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Abstract
We analyzed and compared the three Leonurus species from appearance characteristics, intrinsic gene contents
and functions, gene transcribed spacer regions (ITS2) in the nuclear genome, and the process of evolutionary
development. The chloroplast genomes of them were found to be common circular structures with the four
regions, the length range from 151236bp to 151689bp including the identical number of 37 tRNA and 8 rRNA. The
special trans-spliced rps12 genes with two introns and three exons can be caught sight of L. sibiricus. The
isoleucine (AUU) and cysteine (UGC) was the most and least abundant amino acid with the codons ending with
most bases of A/U. The eleven hotspot divergent regions and four speci�c CDS genes were systematically
counted with the highest nucleotide diversity. We cloned the DNA sequences of the two chosen IGS regions (atpH-
atpI and rps15-ycf1) to develop the DNA barcodes, thus found that sixteen speci�c variable SNP sites and two
Indel sites within the three Leonurus species. Furthermore, the ITS2 DNA sequences of 7 Leonurus species were
varied after the 57th base in a total of 221 bases. In the aftermath of evolutional analysis, the three Leonurus
species were signi�cantly clustered into one great clade, while they were located at the different sub-branch with
similar topology and close relationship of Phlomoides rotata based on the sequences of 64 shared nucleotide and
ITS2 DNA. Thus above results can directly offer various evidence to better clarify the speci�c distinction among
the three Leonurus species and their evolutionary history.

Signi�cance Statements
The three Leonurus species were systematically distinguished through the extrinsic features, chloroplast
genomics, and ITS2 regions of the ribosome components. Although they were clustered into one large clade, they
have different evolutionary processes for their existence at the diverse sub-branch.

1. Introduction
The Leonurus species have an important medicinal value in the Lamiaceae family. Most of them are upright
branches of herbs, about 20 species, with leaves near the palm division, and axillary verticillaster (Linn., 1754).
The calyx is inverted-conical or tubular and bell-shaped. The corolla is white, pink to lavender with a �at top of a
�ower plate, and a small sharp prism of nuts. The Leonurus species are mainly distributed in Europe and the
temperate zone of Asia, and a few species are found in America and Africa (Cardiaca, 1778). In China, there are
almost 12 species, widely scattered, among which the species of L. japonicus Houtt. is used for o�cial use with
the name motherwort recorded in the monograph of Shengnong's Classic of Materia Medica (Jiao et al., 2020).

The three similar Leonurus species of L. japonicus, L. cardiaca, and L. sibiricus have distinct medical applications
(Racg, 1961; Pitschmann et al., 2017). The whole grass of L. japonicus has the active ingredient of Leonurin,
which is widely used for the treatment of women’s amenorrhea, dysmenorrhea, irregular menstruation, excessive
postpartum bleeding, lochia, postpartum uterine insu�ciency, fetal movement, uterine prolapse, and the disorders
of the red and white vaginal discharge (Zhao et al., 2022). The species of L. cardiaca was found in the Turkey of
west Asia and Europe and has been applied to the treatment of heart disease, hypertension, hyperthyreosis,
Graves’ disease, dysphoria, insomnia, climacteric, postpartum complications, pruritus, acute posterior ganglionitis,
�atulence, and irregular menstruation, etc (Angeloni et al., 2021). Whereas the species of L. sibiricus is distributed
in inner Mongolia, northern of Shanxi and Hebei, Shanxi, Hei Longjiang, Jilin, and Liaoning in China. The whole
grass and fruit have similar treated actions and also have the treated effects of edema and urine, small
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abdominal distension pain, falling injury, liver heat headache, eye red swelling pain, and caligo corneae (Oliveira et
al., 2017).

The structure of chloroplast ordinarily is composed of an outer chloroplast envelope, thylakoid, and stroma, which
is an organelle containing chlorophyll energy for photosynthesis (Mohapatra et al., 2007). A variety of genes with
different functions are included in the chloroplast and exerted distinct biological functions, that is to say,
photosynthesis, gene expression, and unknown functions (Cui et al., 2020). Regarding the chloroplast genome of
Leonurus species, several related types of research have been reported before. The chloroplast genomes of L.
japonicus and L. cardiaca have been analyzed in the aspects of sequencing, assembling, repeats sequence, gene
content, codon usages, and evolutionary developmental analysis.

Furthermore, the DNA sequences of ITS regions and the matK gene of ten Leonurus species including L. japonicus
and L. sibiricus in China were ampli�ed, sequenced, and investigated to �nd the phylogenetic relationship (Yang et
al., 2011). The species populations of L. cardiaca genetics were comprehensively discriminated by AFLP, ISSR,
RAPD, and IRAP molecular markers (Khadivi-Khub et al., 2014).

During the period of the plant seeding stage, the three kinds of plants are very similar in external shape until the
mature �owering stage and they can be uneasy to be discriminated against. Once misidenti�ed and misused, it
will cause hidden dangers to medicinal effectiveness and safety. Therefore we systematically identi�ed and
studied the three plants from appearance traits, molecular markers, and evolutionary phylogeny given chloroplast
genomes and ITS2 sequences in this study.

2. Materials and methods

2.1 Plant photo and materials
The identi�ed photos of L. japonicus, L. cardiaca, and L. sibiricus were taken and provided by Dr. Lin Qinwen
(Institute of Botany, Chinese Academy of Sciences, 112m, N39.99°, E116.20°, linqinwen83@163.com) from Beijing
in China. The fresh three samples of L. sibiricus were sampled by Teacher Zhang Shumei, Zhang Keliang, and
BCAS from Liaoning (geospatial coordinates: N41.75°, E120.13°), Inner Mongolia (geospatial coordinates:
N39.37°, E111.50°), and Henan (geospatial coordinates: N31.83°, E114.08°) province and dried by silica gel. These
donated voucher specimen was deposited at National Herbarium in China with the voucher number: BOP214746,
BOP017659, and BOP017491, respectively (Contact person: CXU; Email: xuchao@ibcas.ac.cn). Furthermore, the
three samples of L. japonicus and L. cardiaca by each were sampled by Professor Zhang Zhao and Mr. Zhang
Chang at the Institute of Medicinal Plant Development, Chinese Academy of Medical Sciences, Peking Union
Medical College, Beijing City (geospatial coordinates: E116.42°, N39.78°) saved the voucher number: impladzc22-
1-1, impladzc22-1-2, impladzc22-1-3, impladzc22-2-1, impladzc22-2-2, and impladzc22-2-3, respectively (contact:
Zhao Zhang; email:zhangzhao1962@tom.com). These above samples were used to extract the DNA genome for
cloning the DNA barcode sequences.

