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Artemisia Linn. is a large genus within the family Asteraceae that includes
several important medicinal plants. Because of their similar morphology and
chemical composition, traditional identification methods often fail to
distinguish them. Therefore, developing an effective identification method for
Artemisia species is an urgent requirement. In this study, we analyzed 15
chloroplast (cp) genomes, including 12 newly sequenced genomes, from 5
Artemisia species. The cp genomes from the five Artemisia species had a typical
quadripartite structure and were highly conserved across species. They had
varying lengths of 151,132-151,178 bp, and their gene content and codon
preferences were similar. Mutation hotspot analysis identified four highly
variable regions, which can potentially be used as molecular markers to
identify Artemisia species. Phylogenetic analysis showed that the five
Artemisia species investigated in this study were sister branches to each
other, and individuals of each species formed a monophyletic clade. This
study shows that the cp genome can provide distinguishing features to help
identify closely related Artemisia species and has the potential to serve as a
universal super barcode for plant identification.

KEYWORDS

Artemisia Linn., chloroplast genome, genome comparison, species identification,
phylogenetic analysis, simple sequence repeat

Abbreviations: IR, inverted repeat region; LSC, large single copy region; SSC, small single copy region; ML,
maximum likelihood; rRNA, ribosomal RNA; SSR, simple sequence repeats; tRNA, transfer RNA; RSCU,

relative synonymous codon usage.
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Introduction

Artemisia Linn. is a large genus within the family Asteraceae
comprising commonly used herbs that have a long history of
medicinal use (Watson et al., 2002; Riggins, 2008; Kim G. B. et
al., 2020). Among the various compounds present in these
plants, terpenoids represent the main effective component.
Modern pharmacological studies have shown that Artemisia
medicinal plants exert diuretic, expectorant, antiinflammatory,
hemostatic, hypotensive, and antiallergic effects (Chen et al,
2021; Hsueh et al, 2021; Hong et al, 2022). Owing to their
similar morphological characteristics and chemical composition,
Artemisia species are often mixed or substituted in different
regions of China. According to the Chinese flora, Artemisia
princeps and A. lancea are often mixed with A. argyi. It is difficult
to distinguish dry herbs and raw materials using traditional
identification methods. These difficulties have seriously hindered
their development as medicinal plants. Some universal DNA
barcodes, such as internal transcribed spacer (ITS) and ITS2,
have been used to distinguish Artemisia species; however, these
are inadequate for solving the classification problem because the
sequences of closely related species are similar due to the
hybridization of Artemisia plants (Garcia et al., 2008; Wang
et al, 2016; Liu et al, 2017). Therefore, development of an
accurate and effective method to identify medicinal Artemisia
species is urgently needed.

The chloroplast (cp) is a multifunctional organelle with its
independent genetic material. The structure of most angiosperm
cp genomes is mostly conservative with a typical double-
stranded, circular quadripartite structure, which includes a
small single copy (SSC) region, large single copy (LSC) region,
and two inverted repeat regions (IRa and IRb) (Jansen et al,
2005). With the development of sequencing technology, an
increasing number of cp genomes have been published. The cp
genome is usually 110-170 kb long, with 110-150 coding genes,
which are highly conserved in gene type, gene number, and
sequence compared with the mitochondrial or nuclear genome
(Green, 2011; Zhu et al, 2016). The evolution rate of the cp
genome is relatively moderate (Dong et al., 2013). Due to the
lack of recombination, small genome size, and high single cell
copy number, the cp genome is widely used in phylogenetic
analysis and species identification (Dong et al., 2012; Twyford
and Ness, 2017; Dong et al., 2017; Dong et al., 2018; Wu et al,,
2018; Mader et al., 2018; Yang et al., 2018; Zhang et al., 2019).
The comparison of cp genomes helps discover sequence
variations, such as simple sequence repeats (SSRs), and
mutation hotspots, and this has led some researchers to
propose that the cp genome can be used as a super barcode
for species identification (Li et al., 2015). Compared with the
traditional relatively short and easily amplified DNA barcode,
the cp genome has more abundant mutation site information
and stronger species resolution ability, which can more
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accurately reflect the genetic characteristics of closely
related species.

