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Abstract

This study aimed to determine the effects of 24-epibrasinolide (EBL) and methyl jasmonate (MJ) treatments on growth
parameters and secondary metabolite synthesis in adventitious root and cell suspension cultures of Hyoscyamus niger.
Therefore, different concentrations (0.5, 1 and 2 mg L") of EBL alone and combined with 224.3 mg L' (1 mM) MJ were
applied to root and cell suspension cultures. 2 mg L™! and 1 mg L~! EBL were determined as the treatments in which the
highest values were obtained in terms of growth criteria in root and cell cultures, respectively. In root cultures, the highest
scopolamine accumulation (2.57 mg g~!) was obtained from the combination of 2 mg L~! EBL and MJ, while the highest
value (0.66 mg g~!) for hyoscyamine was observed in the roots treated with 1 mg L™! EBL and MJ. In cell cultures, 2 mg
L~! EBL for scopolamine and 0.5 mg L~ EBL for hyoscyamine were found to be the best applications and calculated as
0.51 ug g~ and 0.28 ug g~!, respectively. EBL and MJ treatments also stimulated total phenolic content (TPC). The highest
TPC in root cultures was detected as 18.01 mg g~! with the combination of MJ while in cell cultures, maximum TPC was
observed in cells applied with 2 mg L™' EBL and MJ as 11.56 mg g~'. When EBL and MJ were applied to root and cell
suspension cultures, significant changes occurred in the amount of phenolic compounds. Co-application of EBL and MJ
significantly increased the amount of gallic acid, catechin, epicatechin, cinnamic acid and chlorogenic acid in root cultures.
The application of 2 mg L™! EBL was determined as the most suitable application for gallic acid, catechin, epicatechin,
p-coumaric acid, and caffeic acid in cell cultures. It was also found that the metabolite production performance of adventitious
roots was higher than that of cells. In conclusion, it was suggested that the use of MJ and EBL may be a promising strategy
to enhance the accumulation of scopolamine, hyoscyamine and phenolics in root and cell cultures of H. niger.

Key Message
The concurrent use of MJ and EBL in root and cell cultures had a pronounced impact on both biomass and secondary
metabolite production, suggesting their potential for enhancing metabolite yields.

Keywords Hyoscyamus niger - Adventitious root - Cell suspension - Methyl jasmonate - 24-epibrassinolide - Phenolic
compounds - Tropane alkaloids

Introduction

Communicated by Pamela J. Weathers.
In vitro cultures have been essential tools in plant
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et al. 2018). Today, the demand for secondary metabolites
on an industrial scale is mostly met by traditional production
methods where plants are collected from their natural habitats.
However, the unregulated gathering of plants from their native
habitats jeopardizes the survival of these species. This risk is
especially higher in plants with root-derived metabolites as
they are collected together with their roots. The traditional
production system where plants are collected from nature
has also many disadvantages such as the inability to obtain
metabolites in standard quantity and quality, scarcity of pure
and standardized plant material, dependence on the season,
and geographical restrictions. To avoid these disadvantages,
in vitro secondary metabolite production (SMP) has been
considered as an alternative method for obtaining valuable
metabolites from plants (Scarpa et al. 2022).

One of the culture techniques used in in vitro SMP is
adventitious root cultures. Adventitious roots involve induc-
ing the growth of roots from a plant tissue or cell that would
not normally form roots (Rahmat and Kang 2019). Adven-
titious root cultures are a promising technique for SMP in
many plant species, offering several advantages such as rapid
growth capabilities, easy extractability, and the potential to
produce bioactive compounds in desired quantity and con-
stant quality (Rahmat and Kang 2019). Unlike hairy roots,
adventitious roots do not contain bacterial DNA sequences
and do not require genetic transformation. Additionally,
adventitious root cultures have easy and rapid growth char-
acteristics and the ability to produce stable secondary metab-
olites (Murthy et al. 2008).

Apart from root cultures, cell suspension culture is
another culture technique used for SMP. Cell suspension
cultures, which can be established from various plant tis-
sues such as leaves, stems, roots, and embryos, are based
on the principle of culturing cells or cell aggregates in a
liquid nutrient medium that promotes cell division and
growth under sterile and controlled conditions. Cell suspen-
sion cultures are highly versatile and influential tools for the
synthesis of diverse metabolites, owing to their simplicity
and ability to function as miniature factories for metabolite
production. Indeed, cell suspension cultures are extensively
employed for the synthesis of different valuable metabolites
(Whitmer et al. 2003; Zang et al. 2001; Ogata et al. 2014;
Cetin and Goktiirk Baydar 2016).

The main disadvantage of in vitro SMP is low productivity.
Therefore, various approaches can be employed to increase
low productivity, such as changing the culture medium and
cultural conditions, applying growth regulators, and adding
precursors or intermediate metabolites to the culture media
(Scarpa et al. 2022). Elicitor applications, which stimulate the
enzymes and genes involved in secondary metabolite synthesis,
are also one of the methods to increase SMP under in vitro
conditions. Methyl jasmonate (MJ) is a signaling molecule that
can regulate plant defense responses by its volatile structure
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and ability to spread through biological membranes. With these
properties, MJ is a successful elicitor used for SMP including
pharmaceuticals, nutraceuticals, and industrially important
compounds in numerous plants (Kim et al. 2007; Wang et al.
2015; Khojasteh et al. 2016; Ibrahim et al. 2021; Rahmati et al.
2023). Brassinosteroids (BRs) are also another plant hormone
group used as an elicitor to increase SMP (Aras Asci et al.
2019; Demirci et al. 2020). When applied exogenously, BRs
play a crucial role in regulating gene expression and activating
metabolic pathways, leading to the enhancement of plant
growth and SMP (Nolan et al. 2020).

