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Artemisia argyi is an important medicinal plant widely utilized for moxibustion heat

therapy in China. The terpenoid biosynthesis process in A. argyi is speculated to

play a key role in conferring its medicinal value. However, the molecular mechanism

underlying terpenoid biosynthesis remains unclear, in part because the reference genome

of A. argyi is unavailable. Moreover, the full-length transcriptome of A. argyi has not

yet been sequenced. Therefore, in this study, de novo transcriptome sequencing

of A. argyi’s root, stem, and leaf tissues was performed to obtain those candidate

genes related to terpenoid biosynthesis, by combining the PacBio single-molecule

real-time (SMRT) and Illumina sequencing NGS platforms. And more than 55.4 Gb

of sequencing data and 108,846 full-length reads (non-chimeric) were generated by

the Illumina and PacBio platform, respectively. Then, 53,043 consensus isoforms were

clustered and used to represent 36,820 non-redundant transcripts, of which 34,839

(94.62%) were annotated in public databases. In the comparison sets of leaves vs roots,

and leaves vs stems, 13,850 (7,566 up-regulated, 6,284 down-regulated) and 9,502

(5,284 up-regulated, 4,218 down-regulated) differentially expressed transcripts (DETs)

were obtained, respectively. Specifically, the expression profile and KEGG functional

enrichment analysis of these DETs indicated that they were significantly enriched in

the biosynthesis of amino acids, carotenoids, diterpenoids and flavonoids, as well as

the metabolism processes of glycine, serine and threonine. Moreover, multiple genes

encoding significant enzymes or transcription factors related to diterpenoid biosynthesis

were highly expressed in the A. argyi leaves. Additionally, several transcription factor

families, such as RLK-Pelle_LRR-L-1 and RLK-Pelle_DLSV, were also identified. In

conclusion, this study offers a valuable resource for transcriptome information, and

provides a functional genomic foundation for further research on molecular mechanisms

underlying the medicinal use of A. argyi leaves.
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INTRODUCTION

The genus Artemisia argyi Lev. et Vant. (A. argyi) consists of
∼350–500 species and is the largest in the family Asteraceae
(Bora and Sharma, 2011).Artemisia species are widely distributed
in the temperate zones of the Northern Hemisphere, such as
North America, Europe and Asia (Riggins and Seigler, 2012),
with a few species in the Southern Hemisphere (Weston et al.,
2005). A. argyi is an important medicinal plant widely utilized
for moxibustion heat therapy in China. Many of them are
used as forage for animals, food, ornamental plants, or soil
stabilizers in different geographical regions (Abad et al., 2012;
Alok et al., 2016); in China, 17 species of Artemisia could be
used for mugwort (Du et al., 2021). Several of these plant species
have a broad range of therapeutic functions linked to their
high content of essential oils and terpenoids; these include anti-
bacterial, anti-malarial, cough relief, anti-cancer, anti-diabetes,
and anti-diarrhea properties, as well as enhancing immunity
(Meng et al., 2018; Jiang et al., 2019; Qadir et al., 2019). For
example, artemisinin is a sesquiterpene lactone drugs with anti-
malaria properties and it is widely used against malaria (Duffy
and Mutabingwa, 2006; Gaur et al., 2014).

A. argyi has a long history of being used as medicine,
and the whole plant of whom has a variety of bioactive
compounds with amazing pharmacological effects. For example,
the chemical compositions of A. aegyi leaves are mainly volatile
oil, flavonoids, organic acids, eudesmane, terpenoids, etc. (Du
et al., 2021). As the saying goes, there are 3 years of A. argyi
home, the doctor does not have to come, which is the greatest
affirmation for its medicinal value. “Chinese Mugwort” (A. argyi)
is the earliest and most widely used species in China. And
Chinese mugwort produced in the hometown of the world-
famous medical scientist Li Shizhen in Hubei is the preferred
variety with a long history of its medicinal and aromatic
characteristics, also known as “Qi Ai” (Bora and Sharma,
2011).

Many secondary metabolites with terpenoid chemical

properties play a vital role in human health and nutrition,
and terpenoids also form the chemical constituents of volatile

oils, resins, and waxes (Danova et al., 2018). It is reported
that terpenoid biosynthesis occurs in the cytoplasm and

plastids, and all terpenoids are formed by the condensation

of isopentenyl diphosphate (IDP) and its allylic isomer
dimethylallyl diphosphate (DMADP) (Carretero-Paulet et al.,
2002; Aharoni et al., 2006). Both IDP and DMADP are
synthesized in plastids by the 2-methylerythritol 4-phosphate
pathway (MEP) via deoxy-D-xylulose 5-phosphate, but IDP is
also synthesized in the cytoplasm by the mevalonate pathway
(Bick and Lange, 2003). Mugwort volatile oil (MVO), a
traditional Chinese herbal medicine, can have anti-bacterial
and antiviral effects and may help ameliorate stomachaches
and bleeding (Kim et al., 2006). It was recently reported that
MVO has a noticeable killing effect on human demodicid mites
(Du et al., 2021), and its secondary metabolites are known to be
responsible for a variety of important pharmacological properties
(e.g., larvicidal, insecticidal; Wang et al., 2006). Moreover, both
traditional and modern pharmaceutical systems imply its uses

in the treatment of gynecological problems (Deoray and Page,
2018).

Given the demand for important medicinal metabolites,
it is necessary to study the metabolite pathways and the
related genes involved in them, for which the most effective
approach is analyzing transcriptome data. However, biological
molecular studies of Chinese mugwort lag far behind those of
its chemistry and pharmacology (Jiang et al., 2019; Gao et al.,
2020). Transcriptome sequencing is currently the best technique
available to analyze functional genes and gene expression
patterns. In this respect, however, only small portions of
Artemisia’s chloroplast genome and transcriptome have been
sequenced (Danova et al., 2012, 2018; Srivastava and Sangwan,
2012; Kim et al., 2020; Ma et al., 2020; Shahzadi et al., 2020),
and only for A. annua has a draft nuclear genome sequence
been fully reported (Shen et al., 2018). The advent of omics
sequencing technology has promoted the rapid development
of chloroplast genomics and genetics of medicinal plants, so
for species whose genomic information is unavailable, high-
throughput RNA sequencing and data analysis are powerful tools
for mining genes with specific biological functions.

Here we obtained candidate transcripts and transcription
factors (TFs) involved in the biosynthesis process of terpenoids in
A. argyi, by combining RNA-Seq and SMRT sequencing analysis.
The results offer a valuable resource for future elucidating the
molecular mechanisms in the medicinal use of A. argyi leaves.

MATERIALS AND METHODS

Plant Materials and RNA Extraction
The A. argyi plants (Chinese mugwort) were taken from
tissue cultures and brought into a greenhouse, where they
were placed in a controlled environment growth chamber for
1 month of cultivation under a 12-h/12-h photoperiod on
a 25◦C/25◦C days/night cycle. Then, we selected three A.
argyi plants similar in size and collected their root, stem,
and leaf parts; these tissue samples were immediately frozen
in liquid nitrogen and stored at −80◦C until the RNA
extraction. A total of nine RNA samples of root, stem and
leaf tissues (each with three biological replicates) were isolated
using Trizol (Invitrogen, USA). The total RNA samples were
treated with Dnase I to remove any DNA contaminants in
them. The quantity and quality of the extracted RNA were
determined using Nanodrop and agarose gel, and further
checked with an Agilent 2100 Bioanalyzer according to the
manufacturer’s instructions.

