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Abstract 

‘Boju’ and ‘Huaiju’ are cultivars of the Chrysanthemum (Chrysanthemum morifolium Ramat.) in the family Asteraceae, 
valued for their medicinal, tea, and ornamental properties, and valued by individuals. However, the yield and quality 
of medicinal chrysanthemums are limited by the characteristics of the germplasm resources, including the identifica-
tion at the varieties and cultivation levels. Currently, research characterizing the chloroplast genomes of medicinal 
Chrysanthemum flowers is relatively limited. This study conducted chloroplast whole-genome sequencing on two cul-
tivars of Chrysanthemum, ‘Boju’ and ‘Huaiju’, and compared them with the previously published chloroplast genomes 
of ‘Hangbaiju’ and ‘Gongju’. The study analyzed the chloroplast genome structures of these four medicinal Chrysanthe-
mums, identifying mutation hotspots and clarifying their phylogenetic relationships. The chloroplast genome sizes 
of four medicinal Chrysanthemum cultivation products ranged from 151,057 to 151,109 bp, with GC content ranging 
from 37.45% to 37.76%. A total of 134 genes were identified, including 89 protein-coding genes, 37 ribosomal RNA 
genes, and 8 transfer RNA genes. Comparative genomic analysis revealed 159 large repeat sequences, 276 simple 
sequence repeats, 1 gene, and 8 intergenic regions identified as highly variable regions. Nucleotide diversity (Pi) 
values were high (≥ 0.004) for the petN-psbM, trnR-UCU-trnT-GGU​, trnT-GGU-psbD, ndhC-trnV-UCA​, ycf1, ndhI-ndhG, trnL-
UGA-rpl32, rpl32-ndhF, and ndhF-ycf1 fragments, aiding in variety identification. Phylogenetic analysis revealed consist-
ent results between maximum likelihood and Bayesian inference trees, showing that the four medicinal Chrysanthe-
mum cultivars, along with their wild counterparts and related species, evolved as a monophyletic group, forming 
a sister clade to Artemisia and Ajania. Among the six Chrysanthemum species, the wild Chrysanthemum diverged first 
(Posterior probability = 1, bootstrap = 1,000), followed by Ajania, while C. indicum and C. morifolium clustered together 
(Bootstrap = 100), indicating their closest genetic relationship. The chloroplast whole-genome data and characteris-
tic information provided in this study can be used for variety identification, genetic conservation, and phylogenetic 
analysis within the family Asteraceae.
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Introduction
Chrysanthemum belongs to the genus Chrysanthemum 
of the family Asteraceae, and its dry flower heads are a 
commonly used traditional Chinese herbal medicine. 
Originating in China, Chrysanthemum has undergone 
over 3,000 years of development from wild to medicinal 
and ornamental use [1]. Throughout this extensive his-
tory, the medicinal, tea, culinary, and ornamental values 
of Chrysanthemum have gradually been explored, lead-
ing to a wide range of applications [2, 3]. For instance, 
ornamental Chrysanthemums have become the leading 
cut flower among the four major types and the second 
most popular cut flower in the global flower market [4]. 
In comparison to ornamental Chrysanthemums, medici-
nal Chrysanthemums have a more ancient history. Since 
the Han Dynasty, medicinal Chrysanthemums have 
gained widespread popularity. "Shennong Ben Cao Jing" 
categorizes them as a superior herb, while "Mingyi Bie 
Lu" records details such as their place of origin, harvest-
ing time, and processing methods, thus confirming the 
medicinal value of Chrysanthemum [2]. Today, cultivated 
Chrysanthemum varieties such as ‘Boju’, ‘Huaiju’, ‘Hangju’, 
and ‘Gongju’ are all included in the latest edition of the 
Chinese Pharmacopoeia, representing typical medici-
nal Chrysanthemums. Chrysanthemum contains active 
ingredients such as volatile oil [5], flavonoids [6], sugars, 
and hydroxycinnamic acid derivatives [7], which exhibit 
pharmacological effects including antibacterial, anti-
inflammatory, antioxidant, antiviral, anti-tumor, and pre-
vention of chronic diseases [3, 8]. In folk pharmacology, 
Chrysanthemum is widely believed to have the effects of 
soothing the liver, improving vision, and clearing heat 
and toxins [3], making Chrysanthemum highly valuable 
for scientific research. However, C. morifolium face tax-
onomic ambiguity, which significantly complicates the 
identification of medicinal varieties. The primary causes 
of this confusion stem from the vast diversity of chrysan-
themum species, their similar morphological features, 
the prevalence of hybrids, and the wide range of culti-
vated varieties. Additionally, traditional identification 
methods are subjective and have inherent limitations [7, 
9]. These challenges contribute to the widespread issue of 
adulteration, making quality control difficult and severely 
hindering scientific research and the effective utilization 
of medicinal C. morifolium. Therefore, molecular-level 
studies are essential for the accurate identification and 
authentication of medicinal Chrysanthemum species, as 
well as for revealing their molecular evolution and diver-
sification processes.

