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Abstract
Emilia sonchifolia (L.) DC. serves as a well-known folk medicinal and edible plant, yet its toxic component senkirkine 
exhibits hepatotoxicity. Acute high-dose exposure can induce sinusoidal obstruction syndrome, while chronic low-
dose intake may cause hepatic megaloblastosis and fibrosis. This study applied metabolomics to analyze alkaloid 
compositions in the plant’s roots, stems, leaves, and flowers. A total of 91 differential metabolites were detected, 
belonging to 10 alkaloids, among which pyrrolizidine alkaloids accounted for 13%. Senkirkine showed the most 
significant content variation between roots and flowers, with roots containing notably higher levels. Transcriptomic 
analysis identified 119,886 unigenes and 32,797 DEGs. Among these, authors selected 45 key enzymes involved 
in senkirkine biosynthesis, categorizing them into 7 groups corresponding to 172 candidate enzyme genes. 
Methyltransferase, alcohol dehydrogenase, acyltransferase, and cyclooxygenase genes expressed more highly 
in roots than in flowers, matching metabolomic expression patterns. Through qRT-PCR of five key enzyme 
genes, researchers found that four genes (BAHD-Ats, CCoAOMT, BOMT, 3AT) peaked in roots, while CAD showed 
highest expression in stems—findings consistent with transcriptomic results. This study provided references for 
gene functional expression analysis and laid a foundation for decoding the senkirkine biosynthesis pathway. It 
aims to regulate key enzyme genes to develop low-toxic E. sonchifolia resources, integrating metabolomic and 
transcriptomic approaches to balance medicinal efficacy and safety.
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Introduction
Emilia sonchifolia (L.) DC. (E. sonchifolia), known as “Yi 
Dian Hong” or “Zi Bei Cao” in Chinese, belongs to tribe 
Emilia in the family Asteraceae [1]. It is an annual herb, 
widely distributed in Guangxi, Yunnan and other places. 
Its whole plant has the efficacy of clearing heat and 
detoxifying, anti-inflammatory and diuretic, dispersing 
blood stasis and reducing swelling so on, and it is com-
monly used in traditional Chinese medicine and ethno-
medicine for treating upper respiratory tract infection, 
mouth ulcers, urinary tract infections, pneumonia, mas-
titis, enteritis, traumatic infections etc. in China [2–4]. It 
is often used to treat inflammation and mosquito bites 
in India and is commonly used to treat mosquito bites in 
Brazil [5, 6].

E. sonchifolia is a highly valuable medicinal plant, 
commonly used as a single herb or as a prescription 
preparation for a wide range of applications. Among 
the recorded prescription preparations and single-flavor 
remedies in the 2015 edition of the Chinese Pharmaco-
poeia [7], E. sonchifolia as the main raw material of the 
Chinese patent medicine preparation of huahong tablets, 
the main treatment for menstrual disorders, dysmenor-
rhoea, endometritis, adnexitis, pelvic inflammation and 
other gynecological inflammatory diseases [8]. E. son-
chifolia is a famous edible and medicinal wild vegetable, 
which contains a variety of nutrients, and it is unique in 
flavor, fragrant and refreshing. In recent years, E. sonchi-
folia has been developed into a famous wild vegetable 
that has been put on the table, which is favored by people 
and has broad application prospects [9].

It was found that the main chemical constituents of E. 
sonchifolia are flavonoids, alkaloids, phenols, and so on 
[10, 11]. The main alkaloids known to be contained in 
E. sonchifolia to date are senkirkine (Sek), Senecionine 
N-oxide (SnNO), etc [12]., all of which are pyrrolizidine 
alkaloids (PAs). At present, scholars at home and abroad 
have carried out relevant research on the PAs compo-
nents in E. sonchifolia. For example, Ni et al. [13] used 
ethanol reflux extraction to obtain alkaloid extracts, 
which were identified as Sek; Cheng et al. [14] isolated 
and identified PAs polyesterine from E. sonchifolia; Shen 
[15] isolated a little red alkali from E. sonchifolia; Ning 
et al. [1] used HPLC to determine the average content 
of Sek in the different origins of E. sonchifolia was 0.40 
mg·g−1; Zhou et al. [16] analyzed the total alkaloid con-
tent of E. sonchifolia from different harvesting periods in 
Guangxi ranged from 4.31 to 13.99 mg·g−1; Hsieh et al. 
[17] used GC-MS to identify 11 PAs such as Sek, Sene-
ciphylline (Sp), etc. from E. sonchifolia; Luo et al. [18, 19] 
used UPLC-Q-TOF-MS technology to identify 7 kinds 
of PAs including Sp from E. sonchifolia, and found that 
E. sonchifolia had antioxidant and anti-inflammatory 
effects.

