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Dracocephalum is a large genus comprises approximately 80 species of perennial herbs, mainly distrib-
uted in high elevation regions of temperate and Central Asia, with about half native to China. Within the
genus, D. argunense and D. integrifolium are important herbs with great medicinal value. We sequenced
plastomes of these two species for the first time. These plastomes showed a typical quadripartite
structure and the length varied from 149,978 bp (D. integrifolium) to 150,802 bp (D. argunense). Plastomes
of D. argunense and D. integrifolium included 127 and 133 genes, respectively. Phylogenetic analyses
supported the monophyly of the redefined Dracocephalum and systematic relationships within the
sampled species were well resolved. Our study added new genetic information about D. argunense and
D. integrifolium and has great potential for further diversity studies, phylogenetic studies, and under-
standing of evolutionary history in Dracocephalum.
� 2024 National Science Museum of Korea (NSMK) and Korea National Arboretum (KNA), Publishing

Services by Elsevier. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Dracocephalum L. (Lamiaceae) is the second-largest genus
within the subtribe Nepetinae, comprising ca. 80 species
(Budantsev 1987; Li and Hedge 1994; Zhao et al. 2021; Chen et al.
2022a; Rose et al. 2023). Geographically, species of Dracocepha-
lum are widely distributed in various habitats (steppes, semi-
deserts, deserts, and alpine regions) across temperate Eurasia
(Chen et al. 2022a), and one species each distribute in North
America and North Africa (Budantsev 1987, 1993; Li and Hedge
1994; Harley et al. 2004; Mabberley 2017). Morphologically, Dra-
cocephalum is most similar to Nepeta L. but can be readily distin-
guished by its calyces with a thickened sinus-like fold between the
bases of the calyx lobes (Li and Hedge 1994; Harley et al. 2004).

Dracocephalum is utilized throughout its range for medicinal
purposes, and many species are of economic importance. For
example, D. integrifolium Bunge (‘Marzan Juxi’ in Uyghur) is a
traditional medicine that is widely used to treat coughs and asthma
(Zhou et al. 2019). Dracocephalum officinalis (L.) Y.P. Chen & B.T.
Drew is one of the most frequently consumed herbal remedies in
RCID.: 0000-0001-8775-6967
Xiang).
useum of Korea (NSMK) and
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the world (Fathiazad and Hamedeyazdan 2011). In addition, some
species are widely cultivated as ornamental plants (i.e. D. argunense
Fisch. Ex Rchb.; Kim et al. 2006).

As above-mentioned, both D. argunense and D. integrifolium are
socio-economically important plant species, but their chloroplast
genomes have never been reported. This study sequenced their
plastomes for the first time and aimed to provide genetic data
which will shed new light on the plastid phylogenomics of the
genus and provide new insight into plastome evolution across the
subfamily Nepetoideae.
Material and methods

Plant material and DNA extraction

Fresh and young leaves of D. argunense and D. integrifoliumwere
collected in the field from Tonghua City, Jilin province (Chen YP et al.
EM1448) and Zhaosu County, Xinjiang province, China, respectively
(Chen YP et al. EM814). Vouchers were deposited in Kunming
Institute of Botany, Chinese Academy of Sciences.

Total genomic DNA was extracted using the CTAB protocol
(Doyle and Doyle 1987). The library construction followed the
method of Chen et al. (2022b). Sequencing with 2 � 150 bp paired-
end reads was conducted to generate approximately 10 Gb of data
for each accession using an Illumina HiSeq 2000 platform (Illumina,
d Korea National Arboretum (KNA), Publishing Services by Elsevier. This is an open
c-nd/4.0/).
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San Diego, CA, United States) at BGI Genomics (BGI-Shenzhen,
China).

Plastome assembly and annotation

Quality control of raw reads was carried out using FastQC v0.12.0
programs (Andrews 2010), with the parameter set as Q � 25 to
acquire high-quality, clean reads for De novo assembling. Assembly
of the plastomes was implemented in the GetOrganelle v.1.7.6.1 (Jin
et al. 2020), and the resulting contigs were visualized and edited
using Bandage v.0.8.0 (Wick et al. 2015). Annotation was
first performed using Plastid Genome Annotator (PGA) (Qu et al.
2019) with the published plastome of D. tanguticum Maxim.
(MT457746; Yao et al. 2020) as a reference, the start and stop co-
dons were manually adjusted in Geneious v.11.0.3 (Kearse et al.
2012). A circular map of chloroplast genomes were drawn by
OGDRAW (Greiner et al. 2019). The script “get_annotate-
d_regions_from_gb.py” developed by Zhang et al. (2020) was
employed to extract coding regions (CDS) for phylogenetic analysis.

