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Veratrum mengtzeanum is the main ingredient for Chinese folk medicine known as
“Pimacao” due to its unique alkaloids. A diverse class of plant-specific metabolites
having key pharmacological activities. There are limited studies on alkaloid synthesis and
its metabolic pathways in plants. To elucidate the alkaloid pathway and identify novel
biosynthetic enzymes and compounds in V. mengtzeanum, transcriptome and
metabolome profiling has been conducted in leaves and roots. The transcriptome of V.
mengtzeanum leavesand roots yielded190,161unigenes,ofwhich33,942genesexpressed
differentially (DEGs) in both tissues. Three enriched regulatory pathways (isoquinoline
alkaloid biosynthesis, indole alkaloid biosynthesis and tropane, piperidine and pyridine
alkaloid biosynthesis) and a considerable number of genes such as AED3-like, A4U43,
21 kDa protein-like, 3-O-glycotransferase 2-like, AtDIR19, MST4, CASP-like protein 1D1
were discovered in association with the biosynthesis of alkaloids in leaves and roots. Some
transcription factor families, i.e., AP2/ERF, GRAS, NAC, bHLH, MYB-related, C3H, FARI,
WRKY,HB-HD-ZIP,C2H2, and bZIPwere also found to have a prominent role in regulating
the synthesis of alkaloids and steroidal alkaloids in the leaves and roots of V.mengtzeanum.
The metabolome analysis revealed 74 significantly accumulated metabolites, with
55 differentially accumulated in leaves compared to root tissues. Out of 74 metabolites,
18 alkaloids were highly accumulated in the roots. A novel alkaloid compound viz; 3-
Vanilloylygadenine was discovered in root samples. Conjoint analysis of transcriptome and
metabolome studies has also highlighted potential genes involved in regulation and
transport of alkaloid compounds. Here, we have presented a comprehensive metabolic
and transcriptome profiling of V. mengtzeanum tissues. In earlier reports, only the roots
were reported as a rich source of alkaloid biosynthesis, but the current findings revealed
both leaves and roots as significant manufacturing factories for alkaloid biosynthesis.
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1 Introduction

Plants usually produce numerous specialized metabolites involved in growth,
development, and defense via specialized and primary metabolic pathways (Mithöfer
and Boland, 2012; Mizutani, 2012). These natural products or phytochemicals play
prominent roles in protection, survival, and defense against different stresses (Zaynab
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et al., 2018; Khare et al., 2020; Jan et al., 2021). According to the
world health organization (WHO), approximately 65%–80% of the
global population living across developing countries solely rely on
plant sources as primary healthcare (Calixto, 2005; Tomlinson and
Akerele, 2015). In China, the tradition of using herbs for treating
various diseases has been retained since ancient times and has been
an effective practice for treating diseases before widely accepted
modern medicine. For the people living in remote areas, it has been
the primary way of treating various diseases and still holds a
prominent position in their daily healthcare and living and its
value in quantitative terms remains explorable. However, the fast
expansion of China’s social economy threatens the long-term use of
traditional medicinal herbs. However, some regions have recorded
and maintained the basic knowledge and information source about
traditional medicinal plants. It is still limited and needs more
attention to document knowledge about the traditional
medicinal plant, its usage, urgent conservation efforts and
specifically on different biochemical and molecular mechanisms
which are still hidden from the world (Au et al., 2008; Li and Xing,
2016).

While considering natural resources as the source of medicines,
plant-synthesizing alkaloids that are nitrogen-containing and have
been proven as the prominent source through the pharmaceutical
industry, especially steroidal alkaloids, are the most vital. So far, the
members of the Solanaceae Apocynaceae and Buxaceae families are
the most essential and significant sources of these alkaloids, which
may be due to their structural similarities with mammalian steroid
hormones having therapeutic effects (Cordell, 1998; Jiang et al.,
2005). The genus Veratrum is one of the most important members
of the Liliaceae (Melanthiaceae) family and almost 17 to
47 perennial herbaceous plant species are enlisted in it
(Zomlefer et al., 2003; Zomlefer et al., 2018). It is reported that
members of this family have been extensively found in the northern
hemisphere in temperate to arctic zones and most of them are said
to have originated in East Asia (Fang et al., 2005; Zomlefer et al.,
2018). In China, almost 13 specie and one variety have been
reported and used in medicines for 1700 years and the most
prominent among them are V. maackii, V. schindleri, V. nigrum,
and so many others (Chinese Herbal Dictionary, 2006). Primarily,
V. mengtzeanum has been used as the primary source of the most
important Chinese folk medicine known as “Pimacao,” for treating
rheumatic pain, wound hemostasis and bruises (Chinese Herbal
Dictionary, 2006; Yin et al., 2014). Besides this, it has a superior
economic value and is considered the principal constituent drug of
the Yilizhitong pill and Yunnan Baiyao (Yin et al., 2014).

The particular interest of species in the Veratrum genus lies in
the therapeutic and medicinal properties of steroidal alkaloids
found in it. Almost 100 alkaloids were reported from this genus,
most of which were extracted from roots and rhizomes. Many
alkaloids have been demonstrated to possess therapeutic effects in
the induction of bradycardia, analgesia, cancer suppression, and
several other effects (Chandler and McDougal, 2014b). The major
steroidal alkaloids isolated from the Veratrum plant have
pharmacological properties, including controlling blood
pressure, anti-thrombosis, anti-inflammatory, antiplatelet
aggregation, analgesic, and antitumor activities (Zomlefer et al.,
2003). The plant-based steroid alkaloids also participate in anti-
diabetic activities of human body via control of complications
related to diabetes without any side effects. These alkaloids from

several species of Veratrum genus have been utilized as insecticides
besides their use as medicine for long. The roots of these plants
were previously used to add toxicity to the sneezing powder. This is
due to the reason that the flowers and bulbs of Veratrum contain
toxic alkaloids, but they rarely cause toxicity to human body
(Matsuura and Fett-Neto, 2015; Dirks et al., 2021).

Previous research employing radiolabeled precursors has
resulted in biochemical elucidation in the initial steps during
alkaloid biosynthesis (Pelletier, 1983). Despite their diverse
structures, all steroidal alkaloids are produced from the same
core intermediate, norbelladine, through condensing tyramine
with 3,4-DHBA. There are many similarities among several
metabolic pathways specified in plants. The initial step in
alkaloid biosynthesis is achieved by coupling two different
available precursors that define the entrance point for the
primary metabolites towards the specific pathways involved in
alkaloid biosynthesis—combining tyramine and 3,4-DHBA
results in developing a Schiff base intermediate that goes further
through reduction and formulates norbelladine (Pelletier, 1983;
Brossi, 1985). Furthermore, cyclizing 4′-O-normethylbelladine is
carried through three distant procedures, including intramolecular
C-C-oxidative-phenol-coupling, which could be termed “para-
para,” “para-ortho,” and “ortho-para” resulting in the
generation of three main structures. These backbones are the
different basis for the formation of alkaloid diversity. It is
reported that a complex network exists across enzymatic
reactions for producing various compounds across various
species, varieties, and cultivars, even across tissues within the
same plant. Such biochemical modifications can usually be
attained through various enzymes catalyzing different reactions,
including demethylations, hydroxylations, C-C O- and
N-methylations, formation of C-O bonds and oxidation-
reduction reactions (Yamada and Sato, 2013).

There is limited knowledge available for the genes involved in
alkaloid synthesis in various species, and there are preliminary
reports regarding genes corresponding to alkaloid synthesis.
Recently, transcriptome analysis coupled with metabolome is
becoming a popular tool for discovering novel genes that encode
such types of proteins that actively participate in the biosynthesis of
alkaloids (Desgagné-Penix et al., 2012; Hagel et al., 2015).
Specialized RNA sequencing technology based on Illumina
sequencing is currently extensively used to analyze different
medicinal plant transcriptomes. It has helped elucidate
numerous specific metabolic pathways (Hao et al., 2011; Gahlan
et al., 2012; Hao et al., 2012). For example, several new transcripts
showing associations across terpenoid-indole alkaloids in C. roseus
have been discovered (Rischer et al., 2006). Furthermore,
comparing transcriptome profiles with metabolic data enabled
researchers to understand better the biosynthesis of various
anthraquinones, camptothecin and especially anti-cancerous
alkaloids (Yamazaki et al., 2013).

Until now, there is no reported research on the V. mengtzeanum
genome, an annual herb endemic to southwestern China that belongs
to the genus Veratrum (Liliaceae). Current research was carried out to
elucidate the alkaloid pathways and discover novel associated
transcripts and metabolites through transcriptome and metabolite
profiling across 2 V. mengtzeanum tissues. Such novel resources may
allow insight into the assembly of a biochemical snapshot that
represents alkaloid metabolism and guide towards elucidating
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pathway as well as efforts for searching novel biosynthetic enzymes
within such an important medicinal plant.

2 Materials and methods

2.1 Sample collection

Sample collection for the current study was carried out from
Dasecong Village, Secong Village Committee, Datong Sub-district
Office, Shizong County, Qujing City, Yunnan Province, 1860 m
above sea level (24°45′2.08″N; 103°59′19.06″E) during April 2021.
The soil samples were also collected along with plant samples. The soil
analysis of the samples revealed that the texture was alluvial with gray
color and physio-chemical properties “salt content (14.63 mgg−1),
electrical conductivity (EC) (4,088 µScm−1), Ca2+ (1.776 mgg−1), K+

(0.265 mgg−1), Mg2+ (0.182 mgg−1), Cl� (0.537 mgg−1), Na+

(2.473 mgg−1), SO4
2� (8.49 mgg−1) and pH 8.03". Two sample groups

containing leaves and roots from three plants (biological replicates)
were selected to obtain sample tissues washed with fresh water just
after collection and stored at −80°C.

2.2 RNA isolation and transcriptome
sequencing and analysis

Preparation and sequencing of 6 mRNA libraries on HiSeq 2000
(Illumina) were performed after extracting total RNA from leaves and
root tissues of V. mengtzeanum Loes using TRIzol reagent. The main
steps included purification of RNA samples, double-stranded cDNA
synthesis, joint-addition, DNA library amplification cum quality
detection, and a few more steps followed by transcriptome
sequencing. Then, the quality of libraries was inspected with the
help of software named Qubit 2.0 and an Agilent 2,100 bioanalyzer
was used to detect specific insert sizes. Following this inspection,
different libraries were pooled, and sequencing was done based on
Sequencing technology known as Sequencing by Synthesis (SBS)
technology using Illumina-HiSeq-high-throughput-sequencing-
platform. Furthermore, cleaned reads were calculated for “Q20,
Q30 and GC” contents.

The raw reads obtained from sequencing were then filtered for
getting clean as well as high-quality reads by eliminating low-quality
bases using threshold Q-value ≤20, poly-N > 10% coupled with
adaptors, and were performed with the help of software package
“fastp” (v 0.18.0) (Chen et al., 2018). Simultaneously, GC contents,
Q20 and sequence duplication levels in clean data have been assessed.
Total clean reads were assembled into unigenes through Trinity
software (v 2.6.6). Moreover, gene expression levels were estimated
using the RSEM software package (v1. 2.12) (Li and Dewey, 2011)
from RNA-seq data. This software also gave the FPKM (fragment/kb
of transcript/million mapped reads) values for each transcription
region to estimate their variation and abundance of expression.
The threshold value of false discovery rate (FDR) for significance
in the observed differential gene/transcript expression has been
considered as < 0.05 with absolute values of log2FC ≥ 1.

The differential expression of RNAs between two groups of
samples was assessed with the help of DESeq2 (Love et al., 2014).
To get complete information regarding the annotation of genes’
functions, several different databases were required and, thus,

consulted, such as databases related to genome, sequence, gene
functions, protein as well as protein interactions. In the current
study, the sequences of unigenes, as well as differentially expressed
genes (DEGs), have been compared by using Gene Ontology (GO)
(Ashburner et al., 2000), Kyoto encyclopedia of genes and genomes
(KEGG) (Kanehisa and Goto, 2000), Protein family (Pfam), NCBI
non-redundant protein sequences (Nr), and euKaryotic Ortholog
Groups (KOG), databases using BLAST software to identify the
significant differences among genes based on GO terms and
regulatory pathways. The transcription factors (TFs) annotations
were predicted by iTAK software by integrating two databases,
i.e., PlnTFDB and PlantTFDB. Their working principle was based
on the TF family and its identification with the help of means can
provide a comparison.

