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ABSTRACT: As its tuberous alkaloids induce valuable pharmacological effects, Pinellia ternata has considerable
clinical value. However, its production currently fails to meet its demand. In vitro microtuber culture, combined with
salicylic acid (SA) elicitation, may provide an effective alternative to traditional field production. In this study, an
in vitro P. ternata microtuber induction system was developed and used to evaluate SA-induced elicitation of alkaloid
accumulation. The quality of in vitro microtubers was assessed by total alkaloid measurement, a cytotoxicity assay,
and transcriptomic analysis. With or without SA treatment, P. ternata microtuber induction was achieved within 60 d
using petiole-derived explants, with a microtuber proliferation rate of approximately 17 microtubers per explant.
The total alkaloid content of in vitro microtubers elicited with 100 µM SA was equivalent to that of field-grown
tubers, while those not treated with SA contained lower alkaloid content. The cytotoxicity assay showed preliminary
cytotoxic effects of SA-treated microtubers against the breast cancer cell line SUM159, comparable to field-grown
tubers. Transcriptomic analysis revealed many differentially expressed genes (DEGs) in SA-treated in vitromicrotubers.
Six and twelve DEGs were annotated to the tropane, piperidine, and pyridine alkaloid pathway and the isoquinoline
alkaloid pathway, respectively. RT-qPCR confirmed that the genes encoding spermidine synthase (c64642_g1),
hyoscyamine (6S)-dioxygenase (c62620_g1), catechol oxidase (c61704_g3), monoamine oxidase (c65996_g3), and
aspartate transaminase (c71069_g1) were significantly induced by SA. This study advances the production of P. ternata
microtubers without field cultivation and provides considerable genetic information regarding SA-promoted alkaloid
accumulation in P. ternata.
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1 Introduction

Pinelliae Rhizoma (PR) is the dried tuber of Pinellia ternata (Thunb.) from the family Araceae. It has a
long history of use in Traditional Chinese Medicine, Japanese Kampo, Korean medicine, and the native
medicines of various Southeast Asian countries [1]. The typical prescriptions of PR included “Banxia Houpu
Decoction”, “Sho-seiryu-to”, “Kakkon-to”, and “Choto-san” [2,3]. PR is particularly rich in bioactive chemical
constituents, with over 200 already identified [4]. Among them, alkaloids have been predominantly studied
owing to their well-documented anti-inflammatory, anticancer, antiviral, and molluscicidal activities [5,6].
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Moreover, PR is also an important constituent of the traditional Chinese formulas for treating the recently
emerged COVID-19 [7–9]. Its broad clinical efficacies have driven the rise of PR into the top 10 most
frequently utilized bulk traditional Chinese medicines.

According to China Customs statistics, the average annual demand for PR has increased to over 1800 t
in recent years. However, PR production from both wild and cultivated sources is currently just nearly
500 t, dramatically insufficient to meet the market demand [10], and the gap between supply and demand
has only continued to widen in recent years. The limiting factors mainly include low contents of important
bioactive compounds [11,12], “sprout tumble” caused by abiotic stress [13–16], and high labor costs owing
to the inadequacy of mechanized harvesting technology [17]. Thus, the development of new alternatives to
field cultivation is critical for PR production.

In vitro culture techniques, including microtuber induction, provide a controlled and efficient system
for studying secondary metabolite biosynthesis and optimizing alkaloid production [18]. Pinellia ternata
microtuber induction has been explored by various research groups [19–22]. However, reported changes
in bioactive compounds in microtubers are inconsistent, with some studies showing lower contents
while others indicate similar content levels compared with field grown tubers. Thus, elicitation with
exogenous regulators offers a promising prospect to overcoming the low alkaloid content of these in vitro
propagated micro-tubers [23]. Salicylic acid (SA) is among the plant growth regulators that regulate multiple
physiological and metabolic processes of plants [24,25]. Recently, SA has been applied to regulate the
production of bioactive compounds in P. ternata, using suspension cells [11] or in vitro microtubers [12] as
materials. Although induced accumulation of alkaloids has been observed, the specific genes involved in
regulating the biosynthesis of these compounds merit further investigation.

Accordingly, this study aimed to assess the cytotoxic activity of SA-elicited microtubers and identify
key candidate genes associated with SA-induced alkaloid accumulation through transcriptomic analysis.
These findings have the potential to enable the sustainable production of P. ternata resources without
continued reliance on field cultivation.

