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Abstract

Plant secondary metabolites production is increased in response to both biotic and abiotic elicitors. This study investigates
the impact of sodium nitroprusside (SNP) and Trichoderma harzianum on the molecular and biochemical characteristics
of Catharanthus roseus cell suspensions. A leaf cell suspension cultured on a medium supplemented with 8§ uM 2,4-D
and 2 uM BAP was exposed to Trichoderma harzianum (1% v/v) and SNP (150 uM), and subsequently harvested at 12,
24, 48, and 72 h intervals. The highest catalase, ascorbate peroxidase, B (1-3) glucanase, and chitinase activities were
recorded 48-hours after elicitation, and coincided with the highest expression levels of G/0H (2.5-fold), T16H (1.5-fold),
D4H (1.1-fold), DAT (1.9-fold), STR (5-fold), and CrPRX (2-fold) genes. A positive correlation was established between
enzyme activities, Terpenoid Indole Alkaloid (TTAs) biosynthesis pathway genes, and the accumulation of vinblastine and
vincristine. HPLC analyses showed that the amount of vinblastine and vincristine increased 1.84 and 1.93-fold, respec-
tively, confirming that fungal extracts and SNP elicitors for 48 h significantly increased the vinblastine and vincristine
accumulation and related biosynthesis gene in C. roseus plant.
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Abbreviations CAT Catalase

SNP Sodium nitroprusside APX Ascorbate peroxidase

2,4-D 2,4-dichlorophenoxyacetic acid GR Glutathione reductase

BAP 6-Benzylaminopurine gRT-PCR  Quantitative reverse transcription polymerase
GI0H Geraniol 10-hydroxylase chain reaction

TiI6H Tabersonine 16-hydroxylase PCR Polymerase chain reaction

D4H Desacetoxyvindoline 4-hydroxylase HPLC High-performance liquid chromatography
DAT Deacetylvindoline-4-O-acetyltransferase NO Nitric oxide

STR Strictosidine synthase SCV Settled cell volume

CrPRX Catharanthus roseus Apoplastic Peroxidase

RPS9 Ribosomal Protein S9

TIAs Terpenoid Indole Alkaloid Introduction

SOD Superoxide dismutase

Alkaloids constitute a class of more than 12,000 differ-
ent low molecular weight nitrogen-containing compounds
prevalent in various plant species (Facchini 2001). Owing
Communicated by Ali R. Alan. to their biological activities, many alkaloids have found
extensive applications in pharmacology (Zhou et al. 2010).
Catharanthus roseus, a member of the Apocynaceae fam-
ily, holds significance as both a medicinal and an ornamen-
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drugs vincristine and vinblastine (Alhaithloul et al. 2019;
Birat et al. 2022). Vinblastine and vincristine bind to tubulin
inducing polymerization, disrupting microtubule assembly,
and ultimately arresting metaphase (Zandi 2021). However,
the limited accumulation of these valuable alkaloids falls
short of global demand (Zhang et al. 2018). Recent studies
have made strides in elucidating the genes involved in Ter-
penoid Indole Alkaloid (TIAs) biosynthesis, the regulation
of the TIAs biosynthesis pathway, and the transport of path-
way intermediates (Liu et al. 2014). Despite this progress,
comprehensive investigations into pathway genes, regula-
tors, and TIA transporters are still needed to better under-
stand the production of components vital for anticancer
drug development in C. roseus (Pan et al. 2018).

Plants respond to various stresses, elicitors, or signal
molecules by accumulating secondary metabolites (Thakur
et al. 2019; Siddiqui et al. 2023). Elicitors, derived from
biotic, abiotic, physical and chemical sources, play a pivotal
role in enhancing secondary metabolite biosynthesis and
accumulation by inducing defensive responses and physi-
ological changes in plants (Baldi et al. 2009; Cai et al. 2012;
Ramezani et al. 2018). The application of biotic or abiotic
elicitors has proven to be one of the most effective ways
to boost secondary metabolite production by in vitro plant
cultures, reducing processing time for obtaining active com-
pounds on a larger scale (Sahu et al. 2013; Coste et al. 2011).

Fungal elicitors, among various biotic elicitors, have
gained prominence for stimulating secondary metabolite
production in “in vitro” cultures (Singh et al. 2018). Under-
standing the role of elicitors in plant defense responses
involves considering the activities of various antioxidant
enzymes, as the addition of elicitors induces cellular stress
in tissues (Tonk et al. 2016). Previous studies have high-
lighted the tissue and cell-specific control of TIAs biosyn-
thesis pathway gene expression in response to biotic and
abiotic stimuli in C. roseus (Kellner et al. 2015).

While the enhancement of alkaloids like vincristine
and vinblastine is treatment and cell line-specific, the
use of biotic and abiotic elicitors in the medium remains
an economical approach to enriching valuable alkaloids
for medicinal purposes (Tonk et al. 2016). Biotic elicitors
have been employed to increase the production of sec-
ondary metabolites such as shikonin by cell cultures of
Lithospermum erythrorhison, rosmarinic acid by Coleus
blumei Benth. (Lamiaceae), and berberine by cell cultures
of Coptis japonica Makino (Ionkova 2007). Fungal elici-
tation has demonstrated positive effects on the enrichment
of various secondary metabolites, including ginsenoside
(Tonk et al. 2016), and vincristine and vinblastine (Tonk et
al. 2016). The accumulation of ajmalicine was significantly
improved in C. roseus cell suspension, with optimum results
supplementing the medium with 5% v/v concentrations of
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Aspergillus niger, Fusarium moniliforme, and Trichoderma
viride as biotic elicitors (Namdeo et al. 2002). Fungal elici-
tation by Trichoderma harzianum, Colletotrichum lindemu-
thianum, and Fusarium oxysporum also increased biomass
and asiaticoside accumulation in Centella asiatica (Prasad
et al. 2013). Ming et al. (2013) reported that Trichoderma
atroviride and polysaccharide fragments led to an enhance-
ment of tanshinone in Salvia officinalis hairy roots. In a
recent study, Ramezani et al. (2018) reported a 1.2-fold
increase in Deacetoxyvindoline 4-hydroxylase (D4H) and
a 0.7-fold increase in Deaccetylvindoline by vindoline
4-O-acetyltransferase (DAT) gene expression after 48 h of
treatment, leading to enhanced vinblastine and vincristine
production in C. roseus cell suspension inoculated with
Trichoderma tomentosum elicitor, which proved to be more
effective than Piriformospora indica.

