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Abstract

Capparis spinosa L. is a Mediterranean medicinal and aromatic species valued for its flavonoids, glucosinolates, and
volatile terpenoids. However, increasing exploitation raises concerns regarding sustainable utilization. An in vitro callus
culture system was developed to optimize biomass production and secondary metabolite accumulation. Leaf explants were
cultured on Murashige and Skoog (MS) medium supplemented with different combinations of cytokinins (6-benzylamino-
purine, BAP; kinetin, KIN) and auxins (2,4-dichlorophenoxyacetic acid, 2,4-D; naphthaleneacetic acid, NAA). Biomass
accumulation was evaluated through fresh and dry weight gain. Volatile compounds were analyzed by HS-SPME-GC-MS,
whereas non-volatile metabolites were characterized using UPLC-QTOF-MS/MS and semi-quantified by UPLC-TQ-MS/
MS. Response surface methodology identified optimal hormonal conditions for callus biomass production after 30 days,
corresponding to BAP (1.5-2.0 mg/L) combined with 2,4-D (0.5-1.5 mg/L), yielding fresh and dry weight gains exceed-
ing 3000 mg and 300 mg, respectively. Volatile profiling revealed terpenes and sulfur-containing compounds, with 2,4-D
treatments inducing safranal, (E)-rose oxide, and menthol, not detected in leaf tissues. NAA treatments mainly influenced
relative volatile abundance. Non-volatile analysis indicated enhanced accumulation of glycosylated flavonoids, including
rutin, kaempferol-3-O-rutinoside, and quercetin-3-O-glucoside, under KIN/2,4-D or NAA conditions, while BAP/2,4-D
favored indolic and phenolic derivatives. These results demonstrate that hormonal balance significantly influences biomass
production and metabolic profiles in C. spinosa callus cultures, highlighting their potential for sustainable phytochemical
production.

Key message
PGRs synergistically maximize biomass and secondary metabolite production in Capparis spinosa L. in vitro cultures,
offering a sustainable biotechnological platform for the production of flavonoids and novel terpenoids.

Keywords Capparis spinosa L. - Callus induction - Plant growth regulators - Secondary metabolites - Auxins -
Cytokinins

Introduction such as glucobrassicin, neo-glucobrassicin, and hydroxy-

glucobrassicin, which contribute to its diverse biological

Capparis spinosa L., commonly known as the caper bush,
is a perennial Mediterranean plant of significant medicinal,
culinary, and socio-economic importance (Kdimy et al.
2022). Various organs of C. spinosa contain a wide range of
bioactive compounds, including flavonoids, phenolic acids,
volatile organic compounds (VOCs), and glucosinolates
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activities (Yousefi et al. 2025; Hazrati et al. 2025). Due
to its high medicinal and economic value, C. spinosa is
largely collected from wild populations, with limited culti-
vation practices in Mediterranean regions (Tlili et al. 2017).
Overexploitation threatens the sustainability of the species
and limits its industrial potential. Moreover, conventional
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propagation methods, including seed germination after
scarification or hormonal treatment, are often slow and inef-
ficient (Sozzi and Chiesa 1995; Labbafi et al. 2018; Nowru-
zian and Aalami 2023).

In this regard, in vitro micropropagation has been pro-
posed as an alternative to reduce pressure on natural popula-
tions, yet its effectiveness remains limited for certain plant
species (Sottile et al. 2021; Koufan et al. 2022). Among
available plant biotechnology approaches, callus culture
is a key technique in plant biotechnology, enabling differ-
entiated cells to revert to an undifferentiated, proliferative
state and serving as a basis for organogenesis or somatic
embryogenesis (Fauconnier et al. 1993; Mohaddab et al.
2022; Pasternak and Steinmacher 2024). This plasticity is
regulated by exogenous application of plant growth regula-
tors (PGRs), which coordinate cell division, differentiation,
and the regulation of key metabolic pathways (Zluhan-Mar-
tinez et al. 2021). Given their central role in controlling both
morphogenesis and secondary metabolism, PGRs constitute
critical determinants for optimizing callogenesis and in
vitro metabolite accumulation (Bull and Michelmore 2022;
Zhiponova et al. 2024). Consequently, callus cultures have
become widely recognized as sustainable biotechnological
platforms for biomass production and the synthesis of high-
value secondary metabolites for pharmaceutical, cosmetic,
and food applications, while simultaneously preserving
donor plants (Abdulhafiz et al. 2022; Ozyigit et al. 2023).

