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Artemisia argyi Levl. et Van is an important Asteraceae species with a high medicinal
value. There are abundant A. argyi germplasm resources in Asia, especially in China, but
the evolutionary relationships of these varieties and the systematic localization of A. argyi
in the family Asteraceae are still unclear. In this study, the chloroplast (cp) genomes
of 72 A. argyi varieties were systematically analyzed. The 72 varieties originated from
47 regions in China at different longitudes, latitudes and altitudes, and included both
wild and cultivated varieties. The A. argyi cp genome was found to be ~151 kb in
size and to contain 114 genes, including 82 protein-coding, 28 tRNA, and 4 rRNA
genes. The number of short sequence repeats (SSRs) in A. argyi cp genomes ranged
from 35 to 42, and most of them were mononucleotide A/T repeats. A total of 196
polymorphic sites were detected in the cp genomes of the 72 varieties. Phylogenetic
analysis demonstrated that the genetic relationship between A. argyi varieties had a
weak relationship with their geographical distribution. Furthermore, inverted repeat (IR)
boundaries of 10 Artemisia species were found to be significantly different. A sequence
divergence analysis of Asteraceae cp genomes showed that the variable regions were
mostly located in single-copy (SC) regions and that the coding regions were more
conserved than the non-coding regions. A phylogenetic tree was constructed using
43 protein-coding genes common to 67 Asteraceae species. The resulting tree was
consistent with the traditional classification system; Artemisia species were clustered
into one group, and A. argyi was shown to be closely related to Artemisia lactiflora
and Artemisia montana. In summary, this study systematically analyzed the cp genome
characteristics of A. argyi and compared cp genomes of Asteraceae species. The results
provide valuable information for the definitive identification of A. argyi varieties and for
the understanding of the evolutionary relationships between Asteraceae species.
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INTRODUCTION

Artemisia argyi Levl. et Van is a perennial herb belonging to the Artemisia genus in the family
Asteraceae. Artemisia argyi contains an abundance of active ingredients, such as flavonoids,
phenolic acids, and other volatile components, endowing A. argyi with a wide range of
pharmacological activities (Mei et al., 2016). For example, 1, 8-cineole and borneol have strong
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antibacterial and anti-inflammatory activities (Mulyaningsih
et al., 2010; Martins et al., 2017; Bansod et al., 2021). Eupatilin
is commonly used to treat gastritis and peptic ulcers (Lee et al.,
2017; Kim et al., 2018). Moxa wool from A. argyi leaves is the
main combustion material in moxibustion therapy (Cardini and
Weixin, 1998). With the development of the health industry,
A. argyiis widely used in medicine, healthcare, food, and cleaning
products (Liu et al., 2018; Cui et al., 2021); therefore, the market
demand for A. argyi is growing rapidly.

Artemisia argyi is widely distributed in eastern Asia, including
China, Japan, South Korea, and Mongolia (Lee et al., 2009).
Artemisia argyi is rich in germplasm resources, with abundant
genetic variations occurring in different ecotypes. Our previous
studies demonstrate significant differences in agronomic traits,
moxa content, and active ingredients among different A. argyi
varieties (Chen C. J. et al., 2021). In China, “Qichun Qi AI”
(growing in Qichun County, Hubei Province), “Tangyin Bei AI”
(Tangyin County, Henan Province), “Ningbo Hai AI” (Ningbo
City, Zhejiang Province), and “Anguo Qi AI” (Anguo City, Hebei
Province) are the four representative varieties with superior
quality. The abundant germplasm resources of A. argyi also bring
great challenges in planting, and varietal complexity often occurs
in cultivation, seriously affecting the yield and quality of A. argyi.

The chloroplast (cp) is an organelle in plants and algae (Du
et al.,, 2021; Li et al.,, 2021) that plays a significant role in plant
cell function, including in photosynthesis, carbon fixation, and
stress response. The cp is a semiautonomous organelle with a
relatively independent genome containing its own genetic system
for replication, transcription, and translation (Favier et al., 2021).
The cp genome is a double-stranded circular DNA molecule with
a conserved quadripartite structure, including a large single-copy
(LSC) region, a small single-copy (SSC) region, and two copies of
inverted repeat (IR) regions (Song et al., 2017; Gao et al., 2018;
Wang M. et al, 2021). The LSC and SSC regions are usually
separated by two IR regions.

The comparative genomic studies have demonstrated that
most of the angiosperm cp genomes are highly conserved
in gene order and content (Chen J. et al, 2021), and
generally range in length from 120 to 160 kb (Wang Y.
et al, 2021). Angiosperm cp genomes usually encode 110-
130 genes (Feng et al, 2020). These genes are divided
into three functional categories, namely, photosynthesis-related,
transcription/translation-related, and biosynthesis-related genes.
Some significant genomic changes have occurred throughout
the process of evolution, comprising large-scale genome
rearrangements, the contraction and expansion of IR regions,
and the loss of specific introns. With the rapid development of
sequencing technology, many cp genomes have been reported
since the assembly of the Nicotiana tabacum cp genome
(Shinozaki et al., 1986). Furthermore, cp genomes are extensively
used in the fields of species identification, phylogeny, and genetic
diversity analysis due to their relatively small size, maternal
inheritance, conserved structure, and low nucleotide substitution
rate (Qiao et al., 2016).