H. niger (black henbane), a member of the Solanaceae
family, is a valuable medicinal plant species with high
pharmacological activities due to its high content of tropane
alkaloids (TAs), particularly scopolamine and hyoscyamine.
TAs are among the most commonly used compounds
in the formulation of medicines due to their hypnotic,
antispasmodic, sedative, and anticholinergic effects (Tytgat
2007; Thawabteh et al. 2019). In addition to TAs, Hyoscyamus
niger also contains different groups of secondary metabolites
including lignans, coumarinolignans, flavonoids, glycerides,
saponins, glycosides, and phenolics (Lunga et al. 2008). H.
niger is a highly demanded plant, especially for obtaining
TAs. Producing tropane alkaloids (TAs) synthetically is a
more costly and challenging process compared to extracting
them from plants due to factors such as complex chemical
structures and long-variable biosynthetic pathways (Huang
et al. 2005). Therefore, it is necessary to obtain TAs from
plants, and in vitro SMP techniques offer an important
potential to meet the demand for these valuable compounds
without harming the natural habitat of the plant.

In this research, the objective was to investigate the influ-
ences of MJ and EBL treatment, as external elicitors, on
growth parameters and the biosynthesis of TAs and phe-
nolics in adventitious root and cell suspension cultures of
H. niger. Besides, the principal component analysis (PCA)
was performed to examine the relationship between vari-
ables including growth parameters and secondary metabo-
lites determined in the root and cells.

Materials and Methods
Plant materials and seed germination

In this research, adventitious roots and cells obtained from
hypocotyls and petioles, respectively, were used as plant
materials. Firstly, the seeds of H. niger obtained from the
Garden Directorate of Medicinal and Aromatic Plants of
Zeytinburnu Municipality, Turkey, were germinated for the
obtaining hypocotyls and petioles. To break seed dormancy
and increase the germination rate the seeds were soaked
in a 250 mg L™! gibberellic acid (GA;, Sigma-Aldrich,
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Germany) solution for 48 h. The disinfection process was
carried out according to the method of Aljibouri et al.
(2012). After surface disinfection, the seeds were placed
onto Murashige and Skoog (MS) medium (Murashige and
Skoog 1962) enriched with 3% sucrose (Sigma-Aldrich,
Germany) and 0.6% agar (Sigma-Aldrich, Germany) and,
cultured at 25 + 1°C in the dark (Aljibouri et al. 2012). Two
weeks after transfer to the culture medium, the seedlings
were cultured under the same temperature but with a light
period of 16 h light and 8 h dark for another 2 weeks.

Obtaining and propagation of adventitious roots

To form adventitious roots, segments of petioles, approximately
0.5-1 cm in length, were excised from in vitro seedlings and
planted in MS medium enriched with 3% sucrose, 0.6%
agar, and 2 mg L™! indole butyric acid (IBA, Sigma-Aldrich,
Germany). These cultures were maintained within a dark
chamber at a constant temperature of 25+ 1 °C. After roughly
three weeks of cultivation, adventitious roots were isolated from
the explants and inoculated on the medium with the identical
composition. The cultures were then placed in a shaker set at
90 rpm, operating in darkness at 25 + 1°C. Subsequent transfers
were conducted three times with 10-day intervals.

Obtaining and propagation of callus

Callus tissues were derived by transferring segments of hypoc-
otyl, approximately 0.5 cm, from in vitro seedlings into MS
medium enriched with 3% sucrose, 0.6% agar 0.5 mg L™! benzyl
adenine (BA, Sigma-Aldrich, Germany), and 2 mg L~! naph-
thalene acetic acid (NAA, Sigma-Aldrich, Germany). These
hypocotyl explants were cultivated under darkness at a stable
temperature of 25+ 1 °C (Aljibouri et al. 2012). The generated
calli were subsequently subcultured three times at 4-week inter-
vals, maintaining the same medium and culture conditions.

Elicitor applications

Before application to adventitious root and cell suspension
cultures, MJ (Sigma-Aldrich, Germany) and EBL (Phyto
Technology Laboratories, USA) stock solutions were pre-
pared using a mixture of 50% ethanol and distilled water,
and filter sterilized. EBL was administered to cultures at 0.5,
1, and 2 mg L~! concentrations either individually or along
with 224.3 mg L™! (1 mM) MIJ. As for the control group, a
mixture of 50% ethanol and distilled water was added in the
same volume as used for EBL and M1J.

Adventitious roots, approximately 1-1.5 g, were transferred
into 30 mL of liquid MS medium containing 3% sucrose and
2 mg L™! IBA. Meanwhile, cell suspensions were established
by mixing 1-1.5 g of calli with 30 mL of liquid MS medium

enriched with 3% sucrose, 0.5 mg L'BA,and?2 mg L' NAA.
These cultures were incubated in darkness at 25 + 1°C while
shaking at 100 rpm for 7 days. EBL and MJ were subsequently
introduced into the nutrient media in which the 7-day-old
adventitious roots and cell suspensions were cultured. Adven-
titious roots and cells were harvested 2 and 3 weeks after treat-
ments, respectively. After the harvest, adventitious roots and
cells were rinsed with sterilized water and utilized for n subse-
quent analyses. The study was conducted in triplicate, with each
replicate consisting of four Erlenmeyer flasks.

Determination of growth parameters

Following the harvest, adventitious roots and cells were
weighed and their fresh weights were expressed as g
100 mL~!. Dry weights were determined in g 100 mL ™" after
complete drying of roots and cells at 40 °C. The growth
indexes of adventitious roots and cells were computed using
the equation provided below:

Growth index = (fresh weight after harvest
— initial fresh weight) [initial fresh weight

Metabolite extraction in adventitious roots and cells

To determine the levels of TAs and phenolics in adventi-
tious roots and cells, it was employed the extraction method
described by Jakabova et al. (2012). Shortly, a 200-250 mg
dry, ground sample was extracted three times for 30 min
each in 10 mL of methanol: water (3:2) solution using an
ultrasonic bath. After removing the solvent using a rotary
evaporator, the resulting dry extract was dissolved in metha-
nol and utilized after filtrating.

