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Objective: Benzylisoquinoline alkaloids (BIAs) have pharmacological functions and clinical use. BIAs are 
mainly distributed in plant species across the order Ranunculales and the genus Phellodendron from 
Sapindales. The BIA biosynthesis has been intensively investigated in Ranunculales species. However, 
the accumulation mechanism of BIAs in Phellodendron is largely unknown. The aim of this study is to 
unravel the biosynthetic pathways of BIAs in Phellodendron amurens. 
Methods: The transcriptome and metabolome data from 18 different tissues of P. amurense were metic-
ulously sequenced and subsequently subjected to a thorough analysis. Weighted gene co-expression net-
work analysis (WGCNA), a powerful systems biology approach that facilitates the construction and 
subsequent analysis of co-expression networks, was utilized to identify candidate genes involved in 
BIAs biosynthesis. Following this, recombinant plasmids containing candidate genes were expressed in 
Escherichia coli, a widely used prokaryotic expression system. The purpose of this genetic engineering 
endeavor was to express the candidate genes within the bacteria, thereby enabling the assessment of 
the resultant enzyme activity. 
Results: The synonymous substitutions per synonymous site for paralogs indicated that at least one 
whole genome duplication event has occurred. The potential BIA biosynthetic pathway of P. amurense 
was proposed, and two PR10/Bet v1 members, 14 CYP450s, and 33 methyltransferases were selected 
as related to BIA biosynthesis. One PR10/Bet v1 was identified as norcoclaurine synthase, which could 
catalyze dopamine and 4-hydroxyphenylacetaldehyde into (S)-norcoclaurine. 
Conclusion: Our studies provide important insights into the biosynthesis and evolution of BIAs in non-
Ranunculales species. 
© 2024 Tianjin Press of Chinese Herbal Medicines. Published by ELSEVIER B.V. This is anopen access article 

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 
1. Introduction 

Benzylisoquinoline alkaloids (BIAs) are a diverse group of bio-
logically active metabolites produced mainly in the species of 
early-diverging eudicots, the order Ranunculales. Many plant-
derived BIAs, such as berberine, noscapine, morphine, and cepha-
ranthine, have been widely used in the clinical treatment of 
tumors, analgesics, coronavirus, tuberculosis, diabetes, obesity, 
antidepressant, and hyperlipidemia (Ilyas et al., 2020; 
Imenshahidi & Hosseinzadeh, 2019; Liu, Meng, Wu, Qiu, & Luo,
2019; Ozturk et al., 2021; Wang et al., 2017; Yi, Zhu, Dong, 
Chen, & Li, 2021; Yin, Ye, & Jia, 2012). Papaver somniferum L. 
from Papaveraceae and Coptis japonica Makino from Ranuncu-
laceae have long been used as the model plant species to study 
BIA biosynthesis and the whole biosynthetic pathway of some 
BIAs, especially berberine. For BIAs biosynthesis, first, dopamine 
and 4-hydroxyphenylacetaldehyde (4-HPAA) are condensed by 
norcoclaurine synthase (NCS) via Pictet-Spengler cyclization to 
form the BIA skeleton, (S)-norcoclaurine (Minami, Dubouzet, 
Iwasa, & Sato, 2007). (S)-norcoclaurine is further converted into 
the central intermediate (S)-reticuline by a sequence of reaction 
steps, including O-methylation (norcoclaurine-6-O-
methyltransferase, 6-OMT) and N-methylation (coclaurine N-
methyltransferase, NMT), cytochrome P450 (CYP450) (CYP80B2),
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O-methylation again (3 -hydroxy-N-methylcoclaurine 4 -O-
methyltransferase, 4 -OMT), and berberine bridge enzyme (BBE) 
catalysis. Finally, berberine is formed by a multi-step catalytic 
process involving scoulerine 9-O-methyltransferase (SMT), 
CYP719, and tetrahydroberberine oxidase (THBO, a flavin ade-
nine dinucleotide-containing berberine bridge enzyme) (Sato, 
2013; Yamada, Yoshimoto, Yoshida, & Sato, 2016). Comparative 
genomics from C. japonica, Macleaya cordata (Willd.) R. Br., P. 
somniferum, Corydalis tomentella Franch., and Aquilegia coerulea 
suggested that the NCS, OMT, NMT, BBE, and CYP450 genes 
related to berberine biosynthesis are highly conserved in Ranun-
culales species. In fact, direct extraction of BIAs from plants is 
often impractical due to their low accumulation levels, making 
extraction process expensive and time-consuming (Ghirga 
et al., 2017). In recent years, chemical synthesis (Tajiri, 
Yamada, Hotsumi, Makabe, & Konno, 2021) and microbial fer-
mentation engineering (Minami et al., 2008) were used to pro-
duce BIAs. However, it is difficult to cost-effective chemical 
synthesis due to their complex structures. Besides, metabolic 
engineering via microbe remains less efficient.

Phellodendron amurense Rupr., a deciduous tree in the family 
Rutaceae, has been used in traditional Chinese medicine for 
thousands of years (Dulan, Wang, Wu, Ling, & Anggelima, 
2022; Xian et al., 2014). The species are distributed mainly in 
northeastern China, Korea, and Japan (Xian et al., 2014). The 
dried bark of P. amurense (Guanhuangbo) has been recorded in 
the Chinese Pharmacopoeia as an antiphlogistic, antibacterial, 
and anti-inflammatory agent for treating diarrhea, icterus, ulcer, 
carbuncle, and eczema (Chinese Pharmacopoeia and Commission, 
2020; Dulan et al., 2022; Tang & Eisenbrand, 1992). Due to a 
drastic reduction in wild populations from long-term harvesting 
and habitat degradation, as well as its high economic and medic-
inal value, P. amurense was included on the list of vulnerable 
species and class II national protected plants in 1992 (Zhang 
et al., 2014). Interestingly, Phellodendron, from the order Sapin-
dales (distantly related to Ranunculales), can largely accumulate 
BIAs, including BBE, columbamine, tetrahydropalmatine, and jatr-
orrhizine (Xian et al., 2014). Li et al. (2022) identified six candi-
date structural genes involved in the biosynthesis of BIAs in P. 
amurense, including NCS, glutamic-oxaloacetic transaminase 2 
(GOT2), tyramine oxidase (TYNA), codeine-O-demethylase 
(CODM), tyrosinase (TYR), tyrosine aminotransferase (TAT), and 
protein O-mannosyltransferase 1 (PSOMT1), but the functions of 
these genes need further verification (Li et al., 2022). Addition-
ally, CYP450 and methyltransferases as crucial genes of the BIAs 
biosynthesis pathway in P. amurense are still unknown. The 
biosynthetic pathway of BIAs in P. amurense is unclear and needs 
further research. 

