularities along the edges and morpho-
logical changes, while the coloration remained predomi-
nantly green (Fig. 1c).

At 14 days, the explants exhibited expanded tissues with
a slightly rough texture and a reduction in green coloration,
which became opaque (Fig. 1d). A complete color transition

occurred by 21 days, when the tissues thickened, turned yel-
lowish, and displayed oxidized regions (Fig. le). After 30
days, the yellow coloration became more intense and uni-
form, with isolated oxidized areas. At this stage, the first
friable structures appeared, mostly located at the explant
periphery (Fig. 1f). After 45 days of culture, the quantity
and distribution of these structures increased, showing a
translucent yellowish appearance (Fig. 1g). By the end of
the 60-day culture period, the explants were fully covered
by friable calli with a yellow-brown translucent texture,
indicating advanced morphogenetic progression (Fig. lh).
The morphogenetic pattern observed in this study dif-
fered from that previously described for other Piper species.
The callogenic response was characterized by diffuse swell-
ing, gradual tissue color transition from green to yellowish-
brown tones, and the formation of friable calli completely
covering the explant surface after 60 days of culture. In P,
aduncum, De Sousa et al. (2020) reported friable beige-to-
white calli after 40 days of culture on MS medium supple-
mented with NAA and BAP, mainly along leaf veins and
wound edges. Likewise, P. hispidinervum formed friable
whitish calli after 30 days (De Sousa et al. 2022), while P,
longum produced nodular embryogenic calli under 2,4-D/

Fig. 1 Morphological progression of callus formation and somatic
embryo development from leaf explants of Piper aduncum L. obtained
from greenhouse-grown adult plants. (A) Leaf explant at inoculation
day. (B-B.1) Explant after 3 days of culture showing oxidized areas
(arrow). (C) Explant after 7 days with undulated surface (arrow). (D)
Explant after 14 days showing color change and onset of tissue oxi-
dation (arrow). (E) Explant after 21 days with complete color transi-
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tion and oxidized areas (arrow). (F) Explant after 30 days showing
initial callus formation (arrow) and oxidized region (*). (G) Explant
after 45 days exhibiting friable calli and oxidized areas (arrow). (H)
Explant after 60 days with the entire surface covered by friable callus.
(I) Emergence of somatic embryos (arrows) after 30 days on differen-
tiation medium, located on the abaxial face of the calli. Abbreviations:
ca., callus; se, somatic embryo. Bars=2 mm (A-I)
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NAA and cytokinin treatments (Thapa et al. 2024). Such
variations may result from differences in physiological age,
genotype, and source material, as juvenile in vitro-derived
explants often exhibit higher morphogenic plasticity than
adult tissues (Merkle 1995; Martini et al. 2013; Ballester et
al. 2016; Corredoira et al. 2019; Capriotti et al. 2022).

Hormonal regulation and 2,4-D-dependent
competence

The differentiation medium previously described for Piper
species (De Sousa et al. 2020, 2022) was ineffective for the
genotype evaluated in the present study, making it necessary
to investigate alternative hormonal conditions capable of
promoting somatic embryo development from embryogenic
calli. Considering that the explants used in the present study
were obtained from adult ex vitro plants, physiological
maturity and genotype-dependent responses were consid-
ered potential factors influencing morphogenic competence
under in vitro conditions.

After 30 days in differentiation medium containing 2.26
uM 2,4-D and 11.10 uM BAP, the first somatic embryos at
globular, cordiform and cotyledonary stages were observed
(Figs. 1i and 2a-d). The formation of embryos under these
conditions suggests that the replacement of NAA with 2,4-D
favored the maintenance of embryogenic competence and
promoted cellular reprogramming required for somatic
embryo differentiation. Although indirect somatic embryo-
genesis typically requires reducing or removing 2,4-D to
promote differentiation and maturation, genotype-depen-
dent exceptions have been reported. Short and controlled
exposure to 2,4-D can maintain proembryogenic identity
while endogenous IAA biosynthesis and redistribution
re-establish cellular polarity (Horstman et al. 2017; Fehér
2019; Elhiti and Stasolla 2022; Li et al. 2022).