Studies have found that PAs pose hepatotoxic risks 
[20, 21]: acute high-dose exposure can cause sinusoidal 
obstruction syndrome, while chronic low-dose intake 
may lead to hepatic megaloblastosis and fibrosis [22–27]. 
The World Health Organization recommends an intake 
limit of PAs of 0.015 mg kg−1 [28]. Given Sek’s high con-
tent in E. sonchifolia, analyzing its toxic components for 
safe use is an urgent industry priority.

In recent years, with the advancement of multi-omics 
technologies, metabolome and transcriptome sequencing 
have been widely applied to study the molecular mecha-
nisms of secondary metabolite biosynthesis in traditional 
Chinese medicine. You et al. [29] constructed the gene 
knockout vector of the effector g12593 of Fusarium oxys-
porum f. sp. cubense by genome-wide and transcriptome 
techniques, laying a foundation for the prevention and 
treatment of banana Fusarium wilt; Xu et al. [30] used 
bioinformatics analysis, transcriptome and other tech-
niques to knock out the up-regulated chitin deacetylase 
gene in wheat, revealing the molecular mechanism of 
Fusarium graminearum chitin deacetylase family patho-
genesis; Zhang et al. [31] used transcriptomics to knock 
out 3 protein kinases in the BdGpmk1-MAPK signaling 
pathway of Botryosphaeria dothidea, which provided a 
theoretical basis for exploring the molecular mechanism 
of regulating the growth and development and pathoge-
nicity of Botryosphaeria dothidea.

In this experiment, we analyzed and screened candi-
date sequences of key enzyme genes in the Sek biosyn-
thetic pathway using metabolome and transcriptome 
sequencing data of E. sonchifolia. These findings were 
further validated by quantitative real-time PCR (qRT-
PCR). The results lay a foundation for future research, 
including elucidating the Sek and PAs synthesis path-
ways, regulating key enzyme genes, and breeding E. son-
chifolia varieties with reduced toxicity. Ultimately, these 
efforts aim to promote the sustainable development of 
the E. sonchifolia industry.

Results
Metabolomic analysis of alkaloids with E. sonchifolia
The total ion current (TIC) plots of different quality con-
trol (QC) samples, detected by mass spectrometry, were 
analyzed through overlapping display. According to the 
TIC plots (Fig.  1a, b), the curves of different QC sam-
ples exhibit high overall overlap, stable signal intensity, 
and minimal systematic error, confirming the reliability 
of the detected data for subsequent analysis. Principal 
Component Analysis (PCA) results demonstrate dis-
tinct intra-group clustering for roots, stems, leaves, and 
flowers samples of E. sonchifolia, indicating low within-
group variability (Fig.  1c). In the first principal com-
ponent, stems and leaves show closer similarity to QC 
samples, whereas roots and flowers display a significant 
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Fig. 1  Qualitative and quantitative analysis of metabolome of E. sonchifolia. a Sample mass spectrometry detection TIC overlap map-N of E. sonchifolia. b 
Sample mass spectrometry detection TIC overlap map-P of E. sonchifolia. c PCA plot of metabolites in different tissues of E. sonchifolia. “CBr” is the sample 
of roots, “CBs” is the sample of stems, “CBl” is the sample of leaves, “CBh” is the sample of flowers

 



Page 4 of 16Yao et al. BMC Plant Biology         (2025) 25:1006 

separation trend, suggesting substantial metabolic dif-
ferences between roots and flowers in this component. 
Conversely, in the second principal component, roots 
and flowers resemble QC samples, while stems and leaves 
exhibit clear separation, indicating notable metabolic dis-
crepancies in stems and leaves versus minor differences 
between roots and flowers. According to the orthogonal 
partial least squares-discriminant analyses (OPLS-DA) 
score plot, there was a clear trend of separation between 

the comparison groups of different tissues of E. sonchi-
folia in the horizontal coordinate, while the samples 
were more aggregated within each group in the vertical 
coordinate, which indicated that there were inter-group 
differences between the samples of different tissues of 
E. sonchifolia, while the intra-group reproducibility was 
higher (Fig. 2).