Determination of TAs by HPLC

The quantification of scopolamine and hyoscyamine alkaloids
in roots and cells by HPLC (Shimadzu Corp., Kyoto, Japan)
equipped with a diode array detector and an Agilent Eclipse
XDB-C18 column (250 mm X 4.6 mm, 5 pm) was done
according to the modified method of Boitel-Conti et al.
(2000). The flow rate and injection volume of the system were
adjusted to 0.8 mL min~! and 20 pL, respectively, and the
column temperature was maintained at 40 °C. HPLC grade 2%
acetic acid (A) and 100% methanol (B) were used as mobile
phases. The gradient program was set as follows: 0—12 min,
100-88% A; 12—13 min, 88-80% A; 13-33 min, 80-72% A;
3348 min, 72-70% A. TAs were analyzed at a wavelength of
220 nm. The quantities of hyoscyamine and scopolamine were
calculated as mg g~! in roots and pg ¢! in cells by comparing
their peak areas with those of the standards.
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Determination of total phenolic content (TPC)

TPC determination in adventitious roots and cells was done
according to the Folin-Ciocalteu method (Singleton and Rossi
1965). The absorbance values of the extracts were determined
with a spectrophotometer (PG-T70, USA) at 765 nm. TPC in
the samples was calculated as mg g~! of gallic acid equivalent
(GAE) using the curve obtained from gallic acid standard.

Determination of phenolic compounds by HPLC

Quantities of phenolics in adventitious roots and cells were
determined via HPLC following the method of Goktiirk
Baydar et al. (2012). The amounts of, catechin, cinnamic
acid, o-coumaric acid, epicatechin, gallic acid, rosmarinic
acid and vanillin (at 278 nm), p-coumaric acid (at 309 nm),
caffeic acid, ferulic acid (at 320 nm), chlorogenic acid (at
325 nm), and rutin and quercetin (at 360 nm) were deter-
mined. Each analytical standard was calibrated at its respec-
tive wavelength, and the quantities of these compounds in
the extracts were expressed in ug g~ dry weight.

Statistical analyses

The statistical analysis was conducted with the assistance of
SPSS 22.0 statistical software, and differences between the
applications were determined by Duncan's Multiple Com-
parison Test at p <0.05 levels. Principal component analysis
(PCA) was conducted in R using the RStudio V4.3.1 envi-
ronment (15.03.2023; R Studio Team, 2023; R Core Team,
2023 Vienna, Austria). PCA was made with the package
ggplot2, factoextra, and FactoMiner from the R environment.

Results

Effects of elicitor implementation on the growth
parameters of roots and cells

In this study, it was observed that the fresh and dry weights
of adventitious roots and cells, as well as growth indexes,
showed significant changes based on elicitor implementation
(» £0.05). The research revealed that the application of
EBL in roots stimulated root growth and this stimulatory
effect increased proportionally with the concentration of
EBL (Fig. 1). Compared to the EBL applications, in roots,
224.3 mg L~! MJ application reduced the root growth. The
unfavorable effect of MJ application on root growth was
alleviated when combined with EBL applications. The highest
fresh and dry root weights and growth index values were
detected in the roots administrated with 2 mg L~! of EBL as
26.10 g 100 mL~!, 1.67 g 100 mL~", and 3.88, respectively.
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Fig.1 Effects of EBL and MJ applications on fresh root weight
(A), dry root weight (B), and root growth index (C) in H. niger.
(T1:control, T2:0.5 mg L~' EBL, T3:1 mg L™! EBL, T4:2 mg L'
EBL, T5:224.3 mg L™! MJ, T6: 0.5 mg L~! EBL+224.3 mg L™ M,
T7:1 mg L™ EBL+224.3 mg L™! MJ, T8: 2 mg L™! EBL+224.3 mg
L~ M))

EBL treated individually to cell suspension cultures sig-
nificantly increased the fresh cell weight and cell growth
index, particularly when compared to the control and MJ
application (Fig. 2). In applications where EBL was used
along with MJ, EBL alleviated the unfavorable influence
of MJ on the growth of cell. The maximum values in cell
growth parameters were obtained from the application
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Fig.2 Effects of EBL and MIJ applications on fresh cell weight
(A), dry cell weight (B), and cell growth index (C) in H. niger.
(T1:control, T2: 0.5 mg L' EBL, T3:1 mg L™! EBL, T4:2 mg L~}
EBL, T5:224.3 mg L™! MJ, T6: 0.5 mg L~! EBL+224.3 mg L™ M,
T7:1 mg L™ EBL+224.3 mg L™! MJ, T8: 2 mg L™! EBL+224.3 mg
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of 1 mg L™! EBL as 5.54 g 100 mL~! (fresh weight),
0.84 g 100 mL~! (dry weight), and 0.66 (growth index),
respectively.