Library Construction and Transcriptome
Sequencing
After extracting the total RNA from the root, stem, and leaf
parts of A. argyi (with three biological repetitions), nine libraries
were constructed for Illumina transcriptome library construction
and sequencing. Random hexamer primers and Superscript III
reverse transcriptase were used to synthesize the first-strand
cDNA. The RNA templates were later removed, and then RNase
H (Invitrogen) and DNA polymerase I were used to synthesize
the second-strand cDNA. The concentration and quality of

Frontiers in Genetics | www.frontiersin.org 2 June 2021 | Volume 12 | Article 659962

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Cui et al. Full-Length Transcriptome Analysis

these short double cDNA fragments was respectively measured
by Qubit 2.0 and Agilent 2100 Bioanalyzer. Finally, the nine

libraries were sequenced from both the 5
′

and 3
′

ends by
Biomarker Technologies (Beijing, China), using the Illumina
NovaSeq 6000 platform with paired-end (PE) approach and read
length of 125 nt. The unigenes assembled from the Illumina
short reads by Trinity (Grabherr et al., 2011). The flowchart of
bioinformatics analysis for full-length transcriptome was shown
in Supplementary Figure 1.

For the PacBio SMRT full-length transcript library
construction and sequencing, equal quantities of total RNA
from the nine individual samples described above were pooled
following the manufacturer’s instructions. Then library was
sequenced on the PacBio platform (Pacific Biosciences, Menlo
Park, CA, USA), using four SMRT cells. The integrity of de-
redundant transcriptome was evaluated using BUSCO (Simão
et al., 2015). TransDecoder (https://github.com/TransDecoder/
TransDecoder/releases) was used to identify candidate coding
regions within transcript sequences.

Detection of Alternative Splicing Events,
lncRNAs, and Transcripts Factors
Raw reads were processed into circular consensus (CCS) read
according to the adaptor by SMRT analysis software package
(Gordon et al., 2015). Next, full-length non-chimeric (FLNC)
transcripts were determined by searching for the polyA tail
signal and the 5′ and 3′ cDNA primers in CCSs. Consensus
isoforms were obtained through grouping the similar full-length
sequences, or the full-length sequences from the same transcript,
into a cluster. All the FL consensus sequences were first corrected
using both Quiver and the Proofreads tool based on the Illumina
short reads (Hackl et al., 2014), to obtain high-quality sequences
(i.e., identity > 0.99) for subsequent analyses. Finally, the longest
isoform of each cluster was considered as the transcript after
removing redundancies with CD-HIT software (Li and Godzik,
2006).

The alternative splicing (AS) events, including alternative
exon ends (5′, or 3′, or both) (AE), intron retention (IR), skipped
exon (SKIP), transcript start site (TSS), and transcript terminal
sit (TTS) were obtained as previously described (Zhang et al.,
2018). Briefly, these AS events were identified using the Cuffdiff
tool, based on both the SMRT and Illumina transcriptome
data. Transcripts showing insufficient read coverage (i.e., read
numbers < 30) at junction sites and putative AS events, which
would result in very short proteins in the alternate ORF, were
excluded (Schliebner et al., 2014). The identification of lncRNAs
was carried out using SMRT RNA-Seq data, as previously
described (Ou et al., 2017). Briefly, all the transcripts with strand
information and transcripts don’t overlapped with known genes
were retained. The transcripts of longer than 200 nucleotides with
FPKM > 0.5 in multiple-exons or 2 in single-exion in at least one
sample were retained. The CPC (Coding Potential Calculator)
and CNCI (Coding Non-Coding Index) program were used to
predict the coding potential of the remaining transcripts. All the
transcripts with CPC scores > 0 or CNCI > 0 were removed.
Finally, the retaining transcripts were candidate lncRNAs. TFs

were predicted using the PlantTFDB (http://planttfdb_v4.cbi.
pku.edu.cn/) (Jin et al., 2017).

Quantification of the Expression Profile
and Identification of Differentially
Expressed Transcripts (DETs)
Clean reads were obtained after removing any low-quality
reads and those reads containing adapters and poly-N with
Trimmomatic 0.4 (Bolger et al., 2014). Gene expression levels
were identified by calculating the total numbers of the fragments
mapping to each transcript and then converting these fragment
counts to fragments per kilobase of transcript permillionmapped
reads (FPKM) for their normalization. Differential expression
analysis was performed using the DESeq2 package (Anders and
Huber, 2010). The resulting P-values were adjusted using the
Benjamini and Hochberg approach (Benjamini and Hochberg,
1995) for controlling the false discovery rate (FDR). Genes with
FDR< 0.01 and fold-change≥ 2 or≤−2 found by DESeq2 were
designated as those differentially expressed.

Functional Annotation and Classification of
Transcripts
Non-redundant transcripts were annotated and searched against
eight databases: Nr (NCBI non-redundant protein sequences),
GO (Gene Ontology) (Ashburner et al., 2000), Swiss-Prot
(Apweiler et al., 2004), Clusters of Orthologous Groups of
proteins (COG) (Tatusov et al., 2000), evolutionary genealogy of
genes: Non-supervised Orthologous Groups (eggNOG) (Huerta-
Cepas et al., 2016), euKaryotic Ortholog Groups (KOG) (Koonin
et al., 2004), KEGG (Kyoto Encyclopedia of Genes and Genomes)
(Kanehisa et al., 2004), and Pfam (El-Gebali et al., 2018). In all
these searches, an E-value of 10−5 was the cutoff.

GO and KEGG Pathway Enrichment
Analysis of DETs
The GO and KEGG pathway enrichment analysis of DETs were,
respectively, carried out by the gProfiler package and KOBAS 3.0
(Xie et al., 2011). For this, the Benjamini–Hochberg method was
also used to conduct the multiple testing in a corrected manner
(Benjamini and Hochberg, 1995) by controlling the FDR (5%).
Additionally, the small term cutoff value was set to five.

Quantitative RT-PCR (qRT-PCR) Validation
To confirm RNA-Seq results, the expression of 12 randomly-
selected genes were analyzed by qRT-PCR, using the same
RNA samples as those used for transcriptome sequencing. Total
RNA of all samples was isolated with Trizol (Invitrogen), and
from each ∼0.5 µg of RNA was used for the synthesis of
first-strand cDNAs with the PrimerScript 1st Strand cDNA
synthesis kit (TaKaRa, Dalian, China), by following the
manufacturer’s protocol. The specific primers used are listed
in Supplementary Table 1; AaActin gene served as an internal
reference to normalize all the data, after which gene expression
levels were calculated using the 2−11Ct method (Livak and
Schmittgen, 2001). Three biological replicates and three technical
replicates were conducted for each selected-gene. Based on
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TABLE 1 | Summary of PacBio single-molecule real-time (SMRT) sequencing.

cDNA size Number of

unpolished

consensus isoforms

Mean unpolished

consensus isoform

read length

Number of polished

high-quality isoforms

Number of polished

low-quality isoforms

Percent of polished

high-quality isoforms

(%)

1–6K 53,043 2,461 52,371 613 98.84

All 53,043 2,461 52,371 613 98.84

the internal reference of AaActin gene, we added two other
internal parameters RPII (F01_transcript_15723) and EF1α
(F01_transcript_29404) for primer specific amplification through
transcriptome data in this study, the results showed that all the
three reference genes amplified a single band, and the melting
curve had only one obvious peak. The stability of the three
reference genes was evaluated by geNorm software, and the
M value of the three genes were less than 1.5, and the M
value of Actin was the smallest, followed by EF1α and RPII.
The amplification efficiency of the primers used in this study
was analyzed by standard curve method, and the amplification
efficiency of the primers is available in Supplementary Table 1.

