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Enhanced accumulation of
anticancer compounds in C.
roseus hairy root cultures through
elicitation and precursor feeding

Mohamed R. Rady?, Dalia M. Mabrouk{?* & Mona M. Ibrahim?

Catharanthus roseus is a medicinal plant known for producing numerous indole terpenoid alkaloids.
This study investigated the effects of methyl jasmonate, yeast extract, tryptophan, and tryptamine
on the accumulation of four key alkaloids—ajmalicine, catharanthine, vincristine, and vinblastine—

in hairy root cultures of C. roseus. Additionally, the expression levels of two biosynthetic genes,
tryptophan decarboxylase (TDC) and strictosidine synthase (STR) were analyzed to explore potential
transcriptional responses to elicitation. All concentrations of methyl jasmonate (MeJA) increased the
levels of ajmalicine and catharanthine, while MeJA (10 and 250 pM) increased the levels of vinblastine.
In contrast, yeast extract (YE) generally suppressed all indole alkaloid production. Tryptophan

(TRPh) (50 mg/l) enhanced the production of catharanthine and vinblastine, while tryptamine (TRM)
(100 mg/l) enhanced the production of vinblastine. Gene expression analysis revealed that methyl
jasmonate (10 and 100 pM), tryptophan (50 and 250 mg/l), and tryptamine (100 mg/l) upregulated TDC
and STR expression, whereas yeast extract downregulated these genes. These findings demonstrate
that elicitor and precursor treatments can modulate both metabolic output and transcriptional activity
in C. roseus hairy roots, providing useful insights for optimizing the in vitro production of anticancer
compounds.
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Catharanthus roseus contains important chemicals called vincristine and vinblastine, which are used in cancer
treatment. Catharanthus roseus contains important chemicals called vincristine and vinblastine, which are used
in cancer treatment. Medicinal plants are often referred to as “chemical factories” due to their ability to produce
bioactive substances with industrial and pharmaceutical significance. However, a major issue with extracting
phytochemicals from regular plant parts is that their growth and production can be significantly influenced by
the environment, resulting in low yields of these important medicine-making alkaloids and high market costs.
Interest in exploring alternative methods of production for C. roseus has grown, as mentioned in Verma et al.'s
study!.

Most Terpenoid Indole Alkaloids (TTAs), especially dimeric and bisindole alkaloids are found in small
amounts, requiring large quantities of raw materials for compound isolation. For instance, obtaining 1 gram
of vinblastine necessitates around 500 kg of plant material. Van der Heijden et al.? proposed an alternative
method. Kumar et al.® reported in 2022 that market prices for vinblastine and vincristine supply are estimated
at $2 million and $15 million per kilogram, respectively. The limited supply of these drugs is due to insufficient
availability of the plants required for their production worldwide. Additionally, the amounts of TIAs produced
by regular plants are low, and synthesizing them in large quantities through chemical means is impractical due
to high costs and complex structures*. Therefore, further research on C. roseus will focus on exploiting the plant’s
herbal value.

For these reasons, a biotechnological approach using plant biotechnology techniques is being explored as an
alternative production method for valuable bioactive metabolites from plants.

Hairy root cultures are currently receiving increased attention as biological matrices for producing valuable
metabolites. This is due to their attractive features, such as high genetic stability and relatively fast growth
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rates. Over the past two decades, significant attention has been directed towards synthesizing these valuable
compounds found in hairy roots. The use of hairy root cultures from C. roseus has significantly increased the
production and stability of secondary metabolites. Many authors have studied the production of secondary
metabolites from hairy root cultures of C. roseus >°.

Elicitation is a widely used method in biotechnology to enhance the production of secondary metabolites.
Elicitors are compounds that activate plant defense mechanisms, promoting the production of secondary
metabolites to protect the cells and the plant as a whole’. In a study by Rady et al.8, the impact of methyl
jasmonate and UV-B treatment on the production of anticancer compounds in C. roseus was investigated. Mona
et al. Researchers examined how light and methyl jasmonate influence the accumulation of cancer-fighting
compounds in cell cultures of C. roseus.

Vu et al.? studied the in vitro growth and content of vincristine and vinblastine in C. roseus L. hairy roots
following elicitors and precursors. An earlier study'® indicated that reduced light affects both primary and
secondary metabolites and may modify membrane stability in C. roseus. Genotypic differences also affected
certain metabolic processes. However, recently, Rady et al.!! studied the effect of different carbon sources and
their concentrations on alkaloid accumulation in transformed root cultures of C. roseus.