2.2 Alignment and collinearity analysis of the three Leonurus
species
The FASTA and GB �les of three Leonurus’ chloroplast genomes with registered No. containing the species of L.
japonicus (MG673937.1 and NC_038062.1), L. cardiaca (NC_058592.1), and L. sibiricus (OP327561.1) were
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downloaded from the website of the NCBI database (Table S1). The chloroplast genomes of the four Leonurus
species were aligned by point to acquire the dot-plot graph on the website of NCBI database
(https://blast.ncbi.nlm.nih.gov/) (Mohanty et al., 2022) and the collinearity comparisons of them were performed
using Mauve multiplex genome alignment in Geneious software (v10.2.2, https://www.geneious.com, Buch et al.,
2023; Darling et al., 2010).

2.3 Genome content and characteristics of 16 species’
chloroplast genomes
The FASTA and GB �les other 12 species were downloaded from the website of the NCBI database (Table S1). The
basic contents and characteristics of genes from 16 species in this study were annotated by the CPGAVAS2 online
tool (http://www.herbalgenomics.org/chloroplastgavas2/). The GC content of them was calculated by in-house
Perl scripts (Table S1) (Arias et al., 2009). The comparison of genome structures and diverse splicing genes was
visualized by the CPGview-RSG software (http://www.1kmpg.cn/cpgview/) (Liu et al., 2023).

2.4 Analysis of codon usage, Gene Oncology (GO), and Cluster of
Orthologous Groups of proteins (KOG)
Relative Synonymous Codon Usage (RSCU), GO, and KOG of the three Leonurus species was calculated on the
basis of the common proteins by using a script written in Perl procedure from the cloud platform of Genepioneer
biotechnologies (http://cloud.genepioneer.com, Nanjing city, Jiangsu, China) and the results of them were
visualized by the tools of CPJS draw in this platform (Li et al., 2023).

2.5 SSR and repeat analysis
The simple sequence repeats (SSRs) of the three Leonurus species were identi�ed using MISA software
(https://webblast.ipk-gatersleben.de/misa/) (Beier et al., 2017). The search parameters were referred to in the
publication (Yang et al., 2022). Tandem repeats of the four cp genomes were predicted using the TRF software
and REPuter program (https://bibiserv.cebitec.uni-bielefeld.de/reputer, Dr. Alexander Sczyrba, CeBiTec Bielefeld
University), and the parameters were set as the references (Yang et al., 2022).

2.6 Analysis of inverted repeat (IR) boundary and genome
comparison of the four Leonurus species
The boundaries of various regions and diverse genes from the four Leonurus species’ chloroplast genome were
visualized using the inverted-region (IR) scope software (https://irscope.shinyapps.io/irapp/) (Amiryouse� et al.,
2018). The chloroplast genomes of the four Leonurus species were compared using the mVISTA procedure online
with the chloroplast genome of L. japonicus (MG673937.1) as the reference genomics to �nd the potential
divergence sequences (Mayor et al., 2000).

2.7 Analysis of nucleotide in the intergenic regions and ITS2
sequences
To explore the sequence divergence of nucleotides in the intergenic regions, encoding genes, and Internal
Transcribed Spacer 2 (ITS2) sequences in the three Leonurus species, the informatics platform of Genepioneer
(http://cloud.genepioneer.com) was used for computing nucleotide diversity (pi) values. Moreover, the sequences
of ITS2 in the seven Leonurus species (Registered Number: MN718258.1, OQ389953.1, EF395809.1, EF395808.1,
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DQ903315.1, DQ903316.1, and EF395806.1) were downloaded from the NCBI database
(https://www.ncbi.nlm.nih.gov/) and annotated by ITS2 database (http://its2.bioapps.biozentrum.uni-
wuerzburg.de/) (Chen et al., 2010) to extract and con�rm the correct sequences. After that, the nucleotide
sequences of them were commonly compared to discriminate them by using Clustal X2.0 (Larkin, et al., 2007),
GeneDoc software (Lanave et al., 2002), and depicted them using the software of Adobe photoshop2021 (McLean
et al., 2002).

2.8 Identi�cation of hypervariable regions
The genetic distances of intergenic spacers (IGSs) from the chloroplast genomes of the three Leonurus species
were calculated by using the distmat program from EMBOSS (v6.3.1) (Sarachu et al., 2005) with the Kimura 2-
parameters (K2p) evolutionary model (Tang et al., 2016). The highest K2p values of 30 hypervariable regions have
been protracted in the graph. Moreover, the two selected fragments of divergence sequences with speci�c k2p
values were chosen to develop the validation of the nucleotide diversity in the three Leonurus species.

2.9 DNA extraction, identi�cation, and sequence cloning
validation of the selected two hypervariable regions
Total genomic DNAs of L. japonicus and L. cardiaca were extracted using the plant genomic DNA kit (Tiangen
Biotech, Beijing, China), while that of L. sibiricus was extracted by the CTAB method (Nishii et al., 2023). The DNA
purity and ampli�cation products were detected by 1.0% agarose gel electrophoresis stained with ethidium
bromide alongside a 100 bp ladder (New England Biolabs, Ipswitch, MA, USA) using the DNA marker as the
reference (Takara) (Asad et al., 2023). The DNA concentration was determined by using a Nanodrop
spectrophotometer 2000 (Thermo, Waltham, Massachusetts, USA) (Butler et al., 2022). Two pairs of polymerase
chain reaction (PCR) ampli�cation primers were identi�ed from the two highest diverse IGS sequences using
BioXM software (http://202.195.246.60/BioXM/) in the three Leonurus species. The PCR ampli�cation system for
the two hypervariable regions (atpH-atpI and rps15-ycf1) of each reaction included 12.5 µL of 2× Taq PCR Master
Mix (TransGen Biotech), 1.0 µL of each primer (0.4µM), 2.0 µL of extracted template DNA, and plusing ddH2O to a
�nal volume of 25.0 µL (Du et al., 2022). A negative control (Milli-Q water in place of DNA template) was included
in each PCR to ensure there was no contamination. All the ampli�cations were performed on a Pro-Flex PCR
system (Applied Biosystems, Waltham, MA, USA) instrument with the ampli�cation procedures as follows:
degeneration 94°C for 2 min followed by 35 cycles of 94°C for 30 s, 56°C for 30 s, 72°C for 60 s, and a �nal
extension step at 72°C for 2 min. The ampli�cation products were saved at 4°C and sequenced using the Sanger
sequencing platform (SinoGenoMax Co., Ltd., Beijing, China) with the same cloning primers on the ABI Prism 3730
Genetic Analyzer (Applied Biosystems, USA). The peak graph and sequences were apart analyzed by the Chromas
and GeneDoc software (3.2) (Cittaro et al., 2016).