In this study, we used a second-generation sequencing
platform to obtain the cp genomes from five Artemisia species.
We compared their genome structure, codon usage preference,
repeat sequences, and mutation hotspots. Finally, we performed
a phylogenetic analysis of 29 cp genomes from 19 angiosperms.
This study aimed to contribute valuable information toward the
construction of the cp genome database of Artemisia species,
which will aid in their identification.

Materials and methods

Sample collection, DNA extraction,
and sequencing

Fifteen cp genomes from five Artemisia species were used in
this study (Supplementary Table S1). Fresh leaves of 12
individuals from 5 Artemisia species were collected from
Hainan, Hubei, and Beijing in China. The cp genomes of two
additional individuals were downloaded from NCBI (Accession
No.: MZ151340.1 and MW411453.1, A. lactiflora) and one cp
genome was obtained from our previously published study
(Accession No.: ON381734, A. indica) (Lan et al, 2022). The
genomic DNA of each individual was extracted from fresh leaves
using the plant DNA Extraction Kit (QTAGEN, Germany). The
quality and concentration of genomic DNAs were evaluated
using the Qubit2.0 Fluorometer (Thermo Scientific, USA) and
NanoDrop 2000c spectrophotometer (Nanodrop Technologies,
Wilmington, DE, USA) to ensure they met the requirements for
sequencing. Based on the Illumina Nova Seq sequencing
platform, 2 x 150 bp sequencing was performed with a depth
of 226-578x. After quality pruning, clean reads were obtained
from the original sequencing data for subsequent splicing
and annotation.

Genome assembly and annotation

The NOVOPlasty software (https://github.com/ndierclx/
NOVOPIasty) was used to assemble the cp genomes. We
compared the clean reads with the scaffold obtained from the
assembly, optimized the assembly results according to the paired-
end and overlap relationships of the reads, and used the
GapCloser software (v1.12, http://soap.genomics.org.cn/
soapdenovo.html) to repair the inner hole of the assembly
result. Finally, the reference genome was used to correct the
starting position of the assembled cp sequence and determine
the position and direction of four cp partitions (LSC/IRa/SSC/IRb)
for obtaining the final cp genome sequence. The cp genomes were
annotated using CpGAVAS (Liu et al, 2012). The genome circle
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maps were drawn using the online tool OGDRAWH (http://
ogdraw.mpimp-golm.mpg.de/) (Lohse et al., 2007). The cp
genomes and gene annotation files were uploaded to the NCBI
database to obtain GenBank accession numbers.

Codon usage analysis

The relative synonymous codon usage (RSCU) of the 15 cp
genomes from the 5 Artemisia species was determined and
analyzed using the CodonW1.4.2 software (http://mobyle.
pasteur.fr/cgi-bin/portal.py?form=codonw). Heat maps were
constructed using the RSCU values. An RSCU value of >1
indicates that the codon is used more frequently, a value equal
to 1 indicates that the codon has no usage preference, and a value
of <1 indicates that the codon is used less frequently.

Repeat sequences and simple sequence
repeat analysis

Four types of repeat sequences—forward, reverse,
complementary, and palindromic—were identified using REPuter
with a Hamming distance of 3 and a minimum repeat size of 30 bp
(Kurtz et al, 2001). SSRs were detected using MISA with the
following parameters: eight repeat units for mononucleotides;
four for di- and trinucleotides; and three for tetra-, penta-, and
hexanucleotides (Thiel et al., 2003; Lin et al., 2012).

Nucleotide diversity analysis

The nucleotide diversity of the 15 cp genomes was calculated
via sliding window analysis using the DnaSP v5.10 software. The

TABLE 1 Basic cp genome information of five Artemisia species.