Fig. 2 Development of somatic
embryos of Piper aduncum from
embryogenic calli obtained from
leaf tissues. (A—B) Somatic
embryos after 30 days on dif-
ferentiation medium, exhibiting
morphology consistent with the
globular (A) and torpedo (B)
stages. (C—D) Progression of
embryogenic structures after an
additional 30 days on maturation
medium, showing increased size
of somatic embryos reaching

the cotyledonary stage. Scale
bars=0.5 mm (a, b); 2.5 mm
(C.D)

The dual function of 2,4-D, combining auxin signaling
and mild stress induction, is considered crucial for compe-
tence acquisition, as it sustains a hormonal threshold until
endogenous control resumes (Karami et al. 2023; Elhiti and
Stasolla 2022). This mechanism aligns with the Piper sys-
tem, where NAA+BAP supports embryogenic competence
(De Sousa et al. 2020, 2022). In adult ex vitro tissues, a short
2,4-D+BAP pulse may synchronize embryogenic cell pop-
ulations, guiding development toward globular and torpedo
stages, provided hormone levels are subsequently reduced
to avoid maturation blockage (Horstman et al. 2017; Garcia
etal. 2019).

Embryo maturation and germination

After 60 days in maturation medium, both embryo number
and size increased markedly (Fig. 2): Embryogenic calli
contained on average seven embryos (0.4 mm in length)
after differentiation and 19 embryos (3.55 mm in length)
after maturation. This result indicated that the maturation
conditions promoted substantial embryo development and
progression to advanced stages.

Maturation is a critical phase in somatic embryogen-
esis, requiring medium optimization to ensure viability
and morphogenesis. Sucrose acts not only as a carbon and
energy source but also modulates osmotic potential and
solute transport (George et al. 2008; Espinoza et al. 2017;
Campos-Boza et al. 2022; De Paiva Neto and Otoni 2003).
Consistent with previous findings (Maciel et al. 2003; Pon-
nusamy 2012; Cao et al. 2022; Meira et al. 2025), sucrose
supplementation strongly enhanced maturation efficiency.

Somatic embryo germination began between the 5th
and 10th day of culture on GAs medium, characterized by
radicle protrusion and shoot emergence (Fig. 3a-b). GAs
promotes dormancy release by activating genes involved in
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Fig. 3 Germination of somatic
embryos and plantlets develop-
ment of Piper aduncum. (A)
Somatic embryo after 5 days in
germination medium containing
0.5 mg-L™* GAs. (B) Plantlets
with visible shoot and root
tissues after 10 days in germina-
tion medium. (C—D) Formation
and elongation of plantlets after
30 days in growth regulator-
free development medium. (E)
Vigorous plantlets with a well-
developed root system after 60
days of culture. Scale bars=2 cm
(E); 0.5 cm (A, D); 3 mm (C);

2 mm (B)

growth inhibitor degradation (Montero-Cortes et al. 2011;
Fehér 2015). Following germination, plantlets developed
further in hormone-free MS medium, showing normal shoot
and root growth after 30 days and full morphophysiologi-
cal development suitable for acclimatization after 60 days
(Fig. 3c—e).

Ontogeny of somatic embryogenesis in Piper
aduncum: morphoanatomical and histochemical
analyses

Leaf anatomy and structural characterization

The leaf blade epidermis of Piper aduncum is uniseriate on
both adaxial and abaxial surfaces, composed of circular to
rectangular cells with clearly defined cell walls. The adaxial
surface contains a hypodermis (Fig. 4a). Although Gogosz
et al. (2012) described the epidermis as multiseriate, other
authors, including Maciel et al. (2014) and Nakamura et al.
(2015), classified it as uniseriate with a multiple hypoder-
mal layer. In this study, the subepidermal layer on the adax-
ial face is referred to as a hypodermis, based on ontogenetic
evidence indicating its origin from the ground meristem
(Nakamura et al. 2015).
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The leaves are hypostomatic, a typical feature of the
Piperaceae family (Judd et al. 1999), and exhibit trichomes
on both surfaces of the lamina (Fig. 4, c). These are tec-
torial or glandular, multicellular and uniseriate trichomes
(Maciel et al. 2014), also reported in P. hispidinervum. In
non-cultured leaves (time 0), the mesophyll displays dis-
crete, peripherally located nuclei and lightly stained cyto-
plasm (Fig. 4a), consistent with fully differentiated tissue
under basal metabolic activity.