Phylogenetic analysis

Plastomes of eleven species were downloaded from the Gen-
Bank, with Nepeta hemsleyana Oliver ex Prain (MZ618620; Bautista
et al. 2022) and Schizonepeta tenuifolia Briq. (MW013765; Wang
et al. 2021) were selected as outgroups. Alignment was originally
performed usingMAFFT v7.017 (Katoh and Standley 2013) and then
trimmed by trimAl (Capella-Gutiérrez et al. 2009). The resulting
processed alignment is used to reconstruct a phylogenetic tree
using the maximum likelihood (ML) method. ML analyses were
conducted using RAxML v8.2.12 (Stamatakis 2014), with 1000
bootstrap iterations were selected with all other parameters set to
default. The phylogenetic tree was edited using Figtree v.1.4.1
(http://tree.bio.ed.ac.uk/software/figtree/).
Figure 1. Complete plastome maps of Dracocephalum argunense and D. integrifolium. The g
clockwise directions, respectively. Genes belonging to different functional groups are shown
inverted repeat region A; IRB, invert repeat region B; LSC, large single-copy region; SSC, sm
Results and discussion

Characterization of plastomes

In this study, chloroplast genomes of Dracocephalum argunense
and D. integrifolium were newly sequenced and assembled.
The annotated plastid genome sequences have been deposited
into the GenBank with the accession number of PP379900
(D. integrifolium) and PP379901 (D. argunense). The complete
chloroplast genome length of two species varied from 149,978 bp
(D. integrifolium) to 150,802 bp (D. argunense). Plastomes were
conserved in structure (Figure 1), displaying a typical quadripartite
structure with a large single-copy (LSC) region (82,228 bp and
81,764 bp), a small single-copy (SSC) region (17,192 bp and 17,042
bp), and a pair of inverted repeat (IR) regions (25,691 bp and
25,586 bp).

When duplicated genes in IR regions were counted only once,
the plastome of D. argunense included 107 unique genes, with 37
tRNA genes and eight rRNA genes, as well as 82 protein-coding
genes, 20 genes were duplicated in the IR regions, including nine
protein-coding genes (ndhF, rps7, rps19, rps12, ndhB, ycf2, ycf15, rpl2,
and rpl23), four ribosomal RNA genes (rrn4.5, rrn5, rrn16, and
rrn23), and seven transfer RNA genes (trnA-UGC, trnl-CAU, trnl-GAU,
trnl-CAA, trnN-GUU, trnR-ACG, and trnV-GAC). Seven protein-coding
genes (rpl2, atpF, ndhA, ndhB, rpl2, rpoC1, and rps16) and six tRNA
genes (trnA-UGC, trnG-UCC, trnI-GAU, trnK-UUU, trnL-UAA, and trnV-
UAC) contained one intron, and three genes (rps12, ycf3, clpP)
contained two introns. Plastome of D. integrifolium contained 112
unique genes, including 37 tRNA genes and eight rRNA genes, as
well as 88 protein-coding genes. 21 genes were duplicated in the IR
regions, including 10 protein-coding genes (ndhF, rps7, rps19, rps12,
ndhB, ycf1, ycf2, ycf15, rpl2, and rpl23), four ribosomal RNA genes
(rrn4.5, rrn5, rrn16, and rrn23), and seven transfer RNA genes (trnA-
UGC, trnl-CAU, trnl-GAU, trnl-CAA, trnN-GUU, trnR-ACG, and trnV-
enes inside and outside of the outer circle are transcribed in clockwise and counter-
in different colors. The inner circle represents different regions of the cp genome. IRA,
all single-copy region. The line-chart in gray shows the GC content along the genome.
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Table 1. Gene contents and functions of Dracocephalum argunense and D. integrifolium.