Although the cp genome of A. argyi has been reported
previously (Kang et al., 2016), the structural characteristics of the
A. argyi cp genome and the evolutionary relationships between

A. argyi varieties remain unclear. In this study, 72 wild and
cultivated A. argyi varieties were collected from 15 domestic
provinces and 1 municipality in China. We sequenced and
assembled the cp genomes of these 72 varieties and here report
51 different A. argyi cp genomes. Furthermore, we systematically
analyzed cp genome characteristics of A. argyi, including GC
content, gene number and order, repeat sequences, and simple
sequence repeats (SSRs). The evolutionary relationships between
A. argyi and other Asteraceae plants were also explored based on
their cp genomes. These results provide important information
for the identification of A. argyi varieties and the evolution of
Asteraceae plants.

MATERIALS AND METHODS

Plant Materials

In this study, 72 A. argyi germplasm resources from 47 regions
in China were collected and planted in the A. argyi Germplasm
Resource Garden at Hubei University of Chinese Medicine
(Hubei Province, China; 114.264E, 30.451N). Detailed sampling
information is shown in Supplementary Table 1. Maps were
drawn using Lantuhui v2.8.0." Fresh leaves were collected from
each variety and immediately frozen in liquid nitrogen prior
to DNA extraction for sequencing. We also downloaded 67 cp
genomes of plants in the family Asteraceae from NCBI,” including
the published cp genome of A. argyi (Supplementary Table 6).

DNA Sample Preparation and

Chloroplast Genome Sequencing

Total genomic DNA was extracted from each sample using
a modified cetyltrimethyl ammonium bromide (CTAB)
method (Doyle et al., 1987). Agarose gels (1%) and a Qubit
3.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA,
United States) were used to evaluate the quality and quantity of
the extracted DNA. Genomic DNA samples were fragmented
to a size of ~350 bp by sonication. Index codes were added to
each sample and the NEBNext Ultra DNA Library Prep Kit for
Mumina (New England Biolabs, Ipswich, MA, United States) was
used for the preparation of DNA libraries. Subsequently, DNA
fragments were end polished, A-tailed, ligated, and amplified
by PCR. PCR products were then purified with the AMPure XP
system (Beckman Coulter, Brea, CA, United States) and the DNA
concentration was measured using the Qubit 3.0 Fluorometer.
Libraries that passed quality inspection were sequenced by
Beijing Nuohe Zhiyuan Technology (Beijing) Co., Ltd.’ using
the Illumina HiSeq Xten-PE150 platform (Illumina, San Diego,
CA, United States). The original fluorescence image files were
transformed into short reads (raw data). The program fastp
(v0.19.7) was used for clean reads by removing the joints and
low-quality sequences (Phred quality < 5), and clean reads
were recorded in FASTQ format. The raw data of 72 cp genome
sequencing have been submitted to NCBI under the accession

https://www.ldmap.net/index.html
Zhttps://www.ncbi.nlm.nih.gov/
3http://www.biomarker.com.cn/
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number PRJNA821831 and the 72 assembled cp genomes have
been submitted to the China National Gene Bank Database
(https://db.cngb.org/) under accession number CNP0002996.

Assembly and Annotation of Chloroplast

Genomes

We assembled the cp genomes of A. argyi varieties using
NOVOPlasty v4.2* (Dierckxsens et al., 2017) and selected the rbcL
gene of A. argyi from NCBI (NC030785.1) as a seed sequence; the
default settings were used for all other parameters. The Plastid
Genome Annotator (PGA) was used to annotate the cp genomes,
using Artemisia annua Linn (MF623173.1) as the reference. The
annotation results were verified by Geneious 8.0.2° (Kearse et al.,
2012). The program tRNAscan-SE® (Lowe and Chan, 2016) was
used to determine the boundaries of all tRNA genes. A circular
map of the A. argyi cp genome was drawn using Chloroplot.” Four
junctions between IR and SC regions were verified using high-
fidelity PCR amplification and Sanger sequencing. The primers
are listed in Supplementary Table 4.

Feature Analysis of the Chloroplast

Genome

Relative synonymous codon usage (RSCU) was analyzed using
MEGA?7. REPuter® was used to detect the size and location of
repeat sequences with a minimal length of 19 bp (Kurtz and
Schleiermacher, 1999) and an identity of 90%. MISA® was used
to identify SSRs (Thiel et al., 2003). Molecular markers for
SSR identification are listed in Supplementary Table 2 (Curci
et al,, 2016). To reveal highly variable regions in cp genomes for
the identification of A. argyi varieties, we used MAFFT V7.471
(Kazutaka Katoh, Japan) for the alignment (Katoh and Standley,
2013); DnaSP v6 software was then used for a sliding window
analysis (Librado and Rozas, 2009) with the window length set
to 600 bp and a step size of 200 bp.