The successful induction and proliferation of callus tis-
sues largely depend on the type and balance of applied
PGRs. The application of cytokinins, such as 6-benzyl-
aminopurine (BAP) and kinetin (KIN), and auxins, such
as 2,4-dichlorophenoxyacetic acid (2,4-D) and 1-naphtha-
leneacetic acid (NAA), have been extensively reported to
promote callus formation and stimulate the biosynthesis
of bioactive metabolites in diverse plant species (Mastuti
et al. 2017; Firoozi et al. 2019; Chacon et al. 2023). Cal-
lus cultures may also synthesize metabolites absent from
the original plant, including flavonoids, phenolic acids, and
terpenoids, highlighting the potential of in vitro systems as
sources of novel bioactive compounds (Banaev et al. 2025).
Despite the recognized pharmacological significance of C.
spinosa, relatively few studies have systematically explored
its in vitro callus culture and associated secondary metabo-
lite production. The investigations by Wang et al. (2007)
and Yin et al. (2014) established that leaf-derived and sus-
pension cell cultures of C. spinosa constitute viable systems
for biomass accumulation and volatile oil production. Simi-
larly, Al-Safadi and Elias (2011) reported successful cal-
lus induction from leaf and shoot explants on MS medium
supplemented with BAP and NAA, while Kumari et al.
(2015) demonstrated efficient plantlet regeneration through
callus-mediated morphogenesis. More recently, Duran and
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Issah (2022) showed that BAP combined with NAA pro-
moted both callus formation and phenolic compound accu-
mulation, including rutin, quercetin, and chlorogenic acid,
in leaf-derived callus cultures. Furthermore, supplementa-
tion with the synthetic strigolactone GR24 in combination
with NAA and BAP was found to further stimulate rutin and
quercetin biosynthesis in callus tissues (Duran and Issah
2022). The relevance of these findings is reinforced by the
considerable pharmacological potential of the metabolites
produced. Among these, rutin has attracted significant atten-
tion due to its antidiabetic, cytoprotective, vasoprotective,
anticancer, neuroprotective, and cardioprotective activities
(Ganeshpurkar and Saluja 2017; Ullah et al. 2020). Other
metabolites, such as isothiocyanates and terpenoids, exhibit
anticancer and anti-inflammatory properties and have been
commercially exploited as active pharmaceutical ingredi-
ents (Brown and Hampton 2011; Kamran et al. 2022; Lud-
wiczuk et al. 2017). Despite these advances, no study has yet
applied a systematic hormonal design based on Response
Surface Methodology combined with integrative metabolo-
mic profiling to simultaneously optimize callus biomass and
secondary metabolite production in C. spinosa.

In this context, the present study employed a systematic
hormonal design and integrative metabolomic profiling to
maximize callus growth and secondary metabolite produc-
tion in C. spinosa. Specifically, response surface method-
ology (RSM) was applied to determine the most effective
combination of cytokinins (BAP or KIN) and auxins (2,4-D
or NAA) for maximum callus growth. In parallel, vola-
tile compounds were analyzed using HS-SPME-GC-MS,
whereas non-volatile metabolites were profiled through
UPLC-QToF-MS/MS and semi-quantified using UPLC-
TQ-MS/MS. This integrative approach provides a unique
platform for efficient in vitro propagation and targeted pro-
duction of bioactive compounds from C. spinosa.

Materials and methods
Plant material and disinfection

Fresh leaves of Capparis spinosa L. were collected in
April 2022 from mature wild plants at the fruiting stage,
naturally occurring in the Taounate region (Morocco; lati-
tude: 34°26°31.187” N, longitude: 4°42°11.97” W, altitude:
435 m). Leaves were harvested, sterilized, and cultured on
the same day (Fig. 1). The disinfection process consisted
of sequential washing under running tap water for 10 min,
immersion in 70% ethanol for 2 min, followed by four rinses
with sterile distilled water (3 min each). Subsequently,
leaves were treated with a 4.5% sodium hypochlorite
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Fig. 1 Wild Capparis spinosa L. plants collected from the Taounate region, Morocco. (A) General view of the natural habitat. (B) Mature plant at
the fruiting stage, showing the leaves used as the explant source. Yellow arrow: pollinated flowers. Red arrow: fruits

Table 1 Hormonal matrix combinations used for callus induction from
Capparis spinosa leaf explants

PGRs BAP or KIN (mg/L)

2,4D [0;0]  [0;0.5] [0;1  [0;1.5]  [0;2]

or NAA [0.5;0] [0.5;0.5] [0.5;1] [0.5;1.5] [0.5;2]

mg/L) ;0] (13051 (1] (1515 [132]
[1.5;0] [L15:0.5] [L5;1] [L5;1.5] [1.5;2]
[2; 0] [2;0.5] [2;1] [2;1.5] [2;2]

BAP: 6-benzylaminopurine, KIN: kinetin, 2,4-D: 2,4-dichlorophen-
oxyacetic, NAA: 1-naphthaleneacetic acid

solution containing 0.3% Tween-20 for 15 min, and finally
rinsed several times with sterile distilled water.

Culture media and growth conditions

Callus induction was performed on Murashige and Skoog
(MS) medium (Duchefa, Netherlands) supplemented with
30 g/L sucrose, 8 g/L agar, and MES buffer (M0255, Duch-
efa). The pH was adjusted to 5.7+0.1 before autoclaving
at 121 °C for 15 min under 1 bar pressure. The experimen-
tal design (Table 1) was based on RSM, using a full matrix
combining five concentrations (0, 0.5, 1, 1.5, and 2 mg/L)
for the addition of auxins (2,4-D and NAA) and cytokinins
(BAP and KIN). Each combination was tested in triplicate,
and callus growth was assessed for each hormone interac-
tion. Leaf explants (1-cm diameter discs) were placed on
20 mL of medium per Petri dish (5 explants per dish). A
total of 1500 explants were used. Cultures were incubated
in a phytotron (light intensity: 1600 W, Sylvania fluorescent
tubes) under a 16 h light: 8 h dark photoperiod at 24+2 °C
for 30 days.