Early reprogramming events (3-7 days): nuclear activation
and ROS signaling

After three days of culture (Fig. 4b), mesophyll cells showed
increased nuclear size and prominence, denser cytoplasm,
and small clear regions indicative of vacuolation in reorga-
nization. Some epidermal and hypodermal cells exhibited
conspicuous nuclei with visible nucleoli. These cytologi-
cal features are classical histological markers of cellular
reprogramming and embryogenic competence acquisition
(Verdeil et al. 2001, 2007; Fehér 2015; Silva-Cardoso et
al. 2019), indicating early activation of the embryogenic
program. Similar behavior was reported in Coffea arabica
cv. Mundo Novo, in which cell division began around day
8 of culture, mainly in the spongy parenchyma, with cells
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Fig. 4 Anatomical characteristics
of Piper aduncum leaf explants at
0, 3, and 7 days after inoculation
on callus induction medium for
somatic embryogenesis. (A) Leaf
blade at the day of inoculation.
(B) Leaf blade after 3 days of
culture showing mesophyll cells
with prominent nuclei, dense
cytoplasm, and few intercellular
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spaces. (B.1) Detail of mesophyll
cells undergoing division, exhib-
iting visible nuclei and dense >
cytoplasm (arrows). (C) General
view of the leaf blade after 7 days
of culture showing enlargement
of epidermal and hypodermal
cells, some with cytoplasmic
retraction; parenchyma cells

with signs of oxidation (greenish
coloration); and vascular bundles
with proliferative activity. Abbre-

viations: ab, abaxial epidermis;
ad, adaxial epidermis; oc, oil cell;
e, stoma; vb, vascular bundle; hp,
hypodermis; pl, spongy paren-
chyma; pp, palisade parenchyma;
tr, trichome. Scale bars=200 pum
(A-F); 50 um (B.1)

showing dense cytoplasm, prominent nuclei, and few inter-
cellular spaces (Ferrari et al. 2021).

By day 7 (Fig. 4c), some hypodermal cells displayed
irregular cytoplasmic retraction (plasmolysis or stress
response), whereas the mesophyll exhibited a greener hue
consistent with phenolic oxidation. This response likely
reflects reactive oxygen species (ROS) accumulation,
whose modulation is a key determinant for the acquisition
or loss of embryogenic competence (Luo et al. 2024). In
vascular bundles, clusters of dividing cells, forming incipi-
ent callogenic masses, appeared morphologically simi-
lar to those reported in palms (Silva-Cardoso et al. 2022).
Anatomically, the precise origin of these clusters cannot
be established; they may derive from either perivascular
parenchyma divisions or proliferation of procambial/stem-
cell-like cells associated with the procambium (Wang et al.
2011; Rose 2016; Silva-Cardoso et al. 2022).

Activation of vascular niches and pluripotent domains
(14-21 days)

After 14 days of culture (Fig. 5a-b), partial loss of meso-
phyll and epidermal organization was observed. Near the

epidermis, large vacuolated cells predominated, some form-
ing small clusters with thickened walls, suggesting low
reprogramming potential. In contrast, the central region
adjacent to partially preserved vascular bundles showed
intense proliferation of small isodiametric cells with dense
cytoplasm, evident nuclei, and prominent nucleoli, which
are typical of early meristematic activity. These findings
suggest that vascular bundles act as preferential niches for
cellular reprogramming during callus induction. This phase
coincides with the “reprogramming window” (0—14 days)
described for other species, characterized by activation of
genes related to cell division, wall remodeling, and auxin
pathways (Park et al. 2023).