RESULTS

Transcriptomic de novo Assembly From
SMRT Sequencing and Short Reads in A.

argyi
To comprehensively identify and differentiate the gene
expression profile in leaves from other plant parts of A.
argyi, the transcriptomes of root, stem, and leaf tissues of A. argyi
were generated simultaneously by full-length transcript analysis
with PacBio SMRT sequencing and de novo transcript assemblies
with NGS Illumina paired-end RNA-Seq reads. The mRNAs of
these root, stem and leaf samples (each having three biological
replicates) were first subjected to the Illumina NovaSeq 6000
platform for PE 150-bp sequencing; this yielded a total of 55.4
Gb clean reads, as each sample produced more than 6 Gb
after the quality filtering process. The average GC percentage
and Q30 of all libraries was 42.78 and 94.15, respectively
(Supplementary Table 2). The integrity of transcriptome was
shown in Supplementary Figure 2. Subsequently, the pooled
full-length cDNAs from all samples were normalized and used
for the PacBio SMRT sequencing. Total 139,309 Reads of Insert
(ROI) were successfully extracted in the SMRT sequencing
with 45 passes and mean length of 2,441 bp, including 108,846
full-length ROIs (78.13%). Moreover, all ROIs were clustered
and 53,043 consensus isoforms were determined, including
52,371 high-quality and 613 low-quality transcripts with
differential patterns of length distribution (Table 1). To further
improve their quality, the CD-HIT (c= 0.90) was used to remove
redundant sequences in all high-quality transcripts and corrected
low-quality transcripts, based on the Illumina RNA-Seq reads,
whose sequencing depth and accuracy are higher than that of
SMRT sequencing. Finally, 36,820 non-redundant transcripts

ranging in length from 320 to 42 890 bp were generated for the
following analyses (Supplementary Figure 3).

Functional Annotation of Identified
Transcripts
For the functional annotation, the different domain/family
of distinct gene sequences were first searched against public
databases by BLAST. Among the 36,820 identified transcripts,
16,993 (46.15%), 22,965 (62.37%), 15,688 (42.61%), 22,404
(60.85%), 29,721 (80.72%), 27,548 (74.82%), 33,807 (91.82%),
and 34,599 (93.97%) acquired significant hits in the public
databases of COG, GO, KEGG, KOG, Pfam, SwissProt, eggNOG,
and Nr, respectively (Figure 1; Supplementary Table 3).
Moreover, a total of 34,839 (94.62%) transcripts successfully
annotated (Supplementary Table 3). In particular, the GO
terms indicated that the functions of these transcripts
and their gene products were further divided into three
categories, cellular locations, biological processes and molecular
functions, which comprising 49 functional enrichment categories
(Figure 1E; Supplementary Table 4). In the biological process
class, metabolic process (GO:0008152), cellular process
(GO:0009987), and single-organism process (GO:0044699)
ranked in the top three, indicating the importance of them for A.
argyi tissues.

Identification and Functional Annotation of
DETs
To determine the gene expression profiles of A. argyi leaf,
root, and stem tissues, their FPKM values were calculated and
used to estimate the expression levels of the non-redundant
transcripts. Using a cut-off of FPKM > 1, a total of 31,708
expressed transcripts were identified in all the three tissues,
and 28,032, 29,624, and 28,625 expressed in the root, stem,
and leaf samples, respectively (Supplementary Table 5).
Notably, 1,038 transcripts were specifically expressed in the
leaves (Supplementary Table 6). Venn diagrams further
illustrated the number of expressed transcripts shared
between two tissues or specificity expressed in each tissue
(Figure 2A). In addition, the comparison of gene expression
between leaf and the other tissues were also performed.
The comparison of the leaves and roots found that 13,850
DETs were identified, of which 7,566 were up-regulated
and 6,284 were down-regulated in the roots (Figure 2B;
Supplementary Table 7). The comparison of leaves and
stems revealed 9,502 DETs, of which 5,284 were up-regulated
and 4,218 were down-regulated in the stems (Figure 2B;
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FIGURE 1 | Functional annotation of A. argyi transcripts. (A) All transcripts were assigned to database Nr. (B) All transcripts were assigned to database COG and

classified into 24 functional categories. (C) All transcripts were assigned to eggNOG categories and classified into 23 functional terms. (D) All transcripts were

assigned to database KOG and classified into 25 functional categories. (E) All transcripts were assigned to database GO.

Supplementary Table 8). All these DETs were submitted
to KEGG enrichment analysis for clarifying their potential
biological functions. These results showed that the DETs
were significantly enriched in the top 20 KEGG metabolic

pathways, including biosynthesis of amino acids, carbon
fixation in photosynthetic organisms, carotenoid biosynthesis,
cysteine and methionine metabolism, diterpenoid biosynthesis,
flavonoid biosynthesis, fructose and mannose metabolism,
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FIGURE 2 | Overview of transcripts expressed in the three A. argyi tissues. (A) Venn diagram of expressed transcripts (FPKM > 1) number distributions in the three

tissues. (B) Statistic of DETs in A. argyi root, stem, and leaves tissues. The numbers of up-regulated and down-regulated transcripts between the two indicated

samples are summarized. DETs with lower expression levels in leaves than in roots or stems were defined as “up-regulated”, while those with higher expression levels

in leaves were defined as “down-regulated”. (C) KEGG pathway enrichment analysis of DETs between leaf and root. (D) KEGG pathway enrichment analysis of DETs

between leaf and stem.

galactose metabolism, and the metabolism of glycine, serine, and
threonine (Figures 2C,D).

Candidate Genes and Transcription
Factors Participating in Terpenoid
Biosynthesis
Leaves of A. argyi, which contain large amounts of volatile
oils, have been extensively used for moxibustion. Additionally,
moxa floss, which can be used for moxibustion as a TCM

(traditional Chinese medicine) therapy to cure dysmenorrhea,
diarrhea, and fatigue, can be derived from dried A. argyi
leaves. Supplementary Table 3 shows that 15,688 (42.61%)
transcripts were annotated in the KEGG database, of which
187 were involved in terpenoid biosynthesis pathways
(Supplementary Table 9). Accordingly, we next wanted
to identify some DETs involved in terpenoid biosynthesis
pathways. The KEGG pathway enrichment analysis of all DETs
found that they were mainly enriched in the biosynthesis of
amino acids, carbon fixation in photosynthetic organisms,
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FIGURE 3 | Expression profiles of terpenoid biosynthesis related transcripts in different tissues of A. argyi. (A) The expression profile of 32 candidate transcripts

involved in terpenoid biosynthesis in A. argyi. (B) A comparison of the expression profiles of the 12 selected candidate transcripts as determined by RNA-Sequencing

and qRT-PCR.