For the evolution of plant specialized compounds, the biosyn-
thetic mechanism of identical secondary metabolites in distantly 
related species has been systematically studied. For instance, the 
mechanism of caffeine production in distant plants, including 
coffee, cacao, and tea, involves the tandem duplication of the 
N-methyltransferase (Denoeud et al., 2014). Concurrently, the 
functional convergence of nonhomologous gene families (CYP82 
and CYP706) propels the biosynthesis of scutellarein in both 
Scutellaria and Erigeron (Gao et al., 2022). Here, the candidate 
genes involved in BIA biosynthesis from P. amurense were iden-
tified by combining transcriptome and metabolome analyses 
from multiple tissues. Interestingly, no homologous sequences 
corresponding to the reported BIA biosynthetic CYP80 and 
CYP719 were identified. Furthermore, the BIA biosynthesis path-
way in P. amurense was proposed, and the norcoclaurine syn-
thase activity of PR10/Bet v1 was verified. This research will 
provide insights into the evolutionary mechanism of plant spe-
cialized BIAs. 
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2. Materials and methods 

2.1. Plant material and BIA standards 

The P. amurense tissues were originally collected from P. 
amurense tree (7-year-old) grown in the Northeast Forestry 
University in Harbin, Heilongjiang Province, China (45°󠇣43 8 ’N, 
126°󠇣37 35 ’E). As noted by Li et al. (2022), alkaloid production 
and distribution exhibit distinct organ and tissue specificity and 
vary at different stages of P. amurense stem development. To 
investigate this phenomenon, the eighteen representative tissues 
(Fig. 1A) were selected for testing, including phloem (R1) and 
xylem (R2) of secondary roots (lateral roots), and fibrous roots 
(absence of phellem) (R3), phloem and xylem of six different 
developmental stages stem (S1–S6-1/S1–S6-2) from a 2–3 year 
old branch, the phloem of the tree main trunk (B), petiole (P), leaf 
(L), and all the tissues were used for both RNA-seq and metabo-
lomic analyses. Fresh tissue sample material was collected on 
June 26, 2022. All the samples were frozen in liquid nitrogen 
immediately after collection and stored at 80 °󠇣C until further 
analysis. 

Authentic standards, including berberine (2086-83-1), coclau-
rine (2196-60-3), (S)-N-methylcoclaurine (3423-07-2), reticuline 
(485-19-8), scoulerine (6451-73-6), tetrahydrocolumbamine 
(483-34-1), palmatine (3486-67-7), magnoflorine (2141-09-5), 
jatrorrhizine (3621-38-3), rutaecarpine (20575-76-2), and phel-
lodendrine (104112-82-5) were purchased from Chengdu Desite 
Biotechnology Co., Ltd. (Chengdu, China). (S)-Norcoclaurine 
(105990-27-0) and 4-HPAA (7339-87-9) were purchased from 
Toronto Research Chemicals (Toronto, Canada). Tyramine (51-
67-2) was purchased from Shanghai Eon Chemical Technology 
Co., Ltd. (Shanghai, China). (R,S)-Norcoclaurine (5843-65-2) and 
dopamine (51-61-6) were purchased from Chengdu Push Bio-
technology Co., Ltd. (Chengdu, China) and Macklin Inc. (Shanghai, 
China), respectively. The purities of these authentic standards 
were > 98%. Stock solutions of standards (1 mg/mL) were pre-
pared in methanol, stored at 80 °󠇣C, and diluted in methanol to 
working solutions. Additionally, dopamine and 4-HPAA were pre-
pared to concentrations of 2.5 mg/mL and 10 mg/mL in waters 
and methanol, respectively, stored at 80 °󠇣C. Liquid 
chromatography-mass spectrometry (LC-MS) grade methanol, 
acetic acid and acetonitrile were purchased from Thermo Fisher 
Scientific Inc. (Massachusetts, USA). Purified water was obtained 
from Watsons (Hong Kong, China). LC-MS grade ethanol and hex-
anes were acquired from Beijing Mreda Technology Co., Ltd. (Bei-
jing, China). 

2.2. Transcriptome sequencing and bioinformatic analysis 

A total of 18 tissues of P. amurense were subjected to RNA-seq 
using an Illumina HiSeq Sequencing platform at the Pulang Ailui 
Biological Technology Co., Ltd. (Hangzhou, Zhejiang, China). Total 
RNA was extracted using the Plant RNA Purification Reagent (Tri-
zol) (Invitrogen, USA) from each sample and RNA concentration 
and integrity were assessed based on the manufacturer’s protocol. 
The raw data obtained by Illumina sequencing were first pro-
cessed through Base Calling and converted into a FASTQ file for-
mat. Before assembly, the raw data were filtered using 
trimmomatic (version 0.39) software with default parameters to 
remove adapters and low-quality bases to obtain high-quality 
clean data (Bolger, Lohse, & Usadel, 2014). Clean data from differ-
ent tissues were de novo assembled using TRINITY (version 
2.13.2) with default settings (Grabherr et al., 2011). Furthermore, 
the redundant transcripts were removed to harvest the final uni-
genes. Subsequently, structural annotation and open reading 
frame (ORF) prediction of unigenes were performed using Trans-
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decoder (version 5.5.0). The assembly completeness was further 
evaluated using Benchmarking Universal Single-Copy Orthologs 
(BUSCO) (version 5.2.2) (Manni, Berkeley, Seppey, Simão, & 
Zdobnov, 2021). 