Recent evidence indicates that procambial or perivascu-
lar cell reprogramming leads to a pluripotent state character-
ized by high plasticity and redifferentiation potential (Guo
et al. 2023). Under appropriate hormonal and epigenetic
conditions, this state can evolve to totipotency, expressed
by somatic embryo formation (Sugimoto et al. 2011). In
P tuberculatum and P. permucronatum, embryogenic cal-
lus formation occurs around 14 days under 2,4-D and BAP
(Guimardes 2015; Santos and Nogueira 2018). The slightly
delayed response observed here may reflect P aduncum’s
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Fig. 5 Anatomical characteristics
of Piper aduncum leaf explants
(A-D) and embryogenic calli
(E-F) after 14, 21, and 30 days
of culture on callus induction
medium for somatic embryogen-
esis. (A-B) Leaf explant after 14
days of culture showing cellular
reorganization in the mesophyll,
with vacuolated cells at the
periphery and partially preserved
vascular bundles surrounded

by smaller cells with dense
cytoplasm and prominent nuclei
(arrow). (C-D) Mesophyll region
after 21 days of culture showing
the formation of a meristematic
center associated with a vascular
bundle. (C.1) Detail of the
developing meristematic center
with xylem remnants (asterisks).
(E-F) Callus after 30 days of
culture showing compact cell
clusters with dense cytoplasm
and prominent nuclei, indica-
tive of proliferative activity and
embryogenic potential. Abbre-
viations: ez, embryogenic zone;
mc, meristematic center; mz,
meristematic zone; pc, primary
callus; vc, vacuolated cell. Scale
bars=200 pm (E); 50 um (A-D,
F)

fa

specific sensitivity to the NAA+BAP combination and the
physiological state of the explants, suggesting interspecific
and explant-source variability.

Meristematic zone formation and competence acquisition
(21-30 days)

After three weeks, meristematic zones emerged, composed
of small isodiametric cells with dense cytoplasm (Fig. 5c),
associated with small-caliber vascular bundles retaining
xylem remnants (Fig. Sc.1). Compact meristematic centers
developed simultaneously, consisting of dense cell clus-
ters with prominent nuclei derived from vascular regions
(Fig. 4d). This origin aligns with reports that vascular and
perivascular tissues act as reprogramming niches during
somatic embryogenesis in P. aduncum (De Sousa et al.
2020) and other plants (Verdeil et al. 2001; Jiménez 2001;
Slesak et al. 2005; Fehér 2015; Silva-Cardoso et al. 2022).
According to Kwaaitaal and De Vries (2007), Somatic
Embryogenesis Receptor Kinase 1 (SERK1) is expressed in
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procambial cells of vascular bundles, confirming their plu-
ripotent nature and potential to acquire totipotency under
specific hormonal conditions (Fukuda 2004). Procambial
cells, which exhibit stem-cell-like behavior, are capable of
self-renewal and differentiation into specialized cell types
(Alison et al. 2002; Rippon and Bishop 2004) and are thus
classified as pluripotent stem cells (Mahonen et al. 2006).
SERK1 expression supports their role in embryogenic com-
petence acquisition.This heterogeneity, where some cells
retaining low competence while others undergo embryo-
genic reprogramming, is typical of calli under induction
(Verdeil et al. 2001; Fehér 2015; Silva-Cardoso et al. 2019).
Previous studies on P. aduncum and P. hispidinervum
reported similar patterns, though embryogenic regions were
not evident (De Sousa et al. 2020, 2022). Differences likely
stem from explant physiology, as prior work used juvenile
tissues from in vitro plants.

Juvenile explants, especially those pre-adapted to in
vitro culture, exhibit greater cellular plasticity, higher meta-
bolic activity, and lower phenolic accumulation, enhancing
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regenerative capacity (Fehér 2005; Pinheiro et al. 2012;
Zurita-Valencia et al. 2014; Maciel et al. 2014). Conversely,
adult ex vitro tissues require readaptation, showing heteroge-
neous responses that may necessitate rejuvenation strategies
(von Aderkas and Bonga 2000). The present results demon-
strate that even adult ex vifro material can trigger somatic
embryogenesis when hormonal and environmental condi-
tions are properly balanced. The NAA (26.85 uM)+BAP
(11.10 uM) medium effectively induced embryogenic path-
ways in both juvenile and adult explants, with adult tissues
responding more slowly and heterogeneously.