2 Materials and Methods

2.1 Materials and Reagents

Pinellia ternata plants were pot-cultivated in commercial nutrient soil (turf:coir:sandy loam:vermiculite:
perlite ratio of 5:3:1:1 [v:v:v:v], Huaian ZhongheAgriculture Co., Ltd., Huaian, China) at the Anhui Provincial
Engineering Laboratory for Efficient Utilization of Featured Resource Plants, Huaibei, China. The plants
were cultivated for approximately 4–6 weeks until they had reached the three-leaf stage. During this
cultivation period, the culture environment was controlled at 23◦C, with a 16-h light/8-h dark photoperiod
and a light intensity of 35 µmol photons m−2 s−1.

The human breast cancer cell line SUM159 and the non-malignant human breast epithelial cell line
MCF-10A utilized in this research were preserved in liquid nitrogen.

The ephedrine standard used in this work was the product of the National Institutes for Food and
Drug Control (Beijing, China). Unless otherwise noted, all other reagents were obtained from Sigma (Saint
Louis, MO, USA).

2.2 Induction of In Vitro Microtubers and SA Treatment

Aseptic plantlets were established following our previously published method [12]. Briefly, petioles
of potted P. ternata plants were surface-disinfected and inserted upright into Murashige and Skoog (MS)
medium [26] supplemented with 3% sucrose and 0.7% agar. These materials were then maintained at
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23 ± 1◦C under a 16-h photoperiod provided by cool-white fluorescent light (Shanghai Jiafeng Articles for
Horticulture Co., Ltd., Shanghai, China). The plantlets were regenerated within approximately four weeks
under these conditions.

Fifteen approximately 1-cm-long petiole fragments were placed into each flask containing 100 mL
of standard liquid MS medium supplemented with 0.5 mg⋅L−1 6-benzylaminopurine (BAP), 0.5 mg⋅L−1
2,4-dichlorophenoxyacetic acid (2,4-D), and 1.0 mg⋅L−1 indole-3-acetic acid (IAA). To investigate whether
SA treatment affects the formation and growth of microtubers, SA was added to the culture system at a
final concentration of 100 µM—a concentration that had been previously reported to optimally induce
alkaloid accumulation [12]; cultures maintained without SA supplementation served as the control group.
SA was added to the liquid medium at the beginning of microtuber induction (day 0), and the medium was
refreshed every two weeks to maintain the 100 µM SA concentration. The elicitation period was maintained
for 60 days. The materials were then cultured at 100 r⋅min−1 and 23 ± 1◦C under a 10-h photoperiod with
irradiance of 35-µmol photons m−2 s−1.

Microtubers formed after 30 d of culture without SA treatment were then collected for elicitation
treatment to investigate SA-elicited alkaloid biosynthesis. The treatment was performed by incubating
microtubers in liquidMSmedium supplementedwith 100µMSA.Microtubers culturedwithout SA treatment
were used as control materials. The microtubers were collected at days 0, 5, 10, 15, and 20 of elicitation,
designated as T0, T5, T10, T15, and T20, respectively. A portion of the tubers was dried at 60◦C for alkaloid
analysis and a cytotoxicity assay using cancerous and healthy cell lines, and the remaining samples were
stored at −80◦C for transcriptomic or qRT-PCR analysis.

2.3 Quantification of Alkaloid Contents of In Vitro P. ternata Tubers

Both in vitro induced microtubers and field-grown tubers were used as experimental materials for
alkaloid determination. The in vitro microtubers treated with SA or not (as the control treatment) were
collected after 15 d of elicitation. The field-grown tubers were harvested from potted P. ternata plants
after six months of cultivation in the greenhouse facilities of Anhui Provincial Engineering Laboratory for
Efficient Utilization of Featured Resource Plants.