Scientists have been working on increasing the flow through this pathway by employing various methods,
such as introducing genes that encode specific metabolic enzymes into the plant. In one instance, two genes,
Tdc and Str, responsible for producing enzymes known as tryptophan decarboxylase (TDC) and strictosidine
synthase (STR), were discovered to be regulated by their gene expression in C. roseus'2. STR combines tryptamine
and the iridoid secologanan to produce strictosidine, which serves as the common starting material for all TTAs.
Meanwhile, TDC plays a crucial role in linking the initial and subsequent stages of metabolism by converting
tryptophan into tryptamine.

Different researchers have studied the effect of elicitors on gene expression levels in treated C. roseus hairy
roots'>!* However, the impact of light on the expression levels of two important genes, CrTDC and CrSTR, was
examined in the leaves of C. roseus pooled from different genotypes, as reported by Gholizadeh and colleagues'.

The novelty of this study lies in the simultaneous comparison of four elicitors/precursors methyl jasmonate,
yeast extract, tryptophan, and tryptamine on both metabolite profiles (ajmalicine, catharanthine, vincristine,
and vinblastine) and gene expression (TDC, STR) in the same hairy root line under identical culture conditions.
This integrated approach provides a comprehensive view of the terpenoid indole alkaloid pathway response to
elicitation.

The aim of this study was to evaluate the effects of different concentrations of methyl MeJA, yeast extract,
tryptophan, and tryptamine on the production of vinblastine, vincristine, catharanthine, and ajmalicine in C.
roseus hairy root cultures. In addition, the expression levels of the TDC and STR genes were analyzed to gain
insights into the transcriptional regulation of terpenoid indole alkaloid (TIA) biosynthesis.

Experimental

Hairy root induction and culture condition

The hairy root line used in this study was previously generated (Fig. 1) by infecting C. roseus leaves with
Agrobacterium rhizogenes strain ATCC 15,834!!. The hairy root line was confirmed via PCR for the presence of
rolB and rolC genes'!. Hairy root cultures were transferred to fresh liquid medium and maintained on 1/2 MS
basal liquid medium (Fig. 2). Subcultures were performed every 2 weeks. After several subcultures, the hairy
roots were subjected to elicitation treatments.

Elicitors and precursors feedings

We assessed the effects of different concentrations of methyl jasmonate (0.0, 10, 100, and 250 uM), yeast extract
(0.0, 0.5, 1.5, and 2.0 g/l), tryptophan (0.0, 50, 150, and 250 mg/l), and tryptamine (0.0, 100, 150, and 200
mg/1) on hairy root cultures. The concentration ranges were selected based on previous studies in C. roseus and

Fig. 1. Initiation of C. roseus hairy roots from leaf explants after one month.
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Fig. 2. Establishment of hairy root cultures in liquid media.

related systems: methyl jasmonate (10-250 uM)'%, yeast extract (0.5-2.0 g/L)'6, tryptophan (50-250 mg/L)"’,
and tryptamine (100-200 mg/L))"”. The cultures underwent three subculture stages in liquid medium before
being transferred to new liquid medium with the specified supplements.

The cultures were maintained in 50 ml of liquid medium in 250 ml flasks, agitated at 110 rpm using a rotary
shaker and kept at 25 °C under an 18-hour photoperiod. After a week of cultivation, the hairy roots were
removed from the culture media, freeze-dried, and stored at —20 °C for HPLC analysis. The one-week time point
was selected based on preliminary experiments and literature reporting alkaloid induction within this period!®.
The control group consisted of hairy roots cultured in elicitor- and precursor-free ¥2 MS liquid medium.

High performance liquid chromatography (HPLC) analysis

A sample of approximately 0.5 g was placed into a 10-ml centrifuge tube and submerged in 5 milliliters of an
extracting solution. This solution consisted of a 2% formic acid mixture in a 50:50 volume ratio of water and
methanol. The sample was left to soak of 2 h. After soaking, the mixture was sonicated for 30 min and then
centrifuged in a machine for 10 min at a speed of 4000 revolutions per minute.