Callus biomass assessment

Callus Fresh Weight Gain (FWG) was determined after 30
days of culture by weighing the callus immediately after
removal from the medium. Dry Weight Gain (DWG) was
determined after oven-drying the callus at 30 °C until a con-
stant weight was achieved. FWG was calculated as follows:

FWG = Final fresh weight — Initial weight of explant

HS-SPME-GC-MS profiling of volatile organic
compounds in callus cultures

Volatile organic components were analyzed using headspace
solid-phase microextraction (HS-SPME) coupled with a
GC-MS system. Analyses were performed in triplicate on
calli for each hormone combination treatment (Table 1), as
well as on fresh leaves for comparison. For each analysis,
approximately 150 mg of callus or fresh leaf tissue were
homogenized using a mortar and pestle and immediately
transferred into 2 mL glass vials without the addition of any
solvent. The vials were promptly sealed to minimize vola-
tilization losses before analysis. Each sample was incubated
for 30 min at 30 °C under shaking (Gerstel, Miilheim an
der Ruhr, Germany) at 250 rpm, with a 10 s on/1 s off agi-
tation cycle. VOCs were collected using a divinylbenzene/
carboxen/polydimethylsiloxane (DVB/CAR/PDMS, 50/30
pm) SPME fiber (Supelco, Darmstadt, Germany) exposed
to the headspace for 5 min. The injection was performed in
splitless mode at 260 °C. GC-MS analysis was conducted
using a 7890B-5977CB GC-MS (Agilent Technologies,
Santa Clara, CA, USA) equipped with a capillary column
HP-5MS (30 m x 250 um % 0,25 pm, Agilent Technologies,
Santa Clara, CA, USA). Helium was used as a carrier gas at
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a flow rate of 1.2 mL/min. The oven temperature program
ran as follows: 40 °C for 3 min, followed by a 3 °C min™!
increase up to 140 °C, then 10 °C min™ ! up to 300 °C, tem-
perature held for 5 min. The mass spectrometer was cali-
brated to maintain an ion source temperature of 230 °C and
a quadrupole temperature of 150 °C. The SCAN mode was
employed with a scan range of 30 to 400 m/z. The obtained
spectra were compared to the NIST 17 reference database
for compound identification. Additionally, experimental
retention indices (RI) were determined by injecting a series
of n-alkanes ranging from C; to C;, (Sigma Aldrich, Darm-
stadt, Germany) using the same chromatographic param-
eters as described above. Experimental RI values were
compared with the literature Rls for further identification of
the compounds (Burgeon et al. 2021).

LC-MS/MS-based identification and semi-
quantification of metabolites in callus cultures

For each treatment, approximately 150 mg of dry callus
were placed in a Sorvall centrifuge tube and extracted with
2 mL of MeOH/H-0O (80:20, v/v), containing 5 puL of an
internal standard solution. The internal standard consisted of
flavone (molecular weight=220 g/mol) dissolved in DMSO
at a concentration of 2 mg/mL. The mixtures were sonicated
in an ultrasonic bath for 20 min and centrifuged at 3000 x g
for 10 min. The resulting supernatants were filtered through
0.22 pm syringe filters prior to LC-MS/MS analysis.

Metabolite profiling was performed using LC-QTOF for
qualitative identification and LC-TQ for semi-quantification
as described by Belkessam et al. (2025), with the addition
of 4-methoxyglucobrassicin (MRM transition: 477—97).
Chromatographic separation was achieved on an Acquity®
BEH C18 column (2.1x100 mm, 1.8 um particle size;
Waters Co., Milford, MA, USA) thermostated at 30 °C, with
an injection volume of 10 pL. The mobile phase consisted
of milliQ water with 0.1% formic acid (solvent A) and MS-
grade acetonitrile with 0.1% formic acid (solvent B), deliv-
ered at a flow rate of 0.450 mL/min. The elution gradient
was as follows: 1% B for 1 min, a linear ramp to 100% B
over 11 min, an isocratic wash at 100% B for 1.5 min, and
re-equilibration at 1% B for 2.5 min (total run time: 16 min).
Data were processed using MassHunter® Workstation soft-
ware (Agilent Technologies). Metabolite content was deter-
mined according to the following equation:

Molecule content(A.U./mg DW)
= (M RM peak area)
+ (MRM flavonepeak area
x Sample dry weight)

@ Springer

Results were expressed in arbitrary units (A.U.) per mg of
dry weight.

Statistical analysis

Response Surface Methodology (RSM) was applied to
model FWG and DWG responses, allowing the identifi-
cation of the most favorable hormone concentrations for
callus growth. All experiments were performed in tripli-
cate, and the data were standardized using Z-scores before
analysis. Data were analyzed by the one-way analysis of
variance (ANOVA). When means differed significantly,
pairwise comparisons were conducted using Bonferroni-
adjusted p-values (p<0.05). RSM and ANOVA were per-
formed using JMP Pro 17 (SAS Institute, USA). Principal
Component Analysis (PCA) was used to explore variabil-
ity in VOC profiles across treatments based on peak areas,
using MetaboAnalyst 6.0 (https://www.metaboanalyst.ca/).
A heatmap was generated in R using the “pheatmap” and
“ggplot2” packages, with hierarchical clustering applied to
group samples and metabolites based on their profile. Addi-
tionally, a bubble plot was constructed in Excel to visualize
metabolite concentrations, where bubble size corresponds
to the Z-score, allowing intuitive comparison of relative
abundances among treatments.

Results

Effects of BAP, KIN, 2,4-D, and NAA on callus
proliferation and biomass accumulation

The effects of PGRs on callus growth and biomass accu-
mulation were evaluated based on FWG and DWG using
four hormone combinations: [BAP; NAA], [BAP; 2,4-D],
[KIN; 2,4-D], and [KIN; NAA]. Analysis of variance (Sup-
plementary Table 1) showed that combinations containing
2,4-D or BAP had highly significant effects (p<0.001) on
both FWG and DWG. These results confirm that callus
growth is strongly dependent on the specific PGR combina-
tion (Fig. 2), with 2,4-D primarily influencing FWG, while
cytokinins (BAP, KIN) appear to exert a comparatively
greater influence on DWG. In contrast, the [KIN; NAA]
combination was the least effective, showing no significant
effect on FWG (p>0.05) and only a linear effect of KIN
on DWG (p<0.05). To further elucidate PGRs interactions,
three-dimensional RSM plots were generated to systemati-
cally assess the combined effects of varying PGR concen-
trations on callus development (Fig. 3). The combination
of BAP and 2,4-D consistently produced the highest FWG
(>3000 mg) and DWG (>300 mg) (Fig. 3A, B), correspond-
ing to 1.5-2 mg/L BAP with 1.0-1.5 mg/L 2,4-D for FWG,
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Fig. 2 Morphological observations of Capparis spinosa L. callus cul-
tures after 30 days of in vitro culture on MS medium supplemented
with different combinations of plant growth regulators. (A) Multiple
calli in Petri dishes; (B) Compact cream-white callus; (C) Cup-shaped

and 1.5-2 mg/L BAP with 0.5-1.5 mg/L 2,4-D for DWG.
The close proximity of the maximum values of FWG and
DWG suggests a potential cooperative interaction between
the PGRs used in callus culture.