Embryogenic callus differentiation and histochemical
evidence (30-45 days)

After 30 days of culture, meristematic proliferation inten-
sified relative to earlier stages (Fig. 5e—f), giving rise to

Fig.6 Anatomical and histochem-
ical characteristics of embryo-
genic calli (45 and 60 days

of culture on callus induction
medium) and somatic embryos at
the globular and torpedo stages
(30 days on embryo differentia-
tion medium) of Piper aduncum.
(A) Embryogenic callus with
friable morphology and wide
intercellular spaces. (B) Forma-
tion of proembryos (dashed
outlines) characterized by cell
divisions forming clusters of 2—5
cells. (C) Xylidine Ponceau stain-
ing showing protein bodies and
intense cytoplasmic coloration.
(D) Starch accumulation and
presence of phenolic compounds
(dashed square). (E) Groups of
meristematic cells showing signs
of isolation (arrows). (E.1) Detail
of the cell isolation process
observed in meristematic clusters.
(f) Vacuolated cells and signs

of degeneration after 60 days of
culture. (G, J) Somatic embryos
at the globular and torpedo
stages, respectively. (H) Protein
bodies in the protoderm and
ground meristem (arrows). (I)
Starch grains concentrated near
the ground meristem. Abbrevia-
tions: a, starch; ec, embryogenic
callus; gm, ground meristem;

p, protein; pe, proembryo; phc,
phenolic compound; pt, proto-
derm; vc, vacuolated cell. Scale
bars=200 pum (A, E); 50 um (B,
F,G,J);25um (C,D, E.1, H, I)

compact embryogenic zones composed of isodiametric cells
with dense cytoplasm, centralized nuclei, and prominent
nucleoli (Fig. 5¢). By day 45, embryogenic calli displayed
expanded intercellular spaces consistent with friable mor-
phology (Fig. 6a), while cells retained embryogenic features
such as dense cytoplasm, large nuclei, and high nucleus-to-
cytoplasm ratio (Verdeil et al. 2001; Silva-Cardoso et al.
2022).

Dividing embryogenic cells formed small clusters of
two to thirteen cells (Fig. 6b), characteristic of proem-
bryos arising from unicellular origins (Verdeil et al. 2001;
Corredoira et al. 2006; Ferreira et al. 2022). Histochemi-
cal staining with Xylidine Ponceau revealed protein bod-
ies in embryogenic regions and developing proembryos,
with intense red cytoplasmic staining (Fig. 6¢), indicative
of high mitotic and biosynthetic activity (Silva-Cardoso et
al. 2019; Sousa et al. 2020; Ferreira et al. 2022). Starch and
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phenolic deposits were also detected (Fig. 6d), suggesting
stored energy for active division (Silva-Cardoso et al. 2019;
Ferreira et al. 2022).

Compact cell clusters within meristematic regions
appeared to detach from surrounding tissue (Fig. 6e—e.1),
indicating possible multicellular embryo origins. Similar
coexistence of unicellular and multicellular embryogenic
routes has been observed in Theobroma cacao and other
species (Verdeil et al. 2001; Maximova et al. 2002; Fehér
2015), reflecting callus heterogeneity and embryogenic
plasticity (Jiménez 2001; Silva-Cardoso et al. 2022). After
60 days on induction medium, vacuolated cells predomi-
nated (Fig. 6f), indicating loss of viability due to prolonged
auxin exposure and stress (Rose 2019).

Embryo differentiation and maturation (> 60 days)

After 30 days on differentiation medium containing 2,4-D
and BAP, histodifferentiation began with the appearance of
globular and torpedo embryos (Fig. 6g, j) showing defined
protoderm and ground meristem. Protein bodies localized
in the protoderm and ground meristem (Fig. 6h), and starch
grains near the ground meristem (Fig. 6i) indicated high
metabolic activity.