Fig. 2  OPLS-DA score plots of different tissues of E. sonchifolia. a OPLS-DA score plots in CBr and CBs comparison groups. b OPLS-DA score plots in CBh 
and CBr comparison groups. c OPLS-DA score plots in CBl and CBr comparison groups. d OPLS-DA score plots in CBh and CBl comparison groups. e OPLS-
DA score plots in CBl and CBs comparison groups. f OPLS-DA score plots in CBh and CBs comparison groups
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Screening of differential metabolites
A total of 69 differentially expressed metabolites (DEMs) 
were identified in the metabolome, categorized into 10 
alkaloid classes (Supplementary Table 1). Pyrrolizidine 
and indole alkaloids were the most abundant, each 
accounting for 13% of the total (Fig. 3). To evaluate meta-
bolic differences across E. sonchifolia tissues, DEMs were 
identified using criteria of Variable Importance in Pro-
jection (VIP) > 1 and|log2 fold-change| ≥ 1 for pairwise 
comparisons, there were 47 DEMs (35 down-regulated, 
12 up-regulated) in the group of CBr vs. CBh, 44 DEMs 
(20 down-regulated, 24 up-regulated) in the group of CBl 
vs. CBr, 33 DEMs (17 down-regulated, 16 up-regulated) 
in the group of CBl vs. CBs, 48 DEMs (16 down-regu-
lated, 32 up-regulated) in the group of CBs vs. CBr, 37 
DEMs (11 down-regulated, 26 up-regulated) in the group 
of CBh vs. CBl, and 33 DEMs (10 down-regulated, 23 up-
regulated) in the group of CBh vs. CBs.

Dynamic distribution of relative content differences in PAs
The top 10 up- and down-regulated DEMs were analyzed 
based on the value of the fold-change (FC), with a par-
ticular focus on PAs of which (Supplementary Tables 2 & 
Fig. 4a). It was found that there were 10 DEMs in the CBr 
vs. CBh, which were the most in each comparison group. 
Among them, the up-regulated metabolites (Isatidine 
(Isa), SnNO, Adonifoline (ADO), Erucifoline N-oxide 
(EfNO), Sek, Seneciphylline N-oxide (SpNO)) were more 
than the down-regulated metabolites (Integerrimine 
(INT), 3-hydroxy-1-methylpyrrolidin-2-one (HMPP), 
Retronecine (Re), Pyrrolidin (Py)). In the CBh vs. CBs 
comparison, three DEMs were identified, with up-regu-
lated metabolites (HMPP, Re) exceeding down-regulated 

ones (Sek). In order to further characterize the content 
differences of PAs in different tissues of E. sonchifolia, the 
relative content of PAs in the four tissues of E. sonchifolia, 
including roots, stems, leaves and flowers, was compared, 
and the cluster heat map of relative content was drawn 
on the Metware cloud platform (Fig.  4b). The heat map 
revealed significant differences in the relative contents 
of Isa, SnNO, ADO, EfNO, Sek, and SpNO, with roots 
showing the highest levels. By contrast, HMPP, Re, and 
INT were most abundant in flowers, while Py peaked in 
leaves. It can be clearly seen from Fig. 4c that the relative 
content of Sek in roots far exceeded that in other tissues, 
and its relative content decreased in the trend of roots, 
stems, leaves and flowers.

Functional annotation and enrichment analysis of DEMs in 
KEGG
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analysis annotated 69 DEMs across 28 path-
ways, with significant enrichment in five key pathways 
(Fig.  5): ko01100 (Metabolic pathways), ko01110 (Bio-
synthesis of secondary metabolites), ko00999 (Biosyn-
thesis of various plant secondary metabolites), ko00380 
(Tryptophan metabolism), ko00960 (Tropane, piperi-
dine and pyridine alkaloid biosynthesis). Among the PAs 
identified in DEMs, only Re and SnNO were mapped to 
KEGG pathway, both appearing in two shared pathways: 
ko01110 and ko00960.

Overall analysis of transcriptome sequencing results for E. 
sonchifolia
Transcriptome sequencing of E. sonchifolia tissues was 
conducted using the Illumina platform, yielding 80.21 Gb 
of Clean Data. Each sample generated over 6 Gb of Clean 
Data with Q30 base percentages 93% and above. Follow-
ing assembly, 119,886 unigenes were identified, and sub-
sequent analysis of transcriptome data screened 32,797 
differentially expressed genes (DEGs).

Screening and analysis of DEGs
To assess gene expression differences across E. sonchi-
folia tissues, pairwise comparisons of DEGs were con-
ducted using criteria of|log2FC| ≥ 1 and FDR < 0.05 
(Fig. 6): 22,122 DEGs (10,208 down-regulated, 11,914 up-
regulated) in CBr vs. CBh, 16,153 DEGs (8089 down-reg-
ulated, 8,064 up-regulated) in CBl vs. CBr, 15,650 DEGs 
(8507 down-regulated, 7143 up-regulated) in CBh vs. 
CBl, 14,706 DEGs (7583 down-regulated, 7123 up-regu-
lated) in CBh vs. CBs, 9648 DEGs (5513 down-regulated, 
4135 up-regulated) in CBs vs. CBr, 5,462 DEGs (2042 
down-regulated, 3420 up-regulated) in CBl vs. CBs.