2.10 Analysis of selective pressure
The selection pressure of protein-coding genes was analyzed using the adaptive branch-site random effects
likelihood (aBSREL) model implemented in the Hyphy software (Kosakovsky et al., 2020) and the informatics
platform of genepioneer (http://cloud.genepioneer.com, Nanjing genepioneer Co., Ltd, Nanjing, Jiangsu, China).
The values of Ka and Ks were calculated using KaKs_Calculator 2.0 and the results of Ka/Ks having P-value < 0.05
were selected as the suitable selective pressure (Wang et al., 2010).

2.11 Phylogenetic analysis
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The chloroplast genomes of 16 species and the ITS2 DNA sequences of 19 species including four and seven
Leonurus species were downloaded from the GenBank database, respectively with the two species of Corydalis
yanhusuo and Angelica sinensis as outgroups. The shared 64 DNA sequences of cp genomes and the ITS2 DNA
sequences were extracted by PhyloSuite (v1.2.2) (Zhang et al., 2020) software and aligned by using
MAFFT(v7.313) (Katoh et al., 2019) procedure. The phylogenetic tree was conducted based on the maximum
likelihood (ML) method (Wascher et al., 2021) implemented in IQ-TREE(v1.6.8) (Nguyen et al., 2015) under the
ccRev nucleotide substitution model (Janzen et al., 2022). The phylogenetic trees were visualized by using MEGA-
5.0 (https://www.megasoftware.net/ MEGA) (Tamura et al., 2011) and assessed by bootstrap analysis with 1000
replications.

3. Results

3.1 Plant characteristics of L. japonicus, L. cardiaca, and L.
sibiricus
The species of Leonurus genus is an annual or biennial herb with dense roots and a shape stem erect is a blunt
four prism. The lower leaf of the stem is oval and the middle leaf is diamond with mixed and stalked leaves. The
leaves are fresh, tender, and green with juice. It has weak gas and a bitter taste. They are �owering from June to
September and the nutlet fruits have been produced in the period from July to October. Because they have
commonly been used in the treatment of gynecology, they have the name “bene�t mother”.

The three Leonurus species have an obvious distinction in the �ower color when they grow up to the ripe �owering
stage. Their �owers have diverse colors as follows: L. japonicus (peach red), L. cardiaca (pink), and L. sibiricus
(purple). In addition, the characteristics of tissues including stem, leaf, and �ower has arguable feature. In the
species of L. japonicus, the stem has inverted to the rough hair, especially dense in the section and edge and the
base is sometimes close to hairless, with more branches (Fig. 1a). The leaf of the lower stem is ovate having the
base wide wedge with 3 split palms. The corolla is pink to lavender, pubescent on the outside of the protruding
calyx tube (Fig. 1a). While for the L. cardiaca species, the stem is blunt with four prisms, the smooth leaves are
heart-shaped or wide oval, the apex is sharp-pointed, and usually 5–7 shallow cracked palms. The cover bud is
axillary and the corolla is shaped like a lip (Fig. 1b). Meanwhile, in the species of L. sibiricus, the stem is blunt with
four prisms with microgroove. The leaf of the middle stem is ovate with a wide wedge at the base and 3 deep
splits as a palm. The �ower is gradually spherical to the top and can be gathered into a long spike (Fig. 1c)
(Pitschmann et al., 2017).

3.2 Assembly validation and collinearity analysis about
chloroplast genomes of the four Leonurus species
To con�rm the correctness of the assembly, we compared the four Leonurus chloroplast genomes with that of L.
japonicus (MG673937.1) as the reference genome including the comparison. All the dot plots showed a diagonal
line with two perpendicular lines, representing the IRs (Figure S1). The three other Leonurus species exhibited
collinearity with that of L. japonicus (MG673937.1) and no rearrangement region could be found (Fig. 2). The
result showed the high quality of assembly, sequence identity, and species relative, which have high uniformity
regarding the nucleotide and regions (Brenner, 1966).
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3.3 Differential gene contents among the chloroplast genomes
in the four Leonurus species
After analysis of cp genomes in the four Leonurus species, in other words, L. japonicus, L. cardiaca, and L.
sibiricus, they are all circular DNA molecules and conserved tetrad structure with the size is 151610bp, 151610bp,
151236bp, and 151689bp, respectively. Their genomes are commonly constructed by a LSC region, an SSC region,
and a pair of IR regions with the lengths of 82827bp, 82827bp, 82294bp, and 82820bp; 17515bp, 17515bp,
17654bp, and 17619bp; 25634bp, 25634bp, 25644bp, and 25625bp; 25634bp, 25634bp, 25644bp, and 25625bp,
respectively (Table S1 and Fig. 3). The length of CDS, tRNA rRNA, and non-coding regions in the four Leonurus
species is 80391bp, 80391bp, 74508bp, and 80361 bp; 2834bp, 2834bp, 2833bp, and 2834bp; 9400bp, 9400bp,
9052bp, and 9400bp; 58985bp, 58985bp, 64843bp, and 59094bp. The overall GC content of them is 38.41%,
38.41%, 38.39%, and 38.41%, and that of the IR region (43.36%, 43.36%, 43.38%, and 43.37%) is higher than those
of the LSC region (36.65%, 36.65%, 36.63%, and 36.65%) and the SSC region (32.23%, 32.23%, 32.16%, and
32.22%) (Table S1).