There exists a vast array of plant species worldwide, yet 
the number that can be identified using traditional plant 
identification methods is relatively limited. The emer-
gence of DNA barcoding technology has had a positive 

impact on this situation [10]. DNA barcoding technology 
is a method that uses short DNA sequences from either 
the nuclear genome or organelle genomes to identify bio-
logical samples. Compared to the mitochondrial genome, 
which evolves slowly and has a very low substitution rate 
in plants, and the nuclear genome, which exhibits higher 
heterozygosity and greater complexity in variation, the 
chloroplast genome offers several significant advantages 
in species identification. These advantages include higher 
stability, ease of sequencing, an intermediate mutation 
rate, and rich interspecies variation [11]. Therefore, in 
recent years, DNA barcoding has been widely used for 
the species identification, authentication, and phyloge-
netic analysis of medicinal plants, particularly in dis-
tinguishing morphologically similar or closely related 
species [12, 13]. While single locus DNA barcodes may 
face difficulties in identifying closely related species due 
to insufficient variation [14], whole chloroplast genome 
(cp genome) sequencing (super-barcoding) is more reli-
able when distinguishing between closely related vari-
eties or even cultivated varieties compared to shorter 
chloroplast markers, owing to its broader sequence cov-
erage and higher resolution [15]. For example, Wu et al. 
[16] utilized the whole chloroplast genome as a super bar-
code to successfully distinguish Fritillaria species listed 
in the Chinese Pharmacopoeia from their closely related 
species and counterfeit materials. This approach has also 
been widely applied in various other medicinal plants, 
yielding positive results [17–19]. Furthermore, the cp 
genome, characterized by highly conserved gene struc-
ture and sequence, as well as maternal inheritance, serves 
as an ideal molecular data resource widely employed in 
research fields such as phylogenetics, genetic engineer-
ing, breeding, and evolutionary biology [20, 21]. Chloro-
plasts are found in plants, algae, and some protists. They 
are double-membraned organelles and serve as the pri-
mary site of photosynthesis, converting light energy into 
chemical energy to provide energy for plant growth and 
development, as well as supplying carbon intermediates 
for many key metabolic reactions [22]. The cp genome of 
land plants exhibits highly conserved structure and con-
tent organization, typically presenting a typical circular 
tetrad structure composed of a large single-copy region 
(LSC) and a small single-copy region (SSC), separated by 
two inverted repeat sequences (IR) of equal length but 
in opposite directions [23–25]. Recent years have wit-
nessed a spurt of progress in next-generation sequencing 
technologies and phylogenomics, cp genome sequenc-
ing has been widely applied in molecular evolution and 
phylogenetic analysis studies of many plant species [23, 
26]. Through the integration of cp genomics and phylog-
enomics, more accurate classification and phylogenetic 
relationships of Chrysanthemums can be obtained.
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Despite extensive research has been conducted on the 
botanical ecology, active ingredients, clinical pharma-
cology, and folk pharmacology of medicinal chrysanthe-
mums, issues such as taxonomic ambiguity, difficulties 
in quality control, and the lack of phylogenetic analysis 
persist. Therefore, chloroplast genome research is highly 
necessary. The whole chloroplast genome, as a super 
barcode, has shown great promise in distinguishing 
closely related species and counterfeit medicinal mate-
rials, especially in tightly related taxa [10]. Additionally, 
specific genes or non-coding regions in the chloroplast 
genome are relatively conserved but exhibit sufficient 
variation, making them suitable as candidate DNA bar-
codes to provide a foundation for future phylogenetic 
and evolutionary studies. This study, based on the Chi-
nese Pharmacopoeia, utilized the chloroplast genomes 
of two newly sequenced chrysanthemum cultivars, ’Boju’ 
and ’Huaiju,’ along with the publicly available chloro-
plast genome data of two medicinal chrysanthemums, 
’Hangbaiju’ and ’Gongju’. The sequences were assembled, 
annotated, and compared to provide a detailed descrip-
tion of their basic characteristics. Nucleotide diversity 
was assessed, and highly variable regions were identified. 
Additionally, the evolutionary relationships were system-
atically studied at the cp genome sequence level. These 
four chrysanthemum cultivars, included in the 2020 edi-
tion of the “Chinese Pharmacopoeia”, have a long history 
of medicinal use and are widely recognized as represent-
ative medicinal varieties [27]. The findings of this study 
can serve as a reference for the classification of medici-
nal Chrysanthemums, identification of Chrysanthemum 
varieties, quality assessment, phylogenetic analysis, and 
development of molecular markers in the future.

Materials and methods
Plant Material
Fresh and well-grown specimens of ’Boju’ and ’Hua-
iju’ were collected from the Medicinal Plant Garden 
of Anhui University of Chinese Medicine (latitude 
N31°56′58″, longitude E117°23′38″). Voucher speci-
mens of both cultivars were collected and stored at 
the Herbarium Centre of Anhui University of Tradi-
tional Chinese Medicine, Hefei, China. (AhtcmH, yxy.
ahtcm.edu.cn/info/1006/6713.htm, Shi-hai Xing, xsh-
shihai@163.com, under the voucher numbers 20231005 
and 20,231,004). The complete cp genome data of the 
medicinal Chrysanthemum cultivars ‘Hangbaiju’ and 
‘Gongju’ were downloaded from NCBI (Supplemental 
Table S1). In the phylogenetic analysis section, cp com-
plete genome sequences of species such as Arabidopsis 
thaliana, Salvia miltiorrhiza, Scutellaria baicalensis, 

Stylidium debile, Stylidium petiolare, Artemisia prin-
ceps, Artemisia stechmanniana, Ajania nematoloba, 
and Ajania tenuifolia were all downloaded from NCBI.

DNA extraction and genome sequencing
Total genomic DNA from leaves of C. morifolium was 
extracted using a modified CTAB method with a plant 
genomic DNA extraction kit. The DNA concentration 
and quality were evaluated using a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA, 
USA) and 1% agarose gel electrophoresis. The extracted 
DNA underwent further fragmentation and end repair 
to prepare the genomic libraries. The constructed 
libraries were subsequently sequenced on the Illu-
mina HiSeq × high-throughput platform (Illumina, San 
Diego, CA, USA). Library preparation and sequencing 
were performed by Genewiz (Soochow, China). The raw 
reads obtained were subjected to quality control using 
the Cutadapt (V1.9.1) software for second-generation 
sequencing data. This process involved removing reads 
containing adapter sequences, contaminants, and low-
quality reads to obtain clean reads.