Fig. 3  The overall situation of differential metabolite alkaloids
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Functional annotation and enrichment analysis of DEGs
A total of 32,797 DEGs were annotated in 146 pathways 
by KEGG enrichment analysis. For each comparison 
group, KEGG pathways were ranked by Q-value, and 
the top 15 most significantly enriched pathways were 
combined for visualization (Fig.  7). The results showed 
that DEGs of E. sonchifolia were mainly enriched in 5 
pathways: ko01100 (Metabolic pathways), ko01110 (Bio-
synthesis of secondary metabolites), ko04626 (Plant-
pathogen interaction), ko04075 (Plant hormone signal 
transduction), and ko04016 (MAPK signaling pathway).

Screening of key enzyme genes of sek biosynthesis 
pathway in E. sonchifolia
Based on transcriptome data and gene expression levels 
(evaluated by|log2FC|), a total of 45 key enzymes (includ-
ing 1 homospermidine synthase (HSS), 1 diamine oxidase, 

1 cyclase, 5 alcohol dehydrogenases, 11 acyltransferases, 
23 methyltransferases, 3 Pyridoxal 5′-phosphate -depen-
dent enzymes (PLP)) were screened, spanning 7 enzyme 
categories (Supplementary Table 3). A total of 172 can-
didate key enzyme genes were identified. Using the Met-
ware cloud platform, a gene expression heat map of these 
key enzymes was generated (Fig. 8), revealing significant 
tissue-specific expression patterns in E. sonchifolia. Most 
key enzyme genes showed markedly higher expression in 
roots than in flowers, followed by stems and leaves, with 
flowers exhibiting the lowest expression. Notably, PLP 
genes were highly expressed in flowers, while a subset of 
methyltransferase, alcohol dehydrogenase, acyltransfer-
ase, cyclase, and diamine oxidase genes showed elevated 
expression in stems or leaves. A heat map of the Sek bio-
synthetic pathway integrating key enzyme gene expres-
sion and DEMs relative contents across tissues is shown 

Fig. 4  Dynamic distribution of relative content difference of PAs in E. sonchifolia. a The relative content of PAs in different tissues of E. sonchifolia. b Cluster 
heat map of relative content of pyrrolizidine alkaloids. c The relative content of Sek, Re and SnNO in different tissues of E. sonchifolia
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Fig. 5  The histogram of differential metabolites KEGG. a KEGG histogram of differential metabolites in CBr and CBh comparison groups. b KEGG histo-
gram of differential metabolites in CBl and CBr comparison groups. c KEGG histogram of differential metabolites in CBs and CBr comparison groups. d 
KEGG histogram of differential metabolites in CBh and CBl comparison groups. e KEGG histogram of differential metabolites in CBh and CBs comparison 
groups. f KEGG histogram of differential metabolites in CBl and CBs comparison groups
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in Fig. 9. The results showed that HSS, diamine oxidase, 
cyclooxygenase, acyltransferase displayed peak expres-
sion in roots, whereas alcohol dehydrogenase (ADH) was 
highly expressed in both roots and stems. Most methyl-
transferases showed maximal expression in roots, while 
PLP expression was lowest in this tissue. The relative 
content of SnNO was highest in roots, coinciding with 
peak acyltransferase expression, suggesting that Re might 
be converted to SnNO through acyltransferase activ-
ity in roots. Additionally, Sek showed the highest rela-
tive content in roots, paralleling high methyltransferase 

expression and low PLP expression, implying that SnNO 
is likely converted to Sek through methyltransferase-
mediated reactions.

Combined analysis of metabolome and transcriptomics of 
PAs in E. sonchifolia
To further explore the relationship between the relative 
content of PAs and the expression of key enzyme genes of 
the synthesis pathway of Sek in different tissues of E. son-
chifolia, the correlation between the relative content of 
PAs and the expression of DEGs was compared between 

Fig. 6  Volcano map of DEGs in different tissues of E. sonchifolia. a Volcano maps of DEGs in CBr and CBs comparison groups. b Volcano maps of DEGs in 
CBh and CBr comparison groups. c Volcano maps of DEGs in CBl and CBr comparison groups. d Volcano maps of DEGs in CBh and CBl comparison groups. 
e Volcano maps of DEGs in CBl and CBs comparison groups. f Volcano maps of DEGs in CBh and CBs comparison groups
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the groups of CBr and CBh (Fig. 10). The results revealed 
significant correlations between differential metabolites 
and DEGs. Specifically, Sek, SnNO, SpNO, Isa, ADO, 
and EfNO showed significant positive correlations with 
DEGs, whereas INT exhibited a significant negative cor-
relation. These correlations were observed for DEGs 
encoding enzymes K1, K2, K3, K4 and K5.