Moreover, the number of genes and proteins slightly changed from 132 to 133, from 87 to 88 in all 4 Leonurus
species, respectively. While the number of tRNA and rRNA genes was commonly 37 and 8 (Table S1). Further
comparison of cp genomes in the four Leonurus species, eight protein-coding genes (rps12, rps7, rpl2, rpl23, ndhB,
ycf1, ycf2, and ycf15), seven tRNA-coding genes (trnN-GUU, trnR-ACG, trnA-UGC, trnI-GAU, trnV-GAC (×2), trnL-CAA,
and trnI-CAU (×2)), and four types of rRNA-coding genes (rrn16S, rrn23S, rrn5S, and rrn4.5S) were located in the IR
region (Table 1). In addition, twelve PCGs (rps16, rps12 (×2), atpF, rpoC1, petB, petD, rpl2 (×2), ndhB (×2), and
ndhA), and eight tRNA-coding genes (trnK-UUU, trnG-UCC, trnL-UAA, trnV-UAC, trnI-GAU, trnA-UGC, trnA-UGC, and
trnI-GAU) contain one intron by each, whereas each of the other two PCGs (ycf3 and clpP) contain two introns
(Table S2, Figure S2). Differently, the rpl16 gene with one intron does not exist in the species of L. cardiaca
(NC_058592.1, Figure S2), while the trans-spliced rps12 genes with two introns and three exons can be found in
the species of L. sibiricus (OP327561.1, Fig. 4).
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Table 1
Comparison of the gene contents in the chloroplast genomes of L. japonicus, L. cardiaca, and L. sibiricus.

Species/Items L. japonicus L. cardiaca L. sibiricus

Gene Function Gene Type Gene Name

tRNA tRNA genes 37 trn genes (include one intron in 6 genes)

Photosynthesis Large subunit of
ribosome

rpl14, rpl16, rpl2a, rpl2b, rpl20, rpl22, rpl23a, rpl23b, rpl32, rpl33,
rpl36

DNA dependent RNA
polymerase

rpoA, rpoB, rpoC1, rpoC2

Small subunit of
ribosome

rps11, rps12a, rps12b, rps14, rps15, rps16, rps18, rps19, rps2,
rps3, rps4, rps7a, rps7b, rps8

Gene
expression

Subunits of ATP
synthase

atpA, atpB, atpE, atpF, atpH, atpI

Subunits of photosystem
II

psbA, psbB, psbC, psbD, psbE, psbF, psbI, psbJ, psbK, psbL,
psbM, psbN, psbT, psbZ, ycf3

Subunits of NADH-
dehydrogenase

ndhA, ndhBa, ndhBb, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI,
ndhJ, ndhK

Subunits of cytochrome
b/f complex

petA, petB, petD, petG, petL, petN

Subunits of photosystem
I

psaA, psaB, psaC, psaI, psaJ

Subunit of rubisco rbcL

Other genes Subunit of acetyl-CoA-
carboxylase

accD

C-type cytochrome
synthase

ccsA

Protease clpP

Translation initiation
factor

infA

Mature enzyme matK

Envelope membrane
protein

cemA

Unknown
functions

Conservative open
reading frame

ycf1a, ycf1b, ycf15a, ycf15b, ycf2a, ycf2b, ycf4

Note: a: IRa region; b: IRb region.

3.4 Codon usage analysis
The codons were thought to result from a combination of natural selection, mutation, and genetic drift. Codon
usage bias embodies that each gene of the species has its speci�c preferred amino acid codon (Subramanian et
al., 2022). In this study, the number of the PCGs was 21328, 20864, and 20896 with 64 types in the three cp
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genomes of L. japonicus, L. cardiaca, and L. sibiricus, respectively (Table S3). Among them, isoleucine was the
most abundant amino acid encoded by the codons “AUU”, ranging from 880 to 898 counts with a percentage of
4.21%, compared to the least frequency amino acid of cysteine encoded by the codons “UGC”, whereas the stop
codon encoded by “UAG” was the least abundant below 12 counts (0.05%). Total of these amino acids and
codons, the RSCU value varied from 0.3336 in the serine (AGC) to 1.9302 in the Leucine (UUA), simultaneously, 31
codons having the RSCU > 1, of which 29 ended with A/U for the codon bias. In addition, the amino acids (codons)
of Met (AUG) and Trp (UGG) do have not any codon usage bias because their RSCU values were similarly
equivalent to one (Table S3 and Fig. 5). These results were consistent with most published species, for instance,
the Glycyrrhiza species and Agastache rugosa (Dai et al., 2023; Liang et al., 2023).

3.5 GO and KOG analysis
Through the protein annotations from the database of GO and KOG function in the three Leonurus species, the
results showed that diverse number functions of common proteins within the three main functions (cellular
component, molecular function, and biological process, Table S4 and Figure S3) (Sangrador-Vegas et al., 2016;
Mudado et al., 2006), that is to say, of which they existed at cell, membrane, and organelle including catalytic
activity (37 proteins), structural molecule activity (25 proteins), transporter activity (6 proteins), binding (57
proteins), metabolic process (78 proteins), cellular process (73 proteins), response to stimulus (1, psbA),
localization (17 proteins), biological regulation (2 proteins, psbH and psbZ), and cellular component organization
or biogenesis (5 proteins, ccsA, rpl23 (×2), petN, and rps11). Meanwhile, most of them had analogous functions
with the homologous consensus sequence of genes and proteins, which mainly focused on the fruitful aspects,
such as translation, ribosomal structure, and biogenesis; energy production and conversion; transcription;
posttranslational modi�cation, protein turnover, and chaperones; intracellular tra�cking, secretion, and vesicular
transport; transport and metabolism of carbohydrate, lipid, and inorganic ion (Table S5 and Figure S4).