Characteristics A. lancea A. princeps
Raw data no. 39,907,620 39,570,956
Chloroplast genome coverage (x) 246 226
Total size (bp) 151,132 151,154
LSC length (bp) 82,870 82,880
IR length (bp) 24,960 24,960
SSC length (bp) 18,342 18,354
Total genes 132 132
Protein coding genes 87 87
tRNA genes 37 37
rRNA genes 8 8
Overall GC content (%) 37.5 375
GC content in LSC (%) 35.6 355
GC content in IR (%) 43.1 43.1
GC content in SSC (%) 30.9 30.9
Frontiers in Plant Science 03
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window length was set to 600 bp and the step length to 200 bp
(Zhang et al, 2021).

Phylogenetic analysis

The phylogenetic tree was constructed based on the 15 whole
cp genomes from 5 Artemisia species, another 13 species, and 1
outgroup Cirsium japonicum. All genomes, expect the 12 newly
sequenced genomes, were downloaded from NCBI. The 29 cp
genomes were compared using the MAFFT software (http://
maftt.cbre jp/alignment/software/). Phylogenetic analysis was
performed using the maximum likelihood (ML) method.
Using IQtree’s default parameters, ModelFinder automatically
filters the best model to build the ML tree (Bootstrap to 1000)
(Nguyen et al., 2015).

Results

Chloroplast genome sequencing and
features of five Artemisia species

The cp genome lengths of A. lancea, A. princeps, A. lactiflora,
A. indica, and A. argyi were 151,132 bp, 151,154 bp, 151,178 bp,
151,161 bp, and 151,152 bp, respectively (Table 1 and
Supplementary Table S1). These genomes have a typical
quadripartite structure, including an LSC (82,870-82,911 bp),
SSC (18,338-18,354 bp), and two IR (24,960-24,961 bp) regions
(Table 1). The average GC content was 37.5%, and the IR regions
possessed higher GC content (43.1%) than the LSC (35.5%-
35.6%) and SSC (30.9%) regions. In this study, we annotated 132
genes from the 15 cp genomes, of which 7 tRNA genes, 4 rRNA
genes, and 7 protein-coding genes were duplicated in the IR

A. lactiflora A. indica A. argyi
35,584,122 31,794,994 34,216,492
325 256 578
151,178 151,161 151,152
82,911 82,901 82,891
24,960 24,961 24,960
18,347 18,338 18,341
132 132 132
87 87 87
37 37 37
8 8 8
37.5 37.5 375
355 355 356
43.1 43.1 43.1
30.9 30.9 30.9
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region. A total of 114 genes were unique, including 80 protein-
coding, 30 tRNA, and 4 rRNA genes.

Relative synonymous codons usage

The cp genomes of the 5 Artemisia species contained 64 codons.
Of these, 61 codons encoded 20 proteins, and the other 3 were
termination codons. The codon AUU had the highest usage
frequency (1,078-1,079) with an RSCU value of 1.46-1.47. The
RSCU values of the cp genomes in the five species were slightly
different. Methionine (Met) and tryptophan (Trp) were encoded by
a single codon, with an RSCU value of 1, indicating no preference.
All other amino acids were encoded by multiple codons (Figure 1
and Supplementary Table 52). Arg, Leu, and Ser were encoded by
six codons; alanine (Ala), glycine (Gly), proline (Pro), threonine
(Thr), and valine (Val) by four codons; isoleucine (Ile) by three
codons; and the rest were encoded by two codons.

Repeat and simple sequence
repeat analyses

Some repeats with a length of 230 bp are known as long
repeats. These are conducive to cp genome rearrangements and

10.3389/fpls.2022.1049209

increase the genetic diversity of the population. In total, we found
42-50 long repeats in the 15 cp genomes of the 5 Artemisia species,
including 19-22 forward, 20-22 palindromic, and 3-6 reverse
repeats. Most of these repeats, which were 30-39 bp long, were
located in the gene spacer and intron regions. This length of repeats
was dominant in the Artemisia cp genomes, and the longest was the
forward repeat. Complementary repeats were not identified in these
genomes (Figure 2).