Sodium nitroprusside (SNP) serves as a nitric oxide
(NO) donor and NO play a fundamental role in plant growth
(Khurana et al. 2011), signaling, regulating plant defense or
stress responses (Amooaghaie and Korrani 2018), increas-
ing alkaloid accumulation (Xu and Dong 2005), and anti-
oxidant genes (Khan et al. 2017). Mahendran et al. (2021)
reported a significant increase in deacylgymnemic acid,
gymnemagenin, and gymnemic acid XVII in Gymnema
sylvestre cell suspensions exposed to 20 pM SNP treat-
ment. Elicitors, causing cellular stress, can be gauged by
antioxidant enzyme activity, with enzymes such as superox-
ide dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX), and glutathione reductase (GR) serving as crucial
indicators (Fatima et al. 2015). The addition of Aspergil-
lus flavus as a fungal elicitor to Catharanthus roseus callus
cultures induced extracellular stress, resulting in improved
vincristine and vinblastine yields and increased antioxidant
enzyme activities (Tonk et al. 2016).

This study comprises two main steps. In the first step, in
vitro callus from selected C. roseus explants were induced
in different hormonal media, and cell suspensions were
obtained and subjected to elicitor application. In the sec-
ond step, the activity of selected enzymes and the expres-
sion of genes involved in the biosynthesis of vinblastine and
vincristine, including Geraniol 10-hydroxylase (G10H),
Strictosidine synthase (STR), and Catharanthus roseus per-
oxidase (CrPrx), were investigated using real-time quantita-
tive PCR (qRT-PCR). Simultaneously, alkaloids production
under the influence of Trichoderma fungi and SNP as elici-
tors in periwinkle cell suspension was assessed. The inte-
grated results from enzyme activities, qQRT-PCR, and HPLC
data provide comprehensive insights into the effect of elici-
tors on the content of terpenoid alkaloids in C. roseus cell
suspension.



Plant Cell, Tissue and Organ Culture (PCTOC) (2024) 157:37

Page 30of 17 37

Materials and methods
Plant material and in vitro culture conditions

Catharanthus roseus (C. roseus) seeds were procured from
Syngenta Company, Basel, Switzerland. Surface steriliza-
tion involved a modified protocol (Tonk et al. 2016), utiliz-
ing 70% ethanol for 5 min, 1.5% sodium hypochlorite for
12 min, and subsequent rinsing with sterile distilled water
at intervals of 10, 8, 6, 4, 2, and 1 min, respectively. Seeds
were placed on a basal medium (Murashige and Skoog
1962) without plant growth regulators. After 2 weeks seeds
germinated and various explants, including hypocotyl, coty-
ledon, node, leaf, and petiole (before reach to the blooming)
were excised and cultured in the MS medium without PGRs
as control and MS medium supplemented with 2, 4-D (2, 4,
and 8 uM) and benzyl amino purine (BAP) at 0.5, 1, and 2
uM. The media were solidified with 7 g/l of agar, and the
pH was adjusted to 5.7+0.1 before autoclaving at 121 °C
for 15 min. All cultures were incubated at 25 +2 °C under
a 16-hour photoperiod regime with a cool white fluorescent
light source (100 uM~! m~2 s~! PFD).

Fig. 1 (a) Types of callus (1) Soft-
friable callus and (2) Hard callus
divided from C. roseus leaf explant.
(b) Cell growth curve based on
measuring the volume of stationary
cells in C. roseus cell suspension
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Callus induction and cell suspension

A factorial experiment in a completely randomized design
was conducted in triplicate to evaluate the effect of PGRs
and explant types on callus formation. After 4 weeks 2 types
of calluses, soft-friable and hard, were found. Soft callus
contained mostly round and elongated cells with thin cell
walls and large vacuoles (Fig. 1, a). Callus derived from dif-
ferent explants was dried and an extract obtained by ultra-
sonic method, first 200 mg of the powdered dried callus was
mixed with 2 ml 80% methanol and placed in an ultrasonic
bath (40 khz, AVA-UB 5-20, AVA TEKS, Iran) at 40-C for
45 min. Then mixture was filtered through Whatman filter
paper (25 mm diameter, 0.45 mm pore size) and 20 pl of
extract was injected into HPLC. Based on HPLC analyzed
results 1 g of soft-friable callus derived from the explant
with the highest vinblastine and vincristine percentage
was selected and transferred to 250 ml liquid MS medium
with the optimal hormonal treatment for callus growth, and
shaken (120 rpm at 25 °C, under light) for cell suspension
proliferation. The growth curve of cell suspension was
measured by considering the volume of stationary cells
and counting the number of cells during 13 days every day.
The maximum volume of stationary cells of samples was

) 2

b)

Day
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observed on the 7th and 8th days, while the cell growth was
stable after 9th day (Fig. 1, b). Cell suspension were sub-
cultured every 7 days until an optimal cell growth rate was
achieved. Cell growth curves were constructed using settled
cell volume and cell count (Farjaminezhad et al. 2013; Jun-
aid et al. 2006). Elicitor treatments were applied when the
cells reached the exponential growth phase.