3.6 SSR Polymorphism and repeat analysis
In the chloroplast genome of the three Leonurus species, there were four base types of SSR sequences (the base
of A, T, AT, and TA) and three-component types (mononucleotides: p1, dinucleotide: p2, and compound: c, Table S6
and Fig. 6) (Iranawati et al., 2012). These chloroplast genomes included mononucleotides in the L. japonicus (the
base of 8A or 13 T), the L. cardiaca (the base of 10A or 15 T), and the L. sibiricus (the base of 7A or 14T); while
the dinucleotide (that is compound SSR) were found in the L. japonicus (the bases of 2 AT or 1 TA) and the L.
cardiaca (the bases of 2 AT or 1 TA), added up to the number of SSR is 24, 25, and 24, respectively. The 20 SSRs
were located in the LSC region of the three Leonurus species and 1 SSR was located in the former two species (L.
japonicus and L. cardiaca, Table S6 and S7), whereas 3 SSRs in the SSC region of L. sibiricus (Table S7). The
length of SSR sequences varied from 10 bp to 92 bp (Table S7-S10 and Fig. 6b). The four repeated sequences
types (forward, reverse, complement, and palindromic) were observed in the species of L.japonicus (19 F, 5 R, 24 P,
and 1 C, Table S7) and L.cardiaca (21 F, 3 R, 24 P, and 1 C, Table S7), nevertheless, the type of complement
sequence was not detected in the species of L. sibiricus (20 F, 5 R, and 24 P, Table S7). For more detail, the number
of tandem repeats found in the chloroplast genomes of L. japonicus, L. cardiaca, and L. sibiricus is 25, 26, and 24,
respectively, which con�rmed the total length of over 20 bp and the similarity ≥ 70% between repeat units. The
length of tandem repeats sequences varied from 29.4 bp to 86.1 bp (Tables S11-S13). The number of scattered
repeats units in these three Leonurus species is 39, 40, and 39, respectively, and obtained using an e-value of
fewer than 6.15 E-04 as the threshold. The length of scattered repeat sequences varied from 30 bp to 46 bp
(Tables S14-S16).
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3.7 Analysis of IR boundaries and comparative genomes
The illustration boundaries of the LSC, SSC, and IRs in the four cp genomes of Leonurus species showed the gene
contents were uniform except for gene diversity of the sequence and length (Giurazza et al., 2016). Similarly, nine
genes including across-the-border genes (rps19, ycf1 (×2), and ndhF) and genes included in the regions (rpl22,
rpl2(×2), trnH, and psbA) commonly existed. The three genes of trnH, rpl22, and psbA were located in the LSC
region. The two rpl2 genes were apart and located within the IRb and IRa regions. The complete rps19 genes were
found at the border of the LSC/IRb junction. One of the two ycf1 genes was present at the boundary between IRb
and SSC region, the other one was across the IRa and SSC region, the same as the ndhF gene (Figure S5). After
comparing the complete chloroplast genomes in the three Leonurus species with referred L. japonicus
(MG673937.1), the four hotspot divergent regions were discovered to discriminate them. The regions were trnC-
GCA-petN (A, LSC region), petB-trnI-CAT (B, LSC and SSC region) and rpl2-trnI-CAT (C, IRb region), and trnL-TAG-
ndhF (D, IRa region, Fig. 7).

3.8 Hypervariable region identi�cation
Highly conserved regions and variable sequences in the chloroplast genomes (cpDNA) are suitable to construct
DNA barcodes for effective application to interspeci�c discrimination and phylogenetic research (Powell et al.,
1995). After calculation, 72 variable regions in the chloroplast genomes of 3 Leonurus species were found based
on the intergenic and intron regions (NCRs) using the K2p model. The average value of the K2p in the 72 IGS
regions ranged from 0 to 10.95 (Table S17 and Fig. 8). Among them, the �ve IGS regions (trnC-GCA-petN, atpH-
atpI, psaC-ndhE, rps15-ycf1, and petG-trnW-CCA) showed evident variations at divergence sequences with a high
K2p value. Several results showed agreement with that of the genome comparison (Fig. 7) in the main IGS regions
of trnC-GCA-petN and rps15-ycf1. Therefore, these regions can be applied as potential variation regions to develop
the distinction among the 3 Leonurus species.

3.9 Genus-speci�c DNA barcodes development
Given the results of hypervariable region identi�cation (Coissac et al., 2016), we selected the nucleotide of the two
IGS regions (atpH-atpI and rps15-ycf1) to design the speci�c primers (Table 2). Through amplifying these
sequences, we develop the DNA barcodes to identify the 3 Leonurus species. The IGS regions (atpH-atpI, LSC
region) was between the location of 13460 bp and 14389 bp, while IGS of rps15-ycf1 (SSC region) was located
between 121920 bp and 129540 bp in these chloroplast genomes. We cloned the two regions and acquired the
three sequences of atpH-atpI (M1, Table 2, ~ 300 bp) and rps15-ycf1 (M2, Table 2, ~ 300 bp) by each species
using Sanger sequencing. Then, we comparatively analyzed the two molecular markers (MMs) among the three
studied Leonurus species to determine the variations, including indels and single nucleotide polymorphisms (SNP)
(Table S19, M1, and M2). The ampli�cation products of the two IGS were checked and the strips were clearly
shown on the agarose gel (Figure S6). From the peak map (up) and sequencing results (down) of the three studied
Leonurus species with the pairs of primers related to the molecular markers M1 and M2 (Fig. 9), the marker M1
developed at the IGS atpH-atpI had six speci�c variables SNP sites (marked A, B, C, D, E, and F, Fig. 9a) and the
marker M2 found at IGS rps15-ycf1 had ten SNP sites (marked G, H, I, J, K, L, M, N, and Q, Fig. 10b) and two Indel
sites (marked O and P, Fig. 9b). In detail, in the species of L. japonicus, the SNP site based at the positions
197/209/213 in the nucleotide sequence of YMC_M1 were G/A/A, and in the nucleotide sequence of YMC_M2, the
InDel site was missing at the base at position 265 and the base at position 266 was T. In the species of L.
cardiaca, the bases of the SNP site at positions 199/212/215 in the nucleotide sequence of OYMC_M1 were
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C/A/G, while at positions 241/243/265/267 in the nucleotide sequence of OYMC_M2 were G/T/T/A. In the
species of L. sibiricus, base positions 245/247/250/253/256/263/267 in the nucleotide sequence of XYYMC_M1
were the diverse base A/A/C/G/G/A, at position 265 in the nucleotide sequence of XYYMC_M2 was the InDel
deletion site, and deletion of base T or A at the position 266 (Fig. 9). While using two labeled SNP and InDel sites
for M1 and M2, the three Leonurus species were isolated and successfully discriminated against based on these
SNP and indel loci by separately or unitedly using the two M1 and M2 molecular markers with these results.

Table 2
Primers for amplifying DNA barcodes to distinguish Leonurus species in the Lamiaceae family.