One hundred grams of dried sample powder of each sample was weighed into a 25-mL glass tube,
to which were added 0.5 mL of stronger ammonia water and then 10 mL of chloroform. The mixture
was incubated at 4◦C for 3 h, ultrasonic-extracted for 1 h, and centrifuged at 1000× g, and the resulting
supernatant was then collected. The precipitation was extracted again with 10 mL of chloroform. The two
supernatants were combined and vacuum-dried in a Concentrator plus (Eppendorf AG, Hamburg, German).
The precipitate was redissolved in 2 mL of ethanol. Total alkaloids were determined by spectrophotometry
as previously described [11], with ephedrine used as a reference for normalization of alkaloid content.
Ephedrine was selected as the reference standard because it is a representative alkaloid commonly detected
in P. ternata (Duan et al., 2019), and the compound also has well-established analytical methods for its
spectrophotometric quantification. Although pinelline A and guanosine are also known alkaloids in
P. ternata, pinelline A standard is unavailable, and guanosine is a purine nucleoside with substantial
differences from the major alkaloids in P. ternata, as indicated by previous studies (Duan et al., 2019; Guo
et al., 2022). A follow-up dose–response experiment was conducted with SA concentrations of 50, 100, and
150 µM, and sampling was conducted on days 5, 10, 15, and 20. Total alkaloid content was determined to
infer the optimal SA concentration and elicitation time.

Ephedrine content was determined using high-performance liquid chromatography (HPLC) following
the method described by Duan et al. (2019). A calibration curve was constructed using standard solutions
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(0.1–100 µg⋅mL−1), and caffeine was used as an internal standard. Method validation included evaluation of
linearity (R2 > 0.99), precision (RSD < 5%), and recovery (85–115%).

2.4 Cytotoxicity Experiment

The cytotoxic activities of alkaloids derived from in vitro P. ternata microtubers at day 15 of elicitation,
and field-grown tubers at 6 months of standard cultivation were evaluated according to the method described
by Meng et al. [27]. The human breast cancer cell line SUM159 was challenged with P. ternata extracts, with
3 nM doxorubicin hydrochloride used as a positive control [28]. The non-malignant human breast epithelial
cell line MCF-10A was used as control material for the calculation of the selectivity index (SI = IC50 of
MCF-10A/IC50 of SUM159). Each extract was diluted to different concentrations (5, 25, 50, and 100 µg⋅mL−1
for SUM159). Using a blank volume lacking extract as a control, the cell sensitivity at 42 h after treatment
was assayed using the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method. The
cytotoxic activity was calculated as the percentage of viable cells in treatments relative to the blank control
(which was deemed as 100%). Cytotoxicity dosing was normalized to the dry weight of the tubers. Extracts
were prepared from three independent batches of tubers, and batch-to-batch consistency was confirmed
by measuring both total alkaloid content (RSD < 4%) and ephedrine content (RSD < 5%). Each treatment
comprised three biological replicates and three technical replicates, and the data are presented as mean ±
SD values.

2.5 RNA Extraction, Illumina Sequencing, and De Novo Assembly

As the contents of total alkaloids and various alkaloid compounds did not change during the growth
of microtubers within 20 days [12], only the SA-elicited samples T0, T5, T10, T15, and T20 were subjected
to transcriptomic analysis. Each sample consisted of two biological replicates. The microtubers were
ground in liquid nitrogen, and 200 mg of each sample pooled from three replicates was subjected to
RNA isolation using the Trizol method (Promega, Madison, WI, USA). RNA integrity was evaluated
using the NanoDrop2000C instrument (NanoDrop Technologies, Wilmington, DE, USA) and agarose
electrophoresis. Then, mRNA was purified using oligo (dT) magnetic beads and sheared into approximately
250-bp fragments for sequencing library construction. The cDNA libraries were sequenced by Benagen
Technology Co. (Wuhan, China) using the HiSeq4000 platform (Illumina Inc., San Diego, CA, USA). The
RNA-Seq reads were deposited in the National Center for Biotechnology Information (NCBI) Short Read
Archive (http://www.ncbi.nlm.nih.gov/sra/) under accession number PRJNA1297976.

Each sample included two biological replicates, and differential expression analysis was performed
using DESeq2 (Love et al., 2014) with library-size normalization and independent filtering. Dispersion
estimates were adjusted using a parametric fit, and multiple-testing correction was applied using the
Benjamini–Hochberg method to control the false discovery rate (FDR). Differentially expressed genes
(DEGs) were identified according to their expression levels at thresholds of FDR < 0.01 and |log2(fold
change)| ≥ 1.