Following 60 days in maturation medium with 45 g
L™ sucrose, embryos developed to the cotyledonary stage

Fig. 7 Morphoanatomical and
histochemical characteriza-

tion of a cotyledonary somatic
embryo of Piper aduncum after
30 days in maturation medium.
(A) Isolated somatic embryo
showing morphology consistent
with the cotyledonary stage (note
the cotyledons). (B) Longitudinal
section of the embryo showing
the presence of the main primary
meristems. (B.1) Protoderm,
composed of a single organized
cell layer. (B.2) Shoot apical
meristem with small, densely
arranged cells exhibiting intense
meristematic activity. (B.3) Root
apical meristem. (B.4) Pro-
cambium with vessel elements
and residual protein bodies

in the ground meristem cells.
Abbreviations: ct, cotyledon;

pt, protoderm; sam, shoot apical
meristem; ram, root apical meri-
stem; pc, procambium; ve, vessel
element. Scale bars=0.5 mm (A);
200 um (B); 50 um (B.1-B.4)
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(Fig. 7a). Morphoanatomical and histochemical analyses
revealed all primary meristems typical of zygotic embryos,
including protoderm (Fig. 7b, b.1), procambium (Fig. 7b,
b.4), shoot apical meristem (Fig. 7b, b.2), and root apical
meristem (Fig. 7b, b.3), demonstrating advanced cellular
organization. Although starch was absent, protein accu-
mulation in the ground meristem (Fig. 6b.4), particularly
near the procambium and root apical meristem (Fig. 6b.3),
confirmed high metabolic activity, as reported for P. adun-
cum (De Sousa et al. 2020). The absence of starch likely
reflects intense energy consumption during embryo matura-
tion (Silva-Cardoso et al. 2019; Martins et al. 2022). The
presence of protoderm, procambium, and apical meristems
attests to the structural equivalence between somatic and
zygotic embryos, confirming the successful completion of
the embryogenic process under the adopted conditions.

Callus growth curve in Piper aduncum: physiological
phases, morphoanatomical correlations, and
optimal subculture point

Growth curves are commonly established to identify physi-
ological phases and determine the optimal timing for sub-
culturing explants into fresh media (Santos et al. 2010). In P,
aduncum, the growth curve exhibited a quadratic pattern with
downward concavity (x* coefficient=—0.0004). Variations
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in fresh mass over 63 days of culture revealed five physi-
ological phases (Fig. 8). The lag phase was characterized
by explant adaptation and metabolic activation, resulting in
23.55% cumulative growth. Histological analyses revealed
early cell divisions, reduction of intercellular spaces, epi-
dermal mitotic activity, and activation of vascular tissues
(Fig. 4b—c). Similar lag phases have been reported in other
woody and medicinal species, although their duration may
vary according to genotype and culture conditions (Santi-
ago 2003; Stein et al. 2010; Santos et al. 2016; Filho et al.
2023; Silva et al. 2020). The exponential phase represented
the highest biomass accumulation (46.4%) and coincided
with intense cellular proliferation, mesophyll disorganiza-
tion, and establishment of meristematic regions associated
with embryogenic competence (Fig. Sa—d). Between days
28 and 49, corresponding to the linear phase, embryogenic
calli became more evident, showing compact isodiametric
cells with dense cytoplasm and formation of proembryos
(Fig. 6a—e). These characteristics are commonly associ-
ated with active somatic embryogenesis in several species
(Stein et al. 2010; Santos et al. 2016; Filho et al. 2023,
Silva et al. 2020). From days 49 to 56, the deceleration
phase showed minimal biomass increase (1.3%), indicating
reduction in cell division rates. Although this phase is tra-
ditionally considered appropriate for subculture (Nogueira
et al. 2008; Stein et al. 2010; Santos et al. 2016; Filho et al.
2023), morphoanatomical analyses indicated that the pre-
ceding linear phase was more suitable for transfer due to the
higher embryogenic activity observed during this interval.
No stationary phase was detected. Instead, the decline phase

Fig.8 Growth curve of calli 1,2
formed from leaf explants of
Piper aduncum cultured on MS
medium supplemented with
5Smg- L' NAAand 2.5 mg-L™!
BAP over 63 days of cultivation.
The curve was fitted by quadratic
regression with the equation y = 0,8
—0.0004x2 + 0.0405x — 0.0045;
R?=0.9912). The distinct growth
phases correspond to: Phase I —
lag (adaptation); Phase II — expo-
nential growth; Phase III — linear;
Phase IV — deceleration; Phase

V — decline

0,6

Fresh Weight (g)

0,4 |

0,2

(56—63 days) was marked by reduced fresh mass, predomi-
nance of vacuolated cells, and structural disorganization,
indicating progressive loss of viability in prolonged cultures
(Fig. 6d). Altogether, the integration of growth kinetics and
anatomical markers enabled the delineation of distinct cal-
logenic developmental phases and the determination of the
optimal subculture point for advancing somatic embryogen-
esis in P. aduncum.

