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Abstract

In this study, the putative genes involved in diterpenoid alkaloids biosynthesis in A. vilmorinianum roots were revealed
by transcriptome sequencing. 59.39 GB of clean bases and 119,660 unigenes were assembled, of which 69,978 unigenes
(58.48%) were annotated. We identified 27 classes of genes (139 candidate genes) involved in the synthesis of diterpenoid
alkaloids, including the mevalonate (MVA) pathway, the methylerythritol 4-phosphate (MEP) pathway, the farnesyl diphos-
phate regulatory pathway, and the diterpenoid scaffold synthetic pathway. 12 CYP450 genes were identified. We found that
hydroxymethylglutaryl-CoA reductase was the key enzyme in MVA metabolism, which was regulated by miR6300. Tran-
scription factors, such as bHLH, AP2/EREBP, and MYB, used to synthesize the diterpenes were analyzed.
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Introduction

The genus Aconitum (Ranunculaceae) is comprised of 350
species worldwide, with 211 species from China, and 76
species are used as aconitine medicinal plants in China
(Li et al. 2012). Aconitine is a kind of terpenoid, which
plays important roles in plant growth, development, and the
synthesis of secondary metabolites. Many terpenoids with
pharmacological activities are widely used for medical pur-
poses (Li et al. 2013; Yang et al. 2013; Zhao et al. 2018a,
b). Diterpenoid alkaloids are the main active components in
Aconitum plants. The mevalerate (MVA) and methylerythri-
tol 4-phosphate (MEP) pathways are upstream of diterpene
alkaloid biosynthesis, and both form isopentenyl diphos-
phate (IPP), and then further synthesize terpenes. In the
biosynthesis of diterpenoid alkaloids three IPP molecules
are condensed into geranylgeranyl diphosphate (GGPP), to
initiate biosynthesis of the diterpene alkaloid skeleton (Gao
et al. 2009; Kai et al. 2010), and to form various diterpe-
noid compounds through CYP450-mediated oxidation and
modification (Cherney and Baran 2011; Devkota and Sewald
2013) (Fig. S1).

The species Aconitum vilmorinianum is an important
medicinal plant in the genus Aconitum and has been a focus
because of its pharmacological action and trace toxicity. A.
vilmorinianum is one of the main raw materials of Yunnan
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«Fig. 1 The diterpenoid alkaloid biosynthetic pathway and the differ-
ential expression of the unigenes involved in A. vilmorinianum. R1
is the early stage of root formation, R2 is the middle stage, and R3 is
the final stage. a The expression levels of unigenes encoding enzymes
from each step are shown. The columns are R1, R2, R3, correspond-
ing to the early stage, middle stage and final stage of root formation,
respectively, and the rows correspond to unigenes. Red and bule rep-
resent high and low expression levels, respectively. b The early stage
(R1), middle stage (R2) and final stage (R3) of root formation. ¢
Yunaconitine content of the early stage (R1), middle stage (R2) and
final stage (R3) of root formation

Baiyao, Bulleyaconitine A Tablets and other well-known Chi-
nese medicines. Present research on A. vilmorinianum focuses
on the chemical composition and pharmacological action. A.
vilmorinianum contains more than 40 kinds of diterpenoid
alkaloids, including yunaconitine, vilmorrianine A, and bul-
leyaconitine A, and other diterpenoid alkaloids, which have
many medicinal functions including antirheumatic activity,
improvement in human meridians, relief of swelling and pain,
activation of the blood circulation, and inhibition of tumor
growth (Yang et al. 1981; Li et al. 2016). The molecular mech-
anism of diterpenoid alkaloid synthesis in A. vilmorinianum
and its regulation have not identified. Therefore, identity of the
key genes in the A. vilmorinianum diterpenoid biosynthetic
pathway remains an important question.

RNA-seq has been widely used in many kinds of medicinal
plants, such as Glycyrrhizin biosynthesis, Lonicera japonica,
Chamaemelum nobile, Dendrobium huoshanense, and Oci-
mum tenuiflorum. Mining of functional genes and construc-
tion of the gene regulatory networks of metabolic pathways
play an important role in germplasm resource evaluations and
molecular breeding, particularly in medicinal plants (Li et al.
2010; Yuan et al. 2012, 2018; Upadhyay et al. 2015; Liu et al.
2019). In this study, we used the BGISEQ-500 sequencing
platform (Zhang et al. 2016; Huang et al. 2017) to identify
the candidate genes involved in the biosynthesis of diterpene
alkaloids. The CYP450 genes, transcription factors, and micro-
RNAs regulating the biosynthesis of diterpene alkaloids were
identified, through the transcriptomes of the initial, middle
and final stages of root formation of Aconitum vilmorinianum.
These results will contribute to the analysis of the molecular
mechanism of alkaloid biosynthesis in A. vilmorinianum, lay a
foundation for the study of functional genomics, metabonom-
ics, and breeding of A. vilmorinianum, and provide a reference
for the synthesis and metabolism of medicinal components of
Aconitum.