The raw data of ten RNA sequencing reads were filtered by removing the adaptor sequences, duplicated
sequences, ambiguous reads (with ‘N’ bases), and low-quality reads. The yielded clean reads were then
assembled using the Trinity assembly program with the default parameters [29]. The clean reads were
assembled to generate contigs, which were then clustered to yield unigenes by using TGICL software [30].

http://www.ncbi.nlm.nih.gov/sra/
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2.6 Functional Annotation and Analysis of Differentially Expressed Genes

Functional annotationwas performed by searching public databases, including the NCBI non-redundant
(nr) nucleotide (http://www.ncbi.nlm.nih.gov/), Swiss-Prot (http://www.expasy.ch/sprot), Clusters of
Orthologous Groups (COG) (http://www.ncbi.nlm.nih.gov/COG/), and Pfam (http://pfam.xfam.org/)
databases, using BLASTX (http://blast.ncbi.nlm.nih.gov/Blast.cgi) with an E value threshold of 1e−5 [31].
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) annotations were applied to
the transcriptomic data to obtain functional classifications for the transcripts. The transcript abundances
were quantified according to their fragments per kb per million mapped reads (FPKM) values, setting
a threshold for significance at FDR < 0.01 and |log2(fold change)| ≥ 1 for identification of differentially
expressed genes DEGs.

2.7 Expression Analysis of Candidate Genes

The primer sequences used for amplification of candidate gene transcripts are listed in Supplementary
Table S1. RT-qPCR was performed using the ABI7500 fast Real-Time PCR system (Applied Biosystems,
Foster City, CA, USA) with a SYBR® Premix ExTaq™ Kit (Takara, Dalian, China). The P. ternata ribosomal
18S RNA gene was evaluated as an internal control for normalization of gene expression levels. Three
biological replicates and three technical replicates were analyzed for each gene and sample. The 2−ΔΔCT
method was used to calculate the relative gene expression [32].

2.8 Statistical Analysis

For in vitro tissue culture, each treatment comprised 30 explants (n = 30) and three biological replicates.
The data are presented as mean ± SD values. An analysis of variance (ANOVA) was conducted to test the
significance of differences between various treatments using SPSS Version 26.0 (IBM Corp., Armonk, NY,
USA). Duncan’s multiple range test was used for post-hoc comparisons to control the family-wise error
rate (FWER) at α = 0.05. The assumptions of normality and homogeneity of the variance of the data were
tested using the Shapiro–Wilk test and Levene’s test, respectively. No data transformations were needed as
neither assumption was violated.

3 Results

3.1 Enhanced In Vitro P. ternata Microtuber Proliferation

An in vitro microtuber induction system was established in P. ternata within 60 d, using tender petioles
as starting culture materials (Fig. 1A,B). Both ends of the petioles began to expand one week into liquid
culture, and tuber-like tissues formed by day 15. Thereafter, the tissues grew quickly, with the biomass
having increased by 6-, 9-, and 27-fold at days 30, 45, and 60, respectively, compared to the biomass at
day 15 (Fig. 1C). Microtuber formation began at approximately day 30, and the microtuber number reached
approximately 17 per explant after another 30 d of culture (Fig. 1D). SA application did not affect microtuber
initiation, as indicated by both the biomass and number of microtubers yielded (Fig. 1C,D). This system
supports the efficient induction and proliferation of P. ternata microtubers in vitro whether or not SA
is used.

http://www.ncbi.nlm.nih.gov/
http://www.expasy.ch/sprot
http://www.ncbi.nlm.nih.gov/COG/
http://pfam.xfam.org/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Figure 1: Establishment of a microtuber induction system with a high proliferation rate. (A), Induction of in vitro
microtubers by shaking petioles in 50 mL of liquid Murashige and Skoog medium (per flask) containing 0.5 mg⋅L−1

6-benzylaminopurine, 0.5 mg⋅L−1 2,4-dichlorophenoxyacetic acid, and 1.0 mg⋅L−1 indole-3-acetic acid. Each flask was
shaken on a reciprocating shaker at 100 r⋅min−1 under a 10-h photoperiod with irradiance of 35 µmol photons m−2s−1

at 23 ± 1◦C. (B), Magnified presentation of cultures corresponding to the time-points shown in (A). (C), Fresh weight
of each petiole explant with or without SA elicitation at each time-point. (D), The numbers of microtubers with
or without SA elicitation recorded at each time-point. Different lowercase letters above bars indicate a significant
difference among the treatments based on one-way ANOVA (p < 0.05).