The combination of BAP and NAA (Fig. 3C and D)
resulted in intermediate growth levels, with FWG below
1200 mg and DWG below 250 mg. Optimal concentra-
tions were 0.5-1 mg/L BAP with 1-2 mg/L NAA for FWG
and 0.5-1.5 mg/L BAP with 1-2 mg/L NAA for DWG. In
Figs. 2, 3E and 4-D alone effectively promoted callus induc-
tion, reaching FWG maximum of 2500-3000 mg at con-
centrations of 0.5-2 mg/L. However, the 3D saddle-shaped
response surface suggests that the observed maximum
often occurs at the edges of the graph, indicating that the
true FWG maximum might lie outside the tested range. The
addition of low KIN concentrations (0-0.5 mg/L, Fig. 3F)
significantly increased DWG, up to 300 mg, suggesting that
FWG increases mainly reflect water uptake, whereas DWG
increases correspond to cellular differentiation and solid
biomass accumulation. Conversely, the KIN and NAA com-
bination resulted in limited growth, despite a linear effect of
KIN on DWG, no significant FWG increase was observed
(Fig. 3G, H).

Predictive callogenesis profiles were generated to assess
the effect of PGRs on biomass growth (Fig. 4). 2,4-D at
1 mg/L maximized callus formation in C. spinosa (Fig. 4A,
B, E, and F). The BAP/2,4-D combination showed the

green callus; (D — H) Stereomicroscope views illustrating a friable
texture and color variation ranging from cream-white to bright green
depending on hormonal treatment

highest desirability (60.91% FWG and 54% DWG), corre-
sponding to 3471 mg FWG and 328 mg DWG. Higher 2,4-D
(1.29 mg/L) concentration favored FWG, but KIN appeared
to negatively affect cell proliferation, whereas low KIN
(0.7 mg/L) improved DWG by enhancing biomass accumu-
lation and cellular development. BAP/NAA and KIN/NAA
combinations produced moderate or low responses, respec-
tively. ANOVA and RSM confirmed that PGR selection is
a critical determinant of callus growth, with BAP/2,4-D
yielding the highest FWG and DWG.

Emission profiles of volatile organic compounds

HS-SPME-GC-MS analysis revealed that different PGR
combinations markedly influenced the VOCs profile of C.
spinosa callus. A total of 72 VOCs were identified, including
35 terpenes, 14 aldehydes, 8 sulfur compounds, 7 alcohols,
4 ketones, 3 esters, and 1 carboxylic acid (Supplementary
Table 2). Terpenes and sulfur-containing compounds were
the predominant classes, highlighting their major contribu-
tion to the volatile profile of these in vitro cultures.

To further analyze the data, principal component analy-
sis (PCA) was performed to visualize trends and variations
within the dataset. The results of the PCA (Fig. 5A) high-
lighted that principal component 1 (PC1), 2 (PC2), and 3
(PC3) explain 19.9%, 16.3%, and 11% of the total variance,
respectively, accounting for a total of 47.2% of the dataset
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{ Fig. 3 Three-dimensional (3D) response surfaces generated using
JMP illustrating the combined effects of different PGR concentrations
on callus induction. Panels A and B: [BAP; 2,4-D]; C and D: [BAP;
NAAJ; E and F: [KIN; 2,4-D]; G and H: [KIN; NAA]. The surfaces
depict a significant nonlinear relationship between PGR concentrations
(mg/L) and callus development, measured as fresh weight gain (FWG,
mg) or dry weight gain (DWG, mg). Red regions indicate the maximal
response ranges. BAP: 6-Benzylaminopurine; 2,4-D: 2,4-Dichloro-
phenoxyacetic acid; NAA: Naphthaleneacetic acid; KIN: Kinetin

variance. The distribution of samples in the PCA (Fig. 5A)
clearly shows that the application of different PGRs signifi-
cantly affects the VOC composition. A clear distinction is
observed between fresh C. spinosa leaves and callus cultures
subjected to various treatments. Differences along PC2 and
PC3 (Fig. 5B) further clarify these patterns and are largely
associated with the nature of auxin applied (2,4-D or NAA)
during callus culture. For the BAP/2,4-D combination, a
gradual increase in BAP and 2,4-D concentrations altered
VOC profiles, with a maximum effect observed at 2 mg/L
BAP and 1.5 mg/L 2,4-D. Higher 2,4-D concentrations may
limit this response, suggesting inhibitory effects and reflect-
ing the nonlinear nature of PGR-induced metabolic regu-
lation. For the remaining combinations (BAP/NAA, KIN/
NAA, and KIN/2,4-D), samples clustered together along
PC3, with the distribution influenced by cytokinin type and
concetration. BAP/NAA and KIN/NAA were positioned
in the positive region of PC3, with BAP/NAA exhibiting
higher coordinates than KIN/NAA.