Materials and methods
Material preparation and sample collection

The plants of Aconitum vilmorinianum from Malutang
Town, Luquan County, Yunnan Province, China, was cul-
tivated at the experimental base of the School of Life and
Technology, Kunming University of Science and Technol-
ogy (around N30.35°, E112.14°). The samples were col-
lected during three periods of root formation (Fig. 1b). The
initial stage of root formation was 6 months (R1). The mid-
dle stage of root formation was 8 months (R2), and the final
stage of root formation was 10 months (R3). The samples
from each period were set with three biological replicates
(marked as R1-1, R1-2, R1-3; R2-1, R2-2, R2-3; R3-1, R3-2,
R3-3). Then all samples were stored at — 80 °C for RNA
extraction. The roots, stems, leaves, tubercles, flowers, cap-
sules, and seed samples from the three stages were dried in
an oven at 60 °C to constant weight, and all dried samples
are used to determine the alkaloid content.

Determination of alkaloids

Sample powder (0.20 g) was placed in a centrifuge tube with
1.5 ml of methanol and shaken. After pretreatment for 12 h
and ultrasonic treatment for 30 min, the supernatant as the
test solution was filtered through a microporous filter mem-
brane (0.45 pm). The yunaconitine content during the initial,
middle, and final stages of root formation of A. vilmorini-
anum was analyzed quantitatively by high-performance
liquid chromatography (HPLC). The retention times of the
standard markers under the specific column operating condi-
tions were determined using Shimadzu LC-15C HPLC and
Waters Xterra®RP18 (4.6 X250 mm, 5 pm) columns (Xu
et al. 2017). Acetonitrile (0.7%) and triethylamine aqueous
solution (adjusted pH to 3 with phosphoric acid) were used
as the mobile phase. Samples were eluted in a low pressure
gradient at a flow rate of 1.0 ml/min under the detection
wavelength for 260 nm and the sample volume for 10 pL.
The yunaconitine content in roots, stems, leaves, tubercles
flowers, capsules, and seeds was determined during three
periods. Three replicates for each sample was used and the
test was repeated three times. A standard curve was estab-
lished using standards markers, and contents were quantified
by comparing peak areas.

RNA extraction and transcriptome sequencing
Total RNA was extracted with a Trizol kit, and residual

DNA was removed with RNase-free Dnase 1. The quality
of the extract was detected by an Agilent 2100 Bioanalyzer
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(Agilent RNA 6000 Nano Kit; Agilent Technologies, Palo
Alto, CA, USA), and the purity was detected by ultraviolet
spectrophotometer, and determined by agarose gel electro-
phoresis. After the total RNA passed the quality inspec-
tion, magnetic beads with oligo DT were used to remove
the mRNA with a Poly(A) tail, and RNA was segmented
with the interrupt buffer. The random N6 primer was used
for reverse transcription to synthesize the first cDNA chain.
Then the buffer, AINTPs, RNase H, and DNA polymerase I
were added to synthesize double-stranded cDNA. The end
of the synthesized double-stranded DNA was flattened and
phosphorylated to form a sticky end protruding from "A" and
was then connected to a bubbly joint protruding from "T" at
the end of 3'. The linked products were amplified by PCR
with specific primers. The PCR products were thermally
denatured into a single strand, and then the single-strand
DNA library was obtained by cyclization of single-strand
DNA with a bridge primer. The constructed library was
sequenced with the BGISEQ-500 for mRNA and miRNA,
and the size of the miRNA selected fragment was 18-30 nt.

Data assembly and functional annotation
classification

Nine mRNA libraries were sent to BGI (Shenzhen, China)
for sequencing to obtain the raw sequences (raw reads), to
remove splices, unknown base N content>5% and low-
quality reads, to evaluate quality of the sequencing data,
and to filter the sequencing data to obtain clean reads. Trin-
ity was used for de novo assembly, and Tgicl was used for
clustering and removing redundancy to obtain the unigenes.
Blastx (http://blast.ncbi.nlm.nih.gov/Blast.cgi) or Diamond
(https://github.com/bbuchfink/diamond) was used to anno-
tate the unigenes with the NR, NT, COG, KEGG and Swis-
sProt databases. The Blast2GO (https://www.blast2go.com)
and NR annotation results were used for GO annotation.
InterProScan 5 (https://code.google.com/p/interproscan/
wiki/introduction) was used for InterProt annotation. Getorf
(http://genome.csdb.cn/cgi-bin/boss/help/getorf) was used to
detect the open reading frames (ORFs) of the unigenes, and
then hmmsearch (http://hmmer.org) was used to compare the
OREFs to the transcription factor protein domain (data from
PIntFDB, plant transcription factor database). Unigenes were
identified according to the characteristics of the transcription
factor family described by plantFDB. MISA (http://pgrc.ipk-
gatersleben.de/misa) was used to detect the simple sequence
repeats (SSRs) of the unigene. Blast or Diamond was used
to compare the unigenes to the plant resistance gene data-
base (http://prgdb.crg.eu/) for annotation, and the possible
resistance genes were obtained. We obtained the functional
annotation information and classification information for all
unigenes and sorted out all of the annotation information.

