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ABSTRACT 
Achillea species, commonly referred to as yarrow, belong to the family Asteraceae and are typically per
ennial, outbreeding plants used in traditional medicine. The genus Achillea has undergone hybridiza
tion and polyploidization events, resulting in phylogenetically complex relationships. Considering the 
limited scope of genomic studies on this genus, a genomic analysis of a diploid Achillea species is 
important for advancing our understanding of its evolutionary biology and genetic diversity. In this 
study, we assembled the complete chloroplast genome sequence of a diploid Achillea species (A. ptar
mica) using nanopore long-read sequencing technology. The assembled chloroplast genome 
(149,252 bp), with a GC content of 38%, was revealed to include a large single-copy region (82,498 bp), 
a small single-copy region (18,458 bp), and two inverted repeat regions (24,148 bp each). The genome 
contains 89 protein-coding genes, 8 rRNAs, and 37 tRNAs. A phylogenetic analysis clustered A. ptarmica 
with other Achillea species (A. millefolium and A. wilsoniana), positioning them within the same clade 
as the genus Tanacetum. The accuracy of nanopore sequencing was validated by comparing the results 
for 10 chloroplast genes with the corresponding Sanger sequencing results. Our findings provide valu
able genetic resources for further taxonomic, evolutionary, and phylogenetic studies of the genus 
Achillea.
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Introduction

Achillea species (yarrow) belong to the family Asteraceae and 
are characterized by aromatic and hairy leaves as well as flat 
clusters of small capitula in various colors, features that have 
made them popular choices for garden landscaping (Saeidnia 
et al. 2011). Beyond their ornamental appeal, Achillea species 
have long been utilized in traditional medicine because of 
their spasmolytic, anti-inflammatory, and antidiabetic proper
ties (Sheidai et al. 2009; Saeidnia et al. 2011; Veryser et al. 
2017). Members of this genus have a basic chromosome 
number of x¼ 9, and includes species with diploid (2x), tetra
ploid (4x), hexaploid (6x), and octoploid (8x) genomes 
(Sheidai et al. 2009). Achillea species have complex phylogen
etic relationships because of hybridization and polyploidiza
tion during evolution (Guo et al. 2004). Among Achillea 
species, A. millefolium L. and A. wilsoniana (Heimerl ex Hand.- 
Mazz.) Hand.-Mazz. have had their chloroplast genomes fully 
sequenced. An analysis of A. ptarmica L. (1753), which is a 
diploid perennial herb (Figure 1), may provide additional 
information regarding intergeneric and intrageneric relation
ships of Achillea species.

Illumina short-read sequencing has been widely used for 
whole-genome sequencing of chloroplasts, but its limited 
read lengths make it challenging to assemble large inverted 

repeats (IRs) (Kolodner and Tewari 1979; Scheunert et al. 
2020). Long-read sequencing methods, such as PacBio SMRT 
DNA sequencing and nanopore sequencing, may be better 
for assembling complete chloroplast genomes (Scheunert 
et al. 2020). However, the low accuracy of nanopore sequenc
ing can sometimes pose a problem (Rang et al. 2018). We 
herein report the complete chloroplast genome sequence of 
A. ptarmica determined using nanopore sequencing. This 
study aimed to clarify the taxonomic and evolutionary char
acteristics of the genus Achillea and evaluate the feasibility of 
using nanopore sequencing to analyze chloroplast genomes.

Materials and methods

Plant materials

A. ptarmica leaf samples were collected at the Laboratory of 
Plant Chromosome and Gene Stock at Hiroshima University 
(34�4001700 N, 132�7106700 E). A voucher specimen (SH1002) is 
stored by the Laboratory of Plant Chromosome and Gene Stock 
at Hiroshima University (contact M. Kusaba, akusaba@hiroshima- 
u.ac.jp). Genomic DNA extracted from leaf samples is available 
from the National Bioresource Project Chrysanthemum (https:// 
shigen.nig.ac.jp/chrysanthemum/). To minimize interference 
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from secondary products, genomic DNA was extracted from 
leaves after a 2-day incubation in darkness.

DNA extraction and sequencing

DNA for constructing a nanopore sequencing library was pre
pared as described by Naito (2023). Approximately 1.5 g leaf 
samples were ground in liquid nitrogen and then DNA was 
extracted using a NucleoBond HMW DNA kit (Macherey- 
Nagel, D€uren, Germany). DNA fragments smaller than 10 kbp 
were removed using a Short Read Eliminator Kit (Pacific 
Biosciences, USA). DNA quality was assessed by 0.8% agarose 
gel electrophoresis, whereas the DNA concentration was 
determined using a Qubit fluorometer (Thermo Fisher, 
Waltham, MA, USA). A sequencing library was prepared using 
an SQK-LSK114 Ligation Sequencing DNA V14 kit (ONT, 
Oxford, UK) and then sequenced using an R10.4.1 flow cell.

Genome assembly and annotation

A complete chloroplast genome was assembled using 
ptGAUL (v.1.0.5) (Zhou et al. 2023), with the A. wilsoniana 
(NC_069982) chloroplast genome serving as a reference. The 
genome was annotated and visualized using CPGAVAS2 
(Shi et al. 2019) and CPGView (Liu et al. 2023), respectively.