Comparative Analysis of Chloroplast

Genomes

To compare the IR boundaries, cp genomes of nine Artemisia
species downloaded from NCBI were compared with the A. argyi
cp genome using IRscope® (Amiryousefi et al, 2018). To
determine the differences in the cp genomes of 11 Asteraceae
species, A. argyi was used as the reference, and complete cp
genome sequence annotations in BED format were converted
and uploaded to the online analysis program mVISTA"
(Kawabe et al., 2018).

Phylogenetic Analysis
The complete cp genomes of 72 A. argyi varieties were aligned
and uploaded to RAXML v8.2.12 (Stamatakis, 2014) to construct

*https://github.com/ndierckx/NOVOPlasty
Shttp://www.geneious.com
Shttp://lowelab.ucsc.edu/tRNAscan-SE/
"https://irscope.shinyapps.io/Chloroplot/
Shttp://bibiserv.techfak.uni-bielefeld.de/reputer/
“https://webblast.ipk-gatersleben.de/misa/
Ohttps://irscope.shinyapps.io/irapp/
http://genome.lbl.gov/vista/mvista/submit.shtml

a phylogenetic tree using the maximum likelihood (ML) method,
and A. annua (MF623173.1) was used as the outgroup. For
the phylogenetic analysis of Asteraceae species, cp genomes of
67 Asteraceae species were selected, and Platycodon grandiflorus
(Jacq.) A. DC. (MZ 202358.1) and Codonopsis minima Nakai.
(NC036311.1) were used as the outgroup. The cp genomes of
67 selected Asteraceae species were downloaded from NCBI,
manually annotated, and aligned using MAFFT v7.471 software.
Phylogenetic analyses were performed using the coding DNA
sequences (CDSs), LSCs, SSCs, IRs, introns, protein-coding genes
common to all of the selected species, and the full-length cp
genomes. RAXML v8.2.12 was used to construct the phylogenetic
tree with 1,000 bootstrap replicates to estimate node support,
and the best tree based on bootstrap scores was used for
further analysis.

RESULTS

Characteristics of the Artemisia argyi

Chloroplast Genome

The locations at which the 72 A. argyi varieties were collected
are shown in Figure 1. We obtained 32.93-44.18 Mb raw
reads for each variety, providing 218- to 292-fold coverage of
the A. argyi cp genome. Assembly and annotation yielded the
complete cp genomes of A. argyi varieties. The results showed
that the A. argyi cp genome was a circular double-stranded
molecule ranging in size from 151,115 to 151,202 bp (Figure 2).
The A. argyi cp genome was composed of the LSC (82,862
82,935 bp), the SSC (18,333-18,371 bp), IRa (24,959-24,968 bp),
and IRb (24,959-24,968 bp). The average GC content was 35.6%.
Specifically, the LSC, SSC, IRa, and IRb had 35.6, 30.8, 43.1,
and 43.1% GC content, respectively. The CDS lengths ranged
from 71,805 to 78,654 bp, and GC content in the CDSs ranged
from 37.7 to 38.3% (Table 1). On the whole, the structural
characteristics of cp genomes were identical between the 72
A. argyi varieties, indicating that cp genome structure was highly
conserved in this species.

The A. argyi cp genome contained 114 genes: 82 protein-
coding, 28 tRNA, and 4 rRNA genes. These genes were divided
into three functional categories; there were 47 photosynthesis-
related genes, 28 related to self-replication, and 6 genes related to
biosynthesis (Table 2). In the IR regions, 18 genes were duplicated
in total. Among these duplicated genes, seven were protein-
coding (ndhB, rpl2, rpl23, rps7, RPS12, ycf2, and ycfl5), seven
were tRNA (tRNA-UGC, trnl-CAU, trnl-GAU, trnL-CAA, trnN-
GUU, trnR-ACG, and trnV-GAC), and four were mRNA genes
(rrn4.5s, rrn5s, rrnl6s, and rrn23s). The only single-copy gene
located in the IR region was ycfl. The results of gene structure
analysis showed that there were 13 intron-containing genes in the
A. argyi cp genome, 12 of which were located in the LSC and one
of which was in the SSC (ndhA). Of those 13 genes, 11 contained
one intron (atpFE, petB, rpl16, trnV-UAC, rpoCl, ndhA, trnL-UAA,
trnK-UUU, trnG-UCC, rps16, and petD) and two contained two
introns (clpP and ycf3) (Table 3). We then performed RSCU
analysis of the protein-coding genes. The results showed that
there were 30 codons with RSCU > 1.00. Notably, there were 29
codons ending with A or U, indicating that the A. argyi cp genome
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FIGURE 1 | Collection locations for Artemisia argyi germplasm resources. The green symbols indicate collection points for Artemisia argyi varieties. There are 47
markers located in 15 domestic provinces in China. Scale bar = 20 km.

preferentially contained synonymous codons ending with A or in the cp genome (Figure 3B). To explore the characteristics

U (Table 4). of SSRs, seven varieties with different numbers of SSRs were

selected for further analysis of SSR types and distributions: S18
Repeat Sequence and Short Sequence (35 SSRs), SO8 (37 SSRs), S34 (38 SSRs), SO7 (39 SSRs), SO1
Repeat Analysis of the Artemisia argyi (40 SSRs), S05 (41 SSRs), and SO3 (42 SSRs). The percentages
Chloroplast Genome of mononucleotide, dinucleotide, and trinucleotide SSRs were

86.7, 8.6, and 4.7%, respectively (Figure 3C). With respect
to distribution, a great majority of SSRs (73.2-79.5%) were
located in the LSC. The IR regions had four to six SSRs;
the SSC had four to five SSCs, and all trinucleotide repeats
were located in the SSC. It is worth mentioning that 85.3%
of the SSRs were mononucleotide A/T repeats, indicating an
A/T nucleotide bias in A. argyi cp SSRs (Figure 3D). In
addition, we developed several molecular markers based on
SSR analysis of cp genomes to identify these A. argyi varieties,
and Sanger sequencing of PCR amplification demonstrated
that these SSRs were usable (Supplementary Figure 1 and
Supplementary Table 2).