Redox dynamics during callogenesis and
embryogenic differentiation in Piper aduncum:
antioxidant activity and lipid peroxidation

Antioxidant activity exhibited a convergent pattern among
enzymes, with basal levels in leaf tissues, intermediate
levels during callus induction, and maximal values dur-
ing differentiation (Fig. 9a—d). Malondialdehyde (MDA),
in turn, increased progressively after 30 days of induction,
peaking at the differentiation stage (Fig. 10). No significant
differences were observed in enzyme activities in leaf tis-
sues before and after surface sterilization, although a slight
22.6% increase in MDA indicated minor transient stress
without lasting physiological effects.

Early oxidative activation and competence acquisition
(0-14 days)

Superoxide dismutase (SOD) functions as the first defen-
sive barrier, converting superoxide radicals (O:7) into
hydrogen peroxide (H:02:), subsequently detoxified by

y =-0.0004x2 + 0.0405x - 0.0045
R?=0.9912

21 28 35 42 49 56 63
Time (days)
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Fig. 9 Antioxidant enzyme activities at different stages of somatic
embryogenesis in Piper aduncum L. (A) Superoxide dismutase (SOD),
(B) Catalase (CAT), (C) Ascorbate peroxidase (APX), and (D) Per-
oxidase (POD). LA — leaf before disinfestation; LD — leaf after disin-
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Fig. 10 Lipid peroxidation levels, expressed as malondialdehyde
(MDA) content, at different stages of somatic embryogenesis in Piper
aduncum L. LA — leaf before disinfestation; LD — leaf after disinfes-
tation; 14-Ind, 30-Ind, and 45-Ind — calli after 14, 30, and 45 days
on induction medium; 30-Dif — calli after 30 days on differentiation
medium. Values are presented as mean+ SE; different letters indicate
significantly different means according to Tukey’s test (»p<0.05)
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festation; 14-Ind, 30-Ind, and 45-Ind — calli after 14, 30, and 45 days
on induction medium; 30-Dif — calli after 30 days on differentiation
medium. Values represent mean+ SE; different letters indicate statisti-
cally significant differences according to Tukey’s test (»<0.05)

catalase (CAT) and ascorbate peroxidase (APX), with auxil-
iary action by peroxidase (POD) (Zandi and Schnug 2022).
In non-cultured explants, ROS generation was low, main-
taining minimal enzyme activity. After 14 days, however,
a coordinated activation occurred: SOD and CAT activi-
ties increased by 45.4% and 87.6%, respectively, while
APX and POD rose by 183.9% and 342.1% (Fig. 9a—d).
Concomitant histological analyses revealed cell divisions
in mesophyll and epidermis and reactivity in vascular bun-
dles, hallmarks of a controlled oxidative stress peak, where
moderate H-0» accumulation signals reprogramming and
competence acquisition without membrane damage (Mittler
2002; Fatima et al. 2011; Das and Roychoudhury 2014).
Comparable transient ROS elevations have been described
as morphogenetic triggers of somatic embryogenesis when
accompanied by balanced antioxidant responses (Cui et al.
1999; Libik et al. 2005; Fatima et al. 2011).
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Enzymatic depression and permissive redox window
(14-30 days)

Although SOD and CAT activities continued to increase
globally as embryogenesis advanced (Fig. 9a-b), a tempo-
rary reduction occurred at 30 days, with decreases of 32.2%
for SOD, 10.8% for CAT, and 50.8% for APX, while MDA
remained low and statistically unchanged between 14 and
30 days (11.59—-13.97 nmol MDA g' FW).This enzymatic
“valley,” coinciding with the emergence of meristematic
zones and proembryos, reflects a permissive ROS window,
in which reduced detoxification permits localized H-O:
accumulation sufficient to consolidate embryogenic iden-
tity without enhancing lipid peroxidation. The literature
emphasizes this fine balance between signal (low—moderate
H:0:) and damage, as well as the spatial control of redox
homeostasis in embryogenic calli (Libik et al. 2005; Fatima
et al. 2011; Zandi and Schnug 2022).