SSRs mainly comprise 1-6 types of nucleotide repeats. The
cp genome exhibits characteristics of parthenogenesis, and
SSRs highly vary within the same species. Therefore, SSR is
widely used as a molecular marker in genetic map construction,
target gene calibration, and mapping. We observed a total of
189-192 SSRs in the cp genomes of the 5 Artemisia species. Of
these, 118-121 were mononucleotide SSRs, and most of them
were of the A/T type (Figure 3 and Supplementary Table S3).
The numbers of di-, tri-, tetra-, penta-, and hexanucleotide
SSRs were 50-51, 5-6, 14-15, 1-2, and 0-1, respectively. Using
comparative analysis, we found that the five Artemisia species
had similar SSRs; however, the pentanucleotide repeat
AAAAT/ATTTT only existed in A. argyi and the
hexanucleotide repeat AAATAT/ATATTT only existed in A.
indica. Overall, most SSRs comprised mono- or dinucleotide
repeats. The types of oligonucleotide repeats were
rich (Figure 3).
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FIGURE 1
Heat map of the relative synonymous codons usage values of the cp genomes in the five Artemisia species
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Type and distribution of SSRs in the five Artemisia cp genomes. (A) Frequency of SSRs in the LSC, SSC, and IR regions. (B) SSR distribution
between coding and noncoding regions. (C) Number of SSR types. (D) Number of identified SSR motifs in different repeat class types. SSR,
simple sequence repeat; LSC, large single copy region; SSC, small single copy region; IR, inverted repeat region.

Comparative ana[ysis of the Cp genome including rpl32_trnL-UAG, trnY-GUA_trnE-UUC, ndhH_rpsl5,

and ycfl (Figure 4). These can be used as potential sites for

We used the DnaSP software to compare the nucleotide studying population genetics and the identification of
variation values (Pi) between all genes and intergenic regions in Artemisia species.

the cp genomes of the five Artemisia species. The hypervariable

regions were detected, and the sequence differences were Phylogenetic analysis

analyzed. Sliding window analysis revealed that the nucleotide

diversity values within 600 bp varied from 0 to 0.006. Four We constructed an ML tree using 29 cp genomes: 15 from
mutational hotspots in the LSC and SSC regions were identified, the 5 Artemisia species used in this study and others from
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Sliding window test of nucleotide diversity (Pi) in the multiple alignments of the five Artemisia cp genomes. Peak regions with a Pi value of
>0.004 were labeled with loci tags of the genic or intergenic region names. Pi values were calculated in the 600 bp sliding windows with steps
of 200 bp. LSC, large single copy region; IRa, inverted repeat region a; SSC, small single copy region; IRb, inverted repeat region b.

another 13 species and 1 outgroup. We found that all Artemisia
species clustered together, and different repeat individuals in
each species formed a monophyletic branch with a high branch
supporting rate, indicating that the cp genome could distinguish
the five Artemisia species. A. lactiflora showed the closest
relationship to A. princeps, followed by A. indica and A. argyi,
and was distant from A. lancea (Figure 5). A. scoparia and A.
ordosica were grouped into one branch, revealing a close
relationship between them.

Discussion

In this study, we reported 12 newly sequenced cp genomes
from 5 Artemisia medicinal species. We found that the genomes
were extremely similar, with their size ranging from 151,132
151,178 bp. They belonged to medium-sized cp genomes
compared to other Asteraceae species. The cp genomes of five
Artemisia species contain 114 genes, which was similar to those
of Artemisia annua (Shen et al., 2017). Like most other Artemisia
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FIGURE 5
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Phylogenetic tree constructed using the ML method based on the 29 cp genomes from 19 species. The numbers above the branches represent