Category of genes Group of genes Name of genes

Photosynthetic Subunits of photosystem I psaA, psaB, psaC, psaI, psaJ
Submits of photosystem II psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbK, psbL, psbM, psbN,

psbT, psbZ
Subunits of NADH dehydrogenase ndhAy, ndhBy (2x), ndhC, ndhD, ndhE, ndhF (2x), ndhG, ndhH, ndhI, ndhJ,

ndhK
Subunits of cytochrome b/f complex petA, petB* y, petD* y, petG, petL, petN
Subunits of ATP synthase atpA, atpB, atpE, atpHy, atpI
Large subunit of rubisco rbcL

Self-replication Proteins of large ribosomal subunit rpl2y (2x), rpl14, rpl16* y, rpl20, rpl22, rpl23 (2x), rpl32, rpl33, rpl36
Proteins of small ribosomal subunit rps2, rps3, rps4, rps7 (2x), rps8, rps11*, rps12z (2x), rps14, rps15, rps16y,

rps18, rps19 (2x)
Subunits of RNA polymerase rpoA, rpoB, rpoC1y, rpoC2
Ribosomal RNAs rrn23S (2x), rrn16S (2x), rrn5S (2x), rrn4.5S (2x)
Transfer RNAs trnA-UGCy (2x), trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA, trnfM-CAU,

trnG-GCC, trnG-UCCy, trnH-GUG, trnI-CAU (2x), trnI-GAUy (2x), trnK-UUUy,
trnL-CAA (2x), trnL-UAAy, trnL-UAG, trnM-CAU, trnN-GUU (2x), trnP-UGG,
trnQ-UUG, trnR-ACG (2x), trnR-UCU, trnS-GCU, trnS-GGA, trnS-UGA, trnT-
GGU, trnV-GAC (2x), trnV-UACy, trnW-CCA, trnY-GUA

Biosynthesis Maturase matK
Protease clpPz

Envelope membrane protein cemA
Acetyl-CoA carboxylase accD
c-type cytochrome synthesis gene ccsA
Translation initiation factor infA

Unknown function Conserved hypothetical chloroplast Reading frames ycf1* (2x), ycf2 (2x), ycf3z, ycf4, ycf15 (2x)

* Represents the gene unique to D. integrifolium.
y gene with a single intron.
z gene with two introns, (2x) duplicated gene.
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GAC). Nine protein-coding genes (atpF, ndhA, ndhB, petB, petD, rpl16,
rpl2, rpoC1, and rps16) and six tRNA genes (trnA-UGC, trnG-UCC,
trnI-GAU, trnK-UUU, trnL-UAA, and trnV-UAC) contained one intron,
and three genes (rps12, ycf3, clpP) contained two introns (Table 1).
Compared with D. integrifolium, five genes (petB, petD, rpl16, rps11,
and ycf1) were absent in D. argunense.

Within those sampled sequences, protein-coding regions
accounted for 47.4%e53.1% of the whole genome, while tRNA and
rRNA regions accounted for 7.85%e7.89%. The overall guanine-
Figure 2. The best-score tree from maximum likelihood anal
cytosine (GC) content of the two plastomes was 37.7% and 37.9%,
respectively.

Phylogenetic analysis

As currently defined, Dracocephalum includes two traditionally
defined genera, i.e. Hyssopus L. and Lallemantia Fisch. & C.A. Mey.
(Chen et al. 2022a). Our study highly supported the monophyly of
the Dracocephalum (100%), and two clades are recognized
ysis of Dracocephalum based on protein-coding regions.
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(Figure 2). Clade I (81%) consists of seven species, and D. argunense
appears as a sister to the remaining six species. Another focal
species, D. integrifolium is also nested within Clade I and is sister to
D. palmatum Stephan exWilld. Clade II receives high support (95%),
comprising four species, D. cuspidatum (Boriss.) Y.P. Chen and B.T.
Drew, D. officinalis, D. psammophilum C.Y. Wu & W.T. Wang, and
D. rupestre Hance. Although only 11 speices were included for
phylogenetic analysis, the relationships among them are compa-
rable to those in the previous study (Chen et al. 2022a). In addition,
the tree based on plastome sequences generally has higher support
values than the previous study using four plastid DNA markers (i.e.
rpl32-trnL, trnL-trnF, ycf1, and ycf1-rps15) and nuclear genes.

Dracocephalum is an economically important group, although
several plastomes of the genus have been reported using chloro-
plast genomes to resolve phylogenetic questions within the genus
have been rare. Our study presents a bettersupported phylogeny of
Dracocephalum, demonstrating that complete plastome sequences
can improve phylogenetic resolution. Now, with increasing rapid
and less expensive next generation sequencing (NGS) technology
continually developing, we can expect complete chloroplast ge-
nomes to least largely resolve infrageneric relationships within
Dracocephalum.

Data availability

Plastomes of two newly sequenced species can be available in
GenBank of NCBI at https://www.ncbi.nlm.nih.gov.
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