carotenoid biosynthesis, cysteine and methionine metabolism,
diterpenoid biosynthesis, flavonoid biosynthesis, fructose and
mannose metabolism, and galactose metabolism (Figures 2C,D).
Importantly, 32 candidate genes involved in diterpenoid
biosynthesis were distinguishable based on the results of this
KEGG pathway enrichment analysis, which were considered as
important candidate genes related to terpenoid biosynthesis in
A. argyi (Supplementary Table 10). These 32 candidate genes
were identified to encode several key enzymes that participate
in the MEP and MVP pathways upstream of terpenoid
biosynthesis, namely 2-C-methyl-D-erythritol 4-phosphate
cytidylyltransferase, 4-hydroxy-3-methylbut-2-enyl diphosphate
synthase, copalyl pyrophosphate synthase 1, 2-C-methyl-D-
erythritol 2,4-cyclodiphosphate synthase, cytochrome P450
mono-oxygenase, isopenicillin N synthase, nt-kaur-16-ene
synthase, chloroplastic-like isoform, 4-diphosphocytidyl-2-C-
methyl-D-erythritol kinase, gibberellin 2-beta-dioxygenase,
gibberellin 2-beta-dioxygenase, ent-kaurene synthase, putative
oxoglutarate/iron-dependent dioxygenase, and ent-copalyl
diphosphate synthase. Moreover, the transcriptome expression
analysis of these candidate transcripts showed that F01_tran
script_23273, F01_transcript_22424, F01_transcript_52041,

F01_transcript_21165, F01_transcript_8333, F01_transcript_19
382, F01_transcript_7803, and F01_transcript_8589 were all
highly expressed in the leaf tissue of A. argyi when compared
to the other two tissues (Figure 3A). This indicated they could
play pivotal roles in the synthesis of terpenoids in A. argyi leaves.
To validate the quality of our RNA-Seq results, 12 terpenoid
biosynthesis related candidate genes were randomly selected
for their expression analysis by qRT-PCR method. The relative
expression levels of these selected genes were strongly consistent
with their corresponding FPKM values (Figure 3B), thus
confirming the validity of the RNA-Seq data. These candidate
genes were almost highest expressed in the leaf tissues, and
lowest expressed in the root tissues during the synthesis of
terpenoids in A. argyi.

TFs participate in a wide variety of biological processes
and play major roles in regulating gene expression at the
transcriptional level. To further investigate the TFs possibly
involved in terpenoid biosynthesis process in A. argyi, a
sequence comparative analysis of all uniquely assembled
transcripts with all public TFs downloaded from PlantTFDB
was conducted. From this, a total of 5,604 transcripts encoding
TFs were uncovered and classified into 20 different TF families
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FIGURE 4 | TF family classification (A) and predicted lncRNA (B) in A. argyi.

(Figure 4A). Among them, the most abundant were the
RLK-Pelle_CrRLK-1, RLK-Pelle_LRR-l-1, and RLK-Pelle_DLSV
families of TFs.

Identification of AS Events and lncRNAs
Pre-mRNA generated by gene transcription can undergo a variety

of splicing methods. Different exons may be selected to produce

different mature mRNAs, which are translated into different
proteins and contributed to the diversity of biological traits. This

way of processing mRNA post-transcription is called alternative

splicing (AS). Candidate genes for AS events were identified
by a significant read coverage within intron sequences when

compared with the read coverage of the surrounding exons.
In this study, omitting the protein-coding transcripts, a total

of 1,660 candidate lncRNAs were also predicted by integrating
four computational approaches: CPC, CNCI, CPAT, and pfam
database. Some of them were predicted to be cis- and trans-
regulators of the DETs, involved in metabolic processes and
plant responses to stimuli (Figure 4B, Supplementary Table 11).
Furthermore, a total of 1,518 alternative splicing events were
detected from the non-redundant transcripts, when using the
Iso-Seq data directly to run the all-vs.-all BLAST with high
identity settings, namely alternative exon ends (AE), skipped
exon (SKIP), intron retention (IR), transcript terminal sit (TTS),
and transcript start site (TSS) (Supplementary Table 12). These
AS events were distributed across 2,225 genes, of which 1,794
(80.63%) were expressed in the root, stem, or leaf parts of
A. argyi.
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FIGURE 5 | Terpenoid biosynthesis pathway in A. argyi.

DISCUSSION

A. argyi is a perennial herb, belonging to the family Asteraceae

and the genus Artemisia, and is widely cultivated in China (Bao

et al., 2013). The leaves of A. argyi have been used historically
and extensively for a form of TCM known as moxfibustion (Ge

et al., 2016). Previous studies ofA. argyi leaves documentedmany

volatile oils in them, which have antifungal, antihistamine (Edris,
2007), and antiviral effects—as well as being able to eliminate
coughing and phlegm and to relieve asthma (Huang et al., 2012;
Hu et al., 2013). Additionally, when ground, dried A. argyi leaves
are the original material for moxa floss; this is often used for
moxibustion as a TCM therapy to cure diarrhea (Bao et al., 2016),
dysmenorrhea (Jeong et al., 2007), and fatigue (Shu et al., 2016).
Moreover, high concentrations of the terpenoids could raise the
economic value of A. argyi leaves. Although Liu et al. (2018)
carried out a study about transcriptome sequencing of A. argyi
root, stem and leaf based on just Illumina sequencing platform,
the candidate genes involved in the terpenoid biosynthesis
process in A. argyi leaves are still unclearly known.

To clarify the possible molecular regulatory mechanism of
terpenoid biosynthesis in A. argyi, tissues corresponding to three
different plant parts—roots, stems and leaves—were sampled

(with three biological replicates) for their respective library
construction and, for the first time, subjected to RNA-Seq
and SMRT sequencing. Overall, ∼55.4 Gb of clean reads were
obtained from the three tissues, and 36,820 non-redundant
transcripts were assembled, among which nearly all, that is 34,839
(94.62%), were annotated based on leading public databases.
These annotated transcripts could provide information for the
analysis and identification of crucial genes in A. argyi, including
those encoding ribosome-inactivating proteins and lectins, which
are potential anticancer drugs (Shin et al., 2017; Sindhura et al.,
2017). Furthermore, functional GO annotations in terms of
the cellular components, biological processes, and molecular
function categories were also conducted for these non-redundant
transcripts. That so many different GO terms were annotated
highlights the genes’ diversity likely present in the root, stem
and leaf transcriptomes of A. argyi plants. Moreover, we have
compared our sequence data to a preivous paper that also did
a transcriptome analysis in the same tissues of the same species
(Liu et al., 2018). By re-analyzing Liu et al. (2018) data using
the same approach in this study, we found that there are 99,807
and 36,820 transcripts identified using Liu et al. (2018) data and
our data, respectively. The expressed transcripts are 88,592 and
36,820 in Liu et al. (2018) and our study, respectively. Candidate
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unigenes involved in the terpenoid biosynthesis pathway are 114
and 187 in Liu et al. (2018) and our study, respectively. The
expression trends of key candidate terpenoid-related genes were
basically consistent between these two studies.