Unigenes were further annotated based on the following data-
bases: Eukaryotic Orthologous Groups of proteins database 
(COG), Gene Ontology (GO), Kyoto Encyclopedia of Genes and Gen-
omes (KEGG), NCBI nonredundant protein sequences (Nr), Swis-
sProt, and Pfam protein families database (PFAM) with the Basic 
Local Alignment Search Tool (BLAST) E-value less than 1 10 5 . 

The fragments per kilobase of transcript per million (FPKM) 
value from different tissues was calculated using bowtie2 (version 
2.4.5). The RNA transcripts with adjusted log2FC 2 and adjusted 
P < 0.001 were assigned as differentially expressed genes (DEGs). 
Synonymous substitutions per synonymous site (KS) distributions 
of paralogous genes were calculated to detect the whole-genome 
duplication (WGD) event in P. amurense using wgd pipeline 
(Yang, Li, Chen, Sun, & Lu, 2019). 

2.3. Targeted metabolome analysis 

These 18 tissue samples, with three biological replicates of each 
sample, were used to extract metabolites for the relative quantita-
tive analysis of alkaloids. All the samples were dried, crushed, and 
sieved through a No. 50 mesh sieve. Approximately 20 mg of the 
sieved powder was weighed and mixed with 2.0 mL of 70% metha-
nol under vortex for 1 min, followed by ultrasonic extraction at 
100 kHz for 45 min, centrifuged at 12 000 r/min for 10 min, and 
the supernatant was filtered through a 0.22 lm membrane. 

Metabolites were identified and quantified using the Agilent 
UPLC 1290 system combined with a G6500 quadrupole time-of-
flight mass spectrometer (QTOF) and G6400 triple quadrupole 
mass spectrometer (QQQ) (Agilent Technologies, Santa Clara, CA, 
USA) following the reported method (Yang et al., 2020). Both QTOF 
and QQQ use an electrospray ionization (ESI) source. Metabolites 
were identified using retention time and mass spectra of the posi-
tive and negative ion modes of QTOF and annotating against public 
databases, including MassBank (https://www.massbank.jp/), 
ReSpect (https://spectra.psc.riken.jp/), mzCloud (https://www.mz-
cloud.org/), KNAPSAcK (https://kanaya.naist.jp/KNApSAcK/), and 
HMDB (https://www. hmdb.ca/). The operating parameters of 
QTOF were set as follows: sheath gas temperature 350 °󠇣C, sheath 
gas flow 11 L/min, gas temperature 320 °󠇣C, gas flow 10 L/min, neb-
ulizer 206 kPa, capillary voltage 4 000 V, fragmentor 120 V, colli-
sion energies 30 V. 

We quantified metabolites using multiple-reaction monitoring 
(MRM) of QQQ in the positive ion ([M + H]+ ) modes. The operat-
ing parameters of QQQ were set as follows: sheath gas tempera-
ture 250 °󠇣C, sheath gas flow 11 L/min, gas temperature 300 °󠇣C, 
gas flow 5 L/min, nebulizer pressure 310 kPa, capillary voltage 
3 500 V, fragmentor 120 V. The optimized collision energies 
(CE) were described in Table S1. After data acquisition finished, 
we extracted LC-MS data of qualitative compounds using Qualita-
tive Analysis 10.0 and corrected the peak area by manual integra-
tion. Before principal component analysis (PCA) and heatmap 
analysis, the corrected data were normalized by the standardiza-
tion method. 

The MS scan functions and the UPLC solvent gradients were 
controlled using Agilent MassHunter Workstation Software. The 
analytical conditions were set as follows: Agilent Eclipse Plus C18 

column (100 mm 2.1 mm, 1.8 lm), injection volume: 3 lL, tem-
perature: 35 °󠇣C, flow rate: 0.3 mL/min, detection wavelength: 
210 nm and 245 nm, solvent system: water containing 0.1% formic 
acid (A) and acetonitrile (B), and gradient program: 95% A (0 2 
min), 95% 75% A (2 4 min), 75% 70% A (4 9 min), 70% 40% A 
180
(9 19 min), 40% 10% A (19 25 min), 90% 100% B 
(25.1 27 min), 0 95% A (27 32 min), and 95% A (32 34 min). 

To obtain data that could be evaluated for repeatability, 10 lL 
solution from each stock solution of standards were mixed and 
used as quality control (QC) samples. The QC sample was injected 
at regular intervals (every 10 samples) throughout the analysis. 

2.4. Weighted gene co-expression network analysis (WGCNA) 

WGCNA was performed to assess the gene co-expression net-
works associated with berberine content in P. amurense using the 
WGCNA R package (version 1.70.3) (Langfelder & Horvath, 2008). 
All coding genes were used for WGCNA with the following set-
tings: log2FC > 1, CPM values >1, minimum module size of 150, 
and minimum height for merging modules of 0.25. Moreover, the 
genes from concerned modules related to berberine accumulation 
were extracted, enriched, and annotated using the GO and KEGG 
databases. 