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

Differential gene expression analysis

Fragments per kilobase per million mapped fragments was
calculated for each gene. RSEM (http://deweylab.biost
at.wisc.edu/RSEM) (Li and Dewey 2011) was used to cal-
culate the gene expression level of each sample. FDR (error
detection rate) > 0.001, absolute log, ratio > 1 as the thresh-
old (fold change >4.00 and adjusted p value <0.001) were
used to evaluate the differences in gene expression levels
during the different periods. To reduce the false-positive
error rate, three biological replicates were used during the
initial, middle, and final stages of root formation.

microRNA sequencing and data processing

Nine samples were sent to BGI (Shenzhen, China) and
sequenced using the BGISEQ-500. The length of the origi-
nal RNA marker was 49 nt. By removing the low-quality
reads, 5’ connector contaminated, over-inserted, Poly a con-
taining, < 18 nt markers, and clean markers were obtained
for the miRNA sample analysis. After removing rRNAs,
scRNAs, snoRNAs, SNRNAs, and tRNAs, the remaining
microRNAs was compared with the miRBase database to
obtain mature microRNAs and new microRNAs. The pre-
dicted target gene was blasted with the NR, NT, GO, COG,
KEGG, SwissProt, and InterProt databases to obtain the
functional annotation information and classification infor-
mation of the target genes.

CYP450 system development analysis

CYP450 family genes were detected according to the uni-
gene annotation information, and the CYP450 family genes
related to diterpene alkaloid synthesis were screened out.
The homology of the genes with sequence length > 500
bps was blasted. The genes of other species with homol-
ogy > 100 bps and CYP450 family involved in diterpene
alkaloid synthesis were used for phylogenetic analysis.
The amino acid sequences of the CYP450 family genes
involved in diterpenoid synthesis were derived from their
unigene sequences. A multisequence alignment was carried
out using the ClustalW program together with the amino
acid sequences of CYP450s related to diterpenoid biosyn-
thesis in other known species, and a phylogenic tree was
constructed by setting 1000 guiding values using Mega6
software (Tamura et al. 2013).

gRT-PCR analysis

Ten key genes encoding the MVA, MEP, FDP regulatory,
diterpenoid skeleton synthetic pathways, CYP450 and Tran-
scription factors were screened to verify gene expression.
RNA of each sample was reverse transcribed into the first
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strand following the manufacturer’s instructions. Samples
were run in triplicate and qRT-PCR analysis was performed
using the PrimeScript RT kit. The PCR was carried out in
96-well plates under the following conditions: pre-dena-
turation at 95 °C for 5 min, 10 s at 95 °C, 20 s at 53 °C,
30 s at 72 °C, 15 s at 95 °C, and 40 cycle reactions using
the CFX96TM Real-Time System (Bio-Rad Laboratories,
Hercules, CA, USA). 18S RNA was used as the internal
reference gene. Primers are listed (Table S1). The expres-
sion of the sample was calculated by the relative quantitative
method (2724€T), and the data were statistically analyzed
(Manuka et al. 2013).

Results
Aconitine content

Yunaconitine is the main effective component of Aconitum
vilmorinianum, which is generally collected after October.
We performed HPLC of A. vilmorinianum root and found
that yunaconitine content was the lowest (0.019%) during
the initial stage (June) and highest (0.070%) during the mid-
dle stage (August) of root formation (Figs. S2, S3). Yunaco-
nitine content in root decreased (0.022%) after the root com-
pletely formed (Fig. 1c). In addition, the content in flowers
was highest during the entire three periods of root formation.
Many alkaloids, including diterpenoids, accumulate in the
reproductive organs. This includes yunaconitine which is
enriched in the floral organs. Removing the inflorescences is
an important cultivation for A. vilmorinianum, as it allows a
large number of effective ingredients to accumulate in roots.
Yunaconitine was also found in stems, leaves, tubercles, cap-
sules, and seeds.