2.3 Network analysis

The identified DEGs were further scrutinized while investigating
their protein-protein interactions with the help of String v10 (Van der
Auwera et al., 2013). It has generated networks of hub-genes harboring
nodes and lines for revealing genes and interactions amongst them,
respectively. The resultant files comprising these networks were
visualized with the help of Cytoscape (v3.7.1) software (Szklarczyk
et al., 2015).

2.4 Sample extraction and metabolome
profiling

The sample preparation to extract and quantify metabolites was
performed by MetWare Co., Ltd. (Chen et al., 2013). Approximately
100 mg of freeze-dried vacuum leaves and root tissues of V.
mengtzeanum were utilized. The fine powder was dissolved in
1.0 mL methanol (70%) by vortex for 30min for 30s each time
and kept overnight at 4 °C. Then, after using a centrifuge at
12,000rpm with a time of 10min, extracts went through filtering
(0.22 µm pore size) and were analyzed via UPLC-MS/MS platform
(UPLC, SHIMADZU Nexera X2, www.shimadzu.com.cn/; MS/MS)
(4500 QTRAP, http://sciex.com/) (Chen et al., 2009). The qualitative
analysis was accomplished according to secondary spectral
information based on the self-built database MWDB (metware
database) and isotope signal, the repeated signal containing K+,
NA+, NH4+, and other large molecular weight substances were
removed during the analysis. The process of mass spectrometry
yielded data that was analyzed by Analytic 1.6.3. Metabolite
quantification was done using triple and quadruple mass
spectrometry through multi-reaction monitoring (MRM) analysis.
LIT and triple quadrupole (QQQ) scans were developed on a triple
quadrupole linear ion trap mass spectrometer (Q TRAP). The
metabolite data were analyzed via Principal component analysis
(PCA), orthogonal partial least squares discrimination analysis
(OPLS-DA), cluster analysis and Pearson’s correlation analysis
using the R software package MetaboAnalystR (Chong and Xia,
2018). The metabolites identified through them were subjected to
the OPLS-DA model (Thévenot et al., 2015); then, the metabolites
with fold change >2 or <0.5 and variable importance in projection
(VIP) values > 1 were taken as differential metabolites for the
discrimination of treatments and control groups. Moreover, the
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TABLE 1 List of highly accumulated steroidal alkaloids in leaf and root samples of V. mengtzeanum.

Index Compounds Root Leaf Type Found in other Veratrum species

Cmlp005477 Veramadine A 4.94 E+07 2.29 E+07 down Tanaka et al. (2011)

Cmlp005885 3-Vanilloylygadenine 3.90 E+07 1.60 E+07 down

Cmlp003387 6,7-Epoxyverdine 3.01 E+07 1.15 E+07 down Chandler and McDougal, (2014b)

Cmlp005383 Germidine 2.31 E+07 4.03 E+06 down Li et al. (2012)

Chandler and McDougal, (2014a)

Senthilkumaran et al. (2015)

Cmlp005589 Veramiline-3-O-β-D-glucopyranoside 2.23 E+07 8.46 E+06 down Mizuno et al. (1990)

Zhou et al. (2003)

Sun et al. (2012)

Cmlp006889 Germanitrine 2.17 E+07 3.14 E+06 down (Kupchan and Afonso, 1959

Li et al. (2012)

Cmlp005973 Stenophylline D 2.00 E+07 3.93 E+06 down Mizuno et al. (1990)

Zhou et al. (2003)

Li et al. (2012)

Cmlp006434 Verabenzoamine; 3-veratroyl-15-methylbutyrylgermine 1.72 E+07 7.33 E+06 down Li et al. (2012); Chandler and McDougal, (2014a); Li et al. (2020)

Cmlp006709 Verazine 1.36 E+07 5.97 E+07 up Li et al. (2012)

Augustin et al. (2015)

Anwar et al. (2018)

Li et al. (2020)

Meng-Zhen et al. (2020)

Cmlp004157 Pseudojervine 1.33 E+07 4.63 E+07 up Krayer (1949)

Kupchan and Suffness (1968)

Shakirov and Yunusov, (1971)

Cmlp005636 Veratramine 4.57 E+05 7.46 E+07 up Krayer (1949)

Li et al. (2012)

Anwar et al. (2018)

Li et al. (2019b)

Kim et al. (2020)

Meng-Zhen et al. (2020)

Cmlp006572 Epiverazine 1.31 E+07 6.02 E+07 up Li et al. (2012)

Meng-Zhen et al. (2020)

Cmlp005994 Shinonomenine 2.94 E+06 4.85 E+07 up Kaneko et al. (1978)

Cmlp006270 Hosukinidine 1.31 E+07 4.64 E+07 up Kaneko et al. (1979)

Cmlp005711 Solanidine 4.49 E+06 3.89 E+07 up (Pelletier and Jacobs (1953)

Storey (2007)

Meng-Zhen et al. (2020)

Cmlp007378 Escholerine 4.25 E+06 2.98 E+07 up (Morris Kupchan and Ian Ayres (1959)

Chandler and McDougal, (2014a)

Cmlp005432 Jervine 9.38 E+05 2.90 E+07 up Krayer (1949)

(Continued on following page)

Frontiers in Genetics frontiersin.org04

Liu et al. 10.3389/fgene.2023.1023433

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1023433


KEGG pathway database (http://www.kegg.jp/kegg/pathway.html)
(Kanehisa and Goto, 2000) was utilized for the classification and
pathways enrichment analyses related to differentially accumulated
metabolites (DAMs) to determine their related key pathways.

2.5 Candidate genes validation via
quantitative real-time PCR

For the validation of transcriptome data, the widely accepted
technique of qRT-PCR was utilized. For the said purpose, the same
RNA samples from leaves and root tissues were operated, which were
used for transcriptome analysis (RNA-seq). Some random genes with
varying expression patterns in leaves and root tissue samples were
selected for the quantitative real-time PCR analysis. The protocol and
conditions followed for qRT-PCR analysis, provided in
Supplementary files, were done using 2× SYBR Green PCR Master
(Roche, Germany) and a Service kit (Beijing, China). The reaction
performed was followed by melt curve analysis to ensure the primers’
specificity. For the calculation of expression level related to each
sample used for analysis, using the 2�ΔΔCT method (Livak and
Schmittgen, 2001).

2.6 Conjoint analysis

The systematic and comprehensive integrated statistical
analyses of transcriptome and metabolome data (Bouhaddani
et al., 2016) for V. mengtzeanum leaves and root biomass were
conducted to establish the relationships between genes and
metabolites in leaves and roots. It was done via a combination
of biological functional analyses, correlation analysis, metabolic
regulatory pathways and function annotation analyses to screen
out key genes or metabolic regulatory pathways involved in
alkaloid biosynthesis. Such genes related to alkaloids and steroid
alkaloids biosynthesis pathways have been selected for this
analysis. Batch data after normalization were used for the
analysis via R software in the “cor” package (González et al.,
2008). Pearson’s correlation coefficient R2 ≥ 0.8 with
p-values ≤0.05 was used for the correlation analysis and
corrected for the Bonferroni multiple tests.

3 Results

3.1 Illumina sequencing and assembly

The current study utilized leaves and roots samples of V.
mengtzeanum with three biological replicates each. Thus, six
samples underwent transcriptome sequencing based on the
Sequencing by Synthesis (SBS) technology of Illumina HiSeq high-
throughput sequencing. It yielded a total of 43.35 Gb clean data, with
each sample having clean data of around 6 Gb and a base percentage of
94% as Q30 or more (Supplementary Table S1). A summary of clean
reads data used in the subsequent analyses are given in Table 1. Several
190,161 unigenes’ sequences were assembled with N50 of 844bp and
an average length of 668bp (Supplementary Table S2).

3.2 Gene annotation and functional
classification

Out of 190,161 unigenes, 66,013 were annotated for at least one
database. In particular, 49,309 unigenes got annotation in the GO
database, 47,207 unigenes were annotated using the KEGG database;
62,090 unigenes got annotation in the Nr database; 40,614 unigenes in
the Swissprot database; 61,704 in Tremble, 42,618 unigenes in KOG
and 46,329 unigenes in Pfam database. The databases’ details were
provided in the supplementary information (Supplementary Figure
S1; Supplementary Table S3). Here, we discussed the annotation
outcomes obtained from three mostly referred annotation
databases, i.e., KEGG, KOG and GO, covering the maximum range
of DEGs discovered in our results. Further, the annotation of these
unigenes was analyzed according to the eukaryotic orthologous group
(KOG) classification, as presented in Supplementary Figure S2. Out of
the 25 functional categories from the KOG database, the “General
function prediction only” got the highest unigenes which are 14,530,
followed by “Posttranslational modification, protein turnover,
chaperones” and “Signal transduction mechanisms” with 3,958 and
3,828 unigenes. On the contrary, “Cell motility,” “Extracellular
structures,” and “Nuclear structure” got the lowest unigenes with
20, 197 and 221 unigenes (Supplementary Figure S2).

The 49,309 unigenes were annotated based on Gene
Ontology analysis and were classified into three broad categories

TABLE 1 (Continued) List of highly accumulated steroidal alkaloids in leaf and root samples of V. mengtzeanum.

Index Compounds Root Leaf Type Found in other Veratrum species

Kupchan and Suffness (1968)

Omnell et al. (1990)

Suladze et al. (2006)

Li et al. (2012)

Dumlu et al. (2019)

Zheng et al. (2019)

Meng-Zhen et al. (2020)

Melnik et al. (2022)

Cmlp002597 Verdine 1.62 E+07 1.58 E+07 up Li et al. (2012)
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of GO: biological process, cellular component, and
molecular function (Supplementary Figure S3). The category
“biological process” got the maximum number of unigenes,
followed by the cellular component and molecular function
categories.

The KEGG enrichment pathways annotation of unigenes was also
evaluated. The 47,207 unigenes were associated with 142 pathways
with ‘ko01100: metabolic pathways ’, ‘ko01110: biosynthesis of

secondary metabolites, and ‘ko04626: plant-pathogen interaction’,
harboring the highest unigenes, i.e., 1,786, 1,754 and 1,697,
respectively (Supplementary Tables S4,S5). Distinct types of
alkaloids biosynthesis pathways identified were ko00950:
isoquinoline alkaloid biosynthesis with 150 unigenes, ko00960:
tropane, piperidine and pyridine alkaloid biosynthesis with
108 unigenes, and ko00901: indole alkaloid biosynthesis with
54 unigenes.

FIGURE 1
Demonstration of quality control of transcript data as (A) boxplots illustrating the overall fragment/kb of transcript/million mapped reads (FPKM) values
for replicated samples. The abscissa depicts different samples of leaves and roots; the ordinate illustrates each sample expression’s log2 values for FPKM. (B)
Principal component analysis (PCA) of the samples regarding their gene expression. The green color represents leaf samples, whereas the orange color
depicts root samples. (C) The correlationmatrix reveals Pearson’s correlation coefficient (PCC) gene expression from triplicated V. mengtzeanum leaves
and root samples. The color gradient from yellow to red represents the range of correlation values from 0 to 1.
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3.3 Distribution of gene expression in samples

The detection of gene expression using transcriptome data has
high sensitivity. The boxplots, principal component analysis (PCA)
and Pearson’s correlation coefficient analysis revealed that the samples
were alike in replicates, but sufficient variation existed among the two
groups of samples. Almost 68.16% cumulative variation was covered
by both PC1(51.27%) and PC2 (16.89%), with two groups of samples
lying distinctly apart from each other (Figures 1A,B). Similarly, the
replicates of both groups of samples showed high correlations among
them but lower correlations between both groups (Figure 1C). These
results provided the reliability of expression analyses conducted in the
study.

3.4 Analysis of differentially expressed genes

To identify the differential expression of genes (DEGs) in the
leaves and root samples of the Veratrum plant, DESeq2 was utilized.
The results showed 33,942 genes with differential expressions with
log2Fold Change >1. Of them, 19,532 DEGs were found with
upregulation and 14,410 with downregulation (Supplementary
Table S6). The results were elaborated by plotting the volcano plots
and FPKM values in the expression heatmap of identified DEGs
(Figures 2A,B).