2.5. Identification of candidate genes in protoberberine alkaloid 
pathway 

The reported seed genes related to BIA biosynthesis in Ranuncu-
lales species, including CjPR10A (C. japonica PR10A, BAF45338.2) 
PsNCS2 (P. somniferum NCS2, AAX56304.1) (Liscombe, MacLeod, 
Loukanina, Nandi, & Facchini, 2005; Minami et al., 2007), Cj6OMT 
(C. japonica norcoclaurine 6OMT, Q9LEL6.1), Cj4 OMT (C. japonica 
3 -hydroxy-N-methylcoclaurine 4 OMT, Q9LEL5.1), CjSOMT (C. 
japonica scoulerine 9OMT, Q39522.1) (Morishige, Tsujita, 
Yamada, & Sato, 2000), CNMT (Q948P7) (Choi, Morishige, Shitan, 
Yazaki, & Sato, 2002), PsCYP80B1 (P. somniferum CYP80B1, 
AAF61400.1) (Huang & Kutchan, 2000), CjCYP80B2 (C. japonica 
CYP80B2, BAB12433.1) (Ikezawa et al., 2003; Luo et al., 2010), 
CjCYP719A1 (C. japonica CYP719A1, BAB68769.1) (Ikezawa et al., 
2003), PsCYP719B1 (P. somniferum CYP719B1, ABR14720.1) 
(Gesell et al., 2009), and internal reference genes (18S-RNA, 
XP_026401101.1; RubisCo, XP_026449780.1) (Guo et al., 2018) 
were downloaded from National Center for Biotechnology Infor-
mation (NCBI). The homologous of seed genes were identified 
using BLASTP (version 2.2.31) with an E-value of less than 10 5 . 
The identification of CYP450 members referred to the CYP nomen-
clature system: CYP450s with more than 40% identity were 
grouped into the same family, and CYP450s with more than 50% 
identity were grouped into one subfamily. 

Multiple sequence alignments for candidate genes were per-
formed using MAFFT (version 7.490) (Katoh, Misawa, Kuma, & 
Miyata, 2002). TrimAL (version 1.4.1) was used to trim the 
sequence and remove the gap, and IQ-TREE (version 2.1.4) was 
used to construct phylogenetic trees of candidate genes in the 
1000 times bootstrap (Capella-Gutiérrez, Silla-Martínez, & 
Gabaldón, 2009). Finally, the optimal alternative models of phylo-
genetic analysis for alignments were selected using an automated 
selection of parameters. 

2.6. Cloning, protein expression and enzyme assays of PaNCS1 gene 

To evaluate the catalytic activity, the open reading frames of 
PaNCS1 was obtained and cloned into the pMAL-2CX vector. 
Recombinant plasmids of PaNCS1 gene expressed in Escherichia coli 
BL21 (DE3) (Tsingke Biotechnology, Hubei, China). E. coli cells con-
taining each recombinant plasmid were grown at 37 °󠇣C in Luria 
Bertani (LB) medium with 50 lg/mL kanamycin and induced with 
0.3 mmol/L isopropyl-b-D-thiogalactoside (IPTG) at 16 °󠇣C, cells 
containing recombinant plasmid were incubated at 130 r/min in 
shaker for 24 h, respectively. The cells were collected by centrifu-
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gation (5 000 r/min for 10 min at 4 °󠇣C) and resuspended in buffer 
(50 mmol/L Tris-HCl pH 7.4, 5 mmol/L b-mercaptoethanol, 10% 
glycerine). After sonication, the sample was centrifuged at 12 000 
r/min for 15 min at 4 °󠇣C, and the supernatant was collected as 
crude enzyme preparation. Subsequently, Dextrin Beads Gravity 
Column Kit (Smart-Lifesciences Biotechnology Co., Ltd., Changz-
hou, China) was used for protein purification, following the pro-
vided instructions. These purified proteins were then analysed 
using sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
(SDS-PAGE) (Sparkjade, Shangdong, China). 

The enzyme activity of PaNCS1 gene was determined in buffer 
(50 mmol/L Tris-HCl pH 7.4, 5 mmol/L b-mercaptoethanol, 10% 
glycerine) (70 lL) containing substrates 40 lL dopamine 
(2.5 mg/mL), 10 lL 4-HPAA (10 mg/mL) and 80 lL enzyme. After 
incubation at 37 °󠇣C for the night, reactions were stopped by adding 
1/2 vol of methanol. The reaction products were centrifuged at 
12 000 r/min for 15 min and the supernatant was detected by 
Agilent UPLC 1290 system combined with a G6400 triple quadru-
pole mass spectrometer (QQQ) (Agilent Technologies, Santa Clara, 
CA, USA). The analytical conditions were set as follows: Ultimate 
Fig. 1. Transcriptome analysis of P. amurense. (A) Sampling diagram of P. amurense, (a) dif
(P), and leaf (L); (b) phloem of tree main trunk (B); (c) phloem, xylem, and fibrous of roots
of DEGs for the R vs L, R vs B and B vs L groups, (a–c) Volcano maps; (d) Venn diagrams; (e
and barks). (C) Transcriptome-based analysis of WGD events. 
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Cellu-J (150 mm 4.6 mm, 5 lm), temperature: 30 °󠇣C, flow rate: 
0.8 mL/min. The solvent system consisted of ethanol (A) and hex-
anes (B), and isometric program: 30% A (0–20 min). 

3. Results 

3.1. Transcriptome analysis of different tissues of P. amurense 

RNA sequencing of 18 different tissues produced 682 766 942 
raw reads, and 682 057 543 clean reads were obtained after filter-
ing reads with low-quality and adapters. The average guanine-
cytosine (GC) content was 47.29%, ranging from 45.36% to 51.6% 
(Table S2). A total of 109 673 unigenes were de novo assembled 
and filtered with an average length of 818 bp and an N50 length 
of 1 122 bp. The complete estimation of transcriptome assembly 
showed that 74.7% of Embryophyta BUSCO gene sets were identi-
fied as ‘‘complete”. Results of functional annotation showed that 
58 204 (53.1%), 37 665 (34.3%), 56 236 (51.3%), 62 186 (56.7%), 
48 603 (44.3%), and 39 226 (35.8%) unigenes were annotated 
against databases of COG, GO, PFAM, Nr, SwissProt, and KEGG,
ferent developmental stages of stem (S1–S6, ‘‘-1” for phloem, ‘‘-2” for xylem), petiole 
 (R1/R2/R3); (d) illustration of root tissue. (B) Identification and enrichment analysis 
) KEGG and (f) GO enrichment analyses of DEGs in characteristic parts (roots, leaves, 
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respectively (Table S3). Here, 65 153 coding genes from P. amur-
ense unigenes were identified, of which 40 203 were paralogous 
gene pairs. The distributions of KS for all paralogous genes showed 
a clear peak at KS 0.32, suggesting that at least once recent WGD 
event occurred after speciation (Fig. 1C). 