Although many VOCs correlated significantly with these
principal components, only the top 15 molecules with the
highest correlation coefficients were selected for further
evaluation (Table 2). PC1 comprises mainly carotenoid-
derived compounds, such as f-Cyclocitral, (E)-f-ionone,
and dihydroactinidiolide, which are typically linked to both
enzymatic and non-enzymatic carotenoids degradation pro-
cesses (Stutz et al. 2015). PC2 was characterized by terpe-
noids associated with the BAP/2,4-D treatment, including
(E)-rose oxide, menthol, and safranal, suggesting a pos-
sible hormone-induced modulation of terpene biosynthesis
pathways. Notably, safranal was detected for the first time
in C. spinosa, potentially arising from oxidative cleavage
of p-carotene. PC3 was primarily composed of aldehydes
such as 3-methylbutanal, pentanal, and hexanal, along with
sulfur-containing compounds including methanethiol and
dimethyl sulfide, reflecting metabolic pathways associ-
ated with oxidative stress or other stress-related processes
(Zhang et al. 2023). Beyond the top 15 compounds, addi-
tional volatile metabolites such as limonene, a-pinene, and
p-cymene were consistently detected across callus culture
conditions, indicating a stable baseline metabolic profile.
Certain metabolites, notably 3-J-carene, were specific to
BAP/NAA treatments, suggesting a treatment-dependent
modulation of VOC composition. Treatments containing

NAA produced VOC profiles resembling those of fresh
leaves, with lower chemical diversity and a predominance
of sulfur-containing compounds such as methyl isothio-
cyanate, suggesting a primarily quantitative effect on exist-
ing metabolites (Supplementary Fig. 1). In contrast, 2,4-D
treatments induced notable shifts in secondary metabolism,
evidenced by the appearance of terpenoids absent in fresh
leaves, reflecting a qualitative effect that activates specific
metabolic pathways to synthesize additional volatiles.

Overall, these results indicate that NAA, when combined
with BAP or KIN, primarily modulates the relative concen-
trations of existing metabolites. In contrast, 2,4-D in com-
bination with these cytokinins exerts a qualitative effect,
promoting the production of novel metabolites not detected
in fresh leaves or under NAA treatments, highlighting the
distinct regulatory roles of these growth regulators on VOC
biosynthesis.

Differential effects of cytokinin-auxin combinations
on the accumulation of non-volatile secondary
metabolites

Hormonal modulation plays a pivotal role in regulating the
biosynthesis of secondary metabolites in C. spinosa cal-
lus cultures (Li et al. 2025). In this context, the BAP/2,4-D
combination was selected for the analysis of non-volatile
metabolites, as it exhibited the highest FWG and DWG val-
ues (Section “Effects of BAP, KIN, 2,4-D, and NAA on cal-
lus proliferation and biomass accumulation”). Additionally,
the BAP/NAA, KIN/NAA, and KIN/2,4-D formulations
were chosen due to the most significant contributions to the
volatile compound profiles (Fig. 5B). Metabolite identifica-
tion was carried out using UPLC-QTOF-MS/MS, and semi-
quantification was achieved via UPLC-TQ-MS/MS in the
MRM mode (Supplementary Table 3). Results were com-
pared to control cultures grown in vitro without phytohor-
mones and to extracts from C. spinosa leaves.

The metabolic profiles revealed pronounced variations
in the accumulation of phenolic and flavonoid compounds
depending on the cytokinin/auxin combinations applied to
the in vitro cultures (Fig. 6). Eight major metabolites were
detected: 4-methoxyglucobrassicin, rutin, kaempferol-3-O-
rutinoside, isorhamnetin-3-O-rutinoside, quercetin-3-O-glu-
coside, quercetin-O-rhamnosyl-arabinopyranoside, caffeic
acid, and myricetin-3-O-glucoside. Treatments containing
BAP combined with either 2,4-D or NAA led to moderate
accumulation of secondary metabolites, whereas control
callus and leaves exhibited minimal levels across all com-
pounds analyzed. These low concentrations suggest that the
presence of phytohormones is required to effectively sus-
tain secondary metabolite biosynthesis under in vitro condi-
tions. Combinations of BAP and 2,4-D at low to moderate
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{ Fig. 4 Prediction profiler plots generated using JMP software illustrat-
ing the effects of plant growth regulators (PGRs) on fresh weight gain
(FWG) and dry weight gain (DWG). Panels A-H represent different
treatment combinations: A, C, E, and G for FWG (mg) responses, and
B, D, F, and H for DWG (mg) responses. In each plot, the X-axis rep-
resents the tested PGR combinations, while the Y-axis shows the mea-
sured response. Desirability values indicate the optimal range for each
parameter. Red numbers denote the predicted response at the optimum
factor levels, whereas blue numbers represent the minimum and maxi-
mum responses achievable under these conditions. Gray-shaded areas
indicate confidence intervals, providing an estimate of the reliability
of the predictions. The bottom plot of each panel shows the maximum
desirability obtained when the optimal conditions of each factor are
applied, allowing identification of the most favorable combinations
for maximizing FWG and DWG. BAP: 6-Benzylaminopurine; 2,4-D:
2,4-Dichlorophenoxyacetic acid; NAA: Naphthaleneacetic acid; KIN:
Kinetin