Next, the 33,942 DEGs were functionally annotated with GO and
KEGG databases for leaf and root samples. The KEGG enrichment
analysis revealed annotation of 15,498 DEGs for 140 KEGG pathways
with the highest number of DEGs (3,194) related to ‘metabolic
pathways’ followed by “biosynthesis of secondary metabolites
(ko01110)” with 1,751 DEGs from ‘Metabolism class’
(Supplementary Figure S4). The DEGs involved in the biosynthesis
of alkaloids and steroidal alkaloids include AED3-like, 3-ketoacyl-CoA
synthase 10, MST4, GLB1b, AtDIR19, ethylene-responsive element
binding, chalcone synthase 1B, 3-O-glycotransferase 2-like,

pathogenesis-related protein 1, A4U43, CASP-like protein 1D1,
21 kDa protein-like, and sucrose synthase 1-like.

The top50 GO enrichment analysis depicted 16,421 DEGs
associated with 50 biological processes, cellular components, and
molecular function classes, with the highest ones (228) related to
‘Photosynthesis’ of the biological process category followed by
‘intrinsic component of plasma membrane’ from the cellular
component with (215) DEGs and ‘monooxygenase activity from
molecular function class with (213) DEGs (Figure 3).

3.5 Transcription factor annotation

As per the crucial role of transcription factors (TFs) in every
biosynthetic, metabolic, cellar, and molecular function, we also
discovered 897 TFs in the current study. Of 897 TFs, 377 were
upregulated, and 520 TFs were downregulated in the leaf and root
samples with differential expression of Veratrum mengtzeanum
(Supplementary Table S7). From these TFs, a significant amount
was involved, including C2H2 (54), GRAS (51), AP2/ERF (47),
NAC (47), bHLH (41), MYB (37), MYB-related (36), bZIP (34),
C3H (33), WRKY (28), B3 (22), FAR1 (22), GARP-G2-like (18),
and HB-HD-ZIP (18). Previous studies showed that many TFs were
successfully isolated due to their involvement in alkaloid biosynthesis
and their derivatives. Prominent TFs include AP2/ERF, bHLH, and
WRKY for their roles in several types of alkaloids biosynthesis with
responsiveness to jasmonates (JA). For example, AP2/ERF TFs that
got co-upregulated more in leaves than roots with other key genes
related to the biosynthesis of alkaloids include Cluster-10506.114155,
Cluster-10506.126873, Cluster-10506.18586, Cluster-10506.36392,
Cluster-10506.47162, Cluster-10506.6245, Cluster-10506.63004,
Cluster-10506.80539, Cluster-10506.84927, Cluster-10506.86980,
Cluster-10506.88987, and Cluster-10506.92153. Similarly, C2H2 TFs
that were co-upregulated in the sampled leaves compared to roots
samples with other key genes for the biosynthesis of alkaloids and

FIGURE 2
(A) The volcano plot of genes with differential expressions (DEGs) from leaf and root samples of V. mengtzeanum and revealing upregulation (red dots)
and downregulation (green dots) and the non-differentially expressed genes (blue dots). The abscissa (X-axis) indicates the Change in gene expression
multiples, and the ordinate (Y-axis) indicates the differential gene’s significance level. (B) The heatmap of FPKM values is based on differential expressions of
leaf and root samples of V. mengtzeanum. The abscissa (X-axis) indicates the sample name and hierarchical clustering results, and the ordinate (Y-axis)
indicates the differential gene and hierarchical clustering results. Red indicates high expression and green indicates low expression.
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derivatives include Cluster-10506.102281, Cluster-10506.111797,
Cluster-10506.16970, Cluster-10506.5842, Cluster-10506.78895,
Cluster-10506.84590, Cluster-10506.87434, and Cluster-10506.88842
(Supplementary Table S7). Likewise, other TFs such as bHLH,
NAC, and WRKY got co-upregulated in leaf samples for alkaloids
biosynthesis compared to roots samples (Supplementary Table S7).

3.6 DEGs involved in the alkaloid biosynthesis
pathways

The KEGG pathway analyses revealed that most of the DEGs
involved in the biosynthesis of alkaloids include three pathways,
namely and indole alkaloid biosynthesis (IA) (Supplementary
Figure S5), tropane, piperidine and pyridine alkaloid biosynthesis
(TPPA) (Supplementary Figure S6), and isoquinoline alkaloid
biosynthesis (IQA) (Supplementary Figure S7). The number of
DEGs related to IQA biosynthesis was 24 in leaves and 25 in roots,
related to TPPA biosynthesis was 25 in roots and 13 in leaves, and
related to IA biosynthesis was 9 in roots and 16 in leaves
(Supplementary Table S8). Overall, the expression pattern of DEGs

in the three pathways was equal in both leaves and roots. In previous
research studies, roots were proved to be the main manufacturer of
biosynthesis of alkaloids, but this study shows that both leaves and
roots are significant participants in alkaloid biosynthesis. The
representative pathways for IQA, IA and TPPA biosynthesis have
been illustrated in schematic diagram with their enriched transcripts
and related encoded proteins (Figure 4).

The IQA biosynthesis pathway included the up and
downregulated transcripts for the major proteins from following
KEGG annotation pathways i.e., K01593, K22097, K14454. The
KEGG database showed that the L-tryptophan decarboxylase
(TrpDC) protein [EC:4.1.1.28] (pathway ID: K01593) belonged to
different pathways such as IQA and TPPA biosynthesis pathways with
four downregulated and 14 upregulated transcripts in leaf and root
tissues. The 3-O-acetylpapaveroxine carboxylesterase (RCS11) [EC:
3.1.1.105] (pathway ID: K22097) and aspartate aminotransferase 1
(GOT1) [EC:2.6.1.1] (pathway ID: 14,454) were related to three and
six transcripts, respectively with lower expression enriched in both
IQA and IA biosynthesis pathways (Figure 4; Supplementary Table
S8). A sum of 16 transcripts, eight with increased expression and eight
with decreased expression related to tropinone reductase (K16F4.2)

FIGURE 3
The column chart of differentially expressed genes in the leaf and root samples of V. mengtzeanum for topGO enrichment classification. The X-axis
indicates the ratio of genes annotated to the total number of genes annotated to the pathway, and the Y-axis indicates the name of the KEGG pathway. The
labels on the right side of the graph represent the classification to which the GO terms belong.
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[EC:1.1.1.206] (pathway ID: K08081) were enriched in IA pathway
discovered in root and leaf tissues of Veratrum mengtzeanum. Seven
transcripts with higher expression related to tyrosine aminotransferase
(TyrAT) [EC:2.6.1.5] (pathway ID: K00815) production were enriched
in the IA biosynthesis pathway. In the TPPA biosynthesis pathway,
seven transcripts were annotated as strictosidine synthase (STR) [EC:
4.3.3.2] (pathway ID: K01757), with five transcripts showing increased
and two transcripts depicting decreased expression levels (Figure 4;
Supplementary Table S8).

3.7 Alkaloid profiling

The leaf and root samples were utilized to detect the differences in
metabolite concentration (alkaloids) in the different plant tissues of V.
mengtzeanum (Supplementary Figure S8). Six samples with three
biological replicates were profiled for metabolomics using UPLC-
MS/MS approach and a self-built database. A total of 74 metabolite
compounds were identified, and a huge diversity exists in these
identified compounds (Figure 5). The leaf samples revealed a
higher accumulation of these identified metabolites in them. Out of
these 74 identified metabolites, 18 highly accumulated steroidal
alkaloid compounds in the leaf and root tissues of V. mengtzeanum
are presented in Table 1. Of these 18 highly accumulated metabolites,
3-Vanilloylygadenine (Cmlp005885) alkaloid compound was
discovered as a novel metabolite with a higher accumulation in
root samples.

The quality assessment of investigated samples via PCA and
Pearson’s correlation revealed that significant differences/variations
existed between the leaves and roots of V. mengtzeanum samples for
metabolite compounds (Figures 6A,B). Further, the differentially
accumulated metabolites (DAM) were studied regarding their
changes between leaves and roots by plotting the OPLS-DA scores.

The obtained R2X, R2Y and Q2 values were around 0.915, 1 and 0.998,
respectively, suggesting the reliability and stability of the model used.
Metabolites with criteria of variable importance in projection
value ≥1 as well as top fold change ≤0.5 to ≥2 were taken as DAM
between the two samples (Supplementary Figures S9A,B). A total of
55 DAM from leaves and roots of V. mengtzeanum samples were
identified (Supplementary Table S9). It is considered that there is a
higher content of alkaloid compounds in roots than in leaves, but in
the current study, both leaves and roots showed a higher number of
alkaloids.

3.8 Conjoint analyses of transcriptome and
metabolome data

Both transcriptome and metabolome data of V. mengtzeanum
were integrated and statistically analyzed to examine the relationship
between genes and metabolites simultaneously coupled with other
analyses such as PCA, correlation analysis, functional annotation
analysis, and metabolic pathways enrichment to screen out key
genes linked to metabolic pathways. Based on PCA scatterplots, the
triplicated sample groups got separated and the samples from roots
showed distinctly separate positions from leaf samples both in
metabolites and transcriptome data results (Figures 7A,B).

Regarding differential metabolic analysis results of the current
experiment, coupled with transcriptomic differential gene analysis
results, DEGs and DAMs from similar groups have been
simultaneously mapped by using the KEGG pathway database to
understand better the relationship among these genes as well as
metabolites. A total of 6,738 DEGs were discovered in association
(Pearson’s correlation coefficient >0.8) with 55 metabolites, jointly
controlling the regulation of alkaloids and steroid alkaloid
biosynthesis in both leaves and roots. A total of 22 metabolites

FIGURE 4
The schematic diagram for the proposed pathways of isoquinoline alkaloid biosynthesis (IQA), indole alkaloid biosynthesis (IA) and tropane, piperidine
and pyridine alkaloid (TPPA) biosynthesis, along with the comparative expression of transcripts from leaf and root tissues of Veratrummengtzeanum. The red
and green arrows represent downregulated and upregulated transcripts in the respective pathways related to the major proteins coding DEGs.
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accumulated in the leaves and 33 in the roots (Figure 7C;
Supplementary Table S10). A sum of 300 DEGs (Pearson’s
correlation coefficient >0.8) was found in association with the
metabolite pmb0484 (choline) in the interactive network,
contributed to the production and regulation of choline content in
V. mengtzeanum leaf and root tissues (Figure 7D; Supplementary
Table S10).

3.9 Validation of DEGs through qRT-PCR

To validate transcriptome data results, 20 random DEGs involved
in the alkaloid biosynthesis pathways were selected for quantitative
real-time PCR analysis (Supplementary Table S11). The qRT-PCR is a
world-renowned acceptable method for analyzing the expression of
target genes. The results from this analysis demonstrated a consistent
trend regarding the expression of selected genes in the transcription
and RNA-seq data (FPKM) is consistent with the relative expression
through the qRT-PCR method validating the results of transcriptome
data. Furthermore, a desirable correlation coefficient, i.e., R2 = 0.8291,
was observed between RNA-seq data and transcriptome data,

illustrating their positive correlation, and thus increasing the
reliability of the results obtained (Figure 8).

4 Discussion

Veratrum mengtzeanum belongs to the family Liliaceae and is
native to Southwest parts of China, particularly Guizhou, Yunnan and
Sichuan, with high medicinal value and poisonous nature (Han et al.,
2019). Almost 43 species of Veratrum around the globe are utilized
due to their medicinal importance (Mudunuri and Nagarajaram, 2007;
Han et al., 2019). The roots/rhizomes of this plant are efficient in
curing different painful and inflammatory diseases and injuries (Li
et al., 2019a). In the current study, we utilized both leaves and roots of
V. mengtzeanum to detect alkaloids and steroidal alkaloids. The study
indicated that leaves and roots are significant producers of alkaloids
and steroidal alkaloids. It makes the plant even more valuable for the
pharmacology and medicine industry. Many species of the genus
Veratrum have been studied in the past for their medicinal significance
but this species, i.e., V. mengtzeanum is the first ever explored
regarding its medicinal importance.

FIGURE 5
The bar plot shows 74 metabolites identified frommetabolome profiling of leaf and root samples from V.mengtzeanum. Color legends on the top right
illustrated leaf (brown) and root (blue) samples. Y-axis represented the identified metabolites and X-axis revealed the intensity of these metabolites’
accumulation.
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Many higher plant species produced low molecular weight
chemicals like alkaloids, terpenoids or phenylpropanoids. The
primary function of these secondary metabolites is to provide
defensive immunity to the body against pathogens (Yamada and
Sato, 2013); hence, they are widely used in pharmaceutics, essential
oils, flavorings, etc. Due to harboring biologically potential activities,
alkaloids are found in 20% of plant species and are used as narcotics,
poisons, pharmaceutics and stimulants (Facchini, 2001). Several
researchers have recently begun isolating these secondary
metabolites from intact plants after characterizing and elucidating
the biosynthetic pathways of alkaloids at the enzyme level (Yamada
and Sato, 2013). This species also contains many enzymes and critical
regulatory pathways in producing significant alkaloids.