To identify genes associated with berberine accumulation in P. 
amurense, representative parts with significant differences in ber-
berine content, such as R (R1) (high content), B (high content), 
and L (low content), were selected for DEG analysis. A total of 
2,506 candidate DEGs were identified from R, B, and L. Volcano 
plots (Fig. 1B, a–c) showed 1 198 (716 genes up-regulated and 
482 genes down-regulated), 878 (654 genes up-regulated and 
224 genes down-regulated), and 430 (104 genes up-regulated 
and 326 genes down-regulated) DEGs in R vs L, B vs L, and R vs B, 
respectively. The venn diagram (Fig. 1B, d) showed DEGs overlap 
between the three tissues across compared groups. The R vs L 
had 598 identical DEGs to the B vs L, suggesting that these DEGs 
may be associated with differences in berberine accumulation. 
Subsequently, functional enrichment of DEGs indicated that 70 
DEGs were enriched in the ‘‘biosynthesis of secondary metabo-
lites”, such as terpenoids, flavonoids, and steroids (Fig. 1B, e–f). 
However, we could not annotate the BIA biosynthetic pathway 
via KEGG enrichment. We then performed DEGs analysis on the 
phloem of the stem at different developmental stages (S6-1 to 
S1-1) and obtained a total of 765 DEGs, which contained only 
one gene (TRINITY_DN515_c0_g1_i4) annotated to the ‘‘isoquinoline 
alkaloid biosynthesis” (ko00950) (Fig. S1). These results suggest 
that the biosynthesis of BIAs in P. amurense might be a distant rel-
ative of the reported BIA biosynthetic pathway from Ranunculales 
species. 

3.2. Targeted metabolomic profiling in P. amurense 

A total of 28 metabolites, including dopamine, tyramine, and 26 
BIAs, were successfully characterized using ultra-performance liq-
uid chromatography coupled with quadrupole/time-of-flight mass 
spectrometry (UPLC-QTOF-MS) (Table S1). Ultra-high-performance 
liquid chromatography coupled with triple quadrupole mass spec-
trometry (UPLC-QQQ-MS) further optimized the collision energy 
(CE) of these 28 components (Fig. S2A). Subsequently, the relative 
content levels of the 28 compounds in the 18 tissues of P. amurense 
were quantified based on the peak areas with the MRM mode 
(Table S4). A principal component analysis (PCA) (Fig. S2B) showed 
the steady and reliability of the metabonomic test. The heatmap of 
hierarchical clustering also showed that the biological replicates 
were grouped based on the content levels of the compounds. 
Besides, the accumulation of different BIA compounds in different 
tissues of P. amurense varied considerably (Fig. 2A). Phenotypic 
observations revealed that both phloem and xylem were trans-
formed from green to yellow during stem development, and the 
colour of phloem was always deeper (Li et al., 2022). The content 
of berberine in the phloem was always higher than xylem during 
S1–S6. Noteworthy, there was no significant difference in the con-
tent of berberine between the phloem of the S3–S1 developmental 
stages, indicating that berberine would not accumulate with time 
after reaching a certain level (Fig. 2B). While norcoclaurine, dopa-
mine and reticuline were higher in S6, S5, and S4 than in S3, S2, 
and S1 (Fig. 2A). The contents of protoberberine alkaloids, includ-
ing berberine, oxyberberine, jatrorrhizine, 8-oxoepiberberine, 
columbamine, phellodendrine, tetrahydrojatrorrhizine, 8-
oxypalmatine, and palmatine, are highly accumulated in the roots 
and bark of P. amurense (Fig. 2A), which is consistent with previous 
reports (Zhang et al., 2014). Some alkaloids were also specifically 
highly accumulated in leaves and petioles, including tetrahy-
dropalmatine and rutaecarpine. 
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3.3. Selection of candidate BIA biosynthetic genes using WGCNA 

To elucidate berberine biosynthesis in P. amurense, WGCNA, 
integrating transcriptome and metabolome from multiple tissues, 
was employed, identifying the correlation between BIA accumula-
tion and transcript expression profiles. The WGCNA clustering 
indicated that all transcripts were grouped into 24 unique modules 
in P. amurense (Fig. 3A). The MEturquoise module contained the 
most genes (32,229 genes), whereas the MEdarkgreen module 
had the fewest genes (224 genes). Pearson’s correlation analysis 
(r > 0.8) between transcript expression and BIA accumulation 
showed that 1 799 transcripts in the MEblack module was signifi-
cantly positively correlated with the content of protoberberine 
alkaloids, including berberine, jatrorrhizine, columbamine, phel-
lodendrine, and oxyberberine. The other protoberberine alkaloids, 
such as 8-oxoepiberberine, palmatine, and 8-oxypalmatine, were 
positively associated with the MEpink (1,735 transcripts) module. 
Also, the intermediate norcoclaurine and reticuline were positively 
correlated with the MEyellow (2 010 transcripts) module. Addi-
tionally, some BIAs were positively associated with the MEcyan 
(884 transcripts) and MEmidnightblue (749 transcripts) modules. 