Sequencing analysis and de novo assembly

The sequencing results showed that 637.27 MB raw reads
were obtained from nine libraries, with an average of
70.8 MB raw reads per library. After filtering, 593.76 MB
clean reads and 59.39 GB clean bases were obtained, with an
average of 6.6 GB clean bases per library. The sequences are
uploaded to NCBI (Submission number: PRINA667080).
The Q20 and Q30 of the nine libraries were between > 97
and 90%. The proportion of clean reads ranged from 88.17 to
95.08%. The clean reads were used for subsequent analysis
and research (Table S2). Using Trinity (Grabherr et al. 2011)
to assemble the clean reads, we obtained 729,895 transcripts,
with an average length of 705 nt and N50 length of 1163
nt (Table S3). We obtained unigenes using Tgicl (Pertea
et al. 2003) to cluster and remove redundant transcripts. In
total, we detected 119,660 unigenes with an average length
of 1003 bases. The N50, N70, and N90 values were 1604,

1031, and 424 nt, respectively, and the GC ratio was between
41.15 and 42.38% (Table S4). We then blast the unigene
sequences to the NR, NT, GO, COG, KEGG, SwissProt and
InterProt databases. There are 69,978 unigenes with anno-
tation information, accounting for 58.48% of total the uni-
genes, 63,070 unigenes (52.71%) in the NR database, 32,894
unigenes (52.71%) in the NT database, 37,836 unigenes
(31.62%) in the GO database, 54,123 unigenes (45.23%) in
the COG database, 48,383 unigenes (40.43%) in the KEGG
database, 42,682 unigenes (35.67%) in the SwissProt data-
base, and 55,535 unigenes (46.41%) in the InterProt database
(Table S5).

NR annotation analysis

According to the similar sequence comparison of related
species in the NR database, the similarity of unigenes
to those from Macleaya cordata is the highest (17,999,
28.54%), followed by Nelumbo nucifera (10,467, 16.6%),
Vitis vinifera (3426, 5.43%), Juglans regia (1,002, 1.59%),
Hevea brasiliensis (707, 1.12%), and 11.84% for other spe-
cies (Fig. S4a).

Functional classification of the unigenes
COG functional classification of unigene

The COG database classifies gene products using direct
homology. We annotated 73,933 unigenes using the COG
database, and 25 functional groups were annotated for clas-
sification and statistics (Fig. S4c). COG functional classi-
fication of the unigenes demonstrates the variety of gene
activities in A. vilmorinianum roots. Among them, the most
common is general function prediction (14,930, account-
ing for 20.2% of all unigenes). The second-most annota-
tion is signal transmission mechanisms (8656, accounting
for 11.7% of all unigenes). Post-translational modification,
protein turnover, and chaperones are the third-most common
(5817, 7.9% of all unigenes). In addition, there were 5231
unknown functions, accounting for 7.1% of all unigenes,
and 4784 with transcription annotated functions, accounting
for 6.5% of all unigenes. There were 2219 unigenes with a
function of secondary metabolites biosynthesis, transport
and catabolism, accounting for 3.0% of all unigenes. The
smallest functional category was cell modifications with
115, accounting for only 0.16% of all unigenes.

Unigenes of GO classification

The GO database is an international standardized gene
function database used to describe the biological charac-
teristics of genes in different organisms. Blast2GO software
(Conesa et al. 2005) was used to annotate all unigenes in A.
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vilmorinianum results in the NR database to the GO data-
base. We annotated 170,089 unigenes using GO (Fig. S4b).
The counts of the unigenes in three GO categories were bio-
logical processes (51,843 unigenes), cellular components
(73,582 unigenes), and molecular functions (44,664 uni-
genes) with 57 sub categories. For biological processes, the
top three categories were cell processes (14,806 unigenes),
metabolic processes (13,995 unigenes), and biological regu-
lation (4356 unigenes), according to the GO classification.
Among the cell components unigenes, the top five catego-
ries were cell (14,191 unigenes), cell components (13,956
unigenes), cell membranes (12,198 unigenes), cell parts
(11,230 unigenes), and organelles (9977 unigenes). In terms
of molecular function, the top three categories were binding
(19,628 unigenes), catalytic activity (19,351 unigenes), and
carrier activity (2132 unigenes), while few unigenes were
involved in protein tag and translation regulator activity.
There were 13,995 unigenes related to the metabolism of
diterpenoid alkaloids.