Alkaloid biosynthesis analysis uncovered 33,942 differentially
expressed genes (DEGs) having differential expression regarding leaf
and root tissue samples. Three main alkaloid biosynthetic pathways,
i.e., isoquinoline alkaloid (IQA), indole alkaloid (IA), and tropane,
piperidine and pyridine alkaloid (TPPA) biosynthesis pathways were
identified in association with DEGs, and secondarymetabolites detected
from leaf and root samples. These pathways were often reported in
several previous studies in plants for the regulation and production of
alkaloids with pharmacological characteristics like antitumor, anti-
inflammatory, analgesic, and anti-microbial ones (Rischer et al.,
2006; Hao, 2019; Huang et al., 2019). The DEGs discovered include
AED3-like, pathogenesis-related protein, A4U43, 13-ketoacyl-CoA
synthase, MST4, GLB1b, AtDIR19, ethylene-responsive element
binding, chalcone synthase 1B, 3-O-glycotransferase 2-like, CASP-like
protein 1D1, 21 kDa protein-like, and sucrose synthase 1-like. In previous
studies, these major alkaloid-associated genes were reported to have
anti-inflammatory characteristics. AED3-like gene was already
discovered for alkaloid biosynthesis in microbes, i.e., aspergillus
fumigatus, which was transferred to plants through genetic and
metabolic engineering (Kutchan, 1995; Baccile et al., 2016). The
DEG encoding 13-ketoacyl-CoA synthase enzyme was reported

previously for antibacterial, anticholinesterase and cytotoxic-related
functions in different plants (Matsui et al., 2017; Wang et al., 2017).

The gene, A4U43, controlling the production of Ubiquitin-like
domain-containing protein, was discovered earlier from Garden
asparagus (Asparagus officinalis) found on its Chromosome 4 and
Chromosome 10 (https://www.ebi.ac.uk/). A serine-threonine kinase
protein (55 kDa) encoded by identified gene MST4 in the current
study has earlier been discovered to be involved in activities related to
immunity against pathological inflammations by being a member of
germinal center kinase family (GCKIII) (Jiao et al., 2015) and
increased growth rate with higher expression at places like thymus,
placenta and blood leukocytes (Lin et al., 2001). GLB1 gene was earlier
reported for encoding proteins that participate in tolerance and
resistance against abiotic stresses in rice (Ke et al., 2018; Lin et al.,
2019) and for encoding allergenic seed storage proteins in common
buckwheat (Sano et al., 2014). A member of the dirigent protein family
AtDIR19 was identified in the current study. These proteins were
previously reported to be involved in lignification and produce a
response against pathogen infections (Jin-long et al., 2012; Xu et al.,
2021).

The significant proteins related to transcripts with differential
expressions involved in the IQA, IA and TPPA biosynthesis pathways
discovered in root and leaf tissues of V. mengtzeanum were TrpDC,
RCS11, GOT1, K16F4.2, TyrAT, and STR. Some of these enzymes’
production concerning alkaloid biosynthesis are supported here by
previous reports. The enzyme tryptophan decarboxylase (TrpDC) was
discovered earlier in an alkaloid-producing medicinal plant Vinca
minor, in the leaf tissues with essential functions in the indole
biosynthesis pathways (Molchan et al., 2012). In Solanum
lycopersicum, TrpDC was discovered with significant role in
melatonin biosynthesis as a first step required for plant growth and
development especially under stress (Pang et al., 2018). The enzyme
tyrosine aminotransferase (TyrAT) was reported in earlier studies on
opium poppy (Lee and Facchini, 2011) and Prunella vulgaris (Ru et al.,

FIGURE 6
Quality control of metabolite compounds in the leaf and root tissues of V. mengtzeanum. (A) Principal component analysis revealing the leaf and root
samples replicates grouping and their complete distinction from each other (B) Pearson’s correlation coefficients (PCC) of metabolites; each sample in
triplicates and quality control mix for metabolomics. The color gradient (blue to red) bar on the right represents the correlation between the leaf and root
samples of V. mengtzeanum.
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2017) for functions performed during IQA biosynthesis and a
medicinal compound “rosmarinic acid” biosynthesis, respectively.
The protein tropinone reductase (K16F4.2) was reported earlier
from the extractions from leaf, root and stem tissues of the
medicinal plant Dendrobium nobile; widely known for its alkaloid
(pharmacological and clinical effects) production (Cheng et al., 2013)
and in Solanaceae plants for having roles in the metabolism of tropane
alkaloids (Dräger, 2006). In previous studies, strictosidine synthase
(STR) was reported in plants (Gossypium species, Oryza sativa and
Arabidopsis thaliana etc) as an essential enzyme to derive natural
alkaloid compounds that have significant pharmacological effects
(Cao and Wang, 2021). In rice, this enzyme showed involvement
in biosynthetic pathways related to plant growth, metabolism, pollen

wall formation, and another development, illustrating the leading role
in cell division processes (Zou et al., 2017).

Similarly, many TFs were found for the biosynthesis of alkaloids,
i.e., AP2/ERF, bHLH,MYB-related,WRKY, C2H2, GRAS, NAC, bZIP,
C3H, B3, FAR1, GARP-G2-like, and HB-HD-ZIP from leaves and
roots with mostly upregulating in the roots. The TFs, i.e., AP2/ERF,
WRKY, C2H2, bHLH, and MYB-related, are major regulators for the
biosynthesis of IQA, IA and TPPA alkaloids pathways in rice, cotton,
tobacco, Fritillaria roylei, Catharanthus roseus, and V. californicum
(Yamada et al., 2011; Yamada and Sato, 2013; Augustin et al., 2015;
Van Moerkercke et al., 2015; Lu et al., 2022; Zhang et al., 2022). The
first TF isolated for having a role in the biosynthesis process of
alkaloids was AP2/ERF in response to Jasmonates (JA) (Yamada

FIGURE 7
PCA and Correlation analysis of genes and metabolites detected by each differential group of samples from V. mengtzeanum (A) PCA of metabolome
and (B) PCA of transcriptome data to visualize the differences between the sample groups of V. mengtzeanum in the transcripts and metabolites. (C)
Correlation network diagram revealing a correlation between metabolites and genes. The differential genes and metabolites with a correlation value greater
than 0.8 in each pathway were selected for plotting. Metabolites are marked in green; genes are marked in red. Solid lines represent positive correlation,
and dotted lines represent the negative correlation. (D) Pearson’s correlation coefficient (PCC) of genes and metabolites through the nine-quadrant chart to
show the differentmultiples of genemetabolites with a PCC value greater than 0.8 in each differential group, and a black dotted line, from left to right and from
top to bottom, dividing the plot into 1–9 quadrants.
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and Sato, 2013; Zhou andMemelink, 2016; Pan et al., 2019). These TFs
were also previously isolated from tobacco that produced several types
of secondary metabolites, like anatabine, anabasine, nicotine, etc., in
response to JA in roots (Todd et al., 2010; Sears et al., 2014). The
WRKY TFs have already reported roles in C. japonica for the
biosynthesis of alkaloids in the root tissues (Kato et al., 2007;
Suttipanta et al., 2011).

The TF bHLH was reported in several studies homologous to
MYC2 of Arabidopsis that regulated nicotine alkaloid biosynthesis
(Todd et al., 2010; Shoji and Hashimoto, 2011). The bZIP TF was
reported earlier for participation in response to environmental stresses
(Yamada and Sato, 2013; Yan et al., 2019). In this study, these TFs are
now reconfirmed for their role in regulating alkaloid and steroid
biosynthesis. Furthermore, some TFs were discovered as new in the
roles of regulating alkaloid biosynthesis. For example, GIBBERELLIC
ACID INSENSITIVE REPRESSOR OF ga1-3 SCARECROW protein
are regulated byGRAS transcriptional regulators especially in pathway
related to gibberellins signaling in plants involved in several response
processes particularly stress responses, environmental factors and
development of plant (Pysh et al., 1999; Vera-Sirera et al., 2016)
and in grapes for cold stress tolerance by regulating jasmonic acid
production (Wang et al., 2021). FAR-RED IMPAIRED
RESPONSE1 proteins controlled by regulators FAR1 are involved
in the light induced expression of proteins that participate in
chlorophyll biosynthetic pathways (Wang et al., 2016; Liu et al.,
2020). The genes encoding GARP transcription factors in plants
made from G2-like as well as ARR-B proteins, are discovered with
diverse functions such as circadian clock rhythm, development of
roots, shoots, and chloroplast, nutrient sensing, floral transition, as
well as hormonal signaling pathways and their transport (Yamada and
Sato, 2013; Safi et al., 2017).

Concerning the metabolome results, many metabolites (55) were
associated with the biosynthesis of alkaloids and steroid alkaloids in
leaves and roots. In several previous research reports, the Veratrum
alkaloids have been reported in other species of the genus Veratrum
(Table 1) for their diverse pharmacological characteristics, including
antitumor, anti-microbial, antihypertensive, antifungal,
antirheumatic, anticonvulsants, anti-inflammatory, antiviral,
antithrombosis, and antitussive effects (Dumlu et al., 2019; Li
et al., 2020; Meng-Zhen et al., 2020; Melnik et al., 2022). A
characteristic steroidal alkaloid jervine found in both leaves and

roots of V. mengtzeanum in the current study has already been
isolated from rhizomes of V. album for its anti-inflammatory and
antioxidant functions against carrageenan-induced paw edema of
rats (Dumlu et al., 2019; Meng-Zhen et al., 2020). This steroidal
alkaloid has also been isolated from roots and rhizomes of V. nigrum,
V. taliense, V. californicum, and V. dahuricum for the exhibition of
its antitumor, antifungal, analgesic, and antiplatelet activity (Omnell
et al., 1990; Li et al., 2012; Augustin et al., 2015; Li et al., 2019a; Zheng
et al., 2019; Dirks et al., 2021). In another study, jervine and
pseudojervine were extracted from V. lobelianum and V.
dahuricum and reported as natural analogs of serotonin for
stimulating the fibroblast growth activity for wound healing
(Kupchan and Suffness, 1968; Shakirov and Yunusov, 1971;
Suladze et al., 2006).

Another steroid alkaloid i.e., veratramine was isolated earlier from
roots and rhizomes of V. nigrum (Li et al., 2012; Chandler and
McDougal, 2014a), showing hypotensive effects and mild
cytotoxicity for human glioma cell line SF188 (Cong et al., 2007).
Veratramine, epi-verazine and verazine extracted from V. nigrum
illustrated melanogenesis inhibition in mouse melanoma (Li et al.,
2012) and from V. maackii var. japonicum evaluated for antioxidant
activity (Kim et al., 2020). Veratroylgermine, germanitrine,
stenophylline, germidine, Verdine, verabenzoamine, 3-veratroyl-15-
methylbutyrylgermine alkaloids were also reported for their
extractions from rhizomes of V. nigrum (Kupchan and Afonso,
1959; Li et al., 2012; Chandler and McDougal, 2014b; Li et al.,
2020). They were evaluated for their antiviral activities and usage
in treating epilepsy, scabies, jaundice, blood stroke, hypertension,
wind-type dysentery, severe phlegm, chronic malaria, and apoplexy
(Li et al., 2012; Li et al., 2020). V. grandiflorum plants were also
reported to highly accumulate in their rhizomes the verazine and
shinonomenine steroidal alkaloids (Kaneko et al., 1972; Kaneko et al.,
1976; Kaneko et al., 1978; Chandler and McDougal, 2014a).