Effects of elicitorimplementation
on the accumulations of hyoscyamine
and scopolamine

Applications of EBL at different concentrations, both
individually and along with MJ, significantly increase the
quantities of hyoscyamine and scopolamine in adventitious
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Fig. 3 Effects of EBL and MJ on hyoscyamine (A) and scopolamine
(B) contents in adventitious roots of H. niger. (T1:control, T2:0.5 mg
L~' EBL, T3:1 mg L™! EBL, T4:2 mg L' EBL, T5:224.3 mg
L~! MJ, T6: 0.5 mg L™! EBL+224.3 mg L™! MJ, T7:1 mg L™!
EBL +224.3 mg L' MJ, T8: 2 mg L™! EBL+224.3 mg L™! MJ)

roots and cells compared to the control. The greatest amount
of hyoscyamine in roots was obtained from the treatment of
1 mg L' EBL with MJ (Fig. 3A). The hyoscyamine amount,
which was at the lowest level with 0.24 mg g~! in the
control roots, increased to 0.66 mg g~! with this treatment.
When EBL was applied together with MJ, the amounts of
scopolamine were found to be higher in adventitious roots
than in roots in which EBL and MJ were applied alone.
The maximum value for scopolamine with 2.57 mg g~!
was obtained in the roots where 2 mg L™! EBL was
applied together with MJ, and 8 times more scopolamine
accumulation was achieved with this application in
comparison with the control (Fig. 3B).

The accumulation of hyoscyamine in H. niger cell
suspension cultures decreased with the increasing
concentrations of EBL applied individually (Fig. 4A).
However when applied along with MJ, an increase in EBL
concentration enhanced the accumulation of hyoscyamine
content. The maximum hyoscyamine concentrations were
observed in the applications of 0.5 mg L~! EBL used
alone and in the combined use of 2 mg L~' EBL with MJ.
Scopolamine increased with elicitor applications contrasted
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with the control. The maximum amount of scopolamine
was detected in the cells treated with 2 mg L~! EBL as
0.51 ug g~! (Fig. 4B).

Effects of elicitor implementation on the TPC

The utilization of MJ and EBL yielded a substantial
enhancement in the TPC within both adventitious roots and
cells when contrasted with the control group (Fig. 5A). In
the case of adventitious roots, the maximum TPC value of
18.01 mg g~! was observed in roots treated with MJ while
the minimum TPC value was recorded in the control group
at 5.91 mg g~'. EBL did have a positive impact on TPC and
this beneficial effect was significantly amplified when EBL
was introduced in combination with MJ. Elicitors applied to
cell suspension cultures led to a significant increase in TPC
contrasted with the control. However, the TPC was lower
in applications where 0.5 and 1 mg L~! EBL were used
alone when compared with other applications (Fig. 5B).
The co-application of 2 mg L~! EBL with MJ produced the
highest TPC at 11.56 mg g~! in cell suspension cultures.
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Effects of elicitor implementation on the phenolic
compounds

In this study, it was analyzed that the levels of phenolics
including caffeic acid, catechin, chlorogenic acid, cinnamic
acid, epicatechin, ferulic acid, gallic acid, o-coumaric
acid, p-coumaric acid, rosmarinic acid, rutin, quercetin,
and vanillin in the adventitious root and cell cultures
of H. niger. While p-coumaric acid, o-coumaric acid,
quercetin, and rutin were not detected in adventitious
roots, the amounts of other phenolics varied in response
to the elicitor treatments (Table 1). The highest gallic
acid and cinnamic acid contents were obtained from both
MIJ and MJ combined with 0.5 and 1 mg L™' EBL. The
combination of EBL with MJ stimulated the production
of catechin, and the maximum amount of catechin was
obtained from the adventitious roots exposed to the
combined treatment of 2 mg L™! EBL along with MJ.
The greatest value in terms of epicatechin was detected
in roots implemented with MJ along with EBL at 1 mg
L' as 93.04 ug g~!. This treatment was followed by the
application of 2 mg L™! EBL and MJ, which resulted in a
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Table 1 Effect of EBL and MJ applications on phenolic compounds in adventitious roots of H. niger (ug g~')

Applications Phenolic compounds
Gallic acid Catechin Epicatechin Vanillin Cinnamic acid Rosmarinic acid Caffeic acid Ferulic acid Chlorogenic acid

Control 22.53 d* 180.51d 19.69 d 731e 2.56d 13.94d 0.00 f 3.56¢ 1089.63 d
0.5 mg L™ EBL 28.74 ¢ 304.37 ¢ 2536 cd 18.50 ¢ 2.68d 14.15d 0.00 f 536b 2167.96 ¢
1 mg L' EBL 31.20¢ 326.15 be 27.75 cd 24.71b 798¢ 31.72 be 1.31¢ 9.61 a 3284.10b
2mg L™' EBL 48.00 b 388.45 be 17.92d 25.16 b 2.79d 26.55¢ 134c¢ 5.60 b 2412.85¢
2243 mg L™' MJ 56.06 a 353.23 be 3146¢ 3492 a 25.07 a 63.02a 1.92a 0.81d 4384.66 a
0.5mgL™! 56.79 a 361.53 be 33.06 ¢ 25.87b 26.52a 29.05¢ 1.06d 0.86d 3056.03 b

EBL +224.3 mg

L' mJ
ImgL™! 60.04 a 417.41b 93.04a 26.14b 29.24 a 38.30b 1.67b 1.18d 3300.61 b

EBL +224.3 mg

L' MJ
2mgL™! 3092¢ 508.99 a 7328 b 13.97d 16.47b 31.48 be 0.66 ¢ 1.07d 394447 a

EBL +224.3 mg

L' MJ

“Means with the same letters are not statistically significant (p <0.05)

value of 73.28 ug g~!. While elicitor applications enhanced
the content of caffeic acid, rosmarinic acid, and vanillin in
the roots, their accumulations reached the maximum levels
with the application of MJ. The most effective approach
for boosting ferulic acid levels was the use of EBL at 1 mg
L. leading to a notable elevation in ferulic acid content,
reaching 9.61 pg g~'. The roots treated with MJ and MJ in
combination with 2 mg L~! EBL had the greatest levels of
chlorogenic acid, which were measured as 4384.66 ug g~
and 3944.47 ug ¢!, respectively, while the control roots
exhibited the lowest value. The results indicated that the
highest levels of phenolics, except for ferulic acid, were
achieved from the adventitious roots implemented with MJ
or the combination of EBL and MJ.