Cp genome assembly and annotation
Based on the clean reads obtained from sequencing, 
NOVOPlasty (version 2.7.2) [28] was employed for cp 
genome assembly. To enhance the accuracy of assembly, 
additional software was utilized to optimize the assem-
bly results. The contig sequences were further assembled 
into scaffold sequences using SSPACE software (ver-
sion 3.0) [29]. Subsequently, GapFiller software (version 
1–10) [30] was used to fill gaps in the scaffold sequences. 
After alignment and correction, the complete cp genome 
sequence was obtained. After assembly, we initially anno-
tated the cp genome using DOGMA and GeSeq [31, 32], 
with the Chrysanthemum whole genome as the reference 
sequence. During the annotation process, special atten-
tion was given to the trans-spliced gene rps12, short exon 
genes, pseudogenes, and RNA editing genes to prevent 
annotation errors [33]. Manual corrections to the anno-
tation were performed using Geneious R11. The tRNA 
annotation was conducted using tRNAscan-SE (v2.0.7) 
[34]. Finally, the physical map of the cp genome was con-
structed using the OGDraw program [35]. The annotated 
sequences of the cp genomes of C. morifolium cultivar 
‘Boju’ and C. morifolium cultivar ‘Huaiju’ were depos-
ited in GenBank with accession numbers PP979455 and 
PP908960, respectively.
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Comparative analysis of the Cp genomes of the four 
cultivars
Comparison analysis of the CPGs
Using the ‘Boju’ cp genome as a reference with annota-
tions, we conducted a visual comparative analysis of 
the overall similarity of cp genomes among four Chry-
santhemum cultivars using the mVISTA software [36] 
in Shuffle-LAGAN mode. To evaluate the variation of 
the inverted repetition (IR) regions more comprehen-
sively and the contraction and expansion of boundaries 
in the cp genomes of four cultivars of Chrysanthemum, 
this study compared the LSC/IRb, IRb/SSC, SSC/IRa, 
IRa/LSC junctions, and adjacent gene arrangements in 
their cp genomes. Visualization of the four major region 
boundaries in the cp genomes of the four cultivars was 
achieved using IRscope [37].

SSRs and repeat sequence analysis
The REPuter [38] (https://​bibis​erv.​techf​ak.​uni-​biele​feld.​
de/​reput​er) online tool was utilized to visualize the quan-
tity and types of scattered repeat sequences in each cp 
genome, including forward, reverse, complement, and 
palindromic sequences. A Hamming distance of 3 was 
set, with a minimum repeat unit size of 30 bp and a maxi-
mum repeat count of 50 bp, to identify the types of repeat 
sequences in the cp genomes of the four Chrysanthe-
mum cultivars. Simple sequence repeats (SSRs), formed 
by tandem repeats of 1-6 bp-long repeating units, serve 
as informative loci for molecular marker analysis and are 
frequently employed in population genetic studies of spe-
cies. The cp genomes of four medicinal Chrysanthemum 
cultivars were analyzed for simple sequence repeats using 
MISA-web [39]. The parameters for minimum repeat 
counts were set at 10, 5, 4, 3, and 3, corresponding to 
mononucleotide to hexanucleotide repeats.

Analysis of codon preference
We utilized the CodonW program (https://​codonw.​sourc​
eforge.​net/) to calculate the frequency of synonymous 
codon usage for each encoded amino acid in four Chry-
santhemum cultivars. Subsequently, we performed Rela-
tive Synonymous Codon Usage (RSCU) cluster analysis 
using TBtools v1.0987663 software (https://​github.​com/​
CJ-​Chen/​TBtoo​ls/​relea​ses) [40]. Relative Synonymous 
Codon Usage (RSCU) is calculated by comparing the 
observed frequency of specific codons within the coding 
sequence to the expected frequency within their synony-
mous codon family. An RSCU value close to 1.0 indicates 
no significant bias [41]. RSCU values greater than 1.0 
denote high-frequency codons, suggesting a preference 
for those codons due to their higher usage frequency.

Analysis of highly variable areas
To identify highly variable regions, we aligned the 
extracted conserved genes and intergenic regions using 
MAFFT, followed by sliding window analysis using 
DnaSP software [42]. We calculated nucleotide diversity 
and polymorphic sites in the cp genomes of four medici-
nal Chrysanthemum cultivars to assess the variability of 
variable sites in the highly variable regions. In the nucleo-
tide polymorphism analysis, a search window length of 
600 bp and a step length of 200 bp were set. Hotspot vari-
able regions were selected based on the magnitude of the 
Pi value, and R programming was used for visualization.

Phylogenomics analysis
To gain a deeper understanding of the phylogenetic rela-
tionships among medicinal Chrysanthemums (Chrysan-
themum spp.) and their related genera and closely related 
species, we downloaded cp genome sequences of other 
species from the Asteraceae family and closely related 
families from the NCBI database as supplementary data 
for phylogenetic analysis (Supplementary Table  S1). 
After aligning all sequences using MAFFT v7.50 [43], 
we trimmed and aligned the sequences using trimAI 
v1.41 [44]. A. thaliana was used as an outgroup. We con-
ducted maximum likelihood (ML) analysis using RaxML 
[45] software under the GTR + GAMMA [46] model and 
performed 1000 bootstrap replicates to assess the robust-
ness of the tree topology. Additionally, a Bayesian tree 
was constructed using MrBayes software through Bayes-
ian inference. The posterior probabilities of the phylo-
genetic model were estimated using the Markov Chain 
Monte Carlo (MCMC) method, running for 100,000 
generations, with one tree saved every 100 generations 
for posterior analysis. The MCMC analysis started with a 
random tree and then constructed a consensus tree after 
discarding burn-in samples.