According to Hanafy et al. (2016), the analysis was performed using an Agilent 1260 Infinity HPLC series
(Agilent, USA) with a quaternary pump. The column used was a Kinetic 5 mm EVO C18 100 mm x 4.6 mm
(Phenomenex, USA), operated at a temperature of 30 °C. The sample was then transferred to a separate tube,
filtered using a 0.2 um PTFE syringe filter, and subsequently injected into the HPLC system. The separation
process was carried out using a ternary linear isocratic elution with (A) HPLC grade water containing 2% formic
acid (v/v) and (B) methanol. The injected volume was 20 ml. Detection was performed using a WWD detector
set at 254 nm. A limitation of the current study is pooling three samples per treatment for a single, non-repeated
HPLC analysis.

RNA isolation and quantitative real-time expression analysis

Liquid nitrogen was used to grind the hairy roots (three samples of control and each treatment), which were
then lysed in Trizol reagent (Thermo Fisher Scientific, USA). The RNA was subsequently extracted following
the manufacturer’s instructions. The concentration and purity of the RNA were measured using a NanoDrop™
1000 Spectrophotometer (Thermo Fisher Scientific, USA). A DNase I, RNase-free kit (Thermo Fisher Scientific,
USA) was used to remove any DNA contamination. DNase-treated RNA (1000ng) was reverse-transcribed into
first-strand ¢cDNA using TOPscript™ RT DryMIX (dT18) (Enzynomics, South Korea). Previously published
primers for the studied genes® were obtained from Macrogen (South Korea). The primers used were as follows:
tryptophan decarboxylase gene (TDC), Forward: TCCGAAAACAAGCCCATCGT, Reverse: AAGGAGCGGT
TTCGGGGATA,; strictosidine synthase gene (STR), Forward: TGACAGTCCCGAAGGTGTGG, Reverse: CG
CCGGGAACATGTAGCTCT; Ribosomal Protein S9 (RPS9), forward: TCCACCATGCCAGAGTGCTCATTA,
Reverse: TCCATCACCACCAGATGCCTTCTT. Rps9 was used as the housekeeping gene. In a 20-uL RT-qPCR
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reaction volume, 1 pL of cDNA, 1 pL of forward and reverse primers (10 uM each), 10 pL of TOPreal”qPCR 2x
PreMIX (SYBR Green with low ROX) from Enzynomics in South Korea, and DNase-free water were used. The
amplification process was performed in triplicate for each sample. It began with a 15-minute denaturation step
at 95 degrees Celsius, followed by 40 cycles. Each cycle consisted 10 s at 95 degrees Celsius, 15 s at 60 degrees
Celsius, and 30 s at 72 degrees Celsius. After each reaction, a melting curve analysis was conducted to ensure
the specificity of the amplicons produced. The Ct values obtained from the real-time PCR machine were then
transferred to Microsoft Excel for analysis using the 27* ¢ method, as described by Livak & Schmittgen in
2001%,

Statistical analysis

Statistical analysis was performed using one-way ANOVA, followed by Duncan’s multiple comparison test. The
Statistical Package for Social Sciences (SPSS version 16.0, SPSS Inc., Chicago, IL, USA) was utilized for this
analysis. All observed variations were found to be statistically significant with a p-value of 0.05 or less.

Results and discussions

In this study, our goal is to improve the production of valuable indole alkaloids (ajmalicine, catharanthine,
vincristine, and vinblastine) in the hairy root culture of C. roseus by employing various strategies. These strategies
include using biotic and abiotic elicitors (yeast extract and methyl jasmonate) as well as feeding precursors
(tryptophan and tryptamine). Calibration curves (Fig. 3) were created for ajmalicine, catharanthine, vincristine,
and vinblastine by plotting the peak area from the chromatograms against different concentrations of each
substance. All metabolite levels are reported in pg/g dry weight (DW) for consistency.

The impact of varying concentrations of methyl jasmonate (10, 100, and 250 uM) as an abiotic elicitor on
the accumulation of valuable indole alkaloids in C. roseus hairy root cultures is illustrated in Fig. 4. The results
indicate that all concentrations of methyl jasmonate increased the levels of ajmalicine and catharanthine.
However, when it came to vincristine and vinblastine, some concentrations increased the levels while others
decreased them. The concentration of 10 pM was the most effective for all compounds of indole alkaloids,
yielding 2.789 mg/g DW of ajmalicine, 2.420 mg/g DW of catharanthine, 34.54 pg/g DW of vincristine, and
260 pg/g DW of vinblastine compared to the control, which yielded 0.697 mg/g DW of ajmalicine, 0.486 mg/g
DW of catharanthine, 34.54 ug/g DW of vincristine, and 66.53 pg/g DW of vinblastine.