While cells did not contain any detectable amount of
o-coumaric acid, rutin, and quercetin, it was found that the
applications of EBL and MJ significantly altered the levels
of detected phenolics (Table 2). The maximum values of
catechin, caffeic acid, and gallic acid, were obtained from
the cells administrated with 2 mg L~! of EBL, with levels
of 174.88, 17.85, and 28.59 ug g~', respectively. The
amounts of epicatechin in the cells increased in response
to all elicitor applications comparison with the control,
and the greatest epicatechin levels in cells treated with
EBL applications ranged from 707.39 to 780.04 ug g~ .
For cell cultures, MJ and 2 mg L™! EBL were found to be
the most suitable applications in enhancing the levels of
p-coumaric acid, rosmarinic acid, and vanillin with these
applications notable increases were found compared to
the control. The highest cinnamic acid value, 5.29 pg g~!,
was obtained from the application of 0.5 mg L~' EBL and
MIJ combination in contrast, the maximum level of ferulic
acid, as 6.96 ug g~!, was observed in the cells implemented
with MJ. The most abundant phenolic substance found in

cells, similar to adventitious roots, was determined to be
chlorogenic acid. The highest amounts of chlorogenic acid,
ranging from 2635.25 to 2932.24 ug g~!, were obtained
from the cells using EBL and MJ in combination.

Principal component analyses

Principal component analysis (PCA) was used to determine
the relationships among all variables including fresh weight,
dry weight, growth index, hyoscyamine, scopolamine, TPC,
caffeic acid, catechin, chlorogenic acid, cinnamic acid, epi-
catechin, ferulic acid, gallic acid, p-coumaric acid, ros-
marinic acid, and vanillin in root and cells. A two-dimen-
sional scatter plot demonstrating PCA was presented in
Fig. 6. The results of PCA indicated that the first three prin-
cipal components (PCs) had eigenvalues greater than 1.0.
Therefore, only the first three PCs were used in the analysis.
In roots, the first three PCs described 88.93% of the total
data variance, with PC1, PC2, and PC3 representing 47.24%,
26.93%, and 14.76% of the total variance, respectively. The
high positive loadings of PC1 were hyoscyamine, TPC, gal-
lic acid, cinnamic acid, rosmarinic acid, caffeic acid, and
chlorogenic acid (Table 3). The PC2 involved three variables
including fresh root weight, dry root weight, and growth
index with high negative loading. This result suggested that
roots with high PC2 scores exhibited low growth parameters.

In cells, the results of the PCA were presented in Table 4.
The first three PCs explained 89.32% of the total variance.
PC1 described 44.50% of the variation, and the greatest fac-
tor loads were observed in catechin and epicatechin vari-
ables. PC2, representing 32.86% of the total variance, was
characterized by high negative loadings of dry weight, fresh
weight, and growth index; and high positive loadings of
p-coumaric acid, TPC, and ferulic acid.
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Table 3 Factor loadings, eigenvalues, and proportion of variation
associated with the first three principal components (PC) of the PCA
of 14 variables in eight elicitor applications in roots of H. niger

Parameters Principal Component Loadings
PC1 PC2 PC3

Eigenvalue 7.09 4.04 2.21
Variance (%) 47.24 26.93 14.76
Cumulative (%) 47.24 74.17 88.93
Variable

Fresh root weight (FRW) 0.030 -0.474 -0.173
Dry root weight (DRW) 0.014 -0.485 -0.066
Growth index (GI) 0.024 -0.475 -0.178
Hyoscyamine (H) 0.302 -0.188 -0.015
Scopolamine (S) 0.185 -0.270 0.431
Total phenolic content (TPC) 0.346 0.112 0.166
Gallic acid(GA) 0.300 0.096 -0.218
Catechin (C) 0.290 -0.281 0.116
Epicatechin (EC) 0.254 -0.100 0.370
Vanillin (V) 0.256 0.113 -0.451
Cinnamic acid (CA) 0.334 0.177 0.115
Rosmarinic acid (RA) 0.301 0.159 -0.199
Caffeic acid (CFA) 0.302 0.237 -0.364
Ferulic acid (FA) -0.218 -0.160 -0.363
Chlorogenic acid (CHA) 0.329 0.03 -0.052

Table 4 Factor loadings, eigenvalues and, proportion of variation
associated with the first three principal components (PC) of the PCA
of 15 variables in eight elicitor applications in cells of H. niger

Parameters Principal Component Loadings
PC1 PC2 PC3

Eigenvalue 6.68 4.93 1.79
Variance (%) 44.50 32.86 11.96
Cumulative (%) 44.50 77.36 89.32
Variable

Fresh cell weight (FCW) 0.309 -0.228 -0.026
Dry cell weight (DCW) 0.313 -0.244 0.132
Growth index (GI) 0.314 -0.223 -0.034
Hyoscyamine (H) 0.315 -0.151 -0.275
Scopolamine (S) 0.281 0.276 0.140
Total phenolic content (TPC) 0.129 0.383 -0.283
Gallic acid(GA) 0.306 0.267 -0.026
Catechin (C) 0.372 -0.087 0.029
Epicatechin (EC) 0.368 -0.045 0.139
Vanillin (V) 0.189 0.307 0.390
p-coumaric acid (p-CA) 0.139 0.416 0.068
Cinnamic acid (CA) 0.142 -0.031 -0.461
Rosmarinic acid (RA) 0.222 0.313 0.131
Caffeic acid (CFA) 0.289 -0.085 0.436
Ferulic acid (FA) -0.088 0.376 0.182
Chlorogenic acid (CHA) 0.123 0.310 -0.438

appropriate implement for cell growth parameters. MJ had
no significant effects on the root growth. In cell cultures, MJ
showed inhibitory effects on cell growth. However, when MJ
was combined with EBL, its inhibitory effect was alleviated.