concentrations (0.5-1 mg/L) effectively enhanced the flavo-
noid biosynthesis pathway. Treatment with 0.5 mg/L BAP
and 2,4-D resulted in a pronounced accumulation of rutin,
reaching relative abundance levels approximately 2.5 and
3.2-fold higher than those observed in the hormone-free
control and in the leaves of C. spinosa, respectively. In con-
trast, cultures supplemented with KIN in combination with
2,4-D or NAA exhibited the highest relative accumulation
of flavonoid glycosides, particularly rutin, kaempferol-3-O-
rutinoside, and quercetin-3-O-glucoside. Conversely, the
production of 4-methoxyglucobrassicin responded weakly
to hormonal treatment, reaching its maximum relative
abundance at 1 mg/L BAP and 0.5-1.5 mg/L 2,4-D or NAA
(Fig. 6). With respect to phenolic compounds, caffeic acid
remained low and relatively stable regardless of the treat-
ment, whereas myricetin-3-O-glucoside reached its maxi-
mum accumulation under higher concentrations of BAP
and 2,4-D (1.5-2 mg/L and 1-1.5 mg/L, respectively). These
trends were further corroborated by the hierarchical clus-
tering analysis (Supplementary Fig. 2), which revealed two
major metabolic clusters: one corresponding to BAP/2,4-D,
associated with a higher relative accumulation of quercetin
derivatives, and another corresponding to KIN/NAA, char-
acterized by a broader diversity of glycosylated flavonols.
The clustering of control and leaf samples within the same
branch confirmed their metabolic similarity and highlighted
the specificity of responses induced by exogenous hormonal
combinations.

Discussion

Callus culture represents an effective biotechnological strat-
egy, supporting both organogenesis and the biosynthesis of
bioactive molecules (Kour et al. 2025). Moreover, the tran-
sition from callus to suspension culture provides a pathway
for the industrial-scale production of secondary metabolites
via bioreactors (Anuradha et al. 2025). The success of this

approach relies heavily on PGRs, which play an essential
role in the proliferation and differentiation of plant cells,
thereby modulating specific metabolic pathways (Ikeuchi et
al. 2013; Singh et al. 2025).

These findings are consistent with previous reports in
C. spinosa, where Yin et al. (2014) demonstrated that MS
medium supplemented with 3.0 mg/L BAP and 1.5 mg/L
2,4-D effectively promoted callus proliferation and bio-
mass accumulation, while also establishing callus cultures
as a promising sustainable source of volatile organic com-
pounds. Likewise, Duran and Issah (2022) reported that
BAP combined with NAA yielded a callus fresh weight
of approximately 120.8 mg in leaf explants of C. spinosa,
a value substantially lower than the fresh weight gains
exceeding 3000 mg obtained in the present study, highlight-
ing the higher efficiency of 2,4-D compared with NAA in
promoting biomass accumulation in this species. Higher
concentrations of 2,4-D (> 1.5 mg/L) were found to inhibit
callus development, consistent with the well-documented
dose-dependent inhibitory effect of supraoptimal auxin con-
centrations on cell proliferation (Ikeuchi et al. 2013). The
enhanced performance of the BAP/2,4-D combination over
other PGR combinations is further corroborated by stud-
ies in other species (Pérez-Mendoza et al. 2020; Bano et
al. 2022; Lee et al. 2024; Chakrane et al. 2025). Lee et al.
(2024) reported that the combination of 2.0 mg/L BAP and
0.5 mg/L 2,4-D achieved 100% callus induction and maxi-
mum biomass (0.416 g) in Tetragonia tetragonoides leaf
explants, while Pérez-Mendoza et al. (2020) demonstrated
that leaf-derived callus cultures of Rosmarinus officinalis
induced with BAP and 2,4-D yielded distinct secondary
metabolite profiles compared to intact leaves, highlight-
ing the capacity of in vitro systems to both reproduce and
diversify the phytochemical repertoire of the source plant.
Similarly, other studies confirmed that BAP and 2,4-D con-
sistently outperform BAP and NAA in promoting callogen-
esis (Jafari and Daneshvar 2024). Overall, these findings
highlight that the combination of BAP and 2,4-D provides
an efficient and reliable approach for callus induction from
leaf explants in C. spinosa.

The effect of PGRs is not limited to cell proliferation, as
they additionally modulate metabolic pathways responsible
for secondary metabolite biosynthesis (Isah et al. 2018).
These findings suggest that callus culture could serve as a
promising alternative strategy for the production of high-
value molecules. Previous studies have demonstrated that
PGRs significantly influence the diversity of terpenes and
other volatile compounds under in vitro conditions, resulting
in aroma profiles distinct from those of field-grown plants
(Passinho-Soares et al. 2013; Soumahoro et al. 2025). A
detailed investigation of these metabolic shifts could there-
fore inform the biotechnological production of desirable
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Fig.5 Principal Component Analysis (PCA) plot comparing the effects
of different hormone combinations on callus cultivation. A: Three-
dimensional PCA plot; B: Scores plot from the PCA analysis. Samples
are color-coded according to the applied PGRs under experimental

conditions. VOCs were extracted from callus cultures grown under
specific hormonal treatments: red: BAP/ 2,4-D; green: BAP/NAA;
dark blue: KIN/2,4-D; sky blue: KIN/NAA; pink: fresh leaves; yel-
low: control culture of fresh leaves without hormones

Table 2 Top 15 molecule contributions to PC1, PC2, and PC3 (from left to right)