Results and discussions
General characteristics of the Cp genome
In this study, clean reads of the cp genomes of ’Boju’ and 
’Huaiju’ were obtained through Illumina sequencing. The 
cp genomes of four medicinal Chrysanthemum culti-
vars range in size from 151,057 bp (Boju) to 151,109 bp 
(Hangbaiju) and exhibit a typical circular structure 
(Fig. 1). Among them, the shortest sequence is 151,057_
bp for ‘Boju’, and the longest sequence is 151,109 bp for 
‘Hangbaiju’. After optimizing the raw data, the effective-
ness rates of Q20 and Q30 surpassed 92%. The sequenc-
ing quality is deemed to be excellent. The cp genomes 
of the four Chrysanthemum cultivars exhibit a typi-
cal quadruple structure, with a large single-copy region 
(LSC) (82,806  bp-82,858  bp) and a small single-copy 

https://bibiserv.techfak.uni-bielefeld.de/reputer
https://bibiserv.techfak.uni-bielefeld.de/reputer
https://codonw.sourceforge.net/
https://codonw.sourceforge.net/
https://github.com/CJ-Chen/TBtools/releases
https://github.com/CJ-Chen/TBtools/releases
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region (SSC) (18,293  bp-18,350  bp) separated by a pair 
of inverted repeat regions (IR) (24,953  bp-24,957  bp). 
The GC content of the cp genomes of ‘Boju’, ‘Huaiju’, 
‘Hangbaiju’, and ‘Gongju’ is 37.76%, 37.75%, 37.46%, and 
37.45%, respectively. This is significantly lower than the 
AT content, consistent with the characteristic abundance 
of AT in cp genomes. The GC content of the IR regions 
is 43.07%, which is higher compared to the LSC (35.54–
35.57%) and SSC (30.77–30.82%) regions. This indicates 
that the IR regions possess higher stability than the SSC 
and LSC regions (Table 1).

Annotation was performed on the cp genomes of 
‘Hangbaiju’, ‘Gongju’, and the cultivars sequenced in 
this study, using data downloaded from the NCBI data-
base. It was found that based on gene count, the four 
medicinal Chrysanthemum cultivars can be divided 
into two categories. One category includes ‘Hangbaiju’ 
and ‘Gongju’, both of which contain 127 genes in their 
cp genomes, comprising 85 CDS genes, 34 tRNA genes, 
and 8 rRNA genes. The other category includes ‘Boju’ 
and ‘Huaiju’, which contain 125 genes, including 83 CDS 
genes, 34 tRNA genes, and 8 rRNA genes (Table 1). The 
differential genes identified among the four medicinal 
Chrysanthemum cultivars include clpP1, pbf1, trnS-
GGA​, psbL, pafII, psaI, trnV-UAC​, trnfM-CAU​, trnG-
UCC​, psbN, clpP, ycf4, ycf3, trnG-GCC​, trnE-UUC​, and 
ycf15. Except for ycf15, which is located in the IR region 
of ‘Hangbaiju’ and ‘Gongju’, the remaining differential 

genes are situated in the LSC region. The functional 
analysis of the cp genome genes can be categorized 
into four groups: self-replication group, photosynthesis 
group, other functions, and unknown function group 
(Table 2).

Fig. 1  Chloroplast gene map of four medicinal Chrysanthemum cultivars. Genes are color-coded by function. GC and AT content are represented 
by shades of gray. Thick lines denote boundaries between small single-copy (SSC) and large single-copy (LSC) regions, marked by reverse repeat 
sequences (IRa and IRb)

Table 1  Summary of the CPG features of four medicinal 
chrysanthemum 

Chrysanthemum cultivars with Newly Sequenced Chloroplast Genomes 
Annotated with Asterisks (*)

LSC for Large Single Copy, SSC for Small Single Copy, IR for Inverted Repeat 
Sequences, GC for Guanine-Cytosine Content, and PCG for Protein-Coding 
Genes

Items Boju* Huaiju* Hangbaiju Gongju

Total Size(bp) 151,057 151,060 151,109 151,058

LSC (bp) 82,806 82,858 82,851 82,858

SSC (bp) 18,334 18,293 18,350 18,292

IR (bp) 24,957 24,953 24,954 24,954

GC (%) Total (%) 37.47 37.46 37.46 37.45

LSC (%) 35.57 35.55 35.54 35.54

SSC (%) 30.82 30.78 30.78 30.77

IR (%) 43.07 43.07 43.07 43.07

Gene number 125 125 127 127

PCG 83 83 85 85

tRNA 34 34 34 34

rRNA 8 8 8 8
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Comparison analysis of the Cp genomes
Structural analysis of the Cp genomes
The complete cp genome data alignment enables a more 
accurate exploration of sequence differences among 
Chrysanthemum cultivars. The IR region is the most 
conserved region in cp genomes, and the size of the cp 
genome in angiosperms is closely related to the expan-
sion and contraction of the IR and SC boundaries. We 
conducted sequence alignment using the complete cp 
genomes of the four medicinal Chrysanthemum culti-
vars and visualized it with mVISTA. From the results, 
it can be observed that the cp genome sequences of the 
four medicinal Chrysanthemum cultivars exhibit overall 
high similarity. No significant genome rearrangements 
or insertions were observed, indicating that the genome 
structure is relatively conservative at the molecular level, 
and the four Chrysanthemum cultivars have close phylo-
genetic relationships. It is noteworthy that the degree of 
differentiation in the IR region is smaller than that in the 
LSC/SSC regions, but the non-coding region sequences 
show more obvious differences than the coding regions. 
Variations mainly occur in intergenic regions, such as 
psbA-trnH-GUG​, psaA-pafI, ndhC-trnV-UCA​, rbcL-
accD, psbE-petL, rps3-rpl22, and ndhI-ndhG (Fig.  2). 

Among them, the most significant changes in cod-
ing regions were observed in the ndhI-ndhG intergenic 
region. These highly variable genes and intergenic spacer 
regions can serve as molecular markers for phylogenetic 
and population genetic studies of the four Chrysanthe-
mum cultivars.