Methyl jasmonate is known to activate jasmonate signaling, leading to the upregulation of transcription
factors (e.g., Octadecanoid-Derivative Responsive Catharanthus AP2-domain proteins (ORCAs)) that bind to
promoter regions of TTIA pathway genes, thereby enhancing alkaloid biosynthesis (Paul et al., 2017). Mona et
al.?? previously observed that adding 100 uM of methyl jasmonate to the cell suspension of C. roseus resulted in
a 19-fold increase in ajmalicine compared to the control. Akhgari et al*! found that, when compared to control
cultures, all three concentrations of MeJA (50 uM, 100 pM, and 200 uM) enhanced the accumulation of indole
alkaloids in hairy root cultures of Rhazya stricta at four different exposure times (1, 3, 5, and 7 days). Karakag??
increased the production of indole alkaloids in the in vitro plantlets of Isatis demiriziana Misirdali by applying
varying concentrations of methyl jasmonate in the solid Murashige-Skoog (MS) medium. He found that 1.0 mM
MeJA had the largest increase in tryptanthrin synthesis, roughly 2.85 times greater than the control.
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Fig. 3. HPLC chromatogram of ajmalicine, catharanthine, vincristine, and vinblastine.
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Fig. 4. Effect of different methyl jasmonate concentrations on the accumulation of (A) ajmalicine, (B)
catharanthine, (C) vincristine, and (D) vinblastine n C. roseus hairy root culture after one week.

Various concentrations of yeast extract as a biotic elicitor (0.5, 1.5, 2.0 g/1) on the accumulation of different
indole alkaloids in C. roseus hairy root culture were presented in Fig. 5. The results showed that treatments with
different concentrations of yeast extract decreased all indole alkaloids compared to the control. Only 1.5 g/l of
yeast extract accumulated vincristine (32.26 pug/g DW) to a level approximately equal to the control (33.46 ug/g
DW). Further concentrations are required to confirm that yeast extract inhibits indole alkaloid accumulation. It
is also recommended to explore lower and higher exposure periods.

Root biomass (fresh and dry weight) did not significantly decrease at the tested yeast extract concentrations,
suggesting the reduction in alkaloids was not due to toxicity. Possible reasons include nutrient imbalance
leading to redirected metabolism, stress-induced growth inhibition, or potential feedback inhibition at high
concentrations.

Magqsood & Abdul'® used yeast extract to enhance vinblastine and vincristine in plantlets and tissues produced
from protoplasts in C. roseus. The addition of yeast extract to the media increased the yield of vinblastine
and vincristine in growing tissues, with the highest levels observed in in vitro-grown leaves and germinating
embryos. The maximum yield, 22.74% vinblastine and 48.49% vincristine enrichment in germinating embryos,
was achieved with the treatment of 1.5 mg/l yeast extract. Khashan & Husain?® increased vinblastine and
vincristine in a callus culture of C. roseus by using yeast extract as a biotic elicitor. According to their research,
the greatest amount was observed with the 2 g/L yeast extract treatment, which significantly raised vinblastine
and vincristine levels compared to the control. Hegazi et al.* utilized yeast extract from Ephedra alata L. cell
suspension cultures to enhance the production of alkaloids, particularly ephedrine. After 24 days of exposure,
the maximum ephedrine accumulation was observed at a 15% concentration of yeast extract, resulting in a value
of 2.375% in terms of 2.589 mg of total dry weight.