Veramidines A has been isolated from aerial parts of V. maackii
var. japonicum characterized by anti-inflammatory effects (Tanaka
et al., 2011; Chandler and McDougal, 2014b). Solanidine,
veratramine, jervine, pseudojervine, verazine and Hosukinidine in
other studies were extracted from Veratrum genus plants and
characterized for antiplatelet aggregation, analgesic, antitumor,
antifungal, anti-thrombosis, anti-inflammatory type
pharmacological activities along with anti-accelerator cardiac
action (Krayer, 1950; Langer and Trendelenburg, 1964; Kaneko
et al., 1976; Kaneko et al., 1979; Zhou et al., 2003; Tang et al.,
2010; Khanfar and El Sayed, 2013; Chandler and McDougal, 2014b;
Meng-Zhen et al., 2020). In another study, ‘escholerine’ was reported
as a hypotensive ester alkaloid isolated from Veratrum plants
(Morris Kupchan and Ian Ayres, 1959). Some studies also showed
the significance of veratramine as it suppresses the cell growth of
HepG2 liver cancer in humans by induction of cell death through
autophagy (Bai et al., 2018; Yin et al., 2020). Veramiline-3-O-β-D-
glucopyranoside, stenophylline and 6,7-epoxyverdine were also
isolated from rhizomes/hypogeal parts of V. taliense in previous
studies for their cytotoxic and antifungal activities (Mizuno et al.,
1990; Zhou et al., 2003; Sun et al., 2012). All these alkaloid
compounds have been identified and characterized earlier from
several other species of the veratrum genus, from their
underground parts. Choline alkaloid compound was detected
from conjoint analysis in the current study. Limited investigations
were found in the reported literature. In previous studies, the choline

FIGURE 8
Validation of expression results using qRT-PCR representing the
correlation between qRT-PCR and RNA-seq expression results for
20 selected DEGs from leaf and root tissues samples of V.
mengtzeanum.
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metabolism has been suggested for pathophysiological roles in
atherosclerosis development and the nervous system, with their
resultant findings showing a significant relationship between
choline and betaine with the risk of cardiovascular disease and
cognitive impairment (Guasch-Ferré et al., 2017; Zhong et al.,
2021). It is considered an essential nutrient with crucial roles
played for the normal and maintained functioning of human
body cells. The endogenous primary site for synthesis in the
human body is the liver. Our body can take choline from various
foods, such as phosphatidylcholine or lecithin. The uptake of choline
by the brain, kidneys, placenta, liver and mammary glands is vital to
sustain life (Zeisel and da Costa, 2009; Biswas and Giri, 2015). Our
study reported the pharmacologically significant compounds
mentioned above in this V. mengtzeanum species from both the
above and underground parts.

5 Conclusion

Although Veratrum species are widely utilized for making
traditional medicines, Veratrum mengtzeanum has rarely been
explored based on molecular studies to reveal its pharmacological
significance. It is the first comprehensive study providing genes and
metabolites set involved in the biosynthesis of alkaloids and steroidal
alkaloids in both leaves and root tissues. We discovered 33,942 DEGs
and 55 DAM from transcriptome and alkaloid profiling of both
leaves and root tissue samples. Furthermore, a variety of regulatory
pathways, particularly ko00950 and genes (A4U43, AED3-like, 3-O-
glycosyltransferase 2-like, AtDIR19, MST4, CASP-like protein 1D1,
and 21 kDa protein-like) and significantly potential TFs (AP2/ERF,
bHLH, MYB-related, WRKY, C2H2, and bZIP) were discovered for
their roles in the biosynthesis of alkaloids and steroid alkaloids in
leaves and roots of V. mengtzeanum. The alkaloid profiling revealed
18 highly accumulated alkaloid compounds with a novel alkaloid,
i.e., 3-Vanilloylygadenine (Cmlp005885) in V. mengtzeanum. The
conjoint analysis of metabolome and transcriptome data also
identified a substantial number of DEGs associated with
regulating alkaloid biosynthesis in leaves and roots and
discovered choline as a highly accumulated secondary metabolite
(alkaloid) in both leaves and roots of this species. Hence, leaves and
roots can be used for the pharmacological extractions of alkaloids
and steroid alkaloids.
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SUPPLEMENTARY FIGURE S1
A bar graph depicting the summary of unigenes’ annotations of Veratrum
mengtzeanum based on seven databases i.e., Kyoto encyclopedia of genes
and genomes (KEGG), NCBI non-redundant protein sequences (Nr), curated
protein sequence database (SwissProt), Translated European Molecular Biology
Laboratory (Trembl), euKaryotic Ortholog Groups (KOG), Gene Ontology
(GO), and Protein family (Pfam).

SUPPLEMENTARY FIGURE S2
Functional classification of Veratrummengtzeanum unigenes according to the
eukaryotic orthologous group KOG database for eukaryotes. The contents of
each classification depicted the abscissa, and the number of genes is
represented on the ordinate. Distinct colors of bars are to represent different
classes.

SUPPLEMENTARY FIGURE S3
The GO terms classification as biological processes (orange), cellular
components (green), and molecular functions (blue) based on Veratrum
mengtzeanum unigenes from transcriptome data obtained from leaves and
root samples.

SUPPLEMENTARY FIGURE S4
The column chart of differentially expressed genes (DEGs) in the leaves and
root samples of V. mengtzeanum for KEGG classification. The X-axis indicates
the ratio of genes annotated to the total number of genes annotated to the
pathway, and the Y-axis indicates the name of the KEGG pathway. The labels on
the right side of the graph represent the classification to which the KEGG
pathway belongs.

SUPPLEMENTARY FIGURE S5
A putative pathway (ko00901) for Indole alkaloids (IA) to reveal the differentially
expressed genes (DEGs) associated with the regulation of the pathway. The
enzymes involved in the study involved in this pathway were boxed with blue
labels showing association with both upregulated and downregulated genes.

SUPPLEMENTARY FIGURE S6
A putative pathway (ko00960) for tropane, piperidine and pyridine alkaloid
biosynthesis (TPPA). The enzymes in the study involved in this pathway were
boxed green tagged with downregulated genes, and the blue labels are
related to both the upregulated and downregulated genes.

SUPPLEMENTARY FIGURE S7
A putative pathway (Ko00950) for isoquinoline alkaloid biosynthesis (IQA) is
illustrated for associated DEGs. The enzymes in the study involved in
this pathway were boxed with red labels showing association
with upregulated genes, the green tagged with downregulated genes, and
the blue labels are related to both the upregulated and downregulated
genes.
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SUPPLEMENTARY FIGURE S8
The cluster heatmap of differentially accumulated metabolites (DAMs),
particularly alkaloids found in the leaves and roots of V. mengtzeanum
exhibits a fold change of top significant (p < 0.05). The X-axis represents
the sample names, and the Y-axis indicates the differential metabolites.
Distinct colors in the heat map represent the values obtained after the
normalization of the relative content of the differential metabolite,
reflecting the level of their relative content (red: represents higher

content, green: represents lower content). The annotation bar above the
heat map corresponds to the sample grouping (leaves and roots); the
note bar on the left side of the heat map corresponds to the Class of
substance (alkaloids here). The correlation coefficients were used as a
clustering algorithm to classify features determined by Pearson
correlation based on average/means. The color gradient from orange (1.5)
to green (−1.5) depicts several compounds, presented as relative fold
change.

References

Anwar, M., Turner, M., Farrell, N., Zomlefer, W. B., Mcdougal, O. M., and Morgan, B.
W. (2018). Hikers poisoned: Veratrum steroidal alkaloid toxicity following ingestion of
foraged Veratrum parviflorum. Clin. Toxicol. (Phila) 56, 841–845. doi:10.1080/15563650.
2018.1442007

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al. (2000).
Gene ontology: Tool for the unification of biology. The gene Ontology consortium. Nat.
Genet. 25, 25–29. doi:10.1038/75556

Au, D. T., Wu, J., Jiang, Z., Chen, H., Lu, G., and Zhao, Z. (2008). Ethnobotanical study
of medicinal plants used by Hakka in Guangdong, China. J. Ethnopharmacol. 117, 41–50.
doi:10.1016/j.jep.2008.01.016

Augustin, M. M., Ruzicka, D. R., Shukla, A. K., Augustin, J. M., Starks, C. M., O’neil-
Johnson, M., et al. (2015). Elucidating steroid alkaloid biosynthesis in veratrum
californicum: Production of verazine in Sf9 cells. Plant J. 82, 991–1003. doi:10.1111/
tpj.12871

Baccile, J. A., Spraker, J. E., Le, H. H., Brandenburger, E., Gomez, C., Bok, J. W., et al.
(2016). Plant-like biosynthesis of isoquinoline alkaloids in Aspergillus fumigatus. Nat.
Chem. Biol. 12, 419–424. doi:10.1038/nchembio.2061

Bai, F., Liu, K., Li, H., Wang, J., Zhu, J., Hao, P., et al. (2018). Veratramine modulates AP-
1-dependent gene transcription by directly binding to programmable DNA. Nucleic Acids
Res. 46, 546–557. doi:10.1093/nar/gkx1241

Biswas, S., and Giri, S. (2015). Importance of choline as essential nutrient and its role in
prevention of various toxicities. Prague Med. Rep. 116, 5–15. doi:10.14712/23362936.
2015.40

Bouhaddani, S. E., Houwing-Duistermaat, J., Salo, P., Perola, M., Jongbloed, G., and Uh,
H.W. (2016). Evaluation of O2PLS in Omics data integration. BMC Bioinforma. 17 (2), 11.
doi:10.1186/s12859-015-0854-z

Brossi, A. R. (1985). The alkaloids: Chemistry and pharmacology. Orlando, FL: Academic
Press.

Calixto, J. B. (2005). Twenty-five years of research on medicinal plants in Latin America:
A personal view. J. Ethnopharmacol. 100, 131–134. doi:10.1016/j.jep.2005.06.004

Cao, N., and Wang, C. H. (2021). Strictosidine synthase, an indispensable enzyme
involved in the biosynthesis of terpenoid indole and β-carboline alkaloids. Chin. J. Nat.
Med. 19, 591–607. doi:10.1016/S1875-5364(21)60059-6

Chandler, C. M., and Mcdougal, O. M. (2014a). Medicinal history of north American
Veratrum. Phytochem. Rev. 13, 671–694. doi:10.1007/s11101-013-9328-y

Chandler, C. M., and Mcdougal, O. M. (2014b). Medicinal history of north American
veratrum. Phytochem. Rev. 13, 671–694. doi:10.1007/s11101-013-9328-y

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34, i884–i890. doi:10.1093/bioinformatics/bty560

Chen, W., Gong, L., Guo, Z., Wang, W., Zhang, H., Liu, X., et al. (2013). A novel
integrated method for large-scale detection, identification, and quantification of widely
targeted metabolites: Application in the study of rice metabolomics. Mol. plant 6,
1769–1780. doi:10.1093/mp/sst080

Chen, Y., Zhang, R., Song, Y., He, J., Sun, J., Bai, J., et al. (2009). RRLC-MS/MS-based
metabonomics combined with in-depth analysis of metabolic correlation network: Finding
potential biomarkers for breast cancer. Analyst 134, 2003–2011. doi:10.1039/b907243h

Cheng, X., Chen, W., Zhou, Z., Liu, J., andWang, H. (2013). Functional characterization
of a novel tropinone reductase-like gene in Dendrobium nobile Lindl. J. Plant Physiology
170, 958–964. doi:10.1016/j.jplph.2013.02.007

Chinese Herbal Dictionary (2006). Nanjing university of traditional chinese medicine.
Dictionaryof traditional chinese medicine. 2nd Edn. Shanghai (China): Shanghai Science
and Technology Publishing House.

Chong, J., and Xia, J. (2018). MetaboAnalystR: an R package for flexible and
reproducible analysis of metabolomics data. Bioinformatics 34, 4313–4314. doi:10.
1093/bioinformatics/bty528

Cong, Y., Jia, W., Chen, J., Song, S., Wang, J.-H., and Yang, Y.-H. (2007). Steroidal
alkaloids from the roots and rhizomes of vertrum nigrum L. Helvetica Chim. Acta 90,
1038–1042. doi:10.1002/hlca.200790087

Cordell, G. A. (1998). The monoterpene alkaloids. alkaloids 52, 261–370.