Meanwhile, we used IRscope to observe the expansion 
and contraction of the cp genomes of the four medici-
nal Chrysanthemum cultivars (Fig. 3). Analysis of the cp 
genome boundaries of the four Chrysanthemum culti-
vars reveals that, compared to the 52-58 bp length vari-
ations observed in the SSC and LSC regions, their IR 
lengths are relatively conservative, with no significant 
contraction or expansion, and only minor differences in 
a few base pairs (4_bp). The LSC-IRb, SSC-IRb, SSC-IRa, 
and LSC-IRa boundaries in the cp genomes of the four 
Chrysanthemum cultivars are located within six genes: 
rps19, ycf1, ndhF, trnN, rpl12, and trnH. Both rps19 and 
ycf1 span the LSC-IRb and SSC-IRb regions in all four 
Chrysanthemum cultivars. Of particular note is the ycf1 
gene located at the IRb-SSC boundary, primarily situ-
ated in the SSC region, with a total length ranging from 
4,457 bp to 4,458 bp. In ‘Boju’ and ‘Huaiju’, the ycf1 gene 
has a copy at the IRb/SSC junction, overlapping with the 

Table 2  Genes present in the chloroplast genomes of the four medicinal Chrysanthemum 

Genea: Intron-containing gene, Geneb: gene located in IR regions, Geneab: The gene contains introns and is located in the IR region

Genes Category Gene Groups Gene Name

Self-replication Ribosomal RNAs rrn16(2), rrn23(2), rrn4.5(2), rrn5(2)

Transfer RNAs trnP-UGG, trnW-CCA, trnM-CAU, trnV-UAC​a, trnF-GAA, trnL-UAA​a, trnT-UGU, trnS-
GCU, trnfM-CAU, trnG-UCC, trnS-UGA, trnT-GGU, trnR-UCU, trnY-GUA, trnD-GUC, 
trnC-GCA, trnS-GCU, trnQ-UUG, trnK-UUU​a, trnH-GUG, trnL-UAG, trnG-GCC, 
trnE-UUC, trnI-CAU​b, trnL-CAA​b, trnV-GAC​b, trnI-GAU​ab, trnA-UGC​ab, trnR-ACG​b, 
trnN-GUU​b

Small ribosomal subunit rps19, rps3, rps8, rps11, rps18, rps4, rps14, rps2, rps16a, rps15, rps7b, rps12ab

Large ribosomal subunit rpl16a, rpl14, rpl36, rpl20, rpl33, rpl32, rpl2ab, rpl23(2)b

RNA polymerase rpoA, rpoC2, rpoC1, rpoB

Photosynthesis Photosystem I psaJ, psaI, psaA, psaB, psaC

Photosystem II psbH, psbT, psbB, psbE, psbF, psbL, psbJ, psbZ, psbC, psbD, psbM, psbI, psbK, psbA, 
psbN

RuBisCO rbcL

photosystem assembly/stability factors pafIa,pafII

Cytochrome b/f complex petDa,petBa,petG, petL, petA, petN

ATP synthase atpB, atpE, atpA, atpFa,atpH, atpI,

DNADH-dehydrogenase ndhC, ndhK, ndhJ, ndhF, ndhD, ndhE, ndhG, ndhI, ndhAa,ndhH, ndhBab

Other genes Subunit of acetyl-CoA-carboxylase accD

cytochrome c biogenesis ccsA

Maturase matK

Envelope membrance protein cemA

ATP-dependent Clp protease clpP1a, clpPa

translation initiation factor infA

Genes of unknown function Conserved hypothetical chloroplast ORF Ycf2b, ycf15b, ycf1, ycf4, ycf3a
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IRa boundary, resulting in a pseudogene fragment of ycf1 
entirely located within the IRa region, with a length of 
558 bp, shorter than the ycf1 gene.

Codon usage bias
Codon bias is formed during the long-term evolution of 
organisms and involves a complex set of mechanisms. 
There are 61 synonymous codons encoding 20 amino 
acids in the cp genomes of the four cultivars (Fig.  4). 
Among the 20 amino acids, leucine is the most abun-
dant in the cp genomes of the four Chrysanthemum cul-
tivars (2122–2162 codons, accounting for 5.26–5.33%). 
Next is isoleucine, which is also encoded by six codons 
(1671–1715 codons, 4.20–4.23%). Cysteine has the low-
est proportion, accounting for only 0.53–0.54% (211–218 
codons) (Supplemental Table  S2) The number of high-
frequency codons (RSCU > 1) is 29, with 28 of them end-
ing with (A/U) bases, accounting for 96.5%. This indicates 

that the high-frequency codons in the cp genomes of 
these four Chrysanthemum cultivars tend to end with 
(A/U) bases. There are 30 low-frequency codons with 
RSCU values less than 1, and 28 of them end with G/C 
as the third base, accounting for 93.3%. This suggests that 
low-frequency codons in the four cp genomes tend to 
end with G/C. The codon usage preferences are relatively 
similar among the four cultivars, with small differences 
observed between them.

Analysis of the SSRs and long repeat
Simple sequence repeats, also known as microsatellite 
sequences or tandem repeats, are characterized by their 
abundance and the presence of multiple alleles. They are 
widely used in DNA molecular markers and plant geno-
typing due to their abundance and polymorphic nature. 
Upon detection, a total of 276 simple sequence repeats 
(SSRs) were identified in the cp genomes of the four 