Different concentrations of tryptophan as a precursor (50, 150, 250 mg/L) were tested to enhance indole
alkaloid production in C. roseus hairy root culture. The results in Fig. 6 show that a concentration of 50
mg/L of tryptophan had a positive effect on the accumulation of both catharanthine and vinblastine levels,
achieving 0.533 mg/g DW and 91.14 pg/g DW, respectively. This was compared to the control, which achieved
0.486 mg/g DW and 66.53 pg/g DW, respectively. The other concentrations decreased the levels of both indole
alkaloids (catharanthine and vinblastine). However, ajmalicine and vincristine decreased in all concentrations
of tryptophan used. Tryptophan acts as a direct precursor for terpenoid indole alkaloid (TIA) biosynthesis in
Catharanthus roseus, significantly enhancing the production of valuable metabolites like catharanthine (up to
50.96 pg/g DW) and ajmalicine (up to 2.686 pig/g DW). It also boosts catharanthine, vinblastine, and vincristine
levels via metabolic pathway regulation'®. Cessur et al.?> previously used tryptophan as a precursor to enhance
indole alkaloids in root cultures of Isatis tinctoria L. Indole alkaloids were elevated at 200 and 300 mg/L compared
to the control. The roots treated with 200 mg/L had the highest concentration.
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Fig. 5. Effect of different yeast extract concentrations on the accumulation of of (A) ajmalicine, (B)
catharanthine, (C) vincristine, and (D) vinblastine in C. roseus hairy root culture after one week.
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Fig. 6. Effect of different tryptophan concentrations on the accumulation of (A) ajmalicine, (B) catharanthine,
(C) vincristine, and (D) vinblastine in C. roseus hairy root culture after one week.
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In C. roseus callus cultures, Jassim & Ameen?® found that the maximum accumulation of vincristine occurred
at 200 mg/L of tryptophan, followed by 300 and 400 mg/L. This supports the idea that tryptophan has a dose-
dependent effect on alkaloid accumulation. Tryptophan was also shown to be an efficient precursor that enhances
the formation of alkaloids when added to in vitro cultures at the appropriate concentration.

In a study conducted by Krishnan et al.?’, it was discovered that the use of 1 mM and 2 mM Tryptophan
resulted in an increase in the production of the quinoline alkaloid camptothecin in cell cultures of Nothapodytes
nimmoniana. The impact of specific precursors such as L-phenylalanine and L-tyrosine, as well as elicitors like
chitosan and methyl jasmonate, on C. roseus was examined to enhance the levels of vincristine and vinblastine.
The growth of TUGAS hairy roots was investigated to improve the production of vincristine and vinblastine,
as reported by Phuong Thi Bach Vu and colleagues’. The results indicated that hairy roots have the potential to
produce both vincristine and vinblastine when provided with the appropriate starting materials.

Several concentrations of tryptamine (100, 150, and 200 mg/1) were investigated as a precursor to increase the
formation of indole alkaloids in C. roseus hairy root culture. The data in Fig. 7 shows that only vinblastine was
enhanced when using 100 mg/1 of tryptamine, resulting in 75.99 pg/g DW compared to the control, which was
66.53 pg/g DW. On the other hand, other indole alkaloids (ajmalicine, catharanthine, and vincristine) decreased
with all concentrations of tryptamine used.

According to Whitmer et al.?%, alkaloid accumulation was further increased when tryptamine was given in
addition to the iridoid precursors. Sharma et al.!* reported that the highest alkaloid levels, reaching 6.2% of
dry weight, were found in shoot cultures of C. roseus fed with 1000 mg/1 of tryptamine. The initial substrate for
hundreds of monoterpene indole alkaloids is tryptamine®. Tryptophan decarboxylase produces this substrate
enzymatically from tryptophan®.

Gene expression studies

In the present study, alterations in the gene expression of STR and TDC genes in hairy roots of C. roseus were
evaluated using qPCR in response to different concentrations of Methyl Jasmonate (MeJa), tryptophan (TRPh),
tryptamine (TRM), or yeast extract (YE) as shown in Figs. 8 and 9. The hairy roots treated with both doses of
methyl jasmonate (10 and 100 uM) exhibited a significant increase in the expression of STR (2 and 2.8 fold; p
< 0.05) and TDC genes (3.5 and 3 fold; p < 0.05), respectively compared to the control treatment. However, the
high dose (250 uM) significantly reduced the expression levels of both genes. Similarly, doses of 50 and 250 mg/L
of tryptophan induced significantly higher expression levels of STR (2.8 and 2.8 fold; p < 0.05) and TDC genes
(2.4 and 4.5 fold; p < 0.05) compared to the control. However, the dose of 150 mg/L in the medium significantly
decreased the expression levels of both genes. Tryptophan serves as a direct precursor for tryptamine via
TDC. Increased substrate availability likely drives flux into the TIA pathway, leading to higher accumulation
of downstream alkaloids under optimal concentrations®’. The expression levels of the TDC gene increased
significantly after treatment with 100 mg/L of Tryptamine (2.7 fold; p < 0.05). Meanwhile, STR expression levels
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Fig. 7. Effect of different tryptamine concentrations on the accumulation of (A) ajmalicine, (B) catharanthine,
(C) vincristine, and (Dalia) vinblastine in C. roseus hairy root culture after one week.
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Fig. 9. The mRNA expression levels for the STR gene were measured in the control plants as well as in plants
treated with different doses of Methyl jasmonate, Tryptophan, Tryptamine or Yeast extract. The bars represent
the standard error from the mean. Mean values with different superscript letters indicate significant differences
(p<0.05).