Procurement, culture of fungi and elicitor
preparation

The Trichoderma harzianum strain was obtained from the
Department of Plant Pathology, Bu-Ali Sina University,
Hamedan, Iran. T, harzianum was cultured in PDA solid
medium for 10 days at 28 °C, then transferred to PDA lig-
uid medium and placed in a shaker incubator (120 rpm at
28 °C, under light) for two weeks. After sufficient growth
of fungi, a Buchner funnel was used to filter mycelium and
fungal spores. After drying fungal cells at 65 °C for 24 h,
10 g powdered cells were dissolved in 1 1 distilled water,
autoclaved at 120 °C for 20 min, then filtered through Whit-
man filter paper (25 mm diameter, 0.45 mm pore size), and
the filtered extracts were used as an elicitor (Namdeo et al.
2002). Finally, 1% (v/v) concentration of fungal extract was
applied to the cell suspension (Tashackori et al. 2016).

The abiotic elicitor used was 150 pM SNP, and the
medium without elicitor served as a control. The cell sus-
pension was harvested at 12, 24, 48, and 72 h after exposure
to the elicitor. The harvested cell suspension was filtered
through a Whitman filter paper (25 mm diameter, 0.45 mm
pore size), excess water was removed at room temperature
(25 °C), and then samples were stored at -80 °C for sub-
sequent analysis of enzyme activities and RNA extraction.

Enzyme activities assessment

To measure the activities of catalase and ascorbate peroxi-
dase, sodium phosphate buffer at 50 mM (pH 7) contain-
ing 2 mM EDTA was prepared. In order to prepare enzyme
extract, cells grown in each treatment suspension were used.
The initial cooling was done by liquid nitrogen and then
samples were kept at -80 °C; 1 g cells were completely
crushed with liquid nitrogen in a mortar and 1 ml of extrac-
tion buffer was added to 0.1 g of the powder, centrifuged
for 15 min at 10,000 rpm at 4 °C, then floating solution was
removed.

Catalase enzyme activity was measured using a modi-
fied Aebi (1984) method. Thus, 3 ml sodium phosphate
buffer was poured into both control and sample cuvettes,
4.51 pl of 30% hydrogen peroxide was added, two cuvettes
were placed into the spectrophotometer as calibration.
50 ul of plant extract was added to the sample cuvette
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and the changes in absorbance at 240 nm for 2 min were
recorded. Finally, the enzyme activity was calculated using
the absorption coefficient of oxygenated water at a 240 nm
(0.036 mM~! cm™") and was expressed as units per mg of
fresh weight. A unit of catalase enzyme activity was con-
sidered as the amount of enzyme that decomposes 1 uM of
H,0, per minute.

For ascorbate peroxidase enzyme activity, Aebi (1984)
modified method was used. After calibrating as above, 50 ul
of plant extract was added to the sample cuvette and the
absorbance changes at 290 nm after 2 min were recorded.
The amount of enzyme activity was calculated using the
absorption coefficient of ascorbate at 290 nm (2.8 mM~!
em™!) and expressed as units per mg of fresh weight. A
unit of ascorbate peroxidase enzyme was considered as
the amount of enzyme that oxidizes 1uM of ascorbate per
minute.

The B (1-3) glucanase enzyme activity was measured
by the Abeles and Forrence (1970) method with modifica-
tions. To extract glucanase, 0.75 g of cells were crushed in
a mortar on ice with 1.5 ml cold sodium acetate buffer at
0.5 M. Then, the homogenized extract was transferred to
1.5 ml vials and centrifuged 20 min at 4 °C at 1400 rpm,
the upper part was transferred to similar vials and kept at
-20 °C. The reaction mixture was prepared from 30 ul of 4%
Laminarin (Sigma) base solution prepared in 0.5 M sodium
acetate buffer with pH5 and 30 pl of plant extract. The mix-
ture was kept at 40 °C in a water bath for 30 min, then the
reaction was stopped by adding 187 pl of dinitrosalicylic
acid reagent and placed in boiling water at 100 °C for 5 min.
The final volume was adjusted to 2 ml. Enzyme activity was
determined as mg of glucose released per minute per 1 ml
of plant extract. The absorption was at 500 nm and differ-
ent concentrations of glucose were used to draw a standard
curve.

Chitinase activity was assayed with a modified Fan et
al. (2008) method, by homogenizing 1 g cells with 3 ml of
0.1 M sodium acetate buffer at pH 5, and centrifuging for
15 min at 13,000 rpm at 4 °C. The upper part contained
chitinase enzyme, which was kept at -20 °C. Then, 1 ml
of plant extract, 0.3 ml of 0.1 M sodium acetate buffer at
pH 4.7 and 0.2 ml of colloidal chitin were mixed. They
were kept for 12 h at 4 °C, and centrifuged at 12,000 rpm
for 5 min at 4 °C. Then, 0.75 ml of the supernatant plus
0.25 ml of 1% dinitrosalicylic acid solution, 0.7 M NaOH
and 0.1 ml of 10 M NaOH were placed for 5 min in boiling
water (100 °C). The absorption at 582 nm was determined
and different concentrations of N-acetyl-D-glucosamine
were used to draw a standard curve.
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Table 1 Temperature program used to perform PCR reaction

Cycles Stage name Temperature (°C) Run time

number

1 Initiate denaturation 94 2 min
denaturation 94 30s

38 annealing 58-60 30s
extension 72 30s

1 Final extension 72 7 min

Table 2 Temperature program used to perform the RT-PCR reaction

Cycles number Stage name Temperature (°C) Run
time
1 Initiate denaturation 95 360 s
denaturation 95 15s
40 annealing Special foreach ~ 20s
primer
extension 72 45
95 10s
1 Melting curve 65 60 s
97 s