Unigene of KEGG classification

A total of 47,106 unigenes were annotated and divided into
five major categories and 19 minor categories using KEGG
classifications. The five categories include cellular processes
(2121 unigenes), environmental information processing
(3029 unigenes), genetic information processing (11,296
unigenes), metabolism (28,953 unigenes), and organismal
systems (1707) (Fig. S4e). Among the 19 subgroups, 11,006
unigenes were included in global and overview maps, of
these 4246 unigenes had translation annotations, 4137 had
carbohydrate metabolism annotations, 3310 had folding,
sorting and degradation annotationis, and 782 unigenes had
membrane transport annotations. The unigenes related to
diterpenoid alkaloids (1006 unigenes) were divided into
terpenoids and polyketides. These annotations will be help-
ful in study the metabolism of diterpenoid alkaloids and to
identify the genes involved in the metabolism of diterpenoid
alkaloids. This information will be an important resource for
molecular breeding of diterpenoid alkaloids in the future.

Notes from SwissProt and InterProt protein
database

There are 42,682 unigenes (35.67%) and 55,535 unigenes
(46.41%) annotated in the SwissProt and InterProt databases,
respectively.

Notes from NR, COG, KEGG, SwissProt, and InterProt
databases

The annotation results of the NR, COG, KEGG, SwissProt,
and InterProt databases are displayed in a Venn diagram
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(Fig. S4d), and 32,222 unigenes were annotated in each
database.

Transcription factor analysis and identification
of the simple sequence repeat (SSR) markers

Transcription factors play an important role in the bio-
synthesis of secondary metabolites. We show that 2438
unigenes were predicted to be in 60 transcription factor
families (Fig. S4f). Among them, the number of unigenes
annotated as the MYB family was largest (299); 205 were
from the MYB-related family, 153 from the bHLH family,
138 from the AP2/EREBP family, 135 from the C3H fam-
ily, 113 from the NAC and mTERF family, and 106 from
the C2H2 family. At least one unigene was annotated as
the S1Fa-like and ULT family.

Among 119,660 unigenes in the transcriptome, 10,829
unigenes had SSRs, with a frequency of 9.49% (ratio of
the number of unigenes containing a SSR to the total num-
ber of unigenes). The results show that 3098 unigenes are
mono-nucleotides (24.67%), 2717 unigenes are di-nucle-
otides, accounting for 21.64%, and 5371 unigenes are tri-
nucleotides, accounting for 42.77% (Fig. S4g). The quad-
nucleotide and penta-nucleotide types are a very small
proportion, accounting for 0.85 and 3.46%, respectively.
There are 829 unigenes annotated as hexa-nucleotides,
accounting for 6.60%. These results indicate that the main
type of SSR in the root transcriptome of A. vilmorinianum
is a tri-nucleotide, among which AAG/CTT is the most
common (1848), accounting for 34.41% of the tri-nucle-
otides. These unique sequence markers provide valuable
genetic resources for SSR mining and application.

Identification of microRNA and prediction of disease
resistance genes

Using microRNA databases we discovered 54 mature
microRNAs (Table S6), and 151 new microRNAs predic-
tions from our data (Table S7). According to the KEGG
functional analysis of the microRNA target genes, micro-
RNAs regulating terpenoids and polyketides were found.
The microRNAs involved in the regulation of polyke-
tides are miR396a-5p, miR156k, and miR166d-5p-1,
and the microRNA involved in the regulation of diter-
pene alkaloid synthesis is miR6300. The regulatory site
is 3-hydroxy-3-methyl glutaryl-CoA reductase (HMGR),
the key enzyme gene in the MVA metabolic pathway. Four
unigenes in the resistance gene database (PRGDB) had
annotation information (Table S8). These resistance genes’
information will provide an important reference for resist-
ance breeding.
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Unigene expression analysis

We analyzed the expression of the unigenes during the ini-
tial, middle, and final stages of root formation to analyze
the specificity of unigene expression during the formation
of roots of A. vilmorinianum. We found that a total of
55,271 unigenes are co-expressed among three samples
from the initial stage of root formation, 66,965 unigenes
are co-expressed among the three samples from the middle
stage, and 56,769 unigenes are co-expressed among the
three samples from the final stage (Fig. S5). According
to the results of the gene expression level of each sample,
we determined the differentially expressed genes (DEGs)
during three stages of A. vilmorinianum root formation.
The results show that 39,864 unigenes are upregulated and
11,228 unigenes were downregulated during the initial and
middle stages, 26,789 unigenes are upregulated and 12,820
unigenes are downregulated during the initial and final
stages, and 10,052 unigenes are upregulated and 22,950
unigenes are downregulated during the middle and final
stages (Fig. S6).