remained unchanged. A dose of 150 mg/L of Tryptamine decreased both STR and TDC expression, while a
dose of 200 mg/L resulted in equal values for STR and TDC expression compared to the control. Treatment
with yeast extract at different concentrations in the medium significantly reduced the expression levels of TDC
compared to the control. Additionally, yeast extract at concentrations of 0.5 and 2.0 g/L significantly decreased
the expression levels of STR, whereas a dose of 1.5 g/L showed no significant change compared to the control.
yeast extract (YE) acts as a biotic elicitor that generally induces, rather than suppresses, the expression of TDC
and STR genes in Catharanthus roseus cell suspensions, triggering terpenoid indole alkaloid (TIA) biosynthesis.
While YE induce these genes, it also induces repressor proteins zinc finger proteins (ZCT1, 2, 3) that can repress
gene expression via binding to their promoters’.. It should be noted that gene expression peaks may occur earlier
(e.g., 24-48 h), and future studies will include earlier time points to capture transcriptional dynamics.

Several authors have studied the activity levels of the TDC and STR genes in response to elicitors.
Overexpression of these genes may lead to elevated levels of alkaloid production, including vindoline, vinblastine,
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and catharanthine!®. The gene expression analysis of the elicited multiple shoot cultures of C. Roseus showed a
very slight increase in the levels of the studied genes'.

In our previous study, it was found that the two elicitors, methyl jasmonate (MeJa) and UV-B irradiation
induce the tryptophan decarboxylase gene expression differently. Additionally, their combined application
induces the tryptophan decarboxylase gene but to a lesser extent for the strictosidine synthase gene expression
in the treated C. roseus leaves®. The study investigated how different light intensities affect the expression levels
of two key genes, CrTDC and CrSTR, in the leaves of C. Roseus plants from different genotypes, as noted in
Gholizadeh et al.'’. It was discovered that plants grown in low-light conditions exhibited significantly higher
levels of CrSTR expression in their leaves compared to those grown under normal light. However, there was
no notable difference in the expression of the CrTDC gene. Shading did not significantly affect the CrTDC
expression level. In contrast, the expression of the CrSTR gene was upregulated in shaded plants.

Possible mechanisms for dimeric alkaloid detection in hairy roots: Although hairy roots are not typically
known to produce vindoline-dependent dimers like vinblastine and vincristine, our detection of corresponding
peaks under specific elicitation conditions suggests potential pathway activation, cross-talk, or the presence of
trace leaf-like cells. These findings warrant further validation using LC-MS/MS.

Conclusion

In conclusion, the current results demonstrate how elicitors affect the accumulation of anticancer compounds,
and consequently, gene expression levels in C. roseus hairy roots. Our results indicate that a concentration of 10
uM was found to be the most effective for all compounds of indole alkaloids. Addtionally, methyl jasmonate (10
and 100 pM), tryptophan (50 and 250 mg/1), and tryptamine (100 mg/1) significantly increased the expression of
STRand TDC genes compared to the control treatment. In contrast to other elicitors, treatment with yeast extract
at different concentrations significantly decreased all indole alkaloids and also reduced the expression levels of
STR and TDC compared to the control. Future work will focus on scaling up the most effective treatments
(e.g., 10 uM MeJA and 50 mg/L tryptophan) in bioreactor systems to assess their industrial applicability and
consistency. For future studies, it is reccommended to conduct a time-course analysis (e.g., 1, 3, 7, 14 days) to
determine the optimal accumulation windows. Additionally, validation of alkaloid identity using LC-MS/MS
is advised. Including earlier time points to capture transcriptional dynamics is also recommended for further
study. A limitation of the current study is pooling three samples per treatment for a single, non-repeated HPLC
analysis.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
on reasonable request.
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