3.2 SA Elicited Alkaloid Accumulation and Boosted Cytotoxic Activities

Since SA application did not affect the initiation or growth of in vitro P. ternata tubers, whether
it regulates alkaloid accumulation during tuber growth was next investigated, with field-grown tubers
utilized for comparison. The in vitro induced microtubers and field-grown tubers had similar appearances,
through their surface colors differed (Fig. 2A). The total alkaloid content of control in vitro microtubers was
0.09 mg⋅g−1 DW, lower than that of field-grown tubers (p < 0.05). However, when 100 µM SA was added to
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elicit alkaloid production, the total alkaloid content increased by 2.2 fold, such that it was not significantly
different from that of field-grown tubers (p > 0.05) (Fig. 2B). HPLC analysis indicated that the ephedrine
content of SA-elicited microtubers (0.051 mg⋅g−1 DW) was significantly higher than that of non-elicited
microtubers (0.029 mg⋅g−1 DW) (p < 0.05) but comparable to that of field-grown tubers (0.048 mg⋅g−1 DW)
(p > 0.05) (Fig. 2C). The follow-up dose–response experiment confirmed that 100 µM SA was the optimal
concentration for alkaloid induction, and the maximum alkaloid accumulation was observed on day 15 of
elicitation (Supplementary Table S2), which is consistent with previous findings [12].

The cytotoxicity assay showed an effective inhibition of SUM159 cells challenged with P. ternata
tuber extracts (Fig. 2D). The viability of treated SUM159 cells showed a pattern that corresponded well
with the alkaloid content of the extracts (Fig. 2E), as indicated by a comparison with the positive control
of doxorubicin hydrochloride treatment. For the 5 µg⋅mL−1 extracts, no difference in cell viability was
observed among the three extract sources (p > 0.05). However, when higher extract concentrations (25–100
µg⋅mL−1) were applied, extracts from SA-elicited in vitro microtubers induced a stronger reduction of cell
viability, comparable to that induced by extracts from field-grown tubers (p > 0.05), but greater than that
of extracts from in vitro microtubers cultured without SA elicitation (p < 0.05). Seventy-percent ethanol
(the extraction solvent) was used as a negative control, with the same volume as the maximum extract
concentration (100 µg⋅mL−1), and no cytotoxicity was observed (cell viability > 95%).

The mean IC50 of SA-elicited microtuber extract against SUM159 cells was 37.5 µg⋅mL−1 (95% CI,
33.6–39.8 µg⋅mL−1), comparable to that of field-grown tuber extract (mean IC50 = 36.4 µg⋅mL−1; 95% CI,
34.1–39.0 µg⋅mL−1), and lower than that of non-elicited microtuber extract (mean IC50 = 50.6 µg⋅mL−1;
95% CI, 46.5–54.6 µg⋅mL−1). The IC50 value for normal MCF-10A breast epithelial cells was 236.3 µg⋅mL−1
(Fig. 2F), yielding a selectivity index (SI) of 6.3. Thus, the total alkaloids from SA-elicited microtubers had
substantial selectivity for tumor cells over normal cells, supporting their potential as a lead compound for
antitumor drug development.

Thus, in vitro induction of microtubers, together with SA elicitation, can be used to produce P. ternata
materials similar to field-grown tubers in terms of their key bioactive compounds.

3.3 De Novo Assembly of Transcriptome and Identification of DEGs

To identify candidate genes involved in alkaloid accumulation that were promoted with SA, the
transcriptomes of in vitro microtubers at different time-points were analyzed. The total reads for each
sample ranged between 29,047,350 and 32,163,270, and the total bases ranged between 4,357,102,500 and
4,856,653,770 (Table S3). A total of 44.40 Gb clean reads were obtained after adaptor removal, filtering, and
quality control of the raw reads. The Q20 value was >90% across all samples, while the GC percentage
was 51.52%. After splicing raw reads and removing short contigs (<200 bp), in total, 150,110 transcripts,
including 78,576 unigenes, were obtained, with N50 = 1104 bp for transcripts and N50 = 1082 bp for unigenes,
respectively. The unigene distribution is shown in Fig. S1. The high-quality transcriptome data were thus
found to satisfy the requirements for subsequent analyses. The clean data were then annotated by blasting
them against six public databases: Blast-hit, Pfam, GO, eggnog, TmHMM, and SignalP (Table S4). Among
the 78,576 transcripts, 45,316 were annotated in total, accounting for 57.67% of all assembled transcripts.