Identification of candidate genes involved
in diterpenoid alkaloid synthesis

According to the KEGG annotation results, the DEGs were
classified into biological pathways. The results show that
there are 24,165 DEGs during the initial and middle stages
of root formation, among which 502 DEGs are involved
in terpenoid and polyketide metabolism (Table S9), 162
DEGs were involved in terpenoid skeleton biosynthe-
sis, and 87 DEGs are involved in diterpenoid synthesis
(Table S10). Among the 17,656 DEGs detected during the
initial and final stages of root formation, 423 are involved
in terpenoid and polyketide metabolism (Table S11), 164
are involved in terpenoid skeleton synthesis, and 71 are
involved in diterpenoid synthesis (Table S12). Among the
14,603 DEGs detected during the middle and final stages
of root formation, 426 are involved in terpenoid and pol-
yketide metabolism (Table S13), 127 are involved in terpe-
noid skeleton synthesis, and 71 are involved in diterpenoid
synthesis (Table S14).

There are 27 enzyme genes (139 unigenes) regulated
diterpenoid alkaloid synthesis (Fig. la). These candidate
genes are involved in diterpenoid alkaloid synthesis of A.
vilmorinianum (Table 1). There are six enzyme genes (25
unigenes) related to the MVA pathway, nine enzyme genes
(31 unigenes) related to the MEP pathway, eight enzyme
genes (36 unigenes) related to the FDP (farnesyl diphos-
phate) regulatory pathway, and four enzyme genes (48 uni-
genes) related to downstream of the diterpenoid skeleton
synthetic pathway.

Phylogenetic analysis of the CYP450s family

After sequencing the transcriptome, we found 504 genes
that are annotated as the CYP450s family, including
CYP4, CYP19, CYP26, CYP71A1, CYP71A3, CYP71A4,
CYP71A26, CYP71D10, CYP82C4, CYP81B25, CYPSI1ES,
CYP85A1, CYP710A1, CYP90B1, CYP86B1, CYP97BI1,
and other families. Among the CYP450s genes, 146
CYP450s genes are related to terpenoid metabolism, 13
of which have annotation information, indicating that they
are related to the ent-kaurenoic acid oxidase synthesized
by diterpenoids (Table S15). We analyzed the phylogeny of
these 13 genes together with 42 known CYP450s involved in
diterpenoid synthesis in different plants (Fig. S7). We identi-
fied unigene19493-all, unigene19495-all, CL9995-contig1-
all, unigene19497-all, unigene19496-all, unigene19498-
all, unigene3912-all, unigene5986-all, unigene8612-all,
and CL12054-contig3-All belongs to the CYP88A1 family,
unigenel7135-all belongs to the CYP97C family, and uni-
gene 28628-all belongs to the CYP76 family.

Validation of key genes involved in A. vilmorinianum
alkaloid synthesis

Using qRT-PCR we confirmed the expression patterns of
ten key genes encoding genes in the MVA metabolic path-
way, the MEP metabolic pathway, the FDP regulatory path-
way, the diterpenoid skeleton synthetic pathway, CYP450
and important transcription factors (Fig. 2). The ten genes
are CL763-Contig6-All (acetyl-CoA C-acetyl transferase,
AACT), CL3485-Contig5-All (hydroxymethylglutaryl-
CoA reductase, HMGR), CL8984-Contig3-All (phospho-
mevalonate kinase, PMK), Unigene14102-All (diphos-
phomevalonate decarboxylase, MVD), Unigene6166-All
(1-deoxy-D-xylulose-5-phosphate synthase, DXS), CL4647-
Contig4-All (protein farnesyltransferase subunit beta,
FNTP), Unigene20071-All (geranylgeranyl diphosphate
synthase, GGPPS), Unigene10178-All (ent-copalyl diphos-
phate synthase, CDPS), CL7819-Contigl-All (CYP450) and
Unigene20202-All (MYB Transcription factors). We found
that the changes in gene expression during the initial, mid-
dle, and final stages of root formation were consistent with
the transcriptome expression trend, with the exception of
Unigene14102-All (diphosphomevalonate decarboxylase,
MVD) and CL4647-Contig4-All (protein farnesyltransferase
subunit beta, FNTP).

Discussion
Many functional genes related to the biosynthesis of plant
secondary metabolites have been predicted and screened by

transcriptome sequencing (Hemmerlin et al. 2003; Laule
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Table 1 The unigenes involved in terpenoid backbone and diterpenoid biosynthesis