Number Species Conserved Sequences for
Designing Forward Primers

Conserved Sequences for
Designing Reverse Primers

IGS

M1 L. japonicus,
L. cardiaca, L.
sibiricus

CACACGTCGTAAAATTGAATCACAC GCTTAGCGCAAAGCAATGTATGC atpH-
atpI

M2 CAGATATGGATTTTACCGATCAG GCAAACAAATACACAGATCAC rps15-
ycf1

 

3.10 Comparison of ITS2 sequences in the seven Leonurus
species
In comparison with the chloroplast genome, Internal Transcribed Spacer2 (ITS2) is the non-coding region of the
ribosome components in eukaryotes organisms (But et al., 2023). After annotation and contrast of the ITS2
sequences among the seven Leonurus species including the three studied species, we found that the most of
nucleotide differences occur after the 57th base from the beginning of the sequence in a total of 221 bases except
the species of L. pseudomacranthus showing the signi�cant differentia, agreed with the discovery from the group
of Dr. Chao and Yang (Yang et al., 2011) (Fig. 10 and Table S19). Whereas, the Leonurus species need to be
further distinguished by the full-length ITS sequence or other distinctive ways.

3.11 Selective pressure analysis
Encoded codons can undergo evolution under a speci�c type of coding selective pressure by the comparative
genomics approaches (Sheikh-Assadi et al., 2022). We checked the selection pressure of 80 protein-coding genes
in the chloroplast genomes of three Leonurus species and found three genes in the three Leonurus species
in�uenced by the distinct environment. Using aBSREL model implemented in the HyPhy software, we observed
that the three genes were determined under positive selection, which included one Protease gene (clpP, L.
japonicus), one gene for the subunits of NADH-dehydrogenase (ndhB, L. cardiaca), and one gene for the small
subunit of ribosome (rps12, L. sibiricus). The optimized branch length, Likelihood Ratio Test (LRT), and p-value
varied between 0.0005–0.0086, 8.3714–21.9128, and 0-0.0164, respectively. The ω1 ratios of these genes were
zero, indicating that they were under a strong purifying and weak positive selection. The branch-speci�c model
showed that the above three genes were under positive selection in the three Leonurus clades along the
phylogenetic tree including Clade (ω2 = 371) and Clade (ω2 = 10000). These genes in the three Leonurus species
were probably impacted under extreme conditions, for instance, hyperthermia, high humidity, and high pressure
(Table 3).
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Table 3
Selection pressure analysis of the three Leonurus genus in the Lamiaceae family

Name GenBank No. B Genes LRT Test p-
value

Uncorrected
p-value

ω distribution
over sites

Leonurus
japonicus

MG673937.1 0.0005 clpP 12.5857 0.0019 0.0006 ω1 = 
0.00(100%)

ω2 = 
10000(0.25%)

Leonurus cardiaca NC_058592.1 0.0086 ndhB 8.3714 0.0164 0.0055 ω1 = 
0.00(99%)

ω2 = 
371(0.64%)

Leonurus sibiricus OP327561.1 0.0006 rps12 21.9128 0.0000 0.0000 ω1 = 
0.00(97%)

ω2 = 
10000(3.2%)

 

3.12 Phylogenetic analysis
In the phylogenetic analysis of the three Leonurus species in the Lamiaceae family, 80 protein sequences were
extracted using the PhyloSuite software from the 16 chloroplast genomes in the study (Table S1). Among them,
64 shared nucleotide sequences of the common genes were found present in the 16 species. Using Corydalis
yanhusuo (Papaveraceae family) and Angelica sinensis (Apiaceae family) as the outgroups, the phylogenetic tree
was generated by the methods of maximum likelihood (ML) based on the 64 genes in these chloroplast genomes.
The phylogenetic trees showed that all of the 14 species from the Lamiaceae family were clustered into a big
branch with eight obvious clades (Fig. 11a). Among them, six species including the three Leonurus species and
other two species (Phlomoides rotata and Lagopsis supina) were clustered into one great clade; the other eight
species of Phlomoides betonicoides and Eriophyton wallichii, Stachys byzantina, Colquhounia seguinii and
Gomphostemma lucidum, Pogostemon septentrionalis, Holmskioldia sanguinea, and Gmelina hainanensis were
gathered into one branch solely in the Lamiaceae branch. Moreover, to �nd the a�nity relationship among the
more Leonurus species, we created the cladogram based on the ITS2 DNA sequences of the 19 evolutionary
species including seven Leonurus species found in the NCBI database (Fig. 11b) by using the two same species
as the outgroup. The results showed that the similar relationship of the three studied Leonurus apart were
clustered into three different branches, which included the three embranchments of L. japonicus and L.
chaituroides; L. sibiricus, and L. pseudomacranthus; L. cardiaca, L. glaucescens, and L. turkestanicus.
Furthermore, the species of Eriophyton wallichii, Phlomoides rotata, Phlomoides betonicoides, and Stachys
byzantina had a certain close relationship with the above three Leonurus branches. The speci�city of L. sibiricus
was clustered into the new sole clade in the light of cp genomes and ITS2 DNA sequences. Without a doubt, the
outgroups of Corydalis yanhusuo (Papaveraceae family) and Angelica sinensis were gathered into a single branch
by each and far more distantly related to the Lamiaceae species. The ML bootstrap showed strong support with
bootstrap above 95% for all the nodes according to the chloroplast genomes (Fig. 11a). Thus the evolutionary
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relationships are plausible to elucidate the close relationship of the Leonurus species in the Lamiaceae family
from the ITS2 regions in the nuclear and chloroplast genomes.

4. Discussion

4.1 Gene difference of the cp genomes in the three Leonurus
species
In the three Leonurus species, the ribosomal protein L16 (rpl16) gene cannot be found in the species of L.
cardiaca, while it commonly was considered to be the intron owned the fastest evolutionary rate which it was
located in the non-coding region of the cp genome and used for the lower taxonomic order elements or among
closely related groups (Downie et al., 1996). For instance, using the branch classi�cation principle and method,
based on the rpl16 sequence, the genetic diversity and genetic structure of 10 Cardiocrinum giganteum
populations were analyzed and revealed the abundant genetic diversity and differentiation among them (ZHANG
et al., 2019). Additionally, the ribosomal rps12 gene in the chloroplast genome is the most speci�c gene of all
chloroplast genes, consisting of two parts far apart, containing diverse exons, and encoding the ribosome small
subunit S12 protein by trans-splicing (Zaita et al., 1987). In our study, the rps12 gene consisted of three exons at
both chains can be found in the cp genome of L. sibiricus, whereas only two exons in the rps12 gene existed in the
other two cp genomes of L. japonicus and L. cardiaca. Therefore exploring the molecular evolution pattern of the
rps12 gene is helpful to understand the evolutionary process and genomic characteristics. The evolutionary rate,
selective pressure, and adaptive evolution of the rps12 gene in a phylogenetic context of 78 gymnosperms and
two ferns were analyzed (Ping et al., 2021). The results show that the rps12 gene structure was stable during the
evolution of gymnosperms and this provided more evidence that the reverse repeat region had a reduced
substitution rate and revealed the evolutionary rate heterogeneity in gymnosperms. Furthermore, researchers
found that the regions with the highest nucleotide diversity of the rps12 gene can serve as potential markers for
species identi�cation and phylogeny in the Asparagaceae family (Munyao et al., 2020). As part of the 30S
ribosomal subunit, the rps12 protein plays an important role in translational accuracy together with ribosomal
proteins S4 and S5 (Agarwal et al., 2015).