the ML bootstrap values. ML, maximum likelihood.
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species, ycfl and rps19 were also detected, but the copy number
and location were different, ycfl spans the IRb/SSC boundary,
this was also seen in A. scoparia and A. absinthium (Chen et al.,
2022). The GC content of the IR region was significantly greater
than that of the LSC and SSC regions. The AT content was
higher than the GC content in all cp genomes. As observed in
most plants, we found that the cp genome of Artemisia was
conservative and no rearrangements were detected in the five
species. Multiple codons that encode the same amino acid are
known as synonymous codons. Codon usage is unequal, as some
synonymous codons are used more frequently than others, a
phenomenon known as codon preference. Codon preferences
develop in the long-term evolution of plants, and different
species have distinct preferences. In this study, we found that
the amino acid Leu had the highest proportion of codons in the
cp genomes of the five Artemisia species.

SSRs widely exist in the cp genome and provide important
information regarding population genetics and evolution. Their
types, numbers, and distribution vary in each plant. In this study,
57.29%-58.33% of the SSRs were mapped to the LSC region. An
SSR-rich region may harbor mutational hotspots (George et al.,
2015). The A/T type accounted for the largest proportion of SSRs.
The obvious nucleotide bias may be due to the lower number of
hydrogen bonds and lower energy consumption of A/T bases (Niu
etal.,2017; Kim and Cheon, 2021). Previous studies have reported a
higher A/T than G/C content in most plants, which may be due to
the large number of A/T-type SSRs (Wang et al,, 2021; Wu et al,
2021; Han et al, 2022). In this study, we analyzed the number,
location, and composition of SSRs in the cp genomes of five
Artemisia species and provided a new reference for further
research on molecular markers, mutation hotspots, population
genetics, and crop breeding.

The mutation hotspot analysis revealed a high degree of
similarity among the cp genomes of the five Artemisia species,
implying that the differentiation of these species was lower than
that of other species. The lack of genome information has
hindered the classification, identification, and protection of
Artemisia species. The cp genome sequence provides a basis
for the further study on genome evolution and the development
of genetic resources. Mutation hotspots are often used for species
identification, and these highly variable regions can serve as
specific DNA barcodes. In this study, we identified four
hypervariable regions—rpl32_trnL-UAG, trnY-GUA_trnE-
UUC, ndhH_rps15, and ycfl—all of which have the potential
to be used as DNA barcodes for subsequent studies on
Artemisia species.

Phylogenetic analysis is extremely important for clarifying
the genetic relationship between species and for protecting,
rationally developing, and utilizing plant resources. The cp
genome can solve some issues that morphological taxonomy
cannot; hence, it has widely been used to explore the
phylogenetic relationships between species (Kim Y. K. et al,
2020; Zhao et al, 2021). Due to the low degree of genetic
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differentiation and similar morphology of Artemisia species,
obtaining more information on the genetic features of
Artemisia is expected to improve phylogenetic resolution. In
this study, using phylogenetic analysis, we showed that
Artemisia was a branch of Asteraceae, the five Artemisia
species are sister groups that can distinguish each other and
different repeat individuals in each Artemisia species formed a
monophyletic branch, indicating that the cp genome can be used
as a super barcode to distinguish the five Artemisia species. The
cp genome provided an effective marker for inferring the
phylogenetic relationships between Artemisia species.

Conclusion

In this study, we analyzed 15 cp genomes from 5 Artemisia
species, including 12 newly sequenced genomes from A. argyi, A.
lactiflora, A. indica, A. princeps, and A. lancea, all of which have
been used as medicinal plants for a long time. The cp genomes
were similar in structure and gene content and were highly
conserved. Four hotspot regions and 189-192 SSR molecular
markers were identified, which can serve as potential DNA
barcodes for further studies on Artemisia species. The
phylogenetic analysis showed that the entire cp genome
provides distinguishing features to help identify the five
Artemisia species with high support rates. This study will
contribute to the study of population genetics, species
identification, and conservation biology of Artemisia species.
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