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and compare the evolutionary relationship of species from Lamiaceae with similar medicinal effects. The total
DNA of Lycopus europaeus was sequenced using the Illumina Hiseq 4000 Sequencing platform and was assembled
using NOVOplasty software. And then we annotated and analyzed the genome using the CPGAVAS?2 online tool.
We constructed the phylogenetic tree using the Stellera chamaejasme and Potentilla chinensis as the outgroup. The
whole length of Lycopus europaeus chloroplast genome was 152 085 bp. A total of 132 genes were annotated
including 88 protein-coding genes, 8 rRNA genes and 36 tRNA genes. Among them, 8 protein-coding genes (ndhB,
rps7, rpsl2, rpsl9, rpl2, rpl23, ycf2, ycfl5), 7 tRNA coding genes (trnM-CAU, trnL CAA, trnN-GUU, trnE-UUC,
trnV-GAC, trnA-UGC, trnR-ACG) and 4 rRNA coding genes (rrnl6s, rrn23s, rrn4.5s, rrn5s) are located in the IR
region. There are 13 protein coding genes [rps16, rpsl19 (x2), atpF, rpoC1, rpl2 (x2), petB, petD, rpl16, ndhB (x2),
ndhA] each contains one intron, two protein-coding genes (ycf3, clpP) each contain two introns, and 8 tRNA coding
genes each contain one intron. A total of 34 SSRs were detected in the chloroplast genome of Lycopus europaeus.
Phylogenetic analysis revealed that two species in the Lycopus genus, four species in the Dracocephalum genus,
Glechoma longituba, two species in the Mentha genus and Prunella vulgari, in total 10 species are most related.
The complete genome sequence of Lycopus europaeus was obtained and analyzed, which clarified the evolutional
relationship between the species of Lycopus europaeus and in the Lamiaceae family.

Key words: Lamiaceae; Lycopus europaeus; L. lucidus Turcz. var. hirtus Regel; chloroplast genome; sequence
characteristics; repeats sequence; phylogenetic evolution
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Table 1
repeat region

Information of chloroplast genomes used in this study. LSC: Large single copy region; SSC: Small single copy region; IR: Inverted

icf . Overall LSC SSC IR Total Protein- tRNA rRNA  GC content

Genomic feature Accession length/bp  length/bp length/bp length/bp gene coding gene  gene gene 1%
Lycopus europaeus OM617843.1 152 085 83103 17734 25624 132 88 36 8 38.04
L. lucidus Turcz. var. hirtus Regel ~ MT980792.1 152 096 83111 17737 25624 132 88 36 8 38.04
Dracocephalum taliense MT473756.1 150 976 82253 17365 25679 132 87 37 8 37.78
Dracocephalum tanguticum NC_057508.1 150 954 82221 17363 25685 133 88 37 8 37.8
Dracocephalum heterophyllum MW970109.1 150 860 82146 17360 25673 133 88 37 8 37.76
Dracocephalum moldavica NC_057509.1 149 868 81450 17066 25676 133 88 37 8 37.83
Glechoma longituba MK609928.1 153 069 114 878 20791 8 700 132 87 37 8 37.84
Mentha spicata NC_037247.1 152 132 83219 17663 25625 132 87 37 8 37.85
Mentha canadensis NC_044082.1 152 154 83278 17676 25600 132 87 37 8 37.81
Salvia miltiorrhiza NC_020431.1 151 328 82 695 17555 25539 132 87 37 8 38.02
Salvia plebeia NC_050929.1 151 062 82 454 17498 25555 132 87 37 8 38.01
Salvia splendens NC_050901.1 150 604 82181 17857 25283 130 86 36 8 38.04
Salvia przewalskii NC_041091.1 151 319 82732 17605 25491 132 87 37 8 37.96
Salvia yunnanensis NC_050903.1 151 413 82656 17577 25590 132 87 37 8 38.02
Scutellaria baicalensis NC_027262.1 152 731 83950 17475 25653 132 87 37 8 38.38
Scutellaria rehderiana MT982397.1 151 827 83971 17330 25263 132 87 37 8 38.33
Scutellaria amoena NC_057255.1 151 569 83738 17325 25253 131 87 36 8 38.36
Anisomeles indica NC_046781.1 151 900 83143 17555 25601 132 87 37 8 38.26
Caryopteris mongholica NC_035729.1 151 707 83203 17226 25639 131 86 37 8 38.24
Galeopsis bifida MT473759.1 151 890 82936 17672 25641 132 87 37 8 38.47
Leonurus japonicus NC_038062.1 151 610 82827 17515 25634 132 87 37 8 38.41
Nepeta cataria NC_051544.1 152 399 83340 17605 25697 132 87 37 8 37.85
Pogostemon cablin NC_042796.1 152 461 83553 17584 25662 132 87 37 8 38.24
Clerodendrum trichotomum NC_057680.1 151 549 83065 17306 25589 131 86 37 8 38.2
Rosmarinus officinalis NC_027259.1 152 462 83 355 17965 25571 132 87 37 8 37.99
Stellera chamaejasme NC_042714.1 173 381 86 769 2858 41877 132 87 37 8 36.68
Potentilla chinensis MN871983.1 157 053 86174 15829 27525 126 81 37 8 36.81
Prunella vulgaris NC_039654.1 151 342 82 606 17420 25613 133 88 37 8 37.92
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Lycopus europaeus
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Figure 1 Chloroplast genome map of L. europaeus. Graphic representation of features identified in C. spicatus chloroplast genome by
using CPGview-RSG (http://www. herbalgenomics.org/cpgview). The map contains seven circles. From the center going outward, the first
circle shows the distributed repeats connected with red (the forward direction) and green (the reverse direction) arcs. The next circle shows
the tandem repeats marked with short bars. The third circle shows the microsatellite sequences as short bars. The fourth circle shows the size
of the LSC and SSC. The fifth circle shows the IRa and IRb. The sixth circle shows the GC contents along the plastome. The seventh circle
shows the genes having different colors based on their functional group