Ml is known to perform a crucial role in regulating sev-
eral physiological functions in plants including growth,
development, and defense to different stress factors. Studies
have shown that MJ treatment can lead to a decrease in root
growth. For example, MJ treatments inhibited root growth
in Scopolia parviflora (Kkang et al. 2004) and Catharanthus
roseus (Ruiz May et al. 2011) MJ treatments also decreased
cell proliferation and cell growth in some plant cell cultures
(Ruiz May et al. 2011; Cetin and Goktiirk Baydar 2016). The
repressive influence of MJ on cell growth is due to its ability
to prevent the transition from the G1 to the S phase during
the mitotic cell cycle, leading to a decrease in the count of
actively dividing cells (Patil et al. 2013). Indeed, Noir et al.
(2013) reported that the repressive effect of MJ on growth
is caused by its negative impact on mitotic division, result-
ing in a delay in the transition from the mitotic cell cycle
to the endoreduplication cycle. Donnez et al. (2011) also
attributed the decrease in biomass with MJ applications to
the reduction in water and nutrient uptake by cells caused
by MJ. Additionally, it is known that MJ-induced growth
suppression is also associated to disruptions in mitochon-
drial membrane integrity as well as reductions in ATP and
proteins associated with energy metabolism biosynthesis
(Ruiz May et al. 2011). While MJ is often associated with
inhibiting growth and development, there was evidence that
it had promoting effects on growth parameters as well. Pan-
dey et al. (2022) determined that MJ at concentrations of 1,
2,3, and 10 pM for 30 days in Valeriana jatamansi root cul-
tures increased the fresh and dry weights of roots. Similarly,
25 pM M applied to Carum carvi callus cultures increased
the dry cell weight (Rahmati et al. 2023). These results dem-
onstrated that the influence of MJ on growth depended on
the genotype, MJ dozes, and treatment duration.

Besides MJ, BRs also have significant involvement in
controlling several physiological processes crucial for plant
growth and development, including photosynthesis, nutri-
ent absorption, and responses to environmental stress. BRs
are also linked to regulating flowering, fruit maturation, and
seed germination (Li et al. 2016). Overall, the multifaceted
effects of BRs on plant growth and development make them
important targets for agricultural applications. This study
found that EBL applications promoted both adventitious
root and cell growth. Consistent with these findings, EBL
treatment increased the fresh and dry weights of Spartina
patens cell cultures (Lu et al. 2003) and in hairy cultures of
Echinacea purpurea (Demirci et al. 2020). BRs promote
growth by enhancing the activity of BRU1 and TCH4 genes,
which code for xyloglucan endotransglucosylase (XET) pro-
teins responsible for loosening the cell wall (Fellner 2003).
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Additionally, it has been reported that BRs promote cell
division and expansion, which contribute to growth (Oh and
Clouse 1998). According to Hu et al. (2000), BRs enhance
cell growth and division by inducing the transcription of
cyclin genes, proteins that regulate the progression of the
cell cycle, which subsequently stimulate cell division.

In addition to the researches demonstrating the promo-
tion of growth with BR applications, there were also studies
showing the negative effects of BRs on growth and develop-
ment. For instance, Aydin et al. (2006) informed that BR at
0.1, 0.5, and 1 pM to cell cultures of Gossypium hirsitum
reduced fresh and dry weights of cells. The negative effects
of BRs on growth may be attributed to the BR concentra-
tions. Indeed, BRs at low concentrations promote cell elon-
gation and division, leading to increased growth while at
high concentrations, BRs inhibit growth, causing a reduction
in cell expansion and division (Miissig et al. 2003). Simi-
larly, Zhang et al. (2021) stated that excessive BR applica-
tion can lead to stunted growth and reduced photosynthesis.
Additionally, BRs implicated in the regulation of senescence
and leaf abscission, which can lead to reduced growth and
yield (He et al. 1996; Li et al. 2016; Zhang et al. 2021). Hu
et al. (2000) found that the dose-dependent effect of BRs on
growth may be due to their effect on cell division, which is
necessary for increasing the number of cells and ultimately
leading to growth. VukaSinovi¢ et al. (2021) stated that this
inhibitory effect of high BR concentrations on cell division
has been attributed to their interference with the function of
certain cell cycle regulatory proteins. High concentrations
of BRs may interfere with the normal function of these pro-
teins, leading to abnormal cell cycle progression, cell divi-
sion, and ultimately growth inhibition (Hu et al. 2000; Wang
et al. 2002). Therefore, it is important to carefully balance
the concentration of BRs to maximize their positive effects
on growth while minimizing any potential negative impacts.

In this study, the elicitor treatments were applied to
adventitious roots and cell cultures, and the resulting levels
of hyoscyamine and scopolamine, the most important TAs
in H. niger, were compared with the controls. The results
demonstrated a pronounced rise in the accumulation of these
alkaloids following the elicitor treatments. The maximum
quantities of scopolamine and hyoscyamine in root cultures
were detected when MJ was co-applied with 1 and 2 mg L™!
EBL, respectively. As a result of these treatments, hyoscya-
mine exhibited a 2.75-fold surge, and scopolamine showed
a remarkable 8.03-fold boost compared to the control roots.
In cell cultures, 2 mg L™' EBL led to a 1.76-fold increase in
scopolamine accumulation when contrasted with the control.
Similarly, 0.5 mg L~! EBL increased hyoscyamine content
by 1.87-fold. These findings suggested that the use of MJ
and EBL may be a viable strategy for increasing the produc-
tion of these alkaloids in the roots and cells of H. niger. In
a restricted set of research examining the impact of BRs on

@ Springer

alkaloid synthesis, it was reported that BRs increased the
production of paclitaxel by over 100% in cell suspensions
of Taxus chinensis (Zang et al. 2001) and the synthesis of
artemisinin by 57% in hairy roots of Artemisia annua (Wang
et al. 2002). The stimulatory effect of BRs on metabolite
accumulation has been explained by Naeem et al. (2012)
resulting from the activation of the genetic potential respon-
sible for SMP by BRs.