KEGG enrichment analysis showed that two genes (PaTyrAT1 
and PaTyrAT2) associated with the isoquinoline alkaloid biosynthe-
sis pathway (K14455 and K14454) were detected in MEblack mod-
ule (Table S5). The gene structure and phylogeny (Fig. S3) indicated 
that these two genes belonged to the pyridoxal 5 -phosphate (PLP)-
dependent aminotransferase family, encoding tyrosine amino-
transferase (TyrAT), and were responsible for forming tyramine 
and 4-HPAA. Moreover, TyrAT2 was high expression in the root, 
bark, and phloem (Fig. 3C), consistent with the enrichment trend 
of berberine (Fig. 2B), indicating this gene may be related to ber-
berine biosynthesis. However, the genes from co-expression mod-
ules could not be mapped into the downstream biosynthetic 
pathway of BIAs, suggesting that the BIA biosynthesis of P. amur-
ense might have evolved independently with the reported biosyn-
thetic pathway of Ranunculales species. 

A total of 49 candidate genes were identified from MEblack, 
MEcyan, MEpink, MEmidnightblue, and MEyellow, including 14 
CYP450s, two NCSs, and 33 MTs. These genes showed a similar trend 
as berberine enrichment (Fig. 3C). Although substantial biochemi-
cal evidences are still needed, based on the above findings and 
regarding berberine biosynthetic pathways in other plants, a 
potential berberine synthesis pathway in P. amurense was pro-
posed (Fig. 3B). 

3.4. Phylogenetic analyses of PaMTs and PaCYP450s 

The chemical composition and structure of BIAs implied that 
the CYP450s played a crucial role in modifying the structural diver-
sity of BIAs, including hydroxylation, C–C phenol-coupling, and C– 
O phenol-coupling action of BIAs in P. amurense. Here, a total of 95 
CYP450s and 68 MTs were identified from the remaining modules 
in P. amurense. Interestingly, the sequence identity between P. 
amurense CYP450s and reported BIA biosynthetic CYP80 and 
CYP719 was less than 40%; however, the similarity of internal ref-
erence genes was more than 49% (Table S6), indicating there were 
no CYP80 and CYP719 families in P. amurense. Further phylogenetic 
analysis showed that 11 out of 14 CYP450 candidate genes were 
clustered in 71 clan, including CYP76, 706, 71, 83, 79, and 89 fam-
ilies, the largest CYP clan conserved in the land plants (Fig. 4). The 
remaining three genes were clustered in 72 clan (CYP72), 85 clan 
(CYP88), and 86 clan (CYP94). 

MTs also played an essential role in the diversification of BIAs, 
including O- and N-MTs. The reported MTs can be phylogenetically 
divided into diverse branches, including 6-OMT, 4 -OMT, SMT, and
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Fig. 2. Targeted metabolomics analysis of P. amurense. (A) Heatmap based on hierarchical clustering analysis. (B) Content change of berberine in P. amurense. X-axis is 
different tissues of P. amurense, and Y-axis is peak area of berberine in corresponding tissues detected by LC-MS. The ‘‘a-f” designation represents the differences between 
various tissues. When letters are identical, it signifies that there is no difference between two comparison groups. The greater the number of differing letters between 
comparison groups, the more significant the difference between the two tissues. 
NMT (Dang & Facchini, 2012). A total of 33 MT candidate genes, 
including two NMT and 31 OMT genes, were identified by WGCNA 
(Table S7). Out of 31 OMTs, 24 were clustered with SMTs from C. 
sinensis, C. japonica, C. chinensis, and P. amurense and the rest were 
clustered with OMT as a branch (Fig. S4). Notably, the candidate 
MTs in P. amurense were distantly related to homologous genes 
in the Ranunculales. Specifically, 58 out of 68 MTs in P. amurense 
have less than 50% similarity to the reported BIA biosynthetic 
MTs in C. japonica (Table S6). 

3.5. Functional identification of PR10/Bet v1 related to NCS 

(S)-Norcoclaurine is the central intermediate metabolite of ber-
berine biosynthesis, which is synthesized from dopamine and 4-
HPAA by the catalytic activity of NCS, a member of the PR10/Bet 
v1 family. NCS can be subdivided into two subfamilies, NCSI and 
NCSII clades, and only the genes from the NCSI clade can form 
(S)-norcoclaurine (Vimolmangkang et al., 2016). Here, two NCS 
transcripts from P. amurense were identified (Table S7), and PaNCS1 
was clustered in the NCSI clade (Fig. 5A). Furthermore, multiple 
sequence alignment analysis revealed the PaNCS1 contained the 
NCS active sites formed by side chains of tyrosine, lysine, aspartic 
acid, and the ligand-binding domain (glycine-rich loop) of the Bet 
v1 protein family (Ilari et al., 2009)  (Fig. 5B). The gene expression of 
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NCS transcripts showed that the PaNCS1 gene was lower in the 
shoots (S4–S6) than the older branches (S1–S3), both in the 
phloem and xylem. The PaNCS2, however, showed no significant 
expression trend in different tissues (Fig. 3C). Subsequently, 
recombinant protein of PaNCS1 was used to validate the catalytic 
activity of NCSs. The results showed that a new peak was gener-
ated under the catalysis of PaNCS1 using dopamine and 4-HPAA 
as substrates, and the product is identical with the standard of 
(S)-norcoclaurine and (R, S)-norcoclaurine (Fig. 5C, Fig. S5). The 
result demonstrated that PaNCS1 could perform the catalytic activ-
ity of NCS, which could condense the dopamine and 4-HPAA to 
form (S)-norcoclaurine. 