Extraction and assay of vinblastine and vincristine

Following the protocol by Pan et al. (2010), samples were
harvested, dried at 25 °C for a week, and pulverized. The
assay involved dissolving 0.1 g of the sample’s powder in
1 ml of 85% methanol (HPLC grade), ultra sonication at
30 °C for 1 h, centrifugation at 14,000 rpm for 15 min, and
collection of the supernatant for analysis. The vinblastine
(code V03000 Sigma Aldrich) and vincristine (code V7988
Sigma) standards were purchased. 0.5 mg of vincristine and
0.5 mg of vinblastine were solved in 0.5 ml of HPLC metha-
nol and 0.5 ml of acetonitrile respectively. In order to plot
the standard curves, different concentrations of vincristine:
0.2,0.4,0.6,0.8,1,2,4, 6, 8 and 10 mg/l (ppm) and vinblas-
tine: 100, 150, 200, 300, 400 and 500 mg/l were prepared
and 20 pl injected into HPLC machine. Optical absorptions
were recorded at 210 nm and the standard curve plotted.
Chromatography was carried out using an HPLC manufac-
tured by Knauer Scientific Instruments, Berlin, Germany.
For the mobile phase, HPLC water and acetonitrile with
a 50:50 ratios were used. Flow rate was set to 1 ml per
minute and light absorption measured at 210 nm. Reverse
phase-HPLC was utilized for the evaluation of indole alka-
loids, with detection and quantification performed using a
Smart line pump 1050, a Smart line UV Detector 2600, and
DGU-14 A degasser. All the solutions were filtered through
a 0.45 nm filter. Aliquots (80 ul) were injected into a C18
reversed-phase column (250 mm X 4.6 mm length, 5 um
particle size). Vinblastine and vincristine compounds were
identified by comparing their retention times with standards,
and their content was determined using a calibration curve.

Total RNA extraction and gene expression analyses

Total RNA extraction from control and elicited samples was
carried out using the RNX-Plus Kit (Sinaclon, Iran), follow-
ing the manufacturer’s instructions. Quality and quantity of
RNA were assessed using agarose gel electrophoresis (1 g/1)
and a Nanodrop spectrophotometer (Thermo Scientific, Ger-
many), respectively. The first-strand cDNA was synthesized
from RNA using the Sinaclon First-Strand cDNA synthe-
sis kit (Tables 1 and 2). Primers for geraniol 10-hydroxy-
lase (G10H), strictosidine synthase (STR), tabersonine
16-hydroxylase (T16H), desacetoxyvindoline 4-hydroxylase
(D4H), deacetylvindoline-4-O-acetyltransferase (DAT),
and Catharanthus roseus Apoplastic Peroxidase (CrPrx)
genes were designed using OligoArchitect online software
and synthesized by Pishgam Company, Iran (Table 3). Real-
time PCR reactions were performed with Syber Green dye,
following the Sinaclon protocol. The Ribosomal Protein S9
(RPS9) gene served as a housekeeping gene for data normal-
ization. For each sample, Ct values of the reference genes
were used as an internal control to normalize target gene
expression. The results were calculated as relative changes
(Fold changes) compared to the control sample using the
2 22 method (Livak and Schmittgen 2001).

Statistical analysis

Data were analyzed and correlation between phytochemi-
cal, molecular and metabolic evaluations was done by using
one-way analysis of variance (ANOVA) in SAS software
(version 9.4 Cary, NC, USA). The normality was checked
by the Shapiro-Wilk test before we used data for the sta-
tistical analysis. Duncan’s multiple range test was used to
compare the means. Differences were considered statisti-
cally significant when P<0.01. Each treatment included 3
replications for all experiments.

Results

Callus induction and cell suspension establishment
and culture

Callus formation percentage and callus fresh weight were
measured after four weeks. The effect of explants, hor-
monal treatment, and their interaction on callus induction
percentage and callus fresh weight (Fig. 2, a) of C. roseus
were significant (P<0.01). Comparisons between explants
and hormonal treatments on callus formation also showed
that the callus formation percentage of different explants
was strongly influenced by hormonal content in the culture
medium. Some explants, including hypocotyl, nodule, and
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Fig. 2 (a) Interaction effect of C. roseus explants and hormonal treat-
ments on callus formation percentage. In each column, the averages
with the same letters have no significant difference at the 5% probabil-

leaf, showed a high callus formation percentage with most
hormonal treatments, such as 4 uM 2,4-D and 2 uM BAP,
while 8 uM 2,4-D and 2 uM BAP resulted in 100% callus
formation. Conversely, the lowest percentage of callus for-
mation from leaf explants was observed in the medium with
2 uM 2,4-D and 2 uM BAP.

Interaction effects of explant and hormonal treatment
showed variable callus fresh weight for various explants in

@ Springer

ity level based on Duncan’s multiple range test. (b) Interaction effect
of C. roseus explants and hormonal treatments on callus fresh weight

culture media with different hormonal treatments, as illus-
trated in Fig. 4. For hypocotyl explants, the highest callus
fresh weight was observed on 2 pM 2,4-D and 0.5 uM BAP,
followed by a combination of 2 pM 2,4-D and 1 pM BAP,
while the lowest callus fresh weight was observed in the
medium supplemented with 2 uM 2,4-D and 2 uM BAP
(Fig. 2, b).



Plant Cell, Tissue and Organ Culture (PCTOC) (2024) 157:37

Page 7 of 17 37

HPLC results showed that the simple effect of explants
on vinblastine and vincristine in C. roseus was significant
(Fig. 5). The highest amounts of vinblastine and vincris-
tine were obtained from leaf explants 1.348 and 0.657 pg/g
dry weight respectively, followed by hypocotyl 0.317 and
0.183 ng/g dry weight respectively. There was no significant
difference between petiole, node, and cotyledon explants in
the aforementioned alkaloids (Fig. 3). Hence, leaf explants
were for the next stage, while 8 uM 2.4-D plus 2 uM BAP
was the most desirable hormonal combination for callus
growth, and was used for liquid culture and the preparation
of cell suspensions.

The amount of vincristine and vinblastine in leaf-derived
callus was 3.6 (0.7 pg/g dry weight) and 4.2-fold (1.3 pg/g
dry weight) higher than in callus from hypocotyl explants,
respectively (Fig. 5).