The key terpenoid precursor IPP is synthesized by mevalonate
(MVA) pathway and methyl erythritol phosphate (MEP)
pathway, two independent pathways (Figure 5). A. argyi possess
both the MVA and MEP pathways often in the same cell type. In
the MVA pathway, three acetyl CoA molecules are condensed to
give 3-hydroxy-3-methylglutaryl CoA (HMGCoA) by acetoacetyl
CoA synthase and HMGCoA synthase. Overexpression of
HMGCoA reductase without its feedback-sensing N-terminal
domain is known to dramatically increase the MVA metabolic
flux in engineered yeast. The MEP pathway is entirely
independent of the MVA pathway. The first intermediate, 1-
deoxy-D-xylulose-5-phosphate (DXP), is channeled to both IPP
and pyridoxal phosphate (vitamin B6) synthesis. However, the
second intermediate, MEP, is a committed molecule only for
IPP biosynthesis (Figure 5). By mapping these DETs to the
KEGG database, our results show that there are 187 candidate
transcripts involved in terpenoid biosynthesis. In particular,
some candidate genes of them were identified to encode several
key enzymes that participate in the MEP and MVP pathways
of terpenoid biosynthesis, such as MEP, HMGS/HMGR,
FPS, CMS, DXS, TPS, ICS, HDR, GcpE, DXPS, GPPS and
MK (Supplementary Table 9). Moreover, the transcriptome
expression analysis of these candidate transcripts showed
that F01_transcript_23273, F01_transcript_22424, F01_transcri
pt_52041, F01_transcript_21165, F01_transcript_8333, F01_tran
script_19382, F01_transcript_7803, and F01_transcript_8589
were all highly expressed in the leaf tissue of A. argyi when
compared to the other two tissues. Additionally, we analyzed the
expression levels of DETs encoding enzymes in various pathways
of terpenoid synthesis (Figure 3A). Certain genes, especially
the F01_transcript_21165 and F01_transcript_8333, were more
active in the leaves than roots and stems, suggesting they may
be closely linked to terpenoid formation. Characterization of
these genes should improve our understanding of the molecular
mechanisms underlying the biosynthesis of terpenoids. These
genes may be especially helpful for analyzing terpenoid
metabolites in A. argyi. Finally, to evaluate the relative
expression levels of the key putative genes involved in terpenoid
biosynthesis, 12 candidate genes encoding vital enzymes,
including TPS, FPS, GGPS, ICS and so on, were selected for qRT-
PCR (Figure 3; Supplementary Table 9). The qRT-PCR results
indicated the accuracy of transcriptome sequencing (Figure 3B).

Apart from structural genes, we also analyzed the regulatory
genes, TFs and lncRNAs. Previous studies indicated that
TFs can assist in augmenting the content of terpenoids and
flavonoids by regulating the expression of multiple candidate
genes related to their biosynthesis processes, and so TFs
have drawn more attention in recent years. For example,
the expression levels of Phenylalanine ammonia lyase (PAL1),
(flavonol synthase) FLS and chalcone synthase (CHS) in
GmMYB12B2-overexpressing plants were significantly higher
than those in wild type Arabidopsis (Li et al., 2013). By
activating promoters of the CHS8 gene, the transcript factor

GmMYB29 advanced the biosynthesis of isoflavone (Chu et al.,
2017), while GmMYB39 inhibited isoflavone biosynthesis by
repressing the transcription levels of CHS in soybean (Li et al.,
2017). In this study, 5,604 candidate TFs were identified and
assigned into 20 different TF families (Figure 4A), and we
anticipate that these RLK-Pelle_CrRLK-1, RLK-Pelle_LRR-l-1
and RLK-Pelle_DLSV families of TFs somehow contribute to
regulating terpenoid biosynthesis. Using genetic engineering
methods to control TFs has proven potential value and has
wide application prospects when investigating the regulation
of terpenoid biosynthesis in A. argyi. Therefore, our findings
may help improve future studies aiming to increase the yield
of terpenoids via gene regulation and the production of
transgenic plants.

CONCLUSION

This study is the first to fully explore the transcriptome analysis
of the A. argyi plant and to generate high-quality RNA-Seq data
from its root, stem, and leaf tissues. In all, 36,820 non-redundant
transcripts were identified. Among them, both candidate genes
and TFs encoding key enzymes might be involved in the
terpenoid biosynthesis pathway. These results can inform future
research into the molecular mechanisms involved in terpenoid
synthesis and how to increase terpenoids’ yield in A. argyi leaves
via gene regulation and genetic engineering.

DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the NCBI
BioProject database, accession numbers PRJNA722755 and
PRJNA722539. The final assembly and FPKM data were
submitted to Dryad with doi: 10.5061/dryad.573n5tb7j.

AUTHOR CONTRIBUTIONS

YC andKZ designed the experiments. XG, JW, and ZS carried out
the experiments. YC, ZZho, and ZZha analyzed the experimental
results. YC wrote the manuscript. All authors have read, edited,
and approved the current version of the manuscript.

FUNDING

This research was funded by the Doctoral Scientific Research
Foundation of Anyang Institute of Technology (BSJ2021011),
the National Natural Science Foundation of China (grant
No. 31901509), and Research and cultivation fund of the
university YPY2020028.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2021.659962/full#supplementary-material

Supplementary Figure 1 | Flowchart of bioinformatics analysis of full-length

transcriptome.

Frontiers in Genetics | www.frontiersin.org 10 June 2021 | Volume 12 | Article 659962

https://doi.org/10.5061/dryad.573n5tb7j
https://www.frontiersin.org/articles/10.3389/fgene.2021.659962/full#supplementary-material
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Cui et al. Full-Length Transcriptome Analysis

Supplementary Figure 2 | Busco results.

Supplementary Figure 3 | The length distribution of Reads of Insert (ROI) from

the SMRT data.

Supplementary Table 1 | Primers for qRT-PCR and the amplification efficiency of

the primers in this study.

Supplementary Table 2 | Overview of assembly and quality evaluation of the A.

argyi RNA-seq clean data.

Supplementary Table 3 | Functional annotation of A. argyi transcripts against

eight different public databases.

Supplementary Table 4 | Go annotation of A. argyi transcripts.

Supplementary Table 5 | Transcripts expressed in the root, stem and leaf tissues

of A. argyi.

Supplementary Table 6 | Transcripts specific-expressed in the A. argyi leaf

tissue.

Supplementary Table 7 | Expression profiles of 13850 DETs between leaf and

root of A. argyi.

Supplementary Table 8 | Expression profiles of 9502 DETs between leaf and

stem of A. argyi.

Supplementary Table 9 | One hundred and eighty-seven genes involved in

terpenoid biosynthesis in A. argyi.

Supplementary Table 10 | Thirty-two candidate genes involved in terpenoid

biosynthesis.

Supplementary Table 11 | Predicted lncRNA of A. argyi.

Supplementary Table 12 | Candidates AS.

REFERENCES

Abad, M. J., Bedoya, L. M., Apaza, L., and Bermejo, P. (2012). The artemisia

L. Genus: a review of bioactive essential oils. Molecules 17, 2542–2566.

doi: 10.3390/molecules17032542

Aharoni, A., Jongsma, M. A., Kim, T. Y., Ri, M. B., Giri, A. P., Verstappen, F.

W. A., et al. (2006). Metabolic engineering of terpenoid biosynthesis in plants.

Phytochem. Rev. 5, 49–58. doi: 10.1007/s11101-005-3747-3

Alok, A., Shukla, V., Pala, Z., Kumar, J., Kudale, S., and Desai, N. (2016). In vitro

regeneration and optimization of factors affecting agrobacterium mediated

transformation in Artemisia Pallens, an important medicinal plant. Physiol.