Desgagné-Penix, I., Farrow, S. C., Cram, D., Nowak, J., and Facchini, P. J. (2012).
Integration of deep transcript and targeted metabolite profiles for eight cultivars of opium
poppy. Plant Mol. Biol. 79, 295–313. doi:10.1007/s11103-012-9913-2

Dirks, M. L., Seale, J. T., Collins, J. M., and Mcdougal, O. M. (2021). Review: Veratrum
californicum alkaloids. Molecules 26. doi:10.3390/molecules26195934

Dräger, B. (2006). Tropinone reductases, enzymes at the branch point of tropane
alkaloid metabolism. Phytochemistry 67, 327–337. doi:10.1016/j.phytochem.2005.12.001

Dumlu, F. A., Aydin, T., Odabasoglu, F., Berktas, O. A., Kutlu, Z., Erol, H. S., et al.
(2019). Anti-inflammatory and antioxidant properties of jervine, a sterodial alkaloid from
rhizomes of Veratrum album. Phytomedicine 55, 191–199. doi:10.1016/j.phymed.2018.
06.035

Facchini, P. J. (2001). Alkaloid biosynthesis in plants: Biochemistry, cell biology,
molecular regulation, and metabolic engineering applications. Annu. Rev. plant Biol.
52, 29–66. doi:10.1146/annurev.arplant.52.1.29

Fang, M., Fang, R., and He, M. (2005). Flora of China–apiaceae through ericaceae,
14 China. Beijing, China and St. Louis, USA: Science Press and Missouri Botanic Garden
Press.

Gahlan, P., Singh, H. R., Shankar, R., Sharma, N., Kumari, A., Chawla, V., et al. (2012).
De novo sequencing and characterization of Picrorhiza kurrooa transcriptome at two
temperatures showed major transcriptome adjustments. BMC genomics 13, 126. doi:10.
1186/1471-2164-13-126

González, I., Déjean, S., Martin, P. G. P., and Baccini, A. (2008). Cca: An R package
to extend canonical correlation analysis. J. Stat. Softw. 23, 1–14. doi:10.18637/jss.
v023.i12

Guasch-Ferré, M., Hu, F. B., Ruiz-Canela, M., Bulló, M., Toledo, E., Wang, D. D., et al.
(2017). Plasma metabolites from choline pathway and risk of cardiovascular disease in the
PREDIMED (prevention with mediterranean diet) study. J. Am. Heart Assoc. 6, e006524.
doi:10.1161/JAHA.117.006524

Hagel, J. M., Mandal, R., Han, B., Han, J., Dinsmore, D. R., Borchers, C. H., et al. (2015).
Metabolome analysis of 20 taxonomically related benzylisoquinoline alkaloid-producing
plants. BMC plant Biol. 15, 220. doi:10.1186/s12870-015-0594-2

Han, L.-J., Liu, Y.-Y., Zhang, Y.-M., Yang, C.-W., Qian, Z.-G., and Li, G.-D. (2019). The
complete chloroplast genome and phylogenetic analysis of Veratrum mengtzeanum Loes.
F.(Liliaceae). Mitochondrial DNA Part B 4, 4170–4171. doi:10.1080/23802359.2019.
1693926

Hao, D.-C. (2019). Ranunculales medicinal plants. Amsterdam, Netherlands: Elsevier.

Hao, D. C., Ge, G., Xiao, P., Zhang, Y., and Yang, L. (2011). The first insight into the
tissue specific taxus transcriptome via Illumina second generation sequencing. PLoS one 6,
e21220. doi:10.1371/journal.pone.0021220

Hao, D., Ma, P., Mu, J., Chen, S., Xiao, P., Peng, Y., et al. (2012). De novo
characterization of the root transcriptome of a traditional Chinese medicinal plant
Polygonum cuspidatum. Sci. China Life Sci. 55, 452–466. doi:10.1007/s11427-012-
4319-6

Huang, J.-P., Fang, C., Ma, X., Wang, L., Yang, J., Luo, J., et al. (2019). Tropane alkaloids
biosynthesis involves an unusual type III polyketide synthase and non-enzymatic
condensation. Nat. Commun. 10, 4036. doi:10.1038/s41467-019-11987-z

Jan, R., Asaf, S., Numan, M., and Kim, K.-M. (2021). Plant secondary metabolite
biosynthesis and transcriptional regulation in response to biotic and abiotic stress
conditions. Agronomy 11, 968. doi:10.3390/agronomy11050968

Jiang, Z. H., Xie, Y., Zhou, H., Wang, J. R., Liu, Z. Q., Wong, Y. F., et al. (2005).
Quantification of Aconitum alkaloids in aconite roots by a modified RP-HPLC method.
Phytochemical Analysis Int. J. Plant Chem. Biochem. Tech. 16, 415–421. doi:10.1002/
pca.861

Jiao, S., Zhang, Z., Li, C., Huang, M., Shi, Z., Wang, Y., et al. (2015). The kinase
MST4 limits inflammatory responses through direct phosphorylation of the adaptor
TRAF6. Nat. Immunol. 16, 246–257. doi:10.1038/ni.3097

Jin-Long, G., Li-Ping, X., Jing-Ping, F., Ya-Chun, S., Hua-Ying, F., You-Xiong, Q., et al.
(2012). A novel dirigent protein gene with highly stem-specific expression from sugarcane,
response to drought, salt and oxidative stresses. Plant Cell. Rep. 31, 1801–1812. doi:10.
1007/s00299-012-1293-1

Kanehisa, M., and Goto, S. (2000). Kegg: Kyoto encyclopedia of genes and genomes.
Nucleic acids Res. 28, 27–30. doi:10.1093/nar/28.1.27

Kaneko, K., Kawamura, N., Kuribayashi, T., Tanaka, M., Mitsuhashi, H., and Koyama,
H. (1978). Structures of two cevanine alkaloids, shinonomenine and veraflorizine, and a
cevanidane alkaloid, procevine, isolated from illuminated veratrum. Tetrahedron Lett. 19,
4801–4804. doi:10.1016/s0040-4039(01)85736-1

Frontiers in Genetics frontiersin.org15

Liu et al. 10.3389/fgene.2023.1023433

https://doi.org/10.1080/15563650.2018.1442007
https://doi.org/10.1080/15563650.2018.1442007
https://doi.org/10.1038/75556
https://doi.org/10.1016/j.jep.2008.01.016
https://doi.org/10.1111/tpj.12871
https://doi.org/10.1111/tpj.12871
https://doi.org/10.1038/nchembio.2061
https://doi.org/10.1093/nar/gkx1241
https://doi.org/10.14712/23362936.2015.40
https://doi.org/10.14712/23362936.2015.40
https://doi.org/10.1186/s12859-015-0854-z
https://doi.org/10.1016/j.jep.2005.06.004
https://doi.org/10.1016/S1875-5364(21)60059-6
https://doi.org/10.1007/s11101-013-9328-y
https://doi.org/10.1007/s11101-013-9328-y
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/mp/sst080
https://doi.org/10.1039/b907243h
https://doi.org/10.1016/j.jplph.2013.02.007
https://doi.org/10.1093/bioinformatics/bty528
https://doi.org/10.1093/bioinformatics/bty528
https://doi.org/10.1002/hlca.200790087
https://doi.org/10.1007/s11103-012-9913-2
https://doi.org/10.3390/molecules26195934
https://doi.org/10.1016/j.phytochem.2005.12.001
https://doi.org/10.1016/j.phymed.2018.06.035
https://doi.org/10.1016/j.phymed.2018.06.035
https://doi.org/10.1146/annurev.arplant.52.1.29
https://doi.org/10.1186/1471-2164-13-126
https://doi.org/10.1186/1471-2164-13-126
https://doi.org/10.18637/jss.v023.i12
https://doi.org/10.18637/jss.v023.i12
https://doi.org/10.1161/JAHA.117.006524
https://doi.org/10.1186/s12870-015-0594-2
https://doi.org/10.1080/23802359.2019.1693926
https://doi.org/10.1080/23802359.2019.1693926
https://doi.org/10.1371/journal.pone.0021220
https://doi.org/10.1007/s11427-012-4319-6
https://doi.org/10.1007/s11427-012-4319-6
https://doi.org/10.1038/s41467-019-11987-z
https://doi.org/10.3390/agronomy11050968
https://doi.org/10.1002/pca.861
https://doi.org/10.1002/pca.861
https://doi.org/10.1038/ni.3097
https://doi.org/10.1007/s00299-012-1293-1
https://doi.org/10.1007/s00299-012-1293-1
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1016/s0040-4039(01)85736-1
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1023433


Kaneko, K., Kawamura, N., Mitsuhashi, H., and Ohsaki, K.-I. (1979). Two new
Veratrum alkaloids, hosukinidine and epirubijervine from illuminated Veratrum plant.
Chem. Pharm. Bull. 27, 2534–2536. doi:10.1248/cpb.27.2534

Kaneko, K., Tanaka, M. W., and Mitsuhashi, H. (1976). Origin of nitrogen in the
biosynthesis of solanidine by Veratrum grandiflorum. Phytochemistry 15, 1391–1393.
doi:10.1016/s0031-9422(00)97123-1

Kaneko, K., Watanabe, M., Taira, S., and Mitsuhashi, H. (1972). Conversion of
solanidine to jerveratrum alkaloids in Veratrum grandiflorum. Phytochemistry 11,
3199–3202. doi:10.1016/s0031-9422(00)86373-6

Kato, N., Dubouzet, E., Kokabu, Y., Yoshida, S., Taniguchi, Y., Dubouzet, J. G., et al.
(2007). Identification of a WRKY protein as a transcriptional regulator of
benzylisoquinoline alkaloid biosynthesis in Coptis japonica. Plant Cell. physiology 48,
8–18. doi:10.1093/pcp/pcl041

Ke, S., Liu, X. J., Luan, X., Yang, W., Zhu, H., Liu, G., et al. (2018). Genome-wide
transcriptome profiling provides insights into panicle development of rice (Oryza sativa
L.). Gene 675, 285–300. doi:10.1016/j.gene.2018.06.105

Khanfar, M. A., and El Sayed, K. A. (2013). The veratrum alkaloids jervine, veratramine,
and their analogues as prostate cancer migration and proliferation inhibitors: Biological
evaluation and pharmacophore modeling. Med. Chem. Res. 22, 4775–4786. doi:10.1007/
s00044-013-0495-6

Khare, S., Singh, N., Singh, A., Hussain, I., Niharika, K., Yadav, V., et al. (2020). Plant
secondary metabolites synthesis and their regulations under biotic and abiotic constraints.
J. Plant Biol. 63, 203–216. doi:10.1007/s12374-020-09245-7

Kim, J.-Y., Son, E., and Kim, D.-S. (2020). One new veratramine-type alkaloid from
Veratrum maackii var. japonicum and antioxidative activities of isolated compounds. Nat.
Product. Commun. 15, 1934578X2093940. doi:10.1177/1934578x20939408

Krayer, O. (1949). Studies on veratrum alkaloids; veratramine, an antagonist to the
cardioaccelerator action of epinephrine. J. Pharmacol. Exp. Ther. 96, 422–437.

Krayer, O. (1950). Studies on veratrum alkaloids. XII. A quantitative comparison of the
antiaccelerator cardiac action of veratramine, veratrosine, jervine and pseudo-jervine.
J. Pharmacol. Exp. Ther. 98, 427–436.

Kupchan, S. M., and Afonso, A. (1959). Veratrum alkaloids XXXVII. J. Am. Pharm.
Assoc. Am. Pharm. Assoc. 48, 731–734. doi:10.1002/jps.3030481209

Kupchan, S. M., and Suffness, M. I. (1968). The stereochemistry of jervine and related
alkaloids. J. Am. Chem. Soc. 90, 2730–2731. doi:10.1021/ja01012a070

Kutchan, T. M. (1995). Alkaloid biosynthesis[mdash]The basis for metabolic
engineering of medicinal plants. Plant Cell. 7, 1059–1070. doi:10.1105/tpc.7.7.1059

Langer, S. Z., and Trendelenburg, U. (1964). Studies on veratrum alkaloids. XXXIX.
Interaction of veratramine and accelerating agents on the pacemaker of the heart.
J. Pharmacol. Exp. Ther. 146, 99–110.