Enzymes activities

Application of Trichoderma and SNP significantly affected
the activities of catalase, ascorbate peroxidase, f (1-3)
glucanase, and chitinase in the treated C. roseus cell sus-
pension. The effects of elicitors and the timing of their appli-
cation on catalase activity were noteworthy. Specifically, T
viride+SNP and T. harzianum+ SNP treatments led to a
2-fold and 1.9-fold increase in catalase activity compared
to controls, respectively (Fig. 4, a). The interaction effect
of elicitors and application timing on ascorbate peroxidase
activity did not show a significant difference. However,
the highest observed enzyme activity was in the 7. harzia-
num+SNP (2.59 mg™! protein min') and SNP (2.55 mg™!
protein min~') treatments, respectively (Fig. 4, b). Addition-
ally, a significant increase in ascorbate peroxidase activity
was observed after 48 h of elicitor application (Fig. 4, c).
As shown in Table 3, elicitors and the timing of their
application influenced B (1-3) glucanase. It was found that
B (1-3) glucanase activity increased by 2.4-fold in the T.
harzianum and T. harzianum + SNP treatments, 48 h after
elicitor application, compared to the control (Fig. 5, a). The

Fig. 3 The effect of explants on the 1.6 . .
vinblastine and vincristine level in ® Vinblastine
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§ 08
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data from Table 4 also revealed that elicitors and their time
of application affected chitinase activity. Specifically, the 7.
harzianum and T. harzianum + SNP treatments resulted in
a 3.7-fold increase in chitinase activity 48 h after elicitor
application compared to controls (Fig. 5, b). Comparing the
treatments, the activity of catalase and ascorbate peroxidase
enzymes was higher in the SNP treatment than in the fungal
treatments. The peak activity of these antioxidant enzymes
occurred 48 h after the treatments. The most effective elici-
tor and application timing for increasing catalase and ascor-
bate peroxidase activity were for the 7 harzianum and SNP
treatment 48 h after application. After 72 h, due to the death
of most cells in the suspension culture, enzyme activity
decreased, reaching levels lower than those observed 12 h
after treatment.

Furthermore, the activity of chitinase and -1,3-glucanase
enzymes in samples treated with 7. harzianum was higher
than that in 7. viride, although no significant difference was
observed between them. When comparing the impact of bio-
logical treatments and SNP elicitors on the activity of chi-
tinase and B-1,3-glucanase enzymes, fungal treatments were
found to increase the activity of these enzymes compared to
SNP treatment. The highest activity of these enzymes was
observed 24 h after treatment. Overall, the highest activ-
ity of chitinase and B-1,3-glucanase enzymes was obtained
from the 7. harzianum and SNP treatment after 24 h. How-
ever, after 48 h of treatment, the activity of these enzymes
decreased, reaching levels lower than those observed 12 h
after treatment with biotic elicitors and SNP.

The results showed that after 48 h of treatment with biotic
elicitor and SNP, the activity of B-1,3-glucanase, chitinase,
polyphenol oxidase, peroxidase, and phenylalanine ammo-
nia-lyase increased and was recorded as 3.34, 2.11, 3.34,
2.17, and 2-fold higher than controls. In this study, there
were non-significant differences between 7. harzianum and
T. viride elicitors.

® Vincristine
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R

Hypocotyl

Cotyledon
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Expression of TIAs pathway genes

The relative expressions of the G10H, T16H, D4H, DAT,
STR, and CrPRX genes in the TIAs biosynthetic pathway
of C. roseus cell suspension were significantly up regulated
with elicitors and their time of application. The gene expres-
sion began to increase after 12 h, reaching its maximum
level at 48 h, and subsequently decreased to levels lower
than the initial values after 72 h. The 7. harzianum+ SNP
treatment, applied after 48 h of elicitor application, resulted
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in the maximum expression of all considered genes. The
impact of elicitors and application time on GI/0H gene
expression revealed the highest relative expression in the
T harzianum+ SNP treatment 48 h after elicitor applica-
tion (2.53-fold compared to control) followed by 24 h after
elicitor application (2.32-fold compared to control) (Fig. 4,
c). For the T16H gene, a 1.5-fold and 1.37-fold increase in
relative expression was observed in the 7. harzianum + SNP
and 7. harzianum treatments 48 h after elicitor application,
respectively (Fig. 5, a). The relative expression of the D4H
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Table 3 Sequence of reciprocating primers used in real time PCR reac-
tion

Gene and primer ~ Primer sequence Annealing

name (5°-3”) temperature

G10H (forward) TAGCAGGGACGGACACAAC 60
ATCAA

G10H (reverse) TCACGTCCAATTGCCCAAG 60
CATTC

T16H (forward) ~ AGGACCTTGTTGATGTGCTAC 62

TI6H (reverse) CATTGCCCAATCGACTGTTG 62

D4H (forward) TACCCTGCATGCCCTCAACC 60

D4H (reverse) TTGAAGGCCGCCAATTGAT 60

DAT (forward) TTCCCTCCGGAAGCCATAGA 60

DAT (reverse) GCTGATTTCCCTGCTACCGT 60

CrPRX (forward) GCAACATCTCCCAGACCACA 60

CrPRX (reverse) GTTCTCCCAACACTATGAG 60
CACC

RPS9 (forward) TCCACCATGCCAGAGTGCT 64
CATTA

RPS9 (reverse) TCCATCACCACCAGATGCC 64
TTCTT

gene was higher in the suspension treated with 7. harzia-
num+ SNP 48 h (1.18-fold compared to control) and 24 h
after elicitor application (1.15-fold compared to control)
(Fig. 5, b). A 1.98-fold and 1.68-fold increase in DAT gene
relative expression was observed in the 7. harzianum + SNP
treatment after 48- and 24-hours of elicitor application,
respectively (Fig. 6). The maximum relative expression of
the STR gene was obtained from the 7. harzianum+ SNP
treatment after 48 h (5.08-fold compared to control) and
24 h of elicitor application (4.46-fold compared to control)

(Fig. 6). For the CrPRX gene, the T. harzianum + SNP treat-
ment after 48 and 24 h of elicitor application caused a 2.07-
fold and 1.79-fold increase, respectively (Fig. 6).

The lowest expression value for all genes was observed
in the control samples. In summary, the utilized elicitors
stimulated the expression of the six key genes in the vin-
blastine and vincristine biosynthesis pathway within the
TIAs biosynthetic pathway, leading to the accumulation of
TIAs.