PC1 PC2 PC3

VOC considered Correlation  VOC considered Correlation  VOC considered Correlation
Dihydroactinidiolide 0.99 (Z)-Menthone 0.97 Methanethiol 0.77
Verticillol 0.99 (Z2)-Rose oxide 0.97 3-Methylbutanal 0.77
(E)-2-Hexenal 0.99 Citronellol 0.96 Methyl isovalerate 0.76
Methyl benzoate 0.99 Benzaldehyde 0.95 (Z2)-3-Hexen-1-ol 0.65
(Z, E)-2,4-Heptadienal 0.99 (E)-Rose oxide 0.95 Pentanal 0.64
(E)-Geranyl acetone 0.99 Menthol 0.95 Hexanal 0.64
(E, E)-2,4-Heptadienal 0.99 o-Agarofuran 0.94 Heptanal 0.63
Dihydroedulan I 0.99 Isomenthone 0.94 3-Heptanol 0.62
Butyl isothiocyanate 0.99 Citronellyl formate 0.92 1-Octen-3-ol 0.61
Ethyl benzoate 0.99 (E)-Linalool oxide 0.91 6-methyl-5-Hepten-2-one  0.57
Dihydroedulan II 0.98 2-Isopropyl-5-methyl-3-cyclohexen-1-one  0.91 Dimethyl sulfide 0.54
Methyl isothiocyanate 0.95 Benzene acetaldehyde 0.78 D-Carvone 0.48
(E)-p-lonone 0.94 Safranal 0.52 (Z2)-2-Hexen-1-o0l 0.45
S-Cyclocitral 0.89 Nonanal 0.44 Eucalyptol 0.45
6-methyl-5-Hepten-2-one  0.65 Dimethyl trisulfide 0.41 2-Methylbutanal 0.43

All correlations with PC1, PC2, and PC3 are highly significant (p<0.001)

volatile compounds (Lyczko et al. 2020). The volatile pro-
files observed in C. spinosa callus cultures in the present
study also differ markedly from those previously reported
in field-grown plant material of this species. (Merlino et
al. 2024) reported that the volatile fraction of C. spinosa
leaf essential oil emulsions was dominated by sulfur com-
pounds, including dimethyl tetrasulfide, dimethyl trisulfide,
and methyl isothiocyanate. In the present study, sulfur com-
pounds similarly predominated in callus cultures treated with

@ Springer

NAA, whereas 2,4-D-based treatments induced a qualitative
shift toward novel terpenoids, including safranal, (E)-rose
oxide, and menthol, absent in fresh leaves. This qualitative
remodeling of the volatile profile under 2,4-D treatment
may indicate a modulation of certain terpene biosynthetic
pathways in dedifferentiated C. spinosa cells, an interpre-
tation consistent with the broader observation that in vitro
culture conditions can promote the expression of metabolic
pathways that are weakly expressed or not readily in intact
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Fig. 6 Effect of cytokinin and auxin treatments on the accumulation of
major non-volatile secondary metabolites in Capparis spinosa callus
cultures. The X- and Y-axes indicate cytokinin and auxin concentra-
tions, respectively. Bubble colors represent each hormonal combi-

plant tissues. Indeed, Jakobina et al. (2024) reported that
in vitro cultures of Coleus scutellarioides exhibited volatile
compound profiles markedly distinct from those of intact
plants, with PGR type and concentration determining both
the qualitative and quantitative composition of the volatile
fraction, underscoring the pivotal role of hormonal condi-
tions in redirecting secondary metabolic pathways during
dedifferentiation.

In our study, the compounds most strongly correlated
with PC1 (Table 2), representing the leaf metabolites of C.
spinosa, mainly originate from enzymatic and non-enzy-
matic carotenoid degradation, including fS-cyclocitral and
(E)-p-ionone derived from f-carotene (Ke et al. 2022). (E)-
f-ionone can further oxidize to dihydroactinidiolide (Sun

3

1 1

Cytokinin (mg/L)

nation. Dark blue: BAP/2,4-D, green: BAP/NAA, red: KIN/2,4-D,
yellow: KIN/NAA, light blue: control culture of fresh leaves without
hormones, purple: fresh leaves. Bubble size reflects the relative abun-
dance of each metabolite

et al. 2022), while dihydroedulanes I and II likely derive
from f-ionone (Merlino et al. 2024). The formation of
6-methyl-5-hepten-2-one and geranyl acetone results from
{-carotene degradation (Vogel et al. 2008; Zhou et al. 2022).
Among sulfur compounds, methyl isothiocyanate, produced
by glucocapparin hydrolysis, predominates in fresh leaves
(92.2%), whereas butyl isothiocyanate from glucoerucin
remains below 0.1% (Bianco et al. 2012; Sun et al. 2023).
Detected aldehydes likely arise from lipoxygenase and
lyase activity on oleic and linoleic acids (Zhang et al. 2023;
Semmar 2024), and verticillol biosynthesis is associated
with enzymatic cyclization of geranylgeranyl diphosphate
(Jin et al. 2005).
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The VOCs correlated with PC2 are characteristic of
callus cultures induced by BAP/2,4-D (BAP=2 mg/L;
2,4-D=1.5-2 mg/L), which promotes terpene diversifica-
tion. Notably, safranal is detected as a volatile compound in
callus cultures of C. spinosa. Although present in low con-
centrations, its formation may result from a modification
of p-carotene oxidative cleavage at position 7,8 rather than
9,10, following the same metabolic pathway as f-cyclocitral
(Winterhalter and Rouseff 2001; Sergeant et al. 2009; Ke
et al. 2022). Safranal, recognized for its antioxidant and
aromatic properties, is commonly associated with saffron
(Crocus sativus) (Elateeq and Sun 2024). Its detection in
C. spinosa suggests the activation of a latent metabolic
pathway or an enzymatic conversion of terpene precur-
sors triggered by hormonal stress (Taherkhani et al. 2021).
Geraniol, through enzymatic reduction, generates citronel-
lol, which undergoes hydroxylation and cyclization to pro-
duce (Z)- and (E)-rose oxides (Lin et al. 2019). Limonene,
an intermediate in menthol biosynthesis, is converted to
(Z)-menthone via enzymatic steps; isomenthone, an isomer
of (Z)-menthone, is synthesized via the pulegone pathway
(Afkar and Karimzadeh 2024). Additionally, 2-isopropyl-
5-methyl-3-cyclohexen-1-one was identified as a derivative
of (Z)-menthone (Cohen et al. 2020).