Mol. Biol. Plants 22, 261–269. doi: 10.1007/s12298-016-03

Anders, S., and Huber, W. (2010). Differential expression analysis for sequence

count data. Genome Biol. 11:R106. doi: 10.1186/gb-2010-11-10-r106

Apweiler, R., Bairoch, A., Wu, C. H., Barker, W. C., Boeckmann, B., Ferro, S., et al.

(2004). UniProt: the Universal Protein knowledgebase. Nucleic Acids Res. 32,

D115–119. doi: 10.1093/nar/gkh131

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al.

(2000). Gene ontology: tool for the unification of biology. The Gene Ontology

Consortium. Nat. Genet. 25, 25–29. doi: 10.1038/75556

Bao, C., Zhang, J., Liu, J., Liu, H., Wu, L., Shi, Y., et al. (2016). Moxibustion

treatment for diarrhea-predominant irritable bowel syndrome: study protocol

for a randomized controlled trial. BMC Compl. Altern. Med. 16:408.

doi: 10.1186/s12906-016-1386-4

Bao, X., Yuan, H., Wang, C., Liu, J., and Lan, M. (2013). Antitumor and

immunomodulatory activities of a polysaccharide from Artemisia argyi.

Carbohydr. Polym. 98, 1236–1243. doi: 10.1016/j.carbpol.2013.07.018

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a

practical and powerful approach to multiple testing. J. R. Statist Soc. B. 57,

289–300. doi: 10.1111/j.2517-6161. 1995.tb02031.x

Bick, J. A., and Lange, B. M. (2003). Metabolic cross talk between cytosolic

and plastidial pathways of isoprenoid biosynthesis: unidirectional transport

of intermediates across the chloroplast envelope membrane. Arc. Biochem.

Biophys. 415, 146–154. doi: 10.1016/S0003-9861(03)00233-9

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible

trimmer for Illumina sequence data. Bioinformatics. 30, 2114–2120.

doi: 10.1093/bioinformatics/btu170

Bora, K. S., and Sharma, A. (2011). The genus artemisia: a comprehensive review.

Pharm. Biol. 49, 101–109. doi: 10.3109/13880209.2010.497815

Carretero-Paulet, L., Ahumada, I., Cunillera, N., Rodriguez-Concepcion, M.,

Ferrer, A., Boronat, A., et al. (2002). Expression and molecular analysis

of the Arabidopsis DXR gene encoding 1-deoxy-d-xylulose 5-phosphate

reductoisomerase, the first committed enzyme of the 2-c-methyl-d-erythritol

4-phosphate pathway. Plant Physiol. 129, 1581–1591. doi: 10.1104/pp.003798

Chu, S., Wang, J., Zhu, Y., Liu, S., Zhou, X., Zhang, H., et al. (2017). An R2R3-

type MYB transcription factor, GmMYB29, regulates isoflavone biosynthesis in

soybean. PLoS Genet. 13:e1006770. doi: 10.1371/journal.pgen.1006770

Danova, K., Motyka, V., Todorova,M., Krumova, S., Dobrev, P., Andreeva, T., et al.

(2018). Effect of cytokinin and auxin treatments on morphogenesis, terpenoid

biosynthesis, photosystem structural organization, and endogenous isoprenoid

cytokinin profile in Artemisia alba Turra in vitro. J. Plant Growth Regul. 37,

403–418. doi: 10.1007/s00344-017-9738-y

Danova, K., Todorova, M., Trendafilova, A., and Evstatieva, L. (2012). Cytokinin

and auxin effect on the terpenoid profile of the essential oil and morphological

characteristics of shoot cultures of artemisia alba. Nat. Prod. Commun. 7,

1075–1076. doi: 10.1016/j.jep.2012.05.050

Deoray, V., and Page, A. (2018). Treatment of menstrual disorders: a shift from

synthetic drugs to drugs of natural origin. Int. J. Pharm. Biol. Sci. 9, 120–131.

doi: 10.22376/ijpbs.2018.9.1. p120-131

Du, J., Gao, R., and Zhao, J. (2021). The effect of volatile oil from Chinese

mugwort leaf on human demodecid Mites in vitro. Acta Parasit. 66, 615–622.

doi: 10.1007/s11686-020-00314-y

Duffy, P. E., and Mutabingwa, T. K. (2006). Artemisinin combination therapies.

Lancet 367, 2037–2039. doi: 10.1016/S0140-6736(06)68900-9

Edris, A. E. (2007). Pharmaceutical and therapeutic potentials of essential oils and

their individual volatile constituents: a review. Phytother. Res. 21, 308–323.

doi: 10.1002/ptr.2072

El-Gebali, S., Mistry, J., Bateman, A., Eddy, S. R., Luciani, A., Potter, S. C., et al.

(2018). The Pfam protein family’s database in 2019. Nucleic Acids Res.47,

D427–D432. doi: 10.1093/nar/gky995

Gao, S., Zhang, K., Wei, L., Wei, G., Xiong, W., Lu, Y., et al. (2020). Insecticidal

activity of Artemisia vulgaris essential oil and transcriptome analysis of

Tribolium castaneum in response to oil exposure. Front. Genet. 11:589.

doi: 10.3389/fgene.2020.00589

Gaur, R., Darokar, M. P., Ajayakumar, P. V., Shukla, R. S., and Bhakuni,

R. S. (2014). In vitro antimalarial 550 studies of novel artemisinin

biotransformed products and its derivatives. Phytochemistry 107, 551 135–140.

doi: 10.1016/j.phytochem.2014.08.004

Ge, Y. B., Wang, Z. G., Xiong, Y., Huang, X. J., Mei, Z. N., and Hong,

Z. G. (2016). Anti-inflammatory and blood stasis activities of essential oil

extracted from Artemisia argyi leaf in animals. J. Nat. Med. 70, 531–538.

doi: 10.1007/s11418-016-0972-6

Gordon, S. P., Tseng, E., Salamov, A., Zhang, J., Meng, X., Zhao, Z.,

et al. (2015). Widespread polycistronic transcripts in fungi revealed

by single-molecule mRNA sequencing. PLoS ONE 10:e0132628.

doi: 10.1371/journal.pone.0132628

Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A., Amit, I.,

et al. (2011). Full-length transcriptome assembly from RNA-Seq data without a

reference genome. Nat Biotechn. 29, 644–652. doi: 10.1038/nbt.1883

Hackl, T., Hedrich, R., Schultz, J., and Forster, F. (2014). Proovread: large-

scale high-accuracy PacBio correction through iterative short read consensus.