Fig. 2  Sequence alignment of four medicinal chrysanthemum chloroplast genomes (CPGs). Alignment was performed using the mVISTA program 
with C. morifolium Boju chloroplast genome as reference. Coding and non-coding regions are indicated in blue and red, respectively. The y-axis 
represents the degree of consistency from 50 to 100%. Black arrows denote the position and direction of each gene. CNS: Conserved non-coding 
sequences
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Chrysanthemum cultivars. Mononucleotide repeats were 
the most abundant, comprising 156 repeats (56.52%), fol-
lowed by tetranucleotide repeats (60 repeats, 21.74%) and 
dinucleotide repeats (34 repeats, 12.32%). Trinucleotide 
and pentanucleotide repeats were each detected in 15 
and 11 instances, respectively, while no hexanucleotide 
repeats were detected (Fig. 5A) (Supplemental Table S3). 
The distribution of SSRs in the four repetitive regions of 
the four Chrysanthemums is generally consistent, with 
the highest number of SSRs observed in the LSC region 
(73.24–77.94%), followed by the SSC region (11.59–
13.24%). The distribution of SSRs in the IRa and IRb 
regions is relatively low and equal (4.41–7.04%) (Supple-
mental Figure S1). The SSRs identified in the cp genomes 

of the four Chrysanthemum cultivars are primarily com-
posed of A and T nucleotides, with over half of the SSR 
sequences consisting solely of A or T bases. Among the 
four Chrysanthemum cultivars, ‘Hangbaiju’has the highest 
proportion of mononucleotide repeats (57.75%), followed 
by ‘Boju’ (56.52%), while ‘Huaiju’ and ‘Gongju’ have equal 
proportions of mononucleotide repeats (55.88%). In mon-
onucleotide repeats, the most abundant type in ‘Hang-
baiju’ is T (26 repeats), followed by ‘Boju’ (23 repeats), 
‘Huaiju’ (21 repeats), and ‘Gongju’ (21 repeats) (Fig. 5B).

Using REPuter to analyze the large repeat sequences 
in the cp genomes of the four medicinal Chrysanthe-
mum cultivars, a total of 161 long sequence repeats 
were obtained, including 75 forward repeats and 86 

Fig. 3  Comparison of the boundaries of the large single copy (LSC), small single copy (SSC), and inverted repeat (IR) regions among the chloroplast 
genomes (CPGs) of four medicinal chrysanthemum cultivars. Gaps between the end of each boundary and the adjacent genes are depicted in base 
pairs (bps) above the main line

Fig. 4  Relative synonymous codon usage (RSCU) histogram of four medicinal chrysanthemum cultivars. Each block below represents a different 
codon encoding an amino acid. The columns at the top depict the total RSCU values for the 20 amino acids
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Fig. 5  The simple sequence repeats and long sequence repeats detected in four medicinal chrysanthemum cultivars. A Types of simple sequence 
repeats, B Repeating units of simple sequence repeats, C Types of long sequence repeats, D Localization of long sequence repeats
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palindromic repeats. No complement repeats or reverse 
repeats were found in any of the four Chrysanthemum 
cultivars. Among the four Chrysanthemum cultivars, 
the fewest forward repeat sequences were detected in 
‘Huaiju’ (18 repeats), while ‘Boju’, ‘Gongju’, and ‘Hang-
baiju’ each had 19 forward repeat sequences. ‘Boju’ had 
the fewest palindromic repeat sequences (20 repeats), 
while the other three Chrysanthemum cultivars each 
had 22 palindromic sequences (Fig.  5C). Among these 
long repeat sequences, those distributed in the IR region 
had the highest proportion, followed by the LSC region. 
Additionally, some repeat sequences were shared among 
the SSC/IR/LSC regions (Fig. 5D).

Identification of highly variable in Cp genome
Nucleotide polymorphism is an important indicator for 
assessing diversity and genetic variation among popu-
lations or related species. In this study, we analyzed 
the complete sequences of four medicinal Chrysan-
themum cultivars using DNAsp, calculated nucleotide 
polymorphism values, and performed statistical analy-
sis of the results (Fig.  6). The results indicate that the 
Pi values of the four medicinal Chrysanthemum culti-
vars range from 0 to 0.01194, with an average value of 

0.000721. The sequence with the highest level of varia-
tion is the ndhI-ndhG intergenic region, with a Pi value 
of 0.01194, and it contains 11 variable sites (Supplemen-
tal Table  S4). The average Pi value of the SSC region is 
0.001567, higher than that of the LSC region (0.000861) 
and the IR region (0.000176). In addition, nine highly 
variable regions (Pi > 0.04) were identified among these 
cultivars, including one gene, ycf1, and eight intergenic 
regions: petN-psbM, trnR-UCU-trnT-GGU​, trnT-GGU-
psbD, ndhC-trnV-UCA​, ndhI-ndhG, trnL-UGA-rpl32, 
rpl32-ndhF, and ndhF-ycf1 fragments. The high Pi values 
indicate that these regions have a high degree of varia-
tion, providing informative loci for high variation. These 
highly variable regions can be used to study the evolu-
tionary characteristics of cp genome fragments in medic-
inal Chrysanthemum cultivars and develop molecular 
markers. They can provide valuable insights into under-
standing the genetic diversity and evolutionary processes 
of Chrysanthemum species.

Phylogenetic analysis
The cp genome, characterized by its conservative 
sequence structure and moderate nucleotide substitution 
rate, possesses significant advantages in phylogenetic 

Fig. 6  Sliding window analysis of nucleotide diversity (Pi) of the chloroplast genomes of four medicinal chrysanthemum cultivars. The X-axis 
represents the position of the midpoint of each window, while the Y-axis represents the nucleotide diversity of each window
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analysis research [47]. To determine the phylogenetic 
position of the four medicinal Chrysanthemum culti-
vars, this study used A. thaliana chloroplast sequences 
as outgroups. Combined with the cp genome sequences 
of the four medicinal Chrysanthemum cultivars and ten 
other species from the order Asterales and the Astera-
nae, Bayesian inference (BI) and maximum likelihood 
(ML) methods were employed to construct phylogenetic 
trees (Fig.  7). The results indicate that the phylogenetic 
trees constructed by these two methods are consistent, 
demonstrating the good stability of the phylogenetic tree 
(Supplemental Figure  S2). The evolutionary tree is clas-
sified into three branches. The four medicinal Chrysan-
themum cultivars, along with the congeneric C. dichroum 
and C. indicum, form one clade. They are sister groups 
to Artemisia species from the same family, including A. 
princeps and A. stechmanniana, as well as to the genus 
Ajania species, A. nematoloba and A. tenuifolia, from the 
same subfamily, forming a monophyletic branch that sig-
nificantly differs from other families and outgroup spe-
cies, with a support rate of 100%. There are significant 
differences in branching patterns compared to species 
from the family Stylidiaceae (Asterales), the family Lami-
aceae (Asteranae), and the outgroup A. thaliana. These 
results indicate a clear understanding of inter-family rela-
tionships in plants and further confirm the accuracy of 
our clustering.