Phylogenetic analysis

Phylogenetic relationships were inferred on the basis of all 
protein-coding sequences encoded by 23 chloroplast genomes 

within the family Asteraceae. These sequences were obtained 
from GenBank and aligned with A. ptarmica sequences using 
MAFFT (v.7.0) (Katoh et al. 2019). A maximum-likelihood phylo
genetic tree was constructed using RAxML (v.8.2.11) 
(Stamatakis 2014) and the default parameters of the 
GTRGAMMA model, with branch support evaluated using 100 
bootstrap replicates.

Sequencing accuracy analysis

Ten chloroplast genes (rpoC1, rps2, rps16, trnL, ycf2, accD, 
ndhF, petB, psbB, and rpoB) containing sequence variations 
specific to A. ptarmica (compared with A. wilsoniana and A. 
millefolium sequences) were selected for Sanger sequencing. 
The generated sequences were compared with nanopore 
sequencing results to assess consistency and accuracy. 
Primers used for PCR amplifications and Sanger sequencing 
are listed in Supplementary Table S1.

Results

We obtained 68.1 Gb sequence data from A. ptarmica genomic 
DNA using a PromethION nanopore system. By assembling 
these sequences using ptGAUL, a 149,252 bp circular chloro
plast genome was generated (Figure 2; GenBank accession 
PQ412534). The genome has an overall GC content of 38% 
and consists of a large single-copy region (82,498 bp), a small 
single-copy region (18,458 bp), and two IR regions (24,148 bp 
each). The chloroplast genome includes 89, 8, and 37 protein- 
coding, rRNA, and tRNA sequences, respectively (Figure 2). The 
chloroplast genome was sequenced at an average depth of 
2970.8� coverage (Supplementary Figure 1). Cis-spliced genes 
and the trans-spliced gene rps12 were identified in the chloro
plast genome (Supplementary Figure S2). According to a 
phylogenetic analysis, A. ptarmica is closely related to A. wil
soniana and A. millefolium, consistent with their classification 
within the genus Achillea. Additionally, in the phylogenetic 
tree, Achillea species were clustered with two Tanacetum spe
cies (Figure 3), suggesting these genera are closely related. To 
evaluate the accuracy of the sequences obtained by nanopore 
sequencing, 10 polymorphic sites between A. ptarmica and A. 
wilsoniana/A. millefolium sequences, including nucleotide sub
stitutions (five transitions and three transversions), one inser
tion (5 bp), and one deletion (5 bp), were validated via Sanger 
sequencing (Supplementary Figures S3 and S4). The compari
son revealed that A. ptarmica sequence variations were consist
ent with Sanger sequencing data, confirming that the 
sequence variations were not due to nanopore sequencing 
errors.

Discussion and conclusion

This study assembled the A. ptarmica chloroplast genome 
using long-read nanopore sequencing data. The consistency 
in the sequences at 10 A. ptarmica-specific polymorphic sites 
obtained via nanopore sequencing and Sanger sequencing 
reflected the reliability of nanopore sequencing for assem
bling chloroplast genomes. The size, GC content, and gene 

Figure 1. Photographs of Achillea ptarmica taken by Hiroki Natsume in the 
Laboratory of Plant Chromosome and Gene Stock at Hiroshima University, 
Hiroshima, Japan (34�4001700 N, 132�7106700 E). (A) Capitula; the capitula are 
white and arranged in a corymbose inflorescence. The involucre is hemispher
ical. Ray florets are large, white, and arranged in two rows, while disk florets are 
also white, (B) Shoot. Leaves are elliptic to lanceolate-linear with fine serrations, 
and their bases partially clasp the stem.
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composition of the A. ptarmica chloroplast genome were simi
lar to those of the A. millefolium chloroplast genome (Liu et al. 
2023). A phylogenetic analysis suggested that A. millefolium 
and A. wilsoniana are closely related species, whereas A. ptar
mica is more distantly related. This is in accordance with the 
findings of an earlier study (Guo et al. 2004) that assigned A. 
ptarmica to an early-diverging lineage, distinct from the more 
recently evolved A. millefolium complex. Additionally, the clus
tering of Achillea species within the same clade as Tanacetum 
species is suggestive of a close relationship between the 

subtribes Matricariinae (containing Achillea) and Anthemidinae 
(containing Tanacetum), consistent with the results of a recent 
study (Manzo and Tomasello 2024).

In summary, we herein present a complete A. ptarmica 
chloroplast genome dataset, making it the third such dataset 
for the genus Achillea, along with a phylogenetic reconstruc
tion of the genus Achillea and related genera. Furthermore, 
the study data highlight the reliability of nanopore sequenc
ing for analyzing chloroplast genomes, supporting its applica
tion in evolutionary studies.

Figure 2. Schematic map of the overall features of the Achillea ptarmica chloroplast genome visualized by CPGView. The map contains six tracks arranged from the 
center outward. The first track presents dispersed repeats, consisting of direct and palindromic repeats, connected with red and green arcs, respectively. The second 
track presents long tandem repeats as short blue bars, whereas the third track presents short tandem repeats or microsatellite sequences as colored bars (black: 
complex repeat; green: repeat unit of 1; yellow: repeat unit of 2; purple: repeat unit of 3; blue: repeat unit of 4; orange: repeat unit of 5; red: repeat unit of 6). The 
fourth track includes small single-copy (SSC), inverted repeat (IRa and IRb), and large single-copy (LSC) regions. The fifth track presents the GC content along the 
genome, whereas the sixth track presents genes, which are color-coded according to their functional classification. Transcriptional directions for the inner and outer 
genes are clockwise and counterclockwise, respectively. Gene functional classifications are indicated in the bottom left corner.
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