To further analyze the characteristics of the A. argyi cp genome,
four types of repetitive sequences were analyzed, namely, forward
repeats, reverse repeats, palindromic repeats, and complementary
repeats. The A. argyi varieties SO7 (Anguo), S09 (Tangyin),
S29 (Qichun), and S71 (Ninghai) were used as representative
varieties, and each had 47 repeats in the cp genome. We first
analyzed the length of these repeats which ranged from 19 to
48 bp. Most repeats were 20-29 bp, accounting for 80.3% of
the total. The longest repeat was a palindrome sequence in the
LSC that was 48 bp long. The location of these repeats was
then investigated. The results showed that most forward and
palindrome repeats and all reverse and complementary repeats
were located in the LSC (Figure 3A). . .
We then determined tghe distribution of SSRs in the cp Comparative Analysis of Chloroplast

genomes of 72 A. argyi varieties. A total of 2,849 SSRs were Genomes in 72 Artemisia argyi Varieties

identified. The number of SSRs in each cp genome ranged To detect the nucleotide diversity in 72 A. argyi cp genomes,
from 35 to 42, and 65.3% of A. argyi varieties had 40 SSRs the level of sequence variability was calculated using DnaSP
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TABLE 1 | Base composition of Artemisia argyi cp genomes.

Region T (%) C (%) A (%) G (%) GC (%) Length (bp)
LSC 32.4 17.5 32 18.1 35.60 82862~82935
SSC 341 16.1 35 14.7 30.80 18333~18371
IRa 28.3 22.3 28.6 20.8 43.10 24959~24968
IRb 28.6 20.8 28.3 22.3 43.10 24959~24968
Total 31.3 18.7 31.2 18.8 37.50 151115~151202
CDS 31.7~31.8 17.8~18.0 29.9~30.5 20.0~20.3 37.7~38.3 71805 ~78654
CDS-1st 24.7~24.8 18.5~18.8 30.3~31.0 25.6~26.5 44.3~45.0 23935~26218
CDS-2nd 32.4~32.7 20.4~19.9 28.6~29.5 18.0~18.4 37.9~38.7 23935~26218
CDS-3rd 37.9~38.5 14.1~15.0 30.6~31.5 15.9~16.5 30.0~31.5 23935~26218
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TABLE 2 | Gene contents in the Artemisia argyi cp genome.

Gene category Gene group

Gene name

Gene number

Photosynthesis Subunits of photosystem |

Submits of photosystem |l

psaA, psaB, psaC, psal, psaJ, Pycf3, ycf4
PSbA, psbB, psbC, psbD, psbE, psbF, psbG, psbH, psbl, 16

psbd, psbK, psbL, psbM, psbN, psbT, psbZ

Subunits of ATP synthase atpA, atpB, atpE, 2atpF, atpH, atpl 6

Subunits of cytochrome b/f complex petA, 2petB, @petD, petG, petl, petN 6

Subunits of NADH dehydrogenase andhA, *ndhB, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhl, 11

ndhd, ndhK

Large subunit of rubisco rbel 1
Self-replication Subunits of RNA polymerase oA, roB, 2rpoC1, roC2 4

Large ribosomal subunit rol12, rpl14, 2rpl16, *rpl2, rpl20, rpl22, *rpl23, rpl32, pl33, rpl36 10

Small ribosomal subunit pS2, rps3, rps4, *rps7, ps8, rpsi11, *rps12, psi4, psis, 12

8rps16, rps18, rps19

Ribosomal RNAs m4.5S, rm5S, r16S, rm23S 4
Transfer RNAs *trnA-UGC, trC-GCA, trmD-GUC, trE-UUC, 2trG-UCC, 28
trnH-GUG, *trnl-CAU,*trnl-GAU,2trnK-UUU, *trnL-CAA,3trnL-
UAA, trL-UAG, trmM-CAU, * tmN-GUU, tmP-GGG, trP-UGG,
trnQ-UUG, *trnR-ACG, trR-UCU, trS-GCU, trnS-GGA,
tmS-UGA, trnT-UGU,*tmV-GAC,2tmV-UAC, trmW-CCA,
trnY-GUA, trnfM-CAU
Biosynthesis Translational initiation factor infA 1
c-type cytochrome synthesis gene ccsa 1
Envelope membrane protein cemA 1
Subunit of Acetyl-CoA-carboxylase accD 1
Protease belpoP 1
Maturase matkK 1
3

Unknown function Conserved open reading frames

ycfl, yef2, ycf1s

*Genes with two copies. 2Genes have one intron. ®Genes have two introns.