Compounds associated with PC3 mainly originate from
the auto-oxidative pathway of unsaturated fatty acids,
responsible for aldehydes formation (Noordermeer et al.
2001). These aldehydes can be reduced to fatty alcohols
via alcohol dehydrogenases (Munkajohnpong et al. 2020).
During this process, methanethiol and dimethyl sulfide can
regenerate to form dimethyl disulfide and trisulfide (Zhou
et al. 2024). The terpenes D-carvone and eucalyptol cor-
related with PC3 are derived from geranyl pyrophosphate
via the monoterpene pathway, with D-carvone formed from
limonene and eucalyptol derived from a-terpineol via cyclic
dehydration (E1 Hassani et al. 2009; Eisenbrand et al. 2021).

Beyond volatile compounds, non-volatile secondary
metabolites reflect additional metabolic pathways and the
biochemical potential of C. spinosa callus cultures. Among
these, rutin was identified as the predominant flavonoid in
foliar callus tissues and was consistently detected across
all tested combinations. In our study, low concentration of
BAP and 2,4-D promoted significant accumulation of gly-
cosylated flavonoids, particularly rutin. Similar trends were
observed in Vaccinium corymbosum callus cultures (Rybin
et al. 2024). Duran and Issah (2022) showed that BAP
(1 mg/L) and NAA (2 mg/L) promoted rutin production in
C. spinosa callus cultures, consistent with our observations
that BAP 1 mg/L combined with NAA 1.5-2 mg/L enhances
rutin content. This effect is mainly attributable to PGR-
modulation of key genes in the phenylpropanoid-flavonoid
pathway, including phenylalanine ammonia-lyase (PAL),
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chalcone synthase (CHS), and UDP-glycosyltransferases
(UGTs) (Kianersi et al. 2020a, b; Kumari et al. 2024; Li
et al. 2025). Although PAL, CHS, and UGT activity and
gene expression levels were not measured in the present
study, increased flavonoids accumulation under KIN/2,4-D
and KIN/NAA conditions likely results from targeted tran-
scriptional activation, intensifying flavonoid biosynthesis.
4-Methoxyglucobrassicin generally exhibited low accu-
mulation in all treatments. As an indolic glucosinolate, it
is synthesized from tryptophan via indole-3-acetaldoxime,
also a precursor for indole-3-acetic acid (IAA) (Bak et al.
2001; Bansal et al. 2024). Exogenous auxins (2,4-D or
NAA) tend to redirect flux toward IAA, reducing substrate
availability for glucosinolate production (Malka and Cheng
2017; Mitreiter and Gigolashvili 2021). Indole glucosino-
late pathways appear more sensitive to stress signals and
defense responses than to direct transcriptional regulation
by cytokinins or auxins (Bielach et al. 2017).

Furthermore, cytokinins, particularly KIN, redirect sec-
ondary metabolism toward flavonoid biosynthesis rather
than indole derivatives (Bozs6 and Barna 2021). This
redistribution of carbon and metabolic energy may explain
the low accumulation of 4-methoxyglucobrassicin under
KIN/2,4-D and KIN/NAA. Similar studies indicate that
hormones regulate the balance between glucosinolate and
flavonoid synthesis by modulating aldoxime levels and
PAL activity, thereby redirecting metabolic flux (Kim et al.
2015, 2020; Shin et al. 2023). Hence, 4-methoxyglucobras-
sicin appears to be a metabolic marker with low responsive-
ness to direct hormonal regulation, with production likely
depending on stress or defense signals rather than on tran-
scriptional activation by cytokinins or auxins (Bednarek et
al. 2009; Liu et al. 2021).

Conclusion

The present study demonstrates that the combination of
BAP and 2,4-D effectively enhances callus induction in C.
spinosa. Using Response Surface Methodology, the con-
centrations that maximized biomass production were deter-
mined to be 2 mg/L BAP and 1-1.5 mg/L 2,4-D, resulting in
the highest fresh and dry weight gains.

Analysis of volatile metabolites revealed that callus tis-
sues were dominated by terpenes and sulfur compounds,
with the BAP/2,4-D combination inducing safranal, (E)-rose
oxide, and menthol compounds absent in fresh leaves, sug-
gesting a possible activation of otherwise latent or weakly
expressed metabolic pathways under in vitro conditions. For
non-volatile metabolites, glycosylated flavonoids, including
rutin, kaempferol-3-O-rutinoside, and quercetin-3-O-glu-
coside accumulated predominantly under KIN/2,4-D and
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KIN/NAA treatments, whereas indole derivatives, such as
4-methoxyglucobrassicin, exhibited low responsiveness to
hormonal regulation, suggesting that their biosynthesis is
mainly driven by stress-related signaling rather than PGR
concentrations.

Overall, these findings demonstrate that precise adjust-
ment of cytokinin/auxin ratios can optimize both callus
biomass and secondary metabolite accumulation. C. spi-
nosa callus cultures thus represent a viable biotechnologi-
cal platform for the sustainable production of high-value
metabolites, particularly flavonoids, and provide the start-
ing material for the development of cell suspension cultures
for large-scale metabolite production. The callus culture can
be used as a starting system for micropropagation if there
is subsequent plant regeneration. Future research should
focus on integrating mechanistic approaches to hormonal
regulation with data-driven modeling methods, in order to
further optimize callus biomass and secondary metabolite
production, as well as to facilitate the transition toward
bioreactor-based systems suitable for large-scale industrial
applications.
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supplementary material available at https://doi.org/10.1007/s11240-0
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