Compared with the control (T0), 1879, 3516, 1584, and 1368 DEGs were identified in SA-elicited in vitro
microtubers at days 5, 10, 15, and 20, respectively. GO analysis is used to categorize genes according to
three main classifications: biological process, cellular component, and molecular function (Fig. 3). Among
biological processes, the most common annotations of DEGs included biosynthetic process, nitrogenous
compound metabolism, and stress response. Among cellular components, the DEG annotations were mainly
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concentrated within cell, intracellular, and organelle. Among molecular functions, the major classifications
of DEG annotations included ion binding, DNA binding, and oxidoreductase activity. Thus, these DEGs
were determined to be involved in cell growth and secondary metabolism. In particular, the DEGs involved
in nitrogenous compound metabolism are likely to play key roles in alkaloid accumulation, as alkaloids are
nitrogen-containing compounds.

Figure 2: Total alkaloids and cytotoxicity of in vitro induced microtubers and field-grown tubers of Pinellia ternata.
(A), Images of in vitro induced and field-grown tubers before and after drying. (B), Total alkaloids in dried tubers
(mg⋅g−1 DW). (C), Ephedrine content in dried tubers (mg⋅g−1 DW), in vitro microtubers were elicited with 100 µM
SA or maintained in control conditions for 15 days. (D), Images of SUM159 cells captured at 42 h after incubation;
scale bar, 50 µm. (E), Cell viability of SUM159 cells at 42 h after the addition of extracts of various concentrations,
with blank and solvent ethanol used as negative controls and doxorubicin hydrochloride used as a positive control.
Data are shown as mean ± SD values (n = 3). Different lowercase letters indicate significant differences among the
treatments for each concentration based on one-way ANOVA (p < 0.05). (F), Cell viability of normal MCF-10A breast
epithelial cells at 42 h after the addition of SA-elicited in vitro tuber extracts of various concentrations, with blank
and solvent ethanol treatments again used as negative controls and doxorubicin hydrochloride treatment again used
as a positive control. Data are shown as mean ± SD values (n = 3). Different lowercase letters indicate significant
differences among the treatments for each concentration based on one-way ANOVA (p < 0.05).
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Figure 3: Gene Ontology classification of unigenes.

In the KEGG analysis, a total of 614 unigenes were annotated to 31 KEGG pathways. Of them, 116
unigenes are involved in carbohydrate metabolism, and 89 are involved in signal transduction. Other
annotated unigenes were determined to be mainly concentrated in lipid metabolism, global and overview
maps, and amino acid metabolism. Additionally, 26 differentially expressed genes were found to be enriched
for metabolism of terpenoids and polyketides annotation, 33 enriched for biosynthesis of other secondary
metabolites annotation, and 41 enriched for endocrine system annotation (Fig. 4).

3.4 Identification of DEGs Associated with Alkaloid Biosynthesis

To identify the specific genes associated with alkaloid biosynthesis in P. ternata treated with SA, three
KEGG pathways, i.e., the tropane, piperidine, and pyridine alkaloid (map 00960), isoquinoline alkaloid (map
00950), and indole (map 00901) pathways, were analyzed. Six and twelve DEGs were annotated to the
tropane, piperidine, and pyridine alkaloid pathway, and isoquinoline alkaloid pathway, respectively (Table
S5 and Table S6; Fig. 5). However, no DEGs were observed to have annotations corresponding to the indole
pathway.

In the tropane, piperidine, and pyridine alkaloid pathway, the DEGs were annotated as encoding
spermidine synthase (EC: 2.5.1.44, 1 gene), hyoscyamine (6S)-dioxygenase (EC: 1.14.11.11, 1 gene), lysine
decarboxylase (EC: 4.1.1.18, 2 genes), and tyrosine transaminase (EC: 2.6.1.5, 2 genes). The spermidine
synthase gene (c64642_g1) was upregulated by over two fold throughout all time-points assayed. The
hyoscyamine (6S)-dioxygenase gene (c62620_g1) was induced by 4.2, 4.5, 3.6, and 1.9 fold at days 5, 10,
15, and 20, respectively, while two tyrosine transaminase genes (c63173_g1 and c61282_g1) were both
downregulated across all time points.