4. Discussion 

BIAs, as a class of secondary metabolites in medicinal plants, 
exhibit diverse pharmacological activities and play pivotal roles 
in plant growth and survival by conferring protection against 
external biotic and abiotic stresses, and reducing competition for 
nutrients from neighboring plants (Wink, 2015). Particularly, ber-
berine, as a vital BIA, has been traditionally used to treat various 
diseases (Habtemariam, 2016; Yi et al., 2021; Jain, Tripathi, & 
Tripathi, 2023). Besides, it is used in agricultural fields as an insec-
ticide (Miyazawa, Fujioka, & Ishikawa, 2002), herbicide (Iwasa,
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Fig. 3. WGCNA of metabolites and transcriptomics based on all 18 tissues of P. amurense. (A) Correlation heatmap between alkaloids (bottom) and 24 gene modules (left). 
‘‘Modules” are clusters of highly interconnected genes. In an unsigned coexpression network, modules correspond to clusters of genes with high absolute correlations. Red 
and greener represent positive and negative correlations, respectively. (B) A proposed berberine biosynthetic pathway in P. amurense. The fan diagram next to structural 
formula shows relative contents of corresponding compounds in 18 different tissues of P. amurense, with green to red indicating low to high compound content, where darker 
red indicates higher compound content. (C) Heatmap analysis of relative expression of candidate genes in different tissues based on FPKM values. The colors reflect relative 
expression levels of genes in different tissues, with darker red indicating higher relative gene expression levels and darker green indicating lower relative gene expression 
levels. 
Moriyasu, & Nader, 2000), and to control bacterial wilt disease in 
tomato plants (Liang et al., 2022), and increase resistance against 
tobacco mosaic virus in tobacco (Guo et al., 2020). P. amurense is 
known for its high BIA content, particularly the protopine and ber-
berine alkaloids. The distribution and concentration of these alka-
loids have been shown to differ significantly across various tissues 
of P. amurense, as well as throughout different developmental 
stages of the same tissue (Li et al., 2022; Zhang et al., 2014). The 
distribution and accumulation mechanisms of BIAs in P. amurense 
remain unclear. Our study reveals that most protoberberine-type 
alkaloids accumulate heavily in the root and phloem, but not in 
the xylem, petiole, or leaf. Interestingly, some alkaloids, such as 
tetrahydropalmatine and rutaecarpine, show the opposite trend, 
being more abundant in the leaves and petioles of P. amurense. 
Thus, utilizing the leaves of P. amurense may be an efficient 
approach to avoid wasting valuable resources. Another recent 
study on P. amurense stem development has shown that berberine 
accumulates with the progression of stem development, which our 
study confirms (Li et al., 2022). However, we also observe that ber-
berine no longer accumulates after reaching a certain developmen-
tal stage, possibly due to substrate consumption, including 
norcoclaurine, dopamine, and reticuline. 

For BIAs production, microbial fermentation offers a sustainable 
and environmentally friendly alternative with shorter production 
cycles and higher yields (Cao, Gao, Suástegui, Mei, & Shao, 2020). 
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However, reconstituting plant-derived BIA biosynthesis in micro-
bial hosts has been challenging, as some of the enzymes involved 
are unsuitable for heterologous expression. Currently, our under-
standing of BIA biosynthetic pathways is limited to model plants 
such as C. japonica and P. somniferum. Recent advances in next-
generation sequencing data have enabled a more in-depth elucida-
tion of some biosynthetic pathways. Transcriptome and metabo-
lome association analysis can identify candidate genes with 
potential roles in biosynthetic pathways. Microbial systems incor-
porating plant genes enable the mass production of scarce BIAs 
(Minami et al., 2008). Thus, studying the berberine synthesis path-
ways in P. amurense and identifying more functional genes are cru-
cial for generating BIAs using microbial fermentation technology. 

Despite their complex and diverse structures, BIAs share a com-
mon biosynthetic precursor, (S)-norcoclaurine, which is formed by 
the condensation of dopamine and 4-HPAA catalyzed by NCS. The 
introduction of a chiral center by NCS is considered essential for all 
stereoselective enzymatic reactions in the BIA biosynthetic path-
way (Ghirga et al., 2017). NCS has been extensively studied in P. 
somniferum and related species, and has been successfully heterol-
ogously identified in E. coli (Pasquo et al., 2008; Samanani & 
Facchini, 2001; Samanani, Liscombe, & Facchini, 2004). Here, NCS 
activity in P. amurense was identified and confirmed via expressing 
NCS recombinant proteins in E. coli, suggesting that NCS activity is 
relatively conserved across species.



T. Liu, W. Zhang, S. Wang et al. Chinese Herbal Medicines 17 (2025) 178–188

Fig. 4. Independent evolution of berberine biosynthesis between P. amurense and Ranunculales species. A phylogenetic tree was constructed by combining 14 candidate 
CYP450s in P. amurense with CYP450s in A. thaliana, C. sinensis, C. japonica, C. chinensis, and P. somniferum. The ML phylogenetic tree was constructed using iqtree with a 
bootstrap test (replicated 1 000 times). 
An interesting phenomenon is that berberine can accumulate in 
many eudicot plants, including in distant species P. amurense and 
C. japonica (Chi, Van Hung, Le Thanh, & Phi, 2020). Indeed, it is 
common in nature for distantly related species to produce the 
same secondary metabolites. Conventional studies on berberine 
in P. amurense have focused primarily on extraction (Wang, Li, 
Liu, & Chen, 2015), isolation, purification, structure identification 
(Xian et al., 2014), and activity (antioxidant, antimicrobial, and 
anti-Herpes simplex virus type 1 activity) (Wang et al., 2009). 
Although these studies help identify the pharmacologically active 
components, there was little information on the berberine accu-
mulation mechanism in P. amurense. Based on the WGCNA results, 
this study suggests a novel evolutionary may occurrence in berber-
ine production within P. amurense. 