Vinblastine and vincristine alkaloid yield

The influence of Trichoderma fungi and SNP, the timing
of elicitor application, and the interactive effects of Tricho-
derma fungi and SNP with elicitor application time on the
amounts of vinblastine and vincristine alkaloids in C. roseus
cell suspension were found to be statistically significant at a
1% probability level (Fig. 7, a and b). The interaction effect
of Trichoderma fungi and SNP, along with the elicitor appli-
cation time, revealed that the maximum levels of vinblas-
tine (Fig. 7, a) and vincristine (Fig. 7, b) alkaloids occurred
in the treatment involving 7. harzianum+ SNP 48 h after
elicitor application, exhibiting a 1.84-fold and 1.93-fold
increase compared to the control, respectively. Additionally,
the combination of 7. harzianum + SNP after 24 h of elicitor
application resulted in a 1.69-fold and 1.87-fold increase in
vinblastine and vincristine alkaloids compared to controls,
respectively. The controls, with varying elicitor application
times, displayed the lowest amounts of vinblastine and vin-
cristine alkaloids, and these values were not significantly

Table 4 Correlation between phytochemical, molecular and metabolic attributes in C. roseus cell suspension. ** Significance in 1% probability

Variable Catalase Ascorbate B-1and Chi- Relative  Relative Relative Relative Relative Relative  Vin-

enzyme per- 3-glu- tinase  expres- expres- expres- expres- expres- expres- blastine
oxidase  canase enzyme sion of sion of sion of sion of sion of sion of alkaloid
enzyme  enzyme G10H T16H D4H DAT STR CrPRX

Ascorbate peroxi-  0.841%* -

dase enzyme

B-1 and 3-glucanase 0.888** 0.678** -

enzyme

Chitinase enzyme 0.885%* 0.659**  0.965** -

Relative expression  0.859%* 0.782**  0.776%* 0.758%* -

of GIOH

Relative expression  0.512** (0.325%*  0.603** 0.643** 0.463** -

of TI6H

Relative expression  0.549%* 0.351*%*  0.596** 0.469*%* 0.535%*  0.652** -

of CrPRX

Relative expression  0.661%* 0.529%*  0.625%* 0.656** 0.421**  0.552**  (0.552*%* -

of D4H

Relative expression  0.880** 0.760**  0.875** 0.864** (0.898**  0.598**  0.621**  0.776** -

of STR

Relative expression  0.620%* 0.490**  0.619%* 0.643** 0.711**  0.432**  0.531*%*  0.966*%* 0.758** -

of CrPRX

Vinblastine alkaloid 0.743** 0.603**  0.798** 0.794** 0.800**  0.581**  0.669**  0.744**  (0.903**  (0.762** -

Vincristine alkaloids 0.720%* 0.519*%*  0.774** 0.775** 0.765**  0.616**  0.633**  0.697**  0.835**  (0.730**  0.891**

@ Springer



37 Page 10 of 17

Plant Cell, Tissue and Organ Culture (PCTOC) (2024) 157:37
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different from each other. This study provides clear evi-
dence that the biotic elicitor stimulates an enriched level of
alkaloids in C. roseus cell suspension.

Correlation between phytochemical, molecular and
metabolic evaluations

The interplay between enzymatic activity, molecular, and
metabolic parameters in C. roseus cell suspension under the
influence of Trichoderma fungi and SNP elicitors revealed
a positive and significant correlation. This correlation was
observed between catalase, ascorbate peroxidase, B-1 and
3-glucanase, and chitinase enzyme activities with the rela-
tive expression of GI0H, T16H, D4H, DAT, STR, CrPRX
STR, and CrPRX genes involved in the biosynthesis of vin-
blastine and vincristine alkaloids.

Based on these results, it can be inferred that 7. harzia-
num, SNP elicitor, and the timing of elicitor application

@ Springer
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induced a defense response, leading to an increase in enzy-
matic activity. Consequently, this increase in enzymatic
activity stimulated the relative expression of genes in the
biosynthetic pathway of C. roseus cell suspension. The con-
firmation of this inference lies in the enhanced production
of vinblastine and vincristine alkaloids. The heightened syn-
thesis of these alkaloids may be attributed to the increased
activity of antioxidant enzymes (catalase and ascorbate
peroxidase) and defense enzymes (B-1 and 3-glucanase and
chitinase), or an upregulation in the expression of genes
integral to the biosynthetic pathway of these alkaloids (refer
to Table 4).
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Fig. 6 The effect of Trichoderma harzianum, sodium nitroprusside elicitor and elicitor application time on relative expression of G10H, T16H,
D4H, DAT, STR and CrPRX genes in C. roseus cell suspension

Discussion

The initial phase of the experiments aimed to screen for
the optimal explants and medium, focusing on achieving
high callus formation percentages, substantial callus fresh

weight, and elevated levels of vinblastine and vincristine. In
the subsequent section, the study delved into investigating
the impact of 7. harzianum, SNP elicitors, and the timing of
elicitor application on enzymatic activity and the expression
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Fig.7 (a) The interaction effect of
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of the TIAs biosynthetic pathway genes in C. roseus cell
suspension.

Farhadi et al. (2021) investigated the effects of BAP, 2,4-
D, and NAA on the percentage and weight of calluses from
the roots and hypocotyl of C. roseus. They found that these
were highest from hypocotyl explants cultured with 1 uM
BAP and 1| uM 2,4-D. C. roseus hypocotyl explant in MS
medium supplemented with 4.5 uM 2,4-D with 2 uM BAP
had the highest callus formation. Fragile, light-colored, and
fast-growing calluses were produced that could produce
somatic embryos. In the present study, the combination
treatment of 4 uM 2,4-D and 1 uM BAP and 4 uM 2,4-D and
2 uM BAP induced callus formation in most of the explants.
The positive effects of 2,4-D and BAP on callus formation
percentage and callus weight have been reported in many
medicinal plants, such as Stevia rebaudiana (Keshvari et al.
2018), Taxus baccata, Calotropis procera (Amirkavei Naja-
fabadi et al. 2020) and Mentha piperita (Ahmad et al. 2021),
and are consistent with the results of this study. The balance
between organic and inorganic nutrients, carbon sources,
plant growth regulators, stresses, and plant growth stages
can affect the biosynthetic pathway of alkaloids.