Screening of transcription factors related to the 
biosynthesis of sek in E. sonchifolia
The co-expression network of genes and transcrip-
tion factors (TFs) was constructed according to the co-
expression relationship between genes related to the 
biosynthesis of Sek and TFs (Fig. 11). The analysis iden-
tified three TFs of ERF-ERF, AP2, and SET putatively 
associated with Sek biosynthesis. Co-expression net-
work results showed that the SET TF was closely linked 
to genes Cluster-65449.2 ([histone H3]-lysine4 N-tri-
methyltransferase MLL3), Cluster-64513.1 ([histone 
H3]-lysine4 N-trimethyltransferase MLL3) and Clus-
ter-59406.3 ([histone H3]-lysine4 N-trimethyltransferase 

MLL3). Additionally, AP2 and SET TFs were significantly 
co-expressed with the gene of Cluster-61885.4 (glycine 
hydroxymethyltransferase).

qRT-PCR expression analysis of key enzyme genes
The 5 candidate gene sequences with the largest multi-
plicity of difference (CBr vs CBh) among the key enzymes 
of the Sek biosynthetic pathway of E. sonchifolia were 
selected for qRT-PCR validation. Using flowers as the 
control, the relative expression of four candidate genes, 
BAHD-Ats (BAHD acyltransferase gene), CCoAOMT 
(caffeoyl-CoA O-methyltransferase gene), BOMT (ben-
zoate O-methyltransferase gene) and 3AT (anthocyanidin 
3-O-glucoside 6”-O-acyltransferase gene), was high-
est in roots, while the relative expression level of CAD 
(cinnamyl-alcohol dehydrogenase gene) exhibited peak 
expression in stems. The relative expression of BOMT 
was roots, stems, leaves and flowers in turn. The rela-
tive expression levels of BAHD-Ats and 3AT were roots, 
stems, flowers and leaves in turn, while CAD expres-
sion followed stems, flowers, roots and leaves in turn. In 

Fig. 7  Bubble map enriched by differential gene in KEGG of E. sonchifolia
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Fig. 8  Differential gene expression quantity heat map of E. sonchifolia
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contrast to roots, CCoAOMT expression was negligible 
in stems, leaves and flowers (Fig. 12).

Discussion
There are limited reports on the research of PAs in E. 
sonchifolia, and no comprehensive analysis has been 
conducted on PAs in this plant. In this study, metabo-
lomics and transcriptome sequencing detected a total 
of 91 DEMs, categorized into 10 types of alkaloids, and 

screened 32,797 DEGs. Among the DEMs, up-regulated 
metabolites outnumbered down-regulated ones, while 
down-regulated genes exceeded up-regulated genes 
among the DEGs. Notably, the relative contents of PAs 
varied significantly across different tissues of E. sonchifo-
lia, with Sek exhibiting the highest content in roots and 
the lowest in flowers. Sek and SnNO were significantly 
up-regulated metabolites, whereas Re was a significantly 
down-regulated metabolite.

Fig. 9  Pathway heat map of Sek biosynthetic pathway in E. sonchifolia
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Studies have shown that PAs form spermine by orni-
thine or arginine under the action of decarboxylase, fol-
lowed by hydrolysis to form putrescine [36]. Putrescine 
reacts with spermidine under the action of HSS to gen-
erate homospermidine, followed by NADH-dependent 

reduction to high spermidine, and cyclization to form a 
pyrrole dialkyl skeleton [33], Subsequent modifications, 
including oxidation, reduction, acylation, and methyla-
tion, yield alkaloids such as Re, SnNO, and Sek [32]. The 
PAs synthetic pathway is relatively complex, currently, 

Fig. 11  Co-expression network of genes and transcriptional factors involved in flavonoid Sek biosynthesis

 