Several studies have shown that gene expansion may shape the 
evolution of quality and secondary plant metabolite biosynthesis, 
for example, the capsaicinoid biosynthesis in hot pepper (Kim 
et al., 2014) and the special flavor and appearance of Zanthoxylum 
bungeanum Maxim. (Feng et al., 2021). The WGD event has domi-
nated the evolutionary history of plants (Van de Peer, Mizrachi, & 
Marchal, 2017; Wendel, 2015). Consistent with this statement, 
we suggest that a recent WGD event (KS 0.32) may have shaped 
the evolution of BIAs biosynthesis, especially berberine, in P. amur-
ense. The KS peak value was less than the KS distribution of ancient 
gamma hexaploidy shared among the core eudicots, and the close 
Citrus species have not undergone extra WGD event after gamma 
duplication event (Feng et al., 2021). Therefore, the WGD of P. 
amurense might be species-specific after the divergence from the 
genus Citrus. It is believed that the WGD event in P. amurense helps 
to distinguish the compounds of P. amurense from its close relative, 
Citrus. 
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Berberine biosynthesis largely depends on the expression of 
two CYP450s, methylenedioxy-bridge formation (catalyzed by 
CYP719 subfamily members) and hydroxylation (catalyzed by 
CYP80 subfamily members) (Mizutani & Sato, 2011; Pauli & 
Kutchan, 1998). Notably, CYP719 and CYP80B members have been 
identified as Ranunculales-specific (Nelson, Ming, Alam, & Schuler, 
2008), although they are also present in the Magnoliales (Cui et al., 
2022; Deng et al., 2018). Besides, multi-steps in berberine biosyn-
thesis are mediated by a series of MTs. Here, some new candidate 
CYP450s and MTs were identified by WGCNA. Nevertheless, 
PaCYP450s share only 31.22% amino acid sequence identity with 
C. japonica counterparts, a similarity that could be expected from 
any two functionally unrelated random plant CYP450 enzymes, 
suggesting that the similar catalytic activities of CYP450s in the 
two lineages were derived from convergent evolution (Weng 
et al., 2010). In addition, the closely related Citrus did not accumu-
late BIA compounds and no homologs of CYP80 and CYP719. These 
results showed that the biosynthetic pathway of BIAs in P. amur-
ense likely evolved independently after the split from Ranunculales 
and Citrus. According to previous reports, the CYP719 and the 
CYP80 families were possibly derived from CYP701 and CYP76 in 
the CYP71 clan, indicating that the genes clustered in the CYP71 
clan might perform similar catalysis as in CYP719 and CYP80 fam-
ilies (Nelson et al., 2008). Collectively, a potential convergent or 
parallel evolution of berberine in P. amurense was proposed, 
although upstream of the synthesis was relatively conservative. 

Identifying the new CYP450s and MTs in P. amurense will pro-
vide insight into the evolution of BIA biosynthesis. The present 
study identified 51 candidate enzyme genes in the BIA biosynthetic 
pathway and one of them was confirmed to have NCS catalytic 
activity. The expression levels of certain candidate genes exhibit
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Fig. 5. Enzyme activity of NCSs in P. amurense analysis. (A) Phylogenetic tree of NCSs was constructed using iqtree with the bootstrap value of 1 000. ML phylogenetic tree 
analysed relationships of NCSs genes in P. amurense, C. japonica, C. sinensis, P. somniferum, and others. (B) Multiple sequence alignment was conducted between PaNCS1 and 
homologous genes in C. japonica and Papaveraceae. (C) HPLC analysis of products from incubation of recombinant PaNCS protein with substrates dopamine and 4-HPAA. 
Authentic (R,S)-norcoclaurine and (S)-norcoclaurine were used for retention time comparison. C. chinensis NCS1 was used as a positive control for enzyme-catalyzed reaction. 
Spontaneous, non-enzymatic condensation was detected using PET28A as a negative control. 
a positive correlation with the content of BIAs, particularly in the 
roots and bark, as compared to the leaves and petioles. Throughout 
various developmental stages of the stem, both BIAs and candidate 
genes are more abundant in the phloem. Nonetheless, some candi-
date genes show a weak correlation with catalytic product con-
tents. For example, NCS1 demonstrates an inverse relationship 
with (S)-norcoclaurine content changes during stem development. 
This phenomenon can be attributed to the fact that NCSs are con-
sidered enzymes that catalyze the Pictet-Spengler reaction (Sheng 
& Himo, 2019), which can synthesize (S)-norcoclaurine and 
tetrahydroisoquinoline by condensing dopamine with other alde-
hydes (e.g. benzaldehyde and cyclohexanecarboxaldehyde) 
(Roddan et al., 2020). Thus, NCS1 may be involved in other 
unknown metabolic pathways in P. amurense, and it is not exclu-
sively specific to BIA biosynthesis. Additionally, the synthesis of 
plant secondary metabolites is often regulated by complex pro-
cesses, particularly nitrogen-containing alkaloids (Yamada & Sato, 
2021). The regulation of BIA synthesis is mediated by numerous 
transcription factors, such as the WRKY, bHLH, and ERF families 
(Kato et al., 2007; Yamada, Koyama, & Sato, 2011; Yamada et al., 
2016). Plants initiate self-protection mechanisms to induce nega-
tive feedback regulation by transcription factors when they are 
stressed, resulting in the upregulation of certain structural genes 
to enhance the contents of particular compounds (Mu et al., 
186
2023). Similarly, a comparable regulatory mechanism may exist 
for BIA synthesis in P. amurense. When (S)-norcoclaurine is 
reduced, negative regulators upregulate the expression of NCS by 
virtue of the absence of precursors dopamine, leading to an oppos-
ing trend of NCS expression levels and (S)-norcoclaurine content. 
Based on these results, a possible BIA biosynthetic pathway in P. 
amurense was proposed (Fig. 3B), although the actual catalytic 
functions of these genes require further investigation. 
5. Conclusion 

In this work, the de novo assembly of transcripts from 18 tissues 
of P. amurense was reported, and 28 targeted metabolites related to 
BIA biosynthesis were identified and quantified. A potential case of 
evolution involving MTs and CYP450 between C. japonica and P. 
amurense was found in the BIA biosynthetic pathway. The BIA 
biosynthetic pathway in non-Ranunculales species was presented, 
and 51 candidate enzyme genes, including 14 CYP450s and 33 MTs, 
were identified. Among them, a PR10/Bet v1 gene encoding NCS 
was verified to be the key enzyme contributing to the formation 
of (S)-norcoclaurine. These findings provide valuable clues to 
understanding the BIA biosynthesis in the distant lineage of 
Ranunculales species.
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