TABLE 3 | The length of exon and intron in intron-containing genes of the Artemisia argyi cp genome.

Gene Location Size (bp) Exonl (bp) Intronl (bp) Exonll (bp) Intronll (bp) Exonlll (bp)
atpF LSC 1254 145 699 410

petB LSC 1394 6 746 642

ol16 LSC 1427 9 1019 399

trnV-UAC LSC 648 38 573 37

clpP LSC 1808 69 799 291 610 39
poC1 LSC 2823 450 732 1641

ndhA SSC 2169 552 1077 540

trnL-UAA LSC 505 37 418 50

trnK-UUU LSC 2640 37 2568 35

ycf3 LSC 1950 126 703 228 740 153
trnG-UCC LSC 799 47 729 23

rps16 LSC 1101 40 864 197

petD LSC 1158 8 675 475

v6.0. A total of 150,753 sites (excluding sites with gaps/missing
data) were investigated, including 196 polymorphic sites in total
(Figure 4). Among these polymorphic sites, there were 155
singleton variable sites and 41 parsimony-informative sites. The
nucleotide diversity (Pi) values ranged from 0 to 0.00233 with an
average of 0.00007, indicating that A. argyi cp genomes had high
sequence similarity. In general, there were more variable sites in
non-coding regions than in coding regions, and the variations in

SC regions had greater divergence than variations in IR regions.
The Pi values of 11 protein-coding genes (trnK-UUU, petL, rpi20,
psal, ycf4, psbA, rpl32, ndhF, ccsA, trnL-UAG, and rpl32) were
higher than 0.0004; trnK-UUU, petL, and rpl20 had the highest
Pi values. Moreover, all the 11 genes were located in SC regions,
explaining why SC regions had greater variation than IR regions.
And these highly variable regions could be used to identify
A. argyi varieties. Using the four representative A. argyi varieties
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TABLE 4 | Codon usage and codon-anticodon recognition patterns of the Artemisia argyi cp genome.

Amino acid Codon Number RSCU (%) Amino acid Codon Number RSCU (%)
Phe (F) uuu 954 1.27 Tyr (Y) UAU 765 1.53
Phe (F) uuc 552 0.73 Tyr (Y) UAC 233 0.47
Leu (L) UUA 779 1.64 Stop UAA 183 1.11
Leu (L) UuG 598 1.26 Stop UAG 158 0.96
Leu (L) Cuu 613 1.29 His (H) CAU 494 1.44
Leu (L) Cuc 269 0.56 His (H) CAC 192 0.56
Leu (L) CUA 332 0.70 Gin (Q) CAA 721 1.43
Leu (L) CUG 267 0.56 GIn (Q) CAG 287 0.57
lle (1) AUU 1071 1.40 Asn (N) AAU 923 1.48
lle (1) AUC 532 0.70 Asn (N) AAC 326 0.52
lle (1) AUA 692 0.90 Lys (K) AAA 935 1.36
Met (M) AUG 636 1.00 Lys (K) AAG 441 0.64
Val (V) GuU 559 1.39 Asp (D) GAU 803 1.52
Val (V) GUC 228 0.57 Asp (D) GAC 257 0.48
Val (V) GUA 568 1.41 Glu (E) GAA 982 1.42
Val (V) GUG 254 0.63 Glu (E) GAG 399 0.58
Ser (S) ucu 579 1.52 Cys (O) uGuU 270 1.27
Ser (S) UCA 391 1.03 Cys (O) UGC 155 0.73
Ser (S) UCA 373 0.98 Stop UGA 152 0.92
Ser (S) ucG 230 0.61 Trp (W) UGG 508 1
Pro (P) CCcuU 467 1.42 Arg (R) CcGu 368 117
Pro (P) CCC 253 0.77 Arg (R) CGC 149 0.47
Pro (P) CCA 367 112 Arg (R) CGA 381 1.21
Pro (P) CCG 228 0.69 Arg (R) CGG 202 0.64
Thr (T) ACU 541 1.62 Arg (R) AGA 467 1.23
Thr (T) ACC 313 0.88 Arg (R) AGG 239 0.63
Thr (T) ACA 391 1.10 Ser (S) AGU 511 1.62
Thr (T) ACG 181 0.51 Ser (S) AGC 278 0.88
Ala (A) GCU 660 1.66 Gly (G) GGU 636 1.24
Ala (A) GCC 273 0.69 Gly (G) GGC 283 0.55
Ala (A) GCA 434 1.09 Gly (G) GGA 733 1.43
Ala (A) GCG 225 0.57 Gly (G) GGG 401 0.78

(S07, S09, S29, and S71) as an example, 30 polymorphic sites
were detected in the cp genomes, including 24 single-nucleotide
polymorphisms (SNPs) and six small insertions and deletions
(INDELs). Combined with the analysis of repeat sequences,
we selected two repeats and one SNP for distinguishing these
four A. argyi varieties (Figure 5). Based on these variant sites,
three specific molecular markers were developed and validated
through high-fidelity PCR and Sanger sequencing, and the results
indicated that these markers were fit for use (Supplementary
Figure 2 and Supplementary Table 3).