Table 2 Encoded genes in the chloroplast genome of L. europaeus. *(x2) The marker gene has two copies of the genes

Gene function

Category

Gene name

Self-replication

Photosynthesis

rRNA genes
tRNA genes
Small subunit of ribosome

Large subunit of ribosome
DNA-dependent RNA polymerase
Subunits of NADH-dehydrogenase
Subunit of rubisco

Subunits of photosystem |
Subunits of photosystem |1

Subunits of cytochrome b/f complex
Subunits of ATP synthase

rrl6S (x2)*, rrn23S (x2), rr5S (x2), rrn4.5S (x2)

36 trn genes (8 contain one intron)

rpsll, rpsl2 (x2), rpsl4, rpsl5, rpsl6, rpsl8, rpsl9 (x2), rps2, rps3, rps4,
rps7 (x2), rps8

rpl14, rpll6, rpl2 (x2), rpl20, rpl22, rpl23 (x2), rpl32, rpl33, rpl36

rpoA, rpoB, rpoC1, rpoC2

ndhA, ndhB (x2), ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhl, ndhJ, ndhK
rbcL

psaA, psaB, psaC, psal, psaJ

psbA, psbB, psbC, psbD, psbE, psbF, psbl, psbJ, psbK, psbL, psbM, psbN,
psbT, psbz, ycf3

petA, petB, petD, petG, petL, petN

atpA, atpB, atpE, atpF, atpH, atpl

Other genes c-Type cytochrome synthesis gene ccsA
Protease clpP
Envelop membrane protein cemA
Subunit of acetyl-CoA-carboxylase acch
Maturase matkK
Translational initiation factor infA

Unknown function

Supposed chloroplast reading frame

ycfl, yefl5 (x2), ycf2 (x2), ycfd
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Figure 2 Schematic representation of the cis-splicing genome

structure of the L. europaeus chloroplast genome. White and black
regions are introns, exons, respectively. Arrows indicate the direc-
tion of the gene
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Figure 3 Schematic representation of the trans-splicing genome structure of the L. europaeus chloroplast genome. White, grey and black

regions are exons. Arrows indicate the direction of the gene

Table 3 Microsatellite repeat sequences of L. europaeus chloroplast genome

Repetitive

Number of replication

Repeat unit type sequence 5 6 7 8 9 10 11 12 13 14 15 16 Total

Mononucleotide AIT - - - - - 13 4 6 2 1 1 1 28
CIG - - - - - 1 1 2

Dinucleotide AG/CT - 1 1
AT/IAT - 2 1 3
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Lycopus europaeus
152 085 bp

Lycopus lucidus
152 096 bp

Dracocephalum taliense
150 976 bp

Dracocephalum heterophylium
150 860 bp

Dracocephalum tanguticum
150 954 bp

Dracocepha.fum moldavica
149 868 bp

Glechoma longituba
153 069 bp

Mentha canadensis
152 154 bp

Mentha spicata
152 132 bp

Prunella ml'garfs
151342 bp

Figure 4 Schematic diagram showing the gene contents at the IR boundries in the chloroplast genomes from L. europaeus and its related

species
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Figure 5 The number of identified SSR and their distribution. A: The number of SSR having a particular type of motif; B: Distribution of
various SSR in LSC, SSC and IR regions from the L. europaeus chloroplast genome. p1: Monocleotide repeat; p2: Dinucleotide repeat; c:
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Figure 6 Phylogenetic tree based on CDS-protein (left) and DNA (right) sequences using the method of ML and NJ in the 28 species

chloroplast genomes. The bootstrap values of ML and NJ methods are shown outside and inside of brackets on the nodes
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