Among DEGs annotated to the isoquinoline alkaloid pathway included genes that encode catechol
oxidase (EC: 1.10.3.1, 3 genes), monoamine oxidase (EC: 1.4.3.4, 1 gene), N -methylcoclaurine 3′-hydroxylase
(EC: 1.14.14.102, 1 gene), tyrosine-dopa oxidase (EC: 1.14.18.1, 1 gene), (S)-tetrahydroprotoberberine
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N -methyltransferase (EC: 2.1.1.122, 1 gene), and aspartate transaminase (EC: 2.6.1.1, 1 gene). The genes
encoding catechol oxidase (c61704_g3), monoamine oxidase (c65996_g3), and aspartate transaminase
(c71069_g1) were significantly upregulated throughout all time points, while the other DEGs were
consistently downregulated.

Figure 4: Metabolic pathways of differentially expressed genes.

Figure 5: Heatmap of the expression profile for differentially expressed genes (DEGs) involved in the alkaloid
biosynthesis response pathway. c64642_g1, spermidine synthase; c62620_g1, hyoscyamine (6S)-dioxygenase;
c58518_g1, lysine decarboxylase; c59261_g1, lysine decarboxylase; c61704_g3, catechol oxidase; c61861_g2,
catechol oxidase; c64892_g1, catechol oxidase; c24831_g1, reticuline oxidase; c65996_g3, monoamine oxidase;
c66846_g1, N -methylcoclaurine 3′-hydroxylase; c64045_g1, (S)-tetrahydroprotoberberine N -methyltransferase;
c71069_g1, aspartate transaminase, c63713_g1, tyrosine transaminase; c61282_g1, tyrosine transaminase; c52164_g1,
(S)-norcoclaurine synthase; FPKM, fragments per kb per million mapped reads.
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3.5 RT-qPCR Analysis

As a follow-up to the transcriptomic analysis detailed above, the genes involved in the tropane,
piperidine, and pyridine alkaloid pathway (ko00960) and the isoquinoline alkaloid pathway (ko00950) were
quantified via RT-qPCR (Fig. 6). All seven genes were upregulated throughout the whole SA treatment
experiment (p < 0.05), but their expression levels did not change significantly over the 20 days of culture
without SA, exhibiting strong consistency with transcriptomic profiles. Thus, the RT-qPCR results supported
the reliability of the transcriptomic data.

Figure 6: RT-qPCR results of differentially expressed genes involved in alkaloid biosynthesis. c64642_g1, spermidine
synthase; c61282_g1, tyrosine transaminase; c65996_g3, monoamine oxidase; c71069_g1, aspartate transaminase;
c64892_g1, catechol oxidase; c62620_g1, hyoscyamine (6S)-dioxygenase; c52164_g1, (S)-norcoclaurine synthase.
Different lowercase letters indicate significant differences among the treatments for each gene based on one-way
ANOVA (p < 0.05).
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4 Discussion

An efficient in vitro microtuber induction system for P. ternata was established via liquid culture using
tender petiole segments as explants, achieving a high microtuber proliferation rate. Under SA elicitation,
the in vitro P. ternata microtubers were induced to be equivalent to similarly sized field-grown tubers in
terms of their key bioactive compounds, as indicated by both alkaloid measurement and cytotoxicity analysis.
Additionally, transcriptomic analysis revealed the genes involved in SA response and alkaloid biosynthesis.

In vitro induction of P. ternata microtubers is a potential approach to resolving the problems of both
its currently shrinking cultivation acreage and the expanding gap between its supply and demand. In
recent years, induction techniques and quality evaluation of in vitro P. ternata microtubers have been
studied [12,19,21,22]. These studies have reported that in vitro induced microtubers can indeed accumulate
alkaloids effectively. However, the proliferation rates of the previously reported induction systems are
usually lower, with an explant producing only one or several microtubers. When solely MS medium without
plant growth regulators was used to induce microtubers, P. ternata plantlets can be readily generated [12].
However, plantlet growth is not expected when inducing microtubers. In the present study, 0.5 mg⋅L−1
BAP, 0.5 mg⋅L−1 2,4-D, and 1.0 mg⋅L−1 IAA were added to the liquid culture medium; multiple microtubers
were successfully induced under this treatment, and plantlet growth was successfully inhibited. The mass
propagation of microtubers can thus be achieved within 60 d, but the total alkaloid content was lower
than that of similarly sized field-grown tubers. Therefore, using an elicitor to enhance alkaloid content is
necessary. SA is commonly used for alkaloid induction [25,33,34], though it is not effective for all plant
species [35]. Based on our previous results [12], 100 µM SA was incorporated to elicit the accumulation
of alkaloids, and the content of total alkaloids of in vitro P. ternata microtubers was thus increased to a
level comparable to that of field-grown tubers. To evaluate the efficacy of in vitro P. ternata microtubers,
a cytotoxicity assay was also performed with the commonly used triple-negative breast cancer cell line
SUM159, a highly metastatic line [36]. As anticipated, SA-elicited microtuber extracts showed efficient
inhibition against breast cancer cells, equivalent to that of the field-grown tubers.