Pathways Abbreviation of Name of the gene Enzyme no. Number
gene of genes

MVA AACT Acetyl-CoA C-acetyltransferase K00626 14

HMGS Hydroxymethylglutaryl-CoA synthase K01641 1

HMGR Hydroxymethylglutaryl-CoA reductase (NADPH) K00021 5

MVK Mevalonate kinase K00869 1

PMK Phosphomevalonate kinase KO00938 3

MVD Diphosphomevalonate decarboxylase K01597 1

MEP DXS 1-Deoxy-D-xylulose-5-phosphate synthase K01662 14

DXR 1-Deoxy-D-xylulose-5-phosphate reductoisomerase K00099 1

ISPD 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase k00991 2

ISPE 4-Diphosphocytidyl-2-C-methyl-D-erythritol kinase K00919 2

ISPF 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase KO01770 1

ISPG (E)-4-Hydroxy-3-methylbut-2-enyl-diphosphate synthase K03526 1

ISPH 4-Hydroxy-3-methylbut-2-en-1-yl diphosphate reductase K03527 1

IDI Isopentenyl-diphosphate delta-isomerase KO01823 3

FDPS Farnesyl diphosphate synthase K00787 5

FDP regulatory pathway FNTP Protein farnesyl transferase subunit beta K05954 7

FACE2 Prenyl protein peptidase KO08658 4

STE24 STE24 endopeptidase K06013 7

ICMT Protein-S-isoprenylcysteine O-methyltransferase K00587 1

PCME Prenylcysteine alpha-carboxyl methylesterase K15889 11

FCLY Prenylcysteine oxidase/farnesylcysteine lyase K05906 2

FLDH NAD + -dependent farnesol dehydrogenase K15891 2

FOLK Farnesol kinase K15892 2

GGPPS Geranylgeranyl diphosphate synthase, type II K13789 8

Diterpenoid skeleton synthetic CDPS ent-Copalyl diphosphate synthase K04120 18

pathway KS ent-Kaurene synthase K04121 14

KO ent-Kaurene oxidase K04122 8

Total 139

et al. 2003; Dudareva et al. 2005). In this paper, the bio-
synthesis and metabolism pathway of the main active com-
ponents diterpenoid alkaloids in A. vilmorinianum and its
related key candidate genes are obtained by transcriptome
sequencing (Fig. 1a). We obtained 59.39 gb of clean bases
totally and 119,660 unigenes were assembled, in which
69,978 unigenes are annotated. There are 139 candidate
genes involved in the synthesis of diterpenoid alkaloids,
including hydroxymethylglutaryl-CoA reductase (HMGR)
which is the key enzyme in MVA metabolism, and regulated
by miR6300. Additionally, we identified 13 CYP450 genes
and transcription factors, used to synthesize the diterpenes,
such as bHLH, AP2/EREBP, and MYB. These results pro-
vide a scientific reference for studying the diterpenoid meta-
bolic pathway of Aconitum and other plants.

The diterpenoid aconitine and its derivatives are the
main active components in A. vilmorinianum, including
diterpenoid alkaloids, such as yunaconitine, vilmorrianine
A, vilmorrianine B, vilmorrianine C, vilmorrianine D, and
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bulleyaconitine A (Yang et al. 1981; Li et al. 2016). The
complete diterpenoid alkaloid biosynthetic pathway of
A. vilmorinianum has not been studied. According to the
KEGG differential gene expression analysis, we found 27
enzyme genes that are involved in diterpenoid biosynthesis
(Fig. 1, Table 1). There are six enzyme genes in the MVA
pathway, nine in the MEP pathway, eight in the FDP regula-
tory pathway, and four downstream of the diterpenoid skel-
eton synthetic pathway.

The MVA pathway is an indispensable metabolic pathway
in the cytoplasm and main products are terpenes, including
sterol, coenzyme Q, carotene, astaxanthin, and other syn-
thetic precursors(Roberts 2007; Lange and Ahkami 2013;
Pal et al. 2015). The expression of six related genes in the
MVA pathway is lower during the initial stage of root forma-
tion, higher during the middle stage, and highest during the
final stage in A. vilmorinianum. HMGR, is the rate-limiting
enzyme gene in the MVA pathway, is an important regula-
tory site in the terpene metabolic pathway (Kai et al. 2012;
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Liao et al. 2016). HMGR expression is high during the ini-
tial stage of root formation, lowest during the middle stage,
and highest during the final stage. Diphosphomevalonate
decarboxylase (MVD) expression is lowest during the ini-
tial stage of root formation and highest during the middle
and final stages. We found that HMGR and MVD genes are
highly expressed in roots of Aconitum heterophyllum and are
key genes in alkaloid biosynthesis (Rai et al. 2017); HMGR
genes are highly expressed in roots of A. carmichaelii (Pal
et al. 2015). The expression of HMGR has an obvious effect
on products downstream in the MVA pathway, and is also
regulated by miR6300 (Cuperus et al. 2011; Ng et al. 2011;
Kai et al. 2012). The functional expression of HMGR and
miR6300 is one of the key points in future studies of the
regulation of diterpenoid biosynthesis in A. vilmorinianum.