Fig. 10  Correlation analysis between differential metabolites and DEGs in CBr and CBh groups. “K1” is methyltransferase, “K2” is alcohol dehydrogenase 
[32], “K3” is acyltransferase [33], “K4” is HSS [33], “K5” is cyclase, “K6” is diamine oxidase [34], “K7” is 5'-pyridoxal phosphate-dependent bifunctional enzyme 
(PLP) [35].
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only HSS has been characterized, and other key enzymes 
that have not yet been characterized are yet to be 
explored. To further analyze the Sek synthesis pathway, 
we screened 45 key enzymes from the biosynthetic path-
way based on transcriptome data, belonging to 7 catego-
ries with 172 candidate enzyme genes. The expression of 
these key enzyme genes differed significantly among tis-
sues, with roots showing notably higher expression than 
flowers. Integrated analysis of metabolome and tran-
scriptome data revealed a significant correlation between 
differential metabolites and DEGs, including methyl-
transferase, alcohol dehydrogenase, acyltransferase, HSS, 
and cyclase genes.

At present, there is no report on the regulation of 
enzyme reaction in Sek biosynthesis pathway by related 
TFs. This study identified potential TFs involved in regu-
lating Sek biosynthesis, such as those from the SET, AP2, 
and ERF-ERF families. Among them, the TF of SET was 
co-expressed with the gene of Cluster-65449.2 ([his-
tone H3]-lysine4 N-trimethyltransferase MLL3), Clus-
ter-64513.1 ([histone H3]-lysine4 N-trimethyltransferase 
MLL3) and Cluster-59406.3 ([histone H3]-lysine4 N-tri-
methyltransferase MLL3), and the TFs of AP2 and ERF-
ERF were co-expressed with the gene of Cluster-61885.4 
(glycine hydroxymethyltransferase). The results showed 
that the TFs of ERF-ERF, AP2 and SET may regulate 

the transcription of glycine hydroxymethyltransferase 
and [histone H3]-lysine4 N-trimethyltransferase MLL3, 
and further regulate the methylation process of the syn-
thesis pathway of Sek. The AP2 and ERF transcription 
factor families are of great significance in plant growth 
and development, the response to various stresses, hor-
mone signal transduction, and metabolic regulation 
[37, 38]. Notably, while this study identified potential 
TF-gene interactions that may regulate Sek biosynthe-
sis, experimental validation of these regulatory relation-
ships remains pending. Additionally, the specific roles 
of key enzymes in the Sek synthetic pathway require 
further functional elucidation through molecular biol-
ogy techniques. Future studies will focus on experimen-
tally verifying the regulatory mechanisms of these TFs 
and elucidating the roles of candidate enzymes in PAs 
biosynthesis.

By using qRT-PCR with ubiquitin-protein ligase (UPL) 
gene as a stable internal reference gene, we verified 
that when flowers served as the control group, four key 
enzyme genes (BAHD-Ats, CCoAOMT, BOMT, and 3AT) 
all showed the highest relative expression in roots. In 
contrast, CAD exhibited the highest relative expression 
in stems, which was basically in line with the pattern of 
transcriptome data. These results suggest distinct expres-
sion patterns of key enzymes in the Sek biosynthetic 

Fig. 12  Relative expression of target genes. a Relative expression of gene “BAHD-Ats”. b Relative expression of gene “CCoAOMT”. c Relative expression of 
gene “BOMT”. d Relative expression of gene “3AT” e Relative expression of gene “CAD”. “BAHD-Ats” is a BAHD acyltransferase gene, “CCoAOMT” is a caffeoyl-
CoA O-methyltransferase gene, “BOMT” is a benzoate O-methyltransferase gene, “3AT” is an anthocyanidin 3-O-glucoside 6”-O-acyltransferase gene, and 
“CAD” is a cinnamyl-alcohol dehydrogenase gene
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pathway, implying that roots tissues may serve as the 
primary site for Sek accumulation. Additionally, the dif-
ferential expression of CAD in stems further indicates 
potential tissue-specific regulatory mechanisms for PAs 
biosynthesis, possibly associated with secondary metab-
olism in vascular tissues. Such findings have laid a solid 
foundation for exploring the spatial regulation of alkaloid 
biosynthesis in E. sonchifolia.

Conclusion
In this study, integrative metabolomic and transcrip-
tomic analyses identified 45 key enzymes in the Sek 
biosynthesis pathway, spanning 7 functional catego-
ries and encompassing 172 candidate enzyme genes. 
qRT-PCR validation was performed on the top 5 candi-
date gene sequences with the highest fold changes. The 
results showed that four key enzyme genes (BAHD-Ats, 
CCoAOMT, BOMT, 3AT) exhibited peak expression in 
roots, while CAD showed maximal expression in stems, 
findings consistent with transcriptome data. These 
results provided a reference for the functional expression 
analysis of E. sonchifolia, and laid a foundation for the 
future analysis of synthesis pathway of Sek and the regu-
lation of key enzyme genes of toxic components, so as to 
obtain low-toxic raw materials of E. sonchifolia.