Phylogenetic Analysis of 72 Artemisia
argyi Varieties Based on Chloroplast

Genomes

To investigate the genetic relationships between the 72
A. argyi varieties, a phylogenetic tree was constructed based
on cp genomes using A. annua as the outgroup (Figure 6
and Supplementary Figure 4). The results showed that the
varieties were divided into nine branches, with the largest

branch containing 44 varieties. Because the selected germplasm
resources contained both cultivated and wild varieties from wide
geographical and altitudinal ranges (from 25.08 to 42.95°N, 104.9
to 129.52°F, and 2 to 1,592 m), we wondered whether the
evolutionary relationships between varieties were associated with
their collection locations. However, the phylogenetic analysis
demonstrated that germplasm resources collected from similar
longitudes or latitudes did not cluster together. Moreover,
there was no obvious clustering between the cultivated and
wild varieties, which may be due to the short cultivation
history of A. argyi. Interestingly, there were 12 varieties outside
the two largest branches of the phylogenetic tree, eight of
which were collected at an altitude of above 500 m; this
indicated that evolution of the cp genome likely occurred in
the adaptive process of A. argyi varieties to grow at different
altitudes. However, it is worth mentioning that most bootstrap
values of the evolutionary tree were less than 70 due to
high conservation of A. argyi cp genomes, indicating that the
groups in this evolutionary tree were not much supported,
and therefore other kinds of molecular markers would be
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necessary to assess phylogenetic relationships within the species
A. argyi.

Comparison of Boundary Regions in

Artemisia Species

The boundary regions based on high throughput sequencing of
A. argyi cp genomes were first validated by PCR and Sanger
sequencing (Supplementary Figure 3 and Supplementary
Table 4). To investigate species-specific gene loci, we compared
IR/LSC and IR/SSC junction regions of the cp genomes in nine
Artemisia species (Artemisia absinthium Linn., Artemisia annua,
Artemisia frigida Willd., Artemisia giraldii Pamp., Artemisia
lactiflora Wall ex DC., Artemisia maritima Linn., Artemisia
montana Nakai., Artemisia ordosica Krasch and Artemisia
scoparia Waldst. et Kit.) with A. argyi (529). The results revealed
that the length of IR regions ranged from 24,403 to 24,972 bp,
and cp genomes in these species showed significant difference
in IR/LSC and IR/SSC junction. In total, there were 10 genes
around the boundaries: rpl22, rps19, rpl2, ycfl, ndhE trmN, rpl2,
trnH, psbA, and trnR. The characteristics of four boundaries,

namely, IRa-SSC (JSA), IRa-LSC (JLA), IRb-LSC (JLB), and IRb-
SSC (JSB), were then systematically analyzed in these species. The
JLB boundary was located in rps19 in most of the Artemisia cp
genomes (60%). The ycfl gene was critical for the JSB and JSA
boundaries. In four species, the JSB boundary was located in ycf1.
In three species, the JSB boundary was only 1 bp away from ycf1.
Furthermore, there were seven species in which the JSA boundary
was in ycfl. For all the 10 species, the JLA boundary was between
two genes; among these 10 species, the JLA boundaries were
between rpl2 and trnH for five species, rpl2 and rps19 for two, and
rps19 and trnH for three (Figure 7). These results demonstrated
that the IR/LSC and IR/SSC junction regions varied between
Artemisia species, likely due to an expansion or contraction
of the IR region.

Comparative Analysis of Chloroplast
Genomes in Asteraceae Species With
mVISTA

The whole sequence identity of 10 Campanulales cp genomes
including 8 Asteraceae and 2 Campanulaceae Juss. species
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FIGURE 6 | Phylogenetic analyses of 72 Artemisia argyi varieties. The tree is constructed using the ML method based on full-length chloroplast (cp) genomes.
A. annua is used as the outgroup. Branches are color-coded. Sample numbers marked with light orange shadow are wild germplasm resources. Bootstrap values

above 70 are marked in the figure.
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was then plotted by mVISTA, using the A. argyi cp genome
as a reference (Figure 8). Species belonging to different
families had cp genomes with similar length, structure, and
gene distribution, indicating that cp genomes were highly
conserved in these species. The non-coding sequences were
more variable than the coding sequences, and SC regions had
higher levels of divergence than IR regions. Notably, intron-
containing genes had higher levels of variability. In general,
the species related to A. argyi based on classical taxonomy
also had higher cp genome similarity. In addition, two species
in the family Campanulaceae [P. grandiflorus (Jacq.) A. DC

and C. minima (L.) A. Br. et Aschers.] had a larger number
of variable regions, demonstrating a clear distinction from the
family Asteraceae. The coding regions of 12 genes (ycf2, trnl-
GAU, trnA-UGC, ycfl, ccsA, ndhD, ndhA, trnK-UUU, rpoB,
rpoCl, rpoC2, and trnG-UCC) were relatively variable in non-
Anthemidinae O. Hoffm. species in Asteraceae, and these
genes may therefore be useful to identify Anthemideae Cass
species. By comparison, the coding regions of four genes (trnA-
UGC, rrn23, trnK-UUU, and rpoB) were relatively variable in
non-Artemisia species of Anthemideae Cass, and could thus
be used for identifying Artemisia species. Taken together,
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the results of the comparative cp genomic analysis provide
valuable information for Asteraceae species identification at the
molecular level.