Bioinformatics 30, 3004–3011. doi: 10.1093/bioinformatics/btu392

Hu, Y., Yang, Y., Ning, Y., Wang, C., and Tong, Z. (2013). Facile preparation

of Artemisia argyi oil-loaded antibacterial microcapsules by hydroxyapatite-

stabilized Pickering emulsion templating. Colloids Surf. B Biointerfaces 112,

96–102. doi: 10.1016/j.colsurfb.2013.08.002

Huang, H. C., Wang, H. F., Yih, K. H., Chang, L. Z., and Chang, T. M. (2012). Dual

bioactivities of essential oil extracted from the leaves of Artemisia argyi as an

antimelanogenic versus antioxidant agent and chemical composition analysis

by GC/MS. Int. J. Mol. Sci. 13, 14679–14697. doi: 10.3390/ijms131114679

Frontiers in Genetics | www.frontiersin.org 11 June 2021 | Volume 12 | Article 659962

https://doi.org/10.3390/molecules17032542
https://doi.org/10.1007/s11101-005-3747-3
https://doi.org/10.1007/s12298-016-03
https://doi.org/10.1186/gb-2010-11-10-r106
https://doi.org/10.1093/nar/gkh131
https://doi.org/10.1038/75556
https://doi.org/10.1186/s12906-016-1386-4
https://doi.org/10.1016/j.carbpol.2013.07.018
https://doi.org/10.1111/j.2517-6161.~1995.tb02031.x
https://doi.org/10.1016/S0003-9861(03)00233-9
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.3109/13880209.2010.497815
https://doi.org/10.1104/pp.003798
https://doi.org/10.1371/journal.pgen.1006770
https://doi.org/10.1007/s00344-017-9738-y
https://doi.org/10.1016/j.jep.2012.05.050
https://doi.org/10.22376/ijpbs.2018.9.1.~p120-131
https://doi.org/10.1007/s11686-020-00314-y
https://doi.org/10.1016/S0140-6736(06)68900-9
https://doi.org/10.1002/ptr.2072
https://doi.org/10.1093/nar/gky995
https://doi.org/10.3389/fgene.2020.00589
https://doi.org/10.1016/j.phytochem.2014.08.004
https://doi.org/10.1007/s11418-016-0972-6
https://doi.org/10.1371/journal.pone.0132628
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1093/bioinformatics/btu392
https://doi.org/10.1016/j.colsurfb.2013.08.002
https://doi.org/10.3390/ijms131114679
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Cui et al. Full-Length Transcriptome Analysis

Huerta-Cepas, J., Szklarczyk, D., Forslund, K., Cook, H., Heller, D., Walter, M. C.,

et al. (2016). eggNOG 4.5: a hierarchical orthology framework with improved

functional annotations for eukaryotic, prokaryotic and viral sequences. Nucleic

Acids Res. 44, D286–293. doi: 10.1093/nar/gkv1248

Jeong, M. A., Lee, K. W., Yoon, D. Y., and Lee, H. J. (2007). Jaceosidin,

a pharmacologically active flavone derived from Artemisia argyi, inhibits

phorbol-ester-induced upregulation of COX-2 and MMP-9 by blocking

phosphorylation of ERK-1 and−2 in cultured humanmammary epithelial cells.

Ann. N. Y. Acad. Sci. 1095, 458–466. doi: 10.1196/annals.1397.049

Jiang, Z., Guo, X., Zhang, K., Sekaran, G., Cao, B., Zhao, Q., et al. (2019).

The Essential oils and eucalyptol from Artemisia vulgaris L. prevent

acetaminophen-induced liver injury by activating Nrf2-Keap1 and enhancing

APAP clearance through non-toxic metabolic pathway. Front. Pharmacol.

10:782. doi: 10.3389/fphar.2019.00782

Jin, J. P., Tian, F., Yang, D. C., Meng, Y. Q., Kong, L., Luo, J. C., et al.

(2017). PlantTFDB 4.0: toward a central hub for transcription factors and

regulatory interactions in plants. Nucleic Acids Res. 45(D1), D1040–D1045.

doi: 10.1093/nar/gkw1328

Kanehisa, M., Goto, S., Kawashima, S., Okuno, Y., and Hattori, M. (2004). The

KEGG resource for deciphering the genome. Nucleic Acids Res. 32, D277–280.

doi: 10.1093/nar/gkh063

Kim, G. B., Lim, C. E., Kim, J. S., Kim, K., Mun, J. H., Yu, H. J., et al. (2020).

Comparative chloroplast genome analysis of Artemisia (Asteraceae) in East

Asia: insights into evolutionary divergence and phylogenomic implications.

BMC Genomics 21:415. doi: 10.1186/s12864-020-06812-7

Kim, J. H., Kim, S. I., Kim, J. G., Im, D. K., and Byun, M. W. (2006). Effect of green

tea powder on the improvement of sensorial quality of chungkookjang. J. Kor.

Soc. Food Sci. Nutr. 35, 482–486. doi: 10.3746/jkfn.2006.35.4.482

Koonin, E. V., Fedorova, N. D., Jackson, J. D., Jacobs, A. R., Krylov, D. M.,

Makarova, K. S., et al. (2004). A comprehensive evolutionary classification

of proteins encoded in complete eukaryotic genomes. Genome Biol. 5:R7.

doi: 10.1186/gb-2004-5-2-r7

Li, J., Harata-Lee, Y., Denton, M. D., Feng, Q., Rathjen, J. R., Qu, Z., et al. (2017).

Long read reference genome-free reconstruction of a full-length transcriptome

from Astragalus membranaceus reveals transcript variants involved in bioactive

compound biosynthesis. Cell Discov. 3:17031. doi: 10.1038/celldisc.2017.31

Li, W., and Godzik, A. (2006). Cd-hit: a fast program for clustering and comparing

large sets of protein or nucleotide sequences. Bioinformatics 22, 1658–1659.

doi: 10.1007/978-1-4899-7478-5_221

Li, X. W., Li, J. W., Zhai, Y., Zhao, Y., Zhao, X., Zhang, H. J., et al. (2013). A

R2R3-MYB transcription factor, GmMYB12B2, affects the expression levels of

flavonoid biosynthesis genes encoding key enzymes in transgenic Arabidopsis

plants. Gene 532, 72–79. doi: 10.1016/j.gene.2013.09.015

Liu, M., Zhu, J., Wu, S., et al. (2018). De novo assembly and analysis of the

Artemisia argyi transcriptome and identification of genes involved in terpenoid

biosynthesis. Sci. Rep. 8:5824. doi: 10.1038/s41598-018-24201-9

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression

data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.

Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Ma, T., Gao, H., Zhang, D., Shi, Y., Zhang, T., Shen, X., et al. (2020). Transcriptome

analyses revealed the ultraviolet B irradiation and phytohormone gibberellins

coordinately promoted the accumulation of artemisinin in Artemisia annua L.

Chin Med. 15:67. doi: 10.1186/s13020-020-00344-8

Meng, X., Li, Y., Li, S., Gan, R.-Y., and Li, H.-B. (2018). Natural products for

prevention and treatment of chemical induced Liver injuries. Compreh. Rev.

Food Sci. Food Safety 17, 472–495. doi: 10.1111/1541-4337.12335

Ou, L., Liu, Z., Zhang, Z., Wei, G., Zhang, Y. P., Kang, L. Y., et al. (2017).

Noncoding and coding transcriptome analysis reveals the regulation roles

of long noncoding RNAs in fruit developme of hot pepper (Capsicum

annuum L.). Plant Growth Regul. 83, 141–156. doi: 10.1007/s10725-017-

0290-3

Qadir, M., Maurya, A. K., Agnihotri, V. K., and Shah, W. A. (2019).

Volatile composition, antibacterial and antioxidant activities of artemisia

tournefortiana Reichb. from Kashmir, India. Natur. Product Res. 28, 152–156.

doi: 10.1080/14786419.2019.1613990

Riggins, C. W., and Seigler, D. S. (2012). The genus Artemisia (Asteraceae:

anthemideae) at a continental crossroads: molecular insights into

migrations, disjunctions, and reticulations among old and New World

species from a Beringian perspective. Mol. Phylogenet Evol. 64, 471–490.

doi: 10.1016/j.ympev.2012.05.0033

Schliebner, I., Becher, R., Hempel, M., Deising, H. B., and Horbach, R.