Materials and methods
Plant material collection
The sample of E. sonchifolia (L.) DC. was collected on 
August 17, 2023 in Qingxiu District, Nanning City, 
Guangxi Zhuang Autonomous Region, preserved in 
Guangxi University of Chinese Medicine Herbarium, 
numbered 20235090002. It was identified as the whole 
grass of E. sonchifolia (L.) DC. by professor Wang Liup-
ing of Guangxi University of Chinese Medicine.

After collecting the whole plant of E. sonchifolia, wash, 
dry, divide the roots, stems, leaves and flowers, put them 
into 15 ml centrifuge tubes, number them, put them into 
liquid nitrogen for quick freezing, and store them in an 
ultra-low temperature refrigerator at − 80 ℃ for spare 
tissues.

Metabolome sequencing of E. sonchifolia
The 4 samples of roots, stems, leaves and flowers of 
E. sonchifolia were taken from the ultra-low tempera-
ture refrigerator, each with 3 biological replicates, and 
divided into two tissues. One was sent to Wuhan Met-
ware Biotechnology Inc for the analysis of UPLC-MS/
MS. The conditions of UPLC analysis were as follows: 
column: Agilent SB-C18 (1.8  μm, 2.1  mm × 100  mm); 
mobile phase A (ultrapure water) with 0.1% formic acid, 
and mobile phase B (acetonitrile) with 0.1% formic acid; 
gradient elution: 0–9 min, 5%−95% B; 9–10 min, 95% B; 
10–11.1 min, 95% B; and 10–11.1 min.; 10–11.1 min, 5% 

B; 11.1–14  min, 5% B; flow rate 0.35 mL/min; column 
temperature 40 ℃; injection volume of 2 µl. Mass spec-
trometry (MS) conditions: ESI temperature 550 ℃, mass 
spectrometry voltage 5500  V (positive ion mode), mass 
spectrometry voltage − 4500 V (negative ion mode), ion 
source gas I (GSI), gas II (GSII), and curtain gas (CUR) 
were set to 50, 60, and 25 psi, respectively. The chromato-
graphic peaks of the target metabolites were scanned and 
detected using the MRM mode of a triple quadruple pole, 
and the TIC plots of the mass spectrometry detection 
analyses of the different QC samples were analyzed by 
overlapping display. The metabolome data obtained from 
UPLC-MS/MS detection and analysis were analyzed, and 
the PCA was performed on all the samples to observe the 
inter- and intra-group differences of different tissues of E. 
sonchifolia, based on the OPLS-DA, the VIP and FC val-
ues obtained from univariate analysis were used to fur-
ther analyze and screen for DEMs. DEMs were further 
analyzed and screened by setting VIP > 1 and|log2FC| ≥ 1 
as the thresholds for DEMs, and the KEGG database was 
used for KEGG annotation and enrichment analysis of 
the screened DEMs.

Transcriptome sequencing of E. sonchifolia
Another copy of the same samples used for transcrip-
tome sequencing, a total of 12 samples, were sent to 
Wuhan Metware Biotechnology Inc for transcriptome 
sequencing analysis using the Illumina platform.

RNA quantification and qualification
RNA degradation and contamination was monitored 
on 1% agarose gels. RNA purity was checked using the 
NanoPhotometer® spectrophotometer (IMPLEN, CA, 
USA). RNA concentration was measured using Qubit® 
RNA Assay Kit in Qubit®2.0 Flurometer (Life Technolo-
gies, CA, USA). RNA integrity was assessed using the 
RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 sys-
tem (Agilent Technologies, CA, USA).

Library preparation for transcriptome sequencing
A total amount of 1 µg RNA per sample was used as input 
material for the RNA sample preparations. Sequenc-
ing libraries were generated using NEBNext® UltraTM 
RNALibrary Prep Kit for Illumina® (NEB, USA) follow-
ing manufacturer’s recommendations and index codes 
were added to attribute sequences to each sample. Briefly, 
mRNA was purified from total RNA using poly-T oli-
goattached magnetic beads. Fragmentation was carried 
out using divalent cations under elevated temperature 
in NEBNext First Strand Synthesis Reaction Buffer (5X). 
First strand cDNA was synthesized using random hex-
amer primer and M-MuLVReverse Transcriptase (RNase 
H-). Second strand cDNA synthesis was subsequently 
performed using DNA Polymerase I and RNase H. 
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Remaining overhangs were converted into blunt ends via 
exonuclease/polymerase activities. After adenylation of 3’ 
ends of DNA fragments, NEBNext Adaptor with hairpin 
loop structure were ligated to prepare forhybridization. 
In order to select cDNA fragments of preferentially 250–
300 bp in length, the library fragments were purified with 
AMPure XP system (Beckman Coulter, Beverly, USA). 
Then 3  µl USER Enzyme (NEB, USA) was used with 
size-selected, adaptor-ligated cDNA at 37  °C for 15 min 
followed by 5  min at 95  °C before PCR. Then PCR was 
performed with Phusion High-Fidelity DNA polymerase, 
Universal PCR primers and Index (X) Primer. Atlast, PCR 
products were purified (AMPure XP system) and library 
quality wasassessed on the Agilent Bioanalyzer 2100 
system.