To further reveal how SA application can promote alkaloid accumulation, a comparative transcriptomic
analysis was conducted. Compared with the control in vitro microtubers, over 1000 DEGs were observed at
each time-point under SA elicitation, with 3516 DEGs at day 10 of treatment in particular. As ephedrine
has been known to accumulate within in vitro microtubers under SA elicitation [12], DEGs involved in the
biosynthesis of other alkaloids were investigated. However, among the three common alkaloid biosynthesis
pathways, no DEGs were mapped to the indole alkaloid pathway (00901). This supports the results of Guo
et al. [37], who used exogenous brassinolide to induce alkaloid accumulation in P. ternata. The present
results suggest that P. ternata indole alkaloid biosynthesis specifically does not respond to SA treatment.

The expression of a series of genes was found to be associated with the tropane, piperidine, and
pyridine alkaloid pathway and the isoquinoline alkaloid pathway. Spermidine synthase (SPDS) catalyzes
the conversion of putrescine to spermidine, further generating spermidine alkaloids through the action of
decarboxylated S-adenosylmethionine (dc-SAM), a universal cofactor of aminopropyltransferases, as a donor
of the aminopropyl moiety [38,39]. In the present study, the expression of the gene encoding spermidine
synthase (c64642_g1) was significantly induced by SA, suggesting that SA may elicit the accumulation
of spermidine alkaloids. Hyoscyamine (6S)-dioxygenase is a key enzyme catalyzing tropane alkaloid
biosynthesis [40]. The hyoscyamine (6S)-dioxygenase gene (c62620_g1) exhibited over 5-fold induction by
SA throughout the whole elicitation treatment, suggesting that the protein encoded by this gene plays a
key role in alkaloid accumulation in P. ternata in vitro microtubers treated with SA. However, the DEGs
encoding lysine decarboxylase (c58518_g1 and c59261_g1) and tyrosine transaminase (c63173_g1 and
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c61282_g1) were all downregulated by SA treatment. Lysine decarboxylase catalyzes Lys decarboxylation to
generate cadaverine, the first step in quinolizidine alkaloid biosynthesis [41,42]. Tyrosine transaminase is a
rate-limiting enzyme in the tyrosine metabolism pathway [43]. The downregulation of genes encoding these
two enzymes implies that SA-elicited alkaloid synthesis is not attributable to lysine and tyrosine metabolism
in the tropane alkaloid pathway. For isoquinoline alkaloid biosynthesis, the genes encoding catechol oxidase
(c61704_g3), monoamine oxidase (c65996_g3), and aspartate transaminase (c71069_g1) were significantly
induced by SA treatment. Catechol oxidase, monoamine oxidase, and aspartate transaminase are three
crucial enzymes in the isoquinoline alkaloid pathway [44–46]. The present results suggest that these three
genes may be involved in the alkaloid accumulation of in vitro P. ternata microtubers treated with SA.
As shown in Table S7, the current study differs from previous research [12,37,47] in that it integrated
a plant growth regulator-optimized microtuber induction system, component-level chemical validation,
time-resolved transcriptomics, and comprehensive cytotoxicity assessment, which strengthens the practical
application value of SA-elicited microtubers.

For medicinal plants, such tissue culture systems must be scaled up to the commercial level for effective
production, and their efficiency, in terms of both yield and bioactive compounds, also requires further
validation [48–50]. Though the present microtuber induction system has been successfully developed
and tested in P. ternata, whether it could be efficiently implemented in large-scale production should be
evaluated in future research.

5 Conclusions

An induction system of in vitro P. ternata microtubers was developed and applied to generate
microtubers, which, when subjected to SA treatment, were found to be equivalent to field-grown tubers in
terms of both their total alkaloid content and their cytotoxicity to cancer cells. The SA-elicited alkaloid
accumulation can be attributed to the altered expressions of genes encoding alkaloid synthases. These
results may facilitate the production of high-quality P. ternata microtubers without field cultivation.
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