Phylogenetic Analysis of 67 Asteraceae
Species

To explore the evolutionary relationship of Asteraceae species,
cp genomes of A. argyi and 66 other Asteraceae species were
selected for phylogenetic analysis. Two Campanulaceae species
(C. minima and P. grandiflorus) were used as the outgroup to
detect whether Asteraceae and non-Asteraceae species can be
divided into two groups based on their cp genomes. Phylogenetic
trees were constructed using the ML method and seven regions
of the genome: the complete cp genome, the CDS, the SSC,
the LSC, the IR region, introns, and 43 protein-coding genes
shared by the 67 species. The results showed that Lactuceae
Cass could not be distinguished from Carduoideae Kitam based
on the cp genome. Moreover, there were variations in the
branches between the trees (Figure 9 and Supplementary

Figure 5); the phylogenetic trees based on the IR, introns,
and the 43 protein-coding genes were more consistent with
the traditional classification system than those based on the
full cp genome, the CDS, the SSC, or the LSC. The tree
constructed from 43 common protein-coding genes had the
highest reliability (89.6% of bootstrap values > 75), and the
10 Artemisia species included in this analysis were clustered
in one branch, demonstrating a close genetic relationship.
Among these 10 Artemisia species, A. argyi, A. latiflora, and
A. montana formed a single group, suggesting a particularly close
evolutionary relationship among the three species. Furthermore,
four Chrysanthemum species and one Opisthopappus C. Shih
species formed a larger branch with the 10 Artemisia species,
suggesting that those Chrysanthemum and Opisthopappus species
were closely related to Artemisia (Figure 9). In comparison, the
other phylogenetic trees slightly differed from the traditional
classification system (Supplementary Figure 5). This indicated
that it was more reasonable to investigate the evolutionary
relationship of Asteraceae species based on the shared protein-
coding genes in their cp genomes.
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DISCUSSION

Chloroplast genome provides useful information for the study of
evolution. Although the A. argyi cp genome has previously been
reported (Kang et al., 2016), there is a lack of systematic research
and evolutionary analysis of A. argyi varieties. In this study,
cp genomes of 72 A. argyi varieties from 47 regions in China
were determined. The length of A. argyi cp genomes ranged
from 151,115 to 151,202 bp, placing them as medium-sized cp

genomes compared to other Asteraceae species. GC content is
generally considered an important indicator of species affinity
(Chen J. et al,, 2021). In A. argyi cp genomes, the GC content
was significantly higher in IR regions than that in SC regions,
which was mainly due to the abundance of rRNA genes in IR
regions. The cp genome of A. argyi contained 114 genes, similar
to the cp genome of A. annua (Shen et al., 2017). The A. argyi cp
genome gained psbG and rpl12 but lost trnT-GGU in comparison
to the cp genome of A. annua. Moreover, 13 intron-containing
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genes were detected in the A. argyi cp genome, all of which were
located in the LSC. Among them, t#rnK-UUU had the largest
intron, which contained matK (Wang Y. et al., 2021); matK is a
well-known gene that is widely used for molecular identification
and analysis of genetic relationships in medicinal plants (Hilu
and Liang, 1997; Ramesh et al., 2022). Many intron-containing
genes have important physiological functions; clpP is relevant
to proteolysis (Shikanai et al., 2001) and petB encodes the B6
protein, the core component of the cytochrome b6f complex
(Allen et al., 2011). Introns in these genes may be useful in
the physiological function of A. argyi. Repeat sequence and SSR
analyses have been widely used in studies of plant genetics,
polymorphisms, and evolution. In the A. argyi cp genome, repeat
sequences and SSRs were primarily located in the LSC region.
Four A. argyi varieties from each of the four famous producing
areas were used as representatives: S07, S09, S29, and S71. In
these representative varieties, the types of repetitive sequences
identified were mainly forward and palindromic repeats. The cp
genomes of most A. argyi varieties contained ~40 SSRs including
mononucleotide, dinucleotide, and trinucleotide repeats. Most of
the SSRs identified were mononucleotide A/T repeats, consistent
with the cp genomes in most angiosperms (Hu et al., 2016).

Polymorphic sites and evolutionary relationships were here
investigated in 72 A. argyi cp genomes. Overall, 196 polymorphic
sites were detected. IR regions were found to be more conserved
than SC regions. These polymorphic sites provide valuable
information for the identification of A. argyi varieties at
the molecular level. Previous studies indicated that A. argyi
germplasm resources are rich in genetic diversity (Chen C. J.
et al, 2021). Based on intraspecific evolutionary analysis of
A. argyi, there was no obvious clustering of A. argyi varieties from
similar longitudes, latitudes, or cultivation histories. However,
germplasm resources collected from higher altitudes were more
likely to cluster away from other germplasm resources based
on their cp genomes. This may be the result of the following
two factors: First, A. argyi has a short history of artificial
domestication, so the cultivation and domestication have not yet
had a remarkable impact on the conserved cp genomes. Second,
the results suggest that altitude may have a greater impact on A.
argyi evolution than longitude and latitude.