4.2 Variable sequences of divergence regions in chloroplast
genomes of the three Leonurus species
Nucleotide diversity is commonly used to measure diversity within or between populations, or genetic variation
among related species (Hua et al., 2023). Alternatively, nucleotide diversity can also be used to infer evolutionary
relationships. From the results, the Leonurus species are highly conserved in gene number, sequence, and
orientation, however, some mutation sites still were found. The four genes ycf3, rps11, ndhD, and ndhA showed
variants in the sequences of nucleotide. For the ycf3 gene with three exons and two introns, its splicing of intron 1,
which has the function of ribozyme shear, was speci�cally required by the pentatricopeptide repeat protein,
photosystem I biogenesis factor 2 (PBF2) through cooperating with CAF1 and CAF2 (Wang et al., 2020). Studies
have shown that rps11 and ndhD have the higher variation reported found in the chloroplast genomes of 16
Clematis species (WEI et al., 2022). The rps11 gene is a component of the small ribosomal subunit 40S, which
belongs to the S17p family of ribosomal proteins and is encoded by the rps11 gene, and is predominantly present
in eukaryotes (Stevenson et al., 1991). The chloroplast sequence of the ndhD gene was analyzed in the restriction
site map of the ndhD gene region, and the occurrence of cytoplasmic male sterility in Sorghum bicolor was
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explored (Fan et al., 2002). Similarly, the variable sequence of the ndhD gene can be used in the comparison of
gene sequences in the chloroplast genome of Betula platyphylla (Wang et al., 2018). The mention of the ndhA
gene and its introns can be used as DNA barcodes for the identi�cation of 18 Begonia species and polygonum
species (Wang et al., 2022). Regarding the above divergence regions usually can be used for the identi�cation of
the species and its adulterants, such as the IGS sequences of atpH-atpI, ndhC-trnM, petA-psbJ, and rps15-ycf1 for
the distinction of Isodon rubescens, Musa, and Amana species (Zhou et al., 2022; Song et al., 2022; Li et al., 2017);
the IGS sequences of ndhF-rpl32 and trnC-GCA-petN also applied for the discrimination of Nine Musa Species,
Polygonatum, and Tribe Polygonateae (Wang et al., 2022; Song et al., 2022), respectively. Compared with IR
regions, LSC and SSC regions had more variant sites, and the variants were mainly concentrated in non-coding
regions. In general, different positional variation is not consistent in the cp genome and the hypermutation
sections are not the same in different plant groups (Samuk et al., 2023).

4.3 Identi�cation of Leonurus species by using the ITS2
sequences
The "DNA barcode" is based on a standardized short sequence of DNA within a small region of one species’
genome, which can quickly and accurately distinguish diverse species (Antil et al., 2023). As a representative
marker, the region of the internal transcriptional spacer 2 (ITS2) locates at the position of nuclear RNA cistron
rapid evolution, is not only very different in the sequence, but also has the characteristics of easy ampli�cation
and strong generality, therefore it is very suitable reference as the "DNA barcode" (Schultz et al., 2005). For
medicinal plants, ITS2 has been widely used as a highly e�cient and DNA-based marker for species identi�cation
among the species or subspecies level in the Chinese Pharmacopoeia. For instance, the speci�c ITS2 sequences
have become one part of the drug standard in the Fritillaria cirrhosa and Dendrobium nobile cloned by the
polymorphism method of polymerase chain reaction-restriction enzyme length using the designated primer pair
from the Chinese Pharmacopoeia (2020 edition, 3). In this study, the studied three Leonurus species and L.
pseudomacranthus can be easily identi�ed because of each own special ITS2 DNA sequence in the divergence
positions. Nevertheless, the other three species (L. glaucescens, L. chaituroides, and L. turkestanicus) with
identical sequences to the above two species of L. cardiaca and L. japonicus were required to be identi�ed with
the help of other methods, such as appearance or prescribed molecular fragments. Thus these ITS2 sequence
diversity could provide direct proof that they can be certainly used to distinguish the plant resource of the three
Leonurus species, also unavoidably becoming the basis for the differentiation between species and the
identi�cation of genetic traits.

4.4 Evolutionary comparison of the three Leonurus species with
the before studies
The Leonurus species have a long historically medicinal value to gynecological diseases through the effect on
promoting blood circulation, removing blood stasis, regulating menstruation, and relieving pain. Regarding the
analysis of phylogenetic location and genetic relationship among the Leonurus species, the evolutionary tree or
phylogenetic tree can be constructed according to protein sequences or structural difference relationships. The
group of Dr. Liu found that the phylogenetic position of L. japonicus was in the Lamioideae and had a close
genetic relationship between the Leonurus genera and Stachys genera based on chloroplast genomes (ZHANG et
al., 2018), which had a certain related to the quality control of stachydrine hydrochloride and Leonurine
hydrochloride extracted from the species of L. japonicus. The 22 accessions of L. cardiaca from different
geographical locations worldwide formed four clades from different regions of the US (11 locations), China (1
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location), US and European (1 plus 5 locations), and the US (4 locations) in the account of the chloroplast
genomes (Sun et al., 2021), which illustrated the sequence polymorphism in�uenced the evolutionary relationship
because of differences in geographic location. Dr. Yang et al. have found that the diverse original of L. sibiricus, L.
chaituroides, L. japonicus, and L. pseudomacranthus was clustered into one branch (Clade I), while the other two
species of L. turkestanicus and L. glaucescens were gathered into another branch (Clade II) based on the total
sequences of ITS region including internal transcriptional spacer 2 (ITS1), 5.8S ribosomal RNA, and internal
transcriptional spacer 2 (ITS2) (Yang et al., 2011; Yang et al., 2006). Nevertheless, the phylogenetic relationship in
this study, the clustering development of four species (Clade I) above results was similarly compliant with the
constructed tree given ITS2 DNA sequences, while the species of L. cardiaca newly supplemented showed the
closely related to the above species of the Clade II. The separate branch of L. sibiricus illustrated its
characteristics and distinctiveness. Therefore, in the evolutionary process, the seven Leonurus species kept the
congruously coincident evolutionary relationship no matter what cp genomes, ITS, or ITS2 sequences were.