Lee, E. J., and Facchini, P. J. (2011). Tyrosine aminotransferase contributes to
benzylisoquinoline alkaloid biosynthesis in opium poppy. Plant Physiol. 157,
1067–1078. doi:10.1104/pp.111.185512

Li, B., and Dewey, C. N. (2011). Rsem: Accurate transcript quantification from RNA-seq
data with or without a reference genome. BMC Bioinforma. 12, 323. doi:10.1186/1471-
2105-12-323

Li, D.-L., and Xing, F.-W. (2016). Ethnobotanical study onmedicinal plants used by local
Hoklos people on Hainan Island, China. J. Ethnopharmacol. 194, 358–368. doi:10.1016/j.
jep.2016.07.050

Li, Q., Zhao, Y.-L., Long, C.-B., Zhu, P.-F., Liu, Y.-P., and Luo, X.-D. (2019a). Seven new
veratramine-type alkaloids with potent analgesic effect from Veratrum taliense.
J. Ethnopharmacol. 244, 112137. doi:10.1016/j.jep.2019.112137

Li, Q., Zhao, Y. L., Long, C. B., Zhu, P. F., Liu, Y. P., and Luo, X. D. (2019b). Seven new
veratramine-type alkaloids with potent analgesic effect from Veratrum taliense.
J. Ethnopharmacol. 244, 112137. doi:10.1016/j.jep.2019.112137

Li, W., Wang, L., Zhao, D., and Liu, Y. (2012). Steroidal alkaloids from Veratrum
nigrum. Chem. Nat. Compd. 48, 919–920. doi:10.1007/s10600-012-0426-7

Li, Y. L., Zhang, Y., Zhao, P. Z., Hu, Z. X., Gu, Y. C., Ye, J., et al. (2020). Two new
steroidal alkaloids from the rhizomes of Veratrum nigrum L. and their anti-TYLCV
activity. Fitoterapia 147, 104731. doi:10.1016/j.fitote.2020.104731

Lin, C. C., Chao, Y. T., Chen, W. C., Ho, H. Y., Chou, M. Y., Li, Y. R., et al. (2019).
Regulatory cascade involving transcriptional and N-end rule pathways in rice under
submergence. Proc. Natl. Acad. Sci. U. S. A. 116, 3300–3309. doi:10.1073/pnas.1818507116

Lin, J.-L., Chen, H.-C., Fang, H.-I., Robinson, D., Kung, H.-J., and Shih, H.-M. (2001).
MST4, a new Ste20-related kinase that mediates cell growth and transformation via
modulating ERK pathway. Oncogene 20, 6559–6569. doi:10.1038/sj.onc.1204818

Liu, Y., Ma, M., Li, G., Yuan, L., Xie, Y., Wei, H., et al. (2020). Transcription factors
FHY3 and FAR1 regulate light-induced CIRCADIAN CLOCK ASSOCIATED1 gene
expression in Arabidopsis. Plant Cell. 32, 1464–1478. doi:10.1105/tpc.19.00981

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. methods 25, 402–408.
doi:10.1006/meth.2001.1262

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550. doi:10.1186/s13059-014-
0550-8

Lu, Q., Li, R., Liao, J., Hu, Y., Gao, Y., Wang, M., et al. (2022). Integrative analysis of the
steroidal alkaloids distribution and biosynthesis of bulbs Fritillariae Cirrhosae through
metabolome and transcriptome analyses. BMC Genomics 23, 511. doi:10.1186/s12864-
022-08724-0

Matsui, T., Kodama, T., Mori, T., Tadakoshi, T., Noguchi, H., Abe, I., et al. (2017). 2-
Alkylquinolone alkaloid biosynthesis in the medicinal plant Evodia rutaecarpa involves
collaboration of two novel type III polyketide synthases. J. Biol. Chem. 292, 9117–9135.
doi:10.1074/jbc.M117.778977

Matsuura, H. N., and Fett-Neto, A. G. (2015). “Plant alkaloids: Main features, toxicity,
and mechanisms of action,” in Plant toxins. Editors P. Gopalakrishnakone, C. R. Carlini,
and R. Ligabue-Braun (Dordrecht: Springer Netherlands), 1–15.

Melnik, E. V., Belova, M. V., Potskhveriya, M. M., Simonova, A. Y., Tyurin, I. A., and
Ramenskaya, G. V. (2022). Veratrum alkaloid determination in four cases of veratrum
aqua poisonings. J. Anal. Toxicol. 46, e42–e47. doi:10.1093/jat/bkab019

Meng-Zhen, Z., Li-Juan, G., Shi-Fang, X. U., Wen-Kang, H., Xiao-Yu, L. I., and Yi-Ping,
Y. E. (2020). Advances in studies on steroidal alkaloids and their pharmacological activities
in genus Veratrum. Zhongguo Zhong Yao Za Zhi 45, 5129–5142. doi:10.19540/j.cnki.
cjcmm.20200612.201

Mithöfer, A., and Boland,W. (2012). Plant defense against herbivores: Chemical aspects.
Annu. Rev. plant Biol. 63, 431–450. doi:10.1146/annurev-arplant-042110-103854

Mizuno, M., Ren-Xiang, T., Pei, Z., Zhi-Da, M., Iinuma, M., and Tanaka, T. (1990). Two
steroidal alkaloid glycosides from Veratrum taliense. Phytochemistry 29, 359–361. doi:10.
1016/0031-9422(90)89079-o

Mizutani, M. (2012). Impacts of diversification of cytochrome P450 on plant
metabolism. Biol. Pharm. Bull. 35, 824–832. doi:10.1248/bpb.35.824

Molchan, O., Romashko, S., and Yurin, V. (2012). l-tryptophan decarboxylase activity
and tryptamine accumulation in callus cultures of Vinca minor L. Plant Cell., Tissue Organ
Cult. (PCTOC) 108, 535–539. doi:10.1007/s11240-011-0060-2

Morris Kupchan, S., and Ian Ayres, C. (1959). Veratrum alkaloids xl: The structure of
escholerine, A hypotensive ester alkaloid. J. Am. Pharm. Assoc. Sci. ed.) 48, 735–736.
doi:10.1002/jps.3030481210

Mudunuri, S. B., and Nagarajaram, H. A. (2007). IMEx: Imperfect microsatellite
extractor. Bioinformatics 23, 1181–1187. doi:10.1093/bioinformatics/btm097

Omnell, M. L., Sim, F. R., Keeler, R. F., Harne, L. C., and Brown, K. S. (1990). Expression
of Veratrum alkaloid teratogenicity in the mouse. Teratology 42, 105–119. doi:10.1002/
tera.1420420202

Pan, Q., Wang, C., Xiong, Z., Wang, H., Fu, X., Shen, Q., et al. (2019). CrERF5, an AP2/
ERF transcription factor, positively regulates the biosynthesis of bisindole alkaloids and
their precursors in Catharanthus roseus. Front. plant Sci. 10, 931. doi:10.3389/fpls.2019.
00931

Pang, X., Wei, Y., Cheng, Y., Pan, L., Ye, Q., Wang, R., et al. (2018). The tryptophan
decarboxylase in Solanum lycopersicum. Molecules 23, 998. doi:10.3390/
molecules23050998

Pelletier, R. C. (1983). Alkaloids: Chemical and biological perspectives. New York, NY:
Wiley Interscience.

Pelletier, S. W., and Jacobs, W. A. (1953). The veratrine alkaloids. XXXVII. The structure
of isorubijervine. Conversion to solanidine. J. Am. Chem. Soc. 75, 4442–4446. doi:10.1021/
ja01114a014

Pysh, L. D., Wysocka-Diller, J. W., Camilleri, C., Bouchez, D., and Benfey, P. N. (1999).
The GRAS gene family in Arabidopsis: Sequence characterization and basic expression
analysis of the SCARECROW-LIKE genes. Plant J. 18, 111–119. doi:10.1046/j.1365-313x.
1999.00431.x

Rischer, H., Orešič, M., Seppänen-Laakso, T., Katajamaa, M., Lammertyn, F., Ardiles-
Diaz, W., et al. (2006). Gene-to-metabolite networks for terpenoid indole alkaloid
biosynthesis in Catharanthus roseus cells. Proc. Natl. Acad. Sci. 103, 5614–5619.
doi:10.1073/pnas.0601027103

Ru, M., Wang, K., Bai, Z., Peng, L., He, S., Wang, Y., et al. (2017). A tyrosine
aminotransferase involved in rosmarinic acid biosynthesis in Prunella vulgaris L. Sci.
Rep. 7, 4892. doi:10.1038/s41598-017-05290-4

Safi, A., Medici, A., Szponarski, W., Ruffel, S., Lacombe, B., and Krouk, G. (2017). The
world according to GARP transcription factors. Curr. Opin. Plant Biol. 39, 159–167.
doi:10.1016/j.pbi.2017.07.006

Sano, M., Nakagawa, M., Oishi, A., Yasui, Y., and Katsube-Tanaka, T. (2014).
Diversification of 13S globulins, allergenic seed storage proteins, of common
buckwheat. Food Chem. 155, 192–198. doi:10.1016/j.foodchem.2014.01.047

Sears, M. T., Zhang, H., Rushton, P. J., Wu, M., Han, S., Spano, A. J., et al. (2014).
NtERF32: A non-NIC2 locus AP2/ERF transcription factor required in jasmonate-
inducible nicotine biosynthesis in tobacco. Plant Mol. Biol. 84, 49–66. doi:10.1007/
s11103-013-0116-2

Senthilkumaran, S., Meenakshisundaram, R., and Thirumalaikolundusubramanian, P.
(2015). Plant toxins and the heart. Boston, MA: Academic Press.

Shakirov, R., and Yunusov, S. Y. (1971). Alkaloids of veratrum lobelianum. Chem. Nat.
Compd. 7, 840–841. doi:10.1007/bf00567974

Shoji, T., and Hashimoto, T. (2011). Tobacco MYC2 regulates jasmonate-inducible
nicotine biosynthesis genes directly and by way of the NIC2-locus ERF genes. Plant Cell.
Physiology 52, 1117–1130. doi:10.1093/pcp/pcr063

Frontiers in Genetics frontiersin.org16

Liu et al. 10.3389/fgene.2023.1023433

https://doi.org/10.1248/cpb.27.2534
https://doi.org/10.1016/s0031-9422(00)97123-1
https://doi.org/10.1016/s0031-9422(00)86373-6
https://doi.org/10.1093/pcp/pcl041
https://doi.org/10.1016/j.gene.2018.06.105
https://doi.org/10.1007/s00044-013-0495-6
https://doi.org/10.1007/s00044-013-0495-6
https://doi.org/10.1007/s12374-020-09245-7
https://doi.org/10.1177/1934578x20939408
https://doi.org/10.1002/jps.3030481209
https://doi.org/10.1021/ja01012a070
https://doi.org/10.1105/tpc.7.7.1059
https://doi.org/10.1104/pp.111.185512
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1016/j.jep.2016.07.050
https://doi.org/10.1016/j.jep.2016.07.050
https://doi.org/10.1016/j.jep.2019.112137
https://doi.org/10.1016/j.jep.2019.112137
https://doi.org/10.1007/s10600-012-0426-7
https://doi.org/10.1016/j.fitote.2020.104731
https://doi.org/10.1073/pnas.1818507116
https://doi.org/10.1038/sj.onc.1204818
https://doi.org/10.1105/tpc.19.00981
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s12864-022-08724-0
https://doi.org/10.1186/s12864-022-08724-0
https://doi.org/10.1074/jbc.M117.778977
https://doi.org/10.1093/jat/bkab019
https://doi.org/10.19540/j.cnki.cjcmm.20200612.201
https://doi.org/10.19540/j.cnki.cjcmm.20200612.201
https://doi.org/10.1146/annurev-arplant-042110-103854
https://doi.org/10.1016/0031-9422(90)89079-o
https://doi.org/10.1016/0031-9422(90)89079-o
https://doi.org/10.1248/bpb.35.824
https://doi.org/10.1007/s11240-011-0060-2
https://doi.org/10.1002/jps.3030481210
https://doi.org/10.1093/bioinformatics/btm097
https://doi.org/10.1002/tera.1420420202
https://doi.org/10.1002/tera.1420420202
https://doi.org/10.3389/fpls.2019.00931
https://doi.org/10.3389/fpls.2019.00931
https://doi.org/10.3390/molecules23050998
https://doi.org/10.3390/molecules23050998
https://doi.org/10.1021/ja01114a014
https://doi.org/10.1021/ja01114a014
https://doi.org/10.1046/j.1365-313x.1999.00431.x
https://doi.org/10.1046/j.1365-313x.1999.00431.x
https://doi.org/10.1073/pnas.0601027103
https://doi.org/10.1038/s41598-017-05290-4
https://doi.org/10.1016/j.pbi.2017.07.006
https://doi.org/10.1016/j.foodchem.2014.01.047
https://doi.org/10.1007/s11103-013-0116-2
https://doi.org/10.1007/s11103-013-0116-2
https://doi.org/10.1007/bf00567974
https://doi.org/10.1093/pcp/pcr063
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1023433


Storey, M. (2007). The harvested crop. Amsterdam: Elsevier.