In this study, it was found that MJ had stimulating effects
on the production of scopolamine and hyoscyamine. Simi-
larly, MJ significantly increased paclitaxel in Taxus canaden-
sis cell cultures (Linden and Phisalaphong 2000), TAs in
Scopolia parviflora adventitious root cultures (Kang et al.
2004), and ajmaline, vinblastine, and vincristine alkaloids in
Catharantus roseus cell suspension cultures (Ibrahim et al.
2021). Kang et al. (2004) explained that the increase in the
synthesis of TAs as a result of MJ applications is due to the
upregulation of gene expression responsible for the synthe-
sis of key enzymes putrescine N-methyltransferase (PMT)
and hyoscyamine-6p-hydroxylase (H6H) involved in TAs
biosynthesis via MJ signaling.

Ml is a key molecule that is involved in the activation of
enzymes linked to SMP, and it either directly or indirectly
controls the expression of genes related to plant defense
mechanisms (Thines et al. 2007). Indeed, Rodriguez et al.
(2003) have stated that MJ is a chemical stimulant that stim-
ulates different metabolic reactions and enzyme activities
in most cells and roots. The influence of MJ on metabolite
accumulation is significantly dose-dependent. Linden and
Phisalaphong (2000) observed that the addition of MJ to
Taxus canadensis cells results in a notable increase in the
accumulation of paclitaxel within the concentration range
of 0-200 pM. However, when the concentration of MJ
exceeded 200 uM, the accumulation of paclitaxel stopped.
MJ functions as a signaling molecule that induces the syn-
thesis of secondary metabolites, at exceedingly low concen-
trations. However, as the concentration of MJ increases, it
can cause cell death, leading to a decrease in metabolite
accumulation (Wang et al. 2015). These findings indicate
that high concentrations of MJ may have toxic effects on
cells, resulting in a decrease in metabolite accumulation.

The effects of elicitor applications on the production
of alkaloids as well as total phenolics were investigated in
adventitious roots and cell suspension cultures, in this study.
Elicitor treatments in both adventitious roots and cells sig-
nificantly increased the TPC when compared with the con-
trols. In adventitious roots, the maximum TPC was obtained
from MJ application, while in cell cultures, MJ together with
EBL at 2 mg L™! yielded the maximum value. Compared to
the control, these applications resulted in a 3.08-fold and
2.83-fold increase in TPCs in adventitious roots and cells,
respectively. These results demonstrated that EBL and MJ
stimulated the synthesis of total phenolics. Demirci et al.
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(2020) also found that the application of EBL significantly
increased the TPC in Echinacea purpurea hairy roots. Simi-
larly, in immobilized Vitis vinifera cells, 0.75 mg L™! EBL
enhanced the TPC by 1.9 times compared to the control
(Babalik 2021). In addition to in vitro studies, BR appli-
cations under field conditions also increased the phenolic
content in Camellia sinensis (Li et al. 2016). The stimula-
tory impacts of BRs on phenolic contents were linked to
the upregulation of genes responsible for the production
of enzymes involved in the biosynthesis process (Li et al.
2016).

TPCs in Celastrus paniculatus cell suspension cultures
for 72 h rose from 9.30 pg g~ to 106.82 pg g~ with MJ
application (Anusha et al. 2016). Similarly, MJ increased
TPCs in Polygonum multiflorum root cultures (Ho et al.
2018), and cell suspensions of Vitis vinifera (Cetin and Gok-
tiirk Baydar 2016). Kim et al. (2007) explained the stimula-
tive influence of MJ on phenolic content as the result of the
MJ-inducing phenylalanine ammonia-lyase (PAL) enzyme,
leading to the activation of the phenylpropanoid pathway.

In this study, the amounts of some phenolic compounds
including caffeic acid, catechin, chlorogenic acid, cinnamic
acid, epicatechin, ferulic acid, gallic acid, rosmarinic acid,
o-coumaric acid, p-coumaric acid, rutin, quercetin, and
vanillin were also investigated. Quercetin, p-coumaric acid,
o-coumaric acid, and rutin, in roots; and rutin, o-coumaric
acid, and quercetin in cells did not detect. However, the con-
tents of detected phenolics increased with elicitor applica-
tions. For ferulic acid, 1 mg L' EBL was the best elicitor
implement while the maximum values in phenolics except
ferulic acid were detected in roots where EBL and MJ were
applied together. In combined applications, the concentra-
tion of EBL had a notable influence on the synthesis of
phenolics. In cell cultures, the combination of MJ and EBL
positively affected the production of chlorogenic acid and
cinnamic acid. However, the highest values for other com-
pounds were determined in applications where MJ or EBL
was used alone. In previous studies, MJ and BR treatments
were found to alter the amounts of phenolics. For example,
MJ enhanced vanillin accumulation in Capsicum frutescens
roots (Suresh and Ravishankar 2005) and Momordica char-
antia hairy roots (Chung et al. 2016). Giri et al. (2012) stated
that gallic acid increased 2.18-fold with 10 uM MJ applica-
tion in Habenaria edgeworthii callus cultures compared to
controls. However, the amount of gallic acid decreased with
increasing MJ concentrations, and this compound was not
detected in calli treated with MJ concentrations of 200 uM
and above. The amounts of rosmarinic acid and caffeic acid
in Satureja khuzistanica cell cultures (Khojasteh et al. 2016);
rosmarinic acid in cell suspension of Lithospermum eryth-
rorhizon (Ogata et al. 2004) increased with the MJ appli-
cations compared to the control. Similarly, Skrzypczak
Pietraszek et al. (2014) reported that 100 uM MJ enhanced