Secondary oxidative burst and redox compensation (30-45
days)

By 45 days, all antioxidant enzymes reached renewed
peaks, accompanied by higher MDA levels (17.13 pmol
g FM), suggesting a second oxidative wave associated
with elevated metabolic activity in proembryogenic calli
undergoing linearization and differentiation. This combina-
tion of intense ROS generation followed by compensatory
antioxidant activation is a common regulatory mechanism
in embryogenic systems (Cui et al. 1999; Fatima et al. 2011;
Bezirganoglu et al. 2023).

Differentiation phase: high oxidative stress and enzymatic
stabilization

During the differentiation phase, the highest antioxidant and
MDA levels were observed, indicating that somatic embryo
formation and maturation impose intense oxidative stress,
eliciting maximal antioxidant defense. The marked increase
in SOD activity suggests high H.O- production in develop-
ing embryos, likely due to rapid proliferation, tissue dif-
ferentiation, and storage compound synthesis, all processes
that elevate O: consumption and ROS generation (Fatima et
al. 2011; Zandi and Schnug 2022).

Although some studies have reported reduced CAT and
APX activity during differentiation as favorable for H.O:
signaling (Cui et al. 1999; Libik et al. 2005; Fatima et al.
2011; Bezirganoglu et al. 2023), in P. aduncum all antioxi-
dant enzymes remained highly active. Once embryogenic
identity is consolidated, excess H20. becomes detrimental;
thus, elevated antioxidant activity safeguards cellular integ-
rity and embryo survival.

A model of stress-assisted embryogenesis

Altogether, the results support a stress-assisted somatic
embryogenesis model, in which transient ROS pulses
function as morphogenetic signals and the antioxidant
system defines the threshold between competence, dif-
ferentiation, and oxidative injury. Recent evidence aligns
with this model: ROS effects are dose- and compartment-
dependent, with permissive windows enabling repro-
gramming and damaging ones emerging when buffering
capacity fails (Ali and Muday 2024). Redox modulation
by ascorbic acid or brassinosteroids enhances embryogen-
esis efficiency (1SOD/CAT, |MDA) (Hazubska-Przybyt et
al. 2024), and redox-regulated cellular processes such as
autophagy play critical roles in embryogenic progression
(Gao et al. 2025). Similar principles govern microsporo-
genesis, where controlled ROS balance enhances embryo
yield, whereas oxidative excess induces cell death (Rueda-
Varela et al. 2025).

Conclusion

Morphoanatomical, histochemical, and physiological anal-
yses demonstrated that somatic embryogenesis in Piper
aduncum can be initiated from cells associated with vas-
cular bundles, which act as preferential niches for cellu-
lar reprogramming, even in adult tissues derived from ex
vitro-grown plants. The developmental sequence observed,
including proembryos, globular, torpedo, and cotyledonary
stages, exhibited structural organization comparable to that
of zygotic embryos, confirming the morphogenetic compe-
tence of the system. The integration of the callus growth
curve with anatomical analyses indicated that the linear
phase (28-49 days) represents the most suitable subcul-
ture point, coinciding with the emergence of embryogenic
structures and preceding the decline in viability seen at later
stages. In parallel, the profile of antioxidant enzymes and
lipid peroxidation revealed that transient oxidative stress
pulses, modulated by antioxidant activity, act as key signals
for competence acquisition and embryogenic differentia-
tion. Altogether, these findings provide new insights into the
cellular and physiological mechanisms underlying somatic
embryogenesis in P. aduncum and establish practical param-
eters for optimizing clonal propagation and conservation of
elite genotypes with agronomic value.
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