Suladze, T. S., Vachnadze, V. Y., Tsakadze, D. M., Gedevanishvili, M. D., Tsutsunava, L.
E., and Malazoniya, N. A. (2006). Alkaloid accumulation dynamics in Veratrum
lobelianum growing in Georgia and biological activity of Jervine. Chem. Nat. Compd.
42, 71–74. doi:10.1007/s10600-006-0038-1

Sun, Y., Chen, J.-X., Zhou, L., Su, J., Li, Y., andQiu,M.-H. (2012). Three newpregnane alkaloids
from veratrum taliense. Helvetica Chim. Acta 95, 1114–1120. doi:10.1002/hlca.201100461

Suttipanta, N., Pattanaik, S., Kulshrestha, M., Patra, B., Singh, S. K., and Yuan, L. (2011). The
transcription factor CrWRKY1 positively regulates the terpenoid indole alkaloid biosynthesis in
Catharanthus roseus. Plant physiol. 157, 2081–2093. doi:10.1104/pp.111.181834

Szklarczyk, D., Franceschini, A., Wyder, S., Forslund, K., Heller, D., Huerta-Cepas, J.,
et al. (2015). STRING v10: Protein–protein interaction networks, integrated over the tree
of life. Nucleic acids Res. 43, D447–D452. doi:10.1093/nar/gku1003

Tanaka, N., Suto, S., and Kobayashi, J. (2011). Veramadines A and B, new steroidal
alkaloids from veratrummaackii var. japonicum. Chem. Pharm. Bull. (Tokyo) 59, 909–912.
doi:10.1248/cpb.59.909

Tang, J., Li, H. L., Shen, Y. H., Jin, H. Z., Yan, S. K., Liu, X. H., et al. (2010). Antitumor
and antiplatelet activity of alkaloids from veratrum dahuricum. Phytother. Res. 24,
821–826. doi:10.1002/ptr.3022

Thévenot, E. A., Roux, A., Xu, Y., Ezan, E., and Junot, C. (2015). Analysis of the human
adult urinary metabolome variations with age, body mass index, and gender by
implementing a comprehensive workflow for univariate and OPLS statistical analyses.
J. proteome Res. 14, 3322–3335. doi:10.1021/acs.jproteome.5b00354

Todd, A. T., Liu, E., Polvi, S. L., Pammett, R. T., and Page, J. E. (2010). A functional
genomics screen identifies diverse transcription factors that regulate alkaloid biosynthesis
in Nicotiana benthamiana. Plant J. 62, 589–600. doi:10.1111/j.1365-313X.2010.04186.x

Tomlinson, T. R., and Akerele, O. (2015). Medicinal plants: Their role in health and
biodiversity. Philadelphia, PA: University of Pennsylvania press.

Van Der Auwera, G. A., Carneiro, M. O., Hartl, C., Poplin, R., Del Angel, G., Levy-
Moonshine, A., et al. (2013). From FastQ data to high-confidence variant calls: The
genome analysis toolkit best practices pipeline. Curr. Protoc. Bioinforma. 43, 11. doi:10.
1002/0471250953.bi1110s43

Van Moerkercke, A., Steensma, P., Schweizer, F., Pollier, J., Gariboldi, I., Payne, R., et al.
(2015). The bHLH transcription factor BIS1 controls the iridoid branch of the
monoterpenoid indole alkaloid pathway in Catharanthus roseus. Proc. Natl. Acad. Sci.
112, 8130–8135. doi:10.1073/pnas.1504951112

Vera-Sirera, F., Gomez, M. D., and Perez-Amador, M. A. (2016). “Chapter 20 - DELLA
proteins, a group of GRAS transcription regulators that mediate gibberellin signaling,” in
Plant transcription factors. Editor D. H. Gonzalez (Boston: Academic Press), 313–328.

Wang, W., Tang, W., Ma, T., Niu, D., Jin, J. B., Wang, H., et al. (2016). A pair of light
signaling factors FHY3 and FAR1 regulates plant immunity by modulating chlorophyll
biosynthesis. J. Integr. Plant Biol. 58, 91–103. doi:10.1111/jipb.12369

Wang, X., Guan, Y., Zhang, D., Dong, X., Tian, L., and Qu, L. Q. (2017). A β-ketoacyl-
CoA synthase is involved in rice leaf cuticular wax synthesis and requires a CER2-LIKE
protein as a cofactor. Plant Physiol. 173, 944–955. doi:10.1104/pp.16.01527

Wang, Z., Wong, D. C. J., Wang, Y., Xu, G., Ren, C., Liu, Y., et al. (2021). GRAS-domain
transcription factor PAT1 regulates jasmonic acid biosynthesis in grape cold stress
response. Plant Physiol. 186, 1660–1678. doi:10.1093/plphys/kiab142

Xu, W., Liu, T., Zhang, H., and Zhu, H. (2021). Mungbean DIRIGENT gene subfamilies
and their expression profiles under salt and drought stresses. Front. Genet. 12, 658148.
doi:10.3389/fgene.2021.658148

Yamada, Y., Kokabu, Y., Chaki, K., Yoshimoto, T., Ohgaki, M., Yoshida, S., et al.
(2011). Isoquinoline alkaloid biosynthesis is regulated by a unique bHLH-type
transcription factor in Coptis japonica. Plant Cell. physiology 52, 1131–1141. doi:10.
1093/pcp/pcr062

Yamada, Y., and Sato, F. (2013). Transcription factors in alkaloid biosynthesis. Int. Rev.
Cell. Mol. Biol. 305, 339–382. doi:10.1016/B978-0-12-407695-2.00008-1

Yamazaki, M., Mochida, K., Asano, T., Nakabayashi, R., Chiba, M., Udomson, N., et al.
(2013). Coupling deep transcriptome analysis with untargeted metabolic profiling in
Ophiorrhiza pumila to further the understanding of the biosynthesis of the anti-cancer
alkaloid camptothecin and anthraquinones. Plant Cell. physiology 54, 686–696. doi:10.
1093/pcp/pct040

Yan, Q., Wu, F., Ma, T., Zong, X., Ma, Q., Li, J., et al. (2019). Comprehensive analysis of
bZIP transcription factors uncovers their roles during dimorphic floret differentiation and
stress response in Cleistogenes songorica. BMC Genomics 20, 760. doi:10.1186/s12864-
019-6092-4

Yin, L., Xia, Y., Xu, P., Zheng, W., Gao, Y., Xie, F., et al. (2020). Veratramine suppresses
human HepG2 liver cancer cell growth in vitro and in vivo by inducing autophagic cell
death. Oncol. Rep. 44, 477–486. doi:10.3892/or.2020.7622

Yin, Z., Xie, H., and Zhang, J. (2014). A preliminary study of biological characteristics of
Veratrum nigrum. Yunnan J. Tradit. Chin. Med. Mat. Med. 4, 54–57.

Zaynab, M., Fatima, M., Abbas, S., Sharif, Y., Umair, M., Zafar, M. H., et al. (2018). Role
of secondary metabolites in plant defense against pathogens. Microb. Pathog. 124,
198–202. doi:10.1016/j.micpath.2018.08.034

Zeisel, S. H., and Da Costa, K. A. (2009). Choline: An essential nutrient for public health.
Nutr. Rev. 67, 615–623. doi:10.1111/j.1753-4887.2009.00246.x

Zhang, M., Zhao, Y., Yang, C., and Shi, H. (2022). The combination of transcriptome
and metabolome reveals the molecular mechanism by which topping and salicylic acid
treatment affect the synthesis of alkaloids in Nicotiana tabacum L. All Life 15, 147–159.
doi:10.1080/26895293.2022.2025915

Zheng, B., Wang, C., Song, W., Ye, X., and Xiang, Z. (2019). Pharmacokinetics and
enterohepatic circulation of jervine, an antitumor steroidal alkaloid from Veratrum
nigrum in rats. J. Pharm. Anal. 9, 367–372. doi:10.1016/j.jpha.2019.04.004

Zhong, C., Lu, Z., Che, B., Qian, S., Zheng, X., Wang, A., et al. (2021). Choline pathway
nutrients and metabolites and cognitive impairment after acute ischemic stroke. Stroke 52,
887–895. doi:10.1161/STROKEAHA.120.031903

Zhou, C.-X., Liu, J.-Y., Ye, W.-C., Liu, C.-H., and Tan, R.-X. (2003). Neoverataline A and
B, two antifungal alkaloids with a novel carbon skeleton from Veratrum taliense.
Tetrahedron 59, 5743–5747. doi:10.1016/s0040-4020(03)00882-2

Zhou, M., and Memelink, J. (2016). Jasmonate-responsive transcription factors
regulating plant secondary metabolism. Biotechnol. Adv. 34, 441–449. doi:10.1016/j.
biotechadv.2016.02.004

Zomlefer, W. B., Comer, J. R., Lucardi, R. D., Hamrick, J., and Allison, J. R. (2018).
Distribution and genetic diversity of the rare plant veratrum woodii (liliales:
Melanthiaceae) in Georgia: A preliminary study with aflp fingerprint data. Syst. Bot.
43, 858–869. doi:10.1600/036364418x697779

Zomlefer, W. B., Whitten, W. M., Williams, N. H., and Judd, W. S. (2003). An overview
of Veratrum sl (Liliales: Melanthiaceae) and an infrageneric phylogeny based on ITS
sequence data. Syst. Bot. 28, 250–269.

Zou, T., Li, S., Liu, M., Wang, T., Xiao, Q., Chen, D., et al. (2017). An atypical
strictosidine synthase, OsSTRL2, plays key roles in anther development and pollen
wall formation in rice. Sci. Rep. 7, 6863. doi:10.1038/s41598-017-07064-4

Frontiers in Genetics frontiersin.org17

Liu et al. 10.3389/fgene.2023.1023433

https://doi.org/10.1007/s10600-006-0038-1
https://doi.org/10.1002/hlca.201100461
https://doi.org/10.1104/pp.111.181834
https://doi.org/10.1093/nar/gku1003
https://doi.org/10.1248/cpb.59.909
https://doi.org/10.1002/ptr.3022
https://doi.org/10.1021/acs.jproteome.5b00354
https://doi.org/10.1111/j.1365-313X.2010.04186.x
https://doi.org/10.1002/0471250953.bi1110s43
https://doi.org/10.1002/0471250953.bi1110s43
https://doi.org/10.1073/pnas.1504951112
https://doi.org/10.1111/jipb.12369
https://doi.org/10.1104/pp.16.01527
https://doi.org/10.1093/plphys/kiab142
https://doi.org/10.3389/fgene.2021.658148
https://doi.org/10.1093/pcp/pcr062
https://doi.org/10.1093/pcp/pcr062
https://doi.org/10.1016/B978-0-12-407695-2.00008-1
https://doi.org/10.1093/pcp/pct040
https://doi.org/10.1093/pcp/pct040
https://doi.org/10.1186/s12864-019-6092-4
https://doi.org/10.1186/s12864-019-6092-4
https://doi.org/10.3892/or.2020.7622
https://doi.org/10.1016/j.micpath.2018.08.034
https://doi.org/10.1111/j.1753-4887.2009.00246.x
https://doi.org/10.1080/26895293.2022.2025915
https://doi.org/10.1016/j.jpha.2019.04.004
https://doi.org/10.1161/STROKEAHA.120.031903
https://doi.org/10.1016/s0040-4020(03)00882-2
https://doi.org/10.1016/j.biotechadv.2016.02.004
https://doi.org/10.1016/j.biotechadv.2016.02.004
https://doi.org/10.1600/036364418x697779
https://doi.org/10.1038/s41598-017-07064-4
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1023433

	Transcriptome and metabolome profiling of the medicinal plant Veratrum mengtzeanum reveal key components of the alkaloid bi ...
	1 Introduction
	2 Materials and methods
	2.1 Sample collection
	2.2 RNA isolation and transcriptome sequencing and analysis
	2.3 Network analysis
	2.4 Sample extraction and metabolome profiling
	2.5 Candidate genes validation via quantitative real-time PCR
	2.6 Conjoint analysis

	3 Results
	3.1 Illumina sequencing and assembly
	3.2 Gene annotation and functional classification
	3.3 Distribution of gene expression in samples
	3.4 Analysis of differentially expressed genes
	3.5 Transcription factor annotation
	3.6 DEGs involved in the alkaloid biosynthesis pathways
	3.7 Alkaloid profiling
	3.8 Conjoint analyses of transcriptome and metabolome data
	3.9 Validation of DEGs through qRT-PCR

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