the chlorogenic acid content sixfold in Exacum affine shoot
cultures. In this study, not only MJ but also EBL increased
phenolics as reported previously (Xi et al. 2013; Demirci
et al. 2020; Babalik 2021). When used at appropriate con-
centrations, EBL enhanced the amount of caftaric acid, chlo-
rogenic acid, cichoric acid, echinacoside, and p-coumaric
acid in hairy roots of Echinacea purpurea (Demirci et al.
2020), and the amount of catechin, chlorogenic acid, epicat-
echin, gallic acid p-coumaric acid, and quercetin in immobi-
lized Vitis vinifera cells (Babalik 2021). Li et al. (2016) also
informed a 15% increase in catechin content compared to the
control in Camellia sinensis with 0.1 mg L~ EBL. The rise
in catechin content can be attributed to the heightened activ-
ity of phenylalanine ammonia-lyase (PAL) and glutamine
oxoglutarate aminotransferase (GOGAT) enzymes, which
play a role in catechin biosynthesis stimulated by BRs.
Phenolic compounds are produced via the shikimate
pathway from L-phenylalanine and L-tyrosine. Phenyla-
lanine, being the primary amino acid in this biosynthetic
pathway, serves as the precursor for the majority of phenolic
substances (Santos Sanchez et al. 2019). MJ is recognized
for its function as a signaling molecule that activates the
expression of genes associated with the PAL enzyme, which
is involved in the production of phenolics (Kikowska et al.
2012). Indeed, it was reported that the increase in PAL activ-
ity due to the stimulation of the phenylpropanoid pathway by
Ml resulted in an enhancement in the synthesis of phenolics
in suspension cultures of Coleus blumei (Szabo et al. 1999).
In this study, positive results were obtained in terms of
growth parameters and SMP with EBL and MJ applications
in both adventitious root and cell suspension cultures. How-
ever, adventitious root cultures showed a higher metabo-
lite production performance compared to cell suspension
cultures. Similarly, it has been found that root cultures of
medicinally important plants such as Andrographis pan-
iculata (Praveen et al. 2009) and Polygonum multiflorum
(Ho et al. 2018) were more effective in terms of biomass
increase and secondary metabolite yield compared to cell
suspension cultures. Elicitation applications may be used
to increase SMP in undifferentiated cultures such as cell
suspensions. However, compared to differentiated cultures
like root cultures, metabolite production is lower in undif-
ferentiated cultures due to low productivity, genetic and
biosynthetic instability over a long culture period, and less
efficient response to the same elicitor (Halder et al. 2019).
Especially, in undifferentiated cultures, genetic and physical
instability can result in a decline or even the depletion of
bioactive compounds as time passes (Whitmer et al. 2003).
In addition, undifferentiated cells lack storage tissue where
metabolites can accumulate. Under these circumstances,
metabolites that cannot be stored within the cells and are
instead released into the culture medium are susceptible to
degradation by enzymes in the culture medium (Cai et al.
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2012). Differentiated cultures are effectively used in the pro-
duction of many valuable metabolites with their genetic and
biosynthetic stability and rapid growth ability. For example,
Wang and Wu (2010) reported that root cultures were more
effective than cell cultures in terms of tanshinone produc-
tion in Salvia miltiorrhiza. Murthy et al. (2014) also stated
that the amount of hypericin in Hypericum perforatum roots
(1.38 mg g~!) was more than in the cells (0.16 mg g™!). Sim-
ilarly, in Eryngium planum, roots had more phenolic acids
including caffeic acid, chlorogenic acid and rosmarinic acid,
compared to cells (Kikowska et al. 2012). The results, which
revealed that differentiated tissues provide higher metabo-
lite production than undifferentiated tissues, agree with the
presented study’s results.

PCA is a powerful technique for dimensionality reduction
in a dataset, achieved by explaining the variance of inter-
related variables. Reducing the dimensionality of data is a
useful approach to improve the visualization of data struc-
ture. In this study, the first three PCs were selected for PC
analyses. The selection of PCs was made according to the
Kaiser criterion, which prescribes the selection of PCs with
eigenvalues greater than one (Kaiser 1958). The PC1 had
the highest eigenvalues and accounted for the largest por-
tion of the variance in the dataset. TPC analyses provided
information on the relationships among variables and which
components influence the variables. In this study, it was
determined that hyoscyamine, TPC, gallic acid, cinnamic
acid, rosmarinic acid, caffeic acid, and chlorogenic acid cor-
related with PC1 in the roots; and scopolamine, gallic acid,
catechin, and epicatechin correlated PC1 in the cells.

Conclusion

In this study, EBL applied single or in combination with
224.3 mg L™! MJ to adventitious root and cell suspension
cultures of H. niger altered growth and SMP depending on
its concentrations. MJ had a suppressive effect on growth
in both roots and cells, whereas EBL treatments promoted
growth properties. It was found that all treatments increased
the accumulation of TAs and phenolics compared to the
control, but this increasing effect varied depending on the
concentrations. It was also determined that the metabolite
production performance of adventitious roots was higher
than that of cells. These findings suggest that the use of MJ
and EBL could be a promising strategy for enhancing the
accumulation of TAs and phenolic compounds in both root
and cell cultures of H. niger.
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