Discuss
In this study, comparative and phylogenetic analyses 
were conducted on four cp genomes. The four medicinal 
Chrysanthemum cultivars belong to the genus Chrysan-
themum and are closely related in evolutionary terms. 
Comparative cp genomic results indicate that the cp 
genomes of the four Chrysanthemum cultivars are similar 

in length and structure, exhibiting a typical quadripar-
tite structure. The genome lengths range from 151,057 to 
151,109 bp, with a gene count ranging from 125 to 127, 
which is consistent with previously reported cp genomes 
of cultivated Chrysanthemum species [48, 49]. The over-
all GC content of the four cp genomes is similar, ranging 
from 37.45% to 37.76%. The GC content in the inverted 
repeat (IR) regions (43.07%) is significantly higher than 
that in the large single-copy (LSC) region (35.54–35.57%) 
and small single-copy (SSC) region (30.77–30.82%). This 
difference may be attributed to the presence of RNA 
genes with higher GC content in the IR region.

The evolutionary rate of plant cp genomes (CPGs) is 
only half that of nuclear DNA sequences, possibly due to 
lower mutation rates, and the mutation rate of genes in 
the inverted repeat (IR) region is significantly lower than 
that of genes in the single-copy regions [50]. Compara-
tive analysis of the CPG sequences of the four medici-
nal Chrysanthemum cultivars reveals that the main 
differentiation occurs in the large single-copy (LSC) 
and small single-copy (SSC) regions, with non-coding 
regions showing significantly more differences than cod-
ing regions. A total of seven intergenic regions have been 
identified, and these regions exhibit significant differ-
ences among the CPGs of the four Chrysanthemum cul-
tivars (Fig.  2). Shrinkage and expansion of the inverted 
repeat (IR) region are important factors contributing to 
length variations in plant cp genomes, with reports of IR 
copy loss during the evolutionary process [51]. In bound-
ary analysis, expansion of the IR region was observed at 
the IR/single copy (SC) boundary, resulting in the pres-
ence of a pseudogene, ycf1, at the IR/small single-copy 
(SSC) boundary in Ajania and Artemisia, consistent with 
findings in Ricinus  [52] and Gossypium [53]. Such subtle 

Fig. 7  Phylogenetic relationships based on four cultivars of Chrysanthemums and ten species from the order Asterales and Asteranae, with A. 
thaliana as an outgroup
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boundary differences can also serve as features for culti-
var identification.

Among the 20 amino acids encoded in plant genomes, 
all except methionine (MET) and tryptophan (TRP) are 
encoded by two or more codons, leading to high variabil-
ity in codon usage. Current reports suggest that codon 
usage bias evolves through mutation and natural selec-
tion, reflecting the origin, mutation patterns, and evo-
lution of species or genes. Codon usage bias is closely 
associated with genome GC content, gene expression lev-
els and patterns, gene length, and the position of codons 
within genes [54, 55]. In this study, the codon usage pat-
terns of the cp genomes of the four Chrysanthemum 
cultivars are similar. This similarity may be attributed to 
their close evolutionary relationship as cultivated Chry-
santhemum species. Additionally, the four cp genomes 
exhibit high similarity in GC content, the number and 
position of introns and exons, gene types, and lengths.

Currently, DNA barcoding is becoming increasingly 
popular in various fields such as medicine, tea, and 
food. Since the advent of DNA barcoding technology, 
multiple loci have been proposed as DNA barcodes for 
plants, including coding genes and non-coding intergenic 
regions from both nuclear and plastid genomes. Initially, 
the combination of rbcL and matK was proposed as the 
core barcode for land plants. However, this recommen-
dation is only applicable to a relatively small number of 
species [56]. For flowering plants, the trnH-psbA inter-
genic spacer is often regarded as a potential DNA bar-
code [57]. W. John Kress [58]  et al. demonstrated, by 
validating eight presumptive plant barcodes (trnH-psbA, 
rbcL-a, accD, matK, ndhJ, rpoB2, rpoC1, and ycf5), that 
multi-locus combinations are more effective for spe-
cies differentiation than single loci. Techen N [12]. et al. 
also supported this view, which suggests a potential 
trend towards the development of multi-locus combina-
tions in plant DNA barcoding to achieve higher species 
identification accuracy. In addition, in the Asteraceae 
family, regions such as ycf1, rbcL, psbA-trnH, trnC-ycf6, 
ycf6-psbM, rpl16, and trnL-F have been utilized as DNA 
markers [59–61]. Highly variable regions, which demon-
strate strong discriminatory power at the species level, 
are considered potential candidates for DNA barcodes. 
In the four medicinal Chrysanthemum cultivars, we have 
precisely identified nine highly variable regions with high 
pi values, including one gene, ycf1, and eight intergenic 
regions: petN-psbM, trnR-UCU-trnT-GGU​, trnT-GGU-
psbD, ndhC-trnV-UCA​, ndhI-ndhG, trnL-UGA-rpl32, 
rpl32-ndhF, and ndhF-ycf1 fragment. However, these 
mutation hotspots have not yet been analyzed in the clas-
sification group of the Chrysanthemum genus. Among 
these regions, the ycf1 gene deserves particular attention. 
Reports have already confirmed the high resolution of 

ycf1 at the species level, affirming its pivotal role in plant 
plastid barcoding [62]. Additionally, Kim et al. have sug-
gested that accD and ycf1 have the potential to become 
core molecular markers for the Asteraceae family [63]. In 
this study, ycf1 is the only gene found in the highly varia-
ble region rather than intergenic regions. In our research, 
we observed that in the cp genomes of ‘Boju’ and ‘Hua-
iju’, ycf1 spans the small single-copy (SSC) and inverted 
repeat (IR) regions. Moreover, ycf1 exhibits high vari-
ability among the four Chrysanthemum cultivars, which 
warrants further exploration of its potential as a DNA 
barcode.