(2014). New gene models and alternative splicing in the maize pathogen

Colletotrichum graminicola revealed by RNA-Seq analysis. BMC Genomics 15:

842. doi: 10.1186/1471-2164-15-842

Shahzadi, I., Abdullah, M. F., Ali, Z., Ahmed, I., and Mirza, B. (2020). Chloroplast

genome sequences of Artemisia maritima and Artemisia absinthium:

comparative analyses, mutational hotspots in genusArtemisia and phylogeny in

family Asteraceae. Genomics 112, 1454–1463. doi: 10.1016/j.ygeno.2019.08.016

Shen, Q., Zhang, L., Liao, Z., Wang, S., Yan, T., Shi, P., et al. (2018).

The genome of Artemisia annua provides insight into the evolution of

Asteraceae family and artemisinin biosynthesis. Mol Plant. 11, 776–788.

doi: 10.21203/rs.3.rs-31458/v1

Shin, M. C., Min, K. A., Cheong, H., Moon, C., Huang, Y., He, H. N., et al.

(2017). Tandem-multimeric F3-gelonin fusion toxins for enhanced anti-

cancer activity for prostate cancer treatment. Int. J. Pharm. 524, 101–110.

doi: 10.1016/j.ijpharm.2017.03.072

Shu, Q., Wang, H., Litscher, D., Wu, S., Chen, L., Gaischek, I., et al. (2016).

Acupuncture and moxibustion have different effects on fatigue by regulating

the autonomic nervous system: a pilot controlled clinical trial. Sci. Rep. 6:37846.

doi: 10.1007/s15009-016-5429-1

Simão, F. A., Waterhouse, R. M., Ioannidis, P., Kriventseva, E. V., and

Zdobnov, E. M. (2015). BUSCO: assessing genome assembly and annotation

completeness with single-copy orthologs. Bioinformatics.19, 3210–3212.

doi: 10.1093/bioinformatics/btv351

Sindhura, B. R., Hegde, P., Chachadi, V. B., Inamdar, S. R., and Swamy, B. M.

(2017). High mannose N-glycan binding lectin from Remusatia vivipara (RVL)

limits cell growth, motility and invasiveness of human breast cancer cells.

Biomed. Pharmacother. 93, 654–665. doi: 10.1016/j.biopha.2017.06.081

Srivastava, S., and Sangwan, R. S. (2012). Analysis of Artemisia annua

transcriptome for BAHD alcohol acyltransferase genes: Identification and

diversity of expression in leaf, stem and root. J. Plant Biochem. Biotechnol. 21,

108–118. doi: 10.1007/s13562-012-0141-2

Tatusov, R. L., Galperin, M. Y., Natale, D. A., and Koonin, E. V. (2000). The COG

database: a tool for genome-scale analysis of protein functions and evolution.

Nucleic Acids Res. 28: 33–36. doi: 10.1093/nar/28.1.33

Wang, J., Zhu, F., Zhou, X. M., Niu, C. Y., and Lei, C. L. (2006). Repellent

and fumigant activity of essential oil from Artemisia vulgaris to tribolium

castaneum (Herbst) (Coleoptera: Tenebrionidae). J. Stored Prod. Res. 42,

339–347. doi: 10.1016/j.jspr.2005.06.001

Weston, L. A., Barney, J. N., and Ditommaso, A. (2005). A review of the

biology and ecology of three invasive perennials in New York State:

japanese knotweed (Polygonum cuspidatum), mugwort (Artemisia vulgaris)

and pale swallow-wort (Vincetoxicum rossicum). Plant Soil 277, 53–69.

doi: 10.1007/s11104-005-3102-x

Xie, C., Mao, X., Huang, J., Ding, Y., Wu, J., Dong, S., et al. (2011). KOBAS 2.0: a

web server for annotation and identification of enriched pathways and diseases.

Nucleic Acids Res. 39(Web Server issue), W316–322. doi: 10.1093/nar/gkr483

Zhang, Z., Dunwell, J. M., and Zhang, Y. M. (2018). An integrated omics analysis

reveals molecular mechanisms that are associated with differences in seed oil

content between Glycine max and Brassica napus. BMC Plant Biol. 18:328.

doi: 10.1186/s12870-018-1542-8

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

The reviewer YY declared a shared affiliation, with no collaboration, with

one of the author ZZha to the handling editor at the time of the review.

Copyright © 2021 Cui, Gao, Wang, Shang, Zhang, Zhou and Zhang. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Genetics | www.frontiersin.org 12 June 2021 | Volume 12 | Article 659962

https://doi.org/10.1093/nar/gkv1248
https://doi.org/10.1196/annals.1397.049
https://doi.org/10.3389/fphar.2019.00782
https://doi.org/10.1093/nar/gkw1328
https://doi.org/10.1093/nar/gkh063
https://doi.org/10.1186/s12864-020-06812-7
https://doi.org/10.3746/jkfn.2006.35.4.482
https://doi.org/10.1186/gb-2004-5-2-r7
https://doi.org/10.1038/celldisc.2017.31
https://doi.org/10.1007/978-1-4899-7478-5_221
https://doi.org/10.1016/j.gene.2013.09.015
https://doi.org/10.1038/s41598-018-24201-9
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1186/s13020-020-00344-8
https://doi.org/10.1111/1541-4337.12335
https://doi.org/10.1007/s10725-017-0290-3
https://doi.org/10.1080/14786419.2019.1613990
https://doi.org/10.1016/j.ympev.2012.05.0033
https://doi.org/10.1186/1471-2164-15-842
https://doi.org/10.1016/j.ygeno.2019.08.016
https://doi.org/10.21203/rs.3.rs-31458/v1
https://doi.org/10.1016/j.ijpharm.2017.03.072
https://doi.org/10.1007/s15009-016-5429-1
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1016/j.biopha.2017.06.081
https://doi.org/10.1007/s13562-012-0141-2
https://doi.org/10.1093/nar/28.1.33
https://doi.org/10.1016/j.jspr.2005.06.001
https://doi.org/10.1007/s11104-005-3102-x
https://doi.org/10.1093/nar/gkr483
https://doi.org/10.1186/s12870-018-1542-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Full-Length Transcriptome Analysis Reveals Candidate Genes Involved in Terpenoid Biosynthesis in Artemisia argyi
	Introduction
	Materials and Methods
	Plant Materials and RNA Extraction
	Library Construction and Transcriptome Sequencing
	Detection of Alternative Splicing Events, lncRNAs, and Transcripts Factors
	Quantification of the Expression Profile and Identification of Differentially Expressed Transcripts (DETs)
	Functional Annotation and Classification of Transcripts
	GO and KEGG Pathway Enrichment Analysis of DETs
	Quantitative RT-PCR (qRT-PCR) Validation

	Results
	Transcriptomic de novo Assembly From SMRT Sequencing and Short Reads in A. argyi
	Functional Annotation of Identified Transcripts
	Identification and Functional Annotation of DETs
	Candidate Genes and Transcription Factors Participating in Terpenoid Biosynthesis
	Identification of AS Events and lncRNAs

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