In the MEP pathway, the expression of nine related genes
is lowest during the initial stage of root formation, highest
during the middle stage, and lower during the final stage.
The changes in expression of these genes are consistent
with the change in yunaconitine content. 1-Deoxy-p-xylu-
lose-5-phosphate synthase (DXS) is the first rate-limiting
enzyme in the MEP pathway (Enfissi et al. 2005; Morris

et al. 2006; Rai et al. 2017), which catalyzes the production
of 1-deoxy-d-xylulose-5-phosphate (DXP) from pyruvate
and glyceraldehyde-3-phosphate. 1-Deoxy-p-xylulose-
5-phosphate reductoisomerase (DXR) is the second rate-
limiting enzyme gene in the MEP pathway (Botella-Pavia
et al. 2004; Carretero-Paulet et al. 2006). DXP plays a key
role in this pathway under the action of DXR, reducing
DXP to 2-C-methyl-D-phosphate-erythritol (MEP). DXR
expression is lowest during the initial stage of root forma-
tion, highest during the middle stage, and lower during the
final stage. The change of gene expression is consistent with
that of yunaconitine content. In the MEP pathway, the gene
expression of DXS and DXR, as rate-limiting enzyme genes,
is consistent with the change in yunaconitine content. These
genes will be key in future studies of diterpenoid alkaloid
synthesis of A. vilmorinianum.

The functional characteristics of the CYP450s family
have generated great interest in the scientific community.
There are numerous studies of the CYP450s involved in
terpene synthesis (Banerjee and Hamberger 2017; Liao
et al. 2017). 124 CYP450s are found in A. carmichaelii, 21
of which belong to the CYP450s family, and are related to
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Fig.3 The hypothetical model of diterpenoid synthesis regulatory
network associated with A. vilmorinianum. In cytoplasm, acetyl CoA
forms IPP through MVA pathway. In MVA pathway, HMGS gene is
regulated by mir6300. In plastids, glycolide 3-phosphate and pyruvic
acid form IPP through MEP pathway. IPP molecules are condensed
into farnesyl pyrophosphate, and farnesyl pyrophosphate is regulated

the synthesis of diterpenoid alkaloids (Rai et al. 2017). 326
potential CYP450s have been identified in Panax ginseng,
including the CYP716A47 family related to ginsenoside
biosynthesis (Li et al. 2013). In Taxus, Salvia miltiorrhiza,
Artemisia annua, and other species, CYP450s family genes
are involved in the biosynthesis of the diterpenoid com-
pounds paclitaxel, tanshinone, and artemisinin. The func-
tions of these CPY450s have been characterized (Jennewein
et al. 2001; Yang et al. 2013; Liu et al. 2018). The terpenoid
synthetase gene and CYP450s are key to diterpenoid biosyn-
thesis in Aconitum vilmorinianum. CYP450s play a decisive
role in diterpenoid diversity (Pateraki et al. 2015), but little
is known about the CYP450s involved in the synthesis of
diterpenoid alkaloids. We identified 13 genes involved in
the synthesis of diterpenoid alkaloids. Nine genes, such as
unigenel9493-all, unigene19495-all, and CL9995-contig]-
all, have high homology with CYP88A1 from Tripterygium
wilfordii, Salvia miltiorrhiza, and Papaver somniferum and
other plants, and are related to ent-kaurenoic acid oxidase
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by FDP regulatory pathway to complete terpene skeleton synthesis.
GGPPS enters the diterpene metabolic pathway through the interac-
tion of CDPS, KS and KO genes, and forms aconitine and its deriva-
tives through the interaction of transcription factors and CYP450.
Finally, aconitine and other diterpenoid alkaloids were synthesized

during diterpenoid biosynthesis. Unigene-17135 has high
homology with CYP97C of Lycium ruthenicum, Medicago
truncate, and other plants, and its function is related to oxy-
genases and hydroxylases. Unigene-28628-all has a high
homology with CYP76 in Radish sativus, Lactuca sativa,
and Vitis vinifera, and is related to monooxygenases. These
CYP450 genes, particularly those related to the CYP88A1
family, may be of great significance for further understand-
ing the target diterpenoid biosynthetic pathway.

Conclusion

In this study, transcriptome and metabolism analyses were
performed to identify the genes and transcription factors
related to diterpenoid alkaloid synthesis (Fig. 3). 119,660
unigenes in total were identified, in which 69,978 unigenes
were annotated. We identified 27 enzyme genes (139 can-
didate genes) in the diterpenoid biosynthetic pathway and
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involved in its biosynthesis. The transcription factors, micro-
RNA, and CYP450 genes were also identified. These results
lay a foundation for the functional identification of the can-
didate genes for diterpenoid aconitine biosynthesis in the
future and provide a scientific reference for the molecular
mechanisms and metabolic pathways of diterpenoid synthe-
sis in Aconitum and other plants.
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