In addition to the highly variable regions, we also 
detected two types of repetitive sequences (SSRs and 
LSRs) in the four cp sequences. SSRs are significant 
tools in evolutionary population biology due to their 
polymorphic and widespread nature. They hold particu-
lar importance for population genetic analysis among 
closely related taxa [64]. SSR (Simple Sequence Repeats) 
and LSR (Long Sequence Repeats) play a crucial role in 
understanding evolution through their effects on genetic 
variation and genome structure. SSRs, as microsatellites, 
are key genetic markers for analyzing variation and evo-
lutionary patterns, and are vital in estimating migration 
rates, population size, and kinship [65]. SSRs have also 
been instrumental in identifying new hybrids and verify-
ing their parental species [66, 67]. In Chrysanthemum, 
studies utilizing SSR markers to evaluate genetic diver-
sity have explored the clustering of varieties based on 
geographic origin, offering insights into species diversity 
and population structure [68]. LSRs, due to their larger 
repetitive segments, induce structural variations in chlo-
roplast genomes, significantly contributing to the study 
of evolutionary relationships and genomic differences 
among populations [69]. LSRs, due to their larger repeat 
segments, can induce structural variations in chloro-
plast genomes and hold significant importance in study-
ing evolutionary relationships between populations and 
differences in genome structure [69]. In this study, the 
majority of SSRs detected in the cp genomes of the four 
Chrysanthemum cultivars were mononucleotide repeats, 
with A and T being predominant. This could be attrib-
uted to the fact that plastid SSRs typically consist of poly-
A and poly-T repeats and rarely contain guanine (G) and 
cytosine (C) repeat sequences. Additionally, A/T bases 
have fewer hydrogen bonds and lower energy consump-
tion [70–72].

The widespread occurrence of hybridization and poly-
ploidy complicates the interspecific relationships of 
Chrysanthemums [73, 74]. Cp genomes, characterized 
by their relatively small size, are typically maternally 
inherited in most angiosperms and exhibit maternal 
inheritance, making them well-suited for molecular 
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systematics and phylogenetic analyses [75]. Phylogenetic 
analysis revealed that a total of fifteen species could be 
classified into four clades: Asteraceae, Stylidiaceae, 
Lamiaceae, and the outgroup A. thaliana from the Bras-
sicaceae family. Each branch showed relatively high sup-
port, with the four medicinal Chrysanthemum cultivars 
clustered together with other Chrysanthemum species 
and forming a larger clade within the Asteraceae family. 
They are clearly distinguished from closely related fami-
lies such as Poaceae in the Poales order and Lamiaceae in 
the Lamiales order. In this study, ‘Boju’, ‘Huaiju’, ‘Gongju’, 
and ‘Hangbaiju’ clustered together. These four medicinal 
Chrysanthemum cultivars exhibit similar morphological 
characteristics, with minor differences observed only in 
traits such as plant height and petal size, which is consist-
ent with our clustering results [76]. It is noteworthy that 
from the phylogenetic tree, medicinal Chrysanthemums 
cluster together with wild Chrysanthemums and garden 
Chrysanthemums. This may be attributed to the common 
practice of using wild Chrysanthemum (C. indicum) as a 
parental species in Chrysanthemum breeding, achieved 
through distant hybridization and germplasm aggrega-
tion. Additionally, some reports suggest that wild Chry-
santhemum is widely considered to be the wild ancestor 
of cultivated Chrysanthemums, which is consistent with 
the findings of Hao et al. [77].

Conclusion
In this study, we sequenced the complete cp genomes of 
two cultivars from the Chrysanthemum genus and con-
ducted the comparative analysis with published data 
of two other medicinal Chrysanthemum cultivars. The 
results revealed that all cp genomes exhibited a typi-
cal quadripartite structure with lengths ranging from 
151,057 to 151,109 bp. A total of 134 genes were identi-
fied, including 89 protein-coding genes, 37 tRNA genes, 
and 8 rRNA genes. The cp genomes of the four Chrysan-
themum cultivars showed conservation at the molecu-
lar level, with sequence variations primarily present in 
non-coding regions. Through boundary analysis, no sig-
nificant contraction or expansion was detected in the 
cp genomes of the four cultivars, with only minor dif-
ferences in a few nucleotides. High-frequency codons in 
the four Chrysanthemum cultivars tend to end with A/U, 
while low-frequency codons are more inclined to have 
G/C as the third base. Additionally, a total of 161 LSRs 
and 276 SSRs were identified across the four Chrysanthe-
mum cultivars, which can be utilized as molecular mark-
ers for DNA typing and plant classification. In addition, 
nine highly variable regions were identified, that are of 
significant importance for species delineation within 
the Chrysanthemum genus. Furthermore, phylogenetic 
analysis confirmed the close relationship among the four 

Chrysanthemum cultivars. Currently, the identification of 
medicinal Chrysanthemum cultivars based on morpho-
logical characteristics poses certain challenges, and dif-
ferent cultivars may emphasize different pharmacological 
effects. Therefore, this study not only plays a crucial role 
in understanding the internal structure and phylogeny of 
the cp genomes of the four medicinal Chrysanthemum 
cultivars but also contributes to species and cultivar 
identification and further development and utilization.
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