The morphological characteristics of Artemisia species are
similar. By comparing cp genome sequences, the genetic
differences between species can be clearly observed at the
molecular level. Taken together, the cp genomes of ten selected
Artemisia species were relatively conserved in the LSC/IR
boundaries and more variable in the SSC/IR boundaries. YcfI
and rps19 are considered pseudogenes that do not encode
proteins (Vanin, 1985). There are a total of eight genes around
the boundaries of these four regions in the A. argyi cp
genome. Rps19 spans the LSC/IRb boundary and ycfl spans
the IRb/SSC boundary; this was also seen in A. scoparia
and A. absinthium. However, rps19 was not detected in Aster
spathulifolius, which is similar to some Asteraceae species
including Centaurea diffusa Lam., Chrysanthemum indicum L.,
Chrysanthemum x morifolium Ramat. Jacobaea vulgaris Gaertn.
and Lactuca sativa Linn. in the family Asteraceae (Liang et al.,
2018). In addition to A. lactiflora, other Artemisia species

contain these two pseudogenes, which have been duplicated in
A. frigida, A. montana, and A. ordosica. Taken together, the
copy numbers and positions of ycfl and rpsl19 in Artemisia
species are quite different, consistent with Arecaceae Bercht.
and J. Presl (de Santana Lopes et al., 2018) and herbaceous
bamboos (Wang et al., 2018). In contrast, rpl2, ndhF, and trnN
are relatively conserved in the IR boundary of Artemisia. The
mVISTA analysis of 11 Asteraceae cp genomes showed that
variable regions were primarily located in SC regions and that
the coding region was more conserved than the non-coding
region, which is consistent with the results of the polymorphism
analysis in the 72 A. argyi cp genomes. Relevant research indicates
that this phenomenon is observed in most higher plants, such
as the families Styracaceae DC. and Spreng. (Cai et al., 2021)
and Rosaceae Juss. (Xue et al., 2019). The higher conservation
observed in the IR region may be due to copy correction caused
by gene transformation between the two IR regions (Zhang
etal., 2016). In previous studies, several most informative coding
regions (ycf1, rps16, ccsA, rbcL, ndhA, matK, clpP, and accD) were
usually used for developing specific barcodes in the Asteraceae
family, which is different from the identification of A. argyi
varieties (Curci et al., 2015).

Asteraceae contains a wide variety of species that are
extensively geographically distributed, which makes classification
extremely complex at both the morphological and molecular
levels. The cp genome is widely used to study the evolutionary
relationships between species due to its high conservation and
slow evolution rate. To explore the phylogenetic relationships
between Asteraceae species and to clarify the phylogenetic
position of A. argyi, 7 phylogenetic trees were constructed
using different regions of the cp genomes of A. argyi and 66
other Asteraceae species. The resulting seven phylogenetic trees
were roughly similar to one another and to the traditional
taxonomic classification. The tree built using the 43 protein-
coding genes shared by the 67 species was closest to the
traditional classification system, a finding that is consistent
with related studies in other species (Shen et al., 2017; Xue
et al,, 2019). We therefore conducted our main analysis using
the tree constructed with the 43 common protein-coding
genes. The results showed that A. argyi is closely related
to other Artemisia species, and that Artemisia species are
closely related to other Anthemideae Cass species. Anthemideae
Cass species have a closer relationship with some Astereae
Cass species and a slightly more distant relationship with
some Senecioneae Cass species. It is worth mentioning that
the evolutionary relationships of the 67 Asteraceae species
based on cp genomes were not completely consistent with
traditional taxonomic classifications. We speculate that this
may be for three reasons: (1) those species underwent genetic
variation in the process of evolution; (2) the evolutionary
speed of different species is diverse, and for some rapidly
evolving species, the phylogenetic relationships of these species
may not be accurately reflected based on the relatively
conserved cp genome (Moore et al, 2010); and (3) cp
DNA is parthenogenetic, so the cp genomes can only reflect
the evolutionary processes of maternal or paternal lines
(Feng et al., 2020).
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CONCLUSION

In this study, we sequenced the cp genomes of 72 A. argyi
varieties from 47 regions in China, and the characteristics of
A. argyi cp genomes were systematically analyzed. A comparative
analysis of repeat sequences and SSRs in A. argyi cp genomes
provided abundant variation sites for developing molecular
markers of variety identification. Despite the high conservation
of A. argyi cp genomes, 196 polymorphic sites are still detected.
And the difference between the IR boundaries of ten Artemisia
species provides useful information for identifying different
Artemisia species. Moreover, the phylogenetic relationship of
67 Asteraceae species shows that A. argyi is closely related
to A. lactiflora and A. Montana. Based on the relationship
between Anthemideae Cass and other tribes, it appeared
that A. Cass species had a closer relationship with some
Astereae Cass species, and a slightly more distant relationship
with some Senecioneae Cass species. These results provide
key novel insights for A. argyi variety identification and
understanding of the evolutionary history of the family
Asteraceae.
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