Aslam et al. (2010) investigated the vincristine alka-
loid content in non-embryonic versus embryogenic callus
from leaf, root, and node explants. Their results showed
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the highest amount of vincristine alkaloid in the embry-
onic germination stage (10.04 micrograms per gram of dry
weight). Also, plants regenerated from somatic embryos
had 2.2 pg per gram of dry weight of vinblastine more than
plants grown in the field. Their results showed that vinblas-
tine alkaloid was not detected in the roots, and the highest
vinblastine alkaloid was observed in the leaf explant. On
the other hand, vinblastine alkaloid in the in vitro condition
was 12.3 pg/g of dry weight, and in field condition, it was
9.4 ug/g of dry weight.

Liu et al. (2021) emphasized that cell suspension and
hairy roots represent optimal methods for studying the bio-
synthesis pathway of indole alkaloids in periwinkle. How-
ever, earlier research had used seedlings (Mortensen et al.
2019), leaves (Sharma et al. 2018), and petals (Schweizer
et al. 2018) to investigate gene expression related to the
synthesis of valuable alkaloids in this plant. For this study,
C. roseus cell suspensions derived from leaf callus were
employed.

The genetic control of secondary metabolite produc-
tion is well-established, yet its accumulation in the plant
is triggered by biotic stresses and SNP elicitors (Verma et
al. 2017). Fungal elicitors, in particular, enhance the pro-
duction of secondary metabolites, especially those integral
to plant defense mechanisms. Fungi and plants share cell
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walls, but the composition of fungal cell walls differs from
that of plants. Elicitors target cell wall compounds, activat-
ing the plant’s defense system in response to the elicitor’s
message (Orban et al. 2008). Over time, a decrease in cell
growth affected by fungal elicitors may be attributed to
reduced primary metabolism and the initiation of second-
ary metabolism. Interestingly, there are reports of increased
growth influenced by fungal elicitors (Wang et al. 2001).

SNP serves as a nitric oxide source, acting as a free radi-
cal with wide-ranging physiological consequences in plant
cells (Hayat et al. 2010). The signaling role of nitric oxide
in regulating essential growth processes, development, and
defense responses has been well-documented (Hong et al.
2008). Nitric oxide activity in plant tissues and cells typi-
cally occurs in response to abiotic stresses, pathogen attacks,
and challenges from fungal elicitors. Its prominent role lies
in signaling and regulating defense responses to stresses,
leading to an increased production of secondary metabolites
(Senthil 2020), as well as the activation of enzymes and
the expression of genes related to their biosynthetic path-
ways (Ma et al. 2021). Tonk et al. (2016) conducted a study
investigating the effect of Aspergillus flavus fungal elicitor
on vinblastine and vincristine content in periwinkle in vitro
culture. Their results showed that adding 0.15% of fungal
elicitor to the culture medium, in comparison with other
concentrations, led to the highest activity of superoxide dis-
mutase, catalase, and ascorbate peroxidase.

SNP stimulates enzymes and genes involved in the scav-
enging of free radicals, induces stress, and triggers the
stress response mechanism by stimulating enzymes and
genes related to defense. The reduction of fusarium wilt was
investigated in tomatoes by treating with biotic and SNP
elicitors (Chakraborty et al. 2021).

Given the positive effects observed with fungal elici-
tors and SNP in this study, their influence on the relative
expression of genes involved in the biosynthetic pathway
of vincristine alkaloid was explored. It is worth noting that
the relative expression of GI0H, T16H, D4H, DAT, STR,
and CrPRX genes involved in the biosynthetic pathway of
vinblastine and vincristine alkaloids in C. roseus cell sus-
pension under treatment of 7. harzianum and SNP elicitors
had not been examined at various elicitor application times.

The present findings align with previous publications that
highlight the positive impact of biotic elicitors on the bio-
synthesis pathway of TIAs. Pandey et al. (2016) explored
the influence of endophytic fungi (Choanephora infundib-
ulifera and Curvularia spp.) on enhancing the expression
of vindoline genes in periwinkle. Following inoculation
with Curvularia spp., the elicitor led to the expression of
various genes, including STR (0.7-fold increase), SGD (0.2-
fold decrease), T/6H (0.3-fold decrease), /60MT (1-fold
increase), D4H (1.7-fold increase), DAT (5.3-fold increase),

and PRX! (2-fold increase) compared to the control. Cho-
anephora infundibulifera elicitor also induced changes in
the relative expression of key genes in the biosynthetic
pathway of alkaloids. Ramezani et al. (2018) reported that
the treatment of Piriformospora indica and Trichoderma
tomentosum at 1% v/v in periwinkle cell suspension proved
more effective than 7. tomentosum alone. Gene expression
initiated after 24 h of treatment, with the expression of D4H
and DAT genes peaking at 48 h, showing a highest gene
expression of 1.2-fold and 0.7-fold, respectively. After 72 h,
gene expression levels receded to control levels.

Liang et al. (2018) studied the effect of the biotic elici-
tor Aspergillus flavus on the expression of TIAs produc-
tion genes in C. roseus meristem-derived cell suspension.
The results demonstrated that the combined treatment with
25 mg/l elicitor after 48 h yielded the most desirable out-
comes. The relative expression of D4H, G10H, GES, IRS,
LAMT, SGD, STR, TDC, and ORCA3 genes increased by
49.4,1.75, 1.71, 1.42, 3.12, 2.33, 2.87, 2.51, and 5.97-fold
compared to controls. These findings indicated a correla-
tion between the increased expression of specific genes and
the enhancement of vindoline, catharanthine, and ajmaline
alkaloids in periwinkle cells.