5. Conclusion
The three studied Leonurus species are one of the essential and medicinal genera in the Lamiaceae family.
Especially, the species of L. japonicus is a vital traditional Chinese medicine (TCM) medicine included in Chinese
pharmacopeia for the treatment of gynecological diseases. In the ripe stage of the three plants, they can be
recognized from the outer features of diverse tissues. After comparing the sequences of the chloroplast genomes,
the results showed that the gene size, content, and order of chloroplast genomes were all similar and had excellent
collinearity. Though ampli�cation of the two diversity regions at atpH-atpI and rps15-ycf1 selected from the eleven
hotpot divergent regions, the sixteen speci�c variable SNP sites and two Indel sites were identi�ed for useful
genetic diversity. Through sequence contrast of ITS2 DNA, the studied three Leonurus species possessed their
speci�c contents to be signi�cantly distinguished. Additionally, the phylogenetic analysis con�rmed the previous
evolutionary phylogeny, in which the three Leonurus species were gathered into the same great clade although
they were located at the different sub-branch based on the shared CDS nucleotide or the ITS2 DNA sequences in
the nuclear genome. Generally, this study provides valuable genetic information on Leonurus species which can
aid in further species identi�cation, planting resources breeding, quality evaluation, and evolutionary relationships.
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Figure 1

The morphologic characteristics of Leonurus japonicus (a), Leonurus sibiricus (b), and Leonurus cardiaca (c). The
characteristics differed in the shape of stem, leaf and �ower has been marked in the �gure.

Figure 2

The Collinearity of the chloroplast genomes in the four Leonurus species.

L. japonicus (a: MG673937.1 and b: NC_038062.1), L. cardiaca (c: NC_058592.1), and L. sibiricus (d: OP327561.1)
from up to down in order.
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Figure 3

Graphic representation of features identi�ed in the three chloroplast genomes of Leonurus species by using
CPGView (http://www.1kmpg.cn/cpgview). The map contains seven tracks. From the center going outward, the
�rst track shows the distributed repeats connected with red (the forward direction) and green (the reverse
direction) arcs. The next track shows the tandem repeats marked with short bars. The third track shows the
microsatellite sequences as short bars. The fourth track shows the size of the LSC and SSC. The �fth track shows
the IRA and IRB. The sixth track shows the GC contents along the chloroplast genome. The seventh track shows
the genes having different colors based on their functional groups.
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Figure 4

The trans-splicing genesstructures in the Leonurus japonicus chloroplast genomes
(http://www.1kmpg.cn/cpgview). The white area is exon 2 in IRa, the black area is exon2 in IRb and the grey area
is exon 1. The arrow shows the sense direction of the genes.
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Figure 5

The codon usage bias in all protein-coding genes of chloroplast genomes in the three Leonurus species from left
to right: Leonurus japonicus, Leonurus sibiricus, and Leonurus cardiaca. The different RSCU values has been
shown in the ordinate.
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Figure 6

Analysis of SSR and TRS repeats in the chloroplast genomes of the three Leonurus species. Leonurus japonicus
(1), Leonurus sibiricus (2), and Leonurus cardiaca (3). (a) Repeat lengths (abscissa) and SSR number (ordinate) in
the three Leonurus species were shown with the different colors of the mononucleotides (green and orange),
dinucleotide (purple and red), and total nucleotide (blue). (b) The type and characteristics (abscissa), number, and
length (ordinate) of SSR and TRS were shown with the diverse colors of L. japonicus (green), L. cardiaca (yellow),
and L. sibiricus (blue).
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Figure 7

Structure comparison of the chloroplast genomes from the four Leonurus species by using the mVISTA program.
Gray arrows and thick black lines above the alignment indicate genes with their orientation and the position of the
IRs, respectively. A cut-off value of 70% identity was used for the plots, and the Y-scale represents the percent
identity between 50% and 100%. UTR: Untranslated Regions; CNS: Conserved Non-coding Sequences. A: IGS (trnC-
GCA-petN); B: IGS (petB-trnI-CAT); C: IGS (rpl2-trnI-CAT); D: IGS (trnL-TAG-ndhF).
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Figure 8

K2p distances among the intergenic spacer regions from 4 chloroplast genomes of Leonurus species. The K2p
distances were calculated in pairs. The abscissa shows the different IGS regions and the ordinate shows the
arbitrary K2P distance. The blue dots within the coordinate axis represent the average value of the three pairs. The
Error bars represent the standard error among the three pairs.
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Figure 9

The peak map (up) and sequencing results (down) of the three studied Leonurus species with the pairs of primers
M1 (a) and M2 (b). The symbols of YMC_M1, OYMC_M1, and XYYMC_M1 (a) are the sequencing results and peak
maps of the M1 DNA barcode from one sample of L. japonicus, L. cardiaca, and L. sibiricus, respectively. The
symbols of YMC_M2, OYMC_M2, and XYYMC_M2 (b) are the sequencing results and peak maps of the M2 DNA
barcode from one sample of L. japonicus, L. cardiaca, and L. sibiricus, respectively. The variant bases and Indel
sites have been marked A-Q in the red frame of the sequences according to the Arabian alphabet.
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Figure 10

The nucleotide comparison of the ITS2 DNA sequences in the seven Leonurus species. The left column shows the
name of the seven Leonurus species. The black and grey background shows the same bases from these species.
The white background shows the parts of the bases that exist the differentia in some species.

Figure 11

The phylogenetic relationships of nucleotide in the 16 studied species (a) for the cp genomes and 19 species
based on the ITS2 DNA sequences. It includes 14 Lamiales species with the two species Angelica sinensis and
Corydalis yanhusuo used as the outgroup. The tree was constructed with the nucleotide sequences of 64
CDS shared in the 16 species (a) and and 19 ITS2 DNA by using the Maximum likelihood (ML) method. Bootstrap
supports were calculated from 1000 replicates in the Fig. 11a.
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