Clustering and sequencing
The clustering of the index-coded samples was per-
formed on a cBot Cluster Generation System using 
TruSeq PE Cluster Kit v3-cBot-HS (Illumia) according to 
the manufacturer’s instructions. After cluster generation, 
the library preparations were sequenced on an Illumina 
platform and 150 bp paired-end reads were generated.

Data QC
Use fastp to filter the original data, mainly to remove 
reads with adapters; when the N content in any sequenc-
ing reads exceeds 10% of the base number of the reads, 
remove the paired reads; when any sequencing reads 
When the number of low-quality (Q < = 20) bases con-
tained in reads exceeds 50% of the bases of the reads, 
these paired reads will be removed. All subsequent analy-
ses are based on clean reads.

Transcriptome assembly
Transcriptome assembly was performed using Trin-
ity. Corset was used to regroup relevant transcripts into 
‘gene’ clusters (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​t​r​i​n​​i​t​​y​r​n​​a​s​e​​q​/​t​r​​i​n​​i​t​y​r​n​
a​s​e​q).

CDS prediction
Use TransDecoder (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​T​r​a​n​​s​D​​e​c​o​​d​e​r​​/​T​
r​a​​n​s​​D​e​c​o​d​e​r​/​w​i​k​i) to identify candidate coding regions 
within transcript sequences generated by de novo RNA-
Seq transcript assembly using Trinity.

Gene functional annotation
KEGG functional annotation and enrichment analysis of 
the DEGs were performed using the database of KEGG.

Quantification of gene expression levels
Gene expression levels were estimated by RSEM, and 
then calculate the FPKM of each gene based on the gene 

length. FPKM is currently the most commonly used 
method to estimate gene expression levels.

Differential expression analysis
Differential expression analysis between the samples was 
performed using DESeq2. The P value was corrected 
using the Benjamini & Hochberg method. The corrected 
P value and|log2FC| are used as the threshold for signifi-
cant difference expression.

Transcription factor analysis
TF analysis was performed using iTAK, which integrates 
two databases, PlnTFDB and PlantTFDB.

The qRT-PCR verification of key enzyme genes
The first 5 candidate gene sequences with the 
largest|log2FC| in the key enzymes for Sek synthesis 
in the CBr vs. CBh group were selected. The UPL gene 
was used as the internal reference gene, and the specific 
primers were designed using Premier 5.0 (Supplemen-
tary Table 4). The primers were synthesized by Nan-
ning Jenice Biotechnology Co., Ltd. The total RNA was 
extracted from different tissues of E. sonchifolia using the 
Eastep®Super Total RNA Extraction Kit, and its concen-
tration and quality were detected and then reverse tran-
scription reaction into cDNA was performed according 
to the instructions of the reverse transcription kit. The 
first incubation system was 16 μl, the second incubation 
system was 20 μl, and 3 technical replicates were set for 
each sample. The transcribed cDNA was diluted 350-
fold with RNase-Free ddH2O and used as the gene tem-
plate. The reaction system was configured according to 
the instructions of the ChamQ SYBR qPCR Master Mix 
kit, and the reaction was performed according to 95 ℃ 
3  min, 95 ℃ 10  s, 60 ℃ 30  s, 95 ℃ 10  s, 65 ℃ 6  s, 95 
℃ 50  s, 39 cycles of the amplification procedure were 
validated by qRT-PCR, and the relative expression of 
the candidate genes was calculated using the formula of 
2−∆∆Ct, in which each sample was repeated 3 times. The 
specific expression patterns of the screened synthesis key 
enzyme candidate genes of the synthesis of Sek in differ-
ent tissues of E. sonchifolia were researched and jointly 
analyzed with transcriptomic data and metabolomic data 
to preliminarily validate the function of the biosynthesis 
key enzyme gene of Sek in E. sonchifolia.
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