The application of SNP elicitor was shown to increase
the production of secondary metabolites and stimulate the
expression of genes in the biosynthetic pathway of valuable
medicinal compounds in plants (Zhou et al. 2010). Mahen-
dran et al. (2021) reported that SNP at different concen-
trations (5, 10, 20, and 40 pM) in the cell suspension of
Gymnema sylvestre increased valuable secondary metabo-
lites and their biosynthetic genes. A concentration of 20 pM,
applied up to day 40 of treatment, resulted in the highest
fresh and dry cell weight. The maximum accumulation of
gymnemic diacyl acid, gymnemagnine, and gymnemic acid
was observed after 40 days in the treatment of 20 uM SNP,
showing a substantial increase compared to the control.
They attributed this increase to a change in the expression
pattern of genes involved in the biosynthesis of these com-
pounds and recommended the 20 uM SNP treatment as a
viable strategy for large-scale production of these secondary
metabolites at an industrial level.

Liang et al. (2012) demonstrated that the application of
the SNP elicitor (100 uM) in Salvia hairy root culture sig-
nificantly enhanced tanshinone production. This treatment
led to a substantial upregulation in the expression of two
key genes, HMGR and DXR, within the biosynthesis path-
way of tanshinone alkaloids, showing increases of 16.7-fold
and 14.1-fold, respectively.

In a study by Wang et al. (2009), the application of cere-
broside (30 pg/ml) and SNP (10 pM) in the hairy roots of
Artemisia reported that SNP alone did not induce changes
in the expression of genes involved in the biosynthesis
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pathway of artemisinin sesquiterpene alkaloids. However,
the results of qRT-PCR revealed that the combined treat-
ment of these two elicitors resulted in the highest expres-
sion levels of HMGR (9.3-fold) and DXR (6.6-fold) genes
compared to the controls.

In a study evaluating the role of SNP as a nitric oxide
donor in secondary metabolite production, Xu and Dong
(2005) found that the treatment of 10 mmol L-1 SNP in the
cell suspension of periwinkle increased the production of
ajmalicine and catharanthine by 1.6 and 2.9-fold, respec-
tively. This increase was accompanied by a significant
upregulation of genes associated with the production of
ajmalicine and catharanthine alkaloids.

Zhou et al. (2010) investigated the transcriptional
response of the catharanthine alkaloid biosynthesis path-
way in hairy root culture of periwinkle using methyl jasmo-
nate (50 mg/l) and SNP (10 mg/l) elicitors. Their findings
suggested that SNP elicitor alone and in combination with
methyl jasmonate caused overexpression of ORCA3, result-
ing in decreased catharanthine levels. Additionally, there
was a significant enhancement of CPR and ZCT transcrip-
tion. Methyl jasmonate increased the expression of several
genes, including 7DC, STR, MECS, SLS, SGD, and G10H,
and this effect was partially inhibited by SNP, suggesting
an antagonistic role of methyl jasmonate and SNP in the
biosynthesis of catharanthine alkaloid.

These studies collectively emphasize the intricate inter-
actions and diverse effects of SNP elicitor on secondary
metabolite production and gene expression in different plant
systems.

The results revealed that SNP elicitor, both alone and
in combination with methyl jasmonate, induced overex-
pression of ORCA3, leading to a subsequent decrease in
catharanthine levels. Additionally, there was a significant
enhancement in CPR and ZCT transcription. Methyl jasmo-
nate, when applied individually, increased the expression of
TDC, STR, MECS, SLS, SGD, and G10H genes. However,
this upregulation was inhibited in the presence of SNP. This
complex response involving transcriptional regulators and
pathogen-related genes suggests a potential antagonistic
role of methyl jasmonate and SNP in the biosynthesis of
catharanthine alkaloid.

In a study conducted by Li et al. (2011), various con-
centrations of SNP (0, 0.1, 1, and 10 mM) were utilized to
investigate their effects on growth and alkaloid production
in the hairy root culture of periwinkle. The results indicated
that 10 mM of SNP acted as a complete inhibitor of hairy
root growth, and both 1- and 10-mM SNP were found to be
toxic, leading to a reduction in the production of TIAs. In
contrast, treatment with 0.1 mM SNP up to day 9 resulted
in an increase in the alkaloids of ajmalicine and taberzonin,
accompanied by a decrease in catharanthine and serpentine
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alkaloids. The maximum levels were reached on day 14 but
declined by day 30. Notably, the treatment with 0.1 mM
SNP concentration up to day 12 led to a reduction in the
expression of STR, ORCA3, and Crgbf1 genes. However, by
day 21, the relative expression of ZCT1 gene had doubled
compared to the control, and until the 28th day, the relative
expression of G/0H gene exhibited an upward trend.

Previous studies have demonstrated the ability of elici-
tors to exert control over a large number of transcription
factor regulators involved in the biosynthesis pathway of
TIAs, stimulating the expression of these genes at both the
biochemical and molecular levels (Khataece et al. 2019).
However, the findings of our research indicate that the
simultaneous application of a biotic elicitor and SNP has a
more pronounced effect in stimulating the production of sec-
ondary metabolites. These results align with earlier studies,
underscoring the enhanced efficacy of the combined treat-
ment involving the Trichoderma elicitor (7. harzianum) and
the abiotic elicitor (SNP). This combined approach proves
more effective in influencing enzyme activity, regulating the
relative expression of the identified genes, and determining
the quantities of vinblastine and vincristine alkaloids in the
C. roseus cell suspension culture.

Conclusion

Based on the results, we recommend employing leaf explants
in conjunction with 8 uM 2,4-D and 2 pM BAP for liquid
culture and the preparation of cell suspension. Furthermore,
the utilization of the T. harzianum elicitor, combined with
the SNP elicitor applied 48 h after, is advised for enhancing
enzyme activities and promoting the expression of genes
involved in the biosynthesis pathway of vinblastine and vin-
cristine alkaloids in periwinkle. The findings presented in
this paper offer valuable insights for optimizing the produc-
tion of secondary metabolites with improved quality under
in vitro conditions.
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